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THE HUMIDITY AND STRUCTURING ADDITIVES INFLUENCE ON
ELECTROPHYSICAL CHARACTERISTICS OF TIN DIOXIDE FILMS

The structuring additive concentration and humidity influence on the electrophysical properties of tin dioxide films
was studied. The growth of SnO, films, interelectrode resistance with the growth of polyvinyl acetate concentration in the
initial solution is due to the porosity increase caused by the PVA increase in the films under study. The section of dark
current temperature dependence, in vacuum from 110 °C with an activation energy ~ 0.7 eV, is due to the water molecules
desorption. The resistance decrease of tin dioxide films in a wet atmosphere due to the dissociative adsorption of water

molecules on the SnO, layers surfaces has been established.

1. Introduction

Tin dioxide, an n-type semiconductor with a
band gap of about 3.6 eV (at 300 K), belongs to the
group of “transparent conductive oxides” (PPO),
together with compounds such as ZnO, InO,,
WO,, etc. Thin films of this oxide are transparent
in the visible and near-UV spectrum region and at
the same time may have high electrical conduc-
tivity, which makes them enough promising and
even necessary material for transparent electrodes
of solar cells, flat monitors, LEDs. [1-3].

Nanostructuring of thin SnO, films increases
their porosity and, consequently, the effective
area of their surface. Due to this, the conductiv-
ity of such films is particularly strongly affected
by sorption processes occurring on their surface.
As aresult, many of the electrophysical properties
of tin dioxide thin films prove to be highly sensi-
tive to the film’s interaction with various media,
including gaseous and liquid media [4].

Many biological media, including various gas-
es (CO, CO,, SO,, H,S, nitrogen oxides, oxygen,
ozone, etc.), as well as liquids (with the presence
of different ions) interacting with tin dioxide films
surfaces also can cause changes in their electrical
characteristics. This property of tin dioxide makes
it to be one of the most popular materials for the
environment monitoring and various biological
environments diagnostics. The influence of atmo-
spheric air humidity on the tin dioxide conduc-

tivity should always be taken into account when
using this material, both as a sensor and an elec-
trode.

This work is intended to study the influence of
both the humidity and of the structural additive
amount in a fabrication solution on the electro-
physical characteristics of tin dioxide films.

2. The film’s fabrication methods and ex-
periment

Thin films of nanostructured tin dioxide were
obtained using polymer materials by the sol-gel
method [5]. Bis-(acetylacetonato)dichlorotin
(BADCT) was used as the tin precursor of tin di-
oxide [6]. Polyvinyl acetate (PVA) was used as
a structuring polymer material. After coating the
glass substrate by the initial solution, the samples
were annealed to remove organic constituents and
form a tin dioxide layer.

The registration of the electrophysical charac-
teristics of SnO, nanofilms is based on the stan-
dard fixation of the I-U characteristics (CVC)
and the Dark Current Temperature Dependence
(DCTD). Indium was used as the electrode mate-
rial. It was thermally deposited on the surface of
the films in a high vacuum in the form of two par-
allel strips. The distance between the electrodes
was 2 mm.



3. Results and discussion

Figure 1 shows the current-voltage character-
istics for two films with the same precursor con-
tent (10%) and different PVA content, measured
at room temperature in air. It can be noted that
they are practically linear and only in the region
of high voltages (more than 200 V) there is a ten-
dency to a superlinear exponential current—volt-
age dependence.
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Fig. 1. The current-voltage characteristics of SnO,

samples with a precursor content of 10% and PVA

of 1% - curve 1, PVA 0.1% - curve 2 measured in
air (T = 293 K).

Such behavior of the CVC was described in
[7] and is associated with a change in the barrier
height at the grain boundaries and electron tun-
neling through surface states.

From the comparison of curves 1 and 2 (Fig.1),
it is seen that the interelectrode resistance of the
films increases with PVA concentration growth
(calculated from curve 1, R =1.2 - 10° Q, calcu-
lated from curve 2, R =4.3 - 10* Q). This becomes
understandable, if it is taken into acount that
polyvinyl acetate used in the preparation of films
by the sol-gel method, plays the role of an organ-
ic filler and decomposes during high-temperature
annealing, and the products of its decomposition
volatilize. This causes the porosity and the devel-
opment of the resulting films surfaces, which are

more manifested, the larger the concentration of
PVA in the initial solution.

Curve 1, Fig. 2 shows the current-voltage
characteristic of SnO, film, measured at room
temperature in air. The interelectrode resistance
calculated from this CVC is 1.4 - 10° Ohm. Curve
2 depicts the current-voltage characteristic of the
same SnO, film measured in a vacuum after the
film was heated to a temperature of +150 °C and
then cooled to room temperature in vacuum.

The interelectrode resistance calculated from
it was 1.3 - 108 Ohm. Thus, heat treatment in vac-
uum causes the resistances reduce of SnO, film
by almost an order of magnitude. This is due to
the fact that under normal conditions, the oxygen
adsorbed on the surface of SnO, film, captures
electrons from the SnO, conduction band which
results in the formation of positive space charge
layer in the near surface region and, as a conse-
quence, the energy bands curvature is of the cut
off type. Since the films under investigation are
thin, this causes a noticeable increase in their re-
sistance.
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Fig. 2. The current-voltage characteristic of the sam-
ple SnO,: curve 1 —in air, curve 2 — in vacuum. The
precursor content is 10%; PVA - 1% (T =293 K).

The Dark Current Temperature Dependence
(DCTD), measured in a vacuum, is of an activa-



tion nature. That is, the current (and, hence, the
electrical conductivity) increases with the tem-
perature, obeying the exponential law (Fig. 3).
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Fig. 3. The Dark Current Temperature Dependence
of the film SnO,, measured in vacuum (V = 500 B).

As it can be seen from Fig. 3, during the heat-
ing process in the low-temperature region, the
current flow is controlled by donor levels with
ionization energy (0.21-0.26) eV. According to
the published data, they are doubly ionized va-
cancies of oxygen VO™ in the volume of SnO,
films [8,9].

When the temperature of the sample (110-115)
°C is reached, a sharp break is observed on the
DCTD curve, and as the temperature increases
further, the current grows with an activation en-
ergy E, = (0.65-0.73) eV. The similar values of
the conduction activation energy (0.72 eV) in the
thin SnO, films, were registered by the authors
[10], but without interpretation the nature of the
corresponding defects.

The mentioned region may be associated with
the water molecules desorption from the surface
of the SnO, film.

The latter assumption is supported by the fact
that the section with the indicated activation en-
ergy is absent on the DCTD curve measured
during the cooling of the sample. On the DCTD
curve, only the section with E_ = (0.23-0.25) eV,
associated with the oxygen vacancies in the film

volume, is observed throughout the temperature
range [8,9].

The behavior of the DCTD curves measured
in air (Fig. 4) in the temperature range up to +150
°C differs little from the DCTD curves measured
in vacuum. However, in the region of higher
temperatures (150 °C to 220 °C), steep regions
with an activation energy (1.0 + 1.4) eV appear on
the dark current temperature dependence curves.

| | |
2 22 24 26 28 3 32

Fig. 4 The dark current temperature dependence
of the SnO, film, measured in air (V = 500 B).

Perhaps these areas are due to dissociative ad-
sorption of water on the surface of the tin dioxide
layers [11-13].

According to the literature, tin dioxide sen-
sors exhibit gas-sensitive properties in the tem-
perature region above 300 °C [13]. The operating
temperatures for sensors based on thin (and, in
particular, nanostructured) SnO, films are much
lower due to their porosity and the large effective
surface area. The above given results of the Dark
Current Temperature Dependencies make it pos-
sible to assume that these temperatures may be
(110 £ 150) °C for the studied tin dioxide layers

Figure 5 shows the current-voltage character-
istics of a SnO, sample measured at a temperature
of +130 oC in an atmosphere of dry air (curve 1),
and in the presence of water vapor (curve 2). It
can be stated, that the film resistance in the wet

7



air atmosphere decreases several times as much.
It is obvious, that a water vapor adsorbed on the
tin dioxide surface leads to a resistance decrease.
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Fig. 5. The current-voltage characteristic of one

of the SnO, films, measured at the temperature

+130 °C in an atmosphere of dry air (1) and in the
presence of water vapor (2).

At a high temperature on the SnO, microcrys-
tal surface, the water molecule dissociates into
the hydroxyl group OH™ and proton H* [14]. Af-
ter the dissociation, the OH- group is localized on
the surface atom of tin, giving the electron to the
conduction band of the semiconductor. The pro-
ton H" is captured by the O ion adsorbed on the
surface, forming a neutral OH group. Thus, as a
result of the adsorption process, the water mol-
ecules form two OH hydroxyl groups and hence
the O ion disappears. This leads to an increase
in conductivity. As the humidity level grows, the
conductivity should also grow, due to the increase
in the dissociative adsorption of water molecules
[11], which is observed in our studies.

4. Conclusions
Thus, the conducted studies of the influence

of the structuring additives concentration and hu-
midity on the electrophysical properties of tin di-

oxide films made it possible to establish a number
of corresponding features.

The increase in the interelectrode resistance of
SnO, films with the corresponding polyvinyl ace-
tate concentration growth increasing in the initial
solution is due to the growth of porosity of the
films under study with an increase in the amount
of PVA.

A fragment with an activation energy E =
(0.65-0.73) eV, apparently associated with the
water molecules desorption, is observed on the
DCTD curve measured in vacuum starting from
(110-115) °C.

A decrease in tin dioxide films resistance in a
wet atmosphere due to the dissociative adsorption
of water molecules on the surface of SnO, layers
has been established.
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THE HUMIDITY AND STRUCTURING ADDITIVES INFLUENCE ON
ELECTROPHYSICAL CHARACTERISTICS OF TIN DIOXIDE FILMS

Summary

The structuring additive concentration and humidity influence on the electrophysical properties of
tin dioxide films was studied. The growth of SnO, films interelectrode resistance with the growth of
polyvinyl acetate concentration in the initial solution is due to the porosity increase caused by the PVA
increase in the films under study. The section of dark current temperature dependence, in vacuum from
110 °C with an activation energy ~ 0.7 eV, is due to the water molecules desorption. The resistance
decrease of tin dioxide films in a wet atmosphere due to the dissociative adsorption of water molecules
on the SnO, layers surfaces has been established.

Keywords: tin dioxide, thin films, humidity.
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BJIMSTHUE BJIATA U CTPYKTYPUPYIOIIEN JOBABKH HA
INEKTPOPUSNYECKHUE XAPAKTEPUCTHUKHU IIVIEHOK JUOKCHJIA OJIOBA

Pe3rome
HccenenoBaHo BIMSHUE KOHIIGHTPAIIMU CTPYKTYPHUPYIOIICH T00aBKH M BIQKHOCTH HA DJIEKTPOPH-
3MYECKUE CBOMCTBA TUICHOK JAMOKCHJA 00Ba. Bo3pacTanue MeX3JIeKTPOJHOTO COMPOTUBIICHUS TLIe-
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HOK SnO, Npu yBEIMYEHNH KOHIEHTPALMK MOJMBUHUIIALETATa B MCXOJHOM PAacTBOpPE 00YCIOBIEHO
YBEIMUEHUEM TIOPUCTOCTU UCCIIENYEMBIX IIJIEHOK ¢ pocToM KoiuuectBa [IBA. Yuactok T3TT, B Ba-
kyyme ot 110 °C c sueprueii akruBaimu ~0,7 3B o0ycnosneH necopOuneii MoieKya BoAbl. YCTaHOB-
JICHO CHMD)KEHHUE COINPOTHBIICHHS TUICHOK JMOKCHIA 0JIOBA BO BIAXKHOW atMocdepe, 00ycroBIeHHOE
JMCCOLMATHBHOM aIcOpOLMEN MOJIEKYIT BOJIBI Ha MOBEPXHOCTH cloeB SnO,.

KuroueBble c10Ba: 1MOKCH 0J10BA, TOHKUE IJIEHKHU, BIAKHOCTb.
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A. I1. Yebanenxo, JI. H. @unescvka, B. A. Cmunmuna, H. C. Cimanosuuy, B. C. [ pinesuu

BILIUB BOJIOTH I CTPYKTYPYIOUOI IOBABKHA HA EJEKTPO®I3UYHI
XAPAKTEPUCTHUKH IIJIIBOK JIOKCHUAY OJIOBA

Pe3srome

JlocnikeHo BIUIMB KOHLEHTPALIl CTPYKTYpYyI040i J0OaBKH 1 BOJIOTOCTI Ha €IeKTpo]i3uyHi Biac-
THBOCTI IUTIBOK JTIOKCHJLY 0JI0BA. 3pOCTaHHs MEKENEKTPOIHOTO Onopy miiBok SnO, mpu 3011bIIeHH]
KOHIIEHTpAIlil MOJiBiHIIAETaTy B BUXIJHOMY PO34MHI OOYMOBIIEHO 301JIBIIEHHSM MOPUCTOCTI JO-
CIIIJDKYBAHUX TUTIBOK 13 3pocTaHHaM KinbkocTi [IBA. [limstaka T3TT B Bakyywmi Big 110 °C 3 eneprieto
aktuBauii ~ 0,7 eB o0ymoBneHa 1ecopO11i€l0 MOJIEKYN BOU. BCTaHOBIEHO 3HMKEHHS ONOPY IUTIBOK
JTIOKCUIY OJIOBA Yy BOJIOTiH aTMoc(epi, 00yMOBIIEHE AUCOIMATHBHOIO aJICOPOIIIEI0 MOJIEKY BOIU Ha
noBepxHi mwapis SnO,.

Kuaro4uoBi c10Ba: 110KCH 0JI0BA, TOHKI IUTIBKH, BOJIOTICTb.
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GAUGE-INVARIANT RELATIVISTIC PERTURBATION THEORY APPROACH TO
DETERMINATION OF ENERGY and SPECTRAL CHARACTERISTICS FOR HEAVY
AND SUPERHEAVY ATOMS AND IONS: REVIEW

We reviewed an effective consistent ab initio approach to relativistic calculation of the spectra for multi-electron heavy
and superheavy ions with an account of relativistic, correlation, nuclear, radiative effects is presented. The method is based
on the relativistic gauge-invariant (approximation to QED) perturbation theory (PT) and generalized effective field nuclear
model with using the optimized one-quasiparticle representation firstly in theory of the hyperfine structure for relativistic
atom. The wave function zeroth basis is found from the Dirac equation with potential, which includes the core ab initio
potential, the electric and polarization potentials of a nucleus. The correlation corrections of the high orders are taken into
account within the Green functions method (with the use of the Feynman diagram’s technique). There have taken into ac-
count all correlation corrections of the second order and dominated classes of the higher orders diagrams (electrons screen-
ing, particle-hole interaction, mass operator iterations). The magnetic inter-electron interaction is accounted in the lowest
on a parameter (a is the fine structure constant), approximation, the self-energy part of the Lamb shift is taken effectively
into consideration within the Ivanov-Ivanova non-perturbative procedure, the Lamb shift polarization part - in the general-
ized Uehling-Serber approximation with accounting for the Killen-Sabry o? (aZ) and Wichmann-Kroll a(aZ)" corrections.

1. Introduction

In last years a studying the spectra of heavy
and superheavy elements atoms and ions is of a
great interest for further development as atomic
and nuclear theories (c.f.[1-8]). Theoretical meth-
ods used to calculate the spectroscopic character-
istics of heavy and superheavy ions may be di-
vided into three main groups: a) the multi-config-
uration Hartree-Fock method, in which relativis-
tic effects are taken into account in the Pauli ap-
proximation, gives a rather rough approximation,
which makes it possible to get only a qualitative
idea on the spectra of heavy ions. b) The multi-
configuration Dirac-Fock (MCDF) approxima-
tion (the Desclaux program, Dirac package) [1,2]
is, within the last few years, the most reliable ver-
sion of calculation for multielectron systems with
a large nuclear charge; in these calculations one-
and two-particle relativistic effects are taken into
account practically precisely. The calculation pro-
gram of Desclaux is compiled with proper ac-
count of the finiteness of the nucleus size; how-
ever, a detailed description of the method of their

investigation of the role of the nucleus size is
lacking. In the region of small Z (Z is a charge of
the nucleus) the calculation error in the MCDF ap-
proximation is connected mainly with incomplete
inclusion of the correlation and exchange effects
which are only weakly dependent on Z; c¢) In the
study of lower states for ions with Z<40 an expan-
sion into double series of the PT on the parameters
1/Z, aZ (o 1s the fine structure constant) turned out
to be quite useful. It permits evaluation of relative
contributions of the different expansion terms:
non-relativistic, relativistic, QED contributions as
the functions of Z. Nevertheless, the serious prob-
lems in calculation of the heavy elements spectra
are connected with developing new, high exact
methods of account for the QED effects, in particu-
lar, the Lamb shift (LS), self-energy (SE) part of
the Lamb shift, vacuum polarization (VP) contri-
bution, correction on the nuclear finite size for
heavy elements and its account for different spec-
tral properties, including calculating the energies
and constants of the hyperfine structure, derivia-
tives of the 1-electron characteristics on nuclear
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radius, nuclear electric quadrupole, magnetic di-
pole moments etc (c.f.[1-98]).

In present paper we review an effective initio
approach to relativistic calculation of the spectra
for multi-electron superheavy ions with an ac-
count of relativistic, correlation, nuclear, radia-
tive effects is presented. The method is based on
the relativistic gauge-invariant (approximation
to QED) perturbation theory (PT) and general-
ized relativistic dynamical effective field nuclear
model with using the optimized one-quasiparticle
representation in theory of the hyperfine structure
for relativistic systems [15-60].

The correlation corrections of the high orders
are taken into account within the Green functions
method (with the use of the Feynman diagram’s
technique). There have taken into account all cor-
relation corrections of the second order and dom-
inated classes of the higher orders diagrams (elec-
trons screening, particle-hole interaction, mass
operator iterations) [2,60-99]. The magnetic inter-
electron interaction is accounted in the lowest on
o’ parameter, the LS polarization part - in the
Uehling-Serber approximation, self-energy part
of the LS is accounted effectively within the
Ivanov-Ivanova non-perturbative procedure [5-
8]. The expressions for the energies and constants
of the hyperfine structure, deriviatives of 1-elec-
tron characteristics on nuclear radius, nuclear
electric quadrupole, magnetic dipole moments QO
etc are presented. As illustration some data for
atom of hydrogen 'H (test calculation) and super-
heavy H-like ion with nuclear charge Z=170, Li-
like multicharged ions are listed.

2. Gauge-invariant relativistic many-body
perturbation theory method for heavy ions

2.1. General Formalism

In atomic theory, a convenient field procedure
is known for calculating the energy shifts AE of
the degenerate states. Secular matrix M diagonali-
zation is used. In constructing M, the Gell-Mann
and Low adiabatic formula for AE is used. A sim-
ilar approach, using this formula with the QED
scattering matrix, is applicable in the relativistic
theory. In contrast to the non-relativistic case, the
secular matrix elements are already complex in
the PT second order (first order of the inter-elec-
tron interaction). Their imaginary parts relate to
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radiation decay (transition) probability. The total
energy shift of the state is usually presented as
follows:

AE = ReAE + i ImAE, (1)

Im AE =-T/2, (2)
where I' is interpreted as the level width, and the
decay possibility P=I". The whole calculation of
energies and decay probabilities of a non-degen-
erate excited state is reduced to calculation and
diagonalization of the complex matrix M. To start
with the Gell-Mann and Low formula it is neces-
sary to choose the PT zero-order approximation.
Usually, the one-electron Hamiltonian is used,
with a central potential that can be treated as a bare
potential in the formally exact QED PT. There are
many well-known attempts to find the fundamen-
tal optimization principle for construction of the
bare one-electron Hamiltonian (for free atom or
atom in a field) or (what is the same) for the set of
one-quasiparticle (QP) functions, which represent
such a Hamiltonian [1-8]. As the bare potential,
one usually includes the electric nuclear potential
V, and some parameterized screening potential
V.. The parameters of the bare potential may be
chosen to generate the accurate eigen-energies of
all many-QP states. In the PT second order the
energy shift is expressed in terms of the two-QP
matrix elements [6-8]:

V(12:43) = (25, +1)(2i, +1)(20, +1)(2], +1) -

PETEAVATAALS S
N Jieerd O ) y ;
XZ( 1) |: 1 3 :||: 2 4 :|(Qg1+Qf )
Ay ml - 3.'V mz._m4..V

Here Q2" is corresponding to the Coulomb
part of interaction (Q! -Breit part) :

91— (R, (1243)S,(1243) + R, (1243)S, (124
+R,(1243)S,(1243) + R, (1243)S,(1243)},

where R(1,2;4,3) is the radial integral of the Cou-
lomb inter-QP interaction with large radial Dirac
components; the tilde denotes a small Dirac com-



ponent; S is the angular multiplier (see details in
Refs.[2-12]). To calculate all necessary matrix ele-
ments one must have the 1QP relativistic functions.

2.2 The Dirac-Kohn-Sham Relativistic Wave
Functions

Usually, a multielectron atom is defined by a
relativistic Dirac Hamiltonian( the a.u. used):

H=Zh(n)+;V(nrj). )

Here, h(r) is one-particle Dirac Hamiltonian
for electron in a field of the finite size nucleus and
V'is potential of the inter-electron interaction. The
relativistic inter electron potential is as follows

[7.8]: ( )
I-oo,
. i
V(i) =ew(iogn ) ——= ()
ij
where o, is the transition frequency;a. , o, are the
Dirac matrices. The Dirac equation potential in-
cludes the electric potential of a nucleus and ex-
change-correlation potential. One of the variants
is the Kohn-Sham-like (KS) exchange relativistic
potential, which is obtained from a Hamiltonian
having a transverse vector potential describing
the photons, is as follows [33]:
[B+(B+D"] 1

b

Vo=V o) e

(7

B=0B7p(N]" /c (8)
The corresponding correlation functional is
[2,33]:
Vel p(r),r]==0.0333-b-In[1+18.3768- p(r)'°1,  (9)
where b is the optimization parameter (see details
in Refs. [2-4,9,10]).
One-particle wave functions are found from

solution of the Dirac equation, which is written in
the known two-component form:

a—F+(l+x)£—(g+m— V)G=O

or r
a—G+(l—x)g+(g—m— V)F:()

or r (10)

Here we put the fine structure constant o =1,
- the Dirac number. At large y the radial func-

tions F and G vary rapidly as:

F(r), Glr) = 11
Y=y’ -0’7

This involves difficulties in numerical integra-
tion of the equations for »— 0. To prevent it, it is
convenient to turn to new functions isolating main
power dependence: f=F HX‘, g=6 =], The
Dirac equation for " and G components are trans-
formed as:

"=~z +12l) - azvg —(azE,, +2/az)g

g'== (;(—M)g/r—aZVf+ aZE,,

Here the Coulomb units (C.u.) are used. In
Coulomb units the atomic characteristics vary
weakly with Z; E is one-electron energy without

the rest energy. The boundary values of the cor-
rect solution are as:

gZ(V(O)—EHX)mZ/@XH); =1, %<0

f= (V(O)—EHX—Z/azZz)ocZ; g=1,1>0 (13)

(1)

(12)

The condition f,g — 0 at r— oo determines
the quantified energies £ . The asymptotics of f,g

at r—>oo are: f g~exp(_ ]‘/ n*) with effective

quantum number x _ m .

2.3. Nuclear potential and charge density

Earlier there are calculated some character-
istics of hydrogen-like ions with the nucleus in
the form of a uniformly charged sphere; analo-
gous calculations by means of an improved mod-
el were also made [2-8]. As in refs. [33-35] we
use the relativistic mean-field (RMF) approach,
which is an effective field theory for nuclei below
an energy scale of 1GeV, separating the long- and
intermediate-range nuclear physics from short-
distance physics, involving, i.e., short-range cor-
relations, nucleon form factors, vacuum polariza-
tion etc, which is absorbed into various terms and
coupling constants. Usually one starts with a La-
grangian density describing Dirac spinor nucle-
ons interacting via meson and photon fields. This
leads then to the Dirac equation with the potential
terms describing the nucleon dynamics and the
Klein-Gordon-type equations involving nucleon-
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ic currents and densities as source terms for me-
sons and the photon. In our approach we usually
use the NL3-NLC (see details in refs. [33,38]),
which is among the most successful parameteri-
zations available. The resulted charge density is
defined as:

P.(R) = A dxexp[-u(R—x)]p,(x), (14a)

with the proton density p constructed from
the RMF (4, are the numerical coefficients) and
normalized to the charge number Z:

[drp,(r)=2. (14b)
All corresponding model parameters are ex-
plained and given in refs. [33]. Another effective
model approach to determine nuclear potential
(the nuclear density distribution) is given by the
known Fermi model. This model gives the fol-
lowing definition of the charge distribution p(r):
i(r) =y A 1+expl(r—c)/a)]},  (15)
where the parameter ¢=0.523 fm; the param-
eter ¢ is chosen by such a way that it is true the
following condition for average-squared radius:

<12>12=(0.836-4"+0.5700)fm. (16)

We assume it as some zeroth approximation.
Further the derivatives of various characteristics
on R are calculated. They describe the interaction
of the nucleus with outer electron; this permits re-
calculation of results, when R varies within rea-
sonable limits. The Coulomb potential for the
spherically symmetric density p(dR) is:

(1 r)]' drr p( ) + of drvrlp(rl

Itis determlned by the following system of dif-
ferential equations [7,8]:

Vnuc](r, R) = (1/r2 )(})d ’I"Zp(f', R)E (/ )y(r R

y(r,R)=r?p(r, R):

nuc]( R) R)(17)

p'(r,R) =877 r/\zw expl- )=
8y (18)
= 2pp(r,R)= —;p(r,R)

with the corresponding boundary conditions.
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2.4. QED corrections: Self-energy part of the
Lamb shift and vacuum polarization correction

Procedure for an account of the radiative QED
corrections is in details given in the refs. [2-
4,8,33-35]. Regarding the vacuum polarization
effect let us note that this effect is usually taken
into account in the first PT theory order by means
of the Uehling-Serber potential. This potential is
usually written as follows (c.f.[2]):

U(r)= 22 [ drexp(-2r1/eiz)s
3mr
2
(1+1/2e) YL o 2% (), (19)
t 3

where g =r/aZ . In calculation [7-9] it has been
used more exact approach. The Uehling-Serber
potential, determined as a quadrature (19) may
be approximated with high precision by a simple
analytical function. The use of new approxima-
tion of the Uehling-Serber potential permits one
to decrease the calculation errors for this term
down to 0.5 — 1%. It allows accounting for the
Kallen-Sabry a*(a.Z) and Wichmann-Kroll a(aZ)
" corrections [33-35]. Besides, using a simple
analytical function form for approximating the
Uehling-Serber potential allows its easy inclu-
sion into the general system of differential equa-
tions. This system includes also the Dirac equa-
tions and the equations for matrix elements. A
method for calculation of the self-energy part of
the Lamb shift is based on an idea by Ivanov-
Ivanova (c.f.[7,8]). In an atomic system the radia-
tive shift and the relativistic part of the energy
are, in. principle, determined by one and the same
physical field. It may be supposed that there ex-
ists some universal function that connects the
self-energy (SE) correction and the relativistic
energy. The SE correction for the states of a hy-
drogen-like ion was presented by Mohr as:

Esp(H|Z, nlj)= 0.0271485; F(H|Z nfj) (20)
n

The values of F are givenat Z=10-110,
nlj =1s,25,2p,,,2 py;,. These results are modified
here for the states /s’ nlj of Li-like ions. It is sup-
posed that for any ion with nlj electron over the
core of closed shells the sought value may be pre-
sented in the form:

Ege(Z,nlj)= 0027148 f(g aplent) @D



The parameter & = (Eg)/4, Eg is the relativis-
tic part of the bounding energy of the outer elec-
tron; the universal function A&, n/j) does not de-
pend on the composition of the closed shells and
the actual potential of the nucleus. The procedure
of generalization for a case of Li-like ions with
finite nucleus consists of the following steps
[2,8,35]:

1). Calculation of the values £, and & for the
states n/j of H-like ions with the point nucleus (in
accordance with the Zommerfeld formula);

2). Construction of approximating function
f by the found reference Z and the appropriate
F(HIZ, nlj;

3). Calculation of £, and & for the states n/j of
Li-like ions with the finite nucleus;

4). Calculation of E . for the sought states.
The energies of the states of Li-like ions are cal-
culated twice: with a conventional constant of the
fine structure o=1/137and a’=a/10°. The results
of latter calculation are considered as non-relativ-
istic. This permitted isolation of £,,&. The above
extrapolation method is more justified than using
the known expansion on aZ parameter.

2.5. The hyperfine structure parameters

Energies of quadruple ( Wq) and magnetic di-
pole (Wp) interactions to define a hyperfine struc-
ture (HFS) are calculated as [32,35]:

W =[A+C(C+1)]B, Wu=0.5 AC,
A=-(4/3)(43-1)(I+)/[i(I-1)(2I-1)],

C=F(F+1)-J(J+1)-I(I+1). (22)

Here / is a spin of nucleus, F is a full momen-
tum of system, J is a full electron momentum.
HFS constants are expressed through the standard
radial integrals [2,8,35]:

A={[(4,32587)10°Zxg ] /(4’-1)}(RA) ,,

B={7.2878 107 ZQ/[(4x*-I(I-1)} (RA)
(23)
Here g, is the Lande factor, Q is a quadruple
momentum of nucleus (in Barn); radial integrals
are defined as follows:

(RA), = TdrrzF(r)G(r)U(l /7, R),
. (24)
(RA), = [dr[F*(r)+ G* (U (17, R) -

For calculation of potentials of the hyperfine
interaction U(1/r",R), we solve the following dif-
ferential equations [7,8]: U(1/r,R)=-ny(r,R)/r""".
The functions dU(1/r",R)/dR are can be found by
similar way. To obtain the corresponding value
of O one must combine the HFS constants data
with the electric field gradient calculated in our
approach too. The details of calculation are pre-
sented in [11,14, 17,18].

2.6. Correlation effects and construction of
optimal 1-quasiparticle representation

The problem of the searching for the optimal
one-electron representation is one of the oldest in
the theory of multielectron atoms. One of the
simplified recipes represents, for example, the
DFT method (see [2,3]). 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). We
use the method [9,10]. For simplicity, let us con-
sider now the one-quasiparticle atomic system.
The multi-quasiparticle case doesn’t contain prin-
cipally new moments. In the lowest, second order,
of the QED PT for the AE there is the only one-
quasiparticle Feynman diagram a (fig.1), contrib-
uting the ImAE (the radiation decay width).

a b c

Figure 1. a: second other PT diagram contribut-
ing the imaginary energy part related to the radia-
tion transitions; b and c: fourth order QED polar-

ization diagrams.

In the next, the fourth order there appear dia-
grams, whose contribution into the ImAE ac-
count for the core polarization effects. This
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contribution describes collective effects and it is
dependent upon the electromagnetic potentials
gauge (the gauge non-invariant contribution). We
examine the multielectron atom with one qua-
siparticle 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:
V() +V (1), (25)
with V(r) describing the electric potential of
the nucleus, V' (r), imitating the interaction of the
with the core of closed shells. The perturbation
in terms of the second quantization representa-
tion reads as
Ve(r) y' () yir) - julx) 44x). (26)
The core potential V(r) is related to the core
electron density p.(r) in a standard way. The lat-
ter fully defines the one electron representation.
Moreover, all the results of the approximate cal-
culations are the functionals of the density p.(r).
Here, the lowest order multielectron effects, in
particular, the gauge dependent radiative contri-
bution for the certain class of the photon propaga-
tor gauge is treating. This value is considered
to be the typical representative of the electron
correlation effects, whose minimization is a rea-
sonable criteria in the searching for the optimal
one-electron basis of the PT. Remember that
the closeness of the radiation probabilities cal-
culated with the alternative forms of the transi-
tion operator is commonly used as a criterion of
the multielectron calculations quality. The imagi-
nary 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 [10]:

IMAE, (a) = X, ImAE (as;2). (97

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
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photon propagator calibration as usually:
D= DT + CDL ,

Dr=Gu / (k2 -k?), (28)

Di=- k) (k- ).

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 AE taking into account both the D_ and
D, parts. The a diagram (fig.1) contribution into
the Im AE related to the a-s transition reads as

1-a,a, sin (@us112) Wa (r2) W (1),

B!

(29)
for D= Dr, and

- ;2” dridr v, (r) w' () {[(1- oy nya-
T

‘ayni2) 112 ] SN (@as 12 ) O -
(1+ a1 miaconin)xcos(@ar12) } Welr2) wi(r), (30)

for D=D, where wa, is the o -s transition energy.
According to the Grant theorem, the Duv | contri-
bution vanishes, if the one-quasiparticle func-
tions wa, 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 [2,3]. Here the non-
invariant contribution appears already in the low-
est order. When calculating the forth order con-
tributions some approximations are inevitable.
These approximations have been formulated in
Refs.[10], where the polarization corrections to
the state energies have been considered.

Let us consider the direct polarization diagram
b (fig.1) as an example. The final expression for
the sought value looks as

ImE,,, (as| 4,)= —i—i” ([ drldrzdr3dr42(ﬁ +

X (31)
+———), ()Y, ()Y ()Y, ) -aa,) /1y -
®,, — @,

mn



{3, —(asn ) (auny,))/ ry -sin[o, (n, +ry,)+ o,

cos[a)a” (1, + 1)1+ (any )ayny, )]} -
P, ()Y, ()Y, ()Y (1)

Expression (31) can be represented in the form
of sum of the following terms:
> ( am| W | ns) (sn| W | ma) (@ £ @ 4) (32)

With four different combinations of operators
W, and W, (see [7-10]). In (31) it should be per-
formed summation over the bound and upper con-
tinuum atomic states. To evaluate this sum, one
can use the analytic relation between the atom-
ic electron Fermi level and the core electron
density p_ (r), appropriate to the homogeneous
nonrelativistic electron gas. Now the sum2
can be calculated analytically, its value becomes
a functional of the core electron density. The re-
sulting expression looks as the correction due to
the additional nonlocal interaction of the active
quasiparticle with the closed shells. Neverthe-
less, its calculation is reducible to the solving of
the system of the ordinary differential equations
(1-D procedure) [10]. The most important refine-
ments can be introduced by accounting for the
relativistic and the density gradient corrections to
the Tomas- Fermi formula (see Refs. [2,3]). The
same program is realized for other polarization
diagrams. The minimization of the functional
Im 6F  ~(bt+c) leads to the integro-differential
equation for the p_(the Dirac-like equations for
electron density). In result we obtain the optimal
one-quasiparticle representation. In concrete cal-
culation it is sufficient to use the simplified proce-
dure, which is reduced to functional minimization
using the variation of the parameter b in Eq.(9)
[2,10]. Let us further to come back to the complex
secular matrix M in the form:

M=M"+M"+® 1+ M. (33)

Here M is the contribution of the Vacuum di-
agrams of all order of PT, and M", M@, m®
those of the one-, two- and three- quasiparticle
diagrams respectively. M is a real matrix, pro-
portional to the unit matrix. It determines only the

general level shift. It is usually assumed ' =o.
The diagonal matrix m" can be presented as a
sum of the independent one-quasiparticle contri-
butions. For simple systems (such as alkali atoms
and ions) the one-quasiparticle energies can be
taken from the experiment. Substituting these
quantities into (33) one could have summarized
all the contributions of the one -quasiparticle dia-
grams of all orders of the formally exact relativis-
tic PT. The first two order corrections to ReM
have been analyzed previously [2,5-9] 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: polarization and ladder ones.
The polarization diagrams take into account the
quasiparticle interaction through the polarizable
core, and the ladder diagrams account for the im-
mediate quasiparticle interaction. An effective
form for the two-particle polarizable operator has
been presented in Ref. [2]; it looks as:

ey [ ).

I =r [ =)

) o) ok

\r _FZ‘

Vd

pol

e (0 () et

—r‘

“forr)

(o)) = farlo ()60, |
0 r)={1+ [3”2 p© (r)]2/3 /02}1/2, »

where p! is the core electron density (without ac-
count for the quasiparticle), X is numerical coef-
ficient, c 1s the light velocity. The similar approx-
imate potential representation has been received
for the exchange polarization interaction of quasi-
particles. 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 others (look
Refs. [2,3,7-10,33-35]). The calculation of all the
radial integrals reduces to solving a system of dif-
ferential equations with known boundary condi-
tions at » = 0. Consider the master integral:
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R; :J.IId”ld’"zd’%rlzrzz’ﬁzﬂ(’G)Ul(’ﬁ’”s) (35)

P U (151 pa (1)

which enter the polarization contribution. This is
the most complicated integral of a task. Let us
note: RY =1limY(r). According to [9], function

Y(r) can be found from solution of system of six
differential equations with the boundary condi-
tions:

Y =(pr?Z% = (A+ DY)/ 7,
Y, =(p,r* 20 = (A+ DY) 7,
Y, =(p P2z — @A+ DY)/ r,
Y, =((p.r*Y, + p 2002 — (A DY) 7
Y = (oY, + pPYZ 2P (A DY) 7,

Y ()= (oY, + pyr’Ys + pRr NL,Z) 2
(36)
A complete system of equations also includes

equations for the modified Bessel functions Z@
and for 1QP radial functions (see [2-8]).

In table 2 there are listed the results of calcu-
lation for the hyperfine structure parameters (plus
derivatives of the energy contribution on nuclear
radius) for the superheavy H-like ion with nuclear
charge Z=170. We have used the denotations [7,8]:

A=10°4/7" gy, (eV);
DA=(107/Z'g)(4/2R), (eV/em);
B=(10’BI(2I-1))/Z°Q, (eV/Barn);

DB=[(1071(2I-1))/Z Q] (GB/R), (eV/Barn cm);
U=-(10°/Z)<U(r,R)>, (eV);

DU=(10"/2°)(6<U(r,R)>/cR), (eV/cm);.

DV=[10%/Z](5<V>/cR), (eV/cm);

Table 2
Parameters of one-electron states for H-like
ion with Z=170 (data from [8,35])

1 s1/2 2S1/2 2p1/2 2p3/2
3 Some illustration results and conclusion A 4337 831 3867 1,59
DA 1039 228 941 0,0001
In table 1 we present the exper'imental [8,32- B 9091 1897 8067 0,07
25] an theoretical (our test calculation) results for DB 7745 1557 6405 | 0.0008
hyperfine splitting energies for 1s, 2s levels of ’
hydrogen atom. There is physically reasonable by 1255 273 1108 | 0,0011
agreement between theory and experiment. U 1453 282 1301 1,31
DU 2343 503 2071 | 0,0015
Table 1 Is 3s 3 3
Experimental and theoretical data for y, 13 ;27 5 017/2 3212/2 0 231/25
HFS energies for 1s, 2s H-atom levels ’
DA 1039 56,8 84,0 | 0,0001
Electron Experiment Theory B 9091 475 707 0,04
term Av(FF”), [13] DB 7245 395 574 0,0003
Quantum MHz AV(EF?),
nummbers of AE(F.F). M DV 1255 67,7 98,3 0,0005
total moment 1073 cm! AE(FF?), U 1453 69,3 109 0,62
10+ cm! DU | 2343 127 185 | 0,0007
128, (1,0) 1420,406 1419,685
47,379 47,355 In table 3 there are listed the nuclear corrections
2575 (1.0) 177,557 177.480 into energy of the low transitions for Li-like ions.
v 5,923 5,920
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Table 3

Nuclear finite size corrections into energy
(cm ™) for Li-like ions and values of the effec-
tive radius of nucleus (10" c¢cm)

Z 2s ,-2p,, 2s,,-2p,, R

20 - 15,1 - 15,5 3,26
41 - 659,0 -670,0 4,14
69 -20690,0 -21712,0 4,93
79 -62315,0 -66931,0 5,15
92 -267325,0 | -288312,0 5,42

The calculation showed also that a variation
of the nuclear radius on several persents could
lead to changing the transition energies on doz-
ens of thousands 10°cm™ . In [8,32,35] there are
listed the results of calculating the constants of
the hyperfine interaction: the electric quadruple
constant B, the magnetic dipole constant 4 with
inclusion of nuclear finiteness and the Uehling-
Serber potential for some Li-like ions. In table
4 data on the HFS constants for lowest excited
states of Li-like ions are listed. Similar data for
other states were listed earlier (see ref. [8,32,34]),
but there another model for a charge distribution
in a nucleus and method of treating the QED cor-
rections were used.

Table 4.
Constants of the hyperfine electron-nuclear

— 3
interaction: A=Z%g 4cm?, B=_Z% Q 3em

1 121 -1)
nlj VA 20 79 92
2s - 93-03 | 215-02 | 314
A -02
3s y 26-03 | 63-03 |90-03
2, |5 25-03 | 71-03 l 83
.| 5 81-04 | 20-03 |31-03

2p,, 1 50-04 | 71-04 | 72-04
3 904 15-04 | 17-04
3p,, 1 13-04 | 21-04 |22-04
3 31-05 55-05 | 6205
3d,, y 88 —05 11-04 | 12-04
3 51 -06 10-05 | 11-05
3d,, = 3605 | 50-05 |52-05
3 21-06 | 39-06 |40-06
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A. V. Glushkov, V. B. Ternovsky, A. V. Smirnov, A. A. Svinarenko

GAUGE-INVARIANT RELATIVISTIC PERTURBATION THEORY APPROACH TO
DETERMINATION OF ENERGY and SPECTRAL CHARACTERISTICS FOR HEAVY
AND SUPERHEAVY ATOMS AND IONS: REVIEW

Summary

We reviewed an effective consistent ab initio approach to relativistic calculation of the spectra for
multi-electron heavy and superheavy ions with an account of relativistic, correlation, nuclear, radia-
tive effects is presented. The method is based on the relativistic gauge-invariant (approximation to
QED) perturbation theory (PT) and generalized effective field nuclear model with using the optimized
one-quasiparticle representation firstly in theory of the hyperfine structure for relativistic atom. The
wave function zeroth basis is found from the Dirac equation with potential, which includes the core ab
initio potential, the electric and polarization potentials of a nucleus. The correlation corrections of the
high orders are taken into account within the Green functions method (with the use of the Feynman
diagram’s technique). There have taken into account all correlation corrections of the second order
and dominated classes of the higher orders diagrams (electrons screening, particle-hole interaction,
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mass operator iterations). The magnetic inter-electron interaction is accounted in the lowest on a pa-
rameter (o is the fine structure constant), approximation, the self-energy part of the Lamb shift is taken
effectively into consideration within the Ivanov-Ivanova non-perturbative procedure, the Lamb shift
polarization part - in the generalized Uehling-Serber approximation with accounting for the Kallen-
Sabry a*(aZ) and Wichmann-Kroll a(aZ)" corrections.

Keywords: Relativistic perturbation theory, Heavy ions, Relativistic energy formalism

VJIK 539.182
A. B. I'mywikos, B. b. Tepnosckuii, A. B. Cuupnos, A. A. Ceéunapernko

METO/ KAJTUEPOBOUYHO-UHBAPUAHTHOM PEJIITUBUCTCKON TEOPUN
BO3MYIIEHUM K OIPEJEJEHUIO DHEPTETUYECKHNX Y CIIEKTPAJIBHBIX
XAPAKTEPUCTHK TAXKEJIBIX U CBEPXTAKEJIBIX ATOMOB 1 HOHOB: OB30P

Pe3rome

B pabote 0030pHO M3I0KEHBI OCHOBBI 3(PHEKTUBHOTO, MOCIEAOBATEILHOTO ab initio moaxoma K
PENATUBUCTCKOMY BBIUYHCICHHIO CIIEKTPOB MHOTO3JICKTPOHHBIX TSDKEIBIX M CBEPXTSIKEIBIX MOHOB
C YYETOM PEJISTHBUCTCKUX, KOPPEISIMOHHBIX, SICPHBIX, paaHallHOHHBIX 3¢ ¢dekToB. MeTon ocHo-
BaH Ha PEJIATUBUCTCKOM KaauOpoBouHO-MHBapuaHTHOU (KDJ[) Teopuu Bo3MyIeHHI, 00001IIEHHON
3¢ dEeKTUBHON TIOJEBOM MOJAETH SApa C UCIOJIB30BAHUEM ONTHUMHU3UPOBAHHOTO OHOKBA3MYACTHY-
HOTO TIPEJICTABIICHUS BIIEPBBIC B TEOPUH CBEPXTOHKOW CTPYKTYPHI CIIEKTpPa PEISTHBUCTCKOTO aTOMa.
basuc BonmHOBBIX (YHKIHI HyJIeBOTO MPUOIMKEHHS ONpeaenseTcs pemeHusMu Dirac ypaBHEeHuUs ¢
MOTEHIIMATIOM, KOTOPBIN BKJIIOUAET B ce0si caMOCOIIacOBaHHBIN ab initio AMEKTPOHHBIN MOTSHIIUAT,
AIIEKTPUICCKUH U TOJSAPHU3AIMOHHBIA TOTEHITHANBI siipa. KoppensiuoHHbIe MMONPABKH BBICIINX T10-
PSAKOB YUUTHIBAIOTCA B pamkax Mertoia ¢yHkiuil [puHa (¢ MCONb30BaHHEM TEXHUKHU JUArpaMMm
Feynman). Y4reHbl Bce KOppENSIIMOHHBIC MMOMPABKU BTOPOTO MOPSIAKA ¥ JOMUHUPYIOIIHE KIacChl
JMarpaMM BBICIIHX TTOPSJIKOB (3KpaHUPOBAHUE JJICKTPOHOB, B3aUMOJICHCTBUE YACTHIIBI C JIBIPKOM,
UTEpallid MacCOBOTO oreparopa). MarHUTHOE MEXIIEKTPOHHOE B3aUMOJCHUCTBUE YUUTHIBACTCS B
HU3IIEM I10 MapameTpy o (o - MOCTOSTHHAS TOHKON CTPYKTYPBI)IPUOIUKEHUN, COOCTBEHHO-2HEPTe-
TUYECKasi 4acTh JIMOOBCKOTO c/iBUra 3()(EeKTUBHO YUUTHIBAETCS B paMKaxX 00OOLICHHON HENepTyp-
O6aruBHOI mpoueaypsl Ivanov-Ivanova, sddekt nomspuzanuu Bakyyma J3MOOBCKOTO CIBUTA - B
npubmmxennn Uehling-Serber ¢ ygerom nonpasok Killen-Sabry o*(aZ) 1 Wichmann-Kroll a(aZ)"
(Z — 3apsin sigpa).

KuroueBsble cioBa: KannGpoBouHO-UHBapHaHTHAS PEISTUBUCTCKAS TEOPHUS BO3MYIIECHUH, Tshke-
JIbIe MOHBI, PeNTUBUCTCKUN dHEpreTHYeCKuid (hopMamnu3m

VIIK 539.182
O. B. I'nywkos, B. b. Teprnoscvkuii, A. B. Cmipnos, A. A. Ceunapenro

METO/ KAJIBPYBAJIbHO-THBAPIAHTHOI PEJIATUBICTCHKOI TEOPII 3BYPEHD
A0 BUBHAYEHHSA EHEPTETUYHHUX I CIIEKTPAJIBHUX XAPAKTEPUCTHUK
BAKKHUX I HAZABAKKHUX ATOMIB TA HOHOB: OIJIAJ

Pesrome
B po6oti o080 BUKIAACHI OCHOBU €()EKTUBHOTO, MOCTIAOBHOTO ab initio miaxomy A0 pens-
THUBICTCHKOTO OOYMCIIEHHS CIIEKTPIB 0araroeIeKTPOHHUX BAXKKUX 1 HA/IBAKKUX 10HIB 3 ypaxXyBaHHSIM
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PENATUBICTCHKHUX, KOPENSAINHNX, SACPHHUX, paialiifHux edexTiB. MeToa 3acHOBaHUM Ha peJsTH-
BicTChKOI KaniOpyBanbHO-1HBapianTHOI (KEJ[) Teopii 30ypenb, y3arajibHeHO1 €(eKTUBHOI MMOJIbOBOT
MoJIeJli AApa 3 BUKOPUCTAHHAM ONTHUMI30BAHOIO OJTHOKBA31YaCTMHKOBOIO MPE/ACTABIECHHS BIEpIIe
B TEOPil HAATOHKOI CTPYKTYpH CIEKTPY PEIATHBICTCHKOrO aroMa. ba3zuc XBuinboBuX (pyHKIIIH HYIHO-
BOT'0 HAOJM)KEHHS BU3HAYAETHCS pilleHHAMU Dirac piBHSHHS 3 NOTEHLIAJIOM, KU BKIIoYae B ceOe
CaMOY3TO/KEHUH ab initio eJIeKTPOHHHM MOTEHITia, eICKTPUIHUHN 1 TOMApU3AIiiHUN MOTEHITIaIn
snapa. KopensuiliHi monpaBKy BUIIMX MOPSIKIB BPAaXOBYIOTHCS B paMKax MeTomy ¢yHKuii I'pina (3
BUKOpPUCTaHHSAM TeXHikH J1arpaM Feynman). BpaxoBaHo Bci kopesiliiiHi HOMpaBKy JPyroro nopsii-
Ky 1 JIOMiHYIOY1 KJIacH JiiarpaM BHUIIUX MOPSIKIB (€KpaHyBaHHS €JIEKTPOHIB, B3a€EMOJIS YaCTHUHKH 3
JipKoto, iTeparii MacoBoro orneparopa). MarHniTHa MKEIEKTPOHHA B3a€MOJIisl BPAXOBYETHCS B HUXK-
YoMy 3a mapaMmeTpoMm o (o - cTaja TOHKOI CTPYKTYpH) HaOJIMKCHHI, BIACHE-CHEPreTUYHA YaCTHHA
71eMOOBCHKOTO 3CyBY €()eKTUBHO BPaxXOBYEThCS B PAMKax y3araJbHEHOI HemepTypOaTHBHOI mpolie-
nypu Ivanov-Ivanova, edexr nonspusariii Bakyymy J1eMOOBCHKOTO 3cyBy - B HabmmwkenHi Uehling-
Serber 3 ypaxyBanHusm nompaBok Killen-Sabry a*(aZ) Ta Wichmann-Kroll a(aZ)" (Z — 3apsin simpa).

Kurouosi cioBa: KamOpyBanbHO-iHBapiaHTHA PENIATHBICTCHKA Teopis 30ypeHb, Bakki ioam, Pe-
JSATUBICTCHKUN €HEpreTHUHUH hopmanizm

28



UDC 541.13
O. Yu. Khetselius, A. V. Glushkov, V. V. Buyadzhi, Yu. Ya. Bunyakova

Odessa State Environmental University, 15, Lvovskaya str., Odessa, Ukraine
E-mail: buyadzhivv(@gmail.com

NEW NONLINEAR CHAOS-DYNAMICAL ANALYSIS OF ATMOSPHERIC RADON *2RN
CONCENTRATION TIME SERIES FROM BETA PARTICLES ACTIVITY DATA OF
RADON MONITORS

The work is devoted to the development of the theoretical foundations of new universal complex chaos-dynamical
approach to analysis and prediction of the atmospheric radon ??Rn concentration changing from beta particles activity
data of radon monitors (with pair of the Geiger-Miiller counters). The approach presented consistently includes a number
of new or improved methods of analysis (correlation integral, fractal analysis, algorithms of average mutual information,
false nearest neighbors, Lyapunov exponents, surrogate data, non-linear prediction schemes, spectral methods, etc.) to solve
problems quantitatively complete modeling and analysis of temporal evolution of the atmospheric radon *?Rn concentra-
tion . There are firstly received data on topological and dynamical invariants for the time series of the *?Rn concentration,
discovered a deterministic chaos phenomenon using detailed data of measurements of the radon concentrations at SMEAR

II station of the Finnish Meteorological Institute.

1. Introduction

At present time one of the extremely important
and too complex areas of elements, systems and
devices physics and sensor electronics is study of
regular and chaotic dynamics dynamics of non-
linear processes in the different classes of quan-
tum, quantum-generating systems and devices
and quantum (atomic-molecular systems in an ex-
ternal electromagnetic field) [1-20]. It is worth to
mention fulfilled by our group numerous study-
ing of dynamics of the different quantum systems
in external electromagnetic field, which has the
features of the random, stochastic kind and its re-
alization does not require the specific conditions.

The importance of studying a phenomenon of
stochasticity or quantum chaos in dynamical sys-
tems is provided by a whole number of technical
applications, including a necessity of understand-
ing chaotic features in a work of different elec-
tronic devices and systems. New field of inves-
tigations of the quantum and other systems has
been provided by a great progress in a develop-
ment of a chaos theory methods [1-12]. In pre-
vious our papers [5-20] we have given a review
of new methods and algorythms to analysis of
different systems of quantum physics, electron-
ics and photonics and used the nonlinear method

of chaos theory and the recurrence spectra for-
malism to study quantum stochastic futures and
chaotic elements in dynamics of atomic, mo-
lecular, nuclear systems in an free state and an
external electromagnetic field, atmospheric and
even environmental systems [21-71]. There were
discovered non-trivial manifestations of a chaos
phenomenon.

The work is devoted to the development of the
theoretical foundations of new universal com-
plex chaos-dynamical approach to analysis and
prediction of the atmospheric radon *?Rn con-
centration changing from beta particles activity
data of radon monitors (with pair of the Geiger-
Miiller counters). The approach presented con-
sistently includes a number of new or improved
methods of analysis (correlation integral, fractal
analysis, algorithms, average mutual information,
false nearest neighbors, Lyapunov exponents,
surrogate data, non-linear prediction, spectral
methods, etc.) to solve problems quantitatively
complete modeling and analysis of temporal evo-
lution of the atmospheric radon **’Rn concentra-
tion . There are firstly received data on topological
and dynamical invariants for the time series of the
222Rn concentration, discovered a deterministic
chaos phenomenon using detailed data of mea-
surements of the radon concentrations at SMEAR
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IT station of the Finnish Meteorological Institute
(see details in Refs. [72-75]).

2. Universal chaos-dynamical approach in
analysis of chaotic dynamics of the radon con-
centration time series

As many blocks of the presented approach
have been developed earlier and are needed
only to be reformulated regarding the problem
studied in this paper, here we are limited only
by the key moments following to Refs. [5-20].
Let us formally consider scalar measurements
s(n) = s(t, + nAt) = s(n), where t_ is the start time,
At is the time step, and is n the number of the mea-
surements. Further it is necessary to reconstruct
phase space using as well as possible informa-
tion contained in the s(n). Such a reconstruction
results in a certain set of d-dimensional vectors
y(n) replacing the scalar measurements. Packard
et al. introduced the method of using time-delay
coordinates to reconstruct 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 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 + 1), s(n +21), ...,

s(n+ (d-1)0)], M

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.. Aany time lag will be acceptable
is not terribly useful for extracting physics from
data. If t is chosen too small, then the coordinates
s(n + jt) and s(n + (j + 1)1) are so close to each
other in numerical value that they cannot be dis-
tinguished from each other. Similarly, if t is too
large, then s(n + jt) and s(n + (j + 1)t) are com-
pletely independent of each other in a statistical
sense. Also, if T is too small or too large, then the
correlation dimension of attractor can be under-
or overestimated respectively [3]. It is therefore
necessary to choose some intermediate (and more

30

appropriate) position between above cases. First
approach is to compute the linear autocorrelation
function

Li[s(m+8)—§] s(m)—s]
C,(3)=

1 & -
— D [s(m)—57’
A 2)
- 1

s:ﬁés(m)

and to look for that time lag where C (8) first
passes through zero. This gives a good hint of
choice for t at that s(n + jt) and s(n + (j + 1)1)
are linearly independent. However, a linear in-
dependence of two variables does not mean that
these variables are nonlinearly independent since
a nonlinear relationship can differs from linear
one. It is therefore preferably to utilize approach
with a nonlinear concept of independence, e.g.
the average mutual information. Briefly, the con-
cept of mutual information can be described as
follows. Let there are two systems, A and B, with
measurements a_and b,. The amount one learns in
bits about a measurement of a, from measurement
of b, is given by arguments of information theory
[2,8,9]
1,5(a;,b,) = logz(%J
A\, ) Oy , 3)
where the probability of observing a out of the set
of all Ais P (a), and the probability of finding b
in a measurement B is P (b.), and the joint prob-
ability of the measurement ofaand bis P, ,(a, b,).
The mutual information I of two measurements a,
and b, is symmetric and non-negative, and equals
to zero if only the systems are independent. The
average mutual information between any value a,
from system A and b, from B is the average over
all possible measurements of I, .(a, b,),

1,5(a;,b,) = logz(MJ
P, (a;)P;(b,) 4
To place this definition to a context of observa-
tions from a certain physical system, let us think
of the sets of measurements s(n) as the A and of
the measurements a time lag t later, s(n + 1), as



B set. The average mutual information between
observations at n and n + 1 is then

I, (v)= ZPB (a,,b,)1, (a,,b,)

(5)
Now we have to decide what property of I(t) we
should select, in order to establish which among
the various values of T we should use in making
the data vectors y(n). 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. The general redundancies detect all de-
pendences in the time series, while the linear
redundancies are sensitive only to linear struc-
tures. Further, a possible nonlinear nature of pro-
cess 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,. However, two
problems arise with working in dimensions larger
than really required by the data and time-delay
embedding [1-20]. First, many of computations
for extracting interesting 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 contamination of the observa-
tions, the extra dimensions are not populated by
dynamics, already captured by a smaller dimen-
sion, but entirely by the contaminating signal. In
too large an embedding space one is unnecessar-
ily spending time working 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 reconstruct the attractor
dimension (see, e.g., [1-9]), but let us consider in
this study two methods only. The correlation inte-
gral analysis is one of the widely used techniques
to investigate the signatures of chaos in a time

series. 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 is the
most commonly used approach. According to this
algorithm, the correlation integral is

: 2

€)= lim s gﬂ(r lyi-v;1)

(I<i<j<N) (6)
where H is the Heaviside step function with
H(u) =1 foru>0and H(u) =0 foru <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 r given by

d = 1im 28"
i logr

; (7

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 dimension,
then the system is generally considered to exhibit
chaotic dynamics. The saturation value of the cor-
relation exponent is defined as the correlation di-
mension (d,) of the attractor. The method of sur-
rogate data [1,8,9] is an approach that makes use
of the substitute data generated in accordance to
the probabilistic structure underlying the original
data.

Often, a significant difference in the estimates
of the correlation exponents, between the origi-
nal and surrogate data sets, can be observed. In
the case of the original data, a saturation of the
correlation exponent is observed after a certain
embedding dimension value (i.e., 6), whereas the
correlation exponents computed for the surrogate
data sets continue increasing with the increasing
embedding dimension. It is worth consider an-
other method for determining d_ that comes from
asking the basic question addressed in the em-
bedding theorem: when has one eliminated false
crossing of the orbit with itself which arose by

31



virtue of having projected the attractor into a too
low dimensional space? By examining this ques-
tion in dimension one, then dimension two, etc.
until there are no incorrect or false neighbours
remaining, one should be able to establish, from
geometrical consideration alone, a value for the
necessary embedding dimension. Advanced ver-
sion is presented in Refs. [8,9].

The Lyapunov’s exponents (LE) are the dy-
namical invariants of the nonlinear system. In a
general case, the orbits of chaotic attractors are
unpredictable, but there is the limited predictabil-
ity of chaotic physical system, which is defined
by the global and local LE. 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 per-
turbing the initial conditions of a dynamical sys-
tem. In fact, if one manages to derive the whole
spectrum of the LE, other invariants of the sys-
tem, i.e. Kolmogorov entropy (KE) and attrac-
tor’s dimension can be found. The inverse of the
KE is equal to an average predictability. Estimate
of dimension of the attractor is provided by the
Kaplan and Yorke conjecture:

J

20
d — '+[l:l
L=J —”L

J+l |

: 8)
j j+1
where j is such that §; 5 and S <o, and

the LE A, are taken in descending order. 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. In the case where
only observations are given and the system func-
tion is unknown, the matrix has to be estimated
from the data. In this case, all the suggested meth-
ods approximate the matrix by fitting a local map
to a sufficient number of nearby points. To calcu-
late the spectrum of the LE from the amplitude
level data, one could determine the time delay t
and embed the data in the four-dimensional space.
In this point it is very important to determine the
Kaplan-Yorke dimension and compare it with the
correlation dimension, defined by the Grassberger-
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Procaccia algorithm. The estimations of the KE
and average predictability can further show a lim-
it, up to which the amplitude level data can be on
average predicted. Other details can be found in
Refs. [5-20].

3. Data on chaotic elements in time series of
the radon concentration and conclusion

The concentration of atmospheric radon **’Rn
was determined by measuring the activity of
beta particles in atmospheric aerosol using ra-
don monitors. Measurements of the radon con-
centrations at SMEAR 1I station (61 © 51°N, 24 °
17°E, 181 m above sea level; near the Hyytiél4,
Southern Finland) was done by group of experts
of the Finnish Meteorological Institute (FMI)
and was actually integrated into the system long-
term measurements (see details in Ref.[74] and
[75-77] too). The continuous measurement was
performed during 2000-2006 on the seventh
heights (from 4.2 m to 127 m). Technologically
for the detection of beta particles there are used
the device with a pair of the Geiger-Miiller coun-
ters, arranged in the lead corymbs. Registration
of the beta particles was cumulatively carried in
10-minutes intervals. Effectiveness of a detection
was 0.96% and 4.3% for beta radiation from *'*Pb
and ?"“Bi respectively. Estimate of the 1-c statis-
tical counting - = 20% for stable concentrations
of ??Rn (1 Bg/m?). The mean-daily values of at-
mospheric ??Rn concentrations were in the range
from <0.1 to 11 Bg/m®. In fact, the lower limit
of this range was limited by a hardware detection
limit of the radon monitors. The corresponding data
meet the log-normal distribution with a geometric
mean of 2.5 Bq/m’ (a standard geometric deviation
of 1.7 Bq/m®). The average geometric value for the
daily average radon concentrations was amounted
to 2.3 to 2.6 Bqx m? per year. In general during
2000-2006 as hourly, as daily values of a param-
eter, which corresponds to the radon concentration,
were ranged from about 1 to 5 Bg/m’®. In Figure 1
there is presented the typical time dependent curve
of the radon concentration , received on the base of
measurements at SMEAR 1I station (61 ° 51°N, 24
° 17°E, 181 m above sea level; near the Hyytiéla,
Southern Finland) (see [74]).
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Figure 1. Time dependent curve of the radon con-
centration, received on the base of measurement
(SMEAR II station)

Below in Table 1 we list the results of com-
puting different dynamical and topological invri-
ants and parameters (Time delay t,correlation
dimension (d ,), embedding space dimension
(d ,), Lyapunov exponent (2.), Kolmogorov en-
tropy (K_, ), Kaplan-York dimension (d ), the
predictability limit (Pr ) and chaos indicator
(K, ) for radon concentration time series (2001).

Table 1. Time delay t,correlation dimension
(d,), embedding space dimension (d ), Lyapunov
exponent (1), Kolmogorov entropy (K ),
Kaplan-York dimension (d |), the predictability
limit (Pr ) and chaos indicator (K ) for the ra-
don concentration time series (2001)

Year T d, d,
2001 12 5,48 6
Year A A, K,
2001 0,0182 0,0058 0,024
Year d, Pr K
2001 5,36 42 0,80

The resulting Kaplan- York dimension is very
close to the correlation dimension, which is de-
termined by the algorithm by Grassberger and
Procaccia; Moreover, the Kaplan-York dimen-
sion is smaller than the dimension of attachment,
which confirms the correctness of the choice
of the latter. Therefore, using the new uniform

chaos-dynamical approach we have carried out
modeling and analysis of temporal evolution of
the atmospheric radon *?Rn concentration, firstly
received data on topological and dynamical in-
variants for the time series of the *Rn concen-
tration and discovered a deterministic chaos phe-
nomenon. The results are of great theoretical and
practical interest as for the dynamical systems
and chaos theories for applied scientific applica-
tions such as nuclear physics, photoelectronics,
atmospheric and environmental (environmental
radioactivity) sciences etc.
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O. Yu. Khetselius, A. V. Glushkov, V. V. Buyadzhi, Yu. Ya. Bunyakova

NEW NONLINEAR CHAOS-DYNAMICAL ANALYSIS OF ATMOSPHERIC RADON
22Rn CONCENTRATION TIME SERIES FROM BETA PARTICLES ACTIVITY DATA OF
RADON MONITORS

Summary

The work is devoted to the development of the theoretical foundations of new universal com-
plex chaos-dynamical approach to analysis and prediction of the atmospheric radon *Rn concen-
tration changing from beta particles activity data of radon monitors (with pair of the Geiger-Miiller
counters). The approach presented consistently includes a number of new or improved methods of
analysis (correlation integral, fractal analysis, algorithms of average mutual information, false near-
est neighbors, Lyapunov exponents, surrogate data, non-linear prediction schemes, spectral methods,
etc.) to solve problems quantitatively complete modeling and analysis of temporal evolution of the
atmospheric radon ?Rn concentration . There are firstly received data on topological and dynamical
invariants for the time series of the ’Rn concentration, discovered a deterministic chaos phenom-
enon using detailed data of measurements of the radon concentrations at SMEAR 1I station of the
Finnish Meteorological Institute.

Key words: chaotic dynamics, time series of the “?Rn concentration, universal complex chaos-
dynamical approach, analysis and prediction

39



VK 541.13

0. IO. Xeyenuyc, A. B. [mywkos, B. B. Bysioocu, IO. A. Bynaxosa

HEJIMHENHBIN XAOC-TUHAMUYECKHA AHAJIN3 BPEMEHHBIX PSI/IOB
KOHIEHTPAIIA ATMOC®EPHOI'O PAJIOHA *?Rn HA OCHOBE JAHHBIX
AKTUBHOCTH BETA YHACTHULl PAJOHOBBIX MOHUTOPOB

Pe3rome

PaGora nocasinieHa pa3paboTke TEOPETHUECKUX OCHOB HOBOTO YHUBEPCAIBHOIO KOMIUIEKCHOTO
Xa0C-TUHAMUYECKOTO TOAX0/1a K aHAJIM3Y U MPOTHO3WPOBAHHUIO BPEMEHHBIX N3MEHEHUN KOHIIEHTPALUU
armocdepHoro pasona ?Rn Ha OCHOBE JaHHBIX aKTUBHOCTH O€Ta-4acTHUI] PAJJOHOBBIX MOHUTOPOB (C
napoi cuetuukoB I eitrepa-Mromepa). [logxon mocnenoBaTebHO BKIIIOYAET B ¢€0s1 psiJT HOBBIX HIIH
YAYUYIIEHHBIX METOJ0B aHaiK3a (METOJ KOPPENALUOHHOTO UHTErpasia, (ppaKkTaabHbli aHAINU3, ajIro-
PUTMBI CpPEeIHEH B3aMMHON MH(GOPMAIINHU, JTOXKHBIX ONMKaNIIMX cocenei, mokasareneil JismyHosa,
CXeMbl HEJITMHEHHOTO MPOTHO3UPOBAHUS, CIEKTPaIbHbIE METOBI U T.11.) 7Sl peLlieHHsI TPOOIeMbI KO-
YEeCTBEHHO MOJIHOT0 MOAETUPOBAHUS U aHAIM3a BPEMEHHOM YBOJIIOLUHU KOHIIEHTPALUU aTMOC(hepHOI
pamoHa **Rn. BriepBbie moydeHbl JaHHbIE O TOMOJOTHYECKUX M JIUHAMUYCCKUX WHBAPHAHTAX IS
BPEMEHHBIX PSJI0B KOHIICHTpALUK **?Rn, OTKPBIT (heHOMEH JeTEPMHUHUPOBAHHOTO Xa0Ca, UCTIONb3Ys
nopoOHbIe JaHHBIC H3MEPEHUH KOHIICHTpanui pagoHa Ha ctaHiiud SMEAR II ®unckoro metreopo-
JIOTUYECKOTO MHCTUTYTA

KoaroueBble ciioBa: XaoTudeckas TUHAMHKA, BPEMCHHBIC Psijibl KOHIICHTpaimu 2°Rn, yHuBep-
CaJIbHBI KOMIUIEKCHBIN Xa0C-TMHAMAYECKUM MOIXO0/, AaHAIU3 U MPOrHO3UPOBAHKE

VIK 541.13

0. IO. Xeyeniyc, O. B. I'mywkos, B. B. bysooici, 0. A. bynsakosa

HEJIHIMHUM XAOC-IUHAMIYHU AHAJII3 YACOBUX CEPII KOHILIEHTPAILIN
ATMOC®EPHOI'O PAJIOHY 2?Rn HA OCHOBI JAHUX AKTUBHOCTI BETA
YACTUHOK PAJIOHOBHX MOHITOPIB

Pe3rome

Po6Gora npucesueHa po3po0iii TEOPETUIHNX OCHOB HOBOTO YHIBEPCATIBLHOTO KOMITJIEKCHOTO Xa0C-
JUHAMIYHOTO TIIXOMY JIO aHalli3y Ta MPOTHO3YyBaHHS YaCOBHUX 3MiH KOHIIEHTpaIlli aTMoc(epHOro
pamoHy *?Rn Ha OCHOBI JTaHMX aKTHBHOCTI O€Ta-4aCTHHOK PaJIOHOBHUX MOHITOPIB (3 Maporo JTiUUIIb-
HukiB [eitrepa-Mromepa). [1igxia mociiIoBHO BKIIIOYA€E B ceOe Psij HOBUX a0O0 TOJIIMIIIEHUX METOIIB
aHaizy (METOM KOPENSIIHHOTO 1HTerpay, (ppakTaJbHUI aHaji3, aJrOPUTMH CEPEAHBOI B3aEMHOI
iH(dOopMarlii, TOMUIKOBUX HAMOMMKIUX CYCiiB, TOKa3HUKIB JISTTyHOBa, CXEMH HEJIHIHHOTO TPOTHO-
3yBaHHS, CIIEKTPAJIbHI METOAM 1 T.1.) IJIs1 BUPIIIEHHS MPOOIeMHU KUTbKICHO TTIOBHOTO MOJICITFOBAHHS Ta
aHaJIi3y 4acoBOi CBOMIONIT KOHIIEHTpaIlil atMochepHoi pagony *2Rn. Briepiie orpumani gati mpo To-
MOJIOTIYHI 1 AMHAMIYHI iHBapiaHTH JIJIs YaCOBHUX PSAIIB KOHIIEHTpAIIi1 22Rn, BiIKpuTO eHOMEH IeTep-
MIHOBAaHOTO Xa0Cy, BUKOPUCTOBYIOUH JICTAJIbHI JaH1 BUMIPIOBaHb KOHIIEHTpaIliid pagony Ha SMEAR
II cranmii @1HCHKOTO METEOPOJIOTIYHOTO 1THCTUTYTY.

Kirouosi ciioBa: XaoTruHa AMHAMIKA, YaCOBI PSIIM KOHIIEHTpaIlil **Rn, yHiBepcalbHUN KOMILIEK-
CHUH Xa0C-TUHAMIYHUN TiIX11, aHaJli3 1 IPOrHO3YBaHHS
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SYNTHESIS AND LUMINESCENCE PROPERTIES OF ZnSe:Al
NANOPARTICLES

Colloidal nanocrystals of ZnSe:Al were synthesized in organic polymer matrices. The optical absorption and long-
wavelength luminescence were studied, the average sizes of nanoparticles were determined, the efficiency of the transition
from bulk crystals to nanocrystals was shown, and the types of optical transitions were determined.

Introduction

Semiconductor colloidal nanocrystals of the
A, B, group are promising materials for biomedi-
cal marking and visualization. The most widely
represented in the studies are CdS and CdSe na-
nocrystals [1,2], which have tunable, wide and
intense emission bands. However, many results
show that any leakage of cadmium from na-
nocrystals will be toxic and fatal to biological
systems. In connection with this, the synthesis of
nanomaterials, not cadmium entities, is topical.
Such materials include zinc chalcogenides, and
zinc selenide in particular.

Being a wide-band semiconductor, ZnSe is ide-
ally suited for the creation on its basis of optoelec-
tronics devices and biomedical imaging. Doping
ZnSe allows the realization of luminescent radia-
tion in the visible and near infrared wavelengths.
At present, ZnSe nanocrystals doped with transi-
tion elements such as Cu, Mn, Co have been suc-
cessfully synthesized [3] At the same time, there
is no information on the preparation of zinc sel-
enide nanoparticles doped with Group III donor
elements (Al, Ga, In). Investigations of the pho-
toluminescence of bulk ZnSe: Al crystals showed
that in zinc selenide an Al impurity is the best ac-
tivator in the visible range [4]. So the preparation
and investigation of the luminescent properties of
ZnSe: Al nanocrystals is relevant.

The purpose of this work is the development
of an ecological approach to the synthesis of
ZnSe:Al nanocrystals, the study of their lumines-
cent properties and the establishment of natural
emission transitions in these nanocrystals.

Experimental

The study used commercial reagents Beijing
Reagent Company. ZnCl, was the source of zinc
ions. The source of Se* ions was sodium seleno-
sulfate Na,SeSO,, which was prepared with an
aqueous Na,SO, solution and powdered Se (99%).
Polyvinyl alcohol, gelatin or lactose was used as
the growth stabilizer of nanoparticles. The doping
with Al ions was carried out by the addition of
ALCI,. The resulting colloidal solution contain-
ing ZnSe and ZnSe:Al nanoparticles was depos-
ited on quartz substrates, then the solvent evapo-
rated, forming membranes for measuring optical
absorption and photoluminescence.

The optical absorption and photoluminescence
spectra were recorded with an MDR-6 monochro-
mator with a 2400 grove: mm™' diffraction grat-
ings in the ultraviolet and 1200 grove- mm™ in the
visible range.

Investigation of the optical absorption

The optical density spectra of ZnSe and
ZnSe:Al nanocrystals were studied. It is estab-
lished that in all the samples studied the absorp-
tion edge is shifted to the region of high energies
in comparison with the absorption edge of single
crystals of ZnSe, which indicates the presence
of quantum size effects in the samples. The in-
fluence of the ratio of the concentrations of zinc
and selenium sources on the position of the ab-
sorption edge was established. The maximum
displacement was observed at a ratio of ZnCl, to
Na,SeSO, of 10:1.
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The mean radius of the ZnSe, ZnSe:Al par-
ticles was estimated from the change in the band
gap (AEg) relative to the bulk crystal, using the
effective-mass approximation using the equation

[5]
R=—L_.
B AE

g

(1)

There 4 is the Planck constant; u = ((m,,)" +
(m,, )")", where m *= 0.17m_, m* = 0.6m, are,
respectively, the effective masses of the electron
and hole in zinc selenide, m, is the mass of the
free electron; AE is the difference between the
width of the band gap in the nanoparticle and the
bulk crystal of ZnSe (2.68 ¢V). The results of cal-
culations showed that the minimum ZnSe nano-
particles size (3.5 nm) is reached just at the ratio
of ZnCl, to Na,SeSO, 10: 1 (Fig. 1, curve 1).

Doping of ZnSe nanocrystals with aluminum
leads to a shift in the absorption edge to the region
of lower energies. The magnitude of the displace-
ment increased with increasing concentration of
the aluminum source (Fig. 1, curves 2,3). A simi-
lar dependence of the width of the forbidden band
on the concentration of the dopant was observed
earlier in bulk ZnSe crystals containing the donor
impurity In, the impurity ions of the transition el-
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ements, and was explained by the presence of an
impurity Coulomb interaction [6]. Using relation

3 1/3
AE, =210’ (—j
T

eN'"?
b
4dre,e,

2

where: e — electron charge, N — concentration of
impurities in cm™, £ = 8.66 is zinc selenide static
dielectric constant, the concentration of alumi-
num impurity in the investigated nanocrystals is
determined. 5% solution of Al Cl, corresponds to
the concentration of aluminum in nanocrystals of
10" cm™, and 10% solution of AL CI, is a concen-
tration of 10" cm™.

Investigation of long-wavelength photolu-
minescence

Investigation of ZnSe nanocrystals photolumi-
nescence spectra is showed the presence of broad
photoluminescence bands localized in the 550-
850 nm region. The change in the temperature of
nanocrystals from 300 to 430 K did not cause a
shift in the spectra studied. The position of the
spectra remained unchanged even with a change
in the width of the forbidden band of nanocrys-
tals. The presence of a number of bend and a large
(~ 150 nm) half-width of the bands indicate their
non-elementary nature. The decomposition into
elementary Gaussian components in the Origin-
Pro 7 program revealed a series of elementary
emission lines localized at 580, 600, 630, 680,
700, 750 and 800 nm (Fig. 2, a). The identical
elementary emission lines were observed earlier
in bulk ZnSe single crystals (Fig. 2, b) [4].

Emission at a wavelength of 580 nm appears
due to associative native defects (V, V). The
emission line at a wavelength of 600 nm appears
due to associative defects (V, D )" where the do-
nor is either V_or an uncontrolled donor impu-
rity, an II'V group element, for example, Cl, Br,
I. The other emission lines were associated with
defects (V, D, ) with different distances between
donors and acceptors. Here the donor, according
to [4], is the uncontrolled impurities Al, In, Ga.

Doping with aluminum during the growth of
nanocrystals leads to an increase in the emission
intensity in the 500-1000 nm region. Further in-
crease of the emission intensity with increasing
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Fig 2. Photoluminescence spectra of (1) ZnSe nanocrystals and (b) ZnSe bulk crystals [4].
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Fig 3. Photoluminescence spectra of (a) ZnSe:Al nanocrystals and (b) ZnSe: Al bulk crystals.

ALCI, concentration is explained by an increase
of the donor impurity concentration in investigat-
ed nanocrystals.

In the emission spectra of ZnSe:Al nanocrys-
tals, elementary emission lines are emitted at 580,
600, 630, 680, and 700 nm. The same emission
lines were detected in bulk crystals of ZnSe:Al
(Fig. 3, b).

It is established that a change of AL Cl, con-
centration, the choice of the stabilizing matrix
type does not lead to a shift of the elementary
and integral emission lines to the short-wave or
long-wave region. The change in technological

conditions leads to a change in the intensity of the
elementary emission lines, which is explained by
the redistribution of the concentration of native
and impurity defects that make up the associa-
tive centers. The shift of the emission integrated
maximum to the smaller wavelengths region with
increasing AL Cl, concentration from 2 to 10%
can be explained by increasing in the intensity of
the elementary emission line at 600 nm due to as-
sociative defects (V, Cl, ) .
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Conclusions

ZnSe and ZnSe: Al nanoparticles up to 3.5 nm
in diameter were successfully synthesized using
the “green” synthesis method and organic stabi-
lizing agents. It is shown that ZnSe:Al nanopar-
ticles possess effective long-wave emission and
can be used as fluorescent labels. The nature of
the radiative transitions in ZnSe and ZnSe:Al
nanocrystals is established. It has been experi-
mentally confirmed that when the transition from
bulk crystals to nanocrystals does not occur, the
emission lines shift toward donor-acceptor pairs.
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Summary

Colloidal nanocrystals of ZnSe:Al were synthesized in organic polymer matrices. The optical ab-
sorption and long-wavelength luminescence were studied, the average sizes of nanoparticles were de-
termined, the efficiency of the transition from bulk crystals to nanocrystals was shown, and the types
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CHUHTE3 TA JIIOMIHECHEHTHI BJACTUBOCTI HAHOKPUCTAJIIB ZnSe:Al

AHoTanist
Konoigni HanHouactuHku ZnSe:Al Oy cuHTe30BaHi B OpraHiuHiid noixiMepHii Marputi. Byian no-
CJIIDKEHI ONITHYHE MTOTIMHAHHS Ta IOBFOXBUIIHOBA (DOTOIFOMIHECIICHIIISI. 32 3CYBOM IIMPUHH 3a00pO-
HEHOI 30HU BU3HAYEHUI cepe/Hil po3Mip HaHOYACTUHOK. Br3HaueHa mpupoa BUMPOMIHIOBAIBHHUX
MIEPEXO/IiB.
Karouosi cioBa: ZnSe, ZnSe:Al, HaHOYaCTUHKH, KOJIOIJHHUI CUHTE3, ONTUYHI BJIACTHBOCTI, JIFOMI-
HECIICHITis, OloMapKepH.
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CUHTE3 U JIIOMUHECIEHTHBIE CBOMCTBA HAHOKPUCTAJLJIOB ZnSe:Al

AHHOTAIUA
Komnmownnnpie HaHouacTuipl ZnSe:Al ObIIM CHHTE3UPOBAHBI B OPraHUYEOCKON MOJIMMEpPHON Ma-
Tpulle. bpimn nccneaoBaHbl ONTUYECKOE MOMIOLIEHNE UITTMHHOBOJIHOBAs JItoMuHecHeHuus. [lo cme-
IICHUIO IITUPHUHBI 3aITPEIICHHON 30HbI OMPENEIISIICS CpeIHNI pa3 Mep HaHoudacTull. OnpeneneHa npu-
pOJia U3ITy4aTeIbHbIX IEPEXOJIOB.
Kuarwuesble cioBa: ZnSe, ZnSe:Al, HaHOYACTULIBI, KOJUIOUAHBINA CUHTE3, ONTUYCCKUE CBOMCTBA,
JIOMUHECUEHIS, OMOMapKepBhI.
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OPTIMIZED RELATIVISTIC DIRAC-FOCK APPROACH TO
CALCULATING THE HYPERFINE LINE SHIFT AND BROADENING
FOR HEAVY ATOMS IN THE BUFFER GAS

It is presented a new consistent relativistic approach to description of the energetic and spectral properties of the heavy
atoms in an atmosphere of the inert gases, based on the atomic gauge-invariant relativistic perturbation theory with the
optimized Dirac-Fock zeroth approximation with density functional correlation potential and the exchange perturbation
theory for construction of the interatomic potential function. As illustration it is applied to calculating the interatomic po-
tentials, hyperfine structure line collision shift and broadening for alkali and thallium atoms, in an atmosphere of the buffer
inert gas. It is shown that an accurate accounting of relativistic and exchange-correlation provides physically reasonable
description of the energetic and spectral properties of the heavy atoms in an atmosphere of the inert gases.

1. Introduction

In Ref. [1-3] It has been presented a new con-
sistent relativistic approach to hyperfine structure
line collision shift and broadening for heavy atoms
in an atmosphere of the buffer inert gas, based on
the atomic gauge-invariant relativistic perturba-
tion theory and the optimal construction of the
interatomic potential function within exchange
perturbation theory . As illustration it has been
applied to calculating the interatomic potentials,
hyperfine structure line collision shift for heavy
atoms, namely, rubidium, cesium etc in an atmo-
sphere of the buffer inert gas (He). It was shown
that the consistent, accurate accounting the the
relativistic and exchange-correlation, continuum
pressure effects has to be done to get an adequate
description of the energetic and spectral properties
of the heavy atoms in an atmosphere of the heavy
inert gases.

Let us remind that the broadening and shift of
atomic spectral lines by collisions with neutral
atoms has been studied extensively since the very
beginning of atomic physics, physics of collisions
etc [4-36]. These studied are of a great interest
for modern atomic and molecular spectroscopy,
quantum chemistry, laser physics and quantum
electronics, astrophysics and metrology as well as
for studying a role of weak interactions in atomic
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optics and heavy-elements chemistry [37-48]. It
i1s very important point that the computing the
hyperfine structure line shift and broadening al-
lows to check a quality of the orbitals basis and
understand physical aspects of accounting the rela-
tivistic and correlation effects to the energetic and
spectral characteristics of the two-center (multi-
center) atomic systems. One of the known and
widely used quantum methods to compute atomic
parameters and spectral lines characteristics is
the Dirac-Fock method. However, because of the
known points connected with generation of non-
optimized basis of wave functions and other ones
(for example, the slow convergence of the cor-
responding PT series with the Dirac-Fock zeroth
approximation, necessity of accurate accounting
for the correlation effects etc) this method should
be seriously improved. The most known improve-
ment is in using the multiconfiguration Dirac-Fock
approach.

In this paper we present a new consistent rela-
tivistic approach to description of the energetic
and spectral properties of the heavy atoms in an
atmosphere of the inert gases, based on the atomic
gauge-invariant relativistic perturbation theory
with the optimized Dirac-Fock zeroth approxima-
tion with density functional correlation potential
and the exchange perturbation theory for con-
struction of the interatomic potential function. As



illustration it is applied to calculating the, hyper-
fine structure line shift and broadening for alkali
atoms in an atmosphere of the buffer inert gas. It is
shown that an accurate accounting of relativistic
and exchange-correlation provides physically rea-
sonable description of the energetic and spectral
properties of the heavy atoms in an atmosphere of
the inert gases

2. Method

The basic expressions for the collision shift
and broadening hyperfine structure spectral lines
are taken from the kinetic theory of spectral lines
[6,7,11,12]. In order to calculate a collision
shift of the hyperfine structure spectral lines
one can use the following expression known in
the kinetic theory of spectral lines shape (see
Refs. [1-7]):

_B_ 47w,
kT

Iy T[l + g(R)dw(R)exp (- U(R)/kT)R*dR

(1)

2(R)= %{ﬁj/”

0, U >0,

Here U(R) is an effective potential of intera-
tomic interaction, which has the central symmetry
in a case of the systems A—B (in our case, for
example, A=Rb,Cs; B=He); T is a tempera-
ture, w, is a frequency of the hyperfine struc-
ture transition in an isolated active atom;
dw(R)=Dw(R)/w, is a relative local shift of the
hyperfine structure line; (1+ g(R)) is a tempera-
ture form-factor.

The local shift is caused due to the disposi-
tion of the active atoms (say, the alkali atom
and helium He) at the distance R. In order to
calculate an effective potential of the intera-
tomic interaction further we use the exchange
perturbation theory formalism (the modified
version EL-HAV) [4-6]).

Since we are interested by the alkali (this atom
can be treated as a one-quasiparticle systems, i.e.
an atomic system with a single valence electron
above a core of the closed shells) and the rare-
earth atoms (here speech is about an one-, two- or
even three-quasiparticle system), we use the clas-

sical model for their consideration. The interaction
of alkali (A) atoms with a buffer (B) gas atom is
treated in the adiabatic approximation and the
approximation of the rigid cores. Here it is worth
to remind very successful model potential simu-
lations of the studied systems (see, for example,
Refs. [13-26]).

In the hyperfine interaction Hamiltonian one
should formally consider as a magnetic dipole
interaction of moments of the electron and the
nucleus of an active atom as an electric quadru-
pole interaction (however, let us remind that, as
a rule, the moments of nuclei of the most (buffer)
inert gas isotopes equal to zero).

The necessity of the strict treating relativ-
istic effects causes using the following ex-
pression for a hyperfine interaction operator
H,, (see, eg., [3,5]):

N
H = aZla[ i g

i=1 i

e*h

2mpc

: 2)

where [/ — the operator of the nuclear spin active
atom, o, — Dirac matrices, m, — proton mass, 4 -
moment of the nucleus of the active atom, ex-
pressed in the nuclear Bohr magnetons. Of
course, the summation in (2) is over all states
of the electrons of the system, not belonging
to the cores. The introduced model of consid-
eration of the active atoms is important to de-
scribe an effective interatomic interaction po-
tential (an active atom — an passive atom),
which is centrally symmetric (J='/)) in our
case (the interaction of an alkali atom with an
inert gas atom). Let us underline that such an
approximation is also acceptable in the case
system “thallium atom — an inert gas atom”
and some rare-earth atoms, in spite of the
presence of p-electrons in the thallium (in the
case of rare-carth atoms, the situation is more
complicated).One of the most correct methods to
describe heavy atoms in an atmosphere of inert
gases is the relativistic Dirac-Fock one or the
Dirac-Kohn-Sham method. It is obvious that
more sophisticated relativistic many-body meth-
ods should be used for correct treating relativistic,
exchange-correlation and even nuclear effects in
heavy atoms (including the many-body correla-
tion effects, intershell correlations, possibly the
continuum pressure etc]). In our calculation we
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have used the relativistic functions, which are
generated within the optimized Dirac-Fock zeroth
approximation of the relativistic many body per-
turbation theory [38]. The potential of the inter-
electron interaction with accounting the retarding
effect and magnetic interaction in the lowest or-
der on parameter o (the fine structure constant) is
as follows:

3)

V(1) = exp iy, ) -,

where o, is the transition frequency; a, .0, are the
Dirac matrices. The PT zeroth approximation is
the optimized Dirac-Fock one (plus additional
correlation potential [15]) with using the consist-
ent relativistic energy approach in order to con-
struct the optimal relativistic orbitals basis (for
details see Refs. [37-49]). The optimization is
reduced to minimization of the gauge dependent
multielectron contribution /mdE  of the lowest
relativistic perturbation theory corrections to the
radiation widths of atomic levels. The minimiza-
tion of the functional /m8E  leads to the Dirac-
Fock-like equations for the electron density that
are numerically solved. The further elaboration
of the method can be reached by means of using
the Dirac-Sturm approach [5]. To calculate an ef-
fective potential of the interatomic interaction we
use a method of the exchange perturbation theory
(in the modified version EL-HAV [2,5,6]). Within
exactness to second order terms on potential of
Coulomb interaction of the valent electrons and
atomic cores a local shift can be written as:

sw(R)= % +Q,+Q, - <., 4)

1-S, ~ R"’
where values Q , Q, are the non-exchange and
exchange non-perturbation sums of the first or-
der correspondingly, which express through the
matrix elements of the hyperfine interaction op-
erator. The other details are in Refs.[1-11].

3. Results and conclusion

Further we present some test results of our
studying hyperfine line collisional shift for alkali
atoms (rubidium and caesium) in the atmosphere
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of the helium gas. In Table 1 and we present our
theoretical results for the hyperfine line observed
shift fp (1/Torr) in a case of the Cs-He pairs. The
experimental and alternative theoretical results by
Batygin et al [5] for ]; are listed too. At present
time there are no precise experimental data for
a wide interval of temperatures in the literature.
The theoretical data from Refs. [5] are obtained
on the basis of calculation within the exchange
perturbation theory with using the He wave func-
tions in the Clementi-Rothaane approximation
(column: Theory®), and in the Z-approximation
(column: Theory®), and in the Lowdin approxima-
tion (column: Theory®).

Table 1

The observed fp (10”° 1/Torr) shifts for the sys-
tems of the Cs-He and corresponding theo-
retical data (see text)

TK | Exp a b c | This
223 - 164 142 | 169 | 173
323 | 135 126 109 | 129 | 134
423 - 111 9 | 114 | 121
523 - 100 85 | 103 | 109
623 - 94 78 | 96 | 102
723 - - - - 95

823 - - - - 90

Note:* —calculation with the He wave functions
in the Clementi-Rothaane approximation; ® — the
Z-approximation; ¢ —Lowdin approximation [5];

In Tables 2 there are listed the values of the ob-
served fp (10 1/Torr) shifts for the systems of the
pair: TI- He: C —our data, B- data by Mishchenko
et al [7], A- data by Batygin-Sokolov [6]. In Table
3 there are listed the calculated adiabatic broaden-
ing values I’ /p (in Hz/Tor) for the thallium spec-
tral lines for different temperatures and pairs TI-
He, K1, Xe.



Table 2

The observed fp (10 1/Torr) shifts for the sys-

tems of the pair: TI- He: C —our data, B- data

by Mischenko et al [7], A- data by Batygin-
Sokolov [6].

T,K A B C

700 155 137 133,1
800 151 134 130,2
900 147.5 131 128,0
1000 143 126 123.4

Note: Exp. Value (T1-He, T=700K): 130+10;
Table 3
Adiabatic broadening values I' /p (in Hz/Tor)

for the thallium spectral lines for different
temperatures (pair: TI- He, TI-Kr, TI-Xe).

T, K TI-He | TI-He | TI-Kr | TI- Xe
[4] Our Our Our
700 2.83 2.49 6.79 17.27
800 2.86 2.52 5.88 14.58
900 2.90 2.56 5.24 12.87
1000 2.89 2.53 522 11.48

Our data confirm violation of the known Foli
relationship between the observed fp shift and the
adiabatic broadening value (I"/p~ fp ) in the stan-
dard theory of spectral lines, for spectral. One
culd see, that for example, (I' /p)/ fp ~1/60 for
system of TI-He etc. Qualitatively similar , but
quantitatively a little other estimates have been
obtained in Refs. [3,4].

To conclude, let us underline that using the
optimized relativistic orbitals basis (in our ap-
proach speech is about the optimized Dirac-Fock
zeroth approzimation with additional correlation
potential) and consistent precise accounting for
the exchange-correlation and other effects is prin-

cipally necessary for the physically reasonable
description of the energetic and spectral proper-
ties of the heavy atoms in an atmosphere of the
inert gases.
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OPTIMIZED RELATIVISTIC DIRAC-FOCK APPROACH TO CALCULATING THE
HYPERFINE LINE SHIFT AND BROADENING FOR HEAVY ATOMS IN THE BUFFER GAS

Summary

It is presented a new consistent relativistic approach to description of the energetic and spectral
properties of the heavy atoms in an atmosphere of the inert gases, based on the atomic gauge-invariant
relativistic perturbation theory with the optimized Dirac-Fock zeroth approximation with density func-
tional correlation potential and the exchange perturbation theory for construction of the interatomic
potential. As illustration it is applied to calculating the hyperfine structure line collision shift and
broadening for alkali and thallium atoms in an atmosphere of the buffer inert gas. It is shown that an
accurate accounting of relativistic and exchange-correlation provides physically reasonable descrip-
tion of the energetic and spectral properties of the heavy atoms in an atmosphere of the inert gases.

Keywords: Relativistic many-body perturbation theory, Dirac-Fock approximation, hyperfine line
collision shift
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B. @. Mancapnutickui, E. B. Tepnosckuu, A. B. Henamenxo, E. JI. Ilonomapenko

HOBBIH PEJISITUBUCTCKHI MMOJXO/ K ONPEJEJEHUIO CABUTA U
YIIUPEHUA JUHUNA CBEPXTOHKOM CTPYKTYPBI B TAXKEJBIX ATOMAX B
BY®EPHBIX T'A3AX

Pe3srome

[IpencraBieH HOBBIN PEIATUBUCTCKUM MOAXO/ K ONPEAEIICHNIO CIBUTa U YIIMPEHUS] TMHUU CBEPX-
TOHKOW CTPYKTYpBbI TSXKENBIX aToMOB B arMocdepe Oy(hepHbIX ra30B, KOTOPbIi 0azupyercs Ha aToM-
HOW KaJMOpOBOYHO-MHBAPHAHTHOW PENSATHBUCTCKOW TEOPHM BO3MYIIECHMH C ONTUMHU3UPOBAHHBIM
HyJEeBBIM NpuoImkeHueM lupaka-®Ooka ¢ JONOTHUTENBHBIM KOPPEISLMOHHBIM OTEHIIMAIOM U 00-
MEHHOW TEOPHUH BO3MYILICHHUHN JIJIs1 IOCTPOEHHS MEXATOMHOT0 IIOTEeHIMaa. B kauecTBe HumocTpanuu
IIPUBECHBI PE3YJIbTAThl pacyeTa CABUra U YIIUPEHHs CBEPXTOHKUX JIMHUM psla TSKEIBIX aTOMOB, B
YaCTHOCTH, ILEJIOYHBIX U aToMa TaJius, B arMocgepe OydepHbIXx MHEPTHBIX razoB. IlokazaHo, yto
aKKypaTHBIM y4yeT pelIsITUBUCTCKUX, OOMEHHO-KOPPEISALNOHHBIX 3((eKToB oOecrneunBaeT aJeKBar-
HOE OIMCAHHME PHEPreTHUYECKUX U CHEKTPAJIbHBIX CBOMCTB TSHKEIBIX aTOMOB B aTMOC(eEpe TSKEITbIX
WHEPTHBIX T'a30B.

KiroueBble c10Ba: pelsiTUBUCTCKAs TEOPHs BO3MYILIEeHUH, npubmkenue upaka-Pdoka, cTon-
KHOBUTEJIbHBIN CIABUT JINHUM CBEPXTOHKON CTPYKTYpbI
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B. @. Mancapniticokuti, €. B. Tepnoscokuil, I B. Ienamenxo, O. JI. [lonomapenko

HOBMH PEJIATUBICTCHKUM MIIXII JTO BUSHAYEHHSA 3CYBY TA YIIUPEHHSA
JIHIA HAJITOHKOI CTPYKTYPH Y BAXKKHUX ATOMAX B BY®EPHUX I'A3AX

Pe3srome

[IpencraBienuii HOBUM PENATUBICTCHKUM MiIX1J 10 BUSHAYEHHS 3CYBY 1 YIUUPEHHS JIiHIi HaJTOH-
KO CTPYKTYpH Ba)KKHX aTOMiB B arMocdepi OypepHux rasiB, skuii 6a3yeTbcsi HA aTOMHIN Kamiopy-
BaJIbHO-1HBAPI1aHTHIN PENATUBICTCHKINA Teopii 30ypeHb 3 ONTUMI30BaHMM HYJIbOBUM HAOIMKEHHIM
Hipaka-®oka 3 J0AATKOBUM KOPEISALIMHUM MOTEHIIAIOM 1 OOMIHHIN Teopii 30ypeHb 11 oOyI0BH
MDKaTOMHOTO TIOTEHITaTy. Sk irocTpaltisi, HaBeIeHI pe3yabTaTH PO3paxyHKy 3CYBY 1 YITUPEHHS Hal-
TOHKHUX JIIHIH Py BaXXKUX aTOMIB, 30KpeMa, JY)KHHX 1 aroMa Taito, B arMocdepi OydepHux iHepr-
Hux rasis. [lokaszaHo, 1110 akypaTHe ypaxyBaHHsS pPEISTUBICTCHKUX, OOMIHHO-KOpPEAINHUX e(eKTiB
3a0esreuye aeKBaTHUI OMUC €HEPreTUYHUX 1 CIIEKTPAIIbHUX BIACTUBOCTEH BaXKKUX aTOMIB B aTMOC-
(epi BaXXKHX IHEPTHUX Tra3iB.

KurouoBi ciioBa: pensituBicTcbka Teopis 30ypeHb, HaOmmkeHHs Jlipaka-Poka, 3CyB 3a paxyHOK
31TKHEHbB JIiHIA HAJTOHKOI CTPYKTYPH
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SPECTROSCOPY OF COOPERATIVE ELECTRON-y- NUCLEAR EFFECTS IN
MULTIATOMIC MOLECULES: MOLECULE XY,

The consistent quantum approach to calculating the electron-nuclear y transition spectra (a set of
the vibration-rotational satellites in a molecule) of a nucleus in the multiatomic molecules is used to
get the accurate spectroscopic data on the vibration-nuclear transition probabilities in a case of the
emission and absorption spectrum of nucleus '*Re (E(O)VZ 186.7 keV) in the molecule of ReO,. the
main difficulty during calculating corresponding matrix elements is connected with definition of the
values b_of the normalized shifts of y- active decay. It is known that if 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, normalization one and data about the molecule symmetry.

1. Introduction

Any alteration of the molecular state must be
manifested in the quantum transitions, for exam-
ple, in a spectrum of the y-radiation of a nucleus.
It is well known that it is possible the transfer of
part of a nuclear energy to atom or molecule un-
der radiating (absorption) the y quanta by a nucle-
us (c.f.[1-36]). A spectrum contains a set of the
electron-vibration-rotation satellites, which are
due to an alteration of the state of system interact-
ing with photon. A mechanism of forming satel-
lites in the molecule is connected with a shaking
of the electron shell resulting from the interaction
between a nucleus and y quantum. This paper is
going on our studying the co-operative dynami-
cal phenomena (c.f.[667]) due the interaction be-
tween atoms, ions, molecule electron shells and
nuclei nucleons. A consistent quantum- mechani-
cal approach to calculation of the electron-nucle-
ar y transition spectra of a nucleus in the multia-
tomic molecules has been earlier proposed [2-5].
It generalizes the well known Letokhov-Minogin
model [2]. Estimates of the vibration-nuclear

transition probabilities in a case of the emission
and absorption spectrum of nucleus **Os in the
0sO, and "'Ir in the IrO, were listed . Here we
present the first accurate data on the vibration-nu-
clear transition probabilities in a case of the emis-
sion and absorption spectrum of the nucleus '*Re
(E(O)y= 186.7 keV) in the ReO,.

2. The electron-nuclear y transition spectra
of nucleus in multi-atomic molecule

As the method of computing is earlier pre-
sented in details [2-6], here we consider only by
the key topics. Hamiltonian of interaction of the
gamma radiation with a system of nucleons for
the first nucleus can be expressed through the co-
ordinates of nucleons r " in a system of the mass
centre of one nucleus [2,3]:

H(r,) = H(r, Yexp(—k u),

where ky is a wave vector of the y quantum; u is
the shift vector from equality state (coinciding
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with molecule mass centre) in system of co-ordi-
nates in the space.

The matrix element for transition from the ini-
tial state “a” to the final state “b” is presented as :

<W, |H|Y,>e<W " |¥, > (D

where a and b is a set of quantum numbers,
which define the vibrational and rotational states
before and after interaction (with y quantum). The
first multiplier in (1) is defined by the y transition
of nucleus and is not dependent on an internal
structure of molecule in a good approximation.

The second multiplier is the matrix element
of transition from the initial state “a” to the final
state “b™:

Mh = ‘Pl:(re)|lya(re)>

« <W(R,R)| ™™ W, (R,R,) > )

The expression (2) gives a general formula
for calculating the probability of changing the
internal state of molecule during absorption or
emitting y quantum by a nucleus. It determines an
intensity of the corresponding y-satellites. Their
positions are fully determined as:

0
E,=E’tR+hkvt(E,~E,)-

Here M is the molecule mass, v is a velocity
of molecule before interaction of nucleus with y
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.

One can suppose that only single non-generat-
ed normal vibration (vibration quantum #Z®) is
excited and initially a molecule is on the vibra-
tional level v =0. If we denote a probability of
the corresponding excitation as P(v,, v ) and use
expression for shift u of the y-active nucleus
through the normal co-ordinates, then an aver-
aged energy for excitation of the single normal
vibration is as follows:
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E, = iha)(v + S)P(v,0) = hoo/2 =

v=0
=Y no(v+ H)P,0)~ho/2 =
v=0
i ho 1 (M-m
=Y halv+ ) -e” ~=2=_R ,
VZ:;,a)(v+ 2)v!e 2 2 ( m ) (3)

z=(R/hw) M —m/m]cos” 9,

and m is the mass of y-active nucleus, 3 is an
angle between nucleus shift vector and wave vec-

tor of y-quantum and line in E , 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 mol-
ecule vibrations as they provide non-zeroth mo-

mentum L=k usin&, which is transferred to a
molecule by y-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:

Erot:
<E> = Bk, (u*)sin® 8= )4 R(B/h)[(M ~m)/m] )

A shift u of the y-active nucleus can be ex-

pressed through the normal co-ordinates @ ofa
molecule:

1

u=1= gbmgw (5)
where m is a mass of the y-active nucleus; com-
ponents of the vector b of nucleus shift due to
the o-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 (2), the matrix ele-
ment can be written as multiplying the matrix ele-
ments on molecule normal vibration, which takes
contribution to a shift of the y-active nucleus:



M(b,a) = H<v‘f’ [ Texp(—* ,b,,0,, /Nmw,* > ©

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)>

for double degenerated vibration as

D=0+ Yo, (©,)®

¥ O),¥ 0,,¥ O3

(0,

where v, +v =v  and analogously for triple
degenerated vibration. In the simple approxima-

tion function ¢, (o can be chosen in a form of
the linear harmomc oscillator one. More exact
calculating requires a numerical determination of
these functions. Taking directly the wave func-

tions ‘Vsa> and ‘ Vg>, calculating the matrix ele-

ment (6) is reduced to a definition of the matrix
elements on each component y of the normal vi-
bration.

3. Results and conclusions

Below we present the advanced data on the
vibration-nuclear transition probabilities in a case
of the emission and absorption spectrum of nucle-
us “Ir (E(‘”Y: 82 keV) in the molecule /rO,. Note
that the main difficulty during calculating (6) is
connected with definition of the values b of the
normalized shifts of y-active decay. It is known
that if 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, normalization one and data
about the molecule symmetry. For several normal
vibrations of the one symmetry type, a definition
of b _ requires solving the secular equation for
molecule |GF-AE|=0. We have used the results of
advanced theoretical calculating electron struc-
ture of the studied system within an advanced
relativistic scheme of the X - scattered waves
method (see details in Refs.[21-23]). In table 1
we present the results of calculating probabilities

of the first several vibration-nuclear transitions in
a case of the emission and absorption spectrum
of nucleus the nucleus '**Re (E(O)y= 186.7 keV) in
the ReO,.

Table 1
Probabilitites of the vibrational-nuclear tran-
sitions in spectrum of the ReO,.

Vibration transition

BPRY I, 1_’( vy i=vhvr)
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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The consistent quantum approach to calculating the electron-nuclear vy transition spectra (a set of

the vibration-rotational satellites in a molecule) of a nucleus in the multiatomic molecules is used to
get the accurate spectroscopic data on the vibration-nuclear transition probabilities in a case of the
emission and absorption spectrum of nucleus "*Re (E® = 186.7 keV) in the molecule of ReO,. the
main difficulty during calculating corresponding matrix elements is connected with definition of the
values bsy_ of the normalized shifts of y-active decay. It is known that if a molecule has the only normal
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CIHHEKTPOCKOIINSA KOOINEPATUBHbBIX SJIEKTPOH-TAMMA-AJEPHBIX
IPPEKTOB B MHOTI'OATOMHBIX MOJIEKYJIAX: MOJIEKVYJIA XY,

Pe3rome
HOCH@IIOB&TGJH)HI)IIZ KBaHTOBBIfI IIoaAX04 K BBIYUMCIICHUKO CHGKTpOB 3J'I€KTpOHHO-FaMMa-SIILepHBIX

nepexofoB (Habopa KoieOaTenbHO-BpAIIAaTeNbHBIX CATEIUIUTOB B MOJIEKYJIE) B MHOTOaTOMHBIX
MOJIEKYyJIaX IPUMEHEH K OTIPEICIICHUIO CTIEKTPOCKOMMNYESCKUX JJAHHBIX O BEPOSTHOCTSIX KOJIeOaTeIbHO-
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SZICPHBIX TIEPEXO0B IPU M3IIyYCHUH U MOTIIOUICHUH siipa '*°Re (E(")y= 186.7 x3B) B monekye ReO,.
OcHOBHasi TPYAHOCTB IIPH OL[EHKE COOTBETCTBYFOIIIX MAaTPHYHBIX JIEMEHTOB CBsI3aHa C OTIPEICICHUEM
3HAYCHMH b HOPMUPOBAHHBIX CIBMIOB raMMa-aKTHBHOIO pacraja. M3BecTHO, 4To eciu MOJeKyna
UMEET EIMHCTBEHHOEC HOpPMAaJbHOE KOJICOAaHWE NAHHOTO TUIA CUMMETPHHU, TO COOTBETCTBYIOIINE
3HAYCHHs b MOTYT ObITh HaliICHBI U3 XOPOLIO U3BECTHBIX YCIOBHIA DKKAPTa, yCIOBHS HOPMUPOBKH
U JTAHHBIX O CHMMETPHHU MOJICKYJIBI.

KaioueBble cjIoBa: SIIEKTPOHHO-TaMMa-SIIEPHBINA CHEKTP, BEPOSTHOCTh KOJIE0ATEIBbHO-SIICPHBIX
IIEPEXOI0B
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10. B. [[yoposcovka, I O. Kysneyosa, I C. Keacuxosa, T. M. Caxyn

CIIEKTPOCKOIIISA KOOIIEPATUBHUX EJIEKTPOH-TAMMA-AJTEPHUX E®EKTIB B
BATATOATOMHUX MOJIEKYJIAX: MOJIEKWIIA XY,

Pesrome

[TocnigoBHUI KBaHTOBUH MiAX1 10 OOUMCIIEHHS CIIEKTPIB €JEKTPOHHO-TaMMa-SIEPHUX MEPEXOIiB
(Habopy KonebaTenbHO-00epTaIbHUX CATENITIB B MOJIEKYJIi) B 6araroaTOMHHX MOJIEKYJIax 3aCTOCOBA-
HUI 70 BU3HAYECHHS CIIEKTPOCKOMIYHUX JaHMUX MPO MMOBIPHOCTI KojieOaTeIbHO-IIEPHUX TePEXO/iB
IpY BUIPOMIHIOBaHHI 1 MOMIMHAHHI sifpa '*°Re (E<°)Y= 186.7 xeB ) B monekyni ReO4. OcHoBHI Tpyn-
HOIIII TIPY OIIIHIII BIAMOBITHUX MAaTPUYHUX €JIIEMEHTIB IOB’s13aHa 3 BU3HAYCHHSM 3HAYCHb bsy_ — HOp-
MOBaHHUX 3pYIIEHb raMMa-aKTUBHOTO po3manay. Bimomo, 1o sKIIo MoJieKysna Ma€e €IMHe HOpMaJibHe
KOJIMBAaHHS JAHOTO TUILy CHMETpIi, TO BiANOBIIHI 3HAYCHHS bsy_ — MOXYTh OyTH 3HaiifieHi 3 100pe
BiJoMuXx yMoB EkkapTa, yMOBM HOpMYBaHHS 1 JaHUX PO CUMETPII0 MOJIEKYJIIH.

KurouoBi c1oBa: enexTpoH-raMMa-saepHUi CIEKTP, MMOBIPHICTh KOJUBAJIBHO-SJIEPHUX
epexo/iB
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APPLICATION OF SILICON PILLAR-NANOSTRUCTURES WITH ZINC AND TITAN
OXIDES COVERAGE FOR SOLAR ENERGY AND BIOSENSOR DEVICES

'Odessa I. I. Mechnikov National University, 2, Dvoryanskaya str., Odessa, 65082, Ukraine
“NanoBioMedical Centre, Adam Mickiewicz University, Umultowska 85, Poznan, Poland
Phone: +380(48)7266356, Fax: +380(48)7233461, e-mail: brytav@ukr.net

The work is focused on technology and characterization issues of silicon pillar nanostructures in combination with metal
oxides, such as ZnO and TiO,, for various applications in field of biosensor and solar energy. The metal-assisted chemical
etching method (MACE) modified with latex nanobeads lithography and spin-coating technique, was used to fabricate the
uniform silicon nanopillar arrays. Atomic layer deposition technique (ALD) which is utilized for formation of oxide layers
displays uniform coverage of the arrays and provides thin film formation independently on surface peculiarities. Therefore,
it can be applied both for planar samples and 3D patterned substrates with porous media.

Introduction

The technological processing and investiga-
tion on nanostructured silicon and its composites
with TiO, and ZnO, for use in solar energy and
biosensing was performed by our group. As a
basic material for the research, it was decided to
use nanostructured silicon pillars, which could be
fabricated with porous surface and, thus, signifi-
cantly increase the effective area of the interac-
tion, which is a crucial factor for use in biosens-
ing approach.

Application of silicon nanopillars, especially
with porous surface, can be implemented in the
form of optical or electro-physical detection of
molecules, including complex biomolecules.

Resent data published in literature demonstrate
the advantage of the column structure compared
to conventional porous substrate [1-3]. The con-
tact area for molecule detection is fixed depend-
ing on changes in the electrical conductivity of
the sensor material. The usage of arrays with par-
allel oriented nanopillars could reduce the signal-
to-noise ratio, and thereby increase the sensitivity
of the sensor [4].

The next prospective application for arrays of
aligned silicon nanopillars is utilization for high
efficiency solar cells. The main principle is based
on irradiation of radial p-n junction obtained on
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silicon nanopillar coated by semiconductor ma-
terial. In this approach any semiconductor may
be used but silicon is an obvious choice due to
low cost and relatively simple processing. In case
of nanowires the quantum confinement effect is
more noticeable and utilization of silicon more
profitable, taking into account triviality and readi-
ness of chemical methods, such as electrochemi-
cal and metal-assisted etching [5].

One of the prominent applications of wire/pil-
lar based structures is a photoanode material in
the process of water splitting, the separation of
water into H, and O, under the sunlight. Currently
promising option in this direction is the using of
n-type silicon contact with n-type titanium diox-
ide, where charge carriers concentration could be
increased by additional N-doping. Therefore, us-
ing of TiO, or ZnO nanocomposite structure can
greatly improve the quality of the photoanode.

Silicon nano-pillars technology

The process of fabrication of aligned silicon
nanopillar arrays is based on the method called
metal-assisted chemical etching (MACE), which
was studied by our research group in recent years
[6-8].

A chemical treatment of silicon implies a top-
down approach and realized by silicon wafer



etching in a solution of hydrofluoric acid and oxi-
dizing agent (hydrogen peroxide in this research).
To control the morphology of Si wafer the mask
of polystyrene nanobeads (about 800 nm) was
deposited onto the hydrophilic silicon surface.
Hydrophilicity was achieved by RCA treatment
which is a standard process for cleaning of silicon
wafers. After obtaining of nanobead monolayer
the reactive ion etching in oxygen atmosphere
was applied for convergence of the nanosphere
sizes up to 600 nm. Photoelectron lithography
could be used with the same success but our ap-
proach is faster and comparatively cheaper.

A thin layer of gold was used as a catalyst. Any
of the noble metals could be used in this process,
but the only difference lays in the dynamics of
etching and peculiarities of chemical reactions.

During the practical implementation of the
MACE method, it was solved a number of techni-
cal problems related to the formation of the nano-
spheres monolayer, the dynamics of the etching
process, and so on.

The fabrication features

SEM images show a periodic structure of
nanopillar arrays fabricated onto p-type silicon
wafer (Fig. 1). Due to crucial influence on the
etching process, which exerts by holes, the po-
rous nanopillars could be obtained much easier
for p-type Si. However, for the n-type Si it is pos-
sible to choose conditions that can be also leading
to the formation of a porous structure. For the n-
type Si the peculiarities of the surface processes,
including barrier properties at the interface sili-
con — etching solution are very important. With
sufficient electron density and presence of bend-
ing zones at the interface, the etching process oc-
curs even more intensive than for p-type silicon.
These conditions are achievable by increasing the
concentration of oxidizers that leads to increasing
of the silicon oxidation rate.

Formation of the nanobead monolayer is the
first important technological stage. It can be
achieved by the spin-coating technique under
high-speed rotation of the substrate. According to
nanosphere size and total area of the sample this
stage may be consisted of few successive steps
with different rotation rates.

Fig 1. Nanopillar arrays fabricated on p-type sili-
con wafer

Figure 2 a shows SEM image of formed selt-
ordered monolayer, the border and point defects
are clearly seen. Almost defect-free film is form-
ing after adding methanol into the nanobeads
solution before the spin-coating process. The ob-
tained film shows quite dense hexagonal packing
that is suitable for further processing.

The surface of the silicon after reactive ion
etching in the oxygen plasma and deposition of
a gold layer by magnetron sputtering is shown in
Fig. 2 b, partially sphere removed surface shows
the final etching pattern. The coated area is etch-
ing faster and as a result an aligned array of sili-
con nanopillars is emerging. The nanospheres
could be removed in an ultrasonic bath by placing
the sample in ethanol.

Fig. 2 a. SEM image of formed self-ordered monolayer
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Fig. 2 b. Final etching pattern

As a result of all treatments and subsequent
etching the evenly distributed hexagonal straight
aligned porous nanopillar arrays are formed. By
choosing the etching parameters and conditions a
set of samples suitable for subsequent deposition
of titanium dioxide and zinc oxide were obtained,
and investigation on optical, structural and bio-
sensing properties were performed.

For application of this type of structures in the
solar energy the nanopillar arrays with bundle
packed structure were obtained. These structures
possess a high absorption coefficient due to ad-
ditional absorption of the radiation reflected from
the surface of the substrate. The advantage of
such a structure over the conventional vertical ar-
rays described in the literature and is widely stud-
ied at the present time [9].

The morphology of an individual nanopillar
was investigated in details. For this purpose nano-
pillar arrays was decomposed in ultrasonic bath
and investigated by SEM. The porous surface of
a single pillar is shown in Fig. 3. The pore size is
about 10-20 nm and relate to mesopores. Thor-
ough investigation has shown that at least for the
p-type Si a microporous structure with scale of
2 - 8 nm could be formed.

The ability of controlling the comprehensive
morphology on pillar-structure, such as height, di-
ameter and pore size allows us to consider these pe-
riodic nanopillar arrays as a promising material for
continuing the research of silicon nanocomposite
structures application for biosensor devices [10].
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Fig. 3. Surface of a single pillar

The bulk material of the nanopillars also dem-
onstrates a porous structure as it can be seen from
“stump” of a single nanopillar (Fig. 4), also the
same structure pertains to the surrounding region
(silicon substrate).

Fig. 4. Stump of a single nanopillar
Characterization of metal oxide layers

After fabrication of the aligned nanopillar ar-
rays the next stage is a deposition of titanium
dioxide and zinc oxide. Atomic layer deposi-
tion (ALD) was used for this purpose [11]. This
method uses self-limiting chemical reactions be-
tween the precursors. Atomic Layer Deposition
technique provides even thin film deposition and
can be applied for planar surface, 3D patterned
substrate and porous structure [7, 12]. Processing
per cycle takes time of few seconds (precursor
sputtering in the chamber for less than a second).
Typical ALD process involves three stages: inlet



of first precursor, chemical reaction to the surface
and blowing off the chamber with nitrogen. Then
second precursor goes through the stages the
same order.

A complex nanocomposite structure is forming
after the deposition of titanium dioxide on the po-
rous nanopillar arrays. At a certain pillar’s height
and thickness of titantum dioxide layer occurs a
mechanical deformation of the array (Fig. 5). In
order to investigate this process the TiO, layer was
deposited in the range of 150 to 500 ALD cycles,
the equivalent growth rate for smooth surface is
about 0.2 A per cycle. Mechanical changes in the
pillar arrays structure takes place at sufficiently
large height and could lead to destruction of the
too high pillars. As well a crucial destruction influ-
ence on the lengthy pillar arrays occurs during the
etching process due to hydrodynamic forces.

Such a complex composite system is very in-
teresting for future research, including features of
quantum confinement effects and application in
biosensor devices.

Fig. 5. Mechanical deformation of the array

By filling the space between pillars, TiO, forms
an amorphous photoactive layer, which provides
an effective light harvesting on the heterojunction
interface. During the ALD process, TiO, quite
deeply penetrates into the pores and additional
annealing process induces a complex polycrystal-
line structure in the matrix of porous silicon.

The similar nanocomposite based on ZnO was
also investigated for biosensor application. The

principle of operation of the biosensor is based
on immobilization of the biosensitive layer on the
surface of zinc oxide [8, 10]. Presence of the de-
tected substance could be estimated through re-
flectivity or luminescence spectra due to surface
plasmon resonance effect under UV irradiation.
Probes of ZnO/Si nanolaminates were fabricated
for investigation of this process. Deposition of
250 and 500 ZnO ALD cycles were implemented
onto flat silicon substrate. Obtained probes have
shown a good stability and high adhesion, there-
fore further investigation of mentioned composite
structures seems to be prospective.

Results and conclusion

Thus, an important problem was resolved —
identification and optimization of new and known
technological mechanisms in nanosilicon form-
ing processes that have influence on the optical,
structural and surface properties of obtained Si /
ZnO and Si / TiO, nanocomposites as a result of
the influence of components interaction and ex-
ternal factors with the aim of stabilization of the
properties of materials based on nanocomposite
materials.

The technology of porous silicon nanopillars
and new nanocomposites based on the method of
using chemical nonelectrolytic etching and atom-
ic layered deposition was developed. Structural
characteristics of the obtained complex nano-
composite structures were determined by using of
SEM equipment.

On the base of the described approach of nano-
silicon composites in modern electronic industry
the properties of existing photosensitive, gas-
sensitive and other media can be improved, and
also the improvement of operating parameters
of devices on the base of nanopillar Si with a si-
multaneous reduction in the cost of raw materials
which may lead to lower the prices of mentioned
devices. The research results can be used in the
development of applied sections of surface phys-
ics, semiconductor physics, materials science,
micro- and nanoelectronics. Technological op-
timization results can be used in developed pro-
cesses to create nanostructures on silicon. Theo-
retical information and new fundamental results
on optical and electrical properties of nanoscale
systems, such as studied Si nanopillars, give the
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way to perform the basic properties research
of nano-Si composites, their practical use and
creation of new devices electronic technology

[7] L. Tatsunskyi, M. Pavlenko, G. Nowac-
zyk, V. Fedorenko, S. Jurga, V. Smyn-
tyna / Optic. - 2015, 126, 1650-1655

on its base. [8] A.V. Tereshchenko, V.A. Smyntyna, L.P.
Konup, S.A. Geveliuk, M.F. Starodub,
Reference Springer  Science+Business Media

[1]H. S. Wasisto, S. Merzsch, A. Stranz, A.
Waag, E. Uhde, T. Salthammer and E.
Peiner, Sens. Actuators, B, 2013, 189,
146-156.

[2] B. D. Choudhury, R. Casquel, M. J.
Banuls, F. J. Sanza, M. F. Laguna, M.
Holgado, R. Puchades, A. Maquieira,
C. A. Barrios and S. Anand,Opt. Mater.
Express, 2014, 4, 1345-1354.

[3] M. Kandziolka, J. J. Charlton, I. L.
Kravchenko, J. a. Bradshaw, 1. a.
Merkulov, M. J. Sepaniak and N. V.
Lavrik, Anal. Chem., 2013, 85, 9031
9038.

[4] Y. J. Hwang, A. Boukai and P. Yang,
Nano Lett., 2009, 3, 410-415.

[5] H. Lin, M. Fang, H.-Y. Cheung, F. Xiu,
S. Yip, C.-Y. Wong and J. C. Ho, RSC
Adv., 2014, 4, 50081-50085.

[6] L. Iatsunskyi, M. Pavlenko, R. Viter, M.
Jancelewicz, G. Nowaczyk, 1. Bal-
eviciute, K. Zateski, S. Jurga, A. Ra-
manavicius, V. Smyntyna, The Journal
of Physical Chemistry C 119 (2015)
7164-7171

Dordrecht 2016, Nanomaterials for Se-
curity, NATO Science for Peace and
Security Series A: Chemistry and Biol-
ogy, 2016

[9] Dong-Myeong Shin, Hye Ji Han, Won-
Geun Kim, Eunjong Kim, Chuntae
Kim, Suck Won Hong, Hyung Kook
Kim, Jin-Woo Oh and Yoon-Hwae
Hwang, Energy Environ. Sci., 2015,8,
3198-3203

[10] A. Tereshchenko, M Bechelany, R.
Viter, V. Khranovskyy, V. Smyntyna,
N. Starodub, R. Yakimova, Sensors and
Actuators B 229 (2016) 664—677.

[11]Y. Yan, D. Wang and P. Schaaf, Dalton
Trans., 2014, 43, 8480-8485.

[12] R. Viter, 1. latsunskyi, V. Fedorenko, S.
Tumenas, Z. Balevicius, A. Ramanavi-
cius, S. Balme, M. Kempin, G. Nowac-
zyk, S. Jurga and M. Bechelany, J.
Phys. Chem. C, 2016,120, 5124-5132.

Article received on May 2017

PACS 73.40.Gk, Lq; 73.61.Ga

le. V. Brytavskyi, A. V. Tereshchenko, V. B. Myndrul, M. M. Pavlenko, V. A. Smyntyna

SILICON NANOPILLARS FORMING AND COVERING BY Zn AND Ti OXIDES FOR
SOLAR ENERGY APPLICATIONS AND BIOSENSORICS

Summary
The work is focused on technology and characterization issues of silicon pillar nanostructures in
combination with metal oxides, such as ZnO and TiO,, for various applications in field of biosensor
and solar energy. The metal-assisted chemical etching method (MACE) modified with latex nanobeads
lithography and spin-coating technique, was used to fabricate the uniform silicon nanopillar arrays.
Atomic layer deposition technique (ALD) which is utilized for formation of oxide layers displays uni-
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form coverage of the arrays and provides thin film formation independently on surface peculiarities.
Therefore, it can be applied both for planar samples and 3D patterned substrates with porous media.
Key words: nanopillars, atomic layer deposition, nanocomposites

VK 73.40.Gk, Lq; 73.61.Ga

€. B. bpumascoxuii, A. B. Tepewenko, B. b. Munopyn, M. M. Ilasnenxo, B. A. Cmunmuna

®OPMYBAHHS KPEMHIEBUX HAHO-MIIJIJIAPCIB TA IOKPUTTSA IX OKCUJIAMU
IIUHKY TA TUTAHY JJIS1 BAKOPUCTAHHSA B COHAYHIN EHEPTETHIII TA
BIOCEHCOPHILI

AHoTanisa

PoOota npucBsiueHa TEXHOJIOTII 1 XapakTepu3alii KpEMHIEBUX HAaHOCTPYKTYp B MO€IHAHHI 3 I10-
KPUTTSAM OKCHJAMH METaJliB JJIs PI3HMX 3aCTOCYBaHb B OIOCEHCOPHII 1 COHSYHIN eHepreTuii. Y
CTaTTi OMHUCYETHCS CIIOCIO HEENEKTPOIITUYHOTO TPABICHH, MOIU(IKOBAHOTO BUKOPUCTAHHSIM ILIApy
HaHOCdep Ha MIAKIaALl, c(OPMOBAHOTO METOJOM MOBEPXHEBOrO LIEHTpU(YryBaHHa. MeTon aTtom-
HO-IIIapOBOT0 OCAJKEHHS, KM BUKOPUCTOBYBABCS Ul ()OPMYBaHHs OKCHJIIB HA HAaHOCTPYKTYpax,
JIEMOHCTPY€ YTBOPEHHS PIBHOMIPHOTO IIapy 1 HE 3aJIEKUTh BiJl T€OMETPii MiAKIAIKH, TOMY BiH MOXKE
3aCTOCOBYBATUCS K JJIs IJIOCKUX 3Pa3KiB, TaK 1 JAJIs MIIKIAJ0K 3 TPUBUMIPHOKO CTPYKTYpPOIO 1 3 IO-
PUCTUMHU LIapaMHU.

Ki1r04oBi c10Ba: HAHOCTOBOUMK, aTOMHO-IIIAPOBE 0CAHKEHHS, HAHOKOMITO3HT

VIK 73.40.Gk, Lq; 73.61.Ga

E. B. bpumasckuii, A. B. Tepewenko, B. b. Muinopyn, H. H. Ilagnenko, B. A. Cmbinmoina

®OPMUPOBAHUE KPEMHMEBBIX HAHO-IINJIJIAPCOB U ITOKPBITUA UX
OKCHUJIAMU IIUHKA Y TUTAHA JJISI UCIIOJIb30BAHUS B COJTHEYHOM
SHEPI'ETUKE U BUOCEHCOPHKE

AHHOTAIUA

Pabota mocasiieHa TEXHOJIOTUU U XapaKTepPU3allUd KPEMHUEBBIX HAHOCTPYKTYpP B COYETaHUU C
OKCHJIAMH METAJUIOB JUIS PA3IUYHBIX IPUMEHEHUH B OMOCEHCOPUKE U COTHEUHOM YHepreTHke. B cra-
ThE€ OMHUCBIBAETCS CIIOCO0 HEINEKTPOIUTUUECKOTO TPaBIIEHUS, MOIU(ULIUPOBAHHOTO UCIIOIb30BAHU-
€M cJ10s1 HaHOoc(ep Ha MOUIOKKE, C(POPMUPOBAHHOTO METOIOM MOBEPXHOCTHOIO LEHTPU(YrHpOBa-
HUsl. MeTo1 aTOMHO-CJIOEBOTO OCaKICHHUS, KOTOPBIA HMCIONB30BaICA sl (POPMHPOBAHUS OKCHJIOB
Ha HAaHOCTPYKTypax, JEMOHCTPUPYET 00pa30BaHUE PABHOMEPHOI'O CJIOSI M HE 3aBHCUT OT T€OMETPUU
HOJIOKKH, TIOITOMY OH MOMKET MPUMEHATHCS KakK JUIsl MIIOCKMX 00pasloB, TaK M AJIS MOIJIOKEK C
TPEXMEPHOU CTPYKTYPOU U C IIOPUCTHIMU CIIOSMH.

KuroueBble c10Ba: HaHOCTOJIOMK, aTOMHO-CIIOEBOE OCAXk/I€HNE, HAHOKOMITO3UT
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RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMIC SYSTEMS
28ph 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. It is applied to calculation of the energy and spectral parameters
for pionic atoms of the 208Pb with accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus )
and the strong pion-nuclear interaction corrections. The measured values of the Berkley, CERN and Virginia laboratories
and alternative data based on other versions of the Klein-Gordon-Fock theories with taking into account for a finite size
of the nucleus in the model uniformly charged sphere and the standard Uehling-Serber radiation correction and optical
atomic theory are listed too. There are listed new data on shift and broadening of the 4f level in 208Pb due to the strong

pion-nuclear interaction.

1. Introduction

In papers [1-3] we have presented a new rela-
tivistic method of the Klein-Gordon-Fock equa-
tion with an generalized pion-nuclear potential
to determine transition energies in spectroscopy
of light, middle and heavy pionic atoms with ac-
counting for the strong interaction effects. In this
paper, which goes on our studying on spectros-
copy of pionic atoms, we firstly applied method
[1-3] to calculating calculation of the energy and
spectral parameters for pionic atom of the 2**Pb
with accounting for the radiation (vacuum po-
larization), nuclear (finite size of a nucleus ) and
the strong pion-nuclear interaction corrections.
There are listed new data on shift and broadening
of the 4f level in *Pb due to the strong pion-
nuclear interaction.

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
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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
(kaonic, muonic etc.) atoms are measured with an
unprecedented precision and from studying spec-
tra of the hadronic atoms it is possible to investi-
gate the strong interaction at low energies meas-
uring the energy and natural width of the ground
level with a precision of few meV [1-20]. 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 ob-
served level width. For a long time the similar
experimental investigations have been carried out
in the laboratories of Berkley, Virginia (USA),
CERN (Switzerland). The most known theoreti-
cal models to treating the hadronic (pionic, ka-
onic, muonic, antiprotonic etc.) atomic systems
are presented in refs. [21-48]. The most difficult
aspects of the theoretical modeling 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. Relativistic approach to pionic atoms
spectra

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
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>W(x) = {i2 [iho, + eV, (1)) + 7V 1P (x)
c

where c is a speed of the light, /4 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/h) p(x) , ()
where @(x)1is the solution of the stationary equa-
tion:

LB+ eV, (0P + 72V = me p(x) =0
¢’ (3)

Here E is the total energy of the system (sum
of the mass energy mc” and binding energy €). In
principle, the central potential V, 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]). The nuclear po-
tential for the spherically symmetric density
p(rR) is [13-15]:

Vnucl(”|R) = —((l/r)(?)dr'r'zp(rl Rj + Ofdr'r'p(r' R) 4)

The most popular Fermi-model pproximation
the charge distribution in the nucleus p(y) is:

p(r)=po [{1+explr =)/ @)} (5)

where the parameter a=0.523 fm, the parameter ¢
is chosen by such a way that it is true the follow-

ing condition for average-squared radius:

<?>17=(0.836-4"7+0.5700)fm.

The effective algorithm for its definition is
used in refs. [12] and reduced to solution of the
following system of the differential equations
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
[21]. The detailed presentation of our method for
construction of the many-body relativistic pertur-
bation theory with accounting for relativistic, ex-
change-correlation, nuclqar and radiative (QED)
effects is presented in Refs. [41-77]. Here we note
that to account QED effect, namely, the vacuum
polarization one we have used the generalized
Ueling-Serber potential with modification to take
into account the high-order corrections.

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

v} 9)

z {q(V)V alr)
O (e R D)

Vv_ . =V = _
7N "”’(r) 1+4/37a (r)

" m

; (10)
+[1+2’"7nj{30p2(r>+31p<r>@o<r>}, (10
a<r>:[1+ . ] eotirab0-n 0l

Here p, () — 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
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absorption of pions (with different channels at p-p
pair By, ) and p-n pair Bo(p )), and isospin and
spin dependence of an amplitude N scattering

(boplr) = bop(r) + b0, (r) = 2, (1)}

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 nucleus
(Z ,A) with the point-like charge (dominative
contribution in (12)), £ is the contribution due
to the nucleus finite size effect, £, is the radia-
tion correction due to the vacuum-polarization ef-
fect, £ is the energy shift due to the strong in-
teraction V.

The strong pion-nucleus interaction contribu-
tion can be found from the solution of the Klein-
Gordon-Fock equation with the corresponding pi-
on-nucleon potential. The detailed description and
analysis of different aspects of the computational
procedure can be found in Refs. [1-4,48-75].

the shift and broadening (keV) of the 4f level due
to the strong pion-nuclear interaction [2-8].

Table 1
Transition energies (keV) in the spectra of
heavy pionic atom 2®Pb (see text)

Trans. CERN E, E,,
E.» [14, 18] Our
data
Sg-4f | 575.46£0.04 - 575.78

Here we use the short designation of the
V . potential parameter sets: Tauscher, -Taul;
Tauscher, -Tau2; Batty etal-Bat .; Seki etal- Sek;
Laat-Konijin etal - Laat, Our set — our.

Our parameterization V_ upheld options that
are the most reliably determined (B ,c,c,,C,). The
potential parameters whose values differ greatly
in different sets, in particular, b, (b,=-0.094) plus
not included still to the V_ parameter set (ImB,
ImC, ) were optimized by calculating the strong
dependencies shifts for the pionic 72°Ne,**Mg,
Nb,"*3Cs,'"Lu,"®'Ta,"”’ Au,>®Pb atoms upon the
values of b, ImB ,ImC ; further the selected these

Table 2
Shift and broadening (keV) of the 4f level due to the strong pion-nuclear interaction
E H-like | Taul | Tau2 | Bat Sek Laat Our
€ar,lar Xp Func. |[E=0E=1E=1E=1|E=1| E=1
2%ph: & | 1.68+0.04 - 176 | 1.62 | 1.58 | 1.39 | 1.68 1.65
“%pb: T | 0.98+0.05 - 1.18 | 1.04 | 1.03 | 0.86 | 0.98 0.97

3. Results and conclusions

In table 1 our data on the 4f-3d, 5g-4f transi-
tion energies for pionic atom of **Pb are presen-
ted. The measured values of the CERN and alter-
native data based on other versions of the Klein-
Gordon-Fock theories with taking into account for
a finite size of the nucleus in the model uniformly
charged sphere and the standard Uehling-Serber
radiation correction and optical atomic theory
are listed too [2-10]. In table 2 we present data on
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values meet the standard deviation of the least re-
liable experimental values.

The analysis of the presented data indicate on
the importance of the correct accounting for the
radiation (vacuum polarization) and the strong pi-
on-nuclear interaction corrections. Obviously, it
is clear that that the contributions provided by the
finite size effect should be accounted in a precise
theory. Besides, taking into account the increas-
ing accuracy of the X-ray pionic atom spectros-
copy experiments, it can be noted that knowl-



edge of the exact electromagnetic theory data will
make more clear the true values for parameters
of the pion-nuclear potentials and correct the dis-
advantage of widely used parameterization of the
potentials (9)-(11).
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RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMIC SYSTEM 2%Pb
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. It is applied
to calculation of the energy and spectral parameters for pionic atoms of the **®Pb with accounting
for the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and the strong pion-nuclear
interaction corrections. The measured values of the Berkley, CERN and Virginia laboratories and
alternative data based on other versions of the Klein-Gordon-Fock theories with taking into account
for a finite size of the nucleus in the model uniformly charged sphere and the standard Uehling-Serber
radiation correction and optical atomic theory are listed too. There are listed new data on shift and
broadening of the 4f level in 2®Pb due to the strong pion-nuclear intetraction.

Key words: strong interaction, pionic atom 2%Pb, relativistic theory
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U. H. Cepea, O. IO. Xeyenuyc, JI. A. Bumaseyxas, A. H. boicmpanyesa

PEJISITUBUCTCKAS TEOPUS CIIEKTPOB IIMOHHBIX ATOMHbBIX CUCTEM 2%¥Pb C
YYETOM D®PEKTOB CUJIbHOI'O MUOH-SJEPHOI'O B3AUMOJIEACTBUS

Pe3rome. [Ipencrasiena nocnenoBatenbHas pelIsiTUBUCTCKAs TEOPUS CIIEKTPOB MMHOHHBIX aTOMOB
Ha ocHoBe ypaBHeHUs Kieiina-T'opaona-doka ¢ 0000IICHHBIMU PaIMAIMOHHBIM U CHJIBHBIM TTHOH-
SJIEPHBIM MOTEHIIMATIOM. BBINOIHEH pacdyeT SHEPreTHUECKUX U CIIEKTPaIbHBIX MTApaMEeTPOB IS H-
OHHOTO aroMa “®Pb, ¢ y4eToM paJrallMOHHBIX (MTOJSPU3ALIUS BAKyyMa), SICPHBIX (KOHCUHBIN pa3Mep
snipa) 3PEKTOB U MOMPABKH HA CHIIBHOE MMOH-HYKJIIOHHOE B3auMoyeiicTBre. Takke sl CpaBHEHUS
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NpeACTaBJICHbI JaHHbIe u3MepeHuil B taboparopusix Berkley, [LIEPH u Bupxunus u Teoperndeckue
pe3yJIbTaThl, IIOJIy4YEHHbIE HA OCHOBE albTepHAaTUBHBIX Teopull Kielina-I'opaona-®Poxka ¢ yueTom Ko-
HEYHOI'0 pa3Mepa A1pa B MOJIEJIM PaBHOMEPHO 3apsKeHHOM cdepbl u cranaaptHoit FOnmuur-Cepoep
nonpaBku. [IpeacraBieHbl HOBBIE JaHHBIC IO CABUTY U ymupenuto 4f ypoBHs B arome “*Pb Gmaro-
Jlapsi CUIIbHOMY IMHOH-SIIEPHOMY B3aUMOJIEHCTBUIO.

KuioueBble ci10Ba: CHIIbHOE B3aMMOJICHCTBHE, MTMOHHBIN aToM ***Pb, penstuBucTCKas Teopus

VK 539.182

I M. Cepea, O. FO. Xeyeniyc, JI. A. Bimaseyvka, A. M. Bucmpsnyesa

PEJSITUBICTCBKA TEOPISI CIIEKTPIB IIOHHUX ATOMHUX CUCTEM 2Pb
3 YPAXYBAHHSIM E®EKTIB CUJIBHOI IIOH-SIAEPHOI B3AE€MO/I

Pe3iome. [IpencraBiena mociiloBHa pENIATUBICTChKA TEOPisl CHEKTPIB MiBOHIN aTOMiB Ha OCHOBI
piBHsiHHA Kielina-I'opgona-®oka 3 y3araabHEHUMH pajialliiiHUM 1 CUJIBHUM IIBOHISA-SAEPHUM IO-
TEHIl1aJIoM. BUKOHaHO pO3paxyHOK €HEpreTUYHMX 1 CIEeKTPAIbHUX MapaMeTpiB AJIs MIOHOTO aTroMa
208Pb 3 ypaxyBaHHIM pajianiiHuX (MOISIpH3aLlis BAKyyMy), SAepHHUX (KiHIEBHI po3mip sapa ) edek-
TIB Ta MONPABKHU Ha CUJIbHY MIOH-HYKJIOHHY B3a€MOZAit0. Takox /ISl MOPIBHSIHHS IPEICTaBJIEHI J1aH1
BUMiproBaHb B jabopatopisx Berkley, IIEPH i1 Bipmkunist 1 TeopeTudHi pe3yiabTaTd, OTpUMaHi Ha
OCHOBI anprepHaTUBHUX Teopii Kieiina-I'opnona-®oka 3 ypaxyBaHHSIM KIiHIIEBOTO PO3MIpY sijipa B
Mojiesii piBHOMIpHO 3apsikeHoi chepu 1 ctangaptHoi KOminr-Cep6ep monpasku. [IpencraBneHi HOBI
JIlaHHI 1010 3CyBY Ta ymupeHHs 4f piBHs B atomi **Pb 3aBasku cHIbHIN MOH-SICPHINA B3a€EMOIIT

KoarouoBi ciioBa: cuibHa B3aemMois, moHHUI atoM *%Pb, penstuBicTchka Teopis
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ADVANCED GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH TO
VIBRATIONAL STRUCTURE IN THE PHOTOELECTRON SPECTRA OF DIATOMIC
MOLECULE

The advanced combined theoretical approach to vibrational structure in photoelectron spectra of diatomic molecules,
which is based on the density functional theory (DFT) and the Green’s-functions approach, is used for quantitative treating
the diatomic photoelectron spectra. The density of states, which describe the vibrational structure in photoelectron spectra,
is defined with the use of combined DFT-Green’s-functions approach and is well approximated by using only the first
order coupling constants in the one-particle approximation. Using the DFT theory leads to significant simplification of the

calculation.

1. Introduction

The Green’s method is very well known in
a quantum theory of field, quantum theory of
solids. Naturally, an attractive idea was to use
it in the molecular theory. Regarding a problem
of description of the vibrational structure in
photoelectron spectra of molecules, it is easily
understand that this approach has great perspective
(c.f.[1-51]). One could note that the experimental
photoelectron (PE) spectra usually show a
pronounced vibrational structure. Usually the
electronic Green’s function is defined for fixed
position of the nuclei. As result, only vertical
ionization potentials (V.I.P.’s) can be calculated
[11,2,11,12]. The cited method, however, requires
as input data the geometries, frequencies, and
potential functions of the initial and final states.
Since in most cases at least a part of these data are
unavailable, the calculations have been carried
out with the objective of determining the missing
data by comparison with experiment. Naturally,
the Franck-Condon factors are functions of the
derivatives of the difference between the potential
curves of the initial and final states with respect to
the normal coordinates. To avoid the difficulty and
to gain additional information about the ionization
process, the Green’s functions approach has
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been extended to include the vibrational effects
in the photoelectron spectra. Nevertheless, there
are well known great difficulties of the correct
interpretation of the photoelectron spectra for any
molecules.

Here we present the advanced combined
theoretical approach to vibrational structure in
photoelectron spectra of diatomic molecules
and use it for effective quantitative treating the
diatomics photoelectron spectra. The advanced
approach is based on the Green’s function
method (Cederbaum-Domske version) [11,12],
Fermi-liquid DFT formalism [1-8] and use of
the novel effective density functionals (see also
[13-16]). As usually (see Refs. [2,4,11]), the
density of states, which describe the vibrational
structure in molecular photoelectron spectra,
is calculated with the help of combined DFT-
Green’s-functions approach. In addition to
exact solution of one-bode problem different
approaches to calculate reorganization and
many-body effects are presented. The density
of states is well approximated by using only
the first order coupling constants in the one-
particle approximation. It is important that the
calculational procedure is significantly simplified
with using the quasiparticle DFT formalism.
Thus quite simple method becomes a powerful



tool in interpreting the vibrational structure of
photoelectron spectra for different molecular
systems.

2. Method: Density of states in one-body
and many-body solution

As usually (see details in refs. [1-12]), the
quantity which contains the information about
the ionization potentials (I.LP.) and molecular
vibrational structure due to quick ionization is the
density of occupied states:

N, (€) = (1/27) [die™ “ (yfa, (0)a, (D, » (1)
where |‘P0> is the exact ground state wave function

of the reference molecule and a,(¢) is an electron
destruction operator, both in the Heisenberg
picture. For particle attachment the quantity of
interest is the density of unoccupied states:

N, (e) = (1/ 27h) [ dte™ “ (yla, (D2, (O)w,)  (2)

Usually in order to calculate the value (1)
states for photon absorption one should express
the Hamiltonian of the molecule in the second
quantization formalism. The Hamiltonian is as
follows:
H=T,(8/x)+Ty(8/0X)+U, (x)+
+Uy (X)+Ug (x,X)

€)

where 7, and T, are the kinetic energy operators
for electrons and nuclei, and U represents the

interaction; Up represents the Coulomb
interaction between electrons, etc; x (X) denotes
electron (nuclear) coordinates. As usually,
introducing a field operator
¥(R,0,x)=D #(x,R,0)a,(R,0) ,

i with the
Hartree-Fock (HF) one—particle functions

@, (&, (R) are the one-particle HF energies and f
denotes the set of orbitals occupied in the HF
ground state; R is the equilibrium geometry on
the HF level) and dimensionless normal
coordinates Q_ one can write the standard
Hamiltonian as follows [2,11]:

H=H,+H,+Hpy +Hgy,
¢ 1
H :z vi(Ry)aja, +52 Viu(Ro)ajaja,a; —

- Z z [Vilg‘k (Ry) - Ving (R, )]aitaj

ij kef

(4)

M
Hy=h) o/(bb, + %),
s=1

s=1

m s OV, INPL
H,, =2 Z — | (b, +b))[a;a; —n ]+
o0, ),
1 M o'V,
Ip) (ag 50
i s, s'=1 s s'

J (bv +b£ )(b_v' +b;v)[al-tai —
0

o0

t t t
+ov,a,a,a;a; +26v,a5a,a,a; 1+

N

aVijkl t t t
—— | (b, +D))[ov, a;a,a;
0

M oV,
+1 > — | (b, +b!)(b, +D. -
+ 8 aQséQY 0 »

$5,5'=1
[ov, ai’a;ak + &za,akafa; + 25v3aj.aka,af]
with n,=1 (0), ief (i¢f), 65,=1 (0) , (ijkl)eo,.. where
the index set v, means that at least ¢ and ¢, or ¢,
and ¢, are unoccupied, v, that at most one of the
orbitals is unoccupied, and v, that ¢, and ¢, or

¢,and ¢, are unoccupied. Here for simplicity all
terms leading to anharmonicities are neglected.

The ,are the HF frequencies; b,,b. are
destruction and creation operators for vibrational

quanta as
0, =(1/N2i b, +b)

8100, =(1/2§ b —b!). (5)

The interpretation of the above Hamiltonian and
an exact solution of the one-body HF problem is
given in refs. [1,2,11,12]. The HF-single-particle

component FH, of the Hamiltonian (4) is as
follows:
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M
Hy= 20" (Ry)aja, + 3 ho (bb, + %) "
i s=1

M o
Z Z 21/2(%}[0;% —n,{ b, + b)), +

=1 i K
oV

1 P
S,SZ=:1 ,Z Z(aQsaQSJO[aiai ni]

: (bv + b:ﬁ bs' + b:‘)

>3

+

(6)
Correspondingly in the one-particle picture the
density of occupied states is given by

1 o0

0oy _ 1 i (=) i H
M=o j dre " oy, ()
N M M
Hy=> hoblb +> gi(b +b!)+

s=1 s=1
M

s,5'=1
o 20
gf;:ii(a"], }/iv:il( o, J
\/5 aQs 0 4 aQsaQs' 0 (9)

Introducing new operators

(4 b +4b)

M=

(10)

c, =

~
Il
—_

with real coefficients ﬂf , /12 , defined in such a

~

way that H, in new operators is

M M
H,= z haocle, + Z g.(c,+c)+k.

(11)
eq. = (7) s=is as follows:
N @)= |G| oy [0 £A° £n-had)

(12)
where 6 function in (12) naturally contains the
information about adiabatic ionization potential
and the spacing of the vibrational peaks;

| (n U |0> |2 is the well-known Franck-Condon
factor. In a diagrammatic method to get function

N,(?) one should calculate the GF G, .(°)first
[1,2,11,12]:
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G (== [ dre™" | Of a,(1)a(0) } ) (13)

and the function N,(°) can be found from the
relation

AN, (°)=al G, (°—a n), a=-sign’,. (14)
Choosing the unperturbed Hamiltonian /|, to be

Hy=Y

known approximation GF is as follows:

°a;a,+H, one finds the GF. In the

[t e |

G2, () =+ iexpl-in (g, 7 Aek]

. Z‘<ﬁk|Uk|O>‘2 exp(i n i é)kt) (15)

The direct method for calculation of N (€ ) as the
imaginary part of the GF includes a definition of
the vertical I.P. (V.I.P.s) of the reference molecule

and then of N f (e) The zeros of the functions

D,(e)= —[e” +Z(G)L, (16)

where (e"" +E)k denotes the k-th eigenvalue of the
diagonal matrix of the one-particle energies added
to matrix of the self-energy part, are the negative
V. I. P. ‘s for a given geometry. One can write
[2,11,12]:

(V.1P), =—(e, +F,)

1
1-0%, (¢,)/0

Fo=%; (_ (V.I.P.)k)z Xy (Ek)

(17)

Expanding the ionic energy E; ' about the
equilibrium geometry of the reference molecule
in a power series of the normal coordinates of this
molecule leads to a set of linear equations in the
unknown normal coordinate shifts 60, and new
coupling constants are then:

& = i(l/\/il@(ek +F, )/an]o

€

(18)
Yu = i@[@z(ek +£,)/00,100, |

The coupling constants g, and y, are calculated
by the well-known perturbation expansion of the



self-energy part using the Hamiltonian H, of Eq.
(3). Insecond order one obtains:
( kélj Vks/z )Vk.sz/

0)(c
Zlk ( ) €+€ - € —E
(19)

and the coupling constant g, are written as

Z ( kstj ka )Vlm]

e+ S
seF seF

1 oe, 1+q0/0€)y  [-(r.r.P),]
"2 60, 1—(8/66)2,([—(V.I.P.)k]’

q,=A/B

_ (Vk.sy - Vlcsji )2
4= Z [— (V.I.P.)k+ €, —€ — ej]

.{aes ~ _3611

20, 90,

aek (lmj Vlmjz‘)z
z[ VIP +es—ei—ej]2

2

0€,
00,

(20)
It is suitable to use further the pole strength of the
corresponding GF:

P :{l_a_ank [_(V-1~P) k]}l;IZPk 20,

&~ g;)[pk +Qk(pk _1)]7

g’ =+2"%0¢, /00, (21)
Below we give the DFT definition of the pole
strength corresponding to V. I. P.’s and confirm
the earlier data [11-15]: p,=0,8-0,95. The coupling
constant is:

1 P
= —2¢" [g’] 22
! [ng an (22)

3. Fermi-liquid quasiparticle density function-
al theory

Further we consider the quasiparticle Fermi-
liquid version of the DFT, following to refs. [1-
3,8,17]. The master equations can be obtained
on the basis of variational principle, if we start
from a Lagrangian of a molecule L . It should be

defined as a functional of quasiparticle densities:

Vo)=Y n, @,

V()= Vo, ),  (23)

v,(r) = Zni[cp’;cpﬂ —DD,]
A

The densities v, and v, are similar to the HF
electron density and kinetical energy density cor-
respondingly; the density v, has no an analog in
the HF or DFT theory and appears as result of
account for the energy dependence of the mass
operator X. A Lagrangian L, can be written as a
sum of a free Lagrangian and Lagrangian of inter-
action: L = Lq" +L ™, where a free Lagrangian Lq"
has a standard form:

=[d Y @010t -¢,)0,> (24
A
The interaction Lagrangian is defined in the form,
which is characteristic for a standard DFT (as
a sum of the Coulomb and exchange-correlation
terms), however, it takes into account for the
energy dependence of a mass operator X :

LM =L —— Zjﬁ,kF(n,mv (n)Vi (ry)drdr,  (25)

1k0

where [, are some constants (look below), F is
an effective potential of the exchange-correlation

interaction. The Coulomb interaction part L,
looks as follows:
L == [11= 2200 ()l -

_Zz(”z)]vo(”z)””l_rz | dr,dr, (26)

where  X,=0%/0¢. In the local density
approximation the potential /' can be expressed

through the exchange-correlation pseudo-
potential ¥ as follows:
F(l"],l"g)=5ch/§V0'5(V1—V2). (27)

Further, one can get the following expressions for

2, =-6L" / 5v,:, in particular:

i
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=80V I 6vy vy + BV 16V - v, +
+ BV ye 0V, v,

2, = ﬂOZWXC /§V0 Vo +ﬂ125VXC/5VO Vit

+ BV e 16V, v, (28)

Here V is the Coulomb term, X7 is the ex-
change term. Using the known canonical relation-
ship, one can derive the quasiparticle Hamiltoni-

an, which is corresponding to Lq .Further con-
stants £, should be defined. In some degree they
have the same essence as the similar constants in
the well-known Landau Fermi-liquid theory and
the Migdal finite Fermi-systems theory. Regard-
ing universality of f,,, indeed, as we know now,
the total universality of the constants in the last
theories is absent, though a range of its changing
is quite small [2,17]. The value of f,, is depen-
dent on definition of V_. If as V_ it is used one of
the DFT exchange-correlation potentials from,
then without losing a community of statement,
B,,=1. The constant 8, can be in principle calcu-
lated by analytical way, but it is very useful to
remember its connection with a spectroscopic
factor F' » of the system [18]:

0
F, :{1_EZ" [-(.1.P) k]} (29)

The terms 0> Jos and Y, is directly linked
[2,17]. In the terms of the Green function method
expression (7) is in fact corresponding to the pole
strength of the Green’s function [2]. The new
element of an approach can be connected with us-
ing the DFT correlation functional of the Lee-
Yang-Parr (LYP) (look details in ref. [13-16]).

3. Results and conclusions

As illustration, we choose the diatomic mole-
cule of N, for application of the combined Green’s
function method and quasiparticle DFT approach.
The nitrogen molecule has been naturally dis-
cussed in many papers. The valence V. I. P. ‘s of
N, have been calculated [1,13,14,24] by the meth-
od of Green’s functions and therefore the pole
strengths p, are known and the mean values g, can
be estimated. It should be reminded that the N,
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molecule is the classical example where the
known Koopmans’ theorem even fails in reproduc-
ing the sequence of the V. I. P. ‘s in the PE spec-
trum. From the HF calculation of Cade et al.[24]
one finds that including reorganization the V. I. P.

‘s assigned by o, and o, improve while for V. I.
P. the good agreement between the Koopmans
value and the experimental one is lost, leading to
the same sequence as given by Koopmans’ theo-
rem. In Table 1 the experimental V. I. P. ‘s (a), the
one-particle HF energies (b), the V. I. P. ‘s calcu-
lated by Koopmans’ theorem plus the contribution
of reorganization (c), the V. I. P. ‘s calculated with
Green’s functions method (d), the combined Green
functions and DFT approach (e), the similar our
results (f).

Table 1

The experimental and calculated V. I. P.’s

(in eV) of N,. R, is the contribution of
reorganization; p, stands for pole strength.

Orbital Exptl* . )
VIPs| -Si ~(& +R,
15,60 17,36 16,01
3 o,
16,98 17,10 15,67
l7,
18,78 20,92 19,93
20,
Orbital Calc¢ Calce® Calcf
V.I.P:s V.I.P:s V.I.P.:
o
15,50 15,52 15,58
3 o,
16,83 16,85 16,96
Iz,
18,59 18,63 18,76
20,

The important point of all consideration is
connected the principal possibility to reproduce
diatomic spectra by applying a one-particle theory
with account of the correlation and reorganization
effects. The combined theoretical approach, which
is based on the quasiparticle DFT with using



correct DF and the Green’s-functions approach
can be prospectively used for quantitative treating
the diatomic photoelectron spectra. It is very
important that the computational complexity of
the combined approach is significantly lower in
comparison with original version of the Green’s-
functions method.
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A. A. Kuznetsova, Yu. V. Dubrovskaya, A. V. Glushkov, Ya. I Lepikh

ADVANCED GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH TO
VIBRATIONAL STRUCTURE IN THE PHOTOELECTRON SPECTRA OF DIATOMIC
MOLECULE

Summary

The advanced combined theoretical approach to vibrational structure in photoelectron spectra of
molecules, which is based on the density functional theory (DFT) and the Green’s-functions (GF)
approach, is used for quantitative treating the diatomics photoelectron spectra. The density of states,
which describe the vibrational structure in photoelectron spectra, is defined with the use of combined
‘density functional-Green’s functions’ approach and is well approximated by using only the first order
coupling constants in the one-particle approximation. Using the DFT theory leads to significant sim-
plification of the molecular calculations.

Key words: photoelectron spectra of molecules, Green’s functions, density functional theory
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A. A. Kysuneyosa, FO. B. J[yoposckas, A. B. I'ywxos, A. U. Jlenux

OBOBIIEHHBII METO/J ®YHKIUN I'PUHA U ®YHKIIUOHAJIA INIOTHOCTHU
B ONIPEJEJJEHUU KOJEBATEJIbHOM CTPYKTYPBI ®OTOJIEKTPOHHOI'O
CIIEKTPA JIBYXATOMHbIX MOJIEKYJI

Pesrome

VYCoBepIICHCTBOBAHHBIH KOMOMHUPOBAHHBIN TEOPETUUECKUN METOJ OMHMCAaHUS BUOpAIIMOHHOMN
CTPYKTYpPHI s (JOTOINEKTPOHHBIX CIIEKTPOB MOJIEKYJI, OCHOBAHHBIN Ha MeTozie pyHkiwmii ['puna u te-
OpHH (PYHKIIMOHAA JIOTHOCTH, TPUMEHEH K KOJIMYECTBEHHOMY OITMCAHHIO (POTOIEKTPOHHOTO CIIeK-
Tpa IByXaTOMHBIX MOJIEKYJ. [IJIOTHOCTh COCTOSIHUM, KOTOPbIE OMUCHIBAIOT KOJIEOATENBHYIO CTPYKTY-
Py B (DOTODTIEKTPOHHBIX CIIEKTPAX, ONPEENISAETCS C HCIOIb30BaHNEM KOMOMHMPOBAHHOTO TOAXO/A
(MeTox (yHKIMOHAJA TUIOTHOCTH M (QyHKIMKA [prHA) U XOPOIIO anmpOKCUMUPYETCS C UCTIOIb30Ba-
HUEM TOJIBKO TIEPBOTO TMOPSIIKa KOHCTAHT CBSA3M B OJHOKBAa3HUAaCTHMYHOM NpuOnmxenuu. HMcmons3o-
BaHHE TEOPUH (PYHKIMOHAJIA TUIOTHOCTH MPHUBOAUT K 3HAUYUTEIHFHOMY YIPOLICHHIO MOJICKYISPHBIX
pacyeTos.

KiroueBble ciioBa: (hOTOIEKTPOHHBIN CIIEKTP MOJIEKYII, MeTo pyHKIMi [ puna, Teopust GyHKIM-
OHaJla INIOTHOCTHU

VK 539.186

I O. Kysueyosa, IO. B. [[yoposcoka, O. B. Inywxos, A. 1. Jlenix

VIOCKOHAJIEHU METO/I ®YHKIIIV I'PIHA I ®YHKIIIOHAJTTY TYCTUHH Y
BU3HAUYEHHI BIBPAIIIMHOI CTPYKTYPU ®OTOEJEKTPOHHOI'O CIIEKTPY
JABOATOMHUX MOJIEKYJI

Pesrome

VYnockoHaneHU KOMOIHOBAaHMM TEOPETHYHUM METOJ| ONuCy BiOpauiiHOI CTPYKTYpH ajsi $oTo-
eJIEKTPOHHMX CIIEKTPIB MOJEKYN, sIKMi 0a3zyeThcst Ha MeToni ¢yHkuiid ['piHa i Teopii (yHKLIIOHATY
T'YCTHHHU , 3aCTOCOBAHO /0 KIJIBKICHOTO ONMHUCY (POTOENIEKTPOHHOTO CHEKTPY JBOATOMHHMX MOJEKYII.
['yctuHa cTaHiB, sIKi OMHUCYIOTH KOJMBAJIbHY CTPYKTYPY Y (DOTOECIEKTPOHHHX CHEKTPaX, BU3HAYAETHCS
3 BUKOpPHCTaHHAM KoMOiHOBaHoro ['pina minxony (Meron dyHkmioHany ryctuau 1 (yHkuiii ['pina) Ta
n00pe anpoKCUMY€ETHCSI 3 BUKOPUCTAHHSAM TUTBKU HEPIIOTO MOPSAIKY KOHCTAHT 3B 3Ky B OJHOKBA3i-
YaCTUHKOBOMY HaONMkeHH1. Bukopucranus Teopii (pyHKIIOHATY I'YCTHHU NMPU3BOAUTH 0 3HAYHOTO
CIIPOIICHHS MOJICKYJIIPHUX PO3PaXyHKIB.

KrouoBi ciioBa: GoToeneKTpOHHUN CIIEKTpP MOJIEKYJ1, MeTo (pyHKLiN ['piHa, Teopist pyHKIIOHATA
I'YCTHHU
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AMETHOD FOR LOWERING THE LEVEL OF THE ELECTROMAGNETIC WAVES
BACKGROUND RADIATION OF HORN RADIATOR

The problem about decrease in horn radiator electromagnetic waves return radiation level by a method of excitation of
the slowed down surface waves on an exterior side of its aperture edge, being in an antiphase with return radiation elec-

tromagnetic waves has been solved.

For practical application of this method, a pyramidal H-sector horn radiator with curvilinear walls is taken. In the con-
struction of this method, an impedance metal comb is used, which acts as a delay line for electromagnetic waves reflected

from the aperture of the radiator.

Introduction

Horn radiators (HR) refer to an aperture class
of the antenna working in a range of ultrahigh fre-
quencies (UHF). Thanks to simplicity of a design
and high technical characteristics HR have found
wide application in modern radio-electronic com-
munication systems, radar-locations, tele-radio
broadcasting, and also in space flying vehicle.

One of HR advantages is the high radiation ori-
entation which is characterised by the orientation
diagramme (OD). HR have wide range of work-
ing frequencies, high efficiency and possibility to
radiate electromagnetic waves of the big capacity
(up to 100 MW) that make them irreplaceable in a
radar-location and a space radio communication.

However, there are the various factors worsen-
ing HR characteristics. In particular:

1) sphericity of the phase front form in a plane
of HR outlet aperture;

2) dispersion of the radiation basic harmonic
field energy inside the HR on the set of mode of
the higher harmonics;

3) occurrence of the electromagnetic field en-
ergy return reflexion in feeding wave guide;

4) occurrence of return radiation into the re-
gion of space which is behinde the HR.

The last is caused by a line of the phenome-
na in which number the most ponderable is the
electromagnetic waves reradiation by the currents

88

induced in the HR aperture outlet edge contour
(aperture).

The researches [1-9] directed on improvement
of HR characteristics have led to occurrence of
HR new class with curvilinear walls in which in-
fluence of the listed phenomena is considerably
reduced. However, the problem of the return ra-
diation remains actual.

In our work the new method of the return ra-
diation level arising on an edge of HR aperture
outlet reduction which is applied to pyramidal
HR with curvilinear walls is offered.

1. Problem statement
Let’s consider cross-section of an aperture out-

let of pyramidal HR, representing the electric

contour of rectangular section K| radiating elec-
tromagnetic waves (fig. 1). Sources of an electro-

magnetic field are alternating currents i,,1,,1,,1, .
Assume that each site of a contour radiates in

space cylindrical waves with a length A, and

phase ¢, . Let’s by condention, B - the area of
direct radiation located in front of HR aperture .
The plane of these areas section coincides with a

plane of contour K. Let’s place the geometrical

centre of K, contour at the beginning of the co-



ordinate system. On an axis z in the region of
semispace A(—Z, tx, =t y) we will place con-
tour K, identical to contour K, with the geo-

metrical centre with coordinates (0,0, -/ ) .
Then the electromagnetic waves radiated by

contour K| having passed distance / during Liug
will induce alternating currents l'l' ,ié,i;,i; in con-
tour K, . As the result the system of two radiating
contours - active K, and passive K, will turn
out, and the phase of radiation of a contour K, —

@, will lag behind phase ¢, for time necessary
for an electromagnetic wave for overcoming the

distance /.
At axes z in a distant zone we will pick up the

point M ___ 4, - The distance from zero of coordi-

nate system to point M ___, should be 10 times

more the wave length A,,.
The electromagnetic waves radiated by con-

tours K, and K, will reach point M __ 4, Dot
: : R :
simultaneously, and during #, =— on radius-

lag =—+—2 where v and ¢ -
A% c
electromagnetic waves speed of distribution be-

vector R, and ¢

tween contours K, and K,, and in free space
accordingly. As R, and R, is more than distance
between contours / it is possible to consider, that

R =R =R.
It is necessary to define such time of delay 7, "

at which in a point of supervision M ___, phases

@, and @, will differ from each other on size 7 .

L, "L =7 (1)
or

[N o

v ¢ 2c

In this case the electric and magnetic field vec-
tors radiated by contours K, and K, are in anti-

phase for any x, y,-z 10 times larger than 4, and
the resultant capacity stream density in a distant
zone of semispace A tends to zero. In semispace

B(Z, Tx, =* y) in a distant zone phases ¢, and

@, will coincide, as the wave passes between
contours the distance equal 2/ (there and back) for

corresponding time 2¢,,, =27.

2. Decision technique

To fulfill conditions (1-2) it is necessary to re-
duce the -electromagnetic energy distribution

speed in the region Z(O, -1 ) For this purpose
we will place between conductors of contours K,

and K, the slowing down comb type structure
made in the form of a flat metal comb (fig. 2).

o
o

[ .
‘o
P
‘

| |Flat electromagnetic
1 lwave

¢
i xistence of ]
Vo E lowed down waves ! !
wod Ve Vo | voc |
c a H
! Hh I I N
H [
SN i
T d [

Imposing of the direct |
and slowed down wavks
in an antiphase

Ap=7

Fig. 2. A fragment of slowing down comb structure

on the basis of an impedance metal comb. 7 - the

comb period, 1 — comb length, d — comb thickness,

h — comb height , v - slowing down wave speed,
Vo~ phase speed

The first comb (a) corresponds to contour K,
the last comb (¢) corresponds to contour K.

At interaction of a flat electromagnetic wave
with an impedance metal comb over its surface
the slowed down surface waves appear. Electro-
dynamics of the given process is studied enough
[10-12]. Having solved the equation (2) concern-
ing speed of the surface slowed down wave v we
will receive:

)
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Knowing the v size it is possible to find all
geometrical parametres of slowing down struc-
ture, namely: 7 - the comb period, / — the comb
length , d —the comb thickness, # — the comb
height at which the condition of formula (1) will
be satisfied. Using received in [2, 10, 12] expres-
sions for slowing down inductive type structure
on the basis of an impedance metal comb we will
write down the common decision of a problem

uniting in geometrical and electrodynamic
parametres.

c e

) ’
t—d 2rh, 0+
1+ tg s 2
T Ao

(1=6+84,;

7<0,54,;

d <<r; “4)

A
O<h, <1
eff 4

where ¢ - speed of electromagnetic waves
distribution in vacuum,;

A, - length of a wave corresponding to the
middle of the operating band,

A - maximum length of a wave of the

max

operating band;

A, - minimum length of a wave of the
operating band;

T - comb period;

d - comb thickness;

[ — comb length;

h . — combs effective height counted under the

eff
formula:

hy=h —0.14(d +r),
where / — the constructive (in fact) edge height.

3. Results and discussion

For practical application described above
method it is taken pyramidal N-sectorial HR with
curvilinear walls, in which design the impedance
metal comb is included (fig. 3).
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Reradiation contours

Direction of the maximum
of the HR radiation

Direction of the backward radiation of the HR
0,

Fig. 3. H-sectorial HR with curvilinear walls of
combined form with the return radiation lowered
level. 1-H-sectorial HR with curvilinear walls of
combined forms, 2- comb type slowing down struc-
ture in the form of a flat metal impedance comb in
section, 3 - metal comb edge, 1 - metal comb length,
7 - the comb-period, d — comb thickness, h — comb
height

The prototype sample of offered HR with fol-
lowing parametres is made and tested:
- the minimum wavelength of the operating

band A_. =24 mm;
- the maximum wavelength of operating band

A =36 mm;

- the length of a horizontal rib of HR outlet
aperture Ap =100 mm;

- the rib constructive height =3 mm;

- the edge thickness d = 0,5 mm;

- the comb period 7 =5 mm;

-the comb length /=210 mm;

- Metal comb flutes depth changes on expo-
nential law.

In polar system of coordinates are constructed
normalized directional diagrames (DD) of HR
prototype sample (solid line) and similar HR, but
without impedance comb (dotted line) (fig. 4).

4. Conclusions

The analysis of received DD allows to con-
clude.

1. Level of back lobe DD of HR prototype
sample with an impedance comb is considerably
less, than at HR without an impedance comb;



2. At observation angle of @ =90° concern-
ing the radiation maximum in developed HR in-
tensity of an electromagnetic field decreases, and
at HR without an impedance comb, on the con-
trary, in the given point growth of intensity of an
electromagnetic field is observed. Theoretical cal-
culations and experimental researches of HR
sample confirm efficiency of the offered decision.
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AMETHOD FOR LOWERING THE LEVEL OF THE ELECTROMAGNETIC WAVES
BACKGROUND RADIATION OF HORN RADIATOR

Summary

The problem about decrease in horn radiator electromagnetic waves return radiation level by a
method of excitation of the slowed down surface waves on an exterior side of its aperture edge, being
in an antiphase with return radiation electromagnetic waves has been solved.

For practical application of this method, a pyramidal H-sector horn radiator with curvilinear walls
is taken. In the construction of this method, an impedance metal comb is used, which acts as a delay
line for electromagnetic waves reflected from the aperture of the radiator.

Key words: Horn radiator, horn antenna, surface electromagnetic waves, impedance retardation
structure, radiation pattern
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METOJ CHU/XKEHUSA YPOBHS OBPATHOI'O U3JIYUEHUSA QJIEKTPOMATHUTHBIX
BOJIH PYIIOPHOT'O U3JIYYATEJIA

AHHOTaIUA

Pemena 3aiaqa 0 CHMKEHUU YPOBHS OOPATHOTO M3IYyYEHHsSI SJIEKTPOMATHUTHBIX BOJH PYIOPHO-
ro M3Jy4yaTesiss METOJIOM BO30YXKJICHHUS 3aME/UICHHBIX IMOBEPXHOCTHBIX BOJH Ha BHEITHEH CTOpOHE
KPOMKH €T0 PacKpbIBa, HAXOMSIIUXCS B MPOTHBO(A3E C AIEKTPOMArHUTHBIMU BOJIHAMU OOpPATHOTO
W3ITy4YCHHUS.

Jlns mpakTHYeCcKOro MPpUMEHEHHS IAHHOTO METO/A B3ST MUpaMHUIaIbHBIN H-cexTopuaabHbIi py-
MOPHBIN U3TyYaTelb C KPUBOJIMHEHHBIMU CTEHKaMH, B KOHCTPYKIIMIO KOTOPOTO BKJIFOUEHA UMIIEIaHC-
Has MeTaJUTMYeCKas rpeOEHKa, BBITIOIHSIONIAS POJIb TUHUU 3aJI€PKKHU IJIs1 OTPAXKEHHBIX OT allepTypPhl
W3ITydaress AICKTPOMArHUTHBIX BOJTH.

KuroueBble ciioBa: PynopHblil u3inyyarelb, pynopHasi aHTE€HHA, TOBEPXHOCTHBIE 3JIEKTPOMArHUT-
HBIE BOJIHBI, UMIICIAHCHAsI 3aMEISIIONIAsl CTPYKTYpa, [harpaMma HarmpaBJIeHHOCTH.
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METOA 3HUKEHHS PIBHSA 3BOPOTHOI'O BUITPOMIHIOBAHHS PAITOXBUJIb
PYIIOPHOI'O BUTTPOMIHIOBAYA

AHHOTAaNifA

Po3B’s13aHa 3a/1aua po 3HMXKEHHS PIBHS 3BOPOTHOTO BUIIPOMIHIOBAHHS €JIEKTPOMArHITHUX XBUJIb
PYHOPHOTO BUIIPOMiHIOBaYa LUIAXOM 30y/DKEHHS YIOBIIbHEHUX MMOBEPXHEBUX XBHJIb HA 30BHIIIHIN
CTOPOHI KPOMKH HOTO pO3KPHBY, 110 3HAXOAATHCS B MPOTH(]A31 3 €IeKTPOMArHiTHUMU XBUIISIMU 3BO-
POTHOTO BUIIPOMIHIOBAHHS.

JUis MpakTUYHOTO 3aCTOCYBAaHHS JAaHOTO METONy B34TO MipaminanbHUi H-cexTopianbHMH py-
MOPHHI BUIPOMIHIOBAY 3 KPUBOJIHIMHUMHU CTIHKaMH, B KOHCTPYKIIiIO SKOTO BKJIIOYEHA IMITEaHCHA
MeTaseBa rpediHKa, 1110 BUKOHYE POJIb JIIHIT 3aTPUMKH JUIsl BIIOUTHX Bij alepTypu BUIIPOMIHIOBaYa
€JIEKTPOMArHITHUX XBUJIb.

Karwuosi ciaoBa: PynopHmii BUIIpOMiHIOBaY, pylopHa aHTEHA, MOBEPXHEBI €JIEKTPOMArHiTHI
XBUJI1, IMIIEIAHCHA YTIOBUIBHIOKOYA CTPYKTYPa, JlarpamMa HapaBJIeHOCT.
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SPECTROSCOPY OF MULTICHARGED IONS IN PLASMAS:
OSCILLATOR STRENGTHS OF Be-LIKE ION Fe

The generalized relativistic energy approach with using the Debye shielding model is used for studying spectral pa-
rameters of ions in plasma and determination of the oscillator strengths for the Be-like ions. An electronic Hamiltonian
for N-electron ion in a plasma is added by the Yukawa-type electron-electron and nuclear interaction potential. Oscillator
strengths gf for 2s-[2s, 2p, ], transition in Be-like Fe are computed for different values of the electron density and tempera-
ture (n =10-10**¢cm?, T=0.5-2 keV) of plasmas are presented and compared with available alternative spectroscopic data.

1. Introduction

Spectroscopy of multicharged ions in a
plasmas is one of the most fast developing
branches of modern atomic spectroscopy. Let us
remind that a great interest to studying radiation
and collision processes parameters in a plasmas
is connected with importance of these data for
correct description of parameters characteristics
for plasma in thermonuclear (tokamak) reactors,
searching new mediums for X-ray range lasers
[1-20]. In many papers the calculations of various
atomic systems embedded in Debye plasmas have
been performed ([13-16]). Different theoretical
methods were employed along with the Debye
screening to study plasma medium. Earlier we
have developed a new version of a relativistic en-
ergy approach combined with the many-body per-
turbation theory (RMBPT) for multi-quasiparticle
(QP) systems for studying spectra of plasma of
the multicharged ions and electron-ion collisional
parameters. The method is based on the Debye
shielding model and energy approach [16-22]. A
new element of this paper is in using the effective
optimized Dirac-Kohn-Sham method in general
relativistic energy approach to collision processes
in the Debye plasmas. Here Oscillator strengths
gf for 2s>-[2s, 2p, ], transition in Be-like Fe are
computed for different values of the electron den-
sity and temperature ( n =10*-10*cm>, T=0.5-2
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keV) of plasmas are presented and compared with
available alternative spectroscopic data.

2. Generalized energy approach in scatter-
ing theory. Debye shielding model

Let us firstly consider the Debye shielding
model accordinf to Refs. [16,18]. It is known (see
[10-14,19] and refs. therein) in the classical theo-
ry of plasmas developed by Debye-Hiickel, the
interaction potential between two charged parti-
cles is modelled by the Yukawa-type potential,
which contains the shielding parameter m [1].
The parameter m is connected with the plasma pa-
rameters such as the temperature 7 and the charge

density n as follows: u~./e’n/k,T . Here, as
usually, e is the electron charge and «x, is the

Boltzman constant. The density » is given as a
sum of the electron density NV, and ion density N,
of the k-th ion species having the nuclear charge

4in=N,+ D q;N,- Under typical laser plasma
k

conditions of 7~1keV and n~10* cmthe param-
eter m is of the order of 0.1 in atomic units [13,14].
By introducing the Yukawa-type e-N and e-e in-
teraction potentials, an electronic Hamiltonian for
N-electron ion in a plasma is in atomic units as
follows [19]:



H =) [acp—pmc* = Zexp(-ur; )/ 1]+
" ) (1)
+ZMCXP(—M,-,-)

i Ty

The generalized relativistic energy approach
combined with the RMBPT has been in details
described in Refs. [19-22]. It generalizes earlier
developed energy approach [5-8]. The key idea is
in calculating the energy shifts DE of degenerate
states that is connected with the secular matrix M
diagonalization [4-6]. To construct M, one should
use the Gell-Mann and Low adiabatic formula for
DE. The secular matrix elements are already com-
plex in the PT second order. The whole calcula-
tion is reduced to calculation and diagonalization
of the complex matrix M .and definition of matrix

of the coefficients with eigen state vectors B.EK,,,
[5-8]. To calculate all necessary matrix elements
one must use the basis’s of the 1QP relativistic
functions. Within an energy approach the total en-
ergy shift of the state is usually presented as [3-7]:

AE =ReAE +1 772 (2)
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]:
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MAEB) =~ 3 el
T a>m> f
[a<n< £]

N €)

where 2. for electron and 2. for vacancy. The

a>n>f a<nsf

separated terms of the sum in (3) represent the
contributions of different channels and a proba-
bility is:

1w,
I, =—. | %
Y " 4 Ay

4)

Which is linked with an oscillator strength by
the standard way. It is known that their adequate
description requires using the optimized basis’s
of wave functions. In [6] it has been proposed ““ab
initio” optimization principle for construction of

cited basis’s. It uses a minimization of the gauge
dependent multielectron contribution of the low-
est QED PT corrections to the radiation widths of
atomic levels. This contribution describes collec-
tive effects and it is dependent upon the electro-
magnetic potentials gauge (the gauge non-invari-
ant contribution dE ). The minimization of Im-
dE , leads to integral differential equation, that
is numerically solved. In result one can get the
optimal one-electron basis of the PT [21-23]. It is
worth to note that this approach was used under
solvin of multiple problems of modern atomic ,
nuclear and molecular physics (see [23-67]). To
generate the wave functions basis we use the op-
timized Dirac-Kohn-Sham potential with one pa-
rameter [8], which calibrated within the special
ab initio procedure within the relativistic energy
approach [6]. The modified PC numerical code
‘Superatom” is used in all calculations. Other de-
tails can be found in Refs. [5-9, 16-22].

3. Results and conclusion

Firstly, we present our results on energy
shifts and oscillator strengths for transitions 2s*-
2s,,2p, , 4, in spectra of the Be-like Fe. The cor-
responding plasma parameters are as follows:
n =10*-10*cm?, T=0.5-2 keV (i.e. m~0.01-0.3).
We studied a behavior of the energy shifts DE
(em™) for 2s*-[2s, ,2p, ,,,], transitions and oscil-
lator strengths changes for different plasma pa-
rameters (the electron density and temperature).
In Table 1 there are listed the oscillator strengths
gf for 2s>-[2s, 2p, ] transition in Be-like Fe for
different values of the n, (cm?) and T (in €V).

Table 1

Oscillator strengths for 2s’-[2s, A 2p, |, transi-

tion in Be-like Fe for different n_ (cm™) and T
(eV) (gf,—gf value for free ion)

n 102 10% 10%
KT | [13] | [13] [13] [13]
500 | 0.1537 | 0.1537 | 0.1538 | 0.1547
1000 0.1537 | 0.1538 | 0.1545
2000 0.1537 | 0.1538 | 0.1543
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2000 0.1555 | 0.1556 | 0.1562
I-S 0.1537 | 0.1537 | 0.1540
0.1555 | 0.1555 | 0.1559

n, 10% 10% 10%

kT Our Our Our Our
500 | 0.1541 | 0.1541 | 0.1543 | 0.1553
1000 0.1541 | 0.1543 | 0.1553
2000 0.1540 | 0.1542 | 0.1552
2000 0.1541 | 0.1542 | 0.1552

There are also listed the available data by Li
etal and Saha-Frische: the multiconfiguration
Dirac-Fock (DF) calculation results, and ionic
sphere (I-S) model simulation data [13, 16] (see
refs. therein). The analysis shows that the present-
ed data are in physically reasonable agreement,
however, some difference can be explained by us-
ing different relativistic orbital basises and differ-
ent models for accounting of the plasma screening
effect. It is important to note that our computing
oscillator strengths within an energy approach
with different forms of transition operator (this is
corresponding to using the photon propagators in
the form of Coulomb, Feynman and Babushkin)
gives very close results.
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SPECTROSCOPY OF MULTICHARGED IONS IN PLASMAS:
OSCILLATOR STRENGTHS OF Be-LIKE ION Fe

Summary

The generalized relativistic energy approach with using the Debye shielding model is used for
studying spectral parameters of ions in plasma and determination of the oscillator strengths for the
Be-like ions. An electronic Hamiltonian for N-electron ion in a plasma is added by the Yukawa-type
electron-electron and nuclear interaction potential. Oscillator strengths gf for 2s*-[2s, 2p. ], transi-
tion in Be-like Fe are computed for different values of the electron density and temperature ( n.=10*-
10%*cm?, T=0.5-2 keV) is presented and compared with available alternative spectroscopic data.
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CIHEKTPOCKOIINA MHOI'O3APAJTHbBIX HOHOB B IIJIASME: CHJIbI
OCIIUJIJIATOPOB IJIA Be-IIOJOBHOT'O HOHA Fe

Pe3rome

Ha ocHoBe 0600111€HHOTO PeIATUBUCTCKOTO SHEPreTHUYECKOT0 MOJX0/a C UCIIOIb30BaHIUEM MOJIEIIN
sKpaHupoBaHus [lebast BBIMOIHEHO W3yUeHHE CIIEKTPa I1a3Mbl HOHOB U ONPENEIEeHUE CUIT OCLIMILIS-
TOpoB U1 Be-nogo6HbIX HOHOB. DIEKTPOHHBIN raMUIIBTOHUAH 1711 N-3JIEKTPOHHOTO MOHA B IUIa3Me
JIONIOJTHEH MOTEHIIMAJIOM 3JIEKTPOH-3IEKTPOHHOTO U siAepHOro B3aumonaencTeus Tuna FOkasbl. Cuibl
ocuuATopoB 2s°-[2s 2p. | mepexona B Be-nomoOHoM Fe onpenenenbl s pasindHbIX 3HAYCHUH
BJIEKTPOHHOM IIIOTHOCTH U Temmneparypsl (0 =10?2-10*cm?, T=0.5-2 keV) ma3mbl u cpaBHUBAKOTCS
C UMEIOLIMMUCS aJIbTEPHATUBHBIMU CIIEKTPOCKONINYECKUMHU JAHHBIMU. .

KroueBblie €/10Ba: CLIEKTPOCKONHMS MOHOB B IIJIa3Me, SHEPIreTUUECKUM TOIXO0, CHUIIbI OCLUILIATOPOB
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CHHEKTPOCKOIIISA BATATO3APAHUX IOHIB B IIJIAZMI: CUJIN OCHUJIATOPIB
JJIS Be-IIOAIBHOTI'O IOHA Fe

Pesrome

Ha ocHOBI y3aranbHEHOTO PeIsTUBICTCHKOIO €HEPreTUYHOrO MiJX01y 3 BUKOPUCTAHHIM MO
sKpaHioBaHHS Je0as BUKOHAHO BUBUEHHS CIEKTPY IJIa3MHU 10HIB 1 BA3HAUEHHS CHJI OCIIMJIATOPIB JUISI
Be-moni6nnx ioHiB. EnexTpoHHui raMuiibTOHIaH 1711 N-€JIEKTPOHHOTO 10Ha B TTa3Mi JOTIOBHEHUI
MOTEHINAIOM €JIEKTPOH-CIIEKTPOHHOI Ta simepHoi B3aemoil Tumy HOkaBu. Cuin oCHMISATOPIB 28%-
[2s,,2p,,], mepexony B Be-moxibnomy Fe Bu3sHau€eHi 171 pi3HUX 3HAYEHD €JIEKTPOHHOI IYCTHHH 1 TEM-
neparypu ( n.=10>-10*cm™, T=0.5-2 keV) nia3mu Ta NOPiBHIOIOTHCS 3 HASIBHUMH aJIbTEPHATHBHUMU
CHEKTPOCKOMIYHUMHU JaHUMH.

Kuro4oBi ciioBa: criekTpockorist 10HIB B IU1a3Mi, eHEPreTUYHUN M1X1JT, CUJIM OCLIMIISTOPIB
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THEORETICAL STUDYING SPECTRA OF YTTERBIUM ATOM
ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY:
RYDBERG RESONANCES

Theoretical studying the Rydberg autoionization resonances in spectra of the lanthanides atoms (ytterbium) is carried
out within the relativistic many-body perturbation theory and generalized relativistic energy approach (Gell-Mann and Low
S-matrix formalism). The zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-
Fock and Dirac-Kohn-Sham ones. Optimization has been fulfilled by means of introduction of the parameter to the Fock and
Kohn-Sham exchange potentials and further minimization of the gauge-non-invariant contributions into radiation width of
atomic levels with using relativistic orbital bases, generated by the corresponding zeroth approximation Hamiltonians. The
accurate theoretical results on the autoionization 4f°[°F, )16s’np[5/2],, 4f" [’F, ,] 6s’nf[5/2], resonances energies and widths
are presented and compared with experimental data, obtained on the basis of the laser polarization spectroscopy method.

1. Introduction

This paper goes on our work on theoretical
studying spectra and spectroscopic parameters for
heavy atoms, namely, lanthanides atoms (see, for
example [1-56]). Let us remind that an investiga-
tion of spectra, optical and spectral, radiative and
autoionization characteristics for heavy elements
atoms and multicharged ions is traditionally of a
great interest for further development quantum
atomic optics and atomic spectroscopy and dif-
ferent applications in plasma chemistry, astro-
physics, laser physics etc. (see Refs. [1-10]).

Different atomic spectroscopy methods have
been used in studying radiative and autoioniza-
tion characteristics of atomic systems. The well
known classical multi-configuration Hartree-Fo-
ck method allowed to get a great number of the
useful spectral information about light and not
heavy atomic systems. The multi-configuration
Dirac-Fock method is the most reliable version
of calculation for multielectron systems with a
large nuclear charge. In these calculations the
one- and two-particle relativistic and important
exchange-correlation corrections are taken into
account (see Refs. [1] and Refs. therein). Howev-
er, one should remember about very complicated

structure of spectra of the lanthanides atoms and
necessity of correct accounting the different cor-
relation effects such as polarization interaction of
the valent quasiparticles and their mutual screen-
ing, iterations of a mass operator etc.).The known
method of the model relativistic many-body per-
turbation theory has been earlier effectively ap-
plied to computing spectra of low-lying states for
some lanthanides atoms too [2,3] (see also [2-6]).
We use an analogous version of the perturbation
theory (PT) to study the Rydberg states charac-
teristics, however, the zeroth approximation is
generated by the Dirac-Fock model. In Refs. [7-
10] the similar version of the perturbation theory
has been used with using the Dirac-Kohn-Sham
zeroth approximation. This method is actively
used in solving many tasks of quantum, atomic
and nuclear physics [57-87]. Here we present the
results of computing the Rydberg Yb 41" [°F_ ]
6s’np[5/2],, 41 [°F, ] 6s°nf[5/2], states energies
and widths within both approaches and compare
theoretical data with some experimental laser po-
larization spectroscopy method data [22,23]. All
calculations are performed with using Superatom
package (see for example, 2-24]).
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2. Advanced relativistic many-body per-
turbation theory and energy approach

As the method of computing is earlier present-
ed in details, here we are limited only by the key
topics. A model relativistic energy approach in a
case of the multielectron atom has been proposed
by Ivanov-Ivanova et al [2-4] and its generalized
gauge-invariant version is developed in Refs.
[5,6,11,2]. The approach is based on the Gell-
Mann and Low S-matrix formalism and the rela-
tivistic many-body PT with using the optimized
one-quasiparticle representation and an accurate
account of the relativistic and exchange-correla-
tion effects. In the 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 wave function zeroth basis is
found from the Dirac equation with a potential,
which includes ab initio optimized model (Iva-
nov-Ivanova type [6]) potential or DF potentials,
the electric potential of a nucleus (the Gaussian
form of the charge distribution in a nucleus is usu-
ally used by us) [4]. The correlation corrections of
the PT second and higher orders are taken into
account by means of using the polarization and
screening potentials (from Refs. [10-16]).

Generally speaking, the majority of complex
atomic systems possess 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 degenerate
states. This procedure is connected with the secu-
lar matrix M diagonalization [2,11,12]. In con-
structing M, the Gell-Mann and Low adiabatic
formula for AE is used. In contrast to the non-
relativistic case, the secular matrix elements are
already complex in the second order of the elec-
trodynamical PT (first order of the interelectron
interaction). Their imaginary part of AE is con-
nected with the radiation decay (radiation) possi-
bility. In this approach, the whole calculation of
the energies and decay probabilities of a non-de-
generate 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
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more or less compact group. One of these variants
has been previously [7-12] introduced: for a sys-
tem with a dense energy spectrum, a group of near-
ly 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-relativistic secular
matrix elements are expanded in a PT series for the
interelectron interaction. The complex secular ma-
trix M is represented in the form [3,4,11]:

M=M+ M+ M 4 MY (1)

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- quasiparticle
diagrams respectively. M ©) is a real matrix, pro-
portional to the unit matrix. It determines only the
general level shift. We have assumed M ©=0.
The diagonal matrix M M can be presented as a
sum of the independent one-quasiparticle contri-
butions. For simple systems (such as alkali atoms
and 1ons) the one-quasiparticle energies can be
taken from the experiment. Substituting these
quantities into (1) one could have summarized all
the contributions of the one -quasiparticle dia-
grams of all orders of the formally exact QED PT.
However, the necessary experimental quantities
are not often available. The first two order correc-
tions to Re M have been analyzed previously [4]
using Feynman diagrams [11]. The contributions
of the first-order diagrams have been completely
calculated. In the second order, there are two
kinds of diagrams: polarization and ladder ones.
The polarization diagrams take into account the
quasiparticle interaction through the polarizable
core, and the ladder diagrams account for the im-
mediate quasiparticle interaction [11-20]. Some
of the ladder diagram contributions as well as
some of the three-quasiparticle diagram contribu-
tions in all PT orders have the same angular sym-
metry as the two-quasiparticle diagram contribu-
tions of the first order. These contributions have
been summarized by a modification of the central
potential, which must now include the screening
(anti-screening) of the core potential of each par-
ticle by the two others. The additional potential
modifies the one-quasiparticle orbitals and ener-
gies. Then the secular matrix is as follows:



Mo>MY+M?, ()
where M is the modlﬁed one-quasiparticle ma-
trix ( diagonal), and M" the modified two- -qua-
siparticle one. M ™ is calculated by substituting
the modified one-quasiparticle energies), and
m® by means of the first PT order formulae for
Mm% , putting the modified radial functions of the
one-quasiparticle states in the radial integrals..

Let us remind that in the QED theory, the pho-
ton propagator D(12) plays the role of this inter-
action. Naturally the analytical form of D(12) de-
pends on the gauge, in which the electrodynami-
cal potentials are written. Interelectron interaction
operator with accounting for the Breit interaction
has been taken as follows:

V(rirj)= exp(ia””zj)'(]—owj)’
i

where, as usually, o, are the Dirac matrices. In
general, the results of all approximate calcula-
tions depended on the gauge. Naturally the cor-
rect result must be gauge-invariant. The gauge
dependence of the amplitudes of the photo pro-
cesses in the approximate calculations is a well
known fact and is in details investigated by Grant,
Armstrong, Aymar and Luc-Koenig, Glushkov-
Ivanov et al (see [11] and numerous Refs. there-
in). Grant has investigated the gauge connection
with the limiting non-relativistic form of the tran-
sition operator and has formulated the conditions
for approximate functions of the states, in which
the amplitudes of the photo processes are gauge
invariant [1]. These results remain true in the en-
ergy approach because the final formulae for the
probabilities coincide in both approaches. Glush-
kov-Ivanov have developed a new relativistic
gauge-conserved version of the energy approach
[6]. Here we applied this approach for generating
the optimized relativistic orbitals basis in the ze-
roth approximation of the many-body PT [7-10].
Optimization has been fulfilled by means of intro-
duction of the parameter to the Fock and Kohn-
Sham exchange potentials and further minimiza-
tion of the gauge-non-invariant contributions into
radiation width of atomic levels with using rela-
tivistic orbital bases, generated by the correspond-
ing zeroth approximation Hamiltonians. Below
we will be interested by studying the spectra of

3)

the autoionization resonances in the ytterbium
atom and calculating their energies and widths.
The excited states of the ytterbium atom can be
treated as the states with two-quasiparticles above
the electron core [Xe]4f'. Within the standard
energy approach [8-11] the autoionization width
is determined by the square of an electron interac-
tion (3) matrix element. The real part of the elec-
tron interaction matrix element is determined us-
ing expansion in terms of Bessel functions [17-
19,26]; the Coulomb part Q" is expressed in
terms of the standard radial integrals and angular
coefficients. The Breit part of Q is defined in the
similar way as above, but the contribution of our
interest is a real part. The Breit interaction is
known to change considerably the autoionization
decay dynamics in some cases (see, for example,
Refs. [3,11]). Determination of the radiation de-
cay probabilities (oscillator strengths) results to
calculating the imaginary matrix elements of the
interaction (3). The calculation of radial integrals
ReR,(1243) is reduced to the solution of a system
of differential equations according to the Ivano-
va-Ivanov method [26]. The system of differen-
tial equations includes also equations for func-
tions f/r=1, g/prr! ZS), Zf). The formulas for the
autoionization decay probability include the ra-
dial integrals R (ckyB), where one of the func-
tions describes electron in the continuum state.
The correctly normalized function should have
the following regular asymptotic at »—0 (look
details in Refs. [13-19]). Other details can be
found in Refs. [6-11,13-19].

3. Some illustration results and conclusion

In table 1 we present the experimental data
(Jong-Hoon et al [87,88]) and theoretical results
(Th1-PT with the Dirac-Kohn-Sham zeroth ap-
proximation [7,8]; Th2 — this work) for energies
and widths of the excited (autoionization) states
of the 4" [°F, ]6s’np[5/2], and 4f" [°F, ] 6s°
nf [5/2], states (because of excitation of the 4f
shell).

In table 2 we present the predictions of this
work regarding the energies and widths of the ex-
cited (autoionization) states 4" [’F, ] 6s’nf[5/2],
states. As it has been noted in [5], the attention is
drawn to the smallness of the resonance widths,
the cause of which in the literature is not clear. In
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our opinion, it is related to the complex energetic
structure of the 4f-shell atoms, as a result of caus-
ing several unusual physics of autoionization res-
onances and their decay mechanisms, especially
in comparison with the conventional standards
spectroscopy (for He, inert gases, alkali atoms)

Table 1

Energies E (cm™), widths I' (cm™) of the 4"

[’F.,16s’np[5/2], states in YbI: Thl- PT with

Dirac-Kohn-Sham zeroth approximation;

Th2- Th1- PT with Dirac-Fock zeroth approxi-
mation (this work)

o | Exp. | Exp. | Thl. | Thl | Th2. | Th.
E A E r E r
exp exp
12 | 701205 | 1.5 | 70121 | 1.7 | 70123 | 1.6
15 | 709148 | 12 | 70916 | 1.4 | 70917 | 1.3
20 | 71428.1 | 0.6 | 71429 | 0.7 | 71430 | 0.6
25 | 716125 | 1.3 | 71611 | 15 | 71612 | 1.4
26 | 716333 | 0.6 | 71631 | 0.8 | 71633 | 0.7
30 | 71698.8 | 0.5 | 71697 | 0.7 | 71699 | 0.6
46 - - 71798 | 0.3

It is important to note that the both perturba-
tion theory versions with the Dirac-Fock and Di-
rac-Kohn-Sham zeroth approximations provide
a physically reasonable agreement with experi-
ment, however, more exact data are provided by
the optimized Dirac-Fock-like theory.

Table 2
Energies E (cm™), widths I' (cm™) of the 4f"*

[’F.,] 6s® nf [5/2], states (predictions of this
work)

n Th. Th.

E I
12 70966 0.6
13 71109 0.4
15 71314 1.5
20 71562 0.8
25 71674 0.7
26 71690 0.6
30 71735 0.4
46 71814 0.2
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V. B. Ternovsky, M. Yu. Gurskaya, A. A. Svinarenko, V. F. Mansarliysky

THEORETICAL STUDYING SPECTRA OF YTTERBIUM ATOM ON THE BASIS OF
RELATIVISTIC MANY-BODY PERTURBATION THEORY: RYDBERG RESONANCES

Summary

Theoretical studying the Rydberg autoionization resonances in spectra of the lanthanides atoms
(ytterbium) is carried out within the relativistic many-body perturbation theory and generalized rela-
tivistic energy approach (Gell-Mann and Low S-matrix formalism). The zeroth approximation of the
relativistic perturbation theory is provided by the optimized Dirac-Fock and Dirac-Kohn-Sham ones.
Optimization has been fulfilled by means of introduction of the parameter to the Fock and Kohn-Sham
exchange potentials and further minimization of the gauge-non-invariant contributions into radiation
width of atomic levels with using relativistic orbital bases, generated by the corresponding zeroth ap-
proximation Hamiltonians. The accurate theoretical results on the autoionization 4f°[°F_ 16s*np[5/2],,
411 [°F, )] 6s°nf[5/2], resonances energies and widths are presented and compared with experimental
data, obtained on the basis of the laser polarization spectroscopy method.

Keywords: Relativistic perturbation theory, resonances energies and widths, optimized zeroth ap-
proximation
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TEOPETUYECKOE N3YUEHHUE CIIEKTPA ATOMA UTEPBUSI HA OCHOBE
PEJIITUBUCTCKOM MHOI'OYACTHYHOM TEOPUU BO3MYILIEHUI:
PUJABEPIOBBI PE3OHAHCHI

Pesrome

B pamkax pensiTUBUCTCKOM MHOTOYaCTUYHOM TEOpUHU BO3MYIIEHUH U 0000IIEHHOTO PEeNsTUBUCT-
CKOTO HEPreTUYECKOro MOAXO0a MPOBEACHO TEOPETHUECKOE M3yUEHHE XapaKTepUCTUK pUAOeproB-
CKUX aBTOMOHHU3ALIMOHHBIX PE30HAHCOB B CIIEKTPaX aTOMOB JIAHTAaHUA0B (UTTEpOUsi). B kauecTBe Hy-
JIEBOTO MPUOIMKEHUS PEIATUBUCTCKON TEOPUH BO3MYIIEHUI BEIOpaHbI ONITUMHU3UPOBAHHBIE IPUOIH-
xenus [lupaxa-®oka n J{upaka-Kona-11Isma. OntuMusanyst BEIIOTHEHA ITyTEM BBEEHUS ITapamMeTpa
B 0OMeHHbIe noteHuuansl @oka u Kona-11lsma u nanpHeineid MuHuMu3anuei KanuOpoBOUHO-HEUH-
BapMAHTHBIX BKJIAJIOB B PaJIMAllMOHHBIE IIUPUHBI ATOMHBIX YPOBHEH C UCIIOJIB30BAaHUEM PEIIATUBHUCT-
CKUX OpOHMTaNBbHBIX 0a3MCOB, CTEHEPHPOBAHHBIX COOTBETCTBYIOIIMMHU T'AMUIBTOHUAHAMHU HYJIEBOTO
npubmkenus. IlpencraBienbl akKypaTHble TEOPETUYECKUE JaHHBIE [0 YHEPIHsIM U IMIMPUHAM aB-
TononusauuonHeix 4f°[°F. 16s’np[5/2],, 41" [°F, ] 6s°nf[5/2], pe3oHaHCOB 1 NPOBEJIEHO CPABHEHHE
C KCIIEPUMEHTAIBHBIMU JaHHBIMH, [1OJIyYEHHBIMM HA OCHOBE METOJIa JIA3€pHOU MOJISPU3ALIMOHHOM
CHEKTPOCKOIIUH.

KuroueBbie cioBa: PensTuBucTCcKas Te0pys BO3MYILIEHHUH, JHEPTUH U IIUPUHBI PE30HAHCOB, OIl-
TUMHU3UPOBAHHOE HYJIEBOE MPUOIIKEHHE

VK 539.182

B. b. Tepnoscorkuu, M. IO. ['ypcoxa, A. A. Ceunapenxo, B. @. Mancapnivicvkuti

TEOPETUYHE BUBYEHHS CIIEKTPA ATOMA ITEPBIIO HA OCHOBI
PEJSAATUBICTCHKOI BATATOYACTUHKOBOI TEOPIi 35YPEHbD: PIIGEPTOBI
PE3OHAHCHU

Pesrome

B pamMkax pensTuBicTCbKO1 0araro4acTUHKOBOI Teopli 30ypeHb 1 y3arajJbHEHOTO PEISITUBICTCHKOTO
€HepreTUYHOTO MiIXOIy MPOBEICHO TEOPETUYHE BUBUCHHS XapaKTEPUCTUK PiAOEpTiBCHKUX aBTOI0-
Hi3allifHUX PE30HAHCIB B CIIEKTpax aToMiB JaHTaHiAIB (iTepbi0). B sikoCTi HYTHOBOTO HAOIMKEHHS
PENATUBICTCHKOI Teopii 30ypeHsr oOpaHi onrtumizoBaHi HaOmmwkeHHs [ipaka-®oka 1 [ipaka-Kona-
[ITema. OnTuMmi3aliis BUKOHAaHA IIUISIXOM BBEJICHHS MapamMeTrpa B oOMiHHI moTeHIiann doka i Kona-
[ITema i mogabIIOT MiHIMI3AIlT KATIOpYyBaTbHO-HEIHBAPIAHTHUX BKJIAJIIB B paialliifHi IIUPUHU aTOM-
HUX PIBHIB 3 BAKOPUCTAHHSAM PEJIATUBICTCHKUX OpOITabHUX Oa3UCIB, 3r€HEPOBAHUMU BIANOBITHUMU
ramiJbTOHIaHaMH HYJIbOBOTO HaOmwkeHHs, [IpencraBieni akypaTHi TEOpEeTUYHI JaHl MO0 SHEePrisx i
mupKrHaM aBroioHizaniinux 4f°[’F, 16s’np[5/2],, 4 [*F, ] 6s’nf[5/2] pe3onancis i mpoBeaeHo 110-
PIBHSHHS 3 €KCTIEPUMEHTAIBHUMHU JaHUMH, OTPUMAaHUMH Ha OCHOBI METOAY JIa3epHOI MOJIsIpH3atiii-
HOT CIIEKTPOCKOITI1.

Kuarouosi cioBa: PensituBictchka Teopist 30ypeHb, €Heprii 1 IIMPUHHE PE30HAHCIB, ONTUMI30BaHE
HYJHOBE HAOIMIKEHHS
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ADVANCED RELATIVISTIC APPROACH IN SPECTROSCOPY OF COMPLEX
AUTOIONIZATION RESONANCES IN ATOMIC SPECTRA

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

The knowledge of autoionization states prop-
erties of atomic systems is of a great importance
note for many applications in atomic and molecu-
lar physics, plasma chemistry and physics, laser
physics and quantum electronics etc. [1-52]. In
this paper, which goes on our studying autoion-
ization phenomena in different atomic systems,
we present an advanced new relativistic approach
[11-15] to relativistic calculating autoionization
resonances (AR) characteristics of the helium
atom. The new elements of the approach include
the combined the generalized energy approach
and the gauge-invariant relativistic many-body
perturbation theory (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 ener-
gy approach has been further developed in Refs.
[12,13].

2. Relativistic perturbation theory approach
in spectroscopy of autoionization states

In refs. [11-15, 17-20] the fundamentals of the
relativistic many-body PT formalism have been
in details presented, so further we are limited
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only by the novel elements. Let us remind that
the majority of complex atomic systems possess
a dense energy spectrum of interacting states. In
refs. [11-15, 17-20] it is realized a field procedure
for calculating the energy shifts AE of degenerate
states, which is connected with the secular matrix
M diagonalization [8-12]. 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 complex
secular matrix M is represented in the form [9,10]:

M=M"+ M"Y+ M? + MY
(1
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 re-

spectively. The diagonal matrix M ™ can be pre-
sented as a sum of the independent 1QP contribu-
tions. 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.



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'eo | V(B B,,
B,k)|*. The total width is given by the expres-
sion:

r(nlojl > 2]2 aJ) _K_ZZCJ(ﬁuBz)X

0 BB B,

XC (ﬂlﬁZ)Z BBy B Bx ﬂKﬂ BBy

where the coefﬁc1ents C are in details described,
for example, in Refs. [1-5]. The matrix element of
the relativistic inter-particle interaction

V(rlrj) = exp(iitj v ) (I-aa)lr

2

€)

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

I

B Bos BiBs= (2 i H1N(2 /o +1X(2 5+ 2 jy +1)

x(—1)/1F 2 i3k jatmtmy o
“4)

aj[jz Ja aJX
MMy —imy, |

xQ,(nl jin,l, jyin,l, junslsjs),

e

m, —m,

0,=02"+0; (5)

Here QL? " and Q: is corresponding to the
Coulomb and Breit parts of the interparticle inter-
action (5). The calculating of all matrix elements,
wave functions, Bessel functions etc is reduced to
solving the system of differential equations. The
formulas for the autoionization (Auger) decay
probability include the radial integrals R (okyB),
where one of the functions describes electron in
the continuum state. When calculating this inte-
gral, the correct normalization of the wave func-
tions is very important, namely, they should have
the following asymptotic at r—0:

_2]>%Sin kr+§
e ©

g
cos kr + 5

f} ()Y {‘”

The important aspect of the whole procedure is
an accurate accounting for the exchange-correla-
tion effects. We have used the generalized relativ-
istic Kohn-Sham density functional [33-35] in the
zeroth approximation of relativistic PT; naturally,
the perturbation operator contents the operator
(3) minus the cited Kohn-Sham density func-
tional. Further the wave functions are corrected
by accounting of the first order PT contribution.
Besides, we realize the procedure of optimiza-
tion of relativistic orbitals base. The main idea is
based on using ab initio optimization procedure,
which is reduced to minimization of the gauge
dependent multielectron contribution /mdE  — of
the lowest QED PT corrections to the radiation
widths of atomic levels. According to [35-37], “in
the fourth order of QED PT (the second order of
the atomic PT) there appear the diagrams, whose
contribution to the ImoE , accounts for correla-
tion effects and this contribution is determined by
the electromagnetic potential gauge (the gauge
dependent contribution)”. The accurate proce-
dure for minimization of the functional ImoE
leads to the Dirac-Kohn-Sham-like equations for
the electron density that are numerically solved
by the Runge-Cutta standard method It is very
important to known that the regular realization
of the total scheme allow to get an optimal set
of the 1QP functions and more correct results in
comparison with so called simplified one, which
has been used in Refs. [34-34] and reduced to the
functional minimization using the variation of the
correlation potential parameter b. Other details
can be found in refs.[10-13,16-20,41-74] as well
as description of the “Superatom” and Cowan PC
codes, used in all computing.

3. Results and conclusion

In the Table 1 we present the comparison of
our advanced 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 Senashen-
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ko-Wague, relativistic Hartree-Fock (RHF) meth-
od by Nicolaides-Komninos, R-matrix method
by Hayes-Scott, method of the adiabatic potential
curves by Koyoma-Takafuji-Matsuzawa and Sad-
eghpour, L? technique with the Sturm decompo-
sition by Broad- Gershacher and Moccia-Spizzo,
the Feshbach method by Wu-Xi) and data meas-
urements in laboratories: NIST (NBS; 2SO-MeV
electron synchrotron storage ring (SURF-II )),
Wisconsin Laboratory (Wisconsin Tantalus stor-
age ring), Stanford Synchrotron Radiation Lab-
oratory (SSRL), Berlin electron storage ring
(BESSY), Daresbury Synchrotron Radiation
Source (DSRS) [1,3,5,22-24].

Table 1a
Theoretical data for energy of the AR 3s3p 'P,

(our data with those of other theories)

Method/Data Er (eB) I'/2 (eB)
Our 69.9113 0.1912
ACC 69.8892 0.1891
Diagon. method 69.9096 0.1491
RHF 69.8703 -
APC1 69.8103 -

L? tech. 69.8737 0.1915
Feshbach th. 69.8991 0.1143
K-matrix L? 69.8788 0.1839
PT- Svin 69.9055 0.1854
CR method 69.8722 0.1911
MC HF 69.8703 -
R-matrix 69.8797 0.1796
E:Wisconsin 69.917+0.012 | 0.178%0.012
E: SSRL-1987 |69.917+0.012 | 0.178+0.012
E: BESSY 69.914+0.015 | 0.200+0.020
E: DSRS 69.880+0.022 | 0.180£0.015

Note: ACC- Algebraic close coupling; APC - Adia-
batic potential curves; CR method-method of complex
rotation; DM method — Diagonalization method

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. In Table 2 we present the
resonance energies and widths for the 2p3s,2p3p
resonances in the beryllium spectrum.
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Table 2
The energy position E, width I'of the Be 2p3s,
2p3p resonances (see text)

nl Exp, Exp, Th, Th, Th, Our

WLB |(EMR)| TSB | CHC [KTZM| data
(ME)

3s | 10.889 | 10.93 |10.915|10.63|10.910|10.903
10.71

3p | 531(10) - 606 473 478

The experimental (by Wehlitz-Lukic-Bluett,
WLB; by Mehlman-Balloffet-Esteva, ME; by
Esteva-Mehlman-Balloffet-Romand, EMR) and
alternative theoretical data by Chi-Huang- Cheng
(CHC), Tully-Seaton-Berrington (TSB) and by
Kim- Tayal-Zhou-Manson (KTZM) are taken
from Ref. [4].In whole a detailed analysis shows
quite physically reasonable agreement between
the presented theoretical and experimental re-
sults. But some difference, in our opinion, can
be explained by different accuracy of estimates
of the radial integrals, using the different type
basis’s (different degree of the gauge invariance
performance), degree of accounting for the ex-
change-correlation effects and some other addi-
tional computing approximations.
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ADVANCED RELATIVISTIC APPROACH IN SPECTROSCOPY OF COMPLEX
AUTOIONIZATION RESONANCES IN ATOMIC SPECTRA

Abstract

We present an advanced relativistic approach to to studying autoionization resonances param-
eters in the atomic systems, which is based on an generalized energy approach (Gell-Mann and Low
S-matrix formalism) combined with the relativistic multi-quasiparticle perturbation theory with the
Dirac-Kohn-Sham zeroth approximation and accurate accounting for the exchange-correlation, rela-
tivistic corrections. The optimization of relativistic orbitals base is reduced to minimization of the
gauge dependent multielectron contribution of the lowest QED PT corrections to the radiation widths
of atomic levels, which in their turn leads to the Dirac-Kohn-Sham-like equations for the electron
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density. As illustration of an advanced approach application there are presented the results on energy
and width for the autoionization resonance 3s3p 'P in helium He atom spectrum, namely, 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.

Key words: spectroscopy of autoionization resonances, advanced relativistic approach, helium
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YCOBEPHIEHCTBOBAHHBIN PEJIATUBUCTCKHAM IMTOJXO0 B CHEKTPOCKOIINN
CJIOXKHBIX ABTOMOHU3ALUOHHBIX PE3SOHAHCOB B ATOMHBIX CIIEKTPAX

Pe3rome

B paGote pa3BuBaeTcs yCOBEpIIEHCTBOBAHHBIN PEISTUBUCTCKUH MOIXO/T K U3YUEHHIO [TapaMEeTPOB
aBTOMOHM3AIIMOHHBIX PE30HAHCOB B aTOMHBIX CHCTEMax, KOTOPBI OCHOBBIBAETCS Ha 0OOOIIEHHOM
HHEepPreTUYeCcKoM noaxoae (S-mMarpuuHblid popmanusm ['eui-Manna u Jloy) u peITHBUCTCKOM MHOTO-
YaCTUYHOW Teopuel BO3MYIIEHHUH ¢ HyJaeBbIM npubmmkenueM Jupaka-Kona-11Isma u akkypaTHbIM
Y4ETOM OOMEHHO-KOPPEISIIHOHHBIX, PEISITUBUCTCKUX 3P dekToB. OnTuMusaius 6a3uca pelsTUBUCT-
CKUX OpOuTanei CBOAUTCS K MUHUMHU3AIMH KaJuOPOBOYHO-3aBUCHMOTO MHOTO3JIEKTPOHHOTO BKJIa-
Jla OT 0OMEHHO-KOppeIsHUOHHbIX nonpaBok KOJ[ Teopuu Bo3MylIeHHUH B pagualliOHHbIE IIUPUHBI
aTOMHBIX YPOBHEMH, UTO B CBOIO OYEPE/b, CBOIUTCA K PEIICHUIO CUCTEMBbI YpaBHeHMI Thna Jlupaka-
Komna-IlIama 715t 51€KTpOHHOM IIIOTHOCTH. B KauecTBe MILTFOCTpalMi BO3MOKHOCTEH MPe/IaracMoro
TO/IX0/la TIPUBE/IEHBI aHHBIE 110 SHEPTUM U IIMPHHE aBTOMOHM3AIIMOHHOTO pe3oHaHca 3s3p 'P B
CIEKTpE aroMa rejusl U MPOBEJCHO CPABHEHHE C MMEIOIIMMUCS YKCIIEPUMEHTAIbHBIMU JTAHHBIMUA U
pe3yabTaTaMu IpyTuX TEOpUid, B TOM YHCIIE, METOJIOM KOMIUIEKCHOTO BpalleHHs X0 aaredpanyeckoro
nonxona Wakid-Callaway, merona auaronanusanuu Senashenko-Wague u T.1.
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30ypeHb 3 Hyab0BUM HaOmmxeHHsM Jlipaka-Kona-Illema i akypaTHUM ypaxyBaHHSIM OOMIHHO- KOpe-
JSIMHAX, PeNsSTHUBICTChKUX edekTiB. OnTumizaliis 06a3ucy pensTUBICTCHKHX OopOiTaneil 3BOAUTHCS
710 MiHIMi3awii KaniOpyBaJbHO-3aJIEKHOT0 0araToeIeKTPOHHOTO BKJIALy BiJi OOMiHHO-KOPENSALIHHIX
nornpasok KEJI Teopii 30ypens B pajianiiiHi MHUPUHNA aTOMHUX PiBHIB, 10 B CBOIO YEPTy, 3BOIUTHCS
JI0 BUPILIICHHS CUCTeMU piBHSAHB Tuny Jipaka-Kona-Illema asns enexkTpoHHOT rycTuHH. B sikocTi imio-
CTparii MOXKJIMBOCTEH 3aIpOIIOHOBAHOTO MMiIXOAY HABEJCHI JaHi 110 eHeprii 1 IUpHHI aBTO10HI3aIliii-
HOro pesoHancy 3s3p 'P B crekTpi aroma rejiro i IpoOBeICHO IOPiBHAHHS 3 HAABHUMHU EKCIIEPHMEH-
TaJbHUMU JIAHUMH 1 pe3yJIbTaTaMH 1HIINX TEOPild, B TOMY YMCIIi, METOJJOM KOMILIEKCHOTO 00epTaHHs
Xo, anrebpaiunoro nigxony Wakid-Callaway, metony niaronanizamii Senashenko-Wague 1 T.i.
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THE STUDY OF HETEROGENEOUS SENSITIZED
CRYSTALS OF CADMIUM SULFIDE. PART I ABOUT CHARGE OF THE CENTERS
RECOMBINATION

The photovoltaic properties of CdS crystals with combined alloying have been investigated. An analytical expression
for the dependence of the coefficient of damping of the intensities of exciting and quenching light has been received. For
the first time the concentration of fast recombination centers has been estimated.

Charge status of S- and R-centers has been
calculated. At the same time an exclusive method
of solving the system of equations was created.
Modulation of illumination-current characteris-
tics with infrared light has been demonstrated.

Sensitization of semiconductors can be ob-
served in that case if in the crystal, which already
has effective centers of recombination, enter the
same effective traps for carriers of one of the char-
acters, preferably minor. Then, upon photoexcita-
tion, due to the shortage of appropriate media, the
rate of recombination is significantly reduced and
the photocurrent is increasing.

This effect was first theoretically developed in
the monograph A. Rose, by example, of cadmium
sulfide. With well-chosen parameters, accord-
ing to calculations of the author, the lifetime of
the main carriers could grow up to five orders of
magnitude. The concentration of recombination
and sensitized centers ~ 10'> cm was used. They
are named respectively the 1st and 2nd classes.
The magnitude of the capture cross section for
electrons and holes was taken to be equal

S,.= SllD = S210 =10"sm?;
S, =10%'sm’ (1.1)

The centers of the first class R. Bube called
fast or S-centers (“Speed”), and the centers of the
second class, respectively slow, due to the strong-
ly different capture cross section, or R-centers
(“Recombination”). In the present work, all three
designations (class 1, fast, S-centers) will be used

as synonyms.
124

The simultaneous existence in the sample of
the fast and slow centers in detectable concentra-
tions creates the conditions for effect, reversed to
sensitizing, named infrared (IR) — absorption pho-
tocurrent. Upon excitation of such a crystal with
its own light, and then with the IR illumination,
the photocurrent may be reduced. This is due to
the release of IR photons captured at the centers
of the 2nd class cavities with the corresponding
enhancement of the recombination of majority
carriers. To estimate the damping was introduced
the ratio Q which is equal to the change of the
photocurrent relatively to the original values.

It should be noted that because it is determined
not the current, and its relative (including little)
change, significantly increases the sensitivity of
the method to external influences (light, tempera-
ture, voltage). At the same time decreases the in-
fluence of unavoidable noise. Secondly, due to
the peculiarities of alloying it is possible to cre-
ate a single-chip sensors of different wavelengths,
whereas for the own conductivity of the semicon-
ductor it is not possible. Finally, while it is eas-
ily possible to create a spatially inhomogeneous
sensitive system, it is not feasible on the basis of
isotropic crystals.

Therefore, we chose the effect of infrared
quenching of photocurrent as a research tool. In
our opinion, this approach has several advantages.

First of all, if the investigated crystals suffi-
ciently saturated with S - and R - centers, the dis-
tance between them is small. In this case, holes,
embossed by IR light from the centers of slow



recombination, after only a few broadcasts of the
crystal lattice passed, will be taken to S-centers
and immediately affect on the value of the flow-
ing current. Moreover, if the S - and R-centers
are distributed uniformly, the path length will be
more or less standardized. In a typical situation,
these processes are disguised with a scattering,
accidental captures in traps, unauthorized chan-
nels of recombination, etc.

In addition, the specificity of IR-quenching
allows to independently manipulate both param-
eters current forming their own light, and the in-
tensity and spectral distribution of infrared light,
solely responsible for the release of holes. The
possibilities of infrared quenching allows to se-
lectively use the light in certain wavelengths in-
stead of the whole spectrum.

Finally, the effect of IR-quenching allows to
highlight and to explore the mechanism of emis-
sion of carriers from one particular class of cen-
ters, whereas in the usual case we have to deal
with a whole range of traps, the process of devas-
tation which camouflage each other.

These features of the infrared blanking make it
a sensitive and flexible method of studying the in-
tricacies of the photoexcitation of the non-native
speakers. In addition, the combined effects of the
crystals allowsthe parametric control of the pro-
cesses.

As a support of the semiconductor research
was selected semiconductor single crystal cadmi-
um sulfide. Its advantages are: firstly, high pho-
tosensitivity (fotoresponseis up to seven orders
of magnitude) and comparative ease of applica-
tion of electrical contacts and a significant coef-
ficient of solubility for most legants. Secondly,
the presence of sensitivized R-centers, which is
typical for a relatively narrow class of substances.
Finally, thirdly, it is a wide bandgap semiconduc-
tor (Eg~2,42 eV), that allowed to carry out re-
search in a wide range of wavelengths from 400
to 1600 nm with well-separated four sections —
surface, own, trapping of absorption and IR spec-
tra. In some cases, such crystals are convenient to
use as a model material.

The high sensitivity of cadmium sulfide ac-
counts for 520 nm and corresponds well to the
solar spectrum. This allows to use it not only in

the laboratory but also under natural light to cre-
ate sensors for various purposes.

The aim of this work is the study based on the
effect of IR-quenching of photocurrent of the nu-
ances of the processes occurring upon excitation
of charge carriers from the bound in the conduc-
tive state in the crystals of cadmium sulfide with
an unevenly distributed impurities.

1.1. The dependence of the infrared
quenching from intensities of exciting and
quenching light

The concentration of free carriers normally is
expressed in the population of recombination cen-
ters of 1st and 2nd classes, which themselves vary
at different levels of the exciting and quenching
light. This considerably complicates the calcula-
tions, making them less accurate and, in fact, not
acceptable in practice. The expression for the ex-
plicit form of O(L ;L)) in the literature we could
not find.

While illuminating the crystals only with its
own light with intensity L, the concentration of
free electrons n (e) (when the absorption coeffi-
cient o and light of its own quantum output p) is
given by

ne) =aplr, (1.2)

In (1.2) taken into account that the recombina-
tion is carried out mainly through the S-centers
and, consequently, the life-time 7 , is determined
by this channel.

At sufficiently high intensities of the exciting
light value 7, does not depend on its intensity,
since the difference between the concentrations
of free carriers (n—p), is equal to the change in the
filling of recombination centers, is much less than
the concentration of these centers. So on the chart
of lux-ampere characteristics (LAC)is observed
two sections with different slopes at high and low
intensities of exciting light (tab at Fig. 1.1).

The change of formation mechanism of the
photocurrent and, accordingly, the slope of a plot
of LAC occurs when the number of incident pho-
tons becomes comparable with the concentration
of recombination centers. This is due to the ratio
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of the concentration of incident photons and fast
recombination centers. When the light intensity
is small, the number of absorbed photons, and
hence the number of exempt carriers is less than
the concentration of fast recombination centers. In
this situation they can effectively contribute to the
recombination of electrons and holes. For a large
light fluxes, the number of photoexcited carriers
is larger than the number of centers where they
could recombine. S-centers can not cope with in-
creasing concentration of free electrons and holes
and the recombination rate is limited only by the
throughput capacity of the centers, regardless of
the total number of carriers. The situation is stabi-
lizing. If so, then the inflection point on the LAC
(in our case L, = 3,2 Ix) can be estimated by order
of magnitude the concentration of S-centers.

The mechanical equivalent of light A= 0.0016
and a photon energy equal to the width of forbid-
den zone of CdS E{g = 2,42 ¢V, we obtain the num-
ber of photons N= Log/Eg =0f2.88°10" s' m? in
the used light flux. In a typical specimen dimen-
sions 1x1x1,2 mm from this thread on its front
surface we have N=3,46"10" s of photons. They
are all absorbed in the crystal volume of 1.2-10
sm’. Therefore, the volume concentration of the
recombination centers N is equal to the number of
photons evenly distributed in this volume, will be
N =2,88:10"sm™. The obtained value of 3-10'"
sm[1,2,3], we consider as the lower limit of the
doping impurity recombination. Because of the
capture cross section for holes at the centers of
the 1st and 2nd classes differs by five orders of
magnitude, then about as many different of rates
of recombination on them. Therefore, it can be ar-
gued that the value almost entirely refers to the
concentration of fast recombination centers. Note
that this value Rose A. operates without any jus-
tification.

The proposed method is innovative. Up to the
present time for S-centers was determined with
cross-section grips and, with certain reservations,
the energy of activation. In any case, the zone
charts show these levels closer to the conduction
band. The question of their concentrations re-
mained open.

When you turn on infrared light with corre-
sponding energy redistribution of the holes oc-
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curs, and hence the rate of recombination through
the centers of I-st and II-d class changes.
Recombination throw the R - centers is getting
even less, and throw the S - centers increases.

Therefore, the formula f = ¢, remains valid.

In each act of recombination interacts with one
carrier of both signs, so the rate of recombination
of electrons and holes to the same level are equal

q,, =4, . Then you can write
f=4q,,

, _p+adp

rl

(1.3)

where (1.4)

nl
It is considered that under the action of infra-
red light, the concentration of holes at the centers

of the second class decreased with 0P and in-
creased respectively at the same concentration of
holes in the valence band.

If in the unit of time the quantum of quenching
light L, drops on the crystal, then in unit of vol-
ume will be absorbed a’- L quantums, where a’
- 1s the fraction of the slow recombination centers
which was interected with light. Hence the addi-
tive in the concentration of free holes

p=a'-L, tp, (1.5)
where Ty is the lifetime of free carriers. Since the
recombination of the holes also is mainly carried
out through the S - centers, use

op=a'-Lr, (1.6)

For large excitation level with its own light
p=n and the expression (1.3) with (1.4) and (1.5)
takes the form

a-L (1.7)

n
=" +a' L,
e

Tpl

n,, = (a-Le —a'~Lq)-rp1

(1.8)

Formula (1.8) describes the dependence of the
concentration of free electrons from the concur-
rent intensities of exciting and quenching light.

If the intensity of infrared light is not very big,

then Op <p,, . Population density in the holes of



the R-centers does not change very much, and the
value T, does not depend from the infrared light.
Expressions (1.2) and (1.8) allow to obtain the
dependence of IR-quenching from intensities of
used light fluxes [4]:
Lo ~Lieq _ Mo ~Mew
0= I o -

al,t,~(aLe-a'"Lg) 7,

1) © a-Let,

or after transformations:

Q(Lq;Le):Kl—i}ﬁ-(ﬁ,-ﬁﬂ-m% (1.9)
T L \a 7,

nl e

Formula (1.9) shows the dependence of the
optical quenching from the intensities of exciting
and quenching light. It should be noted that this
relation is valid for small intensities of quenching
light and for high levels of photoexcitation, when
you can not take into account the change of popu-
lations of recombination centers.

The total experimental results of the behavior
of the coefficient of quenchingQwith the change of
quantities of the light fluxes are shown at Fig. 1.1.

As a reference for them to take the curve 2,
measured at the same intensities of its own and
quenching lights, as in the case 1.1a and case
1.1b. On the left part of figure 1.1a, is shown how
the value changes upon variation of the excitation
light at a constant quenching. At Fig.1.1b, on the
contrary, a reference curve was fixed the inten-
sity of the excitation light and was changing of
quenching light.

All graphs on Fig.1.1 received in steady-state
conditions. In each point was kept sufficiently
long relaxation (up to 20 minutes) to avoid the
processes described in [5,6,7]. Relaxation char-
acteristics of crystals will be discussed in part II.

First of all, note that any combinations of the
intensities of short-wave maximum (Fig.1.1) was
far below than long-wave [3,8]. This is due to
thermal swap for the captured carriers. Due to the
absorption of the phonon, one part of the holes
from basic R-level moves to an excited R’. And
the population of these levels with holes identi-
fies relevant peaks. For this reason, as can be seen
from figures (1.1a, b), to changes in the intensities
of each light, the more sensitive is the first maxi-
mum (short-wave).

As can be seen from Fig. 1.1b, the smaller the
intensity of the quenching light, L, = const the
smaller is the value QO . Moreover, for smaller in-
tensities of the self-excitation it was manifested
brighter. Experimentally was managed to create a
situation when shortwave maximum disappeared
completely [9,10].
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Fig. 1.1. The dependence of the value of quench-

ing from the intensities of used light. a) L, = const,

L >L_,>L_;b)L =const, qu>Lq2>Lq3 .The experi-

mental points are not plotted in order not to clutter
the drawing.

At the same time, with the same intensity of
quenching light (see Fig.1.1 a), with decreasing
excitation L, the value of the coefficient of
quenching increases. Moreover, this increase we
saw more if used intensities L were negligible.

These experimental behaviors QO (L, L J/
confirm the validity of formula (1.9).

1.2. Critical modes of lighting crystals with
infrared quenching of photocurrent

Formula (1.9) shows the dependence of the
optical quenching from the intensities of exciting
L, and quenching light L.1t should be noted that
this relation is valid for relatively low intensities of
quenching light and high levels of photoexcitation,
when you can not take into account the change of
populations of recombination centers.

As a rule, if the effect of the quenching of
the photocurrent is clearly distinguishable, in all
combinations of the intensities the short-wave
maximum quenching (1080-1100 nm) was far
below that long-wave (1380-1400 nm). This is
due to thermal swap for the captured carriers.
Due to the absorption of phonons, the part of
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holes from the basic R-level, moves to an excited R’
(discussed in part III). And the population of these
levels with holes identifies the relevant peaks. For
this reason, for the changes of the intensities of each
light the more sensitive is the first maximum (high).

Among the restrictions imposed in the
derivation of formula (1.9), was that all holes,
embossed by light levels R — R’ remain in the
valence band and enhance the capture on S-centers.
Generally speaking, this is incorrect. The capture
of cross section of holes S - and R-centers are
equal. However, just photoexited hole spatially is
near R-centre and probably will be again captured
[8]. Similar, probably multiple, oscillations did
not occur at fixed external parameters and lead
to useless absorption of photons of infrared light.
It is obvious that this process can camouflage the
dependence of the intensity of the infrared light.
More this effect will be discussed in part II.

Under the critical light levels, as exciting
and quenching light, we will understand these
light beams, when on the spectral distribution of
coefficient of quenching are not only mentioned
in section 1.1 quantitative change, but there is a
quality changes[10].

As was noted above that because of the growth
of intensity of self-excitation and reducing of the
flow of infrared radiation the value of quenching
in accordance with the formula (1.9) decreases.
When a critical ratio of these intensities, it is
possible when on the curve of spectral distribution
Q(7) completely disappears shortwave maximum,
then the long-wave still is present. Formula (1.9)
for this case is not applicable because violation of
tolerance limits aremade at its conclusion.

The processes in this case can be explained
as follows. The smaller the value Lq, the less
infrared photons knock out holes from R-centers.
Accordingly, fewer of them come to the fast
recombination centers and the decline of majority
carriers — electrons becomes less. It is this relative
reduction estimates (using current) the value of the
coefficient Q. The greater the intensity of its own
light and, accordingly, the initial concentration of
free electrons, the less is noticeable their decrease
in recombination. First and foremost, from graphic
is disappearing shortwave maximum Q(4), as it
relates to the liberation of holes from the basic state
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of R-centers, where the concentration of charge is
less because of thermal pumping to R’- states.

The reverse situation (see Fig. 1.2) — maximum
flow of infrared light and extremely high levels
of self-photoexcitation — we observed not previ-
ously described in the literature, the phenomenon
of the disappearance of the long-wave maximum
quenching of the photocurrent (1380 — 1400 nm),
whereas shortwave maximum Q(4) in the region
of 1080 — 1100 nm was still remained.

The limit levels of exposure were determined
by the capabilities of the experimental unit. In the
area of maximum photosensitivity of the sample
(520 — 530 nm) intensity of monochromatic light
provided the illumination of order 5 — 6 Ix.

In our case, the determining impact provide the
mechanisms of formation of maximums Q(4) by
themselves. For the reasons that were described
above, due to the redistribution of the concentra-
tion of trapped holes, the shortwave maximum
of quenching (~ 1100 nm) lower than the wave-
length must to disappear first in suboptimal ratio
of the intensities of clipping.

Abnormal view of curve Q(4) with a miss-
ing long-wavelength maximum (~ 1380 nm),
we explain in the following way. In accordance
with the formula (1.9) the value of coefficient O
does not depend on the intensity L _and on result
L qﬁ , including the value of the quantum yield.
The authors [3] have noted that for some ratios
of intensities of light fluxes, the magnitude of
the quantum yield for infrared radiation in the
samples with R-centers can quickly decrease. Ex-
perimentally were recorded the values of the or-
der $°=0,026+0,072 [8]. At such small values the
decrease of f’ can be decisive even at relatively
high values of Lq in the numerator of (1.9).

To explain the dependence of Q(4) for this case
we propose the following mechanism. When we
are illuminating by light with a wavelength corre-
sponding to the activation energy of R’ - centers,
the number of seats available to them increases.
In this case the outflow of thermally excited holes
from R-levels should increase. In turn, this leads
to an increasing of seats available at those levels.
As a result, the repeated captures of holes to R’
centers are increasing, and the quantum yield for
infrared radiation is even lower.



Note that the described effect, obviously, can
be carried out for each set temperature only in a
narrow range of ratios between the existing con-
centration of R-centers and used its own intensity
of light and infrared radiation. Analysis is easier
to carry out under the condition when only the
intensity of light of its own relatively changes ac-
cording to the other three fixed parameters.

If your exiting is too great, in the V-zone is
a large number of free holes. Additional charge,
embossed by IR-radiation from R-centers, can not
significantly change their concentration, and thus
the flowing current.

Besides, R-centers are heavily populated by
holes (probably, evenp =N, p =N ). Relatively
small changes caused by IR photons are not able
to affect the existing ratio of concentration of the
charges on the centers. Moreover, the resulting
empty spaces will be filled with holes from the
valence band.

On the contrary, if the intensity of its own light
is not large enough concentration of localized
holes at the centers of class II will be lowal. In
this case, before the activation of the IR light on
the R-centers are a significant number of places
with blank holes. The appearance of IR excita-
tion can not make any noticeable changes in their
number, and hence the balance of processes of
capture-emptying.

Held arguments correspond to movement along
the line AB schematic figure 2. Area 1 at Fig. 1.2
is the magnitude of the intensities when the stan-
dard mechanism of A.Roseis. In such conditions
were starred family of graphs Q(4) Fig.1.1, and
such light fluxes obtained formula (1.9).

Its output was simplify by demanding condi-
tions L>L (4], i.e. when a significant number
of photons as their own get on the sample, and
infrared light, and quenching - more. For this rea-
son, in region 2 Fig.1.2 the formula (1.9) are not
applicable.

The effect of quenching may not be imple-
mented here immediately for three reasons:

I. First, when there is small own excitation
(L,—0) the number of pairs of free nonequilib-
rium carriers is less than can recombine via S-
centers;

II. Second, minor activation of holes from R-
centers (Lq—>0) is almost completely masked by

the processes of dissipation, captures in traps, etc.
These holes practically do not reach S centers;

III. Finally, the small number of extra holes
that reach the centers of quick recombination,
causing a slight decline of majority carriers —
electrons — and, therefore, virtually do not impact
on the change of the photocurrent.

Lg

Fig. 1.2.Field of possible ratio of the intensities of

exciting and quenching light; 1 —region of existence

of the effect of IR-quenching of photocurrent; 2 —

the area of intensity when extinction does not occur;

3 — area where you may watch the abnormal effect

of quenching. Unpainted areas are transitional
between these regions.

Forcompleteness, wewillholdtheconsideration
in which area 3 Fig. 1.2 can be accessed along
the line CB. That is, when extremely high level of
self-excitation is recorded and the infrared flow
gradually increases.

For small values of L, quenching does not
occur in virtue of the third condition for region
2. When averages quuenching although appears,
but slightly. This corresponds to the limit
situation of the region 1 Fig 1.2. Finally, for large
intensities, comes into force the mechanism of the
anomalous absorption, described above.

The maximums of quenching dependence
O(7) behave differently. The short wavelength
peak in the 1100 nm may increase at the expense
of complete emptying of the ground state of
R-centers. Long-waved infrared (1400 nm region)
cannotappear evenunder these conditions because
of the low value of quantum yield. Photoexited
ones from R’-states of the hole remain in the area
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of R-centers at the expense of repeated seizures
and does not contribute to recombination at the
S-centers.

Thus, the peculiarities of interaction of
infrared radiation with the centers of class II
impose limitations on the applicability of the
expression Q(L,, L q), and the relative magnitude
of the maxima of the extinction.

2.1. About charge state of the centers of slow
and fast recombination

Model of infrared quenching of photocurrent
Bube-Rose based on the existence in the crystal
the recombination centers of the two classes.

R-centers are external impurity in the sample,
most likely copper in the cadmium sublattice. To
get to the crystal this impurity can only in the neu-
tral charge state. If this is a trap for holes, then
it has two states: neutral and positively charged
after the capture of holes. It also points to the cap-
ture cross section for holes 10" sm?. Such values
of cross sections are typical up for grabs in a neu-
tral trap.

However, the capture cross section for elec-
tron — 10! sm? is the usual for grabs in a repul-
sive center. At the moment of electron capture,
the center is already charged negatively. In this
case, it is the acceptor. He gave the hole and is
charged negatively. For holes it is the attractive
center now and should have a corresponding cap-
ture cross section ~10-'2 sm?, what is not observed
experimentally. On the contrary, it is established
that R-centers after the capture of an electron does
not possess a repulsive Coulomb barrier. These
are singly charged acceptors and the electron cap-
ture occurs with a neutral center.

For holes found that with decreasing temper-
ature the possibility of internal transfer of these
carriersdecreasesin the R-centers, what is very
unusual to capture at the charged centre, besides
having a system of intermediate states.

Thus, there is a contradiction — there are argu-
ments that the R-centers are either in the neutral
and positively charged or neutral and negatively
charged, both could not be madeat the same time.
We have to assume that these states alternate, with
the presence of at least one intermediate stage. A
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simple scheme, when a neutral acceptor would
give a hole, and then captured electron with the
subsequent recombination of it with the new spare
hole, would require that at the final stage the hole
was captured on a doubly negatively charged cen-
ter, what is also not observedin the experiment.
Note that it is possible that the ensemble of R-
centers consists of several groups: it may be cop-
per in the cadmium sublattice of Cu, or nega-
tively charged center of the silver in the cadmium

sublattice Ag_,, or even a complex neutral con-

glomerate of charged sulfur vacancies of sulfur
and cadmium (V" +V3).

As for the S-centers, data on their charge state
do not exist to the present time. Make any reason-
able assumptions based on a simple analysis of
the capture cross section for electrons and holes
is impossible. It is the equality of these cross sec-
tions in a model A. Rose is doing these centers
an effective channel of recombination. But in this
case, if in initial state, these centers were neutral,
then after the hole capture, they become positively
charged. With equal probability, after the capture
of an electron, they acquire a negative charge.

A. Rose model does not consider the order of
the carrier capture on S-centers. In literature data
about the scenario of these processes is not af-
fected. Of the characteristics of the field drift of
the centers of quick recombination at a known
applied voltage polarity concluded that they are
positively charged. For a long time the samples
were kept under conditions of the applied field.
Then were measured local probe characteristics
of tactile sensing. It was discovered, the enhance-
ment of IR-quenching of photocurrent in the near-
cathode region.

At the same time centers of quick recombina-
tion are attributed to the properties of electronic
traps. In this case, they can be either neutral or
carry a negative charge. The question remains
open and requires further study.

We attempt to resolve some of these incorrect-
ness [11].

The interaction of charge carriers with local
centers in a two-level model of recombination
Bube-Rose is described by the equations:



S, vpn :Splvnlp @.1)
Sn2vp2n = Sp2vn2p (22)

f

n :f’l‘n =
Snlvpl + Sn2vp2

(2.3)

Here S, -are the corresponding capture cross-
sections of electrons and holes at the centers of
the first and second classes; p, n — concentrations
of free charge; v — speed of thermal motion; p,,
p,, n,, n, — concentrations of electrons and holes
captured in the centers of fast and slow recom-
bination, f — the intensity of the photoexcitation;
T - is the lifetime of the main carriers.

The first two of these equations represent the
equality of the rate of capture of holes and elec-
trons respectively in S - and R-levels, the third
is the condition of non-accumulation of charge.
This assumes that the sample is sufficiently high
resistance, and the intensity of the light, and with
it the intensity of the photoexcitation is sufficient-
ly large. Under these conditions, concentrations,
which are included in the equations (2.1)-(2.3)
are non-equilibrium carriers, and the lifetime of
the main carriers obeys the expression (2.3).

The number of variables in the formulas (2.1)
—(2.3) can be reduced given the fact that for large
photoexcitation intensities, the number of free
charge carriers is comparable or higher than the
concentration of recombination centers. An idle
trapsare not left. Since the recombination center,
by its nature, may be occupied either by an elec-
tron or a hole, then is true

n,=N,-p, 2.4)
n,=N,-p, (2.5)

where N, and N, — total concentration of S - and
R-centers, respectively.

To solve the system of equations (2.1) — (2.5)
should be closed by the condition of electroneu-
trality. It’s kind depends on the allowed charge
states of the centers of the I-st and II-d classes.
There are four possible options:

If R-centers are charged positively, the equa-
tion of electroneutrality is representable for posi-

tively charged S-centers

n=p+tp tp,, (2.6a)
or for negative S-centers
n+n,=p +p, (2.7)

Taking into account (2.4) the expression (2.7)
can be rewritten as

n=p+p,+p,-N, (2.6b)

If R-centers are charged negatively, the cor-
responding electroneutrality conditions will have
the form for positively charged S-centers

n +n2=p +p1, (2.8)
for negatively charged S-centers
n+n,+tn =p. (2.9)

Taking into account (2.4) the expression (2.8)
becomes

n=p+p,+p,-N, (2.6¢)

And taking into account (2.5) and (2.6) the ex-
pression (2.9) takes the form

n=p+p,+p,-N,-N, (2.6d)

For convenience, the condition of electroneu-
trality for all possible cases collected in table 2.1.

Without going into details of the processes,
we have carried out calculations for all four sys-
tems of equations (2.6a,b,c,d) so (2.1) — (2.3) with
(2.4), (2.5).

Unknown are n, p, p, and p,. Since the system
of four linear equations are with four unknowns,
all of them have solutions, and these solutions are
single-valued and unique.

The case of negatively charged R-centers
It was found that for negatively charged R-

centers the studied system of equations has no
positive solutions when you use the equation of
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electroneutrality in the form of (2.6b) and (2.6d).

For example, when negatively charged levels
of the second class and the positively charged
centers of the first class, in terms of

f=10sm7 s’ ;N* = N,;= 10" sm?,
the system of equations (2.1)-(2.3),(12.6d) has
the solution [12]:

n= — 1,005 x10 sm?; p=4,988 %107 sm;
p~=—4963 x10"sm?; p,= —4,987x10"> sm>.The
error function (see below) in this case was F =
0,0000077.

I.e. negative concentrations appear. This
means that under the current model, the centers
of slow recombination of negative charge can not
bear. This conclusion is in good agreement with
the value of the capture cross section for holes on
these centers. The question of how the value of
capture cross sections for electrons form for them
remains open.

Table 2.1

Four variations of the charge States of R - and

S-centers
Local levels R-centers
charge + —

n=p+tp tp: n=p+tp tp:-N;
S-centers + (2.6a) (2.8) = (2.6¢)

n=p+tp +p n=p+pr+p;-Ni-

-N; N
(2.7) - (2.6b) (2.9) - (2.6d)

Case of positively charged R-centers

For positively charged R-centers and positive-
ly charged S-centers, the working system of equa-
tions after transformation has the form:

mp,=p (N, ~p) (2.10)
np,=Ap (N,-p,) (2.11)

B =Anp, +np, (2.12)
n=p+p,+p, , (2.13)

S
where 4= —£22= 105, Bzi.ln all cases the
AT

nl
value v was equal 10sm/s.
Parameters in the system of equations (2.10) —
(2.13)are N, N, and /. Each of these variables can
take values from a wide range of numbers from
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10" to 10'. Therefore, we used the following
tactics: concentration of S-centers fixed at the
level of 10'"sm?, regarding it as the argument
value N has changed from 10'to 10'° sm”. The
system of equations was solved several times for
different levels of photoexcitation /~10"; 10'%;
10" sm>s?! (i.e. less, equal to, and a lot more
than fixed concentration of fast recombination
centers). The asymmetry of the spread of selected
values of f with respect to N, is due to the fact
that the original system of equations (2.1)—(2.3) is
written for large levels of photoexcitation.
From equation (2.12)

B
p,=— —Ap, . (2.14)
n
From equation (2.10)
np,
p= . (2.15)
Nl - D
Dividing (2.10) by (2.11) we get
p_ N-p
B e e— (2.16)
p, AN,-p)
from where
AN,p,
= —— 2.17
& N, +p(4-1) 217
Joint solution of (2.8) and (2.5) gives
B BN,
pIZA(A-]) +p1[A(N2 +N1) - ; (A-1)]- n =0.

The solution of this quadratic equation has the
form

_D+[D*+44(4-D( BN, ]%
n

b= (2.18)

2A(A-1)
in which
B
D= [A(N,+N) -; (4-1)].

The “—* sign before the root in (2.18) is
discarded because it leads to p,<0.



Equation (2.14),(2.15),(2.18) after substitution
in (2.13) provide an equation with one unknown
variable - n(N,):

N, 1~ P
in which, for the sake of saving accounts the
value of p, have not been painted, in accordance
with the formula (2.18).

It is obvious that the resulting expressions are
too cumbersome for analysis. Since after substi-
tuting for p (n) structure of the expression (2.19)

B
n -p(4-1) + ;, (2.19)

has the form f,(n+ l) =fn + 1 )%, finally, one
should expect the d§uations of df least fourth de-
gree relative to n. Moreover, the coefficients in
this equation may vary up to 15 orders of magni-
tude. That is the complexity of solving the given
system of equations is probably the reason why
such analysis was not previously done.

Us an algebraic way to solve the system of
equations (2.10) — (2.13) were discarded, and in-
stead applied such an artificial technique.

The value of # is set arbitrarily. In accordance
with the equation (2.18) is determined by the val-
ue p,. Knowing it and n, the formulas (2.14) and
(2.15) are determined by the numerical value of
P, and p. Then all four numbers are substituted in
the original system of equations, and determines
the error function [see (2.10) - (2.13)]

po PN =p)  Ap(Ny=p)  Ampitnp,  prpitp,
npl an B n
(2.20)

Remains, fingering n, to minimize the error
function. Four introduced into the formula (2.20)
to the exact solution correspond to a value of F
which is equal to zero.

The peculiarity of function (2.20) is that it uses
not the traditional difference of the left and right
parts of the corresponding equations, and the
quotient of their division. This is due to the fact
that in the first three equations of system (2.10)
— (2.13) are the products of the concentrations.
In this case, the difference of the left and right
side of equation (2.13) will be much smaller (up
to 15 orders of magnitude)than the remaining

contributions to the error function, being at the
level of machine zero. Namely, in this equation
the characteristics of the charge state of the local
centers are inherent. In addition, this approach
eliminates the need to do the sign of the error
in each of the equations. The advantage of the
proposed method is in the simultaneous receipt of
all the unknown quantities.

107 — ! 1

10 |

107 —

e r 1;

Fig. 2.1. The change of the lifetime of electrons when

the concentration of R-centers for levels of photoex-

citation: 1 — 10,2 — 10" and 3— 10" sm3s"'. A — the

calculation was performed for positive, B - for nega-
tively charged centers of first grade.

The value of tactile sensing, we evaluated ac-
cording to the change of the lifetime of the main
carriers, the value of which had counted the fill
level hole centers of the I-st and II-d classes:
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1
S PV+S,,0,v

T, = (2.21)

The results of the calculations [12,13] are
shown in Fig.2.1A. It is seen that if the centers
of both classes are positively charged, respon-
sivity starts at the concentration of R-centers by
about two orders of magnitude below than the
concentration of S-centers. Regardless of the
level of photoexcitation the value of the lifetime
increases by about two orders of magnitude in the
case when the concentration of R-centers also in-
creases by two orders of magnitude higher than
the concentration of S-centers.

The dotted line in Fig. 2.1 shows the concen-
tration of S-centers. As a result of the problem
solution at our disposal is just as the concentra-
tion -N, and the concentration of holes in centers
of quick recombination — p , it is possible to de-
termine directly the proportion of centers that
captured positive charge. Depending on the light-

ing conditions f and the concentration of centers

N,, value L is amounted to 1-3 % . And even
1

such S-centers in accordance with Fig. 1.1 can
provide an increase in 7, only several orders of
magnitude. This is a weak and ineffective channel
of tactile sensing. Nevertheless, it exists and is
able to make some adjustments to the painting
processes. Especially on the lower border of the
governing parameters — at low levels of photo-
excitation and low concentrations of the centers
of the II-d-class — when the mechanism of tactile
sensitizing of A. Rose (see Fig.2.1) are not yet
included.

For the case of “positively charged R-centers
— negatively charged S-centers” the defining
system of equations in accordance with (2.10) —
(2.12), (2.6d) has the form

np,=p(N,~-p) (2.22)
np,=Ap (N,-p,) (2.23)

B = Anp, +np, (2.24)
n=p+p,+p,-N, (2.25)
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From equations (2.10) — (2.13) they formally
differ only in the last term in the fourth equation.
However, the result is thus radically different.

Note the additional difficulty posed by the fact
that the area N, = N, the decision was stochas-
tic - by changing the concentration in the second
decimal place the value of lifetime was changed
to five orders of magnitude (see Fig.2.1b). It had
to take into account when choosing the step with
which the calculations were increased and the
concentration of centers of the second class.

The method of calculation was used the same
as that which is described above. The results are
shown at Fig. 2.1b. As experimentally quite well
established, that in the sensitized cadmium sul-
fide lifetime of majority carriers changes by 4 — 5
orders of magnitude, from the comparison of fig-
ures 2.1a and 2.1b it follows that such a change
can only be the case if the levels of the Ist class
are negatively charged — are nonequilibrium elec-
trons which are captured by neutral centers. The
equation of electroneutrality is given by (2.6b).

Note that a significant sensitizing should be
expected only for relatively small levels of ex-
posure. With the increasing intensity of the pho-
toexcitation of the upper part of the graph when
N, » N, is downward sloping, whereas the lower
part under the N, « N,, moves towards it. As a
result, the jump in the value of the lifetime after
tactile sensitizing is a lot less. The effect of tactile
sensitizing is concealed. This receives a natural
explanation if we consider that at high rates of
photoexcitation the carrier concentration is high.
Introduction of the sensitized impurities of the
same concentration is not able to increase it sig-
nificantly.

In addition, it was found that the system of
equations (2.1) — (2.3) — plus one of the conditions
of electroneutrality (see table 2.1) are very sensi-
tive to the last term in (2.6a) — (2.6d). Value when
the system has physically meaningful solutions,
1.e. when the principal features of the quenching
appear, is about the order of 10'> sm=. This can be
a value of concentration N, in the formula (2.6b)
or N, in the formula (2.6b), or their sum N, + N,
in the formula (2.6d) (see table 2.1). Note that the



order of magnitude was applied by A. Rose with-
out comment. Because the description of tactile
sensitizing was performed polyfermenticus and
the condition of electroneutrality does not apply,
there is a problem with the fetishization of that
number. As a result of our consideration, was re-
vealed the special properties of concentrations of
centers of fast and slow recombination.

In the field of used values of the intensities of
photoexcitation at a concentration of recombina-
tion centers is less than 10'> sm™ tactile sensitizing
does not occur at all. When this limit is reached
(first column, first row of the table 2.1) sensitizing
is possible, but happens only slightly (Fig.2.1a),
and the number of centers which are able to par-
ticipate in this process plays the decisive role. At
concentrations that significantly exceed the limit
of 10" sm™ for negative R-centers, the solution of
the system of equations is formally generally falls
into negative area, which has no physical mean-
ing (second column of the table 2.1). In a nar-
row region on the border of these concentrations
probably an avalanche-like increase of the life-
time (Fig.2.1b). But only for positively charged
R-centers and negatively charged S-centers (sec-
ond line, first column of the table 2.1).

The obtained results remove the existing con-
tradictions. Properties of the S-centers are such
that, while they are in the neutral state, they are
able to capture an electron and a hole with the
same capture cross section of 1071° sm?. As aresult,
the crystal are negatively and positively charged
centers of the first class. However, since the ma-
terial used is n-type, the mere predominance of
electrons provides a more frequent seizures, and
sensitizing occurs mainly according to the sce-
nario in Fig.2.1b. The percentage ratio between
the positively and negatively charged S-centers
obtained for the first time. Perhaps this indicates
that, analogous to a second class, the fast recom-
bination centers also consist of several types.

2.2. Modulation of LAC type with infrared light

View of figures 2.1a and 2.1b allows to predict
lux-ampere dependence for both channels, tactile
sensitizing. For fixed values of concentrations of
centers of N, and N, in the case when the process

involves positively charged S — centers (Fig.2.1a),
the increase of intensity of photoexcitation causes
approximately the same decrease in the lifetime.
This should facilitate the formation of a more or
less linear LAC.

Similarly, for negatively charged S — centers
(Fig.2.1b), after tactile sensitizing (right of dotted
line), with increasing levels of photoexcitation,
the lifetime was decreased. The product of these
quantities n = f'z remains approximately the
same order of magnitude. In these circumstances
we should expect lux-ampere dependence is close
to linear, we indeed found experimentally [4].

In the bottom of the graph Fig.2.1b, in region
N, « N, when sensitizing has not yet occurred, the
lifetime increases with the intensity of photoexci-
tation. This should result converges lux-ampere
characteristic. Change the formation mechanism
of the LAC is further evidence of the prevalence
in the crystal’s centers, which have captured neg-
ative charge in compare with positively charged.

Such change of LAC is difficult to observe in
dependence on the concentration of R-centers ex-
perimentally, because you will need very similar
samples with different levels of doping or single
crystal with sequentially adding in an admixture.
Both ways are difficult to implement. In the first
case, prevents the natural spread of parameters of
crystals even grown in the same batch. And the
second additive doping inevitably changes the
previous distribution, we introduce impurities
and properties are already made by other impuri-
ties (in our case at least, the S-centers). Crystal
becomes inadequate.

However, it is possible to do otherwise [12,13].
If the intensity of infrared light is such that the
number of incident photons is comparable and
slightly lower concentration of R-centers, the
light becomes modulating. The quantum of infra-
red radiation, absorbed on the centers of slow re-
combination, is inhibit for the population of their
holes. As a result of effective concentration of
R-centers, which are really involved in the pro-
cess of tactile sensitizing becomes less. The share
of such centers for the same crystal is the smaller,
the greater the intensity of IR light, which impact-
ed the crystal.
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Figure 2.2 shows a family of lux-ampere char-
acteristics when excited by their own light (A=520
nm) of the crystal CdS with obviously present the
effect of IR-quenching of photocurrent. As the
parameter, was changed the intensity of the infra-
red light. Since the processes of tactile sensitizing
can be superimposed on the influence of excited
states of R-centers, applied a multiplier range of
wavelengths from 900 to 1400 nm. High light was
monochromatic.

As can be seen from the figure 2.2, the effect
of infrared light reduces the absolute value of the
photocurrent (infrared quenching), but increases
the degree of nonlinearity of the graph. For ease
of comparison, the inset presents the dependence
of the following values for the two extreme cases
-off IR illumination (curve “a” corresponds to the
curve 1 Fig.2.2) and the largest intensity of the
additional infrared light (curve b corresponds to
curve 3 in Fig.2.2).

I mA
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Fig. 2.2. The change of the photocurrent in the
combined excitation with IR light:
1-0;2-3,010°;3-1,4-102 Ix.

As originally effect of modulation of type LAC
with infrared light requires the condition N »N , it
can not be carried out for all crystals. However, if
the phenomenon of the change of the lux-ampere
characteristics from linear to converges which is
not marked by A. Rose, after all is observed, it can
serve as a good criterion of held tactile sensitiz-
ing of the sample, bypassing the estimation of the
lifetime of carriers.
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N. S. Simanovych, Ye. V. Brytavskyi, M. I. Kutalova, V. A. Borshchak, Y. N. Karakis

THE STUDY OF HETEROGENEOUS SENSITIZED
CRYSTALS OF CADMIUM SULFIDE. PART I. ABOUT CHARGE OF THE
CENTERS RECOMBINATION

Summary

The photovoltaic properties of CdS crystals with combined alloying have been investigated. An
analytical expression for the dependence of the coefficient of damping of the intensities of exciting
and quenching light has been received. For the first time the concentration of fast recombination cen-
ters has been estimated.

The charge state of S - and R- centersis expected. The exclusive method of decision of the system
of equalizations is thus created. Modulation of LAC is shown by IR light.

Key words: oefficient of damping, CdS, IR light.
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JOCJII)KEHHSI HEOJIHOPITHO 34YBCTBJEHHUX KPUCTAJIIB
CYJIb®IIY KAJAMISA. YACTUHA 1. ITPO 3APSIJIOBUM CTAH IIEHTPIB
PEKOMBIHAIIIL

Pe3rome
Hocmimkeni ¢dotoenekrpuyHi BracTHBOCTI KpucTamiB CdS 3 KoMOIHOBaHWM JIETyBaHHSM.
OTpuMaHO aHATITUYHUIN BHpa3 IS 3aJIEKHOCTI KOedIIieHTa TaCiHHSA OT IHTEHCUBHOCTEH 30y/IKyI0-
IIETO 1 racsImero cBitTia. Briepiie omiHeHa KOHIIEHTpAITis IIEHTPIB MBHUAKOT peKOMOiHaIIii.
Po3paxoBan 3apsimoBuii ctan S- 1 R-nieHTpiB. [Ipu 11b0My CTBOPEHO €KCKIIO3MBHUN METOJ BUPI-
IIEHHSI CUCTEMU PiBHAHB. [IponemoncTpoBana Moy JIAX iHppadepBOHUM CBITIIOM.
KurouoBi ciioBa: xoedirieHT racinus, cynbdia Kaamito, iHPpadepBOHE CBITIO.

VYIK 621.315.592

H. C. Cumanosuy, E. /[. Bpumasckuu, M. U. Kymanosa, B. A. bopwaxk, IO. H. Kapaxuc

UCCJEJOBAHUE HEOJHOPOIHO OYYBCTBJEHHBIX
KPUCTAJIJIOB CYJIb®UJA KAJIMUS. HACTD 1. O 3APA1OBOM COCTOSAHUN
HEHTPOB PEKOMBUHAIIU

Pe3srome

HccnenoBanbl GoToieKTpuyeckue cBoicTBa KpuctauioB CdS ¢ KoMOMHUPOBAaHHBIM JIETHPOBA-
HueM. [lomyyeHo aHanmUTHYECKOE BhIpaXKEHUE JUIs 3aBUCUMOCTH KO3(UILIMEeHTa rameHust OT HHTEH-
CHUBHOCTEH BO30Y>KIAOIIET0 U racsilero ceera. Briepsbie olleHeHa KOHIIEHTPAIMs HEHTPOB OBICTPOit
PEKOMOHMHAIINH.

Paccuurano 3apsiioBoe coctosiuue S- v R-1ieHTpoB. Ilpu 3TOM co3naH 3KCKITIO3UBHBIN METOJ pe-
HIeHus: cucteMsl ypaBHeHul. [Ipogemonctpuposana monyisiuus JIAX nHppakpacHbIM CBETOM.

KiroueBble c10Ba: K03GGUIMEHT rameHus, cyinbpua kaaMusi, UHHPaKpacHbIH CBET.
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RELATIVISTIC CALCULATION OF OSCILLATOR STRENGTHS OF THE RADIATION
TRANSITIONS BETWEEN BARIUM RYDBERG STATES

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth order Dirac-
Kohn-Sham one-particle approximation are used for preliminary estimating the energies and oscillator strengths of radiative
transitions from the ground state to the low-excited and Rydberg states, in particular, 6s2 -6snp (n =7-30) transitions,
of the barium atom. The comparison of the calculated oscillator strengths with available theoretical and experimental
(compillated) data is performed. The important point is linked with non-accounting for the polarization effect contribution
into the oscillator strength value that has led to ~40% difference between the empirical (compillated) and theoretical data.

1. Introduction

The research in many fields of modern atom-
ic physics (spectroscopy, spectral lines theory,
theory of atomic collisions etc), astrophysics,
plasma physics, laser physics and quantum and
photo-electronics requires an availability of sets
of correct data on the energetic, spectroscopic
and structural properties of atoms, especially in
the high excited, Rydberg states. Naturally, the
correct corresponding data about radiative de-
cay widths, probabilities and oscillator strengths
of atomic transitions are needed in building ad-
equate astrophysical models, realizing regular
astrophysical, laboratory, thermonuclear plasma
diagnostics and in fusion research. Besides, a
great interest to studying Rydberg atomic states
parameters can be easily explained by a power-
ful development of such new fields as quantum
computing, and quantum cryptography, construc-
tion of new type Rydberg atomic lasers etc. Tra-
ditionally, considerable attention is devoted to
studying the energetic and spectral characteristics
of the light atoms (H, He, Li etc) and correspond-
ing multicharged ions. However, studying spec-
tral characteristics of heavy atoms and ions in the
Rydberg states has to be more complicated as it
requires a necessary accounting the relativistic ,
exchange-correlations effects and possibly the
QED corrections for superheavy atomic systems.
There have been sufficiently many reports of cal-

culations and compilation of energies and oscil-
lator strengths for the barium and even Ba-like
ions (see, for example, [1-3] and refs. therein),
however, an accuracy of theses data call for fur-
ther serious analysis and calculation. In many pa-
pers the Dirac-Fock method, model potential ap-
proach, quantum defect approximation in the dif-
ferent realizations have been used for calculating
the energy and spectral properties of barium and
it has been shown that an account of the polariza-
tion interelectron corrections is of a great quan-
titative importance. The consistent relativistic
perturbation theory calculations of the transitions
energies and oscillator strengths for some chosen
transitions between the Rydberg states are per-
formed in Refs. [4]. However, it should be stated
that for majority of the barium Rydberg states and
Ba-like ions with high values of a nuclear charge
Z, there is not enough precise information avail-
able in literatures [1-3]. In our paper the com-
bined relativistic energy approach and relativistic
many-body perturbation theory with the zeroth
order Dirac-Kohn-Sham 1-particle approxima-
tion are used for preliminary estimating the en-
ergies and oscillator strengths of radiative transi-
tions from the ground state to the low-excited and
Rydberg states, in particular, 6s* -6snp (n =7-50)
transitions, of the barium atom. The comparison
of the calculated oscillator strengths with avail-
able theoretical and experimental (compillated)
data is performed. The important point is linked
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with non-accounting for the polarization effect
contribution into the oscillator strength value that
has led to ~30% difference between the empirical
(compillated) and theoretical data

2. The theoretical method

In the relativistic energy approach [4-9], which
has received a great applications during solving
numerous problems of atomic, molecular and nu-
clear physics (e.g. , see Refs. [10-59]), the imagi-
nary part of electron energy shift of an atom is
directly connected with the radiation decay possi-
bility (transition probability). An approach, using
the Gell-Mann and Low formula with the QED
scattering matrix, is used in treating the relativ-
istic atom. The total energy shift of the state is
usually presented in the form:

AE =ReAE +iT17/2 (1)
where G is interpreted as the level width, and the
decay possibility P = G. The imaginary part of
electron energy of the system, which is defined
in the lowest order of perturbation theory as [4]:
2
€ 3 V‘a’an‘
T a>n> f
[a<n<T]

IMAE(B) = —
2)

where (a>n>f) for electron and (a<n<f) for va-
cancy. The matrix element is determined as fol-

lows:
COVIZ
,]‘kz‘ i dndry ¥ (r1) ¥ ()" infe

n2

(-

. . 3)
—oa)¥(r2) ¥y (1)
The separated terms of the sum in (3) represent
the contributions of different channels and a prob-
ability of the dipole transition is:

1 \wan

OpCly,

4)

The corresponding oscillator strength:

of =2 -T,/6.67-10"

where g is the degeneracy degree, 11is a wave-
length in angstrems (A) Under calculating the
matrix elements (3) one should use the angle
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symmetry of the task and write the expansion for
potential sin|w|r12/r12 on spherical functions as
follows [4]:

sinjolr,

ol )

-UM%Q(D\VI )fh%qw\rz )P, (cos 1)

=S,

UP) 2

©)

where J is the Bessel function of first kind and
(I)= 21 + 1. This expansion is corresponding to
usual multipole one for probability of radiative
decay. Substitution of the expansion (5) to matrix
element of interaction gives as follows [5-8]:

A
Vidsa= (]1)(]2)(]3)(]4 ]/Z 1);/( s /JX
xImQ, (1234)
Q Cul _i_Q/1 , (6)

where ;. is the total single electron momentums,
m. — the projections; Q“is the Coulomb part of
interaction, Q% - the Breit part. Their detailed
definitions are presented in Refs. [4,20]. The de-
tailed expressions for the Coulomb and Breit parts
and the corresponding radial R and angular S, in-
tegrals can be found in Refs. [22-32].The total

probability of a A - pole transition is usually rep-
resented as a sum of the electric P and magnetic
P parts. The electric (or magnetic) A - pole

transition y — & connects two states with pari-

ties which by 4 (or A +1) units. In our designa-
tions

PE(y —8)=2(2;+1)0f (76:75) )
PY(y - 8)=2(25+1)0(5:5)

OF =007 -0,

0 =05, ®)

In our work the relativistic wave functions
are determined by solution of the Dirac equa-
tion with the potential, which includes the modi-
fied Kohn-Sham exchange potential [17] insist
of the standard Fock one. The important point of



the many-body calculations is in accurate account
of the exchange—correlation effects [5-15]. How-
ever, in this preliminary studying the energy and
spectroscopic parameters of the barium spectra
we are limited by non-accounting for the polar-
ization effect contribution and other correlation
corrections. Its consistent and accurate account-
ing will be considered in the next paper. All calcu-
lations are performed on the basis of the modified
numeral code Superatom (version 93).

3. Results and conclusion

Table 1, 2 shows the energies and oscillators
strengths of the transitions between the terms of
the configurations 6s* -6snp (n~50). Taking into
account a great size of the obtained data we are
limited below only by some data. As it has been
underlined above, here during this preliminary
studying the energy and spectroscopic parameters
of the barium spectra we were limited by non-
accounting for the polarization effect contribution
and other correlation corrections. By the way, it is
well-known that the similar complicated atomic
systems, spectra and corresponding computing
the radiative parameters require very accurate
accounting for the different groups of the many-
body exchange-correlation effects (see, for exam-
ple, refs. [5-25]). Moreover, only such a way is
able to provide spectral data with sufficient accu-
racy for modern spectroscopic applications. Such
calculations are now in progress and more full
information will be presented in the next papers
special Preprint.

Table 1

The energy (cm™) and the oscillators strengths
of 6s* -6snp transitions (see text)

Transition | Terms | E (cm™) | gf |gf (our)
[2] [2]

6s*-6s13p | 'S-'P° | 40763 |2.1-4| 1.34

6s*-6s15p | 'S-'P° | 41183 | 1.4-3| 0.8-3

6s*-6sl6p | 'S-'P° | 41306 | 6.0-4| 3.8-4

Table 2

The energy (cm™) and the oscillators strengths
of the 6s”-6snp transitions (n = 16-30; our data)

Transition Terms | E (cm™) gf

6s*-6s16p IS-1pe 41306 3.7-4
6s*-6s20p IS-1pe 41615 0.6-4
6s*-6s21p IS-1pe 41662 1.8-5
6s*-6s30p IS-1pe 41871 2.2-5

We are planning to pay especial attention on
the accurate accounting for the different groups
of the many-body exchange-correlation effects
and consider a problem of using the optimized
one-particle representation and account for the
polarization effect. It is obvious that a possible
estimate of the gauge-non-invariant contributions
(the difference between the oscillator strengths
values calculated with using the transition opera-
tor in the form of length and velocity) will be of
order 40%, i.e. results, obtained with using dif-
ferent photon propagator gauges (Coulomb, Lan-
dau etc) differ significantly (see [6, 60-62]).
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RELATIVISTIC CALCULATION OF OSCILLATOR STRENGTHS OF THE
RADIATION TRANSITIONS BETWEEN BARIUM RYDBERG STATES

Summary

The combined relativistic energy approach and relativistic many-body perturbation theory with the
zeroth order Dirac-Kohn-Sham one-particle approximation are used for preliminary estimating the
energies and oscillator strengths of radiative transitions from the ground state to the low-excited and
Rydberg states, in particular, 6s* -6snp (n =7-50) transitions, of the barium atom. The comparison of
the calculated oscillator strengths with available theoretical and experimental (compillated) data is
performed. The important point is linked with non-accounting for the polarization effect contribution
into the oscillator strength value that has led to ~40% difference between the empirical (compillated)
and theoretical data.

Key words: relativistic theory, oscillator strengths, radiative transitions
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PEJIITUBUCTCKHIM PACUET CUJI OCHUJLIISSTOPOB PA TMAITMOHHBIX
INEPEXOJ10B MEKAY PUABEPI'OBCKUMH COCTOAHUAMMU BAPUSA

Pe3rome

KoMOuHUpOBaHHBINA PENSTUBUCTCKUNA DHEPIUTUYECKUNA TOAXOJ M PENATUBUCTCKAs TEOPHS
BO3MYIIIEHUH MHOTUX Tell C JUPaK-KOH-IIIMOBCKHUM OIHOYACTUYHBIM MPHOIMKEHUEM HYJIEBOTO
MOPSIIKA UCTIONB3YIOTCS JJIs MPEABAPUTENBHOM OLIEHKH YHEPT U U CUJT OCIIIIIIITOPOB paIallHOHHBIX
MEPEX0/I0B M3 OCHOBHOTO COCTOSIHUSI B HHM3KHE BO30Y)KIEHHBbIE M PUAOEPrOBCKUE COCTOSHUSA, B
gacTHOCTH, 6s*> -6snp (n =7-50) mepexomoBaupma Oapus. BhIMOIHEHO CpaBHEHUE PACUETHBIX CHII
OCIHWUTSTOPOB ¢ UMEIOIIUMUCS TEOPETUUECKUMHU U HKCIEPUMEHTaJIbHBIMU JaHHBIMU. Bakueirias
0COOCHHOCTH CBsI3aHa C HEYYETOM BKJIaJa B BEJIMUKUHY CHIIBI OCIIHIISATOPA, 00YCIOBIEHHOTO 3 dhekToM
MOJISIPU3AI[UHY OCTOBA U HEKOTOPIMHU JAPYTUMHU KOPPETSIIUOHHBIMU MOMPABKaMU, 4TO MPUBOAUT K ~40%
OTIIMYUIO MEXKTY IKCTIEPUMEHTAIBHBIMH (KOMITUJUTUPOBAHHBIMU) U TEOPETUUECKUMU TaHHBIMH.

KutoueBble cj10Ba: pensiTUBUCTCKAS TEOPUS, CUITBI OCIMILISTOPOB, PaAUallMOHHBIE TIEPEXO/IBI.
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PEJATUBICTChbKHUIA PO3PAXYHOK CHUJI OCHUJIATOPIB PAIAILIIMHUX
HEPEXOAIB MI’K PIIBEPI'IBCBbKUMHU CTAHAMMU BAPIA

Pesrome

KoM06iHOBaHMI pENSATUBICTCHKUM €HEPreTHUHUN MiIXiJ 1 peNaTUBICTChKA Oararo4yacTHMHKOBA
Teopist 30ypeHb 3 MipaKk-KOH-IIEMIBCHbKUM OJHOYACTUHKOBUM HAOIMKCHHSIM HYIBOBOTO TOPSIKY
BUKOPUCTOBYIOTBCS JUJISl ONEPEIHBOI OI[IHKM €HEepriil 1 Cuil OCUMWIATOPIB paiallifHUX MepexoiB
3 OCHOBHOTO CTaHy B HHU3bKO 30y/KeHi 1 pinOepriBcbki cTraHu, 30kpemMa, 6s2 -6snp (n = 7 -50)
nepexoniB aroma Oapis. BUKOHAHO MOPIBHSAHHS PO3PAXYHKOBHX CHUJI OCIMJIATOPIB 3 HASIBHUMHU
TEOPETUYHUMH 1 EKCIIEPUMEHTAIBHUMU JaHUMU. HaliBakiuBinia 0coOIMBICTh JAHOTO PO3PAXyHKY
NOB’si3aHA 3 HEBPAaxXyBaHHSAM BKJIaQy B BEIUYMHY CHJIM OCIHJIATOpPA, OOyMOBIEHOTo edeKkTom
noJsipu3alii oCcToBa Ta JEKOTPUMH IHIIUMHU KOPENALIMHUMHU MONPAaBKAMHU, IO MPU3BOIAUTH 10
~ 40% B1AMIHHOCTI M €KCTIEPUMEHTAIBbHUMH (KOMIUJUTIPOBAHHUMHU) 1 TEOPETUYHUMH JTAHUMHU.

KuarouoBi caoBa: pensaTuBiCTChbKa TeOpis, CHIM OCHWUIATOPIB, pajialliiHHI Hepexonu,
pinOepriBchbKi CTaHM.
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ADVANCED DATA FOR HYDROGEN ATOM
IN CROSSED ELECTRIC AND MAGNETIC FIELDS

Spectroscopy of atoms in the crossed external electric and magnetic fields is investigated on the basis of the operator
perturbation theory. As a novel element within the operator perturbation theory, we use more flexible functions for model
function, which imitates an electric field. In a case of the crossed electric and magnetic fields we develop more effective
finite differences numerical scheme. As illustration, some advanced data for the hydrogen atom in the electric and crossed
external electric and magnetic fields are listed. Advanced data for hydrogen atom are listed.

1. Introduction

From the standard quantum mechanics it is well
known that the external electric field shifts and
broadens the bound state atomic levels. One
should note that the usual quantum-mechanical
approach relates complex eigen-energies (EE)
E=E+0,51G and complex eigen-functions (EF)
to the shape resonances [1-6]. The calculation
difficulties in the standard quantum mechanical
approach are well known and described in many
Refs. Let us remind that the usual quasiclassical
WKB approximation overcomes these difficulties
for the states, lying far from “new continuum
“ boundary and, as rule, is applied in the case
of a relatively weak electric field. The same
is regarding the widespread asymptotic phase
method (c.f.[2]). Quite another calculation
procedures are used in the Borel summation of the
divergent perturbation theory (PT) series and in
the numerical solution of the difference equations
following from expansion of the wave function
over finite basis [2,3,9,10].

Experimental observation of the Stark effect in
a constant (DC) electric field near threshold in
hydrogen and alkali atoms led to the discovery
of resonances extending into the ionization
continuum (c.f.[1]). Calculation of the
characteristics of these resonances as well as the
Stark resonances in the strong electric field and
crossed electric and magnetic fields remains very
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important problem of as modern atomic physics
[1-20].

In this paper we go on our studying of
sspectroscopy of atoms in the crossed external
electric and magnetic fields. Our method of
studying is based on the known formalism of
the operator perturbation theory (OPT) [I1-3].
According to [1-5], the essence of operator
perturbation theory approach is the inclusion
of the well known method of “distorted waves
approximation” in the frame of the formally exact
perturbation theory. As a novel element within
the operator perturbation theory, we use more
flexible functions for model function, which
imitates an electric field. In a case of the crossed
electric and magnetic fields we develop more
effective finite differences numerical scheme. As
illustration, some advanced data for the hydrogen
atom in the electric and crossed external electric
and magnetic fields are listed.

2. Method of operator perturbation theory

As our approach to strong field DC Stark effect
was presented in a series of papers (see, for
example, [1-6]), here we are limited only by the
key aspects. According to [2,3], the Schrodinger
equation for the electronic eigen-function taking
into account the uniform DC electric field (the
field strength is F)and the field of the nucleus
(Coulomb units are used: a unit is #*/Ze* m and a



unit of mZ?e*/h* for energy) looks like:

[-(1-N/Z)/r+Fz-054-E] w=0 (1)
where FE is the electronic energy, Z — charge
of nucleus, N — the number of electrons in
atomic core. Our approach allow to use more
adequate forms for the core potential (c.f.[25-
27]). According to standard quantum defect
theory (c.f.[3]), relation between quantum defect
value p,, electron energy £ and principal quantum
number 7 is: u,=n-z"(-2E)"”. As it is known, in an
electric field all the electron states can be classified
due to quantum numbers: n, n, n,m (principal,
parabolic, azimuthal: n=n + n,+m+1). Then the
quantum defect in the parabolic co-ordinates
d(n,n,m) is connected with the quantum defect
value of the free (F=0) atom by the following
relation [3]:

1

Q21 +1(Cc™M

-
S(nimom)=(1/n) 5 i) M

I=m
J=m-1)/2, M=(n;-ny+m)/2;

After separation of variables, equation (1) in
parabolic co-ordinates could be transformed to
the system of two equations for the functions f
and g:
|m+1
7+ Tf’+[0,5E+ (Bi-NIZ) | t-

20,25 F() t]/=0 (2)

|mh1

g7+ —— g’+[0,5E+B /t+ (3)
t
+0,25 F(f) t1g=0

coupled through the constraint on the separation
constants: B +f,=1.

For the uniform electric field F(¢) =F. In ref.
[11], the uniform electric field ¢ in (3) and (4)
was substituted by model function F(t) with
parameter T(t=1.5¢). To simplify the calculation
procedure, the uniform electric field ¢ in (3) and
(4) should be substituted by the function [57,58]:

o +ﬁ @)

o+t

&() =% 5{0—7)

th sufficiently large T (t=1.57,). The function &)

practically coincides with the constant ¢ in the
inner barrier motion region (¢<t¢,) and disappears
at £>>¢,. Potential energy in equation (4) has the
barrier. Two turning points for the classical motion
along the 5 axis, ¢, and z,, at a given energy E are
the solutions of the quadratic equation (B =,
E =E). According to [1-3], one should know two
zeroth order EF of the H: bound state function
Y., (g, v, @) and scattering state function ¥, (e,
1, ¢©) with the same EE in order to calculate the
width G of the concrete quasi-stationary state in
the lowest PT order. Firstly, one would have to
define the EE of the expected bound state. It is the
well known problem of states quantification in
the case of the penetrable barrier. Further one
should solve the system (2, 3) system with the
total Hamiltonian A using the conditions [11]:
with fi)—>0att= o0

ox(B, E) / OE =0 )

(P E) = lim [& @)+ {gW/ k]I
=00
These two conditions quantify the bounding
energy E, with separation constant 3, . The further
procedure for this two-dimensional eigenvalue
problem results in solving of the system of the
ordinary differential equations(2, 3) with probe
pairs of E, B,. The bound state EE, eigenvalue
B, and EF for the zero order Hamiltonian H,
coincide with those for the total Hamiltonian A
at ¢ = 0, where all the states can be classified
due to quantum numbers: n, n, [, m (principal,
parabolic, azimuthal) that are connected with
E, B,, m by the well known expressions.. The
scattering states’ functions must be orthogonal
to the above defined bound state functions and
to each other. According to the OPT ideology
[11,12], the following form of g’ :is possible:
ges() =1 (1) - 22" &) (6)
with £, and g (f) satisfying the differential
equations (2) and (3). The function g,(t) satisfies
the non-homogeneous differential equation,
which differs from (3) only by the right hand
term, disappearing at t = oo.
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In Ref, [7] it has been presented approach, based
on solution of the 2-dimensional Schrédinger
equation for an atomic system in crossed fields and
operator perturbation theory. For definiteness, we
consider a dynamics of the complex non-coulomb
atomic systems in a static magnetic and electric
fields. The hamiltonian of the multi-electron atom
in a static magnetic and electric fields is (in atomic
units) as follows:

H=1/2p,+/p*)+B _/2+(1/8)B°p’ +

+(1/2)p2+F +V(r) @
where the electric field ' and magnetic field B are
taken along the z-axis in a cylindrical system; In
atomic units: 1 a.u.B=2.35x10°T,
la.u.F=5,144x10° kV/cm. For solution of the
Schrédinger equation with hamiltonian equations
(7) we constructed the finite differences scheme
which is in some aspects similar to method [7].
An infinite region is exchanged by a rectangular

region: 0<p<L,, 0<z<L,. It has sufficiently
large size; inside it a rectangular uniform grid

with steps f,, /i, was constructed. The external

boundary condition, as usually, is: (0¥ n), = 0.
The knowledge of the asymptotic behaviour of
wave function in the infinity allows to get numer-

al estimates for L,,L,. A wave function has an
asymptotic of the kind as: exp/-(-2E)"?r], where
(-E) is the ionization energy from stationary state
to lowest Landau level. Then L can be estimated
as L~9(-2E)"”. The more exact estimate is found
empirically. The finite-difference scheme is con-
structed as follows. The three-point symmetric
differences scheme is used for second derivative
on z. The derivatives on p are approximated by
(2m+1)-point symmetric differences scheme with
the use of the Lagrange interpolation formula dif-
ferentiation. To calculate the values of the width
G for resonances in atomic spectra in an electric
field and crossed electric and magnetic field one
can use the modified operator perturbation theory
method (see details in ref.[10,20]). Note that the
imaginary part of the state energy in the lowest
PT order is:
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IME=G/2=n<%¥, |H|¥, > (3)
with the total Hamiltonian of system in an electric
and magnetic field. The state functions ¥, and
‘P, are assumed to be normalized to unity and by
the o(k -k')-condition, accordingly. Other calcula-
tion details can be found in ref. [7]. Different ap-
plication are considered in Refs. [21-57].

3. Illustration results and conclusion

As an illustration,, we make computing the
energy of the ground state of the hydrogen atom
in crossed fields and compare results with data
obtained within analytical perturbation theory by
TurbinerV (see. [8]) for the case of sufficiently
weak fields. Table 1 shows the values of the en-
ergy of the ground state of the hydrogen atom (the
following designations: E+E! - energy for the
case of the electric and magnetic fields are paral-
lel; E+E*corresponds to the case of the electric
and magnetic fields are perpendicular).

Table 1

Energy values (Ry) of the H ground state in

electric F (1au=5.14-10°V/cm) and magnetic B
(1 au.B=2.35-10°T) fields

F,B E+E E+E
107 [Turbiner theory [5]
[8]

0,0 -1,000000 -1,000000
0,1 -1,000004 -1,000004
0,5 -1,000099 -1,000099
1,0 -1,000402 -1,000401
1,5 -1,000906 -1,000905
2,0 -1,001617 -1,001616
2,5 -1,002542 -1,002540
3,0 -1,003685 -1,003682
3,5 -1,005054 -1,005053
4,0 -1,0066619 -1,006659
4,5 -1,008520 -1,008517
5,0 -1,010642 -1,010636
F,B E+E E+E*
10-2 | This work This work
0,0 -1,000000 -1,000000
0,1 -1,000004 -1,000004
0,5 -1,000100 -1,000099
1,0 -1,000402 -1,000401
1,5 -1,000906 -1,000905
2,0 -1,001617 -1,001616
2,5 -1,002541 -1,002535
3,0 -1,003684 -1,003673
3,5 -1,005054 -1,005036
4,0 -1,006686 -1,006627
4,5 -1,008519 -1,008464
5,0 -1,010638 -1,010556




Since the considered electric field is suffi-
ciently weak, difference between all data in Table
1 is quite little. At the same time it is clear that
the perturbation theory in the standard quantum-
mechanical version is correct exclusively for the
weak fields, while for strong fields it can lead to
substantially inaccurate data. Really, in Table 2
we list the results for the Stark resonances en-
ergies and widths of the ground state hydrogen
atom in the DC electric field with the strength
&=0.1 and 0.8 a.u., obtained within the most exact
alternative methods and our data (see [2]).

Table 2
Theenergies and widths of the Stark resonances
of the H ground state (F=0.1, 0.8 a.u.).
Notation: (A) Hehenberger, H.V. McIntosh and
E. Brindas, (B) Farrelly and Reinhardt, (C)
Rao, Liu and Li [18], (D) Glushkov-Ivanov,
the standard OPT method; (E)- Popov et al;

(F) — our data

F, Method Er, a.u. I'/2,a.u.

a.u.

0.10 A -0.52743 | 0.725x107
C -0.527418 | 0.7269x10~
D -0.527419 | 0.2269x10
E -0.527 0.227x102
F -0.527418 | 0.7269x10

0.80 B -0.6304 0.5023
C -0.630415 0.50232
D -0.630416 0.50232
F -0.630415 0.50231

The comparison of our data (Table 2: F) with
earlier similar results, obtained within the sum-
mation of divergent PT series, the numerical so-
lution with expansion of the wave function over
finite basis, a complex scaling plus B-spline cal-
culation, the standard OPT one (Table 2: A-E)
shows quite acceptable agreement. We believe
that the OPT method with new elements will be
especially efficient for atoms in the strong crossed
electric and magnetic fields, where the standard
methods (usual perturbation theory etc) deal with
great principal and computational problems).
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M. Yu. Gurskaya, A. V. Ignatenko, A. S. Kvasikova, A. A. Buyadzhi

ADVANCED DATA FOR HYDROGEN ATOM IN CROSSED ELECTRIC AND
MAGNETIC FIELDS

Summary

Spectroscopy of atoms in the crossed external electric and magnetic fields is investigated on the
basis of the operator perturbation theory. As a novel element within the operator perturbation theory,
we use more flexible functions for model function, which imitates an electric field. In a case of the
crossed electric and magnetic fields we develop more effective finite differences numerical scheme.
As illustration, some advanced data for the hydrogen atom in the electric and crossed external electric
and magnetic fields are listed. Advanced data for hydrogen atom are listed.

Key words: atom, hydrogen, crossed electric and magnetic fields
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M. FO. I'ypckasa, A. B. Ienamenxo, A. C. Keacukoea, A. A. byaoocu

ATOM BOAOPOJA B CKPEHIEHHBIX QJIEKTPUYECKOM U MAT'HUTHOM I10OJIAAX

Pe3rome

Pabora nocpsiilieHa N3y4eHHIO CIEKTPOCKONUYECKUX TapaMETPOB aTOMOB B MOCTOSSHHOM JIEKTPHU-
YECKOM U CKPEILLEHHBIX AIEKTPUYECKOM U MarHUTHOM TIOJIIX Ha OCHOBE (pOpMajM3Ma N3BECTHOM oOrie-
paTopHOM TeOpUH BO3MYLICHHI. B KauecTBEe HOBOTO JIEMEHTA B ONEPATOPHYIO TEOPUIO BO3MYLICHHM
oreparopa BBOJUTCA pUMeHeHne 0osee 3pPeKTUBHOMN QyHKIMU 17151 MOJEIIbHON (DYHKLUHU, UMUTHPY-
IOIIIEH DIIEKTPUUECKOE ToJie. B cilydae CKpenieHHbIX MEKTPUIECKOr0 M MArHUTHOTO TI0JIeH pa3zpabora-
Ha Oosee >peKTUBHAS YNCIICHHAs: KOHEYHO-PA3HOCTHAs cxeMa. B kauecTBe WITIOCTpaluy PUBEICHBI
HEKOTOpbI€ YTOUHEHHBIE JAHHBIE JJIsl aTOMa BOJOPO/A B CUIILHOM AJIEKTPUUYECKOM I10JI€ U CKPELIEHHBIX
ANIEKTPUYECKOM U MarHUTHOM NoJisAX. [IpuBeieHbl yMcIeHHbIe JaHHbIE U1 aToMa BOIOpO/Ia.

KuroueBble ciioBa: aToM, BOJOPO/, CKPELICHHbBIE JIEKTPUUECKOE U MAarHUTHOE TIOJIS

V1K 539.185
M. FO. I'ypcvka, I B. lenamenko, I C. Keacikosa, I A. Bysaoaxci

ATOM BO/JHIO B CXPEHIEHUX EJIEKTPUYHOMY I MATHITHOMY I1OJIAAX

Pesrome

PoGora npucBsueHa BUBUEHHIO CHEKTPOCKOMIYHUX MapaMeTpiB aTOMIB y CTajIOMYy €JIEKTPHUHOMY
Ta CXPEIIEHUX CJICKTPUIHOMY Ta MAarHITHOMY TOJISIX HAa OCHOBI BIJIOMOi ONEepaTtopHOi Teopii 30ypeHb.
B sikoCT1 HOBOTO €J1€MEHTY B OIEpaTOpHY TEOPII0 30ypeHb BBOAUTHCS BUKOPUCTAHHS OUIbII €(EKTHB-
HOT (yHKUIT U1 MOZIENbHOT (DYHKIII, SIKa IMITy€ 30BHILIHE €JIEKTPUYHE T0JIe. Y BUIAJKY CXPELEHUX
€JIEKTPUYHOTO Ta MArHiTHOTO ToJiel po3polieHa edeKTHBHA YnceIbHa CKIHUEHHO-PI3HUIIEBA CXEMa.
B sxocti inrocTpariii HaBeAeH! YTOYHEHI JaHHI Ui aTOMa BOJHIO B CUJILHOMY €JIEKTPHUYHOMY ITOJI 1
CXPELIEHUX €JIEKTPUUYHOMY Ta MarHITHOMY IOJISIX NoJsiX. HaBeneHo uncenbHi 1aH1 U1 aToMa BOAHIO.

KurouoBi ciioBa: atoMm, BofieHb, CXpEIIECH] €JIEKTPUYHE 1 MATHITHE MOJIS
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PACS: 73.20.Hb, 73.25.+1; UDC 621.315.592

O. O. Ptashchenko', F. O. Ptashchenko’, V, R.Gilmutdinova’

EFFECT OF WATER VAPORS ON THE TIME-RESOLVED SURFACE CURRENT
INDUCED BY AMMONIA MOLECULES ADSORPTION IN GaAs P-N JUNCTIONS

'T. I. Mechnikov National University of Odessa, Dvoryanska St., 2, Odessa, 65026, Ukraine
*National University “Odessa Maritime Academy”, Odessa, Didrikhsona St., 8, Odessa, 65029,
Ukraine

Supplement to the article published in Photoelectronics. — 2016. — Ne 25. — P. 126-131.
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Fig. 1. Time-dependence of the current due to
atmosphere changing: 1- dry air — (¢;) NH;+H,O
vapors — (%) dry air; 2— dry air — (¢;) NH3;+H,0
vapors — (t,) H,O vapors— () dry air.

Fig 3. Schematic of a p-n structure, placed in a
donor gas: 1 — oxide layer; 2 — ions; 3 —
depletion layer; 4 — conducting channel; 5 —
surface (fast) centers; 6 — states on the oxide
surface (slow centers). Arrows: a — direction of
the electron movement along the channel; b —
tunneling from the channel into the p" region.
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Fig. 2. Time-dependence of the current due to
the ambient atmosphere changing: dry air — (#;)
H,O vapors — (#,) dry air.

Fig. 4a. The "fast" exponential component of the
curve 2 decay section in Fig. 1.
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Indopmanis 15 aBTOPIiB HAYKOBOI0
30ipauka «Photoelectronics»

VY 36ipHuKy "Photoelectronics " IpyKyIOTBCS CTATTI, IO MICTATH BIIOMOCTI TIPO HAYKOBI JTOCITIKCHHS
1 TEXHIYHI pO3pOOKH B HAMPSIMKaX:

* (pismxa HaniBNPOBiIHUKIB;

* rerepo- i HU3LKOPO3MIpPHI CTPYKTYpPH;

* (pismka MiKpoeJeKTPOHHUX NPUJIAiB;

* jiniiiHAa i HesliHiliHA ONITHKA TBEPAOIO Tija;

* ONTOEJIEKTPOHIKA Ta ONTOEJIEKTPOHHI NPUJIAIN;
* KBAHTOBA €JICKTPOHIKa;

* CeHCOPHUKA

36ipuuk "Photoelectronics BUIA€ThCS aHINMIHCHKOIO MOBOIO. PYKOITUC MOAA€THCS aBTOPOM Y JIBOX ITPHU-
MIpHHKaX aHMJIIHCHKOIO 1 pOCICHKOIO MOBaMH.

EnexTpoHHa Komisl CTATTi NOBUHHA BiIOBIIaTH HACTYITHUM BUMOTaM:

1. Jnst TexcTy mo3BONsItOThCS HacTynHi opmaru - MS Word (rtf, doc).

2. Pucynku npuiitmatotecs y popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word I
MS Giaf, Micro Calc Origin (opj).

Pykonucu HaICUIAIOTHCS 32 aPecoro:

Binn. cexp. Kyranogiit M. L., Byxn. [lactepa, 42. ¢i3. pak. OHY, m. Oneca, 65082
E-mail: photoelectronics@onu.du.ua

ten. 0482 0482 723 34 61.

36ipuuku "Photoelectronics" 3HaxonsaTbest Ha caifti: http://photoelectronics.onu.edu.ua

Jo pykonucy 101a10ThCs:

1. Komu PAC 1 YJIK. JlomyckaeTbcst BAKOPUCTAHHS IEKUTHKOX MU(PIB, 10 PO3IIISIOTHCS KOMAMHU.

2. [Ipi3Bumia 1 iHiIIaau aBTOPIB.

3. YcranoBa, IOBHA IOILITOBA ajapeca, HOMep TenedoHy, HoMmep (akcy, aapecu eJIeKTPOHHOI MOIITH
JUIsL KOYKHOTO 3 aBTOPIB.

4. Ha3Ba crarTi.

5. Pe3tome o6csirom 10 200 ciiB MUIIETHCS aHIIIHCHKOI0, POCIHCHKOIOKO 1 (17151 aBTOPIB 3 YKpaiHM)
— YKpalHCBKOIO MOBAaMHU.

Texcm npyxyBaTtu mipudToM 14 MyHKTIB yepes Ba iHTepBaiIn Ha OimoMy nanepi popmary A4. Ha3zsa
CTaTTi, @ TAKOXK 3ar0JIOBKH IMiJPO3/ALTIB APYKYIOThCS IPOMMCHUMHU JITEPaMH. .

Pisnanns neo0xinHo apykyBaru B peaaktopi hopmyn MS Equation Editor. Heo0xigHo naBatu Bu3Ha-
YEeHHsI BEJIMYHH, IO 3'SIBISIOTHCA B TEKCTI BIEPILIE.

Ilocunanna na miTeparypy ApyKyBaTH dYepes3 JBa iHTepBaIM, HyMEpyBaTHCS B KBAJAPATHUX TyXKKax
MIOCJIIJIOBHO, Y MOPAJKY TXHBOI MOSIBU B TeKCTI cTarTi. [locunaTtucs HeoOx11HO Ha JiTepaTypy, IO BU-
nana mizHime 2000 poky.

ITionucu 1o puCyHKIB 1 TaOIMULb APYKYIOTHCSA B TEKCTI PYKOIIMCY B MOPSAKY IXHBOI LITFOCTpAILii.
Peztome ob6csirom 10 200 ciB ApYyKYy€eThCS aHTITINCHKOIO, POCIMCHKOIO 1 YKPAaTHCHKOIO MOBaMu (JIJ1st
aBTOPIB 3 Ykpainm). [lepen TekcToM pe3rome BIAMOBIIHOK MOBOKO BKaszytoThesl YJIK, mpi3Buima Ta
1HIIlaH BCiX aBTOPIB, Ha3Ba CTATTI.
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Nudopmanus 1jist aBTOPOB
Hay4ynoro coopauka «Photoelectronics»

B cO6opuuke "Photoelectronics " neyararorcst craThbi, KOTOPHIE COEPKAT CBEICHUS O HAYYHBIX HC-
CIIEIOBAaHUSIX U TEXHUYECKUX pa3paboTKax B HaNpaB-JICHUSX:

* (hU3HKA MOJTYNIPOBOAHUKOB;

* rerepo- 1 HU3KOpa3MepHbIe CTPYKTYPhbI;

* (pu3uKa MUKPO3JIEKTPOHHBIX NPUOOPOB;

* JIMHeHasl M HeJIMHeHAs ONTHKA TBEPAOro TeJia;
* ONTO3JIEKTPOHUKA U ONTOIIEKTPOHHbIE MPUOOPHI;
* KBAHTOBAs YJIEKTPOHMKA;

* CEHCOpHUKA

Co6opuuk'"Photoelectronics m3maéres Ha aHTIIMHACKOM sI3bIKE. PyKOTHCH TIOAAaeTCsi aBTOPOM B JBYX
IK3EMITISIpaxX Ha aHIIMHCKOM U PYCCKOM SI3bIKaX.

DJIeKTPOHHASI KOMHUS CTATHH J0JKHA 0TBEYATH CJIeYIOLIIHM TPeOOBAHUSSIM:

1. JIns TexcTa gomyctuMel ciienyrontue ¢popmatel - MS Word (rtf, doc).

2. Pucynku npunumatotcs B popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word 1
MS Giaf, Micro Calc Origin (opj).

Pykonucu npucsLIalTCs Mo ajapecy:
Orts. cekp. Kyranosoit M. 1., yn. I[lactepa. 42. pus. pak. OHY, r. Onecca, 65026
E-mail:photoelectronics@onu.du.ua temn. 0482 723 34 61.

Cratbu c0."Photoelectronics " HaxomsiTcs Ha caiite: http://photoelectronics.onu.edu.ua

K pykonucu npuiaraercs:

1. Kogst PAC u YJIK. [JoryckaeTcst HCTIONB30BaHNE HECKOIBKUX MIU(POB, KOTOPHIE Pa3IENIAIOTCS 3aIsTOM.
2. ®aMWINK ¥ MHULIMAJIBI aBTOPOB.

3. YupexaeHue, MOJHBIN MOYTOBBIN aapec, HoMep TenedoHa, HoMmep (akca, agpeca dIEKTPOHHOU
TIOYTHI JIJIS1 KAXKJIOTO U3 ABTOPOB.

4. Ha3BaHue crarbu.

5. Pestome o0bemom 110 200 coB MUIIETCS] HA AHTITUHCKOM, PYCCKOM SI3bIKaX U (IJIsl aBTOPOB U3
VYKpauHbl) — Ha YKPaUHCKOM.

Texcm nmomxeH neyararbes mpudToM 14 myHKTOB uepes 1Ba HHTEepBasia Ha Oesoil Oymare gopmara
A4. Ha3BaHue cTaThy, a TAKXKE 3ar0JIOBKU MOJPA3/IEIOB M€YaTAI0TCs MPOMMCHBIMHA OYKBaMH U OTMe-
YArOTCS MOTYKHPHBIM MIPU(PTOM.

VYpaenenus neobxoaumo neyararb B pegakrope hopmyn MS Equation Editor. Heo6xoaumo naBath
oTpe/ieNIeHNe BEIMYHH, KOTOPBIE MOSBIISIFOTCS] B TEKCTE BIIEPBBIC.

Ccewinky Ha TUTEpATypy OJDKHBI TI€YATAThCS Yepes J1Ba MHTEPBasla, HyMEPOBATHCS B KBAIPATHBIX
CKOOKax IOCJIeI0BaTeIbHO, B MOPSAKE WX IMOSBICHUS B TeKCTe cTaThi. Cchbliarbecs HEOOXOIMMO Ha
JUTEpaTypy, KoTopast u3nana nosaxee 2000 roga.

Ioonucu ¥ puCyHKaM M TaOJIHUIIaM TIE€YaTaIOTCs B TEKCTE PYKOIIMCH B MOPSAKE WX WILTIOCTPAITUH.

Pesztome oobemom 10 200 ciioB meyaTaeTcsl Ha aHINIMHCKOM, PYCCKOM fI3bIKaX M Ha YKPaWHCKOM
(nmst aBTOpOB U3 YKpauubl). [lepen TeKCTOM pe3roMe COOTBETCTBYIOIINUM SI3bIKOM yKa3biBatoTcst YK,
(dhaMuIHH ¥ MHUIHAITBI BCEX aBTOPOB, HA3BaHUE CTATHH.
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