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THE AMMONIA VAPORS INFLUENCE ON THE ELECTRICAL
CHARACTERISTICS OF NANOSIZED TIN DIOXIDE FILMS OBTAINED
USING A POLYMER

In the presented paper the effect of ammonia vapors on the electrical properties of nanosized tin dioxide films
obtained using polymers was investigated to assess the possibility of their use as an ammonia sensor’s sensitive el-
ement at room temperature. Ammonia vapor leads to a decrease in the conductivity of the studied SnO, films. This
is due to the fact that the adsorbed ammonia molecules increase the height of the intergranular potential barriers, and
the surface shut-off bend of the energy bands. The main role in this is played by the processes of physical adsorption
of ammonia molecules. The sensitivity of the films to ammonia vapor is in the range of 0.35-0.63 and reaches a
maximum at a voltage of 300 V. The processes of adsorption and desorption take place in two stages and are re-
versible, as evidenced by the calculated time constants of adsorption and desorption.

Introduction

Among gas-sensitive materials, tin dioxide
occupies a leading position due to its physico-
chemical properties [1,2]. The main of these
properties is stability in active chemical media
and the ability to change their physical param-
eters, in particular, conductivity and optical
properties, depending on the composition of
the environment [3]. Such properties make it
possible to use tin dioxide for other purposes,
such as transparent electrodes, catalysts of
chemical reactions, and the like. [4.5]. The
need in just such materials is due to the needs
in environmental monitoring in all potentially
dangerous cases: in chemical, food, medical
industries, energy enterprises, heavy industry,
agriculture, everyday life, etc. [6]. Like many
other chemicals harmful to health and the en-
vironment, ammonia is tightly controlled [7].
Ammonia sensors are created using various
technological methods based on many materi-
als [8-10], among them nanomaterials and
nanocomposites occupy the main place [11,
12]. The main sensitive parameter for monitor-
ing ammonia vapors is an electrical conductiv-
ity (or electrical resistance), which changes in
response to environmental changes [13]. The
reason for such change is the surface reactions
of the detected molecules or ions with physi-
cally or, most often, chemically adsorbed oxy-
gen molecules (ions) [14]. This leads to a
change in the concentration of electrons in the

conduction band of the sensitive material.
Typically, such reactions of chemical adsorp-
tion with the separation of oxygen atoms into
ions associated with a surface, takes place at
an elevated temperature. As a rule, sensors to
monitor any composition are kept for several
hours or even days switched on at an operating
temperature (from 160 to 350 C). The use of
nanomaterials leads to a reduction in such
forming time and to a decrease in the operating
temperature of the sensor.

In the presented work the effect of ammo-
nia vapors on the electrical properties of na-
nosized tin dioxide films obtained using poly-
mers was investigated to assess the possibility
of their use as an ammonia sensor’s sensitive
element at room temperature.

Samples and research methods

Samples of tin dioxide films were obtained
by the sol-gel method using polymers for na-
noscale structuring of the film. The prepared
solutions of bis(acetylacetonato)-
dichlorotin(lV) and polyvinyl acetate in ace-
tone were mixed and applied to glass sub-
strates. Sample blanks dried in a drying oven
were annealed in a muffle furnace with a grad-
ual temperature increase and holding them for
an hour at a temperature of 500 °C, and gradu-
al subsequent cooling to room temperature.
The resulting films are smooth, transparent,
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and the presence of a nanoscale structure is
confirmed by AFM studies.

At a research procedure by standard meth-
ods, current-voltage characteristics, tempera-
ture dependences of dark current, kinetic de-
pendences of current were measured. All char-
acteristics were measured in dry air and in air
with ammonia vapor.

Results and discussion

Fig. 1 shows the current-voltage character-
istics (CVC) of a tin dioxide film measured in
an atmosphere of dry air and ammonia vapor
at room temperature.
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Fig. 1. Current-voltage characteristics of the SnO,
film, measured in dry air (1), and in ammonia vapor (2),
T =292K.

It may be noted that the | - V characteristic
measured in a dry air atmosphere (curve 1,
Fig. 1) is superlinear and has a weak tendency
to exponential current-voltage dependence.
This dependence is typical for the barrier
mechanisms of current flow. The latter sug-
gests that, in the studied SnO; films, intercrys-
talline potential barriers are definitely present
and noticeably affect the current flow.

In ammonia vapor, the resistance of the film
is greater compared with the resistance in air;
the superlinearity of its |-V characteristic also
increases (Fig. 1, curve 2). It may be conclud-
ed, that the adsorption of ammonia molecules
contributes to an increase of intercrystalline
potential barriers heights and to an increase in
the surface shut-off of energy bands bending.
This usually occurs due to the interaction with
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chemisorbed oxygen ions on the surface of tin
dioxide [15]. At the same time the chemisorp-
tion of oxygen on tin dioxide begins at a tem-
perature of about 160-200 °C [14]. The na-
nosize of particles promotes reducing the tem-
perature of chemisorption, so, that some of the
oxygen can be chemisorbed at room tempera-
ture. As it is shown in [16], these can be only
O? ions. The chemical reaction between oxy-
gen adsorbed on the surface of a tin dioxide
film and ammonia is possible if the tempera-
ture rises to 800 °C [17]. Tin dioxide is a cata-
lyst for such reactions, it helps to lower the
reaction temperature, but not to room tempera-
ture. In addition, the result of such a reaction
should be a decrease in the resistance of the
film and an increase in its conductivity. We
have the opposite result - a decrease in the
conductivity of the film when ammonia is in-
jected. This fact indicates that the process of
conductivity changing (decreasing) in our case
has a different mechanism. The ammonia de-
composition in VITRO is possible at an even
higher temperature (1200-1300 °C), but in a
catalyst presence - at 600 °C, although the
process begins at 300 °C. But even during this
process, which is similar to the dissociation of
water molecules on the surface of the film, the
conductivity should increase.

A number of chemical reactions on the sur-
face of a tin dioxide film with a decrease of
conductivity are described in [18]. However,
as shown below, when calculating the adsorp-
tion and desorption constants, the processes
occurring on the surface take place in two
stages and are reversible. The reactions pre-
sented in [18], have the only one of reversible
type.

To explain the resulting decrease in conduc-
tivity upon tin dioxide film contact with am-
monia, it is advisable to consider the processes
of physical adsorption of oxygen and ammo-
nia, as well as the creation of ammonia com-
plexes with surface atoms of tin or its oxides
using Van-der-Waals interaction. These pro-
cesses can take place at room temperature.
There is no exchange of carriers (charges) be-
tween the adsorbate and the adsorbent at phys-
ical adsorption. However, the current flow
may be influenced by the barriers growth due
to physical adsorption and, as a consequence,
to a decrease in the carrier’s mobility in the



near-surface region, which also leads to a de-
crease in conductivity.

In Fig. 2 shows the temperature dependenc-
es of the dark current in the SnO2 film meas-
ured in dry air and in ammonia vapor at a con-
stant voltage of U = 150 V.

It can be noted that both during heating and
during cooling in ammonia vapor and in air,
the current changes with temperature accord-
ing to an exponential law. Conductivity has an
activation character, and the conduction acti-
vation energy is approximately the same in all
areas, regardless of the medium and tempera-
ture and is (0.39 - 0.46 eV).
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Fig. 2. Temperature dependences of the dark current
measured in dry air and in ammonia vapor. (U = 150 V)

The obtained values of the activation ener-
gy can be explained on the basis of the model
of an inhomogeneous semiconductor with
large-scale potential fluctuations. In such a
semiconductor, under the action of charged
impurities potential (first of all, those adsorbed
at intercrystalline boundaries), the energy
bands are curved with the formation of a ran-
dom potential relief [19]. The electrons’ mo-
tion in a curved zone is possible if their energy
exceeds a certain critical value Ec, which is
called the level of flow for electrons. The en-
ergy position of the percolation level is de-
fined by the nature of the potential relief. An
electron, which energy exceeds the level of
percolation, can pass over the maximums of
the potential relief or bypass them [20]. There-
fore, the activation energy E, = (0.39 - 0.46)
eV determined from the temperature depend-
ence is the activation energy of electrons from
the Fermi level to the percolation level.

Study of nanostructured SnO;, films’ sensi-
tivity to ammonia

In order to clarify the sensitivity of
nanostructured films to ammonia vapors, the
film was placed in a chamber where ammonia
vapors and dry air were periodically admitted.
The admission time of ammonia vapor or dry
air was 90 seconds. The relaxation curve of the
current flow in this case is shown in Fig. 3.
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Fig. 3. Kinetics of the current changes in the film with
periodic letting of ammonia vapors and dry air into the
chamber (V = 300V).

It can be seen from Fig. 3 that when ammonia
vapor is let into the chamber, the current rapid-
ly decreases in about 30 s. For another 60 s.,
the current continues to decrease, but more
slowly. Thus, adsorption of ammonia mole-
cules on the surface of SnO; films leads to its
electrical conductivity decrease. When the
chamber is blown off by dry air, the conduc-
tivity of the SnO, film is restored to its origi-
nal values. The shape of the current relaxation
curve also indicates that the process of adsorp-
tion of ammonia is more inertial than the pro-
cess of their desorption from the surface of the
SnO; film. In addition, adsorption occurs in
two stages: the first is fast (up to 30 s) and the
second, which is much slower.

The current relaxation was measured in the
range of applied voltages from 150 V to 320
V. For each voltage, the sensitivity S of the
film to ammonia vapor was calculated using
the formula:

I -1

1]
Iy (1)
where is Iy - the current in the film in dry air;
| is the current in the film in an atmosphere of
ammonia vapor.

The calculation results are presented in Ta-
ble 3.
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Table 3.
Dependence of the SnO, film sensitivity on the
applied voltage

V, Volt | 150 200 250 300 320
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Fig. 4. The ammonia vapor sensitivity-voltage depend-
ence of the SnO, film.

The dependence of the sensitivity of the SnO;
film on the applied voltage is shown in Fig. 4;
it can be seen that the sensitivity increases
with an increase in the applied voltage and
reaches a maximum value of 0.63 relative
units at a voltage of 300 V.

The shape of the current relaxation curves
(Fig. 3) suggests that the rise and fall of the
current value with time occurs according to an
exponential law. In particular, the current’s
decay (ammonia adsorption):

t

I=1Ige ™ (2)
Current’s rise (ammonia desorption):
O

Here t, and 14 are some constants characteriz-
ing the inertia of adsorption and desorption
processes.

To confirm these assumptions, the current
decay and rise curves were plotted in the rele-
vant coordinates:

1
.{D iﬂ( i )+t
iﬂ(T)+t and 1- ‘}fn

(Fig. 5 and Fig. 6). Their satisfactory straight-
ening in the above coordinates made it possi-
ble to calculate the time constants of adsorp-
tion and desorption. As can be seen from the
given dependences, the processes of adsorp-
tion and desorption have two parts: a relatively
fast adsorption with a time constant of 13.4 s
and a relatively slow one with a time constant
of 21.8 s. The values of desorption time con-
stants are also close to these values. They are:
19.5 s for slow desorption and 13.2 s for fast
desorption. The presence of two sections in the
given dependences may indicate that the ad-
sorption and desorption of ammonia occur in
two stages. For adsorption, the first step is a
fast one, but for desorption it is a slow step.

The processes of physical adsorption of both
oxygen and ammonia in condition of the estab-
lished dynamic equilibrium can proceed in
parallel. That is, ammonia molecules are phys-
ically adsorbed on the film surface centers
which are free at the moment of adsorption.
Moreover, the presence of two time constants
for adsorption and desorption also indicates a
two-stage mechanism of this process. Usually,
ammonia molecules easily join to metal atoms
due to the unbalanced charge of the nitrogen
atom. In some studies of tin dioxide films, the
presence of under-oxidized forms of tin: Sn,
SnO was shown [21]. As a rule, they are ad-
sorption centers. Upon contact with ammonia,
even without chemical interaction, a shift in
the electron density of the surface tin atom
(most likely associated with an oxygen vacan-
cy) can occur. This leads to a change in the
surface potential and, as a consequence, to a
decrease in the mobility of charge carriers.
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Fig. 5. Current relaxation when ammonia vapor is in-
jected into the chamber (V = 300V).
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Fig. 6. Relaxation of the current at admitting dry air into
the chamber. (V = 300V).

Two time constants of adsorption show that
adsorption centers associated with atoms of
metallic tin can be filled at first (fast adsorp-
tion with a time constant of 13.4, and then of
tin oxide on the film surface — slow adsorption
with a time constant of 21.8. Desorption is in
the opposite direction Thus, the proximity of
the values of adsorption and desorption con-
stants and their behavior confirm the assump-
tion about the role of physical adsorption pro-
cesses in the sensitivity of the studied tin diox-
ide films at room temperature.

Conclusions

The studied nanostructured films of tin di-
oxide can be used as an elementary basis for
gas sensors detecting the composition of the
atmosphere and operating at room tempera-
ture.

Ammonia vapor leads to a decrease in the
conductivity of the studied SnO, films. This is
due to the fact that the adsorbed ammonia
molecules increase the height of the intergran-
ular potential barriers, and the surface shut-off
bend of the energy bands. The main role in this
is played by the processes of physical adsorp-
tion of ammonia molecules.

The sensitivity of the films to ammonia va-
por is in the range of 0.35-0.63 rel and reaches
a maximum at a voltage of 300 V. The pro-
cesses of adsorption and desorption take place
in two stages and are reversible, as evidenced
by the calculated time constants of adsorption
and desorption.
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Chebanenko A.P., Filevska L.M., Grinevych V.S., Smyntyna V.A., Negrutsa O.S.

THE AMMONIA VAPORS INFLUENCE ON THE ELECTRICAL CHARACTERIS-
TICS OF NANOSIZED TIN DIOXIDE FILMS OBTAINED USING A POLYMER

Summary

In the presented paper the effect of ammonia vapors on the electrical properties of na-
nosized tin dioxide films obtained using polymers was investigated to assess the possibility of
their use as an ammonia sensor’s sensitive element at room temperature. Ammonia vapor
leads to a decrease in the conductivity of the studied SnO, films. This is due to the fact that
the adsorbed ammonia molecules increase the height of the intergranular potential barriers,
and the surface shut-off bend of the energy bands. The main role in this is played by the pro-
cesses of physical adsorption of ammonia molecules. The sensitivity of the films to ammonia
vapor is in the range of 0.35-0.63 and reaches a maximum at a voltage of 300 V. The process-
es of adsorption and desorption take place in two stages and are reversible, as evidenced by
the calculated time constants of adsorption and desorption.

Key words: tin dioxide, thin films, ammonia adsorption.
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PACS 73.61.Le, 73.63.Bd
Yebanenxo A.11., @unesckasn JI.M., I punesuu B.C., Cmunmuna B.A., Heepyya O.C.

BIIJIUB ITAPIB AMIAKY HA EJIEKTPUYHI XAPAKTEPUCTUKH
HAHOPO3MIPHUX IIVIIBOK JIOKCHUAY OJOBA, OTPUMAHUX
3 BUKOPUCTAHHAM INOJIIMEPY

Pe3ome

VY npencrapieHiid poOOTI TOCHTIHKEHO BIUIMB aMiaKy Ha €JIEKTPUYHI BJIACTMBOCTI HAHOPO3Mi-
PHHX IUTIBOK JIIOKCH]Iy OJIOBA, OTPUMAHHUX 13 BUKOPUCTAHHSM IIOJIMEPIB, 3 METOIO OLIHKH iX
MOJKJIMBOCTI BUKOPUCTAHHS B SIKOCTI YyTJIMBOTO €JIEMEHTA JaTYhKa aMiaKy NMpu KiMHATHIH TeM-
nepatypi. [lapu amiaky mpu3BOIATH 10 3MEHIIEHHS MPoBiAHOCTI TIiBOK SnO». Lle mos's3ano 3
THM, IO a7COpOOBaHI MOJICKYJIM amiaky 30UIBIIYIOTh BHCOTY MDK3EPEHHHX ITOTEHIIMHUX
Oap’epiB Ta MOBEPXHEBUH BUTHH CHEPreTUYHUX 30H. OCHOBHY POJIb Y IbOMY BIITBOPIOIOTH MIPO-
uecH (izudHo1 afgcopOuii Monekynu amiaky. UyTIHBICTh TUTIBOK JI0 MapU aMiaky 3HAXOJUTHCS B
niana3oni 0,35-0,63 i mocsrae makcumymy nipu Harpy3i 300 B. IIponecu ancop6iiii Ta gecopOrrii
MPOTIKAIOTH Yy AB1 CTaii 1 € 3BOPOTHUMHU, IIPO IIO CBITYATh PO3PaxXOBaHi cTajii yacy ajgcopOuii Ta
necoporii.

KurouoBi ciioBa: niokcuj 0J0Ba, TOHKI TUTIBKH, a[ICOpOIIis amiaKy.

PACS 73.61.Le, 73.63.Bd
Yebanenro A.11., Qunescxas JLH., I punesuu B.C., Cuvinmoina B.A., Heepyya O.C.

BJIMAHUE TAPOB AMMUAKA HA SJIEKTPUYECKHUE XAPAKTEPUCTUKHU
HAHOPA3SMEPHBIX INIEHOK TMOKCHUIA OJIOBA, IIOJIYYEHHBIX
C UCITIOJIB30OBAHUEM ITOJIMMEPA

Pesrome

B npencraBnenHol paboTe Mccae10BaHO BIMSHUE ApOB aMMHUaKa Ha 3JIEKTPUYECKHE CBOM-
CTBa HaHOPA3MEPHBIX IUIEHOK JUOKCHJA OJIOBA, MOJYUYEHHBIX C MCIIOJIB30BAHUEM IIOJUMEPOB, C
L[EJIbI0 OLICHKH BO3MOXKHOCTH MX MCIIOJIb30BaHMSI B KaU€CTBE UYBCTBUTEIBHOTO DJIEMEHTA JaT-
YMKa aMMHUaKa Ipyu KOMHaTHOU TeMrieparype. [lapel aMmmuaka npuBOIAT K CHHYKEHHUIO IIPOBOIH-
MOCTH HCCIIEOBaHHBIX IJIEHOK SNOz. DTO CBS3aHO C TeM, YTO aACOpPOMPOBAHHBIC MOJEKYJIBI
aMMMaKa YBEJIWYHMBAIOT BBICOTY MEK3EPEHHBIX MOTEHLUHUAIBHBIX 0aphepoB M MOBEPXHOCTHBIN
3anuparouuii u3rud sHepreTudeckux 30H. OCHOBHYIO pOJIb B 3TOM UIPaAIOT MPOLECcCH (pu3nye-
CKOM acopOIuM MOJIEeKy/l aMMuaka. YyBCTBUTENIBHOCTD IUIEHOK K ITapaM aMMHaKa HaXOJUTCS B
nuanaszone 0,35-0,63 u nocturaet makcumyMma npu HanpspxkeHuu 300 B. ITponeccst ancopOuuu u
JecopOIMH MPOTEKAOT B JIBE CTAIAMM U SBJISIIOTCA OOpPaTUMBIMHU, O YEM CBUJETENIBLCTBYIOT pac-
CUMTAHHBIC TIOCTOSTHHBIC BPEMEHH aJICOPOLINH U JIECOPOITHH.

KiroueBble cjioBa: THOKCH] 0J0BA, TOHKHUE IUIEHKHU, a/ICOPOLIMS aMMHaKa.

This article has been received in September 2020.

11



PACS 538.9

R.M. Balabai, M.V. Naumenko

Kryvyi Rih State Pedagogical University 54, Gagarina Ave., Kryvyi Rih, 50086
E-mail: nikemarl3@gmail.com

METHODOLOGY OF CONVERTING OF THE COORDINATES
OF THE BASIS ATOMS IN A UNIT CELL OF CRYSTALLINE B-GA;O3, SPECIFIED
IN A MONOCLINIC CRYSTALLOGRAPHIC SYSTEM,
IN THE LABORATORY CARTESIAN COORDINATES
FOR COMPUTER APPLICATIONS

One of the most important areas of modern technology is the creation of new structural materials with
predetermined properties. Along with industrial methods for their preparation and technologies associated with the
artificial growth of crystalline structures, various methods of computer modeling of new materials have recently
become increasingly important. Such approaches can significantly reduce the number of full-scale experiments.
Many applications of the computational materials science are related to the need to establish a relationship between
structure and electronic characteristics, and other physical properties of crystals. This article on the example of
crystalline B-Ga,O; presents the algorithms used in the converting of the coordinates of the basis atoms in a unit cell
of crystal, specified in a crystallographic system, in the Cartesian coordinates for the computational experiment.

1. Introduction

Gallium Oxide (B-Ga,03) has recently at-
tracted considerable interest for its unique
combination of material properties, he has
been recognized the perspective wide band
gap semiconductor [1]. The perspectives for
use of material p-Ga,O3 are conditioning
systems, including pulsed power for avion-
ics and electric ships, solid-state drivers for
heavy electric motors, and advanced power
management and control electronics. Certain
classes of power electronics with capabili-
ties beyond existing technologies due to its
large bandgap, controllable doping, and the
availability of large diameter, relatively in-
expensive substrates In addition to having a
lower electron mobility than binary alloys,
high Al-AlGaN is difficult to dope control-
lably and selectively. The usual Si dopant
ionization level becomes very deep in Al-
rich AlGaN, and ion implantation activation
efficiency is low. We will focus on whether
Ga,03 has a role in complementing SiC and
GaN. Some of the key issues include the real
application space of UWB semiconductors
in power switching or RF power amplifica-
tion, whether in realistic conditions they are
capable of outperforming the mature SiC
and GaN technology, and whether the mate-
rial quality and cost, thermal problems, and
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reliability challenges will limit their applica-
tion. The biggest difficulties in implement-
ing Ga,O3 relate to its high thermal re-
sistance and the absence of p-type conduc-
tivity through doping with acceptors. This
limits the type of device structures that can
be realized and requires effective thermal
management approaches [2].

After an unprecedented development and
application of classical and compound
semiconductors, that started in mid of the
XX century, wide bandgap materials were a
natural step in the expansion of
semiconducting materials that would offer
an extended functionality of both electronic
and optoelectronic devices. Wide bandgap
materials, such as GaN, InGaN, and SiC
have been successfully industrialized in the
last decade with an impact on our daily life,
in particular in the case of nitrides.
Nowadays, the research is directed towards
ultra-wide bandgap semiconducting
materials with the energy gap exceeding 4
eV. There are several that materials that
attract  particular  research  attention,
including AlGaN, AIN, diamond, and -
Ga,03 belonging to the class of materials
called transparent semiconducting oxides.
Diamond is very difficult to fabricate in a
large volume and of high structural quality.


mailto:nikemar13@gmail.com

Al-based nitrides also suffer from
technological difficulties in obtaining a large
volume of high quality crystals. Among
ultra-wide bandgap semiconducting
materials only B-Ga,O3 can be grown in the
large volume. B-Ga,Os; with its unique
optical and electrical properties is regarded
as complementary to other ultra-wide
bandgap semiconducting materials in new
areas of applications, as solar-blind UV
photodetectors, photocatalysts, gas sensors,
solar cells, phosphors, and transparent
conducting films for electrodes on a variety
of optoelectronic devices [3-5].

The polymorphs (i.e., different forms or
crystal structures) of Ga,Ozand their regions
of stability were identified more than 60
years ago [6]. There are five polymorphs of
Gay03, labeled as corundum (o), monoclinic
(B), defective spinel (y), and orthorhombic
(¢), with the & phase commonly accepted as
being a form of the orthorhombic phase [1,
6-10]. The B-phase (B-Ga,03) is the most
stable crystal structure and has been the
subject of most studies [1, 6-16].

2. Methodology of converting of the
coordinates of the basis atoms in a unit
cell ~of crystal, specified in a
crystallographic system, in the Cartesian
coordinates

It is known that the centers of atoms of
any ideal crystalline structure form, in
simple cases, one or, in the general case,
several regular point systems. By the correct
system of points (a system of equivalent
positions) we mean the set of points
obtained by multiplying the starting point
(nonequivalent) by all symmetry operations
of a given space group [17]. Moreover, each
regular point system contains only one point
in an independent region.

In each spatial symmetry group, the
regular point systems are subdivided into so-
called Wyckoff positions. Wyckoff positions
can be free (a region in three-dimensional
space), or can be specified as a plane, or as a
straight line, or as a point in three-
dimensional space (point position). The ba-
sis atoms of the substance under study are
located at specific Wyckoff positions within
the framework of the topology defined by

the spatial symmetry group. In total, in 230
spatial symmetry groups, there are 1731
Wyckoff positions [18-19].

The crystalline structure means the finite
set of regular systems of atoms in a given
Fedorov group. The crystalline structure is
described by the following characteristics:

e spatial symmetry group;

e metric parameters of a unit cell (Bravais
parallelepiped), to which are the
constant lattices and angles between
them;

e Wyckoff 's positions of the centers of
the basis atoms that make up this
structure, including their indices
denoting the multiplicity of positions
and the numerical values of the free
coordinates of these positions in the unit
cell.

The coordinates of all atoms of the
crystalline structure can be calculated on the
basis of these data and using Fedorov
symmetry  groups  or international
crystallographic tables.

Usually, when the crystal structures are
modeled, the coordinates of the basis atoms
are represented in relative coordinates in an
oblique system:

' o T Xai .. Xai
xl:'_ a 'xﬂi'_ b’ =3 A ¢ If the
origin is at the top of the unit cell, they are
expressed in fractions of the elementary
translations. These coordinates characterize
the ratio of the lengths of the oblique
projections of the radius vector coming from
the origin to the lengths of the basis vectors

a, b, ¢ — elementary translations

(parameters) of the Bravais lattice (unit

cell). The relative coordinates of the i-th

atom are positive numbers in the range from

0 to 1. Further, we will not use strokes,

considering the coordinates of the atoms

relative by the formula (1):

= Xya+ x5+ x50 1)
The point that lies in an arbitrary cell of
the crystal corresponds to the vector

r+ ua+ vbh +weg, where ¥ V and W

are integer numbers of translations to which
this cell is separated from the origin
(depending on the direction of translations,
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the numbers can be either positive, and
negative).

Unit cell parameters and relative atomic
coordinates completely determine the crystal

structure. If we consider the orthogonal
basis a, b, c, then the distance between the
atoms i and j will be calculated by the
formula (2):

P(ri?}) = J(M'(l’n - xlj))z + (”"(xzi - xz;‘))z + (le|(xs; — xajjjz ()

In the general case, the square of the
distance between the centers of the
atoms is calculated by the formula (3):

2 2 2

P(ﬁ'?})z = (Ial(xli - xlj)) + (lbl(xza' - xz;‘)) + (lcl(xaa' - xzj))
+2bllel(x2s — x2;) - (62 — x35) cosa + lallel(xy; — x4;) ®)
) (xaa' - xgj)casﬁ‘ + |a||b|(x1!- - xlj) ) (xzi - xz;‘)cc‘g}’

where a, f, y are the interplane angle. To
construct the images of basis atoms,
symmetry operations are applied for each
Fedorov group. A symmetry operator, R,
acts on a point r so that: r'=R-r, in which R
represents a 3x3 matrix by the formula (4):
X, Y, and Z are converted into fractional
crystallographic coordinates (x,y,z) in order
to perform crystallographic operations, and
inversely, geometric computations are more
easily performed in Cartesian space. In or-
thonormal systems (cubic, tetragonal, and
orthorhombic) the coordinate transformation
reduces to a simple division of the coordi-
nate values by the corresponding cell con-
stants. For example,
x=Xl/a, and X=ax. In the case of a generic
oblique crystallographic system, the trans-
formation is described by a matrix opera-
tion: let the atomic positions be described by

a Cartesian coordinate vectorX by the

formula(5):
X

X=1Y (5)
Z
and the fractional coordinate vector in the

crystallographic system be X by the formula

(6):

a abcosy
M-t — 0 bsiny
0 0
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X
X = (J) (6)
Z

With the systems having the same origin
x =MX

the operation reduces to and its
x' @y; @13 Qy3N sX
y' | =|Qz21 Q32 Q33 (}’) (4)
z' 3y Q3 Qi3/) M2

_ -1
inversion to X=M x’ with M the de-

orthogonalization matrix, and its inverse

-1
M the orthogonalization matrix. There
are multiple choices of M depending on the
order and selection of the axis rotations. The
following convention is followed by most
crystallographic programs:

o Cartesian axis A

lographic axis a.

. B is collinear with (aXb) X A;

. C is collinear with (a X b).
Using the above convention and we get

the formula (7):

is collinear with crystal-

ccosfd

c(cosa — cosfS cosy)

siny )
%4

ab siny



with

V = {/abe(1l — cos?a — cos?f — cos?y + 2cosa cosf cosy)

or adj(M™")
V = det(M™1) M = det(M1) (8)
The deorthogonalization matrix M , can and reduces to (9):
be obtained by inversion of M~ following
Cramer’s rule get by the formula (8):
b cosyc(cosa — cosf3 cosy)y 1
a bcosy ( , )—
siny %
1 ‘ ac(cosa— cosf3 cosy)
M~ =10 bsiny — : (9)
Vsiny
ab siny
0 0 —
vV

room temperature are measured to be
a=1223A b=304A c=
5.80A

and the wunique axis PB=103.7° (angle
between a and ¢ axes) unit cell. The unit cell
contains four formula units, eight Ga atoms
and twelve O atoms are evenly distributed
into two Ga and three O nonequivalent sites

3. Converting of the coordinates of the
basis atoms in a unit cell of crystalline p-
Ga,03, specified in a monoclinic
crystallographic system, in the laboratory
Cartesian coordinates

The above techniques will be applied to
crystalline p-Ga,O3; for construction in the
laboratory Cartesian coordinate system as-
sociated with a computer-generated author
program of an atomic environment within a

at positions 4i: (000,-0) + (x0z) [20-23]
unit cell B-Ga,0s.

The monoclinic f-Gaz0s [20] with space (Ta'lt')::tet)ﬂ?. 2 contains selected geometric
group C2/m has two nonequivalent Ga sites: parameters

Gal is the sixfold-coordinated site, while
Ga2 is the fourfold. In addition, there are
three nonequivalent O sites, which are three-
fold-coordinated O1 and O3 sites, while O2
is the four-fold. The lattice parameters at

Table 1.
Nonequivalent atomic fractional positions
of B-Ga,0O3 [20]

Atom X y z Coordination
Gal 0.09050 (2) 0 0.79460 (5) fourfold
Ga2 0.15866 (2) 1/2 0.31402 (5) sixfold
01 0.1645 (2) 0 0.1098 (3) threefold
02 0.1733 (2) 0 0.5632 (4) fourfold
03 0.0041 (2) 1/2 0.2566 (3) threefold
Table 2.
Selected geometric parametres (A, °) [20]
Gal-O1 1.835 (2) Ga2-01 1.937 (1)
Gal-02 1.863 (2) Ga2-02 2.074 (1)
Gal-03 1.833 (1) Gaz2-02 2.005 (2)
01-Gal-02 119.59 (9) Ga2-03 1.935 (2)
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01-Gal-03 106.79 (7) 01-Ga2-02 91.87 (7)
02-Gal-03 105.92 (7) 01-Ga2-03 94.66 (7)
03-Gal-03 111.9 (1) 02-Ga2-02 94.14 (6)
01-Ga2-01 103.22 (9) 02-Ga2-02 80.91 (6)
01-Ga2-02 80.91 (6) 02-Ga2-03 91.95 (7)

The fractional crystallographic coordi-
nates of the atoms shown in Table 1 were
converted to Cartesian coordinates using the
algorithm described in paragraph 2. Their
values are shown in Fig. 1, which is a screen

ated in the Delphi programming environ-
ment [24-28]. Two nonequivalent Ga atoms
[Gal and Ga2] and three nonequivalent O
atoms [O1, O2 and O3] are showed on Fig.
2.

shot of an authoring computer program cre-

Mz M y z zort
1 0.00930027233030284 §5,49024519729932E-16 4,47 755839825075 1Gal
2 1.50305455516035 1.52 1.76343795703763 2 Ga2
a3 1.86100633505357 4. 8223 BANFYE322E-17  0.E187213415:793M 3 0l
4 1.34581 298558739 2.47383097800022E-16 1 3.1 7362349341951 4 02
5 -1.0211737711 5406 1.52 41830477 71EVEZE 5 03

Fig. 1. Laboratory Cartesian coordinates of five atoms in nonequivalent atomic positions
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Fig. 2. Unit cell of B-Ga,03, which possesses two nonequivalent Ga sites: Gal, Ga2 (gray spheres) and three
nonequivalent O-sites: 01, O2 and O3 (white spheres) in different angles of observation. The image is built in a
laboratory Cartesian coordinate system using an author's computer program

To construct the images of basis
(nonequivalent) atoms, symmetry operations
are applied for C2/m Fedorov group:

C2/m symmetry Operators

7 1 1 11
1 LV, 2 1 5 —+x,-+yz EC[—_—_{]]
2 2,y,2 2.(0,y,0) 22 2’2 1
T 1 1
3 il.j}.ﬁ 1 (U,D,Dj B __x-—+JJ'2 21 (.f__l."}jlo) I:D,E,B:l
4 x, 9,z m (x,0,z) s 2
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?1 1 2I(110] 81+ 1 (1)[100]
——X,=—V —, = — ——vy,za |(x,-,z) |=,0,
2 2 ME R Yy R I 2"%) %
—a ( ccosfl (10)
The lattice vectors of the unit cell are given T = ( 0 p 0 )
in the ::x'y'zj-system as: 0 0 c sinf
a, =T(1,0,0)
. As a result, the elementary cell is filled with
a, =7(0,1,0) thirty atoms, which are shown in fig.3. Their
a; =7(0,0,1) values are shown in Fig. 4, which is a screen

shot of an authoring computer program

with the transformation matrix given by the

formula (10):

= ——

Fig. 3. Unit cell of B-Ga203 in different angles of observation.
The image is built in a laboratory Cartesian coordinate system using an author's computer program

Table 3.

Geometric parametres (A, ©) that are
calculated using laboratory Cartesian

coordinates

Ga2-02 2.009
Ga2-03 1.889
01-Gaz2-02 91.95
01-Ga2-03 94.43
02-Gaz2-02 94.15
02-Ga2-02 80.85
02-Ga2-03 92.20

Gal-O1 1.835
Gal-0O2 1.867
Gal-0O3 1.859
01-Gal-02 119.59
01-Gal-03 106.79
02-Gal-03 106.77
03-Gal-03 114.72
01-Ga2-01 103.26
01-Gaz2-02 80.89
Ga2-01 1.939
Gaz2-02 2.076

We have transformed the coordinate from
the crystallographic monoclinic system to
Cartesian, and the geometry of the crystal
does not distort (Tabl. 3). So, our actions
were correct and the obtained set of atomic
coordinates can be used to calculate the
characteristics of the electronic subsystem of

the crystal.
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e " y z zort
1 000980027 233030324 53,49024519?29932515 4,47750833835075 1
2 1.50905463516035 . 152 1.76349735703763 2
7 1.86100633505957 4.82291621776322E-17 0.618721341573300 3
4 1,34581238558789 2,47383097800023E16 317362343341 951 4
5 -1.02117977115405 1.52 41890477 7167625 5
£ 4,73153847382911 152 1.1574258376356 1
7 3.23228405765306 301313667309765E-16 | 3.06540693834871 2
g8 2.,88033175775924 1.52 5.MMB26355440705 3
3 3,395525767 23152 152 2,461361402566584 4
10 5.09382022834535 3.26530147202658E-16 4.18304777 167625 5
1 11.8775185239735 152 1.44533712431M 5
12 00,00980027 299030403 | 3.04 4,47756833535075 1
13 1.86100633505957 3.04 0.6187213415733M 3
14 1.345812385558783 3.04 3.17362343341351 4
15 10,84653547382591 304 1.1674268976356 1
18 9.34728405765306 1.52 3.86548633534371 2
17 8.99533175775954 3.04 5.01626355440705 3
18 9510526767 23152 204 2,46136140256684 4
19 £.1243002723303 1.52 4,47755833535075 1
20 7.62405463516035 304 1,76343735703763 2
21 7.97600693505957 152 0,618721341573301 3
22 7.460312335553723 1.52 3.17362343341351 4
23 5,76251852337346 304 1.44553712431M 5
24 10,84653847382591 9.0221037443401E-17 1,1574258376356 1
25 8.39533175775924 3.91016334935703E-16  5.01626355440705 3
26 9,510525767 23152 19186245937 3313E-16 2,46136140256684 4
2 5.09382022834535 3.04 418930477 7167625 5
28 5,76251852337346 1.12710403970673E-16 1,44533712431M 5
29 3,23228405765906 304 3,86548633834871 2
a 7.62405463516035 1,37331883863571E-16 1.76343730703763 2

Fig. 4. Laboratory Cartesian coordinates of thirty atoms in unit cell

Conclusions

The technique of converting of the
coordinates of the basis atoms in a unit cell
of crystal, specified in a crystallographic
system, in the Cartesian coordinates is
described. This technique is applied to crys-
talline B-Ga,O3 for construction in the labor-
atory Cartesian coordinate system associated
with a computer-generated author program
of an atomic environment within a unit cell
B-Ga,03. Conversion of the coordinates
from the crystallographic monoclinic system
to Cartesian did not distort the geometry of
the crystal.
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PACS 538.9

R.M. Balabai, M.V. Naumenko

METHODOLOGY OF CONVERTING OF THE COORDINATES OF THE BASIS
ATOMS IN A UNIT CELL OF CRYSTALLINE B -Ga,0O3, SPECIFIED IN A
MONOCLINIC CRYSTALLOGRAPHIC SYSTEM, IN THE LABORATORY
CARTESIAN COORDINATES FOR COMPUTER APPLICATIONS

Summary. One of the most important areas of modern technology is the creation of new
structural materials with predetermined properties. Along with industrial methods for their
preparation and technologies associated with the artificial growth of crystalline structures,
various methods of computer modeling of new materials have recently become increasingly
important. Such approaches can significantly reduce the number of full-scale experiments.
Many applications of the computational materials science are related to the need to establish a
relationship between structure and electronic characteristics, and other physical properties of
crystals. This article on the example of crystalline 3-Ga,O3 presents the algorithms used in the
converting of the coordinates of the basis atoms in a unit cell of crystal, specified in a
crystallographic system, in the Cartesian coordinates for the computational experiment.

Key words: crystalline B-Ga,Os, unit cell, basis atoms, monoclinic crystallographic sys-
tem, Cartesian coordinates

19



YJIK 538.9
P.M. Banabaii, M.B. Haymenko

METOAOJIOI'TA ITIEPEPAXYHKY KOOPAUHAT ATOMIB BA3UCY B EJIEMEH-
TAPHIA KOMIPIII KPUCTAJIYHOI'O B-Ga,0s, 11O 3AJIAHI B MOHOKJITHHIA
KPACTAJIOTPAGIYHINA CUCTEMI, B JABOPATOPHI JEKAPTOBI KOOPJIUHA-
TH JJI1 KOMIPIOTEPHOTI'O 3ACTOCYBAHHA

Pe3tome. OHUM 13 HaWBaXXIIMBINIMX HAINPSIMKIB Cy4acCHUX TEXHOJIOTIH € CTBOPEHHS HO-
BUX KOHCTPYKIIIHUX MaTepiaiiB 3 Hamepea 3aJaHMMHU BIacTUBOCTAMU. [lops 3 mpoMHCIOBUMU
crioco0amu X OTPUMaHHS 1 TEXHOJIOTISIMU, OB’ SI3aHUMH 3 IITYYHUM BHUPOIIYBAaHHIM KPHCTAIi-
YHUX CTPYKTYp, OCTaHHIM YacoM Bc€ OLIbIIOr0 3HA4YECHHs Ha0yBalOTh pi3HI METOAU
KOMIT FOTEPHOTO MOJICITIOBaHHSI HOBHX MaTepiamiB. Taki miIXxoau T03BOJSIOTH iICTOTHO CKOPOTH-
TH YHCJIO HATYPHHUX €KCIIepUMEHTIB. bararo 3agau nmpukiagHOro o0YMCIOBAIBHOTO MaTepiaio-
3HABCTBA TOB’s13aHi 3 HEOOXIHICTIO BCTAHOBJICHHS B3a€MO3B’SI3KY MK CTPYKTYPOIO Ta €JIEKT-
POHHUMH XapaKTEPUCTUKAMHU, IHITUMH (PI3SUIHUMH BIIACTHUBOCTSIMUA KPUCTAJIB. Y CTaTTi HA MPU-
kiaal kpuctanigyHoro B-Ga,O; mpeacraBieHi aaropuTMy, BUKOPUCTOBYBAHI MPH MPOEKTYBaHHI
KPUCTATIYHUX CTPYKTYp, IO JO3BOJSIOTH JOCIIIKYBAaTH iX BIACTUBOCTI B OOYHCIIOBAIEHOMY
€KCIICPUMEHTI.

Kuarouosi cioBa: kpucraniuamii B-Ga,03, eneMenTapHa KoMipka, aTOMHI 0a3UCH, MOHO-
KJIIHHA KpHcTasiorpadiyaa cucreMa, 1eKapToBl KOOPIUHATH

V]IK 538.9
P.M. Banabaii, M.B. Haymenko

METO/JI0JIOTUSI HEPEPACYETA KOOPJIUHAT ATOMOB BA3HCA B DJIEMEH-

TAPHOM SYEUKE KPUCTAJIJINYECKOM p-Ga,03, SATAHHBIE B MOHOKJINH-

HOM KPUCTANJIOTPA®UUYECKON CUCTEME, B JABOPATOPHBIE JEKAPTO-
BBIE KOOPIUHATHI JUISI KOMIIBIOTEPHOI'O ITIPUMEHEHMUSI.

Pesrome. OnHUM U3 BaKHEMIIMX HAIpaBIEHUN COBPEMEHHBIX TEXHOJIOTHIH SIBJIIETCS CO-
3/1aHM€ HOBBIX KOHCTPYKIMOHHBIX MaTepHaJIOB C 3apaHee 3aJaHHbIMM cBoWicTBamu. Hapsny c
MIPOMBIIIICHHBIMH CIIOCO0aMH X TTOJIYUEHHSI U TEXHOJIOTUSIMH, CBSI3aHHBIMH C MCKYCCTBEHHBIM
BbIpaIllMBaHNEM KPUCTAJUIMYECKHX CTPYKTYp, B TIOCJIEHEE BpeMsl Bce Oouibliiee 3HaUeHHe MpUo-
OpeTaroT pa3IMYHbIE METO/IbI KOMITBIOTEPHOTO MOAETHPOBAHNS HOBBIX MaTepHajoB. Takue moj-
XOJIbl MO3BOJISIOT CYIIECTBEHHO COKPATUTh YMCIIO HATYPHBIX SKCHEPUMEHTOB. MHOrue 3aaadu
NPUKJIAQJHOTO BBIYUCIUTEIFHOTO MAaTEPUATIOBEACHUS CBSI3aHHBIE C HEOOXOAMMOCTBIO yCTAaHOB-
JIEHHS B3aUMOCBS3M MEXKJy CTPYKTYPOH M 3JIEKTPOHHBIMU XapaKTePUCTUKAMH, IPYTUMHU (U3U-
YEeCKHMMH CBOMCTBaMHU KpHUCTAIUIOB. B cTarhe Ha mpumepe kpucrammndeckoro 3-Ga,Os nmpexacra-
BJICHBI JITOPUTMBI, UCIIOJIb3yEeMbIe MPU MPOEKTUPOBAHUM KPUCTALIMUECKUX CTPYKTYp, MO3BO-
JISIFOIIIME MCCIIEIOBATh UX CBOWCTBA B BEIYHCIIUTEIBEHOM SKCIIEPUMEHTE.

KiroueBbie cioBa: kpucramuueckuil B-GayOs, snemeHTapHas siuelika, aTOMHbIe 0a3u-
CBI, MOHOKJIMHHAS KpUCTauiorpaduieckas cucreMa, JeKapTOBbIe KOOPIMHATHI
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THE STUDY OF HOMOGENEOUS AND HETEROGENEOQOUS SENSITIZED
CRYSTALS OF CADMIUM SULFIDE.
PART IV. FEATURES OF THE REVERSE PHOTOEXCITATION METHOD

For the first time, a reverse method of studying the spectral distribution curves of the photocurrent was ap-
plied, which allows to separate the contribution of equilibrium and non-equilibrium carriers.

This publication is a continuation of the reviews [1-3]. In order to preserve the generality of the work, the
numbering of sections is selected to be general. Numbers of formulas and figures are presented in sections. Refer-

ences to literature in each review are given individually.

Cadmium sulfide crystals are used in our research as a convenient model material. The results obtained
on them and the constructed models are also applied to other semiconductor substances.

6.1. The features of spectral distribution of
the photocurrent in terms of the reverse
excitation

In the vast majority of cases, various
spectral characteristics of semiconductor
samples are measured from small to large
wavelengths of light. This is not of fundamen-
tal importance in the study of its intrinsic
conductivity. However, this is not the case for
studying the processes associated with en-
trapment.

With this method of measurement pro-
duction, the process of filling-emptying the
traps goes with an additional stage. First,
when excited by wavelengths from the self-
absorption band, a large concentration of non-
equilibrium carriers is created. Some of them
settle on the traps. At sufficiently high light
intensities and the rate of change in the wave-
length of light, it is possible to create condi-
tions under which the trap at the time of its
excitation is completely filled with a non-
equilibrium charge, regardless of the back-
ground of the processes.

This is convenient. In this case, due to a
significant release media photo response is
greater, which facilitates the definition of the
main parameter — the activation energy, i.e.
trap depth, the same, of course, as for equilib-
rium and nonequilibrium charge.

However, it is absolutely impossible to
study the processes associated with the con-
centrations of charge carriers on the traps that
existed there initially, before light exposure.

Due to the receipt of a large number of
non-equilibrium charges, such processes
are completely camouflaged.

Or it is necessary to wait for the re-
laxation times when each wavelength is
illuminated from different points in the
spectrum, when the concept of the direc-
tion of its change in the direction of in-
crease or decrease becomes meaningless.
Each wavelength of light used causes an
independent action that is not related to the
previous exposure.

In addition, traps that have a small
capture cross-section and /or whose con-
centration in the crystal is insignificant are
not able to change the stationary current
level and appear only in the first moments
of its establishment.

When studying equilibrium processes
in a crystal involving traps, it is necessary
to apply a reverse change in the wave-
length of radiation from large values (usu-
ally infrared) to small (visible region)
[4,5]. In this case, the light acts only as a
tool. By exciting carriers from traps, the
light only reads the concentration of the
captured charge that already existed there.

Note that this creates a rather peculiar
situation. Perhaps because of this, this
method of changing the spectral composi-
tion of excitation is not widely used.

Although carriers transferred by light
from the bound state to the free state are by
definition non-equilibrium, their concen-
tration, at usually used sufficiently high
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levels of excitation, is uniquely determined by
the equilibrium charge that was on the traps
before illumination.

Even more complicated is the situation
with a system of interacting traps, as in our
case, between the main and excited States of
R-centers. Consideration of the processes that
take place in this case is highlighted in a sepa-
rate Section 6.2.

With all the nuances of current genera-
tion in a semiconductor crystal, the versatility
of the reverse method allows measurements to
be performed both traditionally in stationary
mode and in dynamic mode with different
rates of change in the wavelength of exciting
light. Classical measurements with a fixed
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wavelength at each point act as a special
case of the dynamic reverse method.

The selection of phenomena that oc-
cur in different order of excitation opens
up a previously unused opportunity to clar-
ify the nuances of ongoing processes.

Figure 6.1 shows graphs of the pho-
tocurrent at various modes and rates of
change in the wavelength of exciting light
in the visible region. At the edges of the
spectrum — at 400 and 900 nm, the crystal
was kept for 20 minutes until stationary
conditions were reached. Technologically,
in all cases, the curve was measured first
when the wavelength increased, then when
it decreased.
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Fig. 6.1. Typical curves of the spectral distribution of the photocurrent of the studied samples when the
wavelength changes from small to large values (solid line) and from large to small (dotted line). The speed of
change in the wavelength of light: A) —0.33 nm/s and B) - 2.5 nm/s. B prcyHKe HCIPaBUTh C Ha S.

According to the nature of the processes
occurring the graphs of the spectral distribu-
tion of the photocurrent are divided into three
regions:

a) The region of fundamental absorp-
tion, 400 — 450 nm.

At wavelengths of 400 — 450 nm, due to
the strong absorption of light, the photocur-
rent is formed mainly in the near-surface lay-
ers, despite the fact that under the conditions
of our experiment, mainly transverse conduc-
tivity was studied. In these conditions, due to
the small size of the sample (the interelec-
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trode distance was less than 1 mm), the
contact areas begin to play a significant
role.

This is where the highest concentra-
tion of R-centers is located. The barrier
field accumulates them both from the
depth of the crystal volume relative to the
light flux, and from the near-surface layers
of the frontal surface. According to [6,7],
R-centers due to their intrinsic charge and
field drift inside the lattice tend to accumu-
late precisely in the SCR of the shut — off
contacts at the surface.



The current flow is controlled by barri-
ers at both edges of the sample. This is sup-
ported by further research carried out current-
voltage characteristics.

R-centers play a compensating role in
forming the barrier. If the barrier is repulsive
for electrons (and in CdS these are the main
carriers), then the accumulation of a positive
charge on the R-centers leads to a decrease in
the barrier and an increase in the transverse
photocurrent. A similar role can be played,
depending on the charge state of the R-centers
[6,7,8], by reducing the negative charge when
holes are captured on them.

In this case, the spectrum I{(1) must be
separated. Previous illumination with the en-
ergy of photons of the order Ey (A~450 nm) in
the conditions of the retracting field, it con-
tributes to filling holes in the R-levels, lower-
ing the barrier and increasing the photocurrent
(see Sections 3.1-3.2).

If the excitation first occurs from the
side of short wavelengths (A~400 nm, Ephoton
> Eg), then a competing mechanism is activat-
ed — due to the above-barrier emission of hot
electrons and their tunneling in the narrow
upper part of the barrier, the negative charge
at the geometric border of the crystal increas-
es, which contributes to the formation of a
higher barrier and a smaller photocurrent.

154 4167, pA
10—
5
di nm
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Fig. 6.2. Discrepancy of the short-wave
value of the photocurrent for forward and re-
verse changes in the wavelength of light.

All these processes — both those that
lower the barrier and those that increase it -
take some time to implement. As a result,
both the value of the short-wave photocurrent
itself and the value of the divergence of

graphs in reverse excitation turn out to be
dependent on the rate of change in the
wavelength.

We observed an almost double in-
crease in the maximum photocurrent at

A~400 nm, if

2,5 nm/s (Fig. 6.1).

At the same time, the spread of the
initial and final values of the photocurrent
also increased. Figure 6.2 shows the diver-
gence of the photocurrent graphs for for-
ward and reverse changes in the light
wavelength of figure 6.1 in a 400 nm sec-
tion. The number of measurements for
each applied speed was 5, and the confi-
dence probability was assumed to be 0.95.
It can be seen that the value A1 almost
linearly increases by more than a dozen
times when moving from a rate of 0.33 to
2.5 nm/s.

Both of these changes are easy to un-
derstand, given that if the changes occur
quickly, then the process of localization of
holes is advantageous, since the barrier
field itself contributes to the accumulation
of positive charge and the extraction of
negative.

On the contrary, with a long — term
control experiment (up to 3 hours) with
constant illumination A=400 nm, it was
possible to increase the photocurrent from
0.030 to 0.050 pA.

Note that the revealed regularities are
the prerogative of the proposed reverse
method and do not appear in stationary
measurements.

increased from 0,33 to

b) The area of intrinsic absorption,
450 — 570 nm.

In the area of intrinsic absorption, the
number of current carriers that have passed
into the free state depends only on the ratio
between the energy of the incident photons
and the width of the band gap. However,
this is not enough to form a photocurrent.
As shown in [9], the maximum dependence
is I¢(1) the current value is defined by the

b
expression ly=¢e L7, 4 o when, — mobili-

ty u, the current-voltage U and geometric
dimensions of the sample, - includes the
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lifetime z. Earlier [8], it was found that the
lifetime of the main carriers in the sensed
samples can significantly increase (up to five
orders of magnitude) if the concentration of
charged R-centers is comparable to the exist-
ing number of S-centers. This makes the
graph view dependent I:(1) from the prehisto-
ry of semiconductor excitation. As noted
above, the proper absorption remains almost
adequate for both directions of change in A.
However, when the wavelength of light in-
creases to the left of the maximum, the excita-
tion of the semiconductor occurs after activa-
tion of the near-surface layers and extraction
of holes mainly in the contact areas. The fill-
ing of R-centers in the volume of the crystal is
relatively small. On the contrary, if the maxi-
mum is approached from the right, the prelim-
inary emptying of traps is added to the inter-
zone excitation (see point “c”). This leads to a
greater concentration of free holes, an in-
crease in the population of R-centers, and
with it, the lifetime of the main carriers.

Indeed, in the vast majority of cases, we
observed an increase in the photocurrent in
the long-wave part of the graphs in the “b "
region of Fig. 6.1.The value of the photocur-
rent at the maximum was also higher, so there
was a slight shift of the graph to the right.

The filling-emptying processes of traps
cannot be balanced instantly. In addition, the
crystal's sensitivity is based on the interaction
between spatially distant R and S centers.
And that takes time. As a result, the type of
dependency changes (1) it turned out to be
related to the rate of change in the wave-
length.

The graph was modified slightly for too
high or too low speed. Accordingly, either the
process of insensitivity did not have time to
be established, or the mechanisms of thermal
distribution had time to turn on, etc. The
greatest changes in the photocurrent of the
studied samples at the applied intensities of

light flows occurred at ~1-2 nm/s. This is

what determined the choice of the interval of
the used rates of change in the wavelength of
light in Fig. 6.1.

It should be emphasized that the record-
ed changes, as for point “a”, are due to the
applied reverse excitation method and are not
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available for observation or analysis in tra-
ditional stationary measurements.

c) The region of impurity absorp-
tion, 570 — 900 nm.

The curves of the spectral distribu-
tion of the photocurrent after a relatively
rapid decrease (by 7 to 10 times) had a
well — distinguishable fracture at a wave-
length of 550-580 nm. Then, in the long-
wave region of the spectrum, they were
characterized by a slow decrease in the
photocurrent in a wide range that exceeds
the total width of the first two described
regions (Fig. 6.1). As expected, the photo-
current measured with a set wavelength
always turned out to be greater than when
the excitation wavelength was reduced.
Moreover, this discrepancy turned out to

be different for different values (Fig.

6.1).

The presence of a contribution to the
photocurrent when excited by light with
wavelengths of 600 — 900 nm indicates the
presence of deep traps in the samples in the
middle and below the middle of the band
gap.

Since the most common crystals were
used for measurements and no special cull-
ing was carried out, they did not have
mainly one class of adhesion levels. Nu-
merous contributions of traps with differ-
ent activation energies provided the wide
area of impurity conductivity noted above.
We deliberately went to this expense in
order to demonstrate the advantages of the
proposed method on conventional, non-
selective samples.

As shown in point "b", in the field of
intrinsic sensitivity, the current at the re-
verse change of the wavelength — from
large values to small — on the contrary, was
always greater than at the direct change —
from small to large. For this reason there
are graphs on the borders of these areas
I(2]) and I(A7) always intersected (Fig.
6.1). This effect, which is very convenient
for unambiguously separating the region of
interband transitions from the impurity ex-
citation, is by definition a feature of the
exclusively reversible method and does not



appear in any way in traditional measure-
ments.

It is recorded that as the growth the

intersection point shifts slightly towards
shorter wavelengths. This correlates with the
fact that 1(A1) for such speeds, it turns out to
be higher (see below), which, for a sharp front
of the photocurrent decline in the “b” region,
should lead to exactly this result for geometric
reasons.

Since the detected traps were deep
enough, the process of thermal emptying did
not play a significant role for them. Thus,
subtracting for each wavelength from the for-
ward current 1(A1) return I(1]), it is easy to
get the contribution to the photocurrent of on-
ly non-equilibrium carriers (Fig. 6.3).

Aly,
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Fig. 6.3. Spectral distribution of the
photocurrent signal difference for the speed of
light wavelength change: 1 — 0,33; 2 - 1,5; 3
— 2,5 nm/s.

As expected, the higher the rate of
change in the wavelength, the less time to af-
fect competing processes — additional sponta-
neous loss of electrons to the capture centers
and their relaxation return to equilibrium. As
can be seen from Fig. 6.3, the non-

equilibrium contribution to the current as it
increases at first, it increased rapidly, and

then it almost stabilized at 2,5 nm/s. This also

served as an additional determinant for select-
ing the range of values . We can say that

in our case, the curve 3 in figure 6.3 already
reflects the net value of the non-equilibrium

trap contribution. It was possible to ob-
serve this value only due to the reverse
method.

As can be seen from Fig. 6.3, the
curves Al(1) they were characterized by a
fast increase at the beginning of the impu-
rity region (550-570 nm), then a maximum
at 570-580 nm and a prolonged decrees to
900 nm. The first circumstance is provided
by the competition noted above on the bor-
der with the area of its intrinsic absorption.
The second indicates, of course, better re-
tention of the pre-captured charge by deep-
er traps. The third, as already noted, is the
presence of a whole family of other capture
traps.

S, rel.unit
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Fig. 6.4. Dependence of the area of
divergence of reverse photocurrent graphs
in the area of impurity absorption (600-900
nm) on the rate of change of the excitation
wavelength.

In addition, the curves of the spectral
distribution of the contribution to the pho-
tocurrent of each of the traps must have an
asymmetric maximum. Due to the circum-
stances already considered, when excited
from a large wave length to a small one,
the equilibrium charge is mainly ejected
from the traps. This is usually character-
ized by a bell-shaped maximum trap con-
tribution. The samples had a high dark re-
sistance, so the contribution of such a
charge could not be significant. On the
contrary, when excited from small to large
wavelengths (i.e. first, the traps are signifi-
cantly more pre-filled with a non-
equilibrium charge, and second, they are
intensively emptied in the short-wave part
of the spectrum. When excited by long-
wave quanta, due to the already reduced
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population, the number of emissions is less.
As a result, the difference curve is not sym-
metrical. The sum of the tighter short-wave
tails of the trap maxima may provide the
overall maximum of the graphs in figure 6.3
at wavelengths of 550-600 nm.

Total value of the impurity conductivity
contribution can be estimated from the area
bounded by the curves in figure 6.1 I(11) and
I(2]) for wavelengths from 600 to 900 nm. At
Fig. 6.4 shows how this value changes for dif-

ferent values . To calculate the average

value and confidence interval, the measure-
ments were repeated five times. The curve in
the figure is obtained using two different
methods. First, using the image program Pho-
toshop. Second, the graphs of Fig. 6.1 in the
range of wavelengths 550-900 nm were con-
structed at the same scale, then a segment of
paper was mechanically cut out, bounded
along the axis of the abscissus by straight
lines 4 =550 and 4 =900, and on the axis of
the ordinate curves 1(A1) and I(1]) and its
weight was determined. The results obtained
by both methods gave an identical picture, as
shown in figure 6.4.

It is characteristic that with the growth
of the speed of change in the wavelength of
light, the lower limit of the segment I(1])
changed slightly. The increase in the area of
divergence in the area of trap deposits was
mainly due to an increase in the values 1(11).

We interpret this as additional confirma-
tion that in reverse measurement, the contri-
bution to the current is carried out by an equi-
librium trap charge. Its value is small for the

entire area of applied speeds there is a

complete emptying of the traps. The non-
equilibrium charge accumulated on the traps
after passing the wavelengths of their intrinsic
excitation is, of course, much larger, which
ensures the predominance of the curve 1(11).

This also explains the sublinear nature
of the graph Fig. 6.4. at high speeds, the traps
do not have time to completely empty.

Note that thanks to the applied method,
it is possible for the first time to clearly sepa-
rate the contribution of an equilibrium and
non-equilibrium trap charge.
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As follows from the above, it is the
reverse method, and with the maximum

Speed , allows you to best identify both

existing electronic traps and some of their
features.

6.2. Reverse spectral characteristics in
the region of IR - quenching. The case of
interacting traps

Section 6.1 describes the nuances of
filling-emptying traps and the advantages
of the reverse excitation method. The situa-
tion with a system of interacting traps, as
in our case, between the main and excited
States of R-centers is even more compli-
cated.

In this case, the long-wave light ef-
fect is symmetrical. For any sequence of
excitation, the levels are activated in turn.
The direction of change in the wavelength:
from large to small, or from small to large,
determines only the order of activation of
the holes — either first they are activated
from the shallower excited state, and then
from the deep ground state, or Vice versa.

In the latter case, we should also
consider the possibility that a part of the IR
radiation quanta with an energy of 1.1 eV
(for cadmium sulfide) can also excite R-
centers at a depth of 0.9 with the formation
of hot free holes.

Comparing traditional stationary
measurements for complex traps and the
proposed method of operation at different

speeds , the following should be noted:

1. First, both of these methods are
not antagonistic. On the contrary, the sta-
tionary method should be understood as a
special case of zero-speed measurements

(;—f = 0. Features that can be analyzed for

other values , they are omitted.

2. A stationary measurement method
with an already established photocurrent
works well for significantly filled traps
with a high concentration. More typical is
a small charge accumulated on the traps



and/or their low concentration. The processes
associated with the influence of this compo-
nent on the formation of photocurrent affect
only in the first seconds at the beginning of
exposure. No analysis can detect them from
the stationary value of the photocurrent, since
they are no longer there.

In dynamic measurements, the role of
relaxation changes. From a hindering factor, it
becomes an ally. For measurements, especial-

. di .
ly fast ones, with large values dt relaxation

phenomena, of course, will affect the behavior
of the photocurrent. It is it is possible to iden-
tify these mechanisms and, ultimately, the
parameters of the traps that form these mech-
anisms from comparing the results at different

values (jjf (this means with different degrees

of relaxation influence).

3. Non-equilibrium carriers, exchanging
with the lattice, in a very small order time
10° — 107 s [10] they balance their energy
with it. As a result, it is completely impossi-
ble to separate the contributions to the current
of equilibrium and non-equilibrium carriers
for stationary measurements. If the dark cur-
rent is formed solely by the equilibrium com-
ponent of the charge, then for the light current
it is assumed that its value is associated only
and exclusively with non-equilibrium charges.
This can be justified for high levels of illumi-
nation, and serve as a source of inaccuracy at
low light levels. As will be shown below, the
proposed method of measurement, especially

with the maximum possible speeds C:jf re-

moves this contradiction.

4. In the case of interacting capture
traps, as in our case, between the ground and
excited state of the R-centers, the processes of
charge redistribution must occur fairly quick-
ly, since geometrically this is the same center.
Carriers don't need to spend time drifting
from one center to another. Note that the nu-
ances of these processes remain unexplored to
date. As an effective tool for such research,
the method of high-speed measurements can

be used C:j? in the infrared region.

The range of excitation energies used
is called the region of interacting traps in
the sense that the effect on the R and R’
levels is the excitation of a physically uni-
fied center, in contrast to the usual situa-
tion with different groups of centers, con-
sidered in [4,5].

In General, the spectral distribution
of the quenching coefficient [5.11] as the
excitation wavelength increases Q(/1) and
when it decreases Q(1]) for different

speeds (:jf it was characterized by a cer-

tain decrease in the Q value and a sliding
of the short-wave maximum towards
smaller wavelengths, and for the long —
wave-large ones. For a stationary graph,
measurements with a relaxation of up to 20
min at each point were used to avoid tran-
sients [6,7]. The sample was also kept for a
long time in each cycle at the edges of the
spectrum at 1000 and 1600 nm to prevent
interference of graphs.

The reverse graphs for the value

were chosen as the reference ones O;:l ~1

nm/s, causing the most discernible modifi-
cations. The characteristic changes ob-
served on the photocurrent quenching
curve over the entire range of used speeds
(from 0.33 to 2.5 nm/s) are summarized in
table 6.1.

Feature A:

The value of Q in each of the peaks
is proportional to the number embossed
light holes, respectively, for short-wave
maximum — from the ground state of R-
centers, and for wavelengths from excited.
As the wavelength increases in the quench-
ing region, starting from 900 nm, the excit-
ing light first acts on a deeper basic level.
The initial filling of this center is the same
as for stationary measurements, but the
number of activated holes is less, because,

depending on the speed (ijf , the total time

of exposure to it is less.

Therefore, the value of Qmax(21) it
turns out to be less than the stationary val-
ue. If the excitation is carried out from
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long to short waves, the excited state R' is
pre-emptied (see Fig. 7.2). Due to an increase
in the number of vacancies on it, the flow of
thermally excited holes from the ground state
increases. As a result, when the wavelength of
light decreases to values of the order of 1100
nm, the population of the R-centers is less and
the value of Qmaa(4]) 1t goes down even
more. There is an optimal speed when the dis-
crepancy AQ = Qmaxi(41) — Qmaxa(d]) the
largest according to the model developed in
[4,5]. In our case it turned out to be about 1
nm/s. With a further increase in the speed, the
discrepancy decreases, since the forward
change of A does not have time to excite the
state R, and with the reverse — R".

Feature B:

Now the excitation from the side of
long waves meets first the undisturbed fill-
ing of the States R' and the value of the
maximum Qmax2(4]) it is determined only
by the time of action on the excited States

R’, which means the speed . In direct

measurements, however, with increasing
wavelength, another reason is imposed on
this [5]. Before this occurred, the excita-
tion of R-States. If Feature A is character-
ized by an increase in the thermal flow of
holes, now this causes it to decrease. The
population of R ' centers is less,

QmaxZ(}bl) > QmaxZ(iT)-

Table 6.1. Analysis of characteristic changes on the graphs of Q()) for different speeds of chang-

ing the wavelength of the quenching light.

AXis
raphics
Position The Ordinate Y Abscissa X
maximum (the amount of damping Q, %) | (radiation wavelength 1)
C. Both values Qmaxa(A]) and
£ § Qmaxt(A1) are shifted towards
2 Fl' A As th di short wavelengths relative to
% S - AS e SPEEd INCreases | the stationary maximum, but
E SE discrepancy Qmaxi(A]) stronger. As the
§ 2 = AQ = Qmaa(r) — Qmaa(rl) speed increases these de-
z = increases, reaching the highest
5__3 % values at about 1 nm/s, and | viations first increase, reaching
=1 then decreases again. their greatest values at about 1

nm/s, and then decrease again.

Long-wave maximum
guenching
(1300 - 1400 nm)

B. As the speed increases ,

discrepancy AQ = Qmax2(A]) —
Qmax2(A1) increases, reaching
the highest values at about 1
nm/s, and then decreases
again.

D. Both values Qmax2(A]) and
Qmax2(A1) are biased towards
longer wavelengths relative to
stationary

maximum, but  Qmax(M1)
stronger. As the speed increas-

es these deviations first

increase, reaching their great-
est values at about 1 nm/s, and
then decrease again.
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Let's note a characteristic feature.
Since it is true for the left maximum
Qmax1(21) > Qmax1(4]), then, according to the
Bolzano — Cauchy theorem, the curves
Q1) and Q(1|) they must intersect. Indeed,
at any speed of change in the wavelength of
light, at all lighting intensities, we observed

this effect. At the speed ~1 nm/s value

Q~31% it occurred at a wavelength of 1238
nm, regardless of which way the wavelength
changed. Such a nuance is the prerogative of
the applied technique and, of course, it is
impossible to observe it in principle with
traditional measurements.

Feature C:

Values Qmaxi(21) and Qmaa(4l) they
sink down in different ways. Plot Q(11) it is
associated with undisturbed settlement of
main state and reflects a simple scaling of a
stationary short wave maximum Q). Both
of its ramps undergo almost the same reduc-
tion. The right one is slightly larger, because
for measurements with a wavelength greater
than the maximum, there is a slight shift in
the balance of captures-devastations that the
exciting light itself caused during measure-
ments at wavelengths less than 1100 nm. As
a result, the maximum Qmaa(21) moves
slightly to the left. The pattern changes with
measurements as the wavelength of light
decreases. As already noted, the excited lev-
el was previously emptied. Thermal excita-
tion from the R-centers increased. Their
population has decreased. On the long-wave
slope of the maximum, this is reflected to a
greater extent than on the short-wave, meas-
ured later. As a result, the maximum loses
its symmetry and depending on the speed

it is mostly shifted to the left. It is obvi-

ous that as the speed of change in the wave-
length of light increases, this effect will be
weakened, because as the time of exposure
to the center decreases, the light manages to
knock out fewer holes.

Feature D:

Similar changes with a shift to the
right are formed for the long-wave maxi-
mum. Now it's a graph Qmaxz(41) subsides
asymmetrically due to the fact that the main
level was previously emptied, the thermal
transfer of holes from R to R' decreased on
the left slope. QA1) this reflected more.

Note that all the variety of graph
changes was explained using only one
mechanism [4,5] — increasing or decreasing,
depending on the direction of the change in
the wavelength of light, the thermal excita-
tion of holes from the main to the excited
states. It is the presence of several simulta-
neous effects that allows us to consider the
existence of such a channel for intra-center
redistribution of charge concentrations as
proven. The detection was made possible
thanks to the use of reversible method of
excitation.

7.1. Features of thermo-optical transitions
with excited states of the sensing centers

Two-level model of A.Rose -
R.Bube [12,13] qualitatively explains quite
well the phenomenon of insensitivity of
semiconductors in the presence of slow re-
combination centers. However, the created
model is semifenomenological. Its disad-
vantages include the following:

I. If localized holes of R' levels were
thermally transferred to a free state (Fig. 7.1
B) with an activation energy of 0.2 eV, then
light quanta with an energy from 0.2 to 0.9
eV could also release them. In this case, hot
holes would simply appear in the valence
band. But in this case, the long-wave sensi-
tivity in the range of 1400-1600 nm would
not decrease (Fig. 7. 1, feature “a”).

Il. For the same reason, there would
be no cleavage between the maxima of fig-
ure 7.1 a, feature “b”. Light quanta in the
range from 2;=1100 to 4,=1400 nm (from
1,1 to 0,9 eV) could release media with R’
states

1. In the maximum at 1400 nm
(Fig.7.1 A, feature “c”), the value of Q
would be less than in the short-wave (1100
nm). This should be done because the cen-
ters R and R' have equal capture sections for
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holes, but the level R' is affected by the
thermal outflow of carriers. As a result, the
stationary population of R' levels would
have to be less than for the ground state of
R. At the moment of illumination by radia-
tion with an energy of 0.9 eV, the picture is
blurred by an additional non-equilibrium
charge as a result of the transition of holes
from R to R' centers. However, both to the
right and left of point “c” Fig. 7.1 A (Ayax +
dA and Aya.x — dA) resonant light excitation
of holes does not occur. If the curve Q(A)
smooth (and only such are observed experi-
mentally), then Q(/2) and in this case, it
would be less than Q(41).

But even if the Bube model remained
true, and the singularity at the maximum A,
it simply remained unnoticed by numerous
researchers, but its interpretation would still
require additional considerations. As shown
in [14,15], the intensity of IR light cannot be
too significant. For sure observation of the
guenching effect, the number of IR photons
absorbed should approximately correspond
to the concentration of R-centers. Since the
capture cross sections Syr = Syry, that and IR
photons are divided roughly in half between
the R and R' centers. Two photons are re-
quired to transit holes first from the R to the
R'-level, and then to the V-zone. Therefore,
even in this case, the long-wave maximum
would generally be provided with fewer re-
leased holes than the short-wave maximum.

In addition, such processes would re-
quire a large amount of time.

IV. If the Fig model were implement-
ed. 7.1B, then there should be an additional
maximum quenching with an energy of 0.2
eV (A ~ 7500 nm) in the far-IR region when
thermal transitions are replaced by optical
ones. Moreover, if it is masked by phonon
activity, its intensity should increase as the
illumination of the crystal increases with its
intrinsic light, when the population of R'
levels increases. Until now (see, for exam-
ple, the review [16]), such a maximum of
guenching has not been detected.

The height of the quenching maxima
in the near-IR region (1100 and 1400 nm)
decreases as the intrinsic excitation increas-
es according to our data (Fig. 1.1 of Sec-
tion 1).
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V. The symmetry of the quenching
maxima at A; and A, indicates against the
Bub model (see Fig. 7.1 A). Experimentally,
two fairly wide bands are observed, both
slightly blurred to the left of the maxima, in
the direction of high energies. This is easy to
understand if the release of holes from levels
R and R' is carried out directly into the zone.
At photon energies exceeding the activation
energy of the trap, the holes are able to
move to deeper levels in the valence band.
Meanwhile, if the Bube model were imple-
mented, the long-wave maximum at 0.9 eV
(A=1400 nm) would have to be an order of
magnitude lower than the short-wave one
and strictly symmetrical, since the transi-
tions R — R' are essentially resonant.

VI. The same considerations require
an almost vertical wall after the second max-
imum. Photons with an energy less than 0.9
eV cannot transfer holes from the ground
state to the excited state.

VII. If the Bube model works, the dis-
tance between the main and excited states of
the centers of sensitivity (see Fig. 7.1B), Er
—Er = hv(X2) =0,9 eV. For the room tem-
perature at which the spectrum Q(1) is taken
(Fig.7.1 a), this is 36 times more than the
phonon energy kT = 0.026 eV. If we consid-
er that it is the temperature that causes the
separation of the excited state of the R' cen-
ters from the main one, then this discrepancy
seems too fantastic.

VII1. If, according to the Bube model,
when illuminated by a light with a wave-
length of A, intra-center transitions occur R
— R’ (puc. 7.1B), then the population of
levels R' should increase, and the main states
R - decrease. Experimentally, we observe
smooth dependences on the intensity of
long-wave light. This indicates that the pro-
cess follows a single pattern without chang-
ing the mechanism over the entire interval.
In this case and in high light conditions pgr:
>> pr. Due to the large concentration of
holes on the centers R’, they must be under

the quasi-Fermi level. F; lies in the interval

between E; and E,. On the other hand,

since the population of pR at high light in-
tensities is low, these levels are above the



quasi-Fermi level F; under Eg. This can-
not be done simultaneously, because
E: > Eg (seeFig. 7.1B).

IX. The excited state of the trap interacts
with the ground state at any temperature
[10]. However, in the Bube model, even at
300 K, the R' states exchange holes exclu-
sively with the valence band. And the main
level, because of its depth, can at best only
capture carriers from there. There is no in-
teraction between levels.

7.2. An alternative model of phonon-
photon energy absorption in case of holes
activated from the centers of slow recom-
bination

The basis for creating a zone model
(Fig. 7.1B) served the type of spectral char-
acteristic Q () shown on Fig. 7.1 A. How-
ever, the presence of two quenching maxima
with the same activation energies can be in-
terpreted in a different way [17], as shown
in Fig. 7.2.

E.
e |
R
t 0.2 eV Y
eV 0,9 eV
E,

Fig. 7.2. Alternative zone diagram.

This is supported by the following ex-
perimental facts:

1. Relaxation curves.

A) The Steady-state value of the pho-
tocurrent Il (Section 3.4. Fig. 3.7 [2]) is de-
termined by the stationary population of the
levels. In full accordance with Fig.1.1 of
Section 1.1 [1] for the short-wave maximum
Q at 1100 nm, a smaller photocurrent drop
was also observed on the curve 1 of Fig. 3.7.

B) For the same reason, the slope of
the graph at t=0 for this curve is less, since it
is determined by the number of carriers
knocked out, and it is proportional to the
concentration of holes located at the R-
levels.

C) In figure 3.7, the time to establish a
stationary photocurrent differs by about
three times in graph 1 and 2. This is due to
the fact that for both wavelengths the damp-
ing levels interact with each other. Light
with a wavelength of 1100 nm (Fig. 7.1 a
marked A;) knocks holes out of the main
state of R. In this case, the excited state R’
performs the function of a damper — part of
the holes from it falls on the centers of R
and delays relaxation. When activating the R
" levels with a light with a wavelength A,
(1400 nm, 1,1 eV) the role of the damper
goes to the centers of R. Since there are
fewer holes, relaxation ends much faster.
Thus, all three features of the relaxation
curves indicate that the ground state of the
R-centers is less populated (see section 7.1,
paragraph I11). This corresponds to the level
model in figure 7.2.

2. Migration and relaxation
changes. Large interelectrode
distance.

According to the current model in Sec-
tion 3.1, 3.2 [2], when illuminated by its in-
trinsic light, under conditions of applied ex-
ternal voltage, charged R-centers migrate
from the OPZ contacts to the Central part of
the crystal due to diffusion and drift, in-
sensiting it (Fig. 3.4).

Elevated temperatures increase their
mobility without changing the charge state.
This corresponds to figure 7.2, since the
thermal transitions are intra-center.

An increase in temperature in the Bube
model should lead to the emptying of the
excited states. Therefore, in the same field,
they, on the contrary, would have to move
slower.

It is experimentally recorded that IR
light (1), according to the model of Fig. 7.2,
it knocks holes from the most filled R'-
levels. This inhibits both diffusion and drift.
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On the contrary, if the Bube model
were operating (figure 7.1 B), IR light
would cause intra-center transitions. The
charge state of the R-centers should not
change, since the carrier continues to remain
within the center. Accordingly, the diffusion
and drift would remain the same.

In addition, the depth of R'-levels 0.2
eV in the model Fig. 7.1 B is not able to
provide long term retention of charge in the
dark and accumulation of traps in the SCR.

3. Migration and relaxation
changes. Small interelectrode
distance.

The graph in Fig. 3.3 of Section 3.2.
[2] was explained by the migration of
charged R-centers. To test this model, the
concentration of the charged impurity was
artificially reduced by IR radiation with an
energy of 0.9 eV (Section 3.3). At the same
time, all the features of relaxation disap-
peared. The photocurrent curve without the
formation of a depression reached saturation
for long times, several times exceeding the
time of reaching the maximum I;. Absolute
value of the photocurrent I at the same time,
it turned out to be an order of magnitude
smaller.

This confirms the viability of the zone
diagram 7.2 and is completely inconsistent
with the Fig model. 7.1 B for the same rea-
son as stated in paragraph 2 above. in the
Bube model, infrared light causes only intra-
center transitions.

4. Lux-ampere dependencies.

A) Dependence of the quenching coef-
ficient Q on the intensity of the exciting and
quenching light based on the model of Fig.
7.2 is obtained in Section 1.1 [1]. The for-
mula is fully confirmed experimentally. As
the number of self-absorbed photons in-
creases, Q decreases, while as the intensity
of long-wave light increases, the quenching
increases (see figure 1.1 of Section 1.1).

Meanwhile, according to Bube, IR
light should only cause transitions from the
main to the excited state, and only indirect-
ly, due to temperature, the release of holes
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into the valence band. A two-step transition
would hide the effect of this light on the
quenching coefficient.

B) Analysis of the rate of increase of
the walls of the quenching maxima also
leads to a contradiction with the Bube mod-
el. As the number of infrared photons in-
creases, the experimental value of the cleav-
age between the maxima grows. This is not
difficult to understand from Fig. 7.2-photons
with energy in the region between maxima
from 0.9 to 1.1 eV can be effectively ab-
sorbed by both levels.

In the Bube model, this would require
creating hot holes in the valence band with
an energy from 0.7t0 0.9 eV.

In addition, in the Bube model, the long-
wave wall with 4 > 4, it should not react at all
to changes in the intensity of the quenching
light, since (see Fig. 7.1 B) photons with an
energy less than 0.9 eV are not absorbed at all
(see section 7.1, paragraph V1.).

C) In the narrow region of the ratio be-
tween the applied field, temperature and in-
tensity of long-wave light with 4; ~ 1100 nm
we were able to create conditions when the
first maximum of figure 1.1 a was practical-
ly absent ([1] Section 1.2). We explained
this by re-grabbing holes. Immediately after
activation, the hole is located in the vicinity
of the mother center and it is energetically
advantageous for it to return back. This is
also confirmed by the value of the quantum
output for IR light, defined in Section 5.2, at
the level of 0.03-0.07. That is, abnormally
low.

This fits well with the alternative mod-
el and contradicts the Bube model, which
assumes a large population of ground states.
Accordingly, the probability of capturing
holes at these levels, proportional to the
number of available places, is much lower.
The quantum output can't be small.

D) Dependencies Fig. 5.2 of Section 5.2
[3] for the zone diagram Fig. 7.1 B is not possi-
ble. When activated by light with a wavelength
of 1100 nm, the hole in this model does not
leave the center and therefore no changes from
the outside should appear.

The presence of experimental graphs
in Fig. 5.2 at different IR radiation intensi-
ties confirms the alternative model.



E) In Section 2.2 [1] it is shown that
when the crystal is exposed only to its in-
trinsic excitation, the Lux-ampere character-
istics I¢(L) they are linear. With the use of
additional infrared illumination, they be-
come superlinear, although at lower absolute
values of the current (Fig. 2.2). And this was
observed as for the wavelength 4;, and 4,
Fig. 7.1 A.

This fully corresponds to the zone dia-
gram in Fig. 7.2. Transitions from both R -
and R'-levels are equivalent here. In contrast
to the Bube model, where a transition with
an energy of 0.9 eV does not lead directly to
the release of the hole, and, accordingly,
should not give the observed result on the
LAC graphs.

5. Reverse graphs.

In Section 6.2.the behavior of q(A)
graphs under the reverse excitation method
is investigated. We compared graphs meas-
ured at different rates of change in the wave-
length, first in the direction of increasing,
and then in the direction of decreasing. The
difference is in the order in which the cen-
ters are excited.

The Bub model does not involve inter-
action between levels (see section 7.1, para-
graph IX). Therefore, for any method of
measurement, regardless of the rate of in-
crease or decrease in the wavelength, the
type of maxima Q(X) should not change. In-
frared light simply reveals the extent to
which holes fill the R and R’ levels.

If the levels thermally interact with
each other, as in the alternative model, the
picture changes. In this case, the impact on
one level changes the situation on the other.
If the measurements are from a large wave-
length of light to a small one, the R' centers
are first excited. The transitions of holes
from the main states are amplified to the va-
cant places. Therefore, when the wavelength
is reduced to A;, due to the smaller filling of
the R-centers, the maximum Q(A1) will be
smaller. Thermal transitions R — R’ take
time. Therefore the amount of subsidence
will depend on the rate of change in the

wavelength Z—? The higher it is, the smaller

the change. Thus, in this case, the maximum
O(7,) turns out to be unchanged, and the
maximum Q(4,) decreases depending on the

) di
applied speed —.
pp Y at

If the spectrum is measured traditional-
ly in the direction of increasing the wave-
length, the maximum is stable O¢,). But it
is the effect of light on it during measure-
ments that simultaneously reduces the ther-
mal flow of holes to the R' centers. When
the light energy drops to Ex, there will also
be fewer transitions of holes to the free state
from it. In this case the maximum is reduced
O(%2). Moreover, the more time it took to
organize thermal transitions from R-levels.
That is, the slower the wave length changed,

dA
the speed o was smaller. The alternate

subsidence of the maxima Q (A) in the far
spectral region, depending on the direction
of the wavelength change, is an additional
argument in favor of the model Fig. 7.2.

6. Processes at the short-wave
boundary of quenching.

Section 4 shows [3] that at the short-
wave boundary of the quenching region, the
I it does not change, because the intensity
of the photoexcitation and quenching pro-
cesses are equal. Since each of them de-
pends on external influences in different
ways — the magnitude of light flows, tem-
perature, applied voltage-then changing
these parameters should lead to the creep of
the wavelength of the beginning of quench-
ing.

A) We were not able to find any useful
changes in the scope of the implemented
model 4o (Fig. 7.1 A), related to the variation
of the voltage applied to the sample or the
intensity of its intrinsic light. Increasing
your own arousal works equally in both
models. This leads to an increase in level
filling. When exposed to them, the recoil is
higher, the rate of recombination increases,
and faster than the rate of photoexcitation at
the edge of absorption. Border %, it should
be shifted towards shorter wavelengths for
both models.
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Indistinguishable results were obtained
for different intensities of the infrared light
when measuring the spectral dependencies
from small to large wavelengths. This is a
predictable situation. The greatest impact on
the situation 4o the spectral region that fol-
lows it has an effect Q(11). And it is associ-
ated with transitions from ground states that
work equally in both models.

B) Another thing when measuring Q(1)
from large wavelengths to small ones with
different speeds (see previous paragraph 5
"Reverse graphs™). In this case, transitions
with an energy of 0.9 eV are organized first,
and then 1.1 eV. Moreover, the higher the
light intensity, the brighter the features ap-
pear.

If the Bube model works, the R levels
are emptied when pre-lit with a light with an
energy of 0.9 eV, and when the subsequent
excitation of 1.1 eV, the photo response
from them will be less. Accordingly, the rate
of quenching in the area Ay decreases. Value
Ao should move to the right. The higher the

speed Z—? the better it should be shown.

First, the population of R-centers does not
have time to recover, and secondly, transi-
tions from R-levels due to temperature do
not have time to interfere.

The opposite situation was observed
experimentally. The higher the speed change
the wavelength, the lower limit of the damp-
ing Aq it shifted towards higher values.

This fully corresponds to the alterna-
tive model of Fig. 7.2. Light of 0.9 eV ener-
gy empties the R'-centers. The thermal emis-
sion of holes R — R’ increases because there
are more empty spaces on the R'-centers. At
the moment of lighting with an energy of
1.1 eV, the emission of holes from the R-
centers will be less due to less population.
Reducing the rate of recombination also
leads to bias Ao in the direction of long
wavelengths, however, this is already an in-
ertial process, since it includes an additional
stage of thermal transitions limited by prob-
abilistic phenomena.

C) The distinction between tempera-
ture changes at a fixed voltage and light in-
tensity works Even better. This was shown
better when measuring in the direction of
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increasing the wavelength of the quenching
light.

In the Bube model, holes from R'-
States are knocked out using thermal energy.
The population of the main levels does not
change. The influence of high Q(4;) remain
stable. A fixed value should be expected /o.

In fact, as the temperature increased, it
crept away from 920 to 940 nm (see Fig.
4.2, Section 4 [3]). This happens because the
holes are thermally transferred from R to R'-
levels. Then the lighting with the wave-
length A; knocks out fewer carriers. Quench-
ing processes are suppressed, and restoration
of equality with the rate of excitation is pos-
sible only at large wavelengths.

7. Oscillation of holes.

There can be no oscillation of holes at
a wavelength of 1100 (0.9 eV) in the Bube
model, since the hole does not transit to the
free state at all.

Meanwhile, as can be seen from Fig.
5.1 of Section 5.1 [3], it is for the short-
wave maximum that the greatest changes are
observed with increasing external voltage. It
is in full accordance with the alternative
model of Fig. 7.2.

7.3. Experiment Entre - Entre (ei-
ther-or).

A selective property of the crystal that
allows determining an adequate model be-
tween the zone diagrams in the “either-or”
mode Fig. 7.1B and 7.2, is the population of
the excited states R' when the temperature
changes.

In the Bub model [13], the R' levels in-
teract with the V-zone. Heating activates the
media from these traps. These are the giving
centers. When the temperature increases, the
population decreases.

On the contrary, in the alternative
model of figure 7.2, the R'-centers interact
with the ground States. Phonons activate
media from R-levels to R'-levels. Now the
traps R' are the receiving centers. As the
temperature increases, their population in-
creases.

To clarify these circumstances, we
used a change in the type of spectral distri-



bution of the quenching coefficient Q ()
with temperature. The temperature range is
selected from room temperature to 50 °C in
order to avoid the phenomena associated
with temperature damping of the photocur-
rent described in [13].

1. The short-wave maximum of this distribu-
tion at 1100 nm (1.1 eV) is determined by
transitions from the ground States. In the
Bube model, this part of the graph should
not change. The R-levels are too deep and
cannot be noticeably activated by thermal
energy. In the first approximation, their
population remains the same.

In practice, the Q values are lower
here (Fig. 7.3), which fully corresponds to
the expected value for the alternative model.

2. The long-wavelength maximum at
1400 nm (at 0.9 eV) increased by about the
same amount as the first maximum de-
creased. Given that the dispersion of the
monochromator was equalized not by ener-
gy, but by the number of quanta, this indi-
cates in favor of an alternative model
Fig. 7.2.

Note that the observed differences
were observed only for high IR radiation
intensities. We attribute this to the fact that
for small light streams, the number of dis-
placed carriers is limited only by the number
of photons absorbed. If the number of quan-
ta is comparable and more than the number
of traps, the activation processes are deter-
mined by the already populated levels and
the mechanisms described above take effect.

O %

100 —

50

A HM

| |
800 1200 1600
Fig. 7.3. Influence of temperature on the
spectral distribution of the quenching coefficient. a) -
measurements were made at 24 °C; b) - the tempera-
ture was 50 °C..

>

Thus, the created model of thermoop-
tic transitions lacks the disadvantages of the
I-1X model R.Bube and confirmed by ex-
perimental data 1-7. The scenario of releas-
ing holes from the ground state - through the
excited state — to the valence band first in-
volves a transition with phonon absorption
Er — Egr' with energy 0,2 eV, and only then
arousal in a free state Exgr — E, due to the
energy of a photon hv=0,9 eV. The zone
diagram is implemented in Fig. 7.2.
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THE STUDY OF HOMOGENEOUS AND HETEROGENEOUS SENSITIZED CRYSTALS

OF CADMIUM SULFIDE.
PART IV. FEATURES OF THE REVERSE PHOTOEXCITATION METHOD

For the first time, a reverse method of studying the spectral distribution curves of the
photocurrent was applied, which allows to separate the contribution of equilibrium and non-

equilibrium carriers.

This publication is a continuation of the reviews [1-3]. In order to preserve the generality
of the work, the numbering of sections is selected to be general. Numbers of formulas and fig-
ures are presented in sections. References to literature in each review are given individually.

Cadmium sulfide crystals are used in our research as a convenient model material. The re-
sults obtained on them and the constructed models are also applied to other semiconductor sub-

stances.

Keywords: cadmium sulfide, photoexcitation, photocurrent quenching
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Kynukos C. C., bBpumaeckuu E. B, bopwaxk B. A., 3amosckas H. I1.
Kymanosa M. U., Kapaxuc IO. H.

UCCIEJOBAHUE OJHOPO/JHbIX U 'ETEPOI'EHHBIX
CEHCUBWIN3NPOBAHHbBIX KPUCTAJIJIOB CYJIb®UJA KAJIMUS.
YACTDB IV. OCOBEHHOCTHU METOJA OBPATHOI'O
®OTOBO3BYKJIEHUA

BriepBbie mpuMeHeH 00paTHBINA METO]T UCCIICAOBAHUS KPUBBIX CIIEKTPAILHOTO pacipe-
nenenus (GOTOTOKa, MO3BOJISIONINI pa3eIuTh BKIIAJ PAaBHOBECHBIX U HEPABHOBECHBIX HOCH-
teneid. JlanHas myOauKaIus SBIsSETCS MPoaoJbKeHneM 0030poB [1-3]. B nensx coxpaneHus
oOurHOCTH pabOTHI HyMepalus pa3ziesioB BeiOpana obueit. Homepa hopmysn u pucyHkos
MpeICTaBICHHI B pa3nenax. CChUIKH Ha JIUTEPATyPy B KaXJI0M 0030pe JAIOTCsl MHIHBHIYalb-
HO. Kpucramnsl cynshuaa kaaMusi HCTIONB3YIOTCS B HAIIMX UCCIIETOBAHMIX KaK yOOHBIM
MOJIeTbHBINA MaTepual. [loydeHHbIe Ha HUX PE3YJIbTAThl U TOCTPOCHHBIC MOJICIN TIPUMCHH-
MBI U K JPYTUM TOJIYIPOBOJIHUKOBBIM BEIIECTBAM.

KuaroueBsble cjioBa: cynbdua kaamus, GpoToBO30YXKICHHE, TallieHHe (POTOTOKA

YK 621.315.592

Kynukoe C.C., bBpumascvkuu €.B, bopwax B.A., 3amoscvka H.Il. Kymanoea M.1.,
Kapaxic FO.M.

JOCIIKEHHSA OJHOPIIHUX I TETEPOI'EHHUX
CEHCEBEJII3OBAHUX KPUCTAJIIB CYJb®IAY KAIMIIO.
YACTHUHA 1V. OCOBJIMBOCTI METOAY 3BOPOTHOI'O
POTO3BY/KEHHA

Briepie 3acrocoBanuii 3BOPOTHUIA METOA JOCIIJKEHHSI KPUBUX CIIEKTPAILHOTO
po3noainy GoToCTpyMy, 110 T03BOJISE€ PO3AUIMTH BKJIA/ PIBHOBAKHHX 1 HEPIBHOBAKHUX
HociiB. [lana myOmnikariis € mpoaoBXeHHIM orsifAiB [1-3]. 3 MeToro 30epekeHHs CIiTbHOCTI
poOoTH Hymepallis po3AlIiB oOpaHa 3araabHor0. Homepu hopmyi 1 MadtOHKIB IpeCcTaBIIeH]
B po3zainax. [Tocunanus Ha niTepaTypy B KO)KHOMY OIJISIAL JAlOThCs iHAUBIAyansHo. Kpucra-
U Cynb(]iay KaaMil0 BUKOPUCTOBYIOTHCS B HAIIUX JOCIIIKEHHSX K 3pYYHUI MOJIETbHUN
marepias. OTprMaHi Ha HUX pe3yJbTaTH 1 MoOy10BaHi MOJIENI 3aCTOCOBHI 1 1O 1HIINX
HaIIBIPOBIIHUKOBUX PEYOBHH.

Kurouosi cioBa: cynbdin kaamiro, poTo30ypKeHHs, raciHis GoToCcTpyMy
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OPTIMIZED QUASIPARTICLE DENSITY FUNCTIONAL APPROACH
FOR MULTIELECTRON ATOMIC SYSTEMS

We present the optimized version of the quasiparticle density functional theory (DFT), constructed on the
principles of the Landau-Migdal Fermi-liquids theory and principles of the optimized one-quasiparticle represen-
tation in theory of multielectron systems. The master equations can be naturally obtained on the basis of varia-
tional principle, starting from a Lagrangian of an atomic system as a functional of three quasiparticle densities.
These densities are similar to the Hartree-Fock (HF) electron density and kinetical energy density correspond-
ingly, however the third density has no an analog in the Hartree-Fock or the standard DFT theory and appears as
result of account for the energy dependence of the mass operator X. The elaborated approach to construction of
the eigen-functions basis can be characterized as an improved one in comparison with similar basises of other
one-particle representations, namely, in the HF, the standard Kohn-Sham approximations etc.

1. At present time a density functional
theory (DFT) became by a powerful tool in
studying the electron structure of different
materials, including atomic and molecular
systems, solids, semiconductors etc. [1-42].
A construction of the correct energy func-
tionals of a density for multi-body systems
represents very actual and important problem
of the modern theory of semiconductors and
solids, thermodynamics, statistical physics
(including a theory of non-equilibrium ther-
modynamical processes), quantum mechan-
ics and others.

In last time a development of formal-
ism of the energy density functional has been
considered in many papers (see [1-7]). Its
application is indeed based on the two known
theorems by Hohenbreg-Kohn (t = 0, where
T is a temperature) and Mermin (t = 0) [1,2].
According to these theorems, an energy and
thermodynamical potential of the multi-body
system are universal density functionals.
Though these theorems predict an existence
of such a density functional, however its
practical realization is connected with a
number of the significant difficulties (see [1-
3,8-17]). The problem is complicated under
consideration of the non-stationary tasks (the
known theorem by Runge-Gross about 1-1
mapping between time-dependent
densities and the external potentials [2]).
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Let us remind some important results
of the density functional theory. It should be
mentioned a constructive approach to deliv-
ering optimal representations for an exact
density functional [1,2,8-16], which has been
used for generalization of the Hohenberg-
Kohn theorem in order to get an effective
density functional for large molecules. As
alternative version one could consider a qua-
siparticle conception of Kohn-Sham and the
Levi-Valone method [2,3]. In fact it has been
done an attempt practically to realize an idea
of the Hohenberg-Kohn theorem.

More advanced analogous approach
with account of the multi-particle correla-
tions is developed in ref. [8,17,18].

The quasiparticle Fermi-liquid version
of the DFT has been earlier developed in
Refs. [1-3,8,17] and based on the principles
of the Landau-Migdal Fermi liquids theory.
In refs. [4,5] it has been firstly developed a
consistent relativistic quasiparticle theory of
a density functional formalism and construct-
ed an optimized one-quasiparticle representa-
tion in a theory of multi-electron systems.
The lowest order multi-body effects, in par-
ticular, the gauge dependent radiative con-
tribution for the certain class of the photon
propagators calibration are treated in QED
formulation and new density functional inte-
gral-differential equations are derived. The



minimal value of the gauge dependent radia-
tive contribution is considered to be the
typical representative of the multi-electron
correlation effects, whose minimization is a
reasonable criteria in the searching for the
optimal QED perturbation theory one-
electron basis. In this paper we present the
optimized version of the quasiparticle DFT (a
Fermi-liquid version of the DFT), based on
the principles of the Landau-Migdal Fermi-
liquids theory and performance of the gauge
invariant principle.

The elaborated approach to construction of
the eigen-functions basis can be character-
ized as an improved one in comparison with
similar basises of other one-particle represen-
tations, namely, in the HF, the standard
Kohn-Sham approximations [12-17] etc.
Below we present only the key points of the
theory for multielectron atomic systems.

2. According to Refs. [1-5], the master
equations can be obtained on the basis of var-
iational principle, if we start from a Lagran-
gian of an atomic system L. It should be de-
fined as a functional of quasiparticle densi-
ties:

vo=n, 10,
vn=>nIve,mr, )
A
v,(N=>n[0,®, -D,D,].

The densities vy and v, are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an
analog in the Hartree-Fock (HF) or the stand-
ard DFT theory and appears as result of ac-
count for the energy dependence of the mass

operator X. The functions @, are the solu-

tions of the master equations for multielec-
tron atomic systems with a nuclear charge Z
(in atomic units) as follows:

[p*/2=-D"Z,/r, +> (x)+

p@> /op*)pl®, (x) =
(1-0) log)e,® ,(X)
)

The functions @ , in (5) are orthogonal with a
weight
p'=at =[1-0> [og]. (3)

Now one can introduce the wave functions of the
quasiparticles

0, = a—1/2q)i’ @)

which are, as usually, orthogonal with weight 1.
For complete definition of {(01} it should be
determined the values z o az /ap2 , az 1os .

A Lagrangian L can be written as a sum of a
free Lagrangian and Lagrangian of interac-
tion:

Lg=Lo +Lg"™, (5)
where a free Lagrangian Lg has a standard

form:
L =Idr;nﬂ®1 (i0/ot-g,)d, (6

The interaction Lagrangian is defined in the
form, which is characteristic for a standard
(Kohn-Sham) density functional theory (as a
sum of the Coulomb and exchange-
correlation terms), however, it takes into ac-
count for the energy dependence of a mass

operatorz :
in 1 :
L = L, - D [ BicF (1, 1,)v; (1)vi (1, )drdr,

i,k=0
(7)
where [ are some constants (look below),

F is an effective potential of the exchange-
correlation interaction

In the local density approximation in the
density functional the potential F can be ex-
pressed through the exchange-correlation

pseudo-potential V. as follows [1-5]:

F(rr) =y /0vy-6(n —1,).

(8)
According to ref. [1-4], one can get the fol-

lowing expressions for 3", = -oL0" /5, :
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Zoz(l_Ze)VK +ZSX +
1 2 2 2
Eﬂooé Ve 10V vy + BooNyc 1OV, -V, +

+ By Ny 16Vy v, + B0 Ny [ SVE vy, +
B0 Ny 16VE vV, + BNy 16V, - v,
zl =Ly Ny [0V, -V, +

+ LNy 10Vy vy + BNy [0V, - vy,

Z 2 = PNy [6Vy vy +

+ BNy 16V vy + By Ny [0V vy,
9)

Here v, is the Coulomb term (look above),

> & s the exchange term. Using the known

canonical relationship:
Hy=®,0, /80, +®,d, /50, - L, (10)

after some transformations one can receive
the expression for the quasiparticle Hamilto-

nian, which is corresponding to a Lagrangian
Ly,
0 int 0
H,=H,+H; =H,-L+
+%ﬂooé\/xc [6vy - v+
+ BNy 16V vy vy + (12)

1
Eﬂllé\/xc l6v, 'V12 -

1
_Eﬂzzévxc 6v, 'sz

It is obvious that omitting the energy de-
pendence of the mass operator (i.e. supposing
Bo, =0) the quasiparticle density functional

theory can be resulted in the standard Kohn-
Sham theory.

Further let us give the corresponding
comments regarding the constants fSi. With-
out a detailed explanation, we note here that
the corresponding constants in our theory
approximately possess the same universality
as ones in the Landau Fermi-liquid theory
and Migdal finite Fermi-systems theory.
Though it is well known that the entire uni-
versality is absent. First of all, it is obvious
that the terms with constants

Lor Py Pros Pop give omitted contribution
to the energy functional (at least in the zeroth

approximation in comparison with others), so
they can be equal to zero in the simple ap-

proximation. The value for a constant [, in
some degree is dependent upon the definition
of the potential V. . If as V¢ it is use one

of the correct exchange-correlation potentials
from the standard density functional theory,
then without losing a community of state-

ment, the constant ﬂoo can be equal to 1.

The constant /3, can be in principle calcu-
lated by analytical way, but it is very useful
to remember its connection with a spectro-
scopic factor Fsp of atomic or molecular sys-

tem (it is usually defined from the ionization
cross-sections) [5]:

F,, :{1—8—‘12 kk[—(I.P.)k]}

(12)
where |.P. is a ionization potential. It is easily
to understand the this definition is in fact cor-
responding to the pole strength of the corre-
sponding Green's function [62]. The simple
approximation for the I.P. is as follows [2-4]:

(1.P.), =—(e, +F.), (13)
1
Fo =2y (_ (-I-P-)k)z 1-o%, (ek)/aE L (Ek)
(14)

It is well known that can be determined by
the following standard expression (in the
second order of the perturbation theory):



2 (Vksij _Vksji ksij (Vksij _Vksji ksij

Zf«)(e):;e+es —€ —€; +§:e+eS - € —€;
(15)

Other details can be found in Refs. [1-10]).
3. As application of the quasiparticle theory
we present the estimates for the atomic spec-
troscopic factors. Using the above written
formula, one can simply define the values
(3)-(12) one could the quantity (12). In the

concrete calculation as potential V. we use

the exchange-correlation pseudo-potential
which contains the correlation (Gunnarsson-
Lundgvist) potential and relativistic ex-
changer Kohn-Sham one [4,5].

As example in table 1 we present our calcu-
lational data for spectroscopic factors of
some atoms.

Table 1.Spectroscopic factors of the external
ns? shells of some atoms and ions

Atom, | N | s, | Atom, | n Fsp
ion ion

Ar 3 1058 | As 6 0.30
Exp. |3 [0.56 | As 6 0.31
RPA |3 |0.70 | Rn 6 0.29
TI™ [310.60|Fr 6 0.28
Xe 6 | 0.36 | Fr 6 0.28
TI 6 | 0.36 | Ra 7 0.43
Pb 6 | 0.34 | Ac 7 0.42
Bi 6 | 033 | Th 7 0.42
Po+ 6 [0.31 | Pa 7 0.42
Po 6 {031 |U 7 0.42

There are also listed for the argon atom the
experimental value of the spectroscopic fac-
tor and the value, obtained in the random
phase approximation (RPA) with exchange.
It should be noted that the Hartree-Fock the-
ory gives the value of 1. In conclusion let us
remind that the presented approach to defini-
tion of the functions basis {® ,} of a Hamil-

tonian HG| can be treated as an improved in

comparison with similar basises of other one-
particle representations (for example, the HF,
the Hatree-Fock-Slater, the standard Kohn-
Sham approximations etc.). Naturally, this
advancement can be manifested during

studying those properties of the multi-
electron systems, when an accurate account
for the complex exchange-correlation effects,
including the continuum pressure, energy
dependence of a mass operator etc, is criti-
cally important [28-40].
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OPTIMIZED QUASIPARTICLE DENSITY FUNCTIONAL APPROACH
FOR MULTIELECTRON ATOMIC SYSTEMS

Summary. We present the optimized version of the quasiparticle density functional
theory (DFT), constructed on the principles of the Landau-Migdal Fermi-liquids theory and
principles of the optimized one-quasiparticle representation in theory of multielectron sys-
tems. The master equations can be naturally obtained on the basis of variational principle,
starting from a Lagrangian of an atomic system as a functional of three quasiparticle densi-
ties. These densities are similar to the Hartree-Fock (HF) electron density and kinetical en-
ergy density correspondingly, however the third density has no an analog in the Hartree-
Fock or the standard DFT theory and appears as result of account for the energy dependence
of the mass operator ~. The elaborated approach to construction of the eigen-functions basis
can be characterized as an improved one in comparison with similar basises of other one-
particle representations, namely, in the HF, the standard Kohn-Sham approximations etc.

Key words: quasiparticle density functional theory, exchange-correlation corrections
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OIITUMUM3NPOBAHHASA KBASUYACTUYHASA TEOPUA ®YHKIIMOHAJIA
IVIOTHOCTHU AJIAA MHOTI'OQJIEKTPOHHBIX ATOMHBIX CUCTEM

Pe3iome. [IpencraBiena onTUMU3NPOBAaHHAS BEPCUSl KBa3UYACTHUHOW TEOpUH (DYHKITHO-
Hasa wiotHocTH (TPII), mocTtpoeHHas Ha HmpuHUUIAX Teopuu (Gepmu-kuakoctd Jlanaay-
Murpana 1 BBEACHUU ONTUMAJIBHOIO OJHOKBA3UYACTUYHOIO NPEACTABICHUSA B TEOPUU MHO-
TOIEKTPOHHBIX cucTeM. OCHOBHBIE YpaBHEHHsI MOTYT OBITh €CTECTBEHHO IOJY4YEHbI Ha OC-
HOBE BapMalMOHHOI'O IPUHLNIIA, UCXOJS U3 JarpaHKuaHa aTOMHOW CUCTEMBI, IIPEACTABIICH-
HOro B BHJE (YHKLMOHAJAa TpeX KBa3sMYaCTHUHBIX IUIOTHOCTeH. IlocnenHue aHamoruyHbl
CTaHJApPTHBIM 3JIEKTPOHHOM IUIOTHOCTU XapTpu-Poka (X®P) M MIOTHOCTH KUHETHYECKON
SHEPIUU;, OJHAKO TPEThS MIIOTHOCTh HE MMeeT aHanora B Teopun X unu crangaptaon TOIT
U TOSIBJISETCS KaK pe3yJbpTaT ydyeTa SHEPreTH4EeCKOM 3aBHUCHMOCTH MacCOBOTO OIlepaTopa
KBa3uuacTull. Pa3paboTaHHbIi MOAX0A K MOCTPOCHUIO Oa3uca coOOCTBEHHbBIX (QYHKUMN MIpes-
craBisieTcs 0osee APPEKTUBHBIM B CPABHEHUHU C aHAJIOTUYHBIMU 0a3McaMu IPYTHX OAHOYA-
CTUYHBIX IPEJCTABICHUH, B YACTHOCTHU, B NMpUOMKeHUsIX XD WM cTaHAapTHOM NpUOIMKe-
Hun Kona-Illama u ap.

KiroueBble cj0Ba: KBa3MyacTMyHas Teopus (yHKIMOHAJIA IJIOTHOCTH, OOMEHHO-
KOPPEJSLIMOHHBIE TIOPABKU
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ONNTUMI3OBAHA KBA3IYACTUHKOBA TEOPISA ®YHKINIOHAJIA I'YCTUHH
JJIAA BATATOEJIJEKTPOHHUX ATOMHUX CUCTEM

Pe3iome. IlpencraBiena ontumizoBaHa Bepcis KBa31YaCTMHKOBOI Teopil (yHKIiOHaNa
ryctunu (T®T'), nobynoBaHoi Ha mpuHuMIax Teopii pepmi-pinunu Jlangay-Mirgana 1 BBe-
JICHHI ONTHUMAaJIbHOIO OJHOKBa31YaCTHHKOBOTO YSBJICHHS B Teopii OaraToeleKTpOHHUX CHC-
TeM. OCHOBHI PIBHSHHS Teopii MOXYTb OyTH HNPHUPOJHO OTPHMAaHI Ha OCHOBI BapialiifHOro
MNPUHIINITY, BUXOJAYH 3 JJarpaH)KiaHy aTOMHOI CUCTEMH, MPEICTABICHOI0 y BUMIIAI QYHKIII-
OHAJy TPhOX KBa31YaCTMHKOBUX I'ycTHH. OCTaHHI aHAJIOTIYHI CTaHAAPTHUM EJIEKTPOHHIH ryc-
tuH1 XapTpi-Doka (XD) 1 rycTUHI KIHETHYHOI €Heprii; oJIHaK, TPETsl TYCTUHA HE Ma€e aHaJlora
B Teopii XP abo cranpaptHid TOI 1 3'IBisg€ThCA K pe3ynbTaT ypaxyBaHHS €HEPreTHYHOI
3aJIe)KHOCTI MacoBOTO olleparopa KBa3iyacTHHOK. Po3poOienuii miaxia A0 no0ynoBu 0azucy
BJIAacCHUX (QYHKLIA BUIAETbCS OBl e(EKTHBHUM y MOPIBHSAHHI 3 aHAJOT1YHUMHU Oa3zucamu
IHITUX OJHOYACTKOBHX YSBJICHB, 30KpeMa, B HaOmmkeHHsX X® abo cTaHmapTHOMY HaOIu-
xeHHi Kona-Illema 1 iH.

KuarouoBi cjoBa: KkBa3iuacTUHKOBAa Teopiss (yHKLIOHAIY TyCTHHH, OOMIHHO-
KOpEJISALIfHI TOPaBKH
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SIGNAL PROCESSING AND CYBERSECURITY IN SOME CHAOTIC OPTICAL
COMMUNICTAION SYSTEMS

A chaos —geometric approach to investigation of complex chaotic dynamical systems is applied to an anal-
ysis, modeling and processing the time series of emission intensities of chaotic transmitter/receiver systems (two
unidirectionally coupled semiconductor laser systems in the all-optical scheme) suited for encoding at rates of
GBit/s. the problem of a signal processing is directly connected with the corresponding cybersecurity in some
optical chaos communictaion systems. The estimated values for the dynamic and topologic invariants such as
the correlation and Kaplan-York dimensions, Lyapunov indicators, Kolmogorov entropy etc for investigated

chaotic signal time series of two unidirectionally coupled semiconductor laser systems in the all-optical scheme.

1. At present time there are carried out the
intensive investigations in the field of signal
processing and cybersecurity in different
optical chaos communictaion systems that is
provided by a great importance and interst
due to its technical applicatioons [1-6].

The use of methods of a chaos theory has
been considered as an effective alternative
technique to encrypt information that pro-
vides a high level of cyber security for com-
plex information. There have been published
sufficiently large number of papers, but,
hitherto it is absent an full understanding all
mathematical computational, informational
and technological aspects of this problem
(c.g., [1,2] and Refs therein).

According to ref. [1,2], there are papers,
where it has been shown that a message
could be encoded and decoded within a high
dimensional chaotic carrier in devices with
using coupled single-mode semiconductor
lasers subjected to coherent optical feedback
or injection, or erbium doped fiber ring la-
sers.

The important feature of such schemes is
connected with successful possibilities to
synchronize two spatially separated chaotic
semiconductor lasers to each other. The
authors [2] have reviewed review the main
characteristics of the emitter/receiver devic-
es concentrating on two kind of chaotic sys-
tems: a semiconductor laser subject to a de-
layed all-optical feedback and a semiconduc-
tor lasers subject to a delayed non-linear

electro-optical feedback. The important result
of Ref. [2] are as follows: firstly, there is
generated a direct-chaotic carrier in dynamics
of both systems; secondly, availability of
chaotic regime in systems sufficient to pro-
vides a privacy in the communication as the
higher the complexity of the chaotic carrier
the more difficult is to decode the message
without the appropriate receiver [2].

From the technical viewpoint, message
can be hidden in the broad spectrum in the
10-100 GHz range due to the use of semi-
conductor diode lasers. In Refs. [10-10] the
authors presented a general, uniform chaos-
geometric formalism to analysis, modelling
and prediction of the non-linear dynamics of
guantum and laser systems and devices (
such as atomic and diatomic systems in an
electromagnetic infrared field, laser and
quantum generators systems etc) with ele-
ments of the deterministic chaos. In particu-
lar, the detailed analysis and modelling has
been realized and the results of studying the
low- and high dimensional dynamics of a
chaos generation in the semiconductor
GaAs/GaAlAs laser with the retarded feed-
back as well as the results of non-linear anal-
ysis of the chaotic oscillations in a grid o two
autogenerators have been listed. It should be
noted that the dynamics of this systems has
been also studied from the viewpoint of the
corresponding differential equations solu-
tions (e.g. [12,24,44]). At the same time, in a
case of different quite complex systems a
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similar analysis and differential equations
solving is not possible at least in the simpli-
fied form, so here one may make processing
the experimental time series of the funda-
mental dynamical variables.

Through there are many papers, where the
different methods and algorithms of pro-
cessing temporal and spatial dynamics of the
complex systems are developed and inten-
sively used (see references [1-24].

However, below we will follow a chaos —
geometric approach, developed in refs. [20-
20]. It includes the advanced generalized
techniques such as the wavelet analysis, mul-
ti-fractal formalism, mutual information ap-
proach, correlation integral analysis, false
nearest neighbour algorithm, the Lyapunov
exponent’s analysis, and surrogate data
method, and principally new methods and
algorithms of prediction etc.

In this paper we apply a chaos —geometric
approach to analysis, modeling and pro-
cessing the time series of emission intensities
of chaotic transmitter/receiver systems (two
unidirectionally coupled semiconductor laser
systems in the all-optical scheme) suited for
encoding at rates of GBit/s [2].

We will list the estimated values for the
dynamic and topologic invariants such as the
correlation and Kaplan-York dimensions,
Lyapunov indicators, Kolmogorov entropy
etc for investigated chaotic signal time se-
ries.

According to Refs. [20-20], the general
chaos—geometric scheme of analysis, model-
ing and processing the time series of the cited
intensities time series includes the following
points. The first point is processing the input
data, which contain a time series with N dis-
crete values of the scalar variable, namely,
intensity measurements:

I(t) = I(to + jAD=1() (1)

So the first step is connected with preparing
the corresponding numerical data about the
intensity measurements. In the general case, s
(n) can be any time series (populations or
polarization of atoms or molecules, radiation
intensities of systems, etc.).
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In our case below speech is about the
time series of emission intensities of chaotic
transmitter/receiver systems (two unidirec-
tionally coupled semiconductor laser systems
in the all-optical scheme). This scheme is in
details described in Ref. [2]. It is a character-
istic feature of this system is availability of a
hyper-chaotic carrier, i.e. a high dimensional
chaotic attractor. This circumstance has a di-
rect relation to ensuring privacy in the
communication as the higher complexity of
a chaotic carrier the more difficult is to de-
code the message without the appropriate
receiver (see details in Ref. [2]). Usually
these characteristic can be provided by using
the semiconductor diode lasers, which, ac-
cording to different estimates, are able to ex-
hibit a broad spectrum in the range about 10-
100 GHz.

The characteristics of chaotic systems
signals (time series) and respectively a
mechanism of encoding the messages are re-
alized by such a way with a guarantee of im-
possibility to extract the message by means
of any linear filtering process etc. The tech-
nical parameters of the chaotic optical com-
munication system are described in ref. [2].

Here we only note that the setup is used to
study experimentally all-optical chaos phe-
nomenon. It consists of an external cavity
semiconductor laser and several detection
devices, namely, a cavity semiconductor la-
ser consists of an edge emitting laser which
is driven by a low noise direct current
source, a collimation lens, a variable neutral
density filter and a high reflecting mirror
with a reflectivity of approximately 99 %
terminating the external cavity [2]. The semi-
conductor laser with the facet reflectivities is
electronically pumped by a low noise current
source with the injection current Ipc. The in-
ternal round trip time of the light is z. The
emitted light is reflected from a distant mir-
ror with the reflectivity and reinjected into
the laser system with some time delay.

A system is constructed so in order to use
chaotic fluctuations of intensity (-or ampli-
tude) of a semiconductor laser. As a rule, one
keep in mind that some message is masked as
a small amplitude modulation with a masking



efficiency (order about -15 dB). In Ref. [2]
there are presented the data on the temporal
intensity dynamics obtained for an injection
current of Ipc = 1.2 Iy, and a length of the ex-
ternal cavity 3.9 cm. The temporal dynamics
comprises fast chaotic pulsations in the GHz
range representing as chaotic carrier signal
for communication experiments.

From the theoretical viewpoint, analysis
of the corresponding time series in further
includes reconstruction of the phase space of
a system.

More exactly, according to Refs. [20-20],
speech is about calculation the respective
embedding dimension and reconstruction of
an Euclidean space large enough so that the
set of points da can be unfolded without am-
biguity. The well-known approach to per-
form this reconstruction is in utilizing the
correlation dimension method, which allows
to calculate so called correlation integral and
its dependence upon a radius of the correla-
tion sphere. There are a few versions of nu-
merical realization of the correlation dimen-
sion algorithm.

Usually, simultaneously one should check
the correctness of the processed data by
means of utilizing a surrogate data algorithm
(see al details in Refs. [20-20]), which allows
to create the substitute data sequences gener-
ated in accordance to the probabilistic struc-
ture underlying the original data.

It is important to underline that simul-
teniously an autociolrelation function al-
sofythm as well as method of average mutual
information are utilized to calculate very im-
portant numerical parameter of the all algo-
rithm such as a delay time v (or lag). The
matter is in the fact that the series (1) is ex-
changed by the series with delayed variables
I (j+v) and further one should construct the
corresponding vector in the D-dimensional
space:

[1G), 1G+v), 14 +2v), ..., 1GHD-1)v)]. (2)

It should be noted As it has been noted in
[20], if a number v is too big, then I(j + nv)
and 1(J +(n+1)v) will be completely inde-
pendent of each other in the statistical sense

and the projections of the orbits on the attrac-
tor will be directed at two completely unre-
lated directions.

In order to check any complex system on
an availability of the elements of a chaos any
researcher usually utilizes a procedure of
calculation of the such important dynamical
invariants as the Lyapunov indicators o;
(look details in Refs. [17-20]). These indica-
tors determine an invariant measure of chaot-
ic attractor. The latter are very useful when
considering the physics of the process and,
moreover, determine the limited predictabil-
ity of the chaotic motion of the physical sys-
tem. Using only topological or only dynamic
invariants to characterize the attractor is un-
likely to give a "complete" set of invariants,
SO it is necessary to use them together. It is
worth to remind that there is another very
important characteristics such as Kolmogo-
rov entropy Ex which is defined as a sum of
the positive Lyapunov indicators.

In order to calculate a dimension of the
chaotic attractor one could use the Kaplan-
York formula :

DL:i+ZSm/|8i+1|' (3)

m=1
where the Lyapunov’s exponents d are taken
in descending order, and the number is such

that the quantities 25m>0 and
=1

i+1

Zﬁm <0. To calculate the Lyapunov indi-
m=1

cators 9d; , one could use one of the existing
numerical algorithms and the corresponding
PC codes. In this paper we have used the al-
gorithm, which is based on the Jacobi matrix
of system and the numerical codes Tisean,
Quantum Chaos and Geomath [20]). The de-
tails of the utilized methods and algorithms
can be found in Refs. [20-20].

3. Below we present the concrete data of
analysis and modeling time series of emis-
sion intensities of chaotic transmitter/receiver
systems (two coupled semiconductor laser
systems in the all-optical scheme) suited pre-
sented in Ref. [2] for encoding at rates of
GBiIt/s; the typical time series of emission
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intensities of chaotic transmitter/receiver sys-
tems with two coupled semiconductor laser
systems is presented in figure 1.

I6

(]

50 100 150 200 time,

Figure 1. A typical time (ns) series of emis-
sion intensity | of the chaotic transmitter/receiver sys-
tem with two coupled semiconductor laser systems
(8x10° points and At=0.0125 ns).

The concrete step is an analysis of the corre-
sponding time series with 8x10% points and
At=0.0125 ns. The corrective algorithms
have been used in order to reconstruct the
missing time series terms. The calculation
allows to get the following values of the
main topologic and dynamic invariants,
namely, the time lag v=8, the embedding
dimension Dg=5, the correlation dimension
Dc=3.2, the Kaplan-York dimension:
D.=2.3, the positive and negative Lyapunov
indicators 6,=0.233, 8,=0.003, 85=-0.004,...,
the Kolmogorov entropy: Ex=0.236. Surely,
there is an important chaos availability pa-
rameter such as the Gottwald-Melbourne
Egm , however here we did not calculate
Egm. The performed calculation allows to pay
attention at a few important dynamic features
in the system. Firstly, availability of two pos-
itive Lyapunov indicators is an evidence of a
chaos availability in the temporal dynamics
and existence of the respective strange attrac-
tor in a phase space.

It is important to underline that the
Kaplan-York dimension is very close to the
correlation dimension, but indeed is smaller
than the embedding dimension. The latter
confirms the correctness of the choice of the
latter. In order to conclude, let us underline
that in this work a chaos —geometric ap-
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proach (in versions [20-20]) has been applied
to investigation of complex chaotic optical
communication dynamical systems with the
aim of modeling and processing data of the
time series for emission intensities of chaotic
transmitter/receiver systems.

The latter is provided by using two unidi-
rectionally coupled semiconductor laser sys-
tems of Ref. [2]. The numerical data on the
some dynamic and topologic invariants (the
correlation and embedding dimensions, the
Kaplan-York parameter, the Lyapunov indi-
cators, Kolmogorov entropy) for investigated
chaotic signal time series are obtained and
analyzed in order to estimate quantitatively
the chaos phenomenon in characteristic cha-
otic optical communication system. It is im-
portant to underline that a changing the gov-
erned parameters in a system will result in
changing the main dynamic and topologic
parameters and can be performed in regime
of the numerical experiment.

As the problem of a signal processing in
investigated chaotic optical communictaion
system is directly connected with the
corresponding cybernetic security, it is
obvious that the obteined data on the chaotic
dynamic parameters and carrier can be uti-
lized for indirect estimate of a privacy in the
communication as the higher the complexity
of the carrier the more difficult is to decode a
e message without the appropriate receiv-
er [2].
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PACS 33.20.-t

Bakunina E.V., Dykyi O.V.

SIGNAL PROCESSING AND CYBERSECURITY IN SOME CHAOTIC
OPTICAL COMMUNICTAION SYSTEMS

Summary. A chaos —geometric approach to investigation of complex chaotic dy-
namical systems is applied to an analysis, modeling and processing the time series of
emission intensities of chaotic transmitter/receiver systems (two unidirectionally cou-
pled semiconductor laser systems in the all-optical scheme) suited for encoding at rates
of GBit/s. The problem of a signal processing is directly connected with the
corresponding cybersecurity in some optical chaos communictaion systems. The esti-
mated values for the dynamic and topologic invariants such as the correlation and
Kaplan-York dimensions, Lyapunov indicators, Kolmogorov entropy etc for investigat-
ed chaotic signal time series of two unidirectionally coupled semiconductor laser sys-
tems in the all-optical scheme.

Key words: complex chaotic dynamical systems, signal processing and
cybersecurity
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bakynuna E.B., O.B. [luxuii

OBPABOTKA CUT'HAJIOB U KUBEPBE3OITACHOCTDB B HEKOTOPBIX
XAOTHYECKHUX OIITUYECKUX CUCTEMAX KOMMYHUKAIIUU

Pe3rome. Xaoc-reoMeTpuueCKUil MOAXOJ K MCCICAOBAHHUIO CIOXHBIX XaOTUYECKUX -
HAaMMUYECKUX CHUCTEM NPUMEHSETCS IJI aHaJIn3a, MOJEJIMPOBAaHUS U 00pabOTKH BPEMEHHBIX
PSI0B MHTEHCUBHOCTH M3JIyUYEHHS] XaOTUYECKHX CHCTEM IepeaaTyuKa/TIpueMHUKa (IBe CBS-
3aHHBIE I1OJIYIIPOBOJHUKOBBIE Ja3€pHbIE CUCTEMBI B MOJIHOCTBIO ONTHYECKON CXeMe), IpH-
TOJHBIE I KOJUPOBAHMS CO CKOPOCThIO mopsaka ['out /c. Bonpoc 06paboTku u KoxupoBa-
HUSI CUTHAJIOB HENOCPEICTBEHHO CBSI3aHO C COOTBETCTBYIOIIMM BONPOCOM KHOepOe3omacHo-
CTH B COOTBETCTBYIOIIMX Xa0TUYECKUX ONTUYECKUX CHCTEMaxX CBsI3U. BBIOMHEH pacyeT 3Ha-
YeHUH AMHAMHYECKUX U TOIMOJIOTMYECKUX HHBAPMAHTOB, TAaKUX KaK KOPPEJSALHOHHAs pas-
MEpHOCTb, pasMmepHocTs Karnana-Hopka, nokasarenu Jlsnynosa, sutponus KonMoroposa u
Ip., U1 U3y4aeMbIX BPEMEHHBIX PAJOB XAOTHYECKOTO CUTHANA JIBYX CBSI3aHHBIX MOIYMNpO-
BOJIHUKOBBIX JIA3EPHBIX CUCTEM B OOIIEH ONTUYECKOU CXeMe.

KiroueBble cJI0Ba: CIOXKHBIE XaOTUYECKUE AMHAMHUYECKUE CUCTEMBbI, CBSI3aHHBIE MOJY-
IIPOBOTHUKOBEIE JIA3€PHBIC CHCTEMBI, 00pabOTKa CUTHAJIOB U KHOEepOe30macHOCTh

PACS 33.20.-t
baxynina €.B., O.B. Jlikuii

OBPOBKA CHI'HAJIIB I KIBEPBE3ITEKH B TESAKUX XAOTHYHUX
OIITUYHUX CUCTEMAX KOMYHIKAIIII

Pe3rome. Xaoc-reoMeTpuuHUi MiAXiA 10 AOCHIPKEHHS CKJIAJHUX XAOTUYHUX JMHAMId-
HUX CHCTEM 3aCTOCOBYETHCS JJIsl aHATI3y, MOJEIIOBaHHS Ta OOpOOKM 4acOBUX PAJIIB IHTEHCH-
BHOCTI BUIPOMIHIOBaHHS XaOTHYHUX CHCTEM IepeaBaya / mpuitMaua (AB1 MOB'sI3aH1 HaMiBI-
POBITHUKOBI Jla3epHI CHUCTEMH B TIOBHICTIO ONTHUYHINA CXeMi), MPUIATHI JJis KOJYBaHHS 3i
mBuaKicTIO ['0iT / c. [IuTaHHs 06poOKM Ta KOJyBaHHS CUTHAIIB Oe3MOCepeHbO MOB'SI3aHe 13
BIJITIOBITHUM MHUTAaHHAM KiOepOe3neKH y BIJMOBITHMX XaOTUYHUX ONTHYHUX CHCTEMax 3B's3-
Ky. BukoHaHMil po3paxyHOK 3HAU€Hb JMHAMIYHHX Ta TOIMOJOTIYHUX 1HBApIaHTIB, TAKUX SIK
KOpEJNAIiliHa po3MipHicTh, po3mipricTs Kammanma-Mopka, nmokassuku JISmyHOBA, €HTPOIis
Konmoroposa Ta iH., A7 BUBYAEMUX YaCOBUX PSJ/IiB XaOTHYHOTO CHUTHATY JIBOX ITOB'SI3aHHX
HaIMIBIPOBITHUKOBHX JIA3EPHUX CUCTEM Yy 3araJiIbHOONTHYHIHN CXeMi.

KuouoBi ciioBa: ckiajHl XaOTHYHI AWHAMIYHI CHCTEMH, MOB'sI3aHI HAIIBIPOBITHUKOBI
Ja3epHi cucteMu, 00poOka CUTHAIIB Ta Kibepoesneka.
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HYPERFINE STRUCTURE PARAMETERS FOR COMPLEX ATOMS WITHIN
RELATIVISTIC MANY-BODY PERTURBATION THEORY

Abstract. The calculational results for the hyperfine structure (HFS) parameters for the Mn atom (levels of
the configuration 3d®4s) and the results of advanced calculating the HFS constants and nuclear quadrupole mo-
ment for the radium isotope 2§§Ra are obtained on the basis of computing within the relativistic many-body per-

turbation theory formalism with a correct and effective taking into account the exchange-correlation, relativistic,
nuclear and radiative corrections. Analysis of the data shows that an account of the interelectron correlation ef-
fects is crucial in the calculation of the hyperfine structure parameters. The fundamental reason of physically
reasonable agreement between theory and experiment is connected with the correct taking into account the inter-
electron correlation effects, nuclear (due to the finite size of a nucleus), relativistic and radiative corrections. The
key difference between the results of the relativistic Hartree-Fock Dirac-Fock and many-body perturbation theo-
ry methods calculations is explained by using the different schemes of taking into account the inter-electron cor-

relations as well as nuclear and radiative ones.

1. Introduction
The study of the parameters of the hyperfine
structure (HFS) and the characteristics asso-
ciated with it is of great importance for mod-
eling the properties of nuclei, the search for
superdense nuclei, and a number of other
problems in nuclear physics. Nuclear size
effects in the energy structure of the states of
the electron shell of a heavy atom are essen-
tially used in physical research and for tech-
nological purposes. The scheme for measur-
ing isotopic shifts of atomic levels based on
the method of laser photoionization has be-
come classical, in particular, for Hg isotopes
(A =193-201), this method has been used to
measure the root-mean-square radii of the
charge distribution in the nucleus and the to-
tal moments. Such information can, in prin-
ciple, be used to simulate intranuclear forces.
In connection with the foregoing, interest has
sharply increased in the corresponding theo-
retical calculations of the HFS characteristics
of the spectra of heavy atoms and ions with
allowance for relativistic, correlation, and
nuclear effects and, of course, in testing new
effects predicted on the basis of quantum
electrodynamics (QED). It is known that
QED corrections (vacuum polarization, self-
energy contribution) to the energies of transi-
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tions with the participation of K and L-
electrons, as well as the effects of the finite-
ness of the nucleus at large nuclear charges
Z> 60, are on the order of the binding energy
of valence electrons. Taking them into ac-
count is fundamental for determining the en-
ergetically allowed channels of decay of
states with vacancies and predicting the
complete kinetics of decay.

The multi-configuration relativistic Hartree-
Fock (RHF), Dirac-Fock (DF), multi-
configuration DF (MCDF) approaches (see,
for example, refs. [1-33]) are the most relia-
ble versions of calculation for multi-electron
systems with a large nuclear charge.

In this paper we present the calculational
results for the HFS structure parameters for
the Mn atom (levels of the configuration
3d%s) and the results of advanced calculat-
ing the HFS constants and nuclear quadru-

pole moment for the radium isotope 2§§Ra,

using the optimized method of the relativistic
many-body perturbation theory with the Di-
rac-Kohn-Sham zeroth approximation and a
correct and effective taking into account the
exchange-correlation, relativistic, nuclear and
radiative corrections [9-30]. Analysis of the
data shows that an account of the cited cor-



rections is crucial in the calculation of the
hyperfine structure parameters.

2. Relativistic method to computing hy-
perfine structure parameters of atoms and
ions

Let us describe the key moments of the
approach (more details can be found in refs.
[19-30]). The electron wave functions (the
PT zeroth basis) are found from solution of
the relativistic Dirac equation with potential,
which includes ab initio mean-field potential,
electric, polarization potentials of a nucleus.
The charge distribution in the Li-like ion is
modelled within the Gauss model. The nu-
clear model used for the Cs isotope is the in-
dependent particle model with the Woods-
Saxon and spin-orbit potentials (see refa.
[20]). Let us consider in details more simple
case of the Li-like ion. We set the charge dis-
tribution in the Li-like ion nucleus p(r) by
the Gaussian function:

pir)= e Nkl 2]

where y=4/7R* and R is the effective nucleus
radius. The Coulomb potential for the spheri-

cally symmetric density p( r ) is:
S8 L 1
R)+ jdrrp(r Rj
r

(2)

Consider the DF type equations. Formally
they fall into one-electron Dirac equations
for the orbitals with the potential V(r|R)
which includes the electrical and the polari-
zation potentials of the nucleus; the compo-
nents of the Hartree potential (in the Cou-
lomb units):

Vnucl(r‘R) = _((l/r)’jd’”'rvzp(’”‘
0

v(rfi)= %j d7'p(rfi) |7 ~ 7| @

Here p(r|l) is the distribution of the electron
density in the state | i >, Ve is the exchange
inter-electron interaction. The main exchange
and correlation effects will be taken into ac-

count in the first two orders of the PT by the
total inter-electron interaction [21,22].

A procedure of taking into account the radia-
tive QED corrections is in details given in the
refs. [19,20].

Regarding the vacuum polarization effect let
us note that this effect is usually taken into
consideration in the first PT theory order by
means of the Uehling-Serber potential. This
potential is usually written as follows:

Vti -1

2a0 ¢
U(r)=_M.l[dtexp(—Zrt/aZ)(Hl/th) 2 -

2a

=-—=C(g)

3ar ®)

where g=r/(aZ). In our calculation we use
more exact approach [20]. The Uehling po-
tential, determined as a quadrature (5), may
be approximated with high precision by a
simple analytical function. The use of new
approximation of the Uehling potential per-
mits one to decrease the calculation errors
for this term down to 0.5 — 1%.

A method for calculation of the self-
energy part of the Lamb shift is based on the
methods [19-24]. The radiative shift and the
relativistic part of energy in an atomic sys-
tem are, in principle, defined by one and the
same physical field. One could suppose that
there exists some universal function that
connects the self-energy correction and the
relativistic energy.

Its form and properties are in details ana-
lyzed in Refs.[19-24,30-35]. Unlike usual
purely electronic atoms, the Lamb shift self-
energy part in the case of a pionic atom is
not significant and much inferior to the main
vacuum-polarization effect.

The energies of electric quadruple and
magnetic dipole interactions are defined by a
standard way with the hyperfine structure
constants, usually expressed through the
standard radial integrals:

A={[(4,32587)10*Z% 9 ]]/(4/-1)}(RA)-,

B={7.2878 107 Z°Q/[(44-1)I(1-1)} (RA)s,
(7)
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Here g, is the Lande factor, Q is a quadruple
momentum of nucleus (in Barn); (RA)»,
(RA).3 are the radial integrals usually defined
as follows:

(RA)2,= TdrrzF(r)G(r)U(l /2, R),
0

(RA)3,= Tdrrz[Fz(r) +G(NUA/rLR)- (8

The radial parts F and G of the Dirac func-
tion two components for electron, which
moves in the potential V(r,R)+U(r,R), are
determined by solution of the Dirac equa-
tions. The key elements of the numerical ap-
proach to computing the corresponding ma-
trix elements are presented in [31-44]. All
calculations are performed on the basis of the
numeral code Superatom-ISAN (version 93).

3. Results and Conclusions

In this subsection we go on the presenta-
tion of the experimental data and the results
of the calculation of the HFS parameters for
the Mn element. Let us remind that Mn has
one stable isotope with a mass number of 55,
a nuclear spin of 5/2, a magnetic dipole mo-
ment of 3.46871668 uy and an electric quad-
rupole moment of Q = 0.33 (1) barn. Basic
electronic configuration: 3d°4s* (°Ss,,). Given
the complexity of the spectrum, theoretical
study of the HFS should be based on a full
multi-electron calculation. An useful review
and detailed analysis of the studies of the
HFS of the Mn atom was given, for example,
in [6].

In table 1 we present the available exper-
imental (Aexp, Bexp) and theoretical (our cal-
culation) values of the energy levels and the
HFS parameters for the Mn levels of the con-
figuration 3d%4s. Earlier [37] we have pre-
sented the analogous data for the levels of
configuration 3d°4s? 3d64s. The reasonable
agreement between theoretical and measured
data can be reached by way of using the op-
timized wave functions basises and complete,
correct accounting for the exchange-
correlation corrections.

Table 1. Experimental (Aexp, Eexp) and theo-
retical values of the energies of the levels

(cm™) and HFS constants (MHz) (see text)
for the levels of the configuration 3d°4s.

Level | Term Eeyp Ew
3d°4s | a’Fy, [34938.7 | 34882
3d°4s | a'Fy, [35041.4 | 34977
3d°4s | a’Fs, [35115.0 | 35042
3d%4s | a’Dyp, - 23208
3d°4s | a’Dsp, - 23473
Level | Term Acxp A
3d°4s | a*Fgp | 649(7) 646

643(4) 646
3d%s | a’Fy, | 588(5) 580

576(12) 580
3d°4s | a'Fsp | 437(3) 436

440(5) 436
3d°4s | a'Dy;, [171(15) 170
3d°4s | a’Dsp, - 136
Level | Term Bexy Bin
3d°4s | a’Fg, | 200 198
3d°4s | a*F, | 150 149
3d%4s | a’Fs;, - 21

Further we present experimental data and the
results of advanced calculating the HFS con-
stants and nuclear quadrupole moment for

223
88

om has an external valet configuration 7s’
and is considered by us as a two-quasiparticle
system.

Table 2 shows the experimental and cal-
culated data on the HTS magnetic dipole
constant A (MHz) for the7s7p Py, °P; , 3P,

states of the atom 282§ Ra . The data of calcu-

lations within the framework of the standard
uncorrelated DF method, MCDF taking into
account the Breit and standard QED correc-
tions, the relativistic method of configuration
interaction taking into account the correlation
corrections in the framework of the random
phase approximation (RCI-RPA) [6], as well
as our QED approach (Gaussian model for
charge distribution in the nucleus) [8,33,35].

the radium isotope Ra . The mercury at-



Table 2. The experimental and calculated
data on the HTS magnetic dipole constant A
(MHz) for the7s7p Py, °P; , °P, states of the

atom 2§§’Ra (see text).
1P1 3P1 3P2
Method/
State
DF -226.59 | 803.97 | 567.22
MCDF -330.3 | 12519 | 737.1
(Breit+QED)
RCI-RPA | -242.4 - -
RMBPT -339.1 1209 704.5
Thiswork | -340.4 | 1207.4 | 703.9
Experiment| -3445 | 1201.1 | 699.6
(0.9) (0.6) (3.3)

In Table 3 we present the measured values of
the nuclear quadrupole moment Q (in barns)
for the isotope obtained experimentally by
the ISOLDE Collaboration (CERN) group
based on various techniques (see [6]). In ad-
dition, this table presents the calculated val-
ues, obtained on the basis of calculations
within the framework of the MCDF method
(taking into account the Breit and QED cor-
rections), relativistic ~many-particle PT
(RMBPT) and our approach (Refs. [1-6]).

Table 3. The values of electric quadrupole
moment Q (mb) for isotope of 2§§ Ra

Method Q (mb)
MCDF 1.21 (0.03)
(Breit+QED)
ISOLDE Collabo- 1.254
ration fs Rall (0.003)
[0.066]
Wendt et al, 1.19 (0.12)
fs Ral
RMBPT 1.28
ISOLDE Collabo- 1.190
ration fs Ral (0.007)
[0.126]
ISOLDE Collabo- 1.20
ration B(E2)
This work 1.225 (0.005)

It is important to note that the key quantita-
tive factor of the agreement between theory

and experiment is associated with correct ac-
counting for electron-electron correlations,
correction for the finite size of the nucleus,
taking into account Breit and QED radiation
effects. Analysis shows that the contribution
due to electron-electron correlations to the
HFS constants is ~ 100-500 MHz for various
states. This circumstance explains the low
degree of consistency in the accuracy of the
data presented, obtained within the frame-
work of various versions of the DF method.
The contributions of higher-order corrections
to the QED TV and corrections for the finite
size of the nucleus can reach 1-2 tens of
MHz, and it seems important to take them
into account more correctly. In addition, it is
necessary to take into account the nuclear
polarization contributions directly, which can
be done within the framework of solving the
corresponding nuclear problem, for example,
using the shell model with Woods-Saxon and
spin-orbit potentials. Such an approach is
outlined in [34, 35]. The key difference be-
tween the results of calculations within the
different theoretical schemes is associated
with different methods of accounting for
electron-electron correlations.
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HYPERFINE STRUCTURE PARAMETERS FOR COMPLEX ATOMS WITHIN
RELATIVISTIC MANY-BODY PERTURBATION THEORY

Summary. The calculational results for the hyperfine structure (HFS) parameters for the
Mn atom (levels of the configuration 3d°4s) and the results of advanced calculating the HFS
constants and nuclear quadrupole moment for the radium isotope 23, are obtained on the

basis of computing within the relativistic many-body perturbation theory formalism with a
correct and effective taking into account the exchange-correlation, relativistic, nuclear and
radiative corrections. Analysis of the data shows that an account of the interelectron correla-
tion effects is crucial in the calculation of the hyperfine structure parameters. The fundamen-
tal reason of physically reasonable agreement between theory and experiment is connected
with the correct taking into account the inter-electron correlation effects, nuclear (due to the
finite size of a nucleus), relativistic and radiative corrections. The key difference between the
results of the relativistic Hartree-Fock Dirac-Fock and many-body perturbation theory meth-
ods calculations is explained by using the different schemes of taking into account the inter-
electron correlations as well as nuclear and radiative ones.

Keywords: Hyperfine structure, Heavy atoms, Relativistic perturbation theory, correlation,
nuclear, radiative corrections
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IMAPAMETPBI CBEPXTOHKOM CTPYKTYPBI CJIOKHBIX ATOMOB
B PAMKAX PEJIITUBUCTCKON MHOI'OYACTUYHOU TEOPUHA
BO3MYIIEHUM

Pe3rome. IlpencraBneHbl pe3ynbTaThl PacyeTOB IMAPAMETPOB CBEPXTOHKOW CTPYKTYPBI
(CTC) atoma Mn (ypoBHU KOHUTYpaIIUn 3d64s) Y pe3yJIbTaThl YTOYHEHHOT'O BBIYMCICHHS A
xoHCTaHT CTC u KBaApyNnoabHOrO MOMEHTA Spa JJs U30TONA Paausl 223, Ha OCHOBE pels-
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TUBHUCTCKOM MHOTOYAaCTHYHON TEOPHHM BO3MYLIECHHH C 3(PEKTUBHBIM aKKypaTHBIM Y4ETOM
0OMEHHO-KOPPEISIIMOHHBIX, PEISITUBUCTCKUX, SAEPHBIX U PaIUAllMOHHBIX MOMPABOK. AHAIU3
JAHHBIX TIOKA3bIBAET, YTO yueT FP(HEKTOB MEKIIIEKTPOHHON KOPPEISILIMA UMEET KPUTHUECKOE
3Ha4YeHHE MPU BBIYUCICHUU NApaMETPOB CBEPXTOHKON CTPYKTYpbl. DU3nuecku pazyMHOE CO-
rJlacue TEOpUHU U MPEHU3NOHHOI0 3KCIepUMEHTa MOXKeT ObITh obecriedeHo Oiaroaaps Mmosi-
HOMY IIOCJIEZIOBATEIbHOMY YYETy MEXAJIEKTPOHHBIX KOPPEISALMOHHBIX 3P(PEKTOB, SAECPHBIX,
PENSITUBACTCKUX W paJuallMOHHBIX NONpaBok. KirroueBoe paznuume Mexay pe3ysbTaTaMHu
pacyeToB B npubmmkenusx Jupaka-®Ooka, pa3IMyHbIX BEpCUsSX GopMaan3zmMa TEOPUU BO3MY-
HIGHI/Iﬁ B OCHOBHOM CBA3aHO C HMCIIOJIB30BAHUEM PA3JIMYHBIX CXEM YyU€Ta MCKIJICKTPOHHBIX
KOpPPEeISIHiA, a TAKXKE yUeTa sIIEPHbIX U paJUalliOHHBIX MTONPABOK.

KuroueBsble ciioBa: CBepXTOHKas CTPYKTYpa, TSDKEIBIM aTOM, PEIATUBHCTCKAs TEOPUS
BO3MYIIECHUH, KOPPENIALMOHHBIE, SA€PHbIE, PaIUAllMOHHbIE TOTIPAaBKU
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Maxkywxkina M.11., Aumowxkina O.O., Xeyeniyc O.FO.

IMAPAMETPH HAJITOHKOI CTPYKTYPU CKJIAJJHUX ATOMIB B PAMKAX
PEJIITUBICTCHKOI BATATOYACTUHKOBOI TEOPII 35YPEHD

Pe3tome. IlpencraBieHi pe3ynbTaTH pPO3paxyHKIB IMapamMeTpiB HAIATOHKOI CTPYKTYpHU
(HTC) aroma Mn (piBH1 KoH(piryparii 3d64s) 1 pe3yJabTaTd YyTOYHEHOTO OOYMCIICHHS a KOHC-
tanT HTC 1 KBafpynoJbHOr0 MOMEHTY sijipa JJIsl 130TOITY pairo 223, Ha OCHOBI PEIATHBICT-

ChKOI 0araTo4acTUHKOBOI Teopii 30ypeHb 3 eEKTUBHIM aKypaTHUM ypaxyBaHHSIM OOMiHHO-
KOPEJSIIIHHNX, PEISTUBICTCHKUX, SAEPHUX 1 palialliiHUX MOMPABOK. AHAJI3 IaHUX TOKa3ye,
10 ypaxyBaHHS €()eKTiB MIXKEICKTPOHHOI KOPEJsLii Mae KpUTUYHE 3HAYECHHS IPU 00UHCIICH-
HI MapamMeTpiB HAATOHKOI CTPYKTypH. DI3UYHO PO3YMHE Y3TOJKEHHS TEOopii 1 MPEIru31iMHOro
EKCIEPUMEHTY MOKe OyTH 3a0e3MeUYeHO 3aBJISKH MOBHOMY MOCITIIOBHOMY OOJIIKY MIXKEJIEKT-
POHHHUX KOPEIAINHUX €PEeKTIB, AICPHUX, PEIATUBICTCHKUX Ta paaialliiHuX momnpaBok. Kitro-
YOBa BiIMIHHICTh MK pe3ylibTaTaMu pO3paxyHKiB B HaOmmwkeHHsX [lipaka-Doka, pi3HUX Be-
pcisix dopmanizMy Teopii 30ypeHb B OCHOBHOMY TOB'S3aHO 3 BUKOPUCTAHHSIM PI3HHX CXEM
00Ky MIDKEJIEKTPOHHUX KOPEJIAIii, a TAKOXK BpaxXyBaHHS SJCPHUX 1 padialliiHUX TOMPABOK.

Karwuosi ciioBa: Hanronka cTpykTypa, BaXKUil aToM, PEISITUBICTChKA TEOpis 30ypeHb,
KOPEJISAIiiHI, SIIEpHi, paiamiiHi TOIpPaBKH
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NEW RELATIVISTIC APPROACH TO COMPUTING SPECTRAL PARAMETERS
OF MULTICHARGED IONS IN PLASMAS

It is presented a new relativistic approach to computing the spectral parameters of multicharged ions in
plasmas for different values of the plasmas screening (Debye) parameter (respectively, electron density, tempera-
ture). The approach used is based on the generalized relativistic energy approach combined with the optimized
relativistic many-body perturbation theory (RMBPT) with the Dirac-Debye shielding model as zeroth approxi-
mation, adapted for application to study the spectral parameters of ions in plasmas. An electronic Hamiltonian
for N-electron ion in plasmas is added by the Yukawa-type electron-electron and nuclear interaction potential.
The special exchange potential as well as the electron density with dependence upon the temperature are used.

1. Introduction

An accurate data about spectra, radiative
decay widths and probabilities, oscillator
strengths, electron-collision strengths, colli-
sional excitation and de-excitation rates for
atoms and especially ions are of a great inter-
est for different applications, namely, astro-
physical analysis, laboratory, thermonuclear
plasma diagnostics, fusion research, laser
physics etc [1-44]. It is also very important
for studying energy, spectral and radiative
characteristics of a laser-produced hot and
dense plasmas [1,2,9, 10].
Above other stimulating factors to studying
electron-collisional spectroscopy of ions one
should mention the X-ray laser problem,
which has stimulated a great number of pa-
pers, devoted to modelling the elementary
processes in laser, collisionally pumped
plasma (see [1,2] and Refs. therein) and con-
struction of the first VUV and X-ray lasers
with using plasma of Li-, Ne-like ions as an
active medium. Very useful data on the X-
lasers problem are firstly received and col-
lected in the papers by Ivanova et al (see [2]
and Refs. therein]. From the other side, stud-
ying spectra of ions in plasmas remains very
actual in order to understand the plasma pro-
cesses themselves. In most plasma environ-
ments the properties are determined by the
electrons and the ions, and the interactions
between them. The electron-ion collisions
play a major role in the energy balance of
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plasmas. For this reason, modelers and diag-
nosticians require absolute cross sections for
these processes. Cross sections for electron-
impact excitation of ions are needed to inter-
pret spectroscopic measurements and for
simulations of plasmas using collisional-
radiative models. At present time a consider-
able interest has been encapsulated to study-
ing elementary atomic processes in plasma
environments (for example, see [1,9-18] and
Refs. therein) because of the plasma screen-
ing effect on the plasma-embedded atomic
systems. In many papers the calculations of
various atomic and ionic systems embedded
in Debye plasmas have been performed [1,9-
15]). Different theoretical methods have been
employed along with the Debye screening to
study plasma environments. Calculation of
emission spectra of the plasma ions based in
the precise theoretical techniques is practical
tool, which may be used instead of very ex-
pensive sophisticated experiments. Never-
theless, there are known principal theoretical
problems to be solved in order to receive the
correct description of the elementary atomic
processes in laser, collisionally pumped
plasma. First of all, speech is about devel-
opment of the advanced quantum-mechanical
models for the further accurate computing
oscillator  strengths,  electron-collisional
strengths and rate coefficients for atomic ions
in plasmas, including the Debye plasmas. As
usually, a correct accounting for the relativ-
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istic, exchange-correlation, plasma environ-
ment effects is of a great importance. To say
strictly, solving of the whole problem re-
quires a development of the quantum-
electrodynamical approach as the most con-
sistent one to problem of the Coulomb many-
body system.

In this paper, which goes on our work [15-
20], we present a new relativistic approach to
computing the spectral parameters of mul-
ticharged ions in plasmas for different values
of the plasmas screening (Debye) parameter
(respectively, electron density, temperature).
The approach used is based on the general-
ized relativistic energy approach combined
with the optimized RMBPT with the Dirac-
Debye shielding model as zeroth approxima-
tion, adapted for application to study the
spectral parameters of ions in plasmas. An
electronic Hamiltonian for N-electron ion in
plasmas is added by the Yukawa-type elec-
tron-electron and nuclear interaction poten-
tial. The special exchange potential as well as
the electron density with dependence upon
the temperature is used.

2. Optimized relativistic perturbation
theory formalism for ions in plasmas

Some fundamental aspects of the ap-
proach developed were earlier presented (see,
for example, Refs. [15-20]). Therefore, be-
low we are limited only by the key and as a
rule new points of a theory.

The generalized relativistic energy ap-
proach combined with the RMBPT has been
in detail described in Refs. [6,24-29]. It gen-
eralizes earlier developed energy approach.
The key idea is in calculating the energy
shifts AE of degenerate states that is connect-
ed with the secular matrix M diagonalization
[6,24,25]. To construct M, one should use the
Gell-Mann and Low adiabatic formula for
AE. The secular matrix elements are already
complex in the PT second order. The whole
calculation is reduced to calculation and di-
agonalization of the complex matrix M and
definition of matrix of the coefficients with

eigen state vectors B/ [6,25]. To calculate

ie,iv
all necessary matrix elements one must use
the bases of the 1QP relativistic functions.

Within an energy approach the total energy
shift of the state is usually presented as [24]:

AE =ReAE +1 172 1)

where 7”is interpreted as the level width and
decay (transition) possibility P = 7 Let us
start our consideration from formulation rela-
tivistic many-body PT with the Debye shield-
ing model Dirac Hamiltonian for electron-
nuclear and electron-electron systems. For-
mally, a multielectron atomic systems (mul-
tielectron atom or multicharged ion) is de-
scribed by the relativistic Dirac Hamiltonian
(the atomic units are used) as follows:

HZZh(ﬁ)+ZV(ﬁrj)- (1)

i>]

Here, h(r) is one-particle Dirac Hamiltonian
for electron in a field of a nucleus and V is
potential of the inter-electron interaction.
According to Refs. [6] it is useful to deter-
mine the interelectron potential with account-
ing for the retarding effect and magnetic in-
teraction in the lowest order on parameter o/
(eris the fine structure constant) as follows:

l-o.a,
V(rirj)zexp(iwijrij)-(—"), ?)
]

where ay is the transition frequency; o ,¢
are the Dirac matrices.

In order to take into account the plasmas en-
vironment effects already in the PT zeroth
approximation we use the known Yukawa-

type potential of the following form:
V(ri, 1j) = (ZaZu/Ira-rol)exp (-{ra-rol)
3)

where r,, rp represent respectively the spatial
coordinates of particles, say, A and B and Z,,
Zy denote their charges.

The potential (3) is well known (look , for
example, [1,12,15] and Refs there) well
known, for example, in the classical Debye-
Hiickel, theory of plasmas. The plasmas en-
vironment effect is modelled by the shielding
parameter £, which describes a shape of the
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long-rang potential. The parameter x is con-
nected with the plasma parameters such as
the temperature 0 and the charge density n as

follows:
1~+e’nlkgT (4)

Here e is the electron charge and kg is the

Boltzman constant. The density n is given as

a sum of the electron density N. and the ion

density Ny of the k-th ion species with the

nuclear charge gk : n=nN, + 3 q2N, At is very
k

useful to remind the simple estimates for the
shielding parameter.

For example, under typical laser plasma con-
ditions of T ~ 1keV and n~ 10% cm™ the pa-
rameter u is of the order of 0,1 in atomic
units. By introducing the Yukawa-type elec-
tron-nuclear attraction and electron-electron
repulsion potentials, the Debye shielding
model Dirac Hamiltonian for electron-
nuclear and electron-electron subsystems is
given in atomic units as follows [15]:

H= Z[acp — pmc® — Z exp(—ur )/ (] +

yli-aa)

I>] |J

exp(—ur;)

()
where ¢ is the velocity of light and Z is a
charge of the atomic ion nucleus.

The formalism of the relativistic many-
body PT is further constructed in the same
way as the PT formalism in Refs. [16-26]. In
the PT zeroth approximation one should use
a mean-field potential, which includes the
Yukawa-type potential (insist of the pure
Coulomb one) plus exchange potential and
additionally the correlation potential (for ex-
ample, the Lundqvist-Gunnarson potential
with the optimization parameter b can be
used) as in Refs. [16-18,23,24]. As alterna-
tive one could use an optimized model poten-
tial by Ivanova-lvanov (for Ne-like ions) [6],
which is calibrated within the special ab ini-
tio procedure within the relativistic energy
approach [8,16].
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Let us concretize the corresponding mean-
field potential. In particular, one of the possi-
ble versions U(r) is as follows (sum of the
Coulomb or Yukawa-type potential plus ex-
change potential:

U(r)= Ucoul-yuka(r) + Uex(r),
(6)

With the exchange potential as follows:

06w(r):
p(r)
() o

where p(r) is an electron density.
The electron density can be presented as a
sum of the following terms:

4r p(r)
?p(r){1+6_r3/2

p(r)=p1(r)+ pa(r), (8)

XGRS MOT 9)

pl(r)zﬁg2 I\/V{Hexp(y—ﬁwﬂ dy,

(10)

y> $(U(r>+Eo), (11)

H . . .
where 17 = —?, uis a chemical potential

and Ej is a boundary between state of dis-
crete spectrum and continuum.

The averaged numbers of fulfilling electron
states can be determined on the basis of the
Fermi-Dirac expression:

L =22 +1)[1+ exp( (E,, + y)ﬂ_l

(12)

In order to determine a chemical potential u
one should use the condition electroneutrality
of the atomic corel

The point of accounting for the many-
body exchange-correlation corrections within



a presented theory can be treated as in an
usual perturbation theory for free mul-
ticharged ions. As usually, in the PT second
order, there are two kinds of the exchange
and correlation 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 immediate qua-
siparticle interaction. An effective procedure
of their accounting are in details described in
Refs. [6-9,20-24]. The modified PC numeri-
cal code ‘Superatom” is used in all calcula-
tions. Other details can be found in Refs. [15-
20,22,23,38].

3. Results and conclusion

In Tables 1 and 2 we list the numerical
variations in the lifetimes of the 2pi;, 351,
3p12, 3d32, and 4sy, states in Ca XVIII for
different p values.

Table 1.
The dependence of the lifetimes (ps) of the
2p12 state in the Ca XVIII spectrum upon the

screening parameter p1: RCC - relativistic
coupled-cluster (RCC) method [3]; This -

this work

u 212 | 2P
RCC This

0.133 741 740
0.667 494 493
1.000 334 333
1.250 242 242
1.429 192 191
0.60 140 139

Table 2.
The dependence of the lifetimes (ps) of the
3lj,4lj states in the Ca XVIII spectrum upon
the parameter p (this work)

1 312 | 3pwe | 3dap 4s1p
0.133 1.09 0.45 0.16 1.64
0.667 1.28 0.54 0.88 2.56
1.000 1.55 0.68 0.22 483
1.250 1.87 0.86 0.28 12.6
1.429 2.22 1.08 0.35 82.9

The analysis shows that the presented data
are in physically reasonable agreement with
the NIST experimental data and theoretical
results by relativistic coupled-cluster (RCC)
method calculation [3]. However, some dif-
ference between the corresponding results
can be explained by using different relativ-
istic orbital bases and by difference in the
model of accounting for the screening effect
as well as some numerical differences..
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PACS 31.15.-p
Ternovsky E.V., Mykhailov A.L.

NEW RELATIVISTIC APPROACH TO COMPUTING SPECTRAL PARAMETERS
OF MULTICHARGED IONS IN PLASMAS

Summary. It is presented a new relativistic approach to computing the spectral parameters
of multicharged ions in plasmas for different values of the plasmas screening (Debye) pa-
rameter (respectively, electron density, temperature). The approach used is based on the gen-
eralized relativistic energy approach combined with the optimized RMBPT with the Dirac-
Debye shielding model as zeroth approximation, adapted for application to study the spectral
parameters of ions in plasmas. An electronic Hamiltonian for N-electron ion in plasmas is
added by the Yukawa-type electron-electron and nuclear interaction potential. The special ex-
change potential as well as the electron density with dependence upon the temperature are
used.

Key words: spectroscopy of ions in plasmas, relativistic energy approach, new relativ-
istic guantum mechanical model

PACS 31.15.-p
Tepnosckuii E.B., Muxaiinos A.JL

HOBBIA PEJATUBUCTCKHUHA MOJIXO/ K PACUETY CIHHEKTPAJIbHBIX
ITAPAMETPOB MHOTI'O3APsA/IHBIX NOHOB B I1IJIASME

Pe3rome. IIpeacraBieH HOBBIM PENATUBUCTCKUM MOAXOJA K pacyueTy CHEKTPaJIbHBIX Mapa-
METPOB MHOT'03apsHBIX MOHOB B IIJIa3Me JUIS Pa3IMUHBIX 3HAUYEHUH MapaMmeTpa SKpaHUpOBa-
HUSl TMJIa3Mbl  (J1e€0aeBCKOT0) (COOTBETCTBEHHO AJIEKTPOHHOM IIJIOTHOCTH, TEMIIEpary-
pol).Ilonxon ocHOBaH Ha 0OOOIIEHHOM PENATUBUCTCKOM JHEPreTUYECKOM IOJXOE, COBMe-
IIEHHOM C (OpMalu3MOM ONTHUMH3UPOBAHHOM PEISITUBUCTCKOW MHOTOYAaCTUYHOW TEOpUHU
BO3MYIIEHUH ¢ nmpubmkenueM [upaka-Jlebas B kauecTBe HyJIEBOro MPUOIMKEHUS, alalTH-
POBaHHOM /I NPUMEHEHUs IIPU W3YYECHHUH CIEKTPAJIbHBIX IMapaMETPOB HOHOB B IUIA3ME.
DJEeKTPOHHBIA TaMUJIBTOHUAH Ul HOHA N-3JIEKTPOHOB B IJIa3Me JJOOaBIISAETCS MOTEHIMAIOM
ANEKTPOH-3JIEKTPOHHOTO U SiAepHOTO B3aumoaecTBus tuna KOkasel. Mcnions3yroTes crnenu-
IbHBIA OOMEHHBIN MOTEHIIMAJ, a TaKXKe IUIOTHOCTh AJIEKTPOHOB C (UKcalueil SBHOU 3aBU-
CUMOCTH OT TEMITepaTyphbl.

KuiroueBble c10Ba: CIEKTPOCKONUS HOHOB B IJIa3M€, SHEPIeTUUECKUI MTOAX0I, HOBas pe-
JSATUBUCTCKAsA KBAaHTOBO-MEXAaHMYECKask MOJIEIb
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Tepnoscokuii € B., Muxaiinos O.J1.

HOBHWM PEJISTUBICTCHKHM IMIAXIJ IO PO3PAXYHKY CIIEKTPAJIbHUX
ITAPAMETPIB BAT'ATO3APAJHUX IOHIB B IIJIA3ZMI

Pe3iome. [IpencraBneHuii HOBUIl PeNSATUBICTCHKUIN MiAXiA 10 pO3PaXyHKY CIEKTPAIbHUX
napameTpiB 0arato3apsaHUX 10HIB B IJIa3Mi JJIs PI3HMX 3HAYCHb MMapaMeTpa eKpaHyBaHHS
ia3Mu (1e6a€eBCbHOTO) (BIAMOBIAHO €JIEKTPOHHOI HIUIBHOCTI, TeMiepatypH). [liaxin rpyHTy-
€THCS HA y3araJlbHEHOMY PEJSTHBICTCHKOMY €HEPTeTHYHOMY IiXOi, MO€AHAaHOMY 3 opMa-
J13MOM ONTHMI30BaHOI PENSTUBICTCHKOI OaraTO4acTUHKOBOI TEOPil 30ypeHb 3 HAOIMKEHHAM
Hipaka-/lebas B SIKOCTI HyJbOBOTO HAaOJIKEHHS, aJIaliTOBAHOTO JUIS 3aCTOCYBAaHHS IIPH BU-
BYCHHI CHEKTPAIbHUX MapaMeTpiB i0HIB y Iuia3Mi. EnekTpoHHMIA raminbToHIaH It ioHa N-
CJIEKTPOHIB B IUIa3Mi JOAAETHCS MOTEHIIATOM EJIEKTPOH-EIEKTPOHHOTO Ta SIIEPHOTO B3a€MO-
nii Tay FOkaBu. BUKOpUCTOBYIOTBCS CrieliaibHII OOMIHHUH MOTEHIIIal, a TAaKOXK MIUTbHICTh
€JIEKTPOHIB 3 (hiKcalli€ro sIBHOT 3aJIe:KHOCTI BiJ] TEMIIEPATypPH.

Ki11040Bi c10Ba: CrieKTPOCKOIS 10HIB B TUIa3Mi, €eHEPreTHYHHH TMiIX1]1, HOBA PEJIATUBICT-
CbKa KBaHTOBO-MEXaHIYHa MOJEIb.
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THEORETICAL COMPLEX ENERGIES OF STARK RESONANCES IN LITHIUM
BY OPERATOR PERTURBATION THEORY APPROACH

The theoretical complex energies of the Stark resonances in the lithium atom (non-hydrogenic atomic sys-
tem) in a DC electric are calculated within the operator form of the modified perturbation theory for the non-H
atomic systems. The method includes the physically reasonable distorted-waves approximation in the frame of
the formally exact quantum-mechanical procedure. The calculated Stark resonances energies and widths in the
lithium atom are calculated and compared with results of calculations on the basis of the method of complex
eigenvalue Schrodinger equation by Themelis-Nicolaides, the complex absorbing potential method by Sahoo-Ho
and the B-spline-based coordinate rotation method approach by Hui-Yan Meng et al.

1. Introduction
The Stark effect is one of the best known
problems in quantum mechanics, however at
the same time one of the most difficult in a
case of the strong field one [1-8]. In the last
years it attracts a great interest especially
outside the weak-field region that is stimulat-
ed by a whole range of interesting phenome-
na to be studied such as the effects of poten-
tial barriers (shape resonances), new kinds of
resonances above threshold etc [11-42], the
DC strong field effect in the heavy atomic
systems etc. The great relevance of the Stark
resonances characteristics of the multielec-
tron atoms is usually provided by standard
requirements in spectroscopic information of
a number of physical applications, which in-
clude atomic and molecular optics and spec-
troscopy, quantum electronics, laser physics,
qguantum computing, the construction of Ki-
netic models of new laser schemes for short-
range, physics and chemistry laboratory, as-
trophysical plasmas, astrophysics and astron-
omy etc. An external electric field shifts and
broadens the bound state levels of an atomic
system. The standard quantum-mechanical
procedure relates the complex eigenenergies
(EE) E=E, +ir/2 and complex eigenfunc-

tions (EF) to the shape resonances. The field
effects drastically increase upon going from
one excited level to another. The highest lev-
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els overlap forming a “new continuum” with
lowered boundary. The computational diffi-
culties (for example, such as the well-known
Dyson phenomenon) inherent to the standard
guantum mechanical methods are well
known. The well-known Wentzel-Kramers-
Brillouin (WKB) approximation overcomes
these difficulties for the states lying far from
the “ new continuum” boundary. Some modi-
fications of the WKB method (see review in
Ref. [58]) are introduced in Stebbings and
Dunning, Kondratovich and Ostrovsky, Po-
pov et al; Ivanov-Letokhov ( e.g. citations in
refs. [1-42]) have fulfilled the first estima-
tions of the effectiviness of the selective ion-
ization of the Rydberg atom using a DC
electric and laser fields within the quasiclas-
sical model.

Different computational procedures are
used in the Pade and then Borel summation
of the divergent Rayleigh-Schrodinger per-
turbation theory (PT) series (Franceschini et
al 1985, Popov et al 1990) and in the suffi-
ciently exact numerical solution of the dif-
ference equations following from expansion
of the wave function over finite basis
(Benassi ans Grecchi 1980, Maquet et al
1983, Kolosov 1987, Telnov 1989, Anokhin-
Ivanov 1994), complex-coordinate method,
quantum defect approximation etc [20-39].
Hehenberger, McIntosh and E. Brindas have
applied the Weyl’s theory to the Stark effect
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in the hydrogen atom. They have shown that
one of the interesting features of Weyl’s the-
ory is that it requires a complex parameter
and complex solutions to the differential
equations making it a powerful tool for the
treatment of resonance states. Brdndas and
Froelich have shown that a complex scale
transformation of the time—dependent Schro-
dinger equation leads to a symmetric EE val-
ue problem containing both bound states and
resonance (complex) EE values as solutions.
It is worth to note that application of the
complex coordinate method to a resonance
problem has been justified in [20-33].
Themelis and Nicolaides [2-4] adopted an
ab initio theory to compute the complex en-
ergy of multielectron atomic states and ap-
plied it to computing the energies and widths
of the lithium Stark resonances for weak and
strong fields. Their approach is based on the
state-specific  construction of a non-
Hermitian matrix according to the form of
the decaying-state EF which emerges from
the complex eigenvalue Schrodinger equa-
tion (CESE) theory. Jianguo Rao et al and
Hui-Yan Meng et al [1] have elaborated the
B-spline-based coordinate rotation method
plus the model potential approach and ap-
plied it to investigate the complex energies of
low-lying resonances of the hydrogen and
lithium atoms in an electric field. Sahoo and
Ho [5] carried out the calculation the Stark
resonances energies and widths in the lithium
atom on the base of the complex absorbing
potential (CAP) method. It should be noted
that the authors use a model potential to rep-
resent the interaction between the inner core
electrons with the outside valence electron.
In fact, these methods are based on the sin-
gle-active-electron (SAE) approximation. In
Refs.[56-58] it had been presented a con-
sistent uniform quantum approach to the so-
lution of the non-stationary state problems
including the DC (Direct Current) strong-
field Stark effect and also scattering problem.
It is based on the operator form of the pertur-
bation theory (OPT) for the Schrodinger
equation. A model potential to represent the
interaction between the inner core electrons
with the outside valence electron is also used

in application of the OPT method to alkali
atoms Stark resonances.

In this work we present an advanced cal-
culational approach to computing the Stark
resonances energies and widths for the non-
hydrogenic (non-H) atomic systems in a DC
electric field. Our method is based on the
modified OPT method and includes the phys-
ically reasonable distorted-waves approxima-
tion in the frame of the formally exact quan-
tum-mechanical procedure. The Stark reso-
nances energies and widths are calculated
for the 4f lithium state and compared with
the data of calculations on the basis of the
alternative sophisticated approaches such as
the method of complex eigenvalue Schro-
dinger equation by Themelis-Nicolaides, the
complex absorbing potential method by Sa-
hoo-Ho and the B-spline-based coordinate
rotation method by Hui-Yan Meng et
al [1-5].

2. Operator perturbation theory for
multielectron atoms in an electric field

As the principal ideas of the approach
have been presented in Ref. [17,18], here we
are limited to some key elements. As usually,
we start from the Dirac Hamiltonian (in rela-
tivistic units):

H=ap+p-oZlr, +Ja ez, 1)

Here a field strength intensity ¢ is expressed
in the relativistic units (grei= o estun; o is
the fine structure constant). One could see
that a relativistic wave function in the Hilbert
space is a bi-spinor. In order to further
diagonalize the Hamiltonian (1), we need to
choose the correct basis of relativistic
functions, in particular, by choosing the
following functions as in Ref, [17-20]. The
corresponding matrix elements of the total
Hamiltonian will be no-zeroth only between
the states with the same M;. In fact this mo-
ment is a single limitation of the whole ap-
proach. Transformation of co-ordinates in the
Pauli Hamiltonian (in comparison with the
Schrodinger equation Hamiltonian it contents
additional potential term of a magnetic dipole
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in an external field) can be performed by the
standard way. However, procedure in this
case is significantly simplified. They can be
expressed through the set of one-dimensional
integrals, described in details in Refs. [17-
24]. To simplify the calculational procedure,
the uniform electric field ¢ should be sub-
stitute by the function (c.g. [17,22]:

4

'+t

5(t):i<9{(t—r) 4 +r} ()

with sufficiently large 7 (z=1.5t,). The moti-
vation of a choice of the £(t) and some phys-
ical features of electron motion are presented
in Refs. [17-20]. Here we only underline that
the function &(t) practically coincides with
the constant ¢ in the inner barrier motion re-
gion, i.e. t<t,and disappears at t>t,. It is
important that the final results do not depend
on the parameter z. It is carefully checked in
the numerical calculation.

As usually (see [17-24]), the scattering
states energy spectrum now spreads over the
range (-ez/2,+), compared with (o, + )
in the uniform field. In contrast to the case of
a free atom in scattering states in the pres-
ence of the uniform electric field remain
quantified at any energy E, i.e. only definite
values of g, are possible. The latter are de-
termined by the confinement condition for
the motion along the 7-axis.

The same is true in our case, but only for
the following interval:

E - —Eer,+lgr .
2 2

Ultimately, such a procedure provides con-
struction of realistic functions of the bound
and scattering states. In a certain sense, this
completely corresponds to the advantages of
the distorted-wave approximation known in
scattering theory [18].

The total Hamiltonian does not possess
the bound stationary states. According to
Ref. [17-22], one has to define the zero order
Hamiltonian Ho, so that its spectrum repro-
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duces qualitatively that of the initial one. To
calculate the width I" of the concrete qua-
sistationary state in the lowest PT order one
needs only two zeroth—order EF of Hy: bound
state function w_, and scattering state func-

tion w_ . There can be solved a more general

problem: a construction of the bound state
function along with its complete orthogonal
complementary of scattering functions W

with
(1o
c|——&r,+0|.
2

The imaginary part of state energy (the reso-
nance width) in the lowest PT order is deter-
mined by the standard way:

IME =T/2 = 7<% [H| %> (3)

with the total Hamiltonian H .
The state functions w_, and y_ are as-

sumed to be normalized to 1 and by the
s(k—k’) condition, accordingly. The matrix
elements (e |HWe, ) entering the high- order

PT corrections can be determined in the same
way. It is important to underline that These
corrections can be expressed through the set
of one-dimensional integrals, described in
details in Refs. [17-20].

Further the ROPT scheme is combined
with the RMBPT in spherical coordinates for
a free atom. The details of this procedure can
be found in the references [22-24]. The
RMBPT formalism is constructed by the fol-
lowing way]. An atomic multielectron sys-
tem is usually described by the relativistic
Dirac Hamiltonian (the atomic units are
used) as follows:

H=> {acp, - S’ Z/r}+

+ Y (i o] r)A-aa),

i>]

(4)

where Z is a charge of nucleus, ¢ , o are the
Dirac matrices, aj is the transition frequen-
cy, ¢ — the velocity of light. The interelectron
interaction potential (second term in (4))
takes into account the retarding effect and
magnetic interaction in the lowest order on



parameter of the fine structure constant. In
the PT zeroth approximation it is used ab
initio mean-field potential:

VR (r) = V2, (N +V, (N +V.(r|a)], (5)

with the standard Coulomb (or some model
potential analog), exchange Kohn-Sham Vy
and correlation Vc potentials (look details in
Refs. [19,20]). An effective approach to ac-
counting the multi-electron polarization con-
tributions is described earlier and based on
using the effective two-QP polarizable opera-
tor, which is included into the PT first order
matrix elements.

In order to calculate the decay (transition)
probabilities and widths an effective relativ-
istic energy approach (version [5,6,40-43]) is
used. In particular, a width of the state, con-
nected with an autoionization decay, is de-
termined by a coupling with the continuum
states and calculated as square of the matrix
element [19]:

Vv

BB BaBa=v(2 1+1)(2 +1)(2 ja+1)(2 j;+1)
n+i2+i3+ig+mp+my X

(-1)
hoJoa)h . a
g( ) m—-my g){m—-m, u
XQ, (n1|1 hnoly g, j4n3|3j3) (6)

Here Q, =Q'+Q?", where Q2", and Q2 cor-

respond to the Coulomb and Breit parts of
the interelectron potential and express
through Slater-like radial integrals and stand-
ard angle coefficients. Other details can be
found in Refs. [5,6,40-43].

The most complicated problem of the
relativistic PT computing the complex mul-
tielectron elements spectra is in an accurate,
precise accounting for the multi-electron ex-
change-correlation effects (including polari-
zation and screening effects, a continuum
pressure etc), which can be treated as the ef-
fects of the PT second and higher orders. The
detailed description of the polarization dia-

grams and the corresponding analytical ex-
pressions for matrix elements of the polariza-
tion QPs interaction (through the polarizable
core) potential is presented in Refs. [5,6,40-
52].

3. Results and Conclusions

Here we present the results of computing the
complex energy eigenvalues representing the
shifted and broadened 4s state of lithium at-
om as a function of electric field strength.
Meng et al [1] have presented the similar re-
sults using an advanced B-spline based coor-
dinate rotation (B-CR) approach plus the
model potential method. Themelis and Nico-
laides [4] adopted ab initio theory to compute
the complex energy of multielectron states
for atom in an electric field. Their approach
is based on the state-specific construction of
a non-Hermitian matrix according to the
form of the decaying-state eigenfunction
which emerges from the CESE theory. Sahoo
and Ho [5] performed the calculation of the
Stark resonances energies and widths on the
basis of a complex absorbing potential (CAP)
method.

In Table 1 we present our data on the EE
representing the shifted and broadened 4s
state of lithium atom as a function of electric
field strength (in a.u.). For comparison the
analogous results, obtained on the basis of
the CAP, CESE, B-CR methods [1-5] as well
as semiclassical (SC) estimates , are listed
too.  Analysis of the results shows that our
data on the Stark resonances parameters are
in a physically reasonable agreement with
theoretical data obtained by other, in particu-
lar, CESE and B-CR methods.

However, the results for the 4f lithium
state width differ more significantly from
each other. For example, the CAP calculation
for the width of the 4f state gives systemati-
cally less values than obtained by the CESE,
B-CR and our methods.

Our resonance width values are higher As
it was indicated in Ref. [4], one of the ad-
vantages of the B-CR method is possibility to
apply in the case of increasing field strengths
without a significant computational effort
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growth, however, the convergence of the
width T to obtain reliable complex eigenval-

ues should be carefully carried out.

Table 1. Complex eigenvalues (in atomic
units: a.u.) representing the shifted and
broadened 4f state of lithium atom as a
function of the field strength & (in 10
a.u.), calculated by different methods (see

text)
Li | B-CR B-CR CAP CAP
4f [1] [1] [5] [5]
& -E, /2 -E; I'/2
2.0 |2.8962[—2]| 2.36[—8] [2.896]—2]| 1.62[-7]
2.5 (2.9303[-2]|3.170[-4]]2.834[-2]| 1.01[-4]
3.0 |3.1036[—2](9.363[—4][2.796]—2]| 1.76]—4]
4.0 |3.4574[-2](2.385[—3][2.657[-2]| 7.05[—4]
4.5 3.6162[—2]|3.038[—3] - -
5.0 |3.8008[—2](3.767[—3][2.576]—2]| 1.51[-3]
6.0 [4.1282[-2]/5.929[-3] - -
7.0 |4.4043[-2]/8.095[3] - -
8.0 |4.6559[-2]|1.020[-2] - -
10 [5.1122[-2][1.424[-2]] - -
12 15.5320[—2]|1.805[—2] - -
Li This This |CESE [4]| SC [4]
& -E, /2 -E, /2
2.0 |2.8962[-2](3.401[—8](3.445[-8](L.67[-10]
2.5 (2.9295[-2](3.172[-4]]3.172[-4]({1.17[-6 ]
3.0 [3.1028[—2]|9.423[-4]9.482[—-4](3.38[-4 ]
4.0 |3.4565[—2](2.386[—3]|2.386[—3]| 0.2654
4.5 3.6153[-2](3.042[—3]|3.049[-3] -
5.0 [3.7998[—-2]/3.806[—3]|3.839[ 3] -
6.0 [4.1273[-2]/5.974[-3]/6.011[-3] -
7.0 |4.4035[-2]/8.133[—3]8.169[—3] -
8.0 |4.6550[—2](1.024[-2](1.027[-2] -
10 |5.1113[-2]|1.426[—-2][1.427[-2] -
12 |5.5312[-2]|1.807[-2](1.809[—2] -

One of the advantages of the modified

OPT method is that an increasing a field
strength does not lead to an increase of com-
putational effort and there is no a conver-
gence problem. To ensure rapid PT conver-
gence, a physically reasonable spectrum (EE
and EF) was chosen as the zero order, simi-
lar to the 'distorted waves' method. Indeed,
the convergence tests confirmed this fact.
The OPT approach provides not only reso-
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nance state function definition but also the
construction of the complex EE state func-
tion along with its complete orthogonal com-
plementary of the scattering functions.

In Refs. [51-61] the operator PT method
ideology has been used to consider a problem
of resonances in the heavy ions collisions and
AC Stark effect as well as the actual prob-
lems of a cooperative combined electron-
gamma-nuclear spectroscopy. In any case
development of advanced computational
methods to Stark resonances in atoms is of a
great importance for multiple physical appli-
cations [51-61].
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Kuznetsova A.A., Glushkov A.V., Plisetskaya E.K.

THEORETICAL COMPLEX ENERGIES OF STARK RESONANCES IN LITHIUM
BY OPERATOR PERTURBATION THEORY APPROACH

Summary. The theoretical complex energies of the Stark resonances in the lithium at-
om (non-hydrogenic atomic system) in a DC electric are calculated within the operator form
of the modified perturbation theory of the Schrodinger equation for the non-H atomic sys-
tems. The method includes the physically reasonable distorted-waves approximation in the
frame of the formally exact quantum-mechanical procedure. The Stark resonances energies
and widths in the lithium atom spectrum are calculated and compared with results of calcula-
tions on the basis of the complex absorbing potential method, the B-spline-based coordinate
rotation method approach and direct computing complex Schrédinger equation eigenvalues.

Keywords: multielectron atom, electric field, relativistic operator perturbation theory,
excited states.

PACS 31.15.A-

Kysneyosa A.A., I'nywkoe A.B., [lnuceykas E K.

TEOPETUUYECKHE 3HAYEHUSA KOMILJIEKCHBIX SJHEPTUH IITAPKOBCKUX
PE3OHAHCOB B ATOME JINTHUS B PAMKAX OITEPATOPHOI TEOPUH
BO3MYIIEHUI

Pe3rome. BprunciieHbl 3HaYEHUsI KOMIUIEKCHBIX JHEPIMi IITAPKOBCKUX PE30HAHCOB B
aToMe JIUTHs (MHOTO3JIEKTPOHHAs! aTOMHAsl CUCTEMA) B IIOCTOSSHHOM  3JIEKTPUYECKOM T0JIe Ha
OCHOBE MOJU(DUIIMPOBAHHON OMEpaTOPHOM TEOPHHM BO3MYLIEHHH AJII MHOTOXJIEKTPOHHBIX
aTOMHBIX cUCTeM. TeopeTHuecKuil Moaxo ] BKIOYAaeT GU3NUeCKH 000CHOBAHHOE MPUOIIMKe-
HHUE MCKAXEHHBIX BOJH B paMKax (pOpMajlbHO TOYHON KBAaHTOBO-MEXAaHUYECKOH MPOLEaypHI.
OHepruv M UIMPUHBI IITAPKOBCKUX PE30HAHCOB B CHEKTPE aTOMa JIUTUS BBIYMCIAIOTCS U
CPaBHUBAIOTCS C pe3ylbTaTaMU PACUETOB B paMKaxX METOJa KOMIUIEKCHOTO ONTHYECKOIO IO-
TeHIIMajaa, 0000IIEHHOr0 METO/Ia BpallleHUs] KOOPAMHAT ¢ MCIoJIb30BaHUEM B crtaiiHoBOro
ITOpUTMA U TaHHBIMU MPSIMOTO BBIYMCIEHUS COOCTBEHHBIX 3HAYEHUH KOMIUIEKCHOTO ypaB-
HeHus [lIpenunrepa.

KuroueBrble cjioBa: MHOIO2JIEKTPOHHBIE aTOM, JIEKTPUUECKOE T0JIE, PEIATUBUCTCKAS
orepaTopHasi TeOpHUs BO3MYILEHU onepaTopa, Bo30Y>KIACHHbBIE COCTOSHUS
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PACS 31.15.A-
Kysneyosa I'.O., I'nywros O.B., IIniceyvka €.K.

TEOPETUYHI 3HAYEHHSA KOMILJIEKCHUX EHEPT'IH IITAPKIBCbKUX PE-
30HAHCIB B ATOMI JIITIIO B PAMKAX OIIEPATOPHOI TEOPII 35YPEHD

Pe3rome. OOunciieHi 3HAYEHHS KOMIUIEKCHUX EHEpPriii IITapKiBCBKUX PE30HAHCIB B
aTomi JiTito (0araToeileKTPOHHUX aTOMHA CHUCTEMa) B MOCTIHHOMY €JIEKTPUYHOMY TOJI Ha
OCHOBI MO (]iKOBaHOI omepaTOpHOI Teopii 30ypeHb NI 0araTOeIeKTPOHHUX aTOMHHX CHC-
teM. Teopernmunuil miaxix BriIodae ¢i3WYHO OOIPYHTOBaHE HAOIMIKEHHS IMEPEKPYyUEHHUX
XBWIb B paMKax (OpMajabHO TOYHOI KBAaHTOBO-MEXaHIYHOI mpouenypu. Exeprii i mmpuan
MITAPKIBCHKUX PE30HAHCIB B CIIEKTP1 aTOMAa JIITiI0 OOYHCIIOIOTHCS 1 MOPIBHIOIOTHCS 3 PE3Yib-
TaTaMH PO3PaxXyHKIiB B paMKaX METOAY KOMIUIEKCHOTO ONTHYHOTO MOTEHIlially, y3arajabHeHO-
ro MeToAy oOepTaHHsS KOOPAMHAT 3 BUKOPHCTaHHSM B-CIIaifHOBOTO alropuTMmy i JaHUMHU
IpSMOTO OOYKCIICHHS BIACHUX 3HAUYCHb KOMIUIEKCHOTO piBHsAHHSA [lpeninrepa.

Kiro4oBi cj10Ba: 6araToeeKTpOHHUI aTOM, €IIEKTPUYHE I0JIe, PEISTHBICTCHKA orepa-
TOpHA Teopis 30ypeHb onepaTopa, 30y/PKeH1 CTaHu.
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RELATIVISTIC THEORY OF SPECTRAL CHARACTERISTICS OF PIONIC
ATOMIC SYSTEMS: APPLICATION TO HEAVY SYSTEMS

A new theoretical approach to energy and spectral parameters of the hadronic (pionic and kaonic) atoms in
the excited states with precise accounting for the relativistic, radiation and nuclear effects is presented. There are
presented data of calculation of the energy and spectral parameters for pionic atoms of the *Nb, *®Yb, **'Ta,
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Au, 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 Uhling-Serber potential approach for

account for the radiation corrections are listed too.

1. Introduction
Our work is devoted to the further applica-
tion of earlier developed new theoretical ap-
proach [1-8] to the description of spectra and
different spectral parameters, in particular,
radiative transitions probabilities for hadron-
ic (pionic and kaonic) atoms in the excited
states with precise accounting for the relativ-
istic, nuclear and radiative effects. It is well
known that studying the energy, spectral, ra-
diation parameters, including the spectral
lines hyperfine structure, for heavy exotic
(hadronic, kaonic, pionic) atomic systems is
of a great interest for the further development
as atomic and nuclear theories and quantum
chemistry of strongly interacted fermionic
systems (see, for example, refs. [1-45]). Re-
ally, the exotic atoms enable to probe aspects
of atomic and nuclear structure that are quan-
titatively different from what can be studied
in the electronic (“usual”) atoms. Besides,
the corresponding data on the energy and
spectral properties of the hadronic atomic
systems can be used as a powerful tool for
the study of particles and fundamental prop-
erties.

While determining the properties of pion
atoms in theory is very simple as a series of
H such models and more sophisticated meth-
ods such combination chiral perturbation
theory (TC), adequate quantitative descrip-
tion of the spectral properties of atoms in the
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electromagnetic pion sector (not to mention
even the strong interaction sector ) requires
the development of High-precision ap-
proaches, which allow you to accurately de-
scribe the role of relativistic, nuclear, radia-
tion QED (primarily polarization electron-
positron vacuum, etc.). pion effects in the
spectroscopy of atoms.

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

The more correct accounting of the QED,
finite nuclear size and electron-screening ef-
fects for pionic atoms is also very serious and
actual problem to be solved more consistent-
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ly in comparison with available theoretical
models and schemes.

In this paper we present an effective theo-
retical approach to computing energy and
spectral parameters of the hadronic (pionicc)
atoms in the excited states with precise ac-
counting for the relativistic, radiation and
nuclear effects. There are presented data of
calculation of the energy and spectral param-
eters for pionic atoms of the *Nb, *3Yb,
8173, 9Au, with accounting for the radia-
tion (vacuum polarization), nuclear (finite
size of a nucleus ) and the strong pion-
nuclear interaction corrections. The meas-
ured values of the Berkley, CERN and Vir-
ginia 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 Uhling-
Serber potential approach for account for the
radiation corrections are listed too.

2. Theory

The basic topics of our theoretical ap-
proach have been earlier presented [3-
8,27,28], so here we are limited only by the
key elements. The relativistic dynamic of a
spinless boson (pion) particle is described by
the Klein-Gordon-Fock (KGF) equation. As
usually, an electromagnetic interaction be-
tween a negatively charged pion and the
atomic nucleus can be taken into account in-
troducing the nuclear potential A, in the KG
equation via the minimal coupling p,— py—
gA.,. Generally speaking, the Klein-Gordon-
Fock equation can be rewritten as the corre-
sponding two-component equation :

l—'::fr:; + '."FIQ:IJ— + T+ (03 + fr’?g]li":;‘.,ngl + I'?r:'-m-q‘,f =E:V,,
2 ' o

(1)

where o; are the Pauli spin matrices and

U =1 ( 1+ (B~ V) /m)é, )

This equation is equivalent to the stationary
Klein-Gordon-Fock equation. The corre-

sponding non-stationary Klein-Gordon-Fock
equation can be written as follows:

1P (X) = {Ciz[ii'zat +eV, (NP + V¥ (X)

(©)
where c is the speed of light, h is the Planck
constant, x is the reduced mass of the pion-
nuclear system, and Wo(X) is the scalar wave
function of the space-temporal coordinates.
Usually one considers the central potential
[Vo(r), 0] approximation with the stationary
solution:

Y (X) = exp(-iEt/7)¢(x), 4)

where ¢(x)is the solution of the equation:

{C%[E +eV,(NF +#°V? - 1’c’}p(x) =0
(%)

Here E is the total energy of the system (sum
of the mass energy mc® and binding energy
€o). In principle, the central potential V; is the
sum of the following potentials: the electric
potential of a nucleus, vacuum-polarization
potential.

The strong interaction potential can be
added below. Generally speaking, an energy
of the pionic atomic system can be represent-
ed as the following sum:

E~E+Exs+Ewp +Ey,  (6)

where E,. is the energy of a pion in a nucle-
us (Z,A) with the point-like charge, E is
the contribution due to the nucleus finite size
effect, E, is the radiation QED correction,
E, is the energy shift due to the strong (pion-
or kaon- nuclear) interaction V,,.

In principle, the central potential Vj
should include the central Coulomb potential,
the radiative (in particular, vacuum-
polarization) potential as well as the electron-
screening  potential in the atomic-optical
(electromagnetic) sector. Surely, the full so-
lution of the pionic atom energy especially
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for the low-excited state requires an inclusion
the hadron-nuclear strong potential.

The next step is accounting the nuclear
finite size effect or the Breit-Rosenthal-
Crawford-Schawlow one. In order to do it we
use the widespread Gaussian model for nu-
clear charge distribution. The advantages of
this model in comparison with usually used
models such as for example an uniformly
charged sphere model and others had been
analysed in Ref. [3]. Usually the Gauss mod-
el is determined as follows:

p(rR)= (47 [Nz Jexpl- ), (1)

where y = 471/}32 , R is an effective radi-
us of a nucleus.

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

(Drad (r) = q)u (r) + CDg (r) + ch (r) +.

2
+ (DI (r) + g(I)Blgh—order (r)
8
where
0.0927 ?¢?
1+(L.62r/r )"

(Dgigh—order (r) — _é_aq)(r)

D (r)= ——B(ez) Z*a®mcle %%
9)

Here e — a proton charge and universal
function B(Z) is defined by expression:
B(2)=0.074+0.35Zc.

At last to take into account the electron
screening effect we use the standard proce-
dure, based on addition of the total interac-
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tion potential SCF potential of the electrons,
which can be determined within the Dirac-
Fock method by solution of the standard rela-
tivistic Dirac equations. It should be noted
however, that contribution of theses correc-
tions is practically zeroth for the pionic ni-
trogen, however it can be very important in
transition to many-electron as a rule heavy
hadronic atoms.

Further in order to calculate probabilities
of the radiative transitions between energy
level of the pionic atoms we have used the
well-known relativistic energy approach (c.
g.[16-28]). Other details are in Refs. [4,7,8].

3. Results and conclusions

In Table 1 the numerical data on the 4f-
3d, 5g-4f transition energies for pionic atoms
of the ®Nb, 1*Yb, **'Ta "’ Au are presented.
There are also listed the measured values of
the Berkley, CERN and Virginia laboratories
and alternative data obtained on the basis of
computing within alternative versions of the
Klein-Gordon-Fock (KGF) theory with tak-
ing into account for a finite size of the nucle-
us in the model uniformly charged sphere
and the standard Uehling-Serber radiation
correction (see Refs. [5, 6,7,13]).

The analysis of the presented data indicate
on the importance of the correct accounting
for the radiation (vacuum polarization) and
the strong pion-nuclear interaction correc-
tions. The contributions due to the nuclear
finite size effect should be accounted in a
precise theory too.

More exact knowledge of the electro-
magnetic interaction parameters for a pionic
atom will make more clear the true values for
parameters of the pion-nuclear potentials.
Further it allows to correct a disadvantage of
widely used parameterization of the optical
potential. It is especially important if one
takes into account an increasing accuracy of
the X-ray pionic atom spectroscopy experi-
ments.

Table 1.

Transition energies (keV) in the spectra of some
heavy pionic atoms (see text)



n-A [Trans. Berkley CERN | Ekcr+em
Eexp Eexp [6, 7]
“Nb|5g-4f] - [307.79:0.02] -
'°Yb|50-4f] - - -
%1Ta|59-4f1453.1+0.4/453.90+ 0.20 453.06
% Au|50-4f[532.5+0.5533.16+0.20| 528.95
**Nb|4f-3d - 140.3+0.1 -
73y 4-3d - - -
®173| 4f-3d - 1008.4+1.3| -
A Trans. Ekcrem En Our
[13] [13] data
PN I5q.4f] - - 307.85
130 5g4F] - - 412.26
181Ta155.4f| 453.78 | 45352 | 453.71
453.62
DrAlgg4f] - 531.88 | 533.08
N0 14£-3d - - 140.81
19Y0T4£3d] - - 838.67
o413 - 992.75 |1008.80

It is interesting to note that the contributions
into transition energies are about ~5 keV due
to the QED effects, ~0,2 keV due to the nu-
clear finite size effect, and ~0.07keV due to
the electron screening effect, provided by the

2[He], 4[Be], 10[Ne] electron shells [5].
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RELATIVISTIC THEORY OF SPECTRAL CHARACTERISTICS OF PIONIC
ATOMIC SYSTEMS: APPLICATION TO HEAVY SYSTEMS

Summary. A new theoretical approach to energy and spectral parameters of the hadronic
(pionic and kaonic) atoms in the excited states with precise accounting for the relativistic, ra-
diation and nuclear effects is presented. There are presented data of calculation of the energy
and spectral parameters for pionic atoms of the **Nb, *"*Yb, **'Ta, ' Au, 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 la-
boratories 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 Uhling-Serber potential to account for radiation corrections are listed too.
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PEJIATUBUCTCKASA TEOPUSA CIIEKTPAJIBHBIX XAPAKTEPUCTUK ITMOH-
HBIX ATOMHBIX CUCTEM: IPUMEHEHME K TAKEJbBIM CUCTEMAM

Pe3tome. Pa3zpaboraH HOBBIM TeOpeTHUYECKHH MOJIXOJ K ONHCAHUIO HHEPreTHUECKUX U
CHEKTPAIbHBIX MapaMeTPOB aJpPOHHBIX (IIMOHHBIX) aTOMOB C aKKypaTHBIM Y4E€TOM DEJSATH-
BUCTCKHX, PaJMallMOHHBIX U s7epHbIX 3¢ ¢ekToB. [IpuBeaeHbl TaHHBIE pacueTa SHepreTuye-
CKHX U CHEKTPAJIBbHBIX 1apaMETPOB ITMOHHBIX aTOMOB %BNb, 12Yh, ®'Ta, *"Au ¢ Y4ETOM pa-
JMALMOHHBIX (MOJSpU3alUs BaKyyMma), sJepHBIX (KOHEUHBIM pa3Mep sijpa) MOMpaBoK U -
¢dexTa U CHIIBHOTO MUOH-SIEPHOTO B3auMOAEUCTBUA. [[1s1 cpaBHEHMSI TaKKe MPUBEIEHBI IKC-
nepuMeHTalbHble 3HaueHus (u3Mepenust B nadboparopusx B bepxnu, IIEPH u Bupmxunun) u
albTepHATUBHBIE TEOPETUYECKUE IaHHbIE, MOJYYEHHBIX B paMKax JAPYTUX BEpCHMl Teopuu
Kneitna-I'opaona-®@oka ¢ y4eToM KOHEYHOTO pa3mepa siapa B paMKax MOJIEIU OJHOPOIHO
3apsHKEHHON cephl M CTaHIapTHOTrO MoTeHuuanoMm Yiunra-Cepbepa ais yuera paauaivoH-
HBIX TIOTIPaBOK. .

KuroueBble cj10Ba: pensTUBUCTCKAs TEOPHUS BO3MYIIEHMM, YHEPreTUUECKUE MApaMETPHI,
IIMOHHBIE ATOMHBIE CUCTEMBI.



PACS 36.10.-k
Ilybposcovra FO.B., Xeyeniyc O.FO., Cepea .M., Yepusaxosa FO.T'.

PEJIATUBICTUYHA TEOPIA CIIEKTPAJIBHUX XAPAKTEPUCTHUK IIIOHHUX
ATOMHHUX CUCTEM: 3ACTOCYBAHHA 1O BA’KKUX CUCTEM

Pe3iome. Po3po6iieHO HOBHI TEOPETUYHHMN MIAXiA 10 ONUCY €HEPreTUYHUX 1 CIIEKTpallb-
HUX MapaMeTpiB aJpOHHUX (MOHHHMX) aTOMIB 3 aKypaTHUM YpaxyBaHHSIM PEIATHBICTCHKHUX,
paniamniitaux i sinepaux edekxris.. HaBeneHsl qani po3paxyHKy €HEpreTUYHHX 1 CIIEKTPaIbHUX
napamerpis monnnx atomis °Nb, *Yb, *®Ta, ¥ Au 3 ypaxysannsm pagiamiitaux (momspu-
3amisg BaKyymy), sAepHUX (KiHLIEBUH pO3Mip sizpa) MOMPaBOK 1 €(PeKTy CHIILHOTO ITiOH-
sanaepHoi B3aemomii. Jlns TOpIBHSHHA TaKoXX HaBelEHI EKCHEPHUMEHTAIbHI 3HAYCHHS
(BumiproBaHHs B jabopatopisx B bepkii, [IEPH 1 BipmkuHii) 1 anbTepHaTHBHI TEOPETHUYHI
JaHl, OTpUMaHi B paMKax 1HIIHMX Bepciit Teopii Kieitna-I'opaona-doka 3 ypaxyBaHHSIM KiH-
IIEBOTO PO3MIpY fpa B paMKax MO OJHOPIAHO 3apsKeHoi cdepH i cTaHJapTHUM MOTEH-
niasiom Yinra-CepOepa Ui ypaxyBaHHS paJiallifHAX MOTPABOK.

KirouoBi ciioBa: peisiTuBicTChKa Teopist 30ypeHb, EHEePreTUYHI MapaMeTpH, MiOHHI aTOM-
Hi CHCTEMH.
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OPTIMIZED QUASIPARTICLE DENSITY FUNCTIONAL
AND GREEN’S FUNCTIONS METHOD TO COMPUTING BOND ENERGIES
OF DIATOMIC MOLECULES

It is presented an advanced approach to computing the energy and spectral parameters of the diatomic mole-
cules, which is based on the hybrid combined density functional theory (DFT) and the Green’s-functions (GF)
approach. The Fermi-liquid quasiparticle version of the density functional theory is modified and used. The den-
sity of states, which describe the vibrational structure in photoelectron spectra, is defined with the use of com-
bined DFT-GF approach and is well approximated by using only the first order coupling constants in the opti-
mized one-quasiparticle approximation. Using the combined DFT-GF approach to computing the spectroscopic
factors of diatomic molecules leads to significant simplification of the calculation procedure and increasing an
accuracy of theoretical prediction. As illustration, the results of computing the bond energies in a number of
known diatomic molecules are presented and compared with alternative theoretical results, obtained within dis-

crete-variational X » Muffin-tin orbitals and other methods.

1. Introduction

In this paper we study the problem of cal-
culating the important spectroscopic charac-
teristics of multielectron systems (atoms and
molecules), namely, the spectroscopic fac-
tor. The spectroscopic factor is one of the
most important characteristics of atomic and
molecular systems and the precise infor-
mation about it is very important for many
applications [1-47].

In calculations based on the density func-
tional theory (DFT) methods in the local
density (LP) approximation, invariants have
become widespread: discrete-variational X,

(DV- X, ), muffin-tin orbitals (MTO) method

in a version of the linear MTO method and
localized orbitals, modified DV- X , method

with using a scheme of the transition state
(TS) (see [1]). Although, in computational
terms, these methods are highly economical,
the error in calculating complex molecules
based on them can reach several eV

In this paper we present an advanced ap-
proach to computing the spectroscopic fac-
tors of the diatomic molecules within the
hybrid combined density functional theory
(DFT) in the Fermi-liquid formulation and
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the Green’s-functions (GF) approach to
quantitative determination of the spectro-
scopic factors for some molecular systems.
The approach is based on the Green’s func-
tion method (Cederbaum-Domske version)
[1,2] and Fermi-liquid DFT formalism [3-7]
and using the novel effective density func-
tionaler (see also [11-22]). It is important
that the calculational procedure is significant-
ly simplified with using the quasiparticle
DFT formalism.

2. Many-body theory

As usually, introducing a field operator
Y(R,60,X) =Y 4(xR,0a(R,6) with the

Hartree-Fock (HF) one—particle functions ¢
(g (R) are the one-particle HF energies and f
denotes the set of orbitals occupied in the HF
ground state; Ry is the equilibrium geometry
on the HF level) and dimensionless normal
coordinates Qs one can write the standard
Hamiltonian as follows [2,7]:

H=H.+H,+HE +HZ, (@)
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To get function N,(e) one calculates the

H@ = _3/22 Z ( umJ (b, +b")[ov,a'a‘a, GF G, (¢) (see details in Refs. [1-7,31-35]:
0

+&v,a,8,8a) +20v,a;8,8,8;] +
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(3b)
with ni=1 (0), ief (igf), oa=1 (0), (ijkl) ect
, 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
vz that ¢, and ¢;or g and ¢, are unoccu-

pied. The w,are the HF frequencies; b, ,b,

s1s
are destruction and creation operators for vi-
brational quanta as

Q = (U/V2)(b, +bY),
016Q, = (W/2)(b, -bl). (4

The interpretation of the above Hamiltonian
and an exact solution of the one-body HF
problem is given in refs. [1,-7]. The usual
way is to define the HF-single-particle com-
ponent H, of the Hamiltonian (4) is as in
Refs. [1,4]. Correspondingly in the one-
particle picture the density of occupied states
is given by

Gy (e) =i [~ dte" " (| T{ a, )& (0) } |wo)

(8)

Choosing the wunperturbed H, to be
H —Z c.a;a +H, one could define GF as

G (t) = +£5,,.i exp|-in

The direct method for calculation of Ny(€)
as the imaginary part of the GF includes a
definition of the vertical I.P. (V.1.P.s) of the
reference molecule and then of Ny ().

The zeros of the functions:

_1(‘9k + Ag)t]-

>‘2 exp(in, - @,t) O

D (e)=€ —[eOp +Z(e)]k , (10)

where (e"p +2)k denotes the k-th eigenvalue

of the diagonal matrix of the one-particle en-
ergies added to matrix of the self-energy part,
are the negative V. I. P.'s for a given geome-
try. One can write [2,4]:

V.1.P.), =—(e +F.),
Fo=SuC VP ey 2ue)
(12)
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Expanding the ionic energy E,'*about the
equilibrium geometry of the reference mole-
cule in a power series of the normal coordi-
nates leads to a set of linear equations for the
unknown normal coordinate shifts 6Qs, and
new coupling constants:

0, =+/V2Joc, +F)I0Q],  (12)

Y = i[%)[@z(ek +Fk)/an /an']o

The coupling constants g,, Y, are calculated

by the well-known perturbation expansion of
the self-energy part. One could write:

Z ﬁi)(e) — Z (Vksij _Vksji )‘/ksij +Z (Vksij _Vksji )‘/ksij

i €+es—€i—ej ij E+€S—€i—€j

sgF s¢F
(13)
and the coupling constant g, are as [17]:

1 0e1+q(0/0€)y ([-(V.1.P)]
glN_ﬁ oQ, 1_(8/86)Zkk[_(V'I'P')k]

(14)
The pole strength of the corresponding GF:

Pk :{1_;;Z kk[_(V'I'P')k]} 1= p, =20,

g, = g|O[Pk +0Q, (pk _1)]’

o) =20 ¢, 16Q, (15)
3. Fermi-liquid quasiparticle density
functional theory

The quasiparticle Fermi-liquid version of
the DFT [3-8,31,36] is used to determine the
coupling constants etc. The master equations
can be obtained on the basis of variational
principle, if we start from a Lagrangian of a
molecule Lq. It should be defined as a func-
tional of quasiparticle densities:

vo=>n, @,
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vn=>nvo,mf,  (16)

v,(r) = Zm[‘lf;% _q);(DA]-
7

The densities v, and vy are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an
analog in the HF or DFT theory and appears
as result of account for the energy depend-
ence of the mass operator X. A Lagrangian L
can be written as a sum of a free Lagrangian
and Lagrangian of interaction: Ly = Lg° +
L™, where the interaction Lagrangian is de-
fined in the form, which is characteristic for a
standard DFT (as a sum of the Coulomb and
exchange-correlation terms), but, it takes into
account for a mass operator energy depend-
ence of X :

in 1 2
th = Ly -5 ZjﬂikF(rl, r,)v;(r)v, (r,)drdr,

i,k=0

(17)
where F is an effective exchange-correlation
interaction potential. The constants S are
defined in Refs. [3-5]. The constant £y, can
be calculated by analytical way, but it is very
useful to keep in mind its connection with a
spectroscopic factor Fg, [4,5]:

Fsp :{1_;;62 kk[_(\/lp)k]} (18)

The new element is linked with using the
DFT correlation Gunnarsson-Lundqvist, Lee-
Yang-Parrr functionals (c.g.[12-16]).

The multiplier [1-3" ,] is easily calculated

if the Gunnarsson-Lundqvist-like correlation
potential is used as Vxc and z , Is deter-

mined as follows:

D (r) =0,254p(r)[0,328p '* (r) +

+0,204p "3 (r) I{1+18,376p"* (N }]



4. Results and conclusions

Let us present the results of calculating the
binding energies and equilibrium distances in
molecules N,,0,,F, belonging to the class
of complex from the point of view of taking
into account the correlation effects. Effective
approach to this topic can be performed with-
in different versions of the standard DV ap-
proach such as: DV-X,, DV-X_( TS),
MTO (see Table 1, where experimental data
are also presented for comparison).

Table 1
Bond energies (eV) and equilibrium distanc-

es (a.u.): 1 —experiment; 2- DV- X ,, 3- DV-
X,-TS, 4- MTO, 5 — Green function ap-
proach, 6 - present work

EB Re EB Re EB Re
N2 02 FZ
1] 9,91[2,07

219,392,111

3/110,86 2,11

4| 7,8 12,16

5] 9,99(2,11 3,21| 2,6

6] 9,95|2,09 1,58 (2,70

As follows from the comparison of the ener-
gy values presented in Table 1 and the values
of the molecular constants are sensitive to the
calculation scheme. A more careful consider-
ation of multiparticle correlation effects with-
in the framework of this procedure leads to
an improvement in the agreement between
the calculation and experiment (in particular,
this is observed for molecules; for there is
some deterioration). The results obtained in
this calculation are in slightly better agree-
ment with experiment than the results of cal-
culations in other versions of the DV method.

It can be concluded that the development
of a more perfect than the existing methods

to computing molecular constants may be
associated with careful consideration of
complex correlation effects, including many-
body corrections. The one-quasiparticle rep-
resentation used here can be taken as the ze-
roth one in one of the sophisticated versions
of the many-body PT such as , for example,
the Moller-Plesset PT (see e.g. [6]).
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SPECTROSCOPIC FACTORS OF DIATOMIC MOLECULES: OPTIMIZED GREEN’S
FUNCTIONS AND DENSITY FUNCTIONAL METHOD

Summary. It is presented an advanced approach to computing the energy and spectral pa-
rameters of the diatomic molecules, which is based on the hybrid combined density functional
theory (DFT) and the Green’s-functions (GF) approach. The Fermi-liquid quasiparticle version
of the density functional theory is modified and used. The density of states, which describe the
vibrational structure in photoelectron spectra, is defined with the use of combined DFT-GF ap-
proach and is well approximated by using only the first order coupling constants in the opti-
mized one-quasiparticle approximation. Using the combined DFT-GF approach to computing
the spectroscopic factors of diatomic molecules leads to significant simplification of the calcula-
tion procedure and increasing an accuracy of theoretical prediction. As illustration, the results of
computing the bond energies in a number of known diatomic molecules are presented and com-
pared with alternative theoretical results, obtained within discrete-variational X ,, muffin-tin

orbitals and other methods.
Key words: diatomic molecules, Green’s functions, density functional
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OINITUMM3UPOBAHHBIN METOJ ®YHKIIUOHAJIA IINIOTHOCTHU U ® YHKIIUI
I'PUHA B PACUETAX DHEPI'MU CBA3U IBYXATOMHBIX MOJIEKY.JI

Pesrome. IIpeacraBieH yCOBEPIIEHCTBOBAHHBIA MOAXO0/ K BBIUHUCICHUIO YHEPTETUYECKUX U
CHEKTpaJIbHbIX MapaMeTPOB JBYXaTOMHBIX MOJIEKYJ, Oa3upyrouuiicss Ha THOPUAHON KOMOUHU-
poBaHHOM Teopun ¢yHkimoHana miotHoctu (TOII) u merone dynkuuit 'puna (OI'). Ucnons-
3yeTcs MoAenb hepMU-KUIKOCTHas kBazudacThuHas Bepcust TOII. IInoTHOCTE COCTOSIHUM, KO-
TOpasi OMUCHIBACT KOJIEOATEIbHYIO CTPYKTYPY B (POTOIIEKTPOHHBIX CIIEKTpax, ONpeAesseTcs ¢
UCIOJIb30BaHNuEM KOMOMHHpoBaHHOTO nojaxoaa TAOII - ®I'. Ucnonb3oBanre KOMOMHUPOBAHHO-
ro TOII-®I' noxxona NpUBOAUT K 3HAYUTEIBHOMY YIIPOIEHHUIO IIPOLEIYPhI pacuyeTa U MOBbI-
LICHUIO TOYHOCTU TEOPETHUYECKOr0 MPOrHO3UPOBAaHUSA. B KauecTBe WILIIOCTpALUU MIPEACTaBIIE-
HBI PE3YJIBTATBl pACYeTa DHEPIUM CBA3U B PSAJE U3BECTHBIX JABYXaTOMHBIX MOJIEKYJ, KOTOpPbIE
CPaBHUBAIOTCS C AJIBTEPHATHUBHBIMU TEOPETUYECKUMH PE3YNbTATAMH, IOJYYEHHBIMU C IIOMO-
IILIO JIUCKPETHO-BAPHALIMOHHOIO X , U JIPYTUX IOAXO0B.

KuroueBble cjioBa: IByXaTOMHbIE MOJEKYJbl, QyHKIMs ['pyuHa, QyHKIIMOHAN MIIIOTHOCTH
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ONTUMI3ZOBAHUI METO/ ®YHKIIIOHAJTY TYCTAHM I ®YHKIIN I'PTHA
B PO3PAXYHKAX EHEPTTI 3B'SI3KY JIBOATOMHHNX MOJIEKY.I

Pe3iome. [IpencraBnennii BIOCKOHAICHUI METOJ OOYHMCICHHS €HEPreTUYHHUX Ta CIEKT-
palbHUX MapaMeTpiB 2-aTOMHUX MOJIEKYJ, 10 0a3yeThCsl Ha TiOpHIHIA Teopii (yHKIIOHAIA
misHOCTI (T®IT) 1 MmeToxi ¢pynkuiit ['pina (PI'). Bukopucrano ¢epmi-piauHHy KBa3i4acTHH-
koBy Bepcito TOII. I'yctuHa cTaHiB, SIKI ONUCYE KOJIMBAIBHY CTPYKTYPY (DOTOEIEKTPOHHOIO
CHEKTpy, Bu3HavyaeThesi B Mexkax TOII-OI merony. Bukopucranus komGinoBanoro TOII-OI
METOAY MPU3BOAUTH 10 CIPOLIEHHS IIPOLEypH OOUUCIIEHb, M1BUIIEHHS TOYHOCTI IPOTHO3Y.
B sikocTi imrocTpariii mpeacTaBieHi pe3yabTaTi po3paxyHKy €Heprii 3B'sS3Ky B Pl BiIOMHX
JIBOATOMHUX MOJIEKYJ, sIKI MOPIBHIOIOTHCS 3 AJbTEPHATUBHUMU TEOPETUYHUMH pe3yibTaTa-
MU, OTPUMAHUMH 32 JIOTIOMOTOI0 JUCKPETHO-BapiaIliifHOTO 1 IHIHMX MiIXOIiB.

KurouoBi ciioBa: 1Boaromui Mosnekynu, GyHkiis I'pina, pyHKIIOHAT TYCTHHHU.
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CASCADE OF AUGER TRANSITIONS IN SPECTRUM OF XENON:
THEORETICAL DATA

The energy parameters of the Auger transitions for the xenon atomic system are calculated within the com-
bined relativistic energy approach and relativistic many-body perturbation theory with the zeroth order density
functional approximation. The results are compared with reported experimental data as well as with those ob-
tained by semiempirical method. The important point is linked with an accurate accounting for the complex ex-
change-correlation (polarization) effect contributions and using the optimized one-quasiparticle representation in
the relativistic many-body perturbation theory zeroth order that significantly provides a physically reasonable

agreement between theory and experiment.

1. Introduction
Development of the novel experimental
methods in a modern Auger- spectroscopy
allows to open new interesting features espe-
cially for the heavy complex atomic systems.
It is easily to understand that a synchrotron
radiation sources provide an effective way to
ionize deep core hole States in heavy mul-
tielectron systems (e.g. [1]). As result, new
advanced data on the energy and spectral pa-
rameters of the complex atomic systems can
be obtained.

Let us remind following to ref . [2] that
studies in modern atomic physics (spectros-
copy, 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, including
the data on the Auger transitions [1-8]. The
kinetic energy of the ejected Auger electron
iIs measured by Auger-electron spectroscopy
(AES). Sensing the Auger spectra in atomic
systems and solids gives the important data
for the whole number of scientific and tech-
nological applications. So called two-step
model is used most widely when calculating
the Auger decay characteristics [1-5]. Since
the vacancy lifetime in an inner atomic shell
is rather long (about 10" to 10™*s), the atom
ionization and the Auger emission are con-
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sidered to be two independent processes. In
the more correct dynamic theory of the Au-
ger effect [2,3] the processes are not believed
to be independent from one another. The fact
is taken into account that the relaxation pro-
cesses due to Coulomb interaction between
electrons and resulting in the electron distri-
bution in the vacancy field have no time to be
over prior to the transition.

In fact, a consistent Auger decay theory
has to take into account correctly a number
of correlation effects, including the energy
dependence of the vacancy mass operator,
the continuum pressure, spreading of the ini-
tial state over a set of configurations etc [1-
19]. The most widespread theoretical study-
ing the Auger spectra parameters is based on
using the multi-configuration Dirac-Fock
(MCDF) calculation [2,3]. The theoretical
predictions based on MCDF calculations
have been carried out within different ap-
proximations and remained hitherto non-
satisfactory in many relations. Earlier [8-13]
it has been proposed relativistic perturbation
theory (PT) method of the Auger decay char-
acteristics for complex atoms, which is based
on the Gell-Mann and Low S-matrix formal-
ism energy approach) and QED PT formal-
ism [4-7]. The novel element consists in us-
ing the optimal basis of the electron state
functions derived from the minimization
condition for the calibration-non-invariant
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contribution (the second order PT polariza-
tion diagrams contribution) to the imaginary
part of the multi-electron system energy al-
ready at the first non-disappearing approxi-
mation of the PT. Earlier it has been applied
in studying the Auger decay characteristics
for a set of neutral atoms, quasi-molecules
and solids. Besides, the ionization cross-
sections of inner shells in various atoms and
the Auger electron energies in solids were
estimated. Here we apply the combined rel-
ativistic energy approach and relativistic
many-body perturbation theory with the ze-
roth order density functional approximation
is applied to determination of the energy pa-
rameters of the Auger transitions of the xen-
on atomic system.

2. The theoretical method

In Refs. [2, 8-17] the fundamentals of the
relativistic many-body PT formalism have
been in detail presented, so further we are
limited only by the key elements, following
the cited Refs. Let us remind that the majori-
ty of complex atomic systems possess a
dense energy spectrum of interacting states.
In Refs. [2-13, 19-38] there is realized field
procedure for calculating the energy shifts
AE of degenerate states, which is connected
with the secular matrix M diagonalization.
The whole calculation of the energies and
decay probabilities of a non-degenerate ex-
cited state is reduced to the calculation and
diagonalization of the M. The complex secu-
lar matrix M is represented in the form
[2,9,10]:

M=M+MP M@ MO (1)

where M is the contribution of the vacuum
diagrams of all order of PT, and MY,

M@ M® those of the one-, two- and three-
QP diagrams respectively. The diagonal ma-

trix M® can be presented as a sum of the
independent 1QP contributions. The opti-
mized 1-QP representation is the best one to
determine the zeroth approximation. In the
relativistic energy approach [4-9], which has

received a great applications during solving
numerous problems of atomic, molecular and
nuclear physics (e.g., see Refs. [10-13]), the
imaginary part of electron energy shift of an
atom is directly connected with the radiation
decay possibility (transition probability). An
approach, using the Gell-Mann and Low
formula with the QED scattering matrix, is
used in treating the relativistic atom. The to-
tal energy shift of the state is usually present-
ed in the form:

AE =ReAE +iT/2, )

where T is interpreted as the level width, and
the decay possibility P = T". The imaginary
part of electron energy of the system, which
is defined in the lowest order of perturbation
theory as [4]:

e2

MAE(B) =~y 2l
T a>n>f

[a<n<] , (3)
where (a>n>f) for electron and (a<n<f) for
vacancy. Under calculating the matrix ele-
ments (3) one should use the angle symmetry
of the task and write the expansion for poten-
tial sinw|ri2/r12 on spherical functions as fol-
lows [4]:

Slll‘(,t)‘r]2 _ Z Q(D‘r)
K, 2MA —~ X+A Lr,

)+/q@‘ )/)+/qm‘r2) (cosrlrz) (4)

where J is the Bessel function of first kind
and (A\)= 20 + 1. This expansion is corre-
sponding to usual multipole one for probabil-
ity of radiative decay.

Within the frame of QED PT approach the
Auger transition probability and the Auger
line intensity are defined by the square of an
electron interaction matrix element having
the form [4]:

V934 = [(11)(12)(13)(14)[/2 ”( f”jﬂ} ﬁ)xRer(IZM);
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O, = o + O ®)

The terms Q2" and Q7 correspond to

subdivision of the potential into Coulomb
part  cos|w|ri2/fri, and  Breat  one,
cos|a|ri,ca anlriz. The real part of the elec-
tron interaction matrix element is determined
using expansion in terms of Bessel functions:

cosloln, 7

n2 2ynn 1

)Ji+ /Qw\'<l' i /Qw\&)&(cosnrz)

(6)

where J is the 1% order Bessel function,
(A)=2A+1.

The Coulomb part QS“' is expressed in

terms of radial integrals R, , angular coeffi-

cients S, [4]:

ReOQU = = RelR)(1243)s5; (1243 )+ By (1243 )55 (1243 )+

+ Ry, (1 523)& (1 523)+ Ry, (T §Z§)SK (T 513)}

(7)
As a result, the Auger decay probability is
expressed in terms of ReQ;(1243) matrix el-
ements:

Re R, (1243)= [[anrr2 i) 3l a2 )2 24 s
®)

where f is the large component of radial part
of single electron state Dirac function; func-
tion Z and angular coefficient are defined in
Refs. [4-7]. The other items in (7) include
small components of the Dirac functions; the
sign «~» means that in (7) the large radial
component f; is to be changed by the small g;
one and the moment |; is to be changed by
T=1-1 for Dirac number &> 0 and |;+1 for
®i<0. The Breat part of Q is defined in
[4,11]. The Auger width is obtained from the
adiabatic Gell-Mann and Low formula for
the energy shift [4].

The direct contribution to the Auger level
width with a vacancy nglqjom, is as follows:

> 30, (@kp)o, (Brka)  ©)

By=fk>f

2
; ()
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while the exchange diagram contribution is:

oz jy 7\‘2 .
jﬁ 7L1

(10)

0 ZZZQ;, (okyB)Q, , (Brkor

Mo By</k>f

/\
The partial items of the ZZ sum an-

By Kk
swer to contributions of a'—(By)*K chan-
nels resulting in formation of two new va-
cancies Py and one free electron k:
k=g +O—0y.

The calculating of all matrix elements,
wave functions, Bessel functions etc is re-
duced to solving the system of differential
equations. The formulas for the autoioniza-
tion (Auger) decay probability include the
radial integrals R.(akyp), where one of the
functions describes electron in the continuum
state.

When calculating this integral, the correct
normalization of the wave functions is very
important, namely, they should have the fol-
lowing asymptotic at r—0:

f}_) [a)+ aZ T/sznkr+5
g

[a) ocZ ]>/cos kr+5
(12)
The important aspect of the whole proce-
dure is an accurate accounting for the ex-
change-correlation effects. We have used the
generalized relativistic Kohn-Sham density
functional [8-17] in the zeroth approximation
of relativistic PT; naturally, the perturbation
operator contents the operator (7) minus the
cited Kohn-Sham density functional. Further
the wave functions are corrected by account-
ing of the first order PT contribution. Be-
sides, 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 contri-
bution IMAE,, of the lowest QED PT cor-
rections to the radiation widths of atomic
levels.



The formulae for the Auger decay proba-
bility include the radial integrals R,(okyp),
where one of the functions describes electron
in the continuum state. The energy of an
electron formed due to a transition jkl is de-
fined by the difference between energies of
atom with a hole at j level and double-
ionized atom at kI levels in final state:

E (kL) =B () - ESH(RSHL))
(13)
To single out the above-mentioned corre-
lation effects, the equation (13) can be pre-
sented as [8,9]:

E 4G, L y) = E() = B = E() = A, 121 Ly )

(14)
where the item A takes into account the dy-
namic correlation effects (relaxation due to
hole screening with electrons etc.) To take
these effects into account, the set of proce-
dures elaborated in the atomic theory [8-13]
is used. All calculations are performed on the
basis of the modified numeral code Superat-
om (version 93).

3. Results and conclusion

Below the energy parameters of the Auger tran-
sitions for the xenon are presented and com-
pared with the experimental data as well as with
those obtained by semiempirical and perturba-
tion theory methods. In table 1 we present data
on the initial and final states of the most intense
4d2—4d*—5p? and 4d5p?—5p 4 Auger tran-
sitions in the neutral xenon.

Our theoretical data (the relativistic many-

body PT) and the theoretical semiempirical
data by Jonauskas et al [1], and relativistic
perturbation theory data [9] for the energies
of the Auger transitions are also given.
The analysis of the presented results in table
1 results in the conclusions that the précised
description of the Auger processes requires
the detailed accurate accounting for the ex-
change-correlation effects, including the par-
ticle-hole interaction, screening effects and
iterations of the mass operator.

Table 1. Calculated and experimental
energies of the Auger transitions Ey for Xe

(see text)
Initial . Eth Etha Etha EEX
sta_tze Final state ] o] our [1]
4d* WA 5p°(D) | 315 13 1o
(342 F5/2
4d* BB CP) | 515 k1o B0.9 Bog
(342 F7/2
4d* WA 5p" (D) | 509 hog Bo.5
G42 Ggll2 73
ad” Ad=5p™ (P) | 305 B0.3 B0.2 80.3
D-2 D-5]{2 -2 (3
4d= Ad=5p™ (P) | 301 B0.0 9.9 9.9
G-42 I:)-gl/2 7T
4= Ad=5p" (D) | 593 bg 2 po1
(3_42 D5/2
4d* Ad5p” (D) | 591 bo1 pg.g po.1
D_z2 F7/2
4d* Bd75p7 (D) | 591 boq b1
(3_42 F7/2
4d Ad507 CP) | 591 bo1 bo1
F‘}z Fg/z
4d Ad507 CP) | 554 bg.3 b2
F42 Fs/z
4d 4d 50°CP) | 281 bg.o b2 083
szz F5/2 .
ad 4d 50°(S) | 578 b7.8 b7.8 b7.9
(3_42 D5/2
4d 4d 50° (D) | 574 b7.3 b72 b7.1
Fz_z Gg/z .
4d* A5 (S) |70 beo b6
Pl_z D5/2
4d* BdT5pE CP) | 6 5 be s 6.4 6.5
F42 F5/2 .
ad 4d 5p2 (S)
26.1 6.2 26.1

lDz2 D3/2 . 6 6 6
ad 4d 5p2 (S)
\ 26.1 6.2 26.1

1G31 D3/2 1 6 6 6
ad Ad50™ () | 559 beo bs.g
e
4d®  ad"5p" (D) | o565 b5g b5 L
T
ad®  ad= 50" (S) | 943 bag pa6 a7
e
?S ﬁg 7 (S) | 225 p2.g 28

4 5/2

97




The relativistic many-body PT approach pro-
vides physically reasonable results in com-
parison with the fine experimental results due
to a considerable extent to more correct ac-
counting for complex inter electron ex-
change-correlation effects. It is important to
note that using more correct gauge-invariant
procedure of generating the relativistic or-
bital bases in the zeroth approximation of the
consistent relativistic perturbation theory is
directly connected with correctness of ac-
counting for the exchange-correlation effects.
The further theoretical progress can be
reached by the next refinement of theoretical
procedure.
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CASCADE OF AUGER TRANSITIONS IN SPECTRUM OF XENON:
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Summary. The energy parameters of the Auger transitions for the xenon atomic system
are calculated within the combined relativistic energy approach and relativistic many-body
perturbation theory with the zeroth order density functional approximation. The results are
compared with reported experimental data as well as with those obtained by semiempirical
methods. The important point is linked with an accurate accounting for the complex ex-
change-correlation (polarization) effect contributions and using the optimized one-
quasiparticle representation in the relativistic many-body perturbation theory zeroth order
that significantly provides a physically reasonable agreement between theory and experi-
ment.
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KACKAJI OKE-IEPEXO/0B B CIIEKTPE KCEHOHA:
TEOPETUYECKHUE JAHHBIE

Pe3rome. DHepreTuueckue mnapaMeTpbl 0XKe-NEpexoJi0oB Ul aTOMHOW CHUCTEMbI KCEHOHA
paccuuTaHbl B paMKaXx KOMOMHUPOBAHHOI'O PEISTUBUCTCKOTO 3HEPreTUUECKOro MOAX0Aa U
PENATUBUCTCKON MHOTOYaCTMYHOM TEOPUM BO3MYLIEHHUH € NpUOIMKEHUEM (DYyHKIMOHAA
IUIOTHOCTH HYJIEBOTO THOpsAAKa. Pe3ynbTrarbl CpaBHUBAIOTCS C 3KCHEPUMEHTAIbHBIMU
pesyibTaTaMM, a TaKXe C MOJYIMIMPUYECKUMH TEOPETHUYECKUMH JaHHBIMU. BakHblit
MOMCHT CBA3aH C YUCTOM BKJIAAOB CJIOKHBIX MHOI'OYaCTUYHBIX OOMEHHBIX KOPpPCIIIIUOHHBIX
‘((exToB U UCIOIB30BaHUEM ONTHUMHU3UPOBAHHOIO OJHOKBA3MYACTUYHOI'O MPEICTABICHUS B
HYJIEBOM MPUOJIMKEHUH MHOIOYAaCTUYHOM T€OpUU BO3MYILIEHUMN, UTO OIpeneseT PU3ndecKu
pasyMHOE COIJIache MEeXJly TEOPHEH U 3KCIIEPUMEHTOM.
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KACKA OXKE-TIEPEXOAIB B CIIEKTPI KCEHOHA:
TEOPETHUYHI JAHI

Pe3tome. EnepreTnuHi mnapaMeTpu OXe-NEpeXOiB Ui aTOMHOI CHCTEMHM KCEHOHY
o0umClIeHI Ha OCHOBI KOMOIHOBAHOIO pEJIATUBICTCHKOIO EHEPreTUYHOro MiIXOoay 1
PENATUBICTCHKOI  0araroyacTWHKOBOi Teopii 30ypeHb 3 HaOMWKEeHHSAM (yHKIiOHana
IIUTBHOCTI HYJBOBOTO TMOPSIKY. Pe3ynapTaT TOPIBHIOIOTHECS 3  EKCIIEPUMEHTATbHUMH
pe3yibTaTaMM, a TaKOXX 3 HaIliBEMIIPUYHUMHU ATEOPETUYHUMM JaHUMHU. BaxnBuii MOMEHT
NOB'A3aHUN 3 ypaxyBaHHSAM BKJIAJIB CKJIAQJAHUX 0araroyacTKOBUX OOMIHHMX KOpeNIsLiHHUX
e¢eKTiB Ta 3 BUKOPUCTAHHSM ONTHMI30BAHOTO OJHOKBA314acTIUHOTO YSIBJICHHS B HYJIbOBOMY
HaOJMKEHH] PeNATUBICTCHKOI 0araTo4acTUHKOBOI Teopii 30ypeHb, 110 BHU3HA4Yae (Hi3MYHO
MEBHY 3TOAY MK TEOPI€IO 1 EKCTIEPUMEHTOM.

KurouoBi ciioBa: penarusicTcbka Teopis, Oxe-CreKTpOCKOIisl, KCEOH.
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RELATIVISTIC ENERGY APPROACH AND MANY-BODY PERTURBATION
THEORY TO COMPUTING ELECTRON-COLLISION CROSS-SECTIONS
OF COMPLEX MULTIELECTRON IONS

An advanced relativistic energy approach combined with a relativistic many-body perturbation theory with ab
initio zeroth approximation is used to calculate the electron-collision excitation cross-sections for complex mul-
tielectron systems. The relativistic many-body perturbation theory is used alongside the gauge-invariant scheme
to generate an optimal Dirac-Kohn-Sham- Debye-Hiickel one-electron representation. The results of relativistic
calculation (taking into account the exchange and correlation corrections) of the electron collision cross-sections
of excitation for the neon-like ion of the krypton are presented and compared with alternative results calculation
on the basis of the R-matrix method in the Breit-Pauli approximation, in the relativistic distorted wave approxi-
mation and R- matrix method in combination with Dirac-Fock approximation.

2. Introduction

Electron-collisional spectroscopy of atoms
and multicharged ions is one of the most fast
developing branches of modern atomic spec-
troscopy. The properties of laboratory and
astrophysical plasmas have drawn considera-
ble attention over the last decades [1-50]. It
is known that multicharged ions play an im-
portant role in the diagnostics of a wide vari-
ety of plasmas. Similar interest is also stimu-
lated by importance of this information for
correct determination of the characteristics
for plasma in thermonuclear (tokamak) reac-
tors, searching new mediums for X-ray range
lasers.

In the last years an especial interest attracts
study of multicharged ions of isoelectronic
sequences of the inert atoms (neon, krypton,
argon). The sought objects of research, first-
ly, belong to the class of complex relativistic
many-electron atomic systems, in connection
with which the approbation of the theory is
extremely important and indicative just for
such systems. Second, the sought multiply
charged ions are of great interest for a num-
ber of applications in the field of laser phys-
ics and quantum electronics, in particular, the
use of the plasma of the corresponding ions
as an active medium for short-wavelength
lasers, further in the field of diagnostics of
astrophysical, laboratory and fusion reactor
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plasma, tokamak and EBIT devices, as well
as, of course, laser plasma

In the case of solving collision problems
involving multi-electron atomic systems, as
well as low-energy processes, etc., the struc-
ture of atomic systems should be described
on the basis of rigorous methods of quantum
theory. As a rule, the Hartree-Fock (HF) or
Hartree-Fock-Slater (HFS) models imple-
mented in the tight-binding approximation
were used to describe the wave functions of
the bound states of atoms and ions. Another
direction is the models of the central poten-
tial (model potential, pseudopotential) im-
plemented in the distorted wave approxima-
tion (DWA). It should be mentioned the cur-
rently widespread and widely used R-matrix
method and its various promising modifica-
tions, as well as a generalization of the well-
known Dirac-Fock method to the case of tak-
ing into account multipolarity in the corre-
sponding operators (see, e.g. , [1-7]). It
should be noted that, depending on the per-
turbation theory (PT) basis used, different
versions of the R-matrix method received the
corresponding names. For example, in specif-
ic calculations such versions as R-MATR-
CI3-5R and R-MATR-41 R-matrix method
were used using respectively wave functions
in the multiconfiguration approximation, in
particular, 5- and 41- configuration wave
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functions. As numerous applications of the
R-matrix method have shown, it has certain
advantages in terms of accuracy and con-
sistency over such popular approaches as the
first-order PT method, as well as the distort-
ed wave approximation taking into account
configuration interaction ( CI-DWBA); ---
approximation of distorted waves using the
HF basis (HF-DWBA), finally, the relativ-
istic approximation of distorted waves with a
1-configuration and  multi-configuration
wave function of the ground state (SCGS-
RDWA, MCGS-RDWA, etc.). Improved
models have also appeared in theories of the
coupled-channel (VC) type VCDWA (Varia-
tional Continuum Distorted Wave), for ex-
ample, a modification of the Vraun-Scroters
type and others (see [1-5]). Various cluster
methods have also been widely used (see in
more details [1-3,14,15]).

In this paper, we present and use an ad-
vanced relativistic energy approach to calcu-
late the electron-ion collision strengths, ef-
fective collision strengths and the associated
cross sections. The relativistic many-body PT
is utilised alongside the gauge-invariant
scheme to generate an optimal one-electron
representation. The calculated effective colli-
sion strengths of the Ne-like krypton excita-
tion are listed.

2. Advanced energy approach to elec-
tron collision strengths for atomic systems

The detailed description of our approach
was earlier presented (see, for example, Refs.
[7-9,13]). Therefore, below we are limited
only by the key points. The generalized rela-
tivistic energy approach combined with the
RMBPT has been in details described in
Refs. [6,14-18]. It generalizes earlier devel-
oped energy approach [6,16].

The key idea is in calculating the energy
shifts AE of degenerate states that is connect-
ed with the secular matrix M diagonalization
[6,16]. To construct M, one should use the
Gell-Mann and Low adiabatic formula for
AE. The secular matrix elements are already
complex in the PT second order. The whole
calculation is reduced to calculation and di-
agonalization of the complex matrix M .and

definition of matrix of the coefficients with
eigen state vectors B, [6,8,9].

1e,1v

To calculate all necessary matrix elements
one must use the basis’s of the 1QP relativ-
istic functions. Within an energy approach
the total energy shift of the state is usually

presented as [6,16]:
AE =ReAE +1i []12 Q)

where 7”is interpreted as the level width and
decay possibility P = 7. The imaginary part
of electron energy of the system, which is
defined in the lowest PT order as [6]:

2
e

mAE(B) =—<—  xvom
T a>n>f

[a<n<f] ’ (2)

where > for electron and > for vacancy.

a>n>f a<n<f

The separated terms of the sum in (3) repre-
sent the contributions of different channels. It
is known that their adequate description re-
quires using the optimized basis’s of wave
functions. In [6] it has been proposed “ab ini-
tio” optimization principle for construction of
cited basis’s. It uses a minimization of the
gauge dependent multielectron contribution
of the lowest QED PT corrections to the ra-
diation widths of atomic levels. This contri-
bution describes collective effects and it is
dependent upon the electromagnetic poten-
tials gauge (the gauge non-invariant contribu-
tion SEniny). The minimization of IMGSE,in,
leads to integral differential equation, that is
numerically solved. In result one can get the
optimal one-electron basis of the PT
[14,16,17]. It is worth to note that this ap-
proach was used under solving of multiple
problems of modern atomic , nuclear and
molecular physics (see [14-25]). The scat-
tered part of ImAE appears first in the second
order of the atomic PT. The collisional de-
excitation cross section is defined as follows
[6,8,9]:

o(IK -0)=27 > (2], +1)* 3)

jinvjsc
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where Q; is the sum of the known Coulomb
and Breit matrix elements [6,14,16]. The ef-
fective collision strength Q(I — F)is associ-

ated with a collisional cross section o as fol-
lows (in the Coulomb units):

ol > F)=0Q( - F)-xz/
)
K3, + e, [(aZ)’ &, + 21}

where Z is the nucleus charge and «is the
fine structure constant, ¢, is the incident en-

ergy. Further let us firstly consider the Debye
shielding model according to Refs. [7-9].
It is known in the classical theory of plasmas
developed by Debye-Hiickel, the interaction
potential between two charged particles is
modelled by the Yukawa-type potential,
which contains the shielding parameter .
The parameter u is connected with the plas-
ma parameters such as the temperature T and
the charge density n as follows:

1 ~+e’n/k,T . Here, as usually, e is the
electron charge and x5 is the Boltzman con-

stant.

It should be noted that indeed the Debye
screening for the atomic electrons in the Cou-
lomb field of nuclear charge is well under-
stood due to the presence of the surrounding
plasma electrons with high mobility. On the
other hand, the contribution due to the Debye
screening between electrons would be of
smaller magnitude orders.
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Majority of the previous works on the
spectroscopy study have considered the
screening effect only in the electron-nucleus
potential where the electron-electron interac-
tion potential is truncated at its first term of
the standard exponential expansion for its
dominant contribution [3-69]. However, it is
also important to take into account the
screening in the electron- electron interac-
tions for large plasma strengths to achieve
more realistic results in the search for stabil-
ity of the atomic structure in the plasma envi-
ronment.

By introducing the Yukawa-type e-N and
e-e interaction potentials, an electronic Ham-
iltonian for N-electron ion in a plasma is in
atomic units as follows [7]:

H =2 [acp— Amc® ~Z exp(-ur, )/ (] +
(1—aia-) (6)

+Zr—19Xp(—ﬂﬁj)

i>] ij
To generate the wave functions basis we use
the optimized Dirac-Kohn-Sham potential
with one parameter [14,15], which calibrated
within the special ab initio procedure within
the relativistic energy approach [16,17].
More details, including the procedures of
computing amplitudes, radial intagrals, ma-
trix elements etc, can be found in Refs. [7-
23]. All calculations are performed on the
basis of the code Superatom-ISAN (ver-

sion 93).
3. Results and conclusion

Table 1 shows the values of the cross sec-
tions for the excitation of some states of the
Kr®®* multicharged ion from the ground state
(the energy of the incident electron are
4.082 keV) obtained within the framework
of the relativistic many-body perturbation
theory and relativistic energy formalism
[7-23].

In Table 1 there are also listed the data (for
the first 26 excited states) of the calculation
by the R-matrix method in the Breit-Pauli
approximation by Gupta et al (BP-RM), in
the relativistic distorted wave approximation



(RDWA), R- matrix method in the DF ap-
proximation by Griffin et al (MCDF-RM)

(e.g. [2] and Refs. therein).

pact of the Kr?®*

Table 1.
Cross sections for excitation by electron im-
excited states at the incident

electron energy of 4.082 keV

Level

BP-R-M RDWA

2p°3s (3/2,1/2),

2p°3s (3/2,112),

2p°3p (3/2,1/2);

2p°3p (3/2,1/2),
2p°3s (1/2,1/2),

2p°3s (1/2,1/2),

2p°3p (3/2,3/2)3
2p°3p (3/2,3/2),
2p°3p (3/2,3/2),
2p°3p (3/2,3/2),
2p°3p (1/2,1/2);

2p°3p (1/2,3/2),
2p°3p (1/2,3/2);
2p°3d (3/2,3/2),
2p°3p ( 1/2.1/2),
2p°3d (3/2,3/2),
2p°3d (3/2,3/2)3
2p°3d (3/2,5/2),
2p°3d (3/2,5/2),
2p°3d (3/2,3/2),
2p°3d (3/2.5/2)5
2p°3d(3/2,5/2),

2p°3d (1/2,3/2),
2p°3d (1/2,5/2),
2p°3d (1/2,5/2)5
2p°3d (1/2,3/2),

8.94(-23) 8.80(-23)
5.22(-22) 6.63(-22)
1.60(-22) 1.73(-22)
4.25(-22) 4.72(-22)
1.90(-23) 1.76(-23)
2.99(-22) 4.16(-22)
2.30(-22) 2.20(-22)
1.10(-22) 1.06(-22)
3.81(-22) 3.90(-22)
2.06(-21) 2.05(-21)
9.44(-23) 9.09(-23)
1.11(-22) 1.11(-22)
3.81(-22) 4.31(-22)
9.85(-23) 9.97(-23)
5.48(-21) 5.40(-21)
3.08(-22) 3.11(-22)
4.75(-22) 4.66(-22)
2.92(-22) 2.90(-22)
3.11(-22) 2.99(-22)
1.33(-22) 1.26(-22)
3.67(-22) 3.61(-22)
1.30(-20) 1.46(-20)
1.55(-22) 1.47(-22)
2.44(-22) 2.32(-22)
4.40(-22) 4.25(-22)
1.64(-20) 1.46(-20)

2p°3p (1/2,112),

1.01(-22) 9.98(-23)

2p°3p (1/2,3/12),

1.21(-22) 1.18(-22)

2p°3p (1/2,3/2),

4.41(-22) 4.37(-22)

2p>3d (3/2,3/2),

1.04(-22) 1.01(-22)

2p°3p (1/2.1/2), 5.08(-21) 5.03(-21)

2p°3d (3/2,3/2),

3.34(-22) 3.30(-22)

2p°3d (3/2,3/2)3

4.78(-22) 4.71(-22)

2p>3d (3/2,5/2),

3.00(-22) 2.98(-22)

2p°3d (3/2,5/2)4

3.17(-22) 3.14(-22)

2p>3d (3/2,3/2),

1.42(-22) 1.39(-22)

2p°3d (3/2.5/2)3

3.62(-22) 3.60(-22)

2p>3d(3/2,5/2),

1.45(-20) 1.42(-20)

2p>3d (1/2,3/2),

158(-22) 1.57(-22)

2p°3d (1/2,5/2),

2.44(-22) 2.42(-22)

2p>3d (1/2,5/2)5

4.31(-22) 4.29(-22)

2p>3d (1/2,3/2),

1.72(-20) 1.69(-20)

Level

DF-RM Our data

2p>3s (3/2,1/2),

9.98(-23) 9.75(-23)

2p°3s (3/2,1/2),

7.29(-22) 7.05(-22)

2p>3p (3/2,112),

1.85(-22) 1.80(-22)

2p°3p (3/2,1/2),

4.88(-22) 4.81(-22)

2p>3s (1/2,112)o

2.01(-23) 1.97(-23)

2p>3s (1/2,112),

4.52(-22) 4.38(-22)

2p°3p (3/2,3/2)3

2.34(-22) 2.32(-22)

2p>3p (3/2,3/2),

1.20(-22) 1.17(-22)

2p>3p (3/2,3/2),

4.17(-22) 4.13(-22)

2p°3p (3/2,3/2)0

2.02(-21) 1.98(-21)

Analyzing the presented data, it should be
noted that shortened bases are used in the
BP-RM methods and the relativistic distorted
wave approximation by Reed et al (RDWA),
as a result of which, as noted also by Griffin
et al [20], the data on the cross sections of
state excitation the krypton ion are strongly
underestimated.
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ELECTRON-COLLISIONAL SPECTROSCOPY OF ATOMS AND IONS:

ADVANCED ENERGY APPROACH

Summary. An advanced relativistic energy approach combined with a relativistic many-body
perturbation theory with ab initio zeroth approximation is used to calculate the electron-
collision excitation cross-sections for complex multielectron systems. The relativistic many-
body perturbation theory is used alongside the gauge-invariant scheme to generate an optimal
Dirac-Kohn-Sham- Debye-Hiickel one-electron representation. The results of relativistic calcu-
lation (taking into account the exchange and correlation corrections) of the electron collision
cross-sections of excitation for the neon-like ion of the krypton are presented and compared
with alternative results calculation on the basis of the R-matrix method in the Breit-Pauli ap-
proximation, in the relativistic distorted wave approximation and R- matrix method in combina-
tion with Dirac-Fock approximation

Key words: spectroscopy of ions, relativistic energy approach, collision cross-sections.
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PACS 31.15.-p
bysaoorcu B.B.

PEJSATUBUCTCKHI SHEPTETUYECKHA MMOIXO/]
U MHOT'OYACTUYHAS TEOPHS BOSMYIIIEHUM U1 ONPEAEJEHUAA
CEYEHHWH DJIEKTPOHHO-CTOJIKHOBEHHOI'O BO3BYKIEHUS
JJI5 CJIOKHBIX MHOI'O9JIEKTPOHHBIX HOHOB

Pe3tome. DPGhEeKTUBHBIN PENATUBUCTCKUN SHEPTETHUECKUH IMOAX0J B KOMOWHAIIUU C
MHOTOYACTUYHON TEOpPUEH BO3MYIIECHUI C HEAMIHUPUICCKUM HYJIEBBIM MPUOIIIKEHUEM WC-
MOJIB3YETCsl JIsl pacyeTa CEYEHHUIl 3JEKTPOH-CTOJKHOBUTEIBHOIO BO30OYXKACHMS U1 pAna
CJIOKHBIX PEJIATUBUCTCKUX MHOTOXJIEKTPOHHBIX CHCTEM. PensiTUBHCTCKas MHOTO4YacTHYHAS
TEOpHsl BO3MYILEHUN Hapsiay ¢ 3P PeKTUBHOI KaTMOpPOBOYHO-UHBAPHAHTHON CXEMOI UCTOb-
3yeTcsl JJid TeHEepaluy ONTHUMAJIbHOIO OJHO3JIEKTPOHHOro mpenctasieHus [upaxa-Kona-
[[Mama-/le6as-Xrokkens. [IpuBenensl pe3ynpTaTsl peIsITUBUCTCKOrO pacuera (C y4eTtoM 00-
MEHHBIX U KOPPEISLUOHHBIX IONPABOK) CEYEHHUH 3JIEKTPOH-CTOJIKHOBUTEIHHOIO BO30YXIE-
HUSl HEOHOTIOAOOHOT0 MOHA KPUIITOHA U MPOBEICHO CPAaBHEHHE C albTEPHATUBHBIMU PE3Yib-
TaTaMu pacyeTa Ha ocHOBe R-MarpuuHoro merona B npubnauxenun bpeiita-Ilaynu, B pens-
TUBHUCTCKOM MPUOJIMKEHUU UCKAKEHHBIX BOJIH U HA OCHOBE R-mMaTpuyHOro Merona B coyera-
HuU ¢ npudamxenueM upaka-®oxka.

KurroueBble ci10Ba: CIEKTPOCKONHS MOHOB, SHEPIe€TUUECKUIN MOAXO0M, CEUYEHUSI CTOIKHO-
BEHHI

PACS 31.15.-p
bysaooicu B.B.

PEJSATUBICTCHbKUM EHEPTETUYHUHA NIJIXIJ I BATATOYACTUHKOBA
TEOPIA 35YPEHD /U1 BUBHAYEHHS ITIEPETUHIB EJIEKTPOHHOI'O
3BY/UKEHHA 3A PAXYHOK 3ITKHEHB JIUIA CKIIAJHUX
BAT'ATOEJIEKTPOHHI MOHOB

Pe3iome. EdexTuBHMIA penATUBICTCHKHIM eHepreTHYHUN MiaxiJ B KoMOiHalii 3 6ararovac-
TUHKOBOI TE€Opi€I0 30ypeHb 3 HEEMIIPUUYHUM HYJIHOBUM HAOJMKEHHSIM BUKOPHUCTYIOTHCS JUIS
PO3paxyHKy HEpeTHHIB €JIEKTPOHHOT0 30y/KEHHS 32 PaXyHOK 3ITKHEHb JJIS Py CKIaTHHX
PEISITUBICTCHKUX 0araTOENEKTPOHHUX CHCTeM. PenmsTuBiCTChKa OaraTo4aCTHHKOBA TEOPist
30ypeHb nopsia 3 €peKTUBHOIO KaliOpyBalbHO-IHBAPIaHTHOI CXEMOIO BUKOPUCTYIOTBHCS IS
reHepanii ONTUMAJBHOIO  OJHOEIEKTpoHHOro ysaBieHHs J[lipaka-Kona-1llama-/le6as-
Xrokkens. HaBeneHsl pe3ynbTaTi pelsiTUBICTCHKOTO pO3PaxyHKY (3 ypaXyBaHHIM OOMIHHUX 1
KOPEJSALIHHUX TONPAaBOK) MEPETHHIB €JNEeKTPOH-31TKHEHb 30YKEHHS HEOHOIOA10HOro i0Ha
KPINTOHY 1 MPOBEIECHO MOPIBHIHHSA 3 aJIbTEPHATUBHUMU PE3yJIbTaTaAMU PO3PaxyHKIB Ha OCHO-
Bl R-marpuunoro mertony B HaOmmkeHHi bpeiita-llayni, B pensiTUBICTCRKOMY HaOJIMKEHHI
CIIOTBOPEHMX XBUJIb 1 HA OCHOBI R-MaTpu4HOro MeToy B MO€AHaHHI 3 HaOIMKeHHsaM [lipaka-
®Doka.

K11040Bi cj10Ba: CLIEKTPOCKOITiS 10HIB, eHEPreTHUHUH MiJX1], Iepepi3u 3ITKHEHb.
PACS 42.55.-f

109



Tsudik A. V., Glushkov A. V., Ternovsky V. B., Zaichko P. A.

Odesa National Maritime Academy, Didrikhsona str. 4, Odesa, 65001
Odesa State Environmental University, L’vovskaya str.15, Odesa-16, 65016, Ukraine
E-mail: tsudikav@gmail.com

ADVANCED COMPUTING TOPOLOGICAL AND DYNAMICAL INVARIANTS
OF RELATIVISTIC BACKWARD-WAVE TUBE TIME SERIES IN CHAOTIC
AND HYPERCHAOTIC REGIMES

The advanced results of computing the dynamical and topological invariants (correlation dimensions val-
ues, embedding, Kaplan-York dimensions, Lyapunov’s exponents, Kolmogorov entropy etc) of the dynamics
time series of the relativistic backward-wave tube with accounting for dissipation and space charge field and
other effects are presented for chaotic and hyperchaotic regimes. It is solved a system of equations for unidimen-
sional relativistic electron phase and field unidimensional complex amplitude. The data obtained make more
exact earlier presented preliminary data for dynamical and topological invariants of the relativistic backward-
wave tube dynamics in chaotic regimes and allow to describe a scenario of transition to chaos in temporal dy-

namics.

1. Introduction

Powerful generators of chaotic oscilla-
tions of microwave range of interest for ra-
dar, plasma heating in fusion devices, mod-
ern systems of information transmission us-
ing dynamic chaos and other applications.
Among the most studied of vacuum electron-
ic devices with complex dynamics are back-
ward-wave tubes (BWT) , for which the pos-
sibility of generating chaotic oscillations has
been theoretically and experimentally found
[1-20]. The BWT is an electronic device for
generating electromagnetic vibrations of the
superhigh frequencies range. Authors [6]
formally considered the possible chaos sce-
nario in a single relativistic BWT. Authors
[4,5] have numerically studied dynamics of a
non-relativistic BWT, in particular, phase
portraits, statistical quantifiers for a weak
chaos arising via period-doubling cascade of
self-modulation and the same characteristics
of two non-relativistic backward-wave tubes.
The authors of [4-7] have solved the equa-
tions of nonstationary nonlinear theory for
the O-type BWT without account of the spa-
tial charge, relativistic effects, energy losses
etc. It has been shown that the finite-
dimension strange attractor is responsible for
chaotic regimes in the BWT. The multiple
studies [1-13], increasing the beam current in
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the system implemented complex pattern of
alternation of regular and chaotic regimes of
generation, completes the transition to a
highly irregular wideband chaotic oscilla-
tions with sufficiently uniform continuous
spectrum.

In this work we have performed an ad-
vanced numerical analysis and modelling and
presented some results of computing the dy-
namical and topological invariants (correla-
tion dimensions values, embedding, Kaplan-
York dimensions, Lyapunov’s exponents,
Kolmogorov entropy etc) of the dynamics
time series of the relativistic backward-wave
tube with accounting for dissipation and
space charge field and other effects are pre-
sented for chaotic and hyperchaotic regimes.
The system of equations for unidimensional
relativistic electron phase and field unidi-
mensional complex amplitude is numerically
solved using the Runge-Cutta method. The
data presented make more exact the prelimi-
nary data for dynamical and topological in-
variants of the relativistic backward-wave
tube dynamics in chaotic regimes and allow
to describe a scenario of transition to chaos
in temporal dynamics.

2. Relativistic model and some results
As the key ideas of our technique for non-
linear analysis of chaotic systems have been in



details presented in refs. [9-28], here we pay
attention only on the kew and some new ele-
ments. Below we follow to the version of a
standard non-stationary theory [9], however,
despite the above cited papers we take into ac-
count a number of effects, namely, influence of
space charge, dissipation, the waves reflec-
tions at the ends of the system and others (a
modification of model of Refs.[5-13]).

The standard relativistic dynamics is de-
scribed system of equations for unidimensional
relativistic electron phase 6(¢,t.0,) (which

moves in the interaction space with phase &
(&<[0; 2n]) and has a coordinate ¢ at time
moment t) and field unidimensional complex
amplitude F(C,r)zé/(ZBOUCZ) as [11]:

1
0°018¢% =721+ maelag)z — BT
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with the corresponding boundary and initial
conditions. The dynamical system studied
has several controlling parameters which are
characteristic for distributed relativistic elec-
tron-waved self-vibrational systems: i) elec-
tric length of an interaction space N; ii) bi-
furcation parameter L=2zCN/y, (here C-

is the known Piers parameter) ; iii) relativ-
istic factor, which is determined as:

Vo= (1- ﬁoz)_l'/z- (2)

It should be also noted that an influence of
reflections leads to the fact that bifurcational
parameter L begins to be dependent on the

phase ¢ Of the reflection parameter (see
discussion regarding it in [7,8]).

3. Chaos-dynamic approach to analysis of
time series

The basic idea of the construction of our ap-
proach to prediction of chaotic properties of
complex systems is in the use of the tradi-
tional concept of a compact geometric att
(CGA) in which evolves the measurement
data, plus the neural networks (NNW) algo-
rithm implementation [14-38].

Really, one should consider some scalar
measurements s(n) = s(tp + NAt) = s(n), where
to Is the start time, At is the time step, and n is
the number of the measurements. The main
task is to reconstruct phase space using as
well as possible information contained in
s(n). To do it, the method of using time-delay
coordinates by Packard et al [28] can be
used. The direct using lagged variables
s(n+t) (here t is some integer to be defined)
results in a coordinate system where a struc-
ture of orbits in phase space can be captured.
A set of time lags is used to create a vector
in d dimensions, y(n)= [s(n), s(n+ 1),
s(n + 21), .., s(n +(d-1)1)], the required coor-
dinates are provided. Here the dimension d is
the embedding dimension, de. To determine
the proper time lag at the beginning one
should use the known method of the linear
autocorrelation function (ACF). The alterna-
tive additional approach is provided by the
average mutual information (AMI) method as
an approach with so called nonlinear concept
of independence.

The further next step is to determine the
embedding dimension, dg, and correspond-
ingly to reconstruct a Euclidean space R
large enough so that the set of points da can
be unfolded without ambiguity. The dimen-
sion, dg, must be greater, or at least equal,
than a dimension of attractor, da, i.e. dg > da.
To reconstruct the attractor dimension and to
study the signatures of chaos in a time series,
one could use such methods as the correla-
tion integral algorithm (CIA) by Grassberger
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and Procaccia [32] or the false nearest neigh-
bours (FNN) method by Kennel et al [27.
The principal question of studying any com-
plex chaotic system is to build the corre-
sponding prediction model and define how
predictable is a chaotic system. The new el-
ement of our approach is using the NNW al-
gorithm in forecasting nonlinear dynamics of
chaotic systems [7,14,15].

The fundamental parameters to be com-
puted are the Kolmogorov entropy (and cor-
respondingly the predictability measure as it
can be estimated by the Kolmogorov entro-
py), the Lyapunov’s exponents (LE), the
Kaplan-Yorke dimension (KYD) etc. The LE
are usually defined as asymptotic average
rates and they are related to the eigenvalues
of the linearized dynamics across the attrac-
tor. Naturally, the knowledge of the whole
LE allows to determine other important in-
variants such as the Kolmogorov entropy and
the attractor's dimension. The Kolmogorov
entropy is determined by the sum of the posi-
tive LE.

The estimate of the dimension of the at-
tractor is provided by the Kaplan and Yorke
conjecture:

i
d = j+zf1i/|/11+1|’
i1

where j is such that Zj:ﬂ_ o and jf;/li <0, and

i=1

the LE are taken in descending order.

In Fig. 1 we present the flowchart of the
combined chaos-geometric and NNW com-
putational approach to nonlinear analysis and
prediction of dynamics of any system
[1,11,14-48]. All calculations are carried out
with using the PC Codes “Geomath”, “Su-
peratom”, “Quantum Chaos” (e.g. [1,16-
26,39-48]).
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I. General analysis of the dynamical
problem, processing dynamical variable
series for studied complex system (pre-
liminary general analysis of dynamics,
evolutionary differential equations treat-

ing,...)
U

Il.  Chaos-geometric method: assess-
ment of the presence of chaos:
1. The Gottwald-Melbourne test:
K — 1 —chaos;
2. Fourier decompositions, irregular
nature of change — chaos;
3. Spectral analysis, Energy spectra
statistics, the Wigner distribution, the
spectrum of power, "Spectral rigidity";

I1l. The geometry of phase space.
Fractal Geometry:
4. Computation time delay t using
ACF or AMI,
5. Determining embedding dimension dg
by the CIA method or FNN points;
6. Calculation multi-fractal spectra. Wave-
let analysis;

J

IV.  Prediction model:
7. Computing global LE: A,; KYD d, av-
erage predictability measure Prmax;
8. Determining the number of FNN points
for the best prediction results;
9. Methods of nonlinear prediction: nonlin-
ear parameterized function; NNW; opti-
mized trajectories (propagators) algorithms,

Figure 1. Flowchart of the combined chaos-
geometric approach and NNW to nonlinear analysis
and prediction of chaotic dynamics of the complex
systems (devices)

4. Tllustrative results and conclusions

In Figure 2 we present the numerical
temporal dependence of the output signal
amplitude of the relativistic backward-wave
tube for parameter L=6.1 (b) (see other de-
tails, e.g. [7]).
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Figure 2. Numerical temporal dependence of

the output signal amplitude of the relativistic BWT for
L=6.1.

In Table 1 we present our data on the cor-
relation dimension d,, the embedding dimen-
sion determined based on the algorithm of
false nearest neighboring points (dy) with
percentage of false neighbors (%) calculated
for different values of time lag t. The values
of the time lag are also listed in this table for
the both regimes as chaotic as hyperchaotic
one.

Table 1.

Correlation dimension d,, the dimension of

the attachment determined based on the algo-

rithm of false nearest neighboring points (dy)

with percentage of false neighbors (%) calcu-
lated for different values of time lag t

Table 2.

The Lyapunov’s exponents for the backward-
wave tube time series in the chaotic (L=4.2)
and hyperchaotic regimes (L=6.1): A1—A4 In
descending order and K is the Kolmogorov

Chaos (1) Hyperchaos (1)

T dy (dn) T do (dn)

60 | 3.62 5 67 | 7.23 10
(5.6) (13)

6 3.13 4 10 | 6.44 8
(1.1) (2.2)

8 3.11 4 12 | 6.42 8
(1.2) (2.2)

In Table 2 we list the results of computing
the Lyapunov’s exponents, the, Kolmogorov
entropy Kene. FoOr the studied series there are
positive and negative values of the Lyapun-
ov’s exponents. Naturally, an availability of
the positive values of the Lyapunov’s expo-
nents is a characteristic feature of the chaotic
dynamics of the studied systems. It shoyld
be noted that the latter is an example of dis-
tributed multiparametric system that provides
the known difficulties under studying of such
systems.

entropy
Regime| 2, Ao A3 Aa K
Chaos 0.261]0.0001 1-0.0004 | —0.528| 0.26
Hyper 0.514| 0.228 |0.0000 |—0.0002| 0.74
chaos
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ADVANCED COMPUTING TOPOLOGICAL AND DYNAMICAL INVARIANTS
OF RELATIVISTIC BACKWARD-WAVE TUBE TIME SERIES IN CHAOTIC
AND HYPERCHAOTIC REGIMES
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Summary. The advanced results of computing the dynamical and topological invariants
(correlation dimensions values, embedding, Kaplan-York dimensions, Lyapunov’s expo-
nents, Kolmogorov entropy etc) of the dynamics time series of the relativistic backward-
wave tube with accounting for dissipation and space charge field and other effects are pre-
sented for chaotic and hyperchaotic regimes. It is solved a system of equations for unidi-
mensional relativistic electron phase and field unidimensional complex amplitude. The data
obtained make more exact earlier presented preliminary data for dynamical and topological
invariants of the relativistic backward-wave tube dynamics in chaotic regimes and allow to
describe a scenario of transition to chaos in temporal dynamics.

Key words: relativistic backward-wave tube, chaotic dynamics, non-linear methods
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XAOTHYECKAS JUHAMHUKA PEJIATUBUCTCKOM JAMITBI OBPATHOM
BOJIHBI C YYETOM BJIMAHMUA IHOJIA IIPOCTPAHCTBEHHOI'O 3APAJIA U
JUCCHUITAIIMU: HOBBIE DOPEKTbHI

Pesrome. IIpencraBieHsl yTOUHEHHBIC JAHHBIC BBIUYNCICHUS JUHAMUYECKUX U TOIIOJIOTH-
YECKMX WHBAapHUAHTOB (3HAYEHUS KOPPEILMOHHOW pa3MEpHOCTH, Pa3MEPHOCTH BIIOKEHMUS,
Karnana-Hopka, nokasarenn JIsmyHoBa, sHTponus KoIMoroposa u p) sl BPeMEHHEIX psi-
JIOB, XapaKTEPU3YIOLNX AUHAMUKY PEIATUBUCTCKOM J1aMIIbl OOpaTHOIM BOJIHBI C y4eTOM 3(-
(eKTOB ArccUNaMU, TPOCTPAHCTBEHHOTO 3apsAa U Ip. B XaOTHUYECKOM M THIEPXa0THYECKOM
pexuMoB. [losryueHsl peleHusl CUCTeMbl YPAaBHEHHM /1Sl OTHOMEPHOM PeIsITUBUCTCKON (a-
3Bl DJIEKTPOHA U OJHOMEPHON KOMIUIEKCHOM aMIIIUTYbl nouis. 1lomydeHHble 1aHHBIE yTOY-
HAIOT paHee MPEACTABICHHBIE JaHHBIC Ul TUHAMUYECKUX U TOIOJIOIMYECKUX MHBAapUAaHTOB
JUHAMHUKU PESITUBUCTCKON JIaMITbl 0OpaTHON BOJIHBI B XAOTHUYECKUX PEXHUMAX U MO3BOJISIOT
KOJIMYECTBEHHO 0XapaKTEPHU30BaTh CLIEHAPUI IIEpeX0/1a K XaoCy BO BPEMEHHON AUHAMUKE.

KiroueBble cjioBa: pelsTUBUCTCKAs JIaMIIbl OOpaTHOM BOJIHBI, XaOTUYECKas JUHAMUKA,
HeJIMHENHEBIE METOIbI

PACS 42.55.-f
Lyoix, A.B., I'nyuxos O.B., Teprnoscovkuii B.b., 3aiuxo 11.0.

XAOTUYHA TUHAMIKA PEJATUBICTCHKOI JIAMIIA 3BEPHEHOI XBUJII
3 YPAXYBAHHSIM BILIUBY NOJISI MPOCTOPOBOI'O 3APSINY TA TUCHIIA-
HII: HOBI E@EKTH

Pe3iome. [IpescraBieni yrouyHeHi AaHi OOUMCIIEHHS TUHAMIYHHUX 1 TOMOJIOTIYHUX 1HBA-
piaHTIB (3HAYEHHs KOPEJALIIHOI pO3MipHOCTI, po3MipHOCTi BKIaneHHs, Karnana-Fopka, mo-
Ka3HUKM JlamyHoBa, eHTporis Kommoroposa Ta iH) 1715 4aCOBUX PAIIB, IO XapaKTEPU3YIOTh
JTUHAMIKY peIsTUBICTCHKOI JIaMIT 3BEPHEHOT XBUJIl 3 YpaxyBaHHAM €(eKTIB AucHMalii, mpoc-
TOPOBOT'O 3apsAy 1 iH. B XaOTUYHOMY 1 TilepXaoTUYHOMY pexxuMax. OTprMaHi pillleHHs cuc-
TEMU PIBHSAHb JJI1 OJJHOBUMIPHOI PENSATUBICTCHKOI a3y eeKTpOHA 1 OAHOBUMIPHOI KOMILIE-
KcHOT aMIutiTyiu nojsi. OTpuMaHi AaHi YTOUHIOIOTh paHille MpeiCTaBlIeH] AaHl A AMHAMIY-
HUX 1 TOMOJIOTIYHUX 1HBAPIAHTIB JUHAMIKU PENISATUBICTCHKOI JaMIM 3BOPOTHOI XBWJII B Xao-
TUYHOMY PEXHMI 1 TO3BOJISIOTH KIJIbKICHO OXapaKTepU3yBaTH CLiEHapii epexoay 10 Xaocy y
YacoBil JUHAMIII.

Ki11040Bi c10Ba: pensTHBICTChKA JIaMIHM 3BOPOTHOI XBMJIi, XaOTUYHA JWHAMiKa, Hei-
HIHI METON
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THEORETICAL STUDYING EXCITED STATES SPECTRUM OF THE
YTTERBIUM WITHIN THE OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY

Theoretical studying spectrum of the excited states for the ytterbium atom is carried out within the relativistic
many-body perturbation theory with ab initio zeroth approximation and generalized relativistic energy approach.
The zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-Kohn-Sham
ones. Optimization has been fulfilled by means of introduction of the parameter to the Kohn-Sham exchange
potentials and further minimization of the gauge-non-invariant contributions into radiation width of atomic levels
with using relativistic orbital set, generated by the corresponding zeroth approximation Hamiltonian. The ob-
tained theoretical data on energies E and widths W of the ytterbium excited states are compared with alternative
theoretical results (the Dirac-Fock, relativistic Hartree-Fock, perturbation theories) and available experimental
data. Analysis shows that the theoretical and experimental values of energies are in good agreement with each
other, however, the values of widths differ significantly. In our opinion, this fact is explained by insufficiently
accurate estimates of the radial integrals, the use of unoptimized bases, and some other approximations of the

calculation.

1. Introduction

A great interest in the study of radiation and
autoionization processes involving electrons,
photons, atoms and ions is stimulated by new
classes of problems, in particular, in modern
laser physics and physics of astrophysical,
thermonuclear, laser and other plasmas (see
[1-52]). In recent years, among atomic sys-
tems, special attention has been paid to the
experimental and theoretical study of the
spectral characteristics of heavy atoms, in-
cluding atoms of lanthanides and actinides,
as well as multiply charged ions. Traditional-
ly, they are used in astrophysical research, in
studies of the physics of laboratory plasma
generated by various sources: laser pulses,
tokamaks, pinches, capillary discharges, etc.,
in studies of thermonuclear fusion. For sev-
eral decades, methods for the experimental
study of the spectroscopic characteristics of
the radiation of multiply charged ions have
been developed and improved. A detailed
description of experimental techniques can
be found in a number of well-known books,
reviews, and original experimental works
(see, e.g., [1-52]).
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A modern quantum mechanics of atoms (as
well as molecules) has undergone significant
development over the past few decades. It is
possible to recall such well-known, along
with those mentioned above, methods such as
the Rayleigh-Schrédinger, Moller-Plesset
perturbation theory (PT) method, PT in 1/Z
parameter (Z is the charge of the atomic nu-
cleus) and electron-electron interaction, PT
with a model potential approximation, with
Hartree-Fock (HF) or Dirac-Fock (DF) ze-
roth approximations andd many others. The
multi-configuration DF method is the most
reliable version of calculation for multielec-
tron systems with a large nuclear charge. One
should remember about very complicated
structure of spectra of the heavy atoms, in-
cluding actinides, uranium, trans-uranium
elements and others and necessity of correct
accounting for the different correlation ef-
fects such as polarization interaction of the
valent quasiparticles and their mutual screen-
ing, iterations of a mass operator etc.).

The aim of our present work is to use an
effective method of relativistic many-body
PT with an optimized ab initio Dirac-Kohn-
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Sham approximation [27-30] to study spec-
trum of excited states for the ytterbium.

2. The relativistic many-body
perturbation theory and energy approach

As the method of computing is earlier pre-
sented in detail, here we are limited only by the
key topics [27-30]. According to these Refs.,
the majority of complex atomic systems pos-
sess a dense energy spectrum of interacting
states with essentially relativistic properties. In
the theory of the non-relativistic atom a con-
venient field procedure is known for calculat-
ing the energy shifts aAe of degenerate states.
This procedure is connected with the secular
matrix M diagonalization [30-32]. In construct-
ing M, the Gell-Mann and Low adiabatic for-
mula for AE is used.

In contrast to the non-relativistic case, the
secular matrix elements are already complex
in the second order of the electrodynamical
PT (first order of the interelectron interac-
tion). Their imaginary part of AE is connect-
ed with the radiation decay (radiation) possi-
bility. In this approach, the whole calculation
of the energies and decay probabilities of a
non-degenerate excited state is reduced to the
calculation and diagonalization of the com-
plex matrix M. In the papers of different au-
thors, the ReaE calculation procedure has
been generalized for the case of nearly de-
generate states, whose levels form a more or
less compact group. One of these variants has
been previously introduced: for a system
with a dense energy spectrum, a group of
nearly degenerate states is extracted and their
matrix M is calculated and diagonalized. If
the states are well separated in energy, the
matrix M reduces to one term, equal to AE.
The non-relativistic secular matrix elements
are expanded in a PT series for the interelec-
tron interaction. The complex secular matrix
M is represented in the form [26,27]:

M=MP MY+ M@ MO (1)

where M © is the contribution of the vacuum
diagrams of all order of PT, and M©,

M@ M® those of the one-, two- and three-

quasiparticle diagrams respectively. M @ jsa
real matrix, proportional to the unit matrix. It
determines only the general level shift. We

have assumed M® =0. The diagonal matrix

M® can be presented as a sum of the inde-
pendent one-quasiparticle contributions. For
simple systems (such as alkali atoms and
ions) the one-quasiparticle energies can be
taken from the experiment. Substituting these
quantities into (1) one could have summa-
rized all the contributions of the one -
quasiparticle diagrams of all orders of the
formally exact QED PT. However, the neces-
sary experimental quantities are not often
available.

The first two order corrections to ReM®
have been analyzed previously using Feyn-
man diagrams (look Ref. in [2,3]). The con-
tributions of the first-order diagrams have
been completely calculated. In the second
order, there are two kinds of diagrams: polar-
ization and ladder ones. The polarization
diagrams take into account the quasiparticle
interaction through the polarizable core, and
the ladder diagrams account for the immedi-
ate quasiparticle interaction [30-36]. Some of
the ladder diagram contributions as well as
some of the three-quasiparticle diagram con-
tributions in all PT orders have the same an-
gular symmetry as the two-quasiparticle dia-
gram contributions 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 parti-
cle by the two others. The additional poten-
tial modifies the one-quasiparticle orbitals
and energies.

Then the secular matrix is as follows:

MM +M®, )

where M is the modified one-quasiparticle
matrix ( diagonal), and M@ the modified

two-quasiparticle one. M is calculated by
substituting the modified one-quasiparticle

energies), and M @) by means of the first PT
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order formulae for M®, putting the modi-
fied radial functions of the one-quasiparticle
states in the radial integrals..

Let us remind that in the QED theory, the
photon propagator D(12) plays the role of
this interaction. Naturally the analytical form
of D(12) depends on the gauge, in which the
electrodynamical potentials are written. Inte-
relectron interaction operator with account-
ing for Breit interaction has been taken as
follows:

V(rirj):exp(ia)rij)-(lr—w, (3)
1)

where, as usually, ¢; are the Dirac matrices.
In general, the results of all approximate cal-
culations depended on the gauge. Naturally
the correct result must be gauge-invariant.
The gauge dependence of the amplitudes of
the photoprocesses in the approximate calcu-
lations is a known fact and is investigated by
Grant, Armstrong, Aymar and Luc-Koenig,
Glushkov-Ivanov-lvanova et al (see review
in [9,32]). Grant has investigated the gauge
connection with the limiting non-relativistic
form of the transition operator and has for-
mulated the conditions for approximate func-
tions of the states, in which the amplitudes of
the photo processes are gauge invariant (see
review in [9]). These results remain true in
the energy approach because the final formu-
lae for the probabilities coincide in both ap-
proaches. Glushkov-Ivanov have developed a
new relativistic gauge-conserved version of
the energy approach [32]. In ref. [27,30,35-
40] it has been developed its further generali-
zation. Here we applied this approach for
generating the optimized relativistic orbitals
basis in the zeroth approximation of the
many-body PT. Optimization has been ful-
filled by means of introduction of the param-
eter to the Fock and Kohn-Sham exchange
potentials and further minimization of the
gauge-non-invariant contributions into radia-
tion width of atomic levels with using relativ-
istic orbital bases, generated by the corre-
sponding zeroth approximation Hamiltonians
[26]. Other details can be found in Refs.
[9,27-29,41-47].
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3. Some results and conclusion

Table 1 shows the experimental and theoretical
data for the energies (measured from the
energy of the ground state: 4f146s2 1S0) of
some Ybl singly excited states [2-7, 28-30]:
MCHF-BP - data obtained on the basis of the
multi-configuration Hartree-Fock method

Table 1.

Energy of the ground state: 4f**6s% 'Sy)
of some YDl singly excited states: MCHF-BP -
data obtained on the basis of the multi-
configuration Hartree-Fock method (MCHF) tak-
ing into account Breit-Pauli corrections (BP) (C,
D different sets of configurations included in the
calculation by the MCHF-BP method [4]); RHF
— the data by Cowan, RHF method; RMBPT -
data of lvanov-Letokhov et al., Method of the
relativistic PT with model zeroth approximation;
DF-data of DF analysis of Wyart-Camus with
empirical fit, QED-PT data, obtained within the
relativistic (QED) theory [28-30].

MCHF MCHF+ HFR DF

Config. J BPC BPD
6si,.°. 0 0 0 0 0
6S126p1, O 17262 18730 17320 17312
6S126py, 1 17568 18813 17954 17962
6S126pz2 1 26667 25257 25069 25075
6S126ps; 2 18249 18999 19710 19716
6S12505, 1 28871 23740 24489 24489
6S1250s, 2 28973 24172 24484 24751
6S1250s, 2 29633 26841 27677 27654
6S1250s, 3 29374 25500 25271 25270
. QED- RMBPT Our Exp
Config. J PT data
6si,° 0 0 0 0 0
6S1,6py, 0 17310 17400 17305 17288
6s126p1, 1 18008 18100 18006 17992
6S126ps2 1 25094 25500 25088 25068
6S126ps2 2 19715 19800 19740 19710
6S12503, 1 24410 23900 24527 24489
6S12503, 2 24824 24600 24801 24752
6S12505, 2 26970 26100 26712 27678
6S1250s, 3 25098 24900 25310 25271

Note: * [34] E=-148710cm™; E1=-148700cm™; E2=-
148695cm’™;



(MCHF) taking into account Breit-Pauli cor-

rections (BP) (C, D different sets of configu-
rations included in the calculation by the
MCHF-BP method [4]); RHF — Cowen da-
ta, RHF method; RMBPT (El) - data of
Ivanov-Letokhov et al., Method - relativistic
TV with zero approximation MF; data of DF
analysis of Wyart-Camus with empirical fit,
data of QED-PT [28-30].

Analysis of the data in Table 1 shows that
the role of exchange-correlation effects for
the studied atom is extremely significant;
The HF method with a small number of con-
sidered configurations has an error of more
than 100 cm-1. Table 2 shows the experi-
mental and theoretical data of Letokhov et al.
[17, 82] for the energy and width of excited
(autoionization) states of the 7s6p configura-
tion in the Ybl spectrum (which originate
from the ground state: 4f“*6s* 'S, Yb): E1,
W1 - RMBPT - data of Ivanov et al. [7]; E2,
W2 — QED theory [8] (QED-PT); E3-
MCHF-BP data from Karacoban-Ozdemir
[4] (classification in [4] differs from our clas-
sification). E4W4 — our data.

Table 2.

Widts W (cm™) of autoionization resonances of
the Ybl 7s6p configuration (see text)

Term | W3 | W1 | W2 | W4 | Wey,
Py’ - 07 | 115 | 1.12 | 11
p,° - 30 | 1.10 | 0.98 | 0.95
p,° - 07 | 151|158 | 1.6
p,° - 1.8 | 248 | 255 | 2.6

Analysis shows that the values of El-
E3, Eexp are in good agreement with each
other, however, the values of W1-4, Wexp
differ significantly. In our opinion, this fact is
explained by insufficiently accurate estimates
of the radial integrals, the use of unoptimized
bases, and some other approximations of the
calculation. This also applies to data obtained
from the MCHF and RHF methods.

In our calculation, we used an opti-
mized basis of the orbitals of the basis states
and more accurately took into account im-
portant many-particle exchange-correlation
effects, including the polarization and screen-

ing interactions of quasiparticles above the
closed shells core, the pressure of the contin-
uum and some other effects.
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PACS 32.30.-r

Ternovsky V.B., Svinarenko A.A., Dubrovskaya Yu.V.

THEORETICAL STUDYING EXCITED STATES SPECTRUM
OF THE YTTERBIUM WITHIN THE OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY

Summary. Theoretical studying spectrum of the excited states for the ytterbium atom is
carried out within the relativistic many-body perturbation theory with ab initio zeroth ap-
proximation and generalized relativistic energy approach. The zeroth approximation of the
relativistic perturbation theory is provided by the optimized Dirac-Kohn-Sham ones. Optimi-
zation has been fulfilled by means of introduction of the parameter to the Kohn-Sham ex-
change potentials and further minimization of the gauge-non-invariant contributions into ra-
diation width of atomic levels with using relativistic orbital set, generated by the correspond-
ing zeroth approximation Hamiltonian. The obtained theoretical data on energies E and
widths W of the ytterbium excited states are compared with alternative theoretical results (the
Dirac-Fock, relativistic Hartree-Fock, perturbation theories) and available experimental data.
Analysis shows that the theoretical and experimental values of energies are in good agree-
ment with each other, however, the values of widths differ significantly. In our opinion, this
fact is explained by insufficiently accurate estimates of the radial integrals, the use of unop-
timized bases, and some other approximations of the calculation.

Keywords: Relativistic perturbation theory, optimized zeroth approximation, ytter-
bium atom, spectrum of excited states
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PACS 32.30.-r
Tepnosckuii B.b., Ceunapenxo A.A., /[ybposckas FO.B.

TEOPETHYECKOE UCCJEJTOBAHUE CIIEKTPA BO3BYKJIEHHBIBX COCTO-
AHUM UTTEPBUSI HA OCHOBE PEJIAATUBUCTCKOM MHOI'OYACTUYHOM
TEOPHUU BOSMYIIIEHUI

Pe3ome. B pamkax pensiTUBUCTCKON MHOTOYAaCTUYHON TEOPUH BO3MYIICHHH U 0000IIEH-
HOT'O PEISITUBUCTCKOTO YHEPreTHUECKOI0 MOAX0/1a MTPOBEICHO TEOPETUUYECKOE UCCIICIOBAHUE
CIIEKTpa pUAOEPTOBCKUX COCTOSHUI aToMa ypaHa. B kauecTBe HyIeBOTO MPUOIMIKEHUS Pemsi-
TUBUCTCKON TEOpHHM BO3MYIICHHH BBIOPAHO OINTHMHM3UpOBaHHOE HpubIMmxeHue Jlupaka-
Kona-IlIama. OnituMu3anusi BHIIIOTHEHA ITyTEM BBEICHHS MapaMeTpa B OOMEHHBIE TIOTCHIMA-
ae1 @oka u Kona-Illhma m nanpHEimern MUHMMH3aMEH KalnOPOBOYHO-HEMHBAPHUAHTHBIX
BKJIAJI0B B paJMallMOHHbBIC IIMPUHBI ATOMHBIX YPOBHEHN C MCIOJIB30BAHUEM PEJISITUBUCTCKOTO
Oa3uca opOuTaneil, CreHepIpOBAHHOTO COOTBETCTBYIOIIMM IaMHJIbTOHHAHOM HYJIEBOTO IMPHU-
ommkenus. [lonydennsie TeopeTnueckue qanubie 00 sHeprusx E u mmpunax W Bo30yxaeH-
HBIX COCTOSIHUN UTTepOUsi CPAaBHUBAIOTCA C AIbTEPHATUBHBIMU TEOPETUYECKUMU PE3yJIbTaTa-
mu (teopun dupaxa-®doka, pensituBuctckoro Xaprpu-Ooka, TeOpUH BO3MYILEHUN) U UMEIO-
HIMMUCST SKCIIEPUMEHTAILHBIMA JAHHBIMU. AHAJIU3 MOKA3bIBAET, YTO TEOPETHUYECKUE U DKC-
MepUMEHTAIbHBIC 3HAUCHUSI SHEPTHUM XOPOIIIO COMIACYIOTCS MEXKIY COOOM, OJTHAKO 3HAUCHUS
IIMPUH CYIIECTBEHHO pa3nuyarorcs. Ha Hamn B3risig, 3TO OOBSCHSETCS HEAOCTAaTOYHO TOY-
HBIMU OIIEHKAMH PaJHaJIbHBIX UHTETPAJIOB, UCIIOIH30BAHUEM HEONTUMH3UPOBAHHBIX 0a3UCOB
Y HEKOTOPBIMU JAPYTUMU NPUOIKEHUSIMU PaCUETOB.

KuarwueBblie cioBa: PersiTUBHCTCKAass TEOpUsl BO3MYIIEHUN, ONTUMHU3UPOBAHHOE HYJIEBOE
npuOIKEeHNE, aTOM UTTePOUs, CIEKTP BO30YKIEHHBIX COCTOSIHHIMA

PACS 32.30.-r
Tepnoscvkuui B.b., Ceunapenxo A.A., [{yoposcovka IO.B.

TEOPETUYHE BUBYEHHSA CIIEKTPY 3BY/KEHUX CTAHIB ITEPBIIO
HA OCHOBI PEJIATUBICTCHKOI BATATOYACTKOBI TEOPIi 35YPEHbD

Pe3iome. B pamkax pensiTUBICTCHKOI 6araTo4acTMHKOBOI Teopii 30ypeHsb 1 y3aralbHEHOIro
PENSATUBICTCHKOIO €HEPreTUYHOIo MiJX0Ay MPOBEAECHO TEOPETUYHE IOCHIKEHHS CIEKTpa
30yIKEHUX CTaHiB aToma 1TepOito. B SKOCTI HylIbOBOrO HAOIMKEHHS PENSITUBICTCHKOI TEOpil
30ypeHb oOpaHo onTuMmizoBaHe HaOmxkeHHs [lipaka-Kona-Illema. Onrtumizariisi BUKOHaHA
IIUISIXOM BBEJICHHS MapameTpa B oOMinHuMA moteHiian Kona-Illema 1 momaneimnoi miHiMizarii
KaiOpyBallbHO-HEIHBapiaHTHUX BKJIAIB B pajiallifiHi MIMPUHU aTOMHHUX DIBHIB 3 BHKOPHC-
TaHHSIM PEJIATHBICTCHKOTO Oa3ucy opOiTajieil, 3reHepOBaHOTO BiAMOBITHUM TaMiIbTOHIAHOM
HYJIbOBOT0 HabmmxkeHHs. OTpuMaHi TeopeTuyHi aHi npo eneprii E 1 3aBmmpuiku W 30ymke-
HUX CTaHIB 1TepOil0 MOPIBHIOIOTHCS 3 aIbTEPHATUBHUMU TEOPETUUHUMU pe3yibTaTaMu (Teo-
pii Hipaka-®oxka, penstuBicTrcbkoro Xaprpi-®Poka, Teopii 30ypeHb) 1 HassBHUMU €KCIIepUMEH-
TaTbHUMH JaHUMH. AHaJi3 MOKa3ye, 10 TEOPETHYHI 1 eKCIIEPUMEHTalbHI 3HAUE€HHsI eHeprii
100pe y3roJKYIOTHCSI MiJK COO010, OJTHAK 3HAUEHHs IIUPUHHU ICTOTHO po3pi3HAI0Thes. Ha Ham
MOTJISIL, 11€ TTOSICHIOETHCS. HEAOCTATHHO TOYHUMU OI[IHKaMU pajialibHUX 1HTETpajiiB, BUKOPHUC-
TaHHSIM HEONTUMI30BaHUX 0A3HUCIB 1 JESIKUMH IHITMMHU HAOIMKEHHSIMHU PO3PAXyHKIB.

Kurouosi cioBa: PenstuBicTchka Teopis 30ypeHb, ONTUMI30BaHE HYJIbOBE HaOJIMKEHHS,
aToM iTep0Oito, CIEKTp 30yIKEHUX CTaHIB.
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RELATIVISTIC CALCULATION OF THE RADIATIVE TRANSITION
PROBABILITIES AND LIFETIMES OF EXCITED STATES FOR THE RUBIDIUM
ATOM IN A BLACK-BODY RADIATION FIELD

We present the results of relativistic calculation of the radiative transition probabilities and excited states life-
times for a heavy Rydberg atomic systems in a black-body (thermal) radiation field on example of the rubidium.
As theoretical approach we apply the combined generalized relativistic energy approach and relativistic many-
body perturbation theory with ab initio Dirac zeroth approximation. There are obtained the calculational data for
the radiative transition probabilities and excited states lifetimes, in particular, the rubidium atom in the Rydberg
states with principal quantum number n=10-100. It is carried out the comparison of obtained theoretical data on
the effective lifetime for the group of Rydberg nS states of the rubidium atom at a temperature of T = 300K with
experimental data as well as data of alternative theoretical calculation based on the improved quasiclassical
model. It is shown that the accuracy of the theoretical data on the radiative transition probabilities and excited
states lifetimes is provided by a correctness of the corresponding relativistic wave functions and accounting for

the exchange-correlation effects.

1. Introduction
In the last two decades, a new field of re-
search has been very actively developed in
modern optics and spectroscopy, namely
guantum optics and spectroscopy of Rydberg
atoms (RA) and ions. These are atomic sys-
tems that are in highly excited states with
large values of the principal quantum number
n. By the way, it is known that a number of
astrophysical processes in interstellar gas,
which interacts with fragments of supernova
explosions, collisions of interstellar clouds,
and supersonic gas flows during star for-
mation lead to PA with very large n (~ 1000).
The reasons for the significant interest in RA
are well known and are connected, first, with
the properties extraordinary for ordinary at-

oms, namely: for the lifetime: n®a i/e*Z
(-~n®for | ~1, ©~n’for n~I; I--orbital quan-
tum number), geometric dimensions ~n’
(n*a,/Z, a,=hIme’= 0,5291773A), geo-
metric cross sections zm*a®/Z?*, Rydberg
electron  binding  energies  Z°R_/n?
(R, =13.6058 eV), polarizabilities ~ n? di-
pole moments of radiation transitions ~ n?,

shifts due to external fields (Stark shift ~ n’I°,
Zeeman effect ~ n). Moreover, the idea of
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the existence of the fifth state of matter,
namely, the Rydberg substance, is well-
founded. As a result, in recent years it has
stimulated intensive research in the field of
standard fundamental spectroscopy of RA,
related to the calculation of energy and spec-
troscopic parameters of these atoms, im-
portant for the general development of rela-
tivistic (quantum-electrodynamic, QED) the-
ory of atomic spectra, and applied research in
fields of quantum optics, computer science,
cryptography, quantum computing (e.g. [1-
28]).

The vast majority of existing papers on
the description of Rydberg atoms in the
thermal radiation field (c.g. [1-32]) are based
on the Coulomb approximation (CA), model
potential (MP) approach, , different versions
of the quantum defect method, classical and
quasiclassical model approaches. The authors
of the papers [3-10] applied the Coulomb ap-
proximation, quantum defect formalism, dif-
ferent versions of the model and pseudo-
potential method etc. It should be noted sepa-
rately the cycles of theoretical and experi-
mental works by Nashimento et al and espe-
cially Ryabtsev-Beterov et al [2,3], as well as
theoretical works of Dyachkov-Pankratov
and others (c.g.[1-10]), in which the ad-
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vanced versions of a quasi-classical approach
to the calculation of radiation amplitudes,
oscillator strengths, and cross-sections for the
Rydberg atoms in the BBR radiation field
were actually developed.

In the papers [1-3,7-10] the authors present
the calculational data on the ionization rates
for Rydberg atoms of alkali elements (lithi-
um, sodium, potassium, caesium) by a BBR
radiation field. The calculations were carried
out for the nS, nP, and nD states in the wide
range of principal quantum numbers and
temperatures. The above theoretical works
and relevant models were substantially based
on non-relativistic approximation. At the
same time one should note that for heavy
Rydberg atoms (both in the free state and in
an external electromagnetic field) it is fun-
damentally important to accurately account
for both relativistic and exchange-correlation
effects.

In this paper the results of relativistic cal-
culation of the radiative transition probabili-
ties and excited states lifetimes for a heavy
Rydberg atomic systems in a black-body
(thermal) radiation field are presented on ex-
ample of the rubidium atom. As theoretical
approach we apply the combined general-
ized relativistic energy approach and relativ-
istic many-body perturbation theory with ab
initio Dirac zeroth approximation. There are
obtained the calculational data for the radia-
tive transition probabilities and excited states
lifetimes, in particular, the rubidium atom in
the Rydberg states with principal quantum
number n=10-100. It is carried out the com-
parison of obtained theoretical data on the
effective lifetime for the group of Rydberg
nS states of the rubidium atom at a tempera-
ture of T = 300K with experimental data as
well as data of alternative theoretical calcula-
tion based on the improved quasiclassical
model. .

2. Relativistic theory of multielectron
atom in a Black-body radiation field:
Some theoretical aspects

From the physical viewpoint, a qualitative
picture of the BBR Rydberg atoms ionization

is easily understandable. Even for tempera-
tures of order T=10* K, the frequency of a
greater part of the BBR photons » does not
exceed 0.1 a.u. Usually, it is enough to use a
single- electron approximation for calculat-
ing the ionization cross section oy (o).

The latter appears in a product with the
Planck’s distribution for the thermal photon
number density:

2
@

72 [exp(w/ kT)-1]"

pW,T) = 1)

where k=3.1668x10"° a.u., K™' is the Boltz-
mann constant, ¢ = 137.036 a.u. is the speed
of light. lonization rate of a bound state nl
results in the integral over the Blackbody ra-
diation frequencies:

P.(M)=c¢ [o,(@p(@T)do. (2
‘Enll
The ionization cross-section from a bound
state with a principal quantum number n and
orbital quantum number | by photons with
frequency w is as follows:

4w 2
o,.\w)=—T"— |M +
nl ( ) 3C(2| +1) [ nl—>El-1

+(+1)M nz|»E|+1 , ©)
where the radial matrix element of the ioni-
zation transition from the bound state with
the radial wave function Ry (r) to continuum
state with the wave function Rg (r) normal-
ized to the delta function of energy. The cor-
responding radial matrix elements are written
by the standard way. Other details can be
found in Refs. [9-16].

We apply a generalized energy approach
[9-20] and relativistic perturbation theory
with the zeroth approximation [21-32] to
computing the Rydberg atoms ionization pa-
rameters. According to Ref. [11,22], the
RMBPT zeroth order Hamiltonian of the Ry-
dberg atomic system is as follows:
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H, IZ{ani —pmc® +[-Z/r, +
U e (1 [0) +Vye ()] (4)

where c is the velocity of light, oo — the
Dirac matrices, aj —the transition frequency,
Z is a charge of atomic nucleus. The general
potential in (4) includes self-consistent Cou-
lomb-like mean-field potential U, (r, |b), ab

ibitio one-particle exchange-correlation (rela-
tivistic generalized exchange Kohn-Sham
potential plus generalized correlation
Lundqvist-Gunnarsson potential) V,.(r, |b)
with the gauge calibrated parameter b (it is
determined within special relativistic proce-
dure on the basis of relativistic energy ap-
proach; c.g. [21-32]).

The perturbation operator is as follows:

HPT — Zexp(iwij r, ) (1—0!i0tj )_

i>] B

Z[UMF () +Vy (1 [b)] )

The multielectron interelectron exchange-

correlation effects (the core polarization and
screening effects, continuum pressure etc)
are taken into consideration as the RMBPT
second and higher orders contributions. The
details of calculation of the corresponding
matrix elements of the polarization and
screening interelectron interaction potentials
are described in Refs. [9,22,33-38].
In relativistic theory radiation decay proba-
bility (ionization cross-section etc) is con-
nected with the imaginary part of electron
energy shift. The total energy shift of the
state is usually presented in the form: AE =
ReAE + i I'/2, where T" is interpreted as the
level width, and a decay probability P = T'.
The imaginary part of electron energy shift is
defined in the PT lowest order as:

2
MAE(B) =Sy \%m
T a>n>f

[a<nsy] (6)
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where (a>n>f) for electron and (a<n<f) for
vacancy.
The matrix element is determined as follows:

sin‘a)‘rlz

V‘w‘ :ﬁdl’ldl"zg/;((r])q/;(l/'Z) (1=

ikl "2

— )P () P] (1) 7)

Their detailed description of the matrix ele-
ments and procedure for their computing is pre-
sented in Refs. [16-20]. The relativistic wave
functions are calculated by solution of the Dirac
equation with the potential, which includes the
Dirac-Fock consistent field potential and addi-
tionally polarization potential [22].

The total ionization rate of the Rydberg
atomic system in the BBR radiation field is
usually determined as the sum of direct BBR
ionization rate of the initially excited state,
the ionization (field ionization) rate of highly
excited states, which are populated from the
initial Rydberg state via absorption of the
BBR photons, the rate of direct BBR-induced
ionization of atoms from the neighbouring
Rydberg states and the rate of field ioniza-
tion of high-lying Rydberg states (with pop-
ulating through so called two-step process
via the BBR photons absorption).

The total width of the Rydberg state (nat-
urally isolated from all external electromag-
netic fields except BBR one) consists, appar-
ently, of natural, spontaneous radiation width

I';? and BBR-induced (thermal) width I' 7" :
I =T + D58 (T). (®)

Accordingly, the effective lifetime of the
Rydberg state is inversely proportional to the
total decay rate as a result of spontaneous
transitions and transitions induced by the
BBR radiation:

i=F0+FBBR:i+ .

Teft Ty

)

Tger

The detailed procedures of calculation of the
radial and angular integrals (amplitudes) in



the matrix elements are described in the Refs.
[16-44]. All calculations are performed on
the basis of the code Superatom.

3. Results and conclusions

In Table 1 we present our theoretical data
(Our) values of the lifetimes (in ns) of the
group of some excited states of the rubidium
atom, as well as experimental data and alter-
native theoretical results obtained on the ba-
sis of different approaches: the Coulomb

Table 1.
The theoretical and experimental
lifetimes (ns) of the group of the Rb some
excited states (see text)

level [QA-MP | PTDF® |PT- DF°"®
651/ - 45.4 45.4
7S12 - 88.3 88.3
8s1/» - 161.8 161.9
9312 266.36 - 271.7
10sy, | 417.84 - 426
61 - 123 122.5
6p3s2 - 113 112.4
7P - 280 277.8
P32 - 258 255.2
8p12 - 508 501.0
8p3/2 - 471 464.2
7d32 331.08 - 339.5
7ds/n 319.57 - 327.0
level | MP-EA Our Exp.
651/ 45.5 455 | 4557(17)
7S12 88.1 88.2 88.07(40)
851/ 161.4 161.5 161(3)
95177 262.1 | 2621 | 253(14)
10sy/2 421.3 426.4 430(20)
6pyy | 1241 | 1241 125(4)
6pse | 1121 | 1126 112(3)
P12 274.3 274.1 272(15)
Tpso | 249.0 | 2488 | 246(10)
8py2 | 497.4 | 496.9
8ps» | 456.2 | 455.1 | 400(80)
9p1r2 7964 | 7956
Ops, | 743.6 | 7427 | 665(40)
10p12 964.2 963.8
10ps/2 921,0 920.5
7d3p 336.2 340.5 345(9)

7dsp | 3248 | 3281 | 325(22)
8ds» | 488.3 | 4904 | 515(30)
8ds, | 4311 | 4328 | 421(25)

approximation (QA) and model potential (MP),
and PTDFSD (many-body perturbation theory
with Dirac-Fock SD zero approximation) plus
the same data of this method with compilation
contribution; method of model potential with
the relativistic energy approach (REA) - MP-
REA - (data from Refs. [1-5]).

Analysis of the data in Table 1 shows that
the error in calculating the lifetime of differ-
ent levels in the rubidium atom obviously
depends on the accuracy, consistency and
correctness of the main relativistic and corre-
lation corrections, and above all, exchange-
polarization.

Next, we present the results of calculating
the effective lifetime of the Rydberg states of
the rubidium atom depending on the princi-
pal quantum number at the fixed temperature
T. In Figure 1, we present theoretical data
(dashed line) on the dependence of the values
of the effective lifetime for the group of Ry-
dberg (a) nS states of the rubidium atom at a
temperature of T = 300K), in dependence
upon the principal quantum number as well
as experimental data — black circles [1] and
data of alternative theoretical calculation
based on the improved quasiclassical model
by Beterov et al [2]. - continuous line.

23¥RERESE
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Figure 1. Our theoretical data (dashed line)
on the dependence of the values of the effective life-
time for the group of Rydberg (a) nS states of the Rb
atom at T = 300K), as well as experimental data —
black circles [1] and data of alternative theoretical
calculation based on the improved quasiclassical mod-
el by Beterov et al [2]. - continuous line
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The corresponding values of the lifetimes of
the levels are obtained for the values of the
principal quantum number n up to 100. In
general, the results of our non-empirical
relativistic theory are in physically realistic
agreement with the experimental data, at
least much better than some other alternative
theoretical approaches. The same applies to
the effect of thermal radiation reduces the
value of a lifetime.
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PACS: 31.15.ac, 31.15.ag, 31.15.3j
Zaichko P.A., Kuznetsova A.A., Tsudik A.V., Mansarliysky V.F.

RELATIVISTIC CALCULATION OF THE RADIATIVE TRANSITION
PROBABILITIES AND LIFETIMES OF EXCITED STATES FOR THE
RUBIDIUM ATOM IN A BLACK-BODY RADIATION FIELD

Summary. We present the results of relativistic calculation of the radiative transition
probabilities and excited states lifetimes for a heavy Rydberg atomic systems in a black-
body (thermal) radiation field on example of the rubidium. As theoretical approach we apply
the combined generalized relativistic energy approach and relativistic many-body perturba-
tion theory with ab initio Dirac zeroth approximation. There are obtained the calculational
data for the radiative transition probabilities and excited states lifetimes, in particular, the
rubidium atom in the Rydberg states with principal qguantum number n=10-100. It is carried
out the comparison of obtained theoretical data on the effective lifetime for the group of
Rydberg nS states of the rubidium atom at a temperature of T = 300 K with experimental
data as well as data of alternative theoretical calculation based on the improved quasiclassi-
cal model. It is shown that the accuracy of the theoretical data on the radiative transition
probabilities and excited states lifetimes is provided by a correctness of the corresponding
relativistic wave functions and accounting for the exchange-correlation effects.

Key words: Rydberg heavy atoms, relativistic theory, black-body radiation field.
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PACS: 31.15.ac, 31.15.ag, 31.15.3j
3auuxo I1.4., Ky3neyosa A.A., Lyoux A.B., Mancapauiickuii B.®.

PEJIITUBUCTCKHIA PACUET BEPOSITHOCTEM PAJTMAITAOHHBIX ITE-
PEXOOB 1 BPEMEHMU )KU3HU BO3BYKJAEHHBIX COCTOAHUU JJIA ATO-
MA PYBU/US B IIOJIE U3JTYUYHEHUSA YEPHOI'O TEJIA

Pesrome. IIpencraBiensl pe3yiabTaThl PEISATUBUCTCKOIO pacyeTa BEPOSTHOCTEM paaualiu-
OHHBIX TIEPEXO0/I0B M BPEMEH KHU3HU BO30YXKJACHHBIX COCTOSHUM IS TSOHKEIONW pUaOEeproBCKON
aTOMHOM CHCTEMBI B II0JI€ YEPHOTEIBHOIO (TEIUIOBOI0) M3IyYeHUs Ha mpumepe pyounus. B
Ka4yecTBE TEOPETUYECKOI0 IMOAXO0Ja Mbl NPHUMEHSEeM KOMOMHHUPOBAHHBIM PENATUBUCTCKUNA
DHEPreTUUECKUN MOAXO0A U PEISTUBUCTCKYI0 MHOTOYACTUYHYIO TEOPUIO BO3MYILEHHUH C OIl-
TUMHU3UPOBAHHBIM JUPAKOBCKUM HYJIEBBIM IpuOimxkeHueM. [losyueHsl pacueTHble JaHHBIE
JUI BEPOSITHOCTEN paJuallMOHHbIX IEPEX00B U BPEMEH KU3HU BO30YKACHHBIX COCTOSHUI, B
YaCTHOCTH aToMa pyOuus B puJ0EProBCKUX COCTOSTHUSIX C IVIABHBIM KBAaHTOBBIM YMCIIOM h =
10-100. ITpoBeneHo cpaBHEHUE MOTYIEHHBIX TEOPETUIECKUX JAHHBIX 1O 3()()EKTUBHBIM Bpe-
MEHaM JKU3HHU JUIsl TPYNIBl puaAOEproBCKUX NS COCTOSIHUN aroma pyOuaus MpU TeMIeparype
T = 300 K ¢ sxciepuMeHTaIbHBIMHA TaHHBIMH, a TAKXKe TaHHBIMHU JIbTEPHATHBHOTO TEOPETH-
YECKOI'0 pacyeTa Ha OCHOBE yCOBEPUICHCTBOBAHHOM KBasukKiaccnuueckon monenu. [lokasano,
YTO TOYHOCTh TEOPETUUECKUX JAHHBIX 00ECIEUMBAETCS KOPPEKTHOCTHIO BBIYMCIEHHS COOT-
BETCTBYIOIIUX PEISATUBUCTCKUX BOJHOBBIX (YHKUMH UM MOJHOTOW ydeTra OOMEHHO-
KOPPENSIUOHHBIX 3((HEKTOB.

KiroueBble cjioBa: pug0eproBckue TsXKelble aTOMBbI, PEISITUBUCTCKAs TEOPUs, TEIJIOBOE
U3JIy4EHHE.

PACS: 31.15.ac, 31.15.ag, 31.15.3j
3aiuxo I1.0., Ky3neyosa A.A., L{yoix A.B., Mancapniticoxuii B.®.

PEJIITUBICTCHKHUIM PO3PAXYHOK MMOBIPHOCTEM PATIAIIIMHUX IIE-
PEXOJIB I YACY KHUTTSA 3BY’KEHUX CTAHIB 1JIS1 ATOMY PYBIIIIO
B IOJII BAITPOMIHIOBAHHSI YOPHOI'O TLIA

Pe3stome. IIpencraBieni pe3ynbTratu pelsiTUBICTCHKOIO PO3PaxyHKY HMOBIpHOCTEH pajia-
[IHHUX TEPEXO/IIB 1 YaciB KUTTS 30yIPKEHUX CTaHIB ISl BAXKKOT piAOEpriBCbKOI aTOMHOI CH-
CTEMH B I10JI€ YOPHOTUIBHOTO (TEIIOBOr0) BUIIPOMIHIOBAaHHS Ha MpHUKIaIi pyoiaito. B sxocti
TEOPETUYHOI'0 MiJXO0AY MH 3aCTOCOBYEMO KOMOIHOBaHHH pEISATUBICTCHKUN €HepreTHUYHHN
HIIX1]] 1 peIsTUBICTCHKY 0araTO4aCTUHKOBY TEOPit0 30ypeHb 3 ONTUMI30BaHUM J1IPaKiBCbKUM
HYJIbOBUM HaOMKeHHSIM. OTpUMaHO PO3paxyHKOBI JaHi JJsl IMOBIpHOCTEH pajialiiiHux me-
PExXOJIiB 1 4aciB KUTTS 30yPKEHUX CTaHiB, 30KpeMa aToMa pyOilito B pi0epriBCbKUX CTaHaX
3 ToJIOBHUM KBaHTOBUM uuciioM n = 10-100. IIpoBeaeHo MOpiBHAHHS OTPUMAHUX TEOPETHY-
HUX JaHUX 11070 €(peKTUBHUX YacCiB )KUTTA IJIA TPYNH pia0epriBCbKUX NS CTaHIB aToMa py-
o6ixito npu temnepatypi T = 300 K 3 ekcriepuMeHTaTbHUMU JaHUMH, a TAKOXK JTAHUMH aJIbTe-
PHATUBHOTO TEOPETUYHOTO PO3PaXyHKy HA OCHOBI yIOCKOHAJICHOI KBa3iKIACHYHOI MOJEII.
[TokazaHo, IO TOYHICTh TEOPETUYHUX JTAHUX 3a0€3MeUy€E€ThCs] KOPEKTHICTIO OOYMCIICHHS BiJl-
MOBIJTHUX PENIATUBICTCHKUX XBHJIbOBUX (DYHKIIIH 1 MOBHOTOIO OOJIIKY OOMiHHO-KOPEIALIHHNX
edexTiB.

KurouoBi ciioBa: pinOepriBcbki BaXKi aTOMHU, PEISTUBICTChKA TEOPis, TEIJIOBE BUIPOMI-
HIOBaHHS.
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RELATIVISTIC CALCULATION OF WAVELENGTHS
AND E1 OSCILLATOR STRENGTHS IN LI-LIKE MULTICHARGED IONS
AND GAUGE INVARIANCE PRINCIPLE

The spectral wavelengths and oscillator strengths for 15%2s (°Sy,) — 15°3p (?Pyy,) transitions in the Li-like
multicharged ions with the nuclear charge Z=28,30 are calculated on the basis of the combined relativistic ener-
gy approach and relativistic many-body perturbation theory with the zeroth order optimized Dirac-Kohn-Sham
one-particle approximation and gauge invariance principle performance. The comparison of the obtained results
with available theoretical and experimental (compilated) data is performed. The important point is linked with an
accurate accounting for the complex exchange-correlation (polarization) effect contributions and using the opti-
mized one-quasiparticle representation in the relativistic many-body perturbation theory zeroth order that signifi-
cantly provides a physically reasonable agreement between theory and precise experiment.

1. Introduction

The development of new directions in the
The study of spectroscopic and structural
properties of the multicharged ions has a sub-
ject of significant interest for many physical,
astrophysical and chemical applications. The
levels energies, transitions probabilities, os-
cillator strengths and so on are very im-
portant in atomic physics (spectroscopy,
spectral lines theory), astrophysics, plasma
physics, laser physics, quantum electronics.
They are very much needed in research of
thermonuclear reactions, where the ionic ra-
diation is one of the primary loss mecha-
nisms and so on. The spectral lines belong-
ing to the radiation of many multicharged
ions have been identified in both solar flares
and nonflaring solar active regions, observed
in high-temperature plasmas, such as pinches
and laser-produced plasmas, and in beam-foil
spectra. The multiple observations of satellite
lines of the He-, Li-, Be-like multicharged
ions in the solar corona and in laboratory
plasmas have emphasized the need for accu-
rate values of the energetic and spectroscopic
parameters for multicharged ions. [1-10].

However, a study of the spectral charac-
teristics of heavy atoms and ions in the Ry-
dberg states has to be more complicated as it
requires a necessary accounting for the rela-
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tivistic, exchange-correlations effects and
possibly the QED corrections for superheavy
atomic systems. The simultaneous correct
accounting of relativistic, quantum electro-
dynamic (QED), and many-particle correla-
tion effects is essential [11-40]. The results
of calculating the characteristics of atomic
processes based on modern theoretical meth-
ods often differ several times.

The difference in the values of the transi-
tion amplitudes, the oscillator strengths, and
the radiation widths for heavy atoms using
various expressions for the photon propaga-
tor reaches 5-30% (we are essentially talking
about the non-fulfillment of the principle of
gauge invariance when calculating physical
quantities) [11-18]. From the point of view of
applications for the majority of the most im-
portant atomic systems, there is very often
partially or completely missing information
on their energy, radiation or/and autoioniza-
tion characteristics (heavy atoms, atoms of
alkaline-earth elements, lanthanides and acti-
nides).

In this paper The spectral wavelengths
and oscillator strengths for 1s%2s (*Sy,) —
1s%3p (*Pyp) transitions in the Li-like mul-
ticharged ions with the nuclear charge
Z=28,30 are calculated on the basis of the
combined relativistic energy approach and
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relativistic many-body perturbation theory
with the zeroth order optimized Dirac-Kohn-
Sham one-particle approximation and study-
ing an effect of the gauge invariance on the
transition amplitude values for some Li-like
multicharged ions.

2. Relativistic theory of multicharged ions

In Refs. [2-5,.8,16-25] the fundamentals
of the relativistic many-body PT formalism
have been in detail presented, so further we
are limited only by the novel elements. Let
us remind that the majority of complex atom-
ic systems possess a dense energy spectrum
of interacting states. In Refs. [16-24] there is
realized a field procedure for calculating the
energy shifts AE of degenerate states, which
is connected with the secular matrix M diag-
onalization. The whole calculation of the en-
ergies and decay probabilities of a non-
degenerate excited state is reduced to the cal-
culation and diagonalization of the M. The
complex secular matrix M is represented in
the form:

M=M+MY+M? MO, @)

where M © is the contribution of the vacuum
diagrams of all order of PT, and M

M® M® those of the one-, two- and three-
QP diagrams respectively. The diagonal ma-

trix M can be presented as a sum of the
independent 1QP contributions. The opti-
mized 1-QP representation is the best one to
determine the zeroth approximation. In the
relativistic energy approach, which has re-
ceived a great application during solving
numerous problems of atomic, molecular and
nuclear physics (e.g., see Refs. [16-54]), the
imaginary part of electron energy shift of an
atom is directly connected with the radiation
decay possibility (transition probability). An
approach, using the Gell-Mann and Low
formula with the QED scattering matrix, is
used in treating the relativistic atom. The to-
tal energy shift of the state is usually present-
ed in the form:

AE = ReAE +i /2 )

where T is interpreted as the level width, and
the decay possibility P = I". The imaginary
part of electron energy of the system, which
is defined in the lowest order of perturbation
theory as [16-20]:

2
e ,

mAEB) = - s
T as>n>f
[a<n<f] , (3)
where (a>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined
as follows:

in‘a)‘ 2

= [ldndr ] () ¥ 5 () (= Wi () ¥] (1)

(4)
where aj; is the transition frequency; o ,o;
are the Dirac matrices. The separated terms
of the sum in (1) represent the contributions
of different channels and a probability of the
dipole transition
Naturally, the physical values should not de-
pend on the calibration of the photonic prop-
agator. In general form, it can be written as
D=Dyr+C-Dy,
)

]
Vi "2

uv

T2 2
ky —k

Dt

_ Fuky (5)

k7 —k?
where the term D+ is corresponding to ex-
change by transverse photons, D — longitu-
dinal ones, C is the gauge constant. contribu-
tion of the main exchange-correlation (the
second and higher orders of the atomic per-
turbation theory or fourth etc of the QED
perturbation theory) diagrams to imaginary
part of an electron energy shift looks like
[17]:

Dy,

IME, (-S| A,) = —C::T_U”dqdrzdgdg

. +o Dy —

mn ag mn

P ()Y () ().
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W (r)A-aa,)/n, (e,

Sin[a)a" (rp +1y)+ Wy, -COS[a)an (1, +13,)1Q+ (a5ng,)

(a,na )Y, ()Y, (r)W, () W, () (6)
Expression (6) can be represented as an a
sum:

Z<0m1‘W1 ‘ns><sn‘W2 ‘ma>/(a)mn+ )

(7)
with (4) different operator combinations W,
W,. The sum over n can be calculated by the
method of differential equations. The index
m numbers a finite number of states occupied
in the core and the state of the real continu-
um. The continuum-related part describes the
vacuum polarization of the electron field and
leads to divergent integrals in the non-
renormalizable theory. Its contribution to the
main contribution has an additional order of
smallness (aZ?). The minimization of the
density functional ImJE leads to the integral
differential equation for the p, that can be
numerically solved. This step allows to de-
termine the  optimization parameter b. In
Ref. [8] the authors elaborated a simplified
computational procedure.

The contribution of the main exchange-
correlation (the second and higher orders of
the atomic perturbation theory or fourth etc
ones of the QED perturbation theory) to im-
aginary part of an electron energy shift is de-
termined by the polarizability of an atomic
core, which is related to the electronic core
density p.. The expression (6) can be repre-
sented an a functional of the density p..
Under calculating the matrix elements (2)
one should use the expansion for potential
sin|w|r;2/r12 on spherical functions as follows
[16-20]:

/\
s1n‘03‘r]2
= o )P, (coskr.
r 2%2 q ‘ ) A )

(8)
where J 1is the Bessel function of first kind
and (A)= 2A + 1. Substitution of the expan-
sion (5) to matrix element of interaction
gives as follows [14]:

oty
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AN CAIN) A

A IR TATA NS 1)“( L ljx

it H
x Im{Q%"' (1234) + Q¥ (1234)], 9)

where j; is the total single electron momen-
tums, m; — the projections; QQ”I is the Cou-
lomb part of interaction, Q" - the Breit part.
Their detailed definitions are presented in
Refs. [10-11,18,19]. The relativistic wave
functions are calculated by solution of the
Dirac equation with the potential, which in-
cludes the “outer electron- ionic core” poten-
tial and exchange-polarization potential [20].
In fact, 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 contri-
bution ImAE,;,, of the lowest QED PT cor-
rections to the radiation widths of atomic
levels. According to [11, 18], “in the fourth
order of QED PT (the second order of the
atomic PT) there appear the diagrams, whose
contribution to the ImAE;,, accounts for cor-
relation effects and this contribution is de-
termined by the electromagnetic potential
gauge (the gauge dependent contribution)”.
The accurate procedure for minimization of
the functional Imo3E,,, 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 im-
portant to know that the regular realization
of the total scheme allows to get an optimal
set of the 1QP functions and more correct
results in comparison with so called simpli-
fied one, which has been used in Refs. [11-
13] and reduced to the functional minimiza-
tion using the variation of the correlation po-
tential parameter b. Other details can be
found in Refs. [8,16,17].

The adequate, precise computation of ra-
diative parameters of the heavy Rydberg al-
kali-metal atoms within relativistic perturba-
tion theory requires an accurate accounting
for the multi-electron exchange-correlation
effects (including polarization and screening
effects, a continuum pressure etc). These ef-
fects within our approach are treated as the
effects of the perturbation theory second and



higher orders. Using the standard Feynman
diagrammatic technique one should consider
two kinds of diagrams (the polarization and
ladder ones), which describe the polarization
and screening exchange-correlation effects.
The detailed description of the polarization
diagrams and the corresponding analytical
expressions for matrix elements of the polar-
ization interelectron interaction (through the
polarizable core of an alkali atom) potential
is presented in Refs. [16-40].

An effective approach to accounting for
the polarization diagrams contributions is in
adding the effective two-quasiparticle polar-
izable operator into the perturbation theory
first order matrix elements. In Ref. [21] the
corresponding non-relativistic polarization
functional has been derived. More correct
relativistic expression has been presented in
the Refs. [22,8] and used in our theory.

The corresponding two-quasiparticle po-
larization potential looks as follows:

dr'(p@ () a(r
Vpdo(rlrz)_X{J. r(lp—cr'( z)r]/_rz( )_

(e e o ol ) o) /<W>}

r-r r'-r,|

(10a)
<(ﬂ§°) )”3> = [dr(p® (r)]*6(r),  (L0b)

o=l o]

where p° is the core electron density (with-

out account for the quasiparticle), X is nu-
merical coefficient, ¢ is the light velocity.
The contribution of the ladder diagrams
(these diagrams describe the immediate in-
terparticle interaction) is summarized by a
modification of the perturbation theory ze-
roth approximation mean-field central poten-
tial (look [2,8]), which includes the screening

(anti-screening) of the core potential of each
particle by the two others. All computing was
performed with using the modified PC code
“Superatom-ISAN” (version 93).

3. Results and conclusion

We applied the above described approach
to compute the oscillator strengths (reduced
dipole matrix elements) for a number of tran-
sitions in spectra of the heavy alkali atoms
and corresponding ions.

In table 1 we list our computational results
on the wavelengths and oscillator strengths
gf (upper number in the line “Our work™: da-
ta, obtained without using the optimized ba-
sis set and accounting for the exchange-
polarization corrections; lower number in the
line “Our work” — with using the optimized
basis set and accounting for the exchange-
polarization corrections) for 1s%2s (°Sy) —
1s?3p (%Pyy) transitions in the Li-like ions
with Z=21,22. In Table 1 the data on the
wavelengths, oscillator strengths, calculated
by Banglin Deng et al [12] (in the frame-
work of the relativistic configuration-
interaction formalism using multiconfigura-
tion DF wave functions and considering the
Breit interaction, QED and nuclear mass cor-
rections), Zhang et al (the Dirac-Fock-Slater
method and disturbed wave approximation),
Martin et al (the relativistic quantum defect
method),Nahar (ab initio calculations includ-
ing relativistic effects employing the Breit-
Pauli R-matrix method) and the NIST data
[10-15] are listed too. The data by Banglin
Deng et al [12] are obtained in the length
gauge, and the ratios (V/L; in %) of the ve-
locity and length gauges data to check the
accuracy of calculations are listed. We also
present our values of the gauge non-invariant
contribution (Ninv; in %). Comparison of
the presented data shows that the agreement
between the theoretical data and experi-
mental results is more or less satisfactory. An
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” G1 and “velocity” G2)
is about 0.1%. The theoretical data, obtained with
using the different photon propagator gauges
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(Coulomb and Babushkin ones) are practically

equal.

T

Table 1.
he calculated wavelengths, oscillator

strengths for 15°2s (°Sy) — 1523p (°P1y)
transitions in the Li-like ions with Z=28,30;

VI/L
gau

is the ratios of the velocity and length
ges values by Banglin Deng et al [12];

Ninv (in %) is the gauge non-invariant con-

tribution (this work);

Z Ref. | Wave- |Oscillator] VI/L;
length | strength | Ninv (%)
(A) |(gf. 107)
28| Banglin | 9.104 | 1.2889 | V/L~0.2
Deng et al
NIST | 9.105 -
Zhang et| 9.099 | 1.299
al
Nahar 9.1 1.339
Martin 1.28
etal
Thiswork 9.103 | 1.3285 | Njn~0.1
1.2891
30| Banglin| 7.859 | 1.2983 | V/L~0.2
Deng et al
Zhang | 7.854 | 1.309
etal
Martin 1.29
et al
This | 7.858 | 1.3387 | Nj,~0.1
work 1.2985
Banglin | 7.859 | 1.2983 | V/L~0.2
Deng et al
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Khetselius O.Yu., Mykhailov, A.L.

RELATIVISTIC CALCULATION OF WAVELENGTHS AND E1
OSCILLATOR STRENGTHS IN Li-LIKE MULTICHARGED IONS
AND GAUGE INVARIANCE PRINCIPLE

Summary. The spectral wavelengths and oscillator strengths for 15225 (°Sy,) — 15°3p
(?P45) transitions in the Li-like multicharged ions with the nuclear charge Z=28,30 are calcu-
lated on the basis of the combined relativistic energy approach and relativistic many-body per-
turbation theory with the zeroth order optimized Dirac-Kohn-Sham one-particle approxima-
tion and gauge invariance principle performance. The comparison of the obtained results with
available theoretical and experimental (compilated) data is performed. The important point is
linked with an accurate accounting for the complex exchange-correlation (polarization) effect
contributions and using the optimized one-quasiparticle representation in the relativistic many-
body perturbation theory zeroth order that significantly provides a physically reasonable
agreement between theory and precise experiment
Key words: relativistic theory, radiative transitions, gauge invariance principle, lithium-
like ions
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PACS 31.15.A-; 32.30.-r
Xeyenuyc O.FO., Muxatinog A.JI.

PEJSATUBUCTCKHUMN PACUET JJIMH BOJIH Y E1 CWJI OCIIWJLIISITOPOB B LI-
INOAOBHBIX MHOI'O3APAAHBIX NOHAX U ITPUHIUII KAJIMBPOBOYHOU
NHBAPUAHTHOCTHU

Pe3tome. CrekrpanbHble JUIMHBI BOJH M CHJIBI  OCHHMJUIATOPOB IS TIEPEXOI0B
1s%2s (281/2) — 1823p (2P1/2) B Li-no00HBIX MOHAX ¢ 3apsaoM sapa Z = 28,30 BbIUKCIIEHBI Ha
OCHOBE KOMOWHHMPOBAHHOTO PEJISTHUBHCTCKOIO SHEPreTHUYECKOrO IMOJXO0Ja W PEISTHBUCTCKOM
MHOI'OYACTUYHOM TEOPUHM BO3MYILEHHMH C IMPAK-KOH-IIIMOBCKHM OJIHOYACTHYHBIM HYJIEBBIM
NpUOIMKCHHEM W YCIOBHEM COONIOJCHUS MPHHIMIIA KaIMOpPOBOYHOb WHBAPUAHTHOCTH B
paaraluoOHHBIX Iepexoaax. IIpoBeaeHo cpaBHEHHE HOJIYYEHHBIX PE3YIbTaTOB ¢ UMEHOLIMMUCS
TEOPETHYECKMMHU U SKCIEPUMEHTAIBHBIMU JaHHBIMH. BaKHbI MOMEHT CBSI3aH C aKKypaTHBIM
Y4ETOM BKJIAJIOB CIIOKHBIX MHOTOYACTHYHBIX OOMEHHBIX KOPPEJAMOHHBIX (TTOISPH3aIIMOHHBIX )
3 PEKTOB M C UCIOIB30BAHUEM ONTHMH3MPOBAHHOTO OJHOKBAa3MYaCTHYHOTO MPEICTABICHHS B
HYJIEBOM TPHOJIMKEHHH PEIATHBUCTCKOM MHOIOYACTHYHOM TEOPMH BO3MYIICHWH, YTO
OIIPEEISIET ONPEICIICHHOE COrJIaCHe TEOPHH M SKCIIEPUMEHTA.

KiroueBble c€I0Ba: DEISTUBUCTCKAS TEOPHs, PAJUALMOHHBLIE IIEPEXOBI, PUHIIKII
KaJIMOpOBOYHON MHBAPUAHTHOCTH, JINTHI-IT0100HBIE HOHBI

PACS 31.15.A-; 32.30.-r
Xeyenuyc O.10., Muxatinos O.J1.

PEJSATUBICTCHKHI PO3PAXYHOK JOBKHWH XBWIb I E1 CHJI OCHWIATOPIB
B Li-lIOJAIBHUX BATATO3APSITHUX IOHAX TA IPUHIIUIT KAJIIBPYBAJIBHOI
IHBAPIAHTHOCTI

Pe3tome. CriexTpasbHi JOBKHHH XBHJIb i CHJIM OCHHJIATOPIB JUIS TIEPEXOIIB 1s%2s (281/2) —
1823p (2P1/2) B Li-moniOHux OaraTo3apsaHux ioHax 3 3apsaoMm saapa Z = 28,30 oOuucneHi Ha
OCHOBI KOMOIHOBAaHOTO PEISATUBICTCBKOIO E€HEPreTUYHro MIAXOAY 1 PEeISTHUBICTCHKOT
6araTo4acTMHKOBOT Teopii 30ypeHb 3 JipaKk-KOH-IIEMIBCBKUM OJHOYACTMHKOBUM HAOJIMKEHHSAM
HYJBOBOTO TOPSIIKY 1 YMOBOIO JOTPUMaHHS MNPUHIUINY KajJiOpOBOYHO' I1HBapiaHTHOCTI B
panianiiinux nepexoaax. I[IpoBeneHO NOPIBHAHHS OTPUMAHMX pPE3YJIbTaTiB 3 HASIBHUMHU
TEOPETUYHHMH 1 EKCTIEPIMEHTAIBHUMH JaHUMHU. BakiuBHii MOMEHT IOB'SI3aHHUIA 3 aKypaTHUM
ypaxyBaHHSM BHECKIB CKJIAJJHUX 0araToyacTKOBUX OOMIHHHMX KOpENALINHHUX (MOJsSpU3aLiiHUX)
edeKTiB 1 3 BUKOPHCTAHHSM ONTHMI30BAaHOTO OJIHOKBA314aCTIYHOIO YSIBJIEHHS B HYJIHOBOMY
HAOMKEHH] PeNATUBICTCHKOI 0araTo4acTUHKOBOI Teopii 30ypeHb, 110 BH3HAYa€ MEBHY 3rOJY
Teopii Ta eKCIEPUMEHTY.

KawouoBi cioBa:  pensTUBICTCbKa  Teopis, pajiamiiiHi  Mepexoiu, MPHHLIUI
KaiOpyBaJIbHOI 1HBapiaHTHOCTI, JITIH-TIOM10HI 10HU
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NUMERICAL STUDYING ENERGY PARAMETERS OF MULTIELECTRON
ATOM IN A MAGNETIC FIELD: HELIUM

There are presented the results of calculating the energies of the helium atom energy in a homogeneous magnet-
ic field on the basis of the new numerical quantum-mechanical approach. The approach is based on the numerical
difference solution of the Schrédinger equation, the model potential method and the operator perturbation theory
formalism. The obtained results on energy of the helium atom in dependence upon the magnetic field strength are
compared with available theoretical results, obtained on the basis of alternative numerical Hartree-Fock and diago-

nalization methods.

1. Introduction

The fundamentals of the quantum theory of
the Zeeman effect are described in detail in
well-known monographs and in courses on
qguantum mechanics and theoretical spectros-
copy. At present time, interest in these effects
shifted to the field of applied research (e.g. [1-
28]). An important problem is studying the
energy characteristics of multielectron atoms
in a strong and superstrong magnetic field. At
the same time, it was found that many of the
results of the theory are either of little use for
specific calculations, or even incomplete until
recently. Further development of the theory is
mainly associated with studies of atomic spec-
tra in a sufficiently strong field B and for high-
ly excited states with n >> 1. As indicated in
the introduction, interest in these problems is
associated with a wide range of applications,
including: absorption spectra excitons in a
magnetic field, the structure of atoms in super-
strong magnetic fields on the surface of neu-
tron stars, the splitting and broadening of
atomic spectral lines in electric and magnetic
fields of plasma, the structure of radio lines
emitted by excited atoms in the interstellar
medium, etc.

Among modern methods for describing
atomic spectroscopy in a magnetic field, a se-
ries of papers [4-18] should be distinguished,
where perturbation theory methods, various
schemes, and algorithms have been developed
based on the numerical solution of the Schro-
dinger equation in the Hartree—Fock and other
approximations. Based on them, it was possi-
ble to obtain a lot of useful numerical data re-

garding the energies of various states of a
number of many-electron atoms at various
magnetic field intensities. The imposition of a
magnetic field on an atomic system leads to
an additional restriction of the electron mo-
tion across the field, and with a further in-
crease in the field strength - to a sharp de-
crease in the transverse motion of the elec-
tron and, as a consequence, to the transfor-
mation of the three-dimensional potential
well of the atom into a one-dimensional one.
The consequence of this can be a strong
change in the energy spectrum of the atom.
For the simplest spinless one-electron (hy-
drogen) atom, the perturbation Hamiltonian
V, caused by the interaction of the orbital
momentum | of the electron with the field B,
has the form V = —z;IB.To determine the

energy eigenvalues, i.e., diagonalization of the
perturbation V, it suffices to choose the wave
functions corresponding to a certain projection
| onto the direction B. Usually, as such func-
tions, we choose spherical wave functions cor-
responding to certain values of the total mo-
ment 1 =1 (I + 1) and its projection l, = Am-

For a hydrogen atom, the Zeeman sublevels
corresponding to a certain m remain degener-
ate in the quantum number I. This specificity
of the Coulomb degeneracy is also manifested
in the fact that as the diagonalizing V wave
functions, one can choose parabolic wave
functions Ypon, with the Oz axis along the

field B. These states, by virtue of the relation

np+ny+|m=n—1 for a given m, remain de-

generate in the values of nj,n, corresponding
143



to their equal sump, , .. Thus, the Zeeman

component of the hydrogen level is character-
ized not by one, but, generally speaking, by
several wave functions.

In this paper we shortly present the results
of calculating the energies of the helium atom
energy in a homogeneous magnetic field on
the basis of the new numerical quantum-
mechanical approach [1,12]. The approach is
based on the numerical difference solution of
the Schrodinger equation, the model potential
method and the operator perturbation theory
formalism.

2. Theoretical approach

According to the Ref [10], the Hamiltonian
of he helium atom in a magnetic field B differs
from the operator of the hydrogen atom by the
presence of the Coulomb interaction operator,
which naturally aggravates the problem of
separation of variables in the Schrodinger
equation. Introducing a cylindrical coordinate
system (p, ¢,z), with the axis Oz || B and tak-
ing into account that the dependence of the
wave function on the rotation angle ¢ around

the z axis is trivial:

¥~ ™M? y(p,2) (1)

one should write the Schrodinger equation for
the one-electron function of an atomic system
(atomic units are used here e=h=m=1) as:

FLL M) =0 @)

y

where V. (r) is the potential that describes the
effect of all other electrons on the given one.
Naturally, it is absent for the hydrogen atom.
As the potential V¢, we use the Green-Miller
like potential (c.g.[2]), which approximates
the Hartree potential quite accurately.

The required parameters, as a rule, are se-
lected from the condition of the best fitting of
the experimental values of the energy levels of
free atoms (c.g. [2]).
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To take into account the exchange correc-
tions, the exchange potential was taken in the
simplest Slater approximation and added to
potential (3) [19].

The two-dimensional equation (2) is natu-
rally not solved analytically in a general form.
The terms appearing in it: the potential of the
Coulomb interaction,  which  contains
r=(p2 +Z2)1/2’p0tent|a| \VJ [(pz +22)1/2]

prevents the separation of variables. One could
rewrite the Schrodinger equation as follows:

H y(p.))=Ew(p.2) @)

H =-1/2(8%18p* +1/ pdldp +
+0%102° —m? [ p*)V(p,2),

V(p,2)=—(p* +2°)""* +(N,-1)-

Q(p* +2*) " +1/8y* p* +ym/ 2,
Q)
The potential 1/8y2 2 limits the movement

in the direction perpendicular to the field di-
rection. Similarly, in the regiony >> 1, the

motion of an electron across a magnetic field
is determined by the size of its cyclotron orbit,
A= (hic/eM)”?and along the field by a modi-

fied Coulomb interaction, which takes into ac-
count the non-Coulomb character of the poten-
tial field in which an electron moves in a
many-electron atom [18].

Note that calculations of multielectron
atomic systems with introduced potentials are
quite well known in the literature (see [2,18-
201); moreover, computational schemes based
on them have been tested several times and
tested for a number of atoms in the free state.
The Green-Miller like potential (c.g.[2]), was
successfully used in calculating the energies
and forces of atomic oscillators of the 1st peri-
od of the periodic table (see review in [21]).

For solution of the Schrdodinger equation
with hamiltonian equations (7) we constructed
the finite differences scheme which is in some
aspects similar to method [2]. An infinite re-
gion 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 h,, h was constructed. The external
boundary condition, as usually, is:

(O¥/on), =0.

The knowledge of the asymptotic behaviour
of wave function in the infinity allows to get
numeral estimates forz ,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 is estimated as L~9(-2E)™2. The more
exact estimate is found empirically. 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 La-
grange interpolation formula differentiation.
To calculate the values of the width G for res-
onances in atomic spectra in a magnetic field
one can use the modified operator perturbation
theory method (see details in Ref.[12,13])..
Other calculation details can be found in Refs.
[2, 19-21].

3. Hlustration results and conclusion

As illustration, below we present the data
on energies of the electronic excited and
ground state of the helium atom in dependence
upon the magnetic field strength (parameter )
and compared with available theoretical re-
sults, obtained on the basis of alternative
methods.

Parameter y varies within: y»=B/B0=0.00-10,
where By =m2e’c/h3Z3.

In Table 1 there are listed the energies of
the ground state of the helium atom in depend-
ence upon the parameter y. For the helium at-
om there are available the results of calcula-
tions for the ground state within other theoreti-
cal methods. In particular, the Hartree-Fock
(HF) calculation results are in the Refs. [6,7].

As the ground state analysis shows, in
whole our data are corresponding to the alter-
native HF results, however, indeed, they lie a
little lower for a weak field regime and more
substantially lower in the intermediate regime
of the magnetic parameter.

Table 1
The energies (in atomic units) of the ground
state of the helium atom as a function of the
magnetic field parameter y

Method | y=0.5 | y=1 y=2 y=5
[15] - -2,400 - -
[12} |-2,700 | -3,027 | -3,520| -4,624
[13] |-2,616 | -2,960 | -3,502| -4,617
Our |-2,700 | -3,027 | -3,520| -4,624

Method | y=10 | y=20 | y=50 | y=100
[12] |-5,860 | -7,450 | -10,288 -13,343
[13] |-5,829 | -7,428 | -10,264| -13,077
Our |-5,860 | -7,450 | -10,288| -13,343

Method | y=200 | y=500 | y=1000| y=10000
[12] |-16,602]-22,471| -28,342] -56,623
[13] |-16,579|-22,467| -28,032 -55,151
Our |-16,602]-22,471| -28,342| -56,623

The difference between the listed data can be
explained by the partial account of electron
correlation corrections, which is absent in the
HF calculation.
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NUMERICAL STUDYING ENERGY PARAMETERS OF MULTIELECTRON
ATOM IN A MAGNETIC FIELD: HELIUM

Summary. There are presented the results of calculating the energies of the helium atom en-
ergy in a homogeneous magnetic field on the basis of the new numerical quantum-mechanical
approach. The approach is based on the numerical difference solution of the Schrédinger equa-
tion, the model potential method and the operator perturbation theory formalism. The obtained
results on energy of the helium atom in dependence upon the magnetic field strength are com-
pared with available theoretical results, obtained on the basis of alternative numerical Hartree-
Fock and diagonalization methods.

Key words: atomic system, magnetic field, quantum mechanical approach
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YUCJIEHHOE UCCIEAOBAHUME DOHEPTETUYECKUX ITAPAMETPOB
MHOT O3JIEKTPOHHOT'O ATOMA B MATHUTHOM IOJIE: T'EJIUHA

Pesrome. IIpencrasiensl pe3yapTaThl pacueTa DJHEPIUU aToMa Iejiis B OJHOPOJHOM MarHuT-
HOM I10JI€ Ha OCHOBE HOBOT'O YHCJICHHOIO KBAaHTOBO-MEXaHN4eCKoro noaxona. Ilonxon ocHoBan
Ha YHCIEHHOM KOHEYHO--a3HOCTHOM peuleHuu ypaBHeHus lllpenunrepa, MeTone MOIEIbHOTO
NoTeHLKaNia U GpopMaliu3Me ONEepaTopHON TeopuHu Bo3MylleHUil. [lomyuyeHHble pe3ynbTaThl 1o
DHEPIrUM aTOMa Tellvs B 3aBUCHUMOCTU OT HANPSKEHHOCTU MATHUTHOIO IOJIS CPaBHUBAKOTCS C
W3BECTHBIMU TEOPETUYECKUMU PE3yJIbTaTaMHU, IOJYYEHHbIMM Ha OCHOBE aJIbTEPHATUBHBIX UM C-
JIEHHBIX MeTON0B XapTpu-Poka U AMaroHaaIn3aluH.

KuiroueBsble ciioBa: aTOMHasi CUCTEMA, MAarHUTHOE I10JI€, KBAHTOBO-MEXAHUYECKUI METO/T

147



PACS 31.15.Ne, 31.10.1z
Maxaposa O.0., Bysoacu I'.A., /[yoposcokuii O.B.

YUCEJIBHE BUBYEHHS EHEPIT'ETUYHUX ITAPAMETPIB
BAT'ATOEJEKTPOHHUX ATOMIB B MATHITHOMY IOJII: TEJIHA

Pe3iome. [IpescraBieni pe3yapTaT po3paxyHKy €HEeprii aToMa reiito B MarHiTHOMY IOJI
Ha OCHOBI HOBOT'O YHCEJIHHOTO KBAaHTOBO-MEXaHIUYHOTO Miaxony. [1iaxin 3acHoBaHUI Ha yuce-
JHHOMY CKiHYEHHO-PI3HMILIEBOMY pO3B’s3aHHI piBHAHHA lllpeminrepa, MeToai MOJEIBHOTO
noTeHIiany Ta (GopmanizMi oneparopHoi Teopii 30yperb. OTpuMaHi pe3yabTaTh MO €HEepTii
aToMa Tellilo B 3aJIeKHOCTI BiJl HAPY>KEHOCTI MAarHITHOTO IOJI MOPIBHIOIOTHCS 3 BIIOMHUMH
TEOPETUYHUMHU Pe3yJIbTaTaMH, OTPUMAHUMHU HAa OCHOBI aJIbTEPHATUBHHUX YUCEITHHUX METOJIIB
Xaptpi-Doka i alaronaizarii.

Karwu4oBi cjioBa: aToMHa cucTeMa, MarHiTHE 10JIe, KBaHTOBO-MEXaHIYHUI METO/
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DYNAMICAL AND TOPOLOGICAL INVARIANTS OF NONLINEAR DYNAMICS
OF THE CHAOTIC LASER DIODES WITH AN ADDITIONAL OPTICAL
INJECTION

Nonlinear chaotic dynamics of the of the chaotic laser diodes with an additional optical injection is comput-
ed within rate equations model, based on the a set of rate equations for the slave laser electric complex amplitude
and carrier density. To calculate the system dynamics in a chaotic regime the known chaos theory and non-linear
analysis methods such as a correlation integral algorithm, the Lyapunov’s exponents and Kolmogorov entropy
analysis are used. There are listed the data of computing dynamical and topological invariants such as the corre-
lation, embedding and Kaplan-Yorke dimensions, Lyapunov’s exponents, Kolmogorov entropy etc. New data on
topological and dynamical invariants are computed and firstly presented.

1. Introduction

The elements of chaotic dynamics in dif-
ferent laser systems and devices, including
semiconductor lasers, laser diodes, resonators
etc are of a great importance and interest be-
cause of their potential applications in laser
physics and quantum electronics, optical se-
cure communications and cryptography, and
many others. At the same time, the laser’s
relaxation oscillation limits the bandwidth of
chaotic light emitted from a laser diode and
similar devices with single optical injection
or feedback. This circumstance as well as a
general interest to new theoretical dynamics
phenomena make necessary the further
studying and improvement the main features
of the optical chaos communications.

. From the other side, there is a general
interest to studying the chaotic laser systems
provided a necessity of the further develop-
ment of a general theory of dynamic systems
and a chaos.

Let us remind that according to Refs. [1-
15], under the definite conditions, such sys-
tems are described by the corresponding
model, when Hamiltonians are possessing
only a few degrees of freedom. For the low-
dimensional chaotic case the corresponding
conditions of transition to deterministic chaos
in the system dynamics are quite well under-
stood at the classical level [1-4].

Under quantum treatment of the problem,
the similar systems (in particular, the diatom-
ic molecules in a resonant electromagnetic
field) are studied with using the known qua-
siclassical approach [2]. At the theoretical
level, the majority of studies, devoted to cha-
0s phenomena in molecular dynamics, is car-
ried out with the using simple tools of dy-
namical systems theory and qualitative theo-
ry of differential equations. New field of in-
vestigations of the quantum and other sys-
tems has been provided by the known pro-
gress in a development of a nonlinear analy-
sis and chaos theory methods [1-12,17-30].

In Refs. [11,27-33] the authors applied
different approaches to quantitative studying
regular and chaotic dynamics of atomic and
molecular systems interacting with a strong
electromagnetic field and laser systems.

The most popular approach to studying
nonlinear dynamics of chaotic systems in-
cludes the combined using the advanced non-
linear analysis and a chaos theory methods
such as the autocorrelation function method,
multi-fractal formalism, mutual information
approach, correlation integral analysis, false
nearest neighbour algorithm, Lyapunov ex-
ponent’s analysis, surrogate data method,
stochastic propagators method, memory and
Green’s functions approaches etc (see details
in Refs. [17-24]).
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In Ref. [1] the authors experimentally and
numerically demonstrate the route to band
width enhanced chaos in a chaotic laser diode
with an additional optical injection; they
used the own unique experimental setup,
which includes a distributed feedback (DFB)
laser with a 4 m fiber ring feedback cavity
(the slave laser) and the other solitary DFB
laser as an injection laser (the master laser) to
enlarge the bandwidth of the chaotic laser
(see detailed description in Ref. [1]). The
concrete technological characteristics are as
follows: slave laser is biased at 28.0 mA
(1.27 times threshold), and its wavelength is
stabilized at 1553.8 nm with 0.3 nm lin-
ewidth (at —20 dB) and a 35 dB side mode
suppression ratio; respectively, the laser’s
output power is 0.7 mW, and the relaxation
frequency and modulation bandwidth were
about 2 GHz and 5 GHz. The original set of
the chaotic states before optical injection is
obtained with —6.1 dB optical feedback (the
feedback injection strength with a scale of
the solitary slave laser’s power).

In this paper we present the corresponding
results of computing the characteristic dy-
namical and topological invariants of the
nonlinear dynamics of the chaotic laser diode
with an additional optical injection (all char-
acteristics are corresponding to parameters of
the Ref. [1]).

2. Chaos-geometric approach to dy-
namics of the chaotic systems

As the main ideas of the quantum-
dynamic approach to diatomic molecule in an
electromagnetic field are in details presented
in the Refs. [5-7,2], here we will restrict
yourself only by some necessary elements.

In order to perform the detailed analysis
of the chaotic regime polarization time series,
further a total dynamics of the quantum sys-
tem in an electromagnetic field and to calcu-
late the fundamental topological and dynam-
ical invariants of the system in a chaotic re-
gime we used the universal chaos-geometric
approach, presented earlier (see, c.g.,
[5-7,19-20]).
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Generally speaking, the approach includes
a set of such non-linear analysis and a chaos
theory methods as the correlation integral
approach, multi-fractal and wavelet analysis,
average mutual information, surrogate data,
Lyapunov’s exponents and Kolmogorov en-
tropy approach, spectral methods, nonlinear
prediction (predicted trajectories, neural net-
work etc) algorithms.

One of the important tasks here is to de-
termine the corresponding embedding di-
mension and to reconstruct a Euclidean space
RY large enough so that the set of points da
can be unfolded without ambiguity. In ac-
cordance with the embedding theorem, the
embedding dimension, dg, must be greater, or
at least equal, than a dimension of attractor,
da, i.e. dg > da.

Usually one should use several standard
approaches to reconstruction of the attractor
dimension (see, e.g., [17-20]). The correla-
tion integral 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 stochastic 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

C = lim s ;H(r—n Y-y, 1)

(1<i<j<N)

2)
where H is the Heaviside step function with
Hu)=1foru>0and H(u)=0foru<0,ris
the radius of sphere centered on y; or y;, and
N is the number of data measurements.

In order to perform the verification of the
results obtained by means of the correlation
integral analysis, one could use so called
known surrogate data method. This approach
makes use of the substitute data generated in
accordance to the probabilistic structure un-
derlying the original data.

The important dynamical invariants of a
chaotic system are the Lyapunov’s exponents
(see, c.g., [17-20]). These characteristics can
be defined as asymptotic average rates, they
are independent of the initial conditions, and



therefore they do comprise an invariant
measure of attractor. Saying simply, the Lya-
punov’s exponents are the parameters to de-
tect whether the system is chaotic or not.

Another important characteristics, name-
ly, the Kolmogorov entropy Ken: measures
the average rate at which information about
the state is lost with time. According to the
definition, the Kolmogorov entropy can be
determined as the sum of the positive Lya-
punov’s exponents.

The estimate of the dimension of the at-
tractor is provided by the Kaplan and York
conjecture:

J
Zx
d =j+*&—
|7»,+1| 3)
where j is such that and $*; _o,and
J ;,111 >0 ;ﬂa <0

the Lyapunov’s exponents A, are taken in
descending order.

There are a few approaches to compu-
ting the Lyapunov’s exponents. One of them
computes the whole spectrum and is based on
the Jacobi matrix of system. In this work we
use an advanced algorithm with fitted map
with higher order polynomials. To calculate
the spectrum of the Lyapunov’s exponents,
one could determine the time delay t and
embed the data in the four-dimensional
space. In this point it is very important to de-
termine the Kaplan-York dimension and
compare it with the correlation dimension,
defined by the Grassberger-Procaccia algo-
rithm].

As a rule, the calculational results of
the state-space reconstruction are highly sen-
sitive to the length of data set (i.e. it must be
sufficiently large) as well as to the time lag
and embedding dimension correctly deter-
mined.

Indeed, there are limitations on the ap-
plicability of chaos theory for observed (fi-
nite) dynamical variable series arising from
the basic assumptions that these series must
be infinite. A finite and small data set may
probably result in an underestimation of the
actual dimension of the process. The details

of the computational procedures and algo-
rithms can be also found in Refs. [27-46].

3. Nonlinear dynamics of the chaotic
laser diode: Some results and conclusions

Below we present the results of of computing
the dynamical and topological invariants of
the nonlinear dynamics of the chaotic laser
diode system with an additional optical injec-
tion According to [1], the dynamics of this
system can be described by a set of rate equa-
tions for the slave laser electric complex am-
plitude F and carrier density n, correspond-
ingly and is represented as follows:

dF 1+|ﬂ{g(n n)

7} +
at 1+5|F [

k—f F(t—7)-exp[-i27znt] + ﬁ F; expliAnt],
T T
@:;_L_M| F |2 +G(n)
dt qv 7, 1+6|F/J
where ks and k; denote the feedback and injec-
tion strength, the amplitude of injection laser
|F; | is equal to that of the solitary slave laser,
and An=n;—ns is the detuning between the
injection and the slave lasers. The feedback
delay t=20ns is set in the experimental setup
[1]. As the input data for the solving the rate
equations system the numerical values of the
parameters have been used as follows (see
more details in Ref. [1]): transparency carrier
density nO:O.455><1O6 m >, threshold current
inr =22 mA, differential gain g=1.414x107
um®ns™ | the carrier lifetime t=2.5 ns, pho-
ton lifetime tp,=1.17ps, round-trip time in la-
ser intracavity 1;=7.38 ps, the linewidth en-
hancement factor $=5.0, gain saturation pa-
rameter 5=5x10° um’and active layer vol-
ume V=324m?; the simulated slave laser is
biased at 1.7iy, with 5.2 GHz modulation
bandwidth.

According to data [1], under k;=0, a growth
of the parameter k; results in a period-
doubling bifurcation route to chaos, followed
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by a reversed route out of chaos. More exat-
ly, a chaos is realized in the region about
0.04-0.16 of k; and bandwidths are about
4.0-6.2 GHz. The rate equations systems has
been numerically solved and the correspond-
ing time series for amplitude and density are
obtained. The concrete step is an analysis of
the corresponding time series with the
N=-10* and At=2-10ns. It is very important
to declare that the dynamics of the chaotic
laser diode system with an additional optical
injection has the elements of a deterministic
chaos (the strange attractor). In Table 1 we
present the computational values of the cor-
relation dimension d,, the Kaplan-York at-
tractor dimension (d.), the Lyapunov’s expo-
nents (A;), Kolmogorov entropy (Keny), the
Gottwald-Melbourne parameter.

Table 1
Correlation dimension dy, Lyapunov’s expo-
nents (A, i=1,2), Kaplan-York attractor di-

mension (d,), Kolmogorov entropy (Kent),
Gottwald-Melbourne parameter Kgw

d2 7\,1 7\.2
2.94 |0.358 | 0.096

dL Kentr KGW
2.80 |10.454 | 0.94

To conclude, the values of the dynamical
and topological invariants (the correlation,
Kaplan-York dimensions, the Lyapunov’s
exponents etc) for the dynamics of the chaot-
ic laser diode system with an additional opti-
cal injection are computed. In particular, the
first two Lyapunov’s exponents are positive.
These data indicate on emerging dynamical
chaos elements in the laser diode system dy-
namics.

References

1. Wang A.-B,, Wang Y.-C., Wang J.-F.,
Route to broadband chaos in a chaotic la-
ser diode subject to optical injection.
Optics Letters. 2009, 34(8), 1144-1146.

2. Pavlov E.V., Ignatenko A.V., Krianov
S.V., ,Mashkantsev A.A., Dynamical and
topological invariants of PbO dynamics

152

10.

11.

in a resonant electromagnetic field. Pho-
toelectronics. 2019, 28, 121-126.

Zhang C.; Katsouleas T.; Joshi C. Har-
monic frequency generation & chaos in
laser driven molecular vibrations. In
Proc. of Short-wavelength Physics with
Intense Laser Pulses, San-Diego. 1993.
Berman, G.; Bulgakov, E.; Holm, D.
Nonlinear resonance and dynamical cha-
os in diatomic molecule driven by a reso-
nant IR field. Phys. Rev. A 1995, 52,
3074

Glushkov, A.V. Spectroscopy of atom
and nucleus in a strong laser field: Stark
effect and multiphoton resonances. J.
Phys.: Conf. Ser. 2014, 548, 012020.
Ignatenko A., Buyadzhi A., Buyadzhi V.,
Kuznetsova, A.A., Mashkantsev, A.A.,
Ternovsky E. Nonlinear chaotic dynam-
ics of quantum systems: molecules in an
electromagnetic field. Adv. Quant Chem.
2019, 78, 149-170.

Glushkov, A., Buyadzhi, V., Kvasikova,
A., Ignatenko, A., Kuznetsova, A., Pre-
pelitsa, G., Ternovsky, V. Non-Linear
chaotic dynamics of quantum systems:
Molecules in an electromagnetic field
and laser systems. In: Quantum Systems
in Physics, Chemistry, and Biology.
Springer, Cham. 2017, 30, 169-180
Mashkantsev, A. A. ; Ignatenko, A.V. ;
Kirianov, S.V. ; Pavlov, E.V. Chaotic
dynamics of diatomic molecules in an
electromagneic field. Photoelectronics.
2018, 27, 103-112.

Glushkov A., Ternovsky V., Buyadzhi V,
Prepelitsa G. Geometry of a relativistic
quantum chaos: New approach to dynam-
ics of quantum systems in electromagnet-
ic field and uniformity and charm of a
chaos. Proc. Int. Geom. Center. 2014,
7(4), 60-71.

Glushkov A.V.; Ivanov, L.N. DC strong-
field Stark effect: consistent guantum-
mechanical approach. J. Phys. B: At. Mol.
Opt. Phys. 1993, 26, L379-386.
Ignatenko, A.; Buyadzhi ,A.; Buyadzhi,
V.; Kuznetsova,A.; Mashkantsev, A.;
Ternovsky E. Nonlinear chaotic dynam-
ics of quantum systems: molecules in an



electromagnetic field. Adv. Quant. Chem.
2019, 78, 149-170.

12. Glushkov, A.V. True effective molecular

13.

14.

15.

16.

17.

18.

19.

20.

valency Hamiltonian in a logical sem-
iempricial theory. Journal of Structural
Chem. 1988, 29(4), 495-501.

Glushkov, A.V. Operator Perturbation
Theory for Atomic Systems in a Strong
DC Electric Field. In Advances in Quan-
tum Methods and Applications in Chem-
istry, Physics, and Biology,; Hotokka, M.,
Brindas, E., Maruani, J., Delgado-Barrio,
G., Eds.; Springer: Cham, 2013; 27, pp
161-177.

Malinovskaya, S.V.; Glushkov, A.V
Khetselius, O.Yu.; Svinarenko, A.A.;
Mischenko, E.V.; Florko, T.A. Optimized
perturbation theory scheme for calculat-
ing the interatomic potentials and hyper-
fine lines shift for heavy atoms in the
buffer inert gas. Int. J. Quant. Chem.
2009, 109(4), 3325-3329.

Glushkov A; Khetselius O; Malinovskaya
S. Optics and spectroscopy of coopera-
tive laser-electron nuclear processes in
atomic and molecular systems — new
trend in quantum optics. Europ. Phys.
Journ. ST 2008, 160, 195-204.

Glushkov, A.V.; Khetselius, O.Yu.; Ma-
linovskaya, S.V. Spectroscopy of cooper-
ative laser—electron nuclear effects in
multiatomic molecules. Molec. Phys.
2008, 106, 1257-1260.

Danilov, V., Kruglyak, Y., Pechenaya,
V. Electron density-bond order matrix
and the spin density in the restricted ClI
method. Theor. Chim Acta. 1969, 13(4),
288-296.

Danilov, V., Kruglyak, Y., Kuprievich,
V., Ogloblin, V. Electronic aspects of
photodimerization of the pyrimidine ba-
ses and of their derivatives. Theor.
Chim.Acta. 1969, 14(3), 242-249.
Gottwald, G.A. ; Melbourne, I. Testing
for chaos in deterministic systems with
noise. Physica D. 2005, 212, 100-110.
Abarbanel, H.; Brown, R.; Sidorowich,
J; Tsimring, L. The analysis of observed
chaotic data in physical systems. Rev.
Mod. Phys. 1993, 65, 1331- 1392.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Packard, N.; Crutchfield, J; Farmer, J,;
Shaw, R. Geometry from a time series
Phys. Rev. Lett. 1988, 45, 712-716.
Kennel, M.; Brown, R.; Abarbanel, H.
Determining embedding dimension for
phase-space reconstruction using a geo-
metrical construction. Phys. Rev. A. 1992,
45, 3403-3412.

Gallager, R. Information theory and re-
liable communication. N.-Y., 1986.
Grassberger, P. ; Procaccia, I. Measuring
the strangeness of strange attractors.
Physica D. 1983, 9, 189-208.

Theiler, J.; Eubank, S.; Longtin, A.;
Galdrikian, B.; Farmer, J. Testing for
nonlinearity in time series: The method
of surrogate data. Phys.D. 1992, 58, 77-
94.

Sano, M.; Sawada, Y. Measurement of
Lyapunov spectrum from chaotic time se-
ries. Phys.Rev.Lett. 1995, 55, 1082.
Glushkov, A.V. Methods of a Chaos
Theory. OSENU: Odessa, 2012.
Glushkov, A.V.; Khetselius, O.Yu.;
Brusentseva, S.V.; Zaichko, P.A.; Ter-
novsky, V.B. Studying interaction dy-
namics of chaotic systems within a non-
linear prediction method: Application to
neurophysiology In Advances in Neural
Networks, Fuzzy Systems and Artificial
Intelligence, Series: Recent Advances in
Computer Engineering; Balicki, J., Ed.;
WSEAS Press: Gdansk, 2014; Vol 21, pp
69-75.

Glushkov, A.; Prepelitsa, G.; Svinarenko,
A.; Zaichko, P. Studying interaction dy-
namics of the non-linear vibrational sys-
tems within non-linear prediction method
(application to quantum autogenerators)
In Dynamical Systems  Theory;
Awrejcewicz, J., Kazmierczak, M.,
Olejnik, P., Mrozowski, J., Eds.; Lodz,
2013; Vol T1, pp 467-477.

Khetselius, O. Forecasting evolutionary
dynamics of chaotic systems using ad-
vanced non-linear prediction method In
Dynamical Systems Applications;
Awrejcewicz, J.,, Kazmierczak, M.,
Olejnik, P., Mrozowski, J., Eds.; Lodz,
2013; Vol T2, pp 145-152.

153



31.

32.

33

34.

35.

36.

37.

38.

154

Khetselius, O.; Brusentseva, S.; Tkach,
T. Studying interaction dynamics of cha-
otic systems within non-linear prediction
method: Application to neurophysiology
In  Dynamical Systems Applications,
Awrejcewicz, J, Kazmierczak, M,
Olejnik, P., Mrozowski, J., Eds.; Lodz,
2013; T2, pp 251-259.

Glushkov, A.; Khetselius, O.; Brusentse-
va, S.; Duborez, A. Modeling chaotic dy-
namics of complex systems with using
chaos theory, geometric attractors, quan-
tum neural networks. Proc Int. Geom.
Center. 2014, 7(3), 87-94.

.Glushkov, A.V.; Bunyakova, Yu.Ya.,;

Zaichko, P.A. Geometry of Chaos: Con-
sistent combined approach to treating
chaotic dynamics atmospheric pollutants
and its forecasting. Proc. Intern. Geom.
Center. 2013, 6(3),6-14.

Khetselius, O.Yu.; Florko, T.A.; Svina-
renko, A.A.; Tkach, T.B. Radiative and
collisional spectroscopy of hyperfine
lines of the Li-like heavy ions and TI at-
om in an atmosphere of inert gas. Phys.
Scripta. 2013, T153, 014037

Khetselius, O.Yu. Relativistic calculating
the hyperfine structure parameters for
heavy-elements and laser detecting the
isotopes and nuclear reaction products.
Phys. Scripta. 2009, T135, 014023.
Svinarenko, A.A. Study of spectra for
lanthanides atoms with relativistic many-
body perturbation theory: Rydberg reso-
nances. J. Phys.: Conf. Ser. 2014, 548,
012039

Khetselius, O.Yu. Atomic parity non-
conservation effect in heavy atoms and
observing P and PT violation using NMR
shift in a laser beam: To precise theory.
J. Phys.: Conf. Ser. 2009, 194, 0220009.
Glushkov, A.; Loboda, A.; Gurnitskaya,
E.; Svinarenko, A. QED theory of radia-
tion emission and absorption lines for at-
oms in a strong laser field. Phys. Scripta.
2009, 135, 014022.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Glushkov A.V.; Ivanov, L.N. DC strong-
field Stark effect: consistent quantum-
mechanical approach. J. Phys. B: At. Mol.
Opt. Phys. 1993, 26, L379-386.
Khestelius, O.Yu. Hyperfine structure of
atomic spectra. Astroprint: Odessa, 2008.
Glushkov A.; Khetselius O.; Svinarenko
A. Theoretical spectroscopy of auto ioni-
zation resonances in spectra of lanthanide
atoms. Phys. Scr. 2013, T153, 014029.
Glushkov A. Spectroscopy of cooperative
muon-gamma-nuclear processes: Energy
and spectral parameters J. Phys.: Conf.
Ser. 2012, 397, 012011

Khetselius O Spectroscopy of coopera-
tive electron-gamma-nuclear processes in
heavy atoms: NEET effect. J. Phys.:
Conf. Ser. 2012, 397, 012012.

Ivanova, E., Ivanov, L., Glushkov, A.,
Kramida, A. High order corrections in the
relativistic perturbation theory with the
model zeroth approximation, Mg-Like
and Ne-Like lons. Phys. Scr. 1985, 32,
513-522

Glushkov, A.V.; Khetselius,O0.Yu;
Svinarenko,A.A.; Buyadzhi, V.V.
Spectroscopy of autoionization states of
heavy atoms and multiply charged ions
(Odessa: TEC) -2015.

Glushkov, A.V.; Buyadzhi, V.V,
Ponomarenko, E.L. Geometry of Chaos:
Advanced approach to treating chaotic
dynamics in some nature systems. Proc.
Int. Geom. Center. 2014 7(1),24-30.
Glushkov A., Khetselius O., Kruglyak
Yu., Ternovsky V. Calculational Meth-
ods in Quantum Geometry and Chaos
theory. P.3. Odessa , 2014.

Glushkov A., Khetselius O., Svinarenko
A, Buyadzhi V. Methods of computatio-
nal mathematics and mathematical phys.
P.1.TES, Odessa, 2015.


https://scholar.google.com.ua/scholar?oi=bibs&cluster=2286716554206668032&btnI=1&hl=ru
https://scholar.google.com.ua/scholar?oi=bibs&cluster=2286716554206668032&btnI=1&hl=ru

PACS 31.15.-p; 33.20.-t
Kirianov S.V., Mashkantsev A.A., Bilan I.1., Ignatenko A.V.

DYNAMICAL AND TOPOLOGICAL INVARIANTS OF NONLINEAR DYNAMICS
OF THE CHAOTIC LASER DIODES WITH AN ADDITIONAL OPTICAL
INJECTION

Summary. Nonlinear chaotic dynamics of the of the chaotic laser diodes with an addition-
al optical injection is computed within rate equations model, based on the a set of rate equa-
tions for the slave laser electric complex amplitude and carrier density. To calculate the sys-
tem dynamics in a chaotic regime the known chaos theory and non-linear analysis methods
such as a correlation integral algorithm, the Lyapunov’s exponents and Kolmogorov entropy
analysis are used. There are listed the data of computing dynamical and topological invariants
such as the correlation, embedding and Kaplan-Yorke dimensions, Lyapunov’s exponents,
Kolmogorov entropy etc. New data on topological and dynamical invariants are computed and
firstly presented.

Key words: Chaotic dynamics, laser diodes, dynamical and topological invariants
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JUHAMUYECKHUE U TONOJOI'MYECKUE UHBAPUAHTDI HEJII/IHEI/IHOI/I
JAUHAMUKHA XAOTUYECKHUX JIASEPHBIX TUO/JI0B C JOIOJHUTEJbHOM
ONTUYECKOW MHBEKIIUEN

Pe3rome. HenuHeiinas XxaoTuueckas JMHAMHUKA Xa0TUYECKUX JIA3E€PHBIX AMOJIOB € JIOMOJ-
HUTEJIbHOM ONTUYECKON MH)KEKIIMEH PACCUMTHIBAETCA B PaMKaxX MOJEIU CKOPOCTHBIX ypaB-
HEHMH, B YAaCTHOCTHU, MOJIEJIM, OCHOBAHHOM HA CHUCTEME CKOPOCTHBIX YPAaBHEHHM ISl KOM-
IJIEKCHOM DJIEKTPUYECKOW aMIUIUTY/bI JIa3epa U IUIOTHOCTH. JlJ11 MOAEIupoBaHusl TUHAMUKHU
B Xa0TUYECKOM PEKHUME HCIOJIb3YIOTCS M3BECTHBIE METO/Ibl HEJIMHEHHOTO aHAJIN3a U TEOPHUHU
Xaoca, B T.4., METOJI KOPPEJSIIMOHHOIO MHTETpaia, aHaJln3 Ha OCHOBE MoKasarenen JlamyHo-
Ba, sHTponuu Konmmoroposa u np. [IpeacraBnens! 1aHHbIE BBIYUCICHUS TUHAMUUYECKUX U TO-
HOJIOTMYECKUX MHBAPMAHTOB, B T.4., Pa3MEPHOCTEN BIOXKEHMs, KOppeIaMoHHoH, Kamnana-
Nopka, nokazareneit JIsmyHnosa, ap.

KirwueBblie cjioBa: xaoTudeckas JUHAMHKA, JIA3€PHBIE AUOJbI, THMHAMUYECKUE U TOMO-
JIOTUYECKHE UHBAPUAHTBI

PACS 31.15.-p; 33.20.-t
Kip’sanos C.B., Mawxanyes O.A., binan 1., lenamenko I'.B.

JTAHAMIYHI I TOITOJIOTTYHI IHBAPIAHTH HEJIHIHHOI JMHAMUKH XAO-
TUYHUX JIASEPHUX JIOAIB 3 JOJATKOBOIO OIITUYHOIO IH’KEKIIIEIO

Pe3rome. Heminilina xaoTH4yHa JUHAMIKA XaOTHUHHAX J1a3epHUX I1OAIB 3 JOAATKOBOIO OII-
THYHOT 1HXXEKI[IEIO PO3paxoBYETHCS B paMKax MO/IeJTi MBUAKICHUX PIBHSHbD, 30Kpema, MoJen,
3aCHOBAHOI HA CHCTEMI I_HBI/II[KICHI/IX plBHS[HB JUTSE KOMILJIEKCHOT €NIeKTPUYHOT aMany;u/I na-
3epa 1 rycTUHU HociiB. [ aHai3y AMHAMIKH CUCTEMHU B XaOTHYHOMY PEXHMi BUKOPUCTaHI
METOJIM HEJIIHIMHOrO aHalli3y Ta Teopii Xaocy, y T.4., METOJI KOpEJSILiitHOro 1HTerpaia, aHami3
Ha OCHOBI Moka3HuKiB JlsmyHoBa, enTpomnii Konmoroposa T.i. Hamgani mani oOuucneHHs qu-
HAaMIYHUX 1 TOIOJIOTIYHHMX IHBApIaHTIB: PO3MIPHOCTEN KOpeNANiliHoi, BKIaaeHHs, Kannana-
Hopka, moka3HukiB JIAmyHOBa, Ta iHIITUX.

KirouoBi ciioBa: xaoTruHa AUHAMIKA, JTa3epHi 101, JMHAMIYHI Ta TOIOJIOTTYHI 1HBapiaHTH
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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF ZN-LIKE IONS
ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY

A theoretical study of the spectroscopic characteristics of Zn-like multiply charged ions is carried out within
the framework of the relativistic many-body perturbation theory. The optimized Dirac-Kohn-Shem approxima-
tion was chosen as the zero approximation of the relativistic perturbation theory. Optimization has been fulfilled
by means of introduction of the parameters to the Kohn-Sham exchange and correlation potentials and further
minimization of the gauge-non-invariant contributions into radiation width of atomic levels with using relativ-
istic orbital set, generated by the corresponding zeroth approximation Hamiltonian.

1. In recent years, in connection with the
unprecedented progress in the development
of experimental techniques, an urgent need
has arisen to solve the required problems at a
fundamentally new level of theoretical con-
sistency and accuracy. First of all, this relates
to the determination of such important atom-
ic spectroscopic characteristics as the cross
sections of various elementary processes, the
probability of radiative transitions, and the
strength of oscillators, and if important pro-
gress has been made in the study of the most
intense allowed (electric dipole) radiative
transitions  [1-28]). In many papers the
standard Hartree-Fock (HF), Dirac-Fock
(DF) methods, model potential (MP) ap-
proach, quantum defect approximation etc in
the different realizations have been used for
calculating energies and oscillator strengths.
However, it should be stated that for the
heavy alkali atoms (such as caesium and
francium and corresponding ions) and partic-
ularly for their high-excited (Rydberg) states,
there is not enough precise information
available in literature. The  multi-
configuration Dirac-Fock method is the most
reliable version of calculation for multielec-
tron systems with a large nuclear charge.
However, one should remember about very
complicated structure of spectra of the lan-
thanides atoms and necessity of correct ac-
counting for different correlation effects such
as polarization interaction of the valent qua-
siparticles and their mutual screening, itera-
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tions of a mass operator etc.).The known
method of the model relativistic many-body
perturbation theory (RMBPT) has been earli-
er effectively applied to computing spectra of
low-lying states for some lanthanides atoms
[5-11] (see also [12-22]). In this paper theo-
retical studying spectroscopic characteristics of
the Zn--like multicharged ions is carried out
within the relativistic many-body perturbation
theory. The zeroth approximation of the relativ-
istic perturbation theory is provided by the opti-
mized Dirac-Coulomb one.

2. As the method of computing is earlier
presented in detail, here we are limited only
by the key topics [5-15]. Generally speaking,
the majority of complex atomic systems pos-
sess 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 cal-
culating the energy shifts Ae of degenerate
states. This procedure is connected with the
secular matrix M diagonalization [10-22]. In
constructing M, the Gell-Mann and Low adi-
abatic 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 electrodynamical PT (first order
of the interelectron interaction). Their imagi-
nary part of AE is connected with the radia-
tion decay (radiation) possibility. In this ap-
proach, the whole calculation of the energies
and decay probabilities of a non-degenerate
excited state is reduced to the calculation and



diagonalization of the complex matrix M.
The complex secular matrix M is represented
in the form [6-11]:

M=MP MY+ M@D MO (1)
where M © is the contribution of the vacuum
diagrams of all order of PT, and M
M@ M® those of the one-, two- and three-

quasiparticle diagrams respectively. M is a
real matrix, proportional to the unit matrix. It
determines only the general level shift. The

diagonal matrix M® can be presented as a
sum of the independent one-quasiparticle
contributions. For simple systems (such as
alkali atoms and ions) the one-quasiparticle
energies can be taken from the experiment.
Substituting these quantities into (1) one
could have summarized all the contributions
of the one -quasiparticle diagrams of all or-
ders of the formally exact QED PT. Howev-
er, the necessary experimental quantities are
not often available. The first two order cor-
rections to ReM® have been analyzed previ-
ously using Feynman diagrams (look Ref. in
[1,2]). 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 polariz-
able core, and the ladder diagrams take into
account the immediate quasiparticle interac-
tion [4-20]. Some of the ladder diagram con-
tributions 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 modification of the
central potential, which must now include the
screening (anti-screening) of the core poten-
tial of each particle by the two others.
Interelectron interaction operator with ac-
counting for the Breit interaction has been
taken as follows:

e -esplon, ) L=0)
1
where, as usually, «; are the Dirac matrices.

The total probability of a A -pole transition
is the sum of the electrical PS (electric

multipole decomposition) and magnetic P,

(corresponding decomposition) parts and is
calculated within the relativistic energy for-
malism [7-20]. In the energy approach with
respect to the complex multielectron atomic
system the energy shift in the complex form
is: 6E = RedE + i Im3E, Im S6E = -P/ 2, where
P- probability of decay (transition). For a
single quasiparticle atomic system Im3E and,
accordingly, P in the 2nd perturbation theory
order (the perturbation operatorU,, (r, |b)-

Ju(X)AY(x), where A is the vector of the elec-
tromagnetic field potential, J is the current
operator, Uwme is a mean-field potential ) is
proportional to the matrix element with Dirac

bispinors ¢ ™" (ab initio RMP naGnmxken-

HA):

Vi = de3r1d3r2¢iEFMP* (rl)(D'EFMP* ()IA-aa,):

]

(r, )(DlEFMP (r,)

-sin| |, /rlz]'golEFMP

©)
which are decomposed into a series of
Bessel functions of the 1st kind (analog of
multipole decomposition). In general, the re-
sults of all approximate calculations depend-
ed on the gauge.

Naturally the correct result must be
gauge-invariant. The gauge dependence of
the amplitudes of the photo processes 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 reviews in [5-7]
and Refs. therein).

Grant has investigated the gauge connec-
tion with the limiting non-relativistic form of
the transition operator and has formulated the
conditions for approximate functions of the
states, in which the amplitudes of the photo
processes are gauge invariant [3]. Glushkov-
Ivanov [11] have developed a new relativistic
gauge-conserved version of the energy ap-
proach. In ref. [16-28] it has been developed
its further generalization. Here we applied
this approach for generating the optimized
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relativistic orbitals basis in the zeroth ap-
proximation of the many-body PT. Optimiza-
tion has been fulfilled by means of introduc-
tion of the parameter to the Fock and Kohn-
Sham exchange potentials and further mini-
mization of the gauge-non-invariant contri-
butions into radiation width of atomic levels
with using relativistic orbital bases, generat-
ed by the corresponding zeroth approxima-
tion Hamiltonians. All calculations are per-
formed with using the PC code Super atom
[6-28]. The results of our studying the Zn-
like ions are listed in Table 1.

Table 1.

Experimental (exp.) And theoretical
energies (in atomic units) and oscillator
strengths for the 4s*(*S )- 4s4p (*P%) transi-
tion in the spectra of various Zn-like ions:
HF, DF, DF methods using experimental
transition energy and our data (RPT)

lon | Method| AE f, fy
DF | 0.3351| 1.89 | 1.98
HF | 0.2984| 230 | 2.01
Ga' | DFep | 0.3221] 197 | 1.95
MP | 0.3076| 168 | 1.73
RPT | 0.3221| 1.86 | 1.86
Exp. | 0.3221| 185 | 1.85
+ 0.15] +£0.15
DF | 0.5247| 1.87 | 1.86
As®* | RPT | 0.5140| 157 | 157
Exp. | 0.5141| 156 | 1.56
+ 0.23| £0.23
Yp 4o+ DF | 6.2564| 1.12 | 1.10
RPT | 5.1788| 0.97 | 0.96
Pp%%*| DF |11.1153} 1.21 | 1.18
RPT | 10.9715| 1.13 | 1.13
DF |17.8584| 1.37 | 1.36
U & HF |17.6087| 1.41 | 1.47
RPT | 17.6285| 1.33 | 1.33
Exp. - 131 | 131
+0.05| £0.05

In fact in table 1 for illustration we present
the experimental (exp.) and theoretical ener-
gies (in atomic units) and oscillator strengths
for the 4s*(*Sg )- 4s4p (*P%) transition in the
spectra of various Zn-like ions: theory is pre-
sented by the Hartree-Fock (HF) Dirac-Fock
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(DF) methods plus the DF data with experi-
mental transition energy and our data (RPT)
(see [1-,5,6] and refs therein). Analysis of the
data shows that the computational method
used provides a physically reasonable agree-
ment between the theoretical and experi-
mental data. Let us note that the transition
probabilities values in the different photon
propagator gauges are practically equal. Be-
sides, an account of the inter particle (elec-
tron) correlation effects is of a great im-
portance.
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Cherkasova 1.S., Ternovsky V.B., Nesterenko A.A., Mironenko D.A.

THEORETICAL STUDYING SPECTRAL CHARACTERISTICS
OF Ne-LIKE IONS ON THE BASIS OF OPTIMIZED RELATIVISTIC MANY-BODY
PERTURBATION THEORY

Summary. A theoretical study of the spectroscopic characteristics of Zn-like multiply
charged ions is carried out within the framework of the relativistic many-body perturbation theo-
ry. The optimized Dirac-Kohn-Shem approximation was chosen as the zero approximation of the
relativistic perturbation theory. Optimization has been fulfilled by means of introduction of the
parameters to the Kohn-Sham exchange and correlation potentials and further minimization of
the gauge-non-invariant contributions into radiation width of atomic levels with using relativistic
orbital set, generated by the corresponding zeroth approximation Hamiltonian.

Keywords: Relativistic perturbation theory, Zn-like multicharged ions
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TEOPETUYECKOE U3YUYEHUE CHEKTPAJIbHBIX XAPAKTEPUCTHUK
Ne-ITIOJJOBHBIX TOHOB HA OCHOBE OIITUMHN3UPOBAHHOMN
PEJIITUBUCTCKON MHOI'OYACTUYHOM TEOPUU BO3MYIIIEHUN

Pe3rome. TeopeTnueckoe M3yyeHHE CHEKTPOCKOIMYECKUX XapaKTEPUCTUK Zn - MOAOOHBIX
MHOT'03apsIIHBIX MOHOB IIPOBOJUTCSA B PaMKaX PEISTUBUCTCKOM TEOPUH BO3MYLICHMM MHOTHX
Tes. B kauecTBe HyIIEBOTO MPUOIMKEHUS PEISTUBUCTCKOW TEOPHH BO3MYIIEHHH BHIOpAHO OTI-
TUMHU3UpOBaHHOe npubmmxenue [upaka- Kona-lllema. OnTuMu3anust BBIIOJHEHA ITyTEM BBe-
JieHus mapaMeTpoB B oOMeHHbIe noTeHImansl ®oka n Kona-Illhoma u ganpHeime MuHuMu3a-
el KaTuOpOBOYHO-HEMHBAPUAHTHBIX BKJIA/I0B B paJUallMOHHbIE IIUPHUHBI AaTOMHBIX YPOBHEH C
HCIIOJIb30BaHUEM PEJSITUBUCTCKOrO Oa3uca opOuTaliel, CreHepupOBAaHHOIO COOTBETCTBYIOIIUM
raMUIBTOHMAHOM HYJIEBOTO MPUOIHKEHHUS.

KuroueBrble ciioBa: PensTuBucTckas Teopust BO3MyLIEHHUH, ZN-110100HbIE HOHbI

PACS 32.30.-r
Yepkacosa 1.C., Tepnoscokuii B.b., Hecmepenxo A.A., Miponenxo JI.A.

TEOPETUYHE BUBYEHHSI CHHEKTPAJIBHUX XAPAKTEPUCTHK )
Ne-IIOAIBHUX NOHOB HA OCHOBI OIITUMI3OBAHOI PEJISITUBICTCBKOI
BAI'ATOYACTKOBI TEOPII 35YPEHBb

Pe3iome. TeopeTnuHe BUBYEHHS CHEKTPOCKOIIIYHUX XapaKTEPUCTUK Zn - Moi0HKUX Oararo3a-
PSAHUX 10HIB NMPOBOJUTHCS B paMKax peNsTUBICTCHKOI Teopli 30ypeHb Oaratbox Tul. B sikocTi
HYJbOBOTO HAOJIMKEHHS PEISATUBICTCHKOI Teopii 30ypeHb 0OpaHO ONTHMi30BaHe HAOIMKEHHS
Hipaka-Kona-Illema. OnTumizaiiisi BUKOHaHA [UIIXOM BBEJCHHS MapaMerpa B OOMIHHUI MOTEH-
mian Kona-Illema i moganemioi miHiMizamii kaniOpyBalbHO-HEIHBAPIaHTHUX BKIIAJIB B pajiailiii-
Hl IIMPUHU aTOMHUX PIBHIB 3 BUKOPUCTAHHSIM PENSTUBICTCHKOro 0aszucy opOiTanei, 3reHepoBa-
HOTO BI/IMOBITHUM TaMiJIbTOHIAaHOM HYJIbOBOTO HAOIMKEHHS.

Kurouosgi cioBa: PenstuBictcrka Teopis 30ypeHb, ZN- MoAi0H1 10HU.
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Indopmanis 15 aBTOPIiB HAYKOBOTO
30ipauka «Photoelectronics»
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* ONTOEJIEKTPOHIKA TAa ONTOEJTeKTPOHHI NPUJIAaH;
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I MS Giaf, Micro Calc Origin (opj).

Pykonucu HaICHJIAIOTHCS 32 a/IpPecolo:

Bian. cexp. Kyranosiit M. 1., Byn. Ilactepa, 42. ¢pi3. hak. OHY, m. Oneca, 65082
E-mail: photoelectronics@onu.du.ua

ten. 0482-726-63-56.

36ipnuku "Photoelectronics" snaxoosmuscs na caumi: http://photoelectronics.onu.edu.ua

o pykonucy 1o1am0TbCH:
1. Kogu PAC 1 VJIK. lommyckaeTbcsi BUKOPUCTAHHS IEKUIBKOX HIM(PIB, 110 PO3ALISAIOTHCS KOMAMH.
2. Ipi3Bumia i iHiIiaay aBTopiB.
3. YcraHoBa, MOBHA MOIITOBA ajipeca, Homep TeraeoHy, HoMep (akcy, aApecH eNeKTPOHHOI Mo-
IITH JUIs KOYKHOT'O 3 aBTOPIB.
4. Ha3zBa crarri.
5. Pestome o6csirom 10 200 ci1iB MUAIIETHCST aHDITIHCHKOI0, POCIMCHKOOIO 1 (11 aBTOpIB 3 YKpai-
HHU) — YKPATHCHKOIO MOBaMHU.
Texcm npyxysatu mpudrom 14 myHKTIB uepes ABa iHTepBasn Ha Oinomy mamnepi popmary A4. Ha-
3Ba CTATTI, & TAKOXK 3ar0JIOBKH MIAPO3/TIB APYKYIOTHCS MPOTUCHUMH JITEPAMH. .
Pisnanna neodxinHo npykysatu B penaktopi popmyn MS Equation Editor. HeoOxinHo naBatu Bu-
3HAUEHHSI BEJIMYMH, IO 3'SBISIFOTHCS B TEKCTI BIEPIIIE.
Ilocunanna Ha niTepatypy ApyKyBaTH 4Yepes JBa IHTEpBaJld, HyMEpyBaTUCS B KBaJPaTHUX JyKKaX
MOCITITIOBHO, Y TIOPSAKY IXHBOT MOSIBH B TeKCT1 cTarTi. [locunaTtucst HeoOXiHO Ha JiTepaTypy, 1o
Bujana mizHime 2000 poky.
ITionucu 1o pUCyHKIB 1 TaOJUIh JPYKYIOTHCS B TEKCTI PYKOMHCY B MOPSJIKY iXHBOT LTFOCTpaIlii.
Pestome o6csarom 1o 200 citiB APyKY€eThCS aHITIHCHKOIO, POCIHCHKOIO 1 YKPATHCHKOIO MOBaMH (15t
aBTOpiB 3 Ykpainu). Ilepen TekctoM pe3roMe BINOBIIHOIO MOBOIO BKa3ytoTbesd YK, npizBuia ta
1HII1aJIA BC1X aBTOPiB, Ha3Ba CTaTTI.
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Nudopmanus 1y aBTopoB
Hay4ynoro coopuuka «Photoelectronics »

B c6opuuke "Photoelectronics " meyararoTcsi craTbi, KOTOPbIE COAEPKAT CBEACHHUS O HAyYHBIX
HC-CJICIOBAHUSX M TEXHUYECKHUX Pa3pab0TKax B HAIIPABICHHSX:

* (pu3nka MoJIynpoOBOAHUKOB;

* rerepo- 1 HU3KOpPa3MepHbIe CTPYKTYPBbI;

* (pu3mka MHKPOIJIEKTPOHHBIX PHUOOPOB;

* IMHelHasl U HeJINHelHAsl ONITHKA TBEPAOro TeJia;
* ONTO3JIEKTPOHUKA U ONTO3JIEKTPOHHbIE TPUOOPHI;
* KBAHTOBasI JJICKTPOHUKA;

* CeHCOPHUKA

Co6opuuk'"Photoelectronics n3naércs Ha aHITIMIICKOM si3bIKe. PyKomuch momaeTcsi aBTOpoM B ABYX
AK3EMIUISIPAX HA AHTTIMHCKOM U PYCCKOM SI3bIKAX.

DJIEKTPOHHASI KOS CTATHH J0/KHA OTBEYATH CJIEIYIOIIHM TPeOOBAHUSIM:

1. lns Texcta nomyctuMel cienytoriue Gpopmare - MS Word (rtf, doc).

2. Pucynku npunumatores B popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word
N MS Giaf, Micro Calc Origin (opj).

Pykonucu npucsuIaloTcs mo ajpecy:
OtB. cexp. Kyranosoit M. U., yn. Ilactepa. 42. ¢pus. pak. OHY, . Onecca, 65026
E-mail:photoelectronics@onu.du.ua ten. 0482 - 726 6356 .

Cratpu c0."Photoelectronics " Haxomsitcst Ha caiite: http://photoelectronics.onu.edu.ua

K pykonucu npunaraercs:
1. Komper PAC u Y/IK. Jlonyckaercs ucrionb30BaHke HECKONBKUX MIH(DPOB, KOTOPBIE PA3ICIIFOTCS 3aIISITOM.
2. ®amMWIMKM 1 MHULMAIIBI aBTOPOB.
3. VupexsieHve, TIONHBIA TOYTOBBIH ajipec, Homep TenedoHa, Homep dakca, apeca JEKTPOHHOH TTOUThI
JULA KAXKZIOTO U3 ABTOPOB.

4. Ha3zBaHue cTarp.

5. Pestome oobeMom 10 200 coB MUILIETCS HA AHITMHCKOM, PYCCKOM SI3bIKAX U (117151 aBTOPOB U3 YKpauHbI)
— Ha YKPaUHCKOM.

Texcm nomxeH nedatarbes mpudrom 14 myHKTOB yepes Ba MHTEpBaia Ha Oeroi Oymare op-
Mmata A4. Ha3zBaHue cTaTby, a TaKkXKe 3aroJIOBKU MOJIpa3/IeIoB 1eYaTaoTcs MPONUCHBIMU OyKBaMU
U OTMEYAroTCs NOIYKUPHBIM IIPU(TOM.

Ypasnenus neobxoqumo neyarats B pepakrope popmya MS Equation Editor. Heooxomumo ma-
BaTh OIPEEICHUE BEJIMUNH, KOTOPbIE MOSABIISIOTCS B TEKCTE BIEPBHIE.

Ccbinku Ha TUTEPATypPy JOJDKHBI [1€4aTaThCsl 4epes 1Ba MHTEepBalla, HyMEepOBAaThCs B KBaIpaTHBIX
CKOOKax IMOCIIe0BaTeIbHO, B IOPSJIKE UX MOSBJICHUS B TEKCTE cTaThi. CChlIaThesi HEOOXOAUMO Ha
nuTeparypy, koropas nznana noszaaee 2000 roga.

Iloonucu x pucyHKam U TaOJIUIIaM [1€YaTaroTcs B TEKCTE PYKOIMCH B MOPSAAKE HX WUTIOCTPALIUU.

Peztome oobemom 10 200 ci10B neyaTaeTcsi Ha aHIIUHCKOM, PYCCKOM SI3bIKaX M Ha YKPauHCKOM
(U1 aBTOpoB M3 YKpauHsl). Ilepen TekcTOM pe3toMe COOTBETCTBYIOIIUM SI3BIKOM YKa3bIBAKOTCS
VK, damunum 1 MHULIKMAIBI BCEX aBTOPOB, HA3BaHHUE CTAaThU.
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Information for contributors of
«Photoelectronics» articles

“Photoelectronics” Articles publishes the papers which contain information about scientific
research and technical designs in the following areas:

e Physics of semiconductors;

¢ Physics of microelectronic devices;

e Linear and non-linear optics of solids;

¢ Optoelectronics and optoelectronic devices;
e Quantum electronics;

e Sensorics.

“Photoelectronics” Articles is defined by the decision of the Highest Certifying Commission as
the specialized edition for physical-mathematical and technical sciences and published and printed
at the expense of budget items of Odessa I.I. Mechnikov National University.

«Photoelectronics» Articles is published in English. Authors send two copies of papers in
English. The texts are accompanied by 3.5» diskette with text file, tables and figures. Electronic
copy of a material can be sent by e-mail to the Editorial Board and should meet the following
requirements:

1.The following formats are applicable for texts — MS Word (rtf, doc).

2. Figures should be made in formats — EPS, TIFF, BMP, PCX, JPG, GIF, WMF, MS Word [ MS
Giaf, Micro Calc Origin (opj). Figures made by packets of mathematical and statistic processing
should be converted into the foregoing graphic formats.

The papers should be sent to the address:

Kutalova M.I., Physical Faculty of Odessa I. I. Mechnikov National University, 42 Pastera str,
65026 Odessa, Ukraine, e-mail: wadz@mail.ru, tel. +38-0482-7266356. Information is on the site:

http://www.photoelectronics.onu.edu.ua

The title page should contain:

1. Codes of PACS

2. Surnames and initials of authors

3. TITLE OF PAPER

4. Name of institution, full postal address, number of telephone and fax, electronic address

An abstract of paper should be not more than 200 words. Before a text of summary a title of
paper, surnames and initials of authors should be placed.

Equations are printed in MS Equation Editor.

References should be printed in double space and should be numbered in square brackets
consecutively throughout the text. References for literature published in 2000-2009 years are
preferential.

[llustrations will be scanned for digital reproduction. Only high-quality illustrations will be
taken for publication. Legends and symbols should be printed inside. Neither negatives, nor
slides will be taken for publication. All figures (illustrations) should be numbered in the sequence
of their record in text.

For additional information please contact with the Editorial Board.
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