MINISTRY OF EDUCATION AND SCIENCE UKRAINE

ODESSA I. I. MECHNIKOV NATIONAL UNIVERSITY

DOOTOIIJIEKTPOHUKA

PHOTOELECTRONICS
INTER-UNIVERSITIES SCIENTIFIC ARTICLES

Founded in 1986

Number 27

ODESSA
ONU
2018



«PHOTOELECTRONICS» «®OTOIIEKTPOHUKA»

Ne27-2018 Ne 27-2018
INTER-UNIVERSITIES SCIENTIFIC MEKBEJJOMCTBEHHBIN HAYYHBIN
ARTICLES CBOPHUK
Founded in 1986 OcHoBan B 1986 1.
Certificate of State Registration Ceuoemenvcmeso o ITocyoapcmeennot
KB Ne 15953 peaucmpayuu KB Ne 15953

UDC 621.315.592:621.383.51:537.221

The results of theoretical and experimental studies in problems of the semiconductor and micro-electronic devices physics,
opto- and gantum electronics, quantum optics, spectroscopy and photophysics of nucleus, atoms, molecules and solids are presented
in the issue. New directions in the photoelectronics, stimulated by problems of the super intense laser radiation interaction with
nuclei, atomic systems and substance, are considered. Scientific articles «Photoelectronics» collection abstracted in BUHUTU and
«JLxepeno»

Scientific articles «Photoelectronics» collection abstracted in: Scientific Periodicals in National Library of Ukraine Vernadsky,
Ukrainian Abstract Journal, Ykpainika nayxoBa, BUHUTU, [Ixxepeso, Ykpainceki Haykosi skypHamu: The issue is introduced to the
List of special editions of the Ukrainian Higher Certification Com—mission in physics-mathematics and technical sciences.

For lecturers, scientists, post-graduates and students

V 30ipHUKY HaBEJEHO PE3yNIbTaTH TEOPETHYHHX 1 eKCIIePUMEHTAIBHHUX IOCIIKEHb 3 MUTaHb (i3UKM HAMIBIIPOBITHUKIB Ta
MIKPOEJIEKTPOHHUX MPUIAJIB, ONTO- Ta KBAHTOBOI €JIEKTPOHIKH, KBAHTOBOI ONTHKH, CIIEKTPOCKOIIii Ta (oTO(DI3NKH AApa, aTOMIB,
MOJIEKYJI Ta TBEP/MX TiJ1. PO3IIsIHY TO HOBI HAIIPSIMKH PO3BHUTKY (POTOCIIEKTPOHIKH, TOB'sI3aHi i3 3a/1a4aMK B3aeMO1i1 Ha/[IHTEHCHBHOTO
JIa3epHOTO BHIIPOMIHIOBaHHS 3 IpOM, aTOMHUMH CHCTEMaMH, PEYOBHHOIO.

30ipHuKk BKmoueHo a0 [lepeniky cnenianpaux Bunanb BAK Ykpainu 3 ¢hisnko-maTeMaTnyHuX Ta TEXHIYHUX HayK.

36ipHuk pedepyetbest: Scientific Periodicals in National Library of Ukraine Vernadsky, Ukrainian Abstract Journal, Ykpainika
HaykoBa, BUHUTU, /Ixepeno, YkpaiHCbKi HayKOBi )KypHAIN

Jlns BUKI1a1a4iB, HAYKOBHUX MPALliBHUKIB, aCMIPaHITB, CTYACHTIB

B cOopHuke npuBeneHbI pPE3ynbTaThl TEOPETHUECKMX M IKCIEPHMEHTAIBHBIX HCCIEAOBAaHMH IO BompocaM (H3HKH
MOJTYTIPOBOJIHUKOB M MUKPOJICKTPOHHBIX MPHUOOPOB, ONTO- U KBAHTOBOH DJIEKTPOHHMKH, KBAHTOBOH ONTHKH, CIIEKTPOCKOIIUH H
(hoTou3NKH SAIpa, aTOMOB, MOJICKYJ M TBEPABIX TeJI. PacCMOTpEHBI HOBBIE HAIIPAB JICHUS PAa3BUTHS ()OTONICKTPOHHUKH, CBSI3aHHBIC
C 3aJja4aMH B3aUMOJEHCTBHUS CBEPXHMHTEHCUBHOTO JIA3€PHOTO U3ITyYEHHs C SAPOM, AaTOMHBIMU CHCTEMAMH, BEIL[ECTBOM.

Co6opuuk BritodeH B CriMcok crieruanbHbix u3nanuid BAK YkpauHsl o (GU3HKO-MaTeMaTHYECKUM M TeX "HHYECKUM HayKaM.
Co6opuuk «Photoelectronics» pedepupyercs B Scientific Periodicals in National Library of Ukraine Vernadsky, Ukrainian Abstract
Journal, Ykpainika nayxosa, BUHUTU, [[xepeno, YkpaiHCbKi HayKOBI1 KypHAIN

Jlnst penofiaBarenieid, HayYHbIX PaOOTHHUKOB, ACITUPAHTOB, CTYJICHTOB

Editorial board «Photoelectronics»:

Editor-in-Chief V. A, Smyntyna

Kutalova M. I. (Odessa, Ukraine, responsible editor);
Vaksman Yu. F. (Odessa, Ukraine);

Litvchenko V. G. (Kiev, Ukraine);

Mokrickiy V. A. (Odessa, Ukraine);

Starodub N. F. (Kiev, Ukraine);

Vikulin I. M. (Odessa, Ukraine).

Kurmachov Ch.D.(Odessa,Ukraaine)

Borshcak V.A.(Odessa,Ukraine)

Address of editorial board:

Odessa I. I. Mechnikov National University 42, Pasteur str., Odessa, 65026, Ukraine
Information is on the site: http://phys.onu.edu.ua/journals/photoele/
http://experiment.onu.edu.ua/exp_ru/files/?

e — mail:photoelectronics@onu.edu.ua.

© Odessa I. I. Mechnikov National University, 2018



TABLE OF CONTENTS:

A. P. Chebanenko, A. V. Polischuk
ELECTRICAL PROPERTIES OF STRUCTURES BASED
ON NANOCRYSTALS CdS IN GELATIN MATRIX ..o 5

O. A. Antoshkina, O. Yu. Khetselius, M. P. Makushkina, A. V. Smirnov
THE HYPERFINE STRUCTURE OF HEAVY ELEMENTS ATOMS
WITHIN RELATIVISTIC MANY-BODY PERTURBATION THEORY ... 10

Yu. A. Nitsuk, A. S. Leonenko, Yu. F. Vaksman, G. V. Korenkova, V. A. Smyntyna, le V. Brytavskyi
PHOTOLUMINESCENCE OF CdSe:Ni NANOPARTICLES OBTAINED
BY CHEMICAL METHOD ....coooiooieeee et e e e e e e eeeaens 18

V. V. Buyadzhi, T. B. Tkach, A. P. Lavrenko, E. S. Romanenko
SPECTROSCOPY OF MULTICHARGED IONS IN PLASMAS:
OSCILLATOR STRENGTHS OF Be-LIKE IONS GaXXVIII and GeXXIX......ooveeevuveveenn... 24

T I Lavrenova, V. A .Borshchak, N. P. Zatovska, M. I. Kutalova
SOLDER FOR FORMATION OF CONTACTS TO CONVERTERS
OF OPTICAL AND X-RAY IMAGES INTO THE ELECTRICAL SIGNAL................... 30

E. V. Ternovsky, V. V. Buyadzhi, A. V. Tsudik, A. A. Svinarenko
RELATIVISTIC CALCULATION OF RYDBERG
AUTOIONIZATION STATES PARAMETERS IN SPECTRUM OF BARIUM..................... 34

A. V. Glushkov, A. V. Tsudik, D. A. Novak, O. V. Dubrovsky

CHAOTIC DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE WITH
ACCOUNTING FOR SPACE CHARGE FIELD AND DISSIPATION EFFECTS:

NEW EFFECTS ...ttt e e et e e e et e e e eaae e e e eenaaeeesenaneeeans 44

L. M. Filevska
LUMINESCENCE OF NANOSCALE TIN DIOXIDE. REVIEW ..ot 52

A. V. Ignatenko, A. V. Glushkov, Ya. I. Lepikh, A. S. Kvasikova
PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES:
OPTIMIZED GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH ....... 60

O. Yu. Khetselius, A. L. Mykhailov, E. A. Efimova, R. E. Serga

WAVELENGTHS AND OSCILLATOR STRENGTHS FOR Li-LIKE

MULTICHARGED IONS WITHIN RELATIVISTIC MANY-BODY

PERTURBATION THEORY .....oooiiiiiie ettt e e e e e en 69



S. S. Kulikov, Ye. V. Brytavskyi, M. I. Kutalova, N. P. Zatovskaya

V. A. Borshchak, N. V. Konopel skaya, Y. N. Karakis

THE STUDY OF CADMIUM SULFIDE HETEROGENEOUSLY

SENSITIZED CRYSTALS. RELAXATION CHARACTERISTICS. PART II........cccceveueeee. 79

A. A. Kuznetsova, A. A. Buyadzhi, M. Yu. Gurskaya, A. O. Makarova

SPECTROSCOPY OF MULTIELECTRON ATOM IN A DC

ELECTRIC FIELD: MODIFIED OPERATOR PERTURBATION

THEORY APPROACH TO STARK RESONANCES .....ooiiiiieiieeee e 94

A. A. Mashkantsev, A. V. Ignatenko, S. V. Kirianov, E. V. Paviov
CHAOTIC DYNAMICS OF DIATOMIC MOLECULES
IN AN ELECTROMAGNETIC FIELD ....oooiiiiiiiiiiiieienieeee et 103

A. A. Svinarenko, V. B. Ternovsky, 1. S. Cherkasova , D. A. Mironenko

THEORETICAL STUDYING SPECTRA OF YTTERBIUM ATOM

ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION

THEORY: DOUBLY EXCITED VALENCE STATES ......cooooiiieei e 113

V. B. Ternovsky, A.A. Kuznetsova, A.V. Glushkov, E.K. Plysetskaya
RELATIVISTIC OPERATOR PERTURBATION THEORY IN SPECTROSCOPY
OF MULTIELECTRON ATOM IN AN ELECTROMAGNETIC FIELD.......cccccccceeviienrrannnnnn 121

V. V. Halyan, I. D. Olekseyuk, I. A. Ivashchenko, A. H. Kevshyn, P. V. Tishchenko, M. V. Shevchuk
OPTICAL PROPERTIES OF THE Ag, Ga, Ge, ErS . AND Ag Ga Ge, ErS

271123 27483

GLASSES .ttt ettt sttt ettt ettt ettt e 131
BAJIEHTUHY AHJPIHOBUYY CMUHTUHI — 70! ........oeooeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeee e 137

NHOOPMALIA JIS1 ABTOPIB HAYKOBOI'O 3BIPHUKA «PHOTOELECTRONICS».. 140

[HOOPMAILIMA U1 ABTOPOB HAYUYHOI'O CBOPHUKA «PHOTOELECTRONICS» ... 141

INFORMATION FOR CONTRIBUTORS OF «PHOTOELECTRONICS» ARTICLES......... 142



PACS 73.61.LE, 73.63.BD

A. P. Chebanenko, A. V. Polischuk

Odessa I. I. Mechnikov National University, Dvoryanskaya str.,2, Odessa, 65082, Ukraine,
e-mail: chebanenko@onu.edu.ua

ELECTRICAL PROPERTIES OF STRUCTURES BASED ON NANOCRYSTALS CdS
IN GELATIN MATRIX

The electrical characteristics of composite structures based on nanocrystals of cadmium sulfide in a gelatin matrix
are studied. It is shown that in the freshly prepared structures, an electric field is formed, which irreversibly increases
the electrical resistance of the structures. A complicated form of the temperature dependence of the current is obtained,
which is associated with the participation in the current transport of " and OH" ions in the low-temperature region and
electrons arising from rupture of n-bonds in the high-temperature region.

1. Introduction

The optical and electronic properties of semi-
conductor nanocrystals differ significantly from
those for macrocrystalpic matter and depend on
the particle size. Such semiconductors, due to
the quantization effect [1], make it possible to
control their optical, electrical and structural
properties, changing only the particle sizes.

Polycrystalline semiconductor films lose
their positions in electrical engineering and they
are replaced by polymer films with nanocrystals
embedded in them. One of the most suitable for
use in creating such structures are semiconduc-
tor compounds of the 425¢ group and, in par-
ticular, cadmium sulfide. This material is prom-
ising for use in light-emitting devices, since all
colors can be obtained by varying the size of the
nanocrystal, which makes such structures uni-
versal. The literature contains information on
the preparation of structures with CdS nanocrys-
tals in the gelatin matrix, their optical and lu-
minescence characteristics [2-4] are described.
However, there is practically no information
on the electrical properties of such structures.
At the same time, in the excitation of lumines-
cence by an electric field, electronic processes
play a decisive role in such structures. In this
paper, a probable mechanism of electronic pro-
cesses that determine the electrical conductivity
of composite structures with CdS nanocrystals
in a gelatin matrix is considered.

2. The film’s fabrication methods and
experiment

The structures studied were prepared by
chemical synthesis from aqueous solutions of
cadmium nitrate (0.025 M) and sodium sul-
phide (0.25 M). The synthesis of nanocrystals of
cadmium sulphide occurred at a temperature of
+40 ° C in an aqueous solution of photographic
gelatin. Gelatin has all the necessary qualities for
its use as matrices for semiconductor nanocrys-
tals. Gelatin molecules consist of three polypep-
tide spiral chains. These chains are interconnect-
ed by a limited number of cross-links (so-called
c-bonds) that support the structure of the molecule
[5]. Such a structure does not allow the formation
of rigid crystalline blocks and is convenient for
creating matrix systems, since it has many cells,
where molecules of the most diverse substances
can enter under suitable conditions. Thus, gela-
tin molecules in an aqueous solution form a kind
of skeleton that divides the which nucleation of
nanocrystals and their subsequent growth takes
place. Obviously, the more the volume released
(ie the less the gelatin concentration), the more
reagents it will be in and the more likely will be
the formation of nuclei of nanocrystals followed
by their fusion. Therefore, the dimensions of CdS
nanocrystals depend on the concentration of the
gelatin solution.

At the end of the reaction, a solution of cad-
mium sulfide nanocrystals was deposited on
glass substrates coated with a conductive SnO,



layer. After drying of the gelatin with the CdS
nanocrystals embedded in their bulk, an upper
electrode of the In-Ga alloy was deposited onto
the films. Thus, the investigated composite struc-
tures located in the interelectrode space were
packed chaotically located gelatin molecules, in
the space between which CdS nanocrystals are
located and also water molecules, ionic products
of the chemical synthesis of Na*, NO3, formed
as a result of hydrolysis of polymer molecules
ions H¥and OH™. The films had a thickness of
20-50 pm. The concentration of CdS nanocrys-
tals in the polymer matrix was about 5 wt%.
Measurements of the optical absorption spectra
showed that the with of the band gap E, of the
CdS nanocrystals studied is 2.68 eV, which is
much higher than the value for single crystals
(Eg ~ 2.4 eV) and is due to the size-quantization
effect. The obtained result allowed to calculate
[1] the dimensions of nanocrystals of cadmium
sulfide, which turned out to be within 12-14 nm.

3. Results and discussion

Figure 1 shows the current-voltage character-
istics (I-V characteristic) freshly prepared struc-
tures measured at constant voltage. Curve 1 is
measured in order of increasing applied voltage,
and curve 2 is in order of decreasing voltage.
When measuring curve 1 on the I-V character-
istic, significant instabilities and chaotic oscilla-
tions of the current were observed, which disap-
peared when the voltage applied to the structure
was 600-700 V. After this, the I-V characteristic
measured in order of decreasing applied voltage
(curve 2) was stable and reproducible in subse-
quent measurements, regardless of whether they
were made in order of increasing or decreasing
the applied voltage. Thus, in the freshly pre-
pared structure, an electric field is formed, as a
result of which the resistance of the composite
layer increases by more than an order of mag-
nitude. The mechanism of current flow in simi-
lar polymer matrices can be determined both by
transport of carriers by means of ions, and by
“jumping” electrons through free radical bonds
of the molecular skeleton of the matrix element
in the direction corresponding to the polarity of
the applied voltage [6]. Electric molding in fresh-
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ly prepared samples can be caused by a reorienta-
tion and a change in the spatial arrangement of
gelatin molecules under the action of an electric
field. It is possible to polarize gelatin molecules
as a result of hydrolytic destruction of some of
the weak m-bonds and the formation of polar re-
gions with uncompensated electrons. A necessary
condition for rupture of m-bonds is the folding of
gelatin molecules in a strong electric field. This
reduces the number of current-conducting ion
channels by compaction of the gelatin layer and,
as a consequence, leads to an increase in the re-
sistance of the matrix element.

A linear section is observed on the current-
voltage characteristic of the formed structure at
low voltages, which, in the region of stresses
exceeding 100 V, is replaced by a section of the
power-law dependence of the current on the
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Fig. 1. The current-voltage characteristics of a nano-
crystal structure CdS in the gelatin matrix. (T =295 K).

voltage described by the law I = const - V"
I = const - V™, where n = 1,8-2. Since in the
region of these stresses the average electric
field strength in the composite layer reaches

(2—5) - 10* V / m, this behavior of the I-V
characteristic can be related to the establish-

ment of a current flow regime limited by the
space charge [7] in the composite layer, as was



the case in polymer films of polydiphenylene-
phthalide, described in [8].

In Fig. 2 shows the current-voltage charac-
teristics of the molded structure measured at
a constant (curve 1) and alternating (curve 2)
voltage. It can be seen that the current-voltage
characteristic measured at alternating voltage
remains linear up to voltages of 600 V. This in-
dicates that the quadratic section of the current-
voltage characteristic measured at constant volt-
age is actually due to the flow in the composite
of currents limited by the space charge, and is
not related to the sample self-heating flowing
current [9].
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Fig. 2. Current-voltage characteristics of a nanocrys-
tal structure CdS, measured at constant (1) and alter-
nating (2) voltages (T = 295 K).

In Fig. 3 shows the temperature dependence
of the dark current (TDDC) of the structure
under study. You can see that it has a complex
view. At low temperatures, the current increases
exponentially with an increase in temperature
with an activation energy of 0.65 eV. When the
temperature reaches about 340 K, a maximum
is observed on the TDDC curve. Further, there
is a tendency to an insignificant decrease in the
current, which, with a further increase in tem-
perature, is again replaced by a segment of its
exponential growth with an activation energy of
0.2 eV. When the temperature reaches about 380
K, a second maximum is observed on the TDDC

curve. With further heating of the sample, the
current begins to decrease randomly. The TDDC
curve, measured in the order of cooling of the
sample, shows that the current decrease also
takes place exponentially. However, the activa-
tion energy of the conductivity turns out to be
much larger and amounts to 1.2 eV.

This behavior of TDDC can be explained as
follows. In gelatin molecules along polypeptide
chains, there are a large number of weak hydro-
ge_{l bonds (n-bonds), which, in the main, retain

ions and also hydroxyl groups

I A
10

24 26 28 3 3,2 3,4 36
10°, K'

Fig.3. The temperature dependence of the dark cur-
rent of the investigated structure. (V=50 B).

OH " [5]. With an increase in temperature due to
the energy of thermal motion, these bonds are
destroyed, as a result of which the concentra-
tion of current carriers, which are H™ and 0H~
ions, increases. Then the regions on TDDC with
activation energies of 0.65 eV and 0.2 eV can be
associated with the liberation of H* and OH ™~
ions, respectively. At a temperature of about 420
K most of the n-bonds are destroyed. However,
the broken bonds (as a result of the escape of
the H +ion) acquire a negative charge, since un-
compensated, so-called m-electrons remain on
them. Further, in the gelatin, the conjugation
effect can be manifested, consisting in the fact
that the «clouds» of m-electrons of all atoms that
form double bonds on a certain section of the
molecular chain are established in one plane
and overlap [10]. In this case, the m-electrons
are no longer localized, but belong to the entire
conjugate system. In the presence of conjuga-

7



tion, the length of the bonds is aligned. There-
fore, such systems are characterized by higher
stability than non-conjugated systems. With an
increase in the length of the conjugation chain,
the electrical conductivity of the polymer as a
whole increases, since now within the conjuga-
tion chain the n-electrons of the macromolecule
move both in a single potential well with a pe-
riodic potential determined by the structure of
the chain. However, the motion of an clectron
along the conjugation chain is not a sufficient
condition for the conductivity of the polymer.
It is required that charge carriers can pass from
one molecule to another, i.e. from one interface
system to another. Such intermolecular transi-
tions are realized by means of activation over-
coming of potential barriers between molecules
and require energy expenditure. If we assume
that during the cooling of the sample from 440
K to room temperature, the predominant cur-
rent flowing mechanism is the above, then the
value of the activation energy of conductivity
obtained from TDDC characterizes the height of
potential barriers between molecules overcome
by m-electrons.

4. Conclusions

The electric molding of freshly prepared
structures, leading to an irreversible increase
in the resistance of the composite layer, is due
to the spatial reorientation of gelatin molecules
under the action of an electric field. The elec-
trical conductivity with CdS nanocrystals and
its change with increasing temperature are de-
termined by the free H * and OH ions, which
result from the destruction of n-bonds in gela-
tin molecules. At high temperatures, conductiv-
ity is determined by m-electrons, which freely
move along the conjugation chains of gelatin
molecules and perform activation transitions
between molecules with the overcoming of in-
termolecular potential barriers.
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A. P. Chebanenko, A. V. Polischuk

ELECTRICAL PROPERTIES OF STRUCTURES BASED ON NANOCRYSTALS
CdS IN GELATIN MATRIX

Abstract. The electrical characteristics of composite structures based on nanocrystals of cad-
mium sulfide in a gelatin matrix are studied. It is shown that in the freshly prepared structures, an
electric field is formed, which irreversibly increases the electrical resistance of the structures. A
complicated form of the temperature dependence of the current is obtained, which is associated
with the participation in the current transport of H" and OH™ ions in the low-temperature region and
electrons arising from rupture of n-bonds in the high-temperature region.

Keywords: cadmium sulphide, nanocrystals, gelatin films, electrical conductivity.
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SJIEKTPUUECKUE CBOMCTBA CTPYKTYP HA OCHOBE HAHOKPUCTAJLJIOB
CdS B KEJATUHOBOUW MATPUIIE

Pe3rome. lccrnenoBaHbl IIEKTPUYECKUE XAPAKTEPUCTUKU KOMIIO3UTHBIX CTPYKTYpP Ha OCHOBE
HaHOKPHUCTAJUIOB Cylb(uIa KaMuUs B )KeJaTUHOBOM Marpuie. [Toka3zaHo, 4TO B CBEXKETIPUTOTOB-
JICHHBIX CTPYKTYypax MMeeT MeCTO (OPMOBKA HIIEKTPUUYECKUM TI0JIEM, KOTOpas HEOOpaTUMO MO-
BBIIACT €JIEKTPUUECKOE COIPOTUBIICHUE CTPYKTYp. lloiydeH CiIoKHBIN BHUJ TEMIIEpaTypHOU 3a-
BHCHMOCTH TOKa, KOTOPBIN CBA3BIBAETCS C yUaCTHEM B TOKoNepeHoce nonoB H* u OH™ B oOnactu
HU3KHUX TEMIIEpaTyp U AJIEKTPOHOB, BO3HUKAIOIIMX B pE3ylbTaTe pa3pbiBa M-CBsi3ei, B 001acTH
BBICOKHX TEMIIEparyp.

KarwoueBble cioBa: cynbpua KaaMusi, HAHOKPUCTAJUIBL, TUICHKH KeJaTuHa, 3IEKTPOIPOBO/I-
HOCTB.
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EJIEKTPUYHI BTACTUBOCTI CTPYKTYP HA OCHOBI
HAHOKPHUCTAJIIB CdS B )KEJJATUHOBII MATPUIII

Pe3tome. JlocnimkeHO eNeKTPUYHI XapaKTePUCTUKHA KOMIIO3UTHUX CTPYKTYP Ha OCHOBI HAHO-
KpHUCTaJIB Cynb(}iqy KaJMito B keJaTHHOBIHM Marpuui. [lokazaHo, 110 y CBI’KOBUTOTOBJIEHUX CTPYK-
Typax Mae€ micue (OpMOBKa EIEKTPUYHUM I0JIEM, SIKa HEOOOPOTHO MiIBUIILYE EICKTPUUHUN OTIip
CTpyKTyp. OTpUMaHO CKJIaJHUHM BUIVIAJ TEMIEPATYPHOI 3aJI€KHOCTI CTPYyMY, SIKUH TOB’SI3y€ThCS
3 y4acTio y ctpymorepeHoci ioniB H* ta OH™ B 061acTi HU3bKHX TEMIIEparyp i JIEKTPOHIB, BU-
HUKAIOYUX B pPe3yJIbTaTi pyiHHYBaHHS 7T-3B°sI3KiB B 00JIACTI BUCOKUX TEMIIEpaTyp.

Karouosi ciioBa: cynbdin kaamito, HAHOKPUCTAIH, IJTIBKYU JKEJIAaTHHY, €JIEKTPOIIPOBIHICTb.
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THE HYPERFINE STRUCTURE OF HEAVY ELEMENTS ATOMS WITHIN
RELATIVISTIC MANY-BODY PERTURBATION THEORY

The hyperfine structure and electric quadrupole moment of the mercury isotope are estimated 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 correlation
effects 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 RHF, RMPT methods calculations is explained by using the different schemes of

taking into account the inter-electron correlations.

1. Introduction

The research on the hyperfine structure char-
acteristics of the heavy neutral and highly ion-
ized atoms is of a great fundamental importance
in many fields of atomic physics (spectroscopy,
spectral lines theory), astrophysics, plasma
physics, laser physics and so on (see, for exam-
ple, refs. [1-37]). The experiments on the defini-
tion of hyperfine splitting also enable to refine
the deduction of nuclear magnetic moments of
different isotopes and to check an accuracy of
the various calculational models employed for
the theoretical description of the nuclear effects.
The multi-configuration relativistic Hartree-
Fock (RHF) and Dirac-Fock (DF) approaches
(see, for example, refs. [1,2]) are the most re-
liable versions of calculation for multi-electron
systems with a large nuclear charge. Usually, in
these calculations the one- and two-body rela-
tivistic effects are taken into account practically
precisely. It should be given the special atten-
tion to three very general and important comput-
er systems for relativistic and QED calculations
of atomic and molecular properties developed
in the Oxford and German-Russian groups etc
(“GRASP”, “Dirac”; “BERTHA”, “QED”, “Di-
rac”) (see refs. [1-4] and references there).

In the present paper we present the calcu-
lational results for the hyperfine structure and
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electric quadrupole moment of the isotope %; ra

estimated within the relativistic many-body per-
turbation theory formalism with a correct and
effective taking into account the exchange-cor-
relation, relativistic, nuclear and radiative cor-
rections [3,4,10-20]. Analysis of the data shows
that an account of the interelectron correlation
effects is crucial in the calculation of the hyper-
fine structure parameters.

2. Relativistic method to computing hyperfine
structure parameters of atoms and ions

Let us describe the key moments of the ap-
proach (more details can be found in refs.
[3,4,10-20]). 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 nuclear model used for
the Cs isotope is the independent particle model
with the Woods-Saxon and spin-orbit potentials
(see refa. [3,4]). Let us consider in details more
simple case of the Li-like ion. We set the charge
distribution in the Li-like ion nucleus p(7) by the
Gaussian function:



pAR)= (473 2 /\x )CXP(— v )

where y=4/zR’ and R is the effective nucleus ra-
dius. The Coulomb potential for the spherically
symmetric density p(7) is:

Vnucl(V|R) = —((l/r)?dr'rlzp(r'
0
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Consider the DF type equations. Formally
they fall into one-electron Dirac equations for
the orbitals with the potential V(r|R) which in-
cludes the electrical and the polarization poten-
tials of the nucleus; the components of the Har-
tree potential (in the Coulomb units):

Mot =1 dplet) - 71 (4)

Here p(di) is the distribution of the electron
density in the state | i >, V_is the exchange in-
ter-electron interaction. The main exchange and
correlation effects will be taken into account in
the first two orders of the PT by the total inter-
electron interaction [3,4].

A procedure of taking into account the radia-
tive QED corrections is in details given in the
refs. [4,44]. 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 po-
tential is usually written as follows:
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where g=r/(aZ). In our calculation we use more
exact approach [3]. The Uehling potential, deter-
mined as a quadrature (6), may be approximated
with high precision by a simple analytical func-
tion. The use of new approximation of the Ue-
hling potential permits one to decrease the calcu-
lation 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 an idea by
Ivanov-Ivanova et al [38-41], which generalizes
the known hydrogen-like method by Mohr and
radiation model potential method by Flambaum-
Ginges (look details in Refs. [4,44,45]). The ra-
diative shift and the relativistic part of energy in

an atomic system are, in principle, defined by
one and the same physical field [38]. One could
suppose that there exists some universal func-
tion that connects the self-energy correction and
the relativistic energy. Its form and properties
are in details analyzed in Refs.[4,45]. 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 mag-
netic dipole interactions are defined by a stand-
ard way with the hyperfine structure constants,
usually expressed through the standard radial
integrals:

A={[(4,32587)107Z ygi] /(417 -1)}(RA).2,

B={7.2878 107 Z2Q/[(4/-1)I(I-1)} (RA)s, 7)
Here g, is the Lande factor, Q is a quadruple
momentum of nucleus (in Barn); (R4) ,, (RA)
are the radial integrals usually defined as fol-
lows: "
[dmr F(r)G(r)U(l/r ,R)
(R4) ,=

(RA)_, = [arr ®)
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 equations. To define the
hyperfine interaction potentials U(1/r",R), we
use the method by Ivanov et al [11]. The key
elements of the optimized relativistic energy ap-
proach to computing oscillator strengths are pre-
sented in [39,41,42,46-53]. Let us remind that
an initial general energy formalism combined
with an empirical model potential method has
been developed by Ivanov-Ivanova et al [11],
further more general ab initio gauge-invariant
relativistic approach has been presented in [42],
where the calibration of the single model poten-
tial parameter b has been performed on the basis
of the special ab initio procedure within rela-
tivistic energy approach (see also [4,45]). All
calculations are performed on the basis of the
numeral code Superatom-ISAN (version 93).
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3. Results and Conclusions

In this subsection we present experimental
data and the results of the calculation of the
HFS constants and the nuclear quadrupole mo-
ment for the radium isotope. In Table 1 we list
the experimental and calculational data on the
magnetic dipole constant HFS A (MHz) for the
223 Ra 78Tp 'P, °P , °P, states. The data are ob-
tained on the basis of calculations in the frame-
work of the standard uncorrelated DF method,
MKDF method with taking into account for the
Breit and standard QED corrections, the relativ-
istic configuration interaction method with tak-
ing into account for the correlation corrections
within the random phase approximation (RCI-
RPA) [6], as well as our results (Gaussian model
for charge distribution in the core) [2,3,6,7].

It is important to note that the key quantita-
tive factor in the agreement of the theory with
experiment is associated with a correct allow-
ance for interelectronic correlations, an amend-
ment to the finite size of the nucleus, and Breit
and QED radiation effects [3,4].

Table 1

The experimental and calculational data on
the magnetic dipole constant HFS A (MHz)

for the 2§§ Ra 7s7p 'P, P, °P, states (see text)

different versions of the DF method. The key
difference between the results of the calcula-
tion in the framework of our approach and the
MCDF is due to different methods of taking into
account the electron-electron correlations. The
contributions of higher-order QED TV correc-
tions and corrections for the finite core size can
reach 1-2 tens of MHz, and it seems obviously
important to consider them more correctly. In
addition, it is necessary to take direct account of
nuclear polarization contributions, which can be
done within the framework of solving the cor-
responding nuclear problem, for example, using
the shell model with Woods-Saxon and spin-
orbit potentials. Such an approach is outlined in
Refs [3,4].

In Table 2 we present the measured values
of the nuclear quadrupole moment Q (in barns)
for the isotope, obtained experimentally by the
ISOLDE Collaboration group (CERN) based on
various methods (see [6]). In addition, this table
presents the calculated values of the nuclear
quadrupole moment Q (in barns) for the iso-
tope, obtained on the basis of calculations in the
framework of the methods of MKDF (including
Breit and QED corrections), relativistic many-
particle TV (RMBPT) and our data (taken from
works [2,3,6,7] and references in them).

Method/ P, P, P, Table 2.
State The values of the electric quadrupole mo-
oF 2659 | 803.97 | 36722 ment Q (in barns) for isotope of %33 Ra
MCDF -330.3 | 12519 | 737.1 Method Q (barn)
(Breit+QED) MCDF (Breit+QED) 1.21 (0.03)
RCI-RPA | -242.4 - - RMBPT 1.28
QED theory 1.22
Our data -339.1 1209 704.5 Our data 1.213
Exp. -344.5 | 1201.1 | 699.6 Pykko, Recommend. 1.221 (old)
(0.9) (0.6) (3.3) 1.210 (new)
ISOLDE 1.254 (0.003)
The analysis shows that the contribution due Collaboration fs Rall 10.066]
to the electron — electron correlations to the val- Wendt et al, fs Ral 1.19 (0,12)
ues of the HFS constants is ~ 100—-500 MHz for ISOL,DE 1.190 (0,007)
various states. This circumstance explains the Collaboration fs Ral 10,126}
low degree of consistency in accuracy of the ISOLDE 1.2
Collaboration B(E2)

data provided, obtained in the framework of
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Our final data lie between the latest experi-
mental values of the Wendt group (ISOLDE
Collaboration), but have less error definitions.

The fundamental reason of physically rea-
sonable agreement between theory and experi-
ment is connected with the correct taking into
account the inter-electron correlation effects,
nuclear (due to the finite size of a nucleus), rela-
tivistic and radiative corrections.

The key difference between the results
of the RHF, RMPT methods calculations is ex-
plained by using the different schemes of taking
into account the inter-electron correlations. The
contribution of the PT high order effects and nu-
clear contribution may reach the units and even
dozens of MHz and should be correctly taken
into account. So, it is necessary to take into ac-
count more correctly the spatial distribution
of the magnetic moment inside a nucleus (the
Bohr-Weisskopf effect), the nuclear-polariza-
tion corrections etc too. These topics require the
separated accurate treatment.
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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
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PACS 31.30.Gs
0. A. Anmowxkuna, O. FO. Xeyenuyc, M. I1. Maxywxuna, A. B. CmupHnos

CBEPXTOHKAS CTPYKTYPA TSIKEJIBIX ATOMOB B PAMKAX
PEJIITUBUCTCKOM MHOI'OYACTHYHOM TEOPUU BO3MYIIEHUI

Pesrome

[TapaMeTpbl CBEPXTOHKOW CTPYKTYPBI U 3JIEKTPUYECKUI KBaJAPYIOJIbHBI MOMEHT U30TOIIA pa-
JIOHA PAaCCYUTAHbI HA OCHOBE PENSTUBHCTCKOW MHOTOYaCTUYHON TEOPUH BO3MYIICHHH C 3 dek-
TUBHBIM aKKYPaTHBIM y4e€TOM 00MEHHO-KOPPESIIUOHHBIX, PEIATUBUCTCKUX, SACPHBIX U PaIUaln-
OHHBIX TMOTNPABOK. AHAJIN3 JAHHBIX MMOKA3bIBACT, YTO yUeT 3(PPEKTOB MEKINEKTPOHHOU KOppes-
LM UMEET KPUTHUECKOE 3HAYCHHE IIPU BBIYUCIICHUU I1APAMETPOB CBEPXTOHKON CTPYKTYphl. Pu-
3UYECKH Pa3yMHOE COINIACHE TEOPHH U MPELHU3UOHHOTO HKCIIEPUMEHTA MOXKET OBITh 00€CIIeYeHO
Onarozapst MOJTHOMY TOCJE0OBATEIFHOMY YUETY MEXKIJICKTPOHHBIX KOPPEISIHOHHBIX 3(PPEKTOB,
SJIEPHBIX, PEIATUBUCTCKUX U paJUuallMOHHBIX MONPaBoK. KiroueBoe pasnuune MexIy pe3yibra-
TaMH pacyeToB B npuoOmmkeHusx /lupaka-Doka, pa3InyHbIX Bepcusx (popmainzMa TEOpUH BO3-
MYIICHUI B OCHOBHOM CBSA3aHO C MCIIOJIb30BAaHUEM PA3IUYHBIX CXEM y4eTa MEXKIIEKTPOHHBIX KOp-
peTsLMiA.

KuroueBbie cioBa: CBepXTOHKasi CTPYKTypa - TSDKEJIbIA aTOM - PEISITUBUCTCKAsl TEOpUs BO3-
MYILICHUH - KOPPEIALUOHHBIE, IEPHBIC, paAUalliOHHBbIC [TOIIPABKU
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HAJTOHKA CTPYKTYPA BAJKKHUX ATOMIB B PAMKAX
PEJSITUBICTCHKOI BATATOYUACTUHKOBOI TEOPII 3BYPEHD

Pesrome

[TapameTpu HaATOHKOT CTPYKTYPH 1 €NEKTPUIHUNA KBAIPYTIOIBHUI MOMEHT 130TOIY pajIoHy pO3-
paxoBaHi Ha OCHOBI PENATUBICTCHKOT 0Aararo4acTHHKOBOI Teopii 30ypeHb 3 €(PEeKTUBHUM aKypat-
HUM YpaxyBaHHSIM OOMIHHO-KOPEISIIHHNUX, PEIITUBICTCHKUX, ACPHUX 1 pajiallifHIX MOMPAaBOK.
AHauni3 JaHuX TOKAa3ye, 10 ypaxyBaHHs €(eKTiB MIXKEIEKTPOHHOI KOpeIllii Mae KpUTHYHE 3HA-
YEHHS MPHU OO0YHCIICHHI MMapaMeTpiB HAATOHKOI CTPYKTYpH. Pi3MYHO pO3yMHE Y3TOKEHHS Teopil
1 Ipeu31HOTO0 eKCIIEPUMEHTY MOoXKe OyTH 3a0€3MeUeHO 3aB/ISIKH IOBHOMY ITOCIIIJOBHOMY OOJIKY
MDKEJIEKTPOHHUX KOPEJSIIHHUX e(eKTiB, SACPHUX, PEIATUBICTCHKUX Ta PaIiallifHUX MOIMPABOK.
KirouoBa BiAMIHHICTh MiX pe3yJIbTaTaMH pO3paxyHKiB B HaOmmkeHHsaX Jlipaka-Poka, pi3HUX Bep-
cisix ¢opmaiizmy Teopii 30ypeHb B OCHOBHOMY TIOB’SI3aHO 3 BUKOPUCTAHHSIM PI3HUX CXEM OOJiKYy
M1XKEJIEKTPOHHUX KOPEISLIii.

Kuarouosi ciioBa: Hanronka cTpykTypa — BaKKUH aTOM - pENIATUBICTChKA Te€Opist 30ypeHb — KO-
persiLiiti, siAepHi, pafiaiiiHi monpaBku
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PHOTOLUMINESCENCE OF CpSe:N1 NANOPARTICLES OBTAINED BY CHEMICAL
METHOD

Cadmium selenide nanocrystals doped with nickel were prepared in water phase chemistry technique with gelatin
acting as capping agent. Structures were characterized using X-ray diffraction (XRD), scanning electron microscopy
(SEM), visible absorption and photoluminescence spectroscopies. Influence of component concentrations and
technological parameters on nanocrystals average size and properties was studied.

I. Introduction

Colloidal CdSe nanocrystals can be used to
create structures emitting in the entire visible
light range, as a sensitizer for photopolymer
cells and in biomedical visualization [1-7]. In
comparison with organic fluorophores semi-
conductor nanocrystals are much more stable to
photodegradation. Cadmium selenide nanocrys-
tals exhibit strong quantum confinement and by
regulating their size one can obtain emission
in almost entire visible range. The wide prac-
tical application of this material is restrained
by the high dispersion of the obtained particles
and their instability. Therefore, the creation of a
technology for the synthesis of stable nanopar-
ticles with controlled size is relevant.

The hot-injection method proposed in [5] had
instigated activity in the field of metal chalcogen-
ide nanoparticles synthesis. It allowed to obtain
highly luminescent crystals with good monodis-
persity but has certain disadvantages connected
with expensive and hazardous pyrophoric reac-
tives being used. Plenty of adaptations of origi-
nal technology have been developed since then
[6,7]. One of the natural choices of medium for
QDs preparation might be polar solvents, for
example water. Using this aqueous method, the
energy level of CdSe QDs can be modified just
allowing guest elements (Ag, Mn, Ni, Co etc.)
into the CdSe host material and paves the way
for discovering the new class luminescent mate-
rials with wide range of potential applications.
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Doping of these ions into the CdSe host material
acts as the trap states for electrons and holes and
enables the luminescence [8,9]. However, pres-
ence of two different kinds of ions simultane-
ously in a host material produces fluorescence
which is totally different from the emission due
to a single ion and this property is very useful
for white and IR light generation [10].

In this paper, we report the synthesis of high-
quality water-soluble CdSe:Ni nanocrystals col-
loidal method and discuss the influence of im-
portant experiment parameters (precursor con-
centration) on the optical and luminescent prop-
erties of prepared QDs. The synthesized CdSe
and CdSe:Ni nanocrystals have been character-
ized absorption and luminescence spectroscopy,
X-ray diffraction (XRD), transmission electron
microscopy (TEM), electron diffraction spec-
troscopy (EDS), and their morphology, crystal
structure, optical properties, and element com-
position have been studied with these means.
The prepared CdSe nanocrystals meet the re-
quirements for the fluorescence materials in op-
toelectronics, biological labeling and will surely
have promising applications in biochemical de-
tection and biomedical researches.

I1. Experimental

The study used commercially purshased re-
agents Merck Company. CdCl, was the source
of cadmium ions. NiCl, was the source of cad-
mium ions in CdSe:NiThe source of Se* ions



was sodium selenosulfate Na,SeSO,, Gelatin
was used as the growth stabilizer of nanopar-
ticles. The reaction at room temperature might
be described as follows:

CACL+ NiCl +Na,SeSO,—

CdSe:Ni+SO,+2NaCl +CI 1 (1)

The formation of CdSe is confirmed by the
presence of diffraction maxima corresponding
to the planes (002), (110), (001) in this mate-
rial (Fig.1). The resulting colloidal solution
containing CdSe, CdSe:Ni nanoparticles was
deposited on quartz substrates, then the solvent
evaporated, forming membranes for measuring
optical absorption and photoluminescence. For
investigation of structural properties the solvent
sprayed on Si substrates.
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Fig. 1. X-ray diffraction pattern of CdSe nanoparticles

The SEM image was obtained via JEM-2100
(HR) transmission electron microscope (Japan
Electron Optics Laboratory CO., Ltd.).

The optical absorption spectra in the visible
range were recorded with MDR-6 (LOMO)
monochromator with a 1200 grove-mm™. The
photoluminescence spectra were recorded with
ISP-51 (LOMO) quartz monochromator us-
ing LED (Edison Corporation) excitation on
A=400 nm.

The average size of the nanoparticles was es-
timated from the change in the band gap (AEg)
relative to the bulk crystal, using the effective-
mass approximation using the equation [5]

h
SAE, )

R=

There 4 is the Planck constant; p=((m,.)"!
+(m,,)")", where m = 0.3me, m , = 0.6me are,
respectively, the effective masses of the electron
and hole in cadmium selenide, m, is the mass of
the free electron; AEg is the difference between
the width of the band gap in the nanoparticle and
the bulk crystal of CdSe (1.7 eV).

II1. Experiment and results

Investigations of CdSe:Ni nanocrystals optical
absorption were carried out in the range of quanta
of incident light 3.5-2 eV. The temperature of ex-
plored samples is varied from 77 to 300 K.

All investigated samples are characterized
by the presence of a quantum-dimensional ef-
fect, which manifests itself in the high-energy
shift of the fundamental absorption edge of the
samples in comparison with the bulk CdSe ab-
sorption edge. Changing of the band gap width
is confirmed by a change in solutions color from
pale yellow to orange in comparison with the
bulk crystals brown color. It is established that
the shift magnitude is determined primarily by
concentrations of cadmium and selenium pre-
cursors (Fig. 1). The highest shift is observed in
samples containing 0.3% CdCl, and Na,SeSO..

D

Fig.2. Optical absorption spectra of CdSe nanocrys-

tals stabilized in gelatin matrices. Concentrations of

CdC,, and Na SeSo, is equal (1) 0.3%, (2) 0.5%, (3)
1%, (4) 2%. T _, =300 K.
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By the magnitude of the fundamental ab-
sorption edge shift, the formula (2) calculated
the size of CdSe nanoparticles. It is shown that
when the precursor concentrations varied from
0.3 to 2%, the size of nanoparticles increases
from 3 to 6 nm (see TABLE I).

As the nanocrystals temperature decreased
from 300 to 77 K, the absorption edge shifted
to the high-energy region by 0.14 eV. Such shift
corresponds to a temperature change of CdSe
band gap edge.

Table 1.
RESULTS OF CALCULATIONS OF cdse,
cdse:ni NANOPARTICLES SIZES

No. CdCly, Na,SeSo; E, eV AE,, eV R, nm
concentrations

1. 2% 2.25 0.55 5.6

2. 1% 2.60 0.9 4.4

3. 0.5% 2.81 1.11 38

4, 0.3% 2.93 1.23 35

5. 0.3%+NiCl, 2.86 1.16 3.7
0.001%

6. 0.3%+NiCl, 2.77 1.07 39
0.005%

7. 0.3%+NiCl, 2.7 1 4.2
0.01%

The doping of nanocrystals with nickel leads
to a shift of the absorption edge to a region of
lower energies, which is explained both by an
increase in the size of nanoparticles and by in-
ter-impurity Coulomb interaction.

The photoluminescence spectra of the inves-
tigated CdSe nanocrystals are characterized by
emission band localized in the visible spectral
region. The half-width of the photoluminescence
spectrum varied from 50 to 70 nm, depending on
CdCl, and Na SeSO, concentration (Fig.3).

It is established that the position of these
emission lines is determined by the concentra-
tion of CdCl, and Na,SeSO; in solution. The po-
sition of the emission maxima varied from 2.54
to 2.14eV with an increase in concentrations
of CdCl, and Na SeSO, from 0.3 to 2%.
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The position of the observed emission lines
correlates with the second linear region position
of the corresponding optical absorption spec-
trum. The magnitude of the Stokes shift in the
samples under study is 20-30 meV.

1, arb.un.

0.6 1

Fig. 3. Photoluminescence spectra of CdSe nanocrys-

tals stabilized in gelatin matrices. Concentrations of

CdCI2 and Na2SeSo3 is equal (1) 0.3%, (2) 0.5%, (3)
1%, (4) 2%. Tmeas=300 K.

When the temperature of nanocrystals chang-
es from 300 to 77 K, the emission lines shift to
the high-energy region by 0.14 eV, which corre-
sponds to a temperature change of CdSe band gap.
This allows us to assume that transitions involving
excitons are responsible for these lines. Lines of a
similar nature were observed earlier in [2].

With an increase of precursors concentration,
broadening of the emission lines and the appear-
ance of additional high-energy radiation maxi-
ma are observed. This is explained by the spread
in the sizes of the nanoparticles obtained. SEM
images of the investigated nanocrystals (Fig.4)
showed that the size of nanoparticles can vary
within the limits of 2-6 nm.

The exciton emission spectra of the CdSe:Ni
are shifted to the region of lower energies
(Fig.5). There is a complete correlation with the



absorption spectra shown in as the nickel con-
centration increases. At the same time, nickel
doping results in a series of emission lines in the
visible and near-IR regions.

Fig. 4. SEM image of CdSe nanocrystals with 0.5%
precursor concentration.

The luminescence spectra of nanocrystals in
the visible region are characterized by lines local-
ized at 2.47, 2.38, 2.28, and 2.15 eV. In the near-
IR region, the photoluminescence spectra of Sdce
nanocrystals show three emission lines at 1.86,
1.74, and 1.64 eV. The position of these lines re-
mained unchanged with an increase in the con-
centration of NiCl,, and their intensity increased.
This behavior is characteristic of emission lines
due to intracenter radiative transitions.

I, arb.un.

Fig. 5. Photoluminescence spectra of CdSe:Ni nano-

crystals. Concentrations of NiC , is equal (1) 0.001%,

(2) 0.005%, (3) 0.01%, Tmeas=300 K. CdC ,, Na,SeSo,
concentrations is equal 0.3%.
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The luminescence of bulk crystals of ZnSe:Ni
was previously investigated [11]. The band gap
is varied in the range of 2.8-2.5 eV, depending
on the nickel impurity concentration in these
crystals. We assume that the visible emission
lines are due to the emission transitions from the
excited states 'E(G), 'T (G), 'A (G), 'T(G) to
the ground state *T (F) of the Ni** ion.

The near-IR emission lines are due to transi-
tions from the excited state *T,(P) split by the
spin-orbital interaction to the ground state °T (F)
of the Ni** ion.

Thus, the luminescent properties of the
CdSe:Ni nanocrystals are controlled by the intra-
centre emission transitions within the Ni*" ion.

The obtained results indicate the possibility
of controlling the nanoparticles size by different
methods. The obtained samples have effective
emission in the visible and near-infrared region can
be used as the sensitizer for photopolymer cells.
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Abstract—Cadmium selenide nanocrystals doped with nickel were prepared in water phase
chemistry technique with gelatin acting as capping agent. Structures were characterized using X-
ray diffraction (XRD), scanning electron microscopy (SEM), visible absorption and photolumi-
nescence spectroscopies. Influence of component concentrations and technological parameters on
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OOTOIIOMIHECHEHIIA HAHOYACTHHOK CdSe:Ni OTPUMAHUX
XIMIYHUM METOJ10OM

Anoranis—Hanokpucranu CdSe, nerosani Hikenem, Oyau OTpUMaHi B BOIHIN (a3i 3 1o1aBaH-
HSIM JKEJIaTHHY SK 3B’ s13y1040T0 areHTy. CTpyKTypHi BIaCTHBOCTI OyJIM TOCIIHKEH] 32 TIOTIOMOT0I0
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JUMOTO TIOTTUHAHHS Ta (OTOTIOMIHECIEHTHOI CHEKTPOCKOMii. BiU3HaueHO BIUIMB KOHIIEHTpAIIil
KOMIIOHEHTIB Ta TEXHOJIOTIYHUX MapaMeTpiB Ha cepeHiil po3Mip HAHOKPHUCTATIB Ta JOCIIIKEHO
X BIACTHUBOCTI.
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SPECTROSCOPY OF MULTICHARGED IONS IN PLASMAS:
OSCILLATOR STRENGTHS OF Be-LIKE IONS GAXXVIII and GEXXIX

Oscillator strengths gf for 2s2-[2s1/22p3/2]1 transition in Be-like multicharged ions of of GaXXVIII and GeXXIX
Fe are computed for different values of the electron density and temperature ( ne=1022-1024cm-3, T=0.5-2 keV) of
plasmas are presented and compared with available alternative spectroscopic data. The generalized relativistic energy
approach and relativistic many-body perturbation theory with the Debye shielding model as zeroth approximation is
used for studying spectral parameters of ions in plasmas. An electronic Hamiltonian for N-electron ion in a plasma is
added by the Yukawa-type electron-electron and nuclear interaction potential.

1. Introduction

Spectroscopy of multicharged ions in a
plasmas is one of the most fast developing
branches of modern atomic spectroscopy. The
properties of laboratory and astrophysical plas-
mas have drawn considerable attention over the
last decades [1-14]. It is known that multich-
arged ions play an important role in the diag-
nostics of a wide variety of plasmas. Similar
interest is also stimulated by importance of
this information for correct determination of
the characteristics for plasma in thermonuclear
(tokamak) reactors, searching new mediums
for X-ray range lasers. The electron-ion colli-
sions play a major role in the energy balance of
plasmas. ([1-6]). Different theoretical methods
were employed along with the Debye screening
to study plasma medium. Earlier we have de-
veloped a new version of a relativistic energy
approach combined with the many-body pertur-
bation theory (RMBPT) for multi-quasiparticle
(QP) systems for studying spectra of plasma
of the multicharged ions and electron-ion col-
lisional parameters. The method is based on the
Debye shielding model and energy approach [3-
5]. A new element of this paper is in using the
effective optimized Dirac-Kohn-Sham method
in general relativistic energy approach to colli-

sion processes in the Debye plasmas.
In this paper, which goes on our work
[3-5], we present the results of computing en-
ergy shifts and oscillator strengths gf for 2s*-
[2s,,2p,,], transitions in the Be-like ions of
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GaXXVIII and GeXXIX, calculated for differ-
ent values of the electron density and tempera-
ture ( n =10%-10*cm>, T=0.5-2 keV) of plas-
mas and compared with available alternative
spectroscopic data.

2. Generalized energy approach in scat-
tering theory. Debye shielding model

The detailed description of our approach was
earlier presented (see, for example, Refs. [3-5]).
Therefore, below we are limited only by the key
points.

The generalized relativistic energy approach
combined with the RMBPT has been in details
described in Refs. [7,13-27]. It generalizes ear-
lier developed energy approach. The key idea is
in calculating the energy shifts AE of degenerate
states that is connected with the secular matrix
M diagonalization [6,7,13-16]. To construct M,
one should use the Gell-Mann and Low adiaba-
tic formula for AE. The secular matrix elements
are already complex in the PT second order.
The whole calculation is reduced to calcula-
tion and diagonalization of the complex matrix
M .and definition of matrix of the coefficients
with eigen state vectors BkK, » [5-8]. To calculate
all necessary matrix elements one must use the
basis’s of the 1QP relativistic functions. Within
an energy approach the total energy shift of the
state is usually presented as [13-15]:

AE = ReAE +i 72 (1)



where [ is interpreted as the level width and
decay possibility P = I'. The imaginary part of
electron energy of the system, which is defined
in the lowest PT order as [3]:
2
ImAE(B) = —— ,L‘,;’g",l
T asn>f
[a<n<f]

2

where 2 for electron and Z;‘ for vacancy.
The separated terms of the sum in (3) repre-
sent the contributions of different channels. It is
known that their adequate description requires
using the optimized basis’s of wave functions.
In [6] it has been proposed “ab initio” optimiza-
tion 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 radiation widths of atomic
levels. This contribution describes collective ef-
fects and it is dependent upon the electromag-
netic potentials gauge (the gauge non-invariant
contribution 6E ). The minimization of Im-
OE  leads to integral differential equation, that
is numerically solved. In result one can get the
optimal one-electron basis of the PT [12-16].
It is worth to note that this approach was used
under solving of multiple problems of modern
atomic , nuclear and molecular physics (see [17-
27]).Further let us firstly consider the Debye
shielding model according to Refs. [4,5]. It is
known in the classical theory of plasmas devel-
oped by Debye-Hiickel, the interaction potential
between two charged particles is modelled by
the Yukawa-type potential, which contains the
shielding parameter x« [2]. The parameter u is
connected with the plasma parameters such as
the temperature 7" and the charge density n as
follows: u~+e’n/k,T . Here, as usually, e is
the electron charge and «, is the Boltzman con-
stant. The density n is given as a sum of the
electron density N, and ion density N, of the k-th
ion species having the nuclear charge

q,: 2

It is very useful to remind the simple esti-
mates for the shielding parameter. For example,
under typical laser plasmas conditions of 7~

3)

lkeV and n~ 10 cm™ the parameter x is of the
order of 0.1 in atomic units; in the EBIT plasmas
T~ 0.05keV, n~10" cm® and u~107. We are
interested in studying the spectral parameters
of ions in plasmas with the temperature 7~ 0.1-
lkeV (10°%-10’K) and n~10"-10?° cm™ (u~10--
10°). It should be noted that indeed the Debye
screening for the atomic electrons in the Cou-
lomb field of nuclear charge is well understood
due to the presence of the surrounding plasma
electrons with high mobility. On the other hand,
the contribution due to the Debye screening be-
tween electrons would be of smaller magnitude
orders. Majority of the previous works on the
spectroscopy study have considered the screen-
ing effect only in the electron-nucleus potential
where the electron-electron interaction potential
is truncated at its first term of the standard ex-
ponential expansion for its dominant contribu-
tion [3-69]. However, it is also important to take
into account the screening in the electron- elec-
tron interactions for large plasma strengths to
achieve more realistic results in the search for
stability of the atomic structure in the plasma
environment.

By introducing the Yukawa-type e-N and e-e
interaction potentials, an electronic Hamiltonian
for N-electron ion in a plasma is in atomic units
as follows [4]:

H= Z:[()ccp—ﬂmc2 —Zexp(—ur,)/ r]+
" 4)
I-aa,

i>j Ty

To generate the wave functions basis we use
the optimized Dirac-Kohn-Sham potential with
one parameter [8], which calibrated within the
special ab initio procedure within the relativistic
energy approach [6]. The modified PC numeri-
cal code ‘Superatom” is used in all calculations.
Other details can be found in Refs. [3-6].

3. Results and conclusion

Firstly, we present our results on energy
shifts and oscillator strengths for transitions 2s?-
2s,,2p, , 4, In spectra of the Be-like Fe. The cor-
responding plasma parameters are as follows:
n =10-10*cm?, T=0.5-2 keV (i.e. u~0.01-0.3).
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We studied a behavior of the energy shifts AE
(cm™) for 2s*-[2s, ,2p, 5], transitions and os-
cillator strengths changes for different plasma
parameters (the electron density and tempera-
ture). In Table 1 there are listed the oscillator
strengths gf for 2s°-[2s 2p, ], transition in Be-
like GaXXVIII for different values of the n, (cm
3)and T (in eV): the alternative theoretical data
by Yonggqiang Li et al [1] and our data.

Table 1.
Oscillator strengths for 2s>-[2s, 2p, |, transi-
tion in Be-like ion of GaXXVIII different n_
(cm™) and T (eV) (gf, —gf value for free ion)

n, 10* 10*
kT [13] [13] [13]
500 0.1416 0.14157 | 0.14214
1000 0.14157 | 0.14200
2000 0.14157 | 0.14190
I-S 0.14157 | 0.14171
n, 10* 10%
kT Our Our Our
500 0.1419 0.14185 | 0.14268
1000 0.14185 | 0.14255
2000 0.14185 | 0.14242

There are also listed the available data by Li
etal and Saha-Frische: the multiconfiguration
Dirac-Fock (DF) calculation results, and ionic
sphere (I-S) model simulation data [1, 2] (see
refs. therein). In Table 2 we presented our data
on the oscillator strengths gf for 2s*-[2s, 2p, ],
transition in Be-like ion of GeXXIX for differ-
ent values of the n, (cm™) and T (in eV).

Table 2.

Oscillator ~ strengths for 2s-[2s,, 2p, ]|,
transition in Be-like ion of GeXXIX, for different

n_(cv) and T (eV) (gf —gf value for free ion)

n 102 103 10%
kT Our Our Our
500 0.14052 0.14068 0.14115
1000 0.14052 0.14067 0.14104
2000 0.14052 0.14065 0.14089
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The analysis shows that the presented data
are in physically reasonable agreement, how-
ever, some difference can be explained by using
different relativistic orbital basises and different
models for accounting of the plasma screening
effect. It is important to note that our computing
oscillator strengths within an energy approach
with different forms of transition operator (this
is corresponding to using the photon propaga-
tors in the form of Coulomb, Feynman and Ba-
bushkin) gives very close results.
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V. V. Buyadzhi, T. B. Tkach, A. P. Lavrenko, E. S. Romanenko

SPECTROSCOPY OF MULTICHARGED IONS IN PLASMAS:
OSCILLATOR STRENGTHS OF Be-LIKE IONS GaXXVIII and GeXXIX

Summary

Oscillator strengths gf for 2s>-[2s, 2p, ], transition in Be-like multicharged ions of of GaXXVIII
and GeXXIX are computed for different values of the electron density and temperature (n =10%-
10%*cm?, T=0.5-2 keV) of plasmas are presented and compared with available alternative spectro-
scopic data. The generalized relativistic energy approach and relativistic many-body perturbation
theory with the Debye shielding model as zeroth approximation is used for studying spectral pa-
rameters of ions in plasmas. An electronic Hamiltonian for N-electron ion in a plasma is added by
the Yukawa-type electron-electron and nuclear interaction potential.

Key words: spectroscopy of ions in plasmas, relativistic energy approach, oscillator strengths

PACS 31.15.-p
B. B. Byaoowcu, T. b. Trau, A. 11. Jlagpenxo, 3. C. Pomanenko

CIIEKTPOCKOIINA MHOT'O3APATHbBIX HOHOB B IIJTASME: CHJIbI
OCHUJIJIATOPOB AJIA Be-IIOJOBHBIX HOHOB GaXXVIII n GeXXIX

Pesrome

Cunbl ocuunnaTopos 2s°-[2s . 2p, .|, nepexonos B Be-nogo0HbIX MHOTo3apsaaHbix HoHax GaXX-
VIII, GeXXIX paccunTaHsl sl pa3IMuHbIX 3HAYEHUN JIEKTPOHHOMN IIJIOTHOCTH M TEMIIEPATypPbl
( n=102-10*cm?, T=0.5-2 keV) mna3Mel ¥ CPaBHUBAIOTCSA C UMEIOMIMMHUCS AJBTEPHATUBHBIMU
CIIEKTPOCKONMYECKUMH JTaHHBIMU. M3ydeHHe CIeKTpajabHBIX IIapaMEeTPOB HMOHOB B ILIa3M€ BbI-
MOJTHEHO Ha OCHOBE OOOOIIEHHOTO PEISTUBUCTCKOTO HEPTETHYECKOrO MOAXO/A U PENISTUBUCT-
CKOM MHOTOYACTHMYHOM TEOPUHU BO3MYILEHHUI C UCIIOIB30BAaHUEM SKPAHUPOBOYHON Monenu [le-
0as1. DJIEeKTPOHHBIA raMMIBTOHUAH AJ1s1 N-3JIEKTPOHHOTO MOHA B IJ1a3Me JIONOJIHEH MOTEHLUAIOM
AIIEKTPOH-3JIEKTPOHHOTIO U AJIEpHOro B3auMoencTBus Thna KOxkassl.

KutoueBble ci10Ba: CIeKTPOCKOINS HOHOB B IJIa3Me€, SHEPreTUUECKHU MOIX0/T, CUIIBI OCIMILIIS-
TOpPOB
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B. B. bysioorcu, T. b. Txau, O. I1. Jlaspenko, E. C. Pomanenko

CIIEKTPOCKOIIISA BAT'ATO3APAJHUX I0HIB B IIJIA3MI: CUJIX OCHUJIATOPIB
JJISA Be-ITOAIBHUX IOHIB GaXXVIII i GeXXIX

Pe3rome

Cunu ocumIsTOPiB 252-[251 22D5,], nepexoiB B Be-moaioamx 6ararozapsaaux ionax GaXXVIII,
GeXXIX pospaxoBaHi [jis pi3HHX 3Ha4€Hb €JEKTPOHHOI TyCTUHM i Temmeparypu ( n=10%-
10%*cm?, T=0.5-2 keV) ma3mMu Ta MOPIBHIOIOTHCS 3 HASBHUMH aJIbTEPHATUBHHUMH CIIEKTPOCKO-
MIYHAMU TaHUMH. BUBYEHHS CIIEKTpaNbHUX MAapaMeTpPiB 10HIB B TUIa3Mi BUKOHAHO HA OCHOBI y3a-
raJIbHEHOTO PEISITUBICTCHKOIO EHEPreTHUHOTO MIAXOAY 1 PENIATUBICTCHKOT OaraTo4acTUHKOBOI Te-
opii 30ypeHb 3 BUKOPUCTAHHSIM eKpaHipoBouHOi Moneni Jlebas. EnexTpoHHuil raMuIbTOHIaH IS
N-eJIeKTpOHHOTO i0Ha B IJIa3Mi JOMOBHEHUI MOTEHIIAIOM E€JIeKTPOH-EJIEKTPOHHOI Ta SIIEPHOTO
B3aemoii tumna KOkaBw.

Ku1104oBi cj10Ba: CrieKTpOCKOIIis 10HIB B TUIa3Mi, CHEPreTUYHUH MiAX1/I, CUIH OCIHIATOPIB
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SOLDER FOR FORMATION OF CONTACTS TO CONVERTERS OF OPTICAL

AND X-RAY IMAGES

INTO THE ELECTRICAL

SIGNAL

The pasty solder is used in the technology of the installation of electro-radio elements. Such elements can be
microcircuits and optical and X-ray images microelectronic sensors with a hard raster [1]. Tinning of such sensor
contact surfaces and printed circuit boards, where such sensors are mounted and soldering of the sensors to the plate is
a considerable problem due to the need to remove corrosive active paste radical. The advantage of the developed solder
is low corrosion activity and high fluxing ability. After soldering, there is no need to clean the surface of the printed
circuit board and the contact sensor from paste redicals and chemical reaction products.

Because of the high printing density of the op-
tical and X-ray images sensors with a rigid raster,
when the distance between the current circles, the
width and thickness of the tracks can be less than
10 microns, the solder paste should have high
fluxing activity and not cause corrosion, while
providing satisfactory soldering.

The main disadvantages of known pasty solders:

1. Insufficient fluxing activity. The paste rad-
icals after soldering are corrosively active.

2. When soldering due to the presence of
rosin (up to 22%), there is the formation of a
large number of resinification products on a
surface that is soldered. Removal of these sub-
stances needs thorough washing with mixtures
of various organic solvents, and in some cases,
additional mechanical cleaning. This is associ-
ated with the significant technological difficul-
ties, especially with the high compactness of the
printed assembly and the presence on the printed
circuit boards without hull and hinged elements.

3. High rosin corrosion activity (acid number
170-180) leads to the maturation and dissolution
of the metal, which is soldered, especially when
soldered by the technology of mounting on the
surface, when the contact plane (CP) thickness
is 10-20 microns.

4. During the soldering process, compounds
are formed which, in conditions of high humid-
ity, can cause corrosion and reduce insulation
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resistance of printed circuit boards, especially
with high density of printed assembly (distance
between conductive tracks is 10 - 30 microns).
Maleic acid has a very large fluxing activity, but
at its content of = 0.5 - 3.0%, the insulation re-
sistance after soldering is reduced by 1-2 orders
of magnitude, which is in accordance with the
requirements of the STD, but is not acceptable
for special purpose radioelectronic equipment
(REE).

5. High activity of fluxing components (di-
ethylamine hydrochloric acid and maleic acid
(or maleic anhydride) leads to the maturation
and dissolution of soldered metal, especially
when soldered using surface mount technology,
when the CP thickness is of 10-20 um (Fig. 1).

L]

g |

Fig. 1 Solder seam surface destruction. Raster
electron microscope. Mode of the secondary electrons.
Increase 2000°.



6. The paste fluxing activity reducing during
its storage. Because of the high corrosion ac-
tivity of the fluxing components (diethylamine
hydrochloric acid and maleic acid (or maleic
anhydride)) with the paste prolonged storage
(warranty period of 3 months or more) due to
the developed surface of the solder powder, its
oxidation occurs, which significantly reduces
the technological characteristics of the paste:
fluxing activity, wettability , spread ratio.

These factors reduce the reliability of the
contact of the optical and X-ray image sensor to
the board on which it is mounted. Their remov-
ing leads to the reduction of material costs, time
and funds for soldering technology.

Due to the fact that the distance between the
current paths may be less than 10 microns, the
solder paste should have high fluxing activity
and should not cause corrosion while provid-
ing satisfactory soldering. For this purpose, as
an active fluxing component, rosin and extra
relatively inactive succinic acid and glycerin,
which have the properties of a reducing agent
and greatly enhance the fluxing effect of the ros-
in, are selected. The introduction of the solvent
paste of succinic acid and glycerine reduces the
content of the rosin, which significantly reduces
the amount of product of the resinification and
simplifies the operation of laundering after sol-
dering.

In the proposed composition, the optimal
quantitative ratios of active reagents - rosin,
succinic acid, glycerol are selected in such way
as to provide sufficient fluxing activity (required
for wetting and spreading) without increasing
the corrosion activity of the paste solder.

The proposed composition is prepared in this
way [2].

Amber acid is thoroughly rubbed in a mortar
to a fine powder, then add glycerol and dissolve
in alcohol at a temperature of 70-80 ° C. In the
resulting solution, add a solder powder and mix.
Rosin is thoroughly rubbed in a mortar to a fine
powder then adds castor oil and dibutylphthal-
ate. The resulting mixture is heated to 90-120°C
and, when stirred, dissolved to obtain a homo-
geneous mass. Both solutions are combined and
also thoroughly mixed.

The trial of the proposed paste solder and
the known paste were performed by soldering
the prototype of optical and X-ray image sensor
samples to the printed circuit boards. The paste
remnants after soldering were not removed. Fur-
ther, accelerated tests of printed circuit boards
in a climate chamber at a temperature of 40°C
and a relative humidity of 98% were carried
out. After soldering and after performed accel-
erated tests, the insulation resistance of printed
circuit boards was measured, which depends on
the corrosion activity of the compositions. Flux-
ing activity was determined by the coefficient
of diffusion (for copper, silver). Results of com-
parative tests are given in tables 1, 2.

Table 1
Technical Paste flux, Prototype solder
characteristics which is paste
offered
Residual Resistance to Resistance to
corrosive PCB insulation | PCB insulation
activity after after soldering | after soldering
soldering. does not does not change.
change. After
After accelerated tests,
accelerated the resistance
tests, the decreases by
resistance does | 5-10 times.
not change.
Table 2
Paste rheological Paste flux, Prototype
characteristics which is solder paste
offered
Dispersion coefficient | 1.4 1.4
(after manufacturing)
Dispersion coefficient | 1.4 1.3
(after 1 month of
storage)
Dispersion coefficient | 1.4 1.25
(after 2 months of
storage)
Dispersion coefficient | 1.4 1.0
(after 3 months of
storage)
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The advantage of the proposed paste solder
is low corrosion activity and high fluxing abil-
ity when soldered, which does not decrease
with prolonged storage (the warranty period is
3 months or more). The resistance of PCB in-
sulation after soldering and accelerated testing
is not changed. After soldering, no cleaning of
the PCBs surface and contact nodes from paste
residues or chemical reactions is required. The
introduction into the composition of the paste
solder of succinic acid and glycerol allows to
reduce the content of rosin, which significantly
reduces the resinification products amount. The
economic efficiency at the invention implement-
ing is that, when practically the same cost of
chemical components (ingredients) as the proto-
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type paste, the soldering quality is significantly
increased and the reliability and operating (time)
of the equipment as a whole increases.
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SOLDER FOR FORMATION OF CONTACTS TO CONVERTERS OF OPTICAL
AND X-RAY IMAGES INTO THE ELECTRICAL SIGNAL

The pasty solder is used in the technology of the installation of electro-radio elements. Such
elements can be microcircuits and optical and X-ray images microelectronic sensors with a hard
raster [1]. Tinning of such sensor contact surfaces and printed circuit boards, where such sensors
are mounted and soldering of the sensors to the plate is a considerable problem due to the need
to remove corrosive active paste radical. The advantage of the developed solder is low corrosion
activity and high fluxing ability. After soldering, there is no need to clean the surface of the printed
circuit board and the contact sensor from paste redicals and chemical reaction products.

Keywords: solder, sensor, contact
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MPUIIOH I CO3TAHUA KOHTAKTA K IPEOBPA3OBATEJISAAM ONTUYECKOI'O
U PEHTTEHOBCKOI'O U30BPAKEHUI B QJIEKTPUUECKUI CUTHAJI

HaCTOO6pa3HBII7I HpPIHOIZ HCIOJIB3YCTCA B TCXHOJIOTMHU MOHTAXa 3JICKTPOPAANOIJICMCHTOB. Ta-
KHC 3JICMCHTBI MOT'YT OBITh MHUKPOCXCMAMH U MHUKPOSJICKTPOHHBIMH JATYUKAMU ONTHYCCKUX U
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PEHTI'€HOBCKOTO M300paxKeHu ¢ TBepAbIM pacTpoM [ 1]. JIy>keHre KOHTaKTHBIX IJIOMIAI0K KOHTaK-
Ta CEHCOpa M TMeYaTHOU IJIaThl Ha KOTOPYIO TaKHe CEHCOPhl MOHTHPYIOTCS €CTh BaXKHOM mpooliie-
MOW H3-32 HEOOXOIMMOCTH YJAJICHUSI KOPPO3UIHHO aKTHBHBIX OCTAaTKOB MacThl. [IpenmymiecTBoM
pa3pabOTaHHOTO TPHIIOS SIBJISETCS HU3Kash KOPPO3HUIHAS aKTHBHOCTH JICATEILHOCTD U BBICOKAsS
¢mocyromas cnocobHocTh. [Tocne naiiku, HeT HEOOXOIMMOCTH OYHUIIATH TTOBEPXHOCTh MEUYATHOM
IUIaThl U KOHTAKTOB JaTYMKa OT OCTATKOB MACThI U MPOIYKTOB XMMHUYECKUX PEAKLUH.

KuroueBble ciioBa: npumnoii, CEHCOp, KOHTaKT
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T I Jlaspenosa, B. A. bopwak, H. I1. 3amoscvka, M. 1. Kymanosa

MPUIION 11 CTBOPEHHS KOHTAKTY 0O MEPETBOPIOBAYA OIITUYHOI'O
TA PEHTTEHIBCHKOI'O 3065PA’KEHD B EJIEKTPUYHUIA CUTHAJI

[TacrononiOHMIA TPHUITIE BUKOPUCTOBYETHCSI B TEXHOJIOTI] MOHTaXy €JIEKTPOPaIiOeIEMEHTIB.
TakuMu eneMeHTaMu MOXXYTh OyTH MIKPOCXEMH 1 MIKpPOEJIEKTPOHHI CEHCOPH OMPUYHOTO Ta PEHT-
TeHIBCHKOTO 300pakKeHb 3 >KOPCTKUM pacTpoM [1]. JIyniHHS KOHTaKTHHUX IUIOLIMHOK TAKUX CEH-
COpIB Ta JPYKOBAaHHUX IUIAT, HA SIKMX TaKi CEHCOPH MOHTYIOTHCS 1 MasiHHS CEHCOPIB € YUMAJIOI0
npo6ieMoro uepe3 HeoOXiAHICTh BUIAJICHHS KOPO3UHHO aKTUBHMX 3aJIMIIKIB macTu. [lepeBaroro
PO3pOOIIEHOTO MPUIIOI0 € HU3bKAa KOPO3iiiHa aKTHBHICTH Ta BUCOKa (piarocyroua 3maTHicTh. [licms
NasiHHS He NoTpiOHE OYUILEHHS MOBEPXHI IPYKOBAHUX IJIaT Ta KOHTAKTHUX CEHCOPY BiJl 3aJIMIIKIB
MacTH Ta MPOAYKTIB XIMIYHUX peaKIii.

Kuro4oBi ciioBa: npunoii, ceHCOp, KOHTaKT
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RELATIVISTIC CALCULATION OF RYDBERG AUTOIONIZATION STATES
PARAMETERS IN SPECTRUM OF BARIUM

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth order
Dirac-Kohn-Sham one-particle approximation are used for estimating the energies the in Rydberg autoionization
415/2,7/2n°f J=6,5,4 states, excited from the initial state 5d3/215f J=5 in spectrum of the barium atom. The comparison
with available theoretical and experimental (compillated) 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.

1. Introduction

The research in many fields of modern atom-
ic physics (spectroscopy, spectral lines theory,
theory of atomic collisions etc), astrophysics,
plasma physics, laser physics and quantum and
photo-electronics requires an availability of sets
of correct data on the energetic, spectroscopic
and structural properties of atoms, especially in
the high excited, Rydberg states. Naturally, the
correct corresponding data about radiative de-
cay widths, probabilities and oscillator strengths
of atomic transitions are needed in building ad-
equate astrophysical models, realizing regular
astrophysical, laboratory, thermonuclear plasma
diagnostics and in fusion research. Besides, a
great interest to studying Rydberg atomic states
parameters can be easily explained by a power-
ful development of such new fields as quantum
computing, and quantum cryptography, con-
struction of new type Rydberg atomic lasers etc.
The knowledge of the Rydberg autoionization
states parameters for many of atomic systems is
of a great importance note for many applications
in atomic and molecular physics, plasma chem-
istry and physics, laser physics and quantum
electronics etc. [1-62]. However, studying spec-
tral characteristics of heavy atoms and ions in
the Rydberg states has to be more complicated
as it requires a necessary accounting the relativ-
istic , exchange-correlations effects and possibly
the QED corrections for superheavy atomic sys-
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tems. There have been sufficiently many reports
of calculations and compilation of energies and
oscillator strengths, autoionization states ener-
gies and widths for the barium and even Ba-like
ions (see, for example, [1-3] and refs. therein),
however, an accuracy of these data call for fur-
ther serious analysis and calculation. In many
papers the Dirac-Fock method, model potential
approach, quantum defect (QD) approximation
(different versions such as QD, MCQD etc)
different realizations have been used for cal-
culating the energy and spectral properties of
barium and it has been shown that an account
of the polarization interelectron corrections is of
a great quantitative importance. The consistent
relativistic MCQD calculations of the transi-
tions energies and oscillator strengths for some
chosen transitions between the Rydberg states
are performed in Refs. [1,63,64]. However, it
should be stated that for majority of the barium
Rydberg states and there is not enough precise
information available in literatures [1-3]. In
our paper The combined relativistic energy ap-
proach and relativistic many-body perturbation
theory with the zeroth order Dirac-Kohn-Sham
one-particle approximation are used for estimat-
ing the energies the in Rydberg autoionization
4f5/2’7/2n’f J=6,5,4 states, excited from the ini-
tial state 5d,,15f J=5 in spectrum of the barium
atom.



2. The theoretical method

In refs. [8-170] the fundamentals of the rela-
tivistic many-body PT formalism have been in
details presented, so further we are limited only
by the novel elements. Let us remind that the
majority of complex atomic systems possess a
dense energy spectrum of interacting states. In
refs. [3-65, 17-20] it is realized a field procedure
for calculating the energy shifts DE of degener-
ate states, which is connected with the secular
matrix M diagonalization. The whole calcula-
tion of the energies and decay probabilities of
a non-degenerate excited state is reduced to the
calculation and diagonalization of the M. The
complex secular matrix M is represented in the
form [9,10]:

M=M"+ M+ M+ M), (1)

where M9 is the contribution of the vacuum di-

agrams of all order of PT, and MmUY , M? ,M(3)
those of the one-, two- and three-QP diagrams

respectively. The diagonal matrix M ™ can be
presented as a sum of the independent 1QP con-
tributions. The optimized 1-QP representation is
the best one to determine the zeroth approxima-
tion. In the relativistic energy approach [4-9],
which has received a great applications during
solving numerous problems of atomic, molecu-
lar and nuclear physics (e.g. , see Refs. [10-59]),
the imaginary part of electron energy shift of
an atom is directly connected with the radia-
tion decay possibility (transition probability).
An approach, using the Gell-Mann and Low for-
mula with the QED scattering matrix, is used in
treating the relativistic atom. The total energy
shift of the state is usually presented in the form:

DE =ReDE +1G/2 (2)
where G is interpreted as the level width, and
the decay possibility P = G. The imaginary part
of electron energy of the system, which is de-
fined in the lowest order of perturbation theory
as [4]:

2
e
mABB=- 3y
T a>n>f ,

[a<n< £]

3)
where (a>n>f) for electron and (a<n<f) for va-
cancy. Under calculating the matrix elements (3)
one should use the angle symmetry of the task
and write the expansion for potential sin|w|r ./

on spherical functions as follows [4]:
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where J is the Bessel function of first kind and
(I)= 21 + 1. This expansion is corresponding to
usual multipole one for probability of radiative
decay. Substitution of the expansion (5) to matrix
element of interaction gives as follows [5-8]:

%
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where ;. is the total single electron momentums,
m, — the projections; 0“is the Coulomb part of
interaction, Q% - the Breit part. The detailed ex-
pressions for the Coulomb and Breit parts and
the corresponding radial R, and angular S, inte-
grals can be found in Refs. [22-32].
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The calculating of all matrix elements, wave
functions, Bessel functions etc is reduced to
solving the system of differential equations. The
formulas for the autoionization (Auger) decay
probability include the radial integrals R (akgb),
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 following asymptotic at »®0:

f} N (ia))_% [a) + (ocZ)_2 T% sin(kr +6),

£ [a) - (ocZ)_2 T% cos(kr+6). )

The important aspect of the whole procedure
is an accurate accounting for the exchange-cor-
relation 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 (3) minus the cited Kohn-Sham
density functional. Further the wave functions
are corrected by accounting of the first order PT
contribution. Besides, we realize the procedure
of optimization of relativistic orbitals base. The
main idea is based on using ab initio optimiza-
tion procedure, which is reduced to minimiza-
tion of the gauge dependent multielectron con-
tribution ImDE of the lowest QED PT correc-
tions to the radiation widths of atomic levels.

According to [6,8], “in the fourth order of
QED PT (the second order of the atomic PT)
there appear the diagrams, whose contribution
to the ImdE _ accounts for correlation effects
and this contribution is determined by the elec-
tromagnetic potential gauge (the gauge depend-
ent contribution)”. The accurate procedure for
minimization of the functional ImdE  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 known that the regular realization of
the total scheme allow to get an optimal set of
the 1QP functions and more correct results in
comparison with so called simplified one, which
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has been used in Refs. [6-8] and reduced to the
functional minimization using the variation of
the correlation potential parameter b. Other
details can be found in refs.[8-17, 22-40]. All
calculations are performed on the basis of the
modified numeral code Superatom (version 93).

3. Results and conclusion

As an important application of the theory we
study the Rydberg autoionization states, which
are corresponding to transitions into 4fnf, states,
in particular, 4f; /Z,Wn’f J=6,5,4 states, excited

from the initial state 5d,,15f J=5 (Figure 1).

In Table 1 we present the values of Energies
(cm™) of autoionization states 4fnf, n=15: Exp.-
experiment; Teopis: (1)-data, obtained within
the quantum defect method MCQD with empiri-
cal fitting by de Graaf et al; (2) —our theory).

Physically reasonable agreement between
theory and precise experiment can be reached
under condition of an accurate accouting of the
complex exchange-correlation effects and using
the optimized relativistic orbitals basis sets (the
optimal one-quasiparticle representation).

Table 1.
Energies (cm') of autoionization states
4f5/2,7/2n,f J=695149 n = 15: EXp.- experiment;

Theory: (1)-quantum defect method MCQD
with empirical fitting; (2) —our theory

AC J | Exp. (1) 2)
4f 158 | 6 | 89758.4+0.5 | 89759.1 | 89758.8
48151 | 6 | 89993.6£0.5 | 89992.4 | 89993.6
A£°156° | 6 | 89926.6+5.0 | 89937.1 | 89926.8
4f°158° | 5 | 89726.3+1.0 | 89718.7 | 89726.9
A£°15f° |5 | 89951.04£0.5 | 89952.9 | 89951.6
AF156° |5 | - 89943.6 | 89942.3
4£2156 | 4 | 89705.6£0.5 | 89706.8 | 89705.4
AfC156 |4 | - 89720.0 | 89718.5
AEC156 |4 | - 89937.2 | 89937.6
Af°156 |3 | - - 89953.4
Af 156, | 2 | - - 89767.8
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E. V. Ternovsky, V. V. Buyadzhi, A. V. Tsudik, A. A. Svinarenko

RELATIVISTIC CALCULATION OF RYDBERG AUTOIONIZATION STATES
PARAMETERS IN SPECTRUM OF BARIUM

Summary

The combined relativistic energy approach and relativistic many-body perturbation theory with
the zeroth order Dirac-Kohn-Sham one-particle approximation are used for estimating the energies
the in Rydberg autoionization 4f; 7 ,N'11=6,5,4 states, excited from the initial state 5d, ,15fJ=5 in
spectrum of the barium atom. The comparison with available theoretical and experimental (compil-
lated) 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 pro-
vides a physically reasonable agreement between theory and precise experiment.

Key words: relativistic theory, Rydberg autoionization states, barium
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PEJSATUBUCTCKUM PACUET TIAPAMETPOB PUJIGEPTOBCKUX
ABTOMOHM3AIIMOHHBIX COCTOSHUM B CIIEKTPE BAPUS

Pe3rome

KoMOMHUpPOBaHHBIN PENSTUBUCTCKAN IHEPreTUYSCKUN TOAXOA U PENSTUBUCTCKAs MHOTO-
JacTU4YHAs TEOpHs BO3MYIICHHA C JUPAK-KOH-IIIMOBCKHM  OJHOYACTHUYHBIM  HYIIEBBIM
MPUOTIKEHUEM UCTIONB3YIOTCS JUISl BEIYUCIICHUS YHEPTHA pUIOCPTOBCKUX aBTOMOHU3AIMOHHBIX
COCTOSHUM 41, /Z’mn’f J=6,5,4, B030y*k1aeMbIX M3 HadanbHOTO cocrosnus Sd, 151, J=5 B cnekrpe
aroma Oapus. [IpoBesieHO cpaBHEHUE C UMEIOIUMUCS TEOPETUICCKUMU U IKCIIEPUMEHTATLHBIMH
(CKOMMpPOBAaHHBIMU) JAHHBIMU. BaXHBIE MOMEHT CBsI3aH C AKKypaTHBIM YY€TOM BKIIAJIOB
CIIO)KHBIX MHOTOYACTUYHBIX OOMEHHBIX KOPPEINSIIMOHHBIX (MOJMSPU3ALUOHHBIX) 3(PdeKxToB H
C HCIIOJIb30BAaHUEM ONTUMHU3UPOBAHHOTO OJHOKBAa3WYACTHYHOTO TPEJCTABICHUS B HYJIECBOM
OPUOMIKEHUN  PEISTUBUCTCKOM MHOTOYACTUYHOW TEOPWUH BO3MYIIEHUH, YTO CYIIECTBEHHO
orpenenseT PU3NIECKH pasyMHOE COTIIaCHe MKy TEOpUEH U TOUHBIM SKCIIEPUMEHTOM.

KiroueBble cJI0Ba: peITUBHCTCKAS TEOPHS], pUOSPTOBCKHUE aBTOMOHU3AIMOHHBIE COCTOSHUS,
Oapwuii
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PEJATUBICTCHKHUI PO3PAXYHOK ITAPAMETPIB PIIGEPTIBCHKHX
ABTOIOHIBAIIMHUX CTAHIB B CIIEKTPI BAPIS

Pesrome

KombiHOBaHMI peNSITUBICTCHKUN €HEPreTUYHMN MiAXiA 1 pesITUBICTChKA OararoyacTHHKOBA
Teopis 30ypeHb 3 MipaK-KOH-IIEMiBCbKUM OJHOYACTHHKOBUM HAOIMKEHHSIM HYJIHOBOTO MOPSAKY
BUKOPHCTOBYIOTBCSL JUIsL CHEPrii pinOepriBCbkuxX aBroioHi3auiiHux crauis 4f,, n’f J=6,5.4,
30y/wKeHuX 3 modarkoBoro crany 5d, 15f, J=5 B cnexrpi aroma Gapiro. IIpoBeneHo nopiBHAHHS
3 HAsSBHUMH TEOPETHMYHHUMM 1 EKCIEpUMEHTAJbHUMHU (CKOMIMOBaHMMHU) NaHUMH. BaxmBuit
MOMEHT TI0B’sI3aHUI 3 aKypaTHUM ypaxyBaHHSM BKJIaJiB CKJIaJHUX 0araroyacTKOBHX OOMIHHHX
KOpesLiHUX (MoJsipr3alifHuX ) e peKTiB 13 BUKOPUCTAaHHSIM OTITUMI30BaHOT0 OJJHOKBA314aCTIYHOTO
YSBJICHHS B HYJbOBOMY HAONM)KEHHI PENSTHBICTCHKOI Oararo4yacTUHKOBOI Teopii 30ypeHb, 110
ICTOTHO BU3HAYa€ (Pi3UUHO PO3YMHE 3TO/1y MIXK TEOPI€I0 1 TOUHUM EKCIIEPUMEHTOM. .

KirouoBi ciioBa: pensiTuBicTChbKa TEOpis, pii0epriBChKi aBTO10HI3aIliHI cTaHu, Oapiit
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CHAOTIC DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE WITH
ACCOUNTING FOR SPACE CHARGE FIELD AND DISSIPATION EFFECTS:
NEW EFFECTS

We have performed an advanced modelling nonlinear dynamics elements for relativistic backward-wave tube
(RBWT) with accounting for dissipation and space charge field effects etc. The temporal dependences of the
normalized field amplitude (power) in a wide range of variation of the controlling parameters (electric length of an
interaction space N, bifurcation parameter L and relativistic factor y)) are computed. The dynamic and topological
invariants of the RBWT dynamics in auto-modulation and chaotic regimes such as correlation dimensions values,
embedding, Kaplan-York dimensions, Lyapunov’s exponents, Kolmogorov entropy etc are calculated. It has been
discovered the "beak" effect on the plane of parameters: bifurcation Piers-like parameter L — relativistic factor v,.

1. Introduction

Powerful generators of chaotic oscillations
of microwave range of interest for radar, plasma
heating in fusion devices, modern systems of
information transmission using dynamic chaos
and other applications. Among the most studied
of vacuum electronic devices with complex dy-
namics are backward-wave tubes (BWT) , for
which the possibility of generating chaotic os-
cillations has been theoretically and experimen-
tally found [1-12]. The BWT is an electronic de-
vice for generating electromagnetic vibrations
of the superhigh frequencies range. Authors [7]
formally considered the possible chaos scenario
in a single relativistic BWT. Authors [4,6] have
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 char-
acteristics of two non-relativistic backward-
wave tubes. The authors of [4,6] have solved the
equations of nonstationary nonlinear theory for
the O-type BWT without account of the spatial
charge, relativistic effects, energy losses etc. It
has been shown that the finite-dimension strange
attractor is responsible for chaotic regimes in
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the BWT. The multiple studies [1-12], increas-
ing the beam current in the system implemented
complex pattern of alternation of regular and
chaotic regimes of generation, completes the
transition to a highly irregular wideband chaotic
oscillations with sufficiently uniform continu-
ous spectrum.

In this work we have performed an advanced
modelling emission spectrum and nonlinear dy-
namics elements for relativistic backward-wave
tube (RBWT) with accounting for dissipation
and space charge effects etc. The temporal de-
pendences of the normalized field amplitude
(power) in a wide range of variation of the con-
trolling parameters (electric length of an inter-
action space N, bifurcation parameter L and rel-
ativistic factor y,) are computed. The dynamic
and topological invariants of the RBWT dynam-
ics in automodulation and chaotic regimes such
as correlation dimensions values, embedding,
Kaplan-York dimensions, Lyapunov’s expo-
nents, Kolmogorov entropy etc are calculated.
WE discovered discovered the «beak» effect on
the plane L —v,.



2. Relativistic model and some results

As the key ideas of our technique for nonlin-
ear analysis of chaotic systems have been in de-
tails presented in refs. [13-28], here we are lim-
ited only by a short representation. We use the
standard non-stationary theory [3-7], however,
despite the above cited papers we take into ac-
count a number of effects, namely, influence of
space charge, dissipation, the waves reflections
at the ends of the system and others (a modifica-
tion of model of Refs. [12,13]).

The relativistic dynamics is described sys-
tem of equations for unidimensional relativistic
electron phase 6((,7,0,) (which moves in the
interaction space with phase 6, (&,[0; 2r]) and
has a coordinate C at time moment t) and field
unidimensional complex amplitude

820/852 = —Lzyg[(l +L80/8§)2 —,802]3/2
27N

Re[ Fexp(if)+ %ilk exp(ik6)]
K o

~

OF |97 —OF 10 +dF =—I1T |,

2n
I=—%[e™a0, O
n 0

with the corresponding boundary and initial
conditions. The dynamical system studied has
several controlling parameters which are char-
acteristic for distributed relativistic electron-
waved self-vibrational systems: 1) electric
length of an interaction space N; ii) bifurcation
parameter [ =27CN /y, (here C-is the known
Piers parameter) ; iii) relativistic factor, which
is determined as:

)

As input parameters there were taken follow-
ing initial values: relativistic factor y=1.5 (fur-
ther we will increase v, in 2 and 4 times), electri-
cal length of the interaction space N =k,/{ =
=10, electrons speed v,=0.75c, vrp=0.25c, dis-
sipation parameter D = 5Db, starting reflection
parameters: s = 0.5, p=0.7, 0< <2m . A choice

of ¢ due to the fact that the dependence upon it
is periodic. The 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]).
The basic idea of the construction of our ap-
proach to prediction of chaotic properties of
complex systems is in the use of the traditional
concept of a compact geometric att (CGA) in
which evolves the measurement data, plus the
neural networks (NNW) algorithm implementa-
tion [10-16]. Let us consider some scalar meas-
urements s(n) = s(¢, + nAt) = s(n), where ¢ is
the start time, A¢ is the time step, and # 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 [17] can be used. The direct us-
ing lagged variables s(n+t) (here T is some inte-
ger to be defined) results in a coordinate system
where a structure 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)7)], the required coor-
dinates are provided. Here the dimension d is
the embedding dimension, d,. To determine the
proper time lag at the beginning one should use
the known method of the linear autocorrelation
function (ACF) C,(8) and look for that time lag
where C,(8) first passes through 0 [4]. The al-
ternative 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 deter-
mine the embedding dimension, d,, and corre-
spondingly to reconstruct a Euclidean space R?
large enough so that the set of points d, can be
unfolded without ambiguity. The dimension, d,,
must be greater, or at least equal, than a dimen-
sion of attractor, d, i.e. d, > d . To reconstruct
the attractor dimension and to study the signa-
tures of chaos in a time series, one could use
such methods as the correlation integral algo-
rithm (CIA) by Grassberger and Procaccia [21]
or the false nearest neighbours (FNN) method
by Kennel et al [18]. The principal question of
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studying any complex chaotic system is to build
the corresponding prediction model and define
how predictable is a chaotic system. The new
element of our approach is using the NNW al-
gorithm in forecasting nonlinear dynamics of
chaotic systems [9,10]. In terms of the neuro-
informatics and neural networks theory the
process of modelling the evolution of the sys-
tem can be generalized to describe some evo-
lutionary dynamic neuro-equations. Imitating
the further evolution of a system within NNW
simulation with the corresponding elements of
the self-study, self- adaptation, etc., it becomes
possible to significantly improve the prediction
of its evolutionary dynamics. The fundamental
parameters to be computed are the Kolmogorov
entropy (and correspondingly the predictabil-
ity measure as it can be estimated by the Kol-
mogorov entropy), the Lyapunov’s exponents
(LE), the Kaplan-Yorke dimension (KYD) etc.
The LE are usually defined as asymptotic aver-
age rates and they are related to the eigenvalues
of the linearized dynamics across the attractor.
Naturally, the knowledge of the whole LE al-
lows to determine other important invariants
such as the Kolmogorov entropy and the at-
tractor’s dimension. The Kolmogorov entropy
is determined by the sum of the positive LE.
The estimate of the dimension of the attractor
is provided by the Kaplan and Yorke conjecture

2
and ).

ing order. In Figure 1 we present the flowchart
of the our combined chaos-geometric and NNW
computational approach to nonlinear analysis
and prediction of dynamics of any complex sys-
tem [10-30].

In figure 2 we list the data on the tempo-
ral dependence of normalized field amplitude

, where j is such that D’

, and the LE are taken in descend-

F(x0)=E/ (25 0UCZ) (our data subject dissipa-

tion, the influence of space charge, the effect of
reflections waves) at the values of the bifurcation
parameter L:(a) — 3.5, (b) — 3.9 (other parameters:
7,~1.5, 10, s=0.5, p=0.7, =1.3m).
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I. General analysis of the dynamical
problem, processing dynamical variable
series for studied complex system
(preliminary general analysis of
dynamics, evolutionary differential
equations treating,...)

II.  Chaos-geometric method:
assessment 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";

III. 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.
Wavelet analysis;

U

IV. Prediction model:
7. Computing global LE: Ay; KYD dj,
average predictability measure Prp,y;
8. Determining the number of FNN points
for the best prediction results;

9. Methods of nonlinear prediction:
nonlinear parameterized function; NNW;
optimized 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)

Figures 1a,b are corresponding to the regimes
of periodical automodulation (a) and hyper cha-
otic regime (b). It is worth to note that our re-
sults obtained without accounting for the reflec-
tion effect are very well correlated with the data
by Ryskin-Titov in Ref. [ 7], where it has been in
details studied the RBWT dynamics with.



Figure 2. Data on the time dependence of normalized

field amplitude F({,7)(our data with accounting dis-

sipation, the influence of space charge and an effect of

wave reflections) at the values of the bifurcation pa-

rameter L: (a) 3.0 (b) 4.0 (other parameters: y =1.5,
10, s=0.5, p=0.7, =1.3m).

In table 1 we list our data on the correla-
tion dimension d,, embedding dimension, deter-
mined on the basis of false nearest neighbours
algorithm (d,) with percentage of false neigh-
bours (%). calculated for different values of lag
7 (data on figlb, regime of a chaos).

In Table 2 we list our computing data on
the Lyapunov exponents (LE), the dimension
of the Kaplan-York attractor, the Kolmogorov
entropy K

entr’

Table 1.

Correlation dimension d,, embedding di-

mension, determined on the basis of false

nearest neighbours algorithm (d,) with per-

centage of false neighbours (%) calculated
for different values of lag ©

; d, (d,)

60 8.2 10 (12)

8 6.5 8(2.1)

10 6.5 8(2.1)
Table 2.

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

A A A A K

1 2 3 4

0.508 | 0.196 | -0.0001 | —0.0003 | 0.704

For studied series there are the positive and
negative LE values.The resulting KYD in both
cases are very similar to the correlation dimen-
sion (calculated by the algorithm by Grassberg-
er-Procachia). More important is the analysis
of the RBWT nonlinear dynamics in the plane
“relativistic factor — bifurcation parameter.”

The numerical solution has shown that under
the realistic values of the dissipation parameter,
the effect is reduced to the shift of the value
of the bifurcation parameter L towards the in-
crease. The most interesting, in our opinion, is
the results of the analysis of the change of the
nonlinear dynamics of the considered RBWT
in the plane “relativistic factor - bifurcation pa-
rameter”. In this aspect, in fact, the three par-
ametric nonlinear dynamics of the RBWT are
fundamentally different from the dynamics of
processes in the non-relativistic BWT. In Fig-
ure 3 we refer to our calculated diagram which
quantitatively shows the limits of automodula-
tion (line I) on the plane of parameters: L-y,.
Note that line II limits the region where the par-
ticle rotation takes place, that is, the used theo-
retical model (1) works. A characteristic feature
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of Figure 3 is the presence of the “beak” effect,
which, depending on the relativistic factor, goes
far into the domain of automodulation.

Yo
n
6.0k 1
504
80!
3,0}
| \
1.0
2.2 2.7 37 L

Figure 3. The boundaries of automodulation (line I) on
the plane of parameters:L-g .

3. Conclusions

In this work we have performed an advanced
modelling and for the first time forecasting an
emission spectrum and nonlinear dynamics el-
ements for relativistic backward-wave tube
(RBWT) with accounting for dissipation and
space charge effects etc. The temporal depend-
ences of the normalized field amplitude (power)
in a wide range of variation of the controlling pa-
rameters (electric length of an interaction space
N, bifurcation parameter L and relativistic factor
Y,) are computed. The dynamic and topological
invariants of the RBWT dynamics in auto-mod-
ulation and chaotic regimes such as correlation
dimensions values, embedding, Kaplan-York
dimensions, Lyapunov’s exponents, Kolmogo-
rov entropy etc are calculated. diagram which
quantitatively shows the limits of self-modula-
tion (line I) on the plane of parameters:L-y, .is
calculated. It has been discovered the “beak” ef-
fect (on the plane of parameters L, y ), which,
depending on the relativistic factor, goes far into
the domain of automodulation for the RBWT
studied.
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PACS 42.55.-f

A. V. Glushkov, A. V. Tsudik, D. A. Novak, O. V. Dubrovsky

CHAOTIC DYNAMICS OF RELATIVISTIC BACKWARD-WAVE TUBE WITH
ACCOUNTING FOR SPACE CHARGE FIELD AND DISSIPATION EFFECTS:
NEW EFFECTS

Summary.

We have performed an advanced modelling and for the first time forecasting an emission spec-
trum and nonlinear dynamics elements for relativistic backward-wave tube (RBWT) with account-
ing for dissipation and space charge effects etc. The temporal dependences of the normalized field
amplitude (power) in a wide range of variation of the controlling parameters (electric length of an
interaction space N, bifurcation parameter L and relativistic factor y,) are computed. The dynamic
and topological invariants of the RBWT dynamics in auto-modulation and chaotic regimes such
as correlation dimensions values, embedding, Kaplan-York dimensions, Lyapunov’s exponents,
Kolmogorov entropy etc are calculated. It has been discovered the «beak» effect on the plane of
parameters: bifurcation Piers-like parameter L — relativistic factor vy, which, depending on the
relativistic factor, goes far into the domain of automodulation.

Key words: relativistic backward-wave tube, chaos, non-linear methods
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A. B. I'nywros, A. B. [[youx, /. A. Hosax, O. B. /[yoposckuti

XAOTHYECKAS TMHAMUKA PEJIITUBACTCKOM JAMIIbBI OGPATHOM BOJIHBI
C YYETOM BJIMAHUA 110JIAA IPOCTPAHCTBEHHOI'O 3APAJTA
N JNCCUITAIIMU: HOBBIE DOPPEKTDBI

Pesrome.

[IpencraBieHsl pe3ynbTaThl MOJACTUPOBAHUS JIEMEHTOB HEIMHEHHON TUHAMMKH Ui PEJISATH-
BUCTCKOI 0OparHoii BoiHbI (PJIOB) ¢ yuetoMm 3¢pexroB quccunaiyy u rnosst mpoCcTpaHCTBEHHOTO
3apsiia U Ip. BpeMeHHbIe 3aBHCHMOCTH HOPMHUPOBAHHOM aMILTUTY/bI 1OJIs1 (MOLTHOCTH) BBIYHC-
JICHbI B IIUPOKOM JIMANa30HE BapHalUil yNpaBIsSIOUINX apaMeTpoB (3JIEKTpUYecKas JJIHHA MPO-
cTpaHcTBa B3auMozeicTeus N, napamerp 6udypkanuu L u penstuBuctckuit akrop v,). Paccun-
TaHbl JMHAMUYECKHE U TOMOJIOTWYeCKUe MHBapUaHThl AuHaMuKu PJIOB B aBTOMOAYNSIIMOHHOM
U XaOTHYHOM pEXHMaX, B YaCTHOCTHU, 3HAYEHUS KOPPEISIMOHHON pa3MepHOCTH, Pa3MEpHOCTH
Broxenns, Kannana-Mopka, mokasarenu JsmyHoBa, suTponust Konmoroposa u ap. OGHapyxeH
3 QEKT «KIII0Ba» Ha MIOCKOCTU MapamMeTpoB: OudypkarmoHHbIi nmapamerp L - pensiTuBUCTCKUN

daxrop v,.
KiroueBble c10Ba: pensTUBUCTCKAs JIaMITbl OOPAaTHOM BOJIHBI, Xa0C, HEIMHEIHBIE METO/IbI

PACS 42.55.-f
O. B. I'nywxos, A. B. I[yoix, /1. A. Hosaxk, O. B. /[yopoécbkuii

XAOTHYHA JJMHAMIKA PEJISITUBICTCBHKOI JIAMIIN 3BEPHEHOI XBIJII 3
YPAXYBAHHSM BILIUBY IOJIS TIPOCTOPOBOI'O 3APSTY TA JUCHITAIIIL:
HOBI E®EKTH

Pesrome.

[Ipencrapieni pe3yiabTaTd MOJIEIIOBAHHS CIIEKTPY BUIPOMIHIOBAHHS Ta €JIEMEHTIB HeNiHIHHO1
JUHAMIKH U1 pensaTuBicTchKoi 3BopoTHOi xBuii (PJI3X) 3 ypaxyBanusM edekriB aucunarii ta
TOJIsl IIPOCTOPOBOTO 3apsiAy TOIIO. YacoBi 3aJIeKHOCTI HOPMUPOBAHHOT aMILTITYAH TOJs (TTOTYXK-
HOCTI) OOUHMCIICH] B IIMPOKOMY Jiara3oHi Bapialliil Kepylounx napamMeTpiB (€JIeKTpHYHa JOBKUHA
npoctopy B3aemozii N, mapamerp Gidypxauii L i pensarusicTepkuii paxrop y,). Pospaxosani tuna-
MiYHI Ta TONOJOT14YHI iHBapiaHTu AuHaMiku PJI3X B aBTOMOIYNALIHHOMY Ta XaOTUYHOMY PEXKHU-
MaxX, 30KpeMa, 3HAUeHHS KOPEIALiiHOT po3MipHOCTi, po3MipHOCTi BKIajnenns, Kamana-Hopka,
noka3Huku JIsmyHoBa, entpomnist Kommoroposa tomio. BusiBieHo edexT «1300a» Ha IUIOMKHI Ma-
pamerpiB: GidypKauifinuii mapameTp L - peasaTuBiCTCHKUA BakTop 7.

Ki1r04oBi c10Ba: pensTUBICTCHKA JTaMITM 3BOPOTHOT XBHJIL, Xaoc, HEMHIIHI MeTOn
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LUMINESCENCE OF NANOSCALE TIN DIOXIDE. REVIEW

The article presents a brief review of luminescence in nanoscale tin dioxide. The luminescence caused by its
intrinsic defects, the luminescence associated with impurities, the mechanisms of luminescence in tin dioxide are
considered. The results of research by various authors presented in this review show the promising use of tin dioxide

in optoelectronics and LED technology.

Introduction

Requirements for modern electronic display
devices stimulate the search for new luminescent
materials. Nanoscale forms of compounds that
are not classical phosphors help in solving new
electronics’ problems. One of these compounds
is tin dioxide. In recent years, studies of the lu-
minescence of various nanoscale forms of pure
and doped SnO,, as well as composite com-
pounds and heterojunctions using it, have been
activated. This interest is due to the promising
use of such materials as phosphors [1], in LED
applications [2], in solid-state optical amplifiers
and tunable lasers [3], etc. Thermoluminescence
of tin dioxide doped by Europium [4] is used as
a detection phenomenon for dosimetry purposes.
Stannates of calcium, barium and strontium with
a perovskite-like structure have attracted the at-
tention of researchers to create IR phosphors as
an alternative to expensive phosphors. [5].

Low-temperature luminescence of crystal-
line tin dioxide was described in 1979 [6]. In the
ultraviolet spectrum region (~ 350-355 nm), the
intrinsic luminescence band of SnO, is located.
In the visible range, at low temperatures, wide
photoluminescence (PL) bands in the range of
2 and 2.5 eV [7, 8] are observed in bulk sam-
ples of tin dioxide, which are associated with
electron transitions in the interstitial tin/oxygen
vacancy. With increasing temperature, the in-
tensity of such a PL decreases, the PL becomes
almost invisible at room temperature. The PL
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spectra of nanoscale samples of tin dioxide dif-
fer from the spectra of the bulk material, which
was shown by a number of researchers [9]. Pho-
toluminescence in nanoscale SnO, is increas-
ingly observed at higher temperatures [10-12].

A brief review of luminescence in nanoscale
tin dioxide will be presented in this paper.

Luminescence in nanoscale forms of tin
dioxide

Glow due to its intrinsic defects. The edge lu-
minescence of tin dioxide nanoscale forms was
recorded by researchers in the ultraviolet region
of the spectrum. For example, in [13] it was ob-
served in transparent conductive thin films at 4.18
eV (~ 300 nm), and in [14] - at 333 nm. The dif-
ferences in values are explained by the difference
in the sizes of the nanocrystallites that form the
film — the smaller it is, the greater is the energy of
the peak of the edge luminescence.

In addition to the main UV peak of its intrin-
sic luminescence, the researchers report a whole
set of radiation peaks in the visible region. As a
rule, researchers observe bands in the blue-vio-
let and orange-red regions of the spectrum. For
example, Meier and colleagues [9] observed a
PL peak at a wavelength of 625 nm (E=2¢V) in
SnO_ nanoparticles at liquid nitrogen tempera-
ture. Korean researchers [11] observed in thin
films of SnO, PL in the region of 2.5 eV, Bonu
and colleagues [12] observed at 2.54 eV and 2.42
eV and about 1.96 €V in SnO, nanoparticles. In



[15], photoluminescence measurements in thin
SnO, films at room temperature with excita-
tion at 280 nm show two broad emission peaks
(400 and 430 nm). In thin undoped tin dioxide
films on silicon substrates in [3], a broad emis-
sion peak at 395 nm was observed. The behavior
of the peak at 590 nm depending on the diam-
eter of tin dioxide nanowires was investigated
in [16]. In addition to the edge luminescence at
333 nm, the authors of [14] observed a band of
480 nm at 13 K in thin SnO, films deposited by
the MOCVD method on a-Al O, substrates. In
[17], luminescence in the visible region (577
nm and 642 nm) of nanosized tin dioxide films
was detected at room temperature. Violet (371-
382) nm and blue (400-415 and 430-470 nm)
luminescence bands in nanorods and tin dioxide
nanocrystals were studied in [18].

Luminescence associated with impurities.
The luminescence was often observed by re-
searchers in tin dioxide with various additives,
as well as in complex compounds, ceramics
and heterojunctions with its use. For example,
[19] found a violet photoluminescence band of
about ~ 404 nm and weak red emission of about
700 nm in fluorine-doped films of tin dioxide
deposited by spray pyrolysis on glass substrates.
The SnO, quantum dots doped by Mn obtained
using the solution combustion synthesis show
the emission of orange radiation at about 590
nm [20]. The effect of doping by Mn and Ce on
the luminescence associated with oxygen va-
cancies (400 nm) was studied in [21]. The prop-
erties of the intense peak of ultraviolet lumines-
cence about 392 nm observed in SnO,:Sb films
at room temperature were studied in detail [22].
The use of nanoscale tin dioxide as a doping
luminescent material used to enhance radiation
in conjunction with other additives in glass or
other similar structures has been reported in the
literature. In [23], strontium phosphate glasses
were doped with SnO, and Gd,0O,, and they de-
tected enhanced blue emission at 421 nm. The
authors of [24] used tin dioxide nanocrystals to
enhance the fluorescence of Eu’* in SiO, glass
by more than 150 times. The luminescence of
SnO, was modified in [25] by doping with Cr.

The normalized emission spectra from [25] are
shown in Fig. 1. In the doped Cr nanostruc-
tures, a new emission with a center of 1.5 eV
was detected; Cr doping also contributes to the
enhancement of luminescence associated with
oxygen vacancies (1.94 eV).

CL Intersty (arb, units)
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Energy (V)
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Fig 1. The normalized emission spectra SnO, and
SnO,: Cr.[25]

Luminescence mechanisms in tin dioxide.
The variety of radiation centers provides the
possibility of widespread use of the material, but
it causes difficulties in unambiguous associating
of bands with specific defects and luminescence
mechanisms.

The authors of [26] attributed the PL peak
to approximately 3.307 eV (at 10 K) to the do-
nor — acceptor transition in high quality tin ox-
ide nanowires. The observed by Chen and col-
leagues phonon replicas of this band indicated
a high crystallinity of the samples. With an in-
crease of temperature, donor energy of 32 meV
was observed and the nature of the luminescence
changed to recombination of a free electron on an
acceptor with a shift in the emission maximum
towards lower energies. They also observed an
emission band with a maximum of 3.355 eV, the
nature of which the authors attributed to radia-
tive recombination on neutral donors. The rela-
tive intensity of this band decreases faster and
disappears completely at about 70 K, which is
the characteristic behavior of excitons associ-
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ated with neutral donors and their transition
to a free state with increasing temperature. At
room temperature (300 K) all PL bands form a
broad emission band at 3.18 eV. Unfortunately,
the authors did not associate the observed lumi-
nescence with specific defects — interstitial tin,
dangling bonds, or oxygen vacancies.

Radiation in the region of about 400 nm has
several explanations in the literature. Thus, in
[27], a broad peak of about 396 nm (~ 3.14 eV)
was reported in thin SnO, films, the origin of
which was associated with the nanodimension
of crystallites and defects in the film. The radia-
tion at 400 nm [28] was explained by an electron
transition to the levels of defects in the band gap,
such as oxygen vacancies. At the same time,
they considered three different charge states of
oxygen vacancies in the oxide: Vo”, V> and Vo
The model of visible radiation at 400 nm thin
SnO, films included the formation of an exciton
upon photoexcitation. After tunneling deep into
the film previously trapped on the surface or
on the center of V" hole, recombination occurs
with an electron in a deep trap with the forma-
tion of center V'

V;++h_)l/;++

Thereafter, the visible emission at 400 nm
can appear due to the recombination of a con-
duction band electron with the V™" center:

Vite—V'+hy

A decrease in the peak intensity of 400 nm
with the annealing temperature increase is in
favor of this mechanism, since it increases the
size of the films’ crystallites. As a result, the
ratio of surface to volume, and the number of
surface defects and the number of oxygen va-
cancies decreases as a result of their recombina-
tion with oxygen diffusing into the film volume.
In another paper, these authors [21] successfully
proposed to introduce Ce** and Mn*" ions into
particles of tin dioxide to increase the number
of oxygen vacancies and to increase the lumi-
nescence intensity.

In [29], in the photoluminescence spectra
of cubic SnO, nanocrystals, a double peak was
observed in the violet region between 360 and
400 nm. The energy separation between the two
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sub- peaks increased with the size of the nano-
crystals. According to the authors, this is due to
the edge recombination of the strip caused by
different depths of oxygen vacancies. The con-
ducted Density functional theory calculations
showed that changes in the depth of oxygen va-
cancies lead to splitting of the peak of the va-
lence band, which leads to the observed splitting
and shift of the double peak[29].

In [30], the photoluminescence of the 417 nm
band of a SnO, nanocrystalline powder obtained
by direct chemical deposition was studied. The
emission was associated with the recombination of
electrons on oxygen vacancies with photoexcited
holes of the valence band. With an increase in the
annealing temperature, red mixing and a decrease
in the luminescence intensity were observed, due
to a decrease in the number of oxygen vacancies
with an increase in the crystallite size from 9 to 43
nm. As we see, in this case, and in the case of 400
nm luminescence in thin nanoscale films of tin di-
oxide [28], the reason for the decrease in intensity
is the same — a decrease in the number of oxygen
vacancies in the samples.

Meier and colleagues [9] detected the PL
peak of nanosized tin dioxide particles at liquid
nitrogen temperature at a wavelength of 625 nm
(E = 2 eV). The radiation wavelength did not
depend on the particle size, which indicates the
group defect responsible for it, according to the
authors, associated with oxygen vacancies. In-
terestingly, the PL intensity increased with an
increase in the size of nanoparticles from 5 to 20
nm and as the samples approached stoichiom-
etry from SnO  , to SnO_ , (Fig. 2).
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Fig. 2. The results of PL measurements for particles of
various sizes and degrees of oxidation [9].



This fact correlated with the observation of
a high density of electronic states inside the
band gap from absorption measurements pre-
sented by the researchers there. The authors
of this work associate this increase in intensity
with a low rate of nonradiative recombination
in SnO, . due to the low total density of defects.
Obviously, ideally, in a defect-free SnO, crystal,
there are no defects providing PL. If the number
of oxygen vacancies increases, the PL intensity
will increase until nonradiative recombination
processes dominate, as in the case of SnO ..

The PL observed in nanostructured tin di-
oxide films obtained using polymers [31] was
detected at room temperature. The authors also
associated a peak at 647 nm (1.9 eV) with oxy-
gen vacancies in samples whose PL results are
shown in Fig. 3.

—=10%
--5%

——1%

Fig. 3. The photoluminescence spectrum of SnO, films
with different concentrations of the precursor (0.05%
PVA) at room temperature.

The difference in the energy values of the lu-
minescence peaks in the films obtained by the
authors [9] and [31] may be due to both different
temperatures during the experiments and differ-
ences in the structure of the samples studied by
different authors. The authors of [31] also made
the assumption that the band groups 2.17-2.2 eV
in the films correspond to the luminescence cen-
ters representing interstitial tin atoms or clusters
of these atoms, since it is known from reference
data [32] that the free singly charged Sn atom
has the spectrum band is 579 nm (2.15 eV). The
presence of metal clusters in SnO, films was
previously established by the authors of [33],

and their significant contribution to the electri-
cal conductivity and adsorption activity of SnO,
layers was noted. In addition, it was shown in
[34] that, at T = 723 K, at least 3 substances ex-
ist in films of tin dioxide: Sn, SnO, SnO,,.

The authors from Korea [11] also associated
their observed peaks in thin SnO, films deposited
by using CVD techniques in the 2.5-eV region
with oxygen vacancies. Bonu and colleagues
[12] also explained their observed luminescence
at 2.54 eV and 2.42 eV with oxygen defects,
namely in-plane and bridging ‘O’ vacancies.
The authors observed a broad luminescence
peak at about 1.96 €V in SnO, nanoparticles,
the authors associate with OH™ hydroxyl groups
on the surface of the particles. In work [35], the
wide luminescence bands observed in the re-
gion of 350-550 nm were associated with defect
states on the surface of SnO, nanoparticles. As
we see, surface states play an important role in
the luminescence of tin dioxide nanoforms.

Radiation at 421 nm was explained by the
authors [23] as the Sn band. Moreover, the addi-
tion of Gd, 0, to the strontium phosphate glasses
doped with tin dioxide they studied increases the
Sn?*/Sn*" ratio, which contributes to enhanced
blue emission of SnO-such doped glasses. The
band at 430 nm in [28] was explained by the
contribution of interstitial tin.

Based on experimental results, Indian re-
searchers [18] proposed a schematic model for
various relaxation processes in SnO, nanocrys-
tals during photoexcitation (Fig.4). Visible ra-
diation of SnO, nanocrystals was attributed by
the authors to the transition of an electron from
a level close to the edge of the conduction band
to a deeply trapped hole in the volume (V™)
of SnO, nanocrystals. It was also shown that
surface defects are more noticeable in smaller
nanocrystals than in nanorods. It was found that
the PL emission time and the decay time strong-
ly depend on the shape of the nanocrystals.

Studying the cathode luminescence of tin di-
oxide nanowires, [36] found that the CL bands
centered at 1.90 and 2.20 eV belong to the sur-
face oxygen vacancies coordinated with tin at-
oms at an angle of 100°, and the CL bands cen-
tered at 2.37 and 2,75 ¢V, are associated with
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vacancies on the surface of oxygen, coordinated
at 130°. The model of radiative transitions in the
tin dioxide nanosized forms studied in [37] also
takes into account the participation of coordi-
nated oxygen vacancies in photoluminescence

(Fig. 5).
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Fig. 4. A schematic model for various relaxation pro-
cesses in SnO, nanocrystals upon photoexcitation [18].
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Fig. 5. Generalized scheme of levels and radiative
transitions in photoluminescence of SnO, [37].

The results of research by various authors,
presented in this review, allow us to consider tin
dioxide not only one of the most popular and
promising materials in sensorics, but also hav-
ing wide applications in optoelectronics and
LED technology.
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LUMINESCENCE OF NANOSCALE TIN DIOXIDE. REVIEW

Summary

The article presents a brief review of luminescence in nanoscale tin dioxide. The luminescence
caused by its own defects, the luminescence associated with impurities, the mechanisms of lumi-
nescence in tin dioxide are considered. The results of research by various authors presented in this
review show the promising use of tin dioxide in optoelectronics and LED technology.

Key words: tin dioxide, nanoscale, luminescence.

PACS 73.61.Le, 73.63.Bd

JI. M. Dinescvra

JJIOMIHECHEHIIAA HAHOPO3MIPHOTI'O JIOKCHUAY OJIOBA. OTJVIA

Pesrome

Y crarti MOgaHO KOPOTKUW OIS JIOMIHECIHEHIlI B HAHOPO3MIPHOMY JHOKCHIE OJIOBA.
Po3srsinaeTsest cBiTiHHS, 00yMOBJICHE HOTO BIAaCHUMHE Je(eKTaMu, JIFOMIHECIICHIIIsI, TTOB’sI3aHa 3
JOMIIIKaMH1, MEXaH13MHU JTIFOMiHECLIEHITI1 B TIOKCH/Ii 0510Ba. Pe3yasraTu JoCHiIKeHb Pi3HUX aBTOPIB,
MPEJICTaBJICHI B I[bOMY OIVISIL, TTOKA3yIOTh MEPCIEKTHBHICTh 3aCTOCYBAHHS JBOOKHCY OJIOBA IS
IIMPOKE 3aCTOCYBAHHS B ONTOCIEKTPOHIII 1 CBITIIOMIOAHUM TEXHIIII.

Kuro4oBi ci10Ba: miokcu 010Ba, HAHOPO3MIp, JTFOMIHECIICHITIS
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JI. H. ©unesckasn

JJIOMUHECHEHI WA HAHOPASMEPHOI'O JMOKCHUJIA OJIOBA. OB30P

Pe3rome
B crathe mpeacTaBieH KpaTkuii 0030p JIIOMHHECIICHIIMYM B HAHOPA3MEPHOM JHOKCHIE OJIOBA.
PaCCManI/IBaeTCH CBCUYCHUC, OGYCHOBJICHHOG cro CO6CTB€HHHMI/I IIC(bGKTaMI/I, JJIOMUHCCLCHII WA,
CBsI3aHHAs C HpI/IMeC}IMI/I, MEXAaHU3MBbI JIJFOMUHCCIHCHIIMN B JUOKCHUAC OJIOBA. P€3yJIbTaTI>I HUcCcie-
,[[OBaHI/Iﬁ paSJII/I‘-IHBIX aBTOpOB, HpeI[CTaB.HeHHLIC B 3TOM 0630pe, IIOKA3bIBAKOT HepCHeKTI/IBHOCTB
HpI/IMeHeHI/IH I[BYOKI/ICI/I 0JIOBA B OHTOBJIeKTpOHI/IKe 158 CBCTO,Z[I/IOIIHOﬁ TCXHUKE.
KuroueBble ¢Jji0Ba: TMOKCH]T 0JI0BA, HAHOpPA3Mep, TIOMUHECIICHIUS
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PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES: OPTIMIZED
GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH

We present the optimized version of the hybrid combined density functional theory (DFT) and the Green’s-functions
(GF) approach to quantitative treating the diatomic photoelectron spectra. The Fermi-liquid quasiparticle version of
the density functional theory is used. The density of states, which describe the vibrational structure in photoelectron
spectra, is defined with the use of combined DFT-GF approach and is well approximated by using only the first order
coupling constants in the optimized one-quasiparticle approximation. Using the combined DFT-GF approach leads to
significant simplification of the calculation and increasing an accuracy of theoretical prediction.

Introduction

In this paper we present the optimized version
of the hybrid combined density functional theory
(DFT) and the Green’s-functions (GF) approach
to quantitative treating the diatomic photoelec-
tron spectra..

The approach is based on the Green’s function
method (Cederbaum-Domske version) [11,12],
Fermi-liquid DFT formalism [1-8] and use of the
novel effective density functionals (see also [13-
16]). The density of states is well approximated
by using only the first order coupling constants
in the one-particle approximation. It is important
that the calculational procedure is significantly
simplified with using the quasiparticle DFT for-
malism. Thus quite simple method becomes
a powerful tool in interpreting the vibrational
structure of photoelectron spectra for different
molecular systems.

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

N, (e) = (1/27) [ dte™ * (y Ja’ (0)a, (D]w,) » (1)

where |‘P0) is the exact ground state wave

60

function of the reference molecule and

is an electron destruction operator, both in the
Heisenberg picture. Usually in order to calculate
the value (1) states for photon absorption one
should express the Hamiltonian of the molecule
in the second quantization formalism.

2. Theory: Density of states in one-body
and many-body solution
As usually, introducing a field operator

2

Hartree-Fock (HF)

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

with  the

one—particle functions

H=H,+H,+H%y+HS, (3)
1 t
H, :Z €.(Ry)a;ja, +EZ Viu(Ry)aja%a,a, —

=2 2 Vi (R) =V (R))aja,

i,j kef

3

M
HN = hz a),s' (b:bo + %)’
s=1



o _
HEN

_1/22 [

=1

J (b, +b)aja, —n, 1+
0

s

[6Q 20. jo(b + b)) (b, +b!)a]a,

1 M

T ¥

Hg =27"7% Z ( ’f"’) (b, + b))V, ala’,
0

t
+ov,a,aa;a’ +20v,a%a,a,a] 1+

a I/l/kl

4 5 [

s,8'=1

} (b, +b)(by + by -

t t
[6v,aja’a, +ov,a,a,a/a); +26v,aia,a,a]]

(ijkl) ey

and

with n=1 (0), ief (igf), 65~1(0) |
where the index set v, means that at least

or and are unoccupied, v, that at most
one of the orbitals is unoccupied, and v, that

and or and are unoccupied. The

are the HF frequencies; , are destruction
and creation operators for vibrational quanta as

0, =(1/2)(b, +b)),

0180, = (1/2)(b, -b'). (4)

The interpretation of the above Hamiltonian
and an exact solution of the one-body HF prob-
lem is given in refs. [1,2,11,12]. The usual way
is to define the HF-single-particle component

of the Hamiltonian (4) is as in Refs. [11,12].
Correspondingly in the one-particle picture the
density of occupied states is given by

° 1 thﬁt
NJ( )=% e "0),

T dee™ 0|
—eo 5)

M M
Hy=> hoblb +> gi(b +b!)+
s=1

y (6)
+ > yi(b, +blf b+,

s,5'=1

i:+i ao[ . :+l 820 (7)
# e ) T alageo, ),

In a diagrammatic method to get function

¢ one should calculate the GF
[1,2,11,12]:

, ° first

Ge () =i [ die™ (| Of a,(1)ai(0) | |y
(®)

can be found from the

o

and the function
relation

aN,(°)=al G, °—an , a=-sign’ 9)

Choosing the unperturbed Hamiltonian

to be Z ? one could define the

GF as follows:

Go. (1) =+5,,i exp[— n e, ¥ Ag)t]-

A 2 . A 2 (10)
-ZKnk |Uk |O>‘ exp(i n, -a)kt)
The direct method for calculation of N (€ ) as
the imaginary part of the GF includes a defini-
tion of the vertical I.P. (V.I.P.s) of the reference

molecule and then of N, (e) The zeros of the
functions

D, (e)= —[e” +Z(G)L , (11)

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

(v.1P), =—(c, +F,),
1
F =% (-(V.IP.) )~ )
k k( ( )k) 1—ox, (ek)/ﬁe k(ek)
(12)
Expanding the ionic energy about the

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

~+(V2)ale, +F )00, (13)
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Y = i(%j[&z(ek +Fk)/an /aQI’]n

The coupling constants  and . are cal-
culated by the well-known perturbation expan-
sion of the self-energy part. In second order
one obtains:

2)() = ( ksij /cvt )ka/ ( ksij kw )ka
Zk() §€+€ 1 ej £€+e _E —e] (14)

and the coupling constant g, are written as [17]:

1 o¢, l+q(0/0€)., [-(V.1.P),]
200, 1-(010€)y  [-(V.1.P),]

(15)
The pole strength of the corresponding GF:

~

P = {1 —a—iZ  [F 1P k]}_l;l > p, 20,

&= glo[/ok +Qk(Pk _1)]’

+ oOe 0O (16)

Below we give another the definition of the
pole strength corresponding to V. 1. P.’s.

3. Fermi-liquid quasiparticle density func-
tional theory

The quasiparticle Fermi-liquid version of
the DFT [1-3,8,17] is used to determine the cou-
pling constants etc. The master equations can
be obtained on the basis of variational principle,
if we start from a Lagrangian of a molecule L,
It should be defined as a functional of quasipar-
ticle densities:

2

> v
2(7) Zn[ ’ ’ ]

The densities v, and v, 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 dependence of the mass

(17)
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operator X. A Lagrangian L, can be written as
a sum of a free Lagrangian and Lagrangian of
interaction: L =1L, 0+ Lq’”’ where the interac-
tion Lagrangian is defined in the form, which is
characteristic for a standard DFT (as a sum of
the Coulomb and exchange-correlation terms),
however, it takes into account for the energy de-
pendence of a mass operator X :

Z [ B FGrimwi()ve(n)d (d

lk 0

(18)
where F is an effective potential of the exchange-
correlation interaction. The constants B, are de-
fined in Ref. [8,17]. The single used constant
B,, can be calculated by analytical way, but it
is very useful to remember its connection with a
spectroscopic factor F of the system [18]:

9y L
F, _{1 8ezk[ (V.I.P)k]} (19)

The terms o> @ and D is directly linked
[2,17]. In the terms of the Green function meth-
od expression (7) is in fact corresponding to
the pole strength of the Green’s function [2].
The new element of an approach is connected
with using the DFT correlation functional of the
Gunnarsson-Lundqvist, Lee-Yang-Parr (look
details in ref. [13-16]).

int _
Lq

3. Results and conclusions

In further calculation as potential Vi we use
the exchange-correlation pseudo-potential which
contains the correlation (Gunnarsson-Lundqvist)
potential and relativistic exchanger Kohn-Sham
one [40-42]. As example in table 1 we present
our calculational data for spectroscopic factors of
some atoms together with available experimental
data and results, obtained in the Hartree-Fock
theory plus random phase approximation. As
an object of studying we choose the diatomic
molecule of N, for application of the combined
Green’s function method and quasiparticle DFT
approach. The nitrogen molecule has been natu-
rally discussed in many papers. The valence V. 1.
P. of N, have been calculated [1,13,14,24] by the
method of Green’s functions and therefore the
pole strengths p, are known and the mean values



g, can be estimated. It should be reminded that
the N, molecule is the classical example where
the known Koopmans’ theorem (KT) even fails
in reproducing the sequence of the V. I. P. ‘s in
the PE spectrum. From the HF calculation of
Cade et al.[24] one finds that including reorga-

nization the V. I. P. ‘s assigned by  and

improve while for @ V. I. P. the good agreement
between the Koopmans value and the experimen-
tal one is lost, leading to the same sequence as
given by Koopmans’ theorem. In Table 1 the ex-
perimental V. L. P. ‘s (a), the one-particle HF en-
ergies (b), the V. L. P. ‘s calculated by Koopmans’
theorem plus the contribution of reorganization
(c), the V. I. P. ‘s calculated with Green’s func-
tions method (d), the combined Green functions
and DFT approach (e), the similar our results (f).

Table 1.

The experimental and calculated V. 1. P.

(in eV) of N, (R, is the contribution of
reorganization (see text)

Exp KT EKT | GF | MCEP
| e | et | e
3o, 156 | 17.24 | 16.37 | 1531 15.52
16.13
16.84
15.66
17,1698 16.73 | 16.73 | 16.80| 17.24
20,/ 1878 | 21.13 | 21.13 | 19.01| 18.56
Exp | GF+ | GF- GF- | This
Reorg. | All corr| DFT | work
30, 156 | 16.0 [15.50 15.52| 15.58
17,1698 | 15.7 [16.83 16.85| 16.93
20,/ 1878 19.9 ]18.59 18.63| 18.71

Besides, the comparisons are made in Table 1
with the multiconfigurational electron propaga-
tor method (MCEP) and extended KT (EKT)
theory (the extended KT has been implemented
using multiconfigurational self-consistent field
wave functions within different basis sets (I-IV)
[52], calculated with the GAMESS, HONDO,

and SIRIUS programs. The EKT ionization en-

ergies for the 3 and 1  are comparable
to the MCEP values. Note that our data are in
physically reasonable agreement with the best
theretixl values and experimental data. But the
most important point of all consideration is con-
nected the principal possibility to reproduce
diatomic spectra by applying a one-particle
theory with accounting for the correlation and
reorganization effects. The combined DFT-GF
theoretical approach can be prospectively used
for quantitative treating photoelectron spectra of
more complicated diatomic molecules.
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A. V. Ignatenko, A. V. Glushkov, Ya. I. Lepikh, A. S. Kvasikova

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

Summary

We present the optimized version of the hybrid combined density functional theory (DFT) and
the Green’s-functions (GF) approach to quantitative treating the diatomic photoelectron spectra.
The Fermi-liquid quasiparticle version of the density functional theory is used. The density of
states, which describe the vibrational structure in photoelectron spectra, is defined with the use of
combined DFT-GF approach and is well approximated by using only the first order coupling con-
stants in the optimized one-quasiparticle approximation. Using the combined DFT-GF approach
leads to significant simplification of the calculation and increasing an accuracy of theoretical pre-
diction.

Key words: photoelectron spectra of molecules, Green’s functions, density functional theory
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OBOBIIEHHBIN METO/J ®YHKIU I'PUHA U ®YHKIIMOHAJIA INIOTHOCTH
B OINIPEJIEJIEHUU KOJIEBATEJBHOM CTPYKTYPHI ®OTOJIEKTPOHHOI'O
CIIEKTPA JIBYXATOMHBIX MOJIEKY.JI

Pe3rome

MBI ipeicTaBIisieM ONTUMU3UPOBAHHYIO BEPCHIO THOPUIHON KOMOMHUPOBAHHOM T€OpHH (DYHK-
nuoHana tiotHoctd (DFT) m metona dynknuii ['puna (GF) ayis KonmmuecTBEHHOTO ONMMUCAHUS
(OTORNEKTPOHHBIX CIIEKTPOB JIBYXaTOMHBIX MOJIEKYIl. Mcnonb3yercs Monenb pepMu->KUIKOCTHAS
KBa3U4acTUYHasi Bepcusi TeOpuH (PyHKIIMOHANA MIIOTHOCTH. [IT0THOCTH COCTOSHUMN, KOTOPBIE OIH-
CBIBAIOT KOJIEOATEIbHYIO CTPYKTYPY B (POTOIIEKTPOHHBIX CHEKTPAX, ONMPEAEISETCS C MCIOIb30-
BanueMm komOuHupoBanHoro DFT-GF noaxona u gusnyecku pasyMHO anmpOKCHMHUPYETCS C HC-
MOJIb30BAaHUEM TOJIBKO MEPBOTO MOPSI/IKA KOHCTAHT CBSI3U B OJHOKBA3UYACTUYHOM MPHUOIMKEHUH.
Ucnonp3oBanne komOoumHUpoBanHoro DFT-GF moaxoja mpuBOIUT K 3HAYUTEILHOMY YITPOILICHUIO
MOJICKYJISIPHBIX PACUETOB U YBEJIIMYCHHUIO TOUHOCTH TEOPETUYECKOTO MPeCKa3aHusl.

KuroueBble ciioBa: HOTOIEKTPOHHBIN CIEKTP MOJIEKYJI, MeTo pyHKkIwmii [ puna, Teopus QpyHK-
[[MOHAJIA TUIOTHOCTHU
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VIOCKOHAJIEHUI METO/I ®YHKIIIA I'PIHA 1 ®YHKIIOHAJY I'VCTUHH
Y BUSHAYEHHI BIBPAIIIHHOI CTPYKTYPU ®OTOEJEKTPOHHOI'O CHEKTPY
ABOATOMHHUX MOJIEKYJI

Pe3rome

Mu npencTaBisieMO ONTHMI30BaHy BEPCitO TOpUIHOT KOMOIHOBaHOT Teopii PyHKIIOHAY TyC-
tuan (DFT) 1 metony dynkmiit ['puna (I'®) 11t KUTBKICHOTO OMTUCY (POTOEICKTPOHHHUX CIIEKTPIB
JIBOXaTOMHHX MOJIEKYJI. BUKOpuCTOBY€ThCS (hepMi-piIMHHA KBa3i4YaCTHYHA BepCis Teopii PyHKIi0-
HaJIy T'yCTHHU. [ 'yCTHUHA CcTaHy, siIKa OMUCYE KOJIMBAJIbHY CTPYKTYPY B (POTOETEKTPOHHUX CIEKTPaX,
BHU3HAYA€ThCS 3 BUKOpUCTaHHAM KoMmOiHoBaHoro DFT-GF migxomy Ta ¢i3MuHO pO3yMHO arpok-
CUMYETBCS 32 JIOIOMOTOI0 TUIBKH MEPIIOTo MOPSAIKY KOHCTAHT 3B’SI3Ky B OJIHOKBA314aCTUHKOBO-
My HaOmmwkeHHi. Bukopucranus komOouaupoBanHoro DFT-GF moaxona npu3BoauTh 10 3HAYHOTO
CIPOIIEHHS MOJICKYISIPHUX OOYMCIICHB Ta 301IBIIICHHS TOYHOCT]I TEOPETUYHOTO MTPOTHO3YBaHHSI.

KurouoBi ciioBa: hoToenekTpoHHU CIIEKTp MOJIEKYI, MeToa pyHkIii [pina, Teopist pyHKITIO-
Haja 'yCTUHU
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WAVELENGTHS AND OSCILLATOR STRENGTHS FOR Li-LIKE MULTICHARGED
IONS WITHIN RELATIVISTIC MANY-BODY PERTURBATION THEORY

The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sham zeroth approximation is
applied to calculation of the radiative transitions wavelengths and oscillator strengths for some Li-like multicharged
ions. The relativistic, exchange-correlation and other corrections are accurately taken into account. The optimized
relativistic orbital basis set is generated in the optimal many-body perturbation theory approximation with fulfilment
of the gauge invariance principle. An accurate treatment of the QED perturbation theory fourth order (a second order of
the atomic perturbation theory) Feynman diagrams (whose contribution into the energy shift imaginary part (radiation
width) for the multi-electron atoms accounts for multi-body correlation effects) is performed. The obtained data on the
radiative transition wavelengths and oscillator strengths for some transition in spectra of the Li-like multicharged ions
are analyzed and compared with alternative theoretical and experimental results.

1. Introduction

The levels energies, transitions probabilities,
oscillator strengths and so on are very impor-
tant in atomic physics (spectroscopy, spectral
lines theory), astrophysics, plasma physics, la-
ser physics, quantum electronics. They are very
much needed in research of thermonuclear re-
actions, where the ionic radiation is one of the
primary loss mechanisms and so on. The spec-
tral lines belonging 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 [1-30].

There have been sufficiently many reports
of theoretical and experimental studies of ener-
gies and oscillator strengths for the Li-like ions
and other alkali-like ions (see, for example,
[7-15]). Banglin Deng et al [12] presented the
calculated wavelengths, oscillator strengths,
transition probabilities, and line strengths for
Li-like ions (Z = 7-30) in the framework of the
relativistic configuration-interaction formalism
using MCDF wave functions and considering
the Breit interaction, QED and nuclear mass

corrections. A critical evaluation and compila-
tion of the spectroscopic parameters for Li-like
ions (Z=3-28) was undertaken by Martin and
Wiese [153-156]. Biémont [30] applied fully
variational nonrelativistic HF wave functions
in computing 1s2n2L (n<8=s,p,d,f; 3<2<22) Li-
like states]. Aglitskii et al [121] experimentally
observed the La wavelengths of Li-like ions
(Z = 19-26) in laser-produced plasmas. Theo-
retical approach to studying the spectroscopic
characteristics of the heavy multicharged ions
(Li-like ions) within the RMBPT with the mod-
el potential zeroth approximation is developed
by Ivanov-Ivanova [119-125]. Fully relativis-
tic computing the wavelengths and oscillator
strengths from excitation of Li-like ions (Z =
8-92) have been given by Zhang et al. [53]. Na-
har [54] applied the Breit—Pauli R-matrix meth-
od to calculations of the wavelengths, transition
probabilities, and oscillator strengths for a num-
ber of the Li-like ions with the nuclear charge
7=6-68. The relativistic quantum defect method
has been used by Martin et al [55] to calculate
the oscillator strengths for a number of radiative
transitions between low-lying states in the Li-
like 1ons for Z < 45. The energy levels and hy-
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perfine constants of neutral lithium were studied
by Lindgren[9] within a nonrelativistic coupled-
cluster method, by Guan-Wang [47] within the
effective operator form of MBPT etc. Relativis-
tic all-order MBPT calculations of energies and
matrix elements for Li and Be+ were reported in
Ref. [44]. Wu Xiao-Li et al [50] have performed
the relativistic MBPT calculation for lithium-
like isoelectronic sequence (Z=3—9) within the
DF method with using the finite basis sets of the
Dirac—Fock equations, constructed by B splines.

Chen Chao and Wang Zhi-Wen [48] applied
a full core plus correlation method with using
multiconfiguration interaction wave functions to
computing the nonrelativistic values of the os-
cillator strengths for a number of transitions into
the Rydbers states along the Lil isoelectronic se-
quence. The Hylleraas-type variational method
and the 1/Z expansion method have been used
also to obtain the non-relativistic calculations
data on the energies and oscillator strengths of
1522s,1522p for Li-like systems up to Z = 50
[41-51].

In this paper the relativistic many-body
perturbation theory with the optimized Dirac-
Kohn-Sham zeroth approximation is applied
to calculation of the radiative transitions wave-
lengths and oscillator strengths for some Li-like
multicharged ions. The relativistic, exchange-
correlation and other corrections are accurately
taken into account.

2. Relativistic many-body perturbation
theory with optimized zeroth approximation
and energy approach

The theoretical basis of the RMBPT with the
Dirac-Kohn-Sham zeroth approximation was
widely discussed [26,27,93-102], and here we
will only present the essential features.

As usually, we use the charge distribution in
atomic (ionic) nucleus p(7) in the Gaussian ap-
proximation:

p(rR) = (473/ 2 /= )exp(— vrz)

where y=4/zR’ and R is the effective nucleus ra-
dius. The Coulomb potential for the spherically
symmetric density p( 7 ) is:

&)
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Vnucl(r|R) = _((l/r)?d"””vzp(’"
0

)
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Further consider the Dirac-like type equa-
tions for the radial functions " and G (compo-
nents of the Dirac spinor) for a three-electron
system Is’nlj. Formally a potential V(r|R) in
these equations includes-electric and polariza-
tion potentials of the nucleus, V', is the exchange
inter-electron interaction (in the zeroth approxi-
mation). The standard Kohn-Sham (KS) ex-
change potential is [13]:

w L ]
R)+jdrrp(r
r

Vet (r) ==/ mB3a’ p(r)]".

3)

In the local density approximation the rela-
tivistic potential is [33]:

_OE,[p(r)]

Vilp(r),rl= o)

where E,[p(r)]is the exchange energy of the

multielectron system corresponding to the ho-

mogeneous density p(r), which is obtained

from a Hamiltonian having a transverse vector

potential describing the photons. In this theory

the exchange potential is [33]:

[B+(B+1)"°] 1
=L 2 1 (5

BB +1)" 2} ©®)
where B=[37"p(r)]"/c, ¢ is the velocity of

light. The corresponding one-quasiparticle cor-
relation potential

“4)

Vlp(r).r=VE (r)- {% In

Ve[ p(r),r]=—0.0333-b-In[1+18.3768 - p(r)"*1, (6)

(here b is the optimization parameter; see be-
low).

The perturbation operator contains the rela-
tivistic potential of the interelectron interaction
of the form:

1- oc,.aj)

V) = ( exp(iayr;) » (7)

i

(here o, .0 are the Dirac matrices, w, is the tran-
sition frequency) with the subsequent subtrac-
tion of the exchange and correlation potentials.
The rest of the exchange and correlation effects
will be taken into account in the first two orders
of the PT [93-102].



In Ref. [127,128] it has been proposed “ab
initio” optimization principle for construction
of the optimal relativistic orbital basis set. The
minimization condition of the gauge dependent
multielectron contribution of the lowest QED
PT corrections to the radiation widths of the
atomic levels is used. The details of procedure
can be found in Ref. [126-134]. As in Ref. [127,
134], let us examine the multi-electron atomic
ion with one quasiparticle in the first excited
state, connected with the ground state by the
electric dipole radiation transition. In the QED
PT zeroth order we use the one-electron bare
potential ¥, (r)+V,(r)+ V.(r). As usual, the per-
turbation operator is as follows:

—VXc(r)—J# (x)A“ (x) (3
where 4 — vector-potential of the electromag-
netic field, J— current operator.

Further one may treat the lowest order multi-
electron effects, in particular, the gauge depend-
ent radiative contribution for a certain class of
the photon propagator calibration. The contri-
bution of the QED PT fourth order diagrams
A into the Im8E accounts for the exchange-
polarization effects. In fact it describes the col-
lective effects and is dependent upon the elec-
tromagnetic potentials gauge (the gauge non-
invariant contribution). This value is considered
to the typical electron correlation effect, whose
minimization is a reasonable criterion in search-
ing the optimal one-electron basis of PT. All the
gauge non-invariant terms are multi-electron by
their nature (the particular case of the gauge non-
invariance manifestation is the non-coincidence
of the oscillator strengths values, obtained in
the approximate calculations with the “length”
and “velocity” transition operator forms). Quite
complicated calculation of contribution of the
QED PT fourth order polarization diagrams into
Im OF gives the following result [127]:

Here, fis the boundary of the closed shells;
n >f'indicates the unoccupied bound and the up-
per continuum electron states; m < f indicates
the finite number of states in the core and the
states of the negative continuum (accounting
for the electron vacuum polarization).

ImoFE

ninv

1 1
> . -
w>r \ @, t @, w, = —

mn as

(a—s;b) =—=C[ [ [ [ anardrar,

m<f

-,

v, (W, (n)w, (n)w, (1) o

(s —asny, auny,) /'y ]

.Sin[a)an (’/12 + 7"34 )] + a)ancos[a)an (1/12 + 7"34)]

(I+anyauny)} -y, (”3)‘//(1 (”4)'//;1 (”2)‘//‘? (”1)

The expression (9) can be represented in the
form of terms:

Z:<ccm|W1 |ns ><sn|W, |ma> (o, +o,)

& (10)
with four different combinations of operators

and (see details in Refs. [127-129]). The
sum over n can be calculated by the method of
differential equations. The minimization of the
density functional ImOE leads to the integral
differential equation for the p_, that can be nu-
merically solved. This step allows to determine
the optimization parameter b. In Ref. [127] the
authors elaborated a simplified computational
procedure. We have used more sophisticated
method, presented in Ref. [131313]. It presents
for first time the full consistent realization of the
optimization approach within our version of the
RMBPT.

The key elements of the relativistic energy
approach to computing radiation widths and
oscillator strengths for atomic systems are pre-
sented in Refs. [13-13]. Let us remind that an
initial general energy formalism combined with
an empirical model potential method in a theory
of atoms and multicharged ions has been devel-
oped by Ivanov-Ivanova et al [119-125], further
more general ab initio gauge-invariant relativ-
istic approach has been presented in [127,128].
We use the optimized version of this formalism
with our construction of one-quasiparticle rep-
resentation. In the energy approach [124-126]
the imaginary part of electron energy shift of an
atom is connected with the radiation decay pos-
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sibility (transition probability). An approach,
based on the Gell-Mann and Low formula with
the QED scattering matrix, is used in treatment
of the relativistic atom. The total energy shift of
the state is usually presented in the form:

SE =ReSE+il'/2 (11)

where I is interpreted as the level width, and the
decay probability P = TI". For the a-s radiation
transition the imaginary part of electron energy
in the lowest order of perturbation theory is de-
termined as [124]:

— \w I
IMSE=~— % V)
T a>n>f

[a<n<f]

(12)

where @  is a frequency of the o-n radiation,
(a>n>f) for electron and (a<n<f)

for vacancy. The matrix element V' is deter-
mined as follows:

sinj@|r1
7(1 )i () ¥ (1)
(13)
The separated terms of the sum in (34) repre-
sent the contributions of different channels and
a probability of the dipole transition is:

T, = v

an 4 anan

The corresponding oscillator  strength:
g~MT | /6.67x10", where g is the degeneracy
degree, X is a wavelength in angstroms (A) All
calculations are performed on the basis of the
numeral code Superatom-ISAN (version 93).
The details of the used method can be found in
the references [1,11,14,21-24].

,‘,kl‘ (1 drdry®; (r)¥ (r2)

(36)

3. Results and Conclusions

In table 1 we list our computational results
on the wavelengths and oscillator strengths gf
(upper number in the line “Our work™: data, ob-
tained without using the optimized basis set and
accounting for the exchange-polarization cor-
rections; lower number in the line “Our work™ —
with using the optimized basis set and account-
ing for the exchange-polarization corrections)
for 1s?2s (°S, ) — 1s*3p (°P ) transitions in the
Li-like ions with Z=21,22. In Table 1 the dataon
the wavelengths, oscillator strengths, calculated
by Banglin Deng et al [52] (in the framework
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of the relativistic configuration-interaction for-
malism using multiconfiguration DF wave func-
tions and considering the Breit interaction, QED
and nuclear mass corrections), Zhang et al (the
Dirac-Fock-Slater method and disturbed wave
approximation), Martin et al (the relativistic
quantum defect method),Nahar (ab initio calcu-
lations including relativistic effects employing
the Breit-Pauli R-matrix method) and the NIST
data [10-14] are listed too. The data by Ban-
glin Deng et al [12] are obtained in the length
gauge, and the ratios (V/L; in %) of the velocity
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 theoreti-
cal data and experimental results is more or less
satisfactory.

Table 1.
The calculated wavelengths, oscillator
strengths for 1s’2s (S, )) — 1s’3p (P, ) tran-
sitions in the Li-like ions with Z=21-30; V/L
is the ratios of the velocity and length gauges
values by Banglin Deng et al [12]; Ninv (in
%) is the gauge non-invariant contribution

(this work);
Z Ref. Wavelength | Oscillator | V/L;
(A) strength Ninv
(gf, 10°H) (%)
21 Banglin 16.862 1.2392 V/L=
Deng et al 0.117
NIST 16.861 1.2404
Zhang 16.856 1.250
et al
Martin - 1.24
et al
This work 16.860 1.2835 Ninv=
1.2401 0.10
22 Banglin 15.254 1.2484 V/L=
Deng et al 0.128
NIST 15.253 1.2489
Zhang 15.249 1.259
et al
Nahar 15.3 1.281
Martin 1.24
et al
This work 15.252 1.2967 Ninv=
1.2492 0.11




The approach presented (with using the op-
timized relativistic PT) can provide sufficiently
high accuracy and physically reasonable de-
scription of the corresponding wavelengths and
oscillator strengths. It should be noted that an es-
timate of the gauge-non-invariant contributions
(the difference between the oscillator strengths
values calculated with using the transition op-
erator in the form of “length” and “velocity”)
i1s about 0.15%, i.e., the results for oscillator
strengths obtained with using different photon
propagator gauges (Coulomb, Babushkin, Lan-
dau) are practically equal. This is the evidence
of a successful choice of the one-quasiparticle
representation.
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THE HYPERFINE STRUCTURE OF HEAVY ELEMENTS ATOMS WITHIN
RELATIVISTIC MANY-BODY PERTURBATION THEORY

Summary

The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sham zeroth
approximation is applied to calculation of the radiative transitions wavelengths and oscillator
strengths for some Li-like multicharged ions. The relativistic, exchange-correlation and other cor-
rections are accurately taken into account. The optimized relativistic orbital basis set is generated in
the optimal many-body perturbation theory approximation with fulfilment of the gauge invariance
principle. An accurate treatment of the QED perturbation theory fourth order (a second order of the
atomic perturbation theory) Feynman diagrams (whose contribution into the energy shift imaginary
part (radiation width) for the multi-electron atoms accounts for multi-body correlation effects) is
performed. The obtained data on the radiative transition wavelengths and oscillator strengths for
some transition in spectra of the Li-like multicharged ions are analyzed and compared with alterna-
tive theoretical and experimental results.

Keywords: Relativistic many-body perturbation theory — Optimal one-quasiparticle representa-
tion — Oscillator strengths —Energy approach — Correlation corrections

PACS 31.15.A-;32.30.-r

0. 0. Xeyenuyc, A. JI. Muxaiinos, 3. A. E¢pumosa, P. 3. Cepea

CBEPXTOHKAS CTPYKTYPA TSIKEJIBIX ATOMOB B PAMKAX
PEJIITUBUCTCKOM MHOI'OYACTHYHOM TEOPUU BO3MYIIEHUI

Pesrome

PenstuBHCcTCKas MHOrO4acTUYHASI TEOPUS BO3MYILEHUN C ONITUMU3UPOBAHHBIM HYJIEBBIM IIPU-
ommxenueM Jlupaka-Kona-11Isma npuMeneHa ams pacueta JJIMH BOJIH PaJAMALMOHHBIX IEPEXO/I0B
U CUJI OCIIJUIITOPOB [T HEKOTOPBIX Li-1oJ00HBIX MHOTO3apsIHBIX HOHOB. PensiTuBucTckue, 00-
MEHHO-KOPPEJSILIMOHHBIE U PYrUe MONPABKHA YYUTHIBAKOTCSA B paMKax IOCIIEN0BATEIbHBIX IIPO-
nenyp. ONTUMHU3MPOBAHHBIN 0a3UC PEISITUBUCTCKUX OpOUTAIel TeHEepUPYeTCs B OCIE10BATEb-
HOM HYJIEBOM MNPHOJMKEHUU PEISITUBUCTCKOM MHOTOYaCTUYHOH TEOPUH BO3MYIICHUH, MCXOISA
U3 YCIIOBUS BBIIIOJHEHUS NMPUHIIMIA KaJuOpOBOYHON MHBapuaHTHOCTHU. [IpeanoxeHa mpouenypa
aKKypaTHOTO y4eTa BKJIal0B, OMMChIBaEMbIX AuarpaMmaMu delinmana yetseproro nopsaka KOJI
TEOpUHU BO3MYILEHUH (BTOPOM MOPSAJOK aTOMHON TEOPUU BO3MYILEHUI), B MHUMYIO YacThb JHEP-
IeTUYECKOrO CJIBUra aTOMHBIX YPOBHEH (paJMallMOHHbIE IIMPHUHBI) MHOTO3JIEKTPOHHBIX aTOMOB
C LIEJbI0 YYeTa MHOTOYACTHUYHBIX KOPPEIAUOHHBIX 3¢ ¢dekToB. [loaydeHHble JaHHbIE O JIMHAX
BOJIH PaJIMallMOHHOTO MEPEX0/ia U CHJIaX OCHMIIIATOpPA Ul HEKOTOPOro mepexofa B crekrpax Li-
OJJOOHBIX MHOT'03apsIIHBIX MOHOB aHAIM3UPYIOTCS U CPAaBHUBAIOTCS C aJIbTEpHATUBHBIMU TEOpE-
TUYECKAMH U DKCIIEPUMEHTAIBHBIMU PE3YJIbTaTaMHU.
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KuroueBble cjioBa: PensTUBUCTCKAash MHOTOYACTUYHASI TEOPUS BO3MYILEHUN — ONTHUMAaJIbHOE
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HAJITOHKA CTPYKTYPA BA’KKKUX ATOMIB B PAMKAX
PEJSATUBICTCHKOI BATATOYACTUHKOBOI TEOPIi 35YPEHb

Pesrome

PenaruBicTchka OaratoyacTHHKOBAa Teopist 30ypeHb 3 ONTHMI30BaHMM HYJIHOBUM HaOIMKEH-
HsaMm Jlipaka-Kona-Illema 3acTocoBaHa JijIsl po3paxyHKy JOBXKHH XBWJIb pajialliiHUX MEPEXOiB 1
CHJT OCHMJIATOPIB I AeskuX Li-moaiOHuX Oararo3apsiiHuX 10HIB. PensaTuBicTChKI, 0OMIHHO-KO-
persLiiiHi Ta 1HII MONPaBKU BPAaXOBYIOThCA B paMKax MOCTIIOBHHUX mpoueayp. OntumizoBaHuit
0a3uc pensATUBICTCHKUX OpOiTajeil FeHepy€eThCs B OCI1JOBHOMY HYJIbOBOMY HAaOJIMKEHHI PEIISTH-
BICTCBHKOi OaraTo4aCTUHKOBOI Teopii 30ypeHb, BUXOASYH 3 YMOBU BUKOHAHHS MIPUHITUITY KalliOpy-
BAJIHOT 1HBapiaHTHOCTI. 3ampOIOHOBAHO MPOLEAYPY aKypaTHOTO ypaxyBaHHs BKJIaJliB, OIUCYBa-
Hux Jiarpamamu @eitnmana yetBeproro nopsaaky KEJI teopii 30ypens (apyruit mopsaok arToMHOT
Teopii 30ypeHb), B YABHY YaCTHHY €HEPreTHYHOTO 3CYBYy aTOMHHUX DiBHIB (pajialliiHi IIMPUHHN)
0araToeIeKTPOHHUX aTOMIB 3 METOI0 BpaxXyBaHHS 0araro4acTHHKOBUX KOPENSALINHHUX €(EKTiB.
OTpuMaHi aHi MO JTOBKHMHAM XBWJIb paJlallifHUX MEepPeXoiB Ta CHJIaM OCLUISATOPIB JUIsl AESIKUX
MepexoIiB y cnekTpax Li-mogiOHuX 6araTo3apsTHUX 10HIB, SKi TOPIBHIOIOTHCS 3 albTePHATHBHU-
MU TEOPETHYHUMH 1 EKCTIEPUMEHTAIbHUMU PE3yIbTaTaMu.

Kurouosi cioBa: PensituBicTcbka GaratouacTuHkoBa Teopisi 30ypeHb — OntumMasibHe OJIHO-
KBa314aCTUHKOBE mpescTaBieHHss — Cuinm ocuuisatopiB — Eneprernunuii miaxin — Kopensmiiai
MIOTIPaBKU
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THE STUDY OF CADMIUM SULFIDE HETEROGENEOUSLY SENSITIZED
CRYSTALS. PART II. RELAXATION CHARACTERISTICS

The photoelectric properties of CdS crystals with combined doping has been considered. The relaxation of the
photocurrent determined by the long-term (months) redistribution of the sensitive impurity has been found. The
possibility of creating of a new type of light sensors with super long memory has been shown. The medium-time
(minutes) and fast (seconds) relaxation of the photocurrent under excitation by intrinsic and infrared light has been

studied.

This article is a continuation of the review
[1]. For the sake of maintaining wholeness the
numbering of sections were selected transpar-
ent. References in each article are given indi-
vidually.

The term «Heterogenicy is understood in two
senses.

Firstly, the process of tactile sensing Bube-
Rose you must have at least two classes of cen-
ters — R (slow recombination) and S (fast recom-
bination). Moreover, each of these groups may
consist of several physically different types. The
condition of predominance of concentration of
one of the classes N, > N¢ or N <N creates
some features considered in Part I.

Secondly, under the influence of external fac-
tors (electric field, light, temperature), spatial re-
distribution of the sensitive centers is possible.
This creates a number of specific effects, dis-
cussed below, which are impossible in samples
with uniform doping.

3.1. Long-term (hours) migration-depen-
dent relaxation of photocurrent

After pre- lightings of the samples with our
own light and long (2-3 months) stay in the
dark, we observed almost complete absence of
photosensitivity [2,3,4,5]. Then the photosensi-
tivity was restored for several days, while the
crystals were exposed to monochromatic light

with a wavelength of 515 nm [6]. The process
passed independently of the duration or the
number of lightings and remained the same
even under lighting for 20 minutes once a day
[7,8]. The rate of recovery of photosensitivity
turned out to be the maximum at first, then the
increase decreased. After about 100 hours, the
photocells stabilized and no longer responded to
daily lightings.

J10%, A

100 —
C
b

50

a
0 //Tf T — 1, min
20 40 60

Fig. 3.1 Relaxation of the photocurrent after exposure
in the dark for 3 months (curve “a*), then five days
(’b*) and two days (Pc").

At the same time, there was a certain limit
level of sensitivity, which could not be exceed-
ed, regardless of the time of illumination, both
one-time and total.
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The type of relaxation curve depended on the
applied field strength. Moreover, if a simple de-
crease in the applied voltage did not make fun-
damental changes in the shape of the curve, only
reducing the corresponding currents, then an
increase in the distance between the contacts to
2 mm at a displacement on the sample was still
50 V led to a modification of the initial stage of
changes-at small times of less than 10 min, a sec-
tion of relatively slow current increase appeared
and the relaxation curve as a whole acquired an
S — shaped form. Characteristically, in this case,
although the strength applied field is decreased
approximately four times, the value of flowing
current decreases disproportionately, accounting
for roughly half of the original value on the plot
of saturation after relaxation in 35 — 40 minutes.

The samples had a strong effect of infrared
quenching of photocurrent. Even with not very
large values of the ratio of the intensity of the
quenching light to the intensity of the exciting,
the value of the IR quenching coefficient Q easily
reached 100 %. The spectral distribution curve
Q (1) was typical with two maxima at 1080 and
1400 nm (0.9 and 1.1 eV, respectively).

At temperatures of large 40 — 50 °C for the
excitation intensities used, the effect of temper-
ature quenching of the photocurrent with stan-
dard characteristics was observed.

The presence of both types of quenching in-
dicates the presence of S — and R — centers of
comparable concentrations in the crystal, and
the absolute value of the number of centers of
each class should be significant.

Since the described situation is close to the
existing model with moving S-centers, we have
put a special selective experiment. After com-
pletion of the relaxation process is already in a
sensual state (curve "b,, Fig. 3.1) the polarity of
the applied field was reversed.

If the observed phenomena are associated with
the migration in the sample of light-charged de-
fects, which play the role of centers of rapid re-
combination and their gradual accumulation in the
anode, then such processes should be expected:

When changing the sign of the pulling field
(the light continues to operate and, therefore,
the centers retain the charging state), the defects
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must migrate in the opposite direction. During
the time comparable with the time of the pre-
vious relaxation, they first dissipate over the
crystal (due to the spread of mobility and fluc-
tuations of the diffusion jumps of V&d vacan-
cies). The sample returns to the pre-relaxation
state with low sensitivity. And then, even for
the same period of time, there is a spatial repo-
larization of S-centers with their accumulation
at the opposite contact.

Instead, we observed a slight change in the
photocurrent within 20-25 minutes no more
than 10 — 20 % of the initial value. Given the
inefficient process of moving S-centers through
the crystal grate as already noted, such time in-
tervals are completely inadequate diffusion of
defects of this type.

Thus, the features of the time dependence
of the current require to exclude from consid-
eration in our case the movement of S-centers.
The difference between this model and the situ-
ation under study is the state of contacts to the
sample. The study of the light current-voltage
characteristics both at different moments of re-
laxation (instantaneous or almost instantaneous
values) and in a stationary, sensitive state, in-
dicates the presence of locking barriers in the
entire temperature range and the light intensities
used. The curves of the current-voltage char-
acteristic had the form typical for the reverse
branches of the diodes. Moreover, we are talk-
ing about both contacts, since there were no
fundamental differences in the applied voltage
at opposite polarities.

The non-ohmic contact with the crystal is
also reflected in the volt-farad dependencies.
During the measurement times excluding the
diffusion of impurities, in the case of anti-lock
contacts, the sample capacity should not change
at all with the applied voltage. Instead, we ob-
served a volt-farad dependence, although not
straightening in standard coordinates C*(U).

With the increase in temperature, the relax-
ation process was revived. However, it seems
anomaly practically no differences in the graphs
in the temperature range from slightly increased
to 80 °C.



Contrariwise, temperature rise has proved
to be an effective way of returning cadmium
sulfide crystals to photosensitivity. Even after
long exposure in the dark (situation of “a” Fig.
3.1) as a result of subsequent heating (without
photoexcitation and voltage) at a temperature of
40 °C for 4 to 6 hours, the crystal passed to the
state characteristic of the dependence “b” Fig.
3.1. At the same time, no accumulation from
the photo effect was observed. However, even
in this case, we could not achieve an improve-
ment in the transfer of the sample to a state with
increased photosensitivity by simply increasing
the temperature. The effect of infrared light on
our crystals also increased their photo response
to their own excitation after a long stay in the
dark. The combination of a small heating and
IR — effect almost completely removed the re-
laxation of the photocurrent.

Since the investigated chronological depen-
dence of the current in the samples occurred un-
der the conditions of photoexcitation with the si-
multaneous presence in the electric field, it was
of interest to study the effect of each of these
effects individually.

Curve "a, fig. 3.2 measured under the same
conditions as the curve “a” in fig. 3.1 and transferred
here as a reference. Curves "b” and» “c” «Fig. 3.2
is obtained according to the scenario based on
“c” Fig. 3.1 however, an additional stage has
been introduced. The sample was kept for one
hour either in a light without a field or in the
dark but under voltage.
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Fig. 3.2 Discrete process impact.

As can be seen from the figure, the introduc-
tion of such an additional effect significantly
modifies the relaxation graph. In both situations,
an initial conduction spike appears, the causes
of which are discussed below.

The totality of the data obtained was inter-
preted as follows.

Direct experiments have proved the pres-
ence of S — and R-centers in the studied crys-
tals. The observed duration of current relaxation
excludes purely electronic interpretations. At
the same time, these intervals are too small, as
shown earlier, to participate in the processes of
rapid recombination centers. Therefore, in con-
sideration of the concentration changes are in-
troduced for R — centers.

When the external voltage is turned on, the
role of the pelotons from the R-centers at the
contacts is different. Let the field be directed in
such a way that it causes the charged R-centers
to move from right to left. Then the left contact
centers are compacted and would have to lower
the height of this barrier. But at the same time,
since its intensity coincides with the external
field, it must increase. Because of this competi-
tion, the changes taking place here practically
do not affect the relaxation of the current of pho-
to excited carriers.

The right peloton has a significant impact.
The external field pulls out of it the sensitive
centers from a potential hole in the middle part
of the crystal, significantly increasing the life
time of the main carriers. From the outside, this
is manifested in the form of current relaxation.
While remaining small due to shut-off contacts,
it nevertheless increases from 10 — 10 A to
107 A (Fig. 3.1). It is obvious that the barri-
ers are approximately symmetrical, the effect
is insensitive to the sign of the applied voltage.
When the polarity changes, the left and right
barriers change roles.

This also explains the indifference to the sign
of the field after the relaxation. A small decline
here may be due to the fact that some of the free
R-centers of the middle band of the crystal (see
Fig. 3.4) goes faster to your contact that they
are replaced with the held field R-centers of
the opposite potential well. It is clear that the
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longer the Central part, the less influence the
field injection of the sensitive centers has on it.
It is clear that the longer the Central part, the
less influence the field injection of the sensitive
centers has on it. Especially in the initial periods
of time, while the concentration of additional
agents here is small.

Especially in the initial periods of time, while
the concentration of additional agents here is
small. Having a depth of about 1 eV, R-centers
are capable of holding captured non-equilibrium
holes at room temperature for a long time. This,
obviously, determines the processes of redistribu-
tion of the concentration of the sensitive centers
after the light is turned off (Fig. 3.1), if the time
spent in the dark was not too long. We see this as
a “remembering” the previous crystal effects.

The developed concept easily explains why
the increase in stationary current decreases with
increasing lighting cycles. At first, when there
are many centers in the SCR, their transition to
the central part is massive. In descending or-
der of their concentration in the SCR for the
subsequent cycles of illumination, the intensity
of all the considered processes decreases. The
photocurrent is higher due to the sensitive action
of R-centers, while the subsequent relaxation
is more lively (curves “b“ and “c* Fig. 3.1).
Limit relaxed sensitivity to external influence
in this case is limited to the total concentration
of R-centers. No combination of effects on the
crystal can increase its conductivity in our mod-
el, if all the sensitive centers from the contact
area are already involved, which could take part
in these processes (curve “c” Fig. 3.1).

Obviously, heating increases the mobility of
the centers and accelerates relaxation. However,
with increasing temperature there is a competing
process — due to the thermal emptying of traps,
part of the R-centers, losing charge, ceases to
respond to the external field.

The same action produces IR radiation. This
explains its ability to return to crystals sensitivity
in combination with a small heating. R-centers
in those conditions is a Central part of the crys-
tal, sensing it due to the usual mechanisms of
diffusion due to concentration gradients from
the contacts to the center. Current surges at the
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initial moments of time in Fig. 3.2 (curves “b*
and “c* ) have different nature. With the prelim-
inary influence on the crystal field in the dark,
we lower the height of the barrier, the intensity
of which is opposite to the external. He is no
longer able to hold R-centers in a potential pit
and there is a perception of the crystal (curve
“b*“ Fig. 3.2). On the contrary, if the crystal was
exposed to illumination without a field, in both
contact SCR appear R-centers, captured no
equilibrium holes. Because of their charge they
lower retaining their intensity of the internal
fields, the injection of excess with the appropri-
ate sensitizing. Because both areas at the same
time participate in sensitizing, the magnitude of
the emission is somewhat larger (Fig. 3.2, curve
“c*).

In conclusion, we indicate several ways of
recycling the discovered patterns [10]. The re-
laxation process itself allows the use of CdS
samples with locking contacts as timers for tens
of minutes. The process of returning to balance,
which has lasted for dozens of days, allows for
the implementation of long-term devices. In
turn, since both processes-increasing relaxation
in their own light and their dark aging depend
from temperature and IR effects, it is possible to
create appropriate sensors with memory. In ad-
dition, the relaxation process itself is dependent
on the previous exposure to white light, which
allows the use of such samples as photorecep-
tors for illumination.

3.2. Average time (minutes) relaxation of
the photocurrent in crystals with inhomoge-
neous focus

Because the barriers in contacts play an im-
portant role in the implementation of long-term
relaxation of the photocurrent, it was of interest
to strengthen this effect. To do this, the contacts
were shifted to 0,1-0,2 mm. In this case, the in-
terelectrode distance is comparable in magni-
tude to the SCR width. Thus, the contact barri-
ers and the processes taking place there become
current controlling. An unusual form of photo
current relaxation was found on crystals with a
small distance between the contacts after stay-
ing in equilibrium conditions [5,11].



With a small level of its own lighting (1-3
1x), the photocurrent was installed in a few min-
utes. For large illuminances (10-15 Ix) the pho-
tocurrents first also increased during 3-4 min (1
stage); then during the time up to 15 minutes ~
30 % (2 stage) decreased; and later returned to
the same value and stabilized during the period
of 45-50 minutes.
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Fig. 3.3. Relaxation of own photocurrent at the level of
illumination: (1) — 10-15 Ix and (2) — 1-3 Ix.

When illuminated with its own light (515
nm) in the sensitive samples CdS have been
long time relaxation of the photocurrent in the
range of 50-60 min (Fig. 3.3).

Typically, that at low light the photocurrent
stabilized within 10 minutes. When the light
flux was increasing, a disproportionate increase
in the photocurrent occurred. With the increase
in the order of the level of illumination, the
magnitude of the photocurrent increased only
several times. This indicates the flow of several
competing processes in the crystal.

In addition, for some crystals, relaxation was
accompanied by a decrease of the photocurrent
for 10 to 15 minutes. And then the restoration of
its value for the period of about 40-50 minutes.

Times like these flowing processes exclude
purely electronic interpretation and are typi-
cal for migration-ionic phenomena. It was also
shown that in the fields 10* — 10° V/sm it is pos-
sible to move the impurity ions along the crys-
tal grate. When the barrier height is about 1 eV
and the width is ~1pum, it is possible to reaching
such fields in the contact areas of crystals.

At the same time, the fields of the barriers are
directed in such a way that they contribute to
the outflow of the negatively charged impurity
to the Central part and the extraction of the posi-
tively charged impurity to the SCR contacts.

In the first approximation for the present
consideration it is assumed that in the electric
field used the distribution of S-centers remains
uniform. They cannot have any noticeable mo-
bility to move around the crystal grate. On the
contrary, the R-center is copper in the cadmium
sublattice, which is able to move relatively eas-
ily through the crystal.

According to the Baby-Rose model, R-centers
create levels in the forbidden zone with a depth
of 0,9-1,1 eV. It is obvious that in equilibrium
conditions, capturing their own holes, these cen-
ters are able to hold them for a long time. At
the same time, as shown in chapter 2.1 (part I),
they charge positively. Under these conditions,
under the action of Schottky barrier fields, they
are extracted from the crystal areas of the width
of the order of diffusion length from the inner
boundary of the barriers and the accumulation
of this impurity in the SCR contacts.

In General, the distribution of the concen-
tration of R-centers takes the form, as shown
in Fig. 3.4. As a result of sluggish recombina-
tion processes, some of these centers lose their
charge. Therefore, under equilibrium condi-
tions, the concentration of charged N," centers
in the contact areas is much less than their total
concentration of N,.

When exposed at the same time its own light
and external voltage to the crystal (Fig. 3.3) the
situation in the crystal changes. Let’s first con-
sider the initial state of the contacts.

In the dark, in conditions N*™ <N | the
charge in the SCR is concentrated on ionized
donors. Since the barrier is locking, the influ-
ence of free electric charge is neglected. Then

The potential distribution in the SCR is found
from the Poisson equation

d’p 4rne’
e e 8D
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the standard solution is:

2
p(x) =N, (L-a)

The value L in (3.2) sets the width of the SCR
at the equilibrium height of the barrier ¢ :

(3.2)

e 1
dark = 2 ¢O . (33)

7 N,
When the light intensity is high, the condi-

tion N* <N is violated. R-centers, already
located in the SCR and distributed there evenly,
capture appeared in a large number of no equi-
librium holes and are completely ionized. We
used high-resistance crystals. Consequently, the
concentration of donors is low. At the same time,
a bright effect of infrared extinction indicates
the presence of a large concentration of second-

class centers. As aresult N, =N, >> N,

=g+ el

b

Fig. 3.4. Migration processes in the crystal in the light
under the influence of the field.

Positive charge in the SCR is now fixed on

R-centers and formulas (3.2) — (3.3) are modi-
fied:

84

2
2re

illum 2
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blg 272_82 N2 O . M

Here it is taken into account that under the in-
fluence of external voltage the height of the bar-

rier has decreased to a value (p(O) =¢,—eU .
It will be shown below that the changes on the
second barrier increasing in the same field are
insignificant.

Formulas (3.3),(3.5) allow to explain the in-
crease in the photocurrent in the region “a” Fig. 3.3.

It is seen that the light width of the barrier
(3.5) because of the conditions decreased in
comparison with the black values (3.3). At the
same time it became lower.

Resistance R1 (Fig. 3.4) this part of the crys-
tal decreases. The current grows. Because pro-
cesses are limited only by the time the traps are
captured, changes occur quickly.

However, the processes that occur with the
barrier (in Fig. 3.4-left), more harder. If light
quanta are small, then a small concentration of
non-equilibrium holes is created. In SCR of the
contact they distributed according to the law:

o (x)

Ap(x)=Apexp {7} (3.6)

Where Ap — is the concentration of holes at

the bottom of the barrier; (p(x) - potential dis-
tribution. As a criterion of low light we choose

¢ (x)

Apexp| ——= |<N,. 3.7
\p p{ T } 2 (3.7)
That is, at any point in the barrier holes are
not enough to fill all the R-centers. Under these
conditions, a fixed positive charge is the holes,
according to (3.7) captured on the R-centers

o(x)

p=eN, (x)=eApexp {k—T} . (3.9)



Then the Poisson equation has the form:

d(p 4re’ o(x)
—Apex ) 3.9
@t e 1{ kT 3:9)
or:
d’z
— =Aexp(z 3.10
= Aexp(2), (3.10)
where .
z=agp; A:[mAp]L; a=—. (3.11)
£ kT kT
Integration (3.10) gives:
(%jz =24[exp(2)-1]. (12
dx

The equation (3.12) requires numerical inte-
gration. However, it can be simplified. The con-
dition (3.7) assumes a small number of holes at
the sole of the barrier and, accordingly, a small
charge at the centers of the sensitivity. In other
words, the far edge of the barrier again depends
on ionized donors:

Ap(L)exp{%;)}<N;. (3.13)

Here, small levels of illumination and a
small barrier potential are taken into account

(D(L) — 0. Thus, the barrier now consists of
two parts, most of which are subject to (3.12),
and the edge is defined similarly (3.2). To es-
timate the width of the SCR of such a bar-
rier is sufficient to use (3.12) in the conditions
>>
Then

= =1v24 exp(ij ,
dx 2

In all of the SCR with the increasing coor-

(3.14)

dinate value , and hence z, is decreasing (see
Fig. 3.4, left barrier). Then, in (3.14), the “+”
sign should be discarded as having no physical
meaning. We have in view (3.11)

1) 27Z€2Ap
- = -L)+1.33.1
eXp( 2ij o Fh)TLGIS)

It is not difficult to obtain an explicit form of
potential distribution

1

2me’Ap
L —
kT (£, =)

@ =2kTIn

, (3.16)

moreover, because of the conditions (3.7), equa-
tion (3.16) still need to sew with (3.2). However,
(3.15) is sufficient to estimate the width of the

SCR. On the left border, at

o, —eU 27e’Ap
e 1- L. (317
Xp( AT j \ e G

It is taken into account that voltage is ap-
plied together with the light (as shown in Fig.
3.4), which lowers the height of the barrier. And

- is only part of the barrier, although large,
which is determined by the charge captured on
the R-centers:

l—exp( Po = er
I - KT ) 3y

e’ Ap i
kT

Calculate, taking into account (3.5) for large
levels of illumination, the ratio

1—exp _p—et
L 2kT ) |N,

=== (3.19)
ngg @0 B eU Ap
kT
Or applying (3.13),
L expi%z;(;Uj_
! (3.20)

Llllum > _ U
big \/ ¢O e
kT
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And the equation for solved, due to the

¢(x)

condition €xp {k—T} »1 for large barriers.

Therefore, the unit in the numerator (3.20) can
be discarded. It is obvious that any exponent
with an exponent greater than one is greater than
its degree. Therefore, finally,

exp(% — eU)

L kT
illnm _ U >> 1 .
l&ﬁg 5?9444514,
kT

Here  —only part of the barrier in low light
conditions. Finally

illum
—small 1.,
Llllum

big

(3.21)

That is, at low light conditions the barrier,
having the same height, is considerably broad-
ened. And this is the second reason that the cur-
rent on the curve 2 in the “A” region of Fig. 3.3
much less.

Note also that the N, = N, >> N, compari-

son of (3.3) and (3.5) follows L > Lllfgm . At the
same time, any appearance of a positive charge
in the SCR in the light should reduce its width.
Therefore, the logical chain of (3.3), (3.5) and

(3.21) is built as L > Lislf:;?, > Lilzzm . When
lighting SCR width is reduced, and the more, the

higher the light intensity. This is also consistent

with (3.18) ( in the denominator) and (3.5).
Now let’s consider the influence of Seth on
the formation of ion-coordination mechanisms.
For times of about tens of minutes (area “B”

Fig. 3.3) the charged - impurity can already
be moved in the applied electric field. The fate
of SCR at both ends of the crystal is different.
Let the polarity of the applied field be as
shown in Fig. 3.4. Then it should cause outflow

-centers from the left barrier and increase
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their concentration due to the drift component

in the right. At the same time, since - cen-
ters in the light are charged there and there, a

diffusion outflow of the centers from both
contacts is formed. The figure shows that for the
left barrier both reasons are formed, and for the
right — compete with each other. As a result, the
applied field and light cause much greater ex-
traction of R-centers from the left contact to the
Central part. In this case, its height is reduced by
an external field. In the right contact, the outer
field would have to raise the height. However,
a much greater concentration of the residual

charge - it lowers. Thus, the parameters of
the right SCR are controlled by a set of mutually
competing causes. In the first approximation,
it can be considered stable and changes in Fig.
3.3 bind to the left contact only. The dominant
mechanism for it is the broadening, as shown
above. The height of this barrier can also be
considered to be slightly changing, since the
external field reduces it, and the departure of a

positive charge — increases it.

Thus, area "B" Fig. 3.3 controlled by only
one process: the left SCR expands, its resistance
increases, the current drops. This process will be
the stronger the greater the light intensity. First,
then there is more concentration of charged cen-
ters. And secondly, as can be seen from (3.21),
the twilight lighting barrier and so wide. Its rela-
tive changes are much smaller. That is why we
have not recorded a long-term decrease in the
current on the curve 2 Fig.3.3.

Note that the change of polarity of the ap-
plied voltage does not change the picture. Just
the barriers are reversed and their roles.

Extracting of contact of the SCR, the centers
of tactile sensing include two other mechanisms
beyond. Depending on the intensity of the light,
as shown above, in the near-surface layer is more
or less increased concentration captured on the
centers of the positive charge. Accordingly, they
leave this area under the influence of diffusion
and drift. This should be accompanied by its ex-
pansion. This changes the length of the Central
part of the crystal.



Since the total length of the crystal-the central
part plus two contact areas-remains unchanged,
the broadening of one of the contacts should in-
evitably lead to a narrowing of the central part. At
the same time its electrical resistance ( at Fig.
3.4) decreases due to simple length reduction.
The resistance of the entire tandem increases
as part of the inter-electrode space has to be re-
placed by the high resistance region of the barrier.

This would have to lead to further stimula-
tion to reduce the photocurrent. However, this
process is superimposed on another.

Getting into the central part, R-centers are
sensitive to it. At the same time, the life time of
the main carriers can increase to five orders of
magnitude. We were able to show (Chapter 2.1
Part I) that this will be when the concentrations
of S - and R - centers are roughly compared:
N, ~N,.

In turn, the increase in life time causes an in-
crease in conductivity

o=enp=e(fT)p. (3.22)

Since the decrease in conductivity with the
broadening of the barrier is approximately lin-
ear and even sublinear, and (3.22) accompanied
by an avalanche increase, the current in the “C”
figure. 3.3 increase as shown by dotted line.
However, this process is longer. First, unlike
area “B “and the more area” A” Fig. 3.3 it is
called by several competing mechanisms. And
secondly, a simple increase in the concentration
of sensory centers in the sole of the SCR does
not cause additional changes. It takes time for
the resorption of the peloton of the R-centers on
the crystal. This is what causes the asymmetry
of the pit walls in relaxation in Fig. 3.3.

It is also obvious that in low light conditions
these processes are absent (curve 2 Fig. 3.3). -
centers are much smaller, and their addition in
the Central part of the crystal is insignificant. In
addition, the barrier is initially much wider [see
(3.21)]. For relatively short samples, the SCR
contacts in General can be gathered. Sensitive
centers extract nowhere. It is with this that we
connect the experimentally observed absence of
an increase in the current in the area “C” of the
curve 2 Fig. 3.3.

Note in conclusion that at the end of all the
redistribution processes for the curve 1 Fig. 3.3
as expected, the current stabilizes again at the
same level in the “C” area as in the maximum
after the capture processes in the area “A”. This
is not difficult to explain, given that just as many
of the sensory centers have left the SCR, exactly
the same amount eventually caused changes in
the Central part of the crystal.

3.3. Experimental confirmation of mobile
R-centers model

Thus, we link the peculiarities of relaxation
processes of the own photocurrent in samples
with two types of recombination centers with
the redistribution of charged R-centers from the
regions of the space charge in the contact parts
of the crystals. To test this model, a special ex-
periment was carried out to artificially change
the concentration of such centers. Of course, it
is quite difficult to model the physical amount of
1 ligand in the element under study.

However, in our case we are talking about
the charged admixture after the capture of non-
primary carriers. The number of holes located
on the R-levels and providing a change of state
[12], is easily regulated by infrared radiation in
accordance with the model of the Bube-Rose.
Long-wave photons, knocking holes from
R-centers, return them to a neutral state, which
completely excludes them from drift processes
under the influence of an external field.

In addition, since the concentration of the li-
gand is, of course, much less than the number
of basic atoms of the substance, the distance be-
tween the neighboring R-centers exceeds sever-
al translations of the crystal lattice. This means
that the uncharged impurity practically does not
interact with each other, which completely ex-
cludes the formation of diffusion flows. Thus,
the use of IR radiation is a good modulating
means for virtual change of the concentration
of R-centers, turning them off from the ongoing
processes (see also chapter 2.2 Part I).

Figure 3.5 shows the change in the relaxation
curve when the crystal is exposed to additional
infrared illumination. The curves were normal-
ized to the maximum of the curve 1 photocur-
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rent in the region of 10 minutes. It is seen that
the additional effect of IR photons, and thus re-
ducing the effective number of R-centers, com-
pletely eliminates the feature of the relaxation
process with the formation of a cavity (area
“B” Fig. 3.3). The photocurrent curve 2 Fig. 3.5
smoothly went to saturation for much longer
times several times longer than the time to reach
the maximum on curve 1.
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Fig. 3.5. Change of photocurrent with time under the
action of only self-illuminating (1) and using IR illu-
mination (2).

The absolute value of the photocurrent was
almost an order of magnitude less than in the
initial state without IR radiation. This is the ex-
pected result, given that under the action of IR
radiation from SCR contact areas disappears
fixed positive charge. In accordance with the
conclusion of chapter 3.2, both barriers become
higher and wider, the resistance R1 and R3 in
the equivalent circuit Fig. 3.4 increases, the cur-
rent drops.

3.4. Fast (seconds) relaxation of the photocur-
rent at excitation by own and infrared light
Long-term processes of spatial redistribution
of impurities in the sensitive crystals described
in sections 2.1 — 2.2 of Part I camouflage fast
electronic relaxation. In this regard, it is of inter-
est to study the changes of the photocurrent for
the times excluding the influence of ion process-
es — 10'-10? sec, (tens of seconds, up to several
minutes). For its observation, the samples were
kept for a long time in their own light. The situ-
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ations considered in this section occur [8] under
already established conditions of dynamic equi-
librium and correspond to the ends of the graphs
Fig. 3.1 and 3.3.

The sample was illuminated with its own
light of different intensity. The luminous flux
was regulated stepwise by varying the annular
diaphragms in the region of the focusing lens.
Usually, the relaxation of the photocurrent is
measured from the initial state, i.e. darkness,
to a fully steady state, i.e. saturation on the
I(t) chart. At the same time, they are limited
to someone fixed light intensity. Note that the
proposed method for the first time to study the
comparative changes in the relaxation of the
photocurrent with a step change in the inten-
sity of light has a number of advantages over
the traditional excitation of “dark— full light”
or “light— dark”. This is especially noticeable
for complex capture centers, such as R-centers,
with the possibility of internal transitions to ex-
cited R’ states.

In the traditional method, a large number of
photons with a wavelength from the self-ab-
sorption band appear at once and at the same
time a huge number of non-basic carriers are
formed, which are able to fill both the main and
excited States of the R-centers from the V-zone.
Redistribution processes between them are sim-
ply not included.

If the photoexcitation and disappears imme-
diately to zero, the effective S-centers of a large
concentration of free carriers take to recombine.
Against the background of this intensive pro-
cess, weak amendments related to changes in
the population of the R and R’, and even more
so, its redistribution between them, are not no-
ticeable.

And of course, apply low light, when the
concentration of non-equilibrium charge will be
less than the number of free places on the impu-
rity levels. However, since both the concentra-
tion of recombination S-centers and the concen-
tration of capture traps for holes are not known
in advance, groping for this ratio will lead to the
same stepwise method.

The process of changing the flowing current
consists of at least two fundamentally differ-



ent phases. At the initial stage, the photo exci-
tation of free media is carried out (area I Fig.
3.6), most of which go to fill existing traps and
recombination centers. In the studied sensitive
crystals, there are definitely at least effective
R-centers for this. The usual mechanisms of
perception due to redistribution of carriers be-
tween the centers of the first and second classes,
and even more so, the center-to-center distribu-
tion between R and R" centers have not yet been
included. Especially for small light intensities,
when the number of photons absorbed is less
than the concentration of traps, the non-equi-
librium charge capture process dominates. The
conditions for the formation of the photocurrent
are unfavorable.

FrE

Fig. 3.6. The kinetics of infrared quenching of pho-
tocurrent in the highs quenches at wavelengths of 1100
nm (1) and 1380 nm (2).

1. —from 4,25 to 9,8 Ix;

2. —from 9,8 to 4,25 Ix;

3. —from 1,35 to 4,25 Ix;

4. — from 4,25 to 1,35 Ix;

5.—from 0,6 to 1,35Ix;

6. — from 1,35 to 0,6 Ix.

On the contrary, the final stages of relaxation
take place in the conditions of quasi-steady equi-
librium between the capture-release processes.
For our samples, this is done for at least four
channels: in addition to the always present ad-
hesion centers, recombination at the S-centers,
captures and emissions from the ground and
excited States of the R-centers and intra-center
transitions between them.

It is this complex ensemble of interactions
that mainly represented the subject of research.
Therefore, the measurements were carried out
under conditions of the existing intensity of the

natural light and the steady-state photocurrent
in the transition to higher illumination [13]. For
the moment t=0 inclusion of additional light was
accepted (Fig. 3.6).

I, mA4

0,057 5

I, sec

200 300

Fig. 3.7. The kinetics of infrared quenching of photo-
current in the highs quenches at wavelengths of 1100
nm (1) and 1380 nm (2).

The measurement results were compared
with the reverse process, when the illumination
returned to its original value. In this case, the
determining process becomes a competing-the
centers are emptied.

Indeed, the measurements under low illumi-
nation, we observed a relatively tight region of
the exit to the plateau of the graph 1(t). At the
same time, the decreasing relaxation was faster.

For transitions from smaller to larger illumi-
nation at large light fluxes, in addition to the nat-
ural increase in the absolute values of the photo-
current, the increasing part increased slightly in
time. This is because it is not determined by the
parameters of light, and the presence of empty
spaces on the traps. The decaying part of the 1(t)
dependence was delayed to a greater extent be-
cause it was determined by the large charge ac-
cumulated on the traps.

Finally, for relatively high light intensities, as
seen in Fig. 3.6, the magnitude of the photocur-
rent itself depended on the intensity of the light
used. The kinetics of its change-both increas-
ing and decreasing, since the time of about two
minutes, became more and more identical. With
visual superposition of graphs at light intensities
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of more than 10 Lux, these parts of the curves
coincided.

In addition, it is characteristic that the value of the
relaxation interval for the recession (Fig. 3.6 area III)
also increased with increasing light intensity.

Short-term plot, less than 2 minutes, was de-
pendent on the temperature at which the mea-
surement was made. The absolute values of the
current with increasing temperature decreased
both in the saturation region and the current
value. In order to exclude the collapse reduction
of currents associated with the effect of tem-
perature quenching, not considered in this work,
the temperature change region was used below
50-60 °C, characteristic for the beginning of
T-quenching. The increase in temperature led to
a noticeable recovery of relaxation by 2-3 times.
Given the seconds of the duration of the evolu-
tions of the current, we connected the observed
variation exclusively with electronic processes.
In contact with own light on the sample there
is a release of no equilibrium charge carriers. A
number of them take part in the formation of the
photocurrent. And a significant part, especially
in the initial moments of time, goes to fill deep
traps. It is obvious that the number of such cap-
tured carriers on the traps is large at first, be-
cause the traps were empty. But over time it is
reduced as the traps are filled. This ensures an
increase in the proportion of carriers remaining
in the free state with a corresponding relaxation
increase in the photocurrent.

At the same time, it is superimposed by a
competing process — as the traps are filled un-
der the influence of temperature, the number of
thermally ejected carriers increases. In General,
the presence of equilibrium is characterized by
the approximate equality of the flows of cap-
tured and discarded carriers from the traps. As
the temperature increases with the same cap-
ture intensity, the number of thermal emissions
increases. This provides a more rapid achieve-
ment of the saturation current.

As noted, when excited by its own light, the
formation of the photocurrent is controlled by
the recombination processes at the S-centers.
The role of R-centers can be made decisive, if
you do otherwise-without changing the current
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intensity of this light, turn on the infrared. The
relaxation curves of the effect of infrared quench-
ing of the photocurrent, not studied earlier, are
shown in Fig. 3.7. To observe the relaxation of
the photocurrent under the influence of radiation
from the long — wave part of the spectrum, the
wavelengths corresponding to the damping maxi-
ma of 1100 and 1380 nm were used. Optimal val-
ues of the Eigen frequency and quenching light
intensities were chosen in accordance with [14]
— [17] (see chapter 1.1. Part ).

With an ongoing and exciting light, when the
photocurrent I achieved relaxation, including
infrared light, pre-set to the wavelength of the
corresponding maximum damping and starred
time dependence of the photocurrent.

Both curves start from a single point cor-
responding to the value of the self-excitation.
When the infrared illumination is switched on,
the photocurrent is quenched and its value de-
creases-and the curve 1 corresponding to the
wavelength of the short-wave maximum (see
Fig.1.1. PartI) is above the curve 2 for the wave-
length maximum and relaxes to the steady-state
value longer.

This is explained as follows. Since there is
a thermal transition from level R to level R’,
the probability of transition from this level is
greater due to the greater population of the ex-
cited States. This determines that the curve 2
corresponding to the transition from levels R’
is lower than the curve 1 corresponding to the
transition from levels R.

As you can see from figure 3.7, curve 2 re-
laxes to steady value faster. This is due to only
one process, namely-transitions from the levels
R’. At the same time, the curve 1 is due to transi-
tions from the levels R and R’, plus thermal tran-
sitions within the centers of sensitivity from the
ground to the excited States. In addition, there is
a possibility of reverse capture of the hole from
the valence band to the R-centers. In General,
the existence of such a complex combination of
processes and causes a more protracted front of
the observed curve.

Thus, the considered model assumes a large
population of R” level holes due to thermal tran-
sitions to them from the main state of R-centers.
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THE STUDY OF CADMIUM SULFIDE HETEROGENEOUSLY SENSITIZED
CRYSTALS. PART II. RELAXATION CHARACTERISTICS

The photoelectric properties of CdS crystals with combined doping are considered.

The relaxation of the photocurrent determined by the long-term (months) redistribution of the sensi-
tive impurity is found. The possibility of creating a new type of light sensors with super long memory.

The medium-time (minutes) and fast (seconds) relaxation of the photocurrent under excitation
by natural and infrared light are studied.
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SPECTROSCOPY OF MULTIELECTRON ATOM IN A DC ELECTRIC FIELD:
MODIFIED OPERATOR PERTURBATION THEORY APPROACH
TO STARK RESONANCES

It is presented a new modified method to calculation of the Stark resonances energies characteristics (energies and
widths) for the multielectron atomic systems in a DC electric field. The method is based on the modified operator
perturbation theory. The latter allows an accurate, consistent treatment of a strong field DC Stark effect and includes
the physically reasonable distorted-waves approximation in the frame of the formally exact quantum-mechanical
procedure. As illustration, some test data for the Stark resonances energies and widths in the lithium atom spectrum
are presented and compared with results of calculations within the alternative consistent sophisticated methods.

1. Introduction

At last years it attracts a great interest especially
in the multielectron atoms that is stimulated by a
whole range of interesting phenomena to be stud-
ied (such as quasi-discrete state mixing, a zoo of
Landau- Zener anticrossings, autoionization in the
multielectron atoms, the effects of potential barri-
ers (shape resonances), new kinds of resonances
above threshold etc) and by many applications on
atoic, laser and plasmas physics [1-54].

An external electric field shifts and broad-
ens the bound state atomic levels. The stan-
dard quantum-mechanical approach relates the
complex eigenenergies (EE) and
complex eigenfunctions (EF) to the shape res-
onances. The field effects drastically increase
upon going from one excited level to another.
The highest levels overlap forming a “new con-
tinuum” with lowered boundary.

The calculation difficulties inherent to the
standard quantum mechanical approach are
well known. Here one should mention the
well-known Dyson phenomenon. The Wentzel-
Kramers-Brillouin (WKB) approximation over-
comes these difficulties for the states lying far
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from the “ new continuum” boundary. Some
modifications of the WKB method (see review
in Ref. [1]) are introduced by Stebbings and
Dunning, Kondratovich and Ostrovsky, Popov
et al. Ivanov-Letokhov [5] have fulfilled the
first estimations of the effectiviness of the se-
lective ionization of the Rydberg atom using a
DC electric and laser fields within the quasiclas-
sical model. Different calculational procedures
are used in the Pade and then Borel summation
of the divergent Rayleigh-Schrodinger perturba-
tion theory (PT) series (Franceschini et al 1985,
Popov et al 1990) and in the sufficiently exact
numerical solution of the difference equations
following from expansion of the wave function
over finite basis (Benassi ans Grecchi 1980,
Magquet et al 1983, Kolosov 1987, Telnov 1989,
Anokhin-Ivanov  1994), complex-coordinate
method, quantum defect approximation etc (see
review in Ref. [1]).

Hehenberger, Mclntosh and E. Bréndas [10]
have applied the Weyl’s theory to the Stark ef-
fect in the hydrogen atom.

Themelis and Nicolaides [42] adopted an ab
initio theory to compute the complex energy



of multielectron atomic states. 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 equation
(CESE) theory. Sahoo and Ho [45] carried out
the calculation the Stark resonances energies
and widths in the lithium atom on the basis of
the complex absorbing potential (CAP) formal-
ism. Jianguo Rao et al and Hui-Yan Meng et al
[40] have presented the B-spline-based coordi-
nate rotation method plus the model potential
approach and applied it to investigate the com-
plex energies of low-lying resonances of the hy-
drogen and lithium atoms in an electric field.

In Refs.[5,16] it has been presented a consis-
tent uniform quantum approach to the solution
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 perturbation theory (OPT)
for the Schrodinger equation of an atom in a
strong DC electric field. &

In this work we present a new modified ver-
sion of the OPT method for the non-H atomic
systems and test it by studying the Stark reso-
nances parameters for some lithium atom states
in a DC electric field. Besides, a relativistic gen-
eralization is presented too. The Stark resonanc-
es parameters energies and widths are calculated
and compared with the data of calculations on
the basis of the alternative sophisticated com-
plex eigenvalue approaches [40,42,45].

2.Modified operator perturbation theory
to Stark resonances for atoms in a DC elec-
tric field

As usually [16,47], the Schrodinger equation
for the electron function taking into account the
uniform electric field and field of the nucleus
(Coulomb units are used: for length, 1 unit is
h?/Ze*m; for energy 1 unit is mz%e*/h*) is:

[-(1-N/Z) | r+V(r) + €z -12A-E ] w=0, (1)

where E is the electron energy, Z is the nucleus
charge, N is the number of electrons in the atom-

ic core (for the hydrogen atom: Z=1, N=0), V_is
a model potential that describes interaction with
the electron shells for multi-electron atom (for
the hydrogen atom V_=0). Firstly, we only deal
with the Coulomb part of the electron-atomic
residue interaction. The non-Coulomb part, as
well as relativistic effects, can be approximately
accounted for next step. The separation of vari-
ables in the parabolic coordinates:

&= (&) g(m(& )™
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exp(im@)/(2m) )

transforms it to the system of two equations for
the functions f, g:

FrelmI+L 2 112 (B -N/Z 1t-1/4e (£t 1F=0

t
3)
4

coupled through the constraint on the separa-
tion constants:

g"+wg'+[1/2E+ﬂ2 lt+1/4e(t) t]1g=0,
t

)

Here and below variable ¢ denotes the argu-
ment common for the whole differential equa-
tions system (4). For the uniform electric field
£(t)= & . Potential energy in equation (4) has
the barrier. Two turning points for the classical
motion along the axis, and , ata given
energy E are the solutions of the quadratic equa-
tion ( ):

2 12
L={[ E0-4e(1-p)] Ey}/e, ©6)

n={[E -4e(1-P) - Eo}la, 1<ty (7)

To simplify the calculational procedure, the

uniform electric field in (3) and (4) should be
substituted by the function [16]:

e(t)=1e[(l«_7) 474 4+T:|
t T+t (8)

with sufficiently large ¢ (¢/=1.5¢,). The motiva-
tion of a choice of the £(¢) and some physical
features of electron motion along the /-axis are
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presented in Refs. [1,2,16]. Here we only under-
line that the function g(t) practically coincides
with the constant in the inner barrier motion
region, i.e. < and disappears at > . It is
important that the final results do not depend on
the parameter ¢. It is carefully checked in the nu-
merical calculation. The scattering states energy
spectrum now spreads over the range (- ¢ /2,+ )
, compared with (-oo,+ o) in the uniform field.
In contrast to the case of a free atom in scatter-
ing states in the presence of the uniform electric
field remain quantified at any energy E, i.e. only
definite values of  are possible. The latter are
determined by the confinement condition for
the motion along the 4-axis. The same is true in

our case, but only for £ = (—%g + %g j . Ulti-

mately, such a procedure provides construction
of realistic functions of the bound and scattering
states. In a certain sense, this completely corre-
sponds to the advantages of the distorted-wave
approximation known in scattering theory [2].
The total Hamiltonian # (¢, v, ¢) does not
possess the bound stationary states. According
to OPT [16]), one has to define the zero order
Hamiltonian H,, so that its spectrum reproduces
qualitatively that of the initial one. To calcu-
late the width G of the concrete quasistation-
ary state in the lowest PT order one needs only
two zeroth—order EF of H: bound state func-
tion ¥, (s, 5, ¢) and scattering state function
¥, (&, 1, ) with the same EE. It can be solved
a more general problem: a construction of the
bound state function along with its complete
orthogonal complementary of scattering func-
tions with E < C——g + ooJ. First, one has
to define the EE of th e%pected ound state. It is
the well-known problem of states quantification
in the case of the penetrable barrier [16]. The
system (3) and (4) with the total Hamiltonian
is solved under the conditions:

fiy»>0att= o, 9)

ox(B, E)/ 0E =0 with
X(B.B)=lim [ (1) + {g'(0 /&1 4" (10)
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These two conditions quantify the bound en-
ergy E and separation constant . Further one
should solve the system of the ordinary differen-
tial equations (3) and (4) with probe pairs of E,

. The corresponding EF:

Wb (& 11, @) = fen (O gz ()& )™
exp (imp)2n)™"?, (11)

where £, () is the solution of (3) ( with the
just determined E, ) at < (0,.0) and g, () is
the solution of (4) (with the same E, ) at
(inside barrier) and g(¢)=0 otherwise.

These bound state EE, eigenvalue and
EF for the zero-order Hamiltonian coincide
with those for the total Hamiltonian at =
, where all the states can be classified due to
the quantum numbers (principal,
parabolic, azimuthal) connected with E, , m
by the well-known expressions. The scattering
state functions:

ves (1. 9) =fes(Q) ges () (E )™
exp (imp)(2m)"” (12)
is orthogonal to the above defined bound state
function and to each other. In addition, these
functions must describe the motion of the eject-
ed electron, i.e. . must satisfy the equation
(4) asymptotically. Following the OPT ideology
[16], we choose the next form of
ges(t) =g1 () -22"g(t)  (13)
with and g (¢) satisfying the differential
equations (3) and (4). The function g,(¢) satis-
fies the non-homogeneous differential equation,
which differs from (4) only by the right-hand
term, disappearing at — . The total equation
system, determining the scattering function,
reads

ot o BB NIZY 114 £ (0]
t

fE’s =0,
" |m|+1 ' ' ! =
"+ o [ 12E+3'/t +1/4 & ()] g1=0,
t

@+ M o (1B By It +1/4 (t)g=2g s,
! (14)



(" " ). At the given ', the only quan-
tum parameter ' is determined by the natural
boundary condition: fi PO at ¢ b ¥. Of course:
", fm=f, at ' ; only this case is
needed in the particular problem we deal with
here. The coefficient ' ensures the orthogonal-

ity condition:
(¥, |¥,)=0. (15)

The imaginary part of state energy in the
lowest PT order is as follows:

ImE = G/2 =p|<Y,, [H|Y, > (16)
with the total Hamiltonian . The state func-
tions w, and v, are assumed to be normalized
to 1 and by the §(k - k') condition, accordingly.
The matrix elements (¥, |H¥,,) entering the
high- order PT corrections can be determined in
the same way. They can be expressed through
the set of one-dimensional integrals, described
in details in Refs. [1,16].

In contrast to the hydrogen atom, the non-
relativistic Schrodinger equation for an electron
moving in the field of the atomic core in many-
electron atom (in particular, an alkali element)
and a uniform external electric field does not al-
low separation of variables in the parabolic co-
ordinates X, h, j [2].One of the ways this problem
could be related to the use of effective potentials,
chosen in such a way (for example, in the Mill-
er-Green approximation; look review in ref [2])
that to achieve the separation of variables in the
Schrodinger equation. Here the model potential
approach [2] is used. One may introduce the ion
core charge  for the multielectron atom. Ac-
cording to standard quantum defect theory, the
relation between quantum defect value , elec-
tron energy E and principal quantum number 7
is: g =0 —z"(-2E)"*. The quantum defect in
the parabolic coordinates &§(n,n,m) is connected
to the quantum defect value of the free (¢=0)
atom by the following relation [25,47]:

n-1

S(nnym) = (1/n)Y (2L +1(Crl )’ 15

I=m

(17)

Using the quantum defect approximation al-
lows to modify the OPT method for the non-H
atoms. All calculations are performed on the ba-
sis of the numeral code Superatom-ISAN (ver-
sion 93). The details of the used method can be
found in the references [1,2,16,25,47].

3. Results and Conclusions

We have applied the developed computational
approach to calculating the complex energy ei-
genvalues representing the shifted and broadened
2s state of lithium atom as a function of electric
field strength. Sahoo and Ho [45] performed the
calculation on the basis of a complex absorbing
potential (CAP) method. Themelis and Nicolaides
[42] adopted ab initio theory to compute the com-
plex energy of multielectron atomic states. Their
approach is based on the state-specific construc-
tion of a non-Hermitian matrix according to the
form of the decaying-state eigenfunction which
emerges from the complex eigenvalue Schro-
dinger equation (CESE) theory. Meng et al [40]
has elaborated the B-spline based coordinate ro-
tation (B-CR) approach. In Table 1 we present
our data on the eigenvalues EE (in atomic units:
a.u.) representing the shifted and broadened 2s
state of lithium atom as a function of electric field
strength (in a.u.).

Table 1.

Complex eigenvalues for the shifted and

broadened 2s state of lithium atom as a func-

tion of the field strength, calculated by differ-
ent methods (see text)

Li2s | B-CR | B-CR CAP CAP
[40] [40] [45] [45]
¢(aun)| E (au.) |2 (au)| E (au.) [[/2 (a.u)
0.0050—-0.20009] - —0.20019(7.20[-9]
0.0100[—0.20642(4.50[—5]|—0.20651 4.77[-5]
0.0125-0.21147|4.76]—4]|—0.21155 4.68[—4]
0.0175-0.22393[4.03[—3]|—0.22397 4.06[ 3]
Li2s | CESE | WKB This This
[42] [42] work work
€ (auw)|I'2 (au)| /2 (auw)| E (a.u.) [[/2 (a.u)
0.0050 - 4.6[—11][-0.20012 [7.80[—9]
0.0100|5.50[—5 J[1.72[—4 ]| —0.20645 4.81[—5]
0.0125]5.46[—4 1|2.95[—3 ]| —0.21149 4.96[—4]
0.0175]4.35[—3 ]|6.35[—2 ]| —0.22394 4.24[-3]
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For comparison the analogous results, ob-
tained on the basis of the CAP, CESE, B-CR
methods [40,42,45] are presented. Analysis of
the data shows that the positions (energies) of
the Stark resonances in the present calculation
are in a physically reasonable agreement with
theoretical data obtained by other, in particular,
CESE and B-CR methods. However, the results
for the width of resonance differ more signifi-
cantly from each other. For example, the CAP
calculation for the width of the 2s state at strength
F< 0.0060 a.u. gives systematically larger val-
ues than obtained by the CESE, B-CR and our
methods. The resonance width values are higher
than the corresponding B-CR data and corre-
spondingly a little less than the values, obtained
within the CESE method for all strengths of the
electric field under consideration. Concerning
the widths of resonances it should paid to at-
tention on convergence aspect for the CAP and
CESE method. As it has been underlined in [40],
in the case of a weak electric field (naturally the
widths of resonances became very small), the
methods have difficulties in obtaining a stable
value of a width. In order to obtain the well-con-
verged results, it is necessary to use larger basis
size. Naturally, in a limit of a weak electric field
the well-known quasiclassical WKB approxi-
mation and standard PT [1,2] calculation will be
more appropriate. One of the advantages of the
B-CR method is possibility to apply in the case
of increasing field strengths without a signifi-
cant computational effort growth, however, the
convergence of the width I to obtain reliable
complex eigenvalues should be carefully carried
out. In the CAP method, there is no systematic
way of choosing a scaling factor in an quite ar-
tificial complex potential, which is added to the
original atomic Hamiltonian. One of the serious
advantages of the modified OPT method is that
an increasing a field strength does not lead to an
increase of computational effort and there is no
a convergence problem.
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SPECTROSCOPY OF MULTIELECTRON ATOM IN A DC ELECTRIC FIELD:
MODIFIED OPERATOR PERTURBATION THEORY APPROACH
TO STARK RESONANCES

Summary

It is presented a new modified method to calculation of the Stark resonances energies character-
istics (energies and widths) for the multielectron atomic systems in a DC electric field. The method
is based on the modified operator perturbation theory. The latter allows an accurate, consistent
treatment of a strong field DC Stark effect and includes the physically reasonable distorted-waves
approximation in the frame of the formally exact quantum-mechanical procedure. As illustration,
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some test data for the Stark resonances energies and widths in the lithium atom spectrum are pre-
sented and compared with results of calculations within the alternative consistent sophisticated
methods.

Keywords: multielectron atom in a dc electric field — modified operator perturbation theory —
Stark resonances
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CIIEKTPOCKOIINA MHOT'OQJIEKTPOHHOI'O ATOMA B DC QJIEKTPUYECKOM
MOJIE: MOV ®UIIMPOBAHHBIA METO/I OIIEPATOPHOM TEOPUU
BO3MYIIEHUM JIJISI OMMCAHUS IITAPKOBCKHUX PE3OHAHCOB

Pesrome

ITpencraBieH HOBBIM MOAN(UIIMPOBAHHBIA METOJ] pacyeTa XapaKTepUCTHK SHEPTUil IITapKOB-
CKUX PE30HAHCOB (PHEPrUU U IIMPUHBI) JUJIsI MHOTORJIEKTPOHHBIX ATOMHBIX CUCTEM B 3JIEKTpHUYE-
CKOM 1oj1e. MeTo 0CHOBaH Ha MOM(ULIMPOBAHHOM ONEPATOPHOM TEOPUU BO3MYILEHUH, KOTOPast
obecrieunBaeT Mocie10BaTelIbHOE, KOppeKkTHOe onrcHaue 3(dexra Llltapka B CHIBHOM 1OJI€ JUIS
MHOTORJIEKTPOHHBIX aTOMOB U 0a3MpyeTcsl Ha UCIOJIb30BaHUU (DPU3UYECKH 0OOCHOBAHHOTO TMpPHU-
OMDKEHUSI MCKa)KEHHBIX BOJIH B paMKaX (pOpMaJIbHO TOYHON KBAHTOBO-MEXaHUUYECKON IPOLETYPHI.
B kayecTBe WIIIIOCTpalMK NPEACTABICHBI HEKOTOPBIE TECTOBBIE JAaHHBIC Ul DHEPTUi U IMIMPUH
pe3oHaHcoB IllTapka B criekTpe aTOMOB JIMTHS, KOTOPBIE CPABHUBAIOTCS C PE3YJIbTaTaMU PacueToOB
B pPaMKax aJbTEPHATUBHBIX I1OCIEA0BATEIbHBIX TEOPETUYECKUX METOOB.

KuiroueBble cjioBa: MHOTO3IEKTPOHHBIN aTOM B 3J€KTPUYECKOM I10J1€ — MOAU(UIIMPOBAHHAS
OIlepaTOpHas TEOPHs BO3MYILECHUM — IITAPKOBCKUE PE30OHAHCHI
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CHHEKTPOCKOIIISI BATATOEJEKTPOHHOI'O ATOMA B DC EJJEKTPUUHOMY
OJII: MOJIMPIKOBAHUI METO/I OITIEPATOPHOI TEOPII 3BYPEHbB JJISI
OIINCY HITAPKIBCBKUX PE3OHAHCIB

Pe3rome

[IpencraBnenuii HOBUM MOAN(PIKOBAHUN METOJ PO3PAXyHKY XapaKTEPUCTUK €HEepriil mTapKiB-
CHKUX PE30HAHCIB (€Heprii 1 MUPHUHN) JUIT OaraToeNeKTPOHHUX aTOMHHUX CHCTEM B €JIEKTPUUHOMY
noJii. Meros 3acHOBaHUI Ha MOAM(IKOBaHIN OMepaTOpHOi Teopii 30ypeHs, sika 3ade3neuye nocii-
JIOBHUH, KOpekTHHI onuc edekTy [llTapka B cHiabHOMY 1011 1T OaratoeIeKTPOHHUX aToMiB i 6a-
3y€ThCSl Ha BUKOPUCTaHHI (Di3MYHO OOTPYHTOBAHOTO HAOIMKEHHS MIEPEKPYyUEHUX XBHIIb B PAMKax
(dbopMabHO TOYHOI KBAaHTOBO-MEXaHIYHOI Mpoueaypu. B sKocTi LtrocTpanii nmpeacTaBieHl JesKi
TECTOBI JaHi JyIs eHepriil 1 mupuH pe3onanciB [lTapka B ciekTpi aTOMIB JIITiFO, K1 TOPIBHIOIOTHCS
3 pe3ysbTaTaMi pO3pPaxyHKIB B paMKax aJbTEPHATUBHUX MOCITIIOBHUX TEOPETUYHUX METO/IIB.

Kuro4oBi cjioBa: 6aratoenekTpoHHUI aToM y eIeKTPUYHOMY o1 — MoaudiKoBaHa ONepaTop-
Ha Teopist 30ypeHb — MTAPKIBChbKi PE30HAHCH
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CHAOTIC DYNAMICS OF DIATOMIC MOLECULES
IN AN ELECTROMAGNETIC FIELD

Nonlinear chaotic dynamics of the diatomic molecules interacting with a resonant linearly polarized electromagnetic
field is computationally modelled. It is presented an effective quantum-mechanical model for diatomic molecule in
an electromagnetic field, based on the Schrodinger equation and model potential method. To detect the elements of
a chaotic dynamics, we used the known chaos theory and non-linear analysis methods such as a correlation integral
algorithm, the Lyapunov’s exponents and Kolmogorov entropy analysis, prediction model etc. 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, for polarization time series of the ZrO molecule interacting with
a linearly polarized electromagnetic field. The results obtained are in a physically reasonable agreement with the
conclusions by Berman, Kolovskii, Zaslavsky, Zganh et al, Glushkov et al.

Introduction

Theoretical and experimental studying regu-
lar and chaotic dynamics of nonlinear processes
in the different classes of quantum systems (in
particular, atomic and molecular systems in an
external electromagnetic field) attracts a great
interest that is of a significant importance for
multiple scientific and technical applications etc
[1-70]. Some of the beauty of quantum chaos is
that it has developed a set of tools which have
found applications in a large variety of differ-
ent physical contexts, ranging from atomic, mo-
lecular and nuclear physics (Chirijov, 1979, De-
lande-Gay 1986, Wintgen-Friedrich 1986, Win-
tgen 1987, Zaslavsky, Berman, Kolovsky, 1988,
1992, Meredith et al, 1988, Chelkowski et al,
1991, Delande et al 1991, Zhang, Katsouleas,
Joshi, 1993, Cassati et al 1994, Glushkov et al
1993, 1997, 2014, Bohigas and Leboeuf 2002,
Olofsson et al 2006, Lopez, Mercado, 2015 et
al), optical (Nockel-Stone 1997, Gmachl et
al 1998) or microwave (Stockmann and Stein
1990, Sridhar 1991, Alt et al 1995, Kudrolli et al
1995, Pradhan and Sridhar 2000) resonators and
mesoscopic physics (Richter et al 1996b, Rich-
ter 2000, Alhassid 2000, Glushkov et al, 2005-

2007) and others (see review [11]). New field of
investigations of the quantum and other systems
has been provided by the known progress in a
development of a nonlinear analysis 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 in-
teracting with a strong electromagnetic field
and laser systems. The most popular approach
includes 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 exponent’s
analysis, surrogate data method, stochastic
propagators method, memory and Green’s
functions approaches etc (see details in Refs.
[17-33])).

In this paper we present the results of com-
puting chaotic dynamics of the concrete molec-
ular systems (diatomic molecules) interacting
with a linearly polarized resonant electromag-
netic field. The quantum-dynamic approach to
diatomic molecule in an electromagnetic field

103



is used and based on the solution of the time-
dependent Schrodinger equation, optimized op-
erator perturbation theory and realistic model
potential method.

2. Quantum-dynamical and chaos-geomet-
ric modeling dynamics of diatomic molecule
in a field

Below we briefly consider a quantum dy-
namical approach to studying a regular and
chaotic dynamics of diatomic molecules in a
resonant electromagnetic field [11]. It is based
on the numerical solution of the time-dependent
Schrodinger equation and realistic Simons-Parr-
Finlan model for the diatomic molecule poten-
tial U (x). The Simons-Parr-Finlan formulae for
the molecular potential is:

() ol )T
(1a)
or introducing x=r - r,
(G T GRS ot B DA Y G
(1b)

where the coefficients b, are linked with corre-
sponding molecular constants.

The problem of dynamics of diatomic mol-
ecules in an infrared field is reduced to solving
the Schrodinger equation:

ioV/ot =[H,+U(x)—d(x)E,e(t)cos(w,t)]¥ (2)

where E, - the maximum field strength,
e(t)=E cos(vt) corresponds the pulse envelope
(chosen equal to one at the maximum value of
electric field). A molecule in the field gets the in-
duced polarization and its high-frequency com-
ponent can be defined as:

P.(t) = pgx) (t)coswt + ps(x) (t)sinwt,

(3a)

B,(t) = pC@) (t)coswt + pE’) (t)sinwt, (3b)
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pEP () = (3) $w(O)|ds o (D)coswtat,  (3c)
where T — period of the external field, d —di-
pole moment. As usually, the power spectrum
can be further determined as follows:

S(w) = [Flp@®]*. 4

To avoid the numerical noise during the Fou-
rier transformation, the attenuation technique
used,i.e. at£> ¢, p (1) is replaced by

p(t)cos?{m(t —t,)/[2(T—t,)]}, (t, <t <T) (5)
with 7=1.5¢,

It is understood that in the regular case of
molecular dynamics, a spectrum will consist of
a small number of the well resolved lines. In the
case of chaotic dynamics of molecule in a field
situation changes essentially. The correspond-
ing energy of interaction with the field is much
higher than anharmonicity constant w > xrQ. It
is obvious that a spectrum in this case become
more complicated [7-12].

The theoretical foundations of the universal
approach to analysis of chaotic dynamics of the
quantum systems in an electromagnetic field
have been presented earlier (see, c.g., [11,17-
33]). Here we are limited only by the key mo-
ments. Generally speaking, the approach in-
cludes 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 entropy
approach, spectral methods, nonlinear predic-
tion (predicted trajectories, neural network etc)
algorithms.

The goal of the embedding dimension deter-
mination is to reconstruct a Euclidean space R?
large enough so that the set of points d, can be
unfolded without ambiguity. In accordance with
the embedding theorem, the embedding dimen-
sion, d,, must be greater, or at least equal, than a
dimension of attractor, d , i.e. d, > d . There are
several standard approaches to reconstruction of
the attractor dimension (see, e.g., [17-33]). The
correlation integral analysis is one of the widely
used techniques to investigate the signatures of



chaos in a time series. The analysis uses the cor-
relation integral, C(r), to distinguish between
chaotic and stochastic systems.

To compute the correlation integral, the algo-
rithm of Grassberger and Procaccia [24] is the
most commonly used approach. According to
this algorithm, the correlation integral is

ZH(r—Iy,-—y,-l) (6)
(lﬁil<’]j’£N)

. 2
cr)=lim N(n-1)

where H is the Heaviside step function with
Hu)=1foru>0and Hu) =0 foru <0, r1is
the radius of sphere centered on y, or Y, and N
is the number of data measurements. To verify
the results obtained by the correlation integral
analysis, one could use the surrogate data meth-
od. This approach makes use of the substitute
data generated in accordance to the probabilistic
structure underlying the original data.

The important dynamical invariants of a cha-
otic system are the Lyapunov’s exponents (see,
c.g., [11,25-30]). They are usually defined as as-
ymptotic average rates, they are independent of
the initial conditions, and therefore they do com-
prise an invariant measure of attractor. Saying
simply, the Lyapunov’s exponents are a param-
eter to detect whether the system is chaotic or not.

The Kolmogorov entropy K measures the
average rate at which information about the state
is lost with time. An estimate of this measure is
the sum of the positive Lyapunov’s exponents.
The estimate of the dimension of the attractor
is provided by the Kaplan and York conjecture:

J
2 (7)
d, =j+2x—
1= J B

J+l |

and z

the Lyapunov’s exponents A are taken in de-
scending order.

There are a few approaches to computing the
Lyapunov’s exponents. One of them computes
the whole spectrum and is based on the Jacobi
matrix of system. In our work we use the meth-
od with the linear fitted map proposed by Sano
and Sawada [58], although the maps with higher
order polynomials can be also used.

where j is such that 3 , and

3. Some results and conclusions

Here we present the results of numerical
simulation of the time dynamics for diatomic
molecule ZrO in the electromagnetic field. An
electromagnetic field is characterized by the pa-
rameter: S = cE /8n. where c is the velocity of
light and £ is a field strength. The parameter W
of interaction of an electromagnetic radiation
with a molecule is as follows:

Wlem™1=120.3(d, /n)(S/ Ma,)"”  (8)

where an interatomic distance 7, in A, dipole
moment d in D, ®_in cm™, M in a.u.m., and the
field parameter S in GW/cm? . In Table 1 we list
a set of the ZrO molecules and field parameters
[68-70].

The corresponding Chirikov parameter [10]
in this case is as: én = 2(Ed/B)? > 1. The typi-
cal theoretical time dependence of polarization
for ZrO molecule in the field in a chaotic regime
is presented in Ref. [11]. The concrete step is an
analysis of the corresponding time series with
the n=7.6x10° and Ar=5x10"4s.

In Table 3 we list the computed values of the
correlation dimension d,, the Kaplan-York attrac-
tor dimension (d,), the Lyapunov’s exponents (A,
i=1-3), the Kolmogorov entropy (K_ ), and the
Gottwald-Melbourne parameter

Table 1.
Set of the ZrO molecular constants and elec-
tromagnetic field parameters

Parameters ZrO
o= (cm?) 969.7
OX= (cm™) 4.90
B, (cm™) 0.423
D, (cm™) 3.19x107
d,(D) 2.55
ry (A) 1.72
M (a.u.m) 13.58
W (cm™) 15.5-49.1
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Table 2.

The correlation dimension d,, Lyapunov’s

exponents (A, i=1,2), Kaplan-York attractor

dimension (d, ), Kolmogorov entropy (K ),
the Gottwald-Melbourne parameter K

dZ 7\'1 )\’2 dL Kentr KGW
276 | 0.147 | 0.018 | 2.53 | 0.165 | 0.73

Analysis of the presented data allows to make
conclusions that the dynamics of the ZrO mole-
cule in a resonant linearly polarized electromag-
netic field has the elements of a deterministic
chaos (the strange attractor) and this conclusion
is entirely agreed with the results of modelling
for other diatomic molecules [3,7-11].
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A. A. Mashkantsev, A. V. Ignatenko, S. V. Kirianov, E. V. Pavlov

CHAOTIC DYNAMICS OF DIATOMIC MOLECULES
IN AN ELECTROMAGNETIC FIELD

Summary

Nonlinear chaotic dynamics of the diatomic molecules interacting with a resonant linearly po-
larized electromagnetic field is computationally modelled. It is presented an effective quantum-
mechanical model for diatomic molecule in an electromagnetic field, based on the Schrédinger
equation and model potential method. To detect the elements of a chaotic dynamics, we used the
known chaos theory and non-linear analysis methods such as a correlation integral algorithm, the
Lyapunov’s exponents and Kolmogorov entropy analysis, prediction model etc. 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, for polarization time
series of the ZrO molecule interacting with a linearly polarized electromagnetic field. The results
obtained are in a physically reasonable agreement with the conclusions by Berman, Kolovskii,
Zaslavsky, Zganh et al, Glushkov et al.

Key words: Nonlinear chaotic dynamics, diatomic molecules, electromagnetic field
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A. A. Mawrxanyes, A. B. Henamenxko, C. B. Kupvsanos, E. B. I[lasnos

XAOTHYECKASA JTUHAMHUKA JIBYXATOMHbBIX MOJIEKYJI
B JIEKTPOMAT'HUTHOM MOJIE

Pe3rome

MonenupyeTcst HeTMHeWHAsE XaoTH4YeCcKast JUHAMUKA JIByXaTOMHBIX MOJIEKYJI, B3aUMOJICHCTBY-
IOIUX C PE30HAHCHBIM JIMHEHHO-TIOSIPU30BAaHHBIM 3JIEKTPOMArHUTHBIM TosieM. [IpencraBieHa
b dexTUBHAsS KBAaHTOBO-MEXaHWYECKasi MOJIEb JUIsl ABYXaTOMHOM MOJIEKYJIBI B 3JIEKTPOMArHUT-
HOM I10J1€, Oa3upyroIiascs Ha UCTIOJb30BaHnn ypaBHeHus [lIpeauarepa u MeTona MOIEILHOTO T10-
TeHnuasna. Jljist 1eTeKTUpOBaHUS PJIEMEHTOB XaOTHUYECKOW TMHAMUKH MCIIOJIb30BaHbI METO/IBI TEO-
pHUU Xaoca ¥ HEJIMHEHHOTO aHaJn3a, TAaKUe KaK aJrTOPUTM KOPPEISIIMOHHOTO HHTErpajia, aHallu3 Ha
OCHOBE TIoKazatenei JiamyHoBa u s3aTponuu KomMoroposa, TpaekTopHasi MOJIENb TPOTHO3A U AP.
[Ipencrarnensl JaHHBIE BEIYUCICHUS JUMHAMUYCCKUX U TOTIOJOTUYECKUX MHBAPHUAHTOB TAKUX KaK
KOppEJSAIMOHHAs Pa3MEPHOCTh, Pa3MEPHOCTH BIIOKCHHS 1 KannaHa-fIOpKa, nokasarenu JIsmyHo-
Ba, sHTpornus KonmoropoBa u T. 1. i1 BPEMEHHOW 3aBUCUMOCTH TOJISAPU3ANNHN MOJEKYIbl ZrO,
B3aUMOJICHCTBYIOIIEH C JIMHEHHO-TIOJIAPU30BAHHBIM JIEKTPOMArHUTHBIM TtosieM. [losryyeHnHble pe-
3yJbTaThl HAXOJATCA B (PU3WUYECKU pa3yMHOM COIVIACHMU C KaueCTBEHHBIMHU BbIBOJaMHu bepmaHa,
Konosckoro, 3acnasckoro, 3rana, [ mymikoBa u jap.

KuroueBble ci1i0Ba: HENMHEWHAsT XaoTWYECKas TUHAMMKA, JBYXaTOMHAas MOJIEKYJa, dJIEKTPO-
MAarHuTHOE I10JIe
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XAOTUYHA JUHAMIKA JIBOATOMHUX MOJIEKYJI
B EJIEKTPOMATHITHOMY I10JI1

Pesrome

MopentoeTbcsl HelliHIHHA XaOTUYHA JUHAMIKA TBOATOMHHUX MOJIEKYI, B3a€MOJIIOUHX 3 PE30-
HAHCHUM JIHIMHO-TIONSIPU30BaHUM €JIEKTPOMarHiTHUM moineM. IlpeacraBiena edexkruBHa KBaH-
TOBO-MEXaHIYHa MOJIEIb JJISl IBOATOMHUX MOJICKYJIM B €JIEKTPOMArHITHOMY TOJi, 10 0a3yeThes
Ha BUKOpHcTaHHI piBHAHHSA Llpeninrepa i MeToxy MoAeNnbHOro moTeHmiamy. s JeTeKTyBaHHS
€JIEMEHTIB XaOTHYHOI TUHAMIKH BHKOPUCTaHI METOIM TeOpii XaoCy 1 HeNHIHHOTO aHali3y, Taki
SK aJITOPUTM KOPEJIALIMHOTO iHTerpasa, aHaji3 Ha OCHOBI NMoKka3HUKiB JIsmyHoBa 1 enTpomnii Kou-
MOTOPOBA, TPAEKTOPHA MOJIENb IPOTHO3Y 1 1H. [IpencTaBneni gaHi 00UNUCICHHS JUHAMIYHHX 1 TO-
MOJIOT1YHUX 1HBAPIaHTIB TaKUX SIK KOpeJALiiHa PO3MIPHICTH, PO3MIPHOCTI BKiIaZeHHs 1 Kamiana
-Mopxa, noka3uuku JIsmyrosa, enTpomis KonmMoroposa i T. 1. 1u1st 4acoBoi 3a/1eXKHOCTI TIOIApH3a-
il Mosekynu ZrO, sika B3a€EMOJII€ 3 JTIHIHHO-NOJISPI30BaHUM €JIEKTPOMAarHiTHUM nosieM. OTpuma-
Hi pe3yNbTaTh 3HAXOIATHCS B (PI3UUHO PO3YyMHIN 3rofi 3 siKicHUMH BucHOBKaMu bepmana, Komo-
BCHKOTO, 3aclaBCchKoro, 3rana, [mymkosa Ta iH.

Kuro4oBi cjioBa: HeniHilfHA XaO0TUYHA TWHAMIKA, IBOATOMHA MOJIEKYJIa, €IEKTPOMArHiTHE TOJIe
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THEORETICAL STUDYING SPECTRA OF YTTERBIUM ATOM
ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY:
DOUBLY EXCITED VALENCE STATES

Theoretical studying spectrum of doubly excited valence states of the ytterbium is carried out within the relativistic
many-body perturbation theory 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.

1. Introduction

This paper goes on our work on theoretical
studying spectra and spectroscopic parameters
for heavy atoms, namely, lanthanides atoms
(see, for example [1-3]). It is well known that
an investigation of spectra, optical and spectral,
radiative and autoionization characteristics for
heavy elements atoms and multicharged ions is
traditionally of a great interest for further devel-
opment quantum atomic optics and atomic spec-
troscopy and different applications in plasma
chemistry, astro-physics, laser physics etc. (see
Refs. [1-31]).

The multi-configuration Dirac-Fock method
is the most reliable version of calculation for mul-
tielectron systems with a large nuclear charge.
In these calculations the one- and two-particle
relativistic and important exchange-correlation
corrections are taken into account (see Refs. [1]
and Refs. therein). However, one should remem-
ber about very complicated structure of spectra
of the lanthanides atoms and necessity of correct
accounting the different correlation effects such
as polarization interaction of the valent quasi-
particles and their mutual screening, iterations
of a mass operator etc.).The known method of
the model relativistic many-body perturbation

theory (RMBPT) has been earlier effectively
applied to computing spectra of low-lying states
for some lanthanides atoms [1] (see also [2-6]).
We use an analogous version of the perturbation
theory (PT) to study spectrum of doubly excited
valence states of the ytterbium, however, the
optimized zeroth approximation is generated
within the Dirac-Kohn-Sham model.

2. Advanced relativistic many-body per-
turbation theory and energy approach

As the method of computing is earlier pre-
sented in details , here we are limited only by the
key topics [1-3]. Generally speaking, the major-
ity of complex atomic systems possess a dense
energy spectrum of interacting states with es-
sentially relativistic properties. In the theory of
the non-relativistic atom a convenient field pro-
cedure is known for calculating the energy shifts
AE of degenerate states. This procedure is con-
nected with the secular matrix M diagonaliza-
tion [26-30]. In constructing M, the Gell-Mann
and Low adiabatic formula for AE is used. In
contrast to the non-relativistic case, the secular
matrix elements are already complex in the sec-
ond order of the electrodynamical PT (first order
of the interelectron interaction). Their imagi-
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nary part of AE is connected with the radiation
decay (radiation) possibility. 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 complex matrix M. In the papers of dif-
ferent authors, 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 1s extracted and their matrix M is calcu-
lated and diagonalized. If the states are well
separated in energy, the matrix M reduces to one
term, equal to . The non-relativistic secular
matrix elements are expanded in a PT series for
the interelectron interaction. The complex secu-
lar matrix M is represented in the form [2]:

M=M"+M"+ D+ M. (1)
where M”) is the contribution of the vacuum di-
agrams of all order of PT, and M 0 , M (2),M ®
those of the one-, two- and three- quasiparticle
diagrams respectively. M © is a real matrix,
proportional to the unit matrix. It determines
onl(y the general level shift. We have assumed
M® =0. The diagonal matrix M ™ can be pre-
sented as a sum of the independent one-quasi-
particle contributions. For simple systems (such
as alkali atoms and ions) the one-quasiparticle
energies can be taken from the experiment. Sub-
stituting these quantities into (1) one could have
summarized all the contributions of the one
-quasiparticle diagrams of all orders of the for-
mally exact QED PT. However, the necessary
experimental quantities are not often available.
The first two order corrections to ReM® have
been analyzed previously using Feynman dia-
grams (look Ref. in [2,3]). The contributions of
the first-order diagrams have been completely
calculated. In the second order, there are two
kinds of diagrams: polarization and ladder ones.
The polarization diagrams take into account the
quasiparticle interaction through the polarizable
core, and the ladder diagrams account for the im-
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mediate quasiparticle interaction [11-20]. Some
of the ladder diagram contributions as well as
some of the three-quasiparticle diagram contri-
butions in all PT orders have the same angular
symmetry as the two-quasiparticle diagram con-
tributions 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 particle by the two others. The addition-
al potential modifies the one-quasiparticle orbit-
als and energies. Then the secular matrix is as
follows:

~ ~

- , (2)
where M" is the modified one-quasiparticle
matrix ( diagonal), and M @ the modified two-
quasiparticle one. M ™ is calculated by substi-
tuting the modified one-quasiparticle energies),
and M by means of the first PT order formu-
lae for M@ , putting the modified radial func-
tions 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 elec-
trodynamical potentials are written. Interelec-
tron interaction operator with accounting for the
Breit interaction has been taken as follows:

Vo= el L)
’j
where, as usually, o, are the Dirac matrices. In
general, the results of all approximate calcula-
tions depended on the gauge. Naturally the cor-
rect result must be gauge-invariant. The gauge
dependence of the amplitudes of the photo
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 [32-40] and nu-
merous Refs. therein). Grant has investigated
the gauge connection with the limiting non-
relativistic form of the transition operator and
has formulated the conditions for approximate
functions of the states, in which the amplitudes
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of the photo processes are gauge invariant [3].
These results remain true in the energy approach
because the final formulae for the probabilities
coincide in both approaches. Glushkov-Ivanov
have developed a new relativistic gauge-con-
served version of the energy approach [32]. In
ref. [1] it has been developed its further general-
ization. Here we applied this approach for gen-
erating the optimized relativistic orbitals basis
in the zeroth approximation of the many-body
PT. Optimization has been fulfilled by means of
introduction of the parameter to the Fock and
Kohn-Sham exchange potentials and further
minimization of the gauge-non-invariant con-
tributions into radiation width of atomic levels
with using relativistic orbital bases, generated
by the corresponding zeroth approximation
Hamiltonians. Other details can be found in
Refs. [1-3,37-46].

3 Some illustration results and conclusion

The excited states of the ytterbium atom can
be treated as the states with two-quasiparticles
above the electron core [Xe]4f'*. In table 1 the
energies (accounted from the Yb 4 core ener-
gy): of the YbI excited states with doubly excit-
ed valence shell are listed: E/- the EA-MMBPT
data (from refs. [31]); £2- the RMBPT dat from
[1,47]; E3 — our data.

Table 1.
Energies (in 10’°cm™) of some YbI excited
states with doubly excited valence shell.

Config. J Theory Exp.
El E2 E3
6p,, 0| -1067 | -1064 | -1062 -1062,7
6p,,’ 2| -987 | -1004 | -1003 -1008.9
6p,,60,, 1|-1054 | -1050 | -1049 -1049.0
6p,,60,, 2| -1032 | -1036 | -1035 -1039.5
5d,? 2 |-1034 | -1032 | -1030 -1010.8
5d, 5d,, 21 -994 1 -995 - 994 -994.6
5d, 5d,, 3|-1030 | -1032 | -1032 -1032.5

In table 2 our data listed for other similar
states. All presented MMBPT, ROMBPT and
our data on the energies are in the physically
reasonable agreement with experimental data.
However, comparison of the corresponding re-
sults for widths (will be listed in another paper)
demonstrates again sufficiently large discrep-
ancy. In our opinion, this fact is explained by
insufficiently exact estimates of the radial inte-
grals, using the non-optimized basises and some
other additional calculation approximations.

Table 2.
Theoretical energies (in 10’ cm™) of the YbI ex-
cited states with doubly excited valence shell.

Config. J | E2 Config. J E2
6p,,’ 0| -1062 6p,,5d,, | 3 | -96l
6p,,’ 0 -917 6p,,5d,, | 4 | -1060
6P, 2 | -1003 5d,2 | 0| -981
6p,,6py, | 1| -1049 5d,> | 2 | -1031
6p,,6p,, 2| -1035 5d,? 0 | -962
6p,,5d., 1 -1071 5d.,? 2 | -968
6p,,5d,, 2| -1068 5d.,? 4 | -859
6p,5d,, | 2| -1002 | 5d,5d, | 1 | -981
6p,,5d, | 3| -1114 | 5d,5d, | 2 | -994
6p,,5d,, 0| -1016 5d,,5d,, | 3 | -1031
6p,,5d,, 1 -1011 5d,,5d,, | 4 | -1025
6p,,5d,, 2 -912 75,6, | 0 | -886
6py,5d,, | 3| -1034 | 7s6p, | 1 |-885.6
6py,5d, | 1| -947 | Ts,6p,, | 1 | -849
6p,,5d,, 2| -1115 7s,,6p,, | 2 | -860
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Kohn-Sham ones. Optimization has been fulfilled by means of introduction of the parameter to the
Fock and Kohn-Sham exchange potentials and further minimization of the gauge-non-invariant
contributions into radiation width of atomic levels with using relativistic orbital sets, generated by
the corresponding zeroth approximation Hamiltonian.

PACS 32.30.-r

A. A. Ceunapenxo, B. b. Tepnosckuii, Y. C. Yepkacosa, /. A. Muponenxo

TEOPETUYECKOE U3YUEHUE CIIEKTPA UTTEPBUSI HA OCHOBE
PEJISITUBUCTCKON MHOI'OYACTHYHOM TEOPUU BOSMYIIIEHUM:
JIBAJKJIBI BO3BY KJIEHHBIE BAJJEHTHBIE COCTOSIHUS

Pesrome

B pamkax pensiTUBUCTCKOW MHOTOYACTHYHOW TEOPUH BO3MYILEHHUH M 00OOIEHHOTO PEesTH-
BHUCTCKOI'O 9HEPIEeTUYECKOTO MIOAX0/1a IIPOBEICHO TEOPETUYECKOE U3YUECHHUE CIIEKTPa ABAXK bl BO3-
Oy>X/ICHHBIX BAJICHTHBIX COCTOSHUH JUIs aroMa UTTepOusa. B kauecTBe HyIEeBOTO MpUOIMIKEHHS
PENSATUBUCTCKONW TEOPUH BO3MYILEHHUH BBHIOpaHO ONTHMHU3MpOBaHHOE npubmmkenue Jupaxa-Ko-
Ha-11Isma. OnTuMU3alys BRIOTHEHA IyTEM BBEICHHS TapaMeTpa B 0OMeHHbIe oTeHIransl Goka
u Kona-1lIsma u nanpHeimeit MUHUMHU3aUeH KaTnOpOBOUYHO-HEMHBAPHAHTHBIX BKJIAJIOB B Pa/Iv-
allMOHHbIC MIMPUHBI ATOMHBIX YPOBHEH C MCIOIB30BaHUEM PEISITUBUCTCKOTO Oas3rca opOuTanet,
CT€HEpUPOBAHHOTO COOTBETCTBYIOLIMM I AMUIBTOHUAHOM HYJIEBOTO MPUOIMKESHHUS.

KuroueBble cioBa: PenstuBucTckas Teopus BO3MYLIEHHH, ONTUMU3UPOBAHHOE HYJIEBOE NPH-
OmKeHue, UTTepOuii
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TEOPETUYHE BUBUEHHSA CHEKTPY ITEPBIIO HA OCHOBI PEJIATUBICTCBHKOI
BATATOYACTKOBI TEOPII 35YPEHbD: JIBIUI 35V/’KEHI BAJJEHTHI CTAHU

Pesrome

B pamMkax pensTUBICTCHKOI 0araTouacTHHKOBOI Teopii 30ypeHb 1 y3arajJbHEHOTO PelsSTHBICT-
CHKOTO €HEPTEeTHYHOTO ITiIXOAY ITPOBEICHO TEOPETUUHE BUBYCHHS XapaKTEPUCTUK PiIOEPTiBCHKUX
aBTOI1OHI3aIlIHUX PE30HAHCIB B CIEKTpax aroMiB JIaHTaHIAIB (iTepOito). B aKkocTi HynbOBOTrO Ha-
OMMKeHHS PeNATUBICTCHKOT Teopii 30ypeHb 0OpaHo onTuMizoBaHe HaOmmxeHHs [ipaka-Kona-Ille-
Mma. OnTuMi3alis BUKOHaHA IIJISIXOM BBEJIEHHs mapameTpa B oOMiHHMIA noteHnian Kona-Ilema i
MOAANBIIOT MiHIMI3awii KaniOpyBaJbHO-HEIHBAPIAaHTHUX BKJIAIIB B pajialliiiHi IIMPUHH aTOMHUX
PIBHIB 3 BUKOPHCTAaHHIM PEJIATUBICTCHKOTO 0a3zucy opoOiTajeii, 3reHepoBaHOTO BIATIOBIAHUM Ta-
M1UJTBTOHIAaHOM HYJIBOBOTO HAOIMKEHHS.

Karouosi ciioBa: PenstuBicTchka Teopist 30ypeHb, €Heprii 1 IUPUHU pe30HaHCIB, ONTUMI30Ba-
HE HYJbOBE HAOIMKEHHS, iTepOiit
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RELATIVISTIC OPERATOR PERTURBATION THEORY IN SPECTROSCOPY
OF MULTIELECTRON ATOM IN AN ELECTROMAGNETIC FIELD

We present the theoretical basis of a new relativistic operator perturbation theory (OPT) approach to multielectron
atom in an electromagnetic field combined with a relativistic many-body perturbation theory (RMBPT) formalism for
a free multielectron atom. As illustration of application of the presented formalism, the results of energy and spectral
parameters for a number of atoms are presented. The relativistic OPT method is tested for the multielectron systems
such as Fr and Tm. New approach is elaborated for an accurate, consistent treatment of a strong field Stark effect in

multielectron atoms.

Keywords: multielectron atom in a dc electric field — modified operator perturbation theory — Rydberg autoionization

resonances

1. Introduction

An investigation of spectra, optical and spec-
tral, radiative and autoionization characteristics
for the rare-earth elements (isotopes) and cor-
responding ions is traditionally of a great inter-
est for further development quantum optics and
atomic spectroscopy and different applications
in the plasma chemistry, astrophysics, laser
physics, quantum and nano-electronics etc. (see
Refs. [1-42]).

The calculation difficulties in description of the
multielectron atoms in electromagnetic (electric)
field inherent to the standard quantum mechani-
cal approach are well known. Here one should
mention the well-known Dyson phenomenon for
a Strong Filed AC, DC Stark effect. Besides, in
contrast to the hydrogen atom, the non-relativis-
tic Schrodinger and relativistic Dirac equations
for an electron moving in the field of the atomic
core in many-electron atom and a uniform ex-
ternal electric field does not allow separation of
variables in the parabolic coordinates.

The Wentzel-Kramers-Brillouin (WKB) ap-
proximation overcomes these difficulties for

the states lying far from the “ new continuum”
boundary. The detailed review of a modern
states of art for spectroscopy of multielectron
atoms in an electric (laser) field is presented in
Refs. [8,16].

In this paper we present the theoretical ba-
sis of a new relativistic operator perturbation
theory (OPT) approach to multielectron atom in
an electromagnetic field combined with a relativ-
istic many-body perturbation theory (RMBPT)
formalism for a free multielectron atom. The
relativistic OPT approach is tested for the mul-
tielectron systems such as francium Fr and thul-
lium Tm.

The relativistic density-functional approxima-
tion with the Kohn-Sham potential is taken as
the zeroth approximation in the RMBPT formal-
ism. There have taken into account all exchange-
correlation corrections of the second order and
dominated classes of the higher orders diagrams
(polarization interaction, quasiparticles screen-
ing, etc.). New form of the multi-electron polar-
ization functional has been used.
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As illustration of application of the presented
formalism, new data on the energy and spec-
tral parameters for two complex multielectron
atoms in a electrioc (electromagnetic) field are
presented.

2. Relativistic operator perturbation theo-
ry for multielectron atoms in an electromag-
netic field

Here we present a new relativistic quantum
approach to modeling the chaotic dynamics of
atomic systems in a dc electric and ac electro-
magnetic fields, based on the theory of quasi-
stationary quasienergy states, optimized opera-
tor perturbation theory, method of model-poten-
tial, a complex rotation coordinates algorithm
method [16,43]. The universal chaos-geometric
block will be used further to treat the chaotic
ionization characteristics for a number of heavy
atomic systems.

Let us remind that in the case of the electro-
magnetic field atomic Hamiltonian is usually as
follows:

H:%p2 +V,,(r)+ zF, cos(at) (1)

The field is periodic, of course one should
use the Floquet theorem; then the eigen Floquet
states and quasienergies E are de-
fined as the eigen functions and eigen values of
the Floquet Hamiltonian 0 . In the
general form with using the method of complex
coordinates the problem reduces to the solution
of stationary Schrédinger equation, which is as
follows in the model potential approximation:

(-1/2-V?>+V, (1) + &L, + F2)¥,(r) = E¥Y,(r) (2)

i.e. to the stationary eigen value and eigen vec-
tors task for some matrix A (with the consider-
ation of several Floquet zones): (A4 — E]B)|EI.>=0.
As a decomposition basis, system of the Sturm
functions of the operator perturbation theory ba-
sis is used.

In our new theory we start from the Dirac
Hamiltonian (in relativistic units):

H=0p+,8—aZ/;;+\/;Fz, (3)
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Here a field strength intensity is expressed
in the relativistic units (¥ = a’’F ; ais the
fine structure constant). One could see that a
relativistic wave function in the Hilbert space is
a bi-spinor. Using the formal transformation of
co-ordinates » —> rexp(i@ in the Hamilto-
nian (11), one could get:

H(O)=(acp —Z/r)exp(=iO) + B—aFzexp(i6)
4
In comparison with an analogous non-rela-
tivistic theory, here there is arisen a technical
problem. In formulae (11) there is term b, which
can not be simply transformed. One of the solv-
ing receptions os a limitation of a sub-space of
the Hamiltonian eigen-functions by states of the
definite symmetry (momentum J and parity P).
Thes states can be described by the following
functions:

)

w1 /{f(rw% (n,G)]

g(nY,;(n,0)

Here /(/’) and spin "2 in the coupling scheme
give a state with the total momentum J and its
projection M ;=M. Action of the Hamiltonian (11)
on the functions (13) with definite J results in:

~ _ iw(J+1/2
O} = a (p, A2

A em(—iﬁ)‘I’fff + (@

+(B —%exp(—iﬁ) —JaFzexp(-i0))¥Y
r

p,=—i(l/r)d/dryr, n=r/r, o— the Pauli
matrices; parameter w=-1, if /=J-1/2 and w=1,
if [=J+1/2.

In order to further diagonalize the
Hamiltonian (6), we need to choose the correct
basis of functions in the subspace (5), in
particular, by choosing the following functions
(the sitter or water-like type):

Py = 1/{F (rng @, G)j

(7)

‘I’}IZ}M = l/r( 0 J ®)
iG(r)Y/ (n,0)



It is easy to see that the matrix elements (6)
will be no-zeroth only between the states with
the same M. In fact this moment is a single limi-
tation of the whole approach.

Transformation of co-ordinates in the Pauli
Hamiltonian (in comparison with the Schrod-
inger equation Hamiltonian it contents additional
potential term of a magnetic dipole in an external
field) can be performed by the analogous 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. [8,14,47].

In contrast to the hydrogen atom, the non-
relativistic Schrodinger equation for an electron
moving in the field of the atomic core in many-
electron atom (in particular, an alkali element)
and a uniform external electric field does not
allow separation of variables in the parabolic
coordinates x, h, j [14].0ne of the ways this
problem could be related to the use of effective
potentials, chosen in such a way (for example,
in the Miller-Green approximation (see [1,2])
that to achieve the separation of variables in the
Schrodinger equation. Here the model potential
approach or the quantum defect approximation
can be used. One may introduce the ion core
charge for the multielectron atom. Accord-
ing to standard quantum defect theory, the rela-
tion between quantum defect value , electron
energy E and principal quantum number 7 is:
u, =0 —z'(-2E)". The quantum defect in the
parabolic coordinates &(mn,m) is connected to
the quantum defect value of the free (& =0) atom
by the following relation [43]:

Stenm) UMECL WCHy e 1

Such a scheme provides a general receipt to
combine the OPT method with the RMBPT in
spherical coordinates for a free atom. The de-
tails of the used method can be found in the ref-
erences [8,16,43].

3. Method of relativistic many-body per-
turbation theory

Generally speaking, the energy spectra for
the majority of complex atomic systems (natu-
rally including the rare-earth elements) are char-
acterized by a great density. Moreover, these
spectra have essentially relativistic properties.
So, correct theoretical method of their studying
can be based on the convenient field procedure,
which includes computing the energy shifts DE
of the degenerate electron states. More exactly,
speech is about constructing secular matrix M
(with using the Gell-Mann and Low adiabatic
formula for DE), which is already complex in
the relativistic theory, and its further diagonal-
ization [26-32]. In result one could compute
the energies and decay probabilities of a non-
degenerate excited state for a complex atomic
system [26]. The secular matrix elements can
be further expanded into a PT series on the inter-
electron interaction. Here the standard Feynman
diagrammatic technique is usually used.

Generally speaking, the secular matrix M can
be represented as follows:

M=M +M +M +M +.+M%(10)

where M is the contribution of the vacuum
diagrams of all PT orders (this contribution de-
termines only the general levels spectrum shift);
MY, @, M are contributions of the 1-, 2-
and 3- quasiparticle (QP) diagrams respectively.
The matrix A7 can be presented as a sum of the
independent one-QP contributions. Substituting
these quantities into (1) one could have sum-
marized all the one-QP diagrams contributions.
In the empirical methods here one could use the
experimental values of one-electron energies,
however, the necessary experimental quantities
(especially for the rare-earth and other elements)
are not often available. The detailed procedure
for computing re ps@ is presented, for example,
in Ref. [3].

We will describe an atomic multielectron
system by the relativistic Dirac Hamiltonian
(the atomic units are used) as follows [41-43]:
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H= Z{(XCP,- _ﬂcz —Z/rl.}+2exp(i | C()| ry‘)(l_aiaj)/rzj

i>j
(1)
where Z is a charge of nucleus, a,,a are the Dirac
matrices, w, is the transition frequency, ¢ — the
velocity of light. The interelectron interaction
potential (second term in (3)) takes into account
the retarding effect and magnetic interaction in
the lowest order on parameter of the fine struc-
ture constant. In the PT zeroth approximation it
is used ab initio mean-field potential:
VIS () =W +Ve(M+Ve(rla)],  (12)
with the standard Coulomb, exchange Kohn-
Sham ¥V, and correlation Lundqvist-Gunnarsson
Ve potentials (look details in Refs. [46-49]).
An effective approach to accounting the multi-
electron polarization contributions is described
earlier and based on using the effective two-QP
polarizable operator, which is included into the
PT first order matrix elements.

In order to calculate the radiation decay prob-
abilities and autoionization energies and widths
a gauge invariant relativistic energy approach
(version [43]) is used. In particular, a width of
the state, connected with an autoionization de-
cay, is determined by a coupling with the con-
tinuum states and calculated as square of the
matrix element [43]:

7

BB ;,34,33=\/(2jl+1)(2j2 +D(2 j3+1)(2 4 +1)

b hoal(, J. o a
X -1)* X
Z( ) (ml_mS /JJ(mz_nh /f’]

ap

xQ, (n111j1”212j2§”4l4j4n313j3) (13)

Here =02+0;, where 0%, 0OF cor-
respond to the Coulomb and Breit parts of the
relativistic interelectron potential in (3) and
express through Slater-like radial integrals and
standard angle coefficients. Other details can be
found in Refs. [44-57].

The most complicated problem of the rela-
tivistic PT computing the complex multielec-
tron lements spectra is in an accurate, precise
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accounting for the multi-electron exchange-
correlation effects (including polarization and
screening effects, a continuum pressure etc),
which can be treated as the effects of the PT
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 polariza-
tion and screening exchange-correlation effects.
The detailed description of the polarization dia-
grams and the corresponding analytical expres-
sions for matrix elements of the polarization
QPs interaction (through the polarizable core)
potential is presented in Refs. [34-36]. An ef-
fective approach to accounting of the polariza-
tion diagrams contributions is in adding the ef-
fective two-QP polarizable operator into the PT
first order matrix elements. In Ref. [27] the cor-
responding non-relativistic polarization func-
tional has been derived. More correct relativis-
tic expression has been presented in the Refs.
[2] and used in our computing. The contribution
of the ladder diagrams (these diagrams describe
the immediate QPs interaction) is summarized
by a modification of the PT zeroth approxima-
tion mean-field central potential (look below),
which include the screening (anti-screening) of
the core potential of each particle by the two
others. The details of this contribution can be
found in Refs. [44-57].

4. Results and Conclusions

In the framework of the development of
spectroscopy of the AS of heavy atoms in the
external field, a quantitative study of the ef-
fects of the non-conductive electric field on
the parameters of the AS in the spectra of the
lanthanide atoms was performed. Based on our
theory, for the first time, the widths of the auto-
ionization states for the Tm 4’[“137/2,5/2 6s,,(3,2)
ns,np i 4, 6s, (2)nsp, [3/2] (n=26,30) i Yb
41" [°F, ] 6s’np[5/2], 41" [°F, ] 6s’nf[5/2],. In
Table 1 we list our data on the widths of the 4f
137/2,5/2 6s,,(3,2) ns,np states, which are mixed
with the resonances of the opposite parity in a

rather weak DC electric field.



Table 1.

The widths I' (cm™) of autoionization states

of the Tm 41", 6s, (3)ns,np, which are mixed

with resonances of opposite parity for differ-
ent DC electric fields

2
F(V/em) AF5565,30ns3/2]
r | F=0 113D-5  6.12D-6
r | F=50 1.11D-04  5.88D-5
r | F=100 4.05D-04 2.15D-4
r | F=150 8.15D-04 4.13D-4
F(Viem) o
r | F=0 422D-5 2.42D-5
r |F=s0 4.07D-4 236D-4
r | F=100 1.56D-3 8.88D-4
r | F=150 3.08D-3 1.76D-3
13
F(V/cm) af niﬁg_zﬁ@gli%g%l
r | F=0 2.36D-5 1.27D-5
r | F=50 2.23D-4 1.22D-4
r | F=100 8.37D-3 4.28D-4
r | F=150 1.64D-3 8.63D-3

Note: 1.13D-5=1.13%x10";

From these data one could see that in this
case there is the effect of a giant broadening of
the resonance widths. For the first time, for Tm,
the possibility of such an effect was foreseen
in the papers by Glushkov-Ivanov-Letokhov,
which was later confirmed in the known ISAN
experiments by V.S. Letokhov etal (look details
in Refs. [3,8]). Similar data are obtained for Yb,
for which we first detected the effect of strong
amplification of the AU .

We also present our results of numerical
modelling ionization dynamics for Rydberg
atoms Rb, Cs, Fr (Rb: n=50-80; Cs, Fr: n=60-
80) in a microwave field (F=(1.2-3.2)x10%a.u.;
w/2p=8.87, 36 HGz). The preliminary estimate
a dependence of the Rb ionization probabil-
ity P upon the F, interaction time “atom-field”

and comparison with available data by Krug-
Buchleitner [19] and Glushkov-Ternovsky etal
[49] shows that all listed data are in a reasonable
agreement with experiment, however, the best
accuracy is provided by relativistic theory. In
Table 2 we firstly present new data on depend-
ence of the Fr ionization probability upon the
F value, interaction time “atom-field”. Unfortu-
nately, here there are no any alternative theoreti-
cal or experimental data.

Table 2.

Our data for ionization probability P for Fr

(1,50, m=0, n,=76-80) in dependence on n,

F (at.units; field parameters: t = 327x 2p/w;
frequency w =w/2p=36 GHz, 8.87 GHz)

n, Our data | Our data Our Our
d data data
F= 2.8% 3.1x 2.8x 3.1x
107 10° 10° 10°

o= | 36GHz | 36GHz 8.87GHz 8.87GHz
77 0.47 0.50 0.43 0.46
80 0.58 0.61 0.54 0.56
83" 0.56 0.60 0.51 0.53
86 0.67 0.69 0.62 0.66

In whole, our modeling relativistic dynamics
of ionization Rb, Cs, Fr Rydberg states in the
electromagnetic field shows that there are the
local violations of probability smooth growth
associated with the complex Floquet spectrum,
link between the quasi-stationary states and a
continuum, the growing influence of multipho-
ton resonances. The picture becomes by more
complicated due to the single-photon near-res-
onance transitions with quasi-random detuning
from resonance and quantum phase shift due to
scattering Rydberg electron on the atomic core.
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V. B. Ternovsky, A. A. Kuznetsova, A. V. Glushkov, E. K. Plysetskaya

RELATIVISTIC OPERATOR PERTURBATION THEORY IN SPECTROSCOPY
OF MULTIELECTRON ATOM IN AN ELECTROMAGNETIC FIELD

Summary

We present the theoretical basis of a new relativistic operator perturbation theory (OPT) ap-
proach to multielectron atom in an electromagnetic field combined with a relativistic many-body
perturbation theory (RMBPT) formalism for a free multielectron atom. As illustration of applica-
tion of the presented formalism, the results of energy and spectral parameters for a number of atoms
are presented. The relativistic OPT method is tested for the multielectron systems such as Fr and
Tm. New approach is elaborated for an accurate, consistent treatment of a strong field Stark effect
in multielectron atoms.

Keywords: multielectron atom in a dc electric field — modified operator perturbation theory —
Stark resonances
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B. . Tepnosckuii, A. A. Kysneyosa, A. B. [nywxos, E. K. [Inuceyras

PEJSAATUBUCTCKASI OIEPATOPHAS TEOPUS BOSMYIIIEHUH B
CIHEKTPOCKOIINU MHOTI'OQJIEKTPOHHOI'O ATOMA
B JIEKTPOMAT'HUTHOM IIOJIE

Pesrome

N3noxeHbl TEOPETUUECKUE OCHOBBI HOBOTO allllapara pesIATHUBUCTCKOM ONEpaTopHON TEOpHUH
Bo3MyleHui (OTB) B COEKTPOCKONMMM MHOTO3JIEKTPOHHOIO aToMa B AJIEKTPOMAarHUTHOM IIOJIE,
00BEAMHEHHOTO ¢ (HOPMAIU3MOM PENIITUBUCTCKOM MHOTOYACTUYHOM TEOPUU BO3MYLICHHUN JUIS
CBOOOZIHOTO MHOTO3JIEKTPOHHOTO aToMa. B kauecTBe WILTIOCTpAIlM TECTUPOBAHUS MPEICTABICH-
HOTO I10/IX0/1a MIPEICTABIEHBI PE3YIBTAThl OLIEHKU YHEPIETUUECKUX U CIEKTPAJIBHBIX ITapaMETPOB
Uit psita aroMoB. PensituBuctckuil meton OPT Tectupyercs i Takux MHOTO3JIEKTPOHHBIX CH-
creM kak Fr u Tm. HoBblif moaxon pa3pabGoTaH [Jisi MOCIEAOBATEIBHOTO onmucaHus 3ddexTa
[IITapka B MHOTOJIEKTPOHHBIX aTOMaX B CUJIbHOM BHEIIHEM JIEKTPOMATrHUTHOM IIOJIE.

KiroueBblie ciioBa: MHOT03JEKTPOHHBIN aTOM B 3JIEKTPUUYECKOM T0JIE - MOAU(DUIIMPOBAHHASL
olepaTropHas TEOpHUsl BO3MYILEHUI — IITAPKOBCKUE PE30HAHCHI
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PACS 31.15.A-

B. B. Tepnoscokuii, I O. Kysneyosa, O. B. Iiywikos, €. K. Ilnuceyvka

PEJSATUBICTCBKA OIIEPATOPHA TEOPIA 35YPEHB B CHEKTPOCKOIIIT
BATATOEJIEKTPOHHOI'O ATOMA B EJJEKTPOMATI'HITHOMY ITOJII

Pe3rome

BuxitagneHi TeopeTHdHI OCHOBU HOBOTO arapary pesiiTUBICTCHKOT OMIepaTOpHOi Teopii 30ypeHb
(OT3) B cekTpockomii 6araToeneKTpOHHOTO aToMa B €JIEKTPOMArHiTHOMY TIOJi, 00’ € JHAHOTO 3
(opmaizMOM peNATUBICTCHKOT Oararo4acTUHKOBOI TeOpii 30ypeHsb /Uis BUIHOTO OaraToeseKTpoH-
HOTO aToMa. B sikocTi UmocTpallii MOXKITMBOCTEH MPEICTaBICHOTO MiIXOAY MPEICTaBICH] pe3yabTa-
TH OL[IHKH JICTKUX EHEPreTUYHUX 1 CIIEKTPAIbHUX TapaMeTpiB AT psiay atoMiB. PensituBicTChKUi
meton OP3 tectyeThest muis Takux OaratoenekTpoHHUX cucteM sk Fr i Tm. Hosuit minxin pos-
poOiieHuii st mocigoBHOTO onucy edekty Iltapka B 6aratoeneKTpoOHHUX aToMaxX B CHIILHOMY
30BHIIIHBOMY €JIEKTPOMAarHiTHOMY IOJIi.

Kuro4oBi cjioBa: 6aratoeneKTpoOHHHUH aTOM y eIeKTPUIHOMY M0 - MO iKOBaHa oniepaTopHa
Teopist 30ypeHb — MTapKiBChKI PE30HAHCH
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OPTICAL PROPERTIES OF THE Ag, Ga Ge_ Er,S

AND Ag,  Ga ,Ge, ErS

271123 27483

GLASSES

Absorption spectra of the glasses Ag28Ga28Ge532Er2S1123 and Ag12Gal2Ge228Er2S483 in the 450-1050 nm
range at room temperature were investigated. PL bands with maxima at 980 and 1540 nm were recorded under laser
excitation with 800 nm wavelength. PL emission mechanism is analyzed from energy transfer processes, taking into
account partial cluster formation of erbium ions and energy transition diagram of Er3-+.

Keywords: absorption spectra, photoluminescence, erbium ion, cluster formation, emission mechanism.

1. INTRODUCTION

Over the past two decades, substantial
research interest was attracted to the study of the
optical properties of semiconductors doped with
rare-earth metals (RE). This is due to the growing
needs of the industry in optoelectronic devices
operating in the spectral range compatible with
telecommunication gadgets. The most commonly
used RE is erbium that has an intensive emission
band near 1.5 um and low energy losses in fiber
optics at this wavelength. Additionally, erbium-
doped crystalline and amorphous materials can
be used as active media in laser technology [1],
displays, optical amplifiers, photonic devices [2],
non-contact temperature [3, 4] and g-irradiation
sensors [5, 6, 7].

Phase equilibria in the reciprocal system
AgGaS, + GeSe, U AgGaSe, + GeS, were
investigated, and the glass formation region was
determined [8]. An alloy with the composition
Ag, Ga, Ge S, ischaracterized by the largest
transparency window in this system. It was
doped with 0.18 and 0.42 mol.% Er S, (samples

AgZSGa28G6532Er281123
respectively).

In our previous works on these glasses, we
investigated the main structural units of the
glass-forming matrix by Raman spectroscopy,
as well as photoluminescence spectra under ex-
citation by 532 and 980 nm wavelengths [4, 9].
Partial clustering of erbium ions was established
from EPR and static magnetization studies, and
the effect of g-irradiation on glass photolumi-
nescence was analyzed [5].

The objective of this work is to investigate
the absorption spectra and the mechanism of
PL emission under laser excitation at 800 nm
wavelength.

and Ag Ga Ge,ErS

274832

2. EXPERIMENTAL

The alloys were synthesized from elemental
components (Ag, Ga, Ge, Se — 99.997 wt.%
purity, S, 99.999 wt.%, Er, 99.9 wt.%) in
evacuated thin-walled quartz ampoules in two
stages. To prevent condensation losses of the
vapor phase, the free volume of the container
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was thermostated with asbestos cord. The
residual pressure in ampoules was 0.1 Pa.
Initially, the ampoules were heated in oxygen-
gas burner flame for the binding of elemental
sulfur. Then they were placed in a shaft-type
furnace and heated at a rate of 20 K/hr to the
maximum temperature of 1273 K. After holding
at this temperature for 10 hours, the alloys were
quenched into 25% aqueous saline solution at
room temperature. The glassy state of the alloys
was examined by X-ray diffraction at a DRON
4-13 diffractometer, CuKa radiation (Fig. 1).
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Fig. 1. X-ray diffraction patterns of the glasses.

The study of absorption spectra and photo-
luminescence utilized an MDR-206 monochro-
mator with Si and PbS photodetectors. Lumi-
nescence excitation was performed by a laser
at 800 nm wavelength and 400 mW power. The
photoluminescence signal was received from
the same sample surface as the excitation. The
sample thickness was 0.5 mm.

3. RESULTS AND DISCUSSION

The absorption spectra of glasses were
investigated at room temperature in the 450—
1050 nm range (Fig. 2). The recorded absorption
bands with maxima at 520, 550, 660, 805, and
980 nm correspond to the transitions in the f~shell
of Er** ions from the ground state to the excited
states *H, , *S,, “F,, ‘I, , “I , ,, respectively.
The intensity of the absorption bands increases
with erbium content, while their position does
not change. We established in a previous work
[9] that the absorption coefficient decreases
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with the increase in erbium concentration. This
is due to the structural ordering of glass and, as
it follows from Raman spectroscopy studies, to
the decrease in the number of structural units
[S,Ge(Ga)~(Ga)GeS,] and the increase of the
[Ge(Ga)S,] units.

The photoluminescence spectra (PL)
of glasses in the 600-2000 nm range were
investigated at room temperature under
excitation by 800 nm wavelength (Figs. 3, 4).
Two maxima at about 980 and 1540 nm were
recorded in the near infrared spectral region.

10
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Fig. 2. Absorption spectra of the glasses at room
temperature.

The emission efficiency of the band at 1540
nm wavelength is important for the use in tele-
communication devices. A parameter of the ef-
fective bandwidth (A ) is used since the band
is asymmetrical. It is calculated by the formula
[10]:

jl(ﬂ)dﬂ
L (M)

max

Aﬂ’eff

where I()) is the emission intensity at wavelength
A, I is the maximum emission intensity.

The calculated AL, values for the glasses
are 63 and 66 nm for Ag Ga, Ge, ErS . and
Ag ,Ga Ge, ErS . respectively. Clearly, not
only PL intensity increases with erbium content
but also does the effective width of the emission
band. Additionally, the A values for the exci-
tation at 800 nm is higher for these glasses than

for the 980 nm excitation [11].



In our previous work [9], the excitation of
these samples by 980 nm wavelength yielded in
the visible range a green (520 nm) and a red (660
nm) PL band. However, no PL was detected in
the visible spectral range when excited by 800
nm wavelength.

This is due to the fact that anti-Stokes PL
(under 980 nm excitation) is associated with the
absorption of two photons by Er** ions which
are promoted from the ground state I, to the
excited state *F,  (*I ., +hn,, —*  +hn, —
‘F_,) with subsequent non-radiative relaxation

980 11/2 980
to the state 2H11 e Since

16- Ag,,Ga, Ge, ErS,,; N

14+ g
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Fig. 3. PL spectra of the glasses excited with 800 nm
laser (600—1050 nm range).
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Fig. 4. PL spectra of the glasses excited with 800 nm
laser (1400-2000 nm range).

the excitation at 800 nm has higher energy
compared to 980 nm, the absorption of two
photons promotes erbium ions to the excited

state °H,, (*,,, + hn,, — *l,, + hn, — *H, )

9/2 15/2

located above the absorption edge (Fig. 2) in the
conduction band.

The emission mechanism in these glasses can
be determined from the transition chart for Er**
ions (Fig. 5). Erbium ions in the state ‘I , are
promoted due to absorption of 800 nm photons
or energy transfer (ET) from adjacent ions in the
state ‘I, , to the state *H, . These erbium ions can
non-radiatively relax to the state ‘S, ). However,
erbium ions can not relax non-radiatively to
lower energy states because of the large energy
gap and low phonon energy (about 300-400 cm™
[9]). Excited states “I | , and *I , , which yield PL
bands with maxima at 980 and 1540 nm result

from cross-relaxation CR , CR, (Fig. 5):

2 4 4 4
H11/2+ 115/2_> 19/2+ I13/2 )
2 4 4 4
H11/2+ 113/2_> F9/2+ I11/2 3)
Frn
‘ ‘-‘ an.-_?
Sw
* Fan
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L ] ;
IIgn
‘ 800 nm CR, :
CRy
4
A III-‘2
CR, i
A Iu-‘:
800 nm 980 nm
1540 nm
34 ' ¢ 41!5:’3
Er

Fig. 5. Diagram of energy levels in Er’* ions.

Therefore, an important role in the PL mech-
anism is played by the energy exchange (ET or
CR) between the neighboring Er** ions. Such
processes are typical of erbium ions which are
involved in the formation of clusters [12]. It
was established in our previous work [5] that
clusters of up to 10° erbium ions form in the
Ag,,.Ga  Ge , S —Er S, glasses.

0.95~2
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4. CONCLUSIONS

Absortion  spectra  in  the
AgZSGa28G6532Er2SIIZ3 and AgIZGa12G6228ErZS483
were investigated. Recorded absorption bands
with maxima at 520, 550, 660, 805, 980 nm cor-
respond to the transitions in 4f intra-shell transi-
tions from the ground state to the excited states
*H, .. *S,,, ‘F,,, ‘L, ‘I, ,, respectively. Stokes
PL with maxima at 980 and 1540 nm was re-
corded upon laser excitation at 800 nm wave-
length. A model explaining PL emission mecha-
nism was elucidated from the energy level dia-

gram of Er*" ions.

glasses
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OPTICAL PROPERTIES OF THE Ag, Ga,Ge_ Er,S  AND Ag_Ga Ge, ErS,_
GLASSES

Absorption spectra of the glasses Ag, Ga, Ge  ErS . and Ag Ga Ge,ErS, . in the 450
1050 nm range at room temperature were investigated. PL bands with maxima at 980 and 1540 nm
were recorded under laser excitation with 800 nm wavelength. PL emission mechanism is analyzed
from energy transfer processes, taking into account partial cluster formation of erbium ions and
energy transition diagram of Er’*.

Keywords: absorption spectra, photoluminescence, erbium ion, cluster formation, emission

mechanism.
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B. B. I'anan, 1. /]. Onekcewk, 1. A. lsawenxo, A. I Keswun, I1. B. Tuwenxo, M. B. [llesuyk

ONTHUYHI BIACTUBOCTI CTEKOJ Ag, Ga, Ge_ Er,S TA Ag Ga Ge ErS,,

Hocnimkeno cnekrpu noruHanns crexon Ag, Ga, Ge  ErS = rta Ag Ga Ge ErS, . B mia-
na3zoHi 450 — 1050 um 3a KiMHaTHOT Temrieparypu. 3adikcoBano cmyru DJI 13 makcumymamu 980
ta 1540 HM npu 30ymKeHHi JiazepoM 13 goBxkuHOK0 xBuil 800 HM. Ha ocHOBI mporeciB 0OMiHY
EHEPTi€r0, BpaxOBYIOUHM YaCTKOBY KjiacTepu3allito i0HiB Epbiro Ta miarpamy eHepreTUYHUX Iepe-
xofiB B ionax Er*, mpoanainizoBaHo MexaHi3m BuripominroBanus OJI.

KurouoBi ciioBa: criektp noruHaHHs, GoToNMOMiHECHIeHIIis, i0H EpOito, kiacTepu3artis, Mexa-

HI3M BUIIPOMIHIOBAHHS.
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ONTUYECKUE CBOMCTBA CTEKOJI Ag, Ga,Ge_ Er,S . M Ag, Ga Ge, ErS

271123 27483

Hccnenosanbl cniekTpel moriomenus crekon Ag, Ga, Ge  ErS . u Ag Ga Ge, ErS, . B

nuanaszone 450 — 1050 am mpu KoMHaTHOM Temrieparype. 3adukcupoBano mosock OJI ¢ Makcumy-
Mamu 980 u 1540 uM ipu Bo30y>k1eHnH Ja3epoM ¢ JutrHoi BorHbl 800 HM. Ha ocHOBe mporieccoB
oOMeHa SHepruel, yunThIBast YaCTUYHYIO KJIacTepU3alliio HOHOB 3pOus U AMarpaMMy SHepreTrye-
CKHUX TepexoioB B HoHax Er’’, mpoananm3upoBan Mexanusm u3mydeHus OJI.

KuroueBble cioBa: criekTp noriouieHusi, GOTONIOMUHECIICHIINS, HOH 3pOus, KiIacTepu3aius,
MEXaHU3M U3ITy4eHUSI.
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BAJIEHTUHY AHJIPIHOBUYY
CMMUHTHUHI - 70!

8 eepecnsa 2018 p. eunosnunoca 70 poxis
8I0 OHsl HAPOOICEHHs 3a8. Kapeoporo excnepu-
menmanvroi gizuxu Odecbkoco HAYIOHAILHO20
yHigepcumemy imeni I. I. Meunuxosa, kepignuka
@izuxo-mexuiunozo yeumpy HAH Yxpainu ma
MOH VYkpainu, paonuxa pekmopa OHY imeni
1. I. Meunuxkoesa,

dokmopa  i3uko-mamemamuyHux  Hayk,
npoghecopa, 3acnyxcenozo Oiaua HaAyKu i mex-

niku Yxpainu, naypeama J/lepowcasnoi npemii

Yrpainu 6 eanysi nayku i mexuiku

CMMUHTHUHH BAJIEHTHHA
AHJIPIMOBHYA

[To 3akiHYeHHIO 3 BiJ3HAKOIO (HI3MUHOTO
dakynbrery 1 acmipantypu OjechKoro maep-
aBHOTO yHiBepcutety imeHi I. I. MeunukoBa
B. A. CmunTHHa 3 1974 p. 10 TenepimrHbOro
Yacy MOCTIMHO MpaIroe TaM HayKOBHM CIIiB-
pPOOITHUKOM, 3aCTYITHUKOM JcKaHa (Pi3UIHOTO
¢daxkynbTeTy 3 HayKOBOi pOOOTH, MPOPEKTO-
pom (1992-1995) Ta pexropom (1995-2010).
ITix #ioro kepiBuuurBoM OHY 3100yBae cra-
Tyc HamioHanbsHoro (2000 p.), HaropomKeHU

[Toyecnoro I'pamororo Kabinery MinicTpiB
VYkpaiau (2000 p.) Ta MocCiB nepiie Micle y pei-
TUHTY KJIaCUYHUX yHiBepcuteTiB (2005 p.).

B. A. CMuHTHHA — BIZIOMHI{ 1 aBTOPUTETHUI
¢bi3uK, mparli SKOro BU3HaHI B YKpaiHi Ta 3a ii
MexaMu. BiH € aBTopoM 15 HayKOBUX MOHO-
rpadiii (6 6e3 ciiBaBTOpiB), moHag 300 crateit y
MPOBITHUX 3aKOPJOHHUX BuIaHHsX (30 6e3 cri-
BaBTOPIB), 38 aBTOPCHKUX CBIJOLITB Ta MAaTEHTIB
(7 6e3 cmiBaBTopiB) Ta 15 migpyunukis (7 6e3
criBaBTOpiB), pekomenaoBanux MOH VYkpainu.
Bceboro HaykoBux my6mikaniii monazn 700.

OCHOBHI HayKOBi1 pe3ylbTaTH OTpUMaHi
B. A. CmuHTHHOIO B 0Omacti (i3uKH moBepx-
HEBUX SBUII Ta CEHCOPHKHU TPH JIOCIHIKCHHI
MOBEPXHI IUTIBOK, IIAPiB, CKIAJIHUX MaKpO-, Mi-
KpO- Ta HAHOTIOPYBATUX CTPYKTYP 1 KBAHTOBUX
TOYOK HAIiBIPOBITHHUKIB. BiH po3B’s13aB npHH-
IIUTIOBO BAXIIUBY (i3UUHY MPOOIeMy LiJIeCpsi-
MOBAHOTO BIUTUBY Ha aJCOPOIIiiiHI BIACTHBOCTI
MOBEPXHI; PO3BUHYB TEOPII0 YHIBEPCATHLHOTO
BU3HAUEHHs aJICOPOLIHHOI YyTIMBOCTI MaTepi-
aJliB, METO/IB ii MPOrHO3yBaHHs 1 (HOpPMYBaHHS.
Briepiie 3anpononyBaB METOJl €IEMEHTHOI JTia-
THOCTHKH CKJIAJy TIOBEPXHi, IKUI 0a3yeThbCs Ha
pe3ynbTarax B3aeMofii Mk OlorpadiyHMMH Ta
ancopOOBaHMMM aTOMaMHU TOBEpxHi. Bussus
HOBMI THII HEOAHOPITHOCTI HAa MOBEPXHI — Xe-
MOPCOPOIIHO-EIEKTPUYHUI JJOMEH, KUl BiJl-
MOBIJIa€ 32 KOMIUIEKC BIIEpIIE HUM BHBYCHUX
MOBEPXHEBUX SIBUII: XEMOCOPOLIHHO CTUMY-
JHOBaH1 KOJMMBAHHA CTPyMY, BiJ’€MHUH Iude-
peHuiHuil omnip Ta HacuueHHs BAX, ceHcubi-
Ji3amis Ta JeceHcHOuTi3alis MOBEpXHi SK Ha-
CIIJIOK XeMocopOmLiifHOI reHeparii 1 po3namy
HEHTPiB (OTOUYTIMBOCTI. Brepie BCTaHOBUB
¢bi3nyHUN MeXaHi3M HEBIATBOPIOBAHOCTI BIIAC-
THBOCTEN MOBEPXHI MIiBOK A B, po3pobus i
BIIPOBA/IMB METOJMKY YHpaBIiHHA iX ancopO-
IHHUMU BJIACTUBOCTSAMH, PO3KpUB (hi3uuHi
3aKOHOMIPHOCTI ~HEMOHOTOHHOI  TOIIApPOBO1
3MIHU XIMIYHOTO CKJIaJy iX MOBEpXHi, 3pOOUB
BarOMUil BHECOK Y PO3BUTOK (Pi3UYHUX OCHOB
nporeciB (hopMyBaHHS KIACTEPHUX Ta CITKOBUX
CTPYKTYp HECTEXiOMETPHYHHUX ITOBEPXHEBUX
aToMiB, 3alPOIIOHYBaB EKCIPEC-METOAM BCTa-
HOBJICHHSI IIPUPOAM SIK LIEHTPIB afacopOIii, TaKk
i agcopOOBaHMX YACTMHOK Ha MoBepxHi. Hum
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CTBOPEHO 1 MepeiaHo 3aMOBHUKAM CEPi0 HOBUX
azcopOLiiHO YyTIUBUX eneMeHTiB. Lleit komm-
JeKC poOiT, pa3oM 3 IHIIUMH, BiJ3HAYCHUU Yy
2007 p. JdepsxaBHot0 npeMieto YKpaiHu 3 HAyKu
1 TEXHIKH.

B pesynprari mocmiKeHb SIBHIN Ha TO-
BEPXHI Ta Ha MEXI PO3IUTY MiJ KEpiBHUIITBOM
B. A. CMUHTUHM OTpHMaH1 IPUHIUIIOBO HOBI HA-
YKOBI pe3yJIbTaTh CTOCOBHO MOBEPXHEBUX e(ek-
TiB, BCTAHOBJICHI (Pi3MYHI MEXaHI3MH HarpaBie-
HOro (hOopMyBaHHS (PyHKIIOHATBHUX ITapaMeTPiB
MOBEPXHI EMITaKCIaIbHUX CTPYKTYp MIKpO- 1 Ha-
HOTETEepOIepeXo/liB, KBAHTOBHX TOYOK B X CKJIa-
JTi; CTBOPEHI HOBI T€TEPOCUCTEMH PeeCTpallii 30-
OpakKeHHS; PO3BHHYTO TEOPIIO MEPEHOCY 3apsiLy
B HEiZICaJIbHUX T€TEPOCTPYKTYPaAX.

B pesynbrari aHamizy ¥ MOAENIOBAaHHS IIO-
BEPXHEBHUX EJIEKTPOHHO-MOJIEKYJISPHUX, €JIeK-
TpO(I3UYHUX TPOLECIB TiJ KEPIBHUITBOM
B. A. CMUHTHHH CTBOpEHI HOBI MiKpOEJeK-
TPOHHI CEHCOpPHU Ul 1HTENEKTyaJbHUX CHCTEM
KOHTPOIIO Qi3UYHUX, XIMIYHHUX, O10JIOTIYHUX Ta
EKOJIOTTYHHUX 00’ €KTIB.

B o6nacTi HaHOO10(i13UKN CKIIAAHUX CTPYK-
Typ 1 cuctem B. A. CMHHTHHOIO OTpUMaHi Baro-
Mi HayKOBi pe3yJbTaTH, 10 € 3HAYHUM BHECKOM
y PO3BUTOK JTOCIIKEHh HAHO010(h13MUHUX CEH-
COpiB, HAHOTETEPOIIEPEXOiB, HAHOJIAMIHATIB,
HAHOCTPHKHIB, HAHOJIPOTIB Ta IHIIUX CTPYKTYP.
VY cTBOpEHUX 32 HOBOIO PO3POOICHOIO ITiJT HOTO
KEPIBHUIITBOM TEXHOJIOTi€}0 HAaHOO10(hi3UIHUX
CEHCOpax BCTAHOBIIEHO MEXaHi3M B3aeMOJii
KBaHTOBUX TO4OK CdS 3 610710T14HOIO0 MaTpu-
11€10, B SIKiii BOHU BUKOHYIOTb POJIb TPAHCAIOCEpa
HEEJIEKTPUYHOTO CHHT ATy Y (DOTONOMIHICIIEHTHE
BUIIPOMIHIOBaHHS, BU3HAYEHA POJIb HAHO000-
JoHKU ZnS Ha HaHokpucTanax CdS Ta BcTaHOB-
JIeHo i1 3HaueHHs y (popMyBaHHI iX CEHCOPHHX
BJIACTUBOCTEH y CKJIaJli HAHOTETEePOIEePEXo1y
ZnS-CdS. KBanrosi Touku CdS Ta HaHO000JIOH-
Ka ZnS BUTOTOBJIEHI 32 pO3pOOICHOIO i HOoro
KEPIBHULITBOM HOBITHBOIO TEXHOJOTI€IO.

[Tin xepiBHunTBOM B.A. CMUHTUHU PO3pO-
O1eHa HOBa TeXHOJIOTIYHA Iardopma Ta Ha ii
OCHOBI BUTOTOBJICHI HaHOO10()i3WUHI CEHCOP-
HI CKJIaJHI1 CTPYKTypHU Ha 0a3i HaHOIAaMiHATiB
(atomic layer deposition), HAHOCTPHKHIB, HAaHO-
JIPOTIB, 1HIIIMX HAHOMATEPIaiB y BUIJISAL CKIIaI-
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HUX KOMITO3HIIH AlZnO-TiO2 Ta 1HIIUX OKCU/IB
metaniB. Hum BuszHaueHi pi3uyHi MexaHI3MHU
YyTIUBOCTI CKIJIaJHUX CTPYKTYP 10 O10TOTIHHUX
00’€KTiB, 30KpeMa, 110 neiiko3y BPX Ta canbmo-
HEJTW, BCTAaHOBJICHA TIPUPO/Ia LEHTPIB Yy TIIMBOC-
Ti CTBOPEHHUX MiJl HOTO KEPIBHULITBOM HAaHOO10-
(bi3UYHUX CEHCOPIB 710 O10JIOTIYHUX CYOCTaHITIH
SK B 00J71aCTi €eKCUTOHHOI, TaK ¥ 1ePEeKTHOI JTt0-
MiHecLeHIii 6a30BUX HAHOCTPYKTYp. MeTonamu
XPS, SEM, AFM Ta iHmmMu 3aco6aMu IpsiMux
JOCIIKeHb MOP(OIIOTii Ta €JIEMEHTHOTO CKIIa Ty
MOBEPXHI HAHO010(I3UYHUX CEHCOPIB BU3HAUCHO
XapakTepHi 0COOIMBOCTI TEXHOJIOTIYHOI IJIaT-
dbopmu 1151 IX CTBOPEHHSI.

3a J0MTOMOT0r0 HOBOTO PO3pPOOIIEHOTO TIiJT Ke-
piBHHIITBOM B. A. CMUHTHHH METOIy HEeJIeK-
TPOJIITHYHOTO TPABIEHHS Si CTBOPEHI OpUTi-
HaJIbHI HAaHO- Ta Me30MOopyBari 6i0(hi3UYHI CeH-
COpH, Yy TJIUBICTh SKHUX JI0 010J0TTYHUX 00’ €KTIB
Ii/IBUILIEHa HAHECEHHIM Ha TIOBEPXHIO Ta B IIOPH
Si (10-15 am) meTonom atomic layer deposition
nanoyactuHok TiO,.

MeToa0M MOBEPXHEBOTO MJIA3MOHHOTO pe-
3oHacy (III1P) Bu3HauyeHi agcopOUiiHO Yy TIIN-
Bi BJIACTHBOCTI HaHomapiB SnO, Ta KBAHTOBHUX
Touok Ag. 3a monomororo I[P BcranoBneHi
ONTUMAJIbHI PO3MIPH KBAHTOBUX TOUOK Ag, sSIKi
YCHIIIIHO 3aCTOCOBAHI SIK CKJIa/I0BI aHTUCETITUKA
Ta K (paKTOp CTUMYJTIOBAHHS 3arO€HHS MOIIKO-
JOKEHOT HIKIpH.

HaiiBaxxnusinn pesynsrati 3axuiieHi y 10
JIOKTOPCHKUX Ta 0araTboX KaHIUJIATCHKHUX JHC-
epTalisix, OTpPUMaJIM HarOPOI1 Ha MIKHAPOAHUX
Ta BITYM3HSHUX BUCTABKAaX, Bi3HAYCHI TPhOMaA
Hepxasaumu Ilpemisimu Ykpainu B ramysi Ha-
yku 1 Texiku (2007, 2009 ta 2011 pp.).

B. A. CMuHTHHA € BU3HAHUM KEPIBHUKOM Ha-
YKOBO{ IIKOJIN 3 (D13MKH MMOBEPXHI HAMIBIPOBIJI-
HUKIB, SIKa BU3HAYA€E CTaH JaHoi ramy3i Ha [liBaHi
VYkpainu 1 BriuBae Ha il po3BUTOK B YKpaiHi.
BiH e(eKkTuBHO Kepye CTBOPEHUM HUM (i3HUKO-
texHiyHuM nentpom HAH Vkpainu Ta MOH
VYkpaiau, € roJI0BOIO CIemiani30BaHOI paay 1Mo
3aXUCTY JOKTOPCHKUX TUCEPTALliid, 3aCTYTHUKOM
ronoBu HayxoBoi Pasiu 3 ¢i3uku HaniBopoBiTHH-
kiB ipu I1pe3unii HAHY, OyB Biue-npe3uaeHTOM
Vkpaincbekoro ®izuunoro ToBapucTBa, 4ICHOM
Komitety 3 [lepkaBHUX mpemiit Ykpainu, 3a-



crynaukoM ['onosu I1iBIeHHOTO HayKOBOTO 1IE€H-
tpy HAHY. 3apnsku ioro 3ycuiuisM B OCTaHHI
poku OfechbKuil HAyKOBUI PEriOH CTaB OJHUM
3 BIJOMUX HAyKOBHX LIEHTPIB B Taiy3i (i3ukwu,
30KpeMa, (Pi3UKU HAHOCTPYKTYP.

Bin romoBHuii pemaxktop kypHaiiB «Poto-
eNeKTpoHiKa», «CeHCOpHa eNeKTpOHIKa Ta
MIKPOCUCTEMHI TEXHOJOTi» (BXOASATH O Ha-
ykomerpuunoi 0aszu «Index Copernicus») Ta
opranizatop Bceykpaincekoro 3’i3ny «®izuka
B Yikpaini”, 1 1 III Bceykpaincekux koHge-
peHuid 3 (i3UKM HaAMIBOPOBIIHUKIB, BOCBMHU
Mixnaponnux koH(pepenuiii «CeHcopHa enek-
TPOHIKAa Ta MIKPOCHCTEMHI TEXHOJOTi(», KOH-
rpeciB EUROSENSOR.

B. A. CMuHTHHA CTBOPUB HAayKOBO-JOCIIi-
Hy 1a00paTopito CEHCOPHOI €NEeKTPOHIKH, Bif-
KpUB HaBYaJIbHO-HAYKOBUM LIEHTP MEIUYHOI Ta
6iomoriyHoi ¢i3uku, (i3UKO-TEXHIYHUH LEHTP
nozgiitHoro mignopsiakyBanat HAHY ra MOH
VYKpaiHu, IKHMH yCIIIIITHO Kepye.

B. A. CvmuHTHHA — €nuHU Bim YKpaiHu
NOCTIHHUM  wiIeH BiJOIPKOBOTO  KOMITETYy
EUROSENSOR, unen €Bponelicekoro ¢pizud-
Horo ToBapuctBa Ta Omntuynoro ToBapucTBa
AMepUKH, KEpiBHUK Ta YYacCHUK HayKOBHX
mporpaM B HAI[lOHABHUX IIGHTpaxX JJOCIHi-
mokenb Itanii, @panmii, Himeuunnu, OiHnsHAIl,
[Topryranii Ta iH., B IESKUX 3 HUX 3aM0YaTKY-

BaB HOBI HAaNpsIMKHU JIOCTI/KEHb B Tamy3i (i3u-
KU MOBEpXHEBUX sBUIL. BiH edekTuBHO Kepye
pPOOOTOI0 YKpPATHCHKUX TPYH Y €BPONEHCHKHUX
HayKOBO-AocCHiiHuX nporpamax FP-6, FP-7.

B. A. CMUHTHHAa Ha BHCOKOMY HayKOBOMY
piBHI yMTa€e po3polsieHi HUM HOBITHI CHELKYp-
cu «lloBepxHeBi sBHIA y HAIiBIPOBIAHUKAX,
«DIi3UKO-XIMIYHI SIBUINA HA TIOBEPXHI TBEPIUX
T 1 «POTOETEKTPUYHI MTPOIIECH Y HaIiBIPO-
BIJTHMKAx» Ta (QyHIaMEHTaIbHI KypcH

«Omntukay, «Pi3uka aromay ta «Pi3uka ceH-
COpiB» €(EeKTUBHO KEepy€e IMiJrOTOBKOIO Mari-
CTpiB, aCHipaHTIB, TOKTOPiB (pistocodii i AOKTO-
paHTiB 3 (I3UKU MOBEPXHI Ta EKCIIEPUMEHTAIIb-
HOI (i3MKH, SIK 3alpOLICHUN Tpodecop YUTae
KypCH JIEKIIi} 32 KOPAOHOM.

HisubHicTs B. A. CMUHTHHM y Tay3i HayKd
Ta OCBITH BiJ3Ha4eHa OaraTbma ACpKABHUMU
Haropogamu. Bin — 3acmyxeHudl nisd HayKH i
TexHiku Ykpainu, Jlaypear Jlepxasnoi Ilpemii
VYkpainu B ramy3i HayKH i TEXHIKH, KaBaJiep OpAe-
Hy «3a 3aciyrw» III cTynens, iioro Haropomxe-
HO Takox Ilouecuumu I'pamoramu BepxoBHOI
Pagu Vkpainu Ta Kabinery MinicTpiB Ykpainu,
[Touecnumu Bigznakamu HAH VYkpainu «3a Ha-
YKOBI IOCSITHEHHS» Ta «3a MiATOTOBKY HAYKOBO1
3MiHWY, BigzHakamu MOH VYkpainu. Banentun
AnppiiioBud CMUHTHHA TaKOX BiA3HAUCHUN
Haropogamu 7 KpaiH CBITY.
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Indopmanis 15 aBTOPIiB HAYKOBOT0
30ipauka «Photoelectronics»

VY 36ipauKy "Photoelectronics " npyKyrOTBCS CTATTi, IO MICTATH BIAOMOCTI PO HAYKOBI JOCII-
JOKEHHS 1 TEXHIUHI pO3pOOKH B HAMPSIMKaX:

* (pisuka HaniBIPOBIAHMKIB;

* rerepo- i HU3LKOPO3MIPHI CTPYKTYpPH;

* (pismka MikpoeJIeKTPOHHUX NPUJIA/iB;

* jgiHiiiHAa i HesliHIliHA ONITHKA TBEPAOIO Tija;

* ONTOEJIEKTPOHIKA TAa ONTOEJTeKTPOHHI NPUJIAIH;

* KBAHTOBA €JICKTPOHIKA;

* CeHCOPHUKA
36ipauk "Photoelectronics BUIa€eThCsl aHMTIMCHKOI MOBOIO. PyKOTIHC TIOJJAETHCST aBTOPOM Y JIBOX
NPUMIPHUKAX aHIIIHCBHKOIO 1 pOCICHKOI0 MOBAMHU.

EnexkTponHa Komist cTaTTi MOBMHHA BiANOBIIaTH HACTYITHUM BUMOTaM:

1. JInst TeKCTy 103BONISIOTHCS HACTyHI popmaru - MS Word (rtf, doc).

2. Pucynku npuiimarotees y popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word
I MS Giaf, Micro Calc Origin (opj).

Pykonucu HaICMJIAI0THCS 32 a/IpPecolo:

Bian. cexp. Kyranosiit M. 1., Byn. I1actepa, 42. ¢pi3. hak. OHY, m. Oneca, 65082
E-mail: photoelectronics@onu.du.ua

ten. 0482 - 726 6356 .

36ipuuku "Photoelectronics" 3naxonsaTees Ha caifri: http://photoelectronics.onu.edu.ua

o pykonucy 101a10ThCs1:

1. Konu PAC 1 V/IK. [lonycka€eTbCcsi BAKOPUCTAHHS IEKUJIBKOX MHU(PIB, 110 PO3AUIAIOTHECS KOMaMU.
2. Ilpi3Buma i iHiliaau aBTOPIB.

3. YcraHoBa, MOBHA MOIITOBA apeca, HoMep Tenedony, HoMep akcy, aApecH eIeKTPOHHOT MOIITH
JUIS KO)KHOTO 3 aBTOPIB.

4. Ha3Ba crarTi.

5. Pestome ob6csrom 10 200 cItiB MUAMIETHCS aHTITIHCHKOIO, POCIACHKOIOK0 1 (1151 aBTOPIB 3 YKpaiHu)
— YKpaiHCBhKOIO MOBAMHU.

Texcm npyxysaru mpudrom 14 myHKTIB uepes ABa iHTepBasn Ha Oiomy mamnepi popmary A4. Ha-
3Ba CTATTI, & TAKOXK 3ar0JIOBKH MIAPO3ITIB APYKYIOTHCS MPOMUCHUMH JITEPAMH. .

Pisnanna neodxinHo npyKyBatH B penaktopi popmyn MS Equation Editor. HeoOxinHo naBatu Bu-
3HAUEHHSI BEJIMYMH, 110 3'SBISIFOTHCS B TEKCTI BIEpIIIE.

Ilocunannsa Ha niTepatypy IpyKyBaTH depes 1Ba iHTepBai, HyMEepyBaTHCS B KBaJPaTHUX JTyKKaxX
MOCIIITIOBHO, Y TIOPSAKY IXHBOT OSIBH B TEKCT1 cTarTi. [locunartucs HeoOXiHO Ha JiTepaTypy, 1o
BuaHa mizHime 2000 poky.

ITionucu 1o pUCyHKIB 1 TaOJMUIh JPYKYIOTHCS B TEKCTI PYKOMHCY B MOPSIKY iXHBOT LTFOCTpAIlii.
Peztome obcsarom 10 200 ciiB IpyKy€eThCsl aHIIIHCHKOIO, POCIHCHKOIO 1 YKPaiHChKOIO MOBaMU (U151
aBTOpIB 3 Ykpainn). [lepex TekcToM pe3rome BiIIOBITHOIO MOBOIO BKa3ytoTecs YK, mpi3Buina ta
1HIIIiaJIA BCiX aBTOPIB, Ha3Ba CTaTTI.
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Nudopmanus njig aBToOpoB
Hay4ynoro coopauka «Photoelectronics »

B c6opuuke "Photoelectronics " megararoTcsi craTby, KOTOpbIE COAEPKAT CBEACHHS O HAyYHBIX
HUC-CJICJOBAHUAX U TEXHUYCCKUX pa3pa60TKax B HaAITpaBJICHUAX:

* (pu3nka MOJIyNnpoOBOAHUKOB;

* reTepo- 1 HU3KOpPa3MepHbIe CTPYKTYPbI;

* (pu3uKa MHUKPO3JIEKTPOHHBIX NPUOOPOB;

* IMHeHHasi U HeJINHelHAasl ONITHKA TBEPAOro TeJia;
* ONITOJIEKTPOHUKA U ONTOJIeKTPOHHbIE TPUOOPDI;
* KBAHTOBAs YJIECKTPOHHMKA;

* CeHCOpHKa

Coopnuk'"Photoelectronics n3gaéTcsi Ha AHIIMICKOM sI3bIKE. PyKomuCh 1o1aeTcst aBTOPOM B JIBYX
AK3EMIUISIPaX Ha AHIJIMHCKOM U PYCCKOM SI3bIKAX.

DJIeKTPOHHASI KONHS CTATHHU /I0JKHA 0TBEYaTh CJIeAYIOIIHM TPeOOBAHUSIM:

1. Inst TekcTa omycTuMsl cienyronie popmarsl - MS Word (rtf, doc).

2. Pucynku npuaumarorcs B popmarax — EPS. TIFF. BMP, PCX, JPG. GIF, CDR. WMF, MS Word
N MS Giaf, Micro Calc Origin (opj).

Pykonucu npucbLianTces 1o ajgpecy:
Orts. cekp. Kyranosoit M. ., yn. [Tactepa. 42. dus. pak. OHY, . Onecca, 65026
E-mail:photoelectronics@onu.du.ua temn. 0482 - 726 6356 .

Cratbu c0."Photoelectronics " Haxomsitcst Ha caiite: http://photoelectronics.onu.edu.ua

K pykonucu npunaraercs:

1. Koget PAC u V/IK. JlonmyckaeTcst MCIOIh30BaHUE HECKOJIBKUX IMTHU(POB, KOTOPBIC PA3NIEISIOTCS 3a-
TIATOM.

2. ®aMuIUy ¥ MHULIAAIIBI aBTOPOB.

3. YupexaeHue, NOJIHBINA OYTOBBIH ajipec, HOMep TenedoHa, HoMep (akca, agpeca IECKTPOHHOM
MOYTHI JIJIS1 KAXJIOTO U3 ABTOPOB.

4. Ha3BaHue cTarhu.

5. Pestome o6beMom 110 200 c10B MUIIETCSI HA aHTTTMHCKOM, PYCCKOM sI3bIKax M (1J11 aBTOPOB U3
YKpauHbl) — Ha YKPAUHCKOM.

Texcm nomkeH medataThes mpudToM 14 MyHKTOB Yepe3 ABa MHTEpBayia Ha Oenoi Oymare op-
Mmata A4. Ha3zBaHue cTaTby, a TaKk)Ke 3ar0JIOBKU MOJIPa3/IeTIOB MeYaTaloTCs MPOMUCHBIMU OyKBaMU
Y OTMEYAOTCS MOIY>KUPHBIM HIPUPTOM.

Vpasnenus neodxoaumo niedatarb B pegakrope opmyin MS Equation Editor. Heobxomumo na-
BaTh OIpPE/EICHUE BEJINUNH, KOTOPbIE MOSABISAIOTCSA B TEKCTE BIEPBHIE.

Ccbinku Ha TUTEPATypy TOJKHBI [TeYaTaThCs Yepe3 ABa MHTEpPBasia, HyMEepPOBAThCS B KBaIPATHBIX
CKOOKax MOCJIEI0BATENIbHO, B OPSIKE UX MOSIBICHUS B TeKcTe cTarbu. CehliaTbesi HEOOXOIUMO Ha
IuTeparypy, koropas uzaana noszaaee 2000 roaa.

Tloonucu x pucyHKam 1 TaOJNUIIaM TIeYaTaroTCs B TEKCTE PYKOIIMCH B MOPSAKE WX WLTFOCTPAIIHH.

Pesiome o6bemom 110 200 c0B neyaraercs Ha aHIIMICKOM, PYCCKOM S3bIKaX U Ha YKPauHCKOM
(nns aBTOpoB U3 Ykpaunsl). [lepen TekcTom pe3toMe COOTBETCTBYIOIIUM S3BIKOM YKa3bIBAIOTCS
YK, pamunuu 1 MHULIMATIBI BCEX aBTOPOB, Ha3BaHUE CTAThU.
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