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OPTICAL PROPERTIES OF OF ZNS:FE NANOCHRYSTALLS OBTAINED BY
COLLOIDAL METHOD

Iron doped zinc sulfide nanocrystals were obtained by colloidal synthesis using gelatin, lactose or polyvinyl
alcohol as a stabilizing matrix. The structure of the nanocrystals was determined using X-ray diffraction (XRD). The
influence of the concentration effect on the size and properties of ZnS nanocrystals, the optical absorption spectra and
photoluminescence spectra were studied, and the types of optical transitions in these nanocrystals were determined.

I. Introduction

In recent years, researchers’ interest
in colloidal methods for the synthesis of
semiconductor nanoparticles has been growing.
These particles have a number of unique
characteristics determined by their shape and
size. In this regard, the widespread practical use
of nanoparticles is constrained by the possibility
of obtaining nanoparticles with a controlled
shape and size.

Among II-VI semiconductor compounds,
zinc sulfide has the largest band gap. Another
more important advantage of ZnS is non-toxicity,
which makes the use of ZnS nanocrystals as
luminescent markers in medicine promising
[1,2]. The radiation of such markers should be
localized in the area of maximum transparency
of living tissues (0.65-1.5 pum). Our studies
on semiconductor ZnS:Fe single crystals [3]
indicate the presence of broad absorption bands
and photoluminescence (0.5-0.8 um) that are
effectively excited by light from the impurity
absorption region.

The purpose of this work is to develop a
technique for obtaining ZnS:Fe nanocrystals
in which the spectra of optical absorption and
photoluminescence are in the near infrared
region. To determine the nature of the optical
and radiation transitions, the results of the
study of the optical properties of ZnS: Fe single
crystals are given.

I1. Experimental

ZnS, ZnS: Fe nanocrystals were obtained
by chemical synthesis in a matrix of polyvinyl
alcohol, gelatin or lactose. Pure zinc sulphide
nanocrystals were obtained by reaction of:

ZnCl,+Na,S—ZnS+2NaCl. (1)
Fe doped ZnS nanocrystals were obtained by
reaction of:
ZnCl,+Na,S+Fe,Cl,—ZnS:Fe:Cl+
+2NaCI+CL, 1. (2)

Commercial reagents from Beijing were
used for the synthesis.

After synthesis, the solution was dried on a
quartz or glass substrate. As aresult, ZnS, ZnS:Fe
nanocrystals were obtained in a transparent solid
polymer matrix. The structure analysis of the
obtained ZnS nanoparticles was carried out by
X-ray diffraction (Fig. 1). The diffraction peaks
20 correspond to the plane (111) in zinc sulfide.

II1. Experiment and results

The optical absorption spectra of undoped
nanocrystals are shown in Fig. 2, curve 1. The
band gap of zinc sulfide single crystals is 3.6 eV.
The nanocrystals obtained are characterized by
bandgap values E, 0f 5.07 ¢V at Na,S and ZnCl,
concentrations of 10%, respectively.

The optical absorption spectra of ZnS:Fe
nanocrystals show an offset of the absorption
edge towards lower energies compared to
undoped samples (Fig. 2, curves 2-4). The
magnitude of the shift is 0.2 eV with increasing
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Fe,Cl, concentration from 0.1 to 0.5%, this
may be due to an increase in the Fe content in
the samples, or an increase in the size of the
nanocrystals.
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Fig.1. XRD-pattern of ZnS:Fe nanocrystals.

The size of nanocrystals was estimated by
the difference of their bandgap and bulk single
crystals using the ratio [4]:

3)

h - Planck constant, u=((m_)'+(m,)"')"' —reduced
mass, m =0.27m, m,=0.58m, respectively,
the effective masses of electrons and holes in
zinc sulfide, m, — mass of free electron, AEg
- the difference between the bandgap of the
nanocrystals (3.63eV). As shown in the Table 1,
the size of the nanocrystallites does not change
significantly.

The optical absorption spectra of ZnS:Fe
nanocrystals in the region of 1.6 - 4.0 eV are
characterized by the presence of a considerable

number of absorption lines (Fig. 3). Increasing
the concentration of Fe leads to an increase in
the absorption in this region with the unchanged
arrangement of the maxima of the absorption
lines. This indicates the intracenter nature of the
absorption lines in ZnS:Fe nanocrystals. Similar
absorption lines were observed previously in
bulk ZnS:Fe crystals [3].

D? 65

44 45 46 47 48 49 5 b1 52 53

Fig.2 Optical absorption spectra of ZnS (1), ZnS:Fe(2-
4) nanocrystals, T=300 K.

Table 2 summarizes the energies and
interpretation of optical transitions in bulk and
ZnS:Fe nanocrystals. The middle column shows
the calculations of the energy states of Fe’" ions
in the approximation of the nearest tetrahedral
environment at the crystal field parameters A =
3500 cm™ and B = 600 cm™. In this case, light
absorption occurs through optical transitions
from the ground °E (D) to the excited states of the
Fe** ion. As shown in Table 2, the calculations
are equally good for
both bulk and nanocrystals, which testifies to
the validity of the crystal field theory, according
to which the ions of transition elements are
affected by the closest tetrahedral environment
whose size is smaller than the size of the



Table 2. Optical transitions involving Fe’ " ions

Ne | Type of crystal ZnS:Fe bulk Culc ZnS:Fe nano
Transition Eexp. abs., €V Ep eV Ecuicabs, €V | Eexp. avs., €V Epr eV
! SE(D) T2 'Tu(F) 387
2 SE(D) @2 'To(F) 3.84
3 SE(D) T2 'Ay(F) 372
4 SE(D) T2 '4,(S) 3.66
5 SE(D) 22 'Ty(D) 3.48
6 SE(D) 22 'T/(G) 334 337
7 SE(D) =2 'E(D) 322 3.21
8 SE(D) 22 '4,(G) 3.18 3.19 3.14
9 SE(D) 22 'E(G) 3.06 3.06 3.05
10 ED) 22 '1:(6) 2.94 2.97 2.97
11 SE(D) 2 3Ty(D) 2.84 2.82 2.84
12 Em) =2 'ED) 278 275 278
13 Em) 2 ') 272 272 2.7
14 k=2 2.65 2.65
15 SE(D) 2 'Ay(l) 2.58 2.64 2.62
16 SE(D) 2 °Ty(P) 2.60 2.60 258 2.55
17 ED) 22 °1(6) 2.48 252 2.50 247
18 ED) 22 a0 2.50 236 251 245
19 ED) 2 'T.(6) 239 228 238 241
20 ED) 22T, 230 225 234 238 231
21 Em) 2 'Eq) 233 233
22 ED) 221 (F) 2.20 224 226 225
23 Em) 2 'EG) 222 2.09 2.23 2.18 2.17
24 Em) 2 1P 2.11 1.99 2.08 2.07 2.05
25 ED) 22 74,(G) 2.03 1.88 2.03 2.0
26 ED) 224 F) 1.94 1.97 1.91 1.91
27 ED) 221 1H) 1.85 1.84 1.84 1.83
28 ED) 221 (1) 1.82 1.82 1.77 1.75
29 Em) 2 'Em) 1.75 1.73 171
30 SE(D) 22 °T)(H) 1.35 1.30 1.37
31 SE(D) 22 To(D) 0.45 0.68 0.45 -

nanocrystallites (lattice period) ZnS is 5.6 Aand
nanocrystallite size is 3-5 nm).
Photoluminescence of the undoped ZnS
nanocrystals wasn’t observed in the region of 1.6-
3.5 eV. The doping of ZnS nanocrystals leads to the
formation of a broad structured photoluminescence

band in the 1.6-2.8 eV region (Fig. 4). The same
structured photoluminescence bands were observed
previously in bulk ZnS:Fe crystals. With increasing
Fe concentrations, the luminescence spectrum

expands toward lower energies.
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Fig.3. Optical density spectra of ZnS:Fe
nanocrystals. [Fe]=0.1(1), 0.3(2), 0.5%(3). 7=300 K.
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Fig.4. Photoluminescence spectra of ZnS:Fe
nanocrystals. [Fe]=0.1(1), 0.3(2) Ta 0.5%(3). T=300
K.

Conclusions

Iron-doped zinc sulfide nanocrystals were
obtained. A comparative analysis of the optical
absorption and photoluminescence spectra of
iron-doped zinc sulfide nano- and single crystals
was performed.

The nature of intracenter optical transitions
that determine the optical properties of ZnS:
Fe nanocrystals is established. The crystal field
theory that the splitting of the energy states of
Fe?" ions occurs under the action of the closest
tetrahedral environment is confirmed.

ZnS: Fe nanocrystals have a photo-
luminescence spectrum corresponding to the
transparency of living tissues. This allows the
use of ZnS: Fe nanocrystals as fluorescent
markers in medical diagnostics
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Abstract — iron doped zinc sulfide nanocrystals were obtained by colloidal synthesis using
gelatin, lactose or polyvinyl alcohol as a stabilizing matrix. The structure of the nanocrystals was
determined using X-ray diffraction (XRD). The influence of the concentration effect on the size and
properties of ZnS nanocrystals, the optical absorption spectra and photoluminescence spectra were
studied, and the types of optical transitions in these nanocrystals were determined.
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ONTUYHIBJIACTUBOCTIHAHOKPUCTAJIBZnS:Fe OTPUMAHUX KOOI THUM
METOJAOM

AHoTanis— Hanokpucranu cyiabdiay HUHKY JIETOBAHOTO 3aJ1i30M OyJIM OTpHUMAaHI HIISIXOM KO-
JIOiTHOTO CUHTE3Y 3 BUKOPUCTAHHSM JKEJIaTHHY, JIAKTO3H 200 MOJiBIHIJIOBOTO CIIUPTY B SIKOCTI CTa-
6imizyrodoi marpuni. CTpykTypa HAaHOKPHCTAJIIB BH3HAYEHA 32 JOMIOMOTOI0 PEHTIEHIBCHKOI TUd-
pakuii (XRD). BuBueHO BIUIMB KOHLIEHTPALIHHOTO e(eKTy Ha po3Mip 1 BIACTHBOCTI HAHOKPHC-
TamiB ZnS, CIEKTPU ONTUYHOTO MOTIMHAHHS 1 ()OTOMOMIHECIICHIIT, BU3HAYCHO TUIH ONTUYHHUX
NEPEXOoiB B JaHUX HAHOKPUCTANAX.
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ONTUYECKHUE CBOMCTBA HAHOKPUCTAJIJIOB ZnS:Fe IOJTYUYEHHBIX
KOJVIONIHBIM METOJ1OM

AHHoTauus — HanokpucTauisl cynb(pua IMHKA JETMPOBAHHOTO YKENIE30M ObLIH MOTyYEHBI Iy TEM
KOJUIOWHOTO CHHTE3a C UCIIONB30BAaHMUEM JKeJIaTHHA, JTAaKTO3bI WM TOJMBUHUIIOBOTO CIIMPTa B Kaye-
cTBe crabummsupyromieil Marpurpl. CTpyKTypa HaHOKPHCTAJUIOB OIpeJiesieHa MPU TOMOIIM PEHTTe-
HoBcko# udpakimu (XRD). M3y4ensl BiausHUE KOHIEHTPAIIMOHHOTO 3 QeKTa Ha pa3Mep U CBOKWCTBA
HAHOKPUCTAIJIOB ZnS, CIEKTPbl ONTUYECKOTO MOMIOIMIEHUS U (DOTONOMUHECHCHIMH, ONpEeIeHbI
THITBI ONTUYECKHUX MIEPEXOIOB B JAHHBIX HAHOKPHCTAIIIAX.
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ELECTROPHYSICAL PROPERTIES OF ZINC OXIDE THIN FILMS OBTAINED BY
CHEMICAL METHODS

The electrophysical characteristics comparative studies were carried out for ZnO films obtained by chemical
precipitation from zinc acetate solutions and thermal oxidation of zinc films. The ZnO films showed optical absorption
and band gap (2.9 to 3.2 eV) specific for this material, which indicates the presence of crystalline structure in them.
The use of polyvinyl alcohol made it possible to obtain samples with the highest values of Eg and electrical resistance,
which is caused by the nanosize crystallites of the films. The investigated electrophysical characteristics of the ZnO
films made it possible to establish the contribution of their own defects and surface states to the conductivity.

Introduction

Recently, interest in zinc oxide has increased
due to the possibility of using this material to
create cathodoluminophores, electrolumines-
cent screens, acoustoelectronic amplifiers, gas
detectors, various types of photo- and optoelec-
tronic devices [1,2], as well as in the composi-
tion of electronic materials [3]. Often this is pos-
sible due to the special properties of the surface
and grain boundaries of the material, which can
be further modified by targeted alloying, as well
as by change in the synthesis conditions. [4-6].
High values of transparency and refractive in-
dex of ZnO films in the visible spectrum region
makes it possible to use them as illuminating
coatings for interference optical elements, as
well as to create a transparent conductive elec-
trode in solar cells. [7,8]. Currently, interest to
ZnO films has increased due to their possible
application to photoelectronic devices such as
LEDs with ultraviolet radiation, blue fluores-
cent ultraviolet emitters and lasers [9]. The need
to reduce the costs and to improve the quality of
optoelectronic devices necessitates the develop-
ment of new methods in the manufacturing of
ZnO films.

Known from the literature methods for pro-
ducing thin films of zinc oxide are: atomic layer
deposition technique [10,11], and magnetron
sputtering in many of its modifications [12,13].
However, these methods require quite energy-
intensive technical support. Another used meth-

od is sol-gel technology, which, unfortunately,
involves the application of relatively expensive
and at the same time harmful reagents, such as
a-terpineol, 2-methoxyethanol, 2-aminoethanol,
etc.

In this paper zinc oxide films were obtained
by relatively simple methods, in particular,
chemical precipitation from zinc acetate solu-
tions, thermal oxidation of zinc films, and sub-
sequent comparative studies of their electro-
physical characteristics.

Samples preparation

The studied zinc oxide films were obtained in
three different ways, which are hereinafter arbi-
trarily designated as groups A, B and C. To ob-
tain samples of group A, an aqueous solution of
zinc acetate (Zn (O,CCH,),) with a concentra-
tion of 0.25 mol was used. Glass substrates were
immersed in an aqueous solution of zinc acetate,
dried at room temperature in air, and again im-
mersed in the solution. After that, the obtained
films were annealed in an air atmosphere at a
temperature of 310 °C for 20-60 min.

Samples of group B were also obtained from
an aqueous solution of zinc acetate, but with the
addition of an aqueous 1% solution of polyvinyl
alcohol (C,H,0 - PVA) for the purpose of ad-
ditional structuring of the films, in equal propor-
tions of 2 ml each. Then, the substrates were im-
mersed several times in the solution according
to the procedure described above and annealed
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in air at a temperature of 310 °C for 60 min.

To obtain group C samples, thin films of zinc
metal were deposited on a cleaned glass sub-
strate by thermal spraying in high vacuum. Fur-
ther, zinc films were annecaled in a muffle fur-
nace in air at 570 °C for 10-30 min. As a result,
the oxidation process occurred and translucent
whitish zinc oxide films were created.

For conducting electrophysical measure-
ments, samples of each of the groups of zinc
oxide films were provided with ohmic contacts.
For this, indium in the form of parallel strips
was deposited on the samples by thermal spray-
ing in high vacuum.

Results and Discussion

A typical edge of the optical absorption spec-
tra of ZnO films (group A) is shown on Fig.1. The
satisfactory straightening in the coordinates of D*-
hv (here D is the optical density) is evident. This
fact indicates direct allowed optical transitions in
the films. The extrapolation of the linear section
of the dependences to the energy axis gives the
band gap for various samples ranging from 3.02
to 3.06 eV, which satisfactorily coincides with the
band gap data for zinc oxide films either calcu-
lated [ 14] or obtained from optical measurements
[15,16] by other authors. Extrapolation was car-
ried out taking into account the subtraction of the
apparent absorption, which is due to scattering
and reflection of the incident light from the film
surface. The plateau near the absorption edge at
low energies is due to the presence of an amor-
phous phase in the studied ZnO films.

D2, rel.un.
8 L

O =~ N W bk 0O~
T T T T T

2 25 3 35 hv, eV

Fig. 1. Typical spectra of the optical absorption
of ZnO films (group A)
Figure 2 shows a typical absorption spectrum

12

of a zinc oxide film (group B). The band gap, E,
= (3.15-3.2) eV was found by extrapolating its
linear section to the energy axis. It can be argued
that it is noticeably larger than the band gap of
the group A zinc oxide films. This means that the
sizes of ZnO crystallites obtained in a solution of
zinc acetate with polyvinyl alcohol impurities are
smaller than crystallites of ZnO films obtained
from a solution without PVA impurities.

D?, rel.un

O =S NW kg D

26 28 3 32 34 36 38 hv, eV

Fig. 2. Typical spectra of the optical absorption
of ZnO films (group B).

Figure 3 shows a typical edge of the absorp-
tion spectra of zinc oxide films (group C). The
band gap, obtained from the extrapolation of
their straight section is (2.9-2.96) eV. Thus, the
zinc oxide films obtained by oxidizing a met-
al zinc film in air atmosphere have the small-
est band gap. However, the shape of the opti-
cal absorption edge indicates their most perfect
crystalline structure compared to films obtained
from a solution of zinc acetate.

D2 rel.un.
25 |

2 L

1.9 F

A

05 F

0 S

19 24 29 34

hv, eV

Fig. 3. Typical spectra of the optical absorption
of ZnO films (group C).



The band gap of ZnO films obtained with PVA
admixture is greater than that of similar films ob-
tained without PVA admixture. The reason is that
the PVA polymer matrix limits the size of the re-
action volumes where zinc oxide crystallites are
synthesized, and thus inhibits the growth of ZnO
crystallites.

The current-voltage characteristics and the
dark current temperature dependences were in-
vestigated in order to assess the electrophysical
properties and the presence of their own defects
in the band gap of zinc oxide films

Current-voltage characteristic (CVC) of the
ZnO film (group A), measured in air (Fig. 4),
shows the current linear dependence on the ap-
plied voltage, which indicates the electrical uni-
formity of the film. The inter electrode resistance
calculated from the CVC is about 4 - 10" Ohms.

I, A107

45 45 450 U,V

Fig. 4. Current-voltage characteristic of ZnO
film (group A), measured in air (T = 293K)

The dark current temperature dependence
of ZnO film (group A), measured in vacuum
at heating of the film is shown at Fig.5. It can
be distinguished three characteristic areas. The
current at all these sites grows with temperature
exponentially. The first section, located in the
low-temperature region, has the conductivity
activation energy of 0.08 eV, which, with in-
creasing temperature, changes the line slope to
the activation energy of 0.16 eV. At a tempera-
ture of about 105 °C, this section is replaced by
a section with a sharp rise of current with the
conductivity activation energy of 1.6 eV.

1, A-108
750 |

34 109(TK)

Fig. 5. The dark current temperature
dependence of the ZnO film (group A)
measured in vacuum. (U =10 V).

The first and the second temperature-depen-
dent regions may correspond to donor levels
formed in the films’ volume by single- and dou-
ble-ionized oxygen vacancies, just as in the case
with tin dioxide films. The sharp increase in the
current at a temperature above 105 °C is caused
by oxygen desorption from the surface of ZnO
films. It is known that an oxygen atom adsorbed
on the surface of a ZnO film captures one elec-
tron from the conduction band thus transforming
into a single negatively charged ion, or captures
two electrons and becomes a twice negatively
charged ion. This leads to a current locking type
bending of the surface energy zones and to the
appearance of local levels (0.7-0.76) eV and
(1.4-1.6) eV, respectively with energy distances
from the bottom of the conduction band on the
surface of the film. At high temperatures elec-
trons, trapped by oxygen atoms, are thermally
released into the conduction band, and oxygen
atoms are desorbed from the film surface.

The current—voltage characteristic of the ZnO
film (group B) (Fig. 6) is slightly superlinear and
has a tendency to an exponential current —volt-
age dependence. Such dependence is inherent
to the barrier current flow mechanism. That is,
in the films obtained with PVA admixtures, the
intercrystalline potential barriers affecting the
current flow are more pronounced. The average
value of the inter-electrode resistance, calculat-
ed from the initial linear section of the CVC, is
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about 2.8 - 10° Ohms. Therefore, the presence
of PVA impurity increases the film resistance
by almost 2 orders of magnitude. The reason is,
that the PVA evaporates during the annealing,
thus increasing the porosity of these films, and
they become nanostructured with a more devel-
oped surface. Nanometer crystallites can create
a quantum well effect for carriers [17], which
also lead to greater resistance.

I, A10%

10 |

uv

Fig 6. The CVC of the ZnO film (group B)
measured in air (T = 293K).

Fig. 7 shows the temperature dependence of
the current measured during heating and cooling
of the ZnO film (group B). It also contains low-
temperature sections with activation energies
of 0.08 eV and 0.15 eV associated with oxygen
vacancies. There is also a high-temperature re-
gion with an activation energy of about 1.6 eV,
caused by the desorption of double charged oxy-
gen ions from the ZnO film surface. At the same
time, the only one section with activation energy
(0.14-0.16) eV is observed in the current tem-
perature dependence curve, measured at cool-
ing. If the film is being cooled to room tempera-
ture, then the current remains almost 60 times
greater than at heating. This is due to the fact
that, when the film is heated in vacuum oxygen
desorbes and the conductivity is controlled only
by donor vacancies of oxygen in the volume of
the film. However, when the air is let into the
chamber, then the current decreases to almost
the original value. Moreover, the decrease of the
current strength in “e” times occurs very rapidly
over a period of about 35 s. (Fig. 7).
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Fig. 7. The dark current temperature
dependence of the ZnO film (group B)

When in the Fig. 8 a slower relaxation region
is observed, then the straightening of the curve
in the coordinates (In I - t) indicates that relax-

£

ation follows the law ! (t) = fpexp * where the
characteristic time constant t is 150 s.
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Fig. 8. Relaxation of the current in the film
(group B) at letting the ambient air into the
chamber (T =298 K, U =150 V).

The interelectrode resistance of zinc oxide
(Group C) films calculated from the current-



voltage characteristic (Fig. 9) has of about 2 -
10° Ohms, which is also much lower than for

Group A and Group B films.
I, A-10%
100 -
10}
1k
0’1 1 I 1
1 10 100 U, V

Fig. 9. The CVC of the ZnO film (group C)
measured in air (T =290 K).

Comparison of the calculation results for zinc
oxide films’ parameters obtained by different
chemical methods is shown in table 1.

Table 1
Type of films A B C
(3,06- (3.15- (2,9-
Bandwidth 3,02) 3 2’) v 2,96)
eV ’ eV
eliﬁ‘;&e 4107 28100 2:10°
: Ohm Ohm Ohm
resistance

Zinc oxide films obtained from a solution
of zinc acetate with admixtures of polyvinyl
alcohol have a much higher resistance than
similar films obtained without PVA admixture.
This happens in the process of high-temperature
annealing of PVA, playing the role of a polymer
matrix, with the consequent evaporation of the
decay products and hence, the zinc oxide films
become porous with a more developed surface.

The ZnO film, obtained by oxidation of zinc
metal films appeared low-resistance and have
the smallest band gap. However, the shape of
the optical absorption edge indicates their most
perfect crystalline structure compared to films
obtained from a solution of zinc acetate.

Conclision
The zinc oxide films obtained by three
different methods showed typical for them

optical absorption and bandgap (2.9 to 3.2 eV)
characteristic for this material, which indicates
the presence of crystalline structure in them.
Moreover, the use of polyvinyl alcohol made it
possible to obtain samples with the highest values
of Eg and electrical resistance, which is caused
by the nanosize crystallites of group C films.
The investigated electrophysical characteristics
of the obtained zinc oxide films made it possible
to establish the contribution to the conductivity
of their own defects and surface states.
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ELECTROPHYSICAL PROPERTIES OF ZINC OXIDE THIN FILMS
OBTAINED BY CHEMICAL METHODS

Y I Bulyga, A. P. Chebanenko, V. S. Grinevych, L. M. Filevska

Summary

The electrophysical characteristics comparative studies were carried out for ZnO films obtained
by chemical precipitation from zinc acetate solutions and thermal oxidation of zinc films. The
ZnO films showed optical absorption and band gap (2.9 to 3.2 eV) specific for this material,
which indicates the presence of crystalline structure in them. The use of polyvinyl alcohol made it
possible to obtain samples with the highest values of E, and electrical resistance, which is caused
by the nanosize crystallites of the films. The investigated electrophysical characteristics of the ZnO
films made it possible to establish the contribution of their own defects and surface states to the
conductivity.

Key words: zinc oxide, thin films, electrophysical properties
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ANEKTPO®U3NYECKUE CBOMCTBA TOHKUX IIJIEHOK OKCHUJIA
HUHKA, TOJAYYEHHBIX XUMNYECKUMU METOIAMMU

0. U. bynviea, A. 1. Yebanenko, B. C. I punesuy, JI. H. Qunesckas

Pesrome

[TpoBeneHbl CpaBHUTENBHBIC HCCIEOBAHUS MEKTPOYU3NIECKUX XaPAKTEPUCTUK TuIeHOK ZnO,
MIOJIyYEHHBIX XUMUYECKUM OCAXIEHUEM U3 PACTBOPOB alleTaTa IUHKA U TEPMUYECKUM OKHCIEHUEM
mwieHok nuHKa. [lnenkn ZnO mnokaszanu ONTHYECKOE MOMIONICHHE W IIUPUHY 3alpelieHHON
30HBI (2,9-3,2 3B), XxapakTepHble U1 3TOr0 Marepualla, 4YTo CBHJETENbCTBYET O HAIMYUU B HUX
KPUCTAJNINYECKON CTPYKTYphl. Vcrnonb3oBaHWE MOJMBUHUIIOBOTO CIHPTA MO3BOJIMIO NOJIYYUTh
o0pa3upl ¢ HAaUOONBIIMMHU 3HAYCHUSIMHU E, u 51eKTpOCONpPOTHBICHUS, HYTO 00yCIIOBIICHO
HaHOPa3MEPOM KPHCTAJTUTOB B IUIEHKaX. VccienoBaHHbIE 31eKTPOPU3MUECKUE XapAKTEPUCTUKI
r1eHOK ZnO MO3BOJIMIN yCTAaHOBUTH BKJIAJ COOCTBEHHBIX 1€(DEKTOB 1 TOBEPXHOCTHBIX COCTOSIHUIN
B IIPOBOJIUMOCTb.

KiroueBble c10Ba: oKcu LIMHKA, TOHKHUE TUICHKH, SIEKTpo(U3NIeCcKue CBOCTBa
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EJEKTPO®IZUYHI BJACTUBOCTI TOHKHUX IIVIIBOK OKCHUAY LHIUHKY,
OTPUMAHUX XIMIYHUMU METOJAMMUA

1O. I bynuea, A. I1. Yebanenxo, B. C. I pinesuu, JI. M. Dinescoka

Pesrome

[TpoBeneHo TOPIBHSUIBHI JOCHIPKEHHS €IeKTPO(I3UUHUX XapaKTepPUCTUK IUTiBOK ZnO,
OTPUMaHUX HIISIXOM XIMIYHOTO OCAKEHHS 3 PO3UMHIB alleTaTy HUHKY Ta TEPMIYHOTO OKUCICHHS
IUIBOK LWHKY. I[DMBKM OKCHMAY HUHKY NOEMOHCTPYBajdHM creuugidHe Uis LbOTO MaTepiary
OITUYHE TIOIIMHAHHS Ta MIMPUHY 3a00poHEHOi 30HH (2,9-3,2 eB), 1110 BKa3ye Ha HasIBHICTb y HUX
KPHUCTAJIYHOI CTPYKTypU. BUKOpUCTAaHHS MOJIBIHITIOBOTO CIUPTY JA03BOJIMIO OTPUMATH 3pa3Ku 3
HAMBHUILINME 3HAYCHHAME £ Ta €JICKTPHYHOIO OIIOPY, L0 CIPUYMHEH] HAHOPO3MIPOM KPUCTAIIITIB
wiiBoK. JlocmimpkeHi enekTpoi3uyHi XapaKTepUCTHKH IUIBOK ZnO [gaiyd 3MOry BCTAHOBHUTH
BHECOK BJIACHHX JIe()EKTiB Ta CTAHIB MOBEPXHI B €JIEKTPOIIPOBITHICTb.

Ki1r04oBi c10Ba: okcHI IIMHKY, TOHKI TUTIBKH, €1€KTPO(i3HYHI BIACTUBOCTI
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e-mail: buyadzhiaa@gmail.com

SPECTROSCOPY AND DYNAMICS OF MULTIELECTRON ATOM
IN A MAGNETIC FIELD: NEW APPROACH

Spectroscopy and dynamics of multielectron atomic system in a magnetic field is numerically investigated. It is
presented a new quantum-mechanical approach to calculating the energies and widths of some states for the multi-
electron atomic system in in a homogeneous magnetic field. The approach is based on the numerical difference
solution of the Schrodinger equation, the model potential method and the operator perturbation theory formalism. As
illustration, the data for energies of the electronic excited and ground state of the lithium atom in dependence upon the
magnetic field strength are listed and compared with available theoretical results, obtained on the basis of alternative

Hartree-Fock method.

1. Introduction

The hydrogen atom in a constant magnetic
field has been considered in a fairly large num-
ber of studies, however, many of the results turn
out to be either unsuitable for specific applica-
tions or even incomplete until recently (see, for
example, [1-5]). In the case of many-electron
(non-hydrogen-like) atomic systems in a mag-
netic field, the situation looks dramatic enough.
The fact is that generalizing the model to the
case of many-electron atoms is quite problem-
atic. Traditional methods such as perturbation
theory, models based on asymptotic expansions
in the magnitude of the field B, quasiclassi-
cal approaches (see, [1-14]) encounter signifi-
cant problems when generalizing to the case
of many-electron systems. Particularly acute is
the problem of describing the dynamics of an
atomic system in the intermediate region of
magnetic field strengths, where it is necessary
to consider the Coulomb and magnetic interac-
tions on an equal footing. The problem is also
relevant for the field of strong and superstrong
fields, where today there are no sufficiently reli-
able data on the energy characteristics of atomic
systems in the field. On the whole, at present,
sufficiently convenient universal data for arbi-
trary states of many-electron atomic systems are
absent for any values of the magnetic field B.
Among modern methods for describing atomic
spectroscopy in a magnetic field, a series of pa-
pers [4-18] should be distinguished, where per-
turbation theory methods, various schemes, and
algorithms have been developed based on the

numerical solution of the Schrddinger equation
in the Hartree—Fock and other approximations.
Based on them, it was possible to obtain a lot of
useful numerical data regarding the energies of
various states of a number of many-electron at-
oms at various magnetic field intensities. At the
same time, in a number of cases, as the authors
admit [3,8], their data require clarification due to
the neglect of correlation effects, relativistic cor-
rections, and other factors. Also relevant is the
problem of describing the stochastic behavior of
an atomic system in a magnetic field. It should
be noted that various aspects of stochasticity in
systems and the main features of quantum chaos
that take place in the dynamics of many-electron
atomic systems of atomic systems in a magnetic
field are currently either partially or completely
not studied, at least at a detailed quantitative
level [14]. Naturally, therefore, the solution of
the problem of a quantitative description of the
elements of quantum chaos in the behavior of
many-electron atomic systems in a static mag-
netic field seems extremely urgent and quite
complicated (see [2]).

In this paper we shortly present a new quan-
tum-mechanical approach to calculating the en-
ergies and widths of some states for the multi-
electron atomic system in in a homogeneous
magnetic field. The approach is based on the
numerical difference solution of the Schroding-
er equation, the model potential method and the
operator perturbation theory formalism.
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2. Theoretical approach

The Hamiltonian of a multielectron atom in a
magnetic field B differs from the operator of the
hydrogen atom by the presence of the Coulomb
interaction operator, which naturally aggravates
the problem of separation of variables in the
Schrédinger equation. Introducing a cylindrical
coordinate system ( p, ¢, z), with the axis Oz ||
B and taking into account that the dependence
of the wave function on the rotation angle ¢
around the z axis is trivial:

(1)

one should write the Schrodinger equation for
the one-electron function of an atomic system
(atomic units are used here e=h=m=1) as:

o’ N 10 N o’

¥~ MO y(p2)

()
S+ (9. 1) =0

r R,
where V_(r) is the potential that describes the
effect of all other electrons on the given one.
Naturally, it is absent for the hydrogen atom. As
the potential Vc, we use the Green-like poten-
tial (c.g.[2]), which approximates the Hartree
potential quite accurately:

(Nc —I)Q(r )

y--—<¢ =

€)

where function Q(r)=1/[Hexp(r/d—1)+1] is the
shielding function and H, d are the parameters
of the potential. The required parameters, as a
rule, are selected from the condition of the best
fitting of the experimental values of the energy
levels of free atoms (c.g. [2]). Note that a po-
tential of type (2) was used intensively in calcu-
lating the energy levels and oscillator strengths
of various atomic systems, including Li,Be, B,
C, N, O, F, Ne, and others (see [17-20]). To
take into account the exchange corrections, the
exchange potential was taken in the simplest
Slater approximation and added to potential
(3) [19]. The two-dimensional equation (2) is
naturally not solved analytically in a general
form. The terms appearing in it: the potential
of the Coulomb interaction, which contains
r=(p% + 7)1/ 2 potential V [(p? + #)!/2] pre-
vents the separation of variables. One could re-
write the Schrodinger equation as follows:
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H y(pz)=Ey(pz)

4)
H=-1/2(3*13p> +1/ pdldp +
+0%/0z° —m> | p*),V(p,2),
Vip,2)=—=(p* +2°)""? +(N, -1)-
QP> +2) "2 +1/8y2 p* + m /2, (5)

The potential 1/8y2p2 limits the move-
ment in the direction perpendicular to the field
direction. Similarly, in the regiony >> 1, the
motion of an electron across a magnetic field
is determined by the size of its cyclotron orbit,
A = (hc/eM )" and along the field by a modified
Coulomb interaction, which takes into account
the non-Coulomb character of the potential field
in which an electron moves in a many-electron
atom [18]. Note that calculations of multielec-
tron atomic systems with introduced potentials
are quite well known in the literature (see [2,18-
20]); moreover, computational schemes based
on them have been tested several times and test-
ed for a number of atoms in the free state. The
potential (3) was successfully used in calculating
the energies and forces of atomic oscillators of
the 1st period of the periodic table (see review in
[21]). For solution of the Schrédinger equation
with hamiltonian equations (7) we constructed
the finite differences scheme which is in some
aspects similar to method [2]. An infinite region
is exchanged by a rectangular region: 0<p<L,,
0<z< L,. It has sufficiently large size; inside it a
rectangular uniform grid with steps 4., /4,was
constructed. The external boundary condition,
as usually, is: (0¥6 n), =0. The knowledge
of the asymptotic behaviour of wave function
in the infinity allows to get numeral estimates
forz ,L,. A wave function has an asymptotic
of the kind as: exp/-(-2E)"*r], where (-E) is the
ionization energy from stationary state to low-
est Landau level. Then L is estimated as L~9(-
2E)"2. The more exact estimate is found em-
pirically. The three-point symmetric differences
scheme is used for second derivative on z. The
derivatives on [ are approximated by (2m+1)-
point symmetric differences scheme with the
use of the Lagrange interpolation formula dif-
ferentiation. To calculate the values of the width
G for resonances in atomic spectra in a magnetic
field one can use the modified operator perturba-



tion theory method (see details in Ref.[12,13]).
Note that the imaginary part of the state energy
in the lowest PT order is:

mhE=G2=n<¥, |HIY, > (8

with the total Hamiltonian of system in a mag-
netic field. The state functions ¥, and ¥ are
assumed to be normalized to unity and by the
d(k -k’)-condition, accordingly. Other calcula-
tion details can be found in Refs. [2, 19-21].

3. Ilustration results and conclusion
As illustration, below we present the data
(tables 1 and 2) for energies of the electronic
excited and ground state of the lithium atom in
dependence upon the magnetic field strength
(parameter y) and compared with available the-
oretical results, obtained on the basis of alterna-
tive methods. Parameter y varies within: y=B8/
Bo=0.00-10, where By =nfe’c/h°Z>. In Table
1 there are listed the energies of the ground state
of the lithium atom in dependence upon the pa-
rameter y. For the lithium atom there are avail-
able the results of calculations for the ground
state and a few low-lying states of the Li atom
at the regime of weak and intermediate fields.
In particular, the Hartree-Fock (HF) calcula-
tion results are in the Refs. [6,7]. As the ground
state analysis shows, in whole our data are cor-
responding to the alternative HF results, how-
ever, indeed, they lie a little lower for a weak
field regime and more substantially lower in the
intermediate regime of the magnetic parameter.
In table 2 similar data are listed for the Li ex-
cited state.
Table 1.
Total energies (in a.u.) of the ground state of
Li atom in a magnetic field with strength vy:
HF-mesh- the Hartree-Fock data from [6],

0.126 27.4741 | 27.4739 | 27.4745
0.200 27.4840 27.4843
0.900 27.4250 | 27.4240 | 27.4253
1.800 27.2460 | 27.2446 | 27.2464
2.000 27.1962 27.1967
2.500 27.0562 27.0568
3.600 26.6787 | 26.6640 | 26.6793
5.000 26.0881 26.0887
5.400 259011 |25.8772 | 25.9018
7.000 25.0891 25.0902
Table 2.

Total energies (in a.u.) of the excited state
of the Li atom in the magnetic field with the
strength y: HF-mesh- the Hartree-Fock data
from [6], HF — data from [7], MP- this work

HF — data from [7], MP- this work;

Y 1s2p 1s2p 1s2p
HF-mesh HF MP
0.000 27.3651 27.3651 | 27.3652
0.002 27.3671 27.3673
0.009 27.3739 27.3738 | 27.3741
0.020 27.3840 27.3843
0.126 27.4565 27.4565 | 27.4568
0.200 27.4922 27.4925
0.900 27.6563 27.6563 | 27.6567
1.800 27.6766 27.6747 | 27.6770
2.000 27.6625 27.6631
2.500 27.6035 27.6041
3.600 27.3764 27.3627 | 27.3771
5.000 26.9423 26.9430
5.400 26.7952 26.7747 | 26.7959
7.000 26.1267 26.1279

Y 1s?2s 1s?2s 1s?2s
HF-mesh HF MP
0.000 27.4328 | 27.4327 | 27.4329
0.002 27.4338 27.4340
0.009 27.4371 | 27.4371 | 27.4373
0.020 27.4421 27.4424

The difference between the listed data can be
explained by the partial account of electron cor-
relation corrections, which is absent in the HF
calculation.
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A. O. Makarova, A. A. Buyadzhi, O. V. Dubrovsky

SPECTROSCOPY AND DYNAMICS OF MULTIELECTRON ATOM
IN A MAGNETIC FIELD: NEW APPROACH

Summary. Spectroscopy of multielectron atomic system in a magnetic field is numerically
investigated. It is presented a new quantum approach to calculating energies and widths of states
for multi-electron atomic system in a homogeneous magnetic field. The approach is based on
numerical difference solution of the Schrodinger equation, model potential method and operator
perturbation theory. The data for energies of electronic excited and ground state of the lithium atom
in dependence upon the magnetic field strength are listed and compared with available theoretical
results, obtained on the basis of alternative Hartree-Fock method.

Key words: atomic system, magnetic field, spectroscopy and dynamics
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CNEKTPOCKOIHUS U JTMHAMUKA MHOTODJIEKTPOHHOI'O ATOMA
B MATHUTHOM MNOJIE: HOBBII MTOAXO/I

Pe3rome. M3ydaercss CHEKTPOCKONHS MHOTOIEKTPOHHBIX ATOMHBIX CHCTEM B MarHUTHOM
noste. IIpencraBieH HOBBIM KBAHTOBBIM IOAXOZ K pacdeTy JSHEPIUMM M IIMPHUH COCTOSHUM IS
MHOTOVIEKTPOHHOI'O aTOMa B OJHOPOJHOM MAarHWUTHOM Iojie. MeTon OCHOBaH Ha YHCIECHHOM
pa3HOCTHOM penleHuH ypaBHeHus lIpenunrepa, MeTone MOAENBHOIO MOTEHIIMAIIA U OTIEPAaTOPHOI
TeopuH Bo3MyIeHui. [IpuBeieHbI pacyeTHbIEe JaHHBIE TSl SHEPTHi OCHOBHOTO U BO30YX/IEHHOTO
COCTOSIHMM aroMa JIMTUS B 3aBUCHMOCTH OT HANPs)KEHHOCTH MAarHUTHOIO TOJS M IIPOBEIEHO
CPaBHEHHE C WMCIOIIUMUCA TEOPETUUYECKUMH pe3ylabTaTaMH, IIOJIyYEHHBIMH Ha OCHOBE
anbTepHAaTUBHOIO MeTona Xaprpu-Poxka.

KuiroueBble ¢Jj10Ba: aTOMHas CHCTEMA, MATHUTHOE T10J1€, CHEKTPOCKOIHMS M IMHAMMKA
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CIHEKTPOCKOIIIA I AJUHAMIKA BAT'ATOEJIEKTPOHHOI'O ATOMA
Y MATHITHOMY IIOJII: HOBAM ITIIXI]]

Pe3tome. BuBuaeTbcs criekTpockoliis Oarato €JeKTPOHHHUX aTOMHHX CHCTEM B MarHiTHOMY
nouti. [IpencraBieHuit HOBUI KBAaHTOBHH MIJXiJ 10 PO3PaxXyHKY €HEPridl 1 IIMPHH CTaHIB I
0araTtoeIeKTPOHHOTO aTOMa B OHOPITHOMY MarHiTHOMY ToJi. MeTol 3aCHOBaHUH Ha YUCEIbHOMY
pi3HHLIeBOMY pitieHH1 piBHsSHHS [peninrepa, MeToal MOAEIBHOTO MOTEHIiay Ta ONEepaTopHIN
Teopii 30ypenb. HaBeneHi po3paxyHKOBI IaHi ISl eHEPT1i OCHOBHOTO Ta 30y PKEHOTO CTaHIB aToMa
JITiIO B 3aJI€KHOCTI BiJ HANpPY>KEHOCTI MarHiTHOTO MOJsI 1 MPOBEJICHO MOPIBHIHHA 3 HaSBHUMHU
TEOPETUYHUMH PE3yJbTaTaMH, OTPUMAaHIUMH Ha OCHOBI aJIBTEPHATUBHOTO MeTOy XapTpi-Doka.

KirouoBi cii0Ba: aroMHa cuctema, MarHiTHe oJie, CHEKTPOCKOIIs Ta AMHAMIKa
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THEORETICAL AUGER SPECTROSCOPY OF
THE NEON: TRANSITION ENERGIES AND WIDTHS

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth order
density functional approximation is applied to determination of the energy and spectral parameters of the resonant
Auger decay for neon atomic system. The results are compared with reported experimental results as well as with
those obtained by semiempirical and ab initio Hartree-Fock methods. 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 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. The Au-
ger electron spectroscopy remains an effective
method to study the chemical composition of
solid surfaces and near-surface layers [1-8].

As it is well known [11], the Auger process
is a radiationless transition of an atom from an
initial state possessing an inner-shell vacancy to
a final state in which the inner vacancy is filled
by an outer-shell electron with the simultaneous
ejection of another outer-shell electron, result-
ing in two new vacancies. The kinetic energy
of the ejected Auger electron is measured by
Auger-electron spectroscopy (AES). Sensing
the Auger spectra in atomic systems and solids
gives the important data for the whole number
of scientific and technological applications.
So called two-step model is used most widely
when calculating the Auger decay characteris-
tics [1-5]. Since the vacancy lifetime in an inner
atomic shell is rather long (about 10-'7to 10-'“s),
the atom ionization and the Auger emission are
considered to be two independent processes. In
the more correct dynamic theory of the Auger
effect [2,3] the processes are not believed to be

24

independent from one another. The fact is taken
into account that the relaxation processes due
to Coulomb interaction between electrons and
resulting in the electron distribution in the va-
cancy field have no time to be over prior to the
transition.

In fact, a consistent Auger decay theory has
to take into account correctly a number of corre-
lation effects, including the energy dependence
of the vacancy mass operator, the continuum
pressure, spreading of the initial state over a
set of configurations etc [1-19]. The most wide-
spread theoretical studying the Auger spectra
parameters is based on using the multi-config-
uration Dirac-Fock (MCDF) calculation [2,3].
The theoretical predictions based on MCDF
calculations have been carried out within differ-
ent approximations and remained hitherto non-
satisfactory in many relations. Earlier [8-13] it
has been proposed relativistic perturbation the-
ory (PT) method of the Auger decay character-
istics for complex atoms, which is based on the
Gell-Mann and Low S-matrix formalism energy
approach) and QED PT formalism [4-7]. The
novel element consists in using the optimal ba-
sis of the electron state functions derived from
the minimization condition for the calibration-
non-invariant contribution (the second order PT
polarization diagrams contribution) to the im-
aginary part of the multi-electron system energy
already at the first non-disappearing approxima-



tion of the PT. Earlier it has been applied in
studying the Auger decay characteristics for a
set of neutral atoms, quasi-molecules and sol-
ids. Besides, the ionization cross-sections of in-
ner shells in various atoms and the Auger elec-
tron energies in solids were estimated. Here
we apply the combined relativistic energy ap-
proach and relativistic many-body perturbation
theory with the zeroth order density functional
approximation is applied to determination of the
energy and spectral parameters of the resonant
Auger decay for neon atomic system.

2. The theoretical method

In Refs. [8-17] the fundamentals of the rela-
tivistic many-body PT formalism have been in
detail presented, so further we are limited only
by the novel elements. Let us remind that the
majority of complex atomic systems possess a
dense energy spectrum of interacting states. In
Refs. [3-13, 19-33] there is realized field pro-
cedure for calculating the energy shifts AE of
degenerate states, which is connected with the
secular matrix M diagonalization. The whole
calculation of the energies and decay probabili-
ties 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+ MV M+ M® (1)

where M (0) 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-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. [10-13]),
the imaginary part of electron energy shift of
an atom is directly connected with the radiation
decay possibility (transition probability). An ap-

proach, using the Gell-Mann and Low formula
with the QED scattering matrix, is used in treat-
ing the relativistic atom. The total energy shift
of the state is usually presented in the form:

AE=ReAE+il/2, (2)
where I is interpreted as the level width, and the
decay possibility P = I'. The imaginary part of
electron energy of the system, which is defined
in the lowest order of perturbation theory as [4]:

2

<y

T a>m>f
[a<n< f]

I AE(B)=-
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|o|r /r
on spherical functions as follows [4]:

12 12

sinlol;
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where J is the Bessel function of first kind and
(A)=2A + 1. This expansion is corresponding to
usual multipole one for probability of radiative
decay.

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

W34 = [/1)(]2)(/3)(/4)[/2 “[ J”;B ﬁJXR QL(1234);

:@M+@% )

The terms QS“‘ and @ correspond to sub-

division of the potential into Coulomb part

cos|w|r,/r,, and Breat one, cos|ow|r oa/r,,.

The real part of the electron interaction matrix

element is determined using expansion in terms
of Bessel functions:
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where Jis the 1% order Bessel function, (A)=2A+1.

T (
nn =0

The Coulomb part 07?“1 1s expressed in terms of
radial integrals R, , angular coefficients S, [4]:

ReQQU! = —Re{R1(1243)S;L(1243)+R;L(T24§)S;L(T24§)+
+ R (1233)s) (1233)+ &, (1233)s), (1233)}

As a result, the Auger decay probability is ex-
pressed in terms of ReQ, (1243) matrix elements:

Aln) () () ()2 A )
8)
where fis the large component of radial part of
single electron state Dirac function; function Z
and angular coefficient are defined in Refs. [4-
7]. The other items in (7) include small compo-
nents of the Dirac functions; the sign «~» means
that in (7) the large radial component f; is to be
changed by the small g, one and the moment /

R R (1243)= Idl

is to be changed by 7 =7 -1 for Dirac number
&> 0and /+1 for & <0.

The Breat interaction is known to change
considerably the Auger decay dynamics in some
cases. The Breat part of Q is defined in [4,11].
The Auger width is obtained from the adiabatic
Gell-Mann and Low formula for the energy shift
[4]. The direct contribution to the Auger level
width with a vacancy n [ j m_ is as follows:

S I 0 )e® )

B <fk>1 (9)
while the exchange diagram contrlbutlon is:
Ju i M.

LR i e v

The partial items of the ﬂzgsum answer
to contributions of o'y(By)'K channels result-
ing in formation of two new vacancies By and
one free electron k: o =0 +o o, . The final ex-
pression for the width in the representation of
jj-coupling scheme of single-electron moments
has the form:
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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 (okyB), where one of the functions describes
electron in the continuum state. When calculat-
ing this integral, the correct normalization of the
wave functions is very important, namely, they

should have the following asymptotic at »—0:

} [a)+ aZ T/smkr+5
N
& aZ T/coserr& 2

The important aspect of the whole procedure
is an accurate accounting for the exchange-
correlation effects. We have used the general-
ized relativistic Kohn-Sham density functional
[8-17] in the zeroth approximation of relativistic
PT; naturally, the perturbation operator contents
the operator (7) minus the cited Kohn-Sham
density functional. Further the wave functions
are corrected by 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 ImAE of the lowest QED PT correc-
tions to the radiation widths of atomic levels.
The formulae for the Auger decay probability
include the radial integrals R_(oky[), where one
of the functions describes electron in the contin-
uum state. The energy of an electron formed due
to a transition jk/ is defined by the difference be-
tween energies of atom with a hole at j level and
double-ionized atom at &/ levels in final state:

Bk L)) = B () - B3 (6,257 ))
(13)
To single out the above-mentioned correla-
tion effects, the equation (13) can be presented
as [8.9]:

E (k> L) = E(j) - B - E() - Ak, 1251 L)
(14)



where the item A takes into account the dynamic
correlation effects (relaxation due to hole screen-
ing with electrons etc.) To take these effects into
account, the set of procedures elaborated in the
atomic theory [8-13] is used. All calculations
are performed on the basis of the modified nu-
meral code Superatom (version 93).

3. Results and conclusion

In tables 1 we present the data on the tran-
sition energies and angular anisotropy param-
eter B (for each parent state) for the resonant
Auger decay to the 2s'2p°('*P) np and 2s%p®?S
np (n=3,4) states of Ne". There are listed experi-
mental data by De Fanis et al [18] and Pahler et
al [15], theoretical ab initio Hartree-Fock results
[18] and our data, obtained within the relativis-
tic many-body PT with using the gauge-invari-
ant QED PT method for generating relativistic
functions basis’s. In table 2 we the data on the
widths (meV) for the 2s'2p°("*P)np and 2s°p®
('S) np (n=3,4) slates of Ne'. There are listed
experimental data by [18], theoretical ab initio
multi configuration Hartree-Fock results by Si-
nanis et al [16], single-configuration Hartree-
Fock data by Armen-Larkins [17] and our data,
obtained within the relativistic many-body PT.

Table 1.

Transition energies E, (for each parent state
for the resonant Auger decay to the 2s'2p3(**P)
np and 2s°p®’S np (n=3,4) states of Ne*: the
experimental data [18,15], theoretical ab ini-
tio Hartree-Fock results [18] and our data

Final stat Exp.
inal state P Theory: | Theory: |Theory:
A=2s"2p’ E, ;
K E,[18] | E,[7] |E, this
B=2s"2p°® [18] k k k
A('P)3p3S |778.79 | 776.43 | 778.52 | 778.61
A('P)3p P | 778.54 | 776.40 | 778.27 | 778.39
A('P)3p°D | 778.81 | 776.66 | 778.57 | 778.68
A('P)3p>S | 788.16 | 786.51 | 787.88 | 787.97
A('P)3p 2P | 788.90 | 787.52 | 788.69 | 788.75
A('P)3p2D | 789.01 | 787.64 | 788.82 | 788.93

A(P)p3S |773.60 | - - 773.52
A(P)dp°P |773.48 | - - 773.33
A(P)dp°D | 773.56 | - - 773.41
ACP)MpS |783.72 | - - 783.62
ACP)p?P |783.95 | - - 783.81
ACP)4p 2D | 784.01 | - - 783.90
B(S)3p?P | - - - 754.99
B(S)p?P | - - - 749.92

The analysis of the presented results in tables
1-3 allows to conclude that the précised descrip-
tion of the Auger processes requires the detailed
accurate accounting for the exchange-correla-
tion effects, including the particle-hole interac-
tion, screening effects and iterations of the mass
operator. The relativistic many-body PT ap-
proach provides more accurate results due to a
considerable extent to more correct accounting
for complex inter electron exchange-correlation
effects. It is important to note that using more
correct gauge-invariant procedure of generating
the relativistic orbital bases is directly linked
with correctness of accounting for the correla-
tion effects.

Table 2.
Widths (meV) for 2s'2p5(**P)np and 2s°p*®
('S) np (n=3,4) states of Ne*: experiment
[18]; theory: ab initio multi configuration
Hartree-Fock [16], 1-configuration Hartree-
Fock [17] and this work

Exp. Th. Th. Th.
final state |y grysy | 117) | [16] | this
53050
1 2
ACPIPS | Jloiae | 687 | 510 | 524
A(P3p?P | 4253 | 207 | - | 38
A(P3p™D | 34=4 | 402 | - | 32
120£10
3 2
ACPID™S | oo | 188 | 122 | 118
ACPBp?P | 1955 | 103 | - | 16
ACPY3p®D | 80£10 | 623 | - | 72
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THEORETICAL AUGER SPECTROSCOPY OF
THE NEON: TRANSITION ENERGIES AND WIDTHS

Summary. The combined relativistic energy approach and relativistic many-body perturbation
theory with the zeroth order density functional approximation is applied to determination of the
energy and spectral parameters of the resonant Auger decay for neon atomic system. The results
are compared with reported experimental results as well as with those obtained by semiempirical
and ab initio Hartree-Fock methods. 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 experiment.

Key words: relativistic theory, Auger spectroscopy, neon
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TEOPETUYECKASA OXKE-CHEKTPOCKOIINSA HEOHA:
SHEPI'MU NEPEXOAO0OB U INPUHBI

Pe3rome. KoMOMHMpPOBaHHBIA PENSITUBUCTCKUI SHEPreTMUECKUM MOAXOA U PENIITUBHUCTCKAS
MHOTO4acTU4YHasi TEOPHsI BO3MYILEHUN C MPUOIMKEHHUEM (PYHKIHMOHAJIA IUIOTHOCTHU HYJIEBOTO
IOpsIIKa MPUMEHSIOTCS JUIsl ONPENEICHUS DJHEPreTHUECKUX U CIEKTPAIBHBIX IapaMeTpoB
PE30HAHCHOIO OXKe-pacmaza Juisi arOMHOM CHCTEMBI HEOHA. Pe3ynbrarel CpaBHMBAKOTCS C
COOOIIEHHBIMU IKCIEPUMEHTAIbHBIMU PE3YJIbTaTaMU, a TAK)KE C pe3yjibraTaMu, MOJy4YeHHBIMU
MOJTy3MITMPUYECKUM U ab initio MeTogamu (Tuna Xaprpu-Poka). BaxHbIil MOMEHT CBsI3aH C yUETOM
BKJIAJIOB CJIO)KHBIX MHOIOYAaCTUYHBIX OOMEHHBIX KOPPEJSLHUOHHBIX ‘PPEKTOB U UCIOJIb30BAHUEM
ONTHMHU3UPOBAHHOIO  OJHOKBAa3MYAaCTUYHOTO IMPEJACTABICHHUS B HYJIEBOM HIPUOIMKEHUH
MHOTO4aCTUYHOM TEOPUH BO3MYLIEHHM, UTO omnpeaesnseT GU3nuecKy pasyMHOE COIIacHe MEXy
TEOPHUEN U IKCIIEPUMEHTOM.

KuroueBble ciioBa: pensituBuctckas reopus, Oxe-CrieKTpOCKONus, HEOH
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TEOPETUYHA OXE-CHEKTPOCKOIIISA HEOHY:
EHEPI'TI IEPEXO/IIB TA IIUPUHU

Pestome. KomOiHOBaHMI  pENSTUBICTCBKUN  €HEPreTMUHUM MIAXi 1 PEISTUBICTCHKA
0araro4acTUHKOBA Teopis 30ypeHb 3 HAOMMKEHHSM (PyHKIIOHANA LIUIBHOCTI HYJBOBOTO MHOPSIKY
3aCTOCOBYIOTbCSl /ISl BHU3HAUEHHS €HEPreTUYHUX 1 CHEKTPalbHUX MapaMeTpiB PE30HAHCHOIO
OXe-po3mnaay Uil aTOMHOI CHUCTEMU HEOHyY. Pe3ynbTaté MOpIBHIOIOTHCS 3 MOBLIOMIIEHUMH
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eKCIICpUMEHTAIbHUMHU PE3yNbTaTaMu, a TaKOX 3 pe3yJbTaTaMi, OTPUMAaHUMHU HaIliBeMITiPUIHUMHU
Ta ab initio metomau (tumy Xaprpi-DPoka). BaxxnuBuii MOMEHT 1OB’sI3aHUH 3 YpaxyBaHHSIM BKJIaJliB
CKJIQJIHUX 0araro4acTKOBUX OOMIHHUX KOPEJSLIHHUX e(eKTiB Ta 3 BUKOPUCTAHHIM ONTHMi30BaHOTO
O/IHOKBA314aCTIYHOTO YSBJICHHS B HYJIbOBOMY HAOMIKEHHI PESTHUBICTCHKOI 0araTroyacTHHKOBOI
Teopii 30ypeHs, 10 BU3HaYa€e (i3UUHO MEBHY 3Ty MiXK TEOPI€IO 1 eKCTIEPUMEHTOM.

KuarouoBi ciioBa: pensitusicTcbka Teopist, Oxe-CreKTpOCKOITis, HEOH
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SPECTROSCOPY OF MULTIELECTRON ATOM IN DC ELECTRIC FIELD:
RELATIVISTIC OPERATOR PERTURBATION THEORY

We develop the theoretical basis of a new relativistic operator perturbation theory approach to multielectron atom
in a DC electric field combined with a relativistic many-body perturbation theory 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 computing the Stark shifts of Rydberg states
for a few the multielectron systems such as the sodium and rubidium. The approach allows an accurate and consistent
treatment of a DC strong field Stark effect in multielectron atoms.

1. Introduction

An investigation of spectra, optical and spec-
tral, radiative and autoionization characteristics
for the rare-earth elements (isotopes) and cor-
responding ions in an external electric field is
traditionally of a great interest for further de-
velopment quantum optics and atomic spectros-
copy and different applications in the plasma
chemistry, astrophysics, laser physics, quantum
and nano-electronics etc. (see Refs. [1-18]). At
the present time it attracts a great interest es-
pecially for multielectron and Rydberg atoms
that is stimulated by a whole range of interest-
ing phenomena to be studied such as different
processes in a laser plasma, astrophysical envi-
ronments, quasi-discrete state mixing, a zoo of
Landau- Zener anticrossings, autoionization in
the multielectron atoms, the effects of potential
barriers (shape resonances), new kinds of reso-
nances above threshold etc [1-20]. There are
many detailed reviews on the atomic Stark ef-
fect, including the DC strong field one (see, e
g., [1-11]).
The calculation difficulties in description of the
multielectron atoms in electromagnetic (elec-
tric) field inherent to the standard quantum
mechanical approach are well known. Here one
should mention the well-known Dyson phe-
nomenon for a Strong Filed AC, DC Stark ef-
fect. Besides, in contrast to the hydrogen atom,
the non-relativistic Schrodinger and relativistic
Dirac equations for an electron moving in the
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field of the atomic core in many-electron atom
and a uniform external electric field does not
allow separation of variables in the parabolic
coordinates. At the present time, the general-
ization of methods to account for the resonance
interference, multielectron and relativistic ef-
fects is still an important problem, though here
a definite progress has been reached too. Dif-
ferent calculational procedures are used in the
Pade and then Borel summation of the divergent
Rayleigh-Schrédinger perturbation theory se-
ries and in the sufficiently exact numerical so-
lution of the difference equations following
from expansion of the wave function over finite
basis (see review in [2]). One should mention
such approaches as a model potential method,
quantum defect approximation, complex scaling
plus B-spline methods (c.g., [1-19]) and effec-
tive operator perturbation theory (OPT) method
[11-13]; the latter is taken as the basis for our
approach.

In this paper we develop a new theoretical
approach, namely, relativistic operator perturba-
tion theory (ROPT) approach to multielectron
atom in an electromagnetic field combined with
a relativistic many-body perturbation theory
(RMBPT) formalism for a free multielectron
atom. The key advantage of such an approach
that it can be applied to DC strong-field Stark
effect problem for any multielectron system. As
illustration here the approach is tested for the
multielectron system such as rubidium Rb.



The relativistic density-functional approxi-
mation with the Kohn-Sham potential is taken
as the zeroth approximation in the RMBPT for-
malism [20-29]. It allows to take into account
the standard exchange-correlation corrections
of the second order and dominated classes of
the higher orders diagrams (polarization interac-
tion, quasiparticles screening, etc.). The basis of
our approach is an approach, developed in Refs.
[17,18].

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

As the principal ideas of the approach have
been presented in Ref. [17,18], here we are lim-
ited to some key elements. As usually, we start
from the Dirac Hamiltonian (in relativistic uni
ts):

H=ap+pB—-aZlr.+Ja-e-z, (1)

Here a field strength intensity ¢ is expressed
in the relativistic units (¢_= a”%¢__; a is the
fine structure constant). One could see that a
relativistic wave function in the Hilbert space
is a bi-spinor. In order to further diagonalize the
Hamiltonian (1), we need to choose the correct
basis of relativistic functions, in particular, by
choosing the following functions as in Ref,
[1313]. The corresponding matrix elements of
the total Hamiltonian will be no-zeroth only
between the states with the same M. In fact this
moment is a single limitation of the whole ap-
proach. Transformation of co-ordinates in the
Pauli Hamiltonian (in comparison with the
Schrodinger equation Hamiltonian it contents
additional potential term of a magnetic dipole
in an external field) can be performed by the
standard way. However, procedure in this case is
significantly simplified. They can be expressed
through the set of one-dimensional integrals,
described in details in Refs. [8,14]. To simplify
the calculational procedure, the uniform electric

field ¢ should be substitute by the function
(c.g. [12]:
4
e =1e {(z_ﬂ Eal +f} )
t T +t

with sufficiently large ¢ (1=1.5¢,). The motiva-

tion of a choice of the &(¢) and some physical
features of electron motion are presented in
Refs. [56-58]. Here we only underline that the
function &(¢) practically coincides with the con-
stant ¢ in the inner barrier motion region, i.e. ¢
<t,and disappears at ¢>¢,. It is important that
the final results do not depend on the parameter
t. It is carefully checked in the numerical cal-
culation. As usually (see [11-13]), the scattering
states energy spectrum now spreads over the
range (-g /2,+o), compared with (~co,+ o) in
the uniform field. In contrast to the case of a free
atom in scattering states in the presence of the
uniform electric field remain quantified at any
energy F, i.e. only definite values of g, are pos-
sible. The latter are determined by the confine-
ment condition for the motion along the A-axis.
The same is true in our case, but only for

E < —lgr,+lgr .
2 2

Ultimately, such a procedure provides construc-
tion of realistic functions of the bound and scat-
tering states. In a certain sense, this completely
corresponds to the advantages of the distorted-
wave approximation known in scattering theory
[11].

The total Hamiltonian does not possess
the bound stationary states. According to Ref.
[12,13], one has to define the zero order Hamil-
tonian H,, so that its spectrum reproduces quali-
tatively that of the initial one. To calculate the
width G of the concrete quasistationary state
in the lowest PT order one needs only two ze-
roth—order EF of H: bound state function v,
and scattering state function w, . There can be
solved a more general problem: a construction
of the bound state function along with its com-
plete orthogonal complementary of scattering
functions ¥, with

E C[_lgf,‘f‘ooj-
2

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

ImE =G/2 = p|<Y,, [HY,> (3)
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with the total Hamiltonian #. The state func-
tions w,_ and ¥, are assumed to be normalized
to 1 and by the §(k - k') condition, accordingly.
The matrix elements (¥, H]2,.) 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. [2,12].

Further the ROPT scheme is combined with
the RMBPT in spherical coordinates for a free
atom. The details of this procedure can be found
in the references [17,18]. The RMBPT formal-
ism is constructed following to Refs. [2,23,26].
We will describe an atomic multielectron sys-
tem by the relativistic Dirac Hamiltonian (the
atomic units are used) as follows:

H=Z{acpi—ﬂcz—Z/ri}+

+ Z exp(i | @ | rij )(1 _aia_/)/rgy

i>j

4)

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 (4)) 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:
VS () = V2, (N + Ve (N +Ve(ra) » (5)

with the standard Coulomb (or some model po-
tential analog), exchange Kohn-Sham ¥ and
correlation Ve potentials (look details in Refs.
[19,20]). An effective approach to accounting
the multi-electron polarization contributions is
described earlier and based on using the effec-
tive two-QP polarizable operator, which is in-
cluded into the PT first order matrix elements.
In order to calculate the decay (transition) prob-
abilities and widths an effective relativistic en-
ergy approach (version [19-21]) is used.

In particular, a width of the state, connected with
an autoionization decay, is determined by a cou-
pling with the continuum states and calculated
as square of the matrix element [19]:

Vﬁlﬂz Bals=(2ji+D(2 o +1)(2 j5+ (2 g +1)

Jt R+ j3+j4+m+m)

(1)
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XZ(_I)ﬂ[L s a)[jz Js ajx
au m—m; H)\Mm,—m, U
X0, (nl jiml, josmly jynly jy ) (6)
Here 9, =0®'+@®, where 9%, and QP cor-
respond to the Coulomb and Breit parts of the
interelectron potential and express through
Slater-like radial integrals and standard angle
coefficients. Other details can be found in Refs.
[2,23,26]. The most complicated problem of the
relativistic PT computing the complex multi-
electron elements spectra is in an accurate, pre-
cise 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 sec-
ond and higher orders.

The detailed description of the polarization
diagrams and the corresponding analytical ex-
pressions for matrix elements of the polarization
QPs interaction (through the polarizable core)
potential is presented in Refs. [2,19,20,26].

3. Results and Conclusions

In the framework of the development of spec-
troscopy of the heavy atoms in the external field,
a quantitative study of the electric field effect on
the energy levels in the spectra of the some al-
kali atoms was performed.

In Table 1 we present the calculation results
for the Stark resonance energies for some Ry-
dberg states of the Na atom in an electric field
with the strength 3.59 kV/cm.

Table 1.
The energies (in cm™ ) of the Stark reso-
nances for Na atom (e=3.59 kV/cm).

State: Exp. [4] [7] This
(n,nm) work
26,0,0 15.5 155 | 15.5 15.4
25,0,1 21.1 21.1 | 21.1 20.9
25,0,0 35.5 35.5 | 35.5 35.3
24.,0,1 41.1 404 | 41.0 | 40.9
24,1,0 50.5 50.3 | 50.5 504
24,0,0 56.5 57.0 | 56.5 56.3




23,0,1 61.2 60.7 | 61.1 61.0
23,0,0 79.3 803 | 794 | 79.2
22,0,1 84.1 83.1 | 839 | 835
22,1,1 75.0 74.9 | 75.1 74.9

For comparison, we also list the experimental
data, the results of calculation within the 1/n-
expansion and model PT version (c.g.[4,6,7,
10]). Agreement between both the theory and
the experiment is quite satisfactory. Our results
are obtained in the first PT order, i.e., the first
PT order provides physically reasonable results.
In Table 2 we present the calculation results for
the Stark resonance energies for some Rydberg
states of the Rb atom in an electric field with
the strength 2.189 kV/cm. For comparison there
are also presented the results of calculation in
the framework of 1 / n-approximation (taking
into account the permeability of the barrier), the
method of summation of the PT series and ex-
perimental data (c.g.[4,6,7, 10]). There is physi-
cally reasonable agreement between theory and
experiment.

Note that our results are obtained in the first
PT order, i.e. already the first PT order

Table 2.

The energies (in cm™ ) of the Stark reso-

nances for Rb atom (¢=2.189 kV/cm).

Exp. I/n PT This
nym [6] [4] [7] work
23,0,0 133.1 132.8 | 1329 |133.0
22,0,0 157.0 |157.1 | 157.2 | 157.1
21,1,0 161.1 159.5 |160.6 | 160.9
20,2,0 1639 |163.2 |163.7 |163.9
21,0,0 1852 | 184.2 |184.8 | 185.1
20,1,0 186.3 | 1854 | 1858 |186.2
20,0,0 217.2 | 214.6 |2149 |2169
18,1,0 248.4 | 2472 | 2473 |248.2
16,2,0 284.7 | 284.0 |284.1 |285.5
18,0,0 289.5 [288.6 |289.0 |289.3

provides the physically reasonable results. Natu-
rally its accuracy can be increased by an account
of the next PT order. The ROPT approach can be
used in calculating the Stark resonance param-

eters in a case of the strong electric fields and it
is of a great interest for many modern atomic,
molecular, plasmas and semiconductors phys-
ics applications (see Refs. [31-39]).
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SPECTROSCOPY OF MULTIELECTRON ATOM IN DC ELECTRIC FIELD:
RELATIVISTIC OPERATOR PERTURBATION THEORY

Summary. We develop the theoretical basis of a new relativistic operator perturbation theory
approach to multielectron atom in a DC electric field combined with a relativistic many-body
perturbation theory 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 pre-
sented. The relativistic OPT method is tested for computing the Stark shifts of Rydberg states for
a few the multielectron systems such as the sodium and rubidium. The approach allows an accurate
and consistent treatment of a DC strong field Stark effect in multielectron atoms.

Keywords: multielectron atom, electric field, relativistic operator perturbation theory, Rydberg
states
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CIHEKTPOCKOIINA MHOTI'OQJIEKTPOHHOI'O ATOMA B QJIEKTPUYECKOM
MOJIE: PEJISITUBUCTCKASI OIIEPATOPHASI TEOPHUS BO3MYIIIEHUI

Pesrome. M310KEeHBI TEOPETUUECKUE OCHOBBI HOBOTO allllapara PEeIATHUBHCTCKOM OIepaTrop-
HOM TE€OpUH BO3MYLICHUH B CIIEKTPOCKOIMH MHOTO2JIEKTPOHHOTO aTrOMa B 3JIEKTPUYECKOM IIOJIE,
00BEAMHEHHOTO ¢ (HOPMATU3MOM PENIITUBUCTCKOM MHOTOYACTUYHOM TEOPHUU BO3MYILICHHUN JUIS
CBOOOZIHOTO MHOTORJIEKTPOHHOT'O aToMa. B kauecTBe MIUIIOCTpaLUU IPUMEHEHUS NIPEICTABICHHO-
ro popMaian3Ma NpUBEACHbI PE3yNbTaThl SHEPreTUYECKUX U CIIEKTPAJIBHBIX TapaMETPOB AJIS paja
aromoB. PenstuBuctckuit Mmetog OPT tectupyercs Ui BBIYUCIEHUS IITAPKOBCKUX CIBUIOB PUJ-
OEproBCKUX COCTOSHUMN Il HECKOJIBKMX MHOTO3JIEKTPOHHBIX CUCTEM, B YaCTHOCTH, JUISl HATPUs
u pyouaus. Hosblil moaxon paspabotan juist nocienoBaresnbHoro onucanusa s¢dexra ltapka B
MHOT'OVIEKTPOHHBIX aTOMAX B CUJILHOM BHEIIHEM 3JIEKTPUYECKOM IOJIE.

Kirouesble ci10Ba: MHOTO3JI€KTPOHHBIE ATOM, JIEKTPUYECKOE T0JIE, PEISTUBUCTCKAs OIepa-
TOpHasi TEOPHsI BO3MYIIEHUH ollepaTopa, pua0eproBCKUE COCTOSHUS

PACS 31.15.A-
I’ O. Kyszneyosa, O. B. [ywxos, 3. C. Pomanenxo, €. K. Ilnicemcvka

CIHHEKTPOCKOIIIA BATATOEJIEKTPOHHOI'O ATOMA B EJIEKTPUYHOMY IIOJII:
PEJIATUBICTCBKA OIIEPATOPHA TEOPIA 3bYPEHDB

Pe3rome. BukiiazieHo TeopeTHYHI OCHOBU HOBOT'O amapary pesiTUBICTCHKOI OIepaTopHOl Te-
opii 30ypeHb B CIIEKTPOCKOIIi 0araTroeIeKTpOHHOTO aToMa B €IEKTPUIHOMY TOJIi, 00’ €IHAHOTO 3
(dbopMai3MOM peISTUBICTCHKOI 0araro4acTUHKOBOI Te€opii 30ypeHb /1J1sl BUIBHOTO OaraToeneKTpoH-
HOTO aroma. B sKoCTi UTrOCTparlii 3acToCyBaHHS TIPEICTAaBICHOTO GopMalli3My HaBelIeHI Pe3yiib-
TaTH OOYMCIICHHS EHEPTeTUUHUX 1 CHEKTPaIbHUX IMapaMeTpiB AJS pALy aToMiB. PensiTuBicTChKUi
metoa OPT TecTyeThCs U1 OOUMCIIEHHS IITAPKIBCHKUX 3CYBIB PiA0EpriBCbKUX CTAHIB JJIs 1€K1Ib-
KOX OaraToeleKTpOHHUX CUCTEM, 30KpeMa, Il HaTpito 1 pyOiaito. HoBuit miaxin po3poOneHuit mis
nociigoBHoro onucy edekry lllTapka B 6araTroeIeKTpOHHUX aTOMax B CHIBHOMY 30BHIIIHBOMY
€JIEKTPUYHOMY ITOJII.

K1rouoBi cioBa: 0aratoeiaeKTpoHHUI aToM, eeKTpUYHE T0JIe, PeNIATUBICTChKA ONEepaTOpHa
Teopis 30ypeHb orneparopa, piadepriBcbki cTaHu
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THEORETICAL STUDYING RYDBERG STATES SPECTRUM OF THE URANIUM
ATOM ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY

Theoretical studying spectrum of the Rydberg states for the uranium atom is carried out within the relativistic
many-body perturbation theory with ab initio zeroth approximation and generalized relativistic energy approach. The
zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-Kohn-Sham ones.
Optimization has been fulfilled by means of introduction of the parameter to the Kohn-Sham exchange potentials
and further minimization of the gauge-non-invariant contributions into radiation width of atomic levels with using
relativistic orbital set, generated by the corresponding zeroth approximation Hamiltonian.

1. Introduction

Development of new directions in the
field of optics and spectroscopy, laser physics
and quantum electronics, such as precision
spectroscopy of heavy and ultra-heavy atoms and
ions, newest astrospectroscopic studies, impulse
heating methods in controlled thermonuclear
synthesis spectrum, etc., necessitates the
solution of urgent and important problems
of atomic optics and laser spectroscopy at a
fundamentally new level of theoretical sequence
and fullness. In the last decade, spectroscopy of
multiply charged ions, which covers the UV
and X-ray bands of the spectrum, has been
intensively developing. Significant progress in
the development of experimental methods of
research, in particular, a significant increase
in the intensity and quality of laser radiation,
the use of accelerators, colliders of heavy
ions, sources of synchrotron radiation and,
as a consequence, the possibility of precision
study of increasingly energetic processes,
stimulates the theories of new methods of
theories calculation of their characteristics, in
particular, radiation and autoionization ones.
It is known that autoionization states play an
essential role in various elementary atomic
processes such as autoionization, selective
photoionization, electron scattering at atoms,
atomic and ionic atomic collisions, etc. The

presence of autoionization states in ions
significantly affects the nature of the spectrum
of high-radiation astrophysical and laboratory
plasma. Their radiation decay is accompanied
by the formation of the most complex spectra
of dielectronic satellites to resonant ion lines
of subsequent ionization multiplicity, which
contain information about the state of the plasma
used for its diagnosis, as well as the study of the
physical conditions in the solar corona and other
astrophysical objects [1-25].

The multi-configuration Dirac-Fock method
is the most reliable version of calculation for
multielectron systems with alarge nuclear charge.
In these calculations the one- and two-particle
relativistic and important exchange-correlation
corrections are taken into account (see [9] and
Refs. therein). However, one should remember
about very complicated structure of spectra of
the heavy atoms, including actinides, uranium,
trans-uranium elements and others and necessity
of correct accounting for the different correlation
effects such as polarization interaction of the
valent quasiparticles and their mutual screening,
iterations of a mass operator etc.). One of the
effective methods of studying the heavy atoms
is the relativistic many-body perturbation theory
(RMBPT), namely, [26-29]. It has been earlier
effectively applied to computing spectra of low-
lying states for some lanthanides atoms [25]
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(see [26,27]). The aim of our present work is
to use an analogous version of the relativistic
many-body perturbation theory (PT) with an
ab initio Dirac-Kohn-Sham approximation to
study spectrum of autoionization states for the
uranium. It is important to remind that isotope
separation of atomic uranium using laser
selective photoionization processes has attracted
much attention now [3-6,9].

2. The relativistic many-body
perturbation theory and energy approach

As the method of computing is earlier
presented in detail, here we are limited only by
the key topics [26-29]. Generally speaking, the
majority of complex atomic systems possess
a dense energy spectrum of interacting states
with essentially relativistic properties. In the
theory of the non-relativistic atom a convenient
field procedure is known for calculating the
energy shifts AE of degenerate states. This
procedure is connected with the secular matrix
M diagonalization [30-32]. In constructing M,
the Gell-Mann and Low adiabatic formula for
AE 1is used.

In contrast to the non-relativistic case, the
secular matrix elements are already complex
in the second order of the electrodynamical
PT (first order of the interelectron interaction).
Their imaginary 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 different authors, the ReAE calculation
procedure has been generalized for the case of
nearly degenerate states, whose levels form
a more or less compact group. One of these
variants has been previously introduced: for a
system with a dense energy spectrum, a group
of nearly degenerate states is extracted and their
matrix M is calculated and diagonalized. If the
states are well separated in energy, the matrix
M reduces to one term, equal to AE . The non-
relativistic secular matrix elements are expanded
in a PT series for the interelectron interaction.
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The complex secular matrix M is represented in
the form [26,27]:

M =M+ MM+ M (1)

where M® is the contribution of the vacuum
diagrams of all order of PT, and M (]), M®
M @) those of the one-, two- and three-

quasiparticle diagrams respectively. M © s a
real matrix, proportional to the unit matrix. It
determines only the general level shift. We have

assumed M" =0. The diagonal matrix M 0
can be presented as a sum of the independent
one-quasiparticle contributions. For simple
systems (such as alkali atoms and ions) the one-
quasiparticle energies can be taken from the
experiment. Substituting these quantities into (1)
one could have summarized all the contributions
of the one -quasiparticle diagrams of all orders
of the formally exact QED PT. However, the
necessary experimental quantities are not often
available.

The first two order corrections to Re M
have been analyzed previously using Feynman
diagrams (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
immediate quasiparticle interaction [30-36].
Some of the ladder diagram contributions as
well as some of the three-quasiparticle diagram
contributions in all PT orders have the same
angular symmetry as the two-quasiparticle
diagram contributions of the first order. These
contributions have been summarized by a
modification of the central potential, which
must now include the screening (anti-screening)
of the core potential of each particle by the two
others. The additional potential modifies the
one-quasiparticle orbitals and energies.

Then the secular matrix is as follows:

M - 80+ 51, @)



where M" is the modified one-quasiparticle
matrix ( diagonal), and M @ the modified

two-quasiparticle one. M ™ is calculated by
substituting the modified one-quasiparticle

energies), and M @ by means of the first PT

order formulae for M (2), putting the modified
radial functions of the one-quasiparticle states
in the radial integrals..
Let us remind that in the QED theory, the photon
propagator D(12)playstherole ofthisinteraction.
Naturally the analytical form of D(12) depends
on the gauge, in which the electrodynamical
potentials are written. Interelectron interaction
operator with accounting for Breit interaction
has been taken as follows:

V)= exp(ian)-(]%w’),

g

where, as usually, o, are the Dirac matrices.
In general, the results of all approximate
calculations depended on the gauge. Naturally
the correct result must be gauge-invariant. The
gauge dependence of the amplitudes of the
photoprocesses in the approximate calculations
is a known fact and is investigated by Grant,
Armstrong, Aymar and Luc-Koenig, Glushkov-
Ivanov-Ivanovaetal (seereview in [9,32]). 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 of the photo processes are gauge
invariant (see review in [9]). 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-conserved
version of the energy approach [32]. In ref.
[30,35-40] it has been developed its further
generalization. Here we applied this approach
for generating 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-

3)

invariant contributions into radiation width
of atomic levels with using relativistic orbital
bases, generated by the corresponding zeroth
approximation Hamiltonians [26]. Other details
can be found in Refs. [9,27-29,41-47].

3. Some results and conclusion

In Table 1 we present the measured [3] and
calculated energies (in cm™) of the levels of the
lower members of the Rydberg series of uranium
567s2np, counted from the level of 33083.3
cm’'; excitation sequence: 6056.81 + 6030.6 +
(5943-5951) A.

Table 1.
The measured and calculated energies (in cm-
1) of the levels of the lower members of the
Rydberg series of uranium 5f*7s2np, counted
from the level of 33083.3 cm’; excitation
sequence: 6056.81 + 6030.6 + (5943-5951) A

exp Eth Eth calc
[3] 3] This work

49885.6 49885.9 49889.7 44
49889.4 49889.5 49891.9 45
49893.0 49892.8 49894.2 46
49896.3 49895.8 49896.6 47
49898.9 49898.8 49898.8 48
49901.4 49901.4 49901.3 49
49903.9 49903.9 49903.9 50
49906.2 51

49908.4 52

49910.5 53

In Table 2 we present the measured [3] and
calculated energies (in cm™) of the levels of the
lower members of the Rydberg uranium series
537s’nf, counted from the level 32857.449cm

' (5P6d7s8s'LY);  excitation
6056.81+6113.89+(5862-5914) A.
Analysis shows that the correct account for
the complex many-body exchange-correlation
effects plays very critical role.

It should be noted too that the data on energies
of the members of the Rydberg series should

sequence:
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be checked and correspond to so called the
smoothness test.

Table 2.
The observed and calculated energies (in cm’
) of the levels of the lower members of the
Rydberg uranium series 5f7s’nf, counted

from the level 32857.449 cm-1 (5f°6d7s8s 'L’
); excitation sequence: 6056.81 + 6113.89 +
(5862-5914) A

E E n
exp th t/_l % calc .
(3] [3] This exp
49765.3 | 49767 | 49765.0 | 15.10 | 20
49830.7 | 49824 | 49829.1 | 16.23 21
49877.8 | 49871 | 49876.5 | 17.24 | 22
49917.0 | 49911 | 49916.2 | 18.23 23

The detailed analysis shows that some presented
(in literature) values of the Rydberg states
energies do not correspond to this test and as
result, there is a possibility of a jump to another
Rydberg series. More detailed data of this study
are presented in Ref. [45].
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PACS 32.30.-r
V. B. Ternovsky

THEORETICAL STUDYING RYDBERG STATES SPECTRUM OF THE URANIUM
ATOM ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY

Summary. Theoretical studying energies of the autoionization states for the uranium atom is carried out
within the relativistic many-body perturbation theory with ab initio zeroth approximation and generalized
relativistic energy approach. The zeroth approximation of the relativistic perturbation theory is provided
by the optimized Dirac-Kohn-Sham ones. Optimization has been fulfilled by means of introduction of the
parameter to the Kohn-Sham exchange potentials and further minimization of the gauge-non-invariant con-
tributions into radiation width of atomic levels with using relativistic orbital set, generated by corresponding
zeroth approximation Hamiltonian.

Keywords: Relativistic perturbation theory, optimized zeroth approximation, heavy atom, Rydberg states

PACS 32.30.-r

B. b. Tepnosckuii

TEOPETHYECKOE UCCJIEJOBAHUE CIEKTPA PUJIBEPTOBCKHUX COCTOSIHUI
ATOMA YPAHA HA OCHOBE PEJISITUBUCTCKOH MHOI'OYACTUYHOM TEO-
PUH BO3MYIIEHUI

Pe3ome. B pamkax peisiTUBUCTCKONM MHOTOYACTUYHOM TEOPHM BO3MYIIEHUH U 000OIIEHHOTO
PENATUBUCTCKOIO 3HEPIETUYECKOIO MOAXO0AA IIPOBEICHO TEOPETHUUECKOE MCCIENOBAHUE CIIEKTPa
pHUIOEPTOBCKUX COCTOSIHME aroMa ypaHa. B kadecTBe Hy/IeBOro MpHOIMKEHUS PEISTUBUCTCKON
TEOPHUH BO3MYIIEHUH BRIOpAaHO ONTUMU3UpPOBaHHOE Npubamxkenue {upaka-Kona-11lama. Ontumu-
3alMs BBINOJIHEHA IyTEM BBeJIEHUs MmapameTpa B oOMeHHble noteHuuaisl @oka u Kona-IIama u
JanbHeWeln MUHIMHU3aueil KaauOpoBOUHO-HEMHBAPUAHTHBIX BKJIA/10B B paJAHallMOHHbIE IIUPHU-
HbI aTOMHBIX YPOBHEH C MCIIOJIB30BAHUEM PENIITUBUCTCKOIO 0a3uca opOuTanei, CreHepupoBaHHO-
IO COOTBETCTBYIOIMM raMHJIBTOHMAHOM HYJIEBOTO IPUOIIMKEHHSL.

KuroueBbie cioBa: PenstuBucTckas Teopus BO3MYLICHUH, ONTUMU3UPOBAHHOE HYJIEBOE IIPH-
OnMKeHUe, TSXKENbId aToM, puAOEproBCKUE COCTOSHHS

PACS 32.30.-r

B. b. Teproscovrui,

TEOPETUYHE BUBYEHHS CIIEKTPY PIIBEPTI'IBCBKUX CTAHIB ATOMY YPAHA
HA OCHOBI PEJISITUBICTCHKOI BATATOYACTKOBI TEOPIi 35YPEHb

Pe3iome. B pamkax peisiTUBICTCHKOI 0araTouacTMHKOBOI Teopii 30ypeHb 1 y3araabHEHOTO pelis-
TUBICTCHKOTO €HEPreTUYHOTO MiIXOLy NMPOBEACHO TEOPETHUYHE JAOCITIKEHHS CIIEKTpa aBTO10HI3a-
[ITHUX CTaHIB aToMa ypaHy. B sIKoCTi HyIbOBOTO HAOIMKEHHS PENATUBICTCHKOT TeOpii 30ypeHs 00-
paHo onrtuMizoBaHe HabmkeHHs Jlipaka-Kona-Illema. OnrruMizariisi BAKOHAHA IIIJISTXOM BBEJICHHS
napameTpa B oOMinHu# noreHmian Kona-Illema i monanpmoi miHiMizamii kaniOpyBanbHO-HE1HBA-
plaHTHUX BKJIAIIB B pajialliifHi IIUPUHU aTOMHUX PiBHIB 3 BUKOPUCTAHHSAM PEISTHBICTCHKOTO 0a-
3ucy opOitanei, 3reHepOBaHOTO BiAMOBIIHIM raMiJIbTOHIAHOM HYJILOBOTO HAOIMKCHHSI.
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BA)XKHI aTOM, pi0epTriBChKi CTaHU

45



UDC 539.182

A. V. Tsudik, A. A. Kuznetsova, P. A. Zaichko, V. F. Mansarliysky

Odessa National Maritime Academy, Odessa, 4, Didrikhsona str., Odessa, Ukraine
e-mail: zaichkopa@gmail.com

RELATIVISTIC SPECTROSCOPY OF HEAVY RYDBERG ATOMIC SYSTEMS
IN A BLACK-BODY RADIATION FIELD

We present the results of studying the spectroscopic characteristics of heavy Rydberg atomic systems in a black-
body (thermal) radiation field. As theoretical approach we apply the combined generalized relativistic energy approach
and relativistic many-body perturbation theory with ab initio Dirac zeroth approximation. There are presented the
calculational data for the thermal black-body radiation ionization characteristics of the alkali Rydberg atoms, in
particular, the sodium in Rydberg states with principal quantum number n=10-100 and ytterbium ion. Application
of theory to computing the spectral parameters of studied atomic systems have demonstrated physically reasonable
agreement between the theoretical and experimental data. The accuracy of the theoretical data is provided by a
correctness of the corresponding relativistic wave functions and accounting for the exchange-correlation effects.

1. Introduction

At the present time, the study of Rydberg
atoms (molecules) is definitely one of the most
popular and very interesting directions of mod-
ern quantum physics and chemistry, atomic
optics and spectroscopy. The huge relevance
of the investigation of the energy and spectral
properties of the Rydberg atoms (molecules) is,
of course, due to the standard requirements for
spectroscopic information of a number of appli-
cations and related physical disciplines, which
include physics and chemistry of laboratory,
astrophysical plasma, astrophysics and radioas-
tronomy, atomic and molecular optics and spec-
troscopy, laser physics and quantum electronics
and many others [1-94]). From the other side,
the experiments with Rydberg atoms had very
soon resulted in the discovery of an important
ionization mechanism, provided by unique fea-
tures of the Rydberg atoms.

Relatively new topic of the modern theory
is connected with consistent treating the Ryd-
berg atoms in a field of the Blackbody radiation
(BBR). It should be noted that the BBR is one of
the essential factors affecting the Rydberg states
in atoms [1]. The account for the ac Stark shift,
fast redistribution of the levels’ population and
photoionization provided by the environmental
BBR became of a great importance for success-
fully handling atoms in their Rydberg states.
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The vast majority of existing papers on the de-
scription of Rydberg atoms in the thermal radia-
tion field (c.g. [1-32]) are based on the Coulomb
hydrogen-like approximation, different versions
of the quantum defect method, classical and
quasiclassical model approaches, the model and
pseudo — potential methods. The authors of the
papers [3-10] applied the Coulomb approxima-
tion, quantum defect formalism, different ver-
sions of the model and pseudo-potential method
etc (as a rule, the non-relativistic versions are
used) to determine the spectral and radiative
properties of different Rydberg atoms and ions.

It should be noted separately the cycles of
theoretical and experimental works by Ryabtsev-
Beterov et al [2,3], as well as theoretical works
of Dyachkov-Pankratov and others (c.g.[1-10]),
in which the advanced versions of a quasi-clas-
sical approach to the calculation of radiation am-
plitudes, oscillator strengths, and cross-sections
for the Rydberg atoms in the BBR radiation field
were actually developed. In the papers [1-3,7-
10] the authors present the calculational data on
the ionization rates for Rydberg atoms of alkali
elements (lithium, sodium, potassium, caesium)
by a BBR radiation field. The calculations were
carried out for the nS, nP, and nD states in the
wide range of principal quantum numbers and
temperatures. The above theoretical works and
relevant models were substantially based on
non-relativistic approximation.



At the same time one should note that for
heavy Rydberg atoms (both in the free state and
in an external electromagnetic field) it is fun-
damentally important to accurately account for
both relativistic and exchange-correlation ef-
fects.

The quality and consistency of accounting
for these effects also determine the accuracy of
description of the energy and spectroscopic pa-
rameters of the heavy Rydberg atoms, including
these atoms in a thermal radiation field.

Naturally, the standard methods of the theo-
retical atomic physics, including the Hartree-
Fock and Dirac-Fock approximations should be
used in order to determine the thermal ioniza-
tion characteristics of neutral and Rydberg at-
oms [2].

One could note that the correct treating of the
heavy Rydberg atoms parameters in an external
electromagnetic field, including the BBR field,
requires using strictly relativistic models. In a
case of multielectron atomic systems it is nec-
essary to account for thee exchange-correlation
corrections.

Among the fundamentally important ex-
change-correlation effects for essentially many-
electron systems, one should single out such ef-
fects as polarization interaction and screening,
continuum pressure, the non-Coulomb grouping
of levels in the heavy Rydberg atoms spectra etc.
It should be noted that these effects are not cor-
rectly considered, for example, within simpli-
fied Coulomb approximation or quantum defect
models (c.g.[11-20]). Their account requires us-
ing very consistent methods.

We present the results of studying the spec-
troscopic characteristics of heavy Rydberg
atomic systems in a black-body (thermal) radia-
tion field.

As theoretical approach we apply the com-
bined generalized relativistic energy approach
and relativistic many-body perturbation theory
with ab anitio Dirac zeroth approximation.

2. Atom in a Black-body radiation field:
Theoretical aspects

From the physical viewpoint, a qualitative
picture of the BBR Rydberg atoms ionization is
easily understandable. Even for temperatures of

order T=10* K, the frequency of a greater part
of the BBR photons ® does not exceed 0.1 a.u.
Usually, it is enough to use a single- electron ap-
proximation for calculating the ionization cross
section o, (w).

The latter appears in a product with the
Planck’s distribution for the thermal photon
number density:

pw,T) =

2
[

wic’[exp(w/ kT)—1] ’

(M

where £=3.1668%x107° a.u., K™! is the Boltz-
mann constant, ¢ = 137.036 a.u. is the speed of
light. Ionization rate of a bound state n/ results
in the integral over the Blackbody radiation fre-
quencies:

P, () =c o, (@p(@,Ndo.  (2)
[Ey |
The ionization cross-section from a bound
state with a principal quantum number » and
orbital quantum number / by photons with fre-
quency o is as follows:
Ar’e 5

__ o oy N
o (@)= oy M ioen

+(+DM; .1 €)

where the radial matrix element of the ion-
ization transition from the bound state with the
radial wave function R (7) to continuum state
with the wave function R, (r) normalized to the
delta function of energy.

The corresponding radial matrix elements are
written by the standard way. Other details can be
found in Refs. [9-16].

3. Relativistic perturbation theory and
energy approach

We apply a generalized energy approach [9-
20] and relativistic perturbation theory with the
zeroth approximation [21-32] to computing the
Rydberg atoms ionization parameters. Accord-
ing to Ref. [11,22], the RMBPT zeroth order
Hamiltonian of the Rydberg atomic system is as
follows:

H, :Z{acpl. — Bme’ +[=Z /¥, +

U 13 1D)+ Ve ()] @&
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where ¢ is the velocity of light, a,a,— the
Dirac matrices, w, —the transition frequency, Z
is a charge of atomic nucleus. The general po-
tential in (4) includes self-consistent Coulomb-
like mean-field potential U,, (r,|b), ab ibitio
one-particle exchange-correlation (relativistic
generalized exchange Kohn-Sham potential plus
generalized correlation Lundqvist-Gunnarsson
potential) ¥, (r|b) with the gauge calibrated
parameter b (it is determined within special
relativistic procedure on the basis of relativistic
energy approach; c.g. [21-32]).

The perturbation operator is as follows:

T = explioyr, ) V%)
i>j vy (%)
Z[UMF (1) + Vi (1;1D)]

The multielectron interelectron exchange-
correlation effects (the core polarization and
screening effects, continuum pressure etc) are
taken into consideration as the RMBPT second
and higher orders contributions. The details of
calculation of the corresponding matrix ele-
ments of the polarization and screening intere-
lectron interaction potentials are described in
Refs. [9,22,33-38].

In relativistic theory radiation decay proba-
bility (ionization cross-section etc) is connected
with the imaginary part of electron energy shift.
The total energy shift of the state is usually pre-
sented in the form: DE = ReDE + 1 G/2, where
G is interpreted as the level width, and a decay
probability P=G. The imaginary part of electron
energy shift is defined in the PT lowest order as:

2
mAEB=- ¥V
T a>n>f >
[e<n< £]

(6)

where (a>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined as
follows:

sin‘a)‘rlz

@ * *
VL = [dndra] () () -

n2

—ayay)Wi(ry) V] (1) ™)
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Their detailed description of the matrix ele-
ments and procedure for their computing is pre-
sented in Refs. [16-20]. The relativistic wave
functions are calculated by solution of the Dirac
equation with the potential, which includes the
Dirac-Fock consistent field potential and addi-
tionally polarization potential [22].

The total ionization rate of the Rydberg atom-
ic system in the BBR radiation field is usually
determined as the sum of direct BBR ionization
rate of the initially excited state, the ionization
(field ionization) rate of highly excited states,
which are populated from the initial Rydberg
state via absorption of the BBR photons, the
rate of direct BBR-induced ionization of atoms
from the neighbouring Rydberg states and the
rate of field ionization of high-lying Rydberg
states (with populating through so called two-
step process via the BBR photons absorption).

The total width of the Rydberg state (natu-
rally isolated from all external electromagnetic
fields except BBR one) consists, apparently, of
natural, spontaneous radiation width A? and
BBR-induced (thermal) width AZ*"

A=A+ AT

Accordingly, the effective lifetime of the Ry-
dberg state is inversely proportional to the total
decay rate as a result of spontaneous transitions
and transitions induced by the BBR radiation:

L = A+ Agpg = L + L
Tor To  Thar

The detailed procedures of calculation of
the radial and angular integrals (amplitudes) in
the matrix elements are described in Refs. [9-
20,22,38-41]. All calculations are performed on
the basis of the numeral code Superatom-ISAN
(version 93).

()

©)

4. Results and conclusions

In Table 1 we present our theoretical data on
the effective lifetime of the sodium nP, nD Ry-
dberg states and for comparison some theoreti-
cal data by Beterov et al [2,3] for temperatures
T=300, 600K. In Table 2 we present our theoret-
ical data on the effective lifetime of the sodium
nP, nD Rydberg states for temperatures T=300



and 600K. Obviously, the accuracy of the theo- The similar B values are obtained using third-
retical data is provided by a correctness of the order relativistic many-body calculations [4]
corresponding relativistic wave functions and B=—0.0983 and ab initio method [5]: p=—0.094.
accounting for the exchange-correlation effects. In these calculations different methods are used
to compute matrix elements and different orbit-
Table 1. al basises are used. The details of this problem
Effective lifetime (us) of the nP Rydberg will be presented in a separate paper.
states in the sodium spectrum for the tem-
perature T = 300: [2]- theory by Beterov et al References
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PACS: 31.15.ac, 31.15.ag, 31.15.aj
A. V. Tsudik, A. A. Kuznetsova, P. A. Zaichko, V. F. Mansarliysky

RELATIVISTIC SPECTROSCOPY OF HEAVY RYDBERG ATOMIC SYSTEMS
IN A BLACK-BODY RADIATION FIELD

Summary. We present the results of studying the spectroscopic characteristics of heavy Rydberg
atomic systems in a black-body (thermal) radiation field. As theoretical approach we apply the
combined generalized relativistic energy approach and relativistic many-body perturbation theory
with ab initio Dirac zeroth approximation. There are presented the calculational data for the ther-
mal black-body radiation ionization characteristics of the alkali Rydberg atoms, in particular, the
sodium in Rydberg states with principal quantum number n=10-100 and ytterbium ion. Applica-
tion of theory to computing the spectral parameters of studied atomic systems have demonstrated
physically reasonable agreement between the theoretical and experimental data. The accuracy of
the theoretical data is provided by a correctness of the corresponding relativistic wave functions
and accounting for the exchange-correlation effects.

Key words: Rydberg heavy atoms, relativistic theory, black-body radiation field.
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PEJATHUBUCTCKASA CIIEKTPOCKOIIUSA TAXEJIBIX PUABEPI'OBCKHUX
ATOMHBIX CUCTEM B ITIOJIE U3JIYHEHU A YEPHOI'O TEJIA

Pe3tome. IlpencraBnensl pe3yabTaThl U3YUEHUs! CIIEKTPOCKOIMMYECKHX XapaKTEPUCTUK TSKEINBIX
pUAOEProBCKUX aTOMHBIX CHCTEM B I0JI€ YEpHOTEN(TEIUIOBOIO) M3NIydyeHHs. B kauecTBe Teopernye-
CKOTO ITOJIX0/1a MBI IPUMEHSIEM KOMOMHUPOBAHHbIHN PEIATUBUCTCKHUIA SHEPreTUYECKUI MOIXO]T U peisi-
TUBHCTCKYIO MHOTOYACTHYHYIO TEOPUIO BO3MYIIEHUNA C ONTUMH3UPOBAHHBIN JUPAKOBCKUM HYIIEBBHIM
npuOmkenueM. [IpencTaBieHsl pe3ynbrarbl pacuera CreKTPOCKOMYECKUX XapaKTePUCTUK IIENI0u-
HBIX pUAOEProBCKUX aTOMOB B I10JI€ TEIUIOBOIO M3JIyYEHUs YEPHOTO TEJa, B YACTHOCTH, HATPUSI B PUJI-
OEproBCKUX COCTOSIHUSX C IVIaBHBIM KBaHTOBBIM unciioM n=20-100 u noHa utrepous. [Ipumenenne
TEOPUH K BBIYHCIIEHUIO CIIEKTPAJILHBIX 1APAMETPOB UCCIIETYEMBIX aTOMHBIX CHCTEM MPOIEMOHCTPH-
poBaJIo (PU3NYECKU pa3yMHOE COINIACHE MEXTy TEOPETUUECKUMHU U KCIIEPUMEHTAIbHBIMU JaHHBIMH.
To4HOCTH TEOPETUYECKUX JTAHHBIX 00ECIEYNBACTCS KOPPEKTHOCTHIO BBIYHUCIIEHHS COOTBETCTBYIOIIUX
PENATUBUCTCKUX BOJTHOBBIX (DYHKIMI M IOJHOTON yueTa 0OMEHHO-KOPPEISIIMOHHBIX 3 (PEKTOB.

Ki1roueBbie ci10Ba: puioeproBCKHe TSHKENbIE aTOMBbI, PEJIITUBUCTCKAs TEOPHS, TEIIOBOE N3TyUEHHE.

PACS: 31.15.ac, 31.15.ag, 31.15.aj
A. B. [yoik, I O. Ky3ueyoea, I1. A. 3aiuko, B. @. Mancapniticoxuii

PEJATUBICTCBKA CIHEKTPOCKOIIA BA’KKUX PINJBEPTIBCBbKHUX
ATOMHUX CUCTEM B ITOJII BUITPOMIHIOBAHHA YOPHOI'O TIJIA

Pestome. [Ipencrasieni pe3yabraT BUBYEHHS CHEKTPOCKOMIYHUX XapaKTEPUCTUK BAXKKHUX PiJl-
OEpriBChKUX aTOMHHUX CHUCTEM B IT0JII YOPHOTLILHOTO (TETUIOBOTO) BUIIPOMIHIOBaHHS. B SKOCTI T€o-
PETUYHOTO TiJIX0AY MH 3aCTOCOBYEMO KOMOIHOBAHUM PENIATUBICTCHKUNA €HEPreTUYHUH MiIXif 1 pe-
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JSITUBICTCHKY 0araTo4acTHHKOBY TEOPiI0 30ypEeHb 3 ONTUMiI30BaHUM JIipaKiBChKUM HYJIbOBUM HAOIH-
xeHHsAM. [IpencraBieHi pe3ynbTaTd po3paxyHKy CIEKTPOCKOMIYHHUX XapaKTEPUCTUK JIYKHHUX Pia-
OepriBChbKUX aTOMIB B TT0JIi TETIJIOBOTO BUITPOMIHIOBAHHS, 30KPEMa, HaTPIkO B PiIOEPTiBCHKUX CTaHAX
3 TOJIOBHUM KBaHTOBUM 4uciioM n = 20-100 ta ioHy iTepOito. 3acTocyBaHHs Teopii 10 0OUHCICHHS
CHEKTPAJIbHUX NapaMEeTPiB AOCIIHKYBAaHUX aTOMHUX CHCTEM MPOAEMOHCTPYBAIIO (PI3UUHO PO3YMHY
3rofly MK TEOPETUYHUMH 1 €KCIIEpUMEHTATbHUMH JaHUMH. TOUHICTh TEOPETUYHUX JIaHHUX 3a0e311e-
YyeTHCSI KOPEKTHICTIO OOYMCIICHHS BIMOBIHUX PESTUBICTCHKUX XBUIBOBUX (DYHKIIIH 1 TOBHOTOIO
00J1iKy 0OMIHHO-KOPEJSILIHHUX e(EeKTIB.

Kutro4oBi cj1oBa: piioepriBChKi BaKKi aTOMH, PEISATUBICTCHKA TEOPisl, TETIJIOBE BUIIPOMIHIOBAHHS.
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RELATIVISTIC CALCULATION OF THE HYPERFINE STRUCTURE
PARAMETERS FOR COMPLEX ATOMS WITHIN MANY-BODY PERTURBATION
THEORY

Abstract. The hyperfine structure parameters and electric quadrupole moment of the **'Hg mercury isotope the Mn
atom 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 relativistic Hartree-Fock Dirac-Fock and many-
body perturbation theory methods calculations is explained by using the different schemes of taking into account the

inter-electron correlations as well as nuclear and radiative ones.

1. Introduction
The research on the hyperfine structure (HFS)
characteristics of the heavy neutral and highly
ionizedatomsisofagreat fundamentalimportance
in many fields of atomic physics (spectroscopy,
spectral lines theory), astrophysics, plasma
physics, laser physics and so on (see, for
example, refs. [1-37]). The experiments on the
definition 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. In recent years, due to significant
progress in experimental studies, interest in
studying the spectra of elements with empty d,
f shells has sharply increased (see [1-10]). The
multi-configuration relativistic Hartree-Fock
(RHF) , Dirac-Fock (DF), ulriconfiguration DF
(MCDF) approaches (see, for example, refs. [1-
9]) are the most reliable versions of calculation
for multi-electron systems with a large nuclear
charge. Usually, in these calculations the one-
and two-body relativistic effects are taken into
account practically precisely. It should be given
the special attention to three very general and
important computer systems for relativistic
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and QED calculations of atomic and molecular
properties such as “GRASP”, “Dirac”;
“BERTHA”, “QED”, “Dirac” etc. (see refs. [1-
9] and refs. there).

In this paper we present the calculational results
for the HFS structure parameters for the Mn
atom and electric quadrupole moment of the
isotope *'Hg, using the optimized method of the
relativistic many-body perturbation theory with
the Dirac-Kohn-Sham zeroth approximation
and a correct and effective taking into account
the exchange-correlation, relativistic, nuclear
and radiative corrections [9-30]. Analysis of the
data shows that an account of the interelectron
correlation effects is crucial in the calculation of
the hyperfine structure parameters.

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

Let us describe the key moments of the
approach (more details can be found in refs.
[19-30]). The electron wave functions (the PT
zeroth basis) are found from solution of the
relativistic Dirac equation with potential, which
includes ab initio mean-field potential, electric,
polarization potentials of a nucleus. The charge



distribution in the Li-like ion is modelled within
the Gauss model. The nuclear model used for
the Cs isotope is the independent particle model
with the Woods-Saxon and spin-orbit potentials
(see refa. [20]). Let us consider in details more
simple case of the Li-like ion. We set the charge
distribution in the Li-like ion nucleus p(7) by the
Gaussian function:

- ko)

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

Vnucl(r|R) = _((l/’”)]:d’"”vzp(”v
0

o0 L] ]
Rj+ [drrp(r
r

R)(2)

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

Wet)=— s ol -7 “

Here P (rll) is the distribution of the electron
density in the state | >, V_is the exchange inter-
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 [21,22].

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

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

Vit =1

t2

Ur)= —iﬁd exp(—2¢ JazZ \1+1/2)

20

= —gc(g),

()

where g=r/(0aZ). In our calculation we use
more exact approach [20]. The Uehling
potential, determined as a quadrature (5),
may be approximated with high precision by
a simple analytical function. The use of new
approximation of the Uehling potential permits
one to decrease the calculation errors for this
term down to 0.5 — 1%.

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

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

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

A={[(4,32587)10* 742 ]/(477-1)}(RA) ,

B={7.2878 107 ZQ/[(4x’-1I(I-1)} (RA) |,

(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
follows:

(RA) = Ojodnz F(HG(r)U(/ r*, R)
0

(RA) ,= Tdrrz[Fz(r) +GA(UA/R)- B

The radial parts " and G of the Dirac function
two components for electron, which moves in
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the potential V(x,R)+U(r,R), are determined by
solution of the Dirac equations.

The key elements of the numerical approach
to computing the corresponding matrix elements
are presented in [19-36]. All calculations are
performed on the basis of the numeral code
Superatom-ISAN (version 93).

3. Results and Conclusions

In this subsection we present experimental
data and the results of the calculation of the HFS
parameters for some complex atoms. It should be
noted that the Mn element has one stable isotope
with a mass number of 55, a nuclear spin of 5/2,
a magnetic dipole moment of 3.46871668 m,
and an electric quadrupole moment of Q = 0.33
(1) barn. Basic electronic configuration: 3d4s?
(685/2)'

Given the complexity of the spectrum,
theoretical study of the HFS should be based
on a full multi-electron calculation. An useful
review and detailed analysis of the studies of
the HFS of the Mn atom was given, for example,
in [6].

In table 1 we present the available
experimental (Acxp, chp) and theoretical (our
calculation) values of the energy levels and
the HFS parameters for the Mn configuration
3d°4s?,3d64s. Thereasonable agreement between
theoretical and measured data can be reached
by way of using the optimized wave functions
basises and complete, correct accounting for the
exchange-correlation corrections.

Further we present the results of calculating
the HFS constants and the electric quadrupole
moment for the **'Hg isotope. The mercury
atom has an external valent configuration 6s?
and can be considered within the many-body
paerturbation theory as the two-quasipartial
system. Mercury has one stable isotope **'Hg (I
= 3/2) with a relative prevalence of 13.2%.

The '""Hg isotope with a relative distribution
of 16.9% has two quadrupole excited states
with energies of 158 and 208 keV. The values
of quadrupole moment for a few radioactive
isotopes with masses from 185 to 203 are
presented by the group Ulm and others (see, for
example, [4,5]).

56

Table 1.
Experimental (Aexp, Eexp) and theoretical
(our calculation) values of the energy levels

(cm™) and HFS constants (MHz) for the Mn

configuration 3d*4s?

Level Term - E,
3d4s? a’S,, 0.0 0.0
3d%4s a’D,,, 17052.29 | 17001.38
3d%s a’D,, 17282.00 | 17209.34
3d%s a’D,, 17451.52 | 17394.91
3d%s a’D,, - 17500.12
3d%4s a’D, - 17565.24
3d4s? a’G,,, |25265.74 | 25201.43
3d4s? a'G,, 25281.04 | 25219.45
3d4s? a‘G,, 25285.43 | 25221.36
3d4s? a‘G,, 25287.74 | 25224.16
3d4s? b‘D,, 30419.61 | 30382.46
3d4s? b‘D,, - 30374.97
Level Term A A,
3d°4s? a’sS,, -72.4 -73
3d%s a’D,,, 503(8) 504
3d%s a’D,, 457(3) 457
3d%4s a’D, 434(4) 434
3d%4s a’D,, 467(6) 466
3d%4s a’D, 892(16) 891
3d4s? a‘G,,, 405.3(9) 405.4
3d4s? a‘G,, 596.2(9) 596.0
3d4s? a‘G,, 395.2(3) 395.1
3d4s? a‘G,, 437,1 437.4
3d4s? b‘D,, 288(5) 290
3d4s? b‘D,, 456 453
Level Term B B,
3d°4s? a’sS,, 0.019 0.016
3d4s? b‘D,, 130(5) 129
3d4s? b‘D,, - -36




A reasonable compilation of the values of
quadrupole moments for isotopes in the
mass range 185-206 is presented in the well-
known Raghavan table. Currently available
experimental values of the quadrupole moment
Q (201Hg) are given in table 2. The muon
“muonic 3d” value of 386 (49) mb was used
in the recent final report “year-2001” on the
nuclear quadrupole moments [6].

Table 2.

The values of the electric quadrupole moment
Q (mb) for isotope of *'Hg

O (mb) | Method Ref. Year
383 Atomic This work 2018
381 Atomic | Khetselius 2006
387 (6) Atomic | Pyykkoetal | 2005
347(43) | Nuclear | Fornaletal | 2001
385 (40) | Atomic* | Ulmetal 1988
485 (68) | Muonic® | Gunther et 1983
386 (49) | Muonic al 1979
267 (37) 3de Hahn et al 1979
390 (20) | Muonic | Hahnetal 1975

2p¢ Edelstein-
455 (40) | Solid¢ Pound 1960
McDermott-
420 Atomic Lichten 1959
500 (50) °P, Murakawa 1957
Blaise-
600 Atomic Chantrel 1954
Atomic® | Dehmelt et
500 al 1935
Solid® Schuler-
Schmidt
Atomic®

Note: a- standard Raghavan value; the value of
Hg (I =5/2) is consistent with the ratio 201/199;
¢ - direct muon experiment for ?'Hg; d- solid state
HgCl, plus compiled value 'Hg;

In table 3 we list the experimental and
calculated values of the nuclear electric
quadrupole moment Q (mb) for *'Hg and the
HFS constants (MHz) for the *P, state of the
"Hg neutral mercury. The calculations were
performed within the uncorrelated DF method,

multi-configuration DF (MCDF) approximation
with accounting for the Breit-QED corrections
[6], the N-QED theory with an accounting for
the Breit-QED corrections [20], and the present
method (RMBPT) with the Gaussian model for
a nuclear density distribution). The value of Q
obtained by us is in the best agreement with the
data obtained by the group Ulm. Comparison
of our calculational results and data by the
DF method (single-configuration and multi-
configuration approximations taking into
account the Breit and QED corrections) shows
that our values of the constant A are in

Table 3.

Experimental and calculated values of the

nuclear electric quadrupole moment Q (mb)

for *'"Hg and the values of the HFS constants

(MHz) for the *P, state of a neutral mercury
atom *""Hg states (see text)

Method Q (mb)
DF 478.13
MCDF (+Breit QED) 386.626
N-QED 380. 518
This work (e-Corr) -90.824
This work (Breit+QED) -2.420
This work (Total) 380. 518
Exp. Look Table 2
Method A (MHz)
DF -4368.266
MCDF (+Breit QED) -5470.810
N-QED -5460.324
This work (e-Corr) -1162
This work (Breit+QED) -20.868
This work (Total) -5460,.324
Exp. -5454.569 (0.003)
Method B (MHz)
DF ---
MCDF (+Breit_ QED) -
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N-QED -286.512
This work (e-Corr) -60.974
This work (Breit+QED) -1.099

This work (Total) -286.512
Exp. -280.107 (0,005)

reasonable agreement with the experiment. The
analysis shows that the contribution due to the
electron — electron correlations t o the values
of the HFS constants is ~ 100-500 MHz for
various states. This circumstance explains the
low degree of consistency in accuracy of the data
provided, obtained in the framework of different
versions of the DF method. The key difference
between the results of the calculation 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
corrections 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 corresponding nuclear
problem, for example, using the shell model with
Woods-Saxon and spin-orbit potentials. Such
an approach is outlined in Refs [20,33]. These
topics require the separated accurate treatment.
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O. O. Aumowkina, M. I1. Maxywxina, O. FO. Xeyeniyc, T. b. Trau

PEJATUBICTCHKHI PO3PAXYHOK ITAPAMETPIB HAJITOHKOI CTPYKTYPH
CKJIAJHUX ATOMIB B PAMKAX
BATATOYACTHHKOBOI TEOPIi 35YPEHbD

Pe3rome. [TapameTpu HAITOHKOIO CTPYKTYPH 1 €IEKTPUUHUIN KBAAPYTOIbHUIA MOMEHT 130TOITY
pryti 2*’'Hg i aToma Mn po3paxoBaHi Ha OCHOBI peJIATUBICTCHKOT 0araTouacTUHKOBOI TeOPii 30ypeHb
3 e()eKTUBHMM aKypaTHUM YypaxXyBaHHAM OOMIHHO-KOPESLINHUX, PEISATUBICTCHKUX, SIEPHUX 1
paniaiitHuX MorpaBoK. AHaII3 JaHUX ITOKA3YE, 10 ypaxyBaHHs e(DEeKTiB MiXKEJIEKTPOHHOT KOPEIIALii
Ma€ KPUTUYHE 3HAUEHHS MPHU OOYMCIIEHHI NapaMeTpiB HAATOHKOI CTPYKTypU. PI3UYHO pO3yMHE
Y3TO/PKEHHS T€Opii 1 MPeUU31iiHOro eKCIepUMEHTY MoXKe OyTH 3a0e3MeueHO 3aBJSKH ITOBHOMY
MOCITIIOBHOMY OOJIIKY MIKEJIEKTPOHHUX KOPEJSIIHHUX €(EeKTiB, SACPHHUX, PEISITUBICTCHKUAX Ta
paaianiifHux nomnpaBok. KirouoBa BIAMIHHICTh MK pe3yjibTaTaMHi pO3paxyHKIB B HAOMMKEHHSAX
Hipaka-®oxka, pi3HHX Bepcisix Qopmani3My Teopii 30ypeHb B OCHOBHOMY IIOB’SI3aHO 3
BUKOPHCTAHHSAM PI3HUX CX€M OOJIIKY MIKEJIEKTPOHHUX KOPEJsLii, a TaKOK BpaxyBaHHS SIEPHUX
1 paiaiiitHIX MOMPaBoK.

KurouoBi cioBa: HanToHka cTpykTypa, BaKKUH aTOM, PENSTUBICTChbKA Teopis 30ypeHb,
KOpEeJISILiiHI, SAepHI, palialiiiHl HONPaBKU

PACS 31.30.Gs
O. A. Antoshkina, M. P. Makushkina, O. Yu. Khetselius, T. B. Tkach

RELATIVISTIC CALCULATION OF THE HYPERFINE STRUCTURE
PARAMETERS FOR COMPLEX ATOMS WITHIN MANY-BODY PERTURBATION
THEORY

Summary. The hyperfine structure parameters and electric quadrupole moment of the °'Hg
mercury isotope the Mn atom 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
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relativistic Hartree-Fock Dirac-Fock and many-body perturbation theory methods calculations is
explained by using the different schemes of taking into account the inter-electron correlations as
well as nuclear and radiative ones.

Keywords: Hyperfine structure, Heavy atoms, Relativistic perturbation theory, correlation,
nuclear, radiative corrections
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PEJIAATUBUCTCKHUI PACYET TIAPAMETPOB CBEPXTOHKOM CTPYKTYPBI
CJIOKHBIX ATOMOB B PAMKAX MHOTOYACTUYHOM TEOPUU BO3MYIIIEHUAM

Pesrome. [lapameTpsl CBEPXTOHKOUW CTPYKTYPBI M JJIEKTPUYECKUNA KBAAPYIOIbHBII MOMEHT
u3orona prytu °’'Hg m aroma Mn paccuuTaHbl Ha OCHOBE PEISATUBHCTCKON MHOTOYACTUYHON
TEOPUH BO3MYIIEHUH C 3(PQPEKTHUBHBIM aKKypaTHBIM Y4Y€TOM OOMEHHO-KOPPEISIMOHHBIX,
PENSATUBUCTCKUX, SIJCPHBIX W PAAMALMOHHBIX IOMPABOK. AHAJIN3 JAHHBIX IIOKAa3bIBAET, YTO
yueT 3(pPeKToB MEXKIIEKTPOHHON KOPPEISANHY UMEET KPUTHUECKOE 3HAU€HHE MPH BBIYUCICHUU
apaMeTPOB CBEPXTOHKON CTPYKTYpbl. PU3UUECKH pasyMHOE COITIacue TEOPUU U MPEIM3UOHHOTO
HKCIIEPUMEHTAa MOXET OBITh oOOecreyeHo Onaromapsi MOJIHOMY IMOCIEIOBATEIbHOMY YYeTy
MEXUIEKTPOHHBIX KOPPESIIMOHHBIX 3(P(EKTOB, SACPHBIX, PEISATUBUCTCKUX W PATUAUOHHBIX
norpaBok. KiroueBoe paznuyne Mex1y pe3yibTaTaMy pacueToB B MpuommkeHusax Jupaka-Poka,
Pa3NIUYHBIX BepCcHsIX (hopMan3Ma TEOPHH BO3MYIIEHHI B OCHOBHOM CBSI3aHO C HCIIOJIb30BAHUEM
Pa3IMYHBIX CXEM YUeTa MEXIJICKTPOHHBIX KOPPEISINMI, a TAKXKE yueTa SACPHBIX U PaJHalliOHHBIX
MIOTIPABOK.

KarwueBble cioBa: CBEpXTOHKasg CTPYKTypa, TSOKEJIBIH aTOM, PpENATUBUCTCKAs TEOPHS
BO3MYIIICHUH, KOPPEISIMOHHEIC, i/IepHbIE, paJIUAIIIOHHBIC TIONPABKH
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ELECTRON-COLLISIONAL SPECTROSCOPY OF ATOMS AND IONS: ADVANCED
ENERGY APPROACH

An advanced relativistic energy approach combined with a scattering theory is used to calculate the electron-
collision excitation cross-sections, collision strengths for a number of multicharged ions. The relativistic many-body
perturbation theory is used alongside the gauge-invariant scheme to generate an optimal Dirac-Kohn-Sham- Debye-
Hiickel one-electron representation. The results of relativistic calculation (taking into account the exchange and
correlation corrections) of the electron collision cross-sections (strengths) of excitation of the transition between the

fine-structure levels (2P -
transition in the B-like O* are presented and analysed.

1. Introduction

Electron-collisional spectroscopy of atoms
and multicharged ions is one of the most fast
developing branches of modern atomic spec-
troscopy. The properties of laboratory and astro-
physical plasmas have drawn considerable at-
tention over the last decades [1-15]. It is known
that multicharged ions play an important role
in the diagnostics 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.

In the case of solving collision problems
involving multi-electron atomic systems, as
well as low-energy processes, etc., the structure
of atomic systems should be described on the
basis of rigorous methods of quantum theory.
As a rule, the Hartree-Fock (HF) or Hartree-
Fock-Slater (HFS) models implemented in the
tight-binding approximation were used to de-
scribe the wave functions of the bound states of
atoms and ions. Another direction is the models
of the central potential (model potential, pseu-
dopotential) implemented in the distorted wave
approximation (DWA). It should be mentioned
the currently widespread and widely used R-
matrix method and its various promising modi-
fications, as well as a generalization of the well-
known Dirac-Fock method to the case of taking
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2P ) of the ground state of F-like ions with Z = 19-26 and of the [25*'S -(2s2p 'P)]

into account multipolarity in the corresponding
operators (see, e.g. , [1-7]). It should be noted
that, depending on the perturbation theory (PT)
basis used, different versions of the R-matrix
method received the corresponding names. For
example, in specific calculations such versions
as R-MATR-CI3-5R and R-MATR-41 R-matrix
method were used using respectively wave func-
tions in the multiconfiguration approximation, in
particular, 5- and 41- configuration wave func-
tions. As numerous applications of the R-matrix
method have shown, it has certain advantages
in terms of accuracy and consistency over such
popular approaches as the first-order PT method,
as well as the distorted wave approximation tak-
ing into account configuration interaction ( CI-
DWBA); --- approximation of distorted waves
using the HF basis (HF-DWBA), finally, the rel-
ativistic approximation of distorted waves with
a l-configuration and multi-configuration wave
function of the ground state (SCGS-RDWA,
MCGS-RDWA, etc.). Improved models have
also appeared in theories of the coupled-chan-
nel (VC) type VCDWA (Variational Continuum
Distorted Wave), for example, a modification of
the Vraun-Scroters type and others (see [1-5]).
Various cluster methods have also been widely
used (see in more details [1-3,14,15]).

In this paper, we present and use an ad-
vanced relativistic energy approach to calculate
the electron-ion collision strengths, effective



collision strengths and the associated cross sec-
tions. The relativistic many-body PT is utilised
alongside the gauge-invariant scheme to gener-
ate an optimal one-electron representation. The
calculated effective collision strengths of the
Ne-like krypton excitation are listed.

2. Advanced energy approach to electron
collision strengths for atomic systems

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

The key idea is in calculating the energy
shifts DE of degenerate states that is connect-
ed with the secular matrix M diagonalization
[6,16]. To construct M, one should use the Gell-
Mann and Low adiabatic formula for DE. The
secular matrix elements are already complex in
the PT second order. The whole calculation is
reduced to calculation and diagonalization of
the complex matrix M .and definition of matrix
of the coefficients with eigen state vectors B
[6,8,9].

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
[6,16]:

AE =ReAE +i172 (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 [6]:

2
mABB=-  y vl
T a>m>f
[a<n< £]

@
where Z/ for electron and 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 [14,16,17].
It is worth to note that this approach was used
under solving of multiple problems of modern
atomic , nuclear and molecular physics (see [ 14-
25]). The scattered part of Im[IE appears first
in the second order of the atomic PT. The col-
lisional de-excitation cross section is defined as
follows [6,8,9]:

o(K »0)=27 Y (2j, +1)*
JinsJs
(<O unde N Jesdiod; > BEY
Jie Jiv
<Oljisde [Jesdisdi =
N+ 2, +DED 73D (=D x
A

X{aﬂ,‘]i (2‘]1 —'_I)Q/l(s’a 5é ;i)ah)+>

(1)

. (2)
Jo ooy oeenih
where Q  is the sum of the known Coulomb
and Breit matrix elements [6,14,16]. The effec-
tive collision strength Q(7 — F)is associated
with a collisional cross section ¢ as follows (in
the Coulomb units):
ol >F)=Q( > F)-n/
3)

{2, + e, [ aZ)’ e, +2}

where Z is the nucleus charge and «is the

fine structure constant, ¢, 1s the incident energy.

Further let us firstly consider the Debye shield-
ing model according to Refs. [7-9].

It is known in the classical theory of plas-

mas developed by Debye-Hiickel, the interac-

tion potential between two charged particles is
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modelled by the Yukawa-type potential, which
contains the shielding parameter p. The param-
eter u is connected with the plasma parameters
such as the temperature 7 and the charge density
n as follows: u~.le’n/k,T . Here, as usually,
e is the electron charge and «, is the Boltzman
constant.

The density n is given as a sum of the elec-
tron density N, and ion density N, of the k-th ion
species having the nuclear charge

“4)

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 spec-
troscopy study have considered the screening
effect only in the electron-nucleus potential
where the electron-electron interaction poten-
tial is truncated at its first term of the standard
exponential expansion for its dominant contri-
bution [3-69]. However, it is also important to
take into account the screening in the electron-
electron 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 [7]:

H= Z[acp—ﬁm02 —Zexp(—ur,)/r]+

(]—a[a.) ®)

+ r—j exp(—ur;)
i>j ij

To generate the wave functions basis we use
the optimized Dirac-Kohn-Sham potential with
one parameter [14,15], which calibrated within
the special ab initio procedure within the relativ-
istic energy approach [16,17]. All calculations
are performed on the basis of the code Supera-
tom-ISAN (version 93).

4y-n=N,+ ZQI%NIC'
%
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3. Results and conclusion

In Table 1 we present the results of our rel-
ativistic calculation (taking into account the
exchange and correlation corrections) of the
electron collision strengths of excitation the
transition between the fine-structure levels (2P
.- 2P ;) of the ground state of F-like ions with
Z =19-26.

The energy of the incident electron is

e = 0.1294x7? eV, T = 7* keV (z is the core
charge), N_= 10" cm™. For comparison, in Table
1 there are also listed the calculation results based
on the most advanced versions of the R-matrix
method, nonrelativistic calculation data in the
framework of the energy approach, and also the
available experimental data [1-3].

The analysis shows that the presented data are
in physically reasonable agreement, however,
some difference can be explained by using differ-
ent relativistic orbital basises and different models
for accounting of the plasma screening effect. This
circumstance is mainly associated with the correct
accounting of relativistic and exchange-correlation
effects, using the optimized basis of relativistic or-
bitals (2s? 2p°; 2s 2p° 2s* 2p* 31, 1=0-2)

Table 1.

The electron collision strengths of excitation

the transition between the fine-structure lev-

els 2P , - 2P ) of the ground state of F-like
ions with Z =19-26

Ion ICFT LS+JAJOM
R-matrix R-matrix
Ar X 0.582 0.420
Ca XII 0.162 0.160
Ti XIV 0.225 0.220
Cr XVI 0.112 0.100
Fe XVIII 0.132 0.110
Ion Our Exp.
data [6]
Ar X 0.492 0.49
Ca XII 0.159 -
Ti XIV 0.252 -
Cr XVI 0.142 -
Fe XVIII 0.148 0.15

and, to a lesser extent, taking into account the
effect of the plasma environment.



The electron-ion collision characteristics
for Be-like ions are of great interest for appli-
cations such as the diagnosis of astrophysical,
laboratory, and thermonuclear plasmas, as well
as EBIT plasmas (see, for example, [4,5]). In the
latter case, the characteristic values of electron
density turn out to be significantly (several or-
ders of magnitude) less than those considered
above (10°-10"). In particular, the so-called
MEIBEL (the merged electron-ion beams ener-
gy-loss) experiment (1999), the results of which
for a Be-like oxygen ion are presented in Fig. 1.
In this figure there also listed the cross section
(10" cm?) of the electron-collision excitation
of the [2s?'S -(2s2p 'P)] transition in the spectra
of Be-like oxygen together with the data from
an alternative 3-configuration R-matrix calcu-
lation [4]. At energies below 20eV there is the
reasonable agreement between the theoretical
and experimental, but, above 20eV there is a
discrepancy, which is due to different degrees of
allowance for correlation effects (interaction of
configurations) due to the difference in the bases
used.

T T ] T | I T
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Fig.1. Cross section for electron-collision ex-

citation of the [2s?!S -(2s2p 'P)] transition in

the spectra of B-like O*": Experiment MEI-

BEL - points; Theory: R-matrix — solid line;
our theory - dashed line.

21.5

9.

10.

References
Badnell, N.R. Calculations for electron-ion
collisions and photoionization processes for
plasma modeling. J. Phys.: Conf. Ser. 2007,
88, 012070.
Griffin, D.C., Balance, C., Mitnik, D.,
Berengut, J.C. Dirac R-matrix calculations
of electron-impact excitation of neon-like
krypton. J. Phys. B: At. Mol. Opt. Phys.
2008, 41,215201.
Yonggiang, Li; Jianhua, Wu; Yong, Hou, Ji-
anmin Yuan. Influence of hot and dense plas-
mas on energy levels and oscillator strengths
of ions: Be-like ions for Z = 26-36, J. Phys.
B: At. Mol. Opt. Phys. 2008, 41, 145002.
Bannister, M. E., Djuri€, N., Woitke, O.,
Dunn, G., Chung, Y. -S, Smith, A. C. H.,
Wallbank, B., Berrington, K. A. Absolute
cross-sections for near—threshold electron-
impact excitation of Be-like C**, N**, O*.
Int. J. Mass Spectr. 1999, 192, 39-48.
Smith, A. C. H., Bannister, M. E., Chung,
Y. -S, Djuri,€ N., Dunn, G. H., Wallbank,
B., Woitke, O. Near-threshold Electron-im-
pact Excitation of Multiply-charged Be-like
Ions. Phys.Scr. 1999, T80, 283-287.
Ivanov, L.N.; Ivanova, E.P.; Knight, L. En-
ergy approach to consistent QED theory for
calculation of electron-collision strengths:
Ne-like ions. Phys. Rev. A. 1993, 48, 4365-
4374,
Buyadzhi, V.V. Laser multiphoton spectros-
copy of atom embedded in Debye plasmas:
multiphoton resonances and transitions.
Photoelectronics. 2015, 24, 128-133.
Buyadzhi, V.V.; Chernyakova, Yu.G;
Smirnov, A.V.; Tkach, T.B. Electron-col-
lisional spectroscopy of atoms and ions in
plasma: Be-like ions. Photoelectronics.
2016, 25, 97-101.
Buyadzhi, V.; Chernyakova, Yu.; Antoshki-
na, O.; Tkach, T. Spectroscopy of multich-
arged ions in plasmas: Oscillator strengths
of Be-like ion Fe. Photoelectronics. 2017,
26, 94-102.
Glushkov, A.V.; Malinovskaya, S.V.; Pre-
pelitsa, G.P.; Ignatenko, V. Manifestation of
the new laser-electron nuclear spectral ef-
fects in the thermalized plasma: QED theory

65



I1.

12.

13.

14.

15.

16.

17.

66

of co-operative laser-electron-nuclear pro-
cesses. J. Phys.: Conf. Ser. 2005, 11, 199-
206.

Glushkov, A.V.; Malinovskaya, S.V,;
Chernyakova Y.G.; Svinarenko, A.A. Co-
operative laser-electron-nuclear processes:
QED calculation of electron satellites spec-
tra for multi-charged ion in laser field. /nt.
Journ. Quant. Chem. 2004, 99, 889-893.
Glushkov, A.V.; Malinovskaya, S.V.; Lo-
boda, A.V.; Shpinareva, [.M.; Gurnitskaya,
E.P.; Korchevsky, D.A. Diagnostics of the
collisionally pumped plasma and search
of the optimal plasma parameters of x-ray
lasing: calculation of electron-collision
strengths and rate coefficients for Ne-like
plasma. J. Phys.: Conf. Ser. 2005, 11, 188-
198.

Glushkov, A.V.; Ambrosov, S.V.; Loboda,
A.V.; Gurnitskaya, E.P.; Prepelitsa, G.P.
Consistent QED approach to calculation of
electron-collision excitation cross sections
and strengths: Ne-like ions. Int. J. Quantum
Chem. 2005, 104, 562-569.

Glushkov, A.V. Relativistic Quantum theory.
Quantum mechanics of atomic systems, As-
troprint: Odessa, 2008.

Khetselius, O.Yu. Hyperfine structure of
atomic spectra. Astroprint: Odessa, 2008.
Glushkov, A.V.; Ivanov, L.N.; Ivanova, E.P.
Autoionization Phenomena in Atoms. Mos-
cow Univ. Press, 1986, 58-160

Glushkov, A.; Ivanov, L. Radiation decay of
atomic states: atomic residue polarization
and gauge noninvariant contributions. Phys.
Lett. 41992, 170, 33.

18.

19.

20.

21

22.

23.

24.

Glushkov, A.V. Spectroscopy of atom and
nucleus in a strong laser field: Stark effect
and multiphoton resonances. J. Phys.: Conf.
Ser. 2014, 548, 012020

Khetselius, O.Yu. Spectroscopy of coopera-
tive electron-gamma-nuclear processes in
heavy atoms: NEET effect. J. Phys.: Conf.
Ser. 2012, 397, 012012.

Glushkov A.V.; Ivanov, L.N. DC strong-
field Stark effect: consistent quantum-me-
chanical approach. J. Phys. B: At. Mol. Opt.
Phys. 1993, 26, 1L379-386.

. Ignatenko, A.V. Probabilities of the radia-

tive transitions between Stark sublevels in
spectrum of atom in an DC electric field:
New approach. Photoelectronics, 2007, 16,
71-74.

Glushkov, A.V.; Ambrosov, S.V.; Ignatenko,
A.V. Non-hydrogenic atoms and Wannier-
Mott excitons in a DC electric field: Photo-
ionization, Stark effect, Resonances in ion-
ization continuum and stochasticity. Photo-
electronics, 2001, 10, 103-106.

Glushkov A., Ternovsky V., Buyadzhi V.,
Prepelitsa G., Geometry of a relativistic
quantum chaos: New approach to dynamics
of quantum systems in electromagnetic field
and uniformity and charm of a chaos. Proc.
Intern. Geom. Center. 2014, 7(4), 60-71.
Khetselius, O.Yu. Relativistic perturbation
theory calculation of the hyperfine structure
parameters for some heavy-element iso-
topes. Int. Journ.Quant.Chem. 2009, 109,
3330-3335.

. Khetselius, O. Hyperfine structure of radi-

um. Photoelectronic. 2005, 14, 83-85.



PACS 31.15.-p
V. V. Buyadzhi

ELECTRON-COLLISIONAL SPECTROSCOPY OF ATOMS AND IONS: ADVANCED
ENERGY APPROACH

Summary. An advanced relativistic energy approach combined with a scattering theory is used
to calculate the electron-collision excitation cross-sections, collision strengths for a number of mul-
ticharged ions. The relativistic many-body perturbation theory is used alongside the gauge-invari-
ant scheme to generate an optimal Dirac-Kohn-Sham- Debye-Hiickel one-electron representation.
The results of relativistic calculation (taking into account the exchange and correlation corrections)
of the electron-collision cross-sections (strengths) of excitation of the transition between the fine-
structure levels (2P , - 2P | ) of the ground state of F-like ions with Z = 19-26 and of the [2s*'S
-(2s2p 'P)] transition in the B-like O*" are presented and analysed

Key words: spectroscopy of ions, relativistic energy approach, collision cross-sections

PACS 31.15.-p
B. B. bysioorcu

IJEKTPOH-CTOJIKHOBUTEJIbBHASA CIHEKTPOCKOIIUA ATOMOB 1 HOHOB:
PEJIAATUBUCTCKUM SJHEPTETUYECKUHA MOJAXO0]

Pe3iome. DPhEeKTHBHBIN PEISATUBUCTCKUN DHEPTETUYCCKUMA TOAXO] B COUYETAHHH C TEOPHUEH
CTOJIKHOBEHUI HCIIONB3YETCs [IJIsl pacueTa CEYeHUI ANEeKTPOH-CTOITKHOBUTEIBHOTO BO30YKICHHUS,
CWJI CTOJIKHOBEHMM JUIsl psila MHOTO3apsiAHBIX MOHOB. PensTUBUCTCKAs TEOPUSI MHOIOYAaCTUYHAS
TEOpHUsl BOMYIIEHUN Hapsiay ¢ 3PpGEeKTUBHON KanrMOpOBOUHO-UHBAPUAHTHOM CXEMOU HCIIONb3Y-
€TCs I TeHEepalud ONTHUMAJIbHOIO OJHOXJIEKTPOHHOro mnpexacrasieHus [(upaka-Kona-Illama-
Jebas-Xroxkkens. IIpencTaBneHbl 1 aHAIM3UPYIOTCS PE3YNIbTaThl pacueTa (C y4eToM OOMEHHBIX
U KOPPEJSILIMOHHBIX MOMPAaBOK) CEYEHUN CTOJKHOBUTEIBHOIO BO30YKICHHS MEPEX0oaa MEXIy
YPOBHSAMH TOHKOM CTPYKTYphI (2P, - 2P | ) F-monoOnbix HoHOB M BO30y:k1eHus nepexona [2s”'S
-(2s2p 'P)] B Be-mogo6HOM O*.

KutoueBble c10Ba: CrIEKTPOCKONHSI HOHOB, SHEPTETHUECKHM MOJIX0/1, CEYE€HUS] CTOJIKHOBEHUI
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CIIEKTPOCKOIIA 3A PAXYHOK EJIEKTPOHHUX 3ITKHEHb ATOMIB I
MOHOB: PEJIITUBICTCHKAN EHEPTETHYHWM ITIIXIT

Pe3iome. EQexTrBHUIN pensSTHBICTCHKHI €HEPreTUYHUHN MiX1/] B TOE€AHAHHI 3 TEOPIEIO 3ITKHEHb
BUKOPHCTOBYETHCS /11l PO3PAXyHKY MEPETUHIB €JIEKTPOH-31TKHEHb 30y/PKEHHS, CUJI 31TKHEHb JIJIS
psay Oararo3apsiHuX 10HIB. PensTuBicTchKa Teopisi 0araro4acCTUHKOBUX Teopis 30ypeHb BUKOPHUC-
TOBY€ETBCS JJISl TEHEpallii ONTUMAIBHOTO OIHOENIEKTpOHHOTO ysiBieHHs [lipaka-Kona-Illama-/le-
0as-Xrokkens. [Ipeacrasneni 1 aHaII3yIOThCS Pe3yJIbTaTH PO3PAXYHKY (3 ypaxyBaHHSIM OOMIHHUX
1 KOpensLiiHUX MOMPaBOK) Mepepi3iB 30yMKEHHs 32 paXyHOK 3ITKHEHHS MEePEXoay MiX PIBHIMH
ToHKOi cTpykTYypH (2P | - 2P ) F-noniOnux iowis i 30ymxenns nepexony [2s*'S-(2s2p 'P)] B Be-
nogionomy O*,

Kuro4oBi cj10Ba: CrieKTpOCKOIIis 10HIB, CHEPITEeTHYHHUM IT1 X111, Tepepi3H 3ITKHCHD

67



PACS 36.10.-k

Yu. V. Dubrovskaya, I. N. Serga, Yu. G. Chernyakova, L. A. Vitavetskaya

Odessa State Environmental University, L’vovskaya str., 15, Odessa, 65016, Ukraine
E-mail: dubrovskayayv(@gmail.com

RELATIVISTIC THEORY OF SPECTRA OF PIONIC AND KAONIC ATOMS:
HYPERFINE STRUCTURE, TRANSITION PROBABILITIES FOR NITROGEN

A new theoretical approach to energy and spectral parameters of the hadronic (pionic and kaonic) atoms in the
excited states with precise accounting for the relativistic, radiation and nuclear effects is applied to the study of radiation
parameters of transitions between hyperfine structure components of the pionic and kaonic nitrogen. The advanced data
on the probabilities of radiation transitions between components of the hyperfine structure transitions 5g-4f, 5f-4d in
the spectrum of pionic nitrogen and 8k-7i, 8i-7h in the spectrum of kaonic nitrogen are presented and compared with

alternative theoretical data.

1. Introduction

Our work is devoted to the further application
of earlier developed new theoretical approach
[1-8] to the description of spectra and different
spectral parameters, in particular, radiative
transitions probabilities for hadronic (pionic
and kaonic) atoms in the excited states with
precise accounting for the relativistic, nuclear
and radiative effects. As it was indicated earlier
[7-12] nowadays investigation of the pionic,
kaonic and at whole the exotic hadronic atomic
systems represents a great interest as from
the viewpoint of the further development
of atomic and nuclear spectral theories as
creating new tools for sensing the nuclear
structure and fundamental hadron-nucleus
strong interactions [6-14]. Spectroscopy of
hadronic atoms already in the electromagnetic
sector is extremely valuable area of research
that provide unique data for different areas of
physics, including nuclear, atomic, molecular
physics, physics of particles, sensor electronic
etc. It should be emphasized that the theory of
pion spectra of atoms are highly excited, even
in the electromagnetic sector (ie short-range
strong pion-N interaction neglects little) is
extremely complex and at present, despite the
known progress remains very poorly developed.
It is about the fundamental theoretical problems
describing relativistic atoms considering nuclear,
radiation effects, and a completely insufficient
spectral data for pion atoms. While determining
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the properties of pion atoms in theory is very
simple as a series of H such models and more
sophisticated methods such combination chiral
perturbation theory (TC), adequate quantitative
description of the spectral properties of atoms in
the electromagnetic pion sector (not to mention
even the strong interaction sector ) requires the
development of High-precision approaches,
which allow you to accurately describe the role
of relativistic, nuclear, radiation QED (primarily
polarization electron-positron vacuum, etc.).
pion effects in the spectroscopy of atoms.

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

The more correct accounting of the QED,
finite nuclear size and electron-screening effects



for pionic atoms is also very serious and actual
problem to be solved more consistently in
comparison with available theoretical models
and schemes. At last, a development of the
comprehensive theory of hyperfine structure
and computing radiative transitions probabilities
between its components is of a great interest and
importance in a modern theory of the hadronic
atom spectra [1-39].

2. Theory

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

+oagr+ (s + i)V + VW, = B,

(1

{—(r}';; + 'r’lrl'g} :}J“

&

where s, are the Pauli spin matrices and

U, — 1 ( (1 +(E—I/rc(.-m)/ﬁi)l?’)z' ) '
: @)

(1~ (E—VE)/w)és
This equation is equivalent to the
stationary Klein-Gordon-Fock equation. The
corresponding non-stationary Klein-Gordon-
Fock equation can be written as follows:

1PE(x) = (50, + eVy(r)] + PPV} (x)

¢ 3)

where c is the speed of light, / is the Planck

constant, m 1s the reduced mass of the pion-

nuclear system, and W (x) is the scalar wave

function of the space-temporal coordinates.

Usually one considers the central potential

[V,(r), 0] approximation with the stationary
solution:

Y (x) = exp(-iEt/ h)p(x), 4)

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

— e }P(x) =0
)
Here E is the total energy of the system (sum
of the mass energy mc? and binding energy e ).
In principle, the central potential V is the sum
of the following potentials: the electric potential
of a nucleus, vacuum-polarization potential.
The strong interaction potential can be added
below. Generally speaking, an energy of the
pionic atomic system can be represented as the
following sum:

{iz[E +eV, (N + 1V’
C

ExEwo+Eps+Epsp+Ey, (6

where E,.is the energy of a pion in a
nucleus (Z, A) with the point-like charge, E,
is the contribution due to the nucleus finite size
effect, E,,is the radiation QED correction, E,
is the energy shift due to the strong (pion- or
kaon- nuclear) interaction V. In principle, the
central potential ¥, should include the central
Coulomb potential, the radiative (in particular,
vacuum-polarization) potential as well as the
electron-screening  potential in the atomic-
optical (electromagnetic) sector. Surely, the full
solution of the pionic atom energy especially for
the low-excited state requires an inclusion the
hadron-nuclear strong potential.

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

plrR) =47 N Jexpl= 7). 1)

where y = 475/ R? , R is an effective radius
of a nucleus.

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

O, ,(N=0,)+®,(r)+D,(r)+.

2 .
+ q)] (7") + gq)/[tjlghforder (7")

(3
where
2 2
(Df[ljigh—order (7") _ —2—aq)(l") 0.092Z _
3 1+(1.62r/r.)
B(Z
CD[(r) — ( ) Z4a5mc26—Zr/aB
¢ ©)

Here e — a proton charge and universal
function B(Z) 1is defined by expression:
B(72)=0.074+0.357a.

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

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

3. Results and conclusions

As example of application of the presented
approach, in table 1 we present the data on
radiative transition probabilities (in s') for
hyperfine transitions 5g-4f in the spectrum of
the pion nitrogen): Thl- data by Trassinelli-
Indelicato; Th2- our data.
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Table 1.
The radiative transition probabilities (in
s) for hyperfine transitions 5g-4f in the
spectrum of the pion nitrogen: Th1- data by
Trassinelli-Indelicato; Th2- our data

F-F° TI:P(5g-4f) | TIIL:P (5g-4f)
5-4 7.13x 10" 7.04x 10"
4-3 5.47x 10" 5.41x 10"
4-4 5.27x 10" 5.23x 10"
3-2 4.17x 108 4.12x 10"
3-3 0.36x 10" 0.34x 10"
3-4 0.01x 10" 0.009x% 10"

In theory by Trassinelli-Indelicato (look,
for example, [6]) it has been used the standard
atomic spectroscopy amplitude scheme when
the transitions energies and probabilities are
calculated in the known degree separately. At the
same time this computing within the relativistic
energy approach is performed more correctly
and self-consistently (look details in [4,9] and
Refs. therein).

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

In table 3 we present the data on radiative
transition probabilities (in s') for the hyperfine
transitions 8k-7i in the spectrum of the kaonic
nitrogen atom: Thl- the data by Trassinelli-
Indelicato; Th2 - our data.

Table 2.
Radiative transition probabilities (s') for
hyperfine transitions 5f-4d in the spectrum of
the pioniv nitrogen: our data

F-F’ Our data
(5f-4d)
4-3 4.57x 101
3-2 3.16x 10"
3-3 2.98x 103
2-1 2.13x 101
2-2 2.25x 1013
2-3 0.01x 10"




Table 3.

The radiative transition probabilities (in

s!) for the 8Kk-7i transition in the k-N atom:
Th1- Trassinelli-Indelicato; Th2- our data

F-F’ TL P T.II: our data
8-7 1.54 x 10" 1.51 x 108
7-6 1.33 x 10" 1.32 x 108
7-7 1.31 x 10" 1.29 x 10"
6-5 1.15x 10" 1.12 x 10"
6-6 0.03 x 10" 0.02 x 10"
6-7 0.00 x 10" 0.004 x 10"

In table 4 we present our data for radiative
transition probabilities (in s') for hyperfine
transitions 8i-7h in the spectrum of the kaonic
nitrogen: our data. In whole, the computed
radiative transition probabilities values for
considered transitions between hyperfine
structure components in the spectrum of the pion
within theory by Trassinelli-Indelicato and ours
demonstrate physically reasonable agreement,
however our values are a little lower.

This circumstance fact can be reasonably
explained by difference in the computing
schemes and different level of accounting for
nuclear finite size, QED and other effects (c.g.
[1-3,20,21]). In any case the data obtained can
be considered as sufficiently accurate ones and
used in the corresponding applications, indicated
in the introduction.

Table 4.
Radiative transition probabilities
(in s) for hyperfine transitions 8i-7h in
spectrum of the kaonic nitrogen: our data

F-F’ Our data
(8i-7h)
7-6 1.16 x 10"
6-5 0.99 x 10"
6-6 0.96 x 10"
5-4 0.81 x 10"
5-5 0.02 x 10"
5-6 0.005 x 103

10.
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Yu. V. Dubrovskaya, I. N. Serga, Yu. G. Chernyakova, L. A. Vitavetskaya

RELATIVISTIC THEORY OF SPECTRA OF PIONIC AND KAONIC ATOMS:
HYPERFINE STRUCTURE, TRANSITION PROBABILITIES FOR NITROGEN

Summary. A new theoretical approach to energy and spectral parameters of the hadronic (pionic
and kaonic) atoms in the excited states with precise accounting for the relativistic, radiation and
nuclear effects is applied to the study of radiation parameters of transitions between hyperfine
structure components of the pionic and kaonic nitrogen. The advanced data on the probabilities of
radiation transitions between components of the hyperfine structure transitions 5g-4f, 5f-4d in the
spectrum of pionic nitrogen and 8k-7i, 8i-7h in the spectrum of kaonic nitrogen are presented and
compared with alternative theoretical data.

Keywords: relativistic theory, hyperfine structure, hadronic atoms

PACS 36.10.-k
10. B. [lyoposckas, U. H. Cepea, IO. I Yepnsakosa, JI. A. Bumaseykas

PEJATUBUCTCKASA TEOPUSA CIIEKTPOB IIMOHHBIX U KAOHHBIX ATOMOB
CBEPXTOHKAS CTPYKTYPA, BEPOATHOCTHU NIEPEXOAOB JIUISA A30TA

Pe3tome. HoBblil TeopeTHueckuid MOAXOA K OMUCAHHIO JSHEPTETUYCCKUX W CHEKTPATBbHBIX
napaMeTpoB aAPOHHOrO (MMMOHHOTO W KAOHHOTO) aTOMOB B BO30YKIEHHBIX COCTOSHHUSX C
aAKKypaTHBIM YYE€TOM PEJIATUBHCTCKHX, PATUAIlMOHHBIX U SJICPHBIX 3(PQPEeKTOB NpHMEHSETCS
K U3YUYCHHIO XapPAKTEPUCTUK PaTUAIMOHHBIX TEPEXOJ0B MEKIY KOMIIOHEHTaMHU CBEPXTOHKON
CTPYKTYphl THMOHHOTO W KAOHHOTO aToMOB a3oTa. [IpencraBieHbl YTOYHEHHBIE aHHBIE O
BEPOSATHOCTSX PAJUAIMOHHBIX IEPEXOJ0B MEKIY KOMIIOHEHTAMHU CBEPXTOHKHUX CTPYKTYPHBIX
nepexonoB 5g-4f, 5f-4d B cnekTpe muonHoro azora u 8k-7i, 8i-7h B cnekTpe KaOHHOTO a30Ta,
HEKOTOPBIC U3 KOTOPHIX CPABHUBAIOTCS C alIbTEPHATHBHBIMU TEOPETHUECKIUMHU JTAHHBIMU.

KiroueBble ¢J10Ba: pEIsSTUBUCTCKAS TCOPHS, CBEPXTOHKAS CTPYKTYpPa, aAPOHHBIC aTOMBI

PACS 36.10.-k
IO. B. J[yoposcvka, 1. M. Cepea, IO. I Yepnsaxosa, JI. A. Bimaseyvka

PEJIATUBICTCBKA TEOPISA CHEKTPIB IIOHHUX TA KAOHHUX ATOMIB:
HAJATOHKA CTPYKTYPA, UMOBIPHOCTI HEPEXOIIB JISA ASOTA

Pe3rome. HoBuil TeopeTnuHuii miaxig A0 OMNUCY €HEPreTUYHUX 1 CIEKTPAJIbHUX MapaMeTpiB
aapoHHUX (TOHHUX 1 KAOHHWX) aTOMIB B 30y/[UKCHMX CTaHax 3 aKypaTHUM YypaxyBaHHIM
PENATUBICTCHKHX, PaIiallifHUX 1 siIepHUX €(EeKTIB 3aCTOCOBYETHCS 0 BUBYCHHS XapaKTEPUCTHK
pajialifHUX NEPexo/iB MK KOMIIOHEHTAaMHU HaJATOHKOI CTPYKTYypH IIOHHOIO 1 KAOHOB aToOMiB
azoty. [IpencraBieHi yTouHeHi JaHi PO KMOBIPHOCTI paialliiHUX MEPEeX0/IiB Mi>K KOMIIOHCHTaMHU
HAJTOHKOI CTPYKTYpH, 30Kpema, niepexoni 5g-4f, 5f-4d B criektpi mionHoro azory i 8k-7i, 8i-7h B
CTIEKTPi KAOHHOTO a30TY, JIESIKi 3 SIKUX IMTOPIBHIOIOTHCS 3 aIbTEPHATHBHUMHU TEOPETUIHUMH JAHUMHU.

Kuro4oBi ciioBa: pensaruBicTcbka Teopisi, HAATOHKA CTPYKTypa, aJpOHHI aTOMU
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THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF Ne-LIKE IONS
ON THE BASIS OF OPTIMIZED RELATIVISTIC MANY-BODY PERTURBATION
THEORY

Theoretical studying spectroscopic characteristics of the Ne-like multicharged ions is carried out within the rela-
tivistic 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

It is well known that the correct data about
different radiation, energetic and spectroscopic
characteristics of the multielectron atoms and
multicharged ions, namely, radiative decay
widths, probabilities and oscillator strengths
of atomic transitions, excitation and ionization
cross-sections are needed in astrophysics and
laboratory, thermonuclear plasma diagnostics
and in fusion research. In this light, studying the
spectral characteristics of the alkali elements
attracts a special interest. There have been
sufficiently many reports of calculations and
compilation of energies and oscillator strengths
for these atoms and corresponding ions (see,
for example, [1-28]). In many papers the
standard Hartree-Fock, Dirac-Fock methods,
model potential approach, quantum defect
approximation etc in the different realizations
have been used for calculating energies and
oscillator strengths. However, it should be
stated that for the heavy alkali atoms (such
as caesium and francium and corresponding
ions) and particularly for their high-excited
(Rydberg) states, there is not enough precise
information available in literature. The multi-
configuration Dirac-Fock method is the most
reliable version of calculation for multielectron
systems with a large nuclear charge. In
these calculations the one- and two-particle
relativistic and important exchange-correlation

corrections are taken into account (see Refs.
[1] and Refs. therein). However, one should
remember about very complicated structure of
spectra of the lanthanides atoms and necessity
of correct accounting for different correlation
effects such as polarization interaction of the
valent quasiparticles 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
[5-11] (see also [12-22]). We use an analogous
version of the perturbation theory (PT) to study
spectroscopic characteristics of some Ne-like
ions.

2. Advanced relativistic many-body
perturbation theory and energy approach

As the method of computing is earlier
presented in detail, here we are limited only by
the key topics [5-15]. Generally speaking, the
majority of complex atomic systems possess a
dense energy spectrum of interacting states with
essentially relativistic properties. In the theory
of the non-relativistic atom a convenient field
procedure is known for calculating the energy
shifts AE of degenerate states. This procedure
is connected with the secular matrix M
diagonalization [12-22]. In constructing M, the
Gell-Mann and Low adiabatic formula for AE
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is used. In contrast to the non-relativistic case,
the secular matrix elements are already complex
in the second order of the electrodynamical
PT (first order of the interelectron interaction).
Their imaginary 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 different authors, the ReAE calculation
procedure has been generalized for the case of
nearly degenerate states, whose levels form
a more or less compact group. One of these
variants has been previously introduced: for a
system with a dense energy spectrum, a group
of nearly degenerate states is extracted and their
matrix M is calculated and diagonalized. If the
states are well separated in energy, the matrix
M reduces to one term, equal to AE . The non-
relativistic secular matrix elements are expanded
in a PT series for the interelectron interaction.
The complex secular matrix M is represented in
the form [12-14]:

M=MO+Mm" +MP M. (1)

where M*) is the contribution of the vacuum
diagrams of all order of PT, and M (l), M®?
M () those of the one-, two- and three-

quasiparticle diagrams respectively. M © s a
real matrix, proportional to the unit matrix. It
determines only the general level shift. We have

assumed M'” =0. The diagonal matrix M 0
can be presented as a sum of the independent
one-quasiparticle contributions. For simple
systems (such as alkali atoms and ions) the one-
quasiparticle energies can be taken from the
experiment. Substituting these quantities into (1)
one could have summarized all the contributions
of the one -quasiparticle diagrams of all orders
of the formally exact QED PT. However, the
necessary experimental quantities are not often
available. The first two order corrections to

ReM® have been analyzed previously using
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Feynman diagrams (look Ref. in [1,2]). The
contributions of the first-order diagrams have
been completely calculated. In the second order,
there are two kinds of diagrams: polarization
and ladder ones. The polarization diagrams
take into account the quasiparticle interaction
through the polarizable core, and the ladder
diagrams take into account the immediate
quasiparticle interaction [11-20]. Some of the
ladder diagram contributions as well as some of
the three-quasiparticle diagram contributions in
all PT orders have the same angular symmetry
as the two-quasiparticle diagram contributions
of the first order. These contributions have
been summarized by a modification of the
central potential, which must now include the
screening (anti-screening) of the core potential
of each particle by the two others. The additional
potential modifies the one-quasiparticle orbitals
and energies. Then the secular matrix is as
follows [1,2]:

M—->MY+M?, )

where M" is the modified one-quasiparticle
matrix ( diagonal), and M @) is the modified

two-quasiparticle one. M M is calculated by
substituting the modified one-quasiparticle

energies), and M @) by means of the first PT

order formulae for M, putting the modified
radial functions of the one-quasiparticle states
in the radial integrals..

Let us remind that in the QED theory, the photon
propagator D(12)playstherole ofthis interaction.
Naturally the analytical form of D(12) depends
on the gauge, in which the electrodynamical
potentials are written. Interelectron interaction
operator with accounting for the Breit interaction
has been taken as follows:

) -aa;)

3

7y €)

where, as usually, o, are the Dirac matrices.
In general, the results of all approximate
calculations depended on the gauge. Naturally



the correct result must be gauge-invariant. The
gauge dependence of the amplitudes of the
photo processes in the approximate calculations
is a well known fact and is in details investigated
by Grant, Armstrong, Aymar and Luc-Koenig,
Glushkov-Ivanov et al (see reviews in [5-7] and
Refs. therein). Grant has investigated the gauge
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 of the photo
processes are gauge invariant [3]. Glushkov-
Ivanov have developed a new relativistic gauge-
conserved version of the energy approach [14]. In
ref. [25, 29-35] it has been developed its further
generalization. Here we applied this approach
for generating 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 contributions 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. [1-5,36-44].

3. Some results and conclusion

In tables 1 and 2 we present the values of
probabilities of the transitions between levels
of the configurations 2s*2p3s,3d,4s,4d and
2s2p%3p,4p in the Ne-like ions of the Ni XIX,
Br XXVI (in s’'; total angle moment J=1): a —
the MCDF method; b- relativistic PT with the
empirical zeroth approximation (RPTMP); cl —
REA-PT data (without correlation corrections);
c2 — REA-PT data (with an account for the
correlation); exp.- experimental data (look [1-6]
and Refs therein); This work -our data.

Table 1.
Probabilities of radiation transitions between
levels of the configurations 2s*2p°3s,3d,4s,4d
and 2s2p®3p,4p in the Ne-like ion of Ni XIX
(in s’'; total angle moment J=1): a—the MCDF
method; b- relativistic PT with the empirical
zeroth approximation (RPTMP); cl, ¢2 —
REA PT data (without and with account for
correlation effects); exp. - experiment; this

work-our data (see text)

Level J=1 Exp. a-MCDF | b-RPTMP
2p.,3s,, | 7.6+11 9.5+11 1.3+12
2p,.3s,, | 6.0+11 1.8+12 1.0+12
2p.,3d,,, | 1.4+11 2.2+11 1.5+11
2p.,3d.,, | 1.2+13 2.1+13 1.2+13
2p,,3d,,, | 3.2+13 4.8+13 3.6+13
2s,, 3D, 8.5+11
2s,, 3p., 5.1+12
2p..4s,, | 3.3+11 3.6+11
2p..4s,. | 2.0+11 3.0+11
2p.4d,. | 4.5+10 5.2+10
2p.Ad., | 8.3+12 8.3+12
2p,4d,. | 8.1+12 7.9+12
cl- c2- This work
Level J=1 | REAPT | REAPT
2p..3s.,, | 9.7+11 | 8.1+11 7.9+11
2p..3s,,, | 7.6+11 6.2+11 6.1+11
2p.,3d,,, | 1.7+11 1.4+11 1.3+11
2p.,3d., | 1.5+13 1.2+13 1.1+13
2p,.,3d,, | 4.0+13 3.3+13 3.2+13
2s,,3p,, | 9.5+11 8.1+11 8.0+11
2s.,3p., | 5.6+12 4.7+12 4.6+12
2p..4s, | 4.1+11 | 3.4+11 3.3+11
2p,.4s, | 3.1+11 | 2.4+11 2.2+11
2p.4d., | 5.4+10 | 4.8+10 | 4.6+10
2p..4d., | 9.2+12 | 8.2+12 8.1+12
2p,4d.. | 8.9+12 8.0+12 8.0+12
2s, ,.4p.,, | 6.3+11 5.7+11 5.6+11
2s,,.4p., | 2.7+12 2.4+12 2.3+12
Analysis of the data shows that the
computational method used provides a
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physically reasonable agreement between the

theoretical and experimental data.
Table 2.

Probabilities of radiation transitions between
levels of the configurations 2s*2p®3s,3d,4s,4d
and 2s2p®3p,4p in the Ne-like ion of Br XXVI
(in s'; total angle moment J=1): a — the DF
method; b- RPTMP; c1,2 — REA PT data
(without and with account for correlation
effects); exp. - experiment; this -our data

Level J=1 Exp. | a-MCDF | b-RPTMP
2p..3s,,, | 4.5+t12 | 6.2+12 4.4+12
2p,,3s,,, |3.1+12 | 4.8+12 2.8+12
2p,,3d,, |2.8+11 | 3.9+11 2.9+11
2p,,3d.,, |6.1+13 | 8.0+13 6.3+13
2p,,3d,, |[8.6+13 | 9.5+13 8.7+13
2s,,3p,,, |3.9+12 4.2+12
2s.,3p,, | 1.4+13 1.5+13
2p..,4s,,, | 1.1+12 1.2+12
2p,.4s,,, | 2.1+12 2.5+12
2p..4d, | 2.8+10 7.3+10
2p..4d. 2.8+13
2p,4d,. | 2.0+13 2.2+13
2s,,.4p,, |2.5+12
2s .4p,, | 7.1+12
Level J=1 cl- c2-%ED This
ED P work
T
2p..3s,,, | 5.5+12| 4.4+12 4.3+12
2p..3s,,, | 3.6+12| 2.7+12 2.6+12
2p..3d,, | 3.5+11 | 2.8+11 2.7+11
2p,,3d.,, | 7.5+13 | 6.1+13 6.1+13
2p,,3d,, [9.9+13 | 8.6+13 8.5+13
2s.,3p,, |4.7+12 | 4.0+12 3.9+12
2s,,3p., | 1.8+13 | 1.4+13 1.3+13
2p.4s., | 1.5+12 | 1.1+12 1.1+12
2p, . 4s.,. | 2.8+12 | 2.3+12 2.2+12
2p..4d, 1 6.9+10 | 6.3+10 6.0+10
2p..4d. | 2.7+13 | 2.3+13 2.2+13
2p,.4d, | 2.3+13 | 2.0+13 1.9+13
2s, 4p,, | 2.9+12| 2.6+12 2.5+12
2s,,4p,, | 8.9+12 | 8.0+12 7.8+12
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Let us note that the transition probabilities
values in the different photon propagator gauges
are practically equal. Besides, an account of the
inter particle (electron) correlation effects is of a
great importance.

References

1. Ivanova, E., Glushkov, A. Theoretical
investigation of spectra of multicharged
ions of F-like and Ne-like isoelectronic
sequences. J. Quant. Spectr. and Rad. Tr.
1986, 36(2), 127-145.

2. Ivanova, E.P., Ivanov, L.N., Glushkov, A.,
Kramida, A. High order corrections in the
relativistic perturbation theory with the
model zeroth approximation, Mg-Like and
Ne-Like lons. Phys. Scripta 1985, 32, 513-
522.

3. Safronova, U., Cowan, T., Safronova,
M. Relativistic many-body calculations
of electric-dipole lifetimes, transition rates
and oscillator strengths for 21-131" states in
Ne-like ions. J. Phys. B: At., Mol. and Opt.
Phys. 2005, 38(15), 2741-2763.

4. Glushkov, A.V., Khetselius, O.Yu.,
Svinarenko, A.A., Buyadzhi, V.V,
Spectroscopy of autoionization states of
heavy atoms and multiply charged ions.
TEC: Odessa, 2015.

5. Glushkov, A.V. Relativistic Quantum
theory. Quantum mechanics of atomic
systems. Astroprint: Odessa, 2008.

6. Khetselius, O.Yu. Hyperfine structure of
atomic spectra. Astroprint: 2008.

7. Khetselius, O.Yu. Quantum structure of
electroweak interaction in heavy finite
Fermi-systems. Astroprint: Odessa, 2011.

8. Glushkov, A.V.  Operator Perturbation
Theory for Atomic Systems in a Strong DC
Electric Field. In Advances in Quantum
Methods and Applications in Chemistry,
Physics, and Biology. Springer: Cham,
2013, 27, 161-177.

9. Buyadzhi, V., Zaichko P., Antoshkina, O.,
Kulakli T., Prepelitsa, P., Ternovsky, V.,
Mansarliysky V. Computing of radiation
parameters for atoms and multicharged
ions within relativistic energy approach:



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Advanced Code. J. Phys.: Conf. Ser. 2017,
905(1), 012003.

Glushkov, A.V., Gurskaya, M.Yu,
Ignatenko, A., Smirnov, A., Serga,
IN., Svinarenko, A., Ternovsky, E.

Computational code in atomic and nuclear
quantum optics: Advanced computing
multiphoton resonance parameters for
atoms in a strong laser field. J. Phys: C Ser.
2017, 905, 012004.

Svinarenko, A.A., Ternovsky, V.B.,
Cherkasova 1., Mironenko D. Theoretical
studying spectra of ytterbium atom on the
basis of relativistic many-body perturbation
theory: doubly excited states. Photoelectr.
2018, 27, 113-120.

Ivanov, L.N., Ivanova, E.P., Knight, L.
Energy approach to consistent QED
theory for calculation of electron-collision
strengths: Ne-like ions. Phys. Rev. A. 1993,
48, 4365-4374.

Glushkov, A., Ivanov, L., Ivanova, E.P.
Autoionization Phenomena in Atoms.
Moscow Univ. Press, Moscow, 1986, 58.
Glushkov, A., Ivanov, L. Radiation decay of
atomic states: atomic residue polarization
and gauge noninvariant contributions. Phys.
Lett.A.1992, 170, 33.

Glushkov A.V., Ivanov, L.N. DC strong-
field Stark effect: consistent quantum-
mechanical approach. J. Phys. B: At. Mol.
Opt. Phys. 1993, 26, L.379-386.

Glushkov, A.V. Relativistic and Correlation
Effects in Spectra of Atomic Systems.
Astroprint: 2006.

Glushkov, A.V. Relativistic polarization
potential of a many-electron atom. Sov.
Phys. Journal. 1990, 33(1), 1-4.

Glushkov, A.V. Advanced relativistic energy
approach to radiative decay processes in
multielectron atoms and multicharged
ions. In Quantum Systems in Chemistry
and Physics: Progress in Methods and
Applications. Springer: Dordrecht, 2012,
26, 231-252.

Glushkov, A.V. Energy approach to
resonance states of compound superheavy
nucleus and EPPP in heavy nuclei collisions.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

In Low Energy Antiproton Physics. AIP:
New York, AIP Conf. Proc. 2005, 796,
206-210.

Glushkov, A. Spectroscopy of coope-rative
muon-gamma-nuclear processes: Energy
and spectral parameters J. Phys.: Conf. Ser.
2012, 397, 012011.

Khetselius O. Spectroscopy of cooperative
electron-gamma-nuclear processes in heavy
atoms: NEET effect J. Phys.: Conf. Ser.
2012, 397, 012012.

Glushkov, A.V. Spectroscopy of atom and
nucleus in a strong laser field: Stark effect
and multiphoton resonances. J. Phys.: Conf-
Ser. 2014, 548, 012020

Glushkov, A., Svinarenko, A., Ternovsky,
V., Smirnov, A., Zaichko, P. Spectroscopy
of the complex auto ionization resonances
in spectrum of helium. Photoelectr. 2015,
24,94-102.

Glushkov, A. Multiphoton spectroscopy of
atoms and nuclei in a laser field: Relativistic
energy approach and radiate-on atomic lines
moments method. Adv. in Quantum Chem.
2019, 78, 253-285.

Khetselius, O.Yu. Optimized relativistic
many-body perturbation theory calculation
of wavelengths and oscillator strengths
for Li-like multicharged ions. Adv. Quant.
Chem. 2019, 78, 223-251

Glushkov, A., Loboda, A., Gurnitskaya, E.,
Svinarenko, A. QED theory of radiation
emission and absorption lines for atoms
in a strong laser field. Phys. Scripta. 2009,
T135, 014022.

Florko, T.A., Tkach, T.B., Ambrosov,
S.V., Svinarenko, A.A. Collisional shift
of the heavy atoms hyperfine lines in an
atmosphere of the inert gas. J. Phys.: Conf.
Ser. 2012, 397, 012037.

Buyadzhi, V. Laser multiphoton spectro
scopy of atom embedded in Debye plasmas:
multiphoton resonances and transitions.
Photoelectr. 2015, 24, 128.

Buyadzhi, V.V,, Chernyakova, Yu.G.,
Smirnov, A.V., Tkach, T.B. Electron-
collisional spectroscopy of atoms and ions
in plasma: Be-like ions. Photoelectronics.

79



30.

31.

32.

33.

34.

35.

36.

37.

80

2016, 25, 97-101.

Buyadzhi, V.V,, Chernyakova, Yu.G.,
Antoshkina, O., Tkach, T. Spectroscopy of
multicharged ions in plasmas: Oscillator

strengths of Be-likeionFe. Photoelectronics.
2017, 26, 94-102.

Khetselius, O.Yu. Relativistic Energy
Approach to Cooperative Electron-y-
Nuclear Processes: NEET Effect. In

Quantum Systems in Chem. and Phys.,
Springer: Dordrecht, 2012, 26, 217-229.
Svinarenko, A. Study of spectra for
lanthanides atoms with relativistic many-
body perturbation theory: Rydberg
resonances. J. Phys.: Conf. Ser. 2014, 548,
012039.

Khetselius, O.Yu. Relativistic perturbation
theory calculation of the hyperfine structure
parameters for some heavy-element
isotopes. Int. Journ. Quant. Chem. 2009,
109, 3330-3335.

Khetselius, O.Yu. Relativistic calculation
of the hyperfine structure parameters for
heavy elements and laser detection of the
heavy isotopes. Phys.Scripta. 2009, 135,
014023.

Khetselius, O. Optimized perturbation
theory for calculating the hyperfine line shift
and broadening of heavy atoms in a buffer
gas. In Frontiers in Quantum Methods and
Applications in Chemistry and Physics.
Springer, 2015, 29, 55-76.

Svinarenko, A. A., Glushkov, A. V,
Khetselius, O.Yu., Ternovsky, V.B.,
Dubrovskaya, Yu., Kuznetsova, A.,
Buyadzhi, V. Theoretical spectroscopy
of rare-earth elements: spectra and
autoionization resonances. Rare Earth
Element (InTech). 2017, pp 83-104.
Glushkov, A.V., Khetselius,
Svinarenko, A.A., Buyadzhi, V.V,
Ternovsky, V.,  Kuznetsova, A.A,,
Bashkarev P. Relativistic perturbation
theory formalism to computing spectra
and radiation characteristics: application

O.Yu.,

38.

39.

40.

41.

42.

43.

44,

to heavy element. Recent Studies in
Perturbation Theory. InTech. 2017, 131.
Glushkov A., Svinarenko, A., Ignatenko,
A.V. Spectroscopy of autoionization
resonances in spectra of the lanthanides
atoms. Photoelectr. 2011, 20, 90-94.
Dubrovskaya, Yu., Khetselius, O.Yu.,
Vitavetskaya, L., Ternovsky, V., Serga, L.
Quantum chemistry and spectroscopy of
pionic atomic systems with accounting for
relativistic, radiative, and strong interaction
effects. Adv. Quantum Chem. 2019, 78,
193-222.

Khetselius, O.Yu., Glushkov, A.V.,
Dubrovskaya, Yu.V., Chernyakova, Yu.,
Ignatenko, A., Serga, I., Vitavetskaya,
L. Relativistic quantum chemistry and
spectroscopy of exotic atomic systems with
accounting for strong interaction effects.
In Concepts, Methods and Applications
of Quantum Systems in Chem. and Phys.
Springer, 2018, 3/, 71.

Ambrosov S., Ignatenko V., Korchevsky
D., Kozlovskaya V. Sensing stochastici-
ty of atomic systems in crossed electric
and magnetic fields by analysis of level
statistics for continuous energy spectra.
Sensor Electr. and Microsyst. Techn. 2005,
Issue 2, 19-23.

Glushkov, A., Buyadzhi, V., Kvasikova, A.,
Ignatenko, A., Kuznetsova, A., Prepelitsa,
G., Ternovsky, V. Non-linear chaotic
dynamics of quantum systems: Molecules in
an electromagnetic field and laser systems.
In: Quantum Systems in Phys., Chem. and
Biology. Springer, Cham. 2017, 30, 169-
180.

Glushkov A., Khetselius, O., Svinarenko A.
Theoretical spectroscopy of auto ionization
resonances in spectra of lanthanides atoms.
Phys. Scripta. 2013, T153, 014029.
Glushkov A., Khetselius O., Svinarenko
A, Buyadzhi V, Methods of computational
mathematics and — mathematical physics.
PI. TES: Odessa, 2015.



PACS 32.30.-r
A. V. Glushkov, 1. S. Cherkasova, V. B. Ternovsky, A. A. Svinarenko

THEORETICAL STUDYING SPECTRAL CHARACTERISTICS OF Ne-LIKE IONS
ON THE BASIS OF OPTIMIZED RELATIVISTIC MANY-BODY PERTURBATION
THEORY

Summary. Theoretical studying spectroscopic characteristics of the Ne-like multicharged ions
is carried out within the relativistic many-body perturbation theory and generalized relativistic en-
ergy 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 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.

Keywords: Relativistic perturbation theory, optimized zeroth approximation, Ne-like multich-
arged ions
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A. B. I'nywkos, U. C. Yepkacosa, B. b. Tepnosckuu, A. A. Ceunapenro

TEOPETHYECKOE U3YYEHHUE CIIEKTPAJIbHBIX XAPAKTEPUCTHK Ne-
MOIOBHBIX NOHOB HA OCHOBE ONITUMMU3UPOBAHHOMN PEJIITUBUCTCKOM
MHOT'OYACTHYHOM TEOPUU BO3MYIIIEHUI

Pe3rome. B paMkax pesiTHUBUCTCKON MHOTOYACTUYHOM TEOPHH BO3MYIIEHUA U 000OIIEHHOTO
PENATUBUCTCKOTO IHEPreTUYECKOrO IMO/IX0/1a MPOBEIEHO TEOPETHUECKOE M3YUYEHHE CIIEKTPOCKO-
MUYECKHUX XapakTepUCTUK psia Ne-1momoOHBIX MHOTO3apsTHBIX HOHOB. B KauecTBe HyJIeBOTO MpH-
OMKEHUsI PENIATUBUCTCKOM TEOpPUM BO3MYIICHUN BBHIOPAHO ONTUMHU3UPOBAHHOE MPUOIMKEHHE
Hupaxka-Kona-Illama. OnruMu3anus BBITIOJIHEHA ITyTEM BBEIECHUS TMapaMeTpa B OOMEHHBIE TI0-
tennuanbl Goka u Kona-1llaoma u nanpHelein MUHUMH3aMed KaTuOpOBOUYHO-HEMHBAPHAHTHBIX
BKJIAJIOB B paJiMallMOHHBIE IIUPUHBI ATOMHBIX YPOBHEH C UCTIOIb30BAHUEM PEISTUBUCTCKOTO Oa3u-
ca opOuraneil, CreHepupOBaHHOTO COOTBETCTBYIOLIUM raMUIBTOHUAHOM HYJIEBOTO MPHUOIMKEHUS.

KuroueBble cioBa: PenstuBucTckas Teopus BO3MYIICHHH, ONTUMU3UPOBAHHOE HYJIEBOE MPH-
onmmxeHue, Ne-mogo0HbIe MHOTO3apsITHBIC HOHBI

PACS 32.30.-r
O. B. I'nywxos, 1. C. Yepkacosa, B. b. Teprnoscvkuu, A. A. Ceéunapenro
TEOPETUYHE BUBUEHHS CIIEKTPAJIBHUX XAPAKTEPUCTUK Ne-IIOAIBHUX
HMOHOB HA OCHOBI OIITUMI3OBAHOI PEJSAITUBICTChKOI BATATOUACTKOBI
TEOPII 3BYPEHbD

Pe3rome. B pamkax pemsITUBICTCHKOI OaraTo4acCTHHKOBOI Teopii 30ypeHb 1 y3araabHEHOTO pe-
JSTHBICTCHKOTO €HEPTeTHYHOTO MiJAXOMy MPOBEICHO TEOPETUYHE BUBUCHHS CIIEKTPOCKOMIYHHX
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xapaktepucTuk psay Ne-nomiOHux OaratoszapsiiHuX 10HIB. B sSIKOCTI HYIbOBOTO HAOMMKEHHS pe-
JSTUBICTCHKOT Teopii 30ypeHs oOpaHo ontuMizoBane HaOmmkeHHs [lipaka-Kona-Illema. Ontumi-
3allisi BAKOHAHA IUISIXOM BBEJCHHs Mapamerpa B oOMiHHuH moteHIian Kona-1llema i momanbimnoi
MiHiMi3allil KaaiOpyBallbHO-HEIHBApIaHTHUX BKJIA/IIB B pajialliiiHi IIMPUHA aTOMHUX PiBHIB 3 BU-
KOPUCTAHHSIM PEJSTHBICTCHKOTO 6a3ucy opbiTanieil, 3reHepOBaHOTO BiAMOBITHUM raMiJIbTOHIAHOM
HYJIBOBOTO HAOJIM)KECHHSI.

KurouoBi ciioBa: PenstuBicTcbka Teopist 30ypeHb, ONTUMI30BaHE HYIbOBE HaOMMkeHHs, Ne-
noniOHi 6araro3apsaHi 10HU
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SPECTROSCOPIC FACTORS OF DIATOMIC MOLECULES: OPTIMIZED GREEN’S
FUNCTIONS AND DENSITY FUNCTIONAL METHOD

It is presented an advanced approach to computing the spectroscopic factors of the diatomic molecules, which is
based on the hybrid combined density functional theory (DFT) and the Green’s-functions (GF) approach. The Fermi-
liquid quasiparticle version of the density functional theory is modified and used. The density of states, which describe
the vibrational structure in photoelectron spectra, is defined with the use of combined DFT-GF 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 to computing the spectroscopic factors of diatomic molecules leads to significant
simplification of the calculation procedure and increasing an accuracy of theoretical prediction.

1. Introduction

In this paper we study the problem of
calculating the important spectroscopic
characteristics of multielectron systems (atoms
and molecules), namely, the spectroscopic
factor. The spectroscopic factor is one of the
most important characteristics of atomic and
molecular systems and the precise information
about it is very important for many applications
[1-38]. The theoretical determination of
spectroscopic factor for multielectron atomic
and molecular systems is a rather complicated
task, since in the framework of traditional a
priori methods it is reduced to a calculation of
corrections of perturbation theory of the type:

.2
Z|V1]| I(e; —€;)

with summation over a large number of
intermediate states. The spectroscopic factor
is usually experimentally determined using
inelastic scattering of fast electrons, as well as
photoelectron spectroscopy (see [1]). In this
case, as a rule, there is a discrepancy between the
results of measurements of spectroscopic factors
in these experiments caused by the influence of
many electronic correlations in the initial state of

the multielectron system
In this paper we present an advanced approach

to computing the spectroscopic factors of the
diatomic molecules within the hybrid combined
density functional theory (DFT) in the Fermi-
liquid formulation and the Green’s-functions
(GF) approach to quantitative determination of
the spectroscopic factors for some molecular
systems. The approach is based on the Green’s
function method (Cederbaum-Domske version)
[1,2] and Fermi-liquid DFT formalism [3-7] and
using the novel effective density functionals (see
also [11-22]). It is important that the calculational
procedure is significantly simplified with using
the quasiparticle DFT formalism.

As usually (see details in refs. [1,4,7]), the
quantity which contains the information about
the ionization potentials (I.P.) and molecular
vibrational structure due to quick ionization is
the density of occupied states:

Ny(©) = (11270 [dte"  (wola, (Oa Oy |
where |‘P0> is the exact ground state wave

function of the reference molecule and a, (¢)
is an electron destruction operator, both in the
Heisenberg picture.
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2. Theory: Density of states in one-body
and many-body solution

As wusually, introducing a field operator

Y(R,0,x)=) $,(x,R,0)a,(R,0)  with the
Hartree-Fock (HF) one—particle functions ¢, (

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

HeH +H 4 H) +HD . G)
He _z /(R )a a;+= z kl(R )‘1 alak -
_Z Z Vi (R)) = Vi (Ry ) aja,

i,j kef
d 1
HN :hz ws(b.:bs-'_E)
s=1
=2 L | (b, +b.) ala, —n,]+
s=1 aQs 0

iy (0

= (aQ 6Q j

HY =2" 3/22 z ( UHJ (b, +b!) &lafa;ak+
0

S
t
+0v,a,a,ala’ + 20viaa.a,a; ] +

(1
HE/

(b, +b¥ b, +bi} ala, ~n,]

+l i aZVifk’
+ 8 5,8'=1 aQsaQ "

[ov, ai l

J (b, + D'y b, +Db.-

0
t t t
La, +ov,a,a.ala) +20v,a5a,a,a; ]

with n=1(0), i€f (i€f), 80,~1(0) , (jjkl)€O .
where the index set v, means that at least ¢, and

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

¢, and ¢ or g and ¢, are unoccupied. The

o, are the HF frequencies; b, ,b. are destruction

and creation operators for vibrational quanta as

84

0. =(1/2{ b, +b')

0160, =(1/\21 b -b). (4)

The interpretation of the above Hamiltonian
and an exact solution of the one-body HF
problem is given in refs. [1,-7]. The usual way
is to define the HF-single-particle component

H, of the Hamiltonian (4) is as in Refs. [1,4].
Correspondingly in the one-particle picture the
density of occupied states is given by

N,S(e) _ % dtelh_](e—é‘k )t<0| eim*‘ﬁo, |O>,
)

Hy=Y hobb +> gib +b)+
s=1 s=1 (6)

M
+ 2, 7a(b + )b, + b))

s,8'=1

‘ 1 (o, 1 8
g§=i—( ] 7;-=i—( ; J (7)
V2180, ), 41 00,00, ),

To get function N, (°) one calculates the GF
G, () (see details in Refs. [1-7,31-35]:

G () ==in"' [ dte" " (w,| O a,()a}(0) }(Svgo

Choosing to be

Hy=2,

G2, (f)=+5 iexp|l-i -

the unperturbed H,

°aja, + H, one could define GF as

i l 1

e, +A5)]

Z‘ ﬁk|Uk|O>‘ exp i, -aBkt)
The "direct method for calculation of N(

€) as the imaginary part of the GF includes
a definition of the vertical I.P. (V.I.P.s) of the

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

Dk(e)é —[e” +Z(€)L , (10)

where (e"" +2)k denotes the k-th eigenvalue
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of the diagonal matrix of the one-particle
energies added to matrix of the self-energy part,
are the negative V. L. P. ‘s for a given geometry.
One can write [2,4]:

(V.I.P), =—(e, +F,)

-

F =%, (-(V.L.P),)=~ —

1
S

eV R

Expanding the ionic energy E,'about the
equilibrium geometry of the reference molecule
in a power series of the normal coordinates leads
to a set of linear equations for the unknown
normal coordinate shifts 6Q,, and new coupling
constants:

= i(l/\/ilﬁ(ek +F)I0Q),  (12)

1
Yy = i(zj[az (e, +F,)/00,100,]
The coupling constants g,, y,, are calculated

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

(2) ( ksij ksjl )Vkstj ( ksy ksjl )Vlcsy
Zk (E)_Z€+E E—E ZE+E —€, —€;

(13)

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

.SEF _seF

1 o¢, l+q0/0€)., [-(V.1.P),]
“E2 a0, 1—(a/ae)zk[—(V.1.P.)€] 5)

The pole strength of the corresponding GF:

Py ={1—a—a€Zk [-.1.p) k]} 12 p, >0,

g = glo[pk +qk(pk _1)]’

g/ =+2""20¢, /00, (15)

3. Fermi-liquid quasiparticle
functional theory

density

The quasiparticle Fermi-liquid version of
the DFT [3-8,31,36] is used to determine the
coupling constants etc. The master equations
can be obtained on the basis of variational
principle, if we start from a Lagrangian of a
molecule L.1It should be defined as a functional

of quasiparticle densities:

ve) = n, |®, ),

v(r=>n|vo,r [,  (16)

v,(r)= znz[q)zq)z _(DZCDAJ
7

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
operator X. A Lagrangian L, can be written as
a sum of a free Lagrangian and Lagrangian of
interaction: Lq = Lq" + L ™ where the interaction
Lagrangian is defined in the form, which is
characteristic for a standard DFT (as a sum of
the Coulomb and exchange-correlation terms),
but, it takes into account for a mass operator
energy dependence of X :

Ly = Z [ BuF @i, (v, (ry)dridr,
zk 0

(17)

where F is an effective exchange-correlation

interaction potential. The constants B, are

defined in Refs. [3-5]. The constant B, can

be calculated by analytical way, but it is very

useful to keep in mind its connection with a
spectroscopic factor F L, [4:5]:

d
F, = {1—8—62 . |- V.1.P) k]} (18)

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

4. Results and conclusions

Below we present the results of calculation
of the spectroscopic factors for a number of
diatomic molecules, in particular, ¢,,N,,0,,F,
in the ground state, as well as dimers of noble

gases A 2* K 2* X ; in the lowest excited state.
As the input data, the data obtained in the
HF approximation [2,40] are used. For the

C,,N,,0,,F, the following spectroscopic factors
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were obtained for core ( Fy) and valence ( F!)
shells:
C, - FS =0.49,F" =0.80,

N, - F¢ =0.46,F), =0.77,
0, - F: =0.43,F" =0.74,
F,—F%=039,F, =0.71.

The obtained values of spectroscopic factors
make it possible to assess to a certain extent
the role of various types of correlations, in
particular, intra-core and intra-valent, in these
molecules. Since the spectroscopic factor, by
its definition, is related to the dependence of the
MSS on energy not taken into account in the HF
approximation (always in this approximation:

F, —=1), the difference Fp from 1 indicates
the corresponding role of various correlation
effects. In particular, for these molecules,
the contribution of intra-core correlations is
somewhat more significant than that of intra-
valent ones, which is also confirmed in ab initio
calculations (c.f., [40]). For noble gas dimers (

n ; outer shells) F; are calculated:

Ar, —F, =0,58—(R, =7.1au.),
Kr, —=F, =0.37—(R, =7.6au.),
Xe, —F, =0.26—(R, =8.2a.u)

An analysis of the data indicates presence
of strong correlation effects for the molecules,
a number of features in the photoionization

cross section of the nd? shells, namely, the

possible collectivization of the n&?, shells, the
presence of “shadow” states in the molecules
with which strong mixing takes place and to

which the strength of the initial level (1 - F,) is
transmitted. Note that such effects are known in
the theory of atomic photoelectric effect, namely,
for noble gas atoms (Ar and others) [6,41]).
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SPECTROSCOPIC FACTORS OF DIATOMIC MOLECULES: OPTIMIZED
GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL METHOD

Summary. It is presented an advanced approach to computing the spectroscopic factors of the
diatomic molecules, which is based on the hybrid combined density functional theory (DFT) and
the Green’s-functions (GF) approach. The Fermi-liquid quasiparticle DFT version is modified and
used. The density of states, which describe the vibrational structure in photoelectron spectra, is de-
fined 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 calculation procedure and increasing an
accuracy of theoretical prediction.

Key words: diatomic molecules, Green’s functions, density functional
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CIIEKTPOCKOIIMYECKHE ®AKTOPBI UIsA IBYXATOMHBIX MOJIEKYJI:
OIITUMM3UPOBAHHBINA METO/J ®YHKIIUN T'PUHA Y ®YHKIIMOHAJIA
INIOTHOCTH

Pe3rome. [IpeacrapiieH yCOBEpIIEHCTBOBAaHHBIN MOIXO/ K BBIUUCICHUIO CIIEKTPOCKOIUYECKUX
(haKTOpPOB JBYXaTOMHBIX MOJICKYN, Oa3WPYIOIIMICS Ha THOPUIHOW KOMOMHHPOBAHHOW TEOPUHU
¢ynkumonana motHocTH (TOII) u merone dynkuuit ['puna (PI'). Mcnonssyercs monens hepmu-
xuakocTHas kBaznuactuyHas Bepcust TOII. [1noTHOCTE cOCTOSTHUM, KOTOpasi OMUCHIBAET KojieOa-
TEIBHYIO CTPYKTYPY B (POTORIEKTPOHHBIX CIIEKTPaX, OMPENSAeTCs C UCIOIb30BaHNEM KOMOWHHM-
poBannoro noaxona T®II - @I Mcnonp3oBanue kombuanpoBanHoro TOIT-OI” moaxoma mpuBoauT
K 3HAYUTEIBHOMY YIPOUIEHUIO MPOLEAYPhl pacyeTa M MOBBIIIEHUID TOYHOCTH TEOPETUUYECKOTO
MPOTHO3UPOBAHUSI.

KuroueBble cji0Ba: 1ByXaToMHbBIE MOJEKYIbI, GyHKIMs [ prHa, (yHKITMOHAT INIOTHOCTH
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CIHEKTPOCKOIIIYHI ®AKTOPH IBOATOMHUX MOJIEKYJI:
OIITUMI3OBAHUM METO/] ®YHKIIN I'PIHA 1 ®YHKIIOHAJIY T'YCTUHH

Pe3tome. IlpencrapieHuii BAOCKOHAJICHUH METOJ OOUMCIIEHHS CIIEKTPOCKOMIYHHUX (HaKTOPiB
2-aTOMHUX MOJIEKYJ, 1110 6a3yeTbes Ha T10puaHiN Teopii ¢pyHkiioHana uibHocTi (TOII) 1 meTo-
ni ynkmii I'pina (OI'). Bukopucrano depmi-pinnHHy KBa3zidacTUHKOBY Bepciro T®II. I'yctuna
CTaHIB, SIKI ONHUCY€ KOJIMBAJIbHY CTPYKTYPY (POTOEIEKTPOHHOTO CIIEKTPY, BU3HAYAETHCS B MEXAX
TOII-OI" metony. Bukopucrtanus kombinoBanoro TOII-OI' meToxy npu3BOIUTH 10 CIIPOLIEHHS
IporeIypy 00YHUCIIEeHb, MiIBUILIEHHS TOUHOCTI IPOTHO3Y.

Karouosi ciioBa: nBoaromHi Mosiekynu, GpyHkuis ['pina, QpyHKIIOHAT TYCTHHA
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RELATIVISTIC THEORY OF CALCULATION OF E1 TRANSITION AMPLITUDES,
AND GAUGE INVARIANCE PRINCIPLE

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 and the El radiative transitions
amplitudes (oscillator strengths) for the low-excited states of the francium. The comparison with available theoretical
and experimental (compilated) data is performed. The important point is linked with an accurate accounting for
the complex exchange-correlation (polarization) effect contributions and using the optimized one-quasiparticle
representation in the relativistic many-body perturbation theory zeroth order that significantly provides a physically
reasonable agreement between theory and precise experiment.

1. Introduction

The development of new directions in
the field of laser, atomic physics, quantum
electronics, etc., such as pulsed heating methods
in research on controlled thermonuclear fusion,
new laser schemes in VUV, X-ray spectral
regions, astrophysical studies, etc., necessitates
the solution of new classes of problems of
atomic and laser physics at a fundamentally new
level of theoretical consistency and accuracy.
Significant progress in the development of
experimental research methods, in particular, a
significant increase in the intensity and quality
of laser radiation, the use of accelerators, heavy
ion colliders, sources of synchrotron radiation
and, as a result, the possibility of studying
more and more energy processes, stimulates
the development of new theoretical methods
in the theory of heavy atoms calculation of
their characteristics, in particular, radiation and
autoionization ones [1-10].

However, astudy ofthe spectral characteristics
ofheavy atoms and ions in the Rydberg states has
to be more complicated as it requires a necessary
accounting for the relativistic, exchange-
correlations effects and possibly the QED
corrections for superheavy atomic systems. The
simultaneous correct accounting of relativistic,
quantum electrodynamic (QED), and many-
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particle correlation effects is essential [1-10].
The results of calculating the characteristics of
atomic processes based on modern theoretical
methods often differ several times.

The difference in the values of the transition
amplitudes, the oscillator strengths, and the
radiation widths for heavy atoms using various
expressions for the photon propagator reaches
5-30% (we are essentially talking about the non-
fulfillment of the principle of gauge invariance
when calculating physical quantities) [11-18].
From the point of view of applications for the
majority of the most important atomic systems,
there is very often partially or completely
missing information on their energy, radiation or/
and autoionization characteristics (heavy atoms,
atoms of alkaline-earth elements, lanthanides
and actinides).

In this paper the combined relativistic
energy approach and relativistic many-body
perturbation theory with the zeroth order Dirac-
Kohn-Sham 1-particle approximation [2,19] are
used for are used for estimating the energies
and the El radiative transitions amplitudes
(oscillator strengths) for some low-excited
states of the francium atom and studying an
effect of the gauge invariance on the transition
amplitude values for heavy atoms on example of
the francium.



2. The theoretical method

In Refs. [2,18-22] the fundamentals of the
relativistic many-body PT formalism have been
in detail presented, so further we are limited
only by the novel elements. Let us remind
that the majority of complex atomic systems
possess a dense energy spectrum of interacting
states. In Refs. [10-12] there is realized a field
procedure for calculating the energy shifts AE
of degenerate states, which is connected with
the secular matrix M diagonalization. The
whole calculation of the energies and decay
probabilities of a non-degenerate excited state
is reduced to the calculation and diagonalization
of the M. The complex secular matrix M is
represented in the form:

M =M+ MY+ M+ M), (1)
where M® is the contribution of the
vacuum diagrams of all order of PT, and

M(l), M(z),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 contributions. The optimized
1-QP representation is the best one to determine
the zeroth approximation. In the relativistic
energy approach, which has received a great
application during solving numerous problems
of atomic, molecular and nuclear physics (e.g.,
see Refs. [21-27]), the imaginary part of electron
energy shift of an atom is directly connected
with the radiation decay possibility (transition
probability). An approach, using the Gell-Mann
and Low formula with the QED scattering
matrix, is used in treating the relativistic atom.
The total energy shift of the state is usually
presented in the form:

AE =ReAE +iT17/2 (2)

where T' is interpreted as the level width,
and the decay possibility P = I'". The imaginary
part of electron energy of the system, which
is defined in the lowest order of perturbation
theory as [10,11]:

&2

I AE(B)=——
T

> Vi,
a>m> 1
[a<n< £]

3)
where (o>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined as

follows:

Sill‘a)‘}"lz * *
——(l—aa)¥y(r2)¥; ()

n2 (4)
where o, is the transition frequency; o, .0 are
the Dirac matrices. The separated terms of
the sum in (1) represent the contributions of
different channels and a probability of the dipole
transition

Naturally, the physical values should not depend
on the calibration of the photonic propagator. In
general form, it can be written as

w * *
V,-j‘-k,‘ =[[dndn¥;(r)¥ ;(r)

D=Dr+C-Dy,

P
ny
DT: 2 29
kD —k
k, k
v
DL="3""7
kZ —k

S)
where the term D is corresponding to exchange
by transverse photons, D, — longitudinal ones,
C is the gauge constant. contribution of the main
exchange-correlation (the second and higher
orders of the atomic perturbation theory or fourth
etc of the QED perturbation theory) diagrams to
imaginary part of an electron energy shift looks
like [11]: )

ImE,, (a-s|A4,)= —C:—”””a’r]drzdr3dr4

1 1 + + +
D + W, ()Y, ()Y (1)
@,,+to, 0, -0,

mn

W l-aa,)/n {(as0, —(asn, Yoaung ) /ny -
sinfo, (r, +r; )+, -coslo, (r, +ry )]+ (a;n, )

(ayny NI, ()Y, (r)¥, ()Y (1) (6)
Expression (6) can be represented as an a sum:

Z(am\ W ‘H><” | W \ma>/(a)m + wgs)

with (4) different operator combinations W,
W,. The sum over n can be calculated by the
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method of differential equations. The index m
numbers a finite number of states occupied in
the core and the state of the real continuum. The
continuum-related part describes the vacuum po-
larization of the electron field and leads to diver-
gent integrals in the non-renormalizable theory.
Its contribution to the main contribution has an
additional order of smallness (¢Z?). The minimi-
zation of the density functional ImdE leads to the
integral differential equation for the r, that can
be numerically solved. This step allows to deter-
mine the optimization parameter b. In Ref. [11]
the authors elaborated a simplified computational
procedure.

The contribution of the main exchange-corre-
lation (the second and higher orders of the atomic
perturbation theory or fourth etc ones of the QED
perturbation theory) to imaginary part of an elec-
tron energy shift is determined by the polariz-
ability of an atomic core, which is related to the
electronic core density . The expression (6) can
be represented an a functional of the density 7.

Under calculating the matrix elements (2) one
should use the expansion for potential sin|w]r,/r
on spherical functions as follows [10,11]:
sinolr,

/\
S0, b, s

where J is the Bessel function of first kind
and (1)= 21 + 1. Substitution of the expansion (5)
to matrix element of interaction gives as follows

[14]:
JiJs AJ
X
—my H

x Im{Q2"(1234) + Q° (1234] ,

12 12

Vigy = [(J])(]z)(]3)(]4 [/z y[
9)

where ;. is the total single electron momen-
tums, m, — the projections; Q¢ is the Coulomb
part of interaction, Q% - the Breit part. Their
detailed definitions are presented in Refs. [10-
11,18,19]. The relativistic wave functions are
calculated by solution of the Dirac equation
with the potential, which includes the “outer
electron- ionic core” potential and exchange-po-
larization potential [20]. In fact, we realize the
procedure of optimization of relativistic orbitals
base. The main idea is based on using ab ini-
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tio optimization procedure, which is reduced to
minimization of the gauge dependent multielec-
tron contribution ImDE  ~ of the lowest QED
PT corrections to the radiation widths of atomic
levels. According to [11, 18], “in the fourth or-
der of QED PT (the second order of the atomic
PT) there appear the diagrams, whose contribu-
tion to the ImDE  accounts for correlation ef-
fects and this contribution is determined by the
electromagnetic potential gauge (the gauge de-
pendent 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 know that the regular realization of
the total scheme allows to get an optimal set of
the 1QP functions and more correct results in
comparison with so called simplified one, which
has been used in Refs. [11-13] and reduced to
the functional minimization using the variation
of the correlation potential parameter b. Other
details can be found in Refs. [11,18,19,29].

The adequate, precise computation of radia-
tive parameters of the heavy Rydberg alkali-met-
al atoms within relativistic perturbation theory
requires an accurate accounting for the multi-
electron exchange-correlation effects (including
polarization and screening effects, a continuum
pressure etc). These effects within our approach
are treated as the effects of the perturbation theo-
ry 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 in-
terelectron interaction (through the polarizable
core of an alkali atom) potential is presented in
Refs. [2,18,19,29].

An effective approach to accounting for the
polarization diagrams contributions is in add-
ing the effective two-quasiparticle polarizable
operator into the perturbation theory first order
matrix elements. In Ref. [10] the corresponding

non-relativistic polarization functional has been
derived. More correct relativistic expression has



been presented in the Refs. [2,18] and used in

our theory.

The corresponding two-quasiparticle
polarization potential looks as follows:
(10a)

l13 !

o) =x [P,

’ i =r =

o ) (N3 pf ol ) (.3 pfn
i J-dr (pch(i)r)' o) jdr (p]rfr_ ))| o) /<(p£o) )1/3>}

(10a)
()" = [arlp () "6te). (10b)

-l sl e]

where p° is the core electron density (without
account for the quasiparticle), X is numerical
coefficient, c is the light velocity. The contribution
of the ladder diagrams (these diagrams describe
the immediate interparticle interaction) is
summarized by a modification of the perturbation
theory zeroth approximation mean-field central
potential (look [2,18]), which includes the
screening (anti-screening) of the core potential
of each particle by the two others. All computing
was performed with using the modified PC code
“Superatom-ISAN” (version 93).

3. Results and conclusion

We applied the above described approach to
compute the oscillator strengths (reduced dipole
matrix elements) for a number of transitions
in spectra of the heavy alkali atoms and
corresponding ions.

As an illustration we present below the
data for francium. In Table 1 there are listed
the theoretical reduced dipole matrix elements
for a number of transitions, computed within:
1) relativistic Hartree-Fock (RHF) method
[6], 11) the empirical relativistic model potential

method (ERMP) [7], iii) the relativistic single-
double (SD) method in which single and double
excitations of the Dirac-Hartree-Fock (DHF)
wave function are included to all orders of
perturbation theory [8] and iv) our data.

Let us note that the precise experimental data
for the francium 7p, , ,,-7s transition are as follows:
Tp,,-7s=4.2777 and 7p, ,-7s=5.898 [8]. The important
features of the approach used are using the optimized
one-particle representation and an effective taking
into account the exchange-correlation (including the
core polarization) effects (see Refs. [2,18-20,30]).

Really, as it is indicated in Ref. [8], the semiem-
pirical values agree with the ab initio SD calcula-
tions to better than 1% with the exceptions of the 7s-
8p and 7s-9p transitions, where contributions from
correlation corrections are very large. The most im-
portant conclusions relate to an effect of the gauge
invariance on the transition amplitude values.

An estimate of the gauge-non-invariant contribu-
tions (the difference between the oscillator strengths
values calculated with using the transition opera-
tor in the form of “length” G1 and “velocity” G2)
is about 0.1%. The theoretical data, obtained with
using the different photon propagator gauges (Cou-
lomb and Babushkin ones) are practically equal.

Table 1.
Theoretical reduced dipole matrix elements
for a set of Fr transitions

Transition i;: RHF 1i; ERMP

D, 78, 4.279 -
4.304

8p,,- 78, 0.291 0.304
0.301

9,,-78,, - 0.096

P5,778,, 5.894 -
5.927

8p,,-78,, 0.924 0.908

9p,,-7s,, - 0.420

Transition 11: SD- iv: Our data
DHF

D,,-78,, 4.256 4.275 (G1)

4.277 (G2)
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0.327
0.306

8p,,-75,, 0.339

0.110 0.092

9p1/2-7sl/2

5.851 5.891

7p3/2'7sl/2

0.934
0.909

8p,,-7s,, 0.918

0.436 0.426

9p3/2'7sl/2
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the energies and the E1 radiative transitions amplitudes (oscillator strengths) for the low-excited
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representation in the relativistic many-body perturbation theory zeroth order that significantly pro-
vides a physically reasonable agreement between theory and precise experiment.
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PEJATUBUCTCKASA TEOPUSA PACHETA NEPEXOJAHbBIX AMIIVIMTY/ E1
MNEPEXO/IOB M MPUHIIUII KAJTMUEPOBOYHON HHBAPUAHTHOCTH

Pe3rome. KoMOMHUPOBAaHHBIN PETSATUBUCTCKUN SHEPreTUUECKUN IMOAXOA M PESTHUBUCTCKAsS
MHOI'OY4aCTUYHAs TEOpUS BO3MYILUEHHM C JUPAK-KOH-IIDMOBCKMM OJHOYACTUYHBIM HYJIEBBIM
NpUOIMKEHUEM HCTIONB3YIOTCS ISl JJIsl BBIYMCIICHUS dSHepruid u ammutyq E1 paananmoHHbIX
NepexofioB (CHJI OCHMIIISATOPOB) A HU3KO BO3OY)KIEHHBIX COCTOSHHMM (panims. IIpoBeneHo
CPaBHEHUE C UMEIOLUMHUCS TEOPETUYECKUMHU U DKCIIEPUMEHTAIbHBIMU JAHHBIMU. BasKHBIN MOMEHT
CBSI3aH C aKKYpaTHBIM yY€TOM BKJIJ0B CJIOKHBIX MHOTOUACTHYHBIX OOMEHHBIX KOPPETSIIUOHHBIX
(monsipu3aMOHHBIX ) 3(PPEKTOB U C UCIIOIB30BAHUEM ONTUMHU3UPOBAHHOTO OJJHOKBA3MYaCTUYHOTO
NIPEICTaBJICHHUS B HYJCBOM IMPHOINKEHUH PENIATUBUCTCKOM MHOTOYaCTUYHON TEOPUH BO3MYIIICHUH,
YTO ONPEIEISAET OINPEACIICHHOE COMIACUE TEOPUU U DKCIICPUMEHTA.

KiroueBble c10Ba: pesiTUBUCTCKAs TEOPUS, palUallHOHHbBIE TIEPEX0/Ibl, (hPaHIHIii

PACS 31.15.A-; 32.30.-r
0. C. Yepnuwos, O. JI. Muxaiinos, A. B. I[yoix, I. C. Yepracosa

PEJATUBICTCBKA TEOPISA PO3PAXYHKY AMILVIITY E1 HEPEXOAIB I
NPUHIIUI KAJIIBPYBAJIbHOI IHBAPIAHTHOCTI

Pe3rome. KomOiHOBaHMI pENATHUBICTCHKHI E€HEPreTUUHUM MiAXiJ 1 peIsITHBICTCHKA
Oararo4acTUHKOBa Teopis 30ypeHb 3 JipaK-KOH-IIEMIBCHKUM OJHOYACTHHKOBUM HAOIM>KEHHIM
HYJIBOBOTO TIOPSIIKY BHKOPUCTOBYIOTHCS JJIs1 OOUMCIeHHs eHepriil Ta ammutityn E1 pamiamiiiaux
NepexoiB (CHIJI OCIMIUIATOPOB) /TSl HU3bKO 30y/KEHUX cTaHiB Qpanilito. [IpoBeaeHo nmopiBHAHHS
3 HasBHUMH TEOPETHUYHHMHU 1 EKCIIEPUMEHTAIbHUMHU JaHUMH. BaXJIMBUH MOMEHT MOB’sS3aHUMN
3 aKypaTHUM YpaxyBaHHSIM BKJIAQJIB CKJIQJHUX 0arato4acTKOBUX OOMIHHMX KOPEJSIIHHUX
(monsipu3aniiHux) eeKTiB 1 3 BAKOPUCTAHHSAM ONTHMI30BAaHOTO OTHOKBA314aCTIYHOTO YSBICHHS B
HYJIbOBOMY HaOJNMKEHHI PeIATUBICTCHKOT 0araTouacTHHKOBOI Teopii 30ypeHb, 1110 BU3HAYAE TIEBHY
3rojly Teopii Ta eKCIEPUMEHTY.

KirouoBi ciioBa: penstuBicTChbKa TEOpis, padiauiiHi nepexoau, GppaHiii
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ADVANCED PHOTOCHEMICAL BOX AND QUANTUM-KINETIC

MODELS FOR SENSING ENERGY, RADIATION EXCHANGE IN ATMOSPHERIC
GASES MIXTURES AND LASER- MOLECULES INTERACTION

Abstract.

The aim of the work is to develop a set of optimal photochemical models with the inclusion of a sub-

model of the boundary layer using complex plane field methods and spectral algorithms and optimized blocks describ-
ing nonlinear radiation transfer and chemical conversion mechanisms, quantum-kinetic and photoelectronic models
for describing nonlinear optical effects due to the interaction of infrared laser radiation with the gas atmosphere of an
industrial city. An obvious consequence of the resonant interaction (in particular, absorption) of electromagnetic radia-
tion by atmospheric molecular gases is a quantitative redistribution of molecules by energy levels of internal degrees
of freedom, which quantitatively changes the so-called gas absorption coefficient. A change in the population levels of
the gas mixture causes a violation of the thermodynamic equilibrium between the vibrations of the molecules and their
translational motion and causes a new nonlinear effect of the photokinetic cooling of the atmospheric environment.

1. Introduction

At the present time laser systems for monitoring
the environmental state of atmosphere have become
widespread. The classical laser sensing methods is
mainly based on the processes of linear interaction
of radiation with the atmospheric gases and aero-
sol components of the atmosphere [1-10]. Howev-
er, as it was shown in multiple investigations (c.g.,
[1-5,9]), there are a number of important problems
and tasks, where the linear methods of sensing are
ineffective both due to technical difficulties arising
due to small interaction cross sections and because
of fundamental physical limitations when these ef-
fects do not contain information about the desired
medium parameters. First of all, speech is about such
tasks as remote elemental analysis of condensed
matter of aerosols and underlying surface, determi-
nation of heavy metals and inert gas atoms content,
detection of ultra-low concentrations of gas impuri-
ties and substance vapors with selective absorption
coefficients cm’!, and a number of other problems
related, in particular, to diagnostics industrial pollu-
tion etc [1]. It is very important to remember about
some fundamental aspects of the interaction of elec-
tromagnetic radiation with atoms and molecules of
the atmospheric environment , especially in a case
of the intense external field. Here it should be not-

ed a nonlinear response of atoms and molecules .
The obvious consequence of resonant interaction (in
particular, absorption) of electromagnetic radiation
(hereinafter, as a rule, will be coherent, that is, laser
radiation) by molecular gases of the atmosphere is
the quantitative redistribution of molecules by the
energy levels of internal degrees of freedom. In turn,
this will change the so-called gas absorption coef-
ficient. Changing the population levels of the mix-
ture of gases causes a disturbance of thermodynamic
equilibrium between the vibrations of molecules and
their translational motion, resulting in kinetic cool-
ing of the environment.

According to [4], the industrial city’s air quality
and the formation of photochemical oxidants (of
which ozone is a major component) involves the
interaction of source emissions and a series of
different quite complex physical and chemical
processes. Ozone is formed in the atmosphere
as a result of a complex series of thermal and
photochemical reactions involving nitrogen
oxides and reactive hydrocarbons. The known
photochemical box model (PBM) by Jin-Schere-
Demerjian [4] includes three main blocks:
(1) a boundary-layer submodel, (2) a revised
radiative transfer and photolytic rate constant
calculation routine, and (3) two chemical
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mechanisms of different complexity. In Refs.
[7,11] it is presented an advanced quantum-
kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction
of infrared laser radiation with a gas atmosphere.
The quantitative features of energy exchange
in a mixture of CO,-N,-H,0 atmospheric gases
of atmospheric gases were determined and can
be used in development of new technologies for
observing a state of atmosphere. The results of
computing the relative absorption coefficient
(normalized to linear absorption coefficient)
are presented. In Refs. [11,12] it is presented
a new generalized approach, including an
improved theory of atmospheric circulation
in combination with the hydrodynamic model
(he Arakawa-Schubert method of calculation
of cloud convection and theory of a complex
geophysical field is applied to the simulation of
heat and air transfer in atmosphere of industrial
region. In this paper we present a set of advanced
photochemical box models (APBM) with the
inclusion of a submodel of the boundary layer
using complex plane field methods [2,13-
16]) and spectral algorithms with optimized
blocks describing nonlinear radiation transfer
and chemical conversion mechanisms [11,12],
quantum-kinetic and photoelectronic models for
describing nonlinear optical effects due to the
interaction of infrared laser radiation with the
gas atmosphere of an industrial city..

2. An advanced photochemical model

The APBM is based on the principle of
an energy and mass conservation. As in the
original version [4], we assume too that (1) the
box volume is well mixed at all times and no
spatial variations of concentration occur within
it; (2) emission sources are homogeneously
distributed across the bottom surface of the box;
(3) entrainment of outside air occurs laterally by
advective transport and vertically by the growth
in mixed layer height. Under these assumptions,
the chemical species conservation equation
becomes:
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where C, is the mean concentration of species
“I” within the definite domain, u the mean
advection speed, O, the source emissions flux
of species 1 in the domain, and R, the rate of
production and/or destruction of species i due
to chemical reactions. The original model by
Jin-Schere-Demerjian [4] has a horizontal
extension of 20 km and a vertical extension
of the mixed-layer height. Our APBM model
has a horizontal extension of 40 km and less
significantly lower resolution (grid scale). A
schematic illustration and flowchart of our
APBM with the incorporated blocks is shown at
Figure 1. The physical features of air ventilation
predetermine the necessary modification of the
well-known Arakawa-Schubert model. The
model includes the budget equations for mass,
moist static energy, total water content plus the
equations of motion [2,13]:

g-p-2M_,
0z (2a)
M. s
E§ — Ds. — d. — +pLe=10
dz (2b)
Ej— g — 2Mde 0 g,
0z (2¢)

where £ is an inflow, IJ is an outflow,

M. = E T = P .
’ Prioy = pite vertical mass

flow of air in the cloud; w, is an average (on
the cross-section) speed in the i-th cloud, ¢ -
horizontal cross-section square for the i-th

cloud; We: Se = €17+ 9% e g weighted

Up zone of therm al air
mass above city

cloud
Down
stream

Veantilation Stream

S Thermion | Flow of drawing in-
ofdrycong to dry thermion
vection o =z

Stream of
City’s zane

Drawing stream

dry ther-
mion i

City's periphery

Fig. 1. Flowchart of the APBM with the
incorporated blocks



verage values of vertical speed, statistical energy
and the ratio of the mixture of water vapor; ¥+ 4
- average statistical energy and the ratio of the
mixture of water vapor in the ambient air, -
air density; ¢ is an amount of the condensed
moisture. If e is an amount of evaporated
moisture, - specific heat of phase transitions,
then the equation of heat and moisture influx
will be as follows [2,13]:

o, — ow) dGu)¥

BT TUpSY A+ - +pLic—¢e) — P
(3a)

% + upgT + d(i;:q'] +plc—e) — d(f:}:} 7.
(3b)

Spectral representations in ensemble of clouds

are: E(z) = ] sz Amp(A)dA (4a)

D(z) =]rf[:.)a)m;;[).:]f£)\.
(4b)

If 4 is a work of the convective cloud then it
consists of convection work and work of down
falling streams in the neighbourhood of a cloud:

dA/dt =d Al dt

cony

+ dA/ dtdownstr > (Sa)

Armax
_ j my(AVK(A,2)d2' | (sp)

0

dA/ dt

downstr

Here A is a speed of involvement, m () is an
air mass flux, K(A, A”) is the Arakawa-Schubert
integral equation kernel [3], which determines
the dynamical interaction between the
neighbours clouds. In the case of air ventilation
emergence, mass balance equation in the
convective thermals is [13]:

my(A)=F(A)+ f [ my(A)KAANL (6)

Here [ is parameter which determines disbalance
of cloud work due to the return of part of the
cloud energy to the organization of a wind
field in their vicinity, and balance regulating
its contribution to the synoptic processes. The

solution of the Egs. (3)(-4) with accounting for
air stream superposition of synoptic processes is
given by a resolvent:

my(A)=F(A)+p TXF(S)F(Ls; Pyds,  (7)

T(4,58)=2 7" K/(2,5) (8)
i=1

The key idea [2,13] is to determine the resolvent
as an expansion to the Laurent series in a complex
plane C. Its centre coincides with the centre of
the city’s “heating” island and the internal cycle
with the city’s periphery. The external cycle can
be moved beyond limits of the urban recreation
zone. The Laurent representation for resolvent
is provided by the standard expansion:

F=>c(-a)", )
(oL L@ 1 Tr(ei, -
2mi I¢]=1 (é/_a)wr 27 0 (10)

where a is center of the Laurent series
convergence ring. The method for calculating a
turbulence spectra inside the urban zone should
be based on solving the system of equations for
the Reynolds tensions, moments of connection
of the speed pulsations with entropy ones and
the corresponding closure equations [2,13-
17]. The important parameter of the turbulent
processes is the kinetic energy of turbulent

vortices b2 = uluy , which can be found from
the equation [13]. The speed components,
say, u,u, of an air flux can be determined in
an approximation of ‘“shallow water” [2]. In
contrast to the standard difference methods of
solution, here we use the spectral expansion
algorithms [16]. The necessary solution, for
example, for the v,-iv, component for the city’s
heat island has the form of expansion into series
on the Bessel functions. From the other side, a
air flux speed over a city’s periphery in a case of
convective instability can be found by method
of plane complex field theory (in analogy with
the Karman vortices chain model) [2,13-16].
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3. Advanced quantum-kinetic model

The interaction of laser radiation with a mix-
ture of atmospheric gases, leads to relatively
complex processes of resonant excitation trans-
fer, in particular, from CO, molecules to nitro-
gen molecules. As a result, the complex dielec-
tric constant of the atmospheric medium will
change, which will lead to a significant transfor-
mation of the energy of laser pulses in the gas at-
mosphere [1,3]. The dielectric constant depends
on the intensity of the electromagnetic wave [

e=e()=¢g,+¢e,(I) (11)

C
I=

|

& |2
87 (12)
where c is the speed of light, £ is the elec-
tric field strength of the wave. When laser ra-
diation interacts with atoms and molecules of
atmospheric gases, there is also the so-called
Kerr electronic effect, which arises due to the
deformation of the electron density distributed
by the field, almost immediately following the
change of field, as well as the orientation effect
of Kerr [3]. The relaxation time of this effect for
atmospheric air under normal conditions is 10!
s. This effect leads to the dependence of the di-
electric constant on the field of the electromag-
netic wave in the formula (11) of the form
2
Ey =&, |E| ) (13)
For Gaussian beams and plateau beams, the
Kerr effect leads to the self-focusing of light,
described in detail, for example, in [3,8,9, 11].
If the length of the nonlinear interaction (self-

focusing) is a Gaussian beam with radius R,

8e ke
=R0( 21} , (14)

NER

R,

Je |

then the realization of the effect on distance

L, =

L, is possible if the threshold intensity is defined
[3]:
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1,~10" W-cm? for R=0.I and L =10’
m. If L =10 m, then [, ~10° W-cm? .
For infrared laser wavelength 4=10.6 um, the

critical autofocus (L, = L, ) power is:

})éd :”ROZII"IAD:W:L7'10“

2

(16)

One finds P, =1,7-10° W for 1=1,06 pm.
Further let us present an advanced quantum-
kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction
of infrared laser radiation with a gas atmosphere
and consider the quantitative features of energy
exchange in a mixture of CO,-N,-H,0 atmos-
pheric gases of atmospheric gases. The original
version was presented in Refs. [11,12].
Typically, for the quantitative description
of energy exchange and the corresponding re-
laxation processes in a mixture of CO,-N.-H,0
gases in the laser radiation field, one should first
consider the kinetics of three levels: 10°0, 00°1
(CO,) i v =1 (N). The system of differential
equations of balance for relative populations is
written in the following form:
D B+ 2P )3, + foox, +
+26gh, )xlo + Fiy(x))

=wx, —(w+ QO+ Py)x, +
dl 1 ( Q 20)2

+ Ox; + })zoxg + Fiy(x,),

(17)

dx
dt3 =00x, — (00 + Py)x; +

Pyoxy + Fyy (x3)

Here, x, = N, /Nco,,» X, = N, /Nco,, X

2 3

= 0NN,/ Nco, 5 Ny, N, are the level
10°0, 00°1 (CO,);

concentration of CO, molecules; M, is the level

populations Nco, 1s



population v=1(N,); Q is the probability (s') of
resonant transfer in the reaction CO, — N, is
a probability (s) of CO, light excitation, g = 3
is statistical weight of level 02°0, B=(1+g)'=
Va; 8 is ratio of common concentrations of CO,
and N, in atmosphere (6 = 3.85x10%); F (x) —

additional nonlinear term; Xlo’ Xg and )@0 are
the equilibrium relative values of populations
under gas temperature 7:

(18)
(19)

x) =exp(- £/7),

X = =exp(Ey/T)

Values £, and E, in (1) are the energies (K)
of levels 10°0, 00°1 (consider the energy of
quantum N, equal to E,); P, P,  and P, are the
probabilities (s) of the collisional deactivation
of levels 10°0, 00°1 (CO,) and v =1 (N,).

Note that having obtained the solution of the
differential equation system (17), one can fur-
ther calculate the absorption coefficient of radia-
tion by CO, molecules:

The o in Eq. (20) is dependent upon the ther-
modynamical medium parameters according to
[1]. The different estimates (c.g., [3,11]) show
that for emission of the CO,-laser the absorption
coefficient:

Og =0C0O, TAH,0- (21)

is equal in conditions, which are typical for
summer mid-latitudes o, [H=0]=(1.1-2.6)- 10°
cm’', from which 0.8-10° cm™ accounts for CO,
and the rest — for water vapour (data are from ref.
[3]) . The resonance absorption by the molecules
of the atmospheric mixture of laser radiation is
determined by the change in the population of
the low-lying level 10°0 (CO,), the population
of the level 00°1 and vibration-translational re-
laxation (VT-relaxation), as well as intergenera-
tional vibration relaxation (VV’-relaxation). For
the wavelength of infrared laser radiation (eg,
CO, laser of 10.6um), the duration of the corre-
sponding pulse will satisfy the inequality 7, <7 <

t, Wheret, ,t, are the values of time, respec-
tively, of rotational and oscillatory relaxation. In
Ref. [12] there are presented the results of an
accurate numerical calculations with using the
accurately determined probabilities of P, P,
, P,, of deactivation due to the levels of 10°0,
00°1 (CO,) and v =1 (N,), the probability of Q
resonance energy transfer CO, — N, the excita-
tion probability  pulse of CO, laser and other
constants. The results of computing the relative

absorption coefficient og , (normalized to
linear absorption coefficient) based on the so-
lutions of the system (17) have been presented
for the distribution of pressure altitude and tem-
perature within the model of atmosphere of the
middle latitudes (Odessa) [2,13]. It is clear that
the time dependence of the relative resonance
absorption coefficient of laser radiation by CO2
molecules for different laser pulses differs. Us-
ing these data we determine that the effect of
kinetic cooling of the CO, is determined by the
condition (for Odessa region):

ah o <(E IE, - E)aly =15lal,  (22)

Note that Eq. (22) is sufficiently significantly
different from early qualitative estimates [3,11].
The numerical parameters obtained allow us to
further quantify the effects of the kinetic cool-
ing of CO,, depending on the parameters of the
model of the atmosphere and the parameters of
laser radiation [3].

4. Conclusions

To conclude, we presented an advanced pho-
tochemical box model with the incorporation of
a boundary-layer complex plane field submodel
[2,13-17], advanced quantum-kinetic and pho-
toelectronic models to describe the nonlinear-
optical (spectroscopic) effect caused by the in-
teraction of infrared laser radiation with a gas
atmosphere, and an advanced nonlinear radia-
tive transfer and chemical mechanisms blocks.
From physical viewpoint, it is clear that because
of the resonant interaction (in particular, absorp-
tion) of electromagnetic radiation with atmo-
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spheric molecular gases there is the quantitative
redistribution of molecules by the energy levels
of internal degrees of freedom. The radiative
and energy flux that causes the gas to be heat-
ed through the absorption by the water vapour,
is proportional to the intensity of the laser ra-
diation. When the critical value is reached, the
heating of the steam will prevail over its cooling
for any moment of time. In such a physical situ-
ation, the effect of kinetic cooling will cease to
exist. The quantitative manifestation of the ki-
netic effect may vary for different atmospheric
conditions, laser radiation parameters, and dif-
ferent values of atomic-molecular parameters.
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Summary. The aim of the work is to develop a set of optimal photochemical models with the
inclusion of a submodel of the boundary layer using complex plane field methods and spectral
algorithms and optimized blocks describing nonlinear radiation transfer and chemical conversion
mechanisms, quantum-kinetic and photoelectronic models for describing nonlinear optical effects
due to the interaction of infrared laser radiation with the gas atmosphere of industrial city. The
resonant interaction of electromagnetic radiation with molecular gases leads to redistribution of
molecules by energy levels of freedom internal degrees, which changes the gas absorption coef-
ficient. A change in the population levels causes a violation of thermodynamic equilibrium between
the vibrations of molecules and their translational motion, providing a new nonlinear effect of the
photokinetic cooling of atmosphere.
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OIITUMAJIBHBIE ®OTOXUMHNYECKASA U KBAHTOBO-KUHETHYECKAS
MOJEJIM JJIAA JETEKTUPOBAHUSA SHEPT O-PAIMAIIMOHHO-OBMEHHBIX ITPO-
IIECCOB B CMECU ATMOC®EPHBIX I'A30B U B3AUMOJEACTBUS JIASEPHOI'O

N3JYUYEHUA C ATMOCO®EPHBIMHU MOJIEKYJIAMH

Pe3tome. Llens paboThl COCTOUT B pa3paboTKe KOMILIEKCa ONTUMAIbHOU (POTOXMMHUYECKOM MO-
Jenu (C BKIIOUYEHUEM CyOMO/IEH MOTPAaHUYHOTO CJI0S ¥ UCTIOJIb30BAHUEM METO/I0B KOMIUIEKCHOTO
IJIOCKOTO TOJIS1) M CIEKTPaJIbHBIX MOJAENEH ¢ ONTHUMHU3UPOBAHHBIMU OOKaMH, OMHCHIBAIOIIUMU
HEJIMHEWHBIN TePEeHOC M3IyYeHUs: U XUMUYECKUEe MpeoO0pa3oBaTebHbIE MEXaHU3MbI, KBaHTOBO-
KMHETUYECKOU M (DOTOANEKTPOHHON MoAeNel sl OnucaHusl HeTMHEHHO-0oNTHYecKuX 3((HeKToB,
00yCJIOBIEHHBIX B3aMMO/ICHCTBUEM MH(PPAKPACHOTO JIa3ePHOT0 U3ITyYEHHUs C Ta30BOil aTMocdepoit
MIPOMBILIIEHHOTO Topoia. Pe3oHaHcHOE B3aMMOICHUCTBUS 3IEKTPOMArHUTHOTO U3TYUYEHHS C MOJIe-
KYJSIPHBIMU Ta3aMH aTMOC(EpbI MPUBOIUT K KOTHUECTBEHHOMY TepepacnpeeeHUI0 MOJIEKYJ 10
HHEPreTUYECKUM YPOBHSM BHYTPEHHHX CTEIEHEH CBOOOIbBI, UYTO U3MEHSIET Ha3bIBaeMblil KOd(hhu-
[MEHT MOIVIONIeHHs ra3a. Vi3MeHeHne ypoBHEH 3aCEeI€HHOCTH CMECH T'a30B BBI3BIBACT HAPYIICHUE
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TEPMOJMHAMUYECKOTO PABHOBECHUS MEKAY KOJIEOaHUSAMU MOJIEKY] M MX TMOCTYNATEIbHBIM JIBUXKE-
HUEM U 0OyCJIaBIMBAET HOBBIA HEIMHEHHBIN 3(PPEKT (HOTOKMHETHUECKOTO OXJaKIACHUS aTMOC-
bepHoii cpebl.

KiroueBble cj10Ba: KMHETHKA YHEProoOMeHa, arMoc(epHbIe ra3bl, Ja3epHOe U3ITydYeHue, GoTo-
XMUMHUYECKast MOJIeIIb, KBAHTOBO-KMHETUYECKAst MOJIEIb

PACS 64.60.A+82.70.R
0. Xeyeniyc, O. [mywkos, C. Cmenanenko, A. Ceunapenxo, FO. bByusaxoesa, O. Bimoscvka

ONITUMAJIBHI ®OTOXIMIYHA I KBAHTOBO-KIHETHYHA
MOJEJI IJISI IETEKTYBAHHS EHEPT'O-PAIIAIIIMHO-OBMIHHUX
MPOILECIB B CYMIIII ATMOC®EPHHUX I'A3IB I B3AEMO/III JIASEPHOI'O
BUITPOMIHIOBAHHSA 3 ATMOC®EPHUMMU MOJIEKYJIAMHA

Pe3ome. Meta poOotu mossirae B po3poOiii KOMIUIEKCY ONTHMaJIbHOI (hoTOXiMIuHOT Mozedi (3
BKJTIOUEHHSIM CyOMOIeITi MPUKOPIOHHOTO APy 1 BUKOPUCTAHHIM METO/I1B KOMITJIEKCHOTO IIOCKOTO
MOJIsT) 1 CHEKTPATbHUX MOJIEINIEH 3 ONITUMI30BaHUMU OJIOKaMH, 110 ONUCYIOTh HETIHIMHUHN TepeHoc
BUIIPOMIHIOBAHHS 1 XIMIUHI IEPETBOPIOIOYI MEXaHi13MH, KBAHTOBO-KIHETUYHOT 1 ()OTOECTIEKTPOHHOT
MoOJIeNICH ISl ONUCY HENiHIHHO-ONTUYHUX €(eKTiB, 00yMOBIEHUX B3a€MOIIEI0 1HPPauepBOHOTO
JIa3epHOT0 BUIPOMIHIOBAaHHS 3 Ta30BOi aTMOC(EpOor0 MPOMHUCIOBOTO MicTa. Pe3oHaHcHa B3aeMOIist
€JIEKTPOMArHITHOTO BUIIPOMIHIOBAHHS 3 MOJICKYIIPHUMHU T'a3aMu aTMoc(epH BeJie 0 KUTbKICHOTO
NEePEePO3IOIUTY MOJIEKYJ MO €HEPreTUYHUM PIBHAM BHYTPILIHIX CTYIEHIB CBOOOIM, IO 3MIHIOE
3BaHUI KOEe(]ILI€HT MOMTMHAHHS ra3y. 3MiHa PiBHIB 3aCEJICHOCTI CyMillli I'a3iB BUKJIMKAE OPYIICH-
HSl TEPMOJIMHAMIYHOI PIBHOBAarv MiX KOJIMBAaHHSAMHU MOJIEKYII 1 IX MOCTYMaJIbHUM PYXOM 1 00yMOB-
JI0€ HOBUI HEeNMHINHMA e(eKT (POTOKIHETUYHOTO OXOJIOKEHHS aTMOC(HEPHOTO CEPEOBHIIA.

KirouoBi ci1oBa: KiHeTHKa eHeprooOMiHy, aTMOC(EpHi rasu, Ja3epHe BUMPOMiHIOBaHHS, (OTO-
XIMIYHA MOJIEIb, KBAHTOBO-KIHETUYHA MOAEIh
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RELATIVISTIC SPECTROSCOPY OF MULTICHARGED IONS
IN PLASMAS: Li-LIKE IONS

The transition probabilities and lifetimes for different excited states in spectrum of the Li-like calcium are computed
within the consistent relativistic many-body approach for different values of the plasmas screening parameter
(correspondingly, electron density and temperature) and compared with available alternative data. The approach is
based on the generalized relativistic energy approach combined with the optimized relativistic many-body perturbation
theory with the Dirac-Debye shielding model as zeroth approximation, adapted for application to study of the spectral
parameters of ions in plasmas. An electronic Hamiltonian for N-electron ion in plasmas is added by the Yukawa-type

electron-electron and nuclear interaction potential.

1. Introduction

The properties of laboratory, thermonuclear
(tokamak),  laser-produced,  astrophysical
plasmas have drawn considerable attention
over the last decades [1-14]. It is known that
multicharged ions play an important role in the
diagnostics of a wide variety of plasmas [1-
10]. Electron-ion collisions involving multiply
charged ions, as well as various radiation and
radiation-collisional processes, predetermine the
quantitative characteristics of the energy balance
of the plasmas [1-6,15-20]. For this reason, the
plasmas modelers and diagnosticians require
absolute cross sections for these processes. The
cross sections for electron-impact excitation
of ions are needed to interpret spectroscopic
measurements and for simulations of plasmas
using  collisional-radiative  models.  The
electron-ion collisions 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 developed a new version of a
relativistic energy approach combined with
the many-body perturbation theory (RMBPT)
for multi-quasiparticle (QP) systems to study
spectra of plasma of the multicharged ions,
electron-ion collisional parameters [15-20]. The
method is based on the Debye shielding model
and energy approach [21-23]. A new element

of this paper is in using the effective optimized
Dirac-Kohn-Sham method in general relativistic
energy approach to collision processes in the
Debye plasmas.

In this paper, which goes on our work
[15-20], we present the results of computing
the transition probabilities and lifetimes for
different excited states in spectrum of the Li-
like calcium for different values of the plasmas
screening (Debye) parameter (respectively,
electron density, temperature) and compared
with available alternative spectroscopic data.
The approach used is based on the generalized
relativistic energy approach combined with
the optimized RMBPT with the Dirac-Debye
shielding model as zeroth approximation,
adapted for application to study the spectral
parameters of ions in plasmas. An electronic
Hamiltonian for N-electron ion in plasmas is
added by the Yukawa-type electron-electron and
nuclear interaction potential.

2. Optimized relativistic perturbation
theory formalism for ions in plasmas

The detailed description of our approach
was earlier presented (see, for example, Refs.
[15-20]). Therefore, below we are limited only
by the key points. The generalized relativistic
energy approach combined with the RMBPT
has been in detail described in Refs. [6,24-29]. It
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generalizes earlier 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 [6,24,25].
To construct M, one should use the Gell-Mann
and Low adiabatic formula for AE. The secular
matrix elements are already complex in the PT
second order. The whole calculation is reduced
to calculation and diagonalization of the com-
plex matrix M and definition of matrix of the

coefficients with eigen state vectors B.EK, ., [6,25].
To calculate all necessary matrix elements one
must use the bases of the 1QP relativistic func-
tions. Within an energy approach the total ener-
gy shift of the state is usually presented as [24]:

AE = ReAE +i 172 (1)

where [ is interpreted as the level width
and decay (transition) possibility P = I". The
imaginary part of electron energy of the system,

which is defined in the lowest PT order as [6]:

&2

M AE(B)=———
T

O
> Viman s

a>m> 1
[<n< £]

2

sin|w|r;
oz (-4 (r)¥] (17)

3)

where for electron and for vacancy.
The separated terms of the summ (2) represent
the contributions of different channels.

According to the definition, a lifetime of some
excited state fis defined as follows (included all
possible transition channels):

z, =1/AZ:PA_i

14 * *
L = fdndry ()% 1)

“4)

for the transition rate PfA_,. due to a radiative
operator A. The transition rates via various
multipole channels are determined as follows:

PEl _ 2.02613‘1018 SEl

= — , 5
f—i 13 (2Jf +1) f—i ( a)

106

13

TR+ T

. 1.11995-10%
f-i T s Sf—i
22, +1)

where A is the wavelength (A), J, is the total

(5¢)

angular momentum of the fstate, S¢ . ~ImAE is
a line strength due to the corresponding transition
operator A (the decay channels E1, M1 and E2
represent the electric dipole, magnetic dipole,
and electric quadrupole transition channels
respectively). It is known [3,4,25] that the matrix
elements computed with using the length gauge
expressions converge faster than the velocity
ones with respect to the configuration space
of the orbital bases; the authors [3] considered
the length gauge expressions for evaluating the
foregoing transition properties.

This fact is directly linked with correct
accounting for the correlation effects and using
the optimized basis of wave functions. In [25]
it has been proposed “ab initio” optimization
principle for construction of cited basis. 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 effects and it is dependent upon the
electromagnetic potentials gauge (the gauge non-
invariant contribution 8E ). The minimization
of ImSE  leads to integral differential equation,
that is numerically solved. In result one can get
the optimal one-electron basis of the PT [24-26].
It is worth to note that this approach was used
while solving multiple problems of modern
atomic, nuclear and molecular physics (see [30-
38]).

Further let us firstly consider the Debye shielding
model according to Refs. [15,16]. What is known
from the classical theory of plasmas developed
by Debye-Hiickel, the interaction potential
between two charged particles is modeled by
the Yukawa-type potential, which contains
the shielding parameter p. The parameter p is
connected with the plasma parameters such as



the temperature 7" and the charge density n as

follows:  u~ \/ez (1+Z)n, / k,T, . Here, as
usually, e is the electron charge and «, is the
Boltzman constant. The density # is given as a
sum of the electron density N and ion density N,
of the k-th 1on species having the nuclear charge

(6)

It is very useful to remind the simple
estimates for the shielding parameter. For
example, under typical laser plasmas conditions
of 7~ 1lkeV and n~ 10 cm? the parameter
u is of the order of 0.1 in atomic units; in the
EBIT plasmas 7~ 0.05keV, n~10"™ cm™ and
u~10°. We are interested in studying the
spectral parameters of ions in plasmas with
the temperature 7~ 0.1-1keV (10°-107K) and
n~10"-10* cm? (pu~10°-10°. It should be
noted that indeed the Debye screening for the
atomic electrons in the Coulomb 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 between electrons
would be of smaller magnitude orders. Majority
of the previous works on the spectroscopy study
have considered the screening effect only in the
electron-nucleus potential where the electron-
electron interaction potential is truncated at its
first term of the standard exponential expansion
for its dominant contribution [3]. However, it is
also important to take into account the screening
in the electron- electron 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 [15,16]:

qk:n:Ne+ ZQIka
k

H =Y lacp-pmc® = Zexp(-ur;) 1]+
i ; (7)
+2 (-ee) _:ia") exp(—ir;)

i>j ij

To generate the wave functions basis we use
the optimized Dirac-Kohn-Sham potential
with one parameter [15], which is calibrated
within the special ab initio procedure within the
relativistic energy approach [24]. The modified
PC numerical code ‘Superatom” is used in all
calculations. Other details can be found in Refs.
[15-20,22,23,38].

3. Results and conclusion

Firstly, we present our results on the transi-
tion probabilities and lifetimes for some ex-
cited states of the Li-like ion of calcium. The
spectroscopic properties for plasma-isolated ion
with u=0 have been considered. In Tables 1 and
2 there are listed probabilities values for transi-
tions (E1, M1, and E2 channels) from the ex-
cited states to the low-lying states of Ca XVIII.
Using these values, one could calculate the cor-
responding lifetimes of the excited states.

Table 1.

The transition probabilities (P) for some

transitions in spectrum of Ca XVIII: RCC

- relativistic coupled-cluster (RCC) method
[3]; This - this work

Transition P, P,
S RCC This

2p,,-(E1)-2s , | 1.31[9] 1.33[9]
2p,,-(E1)-2s,, 2.00[9] 2.02[9]
-(M1)-2p,, | 7.00[2] 7.03[2]
-(E2)-2p,, |  2.54[-2] 2.57[-2]
3s,,-M1-2s, | 2.04[4] 2.06[4]
-(E1)-2p,, | 3.01[11] 3.02[11]
-(E1)-2p,, | 6.22[11] 6.24[11]

The analysis shows that the presented data are in
physically reasonable agreement with the NIST
experimental data and theoretical
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Table 2. 0.133 741 738
The transition probabilities (P) for some
transitions in spectrum of Ca XVIII (our 0.667 494 92
data) 1.000 334 332
1.250 242 241
Transition P 1.429 192 190
fi This 0.60 140 138
3p,,-El-2s, 2.37[12]
-Ml-2p,, 1.48[3] o Table 4.
“MI1-2p 6.78[4] Tl‘le (-iependt?nce of the lifetimes (ps) of the
22 31j,41j states in the Ca XVIII spectrum upon
- E2-2p,, 8.45[8] the parameter p (this work)
-E1-3s,, 1.72[8]
3p,,-El-2s 2.32[12] u 3s,, 3p,, 3d,, 4s ,
-Ml-2p , 1.24[4] 0.133 1.07 0.428 | 0.143 1.62
- E2-2p,, 4.25(8] 0.667 | 126 | 0.518 | 0.688 2.54
-Ml-2p,, 2.78[4] 1.000 | 1.53 | 0.658| 0206 | 4.81
-E2-2p,, 4.22[8] 1250 | 1.85 | 0.849 | 0262 | 1248
"Bl 2-66[8] 1429 | 220 | 1.072| 0336 | 82.77
-M1-3p,, 1.83[1]
-E2-3p,, 2.13[-3] approach with different forms of transition op-

results by relativistic coupled-cluster (RCC)
method calculation [3]. However, some differ-
ence between the corresponding results can be
explained by using different relativistic orbital
bases and by difference in the model of account-
ing for the screening effect as well as some nu-
merical differences. In Tables 3 and 4 we list the
numerical variations in the lifetimes of the 2p ,
3s,,, 3p, »» 3d,,, and 4s, , states in Ca XVIII for
different p values. It is worth to note that our

computing oscillator strengths within energy

Table 3.
The dependence of the lifetimes (ps) of the
2p,, state in the Ca XVIII spectrum upon
the screening parameter p: RCC - relativistic
coupled-cluster (RCC) method [3]; This - this

work
H 2p,, 2p,,
RCC This
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erator (i.e. using the photon propagators in the
form of Coulomb, Feynman or Babushkin)
gives very close results.

References

1. Yongqiang, Li Y., Wu, J., Hou, Y., Yuan, J.
Influence of hot and dense plasmas on en-
ergy levels and oscillator strengths of ions:
Be-like ions for Z = 26-36, J. Phys. B: At.
Mol. Opt. Phys. 2008, 41, 145002.

2. Saha B., Fritzsche S. Influence of dense
plasma on the low-lying transitions in Be-
like ions: relativistic multiconfiguration Di-
rac—Fock calculation. J. Phys. B: At. Mol.
Opt. Phys. 2007, 40, 259-270.

3. Madhulita Das, Sahoo B. K., Sourav Pal.
Relativistic spectroscopy of plasma embed-
ded Li-like systems with screening effects in
two-body Debye potentials. J. Phys. B: At.
Mol. Opt. Phys. 2014, 47, 175701.

4. Han, Y.-C., Madsen, L.B. Comparison be-
tween length and velocity gauges in quan-
tum simulations of high-order harmonic



10.

I1.

12.

13.

generation Phys. Rev. A. 2010, 81, 06343.
Glushkov, A.V., Khetselius, O.Yu., Svina-
renko, A.A., Buyadzhi, V.V., Spectroscopy
of autoionization states of heavy atoms and
multiply charged ions. TEC: Odessa, 2015.
Ivanov, L.N., Ivanova, E.P., Aglitsky, E.
Modern trends in the spectroscopy of multi-
charged ions. Phys. Rep. 1988, 166.
Bandrauk, A.D., Fillion-Gourdeau, F., Lo-
rin, E. Atoms and molecules in intense laser
fields: gauge invariance of theory and mod-
els J. Phys. B: At. Mol. Opt. Phys. 2013, 46,
153001

Glushkov, A.V., Malinovskaya, S.V., Pre-
pelitsa, G.P., Ignatenko, V. Manifestation of
the new laser-electron nuclear spectral ef-
fects in the thermalized plasma: QED theory
of co-operative laser-electron-nuclear pro-
cesses. J. Phys.: Conf. Ser. 2005, 11, 199-
206.

Gubanova, E., Glushkov, A.V., Khetselius,
O.Yu., Bunyakova, Yu.Ya., Buyadzhi, V.V,
Pavlenko, E.P. New methods in analysis
and project management of environmental
activity: Electronic and radioactive waste.
FOP: Kharkiv, 2017.

Glushkov, A.V., Malinovskaya, S.V.,
Chernyakova Y.G., Svinarenko, A.A. Co-
operative laser-electron-nuclear processes:
QED calculation of electron satellites spec-
tra for multi-charged ion in laser field. 7. J.
Quant. Ch. 2004, 99, 889.

Glushkov, A., Malinovskaya, S., Loboda,
A., Shpinareva, 1., Gurnitskaya, E., Ko-
rchevsky, D. Diagnostics of the collisionally
pumped plasma and search of the optimal
plasma parameters of x-ray lasing: calcula-
tion of electron-collision strengths and rate
coefficients for Ne-like plasma. J. Phys.:
Conf- Ser. 2005, 11, 188-198.

Glushkov, A., Ambrosov, S., Loboda, A.,
Gurnitskaya, E., Prepelitsa, G. Consistent
QED approach to calculation of electron-
collision excitation cross sections and
strengths: Ne-like ions. Int. J. Quant. Chem.
2005, 704, 562-569.

Ignatenko, A.V. Probabilities of the radia-
tive transitions between Stark sublevels in
spectrum of atom in an DC electric field:

14.

15.

16.

17.

18.

19.

20.

21.

22.

New approach. Photoelectronics, 2007, 16,
71-74.

Glushkov, A.V., Ambrosov, S.V., Ignatenko,
A. Non-hydrogenic atoms and Wannier-Mott
excitons in a DC electric field: Photoioniza-
tion, Stark effect, Resonances in ionization
continuum and stochasticity. Photoelect.,
2001, /0, 103.

Buyadzhi, V., Kuznetsova, A., Buyadzhi,
A., Ternovsky, E.V., Tkach, T.B. Advanced
quantum approach in radiative and colli-
sional spectroscopy of multicharged ions in
plasmas. Adv. in Quant. Chem. (Elsevier).
2019, 78, 171-191,

Glushkov, A., Buyadzhi, V., Svinarenko, A.,
Ternovsky, E. Advanced relativistic energy
approach in electron-collisional spectros-
copy of multicharged ions in plasma. Con-
cepts, Methods, Applications of Quantum
Systems in Chemistry and Physics (Spring-
er). 2018, 317, 55-69.

Buyadzhi, V.V,, Chernyakova, Yu.G.,
Smirnov, A.V., Tkach, T.B. Electron-col-
lisional spectroscopy of atoms and ions in
plasma: Be-like ions. Photoelectronics.
2016, 25, 97-101.

Buyadzhi, V.V., Chernyakova, Yu.G., An-
toshkina, O.A., Tkach, T.B. Spectroscopy
of multicharged ions in plasmas: Oscillator
strengths of Be-like ion Fe. Photoelectron-
ics. 2017, 26, 94..

Buyadzhi, V. Laser multiphoton spectros-
copy of atom embedded in Debye plasmas:
multiphoton resonances and transitions.
Photoelectronics. 2015, 24, 128-133.
Buyadzhi, V., Zaichko, P., Antoshkina, O.,
Kulakli T., Prepelitsa P., Ternovsky V., Man-
sarliysky, V. Computing of radiation param-
eters for atoms and multicharged ions with-
in relativistic energy approach: Advanced
Code. J. Phys.: Conf. Ser. 2017, 905(1),
012003.

Glushkov, A., Svinarenko, A., Ignatenko, A.
Spectroscopy of autoionization resonances
in spectra of the lanthanides atoms. Photo-
electronics. 2011, 20, 90-94.

Glushkov, A.V. Relativistic Quantum theory.
Quantum mechanics of atomic systems, As-
troprint: Odessa, 2008.

109



23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

110

Khetselius, O.Yu. Hyperfine structure of
atomic spectra. Astroprint: Odessa, 2008.
Glushkov, A., Ivanov, L., Ivanova, E.P. Au-
toionization Phenomena in Atoms. Moscow
Univ. Press, Moscow, 1986, 58.

Glushkov, A.V., Ivanov, L.N. Radiation
decay of atomic states: atomic residue po-
larization and gauge noninvariant contribu-
tions. Phys. Lett.A. 1992, 170, 33.
Glushkov, A.V. Spectroscopy of atom and
nucleus in a strong laser field: Stark effect
and multiphoton resonances. J. Phys.: Conf.
Ser. 2014, 548, 012020.

Glushkov, A., Svinarenko, A., Ternovsky,
V., Smirnov, A., Zaichko, P. Spectroscopy
of the complex autoionization resonances in
spectrum of helium: Test and new spectral
data. Photoelectr. 2015, 24, 94.

Glushkov A.V.; Ivanov, L.N. DC strong-
field Stark effect: consistent quantum-me-
chanical approach. J. Phys. B: At. Mol. Opt.
Phys. 1993, 26, L379-386.

Khetselius, O.Yu. Quantum structure of
electroweak interaction in heavy finite Fer-
mi-systems. Astroprint: Odessa, 2011.
Khetselius, O.Yu., Lopatkin, Yu.M., Dub-
rovskaya, Yu.V, Svinarenko, A.A. Sensing
hyperfine-structure, electroweak interaction
and parity non-conservation effect in heavy
atoms and nuclei: New nuclear-QED ap-

proach. Sensor Electr. and Microsyst. Techn.
2010, 7(2), 11-19.

. Khetselius, O.Yu. Relativistic perturbation

theory calculation of the hyperfine struc-
ture parameters for some heavy-element
isotopes. Int. J. Quant. Chem. 2009, 109,
3330-3335.

Khetselius, O. Relativistic calculation of the
hyperfine structure parameters for heavy el-
ements and laser detection of heavy isotope.
Phys. Scr. 2009, 135,01402

Svinarenko, A.A., Glushkov, A.V., Khetse-

34.

35.

36.

37.

38.

lius, O.Yu., Ternovsky, V.B., Dubrovskaya,
Yu., Kuznetsova, A., Buyadzhi, V. Theo-
retical spectroscopy of rare-earth elements:
spectra and autoionization resonances. Rare
Earth Element, Ed. J.Orjuela (InTech).
2017, 83.

Glushkov, A.V., Khetselius, O.Yu., Svi-
narenko, A.A., Buyadzhi, V.V., Ternovsky,
V.B, Kuznetsova, A., Bashkarev, P Relativ-
istic perturbation theory formalism to com-
puting spectra and radiation characteristics:
application to heavy element. Recent Studies
in Perturbation Theory, InTech. 2017, 131.
Dubrovskaya, Yu., Khetselius, O.Yu., Vita-
vetskaya, L., Ternovsky, V., Serga, I. Quan-
tum chemistry and spectroscopy of pionic
atomic systems with accounting for relativ-
istic, radiative, and strong interaction effects.
Adv. Quantum Chem. 2019, 78, 193-222.
Khetselius, O.Yu., Glushkov, A.V., Dubrovs-
kaya, Yu.V., Chernyakova, Yu.G., Ignaten-
ko, A.V,, Serga, L.N., Vitavetskaya, L. Rela-
tivistic quantum chemistry and spectroscopy
of exotic atomic systems with accounting
for strong interaction effects. In Concepts,
Methods and Applications of Quantum Sys-
tems in Chem. and Phys. Springer. 2018, 31,
71.

Glushkov, A., Buyadzhi, V., Kvasikova, A.,
Ignatenko, A., Kuznetsova, A., Prepelitsa,
G., Ternovsky, V. Non-Linear chaotic dy-
namics of quantum systems: Molecules in
an electromagnetic field and laser systems.
In: Tadjer A, Pavlov R, Maruani J, Brindas
E, Delgado-Barrio G (eds) Quantum Sys-
tems in Physics, Chemistry, and Biology.
Springer, Cham. 2017, 30, 169-180.
Glushkov, A.V., Khetselius, O.Yu., Svi-
narenko, A.A., Buyadzhi, V.V., Methods of
computational mathematics and mathemati-
cal physics. P.1.TES: 2015.



PACS 31.15.-p
E. V. Ternovsky

RELATIVISTIC SPECTROSCOPY OF MULTICHARGED IONS
IN PLASMAS: Li-LIKE IONS

Summary. The transition probabilities and lifetimes for different excited states in spectrum of
the Li-like calcium are computed within the consistent relativistic many-body approach for differ-
ent values of the plasmas screening parameter (correspondingly, electron density and temperature)
and compared with available alternative data. The approach is based on the generalized relativistic
energy approach combined with the optimized relativistic many-body perturbation theory with
the Dirac-Debye shielding model as zeroth approximation, adapted for application to study of the
spectral parameters of ions in plasmas. An electronic Hamiltonian for N-electron ion in plasmas is
added by the Yukawa-type electron-electron and nuclear interaction potential.
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PEJIATUBUCTCKASA CHHEKTPOCKOIINA MHOI'O3APAIHBIX HOHOB B
IIVTABME: Li-lIOAOBHBIE NOHbI

Pe3iome. BeposiTHOCTH TIepexoi0B U BpEMEHa KU3HU JJIS PA3IUUYHBIX BO30YKIACHHBIX COCTOS-
HU B criekTpe Li-1ogoOHOTo KambIHsl BEIYUCISIIOTCS B paMKaXx MOCIIEI0BaTEIbHOTO PENIITUBUCT-
CKOTO MHOTOYaCTUYHOTO TO/XO0/IA /ISl pa3IMYHbIX 3HAYCHUH MapaMeTpa SKPaHUPOBAHUS TUIa3MBbI
(COOTBETCTBEHHO, 3JIEKTPOHHOW IMJIOTHOCTH U TEMIEPaTypbl) U CPAaBHUBAIOTCS C UMEIOIUMUCS
aJIbTepHATUBHBIMU JTaHHBIMH. [l01x01 OCHOBaH Ha OOOOILICHHOM PEISTUBHUCTCKOM DHEpreTHue-
CKOM TIO/IXOJl¢, COBMEIIEHHOM € (pOpPMaIM3MOM ONTUMH3UPOBAHHOM PEISATUBUCTCKON MHOTOYa-
CTUYHOM TEOpUH BO3MYILEHH ¢ mpubmmwkenneM Jupaka-Jlebas B kKaduecTBe HYJIEBOTO MPUOIIKE-
HUS, QIaNTHPOBAHHON JIJIs1 TPUMEHEHHS TIPU U3YUYEHUH CIIEKTPAJIbHBIX ITapaMeTPOB HOHOB B TIJIA3-
Me. DJIEeKTPOHHBIN raMUIIBTOHUAH U1 HOHA N-3JIEKTPOHOB B IUIa3Me J00aBIISETCS MOTECHIIMAIOM
AIIEKTPOH-IIEKTPOHHOTO U SZIEPHOTO B3auMoaencTBus Tuna FOkaBsl.

KiroueBble c/10Ba: CIIEKTPOCKOIUS HOHOB B IUIa3M€, SHEPTETHUECKUHN MOIXO0/, BEPOSATHOCTH
panuaoOHHBIX IEPEX0JI0B

PACS 31.15.-p
€ B. Tepnoscovkuii

PEJIATUBICTCBKA CIIEKTPOCKOIIISA BAT'ATO3APAHUX IOHIB
B IIVIA3MI: Li-IIOAIBHI IOHU

Pe3iome. 1IMOBIpHOCTI Mepexo/IiB 1 YacH >KUTTS Ui Pi3HUX 30yKEHHX CTaHIB B CHeKTpi Li-
MOIOHOTO KaJIbIIiI0 OOYHCITIOIOTECS B PAMKaX MOCIOBHOTO PENSTUBICTCHKOTO 0AararouacTUHKO-
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BOTO MIIXOAY Ul PI3HMX 3HAYCHb MapameTpa eKpaHyBaHHS IUIa3MH (BIAMOBIIHO, €IEKTPOHHOT
IIUTBHOCTI 1 TemIeparypH) 1 MOPIBHIOIOTHCS 3 HAsSBHUMHU ajJbT€PHATUBHUMHU MaHUMHU. [liaxin
IPYHTY€ETBCS Ha y3araJbHEHOMY PEJIATUBICTCHKOMY €HEPreTHYHOMY MiAXO0/1, MOeAHaHOMY 3 (hop-
MaJli3MOM ONTHMI30BaHOI PENSTHBICTCHKOI 0araTouacTHHKOBOI Teopii 30ypeHb 3 HaOIMKEHHSIM
Hipaka-/lebast B IKOCTI HyJbOBOTO HAOJIMKEHHS, aIalTOBAHOTO JJIsl 3aCTOCYBaHHS MPU BUBYEHHI
CNEKTPAJIbHUX MapaMeTpiB 10HIB y Iu1a3Mi. EnekTpoHHMIA raMisibToHIaH AJsi ioHa N-eJIeKTpOHIB
B IUIa3Mi JI0/IA€ThCS IOTEHIIIAJIOM €JIEKTPOH-EJIEKTPOHHOTO Ta epHOoro B3aemoii tumy FOkasu.

Ku1r040Bi cj10Ba: crieKTpOCKOITisl 10HIB B T1a3Mi, eHEPreTUYHUN M1IX1], HMOBIPHOCTI pajiaIiiii-
HUX MEePEXOIB
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HYPERFINE STRUCTURE PARAMETERS FOR Li-LIKE MULTICHARGED IONS
WITHIN RELATIVISTIC MANY-BODY PERTURBATION THEORY

Abstract.

The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sham zeroth

approximation is applied to calculation of the hyperfine structure parameters 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. The obtained data on the hyperfine structure parameters of the Li-like multicharged ions are
analyzed and compared with alternative theoretical and experimental results.

1. Introduction

In last years a studying the spectra of heavy
and superheavy elements atoms and ions is of a
great interest for further development as atomic
and nuclear theories (c.f.[1-12]). Theoretical
methods used to calculate the spectroscopic
characteristics of heavy and superheavy ions
may be divided into three main groups: a) the
multi-configuration Hartree-Fock method, in
which relativistic effects are taken into account
in the Pauli approximation, gives a rather rough
approximation, which makes it possible to get
only a qualitative idea on the spectra of heavy
ions. b) The multi-configuration Dirac-Fock
(MCDF) approximation (the Desclaux program,
Dirac package) [1-4] is, within the last few
years, the most reliable version of calculation
for multielectron systems with a large nuclear
charge; in these calculations one- and two-
particle relativistic effects are taken into account
practically precisely.

The calculation program of Desclaux is
compiled with proper account of the finiteness of
the nucleus size; however, a detailed description
of the method of their investigation of the role of
the nucleus size is lacking.

In the region of small Z (Z is a charge
of the nucleus) the calculation error in the
MCDF approximation is connected mainly
with incomplete inclusion of the correlation
and exchange effects which are only weakly

dependent on Z; ¢) In the study of lower states
for ions with Z<40 an expansion into double
series of the PT on the parameters 1/Z, aZ (a
is the fine structure constant) turned out to be
quite useful. It permits evaluation of relative
contributions of the different expansion terms:
non-relativistic, relativistic, QED contributions
as the functions of Z.

Nevertheless,  the serious problems in
calculation of the heavy elements spectra are
connected with developing new, high exact
methods of account for the QED effects, in
particular, the Lamb shift (LS), self-energy (SE)
part of the Lamb shift, vacuum polarization (VP)
contribution, correction on the nuclear finite
size for superheavy elements and its account for
different spectral properties of these systems,
including calculating the energies and constants
of the hyperfine structure, deriviatives of the
one-electron characteristics on nuclear radius,
nuclear electric quadrupole, magnetic dipole
moments etc (c.f.[1-10]).

In this paper the relativistic many-body
perturbation theory with the optimized Dirac-
Kohn-Sham zeroth approximation [11-19] is
applied to calculation of the hyperfine structure
parameters for Li-like multicharged ions. The
relativistic, exchange-correlation and nuclear
effects corrections are accurately taken into
account with using the consistent and high
precise procedures (c.g. [11-17]).

113



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 [11-17], and here we will only
present the essential features. As usually, we use
the charge distribution in atomic (ionic) nucleus
r(r) in the Gaussian approximation:

p(dR)= (4y3/ 2/ Jn )exp(— v )

where y=4/pR’ and R is the effective nucleus
radius. The Coulomb potential for the spherically

symmetric density 7( 7 ) is:
®)

2)
Further consider the Dirac-like type
equations for the radial functions F' and G
(components of the Dirac spinor) for a three-
electron system /s’n/j. Formally a potential
V(r|R) in these equations includes-electric and
polarization potentials of the nucleus, V', is the
exchange inter-electron interaction (in the zeroth
approximation). The standard Kohn-Sham (KS)
exchange potential is [13]:

(1)

Vnucl(r|R) = _((1/”)?‘1’”"”29(7"
0

© L '
R)-i- jdrrp(r
r

Ve (r) =~/ o3 p(r)]"”. 3)
In the local density approximation the
relativistic potential is [33]:

OE,[p(r)]

, 4
op(r) @

Vilp(r),r]=

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

the multielectron system corresponding to the

homogeneous density p(r), which is obtained

from a Hamiltonian having a transverse vector

potential describing the photons. In this theory
the exchange potential is [3,4]:

[B+(B"+]) ]_%}’ (5)

Vo)l = VS ()- {% T

where B=[37"p(r)]”/c, c¢ is the velocity
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of light. The corresponding one-quasiparticle
correlation potential

V.[p(r),r]1=-0.0333-b-In[1+18.3768 - p(r)""1,

(6)

(here b is the optimization parameter; see
below).

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

Vi) = C _:ciaj ) exp(iayr;) > (7)
i

(here a,,a are the Dirac matrices, W, is the
transition frequency) with the subsequent sub-
traction of the exchange and correlation poten-
tials. The rest of the exchange and correlation
effects is taken into account in the first two or-
ders of the PT (c.g.[3-5].

In Refs. [20-29] it was presented the effec-
tive relativistic formalism with ab initio optimi-
zation 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 alternative versions are proposed in
refs. [30-37].

The general scheme of treatment of the spec-
tra for Li-like ion is as follows. Consider the
Dirac-type equations for a three-electron sys-

tem g2 nlj . Formally they fall into one-electron

Dirac equations for the orbitals 1s 1s and nlj
with the potential:

V(r)=2v(rts)+ V(rnti)+ V. () + V(R) ®)

V(11R) includes the electrical and the
polarization potentials of the nucleus; the
components of the self-consistent Hartree-like

potential, ¥V, is the exchange inter-electron
interaction (look below). The main exchange
effect will be taken into account if in the equation

for the 1s orbital we assume

W)= Ui s)+ Yefnlj)

and in the equation for the nlj orbital

)



V(r) =2 V(dls)

The rest of the exchange and correlation ef-
fects will be taken into account in the first two
orders of the PT by the total inter-electron inter-
action [13-17].

The used expression for p( 15) coincides
with the precise one for a one-electron relativ-
istic atom with a point nucleus. The finiteness
of the nucleus and the presence of the second 1s
electron are included effectively into the energy
Eq.

Actually, for determination of the properties
of the outer n/j electron one iteration is suffi-
cient. Refinement resulting from second itera-
tion (by evaluations) does not exceed correla-
tion corrections of the higher orders omitted in
the present calculation.

The relativistic potential of core (the “screen-

(10)

ing” potential) 21/(1)( ls)z Vser has correct as-
ymptotic at zero and in the infinity. The proce-
dures for accounting of the nuclear, radiative
QED corrections are in details presented in
Refs. [3-5,14, 39-42].

3. Results and Conclusions

Energies of the quadruple (Wq) and magnetic
dipole (W ) interactions, which define a hyper-
fine structure, are calculated as follows [4]:

W =[D+C(C+1)]B,
W =0,5 AC,
D=-(4/3)(4c-1)(I+1)/[i(I-1)(2I-1)],
C=F(F+1)-JU+1)-I(I+1).  (16)

Here I is a spin of nucleus, F is a full
momentum of system, J is a full electron
momentum. Constants of the hyperfine splitting
are expressed through the standard radial
integrals:

A={[(4,32587)10*Zcg ]/(4c-1)}(RA) , (17)

B={7.2878 107 Z2Q/[(4c>-1)I(I-1)} (RA)

Here g, is the Lande factor, Q is a quadruple
momentum of nucleus (in Barn); radial integrals
are defined as follows:

(RA), = Tdrr2F(r)G(r)U(1/r2,R),

i 2 2 2 3 (1 8)
(RA), = [drr*[F*(r)+ G*(nJU(1/ 7. R)

and calculated in the Coulomb units (=3,57
10*°Z2’m2; = 6,174 10°°Z°m? for valuables of the
corresponding dimension). The radial parts F
and G of two components of the Dirac function
for electron, which moves in the potential
V(r,R)+U(r,R), are determined by solution of the
Dirac equations (look above).

We have carried out the calculation of
constants of the hyperfine interaction: the
electric quadruple constant B, the magnetic
dipole constant A with inclusion of nuclear
finiteness and the Uehling potential for Li-like
ions (c.g. [3-5]).

In table 4 the calculation results for the
constants of the hyperfine splitting for the lowest
excited states of Li-like ions are presented.

Analogous data for other states have
been presented earlier (see ref. [5,20]). Our
calculation showed also that a variation of the
nuclear radius on several persents could lead to
to changing the transition energies on dozens of
thousands 10°cm’'.

Table 1.
Constants of the hyperfine electron-nuclear

. . - Z’0 —
interaction: A=72°¢, Acm', B=——"—8B
em! 1(21-1)
nj | z 69 79 92
2s - 176 -02 | 215-02 314
4 02
3s y 51-03 63 -03 | 90-03
4s y 19 -03 24-03 | 36 -03
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2p,, | = | 5603 | 71-03 | 105
4 02

3P, |7 | 16703 | 20-03 | 31-03

W |7 | 72704 | 9104 | 11-03

Py |7 | 67704 | T1-04 | 72-04
— 13 04 15 -04 17 04
B

3p,, y 19 —04 21-04 | 2204
— 51 -05 55-05 | 6205
B

s, Z 89 -05 92 05 8 —04
— 20 —05 2205 | 2605
B

3d,, |7 | 10-04 | 11-04 | 12-04
— 9 -05 10-05 | 11 -05
B

4d,, | = | 51-05 | 55-05 | 58-05
— 44 —06 50 06 56 —06
B

3dg, | | 48-05 | 5005 | 52-05
— 38 06 3906 | 4006
B

4dg, | = | 19705 | 2005 | 21-05
— 15 -06 16 06 | 17-06
B
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HYPERFINE STRUCTURE PARAMETERS FOR Li-LIKE MULTICHARGED IONS
WITHIN RELATIVISTIC MANY-BODY PERTURBATION THEORY

Summary. The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sh-
am zeroth approximation is applied to calculation of the hyperfine structure parameters for some
Li-like multicharged ions. The relativistic, exchange-correlation and other corrections are accu-
rately 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.
The obtained data on the hyperfine structure parameters of the Li-like multicharged ions are ana-
lyzed and compared with alternative theoretical and experimental results.

Keywords: Relativistic many-body perturbation theory — Optimal one-quasiparticle representa-
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A. Muxatinos, 3. A. Epumosa, E. B. Teprnoseckuii, P. 3. Cepea

IMAPAMETPBI CBEPXTOHKOM CTPYKTYPbI JIJIS Li-IIOAOBHBIX
MHOT'O3APSIJTHBIX HOHOB B PAMKAX PEJIAATUBUCTCKOM
MHOTI'OYACTHYHOM TEOPUU BO3MYIIIEHUI

Pe3rome. PenstuBrcTCcKasi MHOTOYaCTUYHASI TEOPHST BO3MYILEHUIN C ONTUMU3UPOBAHHBIM HY-
neBeIM npubnmxenueM Jupaka-Kona-1llsma npumenena uig pacuera mapaMeTpoOB CBEPXTOHKON
CTPYKTYphI Li-moqo0OHBIX MHOTO3apsIIHBIX MOHOB. PenaruBucTCKHE, 0OMEHHO-KOPPEISAIIMOHHBIE
U ApyTHUe TONPaBKU YUYUTHIBAIOTCS B paMKax MOCIEA0BaTEeNbHBIX Mpoueayp. ONTUMU3HUPOBAHHBIN
0a3uc peNATUBUCTCKUX OpOUTajIeil reHepupyeTcs B MOCIEI0BATEILHOM HYIEBOM MPUOIMKEHUH
PENATUBUCTCKON MHOTOYaCTUYHON TEOPUHU BO3MYILIEHUH, UCXOAS U3 YCIIOBUS BBHITIOJHEHHS TIPUH-
una KaauOpOBOYHOW HMHBapUaHTHOCTU. [lonmydeHHbIE NaHHBIC AJIS MMapaMeTPOB CBEPXTOHKOMN
CTPYKTYpHI U1 Li-ogoOHBIX MHOTO3apSAHBIX HOHOB aHATTU3UPYIOTCSA U CPABHUBAIOTCS C aJbTep-
HATUBHBIMU TEOPETHUECKUMH U SKCIIEPUMEHTAIbHBIMU PE3yJIbTaTaMH.

KuroueBblie cioBa: PensTuBHCTCKas MHOTOYaCTUYHAs TEOPHs] BO3MYILEHUH., CBEPXTOHKAs
CTPYKTYpa, TUTHI-110I00HbIE HOHBI
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0. JI. Muxaiinos, E. O. Egimnosa, €. B. Tepnoscoxuii, P. E. Cepea

HAPAMETPH HAJITOHKOI CTPYKTYPHU JJIS Li-HOJIBHUX BATATO3APSJTHUX
IOHIB B PAMKAX PEJSATUBICTCHKOI BATATOYACTUHKOBOI TEOPII 35YPEHb

Pe3tome. PemsiTuBicTChKa OararoyacTHHKOBA TeOpist 30ypeHb 3 ONTHMI30BaHUM HYJbOBUM Ha-

ommkenHsM Jlipaka-Kona-1llema 3acTocoBaHa /it pO3paxyHKy IMapaMeTpiB HaITOHKOT CTPYKTYPH
11t Li-momiOHuxX Gararo3apsiHuX 10HiB. PelsTUBICTCHKI, 0OMIHHO-KOPEJIAIIHHI Ta 1HII TTOTPaBKH
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BPaxXOBYIOTHCSl B paMKax IMOCIHIJOBHUX Tpouenayp. OntumizoBanuii 6a3uc peisiTuBiCTCHKUX OpOi-
Tajel reHepy€eThCs B MOCIITOBHOMY HYJIHOBOMY HAOIMKEHHI PEISITUBICTCHKOI 0araTo4acTHHKOBOI
Teopii 30ypeHb, BUXOIIUM 3 YMOBH BUKOHAHHS PUHIIMITY KaJliOpyBajabHOI iHBapiaHTHOCTI. OTpu-
MaHi J1aHl mapameTpiB HaJATOHKOI CTPYKTypH Juist Li-momiOHMX Oararo3apsHHUX 10HIB MOPIBHIO-
IOThCS 3 AJITEPHATUBHUMU TEOPETUYHUMHU 1 EKCIIEPUMEHTATIBHUMHU PE3yIbTaTaMH.

Karouosi ciioBa: PensruBicTchka 6ararouacTMHKOBA TeOpist 30ypeHb, HAATOHKA CTPYKTYpa, Jii-
TIA-110x10H] 10HH

120



PACS 31.15.-p; 33.20.-t

E. V. Paviov, A. V. Ignatenko, S. V. Kirianov, A. A. Mashkantsev

Odessa State Environmental University, 15, L’vovskaya str., Odessa, 65016
E-mail: kirianovserg@gmail.com

DYNAMICAL AND TOPOLOGICAL INVARIANTS OF PbO DYNAMICS
IN A RESONANT ELECTROMAGNETIC FIELD

Nonlinear chaotic dynamics of the PbO molecule interacting with a resonant linearly polarized electromagnetic
field is computed within the quantum model, based on the numerical solution of the Schrédinger equation and model
potential method. To calculate the system dynamics in a chaotic regime the known chaos theory and non-linear analysis
methods such as a correlation integral algorithm, the Lyapunov’s exponents and Kolmogorov entropy analysis are
used. There are listed the data of computing dynamical and topological invariants such as the correlation, embedding
and Kaplan-Yorke dimensions, Lyapunov’s exponents, Kolmogorov entropy etc..

1. Introduction

At present time theoretical and experimental
studying regular 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 [1-9].

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 different physical contexts, ranging from
atomic, molecular and nuclear physics optical)
or resonators and mesoscopic physics and
others (see [1-16]). According to Refs. [1-3],
under the definite conditions, such systems are
described by the corresponding model, when
Hamiltonians are possessing only a few degrees
of freedom. For the low-dimensional chaotic
case the corresponding conditions of transition
to deterministic chaos in the system dynamics
are quite well understood at the classical level
[1-4].

Under quantum treatment of the problem,
the similar systems (in particular, the diatomic
molecules in a resonant electromagnetic field)
are studied with using the known quasiclassical
approach [2]. At the theoretical level, the
majority of studies, devoted to chaos phenomena

in molecular dynamics, is carried out with the
using simple tools of dynamical systems theory
and qualitative theory of differential equations.
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 interacting 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. [17-24]).

In Ref. [1-3,5-7] the authors performed a

study of deterministic chaos in a number of
diatomic molecules (GeO, ZrO etc) using as the
quasiclassical method as quantum ones.
In this paper we present the corresponding results
of computing the characteristic dynamical and
topological invariants of the chaotic dynamics
of the PbO molecule interacting with a linearly
polarized resonant electromagnetic field.
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2. Quantum-dynamical and chaos-
geometric approach

As the main ideas of the quantum-
dynamic approach to diatomic molecule in an
electromagnetic field are in details presented
in the Refs. [5-7], here we will restrict yourself
only by some key elements. The quantum-
dynamic approach to a diatomic molecule in an
electromagnetic field is based on the solution
of the time-dependent Schrodinger equation,
optimized operator perturbation theory and
realistic model potential (density functional)
method (see more details in Ref. [5]).

The problem of dynamics of diatomic molecules
in an infrared field is reduced to solving the
Schrédinger equation:

ioVY/ot=[H,+U(x)-d(x)E, e(t)cos(w,t] ¥

6]

where E, - the maximum field strength,

g(t)=E cos(ot) corresponds the pulse envelope

(chosen equal to one at the maximum value of
electric field).

A molecule in the field gets the induced
polarization and its high-frequency component
can be defined as [3,5]. It is important to remind
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 corresponding energy
of interaction with the field is much higher than
anharmonicity constant w > xhQ. It is obvious
that a spectrum in this case become more
complicated [5,6].

The main output data of the quantum-
dynamical approach application are the
corresponding theoretical temporal dependence
of polarization of a molecule in a resonant
electromagnetic field the field in a chaotic
regime.

In order to perform the detailed analysis
of the chaotic regime polarization time series,
further a total dynamics of the quantum system
in an electromagnetic field and to calculate
the fundamental topological and dynamical
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invariants of the system in a chaotic regime we
used the universal chaos-geometric approach,
presented earlier (see, c.g., [5-7,19-20]).

Generally speaking, the approach includes
a set of such non-linear analysis and a chaos
theory methods as the correlation integral
approach, multi-fractal and wavelet analysis,
average mutual information, surrogate data,
Lyapunov’s exponents and Kolmogorov entropy
approach, spectral methods, nonlinear prediction
(predicted trajectories, neural network etc)
algorithms.

One of the important tasks here is to determine
the corresponding embedding dimension and 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 dimension, d,, must be
greater, or at least equal, than a dimension of
attractor, d , i.e.d,>d .

Usually one should use several standard
approaches to reconstruction of the attractor
dimension (see, e.g., [17-20]). 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 correlation
integral, C(r), to distinguish between chaotic
and stochastic systems.

To compute the correlation integral, the
algorithm of Grassberger and Procaccia is the
most commonly used approach. According to
this algorithm, the correlation integral is

C(r) = lim gH(r 1y,-,1) @

(I<i<j<N)

2
N(n-1)

where H is the Heaviside step function with
H(u)=1foru>0and H(u) =0 for u <0, ris the
radius of sphere centered ony, ory, and Nis the
number of data measurements.

In order to perform the verification of the
results obtained by means of the correlation
integral analysis, one could use so called known
surrogate data method. This approach makes use
of the substitute data generated in accordance
to the probabilistic structure underlying the
original data.

The important dynamical invariants of a
chaotic system are the Lyapunov’s exponents



(see, c.g., [17-20]). These characteristics can
be defined as asymptotic average rates, they
are independent of the initial conditions, and
therefore they do comprise an invariant measure
of attractor. Saying simply, the Lyapunov’s
exponents are the parameters to detect whether
the system is chaotic or not.

Another important characteristics, namely,
the Kolmogorov entropy K, measures the
average rate at which information about the state
is lost with time. According to the definition, the
Kolmogorov entropy can be determined as the
sum of the positive Lyapunov’s exponents.

The estimate of the dimension of the attractor
is provided by the Kaplan and York conjecture:

J
2
d = jrol
STV
: 3)

; Jj+l1
where j is such that ;’100 and ;’1“ <0,
and the Lyapunov’s exponents A are taken in

descending 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 this work we use an
advanced algorithm with fitted map with higher
order polynomials. To calculate the spectrum
of the Lyapunov’s exponents, one could
determine the time delay t and embed the data
in the four-dimensional space. In this point it is
very important to determine the Kaplan-York
dimension and compare it with the correlation
dimension, defined by the Grassberger-
Procaccia algorithm].

As a rule, the calculational results of the
state-space reconstruction are highly sensitive to
the length of data set (i.e. it must be sufficiently
large) as well as to the time lag and embedding
dimension correctly determined.

Indeed, there are limitations on the
applicability of chaos theory for observed (finite)
dynamical variable series arising from the basic
assumptions that these series must be infinite.
A finite and small data set may probably result

in an underestimation of the actual dimension
of the process. The details of the procedures
and algorithms used are presented in Refs.
[5,7,19-26].

3. Some results and conclusions

Here we present the results of numerical
simulation of the time dynamics for diatomic
molecule PbO in the electromagnetic field. The
parameter W of interaction of an electromagnetic
radiation with a molecule is as follows:

Wiem™1=120.3(d, / r)(S/ Mw,)"” (4)

where, as usually, an electromagnetic
field caan be characterized by the following
parameter: S = cE /8 (c is the velocity of light
and E is a field strength), an interatomic distance
r, in A, dipole moment d inD, o, in cm’, M
in a.um., and the field parameter S in GW/
cm?’. The set of the PbO molecular constants
and electromagnetic field parameters is listed
in Table 1 [27]. The corresponding Chirikov
parameter in this case is as:

Sn=2(Ed/B): » 1. (5)
The typical theoretical time dependence of
polarization for PbO molecule in the field in
a chaotic regime is presented in Ref. [5]. The
concrete step is an analysis of the corresponding
time series with the n=7.6x10° and Ar=5x10"s.
In Table 2 we present the calculational values
of the correlation dimension d,, the Kaplan-
York attractor dimension (d,), the Lyapunov’s
exponents (A ), Kolmogorov entropy (K_ ),

Table 1.
Set of the PbO molecular constants and
electromagnetic field parameters

Parameters PbO
o = (cm™) 721.0
o X =xhQ (cm™) 3.54
B, (cm™) 0.3073
D, (cm™) 2.23x107
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d, (D) 4.65

r, (A) 1.92
M (a.u.m) 14.86
W (cm™) 4.45-14.08

the Gottwald-Melbourne parameter. It is very
important to declare that the dynamics of the
PbO molecule in a resonant linearly polarized
electromagnetic field has the elements of a
deterministic chaos (the strange attractor).

Table 2.
Correlation dimension d,, Lyapunov’s
exponents (A, i=1,2), Kaplan-York attractor
dimension (4,), Kolmogorov entropy (K_ ),

Gottwald-Melbourne parameter K,

d2 7\’1 }\’2
2.87 0.151 0.0184

dL Kentr KGW
2.64 0.169 0.84

From one side, this conclusion is entirely
agreed with the results of modelling for other
diatomic molecules [3,7-11]. From the other
side, one should fix the increasing of the spectral
chaos inthe molecule studied in comparison with
other diatomics such as GeO and similar ones.
To conclude, the values of the dynamical and
topological invariants (the correlation, Kaplan-
York dimensions, the Lyapunov’s exponents
etc) for the PbO molecule interacting with the
resonant linearly polarized -electromagnetic
field are computed. In particular, the first two
Lyapunov’s exponents are positive. These data
indicate on emerging dynamical chaos elements
(indeed the low-dimensional attractor) in
behaviour of diatomic molecule interacting with
electromagnetic field.
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DYNAMICAL AND TOPOLOGICAL INVARIANTS OF PbO DYNAMICS
IN A RESONANT ELECTROMAGNETIC FIELD

Summary. Nonlinear chaotic dynamics of the PbO molecule interacting with a resonant linearly
polarized electromagnetic field is computed within the quantum model, based on the numerical so-
lution of the Schrodinger equation and model potential method. To calculate the system dynamics
in a chaotic regime the known chaos theory and non-linear analysis methods such as a correlation
integral algorithm, the Lyapunov’s exponents and Kolmogorov entropy analysis are used. There
are listed the data of computing dynamical and topological invariants such as correlation, embed-
ding, Kaplan-Yorke dimensions, Lyapunov’s exponents etc.

Key words: Chaotic dynamics, diatomic molecule, electromagnetic field

PACS 31.15.-p; 33.20.-t
E. B. Ilagnos, A. B. Henamenxo, C. B. Kupvanos, A. A. Mawkanyes

JUHAMMYECKHUE U TOITIOJIOI'MYECKHUE UTHBAPUAHTBI IUHAMUWKH
MOJVIEKYJIBI PbO B PE3OHAHCHOM 3JIEKTPOMATI'HUTHOM I10JIE

Pe3rome. Henmneitnas xaoTnueckasi TMHaMHUKa MOJIEKYbl PbO B pe30HaHCHOM JIMHEWHO I10-
TSIPU30BAHHBIM JIEKTPOMATrHUTHBIM TIOJIE PACCUUTHIBACTCS B paMKaxX KBAaHTOBOUM MojemH, 0azupy-
IOIIEHCS Ha YMCIIEHHOM pemieHnn ypaBHeHus llIpenunrepa m MeToze MOJEIBHOTO MOTEHIIHUANA.
Jns MopenupoBaHus TUHAMUKH B XaOTHUYECKOM PEKUME UCIOIb3YIOTCSI U3BECTHBIE METOJIbI He-
JMHEWHOT0 aHalin3a U TEOPHUH Xa0ca, B T.U., METOJl KOPPEISLIMOHHOTO MHTErpalia, aHaJIU3 Ha OC-
HOBe moka3zareneit JIsmynosa, sutpornuu Konmoroposa u nip. [IpeactaBieHs! JaHHBIE BHIYUCICHUS
JIMHAMUYECKHX U TOMOJIOTUYECKUX HHBAPUAHTOB, B T.4., PA3MEPHOCTEH BIOKEHUSI, KOPPEIISIITUOH-
HOMH, KaHHaHa-ﬁopKa, nokaszarenen JlsmyHosa, 1p.

KiioueBble ¢ji0Ba: xaoTuyeckasi IMHAMHKA, 2-aTOMHAsI MOJIEKYJIa, JIEKTPUIECKOE T10JIe

PACS 31.15.-p; 33.20.-t

€. B. llasnos, I B. Ienamenxo, C. B. Kip sanos, O. A. Mawxanyes,

JAUHAMIYHI I TOITOJIOI'TYHI IHBAPIAHTU ITMHAMUKHAU MOJIEKYJIN
PbO Y PESOHAHCHOMY EJIEKTPOMAT'HITHOMY I10JII

Pe3tome. Heniniiina xaotnuyna guHamika monekynu PbO, B3aemopirouell 3 pe30HaHCHUM
JTHIAHO-TIONSIPU30BAHUM E€JIEKTPOMArHITHUM TIOJIEM, PO3PaxXxOBYEThCS B paMKaX KBaHTOBOI
Moziesli Ha OCHOBI pimeHHs piBHsHHSA Ulpeminrepa i Meromy MozaenbHOro mnoteHmiamy. Jlims
aHaJli3y TMHAMIKU CUCTEMHU B XaOTMUYHOMY PEXHMMI BUKOPUCTaHI METOJM HENIHIMHOro aHami3y Ta
Teopii Xaocy, y T.4., METOJ] KOPEJAIIHHOTO IHTerpaia, aHajli3 Ha OCHOBI MOKa3HUKIB JIsmyHOBa,
entpomnii Koamoroposa T.i. Hanani mani o04MClIeHHS] JUHAMIYHUX 1 TOTIOJOTIYHUX 1HBapiaHTIB:
po3MipHOCTel Kopessiiiitoi, Bkaagenns, Karmana-Mopka, mokasuukis JIsmyHoBa, Ta iHIIHX.

Kuro4oBi ciioBa: xaoTnuHa AuHaMiKa, 2-aTOMHA MOJIEKYJIa, €JIeKTPOMAarHiTHE TMoJje
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FEATURES OF APPLICATION OF THE THERMOLUMINESCENT METHOD FOR
DATING

To determine the age of geological rocks, we studied the thermoluminescence of the natural light sum stored as a
result of uncontrolled radioactive radiation, as well as after annealing and exposure to a controlled irradiation dose. The
magnitude of the stored light sum was determined from the area under the curve of thermoluminescence. It is shown
that the thermoluminescent method allows to accurately determine the age of geological objects and can find practical

application for creating sensors of dating.

1. INTRODUCTION

Thermally stimulated luminescence (TSL) is
used in radiation dosimetry to determine the age
of archaeological ceramics and geological rocks
[1-3]. Since the luminescence is very sensitive
to the defects in a solid, it can also be used in
material research. The TSL method of dating
ceramics and geological objects is based on the
fact that, under the action of radioactive radia-
tion of a number of elements in the earth’s crust,
the light sum is accumulated by the objects un-
der study. The process of storing non-equilibri-
um charge carriers occurs at local capture levels
in dielectrics under the action of ionizing radia-
tion from natural radionuclides contained in the
dating object [1,4]. During heat treatment of ce-
ramics (880-980 K), quartz contained in it loses
all its previously accumulated light sum, the ac-
cumulation of which occurred since the forma-
tion of quartz as a mineral. Thus, when dating
by the thermoluminescent method, a zero-mo-
ment is realized, which is undoubtedly the main
advantage of this method.

After storing the light sum with the subse-
quent heating, this energy is released in the form
of TSL. The magnitude of the stored light sum
is determined by the properties of the samples
investigated: porosity, the content of quartz in
them, and the dose power received by them.
The content of quartz is fundamentally impor-

tant, therefore, the application of this method
is limited only to those periods, the geological
history of which is inherent to quartz-stone. The
technique and interpretation of the results of the
thermoluminescent method differ for different
groups of researchers, that is, they are under
development, so the research topic is very rel-
evant.

2. THERMOLUMINESCENCE EXCITED
BY INTERACTION WITH WATER VAPOR

The use of the TSL method is based on the
assumption that the accumulation of the light
sum occurs only as a result of the exposure of
the test samples to the elements of the geologi-
cal environment by radiation of the natural ra-
diation background. However, as is well known,
the accumulation of a light sum by a number of
solids can occur without exposure to ionizing
radiation as a result of their interaction with wa-
ter [5—7]. In this case, the accumulation of the
light sum occurs near the surface of a solid. The
value of the stored light sum is determined by
the value of its specific surface, its state and the
nature of the substance itself.

The storage process of the light sum is due
to the formation of radical ions, in particular,
during the dissociation of water, and their ad-
sorption on the catalytically active centers of the
solid surface [7]. Radical ions can come to the
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surface from the environment, or form on the
catalytically active surface of a solid as a result
of dissociation of the adsorbent. The amount of
stored light sum is determined mainly by the
number of centers on the surface of a solid on
which radical ions can adsorb, creating com-
plexes of adsorption nature that perform the
functions of traps filled with electrons.

The process of storing the light sum often
ends within a few days, but sometimes it takes
much longer to complete. The light sum stored
in this way is determined only by the proper-
ties and state of the solid surface, while the light
sum accumulated under the action of radioac-
tive radiation is due to the processes occurring
in its bulk and is determined by the presence of
both emission centers and electron traps in the
substance under study. Therefore, “surface” lu-
minescence can also manifest itself in the case
when the usual “bulk” thermoluminescence is
absent. Obviously, the existence of both types of
thermoluminescence is also possible. The ratio
of their intensities is determined by the nature
of the substance, the impurities in it, the value of
the specific surface and its properties, the condi-
tions of its keeping, the magnitude of the radia-
tion dose received and its nature.

The presence of such a “surface” thermolu-
minescence should lead to overestimated values
of the rock age, however, it is not taken into ac-
count in any way when dating geological ob-
jects. It is precisely because of the presence of
“surface” thermoluminescence that, apparently,
the age of rocks, determined by the authors in
the work by the thermoluminescent method [8],
is often 1,5+2 times their age, determined by
the radiocarbon method. It is the “surface” com-
ponent of thermoluminescence that is apparent-
ly due to the course of “natural” thermolumines-
cence of granite in [9], the position of the maxi-
mum of which on the temperature scale differs
significantly from the position of the maxima of
“artificial” thermoluminescence stimulated by
X-rays and irradiation in a nuclear reactor. This
difference was interpreted by the author in favor
of assuming that thermoluminescent dating is
not applicable in this case. In our opinion, this
fact is a manifestation of the influence of vari-
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ous types of centers (surface and bulk) on TSL.

Obviously, the presence of “surface” thermo-
luminescence is largely due to the large differ-
ence observed in [10] in the intensities of the
“natural” thermoluminescence peaks of apatite
within the same array. Indeed, the intensity of
“surface” thermoluminescence is determined by
the state of the surface, which, in turn, depends
significantly on the conditions of the sample,
which, of course, within the same array in dif-
ferent parts of it. It is precisely the accumulation
of the light sum by the surface of the samples
that apparently caused the spontaneous recovery
observed in the same work with the thermolumi-
nescence time of the samples after their calcina-
tion.

Thermoluminescent dating method is also
used in archeology to determine the age of ce-
ramics [1,2,10,11]. The method is based on the
application for dating quartz, extracted from or
contained in ceramics. As with dating in geolo-
gy, it is believed that the light sum is stored only
as a result of irradiation of samples with radio-
active radiation. However, usually on quartz, as
well as on ceramics, the surface is very strongly
developed. The specific surface is often tens and
hundreds of square meters per 1 g of substance.
Since there are usually 10" centers per 1 cm?
of the surface of a solid, capable of perform-
ing the functions of traps filled with electrons
(complexes of adsorption nature), there will be
10"1in 1g of such centers. Provided that impuri-
ties capable of performing the functions of deep
electron traps in the bulk of a solid body are ~
1072, we find that the number of such centers per
gram of substance is 10".

Thus, the numbers of both types of centers
can be commensurate, and in some cases the
number of surface centers can significantly ex-
ceed the number of bulk centers. Accordingly,
the intensity of the “surface” luminescence is
commensurate with the intensity of the “bulk”.
Since the use of the thermoluminescent method
assumes the presence of only “bulk” thermo-
luminescence, while the total is recorded, it is
obvious that a significant error is possible when
dating in this way, and therefore, just like when
dating geological objects, it is necessary to take



into account the “surface” component of lumi-
nescence.

The given examples testify to the manifesta-
tion of the “surface” component of thermolumi-
nescence in a number of geological objects and
indicate the need to take it into account when
dating by the thermoluminescent method. The
spectral composition of the luminescence that
arises when the light sum stored as a result of
exposure to water is determined by the lumi-
nescence centers located near the surface of the
samples. These centers can also be largely asso-
ciated with the adsorption of water. The spectral
composition of the luminescence arising from
the thermoluminescence of the light sum stored
during radioactive irradiation is determined
mainly by the luminescence centers located in
the sample volume. Such centers can be impuri-
ties of a number of metals, lattice structure de-
fects, etc.

Thus, since the nature of the centers respon-
sible for the emission of “surface” and “vol-
ume” luminescence may be different, the spec-
tra of these two types of luminescence may also
differ. The aim of the work was to study the
spectral composition of “natural” thermolumi-
nescence induced by radioactive radiation and
thermoluminescence excited when interacting
with water. Such information may provide ad-
ditional information for determining the age of
geological rocks.

3. EXPERIMENTAL

Taking into account the above considerations
on the role of water and the surface component
of luminescence, the method [8—14] of thermo-
luminescent dating can be somewhat changed.
At the first stage, the curve of thermolumines-
cence of a prepared archaeological or mineral-
ogical object should be removed. The area un-
der the curve of thermoluminescence gives the
value of the natural light sum, accumulated as a
result of uncontrolled radioactive radiation.

At the second stage, the previously high-
lighted sample is heated at a temperature of
970-1070 K to erase the remnants of the pro-
genetic amount, which could remain unreleased

as a result of the previous measurement. Since
thermostimulated  luminescence associated
with surface states is strongly influenced by the
products of the dissociation of water and some
other inorganic substances, such a measurement
should be carried out in a vacuum, atmosphere
of dry air or inert gases. At the third stage, the
sample is exposed to a controlled dose of radia-
tion, after which thermoluminescence is again
performed. All studies known to us at this stage
were carried out without isolating the samples
from moisture, as a result of which the latter, to-
gether with the irradiation, stored the light sum.
It gave the overestimated value of the total light
sum and, as a result, the overestimated age of
the rocks. Comparing the light sum, obtained
under the action of natural uncontrolled irradia-
tion and controlled dose, you can determine the
age of the sample.

It is known that the intensity of thermolumi-
nescence is proportional to the radiation dose

15]:
[ ] Inut = CPltl

P, —natural dose power (natural background),

t, - age of geological rocks, C- constant, in-
dependent of the power and time of exposure.
Similarly, the intensity of the TSL, which is ob-
served as a result of irradiation with a controlled
dose of radiation, is induced by the TSL:

I,y = CPyt,

where P,is the dose power control, ¢, is

the exposure time C — constant, which does
not depend on the power and time of exposure.
Hence the age of the rocks:

Inat})ZtZ

f =t 22

Rlind
The accuracy of dating is determined by both
the accuracy of the method and the possibility of
the temporary separation of various geological
rocks. The accuracy of the TSL method is
quite high [16]. The possibility of temporary
separation of various rocks is determined by
geological laws and is not less than 200-300
years.

129



We carried out thermoluminescent dating of
quartz samples. Quartz was chosen for the reason
that, being a mineral, it is also present in archaeo-
logical samples and, moreover, as can be seen from
the previous one, due to the presence of quartz,
the thermally stimulated dating of archaeological
rocks is possible.

By the method of wet sieve analysis, fractions
of 100-140 um in size were determined from
quartz rock sediments previously identified by
radiocarbon analysis with different periods of the
quaternary period. Quartz was extracted by min-
eral separation in heavy liquids (bromoform). De-
gree of purity is 98-99%. Surface cleaning from
contamination was carried out by processing in a
10% HF + HCI solution for 10 minutes. The ob-
tained samples were pressed into tablets with a di-
ameter of 12 mm and a thickness of 2 mm.

0.8

0.2

Fig.1. Curves of thermoluminescence of sam-
ples: 1) the intensity of the natural light sum
stored as a result of uncontrolled radioactive
radiation; 2) the intensity of the light sum af-
ter heating at a temperature of 970-1070 K and
the effects of a controlled dose of radiation.

For measurements, a standard thermolumines-
cent installation was used in the integral sensitivity
mode (the signal was amplified by an IMT-005 di-
rect current meter and fed to one of the coordinates
of the recording device). The temperature was
measured using a copper - constantan thermocou-
ple with an accuracy of 10K and was fed to anoth-
er coordinate of the recording device (PDP-001).
The heating rate was 0,3 K/min. The working vol-
ume of the chamber in which the thermolumina-
tion was carried out was hermetically sealed and
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purged with vapors of dry air, the humidity level in
which did not exceed 0.05%. The source of expo-
sure was cobalt ® Co (power 0,15 x-ray / s). The
measurements were carried out in the temperature
range from 320-600 K. The curves of thermolumi-
nescence are shown in fig. 1.

4. RESULTS AND DISCUSSION

It can be seen that all samples are character-
ized by peaks in the range of 500-525 K and
about 580 K, which correspond to peaks of
quartz and calcite. For samples exposed to a
controlled dose of radiation, the intensity of the
light sum increased and an additional peak ap-
peared at a temperature of 400 K. The total val-
ue of the stored light sum was determined by the
area under the curve of thermoluminescence.
The age of the rocks was determined similarly
to the formula given above:

I..D

icd”a

- I indD a

The annual dose of radioactive radiation in-
cluded in this formula D, was determined by
the value of the natural background radiation.
The accumulated dose D, was determined tak-

1

ing into account the power of the source. 1 icd
— the intensity controlled radiation dose rate

(induced TSL), 1 ine — the intensity of the un-
controlled radiation dose (natural background).

The age estimate taking into account the ex-
perimental data obtained is 2,6-10* years. The
radiocarbon analysis of the same sample gives
2,1-10% the age of years. A good agreement of
the results obtained by two different methods
may indicate the validity of the assumption that
the coefficient of proportionality is constant be-
tween the intensity of the TSL and the radiation
dose power. This circumstance indicates the
possibility of practical application of the sam-
ples under study to create dating sensors.

To determine the age of geological rocks, we
studied the thermoluminescence of the natural
light sum stored as a result of uncontrolled ra-
dioactive radiation, as well as after warming up



and exposure to a controlled irradiation dose. A
good agreement was obtained between the re-
sults obtained by thermoluminescent and radio-
carbon methods. It is shown that the discrepancy
between the results obtained by these methods is
less than that given by other authors. Obvious-
ly, this improvement was due to the inclusion
of the “surface” component of thermolumines-
cence. The above dating method allows you to
accurately determine the age of geological and
archaeological objects and can find practical ap-
plication for creating dating sensors.
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FEATURES OF APPLICATION OF THE THERMOLUMINESCENT METHOD FOR
DATING

To determine the age of geological rocks, we studied the thermoluminescence of the natural
light sum stored as a result of uncontrolled radioactive radiation, as well as after warming up and
exposure to a controlled irradiation dose. The magnitude of the stored light sum was determined
from the area under the curve of thermoluminescence. It is shown that the thermoluminescent
method allows one to accurately determine the age of geological objects and can find practical ap-
plication for creating dating sensors.

Keywords: thermoluminescent method, dating, storage of light sum, thermoluminescence.
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OCOBEHHOCTU NPUMEHEHUSA TEPMOJIIOMUHECHEHTHOI'O METOJA JJIsA
JATHPOBAHMUA

s onpenenenus Bo3pacta reoJIOTHYECKUX OPOJT MMPOBEACHO U3YyYEHNE TEPMOBBICBEUNBAHMS
€CTECTBEHHOW CBETOCYMMBI, 3alIaCEHHOM B PE3yJIbTaTe HEKOHTPOJIUPYEMOIO PaJlMOaKTUBHOIO M3-
Jy4eHHUs1, a TaKKe MOCJIe IPOrpeBa M BO3ACUCTBUS KOHTPOIUPYEMOH 1036l 00mydyeHus. Bennun-
Ha 3allaCEHHOW CBETOCYMMBI ONPEIEIUIACh M0 IUIOMAAN 10 KPUBOU TepMoBbIcBeunBaHus. [1o-
Ka3aHO, YTO TEPMOJIIOMUHECUEHTHBIA METO MO3BOJIIET JOCTATOYHO TOYHO ONPENENATH BO3PACT
reoJIOTUIECKUX OOBEKTOB M MOXKET HAaWTH MPAKTHUECKOE NMPUMEHEHHUE IS CO3IaHUsI CEHCOPOB
JTaTUPOBAHMSI.

KiroueBble Cll0Ba: TEPMOIIOMUHECLUEHTHBIA METOJ, JaTUPOBAaHUE, 3allaCaHUE CBETOCYMMBI,
TEPMOBBICBEUNBAHUE.
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OCOBJIMBOCTI 3ACTOCYBAHHSA TEPMOJIOMUHECHEHTHOI'O METOAY AJIA
JATYBAHHSA

Jl1st BU3HAUEHHS BIKY I'€0JIOTYHUX MOP1A MPOBEIEHO BUBUEHHS TEPMOBUCBITICHHS PUPOIHOT
CBITJIOCYMH, 1110 3arlaceHa B Pe3yJIbTaTi HEKOHTPOJIbOBAHOTO Pal0aKTUBHOIO BUITPOMIHIOBaHHS, a
TAKOX MICJIsl TPOTPIBY 1 BIUIUBY KOHTPOJIBOBAHOI J03M ONMpPOMiHEHHS. BennunHa 3amaceHoi cBiT-
JOCYMHU BH3HaJaslacs 3a IUIOIICIO IiJ KPUBOIO TepMOBHUCBITIEHHS. [loka3zaHo, 110 TepMoIOMi-
HECIIEHTHUI METOJl J03BOJII€ JOCUTh TOYHO BU3HAYATH BIK I'€OJIOTIYHUX 00’ €KTIB 1 MOXKEe 3HAUTH
NPAaKTUYHE 3aCTOCYBAHHS JIJIsl CTBOPEHHSI CEHCOPIB 1aTyBaHHI.

KirouoBi ciioBa: TEpMOIIOMIHECIIEHTHHI METOJ, JaTyBaHHs, 3allaCaHHs CBITIIOCYMH, TEPMO-
BUCBITJICHHS.
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THE STUDY OF HOMOGENEOUS AND HETEROGENEOUS SENSITIZED CRYSTALS
OF CADMIUM SULFIDE. PART III. OSCILLATIONS OF EXCITED CARRIERS

The processes at short-wave limit of the quenching of the photocurrent were studied. The possibility of creating
a new type of device - a sensitive photometer (not on the intensity of light, but on its wavelength), and the combined
temperature—voltage tester.

The process of hole oscillation under photoexcitation from R-centers is investigated. The quantum yield for infra-
red light is determined. The effect of the applied voltage on the form of the spectral distribution curves of the photocur-
rent quenching was found and explained. The concentration of R-centers in the samples is calculated.

This publication is a continuation of the reviews [ 1— 2]. For the sake of preservation of generality of work continu-
ous numbering of sections is chosen. Numbers of formulas and figures are presented by sections. References in each
article are given individually.

Cadmium sulfide crystals are used in our studies as a convenient model material. Obtained results and constructed
models are also applied to other semiconductors.

4. Research of processes in the field of short- I uA
wave threshold of infrared quenching of 4
photocurrent

1, main(l)

(4)

Lets consider, that in a sensitive crystal under
the action of light, the wavelength of which does w0 60
not change from the maximum of its own exci-
tation (520 nm), a photocurrent /_ . is formed. If
at the same time the monochromatic light with
controlled wavelength, hereinafter referred to as
the main, is sent to sample, the quenching re-
gion of the flowing photocurrent /__ is less than
the original: /. >I .. With a decrease in the

excit mail

Ay 1IN

I T
1000 1200 1400

I
800

wavelength of the main light, it will also be in- W00 600 so0 1000 1200 1400
tristic. Then, in the conditions of additional ex-
citation I, >1 Fig. 4.1. The spectral distribution of the photo-

As in the long-wave part of the spectrum
i L. »and in the shortwave [ >1 . then,
according to the Bolzano-Cauchy theorem,
there must be a point when/ . =7 _.Let’s call

main excit.”

this wavelength as shortwave threshold for the The processes occurring in the crystal have
efffact of I.R-que.nchlng of photQCurrent or the not been studied before and are studied for the
point of bifurcation. The switching-on of basic first time [3,4].

light in this point of spectrum does not change ’

photocurrent /. being already formed (see

Fig. 4.1.B).

current under the action of only exciting light
with A=520 nm (A) and together the main and
exciting light(B).
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4.1. On the balance of processes of excita-
tion—quenching at the bifurcation point

There are two options. Exposure by the main
light at the bifurcation point does not cause
any changes. Its wavelength is too far from the
field of its intristic excitation and does not lead
to an increase in the concentration of the main
charge carriers. At the same time, it is too small
to change the concentration of minority carriers
and does not cause the IR-quenching process.

Or both processes, although to a weak degree,
are activated, but are equal to each other. In the
latter case, as usual, when exposed to competing
mechanisms, the current must be very sensitive
to changes in external conditions — temperature,
applied voltage, changes in the intensity of the
main and excitation light.

Figure 4.1.B shows the change in photocur-
rent /__ under the action of the main light of dif-
ferent wavelengths. Here, for convenience, the
photocurrent /_ . generated by the action of only
light with a wavelength of 520 nm is shown.

In the direction of large wavelengths, photo-
sensitivity was observed up to the boundary of
the infrared part of the spectrum (~ 900 — 940
nm). In the region of wavelengths 600 — 850 nm,
we observed almost a tabular part of the graph.
Obviously, this area is formed due to emptying
of the deep traps. These traps are also respon-
sible for the relatively long relaxation of the
photocurrent (up to 20 minutes at each point)
described in chapter 3.1-3.2. All the results de-
scribed below were obtained in stationary con-
ditions. The kinetics of setting the values cor-
responded to [5-8].

The optimal intensity of the main and the ex-
citation light to the curves of Fig. 4.1 in accor-
dance with the data of Chapter 1, were selected
as a baseline in the study of the effect of light
fluxes on the spectral position of the bifurcation
point (see below). At selected light intensities,
the bifurcation point is shown in Fig. 4.1 hit ata
wavelength of 930 nm.

1. If the processes of photoexcitation ended
with a wavelength earlier than the bifurcation
point, and the IR-quenching effect began later
than it, the graph /__ (A) would have the form
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shown in Fig. 4.1.B dotted line. In this case,
in the vicinity of *D we would observe a more
or less pronounced plateau coinciding with the
value of /. It is the absence of such a plateau
that indicates that another possibility is being
realized. In the bifurcation region, the sample
is simultaneously excited by the main light and
IR-quenching. At point D, these two processes
are exactly compensated.

2. Figure 4.1.A at the same scale as 4.1.B
the spectral distribution of the photocurrent
is shown. As can be seen from the graph, the
sample showed photosensitivity, though insig-
nificant, up to wavelengths of ~ 1000 nm. The
appearance of a longer-wave sensitivity relative
to *D is explained as follows. The wavelength
of the exciting light is too long. It is poorly ab-
sorbed and the number of photoexcited carriers
is small. Obviously, in these circumstances, the
filling of the R-centers by holes is minimal. The
IR-quenching process is difficult. We observe
long-wavelength edge of photo-excitation in
absence of quenching. But in this case, at the
point of bifurcation, photoexcitation is more
pronounced.

3. To the left of the point D curve I . (})
changes the smoothness. Starting with wave-
lengths of about 880 nm, the /__. (A) graph de-
creases more sharply to the bifurcation point.
This can occur if the distribution of the photo-
current is already stepped in by infrared quench-
ing.

It is impossible to measure the quenching
curve in the area of the CE without excitation
(similar to paragraph 2), since the quenching
process essentially requires the participation of
two light streams. However, this dependence can
be calculated, assuming that the curve AB is a
change in the photocurrent /. (1) under the ac-
tion of excitation only (see Fig. 4.1.A), whereas
the ADE curve is the result of the combined ac-
tion of excitation and quenching. Then I .(A) =
I,,(M)—1,,. (A). The CE part of the graph in Fig.
4.1.B obtained by this method reflects the be-
havior of the curve I(A) to the left of the point D,
if there was no excitation process of the crystal.

We got the same result by another calculation
method. This plot was selected EH curve I . (})



Fig. 4.1.B. This plot was selected EH curve I
(A) Fig. 4.1.For this area is no longer affected
by the excitation of the main light (curve AB,
the end of the curve Fig. 4.1.A), but the mecha-
nisms forming the minimum current behind the
H-point are not yet essential. The expression for
the trend line was used for calculations. On the
site of the EH function /__. (1) is approximated
by the expression [ (A) =a A* +bA*+cA+d,
where a = 0,0002; b = — 0,5; ¢ = 499,08; d =
—165663. By extrapolating this dependence to
the intersection with the value of /__ , we again
obtain the curve CE (dotted line Fig.4.1.B).

Practically coinciding curves on the SE site
indicate the existence of quenching in the spec-
tral region of 900 — 920 nm even before the
short-wave boundary of the IR effect.

4. In some cases, in the region of the bifurca-
tion point, we observed a complex dependence
of the /. (A) curve with one or even two inflec-
tion points. This can be easily explained by the
fact that the simultaneous processes of quench-
ing and excitation depend on the color of the
light in different ways, both of which are nonlin-
ear. The predominance of one of them for each
wavelength of the incident light and generates a
change in the nonlinearity of the graph.

Thus, all four of these arguments indicate
that the region of the beginning of the infrared
quenching of the photocurrent is characterized
by a competition of excitation and quenching,
and at the very point D the intensity of these
processes are the same.

4.2. Dependence of the spectral position of
the short-wave boundary of infrared quench-
ing on external factors

With increasing temperature, the boundary
of the effect of infrared quenching of the pho-
tocurrent A shifted towards large wavelengths
(Fig. 4.2.A).

The operating temperature range was chosen
in such a way that at the selected light intensi-
ties the effect of temperature quenching of the
photocurrent was not affected. A noticeable de-
crease in the photocurrent was observed, start-
ing with temperatures ~ 50 — 55 °C. Using sub-

threshold values of temperatures for this effect,
the emission of holes from R-centers into the
valence band was excluded from consideration.
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Fig. 4.2. The dependence of the coordinate of the

bifurcation point on the operating temperature at

high (2) and low (1) intensity of natural light (A)

and the change of its position with the increase
in the applied voltage (B).

However, thermal transitions occur. By ab-
sorbing phonons, equilibrium holes can pass
from the basic levels of R -centers with an en-
ergy of 1.1 el to excited R’- centers with an en-
ergy of 0.9 eV. In this case, the population of
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R—states by holes decreases, and R’- states natu-
rally increases. It has already been noted above
that this process is responsible for the fact that
the first maximum of optical quenching of the
photocurrent with a wavelength of about ~1100
nm is always lower than the second, located at a
wavelength of 1380-1400 nm.

The first minimum current (Fig. 4.1.B) as
closer to the bifurcation point, has a major influ-
ence on the spectral position of the onset of the
photocurrent IR-quenching effect. Moreover, in
accordance with [9], with the change in temper-
ature, the spectral position of this maximum did
not change.

As the temperature increases from room tem-
perature and above, the concentration of holes cap-
tured on the ground States of R-centers decreases.
With a constant number of photons incident on
them per unit time, a decrease in the population of
these levels is accompanied by a decrease in the
transitions of holes in the free state.

As a result, due to the weakening of the
quenching mechanism, the equilibrium at the
bifurcation point is disturbed, and it moves to-
wards large wavelengths. Here, a new balance
is achieved for less intensity of photoexcita-
tion, but increased intensity of quenching. The
shift will occur until the increase in the quench-
ing rate compensates for the losses associated
with the effect of temperature. The processes
are nonlinear. This explains the deceleration of
the wavelength increment at the point of branch-
ing with increasing temperature. The growth in
terms of absolute values, the increment is affect-
ed to a lesser degree. Light intensity in the mea-
surement of the dependence 4 (T) (curve 1 Fig.
4.2.A) selected by us according to the figure. 1.1
chapter 1 [1]. With more significant illumina-
tions, the step-like nature of the transition disap-
peared with additional light. The curve slightly
increased (graph 2 Fig. 4.2.A) when values 4 in
the lower shelves. We explain this by changing
the mechanism of emptying the ground state of
R-centers.

At high intensities of its intristic light creates
a lot of free holes. The filling of R-centers is
significant. Their emission, and accordingly, the
intensity of the quenching process is controlled
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only by the flow of IR photons. And the popula-
tion remains stable. The flow of nonequilibrium
holes on R-centers compensates for their knock-
ing out by phonons.

On the contrary, at low light L_ . . and, hence,
weak filling of R-centers, the quenching process
is determined by the concentration of trapped
holes, since their number is less than the density
of the photon flux.

Thus, the form of the curve 4_(T) is an indica-
tor of the change of the described mechanisms.

The investigated samples had a linear cur-
rent-voltage characteristic in displacements
from 10 to 50 V over the whole range of the
used intensities of the light of its own. Within
these values, with increasing voltage, the bi-
furcation point shifted almost linearly towards
short wavelengths.

The results obtained correspond to the model
developed in [10].

Since the intensities of the main and addi-
tional light did not change during the experi-
ment, the processes of photoexcitation of both
the main (electrons through the forbidden zone)
and non-main (holes from the R-centers) remain
the same. Accordingly, the concentration of the
captured charge on the R-centers remains un-
changed.

If the applied voltage has almost no effect on
the concentration of the free charge responsible for
the formation of the current, it changes the speed
of its movement, which is reflected in the current
in accordance with the dependence j = env. It is
taken into account that the current is formed by the
main carriers, in our case — electrons.

However, this is not enough to change the
balance of excitation and quenching processes
at the bifurcation point. The current electrical
voltage not only accelerates the free electrons,
(the recorded current increases), but also the
photoexcited holes (by increasing the recom-
bination at the S-centers, the current must de-
crease). For these reasons, the coordinate of the
bifurcation point with the change of voltage
should not change.

But the processes overlaps with another one.
Photoexcited holes are located in the vicinity of
the original R-centers and have the ability to re-



turn there. The greater the applied voltage, the
more effectively they get carried away from their
traps (see chapter 5.1). This increases the quan-
tum yield for IR light (See chapter 5.2) [11].

This process breaks the symmetry. The re-
combination at the S-centers is enhanced due to
the additional charge. Due to enhanced quench-
ing, the bifurcation point shifts to shorter wave-
lengths, where equilibrium is restored by a high-
er level of photoexcitation.

The behavior of the bifurcation point can
serve as a criterion for changing the quantum
yield from R-centers.

Note that the reasoning is valid only in the re-
gion of small intensities of light fluxes, when the
number of absorbed light quanta at R-centers is
less than the number of holes captured on them.
In the opposite case, for example, the very large
quenching of the light and a little exciting, L_
<<L, ., the observed pattern may be substantial-
ly adjusted by the rate of occupation of R-centers.
The limits of applicability of light flux intensities
are discussed in more detail in [10,11].

Changes in the position of the short-wave
boundary of the IR effect with an increase in the
intensity of the main color (horizontal columns

Table. 4.1.
Wavelength A, branch points under various lighting conditions

The intensity of the excitation light Lexcit, /x

3 5 8
. 7108
=z | sm?s? 920 nm 908,5 nm 897,7 nm
2 3 |1010%
< & | sm?st 925,9 nm 915,5 nm 903,3 nm
3 ~ |13'10%2
) sm2.s1 930 nm 920 nm 906 nm

With increasing intensity of the exciting light
(horizontal lines of table 4.1), the IR quenching
boundary shifted towards shorter wavelengths
[12,13]. These changes are easy to interpret for
geometric reasons. The graph Fig. 4.1. would
the increase in light intensity corresponds to an
increase L_ .. horizontal line /,_ . The depen-
dence of the /. () does not change. Therefore,
the bifurcation point should move to the left.

Physically, this means that with the increase
of the initial intensity of the natural light, the
balance of excitation and quenching processes
at the short-wave boundary of the effect is dis-
turbed. There is an additional generation of elec-
trons, while the number of holes knocked out
from the R-centers remains the same, since the
number of absorbed infrared photons has not
changed. Since the intensity of the main light
does not change, it is possible to restore the equi-
librium only by shifting the bifurcation point to
the short-wave part of the spectrum, where the
light is better absorbed and the process of pho-
toexcitation is greater.

of table 4.1) are not amenable to simple inter-
pretation [12,13]. In this case, the horizontal
line in Fig. 4.1.B remains unchanged, while the
dependence of the / _ (4) is nonlinearly modi-
fied. In the short—-wave part of the graph, it in-
creases due to additional absorption of photons
of its own light, whereas in the long-wave part,
where interband transitions do not occur, the
photocurrent should decrease due to an increase
in the number of infrared photons absorbed at
the R-centers.

At the bifurcation point, the intensity of both
processes-excitation and quenching-increases,
but in different ways. The increase in the num-
ber of photons of its own light causes a direct
increase in the concentration of electrons, and
with it more or less a linear increase in the pho-
tocurrent.

The increase in the number of photons ab-
sorbed at the R-centers can affect the photocur-
rent only when the knocked holes fall on the
S-centers and cause additional recombination of
electrons. As shown in [13], this process may
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be affected by the return of holes to the initial
center immediately after excitation. At the same
time, the quantum yield is generally reduced,
and the process of exposure to IR photons is
not so effective. As a result, the intensity of the
quenching growth lags behind the growth of
excitation. In addition, the number of incident
photons is already greater than the number of
holes on the centers at the used IR light inten-
sities. Further increase in their number cannot
cause an increase in the number of transitions.
The resumption of the balance is possible in the
longer wavelength region, when the process of
photoexcitation is less, but the rate of quench-
ing increases. Indeed, the shift of the bifurcation
point to the right was observed experimentally.

Studies have shown that the very bound-
ary of the beginning of the infrared quenching
of the photocurrent carries important informa-
tion about the nuances of the processes [20].
Previously, this aspect remained unexplored.

It is found that this spectral region is charac-
terized by a competition of photoexcitation and
photocurrent quenching. It is because of this that
the wavelength of the short-wave edge of the IR
quenching is sensitive to external influences.

In particular, its change with the applied volt-
age indicates that IR photons knocking holes
from R-centers occurs in two stages-part of the
photoexcited carriers can return to the original
center, not participating in the effect of infrared
quenching.

As the intensity of the additional light in-
creases, the effect boundary shifts towards
shorter wavelengths due to an increase in the
concentration of the main carriers. On the con-
trary, the increase in the main light leads to the
movement of the boundary to the right due to
the predominance of the photoexcitation rate
over the quenching due to the insufficiently ef-
fective ejection of holes from the R-levels.

Similar changes occur with increasing temper-
ature. This is caused by a decrease in the popula-
tion of the R-centers ground state holes [14].

The spectral position of the region of the in-
frared quenching can be the indicator of the oc-
currence of these processes.

Changing the position of the IR quenching
edge can be used to create a new type of spec-
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tral-sensitive sensor [12,13,15]. Depending on
the calibration applied, it can be used simulta-
neously to measure temperature and/or voltage
and light intensity in the visible and IR region.

At the same time, since the difference cur-
rent at the bifurcation point is zero, the sensi-
tivity of such a device can be very significant.
Depending on the doping of the initial crystal, it
is possible to control the spectral position of the
bifurcation point.

A more flexible option is also possible — since
the spectral position of the bifurcation depends
on the applied voltage, this point of increased
sensitivity can be adjusted electrically in the fin-
ished sensor directly during operation.

The inverse problem is also feasible — with
fixed parameters of external action, the coordi-
nate of the point D can be used to calibrate the
wavelength of radiation.

5. Experimental evidence of the holes os-
cillations under R-centers photoexcitation

The reason for the sliding of the short-wave
threshold of the beginning of infrared quenching
with external voltage (Chapter 4) is the possibil-
ity of repeated captures of holes knocked out by
infrared photons from the centers of slow recom-
bination. This is a natural assumption, since the
newly activated hole is spatially in the area of the
trap, the capture section of which has not changed.
But with the departure of the hole changed the
charge on the trap, and there were electric forces
that contribute to the reverse capture of the al-
ready free hole. In addition, it is, as usual, benefi-
cial to reduce their energy. Moreover, the prob-
ability of this event in these holes is much greater
than that of other free charges of non-main car-
riers, which in the course of chaotic motion still
need to meet with R-centers.

The possibility of re-capturing, as described
In section 1.2, may significantly limit the ap-
plicability of the expression (1.9) to Q (Lqmch.;

i) » €specially in the region of low light in-
tensities. For a small level of exciting light, the
concentration of captured holes on the R-centers
is too small, and with insufficient intensity of in-
frared radiation, they are too little knocked out.



Repeated captures begin to play a decisive role.
Until the disappearance of the General effect of
infrared quenching photocurrent, although both
lights still continue to operate.

The existence of similar, probably multiple,
oscillations of holes and the impact of these pro-
cesses on the observed photovoltaic properties
of the samples in the literature up to the present
time was not considered. Although this issue has
a wider importance, because it fundamentally
applies to any emission from the traps.

The effect of infrared quenching in this case
acts only as a convenient and sensitive tool to
confirm this phenomenon. It is the combination
of inherently effective hole traps and effective
recombination S-centers that makes this pro-
cess convex. The measured current consists of
the main carriers — electrons. Holes knocked
out from R-centers carry electrons to recombi-
nation, which is reflected in the magnitude of
the flowing current. If there were only hole traps
in the crystal and the current was determined
only by free holes, then they could take part in
the current transfer only up to the moment of
repeated captures to the neighboring R-centers.
Since the usual concentration of these centers is
high ((~ 10" ¢m™) and comparable, and at low
light intensities even more concentration of free
holes, such phenomena would be hardly notice-
able due to the small free path.

5.1. Dependence of the spectral distribu-
tion of photocurrent quenching on the ap-
plied voltage

External voltage, on the contrary, prevents
re-capture, because it helps to remove holes
from the parent centers. Therefore, we used this
parameter to test the assumption of oscillation.

For Fig. 5.1. the curve (b) is measured at the
best ratio of the intensities of the exciting light
to the quenching light (See chapter 1.1, Fig. 1.1),
when the infrared quenching coefficient reached
the highest value [9,16,17]. The sample was ap-
plied with 20 V. the range of voltages used was
selected from the linearity of the current-voltage
characteristics to avoid the additional influence
of pre-breakdown phenomena.

As can be seen from the figure, the rise in
voltage increases both the maximum Q(4).
Moreover, this behavior was typical for all com-
binations L ner and L__ so far the effect of
IR-quenching of the photocurrent was well ob-

served.
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Fig. 5.1. Spectral distribution of the quench-

ing value on the applied electric field: a) - 50

V is applied to the sample; b) - 20 V is applied
to the sample.

In both cases, the second maximum was
higher than the first one due to the thermal re-
distribution of holes between the centers of slow
recombination. With an increase in the applied
voltage, an increase in this difference was ob-
served. But in different ways. For the maximum
in the range of 1080—-1100 nm it was more sig-
nificant.

This is explained as follows. Since the tem-
perature has not changed, the intensity of the
hole transitions from R to R' - levels remains
fixed. An increase in the applied voltage reduces
the number of re-captured holes for both levels.
Moreover, judging by the quantum yield (see
chapter 5.2), it is an essential channel for the
steady-state population of the centers. However,
the decrease of this flow for the ground and
excited States of R-centers affects differently.
From the ground state (at a depth of 1.1 eV)
holes are knocked out thermally and with an in-
crease in voltage less return. Both mechanisms
are aimed at reducing their concentration at this
center. On the contrary, for R' -levels (0.9 eV),
these mechanisms compete. If the stress reduces
their population, the thermal swap still increas-
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es. This camouflages the field effect on the pop-
ulation of the excited state of the R-centers. This
is reflected in a smaller change in the long-wave
maximum in Fig. 5.1.

It should be noted that with an increase in
voltage, due to the movement of free holes, the
hole component of the photocurrent increases.
And after the capture in S-centres they are in ac-
cordance with the Bube-Rose mechanism needs
to call it blanking out. Thus, the reduction of re-
peated hole captures and their participation in
the current transfer is a competing mechanism
with respect to the value of Q. Since the cap-
ture cross sections for holes and electrons at the
centers of the first class are equal, the appear-
ance of additional holes should cause an equal
decrease in the concentration of electrons in the
conduction band and a corresponding decrease
in the photocurrent. At the same time, due to the
increase in the drift velocity of both electrons
and holes, as well as the increase in the concen-
tration of free holes, the photocurrent should in-
crease slightly. The degree of quenching, i.e. the
value of the coefficient Q, decreases slightly.

Of course, removing the hole from the origi-
nal R-center, the applied voltage contributes to
its capture at the S-levels. Then the quenching
value and, accordingly, the value of Q increase.
However, during the drift, the holes can be cap-
tured at the other R centers. Moreover, the capture
cross-sections for holes on the S- and R-centers
are the same and the charge state of the R-centers
(See chapter 2.1) contributes to this.

If the value of the quantum yield for infrared
radiation would be about the same as the quan-
tum yield for its own light, these two processes
would compensate each other. However, the
abnormally low P value for IR light [10,11,18]
makes the inverse oscillation of the holes de-
cisive for the useless absorption of long-wave
photons. The application of external voltage
breaks this mechanism and is effective, even if
some part of the holes and returns to the other
R-levels and again take part in the oscillations.

Thus, both changes in the spectral distribu-
tion of the infrared quenching coefficient — both
the total increase in the value of Q with the ap-
plied voltage and the relatively larger jumps of
the short-wave maximume-indicate in favor of
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the mechanism of repeated captures of holes on
the R-centers.

Note in conclusion that in some situations the
effect of repeated captures in the crystal can be
eliminated automatically. Thus, when consider-
ing the migration—dependent relaxation of the
photocurrent (chapters 3.1 and 3.2), the oscil-
lation phenomenon was not manifested. In this
case, it was due to the fact that R-centers accu-
mulated in the area of spatial charge at the con-
tacts. Inner field in SCR had contributed to the
outflow of the embossed holes from the centers.
The opposite is true. The fact that repeated cap-
tures didn't affect, serves as the proof of correct-
ness of the constructed models, both relaxation,
and re-capture.

5.2. Determination of quantum yield for
infrared light

Oscillation of the release of capture did not
occur in the externally recorded electric current,
such as the coordinate of the charge carriers is
not changed. For this reason, these stages of ex-
citation remained unexplored.

In our case, the effect of infrared photocurrent
quenching was chosen as a measurement tool.
The quantum yield for monochromatic long-
wave light was directly determined by experi-
ment. It should be assumed that this parameter
determines on the one hand the number of free
media, and on the other — the number of photons
spent on it. The difference is precisely related to
the media returns to the original center, which
are useless for current generation.

To determine the quantum yield of IR quench-
ing, we applied the formula (1.9), [10,11] derived
under the condition of significant light fluxes of
exciting and suppressing light. Moreover, the
intensity of the quenching is greater than the in-
tensity of the excitation.

It means the number of quants trapped on
the front surface of the crystal absorbed in the
sample and created free carriers. Taking into ac-
count the quantum outputs for light fluxes, the
expression for the quenching coefficient has the
form
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which assumes a linear Q-lux dependence in
the infrared region.

Figure 5.2 shows the experimental depen-
dence of Q factor on the intensity of the quench-
ing light of a wavelength of 1100 nm with the
fixed threads of the excitation light. The view
of figure 5.2 corresponds to the section of the
graph 1.1.b along the vertical line. The short-
wave maximum of quenching is chosen as more
sensitive to external influences (see Fig. 5.1).

As can be seen from the figure, in the case
where the intensity of the exciting light is too
small (curve 1) or too large (curve 5) compared
to the intensity of the quenching light, the graphs
did not contain linear sections. Obviously, for
these curves the conditions of derivation of the
formula (1.9) were not observed. Thus, these de-
pendencies, (1) and (5) Fig. 5.2, define the limits
of applicability of the expression for Q (L
L. (see also Section 1.2 and Fig.1.2).

The region of linear dependence was found
for curves 2-4 in the range of dampening light
intensities (12-25)-1015 s-1'mm-2 at exciting
light intensities from 2.6 to 9,8 Ix.
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Fig. 5.2. The dependence of the
nching value on the number of infrared
1s incident on the surface of the sample at
a fixed excitation level:
=1.2 Ix; 2. Lexcit =2.6 Ix; 3. Lexcit =4.25
4. Lexcit =9.8 Ix; 5. Lexcit =19.4 Ix.

It can be seen that as the intensity of the ex-
citing light increases, the slope of the graphs 2-4
in the linear region decreases. Extrapolation of
the linear sections of curves 2-4 fell into the ori-

gin of figure 5.2. According to the formula (5.1),
this means that the first term in square brackets,
with values, Lquench =0 is also equal . In such
a case, at least for straight sections, it should .
That is, the lifetime of free holes approximately
corresponds to the lifetime of free electrons.
This is the expected result, since recombination
is mainly carried out through S-centers with the
same capture cross-section for electrons and
holes. Unfortunately, the details of changes in
the relationship of the times of life at different
intensities of own and exciting light have not
been studied. At further calculations it was ac-

T
cepted £ =1

T

n
The type of denominator of the second term
in (5.1) is not convenient for experimental pro-
cessing. So he was transformed, givenn=L__
o’B’t,,, where nis the concentration of the charge
created by their own light. Then j=(enp)E was

. I
used. Taking into account: j = T’ E= % where

I . —current flowing under the action of excit-

excit

ing light only, and /=1,2 mm — length of the
sample between the contacts S=/ mm’ — cross
section of the sample, we obtain:

o
Lexcitaﬂ Tn =1

weir D (5.2)

where the constant D = )
US ue

The value of the voltage U=20 V was chosen

as the minimum of those used to make the effect

brighter, since a small voltage at least interferes

with the oscillation (see section 5.1). The mo-

2
bility value is taken =270 < Thus, under the
parameters used Ve
- 1020 Al

After the above transformations, the formula
(5.1) taking into account (5.2)—(5.3)

Q — Lquench art
I, .D

,B} -100 %
excit

allows you to determine the coefficient of the
angle of the curve Q (L IL

quench excit) .
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The coefficient o was determined by a
spectrophotometer CD-26 at a wavelength of
1100 nm. In the range of output slots of the spec-
trophotometer from 0.4 to 0.6 mm was obtained
0=0.96. The lifetime of carriers was determined
in two ways - by modulation of illumination and
by the phase shift method [19], and was 8-10 c.

With this in mind, it is determined: for curve 2
of figure 5.2 — ,=0,026; for curve 3 — 3,=0,049;
for curve 4 - B,=0,072.

It is seen that the value B remains abnormal-
ly low in the entire region of the applied photo-
excitation intensities. Moreover, the absorption
coefficient of long-wave light is close to 1. This
means that for the final release of each hole from
the R-center, several tens of IR photons are con-
sumed (in our case, from about 40 to 15). The
hole repeatedly returns to the original level un-
til the applied field drags it beyond the capture
section. Indirectly, this is also evidenced by the
changes in Q with the intensities of both light
fluxes and the field considered above.

Some increase B with increasing photocur-
rent, and hence the intensity of their own light
is associated with an increase in the population
of R-centers. This increases the likelihood of
media ejection and reduces the possibility of re-
seizures.

Thus, it is shown that within the limits of the
applied combination of exciting factors — tem-
perature, field and intensities of self and quench-
ing light — when the lifetimes of nonequilibrium
carriers of both signs were approximately equal,
the calculated value of the quantum yield is in
the range [0,026 — 0,072]. This, along with the
Lux-ampere and field dependence Q, indicates
the presence of a previously unexplored phase
of charge excitation from deep traps — before
taking part in the current transfer, they can re-
peatedly return to the initial center [15,18].

The proposed model allows estimating the
concentration of the second class centers. For
this purpose, the parameters of curve 4 were
used at an extremely large, but still working, in-
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tensity of own light, or, what is the same, the
maximum of the observed quantum yields. The
abscissa of its deviation from linearity (taken
L ench =27-10" ¢''mm™), the change of the
growth mechanism f, is treated as the number
of photons comparable to the concentration of
R-centers. Then the calculation was carried out
according to the same algorithm as in section
1.1. First, the proportion of photons from the
whole beam that fall on the crystal surface was
determined. This was done by the proportion
between the light spot and the geometric dimen-
sions of the front surface of the sample. Then it
was assumed that the absorbed photons in the
crystal are distributed uniformly and their den-

sity was calculated N" =8,64-10' cm >, The

concentration of recombination R-centers in the
investigated crystal is thus of order 9:10" cm™.
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UDC 621.315.592
S. S. Kulikov, Ye. V. Brytavskyi, V. A. Borshchak, N. P. Zatovskaya, M. I. Kutalova, Y. N. Karakis

THE STUDY OF HOMOGENEOUS AND HETEROGENEOUS SENSITIZED CRYSTALS
OF CADMIUM SULFIDE. PART III. OSCILLATIONS OF EXCITED CARRIERS

The processes at short-wave limit of the quenching of the photocurrent were studied. The pos-
sibility of creating a new type of device - a sensitive photometer (not on the intensity of light, but
on its wavelength), and the combined temperature—voltage tester.

The process of hole oscillation under photoexcitation from R-centers is investigated. The quan-
tum yield for infrared light is determined. The effect of the applied voltage on the form of the spec-
tral distribution curves of the photocurrent quenching was found and explained. The concentration
of R-centers in the samples is calculated.

This publication is a continuation of the reviews [1-2]. For the sake of preservation of gener-
ality of work continuous numbering of sections is chosen. Numbers of formulas and figures are
presented by sections. References in each article are given individually.

Cadmium sulfide crystals are used in our studies as a convenient model material. Obtained re-
sults and constructed models are also applied to other semiconductors.

VK 621.315.592
C. C. Kynukos, E. B. bpumasckuti, B. A. bopwax, H. I1. 3amoeckas, M. U. Kymanosa, FO. H. Kapaxuc

HCCJIEJOBAHUE OJHOPOJHO U HEOJJHOPOJIHO OYYBCTBJEHHBIX
KPUCTAJIJIOB CYJIb®UJIA KAJIMUS. YACTH II1. OCHUJLIISILIUNA
BO3BYXKJIEHHBIX HOCUTEJIEN

W3yuensl mpoliecchl Ha KOPOTKOBOJIHOBOM I'paHuULIe rameHus porotoka. [TokazaHa BO3MOXHOCTh
CO3JaHMs PUOOpa HOBOTO THIA — KAK YYBCTBHTEIBHOTO (POTOMETpa (HO HE HA MHTEHCUBHOCTD
CBETa, a Ha €ro JUIMHY BOJHBI), TAK 1 KOMOMHUPOBAHHOTO TECTEPA TEMIIEpATypa—HaIpsHKEHUE.

HccnenoBan npouecc OCUMUISAIUM IbIPOK MpH (OoTOBO30YkaeHuu ¢ R-nienTpoB. Onpenenén
KBaHTOBBIH BBIXOJ JJ1s1 HHPpaKkpacHOro cBeta. OOHAPYKEHO M 00BSCHEHO BIMSIHUE TPUI0KEHHOTO
HaNpsDKEHUST Ha BUJ KPUBBIX CIEKTPAJIbHOIO pacipenerneHus rameHus (ortotoka. Berunciena
KOHIeHTpalus R-ieHTpoB B oOpasuax.

Hacrosimasi myOnukaiust siBIsieTCsl MPOAOJDKEHHEM 0030poB. Panu coxpaHeHus oOLIHOCTH
paboThl HyMepalus pa3iesoB BbiOpaHa ckBo3HOM. HoMepa hopmyn 1 prCyHKOB IIpeCTaBIECHbI 110
pazaenaM. CcbUIKM Ha JIUTEpATypy B KaKJIOW CTAaThe NAIOTCS MHAUBUAYAJIBHO.

Kpucramisl cynb¢uia kaaMus HCIIOIb30BaHbI B HAILIUX UCCIIEA0BAHHX KaK YIOOHBIH MOJETbHBIN
Mmarepuai. [lomyueHHble HA HUX Pe3ysbTaThl U MOCTPOECHHBIE MOJIEIH PACTIPOCTPAHSIOTCS TAKKe
Ha JIpyTUe MOJIyIPOBOIHUKOBBIE BEIIECTBA.

KiroueBble cioBa: cynbhua kaamus, GoToBo30yKICHNE, rameHne (oToToka
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Indopmanis 15 aBTOPIiB HAYKOBOTO
30ipauka «Photoelectronics»

VY 306ipauKy "Photoelectronics " npyKyrOTBCS CTarTi, IO MICTATH BIAOMOCTI PO HAYKOBI JOCII-
JOKEHHS 1 TEXHIUHI pO3pOOKH B HAMPSIMKaX:

* (pisuka HaNiBIPOBIAHMKIB;

* rerepo- i HU3LKOPO3MIpPHI CTPYKTYpPH;

* (pizMka MiKpoeJIeKTPOHHUX NPWIA/IB;

* jiHiiiHa i HesTiHIliHA ONITHKA TBEPAOIO Tija;

* ONTOEJIEKTPOHIKA TA ONTOEJeKTPOHHI NPUJIAIH;

* KBAHTOBA EJICKTPOHIKa;

* ceHCOpHUKaA.

36ipauk "Photoelectronics BUIa€eThCsl aHMITIMCHKOI MOBOIO. PyKOIIHC TIOJAETHCST aBTOPOM Y JIBOX
NPUMIPHUKAX aHIIIHCBHKOIO 1 pOCIMCHKOI0 MOBAMHU.

EnexkTponHa Komist cTaTTi MOBMHHA BiANOBIIaTH HACTYITHUM BUMOTaM:

1. JInst TekcTy 103BONISIOTHCS HAcTynHI popmaru — MS Word (rtf, doc).

2. Pucynku npuiimarotses 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. Ilactepa, 42. ¢pi3. hak. OHY, m. Oneca, 65082
E-mail: photoelectronics@onu.du.ua

ten. 0482-726-63-56.

36ipnuxu "Photoelectronics" 3naxoosmuvca na cavmi: http://photoelectronics.onu.edu.ua

o pykonucy 101a10ThCs1:
1. Kogu PAC 1 VJIK. lommyckaeTbcsi BUKOPUCTAHHS IEKUIBKOX HIM(PIB, 10 PO3ALIAIOTHCS KOMaMH.
2. Ipi3Bumia i iHiIiaau aBTopiB.
3. YcraHoBa, 1OBHA TOIITOBA ajpeca, HoMep Tenedony, Homep (akcy, aapecH eIeKTPOHHOI To-
LITH JUIs KOYKHOT'O 3 aBTOPIB.
4. Ha3zga crarri.
5. Pestome o6csirom 10 200 ci1iB MUAMIEThCST aHTITIHCHKOI0, POCIACHKOOTO 1 ([T aBTOpIB 3 YKpai-
HHU) — YKPaTHCHKOIO MOBaMHU.
Texcm npyxysaru mpudrom 14 myHKTIB uepes ABa iHTepBasn Ha Oitomy manepi popmary A4. Ha-
3Ba CTATTi, & TAKOXK 3ar0JIOBKH MIAPO3ITIB APYKYIOTHCS MPOMUCHUMH JITEPAMH. .
Pisnanna neodxinHo npykysatu B penaktopi popmyn MS Equation Editor. Heo6xinHo naBatu Bu-
3HAUEHHSI BEJIMYMH, 110 3'SBISIFOTHCS B TEKCTI BIEPIIIE.
Ilocunannsa Ha niTepatypy ApyKyBaTH depes 1Ba iHTepBai, HyMEepyBaTHCS B KBaJPaTHUX JTyKKaxX
MOCIIITIOBHO, Y TIOPSAKY IXHBOT NOSIBH B TEKCT1 cTarTi. [locunartucs HeoOXiHO Ha JiTepaTypy, 1o
BuaHa mizHine 2000 poky.
ITionucu 1o puCyHKIB 1 TAOJMUIh JPYKYIOTHCS B TEKCTI PYKOTHCY B MOPSIKY iXHBOT LTFOCTpaIlii.
Peztome obcsarom 10 200 ciiB IpyKy€eThCsl aHIIIHCHKOIO, POCIHCHKOIO 1 YKPaiHChKOIO MOBaMU (U151
aBTOpIB 3 Ykpainm). [lepex TekcToM pe3rome BiIIOBITHOIO MOBOIO BKa3ytoTecs YK, mpi3Buina ta
IHIIiaJIK BCiX aBTOPIB, Ha3Ba CTaTTI.
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Nudopmanus njisg aBTOpoB
Hay4ynoro coopuuka «Photoelectronics »

B c6opuuke "Photoelectronics " meyaraioTcsi craTbi, KOTOpbIE COAEPKAT CBEACHHUS O HAyYHBIX
HUC-CJICAOBAHUAX U TEXHUYCCKUX pa3pa60TKax B HaAIIpaBJICHUAX:

* (pu3mka MOJIynpoOBOAHUKOB;

* reTepo- 1 HU3KOpPa3MepHbIe CTPYKTYPbI;

* (pu3uKa MHUKPO3JIEKTPOHHBIX NPUOOPOB;

* IMHelHasl U HeJINHelHAasl ONITHKA TBEPAOro TeJia;
* ONITOJIEKTPOHUKA U ONTOYJIeKTPOHHbIE TPUOOPDI;
* KBAHTOBAs YJICKTPOHHMKA;

* CeHCOpHKa

Co6opnuk'"Photoelectronics n3gaércst Ha AaHIIMICKOM sI3bIKE. PyKomuCh 1mo1aeTcsi aBTOPOM B JIBYX
AK3EMIUISIPAaX HA AHIJIMHCKOM U PYCCKOM SI3bIKAX.

DJIeKTPOHHASI KONUS CTATHHU /I0JKHA 0TBEYaTh CJIeAYIOIIHM TPeOOBAHUSIM:

1. Inst TexkcTa omycTuMsl cienyromnie popmarsl - MS Word (rtf, doc).

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

Pykomnucu npucbLianTces 1Mo ajgpecy:
Ots. cekp. Kyranosoit M. ., yn. [Tactepa. 42. dus. pak. OHY, r. Onecca, 65026
E-mail:photoelectronics@onu.du.ua ten. 0482 - 726 6356 .

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

K pykonucu npunaraercs:
1. Komper PAC u Y/IK. Jlonyckaercst ucrionb30BaHke HECKOJIBKUX IIH(DPOB, KOTOPHIE PA3ICIITFOTCSI 3aIISITOM.
2. ®aMWIMKM U MHULMAIIBI aBTOPOB.
3. VupexsieHve, TIONHBIA TOYTOBBIH aipec, Homep TenedoHa, HoMmep (hakca, apeca JEKTPOHHOH TTOUThI
JULS KAXJIOTO U3 ABTOPOB.

4. Ha3panwue crarbu.

5. Pestome oobeMom 10 200 coB MUILIETCS HA aHITMHCKOM, PYCCKOM SI3bIKAX U (117151 aBTOPOB U3 YKparHbI)
— Ha YKPaUHCKOM.

Texcm nomkeH nedararbes mpudToM 14 myHKTOB uepe3 J1Ba MHTEpBaja Ha Oeroit Oymare ¢op-
mara A4. Ha3zBaHue cTaTby, a Tak)Ke 3aroJ0BKH MOJPA3/IeNIOB IIEYaTAIOTCS MPOMUCHBIME OyKBaMHU
U OTMEYAIOTCA MOTY>KUPHBIM HIPUPTOM.

VYpasnenus neobxoqumo neyarats B peaakrope popmya MS Equation Editor. Heo6xonumo na-
BaTh OTIPEIEIICHNE BEITUYNH, KOTOPBIE TIOSIBIISIFOTCS B TEKCTE BIIEPBHIE.

Ccblnku Ha TUTEpaTypy NOJIKHBI [Te4aTaThCsl Yepe3 ABa MHTEPBaa, HyMEepOBaThCs B KBaIPaTHBIX
CKOOKax IMOCIIeI0BaTEIbHO, B MOPSIKE UX MOSBICHUS B TEKCTE cTaThH. CChlIaThcsi HEOOXOAUMO Ha
JTuTEpaTypy, Kotopas uznana noszaaee 2000 roaa.

Tloonucu x pucyHkam ¥ TaOluIiaM NeyaTaroTcs B TEKCTE PYKOIMCH B MOPSAKE WX WLTIOCTPAIIHH.

Peztome oobemom 10 200 ci10B neyaTaeTcsi Ha aHIIMHCKOM, PYCCKOM SI3bIKaX M Ha YKPAuHCKOM
(st aBTopoB M3 YKpamHbl). Ilepen TEKCTOM pe3roMe COOTBETCTBYIOIINM SI3BIKOM YKa3bIBAIOTCS
YIK, pamunuu 1 MHULIMATIBI BCEX aBTOPOB, Ha3BaHUE CTAThU.
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Information for contributors of
«Photoelectronics» articles

“Photoelectronics” Articles publishes the papers which contain information about scientific
research and technical designs in the following areas:

e Physics of semiconductors;

¢ Physics of microelectronic devices;

e Linear and non-linear optics of solids;

¢ Optoelectronics and optoelectronic devices;
¢ Quantum electronics;

e Sensorics.

“Photoelectronics” Articles is defined by the decision of the Highest Certifying Commission as
the specialized edition for physical-mathematical and technical sciences and published and printed
at the expense of budget items of Odessa I.I. Mechnikov National University.

«Photoelectronics» Articles is published in English. Authors send two copies of papers in
English. The texts are accompanied by 3.5» diskette with text file, tables and figures. Electronic
copy of a material can be sent by e-mail to the Editorial Board and should meet the following
requirements:

1.The following formats are applicable for texts — MS Word (rtf, doc).

2. Figures should be made in formats — EPS, TIFF, BMP, PCX, JPG, GIF, WMF, MS Word [ MS
Giaf, Micro Calc Origin (opj). Figures made by packets of mathematical and statistic processing
should be converted into the foregoing graphic formats.

The papers should be sent to the address:

Kutalova M.I., Physical Faculty of Odessa I. I. Mechnikov National University, 42 Pastera str,
65026 Odessa, Ukraine, e-mail: wadz@mail.ru, tel. +38-0482-7266356. Information is on the site:

http://www.photoelectronics.onu.edu.ua

The title page should contain:

1. Codes of PACS

2. Surnames and initials of authors

3. TITLE OF PAPER

4. Name of institution, full postal address, number of telephone and fax, electronic address

An abstract of paper should be not more than 200 words. Before a text of summary a title of
paper, surnames and initials of authors should be placed.

Equations are printed in MS Equation Editor.

References should be printed in double space and should be numbered in square brackets
consecutively throughout the text. References for literature published in 2000-2009 years are
preferential.

[llustrations will be scanned for digital reproduction. Only high-quality illustrations will be
taken for publication. Legends and symbols should be printed inside. Neither negatives, nor
slides will be taken for publication. All figures (illustrations) should be numbered in the sequence
of their record in text.

For additional information please contact with the Editorial Board.
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