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Abstract. The combined relativistic energy approach and relativistic many-body perturbation
theory with the zeroth order ab initio model potential optimized one-particle representation are used
for precise computing the energy levels and radiative decay probabilities (radiation amplitudes) of
heavy alkali elements, in particular, there are listed data for the 7s ,—np, ..., 0P, ,,,,-0d, ., , (0=7-10)
transitions in Fr and some E1 and E2 transitions in a single ionized Hg" atom. The comparison of the
calculated values with available theoretical and experimental (compillated) data is performed..
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BU3HAYEHHS TAPAMETPIB PAJIIAIIIMHOT'O PO3IATY JIJISI BAXKKHUX
CKIIAJHUX ATOMHUX CUCTEM

B. B. Byaoorcu, O. B. [ywikos, €. B. Tepnoscokuti, O. JI. Muxauinos, O. FO. Xeyeniyc

Anorauisi. KoMOiHOBaHMIA PeNATHUBICTCHKUI €HEPTeTUIHUH MIIXIJT 1 pETSITUBICTCHKA Teopist 30y-
pEHb 0araTtbOX TiJ 3 OHOYACTKOBY ONTHMI30BaHUM ITOTEHIIAIOM ab initio MOJIEIi HyIbOBOTO TTOPSI/I-
Ky BHKOPHCTOBYIOTBCS JUISl TOYHOTO PO3PaxyHKy PiBHIB €HEprii i IMOBIpHOCTEH pajialiiitHOro po3-
naay (pamiamiiHuX aMIDITYT) BaKKUX JIy>)KHUX €JIEMEHTIB, 30KpeMa, HaBeICH] JaHi JIIs TIEPeXoIiB
7S,,, = 1D, r3p» NP, s3,- N, o, (0=7-10) B Fr i nesxux nepexonis E1 1 E2 B onHOKpaTHO i0HI30BaHOMY
aromi Hg. [IpoBeneHo mopiBHSIHHS PO3PaXyHKOBUX 3HAYECHb 3 HASIBHUMH TEOPETUYHUMU 1 EKCTICpH-
MEHTAJIbHUMH (y3arajJbHEHUMH) JaHUMHU.

KuaiouoBi ciioBa: mapamerpu pamianiiiHOro posmajy, BaKKi aTOMHI CHCTEMH, PEIISITUBICTCHKUN
CHEePTEeTHYHUM TT1IX1]T

ONPEAEJEHUE MTAPAMETPOB PAJIMALITMOHHOI'O PACTTAZIA JJIA TAXKEJIBIX
CJIOXHBIX ATOMHBIX CUCTEM

B. B. byaoorcu, A. B. Iywxos, E. B. Tepnosckuii, A. JI. Muxaiinos, O. FO. Xeyenuyc

AnHoTanms. KoMOMHUPOBAaHHBIN PENATUBUCTCKUA SHEPTeTHUESCKHUNA TTOXO0 M PEIITHBUCTCKAS
TEOPHsI BOMYIIICHHI MHOTHX TEJl C OJHOYACTUYHBIM ONITUMHU3UPOBAHHBIM MOTEHIMAIOM ab initio
MOJIEJIM HYJIEBOTO MOPSIKA UCIIOJIB3YIOTCS JUIsl pacdeTa ypOBHEH YHEPIUU U BEPOSTHOCTEU paju-
allMOHHOIO pacnaja (paJuallMOHHBIX aMIUTUTY/) TSDKENbIX IIEJIOYHBIX 3JEMEHTOB, B YaCTHOCTH,
IPUBEIEHBI IAHHBIE JUISL IEPEXOIOB 7S, ) — NP, .. 0, NP, 1, ,-0d, .., (0=7-10) B Fr 1 HeKoTOPBIX IIEpE-
xonoB E1 u E2 B ogHOoKkpaTHO noHnsupoBanHoMm arome Hg. [IpoBeneHo cpaBHEeHHE pacueTHbIX 3Ha-

YEHUH C UMEIOIIUMHUCS TEOPETUUECKUMHU H HKCTIEPUMEHTAILHBIME (0000IIEHHBIMHI) TAHHBIMHU.
KunroueBsble cj10Ba: mapameTpsl paJualiOHHOIO paclaia, TSHKEIbIe aTOMHBIE CHUCTEMBI, PEIIATH-

BUCTCKHW YHEPreTUYECKUN TIOAXO

1. Introduction

Study of energy and radiative parameters
of complex atomic systems, including systems
in highly-excited, Rydberg states is of a great
interest to create new quantum (atomic) sen-
sor devices, quantum computer systems etc. It
is self-understood that the correct data about
different radiation, energetic and spectroscopic
characteristics of the multielectron atoms and
corresponding ions, namely, radiative decay
widths, probabilities and oscillator strengths
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of atomic transitions, excitation and ionization
cross-sections are needed in different atomic,
molecular physics topics, laser physics and
quantum electronics, as well as in astrophysics
and laboratory, thermonuclear plasma diagnos-
tics and in fusion research [1-9]. In this light, a
special interest attracts studying the energy and
radiative characteristics of the heavy complex
atomic systems. There have been sufficiently
many reports of calculations and compilation of
energies and oscillator strengths for these atoms
and corresponding ions (see, for example, [4—



Sensor Electronics and Microsystem Technologies 2019 —T. 16, Ne 3

23]). In many papers the standard Hartree-Fock,
Dirac-Fock methods, model potential approach,
quantum defect approximation etc in the differ-
ent 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 correspond-
ing ions) and particularly for their high-excited
(Rydberg) states, there is not enough precise in-
formation available in literatures.

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

One of the powerful approached to study-
ing energy and spectral parameters of complex
atomic systems is provided by a relativistic ener-
gy approach, which allows correctly to calculate
the radiative decay characteristics for atoms and
ions and new data on the transition probabilities
for some interesting atoms and ions. Originally
the energy approach to radiative and autoioniza-
tion processes in multielectron atoms and ions
has been developed by Ivanova-Ivanov et al [ 10-
12]. More advanced version of the relativistic
energy approach has been further developed in
Refs. [13-15]). The energy approach is based
on the Gell-Mann and Low S-matrix formal-
ism combined with the relativistic perturbation
theory (PT). In relativistic case the Gell-Mann
and Low formula expressed an energy shift AE
through the electrodynamical scattering matrix
including interaction with as the photon vacuum
field as a laser field. The first case is correspond-
ing to determination of radiative decay char-
acteristics for atomic systems. Earlier we have
applied the corresponding generalized versions
of the energy approach to many problems of
atomic, nuclear and even molecular spectros-
copy, including, cooperative electron-gamma-
nuclear “shake-up” processes, electron-muon-

beta-gamma-nuclear spectroscopy, spectroscopy
of atoms in a laser field etc [21-29]. Different
advanced computational generalizations have
been considered in Refs. [16-23].

In this paper the combined relativistic energy
approach (REA) [10-13] and relativistic per-
turbation theory (PT) with the zeroth order ab
initio one-particle representation [28-31] is used
for computing spectral parameters of the heavy
complex systems (Fr, Hg" ). The comparison of
the calculated data with available theoretical
and experimental data is performed.

2. The theoretical method

In the relativistic energy approach (REA) an
imaginary part of the electron energy shift of an
atom is directly connected with a radiation de-
cay possibility (transition probability). An ap-
proach, is based on the Gell-Mann and Low for-
mula with the QED scattering matrix. The total
energy shift of the state in relativistic atom can
be presented in the standard form:

AE =ReAE +117/2, (1)
where T is interpreted as the level width, and
the transition probability P = I'. In the papers of
different authors, the ReAE calculation proce-
dure 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 [23,26] introduced: for a system
with a dense energy spectrum, a group of nearly
degenerate states is extracted and their matrix M
is calculated and diagonalized. If the states are
well separated in energy, the matrix M reduces
to one term, equal to AE . The non-relativistic
secular matrix elements are expanded in a PT
series for the interelectron interaction.

The complex secular matrix M is represented
in the form [11, 28, 29]:

M=M"+M" M MO o

where M is the contribution of the vacuum dia-

grams of all order of PT, and M O M MY those
of the one-, two- and three- quasiparticle dia-
grams respectively. M is a real matrix, propor-
tional to the unit matrix. It determines only the
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general level shift. It is usually assumed M"” =0.
The diagonal matrix M" can be presented as a
sum of the independent one-quasiparticle contri-
butions. For simple systems (such as alkali atoms
and ions) the one-quasiparticle energies can be
taken from the experiment. Substituting these
quantities into (5) one could have summarized
all the contributions of the one -quasiparticle
diagrams of all orders of the formally exact rela-
tivistic PT. However, the necessary experimental
quantities are not often available.

An imaginary part of electron energy can be
defined in the lowest order of the perturbation
theory as [10-12]:

mAB(B) -~ x vl

T asn>f
[a<n<f

(3a)

where (o>n>f) for electron and (a<n<f) for

vacancy. The matrix element is determined as

follows:

sin|wjr, * *

— (= a@)¥y(r2)¥; ()
(3b)

yl

* *
ijkl = [[dndn¥; (”I)Syj(”z)

2

The separated terms of the sum (3) represent
the contributions of different channels; for ex-
ample, a probability of the dipole transition is
as follows:

1 ‘w"‘n‘
Ly =—-V

O 471. a0y

4

Substitution of the expansion for sin|w|r /r ,
on spherical harmonics to matrix element of in-
teraction gives as follows [11,13]:

o oYY nh W JiJs A
Vigsa *[(]1)(]2)(]3)(]4)] ;( 1) [ml —m ﬂjXIng(lz?"‘) (5)
Qx = ;?ul +er, (6)
where j is the total single electron momentums,
m, — the projections; 09is the Coulomb part of

interaction, Q% - the Breit part. The imaginary
Cul

part <* contains the radial R, and angular S,
integrals as follows:

mQf" (12;43) =2 Im{R, (12:43) 5, (12:43) + R, (12:43) 5, (12;43) +

(7

+R, (12;43)s, (12;43)+ R, (12;43) s, (12:33)}.
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The angular coefficient has only a real part:

2 2
®)
{A1,1,} means that A,/ and /, must satisfy
the triangle rule and the sum 3 +/ +/, must be
an even number. The rest terms in (7) include the
small components of the Dirac functions. The
tilde designates that the large radial component
f must be replaced by the small one &, and
instead of / l: = [, —1 should be taken for j, </,
and [ =] +1 for j,>1,. The detailed expres-
sions for the Coulomb and Breit parts and the
corresponding radial R, and angular S, integrals
can be found in Refs. [11].The total probability
of'a 4 - pole transition is usually represented as
a sum of the electric P and magnetic P parts.
The electric (or magnetic) A - pole transition
y — 0 connects two states with parities which

by A (or A +1) units. In these designations

JiJs A
51(12;43):‘91(13)‘9»(24) 84(13)_{11113}[1 IOJ

PE(y > 8)=2(2j+1)0F (15:79)
P (y - 8)=2(2+1) 0 (8:5)

Q;b = Q/1C " +Qﬁ/;171 +Qf,r4+1
Qf :Qf,y/l-
)
In our work the relativistic wave functions
are determined by solution of the Dirac equa-
tion with the potential, which includes the Iva-
nova-Ivanov “outer electron- ionic core” poten-
tial [10] and polarization potential [4]. The cali-
bration of the single model potential parameter
has been performed on the basis of the special
ab initio procedure [13,29]. In Refs. [13] the
lowest order multielectron effects, in particular,
the gauge dependent radiative contribution Im
OE . for the certain class of the photon propa-
gator calibration has been treated. The value
of this contribution allows to estimate an ef-
fectiveness of quantitative accounting for the
multielectron correlation effects. The minimiza-
tion of the gauge-non-invariant contribution Im
OE . provides a reasonable criterion in the con-
struction of an optimized one-electron represen-
tation in the relativistic many-body perturbation
theory. The minimization procedure leads to the
system of the integral-differential equation that
can be solved using one of the standard numeri-
cal codes. In result, this provides the construc-
tion of the optimized one-particle representation
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and improves an effectiveness of the numerical
code. As it is known (c.f.[1,27]), an accuracy
of computing the transition probabilities can
be significantly increased by means of adding
a multi-electron polarization exchange-correla-
tion potential into the transition amplitude. The
correct relativistic expression for the polariza-
tion operator has been presented in Refs. [3,4]
and used by us in this work. All calculations are
performed on the basis of the code Superatom
(version 93).

3. The results and conclusions

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 atom of francium. In
Table 1 there are listed the theoretical reduced
dipole matrix elements for a number of transi-
tions, computed within: 1) relativistic Hartree-
Fock (RHF) method, ii) the empirical relativ-
istic model potential method (ERMP), iii) the
relativistic single-double (SD) method in which
single and double excitations of the Dirac-Har-
tree-Fock (DHF) wave function are included to
all orders of perturbation theory [5] and iv) our
data. Let us note that the precise experimental
data for the 7p, , , ,-7s transition are as follows:
p, - 1s=4.277 and 7p,,-7s=5.898 [9]. The im-
portant features of the approach used are using
the optimized one-particle representation and an
effective taking into account the exchange-cor-
relation (including the core polarization) effects
(see Refs. [3,4,11,38-31]). An estimate of the
gauge-non-invariant contributions (the differ-
ence between the oscillator strengths values cal-
culated with using the transition operator in the
form of “length” G1 and “velocity” G2) is about
0.3%. The REA results, obtained with using the
different photon propagator gauges (Coulomb,
Babushkin, Landau) are practically equal.

Further we present the data of calculations
of the energies and probabilities of radia-
tion transitions (oscillator forces), in particu-
lar, E1 transitions: 5d"7p(P,.P, )-5d"6s(S, ),
5d"7p(P, ,.P. )-5d"7s(S, ), E2 quadrupole tran-
sition 5d”6s*(D,,,D,,)- 5d'%s (S, ,) in a single
ionized Hg" atom. It should be noted that the
ion is characterized by, firstly, not good enough
level of study of spectral characteristics, and
secondly, it is very interesting from the point of
view of necessity of correct consideration of both
relativistic and correlation corrections, since the
transitions pass in a sufficiently strong field of
the nucleus with charge Z = 80 . Within our for-
malism, the above states are usually interpreted
as one- and three-quasiparticle electron states
(6s) (vacancies 5d') above the skeleton of filled
electron shells 5d'%6s.

In Tables 2.3, we provide our theory data as
well as experimental data (Moore, NBS) and
alternative theoretical calculations of the ener-
gies and probabilities of dipole E1 transitions
5dl°7p(P1/2, 3/2) 5d106S(Sl/2) 5d107p(P1/2, 3/2)
5d"°7s(S,,), E2 quadrupole transition

d96sz(D5/2, 5)- 3d'%6s (S, ) in Hg* (HF -
Hartree-Fock data, DF - Dirac-Fockdata, DF
(exp.) — Dirac-Fock (using experimental transi-
tion lengths), RPT-MP - data of relativistic PT
with model potential (MP) zero approximation,
Our-our theory; Exp. — experimental data (from
NBS) [4,7,30]. The analysis of the presented
data shows that, first, the standard methods HF,
DF in a single-configuration variant give a very
high error in the calculation of energies and
probabilities of radiation transitions, and when
used in the DF scheme of experimental transition
lengths, the accuracy of calculations is signifi-
cantly , since it is obvious that using empirical
data makes it possible to efficiently take into ac-
count some of the very important in quantitative
terms of correlation corrections

Table 1
Theoretical reduced dipole matrix elements for a number of transitions of Fr (see text)

Transition i: RHF ii: ERMP iii: SD-DHF iv: Our data

Tpin-7s | 4279 4.304 - 4.256 4272 (G1)

4.274 (G2)
8pin-7s | 0.291 0.301 0.304 0.327 0.306 0.339
9pin-Ts - 0.096 0.110 0.092
Tpsn-Ts | 5.894 5.927 - 5.851 5.891
8p3n-Ts 0.924 0.908 0.934  0.909 0.918
9p3n-7s - 0.420 0.436 0.426
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Table 2.
Transitions energies for 5d''7p(P, ,,P, )-5d"6s(S, ), 5d""7p(P, ,,P. )-5d"'7s(S, ), 5d°6s’(D, D, ,)-
5d'%s (S, ,) in Hg" (in Ry): HF - Hartree-Fock data, DF - Dirac-Fockdata, DF (exp.) — Dirac-
Fock (using experimental transition lengths), RPT-MP - data of relativistic PT with model
potential (MP) zero approximation, Our-our theory; Exp. — experimental data (from NBS);

Method Ees |7P12-6S12 | 7TP32-6S112 TP112- 7S12 | TP312-7S12 | D312- S12| Dsp- S
Exp. -1.378 0.987 1.020 0.115 0.148 0.461 0.324
HF -1.07 0.721 0.721 0.095 0.095 0.863 0.863
DF -1.277 0.904 0.922 0.109 0.127 0.608 0.460
RPT-MP | -1.377 0.986 1.019 0.114 0.147 0.462 0.325
Our -1.378 0.987 1.020 0.115 0.148 0.462 0.324
Table 3.

Probabilities of E1 transitions 5d"7p(P, P, )-5d"6s(S, ), 5d""7p(P ,,P, )-5d""7s(S, )
in Hg + (in s'): HF - Hartree-Fock data, DF - Dirac-Fockdata, DF (exp.) — Dirac-Fock (using
experimental transition lengths), RPT-MP - data of relativistic PT with model potential (MP)
zero approximation, Our-our theory; Exp. — experimental data (from NBS);

Method | 7P3p-6S12 | 7Pip- 6S12 | 7P3p- 7Si2 | TPip- 7Sia | Dap- Si2” | Dsp- Sin’
Exp. 1.53-108 2.35-107 1.44-10% 6.37-10’ 53.5+2.0 11.610.4
HF 4.75-10° 4.75-10° 3.65-10’ 3.65-107 1360 1360
DF 8.45-107 1.67-107 6.89-10’ 4.71-107 257.0 77.4

DF (Eexp) 1.17-108 2.04-107 1.10-10% 5.52-107 63.9 13.3

RPT-MP | 149-10° | 231.107 | 141.10° | 633.10° | 54.53 11.84

Our 15110° | 233107 | 14310° | 635.10° | 53.84 11.72

Note: *5d°6s*(D,,,D,)- 5d'%s (S, ,);

3/2

Our theory consistently performs an efficient
accurate account of the main exchange-correla-
tion effects, which will include the effects of the
mutual shielding of particles, the exchange-po-
larization quasiparticles through the polarizable
many-electron core, as well as their interaction
with the atomic core through photonic vacuum,
iterative corrections and other. This, as a result,
provides a physically reasonable agreement be-
tween theory and experiment.
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Summary

Study of energy and radiative parameters of complex atomic systems, including systems in
highly-excited, Rydberg states is of a great interest to create new quantum (atomic) sensor devices,
quantum computer systems as well as for different atomic and laser physics and quantum electron-
ics. The combined relativistic energy approach and relativistic many-body perturbation theory with
the zeroth order ab initio model potential optimized one-particle representation are used for precise
computing the energy levels and radiative decay probabilities (radiation amplitudes) of heavy al-
kali elements (francium) and singly ionized atom of Hg. There are listed data for the 7s ,—np,
np, ,,-nd,, ;, (n=7-10) transitions in Fr and the energies and probabilities of radiation transitions
(oscillator forces), in particular, E1 transitions: 5d'7p(P P, )-5d'"6s(S, ), 5d"7p(P, ,.P, )-
5d'7s(S, ,), E2 quadrupole transition 5d°6s*(D.,,,D, ,)- 5d'%s (S, ) in a single ionized Hg" atom.
The comparison of the calculated values with available theoretical and experimental (compillated)
data is performed. The analysis of the presented data shows that, first, the standard methods HF, DF
in a single-configuration variant give a very high error in the calculation of energies and probabili-
ties of radiation transitions, and when used in the DF scheme of experimental transition lengths, the
accuracy of calculations is significantly , since it is obvious that using empirical data makes it pos-
sible to efficiently take into account some of the very important in quantitative terms of correlation
corrections. Our theory consistently performs an efficient accurate account of the main exchange-
correlation effects, which will include the effects of the mutual shielding of particles, the exchange-
polarization quasiparticles interaction through the polarizable many-electron core and others.
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B. B. byaoowcu, O. B. Iiywrxos, €. B. Tepnoscokuti, O. JI. Muxaiinos, O. FO. Xeyeniyc

Opnecwkuit nepkaBHUM ekooriyHui yHiBepcuter, JIpBiBchKka 15, Onecca, 65016
E-mail: buyadzhivv(@gmail.com

Pegepar

BuBueHHSs eHEepreTHYHHUX Ta BUIIPOMIHIOBAJIbHHUX MApaMETPIB CKIIAIHUX aTOMHUX CHCTEM, BKIIIO-
Yal0uu CUCTEMH Y BHCOKO 30y/DKEHHUX Ta Pi0epriBCbKUX CTaHaX, MPEICTABIISIE€ BEIUKUN IHTEpPEC s
CTBOPEHHSI HOBUX KBAaHTOBUX (aTOMHHUX) CEHCOPHUX MPUCTPOIB, KBAHTOBHX KOMIT IOTEPHUX CHUCTEM,
a TaKOX JUIs PI3HUX 3a/1a4 aTOMHOI 1 Ja3epHOi (Pi3MKH Ta KBAaHTOBOI eJIeKTpoHiku. KomOiHOBaHMit
PETSTUBICTCHKUI €HEPreTUYHMMA MiIX1 1 peTSITUBICTChKA OaraToyacTUHKOBA TEOPis 30ypeHb 3 ONTH-
Mi30BaHHM MOJIEIBHUM HAOIMKEHHSIM BHKOPHCTOBYIOTBCS JUISi TOYHOTO PO3PAaxXyHKY PiBHIB €HEpril
1 iMOBIpHOCTEH pajiaiiHoro po3nany (pamialifHIX aMIUTITY/) BaKKUX JIy>KHUX €l1eMeHTIB ((paH-
1iif) 1 onHoloHI30BaHOro aroma Hg. IlepepaxoBani JaHi 1yist EPeXOMiB 78, ,— 0P, , 1., 0P, ,,-0d, ) )
(n=7-10) y Fr ta enepriii Ta iIMOBIPHOCTEN BUIIPOMIHIOBAHHS TIEPEXOH (KOIUBAJIbHI CHIIH), 30Kpe-
ma, nepexomu E1: 5d"7p(P, P, )-5d"%s(S, ), 5d"7p(P ,.P, )-5d"°7s(S, ), E2 mepexin 5d° 6s*(D,,
D, ,)- 5d'%s (S, ,) B onHOKpaTHO y ioHizoBaHoMy aromi Hg. ITpoBOIMThCS MOPiBHAHHS 00UMCIICHUX
3HA4YEHb 3 HASSBHUMHU TEOPETHYHUMH Ta EKCIICPUMEHTAILHUMH (CKJIaJICHUMU) JaHUMU. AHAJI3 Ipe/-
CTaBJICHUX JAaHUX TOKa3ye, 110, MO-Teplie, CTaHaapTHI MeTonu Ty Xaptpi-Poka ta [ipaka-Doka
([1®) B omHOKOHDIrypariifHoMy BapiaHTi Ia0Th J{y»e BUCOKY MOXHOKY B OOUMCIICHH] eHepriii 1 iMo-
BipHOCTEH pajialliifHuX MepexoiB 1 MpH BUKOpHCTaHHI B cxeMi J{d ekcriepuMeHTaIbHUX TOBXUH
Nepexoy TOUHICTh OOYHCIIEHb CYTTEBO 3POCTAE, OCKUIBKM BHKOPUCTAHHS €MITIPUYHHUX JAHUX JJO3BO-
J1si€ epeKTUBHO BpaxXyBaTH JIEsKi {y’Ke BaKJIMBI B KUIbKICHOMY BiJIHOIIEHHI KOPEJSIiHHI MOTPaBKH.
Po3BuHyTa TEOpist MOCIITOBHO BUKOHY€E €()EKTUBHE YpaXyBaHHS OCHOBHUX OOMIHHO-KOPEJSLIHHUX
eeKTiB, 30KpemMa, e(heKTiB B3aEMHOTO €KpaHyBaHHS YaCTUHOK, OOMIHHO-TIOJIIPU3ALIiHY B3a€EMOJIIIO
KBa314aCTMHOK Yepe3 MONSIpU3y€e MU OararoeIeKTpOHHUI OCTOB Ta iHIII.

KirouoBi ciioBa: napamerpu paaiaiiHOro po3mnany, BakKi aTOMHI CHCTEMH, PEISTUBICTCHKUIN
CHePreTUYHUH i IXi/1
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