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A consistent unified quantum-mechanical and quantum-electrodynamical (QED)
approach (operator perturbation theory (PT) method and QED perturbation theory)
is used for studying electron-positron pair production (EPPP) process and atomic
parity non-conservation effect. We have analyzed the possibility of treating the
positron spectrum narrow peaks as resonances states of a compound superheavy nu-
cleus. Resonance phenomena in the nuclear subsystem lead to the structurization of
the positron spectrum produced. To calculate the electron-positron pair production
cross-section in both cases we use the modified versions of the relativistic energy
approach, based on the S-matrix Gell-Mann and Low formalism. The calculation is
carried cut for the case of the U-U collision. We developed a consistent QED per-
turbation theory method for studying the characteristics (the energy levels, El- and
M1-transitions amplitudes etc.) of heavy and superheavy atomic systems and ap-
plied it to the calculation of the parity non-conservation E1 amplitude for 6s-7s tran-

sition in Cs.

1. In modern atomic physics the proc-
esses in the inner shells of heavy atoms are
under extensive theoretical and experimental
study [1-8]. The energy and time scales of
these processes are comparable with those of
the low-energy nuclear processes. In view of
this fact, new possibilities for systematic
study of the cooperative electron-nuclear
processes have appeared. We mean the
situation where the interaction of the nuclear
and electron subsystems opens new reaction
channels or leads to appreciable corrections
to observable characteristics. The correct ap-
proach to the solution of the related prob-
lems must be based on the consistent quan-
tum-mechanical theory of the complicated
electron-nuclear system taking into account
the quantum-electrodynamical properties of
the electron subsystem. The quality of the
modelling for nuclear potential may have a
decisive importance. A striking example of
such kind presents the electron-positron pair
production (EPPP) in the nuclei collision and
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in a strong electromagnetic field. The varia-
tion of parameters of the inter-nuclear po-
tential within the reasonable limits leads to
the qualitative and quantitative changes in
positron spectra. The nuclear subsystem
(NS) and electron subsystem (ES) have been
considered as two parts of the complicated
system, interacting with each other through
the model potential. The NS dynamics has
been treated within the Schrodinger (Dirac)
equation with the model potential. The solu-
tion of the total electron-nuclear system
quantum-mechanical equation is based on
the formally exact PT with the zeroth order
Hamiltonian A of the total system. This
Hamiltonian is determined by its energy
spectrum [1-3]. The subsequent PT correc-
tions can be expressed in terms of the matrix
elements of total Hamiltonian. All the spon-
taneous decay or the new particle (particles)
production processes are excluded in the ze-
roth order. The approach treats the widely
known distorted waves approximation as the
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zeroth-order approximation in the formally
exact quantum mechanical PT allowing for
successive refinement of the calculations.

Upon collisions of atomic ions or nuclei
with energy £> 1 MeV the EPPP is allowed.
The cross-section o(g, E) of this process de-
pends on the collision energy E and the
positron energy €. The energy range close to
the Coulomb barrier (it corresponds to the
energy of several MeV per nucleon) is of
great importance. Presently such collisions
are under extensive theoretical and experi-
mental study [1]. The narrow peaks in the
differential cross-section do(e,E)/de attract
special interest. The reasonable interpreta-
tion.of these peaks is now absent. In princi-
ple, the positron spectrum structure can be
related to the resonances phenomena of dif-
ferent nature (resonances in the residual
electron shell of colliding ions or resonances
of a compound nucleus which is created by
the colliding nuclei or resonances of new
non-identified particies [6, 7] etc.). Here we
use a consistent unified quantum-mechanical
and quantum-electrodynamical approach
(operator perturbation theory method and
QED perturbation theory) [1-4]} for studying
the EPPP process and treat the positron
spectrum narrow peaks as resonance states of
the compound superheavy nucleus [1]).
Resonance phenomena in the nuclear sub-
system lead to the structurization of the
positron spectrum produced. To calculate the
EPPP cross-section in both cases, we use
modified versions of the relativistic energy
approach, based on the S-matrix Gell-Mann
and Low formalism [1-5]. The calculation is
carried out for the case of the U-U collision,
total nuclear system charge being Z=184. As
usually, we calculate the imaginary part of
the energy of system. In the lowest perturba-
tion theory order the second-order diagram
describing the polarization of the electron-
positron vacuum is calculated [1]:

ImE=-T/2=
=[m . (M, 5 )2 (E +¢&(ns)—E, —&s)

and differential cross-section is determined
as follows:

dG(S,E)/dS. =n (Ajls,l,f’,.es)2 (dPF /dEF)

where P and E are the momentum and en-
ergy of the nuclear system final state. The
calculation results for log(do/de) (plotted
against e(1s)-es; in B/MeV) at the NS colli-
sion energy 352.2 keV (fifth upper s-
resonance) are presented in Fig. 1.
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Fig. 1. The differential cross-section (plotted against
e(1s)-es) for nuclear system collision energy 352.2
keV (fifth upper s-resonance).

The details of the calculation procedure
were described in [1, 2, 8]. Note that in our
calculation we have used the two-pocket nu-
clear potential. The calculation leads to prin-
cipally the same physical picture as a calcu-
lation with one-pocket potential besides the
appearance of a pronounced peak.

2. At present the atomic parity non-
conservation effect attracts great attention.
This effect was experimentally measured for
four atoms: Cs,. Tl, Pb, Bi. The theoretical
calculation reached quite high level of accu-
racy. Nevertheless, an elaboration of the
method of calculation with accuracy within
~1% or less remains an important problem fo
the theory. We have developed a consistent
theoretical approach, based on the QED
perturbation theory [2-5]. The main purpose
is the study of the spectroscopic characteris-
tics for heavy and superheavy atomic sys-
tems, including the atomic parity non-
conservation effect. The zeroth approxima-
tion is generated by the effective ab initio
model functional, constructed on the basis of
the gauge invariance principle [2]. The PT
zeroth-order potential includes the core ab
initio potential, the electric and polarization
potentials of the spherically symmetric nu-
cleus (Gaussian form of charge distribution
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in the nucleus and the uniformly charged
sphere are considered). We have taken into
account all correlation corrections of the PT
second order. The PT higher-order correc-
tions (particle-hole interaction, mass opera-
tor iterations) are effectively accounted. The
magnetic inter-electron interaction is taken

into account in the PT lowest (o’ parame-
ter) order, the Lamb shift polarization part
in the Ueling-Serber approximation. The
self-energy part of the Lamb shift is ac-
counted effectively with the use of the ‘ex-
act’ calculation for H-like ions with point
nucleus. We have applied the developed ap-
proach to the calculations of the energy lev-
els, hyperfine structure intervals, E1-M1-
transitions amplitudes in heavy and super-
heavy atoms and also the parity non-
conservation E1 amplitude for the 6s-7s tran-
sition in Cs. Calculation gave the following
result:

<6s|Dz|7s>=-0.92 x 107" ieJao(-QwW/N)

(all notations are standard). Note that this
result is in a reasonable agreement with other
theoretical data [6, 7].
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PO3PAXYHOK E®EKTIB HAPO/[UKEHHS
EJEKTPOHHO-IIO3UTPOHHUX ITAP V¥ 3ITKHEHHSX
BAKKIX ATOMHUX SITEP HA OCHOBI
INOCJIIIOBHOI KBAHTOBOMEXAHIYHOI TEOPII.
E®EKT HE3FEPEXXEHHSI ATOMHOI ITIAPHOCTI

O.B.I'nymikos, C.B.ManinoBcbka, C.B.®@inaros

[{enTp aTOMHOT, MOJIEKYJISIPHOI Ta Ja3epHOi CIEKTPOCKOITI,
Onecbkuit TiIpOMETEOpOIOTIYHIH iHCTHTYT, a/c 108, Onmeca-9, 65009

YV [OCTiKeHH] XapaKTePHCTUK NPOLIECY HapOKEHHs ENeKTPOHHO-TIO3UTPOHHUX TIap
(HETIIT) Ta edexty HezbepekeHHA aTOMHOI NMApHOCTI BHKOPUCTAHO MOCIiZOBHHIA
KBaHTOBOMEXaHIYHMI Ta KBaHTOBOENekTpoauHaMiunuil (KEJD) miaxin (onepaTopHa
teopis 36ypens Ta KEJ Teopis 36ypens). I[IpoananizoBano MOXIMBICTE iHTEpIIpE-
Tauii By3pKHX MiKiB MO3UTPOHHOTO CHEKTPY AK PpE30HAHCHUX CTaHIB CKJIaAHOTO
HaJBaXKoro fapa. Pe3oHaHcRi ABUINA B SOEpHil mimcucTeMi BeXyTh OO CTPYK-
TypH3auil IO3UTPOHHOTO crexTpy. [ns pospaxyHky nepetndy HEIIII sukopuctano
MozudikoBaHy BepCil0 peIATUBICTCHKOIO EHEPreTHYHOTO IiAXody, AKUH IpyH-
TYEThCA Ha S-MaTpuyHoMy dopmanismi I'enn-Mana Ta Jloy. Po3paxyHOK BHKOHaHO
IUTST BUTAJKY 3iTKHEHHS sigep ypaHy. B po6oti possunyTto mocnigosHy KE]] teopito
30ypeHb I pO3paxyHKy XapaKTepHCTHK (eHepreTMYHMX piBHIB, amrulityn El, M1
MmepexoxiB) BaXKHUX Ta HAaJBAXKUX aTOMIiB, 30KpeMa, BHUKOHAHO pPO3pPaxyHOK
amrutityau E1 nepexony 6s-7s 6e2 36epexeHHs rapHocti B atomi Cs.
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