UDC 539.182

A. N. Bystryantseva, O. Yu. Khetselius, Yu. V. Dubrovskaya, L. A. Vitavetskaya,
A. G. Berestenko

Odessa National Polytechnical University, 1, Shevchenko pr., Ukraine
Odessa State Environmental University, 15, Lvovskaya str., Odessa, Ukraine
e-mail: quantsha@mail.ru

RELATIVISTIC THEORY OF SPECTRA OF HEAVY PIONIC ATOMIC SYSTEMS WITH
ACCOUNT OF STRONG PION-NUCLEAR INTERACTION EFFECTS:
93Nb, 173Yb, 181Ta, 197Au

It is presented a consistent relativistic theory of spectra of the pionic atoms on the basis of the Klein-
Gordon-Fock with a generalized radiation and strong pion-nuclear potentials. There are presented data
of calculation of the energy and spectral parameters for pionic atoms of the 93Nb, 173Yb, 181Ta,
197Au, with accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus )
and the strong pion-nuclear interaction corrections. The measured values of the Berkley, CERN and
Virginia laboratories and alternative data based on other versions of the Klein-Gordon-Fock theories
with taking into account for a finite size of the nucleus in the model uniformly charged sphere and the
standard Uhling-Serber radiation correction and optical atomic theory are listed too.

1. Introduction

In papers [1-3] we have developed a new rela-
tivistic method of the Klein-Gordon-Fock equa-
tion with an generalized pion-nuclear potential
to determine transition energies in spectroscopy
of light, middle and heavy pionic atoms with ac-
counting for the strong interaction effects. In this
paper, which goes on our studying on spectros-
copy of pionic atoms, we firstly applied method
[1-3] to calculating calculation of the energy and
spectral parameters for pioninc atoms of the **Nb,
13YDb, ¥1Ta, 17 Au, with accounting for the the ra-
diation (vacuum polarization), nuclear (finite size
of a nucleus ) and the strong pion-nuclear inter-
action corrections..

Following [1-3], let us remind that spectros-
copy of hadron atoms has been used as a tool for
the study of particles and fundamental properties
for a long time. Exotic atoms are also interesting
objects as they enable to probe aspects of atomic
and nuclear structure that are quantitatively dif-
ferent from what can be studied in electronic or
“normal” atoms. At present time one of the most
sensitive tests for the chiral symmetry breaking
scenario in the modern hadron’s physics is pro-
vided by studying the exotic hadron-atomic sys-
tems. Nowadays the transition energies in pionic
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(kaonic, muonic etc.) atoms are measured with an
unprecedented precision and from studying spec-
tra of the hadronic atoms it is possible to investi-
gate the strong interaction at low energies meas-
uring the energy and natural width of the ground
level with a precision of few meV [1-10]. The
strong interaction is the reason for a shift in the
energies of the low-lying levels from the purely
electromagnetic values and the finite lifetime of
the state corresponds to an increase in the ob-
served level width. For a long time the similar
experimental investigations have been carried out
in the laboratories of Berkley, Virginia (USA),
CERN (Switzerland). The most known theoreti-
cal models to treating the hadronic (pionic, ka-
onic, muonic, antiprotonic etc.) atomic systems
are presented in refs. [1-5,7,8]. The most difficult
aspects of the theoretical modeling are reduced
to the correct description of pion-nuclear strong
interaction [1-3] as the electromagnetic part of the
problem is reasonably accounted for.

2. Relativistic approach to pionic atoms
spectra

As the basis’s of a new method has been pub-
lished, here we present only the key topics of an



approach [1-3]. All available theoretical models
to treating the hadronic (kaonic, pionic) atoms are
naturally based on the using the Klein-Gordon-
Fock equation [2,5], which can be written as fol-
lows :

2PW(x) = {ci2 [ih0, + eV, (r)]” +h*V> ¥ (x) (1)

where c is a speed of the light, / is the Planck con-
stant, and ¥ (x) is the scalar wave function of the
space-temporal coordinates. Usually one consid-
ers the central potential [V (1), 0] approximation
with the stationary solution:
¥ (¥) =exp(-iEt/h )p(x) , ()

where @(x)is the solution of the stationary equa-
tion:

jp(x)=0  (3)

{Ci2 [E+eVy(r)] +R’V? —m’c?

Here E is the total energy of the system (sum
of the mass energy mc* and binding energy ¢ ).
In principle, the central potential ¥, naturally in-
cludes the central Coulomb potential, the vacu-
um-polarization potential, the strong interaction
potential.

The most direct approach to treating the strong
interaction is provided by the well known optical
potential model (c.g. [2]). Practically in all papers
the central potential V, is the sum of the following
potentials. The nuclear potential for the spherical-
ly symmetric density p(dR) 1s [6,13]:
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The most popular Fermi-model approxima-
tion the charge distribution in the nucleus p\r
(c.f.[11]) is as follows:

Vnucl(r|R) = _((l/r)}drvrvzp(’”'
0

R) “4)

p(r)=po l+exp[(r—c)/a)l}s  (5)

where the parameter a=0.523 fm, the parameter ¢
is chosen by such a way that it is true the follow-
ing condition for average-squared radius:

<p?>12=(0.836xA4"?+0.5700)fm.

The effective algorithm for its definition is
used in refs. [12] and reduced to solution of the
following system of the differential equations:

V’nucl(r,R): (1/r2 yjdr'r'zp(r’,R)E (1 r? )y(r,R)
0 (6)
Y (r.R)=r?plr.R). (7)
P'(1)=(p,/ @)exp[(r —c)/ al{l +exp[(r—c)/a)]}*  (8)

with the corresponding boundary conditions. An-
other, probably, more consistent approach is in
using the relativistic mean-field (RMF) model,
which been designed as a renormalizable meson-
field theory for nuclear matter and finite nuclei
[13].To take into account the radiation correc-
tions, namely, the effect of the vacuum polariza-
tion we have used the generalized Ueling-Serber
potential with modification to take into account
the high-order radiative corrections [5,12].

The most difficult aspect is an adequate ac-
count for the strong interaction. On order to de-
scribe the strong N interaction we have used the
optical potential model in which the generalized
Ericson-Ericson potential is as follows:
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Here p, (r) — distribution of a density of the
protons and neutrons, respectively, &— parameter
(£=0 corresponds to case of “no correlation”,
& =1, if anticorrelations between nucleons); re-
spectively isoscalar and isovector parameters b,
CO’BO, b.c, ’ C, B,, C,—are corresponding to the
s-wave and p-wave (repulsive and attracting po-
tential member) scattering length in the combined
spin-isospin space with taking into account the
absorption of pions (with different channels at p-p
pair By, ) and p-n pair B( ), and isospin and
spin dependence of an amphtude 7N scattering
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(byp(r)— by p(r)+ by, (r) = p, (r)f>

the Lorentz-Lorentz effect in the p-wave interac-
tion. For the pionic atom with remained electron
shells the total wave-function is a product of the
product Slater determinant of the electrons sub-
system (Dirac equation) and the pionic wave
function. In whole the energy of the hadronic
atom is represented as the sum:

E~E+E+E,+E; (12)

Here E, -is the energy of a pion in a nucle-
us (Z ,A) with the point-like charge (dominative
contribution in (12)), £y is the contribution due
to the nucleus finite size effect, £, is the radia-
tion correction due to the vacuum-polarization
effect, £y is the energy shift due to the strong
interaction V).

The strong pion-nucleus interaction contribu-
tion can be found from the solution of the Klein-
Gordon-Fock equation with the corresponding
pion-nucleon potential.

3. Results and conclusions

In table 1 our data on the 4f-3d, 5g-4f transi-
tion energies for pionic atoms of the **Nb, '*Yb,
81Ta, 7Au are presented. The measured values
of the Berkley, CERN and Virginia laboratories
and alternative data based on other versions of the
Klein-Gordon-Fock theories with taking into ac-
count for a finite size of the nucleus in the model
uniformly charged sphere and the standard Uh-
ling-Serber radiation correction [5, 15] and opti-
cal atomic theory [17,18] are listed too.

The analysis of the presented data indicate on
the importance of the correct accounting for the
radiation (vacuum polarization) and the strong pi-
on-nuclear interaction corrections. Obviously, it
is clear that that the contributions provided by the
finite size effect should be accounted in a precise
theory. Besides, taking into account the increas-
ing accuracy of the X-ray pionic atom spectros-
copy experiments, it can be noted that knowl-
edge of the exact electromagnetic theory data will
make more clear the true values for parameters
of the pion-nuclear potentials and correct the dis-
advantage of widely used parameterization of the
potentials (9)-(11).

Table 1. Transition energies (keV) in the spectra of some heavy pionic atoms (see text)

m-A Trans. Berkley CERN EKGF+EM EKGF—EM EN EN EN,
EEXP EEXP [5, 15] [16, 17] [5] [14, 18] Our data
PNb | 5g-4f - 307.79%0.02 - - - - 307.85
"PYD | 5g-4f - - - - - - 412.26
"'Ta | 5g-4f | 453.1204 [453.90%0.20| 453.06 453.78 - | 453.52 | 453.71
453.62
"TAu| 5g-4f| 5325105 [533.16£0.20| 528.95 - 532.87| 531.88 | 533.08
PNb @f-3d - 140.310.1 - - - - 140.81
3yb 4f-3d - - - - - - 838.67
"1Ta [4f-3d - 1008.4% 1.3 - - - 1992.75 | 1008.80
" Au 4f-3d - 1187.3%1.9 - - - |1167.92] 1186.35
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Abstract

It is presented a consistent relativistic theory of spectra of the pionic atoms on the basis of the
Klein-Gordon-Fock with a generalized radiation and strong pion-nuclear potentials. There are pre-
sented data of calculation of the energy and spectral parameters for pionic atoms of the **Nb, YD,
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A. H. Boicmpanyesa, O. FO. Xeyenuyc, FO. B. [[yopoeckas, JI. A. Bumaseykas, A. I bepecmenxo

PEJATUBUCTCKASA TEOPHUSA CIIEKTPOB IIMOHHBIX ATOMHBIX CUCTEM C
YYETOM 3®PEKTOB CUJILHOI'O MAOH-AJEPHOI'O B3AUMOJENCTBUS: *Nb,
173Yb, 181Ta R 197Au

Pe3rome

IIpencrapnena nocienoBaTenbHas pEASTUBUCTCKAS TEOPUS CIIEKTPOB MMOHHBIX aTOMOB HA OCHOBE
ypaBuenust Kneiina-I'opnona-®oka ¢ 0000IIEHHBIMU paJMalliOHHBIM U CHJIBHBIM THOH-CPHBIM
MOTEHLMAJIOM. BBINOIHEH pacueT SHEPreTUYeCKUX U CIEKTPAJIbHBIX TapaMeTPOB ISl TMOHHBIX aToO-
MoB **Nb, '*YD, '®'Ta, 7Au, ¢ yuyeToM paguaniMOHHBIX (ITOJIAPU3AIMsA BaKyyMa), SACPHBIX (KOHEU-
HBIA pa3Mep a1pa) 3(p(eKkToB U MmonpaBKu Ha CHIIBHOE NMUOH-HYKIIOHHOE B3aUMOJAEHCTBHE. Takxke
JUIsL CpaBHEHUSI TIPE/ICTaBIICHbI JaHHble n3MepeHuil B naboparopusix Berkley, [IEPH u Bupmxunus
U TEOPETHUYECKUE PEe3yNbTaThl, OIy4YE€HHbIE HA OCHOBE ajbTepHATUBHBIX Teopull Kieitna-I'opaona-
doxka ¢ yueToM KOHEYHOTO pa3Mepa sJipa B MOAEIH PaBHOMEPHO 3apsiKEHHOM cephl U CTaHAAPTHOM
KOnunr-Cepbep norpasku.

KiroueBble c10Ba: CHIIbHOE B3aUMO/IeCTBUE, TMOHHBIA aTOM, PEISTUBUCTCKAs TEOPUS

60



VK 539.182

A. M. Bucmpsanyesa, O. FO. Xeyeniyc, FO. B. J[yoposcvka, JI. A. Bimaseyvkab A. I bepecmenxo

PEJISITUBICTCBKA TEOPISI CIIEKTPIB IIOHHUX ATOMHHUX CUCTEM 3 YPAXY-
BAHHSIM E®EKTIB CUJIBHOI IIOH-SIAEPHOI B3AEMO/II: **Nb, '*Yb, ¥'Ta, ’Au

Pesrome

[IpencraBieHa nociiJOBHA PEISTUBICTChKA TEOPIsl CIEKTPIB MIBOHINA aTOMIB HA OCHOBI PIBHSIHHS
Keiitna-I'opnona-®oxka 3 y3araJbHEeHHUMH PaJlialliiHUM 1 CUJIBHUM MiBOHISI-SIIEPHUM TTOTEHITIAIOM.
BukoHaHO po3paxyHOK €HEPreTHYHHX i CIIEKTPaJIbHUX TapaMeTpiB i mioHux atomiB Nb, YD,
81Ta, 17 Au, 3 ypaxyBaHHsIM pamiamiiHux (MOJIspU3allis BAKyymy), siiepHux (KiHIIEBUI po3Mmip siapa
) edeKTiB Ta MONPaBKU HA CHJIbHY MIOH-HYKJIIOHHY B3a€MOJIit0. Takox /Il MOPiBHSHHS MPECTaBIeH]
naHi BuMiproBanb B saboparopisx Berkley, IEPH i1 Bipmkunis i TeopeTHUH1 pe3y/bTaTi, OTpUMaHi
Ha OCHOBI ajbTepHaTuBHUX Teopii Kieitna-I oprona-®oka 3 ypaxyBaHHSIM KIHIIEBOTO PO3MIpY spa B
MojielTi pIBHOMIPHO 3apsypkeHoi cdepu 1 ctanaaptHoi FOminr-CepOep monpaBk. .

KrouoBi ciioBa: cunbHa B3a€MOIisl, TIOHHUNA aTOM, PEIATUBICTChKA TEOpis
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