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RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMIC SYSTEMS
28ph WITH ACCOUNT OF STRONG PION-NUCLEAR INTERACTION EFFECTS

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. It is applied to calculation of the energy and spectral parameters
for pionic atoms of the 208Pb 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 Uehling-Serber radiation correction and optical
atomic theory are listed too. There are listed new data on shift and broadening of the 4f level in 208Pb due to the strong

pion-nuclear interaction.

1. Introduction

In papers [1-3] we have presented 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 pionic atom of the 2**Pb
with accounting for the radiation (vacuum po-
larization), nuclear (finite size of a nucleus ) and
the strong pion-nuclear interaction corrections.
There are listed new data on shift and broadening
of the 4f level in *Pb due to the strong pion-
nuclear interaction.

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
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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
(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 [1-20]. 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. [21-48]. 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 :

m*c>W(x) = {i2 [iho, + eV, (1)) + 7V 1P (x)
c

where c is a speed of the light, /4 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 (r), 0] approximation
with the stationary solution:

¥ (x) = exp(-iEt/h) p(x) , ()
where @(x)1is the solution of the stationary equa-
tion:

LB+ eV, (0P + 72V = me p(x) =0
¢’ (3)

Here E is the total energy of the system (sum
of the mass energy mc” and binding energy €). In
principle, the central potential V, 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]). The nuclear po-
tential for the spherically symmetric density
p(rR) is [13-15]:

Vnucl(”|R) = —((l/r)(?)dr'r'zp(rl Rj + Ofdr'r'p(r' R) 4)

The most popular Fermi-model pproximation
the charge distribution in the nucleus p(y) is:

p(r)=po [{1+explr =)/ @)} (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:

<?>17=(0.836-4"7+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
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
[21]. The detailed presentation of our method for
construction of the many-body relativistic pertur-
bation theory with accounting for relativistic, ex-
change-correlation, nuclqar and radiative (QED)
effects is presented in Refs. [41-77]. Here we note
that to account QED effect, namely, the vacuum
polarization one we have used the generalized
Ueling-Serber potential with modification to take
into account the high-order corrections.

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:

v} 9)

z {q(V)V alr)
O (e R D)

Vv_ . =V = _
7N "”’(r) 1+4/37a (r)

" m

; (10)
+[1+2’"7nj{30p2(r>+31p<r>@o<r>}, (10
a<r>:[1+ . ] eotirab0-n 0l

Here p, () — 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,
¢, By 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
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absorption of pions (with different channels at p-p
pair By, ) and p-n pair Bo(p )), and isospin and
spin dependence of an amplitude N scattering

(boplr) = bop(r) + b0, (r) = 2, (1)}

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 nucleus
(Z ,A) with the point-like charge (dominative
contribution in (12)), £ is the contribution due
to the nucleus finite size effect, £, is the radia-
tion correction due to the vacuum-polarization ef-
fect, £ is the energy shift due to the strong in-
teraction V.

The strong pion-nucleus interaction contribu-
tion can be found from the solution of the Klein-
Gordon-Fock equation with the corresponding pi-
on-nucleon potential. The detailed description and
analysis of different aspects of the computational
procedure can be found in Refs. [1-4,48-75].

the shift and broadening (keV) of the 4f level due
to the strong pion-nuclear interaction [2-8].

Table 1
Transition energies (keV) in the spectra of
heavy pionic atom 2®Pb (see text)

Trans. CERN E, E,,
E.» [14, 18] Our
data
Sg-4f | 575.46£0.04 - 575.78

Here we use the short designation of the
V . potential parameter sets: Tauscher, -Taul;
Tauscher, -Tau2; Batty etal-Bat .; Seki etal- Sek;
Laat-Konijin etal - Laat, Our set — our.

Our parameterization V_ upheld options that
are the most reliably determined (B ,c,c,,C,). The
potential parameters whose values differ greatly
in different sets, in particular, b, (b,=-0.094) plus
not included still to the V_ parameter set (ImB,
ImC, ) were optimized by calculating the strong
dependencies shifts for the pionic 72°Ne,**Mg,
Nb,"*3Cs,'"Lu,"®'Ta,"”’ Au,>®Pb atoms upon the
values of b, ImB ,ImC ; further the selected these

Table 2
Shift and broadening (keV) of the 4f level due to the strong pion-nuclear interaction
E H-like | Taul | Tau2 | Bat Sek Laat Our
€ar,lar Xp Func. |[E=0E=1E=1E=1|E=1| E=1
2%ph: & | 1.68+0.04 - 176 | 1.62 | 1.58 | 1.39 | 1.68 1.65
“%pb: T | 0.98+0.05 - 1.18 | 1.04 | 1.03 | 0.86 | 0.98 0.97

3. Results and conclusions

In table 1 our data on the 4f-3d, 5g-4f transi-
tion energies for pionic atom of **Pb are presen-
ted. The measured values of the CERN and alter-
native 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 Uehling-Serber
radiation correction and optical atomic theory
are listed too [2-10]. In table 2 we present data on
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values meet the standard deviation of the least re-
liable experimental values.

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).
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UDC 539.182

I N. Serga, O. Yu. Khetselius, L. A. Vitavetskaya, A. N. Bystryantseva

RELATIVISTIC THEORY OF SPECTRA OF PIONIC ATOMIC SYSTEM 2%Pb
WITH ACCOUNT OF STRONG PION-NUCLEAR INTERACTION EFFECTS

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. It is applied
to calculation of the energy and spectral parameters for pionic atoms of the **®Pb 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 Uehling-Serber
radiation correction and optical atomic theory are listed too. There are listed new data on shift and
broadening of the 4f level in 2®Pb due to the strong pion-nuclear intetraction.

Key words: strong interaction, pionic atom 2%Pb, relativistic theory

YK 539.182

U. H. Cepea, O. IO. Xeyenuyc, JI. A. Bumaseyxas, A. H. boicmpanyesa

PEJISITUBUCTCKAS TEOPUS CIIEKTPOB IIMOHHBIX ATOMHbBIX CUCTEM 2%¥Pb C
YYETOM D®PEKTOB CUJIbHOI'O MUOH-SJEPHOI'O B3AUMOJIEACTBUS

Pe3rome. [Ipencrasiena nocnenoBatenbHas pelIsiTUBUCTCKAs TEOPUS CIIEKTPOB MMHOHHBIX aTOMOB
Ha ocHoBe ypaBHeHUs Kieiina-T'opaona-doka ¢ 0000IICHHBIMU PaIMAIMOHHBIM U CHJIBHBIM TTHOH-
SJIEPHBIM MOTEHIIMATIOM. BBINOIHEH pacdyeT SHEPreTHUECKUX U CIIEKTPaIbHBIX MTApaMEeTPOB IS H-
OHHOTO aroMa “®Pb, ¢ y4eToM paJrallMOHHBIX (MTOJSPU3ALIUS BAKyyMa), SICPHBIX (KOHCUHBIN pa3Mep
snipa) 3PEKTOB U MOMPABKH HA CHIIBHOE MMOH-HYKJIIOHHOE B3auMoyeiicTBre. Takke sl CpaBHEHUS
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NpeACTaBJICHbI JaHHbIe u3MepeHuil B taboparopusix Berkley, [LIEPH u Bupxunus u Teoperndeckue
pe3yJIbTaThl, IIOJIy4YEHHbIE HA OCHOBE albTepHAaTUBHBIX Teopull Kielina-I'opaona-®Poxka ¢ yueTom Ko-
HEYHOI'0 pa3Mepa A1pa B MOJIEJIM PaBHOMEPHO 3apsKeHHOM cdepbl u cranaaptHoit FOnmuur-Cepoep
nonpaBku. [IpeacraBieHbl HOBBIE JaHHBIC IO CABUTY U ymupenuto 4f ypoBHs B arome “*Pb Gmaro-
Jlapsi CUIIbHOMY IMHOH-SIIEPHOMY B3aUMOJIEHCTBUIO.

KuioueBble ci10Ba: CHIIbHOE B3aMMOJICHCTBHE, MTMOHHBIN aToM ***Pb, penstuBucTCKas Teopus

VK 539.182

I M. Cepea, O. FO. Xeyeniyc, JI. A. Bimaseyvka, A. M. Bucmpsnyesa

PEJSITUBICTCBKA TEOPISI CIIEKTPIB IIOHHUX ATOMHUX CUCTEM 2Pb
3 YPAXYBAHHSIM E®EKTIB CUJIBHOI IIOH-SIAEPHOI B3AE€MO/I

Pe3iome. [IpencraBiena mociiloBHa pENIATUBICTChKA TEOPisl CHEKTPIB MiBOHIN aTOMiB Ha OCHOBI
piBHsiHHA Kielina-I'opgona-®oka 3 y3araabHEHUMH pajialliiiHUM 1 CUJIBHUM IIBOHISA-SAEPHUM IO-
TEHIl1aJIoM. BUKOHaHO pO3paxyHOK €HEpreTUYHMX 1 CIEeKTPAIbHUX MapaMeTpiB AJIs MIOHOTO aTroMa
208Pb 3 ypaxyBaHHIM pajianiiHuX (MOISIpH3aLlis BAKyyMy), SAepHHUX (KiHIEBHI po3mip sapa ) edek-
TIB Ta MONPABKHU Ha CUJIbHY MIOH-HYKJIOHHY B3a€MOZAit0. Takox /ISl MOPIBHSIHHS IPEICTaBJIEHI J1aH1
BUMiproBaHb B jabopatopisx Berkley, IIEPH i1 Bipmkunist 1 TeopeTudHi pe3yiabTaTd, OTpUMaHi Ha
OCHOBI anprepHaTUBHUX Teopii Kieiina-I'opnona-®oka 3 ypaxyBaHHSIM KIiHIIEBOTO PO3MIpY sijipa B
Mojiesii piBHOMIpHO 3apsikeHoi chepu 1 ctangaptHoi KOminr-Cep6ep monpasku. [IpencraBneHi HOBI
JIlaHHI 1010 3CyBY Ta ymupeHHs 4f piBHs B atomi **Pb 3aBasku cHIbHIN MOH-SICPHINA B3a€EMOIIT

KoarouoBi ciioBa: cuibHa B3aemMois, moHHUI atoM *%Pb, penstuBicTchka Teopis
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