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SPECTROSCOPY AND DYNAMICS OF HEAVY EXOTIC
PIONIC ATOMIC SYSTEMS: ADVANCED RELATIVISTIC
THEORY

An advanced relativistic approach is presented to studying spectroscopy and photodynamics of the
exotic (pionic) atomic systems based on the Klein-Gordon-Fock equation approach and relativistic
many-body perturbation theory with accounting for the fundamental electromagnetic and strong pion-
nuclear interactions. The strong pion-nuclear interactions are taken into account by means of using the
generalized strong pion-nuclear optical potential model with the effective Ericson-Ericson potential.
The nuclear finite size effect is taken into consideration within the Fermi model. In order to take the
nuclear quadrupole deformation effects on pionic processes into account we have used the model by
Toki et al. The radiative corrections are effectively taken into account within the generalized Uehling-
Serber approximation to treat the Lamb shift vacuum polarization part. The advanced data for the
energy and spectral parameters for pionic atoms of the '*Yb, ”Lu, "’Au, ®*Pb, #**U with accounting
for the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and the strong pion-nuclear

interaction corrections are listed.

1. Introduction

Our work is devoted to the further
development of the relativistic theoretical
approach [1-3] to the description of spectra
and different spectral parameters, in particular,
radiative transitions probabilities for hadronic
(pionic) atoms in the excited states with
precise accounting for the relativistic, nuclear
and radiative effects.

Here we present an advanced relativistic
theory of spectra of the exotic (pionic) atomic
systems based on the Klein-Gordon-Fock
equation approach and relativistic many-body
perturbation theory with accounting for the
fundamental electromagnetic and strong pion-
nuclear interactions. The latter has been
performed by means of using the advanced
strong pion-nuclear optical potential model
with the generalized Ericson-Ericson potential.
The nuclear finite size effect is taken into
consideration within the Fermi model. In order
to take the nuclear quadrupole deformation
effects on pionic processes into account we
have used the model by Toki et al. The
radiative corrections are effectively taken into
account within the generalized Uehling-Serber
approximation to treat the Lamb shift vacuum

polarization part. In order to take the
contribution of the Lamb shift self-energy part
into account we have used the generalized
non-perturbative procedure, which generalizes
the Mohr procedure and radiation model
potential method by Flambaum-Ginges. The
results of calculation of the energy and
spectral parameters for pionic atoms of the
'3YDb, ""Lu, "“’Au, **Pb, **U with accounting
for the radiation (vacuum polarization),
nuclear (finite size of a nucleus ) and the
strong pion-nuclear interaction corrections are
presented.

As it is well known [1-22] 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. While determining 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
(PT), 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,
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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.

The most popular theoretical 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 [1-23]). A
development of the comprehensive theory of
computing energy, spectral and radiation
characteristics is of a great interest and
importance in a modern theory of the hadronic
atom spectra too [1-36].

2. Relativistic Spectroscopy of pionic
atomic systems

Here we present a brief description of the
key moments of our approach (more details
can be found in Refs. [1-3]). As a negative
pion is the Boson with spin 0, mass: M, -
=139.57018 Mb»B, r,=0.672+0.08 fm, the
relativistic  particle wave functions are
determined from solution of the Klein-
Gordon-Fock equation with a general potential
Ve, which includes an electric and polarization
potentials of a nucleus (plus the strong pion-
nuclear interaction potential). Generally
speaking, the Klein-Gordon-Fock equation can
be rewritten as the corresponding two-
component equation [1-3]:

[—(o3 + M")‘}ﬂ + a3+ (03 + z-ffz,)l"agjf) + Véo) U = B,

(1)
where o; are the Pauli spin matrices and
iy - ( (1+(E—VO) /e )
C 2\ A= E-VOVwe ) (g

This equation is equivalent to the stationary
Klein-Gordon-Fock equation. The correspond-
ing non-stationary Klein-Gordon-Fock equa-
tion can be written in the following standard
form:

Wt (x) = {c%[iha/ +el, (N +A° V¥ (x)

€)

where c is the speed of light, / is the Planck
constant, - is the reduced mass of the pion-
nuclear system, and Wo(x) is the scalar wave
function of the space-temporal coordinates.
Usually one considers the central potential
[Vo(r), 0] approximation with the stationary
solution:
Y (x) = exp(-iEt/ i )p(x)

; (4)

where ?)is the solution of the stationary
equation:

(LLE + el (] + BV’ = 126 }h(x) = 0
¢
)
Here E is the total energy of the system (sum
of the mass energy mc” and binding energy &).
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:

E~E +E+Ep+Ey,

QED

(6)

E. . ..
where ~X¢is the energy of a pion in a nucleus

(Z.4) with the point-like charge, Ers is the
contribution due to the nucleus finite size

effect, Eiris the radiation QED correction,

Ev s the energy shift due to the strong
interaction V.

Further let us consider in details the
radiation or QED effects since their consistent
and accurate accounting for is of a great
importance and interest in spectroscopy of the
pionic atomic systems. In order to take the
radiation (QED) corrections into account,
namely, the important effect of the vacuum
polarization, one could use the procedure,
which is in details presented, for example, in
the Refs. [21-24]. Figure 1 illustrates the
Feynman diagrams, which describe QED
effect of the vacuum polarization: Al — the
Uehling-Serber term; A2, A3 — terms of order
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Figure 1. The Feynman diagrams, which describe QED
effect of the vacuum polarization: Al — the Uehling-

Serber term; A2, A3 — terms of order [O(( Za)EI”
(n=2,..); A4- the Kaillen-Sabry correction of order
a’(aZ)
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; A5 —the Wichmann-Kroll correction of order

ol Za|" (n=3).

An effect of the vacuum polarization is
usually considered in the first PT theory order
by means of the generalized Uehling-Serber
potential with modification to account for the
high-order radiative corrections. In particular,
the generalized Uehling-Serber potential can
be written as follows:

V-1 _22012

5

27a* ¢ :
()=~ He [areso(-2mjaz)(11/27) ar

(7)
where g=r/(aZ). More correct and consistent
approach is presented in Refs. [21-24].

The vacuum-polarization block includes the
radiation potential of the standard vacuum-
polarization contribution of the Uehling-
Serber, supplemented by the contributions due

to the Kaillen-Sabry [~ai(az)order] and
Wichmann-Kroll [~a ( Za |"order] corrections.
The nuclear potential for the spherically
symmetric density p(rV R) can be presented
as follows:

V.. (1| R) =—(1/ r)j drv’p (r' ‘ R) + J drvp (r' ‘ R)
° " ®)

In the concrete calculations one should use the
formulas for the finite size nuclear potential

C(g).

and its derivatives on the nuclear radius. Here
we use the known Ivanov-Ivanova et al
method of differential equations (look details
in  Refs. [16-18,36,37]). The effective
algorithm for definition of the potential
V..alrV R is used in Refs. [16,23,24] and
reduced to solution of the following system of
the differential equations (for the Fermi
model):

V'nucl(r,R):(llrz)Idr'r'zp(r',R)E (1/r%)y(r,R)

9

y'lr,R)=r’plr,R), (9)

p'(r)=(p,la)exp (10)

with the corresponding boundary conditions.
The analogous expressions for determination
of a density can be provided by the Gaussian
model or within a consistent relativistic mean-
field model [23].

In order to take into consideration the
nuclear quadrupole deformation effects on
pionic processes we used the model by Toki et
al [19,20]:

plrl=pulr+ 2L o s,

P ()

where the quantity is defined as

follows:

167
= JJ
Pk(’”) W/2k+1<

One should consider the case k=2, which
corresponds to the nuclear quadrupole density.
The Woods-Saxon-like form for the nuclear
density distribution in the intrinsic frame is
(see, e.g., [21]:

4 _
25(” ; ”)YQ(@)’Jb
=t T

(12)

ﬁ(r):pN/ll+eXp(r_§(9)) , (13)
where
R(0)=R(1+BY5(6)),  (14)

P is the normalization constant, B 1S a
N

quadrupole deformation parameter.
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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-
18,23-28, 36-39]).

More simplified and sufficiently popular
approach to treating the strong interaction in
the pionic atomic system is provided by the
well known optical potential model (see, e.g.,
[4,10]). Recall that in the model of optical
potential for the description of pion-nuclear
interaction the potential

=ReV +ilmV

7~ N{opt)

(15)

is used. Dedicated, as a rule, separate s-wave
and p-wave pion-nuclear scattering are derived
in accordance with the repulsive and attracting
parts of the optical potential. In order to
describe the strong #ZN interaction we use the
optical potential model where the generalized
Ericson-Ericson potential is as follows [4]:

) _ 4] o) ol
Vo =Vu(r)= —{CI( )V1+4/37z§a(r)v}
(16a)

o)1+ o) 011,01

my

\B,p?(r)+B,p(r)8p(r)], (16b)

2my

c)=[1+22] bt elps)-p 0

my
mTI
+( 1+
( 2m

N

[C,p*(r)+C,plr)8p(r)]. (16¢)

Here pp,,,(r) — distribution of a density of the
protons and neutrons, respectively, -
parameter (=0 corresponds to case of “no
correlation”, £=1, if there are anticorrelations
between nucleons); respectively isoscalar and
isovector parameters by, co, Bo, bi,c1, Co By, C,
— are corresponding to the s-wave and p-wave
(repulsive and attracting potential member)
scattering length in the combined spin-isospin
space with taking into account the absorption
of pions (with different channels for p-p pair
By, and p-n pair By(,,), the Lorentz-Lorenz

effect in the p-wave interaction and isospin
and spin dependence of an amplitude nIN
scattering:

bop(r)— byplr)+b,[p,(r|=p,lr)], (17)

The description of numerical values of the
potential parameters is in details described in
Refs. [1-4,10-152]. Other details are in Refs.
[1-3,34-40].

3. Results and conclusions

In Table 1 the advanced data on the 4f-3d,
5g-4f transition energies for pionic atoms of
the YD, "”Lu, "’Au, ***Pb, ***U are presented.
There are also listed the measured values of
the Berkley, CERN and Virginia laboratories
and alternative data obtained on the basis of
computing within alternative versions of the
Klein-Gordon-Fock (KGF) theory with taking
into account the finite size of the nucleus in
the model uniformly charged sphere and the
standard Uehling-Serber radiation correction
[1-3,5,6, 14, 15, 34, 35].

Table 1. The 5g-4f and 4f-3d transition energies (keV)
in the spectra of heavy pionic atoms (see text)

CERN EKGF+EM EKGF-EM
T-A Berkley |[[5,6,14] [7,8]
Erxp
'Y | 5g-4f - - -
PTAu |5g-4f] 533.16+0.20 | 528.95 -
532.5+0.5
28T] | 5g-4f| 561.67+0.25 | 559.65 | 559.681
2%2Pb | 5g-4f| 575.56+0.25 | 573.83 | 573.862
P80 |5g-4f| 732.0£0.4 | 725.52 | 725.574
731.4=1.1
'Yb |4f-3d - - -
'Lu |4f-3d - - 919.085
YTAu |4f-3d| 1187.3£1.9 - -
2%ph [4f-3d| 1282+2.2 - -
A Ex Ex Ex,
[5] [14, | Our data
15,34]
'Yb |5g-4f - - 412.26
YTAu|5g-4f]  532.87 531.88 | 533.08
25T] |5g-4f]  560.93 - 561.63
22pp [5g-4f|  575.21 - 575.78
B8U |5g-4f]  729.80 - 730.92
'BYb | 4£-3d - - 838.67
Ly |4£-3d - - 923.14
7 Au |4£-3d - 1167.92| 1186.35
2%pb | 4£-3d - 1261.23] 1281.78
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The analysis of the presented data confirms
an importance of the consistent and correct
accounting for the radiation (vacuum
polarization) and the strong pion-nuclear
interaction corrections. The contributions due
to the nuclear finite size effect and electron
screening correction should be accounted in a
precise theory too. A correct treatment of the
nuclear, relativistic, radiative and other effects
could provide the physically reasonable
agreement  between  experimental and
theoretical data on the multi-electron pionic
atoms.
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SPECTROSCOPY AND DYNAMICS OF HEAVY EXOTIC PIONIC ATOMIC
SYSTEMS: ADVANCED RELATIVISTIC THEORY

Summary. An advanced relativistic approach is presented to studying spectroscopy and
photodynamics of the exotic (pionic) atomic systems based on the Klein-Gordon-Fock equation
approach and relativistic many-body perturbation theory with accounting for the fundamental
electromagnetic and strong pion-nuclear interactions. The strong pion-nuclear interactions are
taken into account by means of using the generalized strong pion-nuclear optical potential model
with the effective Ericson-Ericson potential. The nuclear finite size effect is taken into
consideration within the Fermi model. In order to take the nuclear quadrupole deformation
effects on pionic processes into account we have used the model by Toki et al. The radiative
corrections are effectively taken into account within the generalized Uehling-Serber
approximation to treat the Lamb shift vacuum polarization part. The advanced data for the
energy and spectral parameters for pionic atoms of the '*Yb, '°Lu, "’Au, **Pb, **U with
accounting for the radiation (vacuum polarization), nuclear (finite size of a nucleus ) and the
strong pion-nuclear interaction corrections are listed.
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CIHEKTPOCKOIIISA TA JTUHAMIKA BAKKUX EK30TUYHUX NIOHHUX
ATOMHHUX CUCTEM: YAOCKOHAJIEHA PEJIATUBICTCBKA TEOPIA

Pe3rome. Po3po6ieHO  ylOCKOHQJIEHUI — PeNATUBICTCHBKMM — MiAXi 70  BHUBYEHHSA
(GyHIaMEHTaJIbHUX TapaMeTpiB CHEKTPOCKomii Ta (OTOAMHAMIKM €K30TUYHUX (TIIOHHUX)
aTOMHHMX CHUCTeM Ha OCHOBI piBHsHHA KieliHa-I'opnona-®oka Ta peisTUBICTCHKOI Teopii
0araToyaCTMHKOBOI 30ypeHb 0aratbox 3 ypaxyBaHHSIM (YHIAMEHTAJIbHUX €JIEKTPOMArHITHUX 1
CWJIbHHMX HIOH-sIepHUX B3aeMoaid. Edextu cuiibHOi MioH-A7epHOi B3a€MO/IIi BPaXOBYIOThCS 3a
JIOTIOMOTOI0  y3arajbHEHOI MOJeJIl CHUJIBHOTO MIOH-SAEPHOr0 ONTHYHOIO IOTEHLIaly 3
epexTuBHUM noTeHuianioM Epikcona-Epikcona. SlnepHuit epexkT CKIHYEHHOro po3Mipy
BpaxoBYyeTbcsA B pamkax mojeni depmi. 3 METOI0 ypaxyBaHHS BIUIMBY SA€PHOI KBaAPyHOJIbHOL
nedopMallii Ha MIOHHI JUHAMIYHI TPOLECH, BUKOPUCTaHO Mojaenb Toki Ta iH. Pamiarmiiiai

111



MOTPaBKH €()eKTUBHO BPaxOBYIOTHCS B paMKax y3arajbHeHoro HabmwkeHHs Yiinra-Cepbepa
st 0OpoOKM dacTWHU ToJisipu3amii Bakyymy JlemOa. Hapexeni mpernusiitai jgaHl s
€HEepPreTUYHUX 1 CHeKTpaIbHUX MapamMeTpiB i moHHUX atoMiB 173Yb, 175Lu, 197Au, 208Pb,
238U 3 ypaxyBaHHSIM paJlallifHUX, AJepHUX (CKIHYEHHMH pO3MIp spa) MONpaBoK Ta e(eKTiB
CHJIBHO1 TIOH-IEPHOT B3a€MO/Iii.

KuarouoBi ciaoBa: penstuBicTcbka Teopis, IMIOHHI aTOMHI CHCTEMH, CHEKTPOCKOMIS Ta
doronuHaMika
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