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RELATIVISTIC THEORY OF SPECTRAL CHARACTERISTICS OF PIONIC
ATOMIC SYSTEMS: APPLICATION TO HEAVY SYSTEMS

A new theoretical approach to energy and spectral parameters of the hadronic (pionic and kaonic) atoms in
the excited states with precise accounting for the relativistic, radiation and nuclear effects is presented. There are
presented data of calculation of the energy and spectral parameters for pionic atoms of the *Nb, *®Yb, **'Ta,
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Au, 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 potential approach for

account for the radiation corrections are listed too.

1. Introduction
Our work is devoted to the further applica-
tion of earlier developed new theoretical ap-
proach [1-8] to the description of spectra and
different spectral parameters, in particular,
radiative transitions probabilities for hadron-
ic (pionic and kaonic) atoms in the excited
states with precise accounting for the relativ-
istic, nuclear and radiative effects. It is well
known that studying the energy, spectral, ra-
diation parameters, including the spectral
lines hyperfine structure, for heavy exotic
(hadronic, kaonic, pionic) atomic systems is
of a great interest for the further development
as atomic and nuclear theories and quantum
chemistry of strongly interacted fermionic
systems (see, for example, refs. [1-45]). Re-
ally, the exotic atoms enable to probe aspects
of atomic and nuclear structure that are quan-
titatively different from what can be studied
in the electronic (“usual”) atoms. Besides,
the corresponding data on the energy and
spectral properties of the hadronic atomic
systems can be used as a powerful tool for
the study of particles and fundamental prop-
erties.

While determining the properties of pion
atoms in theory is very simple as a series of
H such models and more sophisticated meth-
ods such combination chiral perturbation
theory (TC), adequate quantitative descrip-
tion of the spectral properties of atoms in the
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electromagnetic pion sector (not to mention
even the strong interaction sector ) requires
the development of High-precision ap-
proaches, which allow you to accurately de-
scribe the role of relativistic, nuclear, radia-
tion 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 equa-
tion, 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 [1-16]). The
perturbation theory expansion on the physi-
cal; parameter a.Z is usually used to take into
account the radiative QED corrections, first
of all, effect of the polarization of electron-
positron vacuum etc. This approximation is
sufficiently correct and comprehensive in a
case of the light pionic atoms, however it be-
comes incorrect in a case of the heavy atoms
with large charge of a nucleus Z.

The more correct accounting of the QED,
finite nuclear size and electron-screening ef-
fects for pionic atoms is also very serious and
actual problem to be solved more consistent-
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ly in comparison with available theoretical
models and schemes.

In this paper we present an effective theo-
retical approach to computing energy and
spectral parameters of the hadronic (pionicc)
atoms in the excited states with precise ac-
counting for the relativistic, radiation and
nuclear effects. There are presented data of
calculation of the energy and spectral param-
eters for pionic atoms of the *Nb, *3Yb,
8173, 9Au, with accounting for the radia-
tion (vacuum polarization), nuclear (finite
size of a nucleus ) and the strong pion-
nuclear interaction corrections. The meas-
ured values of the Berkley, CERN and Vir-
ginia 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 potential approach for account for the
radiation corrections are listed too.

2. Theory

The basic topics of our theoretical ap-
proach have been earlier presented [3-
8,27,28], so here we are limited only by the
key elements. The relativistic dynamic of a
spinless boson (pion) particle is described by
the Klein-Gordon-Fock (KGF) equation. As
usually, an electromagnetic interaction be-
tween a negatively charged pion and the
atomic nucleus can be taken into account in-
troducing the nuclear potential A, in the KG
equation via the minimal coupling p,— py—
gA.,. Generally speaking, the Klein-Gordon-
Fock equation can be rewritten as the corre-
sponding two-component equation :

Z

—(o3 + wz)ﬂ + s+ (03 + i) V) + V0, = B,

(1)

where o; are the Pauli spin matrices and

v - L ( (1+(E = V) /u)é )
) (1—-(F—- 1‘_,250])”‘:)@ "

This equation is equivalent to the stationary
Klein-Gordon-Fock equation. The corre-

sponding non-stationary Klein-Gordon-Fock
equation can be written as follows:

1P (X) = {Ciz[ii'zat +eV, (NP + V¥ (X)

(©)
where c is the speed of light, h is the Planck
constant, x 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/7)¢(x), 4)

where ¢(x)is the solution of the equation:

{C%[E +eV,(NF +#°V? - 1’c’}p(x) =0
(%)

Here E is the total energy of the system (sum
of the mass energy mc® and binding energy
€o). 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 represent-
ed as the following sum:

E~E+Exs+Ewp +Ey,  (6)

where E,. is the energy of a pion in a nucle-
us (Z,A) with the point-like charge, E is
the contribution due to the nucleus finite size
effect, E, is the radiation QED correction,
E, is the energy shift due to the strong (pion-
or kaon- nuclear) interaction V,,.

In principle, the central potential Vj
should include the central Coulomb potential,
the radiative (in particular, vacuum-
polarization) potential as well as the electron-
screening  potential in the atomic-optical
(electromagnetic) sector. Surely, the full so-
lution of the pionic atom energy especially

79



for the low-excited state requires an inclusion
the hadron-nuclear strong potential.

The next step is accounting the nuclear
finite size effect or the Breit-Rosenthal-
Crawford-Schawlow one. In order to do it we
use the widespread Gaussian model for nu-
clear charge distribution. The advantages of
this model in comparison with usually used
models such as for example an uniformly
charged sphere model and others had been
analysed in Ref. [3]. Usually the Gauss mod-
el is determined as follows:

p(rR)= (47 [Nz Jexpl- ), (1)

where y = 471/}32 , R is an effective radi-
us of a nucleus.

In order to take into account very im-
portant radiation QED effects we use the ra-
diative potential from the Flambaum-Ginges
theory [15]. In includes the standard Ueling-
Serber potential and electric and magnetic
form-factors plus potentials for accounting of
the high order QED corrections such as:

(Drad (r) = q)u (r) + CDg (r) + ch (r) +.

2
+ (DI (r) + g(I)Blgh—order (r)
8
where
0.0927 ?¢?
1+(L.62r/r )"

(Dgigh—order (r) — _é_aq)(r)

D (r)= ——B(ez) Z*a®mcle %%
9)

Here e — a proton charge and universal
function B(Z) is defined by expression:
B(2)=0.074+0.35Zc.

At last to take into account the electron
screening effect we use the standard proce-
dure, based on addition of the total interac-
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tion potential SCF potential of the electrons,
which can be determined within the Dirac-
Fock method by solution of the standard rela-
tivistic Dirac equations. It should be noted
however, that contribution of theses correc-
tions is practically zeroth for the pionic ni-
trogen, however it can be very important in
transition to many-electron as a rule heavy
hadronic atoms.

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.[16-28]). Other details are in Refs. [4,7,8].

3. Results and conclusions

In Table 1 the numerical data on the 4f-
3d, 5g-4f transition energies for pionic atoms
of the ®Nb, 1*Yb, **'Ta "’ Au 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 tak-
ing into account for a finite size of the nucle-
us in the model uniformly charged sphere
and the standard Uehling-Serber radiation
correction (see Refs. [5, 6,7,13]).

The analysis of the presented data indicate
on the importance of the correct accounting
for the radiation (vacuum polarization) and
the strong pion-nuclear interaction correc-
tions. The contributions due to the nuclear
finite size effect should be accounted in a
precise theory too.

More exact knowledge of the electro-
magnetic interaction parameters for a pionic
atom will make more clear the true values for
parameters of the pion-nuclear potentials.
Further it allows to correct a disadvantage of
widely used parameterization of the optical
potential. It is especially important if one
takes into account an increasing accuracy of
the X-ray pionic atom spectroscopy experi-
ments.

Table 1.

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



n-A [Trans. Berkley CERN | Ekcr+em
Eexp Eexp [6, 7]
“Nb|5g-4f] - [307.79:0.02] -
'°Yb|50-4f] - - -
%1Ta|59-4f1453.1+0.4/453.90+ 0.20 453.06
% Au|50-4f[532.5+0.5533.16+0.20| 528.95
**Nb|4f-3d - 140.3+0.1 -
73y 4-3d - - -
®173| 4f-3d - 1008.4+1.3| -
A Trans. Ekcrem En Our
[13] [13] data
PN I5q.4f] - - 307.85
130 5g4F] - - 412.26
181Ta155.4f| 453.78 | 45352 | 453.71
453.62
DrAlgg4f] - 531.88 | 533.08
N0 14£-3d - - 140.81
19Y0T4£3d] - - 838.67
o413 - 992.75 |1008.80

It is interesting to note that the contributions
into transition energies are about ~5 keV due
to the QED effects, ~0,2 keV due to the nu-
clear finite size effect, and ~0.07keV due to
the electron screening effect, provided by the

2[He], 4[Be], 10[Ne] electron shells [5].
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PEJIATUBUCTCKASA TEOPUSA CIIEKTPAJIBHBIX XAPAKTEPUCTUK ITMOH-
HBIX ATOMHBIX CUCTEM: IPUMEHEHME K TAKEJbBIM CUCTEMAM

Pe3tome. Pa3zpaboraH HOBBIM TeOpeTHUYECKHH MOJIXOJ K ONHCAHUIO HHEPreTHUECKUX U
CHEKTPAIbHBIX MapaMeTPOB aJpPOHHBIX (IIMOHHBIX) aTOMOB C aKKypaTHBIM Y4E€TOM DEJSATH-
BUCTCKHX, PaJMallMOHHBIX U s7epHbIX 3¢ ¢ekToB. [IpuBeaeHbl TaHHBIE pacueTa SHepreTuye-
CKHX U CHEKTPAJIBbHBIX 1apaMETPOB ITMOHHBIX aTOMOB %BNb, 12Yh, ®'Ta, *"Au ¢ Y4ETOM pa-
JMALMOHHBIX (MOJSpU3alUs BaKyyMma), sJepHBIX (KOHEUHBIM pa3Mep sijpa) MOMpaBoK U -
¢dexTa U CHIIBHOTO MUOH-SIEPHOTO B3auMOAEUCTBUA. [[1s1 cpaBHEHMSI TaKKe MPUBEIEHBI IKC-
nepuMeHTalbHble 3HaueHus (u3Mepenust B nadboparopusx B bepxnu, IIEPH u Bupmxunun) u
albTepHATUBHBIE TEOPETUYECKUE IaHHbIE, MOJYYEHHBIX B paMKax JAPYTUX BEpCHMl Teopuu
Kneitna-I'opaona-®@oka ¢ y4eToM KOHEYHOTO pa3mepa siapa B paMKax MOJIEIU OJHOPOIHO
3apsHKEHHON cephl M CTaHIapTHOTrO MoTeHuuanoMm Yiunra-Cepbepa ais yuera paauaivoH-
HBIX TIOTIPaBOK. .

KuroueBble cj10Ba: pensTUBUCTCKAs TEOPHUS BO3MYIIEHMM, YHEPreTUUECKUE MApaMETPHI,
IIMOHHBIE ATOMHBIE CUCTEMBI.
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PEJIATUBICTUYHA TEOPIA CIIEKTPAJIBHUX XAPAKTEPUCTHUK IIIOHHUX
ATOMHHUX CUCTEM: 3ACTOCYBAHHA 1O BA’KKUX CUCTEM

Pe3iome. Po3po6iieHO HOBHI TEOPETUYHHMN MIAXiA 10 ONUCY €HEPreTUYHUX 1 CIIEKTpallb-
HUX MapaMeTpiB aJpOHHUX (MOHHHMX) aTOMIB 3 aKypaTHUM YpaxyBaHHSIM PEIATHBICTCHKHUX,
paniamniitaux i sinepaux edekxris.. HaBeneHsl qani po3paxyHKy €HEpreTUYHHX 1 CIIEKTPaIbHUX
napamerpis monnnx atomis °Nb, *Yb, *®Ta, ¥ Au 3 ypaxysannsm pagiamiitaux (momspu-
3amisg BaKyymy), sAepHUX (KiHLIEBUH pO3Mip sizpa) MOMPaBOK 1 €(PeKTy CHIILHOTO ITiOH-
sanaepHoi B3aemomii. Jlns TOpIBHSHHA TaKoXX HaBelEHI EKCHEPHUMEHTAIbHI 3HAYCHHS
(BumiproBaHHs B jabopatopisx B bepkii, [IEPH 1 BipmkuHii) 1 anbTepHaTHBHI TEOPETHUYHI
JaHl, OTpUMaHi B paMKax 1HIIHMX Bepciit Teopii Kieitna-I'opaona-doka 3 ypaxyBaHHSIM KiH-
IIEBOTO PO3MIpY fpa B paMKax MO OJHOPIAHO 3apsKeHoi cdepH i cTaHJapTHUM MOTEH-
niasiom Yinra-CepOepa Ui ypaxyBaHHS paJiallifHAX MOTPABOK.

KirouoBi ciioBa: peisiTuBicTChKa Teopist 30ypeHb, EHEePreTUYHI MapaMeTpH, MiOHHI aTOM-
Hi CHCTEMH.
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