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RELATIVISTIC THEORY OF SPECTRA OF PIONIC AND KAONIC ATOMS:
HYPERFINE STRUCTURE, TRANSITION PROBABILITIES FOR NITROGEN

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 applied to the study of radiation
parameters of transitions between hyperfine structure components of the pionic and kaonic nitrogen. The advanced data
on the probabilities of radiation transitions between components of the hyperfine structure transitions 5g-4f, 5f-4d in
the spectrum of pionic nitrogen and 8k-7i, 8i-7h in the spectrum of kaonic nitrogen are presented and compared with

alternative theoretical data.

1. Introduction

Our work is devoted to the further application
of earlier developed new theoretical approach
[1-8] to the description of spectra and different
spectral parameters, in particular, radiative
transitions probabilities for hadronic (pionic
and kaonic) atoms in the excited states with
precise accounting for the relativistic, nuclear
and radiative effects. As it was indicated earlier
[7-12] nowadays investigation of the pionic,
kaonic and at whole the exotic hadronic atomic
systems represents a great interest as from
the viewpoint of the further development
of atomic and nuclear spectral theories as
creating new tools for sensing the nuclear
structure and fundamental hadron-nucleus
strong interactions [6-14]. 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. It should be emphasized that the theory of
pion spectra of atoms are highly excited, even
in the electromagnetic sector (ie short-range
strong pion-N interaction neglects little) is
extremely complex and at present, despite the
known progress remains very poorly developed.
It is about the fundamental theoretical problems
describing relativistic atoms considering nuclear,
radiation effects, and a completely insufficient
spectral data for pion atoms. While determining
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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 (TC), 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,
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.

Themostpopulartheoretical 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 [1-16]). The perturbation theory expansion
on the physical; parameter aZ 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 becomes
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 effects



for pionic atoms is also very serious and actual
problem to be solved more consistently in
comparison with available theoretical models
and schemes. At last, a development of the
comprehensive theory of hyperfine structure
and computing radiative transitions probabilities
between its components is of a great interest and
importance in a modern theory of the hadronic
atom spectra [1-39].

2. Theory

The basic topics of our theoretical approach
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 between a negatively charged pion
and the atomic nucleus can be taken into account
introducing the nuclear potential A in the KG
equation via the minimal coupling p— p,— qA..
Generally speaking, the Klein-Gordon-Fock
equation can be rewritten as the corresponding
two—componeglt equation :
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where s, are the Pauli spin matrices and
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This equation is equivalent to the
stationary Klein-Gordon-Fock equation. The
corresponding non-stationary Klein-Gordon-
Fock equation can be written as follows:

1E(x) = (50, + eV (1) + PPV} (x)
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where c is the speed of light, / is the Planck

constant, m 1s the reduced mass of the pion-

nuclear system, and W (x) is the scalar wave

function of the space-temporal coordinates.

Usually one considers the central potential

[V,(r), 0] approximation with the stationary
solution:

Y (x) = exp(-iEt/ h)p(x), 4)

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

— e’ }P(x) =0
()
Here E is the total energy of the system (sum
of the mass energy mc? and binding energy e ).
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:

{iz[E +eV, (N + 1V’
C

ExEwo+Eps+Epep+Ey, (6

where E,.is the energy of a pion in a
nucleus (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 ¥,. In principle, the
central potential ¥, 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
solution of the pionic atom energy especially 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 nuclear 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 model is determined as follows:

plrR) =47 N Jexpl= 7). 1)

where y = 47c/ R? , R is an effective radius
of a nucleus.

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

D,y (1) =@y (1) + @ (1) + D (1) +.
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Here e — a proton charge and universal
function B(Z) is defined by expression:
B(72)=0.074+0.357a.

At last to take into account the electron
screening effect we use the standard procedure,
based on addition of the total interaction
potential SCF potential of the electrons, which
can be determined within the Dirac-Fock
method by solution of the standard relativistic
Dirac equations. It should be noted however, that
contribution of theses corrections is practically
zeroth for the pionic nitrogen, 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

As example of application of the presented
approach, in table 1 we present the data on
radiative transition probabilities (in s') for
hyperfine transitions 5g-4f in the spectrum of
the pion nitrogen): Thl- data by Trassinelli-
Indelicato; Th2- our data.
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Table 1.
The radiative transition probabilities (in
s) for hyperfine transitions 5g-4f in the
spectrum of the pion nitrogen: Th1- data by
Trassinelli-Indelicato; Th2- our data

F-F° TI:P(5g-4f) | TIIL:P (5g-4f)
5-4 7.13x 10" 7.04x 10"
4-3 5.47x 10" 5.41x 10"
4-4 5.27x 10" 5.23x 10"
3-2 4.17x 10" 4.12x 10"
3-3 0.36x 10" 0.34x 10"
3-4 0.01x 10" 0.009% 10"

In theory by Trassinelli-Indelicato (look,
for example, [6]) it has been used the standard
atomic spectroscopy amplitude scheme when
the transitions energies and probabilities are
calculated in the known degree separately. At the
same time this computing within the relativistic
energy approach is performed more correctly
and self-consistently (look details in [4,9] and
Refs. therein).

In table 2 we present our data for radiative
transition probabilities (in s') for hyperfine
transitions 5f-4d in the spectrum of the pionic
nitrogen: our data.

In table 3 we present the data on radiative
transition probabilities (in s') for the hyperfine
transitions 8k-7i in the spectrum of the kaonic
nitrogen atom: Thl- the data by Trassinelli-
Indelicato; Th2 - our data.

Table 2.
Radiative transition probabilities (s') for
hyperfine transitions 5f-4d in the spectrum of
the pioniv nitrogen: our data

F-F’ Our data
(5f-4d)
4-3 4.57x 101
3-2 3.16x 10"
3-3 2.98x 103
2-1 2.13x 101
2-2 2.25x 1013
2-3 0.01x 10"




Table 3.

The radiative transition probabilities (in

s!) for the 8Kk-7i transition in the k-N atom:
Th1- Trassinelli-Indelicato; Th2- our data

F-F’ TL P T.II: our data
8-7 1.54 x 10" 1.51 x 108
7-6 1.33 x 10" 1.32 x 108
7-7 1.31 x 10" 1.29 x 10"
6-5 1.15x 10" 1.12 x 10"
6-6 0.03 x 10" 0.02 x 10"
6-7 0.00 x 10" 0.004 x 10"

In table 4 we present our data for radiative
transition probabilities (in s') for hyperfine
transitions 8i-7h in the spectrum of the kaonic
nitrogen: our data. In whole, the computed
radiative transition probabilities values for
considered transitions between hyperfine
structure components in the spectrum of the pion
within theory by Trassinelli-Indelicato and ours
demonstrate physically reasonable agreement,
however our values are a little lower.

This circumstance fact can be reasonably
explained by difference in the computing
schemes and different level of accounting for
nuclear finite size, QED and other effects (c.g.
[1-3,20,21]). In any case the data obtained can
be considered as sufficiently accurate ones and
used in the corresponding applications, indicated
in the introduction.

Table 4.
Radiative transition probabilities
(in s') for hyperfine transitions 8i-7h in
spectrum of the kaonic nitrogen: our data

F-F’ Our data
(8i-7h)
7-6 1.16 x 10"
6-5 0.99 x 10"
6-6 0.96 x 10"
5-4 0.81 x 10"
5-5 0.02 x 10"
5-6 0.005 x 103
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PEJATUBUCTCKASA TEOPUSA CIIEKTPOB IIMOHHBIX U KAOHHBIX ATOMOB
CBEPXTOHKAS CTPYKTYPA, BEPOATHOCTHU NTEPEXOAOB JIUISA A30TA

Pe3tome. HoBblil TeopeTHueckuid MOAXOA K OMUCAHHIO JSHEPTETUYCCKUX W CHEKTPATBbHBIX
napaMeTpoB aAPOHHOrO (MMMOHHOTO W KAOHHOTO) aTOMOB B BO30YKIEHHBIX COCTOSHUSX C
AKKypaTHBIM YYE€TOM PEJIATUBHCTCKHUX, PaTUAIlMOHHBIX U SJICPHBIX 3(PPEKTOB MpHMEHSECTCS
K U3YUYCHHIO XaPAKTEPUCTUK PaTUAIMOHHBIX TEPEXOJ0B MEKAY KOMIIOHEHTaMHU CBEPXTOHKON
CTPYKTYphl TIMOHHOTO W KAOHHOTO aToMOB a3oTa. [IpencraBieHbl YTOYHEHHBIE NaHHBIE O
BEPOSATHOCTSX PAJUAIMOHHBIX IEPEXOJ0B MEKIY KOMIIOHEHTAMHU CBEPXTOHKHUX CTPYKTYPHBIX
nepexonoB 5g-4f, 5f-4d B cnekTpe muonHoro azora u 8k-7i, 8i-7h B cnekTpe KaOHHOTO a30Ta,
HEKOTOPBIC U3 KOTOPHIX CPABHUBAIOTCS C alIbTEPHATHBHBIMU TEOPETHUECKIUMHE JTAHHBIMHU.

KiroueBble cj10Ba: peIsSTUBUCTCKAS TCOPHS, CBEPXTOHKAS CTPYKTYpPa, aAPOHHBIC aTOMBI
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PEJIATUBICTCBKA TEOPISA CHEKTPIB IIOHHUX TA KAOHHUX ATOMIB:
HAJATOHKA CTPYKTYPA, UMOBIPHOCTI HEPEXOIIB JISA ASOTA

Pe3rome. HoBuil TeopeTnunuii miaxig A0 OMNUCY €HEPreTUYHUX 1 CIEKTPAJIbHUX [apaMeTpiB
aApoHHUX (TMOHHUX 1 KAOHHWX) aTOMIB B 30y/[UKCHMX CTaHaX 3 aKypaTHUM YypaxyBaHHIM
PENSATUBICTCHKHX, PaIiallifHUX 1 siIepHUX €(EeKTIB 3aCTOCOBYETHCS 0 BUBYCHHS XapaKTEPUCTHK
pajialifHUX NEPexo/iB MK KOMIIOHEHTAaMHU HAJATOHKOI CTPYKTYypH IIOHHOIO 1 KAOHOB aToOMiB
azoty. [IpencraBieHi yTouHeHi JaHi PO KMOBIPHOCTI paialliiHUX MEPEeX0/IiB Mi>K KOMIIOHECHTaMHU
HAJTOHKOI CTPYKTYpH, 30Kpema, niepexoni 5g-4f, 5f-4d B criektpi mionHoro azory i 8k-7i, 8i-7h B
CTIEKTPi KAOHHOTO a30TY, JIESKi 3 SIKUX IMTOPIBHIOIOTHCS 3 aIbTEPHATHBHUMHU TEOPETUIHUMH JAHUMHU.

Kuro4oBi ciioBa: pensaruBicTcbka Teopisi, HAATOHKA CTPYKTYypa, aJpOHHI aTOMU
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