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RELATIVISTIC THEORY OF SPECTRA OF USUAL AND EXOTIC ATOMS: NITROGEN
HYPERFINE TRANSITIONS ENERGIES

A new theoretical approach to the description of spectral parameters pionic atoms in the excited
states with precise accounting relativistic, radiation and nuclear effects is applied to the study of
energy and spectral parameters of transitions between hyperfine structure components. As an example
of the present approach presents new data on the energies of the hyperfine structure transitions 5g-
4f, 5f-4d in the spectrum of pionic nitrogen are presented and it is performed comparison with the
corresponding theoretical data by Trassinelli-Indelicato

1. Introduction

Our work is devoted to the further application
of earlier developed new theoretical approach [1-
3] to the description of spectra and different spec-
tral parameters, in particular, radiative transitions
probabilities for pionic atoms in the excited states
with precise accouting relativistic, radiation. Here
problem to be solved is estimate of the hyperfine
structure components transition energies in the
pionic atom of nitrogen. Earlier we have present-
ed the corresponsing data on the radiation prob-
abilities [1].

As it was indicated earlier [1-3] nowadays in-
vestigation of the pionic and at whole the exotic
hadronic atomic systems represents a great inter-
est as from the viewpoint of the further develop-
ment of atomic and nuclear spectral theories as
creating new tools for sensing the nuclear struc-
ture and fundamental pion-nucleus strong inter-
actions [1-15]. It is, above all, the strong pion-
nucleon interaction, new information about the
properties of nuclei and hadrons themselves and
their interactions with the nucleus of the meas-
ured energy X-rays emitted during the transition
pion spectrum of the atom.

While determining the properties of pion at-
oms in theory is very simple as a series of H such
models and more sophisticated methods such
combination chiral perturbation theory (TC),
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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-preci-
sion 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. The most popular theoretical models are
naturally based on the using the Klein-Gordon-
Fock equation, but there are many important
problems connected with accurate accounting for
as pion-nuclear strong interaction effects as QED
radiative corrections (firstly, the vacuum polari-
zation 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 suffi-
ciently 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, fi-
nite nuclear size and electron-screening effects
for pionic atoms is also very serious and actual
problem to be solved more consistently in com-



parison with available theoretical models and
schemes.

2. Theory

The basic topics of our theoretical approach
have been earlier presented [1-3], so here we are
limited only by the key elements. Naturally, 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 in-
troducing the nuclear potential A in the KG equa-
tion via the minimal coupling p— p — gA,. The
relativistic wave functions of the zeroth approxi-
mation for pionic atoms are determined from the
KGF equation [1]:

m*c*W¥(x) = {%[ih@l +eV,(r]’ +h’Vi¥(x) (1)
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where 4 is the Planck constant, ¢ the velocity of
the light and the scalar wavefunction ¥ (x) de-
pends on the space-time coordinate x = (ct,r).

Here it is considered a case of a central Cou-
lomb potential (V (r),0). Then the standard sta-
tionary equation looks as:

(L4 e, (O + 1V —mictip =0 )
C

where E is the total energy of the system (sum ofthe
mass energy mc” and binding energy e ). In prin-
ciple, the central potential ¥, should include the
central Coulomb potential, the radiative (in partic-
ular, 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 pion-nucle-
ar strong interaction potential. However, the main
problem considered here is computing the radia-
tive transitions probabilities between components
of the hyperfine structure for sufficiently high
states, when the strong pion-nuclear interaction is
not important from the quantitative viewpoint.
However, if a pion is on the high orbit of the atom,
the strong interaction effects can not be accounted
because of the negligible value.

The next step is accounting the nuclear fi-
nite size effect or the Breit-Rosenthal-Crawford-

Schawlow one. In order to do it we use the wide-
spread Gaussian model for nuclear charge distri-
bution. The advantages of this model in compari-
son with usually used models such as for example
an uniformly charged sphere model and others
had been analysed in Ref. [1-]. Usually the Gauss
model is determined as follows:

plrlR)= 47 [N Jexpl- 177,

where y =4 R2 , R 1s an effective radius of a
nucleus.

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

D,y () =@y (1) + @ (1) + D (r) +.
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where

D, ,(N=0,(r)+D,(r)+D(r)+.

+O,(r)+ %@{'fgh_”’d”(r)
(5)

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

At last to take into account the electron screen-
ing effect we use the standard procedure, based on
addition of the total interaction potential SCF po-
tential 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 correc-
tions is practically zeroth for the pionic nitrogen,
however it can be very important in transition to
many-electron as a rule heave pionic atoms.

Further in order to calculate the energies and
probabilities of the radiative transitions between
energy level of the pionic atoms we have used
the well known relativistic energy approach (look
[17-19] and Refs. in [16], which is used for com-
puting probabilities.
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The expression for the energy of the hyperfine
splitting (magnetic part of) the energy levels of
the atom in the pion:

v Hy Hyetighc”
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. { F(F+1)- 1(211+ 1)-1(7+ 1)} <n l‘r’3‘nl> (6)

Here m, = eh/2m »C ; other notations are stan-
dard. In a consistent precise theory it is important
allowance for the contribution to the energy of the
hyperfine splitting of the levels in the spectrum of
the pion atom due to the interaction of the orbital
momentum of the pion with the quadrupole mo-
ment of the atomic nucleus. The corresponding
part can be presented as follows [3]:

<LIFM\WQ\LIFM> A+B (C+1) (7)

where
C=F(F+1)-L(L+1)-I(I+1), (8)
__3_ €0 (7 L[y - D)
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Here L — is orbital moment of pion, F is a total
moment of an atom.

3. Results and conclusions

As example of application of the presented ap-
proach, in tables 1, 2 we present the data on ener-
gies (in eV) of the hyperfine transitions 5g-4f in
the spectrum of the pion nitrogen): Thl- data by
Trassinelli-Indelicato; Th2- our data. In theory
by Trassinelli-Indelicato (look, for example, [4])
it has been used the standard atomic spectroscopy
amplitude scheme when the transitions energies
and probabilities are calculated in the known de-
gree separately. In table 2 we present our data for
energies (in eV) of the hyperfine transitions 5f-4d
in the spectrum of the pion nitrogen: our data
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Table 1.

The energies (in eV) of the hyperfine tran-

sitions 5g-4f in the spectrum of the pion nitro-

gen: Thl- data by Trassinelli-Indelicato; Th2-
our data

F-F’ T.I: P (5g-4f) TIL: P (5g-
41)
5-4 4055.3779 4055.3728
4-3 4055.3821 4055.3777
4-4 4055.3762 4055.3715
3-2 4055.3852 4055.3804
3-3 4055.3807 4055.3765
34 4055.3747 4055.3710
Table 2.

The energies (in eV) of the hyperfine tran-
sitions 5f-4d in the spectrum of the pion nitro-
gen: our data

F-F° Our data

(5f-4d)
4-3 4057.6819
3-2 4057.6915
3-3 4057.6799
2-1 4057.6978
2-2 4057.6905
2-3 4057.6789

In whole, the computed values of energies for
considered transitions between hyperfine struc-
ture components in the spectrum of the pion
within theory by Trassinelli-Indelicato and ours
demonstrate physically reasonable agreement.
, however our values are a little different. This
fact can be explained by difference in the comput-
ing schemes and different level of accounting for
nuclear finite size, QED and other effects (look
details [1-3,20,21]).
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Abstract
A new theoretical approach to the description of spectral parameters pionic atoms in the excited
states with precise accounting relativistic, radiation and nuclear effects is applied to the study of
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PEJIATUBUCTCKASA TEOPUSA CIIEKTPOB OBBIYHBIX N OK30TUYECKHUX
ATOMOB C YYETOM PAIMAIIMOHHBIX ITOITPABOK: DOHEPI'MM ITEPEXO/10OB
MEXIY KOMIIOHEHTAMHA CBEPXTOHKOM CTPYKTYPBI A30TA

Pesrome

HoBplil TeopeTHuecKuii MOIX0/ K OMUCAHUIO CIIEKTPAIbHBIX TApaMETPOB MMOHHBIX aTOMOB B BO3-
OyX/IEHHOM COCTOSIHUU C yYETOM PEIATUBUCTCKUX, PAJHALIMOHHBIX 3(P(PEKTOB IPUMEHEH K U3yUCHHIO
HHEPIreTUUECKUX MapaMeTPOB MEPEXOA0B MEKIY KOMIIOHEHTAMU CBEPXTOHKOW CTPYKTYphl. B kaue-
CTBE IIpUMepa MPUMEHEHHSI IPEICTABICHHOTO MOIX0/1a, TPECTABICHBI HOBBIE JAHHBIE 110 SHEPTHIM
NEePEeXo0B MEKIY KOMIIOHEHTaMH CBEPXTOHKOM CTPYKTYpbI niepexonoB Sg-4f, 5f-4d B ciektpe nuoH-
HOTO a30Ta U MPOBEJCHO CPAaBHEHHUE C COOTBETCTBYIOLUIMMH TEOPETUUYECKMMHU JaHHBIMU Trassinelli-
Indelicato.

KiroueBble c10Ba: pesiTUBIUCTCKAsE TEOPUs, CBEPXTOHKAsl CTPYKTypa, MHUOHHBIA aToM
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L. M. Cepea, T. O. Kynaxni, A. B. Cuipnos, O. FO. Xeyeniyc, B. B. bysoacu

PEJIATUBICTCHKA TEOPISA COEKTPIB 3BUMAVMHNUX TA EK30TUYHHUX ATOMIB
3 YPAXYBAHHSAM PAJTIAIINHUX IOIMPABOK: EHEPT'II IEPEXO/IIB MIK
KOMIIOHEHTAMHW HAJITOHKOI CTPYKTYPHU A30TY

Pesrome

HoBuii TeopeTHYHMN MiAXiA 10 OMKCY CIIEKTPATbHUX MapaMeTpiB MIOHHUX aTOMIB Y 30y/’KEHOMY
CTaHI 3 ypaxyBaHHIM PEJSATHBICTCHKUX, paaialiifHux edekTiB Ha oCHOBI piBHsAHHS Kieitna-I opaona-
@oxka 3acTOCOBAHO /0 BUBYCHHS €HEPreTUUYHUX MAapaMeTPiB MEPEXO/IiB Mi’K KOMIOHEHTaMHU HaJITOH-
KOi CTPYKTypHu. SIK MpHKIIAJ 3aCTOCYBaHHS IPEACTABICHOTO MiAXO0My, IPEACTaBIeHI HOBI AaHi TPo
eHeprii mepexoiB Mi>k KOMIIOHEHTAMH HAJATOHKOI CTPpYyKTypu nepexoxi 5g-4f, 5f-4d B cnexrpi mio-
HOTO a30TY 1 MPOBEJICHO NOPIBHSHHS 3 BIAMOBITHUME TeopeTndHnMu qanumu Trassinelli-Indelicato.

Ki1r04oBi c10Ba: pensTUBICTCHKA TEOPisl, HAATOHKA CTPYKTYpa, MOHUHA aToM
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