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Abstract. An analysis of the electromagnetic and strong interactions contributions to the 

transitions energies in the X-ray spectra of some pionic atomic systems is presented within the 

relativistic theory. 

1.  Introduction 

In this paper we give an analysis of the electromagnetic and  strong interactions contributions to the 

transitions energies in the X-ray spectra of pionic atomic systems. As it is known, one of the 

fundamental questions in the modern hadron’s physics is that the hadron masses being much higher 

than the mass of their quark content. The current mass of the up (u) and down (d) quarks is two orders 

of magnitude smaller than a typical hadron’s mass of about 1 GeV. This extraordinary phenomenon is 

proposed to originate from spontaneous breaking of chiral symmetry of massless quarks in strong 

interaction physics [1-5]. At present time one of the most sensitive tests for the chiral symmetry 

breaking scenario in the modern hadron’s physics is provided by studying the exotic hadron-atomic 

systems. One could turn the attention on the some differences between the pionic and kaonic systems. 

In the kaonic case one deals with the strangeness sector, and, for example,  the strong interaction effect 

amounts to a very small shift and width in pionic hydrogen of 7 and 1 eV respectively, Nowadays the 

transition energies in pionic (kaonic, muonic etc.) atoms are measured with an unprecedented 

precision and from studying spectra of the hadronic atoms it is possible to investigate the strong 

interaction at low energies measuring the energy and natural width of the ground level with a precision 

of few meV [1-10].  The mechanism of creation of the hadronic atoms is well known now (e.g. [1,2]).. 

Really, such an atom is formed when a negative pion enters a medium, looses its kinetic energy 

through ionization and excitation of the atoms and molecules and eventually is captured,  replacing the 

electron, in an excited atomic orbit. The further de-excitation scenario includes the different cascade 

processes such as the Auger transitions, Coulomb de-excitation, scattering etc. When a pion reaches a 

low-n state with the little angular momentum, strong interaction with the nucleus causes its absorption. 

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 observed 

level width. The possible energy shifts caused by the pion-induced fluorescence X-rays were checked 

in the measurement of the pion beams at PSI in Switzerland. The systematic error of the fit functions 

is found to be 2 eV. The most known theoretical models to treating the hadronic atomic systems are 

presented in refs. [1-5,7,8]. The most difficult aspects of the theoretical modeling are reduced to the 

correct description of the kaon (pion)-strong interaction [1-3] as the electromagnetic part of the 

problem is reasonably accounted for. Besides, quite new aspect is linked with the possible, obviously, 

very tiny electroweak and hyperfine interactions.  
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2.  Relativistic approach to pionic atoms spectra 

All available theoretical models to treating the hadronic (kaonic, pionic) atoms are naturally based on 

the using the Klein-Gordon equation [10-12]:  
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where c is a speed of the light, h is the Planck constant, and Ψ0(x) is the scalar wave function of the 

space-temporal coordinates. Usually one considers the central potential [V0(r), 0] approximation with 

the stationary solution: 

 

                                                                    )( )/=Ψ xt ϕhexp(-iE  (x) ,                                               (2) 

 

where )(xϕ is the solution of the stationary equation: 
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Here E is the total energy of the system (sum of the mass energy mc
2
 and binding energy ε0). In 

principle, the central potential V0 naturally includes the central Coulomb potential, the vacuum-

polarization potential, the strong interaction potential. Standard approach to treating the last interaction 

is provided by the well known optical potential model (c.g. [2]). Practically in all works the central 

potential V0  is the sum of the following potentials. The nuclear potential for the spherically symmetric 

density ( )Rrρ  is [6,13]: 
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The most popular Fermi-model approximation the charge distribution in the nucleus ( )rρ  

(c.f.[1,2]) is as follows:   

 

                                                         )]}/)exp[(1/{)( 0 acrρrρ −+= ,                                            (5) 

 
where the parameter a=0.523 fm, the parameter с is chosen by such a way that it is true the following 

condition for average-squared radius: <r
2
>

1/2
=(0.836⋅A1/3

+0.5700)fm. The effective algorithm for its 

definition is used in refs. [7,18-20] and reduced to solution of the following system of the differential 

equations:  
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with the corresponding boundary conditions.  Another, 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 [14].To take into account the radiation corrections, namely, the 

effect of the vacuum polarization there are traditionally used the Ueling potential and its different  

modifications such as [4,13].  
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The most difficult aspect is an adequate account for the strong interaction. In the pion-nucleon state 

interaction one should use the following pulse approximation expression for scattering amplitude of a 

pion on the “i” nucleon [1,2]:  

 

                    ( ) ( ) ( ){ } ( )0 1 0 1 ;i if r b b t c c t kk r rτ τ δ′ ′ ′ ′ ′ = + + + −      (9) 

 

where t  and τ are the isospines of pion and nucleon. The nucleon spin proportional terms of the 

kind [ ]kkσ ′  are omitted. The constants in (9) can be expressed through usual s-wave  ( )2Tα  and p-

wave ( )2 ,2T J
α  scattering length (T and J -isospin and spin of he system Nπ . The corresponding 

parameters in the Compton wave length πD terms are as follows:  

 

( )0 1 32 3 0.0017 .b πα α λ′ = + = −  

( )0 3 1 3 0.086 .b πα α λ′ = − = −  

( ) ( )
3

0 33 13 31 114 2 2 3 0.208 .c πα α α α λ′ = + + + = −  

                                      ( ) ( )
3

1 33 13 31 112 2 3 0.184 .c πα α α α λ′ = − + − = −                                    (10) 

 

The scattering amplitude for pin on a nucleus is further received as a coherent sum of the  Nπ -

scattering lengths. рассеяния. In approximation of the only s-wave interaction the corresponding 

potential can be written in the Dezer form [1,2]:  

 

        ( ) ( ) ( )2 1 1 12 .
N p n

V r ZA a A Z A a rππ µ ρ− − − = − + − h     (11) 

 

The s-wave lengths of the 
1
pπ −

-scattering  ( )1 32 3pa α α= +  и 
1
nπ −

- scattering 3na α= ; 

scattering are introduced to Eq. (11).  Because of the equality between 0 1na b b′ ′= +  and  0 1pa b b′ ′= −  

(with an opposite sign) the theoretical shift of the s-level with 0T = ( )2A Z=  from Eq. (12) is much 

less than the observed shift. So, the more correct approximation must take into account the effects of 

the higher orders. In whole the energy of the hadronic atom is represented as the sum:   

  

                                                                   ;KG FS VP NE E E E E≈ + + +                                            (12) 

Here KG
E -is the energy of a pion in a nucleus ( ),Z A  with the point-like charge (dominative 

contribution in (12)), FSE  is the contribution due to the nucleus finite size effect,  VPE is the 

radiation correction due to the vacuum-polarization effect, NE  is the energy shift due to the strong 

interaction NV .The last contribution can be defined from the experimental energy values as: 

 

                                                               ( )N KG FS VP
E E E E E= − + +                                             (13) 

 

From the other side the strong pion-nucleus interaction contribution can be found from the solution 

of the Klein-Gordon equation with the corresponding meson-nucleon potential. In this case, this 

contribution N
E  is the function of the potentials (8)-(11) parameters. 
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3.  Results and conclusions 

In table 1 the data on the transition energies in some pionic atoms (from. Refs. [1-3]): the measured 

values form the Berkley, CERN and Virginia laboratories, the theoretical values for the  

2 1 , 3 2 , 4 3p s d p f d− − − , 5 4g f−  pionic transitions (
N

thE 1  - values from the Klein-Gordon-Fock 

equation with the pion-nucleus potential [2]; EKGF- values from the Klein-Gordon-Fock equation with 

the finite size nucleus potential (our data), 
N

thE 2 - values from the Klein-Gordon-Fock equation with 

the generalized pion-nucleus potential [12]: our data).  
 

Table 1. Transition energies (keV) in the spectra of some pionic atoms 

EEXP Eth 
Element 

Berkley CERN Virginia EKGF 
N

thE 1  
N

thE 2  

Transition 4f-3d 

Cs
133 

560.5±1.1 562.0±1.5  553.330 561.47 562.12 

Transition  5g-4f 

Tl
204 

 561.67±0.25  556.562 560.93 561.63 

Pb207 
 575.56±0.25  570.614 575.21 575.78 

U
238

 731.4±1.1 732.0±0.4 730.88±0.75 724.317 729.80 730.52 

It is easily to understand that when there is the close agreement between theoretical and experimental 

shifts, the corresponding energy levels are not significantly sensitive to strong nuclear interaction, i.e 

the electromagnetic contribution is dominative. In the opposite situation the strong-interaction effect is 

very significant. The analysis of the presented data indicate on the necessity of the further more exact 

experimental investigations and further improvement of the pion-nuclear potential modelling. Really, 

under availability of the ”exact” values of the transitions energies one can perform the comparison of 

the theoretically and experimentally defined transition energies in the X-ray spectra in order to make a 

redefinition of the pion-nucleon model potential parameters using Eqs. (9)-(11). Taking into account 

the increasing accuracy of the X-ray pionic atom spectroscopy experiments, one can conclude that the 

such a way will make more clear the true values for parameters of the pion-nuclear potentials and 

correct the disadvantage of widely used parameterization of the potentials (9)-(11).  
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