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In this paper we give an analysis of the electro-
magnetic, hyperfine, electroweak and strong inter-
actions contributions to the transitions energies in 
the X-ray spectra of hadronic atomic systems and 
the X-ray standards status. Besides, øt is consid-
ered an advanced approach to redefinition of the 
meson-nucleon phenomenological optical model 
potential parameters and increasing an accuracy of 
the hadronic X-ray transitions energies definition. 

At present time the transition energies in the pi-
onic and kaonic atoms are measured with an un-
precedented precision and from studying spectra 
of the pionic and kaonic atoms (hydrogen, helium 
etc) it is possible to investigate the strong interac-
tion at low energies by measuring the energy and 
natural width of the ground level with a precision 
of few meV [1-20]. Besides, some pionic atoms can 
additionally be used to define new low-energy X-
ray standards and to evaluate the pion mass using 
high accuracy X-ray spectroscopy [1-15]. Similar 
endeavour are in progress with kaonic atoms [2]. 

At present time several highly précised measure-
ments are carried out for the kaonic (pionic) hy-
drogen, helium and other elements. In the known 
experiments [11] at the Japan Synchrotron Centre 
the strong interaction shift of the 1s state in kaonic 
hydrogen was found to be repulsive in agreement 
with kaon nucleus scattering data and in disagree-
ment with the earlier kaonic hydrogen experiments. 
The origin of this repulsive strong interaction at 
threshold can be traced back to the presence of the 
(1405) resonance which leads on one hand to a re-
pulsive K-p scattering length and on the other to the 
possible existence of strongly bound kaonic states 
in light nuclei [12]. Another impressive experiment 
DEAR (“Daϕne exotic atoms research”) allowed 
to perform an improved measurement of kaonic hy-
drogen [15] (look fig.1). It has been received signifi-
cantly higher precision and smaller shift and width 
values than the values of the experiment [11]. 

The similar experiments are performed or in a 
status of preparing for the pionic systems (look c.g. 
[1,2,9,10]). It is important to note that because of 
the tiny strong interaction effect the study of pi-
onic hydrogen and other elements calls for an X-
ray spectrometer system with ultimate precision, 
provided by a crystal spectrometer which is feasible 
due to the huge pion beam intensity. In principle 
the isospin dependent pion-nucleon scattering 
lengths can be extracted from the measurement of 
the shift and width of pionic hydrogen alone using 
Deser-type formulae [1]. In the kaonic hydrogen 

case however the corresponding scattering length 
can only be determined by measuring the shift and 
width of kaonic hydrogen as well as kaonic deute-
rium. 

In refs. [1,2,9,10] is has been demonstrated that 
narrow lines from hydrogen-like pionic atoms are 
able to serve as energy standards in the few keV 
range. By using this method the energy uncertainty 
is limited primarily by the knowledge of the charged 
pion mass, whenever transitions close in energy can 
be found. One could remind that the widespread 
X-ray energy standards are created by exciting in-
ner-shell transitions in atoms with either electrons 
or photons. In a number of cases their energies are 
given with precision close to 1 ppm [1-3], which 
does not necessarily mean that these standards can 
be used to such an accuracy. For X-rays originat-
ing from inner-shell transitions in multielectron 
systems, the center of gravity of the line cannot be 
attributed unambiguously to a physical transition. 
Besides, it is obvious that the transitions line shape 
in the multi-electron atomic systems is dependent 
upon the excitation mechanism used to create the 
inner-shell vacancies. Here it is worth to underline 
that the chemical environment of the atom can play 
a significant role [21]. This problem also affects 
transition energies, particularly when they involve 
M2,3 and N2,3 shells. An inherent problem with 
current standard X-ray lines is their natural width, 
which is typically more than 10 times larger than 
the resolution of the best X-ray spectrometers. Tak-
ing into account the above said, it is natural to use 
the exotic hadron-atoms and heavy ions sources as 
an alternative and more general approach to both 
gamma- rays or natural X-rays (photon emitters in 
the few keV range) Generally speaking, the muon-
ic, kaonic and pionic atoms are the acceptable can-
didates, which provide a dense set of lines. It can 
be supplemented by an even denser set if one uses 
antiprotonic atoms with beam intensities compa-
rable to the obtained ones at the European Centre 
of Nuclear Research CERN [1,2]. 

The most known theoretical models to treating 
the hadronic atomic systems are presented in refs. 
[9-11,16-21]. In refs. [16-20] there were developed 
the effective ab initio schemes to the Klein-Gordon 
equation solution and further definition of the X–
ray spectra for multi-electron kaonic atoms with 
the different schemes for account for the nuclear, 
radiative, correlation effects. The theoretical study-
ing the strong interaction shifts and widths from X-
ray spectroscopy of kaonic atoms (U, Pb etc) was 
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fulfilled. The most difficult aspects of the theoreti-
cal modeling are reduced to the correct description 
of the kaon (pion)-strong interaction as the elec-
tromagnetic part of the problem is reasonably ac-
counted for in models [16-19]. Besides, quite new 
aspect is linked with the possible, obviously, very 
tiny electroweak and hyperfine interactions. 

All available theoretical models to treating the 
hadronic (kaonic, pionic) atoms are naturally based 
on the using the Klein-Gordon equation for kaon 
(pion) particle [5]: 

   2 2 2 2 2
02

1( ) { [ ( )] } ( )tm c x i eV r x
c

Ψ = ∂ + + ∇ Ψ ,  (1) 

where c is a speed of the light,  is the Planck con-
stant, e is the particle (here is equal the electron 
charge), m is the particle mass and Ψ

0
(x) is the scalar 

wave function of the space-temporal coordinates. 
Usually one considers the central potential [V

0
(r), 

0] approximation with the stationary solution: 

  (x)  exp(-iEt xΨ = /  )φ( )   (2) 

where xφ( ) is the solution of the stationary equa-
tion. 

 2 2 2 2 2
02

1{ [ ( )] } ( ) 0E eV r m c x
c

+ + ∇ − φ =   (3) 

Here E is the total energy of the system (sum 
of the mass energy mc2 and binding energy ε

0
). In 

principle, the central potential V
0
 naturally includes 

the central Coulomb potential, the vacuum-polar-
ization potential, the strong interaction potential. 
Standard approach to treating the last interaction is 
provided by the well known optical potential model 
(c.g. [11]). Practically in all works the central po-
tential V

0 
is the sum of the following potentials. 

The nuclear potential for the spherically symmetric 

density ( )r Rρ  is: 

 

( ) (( ) ( )

( )

2
1 1 1

0

1 1 1

1
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r

nucl

r

V r R r dr r r R

dr r r R
∞

= − ρ +

+ ρ

∫

∫    (4) 

where R is a radius of the kaonic (pionic) atom. 
The most popular Fermi-model approximation the 
charge distribution in the nucleus ( )rρ  (c.f.[1,2]) 
is as follows: 

 0( ) / {1 exp[( ) / )]}ñ r ñ r c a= + − ,  (5) 

where the parameter a=0.523 fm, the param-
eter ñ is chosen by such a way that it is true the 
following condition for average-squared radius: 

<r2>1/2=(0.836⋅A1/3+0.5700)fm. The effective algo-
rithm for its definition is used in refs. [7,18-20] and 
reduced to solution of the following system of the 
differential equations: 

( ) ( ) ( ) ( ) ( )' 2 2 2
1 1 1

0

, 1 , 1 ,
r

V nucl r R r dr r r R r y r R= ρ ≡∫  

 ( ) ( )2' , ,y r R r r R= ρ   (6) 

 2
0'( ) ( / )exp[( ) / ]{1 exp[( ) / )]}ñ r ñ a r c a r c a= − + −  

with the boundary conditions: 

 ( ) ( )0, 4nuclV R r= − π  

  ( )0, 0y R = ,  (7) 

 0(0) / {1 exp[ / ]}ñ ñ c a= + −  

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 [23-
26].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 [1-7]. The most dif-
ficult aspect is an adequate account for the strong 
interaction. In a case of the kaonic atomic systems 
the most popular approach to treating the strong in-
teraction between the nucleus and orbiting kaon is 
the phenomenological optical potential of model, 
such as [1,2]: 

 
2 [1 ][ ( ) ( )]K

N Kp p Kn n
N

MV A r A r
M

π
= − + ρ + ρ

μ
,  (8) 

where M
K
 and M

N
 are the kaon and nucleon masses 

and μ is the kaon-nucleus reduced mass, 
( ), ( )p nr rρ ρ  are the proton and neutron densi-

ties in the nucleus and ,Kp KnA A are the complex ef-
fective Kp and Kn scattering lengths. The known 
Batty approximation [11] reduces Eq.(10) to the 
next expression: 

 
2 [1 ][ ( )]K

N
N

MV a r
M

π
= − + ρ

μ
,  (9) 

where the effective averaged K-nucleon scattering 
length: a=[(0.34±0.03)+i(0.84±0.03)] (fm). 

The presented value of the length has been in-
deed chosen to describe the low and middle Z nu-
clei [11]. The disadvantage of the usually used ap-
proach is connected with approximate definition 
of the proton and neutron densities and using the 
effective averaged K-nucleon scattering length. 
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In the pion-nucleon state interaction one should 
use the following pulse approximation expression 
for scattering amplitude of a pion on the “i” nucle-
on [1,2]: 

( ) ( ) ( ){ } ( )0 1 0 1 ;i if r b b t c c t kk r r′ ′ ′ ′ ′= + τ + ⎡ + τ ⎤ δ −⎣ ⎦   (10) 

Where t  and τ are the isospines of the pion and 
nucleon. The nucleon spin proportional terms of the 
kind [ ]kk ′σ  are omitted. The constants in (10) can 
be expressed through usual s-wave ( )2Tα  and p-wave 

( )2 ,2T Jα  scattering length (T and J -isospin and spin 
of the system Nπ . The corresponding parameters in 
the Compton wave length π terms are as follows: 

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

 ( )0 3 1 3 0.086 .b π′ = α − α = − λ  

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

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

The scattering amplitude for pion on a nucleus is 
further received as a coherent sum of the Nπ -scat-
tering lengths. In approximation of the only s-wave 
interaction the corresponding potential can be writ-
ten in the form [1,2]: 

 

( )
( ) ( )

2 1

1 1

2

.
N

p n

V r

ZA a A Z A a r

−
π

− −

= − π μ ×

⎡ ⎤× + − ρ⎣ ⎦   (11) 

where Z- is the nuclear charge, A is the mass num-
ber, πμ is the reduces pion mass. The s-wave lengths 
of the 1p−π -scattering ( )1 32 3pa = α + α  and 1n−π - 
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 theo-
retical shift of the s-level with 0T = ( )2A Z=  from 
Eq. (12) is much less than the observed shift. Thus, 
the more correct approximation must take into ac-
count the effects of the higher orders. 

In whole the energy of the hadronic atom is rep-
resented as the sum: 

 ;KG FS VP NE E E E E≈ + + +   (12) 

Here KGE -is the energy of meson (say, kaon) in a 
nucleus ( ),Z A  with the point-like charge (domina-
tive contribution in (12)), FSE  is the contribution 
due to the nucleus finite size effect, VPE is the ra-
diation correction due to the vacuum-polarization 
effect, NE  is the energy shift due to the strong in-
teraction NV .The last contribution can be defined 
from the experimental energy values as: 

 ( )N KG FS VPE E E E E= − + + .  (13) 

From the other side the strong meson-nucleus 
interaction contribution can be found from the so-
lution of the Klein-Gordon equation with the cor-
responding meson-nucleon potential. In this case, 
this contribution NE  is the function of the poten-
tials (8)-(11) parameters. 

Let us further to analyse some theoretical and 
experimental results and present some proposals on 
the further improvement of the available theoretical 
approaches. In table 1 there are listed the experi-
mental and theoretical X-ray energies for kaonic 
hydrogen for the 2-1 transition (in keV), taken from 
refs. [16-19]. The improved measurement data [15] 
are also presented in table 1 and fig.1. In tables 2,3 
the data on the hyperfine transition energies in the 
kaonic and pionic nitrogen are listed (from. Refs. 
[16,19,20]). 

Table 1 
Calculated (E

c
 ) and measured (E

m
) kaonic H atom X-

ray energies (in keV) [15-19]

Transi-
tion

E
c 

[1]
E

c
, 

[20]
E

c
 

[16]
E

m
 

[17]
E

m 
[1,15]

H, 2-1 6.65 6.481
6.480 
6,482

6,44(8) 6.675(60) 
6,96 (9)

The importance of the presented energy param-
eters is provided not only its great role in the X-ray 
spectroscopy of the hadronic systems. The high ac-
curacy of the theoretical modelling and new experi-
mental results gives an important information about 
properties of the nuclei and hadrons (see below), in 
particular, masses, magnetic moments, spins and 
parity of some hadrons. Sensing the key parameters 
of the hyperfine, electromagnetic and strong inter-
actions is of a great importance too. 

In table 4 the theoretical (E
c
) and measured (E

m
) 

X-ray energies for some kaonic atoms are listed 
(from refs.[1,16,17,19]). Two numbers in the fourth 
column are corresponding to data of the different 
experimental groups. 

In whole there is observed a physically reason-
able agreement between the theoretical and experi-
mental data. It should be noted quite acceptable 
agreement between the theoretical and improved 
experimental data for the 2-1 X-ray transition en-
ergy of kaonic hydrogen (look table 1 and fig.1). 
The discrepancies are the source for the further im-
provement of the theoretical approaches. In table 
5 we present the calculated (C) and measured (M) 
strong interaction shifts ΔE and widths G (in keV) 
for the kaonic atoms X-ray transitions, taken from 
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Fig. 1. The experimental kaonic hydrogen X-ray energy spectrum [15] 

Table 2 
Hyperfine transition energies (eV) in kaonic nitrogen [16,19,20].

Transition F-F’
Trans. E (eV) 

[16]
Trans. E (eV) 

[19]
Transition F-F’

Trans. E (eV) 
[19]

8k-7i 8-7 2969.6365 2969.6289 8i — 7h 7-6 2970.4107
7-6 2969.6383 2969.6298 6-5 2970.4135
7-7 2969.6347 2969.6264 6-6 2970.4086
6-5 2969.6398 2969.6345 5-4 2970.4193
6-6 2969.6367 2969.6284 5-5 2970.4114
6-7 2969.6332 2969.6248 5-6 2970.4073 

Table 3 
Hyperfine transition energies (eV) in the pionic nitrogen [16,19].

Transition F-F’
Trans. E (eV) 

[16]
Trans. E (eV) 

[19]
Transition F-F’

Trans. E (eV) 
[19]

5g -4f 5-4 4055.3779 4055.3744 5f — 4d 4-3 4057.6821
4-3 4055.3821 4055.3784 3-2 4057.6914
4-4 4055.3762 4055.3735 3-3 4057.6793
3-2 4055.3852 4055.3828 2-1 4057.6954
3-3 4055.3807 4055.3769 2-2 4057.6892
3-4 4055.3747 4055.3712 2-3 4057.6768

Table 4 
Calculated (E

c
 ) and measured (E

m
) kaonic atoms X-ray energies (in keV) 

Nucl. Transition E
c
 [1]  E

c
 [16] E

c
,[19]  E

c
, [17] E

m

W 8-7 - - 346.572 346.54 346.624(25)
W 7-6 - - 535.136 535.24 534.886(92)

U 8-7 538.013
537.44 
538.72

538.528 535.24 538.315(100)
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ref. [1,2,11,16,20]. Again several numbers in some 
columns are corresponding to data of the differ-
ent experimental groups. The width G is the strong 
width of the lower level which was obtained by sub-
tracting the electromagnetic widths of the upper 
and lower level from the measured value. The shift 
ΔE is defined as difference between the measured 
E

M
 and calculated E

EM 
(electromagnetic) values of 

transition energies. The calculated value is obtained 
by direct solving the equation (3) with the optical 
model kaon-nucleon potential. 

It is easily to understand that when there is the 
close agreement between theoretical and experi-
mental shifts, the corresponding energy levels are 
not significantly sensitive to strong nuclear interac-
tion, i.e the electromagnetic contribution is domi-
native. In the opposite situation the strong-interac-
tion effect is very significant. The detailed analysis of 
theoretical and separated experimental data shows 
that indeed there is a physically reasonable agree-
ment between the cited data. But, obviously, there 
may take a place the exception too as it is shown 
on example of the kaonic uranium. Further one can 
perform the comparison of the theoretically and 
experimentally defined transition energies in the 
X-ray spectra and further make redefinition of the 
meson-nucleon model potential parameters using 
Eqs. (8)-(11). Taking into account the increasing 
accuracy of the X-ray hadronic atoms spectroscopy 
experiments, one can conclude that the such a way 
will make more clear the true values for parameters 
of the kaon (pion)-nuclear potentials and correct 
the disadvantage of widely used parameterization of 
the potentials (8)-(11) from the light nuclei phys-
ics. Besides, the known perspective can be opened 
on the way of sensing the parity non-conservation 
in the heavy hadron multi-electron atomic systems. 
Obviously, this effect will be small in the light had-
ronic systems as K-- H, K-- N, but its contribution is 

increasing as Z3, so one could wait for the increased 
contribution in the high-Z atoms such as K-- Pb, 
K-- Vi , K—U etc. 
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C
 (d) ΔE

C
(c) G

C
 (c)  ΔE

M
 G

M
 

W, 
8-7

0.038 0.072 -0.003 0.065
0.079c 

0.052d 0.070 (15)

W, 
7-6

-0.294 3.85 -0.967 4.187
-0.353c 

-0.250d 3.72 (35)

Pb, 
8-7

0.046 0.281 -0.023 0.271 
0.072c 

0.047d
0.284 (14) 

0.370 (150)a

U, 
8-7

-0.205 2.620 -0.189 2.531
0.120a ; 0.032b 

-0.40c ; -0.213d
2.67(10) 

1.50 (75)a
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