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STRONG n NUCLEAT INTERACTION EFFECTS IN SPECTROSCOPY

OF HADRONIC ATOMS

New New relativistic method on the basis of the Klein-Gordon-Fock equation with a general-
ized pion-nuclear potential is used to determine the strong interaction effects in spectroscopy of
pionic atoms. The numerical data on 2p-1s, 3d-2p, 4f-3d,5g-4f transition energies on the basis of
the Klein-Gordon-Fock theory with the pion-nucleus potential, the Klein-Gordon-Fock theory with
account of the radiative and the finite nuclear size corrections are presented for in some middle and
heavy pionic atoms. It is performed comparison between theoretical data and results of measure-
ments in the Berkley, CERN and Virginia laboratories.

1. Introduction

In this paper we goes on our studying on spec-
troscopy of pionic atoms and quantitative esti-
mate of the strong pion-nucleon interactions con-
tributions to the transitions energies in the X-ray
spectra of pionic atomic systems. Let us note that
the spectroscopy of hadron atoms has been used
as a tool for the study of particles andfundamen-
tal properties for a long time. Exotic atoms are
also interesting objects as they enable to probe
aspects of atomic and nuclear structure that are
quantitatively different from what can be studied
in electronic or “normal” atoms. 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 con-
tent. 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 ex-
traordinary 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. Nowadays the
transition energies in pionic (kaonic, muonic etc.)
atoms are measured with an unprecedented pre-
cision and from studying spectra of the hadronic
atoms it is possible to investigate the strong inter-

action 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 at-
oms 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 ioni-
zation and excitation of the atoms and molecules
and eventually is captured, replacing the elec-
tron, 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 ab-
sorption. 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. For a long time
the similar experimental investigations have been
carried out in the laboratories of Berkley, Virginia
(USA), CERN (Switzerland).

The most known theoretical models to treat-
ing the hadronic (pionic, kaonic, muonic, antipro-
tonic etc.) atomic systems are presented in refs.
[1-5,7,8]. The most difficult aspects of the theo-
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retical modeling are reduced to the correct de-
scription of pion-nuclear strong interaction [1-3]
as the electromagnetic part of the problem is rea-
sonably accounted for. Besides, quite new aspect
is linked with the possible, obviously, very tiny
electroweak and hyperfine interactions.

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-Fock equa-
tion [2,5], which can be written as follows :

m2c W(x) = {iz[ihal +eVy (N + 1V P(x)
C

where c is a speed of the light, / is the Planck con-
stant, and ¥ (x) is the scalar wave function of the
space-temporal coordinates. Usually one consid-
ers the central potential [V (r), 0] approximation
with the stationary solution:

¥ (x) = exp(-iEt/h) p(x) , )

where @(x)is the solution of the stationary equa-
tion:

{iz[E+eV0 (NP +1*V? —m?c}p(x)=0  (3)
C

Here E is the total energy of the system (sum of
the mass energy mc’ and binding energy e ). In
principle, the central potential ¥, naturally in-
cludes the central Coulomb potential, the vacu-
um-polarization potential, the strong interaction
potential.

The most direct approach to treating the strong
interaction is provided by the well known optical
potential model (c.g. [2]). Practically in all papers
the central potential V, is the sum of the following
potentials. The nuclear potential for the spherical-

ly symmetric density p(dR) is [6,13]:

Voucllr[R) =~/ %6{
0

w L ] 1
RJ+ Idrrp(r
r

R) )
The most popular Fermi-model approxima-

tion the charge distribution in the nucleus p(l’)
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(c.f.[12]) is as follows:

A(r) = fAg A 1+ exp[(r—¢)/ a)l}, (5)
where the parameter a=0.523 fm, the parameter ¢
is chosen by such a way that it is true the follow-
ing condition for average-squared radius:

<r?>12=(0.836 xA4"3+0.5700)fm.

The effective algorithm for its definition is
used in refs. [12] and reduced to solution of the
following system of the differential equations:

V'nucl(r, R)= (l/r2 ﬁdr'r'zp(r', R)E (l/r2 )y(r, R) (0)

y(r, R)=r*p(r, R), (7
i'(r) = (i, | a)exp[(r — )/ af 1 +exp[(r —c)/a)]}* (8)

with the corresponding boundary conditions. An-
other, 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
[13].To take into account the radiation correc-
tions, namely, the effect of the vacuum polariza-
tion we have used the generalized Ueling-Serber
potential with modification to take into account
the high-order radiative corrections [5,12]. The
most difficult aspect is an adequate account for
the strong interaction. In the pion-nucleon state
interaction one should use the following pulse ap-
proximation expression for scattering amplitude
of a pion on the “i”’ nucleon [2,3]:

fi(r)= {b(; +b1’(tz')+[c(') +¢ (tr)] kk'}é‘(r—rl.);

)
where ¢ and 7 are the isospines of pion and nu-
cleon. The nucleon spin proportional terms of the

kinda[kk'] are omitted. The constants in (9) can

be expressed through usual s-wave (a,;) and p-
wave (azm J) scattering length (7" and J -isospin
and spin of he system z#N. The corresponding

parameters in the Compton wave length A _terms
are as follows:



by =(a, +2a,)/3=—0.0017 2.
by=(a,—,)/3=-0.086 4.

¢y = (day, +20, + 20, +a,, ) [3=-0.208(2,) .

¢ = (201, — 20, + oy, —at,, ) [3=-0.184(2,)’.
(10)
The scattering amplitude for pion on a nucleus can
be further received as a coherent sum of the 7N
-scattering lengths. paccesnus. In approximation
of the only s-wave interaction the correspond-
ing potential can be written in the Dezer form:

Vi(r)==22ls;'[ Z47a, +(A-Z) A "a, | p(r).

(11)
The s-wave lengths of the 7z~'p-scattering
a,=(2a,+a;)/3 w 7'n- scattering a, = a;;
scattering are introduced to Eq. (11). Because of
the equality between a, =b; +b] and a, =b; —b|
(with an opposite sign) the theoretical shift of
the s-level with 7 =0 (A = 2Z) 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:

E~E +E +E,+E,; (12)
Here Ey -is the energy of a pion in a nucleus
(Z ,A) with the point-like charge (dominative

contribution in (12)), £ is the contribution due

to the nucleus finite size effect, Fp is the radia-
tion correction due to the vacuum-polarization ef-

fect, £y is the energy shift due to the strong in-

teraction V', .The last contribution can be defined
from the experimental energy values as:

Ey=E—(Ex+Eq+E,);) (13)
From the other side the strong pion-nucleus inter-
action contribution can be found from the solu-
tion of the Klein-Gordon equation with the cor-
responding meson-nucleon potential. In this case,

this contribution £, is the function of the poten-
tials (8)-(11) parameters.

3. Results and conclusions

In table 1 we present the data on the tran-
sition energies in some pionic atoms (from. Refs.
[1-4]): the measured values form the Berkley,
CERN and Virginia laboratories, the theoretical
values for the 2p-Is, 3d-2p, 4f-3d,5g-4f pionic

transitions ( £, - values from the Klein-Gordon-
Fock equation with the pion-nucleus potential [2];
E, .~ values from the Klein-Gordon-Fock equa-
tion with account of radiative corrections (our

data); £, . — RMF finite nuclear size contribution

(our data), E,’, - values from the Klein-Gordon-
Fock equation with the generalized pion-nuclear
potential [5] (our data).

Table 1. Transition energies (keV) in the spec-
tra of some pionic atoms (see text)

Atom EE)(I’ EEXI’ EKGF E["S N N
Berkley CERN E"h1 Eh ,
Transition 4f-3d
Ca* + 72,357 10,00 {72,361 {72,362
72,352 —
0.009
127 516,50 0,22 (520,25 520,68
519.1 + 1.1 520,8i 0,8
Cs'3 556,80 10,33 561,47 [562.12
5605i 1.1 562,01,
La's 597,88 10,45 [604,56 604,84
603.6 * 0.9 [604,9 *20
Transition
Sg-4f
Ta's! + + 450,67 [-0.01 ©53,56 ¥53,56
453,1 = 0,4 453,90 —
0.20
Au'?’? + + 531,99 0,025 532,87 (532,87
532,5— 0,5 [533,16 —
0.20
Hg"! + 545,730 |- 0,036[546,85 547,22
547,14 —
0.25
Bi?" + + 588,24 10,05 [589,75 590,16
589,8 — 0,9 590,06 —
0.30
Th>2 + + 693,88 |-0,17 697,20 698,25
698.0 — 0.6 1698.4 — 0.4
s + + 725,78 |-0,23 729,80 730,52
731.4— 1.1 [732.0— 0.4
. ro1nia)- 181 — .
Note: E,, ., (Virginia): Ta'®'(5g-41)=453.4+0.3;

U(5g-4£)=730.88+0.75;
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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 pion-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 investiga-
tions and further improvement of the pion-nucle-
ar potential modelling. One can see that the con-
tributions provided by the finite size effect should
be accounted in a precise theory. Really, under
availability of the “exact” values of the transi-
tions 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 Egs. (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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STRONG p-NUCLEAT INTERACTION EFFECTS IN SPECTROSCOPY OF HADRONIC
ATOMS

Abstract

New relativistic method on the basis of the Klein-Gordon-Fock equation with a generalized pion-
nuclear potential is used to determine the strong interaction effects in spectroscopy of pionic atoms.
The numerical data on 2p-1s, 3d-2p, 4f-3d,5g-4f transition energies on the basis of the Klein-Gordon-
Fock theory with the pion-nucleus potential and account of radiative and finite size nuclear corrections
are presented for some middle and heavy pionic atoms. It is performed comparison between theoreti-
cal data and results of measurements in the Berkley, CERN and Virginia laboratories.
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3®PEKTHI CUWJIBHOT'O B3AMMOIENCTBUSI B CIIEKTPOCKOIIMM AJIPOHHBIX
ATOMOB

Pe3rome

HoBrrit penstuBucTCKHi MeTOq Ha ocHOBe ypaBHeHHs Kieiina-Iopaona-®oka ¢ 0000IIeHHBI-
MU [THOH-SAEPHBIM MTOTESHITMAJIOM TIPUMEHEH JUTs W3y4deHus: 3()()EeKTOB CHIIFHOTO B3aMMOJICHCTBUS B
CIEKTPOCKOTIMU MUOHHBIX aToMOB. [IpeacTaBiensl nannbie 1o 3Heprusim 2p-1s, 3d-2p, 4f-3d,5g-4f
MEPEXO/I0B JIJIsl HEKOTOPBIX CPETHUX M TSHKEJIBIX MUOHHBIX aTOMOB, MOJyUYE€HHBIE HA OCHOBE ypaBHE-
Hus Kneiina-I'opgona-®oka ¢ MUOH-1€pHBIM NOTEHIIUATIOM C YUETOM PaJIMAIlMOHHBIX U KOHEYHO-
pa3MepHBIX SJEPHBIX HoIpaBok. [[poBeieHO cpaBHEHNE TEOPETUYECKUX JAHHBIX C IaHHBIMU U3MeEpe-
Huii B maboparopusx bepkinu, [IEPH n Bupmxuaus.
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E®EKTH CIJIBHOI B3AEMO/II B CHEKTPOCKOIII AIPOHHUX ATOMIB

Pe3rome

Hogwuii penstuBicTChKHIA MeTOT Ha OCHOBI piBHsAHHS KieitHa-I'opnona-®oka i3 y3araTbHEHUM ITi-
OH-SIJISPHAM ITOTEHIIIaJIOM 3aCTOCOBAHO JI0 ONHKCY €(PEeKTiB CHIBHOI B3aEMOJIIi B CIIEKTPOCKOITIT ITOH-
HuX aromiB. OTpuMani uucenbHl gani mpo 2p-1s, 3d-2p, 4f-3d,5g-4f eneprii mepexos1iB JyIs JEIKIX
CepeTHIX 1 BaXKKUX IMIOHHHMX aTOMIB, OTpUMaHi Ha ocHOBI piBHsHHS Kieitra-lopnona-®oxa 3 mioH-
STICPHUM TIOTEHITIATIOM Ta ypaxyBaHHSM paJiallifHAX Ta CKIHYEHHO-PO3MIPHHX SACPHHUX TOMPABOK.
[IpoBeieHo MOPIBHSHHS TEOPETUYHUX NAHUX Ta Pe3yJbTaTiB BUMIpIOBaHb B Jaboparopisx bepkii,
IHEPH i BipmxuHis.
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