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Abstract. The theoretical studying the strong interaction shifts and widths from X-ray spectros-
copy of kaonic atoms is fulfilled. Sensing the strong interaction effects and theoretical estimating
spectra of kaonic atomic systems can be considered as a new tool for studying nuclear structure and
strong K-nucleus interaction.
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JETEKTYBAHHS E®EKTIB CUJIBHOI B3AEMO/III Y CIIEKTPOCKOIIII AIPOHHUX ATOMIB
0. I0. Xeueaiyc, /. €. Cyxapes, I0. B. /[yoposcvka

AHoTtanif. BukoHaHO TeopeTWYHY OILIHKY 3CYBIiB i IIMpHMH DPiBHIB, sIKi 0OyMOBJICHI edeKTa-
MU CUJIBHOI B3a€EMO/Iil, B MeKaX PEHTIeHiBChKOI CIIEKTPOCKOITil KAOHHUX aTOMiB. JleTeKTyBaHHS
e(eKTiB CUJIbHOI B3aEMO/III i TEOpETUYHA OLIiHKa CHEKTPiB KAOHHUX aTOMiB € OJTHUM 3 HOBUX ITiJI-
XOZiB JJO BU3HAUEHHS SIIEPHOI CTPYKTYPHU i IMapaMeTpiB CUJIbHOI KAOH- SIIPHOI B3aEMO/III.

Krouosi ciioBa: edbekTu CUIBHOI B3a€EMO/Iii, CIIEKTPOCKOITisl, KAOHHI aTOMU

JIETEKTUPOBAHUE D®OEKTOB CWJIbHOI'O B3AMMO/IEVICTBUA
B CIIEKTPOCKOIINU AIPOHHBIX ATOMOB

0. I0. Xeueauyc, /. E. Cyxapes, IO. B. /[yopoéckas

AHHOTaI[I/Iﬂ. BrinmonHeHa TEOpETNYCCKaAd OICHKAa CABUTOB N IIMPUH ypOBHCfI, O6YCJ'IOBJ'ICHHBIX
9(1)(1)€KT8.MI/I CUJIBHOTO B3aHMOH€ﬁCTBHH, B paMKax peHTFCHOBCKOﬁ CIICKTPOCKOIIMM KaOHHBbIX
aTOMOB. HeTCKTI/IpOBaHI/IC 3(1)(1)€KTOB CWJILHOTO B3aMMOJCUCTBUS M OLICHKA CIICKTPOB KaOHHDbIX
ATOMOB ABJIAIOTCA OOJHMM M3 HOBBIX ITOAXOJ0B K OIIPEACICHUIO H):[CpHOﬁ CTPYKTYPhI 1 ITapaMCTpPOB
CHJIbHOT'O KaOH-AOCPHOI o B3aMMOJIECICTBHSL.

Krouesble cioBa: 3¢ heKThbl CUTBHOTO B3aUMOAEHCTBUS, CIIEKTPOCKOITHSI, KAOHHBIE aTOMBbI

1. Introduction

In last years studying the exotic hadronic atomic
systems such as kaonic and pionic atoms are of a
great interest for further development of atomic
and nuclear theories as well as new tools for sensing
the nuclear structure and fundamental kaon, pion-
nucleus strong interactions. Besides, studying these

systems is very important for further check of the
Standard model [1-16]. In the last few years tran-
sition energies in pionic [1] and kaonic atoms [2]
have been measured with an unprecedented pre-
cision. The spectroscopy of kaonic hydrogen al-
lows to study the strong interaction at low energies
by measuring the energy and natural width of the
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ground level with a precision of few meV [1-5]. Be-
sides, light kaonic atoms can additionally be used to
dexne new low-energy X-ray standards [1] and to
evaluate the kaon (pion) mass using high accuracy
X-ray spectroscopy. The collaborators of the E570
experiment [6,7] measured X-ray energy of a kaonic
helium atom, which is an atom consisting of a kaon
(a negatively charged heavy particle) and a helium
nucleus. Batty et al [4] had performed theoretical
and experimental studying the strong- interaction
effects in spectra of high Z kaonic atoms. These au-
thirs had applied the narve phenomenological opti-
cal model estimates. Now new exciting experiments
are been preparing in order to make sensing the
strong interaction effects in other hadronic atomic
systems. The studies of the low-energy kaon-nu-
clear strong interaction with strangeness have been
performed by measurements of the kaonic atom X-
rays with atomic numbers Z=1-92 [1]. It is known
that the shifts and widths due to the strong inter-
action can be systematically understood using phe-
nomenological optical potential models. Neverthe-
less, one could mention a large discrepancy between
the theories and experiments on the kaonic helium
2p state. A large repulsive shift (about -40 eV) has
been measured by three experimental groups in the
1970’s and 80°s, while a very small shift (< 1 eV) was
obtained by the optical models calculated from the
kaonic atom X-ray data with Z>2 [1-6]. This signif-
icant disagreement (a difference of over 5 standard
deviations) between the experimental results and
the theoretical calculations is known as the “ka-
onic helium puzzle”. A possible large shift has been
predicted using the model assuming the existence
of the deeply bound kaonic nuclear states. How-
ever, even using this model, the large shift of 40 eV
measured in the experiments cannot be explained.
A re-measurement of the shift of the kaonic helium
X-rays is one of the top priorities in the experimen-
tal research activities. In the theory of the kaonic
and pionic atoms there is an important task, con-
nected with a direct calculation of the X-ray transi-
tion energies within consistent relativistic quantum
mechanical atomic and nuclear theory methods.
The standard way is based on solution of the Klein-
Gordon equation, but there are many important
problems connected with accurate accounting for
as kaon-nuclear strong interaction effects as QED
radiative corrections (firstly, the vacuum polariza-
tion effect etc.) [1-5]. This topic has been a subject
of intensive theoretical and experimental interest
(see [12-22]). In the present paper an effective ab

initio approach to quantum Klein-Gordon equa-
tion calculation of X—ray spectra for multi-electron
kaonic atoms with an account of the nuclear, radia-
tive effects is proposed and the theoretical studying
the strong interaction shifts and widths from X-ray
spectroscopy of kaonic atoms is fulfilled. The lev-
el energies and energy shifts for these systems are
estimated and in whole an analysis of the received
data can be considered as a new tool for sensing the
nuclear structure and strong kaon -nucleus interac-
tion. The generalized optical potential model with
correct defining the proton and neutron densities in
a nucleus is used in direct definition of the strong
interaction shifts and widths. It is carried out a de-
tailed analysis of theoretical and experimental data
on the strong interaction widths and shifts.

2. New quantum Klein-Gordon equation
approach in the kaonic atoms theory

Let us describe the key moments of our new ap-
proach to quantum calculation of the spectra for
multi-electron kaonic (pionic) atoms with an ac-
count of nuclear and radiative effects (more details
applying to the multi-electron heavy atoms can be
found in refs. [16-23]). It is well known that the
relativistic dynamic of a spinless particle can be de-
scribed by the Klein-Gordon equation. The electro-
magnetic interaction between a negatively charged
spin-0 particle with a charge equal to g=—e and
the nucleus can be taken into account introducing
the nuclear potential A in the KG equation via the
minimal coupling p — p — gA . The wave functions
of the zeroth approximation for kaonic atoms are
found from the Klein-Gordon equation [5]:

m*c*¥(x) = {iz[ma, +eV, (] + VI I¥(x), (1)
C

where /4 is the Planck constant, ¢ the velocity of the
light and the scalar wavefunction ‘¥ (x) depends on
the space-time coordinate x = (ct,r). Here it is con-
sidered a case of a central Coulomb potential (V(r),
0). A usually, We consider here the stationary solu-
tion of Eq. (1). In this case, we can write:

Y (x) = exp(-iEt/ 7 )d(x) 2)
and Eq. (1) becomes:

{iz[E +eV, (N + 1’V —m*c’1o(x)=0  (3)
C

where E is the total energy of the system (sum of the
mass energy mc? and binding energy ). In prin-
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ciple, the central potential V, should include the
central Coulomb potential, the vacuum-polariza-
tion potential as well as the kaon-nucleus strong
interaction potential (optical model potential).
Earlier we have calculated some characteristics of
hydrogen-like and other multi-electron ions with
using the nuclear charge distribution in the form
of a uniformly charged sphere and Gaussian form
(c.f. [19-21]). The advantage of the Gaussian form
nuclear charge distribution is provided by using the
smooth function instead of the discontinuous one
as in the model of a uniformly charged sphere [22].
It is obvious that it simplifies the calculation proce-
dure and permits to perform a flexible simulation of
the real distribution of the charge in a nucleus. In
last years to define the nuclear potential it is usually
used the Fermi model for the charge distribution in
the nucleus p(r) (c.f.[21]):

c(r)y=c,/{l+exp[(r—c)/a)l]} 4

where the parameter a=0.523 fm, the parameter c
is chosen by such a way that it is true the follow-
ing condition for average-squared radius: <r>>!/2=
=(0.836-A!*+0.5700)fm. Further let us present the
formulas for the finite size nuclear potential and
its derivatives on the nuclear radius. If the point-
like nucleus has the central potential W( R), then a
transition to the finite size nuclear potential is real-
ized by exchanging W(r) by the potential [19]:

W(r|R)= W(r)(]drrzp(r|R)+

+Jdrr2W(r)p(r|R). 4)

We assume it as some zeroth approximation.
Further the derivatives of various characteristics on
R are calculated. They describe the interaction of
the nucleus with outer electron; this permits recal-
culation of results, when R varies within reasonable
limits. The Coulomb potential for the spherically

symmetric density p(r|R) is:
Vo (r| R)= - ((l/r)]‘dr'rvzp (r' ‘ R)+
0
+O]‘dr'r'p (r"R) (6)

It is determined by the following system of dif-
ferential equations [19]:

V' nucl (r,R) = (l/r2 )]-dr'rvzp (r' , R)E (l/r2 )y (r,R)
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y'(r,R)zrzp(r,R) 7

c'(ry=(c,/a)exp[(r—c)/a]{l+exp[(r—c)/ )]y’
with the boundary conditions:

Vot (0,R)=—4/(mr)

y(O,R)zO, (%)
c(0)=c,/{1+exp[—c/al}

The new important topic is connected with a
correct accounting the radiation QED corrections
and, first of all, the vacuum polarization correction.
Procedure for an account of the radiative QED cor-
rections in a theory of the multi-electron atoms is
given in detail in refs. [17-22]. Regarding the vacu-
um polarization effect let us note that this effect is
usually taken into account in the first PT order by
means of the Uehling potential:

U(r)= —32% jdt exp(—2rt/aZ )x
1

x(1+1/27° )7“’12_15—2—0‘c(g), ©)

3nr

where g :LZ' In our calculation we usually use
o

more exact approach. The Uehling potential, de-
termined as a quadrature (9), may be approximated
with high precision by a simple analytical function.
The use of new approximation of the Uehling po-
tential [21] permits one to decrease the calculation
errors for this term down to 0.5 — 1%. Besides, us-
ing such a simple analytical function form for ap-
proximating the Uehling potential allows its easy
inclusion into the general system of differential
equations.

As it is well known, the nuclear absorption is
defined by the strength of the strong interaction
and overlapping the kaonic atomic wave function
with the nuclear ones. The widespread approach to
treating the strong interaction between the nucleus
and orbiting kaon is in using the phenomenological
optical potential of the following form [1,5,10]:

VN :_E[I'F%][Al@pp(r)"'AKnpn(r)] ’ (10)
H M,

where p is the kaon-nucleus reduced mass, M, and
M, are the kaon and nucleon masses, p,(r),p,(r)
are the proton and neutron densities in the nucleus
and 4,,,A4,,are the corresponding complex effec-
tive Kp and Kn scattering lengths. It si well known
the Batty simplifying assumption of the following
kind [4]:



O. Yu. Khetselius, D. E. Sukharev, Yu. V. Dubrovskaya

2n M
v, =——[1+—X][ap(r)],
I [ M, lap(r)]
where a is the effective averaged K-nucleon scat-
tering length. Batty et al had analyzed the previous
kaon data and found the acceptable value for the a
length is as follows [4]:

a=[(0.34+0.03)+i(0.84+0.03)] (fm).

The presented value of the length a has been in-
deed chosen to describe the low and middle Z nuclei
[4]. The disadvantage of the usually used approach
is connected with approximate definition of the
proton and neutron densities and using the effec-
tive averaged K-nucleon scattering length. More
correct approach is in the the relativistic mean-field
(RMF) model for the ground-state calculation of
the nucleus. Though we have no guaranty that these
wave-functions yield a close approximation to na-
ture, the success of the RMF approach supports
our choice [24]. These wave functions do not suffer
from known deficiencies of other approaches, e.g.,
the wrong asymptotics of wave functions obtained
in a harmonic oscillator potential. The RMF model
has been designed as a renormalizable meson-field
theory for nuclear matter and finite nuclei [24]. The
realization of nonlinear self-interactions of the sca-
lar meson led to a quantitative description of nuclear
ground states. As a self-consistent mean-field model
(for a comprehensive review see ref. [22-24]), its an-
satz is a Lagrangian or Hamiltonian that incorpo-
rates the effective, in-medium nucleon-nucleon in-
teraction. Recently [22] the self-consistent models
have undergone a reinterpretation, which explains
their quantitative success in view of the facts that
nucleons are composite objects and that the mesons
employed in RMF have only a loose correspondence
to the physical meson spectrum. They are seen as
covariant Kohn-Sham schemes and as approxima-
tions to the true functional of the nuclear ground
state. As a Kohn-Sham scheme, the RMF model

can incorporate certain ground-state correlations
and yields a ground-state description beyond the
literal mean-field picture. RMF models are effec-
tive field theories for nuclei below an energy scale of
1GeV, separating the long- and intermediate-range
nuclear physics from short-distance physics, involv-
ing, i.e., short-range correlations, nucleon form
factors, vacuum polarization etc, which is absorbed
into the various terms and coupling constants. As it
is indicated in refs.[24] the strong attractive scalar
(S: -400 MeV) and repulsive vector (V: +350 MeV)
fields provide both the binding mechanism (S + V:
-50 MeV) and the strong spin-orbit force (S — V: -
750 MeV) of both right sign and magnitude. In our
calculation we have used so called NL3-NLC (see
details in refs. [24]), which is among the most suc-
cessful parameterizations available.

3. Results and conclusions

In ref. [5] we have presented some calculations
for a selection of kaonic atom transitions. Such
calculations are obtained solving numerically the
Klein-Gordon equation using the effective Dirac
Superatom code developed by Ivanov et al [16-21]
that has been modified to include spin-0 particles
case, even in the presence of electrons [1]. The kaon
mass was assumed to be 493.677+0.013MeV [11].
In table 1 we present the calculated electromagnetic
(EM) X-ray energies of kaonic atoms for transitions
between circular levels. The transitions are identi-
fied by the initial (n ) and final (n, ) quantum num-
bers. The calculated values of transition energies are
compared with available measured (E_) and other
calculated (E)) values [1-7]. In a case of the close
agreement between theoretical and experimental
data, the corresponding levels are less sensitive to
strong nuclear interaction. In the opposite case one
could point to a strong-interaction effect in the ex-
ception cited above.

Table 1
Calculated (E, ) and measured (E ) kaonic atoms X-ray energies (in keV)
Nucl. Transition E_,our theor E, [4] E, [6] E_[7] E
W 8-7 346.572 346.54 - - 346.624(25)
w 7-6 535.136 535.24 - - 534.886(92)
Pb 8-7 426.174 426.15 - - 426.221(57)
U 8-7 538.528 538.72 538.013 537.44 538.315(100)

In table 2 we present the calculated ( C) and mea-
sured (M) strong interaction shifts AE and widths G
(in keV) for the kaonic atoms X-ray transitions. The

subscripts M and C stands for measured and cal-
culated values correspondingly. The width G is the
strong width of the lower level which was obtained by
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subtracting the electromagnetic widths of the upper
and lower level from the measured value. The shift
AE is defined as difference between the measured
E,, and calculated E_, (electromagnetic) values of
transition energies; the calculated value is obtained
by direct solving the equation (1) with kaon-nuclear

potential. Besides, the measured values by Miller et
al and Cheng et al (from refs. [1,4] are listed in table 2
too. It should be noted that Cheng et al did not make
any energy calibration above the 511 e* annihilation
and Batty et al [4] indicated that the corresponding
difference between the energy values is not serious.

Table 2

Calculated ( C) and measured ( M) strong interaction shifts AE and widths G for the kaonic atoms X-ray transitions:
a- the shift was estimated with Miller et al measured energy (see [1]); b — the shift was estimated with Cheng et al
measured energy (see [1]); ¢ — the shift by Batty et al [4]; d — this work;

Nucl AE_ (d) G.(d) AE_ (¢) G.(¢) AE,, G,

W, 8-7 0.038 0.072 -0.003 0.065 0.079¢ 0.070 (15)
0.052¢

W, 7-6 -0.294 3.85 -0.967 4.187 -0.353¢ 3.72 (35)
—0.250¢

Pb, 8-7 0.035 0.281 -0.023 0.271 0.072¢ 0.284 (14)
0.047¢ 0.370 (150)®

U, 8-7 -0.205 2.620 -0.189 2.531 0.120? 2.67(10)
0.032° 1.50 (75)°
—0.40¢
—0.213¢

From the other side, more correct definition of
proton and neutron densities is of a great impor-
tance for physically reasonable agreement between
the measured and calculated (this work) shifts and
widths. In whole we can conclude that the mea-
sured strong interaction parameters are reasonably
well reproduced by present theory. To understand
further information on the low-energy kaon-nucle-
ar interaction, new experiments to determine the
shift and width of kaonic atoms are now in prepara-
tion in J-Parc and in LNE respectively (look, for
example, refs. [1,8]).
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