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Abstract. The E2 nuclear resonance effect in kaonic atoms occurs when the energy of atomic de-excitation
closely matches the energy of nuclear excitation, leading to the attenuation of some X-ray lines in the resonant
isotope target. This phenomenon provides crucial information on the strong interaction between kaons and
nuclei. The only nuclear E2 resonance effect observed so far was in the K’—?éMo isotope, measured by G. L.
Goldfrey, G- K. Lum, and C. E. Wiegand at Lawrence Berkeley Laboratory in 1975. However, the 25 hours of
data taking were not sufficient to yield conclusive results. In four kaonic Molybdenum isotopes (§;Mo, 35Mo,
S3Mo, and }3’Mo), the nuclear E2 resonance effect is expected to occur at the same transition with similar energy
values. To investigate this, the KAMEO (Kaonic Atoms Measuring Nuclear Resonance Effects Observables)
experiment plans to conduct research on kaonic Molybdenum isotopes at the DA®NE e*e~ collider during the
SIDDHARTA-2 experiment. The experimental strategy involves exposing four solid strip targets, each enriched
with one Molybdenum isotope, to negatively charged kaons and using a germanium detector to measure X-ray
transitions. In addition, a non-resonant ?éMo isotope solid strip target will be used as a reference for standard

non-resonant transitions.

1 Introduction

Kaonic atoms are formed when a negatively charged kaon
(K7) is captured by an atomic system due to the electro-
magnetic interaction with the nucleus, replacing an elec-
tron in an atomic shell. After capture, the K™ starts an elec-
tromagnetic cascade process, which ends with its nuclear
absorption. As the kaon approaches the nucleus and fills
the innermost levels of the kaonic atom, the strong kaon-
nucleus interaction alters the atomic structure by shifting
and broadening the levels which can be detected through
dedicated X-ray spectroscopy techniques [1-3].The inves-
tigation of kaonic atoms began in the 1970s [4-6] and
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continues to this day [7-13], providing a crucial tool for
understanding the strong kaon-nucleon interaction in the
low-energy regime. In 2023, the SIDDHARTA-2 ex-
periment will perform the first measurement of kaonic
deuterium at the DADNE e*e™ collider at the National
Laboratories of Frascati (LNF) in Italy [14]. Combined
with the kaonic hydrogen measurement performed by the
SIDDHARTA experiment in 2011 [10], this measurement
will enable the extraction of antikaon-nucleon scattering
lengths with isospin dependence. Whenever a nuclear ex-
citation energy is very close to an atomic de-excitation en-
ergy, a resonance occurs in the atomic system, known as
E2 nuclear resonance [15]. Several kaonic atoms are pre-
dicted to be resonant, including four isotopes of kaonic
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Molybdenum (33Mo, $5Mo, Mo, and [3°Mo) [16, 17].
These isotopes may provide insight into the properties
of deeply bound kaonic atomic levels, which are other-
wise difficult to access through K~ cascades due to nu-
clear absorption. By comparing the measurements of
these isotopes, information about the strong nuclear po-
tential can be obtained by investigating variations in the
resonance’s parameters with increasing neutron number
along the Molybdenum isotopes. The first measurement
of the E2 nuclear resonance effect in kaonic atoms was
performed by G. L. Goldfrey, G. K. Lum, and C. E. Wie-
gand in ZgMo at the Lawrence and Berkeley Laboratory
(LBL) in California, in 1975 [18, 19]. Unfortunately, only
25 hours of data were collected which was not sufficient
for a definitive result. The E2 nuclear resonance effect has
been measured in other exotic atoms such as pionic atoms
and anti-protonic atoms. In particular, the measurement
of the E2 nuclear resonance effect in even-A anti-protonic
Tellurium isotopes has been used to determine the proper-
ties of the neutron density in the nuclear periphery of Te
isotopes [20]. The same investigation can be performed
on kaonic molybdenum isotopes, revealing the properties
and parameters of the neutron density in the nuclear pe-
riphery. This may have an important role for the observa-
tion of the neutrinoless double beta decay of ?éMo which
could demonstrate that neutrinos are Majorana particles
[21]. The nuclear matrix elements for this decay are cal-
culated using models that depend on the relative distance
between the two neutrons involved in the decay. A more
precise estimation of the root mean square (rms) of the
neutron radius, obtainable through the study of the E2 res-
onance in K ‘—ngo, could provide further constraints to
define the relative distance among neutrons in the isotope.
Finally, this paper briefly presents the possibility and ad-
vantages of investigating kaonic Molybdenum isotopes at
the DA®NE collider with the KAMEO setup, running in
parallel with the SIDDHARTA-2 experiment.

2 The KAMEO proposal: the measurement
of the E2 nuclear resonance effects in
kaonic molybdenum isotopes

The E2 nuclear resonance effect occurs when the energy
required for a nuclear excitation closely matches the de-
excitation energy of an atomic transition, resulting in a
mixing of atomic states due to electrical quadrupole exci-
tations of nuclear rotational states. This mixing produces
a wave function ¢ that includes a small mixture of excited
nuclear and de-excited atomic wavefunctions, described
by the equation:

1 —lalPo(n, 1,07 + ag(n, [ - 2,27) (D
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where o = ) is the admixture coefficient
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The rate of nuclear absorption increases significantly in
kaonic atoms for each unit of decreasing in orbital angular

momentum, and the induced width is determined by the
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In this way, the E2 nuclear resonance can lead to a sig-
nificant attenuation of the involved kaonic X-ray line and
of any lower lines, in resonant kaonic atoms. In kaonic
Molybdenum isotopes 94, 96, 98, and 100, the E2 nuclear
resonance effect occurs by mixing (6h,0%*) and (4f2%)
states, described by the wave function:

¥ = V1-lalP@(6h,0) + ap(4f,2") 3)

where the admixture coefficient @ = iw.
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rameters and energies of the E2 nuclear resonance effects
in kaonic Mo isotopes are reported in Tab. 1. A schematic
representation of the E2 nuclear resonance effect in ZgMo
is presented in Fig. 1. The investigation of the E2 nu-
clear resonance effects in kaonic Mo isotopes represents a
unique and interesting opportunity to extract fundamental
information for a better understanding of the properties of
kaon-nucleon strong interaction. Moreover, the compar-
ison among the measured spectra of kaonic Mo isotopes
could allow the investigation of the distribution of the neu-
trons in the nuclear periphery [20].

The E2 nuclear resonance effect in kaonic atoms was
first measured in 1975 at Lawrence and Berkeley Lab-
oratory in California, using a negative kaon beam and
solid targets of 35Mo, with non-resonant j2Mo as refer-
ence [16, 18, 19]. Germanium detectors feeding a pulse
height analyzer were used to collect the spectra, and the
E2 nuclear resonance effect was observed as attenuation
of X-ray lines. However, the experiment only yielded
25 hours of data, which was not enough for a conclu-
sive result. Subsequently, no further investigations into
the E2 nuclear resonance effect in kaonic atoms were con-
ducted to today. The KAMEO experiment plans to mea-
sure the E2 nuclear resonance effects in kaonic Mo iso-
topes at the DA®NE e*e™ collider of the LNF, in Italy. The
DA®NE collider is a ¢ factory producing low energetic K~
(p=127 MeV/c), suitable for the investigation of kaonic
atoms [5, 14]. The KAMEOQO apparatus consists of several
solid target strips of enriched Mo isotopes (>99%): 33Mo,
25Mo, Mo, 15°Mo and 33Mo (used as the reference for
standard transition not affected by E2 nuclear resonance);
and a High Purity Germanium (HPGe) detector. The sur-
face of the solid target strips will be 4 cm x 8 cm. The
thickness will be estimated with a dedicated Monte Carlo
simulation to maximize the efficiency in kaonic Mo iso-
tope production and measurement of the X-ray transitions.
In 2023, the SIDDHARTA-2 experiment will perform the
first measurement of the 2p— 1s X-ray transition in kaonic
deuterium, using a cylindrical target placed above the In-
teraction Point (IP) of the DA®NE collider. The KAMEO
experiment is able to run in parallel with SIDDHARTA-
2, exploiting the horizontal plane, as shown in Figure 2.
The SIDDHARTA-2 luminometer[23], consisting of plas-
tic scintillators (80 mm X 40 mm X 2 mm each), read by
pairs of Photo Multiplier Tubes (PMTs) [24, 25], will be
used as trigger for the HPGe detector X-ray spectroscopy.
The luminometer is placed at a distance of 110 mm from
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Figure 1. Schematic views of the E2 nuclear resonance effect in kaonic Molybdenum 98. The resonance mixes (6h,0*) and (4f,2%)
states, attenuating the 6h—4f transition line and any lower lines with respect to a non-resonant Molybdenum isotope.

Table 1. Table with energies and parameters of the E2 resonant Molybdenum isotopes. [15]

Atom  Ep_p+[keV] Mixing(nl)  Eqp-eri-2[keV] Line E[keV] Atten.
Mo 871 6,5 @43 799 6—5 284 0.18
oMo 778 6,5 +@43) 799 6—-5 284 0.71
ZgMo 787 (6,5 ~4,3) 798 6—5 284 0.81
WMo 536 (6,5 +~4,3) 798 6—5 284 0.04
the Interaction Point (IP) of the DA®NE collider. The for antiprotonic Tellurium isotopes [20], with an expected

Mo target strips will be positioned 5 mm outside the lumi-
nometer. The p-type HPGe detector is designed by Baltic
Scientific Instruments to work under high-rate conditions
(to 150 kHz). It has a cylindrical active volume having
59.3 mm of height and 59.8 mm of base diameter. The
energy resolution of the HPGe detector, tested with '3*Ba
and ®°Co sources (activity < 1 pCi), are 0.87 keV at 81
keV, 1.06 keV at 302.9 keV. These parameters make the
HPGe detector ideal to perform the measurement of the
7i—6h and 6h—5g atomic transitions in kaonic Mo iso-
topes (having energies of ~170 keV and ~280 keV, re-
spectively) in the high-rate environment of the DA®NE
collider. The HPGe detector will be positioned 115 mm
far from the Mo target strips. The detection efficiency will
be estimated with a dedicated Monte Carlo simulation.

The KAMEO experimental proposal aims the mea-
surement of the mixing coefficient @ in the J3Mo, 35Mo,
25Mo, and }5°Mo resonant isotopes, caused by the E2 nu-
clear resonance effect, with a precision better than 10%.
The mixing coefficient is obtained from the attenuation of
the 6h—5g transition in the spectra of resonant Mo iso-
topes, compared to non-resonant 92Mo used as a refer-
ence. Additionally, KAMEO w111 prov1de the first mea-
surement of the shift (eg;,0+) and width (I'gp0+) of the 6h
atomic level in kaonic resonant Mo isotopes due to the E2
nuclear resonance effect, and the first extraction of the shift
(e47,2+) and width (I'4 ¢+ ) of the 4f atomic level in excited-
nucleus isotopes of kaonic Mo due to the kaon-nucleus
strong interaction. The 4f state could be a Coulomb-
assisted nuclear quasi-bound state of K~ meson [20]. To
extract the shifts and broadenings of atomic levels, the
X-ray transitions in kaonic Molybdenum E2-resonant iso-
topes are compared to purely electromagnetic values deter-
mined using QED. This procedure is similar to that used

precision of some keV. Finally, the high-precision mea-
surements performed by KAMEO enable the study of the
neutron density in the nuclear periphery of kaonic Mo iso-
topes, whose number of nucleons in the nucleus growth of
pairs of neutrons from the lightest resonant isotope. The
difference between neutron and proton rms radii can be de-
termined with a precision of 0.1 fm, and the neutron rms
radius can be precisely estimated (following a similar pro-
cedure used in [20]). The extraction of the neutron rms
radius in ?éMo would be crucial for research on the neu-
trinoless double beta decay of 33Mo, which violates lepton
number conservation. Observing this decay would demon-
strate that the neutrino is a Majorana particle [21].

3 Conclusion and outooks

The experimental investigation of the E2 nuclear reso-
nance effect in the resonant isotopes of kaonic Molybde-
num (94, 96, 98, and 100) presents a novel perspective into
the strangeness sector’s strong interaction at low energies.
KAMEO could perform the best measurement of the E2
nuclear resonance effects in kaonic Mo isotopes. More-
over, this measurement could enhance the understanding
of the neutron distribution in the nuclear periphery, pro-
viding also important information for the investigation of
the neutrinoless double beta decay in ?éMo. Finally, the
first measurement of shifts and widths of the 4f energy
level in kaonic Mo E2-resonant isotopes, which could be
a Coulomb-assisted nuclear quasi-bound state of K~ me-
son, could reveal fundamental details of the strong kaon-
nucleus interaction, providing parameters which allow up-
dates of the theoretical models. The KAMEO experiment
plans precise measurements of the E2 nuclear resonance
effects in kaonic molybdenum isotopes 94, 96, 98 and 100
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Figure 2. Schematic view of the KAMEO installed on the horizontal line close to the interaction point of the DA®NE collider, running

in parallel with the SIDDHARTA-2 experiment.

at LNF’s DA®NE collider. The measurement will be per-
formed simultaneously with the SIDDHARTA-2 experi-
ment and with an optimized experimental setup developed
through a dedicated Monte Carlo simulation.
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