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Abstract

Kaonic atoms spectroscopy provides important observables for low-energy strong interactions in strange
systems studies. In this paper, an overview of the SIDDHARTA-2 activities in kaonic atoms field is
presented.

Particular attention is given to the development of the new cadmium-zinc-telluride detection systems to
measure intermediate-mass kaonic atoms. The characteristics of the detector, the results of the two first
test measurements in DAPNE, and some of the physics goals are presented.

1 Introduction

The study of kaonic atoms is crucial to investigate the low-energy regime of the strong interactions
with strangeness 1, 2, 3), Kaonic atoms are systems in which a low energy kaon is trapped by the
electromagnetic field of an atoms’s nucleus. The kaon, after replacing one of the electrons in the outermost
cell, is bounded to the nucleus and forms a kaonic atom. The kaonic atom is created in an highly excited
state, and the kaon starts a cascade de-excitation process that, in its last part, is radiative. In the last
levels, the kaon and the nucleus are close enough to experience strong interactions together with the
electromagnetic one. A schematic image representing these three processes is reported in Figure 1.

The presence of the additional strong interaction, from a spectroscopic point of view, reflects in a shift
€ on the energy of the level calculated with Quantum-ElectroDynamics (QED) only, and in a widening
T" of the level, caused by the limited lifetime of the level before the kaon is absorbed by the nucleus 4),
These observables are linked to the scattering lengths, that at vanishing relative energy is direcly related
to the cross section, relevant for the theories studying the strong interactions at low energy.

The SIDDHARTA-2 collaboration performs high precision kaonic atoms studies. After the important
measure of the shift and the width of kaonic hydrogen, done by the SIDDHARTA experiment at DAPNE
5), the main goal of SIDDHARTA-2 is to measure the shift and width of the kaonic deuterium. Thanks
to these two measurements together, it will be possible to extract the isospin-dependent antikaon-nucleon
scattering lenghts.

The kaonic atoms data are also important to improve and test new models on the kaon-nucleon (K-N)
and kaon-multinucleon (K-multiN) interactions at threshold. Indeed, they provide unique observables at
(even below) threshold for the strong interaction, and these observables are direct input to the theory. For
this reason, the collaboration is aiming to measure kaonic atoms’ shift and width for different mass ranges.
Focusing on the light and intermediate mass range, the existing dataset of kaonic atoms mecasurement
12) reports the results of experiments done in the '70s-’80s, often incompatible between each other.
The SIDDHARTA-2 collaboration is also planning to measure intermediate mass kaonic atoms, exploiting
a new cadmium-zinc-telluride (CZT, CdZnTe) detector. In test measurements, this promising semicon-
ductor showed good feature in terms of resolution and efficiency in a wide energy range (from keV to
MeV), and, differently from other X-ray detectors, it works at room temperature, making it ideal to
build reliable and compact setups 6, 7, 8) It is the first application of such a technology in a collider
experiment, and important tests about the feasibility of a kaonic atoms experiments in a collider paved

the way for a new generation of CZT detectors with applications on collider experiments and on particle
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Figure 1: Schematic representation of the kaonic atom’s processes: Formation, Cascade and Strong
Interaction. The kaon is represented in yellow, the nucleus in red, the electrons in green, the X-rays
coming from the cascade process in orange, and the strong interaction in the last level in purple.

and nuclear physics. In section 2, the detection system and the first outcomes of the tests in DAPNE are

summarized.

2 The Cadmium-Zinc-Telluride Detector

CZT is a promising material in the field of radiation detectors for X-ray spectroscopy. This compound
semiconductor, a ternary compound of cadmium, zinc and tellurium, attracted increasing interest as
X-ray and ~-ray detector in the last decades, because of the good performance in terms of resolution,
linearity and fast response at room temperature. This unique features are appealing for the possibility
to produce incredibly versatile, reliable and compact detectors for the X-ray and vy-ray, without the need
of a cooling system.

Following important applications in various research fields, the SIDDHARTA-2 collaboration built a new
CZT detector system foreseeing one of the first application of this semiconductor in a collider 9, 10, 11)
The system, in its last configuration, is composed of two modules of eight 13 mm x 15 mm X 5 mm quasi-
hemispherical CZT detectors provided by REDLEN in a thin aluminum box. The detectors present a
custom electronics developed within the collaboration to increase the performances: a 3D-printed detector

holder with electrical connection to cathode and anode electrodes, Charge Sensitive Preamplifiers (CSPs)
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and a Digital Pulse Processing (DPP) system, described accurately in 8, 10) | A view of a module of the
detector is reported in Figure 2.

Figure 2: Photo of the aluminum boz containing the four CZT detectors installed near the DAPNE
collider’s beam pipe, during a test measurement.

The collaboration performed two important tests of the detector. These tests represent the first spectro-
scopic measurements using a CZT detector in a collider environment. The resolution, the linearity and
the fast response of the detector were tested, obtaining good results despite the high background of the
DA®NE collider. In Figure 3, a spectrum collected with an Americium (241Am) source and beam on in
the first test in DA®NE  10) with the CZT detector is reported. Two peaks of the 241Am source were
visible, together with escape peaks. The resolutions resulted to be 6% at 60 keV and of 2.2% at 511
keV. The test confirmed that a CZT detectors can be used in colliders despite the high background. The

results on linearity and fast timing are reported in 9),

3 The Physics Case: Intermediate-mass Kaonic Atoms

The CZT detector will be used to perform intermediate-mass kaonic atoms measurements at the DAPNE
collider or elsewhere.

In particular, some kaonic atoms present interesting physics cases and new measurements are requested
by the theoretical community:

e Kaonic Oxygen and Kaonic Carbon. These two kaonic atoms deserve a particular attention.

Indeed, these two measurements exhibit a large uncertainty comparing to the others following the

12)

table in . This causes problems in the phenomenological models because they are the boundary

elements between light and heavy ones, and more precise results have important implications, for

example, on the description of the nuclear density distribution 13),
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Figure 3: Spectrum collected with the CZT detector and the DA®PNE beam on during the test described

in 10). The annihilation peak at 511 keV and the two peaks coming from the lead shielding scintillation
are visible together with the Americium source spectrum. In the box a zoom on the source’s peaks around
26 keV and 60 keV is reported.

e Kaonic Aluminum, Kaonic Sulfur, Kaonic Copper. These atoms exhibit two (three in the
case of sulfur) incompatible measurements, that reflect in huge uncertainties in the models on
K-multiN interactions in that range 14) A new, precise, measurement, would finally solve this
problem.

e Kaonic Lead. The kaonic lead, beside the important role in the low-energy strong interactions
with strangeness, has also applications in the kaon mass calculation. The kaon mass is one of the
open problem in particle physics 15) A new HPGe detector was arranged by the SIDDHARTA-2
collaboration with the aim of mefmg;lring kaonic lead transitions and the kaon mass. The experiment

is already providing first results , and parallel kaonic lead measurement with CZT detector would

help to confirm these results and extend the range of the transitions measured by the collaboration.

In Table 1, a list of kaonic atoms transitions, calculated with relativistic effects based on the calculations

in 17), which can be measured by CZT, is reported.

4 Conclusions

New measurements of kaonic atoms are needed by the theoretical community working in the studies
of strong interaction at low energies. The SIDDHARTA-2 collaboration, beside the groundbreaking
measurement of the kaonic deuterium, which is the main goal of the experiment, is also planning new
kaonic atoms measurement from the whole periodic table. To measure intermediate mass kaonic atoms,
the collaboration developed an innovative CZT detector system, tested successfully for the first time in
the DA®NE collider.
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Table 1: Table reporting kaonic atoms reference energies in keV.

Kaonic Aluminum

Transition | Non - relativistic Transition Energy | Relativistic Effects | Transition Energy | Measured Shift
3-2 302.293 1.407 303.700 Never Measured
4-3 105.803 0.767 106.570 - 0.130 £ 0.050

- 0.076 £+ 0.014
5-4 48.9715 0.2585 49.230 //
6-5 26.6018 0.1052 26.707 //
Kaonic Sulfur
Transition | Non - relativistic Transition Energy | Relativistic Effects | Transition Energy | Measured Shift
4-3 160.753 1.322 162.075 - 0.550 £ 0.06
-0.43 £0.12
- 0.462 £+ 0.054
5-3 235.158 1.775 236.933 Never Measured
5-4 74.4055 0.4525 74.858 //
6-5 40.4178 0.1872 40.605 //
Kaonic Copper
Transition | Non - relativistic Transition Energy | Relativistic Effects | Transition Energy | Measured Shift
5-4 246.411 2.274 248.685 - 0.240 £+ 0.022
- 0.377 £ 0.048
6-4 380.264 3.235 383.499 Never Measured
6-5 133.853 0.961 134.814 //
7-6 80.709 0.464 81.173 //
8-7 52.3833 0.2457 52.629 //
Kaonic Lead

Transition | Non - relativistic Transition Energy | Relativistic Effects | Transition Energy | Measured Shift
87 421.271 4.903 426.174 - 0.020 £+ 0.012
9-8 288.822 2.800 291.622 //

10-9 206.593 1.703 208.296 //
11-10 152.855 1.087 153.942 //
12-11 116.259 0.720 116.979 //
13-12 90.4769 0.4921 90.969 //
14-13 71.791 0.344 72.135 //
15-14 57.917 0.247 58.164 //
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