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Kaonic atoms are an extremely efficient tool to investigate the strong interaction at the low energy Frontier, since they provide direct access to the K−N interaction at threshold, eliminating the necessity for extrapolation, unlike in the case of scattering experiments. During the 1970s and 1980s, extensive studies were performed on kaonic atoms spanning across a broad spectrum of elements in the periodic table, ranging from lithium to uranium. These measurements provided inputs and constraints for the theoretical description of the antikaon-nuclei interaction potential. Nevertheless, the existing data suffer from significant experimental uncertainties, and numerous measurements have been found to be inconsistent with more recent measurements that utilize advanced detector technology. Furthermore, there remain numerous transitions of kaonic atoms that have yet to be measured. For these reasons, a new era of kaonic atoms studies is mandatory. The DAΦNE electron-positron collider at the INFN Laboratory of Frascati (INFN-LNF) stands out as a unique source of low-energy kaons, having been utilized by Collaborations such as DEAR, SIDDHARTA, and AMADEUS for groundbreaking measurements of kaonic atoms and kaon-nuclei interactions. Presently, the SIDDHARTA-2 experiment is installed at DAΦNE, aiming to perform the first-ever measurement of the 2p → 1s x-ray transition in kaonic deuterium, a crucial step towards determining the isospin-dependent antikaon-nucleon scattering lengths. Based on the experience gained with the SIDDHARTA experiment, which performed the most precise measurement of the kaonic hydrogen 2p → 1s x-ray transition, the SIDDHARTA-2 setup is now fully equipped for the challenging kaonic deuterium measurement. In this paper, we present a comprehensive description of the SIDDHARTA-2 setup and of the first kaonic atoms measurements performed during the commissioning phase of the DAΦNE collider. We also outline a proposal for future measurements of kaonic atoms at DAΦNE beyond SIDDHARTA-2, which is intended to stimulate discussions within the broad scientific community performing research, directly or indirectly, related to this field.
Keywords: kaonic, atoms, exotic, kaon, strong, kaonic atoms, strong interaction, strangeness
1 INTRODUCTION
The measurements of the x-rays emitted by kaonic atoms allow to investigate the strong kaon-nuclei interaction at the low-energy Frontier ([1]). A kaonic atom is formed when a K− meson, stopped in a target material, is captured in an atomic system through its electromagnetic interaction with the nucleus. The captured K− meson replaces an electron in a highly excited atomic level, followed by an electromagnetic cascade process which can bring it to the innermost atomic level, where the strong interaction between the kaon and the atomic nucleus induces a shift and broadening of the ground state with respect to the purely electromagnetic values, which become detectable with advanced x-ray spectroscopy techniques. The measurements of the 2p → 1s transitions in Kaonic Hydrogen (KH) and Kaonic Deuterium (KD) allow to extract the energy shift and width of the 1s levels resulting from the strong kaon-nucleon interaction. From their values, one can extract the antikaon-nucleon isospin-dependent scattering lengths ([2–4]).
The DAΦNE electron-positron collider, located at the INFN National Laboratory of Frascati (LNF-INFN), Italy, represents a unique facility, suitable to investigate the strong interaction in the strangeness sector at low energies ([5]). This facility produces low-momentum (∼127 MeV/c) and nearly monochromatic kaons, through the decay of the ϕ-resonance, which is formed in electron-positron annihilation. This excellent quality kaon source, combined with remarkable advancements in fast spectroscopic x-ray detector systems, has propelled unprecedented progresses in the field of strangeness studies. A crucial pioneering role was played by the DEAR ([6]) and the SIDDHARTA ([7–9]) experiments. These experiments achieved the most precise measurement of kaonic hydrogen transitions to the ground level, the first measurement of kaonic helium-3 (K−-3He) transitions to the 2p level, and the measurements of the kaonic helium-4 (K−-4He) transitions to the 2p level ([7–9]) in gas. Currently, the SIDDHARTA-2 experiment is set up to perform the challenging measurement of KD transitions to the ground level, not yet detected, since their yields are expected to be about ten times lower and their widths at least two times larger than the KH ones ([1, 10]). During the commissioning phase of the DAΦNE collider, the SIDDHARTA-2 Collaboration carried out several measurements of kaonic atoms with a higher yield than deuterium, to optimize and test the performance of the experimental apparatus. Among them, we performed the most precise measurement of the transitions towards the 2p level in gaseous K−-4He ([11, 12]), and the precision spectroscopic measurement of high-n transitions in kaonic carbon (KC), oxygen (KO), aluminium (KAl) and nitrogen (KN) ([13]).
These measurements enrich the kaonic atoms database with new accurate data. Several measurements of kaonic atoms date back to the 70s and 80s ([14–25]) and are affected by significant experimental uncertainties, or are inconsistent with more recent measurements ([26]). Moreover, many more kaonic atoms transitions are not yet measured ([26, 27]). Beyond SIDDHARTA-2, systematic measurements of kaonic atoms transitions can provide important inputs for theoretical models describing the strong interaction at low energies. In the specific, they are fundamental to address kaon-nuclei potential and chiral models around the K−-N threshold, and the nature of the still ambiguous Λ(1405) structure ([28–36]). The Λ(1405) is a K−-N system ([37, 38]) currently interpreted as a dynamically generated molecular state with two poles coupling to the K−-N and the Σπ channels. It is the only accepted molecular state ([39]) of the hadron spectrum, and confirmed as 4 “stars” resonances by Particle Data Group since 2021 ([40]). The kaonic atoms measurements provide precise data about K−-N strong interaction at threshold energy, which represents a crucial input for different theoretical approaches below threshold, thus allowing to pin down the characteristics of this exotic state.Further experimental investigations may also have impacts in many fields, from nuclear interaction ([28–30]) to neutron stars ([31–36, 41–43]): The core of the neutron stars would be populated with particles with strangeness. This hypothesis is being cross-checked with the data extracted by recent astrophysical measurements, including the observation of gravitational waves, that constrain mass and dimensions of the neutron stars ([44–46]). Recent studies on kaon condensation revealed that both hyperons and/or delta baryons could play a catalytic role in the formation of this highly dense state of matter ([47–51]). A more accurate comprehension of the mechanisms ruling the interaction between hadrons containing the strange quark, and its extrapolation in dense baryonic environments, is fundamental for the construction of a model describing the interior of the neutron stars which agrees with astrophysical observations ([44–46]). During the KD run, the SIDDHARTA-2 Collaboration plans to develop and test various x-ray detection systems, to put forward a scientific program for kaonic atoms measurements, going from the very light (Li) nuclei to the heaviest ones (U).
The SIDDHARTA-2 apparatus and plans are described in Section 2. The recently obtained results running SIDDHARTA-2 during the DAΦNE commissioning phase are also included. In Section 3 future plans beyond SIDDHARTA-2, i.e., the EXKALIBUR project, are briefly introduced. Conclusions and future perspectives are presented in Section 4.
2 THE SIDDHARTA-2 EXPERIMENT
The main goal of the SIDDHARTA-2 experiment is to measure the 2p → 1s atomic transition in KD ([52]) and to extract the energy shift and width of the 1s atomic level, generated by the strong K−-N interaction. Below 1 GeV, the strong interaction cannot be described using Quantum Chromodynamics (QCD) in a perturbative approach. For that reason, various phenomenological models have been developed. In [53] a comparative analysis of the most advanced theoretical models is presented. Most of these models exploit dimensional regularization to manage the ultraviolet divergences, as the Bonn ([54, 55]), Murcia ([56]), and Kyoto-Munich ([57]) models. Other models use off-shell form factors, as the Prague model ([53, 58–60]). All these models contain free parameters, which are adjusted to the low-energy experimental data for K−p, obtained by the SIDDHARTA experiment ([7]). Recent effective field theory models ([61]) predict a very large width for the kaonic deuterium fundamental level. Substantial disagreements persist in the K−n scattering length predictions, with models exhibiting significant differences in both the real and imaginary parts. See also relative Refs. [1, 53]. The only way to address this issue is through the measurement of kaonic deuterium, the primary goal of the SIDDHARTA-2 experiment.
2.1 The SIDDHARTA-2 apparatus
The SIDDHARTA-2 apparatus is presently installed in the Interaction Region (IR) of the DAΦNE e+e− collider at LNF-INFN. DAΦNE is a ϕ-factory, where electron and positron beams collide with momenta of 510 MeV/c, thus producing ϕ-mesons that decay into low-energy back-to-back K+K− pairs with a branching ratio of 49.1% ± 0.5%. The K−s are produced by DAΦNE with a momentum of 127 MeV/c and a low energy spread of Δp/p ≃ 0.1%, making DAΦNE an ideal low-energy kaon source for kaonic atom measurements. The experimental target of SIDDHARTA-2 is a cylindrical cell with 144 mm diameter and 125 mm height. It has walls made of 150 μm thick Kapton layers on aluminum support and is filled with the target gas in which kaonic atoms are formed. The cylindrical target is surrounded by 384 large-area monolithic Silicon Drift Detectors (SDDs), specially developed for kaonic atoms x-ray spectroscopy, providing a high energy efficiency ([image: image] 98%) for x-ray energies between 5 keV and 12 keV (see Figure 1).
[image: Figure 1]FIGURE 1 | Left: Picture of the SIDDHARTA-2 cylindric target cell. Right: SDD detectors arrays. Reproduced from [62].
Each SDD has an active area of 0.64 cm2 and is 450 μm thick. The detectors are organized in arrays of eight SDDs, placed in two rows of four cells each (2 × 4 matrix), as shown in Figure 2. The silicon wafers are glued on an alumina carrier, and fixed to an aluminium support. The polarization of the SDD cells is provided through an external voltage. When an x-ray is absorbed within the silicon bulk, the central anode collects the generated charges. Each detector unit is closely bonded to a C-MOS charge-sensitive amplifier ([63]). The signals are then processed using a dedicated ASIC chip called SFERA ([64, 65]). The resolution of the SIDDHARTA-2 SDDs is [image: image] eV at 6.4 keV, with a linearity below 2–3 eV, measured in the commissioning phase at DAΦNE ([66, 67]). The target and the SDDs are placed inside a vacuum chamber, evacuated below 10–5 mbar, and the target cell is cooled down to about 25 K by a closed-cycle helium refrigerator. The SDD calibration is performed in situ with two x-ray tubes which excite titanium and copper foils placed close to the detectors. Plastic scintillators, read by pairs of silicon photo-multipliers (SiPMs), are placed inside the vacuum chamber, displaced radially outside the cylindrical gas target, for external background identification (Veto-2 system) [68]. Twelve plastic scintillators, read by pairs of photo-multiplier tubes (PMTs), are placed radially around the target (Veto-1 system), outside the vacuum chamber. The VETO systems are used to suppress the background produced by the interactions of the kaons with the setup materials, decays and nuclear absorption (synchronous background), and by the electromagnetic showers due to the particles lost by the beams and crossing the setup (asynchronous background) [69].
[image: Figure 2]FIGURE 2 | Top left: Picture of the SDD array; Top right: Schematic view of the SDD array; Bottom: The ceramic support on which the SDD cells are mounted. Reproduced from [62].
A lead shielding is placed around the vacuum chamber, downstream and upstream of the setup, to reduce the background from electrons and positrons lost from the accelerator. Additionally, two lead walls are installed along the beamline in both directions, externally to the setup, to protect the apparatus from particles (primarily minimum ionizing particles MIPs), lost from the beams due to the Touschek effect and beam-beam interactions. A Mylar degrader is placed between the target and the Interaction Point (IP) of the DAΦNE accelerator to optimize the kaon stopping power, decreasing the K− momentum and centering the Bragg peak inside the target, as estimated with the MC simulations and confirmed by the measurements of the kaonic atoms x-ray rates as function of the degrader thickness ([11]). The experimental setup includes a Kaon Trigger (KT) which consists of a pair of plastic scintillators read out by photo-multipliers positioned above and below the IR. Its purpose is to identify K− emitted back-to-back from the decay of the ϕ-meson in the IR, directed towards the target cell in the vertical direction, employing the Time of Flight (ToF) technique. This system allows for a drastic reduction of the background by 105 thanks to the identification of the signal events, when a charged kaon enters the target cell ([62]). The SIDDHARTA-2 luminometer, based on the J-PET technology ([70–72]), is placed near the IR and consists of a pair of plastic scintillators read out by photomultipliers, positioned in the longitudinal plane. The luminometer measures the rate of kaons in the horizontal direction ([69]). The entire geometry was optimized using a GEANT4 simulation ([73]). A schematic diagram of the SIDDHARTA-2 setup is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic view of the SIDDHARTA-2 apparatus installed at the DAΦNE Interaction Point (reproduced from [62]).
2.2 Light kaonic atoms measured by SIDDHARTA-2
During the commissioning phase of the DAΦNE collider, in 2021, a reduced version of the SIDDHARTA-2 setup was installed at the IP of the collider, that we call the SIDDHARTINO setup. The goal was to optimize the experimental apparatus through the measurement of kaonic helium transitions to the 2p level, in a 4He gaseous target. These transitions have a significantly higher yield compared to the KD transition to the 1s level, and are therefore ideal for the optimization of the setup. The SIDDHARTINO apparatus was very similar to the SIDDHARTA-2 one. The most relevant difference was that it was equipped with 64 SDDs only, instead of the 384 actually used in SIDDHARTA-2. In June 2021, 26 pb−1 of data were collected in about 20 days, which allowed to obtain the most precise measurement of the shift and width of the 2p atomic level in gaseous K−-4He [11]. Of these 26 pb−1 of data, 16.5 pb−1 were collected with 1.5% Liquid Helium Density (LHeD) and 9.5 pb−1 were collected with 0.73% LHeD. The transitions yields for various densities in gaseous K−-4He were also measured [12]. In Figure 4, the spectrum collected by SIDDHARTINO of the x-ray transitions to the 2p level in K−-4He is shown. The strong interaction induced shift and width extracted by the fit for K−-4He are:
[image: image]
[image: image]
A detailed description of the SIDDHARTINO experiment and its results is provided in [11, 12]. The full SIDDHARTA-2 setup was installed in DAΦNE in autumn 2021, and the experiment took data with kaonic helium and other light kaonic atoms (See Figure 5) in 2022 ([62, 74]). The results of the measurements are reported in [13]. These first kaonic atoms data provided by SIDDHARTA-2 have already stimulated further theoretical activity in this area, leading to a better comprehension of strong interactions involving strangeness and the role of multi-nucleon absorption processes ([26, 28]).
[image: Figure 4]FIGURE 4 | Spectrum collected by the SIDDHARTINO experiment measuring K−-4He transitions to the 2p energy level (reproduced from [12]). The data selection, based on the kaon trigger and the VETO systems was applied to suppress the synchronous and asynchronous backgrounds. The red line represents the global fit of the spectrum. Kaonic helium Lα, Lβ and Lγ x-ray transitions are shown. The KN, KC, KAl and KTi lines are produced by kaons stopped in kapton walls of the target and in other elements of the setup (more details are reported in the text).
[image: Figure 5]FIGURE 5 | Spectrum of SIDDHARTA-2 and SIDDHARTINO summed data, after background suppression performed with kaon trigger and VETO systems. The line in red is the fit of the energy spectrum. The Lα, Lβ and Lγ peaks are visible in the spectrum (black lines). KN, KC, KO, KAl, peaks (pink, blue, brown and green lines, respectively) are produced by the kaons stopped in the Kapton (C22H10O5N2) walls of the target cell and in other parts of the setup (reproduced from [13]).
2.3 Next step: The kaonic deuterium measurement
In May 2023, the SIDDHARTA-2 experiment started the measurement of the 2p → 1s transition in KD. This measurement, the first ever performed, is challenging due the very small KD x-ray yield, the even larger 1s widths of the K-lines than in KH [1] and the high-radiation environment of the DAΦNE accelerator. More than 10 years ago, SIDDHARTA made an exploratory measurement with a deuterium target ([75]). The limited statistics and the high background made the measurement of the strong interaction shift and width of the 1s level, needed for the first experimental determination of the isospin-dependent antikaon–nucleon scattering lengths, impossible. However, the data allowed to set an upper limit for the KD-lines x-ray yields: the total yield was less than 0.0143 and the Kα yield was less than 0.0039 ([76]). A Monte Carlo (MC) simulation, developed including the SIDDHARTA-2 experimental parameters and the DAΦNE background conditions, predicted the spectrum obtainable by the SIDDHARTA-2 experiment, for 800 pb−1 of data with a deuterium target (see Figure 6). The assumed values of the 1s shift and width for KD were −800 eV and 750 eV, respectively. The yields ratios Kα: Kβ: Ktotal were the same as for KH, with [image: image] = 10–3 per stopped kaons in gas target. Based on these MC, the shift and width of the 1s KD atomic level can be determined with precision of about 30 eV and 80 eV, respectively. The SIDDHARTA-2 data taking will go on until the end of 2024.
[image: Figure 6]FIGURE 6 | Monte Carlo simulation of the SIDDHARTA-2 kaonic deuterium spectrum for an integrated luminosity of 800 pb−1. The values of the 1s shift and width for KD were −800 eV and 750 eV, respectively. The yields ratio Kα: Kβ: Ktotal have been assumed the same for KH, with [image: image] = 10–3 (reproduced from [75]).
3 BEYOND SIDDHARTA-2: EXKALIBUR, A PROPOSAL FOR FUTURE KAONIC ATOMS MEASUREMENTS AT DAΦNE
Kaonic atoms are a fundamental source of information for a better understanding of the strong interaction at low energies. The measurements performed so far, while significant and essential, represent only a small fraction of the vast amount of measurable kaonic atoms. Intermediate and high-Z kaonic atoms provide important insights about the in-medium kaon potential and multi-nucleonic absorption ([77]), where the chirally motivated models fail in the kaonic atoms description. The measurement of kaonic atoms, from the lightest to the heaviest ones, requires different technologies. The characteristics of the targets and the use of detectors, due to the various energy ranges of the transitions to be measured, has led to the design of a series of apparata. The Collaboration is preparing new experimental kaonic atoms measurements, with impact in various fields of physics: from providing a new precise measurement of the K−-mass to the investigation of nuclear resonance effects, to kaon multi-nucleon interactions and to the structure of the Λ(1405). The following subsections briefly discuss the EXKALIBUR proposal (EXtensive Kaonic Atoms research: from LIthium and Beryllium to URanium), i.e., various measurements of kaonic atoms proposed by the Collaboration, and their related apparata.
3.1 Light kaonic atoms measurements with 1 mm SDD detectors
The first measurements of the K−-3He and K−-4He (2p → 1s) transitions, in the energy range of 30 keV, could provide stronger constraints on theoretical models describing the kaon-nucleon interaction in systems with more than two nucleons ([41]). The yields of such transitions are extremely low, but the optimal performances provided by the SIDDHARTA-2 experiment and by the DAΦNE collider, could be the key to perform such measurements. Information on the Λ(1405) can be obtained from the upper-level transitions of different isotopes of KLi, KBe, and KB ([28]). The Collaboration plans to perform high precision measurements of K−-3He and K−-4He (2p → 1s) transition, and several light elements, like 6,7Li, 9Be, 9B. For these isotopes, the transitions to be measured, laying in the 10–40 keV range, are: 4 → 3 and 3 → 2 for K−−6,7Li, and 5 → 4, 4 → 3 and 3 → 2 for K−−9Be and K−−9B. These measurements are planned to be performed with new 1 mm thick SDDs recently developed by POLIMI in collaboration with the Bruno Kessler Foundation (FBK) and currently being tested at POLIMI, in Milan. Such detectors provide large efficiencies in the 10–40 keV range and resolutions of 150–200 eV (FWHM), which are ideal parameters for high precision measurements. These measurements can be performed with a SIDDHARTA-2-like apparatus, where for KLi, KBe and KB a system of three solid targets will be used (see Figure 7). The energy measurements of light kaonic atoms transitions for Li, Be and B can reach a precision below 2–3 eV for an integrated luminosity of about 150 pb−1. These measurements are estimated to be performed in 2–3 months, including the installations of 1 mm SDDs and of the targets, brief tests and an initial phase of debugging, followed by the data taking campaign.
[image: Figure 7]FIGURE 7 | Schematic view of the SIDDHARTA-2 apparatus with Li, Be and B targets.
3.2 Intermediate kaonic atoms measurements with cadmium-zinc-telluride detectors
In the ‘70s and ’80s, pioneering measurements of kaonic atoms were performed ([1]), which have been used to determine parameters of the kaon-nuclei interaction, ([27]). The most recent results on light kaonic atoms ([7–9, 78, 79]) proved that part of these old measurements are questionable. For example, recent theoretical models developed to describe the kaon-nuclei interaction and based on the data collected so far, could not fit the data, in particular when trying to accommodate transitions from kaonic sulfur ([80]). Beyond improving the quality of the kaonic atom database, measurements of several transitions in the same element are also strategic to tune the QED cascade models used to determine the purely electromagnetic energies of the kaonic atoms levels. These models are, in fact, refined and optimized using high precision kaonic atoms data ([81–83]). The Collaboration plans to measure atomic transitions towards low-n levels in several elements like carbon, aluminium and sulfur with cadmium-zinc-telluride (CdZnTe) detectors. The energy range of these transitions are between 30 and 300 keV, for which CdZnTe detectors provide a high detection efficiency (100% at 63 keV and 70% at 162 keV) and a resolution of few percent. In June 2022, a first prototype of a quasi-hemispherical CdZnTe detector system, manufactured by the IMEM-CNR of Parma, in collaboration with LNF-INFN and University of Palermo, was installed near the IP of the DAΦNE collider to test its performances in a high electromagnetic and hadronic background. The CdZnTe detector had an active surface of 1 cm2 and a thickness of 5 mm. The system was vertically aligned with the SIDDHARTA-2 Luminosity Monitor ([69]), at a distance of 43 cm. The prototype was enclosed in a light-tight box with a 1 mm thick aluminium entrance window, matching the detector active surface. On the top of the box, a241Am radioactive source was placed, producing a 500 Hz signal in the CdZnTe detector, to provide calibration peaks. The obtained spectrum, without any data selection requirement, is shown in Figure 8. The measured peak resolutions are 6% at 60 keV and 2.2% at 511 keV. Moreover, the trigger system based on the SIDDHARTA-2 Luminosity Monitor showed a rejection factor of 105–6 for the background suppression; more details are provided in [84].
[image: Figure 8]FIGURE 8 | Spectrum acquired with the CdZnTe detector test system at the DAΦNE collider in 2022 (reproduced from [84]).
This very promising result encourages the SIDDHARTA-2 Collaboration to include, in its future data-taking, measurements of radiative transitions from several further intermediate and high mass kaonic atoms with dedicated CdZnTe detectors, exploiting kaons delivered from DAΦNE in the horizontal plane. The final configuration of the setup will be similar to that depicted in Figure 9. In future, the luminosity monitor of SIDDHARTA-2 will be used as trigger for the CdZnTe detectors in the same way as the Kaon Trigger acts for the SDDs, a degrader and a target will be placed after the scintillators (with dimensions optimized by Monte Carlo simulations [84]) and a third scintillator could be placed after the detectors to act as anticoincidence for the MIPs passing through the Cd(Zn)Te detectors and triggering a fake signal.
[image: Figure 9]FIGURE 9 | Schematic representation of the planned setup for kaonic atoms measurements with CdZnTe detection system at the DAΦNE collider.
With a similar setup, measurements of several transitions in intermediate mass kaonic atoms, like carbon, sulfur or aluminum, could be obtained in a few months with precisions of 10 eV and 20 eV for the shift and the width, respectively.
3.3 Heavy kaonic atoms measurements with high purity germanium detectors
Precision measurements of heavy kaonic atoms transitions have significant impact in two main fields: (i) to solve the charged kaon mass puzzle, namely, understanding the striking difference between the most precise measurements existing in literature ([42]), and (ii) the investigation of in-medium effects related to multi-nucleon interaction of kaons ([41, 83]). High-Z targets can be utilized to measure transitions to both low and high n-levels, where, in the former case, results about multi-nucleon interactions can be obtained, and, in the latter case, since high n-level transitions are purely QED, the charged kaon mass problem could be addressed ([40, 42]). Simultaneous measurements of atomic transitions from various n-levels and with different Δn for a single target will also help in minimizing systematic errors and provide useful information about the cascade processes in heavy kaonic atoms. Kaonic lead (KPb) is an ideal target for a precision measurement of the charged kaon mass and to investigate QCD at low energies. Moreover, the systematic uncertainty of the D0 meson mass can be reduced with a more precise measurement of the K− mass ([29]), also impacting on the masses of the excited charmed mesons D1 (2420)0. [image: image] and Ds1 (2536)±. The masses of these excited charmed mesons are determined from the fit based on high-precision measurements of mass and mass difference of the D0, D± and [image: image] ([40]). The precision on the D0 mass also impacts on the mixing parameters of the D0-[image: image] system ([29]). The SIDDHARTA-2 Collaboration plans to measure KPb (9, 8, 7, 6 → 8, 7, 6, 5) atomic transitions with high precision ([image: image] 5 eV), using a High Purity p-type Germanium Detector (HPGe), designed by Baltic Scientific Instruments. Such a detector is able to work under high-rate conditions (up to 150 kHz) and is ideal to perform measurements in the DAΦNE environment. The HPGe detector has a cylindrical active volume 59.3 mm height and 59.8 mm base diameter. The energy resolutions, tested with 133Ba and 60Co sources (activity [image: image] 1 µCi), are 0.87 keV at 81 keV, 1.06 keV at 302.9 keV ([42]). The measurements can be performed by positioning the HPGe detector near the DAΦNE IP and maximizing its geometrical efficiency with appropriate shielding and according to MC simulations. The high rate capability is achieved by using a transistor reset preamplifier and a fast pulse digitizer, which processes signals directly from the preamplifier, rather than using a conventional amplifier and ADC data processing chain. An exploratory measurement is being conducted at the DAΦNE collider to test the in-beam behavior and evaluate the machine background, in parallel with the SIDDHARTA-2 experiment, but exploiting the horizontally emitted K− ([42]). A schematic view of the setup is shown in Figure 10. With a MC simulation, we estimate that a precision of a few eV can be achieved with a total delivered integrated luminosity of 360 pb−1. More precise information will be provided by the ongoing measurement. A similar setup will allow the measurements of other heavy kaonic atoms (as Mo, Se, Zr, Ta, etc.).
[image: Figure 10]FIGURE 10 | Sketch of the setup proposed by the SIDDHARTA Collaboration for the heavy kaonic atom measurement at the DAΦNE collider. The schematic view includes the active part of the HPGe detector (E), the target (C) and its holder (D), part of the mechanical support, lead shielding (F), the SIDDHARTA-2 luminosity monitor to be used as a trigger (B), and the DAΦNE beam pipe (A).
3.4 A special case: KAMEO, measurements of the E2 nuclear resonance effects in kaonic atoms
The E2 nuclear resonance occurs whenever a nuclear excitation energy closely matches an atomic de-excitation energy [85]. The resonance produces a mixing of an atomic state (n, ℓ, 0+) and an excited nuclear state (n, ℓ-2,2+), due to the electric quadrupole interaction between the kaon and the nucleus. In kaonic atoms, the rate of nuclear absorption of the kaon increases significantly for each unit of decreasing in orbital angular momentum ℓ. In resonant kaonic atoms, the E2 nuclear resonance can lead to a significant attenuation of the kaonic x-ray line and of any lower lines. Several kaonic atoms are predicted to be resonant. Among them, four isotopes of kaonic molybdenum [image: image]Mo[image: image]Mo[image: image]Mo, [image: image]Mo) [85, 86] may provide insights about the properties of deeply bound kaonic atoms levels, which are otherwise difficult to access through K− cascades, due to the nuclear absorption. Moreover, a comparison between the measurements performed on these isotopes, could reveal information about the strong nuclear potential and investigate variations in the resonance’s parameters with increasing the neutron number along the molybdenum isotopes. The E2 nuclear resonance effects were already measured in other exotic atoms, g. e. pionic atoms [87] and anti-protonic atoms [88]. Even-A antiprotonic Tellurium isotopes have been utilized to study the characteristics of the neutron density in the nuclear periphery of Te isotopes, as shown in [88]. Similarly, this investigation can be conducted on kaonic molybdenum isotopes to reveal the parameters and properties of the neutron density in the nuclear periphery. In 1975, G. L. Goldfrey, G. K. Lum, and C. E. Wiegand performed an experiment to measure the E2 nuclear resonance effect in [image: image]Mo at the Lawrence Berkeley Laboratory (LBL) in California [89], but the amount of data taken was not sufficient to provide conclusive results.
In KMo A = 94, 96, 98, and 100, the E2 nuclear resonance effect mixes the (6h, 0+) and (4f, 2+) states. A schematic representation of the E2 nuclear resonance effect [image: image]Mo is presented in Figure 11. The estimated parameters of the effect can be found in [85]. The KAMEO (Kaonic Atoms Measuring Nuclear Resonance Effects Observables) experiment plans to perform conclusive and precise measurements of the E2 nuclear resonance effects in KMo isotopes ([43]). We plan to expose to the kaons five solid target strips of enriched Mo isotopes ([image: image]99%) [image: image]Mo[image: image]Mo[image: image]Mo[image: image]Mo [image: image]Mo (the latter used as the reference for standard transition not affected by the E2 nuclear resonance) in order to measure the x-ray transitions with the HPGe detector described in subsection 3.3. A MC simulation will be used to estimate the dimensions of the solid target strips, to maximize the efficiency of kaonic Mo isotope production and the measured x-ray transitions. The MC simulation, in parallel with the analysis of the spectra collected with the HPGe detector during the commissioning phase of DAΦNE, for background evaluation, will allow to estimate the required integrated luminosity for measurements of the effect. Further information about the KAMEO proposal can be found in [43].
[image: Figure 11]FIGURE 11 | Excitation scheme of the E2 nuclear resonance effect in [image: image]Mo. The resonance mixes the (6 h, 0+) and (4f, 2+) states, attenuating the 6 h→4f transition line and any lower lines with respect to a non-resonant molybdenum isotope.
3.5 Ultra-high precision kaonic atoms measurements
A more comprehensive understanding of the strong kaon-nuclei interaction, with high impact in theoretical models, could be provided by extreme precision (sub-eV) measurements of kaonic atoms transition energies. For example, the measurement of the relative difference of the 3d → 2p transition in K−-3He and K−-4He (isotopic shift) and of their relative widths in a gaseous target, with a precision below 1 eV, might have an important impact in the field, similar to that of the recent measurement on liquid helium ([90]). The most established technique to perform sub-eV precision x-ray measurements is the Bragg spectroscopy which, however, is limited by a very small geometrical acceptance and by the requirement of targets of a few hundreds microns. In recent years, the VOXES Collaboration at LNF-INFN developed a Highly Annealed Pyrolitic Graphite (HAPG) mosaic crystal based Von Hamos spectrometer, which has demonstrated exceptional resolution and efficiency, also when used to measure millimetric sources. This opens the door to possible future applications of such a technique to kaonic atoms spectroscopy ([91–94]). Examples of spectra obtained by the VOXES Collaboration are shown in Figure 12, where excellent resolutions are obtained also for source sizes (S0’) of a few mm. A possible experimental setup to be used for such purposes is shown in Figure 13, with 8 spectrometer arms, each dedicated to a specific energy range. Kaons emitted from the DAΦNE IP are first detected using a scintillator and SiPM-based trigger system. They subsequently enter a target surrounding the beam pipe, where they form kaonic atoms. A spectrometer with a resolution of few eV measures the x-rays emitted during the transitions. With a similar apparatus, simultaneous measurements of K−-3He and K−-4He (7, 6, 5, 4, 3 → 2) transitions (see Figure 14) and KN (12, 11, 10, 9, 8, 7, 6 → 7, 6, 5) transitions could be, for example, achieved. The first ones would improve our knowledge of the isotopic shifts ([40, 42]), while the second set of measurements would contribute to a precise determination of the K− mass ([83]). Both sets of measurements would also provide a wealth of data for studying electromagnetic kaon cascade processes, testing QED at the sub-eV level.
[image: Figure 12]FIGURE 12 | X-rays spectra from atomic transitions in Fe, Cu and Mo atoms, with VOXES setup at LNF (reproduced from [91]).
[image: Figure 13]FIGURE 13 | Schematic drawing of a possible experimental setup to perform ultra-high kaonic atoms measurements at the DAΦNE collider, LNF-INFN, Frascati (Italy).
[image: Figure 14]FIGURE 14 | Simulated spectra of the K−-4He 3d →2p measurement achievable with the Highly Annealed Pyrolitic Graphite mosaic crystal based x-ray detection system developed by the VOXES at LNF-INFN (reference from [93]).
4 CONCLUSIONS AND FUTURE PERSPECTIVES
The kaonic atoms are essential tools to understand aspects of the strong interaction in low-energies regime, with implications going from particle and nuclear physics to astrophysics and cosmology. The DAΦNE collider of LNF-INFN is the ideal kaon source to perform high-precision kaonic atoms measurements. Presently, the SIDDHARTA-2 experiment is starting the kaonic deuterium measurement, aiming at a similar precision as that obtained for kaonic hydrogen performed by the SIDDHARTA experiment more than a decade ago. While preparing this delicate measurement, in the commissioning phase of the machine SIDDHARTA-2, the most precise measurement of kaonic helium 4 transitions to the 2p level in gas, and a series of unique measurements in light and intermediate kaonic atoms transitions were performed.
Beyond SIDDHARTA-2, the EXKALIBUR (EXtensive Kaonic Atoms research: from LIthium and Beryllium to URanium) proposal plans kaonic atoms measurements ([95]). The aim of EXKALIBUR is to perform unique kaonic atom measurements along the whole periodic table, to build a solid basis for all theories and models relying on kaonic atoms. These measurements will expand the database and put constraints for theoretical models which aim to describe the strong kaon-nuclei interaction at low energies. Moreover, EXKALIBUR aims to clarify discrepancies among old and recent kaonic atoms measurements, to provide new and more precise measurements and to solve the charged kaon mass puzzle ([42]) with a high precision measurement of the K− mass through heavy kaonic atoms transitions measurements.
We aim to stimulate discussions and interest in the community and, in this regard, we welcome all those potentially interested to take part in the adventure of strangeness physics.
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