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For more than three decades, accelerators are in use in the underground laboratories of the Laboratori Nazionali del Gran Sasso (LNGS), located in central Italy. The LUNA Collaboration has exploited the potential of the site’s low cosmic ray background to achieve important and often groundbreaking results in the field of nuclear astrophysics. This long success story stimulated the installation of accelerators in deep underground laboratories also in other countries, including the USA and China. Recently, LNGS took a major step forward with the activation of the Bellotti Ion Beam Facility, which will provide ion beams to the scientific community for research not only in nuclear astrophysics, but in all fields that can benefit from the low cosmic ray background conditions of the underground site.
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1 INTRODUCTION: WHY GOING UNDERGROUND?
The flux of cosmic radiation that is present at ground level on the Earth’s surface interacts with experimental setups for nuclear and particle physics studies, potentially creating a background or other disturbances to sensitive measurements. This particularly applies to rare event searches, such as those studying neutrinos or direct searches for dark matter, which do require effective shielding from cosmic radiation to achieve the necessary sensitivity. Laboratories located underground utilize a natural overburden of rock, corresponding to hundreds or even thousands of meters of water equivalent (m.w.e.) shielding—far greater than any man-made construction.
Compared to surface laboratories, an underground location poses additional logistical challenges, such as access to the underground location, space constraints, and provision of the necessary infrastructure and technical support for the experiments. Environmental radioactivity of the surrounding rock can still be a significant source of background radiation (in some cases even at higher levels than on surface). However, the attenuation of cosmic rays allows for massive custom experimental setups to shield the sensitive part, which on surface would be limited by secondary radiation created by cosmic rays. Low-background techniques have been developed and continue to achieve lower and lower background rates for increased sensitivity of large experiments. With their advantage of cosmic background suppression, underground laboratories offer unique environments for scientific research.
The use of ion beam accelerators in underground laboratories was pioneered in the deep-underground laboratories of the Gran Sasso National Laboratory (LNGS), where the first accelerator used for nuclear astrophysics research was installed in 1992, to benefit from a reduction of the cosmic background by six orders of magnitude, thanks to the 1400 m of rock shielding of the laboratories (3,800 m water equivalent).
The first experiments, carried out by the LUNA collaboration, employed an accelerator constructed at University of Bochum (Germany). This machine was capable to produce Proton and 3,4He beams with a beam energy of up to 50 keV. Most notably the machine was used to study the cross section of the fusion reaction 3He+3He at solar energies. Given the extremely low reaction rate, this measurement had not been possible in above-ground laboratories previously as events caused by cosmic rays obscured the signal [1]. The cross section at the lowest energy measured as low as 0.02(2) pb. This corresponded to an event rate of about 2 events/month, which is rather low even for the “silent” experiments of underground physics [2]. The experiment provided the first cross section measurement of a key reaction of the proton-proton chain at the thermal energy of the Sun, demonstrating the potential of an underground location and low-background physics techniques for measurements of nuclear cross sections down to the energy of the nucleosynthesis inside of stars [2].
Given the success of these experiments, the LUNA collaboration proposed the installation of LUNA-400, a commercial 400 kV Singletron® accelerator. LUNA-400 has been put to service in the year 2000 [3] and allowed to study key hydrogen burning reactions relevant to big bang nucleosynthesis, the p–p chain, the CNO cycle, and the NeNa and MgAl cycles. These studies have led to an improved understanding of energy generation and nucleosynthesis in various astrophysical sites, including the Sun, red giant and asymptotic giant branch stars, and classical novae [4].
Recently, a cross-section determination of the reaction D(p, γ)H, the most important reaction affecting the primordial abundance of deuterium during Big Bang Nucleosynthesis (BBN), settled the previously most uncertain nuclear physics input to BBN calculations. The reduced uncertainty of this result obtained at LUNA-400 affects the precision of BBN deuterium predictions and contributes to constrain the baryon density [5].
2 CHARACTERISTICS OF THE BELLOTTI ION BEAM FACILITY
Building on the experience with accelerator experiments in a low cosmic ray background environment gained through the LUNA collaboration, INFN was able to obtain funding from the Italian Ministry for Research to purchase a 3.5 MV accelerator for installation in the LNGS underground laboratory. In 2022, the installation of the new 3.5 MV Singletron® accelerator, constructed by High Voltage Engineering Europa, has been completed in the underground laboratories. Figure 1 shows a layout of the facility.
[image: Figure 1]FIGURE 1 | Schematic layout of the Bellotti Ion Beam Facility at the LNGS underground site.
The machine can provide intense proton, 4He+, 12,13C+ and 12,13C2+ with the specifications listed in Table 1. It features a terminal voltage stability of 10 ppm and a terminal voltage drift in the order of 10–5 [6]. To exclude any interference of the accelerator operation with close-by rare event search experiments, the machine is located inside a building made of 80 cm thick concrete walls, which serves to shield the neutrons generated during operation of the accelerator. Outside the shielded accelerator room, these measures prevent any change in the natural neutron flux, which in the underground site is reduced by three orders of magnitude with respect to the earth surface [7, 8]. This has been assessed by GEANT4 and FLUKA simulations reviewed by the LNGS Scientific Committee.
TABLE 1 | Maximum beam intensity on target at different terminal voltages [6].
[image: Table 1]The 3.5 MV Singletron® is part of the Bellotti Ion Beam Facility (Bellotti IBF) run as a scientific user facility. The ion beams of the Bellotti IBF are available to the scientific community through yearly calls published on the web-site of the facility https://l.infn.it/bellotti. Proposals are evaluated by a dedicated Program Advisory Committee (PAC) which is part of the Scientific Committee of LNGS. The Accelerator Service of LNGS is in charge to support research groups interested in conducting their projects in order to ensure the full success of the proposed research activities. It also takes care of operating the accelerators and the related plants of the Bellotti IBF.
As a next development step, the LUNA-400 Singletron® will be overhauled, moved to the immediate vicinity of 3.5 MV Singletron® and integrated into the Bellotti IBF. Once concluded, this effort will make proton and alpha beams in the energy range between 30 keV and 3.5 MeV available to the scientific community.
3 SCIENTIFIC PERSPECTIVES
Due to its deep underground location and the characteristics of the accelerators, the Bellotti IBF offers excellent opportunities not only in the field of nuclear astrophysics, as shown by the work of the LUNA Collaboration, but also in the applied sciences.
3.1 H burning—14N(p, γ)15O
The CNO cycle is the dominant mechanism for energy production in massive main-sequence stars during the hydrogen burning phase.
The 14N(p, γ)15O reaction is the slowest reaction of the CNO cycle and controls the rate of energy generation of this process. As a consequence, it directly determines the lifetime of massive stars. In our Sun ∼1% of energy is produced through CNO, contributing also to 1.6% of the solar neutrino flux. As recently assessed by the Borexino collaboration [9], the 14N(p, γ)15O remains the second largest contribution to the uncertainty budget in the estimation of the C and N abundances in the Sun after the CNO neutrino flux itself.
This reaction has been extensively studied by the LUNA collaboration [10–13] and other groups [14, 15] down to a center of mass energy of 70 keV. In fact, thanks to one of the first results obtained at the LUNA-400 accelerator, its rate was found to be a factor of two slower than expected [12]. This result had several implications, such as increasing the age of globular clusters by about 1 Gy [10] and reducing the expected CNO solar neutrino rates by a factor of two [11]. Recently, a new underground measurement was performed by Frentz et al. [16] at the CASPAR accelerator (SURF).
Nonetheless experimental data still lies far from the solar Gamow window at E = 27 keV. Low-energy reaction rate data therefore relies on extrapolations done with R-matrix analysis [17]. Up to the current days, the R-matrix analysis of the reaction failed to provide a consistent view of both the low and high energy data for the reaction. The presence of consistent gaps in the data sets and the fact that several weaker transitions have not been measured since Schröder et al. [18] therefore reinforce the need for a precision measurement of the 14N(p, γ)15O over a wide energy range with an angular distribution experiment. The high-current 3.5 MV Singletron® of the Bellotti IBF represents the perfect framework where such an experiment can be conducted given the relatively weak population of some of the transitions and the reduction of the background in the γ-ray spectra given by the deep-underground location of the facility.
In this context, an improvement in the reaction rate, alongside the recently improved CNO flux measurement and further improvements from future such measurements, could provide important elements to solve the tension between solar models obtained using different metallicity levels [19].
3.2 He burning and n sources
Helium burning, and more generally, processes involving α-capture reactions, contribute greatly to the isotopic abundances observed in the Universe. After the bridging of the A = 5 and A = 8 mass gaps through the triple-α reaction [20, 21], helium burning begins at at T ≈ 0.2 GK and proceeds through the reactions 12C(α, γ)16O and 16O(α, γ)20Ne. The latter reaction is sufficiently slow to provide only for a partial conversion of carbon into oxygen, leading to the currently observed 12C/16O abundance ratio of ca. 0.4 [22].
The cross section of 12C(α, γ)16O needs to be known at Ec.m. = 300 keV as an input for stellar models. At these energies, direct measurements are highly challenging due to the extremely low experimental count rates [53]. One approach to direct cross section measurements that has proven quite successful in the past is based on recoil separators [23–25]; γ-ray measurements in the deep underground will provide high-quality complementary cross section data.
Other α-capture induced reactions of great importance are (α, n) reactions on 13C and 22Ne during thermal pulses in AGB stars and, in the case of 22Ne(α, n)25Mg, core He and shell C burning in massive stars [26–28]. They constitute the neutron sources for the main and weak s processes, responsible for the production of about half of all heavy (A > 56) elements in the Universe [29].
Also the measurements of the neutron sources suffer from very low cross sections that have prevented progress towards direct measurements at low energies in surface laboratories [30–34]. The 13C(α, n)16O reaction has recently been measured at previously unreachable energies deep underground by the LUNA and the JUNA collaborations [35, 36]. The Bellotti IBF will allow to connect the low-energy data from LUNA-400 to the high-energy region, providing an insight into normalization issues seen between the many high-energy data sets. In addition, the availability of 13C as a beam could allow measurements in inverse kinematics, penetrating deeper into the Gamow peak with a more advanced setup.
22Ne(α, n)25Mg has not been directly measured in over 20 years, and the ultra-low neutron background at the Bellotti IBF combined with the high-intensity α beam and an innovative setup constructed in the framework of the SHADES ERC project aims at providing for the first time data in the astrophysical energy range.
3.3 C burning
Carbon burning is a key stage of stellar evolution determining the final destiny of massive stars and of low mass stars in close binary systems, whose understanding is of paramount importance for the comprehension of SuperNova (SN) outcomes. SNe play a pivotal role in astrophysics, providing a major contribution to the chemical and physical evolution of galaxies, and generating the most compact objects in nature, such as neutron stars and black holes (type II, core collapse SNe). SNe are also used to determine distances on cosmological scale, to probe the history of the Universe (type Ia, carbon explosive burning) [37]. The efficiency of carbon burning in massive stars also determines the compactness of the stellar core at the onset of the final core collapse. The compactness of the core is a critical parameter that determines the final fate of these stars, whether they end their life as a supernova or directly collapse into a black hole [38, 39]. Moreover, carbon burning can trigger superburst events, which are long, energetic, and rare thermonuclear flashes on accreting neutron stars in low-mass X-ray binaries. These bursts are considered to be triggered by the unstable 12C+12C burning in the ash left over from the rp-process on the surface of a neutron star [40].
The large uncertainty affecting the low energy cross section of the 12C+12C reaction hampers the knowledge of the final the fate of stellar structures and, in turn, our understanding of SN phenomena. The 12C+12C fusion in stars proceeds primarily through the 12C(12C, α)20Ne and the 12C(12C, p)23Na reactions, at higher energy the neutron channel 12C(12C, n)23Mg can be open. The cross sections of these processes are extremely low, in the sub-femto-barn range. Successful modelling of supernovae requires the cross sections to be known down to E around 1.5 MeV. Due to the extremely small cross sections, direct experiments are challenging already at energies above 2.2 MeV [41–46]. To overcome the experimental limitations, an indirect measurement was performed using the THM [47], covering the entire astrophysical region of interest from E = 2.7 MeV down to 0.8 MeV and revealing well resolved resonance structures. Further theory calculations [48] resulted in large corrections to the initially reported S-factors. Therefore, a direct measurement aiming to reach the astrophysical relevant energy is of crucial importance to reduce the present uncertainty. Measurements may be done detecting the γ-rays generated by the decay of the 23Na and 20Ne excited states, or by searching for the charged particles, p and α, emitted in the two reactions.
A prior experiment [43] used a HPGe detector equipped with 15 cm thick lead shield and an active muon veto in a surface laboratory to study the 12C(12C, p)23Na and the 12C(12C, α)20Ne reactions. The reaction yield has been measured observing the transitions from the first excited state to the ground state of the daughter nuclei, involving the emission of photons with energies of 440 and 1634 keV, respectively. This study demonstrates the potential of this technique and supports future experiments in an underground location to take advantage of a lower background and extend the measurements to lower energy. The LUNA collaboration already showed that the combination of the 3800 m.w.e. rock shield provided by the Gran Sasso massif, a 25 cm thick lead shield, a copper liner and nitrogen flushing is highly effective in reducing the gamma background in HPGe detectors. The reduction factor ranges between 103 and 104 both for the energy region above natural radioactivity and below it [49] (see Section 1). In particular, based on preliminary background measurements at LNGS, in the regions of the spectrum close to 440 keV and 1634 keV the Bellotti IBF will allow to achieve a gamma background about two orders of magnitude lower with respect to [43], enabling the measurement of the cross section in the energy range relevant to astrophysics.
3.4 Applications
Unlike other MeV ion beam facilities that operate in standard laboratories located at the surface, the severe limitation of prompt radiation production, especially neutrons, imposes a compelling severe limitation to the beam intensities and energies and to the materials that may be subject to irradiation in the underground laboratory. Despite the limitations, Ion Beam Analysis (IBA) niche applications (in particular depth profiling using narrow resonant (p, γ) and (α, γ) reactions for sub ppm sensitivity analysis and nm depth resolution) may be considered potential high value and cutting edge applications of the 3.5 MV underground accelerator. IBA is generally accomplished with 100 pnA to few pµA proton or helium currents that can be too small for the present configuration of the accelerator, but could be part of a future development if extensive programs of key material micro-analyses will be proposed. The Nuclear Resonance Reaction Analysis (NRRA) technique is far the most interesting niche application at IBF. While Elastic Backscattering (EBS) and Particle Induced X-ray Emission (PIXE) are sensitive to medium to heavy elements, Particle Induced Gamma-ray Emission (PIGE) is best suited for light elements and isotopes analysis and an intense program of material characterization involving the study of light impurities at (sub)ppm level may be specific of the underground laboratory taking the full advantage of the high sensitivity gamma spectrometers and the extremely low gamma background coupled to the unprecedented ion beam energy stability and low energy spread of the 3.5 MV Singletron® accelerator of the Bellotti Facility. In parallel, a scientific plan aiming at the accurate measurement of unexplored (p, γ) and (α, γ) reactions suitable for IBA provides another field of investigation which will fully profit of the characteristics of the underground facility. In addition, it must be mentioned that in quantum technology the possibility to accurately implant 12,13C ions in a fairly wide energy range (0.3–7 MeV) coupled to the possibility to use the proton and He beams for in-situ pre(post) irradiation and analysis might offer a valuable possibility to create new color centers in semiconductors for the development of single photon sources in advanced quantum photonics applications.
4 DISCUSSION
In recent year a number of deep underground accelerators like JUNA in China [50] and CASPAR in the US [51] have taken up science operation lately, focusing on nuclear astrophysics research and enabling a rich scientific program of underground research.
The Bellotti IBF at LNGS stands out being the worldwide only ion beam user facility deep underground. As this, it aims to provide the scientific community with access to intense proton, 4He and 12,13C ion beams in a low radiation environment achievable only in a deep underground site. The intense carbon beam and, more in general, the excellent long term stability of the beams produced by the 3.5 MV Singletron® accelerator are unique features of the Bellotti IBF.
As outline above, the very low radiation environment implies advantages and disadvantages for industrial applications of the, 1H, 4He, 12,13C beams produced at the Bellotti IBF. On the other hand, the extremely low radiation background provides for an excellent signal to background ratio which in turn results in a high detection sensitivity. The related, groundbreaking possibilities have been explored in the context of Nuclear Astrophysics by the LUNA collaboration in the course of the last 25 years. At the same time, these activities opened insights to the potential related to sample characterizations [52]. In spite of the restrictions, the Bellotti IBF thus opens new frontiers not only in the fields of nuclear astrophysics and nuclear physics but also to applied sciences.
The experience gained during the first year of operation of the 3.5 MV Singletron® will be used to optimize its usability for applications like IBA as well as for nuclear astrophysics. This includes the production of stable ion beams with intensities significantly lower than 1 µA as needed for applications, and measures to increase the beam intensity at high energies still maintaining the imposed limit for the neutron production.
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