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Abstract

:

Precise measurements of the energy spectra and of the composition of cosmic rays in the PeV region could improve our knowledge regarding their origin, acceleration mechanism, propagation, and composition. At the present time, spectral measurements in this region are mainly derived from data collected by ground-based detectors, because of the very low particle rates at these energies. Unfortunately, these results are affected by the high uncertainties typical of indirect measurements, which depend on the complicated modeling of the interaction of the primary particle with the atmosphere. A space experiment dedicated to measurements in this energy region has to achieve a balance between the requirements of lightness and compactness, with that of a large acceptance to cope with the low particle rates. CaloCube is a four-year-old R&D project, approved and financed by the Istituto Nazionale di Fisica Nucleare (INFN) in 2014, aiming to optimize the design of a space-borne calorimeter. The large acceptance needed is obtained by maximizing the number of entrance windows, while thanks to its homogeneity and high segmentation this new detector achieves an excellent energy resolution and an enhanced separation power between hadrons and electrons. In order to optimize detector performances with respect to the total mass of the apparatus, comparative studies on different scintillating materials, different sizes of crystals, and different spacings among them have been performed making use of MonteCarlo simulations. In parallel to simulations studies, several prototypes instrumented with CsI(Tl) (Caesium Iodide, Tallium doped) cubic crystals have been constructed and tested with particle beams. Moreover, the last development of CaloCube, the Tracker-In-Calorimeter (TIC) project, financed by the INFN in 2018, is focused on the feasibility of including several silicon layers at different depths in the calorimeter in order to reconstruct the particle direction. In fact, an important requirement for γ-ray astronomy is to have a good angular resolution in order to allow precise identification of astrophysical sources in space. In respect to the traditional approach of using a tracker with passive material in front of the calorimeter, the TIC solution can save a significant amount of mass budget in a space satellite experiment, which can then be exploited to improve the acceptance and the resolution of the calorimeter. In this paper, the status of the project and perspectives for future developments are presented.
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1. Introduction


The direct measurement of cosmic-ray (CR) spectra in the PeV region will be the instrumental challenge for future CR experiments. Indirect measurements on the ground identified, around this energy region, a sudden steeping in the inclusive spectrum of particles, a feature known as the CR “knee”, and a progressively heavier composition. Therefore, the precise knowledge of particle spectra and composition in this spectral region could allow important discoveries in the field of high-energy CR physics. Direct CR detection permits a univocal elemental identification and a more precise energy measurement but suffers from low exposure due to low CR rates. Currently the DArk Matter Particle Explorer (DAMPE) [1], the largest experiment operating in space, is expected to measure the flux of electrons+positrons up to ∼10 TeV and the fluxes of protons and nuclei up to ∼100 TeV per nucleon. Future space satellite experiments must be carefully designed in order to extend these measurements of about one order of magnitude in energy (up to some tens of TeV for electrons+positrons, up to some units of PeV per nucleon for protons and nuclei). In particular, assuming five years of operations, they must have a good energy resolution σE/E (<2% for electromagnetic showers, <40% for hadronic showers) and a good effective geometric factor Geff (>3.5 m2sr for electromagnetic showers, >2.5 m2sr for hadronic showers), where the effective geometric factor is defined as the product between the geometric factor G and the analysis selection efficiency ϵ (hence it depends both on the design geometry and the shower containment of the detector).




2. The Basic Idea


The major constraint, in achieving the performances discussed above, is the limitation in weight for these kinds of detectors (a few tons), which severely affects both the geometrical factors and the energy resolution. The aim of the CaloCube R&D project is the design optimization of a space-borne calorimeter to extend the range of direct CR measurements up to the PeV region in order to measure the “knee” of the lightest components [2]. The basic idea is to develop and optimize a cubic calorimeter made of N × N × N scintillating crystals, each one having a cubic geometry of 1 Molière radius (RM) per side and being equipped with a system of two photodiodes (PDs).For example, assuming a CsI(Tl) calorimeter of 2 tons (including both crystals and support), each scintillator has a 3.6 cm side with a gap between scintillators of 0.3 cm, for a total number of crystals of 20 × 20 × 20. In this way, the total depth of the calorimeter is 78 cm, corresponding to 39 radiation lengths (X0) and 1.9 nuclear interaction lengths (λI) for vertical particles. This design, schematically shown in Figure 1, has three main advantages. First of all, being as homogeneous as possible, it has a good energy resolution, especially in the case of electromagnetic showers. Secondly, being as isotropic as possible, it has a good geometric factor because, assuming the employment of a face for mechanical support, the cubic geometry provides the possibility to collect particles from either the top or the lateral faces without any difference in reconstruction performances: in the case of a CsI(Tl) calorimeter, this solution increases the geometrical factor from 1.91 m2sr (single face) to 9.55 m2sr (five faces). Lastly, the fine segmentation allows us to reconstruct the 3D profile of the shower, useful for energy reconstruction and for electron-to-proton discrimination [3]. In order to measure an energy deposit going from the Minimum Ionizing Particle (MIP) signal necessary for channels calibration (∼10 MeV) to the one released in a single crystal from a shower of a proton near the knee region (∼100 TeV), a very large (∼107) dynamic range is required. This is achieved by employing a simple and compact readout scheme obtained by equipping each crystal with two photodiodes (PDs): a large area PD for small signals and a small area PD for large signals.




3. Monte Carlo Studies and Expected Performances


A model of the calorimeter, based on the FLUKA package [4], was simulated, in order to evaluate the performances and to optimize the design. A comparative study of different scintillating materials was done, among them CsI(Tl), BaF2, YAP(Yb), BGO, and LYSO(Ce) crystals. For hadron detection, the best choice is a compromise between size (density of the absorber) and shower containment (interaction length), which determine energy resolution. The geometric parameters were defined by assuming about 2 tons of active material in total; the size of the single cube was fixed to 1 RM and the gap among adjacent elements was rescaled to obtain the same active volume fraction (∼78%). The signal induced in the PDs by the scintillation light was evaluated by accounting for the light yield of the scintillators, the light collection efficiency on one face, the size, and the quantum efficiency of the PD at the emission peak. Direct ionization on the PD was also considered.



The performances of the detector in terms of σE/E and Geff were then investigated injecting an isotropic flux of 100–1000 GeV electrons, 1–1000 TeV protons, and 1 TeV nuclei on a single face. The results are shown in left panel of Figure 2 in the case of 1 TeV protons, where we can see that all the scintillators satisfy the requirements defined in the previous section, but the best ones are the crystals having a low value of λI. This is because, even if the size of the calorimeter is small as in this case, the better shower containment leads to a larger Geff, as well as to a better σE/E. Among the five materials, LYSO is the best candidate for future space satellite experiments, leading to σE/E∼32.5% and Geff∼ 4 m2sr. The high energy cosmic-radiation detection (HERD) facility is a scientific experiment on-board China’s Space Station, planned for operation starting around 2025 and lasting for about 10 years, with a design inspired by the CaloCube idea. The main instrument of HERD is a 3D calorimeter made of about 7500 cubes of LYSO crystals, corresponding to about 55 radiation lengths and 3 nuclear interaction lengths, respectively [5]. The performances of the calorimeter for electrons in the energy range between 100 and 1000 GeV were also investigated. As depicted in the right panel of Figure 2, in this case σE/E and Geff are 2% and 3.4 m2sr, respectively, if we select only events with a shower length longer than 22 X0. Further details about the MonteCarlo studies can be found in Reference [6].




4. The Prototype


Starting from 2012, several prototypes of the CaloCube detector have been built [7] in order to optimize the design from the hardware point of view and to verify the performances expected from simulation studies. Version by version, the detector was improved both increasing the total size of the calorimeter and adopting new hardware solutions based on what we learned from the previous prototypes. The left panel of Figure 3 shows a picture of the first small-scale prototype, made of CsI(Tl), taken during its preparation for the first beam test. Fourteen frames are visible in the picture, each equipped with a matrix of 3 × 3 crystals, 4 mm apart from each other. As discussed in the previous section, the LYSO crystal would have led to better performances as compared to CsI crystal, even if the collected signal had been reduced by the lower light yield (∼27 photons/keV) and the different peak emission wavelength (∼420 nm). However, in order to demonstrate the operating principle of the CaloCube idea, it is important to build a large prototype able to maximize the shower containment: this reason led to the choice of CsI crystals instead of LYSO crystals.



The CsI(Tl) has two main advantages. The first one is the fact that its density leads to a good compromise between energy resolution and geometric factor. The second one is that the signal can be easily read using a photodiode, both because of the high light yield (∼54 photons/keV) and because of the peak emission wavelength (∼550 nm), located in a region where the PDs quantum efficiency is large. Moreover, CsI(Tl) was also chosen for practical reasons: it is widely available on the market at an affordable price. This prototype has a lateral shower containment of about 1.5 Moliere radius and a total depth of 1.35 interaction lengths, corresponding to 28.4 radiation lengths. Signals are readout by means of polyimide flexible printed circuit boards and routed to the front-end board, placed on the side of the calorimeter (see the right panel of Figure 3 for details). The front-end electronics are based on a high dynamic-range, a low-noise Application Specific Integrated Circuit (ASIC), developed by members of the CaloCube collaboration group, and specifically designed for Si-calorimetry in space (CASIS chip [8]). The chosen PD is a large-area (∼100 mm2) sensor that, coupled to CsI(Tl) crystals and readout electronics, allows for the clear detection of minimum-ionizing protons with a signal-to-noise ratio of about 15. One of the most challenging requirements for the instrument is the very large dynamic range needed to detect PeV protons. According to the simulation, an interacting proton can deposit up to 10% of its kinetic energy in a single CsI(Tl) crystal of 3.6 cm size. Considering that non-interacting minimum ionizing protons deposit about 20 MeV, the necessary dynamic range is in the order of 107. This can be accomplished by also using a second PD of small area (∼1 mm2). Many laboratory tests have been performed to compare and characterize various PD responses and to test the system readout in order to optimize the light collection efficiency.




5. Test with Particle Beams


The first prototype version was tested at the CERN Super Proton Synchrotron (SPS) with different particle beams. In 2013 and 2015, it was exposed to ion beams (of 12.8 and 30 GeV energy per nucleon) containing A/Z = 2 fragments produced by a primary (Pb/Ar) beam colliding with a target (Be/Poly). The experimental setup also included a Si tracking system, placed in front of the calorimeter, to provide tracking information and Z tagging. The single-crystal performances were studied by selecting non-interacting ions. The responses were equalized by normalizing to the energy deposit of non-interacting He nuclei, the most abundant fragments. The showers developing inside the calorimeter were classified on the basis of the starting point, which can determine the shower containment. A first glance at the performance in a large energy release region can be obtained from Figure 4, which shows in the left panel, the good linearity in the response of the prototype from the low-Z (2H) up to the high-Z ions (Fe), while in the right panel, the correlation observed between the energy released in the first and second layers of the prototype for non-showering particles, pointing out the charge separation power of the calorimeter for the different nuclei.



Moreover the left panel of Figure 5 shows the energy resolution for different ions, at a fixed shower containment. In a first approximation, the shower generated by a nucleus can be described as a superposition of independent showers generated by A nucleons, where A is the mass number. The ions in the beam have the same kinetic energy per nucleon; thus, while the total energy deposit scales as A, the energy resolution scales approximately as 1/A due to the progressively reduced shower fluctuations. A Fluka-based model of the prototype has been developed including very fine tuning of the simulation, which is necessary to reproduce the beam-test data. In particular, an additional spread of 4.5% on the single-crystal responses and an optical cross-talk of 14% were introduced. These effects are consistent with the non-optimized light collection observed in the first version of the prototype and some instrumental issues related to the readout set-up. The predicted response is shown in the left (open symbols) and in the right panel of Figure 5 in comparison with the real data.



During the beam test at CERN in the summer 2015, the prototype was initially exposed to μ beams to equalize the response of all the cubes that compose the calorimeter (see the left panel of Figure 6). Then, an estimate of the energy resolution was determined by exposing the calorimeter to electron beams of different energies and determining the total deposited energy. A preliminary result is shown in the right panel of Figure 6 referring to a beam of 50 GeV electrons. The corresponding resolution is at a level of 1.5%, in good agreement with the expected result.




6. The Prototype 2.0


A new prototype, with completely redesigned mechanics, was assembled in 2016. A schematic view of the latest version is shown in Figure 7. It is made of 18 layers, each layer made of a matrix of 5 × 5 CsI(Tl) crystals of 3.6 cm side spaced at 0.3 cm, for a total longitudinal size of 35 X0 (1.7 λI) and a lateral size of 2.5 RM from the center. Each crystal is wrapped using Vikuiti, a reflective material with a high light collection efficiency: a property that is particularly important to eliminate optical cross talk between adjacent cubes, present in the first prototype (see previous section). As in the first prototype, on each scintillator, two photodiodes are mounted: a large PD (VTH2090 with an active area of 84.6 mm2) and a small PD (VTP9421H with an active area of 1.6 mm2) that are expected to saturate the electronics in case the energy deposit inside a single crystal is larger than ∼25 and ∼2500 GeV, respectively. In order to reduce the direct ionization effect, both PDs are mounted sideways with respect to the incoming direction of the test beam and then connected to a kapton cable that brings the signals to the front-end electronics. The front-end electronics are based on the HiDRa chip [8] made up of 28 channels, each one connected to a charge sensitive amplifier followed by a correlated double sampling circuit. The amplifier has two different available gain regimes (a ratio 1:20) and a real-time control feedback network to select the gain, depending on the amplitude of the input signal. The high dynamic range (52.6 pC), the low noise (2280 e + 7.6 e/pF), and the low consumption (2.8 mW/channel) make this chip ideal for space applications. The present version of the prototype was tested making use of different particles beams (muons, electrons, protons, and ions) acquired at the CERN SPS. While the analysis of this data is still ongoing, some preliminary results are discussed in the following sections. The performances of the prototype for electromagnetic showers were investigated using electrons beams between 50 and 280 GeV.



Figure 8 shows the linearity and resolution for the energy, which is reconstructed in three different ways: using large PDs only (blue), using small PDs only (red), and combining the two sets of information (green), so that small PDs are used for the cubes where the large PDs become saturated and large PDs are used in all other cases where small PDs have a low signal. As expected, in the case of the large PDs only, saturation starts to significantly spoils the performances between 150 and 200 GeV, whereas, in the case of the small PDs only, σE/E is quite large below this energy because of the small amount of the detected signal. Anyway, the combined results lead to a nonlinearity below 1% and an energy resolution better than 1.5% on all parts the energy range. The performances of the prototype for hadronic showers was investigated using proton beams between 100 and 350 GeV. Figure 9 shows the total deposit and the energy resolution as a function of the shower starting layer, defined as the first layer having an energy deposit greater than the corresponding 15 MIP signal. As can be seen, when selecting showers which started before the fifth layer, the energy resolution is better than 40%, consistent with the expectations. All the results discussed in this section are better than the ones relative to the previous version of the prototype [9], confirming that the current implementation of the detector satisfies the energy resolution requirements for future space satellite experiments.




7. The Tracker-In-Calorimeter Project


The CaloCube project is focused on the optimization of a calorimeter for the detection of charged cosmic rays, but, in a general multipurpose experiment in space, the detection of γ rays also plays an important role. An important requirement for γ-rays astronomy is to have a good angular resolution in order to allow precise identification of astrophysical sources in space. This is generally obtained by placing a tracker external to the calorimeter, but, as discussed in the following, this solution decreases the geometric factor of the apparatus. The optimization of the detector, in order to have a good angular resolution needed for γ rays, and a good geometric factor needed for charged particles, is the main purpose of the Tracker-In-Calorimeter (TIC) project. TIC is a one-year R&D project, approved and financed by INFN (Italy) in 2017. In cosmic rays experiments, such as Fermi-LAT [10], the direction of the incident particle is reconstructed using an external tracker made of passive layers (like tungsten) and active position sensitive layers (such as a silicon microstrip detector). In this case, the angle of the γ rays is indirectly measured from the tracks of the electron–positron pair formed by conversion in passive layers. The main disadvantage of this configuration is that the acceptance is limited by the large level arm between silicon layers needed to have good track reconstruction performances. In addition, tungsten layers require an additional allocation of a fraction of the mass budget that could instead be used to increase the size of the calorimeter. Passive layers also induce fragmentation of nuclei, thus worsening charge reconstruction performances. All these drawbacks are solved by the TIC approach, where silicon detectors are moved inside the calorimeter, except for a couple of external layers dedicated mainly to charge and track reconstruction of charged particles. This solution exploits the scintillator layers to develop the shower and the silicon detectors to measure the lateral profile. In this case, the angle of the γ rays is reconstructed indirectly from the lateral profile of the shower sampled at different depths in the calorimeter, in a similar approach to the one adopted by the LHCf experiment [11].



The two different methods just described are depicted in Figure 10. The development and the optimization of the TIC design are still under study. However, even if the details are not yet defined, preliminary studies show that the idea is promising. Different TIC geometries have been investigated using simulations, leading to an angular resolution in the order of 0.5 for vertical γ-rays above 10 GeV. A prototype has been built inserting several spare silicon layers from the DAMPE experiment inside the latest version of the CaloCube prototype. The detector was tested at the CERN accelerators using electrons with 1–200 GeV incident energy and 0–20 incident angle. The analysis of data is ongoing.




8. Conclusions


In order to extend direct measurements of cosmic ray fluxes of at least one order of magnitude in energy in respect to the maximum value currently achievable, the CaloCube project proposed a cubic calorimeter made of cubic scintillator crystals equipped with photodiodes. Being as homogeneous and isotropic as possible and having five usable faces for particles detection, this design ensures a good particle energy resolution (<2% for electromagnetic showers, <40% for hadronic showers) and a good effective geometric factor (>3.5 m2sr for electromagnetic showers, >2.5 m2sr for hadronic showers), as confirmed by FLUKA simulations. These performances are consistent with experimental tests on a large prototype made of 18 layers, each layer composed of a 5 × 5 matrix of CsI(Tl) scintillator cubes, each cube equipped with large and small area photodiodes. In order to optimize the detector not only for the detection of charged particles, but also for the detection γ-rays, a new approach of integrating a silicon tracker inside the calorimeter is being investigated by the TIC project, this being the natural avenue of development for the CaloCube project.
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Figure 1. Conceptual design of the CaloCube 3D highly-segmented calorimeter: On the left, the complete cubic detector; on the right, one of the 20 layers. 
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Figure 2. Left panel: Average energy resolution as a function of the effective geometric factor, obtained by applying a progressively looser cut on the shower length in the case of 1 TeV protons; Right panel: energy resolution of the detector for 100–1000 GeV incident electrons, in case of the energy deposit in crystals only (red) or in both crystals and photodiodes (black). 
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Figure 3. Left panel: The first calorimeter prototype under construction; Right panel: Details of a single layer, showing the nine large area photodiodes placed on the crystals, wrapped in white teflon tape, and the kapton cables used to read out the signals. 
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Figure 4. Left panel: Linearity of the response of the prototype to the 30 GeV/n beam as a function of the energy of the various ions; Right panel: Correlation between energy deposited by non-showering particles in the first and second layer of our prototype. 
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Figure 5. Left panel: Energy resolution as a function of the ion mass number and of the beam energy for showers having the same containment; Right Panel: Distribution of the energy deposit (in MIP units) of 30 GeV/n (upper panel) and 12.8 GeV/n (bottom panel) He ions. 
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Figure 6. Left Panel: Signal induced by minimum interacting particles (150 GeV muons) in a cube, used to equalize the crystal responses, fitted to the expected Gaussian distribution (red curve); Right Panel: Measured distribution of total energy (expressed in MIP units) released with a 50 GeV electrons beam, fitted to the expected Gaussian distribution (red curve). 
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Figure 7. Conceptual design of the latest version of the CaloCube prototype built in 2016: on the left, one of the 18 layers; on the right, the complete detector. 
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Figure 8. Prototype performances for incident electrons in the energy range between 50 and 280 GeV: Average deposit/beam energy (left) and energy resolution (right). The energy is reconstructed using large photodiodes (PDs) only (blue), small PDs only (red), or by combining the two sets of information (green). 
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Figure 9. Prototype performances for incident 350 GeV protons: average deposit (left) and energy resolution (right). The mean and the standard deviation of the distributions were both derived from histogram statistics (black) and from Gaussian fit (red). 
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Figure 10. Schematic design of the two different methods for angle reconstruction: On the left, the standard approach of a Si+W tracker external to the calorimeter, and on the right, the TIC approach of a Si tracker inside (and a couple of Si layers outside) the calorimeter. 
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