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Abstract

:

The article describes the development, design, and upcoming construction and deployment of core modules of DUCK (Detector system of Unusual Cosmic-ray casKades), a cosmic-rays detector system aimed to verify and further study the latest advances in the cosmic-rays field and participate in the international collaborations searching for new types of events. The primary scientific goal for the DUCK project will be an independent verification of the detection of ‘unusual’ cosmic ray events by the Horizon-T detector system. A detailed study of events of this type is a vital step towards understanding the nature of cosmic rays, their origins, and details of interaction with the nuclei in the atmosphere. Further operations as part of the CREDO collaboration will contribute to the continued monitoring of the cosmic events. Additional intellectual value includes the design of the fast detection system with high timing resolution for cosmic events detection and the study of the temporal structure of extensive air showers that would also contribute to the current simulations. All the steps are conducted with student involvement and advance excellence in providing students with real research experience and competitive knowledge.
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1. Introduction


Today, several open topics remain in the field of high energy physics (HEP). The Higgs boson has been recently discovered and the neutrino oscillations are being studied extensively. Among the remaining mysteries are the origin and the nature of the ultra-high energy cosmic rays (UHECRs) that cause extensive atmosphere showers (EASs). Another current challenge in HEP and science in general is raising and training new generations of scientists capable to tackle the remaining mysteries and discovering new ones.



1.1. EAS Events with ‘Delayed’ Particle


For almost 70 years, researchers have observed EAS events with more than one pulse from the passage of particles in each detector. These events were called ‘events with a delayed particle’. The first registration of such events was described by J. Jelley and W. Whitehouse in 1953 [1]. The difference between these events and the typical EAS was the presence of the second pulse in the one or more detectors, indicating that a possible secondary disk caused by an energetic particle is being detected. While both pulses were clearly correlated, the hypothesis was introduced that a very massive particle can be born in the EAS cascade that will slow down due to its high mass in comparison with other particles constituting EASs that are highly relativistic. The decay of this massive particle will cause the secondary cascade that would be detected as a second pulse arriving with a certain delay.



Thus, the delay time between the pulses seemed a good starting point to measure these EAS events ‘with delayed particles’ in order to assess the mass of this heavy particle. Such events were studied by British and U.S. research groups in the 1960s–1980s [2,3,4]. Since the 1970s, delayed particles in EASs have been studied in Japan [5,6]. Studies of delayed particles in EASs have been carried out at Moscow State University (MSU) [7,8] and at LPI (TSHASS) [9,10] since the 1980s. Pulses with several maxima have been recorded at the facility in Yakutsk [11] since the 1990s and in the 2000s at the “Tunka” system (MSU) [12]. The results of these experiments can take too long to describe, however, there is one common trend for all the results: the conclusions of these experiments do not match. The measured heavy particle mass varies wildly as well as other conclusions by effectively each of the experiments listed. This disagreement points to the lack of understanding of the nature of events with delayed particles.




1.2. From ‘Delayed Particle’ to Multimodal Events


The notion of the delayed particles persisted for over 60 years for one simple reason: the experiments would at most detect two pulses in their detectors. The main reason for this was the time resolution for the detectors used. A typical cosmic ray experiment is operating around the order of 1 μs as the integration window for the analog to digital (ADC) conversion of the detector output. The detection of the time of the EAS arrival may be much faster on the order of a few ns, but this is the operation of the time to digital converter (TDC) that only records the time of the signal over a pre-set threshold and does not store any information about the pulse shape. This approach was reasonable as cosmic events are scarce and high-speed electronics were significantly more expensive. Only in the late 2010s did the need for more data from each detector start to arise and the cost of high-speed ADCs reduced to the point when some experiments started to upgrade their electronics to the faster ADCs, including the flash ADC (FADC), but the frequency of the recording (inverse of this frequency is the integration time of a single data point) remained in a few tens of MHz. Only in 2019 the Auger upgrade [13], with Auger being the largest cosmic ray experiment currently, it introduced the 120 MHz FADC, with the signal often being downsampled for the analysis using different filters [13].



The first experiment that widely deployed a 500 MHz FADC for the recording of the full waveform (about 20,000 points) from each detector was the Horizon-T detector system [14] that is located at the TSHASS facility at the elevation of about 3340 m above sea level. While initially this experiment was not geared toward the events with more than one pulse, the high-speed detectors and electronics used from the early prototypes provided data for the events that were later called multimodal or unusual in the most recent publications [15,16] as they had more than one maximum in data. The latest data on these events suggest that such events may be more complicated in nature, as events with even more than two pulses per event were detected [15]. An example of such an event signal from a single detector is shown in Figure 1, where the waveform from a Horizon-T detection point 9 is presented for the event from 22 h 31 m 5 s 6 April 2018 [17]. Figure 1 clearly shows five well-separated peaks. The time delay of each next peak with respect to the first one, the width of each peak (τ), and the number of particles as the corresponding particle density (ρ) are listed in this figure.



Another clear illustration of the Unusual Event is the event from 2 h 39 m30 s 7 March 2018 shown in Figure 2. The figure additionally lists: the pulse number, corresponding detection point, delay time from the first pulse, and width and number of particles as the particle density per m2 for each pulse. A zoom-in on the first three pulses is shown for clarity (the image is provided as a courtesy of Horizon-T experiment collaboration).



In this event, four detection points registered more than one pulse. Charged particle density appears to be weakly dependent on distance from the EAS axis and at large distances measured density drastically exceeds the expected from the simulation. Pulse width has no immediate dependency on the distance from the EAS axis and it is more than ten times smaller than expected. This is not possible within the regular model of EASs.



The events shown in Figure 1 and Figure 2 are part of a large dataset of the events sharing the characteristic of multimodality. The notion of multimodality expands the view of the events with only two peaks from previous experiments. As seen in these figures, the width of the pulses and their separation from each other is typically on the order of tens of ns; thus, an experiment with large integration times and slower electronics may see fewer pulses (typically 2) or miss them altogether. The idea of a delayed particle that already had little to none of the experimental support cannot be applied to the multimodal events as the probability of a massive particle appearance is inversely proportional to roughly its mass squared and the appearance of >1 of such particles is high unlikely. Moreover, such events are rather common, which does not support the explanation using a rare occurrence of the massive particle.



The high importance of this discovery of Unusual Events [17] calls for the independent verification of the Unusual Event detection and the accumulation of the data with such events for the subsequent analysis. The call to confirm and further the studies of Unusual Events is currently a main driving motivation towards the design and construction of the Detector system of Unusual Cosmic-ray casKades (DUCK) that will be constructed and deployed at Clayton State University campus, approx. 300 m above sea level. This connection to the university campus also allows us to involve students in every step of the R&D and construction, providing them with valuable real-life research experience. A further scientific endeavor for the DUCK system is to join efforts with the Cosmic Ray Extremely Distributed Observatory (CREDO) collaboration [18] in the search for Cosmic Ray Ensembles (CREs) very large, precited yet not observed particle cascades initiated above the Earth’s atmosphere. Such cascades could be formed both within classical models (e.g., products of photon–photon interactions) and exotic scenarios (e.g., the result of the decay of super heavy dark matter particles and subsequent interactions) [19].





2. Design Considerations for the DUCK System


The design of the DUCK system is based on the considerations from the EAS simulations as well as from previous experience that was reported by the Horizon-T and CREDO collaborations. The ‘standard event’ is defined as the shower generated by the EAS simulation package CORSIKA [20]. This definition encompasses the accepted theoretical understanding of the EAS processes and can be used as a reference to study the shower properties.



While the elevation for the DUCK will be around 300 m above sea level, and for the Horizon-T it is about 3400 m, most reported events of interest have been concentrating at around 45° or so from the vertical. At these angles, the mass of the air column that the EAS traverses is about the same as the vertical air column at sea level, thus the 300 m of elevation for the DUCK system is sufficient for the task. Consequently, DUCK will look for events close to the vertical that also have a smaller footprint.



The CORSIKA simulation output file lists all particles that arrive at the observation level, including their type, momentum, position on the plane, and arrival time. From this information, a histogram can be built for the particles arriving at a certain distance from the shower center. The center is defined as the point where the path of the parent particle, called the shower axis, crosses the observation level. Projected to the observation plane, all particles form a shape that is normally called an EAS, or shower disk.



Such histograms were built for the 2 m × 2 m areas along the x-axis as defined by CORSIKA from the shower center radially outwards—the virtual detectors. These histograms depict the number of particles vs. the time of their arrival at the observation level for each virtual detector. Figure 3 shows an example with four histograms for the simulated shower from the primary vertical proton with an initial energy of 1017 eV, binned every 2 ns.



As seen from Figure 3, the total number of particles (defined as the area of each histogram) is not the only parameter that is dependent on the distance from the shower center. The arrival time, defined as the time of the maximum of each histogram, is changing with this distance. This dependence is used to measure the arrival direction of the EAS and it is also dependent on the original direction of the EAS disk (zenith and azimuthal angles). From the geometry of the particle paths from the shower center to the edges, it is expected that the dependence of the arrival time on the distance from the center should be quadratic by nature as shown in Figure 4. The fit line is added only as an illustration of quadratic dependence, and the result does not carry additional physical meaning.



Another parameter that changes with the distance from the shower center is the width of each histogram from Figure 3, representing the thickness of the shower disk at each distance from the center. First, following the procedure from [15,16], we define the full width of each histogram as the time from the histogram’s first bin to the bin such that 80% of the histogram’s area will be encompassed between the 2. Using this definition, the width of each histogram is determined and plotted vs. the distance from the center as shown in Figure 5. As you can see from this figure, the dependence is very linear with a caveat that at large distances the number of particles falls sharply and is insufficient for creating a histogram and determining its width. Therefore, both Figure 4 and Figure 5 are limited to the distance of about 500 m from the shower center. For the showers resulting from a primary particle with higher energy, this distance increases and vice versa.



Nevertheless, the results from Figure 5 are promising and can be used for the EAS analysis to aid in determining the position of the shower center from the detector outputs. This institutes a requirement on the design of the detector system, firstly, to record the full waveform from each detector, and, secondly, to maintain the best possible time resolution for the PMT and plastic scintillator-based system in the order of a nanosecond.



Additionally, a detector system capable of measuring the shower disk thickness with a ns-level resolution is capable of studying the temporal structure of the EAS disk and to provide the checks for the simulation output, allowing for experimental testing of this particular parameter and an overall simulation performance.




3. Preliminary Design for the DUCK System


The presented design is preliminary and may be adjusted based on the system performance requirements update and funding availability. As the primary motivation for DUCK is the independent verification of the detection of Unusual Events by the Horizon-T detector system, the design of the DUCK system is mostly modeled after it with improvements and upgrades. In addition, the design is modular, so that the size and the geometry of the detector can be increased and modified in the future in order to pursue other scientific goals.



The design of a basic detector unit is simple and is an improvement of the Horizon-T detector described in [16]. Its schematic is shown on the left side of Figure 6. It includes the photomultiplier tube (PMT), the particle detection medium (i.e., scintillator), and the light-emitting diode (LED) and secondary detector (indicated as 2det) for calibration purposes in a square pyramid-shaped housing. The rest of the detector is filled with air. A housing wall, drawn by a green line, represents the light-tight and weather-tight insulation of the module. The signal waveform from a detector is recorded by the FADC. The detectors are powered by the mini-module high voltage power supplies (HV, one per detector) that connect to a common low-voltage power supply (LV in the figure). The initial design calls for the four detector units with the possible addition of units later.



System Details and Calibrations


The requirements for the PMT are the narrow output pulse and large photosensitive area. At this time, the Hamamatsu [21] R7723 PMT assembly is chosen to possess both properties: the 2-inch photocathode diameter and the shortest output pulse amount of the PMTs within the photosensitive area. Additionally, these PMTs are well matched to the plastic organic scintillator; moreover, they are used by the Horizon-T detector system.



The secondary detector is required to provide the two-fold coincidence trigger so that each detector unit can be calibrated independently using cosmic ray muons. As such, it does not have to be large and fully functional during physics runs. At this point, the Hamamatsu MPPC [22] detectors look promising but additional R&D is required.



The cosmic ray calibration with the help of the secondary detector can be conducted on the regular basis in an automated fashion, just by briefly stopping the physics run and switching the detectors to the calibration setting. This is a major improvement over the original Horizon-T design which does not have this capability. Additionally, the averaged calibration response for each detector allows for the conversion of the histograms from Figure 3 into the expected pulses from each detector.



The ADC model is currently chosen as CAEN [23] DT5730S FADC for a total of 8 channels—4 channels for the PMTs and 4 for the secondary detectors. The waveform recorded by each ADC channel consists of 5110 bins digitized every 2 ns each, for a total of 10.22 μs. The larger time ranges are possible with up to 2 million data points per event. The internal device memory is used as the event buffer that can hold up to 1024 events. The full range of 214 bins corresponds to a 2 V scale. The binary file size for one event is ~30 Kbyte. ADC is read via a USB2 connection by a PC.



A UV LED is used for the PMT voltage working point calibration and for gain monitoring by recoding PMT response to a single photoelectron (e.g., single photon detection). The LED is embedded in the scintillator and is directly exciting the wavelength shifters in the plastic, thus emulating the light created by the passing particle. The function generator powers the LED by short pulses (in the order of 10 ns) and provides the trigger to the ADC.



The design of the pyramid shape with a square base for the protective case with inner dimensions of 1 × 1 m is optimized for fast readout [24] and the optical use of the scintillator—other shapes will increase the plastic waste and reduce the total available area. Due to its availability, the Kuraray [25] SCSN-81 plastic scintillator will be used with high probability. An extensive simulation of the different detector designs was completed before the pyramid shape was chosen [24].



The ADC and the function generator will be positioned centrally. The initial deployment position of 4 detector units will be in a square shape, with units about 25–50 m from each other. Note that the effects of the longer cables on the PMT signal were studied in detail previously using the Horizon-T system [26].



This distance will be optimized both from simulations and detector performance as well as from measuring the separation curve, which is the total number of events per unit time for different distances between the detectors. The goal will be to match the energy range of the events reported by the Horizon-T detector system for the verification measurements. The lower detection energy threshold for the DUCK system would be around or above 1015 eV of the primary particle energy, depending on the final distance chosen.



The DT5730S ADC also produces the self-trigger signal from the preset conditions. The unit allows for the double coincidence within the specified window up to 2 μs for channel pairs 0–1, 2–3, 4–5, and 6–7. Moreover, coincidence between the groups is possible but only within a very limited window of 128 ns. Therefore, the trigger generation from using more than 2 detectors is possible but only for EASs arriving almost vertically, within about 14° from the vertical.



The 2 ns digitization of the ADC and the fast chosen components will be sufficient to detect the ‘unusual’ cosmic ray events with the characteristics as described in [15]. This time resolution is also appropriate to study the particle arrival time and compare it with the CORSIKA simulation output.



With the above settings and assuming the 50 m between the detectors arranged as a square, it is estimated to achieve below 36 events per hour or so from the cosmic ray power spectrum and elevation considerations. This number includes all events above 1015 eV of the primary particle energy. The rate of the detection of Unusual Events is very uncertain and is assumed at about one per day as a low bound.



In summary, the DUCK detector system is an improved design that is built on the Horizon-T experiment as a base. This is important as DUCK should be able to detect the same events as the Horizon-T, thus its design characteristics should be the same or better in order to accomplish this task. The potential for the expandability is also included in the DUCK design to support future upgrades.





4. Conclusions


The design of the planned DUCK detector system is currently optimized to provide the independent verification for the previously reported detections of unusual cosmic ray events. Upon verification, further study of such events will be conducted. Another scientific goal is a search for the CRE events as part of the CREDO collaboration. The main requirement for the CREDO is the precise event timing and ability to identify parts of very extended EASs that DUCK should be able to detect.



Additionally, the ns-level time resolution allows the DUCK system to study the temporal structure of the EAS disk for standard events, thus providing direct comparisons between the simulations and the experimental data.



The overall design of the DUCK system is flexible and allows for easy upgrades and extensions, opening up opportunities for additional research directions. The possible upgrade is to add 4 to 8 detectors at a higher distance from the detector center, about 100–200 m, thus forming the near and far periphery zones.
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Figure 1. Unusual Event from 6 April 2018 as seen by a single detector. Corresponding delays, pulse widths, and particle density for each peak are listed. 
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Figure 2. Unusual Event from 7 March 2018 as seen by Horizon-T detector system. Detection point # and corresponding color of the line, delays w.r.t first pulse, pulse widths, and particle density for each peak are listed. 
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Figure 3. Number of particles arriving at the observation level per 2 ns bins for the virtual detectors placed at various distances from the shower center. Parent particle is 1017 eV proton, vertical. 
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Figure 4. The dependence of the shower disk arrival time on the distance from the center for the same shower as in Figure 3. The fit function used is p0 + p1x + p2x2. 
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Figure 5. The dependence of the shower disk thickness on the distance from the center for the same shower as in Figure 3. The fit function used is p0 + p1x. 
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Figure 6. DUCK system basic detector unit preliminary design. 
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