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Abstract: This article covers the overall design hardware choices for the prototyping activities for the
DUCK (Detector system of Unusual Cosmic ray casKades). The primary goal of the DUCK system is
to verify the existence of the unusual cosmic events reported by other collaborations and to look at
the possibilities of adding innovations to the EAS (Extensive Atmospheric Shower) analysis methods
of the EAS disk measurements at the observation level. Additionally, design and construction of the
system provide educational experience to the students involved in the project and are developing
the research capabilities of the university campus. The prototyping process has helped to choose
between various design solutions in the process of optimizing of the individual detector components.
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1. Introduction

Cosmic Rays (CR) of ultra-high energy are currently of high interest, as CR studies
are useful to understand the origin, propagations, and interaction of charged particles in
our galaxy, as well as their interactions with the atmosphere and the formation of the EAS
(Extensive Atmospheric Shower). CRs constitute a separate ‘window” into space besides
light and gravity. The DUCK (Detector system of Unusual Cosmic ray casKades) [1] system
aims to contribute to the methodology of EAS event analysis and serve as an independent
confirmation for detecting “unusual” CR events.

A typical EAS that is produced by the single ultra-high energy parent CR particle,
from the point of view of the observer on the Earth surface, presents itself as a disk of
various particle species that has variable thickness and particle density. As this disk passes
through a particle detector, typically it will be recorded as a simple pulse with the duration
corresponding to the disk thickness (and time it takes for it to pass the detector) and the
area that is proportional to the particle density in that part of the disk.

However, starting around the 1950s, some EAS detection systems recorded events that
had more than one pulse in a single detector. Originally, the name for such EAS detections
was ‘events with the delayed particles” as the hypothesis that tried to explain multiple
pulses suggested that if a heavy particle is produced during EAS development, it will have
a lower speed and thus will lag behind the disk. As it decays, it will produce its own
disk, so the detector will report this as two subsequent pulses (or more). The first detailed
description of this work was published by J. Jelley and W. Whitehouse in 1953 [2]. Various
research groups and collaborations, mostly from the US and UK, in the 1960s-1980s have
focused on such delayed particle events [3-5]. Since the 1970s, Japan has also joined this
search [6,7]. Detectors were built, and work was carried out at Moscow State University
(MSU) [8,9] and at LPI (TSHASS) [10,11] around the 1980s and after that as well.

Quantum Beam Sci. 2024, 8, 17. https:/ /doi.org/10.3390/qubs8030017

https:/ /www.mdpi.com/journal/qubs


https://doi.org/10.3390/qubs8030017
https://doi.org/10.3390/qubs8030017
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/qubs
https://www.mdpi.com
https://orcid.org/0000-0003-4828-8659
https://orcid.org/0009-0008-7752-1329
https://doi.org/10.3390/qubs8030017
https://www.mdpi.com/journal/qubs
https://www.mdpi.com/article/10.3390/qubs8030017?type=check_update&version=1

Quantum Beam Sci. 2024, 8, 17

20f 8

As technology developed, it became clear that these ‘delayed particle” events come
with several maxima, not just two. Such events have been recorded since the 1990s at the
facility in Yakutsk [12] and in the 2000s at the “Tunka” system (MSU) [13]. The results from
all these works are not clearly conclusive and do not match. This suggests that further
studies of such events are needed.

Numerous events with multiple maxima have been recorded by the Horizon-T [14]
detector system, where they are called the “‘unusual’ CR events. This pursuit of the DUCK
system to study check events further represents a vital step towards unraveling the myster-
ies of CR and their profound impact on our understanding of the universe. Additionally,
as the detector system is being designed and built at Clayton State University, which is
designated as a MSI (minority serving institution), this work helps to promote the research
to multiple minority groups that are underrepresented in the STEM field.

The current design of the DUCK builds on the original proposal [15] and considers
both the need for high-speed digitization of the signals as well as the nanosecond-level
time resolution that is needed to study the applicability of the EAS disk width to the data
analysis and the simulation checking for this parameter as well.

2. Prototype Design

Each module of the detector system should be able to detect individual cosmic muons
for detector response calibration purposes and have a large dynamic range at the same time
as the particle density in the EAS disk varies significantly. The response of the detector to a
single particle is a pulse of a finite width, so the resolution of the detector is dependent on
the width of this pulse. In order to resolve a group of particles that come in rapid succession
as individual signals, this width should be as short as possible.

The design of the prototype module is a truncated pyramid (the shape is adopted
from [16] following the Horizon-T choice) with the Hamamatsu [17] H11284-30 (former
R7723) PMT at the top and the plastic scintillator (0.5 x 0.5 x 0.024 m>) at the bottom.
A completed module is shown in Figure 1a. The PMT photocathode is looking directly
at the scintillator, and it is about 55 cm above the scintillator for the prototype and will
be about 1 m above for the final design, all enclosed in the light-tight case. This ensures
increased uniformity of the PMT response to the particles passing through different parts
of the scintillator, as shown in [16]. Figure 1b shows the schematic with the PMT and
the secondary Hamamatsu 1.3 mm? Multi-Pixel Photon Counter (MPPC) photosensor
placement positions. The MPPC sensor will have a wavelength-shifting (WLS) optical fiber
with peak emission in green (475 nm, Y11 fiber) attached to it to facilitate light collection.
The fiber will be placed directly under the scintillator. The interior and exterior are lined
with foil; on the inside, the bottom part, and the walls are initially covered by Tyvek [18].
The entire system output is recorded by the CAEN [19] DT5730 Flash Analog-to-Digital
Converter (FADC).

This ADC has a 14-bit resolution and a 500 MHz digitization rate and is thus suited
for particle detection at ns-scale time resolution. Additionally, this ADC can record events
from about 10 ps to around 10 ms long with an acquisition memory of 5.12 MS/ch. When
a lower event duration is chosen, this memory acts as the data buffer. Note that since
the PMT has an intrinsic spread of the pulse of about 1.8 ns, a higher ADC digitization
frequency will not add benefits to the detected signal and will raise the overall cost. Also,
DT5730 can be connected via USB2 port and is a stand-alone model that does not require
any crate or external power, etc. Several modules can be synchronized using the external
clock generator if needed.

The MPPC and LED are the elements of the module calibration system that still need
to be tested with the fully completed module. The LED is connected to Rigol [20] DG2102
Waveform Generator. These elements have not yet been fully implemented at the time of
this article and are under final construction and testing.
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Figure 1. (a) Completed prototype module under testing with paddle detectors; (b) Updated design
schematic of the DUCK detector module prototype.

Paddles Design and Construction

To make sure that the particle passes through the detector, a double-coincidence
scheme is used. For that, two simple detectors are needed that are placed above and under
the module under testing. The most common simple detectors are called paddles, which
are just a flat piece of the scintillator coupled with the PMT. These scintillator paddles form
the hodoscope for the cosmic muon coincidence scheme for the prototype calibration. Each
paddle is manufactured from a 2.4 cm-thick scintillator, with the square part of the paddle
being about 25 cm x 35 cm. The PMT holder that attaches to the case is 3D-printed. The
scintillator on the bottom side has a layer of Tyvek for higher light yield. Additionally,
aluminum foil, insulation tape, and duct tape were added for both light insulation and
structural support. Figure 2a shows the completed paddle, and Figure 2b shows all the
layers exposed before completion. The same model PMTs are used for the detector modules.
These two paddles were constructed for use in a double coincidence scheme to be used for
the detector system’s individual module calibration. The paddles will be placed above and
under each module for this process, as shown in Figure 1a. The paddles are smaller than
the module size, this way, different parts of the module can be calibrated as the detector
response uniformity can be estimated.

O ery

Figure 2. (a) Completed paddle detector; (b) Construction stages, showing the PMT holder, Tyvek,
aluminum foil and insulating tape layers.
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The polystyrene-based scintillator EJ-200 from Eljen [21] will be used for the final
modules. As for the prototype, before EJ-200 was placed in it, it was initially tested with
existing lab pieces of the generic scintillator with the PPO (2,5-Diphenyloxazole) fluor and
POPOP (1,4-bis(5-phenyloxazol-2-yl) benzene) shifter with the characteristics shown in [22].
The PMT is optimized for blue light detection, but the scintillator material produces UV
light. Fluor and shifter convert this UV light into blue (with a wavelength of around 410 nm
or so; see [22] for details).

With the paddles connected to the oscilloscope, the ‘Setup and Hold" trigger option
can be used to set up the two-level coincidence between the paddles for reliable cosmic
muon detection. For the ADC, other options are available, as described later in this paper.

3. Detector and Paddles Initial Calibration
3.1. PMT Calibration

The first test that was conducted on the newly constructed detectors was to deter-
mine the optimal bias voltage for the PMT as well as to set the initial threshold at that
bias voltage. PMT, just like any photon detector, has intrinsic noise that can affect the
detection. Also, each PMT is different and thus requires a separate biasing voltage to be
set individually. There is an interplay between the noise and detection efficiency, as the
detection efficiency and noise increase with the bias voltage. Thus, the optimal values of
both need to be determined.

For this test, the detector in question is connected to the signal counter (or scaler) via
the discriminator. We have used the Rigol MS5A231000594 oscilloscope as it has a counter
with the variable threshold already built in. The count values are recorded at different bias
voltages and threshold values and then plotted. Figure 3 is a sample plot of the log of the
average number of counts per second (i.e., average frequency) vs. the threshold value for
different biases for the detector prototype module shown as an example. As the threshold
is increased for the same bias voltage, first the noise is reduced, then the actual CR signal
counts start to be cut by further threshold increases. The region where the fast-decreasing
noise counts transition into the CR counts can appear as either a short horizontal line or
form a rather large plateau. The threshold is typically chosen at the beginning of the plateau
(i.e., the right side of it) for a given bias so as to keep the CR signal as some noise can be
tolerated as described next.
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Figure 3. Count frequency at different threshold values and bias voltages.

Figure 3 lists the voltage as it is read by the power supply monitor. The cable con-
necting both is around 30 cm, so the loss is insignificant. Normally, the PMT draws the
current below the power supply rating, and the value at the PMT is effectively the same as
at the monitoring. When very high signals are detected by the PMT, the voltage can drop,
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and this will limit the overall PMT linearity, as has been shown in in the detailed studies
described in [16]. The current test is not affected by this effect.

The frequency of the noise is important for the double coincidence triggering scheme,
as within the coincidence window, two noise signals can randomly appear, creating a false
detection of the cosmic event. For this case, the frequency of these false triggers can be
estimated using Equation (1):

fFatse = fnoisel X fnoisez X 2Weoin )

Here, f,,ise is the average noise of each paddle (in Hz) for the threshold and bias
values chosen, and w,,;;, is the width of the coincidence window in seconds. With the
typical noise around 300 Hz and the coincidence window of about 50 ns (adjustable), the
rate of these false coincidences will be around 1 event in 500 s. As the measured rate of the
CR muons with the paddle detectors is on the order of a few events per second, this rate of
false coincidences is acceptable.

3.2. Initial Calibration with Cosmic Rays

A very important detector calibration and performance assessment test is conducted
using the Minimally Ionizing Particles (MIP), which are typically cosmic ray muons. To
conduct this test, two paddle detectors are placed above and below the detector being tested,
and the FADC is set to detect the double coincidence events as defined by these paddles.
Then, data are analyzed to determine various properties of the detector response to the MIP
signal, such as a sample amplitude as shown in Figure 4. The resulting histogram is fitted
with a Landau curve to determine the MPV (Most Probable Value) for the distribution. The
calibration process is ongoing, and the detailed parameters of each detector module will be
published at a later time. As FADC has a range of 2 V and a resolution of 14 bits, the value
in ADC bins should be divided by 23 to get the amplitudes in volts.
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Figure 4. The amplitude of the detector response to MIP. Red line is a fit using Landau curve.

4. Operating ADC-DAQ Software

Special software has been designed to control the DT5730 ADC. The considerations
that went into the software architecture were to provide a high-speed readout and the ability
to control all ADC functions, as well as provide a real-time even display that can show the
data being recorded while giving priority to data retrieval and saving over the display.

The software utilizes the TBB (tread building blocks) library to create the asynchronous
queue of data. A single thread is tasked with checking the ADC to see if new data are
available and retrieving this data. The queue served as an additional buffer in case there
was a burst of events from the detector.



Quantum Beam Sci. 2024, 8, 17

6 0of 8

Trigger
€ Self
& Ext
C Soft
Ext Type
& TTL
0 NIM

DC Offset

Loss0 2

Channel 0

o550

channel 1

I

Channel 2

F

Channel 3

w0 2

Channel 4

w0 2,

Channel 5

T

Channel &

o550 3

Channel 7
0.950 3|
All channels

(Nﬁ%ﬂilﬂ}

gxn\ \_mtialize\ gtanDAu\ gtupDAu\

Another thread takes events at an adjustable time interval from the queue, makes
a copy, and draws it (Figure 5). This way, only a sampling of data is displayed, so the
software can be run on older computers with lower CPU and graphics capabilities without
losing its main functionality
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Figure 5. The DAQ software control panel interface and the data display showing live data from
FADC channels 0 to 7.

Another feature is the ability to save events in a file by groups—from 1 per file to
hundreds of thousands, limited to 2 Gb per file. The limitation comes from the library used
in ROOT version 5.34/38 [23], which saves the data as a tree structure that allows for quick
access to any event, even in a large file—no need to read the whole file sequentially. Data
are also zipped on-the-fly to reduce the size of the file. The same control allows you to stop
saving data for testing purposes.

The control panel interface shown in Figure 5 allows to set the trigger type—Soft
means random trigger by software, Ext means accepting the externally generated trigger in
either NIM or TTL format, Self—the ADC will generate the trigger itself.

The rest of the interface deals with setting the parameters for the self-triggering option.
One can set the threshold for each channel and set the triggering of the channel group
(channels 0-1, 2-3, 4-5 and 6-7 are in four groups). Pulse width sets the coincidence
window in Equation (1)—how many ns will the ADC wait after the threshold is reached for
the second pulse before giving up. The number of buffers controls the number of points in
each event—from 5111 to the higher number of buffers (the actual number is 2 to the power
of 10), and the number of points in each event doubles with the reduction in the number of
buffers—i.e., 10222 for 22, etc. The coincidence level sets the global coincidence between
channel groups—how many groups must report a signal before the global trigger is issued.

The data displayed shows the window for each FADC channel, with the data shown
as amplitude in ADC bins vs. time in ns. Effectively, this operates like an oscilloscope
screen and allows for real-time monitoring of the data during the run.
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5. Conclusions

In conclusion, the design and prototyping of the DUCK system have demonstrated
the operations that meet the expected characteristics. The prototyping process is providing
valuable insights for the final design, such as the scintillator choice and thickness and
calibration processes. Additionally, the procedure for PMT calibration has been set and will
be used to determine the most optimal thresholds and voltages for our data collection in the
final design as well. In order to develop and test the DAQ software, as well as to support
students educational experience and demonstrate the use of particle physics methods in
other areas, the DUCK prototype hardware was also used to execute the project on random
numbers with the details described in [24].
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