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The ALPACA experiment is an extensive air shower array located in Bolivia, South America,
consisting of 401 detectors each with an effective area of 1 m?, covering a total surface area of
83,000 m2. In addition, an underground muon detector system is installed, comprising detectors
placed 2 meters below ground level with a total sensitive area of 3,600 m>.

Measurements of the scintillator characteristics were performed under conditions closely repli-
cating the actual setup used in the ALPAQUITA experiment. Specifically, we measured the
scintillation light yield (charge), light collection time, and signal rise time, as well as their position
dependence, using the same type of scintillators deployed in ALPAQUITA.

The results showed that the light yield near the corners was approximately 20% lower than at the
center. In terms of signal timing, a delay of about 0.2 ns was observed for particles entering near
the corners compared to those entering near the center.

As aprototype array for the ALPACA experiment, the ALPAQUITA experiment—with one-quarter
the areal coverage—commenced data acquisition in April 2023. In the ALPAQUITA surface array,
data are recorded under trigger conditions categorized as any1 through any4, corresponding to the
number of detectors registering coincident particle hits. The observed trigger rates were 78,000 Hz
for anyl, 4,800 Hz for any2, 600 Hz for any3, and 300 Hz for any4. Among these, the true rate
for any?2, corrected for accidental coincidences, was determined to be 1,400 Hz.

In addition, we compared several reconstructed shower parameters between the Monte Carlo
simulations and the ALPAQUITA experimental data. This included the even-odd opening angle,
which serves as a proxy for the angular resolution of the detector system. The even-odd opening
angle measured in the ALPAQUITA surface array was 1.95°, closely matching the value of
1.76° obtained from the simulation. These results demonstrate that the Monte Carlo simulations
incorporating the measured scintillator characteristics accurately reproduce the performance of
the ALPACA and ALPAQUITA experiments. This, in turn, indicates that the energy spectra
of gamma-ray sources observed with ALPACA and ALPAQUITA can be estimated with high
precision.
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Evaluation of cosmic ray measurement for the ALPAQUITA experiment

1. Introduction

In 2019, the Tibet ASy experiment reported the detection of ~450TeV gamma rays from
the Crab Nebula[ 1] , marking the first observation of gamma rays exceeding 100 TeV worldwide.
Following this discovery, numerous observations of gamma rays above 100 TeV have been conducted
in the northern sky. However, to date, no experiment exists that can measure gamma rays in
the 100 TeV energy range with good sensitivity in the southern sky. The southern sky includes
the Galactic Center and Galactic Plane regions, which are particularly important targets for the
search for PeVatrons because of their high matter density and intense star-forming activity. As
the first southern sub-PeV observatory, a new airshower array experiment, the Andes Large area
PArticle detector for Cosmic ray physics and Astronomy (ALPACA), is under construction near the
Chacaltaya mountain in Bolivia at an altitude of 4,740 m [2] [3].

In this study, we performed a detailed characterization of the plastic scintillators employed in
the ALPAQUITA experiment. Measurements were conducted under conditions closely resembling
the actual experimental setup used in ALPAQUITA. Specifically, we evaluated the scintillation light
yield (measured as charge), light collection time, signal rise time, and their position dependencies
using the same type of scintillators implemented in the experiment.

2. ALPAQUITA Array
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Figure 1: Overview of the ALPACA experiment. Each black dot represents an individual scintillation
detector. The light blue region indicates the underground muon detector. The area enclosed in red corresponds
to the ALPAQUITA array.

The detector layout of the ALPACA experiment is shown in Figure 1. Each black dot represents
a surface detector, and the light blue region indicates the underground muon detector. As shown in
Figure 2, the surface array consists of 401 plastic scintillators, each with a detection area of 1 m?,
arranged at 15 m intervals, covering a total area of 83,000 m?. Scintillation light is diffusely reflected
within the detector housing and collected by a photomultiplier tube (PMT) mounted beneath each
detector. The magnitude of the detected signal provides information on the size of the air shower
and is used to estimate the energy of the primary cosmic ray. In addition, the timing information of
the detected signals is used to reconstruct the arrival direction.
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Figure 2: Design of an individual scintillation detector comprising the air shower array of the ALPACA
experiment. A plastic scintillator with an area of 1m? is enclosed in a stainless-steel housing, with a Smm
thick lead plate placed on top.

3. Characteristics measurement of plastic scintillators

3.1 Measurement
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Figure 3: Design of an individual scintillation detector comprising the air shower array of the ALPACA
experiment. A 1m? plastic scintillator is enclosed in a stainless steel housing, with a 5 mm-thick lead
plate placed on top. A probe detector providing external triggers was placed on top of the detector to take
calibration data described in this paper.

The characteristics of the scintillator, photomultiplier tube (PMT), and housing box used in the
ALPAQUITA experiment were measured at lab using a probe detector. The probe detector (shown
at the top of Figure 3 ) consists of a 2-inch PMT and a 2-inch diameter scintillator placed above a 1m?
detector, and is used as an external trigger device. By triggering with the probe detector, the passage
location of cosmic rays through the main detector was specified. Measurements of the scintillation
light yield, light collection time, and signal rise time of the scintillator were performed. To evaluate
position dependence, the probe detector was moved to eight different positions, as illustrated in
Figure 4. The applied high voltage was adjusted so that the ADC peak value would be approximately
120 pC, corresponding to the actual operating conditions in the ALPACA experiment.

3.2 Result

Figure 3 shows an example of charge distribution after subtracting the pedestal value when the
probe detector was placed at the center of the detector (position 1 in Fig.1). In the range of 10
to 50 pC, the distribution was fitted with a Landau function convoluted with a Gaussian function
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Figure 4: Locations of the probe detector placed on the detector

(to account for the detector resolution), as shown by the red curve. The peak value in this range
was defined as the MPV (Most Probable Value) of the charge distribution. Figure 4 shows another
example when the probe detector was placed at the corner of the detector (position 8 in Fig.1).

o &0
Charge (pC)

Figure 5: A charge distribution of an ALPACA detector when the probe detector was placed at the position 1
of Figure 1. The horizontal axis represents the charge, and the vertical axis represents the number of events.

A comparison of MPV values between position 1 (near the center) and position 8 (near the
corner) showed a difference of more than 20%.

The timing measurement results are presented. The horizontal axis represents the relative
time difference between the signals from the target scintillator and the probe detector, measured in
nanoseconds. The vertical axis indicates the number of events per bin. The red curve shows the
result of a Gaussian fit to the distribution, and the mean of the fitted Gaussian was taken as the
signal delay.

Figure 6: Timing distibution of an ALPACA detector relative to the probe signal when the probe detector

was places at the posision 1. The horizontal axis represents the charge, and the vertical axis represents the
number of events.

The signal is delayed more at position 8 (near the corner).The t.t.s. is larger at position 8 as
well.
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4. Simulation condition

4.1 Simulation condition

We performed air shower simulations in the atmosphere to obtain the position, arrival time,
energy, momentum, and particle species of individual secondary particles at the altitude correspond-
ing to the ALPAQUITA site. The simulation conditions used in this study are summarized in Table
1. The air shower core positions were randomly distributed within a circular area of radius 300 m
centered on the ALPAQUITA array. For the cosmic-ray spectrum, we adopted a composition model
[4] in which the elemental abundances are adjusted to reproduce the results of direct observations
by balloon- and satellite-borne experiments, as illustrated in Fig. 1. Simulation Set 1, with primary
energies ranging from 280 MeV to 10TeV, was designed to cover the low-energy regime, while
Simulation Set 2, spanning from 300 GeV to 10 PeV, was intended to increase the statistics in the
high-energy range. In both cases, 10° primary cosmic ray events were simulated.

The position dependence of the scintillation light yield (charge), signal delay, and transit time
spread (T.T.S.) of the scintillators actually used in the ALPAQUITA experiment was incorporated
into the Monte Carlo simulation. Based on these implementations, we compared the simulation
results with observational data and evaluated the detector performance.

The development of air showers induced by cosmic rays was simulated using CORSIKA
version 7.6400 [5], while the detector response after particle entry was modeled using Geant4
version 10.04.p02 [6].

Simulation condition Value

Energy region 1. 280MeV < E < 10TeV
2.300GeV < E < 10PeV
# of events 1. 10° events
2. 10° events

Table 1: Simulation conditions.

4.2 Results

A comparison between the experimental results and Monte Carlo simulations shows good
agreement for any2 through any4. However, for any1, the Monte Carlo counting rate is approximately
30% lower than the experimental result.

Next, we introduce the quantity called the even-odd opening angle. As illustrated in the Figure
8, the array is divided into two sub-arrays arranged in a checkerboard pattern: the even array and the
odd array. We then plot the distribution of the opening angle between the directions independently
determined by each sub-array.

In the ALPACA collaboration, the median of this distribution is defined as the even-odd opening
angle. For the current data, this value was 1.95°. Since approximately half of this value corresponds
to the angular resolution, the angular resolution can be estimated to be about 1° for cosmic rays in
the 5-10TeV energy range.
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Figure 7: Comparison between the experimental and Monte Carlo data for anyl through any4 in the
ALPAQUITA array. Blue squares represent the experimental data, while red circles represent the Monte
Carlo simulation results.
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Figure 8: Explanation of even-odd opening angle. When the entire array is divided into two sub-arrays—red
for the even-array and blue for the odd-array—the red vector represents the arrival direction reconstructed
from the even-array, and the blue vector represents the arrival direction reconstructed from the odd-array.

5. Summary

We evaluated the detector performance by incorporating into the Monte Carlo simulation the
measured characteristics of the scintillators used in the ALPAQUITA experiment—namely, the
scintillation light yield, light collection time, signal rise time, and their position dependence. As
a result, good agreement was observed between the experimental and simulated counting rates for
any?2 through any4. However, for any1, the Monte Carlo counting rate was found to be approximately
30% lower than that of the experimental data. This discrepancy is considered to arise from factors
such as the zenith angle restriction in the simulation and variations in the secondary cosmic-ray
intensity due to environmental changes.

Furthermore, the even-odd opening angle (an indicator of angular resolution) is well reproduced
by the Monte Carlo simulation, demonstrating consistency with the observational data.
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