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The Telescope Array Low-energy Extension (TALE) experiment is a project that extends the
Telescope Array (TA) experiment to observe cosmic rays with energies down to 10163 eV using
10 fluorescence detectors (FDs) and 80 surface detectors (SDs). The TALE-infill SD array,
consisting of 50 SDs arranged in a grid pattern with 100-meter spacing, has been installed
to extend observations to lower energies, covering the PeV energy region. The extension as
TALE-infill enables precise measurements of the energy spectrum, mass composition, and arrival
direction anisotropy of cosmic rays around the knee, with the aim of investigating the origin of
cosmic rays and the physical mechanisms responsible for the knee feature. In this paper, we report
on the observational status of the TALE-infill array, using the first data from November 2023 to
Jun 2024.
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1. Introduction

The cosmic ray energy spectrum exhibits the changing the spectrum index around the 10'>-¢ and
10'7 eV, known as the knee and 2nd knee respectively, as shown in the left panel of Figure 1. One of
the leading hypotheses is that the knee structure is caused by the acceleration limit of proton cosmic
rays within the Milky Way. Since acceleration in a magnetic field is considered to be proportional
to the atomic number of cosmic ray nuclei, it is expected that, beyond the acceleration limit energy,
the mass composition of cosmic rays transitions from lighter nuclei to heavier nuclei in this energy
range. The results of mass composition measurements from various experiments indeed show a
trend of transitioning to heavier masses beyond the knee. However, as shown in the right panel of
Figure 1, the absolute values measured in different experiments exhibit significant differences that
exceed the errors representative of their distributions. To clarify the origin and mechanism of the
knee, it is important to accurately measure the energy spectrum and mass composition of cosmic
rays in the knee region, which is defined as approximately 1 PeV to 10 PeV.
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Figure 1: Left : The energy spectrum of cosmic rays measured by the TA experiment. The spectrum has
breaks at 10'%-6 and 10!7 eV. Right : The average mass of cosmic rays measured by various experiments [2—
26]. There is a large variation in the results with several experiments has large uncertainties. The area shaded
in blue represents the observation range of TA. The red area is TALE’s observation range. The green area
shows the observation range of TALE-infill.

The Telescope Array (TA) experiment started the Telescope Array Low-energy Extension
(TALE) to observe cosmic rays below 10'8eV. The TALE detectors are located at the northwest
part of the TA site. Since 2018, we started data taking with 10 fluorescence detectors (FDs) and
an SD array covering an area of 21km?. The TALE SD array comprises 80 plastic scintillation
detectors, with 40 arranged at 400 m intervals and the remaining 40 at 600 m intervals, as illustrated
in Figure 2a. To further extend the observational range of TALE to lower energies and to investigate
cosmic rays in the knee region, a higher-density SD array than the TALE SD array—referred
to as the TALE-infill SD array—has been deployed. This array is located between the TALE
FD and the TALE SD array and consists of 50 SDs arranged in a rectangular grid with 100 m
spacing (Figure 2b). Air shower events are triggered when five or more adjacent SDs record signals
exceeding 3 MIPs within a time window of 3 us . The TALE-infill SD array began operation in
November 2023 and has been operating stably since then. An example of air shower event recorded
by TALE-infill SD is shown in Figure 3.
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Figure 2: (a) A map of TALE. The blue circle (¢) Figure 3: The shower foot print (left) and
and arrows (—) represent TALE FD and it’s field of the signal waveforms (right) of an event
view. The open square boxes (O) shows TALE SDs. obtained by the TALE-infill SD arrray.
(b) Detector configuration of the TALE-infill SD. The The size of the circles is proportional to
purple square boxes (0), cyan cross mark (x) and green the number of detected particles. The
square boxes (00) correspond to TALE-infill SD, TALE color represents the relative trigger times.
FD and TALE SD respectively.

2. Reconstruction method

The reconstruction of air showers detected by the TALE-infill SD array begins with noise
rejection, where spatial and temporal clustering algorithms remove isolated signals such as single
muon hits to ensure that only shower-induced signals are used. Following this, the initial geometry
of the air shower is determined by fitting the timing data of clustered SDs to a modified Linsley
shower-shape time delay function [30, 31] as given below.

_ -10 r IS o5
r=(8x10 )a(e)(1.0+30) 0705 [s] (1)
3.3836 — 0.018486 (6 < 25°)
a(f) = co+c10+ 6292 + 6‘393 (25° < 0 < 35°) 2)

exp (-3.2x 10720 +2.0) (35° < 6)
co=-7.76168 x 1072, ¢; =2.99113 x 107!
cr=-8.79358x 107, ¢3=6.51127x 107

Here, 7 [s] is the delay time from the shower plane, r [m] is the distance from the shower axis,
p [m~2] is the particle number density and a(6) represents the curvature of the air shower front,
where 6 is the zenith angle . Next, the lateral distribution of particle densities at the ground is fitted
using the NKG function [32, 33] in Equation (3).

r s=2 r s—=4.5
FIT -2
=N|— 1+ — m 3
PN (] (1] ®
where N [m~2] is the scale factor, Ry, [m] is the Moliere radius and s is the shower age. Examples
of the geometry fit and LDF fit for a event are shown in Figure 4 and Figure 5, respectively. To
further refine the reconstruction, the procedure is iterated: the geometry fit is repeated using the
results from the lateral fit as the initial values, followed by another lateral fit.

This iterative process—geometry fit, lateral fit, geometry fit, and lateral fit—serves to progressively
improve the accuracy of both the arrival direction and the core position.
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From the final lateral fit, the shower size parameter ss¢, defined as the particle density at 50 m
from the shower axis, is obtained. The energy of the primary cosmic ray is estimated using an
energy lookup table generated with QGSJETII-04 [35] proton showers (refer to Figure 6). This
table provides the energy corresponding to a given s5o value and reconstructed zenith angle.
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Figure 4: An example of the
geometry fitting. The blue dots
represent the trigger times of
SDs and the red dashed line is
the fit result.

Figure 5: An example of the
LDF fitting. The blue dots
represent the signals in MIP
recorded by SDs. The dashed
line is the fit result.

Figure 6: The energy estimation ta-
ble for TALE-infill. In this study, this
table was created under the assump-
tion that all primary cosmic rays are

protons.

3. Resolution

We evaluated the reconstruction performance of the TALE-infill SD array using simulations.
In this study, we use a set of air showers generated by the CORSIKA air shower simulation tool with
the QGSJETII-04 [35] interaction model. For the detector simulation, we use the GEANT4 [36]
based simulation originally developed by the TA SD simulation. The Monte Carlo (MC) dataset
conditions are shown in Table 1.

Table 1: MC dataset

Primary particle proton
CORSIKA
QGSIJETII-04
10157V ~ 10165 eV
0° < 6 < 65°, (x sinfcosh)
0° < ¢ < 360°, uniformly

Uniformly random within a circle of
radius 1 km from the array center

MC simulation
Had. interaction model
Energy E
Zenith angle 6
Azimuth angle ¢

Core position

We evaluate the performance of TALE-infill SD array by using the MC simulations described
in Table 1. We removed bad events by using the quality cuts shown below.
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* The number of SDs used in reconstruction is 10 or fewer

* Reconstructed zenith angle is greater than 45°

* Reconstructed core position is outside the array

* The SD with the maximum signal in an event is located on the edge of the array

* The distance from the reconstructed core position to the signal barycenter is 200 m or more
* The age parameter (s) of the LDF fit falls outside the range of 0.2 to 1.9

¢ The distance between the shower axis and the closest SD used in the LDF fit is 70 m or more

Figure 7 shows the comparison of the simulated and reconstructed parameters. The core
position resolution is about 5 m, the angular resolution is approximately 1.5 degrees and the energy
resolution is around 30% at 10'®eV. We also checked the angular resolution by analyzing the
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Figure 7: TALE-infill SD array resolution. (a)(b) The distance from the true core position to the reconstructed
core position for x coordinate (a) and y coordinate (b). The red lines show the result of gaussian fitting. (c)
The opening angle between the true arrival direction and the reconstructed direction. The blue area contains
68% of all reconstructed events which passed the quality cuts. The 68% region is within 1.44 degrees. (d)
The difference in simulated and reconstructed energy.

observation data from November 2023 to January 2024 with the even-odd method [38]. In this
method, we divided the TALE-infill SD array into odd and even subarrays. Each subarray consists
of 25 SDs. Adjacent SDs in the original array are assigned to different subarrays, and the spacing
between SDs in the subarrays is 141 m. We reconstructed events using both subarrays and computed
the distribution of opening angles between the reconstructed arrival directions. Figure 8 shows the
opening angle distribution obtained from the even-odd method. The angular resolution of the
full-size array is defined as half of the opening angle, which in this case is 3.14/2 =~ 1.5. This
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result is consistent with the resolution obtained from MC simulations, confirming the capability of
he MC:s to replicate experimental events.
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Figure 8: The opening angle distribution from real events reconstructed using the even-odd method. The
red dashed line indicates the 68% value, which is 3.14 degrees. In the analysis using all SDs, the angular
resolution is half of this value, 1.57 degrees.

4. Data/MC comparison

We compared the experimental data distributions with the MC distributions for the main
reconstructed parameters. The results are shown in Figure 9. The black points represent the
experimental data. The red histograms show the MC expectation. The experimental data and
MC results are in general agreement; however, the distribution of the number of SDs used in the
reconstruction exhibits a noticeable discrepancy at higher SD counts.
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Figure 9: Data/MC comparison. It comparisons shows agreement except for the # of SDs.
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5. Conclution and outlook

In summary, the TALE-infill SD array has been installed to observe cosmic rays from the
knee region and above. We developed simulation code and the reconstruction program for the
TALE-infill SD array. The resolution of the reconstructed shower is approximately 5 m for the
air shower core position, about 1.5° for the arrival direction, and around 30% for the cosmic ray
energy determination. We confirmed that the angular resolution from the MC analysis is consistent
with the one obtained from the observational data using the even-odd method. After comparing
8 months of data with the MC simulations, we found that all distributions except for the number
of detectors were consistent. Future work will look to resolve this disagreement and extend the
analysis down to the knee region.
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