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Telescope Array (TA) is the largest ultrahigh energy cosmic-ray (UHECR) observatory in the Northern Hemi-
sphere. It explores the origin of UHECRs by measuring their energy spectrum, arrival-direction distribution,
and mass composition using a surface detector (SD) array covering approximately 700 km? and fluorescence

detector (FD) stations. TA has found evidence for a cluster of cosmic rays with energies greater than 57
EeV. In order to confirm this evidence with more data, it is necessary to increase the data collection rate.
We have begun building an expansion of TA that we call TAx4. In this paper, we explain the motivation,
design, technical features, and expected performance of the TAx4 SD. We also present TAx4’s current status
and examples of the data that have already been collected.

1. Introduction

Telescope Array (TA) is the largest cosmic-ray observatory in the
Northern Hemisphere [1]. The aim of TA is to explore the origin
and nature of ultrahigh energy cosmic rays (UHECRs) above 10'8 eV.
The TA experiment has 507 plastic scintillator surface detectors (SDs)
arrayed in a square grid with 1.2 km spacing covering approximately
700 kmZ2. TA also has three fluorescence detector (FD) stations, two of
which have 12 telescopes, while the third has 14 [2-4]. Full operation
began on May 11, 2008. The duty cycle of the SD array has been 95%
throughout the 11-year observation period on average. The FD duty
cycle has been approximately 10%, because the data is taken only on
clear moonless nights. The layout of TA is shown in Fig. 1; its central
laser facility (CLF) is located at 39.30°N, 112.91°W and 1370 m above
sea level in Utah, USA.

In previous work using TA SD data collected over five years, we
found that 19 out of 72 observed cosmic rays with energies above 57
EeV were concentrated within a single 20°-radius circle (the “hotspot”)
[5]. The result had a maximum local statistical significance of 5.1¢; for
the hotspot to arise by chance anywhere in the field of view would
require a 3.4¢ fluctuation, which is the global statistical significance of
the result.

Several additional indications of cosmic-ray energy-spectrum
anisotropy have also recently been observed by the TA experiment [6,
7]. A difference in the spectral cutoffs above and below the declination
& = 24.8° has been reported in [6]: the high and low declination band

19,85+0'O3 19459+O.05 .
cutoffs were found to be 10 ""-003 eV and 10 "~"-007 eV, respectively.
The difference was updated using the latest data in [8]. The statistical
significance of the difference of the break points of the energy spectra
was estimated to be 4.3¢. A relative energy distribution test was also
done comparing events inside oversampled spherical caps of equal
exposure to those outside. The center of maximum significance has

1 Author names with affiliation provided at the end of the article as Appendix.
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been found at right ascension @ = 9"16™ and declination § = 45°,
and has an excess of arrival directions for particles with energies above
10'975 eV and a deficit for 10192 eV < E < 10'%7 eV [7]. The post-trial
significance was estimated to be 3.7¢. Correlation of arrival directions
with energies was also reported in [9]; the post-trial significance of the
correlation in this case was estimated to be 4.2¢. These results were
obtained using seven to eleven years of observations with the TA SD.

In order to accelerate the pace of data collection as we further in-
vestigate these apparent departures from isotropy, we have developed a
quadrupled TA detector. We call this proposed larger detector “TAx4”.

The SD array of the TAx4 experiment is designed expressly to study
cosmic rays with energies above 57 EeV. The spacing of the TAx4 SD
array is 2.08 km, in contrast to the TA SD’s 1.2 km. The area covered by
the TAx4 SDs over the area covered by the TA SDs can be estimated to
be (2.08/1.2)% ~ 3 if there are large number of SDs. The additional 500
TAx4 SDs cover approximately three times more area than the 507 TA
SDs; the combined coverage of the TAx4 and TA SDs is approximately
2800 km?. Fig. 1 shows the planned locations of the TAx4 detectors.
Two FD stations for the TAx4 experiment have also been designed. The
field of view of each FD covers the sky above the area of the SDs so
that cosmic-ray events can be observed simultaneously by FD and SD;
we call such events “hybrids”.

The design and the expected performance (based on simulations)
of the TAx4 SDs are shown in the next section. The status of SD
construction is discussed in Section 3. The results of calibration and
quality checks are given in Section 4. The data acquisition system is
shown in Section 5. Section 6 provides a summary.
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Fig. 1. Map of the Telescope Array (TA) site. Each red hexagon in the northeast and
southeast corresponds to the planned location of a TAx4 surface detector (SD); the
spacing of the TAx4 SDs is 2.08 km. Each blue hexagon in the west shows the location
of a TA SD; the spacing of these is 1.2 km. Each green hexagon shows the location of
an SD belonging to the low-energy TALE experiment [10]. The two fan shapes drawn
with black lines are the fields of view of the TAx4 fluorescence detectors (FDs). Four
telescopes have been built in the northern Middle Drum FD station, and eight telescopes
in the southern Black Rock FD station. The overlap of the locations of the SDs and the
fields of view of the FDs enables SD-FD hybrid observation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

2. Design and performance

The basic design of a TAx4 SD is the same as that of a TA SD [11].
The most essential component of an SD unit is a pair of plastic scin-
tillator layers, each of 1.2 cm thickness and 3 m? area. Each plastic
scintillator layer is composed of eight plastic scintillator sheets. The
length, width and thickness of each sheet are 150 cm, 25 cm and
1.2 cm, respectively. The scintillation light from each layer is col-
lected by wavelength shifting (WLS) fibers and a photomultiplier tube
(PMT). Coincidence signals from the two layers of scintillators are
taken to measure the single-muon peak clearly removing random noise
with low energy from each layer for the calibration of signals. The
data are taken with the SD electronics mounted on each SD. The SD
electronics consists of a motherboard, a wireless LAN modem and a
charge controller. The motherboard includes electronics of readout of
signals and trigger generation and a GPS receiver. The data taken at
each SD are collected by the host electronics at the corresponding
communication tower using 2.4 GHz wireless LAN communication.
There are six communication towers, and each communication tower
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collects the data from the SDs in each sub-array. The distance between
the communication tower and the SD in a sub-array is smaller than
19 km [12]. One solar panel supplies power of all devices of each SD
and charges a battery. We use KD150SX-UFU Kyocera or KD145SX-
UFU Kyocera or DS-A18-135 DASOL solar panels depending on their
availability because they can supply enough power. The maximum
power of these solar panels is between 135 Watts and 150 Watts. The
maximum power of those used for the TA SDs is 120 Watts. We use the
same batteries (DCS100 C&D Technologies) as the TA SDs. Section 3.2
in [11] contains details on the electronics of the TA SDs including their
power system. Fig. 2 shows a typical TAx4 SD unit. Bird spikes, plates
under the roof, and cable-protector tubes have been added to the TAx4
SDs to avoid damage caused by small animals in the field.

Fig. 3 shows a schematic view of the interior of the scintillator box.
We use R8619 Hamamatsu PMTs [13] in the TAx4 SDs; these have a
higher quantum efficiency than those used in the original TA SDs. We
use the same WLS fibers (Y-11 Kuraray) as the TA SDs but change their
arrangement for cost reduction: the fiber spacing is enlarged from 2 cm
to 4 cm, the length of the fibers is extended from 5 m to 6.1 m, and
the number of fibers is reduced from 104 to 28 on each layer. The total
length of the WLS fibers is reduced by 67% from that of the TA SD [11].
The material of the plastic holder of the WLS fiber bundle attached
to the PMT surface has also been changed from transparent acrylic to
white polyacetal resin in order to reduce losses of photons, and the
arrangement of the fiber bundle in the holder has been modified to use
only the center of the photocathode of the PMTs. The change of the
material of the plastic holder increased the number of photons incident
on the PMTs by 11% [14]. As a result of the modifications inside of the
scintillator box, the average number of photoelectrons from the PMTs
of the TAx4 SDs is similar to that of the TA SDs. The details of the
number of photoelectrons are described in Section 4. For the TA SD, we
have attached the PMTs at the bottom of each scintillator box during
the final assembly after the boxes arrived in Utah. In the case of the
TAx4 SD, we have transported the boxes from Japan with the PMTs
already attached, which reduced the final assembly workload. Also, for
the TAx4 SD, we have attached the PMTs using more solid metal fitting
than in the case of the TA SD in order to avoid damaging the PMTs
during the transportation [15].

The performance of the TAx4 SD array was estimated using Monte
Carlo (MC) simulations of air showers and of detectors, similar to
those already done for the TA SDs [16]. Fig. 4 shows the simulated
energy dependence of the trigger efficiency. The trigger conditions are
described in detail in Section 5. The simulations used a 10 x 10 SD
array on a square grid with 2.08 km spacing, with an assumed 100%
efficiency of detectors and data acquisition. The detailed settings for
the air-shower simulations were the same as those in [17] for the
TA SDs: cosmic-ray protons were simulated using QGSjet-1I-03 [18]
high-energy hadron interaction model in the region of zenith angles
between 0° and 60°. The detector-simulation conditions were the same
as those in the TA SD simulations except for the trigger condition: the
gate width for the trigger of the air showers was enlarged from 8 ps
for the TA SDs to 14 ps for the TAx4 SDs considering larger spacing.
The conversion from the zenith angle and S800 (the signal density at
800 m from the shower axis) to the primary energy was done in the
same manner as in the TA SD analysis [19]. For comparison with the
energies measured calorimetrically by the FDs, the calculated primary
energies were rescaled by 1/1.27 [19] (a factor determined empirically
by examining SD-FD hybrid events observed by TA).

We obtained 25% energy resolution, 2.2-degree angular resolution,
and 95% reconstruction efficiency of cosmic rays with energies above
57 EeV. Both energy and angular resolution of the TAx4 SDs are
worse than those of the TA SDs due to the wider spacing, but the
resolution is good enough for the anisotropy studies. Table 1 compares
the performance of the TAx4 SD with that of the TA SD.
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Table 1
Simulated performances of TAx4 and TA surface detector (SD) arrays for cosmic rays
with E > 57 EeV.

SD Array Angular Resolution (degrees)
TA SD 1.0

TAx4 SD 2.2

SD Array Energy Resolution (%)

TA SD 15

TAx4 SD 25

SD Array Reconstruction Efficiency (%)
TA SD 99

TAx4 SD 95

3. Construction

The TAx4 SD scintillator boxes were assembled mostly in Japan,
starting in 2015 (30 were assembled in Korea in 2018) and then
transported to the USA. Final assembly of the SDs was performed at the
Cosmic-Ray Center in Delta City, Utah. A total of 257 assembled SDs
were deployed in February and March 2019. Fig. 5 shows the locations
of the deployed SDs. The arrangement of the 257 SDs was meant to op-
timize the number of hybrid events above 10 EeV, taking into account
practical considerations of radio contact between the communication
towers and the six sub-arrays of the SD array. We visited all locations
by buggy or helicopter in advance to investigate the suitability of
the deployment and line-of-sight to the communication towers. The
assembled SDs were transported from the Cosmic-Ray Center to the
staging areas near the TAx4 sites using flatbed trucks. All SDs were
deployed from the staging areas to the specified locations one by one
by helicopter. Then the height and the direction of the wireless LAN
antenna of each SD unit were adjusted to yield the best communication
with their corresponding towers. Data-taking at each communication
tower began at the end of April 2019. We plan to construct remaining
243 SDs after confirming the stable operation of the current TAx4 SD
array and obtaining the budget.

4. Calibration

Atmospheric muons provide a stable source of calibration for the SD
units. We simulated low energy air showers using CORSIKA [20] and
their energy deposition in the TAx4 SD scintillators using GEANT4 [21,
22]. The single-muon peak of the energy deposition in the plastic
scintillators of the TAx4 SDs was approximately 2.4 MeV. A 12-bit flash
analog-to-digital converter (ADC) of the electronics of the TA and TAx4
SDs digitizes waveforms from each PMT. The flash ADC counts are
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electronicsand
battery

Fig. 2. Photograph of one of the deployed TAx4 SDs. The scintillator box is shaded
by a roof. The wireless LAN antenna is fixed to the antenna pole aiming at the
communication tower. The solar panel facing to south charges the battery in the
stainless-steel box and supplies power to the electronics and other devices. Bird spikes
are attached on the support frame of the solar panel for each TAx4 SD. The open spaces
on the northern and southern sides of the scintillator box under the roof are covered
with mesh plates for each TAx4 SD in addition to the cover plates of the detector sides.

sampled every 20 ns, and the flash ADC counts in continuous twelve
time slices are integrated to obtain single-muon peaks. A low-pass filter
is used for shaping the analog signal, and the —3 dB cutoff frequency
of the low-pass filter is 9.7 MHz. Figs. 6 and 7 show typical examples
of ADC distributions of the pedestal and coincidence signals of the two
layers of scintillators, respectively. Fig. 7 shows a clear single-muon
peak.

We modified the electronics of the TA SDs to improve the stability
of the ADC baseline (which otherwise sometimes shifted by a few ADC
counts at a specific temperature depending on the circuitry) and made
the same modification on the TAx4 SDs. The pedestal distributions of

wavelength shift
fibers
\\ 0

Fig. 3. Schematic view inside the scintillator box. The plastic scintillators with wavelength-shifting (WLS) fibers attached to the grooves on the scintillator surfaces are covered
with the two Tyvek sheets. The length of each fiber is 6.1 m and the horizontal fiber spacing is 4 cm. The 28 fibers in the same layer are folded at the layer’s edge, and 56 fiber
edges are bundled. The fiber bundle edge is polished and connected to the surface of the photomultiplier tube (PMT) with optical grease. The WLS fibers on the lower layer are
drawn as straight lines in this figure, but they are actually folded, bundled and attached to the edge of the other PMT in the same way as those on the upper layer.
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Fig. 4. Trigger efficiency of the TAx4 surface detectors for proton cosmic-ray air
showers as a function of the primary energy.

the TA and TAx4 SDs were fit with Gaussian distributions. Fig. 8 shows
the distribution of the RMS widths of these Gaussians; for the TAx4 SD,
the RMS values are on average 15% smaller than for the TA SD. The
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difference of the RMS values corresponds to less than 1% of a single-
muon peak, and the influence on the fluctuation of a single-muon peak
is small. The difference mainly affects the fluctuation of the Level-2
trigger rate which is shown in Section 5.

The uncertainty in the single-muon peak reflects primarily statistical
fluctuations in the number of photoelectrons from the photocathode of
the PMT, (i.e., in the number of photons collected by the PMT, multi-
plied by the quantum efficiency and the collection efficiency [23]). We
measured the number of photoelectrons corresponding to the single-
muon peak for each layer of the SD with the high voltage (HV)
corresponding to a gain of 5 x 10° applied to the PMT.> The mean and
the RMS width of the number of photoelectrons were 22.6 and 5.4,
respectively. The corresponding values for the TA SD were 24.6 and
7.2. This shows that, after the various scintillator-box design-changes
described in Section 2, the number of photoelectrons corresponding to
a single-muon peak is comparable between both SDs.

We also measured the light yield of the plastic scintillators to under-
stand the primary source of variations in the number of photoelectrons.
A TAx4 SD is composed of sixteen plastic scintillator sheets. First, two
plastic scintillator sheets were prepared as a standard reference. The
light from the sheets was read out using WLS fibers, a PMT, and SD
electronics. The two sheets were placed on top of each other to emulate
the two layers, and the single-muon peaks of the coincidence signals
of the two layers were measured. Choosing one sheet out of every
batch of 50 manufactured sheets and replacing the upper reference
scintillator with that sheet, we measured the single-muon peaks of the

2 The relation between HV and a gain of 5x10° for each PMT was measured
by Hamamatsu Photonics.
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Fig. 5. Locations of deployed surface detectors (SDs) and constructed communication towers. The blue circles are the locations of deployed SDs. The blue dots are planned locations
of future SDs deployments. The pink diamonds are the locations of communication towers. The red circles show the locations of the TA SDs. The green circles show the locations
of the TALE experiment’s SDs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. A typical ADC distribution for the pedestal. The distribution was generated
by integrating ADC values over 160 ns (20 ns x 8 bins) that were buffered for ten
minutes. The total number of events in the histogram is 3.75 x 10°. The histogram
contains particle signals, which make up the tail. Histograms of all surface detectors
are collected every ten minutes.
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Fig. 7. A sample of a typical ADC distribution for calibration with single muons. The
distribution was generated by integrating ADC values over 240 ns (20 ns x 12 bins)
that were buffered for ten minutes. For the coincidence signals, the data are taken when
both integrated ADC values are greater than the trigger threshold (15 ADC values above
the baseline). The total number of events in the histogram is 4.45 x 10°. Histograms
of all surface detectors are collected every ten minutes.

coincidence signals and interpreted the relative peak position differ-
ences as the relative differences of the light yields of the sheets. We
repeated the same measurements for the sheets of all TAx4 SD units
before assembling them. We measured the number of photoelectrons
corresponding to the single-muon peaks of the TAx4 SDs after we
assembled the TAx4 SDs and took the correlation coefficient of the
number of photoelectrons with the light yield of the plastic scintillators.
The correlation coefficient was 0.92.

After the deployment of the SDs, the single-muon peak was adjusted
to approximately 50 ADC counts to equalize the signal response of the
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Fig. 8. The distributions of the RMS width obtained from the Gaussian fit to the
pedestal distributions (see Fig. 6) of the TA and TAx4 surface detectors (SDs). The
mean RMS width for the TA SDs is 2.16 ADC counts. The mean RMS width for the
TAx4 SDs is 1.85 ADC counts. (For comparison, the RMS width of the example pedestal
distribution in Fig. 6 is 1.87 ADC counts.) All the pedestal distributions of the TA SDs
(2 layers x 507 SDs = 1014) are included in this figure. Most of the TAx4 SDs (2
layers x 241 SDs = 482) are also included, but some TAx4 SDs now being repaired
are not. The pedestal values of the TA SDs in this figure were collected in 2009.
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Fig. 9. The distributions of the FWHM/peak of the ADC distributions (see Fig. 7) of
the TA and TAx4 surface detectors (SDs). The mean FWHM/peak of the TA SDs is 0.94,
with the RMS width 0.12. The mean FWHM/peak of the TAx4 SDs is 0.91, with the
RMS width 0.08. All the TA and TAx4 SDs are included in the histograms. The total
number of entries of the TA SDs is 2 layers x 507 SDs = 1014; that of the TAx4 SDs
is 2 layers x 257 SDs = 514.

detectors. Fig. 9 shows the distribution of the full width at half maxi-
mum (FWHM) of the ADC distribution of coincidence signals, divided
by the single-muon peak of the same ADC distribution (FWHM/peak).
This is a direct measure of the fluctuation of the peak. Fig. 9 uses the
single-muon peaks that were obtained from the deployed SDs when
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Fig. 10. The position dependence of the single-muon peaks for the upper layer of a
typical surface detector. The x-axis and y-axis denote the dimensions of the scintillator
box (see Fig. 3) parallel and perpendicular to the direction of fibers attached on the
scintillators, respectively. Colors represent the peak ADC values relative to the mean
of the peaks for the upper layer of the detector. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

the temperature was 10 °C. Because there is no TAx4 SD with a
FWHM/peak outside of the distribution of the TA SDs, we can operate
the TAx4 SDs in the same way as the TA SDs. The mean of FWHM/peak
for the TAx4 SD is 0.91, and the mean of FWHM/peak for the TA SD
is 0.94.

We measured the position dependence of the single-muon peaks
with trigger probes placed on the scintillator box of arbitrarily selected
seven TAx4 SDs. We placed multiple probes on the box to take data
from approximately a quarter of each detector’s area at a time. We
recorded coincidence signals of the two PMTs of each SD when there is
a trigger from one probe PMT. Fig. 10 shows the position dependence
of 32 single-muon peaks relative to the mean of 32 peaks in the upper
layer of a representative TAx4 SD, and Fig. 11 shows that in the lower
layer. The dependence of the single-muon peaks on the y-axis shows
that the minimum values are located at the edge of the y-axis where
WLS fibers are curved with the smallest radius of curvature to lay them
into the grooves on the scintillator surface, for example as shown at the
foreground edge of the upper layer in Fig. 3. The single-muon peaks of
the upper layer are the smallest at largest y values, and those of the
lower layer are the smallest at the smallest y values. All seven TAx4
SDs show the same dependence of the single-muon peaks on the y-
axis. This can be understood as a result of the attenuation length of
the WLS fibers, which have opposite arrangements in the upper and
lower layers. The mean of the RMS widths of the distributions of the
single-muon peaks relative to the mean peaks of the corresponding SDs
for all seven TAx4 SDs is 6%. In all, 94% of the data points are less than
10% off from the mean value; the maximum difference from the mean
value is less than 20%. The corresponding mean of the RMS widths for
the TA SDs is 9%. Although the WLS fibers used for the TAx4 SDs are
longer than those used for the TA SDs, the dependence of the single-
muon peaks on position for the TAx4 SDs is smaller than that for the
TA SDs because the position dependence of the photon sensitivity on
the PMT surface for the TAx4 SDs is smaller than that for the TA SDs
(see Fig. 12).

We measured the linearity of the magnitude of the signals from the
two PMTs after assembling each SD. Four LEDs are included in each SD:
two for calibrating PMT linearity for the upper layer, and two for the
lower layer. Pulse linearity of all the PMTs was measured with the LEDs
in the same way as it had been done for the TA SDs. We first measured
the pulse height (A) of the PMT signal by flashing only one LED of one
layer of one SD and measured the pulse height (B) of the PMT signal by
flashing only the other LED. Then we measured the pulse height (C) of
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Fig. 11. The position dependence of the single-muon peaks of the lower layer of the
same surface detector shown in Fig. 10. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. The distribution of the RMS width of the position dependence of the single-
muon peaks relative to the mean peaks. This figure includes the position dependence
of eight TA surface detectors (SDs) and seven TAx4 SDs. The position dependence of
a TAx4 SD is shown in Figs. 10 and 11.

the PMT signal by flashing two LEDs simultaneously. In the absence of a
non-linearity, one would expect C = A + B. The non-linearity is defined:

O -{A)+®B)}
(A)+(B)
The pulse height was measured in flash ADC counts. Fig. 13 shows
typical measurement results for the TA and TAx4 SDs, obtained using
the electronics for the SDs. For the TA SD, the PMT non-linearity is
within 5% in the range from 0 to 2930 ADC counts. For the TAx4 SD,
it is within 5% for the entire range from O to 4095 ADC counts. When
the non-linearity is 5%, the mean pulse height of the PMTs for the TA
SDs is 2900 ADC counts, corresponding to 29 mA. When the signals
of the PMTs are not linear, the signals are excluded from the fitting of
the lateral distribution in the event reconstruction. We used air-shower
simulations [17] to estimate the core distances of the non-linear PMT
signals. Fig. 14 depicts simulated core distances when the non-linearity
of the signals is greater than 5% as a function of the primary energies

@
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Fig. 13. Non-linearity of output currents of typical photomultiplier tubes for the TA
and TAx4 surface detectors, measured using the LEDs in the detector. Each ADC count
corresponds to 0.01 mA.

of the cosmic rays. The mean of the core distances of the saturated
TAx4 SDs is between 210 m and 340 m when the primary energies are
between 10 EeV and 100 EeV, whereas the mean of the core distances
of the saturated TA SDs is expected to be between 260 m and 400 m
under the same conditions.

The SD electronics is running with a 50 MHz internal clock. The
clock rate is not exactly 50 MHz and gradually changes depending
on the temperature. Therefore, the 50 MHz internal clock of each SD
is calibrated using a 1 pulse-per-second (PPS) signal from the GPS
receiver (M12M i-Lotus) included in the SD electronics. We checked the
accuracy of the calibration at the test bench in the following manner:
One test pulse from a function generator was divided equally, and the
divided pulses were input to several SDs. The signal of the GPS antenna
was also divided, and identical signals were input to the GPS receivers
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Fig. 14. Simulated mean shower-core distances of the saturated TA and TAx4 surface
detectors (SDs) as a function of the energies of the primary cosmic-ray protons. The
detailed settings of the Monte Carlo simulations are the same as in Fig. 4. If the
magnitude of the non-linearity defined in Eq. (1) is greater than 5%, the SD is counted
as saturated.

in the SD electronics. A specific board of the SD electronics and a
GPS receiver with the serial number RD4569 were used as a standard
reference for this test. The difference of the trigger time between the SD
electronics and the standard reference was measured. Since this offset
in the trigger time is caused only by the GPS receivers, we repeated
the measurement for all of the GPS receivers to estimate their time
resolution.

A typical distribution of the difference of the trigger timings is
shown in Fig. 15. We fitted each distribution to a Gaussian. The mean
of the RMS widths of the Gaussian distributions of all the measurements
was 14.9 ns, so the resolution of the trigger timing of one GPS receiver
can be estimated as 14.9/ \/5 = 10.5 ns on average. The offsets of the
trigger timings are shown in Fig. 16. The mean offset from the standard
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Fig. 15. A typical sample of the distribution of the trigger timings of one circuit board of an SD electronics with respect to the standard reference electronics. The mean of this
distribution is —5.3 ns, and the RMS width is 15.1 ns; the blue curve is a Gaussian fit to the distribution. There are 102 degrees of freedom; y> = 123. The total number of

entries in this histogram is 12631.
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Fig. 16. The distribution of the mean of the relative trigger timings (see Fig. 15) of 374
different GPS receivers. The mean of this distribution is —3.6 ns, and the RMS width
is 5.1 ns. The largest difference from the standard GPS-receiver value is —19.3 ns.

reference was —3.6 ns and the RMS width of the offset distribution
was 5.1 ns. The largest offset was —19.3 ns. The systematic uncertainty
of the determination of the arrival directions caused by this offset is
expected to be well within 0.2 degrees. This is much smaller than the
angular resolution of the TAx4 SDs of 2.2 degrees and therefore, it
is adequate for the TAx4 SD event reconstruction. The time offset of
the GPS receiver does not need to be adjusted by the firmware of the
electronics.

5. Data acquisition

There are three types of triggers (Level-0, Level-1, and Level-2) in
both the TA and TAx4 data-acquisition systems. The SD electronics
collects signals and converts them to ADC values every 20 ns, using
a 12-bit flash ADC, to obtain their waveforms. The Level-0 trigger is
used to record the waveforms into the buffer of the SD electronics.
Its threshold is 15 ADC counts, which corresponds to approximately
1/3 of the single-muon peak, above the baseline. The data size of the
Level-0 trigger times is too large to send, so the Level-1 trigger, with a
threshold of 150 ADC counts above the baseline, is used instead. The
Level-1 trigger time stamps are sent to the communication tower for the
evaluation by the Level-2 trigger, which corresponds to the trigger to
collect an air-shower event as described below, which in turn is judged
by the electronics at the communication tower. The tower electronics
searches for three adjacent Level-1 (over 150 ADC counts) SDs triggered
within 14 ps of one another. The only difference between the triggers in
the TA SDs and TAx4 SDs is this gate width, which is 8 ps in the case
of the TA SDs. When the collected Level-1 triggers match the above
condition, the Level-2 trigger is issued from the communication tower
to the SDs in the sub-array of the corresponding tower. (The trigger
condition was reflected in the simulation in Fig. 4 in Section 2.) All the
recorded waveforms using the Level-0 trigger are collected from every
SD in the sub-array within +32 ps of the trigger time once a Level-
2 trigger is generated. Level-2 triggers are formed in each sub-array
independently. Level-2 triggers between sub-arrays are being tested and
will be implemented in the same way as the TA SD (see Section 4
in [11]).

Nuclear Inst. and Methods in Physics Research, A 1019 (2021) 165726

79 190704 205323.622603

78 |
77
TO i e o
75 | i 111295
2 S e
73+
72+
P o sss g oo
TO[ ooty W4
9 | | | | | | | ] |
45 6 7 8 91011121314
X position ID [2.08 km]

Fig. 17. The footprint of a detected air-shower event. The labels for the x-axis and
y-axis represent the position IDs of the surface detectors in the east-west and the
north—south directions, respectively. Circle area corresponds to the logarithmic size of
the signal. Color represents the arrival time at the detector. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

T
!
N
S

]

T

Y position ID [2.08 km]
[
[sn

The electronics of each TAx4 SD evaluates the Level-0 and Level-1
triggers and sends the trigger times and waveforms to the communi-
cation tower. The design of the electronics is the same as in the TA
SD (see Section 3.2 in [11]) except for the wireless LAN module and
the following two modifications. We modified the circuit to produce a
more stable ADC baseline. We also added a diode clipping circuit in
the analog front-end, thereby avoiding excessively large signals; this
was necessary to use for the TAx4 SD PMTs.

The wireless communication protocol was also changed from the
customized protocol of the TA SDs to the user datagram protocol
(UDP), permitting us to use the new wireless LAN module (WVCWB-
R-022(05) WiViCom) because the module used for the TA SD was out
of production. The transmission control protocol (TCP) was considered
also. However, UDP, unlike TCP, does not require established socket
connections prior to transmitting network packets, thus allowing a
higher data collection rate. On the other hand, UDP does not check
whether the data packets were received or not. Therefore, a retry
process was manually introduced in the data acquisition program.
The retry process reduced the packet loss rate by a factor of ~10
in the data taking using a test SD array, and the packet loss rate
was approximately 0.01%. A single-board computer (Raspberry Pi 2
model B) is used for generating the Level-2 triggers and for taking data
from the SDs at each communication tower. The single-board computer
communicates with the SDs via an access point (Aironet AP1572E-Q-
K9 Cisco) established at the communication tower [12]. Fig. 17 and
Fig. 18 show, respectively, the footprint and the SD waveforms of an
air shower event that was recorded using this TAx4 SD data acquisition
system. This new wireless communication system was first introduced
for the TA low energy extension (TALE) experiment [10], and it has
been successfully used by the TALE surface detector.

6. Summary

TA saw evidence of anisotropy in the distribution of cosmic rays
with energies greater than 57 EeV. To collect data connected to this
possible discovery more rapidly, we have begun construction of a new
larger detector array, TAx4, northeast and southeast of the TA SD array.
In TAx4, the SDs are arranged on a square grid with a 2.08 km spacing.
On the basis of simulations, we expect 25% energy resolution, 2.2°
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angular resolution, and 95% reconstruction efficiency of cosmic rays
with energies greater than 57 EeV.

We made several important design changes to the interior of the
scintillator boxes, such as using PMTs with higher quantum efficiency
and more uniform photon sensitivity on the surface and reducing the
total length of the WLS fibers by 67%. Since there were other changes
in addition to the changes described above for PMTs and fibers, as a
result, the effect was not so large on the distribution of the FWHM/peak
or position dependence of the single-muon peaks, and the PMTs of the
TAx4 SDs have a wider range linearity than those of the TA SDs. The
mean of the core distances of the saturated TAx4 SDs is expected to
be between 210 m and 340 m when the primary energies are greater
than 10 EeV, whereas the mean of the core distances of the saturated
TA SDs is expected to be between 260 m and 400 m under the same
conditions.

We modified the electronics for the TAx4 SDs. The mean RMS width
of their pedestals is 15% smaller than that of the pedestals of the TA
SDs. The baseline of some of the TA SD electronics was observed to
shift by a few ADC counts at certain temperatures; this problem was
solved by the modification.

We measured the time offsets of all GPS receivers. The mean time
offset with respect to the standard reference was -3.6 ns, and the RMS
width was 5.1 ns. The largest time offset was -19.3 ns. The systematic
uncertainty of the determination of the arrival directions caused by this
offset is expected to be less than 0.2°, which is small enough for the
requirement of the TAx4 SD shower reconstruction.

The UDP communication protocol was introduced for the TAx4 SDs,
and used to realize a data-acquisition system similar to that of the TALE
SDs. The only difference between the trigger conditions of the TA and
TAx4 SDs is the gate width of the Level-2 trigger: 14 ps for the TAx4
SDs and 8 ps for the TA SDs.

We deployed 257 TAx4 SDs in February and March 2019 and started
collecting data using the entire TAx4 SD array at the end of April 2019.
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