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The Opt-copter was developed as a calibration device for the FDs. The Opt-copter is equipped
with a UV LED light source and a Real-Time Kinematic GPS (RTK-GPS) module for precise
positioning. Using the Opt-copter, the pointing direction analysis of all 38 TA-FDs at the three
stations has been completed using the Opt-copter. As a result, the elevation shifts showed different
tendencies at each station. Similar shifts were observed among FDs pointing in similar directions,
even if located at different stations about 35 km apart. This suggests that systematic effects may
have been introduced by the types and motions of stars observed by FDs. The overall uncertainty
of this analysis was estimated to be 0.03°.
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1. Introduction

The Telescope Array (TA) experiment, located in Utah, USA, aims to observe ultra-high-energy
cosmic rays (UHECRs) with energies exceeding 1018 eV. Three fluorescence detector (FD) stations
capture ultraviolet fluorescence light emitted by nitrogen molecules in the atmosphere when air
showers develop. Figure 1a shows the site map of the TA experiment and the locations of the FD
stations. Figure 1b shows the conceptual diagram of a TA FD unit.

(a) Site map of the TA, showing the ap-
pearance of each FD station. Black squares
represent surface detectors, green squares
indicate FDs, and a blue cross denotes the
CLF.

(b) Conceptual diagram of the TA FD.

Figure 1: Overview of the TA experiment and the TA FD.

The TA detectors have been operating for over 20 years, and improved precision is increasingly
required. In conventional FD’s pointing direction analysis, the pointing direction is determined by
comparing the positions of stars observed by the FD with those listed in star catalogs [1]. Accurate
calibration of the optical properties of the FDs is essential for estimating the energy and composition
of primary cosmic rays using FD data. The “Opt-copter” was developed as an unmanned aerial
vehicle (UAV) equipped with a UV LED light source and a Real-Time Kinematic GPS (RTK-GPS)
for precise positioning [2]. Using this system, we can obtain detailed information about the optical
properties of all FD stations, which are located at three sites, each approximately 35 km apart. The
pointing directions of the 12 FDs at the BRM station have already been analyzed [3]. In this paper,
we present the results of the pointing direction analysis and its accuracy for 26 TA-FDs.

2. The Opt-copter

The purpose of the Opt-copter is to analyze the optical properties of the FD. The copter is
equipped with a Real-Time Kinematic GPS (RTK-GPS) module for precise positioning and a UV
light source. The timing of both the positioning and light emission is synchronized using the
one-pulse-per-second (PPS) signal from the GPS. This system serves as a light source with a known
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position and can fly within the field of view (FoV) of the FD. This system allows us to analyze the
FD’s pointing direction and image size by comparing the position of the light source measured by
RTK-GPS with the position of the light source observed by the FD. Figure 2a shows the appearance
of the Opt-copter. Figure 2b shows a schematic view of the Opt-copter operation.

(a) Appearance of the Opt-copter. (b) Schematic view of the Opt-copter operation.

Figure 2: Overview of the Opt-copter.

2.1 Real-Time Kinematic GPS (RTK-GPS)

Since the calibration accuracy strongly depends on how precisely the light source position is
measured, the Opt-copter is equipped with an RTK-GPS module for high-precision positioning.
To achieve a pointing calibration of the photomultiplier tubes (PMTs) with an accuracy of 0.1°, a
positioning accuracy of 0.5 m is required. This level of precision is made possible by employing an
RTK-GPS system (Piksi, Swift Navigation, Fig. 3). The RTK-GPS system uses two GPS modules
and determines their relative position based on the phase difference of signals transmitted from GPS
satellites. The typical positioning accuracy of RTK-GPS is better than 10 cm, which corresponds
to an angular accuracy of 0.02° in the FD’s pointing direction.

Figure 3: RTK-GPS module. Figure 4: Left: 12 UV-LEDs. Right: spherical diffuser.

2.2 UV-LED light source

The optical system of the FD is optimized for photons in the wavelength range of 300-400
nm, corresponding to the fluorescence light emitted by nitrogen and oxygen molecules. As a
light source, we employ twelve UV-LEDs (H2A1-H375-E, Roithner Lasertechnik) with a central
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wavelength of 375 nm. Since each LED exhibits a highly anisotropic emission pattern, a spherical
light diffuser is used to achieve isotropic emission (see Fig. 4). The LEDs are attached to each
face of a dodecahedron fabricated using a 3D printer, and the entire assembly is enclosed within a
diffuser.

3. Data set and analysis method

(Δ𝜃,Δ𝜙) = (𝜃GPS, 𝜙GPS) − (𝜃CoG, 𝜙CoG) (1)

𝜃 is the azimuth angle in the FD’s FoV, and 𝜙 is the elevation angle in the same coordinate
system. The RTK-GPS measures the relative position of the rover with respect to a base station
installed on a survey marker. (𝜃GPS, 𝜙GPS) is the light source position measured by RTK-GPS,
converted into the azimuth and elevation angles in the FD’s coordinate system. As shown in Fig. 5,
each PMT in the FD produces a signal. When light enters the PMT, the output voltage increases.
This voltage is then digitized by an Analog-to-Digital Converter (ADC) and recorded as ADC
values. Fig. 6 shows the assumed pointing directions of all PMTs in a single FD unit.

(𝜃CoG, 𝜙CoG) =

𝑁PMT∑︁
𝑖=0

(𝜃PMT𝑖
, 𝜙PMT𝑖

) · 𝑁𝑝𝑒𝑖

𝑁PMT∑︁
𝑖=0

𝑁𝑝𝑒𝑖

(2)

𝑁PMT is the PMT ID, 𝑁pe,𝑖 is the detected light amount (number of photoelectrons) recorded
by 𝑖-th PMT, and (𝜃PMT𝑖

, 𝜙PMT𝑖
) is the assumed pointing direction of 𝑖-th PMT. The coordinates

(𝜃CoG, 𝜙CoG) is the position of the light source observed by the FD, obtained as the center of gravity
(CoG) of these PMT pointing directions, weighted by their detected light amounts.

Fig. 6 shows the event display for a single event. (Δ𝜃,Δ𝜙) is defined as the difference between
the light source position measured by the RTK-GPS and that observed by the FD. In the case where
the PMT size is negligible compared to the spot size, (Δ𝜃,Δ𝜙) directly corresponds to the shift in
the pointing direction.

Figure 5: PMT output. Figure 6: Left: PMT pointing directions. Right: event display.

However, each PMT subtends an angle larger than 1◦ within the FoV, so the light-source
position observed by the FD is biased toward the center of the illuminated PMTs. Fig.7 shows an
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FD with a spot size larger than the PMT pitch. In this case, many PMTs are illuminated, and the
observed CoG closely follows the position measured by RTK-GPS, resulting in a smooth and nearly
linear trajectory in the azimuthal direction. In contrast, Fig.8 shows an FD with a spot size smaller
than the PMT pitch. When only one PMT is illuminated, the observed CoG is recorded at the PMT
center, resulting in a step-like trajectory in the azimuthal direction. Due to this finite PMT size, the
per-event difference between the RTK-GPS and the observed CoG cannot directly determine the
true pointing shift. Therefore, the data are statistically processed to minimize the bias toward the
PMT centers as much as possible.

(a) Data extracted from a band cen-
tered on the PMT direction (Long
Ridge FD 08).

(b) CoG trajectory (Long Ridge FD
08).

Figure 7: Characteristics of the light-source position measured by RTK-GPS and the CoG of the FD signals
for a large spot size

(a) Data extracted from a band cen-
tered on the PMT direction (Long
Ridge FD 09).

(b) CoG trajectory (Long Ridge FD
09).

Figure 8: Characteristics of the light-source position measured by RTK-GPS and the CoG of the FD signals
for a small spot size

(Δ𝜃,Δ𝜙) =

∑𝑁Data
𝑗=1

(
(𝜃GPS 𝑗

, 𝜙GPS 𝑗
) − (𝜃CoG 𝑗

, 𝜙CoG 𝑗
)
)

𝑁Data
(3)

Fig. 9 shows the data used for the analysis. To ensure symmetry, data are selected within ±1.5°
of the center of the target PMT. Additionally, to reduce the influence of optical aberrations, only
data near the center of the FD’s FoV are used in the analysis.
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(a) FD with a large spot size (Long
Ridge FD 08).

(b) FD with a small spot size (Long
Ridge FD 09).

Figure 9: The position of the light source measured by RTK-GPS and the CoG of the FD signals

4. Results

The pointing directions of all 38 FDs at the three stations were analyzed. Fig. 10a shows
the differences between the light-source position measured by RTK-GPS and the CoG positions
observed by the FD for a case with a large spot size, along with their mean values. Fig. 10b presents
the same for a case with a small spot size. When the spot size is smaller, the CoG tends to be more
biased toward the center of the PMT, resulting in a larger scatter in the differences. However, even
in the case of a large spot size, the standard error of the mean is 0.002°. For Long Ridge FD 08, the
actual pointing direction was found to be shifted by -0.09° in azimuth and +0.05° in elevation from
the assumed direction, while for Long Ridge FD 09, the shifts were -0.02° in azimuth and +0.02°
in elevation.

(a) FD with a large spot size (Long
Ridge FD 08).

(b) FD with a small spot size (Long
Ridge FD 09).

Figure 10: The differences between the RTK-GPS position and the CoG position.

Table 1a is the result for the Long Ridge (LR) station, and Table 1b is that for the Middle
Drum (MD) station. The average pointing direction shifts for the LR FDs are -0.03° in azimuth and
-0.01° in elevation, while the shifts for the MD FDs are +0.0° in azimuth and +0.20° in elevation.
The shifts in azimuth for the two stations are within the analysis accuracy of 0.03°, but the shifts in
elevation differ significantly between the two stations.

Fig. 11 shows the FoV of each FD on the x-axis, with 0° corresponding to north, and the shift
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Table 1: Pointing direction shift of the FDs analyzed using the Opt-copter.

(a) Long Ridge Station
CAMID 00 01 02 03 04 05 06 07 08 09 10 11
Δ Azimuth [deg.] -0.02 +0.01 -0.07 +0.01 -0.04 0.00 -0.09 +0.03 -0.09 -0.02 -0.09 -0.03
Δ Elevation [deg.] -0.12 -0.10 -0.05 -0.10 -0.03 0.00 +0.01 +0.03 +0.05 +0.02 +0.06 +0.13
# of data 5743 7455 2902 3028 2160 3847 4183 4312 5492 5320 3210 5360

(b) Middle Drum Station
CAMID 01 02 03 04 05 06 07 08 09 10 11 12 13 14
Δ Azimuth [deg.] +0.03 -0.02 +0.10 +0.01 +0.06 +0.01 +0.04 +0.03 +0.07 -0.02 -0.01 0.00 +0.03 -0.10
Δ Elevation [deg.] +0.14 +0.15 +0.07 +0.17 +0.11 +0.14 +0.19 +0.19 +0.18 +0.20 +0.22 +0.21 +0.23 +0.25
# of data 1434 759 1117 893 1566 898 1297 2881 1181 987 1635 1486 877 1664

in pointing direction on the y-axis. Although each FD station is located more than 35 km apart,
the elevation shifts observed in the FDs at the LR and MD stations lie on a continuous trend. This
indicates that the pointing direction shifts depend on the direction in which each FD is facing.
In other words, this suggests that the types and motions of stars used in conventional star-based
pointing calibrations may have introduced systematic effects in the results.

(a) Results of the pointing direction shift in azimuth at LR and MD stations.

(b) Results of the pointing direction shift in elevation at LR and MD stations.

Figure 11: Results of the shift in the pointing direction of each FD.

The systematic error from the RTK-GPS is estimated to be 0.02°, and the error due to optical
aberration is also estimated to be 0.02°. Therefore, the overall accuracy of the analysis results is
0.03°. The difference between the results obtained in 2023 and 2024 falls within 0.03°, indicating
no pointing shift due to aging. Furthermore, even when flights were conducted from different survey
markers, the difference in analysis results remained within 0.03°, suggesting no misalignment of
the survey markers.
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5. Conclusion

The pointing direction analysis of all 38 TA-FDs at the three stations has been completed using
the Opt-copter. By comparing the light source positions measured by RTK-GPS with the CoG
positions observed by FD, the shifts in the FD’s pointing directions were evaluated. The results
show that the azimuthal shifts are small across all stations, while the elevation shifts vary significantly
depending on the FD orientation. Similar elevation shifts were observed among FDs pointing in the
same direction, even if located at different stations, indicating a potential systematic effect introduced
by the types and motions of stars used in previous calibrations. Conventional calibrations assumed
pointing accuracy of ±0.05◦, which corresponds to an uncertainty of ±3.3 g/cm2 in 𝑋max. The
uncertainty of the analysis using the Opt-copter, considering optical aberration and GPS accuracy,
was estimated to be ±0.03◦.

Further studies are planned to evaluate the spot size of each FD and the effect of pointing
direction shifts on the analysis of cosmic ray events.
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