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In the Telescope Array (TA) experiment, we have been observing cosmic rays using a Fluorescence
Detector (FD). More than 10 years have passed since we started this observation, and the accuracy
of the observation has become more important than ever. We have developed the "Opt-copter” as a
calibration device for the FDs. The Opt-copter is an unmanned aerial vehicle (UAV) equipped with
a light source and can fly freely within the FD’s field of view (FOV). In addition, the Opt-copter is
equipped with a high-precision RTK-GPS, which enables it to accurately determine the position
of the light source in flight. With this device, we can obtain detailed information on the optical
properties of the FDs. So far, we have reported on the configuration of the device and the analysis
of the FOV direction. In this presentation, we will report on the new FOV analysis and image size

analysis.
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1. Introduction

The Telescope Array (TA) experiment, located in Utah, USA, aims to observe ultra-high
energy cosmic rays at energies above 10'8¢V. The TA uses two types of detectors: the Fluorescence
Detector (FD) that measures photons emitted from air molecules along a cosmic ray, and the Surface
Detector (SD) that measures shower particles on the ground. The TA detector has been in operation
for than 10 years [1][2]. Therefore, it is necessary to make observations with higher precision than
before.

This report deals with the calibration systems for the TA FDs. The accuracy of the optical
properties and PMT gain is important in determining cosmic ray parameters such as arrival direction,
energy and X,,,. We have developed "Opt-copter" as a FD calibration device using high intensity
UV-LEDs mounted on the Unmanned Aerial Vehicle (UAV) [3]. Its position stability and portability
allow to adjust the FD’s optical system with excellent pointing accuracy with a single standard light
source for all the FDs in 3 locations each 35km apart. A conceptual diagram of this device
(Opt-copter) is shown in the Fig. 1.

Figure 1: The conceptual diagram of measurement by
Opt-copter. Figure 2: The appearance of the Opt-copter that has
eight arms, all of which are able to be folded. A GPS

antenna is mounted on the top of this device.

2. The Opt-copter

The purpose of the Opt-copter is to grasp the optical properties of the FDs. The Opt-copter
consists of a UAV, a light source, and a high-precision RTK-GPS module (Fig. 2). This device
is flown 300m away from the FD during the measurement. The light source is a UV-LED with a
wavelength of 375xnm, which emits light at 10Hz ~30Hz. The positional accuracy of RTK-GPS is
typically 10cm, which corresponds to a directional accuracy of 0.02°.

2.1 Unmanned Aerial Vehicle (UAV)

We’re mounting the light source on a high-stability 8-rotor helicopter (DJI S1000+). The size
of the UAV is 400 x 400 x 500mm>(W x D x H) when the arms are collapsed, and its portability
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with automatic leg and centrifugal propeller folding mechanism helps works in wilderness at night.
This UAV allows both manual control and programmed flight path control. And it is equipped
with a high-power and high- efficiency heat radiation motor and the all-carbon body frame of the
vehicle. This S1000+ is also designed to load a camera for aerial photography, and we use this
room (~30cm?) to mount the light source and electronic devices. The maximum load weight is 7kg.
The flight controller (DJI A3) consists of a GPS and an attitude sensor to measure acceleration and
atmospheric pressure. The positioning accuracy of S1000+ with A3 is about 3m.

2.2 RTK-GPS

Because calibration accuracy varies greatly depending on how accurately measuring the po-
sition of the light source, the Opt-copter is equipped with RTK-GPS module for high precision
positioning. For a PMT pointing calibration with the accuracy of 0.1°, a positioning accuracy
of 0.5m is needed, and the Real Time Kinetic GPS (RTK-GPS) system (Swift Navigation, Piksi)
enables this (Fig. 3). RTK-GPS uses two GPS modules, and records the relative position of the GPS
antennas using the phase difference of the signals emitted from the GPS satellites. The position
accuracy of RTK-GPS is typically 10cm after GPS calibration more than 1.5 hours. We evaluated
the positioning accuracy on the ground. The RTK-GPS is tested the movement distance where
was measured to 2m from the original point, and this measurement test that is 10 times trial. The
RTK-GPS was tested for horizontally (East - West, North - South) and vertically, and the test of
the above procedure for all of directions tests was performed 10 times. The distribution of the
measured relative distances between the two modules is shown in Fig. 4, which exhibits that the
horizontal and vertical accuracy of RTK-GPS is better than 10cm. By loading one GPS module of
RTK-GPS on the UAV and placing the other at a reference point on the ground where the position
is previously measured in good accuracy, it is possible to know actual positions ( the accuracy is
better than 0.05°) of the UAV and the direction seen from the FDs.
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Figure 3: The Piksi is composed of two modules
and records the relative position of them. Figure 4: Ranging accuracy of RTK-GPS on the ground.

2.3 The triggering system

The TA FD consists of a composite light collecting mirror of 3.3m diameter and a 16 X 16 of
PMTs (the camera) as shown in Fig. 1. The FD is designed to trigger the data acquisition system
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when photons are detected with more than 5 adjoining PMTs within 25.6us to detect cosmic ray
showers, or by an external signal to the FD. Since the size of the Opt-copter light source image
on the FD camera is as small as the size of a PMT, the self-triggering of FD does not work for
Opt-copter signals. Therefore, we need a trigger generator for this to send trigger pulses both to
FD and the light source in order that a measurement of the light source position, a UV-LED flash,
and the FD data acquisition are made at the same time. The Opt-copter on flight position measures
by the RTK-GPS as at the frequency of 10Hz, and we use two GPS-based pulse generators of
10730H z: one on the Opt-copter for LED flashes, and the other is to trigger the FD data acquisition.
This frequency is the maximum trigger rate of the FD in order to get as much data as possible.
All the three GPS modules are presumably synchronized by the GPS-PPS signal every second.
We compared the signal timing differences using an external high precision pulse generator that is
also synchronized with GPS-PPS, and the GPS pulse for the Opt-copter as shown in Fig. 5. The
distribution of the time differences between the two GPS-based pulse generators for the Opt-copter
and for the FD trigger is presented in Fig. 6. This shows that the synchronization of the GPS-based
pulse generator is as good as 0.1us, which is much smaller than the width of the UV-LED flash that

is 10us.
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' ' Figure 6: Time difference between the GPS-based
I*jlgure 5: Time difference between pulse generato.r for pulse generators for FD trigger and the GPS-based
light source and RTK-GPS measurement for ranging. pulse generator for the light source.

2.4 UV-LED light source

The optical system of the TA FD is optimized for photons of wavelengths between 300 and
400nm, for fluorescence light from nitrogen and oxygen molecules. We use 12 UV-LEDs (Roithner
Lasertechnik, H2A1-H375-E) at wavelength of 375nm for light source. The emission pattern of
each LED is highly anisotropic, so we use a spherical light diffuser. Those LEDs are attached to
each side of a dodecahedron created by a 3D printer and covered with a diffuser (Fig. 7).

3. Operation and Data

The position of the launching point of the Opt-copter ahead of each FD station is measured
with good accuracy in advance. The light source is designed to be seen from the FD at the distance
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Opt-copter
%

Figure 7: The light source mounted on the Opt-copter
is consisted of 12 UV-LEDs attached on dodecahedron Figure 8: A bird’s-eye view of the FD site taken by
and a spherical diffuser. the flight.

of 300m, and the vehicle flies around in the field of view of the camera with a positioning accuracy
of 10cm, which corresponds to a directional accuracy of 0.02°. Fig. 8 shows a bird’s eye view of
the FD site by an Opt-copter flight.

The measurement by the Opt-copter is measured from the FD and the RTK-GPS. The center of
gravity (COG) is calculated from the amount of light received by each PMT and its center position.
The COG is used as the light-receiving position of the FD. The RTK-GPS measures the relative
position of the GPS antenna on the Opt-copter and the GPS antenna on the ground reference station.
The ground reference station is a monument that has already been positioned by the measurement
by another GPS module with high accuracy. To compare the two, we project the information by
the RTK-GPS on the FD view (See Fig. 9). For the measurements made in 2019, we operated a
uniform flight in the center of the FD’s FOV for FOV direction analysis and real image size analysis.
The trajectories of the detected the COG by the FD appear to be biased to the center of each PMT,
which is different from the position of the projected image by the RTK-GPS measurement. If the
image of the light source is sufficiently smaller than the size of one pixel of the FDs (PMT), the
COG is biased towards the center of the PMT, which contains the main part of the image of the
light source.

4. Analysis

4.1 FOV Direction analysis

Since the image size on the surface of the PMT array is small compared to a window size of
the PMT, the COG is biased towards the center of the PMT which contains the main part of the
image. Fig. 9 is the RTK-GPS positions projected on the focal plane and the COG positions. Fig.
10 is the difference between the RTK-GPS position and COG position in Fig. 9. And in Fig. 10,
the red point is the mean of the green points. By statistically comparing the RTK-GPS position and
the COG position as shown in Fig. 10, we can estimate the difference of the actual FOV direction to
the assumed FOV direction of the FD. We performed this analysis for all the FDs of the BR station.
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Figure 9: Measurement by RTK-GPS on FD viewing Figure 10: The difference between RTK-GPS position
field and center of gravity of detected light by FD.  and the center of gravity position.

Table 1: The results of FOV direction analysis of the BR station (2018).

‘ FDOO FDO1 FDO02 FD03 FD04 FDO5 FD06 FD07 FDO08 FD09 FD10 FDI1
005 0.00 0.04 004 004 002 0.01 -004 001 -005 -0.02 0.01
0.11 -0.04 0.02 -003 -0.04 -0.12 -0.05 -0.14 -0.12 -0.19 -0.14 -0.15

AAzimuth [deg.]
AElevation [deg.]

The results are shown in Table 1. It was found that most of the FDs were pointing downward more
than expected. We also performed this analysis for each of the FD04 ~FD(07 measurement data in
2018 and 2019 to check for reproducibility. The systematic error in this analysis is 0.03°, based on
the systematic error in GPS position (0.02°) and FD (0.02°).

4.2 Image size analysis

We focused on the relationship between the RTK-GPS position and the light-receiving COG at
the center of the FD’s FOV as shown in Fig. 11. This relationship becomes stair-step with smaller
image size on the surface of the PMT array. The axis in Fig. 11 and Fig. 12 shows the azimuthal
opening between the RTK-GPS or COG position and the center of the PMT closest to the center of
the FD’s FOV. When the measurement by Opt-copter is simulated, the image size on the surface
of the PMT array can be evaluated by comparing the simulation with the measurement data as
shown in Fig. 11. Fig. 11 shows that the simulation roughly reproduces the measurement data and
that we have a good understanding of the FD. A simple adjustment by eye level was also made to
make the simulation further reproduce the measurement data, as shown in Fig. 12. The hit map of
the photons in the simulation changed as shown in Fig. 13, and the image size on the surface of
the PMT array was smaller than expected. In this way, the simulation can be made closer to the
measurement data by using the Opt-copter. In the future, we will continue to analyze the effects of
aberrations as well as the image size on the surface of the PMT array.
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Figure 11: The relation ship between the RTK-GPS position and the COG position at the center of the FOV
for the FD of the BR station (azimuthal).
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Figure 12: The changes in the relation- Figure 13: The hit map of photons at the center of the
ship between the RTK-GPS position and the FD09’s FOV. Left: Before adjustment. Right: After ad-
COG position before and after the simple justment. Caution: These are affected by the PMT bound-
adjustment (azimuthal). ary.

5. Conclusion

The Opt-copter was developed as a calibration device for FDs. And by using the Opt-copter, we
were able to estimate the assumed misalignment of the FOV direction of each FD with an accuracy
of 0.03°. In addition, although we have a good understanding of the image size on the surface of the
PMT array of each FD in the TA experiment, the Opt-copter allows us to understand it in even more
detail. In the future, we need to estimate the impact of the results of the FOV direction analysis on
the X4 analysis. And we will move from the image size analysis to aberration analysis.
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