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for the Telescope Array Collaboration
We are developing a fluorescence detector (FD) calibration device called as Opt-copter which
consists of an UV LED, a high accuracy GPS and an unmanned aerial vehicle (UAV). Opt-copter
is a standard light source to be used to calibrate the Telescope Array (TA) FDs. The primary
characteristic of Opt-copter is its high portability which enables us to put the light source on any
position we want in the F.O.V. of FDs. Our upgraded UAV, has improved flight reliability and
payload capacity. The calibration procedure is established by a test observation at the TA FD site.
We evaluated the flight accuracy and developed a method to measure the FD geometry. We will
report the current status of Opt-copter.
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1. Introduction

The energies measured by two different FDs of TA are different at the level of 4 ± 2 %, though
this is consistent within the systematic error. It is important to separate the FD detection efficiency
and atmospheric transparency to improve the FD systematic error. On the site, the FD absolute detection efficiency is monitored by various devices, such as YAP and Xe flasher which are mounted
on each FD. However, we cannot compare the FD detection efficiency directly. This is the motivation to develop Opt-copter which is a standard light source mounted on an UAV and can fly in the
F.O.V. of FDs. Using Opt-copter, we can measure the FD detection efficiency using a single light
source. Additionally, Opt-copter also has the possibility to measure the geometry of FDs actively,
compared with the passive method of star tracking analysis.
In this paper, we will report the specification of Opt-copter, the detail of its position measurement and the method of the FD telescope geometry measurement.

Figure 1: The diagram of FD calibration concept using Opt-copter. UAV with a LED light flasher is flying
to the F.O.V. of TA FD.
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Telescope Array (TA) is the largest cosmic ray observatory in the northern hemisphere to observe ultra high energy cosmic rays, located in the western desert in Utah, U.S.A [1][2]. TA is a
hybrid detector and consists of fluorescence detectors (FDs) and a surface detector (SD) array. FDs
can measure the energies of cosmic rays calorimetrically detecting fluorescence UV light emitted
from Nitrogen molecules excited by high energy particles of extensive air showers (EASs). Moreover, FDs can measure longitudinal developments of EASs which are very important to identify
the particle type of primary cosmic rays.
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2. Opt-copter
Opt-copter is one of the calibration devices developed for TA FDs [3]. Figure 1 is the schematic
view of the calibration by Opt-copter (Auger has also already developed a similar device [4]). Optcopter consists of a UAV, a high accuracy GPS system and a UV LED light source.
2.1 UAV

2.2 GPS
The required positioning accuracy is ±0.1 m at 100 m apart from FDs. Therefore, we measure
the position of Opt-copter by Real Time Kinematics (RTK) system using Piksi (SwiftNavigation),
as shown in Fig. 2 (Middle). The accuracy of relative distance between the two GPS modules
which are called base and rover by RTK system should be ∼ cm. According to our accuracy test in
static situation, the relative distance between the two GPS modules is determined to be within 0.1
m.
2.3 UV LED light source
UV-LEDs (Roithner Lasertechnik, H2A1-H375-E) with a peak wavelength of 375 nm are used
as a light source. The light source consists of 12 LEDs mounted on each side of the dodecahedron,
as shown in Fig. 2 (Right). It is covered with a spherical diffuser made of acrylic resin to improve
the uniformity of the light intensity. The stability of the light intensity is ∼ 0.1% measured in the
laboratory. The temperature sensor is also implemented on Opt-copter and we also are planning an
on flight shot-by-shot monitor of the light intensity. The azimuthal dependence of the light intensity
is ±9%/2π and 0.5 ∼ 4% per degrees which is good enough, considering the flight stability of ±7
degrees.

Figure 2: (Left) The eight rotor multicopter (S1000+, DJI) mounting the LED flasher under the body. The
arms can be folded. (Middle) High accuracy GPS. One is installed at the well known point as base and the
other is mounted on Opt-copter. (Right) UV-LEDs installed on the dodecahedron which will be covered by
the spherical diffuser.
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We use an eight rotor multicopter (S1000+, DJI), as shown in Fig. 2 (Left). The size of the
multicopter is 400 mm (width) × 400 mm (depth) × 500 mm (height) when the arms are folded,
so that it is easy to transfer. The weight is 4.4 kg with a LiPo battery and the maximum load weight
is 6.6 kg. The flight time is 15 min. with a LiPo battery of 15000 mAh when the total weight is 9.5
kg. The accuracy of flight control is ±1.5 m. We operate Opt-copter only with a wind speed less
than 5 m/s.
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3. Flight position measurement

Figure 3: The time series of the horizontal angle in the F.O.V. of TA FD. (+) is the center of gravity
calculated by FADC sum. (×) is GPS position measured by RTK system. Dotted lines are the center of
PMT of #149, 133, 117, 101.

We tried to check whether the RTK position is consistent or not with the FD center of gravity
using two assumptions. One assumption is that when Opt-copter is flying on the edge of a PMT
F.O.V., the center of gravity should be the same as the RTK position as shown in the left of Fig.
4. In the right panel of Fig. 4, when a is at a minimum, Opt-copter is on the edge of PMT and A
is the uncertainty of the position. The other assumption is that when Opt-copter is on the edge of
PMT F.O.V., the sum of FADC values should be the local minimum. In the right of Fig. 4, when
the sum of FADC values is at a local minimum, Opt-copter is on the edge of the PMTs, and B is the
uncertainty of the position. ∆b is the difference between the minimum and the second minimum
point so that this parameter is the systematic uncertainty of this assumption. The minimum of the
FADC sum can be between the minimum and the second minimum point.
Table 1 shows the comparison of uncertainties of position measurement. The worst value of
parameter A is 0.075◦ corresponding to 26 cm and that of B is 0.017◦ . The accuracy of flight
4

PoS(ICRC2017)434

The accuracy of the position measurement is ±4 and ±6 cm in the horizontal and vertical
direction measured on the ground in static situation. We performed flight test at the TA FD site on
the 3rd and 6th of January, 2017. We flew Opt-copter 200 m from the center of the FD mirrors.
The target position is the center of the F.O.V. of a standard PMT which is used for PMT gain
monitoring. While the test flight, we vetoed the hybrid trigger not to send the trigger information
to TA SD. We acquired the data with FD by normal trigger or an external trigger of 10 PPS. It
was −5◦ C so that the flight control, especially for height, became worse due to low temperature.
Figure 3 is the comparison plot of azimuth angle of the center of gravity calculated from the sum
of FADC values of each channel and projected one of the position measured by RTK system. The
RTK position looks smooth, on the other hand the center of gravity looks like a step function. This
is because the angular resolution of FD is one degree. Moreover, one should take into account the
non-uniformity of PMT gain and the gap of PMTs.
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Figure 5: Zoomed plot of Fig. 3 and the sum of FADC values corrected by the distance R between Optcopter and the FD mirror. Red dotted lines are the edges of PMT.

position is at least less than 26 cm as estimated by using TA FD data.
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Figure 4: (Left) The concept of the analysis of the accuracy of flight position measurement. When the spot
of Opt-copter is on the edge of the PMTs shown as filled circles, the center of gravity calculated by the
sum of FADC values should be also on the edge of the PMTs and the sum of FADC values should be at a
local minimum. (Right) Diagram of the parameters of A, a, B, and ∆b to estimate the uncertainty of position
measurement.
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Table 1: The uncertainties estimated by the two assumptions.

1
⃝
2
⃝
3
⃝

A [deg.]
0.019
0.075
0.030

a [deg.]
0.001
0.003
0.010

B [deg.]
0.017
0.005
0.016

∆b [deg.]
0.002
0.005
0.001

3.1 Accuracy of flight control

The accuracy of flight control of S1000+ is ±1.5 m. Figure 6 shows the histogram of the
relative position of Opt-copter to the surveyed point measured by RTK system while hovering. The
hovering accuracy is 0.4 m in horizontal and 0.1 m in vertical as summarized in Table 2. However the difference between Opt-copter and the target position are 1 m and 5 m in horizontal and
vertical, respectively. The difference of vertical direction is especially worse compared with the
specification. The outdoor temperature was less than −5◦ C while the test flight. The working environment temperature is −10 ∼ +40◦ C. Below this temperature, the accuracy of flight control can
become worse due to the pressure sensor for the flight controller. We should correct the temperature
dependence under such cold condition.
Table 2: The comparison of the target position and average, maximum ,minimum and standard deviation of
measured position of Opt-copter.

Target position
Measured position
σ
Maximum
Minimum

N-S [m]
-58.0
-58.5
0.24
-58.0
-59.3

E-W [m]
118.4
119.3
0.37
119.9
118.6

Height [m]
40.0
35.3
0.13
35.6
35.0

4. Spot size measurement
The left panel of Fig. 7 shows the comparison plot of the angular distance of the center of
gravity of FADC sum and RTK position from the center of the PMTs. If the angular resolution is
quite good, the angular distances of the RTK position and the center of gravity are equal. However,
6
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Figure 6: The histograms relative position between the surveyed point and Opt-copter in each dimensions.
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if the resolution is about one degree, like TA FD, the center of gravity does not change much while
a spot is inside a PMT, and when a spot is spreading to the next PMT, the center of gravity will
start changing. We tried to estimate the spot size at the focal plane of FD using this characteristic.
The schematic view of spot size estimation is shown in the right of Fig. 7. The spot of Opt-copter
is spreading on the PMT at the focal plane as shown in Fig. 7(right). The radius of the spot can be
calculated as rspot = θPMTedge − θs , θPMTedge = 0.5 [degree]. For the PMT #117 of telescope #07 at
the Black Rock Mesa (BRM) FD site, the diameter of the spot is 0.3 degree corresponding to 1.6
cm. We are planning to investigate other telescopes.

5. Summary
We are developing Opt-copter as a calibration device for TA FD. Opt-copter consists of an UV
LED light source, a high accuracy GPS and a UAV. The accuracy of the position measurement is ±4
and ±6 cm in the horizontal and vertical direction in static situation. We also estimate the accuracy
of flight position measurement using TA FD data, and it is less than 26 cm which is consistent
with the accuracy measured in static situation. The hovering accuracy of Opt-copter is 0.4 m in
horizontal and 0.1 m in vertical. We also found that the difference between the hovering height and
the target position becomes larger when it is less than −10◦ C due to the temperature dependence
of the pressure sensor. We tried to estimate the spot size and it is 1.6 cm for the PMT #117 of the
telescope #07 at the BRM site. Opt-copter has a potential to measure the geometry of TA FD by
measuring the edges and the spot sizes for each PMT. Therefore, we plan to fly Opt-copter in the
F.O.V. of all TA FDs from August 2017.
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Figure 7: (Left) The angular distance of the RTK position and the center of gravity of FADC sum to the
center of PMT for the PMT #117, telescope #07. (Right) The schematic view of how to estimate the spot
size.
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