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The Telescope Array experiment (TA) is the largest cosmic-ray detector in the northern hemi-
sphere and consists of a surface detector (SD) array, plus three fluorescence detector (FD) stations
overlooking the SD. The large field-of-view of an FD allows for reconstruction of the air-shower
development in the atmosphere by imaging ultra-violet fluorescence light from atmospheric ni-
trogen excited by UHECRs. In estimation of the primary energy it is necessary to add to the
calorimetric energy observed by the FD a “missing energy”, meaning the fraction of the primary
energy that is not deposited by charged particles in the air. We report on the measurement of the
missing energy from observed data collected by the TA FD and TA SD, independently of Monte
Carlo simulations, using a technique pioneered by the Pierre Auger Observatory. We also address
the effect on the energy scale attributed to fluorescence yield parameters.
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1. Introduction

The fluorescence detector (FD) is one of the well-established methods to observe an extensive
air shower (EAS) induced by ultrahigh-energy cosmic rays (UHECRs). The large field-of-view of
an FD allows for reconstruction of the air-shower longitudinal development in the atmosphere by
imaging ultra-violet fluorescence light from atmospheric nitrogen excited by the EAS.

The Telescope Array Experiment (TA) is the largest cosmic-ray detector in the northern hemi-
sphere [1]. TA consists of 507 surface detectors (SDs) deployed on a square grid with 1.2 km spac-
ing, covering an effective area of about 700 km2 [2], overlooked by 48 FDs at three locations [3].
One FD station located northwest of the SD array, consists of 24 FDs including 10 with higher
elevation angles, which were previously used in the High Resolution Fly’s Eye (HiRes) experiment
[4]. Two other stations at the array’s southeast and southwest consist of 12 newly designed and
constructed FDs [3] with new calibrations [5, 6, 7]. In order to calibrate the atmospheric conditions
and relative gains among the three FD stations, a Central Laser Facility (CLF) is installed at the
center of the TA site [8]. An ultraviolet laser with a wavelength of 355 nm fires a 300 vertical
shots every 30 minutes. The atmospheric transmittance was monitored at the start and end of daily
operation of the FD by a Light Detection And Ranging (LIDAR) system by May 2012, which mea-
sured the back-scattered photons from an ultraviolet laser [9]. The TA has an electron light source
(ELS) to understand the detector characteristics and the fluorescence yield by an artificial EAS at
a distance of 100 m from FD [10]. Photographs of these FDs, LIDAR and ELS are shown in the
Figure 1.

(a) HiRes refurbished FDs. (b) Newly constructed FDs (c) FD station, LIDAR and ELS.

Figure 1: (a) HiRes refurbished FDs located northwest of the SD array. (b) Newly constructed FDs at the
array’s southeast and southwest. (c) The southeast FD station together with LIDAR and ELS.

2. Primary energy determination with FD

To infer the atmospheric energy deposit in the EAS from the light measured by the detector,
we must specify both a fluorescence yield and an atmospheric model, which respectively describe
the production and attenuation of light prior to detection. In estimation of the primary energy it is
necessary to add to the calorimetric energy observed by the FD a “missing energy”, meaning the
fraction of the primary energy that is not deposited by charged particles in the air. Conventionally
the missing energy is estimated by the Monte Carlo Simulation, e.g. CORSIKA [11]. However, the
Pierre Auger Observatory reported a method to evaluate the missing energy using the observables
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with a fluorescence detector and a surface detector array, independently with the Monte Carlo
simulation [12].

In the TA FD analysis, the atmospheric density profile is obtained from radiosonde pressure
and temperature from the Global Data Assimilation System (GDAS) database1. The typical atmo-
spheric transparency is determined by LIDAR operation during the first two years operation [9].
The absolute fluorescence yield is obtained from a measurement by Kakimoto et al. [13], with a
wavelength spectrum adopted from the result of the FLASH collaboration [14]. The missing energy
is corrected by a result from the CORSIKA [11] Monte Carlo simulation using the QGSJetII-03
model. In this paper, we address an impact on the energy scale due to the fluorescence yield pa-
rameters, and also study the missing energy evaluation using a technique of pioneered by the Pierre
Auger Observatory.

3. Fluorescence yield

In TA FD analysis, we adopt the absolute fluorescence-photon yield measured by Kakimoto et
al. [13], and the relative intensity spectrum from FLASH measurements [14]. We call this “Model-
K”. The ELS result reported in ICRC 2015 [10] shows agreement within 2% to the fluorescence
yield of the FLASH experiment [14] and “Model-A” which is the absolute yield measured with the
AIRFLY experiment [15, 16] and the dependence on pressure, temperature and humidity is taken
into account for each spectral line using the reference model formula reported in UHECR2012 [17].
The ELS result shows a 26 % higher result than Model-K and its uncertainty of ELS is quoted
as 7.9% [10]. If the fluorescence yield measured by the ELS result is compared to Model-K, a
systematic uncertainty is calculated by a quadratic sum of uncertainties on the ELS (7.9%), detector
calibration (10%) and Model-K (10%) [13]. The total uncertainty is 16% thus that the ELS result
shows 1.26 ± 0.20 compared to Model-K. If we consider a systematic uncertainty of the AIRFLY
measurements (3.7%) [15], the ELS result indicates 1.02 ± 0.14 compared to Model-A.
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Figure 2: An energy scale shift as a function of the primary energy if the Model-A (a) or Model-K(×1.26)
(b) is assumed as fluorescence yield.

Here, we investigate an impact on the energy scale if we use different fluorescence yield mod-
els. The data is reanalyzed using Model-A and “Model-K(×1.26)” which is a 1.26 rescaling into

1http://ready.arl.noaa.gov/gdas1.php
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Model-K based on the ELS result. Model-K(×1.26) shows consistent with a fluorescence yield
of the FLASH [14] within 1% [10]. Those reconstructed energies are compared to ones using
Model-K. Figure|2 shows an energy scale shift as a function of primary energy if Model-A (a) or
to Model-K(×1.26) (b) is assumed as fluorescence yield. Due to the Cherenkov dominated events
in low energies, the energy shift is slightly smaller than one in high energies. The energy scale is
changed by -14% for Model-A and -17% for Model-K(×1.26).

A difference of the energy reduction between Model-A and Model-K(×1.26) at high energies
is caused by a difference of fluorescence spectral line. Figure 3(a) shows an energy scale com-
parison between Model-A and Model-K(×1.26). Figure 3(b) shows a comparison of spectral line
measured by several measurement in the laboratory [17]. A discrepancy around 380 nm between
FLASH and AIRFLY spectral lines is affected in an attenuation traveling from an EAS axis to the
FD station, introducing 2% difference at 1017 eV and 5% difference at 1019 eV. Since the ELS
is located at only 100 m away from FD station, it is impossible to investigate this spectral line
discrepancy.
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Figure 3: (a) A energy scale difference between Model-A and Model-K(×1.26) as a function of primary
energy. (b) The fluorescence line spectra among measurements in the laboratory taken from [17].

4. Missing energy

As pioneered in studies by the Pierre Auger Observatory [12], we investigate a relationship
between our observables in TA and the missing energy. The slant atmospheric depth from Xmax

(the depth in the atmosphere where the EAS reaches its maximum energy deposit) to the ground
is defined as DX = 876.5/cosθ −Xmax, where θ is a zenith angle of EAS. Using the Monte Carlo
simulation with TA FD and SD, the missing energy is parameterized by our observables, DX and
S800 (the signal at 800 m from the core on the ground) by

logEmiss = A logS800 +B (4.1)

in several ranges of DX . The obtained parameters of CORSIKA simulation using QGSJet01c are
summarized in Table 1

Using this parameterization, the missing energy is estimated by the hybrid EAS events col-
lected during 7 years. Figure 4 shows the missing energy as a function of a FD calorimetric energy,
Ecal. This result is consistent with one from QGSJetII-03 proton above 1018.5 eV, while a 5%
difference to one reported by Auger [12].
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DX (g/cm2) 100-200 200-300 300-400 400-500 500-600 600-700 700-800
A 1.059 1.053 1.086 1.085 1.045 1.117 1.142
B 16.25 16.28 16.32 16.42 16.59 16.62 16.73

Table 1: Parameterizations of A and B in Equation 5.1 for several ranges of DX to calculate the missing
energy.
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Figure 4: The missing energy (filled circle) calculated by the observables with TA FD and SD using the
Parameterization of Table 1 as a function of calorimetric energy measured with FD. As a reference, the
missing energy obtained by QGSJetII-03 proton and one reported by Auger [12] are indicated as dashed line
and solid line, respectively.

5. Conclusions

We studied an systematic uncertainty on the energy scale with the Telescope Array fluores-
cence detectors. If different models of the fluorescence yield are adopted in the FD analysis, the
energy scale is changed by -14% for Model-A and -17% for Model-K(×1.26) compared to the
current model, Model-K. The missing energy is evaluated from observed data collected by the TA
FD and TA SD using a technique pioneered by the Pierre Auger Observatory. The result is consis-
tent with one from QGSJetII-03 proton above 1018.5 eV, while a 5% difference to one reported by
Auger.
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