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History of Fluorescence Technique
✦ In 1958, proposal of fluorescence technique (Suga, 

Oda, ＠Norikura symposium)

✦ Many photomultiplier tubes on the focal plane 
of Fresnel lens/mirror to observe fluorescence 
light.

✦ Observe longitudinal profile including Xmax to 
be sensitive to the mass composition of cosmic 
ray.

✦ In 1969, first detection of fluorescence 
light by TOKYO-1 (Tanahashi et al. 
@Doudaira Observatory, Japan)
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Fresnel lens + PMTs



First Detection of Shower by Fluorescence Technique
✦ Long signal duration and the 

similar amount of light (No. 12)

✦ The event is consistent with the 
fluorescence-dominated shower 
with 5×1018 eV, 680 g/cm2  (B. 
Dawson, arXiv:1112.5686).

✦ In the upgrade detector of 
TOKYO-3, the 4 m2  lens was 
unfortunately UV protected one.

✦ Fly’s Eye experiment , Telescope 
Array experiment, Pierre Auger 
Observatory established 
fluorescence technique and 
reported physics results.

✦ Era to develop optimized 
and economical fluorescence 
detector.
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emitted along the beam axis, and the calibration procedure
of relative spectrograph sensitivity (cf. Section 3.4) derived
calibration factors from measurements with the calibration
lamp placed in different positions along the beam axis. If
calibration factors obtained only from a measurement with
the calibration lamp placed at the optics center are used,
the relative fluorescence band intensities changed by at
most 3%. Half of this shift was conservatively taken as
an estimate of the associated systematic uncertainty.

Several checks were performed. The linearity of the fluo-
rescence emission with beam currents from 0.2 to 14 lA
was verified. Possible systematic effects due to the beam
position were investigated. The fluorescence spectrum was
measured with the beam moved ±1 cm in the directions
transverse to the nominal beam axis. No difference beyond

the statistical uncertainty in the relative intensities of the
fluorescence bands was found. Several models for back-
ground evaluation were tested, which always resulted in
changes of the relative band intensities within the quoted
uncertainties. A measurement of the fluorescence spectrum
in pure nitrogen gas was performed, which showed that all
the observed bands in the air fluorescence spectrum are
associated with nitrogen excitation.

In order to assess the relevance of argon on air fluores-
cence, the fluorescence spectrum emitted by a 79% N2–21%
O2 gas mixture was measured at the same pressure and
temperature conditions as the mixture with argon. Fig. 5
shows the correlation of the relative intensities of the 34
fluorescence bands measured with the 79% N2–21% O2

and the 78% N2–21% O2–1% Ar mixture. A linear fit
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Fig. 4. Measured fluorescence spectrum in dry air at 800 hPa and 293 K.

Table 1
Measured fluorescence band intensities in dry air at 800 hPa pressure and 293 K temperature

k (nm) k interval (nm) Ik (%) k (nm) k interval (nm) Ik (%)

296.2 292.5–297.0 5.16 ± 0.29 366.1 363.2–366.4 1.13 ± 0.08
297.7 297.0–299.6 2.77 ± 0.13 367.2 366.4–367.5 0.54 ± 0.04
302.0 301.5–303.3 0.41 ± 0.06 371.1 367.6–371.7 4.97 ± 0.22
308.0 306.8–309.3 1.44 ± 0.10 375.6 371.7–376.3 17.87 ± 0.63
311.7 309.3–312.3 7.24 ± 0.27 380.5 376.3–381.4 27.2 ± 1.0
313.6 312.3–314.1 11.05 ± 0.41 385.8 383.0–386.0 0.50 ± 0.08
315.9 314.1–316.7 39.3 ± 1.4 387.7 386.0–388.0 1.17 ± 0.06
317.6 317.0–318.4 0.46 ± 0.06 388.5 388.0–388.7 0.83 ± 0.04
326.8 325.6–327.1 0.80 ± 0.08 391.4 388.7–392.1 28.0 ± 1.0
328.5 327.1–329.0 3.80 ± 0.14 394.3 392.1–394.9 3.36 ± 0.15
330.9 329.0–331.3 2.15 ± 0.12 399.8 394.9–400.5 8.38 ± 0.29
333.9 331.3–334.3 4.02 ± 0.18 405.0 400.5–406.6 8.07 ± 0.29
337.1 334.3–338.4 100.00 414.1 412.5–414.4 0.49 ± 0.07
346.3 344.2–347.2 1.74 ± 0.11 420.0 416.6–420.6 1.75 ± 0.10
350.0 347.2–350.6 2.79 ± 0.11 423.6 420.7–424.0 1.04 ± 0.11
353.7 350.6–354.4 21.35 ± 0.76 427.0 424.0–427.4 7.08 ± 0.28
357.7 354.4–359.9 67.4 ± 2.4 427.8 427.4–428.6 4.94 ± 0.19

The intensity of the 337 nm band was used for normalization. The wavelength intervals used for the signal integration are also reported.

M. Ave et al. / Astroparticle Physics 28 (2007) 41–57 47

3

Figure 2: Timing fits for the event. We have assumed a vertical shower-detector plane and timing
uncertainty of 0.05µs for each point. The top left figure shows the best fit for t

0

, Rp and �
0

. The
remaining plots show results when �

0

is fixed as indicated, and a fit is done for t
0

and Rp. The short
track length of the event precludes a unique reconstruction of the shower axis.

5

Figure 3: Light flux at the telescope for a 5 ⇥ 1018eV, X
max

= 680 g/cm2 shower for various axis
geometries allowed by the timing fit. The x-axis represents the zenith angle of the light spot, given
the assumption of a vertical SDP. Blue lines indicate total light flux, and red lines show the contribution
from direct Cherenkov light. The shape and intensity of the light profile is a strong function of the
event geometry. The flatter light profiles in the first four panels are a better match to the observed
light profile.

Candidates observed by TOKYO-1 (1969)

Re-analysis by B. Dawson et al. (2011)

Fluorescence 
dominated

Airfly (2007)



Fine pixelated camera

Low-cost and simplified/optimized FD

✦Target : > 1019.5 eV, ultra-high energy cosmic rays (UHECR) and neutral particles

✦Huge target volume ⇒ Fluorescence detector array 

Too expensive to cover a huge area

4

Single or few pixels and smaller optics

Fluorescence detector Array of Single-pixel Telescopes 

Segmented mirror telescope   
Variable angles of elevation – steps. 

construction is still in development  

15 deg  45 deg  

Joint Laboratory of Optics Olomouc – March 2014 
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20 km UHECRs
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Fluorescence detector Array of Single-pixel Telescopes 
✦ Each telescope: 4 PMTs, 30°×30° 

field of view (FoV).

✦ Reference design: 1 m2 aperture, 
15°×15° FoV per PMT

✦ Each station: 12 telescopes, 48 PMTs, 
30°×360° FoV.

✦ Deploy on a triangle grid with 20 km 
spacing, like “Surface Detector 
Array”.

✦ If 127 stations are installed, a ground  
coverage is ~ 40,000 km2.

✦ Geometry: Radio, SD, coincidence of 
three stations being investigated.



Window of Opportunity at EUSO-TA 

6

EUSO prototype�

Telescope Array site Black Rock Mesa station

✦ Temporally use the EUSO-TA optics at the TA site.

✦ Two Fresnel lenses (+ 1 UV acrylic plate in front for protection)

✦ 1 m2 aperture, 14°×14° FoV ≒ FAST reference design.

✦ Install FAST camera and DAQ system at EUSO-TA telescope.

✦ Milestones: Stable observation under large night sky backgrounds, 
UHECR detection with external trigger from TAFD.

EUSO-TA telescope FAST camera

✦ 8 inch PMT 
(R5912-03, 
Hamamtsu)

✦ PMT base (E7694-01, 
Hamamatsu)

✦ Ultra-violet band pass 
filter (MUG6, Schott)
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Start observation

1 2 3

4 5 6

7 8 9



Results on the First Field Observation
✦ Data set: April and June 2014 observation, 19 days, 83 hours

✦ Very stable observation under large night sky backgrounds

✦ Laser detection to confirm a performance of the prototype

✦ UHECR search : 16 candidates coincidence with TA-FD

✦ Very successful example among Telescope Array, JEM-EUSO 
Pierre Auger Collaborations.
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Figure 14: Distribution of the impact parameter as a function of the primary energy recon-

structed by TA for shower candidates detected by the FAST prototype. The line indicates

the maximum detectable distance by the FAST prototype (not fitted).
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New FAST Prototype being Constructed

9Joint Laboratory of Optics in Olomouc, Czech Republic

✦ Confirmed milestones 
by EUSO-TA Telescope

✦ Stable operation 
under high night sky 
backgrounds.

✦ UHECR detection.

✦ Next milestones by new 
FAST prototype 

✦ Establish the FAST 
sensitivity.

✦ Detect a shower 
profile including 
Xmax with FAST

4 PMTs, 30°×30° FoV
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FAST components

UV PMMA „window“
in octagonal aperture

4 PMTs
camera
8 inch

UV filter
glass

cover = black shroud

DUST and STRAY LIGHT  protection

cabling

electronics

mirrors
4

Building - ground plan – required dimensions

Cc
a 

30
00

 m
m

Cca 3500 mm

60
0 

m
m

FOV

5
Cc

a 
30

00
 m

m

Cca 3500 mm

FOV

Building height – elevation 15°
required dimensions

Cca 1000 mm

Design of Hut and Shutter

10

8

shutter – like sectional garrage doors

closed

open

roof „window“

Possible solution of building
40

00
 m

m
C

ca
 3

00
0 

m
m

closed

open

✦ Adjustable elevation 15° or 45°, 
like HEAT and TALE, to enlarge 
the FoV of the current FD.

✦ Robust design for maintenance free 
and stand-alone observation.



Today’s FAST Prototype

11

2

FAST mechanical construction – october 2015

parking position
(testing of mechanical construction)
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Possible Application of FAST Prototype
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1. Introduction

The hybrid detector of the Pierre Auger Observatory [1] consists of 1600
surface stations – water Cherenkov tanks and their associated electronics – and
24 air fluorescence telescopes. The Observatory is located outside the city of
Malargüe, Argentina (69◦ W, 35◦ S, 1400 m a.s.l.) and the detector layout is
shown in Fig. 1. Details of the construction, deployment and maintenance of
the array of surface detectors are described elsewhere [2]. In this paper we will
concentrate on details of the fluorescence detector and its performance.

Figure 1: Status of the Pierre Auger Observatory as of March 2009. Gray dots show the
positions of surface detector stations, lighter gray shades indicate deployed detectors, while
dark gray defines empty positions. Light gray segments indicate the fields of view of 24
fluorescence telescopes which are located in four buildings on the perimeter of the surface
array. Also shown is a partially completed infill array near the Coihueco station and the
position of the Central Laser Facility (CLF, indicated by a white square). The description
of the CLF and also the description of all other atmospheric monitoring instruments of the
Pierre Auger Observatory is available in [3].

The detection of ultra-high energy (! 1018 eV) cosmic rays using nitrogen
fluorescence emission induced by extensive air showers is a well established
technique, used previously by the Fly’s Eye [4] and HiRes [5] experiments. It is
used also for the Telescope Array [6] project that is currently under construction,
and it has been proposed for the satellite-based EUSO and OWL projects.

Charged particles generated during the development of extensive air showers
excite atmospheric nitrogen molecules, and these molecules then emit fluores-
cence light in the ∼ 300 − 430 nm range. The number of emitted fluorescence
photons is proportional to the energy deposited in the atmosphere due to
electromagnetic energy losses by the charged particles. By measuring the rate
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a b s t r a c t

The Telescope Array (TA) experiment, located in the western desert of Utah, USA, is designed for the
observation of extensive air showers from extremely high energy cosmic rays. The experiment has a
surface detector array surrounded by three fluorescence detectors to enable simultaneous detection of
shower particles at ground level and fluorescence photons along the shower track. The TA surface
detectors and fluorescence detectors started full hybrid observation in March, 2008. In this article we
describe the design and technical features of the TA surface detector.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The main aim of the Telescope Array (TA) experiment [1] is to
explore the origin of ultra high energy cosmic rays (UHECR) using
their energy spectrum, composition and anisotropy. There are two
major methods of observation for detecting cosmic rays in the
energy region above 1017.5 eV. One method which was used at the
High Resolution Fly’s Eye (HiRes) experiment is to detect air
fluorescence light along air shower track using fluorescence
detectors. The other method, adopted by the AGASA experiment,
is to detect air shower particles at ground level using surface
detectors deployed over a wide area (! 100 km2).

The AGASA experiment reported that there were 11 events
above 1020 eV in the energy spectrum [2,3]. However, the
existence of the GZK cutoff [4,5] was reported by the HiRes

experiment [6]. The Pierre Auger experiment confirmed the
suppression on the cosmic ray flux at energy above 4"1019 eV
[7] using an energy scale obtained by fluorescence light tele-
scopes (FD). The contradiction between results from fluorescence
detectors and those from surface detector arrays (SD) remains to
be investigated by having independent energy scales using
both techniques. Hybrid observations with SD and FD enable
us to compare both energy scales. Information about core location
and impact timing from SD observation improves accuracy of
reconstruction of FD observations. Observations with surface
detectors have a nearly 100% duty cycle, which is an advantage
especially for studies of anisotropy. Correlations between arrival
directions of cosmic rays and astronomical objects in this energy
region should give a key to exploring the origin of UHECR [8] and
their propagation in the galactic magnetic field.

Fig. 1. Layout of the Telescope Array in Utah, USA. Squares denote 507 SDs. There are three subarrays controlled by three communication towers denoted by triangles. The
three star symbols denote the FD stations.

T. Abu-Zayyad et al. / Nuclear Instruments and Methods in Physics Research A 689 (2012) 87–9788

Pierre Auger Collaboration, NIM-A (2010) Telescope Array Collaboration NIM-A (2012)
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✦ Install FAST at Auger and TA for a cross calibration.

✦ Profile reconstruction with geometry given by SD (smearing 
gaussian width of 1° in direction, 100 m in core location).

✦ Energy: 10%, Xmax : 35 g/cm2  at 1019.5 eV 

✦ Independent check of Energy and Xmax scale between 
Auger and TA



Physics Goal and Future Prospects
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Origin and Nature of Ultra-high Energy Cosmic Rays (UHECRs) and
Particle Interactions at the Highest Energies

Exposure and Full Sky Coverage
TA×4 + Auger
JEM-EUSO : pioneer detection from 
space and sizable increase of exposure

Detector R&D
Radio, SiPM, 
Low-cost 
Fluorescence 
Detector (FD)

“Precision” Measurements 
AugerPrime 
Low energy enhancement
(Auger infill+HEAT+AMIGA,
TALE+TA-muon+NICHE)

5 - 10 years

Next Generation Observatories
In space (100×exposure): Super-EUSO
Ground (10×exposure with high quality events):

10 - 20 years



Summary and Future Plans
✦ Era to develop optimized and economical fluroescence detector

✦ Fluorescence detector Array of Single-pixel Telescopes 

✦ Deploy the detector array consisting of fluorescence detector optimized 
to observe UHECRs.

✦ Next-generation observatory on the ground.

✦ Increase statistics of UHECRs above 1019.5 eV by a order of magnitude 
to clarify origins of UHECRs, establish UHECR astronomy and detect 
UHE neutral particles.

✦ This concept was confirmed by the test measurement using EUSO-TA 
optics.

✦ New full-scale FAST prototype is being constructed, and almost completed. 

✦ New collaborator is welcome.
14
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Laser Signal to Check Performance
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✦ Vertical Ultra-Violet laser at 6 km from FAST ≒ ~1019.2 eV

✦ Expected signal TAFD/FAST: (7 m2 aperture × 0.7 shadow 
× 0.9 mirror) / (1 m2 aperture × 0.43 optics efficiency) ~10

✦ TAFD Peak signal : ~3000 p.e. / 100 ns

✦ FAST Peak signal : ~300 p.e. / 100 ns. All shots are 
detected significantly.

✦ Agreement of signal shape with simulation.



UHECR Signal Search

FAST 
FoV

✦ Data set: April and June 2014 
observation, 19 days, 83 hours.

✦ Stable observation.

✦  We searched for UHECR signal in 
coincidence between FAST and TAFD. 

1. Search for TAFD signal crossing the 
field of view (FoV) with FAST.

2. Search for a significant signal (>5σ) 
with FAST waveform at the same 
trigger.

✦ 16 candidates found.

✦ Low energy showers as expected.
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Figure 14: Distribution of the impact parameter as a function of the primary energy recon-

structed by TA for shower candidates detected by the FAST prototype. The line indicates

the maximum detectable distance by the FAST prototype (not fitted).
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Distance vs Energy (from TAFD) for Candidates

18

FAST 
FoV

Almost! log(E/eV)=19.1

log(E/eV)=18.0
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(a) Data: Erec = 1017.2 eV
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(b) Data: Erec = 1018.0 eV
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(c) Simulation: Esim = 1017.2 eV

Time (100 ns)
0 100 200 300 400 500 600 700 800

 / 
(1

00
 n

s)
p.

e.
N

0

10

20

30

40

50

(d) Simulation: Esim = 1018.0 eV

Figure 14: (a) and (b): FADC signals recorded for two shower candidates; (c) and (d):

corresponding simulated signals.

Figure 15: Preliminary design of a FAST telescope with a 30◦ x 30◦ FOV.
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(c) Simulation: Esim = 1017.2 eV
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(d) Simulation: Esim = 1018.0 eV

Figure 14: (a) and (b): FADC signals recorded for two shower candidates; (c) and (d):

corresponding simulated signals.

Figure 15: Preliminary design of a FAST telescope with a 30◦ x 30◦ FOV.
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Comparison to Expected Signal from UHECRs
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log(E/eV)=17.2 log(E/eV)=18.0

Simulation

Data

Simulation

Data
✦Geometry, Energy and 
Xmax was reconstructed by 
the TAFD monocular 
analysis.

✦Based on these 
information, we calculate 
expected signal by FAST 
prototype.

✦Size, shape and width are 
consistent with expectation. 

✦ A signal location is fluctuated 
within the TAFD trigger 
frame of 12.8 µs.



Anode & dynode
Signal

FAST DAQ System 
TAFD external trigger, 3~5 Hz

Amplifiers
R979 CAEN
Signal×10

Camera of FAST

High Voltage power supply, 
N1470 CAEN

Portable VME Electronics
- Struck FADC 50 MHz sampling, 
SIS3350 
- GPS board, HYTEC GPS2092

15 MHz 
low pass filter

777,Phillips scientific
Signal×50

All modules are remotely 
controlled through wireless 
network. 



Camera of FAST
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N
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10
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ns

YAP
Signal

✦PMT 8 inch R5912-03

✦E7694-01(AC coupling)

✦MUG6 UV band pass filter

✦YAP (YAIO3: Ce) scintillator with 
241Am (50 Hz) to monitor gain stability.
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20 km

Coverage and the number of FAST stations
L N_st S'[km^2] Cost'M$USD

cost/station

0 1 0 0.1 0.1

1 7 1038 0.7 0.1

2 19 4152 1.9 0.1

3 37 9342 3.7 0.1

4 61 16608 6.1 0.1

5 91 25950 9.1 0.1

6 127 37368 12.7 0.1

7 169 50862 16.9 0.1

8 217 66432 21.7 0.1

9 271 84078 27.1 0.1

10 331 103800 33.1 0.1

11 397 125598 39.7 0.1

12 469 149472 46.9 0.1

13 547 175422 54.7 0.1

14 631 203448 63.1 0.1

15 721 233550 72.1 0.1

16 817 265728 81.7 0.1

17 919 299982 91.9 0.1

18 1027 336312 102.7 0.1

19 1141 374718 114.1 0.1

20 1261 415200 126.1 0.1

L = 4

173 km2

S = 16,608 km2

Nst=61



1.E+2 

1.E+3 

1.E+4 

1.E+5 

1.E+6 

1.E+7 

1.E+8 

1990 2000 2010 2020 2030 2040 

Ex
po

su
re

s 
(L

=k
m

^2
*s

r*
yr

) 

Year 

Fly's Eye 

AGASA 

HiRes 

Auger 

JEM-EUSO 
nadir 

TAx4 

JEM-EUSO 
tilt 

TA 

Expected Exposure



24

2 

Large Aperture, Full Sky Coverage �
 �One Detector, nearly uniform exposure�

Inclination:  51.6° �
Height:    ~400km�

5 year Mission  1000 Events E>60 EeV 
                                   (Auger 20/yr)  

Pioneering UHECR Space Mission 

JEM-EUSO

A. Olinto  K08.01 APS April 2014

Full efficiency 
on ground by 

FAST+TA
+Auger

FAST



Efficiency and Resolution of FAST
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Figure 2: From top to bottom: FAST reconstruction efficiency, energy resolution and Xmax

resolution as a function of energy. Results are given for proton (red) and iron (blue) simulated

showers. The FAST shower profle is reconstructed with a geometry smearing of 1.0◦ in arrival

direction and 100 m in core location (to simulate the geometry resolution of a surface detector

array).

20

Figure 1: FAST reconstruction of a simulated 1019.5 eV shower. Left panel: FAST station

layout, with the shower core location indicated by the red dot. Right panels: reconstructed

shower energy deposit profiles using a geometry smearing of 1.0◦ in arrival direction and 100

m in core location (to simulate the geometry resolution of a surface detector array). Blue

(red) lines indicate the simulated (reconstructed) shower parameters.
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Figure 8: Observed signal from the vertical UV laser at a distance of 20.9 km from the

FAST prototype. As the signal is at the detection limit, 233 consecutive laser shot signals are

averaged to increase the signal to noise ratio.

Figure 9: Observed signal from the PLS at a distance of 6.1 km from the FAST prototype.
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GPS Timing and CLF Signal

26

223 shots 
superimposed ✦ FAST-TAFD timing resolution, 100 ns. 

(20.9 µs is the TAFD trigger processing 
time.) 

✦ laser signal > 1019.2 eV at 21 km

✦peak signal ~ 7 p.e. / 100 ns (σp.e. = 11 
p.e.) at the limit of detectability 

64 CHAPTER 3. TELESCOPE ARRAY EXPERIMENT

Figure 3.28: The CLF system located at the center of TA (left) and the inside
picture of CLF (right).

Additionally, the LIDAR system has been installed at CLF location in
September 2010. When shooting the laser, the back-scattered photons are
detected at the ground. Thus, the telescope system same as LIDAR was set up
to measure back scattered photons from CLF laser. Fig. 3.29 shows the image
of LIDAR system and the typical result of VAOD measured by both LIDAR
systems located at BRM and CLF. While the LIDAR at BRM operates in the
time to start and finish every observation, CLF is shooting the laser every 30
minutes. Since these results are consistent and complementary, we can use the
atmospheric parameter with better time resolution in near future.

Figure 3.29: The image of LIDAR system installed at the CLF location (left)
and VAOD relationship measured by CLF and LIDAR (right).

Central Laser Facility
Vertical UV laser shooting every 30 
minutes, 
21 km from FAST, 
10 Hz, 2.2 mJ, 300 shots 
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CLF Simulation
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Figure 8: Observed signal from the vertical UV laser at a distance of 20.9 km from the

FAST prototype. As the signal is at the detection limit, 233 consecutive laser shot signals are

averaged to increase the signal to noise ratio.

Figure 9: Observed signal from the PLS at a distance of 6.1 km from the FAST prototype.
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Example of Signal Candidates
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FAST TAFD

log(E/eV)=18.3log(E/eV)=18.3

log(E/eV)=17.2

log(E/eV)=17.9



Full-scale FAST Prototype
Side view

Top view



Mirror Construction
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Joint Laboratory of Optics Olomuc

1 m2 collection area, 30°×30° FoV


