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Beyond GZK energies (>100 EeV)
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Fluorescence detector Array of Single-pixel Telescopes

+ Target : > 10195 eV, ultrahigh-energy cosmic rays, neutrino and gamma rays

+ Huge target volume = Fluorescence detector array

Fine pixelated camera Too expensive to cover a huge area
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Scientific goals for FAST

+ To clarity origins and natures of UHECRs
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T i ot 1 . {  #*Directional anisotropy on spectrum and
- TR composition with 10x Auger exposure
o 20 | °° ¢ _
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@ - + - 4+ Calorimetric energy determination
&S . —=— TAICRC 2019 ] .. Coe :
x e Auger PRD 2020 | + Mass-composition sensitivity using Xmax
- [ FAST 1 yr (95%CL) } . . .
A FAST myyr (95%CL) + Less dependent on hadronic interaction models
10 e S L
185 19 195 20 205 21 215 *+Cons
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+ Low duty cycle, 10 - 20%

+ May calibration components(PMT gains, Optics,
atmospherlc parameters, telescope 1Irection

s60(--- . + Understanding directional exposure

+ Now we have a dipole structure anisotropy as a
calibration source

Galactic center

Pierre Auger Collab. Science 357, 1266 (2017) + Stand-alone operation required 8



mscmm‘;‘av of Single-pixel Telescopes P
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Feb. 2012 large ground array of
Fluorescence Detectors

P. Privitera in UHECR 2012

EUSO-TA optics

+
Single-pixel camera
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T. Fuju et al., Astropartlcle Physms 74 (2016) 64 72

M. Malacari et al., Astroparticle Physics 119 (2020) 102430

D. Mandat et al., JINST 12, T07001 (2017)


https://www.sciencedirect.com/science/article/abs/pii/S0927650515001462
https://www.sciencedirect.com/science/article/abs/pii/S0927650520300037?via=ihub
https://iopscience.iop.org/article/10.1088/1748-0221/12/07/T07001
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nstallation of the FAST prototype

luorescence detector Array of Single-pixel Telescopes
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Fluorescence detector Array of Single-pixel Telescopes

FAST observation at TA site

+ Remote controlling observation

+ Synchronized operation with

external triggers from
Telescope Array fluorescence

detector (TA FD)

+80% FoV of TA FD

TA FD FoV (12 telescopes, 35°x108°)
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Spot-size A UV vertical laser at 21 km away
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mscenﬁm‘fﬁay of Single-pixel Telescopes
L. Chytka et al. (FAST Collaboration), JINST 15 T10009 (2020)

Atmospheric monitoring studies

20180514—-102825
star ratio 0.64

A distant laser detected with FAST
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57 CLF shots from 2018/01/18 08:43:12.478053810
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https://iopscience.iop.org/article/10.1088/1748-0221/15/10/T10009

VEAS CLF signal (26 km) by FAST@Auger

Flum escence detectorArrav of Single-pixel Telescopes
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i’luorescenceﬁztecto?An‘av of Single-pixel Telescopes

BRLRSK : 2019/01/10 06:36:17.657332 BRLRSK : 2019/01/10 06:36:17.657332
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'AST@Auger and Los Leones

Work: Petr Hamal, Jose

COinCidenceS Bellido, Justin Albury
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Event Info | Plxeis |

run 7766, event 391
lime stamp: 1266895981 s 703698071 ns
Trigger: 'Physics - int or L/R trigger, 'Shower Candidate’
in Los Leones mirror 34 (in DAQ: 123456)

geometry: hybrid, station 427 (ToT), showerPlaneDistance = 243 m
(6, ¢) = (12.820.5, 16.0£2.3) deg
(x, y) = (-16.85£0.01, -24.45:0.02) km
Ro=3.10 £ 0.02 km

profile: 4-parameter Gaisser-Hillas (type: classic)
E=(1.74+0.14) x 10" eV
Xmax = 665 = 35 g/cm®
(JE/dX)max = 2.58 + 0.17 PeV/(g/cnr’)
(A, X, fwhm} = (649, -157£111, 542) gicm®, fasym = 0.45
Chetenkov fraction = 0%, mva=0 deg.

databases:
Mie attenuation: model
LIDAR: no data ; CloudCam: no data; CloudMap: no data
molecular profile: GDAS; time correction: bad

(Auger) 1.74 =+ 0.14 EeV 665 = 35 g/cn11§




rras | Reconstructing UHECRs with FAST@TA

Fluorescence detect(n Art ‘ay of Single-pixel Telescopes

4+ Data period: 2018/Mar/19 - 2019/0ct/14, 225 hours
+ Event number: 964 (TA FD) -> 179 (Single-hit with FAST, S/N > 66, At > 500 ns) -> 59 (Multi-hit)

+ The shower parameters are reconstructed by TA FD monocular result
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+ Use top-down reconstruction for events with multi-hit PMTs above 1 EeV

+ First-guess geometry given from the TA FD 19



Ay Neural network first guess reconstruction

Work: Justin Albury. PhD thesis (2021)I

é 250 I, o .
= E N e + Top-down reconstruction (Inverse Monte Carlo)
= F | — Simulation
E + Use all available information from individual pixel
TEO traces
50:— |' ||
- jl l'-4 110 P ol P T SO nly 0o 0 J% [ mimh * °
’l”l"'“ - '“'"'T'LI"'L"'fL'F'l'r'H' AT + Computatlonally expensive
o B0 00 180 200
Time bin [100 ns] .
+ Need a reliable first-guess geometry
Inputs

3 feature per PMT with S/N > 56 4 Neural network first guess reconstruction

+ 3 input per PMT: total signal, centroid time and
pulse hight

+ Kares/Tensorflow in Python, two hidden layers

iInput layer )
hidden layer 1 hidden layer 2 + 6 Outp uts: XmaX’ cenergy, geometry (‘9’ P, X, Y )
Outputs

Energy, Xmax, geometry(f ¢, x, y) 4+ Very prompt reconstruction 20




Performance with a FAST array

+ Training data: Energy of 1 - 100 EeV, Xiax of 500 - 1200 g/cm?2, uniform

+ Night sky background: 6=10 p.e./100 ns, based on field measurements at TA and Auger sites

4+ Test data: X,,.x distributions based on CORSIKA-Conex simulations

+4 species (P, He, N, Fe) with 3 interaction models (EPOS-LHC, QGSJetlI-04, Sibyll 2.3¢)
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22

Ve = Parameter distributions (3 fold events w/o quahty cuts)

Flum escence detectorArr av of Single-pixel Telescopes
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Fluorescence detector Array of Single-pixel Telescopes
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Resolution at 40 - 50 EeV (Proton, EPOS- LHC)
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Entries

+ Arnival direction: 4.2 degrees, Core: 4656 m, Energy: 8% Xmax: 30 g/cm? (without quality cuts) 33
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Fluorescence detector Array of Single-pixel Telescopes
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Reconstructed Xm.x distributions

10 - 20 EeV

0.09 | L L] I LI L L I 1 .|l | L] I LI L L I L L L I L L L I | L L]
-e - EPOS-LHC 7
0.08 —=— QGSJetll-04
< 007 -« Sibyll 2.3¢ _f
E .
2 006 -
c0 .
8 0.05 —5
~ 004 E
Z ]
S 003 =
> .
M 0.02 E
0.01 o
m~ ' ! P R S A S O “"";;."f_ = E"':"

900 600 700 800 900 1000 1100 1200
X5e? (glem?)
50 - 60 EeV
L L L I LI L L I | L] l n I LI L L I L L L I L L L I L L L

i A -e-EPOS-LHC
0.12- i T+ —5— QGSJetll-04 ]
< - f —x- Sibyll 23¢c ]
g  0.1F ]
2 X i
50 L -
o 008 —
:L = -
~ 0.06f —
&4 - ’
g N i
~ 0.04 —
o - )
0.02F .

0 1200

X590 (g/em?)

A lot of remaining works to optimize quality cuts, neural network algorithms...

0.1

0.08

0.06

0.04

0.02

0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

20 - 30 EeV

rrrrTrrTrTTTTTT T T T T T T T T T T T T T T T T T T T
-e - EPOS-LHC
—=— QGSJetll-04
-« Sibyll 2.3¢

900

000 1000 1100 1200

700

300
Xhax (g/em?)

60 - 70 EeV

i -e - EPOS-LHC

—8— QGSJetlI-04
-« Sibyll 2.3¢

50

1200

1100

800 ¢ 1000

X590 (g/em?)

0 900

30 -40 EeV

LILLEL I LILLEL I LI LML I LILLEL I LILLEL I LILLEL I LI
- 1 -e-EPOS-LHC -
0.1 : —&— QGSJetll-04
- il i -a Sibyll 23¢ 7
- ||: i _! I!|||. 7
0.06]- 4 * I ]
: :+| | I*: : .. K :
0.04F o i T N
u _ !:.| |: | I- '|i -
: ,*'#il H&mll ﬁ-‘ii la_mfnl,q :
0.02- P S N —
u 1 :xll |.|.|I I.f |!f’,‘i A :
I ! 1#' | Sebids b

900 600 700 800 900 1000 1100 1200
X (g/cm?)
70 - 80 EeV

0.14 LILLEL I LILLEL I 1 l*l 1 I LILLEL I LILLEL I LILLEL I LI
C e -e-EPOS-LHC 7]
- "'+" —&— QGSJetll-04 T
0°12: = -x- Sibyll23¢ 7
0.1F —
0.08F —
0.06F —
0.04F —
0.02F >

900 600 700 800 9()0 1000 1 100 1200

X590 (g/em?)

40 - 50 EeV

L IR R L B DL L LR LB L
0.1 -e-EPOS-LHC —]
i —8— QGSJetll-04
- -« Sibyll 23¢ A
0.08_— ]
0.061- .} s
0.04f [4 -
i | ..4} _
0.021- el e -
u L o l,.|f *.f:h'. " -
] SRR ..‘":.=.. S Mﬁ:'lll=..v'=:.= haEE e i
900 600 700 800 900 1000 1100 12€
Xiee (glem?)
30 - 90 EeV
I_I LI I LI I LI I LI I LI I LI I LI I_l
L ::: -e - EPOS-LHC _‘
0-14:— ,.., —=— QGSJetll-04 1
012:_ -« Sibyll 2.3¢ _:
0.1F —
0.08F —
0.06F —
0.04F —
0.02F L —
- & :---E‘ : ! T EHORIOO™ E "'Ll‘l.ll.l AL ?1_ = .
5900 600 700 800 900 1000 1 100 120
Xomaw (g/em?)
37



Fluores cence detectorArrav of Single-pixel Telescopes

=2 lectronics and PMT calibration in laboratory

New electronics development
MIO SoC

Calibration using Robot arm
(0.2 mm accuracy)

Dual 32ch FADC (ADS52J90), 64ch FADC at maximum

14bit

32.56 MSPS 32ch

AMP

-~
>

N

:h----1-----'-

€l

Assembly

Relative Gain

1.2

0.8

0.6

0.4

0.2

Entries

Single Photo Electron

I IIIIIII|

10

I IIIIII|

rrrryrrrrrryrrro~1yrrrrJ1rr oo J1prror1rJ1 110117 rror1r{rr1r1rprrTd
— I I I I I I I I I =

jl[lll||IIIllIIlllIllIII I|lIII|llIIllIIllllIllllIllll

L1 IIIIIII

| IIIIIII

|

L1 lIIIIII

lIIlI

—-100 =50

50 100 150 200 250 300 350 400
Charge (mV ns)

Non-uniformity

—— Horizontal

“Vertical

0 5 10
Position (cm)



|
e

Fluorescence detector Array of Single-pixel Telescopes

- New PMT being developed to reduce non-uniformity
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< - 'Trigger algorithm and spacing optimization

Fluorescence detector Array of Single-pixel Telescopes

Trigger Efficiency|(1 triggered|PMT / station) Trigger Efficiency|(2 triggered PMT/station)
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luorescence detector Array of Single-pixel Telescopes

FrAS Pointing calibration by flying light source

Work: Dusan Mandat, Miroslav Pech, Ladislav Chytka

Importance of telescope pointing Work: Justin Albury
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-alone field measurement

SPEE :
r Al FAST design for stand
ﬁ@saﬁmﬁ of Single-pixel Telescopes
Optimization of optics using 4 mirrors
9 mirrors
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rrAy Summary and future plan
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Fluorescence detector Array of Single-pixel Telescopes

+ Fluorescence detector Array of Single-pixel FAST@TA
Telescopes (IFAST)

+ Low-cost fluorescence telescope array

FAST@Auger

N
NN i

.,  -\

4+ Promising concept as next-generation cosmic
ray observatory to fulhll requirements

+ Anisotropy with mass composition sensitivity

+ Preliminary performance estimation using

neural network first guess reconstruction _ - '.'* I+ ; fy | :

4+ Preliminary resolution of neural network —ii e, 0o S _

reconstruction at 40 EeV N% 107 T ' -

+ Arrival direction: 4.2 deg, Core: 4656 m N@

+ Energy: 8%, Xmax: 30 g/cm? (A InA ~ 1) Ci; e Z‘z;iiéozl;o *

+ Next step and challenges S [ orsmesay ‘
+ Stand-alone operation of FAST "array" in held S T E N TR TY T 265 21 215

log(E(eV))
https://www.last-project.org . 43
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