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ABSTRACT   

The Cherenkov Telescope Array (CTA) represents the next generation of ground-based observatories for very high 

energy gamma-ray astronomy. The CTA will consist of two arrays at two different sites, one in the northern and one in 

the southern hemisphere. The current CTA design foresees, in the southern site, the installation of many tens of imaging 

atmospheric Cherenkov telescopes of three different classes, namely large, medium and small, so defined in relation to  

their mirror area; the northern hemisphere array would consist of few tens of the two larger telescope types. The 

telescopes will be equipped with cameras composed either of photomultipliers or silicon photomultipliers, and with 

different trigger and read-out electronics. In such a scenario, several different methods will be used for the telescopes’ 

calibration. Nevertheless, the optical throughput of any CTA telescope, independently of its type, can be calibrated 

analyzing the characteristic image produced by local atmospheric highly energetic muons that induce the emission of 

Cherenkov light which is imaged as a ring onto the focal plane if their impact point is relatively close to the telescope 

optical axis. Large sized telescopes would be able to detect useful muon events under stereo coincidence and such stereo 

muon events will be directly addressed to the central CTA array data acquisition pipeline to be analyzed. For the medium 

and small sized telescopes, due to their smaller mirror area and large inter-telescope distance, the stereo coincidence rate 

will tend to zero; nevertheless, muon events will be detected by single telescopes that must therefore be able to identify 

them as possible useful calibration candidates, even if no stereo coincidence is available. This is the case for the ASTRI 

telescopes, proposed as pre-production units of the small size array of the CTA, which are able to detect muon events 

during regular data taking without requiring any dedicated trigger. We present two fast algorithms to efficiently use 

uncalibrated data to recognize useful muon events within the single ASTRI camera server while keeping the number of 

proton-induced triggers as low as possible to avoid saturating the readout budget towards the central CTA data analysis 

pipeline. 

Keywords: Image Atmospheric Cherenkov Telescope, CTA, muon rings, calibration, ASTRI, camera server 

 

1. INTRODUCTION  

Highly energetic muons penetrating the atmosphere produce Cherenkov light that is imaged as characteristic arcs or rings 

by Imaging Atmospheric Cherenkov Telescopes (IACT), if their impact point is relatively close to the telescope optical 

axis. The analysis of such rings
1 

has been recognized as a powerful and precise method to calibrate the optical 

throughput of any existing IACT system.  

The Cherenkov Telescope Array (CTA)
2
 foresees three main classes of IACT (large, medium, small) equipped with 

cameras composed either of photomultipliers or silicon photomultipliers, and with different trigger and read-out 

electronics. Due to such a variety of telescope systems, differences in muon detection efficiency will be present. A 
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dedicated study was made by the CTA Calibration team to establish the feasibility of detecting and using muon ring 

images as calibrators
3
, with particular attention being paid to the small sized telescopes (SST), present for the first time 

in the current panorama of the IACT systems. The study confirmed that a muon calibration scheme is viable for all CTA 

telescopes
4
, using regular data taken close to or contemporary with normal science observations, but improving the 

technique currently applied. It is important to note that large sized telescopes will be able to detect muon images even 

under a stereo trigger, and such stereo muon events will be passed directly to the central CTA array data acquisition 

pipeline to be analyzed. For the MST and particularly for the SST telescopes the stereo muon rate will tend to zero, given 

their smaller mirror area and larger inter-telescope distance, thus degrading the reconstruction power. Dedicated runs 

with adapted trigger thresholds would then be necessary for the MST and SST telescopes, or sufficiently efficient 

flagging of muon rings which have triggered only one telescope, so they are not rejected by the stereo coincidence 

trigger. The latter is the case for the ASTRI telescopes, which will be able to detect single-muon events during regular 

science data taking without requiring any dedicated trigger.  

After a brief description of the ASTRI telescopes, we present two high-speed procedures (based on statistical and 

morphological approach, respectively) proposed to recognize, at level of the ASTRI camera server, useful single-muon 

images while rejecting, as much as possible, images produced by proton induced triggers. Both algorithms, designed to 

operate on-line during regular science data taking, require a preliminary cleaning phase to extract the raw data signal 

(muon, proton, etc.) from the night sky background in which it is embedded. The statistical algorithm is essentially based 

on the evaluation of the average count per pixel and on the number of pixels surviving after the cleaning. The 

morphological algorithm is based on the application of the Taubin method
5
 which enables the rapid determination of the 

geometrical parameters of the circle fitting the ring. The algorithms have been tested on simulated data; their application 

to real data will come soon. Whatever will be the final choice of the algorithm implemented in the ASTRI camera server, 

the events flagged as possible single-muon ring images will be analyzed in detail off-line
6
 and the outcome will be used 

for the calibration of the optical throughput, monitoring of the optical point spread function, flat-fielding of the camera, 

and to evaluate the uniformity of the mirror reflectivity of each ASTRI telescope. 

2. THE ASTRI TELESCOPES  

Since 2011, the Italian National Institute for Astrophysics (INAF) has been leading the “Astrofisica con Specchi a 

Tecnologia Replicante Italiana” (ASTRI) project of the Italian Ministry of Education, University and Research. This 

project aims at designing and developing an end-to-end prototype for the CTA Small Size class of Telescopes (SST) in a 

dual-mirror configuration (2M)
7
. The prototype telescope, named ASTRI SST-2M and installed in Italy at the INAF 

“M.C. Fracastoro” observing station located in Serra La Nave (Mt. Etna, Sicily)
8
, was inaugurated in September 2014; its 

completion, with the installation of the camera at the focal plane, is foreseen in the second half of 2016. The calibration 

and science verification phase will follow with the purpose of assessing the instrument performance by means of 

observations targeted at bright TeV sources. At the same time, a collaborative and international effort within the CTA 

framework is being carried on by Italy, Brazil and South-Africa with the aim of deploying, on the CTA southern site, an 

array of at least nine ASTRI telescopes with a relative distance  of the order of 300 m. The ASTRI mini-array, proposed 

to be part of the CTA pre-production phase,  should allow early scientific investigations of prominent sources in the 

energy range from a few TeV up to hundreds of TeV
9,10

. 

The ASTRI telescopes are characterized by several innovative technological solutions: the optical system
11

 is based on a 

dual-mirror Schwarzschild-Couder design with a curved focal plane covered by 

Proc. of SPIE Vol. 9913  99132E-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Proc. of SPIE Vol. 9913  99132E-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Muons Protons
Input Cleaned Input Cleanedi

:,?.41.. .0,-.... -..r .. ..
;7..a1"- - s.i

--071.- .-11-1 1 7i '." 1:1L...ri.... .11}NI...... V
'IN .Z-1 ..;10:., ,.1.:,1 -

-. i...e
"2rat.z4fik.-

,

i
,

E 0.04 TeV
Distoff= 2.8.

.. .

.

fe el
.

,

..
. . .. -.

- ": -'''' - 1.
' . .

... ' ..-.%

E = 6.6 TeV
Core = 258 m

1

1

:'
'Or
,

'
:::? '.:th.?

.1...i e, la.- ..N.,. 7.: * I hi
%.1.....'4:11.4 r

..r-.:
.-' ...

.

E = 0.006 TeV
Distoff =3.6'

i

1

-
.

" .., --hi 1.-

hi.. I A'

. : . **I.
:4.- .1 ;

I * -1f. .

.1:,:r ...:.
...- -.

-. * ...
rAlik *.

40:7-1

E = 10.5 TeV
Core = 11 m

..,

e :0" .1.51.1%./.!,31

L

v ' :.4,.L:... --' ,

9 1.j:sg.ti:1:-.- 3 -

f .'"' 1 4 %C . + ..:
-1 I.!

- J4 ,.

- -

Distoff= 2.8.

. .41...i -.'.P.

t ' :.--4 : ;r.aril..3. a... Ig ; .4:4I.

_ L ..,,r L_%:_ _,r
.-.5.-1. }or., , c 4 - -

,d 1.... l-I r:
- 1 1.-.71.

;194 . _.1

f
E = 5.4 TeV

Core = 137 m

e.,:r J4 : -I

:N-:179_,
li:l 4.r.' .11. _,.7- .......
Dreg -75%,..e

e_1411.1° L.* *-re- . al .14. !L:?;

fi
Distoff = 1.1°

.. ..
' - .u.
,

%. ..

...-...1. . .

...egi7

E= 13.2 TeV
Core = 148 m

...."

Proc. of SPIE Vol. 9913  99132E-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Proc. of SPIE Vol. 9913  99132E-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Proc. of SPIE Vol. 9913  99132E-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



2

Radius of the "Taubin circle"

- Muons

^ ------------- _ -----
J 4 5

Radius ICegl

60000

- 50000

- 40000

- ]0000 I
ä

o

Distance between the centre of the "Taubin circle"
and the centre of the ASTRI camera

50000

00000

]WL'U

4 z

CenterDistance /deg]

6WLU

50000

0WL'U

moo

o

Fullness of the "Taubin circle"

2

0 v

00 (El

- Muons

- 10000

- 5000

0

0.0 10

Fullness

Proc. of SPIE Vol. 9913  99132E-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Proc. of SPIE Vol. 9913  99132E-8
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Proc. of SPIE Vol. 9913  99132E-9
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

[18] Antonelli, L.A., Bastieri, D., et al, for the ASTRI Collaboration and the CTA Consortium, “The ASTRI Project 

within Cherenkov Telescope Array: data analysis and archiving”, Proc. SPIE 9147, doi: 10.1117/12.2055099, 

(2014). 

[19] Oya, I., Fuessling, M., et al, for the CTA Consortium, “Status and Plans for the Array Control and Data 

Acquisition System of the Cherenkov Telescope Array”, Proc. 34
th

 ICRC, arXiv:1509.01164 (2015). 

[20] Conforti, V., Trifoglio, M., et al, for the ASTRI Collaboration and the CTA Consortium, “Software design of 

the ASTRI Camera Server proposed for the Cherenkov Telescope Array”, these proceedings (2016).  

[21] Heck, D., Knapp, J., Capdevielle, J.N., Schatz, G., and Thouw, T., “CORSIKA: A Monte Carlo code to 

simulate Extensive Air Showers”, Forschungs-zentrum Karlsruhe Report FZKA 6019 (1998). 

[22] Bernlöhr, K., private communication (2015) 

[23] Cusumano, G., La Parola, V., Mineo, “Basic simulator for the ASTRI SST-2M single prototype.” ASTRI-TN-

IASFPA-3300-008 Technical Report (2013) 

[24] Cusumano, G., La Parola, V., Mineo, “Trigger simulator for the ASTRI SST-2M telescope.” ASTRI-TN-

IASFPA-3300-024 Technical Report (2015) 

Proc. of SPIE Vol. 9913  99132E-10
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 23 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


