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The Cherenkov Telescope Array

Imaging Atmospheric Cherenkov 
Instruments

The LST-1 prototype

Telescope types: MST, SCT (SST) and LST

EASs and the SWGO

Complementarity between IACTs and EASs



Imaging Atmospheric Cherenkov Instruments

• IAC Technique is based on the indirect detection of the blue 
Cherenkov light from EASs

– The pulse is few ns short
– Short exposure limits NSB
– Cherenkov light emitted in narrow Cherenkov cone

– Strengths:
• Large effective areas of showers (105 m2)
• Achieves a low-E threshold
• Good angular (few-‘) and energy resolution

– Limitation:
• Duty cycle of 1500 h/year
• Only dark nights.
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Imaging Atmospheric Cherenkov Instruments
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Ground-based Gamma-ray 
Astronomy Network
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Imaging Atmospheric Cherenkov Instruments:
Effective Areas

Fermi Large Area Telescope

1 m2

Cherenkov Telescope Array

106 m2
ICTP-SAIFR Advanced School 2023



Imaging Atmospheric Cherenkov Instruments:
Sensitivity (point source)

Intensity of Cherenkov Image → photon energy
Shape of Cherenkov Image → background rejection



Imaging Atmospheric Cherenkov Instruments:
Angular Resolution

Geometry of Cherenkov Image (Stereoscopy) 
→ photon direction

Rencontres de Moriond 2022 Mathieu de Bony 9

Hillas + RF Reconstruction

Pulsars

 Standard Recontruction
 Based on images parameters extraction

Images parameters + random forests                              Physical particles parameters

  (type, energy, direction)
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Imaging Atmospheric Cherenkov Instruments:
Time domain



Status of Ground-Based Gamma-ray 
Astronomy

GROUND-BASED GAMMA RAY ASTRONOMY

§ Sky maps with 5’ resolution 
§ Over 200 detected sources, covering 3 

orders of magnitude in gamma ray flux
§ Energy spectra over 3 decades in energy
§ Light curves on all scales from minutes to 

years

Real Astronomy!
showing a different sky

Gamma ray image
of supernova

RX J1713.7-3946

Cherenkov Astronomy has reached 
the status of "real astronomy"

o good-resolution skymaps, ~ 5' 
o 200+ sources detected 
o spectra from c. 30 GeV to 30 TeV
o times resolved light curves down to 
minute timescales 

The recipe of the success?
o efficient gamma-hadron separation + 
stereoscopy
o large light collection, mirror areas 100+ m2

o sensitive cameras, small-pixel sizes ~ 0.2º
o large field of view of several degrees

ICTP-SAIFR Advanced School 2023
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The Cherenkov Telescope Array
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The (infra-)structure of CTA

CTA Observatory
• Responsible for 

building and 
operating CTA

CTA Consortium
• Concept and 

design of CTA
• In-kind 

contributions
• Observation 

time allocated 
for KSPs



A next generation Cherenkov Observatory

F.Longo                            CTA @ Transients Science                        2020-11-19

The Cherenkov Telescope Array

16

Status and observatory planning…
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The CTA alpha-configurationInitial CTA Array: a-configuration
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Cherenkov Telescope Array:
Instrumentation

Low energies 
Energy threshold ~20 GeV 
23 m diameter 
4 large-sized telescopes (North)
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Medium energies 
100 GeV – 10 TeV 
11.5 m diameter 

14 medium-size telescopes (S) 
9 medium-sized telescopes (N)

ICTP-SAIFR Advanced School 2023

Cherenkov Telescope Array:
Instrumentation
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High energies 
4 km2 area at few TeV 

4.3 m diameter 
37 small-sized telescopes

Cherenkov Telescope Array:
Instrumentation
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High energies 
4 km2 area at few TeV 

4.3 m diameter 
37 small-sized telescopes

Cherenkov Telescope Array:
Instrumentation

10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

70 x 4 m ∅ Small Size Telescopes (SST)   (South)
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CTA:Science & Instrumentation 
across VHE spectrumOpen Observatory and Key Science Programme

23
15

20 GeV 500 GeV 10 TeV 300 TeV1 TeV

SSTMSTLST

From the science case to the design

multi-TeV
PeVatrons

Star-forming 

regions

TeV
EBL

Surveys

Morphological 

studies

Dark matter

UHE neutrinos

Extreme blazars

Sub-TeV
GRBs

Transient sources

AGNs

Cosmological 

sources

Pulsars

Grav. waves

CTA Science and Design

© R. Zanin



The Davies-Cotton Optical Design

ICTP-SAIFR Advanced School 2023

The Cherenkov Telescope Technique
Prime-Focus Optical Systems: Davies-Cotton (DC)

I Spherical or parabolic dish
I Spherical and identical facet

mirrors
I NOT exactly isochronous

! time spread ⇠ 6 ns rms
I Relatively small off-axis

aberrations
I Good compromise to achieve

low costs
I Good compromise for a good

Point Spread Function (PSF)
over entire Field of View (FoV)

The Cherenkov Telescope Technique
Prime-Focus Optical Systems: Davies-Cotton (DC)

I Spherical or parabolic dish
I Spherical and identical facet

mirrors
I NOT exactly isochronous

! time spread ⇠ 6 ns rms
I Relatively small off-axis

aberrations
I Good compromise to achieve

low costs
I Good compromise for a good

Point Spread Function (PSF)
over entire Field of View (FoV)

• Inherited from early solar concentrators 
• Spherical identical facets mirrors (RoC = 2R) 
• Mounted on spherical mount with RoC = R 
• Mount and facets have same focal length, but 

orientation at 2f 
• Not synchronous (by a few ns) 
• Small off-axis aberrations 
• Provides good compromise of PSF over entire FoV

HESS



The MAGIC Parabolic Design

ICTP-SAIFR Advanced School 2023

• Dish and mirro segments are parabolic 
• Isochronicity 
• Small on-axis aberrations 
• Better on-axis angular resolution (than DC) 
• LARGER off-axis aberrations (than DC)

The Cherenkov Telescope Technique
Prime-Focus Optical Systems: tesselated parabolic mirror

I Dish and mirror segments form
a parabola

I Isochronous
I Relatively small on-axis

aberrations
I Better on-axis angular

resolution than with DC
I LARGER off-axis aberrations

than with DC

The Cherenkov Telescope Technique
Prime-Focus Optical Systems: tesselated parabolic mirror

MAGIC

Figure 16. Schematics of the different 4 m class telescope optical configurations surveyed in the comparative study reported in Section 2. Left: optical design of the
telescopes with the rays path inside the optics; the single-mirror solutions are less compact than the dual-elementdesigns. Right: on-axis and off-axis (4°. 8) PSFs
compared to the typical size of the PMTs (25 mm) and of the SiPMs (3–6 mm).
(A color version of this figure is available in the online journal.)

11

Publications of the Astronomical Society of the Pacific, 128:055001 (12pp), 2016 May Rodeghiero et al

This content downloaded from 152.84.81.2 on Sat, 25 Mar 2023 12:58:39 UTC
All use subject to https://about.jstor.org/terms

Figure 16. Schematics of the different 4 m class telescope optical configurations surveyed in the comparative study reported in Section 2. Left: optical design of the
telescopes with the rays path inside the optics; the single-mirror solutions are less compact than the dual-elementdesigns. Right: on-axis and off-axis (4°. 8) PSFs
compared to the typical size of the PMTs (25 mm) and of the SiPMs (3–6 mm).
(A color version of this figure is available in the online journal.)

11

Publications of the Astronomical Society of the Pacific, 128:055001 (12pp), 2016 May Rodeghiero et al

This content downloaded from 152.84.81.2 on Sat, 25 Mar 2023 12:58:39 UTC
All use subject to https://about.jstor.org/terms

Figure 16. Schematics of the different 4 m class telescope optical configurations surveyed in the comparative study reported in Section 2. Left: optical design of the
telescopes with the rays path inside the optics; the single-mirror solutions are less compact than the dual-elementdesigns. Right: on-axis and off-axis (4°. 8) PSFs
compared to the typical size of the PMTs (25 mm) and of the SiPMs (3–6 mm).
(A color version of this figure is available in the online journal.)

11

Publications of the Astronomical Society of the Pacific, 128:055001 (12pp), 2016 May Rodeghiero et al

This content downloaded from 152.84.81.2 on Sat, 25 Mar 2023 12:58:39 UTC
All use subject to https://about.jstor.org/terms

© Rodeghiero+ 2016

On-axis

Off-axis



The CTA Medium-Sized Telescope

Prototype operated in Berlin- 
Adlershof for several years; 
Two PMT cameras: NectarCAM 
and FlashCam (N/S split)

Figure 16. Schematics of the different 4 m class telescope optical configurations surveyed in the comparative study reported in Section 2. Left: optical design of the
telescopes with the rays path inside the optics; the single-mirror solutions are less compact than the dual-elementdesigns. Right: on-axis and off-axis (4°. 8) PSFs
compared to the typical size of the PMTs (25 mm) and of the SiPMs (3–6 mm).
(A color version of this figure is available in the online journal.)

11

Publications of the Astronomical Society of the Pacific, 128:055001 (12pp), 2016 May Rodeghiero et al

This content downloaded from 152.84.81.2 on Sat, 25 Mar 2023 12:58:39 UTC
All use subject to https://about.jstor.org/terms

• Inherited from early solar concentrators 
• Spherical facets mirrors (2RoC) 
• Mounted on a modified spherical mount 

for reduction of aberrations 
• Orientation at 2f 
• Slight deformation to improve isochronicity

Figure 16. Schematics of the different 4 m class telescope optical configurations surveyed in the comparative study reported in Section 2. Left: optical design of the
telescopes with the rays path inside the optics; the single-mirror solutions are less compact than the dual-elementdesigns. Right: on-axis and off-axis (4°. 8) PSFs
compared to the typical size of the PMTs (25 mm) and of the SiPMs (3–6 mm).
(A color version of this figure is available in the online journal.)

11
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CTA Medium-Sized Telescope:
Flashcam

FlashCam unit in routine  
operation on HESS II  
telescope since one year

ICTP-SAIFR Advanced School 2023

8 degrees FoV 
1800 pixels 

0.17 deg/pixel



The Schwarzschild-Couder dual-mirror 
telescope, SCTNOVEL OPTICS CONCEPTS

CTA
Schwarzschild-
Couder
Telescope

proposed for 
CTA enhancement 



The Scharzschild-Couder dual-mirror telescope

• New medium-size dual-mirror telescope technology for CTA
– 9.7 m primary mirror & 5.4 m segmented second mirror
– Aspherical primary mirror (*)
– De-magnifying aspherical secondary mirror (**)
– (*) + (**) = Optical system corrects spherical and comatic aberrations

© D. Nieto+ 2015 (pSCT)

NOVEL OPTICS CONCEPTS

Primary
Secondary

Focal plane

V. Vassiliev et al.
Astroparticle Physics 

28 (2007) 10 

© V. Vassiliev, APh, 2007



Aberrations

• Spherical aberration
– Intrinsic defect of spherical mirrors
– Correct by aspherical mirror geometry

• Comatic aberration
– Non-spherical surface
– Correct by the combined use of the two aplanatic mirrors
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The Scharzschild-Couder dual-mirror telescope

• New medium-size dual-mirror telescope technology for CTA
– 9.7 m primary mirror & 5.4 m segmented second mirror
– Aspherical primary mirror (*)
– De-magnifying aspherical secondary mirror (**)
– (*) + (**) = Optical system corrects spherical and comatic aberrations
– Improved optical angular resolution over wide (8º) FoV
– Small focal plane : small camera with high-resolution (0.067 degree per 

pixel)
• Modern dense, highly integrated photo-detectors (SiPM) and 

electronics
– On-axis PSF ~ 2.9’

– Optics impact improved sensitivity:
• Improved gamma-ray angular resolution
• Improved background rejection (image shape)

ICTP-SAIFR Advanced School 2023



The SCT optical system

1 TeV, 2-deg

© D. Ribeiro

16 P1 and 8 S1
32 P2 and 16 S2

https://cta-psct.physics.ucla.edu/ 

Primary Secondary

Verification of the Optical System of the 9.7-m 
Prototype Schwarzschild-Couder Telescope 
https://arxiv.org/pdf/2010.13027.pdf

Primary mirror (M1): diameter 9.7 m
§ segmented into 48 panels
§ inner-ring panel (P1) area 1.33 m2

§ outer-ring panel (P2) area of 1.16 m2

Secondary mirror (M2): diameter 5.4 m
§ Segmented into 24 panels
§ inner-ring (S1) and outer ring (S2) area 0.94 m2

The pSCT Optical System

11 April 2022 pSCT Optics - APS April Meeting - D. Ribeiro 4

16 P1 and 8 S1
32 P2 and 16 S2

https://cta-psct.physics.ucla.edu/ 

Primary Secondary

Verification of the Optical System of the 9.7-m 
Prototype Schwarzschild-Couder Telescope 
https://arxiv.org/pdf/2010.13027.pdf

Primary mirror (M1): diameter 9.7 m
§ segmented into 48 panels
§ inner-ring panel (P1) area 1.33 m2

§ outer-ring panel (P2) area of 1.16 m2

Secondary mirror (M2): diameter 5.4 m
§ Segmented into 24 panels
§ inner-ring (S1) and outer ring (S2) area 0.94 m2

The pSCT Optical System

11 April 2022 pSCT Optics - APS April Meeting - D. Ribeiro 4

• Primary and secondary segmented mirrors 
in total of 72 individually controlled panels

• Two aplanatic aspherical segmented 
surfaces.

ICTP-SAIFR Advanced School 2023



The SCT optical system

1 TeV, 2-deg

© D. Ribeiro

16 P1 and 8 S1
32 P2 and 16 S2

https://cta-psct.physics.ucla.edu/ 

Primary Secondary

Verification of the Optical System of the 9.7-m 
Prototype Schwarzschild-Couder Telescope 
https://arxiv.org/pdf/2010.13027.pdf

Primary mirror (M1): diameter 9.7 m
§ segmented into 48 panels
§ inner-ring panel (P1) area 1.33 m2

§ outer-ring panel (P2) area of 1.16 m2

Secondary mirror (M2): diameter 5.4 m
§ Segmented into 24 panels
§ inner-ring (S1) and outer ring (S2) area 0.94 m2

The pSCT Optical System

11 April 2022 pSCT Optics - APS April Meeting - D. Ribeiro 4

• Actuators system for mirror alignment
16 P1 and 8 S1
32 P2 and 16 S2

Alignment Strategy Using On-axis Image Of A Star: 
Focused To Defocused Configuration For P1, P2, And S2

11 April 2022 pSCT Optics - APS April Meeting - D. Ribeiro 5

16 P1 and 8 S1
32 P2 and 16 S2

Alignment Strategy Using On-axis Image Of A Star: 
Focused To Defocused Configuration For P1, P2, And S2

11 April 2022 pSCT Optics - APS April Meeting - D. Ribeiro 5

16 P1 and 8 S1
32 P2 and 16 S2

Alignment Strategy Using On-axis Image Of A Star: 
Focused To Defocused Configuration For P1, P2, And S2

11 April 2022 pSCT Optics - APS April Meeting - D. Ribeiro 5

NOVEL OPTICS CONCEPTS

CTA-MST

SCT

Back side
of secondary

Optics commissioning:
PoS(ICRC2021)717

Crab detection:
PoS(ICRC2021)830 

Back side 
of secondary



The SCT optical system

1 mirror telescope (~2k 0.17°pixels) 2 mirror telescope (~11k 0.07° pixels)

1 TeV, 2-deg

© D. Ribeiro
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32 P2 and 16 S2

https://cta-psct.physics.ucla.edu/ 

Primary Secondary

Verification of the Optical System of the 9.7-m 
Prototype Schwarzschild-Couder Telescope 
https://arxiv.org/pdf/2010.13027.pdf

Primary mirror (M1): diameter 9.7 m
§ segmented into 48 panels
§ inner-ring panel (P1) area 1.33 m2

§ outer-ring panel (P2) area of 1.16 m2

Secondary mirror (M2): diameter 5.4 m
§ Segmented into 24 panels
§ inner-ring (S1) and outer ring (S2) area 0.94 m2

The pSCT Optical System
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4

The Schwarzschild-Couder Telescope 

2022-04-11Massimo Capasso

• Improved imaging resolution by correcting for spherical and 
comatic aberrations over a wide (~8°) field of view
• Segmented primary (M1) and secondary (M2) mirror, for a 

total of 72 individually controlled panels
• De-magnifying M2

• Reduction of plate scale à finely pixelized SiPM-based 
camera

D. Ribeiro, pSCT optical 
system, this session



The pSCT dual-mirror telescope

1 TeV, 2-deg

"Crab detection establishes innovative dual-mirror technology for 
gamma-ray astronomy" 
C. B. Adams et al., Astroparticle Physics 128 (2021) 102562

• Prototype pSCT 
Telescope constructed at 
Whipple Observatory

First light, 2020



The pSCT camera

1 TeV, 2-deg

6

The pSCT camera

2022-04-11

1600 pixels ~2.7° FOV

Massimo Capasso

Design and performance of the prototype Schwarzschild-Couder telescope camera 
https://doi.org/10.1117/1.JATIS.8.1.014007

FBK SiPMs

Hamamatsu SiPMs
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2022-04-11

1600 pixels ~2.7° FOV

Massimo Capasso

Design and performance of the prototype Schwarzschild-Couder telescope camera 
https://doi.org/10.1117/1.JATIS.8.1.014007

FBK SiPMs

Hamamatsu SiPMs6

The pSCT camera

2022-04-11

1600 pixels ~2.7° FOV

Massimo Capasso

Design and performance of the prototype Schwarzschild-Couder telescope camera 
https://doi.org/10.1117/1.JATIS.8.1.014007

FBK SiPMs

Hamamatsu SiPMs
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Status of the pSCT project

1 TeV, 2-deg

5

The CTA SCT Project 

Massimo Capasso

� ~30 institutions https://cta-
psct.physics.ucla.edu/institutions.html

� Milestones:
¡ 1st construction: 06-23-2015
¡ Inauguration: 01-17-2019
¡ 1st light: 01-23-2019
¡ December 2019: optical alignment achieving pre-

construction estimated PSF
¡ May 2020: significant detection of the Crab Nebula 

(presented at 236th AAS)  
https://doi.org/10.1016/j.astropartphys.2021.10256
2

¡ Endorsement by the CTA Consortium for supporting 
the development and construction of SCTs to add to 
the array and complement single-mirror MSTs

� Next steps:
¡ Ongoing (funded MRI): population of the focal plane 

to ~11k channels with upgraded SiPMs and 
electronics

2022-04-11

Credit: CTA/SCT consortium

The milestone

The inauguration

5
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(presented at 236th AAS)  
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2

¡ Endorsement by the CTA Consortium for supporting 
the development and construction of SCTs to add to 
the array and complement single-mirror MSTs

� Next steps:
¡ Ongoing (funded MRI): population of the focal plane 

to ~11k channels with upgraded SiPMs and 
electronics

2022-04-11

Credit: CTA/SCT consortium

The milestone

The inauguration

© Massimo Capasso
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CTA ASTRI Small-sized Telescope

1 TeV, 2-deg

• Dual-mirror design with SiPM camera

ASTRI Prototype  
operated  
on Sicily

CHEC Camera

ICTP-SAIFR Advanced School 2023

10 degrees FoV 
2350 pixels 

0.19 deg/pixel



The CTA Large Size Telescope (LST)

Rencontres de Moriond 2022 Mathieu de Bony 4

The LST collaboration

about 80 FTE per year

© M. De Bony



The CTA Large Size Telescope (LST)

• A CTA telescope designed to detect lower energy gamma-rays
– Will drive the CTA performance in the range 20 to 200 GeV
– Prepared for transient science

• Fast positioning in 30 sec to follow-up burst alerts
• Field of view of 4.5º
• Optimised for extragalactic science, such as AGNs and GRBs

– LST1 is taking data since November 2019
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The LST-1 telescope

Santa 
Cruz
De la 
Palma

Roque de los
Muchachos

Caldera

drone picture taken during LST-1 inauguration, October 2018
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 The LST-1 site

drone picture taken during LST-1 inauguration, October 2018

Tower – Drive 
cont.  Profit from available 

infrastructure at the ORM 

at IAC
 Added 

 Power line
 Diesel generator
 Onsite IT center
 Commissioning 

container
 Storage and tools 

container

The CTA Large Size Telescope (LST)

© M. De Bony



The CTA Large Size Telescope (LST)

© M. De Bony
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The LST telescope

Structure

Alt-Azimuth Mount on a circular rail

Tubular Structure in CFRP & Steel

Full Telescope Weight 100 
tons

Time for a 180 deg azimuth movement <20 s

Pointing precision <14’’

Optics – Parabolic mirror

Primary Mirror Diameter 23 m

Focal Length 28 m

Effective area including shadowing 368 m²

Camera

Field of View 4.5°

Number of Pixels 1855

Pixel size 0.1°

Photo Sensor PMT

Signal sampling rate 1 GHz

ICTP-SAIFR Advanced School 2023



Despite Volcanoes…
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A volcanic eruption

(DESIREE MARTIN / AFP)

Credit : ESA

The eruption of the Cumbre 

Vieja block all operations 

from the end of September 

up to January

Operations are back to normal 

since February with no impact 

on the scientific performance



LST1 observations

Crab Nebula Observations
• Tune Monte Carlo and improve analysis steps.
• “Gammaness” is a measure of how gamma-

like and event is, used for background 
rejection

,ɦŏų�£ƛųʙȇŏ�²ųɶƛɦʶŏʄǥȰȟɶ

Ɣ ,ɦŏų�£ƛųʙȇŏ�ȰųɶƛɦʶŏʄǥȰȟɶ�ŏȇɶȰ�ŏȇȇȰʺ�ʙɶ�
ʄȰ�ʄʙȟƛ�Ȱʙɦ��Ȱȟʄƛ�,ŏɦȇȰ�ɶǥșʙȇŏʄǥȰȟɶ�ʄȰ�
ʄǚƛ�ŏŽʄʙŏȇ�ƈŏʄŏ�ŏȟƈ�ǥșɜɦȰʶƛ�ʄǚƛ�ŏȟŏȇ˃ɶǥɶ�
ɶʄƛɜɶֵ

dŏșșŏȟƛɶɶ�ǥɶ�ŏ�șƛŏɶʙɦƛ�Ȱǃ�ǚȰʺך�ǆŏșșŏגȇǥȁƛכ�ŏȟ�ƛʶƛȟʄ�ǥɶֵ�
�ŏȁǥȟǆ�Žʙʄɶ�ǥȟ�ʄǚǥɶ�ɢʙŏȟʄǥʄ˃�ŏȇȇȰʺ�ʄȰ�ɦƛǹƛŽʄ�ųŏŽȁǆɦȰʙȟƈ�ƛʶƛȟʄɶֵÇ

ÝäE�x�x£�äİ

ÝäE�x�x£�äİ

�ȟǆʙȇŏɦ�ŏȟƈ�Eȟƛɦǆ˃�ɦƛɶȰȇʙʄǥȰȟ�Ȱǃ��íù՞�ʙɶǥȟǆ�ʄʙȟƛƈ��,�ʄȰ�,ɦŏų�
6ŏʄŏ�ŏȟƈ�ɶȰʙɦŽƛ�ǥȟƈƛɜƛȟƈƛȟʄ�ŏȟŏȇ˃ɶǥɶֵ

,ɦŏų�£ƛųʙȇŏ�²ųɶƛɦʶŏʄǥȰȟɶ

Ɣ ,ɦŏų�£ƛųʙȇŏ�ȰųɶƛɦʶŏʄǥȰȟɶ�ŏȇɶȰ�ŏȇȇȰʺ�ʙɶ�
ʄȰ�ʄʙȟƛ�Ȱʙɦ��Ȱȟʄƛ�,ŏɦȇȰ�ɶǥșʙȇŏʄǥȰȟɶ�ʄȰ�
ʄǚƛ�ŏŽʄʙŏȇ�ƈŏʄŏ�ŏȟƈ�ǥșɜɦȰʶƛ�ʄǚƛ�ŏȟŏȇ˃ɶǥɶ�
ɶʄƛɜɶֵ

dŏșșŏȟƛɶɶ�ǥɶ�ŏ�șƛŏɶʙɦƛ�Ȱǃ�ǚȰʺך�ǆŏșșŏגȇǥȁƛכ�ŏȟ�ƛʶƛȟʄ�ǥɶֵ�
�ŏȁǥȟǆ�Žʙʄɶ�ǥȟ�ʄǚǥɶ�ɢʙŏȟʄǥʄ˃�ŏȇȇȰʺ�ʄȰ�ɦƛǹƛŽʄ�ųŏŽȁǆɦȰʙȟƈ�ƛʶƛȟʄɶֵÇ

ÝäE�x�x£�äİ

ÝäE�x�x£�äİ

�ȟǆʙȇŏɦ�ŏȟƈ�Eȟƛɦǆ˃�ɦƛɶȰȇʙʄǥȰȟ�Ȱǃ��íù՞�ʙɶǥȟǆ�ʄʙȟƛƈ��,�ʄȰ�,ɦŏų�
6ŏʄŏ�ŏȟƈ�ɶȰʙɦŽƛ�ǥȟƈƛɜƛȟƈƛȟʄ�ŏȟŏȇ˃ɶǥɶֵ



LST1 observations

Performance diagnostics

Rencontres de Moriond 2022 Mathieu de Bony 15

LST-1 current performance
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LST-1 current performance

Performance study using MC and the Crab Nebula

• source-assumed analysis has the better sensitivity <100 GeV
• Crab Nebula spectrum is almost consistent with the current 

operational IACT (MAGIC)

2022/03/15 The Physical Society of Japan 2022 (77th) Annual Meeting 4
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LST1 observations

Crab Pulsar
• Rotating neutron star P = 33 ms
• LST first observations in Jan-Fev and Nov ’20
• Successful detection of P1 and P2 pulses

,ɦŏų�Ýʙȇɶŏɦ

Ɣ ùǚƛ�,ɦŏų�ɜʙȇɶŏɦ׊�Ýíä��՝բՠաؚ՟՟՝׋�
ǥɶ�ŏ�ɦȰʄŏʄǥȟǆ�ȟƛʙʄɦȰȟ�ɶʄŏɦ�ʺǥʄǚ�ŏ�
ɜƛɦǥȰƈ�Ȱǃ�ՠՠ�șɶֵ

Ɣ ùǚƛ��íù՞�Ȱųɶƛɦʶƛƈ�ʄǚƛ�,ɦŏų�
Ýʙȇɶŏɦ�ƈʙɦǥȟǆ��ŏȟʙŏɦ˃גaƛųɦʙŏɦ˃�
ŏȟƈ�£Ȱʶƛșųƛɦ�՟՝՟՝ֵ

Ɣ Ý՞�ŏȟƈ�Ý՟�ɜʙȇɶƛɶ�ǃɦȰș�ʄǚƛ�
ɜǚŏɶƛȰǆɦŏș�ʺƛɦƛ�ƈƛʄƛŽʄƛƈ�ʺǥʄǚ�
ɶǥǆȟǥ˚ŽŏȟŽƛؠ��բ�Ҵֵ

,ɦŏų�ɜʙȇɶŏɦ�ɜǚŏɶƛȰǆɦŏș�ʙɶǥȟǆ�աՠֵդ�ǚȰʙɦɶ�Ȱǃ�²£ֻ²aa�ŏȟƈ�ĨȰųųȇƛ�ȰųɶƛɦʶŏʄǥȰȟɶֵ
äֵ��ȱɜƛˏג,ȰʄȰ

È

ÝäE�x�x£�äİ



LST1 observations

Active Galactic Nuclei
• LST1 observed and successfully detected a 

number of these objects
�Žʄǥʶƛ�dŏȇŏŽʄǥŽ�£ʙŽȇƛǥ׊��d£ɶ׋

�Ȱɶʄ�ƈǥɶʄŏȟʄ�ɶȰʙɦŽƛ�ƈƛʄƛŽʄƛƈ�ų˃�
ʄǚƛ��íù՞׊�ɦƛƈɶǚǥǃʄئ��՝ֵբֵ׋

,ֵ�Ýɦǥ˃ŏƈŏɦɶǚǥ֯��ֵ�%ŏɢʙƛɦȰ ÂÂ

ÝäE�x�x£�äİ ÝäE�x�x£�äİ ÝäE�x�x£�äİ

ÝäE�x�x£�äİÝäE�x�x£�äİ



LST1 observations

Active Galactic Nuclei
• In particular, the detection of a flare 

from BL Lac in 2021 resulted in the first 
Atel from a CTA instrument on 13th July

%���ŏŽƛɦʄŏƛ

Ɣ %���ŏŽ�ǥɶ�ŏȟ�ŏŽʄǥʶƛ�ǆŏȇŏ˂˃�ŏɶɶȰŽǥŏʄƛƈ�ʺǥʄǚ�
ŏ�ɶʄɦȰȟǆ�ɦŏƈǥȰɶȰʙɦŽƛֵ

Ɣ xʄ�ɜɦƛɶƛȟʄɶ�ʶŏɦǥŏʄǥȰȟɶ�ǥȟ�˛ʙ˂�ʄǚŏʄ�Žŏȟ�ǆȰ�
ʙɜ�ʄȰ�բ�șŏǆȟǥʄʙƈƛɶ�ǥȟ�ɶǚȰɦʄ�ɜƛɦǥȰƈɶֵ

�íù՞�ǚŏɶ�ǃȰȇȇȰʺƛƈ�ʙɜ�%���ŏŽ�˛ŏɦƛɶ�ǥȟ�՟՝՟՞�ȇƛŏƈǥȟǆ�ʄȰ�
ʄǚƛ�˚ɦɶʄ��íù՞��ùƛȇ�ʺǥȟ��ʙȇ˃�՞ՠʄǚֱ

ÂÅ

%���ŏŽƛɦʄŏƛ

%ɦǥǆǚʄ�˛ŏɦƛ�ǥȟ�ŏʙǆʙɶʄ�եʄǚ�՟՝՟՞֮

íֵ£Ȱˏŏȁǥ֯�dֵ�Eșƛɦ ֯˃��ֵEɶŽʙƈƛɦȰ

�ǥǆǚʄ�Žʙɦʶƛ�Ȱǃ�ɶʙșșƛɦ�՟՝՟՞�ȰųɶƛɦʶŏʄǥȰȟɶ֮

ÂÆ

%���ŏŽƛɦʄŏƛ

%ɦǥǆǚʄ�˛ŏɦƛ�ǥȟ�ŏʙǆʙɶʄ�եʄǚ�՟՝՟՞֮

íֵ£Ȱˏŏȁǥ֯�dֵ�Eșƛɦ ֯˃��ֵEɶŽʙƈƛɦȰ

�ǥǆǚʄ�Žʙɦʶƛ�Ȱǃ�ɶʙșșƛɦ�՟՝՟՞�ȰųɶƛɦʶŏʄǥȰȟɶ֮

ÂÆ

Energy spectrum of the BL Lacertae
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Crab Nebula

source-assumed analysis

20 GeV

Energy spectrum above 20 GeV is firstly obtained with LST-1! 

preliminary

alpha < 10 deg.
gammaness > 0.7

for all bins

intensity>50 pe
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LST1 observations

Active Galactic Nuclei
• In particular, the detection of a flare 

from BL Lac in 2021 resulted in the first 
Atel from a CTA instrument on 13th July
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�íù՞�ǚŏɶ�ǃȰȇȇȰʺƛƈ�ʙɜ�%���ŏŽ�˛ŏɦƛɶ�ǥȟ�՟՝՟՞�ȇƛŏƈǥȟǆ�ʄȰ�
ʄǚƛ�˚ɦɶʄ��íù՞��ùƛȇ�ʺǥȟ��ʙȇ˃�՞ՠʄǚֱ
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�ǥǆǚʄ�Žʙɦʶƛ�Ȱǃ�ɶʙșșƛɦ�՟՝՟՞�ȰųɶƛɦʶŏʄǥȰȟɶ֮

ÂÆ

%���ŏŽƛɦʄŏƛ

%ɦǥǆǚʄ�˛ŏɦƛ�ǥȟ�ŏʙǆʙɶʄ�եʄǚ�՟՝՟՞֮
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ÂÆ

BL Lac spectrum with LST-1 and Fermi/LAT
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LST-1: 1.8 hours
Fermi-LAT: 12 hours

Energy spectrum of the LST-1 and Fermi/LAT is smoothly connected

comparable flux level at 20 GeV

preliminary

less statistical error although 
the LST-1 observation is 1/6 

shorter than Fermi/LAT

Fit (LST-1)
Fit (Fermi + LST-1)

20 GeV threshold bridges the gap between IACT and satellite telescope!
2022/03/15 The Physical Society of Japan 2022 (77th) Annual Meeting
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LST1 observations

Novae RS Ophiuchi

• Recurrent nova composed of a WD and 
a Red Giant

• It erupts ~ 15 years after accumulation 
of material on the WD from giant 
companion → thermonuclear explosion

• Eruption of 8th August 2021 followed by 
LST (6.3 hours)

äí�²ɜǚǥʙŽǚǥ

Ɣ äí�²ɜǚǥʙŽǚǥ�ǥɶ�ŏ�ɦƛŽʙɦɦƛȟʄ�ȟȰʶŏ�ȇȰŽŏʄƛƈ�ǥȟ�
ʄǚƛ�ŽȰȟɶʄƛȇȇŏʄǥȰȟ�Ȱǃ�²ɜǚǥʙŽǚʙɶֵ

Ɣ xʄ�ǥɶ�ŽȰșɜȰɶƛƈ�ų˃�ŏ�Ĩǚǥʄƛ�6ʺŏɦǃ�ŏȟƈ�ŏ�äƛƈ�
dǥŏȟʄ

�ųȰʙʄ�ƛʶƛɦ˃�՞բ�˃ƛŏɦɶ֯�ǥʄ�ƛɦʙɜʄɶ�ƈʙƛ�ʄȰ�ʄǚƛ�
ŏŽŽʙșʙȇŏʄǥȰȟ�Ȱǃ�șŏʄƛɦǥŏȇ�ǃɦȰș�ʄǚƛ�ɦƛƈ�ǆǥŏȟʄ�Ȱȟ�ʄǚƛ�
ɶʙɦǃŏŽƛ�Ȱǃ�ʄǚƛ�ʺǚǥʄƛ�ƈʺŏɦǃ֯�ʺǚǥŽǚ�ɜɦȰƈʙŽƛɶ�ŏ�
ʄǚƛɦșȰȟʙŽȇƛŏɦ�ƛ˂ɜȇȰɶǥȰȟֵ

ÂÈ

äí�²ɜǚǥʙŽǚǥ

Ɣ �íù՞�Ȱųɶƛɦʶƛƈ�ʄǚƛ�ȟȰʶŏ�ǃȰɦ�ŏ�ʄȰʄŏȇ�Ȱǃ�գֵՠ�
ǚȰʙɦɶ�ƈʙɦǥȟǆ�ʄǚƛ�ȟǥǆǚʄɶ�Ȱǃ�զʄǚ֯�՞՝ʄǚ�ŏȟƈ�
՞՟ʄǚ�Ȱǃ��ʙǆʙɶʄֵ

Ɣ íǥǆȟǥ˚Žŏȟʄ�ƈƛʄƛŽʄǥȰȟ�ʺǥʄǚ�ɶʄŏȟƈŏɦƈ�Žʙʄɶֲ

Ɣ aȰȇȇȰʺƛƈ�ʙɜ�ʄǚƛ�ƈƛŽɦƛŏɶƛ�ǥȟ�ʄǚƛ�ȟȰʶŏ�˛ʙ˂�
ǥȟ�ʄǚƛ�ǃȰȇȇȰʺǥȟǆ�ƈŏ˃ɶ�ŏǃʄƛɦ�ʄǚƛ�ųʙɦɶʄֵ

İֵ ��Ȱųŏ˃ŏɶǚǥ֯��ֵ�%ƛɦȟŏɦƈȰɶ֯��ֵ��ǆʙŏɶŽŏג,ŏųȰʄ ÂÊ

A competitive instrument for 
transient observations

8.2 σ



The construction of LST 2-4

Rencontres de Moriond 2022 Mathieu de Bony 26

The construction of LST 2 to 4

Components are all on the way or ready!
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LST2-4 components production

98 % of the components are on the way or done
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98 % of the components are on the way or done



The construction of LST 2-4
Components are all on the way or ready!
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The construction of LST 2 to 4

Status November 2021Status of the Project



CTA Complementarity:
Extensive Air Shower Arrays
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~100% duty-cycle
Steradian field of view
Modest precision
Modest collec:on area

~15% duty-cycle
~4 degree field of view
High precision
Large collec:on area



CTA Complementarity:
Extensive Air Shower Arrays

3

~100% duty-cycle
Steradian field of view
Modest precision
Modest collec:on area

~15% duty-cycle
~4 degree field of view
High precision
Large collec:on area

MILAGRO
HAWC

LHAASOFrom W. Hofmann



Status of Ground-Based Gamma-ray 
Astronomy

GROUND-BASED GAMMA RAY ASTRONOMY

§ Sky maps with 5’ resolution 
§ Over 200 detected sources, covering 3 

orders of magnitude in gamma ray flux
§ Energy spectra over 3 decades in energy
§ Light curves on all scales from minutes to 

years

Real Astronomy!
showing a different sky

Gamma ray image
of supernova

RX J1713.7-3946

Cherenkov Astronomy has reached 
the status of "real astronomy"

o good-resolution skymaps, ~ 5' 
o 200+ sources detected 
o spectra from c. 30 GeV to 30 TeV
o times resolved light curves down to 
minute timescales 

The recipe of the success?
Also for ground-particle arrays…

o very-high altitude arrays, > 4 km a.s.l.
o dense / calorimetric measurement of 
the EAS particles
o large array areas >> shower footprint
o Large muon effective areas

ICTP-SAIFR Advanced School 2023



Large muon detection areas

ICTP-SAIFR Advanced School 2023

THE POWER OF LARGE-AREA MUON DETECTORS

LHAASO Coll.

LHAASO Coll.
arXiv:1905.02773 

Proton 
efficiency

Gamma efficiency
Protons

Gamma rays



Large High Altitude Air Shower Observatory
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Large High Altitude Air Shower Observatory



Limitations of the Techniques

ICTP-SAIFR Advanced School 2023

LIMITS

Ultimate 
Cherenkov

CTA

Ultimate ground
array

LHAASO W. Hofmann
Performance Limits for Cherenkov Instruments 
astro-ph/0603076 
On angular resolution limits for air shower arrays
Astroparticle Physics 123 (2020) 102479

~10% area coverage
~3-5 m rms photon impact resolution
~0.02o rms photon direction resolution

few 10% particle detection eff. above 100 MeV
100 ps time resolution
(Converter + RPC array + WC)

Thanks to W. Hofmann



Limitations of the Techniques

ICTP-SAIFR Advanced School 2023

4

Observational Panorama 

3 

� Cherenkov Atmospheric 
Telescopes 
o  20% duty-cycle 
o  Pointing (few degrees FoV) 
o  Energy threshold down to 10s GeV 
o  Good energy and angular resolution 

� Particle Detector Arrays 
→ 100% duty-cycle 
→ Wide-field of View (~ steradian) 
→ Energy range 100s GeV up to 100s TeV 
→ Continual view and accurate 

background determination 
LHAASO


HESS


MAGIC


VERITAS


600 m
© LHAASO Collab.

@ HAWC Collab.

Tibet-ASγ + MD 0.05 Crab0.01 Crab

0.05 Crab

MILAGRO

ARGO-YBJ
0.5 Crab

1.0 Crab

2020s

2010s

2000s

SWGO?

LHAASO
Tibet ASγ

5 km a.s.l.

Larger and higher…

HAWC

MILAGRO
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!  SWGO partners 
→14 countries, 66 institutes*  
→+ supporting scientists 

Argentina 
Brazil 
Chile 
China 
Croatia 
Czech Republic 
Germany

Italy 
Mexico 
Peru 
Portugal 
South Korea 
United Kingdom 
United States

Member Institutes

Supporting Scientists

SWGO Collaboration

— Vulcano | September 2022 —  

Welcome Croatia!

!University of Rijeka SoI signed
!Marina Manganaro has joined the Steering

Committee representative for Croatia

7

The SWGO Collaboration

Status & Plan

15

✓
✓
✓

✓

!R&D Phase 
→Kick off meeting Oct 2019 
→Expected completion 2024 

✓ Site and Design Choices made 
→Then: 

!Preparatory Phase 
→Detailed construction planning 
→Engineering Array 

! (Full) Construction Phase 
→2026+!Roadmaps 

→ US Decadal Review 
→  SNOWMASS, APPEC, Astronet 

20M$

Status & Plan

15

✓
✓
✓

✓

!R&D Phase 
→Kick off meeting Oct 2019 
→Expected completion 2024 

✓ Site and Design Choices made 
→Then: 

!Preparatory Phase 
→Detailed construction planning 
→Engineering Array 

! (Full) Construction Phase 
→2026+!Roadmaps 

→ US Decadal Review 
→  SNOWMASS, APPEC, Astronet 

20M$

Status & Plan

15

✓
✓
✓

✓

!R&D Phase 
→Kick off meeting Oct 2019 
→Expected completion 2024 

✓ Site and Design Choices made 
→Then: 

!Preparatory Phase 
→Detailed construction planning 
→Engineering Array 

! (Full) Construction Phase 
→2026+!Roadmaps 

→ US Decadal Review 
→  SNOWMASS, APPEC, Astronet 

20M$



ICTP-SAIFR Advanced School 2023

9

Bolivia 4.7k

Argentina 4.8 k 

Chile 4.8 k

Peru 4.9 k

13º S

24º S

A Wide-field Gamma-ray Observatory in the South
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Observational Panorama 

3 

� Cherenkov Atmospheric 
Telescopes 
o  20% duty-cycle 
o  Pointing (few degrees FoV) 
o  Energy threshold down to 10s GeV 
o  Good energy and angular resolution 

� Particle Detector Arrays 
→ 100% duty-cycle 
→ Wide-field of View (~ steradian) 
→ Energy range 100s GeV up to 100s TeV 
→ Continual view and accurate 

background determination 
LHAASO


HESS


MAGIC


VERITAS


The baseline 
detector concept

Fig.1.Left:ReferenceConfigurationlayout.Right:zoomoftheboundarybetweencorearrayandoutriggers.

2.2.Outriggers

Anoutriggerarray(seee.g.[4])providesaneffectivewaytoprovidehighenergysensitivity,providedthecostof
theoutriggersremainssmallincomparisontothetotalcost.Theunitsareidenticaltothecorearraybutwitha
gridspacingfourtimeslargeror16.12m,resultingin882unitsbetween160mand300mfromthearraycentre.

3.DetectorUnitConfiguration

Tab.2summarisesthedetectorunit(tank)configurationfortheRC,PBSelementsaretakenfrom[5].More
detailsaregivenbelow.

Thedetectorunitcontainsanopticallyisolatedcylindricalwatervolumeofdiameter3.8mandheight3.0m.The
watervolumesareenclosedinatankofthickness≈2gcm−2(materialTBD).Thewatervolumeisdividedinto
twocylindricalopticallyisolatedvolumes.Theuppervolumehasadepthof2.5mandthelowervolume0.5m.

Thelowervolumeisintendedforuseinmuontaggingforbackgrounrejection–see,e.g.[6].Theuppervolume
providestimeandparticleenergydensityinformation.Theinteriorsurfacepropertiesofthelowervolumeand
thesidewallsoftheuppervolumearesettothatofthehighlyreflectivematerialTyvek.Thetopandbottomof
theuppervolumeareblack,withpropertiesofpolypropanol.Thehybridnatureoftheuppervolumeintermsof
surfacepropertiesisacompromisebetweenlightcollectionefficiencyandnoiserate/timeresponse.

Bothvolumescontainasinglephotosensor,theHamamatsuR5912-1008"PMT.ThePMTsareplacedadjacent
toeachotheratthedividingsurface-facinginoppositedirections.ThePMTsareequippedwithwater-proof
housingsprovidedbythemanufacturerandarenotequippedwithmagneticshieldsorlightguides,forsimplicity
ofcostandperformanceestimation.

3.1.ElectronicsChain

HighvoltageforthePMTisgeneratedlocally,withlowvoltagepower,digitalcommunications,andactiveshaping
withdifferentialsignaltransmissiontoaNodeatadistanceof!30m.Theanaloguesignalisdigitisedatthe
nodewitha250MSs−112-bitADC.

AbsolutetimesynchronisationisprovidedviaaGPSreceiveranddistributionusingtheWhiteRabbit(WR)

V1.0Page2of4

16 m4 m

Core: 

Outer: 

Altitude:

Ø 320 m, FF = 80% 
5,700 WCD units

Ø 600 m, FF = 5% 
880 WCD units

4,700 m a.s.l.

✧ muon counting

The SWGO Detector Concept
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The SWGO Detector Concept
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CTA South 50 h

LHAASO 1 y

km2+  
outer array

Planned operation time > 10 years

HAWC - 507 days

20

1 TeV 1 PeV

Low E 
enhancement

SWGO baseline 1 year

Fermi-LAT 

Improved PSF and 
Background rejection
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The SWGO Detector Concept
SWGO Performance Goal 
Angular Resolution

24

o

CTA

Current IACTs

HAWC

LHAASO KM2A

SWGO 
Inner  
Array

Observational Panorama 

3 

� Cherenkov Atmospheric 
Telescopes 
o  20% duty-cycle 
o  Pointing (few degrees FoV) 
o  Energy threshold down to 10s GeV 
o  Good energy and angular resolution 

� Particle Detector Arrays 
→ 100% duty-cycle 
→ Wide-field of View (~ steradian) 
→ Energy range 100s GeV up to 100s TeV 
→ Continual view and accurate 

background determination 
LHAASO


HESS


MAGIC


VERITAS


Towards M6

!Huge simulation effort
!Great progress on algorithms
!Priority now: get everything integrated à

baseline analysis for M6
→And working for *all* candidate configurations

19

©Jim Hinton



END

Thank you very much!

https://www.cta-observatory.org

https://link.springer.com/referencework/
10.1007/978-981-16-4544-0?page=1#toc

https://www.cta-observatory.org
https://link.springer.com/referencework/10.1007/978-981-16-4544-0?page=1#toc

