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Charged Particles

Cherenkov Light

Extended Air shower
! proton Fe
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Cherenkov Radiation
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Energy loss by Cherenkov radiation very 
small w.r.t. ionization (< 1%) 

Cherenkov radiation 

−
dE
dx Cherenkov

∝ z2 sin2θc

Velocity of the particle: v 
Velocity of light in a medium of refractive index n: c/n 
 
Threshold condition for Cherenkov light emission:  

cosθc =
1
nβ

vth ≥
c
n
⇒ βth ≥

1
n

Energy loss by Cherenkov radiation very small w.r.t. ionization (< 1%) 
 
Typically O(1-2 keV / cm) or O(200-1000) visible photons / cm  

for water θc
max = 42○  

for neon at 1 atm θc
max =11mrad 

Visible photons: 
E = 1 - 5 eV; λ = 300 - 600 nm 

βth >
1

n

cos(θc) =
1

βn

⇒dX = X

z0
dz
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z0 = RT/gM=8.4 kmρ(z) = ρ0e
− z/z0
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HYDROSTATIC ISOTHERMAL ATMOSPHERE
d2Nph

dXdλ
= 2παZ2 sin

2ϑc

λ2
z0
X

<latexit sha1_base64="OAWz6gcLj0BxLXYjHD4jHQXkmAE="></latexit>

for water θcmax =42○ 
for neon at 1 atm θcmax =11 mrad

d2Nph

dxdλ
= 2παZ2 sin

2ϑc
λ2

<latexit sha1_base64="FoknGMQ+fBS69Mualzyn5vybJtQ="></latexit>

NR. OF " PRODUCED

Attention…. The material is the radiator not the particle!

⇒
⇒
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Cherenkov light

CHERENKOV LIGHT A CALORIMETRIC MEASUREMENT IS POSSIBLE EVEN IN AN DEEPLY INHOMOGENEOUS MEDIUM LIKE THE ATMOSPHERE!!
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≈ 390Z2sin2ϑc photons/cm [350 nm; 500 nm]
<latexit sha1_base64="9t/NlF9syCAYnAzJpyKd9+CiCN0="></latexit>

≈ 780Z2(n− 1) photons/cm
<latexit sha1_base64="jy6RC0Wpv74ylaxKNV6voAxgct4="></latexit>

(n − 1)air = 0.00028
<latexit sha1_base64="CVJI+WFo+XHXyggjOXMSfBOFZFg="></latexit>

sin2ϑ −→
ϑ∼0

2(n− 1)
<latexit sha1_base64="kp55VoQWsO+WGevi+U6q0NXAyVc="></latexit>

(n − 1) = 2.92× 10− 4 × P

P0
× T0

T
<latexit sha1_base64="t/O0EmP+jSrOje5mzuMo0wlQNNU="></latexit>[
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≈ 4παZ2

ρ0λ2
× 2.92× 10− 4 × T0

T
<latexit sha1_base64="nZsOCm8MU6h47qXmVwx7lDPwyTQ="></latexit>

d2Nph

dXdλ
= 2παZ2 sin

2ϑc

λ2
z0
X

<latexit sha1_base64="OAWz6gcLj0BxLXYjHD4jHQXkmAE="></latexit>

2-3 photons!  

But we need to integrate along track lengths and also we have many partial in the shower

≈ (1 + t0) ·
E0

Ec
X0 ∝ E0

T =
E0

Ec
· X0 · F F < 1

T = X0

tmax−1∑

µ=0

2µ + t0 · Nmax · X0

= X0 · (2tmax − 1) + t0 ·
E0

Ec
X0

= X0 · (2log2
E0/Ec − 1) + t0 ·

E0

Ec
X0

Analytic Shower Model

Simple shower model:
[continued]

Longitudinal shower distribution increases only logarithmically with the
primary energy of the incident particle ...  

Some numbers: 
 Ec ≈ 10 MeV, 
E0 = 1 GeV 
 ➛  tmax = ln 100 ≈ 4.5; Nmax = 100

 
 E0 = 100 GeV 
➛  tmax = ln 10000 ≈ 9.2; Nmax =10000

Relevant for energy measurement (e.g. via scintillation light): 
total integrated track length of all charged particles ...

with t0: range of electron with energy Ec

[given in units of X0]

Energy proportional
to track length ...

As only electrons 
contribute ...

[ with ]

dNph

dx =

∫ λ2

λ1

2παZ 2 sin2ϑc

λ2
= 2παZ 2sin2ϑc

[
1

λ2
− 1

λ1

]

<latexit sha1_base64="vU2rJQgvd3snGOA6FHv41yb1G8Q="></latexit>
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Detection technique 
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Imaging Air Cherenkov IACT
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Fluorescence light
• The energy loss by ionisation can excites some nitrogen 

excited states with then de-excite via fluorescence light 


• Emission is isotropic 


• The same dependence affect also energy per meter track 
length deposited by ionisation but it  is almost perfectly 
canceled by the pressure dependence of the fluorescence 
yield


•
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LEVEL 2P OF N2 & 1N OF N2+

4.32 "/MEV

d2Nph

dxdΩ
=

NγNe

4π
<latexit sha1_base64="AwhxiLM2NVrhWPPeF1ZZoQICG5M="></latexit>

∆E ∝ pATM
<latexit sha1_base64="kdeKf2n6SXGImNOlTcM5wZN7HF8="></latexit>

dNγ

dE
� 1

pA T M
<latexit sha1_base64="CHnl05iesS423vJQFpWBifiIOcg="></latexit>

Nγ =
dNγ

dE
·∆E ≈ const.

<latexit sha1_base64="KgrgOFNnbTl4qlfrWn5dSlxeQwE="></latexit>

Light yield is quite low ~0.5% but a lot of energy is released

100 EeV ~ 1J in 30 µs
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Fluorescence
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t(ϑ) =
Rp

c sinϑ
− Rp

c tanϑ
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=
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c
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�
ϑ

2

�
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�
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ti − t0
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�
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• The emission is isotropic, can be seen from far distant 

• Showers above 1017 eV can be detected  from impact parameter > 30 km.


• The kinematics constrain the shower angle and impact point, which 
can be fitted from data


• Single telescope can achieve ~30% precision for track lenght ~50 

• Stero technique increase precision and allow to simultaneous fit 

Energy, Xmax, and shower axis

• This is further improved by Hydrid measurements
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Detection technique 
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EAS detectors

Fluorescence 
Telescopes

Charged particle detectors: 
Calorimeters, Scintillation counters, tracking 
detectors, Water Cherenkov counter 

Muon 
detectors
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Ground-base Cosmic ray physics

EAS-D IACT

Duty-Cycle High (≈100%) Low (≈10-15%)

Field-of-View Large (2 sr) Small (4-5 deg)

Sensitivity Good Sensitivity  
(5-10% Crab flux)

High Sensitivity  
(<  mCrab flux)

Maximum Energy ~ PeV <100 TeV

Energy Resolution Modest (~30-40%) Very Good (~15%)

Energy Threshold High (~TeV) Very Low (~10 GeV)

Angular resolution Good (0.2-0.8 deg) Excellent (≈0.05 deg)

Effective Area decrease with zenith increase with zenith

Background rejection Good (~80%) Excellent (>99%)

Zenith dependence Very Strong ( [cos#]7 ) Weak ( [cos#]2.7 )

EAS Detectors
(HAWC, LHAASO)

Cherenkov Telescopes
HESS, MAGIC,VERITAS, CTA

Satellites
FERMI, AMS, DAMPE



VHE Instruments currently in operation
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MAGIC-II 

VERITAS 
Arizona

TIBET-AS

H.E.S.S. Namibia 

MAGIC II 
Canary Island

HAWC 
Mexico

Pierre Auger 
Argentina

CTA 
North - Canary Island 
South - Paranal -Chile  

LHAASO 
Sichuan - China



Gamma-ray astronomy - The pioneers

with a threshold 4 times higher than the NSB they 
measured 1 flash  every 2-3 minutes

�57

Galbraith, W., Jelley, J.V.. 1953, Nature,171,349 
Light Pulses from the Night Sky associated with Cosmic Rays.

Mirror

PMT

Trash Bin !!



The first array Attempt
Photograph of the Crimean multi-telescope 
setup (Chudakov et al. 1965). 

Each of those units can be positioned along a 
railway system and view the air showers 
under slightly different angles. 

This arrangement allowed both coincidence 
measurements and simple multi-telescope 
observations. 


The system was used from 1960 until 1963 but unsuccessfully. Why?

�58

High background rate due to hadronic showers 
(about a factor of 103 more than gammas).  
Light contamination from NSB, moon, stars. 



The Whipple telescope

The keys of success 
➡ Large light collection area and imaging camera ( 37 PMTs) covering a 

field of view of 3.5 degrees  
➡ A significant of effort to improve the analysis and gamma/hadron 

discrimination methods, based on image first and second moments 3 
commonly known as Hillas parameters 

➡ Focused on Crab Nebula …strongest steady state gamma-ray emitter!! 
�59

➡ Area  ~ 75 m2 
➡  E  ~  0.3 – 100 TeV 
➡  Δθ  ~ 0.2°

Discrimination of Gamma- 
 ray Showers from Hadron 
 Background using one or 
 more of four differences 
 in shower light properties. 
 
1.  Lateral distribution 
2.  Duration 
3.  UV/visible 
4.  Angular distribution 

5.  Array of detectors 
6.  Fast timing 
7.  Multiwavelength 
8.  Imaging 
 

June, 2012 VHE Gamma-ray Astronomy 101 
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~10 km

γ

Cherenkov radiationUV-optical reflecting mirrors focussing 
flashes of Cherenkov light produced 
by air-showers onto ns-sensitive 
cameras. 

Imaging Air Cherenkov Telescope

Light pool on ground



! proton
Hadrons/! separation is fundamental
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! proton
Hadrons/! separation is fundamental
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Image Shape
↳Particle type 

Intensity of the Image
↳ Shower Energy 

Orientation of the image
↳ Shower Direction

Hillas Parameters 
➡ L = length  and W= width  of the ellipse

➡ SIZE (total image amplitude)

➡ d nominal distance (between the centre of the camera 

and the image centre of gravity)

➡$ azimuthal angle of the image main axis

➡% orientation angle 


Width

Dist

%

$
Length
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Optical



●More events


‣ More photons = better spectra, images, fainter sources


✓Larger collection area for gamma-rays


●Better events


‣More precise measurements of atmospheric cascades and hence primary gammas


✓Improved angular resolution


✓Improved background rejection power


➡ More telescopes!

�63

Simulation: 
Superimposed images from 8 cameras

How to do better with IACT arrays?



CTA Reach
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5°

9°

Current Galactic
VHE sources (with 
distance estimates)

Current 
instruments

CTA

➡e.g. Galactic objects

▶Newly born pulsars and the supernova remnants 	 


▶have typical brightness such that HESS etc can 
see only relatively local (typically at a few kpc) 
objects


▶CTA will see whole Galaxy


➡Field of view + sens.

▶Survey speed ~300×HESS



BETTER ANGULAR RESOLUTION
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BETTER ANGULAR RESOLUTION
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91 Angular,Resolution,

Richard White 

5’ 

1’ 

2’ 

Hydra A 
M 82 

Cen A 
(inner lobes) 

SN 1006 

J. Hinton TeV gamma rays a seen by H.E.S.S �65



BETTER ANGULAR RESOLUTION
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91 Angular,Resolution,

Richard White 

5’ 

1’ 

2’ 

Hydra A 
M 82 

Cen A 
(inner lobes) 

SN 1006 

J. Hinton 

92 Angular,Resolution,

Richard White 

5’ 

1’ 

2’ 

Hydra A 
M 82 

Cen A 
(inner lobes) 

SN 1006 

J. Hinton 

as could seen by CTA
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ENERGY COVERAGE AND AREA
Energy threshold depends on collection area 
of a single telescope

Npe = ρph ×A×R×QE × f

High energy ➡ small area

At the highest energies, images will 
be visible at large distances

At lowest energies, few photons even 
in the core of the shower

Low energy ➡ Big area
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Energy threshold depends on collection 
area of a single telescope

Npe = ρph ×A×R×QE × f

High energy ➡ small mirror area
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Layout optimized 
using detailed  
simulations – 
tens of millions CPU-h

0.1 γ/h•km2 

Southern array 
of Cherenkov telescopes 

- about 3 km across

10 γ/h•km2 1000 γ/h•km2 

10 GeV 100 GeV 1 TeV 10 TeV 100 TeV



Southern array 
of Cherenkov telescopes 

- about 3 km across

0.1 γ/h•km2 10 γ/h•km2 1000 γ/h•km2 

 4S + 4 N: 23 m ∅ Large Size Telescopes (LST)

10 GeV 100 GeV 1 TeV 10 TeV 100 TeV



Southern array 
of Cherenkov telescopes 

- about 3 km across

0.1 γ/h•km2 1000 γ/h•km2 10 γ/h•km2 

25 S + 15 N: 12 m ∅ Medium Size Telescopes (MST) 

10 GeV 100 GeV 1 TeV 10 TeV 100 TeV



Southern array 
of Cherenkov telescopes 

- about 3 km across

0.1 γ/h•km2 1000 γ/h•km2 

10 GeV 100 GeV 1 TeV 10 TeV 100 TeV

70 S:  4 m ∅ Small Size Telescopes (SST)  



CTA Sensitivity
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CTA Sensitivity
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https://doi.org/10.1142/10986 
https://arxiv.org/abs/1709.07997
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https://doi.org/10.1142/10986 
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Large High Altitude Air Shower Observatory (LHAASO)
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Daochen,  4410 m a.s.l.,  600 g/cm2 

(29o21’ 31” N, 100o08’15” E)

multi-component air shower detector for  
γ-ray astronomy in the energy range ∼2×1011-1015 eV  
cosmic ray studies at energies ∼1012-1018 eV.  
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Physics of LHAASO
• VHE gamma sky survey (100 GeV-1 PeV):


• Galactic sources; 

• Extragalactic sources & flares; 

• VHE emission from Gamma Ray Bursts;

• Diffused Gamma rays. 


• Spectrum measurement at the high end:

• Nature of the acceleration: leptonic or hadronic;

• Origin of cosmic rays – 100 years’ mystery.


• Cosmic rays

• Spectra of CR Species; 

• Anisotropy of VHE cosmic rays;

• Cosmic electrons / positrons;


• Miscellaneous:

• Gamma rays from dark matter;

• Sun storm & IMF.
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LHAASO Layout
• WCDA - Water Cherenkov Detector Array 

• Measuring shower direction  and location 


• KM2A - Km-square array 
• Measuring shower direction and location

• Measuring μ–content with the largest MD 

array ever

• Clean γ selection


• WFCTA - Wide Fielf-of-view Cherenkov array 
• Extend energy range

• Measure Shower fluorescent light 

• Particle discrimination for composition study 

at knee
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Wide FOV !-ray Astronomy
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LHAASO

VERITAS

HESS

MAGIC

!1/7 of the sky at any moment !60% in the sky per day day (24h)
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Wide FOV !-ray Astronomy
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LHAASO

VERITAS

HESS

MAGIC

!1/7 of the sky at any moment !60% in the sky per day day (24h)
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Trigger-less System

�77

Everything is about timing!

Low latency Switches High Throughput Switch

Slow Control System
Event Builder controller Local Storage

~100 links

Time Slicers
Trigger Units

Event Builders



Water Cherenkov Detector Array

�78

Cell Size 5 mx 5m
Effective water depth 4 m
Water transparency > 20 m (400 nm)

Precision of time measurement 0.5 ns

Dynamic range 1-4’000 PE
Time resolution <2 ns

Charge resolution 40%@1 PE     
5% @ 4’000 PE

Accuracy of charge calibration < 2%

Accuracy of time calibration <0.2 ns

Total # cells 3120
Total Area 78’000 m2
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Water Cherenkov Detector Array
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Cell Size 5 mx 5m
Effective water depth 4 m
Water transparency > 20 m (400 nm)

Precision of time measurement 0.5 ns

Dynamic range 1-4’000 PE
Time resolution <2 ns

Charge resolution 40%@1 PE     
5% @ 4’000 PE

Accuracy of charge calibration < 2%

Accuracy of time calibration <0.2 ns

Total # cells 3120
Total Area 78’000 m2

HAWC - 22’000 m2

20” PMT



KM2A - Electromagnetic Detector 

�79

Effective Area 1 m2

Tiles thickness 1 cm
# WLS fibers 24/tile x  f
Detection efficiency >95%
Dynamic range 1-10’000

Time resolution <2 ns

Particle counting 
resolution

25%@1 particle 
5% @ 10’000 
ParticleAging <20% (10 Years)

Spacing 15 m
Total Number of ED 5195

First 33 detectors has been installed on the site  in Feb.- 2018
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KM2A - Muon Detectors 
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6.8 m
Area 36 m2

Depth 1.2 m
Molasses Overburden 2.5 m
Water Attenuation length > 30 m (400 nm)
Reflection coeff. >95%
Time resolution <10 ns
Dynamic range 1-10’000

Particle counting resolution 25%@1 particle 
5% @ 10’000 Particle

Lifetime >20 years
Spacing 30 m
Total Number of ED 1171

30 m 30 m

30 m

30 m30
 m

30
 m
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Wide Field Cherenkov Telescope Array

�81

2.36 m

2.
14

 m

Mirror Size 5 m2

Pixel Size 0.5° 
# Pixels 1024
FoV 14”x16”

Dynamic range 1-32’000 PE/pixels  
(<10% nonlinearity)

Time resolution <2 ns

PDE
>28%@400nm 
>22%@350nm     
>17%@310 nm

Time resolution < 10 ns

Charge resolution <50%@10 PE 
<5 %@1000PE

Pointing Accuracy <0.1%
# of telescopes 16(18)
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14P031 Détecteurs et Accélérateurs - D. della Volpe D. della Volpe - Zakopane 2019

• Timing information allow to fit the shower front and derive direction


• Usually iterative fitting procedure are used to minimise residual of &ti 

(~20 detector hit)

• Charge calibration is done using MIPs with 2 methods

Shower reconstruction

�82

Incident directionMC Event

(l,m, n) = (sinϑ cosφ, sinϑ sinφ, cosϑ)
<latexit sha1_base64="q+TFoaXV/sZgTD9u79AdmQHUgHU="></latexit>

treali = lreal
xi

c
+ mreal yi

c
+ nreal zi

c
+ αri + t0

<latexit sha1_base64="tB2HKW3bW/VKcr1kGqyl92MbKVM="></latexit>

ED event

• Self calibration• Using a ‘telescope’ 
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Angular resolution
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Angular Resolution

KM2AKM2A WCDAWCDA
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Gamma/Hadron separation
• Shower shape can be used to separate 

gamma/from hadron (Low energy)

• But more powerful is the measurement of the 

EM/Muon content (High energy)

�84

Proton Gamma 
1TeV
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Energy calibration with moon-shadows

�85

log10(Er) = k + λ log10(Nstrips)
<latexit sha1_base64="+1sbNk4ye4Z+qp/n1NKC6fkLf/I="></latexit>

k = 0.81± 0.03
<latexit sha1_base64="TzguLgkbDssx9lzxHPdyPTgy1ec=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4GmZaabsRim5cVrAPaMeSSTNtaCYZkoxQhv6Ca7f6De7Erf/gJ/gXZtoRWtEDIYdz7ovjR4wq7TifVm5tfWNzK79d2Nnd2z8oHh61lYglJi0smJBdHynCKCctTTUj3UgSFPqMdPzJdep3HohUVPA7PY2IF6IRpwHFSBvpfnLp2HW3H4XQsZ3KoFgy3xxwidRqbrVahm6mlECG5qD41R8KHIeEa8yQUj3XibSXIKkpZmRW6MeKRAhP0Ij0DOUoJMpL5lfP4JlRhjAQ0jyu4Vxd7khQqNQ09E1liPRY/fZS8S+vF+ug7iWUR7EmHC8WBTGDWsA0AjikkmDNpoYgLKm5FeIxkghrE9TKlnS2FoKpWcFk8xMA/J+0y7Zbscu3F6XGVZZSHpyAU3AOXFADDXADmqAFMJDgCTyDF+vRerXerPdFac7Keo7BCqyPb1VMmow=</latexit>

λ = 1.00 ± 0.01
<latexit sha1_base64="WUd/N/JEgri4Ee/nP0h+WJEBwPA=">AAACFHicdVDLSsNAFJ34rPUVHzs3g0VwFZIqrRuh6MZlBfuAJpTJZNIOnWTCzESoob/h2q1+gztx695P8C+ctBFa0QvDHM4598HxE0alsu1PY2l5ZXVtvbRR3tza3tk19/bbkqcCkxbmjIuujyRhNCYtRRUj3UQQFPmMdPzRda537omQlMd3apwQL0KDmIYUI6WpvnnoMm0O0KVj2babRNC2bKdvVvQ3LTgH6nWnVqtCp2AqoKhm3/xyA47TiMQKMyRlz7ET5WVIKIoZmZTdVJIE4REakJ6GMYqI9LLp9RN4opkAhlzoFys4Zec7MhRJOY587YyQGsrfWk7+pfVSFV54GY2TVJEYzxaFKYOKwzwKGFBBsGJjDRAWVN8K8RAJhJUObGFLPltxzuSkrLP5CQD+D9pVyzmzqrfnlcZVkVIJHIFjcAocUAcNcAOaoAUweABP4Bm8GI/Gq/FmvM+sS0bRcwAWyvj4Bn8AnUE=</latexit>

Absolute-energy-scale calibration of ARGO-YBJ for light primaries 
in multi-TeV region with the Moon shadow observation  

Astr. Part. Phys  90 (2017) 

2.5-3.8 TeV
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Energy calibration with moon-shadows
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Absolute-energy-scale calibration of ARGO-YBJ for light primaries 
in multi-TeV region with the Moon shadow observation  

Astr. Part. Phys  90 (2017) 

2.5-3.8 TeV3.8-6.5TeV
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Energy calibration with moon-shadows

�85
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Absolute-energy-scale calibration of ARGO-YBJ for light primaries 
in multi-TeV region with the Moon shadow observation  

Astr. Part. Phys  90 (2017) 

2.5-3.8 TeV3.8-6.5TeV6.5-12 TeV
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Energy calibration with moon-shadows
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Absolute-energy-scale calibration of ARGO-YBJ for light primaries 
in multi-TeV region with the Moon shadow observation  

Astr. Part. Phys  90 (2017) 

2.5-3.8 TeV3.8-6.5TeV6.5-12 TeV  12-20 TeV
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Energy calibration with moon-shadows
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λ = 1.00 ± 0.01
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Absolute-energy-scale calibration of ARGO-YBJ for light primaries 
in multi-TeV region with the Moon shadow observation  

Astr. Part. Phys  90 (2017) 

2.5-3.8 TeV3.8-6.5TeV6.5-12 TeV  12-20 TeV     >20 TeV
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Composition studies with Hybrid measurements
• 0.1-10 PeV in 2019  - Pure proton and pure Helium spectra 


• 6 C-Tel’s (60 in elevation) + 1st pool 

• 1- 100 PeV in 2021 - Pure iron or heavy nuclei (MgAlSi+Fe) spectra 


• 18 C-Tel’s (45 in elevation)+ Scin.+ MD array 

• 100 PeV in 2023  - 2nd knee 


• 20 F-tel’s + MD array 

�86

2 2

2 2

6 Telescope
18 Telescope

MVA with BDT to 
achieve separation

p,He CNO, 
MgAlSi, 

iron



LHAASO Integral Sensitivity
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Integral Differential 

WCDA
KM2A



LHAASO Timeline
• 2015 TDR

• 2016 approval & release of funds

• 2017 Start of construction

• 2018-2020 construction

• 2021 start or operation

�88

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

KM2A ED
KM2A MD
WCDA
WFCTA 4 Telescopes 10 telescopes 18 telescopes

300 Units 415 Units 456  Units
1st pool May / 2nd pool Sept. 3rd pool July 2020

2018 2019 2020

1383 Units 1800 Units 2008  Units

February 2019  25% ready



WCDA - Status
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Jan-2018 Apr-2018

May-2018 May-2018



WCDA - Status
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Jan-2018 Apr-2018

May-2018 May-2018



Conclusion
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My personal Kifune Plot   
based on Fegan macro

3FGL 3034 sources > 100 MeV 
95% extragalactic! 
21% BL Lacs 
16% FSRQ 
19% unclassified blazars +  
22% unassociated high lat 
Still lots of association work to come!  
(CTA, HAWC, LHAASO, SPACE??…)


