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Today

Part 1: How?

ÅA) Ground-based gamma-ray astronomy: the opportunity and the challenge

ÅB) Gamma-ray initiated showers and ground-particle based detection

ÅC) Imaging Cherenkov Telescopes

Part 2: What? 

ÅA) Astrophysical gamma-ray production and interactions

ÅB) Galactic gamma-ray sources

ÅC) Extragalactic gamma-ray sources



A) Ground-based gamma-ray 
astronomy: the opportunity and the 
challenge
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Typical Definitions:

VHE 

0.1-100 TeV

UHE 

0.1-100 PeV
HE

0.1-100 GeV



Typical TeVFluxes
10-12 erg/cm2/s
Ą 10-8 particles/m2/s



Typical TeVFluxes
10-12 erg/cm2/s
Ą 10-8 particles/m2/s

1 particle per m2 per day

1 particle per m2 per year

1 particle per km2 per day



Typical TeVFluxes
10-12 erg/cm2/s
Ą 10-8 particles/m2/s

1 particle per m2 per day

1 particle per m2 per year

1 particle per km2 per day



Typical TeVFluxes
10-12 erg/cm2/s
Ą 10-8 particles/m2/s

The ground-based challenges:

1. Dealing with the huge background of 
charged particles without an anti-
coincidence shield

2. Achieving precision measurements with 
ǘƘŜ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ 
detector



But it worksΧ

12

Tibaldoet al. 2018 A&A 

Fermi-LAT

HESS

Example: The Vela Pulsar Wind Nebula
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~100% duty-cycle
Steradian field of view
Modest precision
Modest collection area

Detection Techniques
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~100% duty-cycle
Steradian field of view
Modest precision
Modest collection area

~15% duty-cycle
~4 degree field of view
High precision
Large collection area

Detection Techniques



HAWC

LHAASO

MAGIC

VERITAS

HESS

Tibet ASg



B) Gamma-ray initiated 
showers and ground-particle 

based detection
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Air -shower...

~ 120 m

1 TeVg-ray Å1st Interaction:
X0 ~ 40 g/cm2

lpair = 9/7 X0  ~ 50 g/cm2

X = XA e ςh/h0 and XA~103 g/cm2

hpair = h0 ln(XA/lpair) χ 20 km

e+e- pair production



Air -shower...

~ 120 m

1 TeVg-ray Å1st Interaction:
X0 ~ 40 g/cm2

lpair = 9/7 X0  ~ 50 g/cm2

X = XA e ςh/h0 and XA~103 g/cm2

hpair = h0 ln(XA/lpair) χ 20 km
e+e- energy losses:
Ionisation ςcontinuous
Bremsstrahlung ςoccasional production of new high energy 
gammas

Critical energy (in air): 80 MeV
Above this energy electrons produce more high E gammas which 
can in turn pair-produce Ą cascade
Below this energy ςmost energy is lost to atmosphere without 
creating new particles Ą cascade dies out



Air -shower...

~ 120 m

Particle

Shower

1 TeVg-ray Å1st Interaction:
X0 ~ 40 g/cm2

lpair = 9/7 X0  ~ 50 g/cm2

X = XA e ςh/h0 and XA~103 g/cm2

hpair = h0 ln(XA/lpair) χ 20 km

ÅCascade:
For E=1 TeV(EC~ 80 MeV)
Xmax ~ X0 ln ( E/EC) / ln 2 
hmax= h0 ln(XA/Xmax) χ 5 km
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Air -shower...

~ 120 m

Particle

Shower

1 TeVg-ray Å1st Interaction:
X0 ~ 40 g/cm2

lpair = 9/7 X0  ~ 50 g/cm2

X = XA e ςh/h0 and XA~103 g/cm2

hpair = h0 ln(XA/lpair) χ 20 km

ÅCascade:
For E=1 TeV(EC~ 80 MeV)
Xmax ~ X0 ln ( E/EC) / ln 2 
hmax= h0 ln(XA/Xmax) χ 5 km

~ 3 km

Need to be within a few X0 of Xmax

to detect particles directly 
ᵪ typically >3 km alt.

Field of view 1-2 sr

100% Duty Cycle



22

50% Encircled Energy Radius 

EM

Muons

Gammaand proton
initiated showers at 
5km altitude

1 TeVgamma-ray brings 
100 GeV of energy to 
the ground

ÅTypical electron energy 
~10 MeV

1 TeVproton on 
average 50 GeV EM + 
30 muons

ÅTypical energy of 
muons ~few GeV, with 
much bigger spread on 
ground

Ground-level Particles



Ground-particle 
Detectors

MILAGRO ς2001-2008

HAWC ς2015 -

Tibet AS g+ARGO ς1990s -

LHAASO ς2021 -

SWGO ς202X -

Drivers of performance: 
size, fill factor and altitude (move detector up to shower max)

Increase altitude: MILAGRO ĄHAWC Ą SWGO
Increase also fill-factor and size: Tibet Ą LHAASO & SWGO

4.3 km

4.1 km

4.8 km

2.5 km

4.4 km

+ muon detection

MILAGRO: 
Cygnus 
Region MILAGRO

Tibet

LHAASO
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Blue: Water 

Cherenkov Dets

Green: Other
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ƶ >3 km altitude

<3 km altitude

2 x 104 m2

~60% coverage
4.1 km a.s.l.
~500 GeV threshold

4 x 104 m2

~2% coverage
100 m a.s.l. 
~100 TeVthreshold



ƶ >3 km altitude

<3 km altitude

Exposure:
5 km2 × 50 hours ~
2x104 m2 × 1 year

2 x 104 m2

~60% coverage
4.1 km a.s.l.
~500 GeV threshold

4 x 104 m2

~2% coverage
100 m a.s.l. 
~100 TeVthreshold

5 km2 × 50 hours ~
2x104 m2 × 1 year

Sinnis2009



27

HAWC

(4100 m)

¼ 300 Detectors, 95% uptime since 2015, Area 22000m2

Pico de Orizaba (5636 m)



Detectors
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5m tank Ą 12 radiation 
lengths (XлϤ пл g/cmн)
ÅGamma conversion

ÅEM showers near top of tank 
except for highest energy 
shower particles

Muons 
ÅPass through without 

interaction ςlong path length

Cherenkov light
ÅAngle: acosόмκn) ~  41º

ÅYield:  (ɲh )˄2̄ (h1-1/n2)/hcĄ
300 photons / cm

5m deep, 7.3 m diameter

0.01% photosensitive area



Events
Direction from arrival times

Åtime resolution ~ns over 100 m 
lever-arm Ą angular resolution 

~(1 ns * c / 100 m) rad ~0.2º

Energy?

ÅMore tricky ςcan measure 
ground-level size but big 
fluctuations doing to Xmax

differences / shower 
development

Hadron Rejection?

29



Gamma/Hadron Separation
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HAWC Events RA/Dec.

31

Typical IACT
Field of view



LHAASO

4.3 km altitude



LHAASO
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Completed 2021

ÅKM2A

ÅED scintillators, MD buried muon dets 

1 m2 ED
Green 
Boxes 
Below

36 m2 MD
3120x 25 m2

WCD
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Cao 2022 ςScience - arXiv111.06545
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LHAASO

1 PeV

1 PeV

Proton mode

~80% gammas
104 rejection

Cut factor 
15-20 below 
mean

gammas

protons

¼Jim

At 1 PeV

Muon Counting



²ƘŀǘΩǎ ƴŜȄǘΚ Ą SWGO

https://arxiv.org/pdf/2506.01786


