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TeV detectors



γ /hadron separation

Crab 
Nebula



Dependence of collection area and energy 
threshold



Stereo 
Observations

Get ‘3d-Image’ from Shower:
 ==>  improved:
    + angular resolution
    + energy resolution
    + G/H separation
           (higher significance in
            shorter time)

But:
    - need several telescopes
           ==> more expensive
    - (trigger) threshold 
           ~ size of single tel.

    more difficult at low energies  (<<100GeV) 
           (large intrinsic fluctuations in single shower)



VHE Gamma-ray Detectors





CAT (1996-2003)

HEGRA (1993-2002)Whipple (1969!-2003)
CANGAROO (1992-2001)Crab nebula (Weeke+ 1989)

Mk 421 (Punch+ 1992)

First-generation IACTs



Second Generation IACTs (~ 2004)

CANGAROO III
(Australia & Japan)

Spring 2004
4 telescopes 10 meters Ø

Woomera, 
Australia

Windhoek, 
NamibiaHESS

(Germany & France)
Summer 2003

4 (à16) telescopes
10 meters Ø

Roque de
los Muchachos, 
Canary Islands

MAGIC
(Germany, Italy & Spain)

Summer 2004
1 telescope 17 meters Ø

Montosa 
Canyon,
Arizona

VERITAS
(USA & England)

2006?
7 telescopes
10 meters Ø



Second-generation IACTs

MAGIC (2004)

VERITAS (2006)
CANGAROO-III (2004)

HESS (2003)
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Exercise #6
• Find the information about the 3 major 

currently operating IACT telescopes
• Visit the web site of CTA  
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Exercise #6
• Find the information about the 3 major 

currently operating IACT telescopes
• Visit the web site of CTAO  



H.E.S.S.

13https://www.mpi-hd.mpg.de/HESS/



HESS



HESS-II



MAGIC

16https://magic.mpp.mpg.de/





MAGIC
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Key technological elements for MAGIC
17 m diameter parabolic reflecting surface (240 m2 )

Analog signal transport 
via optical fibers 

IPE
IPE
IPECENET

2-level trigger system
& 300 MHz FADC system

Active mirror control 
(PSF: 90% of light in 
 0.1o inner pixel)

high reflective diamond milled aluminum mirrors
Light weight 
Carbon fiber 
structure for 

fast repositioning

- 3.5o FOV camera 
- 576 high QE PMTs
   (QEmax= 30%)



The trigger is split into two stages: 
level 1 (L1) and level 2 (L2). The L1 is a 
fast coincidence device (2-5 ns) with 
simple patterns (n-next-neighbor 
logic) while L2 is slower (50-150 ns) 
but can do a more sophisticated 
patter recognition. 

Discriminators
L0

Level 1
L1

Level 2
L2

Choose the number of photoelectrons 
per pixel you want to use in the trigger 

Make a tight time 
coincidence
on simple pattern 
of compact images 
and enable L2 

Make an advanced pattern recognition
to use topological constraint: 
•pixel counting in a given region of the detector
•mask  hot spots like bright stars
•rough center of gravity of the image…etc…..

To FADC

The trigger architecture

TWO FOLD KINDS (86) THREE FOLD KINDS (51)

FOUR FOLD KINDS (67) FIVE FOLD KINDS (106)



MAGIC telescopes 



MAGIC – II 



MAGIC – II



VERITAS
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https://veritas.sao.arizona.edu/



VERITAS
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TeV detectors
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TeV detectors
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TeV detectors
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TeV detectors



EAS technique
Charged particles produce Cherenkov photons in water 
~1400 times more Cherenkov photons than in air per 

unit length track of charged particle
Cherenkov cone in water ~41° (in air: less than 1°)

Uniform sky view with an array of PMTs

Direction reconstruction through PMTs signal times
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Wide Angle Telescopes
Tibet AS-γ– Air Shower Array
ARGO – Carpet array with RPC
MILAGRO – Water Cherenkov

Advantage: Wide Angle 0.5π~1π
                   Non-bias observation

Cons: Moderate sensitivity 
          ~5σ/yr1/2 for Crab

Tibet AS-γ ARGO

MILAGRO



ARGO-YBJ (RPC):

Crab : 5s in ~50 days
Mrk 421 flare

Threshold ~ 0.5 TeVEvent
display
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TIBET air shower array

Our air shower array consists of 697 scintillation 
counters which are placed at a lattice with 7.5 m 
spacing and 36 scintillation counters which are placed 
at a lattice with 15 m spacing. Each counter has a plate 
of plastic scintillator, 0.5 m2 in area and 3 cm in 
thickness, equipped with a 2-inch-in-diameter 
photomultiplier tube (PMT). The time and charge 
information of each PMT hit by an air shower event is 
recorded to determine its direction and energy. The 
detection threshold energy is approximately 3 TeV, 
which is the lowest one achieved by an air shower 
array in the world. 



MILAGRO

Crab:
~5s in 100 days
Median energy ~20 TeV

Cherenkov in water, 
Arizona



HAWC



HAWC



HAWC
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HAWC

39



HAWC

40



HAWC

41http://www.hawc-observatory.org



LHAASO



LHAASO
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LHAASO
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LHAASO

47
http://english.ihep.cas.cn/lhaaso/



Astrofisica Nucleare e Subnucleare
VHE Gamma Astrophysics



The unexplored spectrum gap
• Satellites give a nice 

crowded  picture of energies 
up to 10 GeV.

• Ground based experiments show 
very few sources with energies > 
~300 GeV.



Mrk421
Mrk501

Crab

Pulsar AGN

The VHE γ ray sky

+ some additional  sources
in galactic plane.

1995

2005



Jim Hinton
ICRC 2007



Jim Hinton
ICRC 2007



Jim Hinton
ICRC 2007



TeV Source Catalog

http://tevcat.uchicago.edu/



The TeV Catalog 2012



The TeV Catalog 2016



The TeV Catalog 2021



The TeV Catalog 2024
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TeV Sky Survey
• HESS Galactic plane survey 

sees many new TeV 
sources (Aharonian et al. 
2005)
– This might possibly inform a 

detailed model of the 
distribution of CR sources, 
although the distribution is 
so confined to the plane that 
the sources (probably 
plerions and SNR) are at 
least several kpc distant



The Galactic Plane survey

Aharonian et al. 2006



The Galactic Plane survey

Aharonian et al. 2018



The Galactic Plane survey

Aharonian et al. 2018



The Galactic Plane survey

Aharonian et al. 2018



The Galactic Plane survey

Aharonian et al. 2018



• Milagro reports detecting the diffuse emission of the 
Milky Way at >1 TeV energies (Abdo et al 2008)

65

MILAGRO Sky Survey

Abdo et al. 2008



• HAWC 3rd catalog of Gamma Ray sources
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HAWC Sky Survey

Albert et al. 2021



• HAWC 3rd catalog of Gamma Ray sources
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HAWC Sky Survey

Albert et al. 2021



LHAASO Catalog 68https://arxiv.org/pdf/2305.17030



LHAASO Catalog

69https://arxiv.org/pdf/2305.17030
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HESS “new” sources

Close-up view of the new sources, discovered in the 
Galactic plane scan. Shown as white circles are 
close-by supernova remnants , that are known to be 
sources of very high energy gamma-rays (with the 
radius of the circle representing the size of the 
supernova remnant). Also shown in white are close-
by pulsars, another class of sources of very high 
energy gamma-rays. 



HESS Diffuse Gamma-Ray
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VERITAS Cygnus Survey 

72

http://arxiv.org/abs/1508.06684



VERITAS Cygnus Survey 

73http://arxiv.org/abs/0912.4492
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CR origin and propagation

SNR

VHE gamma rays from secondary interactions:
p: po production and decay
e: Inverse Compton scattering and Bremsstrahlung
Trace beam density x target density

CR g

free propagation
confined
to accelerator

Target
near accelerator



Astrofisica Nucleare e Subnucleare
VHE Galactic Sources
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The supernova remnant 
G347.3-0.5 (RX J1713.7-3946) 

ROSAT
  (keV)

CANGAROO        
              (TeV)
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Image of point source

2004 Data
Smoothed image
~40 s
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X-ray – gamma ray
correlation coefficient:
0.7



HESS – SNR in VHE gamma

Aharonian et al. 2004
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… but Tycho .. 

81https://arxiv.org/abs/1108.0265



SNR age

82arXiv:1508.05190



The Galactic 
center
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TeV gamma rays from GC

Whipple 
1995 – 2003
3.7 s 

CANGAROO
2001/2002
> 10 s

Point source (on 0.3o resolution scale)

Tsuchiya et al.
2004
67 h on

Kosack et al. 2004
26 h



Galactic Center

Sgr A

Diffuse 
emission

Nature, Feb. 9th 2006
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Sagittarius A

Radio TeV    H.E.S.S.

Sgr A*

Sgr A East
SNR

Systematic
pointing error
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Sagittarius A

TeV    H.E.S.S.

Point-like core

Extended tail
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Gamma ray spectrum
• Power law,   

index 2.3
• No significant 

variability
– on year scale
– on month 

scale
– on day scale
– on hour scale
– on minute 

scale



89

Origin ?

• Sgr A East SNR as proton accelerator ?
• Decaying UHE neutrons ?
• Shocks in Sgr A* accretion flow or wind ?
• Curvature radiation of UHE protons near Sgr A*
• Dark matter annihilation ?

– “Normal” SUSY neutralinos
– Kaluza-Klein particles
– SUSY messenger sector

• …
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Dark matter annihilation ?

For pure DM 
origin

• rather large mass
• large x-section or 

density
• unusual spectrum or 

superposition of 
spectra

10-13

10-12

10-11

0,1 1 10

E2 F(
E)

 [T
eV

/c
m

2 s]

E [TeV]

Preliminary

20 TeV Neutralino
20 TeV KK particle



The “Pevatron”

91Abramovski et al. (2016) 



The “Pevatron”

92Abramovski et al. (2016) 



The “Pevatron”

93Abramovski et al. (2016) 



LHAASO Pevatrons

94Cao et al. (2021) 



LHAASO Pevatrons

95Cao et al. (2021) 
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Crab Nebula



A (minimal) standard model: what do we expect?

Explains most of the observations, not necessarily the most interesting…



The Crab PWN



The Crab Nebula

99Aleksic et al. (2015) 
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Pulsars: GR & Electrodynamics

from J. Dyks et al.



MAGIC – the Crab PSR

Albert et al. 2008



The Crab PSR



The Crab with VERITAS



The Crab with VERITAS



Crab PSR



Crab PSR

106Ansoldi et al. (2016) 



Crab PSR

107Ansoldi et al. (2016) 



Crab PSR

108Aharonian et al. (2012) 



Pulsar Wind Nebulae

109



CTA1 PWN



Pulsar Wind Nebulae
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Pulsar Wind Nebulae

112https://arxiv.org/pdf/1711.06223



Pulsar Wind Nebulae

113https://arxiv.org/pdf/1711.06223



PSR B1259-63

§Binary system
§Strong stellar wind
§ Shock at wind-
pulsar interaction
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PSR B1259-63

-20 days
Mar 04

A (2000)

B (2001)

Model: Ball & Kirk 2000

Complex structure depending on alignment
of pulsar and stellar wind

CANGAROO   
Kawachi et al. 2004

+20 days
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PSR B1259-63

~ 10 days before
   periastron
   (Feb./March)

~ 9 s pre-periastron
~ 6 s post-periastron
Flux ~5% Crab
Index 2.8±0.3(stat)

Periastron

H.E.S.S. 
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The B1259-63 field of view

early March 04 Apr./May 04Feb. 04

First variable galactic TeV source



LSI 61+303 binary source



VHE Binary Sources
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SS433 HAWC
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SS433 HAWC
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