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Detectors (I)
• Gamma rays 

• Gamma-ray observatories 

• Gamma-ray space observatories 

• Earth as a particle detector 

• Atmospheric Cherenkov telescopes 

• Air shower arrays 

• HAWC
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Gamma rays
• γ rays are the most energetic form of electromagnetic 

radiation, manifested as quanta. 

• They are intrinsically related to high energy particles: 
- HE particles are needed to produce high energy γ rays 
- HE γ rays indicate the production sites of HE particles, 

i.e. cosmic rays 

- cosmic rays are a background for the study of γ rays 

• Astrophysical γ rays point to cosmic accelerators and  
provide unique diagnostics about extreme processes in the 
Universe.
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Man made gamma rays
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Electromagnetic radiation Cosmic particles

Neutrinos Gravitational waves
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γ-ray production
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Nuclear decay Historical {α, β, γ} - low energy γ rays (100s keV).

Matter - antimatter 
annihilation Electrons produce 511 keV photons.

Bremsstrahlung Relativistic electrons interacting with matter.

Synchrotron Relatively inefficient to produce HE photons. 
Efficient to produce seed photons.

Compton scattering Efficient production of high-energy γ rays through 
the interaction of a radiation field.

Nuclear collisions Efficient production of HE γ rays through 
interaction with matter, or radiation, and π0 decay.
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γ-ray absorption
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Photo-electric effect Absorption of a X ray or low-energy γ ray by 
matter, releasing an electron.

Compton scattering Interaction with electrons at rest produce a photon 
of lower energy.

Pair production
Can occur with a radiation field (γγ → e−e+);     

with matter (γ Z → e−e+ Z);  
with a magnetic field (γ B → e−e+B).
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γ-ray observatories
• Space telescopes relying on: 

- photo-electric effect: like BATSE, OSSE, Swift-BAT. 
Technology shared with hard X-ray telescopes. 

- Compton scattering: COMPTEL. 
- pair production: from OSO-3 to Fermi-LAT. 

• Ground-based observatories: 
- detection of Cherenkov in the atmosphere: MAGIC, 

HESS, VERITAS, CTA. 
- detection of secondary particles: MILAGRO, Tibet AS-
γ, HAWC, LHAASO, … SWSO.
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Energy ranges
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MeV GeV TeV PeV EeV

Cosmic rays

Gamma rays

109 eV 1012 eV 1015 eV 1018 eV 1020 eV

HAWC

Pierre Auger

Fermi-LAT

Kaskade
HAWC

Satélites

AČT
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The γ-ray band
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MeV GeV TeV PeV

CGRO 
COMPTEL

CGRO 
EGRET

OSO-3, SAS-2, COS-B

Fermi γ-ray Space Telescope

Satellites Ground based

Atmospheric Čerenkov 
telescopes

Air shower arrays 
Water Čerenkov observatories

γ + CMB → e- + e+
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GeV                                              TeV

Pair production telescopes 
0.1 - 100 GeV 

Space based: small effective area 
Background free 

Large f.o.v. and high duty cycle 

All sky survey & monitoring 
Transients (AGN, GRB) 

Diffuse emission

Extensive air-shower arrays 
100 GeV - 100 TeV 

Good background rejection 
Large f.o.v. and high duty cycle 

Partial sky survey & monitoring 
Extended sources 

Transients (AGN, GRB) 
Highest energies

Atmospheric Cherenkov Telescopes 
50 GeV - 100 TeV 

Large effective area 
Excellent background rejection 
Small f.o.v. and low duty cycle 

Detailed study of known sources 
Deep surveys of limited regions 

High resolution spectra

Sr 
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Pair production telescopes 
30 MeV - 100 GeV 
Small effective area 

Background free 
Large field of view and duty cycle 

Sky surveys and monitoring 
Transient events (AGN, GRB, GW) 

Extended diffuse emission

Air shower arrays 
100 GeV - 100 TeV 
Large effective area 

Good background suppression 
Large field of view and duty cycle 

Partial sky surveys and monitoring 
Extended sources 

Transient events (AGN, GRB, GW) 
The highest energies

Atmospheric Cherenkov telescopes 
30 GeV - 30 TeV 

Large effective area 
Excellent background suppression 

Limited field of view and duty cycle  

Detailed studies of known sources 
Follow-up of reachable transients 

High resolution spectra 
Deep surveys of limited regions of the sky

FoV

E

Sr 
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GeV                                              TeV
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γ-ray space observatories
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1967 - 1968 OSO 3 Pair prod. Galactic Plane detection

1972 - 1973 SAS 2 Pair prod. Pulsars: Crab, Vela, γ 195+5

1975 - 1982 Cos B Pair prod. Galactic diffuse emission, first 
catalogues, 3C 273.

1991 - 2000 CGRO Multiple BATSE, OSSE, COMPTEL, 
EGRET

2007 to now AGILE Pair prod. Similar design to Fermi-LAT, 
1/16 the size

2008 to now Fermi GBM & LAT Current GeV ground-breaker
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Compton Gamma-Ray Observatory
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1991-2000
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Only Compton telescope put in orbit so far. 
Compton scattering has an azimuthal uncertainty. 

CGRO-COMPTEL
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COMPTEL

21

GRBs - Hanlon et al. 1994 + Comptel Catalog - Schönfelder et al. (2000)
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26Al in the Galaxy
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GCRO-COMPTEL 26Al map - Diehl et al. (1995)



γ-ray detectors @ DRC-SMF - nov 2019 23



γ-ray detectors @ DRC-SMF - nov 2019 24



γ-ray detectors @ DRC-SMF - nov 2019 25



γ-ray detectors @ DRC-SMF - nov 2019 

Fermi-LAT
• Fermi γ-ray Space Telescope 

in orbit since August 2008. 

• LAT follows the standard 
design of a pair production 
telescope: 
- Converter 
- Tracker 
- Calorimeter 

• Over one order of magnitude 
improvements from CGRO-
EGRET 
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Latest Fermi-LAT catalogs

Plus FGES, 3LAC, 3-year PSRs, SNR, LAT-GRBs, 
GBM-GRBs, 2FAV catalogs!
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Catalog Range Flux Sources

3FGL 
(1501.02003)

100 MeV - 
300 GeV F(1-100 GeV) ≿ 3 ×10−10 cm−2 s−1 3033

4FGL 
(1902.10045)

50 MeV -  
1 TeV F(1-100 GeV) ≿ 2 ×10−10 cm−2 s−1 5098

2FHL 
(1508.04449)

50 GeV -   
2 TeV F(50 GeV - 2 TeV) ≿ 8×10−12 cm−2 s−1 360

3FHL 
(1702.00664)

10 GeV -   
2 TeV F(10 GeV - 2 TeV) ≿ 3×10−11 cm−2 s−1 1558
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The 3FHL Fermi-LAT Catalog of celestial sources of photons with 
energies larger than 10 GeV. Out of 1556 sources, 1231 are AGN.
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Earth atmosphere as a 
particle detector
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Air showers
• Atmospheric air shower cascades were 

discovered and first studied by Blackett & 
Occhialini (1933), Bruno Rossi (1934), 
Pierre Auger (1938). 

• First cascade theories by Carlson & 
Oppenheimer (1936), Bhabba & Heitler 
(1936). 

• Cascades develop down to respective 
thresholds. 

• Detectable with ground based arrays;  
through atmospheric emission of light;          
or, more recently, radio emission.
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Hadronic showers
• Initiated by a nuclear interaction at 

about 80 g/cm2: 
p + Nucleus → π± + π0 + fragments 
π± → µ± + νµ  
µ± → e± + νe + νµ 
π0 → γ + γ  

• The cascade has nuclear, muon and 
electromagnetic components. 

• Muons and neutrinos continue 
traveling underground.
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Electromagnetic showers
• Initiated by a photon or an electron. 

• Pair production: 
γ → e+ + e−                 [37 g/cm2] 
ceases when the energy is such that the 
Compton cross section becomes 
dominant (~80 MeV). 

• Bremsstrahlung: 
e± → e± + γ                 [37 g/cm2] 
ceases when ionization becomes 
dominant (~35 MeV).
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Techniques
• Detect Cherenkov light from secondary particles in the 

shower. 

• Detect fluorescent light induced by secondary particles in 
the shower. 

• Detect the secondary particles directly on the ground. 

————————— 

• Detect radio emission from secondary particles: 
Askaryan effect. 

• Variations are used for UHE cosmic rays and neutrinos.
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Earth atmosphere
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International Standard Atmosphere

Layer zg0  
(km)

z0  
(km)

dT/dz  
(K/km)

T(z0)  
(ºC)

P(z0)/g  
(g/cm2)

Troposphere 0 0.0 -6.5 +15.0 1032

Tropopause 11 11.019 0.0 -56.5 231

Stratosphere (I) 20 20.063 +1.0 -56.5 56

Stratosphere (II) 32 32.162 +2.8 -44.5 8.9

Stratospause 47 47.350 0.0 -2.5 1.1

Mesosphere (I) 51 51.413 -2.8 -2.5 0.7

Mesosphere (II) 71 71.802 -2.0 -58.5 0.0

Mesopause 84.852 86 — -86.2 0.0
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Un estudio de  
cascadas por  

primarias 
con E≥1016 eV
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By H. Seldon - vlastni dilo, own work, Public Domain, https://commons.wikimedia.org/w/index.php?curid=2557072
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Fluorescence detectors
• High energy charged particles 

excite N2 and N2+ molecules,  
which emit UV and visible light 
through fluorescence. 

• The light emission is isotropic. 

• At least two detectors are needed 
in stereo mode to trace the 
trajectory of the air shower. 

• Successfully implement at the 
Pierre Auger Observatory.
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Atmospheric Cherenkov telescopes
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• They operate through the detection of Cherenkov light 
produced by charged particles in the atmosphere. 

• The light is a nano-second duration flash.  

• The camera maps the image of the shower, in order to 
discriminate efficiently hadrons from photons.
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http://tevcat.uchicago.edu/
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Weekes - astro-ph/0811.1197
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The HESS Galactic plane survey
Galactic latitudes |b|<4º  

and longitudes from 250º  
to 70º (i.e. ∆l = 180º)          

⟹ ∆Ω = 0.45 sr
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ICRC 2013 - 1307.4690 

Paper de HGPS en 2018…
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2FHL and TeVCat
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TeVCat (Nov 2015) - 175 sources

UNID
19%

SNR/MC
6%

Shell
7%

PWN
20%

IBL
5%

HBL
26%

HBL IBL blz fsrq RDG SBG
SBu PSR PWN Shell csnr dark
GC MSC SNR/MC Bin UNID

2FHL (50 GeV) :: 360 sources

none
13%

4%

4%

bcu III
5%

bcu II
9%

fsrq
3% bll-g

4%

bll
50%

bll bll-g fsrq bcu I bcu II bcu III
rdg rdg / gll agn gal galclu psr
snr pwn spp hmb sfr bin
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EM cascade toy model 
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Heitler model
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EM cascade toy model 
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t X (g/cm2) N P E
0 - 1 0 - 37 1 γ 1 TeV
1 - 2 74 2 ee 500 GeV
2 - 3 111 4 eγeγ 250 GeV
3 - 4 148 8 eγeeeγee 125 GeV

4 - 5 185 16 eγeeeγeγ 
eγeeeγeγ 62.5 GeV

5 - 6 222 32 eγeeeγeγ  eγeeeγee 
eγeeeγeγ  eγeeeγee 31.25 GeV

… … … … … 

17 - 18 592 - 629 131,072 {43,680 × γ}   
{87,382 × e±} 7.63 MeV
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The cascade ceases 
developing when photon 

energies get below 80 MeV. 

For 17 radiation lengths:  
80 MeV * 217 ≃ 10 TeV  

Every interaction is a 
random process. 

Fluctuations are important 
in the development of the 

cascade. 

Translation to height 
requires a model for the 

atmosphere.

bars indicate 90% probability of interaction
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bars indicate 90% probability of interaction
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High altitude EAS for γ-ray astronomy

Arreglos de detectores de superficie con capacidad de 
observar rayos γ se benefician de la altitud. Son ideales 
para monitorear grandes secciones de la bóveda celeste y 
censos sin sesgos.
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Fermi 
AGILE 
EGRET 

HAWC 
ARGO 
Milagro  

VERITAS 
HESS 
MAGIC 
FACT 

Complementarity of Gamma-Ray Observatories

5	

Wide-field	
Con-nuous	Opera-on		

TeV	Sensi-vity	Tibet AS-γ
1990-present

ARGO
2007-2014

Milagro
2000-2008

HAWC

2013 - present

LHAASO!



γ-ray detectors @ DRC-SMF - nov 2019 

Should we break?
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Pico de Orizaba 
“Citlaltepetl” 

5610m
Sierra Negra 
“Tliltepetl” 

4582m

Latitude 19ºN, Longitude = 97ºW.



57

4600m

4100m
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• 300 individual water Cherenkov 
detectors (WCDs). 

• Each WCD is a water tank 7.2m 
diameter and 4.5m height: 180,000 
liters of water in darkness.  

• Water filtered for maximal 
transparency. 

• Each WCD has four PMTs: 3 of 8” 
and one 10”.

59

The HAWC array
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Operation mode

60

HAWC observes constantly the sky around its zenith, with an aperture of 
45º. It scans 2/3 of the celestial sphere every sidereal day. Data 

accumulates daily, resulting in a deeper and deeper exposure of the sky.
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HAWC registers over 20,000 cosmic rays per second, 
generating 2 Terabytes of data per day - every day.
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Event 
location

The front of particles 
takes 20 ns to travel from 
one detector to the next. 

Measuring with precision 
the relative arrival times 
at each detector allows to 
locate the event on the 
sky.

62

0.3 μs
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Charge 
deposits

• Light pulses at each PMT 
allow: 

(1) energy estimation. 
(2) γ/h discrimination. 

• Locating the core of the 
cascade is needed to 
adjust standard shower 
models (NKG).
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Energy estimators
• A parametrization is needed; it is to be compared to 

Montecarlo simulations and validated with data. 

• Crab 2017: fhit bins 

• Crab 2019: NKG fit
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Energy estimation: f-hit bins

65

HAWC Crab 2017: Abeysekara et al. 2017, ApJ 843, 39

B fhit

1 6.7% - 10.5%

2 10.5% - 16.2%

3 16.2% - 24.7%

4 24.7% - 35.6%

5 35.6% - 48.5%

6 48.5% - 61.8%

7 61.8% - 74.0%

8 74.0% - 84.0%

9 84.0% - 100%
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Energy estimation: f-hit bins

66

B fhit ψ68 (º) P max C min Crab excess per 
transit

1 6.7% - 10.5% 1.03 < 2.2 > 7.0 68.4 ± 5.0
2 10.5% - 16.2% 0.69 3.0 9.0 51.7 ± 1.9
3 16.2% - 24.7% 0.50 2.3 11.0 27.9 ± 0.8
4 24.7% - 35.6% 0.39 1.9 15.0 10.58 ± 0.26
5 35.6% - 48.5% 0.30 1.9 18.0 4.62 ± 0.13
6 48.5% - 61.8% 0.28 1.7 17.0 1.78 ± 0.07
7 61.8% - 74.0% 0.22 1.8 15.0 1.02 ± 0.05
8 74.0% - 84.0% 0.20 1.8 15.0 0.433 ± 0.033
9 84.0% - 100% 0.17 1.6 3.0 0.407 ± 0.032
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New energy estimator  
HAWC Crab 2019: ApJ 881, 134 
arXiv 1905.12518
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HAWC Crab 2019: ApJ 881, 134 
arXiv 1905.12518
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Energy estimators
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Gamma - hadron discrimination
• An energy dependent parametrization is needed. 

• Crab 2017: PINCness and Compactness 

• Newer ones in development (for example Neural 
Networks)
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HAWC Crab 2017: Abeysekara et al. 2017, ApJ 843, 39
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E

Hadrons

γ rays

Gamma - hadron discrimination
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Crab region = events within 1.5ψ68
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Crab region = events within 1.5ψ68
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HAWC Crab
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Abeysekara et al. 2017 
ApJ 843, 39
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HAWC Crab

77

Abeysekara et al. 2017 
ApJ 843, 39
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The 2HWC catalog
• Skymap for declinations -20º to +60º, using HealPix grid. 

• Maximum likelihood analysis of 507 effective days of 
data using parameters the Crab validation.
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2HWC skymap
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2HWC point sources
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RESPALDOS
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Energy estimator
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2HWC sensitivity

88



γ-ray detectors @ DRC-SMF - nov 2019 89


