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GAMMA-RAY 
ASTRONOMY

Part 2. 

A story of instruments
‘Gamma rays to shed light on dark matter’
ISAPP School  2021, 21-30 June
Michele Doro (University of Padova, michele.doro@unipd.it)
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Program

Small recap

The family of experiments

Satellites instruments

Ground-based Instruments
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DISCLAIMER: USED MANY SLIDES FROM R. MIRZOYAN, 
https://agenda.infn.it/event/17979/timetable/#20200114

https://agenda.infn.it/event/17979/timetable/


Who am I
Michele Doro
Associate Professor of Experimental Particle Physics at
Dipartiment of Physics and Astronomy (DFA) of the University of Padova

🟠 Courses: Experimental Physics, Physics

🟠 Mail: michele.doro@unipd.it. Write me if needed!
🟠 http://www.pd.infn.it/~mdoro, http://unipd.academia.edu/MicheleDoro
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MAGIC telescopes!

Michele Doro - ISAPP 21 School

mailto:michele.doro@unipd.it


The amazing 
cosmic ray 
spectrum
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Let’s go back to gamma-rays

Michele Doro - ISAPP 21 School 6



Multi-w multi-m
🟠 From radio to gamma
🟠 From gamma to neutrinos
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Generate gamma-rays with leptons

gamma-ray
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Instruments/
How to detect 

gamma-rays
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Gamma Ray (Cosmic-ray) Nomenclature

🟠 Classification more related to experimental technique (see Monday’s lecture!)
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Agile, DAMPE+

CTA+
HAWC, +

TA



Single instrument?

Michele Doro - ISAPP 21 School 11

Not yet availbale

Gamma ray spectra with photon index -2 to -5



There is no gamma-ray “reflection”
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Particle physics



Detection 
🟠 Gamma rays cannot be 

reflected, and thus not
concentrated (they
interact with nuclei)

🟠 The dominant 
interaction depends on 
the energy of the 
gamma ray

Photon interactions in Pb

sRayleigh

Photoelectric Pair prod.Compton
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Comparing experiments

Sensitivity is not the only thing that matters
14

Plot from https://arxiv.org/abs/1611.02232

Past

Present

Fture

https://arxiv.org/abs/1611.02232


Steady and transient sensitivity

🟠 Sensitivity is defined for INTEGRATION TIME
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Energy resolution
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🟠 The ability to discriminate 
between photon of similar 
energies

🟠 Very important for spectral shape



Angular resolution 
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🟠 The ability to discriminate 
photons from close angular 
distance

🟠 Very important for morphology
🟠 Objects smaller than minimum 

angular resolution are not 
resolved as extended…



Ingredients to discovery
🟠 The acceptance to photons of 

different energies is not the same
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Field of view
🟠 How large a sky fraction 

can be observed
🟡 In a shot
🟡 In a night
🟡 In a year
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Duty cycle
🟠 Some instruments 

work during
🟡 Moonless Night
🟡 Night
🟡 All-day

🟠 Duty cycle from 
1000h/year to 
9000h/year
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Other very interesting things to check
🟠 Data
🟡 Are the data public/available?
🟡 Are data available with what delay?

🟠 Software
🟡 Is there any instrument related software?
🟡 Is there a general astro-software?

🟠 Science
🟡 Is there a guest observer program?
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Do I have all the experimental knowledge to make a data 
reconstruction?



Ingredients to discovery
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Not yet availbale



Many, so many, too many?
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Ground

Imaging 
Cherenkov

WHIPPLE, 
Hegra,

MAGIC, HESS, 
VERITAS CTA

Non-imaging Airobic, BLANCA ..

Water front 
particle sampler Milagro, ARGO HAWC,LHAASO SWGO

Fluorescence Fly-s Eye, Hi-Res. Auger ..

Atmosphere

Baloon-borne 
mass 

spectrometer
many many many

Fluoresence . . JEM-EUSO (CR 
physics

Space

Coded-mask 
detectors . integral-SPI

Compton 
detectors . INTEGRAL- .

Pair production 
detectors COS,EGRET

AGILE, FERMI-
LAT, HERD

DAMPE
Astrogam/Amigo

ALDO MORSELLI



Still useful
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SATELLITES-KEV-MEV

CODED MASKS AND 
COMPTON
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Where are we
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INTEGRAL
🟠 INTEGRAL is dedicated to the 

fine spectroscopy (E/deltaE
= 500) and fine imaging 
(angular resolution: 12 
arcmin FWHM) of celestial 
gamma-ray sources in the 
energy range 15 keV to 10 
MeV

🟠 The INTEGRAL 
payload consists of the two 
main gamma-ray instruments 
🟡 the spectrometer SPI , 
🟡 the imager IBIS

🟠 INTEGRAL was launched on 
October 17, 2002
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https://www.cosmos.esa.int/web/integral/mission-overview

https://www.cosmos.esa.int/web/integral/mission-overview


Integral
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Coded mask
🟠 Allows imaging and separating 

and locating sources. 
🟠 provides near-perfect background 

subtraction, the detector pixels 
can be considered to be split into two 
intermingled subsets, 
🟡 those capable of viewing the source 

and 
🟡 those for which the flux is blocked by 

opaque mask elements. 
🟠 The shift of each projection encodes 

the position of the corresponding point 
source in the sky; 

🟠 the 'strength' of each projection 
encodes the intensity of the point 
source
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https://personal.sron.nl/~jeanz/cai/coded_intr.html
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SPI

🟠 SPI (SPectrometer on INTEGRAL) 
🟡 18 keV - 8 MeV energy range with an energy 

resolution of 2.2 keV (FWHM
🟡 array of 19 hexagonal high purity Germanium 
🟡 A hexagonal coded aperture mask is located 

1.7 m above the detection plane in order to 
image large regions of the sky (fully coded 
field of view = 16°) with an angular 
resolution of 2.5

Michele Doro - ISAPP 21 School 30



IBIS

🟠 IBIS, the Imager on Board the 
INTEGRAL Satellite

🟠 15 keV and 10 MeV. 
🟠 The total field of view (down to 

zero response) is 29.1° x 29.4°,
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Galactic Center as seen by Integral-IBIS
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Compton+Pair = e-Astrogam/Amego
🟠 By adding more 

layers 
+calorimeter one 
can see the full 
development of a 
pair produced by 
higher energy 
gamma-rays

🟠 Two proposed 
sister instruments
🟡 E-Astrogam
🟡 Amego
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https://arxiv.org/pdf/
1711.01265.pdf
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SATELLITE – GEV

PAIR PRODUCTION
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Where are we
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Fermi!



A PP event
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Amazing satellites
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Particle physics detectors
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GeV 
revolution
Mother and 
daughter
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AGILE

🟠 Launched in 2007
🟠 Should have been a 

precursor of LAT
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http://www.agilescienceapp.it /

http://www.agilescienceapp.it/


DAMPE (Dark Matter Particle Explorer)
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https://directory.eoportal.org/web/eoportal/satellite-missions/d/dampe

Mostly Chinese mission

https://directory.eoportal.org/web/eoportal/satellite-missions/d/dampe


Science with Fermi
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GROUND
-BASED!
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GROUND-TEV-
SMALL FOV

IMAGING CHERENKOV
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Where are we
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Extended Atmospheric Shower (EAS)
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The events: shower development
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The events: shower development
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The events: shower hits Earth surface
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HOW TO DETECT 
THE SHOWER?
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The shower dies of photo-eletric effect

sRayleigh
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Longitudinal EM shower development
Rossi & Greisen approximation B

22
00

 m
et

er
 a

.s
.l.

se
a 

le
ve

l

ln (E0/Ec)

age

Atmospheric depth t  (radiation lengths)               
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Bruno Rossi



Pavel Cherenkov

🟠 Had to find the fluorescence nature of solvents of 
uranium salts, emitting bluish light

🟠 Big was his surprise that also pure solvents and 
even water were emitting the annoying background 
light

🟠 Initially complaning about his boss: he had to spend 
>1-1,5 hours in a dark, cold cellar, for accomodating
his eyes

🟠 He noticed that the emission is not chaotic, but is 
related to the track of moving particle.
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Cherenkov flashes
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Be creative
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Cherenkov Radiation – light ‘boom’
🟠 Emitted whenever a charged 

particle traverses a medium at 
a speed larger than that of 
light in the medium

🟠 The radiation results from the 
reorientation of electric 
dipoles induced by the charge 
in the medium. 

🟠 When v > c/n the 
contributions from different 
points of the trajectory arrive 
in phase at the observer as a 
narrow light pulse
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A model for Cherenkov emission
🟠 Ingredients
🟡 Model of the energy of primary electrons and positrons in the 

shower
🟡 Model of the medium 𝑣 > 𝑐/𝑛
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Air density

Refraction index



🟠 Minimum energy for a charged particle to emit Cherenkov light

𝐸!"# =
𝑚𝑐$

1 − 𝛽$
>

𝑚𝑐$

1 − 𝑛%$
~
𝑚𝑐$

2𝜂&

🟠 Assuming 𝛽~1 the Cherenkov angle

cos 𝜗!'( =
1
𝑛 =

1
1 + 𝜂&

~1 − 𝜂&
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Lateral distribution

🟠 Hump position depends 
only on observation 
altitude but not on energy
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Photon yield and absorption
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Image from low-energy showers 
(less particles) have lower density 
at ground

Peak in the UV-Blue (300nm)



Attenuation in function of elevation
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~ 10 kmParticle
shower

Detection of TeV gamma rays using Cherenkov telescopes

~ 1o

Che
re

nk
ov

 lig
ht

~ 120 m
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Imaging Atmospheric

Cherenkov Telescopes

gamma-ray direction

Cherenkov light

p
a
rtic

le
  s

h
o
w

e
r

telescopes

camera 1
camera 2

 ~ 300 m

Very High Energy (VHE)

gamma-ray   E ~ O(0.1 - 100 TeV)
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~1 picture/sec 2 x 10^9 pictures/sec!
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Credit: Nina McCurdy and Joel R. Primack/UC-HiPACC

Figure of merits of current
generation:
• FOV 5x5 deg
• 50 GeV- 100 TeV
• Eff.Area ~ 105-106 m2

• Dark time: ~1000 h/year

• ~10-50 h source for 
detection

• ~0.1 angular resolution
• ~10-20% energy

resolution



Current IACTs

MD NIMA742 (2014) 99-106 
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Events rate and selection
🟠 During data-taking, e.g., MAGIC 

acquires @ 200 Hz. These are mostly
hadronic showers. Gamma-rays are 
less than 1/1000 of this rate.

🟠 During data reconstruction, only
1/1000 hadronic events survive (very
energy dependent)
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Events classes
Hadron (the bad)Gamma (the good) NSB (the ugly)
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Event tagging

1
You “clean” 
the image 

and extract 
shape 

parameters

2
You make a 

Random Forest 
is a collection of 
decision trees, 
by comparing 
with Monte 

Carlo 

3
You have 

classified events 
according to 

“hadronness” 
and start to 
make cuts
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Some background survives
🟠 Strong! ´ Weak
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PART 1
A GAMMA-RAY DETECTOR
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The MAGIC “catalogues”

88

🟠 Wide extragalactic and galactic catalogues
🟠 MAGIC hunts the farthest objects due to lowest energy threshold

52 so
ur

ce
s

37 so
urce

s

12 so
urce

s
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From TeVCat 2.0 http://tevcat2.uchicago.edu/



Two CTA arraysM.Gaug, MD, MNRAS accepted 10.1093/mnras/sty2188à

La
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Three telescope sizes
2017 Begin Pre-Construction
2022 Begin Operation
2022-25 Commissioning and 

Early Science
2024/5 Construction 
completion

Large Size

Medium Size

Small Size
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A sensitivity leap

LOWER 
ENERGY 

THRESHOLD
HIGHER ENERGY 

REACH
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CTA energy and angular resolution

àspectral features à Morphology discrimination

Angular resolution
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🟠 It would be even better if somebody told
us where dark subhalos could be…

🟠 Fermi-LAT follow ups?
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CTA and dark matter
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Last week - ESCAPE
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https://escape2020.github.io/school2021/

https://escape2020.github.io/school2021/


GROUND-TEV-WIDE FOV 

SHOWER FRONT
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Where are we

Michele Doro - ISAPP 21 School 99



Michele Doro - ISAPP 21 School 100



Particle detectors
🟠 Detection of 

charged shower 
constituents 
through several 
instruments
𝑒!, 𝑒", 𝜇, 𝛾

🟠 Large arrays
🟠 Higher altitudes
🟠 All-day duty cycle
🟠 Wide FOV
🟠 TeV+ threshold
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What detectors?
🟠 Charged particle detectors
🟡 Water Cherenkov (in tank, 

manmade or natural water 
pond)

🟡 Scintillator units
🟡 Resistive Plate Counters

🟠 To separate electrons from 
muons one can consider 
specific ‘muon-only’ detectors
🟡 Shielding with thick material 

allows 𝛾, 𝑒± absorption
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Water 
Cherenkov Scintillators

Resistive 
Plate 

Counters



Water Cherenkov (tank,pond)
🟠 In water charged particles emit Cherenkov 

light
🟡 Wider angle than in atmosphere

🟠 Needs
🟡 Purified water, few m depth
🟡 Insulated tank
🟡 Few light sensors

🟠 Can be done in solid materials
🟠 Exp: Milagro, HAWC, LHAASO (also Auger)
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Single tanks or segmented ponds

🟠 HAWC, SWGO
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🟠 Milagro, LHAASO



Resistive Plate Counter
🟠 Needs:
🟡 Chamber filled with Argon 

gas
🟡 HV
🟡 Charged particle ionize
🟡 Readout strips allows for 

very accurate
🟡 Spatial resolution
🟡 Temporal resolution

🟠 Experiments: Argo-YBJ
🟠 Not a calorimetric 

measurement
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🟠 ARGO-YBJ



Scintillators
🟠 Needs
🟡 Wide area scintillator
🟡 Light collector+photsensors

🟠 Experiments: HEGRA, LHAASO
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Shower core-temporal reconstruction

🟠 Need a model for temporal evolution (ns)
🟠 Shower core location and evolution
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HAWC
🟠 Location: Puebla, Mexico, 4100 m 

asl

🟠 Collaboration: US+Mexico (mostly), 
120 scientists

🟠 Operating: 2016+

🟠 Technique: 
🟡 Inner 300 water Cherenkov 

tanks 7m d, 4.5m h
■ 4 PMTs / tank

🟡 Outer sparse 350
tanks 1.65m h
■ 1 PMT / tank
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LHAASO
🟠 Location: Sichuan, China, 4410 

m a.s.l.

🟠 Collaboration: China

🟠 Operating: 2020+
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Southern Wide-Field gamma-ray observatory
🟠 A shower-front 

detector of TeV 
gamma rays to be 
located in South 
America

🟠 100! GeV –
100! TeV

🟠 Built on experience 
of HAWC, Milagro, 
Auger + MAGIC, CTA, 
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SWGO

114



…brought up in South America in 201x

🟠 MD site working 
group coordinator 
2019-21
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CONCLUSIONS
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Multi-messenger
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Gamma-rays

🟠 Probes of astrophysics
🟠 Probes of cosmic-ray physics
🟠 Probes of fundamental physics
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Experiments

🟠 Pick yours and
🟡 Know the instrument details in details!
🟡 Know the software (contact members if needed)
🟡 Consider building an experiment, so much fun!
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Good bye and thanks!

Michele Doro - ISAPP 21 School


