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Part 2. How do we detect gamma rays?

Hulk need bigger
telescope for higher
energy photons
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How optical photons interact with matter

photons -> electric signals

The back of the human eye has photoreceptors
that directly absorb photons at optical/visible
wavelengths and convert them into electric signals

Retina

: HsC \‘CHg CH3 CH; H
photon WP PN o
absorbed
CHs
(a) 11-cis-retinal (b) all-trans-retinal
[Anatomy & Physiology, Connexions]
How do we do this for gamma rays? o
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https://commons.wikimedia.org/wiki/File:1415_Retinal_Isomers.jpg

How gamma rays interact with matter

photons -> electric signals

Gamma rays are hard to measure directly, but electrons (and positrons) are easy

o A 2 e

photoelectric effect Compton scattering pair production
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How gamma rays interact with matter

Note: The exact shapes of these curves depend on the target material

Al [C. Ertley, PhD thesis, 2014]
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https://www.researchgate.net/publication/260971192_STUDYING_THE_POLARIZATION_OF_HARD_X-RAY_SOLAR_FLARES_WITH_THE_GAMMA_RAY_POLARIMETER_EXPERIMENT_GRAPE

How gamma rays interact with matter

Note: The exact shapes of these curves depend on the target material
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https://www.researchgate.net/publication/260971192_STUDYING_THE_POLARIZATION_OF_HARD_X-RAY_SOLAR_FLARES_WITH_THE_GAMMA_RAY_POLARIMETER_EXPERIMENT_GRAPE

The atmosphere is opaque to gamma rays,
atmospheric so let’s go to space first

transparency

10-6 m 107 m 10-8 m 10-9m 10 m 10-" m 102 m 10-83 m 104 m 10-5 m 10-6 m 10-7 m 108 m 10-9 m 10-206 m
2d g- ultraviolet X-rays gamma rays high energy gamma rays very high energy gamma rays
1eV 10 eV 100 eV 1 keV 10 keV 190 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV 1 TeV 10 TeV 100 TeV
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How gamma rays interact with matter: pair production

Gamma rays are hard to measure directly, but electrons (and positrons) are easy

¥
................. / Yo et e Yo et te
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ot e e+ and e energy deposited

In pair-conversion telescopes, the gamma rays are converted into electron-positron pairs,
whose trajectories are tracked and energies are measured

DESY



How gamma rays interact with matter: pair production

Pair-conversion telescopes

e+" “e- . et+and e energy deposited
What exactly is happening here?
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How gamma rays interact with matter: pair production

Pair-conversion telescopes

electromagnetic shower

v . et+and e energy deposited

What exactly is happening here?
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How gamma rays interact with matter: pair production

Pair-conversion telescopes

lower energy Y higher energy Yy

electromagnetic shower

|
|
|
|

[J. Knapp]
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https://www-zeuthen.desy.de/~jknapp/fs/

How gamma rays interact with matter: pair production

Gamma rays are hard to measure directly, but electrons (and positrons) are easy

electromagnetic shower

ZIIIIIIII/ZIIIZIZIIII yoerte

..................................... e+ and e-tracked

/ \ e+ and e-energy converted

into lower energy photons
that can be directly absorbed

In pair-conversion telescopes, the gamma rays are converted into electron-positron pairs,
whose trajectories are tracked and energies are measured

DESY



How gamma rays interact with matter: pair production

Gamma rays are hard to measure directly, but electrons (and positrons) are easy

Scintillators absorb higher energy
photons or charged particles, then
reemit the energy in lower energy
(UV, optical) photons

/|

AE

conduction band

valence band

scintillator

photodiode

A

In pair-conversion telescopes, the gamma rays are converted into electron-positron pairs,

whose trajectories are tracked and energies are measured

DESY



https://eljentechnology.com/

How gamma rays interact with matter: pair production

Gamma rays are hard to measure directly, but electrons (and positrons) are easy
¥ incoming charged particles rejected

/ ~ 'X — et 4 e-

..................................... e+ and e-tracked

a e+ and e- energy deposited

In pair-conversion telescopes, the gamma rays are converted into electron-positron pairs,
whose trajectories are tracked and energies are measured
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How gamma rays interact with matter: pair production

Pair-conversion telescopes
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Fermi Large Area Telescope

In pair-conversion telescopes, the gamma rays are converted into electron-positron pairs,
whose trajectories are tracked and energies are measured

DESY.


https://imagine.gsfc.nasa.gov/observatories/satellite/fermi/

How gamma rays interact with matter: pair production

Fermi-LAT data

In pair-conversion telescopes, the gamma rays are converted into electron-positron pairs,
whose trajectories are tracked and energies are measured

DESY


https://imagine.gsfc.nasa.gov/observatories/satellite/fermi/

How gamma rays interact with matter: pair production

Gamma rays are hard to measure directly, but electrons (and positrons) are easy

electromagnetic shower

Y 2 er+e

e+ and e-tracked

e+ and e- energy converted
into lower energy photons
that can be directly absorbed

When the initial photon energy is too high, the shower can’t be contained within the detector
-> space-based telescopes can’t go above ~100s of GeV (plus the issue of collecting area)

DESY



atmospheric
transparency

10-6m

2d
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1eV

107 m
ultraviolet
10 eV

10-8 m 109 m

X-rays
100 eV

1 keV

10-9 m

18- m

gamma rays

10 keV

100 keV

102 m

1 MeV

183 m

10 MeV

104 m

105 m

10-16 m

high energy gamma rays

100 MeV

1GeV

10 GeV

We use the atmosphere
as part of the detector to
get to this energy range

107 m 10-18 m 1019 m 10-28 v
very high energy gamma rays
100 GeV 1TeV 10 TeV 100 Te''
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https://commons.wikimedia.org/wiki/File:Fermi_Gamma-ray_Space_Telescope_spacecraft_model.png

Use the atmosphere as part of the detector VHE: Very High Energy
(>100 GeV)

Primary Gamma Ray

pair production

Bremsstrahlung

gamma ray interacts with the atmosphere


https://www.ctao.org/emission-to-discovery/science/how-ctao-works/

Use the atmosphere as part of the detector

Particles in the air shower produce Cherenkov radiation

electromagnetic equivalent to a sonic boom
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Use the atmosphere as part of the detector

Particles in the air shower produce Cherenkov radiation

electromagnetic equivalent to a sonic boom
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Use the atmosphere as part of the detector

Particles in the air shower produce Cherenkov radiation

electromagnetic equivalent to a sonic boom
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Use the atmosphere as part of the detector

Particles in the air shower produce Cherenkov radiation

electromagnetic equivalent to a sonic boom
[J. Eckhard]

N v<c/n:

no wavefront

R
‘ v > c/n:
wavefront
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https://www.thphys.uni-heidelberg.de/~wolschin/eds14_3s.pdf

Use the atmosphere as part of the detector

Particles in the air shower produce Cherenkov radiation

electromagnetic equivalent to a sonic boom

DESY.

v = particle’s speed =2
n = index of refraction of air c
4t
n 1
0 = arccos —
Bn

g ~1

oy
>\
N\
g
Oy
N\ n ~ slightly larger than 1
N\
N\
N\
N\ =>0-~1°
=
N\

if shower starts 10 km above ground,
Cherenkov light cone size will be ~100 m

100 GeV photon

~100 m


https://www.thphys.uni-heidelberg.de/~wolschin/eds14_3s.pdf
https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)
Take a “snapshot” of the pool of Cherenkov light

photon [J. Knapp]
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https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)
Take a “snapshot” of the pool of Cherenkov light

photon [J. Knapp]

DESY. Sylvia J. Zhu, DESY summer students 2025


https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)
Take a “snapshot” of the pool of Cherenkov light

photon [J. Knapp]

DESY. Sylvia J. Zhu, DESY summer students 2025


https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)
Take a “snapshot” of the pool of Cherenkov light

photon [J. Knapp]
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https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)
Take a “snapshot” of the pool of Cherenkov light

photon [J. Knapp]

[H. Volk & K. Bernlohr, ExA 25 (2009)]

main axes -> photon direction
image intensity + geometry -> energy
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https://ui.adsabs.harvard.edu/abs/2009ExA....25..173V/abstract
https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)
Take a “snapshot” of the pool of Cherenkov light

charged particle (proton)

eecCoee
0 6 15 W 0 W W pa

1.0 TeV gamma shower 2.6 TeV proton shower

main axes -> photon direction
image intensity + geometry -> energy

shape -> charged particle rejection
“gamma-hadron separation”

DESY.


https://ui.adsabs.harvard.edu/abs/2009ExA....25..173V/abstract
https://www-zeuthen.desy.de/~jknapp/fs/

Imaging Atmospheric Cherenkov Telescopes (IACTS)

DESY

Example: RXJ1713, exposure time: 167 hours, one pixel is 0.01° x 0.01°

without gamma-

adron separation

charged particle (proton)

I

with gamma-hadron separation
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1.0 TeV gamma shower

main axes -> photon direction
image intensity + geometry -> energy

shape -> charged particle rejection
“gamma-hadron separation”


https://ui.adsabs.harvard.edu/abs/2009ExA....25..173V/abstract
https://www.astroteilchenschule.nat.fau.de/schule2014/teilnehmer_vortraege/marx.pdf
https://www-zeuthen.desy.de/~jknapp/fs/

IACT arrays
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[H.E.S.S., MPIK/Christian Fohr]

Daniel R. Strebe
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https://commons.wikimedia.org/wiki/File:Winkel_triple_projection_SW.jpg
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center
https://www.sense-pro.org/portraits/experiments/magic

IACT arrays

MAGIC (La Palma) VERITAS (Arizona, US) H.E.S.S. (Namibia)

RIR]

[Derek Strom, Giovanni Ceribella, MAGIC Collaboration] VERITAS Collaboration [H.E.S.S., MPIK/Christian Fohr]
2 X 236 m2 4 x 110 m2 4 x 108 m2 N 1Xx 614 m2
since 2003 / 2009 since 2007 since 2007 since 2012
Major Atmospheric Gamma Very Energetic Radiation Imaging High Energy Stereoscopic System
Imaging Cherenkov Telescope Telescope Array System
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https://www.sense-pro.org/portraits/experiments/magic
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center

H.E.S.S. telescopes

Physical scale
CT5 (big telescope)

CT1-4 (small telescopes)

[S. Klepser]

60 tons, ~25 m at tallest

600 tons, ~60 m at tallest
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https://commons.wikimedia.org/wiki/File:HESS_II_gamma_ray_experiment_five_telescope_array.jpg
https://www.mpi-hd.mpg.de/HESS/pages/about/telescopes/images/Structure_Foehr.jpg

H.E.S.S. telescopes

Physical scale

CT1-4 (small telescopes) CT5 (big telescope)
sephese S [H.E.S.S. Collaboration]

_ a4 |

108 m2 total mirror area (a large apartment) 614 m2 mirrors (1.5 basketball courts)
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https://www.mpi-hd.mpg.de/HESS/pages/home/Webgalleries/HESS2_telescope/index.html

H.E.S.S. telescopes

Physical scale

l-.‘\l \\. \
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[Helmholtz Alliance for Astroparticle Physics / A. Chantelauze]
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https://www.youtube.com/watch?v=Raxj02-c7QY

H.E.S.S. telescopes

Cameras (small telescopes)

DESY. Sylvia J. Zhu, DESY summer students 2025



H.E.S.S. telescopes

Cameras (small telescopes)

DESY.



H.E.S.S. telescopes =

Cameras (small telescopes)
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https://commons.wikimedia.org/wiki/File:PhotoMultiplierTubeAndScintillator.svg

H.E.S.S. telescopes

DESY


https://www.mpi-hd.mpg.de/HESS/pages/home/som/2020/10/

H.E.S.S. telescopes

Camera (big telescope)

[C. Fohr (MPIK)]

[F. Werner]
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https://www.mpi-hd.mpg.de/HESS/pages/home/som/2020/10/

H.E.S.S. telescopes

What does a shift look like?

1-2 professional shifters + 2-1 students/post docs per shift (~25 days)
8-12 hours a night depending on the season
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H.E.S.S. telescopes

What does a shift look like?

1-2 professional shifters + 2-1 students/post docs per shift (~25 days)
8-12 hours a night depending on the season

e

pick up a truck and load it with 1-2 weeks worth of groceries

¢ Brakwater Hosea Kutako
International Airport

indRu

&= 2 h 5 min
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Namibja |~ Simbabwe Gamsberg : .
n Botsual;gvﬂ/. Madagaskar 24
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Siidafrika . |
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H.E.S.S. telescopes

What does a shift look like:

1-2 professional shifters + 2-1 stuj
8-12 hours a night depending on

- e Algerien \ \
’_' o { L
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( "r\ /- .

Mauretanien 5 i
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D ol
O
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| Mali
] = v

DESY.

drive for a long time on a gravel
road, start to doubt your sanity /
sense of direction and time
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H.E.S.S. telescopes

What does a shift look like?

1-2 professional shifters + 2-1 students/post docs per shift (~25 days)
8-12 hours a night depending on the season

DESY.
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H.E.S.S. telescopes

What does a shift look like?

1-2 professional shifters + 2-1 students/post docs per shift (~25 days)
8-12 hours a night depending on the season

Ll
HESSII H.ES Sf‘sne

6

residence
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H.E.S.S. telescopes

What does a shift look like?

1-2 professional shifters + 2-1 students/post docs per shift (~25 days)
8-12 hours a night depending on the season
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H.E.S.S. telescopes

What does a shift look like?

1-2 professional shifters + 2-1 students/post docs per shift (~25 days)
8-12 hours a night depending on the season

control room telescopes

DESY.



MAGIC telescopes

Carbon fiber frames

~30 m at tallest

?

~40 tons

DESY.


https://magic.mpp.mpg.de/gallery/pictures/index.html
https://www.youtube.com/watch?v=IWCwbNz-Mgo&ab_channel=StephanSchurig

IACT arrays

[Griffith Observatory]

Best for observations OK for observations Can’t observe OK for observations Best for observations

Cherenkov flashes are dim -> cameras are extremely sensitive
If there is too much bright ambient light, cameras could get damaged

=> IACTs observe ~25 nights during every ~28 day moon cycle (when weather is good)

DESY


https://griffithobservatory.org/exhibits/ahmanson-hall-of-the-sky/moon-phases/

IACT arrays

[Griffith Observatory]
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Two very different H.E.S.S. shifts


https://griffithobservatory.org/exhibits/ahmanson-hall-of-the-sky/moon-phases/

Cherenkov Telescope Array Observatory (CTAO)

Next generation IACT array

DESY.

~3km?

Array Coordinates

Latitude: 24° 471 0.34" South
Longitude: 70° 18’ 58.84" West

CTAO-South
Paranal, Chile

CTAO-North
La Palma, Spain

~0.25km?

area covered
by the array of
telescopes

Array Coordinates
Latitude: 28° 45' 43.7904" North
Longitude: 17° 53" 31.218" West


https://www.ctao.org/emission-to-discovery/array-sites/

IACT arrays

[H.E.S.S., MPIK/Christian Fohr]

Daniel R. Strebe
DESY. Sylvia J. Zhu, DESY summer students 2025


https://commons.wikimedia.org/wiki/File:Winkel_triple_projection_SW.jpg
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center
https://www.sense-pro.org/portraits/experiments/magic
https://www.cta-observatory.org/lst1-passes-cdr/

Cherenkov Telescope Array Observatory (CTAO)

LST-1

| X -— z /ir//";/":ﬂ'
~ VAN, 3 4 SNSAR T S W, P
S (U

VA
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https://www.youtube.com/watch?v=Mkb3qRasxUg&ab_channel=CTAO

Cherenkov Telescope Array Observatory (CTAO)

Next generation IACT array

CTAO will be 10x more sensitive than the current generation of IACT arrays

E? x Flux Sensitivity (erg cm?s™

DESY.
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Reconstructed Gamma-ray Energy ER (TeV)

modified from [CTAO]

Reconstructed Gamma-ray Energy ER (TeV)

Sylvia J. Zhu, DESY summer students 2025

https: /www._cta-observatory.org/science/cta-performance (prod5. v0.1)


https://www.ctao.org/for-scientists/performance/

How do IACTs decide what to observe and when?

1. When is it dark enough to observe?
2. When is the source high enough in the sky?
(i.e., with sufficiently small zenith angle)

izenith .~

‘angle .

larger zenith angle -> more atmosphere to go through
-> more absorption of Cherenkov photons

DESY



How do IACTs decide what to observe and when?

How far below the horizon do the Sun and Moon
have to be? How bright can the Moon be? Are
there certain parts of the sky that are too bright
in general?

1. When is it dark enough to observe?
2. When is the source high enough in the sky?
(i.e., with sufficiently small zenith angle)

izenith .~

‘angle .

larger zenith angle -> more atmosphere to go through
-> more absorption of Cherenkov photons

DESY



How do IACTs decide what to observe and when?

General considerations

Putting it all together:

L https://astro-colibri.com . .
VI ORB 2505204 & 1. When is it dark enough to observe?
(RA = 282.29° , DEC = -11.87°)

g9 2025-05-20 2025-05-21 ) 2. When is the source high enough in the sky?
(i.e., with sufficiently small zenith angle)

—

o
(]
=)

—
=
v
=]
=
S
N
(]

= Sun altitude
Moon altitude
* source |
Bl Dark time
mmm Moonlight |

0
12 14h 16h 18h 20h 22h 00h 2h 4h 6h 8h 10h 12h
hours from UTC midnight

Note: Grey levels correspond to civil, naval, and astronomical twilight, respectively. larger zenith angle -> more atmosphere to go through

ol it Ssers D lisse e lUlle -> more absorption of Cherenkov photons
Zenith < 60°: 21:41 UTC - 23:13 UTC

DESY.



Use the atmosphere as part of the detector

100 GeV gamma ray VS 100 TeV gamma ray

- most shower particles don't reach the ground - many shower particles reach the ground
- detect them via Cherenkov light in air - detect them directly

DESY


https://www-zeuthen.desy.de/~jknapp/fs/

Use the atmosphere as part of the detector

VHE gamma rays produce extensive air showers

100 GeV gamma ray VS 100 TeV gamma ray

=

- most shower particles don't reach the ground - many shower particles reach the ground

- detect them via Cherenkov light in air - detect them directly
[J. Knapp]

DESY. Sylvia J. Zhu, DESY summer students 2025


https://www-zeuthen.desy.de/~jknapp/fs/

Particle detector arrays

100 TeV gamma ray

Water Cherenkov detectors

air shower
particle
[J. Knapp]

5m f

200,000 L of

purified water

& [¢)

. S photomultiplier
T tube (PMT)

[U. M. Nisa, HAWC]

DESY. Sylvia J. Zhu, DESY summer students 2025


https://www-zeuthen.desy.de/~jknapp/fs/
https://ui.adsabs.harvard.edu/abs/2017ICRC...35..340N/abstract

Particle detector arrays

LHAASO
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tJ. Goodman]

Daniel R. étrebe
DESY. Sylvia J. Zhu, DESY summer students 2025


https://commons.wikimedia.org/wiki/File:Winkel_triple_projection_SW.jpg
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center
https://www.sense-pro.org/portraits/experiments/magic
https://www.eoportal.org/other-space-activities/lhaaso#lhaaso-large-high-altitude-air-shower-observatory
https://www.hawc-observatory.org/
https://www.cta-observatory.org/lst1-passes-cdr/

Particle detector arrays

CATCHING RAYS

China’s new observatory will ~25000 m —
intercept ultra-high-energy y-ray '
particles and cosmic rays.

LHAASO

¥
;/\\\.ﬂw
LHAASO ~ ]\1

A& AF F R A 3k

12 wide-field-of-view

air Cherenkov [IHEP]

jtopes p yF ~ 80,000-m? surface-
5,195 scintillator water Cherenkov 1,171 underground
detectors ’ detector water Cherenkov tanks

Daniel R. Strebe
DESY. Sylvia J. Zhu, DESY summer students 2025


https://commons.wikimedia.org/wiki/File:Winkel_triple_projection_SW.jpg
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center
https://www.sense-pro.org/portraits/experiments/magic
https://www.eoportal.org/other-space-activities/lhaaso#lhaaso-large-high-altitude-air-shower-observatory
https://www.hawc-observatory.org/
https://www.cta-observatory.org/lst1-passes-cdr/
https://ui.adsabs.harvard.edu/abs/2017Natur.543..300C/abstract

Gamma-ray detectors

Comparing sensitivities

DESY.
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[Z. Cao et al.,, LHAASO Science Book] E (GeV)

Sylvia J. Zhu, DESY summer students 2025


https://ui.adsabs.harvard.edu/abs/2019arXiv190502773C/abstract

Gamma-ray detectors

duty cycle
energy range

field of view

angular resolution
energy resolution

DESY

Fermi-LAT

~95%

[10s of MeV,
100s of GeV]

>2 Sr

~Q.1°-1°

~5-20%

..g'%vl...

IACT arrays
(current gen)

~15%

[~25 to 100 GeV,
100 TeV]

~ §°

<0.1°

~10 - 15%

CTAO

~15%

[~20 GeV,
>300 TeV]

~ 5e

< 0.05°

~5%

CTAD

particle detector arrays

~90%

[100s of GeV,
>PeV]

>2 Sr

~0.1° - 2°

~30 - 50%




