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1912: The discovery of comic rays
The 5th balloon flight – 7.8.1912

American physical society

Georg Federmann, 2003

Über Beobachtungen der durchdringenden Strahlung bei
sieben Freiballonfahrten
Von V. F. Hess 
(Physik. Zeitschr. 14, 1084, 1912) 

[...]

Die Ergebnisse der vorliegenden Beobachtungen scheinen am 
ehesten durch die Annahme erklärt werden zu können, daß
eine Strahlung von sehr hoher Durchdringungskraft von oben 
her in unsere Atmosphäre eindringt und auch noch in den 
untersten Schichten einen Teil der in geschlossenen Gefäßen 
beobachteten Ionisation hervorruft.

[...] 

P. Carlson, A. de Angelis, arXiv:1012.5068v2

The results of the available observations seem to be best explained by the assumption
that a radiation of very high penetrating power penetrates our atmosphere from above
and causes a part of the ionization observed in closed vessels even in the lowest
layers.
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K. Kotera, A. Olinto, ARAA 2011

The Spectrum of Cosmic Rays

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022



Page 4

K. Kotera, A. Olinto, ARAA 2011

The Spectrum of Cosmic Rays

Cosmic particle
accelerators

direct protonsvia photons

via neutrinos

Galactic “Knee” Extragalactic
• Protons

• directly produced in the sources

• Photons (Gamma-rays)

• from protons: 
pion-decay: π0→ γγ

• from electrons: 
Inverse Compton Scattering: e± γ→ e± γ

• Neutrinos

• from protons: 
pion-decay: π±→ μ± νμ
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1953 – 2004
The beginnings



Page 6

1953: The BeginningGalbraith & Jelly
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Crab Nebula: A gamma-ray source?
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A big thank you to all those 
who provided me with material 
for the preparation, especially 
Werner Hofmann
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Useful units, numbers, dimensions

• 1 erg = 10-7 J;     1 TeV ≈ 1.6 erg;     
• Supernova Ekin ≈ 1051 erg

• 1 yr ≈ p 107 s

• 1 pc ≈ 3.26 LJ ≈ 3.1.1018 cm ≈ 1000 km/s x 1000 yr
• Distance to center of Galaxy ≈ 8.5 kpc
• Surface of kpc sphere ≈ 1.2.1044 cm2

• Distance to M31 (Andromeda) ≈ 800 kpc
• Distance to Centaurus A ≈ 4 Mpc

• Redshift z = 0.1 ≈ 0.4 Gpc

• Surface of Gpc sphere ≈ 1.2.1056 cm2

• Gyroradius of (z=1) particles: rpc ≈ EPeV/BµG

Energy and distance
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Visibility of the Crab Nebula in 
Gamma-rays
Crab pulsar 

• Distance ~6500 Ly

• spin-down power �̇� ~5×10!"erg/s = 8×10!"TeV/s

Assume

• Conversion efficiency 𝜂 = ℒ!
%̇
= 0.01% in gamma-rays at VHE 

energies
• Isotropic emission 
• 100 detected photons for detection (reasonable)
• background-free (somewhat optimistic)

⇒ 𝑁 = !&''
!
× #̇

$ %&'
×𝑇()*

We need a detector with 𝑂(10!)𝑚" detection area!
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How to measure gamma-rays?

Photon
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How to measure gamma-rays?

Photon
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Showers look like meteors

Photon
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How to measure gamma-rays?

Photon

Camera image

Intensity à Energy

Orientation à Direction

Shape à Primary
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Showers in the camera
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Shower in the camera
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Cosmic ray veto using shower shape

few 100 Hz RatemHz - Hz Rate
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Wipple

Wipple

The discovery of the Crab Nebula in 1989
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How to measure gamma-rays from the ground?

Photon

Single telescope event 3 telescope image in common
camera plane

Intensity à Energy

Orientation à Direction

Shape à Primary particle
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1992: HEGRA
Stereoscopic imaging technique
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Useful units, numbers, dimensions

• assume 
• 100 detected photons for image (reasonable)
• background-free (somewhat optimistic)

• optical telescope (few eV)
• 10 m aperture, 1 h, 100% eff 
• 3.10-8 ph/cm2s ~ 10-7 eV/cm2s ~ 2.10-19 erg/cm2s

• X-ray satellite (keV)
• 50 ks, eff. mirror aperture 500 cm2 (Chandra)  
• 4.10-6 ph/cm2s ~ 10-14 erg/cm2s 

• Fermi-LAT (few 100 MeV)
• 1 yr,  2 sr, eff. area 8000 cm2

• 2.10-9 ph/cm2s ~ 10-12 erg/cm2s

• Cherenkov telescope (few 100 GeV)
• 50 h,  eff. area 50000 m2

• 10-12 ph/cm2s ~ 5.10-13 erg/cm2s

Instrument sensitivity

required source luminosity @ 1 kpc:
~1032 erg/s
Sun thermal luminosity
~4.1033 erg/s
Crab pulsar spin-down 
~5.1038 erg/s
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Useful units, numbers, dimensions

• Crab-like pulsar, assume 1% of spin-down (1% of 5.1038 ergs/s)  into radiation
(note: actual Crab has 10-5 into VHE gamma rays)

• at 1 kpc 4.10-8 ergs/cm2s
• at center of Galaxy 5.10-10 ergs/cm2s
• at LMC (50 kpc) 2.10-11 ergs/cm2s
• at Andromeda 6.10-14 ergs/cm2s

• Dropping mass into BH, at 1% mc2

• 1 solar mass / yr @ 1 Gpc 5.10-12 ergs/cm2s
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2004 – 2022
From source hunting to real 
astronomy
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Experimental techniques

Satellites
(Fermi-LAT)

Air Cherenkov Systems
(MAGIC, VERITAS, H.E.S.S.)

Water Cherenkov Systems
(HAWC, LHAASO)

MeV GeV TeV PeV

Cherenkov light Particle shower
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Experimental techniques

Fermi-LAT MAGIC

VERITAS

H.E.S.S.

HAWC

MeV GeV TeV PeV

LHAASO
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Experimental techniques

Fermi-LAT MAGIC

VERITAS

H.E.S.S.

HAWC

MeV GeV TeV PeV

LHAASO

Fermi LAT IACTs HAWC
Effective area 1 m2 105 m2 105 m2

Field of view 20% of the sky 3o – 5o 15% of the sky
Energy res. 10% 10% 100% – 20%  
Angular res. 6o – 0.3o 0.1o 1o – 0.2o

Duty cycle Full year 1400 h/year Full year
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Photon
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Gamma-ray astronomy – 3rd generation experiments

VERITAS, USA

H.E.S.S., Namibia

MAGIC, La Palma
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The sources of cosmic rays

molecular cloud

massive star

no acceleration 
until ...

SNR shell

RX J1713

Jim Hinton
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Supernova remnants – the souces of
cosmic rays?
Why supernova remnants?

• Large energy release ESNR ≈ 10 ∙ ECR

• Acceleration in shock waves

Shock wave

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

O. Krause (Steward Obs.) et al., 
SSC, JPL, Caltech, NASA
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Gamma-ray production by protons

• Cross section for p H (i.e. p p) collisions:

• Proton size ~ 1 fm
• Strong interactions have short range

➜ Cross section s ≈ p 10-30 m2 ≈ 30 mb     (Reality ≈ 40 mb)

• Interaction rate 𝒓 = 𝝈 𝒄 𝝆 ≈ 4 , 10+,-𝑐𝑚, , 3 , 10$. /0
*
𝑛 𝑐𝑚+1

≈ 10-15 n/s ≈ 3.10-8 n/yr
≈ energy-independent!

Energy E >> m

“leading” proton or neutron
(valence quarks flying through)

many 
pions

gammas from 
p0 decays
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Gamma-ray production by protons

• Scaling variable 

• Distribution in x

• Normalisation
(per interaction)

𝑥 =
𝐸'
𝐸(

𝑑𝑁
𝑑𝑥

=
1 − 𝑥 )…+

𝑥

(𝐸'
𝑑𝑁
𝑑𝐸'

𝑑𝐸' = 𝜂 𝐸' ≈
1
2
1
3
𝐸(

(𝑥
𝑑𝑁
𝑑𝑥

𝑑𝑥 = 𝜂 𝐸' ≈
1
6

Longitudinal phase space

Leading particle keeps 50% energy

(masses play no role since E >> m)

Energy E >> m

“leading” proton or neutron
(valence quarks flying through)

many 
pions

gammas from 
p0 decays

Interaction dynamics / valence quark distributions

Equal numbers of π+, π -, π 0
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Gamma-ray production by protons

• Gamma-ray Spectral Energy Distribution (SED)

peaks at x ≈ 0.2

Energy E >> m

“leading” proton or neutron
(valence quarks flying through)

many 
pions

gammas from 
p0 decays

Gammas from
100 TeV p
1 TeV p

E2dN/dE

𝐸',
𝑑𝑁
𝑑𝐸'

~𝑥,
𝑑𝑁
𝑑𝑥

~𝑥 1 − 𝑥 )…+
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Gamma ray production by protons

• Gamma ray spectrum follows proton spectrum, roughly Fg(E) ~ Fp(10E), with features smeared over about 
one decade in energy, and appearing about a decade lower in energy

• In particular, a power law proton spectrum gives a power law gamma spectrum with same index (±0.2)

• Gamma ray SED = Proton SED times cross section, 
convolved with p→gamma SED

Gammas from
100 TeV p
1 TeV p

E2dN/dE
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Gamma ray production by protons

• Valuable reference and parametrizations:

arXiv:0803.0688
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Gamma ray visibility of SNR

• Typical energy: 1051 erg; typical density n=1/cm3

• Shared between pdV work, heat, magnetic field, particles …
• all are somehow related … assume roughly equal shares …

➜ O(10%) ≈ 1050 erg in protons 

• Interaction rate O(10-15/s); 1/6 of energy into gammas

➜ gamma ray luminosity ≈ 2.1034 erg/s 

• Spread (~uniformly) over 7 decades of SED (~100 MeV (pion mass) to ~PeV)
➜ TeV gamma ray luminosity ≈ 2.1033 erg/s

• Gamma ray energy flux
➜ f ≈ 2.1033 (erg/s) E51n/(4pd2) ≈ 2.10-11 E51n/d2

kpc erg/(s cm2)

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

O. Krause (Steward Obs.) et al., 
SSC, JPL, Caltech, NASA
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The “official” answer

Supernova remnant visibility in gamma rays
Drury, Aharonian, Völk A&A 287 (1994) 959

F(>1TeV) ≈ 9.10-11 q E51 n/d2
kpc ph/cm2s

≈ 3.5.10-11 E51 n/d2
kpc erg/cm2s, 1…10 TeV

Sensitivity limit: ≈ 10-12 erg/cm2s

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

O. Krause (Steward Obs.) et al., 
SSC, JPL, Caltech, NASA
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Supernova Remnant RX J1713-3946 

“A guest star appeared in 
the constellation Wei 
during the second moon 
of the eighteenth year of 
the Tai-Yuan reign (Feb. -
March 393) and 
disappeared during the 
ninth moon (Oct. - Nov. 
393).”
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RX J1713-3946
The best studied SNR in VHE gamma-rays

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022



Page 40| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

Radiation processes

involving electrons
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This diagram describes …
… everything

e

low energy
photon in

high energy
photon out

+ ….

t
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This diagram describes …
… Compton Scattering

e

microwave background,
infrared, visible,
UV, X-ray photon

high energy
photon out

+ ….

t
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This diagram describes …
… Bremsstrahlung

e

high energy
photon out

+ ….

t

virtual photon
of nuclear
electric field
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This diagram describes …
… Synchrotron Radiation

e

high energy
photon out

+ ….

t

virtual photon
of B field

⊗
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This diagram describes …
… Pair production

e

microwave background,
infrared, visible,
UV, X-ray photon

high energy
photon out

+ ….

t

fringe benefit:
photon absorption by
pair production
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Exact treatment & detailed discussion

• Bremsstrahlung, Synchrotron Radiation, and Compton Scattering of High-Energy Electrons Traversing Dilute 
Gases

Blumenthal & Gould, Reviews of Modern Physics, vol. 42, pp. 237-271

THE reference:

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022
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Inverse Compton Scattering
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Cross section

• total cross section s depends only on cms energy √s

• in units where ħ = c = 1, s has dimension 1/E2

• hence up to factors of order unity s ≈ a2/s

e

microwave background,
infrared, visible,
UV, X-ray photon

high energy
photon out

+ ….

t

aa = 1/137
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Cross section

• for simplicity, consider head-on collision

• Thomson limit

• Klein-Nishina limit

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

𝑠 = 𝐸- + 𝐸(.
,
− 𝑝- + 𝑝(.

,
≈ 𝑚-

, + 4 𝐸-𝐸(.

4 𝐸-𝐸(. ≪ 𝑚-
,

s ≈ 𝑚-
, ; 𝜎 ≈ 𝑐𝑜𝑛𝑠𝑡 ≈

𝛼,

𝑚-
,

4 𝐸-𝐸(. ≫ 𝑚-
,

s ≈ 4𝐸-𝐸(. ; 𝜎 ≈
𝛼,

4 𝐸-𝐸(.

𝐸- ≫ 𝑚-



Page 50

Cross section

• In useful units

• Correct answer is 16 à 6

• “Thomson cross section” 6.6 ? 10/,0 𝑚,

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

𝛼,

𝑚-
, =

𝑒,

4 𝜋 𝜀1ℏ𝑐

, 1
𝑚-
,𝑐)

ℏ𝑐 , =
𝑒)

16𝜋 𝜀1,𝑚-
,𝑐)

ℏ𝑐 ≈ 200 𝑀𝑒𝑉 𝑓𝑚
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Kinematics

• Thomson limit 

e

microwave background,
infrared, visible,
UV, X-ray photon

high energy
photon out

+ ….

t

aa = 1/137

𝑠 = 𝑚∗, ≈ 𝑚-
, + 4 𝐸-𝐸(.

4 𝐸-𝐸(. ≪ 𝑚-
,

𝐸- ≫ 𝑚-
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Kinematics

CM frame

Thomson limit 

à all energy carried by gamma

Lab frame: boost by 

m* 

𝐸2∗ = 𝑝2∗ = 𝑝&∗

𝑝-∗ ≪ 𝑚-

⇒ 𝐸-∗=
𝑝-∗,

2𝑚-
≪ 𝑝-∗ = 𝑝'∗ = 𝐸'∗

⇒ 𝐸-∗≈ 𝑚∗ − 𝑚- = 𝑚-
, + 4𝐸-𝐸(. − 𝑚- ≈

2𝐸-𝐸(.
𝑚-

𝛾 =
𝐸-
𝑚∗ ≈

𝐸-
𝑚-

⟹ 𝐸' ≈
2𝐸-,𝐸(.
𝑚-
,
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Kinematics

• in useful units

𝐸' =
2𝐸-, 𝑇𝑒𝑉 𝐸(. 𝑒𝑉 × 103,

511 ×10/0 , ≈ 8 𝐸-, 𝑇𝑒𝑉 𝐸(. 𝑒𝑉

• Example: scattering off CMB, with 𝐸(. ≈ 2×10/)𝑒𝑉

𝐸' 𝑇𝑒𝑉 ≈ 0.002 𝐸-, 𝑇𝑒𝑉

10 TeV electron off CMB: 𝐸' = 0.2 𝑇𝑒𝑉
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Kinematics

• Gamma energy: 

𝐸' ≈
2 𝐸-,𝐸(.
𝑚-
,

in the Thomson limit where 4 𝐸-𝐸(. ≪ 𝑚-
, and hence always 𝐸' < 𝐸-

• In practical units: Thomson limit
𝐸- 𝑇𝑒𝑉 𝐸(. 𝑒𝑉 < 0.1

• For scattering of visible light: 𝐸- < 100 𝐺𝑒𝑉
• For scattering of CMB: 𝐸- < 500 𝑇𝑒𝑉
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Kinematics

• Gamma energy: 
𝐸' ≈ 𝐸-,𝐸(.

• Spectrum:
𝑑𝑁
𝑑𝐸'

=
𝑑𝑁
𝑑𝐸-

𝑑𝐸-
𝑑𝐸'

~ 𝐸-/4𝐸'
/3,

~ 𝐸'
/45

/4

𝐸'
/45 = 𝐸'

/ 453 /,

à Gamma spectral index is (𝛼 + 1)/2
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E 2 dN
dE

Electron SEDGamma SED

Eγ ,peak ≈ 8Ee,max
2 [TeV ]Eph[eV ]
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Energy loss rate

• Photon energy and cross section

𝐸' ≈
, 765778
86
5 and     𝜎 ≈ 45

86
5

97
9:
= −𝐸'𝜎𝑛𝑐 where 𝑛 = density of target photons

𝑛 = ;
778

; 𝑈 = energy density of the “target”

97
9:
= −

,765778
86
5

45

86
5

;
778

𝑐 ~𝐸-,𝑈

• Energy loss scales with square of electron energy

• depends only on energy density of target (B, vis, CMB, …) field

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022



Page 58

Energy loss rate

• Energy density in starlight ≈ 1 eV / cm3

• Energy density in CMB ≈ 0.26 eV / cm3

• Energy density in B-field ≈ 0.03 B2
µG eV / cm3

• 𝜏 = !.
( ⁄$! $%)

~ '
!.

• 𝜏 = ()'*/ +,
- .//120 ! 3./

• 𝜏4+51 =
'*1 +,

62 78 ! 3./

| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

Energy density in 
3 µG field ≈ CMB

for typical eV energy densities in target 
fields and multi-TeV electrons, loss time 
O(105) y
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IC scattering loss history

Blumenthal & Gould, RMP 42
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Synchrotron radiation
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This diagram describes …

• Start from

𝐸' =
2𝐸-, 𝑇𝑒𝑉 𝐸(. 𝑒𝑉 × 103,

511 ×10/0 , ≈ 8 𝐸-, 𝑇𝑒𝑉 𝐸(. 𝑒𝑉

• What is the photon energy?
| Gamma-ray astronomy with IACT | Christian Stegmann, Erice, July 2022

… Synchrotron Radiation
e

+ ….

𝐸(.

⊗
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Synchrotron radiation

Start from  Eγ [TeV] ≈ 8E 2
e[TeV] Eph[eV]

What is the photon energy ??

⊗ Eph
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Synchrotron radiation energy

• Start from
𝐸' ≈ 8 𝐸-, 𝑇𝑒𝑉 𝐸(. 𝑒𝑉

• What is the photon energy?

• Electron in B field has on characteristic frequency
Gryo frequency 𝜈 = -<

,=86
≈ 2.8 𝐵 𝜇𝐺 𝐻𝑧

Energy 𝐸(. 𝑒𝑉 ≈ 10/3) 𝐵 𝜇𝐺

Sync. Radiation 𝐸>? 𝑒𝑉 ≈ 0.08 𝐸-, 𝑇𝑒𝑉 𝐵 𝜇𝐺

• Correct answer for peak of synchrotron spectrum,after averaging over pitch 
angles etc.: 0.08 → 0.07


