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Lecture 1: Context and HE gamma rays

‣ Gamma Rays

‣ Context: gamma ray astrophysics

‣ MeV gamma ray detection

‣ GeV gamma ray detection

‣ Gamma-ray interactions in the atmosphere

Lecture 2: VHE gamma rays

‣ The atmospheric Cherenkov technique (history and method)

‣ Other detection methods

‣ Current and future instruments

‣ Signal extraction and background modelling
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Gamma Rays
Characteristics of high-energy radiation
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Gamma Rays

Definitions:

‣ Medium-Energy Gamma Rays (MeV)

‣ High-Energy (HE) Gamma Rays  (100 MeV-50 GeV)

‣ Very-high-energy Gamma-Rays (50 GeV - 100 TeV)
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Gamma Rays

Definitions:

‣ Medium-Energy Gamma Rays (MeV)

‣ High-Energy (HE) Gamma Rays  (100 MeV-50 GeV)

‣ Very-high-energy Gamma-Rays (50 GeV - 100 TeV)

Astrophysical gamma rays:

‣ indicate the presence of a parent population of high-
energy massive particles 

‣ little effect from absorption in the galaxy

‣ carry information directly from the sites of 
acceleration
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Gamma Ray Astrophysics

Allows the study of:

‣ Non-thermal processes

‣ the highest energy window in the EM spectrum

‣ the “most violent places in the universe”

- extreme densities, masses

- intense radiation fields

- ultra-relativistic outflows/jets

- energetic shock waves and turbulence
8
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Gamma Ray Astrophysics

9

a multi-disciplinary field!
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First, a quick reminder of the last lecture…

particle interactions
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Recall: 
Thomson 
Scattering‣ F = ma = qE sin(ω0t)

‣ hν << mc2

‣ Completely elastic

- no change in energy 
(frequency) of scattered photon
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Compton 
Scattering

Including relativity, we get 
Compton scattering:

‣ Initial and final energy of the 
electron is not the same (electron 
gains energy in recoil)

‣ Cross-section is energy-
dependent (Klein Nishina)
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Inverse-
Compton

Case where scattering particle is not at 
rest

‣ Electron starts out with large amount of 
energy (ultra-relativistic)

‣ the photon may now gain energy from 
the electron (upscattering)

Important in high-energy astrophysics:

‣ populations of high-energy particles can 
upscatter radio, CMBR, optical, etc 
photons to GeV - TeV energies!

‣ therefore when you have high-energy 
electrons, you can see them with gamma-
ray telescopes!
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Pair 
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Pair 
Produciton

Creation of a particle-antiparticle pair when 
a gamma-ray interacts with another 
particle

‣ typically a nucleus in the detector medium 
or in Earth’s atmosphere
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Creation of a particle-antiparticle pair when 
a gamma-ray interacts with another 
particle

‣ typically a nucleus in the detector medium 
or in Earth’s atmosphere

Can you have pair production in free 
space?

Nope.

‣ good! gamma rays travel relatively 
unimpeded from source to a detector.
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Pair 
Produciton

Creation of a particle-antiparticle pair when 
a gamma-ray interacts with another 
particle

‣ typically a nucleus in the detector medium 
or in Earth’s atmosphere

Can you have pair production in free 
space?

Nope.

‣ good! gamma rays travel relatively 
unimpeded from source to a detector.

But… We never really have free space

‣ extra-galactic background light! (more on 
this later…)

‣ light-by-light scattering has a very small 
cross section, but it is non-zero and 
distances in space are large!

‣ implies an energy-dependent distance limit 
to how far gamma-rays can travel 16

γ → e+ + e−
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Cosmic Rays

A large level of ionizing radiation 
can be detected on Earth

Originally assumed to be from 
underground radiation sources.

Victor Hess in 1912:

‣ Balloon flight with an electroscope 
for measuring radiation level

‣ Expected radiation to decrease as 
one moves further from the 
ground

‣ The opposite is true:

- implies cosmic origin of these 
particles

17
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galactic:
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Earth
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Particle Accelerators

20

Man-made accelerators

Particles are accelerated in radio-
frequency cavities

Mono-energetic “beam” of particles
E ≈ 10 TeV

logE
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Particle Accelerators

20

Man-made accelerators

Particles are accelerated in radio-
frequency cavities

Mono-energetic “beam” of particles
E ≈ 10 TeV

logE

logN

Cosmic Accelerators

Particles are accelerated in shocks

power-law distribution of particle 
energies

E as high as PeV! 

logE

logN
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Cosmic Ray Origin
The cosmic rays we detect at earth (except the very highest-
energies) do not point back to their source

‣ We see only an isotropic distribution

Gamma rays allow us to “see” the sites of acceleration of 
cosmic rays!

21
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Gamma Ray Production

Leptonic gamma-ray production:

‣ Start with a population of energetic electrons/positrons

‣ gamma rays produced via Inverse-Compton upscattering of 
surrounding photon fields

- the CMBR is a nice target! (and it’s always there)

- could also be synchrotron photons produced by the electron population 
itself

Hadronic gamma-ray production:

‣ Start with a population of energetic protons (CRs)

‣ p + nucleus = π0 + X,     p + nucleus = π±  + X

‣ gamma rays are produced when π0s decay (π0  -›  γ+γ)
22
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Multi-wavelength view
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Multi-wavelength view

G. Renee Guzlas
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Multi-wavelength view

G. Renee Guzlas
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To understand particle accelerators in space, 
we need to sample more than just a piece of 

their spectrum...
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Non-thermal Spectral Energy Distribution
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Cosmic Rays
‣ E<knee: probably galactic, 

maybe SNRs.  What can 
accelerate particles up to PeV 
energies?

‣ Higher energies: unknown: 
combination of Galactic + 
Extragalactic sources probably

‣ at energies of 1PeV, gamma-rays 
should be produced up to ≈100 
TeV! Should be able to see the 
sources as hard-spectrum gamma 
emitters!

25
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Cosmic Rays
‣ E<knee: probably galactic, 

maybe SNRs.  What can 
accelerate particles up to PeV 
energies?

‣ Higher energies: unknown: 
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Extragalactic sources probably

‣ at energies of 1PeV, gamma-rays 
should be produced up to ≈100 
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sources as hard-spectrum gamma 
emitters!
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Some High Energy Instruments
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Gamma Rays

Context: gamma ray astrophysics

MeV gamma ray detection

GeV gamma ray detection

Gamma-ray interactions in the atmosphere
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Context
What can we learn from gamma-ray 
observations?
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What’s the 

Point?
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What’s the 

Point?

Can we understand the physics 
behind the most violent 
environments in the universe?

‣ Where are particles accelerated in space?

‣ What is the origin of the high-energy cosmic 
rays?

‣ How do astrophysical shocks work?

‣ How does accretion around a  black hole produce 
jets and outflows? ?
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What’s the 

Point?

Can we understand the physics 
behind the most violent 
environments in the universe?

‣ Where are particles accelerated in space?

‣ What is the origin of the high-energy cosmic 
rays?

‣ How do astrophysical shocks work?

‣ How does accretion around a  black hole produce 
jets and outflows?

Do hadronic or leptronic processes 
dominate in non-thermal objects?

What is the nature of Dark 
Matter?

What is the distribution of 
background light in the universe?

?
Tuesday, July 3, 2012



The Crab Nebula (M1)
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The Crab Nebula (M1)
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The Crab Nebula (M1)
๏ supernova remnant + pulsar wind nebula +  

associated pulsar

‣ remnant of core-collapse supernova, D=2 kpc

‣ t = 30 ms for pulsar

‣ young, only 958 years old!
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The Crab Nebula (M1)
๏ supernova remnant + pulsar wind nebula +  

associated pulsar

‣ remnant of core-collapse supernova, D=2 kpc

‣ t = 30 ms for pulsar

‣ young, only 958 years old!

๏ A laboratory for high energy processes!

‣ relativistic outflow

‣ synchrotron nebula

‣ expanding shock wave
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The Crab Nebula (M1)
๏ supernova remnant + pulsar wind nebula +  

associated pulsar

‣ remnant of core-collapse supernova, D=2 kpc

‣ t = 30 ms for pulsar

‣ young, only 958 years old!

๏ A laboratory for high energy processes!

‣ relativistic outflow

‣ synchrotron nebula

‣ expanding shock wave

๏ Brightest steady* source of gamma-rays in 
the sky,  L = 1038 erg/s, 

‣ much in X-ray and gamma-ray wavebands

‣ Excellent source for high-energy detectors, well 
studied

‣ used as a “standard candle”

- often see results in “Crab units”

- not always easy to compare, since the spectrum 
is different in different wavebands 31
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! !

results from Fermi LAT - (1) confirmation of  IC origin of  TeV emission!  no any additional 
component is needed; (2) good agreement with MAGIC; (3) sharp transition from Synch to IC
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The Crab Nebula

๏ Continuous injection

‣ central nebula bright above 10 
keV, implies electrons > 1014 eV

‣ lifetime < 1 year, so requires 
injection:  continuous 
acceleration, not from the 
supernova, but the wind nebula!

๏ not a very efficient gamma-ray 
emitter (IC bump quite low)

‣ due to high B-field, short electron 
cooling time

‣ Still very bright only because of 
it’s extreme spindown luminosity.

‣ Other, older PWNe, should have 
lower B-fields and be more 
efficient gamma-ray emitters
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Gamma-ray Horizon

39
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Background light

Scattering target for the highest-energy gamma rays

‣ limits detection at >TeV energies to about Z<0.3 with 
current instruments
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FIGURE 1. Left: Schematic Spectral Energy Distributions (SED) of the most important (by intensity)
backgrounds in the universe. From right to left: the cosmic microwave background (CMB), the cosmic
infrared background (CIB) and the cosmic optical background (COB). The last two components together
are called EBL. Plot adopted from [2]. Right: EBL measurements and limits (status end 2006). Tentative
detection in the UV/optical: [3, 4] (filled red circle); Lower limits from galaxy counts: [5] (open grey
triangles), [6] (open blue triangles); Detections in the near IR: [7] (open pink cross), [8] (filled brown
circle), [9] (open blue squares), [10] (small open grey circles). Other symbols see in [11].

The EBL is difficult to measure directly due to strong foregrounds from our solar sys-
tem and the Galaxy. The observation of distant sources of VHE #-rays using Imaging
Air Cherenkov Telescopes (IACT, such CANGAROO, H.E.S.S., MAGIC or VERITAS)
provides a unique indirect measurement of the EBL (see below). The precision of the
EBL constraints set by the IACT improved remarkably in the last few years. Contem-
poraneously with the IACT constraints, there has been rapid progress in resolving a
significant fraction of this background with the deep galaxy counts at infrared wave-
lengths from the Infrared Space Observatory (ISO) and from the Spitzer satellite as well
as at sub-millimeter wavelengths from the Submillimeter Common User Bolometer Ar-
ray (SCUBA) instrument. The current status of direct and indirect EBL measurements
(excluding limits from the IACTs) is shown in Fig. 1, right plot.
In total, the collective limits on the EBL between the UV and far-IR confirm the

expected two peak structure, although the absolute level of the EBL density remains
uncertain by a factor of 2 to 10. In addition to this consistent picture, several direct
measurements in the near IR have also been reported [e.g. 10], significantly exceeding
the expectations from source counts (see [13] and [14] for recent reviews). If this claimed
excess of the EBL is real, it might be attributed to emissions by the first stars in the
history of the universe. These so-called Population III stars are believed to be heavy
stars with a very low metallicity.
This paper is structured as follows. In the next section we will describe the absorption

effect on spectra of distant VHE #-ray sources as blazars due to the EBL and a possibility
of using measured blazar spectra to constrain the EBL. Then we present the current
status of the EBL constraints using blazar spectra and discuss their validity. Finally, we
sketch possible improvements of the EBL measurements in the next five years using the
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FIGURE 5. MAGIC Left: Spectrum of 3C 279 measured by MAGIC. The grey area includes the
combined statistical (1! ) and systematic errors. The dotted line shows the result of a power law fit. The
blue and red triangles are measurements corrected on the basis of two models for the EBL density: [25]
(blue) and [26] (red). Right: SED of the EBL. Some of the EBL models are shown: [25] (blue), [26] (red)
and [19] (green). The latter one corresponds to the derived EBL limit. The shaded vertical band indicates
the range of frequencies where the MAGIC measurement is most sensitive.

z < 0.5. Moreover, due to a low energy threshold of MAGIC, the limit extends into the
ultraviolet regime: the EBL region between 0.2 and 0.8 µm has been probed for the first
time.1

Discussion of the limits

Commenting the MAGIC result [19] some doubts arose if the same criterion of
"int = 1.5 can be applied to 3C 279 (e.g. Costamante, priv. communication, [30]). A
possible problem is that 3C 279 is not a blazar since (in a low flux state) it has prominent
optical lines, identifying low energy (optical - infrared) radiation fields, usually called
“broad line regions”, BLR. Indeed, the presence of BLR is required in most leptonic
models describing the broad band emission (from radio through VHE #-rays) of 3C 279.
The BLR in front or within the emission region of VHE #-rays leads to an internal
absorption of these #-rays, which modifies the intrinsic spectrum. For some specific
combinations of the geometry between the emission regions and the BLR combined
with a narrow band spectrum of the BLR, local hardening of the intrinsic VHE #-ray
spectrum can be expected (e.g. [23]). These question were addressed by [29] in detail.
The authors find that, assuming a detailed BLR emission spectrum, for all plausible
geometry combinations no significant hardening of the intrinsic spectrum of 3C 279 can
be expected within the energy range observed by MAGIC (see Fig. 6). The authors
also examined the EBL limits including the effect of the internal absorption finding that
identical or even harder EBL limits can be derived as compared to the ones obtained in
[19].

1 Stecker & Scully [28] argued, however, that the derived limit has a low significance.

Magic Collaboration, Science 2008
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Dark matter cosmology

WIMPs (weakly interacting 
massive particles)

‣ common candidates for dark 
matter

‣ relic abundance left over from Big 
Bang

‣ some theoretical WIMPs 
(neutralinos, axions, etc) should 
annihilate to gamma rays

‣ signal proportional to density. 
Therefore look at:

- center of our galaxy

- dwarf spheroidals
41
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Variability

Jet and accretion powered 
sources may be variable (in 
flux and spectrum) due to 
changes in accretion rate

‣ Active Galactic Nucleii are a 
classic example

‣ Binary systems and micro-
quasars

Time structure can tell us:

‣ the size and site of gamma-ray 
production region

‣
42

Synchrotron-Self-Compton (SSC) model of a 
Blazar (a type of active galaxy), with injected 

flares

Crab Flux

Massive flare from the blazar PKS 2155-304
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OUTLINE

Gamma Rays

Context: gamma ray astrophysics

MeV gamma ray detection

GeV gamma ray detection

Gamma-ray interactions in the atmosphere

43
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ME and HE Detection
Detecting High-Energy radiation with satellite 
telescopes

- Detecting MeV gamma rays
- Detecting GeV gamma rays
- Source Modeling
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Space-based 
Detectors

Blocked by Earth’s atmosphere

Can’t use lenses or mirrors! 

‣ X-rays are the limit for focusing 
optics (for the most part)

Need to look to particle 
physics…

‣ Interaction of high-energy 
particles with matter

- Compton telescopes

- pair conversion telescopes

45
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Compton Gamma-ray Observatory

Second of NASA’s “Great 
Observatories” (after 
Hubble, before Chandra)

‣ detect photons from 20 
keV to 30 GeV

Two gamma-ray 
detectors:

‣ COMPTEL (Compton 
Telescope)

‣ EGRET (Energetic Gamma 
Ray Experiment 
Telescope)

46

1991 - 2000
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Instruments

47

COMPTEL EGRET Fermi-LAT

Energy Range 0.8 - 30 MeV 20 MeV - 30 GeV 20 MeV - 300 
GeV

Energy 
Resolution

≈7% 20% 10%

peak Aeff (m2) 0.005 0.15 1.0

FOV 1 sr 0.6 sr >2 sr

PSF 1° 5° (100 MeV) 3° (100 MeV)
0.2° (10 GeV)

current-genprevious
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Detecting MeV Gamma Rays
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Compton Telescopes

Gamma ray Compton scatters off 
electron in detector 1

‣ energy E1 of scattered electron is 
measured, along with its position P1 in the 
detector

Scattered photon is seen in detector 2

‣ its energy E2 and position P2 are 
measured

Reconstruction:

‣ From this one can calculate the scattering 
angle, which give the position on the sky 
within a cone about the position vector

‣ Summing event circles from many events: 
signal will grow at correct position, other 
parts of the ring contribute to background

‣ Energy = E1 + E2

49
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COMPTEL

Background rejection 
via coincidence in 
time between 2 
detectors

Study the sources of 
MeV gamma rays 

‣ Diffuse emission

‣ compact sources

‣ pulsed emission, etc

‣ in particular, in this 
energy range: gamma-
ray line spectroscopy

50

liquid scintillator, NE 213A

NaI crystals

1.
5 

m

PMTs

PMTs

Anti-coincidence dome
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Line emission with Comptel

51

Comptel map of the galaxy at 1.8 MeV
(radioactive decay of Al26, indicating nucleosynthesis in SNRs)
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Line emission with Comptel
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Comptel map of the galaxy at 1.8 MeV
(radioactive decay of Al26, indicating nucleosynthesis in SNRs)

Tuesday, July 3, 2012



Crab with COMPTEL

52

Galactic Anti-center region
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Gamma-ray Satellites: GeV energies
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Pair-conversion Telescopes

The basic components:

‣ Anti-coincidence detector 
discriminates between charged 
particles and photons. Charged 
particles are vetoed. 

‣ Interaction medium provides a 
environment for pair-production to 
occur. 

‣ Tracking Detectors track the 
progress of the sub-particles in the 
medium, providing the direction of 
the primary

‣ Calorimeter measures the energy 
of the pair, which stop within it.

54

Interaction medium for pair 
production

+ 
Detectors

Anti-coincidence detector

Calorimeter
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Pair-conversion Telescopes
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Interaction medium for pair 
production

+ 
Detectors

Anti-coincidence detector

Calorimeter
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CGRO: EGRET

55

204 ESPOSITO ET AL. Vol. 123

shown schematically in Figure 1. The central element is a
multilevel spark chamber that is triggered by a directional
scintillator coincidence system. A NaI(Tl) Total Absorption
Shower Counter (TASC) is situated below the spark
chamber to measure the event energy. The upper portion of
the instrument is covered by a scintillator dome that is used
in anticoincidence with the triggering system to veto
charged particles. EGRET is similar to, but much larger
than, the successful SAS 2 (Derdeyn et al. 1972) and COS B
(Bignami et al. 1975) gamma-ray telescopes of the 1970s.

Gamma rays are detected through the electron-positron
pair production interaction in tantalum foils interleaved
with the spark chambers tracking layers (decks). The elec-
tron or positron may trigger the coincidence system, con-
sisting of a 4 ] 4 array of plastic scintillator tiles situated
below the lowermost conversion foil and a similar array at
the bottom of the tracker. Of the 256 possible coincidences
of an upper tile and a lower tile, 96 are potentially allowed
by the EGRET electronics. These 96 coincidences generally
are the ones in which the lower tile is directly below its
corresponding upper tile or its nearest neighbor. Four
exceptions are the corner diagonal combinations, which are
not allowed because more support structure is in the inci-
dent path. The allowed combinations of coincidence tiles
are dynamically controlled in orbit to minimize the record-
ing of Earth albedo gamma rays. Throughout almost the
entire mission, EGRET has been conÐgured to require a
third coincidence signal from the TASC. An event trigger is
produced by a coincidence signal, together with a time-of-
Ñight signature measured between the two scintillator
planes indicating downward-moving particles, and lack of a
signal from the anticoincidence dome covering the instru-
ment. The anticoincidence system prevents triggering on
charged particles, which are much more intense (]103 or
more) than the gamma rays.

When a trigger occurs, the spark chamber high-voltage
pulse is generated to record the tracks, and the readout of

the spark chamber and event energy data commences. The
recorded spark chamber picture, energy information,
gamma-ray arrival time, and ancillary information are
transmitted to the ground as one ““ event.ÏÏ Because there are
many more events than useful gamma-ray detections, the
data analysis system must select the subset of all events that
are unmistakably recognized as gamma-rayÈproduced pairs
and from these extract the arrival direction and energy of
each detected gamma ray. This procedure is described in
Thompson et al. (1993).

The TASC calorimeter consists of 36 NaI(Tl) blocks,
optically coupled to form a monolithic scintillator (Hughes
et al. 1986). It is viewed by 16 photomultiplier tubes (PMTs)
through a light-di†usion box, which helps to equalize the
amount of light received by each PMT. The 16 PMTs are
divided into two interleaved groups of eight. An analog sum
of each group of eight PMT signals is fed into a pair of
pulse-height analyzers (PHAs), one for the low-energy range
(1È200 MeV) and one for high energies (20 MeV to 30 GeV).
The two high-energy PHA results are telemetered individ-
ually for each triggered event. The two low-energy PHA
results are added digitally on-board and accumulated in
spectra.

The EGRET instrument was originally designed for a 2
yr mission. As of 1998 September, EGRET has been in
operation for more than 7 yr, far surpassing the original
goal. As the instrument aged, a steady degradation of effi-
ciency and some hardware failures have occurred. A chro-
nological list of gas reÐlls, hardware failures, and other
major occurrences since the activation of EGRET is given
in Table 1. A single triggering tube in the lower scintillator
plane failed during 1994 November, reducing the total e†ec-
tive area by D6%, and it also produced an azimuthal asym-
metry in the instrument response. Two additional triggering
tubes have shown signiÐcant gain shifts after 1997 August 3
and 1998 July 7, but these changes produce only minor
decreases in the e†ective area.

FIG. 1.ÈSchematic diagram of the EGRET instrument
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The Sky with EGRET
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AGNs

Galactic Plane

Galactic point sources
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Modern Generation: Fermi GST

57
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Fermi LAT

≈16x sensitivity of 
EGRET

Better PSF, Energy 
resolution

Wide FOV (nearly 
flat exposure
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The Large Area Telescope on the Fermi Gamma-ray Space TelescopeMission 27

FIG. 1.— Schematic diagram of the Large Area Telescope. The telescope’s dimensions are 1.8 m × 1.8 m × 0.72 m. The power required and the mass are
650 W and 2,789 kg, respectively.

FIG. 2.— LAT source sensitivity for exposures on various timescales. Each map is an Aitoff projection in galactic coordinates. In standard sky-survey mode,
nearly uniform exposure is achieved every 2 orbits, with every region viewed for ∼30 min every 3 hours.

The Large Area Telescope on the Fermi Gamma-ray Space TelescopeMission 27

FIG. 1.— Schematic diagram of the Large Area Telescope. The telescope’s dimensions are 1.8 m × 1.8 m × 0.72 m. The power required and the mass are
650 W and 2,789 kg, respectively.

FIG. 2.— LAT source sensitivity for exposures on various timescales. Each map is an Aitoff projection in galactic coordinates. In standard sky-survey mode,
nearly uniform exposure is achieved every 2 orbits, with every region viewed for ∼30 min every 3 hours.
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Pair-conversion Details...

59

Anti-coincidence plastic scintillators

‣ generate light when a charged particle 
passes through them, but not a photon

‣ readout by PMTs

‣ provide anti-coincidence time veto for 
cosmic rays (reject 99.97%) 

Layers of heavy material (tungston) 

‣ provide target nucleii for pair production

Silicon tracker strips

‣ between each tungston layer

‣ provide time and x or y position when 
particle ionizes atoms in the silicon

‣ alternating x and y strips give 2D position
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Pair-conversion Details...

60

Calorimeter 

‣ 12 “logs” of CsI crystal scintillators 
in 8 layers per tower, alternating in 
X and Y directions (a hodoscope)

‣ logs are covered with a material 
that produces decreasing light 
along the length, to provide 
measure of position.

‣ photodiodes read out each “log”, 
providing full 3-D image of energy 
deposited

‣ above 3 GeV, showers no longer 
contained, 100 GeV half leak out

– 40 –
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z

(a)

-ray directionγIncoming 

(b)

CAL centroid

CAL axis

(c)

TKR vertex

TKR best tracks (1 and 2)

Fig. 12.— Event display of a simulated 27 GeV γ ray (a) and zoom over the CAL (b)
and TKR (c) portions of the event. The small crosses represent the clusters in the TKR,
while the variable-size squares indicate the reconstructed location and magnitude of the
energy deposition for every hit crystal in the CAL. The dotted line represents the true γ-ray
direction, the solid line is the CAL axis (§ 3.2.1) and the dashed lines are the reconstructed
TKR tracks (§ 3.2.1). The backsplash from the CAL generates tens of hits in the TKR, with
two spurious tracks reconstructed in addition to the two associated with the γ ray (note
that they extrapolate away from the CAL centroid and do not match the CAL direction).
It also generates a few hits in the ACD, which, however, are away from the vertex direction
extrapolation and therefore do not compromise our ability to correctly classify the event as
a γ ray.
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Event Reconstruction
Tracker:

‣ have: 

- binary hit pattern of each tracker 
element

- initial estimate of direction from 
calorimeter (sometimes)

‣ use iterative pattern recognition 
algorithms to identify the particle track 

- weighted towards solutions that point 
toward the calorimeter’s centroid

- above 1 GeV, can reject solutions that 
do not (below may have transverse 
motion)
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Fig. 12.— Event display of a simulated 27 GeV γ ray (a) and zoom over the CAL (b)
and TKR (c) portions of the event. The small crosses represent the clusters in the TKR,
while the variable-size squares indicate the reconstructed location and magnitude of the
energy deposition for every hit crystal in the CAL. The dotted line represents the true γ-ray
direction, the solid line is the CAL axis (§ 3.2.1) and the dashed lines are the reconstructed
TKR tracks (§ 3.2.1). The backsplash from the CAL generates tens of hits in the TKR, with
two spurious tracks reconstructed in addition to the two associated with the γ ray (note
that they extrapolate away from the CAL centroid and do not match the CAL direction).
It also generates a few hits in the ACD, which, however, are away from the vertex direction
extrapolation and therefore do not compromise our ability to correctly classify the event as
a γ ray.
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Event Reconstruction

get reconstruction parameters from each detector (anti-concidence + tracker 
+ calorimeter)

‣ direction + energy + other reconstruction parameters

‣ want: probability that it is a gamma ray

Use classification tree analysis, trained to select gamma ray events:

‣ choose best reconstruction method

‣ provide probability of being a gamma ray

‣ reject probably background events

Events are finally classified based on:

‣ goodness of energy recon,

‣ goodness of direction recon

End-user can choose class (e.g. how much background rejection, 
best PSF, etc)

62
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Aside:
Decision 

Trees

Machine learning algorithm(s) for classifying 
data with a set of parameters 

‣ event X  is parameterized as (x0,x1,x2…)

‣ Classes are chosen

‣ Training is done using a set of data with 
known classes (simulations)

‣ Produces a tree of thresholds, with leaves that 
give a measure of the classification variable

‣ cuts usually made on the distribution of the 
classification parameter to distinguish signal 
from background

Types of decision tree algorithms:

‣ Classification Tree

‣ Boosted Decision Tree, Regression Tree

‣ Random Forest

See e.g. TMVA, JBoost, Weka, etc if you want 
to try it out yourself...

63

wikipedia’s somewhat morbid 
example
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18:   HIL_MSL < -0.5885055 27:   HIL_MSW < 0.5103925 

-0.427

y

0.057

n

-0.101

y

0.216

n

0.430

y

-0.060

n

29:   XMAX_ERR < 1.2314349999999998 

-0.016

y

0.968

n

-0.089

y

0.795

n

9:   HIL_MSW < 0.293323 23:   HIL_MSL < 2.3265450000000003 

-0.137

y

0.301

n

0.008

y

0.426

n

21:   HIL_MSW < -1.2474150000000002 

0.482

y

-0.243

n

20:   HIL_MSW < 1.382085 

-0.186

y

0.254

n

4:   HIL_MSW < 3.61519 25:   XMAX < 0.87511 

-0.780

y

0.574

n

16:   HIL_MSW < 2.4121050000000004 

-0.315

y

0.329

n

12:   HIL_MSW < 5.436725 19:   XMAX_ERR < 0.9082325 

-0.509

y

0.373

n

30:   HIL_MSL < 4.02231 

-0.092

y

2.450

n

-0.089

y

2.860

n

26:   XMAX < 58.38595 

-0.711

y

0.083

n

2.593

y

-0.039

n

-0.181

y

0.857

n

10:   HIL_MSL < 0.29888349999999997 

-0.083

y

0.273

n

15:   XMAX < 286.017 22:   XMAX < 111.447 

-0.068

y

0.241

n

17:   HIL_MSW < 8.47362 

-0.008

y

2.931

n

0.541

y

0.006

n

28:   XMAX < 485.88 

-0.008

y

0.747

n

24:   HIL_MSW < 10.69595 

0.017

y

2.658

n

11:   HIL_MSL < 4.02231 

-0.236

y

0.554

n

very simple example I tried with JBoost
jboost.sourceforge.net

using VHE gamma-ray data from HESS
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Background Modeling

Residual Particle Background: (essentially isotropic)

‣ CRs can scatter off material around the anti-coincidence detector, 
producing secondary gamma-rays that will be detected

‣ CRs can interact in the atmosphere, producing e+/e- that in some cases 
come back out of the atmosphere. Most are rejected by the ADC, but 
some may annihilate closeby

‣ Neutral secondary particles (gammas and neutrons) created in Earth’s 
atmosphere by CR interactions can make it to the detector 
(predominantly when looking close to Earth’s limb)

65
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Fig. 10.— Model of the LAT orbital position and particle direction-averaged CR-induced
particle intensities (Mizuno et al. 2004) sampled from a 64 s live time background simulation
run. The intensity of the extragalactic diffuse background emission measured by the LAT
(Abdo et al. 2010f) is shown for comparison. Note that the event energy is reconstructed
under the hypothesis of a downward-going γ ray and in general does not represent the actual
energy for hadrons.

the background rates for typical integration times of months or years, the simulated time
interval must be at least equal to the precession period of the Fermi orbit (53.4 days).
Simulating these high particle rates for such a long time interval is quite impractical, in
terms of both CPU capacity and disk storage requirements. For studies of background
rejection we usually simulate an entire precession period to ensure a proper sampling of the
geomagnetic history, but to limit the particle counts we generate events for only a few seconds
of simulated time every several minutes, e.g., a typical configuration requires event generation
for 4 seconds every 4 minutes of time in orbit. This partial sampling is a compromise between
the limited CPU and disk usage, and the requirement of having good statistics. Considering
the LAT background rejection power, in order to have sizable statistics after even the first
stages of the event analysis are performed, we must start with a simulated background data
set of over 109 CRs.
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Source Modeling
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Fermi All-Sky, 3 Years

67EGRET   ->    FERMI     -> FERMI (E>10GeV)
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Fermi All-Sky, 3 Years

67EGRET   ->    FERMI     -> FERMI (E>10GeV)
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Fermi All-Sky, 3 Years

68

๏Note that there is significant diffuse emission 
obscuring the galactic plane

‣ interaction of galactic cosmic rays with target material: 

- molecular clouds

- H2 regions

๏How can one identify discrete sources?

‣ need to model this as background (more in a bit…)
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Background Modeling

Diffuse Gamma Rays:

‣ a non-isotropic background

‣ generated by interactions of galactic cosmic rays 
with target material: interstellar medium, giant 
molecular clouds

‣ a significant component of the galactic gamma-
ray emission!

- must be modeled and subtracted to see individual 
sources in the galaxy

69
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Diffuse Background Model

70
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Diffuse Background Model

Step one: model the distribution of cosmic rays in the galaxy

‣ model propagation of charged particles and associated diffuse emission components in the galaxy
(e.g. GALPROP software Strong et al, http://galprop.stanford.edu/)

- nuclear physics + ionization and interaction losses

- diffuse gammas from interaction with matter: Bremsstrahlung, Inverse-Compton, and pion decay

70
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Diffuse Background Model

Step one: model the distribution of cosmic rays in the galaxy

‣ model propagation of charged particles and associated diffuse emission components in the galaxy
(e.g. GALPROP software Strong et al, http://galprop.stanford.edu/)

- nuclear physics + ionization and interaction losses

- diffuse gammas from interaction with matter: Bremsstrahlung, Inverse-Compton, and pion decay

Step two: model the distributions of interstellar matter (target material)

‣ HI surveys (neutral hydrogen)

- in cases where HI column density is under or over estimated, use IR observations of dust to correct it

‣ CO surveys as a tracer of H2 (molecular hydrogen)

- e.g. 12CO, J=1—›0 transition line can be used to estimate the amount of HII.  

- X = NH2 /WCO  ≈ 1.8 × 1020 cm−2 K−1 km−1 s−1 
[Dame et al 2001]

‣ Calculate gamma-ray emissivity

- fit to number of counts (simple)

- calculate CR density with numerical model (Galprop) and multiply by cross-section (fancier)

70

Tuesday, July 3, 2012

http://galprop.stanford.edu
http://galprop.stanford.edu


CO Surveys

71

Dame et al. 2001, 12CO survey

velocity (related 
to distance by 
the galactic 

rotation curve)

Galactic Longitude
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J-M. Casandiian 

HI Column Density 
(LAB) in geocentric 

rings
12CO (Dame)

(Galprop)

Templates

Fermi Background Components
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Fermi Sensitivity

73

The Large Area Telescope on the Fermi Gamma-ray Space TelescopeMission 35

FIG. 19.— Integral source sensitivity for 5σ detection for 1 year sky survey exposure. The source is assumed to have a power law differential photon number
spectrum with index –2.0 and the background is assumed to be uniform with integral flux (above 100 MeV) of 1.5 × 10−5 ph cm−2 s−1 sr−1 (dotted curve)
and spectral index –2.1, typical of the diffuse background at high galactic latitudes. The background is 10 times higher and 100 times higher for the dashed and
solid curves, respectively, representative of the diffuse background near or on the galactic plane.

FIG. 20.— Differential source sensitivity in 1/4 decade bins for 5σ detection for 1 year sky survey exposure. The source is assumed to have a power law
differential photon number spectrum with index –2.0 and the background is assumed to be uniform with integral flux (above 100 MeV) of 1.5× 10−5 ph cm−2

s−1 sr−1 (dotted curve) and spectral index –2.1, typical of the diffuse emission at high galactic latitudes. The background is 10 times higher and 100 times
higher for the dashed and solid curves, respectively, representative of the diffuse background near or on the galactic plane.

with minimal (off-

plane) diffuse emission

10x diffuse emission

100x diffuse emission

1-year exposure time
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Signal Extraction

Basic principle: model (in space and energy) everything you know 
about in the field-of-interest.  

‣ The residual particle background

‣ the diffuse background

‣ For all known compact sources:

- basic source morphology 

- energy spectrum (may vary with position)

- unknown parameters left free, can vary in fitting procedure

Fit your model and subtract, looking for residuals

‣ If a residual is seen, try to model it! 

‣ May use multi-wavelength data to constrain parameters, morphology

‣ Compute a “test statistic” for each model component (significance of model 
fit)

Iterate until no significant residuals.
74

How to make a TS map?

Test every point in sky 
for point-like source
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Bubbles

75video from NASA, www.nasa.gov/goddard
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Bubbles

75video from NASA, www.nasa.gov/goddard
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Source reconstruction

Even with a pre-computed 
model for the diffuse 
emission, detecting new 
sources is complicated!

‣ energy-dependent PSF

‣ source confusion

76
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Fig. 12.— Correlation coefficients for the 5-template fit employing a simple disk model for the IC (and to a lesser degree bremsstrahlung)
emission from supernova-shock-accelerated electrons (see §3.2.2). The SFD-correlated spectrum is shown by the red short-dashed line which
roughly traces π0 emission (the gray dashed line indicates a GALPROP prediction for π0 emission). The disk-correlated emission is shown
by the green dashed line, which traces the soft IC (gray triple-dot-dashed line) and bremsstrahlung (gray dot-dashed line) component.
The spectrum of the uniform emission, which traces the isotropic background (including possible cosmic-ray contamination), is shown as
a dotted brown line. The solid orange line indicates the spectrum of emission correlated with Loop I, which has a similar spectrum to the
disk-correlated emission. Finally, the blue dot-dashed line shows the spectrum correlated with the Fermi bubble template. The bubble
component has a notably harder (consistent with flat) spectrum than the other template-correlated spectra, and the models for the various
emission mechanism generated from GALPROP, indicating that the Fermi bubbles constitute a distinct component with a hard spectrum.
The fitting is done over the |b| > 30◦ region. Note that these GALPROP “predictions” are intended only to indicate the expected spectral
shape for these emission components, for reference.

0.1 GeV and 1000 GeV. The choice of high-energy cut-
off is motivated by the local measurement of the cosmic
ray electron spectrum by Fermi (Abdo et al. 2009). We
consider a region ∼ 4 kpc above the Galactic center, as
an example (and since both the WMAP haze and Fermi
bubbles are reasonably well measured there), and em-
ploy the model for the ISRF used in GALPROP version
50p (Porter & Strong 2005) at 4 kpc above the GC. We
normalize the synchrotron to the approximate value mea-
sured by WMAP in the 23 GHz K-band (Hooper et al.
2007), ∼ 25◦ below the Galactic plane, and compute
the corresponding synchrotron and IC spectra. The

WMAP haze was estimated to have a spectrum Iν ∝
ν−β , β = 0.39− 0.67 (Dobler & Finkbeiner 2008), corre-
sponding approximately to an electron spectral index of
γ ≈ 1.8− 2.4; Figure 23 shows our results for a magnetic
field of 10 µG and 5 µG at 4 kpc above the GC, and elec-
tron spectral indices γ = 1.8 − 3. This field strength is
appropriate for an exponential model for the Galactic B-
field intensity, |B| = |B0|e−z/zs , with B0 ≈ 30 − 40 µG
and scale height zs ≈ 2 kpc. We find good agreement
in the case of α ≈ 2 − 2.5, consistent with the spec-
trum of the WMAP haze. The magnetic field strength
is higher than what have been used in (e.g. Page et al.
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Cen-A:
Radio-galaxy with 
super-massive black 
hole and relativistic 
jets (seen in radio and 
x-ray)
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a new milisecond 
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Fermi Crab Nebula

78
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Crab Nebula Variability

๏ Flares seen from Crab 
region

‣ up to 30x quiescent flux! 

‣ Not expected from theory...

‣ Not related to the pulsed 
emission: can be cut out in 
time (look off-pulse)

‣ No correlation in X-rays  
(Chandra)

๏ Emission region must be 
close to pulsar

‣ possible sudden 
restructuring of strong B-
fields near the pulsar

79
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OUTLINE

Gamma Rays

Context: gamma ray astrophysics

MeV gamma ray detection

GeV gamma ray detection

Gamma-ray interactions in the atmosphere

81
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Gamma Rays in the Atmosphere
Prelude to the detection of TeV gamma rays
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Overview

What we’ve discussed so far:

‣ reminder of simple particle 
physics

‣ astrophysical sources of gamma 
radiation

‣ detection of ME and HE 
gamma-rays with CGRO and 
Fermi-GST

Next: even higher-energies 
(VHE gammas)

‣ Need to fully cover the inverse-
Compton/pion-decay part of 
the non-thermal spectrum

show specgtrum again: 
now we move on to 
higher energies… above 
what can be detected by 
Fermi (>100 GeV)

83
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Recall:

At high-energies, steep power-law photon 
spectra

‣ e.g. flux ≈ E-2.5

‣ due to steep underlying particle spectra

‣ with the effective area of Fermi (1m2), count rate 
of Crab Nebula above 1 TeV would be ≈10-7 Hz!

- a gamma ray detected every few months!

Need much larger effective areas!

Can’t do it from space!
84
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VHE Gammas

As we move to higher energies:

‣ the interaction of galactic cosmic rays with 
molecular clouds (e.g. the diffuse gamma-ray 
background) goes away due to the steep 
spectrum 

- (at least within the detection limits of current 
instruments)

‣ Galactic plane is therefore mostly free of diffuse 
astrophysical background!

‣ but, have large particle background due to 
detection technique

85
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The HESS Galactic Plane Survey 
E>300 GeV
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Ground-based Gamma-ray detection part 1:
Extensive Air Showers
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Questions...

89
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Questions...

Earth is being constantly bombarded with high-
energy radiation: particles and gamma-rays
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energy radiation: particles and gamma-rays

Though we might get a sunburn outside from UV 
light, we don’t need to put on radiation or 
gamma-ray-proof outerwear!
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Questions...

Earth is being constantly bombarded with high-
energy radiation: particles and gamma-rays

Though we might get a sunburn outside from UV 
light, we don’t need to put on radiation or 
gamma-ray-proof outerwear!

Clearly, our atmosphere absorbs this radiation...

So, why would we try to put gamma-ray 
detectors on the ground? 
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Questions...

Earth is being constantly bombarded with high-
energy radiation: particles and gamma-rays

Though we might get a sunburn outside from UV 
light, we don’t need to put on radiation or 
gamma-ray-proof outerwear!

Clearly, our atmosphere absorbs this radiation...

So, why would we try to put gamma-ray 
detectors on the ground? 

What happens when a high-energy particle hits 
the atmosphere?

89
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Important 
processes 

for ground-
based 

detectors

Pair Production

Bremsstrahlung

90

γ → e+e−
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Extensive Air 
showers

Cascades of sub-particles created 
when an incident high-energy 
particle enters Earth’s atmosphere 
and interacts with an air nucleus

These cascades may be initiated by:

‣ Photons (as long as they have 
enough energy to penetrate, e.g. 
gamma rays)

‣ Charged particles (i.e. cosmic rays)

See lecture by Ralf Engles for the 
details of EAS’s, but here is a short 
intro...

91
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e+ e−

e+ e−
e−e+
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!

Electromagnetic Showers
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Pair-Production

Bremsstrahlung

Pair-Production
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Hadronic showers
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Hadronic showers
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Key points:

‣ Cosmic ray shows 
produce EM sub-
showers

‣ Higher transverse 
momentum due to 
pions

‣ Muons are produced 
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Animation by 
K. Bernlöhr,

2000
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The Heitler 
model for EM 

showers
(Heitler 1954)

Semi-empirical model for EM 
cascades

‣ Do we need one? Not really, 
since we now have powerful 
computers, but it’s useful to 
visualize the basic properties

‣ In 1954, detailed particle 
simulation was impossible

- number of particles to track can 
exceed 109

96
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The Heitler model

Simple assumptions:

‣ two processes: pair 
production + single-particle 
bremsstrahlung

‣ distance between both 
interactions is a fixed length
dsplit   (here “length”=g/cm2)

‣When the energy of a 
particle drops below a 
critical energy Ecrit, the 
cascade stops abruptly

97
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Heitler Model

98

!

e+ e−

e+ e−
e−e+

!

! !

!

n=1

n=2

n=3

n=4

n=...

dsplit

dsplit

= Distance over which electron 
   loses half its energy via 
radiation

After n steps, 

x = ndsplit = nλr ln 2

dsplit = ln 2λr

N = 2n = e
x
λr

shower depth

total number of particles (e+,e-,γ)

E0

E0/2

E0/4

E0/8

E0/16

What is the maximum shower 
“size” (total number of particles)?

Occurs when all particles have E=Ecrit 

Nmax = E0/Ecrit
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Heitler Model
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!

e+ e−

e+ e−
e−e+

!

! !

!

n=1

n=2

n=3

n=4

n=...

dsplit

dsplit

x = ndsplit = nλr ln 2
dsplit = ln 2λr

N = 2n = e
x
λr

E0

E0/2

E0/4

E0/8

E0/16

How deep is Nmax?  When n=ncrit, 
all particles have Ecrit:

Nmax = E0/Ecrit

Nmax =2ncrit

E0

Ecrit
=2ncrit

ln
E0

Ecrit
=ncrit ln 2

xmax =ncritλr ln 2

=λr ln
E0

Ecrit
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Heitler Model

In Atmosphere:

‣  λr ≈ 40 g/cm2

‣ Ecrit ≈ 85 MeV

‣ total depth of atmosphere ≈1000 g/cm2 

‣ density profile:
 

- therefore ρ0 ≈ 0.00125

- height of first interaction: ≈ 20 km
100

ρ = ρ0e
−h/h0

h0 � 8 km
x ≡

� h

∞
ρ(h�)dh�
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xmax =ncritλr ln 2

=λr ln
E0

Ecrit

Density Profile Column Density Profile

Shower-Max Column vs Energy Shower-Max Altitude vs Energy

1TeV gamma 
ray shower

has max at ≈8km
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Heitler Model

How good is it? 

‣ doesn’t account for particle loss

‣ assumes abrupt stop of shower after Ecrit

‣ assumes single-photon emitted during 
bremsstrahlung 

- reality is several, so overestimates lepton fraction

- approximately: Nγ ≈ 10 Ne  (can be used as a 
simple correction factor)

‣ still, actually not far from detailed simulations 
and reality!

102
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electrons in a B-field, source: Wikipedia, File:Cyclotron_motion.jpg
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Magnetic 
Field effects

Showers are deflected by the 
Lorentz force:

‣ B = [H,0,Z]

‣ F = qv×B

‣ proportional to the field 
perpendicular to the 
observation direction

104
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Implies:
Ethresh increases

but Aeff at high energies also 
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Key points

Gamma-rays (and cosmic rays) are 
absorbed by the atmosphere

‣ but the information is not lost

‣ extensive air showers give us a wealth 
of knowledge about the incident 
particle, if we know some basic 
particle physics

The atmosphere acts as both a 
calorimeter and a tracking medium

‣ the principle is not so different from 
space-based detectors, or even from 
those at particle accelerators

‣ We can leverage this to build a 
detector with much larger effective 
area than would be practical in an 
enclosed system. 107
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Next time:

Using air showers to detect primary 
gamma rays and reject cosmic rays

‣ using Earth’s atmosphere as part of 
a gamma ray telescope! (the 
imaging atmospheric Cherenkov 
technique)

‣ methods for reconstructing the 
properties of a shower and gamma-
ray from shower information

‣ Alternative detector methods

‣ details of analysis of VHE gamma 
ray sources:

- background modeling

- signal extraction
108
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