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Table 30.3: Measured fluxes (10≠9 m≠2 s≠1 sr≠1) of neutrino-induced muons as a function of the e�ective minimum muon energy Eµ.

Eµ > 1 GeV 1 GeV 1 GeV 2 GeV 3 GeV 3 GeV
Ref. CWI [84] Baksan [85] MACRO [86,87] IMB [88,89] Kam [90] SuperK [91]
Fµ 2.17±0.21 2.77±0.17 2.29 ± 0.15 2.26±0.11 1.94±0.12 1.74±0.07

of the detector (which includes the surrounding medium in the
case of entering muons). This section focuses on neutrinos below
about 1 TeV. For discussion of atmospheric neutrinos in the Tev–
PeV region including a prompt component produced by charmed
meson decays, see Ref. [53].

Contained and semi-contained events reflect neutrinos in the
sub-GeV to multi-GeV region where the product of increasing
cross section and decreasing flux is maximum. In the GeV re-
gion the neutrino flux and its angular distribution depend on the
geomagnetic location of the detector and, to a lesser extent, on the
phase of the solar cycle. Naively, we expect ‹µ/‹e = 2 from count-
ing neutrinos of the two flavors coming from the chain of pion and
muon decays. Contrary to expectation, however, the numbers of
the two classes of events are similar rather than di�erent by a fac-
tor of two. This is now understood to be a consequence of neutrino
flavor oscillations [92]. (See the article on neutrino properties in
this Review.)

Two well-understood properties of atmospheric cosmic rays pro-
vide a standard for comparison of the measurements of atmo-
spheric neutrinos to expectation. These are the “sec ◊ e�ect” and
the “east-west e�ect” [93]. The former refers originally to the
enhancement of the flux of > 10 GeV muons (and neutrinos) at
large zenith angles because the parent pions propagate more in the
low density upper atmosphere where decay is enhanced relative
to interaction. For neutrinos from muon decay, the enhancement
near the horizontal becomes important for E‹ > 1 GeV and arises
mainly from the increased pathlength through the atmosphere
for muon decay in flight. Fig. 14.4 from Ref. [94] shows a com-
parison between measurement and expectation for the zenith an-
gle dependence of multi-GeV electron-like (mostly ‹e) and muon-
like (mostly ‹µ) events separately. The ‹e show an enhancement
near the horizontal and approximate equality for nearly upward
(cos ◊ ¥ ≠1) and nearly downward (cos ◊ ¥ 1) events. There
is, however, a very significant deficit of upward (cos ◊ < 0) ‹µ

events, which have long pathlengths comparable to the radius of
the Earth. This feature is the principal signature for atmospheric
neutrino oscillations [92].

Muons that enter the detector from outside after production in
charged-current interactions of neutrinos naturally reflect a higher
energy portion of the neutrino spectrum than contained events
because the muon range increases with energy as well as the cross
section. The relevant energy range is ≥ 10 < E‹ < 1000 GeV,
depending somewhat on angle. Neutrinos in this energy range
show a sec ◊ e�ect similar to muons (see Eq. (30.4)). This causes
the flux of horizontal neutrino-induced muons to be approximately
a factor two higher than the vertically upward flux. The upper and
lower edges of the horizontal shaded region in Fig. 30.7 correspond
to horizontal and vertical intensities of neutrino-induced muons.
Table 30.3 gives the measured fluxes of upward-moving neutrino-
induced muons averaged over the lower hemisphere. Generally the
definition of minimum muon energy depends on where it passes
through the detector. The tabulated e�ective minimum energy
estimates the average over various accepted trajectories.

30.5 Air Showers

So far we have discussed inclusive or uncorrelated fluxes of var-
ious components of the cosmic radiation. An air shower is caused
by a single cosmic ray with energy high enough for its cascade
to be detectable at the ground. The shower has a hadronic core,
which acts as a collimated source of electromagnetic subshowers,
generated mostly from fi0 æ “ “ decays. The resulting electrons
and positrons are the most numerous charged particles in the
shower. The number of muons, produced by decays of charged
mesons, is an order of magnitude lower. Air showers spread over
a large area on the ground, and arrays of detectors operated for
long times are useful for studying cosmic rays with primary en-

1310 1410 1510 1610 1710 1810 1910 2010
 [eV]E

1

10

210

310

410

]
-1

 sr
-1  s

-2
 m

1.
6

 [G
eV

F(
E
)

2.
6

E

HAWC
MSU
Tibet
Akeno
CASA-MIA
Kascade
Kascade Grande
IceTop
HiRes 1
HiRes 2
Auger
Telescope Array

Knee

2nd Knee

Ankle

Figure 30.8: The all-particle spectrum as a function of E (energy-
per-nucleus) from air shower measurements [95–105]

ergy E0 > 100 TeV, where the low flux makes measurements with
small detectors in balloons and satellites di�cult.

Greisen [106] gives the following approximate analytic expres-
sions for the numbers and lateral distributions of particles in show-
ers at ground level. The total number of muons Nµ with energies
above 1 GeV is

Nµ(> 1GeV) ¥ 0.95 ◊ 105
!

Ne/106
"

3/4

, (30.8)

where Ne is the total number of charged particles in the shower
(not just e±). The number of muons per square meter, flµ, as a
function of the lateral distance r (in meters) from the center of
the shower is

flµ =
1.25Nµ

2fi≈ (1.25)
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where ≈ is the gamma function. The number density of charged
particles is

fle = C1(s, d, C2)x(s≠2)(1 + x)(s≠4.5)(1 + C2xd) . (30.10)

Here s, d, and C2 are parameters in terms of which the overall
normalization constant C1(s, d, C2) is given by

C1(s, d, C2) =
Ne

2fir2

1

[ B(s, 4.5 ≠ 2s)C2B(s + d, 4.5 ≠ d ≠ 2s)]≠1 ,

(30.11)
where B(m, n) is the beta function. The values of the parameters
depend on shower size (Ne), depth in the atmosphere, identity of
the primary nucleus, etc. For showers with Ne ¥ 106 at sea level,
Greisen uses s = 1.25, d = 1, and C2 = 0.088. Finally, x is r/r1,
where r1 is the Molière radius, which depends on the density of
the atmosphere and hence on the altitude at which showers are
detected. At sea level r1 ¥ 78 m. It increases with altitude
as the air density decreases. (See the section on electromagnetic
cascades in the article on the passage of particles through matter
in this Review).

The lateral spread of a shower is determined largely by Coulomb
scattering of the many low-energy electrons and is characterized
by the Molìere radius. The lateral spread of the muons (flµ) is
larger and depends on the transverse momenta of the muons at
production as well as multiple scattering.

There are large fluctuations in development from shower to
shower, even for showers initiated by primaries of the same en-
ergy and mass—especially for small showers, which are usually
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(Hadronic) Cosmic-ray Spectrum at Earth

~108 eV (~100 MeV) to > 1020 eV, with a power law of dN/dE = E −2.7 to E −3.0


Almost uniformly distribute over the sky (due to the magnetic fields)


What is the origin (PeVatron) of Galactic CRs (< ~3 PeV)? 
Supernova remnants? Galactic center? E −2.1 at the source?
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Cherenkov Telescope Array (CTA)

Next-generation ground-based gamma-ray observatory with ×10 better sensitivity


Covering 20 GeV–300 TeV with 3 telescope designs


High angular resolution of 0.02–0.05° above 10 TeV
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cherenkov 
telescope 
array

Gabriel Pérez Diaz (IAC)/Marc-André Besel (CTAO)/ESO/ N. Risinger (skysurvey.org)



Cherenkov Telescope Array (CTA)
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K. Bernlöhr

R ~ 150 m

Very-high-energy

gamma rays

Electromagnetic Cascade

Atmospheric Cherenkov Photons

 Gamma-ray Energy


(300–600 nm, 5–20 ns)
∝



Cherenkov Telescope Array (CTA)
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Large-Sized Telescope (LST)

 - Dia. : 23 m

 - Energy : 20–150 GeV

 - N Tel : 4 @ North, 4 @ South

Medium-Sized Telescope (MST)

 - Dia. : 12 m

 - Energy : 150 GeV–5 TeV

 - N Tel : 15 @ North, 25 @ South Small-Sized Telescope (SST)


 - Dia. : 4 m

 - Energy : 5–300 TeV

 - N Tel : 0 @ North, 70 @ South



Exp Astron (2009) 25:173–191 175

2 Air showers, secondary atmospheric Cherenkov emission, imaging
atmospheric Cherenkov telescopes

High-energy cosmic gamma rays produce e± pairs in the atmosphere over
9
7 X0 (with the radiation length X0 ≈ 36.5 g/cm2 in air). This is followed by
Bremsstrahlung over the next radiation length which implies new γ -rays that
generate new pairs, etc., until the energy of the final generation of electrons
becomes so small that their fate is dominated by ionization losses which
rapidly cool and thermalize them. The result of these processes is called an
electromagnetic Air Shower that exists for about 10−4 s while traversing the
atmosphere. The multiplication of the number of particles and their eventual
removal by thermalization leads to a maximum number of shower particles at
about 250 to 450 g/cm2 for primary γ -rays of 20 GeV to 20 TeV, corresponding
to an atmospheric height of about 7 to 12 km above the ground.

The most realistic and complete description of the physical processes and
the corresponding results in the detector(s) is given by Monte Carlo (MC)
simulations. Except when explicitly noted we use the simulations performed by
one of us [2] which use the CORSIKA code [3]. It incorporates all the physics
of the atmospheric interactions and emission processes and gives the possibility
to statistically track their evolution in the atmosphere, down into the detector.

Not only γ -rays penetrate into the atmosphere, but also charged energetic
nuclei (Cosmic Rays). They must be distinguished from the γ -rays. Energetic
protons and nuclei undergo hadronic interactions and produce dominantly
neutral (π0) or charged (π±) pions. Whereas the former decay into two
gammas, the latter ultimately produce electrons, positrons and two neutrinos
via the π → µ → e decay. This leads to background air showers which are of a
mixed hadronic and electromagnetic nature. As a result of the large transverse
momentum transfer in hadronic interactions the hadronic shower component
is broad and irregular compared to the electromagnetic component (see Fig. 2).

Fig. 2 The different
character of gamma showers
and hadronic showers. The
gamma shower is slender and
to lowest approximation
axially symmetric about the
direction of the primary.
The hadronic shower is
irregular and may contain
electromagnetic subshowers
as a result of the large
transverse momenta
generated in hadronic
interactions (from
K. Bernlöhr)

Gamma shower Hadronic shower

78 T. Hassan et al. / Astroparticle Physics 93 (2017) 76–85 

Fig. 1. Average Cherenkov light lateral distributions (for wavelengths between 300 and 600 nm), at ground levels from 1500 m (dot-dashed lines) to 3500 m (solid lines) 
above sea level, produced by vertical gamma-ray showers. Three different photon energies are shown: 30 GeV (top), 1 TeV (middle) and 30 TeV (bottom). Left ) Cherenkov 
photon density in linear scale close to the core position. Right ) Broader core distance ranges and logarithmic scale on the Cherenkov photon density. The geomagnetic field 
used corresponds to H.E.S.S. site (Namibia). No atmospheric absorption is considered. 
2.2. Geomagnetic field intensity 

Along the development of EASs, the Earth’s magnetic field ex- 
erts Lorentz forces on the generated charged particles bending 
their trajectories. These forces produce a larger lateral spread on 
charged particles with low energies, mainly e −/e + pairs generated 
in the EAS, producing a broadening effect on the lateral develop- 
ment of air showers not negligible compared with Coulomb scat- 
tering [13] , leading to a distortion of the Cherenkov light pool and 
the shower image shape. 

The magnetic force depends on the angle formed between the 
trajectory of the charged particle and the Geomagnetic Field (GF). 

In first approximation, the direction of the trajectories can be ap- 
proximated by the one of the shower axis and the force is perpen- 
dicular to both the GF and the axis. The Lorentz force intensity: 
F L = q ( ! v × ! B ) ∝ q ! B ⊥ (1) 
is proportional to the perpendicular component of the GF ( ! B ⊥ ) 
with respect to the shower direction (with B y = 0 , see [14] ): 
! B ⊥ = B z sin θ sin φ ! i + (B z cos θ− B z sin θ cos φ) ! j + B x sin θ sin φ ! k 

(2) 
where θ and φ are respectively the zenith and azimuth angles of 
the shower axis and B x and B z are the local horizontal and verti- 

Effective Area for > 10 TeV Photons

Long tail of Cherenkov photons > 500 m


Large FOV is required due to 
scattered electrons
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Fig. 1. Average Cherenkov light lateral distributions (for wavelengths between 300 and 600 nm), at ground levels from 1500 m (dot-dashed lines) to 3500 m (solid lines) 
above sea level, produced by vertical gamma-ray showers. Three different photon energies are shown: 30 GeV (top), 1 TeV (middle) and 30 TeV (bottom). Left ) Cherenkov 
photon density in linear scale close to the core position. Right ) Broader core distance ranges and logarithmic scale on the Cherenkov photon density. The geomagnetic field 
used corresponds to H.E.S.S. site (Namibia). No atmospheric absorption is considered. 
2.2. Geomagnetic field intensity 

Along the development of EASs, the Earth’s magnetic field ex- 
erts Lorentz forces on the generated charged particles bending 
their trajectories. These forces produce a larger lateral spread on 
charged particles with low energies, mainly e −/e + pairs generated 
in the EAS, producing a broadening effect on the lateral develop- 
ment of air showers not negligible compared with Coulomb scat- 
tering [13] , leading to a distortion of the Cherenkov light pool and 
the shower image shape. 

The magnetic force depends on the angle formed between the 
trajectory of the charged particle and the Geomagnetic Field (GF). 

In first approximation, the direction of the trajectories can be ap- 
proximated by the one of the shower axis and the force is perpen- 
dicular to both the GF and the axis. The Lorentz force intensity: 
F L = q ( ! v × ! B ) ∝ q ! B ⊥ (1) 
is proportional to the perpendicular component of the GF ( ! B ⊥ ) 
with respect to the shower direction (with B y = 0 , see [14] ): 
! B ⊥ = B z sin θ sin φ ! i + (B z cos θ− B z sin θ cos φ) ! j + B x sin θ sin φ ! k 

(2) 
where θ and φ are respectively the zenith and azimuth angles of 
the shower axis and B x and B z are the local horizontal and verti- 

30 GeV

30 TeV

Eff. Area (R ~ 100 m)

R > 500 m

Hassan et al.  2009

100 ph/m2  
→ ~300 p.e. / φ 4 m



CTA Northern & Southern Sites (Initial Configuration)

Wide energy coverage of 20 GeV–300 TeV with three telescope sizes


Spread over a few km2 area to catch Cherenkov photons anywhere in the circle


Construction phase to start with 4 LSTs + 9 MSTs (north) and 14 MSTs + 37 SSTs (south)
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Image Credit: G. Pérez, IAC, SMM

CTA North: La Palma, Spain

CTA South: Paranal, Chile

LST

MST

SST
2 km
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Table 30.3: Measured fluxes (10≠9 m≠2 s≠1 sr≠1) of neutrino-induced muons as a function of the e�ective minimum muon energy Eµ.

Eµ > 1 GeV 1 GeV 1 GeV 2 GeV 3 GeV 3 GeV
Ref. CWI [84] Baksan [85] MACRO [86,87] IMB [88,89] Kam [90] SuperK [91]
Fµ 2.17±0.21 2.77±0.17 2.29 ± 0.15 2.26±0.11 1.94±0.12 1.74±0.07

of the detector (which includes the surrounding medium in the
case of entering muons). This section focuses on neutrinos below
about 1 TeV. For discussion of atmospheric neutrinos in the Tev–
PeV region including a prompt component produced by charmed
meson decays, see Ref. [53].

Contained and semi-contained events reflect neutrinos in the
sub-GeV to multi-GeV region where the product of increasing
cross section and decreasing flux is maximum. In the GeV re-
gion the neutrino flux and its angular distribution depend on the
geomagnetic location of the detector and, to a lesser extent, on the
phase of the solar cycle. Naively, we expect ‹µ/‹e = 2 from count-
ing neutrinos of the two flavors coming from the chain of pion and
muon decays. Contrary to expectation, however, the numbers of
the two classes of events are similar rather than di�erent by a fac-
tor of two. This is now understood to be a consequence of neutrino
flavor oscillations [92]. (See the article on neutrino properties in
this Review.)

Two well-understood properties of atmospheric cosmic rays pro-
vide a standard for comparison of the measurements of atmo-
spheric neutrinos to expectation. These are the “sec ◊ e�ect” and
the “east-west e�ect” [93]. The former refers originally to the
enhancement of the flux of > 10 GeV muons (and neutrinos) at
large zenith angles because the parent pions propagate more in the
low density upper atmosphere where decay is enhanced relative
to interaction. For neutrinos from muon decay, the enhancement
near the horizontal becomes important for E‹ > 1 GeV and arises
mainly from the increased pathlength through the atmosphere
for muon decay in flight. Fig. 14.4 from Ref. [94] shows a com-
parison between measurement and expectation for the zenith an-
gle dependence of multi-GeV electron-like (mostly ‹e) and muon-
like (mostly ‹µ) events separately. The ‹e show an enhancement
near the horizontal and approximate equality for nearly upward
(cos ◊ ¥ ≠1) and nearly downward (cos ◊ ¥ 1) events. There
is, however, a very significant deficit of upward (cos ◊ < 0) ‹µ

events, which have long pathlengths comparable to the radius of
the Earth. This feature is the principal signature for atmospheric
neutrino oscillations [92].

Muons that enter the detector from outside after production in
charged-current interactions of neutrinos naturally reflect a higher
energy portion of the neutrino spectrum than contained events
because the muon range increases with energy as well as the cross
section. The relevant energy range is ≥ 10 < E‹ < 1000 GeV,
depending somewhat on angle. Neutrinos in this energy range
show a sec ◊ e�ect similar to muons (see Eq. (30.4)). This causes
the flux of horizontal neutrino-induced muons to be approximately
a factor two higher than the vertically upward flux. The upper and
lower edges of the horizontal shaded region in Fig. 30.7 correspond
to horizontal and vertical intensities of neutrino-induced muons.
Table 30.3 gives the measured fluxes of upward-moving neutrino-
induced muons averaged over the lower hemisphere. Generally the
definition of minimum muon energy depends on where it passes
through the detector. The tabulated e�ective minimum energy
estimates the average over various accepted trajectories.

30.5 Air Showers

So far we have discussed inclusive or uncorrelated fluxes of var-
ious components of the cosmic radiation. An air shower is caused
by a single cosmic ray with energy high enough for its cascade
to be detectable at the ground. The shower has a hadronic core,
which acts as a collimated source of electromagnetic subshowers,
generated mostly from fi0 æ “ “ decays. The resulting electrons
and positrons are the most numerous charged particles in the
shower. The number of muons, produced by decays of charged
mesons, is an order of magnitude lower. Air showers spread over
a large area on the ground, and arrays of detectors operated for
long times are useful for studying cosmic rays with primary en-
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Figure 30.8: The all-particle spectrum as a function of E (energy-
per-nucleus) from air shower measurements [95–105]

ergy E0 > 100 TeV, where the low flux makes measurements with
small detectors in balloons and satellites di�cult.

Greisen [106] gives the following approximate analytic expres-
sions for the numbers and lateral distributions of particles in show-
ers at ground level. The total number of muons Nµ with energies
above 1 GeV is

Nµ(> 1GeV) ¥ 0.95 ◊ 105
!

Ne/106
"

3/4

, (30.8)

where Ne is the total number of charged particles in the shower
(not just e±). The number of muons per square meter, flµ, as a
function of the lateral distance r (in meters) from the center of
the shower is

flµ =
1.25Nµ

2fi≈ (1.25)
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where ≈ is the gamma function. The number density of charged
particles is

fle = C1(s, d, C2)x(s≠2)(1 + x)(s≠4.5)(1 + C2xd) . (30.10)

Here s, d, and C2 are parameters in terms of which the overall
normalization constant C1(s, d, C2) is given by

C1(s, d, C2) =
Ne

2fir2

1

[ B(s, 4.5 ≠ 2s)C2B(s + d, 4.5 ≠ d ≠ 2s)]≠1 ,

(30.11)
where B(m, n) is the beta function. The values of the parameters
depend on shower size (Ne), depth in the atmosphere, identity of
the primary nucleus, etc. For showers with Ne ¥ 106 at sea level,
Greisen uses s = 1.25, d = 1, and C2 = 0.088. Finally, x is r/r1,
where r1 is the Molière radius, which depends on the density of
the atmosphere and hence on the altitude at which showers are
detected. At sea level r1 ¥ 78 m. It increases with altitude
as the air density decreases. (See the section on electromagnetic
cascades in the article on the passage of particles through matter
in this Review).

The lateral spread of a shower is determined largely by Coulomb
scattering of the many low-energy electrons and is characterized
by the Molìere radius. The lateral spread of the muons (flµ) is
larger and depends on the transverse momenta of the muons at
production as well as multiple scattering.

There are large fluctuations in development from shower to
shower, even for showers initiated by primaries of the same en-
ergy and mass—especially for small showers, which are usually
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~108 eV (~100 MeV) to > 1020 eV, with a power law of dN/dE = E −2.7 to E −3.0


Almost uniformly distribute over the sky (due to the magnetic fields)


What is the origin (PeVatron) of Galactic CRs (< ~3 PeV)? 
Supernova remnants? Galactic center? E −2.0 at the source?
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LHAASO Sources

Northern array-type surface detectors are 
exploring the PeV band


LHAASO found 43 sources >100 TeV (> 4σ)


What can Cherenkov telescopes do?
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A&A 671, A12 (2023)

Significance [σ]
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Fig. 1. Energy-dependent pre-trial significance maps of SNR G106.3+2.7 observed with the MAGIC telescopes. (a) Map above 0.2 TeV. The white
circle labeled ‘PSF’ represents the 0.075� size of a Gaussian kernel (corresponding to the MAGIC �-ray PSF) for this analysis. The position of
PSR J2229.0+6114 is marked with the open yellow cross. The cyan contours (overlaid on all panels) show the radio emission of SNR G106.3+2.7
at 408 MHz by DRAO (Pineault & Joncas 2000). The green contours represent the 12CO (J = 1 � 0) line intensity integrated over the velocity
range from �6.41 to �3.94 km s�1. The white dotted circles show ✓2 cut regions of the head and tail regions, respectively, as shown in Table 1.
Also shown by white squares are the pointing positions used in the observations. (b) Map at 0.2–1.1 TeV. The white circle labelled ‘PSF’ represents
the 0.100� size of a Gaussian kernel, as in panel a. The yellow solid and dotted circles represent the extension and location of the Fermi-LAT
source (Xin et al. 2019) and the analysis region for the head region used in Liu et al. (2020), respectively. (c) Map at 1.1–6.0 TeV. The white circle
labelled ‘PSF’ represents the 0.065� size of a Gaussian kernel, as in panel b. The green ellipse and dotted circles represent the extended TeV �-ray
emission of VER J2227+608 and ✓2 cut region used in the VERITAS paper (Acciari et al. 2009), respectively. (d) Map at 6.0–30 TeV. The white
circle labelled ‘PSF’ represents the 0.065� size of a Gaussian kernel, as in panel c. The green solid and dotted circles represent the extended �-ray
emission above 10 TeV observed with Tibet AS� (Amenomori et al. 2021) and the upper limit at 90% confidence level of the Gaussian extension
of HAWC J2227+610 (Albert et al. 2020), respectively. The open square and diamond show the centroid of the VHE �-ray emission detected with
Milagro (Abdo et al. 2009b) and LHAASO (Cao et al. 2021), respectively.

forward-folding method (Aleksić et al. 2016), the spectra are
fitted with a power-law function:

dN
dE
= N0

✓ E
3 TeV

◆��
. (1)

The best-fit parameters are summarised in Table 2. The
�-ray spectrum in the tail region has a higher flux and a
marginally harder index than that of the head region. For the

VER J2227+608, using the same integration region as
VERITAS, our results are consistent with those of Acciari
et al. (2009) within the statistical uncertainties in both the
index and the normalisation at 3 TeV. The apparent discrepancy
seen in Fig. 4 between the MAGIC results and the Tibet AS�
measurement at the 6–20 TeV range amounts to a statistical
significance of only 1.4�. Considering the source extension
of VER J2227+608 and the MAGIC PSF, the flux derived
in this work may correspond to ⇠60% of the whole region

A12, page 4 of 12

LHAASO (2023) 2305.17030 

MAGIC (2023) SNR G106.3+2.7 


1–25 TeV

> 25 TeV

> 100 TeV



Angular Resolution

Roughly 5 to 10 times better angular resolution than particle detector arrays


Improvement of SST analysis will bring further better resolution down to 0.01° 
at 100 TeV
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High-energy Frontier by CTA SSTs (Initial Configuration)

Covering up to 100–300 TeV is a key for PeVatron search


Long observations of selected candidates (e.g., Gal. Center) with better ang. reso.


Observations under bright moon conditions will double the duty cycle
11

5–300 TeV

SST Core Energy Band

LST
MST

100 h

200 h

400 h

50 h



Small-Sized Telescopes (SSTs)

In 2019, SST “harmonization” process concluded 
to select this design as the final SST design 


Schwarzschild–Couder optical system


‣ 4 m aspherical primary mirrors (segmented)


‣ 2 m monolithic secondary mirror (monolithic)


‣ ~0.15° PSF diameter over ~9° FOV


Compact focal-plane camera


‣ 2048 SiPM pixels to form 300 mm focal plane


‣ 32 × 64-ch camera modules with dedicated ASICs


‣ Large contributions from Nagoya University

12

Credit: G. Pérez, IAC, SMM

4 m

2 m

Before 2019

1

Segmented Primary Mirrors

Focal Plane Camera

Secondary Mirror

SiPM Array

4 m



What Instruments Do We Need?

Telescope

‣ Small diameter telescopes (~4 m) to detect 1–300 TeV gamma 

rays


‣ Wide field of view (~9 deg) with good angular resolution (~0.1 
deg) over the FOV


Camera

‣ Fine SiPM pixels with ~2000 ch readout


‣ Compact camera diameter to reduce the SiPM cost


‣ Multichannel high-density electronics for 1 GHz sampling (1 ns) 
and digitization 

13



Both the primary and secondary mirrors can be segmented
to reduce the cost of the optical system. A possible arrange-
ment of mirror facets, as ‘‘petals’’, is shown in Fig. 7. This
scheme has the advantage of requiring a minimal number
of different surface shapes. A study of the tolerance of
alignment and positioning of mirrors is beyond the scope
of this paper. Nevertheless, our experience with the simula-
tions suggests that the requirements are stricter than those
applied to the H.E.S.S. and VERITAS optical systems. The
use of automated alignment and calibration systems will
likely be required, e.g. [29].
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Fig. 5. (Left) The effective area as a function of field angle for the three configurations of OS summarized in Table 2. (Right) The effective diameter of the
PSF of the light distribution in the focal plane of OSs.
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Fig. 6. Illustration of incoming rays traced through the optical system to the focal plane for tangential rays at field angles of zero (left) and five (right)
degrees.

Fig. 7. One possible scheme for faceting the primary and secondary
mirrors. Four different facet types are used on the primary, three on the
secondary. Each facet is limited to an area less than approximately 0.45 m2

with no linear dimension larger than 1 m.
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telescope with configuration OS 2 by rays at field angles between zero and
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scheme has the advantage of requiring a minimal number
of different surface shapes. A study of the tolerance of
alignment and positioning of mirrors is beyond the scope
of this paper. Nevertheless, our experience with the simula-
tions suggests that the requirements are stricter than those
applied to the H.E.S.S. and VERITAS optical systems. The
use of automated alignment and calibration systems will
likely be required, e.g. [29].
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Fig. 7. One possible scheme for faceting the primary and secondary
mirrors. Four different facet types are used on the primary, three on the
secondary. Each facet is limited to an area less than approximately 0.45 m2

with no linear dimension larger than 1 m.
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Fig. 8. Composite of images made in the focal plane of an aplanatic
telescope with configuration OS 2 by rays at field angles between zero and
seven degrees.

22 V. Vassiliev et al. / Astroparticle Physics 28 (2007) 10–27

Schwarzschild–Couder Configuration

Aspherical primary and secondary mirrors to achieve wide FOV and better resolution at the same time


Wider FOV brings fast survey and wider effective area for higher-energy photons


Finer shower-image resolution (→ higher sensitivity) and compact camera (→ less expensive) are expected


Proposed by the CTA US group first for MSTs
14

Vassiliev+ (2007)

LST/MST pixel size



TARGET (TeV Array Readout with GSa/s sampling and Event Trigger)

Application specific integrated circuit (ASIC) for CTA


Developed TARGET 1 for concept validation (Bechtol et al. 2012)


TARGET 5 (w/ gain adjustment) for MAPMTs, TARGET 7 for MPPCs (Albert et al. 2017)
15

TARGET ASIC (designed by G. Varner @ U. Hawaii)

- 16 channels readout

- 1 GSa/s sampling

- 16-us long buffer

- Trigger circuit

TARGET ASIC × 4

FPGA

Fiber or LVDS I/F

MAPMT → SiPM

SCT Camera

  - 177 modules

  - 11,328 channels

HV Module



A.  Albert  et  al.  /  Astroparticle  Physics  92  (2017)  49–61  51  
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Fig.  1.  Functional  block  diagram  of  the  TARGET  5  ASIC,  with  key  components  shown.  Sixteen  channels  are  processed  both  for  trigger  formation  and  analog  sampling.  The  
trigger  generation  is  based  on  the  analog  sum  of  signals  in  four  adjacent  channels,  and  the  trigger  output  is  transmitted  off-ASIC  to  higher-level  logic  that  uses  it  to  generate  
readout  requests  sent  back  to  the  ASIC.  A  timebase  generator  controls  the  sampling  of  signals  into  two  groups  of  32  sampling  capacitors  per  channel.  Ping-pong  operation  
enables  transfer  of  analog  samples  from  one  group  of  32  to  storage  while  the  other  group  is  sampling,  with  the  roles  reversed  in  the  subsequent  half  sampling  cycle.  Each  
storage  buffer  is  an  array  of  512  blocks  (8  rows  by  64  columns)  with  a  total  of  16,384  capacitors  per  channel.  Blocks  of  32  storage  capacitors  can  be  randomly  accessed  for  
digitization  by  onboard  Wilkinson  ADCs.  Sufficient  ADCs  are  included  to  digitize  32  samples  per  channel,  and  all  16  channels,  in  parallel.  Individual  converted  samples  may  
then  be  selected  and  serially  transmitted  off-ASIC  on  all  16  channels  concurrently.  In  this  example,  two  blocks,  corresponding  to  64  samples  (64  ns  at  1  GSa/s),  are  read  out  
as  a  digitized  waveform.  Configuration  of  operating  parameters,  such  as  DACs  for  bias  and  control,  are  programmed  through  a  serial-parallel  interface.  

channels.  The  summed  signal  is  routed  to  a  comparator  for  thresh-  

olding.  3  

3.  Performance  

3.1.  Evaluation  board  and  software  

Evaluation  of  TARGET  5  performance  has  been  carried  out  using  

the  dedicated  board  shown  in  Fig.  2  .  It  features  a  TARGET  5  ASIC  

and  an  FPGA  (Xilinx  Virtex-5)  as  well  as  all  the  ancillary  compo-  

nents  necessary  to  support  them.  The  FPGA  controls  the  ASIC  and  

connects  to  an  external  computer  through  a  fiber  interface.  Exter-  

nal  termination  resistors  are  used  in  order  to  set  the  real  part  of  

the  input  impedance  to  50  ! for  interfacing  with  standard  cables  

3  To  first  order,  the  sum  is  instantaneous,  so  the  time-domain  overlap  between  
input  signals  determines  the  voltage  for  thresholding.  For  the  final  application  we  
will  rely  on  external  components  to  shape  the  input  signals  to  a  duration  of  ∼10  ns,  
which  largely  exceeds  time  offsets  between  signals  from  adjacent  camera  pixels  ex-  
pected  to  be  at  most  0.1  ns  (due  in  almost  equal  measure  to  Cherenkov  light  arrival  
time  for  highly  inclined  showers,  and  to  trace  length  differences  prior  to  the  ASIC).  

(the  same  strategy  is  adopted  for  the  front-end  electronics  camera  

module  described  in  Section  4  ).  

The  external  computer  and  the  evaluation  board  FPGA  com-  

municate  with  each  other  through  an  optical  fiber/Gigabit  ether-  

net  cable  via  the  User  Datagram  Protocol  (UDP).  The  control  and  

data  acquisition  software,  libTARGET  ,  is  written  in  C++11  to  support  

both  POSIX  and  Windows  systems,  and  supports  the  generation  of  

a  Python  wrapper.  The  latest  version  of  libTARGET  can  be  obtained  

from  the  authors  upon  request.  

3.2.  Data  path  

3.2.1.  Sampling  

The  analog  sampling  frequency  is  determined  by  two  control  

voltages,  VdlyP  and  VdlyN  ,  which  set  the  supply  and  sink  cur-  

rent  for  the  time  delay  elements,  respectively.  Each  control  voltage  

is  supplied  by  a  digital-to-analog  converter  (DAC)  internal  to  the  

ASIC  controlled  through  the  serial-parallel  interface.  Adjusting  the  

sampling  frequency  has  a  twofold  aim:  1)  ensuring  stable  sampling  

frequency  against  temperature  variations  intrinsic  to  the  design  of  

the  timebase  generator,  2)  making  it  possible  to  test  a  range  of  

sampling  frequencies  for  optimal  performance.  

TARGET Diagram
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Bechtol+ (2011), Albert+ (2017)



First SST Camera Prototype (w/ MAPMTs)

TARGET 5 ASICs and 32 MAPMTs (2048 channels)


Mounted on a French telescope prototype (incomplete)


CTA’s first ever Cherenkov images (near Paris!) in 2015
17



Cherenkov Shower

Trigger, data acquisition, data analysis, module calibration etc.


First images taken on Nov 26, 2015


Could not join the shift as my second son was born on Oct 26, 2015
18

https://www.cta-observatory.org



Second SST Camera Prototype (w/ SiPMs)

TARGET 7 ASICs and 32 SiPMs (2048 ch)


Mounted on an Italian telescope prototype on Mt. Etna, Sicily


First light in 2019, and later volcano activity


SST “Harmonization” process chose our camera design in 2019
19

Credit: Christian Föhr (MPIK)



promising sources must be performed to schedule deep obser-
vations. For each of the 200 simulated SNR samples, the source
with the largest 95% CL lower limit on the proton spectral cuto�
is selected. This selection strategy leads to a list of 199 sources
because for one simulated SNR sample with �p = 2.3, there is
no SNR detected in the sense of Tab. 2. As it was discussed
in Sect. 5.3, the majority of selected PeVatron candidates are
point-like. The median age of selected SNRs is 220 years, i.e.
typically young SNRs are selected for follow-up observations,
and the median distance is 8.2 kpc. Deep observations with
exposures of 50 h and 250 h are simulated for selected sources
and the fraction of PeVatrons which are confirmed is quantified.
Since only one source is considered for deep observations per
simulated SNR sample, no trial correction is applied and the
confirmation threshold of 25 is used for the PTS as indicated in
Tab. 2.
Table 4 summarizes the results. An exposure of 50 h is likely
to be insu�cient for a PeVatron confirmation when the proton
spectral index is not hard. While 80% of the selected PeVatrons
are confirmed when the true proton spectral index is hard, i.e.
�p = 2, only 24% can be confirmed for �p = 2.3. However, for an
exposure of 250 h, the prospects for the confirmation of a SNR
PeVatron are excellent. At least 86% of the selected PeVatrons
are confirmed when �p  2.3.
This result clearly shows that CTA will be able to confirm SNR
PeVatrons when good candidates are selected for deep obser-
vations. A selection of candidates can be performed based on
data acquired in the CTA GPS or, for example, based on mea-
surements with di�erent experiments such as LHAASO or the
planned SWGO (SWGO Collaboration, 2022).

6. PeVatron searches with CTA under moonlight conditions

CTA aims to address many key questions in the field of very
high energy astrophysics (CTA Collaboration, 2019) and the
optimization of observation time available for each individual
key science topic has to be controlled to maximize the overall
scientific return. Traditionally, IACT observations are only
carried out during periods of astronomical darkness, i.e. with
little to no moonlight. This is due to the sensitivity of the
photo-multiplier tubes (PMTs) used in the IACT cameras,
which degrade when exposed to high–intensity incident light.
The southern CTA site will include a large SST array, which
will provide excellent sensitivity above energies of ⇠ 10 TeV.
These dual-mirror Schwarzschild-Couder telescopes will use
silicon photomultipliers (SiPMs). A clear advantage of the
SiPM sensor is that it can sustain long periods of exposure to
very strong moonlight conditions without substantial changes
in its properties. This has already been demonstrated by
the excellent long-term stability of the First Geiger-mode
avalanche photodiodes (G-APD) Cherenkov Telescope (FACT)
camera, which has been in operation at La Palma since 2012
(Knoetig et al., 2013). Work by the VERITAS Collaboration
has demonstrated that observing with up to 30 times the
nominal night sky background (NSB) light, corresponding
to observations of a source located 90 degrees from an 80%
illuminated Moon, can provide up to 30% more observation

time per year (Archambault et al., 2017). Similarly, work
by the MAGIC Collaboration has shown that the maximal
duty cycle of MAGIC can be increased from 18% to up to
40% in total with only moderate performance degradation and
without any significant worsening of the angular resolution
(M.L. Ahnen and et al., 2017). The actual NSB level during
any given observation depends very strongly upon the Moon
phase, the angular distance of the source from the Moon,
and the presence of clouds or other reflective material in the
atmosphere. These constraints make it di�cult to estimate the
additional observing yield for any given source, as well as the
impact of dramatically varying observing conditions on the
sensitivity of the array during these observations. In this work,
30 times the nominal NSB is chosen as a conservative value for
typical observations, which is referred to as High NSB (HNSB).

Figure 9 compares the point-like source di�erential sensitivity
of the SST array for HNSB conditions to the sensitivity of the
CTA Omega array for nominal conditions. The figure shows
that observations under moonlight conditions with only the SST
array can provide a similar sensitivity as the CTA Omega array
above energies of a few 10’s of TeV.
The PeVatron detection performance of di�erent strategies for
deep PeVatron observations is compared in the following. For
all strategies, it is assumed that 10 h point-like source equivalent
exposure with the full CTA south array data is available, e.g. as
a result of the CTA GPS. The baseline is to perform deep follow-
up observations with the full CTA south array under nominal
NSB conditions. The alternative is to observe under HNSB
conditions with the SST subarray of CTA.
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Figure 9: Comparison of the CTA point-like source sensitivity for 10 hours
observation for di�erent observations conditions. Nominal observations corre-
spond to the CTA Omega array under conditions of astronomical darkness. High
NSB observations correspond to the SST sub-array of CTA under conditions of
80% full moon illumination.

6.1. Confirmation of SNR PeVatrons

As discussed in Sec. 5.5, SNR PeVatrons can be identified
with data acquired in deep exposures with CTA. The perfor-
mance of follow-up observations with the SST subarray of CTA
under moonlight conditions is compared to the performance of
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SiPM Advantage

Latest SiPMs for SSTs (LVR3, 50 µm, uncoated) have as high as >55% PDE


Optical crosstalk rate was successfully reduced by removing the resin coating


SSTs will be operated under high night sky background conditions
20

CTA (2023)
Hamamatsu S14521-1720

Depaoli et al. (2024)



Camera Module

Started with the first TARGET ASIC (16-ch sampling and trigger), and 64-ch MAPMTs in 2009


Latest module uses 4 × sampling ASIC (TARGET-CTC) and 4 × trigger ASIC (TARGET-CT5TEA)


UV-sensitive and uncoated low-optical-crosstalk 64-ch SiPMs

21

64-ch SiPM

Hamamatsu S14521-1720

6 × 6 mm2, 50 µm APD

Typ. breakdown = 38 V

Bias board

Preamplifier board

ASICs

- Sampling

- Digitization

- First level trigger

To backplane

D. Depaoli (ICRC2023)

Trigger ASIC Sampling ASIC



(Almost) Final Design

The same concept: 32 × 64-ch SiPMs to form the spherical focal plane, read and 
triggered by dedicated ASICs (TARGET series), and controlled by backplane


After the experience of two prototypes, the design is being finalized now
22

570 mm

300 mm

32 × 64-ch SiPMs
UV transparent

flat window

Heat exchanger

Slow

 control

  board

Readout

modules

Light-tight

doors

Power

supply

Backplane

64-ch SiPM

(Hamamatsu S14521)



Quarter Camera @ MPIK, Heidelberg

Quarter camera will have only 8 camera modules (512 of 2048 pixels)


Mechanical, thermal, and electrical tests started this summer in parallel to stand-alone module tests


Tests and debugging to finish this year, then a full camera (first camera) will be built in 2024–2025


Mounting test on a telescope at the Tide Observatory in October
23

570 mm



Status of the SST Optical System

The optical performance of the Schwarzschild–Couder system validated


ASTRI mini-array (9 SST-like systems) to be built at Teide Observatory


Optics and array control will be tested and validated before SST construction in ~2026
24

1st Prototype on Mt. Etna, Sicily, Italy (2014) 2nd Prototype at Teide Obs., Tenerife, Spain (2023)
Credit: ASTRI, INAF

Giro+ 2017

SiPM Pixel
6 mm



Tentative Schedule

Quarter camera in 2023–2024, 1st camera in 2024–2025, …


Once the 1st camera is ready, we will start test observations in 2025


Must produce and test a new camera a month from 2025
25

2023 2024 2025 2026 2027 2028

Finalize Camera Design

Quarter Camera Tests

1st to 5th Cameras to be built and tested

Procurement of mass production parts

Mass production of 6th to 42nd cameras

Test observations with initial cameras

CTA Southern site preparation
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More

Wide High-Energy Coverage by Neutral Particles

Neutral keV/MeV/GeV/TeV/PeV regions are covered by different techniques and 
by gamma rays and neutrinos


Need to fill the sensitivity gaps and to extend the energy coverages for 
future multimessenger astrophysics (2030–)
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SiPMs for CTA LSTs

Compact pixelization will fully exploit the LST optics resolution and improve the 
signal to noise ratio


Better angular resolution for gamma-ray events is expected


Highly tolerant against bright moon sky
27

with T. Saito (ICRR), T. Yamamoto (Konan)
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→ Lower energy threshold, longer observation time, and finer pixels


Novel absorptive 8-layer coating achieved by additional thin (~10 nm) Al layer
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PMT SiPM
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Summary

CTA SSTs will be in charge of the highest-energy band 
observations


>10 years have past since the early development stage and 
finally the first SST of the final design is coming in 1–2 year


Searching southern PeVatrons together with ALPACA and 
SWGO will start bring new results from late 2020s


SiPM technology can be used for LSTs and other projects in 
the future
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