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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 (CTA)
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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



CTA Northern & Southern Sites (Initial Configuration)

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

Spread over ~5 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
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514 30. Cosmic Rays

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
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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 −2.0 at the source?
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Where are PeVatrons?

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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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  



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
8
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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
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Credit: G. Pérez, IAC, SMM
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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
10

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

Giro+ 2017

2 kmSiPM Pixel
6 mm



History of the SST Camera

The current SST camera concept started around 2012 

Two prototypes succeeded in first lights in 2015 and 2019 

SiPMs to be used in the final SST camera design
11

1st Prototype with MAPMTs (First Light 2015) 2nd Prototype with SiPMs (First Light 2019)



(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
12
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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 (CTC) and 4 × trigger ASIC (CT5TEA) 

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



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 

Mounting test on a telescope to be done at the Tide Observatory in October
14



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
15

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



Summary

CTA Small-sized Telescopes (SSTs) is a key instrument for 
PeVatron search in 5–300 TeV 

Complementary with array-type surface detectors 
‣ Better angular and energy resolutions 

‣ Competing exposure time by pointing and moon-light 
observations 

The final SST camera and telescope designs are almost 
finished 

Quarter camera and modules are under tests 

First camera and mass production are expected in the next 
few years
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