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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-
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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)

1 1
320
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320
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, (30.9)

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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Cosmic-ray Hadron Spectrum

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

What is the origin (PeVatron) of Galactic CRs (< ~3 PeV)? Supernova remnants? 
Galactic center?
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Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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If the accelerator injects particles (here we consider protons through-
out) at a continuous rate, ( )!Q Ep , the radial distribution of cosmic rays 
in the central molecular zone, in the case of diffusive propagation, is 
described9 as ( )= ( )

π ( )

!
w E r t, , Q E

D E rCR 4
p  erfc(r/rdiff), where D(E) and rdiff are  

the diffusion coefficient and radius, respectively. For timescales t 
smaller than the proton–proton interaction time (tpp ≈   
5 ×  104(n/103)−1 yr, where n is the density of the hydrogen gas in cm−3), 
the diffusion radius is ≈ ( )r D E t4diff . Thus, at distances r <  rdiff, the 
proton flux should decrease as ∼ 1/r provided that the diffusion coef-
ficient does not vary much throughout the central molecular zone. The 
measurements clearly support the wCR(r) ∝  1/r dependence over the 
entire central molecular zone region (Fig. 2) and disfavour both 
wCR(r) ∝  1/r2 and wCR(r) ∝  constant profiles (the former is expected if 
cosmic rays are advected in a wind, and the latter in the case of a single 
burst-like event of cosmic-ray injection). The 1/r profile of the cos-
mic-ray density up to 200 pc indicates a quasi-continuous injection of 
protons into the central molecular zone from a centrally located accel-
erator on a timescale ∆ t exceeding the characteristic time of diffusive 
escape of particles from the central molecular zone, that is, ∆ t ≥  tdiff ≈  
R2/6D ≈  2 ×  103(D/1030)−1 yr, where D (in cm2 s−1) is normalized to 
the characteristic value of multi-TeV cosmic rays in the Galactic disk10. 
In this regime the average injection rate of particles is found to  
be (≥ )≈ × ( / )!Q D10 TeV 4 10 10p

37 30  erg s−1. The diffusion coefficient 
itself depends on the power spectrum of the turbulent magnetic field, 
which is unknown in the central molecular zone region. This intro-
duces an uncertainty in the estimates of the injection power of relativ-
istic protons. Yet, the diffusive nature of the propagation is constrained 
by the condition R2/6D ! R/c. For a radius of the central molecular 
zone region of 200 pc, this implies D ! 3 ×  1030 cm2 s−1, and, conse-
quently, . × −! "Q 1 2 10 erg sp

38 1.
The energy spectrum of the diffuse γ -ray emission (Fig. 3) has been 

extracted from an annulus centred at Sagittarius (Sgr) A*  (see Fig. 1). 
The best fit to the data is found for a spectrum following a power law 
extending with a photon index of ∼ 2.3 to energies up to tens of TeV, 
without a cut-off or a break. This is the first time, to our knowledge, 
that such a γ -ray spectrum, arising from hadronic interactions, has 
been detected. Since these γ -rays result from the decay of neutral pions 
produced by pp interactions, the derivation of such a hard power-law 

spectrum implies that the spectrum of the parent protons should extend 
to energies close to 1 PeV. The best fit of a γ -ray spectrum from neutral 
pion decay to the HESS data is found for a proton spectrum following 
a pure power law with an index of ∼ 2.4. We note that pp interactions 
of 1 PeV protons could also be studied by the observation of emitted 
neutrinos or X-rays from the synchrotron emission of secondary elec-
trons and positrons (see Methods and Extended Data Figs 3 and 4). 
However, the measured γ -ray flux puts the expected fluxes of neutri-
nos and X-rays below or at best close to the sensitivities of the current 
instruments. Assuming a cut-off in the parent proton spectrum, the 
corresponding secondary γ -ray spectrum deviates from the HESS data 
at 68%, 90% and 95% confidence levels for cut-offs at 2.9 PeV, 0.6 PeV 
and 0.4 PeV, respectively. This is the first robust detection of a VHE 
cosmic hadronic accelerator which operates as a source of PeV particles 
(a ‘PeVatron’).

Remarkably, the Galactic Centre PeVatron appears to be located 
in the same region as the central γ -ray source HESS J1745− 290  
(refs 11–14). Unfortunately, the current data cannot provide an answer 
as to whether there is an intrinsic link between these two objects. The 
point-like source HESS J1745− 290 itself remains unidentified. Besides 
Sgr A* (ref.  15), other potential counterparts are the pulsar wind nebula  
G 359.95− 0.04 (refs 16, 17) and a spike of annihilating dark matter18. 
Moreover, it has also been suggested that this source might have a 
diffuse origin, peaking towards the direction of the Galactic Centre 
because of the higher concentration there of both gas and relativistic 
particles15. In fact, this interpretation would imply an extension of the 
spectrum of the central source to energies beyond 10 TeV, which how-
ever is at odds with the detection of a clear cut-off in the spectrum of 
HESS J1745− 290 at about 10 TeV (refs 19, 20; Fig. 3). Yet the attractive 
idea of explaining the entire γ -ray emission from the Galactic Centre by 
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Figure 2 | Spatial distribution of the cosmic-ray density versus 
projected distance from Sgr A*.  The vertical and horizontal error bars 
show the 1σ statistical plus systematic errors and the bin size, respectively. 
Fits to the data of a 1/r (red line, χ2/d.o.f. =  11.8/9), a 1/r2 (blue line, χ2/
d.o.f. =  73.2/9) and a homogeneous (black line, χ2/d.o.f. =  61.2/9) cosmic-
ray density radial profile integrated along the line of sight are shown. The 
best fit of a 1/rα profile to the data is found for α =  1.10 ±  0.12 (1σ). The 
1/r radial profile is clearly preferred for the HESS data.

Energy, E (TeV)
1 10

10–13

10–12

10–11

10–10

Diffuse emission (×10)
Model (best !t): diffuse emission

 = 2.9 PeV68%
cut,pModel: diffuse emission E

 = 0.6 PeV90%
cut,pModel: diffuse emission E

 = 0.4 PeV95%
cut,pModel: diffuse emission E

HESS J1745–290
E2

 ×
 "

ux
 (T

eV
 c

m
–2

 s
–1

)

Figure 3 | VHE γ-ray spectra of the diffuse emission and HESS  
J1745−290.  The y axis shows fluxes multiplied by a factor E2, where E is the 
energy on the x axis, in units of TeV cm−2 s−1. The vertical and horizontal 
error bars show the 1σ statistical error and the bin size, respectively. Arrows 
represent 2σ flux upper limits. The 1σ confidence bands of the best-fit 
spectra of the diffuse and HESS J1745−290 are shown in red and blue 
shaded areas, respectively. Spectral parameters are given in Methods. The 
red lines show the numerical computations assuming that γ -rays result from 
the decay of neutral pions produced by proton–proton interactions. The 
fluxes of the diffuse emission spectrum and models are multiplied by 10 to 
visually separate them from the HESS J1745−290 spectrum.
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Galactic Center Region

Massive black hole (4 × 106 M⦿) at Sgr A* (bright radio source) 

Point source HESS J1745–290 at Str A* and diffuse gamma-ray emission 

Diffuse component has a cutoff  energy of 2.9 PeV (68% conf.) → PeVatron?
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Cherenkov Telescope Array (CTA)

Small-Sized Telescope (SST) 
  Dia. : 4 m 
  Energy : 5–300 TeV 
  NTel : 0 @ North, 70 @ South



1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top:
differential energy flux sensitivities for CTA (south and north) for five standard deviation detections in five
independent logarithmic bins per decade in energy. For the CTA sensitivities, additional criteria are applied to
require at least ten detected gamma rays per energy bin and a signal/background ratio of at least 1/20. The
curves for Fermi-LAT and HAWC are scaled by a factor of 1.2 to account for the different energy binning. The
curves shown give only an indicative comparison of the sensitivity of the different instruments, as the method
of calculation and the criteria applied are different. In particular, the definition of the differential sensitivity
for HAWC is rather different due to the lack of energy reconstruction for individual photons in the HAWC
analysis. Bottom: angular resolution expressed as the 68% containment radius of reconstructed gamma
rays (the resolution for CTA-North is similar). The sensitivity and angular resolution curves are based on the
following references: Fermi-LAT [1], HAWC [2], H.E.S.S. [3], MAGIC [4], and VERITAS [5]. The CTA curves
represent the understanding of the performance of CTA at the time of completion of this document; for the
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Three SST Designs → SST Harmonization

CTA had a design review process to “harmonize” the different SST designs (3 cameras and 3 
telescopes) since May 2018 

CHEC and ASTRI designs were finally chosen in June 2019 (to be further improved) 

CTA Nagoya group will continue working on electronics, SiPM, software, and optics simulation
6

Credit: Christian Föhr (MPIK)

Compact High-Energy Camera (CHEC) ASTRI

D = 4 m

40 cm



Crab Observations by an SST Prototype (CHEC–ASTRI)

Two observation campaigns were held on Mt. Etna, Italy in 2019 (but with very 
early SiPM product) 

Additional test observations canceled due to mirror re-coating and COVID-19
7

https://www.cta-observatory.org/chec-achieves-first-light-on-astri/



Schwarzschild–Couder Configuration with SiPM Camera

Aspherical primary/secondary mirrors for wide FOV (< 10°) with good angular resolution 

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

Large angular distribution (30–60°) of angles of incidence on SiPMs

8

Segmented Primary

Secondary

SiPM Camera

θ ~ 30–60°

SiPM Channels (~0.16°)



S14521-8649 (Coated) and S14521-8648 (Uncoated)

Uncoated SiPMs (thin SiO2 and SiN layers only) is preferred for CTA to reduce the 
optical crosstalk rate (See Nakamura et al. 2018) 

But thin protection layers behave as multilayer coating, thus wavelength- and angular-
dependent photodetector efficiency (PDE) will appear (30–60° for SST)
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S14521-8649 (6 × 6 mm2, 75 µm, 16 ch × 4)
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Bumpy reflectance was observed, explaining the bumpy PDE 

Eight different APD cells in the same channel show different peak positions 
→ Can be explained if the SiO2 thickness is not uniform (typ. ±30 nm)
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ਤ 12 ɺCr ͷ۶ંͷจݙΛมԽͤͨ࣌͞ͷγϛϡϨʔγϣϯͰ͋ΔɻCr ͷจݙΛมԽͤ͞Δͱɺ
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ͱΑΓɺతʹࣹγϛϡϨʔγϣϯʹٴ΅͢Өڹগͳ͍ͱࢥΘΕΔɻ
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Multilayer Simulation

Measured the thickness of the layers and identified the materials (not allowed to make it 
public) 

Multilayer simulation by ROBAST (first talk after break) roughly reproduces the measurement 

Thickness non-uniformity is not taken into account
12
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Bumpy PDE vs angle was obtained as expected 

Single multilayer simulation only roughly reproduce the measured PDE vs angle  

Need to measure how uniform the SiO2 thickness is to reproduce the measurements 

LED spectrum (Δλ ~ 15 nm) is convoluted in simulation
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Multilayer Simulation

・Measured
・Measured

・Measured

Schwarzschild–Couder

±5%
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Multilayer Simulation

・Measured
・Measured

・Measured

SiO2 += 100 nm
SiO2 −= 100 nm

Schwarzschild–Couder

±5%

Bumpy PDE vs angle was obtained as expected 

Single multilayer simulation only roughly reproduce the measured PDE vs angle  

Need to measure how uniform the SiO2 thickness is to reproduce the measurements 

LED spectrum (Δλ ~ 15 nm) is convoluted in simulation
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Peaks and valleys are smoothed out because the LED spectrum is wider than 
the wavelength dependency
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Summary and Plans

“The” SST design has been chosen from 3 camera and 3 
optics designs after the “SST Harmonization” process in CTA 

Prototype Schwarzschild–Couder (SC)telescopes for the CTA 
Medium- and Small-sized Telescopes constructed (see 
backup) 

First realization of the SC configuration ever 

SiPM PDE has non-negligible angular dependence when 
resin coating is removed for CTA 

Characterized by both measurement and ROBAST simulation 

Angular-dependent PDE will be taken into account in future 
CTA simulations and calibration
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