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Cherenkov Telescope Array (CTA)
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The Next-generation Very-high-energy 
(VHE) Gamma-ray Observatory



Cherenkov Telescope Array (CTA)
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Small-Sized Telescope 
(SST) 
  GCT (SC)  ~35@S 
  ASTRI (SC) ~35@S 
  Davis–Cotton ~20@S 
  D ~4 m 
  FOV ~9° 
  E = 5 TeV – 300 TeV

Large-Sized 
Telescope (LST) 
  4@North + 4@South 
  D = 23 m 
  FOV = 4.5° 
  E = 20–200 GeV

Medium-Sized 
Telescope (MST) 
  15@N + 25@S 
  D = 12 m 
  FOV = 8° 
  E = 100 GeV – 10 TeV

Schwarzschild–Couder 
Telescope (SCT) 
  25@S 
  D = 9.6 m 
  FOV = 8° 
  E = 200 GeV – 10 TeV

SouthNorth

LST 
MST 
SCT 
SST

1 km

3 km

Array Layout Examples



Large-Sized Telescope (LST)

23 m diameter × 4 

Will achieve 20 GeV 
energy threshold 

High statistics gamma-
ray astronomy 

‣ Gamma-ray burst 

‣ AGN 

‣ Connection to Fermi/
LAT (20–300 GeV) 

‣ Origin of extragalactic 
cosmic rays 

The higher photon 
collection efficiency is 
the better
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The LST Camera

Comprises 1855 high-QE PMTs (Peak QE ~40%) with hemispherical cathode 

Covered by hexagonal light concentrators to reduce ineffective area 

“Winston cones” have been used in Cherenkov telescopes
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~2.2 m

1885 PMTs

LST “Mini” Camera at ICRR



ROLAND WINSTON V

whereas for liglht ravs in three dimensions,

1 dxdy(lpdp = 1 dxdydp~dptv (4)

We are now in a position to generalize the Abbe sine
law to nonimaging systems. Suppose that at every
point of the entrance aperture (at z1) light rays subtend
all angles up to On=X with respect to the z axis. From
Eq. (3), we have

1 dxdp, = 2n1 d1 sinO ax, (5)

where a,, a2 are the aperture areas at zi, z2 and the index
of refraction is again assumed to be constant over the
entrance and exit apertures. Equation (10) is the sine
inequality for light rays propagating in three dimen-
sions. For systems with rotational symmetry about z,
for which the angular momentum (xp,-ypx) is constant
along a light ray, the equivalent of Eq. (10) can be
derived simply.3 For the ray with maximum angular
momentum at zj, we have

(xpy -ypx), -zl = nRi sin~max) (11)

where R1 is the radius of the entrance aperture. At the
exit aperture we have for the same ray,

(TV-yp2)z2<• 2 R 2,I dxdp.•< 212ad2 ,
Z2

(6)

so that

(12)

where R2 is the radius of the exit aperture, so that
n2R 2> n1R, sinOmax,

u.2d2 > )t1 dI sin~max, (7)

where di, d2 are the aperture widths at zi, Z2 and the
index of refraction is assumed constant over the en-
trance and exit apertures. Equation (7) is the sine
inequality for meridional rays. To illustrate the content
of Eq. (7), the entrance and exit phase space for a
specific case is shown in Fig. 1. For propagation in three
dimensions, we have, from Eq. (4),

so that

I dxdydpldp,, = Itnl2a, sin2OMaX
z1

1 dxdydpxadp• < 11n,2 a2,
n2

ii2a2> n12 a, sin2o.a,.

I Px

(a ) (b)
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(10)

11Px

FIG. 1. (a) The area in phase space occupied by rays at the
entrance aperture of a two-dimensional light collector. In this
example, O-.,= 16°, n = 1. (b) The area in phase space occupied
by rays at the exit aperture of the same light collector. We have
assumed d2 =di sinOma,, the limiting case of Eq. (7).

(13)

which is identical with Eq. (10) for rotationally sym-
metric svstems.

Z xl

dS +z Z axis - max. - 2 -

FIG. 2. Construction of an ideal light collector for the case of
constant index of refraction. In this example, 0Amas= 160.

Equations (7) and (10) provide the desired restriction
on the exit aperture, imposed by the initial angular
divergence, for optical systems that are not necessarily
image forinig.

IDEAL LIGHT COLLECTORS

We call an optical system that has the smallest
f number allowed by the sine inequality an ideal light
collector. As is well known from the theory of lenses, a
system of lenses that acts as an ideal light collector
would have an f number = 0.5, a physically unrealizable
limit.4 We are therefore led to consider the possibility
of an ideal reflecting-surface collector.

The conservation of phase-space volume expressed
by Eqs. (3) and (4) ensures that transmission of un-
wanted rays will necessarily result in reduced acceptance

3 This result is derived by Luneburg,' also by J. Marshall, Phys.
Rev. 86, 685 (1952).

4 This follows from the connection between the f number and
the Abbe sine lawv discussed in many optics texts. See, for example,
M. Born and E. Wolf, Principles of Optics (Pergamon Press, Ltd.,
Oxford, 1965), 3rd ed.
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tively. The ! ðhcross < h < 1:5" hmaxÞ values are 8.13% and 6.48%,
respectively. Therefore, using a cubic Bézier curve, we can achieve
a 2.2% higher collection efficiency for signal photons, and an 20.3%
lower efficiency for stray background light.

A more realistic case in which R and n are assumed to be 0.9 and
1.5 is shown in Figs. 7(c) and (d). The optimized quadratic and cubic
Bézier cones again outperform the normal Winston cone, exhibiting
higher collection efficiencies for signal photons and lower efficien-
cies for stray light. The values of ! ðh < hmaxÞ; ! ðhmax < h < 1:5"

hmaxÞ; ! ðh < hcrossÞ, and ! ðhcross < h < 1:5" hmaxÞ for the realistic
case are presented in Table 3. When q1 ¼ 20 mm, ! ðh < hcrossÞ for
the Winston and optimized cubic Bézier cones are 77.6% and
79.7%, respectively, and ! ðhcross < h < 1:5" hmaxÞ are 7.42% and
5.71%, respectively. Therefore, we can gain a 2.7% higher collection
efficiency for signal photons and a 23.1% lower efficiency for the
background in this case.

Fig. 8 shows ! ðh < hcrossÞ vs. hcross, and ! ðhcross < h < 1:5" hmaxÞ
vs. hcross for the ideal (R ¼ 1:0 and n ¼ 1:0) and realistic (R ¼ 0:9
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Fig. 7. (a) Incident angle dependency of the collection efficiencies of hexagonal light collectors (q1 ¼ 20 mm and q1 ¼ 30 mm, and q2 ¼ 10 mm). Solid lines are the collection
efficiencies of hexagonal Winston cones without any optimization. Filled and open circles represent optimized quadratic and cubic Bézier cones, respectively. Values of hmax

and hcross for the q1 ¼ 20 mm case are marked with dot-dashed lines. (b) Same as (a), but the vertical axis is angularly weighted by sin h. (c) Same as (a), but R and n are 0:9 and
1:5, respectively. The efficiency decreases for on-axis photons due to multiple reflections on the inner surfaces of the light collectors. (d) Same as (b), but R and n are 0:9 and
1:5, respectively.

22 A. Okumura / Astroparticle Physics 38 (2012) 18–24Ideas (1) – Bézier Curve Profile

So-called a Winston cone accepts only photons with angle of incidence within a cutoff 
angle (in 2D space) 

For a 3-dimensional hexagonal cone, use of a Bézier curve profile outperforms a 
parabolic profile

6

2D Compound Parabolic Cone (CPC) 
             or Winston Cone

Winston 1970
Okumura 2012

Hexagonal Case



(a) (b) (c) 

Ideas (2) – ABS Cone + Thin Specular Films

Light weight 

Very high reflectance (~95–99%) in a wide wavelength (300–800 nm) and angle (20–70 
deg) ranges that cannot be achieved by aluminum coating 

Minimum dead area (~0.1 mm) thanks to the film thickness
7

ABS Resin cone with Thin Specular Films

Okumura+ (2015)

50 mm

t 0.5 mm
t ~0.1 mm
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Ideas (3) – ESR Films + Multilayer Coating

Base film: 3M Vikuiti™ Enhanced Specular Reflector (ESR) (insulating, R >95%, >400 nm) 

Multilayer coating: 54 layers (Ta2O5 and SiO2) to enhance UV reflectance 

≳95% reflectance in wide ranges of angle and wavelength
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50°
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UV 
Enhanced 
Coating

Okumura+ (2015)

PMT

50 mm
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CTA PMT (R11920-100-20) has positional and angular dependence of anode sensitivity 

The cone profile was optimized considering these dependence and film reflectance 

Note: Collection efficiency of a light concentrator cannot be defined
9

Okumura+ (2015)

Positional Dependence Angular Dependence 
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Performance

The anode sensitivity normalized to a 25-mm mask shows  90 to >100% 
at the most important angles 

5–10% better than Al + multilayer coating on plastic 

Trade-off between detection efficiency and cost/labor/uniformity
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Small-Sized Telescope (SST)
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4 m diameter × 70 

‣ 3 designs proposed 

‣ SiPM based cameras 

‣ Spread over a few km2 

High-energy frontier 
up to 300 TeV 

Origins of Galactic 
cosmic rays 

‣ PeVatron(s) search 

‣ Supernova remnants 

The cheaper unit price 
is the better for a 
large effective areaPrototype of Gamma-ray 

Cherenkov Telescope (GCT)

Secondary 
Mirror

Primary 
Mirror

Camera



SiPM Cameras (SCT and SSTs)

First use of Schwarzschild-Couder optics (aspherical primary and secondary) 

Small plate-scale, small angular resolution (~4–6 arcmin), and large FOV (8–9°) 
require a fine pixel size of ~6 mm and multi-channel photodetectors

12

SCT Camera SST Camera

~80 cm

~40 cm

2,048 pixels

11,328 pixels



SiPM Dead Space and Fresnel Reflection

~15% photons are lost due to the pixel gaps (typically 0.2 mm) 

Angle of incidence ranges from 30 to 60 degrees in SC optics, resulting in 
higher Fresnel reflection than parabola or Davies–Cotton

13

0.20 mm Gap

Hamamatsu S12642-050

3 mm

Secondary

Primary

Camera

3

MPPC (Multi-Pixel Photon Counter) arrays S13361-6050 series

Photon detection efficiency vs. wavelength (typical example)

Photon detection effi ciency does not include crosstalk or afterpulses.
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MPPC characteristics vary with the operating voltage. Although increasing the operating voltage improves the photon detection effi -
ciency and time resolution, it also increases the dark count and crosstalk at the same time, so an optimum operating voltage must be 
selected to match the application.

Taken from HPK catalog



Lens Array for SiPM

Silicone is highly UV transparent and can be molded 

Simulated a silicone lens array with various lens shape parameters by ROBAST 
(Okumura+ 2016, see http://robast.github.io/)
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W
H

W

H3.2 mm

3.0 mm
Lens Array Simulation

Lens Array

SiPM
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Simulation Results

PDE can be improved by 14.5% (e.g., PDE 40% → 46%) 

Photons are concentrated on the inner region of individual SiPM pixels 

Currently prototyping a lens array made of UV-transparent glass
15

+14.5% 3.0 mm



Summary

Developed a hexagonal light concentrator for CTA Large-
Sized Telescopes using highly reflective specular films 

Achieved 80–100% collection efficiency for various colors 

The film can be used for other detectors such as 
scintillators 

An idea of a light concentrator (lens array) for an SiPM 
array has been also studied and proposed 

Prototyping a lens array made of UV-transparent glass
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