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Map of Imaging Atmospheric Cherenkov Telescopes (IACT)
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Map of Imaging Atmospheric Cherenkov Telescopes (IACT)

What do they all have in common ?
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Map of Imaging Atmospheric Cherenkov Telescopes (IACT)

What do they all have in common ?
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Many components actually, but particularly :

Camera made of Photo Multiplier Tubes
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Map of Imaging Atmospheric Cherenkov Telescopes (IACT)

What do they all have in common ?
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Many components actually, but particularly :
Camera made of Photo |\/|U|’[Ip|l6’ Tubes

Whipple MAGIC Il VERITAS

Are SiPMs, which a‘re widely used in HEP detectors, a possible
alternative to standard PMTs and what would we gain from them
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Photo detection plane requirements for [ACTs Camera

High Quantum Efficiency
Single Photon sensitivity
-ast pulses

_OW noise

High Fill factor
Robustness

Uniformity

High dynamic range
_arge area to be covered
_inear response
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Photo detection plane requirements for IACTs Camera

High Quantum Efficiency 40 mm
Single Photon sensitivity I
>

ast pulses P 3 mm

' ., &
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High Fill factor l!
Robustness e

Uniformity

High dynamic range
_arge area to be covered
_inear response
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Photo detection plane requirements for IACTs Camera

High Quantum Efficiency 40 mm
Single Photon sensitivity p—
Fast pulses = 3 mm

_ow noise (dark count, after pulses)
High Fill factor |!
Robustness —>
Uniformity

High dynamic range
_arge area to be covered
_inear response (optical cross talk, pile up)

M

_ower voltage and easier cooling

_ightweight

High potential for performance improvement and cost decrease
Characteristics depend on operation temperature
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Photo detection plane requirements for IACTs Camera

Fast pulses
Low noise (dark count, after pulses)
Do these parameters

Impact gamma ray
imaging performance 7

Large area to be covered
Linear response (optical cross talk, pile up)

Characteristics depend on operation temperature
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Proof of concept: The FACT telescope




FACT telescope and camera

Davies-Cotton design (HEGRA-CT3) with 4.5° FOV
Camera:
1440 pixels (MPPCs 3x3 mm?2, Hamamatsu)
solid UV transparent PMMA light concentrators
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FACT camera performance
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FACT camera performance

Signal error dominated by Poisson error

Relative error

Number of initial breakdowns
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FACT camera performance

Signal error dominated by Poisson error Gain uniformity ensured thanks to temperature

monitoring

Poisson (1//n)
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FACT camera performance

Signal error dominated by Poisson error Gain uniformity ensured thanks to temperature

monitoring
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FACT camera performance

Gain uniformity ensured thanks to temperature
monitoring

Signal error dominated by Poisson error
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FACT camera performance

Gain uniformity ensured thanks to temperature
monitoring

Signal error dominated by Poisson error
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FACT camera performance

Signal error dominated by Poisson error Gain uniformity ensured thanks to temperature

monitoring
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Data taking during full moon
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Trigger rate [Hz)
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The Cherenkov Telescope Array SIPM cameras




Cherenkov Telescope Array

1000 members working in 27
countries
Array composed of:

. ~4LST[10 GeV-200 GeV]
. ~24 MST [200 GeV - 500 GeV]
. ~70 SST [500 GeV - 200 TeV]

10 - L L] Ll "l"] L L L 71"" L) Ll Ll IIITTI L} Ll Ll "'Y'I
Array | 50 hours LST —o
5 sigma MST
SST =
all —e— /
1F / =
background and rate (=area) limited

systematics limited
B

Differential sensitivity (C.U.)

0.1 k .
0.01 :
MST
0.001 A2 a2 aaaaal At a1 aaaal L gl o g aaaaal
0.01 0.1 1 10 100
Energy (TeV)
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Small Size Telescope design

1,00E+07
1,00E+06
H ~
High Energy T 100805
‘ E 1,00E+04
2
High photon density § 1,00E+03 ¥
‘ o 1,00E+02 *
o
= = 1,00E+01
Small Dish area ~ 4m < ¥ X
1.00E+00 ¥ SST Energy range
+
1,00E-01
0,001 0,010 0,100 1,000 10,000 100,000  1000,000
Energy [TeV]

2 e The new challenge is
HESS

Shower Footprint ' ' s A to build ~ 70 SSTs

o%%°3

' ? It ’ fg% t otons in: I I

‘ ) % i 1(())i:12hours Wlth hlgh
Array Collection Area : % Jf performance
‘ ]

Number of Telescopes | SST Goal Aréa:
" 7KkmZm 70

e It implies to design a
camera which can be

produced at
N industrial scale

1
Energy (TeV)
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ss—sectional plane X [m]

_: b i 1 A 1 4 A A i A i 1 i
| 0 1 2 3 4 5 6 7 8 9 10 1
Cross—sectional plane Z [m]

The Dual Mirror Small Size Telescope camera

Complex optics, small camera
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SST-2M prototypes: The ASTRI concept

EXPLODED VIEW OF THE CAMERA BODY ASSEMBLY

PMMA Retainer

PMMA Windows

Baffle

PDM Modules

PDM Support Structure

Qg Electronic Boards

Inauguration last week at INAF on Etna site

Thermal System

) Motors

25 full SiPM tile, 12 halves
Front-End electronics ASIC (CITIROC)
FPGA for trigger and ZYNQ PCB for readout

Lids

Backbone Structure

Very encouraging results shown in last CTA
consortium meeting
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SST-2M prototypes: The GATE- CHEC concept

32 photosensors modules
Two alternatives:

e MAPMT

e SiPM tile

45 kg SIPM Tile
Digital readout (TARGET 7) - 32 x 64 pixel modules

- 2048 pixels

For the time being, the MAPMT . 0.17°

camera is the most advanced, SiPM

_ _ : - ~3mmgaps =<1 mm
one still under design (electronics)

- 9°FoV = ~8.6°FoV
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The Single Mirror Small Size Telescope camera

Simple optics, large camera

14



The Single Mirror SST (SST-1M) camera concepts

Digital readout §§ Slow Control Board g Preamplifier board Light guides

DigiCam
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The Single Mirror SST (SST-1M) camera concepts
% 1296 pixels (SiPM+Cones)
4

108 Modules of 12 pixels each
_ Py Entrance window 3 mm Borofloat
l Aluminum Back Plate
%4 Total PDP weight ~35 kg

Y £ =]
Fully Digital readout electronics
Fully digital trigger path with
o reconfigurable algorithms and signal
- m:::‘f:gm preprocessing
Compact, robust, lightweight and self-
contained

Digital readout §§ Slow Control Board g Preamplifier board Light guides

DigiCam
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Camera design for SST-1M

Conditions:
Dish=4 m

s W energy threshold
> 1 explore the galactic center
YW suitable angular resolution

PSF OF A 4M DAVIES-COTTON

FoV =9°
fiD=1.4

0.25

Vassiliev et al. [arXiv:astro-ph/06 127 18v2]

0.20 |

0'0‘1.0 1.2 1.4 1.6 1.8 2.0 0.(1‘0 1.2 14 1.6 1.8 2.0
fiD f/D
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Camera design for SST-1M

Conditions:
Dish =4 m . pixel size = 4- min(ox, oy) = 0.25°
_ Qo pixel size (linear) = 2.44 cm
Zh np = 1296 pixels

fiID=1.4 - Camera size (Dc) = 88 cm

' ; i
L : ; -
v, =arctan( ) 26
04 P S ceutoff T TN af =
QR TSOINIR. . ; 24 =
03K TS TSI ? 22 N
0.25° <~ —=" A | |
0.2+ = ~o “:“‘1:: S St BT U o 50
0.1+ TR SR ottt i T_.‘._..-._.v._;-_.—._."__.1:.‘._:.-._:.-._.‘.._."_:__.1;;:._:‘:‘:~—:: 18
] L |
%950 1.2 1.4 1.6 1.8 2.0°
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Camera design for SST-1M

Conditions:
Dish=4m 4. pixel size = 4- min(ox, oy) = 0.25° )
% b - bixel size (linear) = 2.44 cm '
FoV =9 ‘ —
Np = 12906 pixeis
fiIiD=14 - Camera size (D) =88 cm
0.8 - . :, :, 34
0.7 N i camera-size included in cutoff angle 432
0.6 / ....................... 130
128
0.5 \\\ D+Dc ...... e ~
— ~ < N 26 g
— 0.4 By e
= N 24 =
0.3 k - et o)
0.25° [« 22
026 ~< -~ R R T .
0.1+ e TE=sr T .‘",.‘..-. T.?-_.‘_.‘:1:.-._:.-,_:_—._:..::_:___-,_;__:,-_:‘:‘.:-—__:18
%95 1.2 1.4 16 18 2.0°
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Pixel shape : why hexagonal

Light concentrator entrance:

- No dead space between pixels
- The mutual distance between pixels is kept constant

along the camera, their response for different
orientations of the shower images is geometrically
unbiased
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Pixel shape : why hexagonal

Light concentrator entrance:

- No dead space between pixels

- The mutual distance between pixels is kept constant
along the camera, their response for different
orientations of the shower images is geometrically
unbiased

Light concentrator output:

- If solid, little constraint on the output shape
but absorb UV light
- If hollow, for symmetry reason hexagonal
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Pixel shape : why hexagonal

Light concentrator entrance:
- No dead space between pixels

- The mutual distance between pixels is kept constant
along the camera, their response for different
orientations of the shower images is geometrically
unbiased

Light concentrator output:
- If solid, little constraint on the output shape

but absorb UV light
- If hollow, for symmetry reason hexagonal

Sensor type:
- If solid light concentrators, standard square

devices would work (FACT design) = small
pixels

- If hollow light concentrators, need custom
design of hexagonal shape = large pixels
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Light Concentrator optimization for SST-1M

Optimization using ray tracing simulation (Zemax)

e Light source: Cherenkov spectrum convoluted

with sensor response
e Simulated incident angular distribution

' — Cherenkov Spectrﬁ 7
-- PDE 10985_050C |
— Cherenkov Spec. = PDE

300 350 400 450 500 550 600
Wavelength [nm]

Number of rays (norm.)

5

o]
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Light Concentrator optimization for SST-1M

Optimization using ray tracing simulation (Zemax)

e Light source: Cherenkov spectrum convoluted
with sensor response
e Simulated incident angular distribution

' ' — Cherenkov Spectrum
0.002} -- PDE 10985_050C |
' — Cherenkov Spec. = PDE

300 350 400 450 500 550 600
Wavelength [nm]

24°

v

E Sl Collection Efficiency =
or] BOTTOM / TOP
g UNIVERSITE

0.025¢
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Light Concentrator optimization for SST-1M

Optimization using ray tracing simulation (Zemax)

e Light source: Cherenkov spectrum convoluted Shape, coating and window
with sensor response optimization

e Simulated incident angular distribution

e
o

S e o e -

. . o -7 . - -
OO0 000000 A.E
- oo -
O o :
- 0 4
(4]
L &

o—e R98, n =1, no WINDOW
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o—e Al+R, n = 141, PMMA 3mm
> o Aluminum, n = 1.41, PMMA 3mm

<
o

Collection efficiency
=)
-

0.004 } r P
— Cherenkov Spectrum 02| a—e AgMvl, n = 1.41, PMMA 3mm
0.002 - PDE 10985_050C ] e—e ESR2 Coated, n = 1.41, PMMA 3mm
— Cherenkov Spec. = PDE e—e Winston full cone PMMA
000055 350 400 450 _ 500 550 600 0.0, 3 10 0 70
Wavelength [nm] 0 (%)
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__0.030 b
£ D
o 0.025 I
5 ' %U
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Sl Collection Efficiency =
e[°]
BOTTOM / TOP

= T; UNIVERSITE _ ,
" DE GENEVE Future Cherenkov camera for astroparticle physics - M. Heller

FACULTE DES SCIENCES




Light Concentrator optimization for SST-1M

Optimization using ray tracing simulation (Zemax)

e Light source: Cherenkov spectrum convoluted Shape, coating and window
with sensor response optimization
e Simulated incident angular distribution

0.8 SR
- -0 0-0-0-0-0-0-0-bo ¥ T = :3 QQ
) T 000 .
c il :
& 06 9
Q
| —
S A : : :
v oA o—e R98, n = 1, no WINDOW
% || e—e ALRVZ2, n = 1.41, PMMA 3mm
) e Al4R, n = 141, PMMA 3mm
0004} _ B > o Aluminum, n = 1.41, PMMA 3mm
— Cherenkov Spectrum 02|| oe AgMvl, n = 1.41, PMMA 3mm
0.002 - PDE 10985_050C ] e—e ESR2 Coated, n = 1.41, PMMA 3mm
— Cherenkov Spec. = PDE e—e Winston full cone PMMA
00005 350 400 450 500 550 600 0.0; 5 10 ) 70
Wavelength [nm] 0 (%)
0.035 o)
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g’ 0.95
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The hexagonal sensor

e Result of a collaboration between DPNC University
of Geneva and Hamamatsu, the sensors are large
hexagonal arrays of G-APD.

e Despite the use of the light concentrators, the pixel
size remains large compared to common devices,
resulting in a very large capacitance

Thermistor

SENSOR PARAMETERS (T 25°C)

Channels 4

Effective active area/channel 23.38 mm

Pixels per channel 9210

Pixel size 50x50 pm

Fill factor 61.5%

Spectral response range 320 to 900 nm

Peak sensitivity wavelength 440 nm

Rec. Operating V range 60-80V

Vop variations betw channels 0.15 (max 0.3) 4 channels in common cathode mode
Dark count/channel at Vop 2.8 (max 5.6) Mcps

Terminal C/channel at Vop > 800 pF i Eg -
PDE at peak sensitivity A 50 (min 40) % T CA{ Al
Crosstalk probability 10 (max 15) % -B1l—
T coefficient of reverse voltage 56 mV/°C

Gain at Vop 7.5x 10 Channels: 4

Area: 23.8 mm?2/ch
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Performance of the hexagonal sensors

;I T T T T T T T T T T | T T T | T T T
o 0.014 —— Default, R, =0 Q
; : 2 0.
The signal shape is related to the sensor 2 012 — EG=513§2Q
= s o V. — =
capacitance (area) and the preamplifier E oo  R.=200

chain design.
The pulse shape is very sensitive, tuning
needed for every sensor type (simulations

0.008
0.006

+measurements) 0.004
Even with our device (~ nF capacitance), 0.002
high performance are achievable 0

'0.002 o e ey
20 40 60 80 100 120

—I-IlllII|III|III|III|III|III|III|II-I—

Time [ns]
é __________________________________________________________________________________________________________________________________________ % 1400_ T T T T T T T T T T T T I T T T I T T T T T T T —
5 J UTSSSUUUS 00U L 00 0 U JUOUORPPOI SUOORPR OO HOUE 00 0 UPUUUOUOSSPSUUONS SPSUUUUON: SN SOPON SO0 O L N $10943-2832(X) 50 um cells -
i L {1200~ AV=3V -
N B e T S S A ¥ N ). = 655 nm, PLP-10 ]
5 1000 -
[ - ]
£ 800 —
g : .
L OO ST VU TO00 0L OO  SOUSUTOUUTIRS TS e NG 600 ]
7| —=— Integral, 512516 o : TN C ]
—{ <o Amplitude, LOT2  f--- S S S o S - -
| |oeo- IntegrallCT2 | BRI R 400¢ -
SR ' 200:— —:
= I i S N - :
10 10 10° 0
Pulse integral [V.ns]
S UNIVERSITE
ﬁ DE GENEVE Future Cherenkov camera for astroparticle physics - M. Heller @

oooooo £ DES SCIENCES



Conclusions

FACT has paved the way for the use of SiPM in IACT cameras and has
already proven that G-APDs are suitable for gamma ray astronomy:

e Stable operation
e No evidence of aging after 18 months
e Observation with moonlight: larger duty cycle (30%)

The 3 ongoing SST projects (SST-1M, ASTRI, GCT) using SiPM
cameras for CTA have:

e proven that present sensors allow to achieve high performance satisfying
the CTA requirements

e characterized a large amount of sensors in the scope of gamma ray
astronomy. These studies were fundamentals for manufacturers to
iImprove their devices and start dedicated development for gamma ray
cameras;
developed new light concentrators and dedicated coating, highly efficient
In the UV region, cost effective and mass producible;

Stay tuned, the three camera prototypes will be ready by early 2015
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The Single Mirror SST (SST-1M) camera concepts

e Use GAPD-based camera on a Davies- j@e Fully Digital readout electronics
Cotton telescope e Fully digital trigger path with reconfigurable

e All components should be cost-effective algorithms and signal preprocessing
and fabrication process easily scalable o Compact, robust, lightweight and self-

contained

Slow control board

Preamplifier board

G-APD sensors

1296 pixels (SiPM+Cones)
108 Modules of 12 pixels each
Entrance window 3 mm Borofloat

Aluminium Back Plate 7 r "B~ ight concentrators
Total PDP weight ~35 kg =

e Power Consumption ~ 600 W
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Light Concentrator design for SST-1M

Design guidelines:

e PSF — angular pixel size
— top physical size

e f/D and Camera diameter
— Cutoff angle — Cone
height

Dimensions:

e Angular pixel size: 0.25°
e Cutoff angle: 24°

e Length: 36.7 mm

e Comp. Factor: ~6
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Light guides tests and validation for SST-1M
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Light guides tests and validation for SST-1M

Measurement done for different wavelength
Simulation of the set-up to validate the coating
Very good agreement between simulation and
measurement

The collection efficiency shown here does not take
into account the effect of the entrance window
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Light guides tests and validation for SST-1M
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Measured Current | [A]

Characterization of the hexagonal sensors

IV / CV characteristics to extract the breakdown voltage and the operation range
Photo Detection Efficiency as a function of over-voltage and wavelength
Cross talk as a function of over-voltage

Dark count rate as function of over-voltage
e Gain linearity and charge resolution

—
) Q
A
TTTTTm|

Plotting the Optical cross talk vs. the PDE allows to
TS S . — e . select the proper operational voltage and to easily
e discriminate between different sensors
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