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Status of SST-1M camera and of the custom SiIPM development
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Why SiPMs

Large scale mass production No Ageing
Lightweight
High yield

Low Op. Voltage
Higher PDE over larger spectral range

Robust Insensitive to Magnetic Field

Compact Very good Single Photon Response

Small variation sample-by sample
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Photo detection plane requirements for IACTs Camera

Improve

Worse

High Quantum Efficiency

Single Photon sensitivity

-ast pulses

_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)

40 mm

_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 [ACTs Camera

Improve Worse

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

worrisome for gamma
ray astronomy 7

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

Characteristics depend on operation temperature
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Why SIPM in gamma-ray Astronomy

» Excellent single PE sensitivity

Lightweight and robust cameras

No evidence of ageing after 18 months

Night Sky Background (NSB) rate
dominates wrt Dark noise (MHz)

Current Photo-Detection Efficiency >
40%.

 Operation during Moonlight: ~30%
larger duty cycle

- As demonstrated by FACT, SiPM work
on the field and with moonlight!)

New approach, use fully digital SiPM-based
camera on a Davies-Cotton telescope.

UNIVERSITE SSTAM - T Montardl Recorded showers during full moon, o
- - T. Montaruli
DE GENEVE CERN Courier Nov 2011:
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Gain uniformity ensured thanks to temperature monitoring
No active cooling needed as Vireak varies linearly with T
T variations compensated using the HV
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Number of initial breakdowns

Dark count runs allow to calibrate the
After-pulses cannot fake trigger but Shorter signal integration

can worsen the charge resolution window to cure after

photo detection plane
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Extend to uncovered energy range for discoveries
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SST design drivers

UNIVERSITE
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High Energy

4
High photon density

4

Small Dish area ~ 4m

Shower Footprint

4

Array Collection Area

2

Number of Telescopes

Average density [ph/m"2]

1.00E+07

1.00E+06

1.00E+05

1.00E+04

1.00E+03

1.00E+02

1.00E+01

1.00E+00

1.00E-01

0.001 0.010 0.100

SST Energy range

1.000 10.000

Energy [TeV]

ST Goal Area: N,
7 km2 =70 SSTs

Energy (TeV)

1 km2 hour

0 photons in:
10 km2 hours

100.000

1000.000



Telescope Design

Conditions:
Dish =4 m ™ energy threshold
FoV = 9° > explore the galactic center
fID =1.4 > suitable angular resolution

PSF oF A 4M DAVIES COTTON

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

0.20

O°Oq.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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Tower & head

THE TELESCOPE
STRUCTURE PROTOTYPE Slow drives [JR I

Dish Support
Counterweight I
Mechanical System Mast+Dish [0y (1 I
Dish outer diameter 4000 mm Mirror Facets (18) g LU
Focal Length 5600+5 mm
Optical System 7
Mirror Facet 780 £ 3 mMm o : | Camera
Mirror Area 9.42 m g TGO NG Support
Effective Mirror Area 6.47 m ' % | |

FoV (min, max) (8,7°,10°) < o RN & m

Tracking / Pointing System

Driver Encoder Precision 5”
Tracking Precision 0.1°
Pointing Precision <7
Telescope structure installed in November 2013 [§S1ES, Mg 7 X0 T

Inauguration on 2nd June 2014

v Telescope fully operational
X Mock-up Mirrors,
X Camera dummy load

' Docking Station

Counterweight

- - -

- - e i~ e
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KRAaKOW 2™ JUNE 2014
OFFICIAL INAUGURATION
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First camera prototype

o]
Yy e 3
/‘2{’ nqg..- -

2 pixel, ~180° fleld,df wew smart trigg er algo ithm,

UNIVERSITE
DE GENEVE ———— SST-1M Camera - D. della Volpe -APPEC Technology Forum 2015
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The Camera concepts

Analog transmission Eth t
i via CATX (type. <5m) | 220 | bBramrmecccad | : ermne
Preamplifier = »| 250 | Preprocessed Ethernet Camera
-------------- MS/s trigger Server
G-APDs| Slow control | > 12 bit (data Ethernet
""" I:I_V“““ Bus (e.g. CAN) FADC reduction)
. o slow control |
~" \ Slow control .
Photon Detector Plane Y
(PDP, lightweight) Crate-based electronics rack (behind

PDP or detached from camera)
- Separation of PDP and ADC, analogue signal over CAT5/RJ45

—allows adaption of various photon detectors and pitches
Fully digital trigger path with reconfigurable algorithms and signal preprocessing

- Fully digital trigger and readout (High-speed/High-throughput)
- Serial architecture based on multi-Gigabit links (trigger and ADC readout)
* Reduced numbers of cables and connectors

- Compact, robust, lightweight and self-contained — perfect for SST-1M telescope

(515 UNIVERSITE |
%Y. DE GENEVE SST-1M - T. Montaruli
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DIgiCam Electronics

* Fully digital camera for SST-1M telescope

* Highly integrated, lightweight and compact acquisition and readout
electronics (based on FlashCam architecture)

« Reduced number of channels of SST allow a more compact approach

1 Trigger Board

75 UNIVERSITE .
ﬁ'g DE GENEVE SST-1M - T. Montaruli
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DIgiCam Electronics

* Fully digital camera for SST-1M telescope

* Highly integrated, lightweight and compact acquisition and readout
electronics (based on FlashCam architecture)

« Reduced number of channels of SST allow a more compact approach
u-Crate -10 Slots

A

9 FADC board

1 Trigger Board

UNIVERSITE )
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The PDP - PhotoDetection Plane

« 1296 pixels (SiIPM+Cones)
- 108 Modules of 12 pixels each
- Entrance window 3 mm Borofloat
1) » Aluminum Back Plate
/. - Total PDP weight ~35 kg
) UNIVERSITE 1M-SST - D. della Volpe
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Telescope Design Drivers

Too hig for a SIPM!!

Conditions:
Dish =4 m
FoV = 9°
fiID =1.4

£ pixel size (linear) = 2.44 cm §
= " ' | o T S
Camera size (D) = 88 cm
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Winston cones

04 05 06 07

0.3

0.8
06k ............

0L

Collection efficiency

Savimex, n = 1.41, Borofloat 3mm
ALRV2, n = 1.41, no WINDOW

02rl o o ALRV2, n = 1.41, Borofloat 3mm
o—a ALRV2, n = 1.41, Borofloat 3mm + 720f

Light intensity (a.u.)

e—e \Winston full cone, n =1.41, PMMA 3mm
OO 1 1 1

We need an Hollow cone to
improve the response in the UV

.

-
-
-
-
-
-
-
-
"
-
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A new type of sensor! }

0 5 BT W It’s all about coating!
Point Spread Function ™ angular pixel size: 0.25° ™ Top physical size
f/D and Camera diameter =» Cutoff angle: 24° = Cone Height
UNIVERSITE
1M-SST - D. della Volpe
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Angular dependency

- The angular dependency of the reflectivity is critical

* Most of the light entering at small angles impinges the
surface at high angles

- The surface has to have an high efficiency for 40<6<90

A\
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Prototypes and first measurements

1.0
09

> 0.8}
&
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3955 hm

Data
== Simulation

2 8 12 16 20 24 28 32
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390 nm

Data
== Simulation

) 8 12 16 32

o(")

Data
== Simulation

4 8 12 16 32

o(°

ptic GmbH

Plastic cone production @\

= Measurement done for different wavelengths
= Simulation of the set-up to validate the coating

= \/ery good agreement between simulation and
measurement

= (Coating qualified also with 40 thermal cycles
(from -15° to +30°) - no measurable effect

= The collection efficiency shown here does not
take into account the effect of the entrance window

Related paper:

J.A. Aguilar et al., Design, optimization and characterization of the light concentrators
of the single mirror small size telescopes of the Cherenkov Telescope Array,
Astroparticle Physics, doi:10.1016/j.astropartphys.2014.05.010
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Prototypes and first measurements
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= The collection efficiency shown here does not
take into account the effect of the entrance window

L)
s> 595 nm

Data
== Simulation

Related paper:

s J.A. Aguilar et al., Design, optimization and characterization of the light concentrators
@3\ UNIVERSITE 0(°) of the single mirror small size telescopes of the Cherenkov Telescope Array,

i ‘1‘“ ! DE GENEVE Astroparticle Physics, doi:10.1016/j.astropartphys.2014.05.010
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Saturn's hexagonal cloud pattern around its north pole.

he Hexagonal sensor

Aguilar, J.A. ; Basili, A. ; Boccone, V. ; Christov, A. ; della Volpe, D. ; Montaruli, T. ; Rameez, M.

Characterization of New Hexagonal Large Area MPPCs
Published in:

1) UNIVERSITE Nuclear Science, IEEE Transactions on (Volume:61, Issue: 3)
'“.) DE GENEVE

T —— DOI: 10.1109/TNS.2014.2321339 @



http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=23
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6832673
http://ieeexplore.ieee.org/xpl/abstractAuthors.jsp?arnumber=6825941

The Hexagonal Sensor

« Despite the use of the light concentrators, the pixel size
remains large compared to common devices,

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

SENSOR PARAMETERS (T 25°C) 4 channels in common Thermistor
Cligiiisls 2 cathode mode

Effective active area/channel 23.38 mm

Pixels per channel 9210 1 B2

Pixel size 50x50 pm Cea - A2

Fill factor 61.5% 1+ Al

Spectral response range 320 to 900 nm ~.- Bl

Peak sensitivity wavelength 440 nm

Rec. Operating V range 60-80V

Vop variations between channels 0.15 (max 0.3) gg'&’:ﬁgg

Dark count/channel at Vop 2.8 (max 5.6) Mcps I

Terminal C/channel at Vop > 800 pF HAMAOAMATSU

PDE at peak sensitivity A 50 (min 40) % FHOTOR IS ouR BUsIREsS

Crosstalk probability 10 (max 15) % = 93.6 mm? surface
T coefficient of reverse voltage 56 mV/°C = 10.4 mm flat-to-flat
Gain at Vop 7.5x 10

UNIVERSITE
DE GENEVE 1M-SST - D. della Volpe ‘
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Characterizations of the hexagonal sensors

» |V / CV characteristics to extract the breakdown voltage and the operation range
» Photo Detection Efficiency as a function of over-voltaae and Wavelenoth

» Cross talk as a function of over-voltage T 10%e :
) Dark COUﬂt ra.te as functlon Of Over_vol.tage EE 10® E_(a) ................................................................................................................ Qi
» Gain linearity and Charge resolution g 100 T RN NI N ol
@) - —e—channel 1
= 106 ; 5 g 10-7 %— —e—channel 2
E n . % 108 ;? +h: ____________________________________________________________________________
N i i © 5 | Breakdown voltage
— B 7] = 10-9|=_ ....... s e
oc 5 = 5
O 10 = = C : 5 : :
()] = T WP L L b @-==-=====- © = 10-10.|....|....’|....|....|....|.
R 2 . 68 69 70 71 72 73
- 7 Reverse Bias V, . [V]
B S12516(X) 7
10" = —-DCR@05pe — 20f
= —8-DCR@15pe I =, - i
u S10943-2832(X) < 3
- -6-DCR@0.5pe ]| 2 155__
i -3-DCR@ 1.5pe | = 3
PR AT T R A A T S SR T N SO SR TR S AN T T T A N ST S SN S R S S N - :
1 2 3 4 5 6 7 10
AV [V] -
Plotting the Optical cross talk vs. the PDE allows to _ _ |
select the proper operational voltage and to easily 68 69 20 Nz '712' —
discriminate between different sensors Reverse Bias V;, [V]
UNIVERSITE
DE GENEVE SST-1M Camera - D. della Volpe -APPEC Technology Forum 2015 @
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Characterizations of the hexagonal sensors

» |V / CV characteristics to extract the breakdown voltage and the operation range
» Photo Detection Efficiency as a function of over—voltaoe and Wavelenoth

10

» Cross talk as a function of over-voltage < 107 ;
> Dark COUﬂt ra.te as fUﬂCtIOﬂ Of Over_vol.tage EE 10-5 E_(a) ................................................................................................................ LS
» Gain linearity and Charge resolution % 108 TSN R SR ST o I
@) - —e—channel 1
~ F ] T T T T T T T T T T T T T T T T T T T IE g 10-7 %— —e—channel 2
-'g 045;— A=470 nm _T— _; (% 10-8 ;_ 7= channel 3 ..........................................................................................................
S 04 % S510943-2832-050 = 5 S Breakdown voltage
i) E —e— S12516(X) 3 = 10-9§_ ....... ................................................. S
8 0351 — — _ | | :
= - - ol 1o v v e
8- 0.3g—llllllllllllllllllllllllllllllllllll = —; 10 68 6|9 7|O 71 72 73
0.95 . E Reverse Bias V__  [V]
0_2;—IIllllllllllllllllllllllll . —: :Z, : I
01E = 5 5 ¢
- : 1 S ¢
o b b o b e b o ] 10-_
02 025 03 035 04 045 05 -
Photo Detection Efficiency -
Plotting the Optical cross talk vs. the PDE allows to _ _ |
select the proper operational voltage and to easily 63 69 20 Bz '7f2' ——73
discriminate between different sensors Reverse Bias Vs [V]
UNIVERSITE
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FACULTE DES SCIENCES



Small variation sample-by sample. Is it True?
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Yesitis!
Homogenous parameters
Reasonable spread

Perfect correlation of Vpreak With Vop
as provided by Hamamatsu
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The Front-end electronics

[ The pre-amp boards ]\
 read and pre-amplify the analog

signals

* routes out signals, the HV and the
output of the NTC probe, present
on the sensor package.

| SlowControl Board

* route pixels signals to Digicam via
the RJ45 connector

- distributes the power and the HV

* regulate HV to compensate
temperature variations to stabilize
the sensor performances.

 Board accessed via CAN-bus

(55 UNIVERSITE
\ ’ﬂ ' DE GENEVE SST-1M Camera - D. della Volpe -APPEC Technology Forum 2015 @
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The Front-end electronics

[ The pre-amp boards ]\
 read and pre-amplify the analog

signals

* routes out signals, the HV and the
output of the NTC probe, present
on the sensor package.

| SlowControl Board

* route pixels signals to Digicam via
the RJ45 connector

- distributes the power and the HV

* regulate HV to compensate
temperature variations to stabilize
the sensor performances.

 Board accessed via CAN-bus
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10 12 14 16 18 20 22

Rg (Ohm)

—lectronics Needs Tuning!

0.014
0.012

0.01
0.008
0.006
0.004
0.002
0
-0.002

Ampliude [V]

- =
wv() N L Cn { :; ]" e
' oy
R
— wsiaun, 11 — U s

— R;=5Q

—— R5=10Q
— R5=20Q

LCT2 pulse

| | | |
100 120
Time [ns]

As expected the gain is decreasing when R increases

One can possibly tune the gain to equalize the
response of both types of sensors, but the trigger
scheme can be configured to work with different

thresholds

SST-1M Camera - D. della Volpe -APPEC Technology Forum 2015




Simulation of the sensor

"""""""""" T - The Pre-amp design was optimized with
simulation but the pulse measured differs in many
way from the simulated one.

* In order to tune the preamp for an optimal
response, we need to understand the sensor
model and to simulate it properly

L : - Changing the sensor type should not imply
________ systematically empirical tuning, simulation should
be able to provide the proper parameters

RRRRRRRR

active passive parasitic
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The Corsi Model

active passive parasitic Parameters:
Vv R : : « V. breakdown voltage = determined from IV curve
bias % Yo == = ! . V. bias voltage = User defined
%\ ha : $ °'"°C = : * Rqg: quenchingresistor = |V forward fit
_{. : a.Np : C== . RDI diode resistor - Riging time, preamp
V,; | | 9 bandwidth limited
RD.m | |
Com| | c = : - C,quenching capa
| OMNp | - Cp: diode capa = Use LCR meter
° ! : . Cg: parasitic capa
Nf: fired cells Np: passive cells
R, , , . :
Qc = "5 (Vhias = Visr)(C + Co) < - Require accurate preamp
q T fip characterisation.

~ (‘/bias - ‘/’BR)(("VU + (""l)'

1+ w?(Cp + Cq)*R2
(_}D=J w( D q) (I'G_‘;

w2 Nior g

w?Cp” RiNiot(Cp + Cy)

s Yy \2
1 +(.¢)2R;2I(CD -+ Cq)

@ LCR measurement @ 1TMHz

(;'3.', — C/',w- — lthOt C’v D +

S. Seifert et al., “Simulation of Silicon Photomultiplier Signals™
UNIVERSITE |IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 6, DECEMBER 2009

DE GENEVE SST-1M Camera - D. della Volpe -APPEC Technology Forum 2015 @
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Improving the simulation

Amplitude [a.u.]

DE GENEVE
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L S LA B e p e
- Simulation
0.8 -« Data -
0.6} 4
0.4 -
o.zj ]
O: —_——

E OPA 847, 0 ohm E
0255306080100 120
substantial improvement
electronics.

UNIVERSITE

Amplitude [a.u.]

0.8

0.6

0.4

0.2

—h
T

-] SP R B

N mm wm ww

OPA 847, 5 ohm 1
L, 1

60

80 100 120

Very good agreement but still room for improvement

SST-1M Camera - D. della Volpe -APPEC Technology Forum 2015

Amplitude [a.u.]

(- S SR VP R

Still some disagreement on the gain (hormalized plots)

—h
T 1

0.8}

OPA 847, 10 ohm:
L, 1

80 100 120

Hamamatsu collaboration was fundamental to improve the results (THANKI!)

Using the measurement of the parameter by Hamamatsu there was a

The good news is that now we can in principle rely on the simulation of the



The Preamp

Performance

Charge Resolution

2 }?'j:wf'

FACULTE _ __ __._..___

g 1 | . " L l —
g | - Requirement |
c
_g ........... Goal
5
g - Pulse Max. Amplitude —
o
B —— Puise Integral
©
£
Q b
©
$
&
“10—
|

1 10

. 1 — -

S | opAmpsswratontever

8 —

a

§ 0.8}

S .

E - -

06| :

x V.0 —t

(4] " - 2

[

o - -
0.4} -
0.2} .

"';\ 00- ' s 'S ' l ' ' A ' l A 1 L l 1 1 1 1 1
~1Ey UNIVI 5 10 15 20
“4°/ DEGI

Pulse integral [C]

e -APPEC Technology Forum 2015

Charge Resolution with NSB (Amplitude)

1 N R ! S .
% N —— Requirement ~
§ [T T ot N LTI T cveeeens Goal ...
5 No NSB
% L | —— NSB level 1 |
‘: —— NSB level 2
o NSB level 3
2
2
e
o
w
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such large area and with common
electronics

- Peak Amplitude as good as
Charge - extremely good
correlation




Camera Prototype status

* Photo-Detection Plane
 All components are ready in Geneva
* Full testing of the complete assembled module on going
- Assembly of PDP would be over in few weeks

Digicam
 Prototype boards are under validation
* In 2 weeks the validation should be over an the final production will start

By end of June the complete camera integration will be complete

In July the camera will be installed on the prototype and operated

By fall 2015 we should have the first real data even if a real observation is
very difficult in Poland.

- The plan is to move the prototype to the final CTA southern site in 2016 to do
first observations
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Conclusions

SiPM use is spreading in many fields given their advantages.

SiPM are particularly fit for gamma-ray astronomy,
+ Operation during Moonlight ~ 30% larger duty cycle
* No evidence of ageing
+ Lightweight and robust cameras
+ Excellent single PE sensitivity
« High Photo-Detection Efficiency at ~ 40%

This is even more true for the SST of CTA

SST-1M camera goes in this direction but tried to open a new road towards large area devices.
« Custom designed hexagonal device in collaboration with Hamamatsu
+ Large Area devices are complicated to handle but can be done!

Many Lessons learned
« SiPM parameter spread verified and validated
« The Simulation of the sensor is a fundamental tool, Corsi Model works but ....
+ .... it is difficult to measure correctly all parameters.
 Large capacitance can be mastered (next step specific ASIC?)

In summer the camera will be operated in real condition and a validation on field is possible .... stay
tuned!

We gratefully acknowledge support from the agencies and organizations listed
under Funding Agencies at this website: hitp://www.cta-observatory.org/."
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