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-‐  The	  CTA	  Observatory	  
-‐	  	  SCT	  Medium	  Size	  Telescope	  proposed	  for	  CTA	  
-‐  SiPM	  op.cal	  modules	  for	  the	  SCT	  camera	  

www.cta-‐observatory.org	  

Assembly	  and	  valida.on	  of	  
SiPM	  op.cal	  modules	  for	  the	  
Size	  Telescope	  proposed	  for	  t!SCT	  Medium	  Size	  Telescope	  proposed	  for	  CTA	  observatory!
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Cherenkov	  Telescopes!
Gamma	  Ray	  

CTA	  Telescopes	  
(	  km2	  )	  
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Exploring	  the	  Universe	  
at	  the	  Highest	  energies	  
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The	  CTA	  Project!
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CTA Key Science Projects

Adapted from  W. Hofmann"Adapted from W. Hofmann"

CTA Key Science Projects

Adapted from  W. Hofmann"Adapted from W. Hofmann"
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SCT	  Telescope !
Schwarzschild-Couder dual mirror optics Medium Size Telescope

Primary mirror (9.7m diam)

Secondary mirror (5.4m diam)

Focal plane camera

Dual mirror optics: cancel aberration and de-
magnify images, compatible with compact high-
resolution SiPM camera -> a smaller point 
spread function (PSF) and improved angular 
resolution 

6

VERITAS site, Arizona

Mechanical stability and mirror alignment are the main challenges. 
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SCT	  Telescope !
Schwarzschild-Couder dual mirror optics Medium Size Telescope

Primary mirror (9.7m diam)

Secondary mirror (5.4m diam)

Focal plane camera

VERITAS site, Arizona
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22 institutes, universities and observatories

5 institutes, universities and observatories

3 institutes and universities
1 university
1 university

SCT is the unique proposal of the innovative 
SC optics for the CTA Medium Size Telescope
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DC-‐MST	  

3.16	  TeV	  Proton	  Shower	  
Impact	  Distance:	  0m	  

1	  TeV	  γ-‐ray	  Shower	  
Impact	  Distance:	  100m	  MST

Single mirror
Davies-Cotton


approx 2k PMTs

Single	  and	  Dual	  mirror	  MST!

1	  TeV	  γ-‐ray	  Shower	  
Impact	  Distance:	  100m	  

3.16	  TeV	  Proton	  Shower	  
Impact	  Distance:	  0m	  

SCT
Dual mirror

Schwarzschild-Couder


approx 12k SiPMs



Valerio Vagelli CRIS 2018

pSCT	  Telescope !
Camera design for Schwarzschild-Couder telescopes 

ICHEP*2016* Jus:n*Vandenbroucke:*CTA* 40*

•  Excellent*op:cal*resolu:on,*small*
plate*scale*of*dualPmirror*telescope*
well*matched*to*fine*pixela:on*
supported*by*silicon*photomul:pliers*
and*TARGET*readout*electronics*

•  11,328*6x6*mm2*pixels*(temperatureP
stabilized*silicon*photomul:pliers)*

•  Pixel*size*0.067°*(highP*resolu:on*
imaging)*

•  Readout*directly*behind*focal*plane*

•  1*GSa/s,*10*bits*effec:ve*(TARGET*7)**

•  3*kW*power*budget*

•  Shares*many*common*components*
with*the*Compact*High*Energy*
Camera*for*CTA*Small*Size*Telescopes*

8° field of view, 81 cm diameter 

0.4m2 active area per telescope

Prototype demonstrator for the Medium Size SCT solution

9

Prototype main goals:
•  Demonstrate the performances of the optical system
•  Gain experience with the optical alignment and operation of the SiPM camera
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Focal	  Plane	  camera!

10
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pSCT	  Telescope	  camera !

US Hamamatsu module INFN FBK prototype	  

pSCT camera frame in Univ. of Wisconsin

•  Originally planned with 
Hamamatsu MPPC modules

•  Possible upgrade with FBK 
NUV-HD SiPM modules
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FBK 6x6mm2 SiPM intented to 
replace the original Hamamatsu 
MPPC solution and equip a 
possible upgrade of the pSCT 
camera
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pSCT	  module	  upgrade	  (FBK)!

4

Board glued
w

ith 
one

a layerof glue

B
o
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PCB	  bonding	  pad	  

500	  μm	  SiPM	  bonding	  pad	  

27x27mm2 PCBs are equipped with 16 SiPMs 
to cover uniformly the exposed area


NUV-HD SiPM produced by Fondazione Bruno 

Kessler (FBK-IT) in collaboration with INFN


Details on SiPM performances: L. Consiglio 
(this conference) 
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6x6mm2
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Module(assembly(

Die5Bonder(manual(machine(@(FBK,(1(HD(+(4(HD2(modules(assembled(

PCB modules are assembled with SIPM sensors in the laboratories of INFN.

R&D activities in 2016/2017 (INFN and Univ. of Perugia, IT).

13

SiPM	  module	  assembly	  and	  tests !
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SiPM	  module	  assembly	  and	  tests !pSCT(module(assembly(
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After quality checks, SiPMs are wire-bonded and the PCBs are protected 
with UV-transparent epoxy layer

14

Batch of modules ready for characterization
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Electrical	  verifica.on!

15

HD3/3 HD3/2 FBK NUV
HD3/3

FBK NUV
HD3/2

2017/2018:

•  100 units assembled (including prototypes and mechanicals)
•  56 units tested electrically 
•  36 units selected to equip 9 modules for the pSCT camera.
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SiPM	  module	  readout!
Module signal readout using “TeV Array Readout with GS/s sampling and Event 
Trigger” (TARGET7) board

•  Compact chip for high density channel camera
•  16 input channels
•  Analogue ring buffer of 16384 capacitors
•  Switched Capacitors Array
•  Storage of analogue waveforms in a limited period of time
    @ 1GSa/s sampling frequency

4x SiPM module connectors
4x TARGET7 ASICS

Pre-amplifier stage
pulse shaping
pole zero cancellation network

16
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Electronics	  QC	  and	  Tests!

17

ADC after pedestal 
subtraction (1 channel)

Noise for 64 channels (1 ASIC)

Pedestal for 16k capacitors•  5 TARGET 7 modules produced in IT
•  4 TARGET 7 modules processed to 

adapt FEE to FBK SiPMs
•  Quality controls in INFN Pisa+Bari 

including
•  Pedestal calibration
•  Waveform acquisition (laser)
•  Trigger verification
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Electronics	  QC	  and	  Tests!

18

•  ~3500	  events	  of	  448	  ns	  from	  64	  channels	  
•  64	  channels	  acquired	  simultaneously	  

3.5k waveforms
from 64 channels

Charge spectrum for 
one channel

Verification of ADC linearity
(module calibration not yet applied)
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•  5 TARGET 7 modules produced in IT
•  4 TARGET 7 modules processed to 

adapt FEE to FBK SiPMs
•  Quality controls in INFN Pisa+Bari 

including
•  Pedestal calibration
•  Waveform acquisition (laser)
•  Trigger verification
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Electronics	  QC	  and	  Tests!

19

All measurements repeated on 9 fully assembled modules
4 FEE channels out of 576 channels failed the tests (99% yield)


6 modules selected for integration on the pSCT camera

3 additional modules are currently being integrated and verified


•  5 TARGET 7 modules produced in IT
•  4 TARGET 7 modules processed to 

adapt FEE to FBK SiPMs
•  Quality controls in INFN Pisa+Bari 

including
•  Pedestal calibration
•  Waveform acquisition (laser)
•  Trigger verification

TARGET Trigger Threshold (a.u.)
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Camera	  tests !

20

6 FBK modules

16 HAMAMATSU modules

Univ. of Wisconsin, Madison
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Camera	  tests !

21

Univ. of Wisconsin, Madison

15 US + 6 INFN modules integrated (1408 total pixels)
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Camera	  tests !

22
US modules 

INFN modules 

LED flashed at 100 Hz, camera self triggered (using TARGET 7 internal trigger) 
Trigger applied to analog sum of 4 pixels (equivalent to 5.5 pe per pixel) 

Study	  of	  noise	  occupancy	  and	  comparison	  
to	  waveform-‐based	  images	  is	  underway	  

(*)US calib. applied 
to IT modules

Nominal operating point: 1 kHz readout at 22 photoelectron threshold 
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Camera	  tests !

23
US modules 

INFN modules 

LED flashed at 100 Hz, camera self triggered (using TARGET 7 internal trigger) 
Raw, uncalibrated ADC amplitudes (INFN divided by 2 for gain compensation)


Further characterization of the camera after installation on the telescope
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Main Installation milestones:


•  Primary mirror installation: done
•  Camera commissioning (primary mirror only): Summer 2018

•  Secondary mirror installation: Summer 2018
•  Camera commissioning (complete optics): Fall 2018

•  Integration of one additional camera sector (25 modules): End of 2018 / 2019

Image	  credits:	  B.	  Humensky	  &	  J.	  Vandenbroucke	  
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Camera	  Installa.on !

pSCT	  webcam:	  hDp://cta-‐psct.physics.ucla.edu/	  

Camera lift and successfully installed on 30 May 2018



Valerio Vagelli CRIS 2018 26

Module integration pt. II!
One additional quadrant (25 modules, 1600 pixels) scheduled to be integrated 

with FBK SiPMs and upgraded electronics by end of 2018.

25 modules equipped & in 
commissioning
(9 FBK NUV-HD, 16 Hamamatsu)

25 modules to be equipped
(25 FBK NUV-HD)
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Overview	  &	  Outlook !

Assembly, packaging and tests of optical modules based on FBK SiPMs
- 6 modules installed in the pSCT camera, 3 additional  modules foreseen

- Commissioning of telescope + camera starting in summer
- One additional quadrant (25 modules, 1600 pixels) scheduled to be integrated with 

FBK SiPMs and upgraded electronics by end of 2018.

27
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Addi.onal	  Slides!
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1500	  members	  
from	  210	  ins.tutes	  
in	  32	  countries	  

The	  CTA	  Project!

Headquarters

Science Data
Management Center

Array Sites
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SiPM	  module	  readout!
Backplane of the pSCT camera 

hosting 2 TARGET7 modules
@ Univ of Wisconsin (US)

Experimental setup for SiPM module tests and 
characterization
@ INFN Bari (IT)

380 nm laser
16 SiPM module

TARGET7 module

30
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SiPM	  module	  readout!

Zero network R229 and C161 were replaced with Rpz = 5.6 k⌦ and Cpz = 18pF

to perform a better shaping of the signal. With these modifications, performed

on channel 0 of the used ASIC, 3000 waveforms were acquired. The output of

the pre-amplifier of the TARGET 7 board was connected via LEMO cable to the

oscilloscope where waveforms where visualized, as shown in Figure 5.2.

Figure 5.2: SiPM signal visualized on the oscilloscope at 2.5 GSa/s. On the left,

the charge (blue histogram) and the amplitude (pink histogram) distribution performed

online on the waveforms. The quantization is clearly visible on waveforms, too.

The charge spectrum obtained by integrating each waveform presents a clearer

resolution with respect to results previously obtained, as reported in Figure 5.3.

It was therefore possible to perform a fit of the spectrum. The spectrum follows

a Poissonian distribution which reflects the probability to observe pulses equal to

0, 1, . . . n fired pixels. Each peak has a Gaussian distribution due to excess noise

of charge multiplication, structural di↵erences between cells in the single SiPM

and noise introduced by the readout electronics.

Superimposed on the histogram there is a multi-Gaussian function to perform

a fit of the data. Each peak was fitted with a Gaussian function in the form:

fi(x) = ai e
� (x�µ

i

)2

2�2
i

. (5.1)

Parameters from the multi-Gaussian fit where extracted for each photoelectron

(p.e.); in particular, µi represents the mean value of the Gaussian corresponding to

73

Integrated signal (charge)
signal amplitude

Preamplifier signal at 
2.5 GS/s oscilloscope

4.3.2 Comparison between external and FPGA generated

trigger mode

First measurement were performed with external trigger mode, triggering with

signals provided from an ArbStudio Waveform Generator both the laser driver and

the TARGET ASIC, in order to synchronize the digitization process with the pulse.

In this operational mode, the waveform is typically stored in a di↵erent frame of

the 16 µs storage array at each event; as we previously mentioned, the acquired

data file contains information about the first digitized cell, which is coincident

with trigger arrival. Moreover, in order to correctly subtract the pedestal, it is

necessary to perform a pedestal run for all the 16k capacitors before proceed with

analysis.

What immediately appeared clear was an evident jitter of about 10 ns in ac-

quired waveforms. An example of waveform acquisition is reported in Figure 4.12.

The reason for this jitter in the signal may be due to the intrinsic coupling between

trigger and sampling circuit, which introduces a phase displacement between the

trigger arrival and the sampling process.
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Figure 4.12: Waveforms of acquisitions made with external trigger. The 10 ns jitter is

even more visible in saturated pulses.

When operating in FPGA generated trigger mode the signal generated from the

68

channel [10]
TARGET7 readout

37V

Modules are being characterized in terms of gain, dark rate, crosstalk…. at the end of the 
TARGET7 readout chain

Charge spectrum
Gain (fC)

31
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SCT	  Telescope !
Schwarzschild-Couder dual mirror optics Medium Size Telescope

32

8.0 deg

(*)

(*): Plan	  to	  install	  10	  SCTs	  either	  in	  the	  CTA	  North	  site	  or	  CTA	  South	  as	  an	  upgrade	  to	  MST.	  The	  posiLoning	  system	  of	  two	  telescopes	  is	  
idenLcal	  and	  can	  be	  used	  for	  installaLon	  of	  both	  MST-‐DC	  or	  MST-‐SC	  opLcal	  systems	  and	  associated	  cameras.	  
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SCT	  Telescope !
Angular resolution

33
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CTA	  Telescopes !CTA Telescopes

Credits: The CTA Consortium!
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CTA	  sites!

La Palma

Chile

Differently	  from	  current	  generaLon	  experiments,	  
CTA	  will	  be	  operated	  as	  a	  proposal-‐driven	  open	  observatory	  


