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Cosmic rays(1) 

Composition
87% protons, 12% Helium, 1% 
Heavy nuclei, 0.1%  rays and 
neutrinos



Cosmic Rays (1) 

Spallation

Composition
87% protons, 12% Helium, 1% 
Heavy nuclei, 0.1%  rays and 
neutrinos



Cosmic Rays (1) 

SpectrumComposition
87% protons, 12% Helium, 1% 
heavy nuclei, 0.1% gamma rays
ad neutrinos

Processo di spallazione !



Solar modulation

87% protoni, 12% atomi di elio, 
1% nuclei pesanti, 0.1% raggi 
gamma e neutrini

Processo di spallazione !

Cosmic Rays (1) 

Composition Spectrum
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E>1 GeV87% protoni, 12% atomi di elio, 
1% nuclei pesanti, 0.1% raggi 
gamma e neutrini

Processo di spallazione !

Cosmic Rays (1) 

Composition Spectrum
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E > 1 GeV

109 ‐
1015 eV:

7.1

87% protoni, 12% atomi di elio, 
1% nuclei pesanti, 0.1% raggi 
gamma e neutrini

Processo di spallazione !

Cosmic Rays (1) 

Composition Spectrum



E > 1 GeV
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knee:

Galactic
origin

1.2

87% protoni, 12% atomi di elio, 
1% nuclei pesanti, 0.1% raggi 
gamma e neutrini

Processo di spallazione !

Cosmic Rays (1) 

Composition Spectrum



E > 1 GeV
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7.1

ankle:

Extragal origin

87% protoni, 12% atomi di elio, 
1% nuclei pesanti, 0.1% raggi 
gamma e neutrini

Processo di spallazione !

Cosmic Rays (1) 

Composition Spectrum



Origin

What is the energy source of 
galactic CRs

Cosmic Rays (2) 



ergWCR
4910

Cosmic Rays (2) 

Origin

What is the energy source of 
galactic CRs



The shock wave may explain the 
energetics of the process with few

% of efficiency

ergWCR
4910

ergWSNR
5110

Cosmic Rays (2) 

Origin

What is the energy source of 
galactic CRs

1 explosion /30years



PropagationOrigin

Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

•5‐10 g/cm2 of material traversed

The material contained in the 
galactic disk is 10‐3 g/cm2  

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

CRs traverse 100 times greater distances

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

•The traversed material decrese wth energy

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

HE CRs stay less in the galaxy than lower
energy CRs

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

CRs are accelerated well before the 
propagation

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation
The Time needed for 20 kpc (galactic disk) is
τd≈6∙106 anni, much shorter than the time spent
by CRs in the galaxy



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

Magnetic confinament

The Time needed for 20 kpc (galactic disk) is
τd≈6∙106 anni, much shorter than the time spent
by CRs in the galaxy

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

“Cosmic ray clocks”

Be10 Al26

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

“Cosmic ray clocks”

Be10 Al26

anniBe
6109.310 

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

“Cosmic ray clocks”

Be10 Al26

anniBe
6109.310 

Beesc 10 

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

“Cosmic ray clocks”

Be10 Al26

anniBe
6109.310 

Beesc 10  Beesc 10 

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



Qual è la fonte di energia per 
l’accelerazione dei raggi cosmici 

Galattici ?

“Cosmic ray clocks”

Be10 Al26

anniBe
6109.310 

Beesc 10 
Beesc 10 

27 /3.0102 cmgyrs escesc  

The right volume contains also the Galactic
Halo

L’onda d’urto prodotta 
nell’esplosione di una Supernova 

può spiegare accelerazione

Cosmic Rays (2) 

Origin Propagation



COSMIC RAYS (3) 

Acceleration processes
Second order Fermi 

mechanism
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Acceleration processes
Second order fermi 

mechanism

COSMIC RAYS (3) 



First Order Fermi Mechanism

Acceleration processes
Second order fermi 

Mechanism

COSMIC RAYS (3) 



RAGGI COSMICI  

Second order fermi 
Mechanism
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Acceleration processes

First Order Fermi Mechanism



SUPERNOVAE  

Mixed morphology
remnantShell type

Cas A SNR W 28 SNR

Composite

G327.1‐1.1 SNR

The expulsion of the outer layer of the star 
generates the pre‐Supernova

SUPERNOVA REMNANTS



CRs interactions in the Galaxy

e+-

P
He

CNO
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Emissivity of
synchrotron radiation

Synchrotron Radiation

SED OF SNRs (2)

Charged particle

Synchrotron Radiation
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Injection of
electrons
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Synchrotron radiation
of a single electron in 
magnetic field with
chaotic directions

with ωc = 1.5 Bp2/(mc)3
characteristic frequency

Synchrotron Radiation

Emissivity of
synchrotron radiation
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Emissivity of
inverse Compton radiation

Inverse Compton radiation

SED OF SNRs (3)
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Distribution of seed
photons (CMB)
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• U = 0.26 eV/cm3

• T = 2.73 K

Inverse Compton radiation

Emissivity of
inverse Compton radiation

SED OF SNRs (3)
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Klein‐Nishina
cross section
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Bremsstrahlung

Emissivity of
bremsstrahlung radiation
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Bremsstrahlung
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Bremsstrahlung
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π0  decay
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Flusso dei raggi γ a Terra 

2, 4 d
VQF SNR

SNR  



2, 4 d
VQF SNR

SNR  

Flusso dei raggi γ a Terra 

Volume of the SNR



2, 4 d
VQF SNR

SNR  

Flusso dei raggi γ a Terra 

Distance from the Earth



Range energetico: 
20 MeV – 300 GeV

Satellite are able to discriminate 
hadronic vs leptonic emission

IACT  determine maximum enrgy, roll
off of teh spectrum, test accelration
processes at theri extreeme phase
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γ  ray SPECTRA (1)
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Normalization:
Linked to the efficiency

of the process

γ  ray SPECTRA (1)
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SPETTRI γ DEGLI SNR (1)

Energy distribution

Spectral indexes:
γ2 > γ1 , γ3 = 1



SPETTRI γ DEGLI SNR (1)

Energy Distribution

• E0 = 10 GeV

• γ3; e,p = 1

Main parameters

• Ae,p

• Ebr;e,p

• γ1;e,p ; γ2;e,p
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Tycho SNR

Immagine raggi‐X (Chandra)

• SN 1572
• SN type: Ia
• Age: 349 anni 
• Distance: ~ 3.5 kpc
• Radius: ~ 3.7 pc 
• nH = 0.24 cm‐3

SPETTRI γ DEGLI SNR (2)



SPETTRI γ DEGLI SNR (2)

Tycho SNR

Immagine raggi‐X (Chandra)

Protoni

• Ap = (1.32±o.26)∙10‐8 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,p = 5.64 TeV
• γ1,p= 2.24±0.07
• γ2,p= 2.24±0.13
• Wp = (5.47±0.81)∙1049 erg 

Elettroni

• Ae = (1.40±0.12)∙10‐11 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,e = (1.24±0.13) TeV
• γ1,e= 2.16±0.05
• γ2,e= 4.57±0.39
• We = (7.29±0.63)∙1046 erg 

• SN 1572
• SN type: Ia
• Age: 349 anni 
• Distance: ~ 3.5 kpc
• Radius: ~ 3.7 pc 
• nH = 0.24 cm‐3



Elettroni

• Ae = (1.40±0.12)∙10‐11 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,e = (1.24±0.13) TeV
• γ1,e= 2.16±0.05
• γ2,e= 4.57±0.39
• We = (7.29±0.63)∙1046 erg 

Protoni

• Ap = (1.32±o.26)∙10‐8 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,p = 5.64 TeV
• γ1,p= 2.24±0.07
• γ2,p= 2.24±0.13
• Wp = (5.47±0.81)∙1049 erg 

SPETTRI γ DEGLI SNR (2)

Tycho SNR

Immagine raggi‐X (Chandra)

• SN 1572
• SN type: Ia
• Età: 349 anni
• Distanza: ~ 3.5 kpc
• Raggio: ~ 3.7 pc
• nH = 0.24 cm‐3

Efficiency



Elettroni

• Ae = (1.40±0.12)∙10‐11 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,e = (1.24±0.13) TeV
• γ1,e= 2.16±0.05
• γ2,e= 4.57±0.39
• We = (7.29±0.63)∙1046 erg 

Protoni

• Ap = (1.32±o.26)∙10‐8 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,p = 5.64 TeV
• γ1,p= 2.24±0.07
• γ2,p= 2.24±0.13
• Wp = (5.47±0.81)∙1049 erg 

SPETTRI γ DEGLI SNR (2)

Tycho SNR

Immagine raggi‐X (Chandra)

• SN 1572
• SN type: Ia
• Età: 349 anni
• Distanza: ~ 3.5 kpc
• Raggio: ~ 3.7 pc
• nH = 0.24 cm‐3
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SPETTRI γ DEGLI SNR (2)

Tycho SNR

Immagine raggi‐X (Chandra)

Elettroni

• Ae = (1.40±0.12)∙10‐11 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,e = (1.24±0.13) TeV
• γ1,e= 2.16±0.05
• γ2,e= 4.57±0.39
• We = (7.29±0.63)∙1046 erg 

• SN 1572
• SN type: Ia
• Age: 349 anni 
• Distance: ~ 3.5 kpc
• Radius: ~ 3.7 pc 
• nH = 0.24 cm‐3



SPETTRI γ DEGLI SNR (2)

Tycho SNR

Immagine raggi‐X (Chandra)

Protoni

• Ap = (1.32±o.26)∙10‐8 eV‐1 cm‐2 s‐1 sr‐1 
• Ebr,p = 5.64 TeV
• γ1,p= 2.24±0.07
• γ2,p= 2.24±0.13
• Wp = (5.47±0.81)∙1049 erg 

• SN 1572
• SN type: Ia
• Age: 349 anni 
• Distance: ~ 3.5 kpc
• Radius: ~ 3.7 pc 
• nH = 0.24 cm‐3



SPETTRI γ DEGLI SNR (2)

Tycho SNR
SED



SED OF SNRs (1)

Spectrum Energy Distribution (SED) 

Synchrotron

Hadronic
Interaction

Bremsstrahlung

Inverse Compton



63



64



65
/2

5



Launch!

• Launch from Cape Canaveral 
Air Station 11 June 2008 at 
12:05PM EDT

• Circular orbit, 565 km altitude 
(96 min period), 25.6 deg 
inclination.
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F. Giordano Sexten School

First clear hadronic signature



F. Giordano Sexten School

ICRC 
2015

Morphology and spectra
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F. Giordano Sexten School

The sky >50GeV



F. Giordano Sexten School

And sources above 50GeV



F. Giordano Sexten School

The VHE Galaxy
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F. Giordano Sexten School

The IACT Precision



F. Giordano Sexten School

The CTA Predictions -
I



F. Giordano Sexten School

The CTA Predictions - II



F. Giordano Sexten School



F. Giordano Sexten School

One important guy: the RXJ1713



F. Giordano Sexten School



F. Giordano Sexten School

Hadronic or leptonic



F. Giordano Sexten School

Xmm
contours

CO and HI Difference + Hess



F. Giordano Sexten School



F. Giordano Sexten School
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MAGIC Camera
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INFN acitivities on SiPM for CTA



• ~50 INFN scientists working to INFN 
CTA-RD since September 2012

– Seevogh meetings every 2nd week, a few 
physical meetings (Roma, Venezia, 
Bari,Napoli, …)

• Ordinary financying about 300k€/year
• Since October 2013 Involved in the 

“Progetto Premiale” TECHE.it 
– Demonstrate the feasibility of an “all-Italian” 

SiPM Photosensor Unit
– 1.3 MEUR for INFN: 2/3 for sensors, 1/3 

electronics

• Member of GMBH since May 2015
• EoI Submitted in January 2016 

– 3.5M€ for sensors – 8.1sm
– More funding to be discussed

INFN & CTA

Pv
To

Pi/Si

Co

Rm1
Rm2

Ts/Ud
Pd

Tn

Pg

Ba
Na

USA‐SCT MeetingF. Giordano



How to get a SiPM
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Gain

CLR Meter ‐> Gm and Cm @ 



A zero-pole 
cancellation network 
has been introduced to 
reduce the effect of 
the tail
Trying to not affect 
the peak

The tail cancellation 

0
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USA‐SCT MeetingF. Giordano
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• 1 x 1 mm2 – NUV SiPM 50 um cell
– 12 pcs, initial test

• 3.6 x 3.6 mm2 – NUV SiPM 50 um cell
– 50 pcs, initial test

• 3.1 x 3.1 mm2 – NUV SiPM 50 um cell
– 214 pcs, used for test, measurement, Matrix 

assembly of 16

• 3.1 x 3.1 mm2, 6 x 6 mm2 – NUV SiPM 40 
um cell

– used for test, measurement, Matrix assembly of 
16

–
• 6 x 6 mm2 – CTA-HD SiPM 30 um cell

– [production CTA_HD 2015]: 164 SiPM good, for 
pSCT

• 6 x 6 mm2 – CTA-HD2 SiPM 30 um cell
– 289 SiPM good, for pSCT
– CTA_HD 2016: 2382 SiPM mass production for 

pSCT

• 6 x 6 mm2 – CTA-HD3 SiPM 40 um cell
– 6 wafer – under test

2016

2014

2015

1 x 1 mm2 – NUV 
SiPM 50 m 

3 x 3 mm2 –
NUV SiPM 50 
m 

PCB (16 AD8000 OPAs)

SiPM NUV 3x3 
mm2 50m

SiPM NUV da 3x3 e 6x6 
mm2 su fette da 6”

Matrix configuration

2017

2013



16 Feb. 2016 G. Zappala’ – Vienna Conference on 
Instrumentation 2016 143

NUV High-Density (HD) technology:

Lower dead border region → Higher Fill Factor 

Trenches between cells → Lower Cross-Talk

High-Density technology in NUV
NUV-HD 

SiPM

Trench< 2 µm

High‐field region

Poly strip
resistorMetal

High‐field region

Cell 2Cell 1

~ 4.5 µm

NUV-
SiPM

Cell 2 Cell 3Cell 1

(C. Piemonte et. al., (2016) IEEE T. Electr. Dev., 10.1109/TED.2016.2516641)



16 Feb. 2016 G. Zappala’ – Vienna Conference on 
Instrumentation 2016 144

Cell Pitch 15 µm 20 µm
Fill Factor (%) 55 66
#cells/mm2 ~ 4444 2500

NUV-HD SiPM layout features

25 µm 30 µm 35 µm 40 µm
73 77 81 83

1600 ~ 1111 ~ 816 625

High Dynamic Range

High PDE

30 µm15 µm 20 µm 25 µm



16 Feb. 2016 G. Zappala’ – Vienna Conference on 
Instrumentation 2016 145

Fill Factor in HD technology

Cell Pitch

L

The HD 15 µm pitch is equivalent to the standard 40 µm



SiPM effective area: 36.34 mm2 (taking into account bonding pads dead regions)
SiPM active area: 27.64 mm2 (taking into account 76% microcell geom. fill factor)

FBK SiPM 30 m chip size, 6mm x 6mm 
active area  
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I-V characteristic curve

Bias(V)
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 / ndf 2  0.5227 / 8
Prob   0.9998
p0        0.04242 27.32 
p1        0.002855 0.03183 

31 mV/°C

Slight variation of breakdown voltage with temperature 
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SiPM NUV and NUV – HD 

SiPM NUV SiPM NUV ‐ HD
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Photon Detection Efficiency
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SCT Focal Plane Module

156

INFN Design



Front end production and R&D

157

Preamp. Stage
Hybrid tech vs ASIC

Digital Board
T7 vs TC



INFN activity for pSCT

• 25 Photo-detection Modules
– Each divided in 4 parts -> 100 

PCBs -> 16 Pixels each
– 1600 FBK SiPM NUV-HD 

6mmx6mm 30m cells
• Each sensor will be tested 

individually
• Each PCB will be tested for 

acceptance 

• New Schedule
– 9 PCBs & Electronics (T7)
– 1 complete sector (TC)
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One quadrant (16 FBK SiPMs) 

SOLDER MASKSOLDER MASK SiPMSiPM
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The lay-out



Prodution phase…

161

• A copper block is used to thermally and
mechanically couple the PCB to the camera pods
to form a module in a backplane

• It is placed on the PCB back-side with high
precision in both X, Y and Z coordinates, before the
SiPM placement. This is crucial for the performance
of the camera.

• More than 100 copper blocks are available for the
assembly

• The blocks have been placed on the dummy PCBs
at ARTEL facility with a precision of <100 micron in
XY plane, <0.1° degrees in Z coord (16 available)

• The requirements for alignment precision are of
~300 m in XY plane and < 2° in z (vertical) axis

• Custom mechanical holders are being produced
with holes and position pins to achieve a high
accuracy for the alignment (~10 m) in the xy plane
and z direction (<0.1°).
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• To speed up the SiPM placement and
glueing on the PCBs, a “pick & place”
machine is used to first distribute the
conductive glue to the PCB top layer
metal pads and with a vacuum suction
cup to take the sensors out of the
custom holder and place them on the
PCB with high precision.

• A test to validate the accuracy of the
pick & place machine has been run
using some NUV-HD SiPM placed over
dummy PCBs produced for testing the
procedure.

With the jigs, to place and 
glue SiPm on 104 PCB will

require 1 day

Measured Alignment precision is <30 m and < 0.5° rotation



The SiPMs

• 6mmx6mm 30um Cells
• Blue tape from FBK
• SiPMs are then arranged in 

single or matrix configuration
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The First FPM

164

SiPM 6.23x6.23 mm^2
Modules 27x27mm^2
FillFactor = 16 x 6.23x6.23 / (27x27) = 85%
With SiPM we get about 65%



DAQ trigger

CONTROLLER VME CAEN V1718
QDC CAEN V792 – 32 channels

TRIGGER SCHEME

Extension to 64 channels using two V792 
modules should be straigthforward

165



DAQ: SignaL and Gate 
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Gate width Study

SiPM: 25um, 1x1mm2, 34V
Waveform amplitude: approx. 35mV/P.E.
Waveform baseline: approx. 17mV

Single channel acquisition (ch31) with different gate windows

167



SiPM: 25um, 1x1mm2, 34V
Waveform amplitude: approx. 35mV/P.E.
Waveform baseline: approx. 17mV

Single channel acquisition (ch31) with 
different gate windows

Gate width Study

168



Calibration runs
SiPM: 30um, 1x1mm2, 36V
Waveform amplitude: approx. 53mV/P.E.
Waveform baseline: approx. 17mV
All channels acquired, one channel per run (32runs), 
with three gate windows (20ns, 50ns, 100ns)

Same signal sent to all channels: all 
differences in Pedestal and Gain are 
instrinsic to the V792 module
Estimate of calibration coefficients 169



Calibration runs
SiPM: 30um, 1x1mm2, 36V
Waveform amplitude: approx. 53mV/P.E.
Waveform baseline: approx. 17mV
All channels acquired, one channel per run (32runs), with three gate windows 
(20ns, 50ns, 100ns)
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Photon distributions

171

SiPM: 30um, 1x1mm2, 36V
SiPM signal replicated 32 times using a linear fan‐in fan‐out (2 modules)
Gate window: 100ns

Poisson fit



SiPM FBK 6 x 6 mm2 – Advansid preamp 
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INFN SiPM PreAmplifier
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Gain and resolution
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Charge measurements - I

176
Different bias and different integration time



Charge measurements - II
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34V

38V



Performances
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Acceptance test results



pSCT module assembly

DETTAGLIO A 
SCALA 10 : 1
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SiPM

Bonding PAD
SCALA 10 : 1
DETTAGLIO B 

Bonding PAD

SiPM
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DETAIL A 
SCALE 10:1  

DETAIL B 
SCALE 10:1  

Units in mm 

16 pixel module 
uniform coverage of the camera

PCB bonding pad

500 μmSiPM bonding pad



pSCT module assembly
Connectors and passive components placed on the back of the PCB with pick&place machine on 100 PCBs.

The quality of the assembly and the sensor alignment have been tested

• PCB – Copper cube ZY and ZX angle < 0.4° (corresponding to maximum PCB height difference of 200 μm)
• Angle Copper cube – PCB border < 1.6° (Y view), 0.4° (X view)







pSCT module assembly
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Matrix sensor test before dispensing of protection epoxy. Any defective sensor is replaced

Placement in 
bonding&transport jig Bonding (approx. 15 mins/matrix) Bonding with 20μm Al/Si wire

Dispensing of UV‐transparent 
protecting epoxy



The «NEW» Front end 
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Tests with the T7 module



Amplitude analysis @ Oscilloscope



Target7 Data
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T7 Pedestal correction



Pedestal Zoom IN



T7 Module results



The DCDC test 
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See you in the lab sessions


