Laboratorio di Segnali e Sistemi
Tecnologia ArduSiPM

Esempi utilizzo dei microcontrollori
in Fisica delle alte energie (Atlas, LHCDb)
e del rivelatore ArduSiPM in:
Fisica Medica (Chirone)
Monitor di Fascio CERN (UA9)

CERN Beam Line for School (2017 winner)
Rivelazione di radiazioni e Raggi Cosmici
Misure di Bioluminoscenza
Spazio (cubesat e nanosatelliti)

Dalla GEN1 alla Gen4

Valerio.Bocci@romal.infn.it




ELMB (the CERN Arduino)
ATmegal28 microcontrollers in LHC experiments
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The Development of the Embedded Local Monitor Board (ELMB)
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LHCb

(Equalization, Timing and Monitoring of the 120k Front End Channels in the LHCb Muon Detector)

The Services Boards system

for the LHCb Muon Detector
(Equatization, Timing and Monitoring of the 120k Froat
o ey tind Channels in the LHCh Muon Detector)

RICH!
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Figure 5: Service Board layout
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Arduino Uno (2010)

ATmega328 Block Diagram
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L
Arduino DUE SAM3X Cortex M3

The ARM Cortex-M is a group of 32

bit RISC ARM processor cores licensed by Arm
Holdings. They are intended for microcontroller use,
and have been shipped in tens of billions of devices.

Valerio Bocci Lab Segnali e Sistemi


https://en.wikipedia.org/wiki/32-bit
https://en.wikipedia.org/wiki/32-bit
https://en.wikipedia.org/wiki/Reduced_instruction_set_computer
https://en.wikipedia.org/wiki/ARM_architecture
https://en.wikipedia.org/wiki/Arm_Holdings
https://en.wikipedia.org/wiki/Arm_Holdings
https://en.wikipedia.org/wiki/Microcontroller
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Arduino DUE sistema di acquisizione completo (1/2).

Arduino DUE ha tutto il necessario per realizzare un sistema di acquisizione per interfacciarsi al mondo analogico.

n, <IN ADC out|- JUU
Vdd
Binary Analog
input DAC sign

1 output

Bit Depth

Analog
signal

Wl

Digital Signat

Convertitori Analogico Digitali (ADC):
Consentono di trasformare i segnali
analogici in numeri.

Convertitori Digitale Analogico
(DAC):

Consentono di trasformare i numeri
in segnali analogici.

Valerio Bocci Lab Segnali e Sistemi



Arduino DUE sistema di
acquisizione completo (2/2).

Contatori Digitali
Consentono di contare il numero di
eventi.

Misuratori di tempo digitali (TDC)
Consentono di misurare il tempo tra
due eventi.

0,7 Sec

Valerio Bocci Lab Segnali e Sistemi



SAM3X8E Timer Counter modules

« Three 32-bit Timer Counter Channels
« A Wide Range of Functions Including:
~ Frequency Measurement

~ Event Counting

~ Interval Measurement

- Pulse Generation

- Delay Timing

~ Pulse Width Modulation

~ Up/down Capabilities

« Each Channel is User-configurable and
Contains:

~ Three External Clock Inputs

~ Five Internal Clock Inputs

s ~ Two Multi-purpose Input/Output Signals
) « Internal Interrupt Signal

Valerio Bocci Lab Segnali e Sistemi



BN 00000000000
SAM3X8E ADC module

« 12-bit Resolution

« 1 MHz Conversion Rate

« Wide Range Power Supply Operation

« Selectable Single Ended or Differential Input Voltage

* Programmable Gain For Maximum Ful Scale Input Range 0 - VDD
Offering Up to 16 Analog Inputs

« Individual Enable and Disable of Each Channel

« Hardware or Software Trigger

— External Trigger Pin

— Timer Counter Outputs (Corresponding TIOA Trigger)

— PWM Event Line

« Drive of PWM Fault Input

« PDC Support

« Possibility of ADC Timings Configuration

« Two Sleep Modes and Conversion Sequencer

Valerio Bocci Lab Segnali e Sistemi



BN 00000000000
SAM3X8E DAC module

« Two Independent Analog Outputs
« 12-bit Resolution

« Individual Enable and Disable of Each Analog Channel
« Hardware Trigger

— External Trigger Pins

« PDC Support

« Possibility of DACC Timings and Current Configuration
« Sleep Mode

— Automatic Wake-up on Trigger and Back-to-Sleep Mode after Conversions of all
Enabled Channels

« Internal FIFO

zJ
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Alcune tecniche per rivelare le particelle

Tubo Geiger
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Materiali scintillanti

Effetto Cherenkov
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Utilizzo degli scintillatori per costruire

rivelatori.

L'utilizzo degli scintillatori in passato non era a

portata di tutti.
Per rilevare i fotoni emessi era necessario uno

rivelatore di luce chiamato FOTOMOLTIPLICATORE.

lla

La tecnologia del fotomoltiplicatore, nata nel 1934
si basa sull’effetto fotoelettrico (1921 Einstein
Premio Nobel) , e sull’emissione secondaria di
elettroni. | fotomoltiplicatori sono oggetti costosi
(Keuro) e da laboratorio, necessitano di tensioni
dell’ordine dei 1000 Volt e sono molto fragili.

Valerio Bocci Lab Segnali e Sistemi



hoey

') SiPM

WikiremiA

11 SiPM o Silicon Photomultiplier & un nuovo tipo di
fotomoltiplicatore al silicio.

Diversamente dai fotomoltiplicatori tradizionali (PMT o
Photomultiplier Tubes), costruiti con tubi a vuoto, i SiPM
sono prodotti direttamente da un wafer di
silicioimpiantando in esso matrici di microcelle lette in
parallelo ciascuna delle quali & un diodo (Avalanche
Photodiode o APD) che lavora in modalita Geiger.

Le dimensioni tipiche di un SiPM sono da (1mm x 1mm)
fino a (3mm x 3mm) ma in linea di principio sarebbe
possibile produrre geometrie arbitrarie. Le singole
microcelle hanno dimensioni tipiche che vanno dai
20x20 pm ai 50x50 pm.

Rispetto ai tradizionali PMT presentano numerosi
vantaggi quali ad esempio la bassa tensione di
funzionamento (da 30 a 80V a seconda del modello e
del costruttore).

Valerio Bocci Lab Segnali e Sistemi



2014

Is it possible to build a complete particle
detector and data acquisition system using
Arduino microcontroller and Arduino
Language ?

Scintillator Photons Sensor, Custom Electronics Arduino DUE
‘ (SiPhA) ’ l (ArduSiPM Shield) ArduSiPM Software'
Particle Detector ArduSiM

Valerio Bocci Lab Segnali e Sistemi



Application Example 1:

Intraoperative B- Detecting Probe

SCIENYIFIC
REPQRTS
A novel radioguided surgery technique

exploiting /i~ decays ArduSiPM

Beta- Probe

.
) |

SiPM

App

* Radioguided intraoperative beta probe, with
scintillation material coupled with SiPM
detector.

Valerio Bocci Lab Segnali e Sistemi



Application Example 2:
Use of ArduSiPM in the CERN UA9 and CRYSBEAM activity

(substitute old Scintillator and electronics for PM) URS

- As beam losses counter @ SPS

- As beam trigger @ extracted beam line H8
(CERN)

SIS« This work has been supported by the ERC Ideas Consolidator
Grant

*  No.615089 “CRYSBEAM”.

Valerio Bocci Lab Segnali e Sistemi



ArduSiPM Block Diagram
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ArduSiPM measuraments

Data Stream example:

la 1 Sec al Only rate:
I‘ L $10
$50
| $244
|

|
|
| C+Rate:

l v1Fv1Dv22v27v1Dv19v20v23v20viCvl9vlF$12
|

|

'

b [ (B 1

2 3 t4

tl
|

v18v1EV1Ev1Bv19v1Bv29v19v1Av1Dv1BvlDv2Av18viBS15
v15v20v21v21v1Dv1Fvl1AvI1AVIASY
v19v17v1Bv18v1Cv1Dv1D$7

T ADC+RATE:
taedvatafOv7tvov3s$3

We split the measuraments in 1 second windows,
acquiring number of pulses, amplitude and time of each one.

togemd:

VXXX ADC Value in HEX MSB zero suppressed

Using a 200K Bits/s serial stream OO0 TDC value in HEX MSB zero
suppressed
SXXX rate in Hz

We can meausure and dump (depending from amplitude and distribution of pulses):

. Only the frequency up to 40 MHz
. ADC value up to 4-6 KHz
. ADC,TDC and rate 1 -2 KHz

Using the SAM3X8 built-in ethernet it is possible to increase data acquisition performance.

Valerio Bocci IEEE NSS/MIC 8-15 November Seattle



Misura dei raggi cosmici su un aereo di
linea

Valerio Bocci International Cosmic Day 201

Valerio Bocci Lab Segnali e Sistemi



A School made Cherenkov light detector

(Winner of CERN “A beamline for schools”2017)
LICEO SCIENTIFICO STATALE T. C. ONESTI (prof Maria Rita Felici)

SiPM Particle Beam

ArduSiPM

Valerio Bocci Lab Segnali e Sistemi



Precise time distribution

GPS time (from Global Position mEthOdS NetWO_rk Time Protocol
Systems satellite) (from internet)

S = RN ®©0 0|

KK
/A

Low cost wi-fi internet processor precision <10 ms

Low cost GPS module (<30 Euro) 25 ns precision

Dr. Valerio Bocci INFN Roma
Matinees di scienza 21 Epr 2017 LNF



Synchronization with ArduSiPM

PPS 1 Sec (from GPS or %
NTP) >

3

\ 4

—
—
—

Dr. Valerio Bocci INFN Roma
Matinees di scienza 21 Apr 2017 LNF




Sincronizzazione tramite GPS di rivelatori di particelle
ArduSiPM per lo studio di sciami di raggi cosmici.

Tesi triennale Gaia Muti

F Igura 5.3, Prita
on satilator] svrappostl

o o
Fem e
e =

Figura 5.1. Schema dei collegamenti eseguiti tra A

Flgars 4.2, Riovarn GI'S

sduSipm, I'Open Log e il GPS.



Lancio Mocris 2019

PECCETIO SEAZIALY MRS

In Collaborazione con:

onda MoCRIS”

Siete tuttiinvitati a partecipare




Mocris particle detector Instrumentation







Moon Imaged from the MoCRIS Payload
June 25. 2019
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Bio(luminoscence) flux measurements

MCRO device

Bio(luminoscence) flux measurements
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TECHNICAL NOTE
Ullnsensmve On-Field Luminescence Detection Using a Low-Cost Silicon Photomultiplier Device
Mara Maddalena Calabretta, Laura Monah, Antoria Lopreside, Fabio Fragapane. Francesca lacoangeh. Aldo Roda. Veleno Boccor, Maroaio D'Ela*, snd Eksa Michelin®

© Cite ils: nal. Cham, 202153 20, 7338-7393 - . Abrsat 8 . A t

Fushcarion Dute May 11, 2021
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© suorotmio1)s | SUBJECTS: Bt iobes Sensors, P nd s, g, Clbration

Abstract

The availability of portable analytical devices for on-site monitoring and rapid detection of analytes of forensic, environmental,
and clinical interest is vital. We report the development of & portable device for the detection of biochemiluminescence relying
ou silicon photomultiplier (SIPM) technology, called bnm.lnoSlPM< which includes a 3D printed sample holder that can be

adapted for both liquid samples and papes-based bi W ison of analytical in terms of
bility with a benchtop fumi # portable cooled charge-coupled device (CCD sensor), and smartphone-integrated
metal oxide (CMOS) sensors. As model systems, we used two lueiferase/luciferin systems

emitting at different wavelengths using purified protein solutions: the green-emitting P, pyralis mutant Ppy-GR-TS Orgy, 550

nm) and the blue-emitting NanoLue (i, 460 nm). A limit of detection of g femtomeles was obtained for NanoLue luciferass,

about 2 and 3 orders of magnitude lower than that obtained with the partable OCD camera and with the smartphone,

respectively. A proof-of-principle forensic application of LuminoSiPM is provided, exploiting an origami chemiluminescent

paper-based for inhibitors, showing high potential for this portable low-cost device for on-site
with adeq. for detecting low light intensities in eritical fields.
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CUBESAT -

| Cubesat sono una classe di nanosatelliti che rispettano lo standard definito nel Cubesat design
specification

Il concetto del Cubesat & nato nel 1999 dalla collaborazione tra la California Polytechnic State
University e lo Stanford University's Space Systems Development Laboratory.

L’idea di base € quella di poter effettuare lanci frequenti di un satellite economico e con brevi tempi
di sviluppo, accessibile universita ed aziende , sfruttando lo spazio disponibile sui lanciatori di
payload molto piu costosi.

Valerio Bocci CSNS Sept 2020



Cubesat example

4 mm PCEs

Custom design

Valerio Bocci CSNS Sept 2020



2 RC OSC, 2 xtal OS
PL TC. 2 Watchdog
Backup SRAM - 1KB

Voltage Regulator, POR

Security

ZMh-DMA con‘mller
/
i Integrity Check Monitol
(

SHA)
2SPI, 3 TWI
[ o (e ] f—
SAM E70 Only 8x 16-bit PWM
G | S
2x 12-ch 12-bit ADC
EMAC 10/100 2-ch 12-bit DAC

Connectivity Control User Interface




Cosmo ArduSiPM (GEN2)
N & D ArduSIPM analog +SAMV71

INFN-Microchip Technology
Concesion Arsamaed Te. T 58543 635

Cubesat LEO or MEO

9.6cm

0.1 CubeSat Unit occupancy

2 channels

Weigh 42 grams

Low Power consumption <1Wh
Rad-tolerant version of MCU
availability on market

Valerio Bocci INFN Roma Vancouver 2023 NSS-MIC-RTSD



ArduSiPM
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Cosmo ArduSiPM : SiPM Automatic Characterization

T~25°C
\\ﬂ.
2 Phe 3
'
Nt
—.\.
3Phe

~\~4_,...«\
o

4 Phe

J 00 a“n o0 1000

0
Trvesheld

3.3V/212~0.8mV / step

SiPM is a matrix of almost identical APD in
Geiger-mode!

The information in SiPM signal is basically
discrete: the amplitude of signal is
function of number of switched-on cells.

Automatic scan of dark count as function
of threshold allows to characterize the
SiPM and measure the single cell signal
amplitude

o Threshold

AVl



CosmoArduSiPM Optical test Bench

- The hardware was studied in an optical testbench.

TTL_Out (signal from
threshold comparator

- Comparator output was used for timing characterization

- Analog output was used to compare measure with 12bit Lecroy
oscilloscope

Analog output
(amplified SiPM Signal,
GAIN=4)

| UsB serial interface

1 - Driver LED Picoquant PDL 800-B (pulse width 800 ps)

2 — Oscilloscope LECROY 12bit, 2Gsample/s, 4000Mhz Bandwidth
3 —Cosmo ArduSiPM

4 —Box

4a—Led heads 460nm

4b —SiPM 13360-1325CS Hamamatsu

5 —Raspberry PI



Threshold Scan Plot

Threshold

scan
and its
derivative
(comparable

(see also Poster Session N-01-173)

Pulsed light (centered about 10 fhe)

Some measuraments with GEN2 (Cosmo ArduSiPM)

Meximum CosmoArduSiPM time resohution:
TDC_ClK= CPU_CLK/2 = 150 MHz 5.6 1

The GEN2 can measure time with a

precision of 6.6 ns. Furthermore, it
can be synchronized with a

Photons spectra
Cosmo ArduSiPM vs 12 bits Le Croy Scope

) ._pﬁrk noise + pulsed light >2 phe
1Phe

2 Phe

3 Phe

Linscale Log scale

universal reference, such as the
I PPS output from a GPS system or
[ ——————————

ks I

ADC spectra the integral show to

hescualeniadhescandlal

Credits to the graduating students, Simone Mariottini and Lorenza Masi

Valerio Bocci INFN Roma Vancouver 2023 NSS-MIC-RTSD



Gamma Spectrometer
with anticoincidence

SiPM

Analogic sum

Shaper
Sample and nold *




Spectrum of Cs137

caesium arducosmo scionix piccolo amp x1 testing offset 472 2023 12 19 10-50-29

° -
S -
8 N 30 keV
8 10° - Kshell Compton
= = edge in CSI
- 660keV
= Cs137-> Ba dise
10?

T IIIIHI

Piedistalli

10 = Elettronica 280 keV

= 180 deg

N Compton in Pb l
el x o r i b gl by v IJL|

2 3
1 19 9 10 Energy [KEv]



Picosatelliti







Connectivity

3 HS/FS/LS USB port
3 Host or 2 Host +1 Device

2 EMAC 10/100
w/ IEEE1588

2 HS SDIO/SD/MMC

8 UART, 8 SP1,
4 TWI, Soft modem

SLC/MLC NAND Controller
with 24-bit ECC

External Bus Interface

BootROM
512 Fuse Bits

Memory

SAMA5D4

2 RC 0SC, 2 xtal OSC,
2 PLL. Voltage Regulator

Watchdog, POR, RTC

Backup unit with
B kb SRAM

Security

RSA; ECC co-processor
3DES, AES, SHA, TRNG

On the fly DDR
Encryption/Decryption

8x Tamper Piny,
4-bit AXI/AHB SHEUre et
720p Videc Decoder

TFT LCD Controlier
5~-ch 10-bit ADC with Overlays

4 x 16-pit PWN Resistive Touchscreen
9 x 32-bit Timers Controller
Camera Intesface,
2128

User Interface




Magnetorquer

Credits: ESA/Lusospace
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ArduSiPM Detector technology for nanosatellite
Radiation monitor

I-_________'I

| Scintillator OBC (On Board Computer)

| SEGEL
converter

Obinal Attt (k)

Sl g ()




Next STEP picosatellite Earth TX/RX Module

1u

Picosatelite

Camera Module
)

-

Magnetorquer Module

ph - Nano ArduSiPM Picosatellite OBC
otons sensibility to
Visible or IR On Board Computer

GPS Module



Nano ArduSiPM Gen3 (2023)

22 mm

8 ! igmm

| TFBGA (Thin Fine-Pitch Ball
Grid Array)

50 mm

Valerio Bocci INFN Roma Vancouver 2023 NSS-MIC-RTSD



ArduSiPM Technology Evolution

(Strong Performance Boost and Remarkable Density Enhancements with Lighter Channel Weight)
Reduction in Size and Weight

of the Individual Channel" GEN1
\ 1 channel - 2 plane x55 cm? 23 ns TDC time resolution
& 1 MHz ADC
ArduSiPM (TT 2014) 100g/ch Mi digital threshold 3 photons
2% 100 mm x 50 mm
GEN2
\ 6.6 ns TDC time resolution
| 1 channel 2 MHz ADC
Half Cosmo Minimum adjustable digital threshold
ArduSiPM (2021) 0.1 photons

| 1 channel [ T 25cm?
| Nano ArduSiPM LTy 10g/ch
‘ (2023) e

50 mm x 50 mm

| GEN4

\ 2 channel 3 2 cm?/ch
k LITE SPLD (2026) < E 3g/ch

20 mm x 20 mm

Valerio Bocci INFN Roma Vancouver 2023 NSS-MIC-RTSD



The Upcoming 4th Generation:

LITE-SPLD Project
(Lightweight Integrated Technology for Space
Luminescence and Particle Detection)

"

G

12 "
e 0 oo
-8 0 o000
0o 0000
oo 0ooo
oo oooo | 20mm
L‘] loooocoloooono]
0000 LX)
oo o000
oo oooo
oo o000
00 0000
§ 0 008
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Tesi triennali e magistrali disponibili:

Valerio.bocci@romal.infn.it
Valerio.bocci@uniromal.it
Valerio.bocci@cern.ch

Telegram:
https://t.me/ValerioBocci

: Tesi svolte:
(&P https://sites.google.com/view/particle-detectors/thesis



https://t.me/ValerioBocci
https://cern.zoom.us/my/valeriobocci

