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Introduction

❑ CMOS (Complementary Metal Oxide Semiconductor) sensor


• High granularity: pitch size 20-50 μm


• Very thin: epitaxial layer < 20 μm and total size 50 μm


• Reasonable size: ~2x2 cm2


• Rate capability: > MHz/ cm2


• Low power consumption: < 300mW/cm2


➡Spatial resolution: << 10 μm and 


➡ Low material budget


➡High dose tolerance:  1015 neq/cm2 


➡High time integration: > 150 μs

➡ Ideal for charged particle tracking


➡Used in high energy physics experiments (MIP)
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Introduction
❑ Partially depleted sensor


• STAR @ BNL:
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MAPS detectors

Experiment ready MAPS (i.e. production version exists)

Depleted MAPS (i.e. HV/HR-CMOS) prototypes

Laura Gonella | IR2@EIC workshop | 18 March 2021

STAR Heavy Flavour Tracker (HFT) at RHIC 
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•  Detector installed end 2013, started data taking in Au-Au run 2014 
•  Spare detector will be ready in about one month – will be used in the next run (1 day 

installation time) 
•  First operation experience shows resolution performance as expected  

L. Greiner, FEE 2014 
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MIMOSA28	(ULTIMATE)	in	STAR	PXL	
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	walter.snoeys@cern.ch	

		

Ladder	with	10	MAPS	sensors	

2-layer kapton flex cable with Al traces 

courtesy	of	STAR	Collaboration	
	

MIMOSA28	(ULTIMATE)	–	2011		

First	MAPS	system	in	HEP		

Twin	well	0.35	μm	CMOS	(AMS)		

§  18.4	µm	pitch	

§  576x1152	pixels,	20.2	x	22.7	mm2	

§  Integration	time	190	μs	

§  No	reverse	bias	->	NIEL	~	1012	n
eq
/cm2	

§  Rolling	shutter	readout	

356	M	pixels	on	~0.16	m2	of	silicon	

	

Full	detector	Jan	2014	

Physics	Runs	in	2015-2016	

§  2	layers	(2.8	and	8	cm	radii)	

§  10	sectors	total	(in	2	halves)	

§  4	ladders/sector		

§  Radiation	length	(1st	layer)	

§  x/X0	=	0.39%	(Al	conductor	flex)	
	MIMOSA 28 @ STAR HFT
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The	ALPIDE	CMOS	sensor	chip	

	walter.snoeys@cern.ch	
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4	pixels	

Artistic	view	of	the	
ALPIDE	cross	section		Collection	electrode	

•  TJ	CMOS	180	nm	INMAPS	imaging	process	(TJ)	>	1kΩ	cm	p-type	epitaxial	layer	

•  Small	2	µm	n-well	diode	and	reverse	bias	for	low	capacitance	C(sensor+circuit)	<	5	fF	

•  40	nW	continuously	active	front	end	D.	Kim	et	al.	DOI	10.1088/1748-0221/11/02/C02042	

•  Qin/C	~	50	mV,	analog	power	~	(Q/C)-2	NIM	A	731	(2013)	125	

•  	Zero-suppressed	readout,	no	hits	no	digital	power	G.	Aglieri	et	al.	NIM	A	845	(2017)	583-587	

	

29.24	μm	

26.88	μm
	

ALPIDE @ ALICE ITS

ATLAS ʹ ATLASPix3

31

ATLASPix3 - General design features
� Engineering run in the 180 nm HV-CMOS process 

from TSI
� Total chip area is 2 cm x 2 cm
� Fabricated in 2019

ATLASPix3 ʹ Chip details
� Matrix with 132 columns x 372 rows
� 150 ʅm x 50 ʅm pixel size
� In-pixel comparator
� Column drain readout with and without trigger
� Trigger latency < 25 µs
� Radiation hard design with SEU tolerant global 

memory
� Serial powering (only one power supply needed)
� Data interface is very similar to RD53 readout chip 

(ATLAS)

E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

R. Schimassek, Mu3e collaboration 
meeting, 2019

� Power consumption is ~200 mW/cm2 (with 25 ns time resolution)
� Very initial measured results available
� Expected radiation tolerance is 100 Mrad and 1 x 1015 1 MeV neq/cm2

11 December 2019 ʹ Birmingham

ATLASPix3 
180 nm TSI

hemperekΛuniͲbonn͘de FEEϮϬϭϴ ϳ

LFoundry timeline

LF-Monopix ;monolitic FE-IϰͿ
� Pixel siǌe͗ ϱϬum x ϮϱϬ ђm
� Chip siǌe͗ ϭϬ mm x ϭϬ mm
� ϮϬϬum and ϭϬϬum version
� Bonn н CPPM н IRFU

;Aug. ϮϬϭϲͿ

LF-CPIX ;DemonstratorͿ
� Pixel siǌe͗ ϱϬum x ϮϱϬ ђm ;FEIϰͿ
� Chip siǌe͗ ϭϬ mm x ϭϬ mm
� ϮϬϬum and ϭϬϬum version
� Bonn н CPPM н IRFU

;April ϮϬϭϲͿ
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CCPDͺLF prototype: 
� Pixel siǌe͗ ϯϯum x ϭϮϱ ђm ;FEIϰͿ
� Chip siǌe͗ ϱ mm x ϱ mm ;Ϯϰ x ϭϭϰ pixͿ 
� Bondable to FEIϰ ;нpixel encodingͿ
� ϯϬϬum and ϭϬϬum version
� Bonn н CCPM нKIT

;Aug. ϮϬϭϰͿ

ϵ.
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cm

ϭcm

н smaller test structures

LF-MONOPIX 
150 nm LFoundry

MALTA and TJ-MONOPIX 
180 nm TJ

area of 20.48 ⇥ 20.00 mm
2. The size of the die is 20.66 ⇥ 23.14 mm

2, see figure 2. This includes the
chip guard ring which is surrounded by an 11 µm seal ring to minimize dead space between chips on
a ladder.

Fig. 2. The MuPix10 layout: Active matrix at the top and periphery at the bottom. The color change in the
active matrix is a feature of the routing scheme, see section 4.5

Fig. 3. A functional description of the MuPix architecture. From the in-pixel electronics with injection
capability to the discriminator and readout infrastructure in the periphery. [1]

The architecture of MuPix10 follows the standard MuPix approach depicted in figure 3. The deep
n-well contains a folded cascode amplifier with a PMOS input transistor and a source follower as line
driver, implemented as floating logic. An additional supply voltage of nominally 1.2 V is required
by the amplifier, which is not provided by the HDI. Therefore a voltage regulator is implemented
to generate this additional voltage level from the 1.8 V supply, see section 4.2. The pixel line driver
transmits the amplified signal via a point-to-point connection to the periphery to its digital partner-
cell. This signal is AC-coupled to two parallel comparators which allow to apply di�erent threshold
schemes for hit detection and time sampling. Two timestamps are stored for each hit. The rising edge
is sampled with 11 bit in 8 ns bins (TS1). A second, 5 bit, timestamp (TS2) is stored on the crossing

3

MuPix10 
(soon @ Mu3e)

and more… 

None of the existing MAPS sensors meets all the requirements at once.
A dedicated EIC MAPS sensor is the desired solution.

For a more detailed discussion see YR 11.2.3 at arXiv:2103.05419

STAR- HFT 

Overview: the ~10 first years
 Initial motivation = new optimization for ILC vertex detector

• Late 90’s
• R.Turchetta NIM A 458 (2001) 677

 The STAR – PXL
• Collab. IPHC – BNL
• MIMOSA-28 sensor
- AMS 350 nm technology
- already with resistivity > 400 Ω.cm

• 50 μm thick, 20.7 μm pitch
• 160 mW/cm2

• Hit-rate > MHz/cm2

• Operation 2014-2016
• I.Valin JINST 7 (2012) C01102
• G.Conti A 907 (2018) 60

J. Baudot    - CMOS sensor developments     - CEPC workshop, 26-28 October  2020/03/10 2

Excellent 
spatial 

resolution

Low material 
budget

High radiation 
tolerance

High hit 
rate

Excellent time 
resolution

Low power 
dissipation

Optimisation
ee & heavy ions

Optimisation
hh

• ALICE @ CERN

❑ Fully depleted sensor


• ATLAS R&D

Overview: the past ~10 year – part 1

 Exploration of new CMOS process

• Quadruple well

• or High-voltage 

- Large collection diode

- See next talk by H.Zhang

 The ALICE - ITS2

• Large collab. around CERN

• ALPIDE sensor

- Tower-Jazz 180 nm 

• 40 mW/cm2 

• hit rate 100 MHz/cm2

• Total surface covered 10 m2

• A.Rinella NIM A 845 (2017) 583

J. Baudot    - CMOS sensor developments     - CEPC workshop, 26-28 October  2020/03/10 3

Powerful in-pixel treatment

& read-out architecture
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MAPS detectors

Experiment ready MAPS (i.e. production version exists)

Depleted MAPS (i.e. HV/HR-CMOS) prototypes
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ATLASPix3 - General design features
� Engineering run in the 180 nm HV-CMOS process 

from TSI
� Total chip area is 2 cm x 2 cm
� Fabricated in 2019

ATLASPix3 ʹ Chip details
� Matrix with 132 columns x 372 rows
� 150 ʅm x 50 ʅm pixel size
� In-pixel comparator
� Column drain readout with and without trigger
� Trigger latency < 25 µs
� Radiation hard design with SEU tolerant global 

memory
� Serial powering (only one power supply needed)
� Data interface is very similar to RD53 readout chip 

(ATLAS)

E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

R. Schimassek, Mu3e collaboration 
meeting, 2019

� Power consumption is ~200 mW/cm2 (with 25 ns time resolution)
� Very initial measured results available
� Expected radiation tolerance is 100 Mrad and 1 x 1015 1 MeV neq/cm2

11 December 2019 ʹ Birmingham
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area of 20.48 ⇥ 20.00 mm
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2, see figure 2. This includes the
chip guard ring which is surrounded by an 11 µm seal ring to minimize dead space between chips on
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Fig. 2. The MuPix10 layout: Active matrix at the top and periphery at the bottom. The color change in the
active matrix is a feature of the routing scheme, see section 4.5

Fig. 3. A functional description of the MuPix architecture. From the in-pixel electronics with injection
capability to the discriminator and readout infrastructure in the periphery. [1]

The architecture of MuPix10 follows the standard MuPix approach depicted in figure 3. The deep
n-well contains a folded cascode amplifier with a PMOS input transistor and a source follower as line
driver, implemented as floating logic. An additional supply voltage of nominally 1.2 V is required
by the amplifier, which is not provided by the HDI. Therefore a voltage regulator is implemented
to generate this additional voltage level from the 1.8 V supply, see section 4.2. The pixel line driver
transmits the amplified signal via a point-to-point connection to the periphery to its digital partner-
cell. This signal is AC-coupled to two parallel comparators which allow to apply di�erent threshold
schemes for hit detection and time sampling. Two timestamps are stored for each hit. The rising edge
is sampled with 11 bit in 8 ns bins (TS1). A second, 5 bit, timestamp (TS2) is stored on the crossing
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(soon @ Mu3e)

and more… 

None of the existing MAPS sensors meets all the requirements at once.
A dedicated EIC MAPS sensor is the desired solution.

For a more detailed discussion see YR 11.2.3 at arXiv:2103.05419
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ATLASPix3 - General design features
� Engineering run in the 180 nm HV-CMOS process 

from TSI
� Total chip area is 2 cm x 2 cm
� Fabricated in 2019

ATLASPix3 ʹ Chip details
� Matrix with 132 columns x 372 rows
� 150 ʅm x 50 ʅm pixel size
� In-pixel comparator
� Column drain readout with and without trigger
� Trigger latency < 25 µs
� Radiation hard design with SEU tolerant global 

memory
� Serial powering (only one power supply needed)
� Data interface is very similar to RD53 readout chip 

(ATLAS)

E. Vilella (Uni. Liverpool) ʹ DMAPS seminar

R. Schimassek, Mu3e collaboration 
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� Power consumption is ~200 mW/cm2 (with 25 ns time resolution)
� Very initial measured results available
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area of 20.48 ⇥ 20.00 mm
2. The size of the die is 20.66 ⇥ 23.14 mm

2, see figure 2. This includes the
chip guard ring which is surrounded by an 11 µm seal ring to minimize dead space between chips on
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Fig. 2. The MuPix10 layout: Active matrix at the top and periphery at the bottom. The color change in the
active matrix is a feature of the routing scheme, see section 4.5

Fig. 3. A functional description of the MuPix architecture. From the in-pixel electronics with injection
capability to the discriminator and readout infrastructure in the periphery. [1]

The architecture of MuPix10 follows the standard MuPix approach depicted in figure 3. The deep
n-well contains a folded cascode amplifier with a PMOS input transistor and a source follower as line
driver, implemented as floating logic. An additional supply voltage of nominally 1.2 V is required
by the amplifier, which is not provided by the HDI. Therefore a voltage regulator is implemented
to generate this additional voltage level from the 1.8 V supply, see section 4.2. The pixel line driver
transmits the amplified signal via a point-to-point connection to the periphery to its digital partner-
cell. This signal is AC-coupled to two parallel comparators which allow to apply di�erent threshold
schemes for hit detection and time sampling. Two timestamps are stored for each hit. The rising edge
is sampled with 11 bit in 8 ns bins (TS1). A second, 5 bit, timestamp (TS2) is stored on the crossing

3

MuPix10 
(soon @ Mu3e)

and more… 

None of the existing MAPS sensors meets all the requirements at once.
A dedicated EIC MAPS sensor is the desired solution.

For a more detailed discussion see YR 11.2.3 at arXiv:2103.05419
➡Of interest for hadrontherapy (high ionising particles)

➡Measurement of beam fragmentation 
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FOOT experiment

• STC: plastic scintillator


• BM: drift chamber


• VTX: 4 planes of M28

Calorimeter Time Of Flight

Multi Strip Detector

Inner Tracker

Vertex tracker
Beam monitor

Start Counter

Magnets

• ITR: 32 sensors of M28 in 2 planes


• DI: permanent magnetic dipole


• MSD: 6 planes of micro-strip detector (X-Y)

• TW: 44 plastic scintillators


• CAL: 288 BGO in 32 modules


•

In presence or virtual meeting ?
For those in presence: please wear mask all the time and sanitize hands frequently

Speakers: pay attention to all the attendance, in presence and by remote
Questions from the people in presence: speak close to a microphone

  

Study on cluster position resolution 
2021/01/27

Lucas MARTEL
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Vextex detector
❑ VTX setup:


• 4 planes of M28 sensors

• MAPS ( AMS 0.35 μm, 14 μm epi-layer ) 


• Thickness: 50 μm


• 928 (rows) x 960 (columns) pixels


• Pitch: 20.7 μm


• Size:  20.22 mm x 22.71 mm


• Chip readout time: 185.6 μs 


• Digital ouput

M28

160 ➞C @ 400MeV/u

In presence or virtual meeting ?
For those in presence: please wear mask all the time and sanitize hands frequently

Speakers: pay attention to all the attendance, in presence and by remote
Questions from the people in presence: speak close to a microphone
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Inner Tracker

❑ ITR Setup


• 32 sensors M28 in 4 staggered planes


• 28 Mpixels to read via 8 bus patches

e- @ ~400MeV

~8cm

~8cm

In presence or virtual meeting ?
For those in presence: please wear mask all the time and sanitize hands frequently

Speakers: pay attention to all the attendance, in presence and by remote
Questions from the people in presence: speak close to a microphone
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VTX/ITR

❑ Electronics:

In presence or virtual meeting ?
For those in presence: please wear mask all the time and sanitize hands frequently

Speakers: pay attention to all the attendance, in presence and by remote
Questions from the people in presence: speak close to a microphone

➡Scheme for each 4 sensors


➡1 data link for VTX and 8 for ITR
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Test beam @ GSI
❑ Vetex:
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In presence or virtual meeting ?
For those in presence: please wear mask all the time and sanitize hands frequently

Speakers: pay attention to all the attendance, in presence and by remote
Questions from the people in presence: speak close to a microphone

➡Residual: << 5 𝝁m


➡Cluster size as function of Edep

Res =
nclus

∑
i=0

[Xclus
i − Xtrack

i ]

Fragmented event reconstruction
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Test @ Frascati

Beam

❑ VTX+ITR

➡Next beam time, end of this week @ CNAO, full setup including magnet & ITR

In presence or virtual meeting ?
For those in presence: please wear mask all the time and sanitize hands frequently

Speakers: pay attention to all the attendance, in presence and by remote
Questions from the people in presence: speak close to a microphone
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Conclusion (i)

• CMOS shows excellent results VTX or ITR (first time under beam)


• Analysing data of GSI campaign


• Ready for next beam time @ CNAO


➡Measurement of fragmentation cross-sections

➡M28: only digital output


➡Next step analogue output, TIIMM project
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Context

◦ At the limit of feasibility

◦ ~5 μm ALICE – ITS2
◦ with 1-10 MIPs

◦ 5-10 μm FIRST, hadrontherapy
◦ Ions 150-300 MeV/u
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Precision tracking
σpos. ≤ 10 μm

Low material 
budget << % X0

Energy loss 
measurement

1-103 MIPs

Monolithic sensors

◦ Limit around 1 % X0

◦ 0.3 to 0.8 % X0

◦ ALICE – ITS2 over 10 m2

◦ ~0.2 % X0

◦ FOOT prototype over 30 cm2

◦ Strong point
◦ Thick substrate 300-1000 μ m

◦ Available for MIP level
◦ σE not investigated

◦ Initial work for >> MIPs
◦ Indirect estimation of E

TIIMM
target

Hybrid detectors

Tracking Identification

Current
achievements

For more details  E.Spiriti talk at 2019 kick-off
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(Tracking and Ions Identification with Minimal Material budget)

❑ Introduction:

STRONG-2020 Annual Meeting, 18-19 October 2022

PLAN OF PRESENTATION

1) Scientific results obtained since the last year

2) Modifications of the scientific Work Plan 
(as compared to the initial plan in the Grant Agreement)

3) Possibilities/needs of another request for the extension of the 
project (beyond 30 November 2023) 

2

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant 
agreement No 824093

JRA9-Tracking and Ions Identifications with Minimal Material budget: TIIMM

Rachid SEFRI
for the JRA9 group

Annual meeting, 
18-19 October 2022

1

• Simulation: 


- Reaction: 16O+12C @ 200 MeV/u 


- 8 partial depleted sensors (50 𝝁m)


➡Observed peak for each species in Z

Average 𝜟E over 7 bits
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TIIMM sensors

(Tracking and Ions Identification with Minimal Material budget)

❑ Design:


• 4 different prototypes

STRONG-2020 Annual Meeting, 18-19 October 2022

PLAN OF PRESENTATION

1) Scientific results obtained since the last year

2) Modifications of the scientific Work Plan 
(as compared to the initial plan in the Grant Agreement)

3) Possibilities/needs of another request for the extension of the 
project (beyond 30 November 2023) 

2
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SENSOR’S OVERVIEW

TIIMM0 (second submission)
Chip area: 2.2 mm * 1.5 mm
Matrix: 32 (rows) * 16 (col)
Pixel pitch: 40 μm×40 μm

Corrected from the first
submission

TIIMM1 sensor
Chip area: 2.2 mm * 1.5 mm
Matrix: 32 (rows) * 24 (col)
Pixel pitch: 41.2 μm×40 μm

TIIMM1A sensor
Chip area: 2.2 mm * 1.5 mm
Matrix: 46 (rows) * 32 (col)

New front end
Analog part study only

TIIMM1B sensor
Chip area: 2.2 mm * 1.5 mm
Matrix: 32 (rows) * 24 (col)
Pixel pitch: 41.2 μm×40 μm

- First submission: preliminary prototype (TIIMM0) submitted in March 2020.
- Second submission: TIIMM0/TIIMM1/TIIMM1A/TIIMM1B prototypes received in August 2022

CMOS Monolithic Active Pixel Sensor
design in TowerJazz 180 nm process
For position and energy measurements

Thickness Process

25 m Epi 

High Res.
Standar

1. Non-uniform N- layer 
2. Uniform N- layer 

+ Extra Deep 

50 m Epi 

High Res.

1. Non-uniform N- layer 

2. Uniform N- layer  + Extra Deep P

100 m Epi 

High Res.

1. Non-uniform N- layer 

2. Uniform N- layer + Extra Deep P

7 sensing layer variants

New front-end New front-end enhanced

4

➡Fully depleted sensor with analogue output

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant 
agreement No 824093

JRA9-Tracking and Ions Identifications with Minimal Material budget: TIIMM

Rachid SEFRI
for the JRA9 group

Annual meeting, 
18-19 October 2022

1

  

Study on cluster position resolution 
2021/01/27

Lucas MARTEL

Roma/LNF
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Pixel concept
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amplifier

sensing
node

bias
current

comparator

ToT

threshold

Time Over Threshold
provides digitised time value

matrix output

trimming
Pulse width  ΔE

threshold

Equalise threshold dispersion
over pixels

TIIMM sensor

(Tracking and Ions Identification with Minimal Material budget)

❑ Front-End:
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PLAN OF PRESENTATION

1) Scientific results obtained since the last year

2) Modifications of the scientific Work Plan 
(as compared to the initial plan in the Grant Agreement)

3) Possibilities/needs of another request for the extension of the 
project (beyond 30 November 2023) 

2

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant 
agreement No 824093
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Rachid SEFRI
for the JRA9 group

Annual meeting, 
18-19 October 2022

1
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Backup

➡From deposited energy to measured charge
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 0.02 ke±<m> = 1.60 
 0.02 ke± = 0.13 σ   

Laser:
 0.1 ke±<m> = 13.8 

 0.1 ke± = 0.4 σ   
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TIIMM1B – FIRST LASER TESTS  - FULL MATRIX HEAT MAP  

5 Laser pulses 50 Laser pulses
180 Laser pulses
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130 Laser pulses 180 Laser pulses
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Test with laser
❑ TIIMM1b sensor:
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TIIMM1B – FIRST LASER TESTS  

Pulsed Diode LASER
(Model LDH-P-C-N-1060)

TIIMM1B sensor

Pulse generator
(Model HP 811A)

 We can move the laser spot in
x/y direction with 1μm step precision

 We are able to inject charge in a 
single pixel

 Positioning and number of laser 
pulses are remotely controlled

8 analog outputs to perform 
different measurements with 
the oscilloscope

 Selectable repetition frequencies: 3.25 KHz to 80 MHz
 Wavelength (average): 1061 nm
 Peak power (intensity): from 18 mW to 400 mW
 FWHM (time-width): 88 ps to 500 ps

Single pixel CSA output signal
with 2 laser pulses

 Width: 5 ns ; Period: 10 ns
 Amp: 2 V
 Leading-edge: 2ns ; Trailing-edge: 2ns

9

Test bench

Laser spot

➡ Range measurement btw 500e- and 900ke-
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Conclusion (ii)

• Test with laser show a good response of the TIIMM prototype


➡Update the DAQ system

➡Ready to go under beam conditions with high ionising particles: 


• First time for the ITR detector


• First time also for TIIMM sensors
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