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ALICE tracker over time

12/05/2026

now in the R&D phase towards Technical Design Reports (TDR)

A selection of ALICE hardware activities1

Hardware activities: ITS2

Artem Isakov 

ITS2 outgoing system run coordinator, now  
Deputy System Run coordinator and ITS2 DQ 
coordinator …

New ALICE tracker (ITS2) taking data since 2021-2022. Largest 
MAPS pixel tracker ever made, ~10 m2  

Tracking down to below pT ~ 100 MeV/c with ~40-70% 
efficiency and poinPng beQer than 20𝜇m at 1 GeV/c 

Large Nikhef involvement from R&D to assembly and, 
commissioning, calibraPon and operaPon

Jory Sonneveld 

ITS2 System Run coordinator ?
ALICE 3 
timeline

ITS2 
~6 m2 MAPS (ALPIDE ) 
detector
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Conclusions

11

• SIB v2 assembled, SCB v2 first batch available, MPIB 
assembly delayed, DPB v1 in fabrication


• Validation of procedure for probing thinned layers is 
progressing. Testing will start next week


• On-going development of dedicated test setups:

- DME boards final production was delayed - 

pushing for next week

- Optical connection to SIB via DMO is being tested 

and showing promising results 


• Bonding procedure on bent layers established


• Labs procurement done for DSF, in progress for lab167

ITS3 
3 innermost layers 
replaced with ultra-thin, 
wafer-sized, bent sensors ALICE 3 tracker
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ALICE 3 tracker

unprecedented 60 m2 of 
MAPS detector!

absorber magnet RICH TOF

Outer Tracker barrel 

Outer Tracker disks

Middle Layers barrel 

Middle Layers disks 

Vertex Detector (IRIS)

12/05/2026
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The technology
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Sensor design
VD ML/OL

spatial 
resolution 2.5 um ~10 um

power 
density ~70 mW/cm² 20-30 mW/cm²

radiation 
tolerance

>1015 MeV neq cm-2 
(beyond ITS3 design) ~6x1013 MeV neq cm-2

target performance

variants 
• VD: can the target 10 µm pitch sustain 

the radiation expected by the end of life? 
• ML/OL: can a larger pitch than the one 

foreseen for MOSAIX be adopted?

not all chips will be bonded: 
prioritisation based on findings  

VD ML/OL
split 1, 7, 4, (5, 6) 4, 5, 6, (7)

radiation level 
[MeV neq cm-2]

non-irradiated, 
1e14, 1e15,   
5e15, 1e16

non-irradiated, 
1e13, 5e13, 1e14, 
5e14/1e15 

pitch [µm] 10x10, 12x12, 15x15 20.8x22.8, 30x30, 
40x40, (50x50)

number of 
variants 45 (75) 60 (100)

safety factor 2 2

total number 
of chips 90 (150) 120 (200)

additional 
architecture 

variants

3 x smaller opening 
around electrode 

[10 µm pitch]

1 x NW inside PW 
[50 µm pitch]

target performance

• MAPS sensors in 65 nm CMOS imaging process 
• 2 different ASICs for VD and ML/OL but… 
• …based on a common development: 

• pixel layout, front-end circuit, matrix readout and 
control logic identical  

• two pixel pitch variants: 10 um (VD), >= 20 um (ML/OL)

Baseline technology

• TPSCo 65nm CIS technology (based on 
developments in 180nm, e.g. ALPIDE)

• Small n-well collection electrode in p- 
epitaxial layer. Modified process with 
additional deep n-type implant for 
improved efficiency.

• Deep p-well to allow full CMOS inside the 
pixel matrix

• Limited sensitive thickness of ~10um 
corresponding to ~600e- for MIPS

5 May 2026C. Lemoine et al. | Sensor and front-end studies 4

cross-section of 1 pixel
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Sensor design evolution

12/05/2026

First MAPS in TPSCo 65 nm 
• 55 (small scale) chip prototypes, 2 doping variants 
• technology qualified 
• explored beyond ITS3 requirements: degradation of 

performance from 1e15 MeV neq cm-2

MLR1 (Multy-Layer Reticle) 
tape out Dec 2020

Engineering Run 1 (ER1) 
tape out Nov 2022 
First stitched MAPS
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Silicon wafer, 
300 mm (12’’)

5

Engineering Run 1 (ER1)

RSU

MOSS MOST

‣ First MAPS for HEP using stitching
- size ~10x previous sensors
- based on TPSCo 65 nm

‣ MOSS: 14 x 259 mm2, 6.72 Mpixel
- 2 different pitches

‣ MOST: 2.5 x 259 mm2, 0.9 Mpixel
- 18 x 18 µm2

- more dense design, different power granularity

‣ Single RSU à Baby-MOSS (~ reticle-sized)
‣ Plenty of small sensors

10
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S
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Stitched wafer-scale MAPS in 65 nm

ER2 tape out Aug 2025
• full scale size prototypes for ITS3 (MOSAIX) 
• new doping variants (splits) 

• split 4-6: for -1.2 V and 20 µm pitch optimized 
for ITS3 and ALICE 3 ML/OT 

• split 7: for – 4 V and 10 µm pitch optimised for 
ALICE 3 VD

sp
lit

 1

sp
lit

 4

sp
lit

 5
,6

,7 received first 
chiplets, now 
under test!
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Lab Setup
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A B S T R A C T

Analogue test structures were fabricated using the Tower Partners Semiconductor Co. CMOS 65 nm ISC process.
The purpose was to characterize and qualify this process and to optimize the sensor for the next generation
of Monolithic Active Pixels Sensors for high-energy physics. The technology was explored in several variants
which differed by: doping levels, pixel geometries and pixel pitches (10–25 ωm). These variants have been
tested following exposure to varying levels of irradiation up to 3 MGy and 1016 1 MeV neq cmε2. Here the results
from prototypes that feature direct analogue output of a 4 ϑ 4 pixel matrix are reported, allowing the systematic
and detailed study of charge collection properties. Measurements were taken both using 55Fe X-ray sources
and in beam tests using minimum ionizing particles. The results not only demonstrate the feasibility of using
this technology for particle detection but also serve as a reference for future applications and optimizations.

1. Introduction

The use of commercial CMOS imaging sensor technologies for par-
ticle sensors in High-Energy Physics (HEP) was successfully demon-
strated over the last decade with the notable examples of STAR PIXEL
[1,2] (based on ULTIMATE also known as MIMOSA28 sensors), and the
ALICE ITS2 [3–5] (based on ALPIDE sensors).

This motivated the ALICE experiment and CERN EP R&D [6] to
set out a program to investigate the use of the 65 nm CMOS Image
Sensor (65 nm ISC) technology of Tower Partners Semiconductor Co.
(TPSCo) [7] for future vertex and tracking detectors. Following a
sensor optimization employing the same principle as for the 180 nm
technology [8], several test chips were designed and fabricated in a
first run to study charge collection properties and qualify the 65 nm
technology for HEP.

The foreseen upgrade of the ALICE Inner Tracking System, ITS3 [9],
proposed for installation in 2026–2028 during the Long Shutdown 3
(LS3) of the Large Hadron Collider (LHC) at CERN, will be the first
application of this technology in HEP. Important requirements for this
application are a spatial resolution better than 5 ωm, particle detection
efficiency larger than 99% after an exposure to ϖ10 kGy of Total
Ionizing Dose (TID) and 1013 1 MeV neq cmε2 of Non Ionizing Energy
Loss (NIEL). The ALICE 3 Vertex Tracker proposed to be installed
during the LHC LS4 in 2033–2034, will impose even more aggressive
requirements for Monolithic Active Pixels Sensors (MAPS), including a
radiation tolerance of ϖ300 kGy and 1.5 ϑ 1015 1 MeV neq cmε2 per
year of operation [10].

2. The Analog Pixel Test Structure, APTS

The APTS is a 1.5 mm ϑ 1.5 mm prototype chip, produced in the
TPSCo CMOS 65 nm ISC technology, containing a matrix of 4 ϑ 4 pixels.
Each pixel is equipped with an analogue output individually buffered
and connected to an output pad, to provide full access to the time
evolution of the signal. The matrix of these 16 pixels is surrounded
by a ring of dummy pixels to minimize distortion of the electric field.

Fig. 1. Photo of the APTS chip under a microscope.

Table 1
Main characteristics of the APTS silicon sensors.

APTS

Die size 1.5 mm ϑ 1.5 mm
Matrix 6 ϑ 6 pixels
Readout Direct analogue of central 4 ϑ 4 pixels
Pitch 10, 15, 20 or 25 ωm
Design Standard, mod., mod. with gap
Split 1, 2, 3, 4
Variant Ref., larger n-well, smaller p-well, finger p-well

The chip was produced with four different pixel pitches: 10, 15, 20 and
25 ωm.

The APTS allows reverse substrate voltages in the range of 0 to ε5 V.
Fig. 1 shows a photo of the chip under the microscope, and Table 1 re-
ports its main characteristics, together with its several versions detailed
below.

The pixel and process optimization to enhance the sensor perfor-
mance in the 180 nm TowerJazz imaging technology [8,11,12] formed
the basis for the process optimization in the TPSCo CMOS 65 nm ISC
technology. Fig. 2 shows schematic cross-sections of three different
sensor designs implemented in different versions of the APTS:

Nuclear�Inst.�and�Methods�in�Physics��
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Analog Pixel Test Structures (APTS) 
2 flavours: 
• APTS-SourceFollower for performance comparison between process 

variants and pitches in terms of capacitance, detection efficiency, 
resolution… 

• APTS-OpAmp for detailed studies on timing and charge collection  G. Aglieri Rinella et al.

Fig. 5. DAQ system: FPGA-based DAQ board + chip-specific proximity + chip carrier card.

Fig. 6. Typical uncalibrated chip output signal from the 4 innermost pixels of an
APTS chip pulsed with 𝜔H = 1.2 V. APTS with 15 ωm pitch, modified with gap, split
4, reference variant, 𝜔sub = ε1.2 V.

3.2. Leakage current

The leakage current of the chip is expected to increase with reverse
substrate voltage, irradiation level and temperature. The increased
leakage current effectively reduces the fraction of 𝜀reset available as
reset current, and influences the baseline. Therefore, a higher leakage
current has to be compensated by increasing 𝜀reset. Larger 𝜀reset values
lead to increased noise (approximately 15% for 𝜀reset = 250 pA w.r.t. the
standard value). In Fig. 7, the waveforms for several NIEL irradiation
doses are reported at different temperatures, with 𝜀reset = 250 pA.2 All
the temperature values reported in this paper refer to the cooling water
temperature set to the chiller; the actual temperature on the chip can
be higher by about 1–3 ⋛C depending on the environment.

A direct evaluation of the leakage current can be done by fitting
the return to the baseline of the waveform, see Fig. 8(a). In particular,
starting from a simplified model of transistor drain current, with some
assumptions and boundary conditions, one can derive the following
formula for the return to the baseline of voltage signal 𝜔 (t):

𝜔 (t) = ε𝜔th ⋜ 𝜗𝜛(𝜚
ε 𝜀effective ⋜(𝜍ε𝜍0)

𝜔th ⋜𝜑 + 1) , (1)

with 𝜔th the thermal voltage, 𝜑 the sensor capacitance, 𝜀effective and 𝜍0
the fit parameters. In particular 𝜀effective is defined as:

𝜀effective = 𝛻 ⋜ 𝜀reset ε 𝜀leakage (2)

2 Higher values of 𝜀reset are not supported by the present test system so this
is the best optimization achievable with the present setup.

So, plotting the extracted 𝜀effective vs the set 𝜀reset and using Eq. (2) as
fitting function, 𝜀leakage can be extracted. Further details on the applied
method can be found in [15].

Fig. 8(b) shows the leakage currents at different temperatures and
irradiation levels.

For an unirradiated APTS pixel, a leakage current of around 2 pA
has been obtained. The leakage current increases with temperature
and irradiation becoming appreciable beyond 1014 1 MeV neq cmε2.
Therefore all the measurements on the irradiated chips reported in
Section 3.3 were taken at a temperature of 14 ⋛C and, for a level of
irradiation higher than 1015 1 MeV neq cmε2, setting 𝜀reset to a different
value of 250 pA.

3.3. 55Fe measurements

An extensive measurement campaign was performed using a 55Fe
source, to evaluate the performance of the chip in terms of charge
collection and energy resolution, and to compare the performance of
all the available versions.

An example of an 55Fe spectrum for the seed signal with a cluster
size of 1 is shown in Fig. 9(a). The cluster is defined as a set of adjacent
pixels inside a 3 ϑ 3 matrix centred around the pixel with the largest
amplitude (called seed) which collected an amplitude higher than a
given threshold. In order to avoid edge effects and have access to all
pixels in the cluster, only clusters having as seed one of the central 4
pixels are considered.

The peaks from the spectrum in Fig. 9(a) were fitted with Gaussian
functions and the value of the mean is used for the energy calibration
in Fig. 9(b). The correlation between the amplitude of the seed pixel
signal and the corresponding photon energy is fitted with a linear
function, setting the intercept parameter at 0. Asserting the linearity of
the energy calibration was a fundamental step to allow the conversion
factor method explained in the following.

For every DUT (Device Under Test), the seed signal distribution
for every cluster size is fitted using a double Gaussian function, one
for each peak of the spectrum, Mn-K𝜕 and Mn-Kℵ . The mean of the
most prominent peak, 𝜔Mn-K𝜕 , is used to convert mV or ADC units into
electrons (𝜚ε).

Fig. 10 shows an example of an 55Fe spectrum for the seed pixel
signal at different reverse substrate voltages, and illustrates how the
amplitude increases with the reverse substrate voltage, due to the in-
crease of depletion region and consequently lower capacitance. Plotting
the same data in electrons eliminates the effect of the capacitance,
and illustrates, as in Fig. 10(b), that no visible change in the charge
distribution with the reverse substrate voltage can be observed. For
both these plots, the distributions were normalized by the total number
of events.

Nuclear�Inst.�and�Methods�in�Physics��
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Test system

Isis Hobus - FAST 2025 - 21/05/2025

APTS OA readout system

Carrier board
hosts APTS chip 

four SMA outputs for 
central 2x2 pixels 

other pixels readout via 
ADCs 10

12 13 14 15

8 9 10 11

4 5 6 7

0 1 2 3

ADC readout
(4 MSa/s)

Dummy pixels

Scope readout
40 GSa/s

DAQ board
FPGA based, hosts 

connections for 
trigger, busy and 

reverse bias

Proximity board
provides analogue 
biases & Analog to 
Digital Converters 

(ADCs) for readout

detailed 
timing 
info!

dummy

ADC readout 
4 MS/s

ADC or scope 
(40 GS/s) 
readout

APTS
pixel matrix
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Fig. 5. DAQ system: FPGA-based DAQ board + chip-specific proximity + chip carrier card.

Fig. 6. Typical uncalibrated chip output signal from the 4 innermost pixels of an
APTS chip pulsed with 𝜔H = 1.2 V. APTS with 15 ωm pitch, modified with gap, split
4, reference variant, 𝜔sub = ε1.2 V.

3.2. Leakage current

The leakage current of the chip is expected to increase with reverse
substrate voltage, irradiation level and temperature. The increased
leakage current effectively reduces the fraction of 𝜀reset available as
reset current, and influences the baseline. Therefore, a higher leakage
current has to be compensated by increasing 𝜀reset. Larger 𝜀reset values
lead to increased noise (approximately 15% for 𝜀reset = 250 pA w.r.t. the
standard value). In Fig. 7, the waveforms for several NIEL irradiation
doses are reported at different temperatures, with 𝜀reset = 250 pA.2 All
the temperature values reported in this paper refer to the cooling water
temperature set to the chiller; the actual temperature on the chip can
be higher by about 1–3 ⋛C depending on the environment.

A direct evaluation of the leakage current can be done by fitting
the return to the baseline of the waveform, see Fig. 8(a). In particular,
starting from a simplified model of transistor drain current, with some
assumptions and boundary conditions, one can derive the following
formula for the return to the baseline of voltage signal 𝜔 (t):

𝜔 (t) = ε𝜔th ⋜ 𝜗𝜛(𝜚
ε 𝜀effective ⋜(𝜍ε𝜍0)

𝜔th ⋜𝜑 + 1) , (1)

with 𝜔th the thermal voltage, 𝜑 the sensor capacitance, 𝜀effective and 𝜍0
the fit parameters. In particular 𝜀effective is defined as:

𝜀effective = 𝛻 ⋜ 𝜀reset ε 𝜀leakage (2)

2 Higher values of 𝜀reset are not supported by the present test system so this
is the best optimization achievable with the present setup.

So, plotting the extracted 𝜀effective vs the set 𝜀reset and using Eq. (2) as
fitting function, 𝜀leakage can be extracted. Further details on the applied
method can be found in [15].

Fig. 8(b) shows the leakage currents at different temperatures and
irradiation levels.

For an unirradiated APTS pixel, a leakage current of around 2 pA
has been obtained. The leakage current increases with temperature
and irradiation becoming appreciable beyond 1014 1 MeV neq cmε2.
Therefore all the measurements on the irradiated chips reported in
Section 3.3 were taken at a temperature of 14 ⋛C and, for a level of
irradiation higher than 1015 1 MeV neq cmε2, setting 𝜀reset to a different
value of 250 pA.

3.3. 55Fe measurements

An extensive measurement campaign was performed using a 55Fe
source, to evaluate the performance of the chip in terms of charge
collection and energy resolution, and to compare the performance of
all the available versions.

An example of an 55Fe spectrum for the seed signal with a cluster
size of 1 is shown in Fig. 9(a). The cluster is defined as a set of adjacent
pixels inside a 3 ϑ 3 matrix centred around the pixel with the largest
amplitude (called seed) which collected an amplitude higher than a
given threshold. In order to avoid edge effects and have access to all
pixels in the cluster, only clusters having as seed one of the central 4
pixels are considered.

The peaks from the spectrum in Fig. 9(a) were fitted with Gaussian
functions and the value of the mean is used for the energy calibration
in Fig. 9(b). The correlation between the amplitude of the seed pixel
signal and the corresponding photon energy is fitted with a linear
function, setting the intercept parameter at 0. Asserting the linearity of
the energy calibration was a fundamental step to allow the conversion
factor method explained in the following.

For every DUT (Device Under Test), the seed signal distribution
for every cluster size is fitted using a double Gaussian function, one
for each peak of the spectrum, Mn-K𝜕 and Mn-Kℵ . The mean of the
most prominent peak, 𝜔Mn-K𝜕 , is used to convert mV or ADC units into
electrons (𝜚ε).

Fig. 10 shows an example of an 55Fe spectrum for the seed pixel
signal at different reverse substrate voltages, and illustrates how the
amplitude increases with the reverse substrate voltage, due to the in-
crease of depletion region and consequently lower capacitance. Plotting
the same data in electrons eliminates the effect of the capacitance,
and illustrates, as in Fig. 10(b), that no visible change in the charge
distribution with the reverse substrate voltage can be observed. For
both these plots, the distributions were normalized by the total number
of events.
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Cold setup

3Elena Dall’Occo

copper plate

glycol
cooling jig

pt100

APTS

mylar

mylar

dry air in

dry air out

Peltier 2Peltier 1pt100

pt100

graphite thermal gap

HIH-4000

08/10/2025

goal is to have a setup to test highly irradiated APTS at low temperature (~-20 C) both in 
the lab and at testbeam 
• 4 peltier elements in combination with a chiller  
• light tight enclosure in delrin flushed with dry air and with monitoring of environmental 

conditions (humidity+temperature) 
• mylar window with 5 mm diameter for beam/source

pt100

Test system 
developed a cold setup to 
characterise the APTS at low 
temperatures 
• small box flushed with dry air 
• combination of Peltier elements 

and liquid cooling 
• achieved -30 deg on the chip
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Charge collection time
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Typical lab tests
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ALICE3 Sensor characterization - Umberto / 2026-04-08

Charge collection dynamics
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https://indico.cern.ch/event/1489052/contributions/6453696/
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Telescope
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Telescope
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scattering due to material at DUT plane 



11Elena Dall’OccoElena Dall’Occo 1112/05/2026

Split 1, IRESET = 2

8

MLR1, split 1, 10 um, IReset 200 pA

Association Window 5 μm

                 AF10P_W22B66                                 AF10P_W13B12

400kEvents80kEvents
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towards radiation hardness

When applying residual-time-walk correction, the 3ω RMS values become
compatible between irradiated and non-irradiated sensors at low substrate bias
(Figure 12b). The impact of radiation on the time resolution is driven by two
competing mechanisms. First, radiation damage degrades the time resolution,
mainly due to signal loss caused by reduced electric field and carrier trapping, as
seen in the sensor irradiated to 10

15
1 MeV neq/cm2. Second, a partial compen-

sating e!ect arises because radiation preferentially suppresses the slow compo-
nent of the signal, most evident in the sensor irradiated to 10

14
1 MeV neq/cm2.

To further investigate this e!ect, a radial selection within the pixel was
performed using tracking-based spatial information. Figure 13 shows that, at
small distances from the collection electrode, the non-irradiated sensor demon-
strates better time resolution. However, when including signals from the pixel
periphery, a rapid degradation in timing performance is observed for the non-
irradiated sensor. This increase is significantly milder in irradiated devices and
is attributed to charge recombination reducing contributions from slow-drifting
carriers near the sensor edges, as previously discussed.

A residual-time-walk correction proves to be an e!ective method for miti-
gating these peripheral e!ects.

(a) (b)

Figure 13: Time resolution for di!erent in-pixel cuts of DC-coupled irradiated sensors at

Vsub = →4.8V before (a) and after (b) a time walk-like correction. The time resolution is

determined by quadratically subtracting the time resolution of the LGAD used as a time

reference from the 3ω standard deviation of the time residuals.

In summary, under optimal operating conditions with full depletion at a
substrate bias of →4.8V, the sensor irradiated to 10

14
1 MeV neq/cm2 achieves

a time resolution of (62.4±1.0) ps, closely matching the (62.7±1.6) ps measured
for the non-irradiated device. A performance degradation of approximately
10% is observed for sensor irradiated to 10

15
1 MeV neq/cm2, for which a time

resolution of (68.6± 1.0) ps is measured.
Regarding the results for the time resolution of the AC-coupled sensor, the

e!ect of the increased electric field at the collection electrode was investigated

14
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detection efficiency and 
charge collection

time resolution 

arXiv 2512.13339v2

Testbeam results 
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Looking ahead 

12/05/2026

• broad Nikhef involvement in MAPS development on many 
fronts with a leading role in characterisation of the sensors  

• commissioning of the cold setup at Nikhef ongoing 

• coordination and participation of several people to 
testbeam campaigns  

• we are just at the very start of a massive campaign aiming 
at testing hundreds of sensor variants 

looking forward to the ER2 sensor to be delivered!


