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ALICE EXPERIMENT
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N. BOUCHHAR - INSTR 2026

ITS2 inner 3 layers: 432 flat sensors  ITS3: 6 bent sensors→

Longeron

Half ring
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ALICE 3 UPGRADE
N. BOUCHHAR - INSTR 2026
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• ALICE 3 trackers + vertex detector 
- 46 m  coverage 

• Must handle high luminosity 
- ~ 100 kHz (Pb—Pb) ← x2 operational Run 3 

interaction rate 
- ~ 24 MHz (pp) ← ~ x50 operational Run 3 

interaction rate 

• Large tracker  range:  

• Wide transverse momentum range:             
 > 0.05 GeV/c extending to 10 GeV/c

2

η |η | < 2.5

pT

More on this in talk by J. Klein

https://indico.pnp.ustc.edu.cn/event/6142/contributions/46190/
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ALICE 3 TRACKER UPGRADE
N. BOUCHHAR - INSTR 2026
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Inner tracker (IT) 
- Vertex Detector (VD): 3 layers inside the 

beam pipe, retractable 
- Middle Layers (ML): 5 Layers outside the 

beam pipe 
Outer tracker (OT) 

- Barrel: 3 layers 
- Small disks: 6 layers (10-35 cm radius) 
- Large disks: 6 layers (20-68 cm radius)

VD ML/OT

Spatial resolution 2.5 um 10 um

Power density 70 mW/cm² 20-30 mW/cm²

Particle hit-rate 10^15 MeV n_eq/cm^2 6x10^13 MeV n_eq/cm^2

2.5 mμ 10 mμ

70 mW/cm² 20-30 mW/cm²

100 MHz/cm2 1 - 0.1 MHz/cm2

More on this in talk by J. Klein

~4.4 m

A.S. Triolo: VERTEX 2026

https://indico.pnp.ustc.edu.cn/event/6142/contributions/46190/
https://indico.cern.ch/event/1618157/contributions/7100348/


ALICE 3 PIXEL TESTING
N. BOUCHHAR - INSTR 2026

Pixel pitches: 
10,12,15 m VD 

20.8x22.8, 30, 40, 50 m ML/OT
μ

μ

Dummy pixel

Active pixel

1.5mm
6x6 pixel matrix 

Direct analogue readout of 4x4

5

Validation of different design approaches required:  
pixel pitches, split processes, and pixel architecture 

 Towards nominal choice for ALICE 3 tracker 
sensors 
Originally used for validation of 65nm technology by ITS3

→

arXiv:2403.08952

Analogue Pixel Test Structure (APTS) - used for 
exploration of different sensor designs

http://arxiv.org/abs/arXiv:2403.08952


ALICE 3 PIXEL TESTING
N. BOUCHHAR - INSTR 2026

Dummy pixel

Active pixel

1.5mm
6x6 pixel matrix 

Direct analogue readout of 4x4

Pixel pitches: 
10,12,15 m VD 

20.8x22.8, 30, 40, 50 m ML/OT
μ

μ

• Testbeam and in-lab measurements can provide 
information on a number of things 
- Pixel capacitance 
- Charge collection efficiency 
- Noise comparisons 
- NIEL radiation effects

Neutron irradiation at JSI from 
 MeV n  cm1013 − 1016

eq
−2

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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arXiv:2403.08952

Validation of different design approaches required:  
pixel pitches, split processes, and pixel architecture 

 Towards nominal choice for ALICE 3 tracker 
sensors 
Originally used for validation of 65nm technology by ITS3

→

Analogue Pixel Test Structure (APTS) - used for 
exploration of different sensor designs

http://arxiv.org/abs/arXiv:2403.08952


New splits designed to 
partially decouple 
capacitance and charge 
collection properties

PROCESS OPTIMISATION
N. BOUCHHAR - INSTR 2026

APTS campaign with various doping variants and pixel 
pitches optimised for VD and ML/OT

Splits refer to different sensor implants

• Split 4: Baseline  

- Relatively low capacitance, reasonable 
radiation tolerance

• ALICE 3 ML/OT 

- Lower capacitance  improved signal-to-
noise ratio 

- Large pitch (  20 m), low reverse bias 

- Utilisation of split 5/6

→

≥ μ

• ALICE 3 VD 

- Faster charge collection  improved radiation 
tolerance 

- Small pitch (~10 m) high reverse bias, high 
radiation tolerance 

- Development of split 7

→

μ

Split 5,6,7

Split 4

7

Mainly drives pixel 
capacitance

Mainly drives charge 
collection

G. Borghello et al. JINST 20 (2025) C07053

https://iopscience.iop.org/article/10.1088/1748-0221/20/07/C07053


SOURCE MEASUREMENTS
N. BOUCHHAR - INSTR 2026
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•  source over APTS to study charge 
collection 
- Comparison of split 4 and split 7 chips 
- As expected from design split 4 sees 

higher amplitude due to lower 
capacitance

55Fe

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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Split 4,  = -4.8 VVSUB

Split 7,  = -4.8 VVSUB

• Well defined  peak signal peak 
- Known charge (1640 ) 
- Can extract pixel capacitance with V = Q/C
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CAPACITANCE COMPARISONS
N. BOUCHHAR - INSTR 2026

9

Low reverse bias 
Undepleted deep n-well

High reverse bias 
Depleted deep n-well

First measurements confirm trends from 
simulations

Preliminary



COOLING SETUP
N. BOUCHHAR - INSTR 2026

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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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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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

10

• Can compensate effects of radiation 
damage with lower temperatures for VD 
- Temperature dependence 

measurements needed

• Cooling box setup: 
- Tight box flushed with dry air 
- APTS on a copper plate, cooled by 2 

peltier elements on a chiller-cooled 
jig 

- PT100 and a humidity sensors 
monitor conditions inside 

- Mylar windows allow use with 
testbeam/source measurements 

• Temperatures down to -30 C∘

E. Dall'Occo: VERTEX 2026

https://indico.cern.ch/event/1618157/contributions/7100372/


IRRADIATION EFFECTS
N. BOUCHHAR - INSTR 2026

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.
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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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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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• Sensor operable at high fluence 
- Chips only operable below a certain 

temperature 
- Cutoff lower with higher irradiation levels 

• Noise increases with temperature 
- Sharper increase with higher irradiation levels 

➡ Suggests lower temperatures needed for higher 
radiation tolerance 

Comparisons with split 7 required and needs to be 
tested with front-end for full confirmation

E. Dall’Occo
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Cold setup

3Elena Dall’Occo
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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

Split 4

Preliminary



SENSOR DESIGN
N. BOUCHHAR - INSTR 2026

Matrix top view

Matrix top view

Baseline (G variant)

12

APTS campaign with various doping variants and pixel 
pitches optimised for VD and ML/OT

P5 variant

• VD requires 10 m pitch 

- In baseline layout, the sensor footprint is 
~5x5 m   (1/4 of 10 m pixel area) 

- Smaller footprint required to accommodate 
needed circuitry

μ

μ 2 μ

• P5 variant leaves smaller opening around the 
electrode 

- More room allowed for in-pixel circuitry

Not  



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

TESTBEAM SETUP
N. BOUCHHAR - INSTR 2026

Beam direction

ALPIDE Trg APTS 
25 mμ

DUT1 APTS 
10 mμ

ALPIDE

DUT2 APTS 
>20 mμ

ALPIDE telescope - 3 APTS
• Plane 3 - Trigger APTS 

- On moving stages 
- MLR1 25 m 

• Plane 4 - DUT 1 
- In cold box ranging between -30 C and 15 C 
- ER2 10 m (VD) 

• Plane 8 - DUT 2 
- Temperature controlled by chiller 
- ER2 20 m (ML/OT)

μ

∘ ∘

μ

≥ μ
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• Results from testbeams at SPS 
- 120 GeV proton beams

Very compact for use in test beam
25mm 30mm

22.5mm
47.5mm 21mm



SENSOR VARIANT EFFECTS
N. BOUCHHAR - INSTR 2026
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• No signs of degradation due to decreasing 
of electrode opening 

• Both variants in good agreement for both 
split 4 and 7 
- Comparison underway with irradiated 

chips

Feasibility of 10 m pitch with 
space for needed in-pixel 
circuitry

μ

Split 7 
Non-irradiated 
19.0 C 
10x10 m

∘

μ 2

Split 4 
Non-irradiated 
18.0 C 
10x10 m

∘

μ 2

Preliminary Preliminary



TOWARDS A FULL SENSOR
N. BOUCHHAR - INSTR 2026
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?

• Where APTS excels 

- Designed to find optimal pixel design 

- Ideal for single-pixel characterisation 

• Where APTS falls short 

- Too few pixels for matrix-level studies 

- No in-pixel front-end  

- No fake-hit rate measurements

• Necessity for larger pixel matrix sensors 
including in-pixel front-end 

➡ Preliminary ALMIRA tapeout first half of 
2027



ALMIRA
N. BOUCHHAR - INSTR 2026

ALMIRA (ALICE 3 Monolithic Integrated Tracker ASICs) project focused on sensor design, 
characterisation, production and qualification 
• Using MAPS sensors with 65 nm CMOS technology, profiting from ITS3 development 
• Common building blocks across ALMIRA-V and -T variants: modular pixel-macro design to have 

systematic layout and integration 
• Matrix cores use unified periphery interface for readout, control, timing 

16

80 m  80 m pixel macroμ × μ

10 mμ 20 mμVD ML/OT

128  128 pixel macros: matrix core×

ALMIRA-V ALMIRA-T



SUMMARY AND OUTLOOK
N. BOUCHHAR - INSTR 2026
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• ALICE 3 expected to be installed during LHC Long Shutdown 4 (2034-2036) 

- Design and characterisation is already ongoing towards the future ALICE 3 inner & outer tracker 
sensors 

- ALICE 3 technical design report in the works 

• Optimisation for the sensor design is currently ongoing 

- Irradiated chips being tested in-lab and in-beam for the needs of the ALICE 3 vertex detector 

- Efficiency above 99% for both sensor variants 

‣ Comparison of variants suggest possibility to use 10 m sensors with space for in-pixel 
circuitry 

- Initial split comparisons show good agreement with design simulation 

• Currently in the analysis phase for the tested ALICE 3 design APTS chips with more results to come 

• Tapeout of first ALMIRA front-end chips expected first half of 2027

μ
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EVOLUTION OF THE ALICE TRACKER
N. BOUCHHAR - INSTR 2026

• Currently installed inner 
tracker in ALICE 

• 7 layers of ALPIDE Monolithic 
Active Pixel Sensors 

• 180 nm CMOS fabrication 

• Inner three layers 

- 432 sensors: 6 m  area2

18
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Longeron

Half ring

EVOLUTION OF THE ALICE TRACKER
N. BOUCHHAR - INSTR 2026
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• Inner three barrels of ITS2 to be upgraded 
to ITS3 

• Six self-supporting bent sensors 

- Ultra-thin (50 m) 

- Air cooling 

• 65 nm CMOS fabrication 

• Reduction of material budget by ~4x from 
ITS2

μ

Full motivation, design specifications, and 
R&D plan found in ITS3 TDR: 

ALICE-TDR-021

https://cds.cern.ch/record/2890181/


ALICE 3 VERTEX DETECTOR
N. BOUCHHAR - INSTR 2026
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Vertex Detector IRIS system 

• 3 retractable layers of bent sensors on four petals 
inside the beampipe 

- During LHC beam, layer 0 is at 5mm from 
interaction point 

- During beam injection, the layers are 
retracted, layer 0 at 15 mm from interaction 
point 

• 0.1% material budget with 2.5 m position 
resolution  10 m pixel pitch 

• Cooling of negative temperature expected  
 cooling

μ
→ μ

→
CO2

More on this in talk by J. Klein

https://indico.pnp.ustc.edu.cn/event/6142/contributions/46190/


ALICE 3 MIDDLE LAYERS
N. BOUCHHAR - INSTR 2026
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Middle layer barrel 

• 5 layers outside the beam pipe 

• Current design ITS2-like staves 

• 1% material budget with 10 m position 
resolution  50 m pixel pitch 

• Water cooling

μ
→ μ

More on this in talk by J. Klein

https://indico.pnp.ustc.edu.cn/event/6142/contributions/46190/

