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 A B S T R A C T

The high-luminosity upgrade of the CERN LHC requires the replacement of the CMS tracking detector to cope 
with the increased radiation fluence while maintaining its excellent performance. An extensive R&D program, 
aiming at using 3D pixel silicon sensors in the innermost barrel layer of the detector, has been carried out 
by CMS in collaboration with the FBK (Trento, Italy) and CNM (Barcelona, Spain) foundries. The sensors will 
feature a pixel cell size of 25 × 100 μm2, with a centrally located electrode connected to the readout chip. The 
sensors are read out by the RD53A and CROCv1 chips, developed in 65 nm CMOS technology by the RD53 
Collaboration, a joint effort between the ATLAS and CMS groups. This paper reports the results achieved 
in beam test experiments before and after irradiation, up to a fluence of approximately 2.6 × 1016 neq/cm2. 
Measurements of assemblies irradiated to a fluence of 1 × 1016 neq∕cm2 show a hit detection efficiency higher 
than 96% at normal incidence, with fewer than 2% of channels masked, across a bias voltage range greater 
than 50V. Even after irradiation to a higher fluence of 1.6 × 1016 neq∕cm2, similar performance is maintained 
over a bias voltage range of 30V, remaining well within CMS requirements.
1. Introduction

The High-Luminosity LHC (HL-LHC) [1] is an upgrade of the CERN 
LHC expected to operate for a period longer than 10 years starting in 
2030. It will run at a nominal center-of-mass energy of 14TeV with a 
25 ns bunch spacing. The peak luminosity will reach 5 × 1034 cm−2s−1 
with an average of up to 140 overlapping proton–proton collisions 
per bunch crossing. This will enable the CMS experiment [2,3] to 
collect an integrated luminosity of up to 3000 fb−1 over its lifetime. 
The increased luminosity will greatly expand the physics potential 
of the LHC, allowing precision studies of the standard model and 
searches for statistically rare processes beyond the standard model. 
The unprecedented conditions require upgrades to many components 
of the CMS detector. In particular, the innermost sub-detector, which 
is made of silicon pixel modules, will be completely replaced with a 
new system called the Inner Tracker (IT), to withstand the foreseen 
radiation levels with improved performance [4]. Successful operation 
under HL-LHC conditions requires pixel sensors with high radiation 
tolerance, a low material budget, increased granularity to improve 
the spatial resolution, high single-hit detection efficiency, and minimal 
power dissipation.

The current CMS pixel detector [5] is made of modules with 𝑛-
in-𝑛 planar silicon sensors with a thickness of 285 μm and a cell size 
of 100 × 150 μm2, providing acceptance up to pseudorapidities of 
|𝜂| = 3.0. The IT extends the tracking coverage up to pseudorapidities of 
|𝜂| = 4.0 with an optimized layer arrangement and improves the pixel 
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granularity by a factor of six. One quarter of the IT layout is shown 
in Fig.  1. It consists of three substructures: the Tracker Barrel Pixel 
(TBPX) with four layers, the Tracker Forward Pixel (TFPX) with eight 
small double-discs at each end, and the Tracker Endcap Pixel (TEPX) 
with four large double-discs per end. The IT structure has been designed 
to allow for maintenance and possible repairs during sufficiently long 
accelerator shutdown periods.

The IT will be constructed from hybrid pixel modules with two or 
four readout chips (ROCs), referred to as double and quad modules, 
respectively. The pixel cell size and nominal active thickness have 
been reduced to 25 × 100 μm2 and 150 μm, respectively, in order 
to meet the above-mentioned requirements. Square pixel cells with a 
50 μm pitch were initially considered as an option for the endcap and 
forward regions of the detector. However, simulations of track and jet 
reconstruction, as well as heavy flavor tagging efficiency, showed only 
marginal gains in performance. This marginal improvement did not 
justify the additional cost of producing two different sensor geometries, 
so this option was not pursued.

Semiconductor tracking devices suffer radiation damage when ex-
posed to high particle fluences [6]. The main effects are an increase 
in leakage current (and thus noise), changes in resistivity, and reduced 
charge collection due to carrier trapping. Because of the high fluences 
expected at the HL-LHC, it is essential to irradiate samples and study 
the effects as part of the sensor qualification program.
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Fig. 1. A slice of a quarter of the upgraded CMS IT layout in the longitudinal 
view. It consists of three substructures: TBPX, TFPX, and TEPX. Planar pixel 
modules with two and four readout chips are depicted in green and orange, 
respectively. The 3D pixel modules with two readout chips for the innermost 
TBPX layer are shown in black. The innermost ring of the last TEPX disc 
(shown in brown) features modules with four readout chips and sends data 
to the beam luminosity system. The thin lower black line represents the outer 
radius of the beam pipe.

To mitigate these effects, the baseline design uses n-in-p planar 
silicon pixel sensors bump-bonded to readout chips. This configuration 
was chosen primarily because, in irradiated n-in-p silicon, charge is 
induced mainly by electrons, which are less susceptible to trapping 
due to their higher mobility. This sensor type also does not undergo 
effective type inversion of the bulk material after irradiation. Moreover, 
its fabrication process is less expensive compared to the double-sided 
n-in-n planar sensors currently used in CMS [3].

In the layer closest to the interaction point — located at a radius 
of only 3 cm and expected to receive a 1MeV neutron equivalent 
fluence (neq∕cm2) of 2.6 × 1016 neq∕cm2 and a total ionizing dose (TID) 
of 13.4MGy — 3D pixel sensors have been shown to be the best option 
owing to their radiation tolerance [7] and lower power consumption. 
The qualification of these sensors is the subject of this paper.

These 3D pixel sensors have columnar electrodes penetrating the 
bulk perpendicular to the sensor surface. Unlike in planar pixel sensors, 
where the electrodes are parallel to the surface, the inter-electrode 
distance is independent from the active thickness of the device. This 
results in a lower depletion voltage and, consequently, lower power 
dissipation, as well as a shorter collection path for the charge carriers 
and, therefore, reduced trapping probability after irradiation. However, 
there are some drawbacks with respect to planar pixel sensors, such 
as the loss of hit detection efficiency within the electrodes at normal 
particle incidence and a lower production yield. Additionally, 3D pixel 
sensors exhibit lower homogeneity in the electric field [8], with regions 
of zero field within the pixel cell, which affects charge collection.

The thermal properties of the first layer of the barrel section have 
been extensively simulated using Ansys Fluent [9] for planar and 3D 
pixel sensors under different fluence and power consumption scenarios. 
Fig.  2 shows the outcome of the thermal simulation for a fluence of 
2 × 1016 neq∕cm2, which is expected to be reached after approximately 
seven years of HL-LHC operation. The power consumption for planar 
pixel modules was determined from extensive laboratory measure-
ments, while for 3D pixel sensors, two different values were selected 
based on leakage current measurements during test beam campaigns. 
The curves in the figure turn into vertical lines when the CO2 coolant 
temperature is no longer low enough to effectively dissipate the heat 
generated by the sensor, leading to increased and uncontrolled heat 
generation, a regime known as thermal runaway. The temperature 
needed to prevent thermal runaway in the planar pixel modules is 
significantly below the minimum CO2 temperature (−33 ◦C), while for 
the 3D pixel sensors, there is a margin of more than 10 ◦C in the 
low-power scenario and 4 ◦C in the high-power scenario.

The requirements specified for the production of 3D pixel sen-
sors are summarized in Table  1. The qualification program foresees 
measurements after irradiation of the sensors up to 1.5 × 1016 n ∕cm2, 
eq

2 
Fig. 2. Thermal simulation for planar (black) and 3D (orange/blue) pixel 
sensor modules in the innermost layer of the barrel. The difference between the 
highest temperature on the sensor and the coolant temperature is presented as 
a function of the coolant temperature. The minimum temperature the coolant 
can reach at the modules is depicted with a vertical black line (TCO2 =
−33 ◦C). The comparison is done for a simulated fluence of 2 × 1016 neq∕cm2, 
assuming operation voltages of 600V and 140V for planar and 3D pixel 
sensors, respectively. The power consumptions in the legend are measured at 
a temperature of −25 °C.

Table 1
Requirements for 3D pixel sensors for the IT before and after irradiation. The 
depletion voltage is denoted as 𝑉depl and the minimum voltage at which the 
irradiated sensors achieve the hit efficiency specification is referred to as 𝑉op. 
The fluence is denoted by 𝛷 and measured in units of neq∕cm2.
 Parameter Value Notes  
 Depletion voltage <10V Non-irradiated 
 Breakdown voltage >𝑉depl + 25V Non-irradiated 
 Leakage current at room temperature 
and 𝑉depl + 25V

<2.5 μAcm−2 Non-irradiated 

 Maximum 𝑉op <200V 𝛷 = 1.5 × 1016  
 Maximum current at 𝑉op and −25 ◦C <150 μAcm−2 𝛷 = 1.5 × 1016  
 Hit efficiency at normal incidence ≥96% 𝛷 = 1.5 × 1016  
 Hit efficiency at 10◦ incidence ≥97% 𝛷 = 1.5 × 1016  
 Masked channels <2% 𝛷 = 1 × 1016  

following the performance established in the test beam campaigns 
presented in this paper. It has been estimated that this fluence will be 
reached after the first six years of operation. At the end of this period 
the innermost layer will be replaced, as was done for the current CMS 
pixel detector.

This article presents the performance of prototype 3D pixel silicon 
sensors, arranged in single-chip modules, which were tested to validate 
their use in the IT. A detailed description of the sensors and readout 
ASICs is given in Sections 2 and 3, respectively. Section 4 describes the 
irradiation campaigns and beam test infrastructure. The configuration 
and calibration of the ASIC is explained in Section 5 and the method-
ology for the data analysis is described in Section 6. The main results
for non-irradiated and irradiated modules are reported in Sections 7
and 8.

2. Sensor description

The 3D pixel silicon sensors described in this article were manu-
factured by two companies: Fondazione Bruno Kessler (FBK) [10] and 
Centro Nacional de Microelectrónica (CNM) [11]. Both companies use 
silicon wafers composed of two 𝑝-type layers, one with low and one 
with high resistivity, bonded together by means of the Direct Wafer 
Bonding technique developed by ICEMOS [12]. The low resistivity layer 
provides mechanical support and ohmic contact to the high resistivity 
layer, which is the active region of the sensor. The high resistivity 
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layer has a nominal thickness of 150 μm and a resistivity greater than 
3 kΩcm, while the low resistivity layer has an initial thickness of 500 μm, 
which is then thinned down to 100 μm, and a resistivity of 0.1− 1 Ωcm. 
The doping concentration in the high resistivity layer is lower than 
4.5 × 1012 cm−3. The columns are produced by a single-sided Deep 
Reactive Ion Etching (DRIE) process. The spatial density 𝑛+ of readout 
columns on 𝑝-type bulk material is about 4 × 104 cm−2.

Fig.  3 shows sketches of the 3D pixel sensors produced by the 
two foundries. The main differences between the FBK and CNM pro-
cesses are the 𝑛+ column geometry and the inter-column isolation. The 
𝑛+ columns electrically connect the ASIC to the sensor through the 
bumps. FBK sensors have 𝑛+ columns with a diameter of 5 μm and 
a length of 130 μm or 115 μm, corresponding to two production ver-
sions referred to as Stepper-1 and Stepper-2, respectively. The shorter 
columns in Stepper-2 were introduced in more recent production cam-
paigns aiming to reduce noise observed in irradiated sensors, as dis-
cussed later. CNM sensors have 𝑛+ columns with 8 μm diameter and 
130 μm length. The isolation structures for both producers consist of 
implantations on the surface of the high resistivity wafer. CNM em-
ploys the 𝑝-stop technique for inter-column isolation (an additional 𝑝+
implantation between the 𝑛+ ones), while FBK uses the 𝑝-spray method 
(a continuous deposition of low dose 𝑝-dopants on the sensor surface).

Fig. 3. Cross-section of a typical (a) CNM and (b) FBK 3D pixel silicon sensor, 
showing the high resistivity and low resistivity layers, together with the 𝑝+ and 
𝑛+ columns [13,14].

Two electron microscope images of FBK Stepper-2 sensors are pre-
sented in Fig.  4, showing the top view of a sensor with rectangular pixel 
cells and the cross-section of a sensor with square pixel cells. Each pixel 
cell features a single 𝑛+ columnar electrode at the center and four 𝑝+
columns at the corners. The sensor size is approximately 22 × 17mm2. 
The nominal thickness of the active layer is chosen to be 150 μm, but 
its effective thickness is reduced by about 10 μm due to boron diffusion 
from the carrier wafer, i.e., the low resistivity layer [15]. The expected 
Most Probable Value (MPV) of the collected charge for a Minimum 
Ionizing Particle (MIP) traversing a nominal 150 μm thick active layer 
sensor is about 10 200 electrons [16].

3. Readout chip description

The RD53 Collaboration has been working since 2014 on developing 
pixel readout chips for the ATLAS and CMS Phase-2 upgrades with 
50 × 50 μm2 readout cells that can sustain very high hit rates (up to 
3 
Fig. 4. Electron microscope images of FBK Stepper-2 sensors: (a) top view of a 
sensor with rectangular pixel cells and (b) cross-section of a sensor with square 
pixel cells. Only the 𝑛+ columns are visible in the latter. The bump-bonding 
connection will be put on top of the polysilicon cap near the central electrode 
in the top view.

3.5GHz∕cm2) in an extremely hostile radiation environment. The choice 
of the readout cell size was based on the fact that both experiments 
planned to use sensors with either 50 × 50 μm2 or 25 × 100 μm2 pixel 
cells.

The first prototype, named RD53A, became available in 2018. Its 
readout matrix has 400 columns and 192 rows, resulting in a size of 
20 × 11.6mm2. Three different analog front-end (AFE) designs –‘‘Syn-
chronous’’, ‘‘Linear’’, and ‘‘Differential’’–were implemented, with each 
connected to one third of the pixel matrix. Following an extensive char-
acterization campaign of bench and beam tests, the CMS Collaboration 
chose the linear AFE [17].

The first version of the CMS-specific chip, named CROC (CMS 
ReadOut Chip), was submitted in 2021. This ‘‘CROCv1’’ chip features a 
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larger pixel matrix with 432 columns and 336 rows, as well as a revised 
linear AFE with improved comparator and threshold-trimming Digital-
to-Analog Converter (DAC) [18]. The final version of the chip, referred 
to as CROCv2, includes minor bug fixes and additional features, and 
was first released in 2024. The size of the final chip is 22 × 19mm2.

All chips are equipped with an internal charge injection circuit that 
is used to measure the threshold and noise of each pixel. The circuit 
includes a capacitor connected to the outputs of two 12-bit voltage 
DACs. The amplitude of the voltage step supplied to the capacitor, 
𝛥VCal, is the difference between the voltage outputs of the two DACs.

The readout chain of these chips [19,20], shown in Fig.  5, in-
cludes a charge-sensitive amplifier (CSA) with Krummenacher feed-
back, designed to compensate for the expected large radiation-induced 
increase in detector leakage current and ensure a linear discharge of 
the feedback capacitor. The signal from the CSA is fed to a low-power 
comparator. This comparator provides a time-to-digital conversion to-
gether with a Time-over-Threshold (ToT) counter that measures time in 
integer 40MHz clock cycles. Further conversion of the measured charge 
from ToT units to electrons is possible once a calibration of the gain has 
been performed. Channel-to-channel threshold dispersion is addressed 
by means of a local circuit for adjustment, based on a 4-bit (RD53A) or 
5-bit (CROCv1 and CROCv2) current-mode, binary-weighted DAC.

Fig. 5. Schematic view of the linear AFE.

To achieve a faster discharge, the current feeding the Krummen-
acher feedback circuit can be increased at the cost of higher power 
dissipation in the chip. ROCs bonded to 3D pixel sensors in the inner-
most layer of the IT will be operated in this fast discharge mode. The 
expected hit rate in this layer is so high that two particles coming from 
different bunch crossings may hit the same pixel within the Krummen-
acher circuit discharge time, leading to a loss of hit detection efficiency. 
Dedicated runs have been included in the test beam campaigns to verify 
that the performance of the sensors remains unaltered when the ROCs 
are operated in fast discharge mode.

The improved design of the CROCv1 and CROCv2 chips provides 
the possibility to set independent thresholds and bias voltages for the 
AFE across six different regions, as shown in Fig.  6: the interior of the 
chip (M), left edge (L), right edge (R), top (T), top-left corner (TL) and 
top-right corner (TR).

This design choice arises from the fact that double and quad planar 
pixel modules will feature a single sensor bump-bonded to two or four 
readout chips, with a 1 × 2 and 2 × 2 configuration, respectively. 
The assembly procedure requires a separation of few hundred microns 
between the ROCs, leading to large interchip regions. In order to avoid 
the presence of inactive areas, pixel cells between ROCs are larger, re-
sulting in higher capacitance. A dedicated tuning of the threshold in the 
peripheral pixels can be achieved by exploiting the regions described 
above. This feature will not be used in 3D pixel modules, which will 
consist of two ROCs bump-bonded to two individual sensors. In this 
configuration, an uninstrumented gap of approximately 600 μm exists 
between the sensors. This decision is based on the lack of a reliable 
process for producing large-area 3D pixel sensors at the moment.

To match the readout chip pitch, a diagonal routing scheme is used 
for bump-bonding in 3D pixel sensors with a 25 × 100 μm2 cell size, as 
illustrated in Fig.  7.
4 
Fig. 6. Schematic view of the CROCv1 and CROCv2 power distribution, 
highlighting the regions available for different tunings.

Fig. 7. Schematic top view of four adjacent 25 × 100 μm2 pixel cells. One of 
the cells is delimited by a rectangle with dashed black lines for reference. The 
blue circles at the corners represent the 𝑝+ columns, while the light blue circle 
in the center represents the 𝑛+ column. The orange elliptical pad on top of the 
𝑛+ column represents the metal contact for bump-bonding. Its counterpart on 
the readout chip is shown as a large orange circle. The two metal contacts are 
connected by a diagonal orange rail.
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4. Irradiation and beam test setup

4.1. Irradiation: facilities and setup

Irradiation campaigns of 3D pixel sensors for use in the IT have been 
carried out at the Institut Pluridisciplinaire Hubert Curien (IPHC) [21], 
Zyklotron AG at the Karlsruhe Institute of Technology (KIT) [22], 
the Fermilab Irradiation Test Area (ITA), and the CERN PS [23]. 
The energy of the proton beam used at each irradiation facility and 
its corresponding hardness factor [24] are provided in Table  2. The 
TID received by the modules depends on the proton energy. For the 
IPHC and KIT facilities, a fluence of 1 × 1016 neq∕cm2 corresponds to 
roughly 15MGy, while for the ITA and CERN PS, it corresponds to 
about 5MGy. For comparison, about 13.4MGy is expected over the 
duration of the HL-LHC running period at the innermost layer of the 
TBPX. Therefore, 6.7MGy would be sufficient for testing, considering 
the replacement of this layer after 6 years. Radiation damage studies 
using RD53 chips [25] confirm their functionality up to a total ionizing 
dose of 10MGy. The requested target fluences for the devices in this 
paper were in the range 1–2 × 1016 neq∕cm2.

Table 2
Proton energy of the beams used at the irradiation facilities and their corre-
sponding hardness factor or k-factor. This scaling parameter is used to express 
the radiation damage in terms of the 1MeV neutron equivalent fluence.
 Facility Proton energy k-factor 
 IPHC 23MeV ∼2.2  
 KIT 23MeV ∼2.2  
 ITA 400MeV ∼0.83  
 CERN PS 23GeV ∼0.62  

The fluence profile on the surface of sensors irradiated at KIT and 
IPHC is uniform, while this is not the case at ITA and the CERN PS. For 
this latter case measurements on the area irradiated with the fluence 
closest to the target will be presented. The beam profile at the CERN PS 
is approximately Gaussian with a Full Width at Half Maximum (FWHM) 
of about 14.5mm in the horizontal direction and 6.5mm in the vertical 
direction (to be compared with a sensor size of 22×17mm2). A specific 
support, shown in Figs.  8(a) and 8(b), has been designed to hold the 
modules tilted by 30◦ with respect to the horizontal plane, ensuring 
a more uniform irradiation along the vertical direction. To cover the 
whole horizontal dimension of the modules, the support is moved along 
a 26mm-long path. The beam alignment with respect to the modules is 
checked using a laser, as shown in Fig.  8(c). Modules are coated with 
parylene before irradiation to protect the wire bonds. Additionally, 
aluminum foils are placed behind some of them to obtain a precise 
dose profile. After irradiation, the foils are cut into small pieces, as 
shown in Fig.  8(d), and the activity of each piece is measured using 
HPGe spectroscopy. The estimated uncertainty in the measured fluence 
is 7%.

The beam profile at the ITA is also approximately Gaussian, with 
a standard deviation of about 1 cm in both the horizontal and vertical 
directions. To improve the uniformity of the irradiation, the devices 
are tilted by 30◦ in the horizontal direction, similar to the setup at the 
CERN PS, with the modules supported on kapton held in an aluminum 
frame. Four circular foils of aluminum are mounted in line with the 
beam to enable the measurement of the fluence and beam profile. The 
estimated fluence uncertainty is 17%, due to the activity measurement 
and the relative position of the foils and modules. This is higher than 
for the CERN PS (7%), reflecting the fact that the ITA facility is newly 
commissioned and its procedures are not yet fully stabilized.

All irradiations were performed at room temperature, except at KIT, 
where the devices were cooled during the process. Afterwards, the 
samples were stored at low temperature to prevent annealing. In all 
facilities, the devices were unpowered during irradiation.
5 
Fig. 8. The support used for the irradiation campaigns at the CERN PS 
is shown in (a) and (b). The samples are tilted by 30◦ as seen from the 
longitudinal view. The beam alignment with respect to the modules using a 
laser and the aluminum foil placed on the backside of a CROCv1 3D pixel 
sensor are shown in (c) and (d), respectively.

4.2. Beam test: facilities and setup

The beam test measurements have been performed in the pe-
riod 2019–2023 at the following facilities: at Deutsches Elektronen-
Synchrotron (DESY) [26] with an electron beam at around 5–6GeV∕c, 
at the Fermilab Test Beam Facility (FTBF) [27] with a proton beam at 
120GeV∕c, and at the CERN Super Proton Synchrotron (SPS) [28] with 
a pion beam at 120GeV∕c.

The test beam setups at CERN and DESY are equipped with an 
EUDET-type telescope [29] as shown in Fig.  9(a). The telescope con-
sists of six sensor planes made of MIMOSA26 monolithic active pixel 
devices, each with an integration time of 115 μs. The telescope planes, 
which feature a pixel size of 18.4 × 18.4 μm2 and a thickness of 50 μm, 
are arranged in upstream and downstream triplets with respect to the 
position of the Device Under Test (DUT). The telescope is comple-
mented by a Trigger Logic Unit (TLU) providing the trigger signal and a 
timing-reference (REF) pixel module that is used to select a subsample 
of the reconstructed tracks as explained in Section 6.1. Different FEI4 
(ATLAS current readout chip) and CROCv1 assemblies have been used 
as timing-reference module in the various test beam campaigns. The 
average resolution depends on the particle type and energy used in the 
two test beam facilities and on the telescope configuration; on average 
it ranges between 3 and 5 μm.

The FTBF provides a telescope composed of twelve silicon strip 
planes—six upstream and six downstream of the DUT station—and 
four downstream pixel planes, as shown in Fig.  9(b). The strip planes 
are arranged in pairs, with strips orthogonal to each other, to provide 
six two-dimensional measurement points. The active thickness of the 
sensors is 320 μm and the strip pitch is 30 μm. The readout pitch is 
60 μm because only every other channel is read out. The intermediate 
strips are capacitively coupled to the readout strips. The four pixel 
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Fig. 9. Sketch of the test beam setup at (a) SPS/DESY and (b) FTBF. The 
timing-reference pixel module is labeled as REF, the scintillators are indicated 
as SCINT, and the devices under test are labeled as DUT. The telescope pixel 
planes (0–5) are shown in pale gray, while the double layers of telescope strip 
planes (S0–S5) are depicted in dark gray. Further details are described in the 
text. Note: the position of REF and SCINT in the EUDET-type telescopes may 
differ between facilities.

planes feature planar sensors with a pixel size of 100 × 150 μm2 and a 
sensor thickness of 285 μm, bump-bonded to PSI46V2 readout chips. 
This configuration results in a track pointing resolution at the DUT 
position ranging between 4 and 5 μm. The trigger signal is generated 
by a combination of upstream and downstream scintillator planes. The 
Off The Shelf DAQ (OTSDAQ) [30], developed at Fermilab, is employed 
to read out both the telescope and DUT planes.

At all three facilities, the DUTs are mounted on PCB carrier boards, 
which are placed inside a thermally insulated cold box flushed with dry 
air to prevent condensation. The cold box is connected to a chiller that 
circulates a coolant to maintain a stable temperature. At the DESY and 
Fermilab test beam facilities, the DUT is coupled on its downstream 
face to a thin copper plate using thermally conductive paste. This plate 
is cooled by Peltier elements. The cold box is not used when testing not-
irradiated modules at DESY to preserve the possibility of reconstructing 
tracks using both the upstream and downstream telescope arms, which 
cannot be used in the presence of a cold box due to the large multiple 
scattering suffered by the electron beams. Additionally, the cold box is 
attached to a set of stages that allow remote control of its position and 
orientation. Translation in the two directions orthogonal to the beam 
axis and rotation around the vertical axis are possible.

5. Tuning: RD53A and CROCv1

The Ph2_ACF data acquisition system [31] was used to configure, 
tune, and operate the RD53A and CROCv1 modules. A complete de-
scription of the DAC registers used to configure the linear AFE can be 
found in [20]. A short description of the most relevant and routinely 
calibrated parameters is given below:

• The global threshold of the linear AFE, corresponding to the DC 
threshold voltage applied to the discriminator input. Increasing 
the value of this register results in an increased global threshold.

• The output dynamic range of the in-pixel threshold trimming DAC 
(TDAC). Increasing the value of this register results in a coarser 
resolution of the TDAC and a wider output range. Operation of 
irradiated modules typically requires an increase of this register 
value.
6 
• The current in the Krummenacher feedback, which discharges the 
preamplifier feedback capacitance at a constant rate. Increasing 
this current leads to a faster return to baseline and a reduced 
Time-over-Threshold (ToT). Most test beam campaigns were per-
formed using a low current (slow discharge), while performance 
at higher current (fast discharge) was verified in one campaign 
and found to be compatible.

• The current in the preamplifier input stage, which represents 
the main contribution to the linear AFE current consumption. 
Irradiated modules can be operated with a higher current to 
reduce noise at the cost of an increased power consumption.

The tuning procedure is described below, and Figs.  10–12 show rep-
resentative distributions from the tuning of a non-irradiated CROCv1 
chip bonded to a 3D pixel sensor, with a target threshold of 1000 
electrons.

To measure the threshold of each individual pixel, voltage steps 
with increasing 𝛥VCal are supplied, and for each voltage the corre-
sponding charge is injected into the pixel 100 times. The occupancy is 
defined as the ratio between the number of registered hits (𝑁hits) and 
the number of injections (𝑁inj). Plotting the occupancy as a function of 
𝛥VCal results in a characteristic ‘‘S-curve’’, which can be fitted with an 
error function. The value of 𝛥VCal at which 50% occupancy is reached 
is taken as the pixel threshold, while the sigma of the error function 
represents its noise. The S-curves for all pixels of a CROCv1 chip are 
shown in Fig.  10(a). The distributions in Figs.  10(b) and 10(c) are 
derived from the threshold and noise evaluations of all pixels, based 
on their corresponding S-curves.

Low threshold, low noise, and good charge collection are funda-
mental requirements for good detector performance, and there can be 
trade-offs among them, particularly for irradiated devices. The global 
threshold is individually tuned for each module to achieve a target 
value after per-pixel adjustment between 1000 and 1200 electrons, or 
the lowest value that ensures the number of masked pixels remains 
below 1% for non-irradiated modules and below 2% for irradiated mod-
ules. For irradiated modules, the resulting global threshold is typically 
around 1500–1800 electrons for RD53A assemblies and 1000–1200 
electrons for CROCv1 assemblies.

The per-pixel threshold adjustment is performed in two steps. First, 
the threshold of each pixel is trimmed targeting a global threshold 
of approximately 2000 (3000) electrons for non-irradiated (irradiated) 
modules. A binary search algorithm is applied to find the TDAC value 
that minimizes the distance of the pixel threshold from the average 
threshold across the matrix. For irradiated modules the procedure is 
repeated targeting a threshold of 2000 electrons. Finally, an addi-
tional threshold trimming is performed targeting a global threshold 
as specified above. In this step, the TDAC is incremented or decre-
mented by a single unit to minimize changes to the local threshold. 
For non-irradiated modules, if the desired threshold is lower than 1200 
electrons, no further trimming has to be performed. An average TDAC 
distribution obtained at the end of the tuning procedure is shown in 
Fig.  11: successful tuning should lead to a peak around 16 without 
accumulations at the extreme ends of the distribution.

At the end of the tuning procedure ‘‘stuck’’ and ‘‘noisy’’ pixels are 
masked. Stuck pixels do not respond to charge injections while noisy 
pixels have an occupancy higher than 2 × 10−5 without injecting charge. 
This threshold corresponds to 1% of the occupancy expected in the first 
layer of TBPX (2 × 10−3).

Finally, a gain scan is performed to determine the pixel-by-pixel 
relation between the ToT of the output signal and the amplitude of the 
voltage step supplied to the capacitor, in 𝛥VCal units. The results of 
this scan are shown in Fig.  12. The conversion of the charge, 𝑄, from 
𝛥VCal units to electrons is performed using the following relation: 

𝑄 [electrons] =
𝑉ref 𝑄 [ΔVCal]𝐶inj (1)

2 4096 𝑒
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Fig. 10. Examples of distributions obtained during the tuning procedure of 
a non-irradiated CROCv1 chip bonded to a 3D pixel sensor. Subfigure (a) 
represents the superposition of the S-curve of each pixel, while subfigures (b) 
and (c) represent the threshold and noise distributions, respectively.

where 𝑉ref  is the ROC internal reference voltage (typically around 
0.8V), 𝑒 is the elementary charge, 𝐶inj is the injection capacitor ca-
pacitance (8 fF), and 4096 represents the number of possible charge 
values for the 12-bit ADC of the charge injection circuit. The gain of the 
CROCv1 charge injection circuit can be doubled to inject larger charges 
into the pixel front-end. In this regime, the charge values computed 
from the formula above must be multiplied by 2.
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Fig. 11. Example of distribution obtained from the per-pixel threshold adjust-
ment of a non-irradiated CROCv1 chip bonded to a 3D pixel sensor.

Fig. 12. Example of distribution obtained from the gain calibration of a non-
irradiated CROCv1 chip bonded to a 3D pixel sensor. A linear dependence 
between ToT and 𝛥VCal is clearly visible. The results for all the pixels are 
superimposed on the same histogram.

The formula from Eq. (1) has been measured to still work well also 
for irradiated devices and is thus assumed to be valid throughout the 
rest of the paper.

6. Data analysis

Data collected at the CERN SPS test beam facility have been ana-
lyzed using the Corryvreckan framework [32]. Corryvreckan provides 
a flexible offline event building facility to combine data from detectors 
with different readout schemes, with or without trigger information, 
and includes the possibility to correlate data from multiple devices 
based on timestamps. While the most recent data collected at the 
DESY test beam facility were analyzed using Corryvreckan, previous 
DESY test beam data and data collected at FTBF were processed using 
dedicated software frameworks.

All frameworks follow the same key steps: data decoding, noisy 
and stuck pixel masking, hit clustering, track reconstruction, telescope 
alignment, DUT alignment, and DUT analysis. A more detailed de-
scription of these steps is provided below, using the Corryvreckan 
example.
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6.1. Offline reconstruction and alignment

The first step of the offline reconstruction is the decoding of the data 
coming from the MIMOSA26 telescope planes and the DUTs. The six 
MIMOSA26 sensors are read out in binary mode, meaning that a global 
threshold is applied on the chip and only the positions of the pixels 
exceeding the threshold are recorded. A threshold of 5 or 6 times the 
individual pixel noise is used, as explained in Ref. [29]. For the DUTs 
the response of pixels above threshold is digitized with a 4-bit precision 
ToT counter and stored together with the pixel positions.

The ‘‘local density’’ noise estimation method, taken from the Proteus 
framework [33], is exploited to identify noisy pixels on the telescope 
planes. It uses a local estimate of the expected hit rate to find pixels that 
are a certain number of standard deviations away from this estimate. 
The local density method is not applied to the DUTs, and only the 
pixels identified during the tuning procedure described in Section 5 are 
masked.

The decoded hits in the DUT and telescope are then clustered. For 
the telescope planes, the cluster position is calculated using a simple 
arithmetic mean of the pixel coordinates. For the DUTs, a ‘‘center-of-
gravity’’ algorithm is applied, computing the cluster position as the 
weighted mean of the pixel positions, with the reconstructed charges 
— previously converted from ToT to electrons — serving as weights.

The next step is the alignment, which determines the position 
and orientation of the telescope planes and the DUTs relative to an 
alignment-reference plane, which can be either one of the telescope 
planes or the timing-reference plane. This alignment is necessary to 
ensure that the positions and orientations of all planes are accurately 
known, allowing for a reliable reconstruction of the observables defined 
in Section 6.3.

A preliminary telescope alignment is achieved by translating each 
plane along the horizontal and vertical directions to minimize the 
average distance between the hit positions on the telescope planes 
and those on the alignment-reference plane in both directions. After 
this coarse alignment, tracks are reconstructed using a wide matching 
distance for track-hit association on each plane. This matching distance 
corresponds to the spatial region defined by an ellipse, whose semi-
major and semi-minor axes are each set to ten times the digital spatial 
resolution in the respective directions. Two tracking algorithms are 
applied to the data presented in this paper: a ‘‘straight-line’’ fit and 
the General Broken Line (GBL) fit [34]. The straight-line algorithm 
starts from a seed formed by clusters on the first and last telescope 
planes and adds intermediate clusters that satisfy the previously defined 
track-hit association criteria. Assuming a linear trajectory, it fits a 
straight line through the associated clusters by minimizing the 𝜒2∕ndof, 
where ndof is the number of degrees of freedom. In contrast, the GBL 
algorithm more accurately accounts for multiple scattering effects along 
the track, which is especially important in the case of electron beams. 
This algorithm is used for the analysis of data collected at DESY.

Two additional alignment steps are performed using the recon-
structed tracks to minimize the distance between the track impact point 
and the position of the associated cluster on each plane. The first step is 
performed using the ‘‘Millepede’’ [35] algorithm, which simultaneously 
adjusts the positions and rotations of the telescope planes and the 
alignment-reference plane. A final refinement is then performed using a 
simple ‘‘straight-line’’ algorithm to refit all the tracks minimizing their 
𝜒2∕ndof.

After the telescope alignment, tracks are reconstructed with tighter 
selection criteria for use in the DUT alignment. The main requirements 
include a track-hit matching distance within an ellipse whose semi-
axes are set to five times the digital spatial resolution in the respective 
directions, and a 𝜒2∕ndof below 10. The DUTs have a much faster 
readout time of 25 ns compared to the 115 μs integration time of the 
telescope planes. To reject out-of-time tracks, all reconstructed tracks 
are required to have an associated hit on the timing-reference plane.
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The reconstructed tracks are extrapolated to the position of the 
DUTs for track-hit association and DUT alignment, which is performed 
by minimizing the distance between the track and the hit. For mod-
ules with a 25 × 100 μm2 pixel size, the association is based on a 
matching region defined by an ellipse with semi-major and semi-minor 
axes of 200 μm and 100 μm along the long and short pixel directions, 
respectively. This asymmetric window is chosen to account for the 
finite telescope resolution, which has a greater impact in the short 
pixel direction. In the case of modules with a 50 × 50 μm2 pixel size, 
a symmetric window is applied, with semi-axes of 100 μm in both 
directions.

6.2. Final track selection

After completing the telescope and DUT alignment, a final selection 
of tracks is made to determine DUT properties, including hit detection 
efficiency, spatial resolution, and charge collection. The selected tracks 
must fulfill the following requirements:

• at least five associated hits on the telescope planes and one asso-
ciated hit on the timing-reference plane. The track-hit matching 
distance must lie within an ellipse whose semi-major and semi-
minor axes are set to three times the digital spatial resolution in 
the respective directions;

• 𝜒2∕ndof < 5;
• one associated hit on the DUT within a matching region defined as 
an ellipse with semi-major and semi-minor axes set to five times 
the digital spatial resolution in the respective directions;

• for the determination of hit detection efficiency, tracks are addi-
tionally required to point to a pixel on the DUT that is at least 
one pixel away from a masked one, to avoid introducing spurious 
inefficiencies.

6.3. Definition of observables

The observables described in this section have been studied both 
at normal beam incidence and as a function of the rotation angle, as 
shown in Fig.  13. Throughout this paper, rotations of the DUT refer 
to a rotation around an axis parallel to the long edge of the pixel and 
perpendicular to the beam, with zero degrees corresponding to normal 
beam incidence.

Fig. 13. Schematic of a sensor with 25×100 μm2 pixel size, tested (a) at normal 
beam incidence and (b) under a rotation angle around an axis parallel to the 
long edge of the pixel.

The pixel cell directions are defined as follows: the 𝑥-direction 
corresponds to the 100 μm pitch, and the 𝑦-direction corresponds to the 
25 μm pitch. When observables are plotted within the pixel cell, the plot 
represents the average value across all pixel cells in the sensor matrix 
that registered a hit, rather than that of a single pixel.
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6.3.1. Hit detection efficiency
The hit detection efficiency, 𝜖, and its uncertainty, 𝜎𝜖 , are defined 

as: 

𝜖 =
𝑁 track
hit

𝑁 track (2)

and 

𝜎𝜖 =
√

𝜖 (1 − 𝜖)
𝑁 track

(3)

where 𝑁 track denotes the number of telescope tracks that pass the 
selection described in Section 6.2, and 𝑁 track

hit  is the subset of those 
tracks that are matched with a hit on the DUT. In order to account 
for the fraction of masked pixels, the hit detection efficiency can be 
multiplied by the acceptance, 𝑎, defined as: 

𝑎 = 1 −
𝑁masked
𝑁total

(4)

where 𝑁masked is the number of masked pixels and 𝑁total is the total 
number of pixels on the DUT considered in the analysis.

6.3.2. Cluster charge and cluster size
For each of the 𝑁 track

hit  tracks, the charge and size of the DUT cluster 
associated to the track is taken. The charge spectrum is then fitted 
using a Landau convoluted with a Gaussian to account for pixel-to-
pixel variations in gain and electronic noise. The MPV of the Landau 
distribution is taken as the measurement of the collected charge. The 
uncertainty on the charge measurements has been estimated fitting 
one quarter of the pixels of various modules independently, resulting 
in roughly 5% of the MPV, mainly coming fro the charge calibration 
circuitry of the readout chip. Throughout this paper the cluster size 
refers to the total number of neighboring pixels that make up the 
cluster.

6.3.3. Spatial resolution
The spatial resolution of the DUT is extracted from the track residu-

als distribution. The track residual is defined as the difference between 
the coordinate of the impact point of the track on the DUT and the coor-
dinate given by the DUT cluster position. The width of this distribution, 
typically obtained from a Gaussian fit, represents the sum in quadrature 
of the DUT spatial resolution and the track position resolution. This 
paper reports only the spatial resolution along the short pitch of the 
rectangular pixels, which is the direction where the best resolution can 
be achieved.

The track position resolution is estimated differently at each facility:

• The track reconstruction of the FTBF telescope is performed using 
a Kalman fit based algorithm, which computes the track position 
uncertainty at each telescope plane and DUT.

• The telescope resolution at SPS can be determined by fitting the 
edge of the DUT residual distribution along the long pitch to the 
cumulative distribution function (CDF) of a Gaussian distribution. 
This is possible because the effects of telescope resolution and 
charge sharing on the DUT residuals along the 100 μm pitch are 
decoupled due to low charge sharing across the 25 μm pixel 
boundary.

• The telescope resolution at DESY is estimated using the two 
tracklets from the upstream and downstream arms. The difference 
between the impact point of the two tracklets is computed for 
each event and the telescope resolution is estimated dividing the 
width of the resulting distribution by 

√

2. When irradiated sensors 
are tested, only the upstream arm is used because the material 
of the cold box causes multiple scattering, which degrades the 
resolution of the downstream planes. In this case, the telescope 
resolution is estimated from a simulation [36] based on the GBL 
algorithm, which takes into account the material budget of the 
telescope and the beam energy.
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7. Results for non-irradiated single-chip modules

The performances of non-irradiated sensors bump-bonded to RD53A 
and CROCv1 chips are presented separately below. A summary and 
description of each device is given in Appendix. The nomenclature used 
to identify the modules indicates the manufacturer that produced the 
sensor as well as the ROC flavor.

The FBK sensors connected to RD53A chips are from two different 
productions, referred to as Stepper-1 and Stepper-2. Both have the same 
pixel design; Stepper-2 features shorter n+ columns (115 μm) compared 
to Stepper-1 (130 μm), as introduced to prevent discharges with the 
underlying low-resistivity support wafer, which is kept at bias voltage. 
FBK sensors bump-bonded to CROCv1 chips come from a subsequent 
production that followed the same design parameters as Stepper-2.

7.1. RD53A modules

Several FBK 3D pixel sensors, with 25 × 100 μm2 cell size and 
connected to the RD53A readout chip, were investigated at the DESY 
test beam. These devices, tuned to an average pixel threshold of 1000 
electrons at room temperature, have a hit detection efficiency greater 
than 97% with a bias voltage as low as 5V. Fig.  14 shows the hit 
detection efficiency map in a 4 × 1 pixel grid at a bias voltage of 30V
and normal beam incidence. Lower efficiency is observed in the corners 
of the pixel cells, corresponding to the locations of the 𝑝+ columns. 
This occurs for two reasons: the intrinsic inefficiency of the columns, 
which are made of passive material, and the effect of charge sharing, 
driven by diffusion, which is most relevant at the corners of the pixels 
where four cells are sharing charge. The efficiency near the 𝑛+ columns 
at the pixel cell center is close to 100% since the charge sharing is 
strongly suppressed in this region. The 𝑛+ columns are also shorter 
than the active thickness (Fig.  3), and therefore charge can additionally 
be generated underneath the column, which is not the case for the 
𝑝+ electrodes.

Fig. 14.  Hit detection efficiency map at normal beam incidence for a 4 × 1 
pixel grid of a non-irradiated FBK sensor biased at 30V. The red rectangle 
indicates a pixel cell for reference.

The hit detection efficiency can be further increased by rotating 
the DUT relative to the beam, as described in Section 6.3, thereby 
shortening the path of the tracks through the electrodes. Fig.  15 shows 
the hit detection efficiency map for a 4 × 1 pixel grid with the sensor 
fully depleted and the DUT rotated by 6°. In this case, the inefficien-
cies corresponding to the 𝑝+ columns disappear. Detector simulations 
have also demonstrated that for a track angular distribution similar to 
that found in minimum bias events from proton–proton collisions, the 
column inefficiency is negligible due to the tilted trajectories of the 
tracks.
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Fig. 15.  Hit detection efficiency maps for a 4 × 1 pixel grid of a non-
irradiated FBK sensor rotated by 6◦ and biased at 30V.

Fig.  16 again shows a 4 × 1 pixel grid with normal beam incidence, 
now presenting the average cluster size at two different bias voltages. 
As expected, the cluster size, mainly driven by diffusion, increases with 
distance from the central electrode, reaching its maximum for particles 
passing near the pixel edges. As the bias voltage increases, the strength 
of the electric field is enhanced, which reduces the charge sharing due 
to diffusion.

Fig. 16.  Average cluster size maps at normal beam incidence for a 4 × 1 
pixel grid of a non-irradiated FBK sensor biased at (a) 5V and (b) 30V.

Fig.  17 shows the average cluster size map for the same DUT 
configuration. The change in average cluster size as a function of 
rotation angle at a bias voltage of 30V is shown in Fig.  18. The cluster 
size increases with angle, since particles are more likely to traverse two 
or more pixels.
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Fig. 17. Average cluster size maps for a 4 × 1 pixel grid of a non-irradiated 
FBK sensor rotated by 6◦ and biased at 30V.

Fig. 18. Average cluster size of a non-irradiated FBK sensor biased at 30V as 
a function of the rotation angle.

7.2. CROCv1 modules

Beam tests of CROCv1 devices have also been carried out, and their 
performance has been compared to that of RD53A samples as well as 
to the requirements described in Table  1. Four CROCv1 modules, built 
using 3D pixel sensors with a 25 × 100 μm2 pixel size from either FBK or 
CNM productions, were characterized. In addition, results from a CNM 
device with square pixels of 50 μm pitch are provided for comparison.

The devices were tuned to a pixel threshold ranging from 1000 to 
1200 electrons, depending on the sample, at a temperature of −10 ◦C. 
In all cases, the total number of masked pixels was lower than 1%.

7.2.1. Hit detection efficiency and cluster charge
The hit detection efficiency was measured at normal incidence as 

a function of the bias voltage, up to a maximum of 80V, with full 
depletion occurring below 10V. Fig.  19 shows that the efficiency is well 
above 97% once full depletion is reached.

The higher efficiency of FBK sensors compared to CNM sensors is 
due to the smaller radius of their columnar electrodes. Furthermore, 
the comparison to a CNM sample with a 50 × 50 μm2 pixel size shows 
that both cell designs asymptotically achieve the same performance.

The efficiency cell maps corresponding to the CNM sample with a 
25 × 100 μm2 pixel size are shown in Figs.  20(a) and 20(b) for a bias 
voltage below (2V) and above (30V) full depletion. Different efficiency 
regions exist because depletion occurs progressively from the central 𝑛+
column towards the 𝑝+ columns positioned at the corners of the pixel 
cell. The profile of these maps along the long edge of the pixel has been 
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Fig. 19. Hit detection efficiency at normal incidence as a function of the bias 
voltage applied to several non-irradiated sensors. There are three samples from 
FBK and one from CNM with a 25 × 100 μm2 pixel size, as well as one CNM 
sensor with a 50 μm pitch. The dashed line indicates 97% efficiency.

included in Fig.  20(c) to facilitate the comparison between the two bias 
voltages. The efficiency profile of an FBK sensor biased at 30V has been 
added to show how the smaller radius of its electrodes with respect to 
those of CNM increases the hit detection efficiency near the cell corners.

A typical cluster charge distribution at normal beam incidence and 
full depletion of the sensor is shown in Fig.  21. This distribution 
corresponds to module CROC_FBK_2 and is very similar to those of 
CROC_FBK_1 and CROC_FBK_3, as expected. The MPV extracted from 
a fit to the central region of the distribution is around 10 600 elec-
trons, consistent with simulations for a non-irradiated sensor of 150 μm
thickness.

7.2.2. Cluster size and spatial resolution
The average cluster size as a function of the bias voltage for non-

irradiated CROC modules is shown in Fig.  22(a). As described earlier 
in this section, the cluster size depends on the electric field strength. It 
decreases with increasing bias voltage and gradually increases again 
once the voltage exceeds full depletion. The minimum cluster size 
occurs when the electric field is strong enough to considerably reduce 
the charge sharing caused by diffusion. All sensors with a 25 × 100 μm2

pixel size show comparable cluster sizes, regardless of the manufac-
turer. Figs.  22(b)–22(e) display pixel cell maps of the cluster size at 
different bias voltages. The maps corresponding to 2V and 5V belong 
to module CROC_CNM_2 tuned to a threshold of 1000 electrons, while 
those corresponding to 30V and 80V refer to module CROC_FBK_1 
tuned to a threshold of 1200 electrons. The increase of cluster size at 
higher bias voltages, as seen in Fig.  22(a), is homogeneously spread 
throughout the pixel cell. One possible explanation for this observation 
is that for bias voltages significantly above full depletion, the electric 
field is strong enough to produce microavalanches in the material; 
whenever this happens in or near the struck pixel, the cluster size is 
artificially increased.

The evolution of the cluster size as a function of the rotation angle, 
as defined in Section 6.3, has been studied for FBK sensors biased at 
50V and the results are shown in Fig.  23. As can be seen from the 
cluster size maps corresponding to angles of around 8◦, 12◦, and 15◦, 
tracks generate a larger cluster size in different regions of the pixel cell 
depending on the angle. As expected, values are higher in the central 
region for larger angles, because particles crossing close to the center 
of a pixel cell can deposit charge that is spread among three pixels.
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Fig. 20. Hit detection efficiency cell map of a non-irradiated CNM sensor 
biased at (a) 2V and (b) 30V. White regions indicate an efficiency below 0.5. 
The efficiency profile along the long pitch of these maps and the corresponding 
one for a FBK sensor biased at 30V are shown in (c).

Fig. 21. Cluster charge distribution measured for a non-irradiated module 
biased at 30V, under normal incidence of a pion beam at 120GeV∕c. It is 
fitted to a Landau distribution with most probable value MPV and width 𝜎L, 
convoluted with a Gaussian distribution with width 𝜎G.
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Fig. 22. (a) Average cluster size at normal incidence as a function of the bias 
voltage applied to several non-irradiated devices. The cluster size cell maps 
correspond to the CNM sensor with 25 × 100 μm2 pixel size biased at (b) 2V
and (c) 5V, as well as to one of the FBK sensors biased at (d) 30V and (e) 
80V.

From the same set of measurements, the spatial resolution along 
the short pixel pitch of FBK sensors as a function of the angle has 
been estimated and is shown in Fig.  24. The best resolution of around 
2.5 μm is obtained for rotation angles where the average cluster size 
reaches a value of 2 (Fig.  23). Residual distributions from one of 
the modules, used to estimate the spatial resolution, are shown in
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Fig. 23. (a) Average cluster size of several non-irradiated FBK sensors biased 
at 50V as a function of the rotation angle. Cluster size cell maps for one of 
the samples rotated by (b) 8◦, (c) 12◦, and (d) 15◦.

Figs.  24(b) and 24(c), corresponding to the short and long pixel pitches, 
respectively. The DUT residuals along the 25 μm pitch are fitted to 
the sum of two Gaussians, accounting for a background contribution 
mainly due to track-hit misassociations. The standard deviation of the 
Gaussian that fits the core of the distribution represents the combined 
resolution of the DUT and the telescope, as described in Section 6.3. 
For the DUT residuals along the 100 μm pitch, the edges are fitted 
with the CDF of a Gaussian, which provides an approximate telescope 
resolution of 5 μm. Since the telescope resolution degrades for rotated 
modules, a correction proportional to the cosine of the angle is applied 
to determine the DUT resolution along the short pixel pitch.
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Fig. 24. (a) Spatial resolution along the short pixel pitch, 𝜎DUT, for several 
non-irradiated FBK sensors as a function of the rotation angle. The residual 
distributions along (b) the 25 μm pixel pitch and (c) the 100 μm pixel pitch for 
one of the samples rotated by 10◦ are shown. The latter is normalized to the 
mean number of entries in the central region. The residual distribution along 
the short pitch is fitted to the sum of two Gaussian distributions, while the 
edges of the residual distribution along the long pitch are fitted to the CDF 
of a Gaussian distribution. For these measurements, the sensors are biased at 
50V.

8. Results for irradiated single-chip modules

For the results in this section, single-chip modules were irradiated 
at KIT, FNAL, and CERN, and their post-irradiation performance was 
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evaluated in test beams. The results are presented separately for each 
ROC flavor. A summary of the devices can be found in Appendix.

Although the CMS efficiency requirement for normal incidence after 
irradiation (96%) is looser than for inclined incidence (97%), the 
stricter 97% criterion is adopted consistently throughout this analysis to 
ensure uniform comparisons across all measurements, including those 
at normal incidence and for non-irradiated samples.

8.1. RD53A modules

Three sensors with 3D pixels interconnected with RD53A chips 
were irradiated at KIT with fluences ranging from 1.4 × 1016 neq∕cm2 
to 1.8 × 1016 neq∕cm2, and their performance was tested in beam at 
DESY. Module RD53A_FBK_2 is from the Stepper-1 production, while 
RD53A_FBK_3 and RD53A_FBK_4 are from the Stepper-2 production. 
The modules were tuned to average pixel thresholds between 1400 
electrons and 1700 electrons, at a temperature of −27 ◦C.

Additional sensors bonded to the RD53A readout chip were sent to 
the Fermilab ITA facility for irradiation and subsequently tested at the 
FTBF. The results for a single device, referred to as RD53A_CNM_1 in 
the following, are presented here. The fluence received by the module 
is estimated to be 1.2 × 1016 neq∕cm2, comparable to that of the modules 
irradiated at KIT and tested at DESY. Two test beam campaigns were 
conducted with the device tuned to two different thresholds of 1200 
and 1600 electrons at temperatures between −30 ◦C and −25 ◦C.

Fig.  25 shows the hit detection efficiency of all irradiated modules 
as a function of the bias voltage. For a fluence of 1.2 × 1016 neq∕cm2 
(RD53A_CNM_1), a hit detection efficiency greater than 97% is ob-
tained above 70V (Fig.  25(a)). Higher bias voltages are required to 
reach the same efficiency as the fluence increases, with 110V needed 
at a fluence of 1.5 × 1016 neq∕cm2 and 150V for 1.8 × 1016 neq∕cm2 (Fig. 
25(b)). Results are also shown for small rotation angles. In all cases, 
the rotated samples show higher efficiency compared to normal beam 
incidence, as the rotation reduces the probability of a particle going 
straight through the 𝑝+ column.

In module RD53A_FBK_2 (Stepper-1), a sudden increase in the num-
ber of masked channels was observed at bias voltages above 130V. A 
similar increase occurred in modules RD53A_FBK_3 and RD53A_FBK_4 
(Stepper-2), albeit at higher bias voltages: 150V for the less irradiated 
module and 170V for the more irradiated one. The shorter 𝑛+ column 
in the Stepper-2 modules may explain the different behavior of the two 
productions. If the tip of the 𝑛+ column (kept at ground potential by 
the readout chip) is positioned too close to the backside of the sensor 
(at bias voltage potential), electric discharges can occur, potentially 
compromising the functionality of the sensor [37]. For all data points 
shown in Fig.  25(b), the number of masked channels is below 1%. More 
studies on the number of masked channels were carried out on CROC 
assemblies, as reported in Section 8.2.

Fig.  26 shows the spatial resolution along the short pixel pitch of 
the RD53A devices as a function of the rotation angle, as defined in 
Section 6.3. The observed resolution degrades with increasing fluence 
as expected, with best values ranging between 5 and 6 μm.

8.1.1. Results for fluences beyond specifications
As explained in Section 4.1 the irradiations performed at the CERN 

PS are non-uniform along one direction. The estimation of the fluence 
relies on the spectroscopy measurements performed on the aluminum 
foils glued to the samples, which are split in eight segments to obtain 
more granular information. A two-dimensional Gaussian profile is used 
to fit the eight measurements. The standard deviations are determined 
using the beam profile given by the IRRAD personnel, and the mean 
value along the coordinate with non-uniform irradiation is fixed to 
the position where the hit detection efficiency is lowest. From this fit, 
the fluences received by the central regions of two samples were es-
timated to be 2.1 × 1016 n ∕cm2 (RD53A_FBK_5) and 2.6 × 1016 n ∕cm2 
eq eq
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Fig. 25. Hit detection efficiency as a function of the bias voltage applied to 
irradiated 3D pixel modules tested at (a) FTBF and (b) DESY. The full circles 
refer to normal incidence, while the open circles indicate a rotation angle. The 
dashed line corresponds to the 97% efficiency requirement from Table  1.

Fig. 26. Spatial resolution along the short pixel pitch, 𝜎DUT, for the irradiated 
3D pixel modules tested at DESY and FTBF as a function of the rotation angle.

(RD53A_FBK_6). The results presented below are based on the analysis 
of pixels from these highly irradiated areas.

Due to the significant irradiation dose and highly non-uniform irra-
diation profile, it was not possible to perform a proper gain calibration 
of the ADC. As a result, charge and spatial resolution studies could 
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not be performed. The samples were studied in two separate test beam 
campaigns using different global threshold settings. Fig.  27 shows the 
hit detection efficiency of the two samples as a function of the applied 
bias voltage with a global threshold of about 1600 and 2000 electrons. 
Even the most irradiated sensor reaches an efficiency of 90% at 180V
with 1% masked pixels. These irradiation fluences are well beyond the 
operational conditions of the IT at the HL-LHC, but the measurements 
presented here can be relevant for possible future applications of these 
sensors.

Fig. 27. Hit detection efficiency as a function of the bias voltage applied to 
two highly irradiated 3D pixel modules at normal beam incidence. The full and 
open circles represent low and high average pixel thresholds, respectively.

8.2. CROCv1 modules

Three modules (CROC_FBK_2, CROC_FBK_3, CROC_CNM_2) that were
characterized before irradiation (Section 7.2) were irradiated to a 
fluence of 1 × 1016 neq∕cm2 at the CERN PS and retested in beam at the 
SPS. An additional module (CROC_FBK_4) was irradiated to a fluence 
of 1.6 × 1016 neq∕cm2 at KIT and tested in beam at DESY.

The modules irradiated to the lower fluence have been tuned to an 
average pixel threshold of 1000 electrons at a temperature of −30 ◦C, 
unless otherwise specified. For the module exposed to the largest 
fluence, the tuning has been done to an average pixel threshold of 
1200 electrons at a similar temperature. The percentage of masked 
pixels as a function of the bias voltage for all the devices is shown 
in Fig.  28. The occupancy cut applied for the determination of noisy 
channels is the same as the one used in the tuning of the modules 
before irradiation. The less irradiated FBK samples are stable up to 
a bias voltage of 150V, with the percentage of masked pixels staying 
below 2%. The CNM module has a steep increase at 130V. Raising the 
threshold to 1200 electrons in the CNM module reduces the percentage 
of masked channels at that bias voltage from 9% to 3%. Therefore, 
the upcoming plots for this module at 130V will show only the data 
corresponding to a threshold of 1200 electrons. For the more irradiated 
FBK device, the fraction of masked pixels remains below 3% up to 
130V, but rises sharply to 10% at 140V.

8.2.1. Hit detection efficiency and cluster charge
Fig.  29(a) shows the fitted cluster charge distribution for module 

CROC_FBK_2 at normal incidence and a bias voltage of 130V. The MPV, 
which is around 5500 electrons at the highest bias voltage, indicates 
a reduction to approximately half the charge observed before irradia-
tion (Fig.  21). The MPVs of the cluster charge distributions as a function 
of the bias voltage are shown in Figs.  29(b) and 29(c) for modules 
irradiated to 1 × 1016 neq∕cm2 and 1.6 × 1016 neq∕cm2, respectively. The 
MPV as a function of bias voltage exhibits an increasing trend for both 
fluences, with a feeble saturation observed in the devices irradiated 
at the lower fluence. The MPV values themselves are also comparable 
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Fig. 28. Percentage of masked pixels as a function of the bias voltage applied 
to sensors irradiated to 1 × 1016 neq∕cm2 and 1.6 × 1016 neq∕cm2.

between the two fluences, which seems compatible with TCAD simula-
tions based on the ‘‘CERN’’ radiation damage model reported in [38], 
where minimal changes in charge collection efficiency are predicted 
between 1 × 1016 neq∕cm2 and 1.5 × 1016 neq∕cm2. An important caveat 
to this comparison is that the device irradiated to the higher fluence 
was exposed to 23MeV protons at KIT, while the lower-fluence irra-
diations were performed at CERN using 23GeV protons. As a result, 
the radiation damage conditions may differ between the devices due 
to the significantly higher TID received at KIT compared to CERN. 
This difference can affect the observed charge collection and should 
be considered when interpreting the results.

The hit detection efficiency after irradiation at normal incidence 
reaches more than 97% for all modules, as illustrated in Fig.  30. At 
a fluence of 1 × 1016 neq∕cm2, the efficiency plateau is reached from 
around 80–90V, while at 1.6 × 1016 neq∕cm2, about 100V are needed. 
This corresponds to an operational range of 30–50V in which the 
modules can be operated with excellent performance and low noise, 
meeting the CMS requirements shown in Table  1. To assess the impact 
of masked pixels on the efficiency, the acceptance with the definition 
given by Eq. (4) is used. The efficiency corrected for the acceptance 
is depicted in Figs.  30(b) and 30(c) for the low and high fluences, 
respectively, with the number of masked pixels as a function of bias 
voltage shown in Fig.  28.

The efficiency also depends on the threshold to which the modules 
are tuned. This was studied for modules irradiated to 1 × 1016 neq∕cm2 
and 1.6 × 1016 neq∕cm2, and the outcome is summarized in Fig.  31. 
For these measurements, no noise mask was applied and the beam 
was normally incident. The samples irradiated to 1 × 1016 neq∕cm2 and 
1.6 × 1016 neq∕cm2 were biased at 120V and 110V, respectively. An 
efficiency loss of around 2% is seen when doubling the threshold in 
the less irradiated samples. This reduction becomes more significant as 
the fluence increases, reaching a drop of around 16% in the sample 
irradiated at the higher fluence.

Measurements of the efficiency as a function of the rotation an-
gle, as defined in Section 6.3, were made. The samples irradiated to 
1 × 1016 neq∕cm2 were biased at 120V and no noise mask was applied. 
The FBK and CNM devices were tuned to thresholds of 1000 and 
1200 electrons, respectively. Fig.  32 illustrates the recovery of the 
inefficiency with angle, which is attributed to the effect of the columnar 
electrodes discussed earlier. The efficiency exceeds 99% from around 
8◦.

The efficiency cell maps for an FBK sensor irradiated to
1 × 1016 neq∕cm2 at three bias voltages (40V, 80V, 120V) are shown 
in Fig.  33 to illustrate the progress in the depletion of the sensor after 
irradiation. The change of the efficiency in the pixel cell with the bias 
voltage can also be observed through the profiles of these maps along 
15 
Fig. 29. (a) Cluster charge distribution measured for a module irradiated to 
1 × 1016 neq∕cm2 and biased at 130V, under normal incidence of a pion beam 
at 120GeV∕c. It is fitted to a Landau distribution with most probable value 
MPV and width 𝜎L, convoluted with a Gaussian distribution with width 𝜎G. 
The cluster charge is shown as a function of the bias voltage applied to 
modules irradiated to (b) 1 × 1016 neq∕cm2 and (c) 1.6 × 1016 neq∕cm2, under 
normal incidence of a pion beam at 120GeV∕c and an electron beam at 
5.2GeV∕c, respectively. The lower-fluence irradiation was performed at CERN 
using 23GeV protons, while the higher-fluence irradiation was conducted at 
KIT with 23MeV protons.
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Fig. 30. (a) Hit detection efficiency as a function of the bias voltage in 
modules irradiated to 1 × 1016 neq∕cm2. (b) Hit detection efficiency for the 
same devices on the approximate efficiency plateau, with and without the 
correction for the acceptance. (c) Hit detection efficiency with and without 
the acceptance correction as a function of the bias voltage in a module 
irradiated to 1.6 × 1016 neq∕cm2. The solid colors represent the efficiency while 
the lighter colors indicate the efficiency times the acceptance. The dashed line 
corresponds to the 97% efficiency requirement stated in Table  1.

the long pitch shown in Fig.  33(d). In addition, the profile coming from 
the same sensor biased at 120V and rotated by an angle of about 8◦ has 
been included for comparison to those at normal beam incidence and 
as an example of the columnar inefficiency recovery.

8.2.2. Cluster size
The dependence of the mean cluster size on the rotation angle and 

threshold was also studied for the irradiated CROC modules, given 
the importance of the cluster size for the spatial resolution. Fig.  34(a) 
16 
Fig. 31. Hit detection efficiency at normal incidence as a function of the 
average pixel threshold to which the modules irradiated at (a) 1 × 1016 neq∕cm2 
and (b) 1.6 × 1016 neq∕cm2 were tuned. These measurements were performed 
without a noise mask and at bias voltages of 120 and 110V, respectively.

Fig. 32. Hit detection efficiency for modules irradiated to 1 × 1016 neq∕cm2 as 
a function of their angle with respect to the beam. These measurements were 
performed at a bias voltage of 120V and without a noise mask.

presents the evolution of the average cluster size with increasing ro-
tation angle. This scan was performed with the modules irradiated to 
1 × 1016 neq∕cm2 and biased at 120V. In comparison to non-irradiated 
modules, the increase in cluster size with the angle is substantially 
lower. Nevertheless, the mean cluster size increases by roughly 25% 
when the module is rotated by about 14◦. Maps of the mean cluster size 



The Tracker Group of the CMS Collaboration Nuclear Inst. and Methods in Physics Research, A 1088 (2026) 171359 
Fig. 33. Hit detection efficiency cell map of an FBK sensor irradiated to 
1 × 1016 neq∕cm2 and biased at (a) 40V, (b) 80V and (c) 120V with normal 
beam incidence. Their corresponding efficiency profiles along the long pitch 
direction together with that of the module biased at 120V and rotated by 
roughly 8◦ are shown in (d).

for a pixel cell at four different angles are shown in Figs.  34(b)–34(e), 
for module CROC_FBK_3.

The importance of tuning the sensors to a threshold as low as 
possible is evident not only from the hit detection efficiency but also 
from the cluster size. Fig.  35 shows the average cluster size as a function 
of the average pixel threshold of modules irradiated to 1 × 1016 neq∕cm2 
and 1.6 × 1016 neq∕cm2. These measurements were performed at normal 
beam incidence, without noise mask and at bias voltages of 120 and 
110V, respectively. The cluster size decreases by around 20% at both 
fluences when doubling the threshold, since shared charge between 
neighboring pixels increasingly falls below the detection threshold.
17 
Fig. 34. (a) Average cluster size as a function of the rotation angle for several 
modules irradiated to 1 × 1016 neq∕cm2 and biased at 120V. Cluster size cell 
maps at an angle of around (b) 1◦, (c) 4◦, (d) 8◦ and (e) 14◦ from one of the 
FBK samples.

9. Conclusions

The tracker group of the CMS Collaboration has carried out an 
extensive R&D program aimed at qualifying 3D pixel sensors for de-
ployment in the innermost layer of the Inner Tracker, which will be 
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Fig. 35. Average cluster size as a function of the average pixel threshold to 
which the modules irradiated at (a) 1 × 1016 neq∕cm2 and (b) 1.6 × 1016 neq∕cm2 
have been tuned.

operated during the High-Luminosity LHC phase. Two manufacturers 
were involved in the program: Fondazione Bruno Kessler (FBK, Italy) 
and Centro Nacional de Microelectrónica (CNM, Spain).

Current technology enables the production of thin active pixel layers 
with a thickness of approximately 150 μm, supported on a low material 
budget substrate, resulting in a total sensor thickness of 250 μm. The 
final cell design features a pixel size of 25 × 100 μm2 and columnar 
electrodes with diameters approximately one-fifth of the short pixel 
pitch.

The final cell design features columnar electrodes with diameters 
approximately one-fifth of the short pixel pitch and a pixel size of 
25 × 100 μm2.

Sensors provided by the two foundries were bump-bonded to the 
RD53A (small-area prototype) and CROCv1 (full-size prototype) read-
out chips. The assemblies were subjected to beam tests both before and 
after irradiation with protons of different energies, up to fluences of 
2.6 × 1016 neq∕cm2.

Non-irradiated modules show excellent performance, reaching full 
depletion at bias voltages below 10V and spatial resolutions along the 
short pixel pitch as low as 2.5 μm. The loss in hit detection efficiency 
observed for normally incident particles is completely recovered by a 
small rotation of the device. Therefore, this effect is not a concern for 
the final detector, where particles will strike the sensors under a variety 
of incident angles. CNM sensors exhibit a slightly lower detection 
efficiency than FBK sensors at normal incidence, due to their larger 
column diameter.

Measurements of irradiated assemblies show a hit detection effi-
ciency greater than 96% at normal incidence after exposure to a fluence 
18 
of 1 × 1016 neq∕cm2, with fewer than 2% masked channels for applied 
bias voltages between 90V and 150V, well within specifications. CNM 
and FBK sensors show comparable performance at this irradiation level. 
The operation margin after irradiation to 1.6 × 1016 neq∕cm2 remains 
reasonably broad, spanning from 100V to 130V. The spatial resolution 
along the short pixel pitch of irradiated devices is measured to be as 
lows as 5–6 μm, an acceptable decrease compared to non-irradiated 
modules.

The manufacturing of the production wafers is currently ongoing 
at FBK, with the integration and checkout of the CMS Inner Tracker 
planned to start at the end of 2026.

The results presented in this paper are consistent with those re-
ported by the ATLAS Collaboration in [7] and prove the soundness 
of the choice of 3D pixel sensors for the innermost layer of the CMS 
Inner Tracker. Additional laboratory and test beam measurements are 
planned on 1 × 2 modules to confirm the excellent performance of 
single-chip assemblies and to assess their stability over long periods of 
operation.
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Appendix. DUT summary

Table A.1
Summary of the devices that have been tested on beam and whose results have been included in the paper. FBK sensors coupled with the RD53A readout chip 
come from two different productions: modules RD53A_FBK_1 and RD53A_FBK_2 from the ‘‘Stepper-1’’ production and modules RD53A_FBK_3, RD53A_FBK_4, 
RD53A_FBK_5 and RD53A_FBK_6 from the ‘‘Stepper-2’’ production. The pixel design of the two productions was the same except the length of the 𝑛+ columns, 
which was shortened by 15 μm in the Stepper-2 production.
 Module name Readout chip Sensor 

manufacturer
Pixel size 
[μm2]

Fluence 
[neq∕ cm2]

Irradiation 
facility

Test beam area  
 Non-irradiated Irradiated 
 RD53A_CNM_1 RD53A CNM 25 × 100 1.2 × 1016 ITA – FTBF  
 RD53A_FBK_1 RD53A FBK 25 × 100 – – DESY –  
 RD53A_FBK_2 RD53A FBK 25 × 100 1.5 × 1016 KIT – DESY  
 RD53A_FBK_3 RD53A FBK 25 × 100 1.4 × 1016 KIT – DESY  
 RD53A_FBK_4 RD53A FBK 25 × 100 1.8 × 1016 KIT – DESY  
 RD53A_FBK_5 RD53A FBK 25 × 100 2.1 × 1016 CERN PS – SPS  
 RD53A_FBK_6 RD53A FBK 25 × 100 2.6 × 1016 CERN PS – SPS  
 CROC_CNM_1 CROC CNM 50 × 50 – – SPS –  
 CROC_CNM_2 CROC CNM 25 × 100 1 × 1016 CERN PS SPS SPS  
 CROC_FBK_1 CROC FBK 25 × 100 – – SPS –  
 CROC_FBK_2 CROC FBK 25 × 100 1 × 1016 CERN PS SPS SPS  
 CROC_FBK_3 CROC FBK 25 × 100 1 × 1016 CERN PS SPS SPS  
 CROC_FBK_4 CROC FBK 25 × 100 1.6 × 1016 KIT – DESY  
19 
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