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Abstract: Pixel sensors in 3D technology equip the outer ends of the staves of the Insertable B Layer
(IBL), the innermost layer of the ATLAS Pixel Detector, which was installed before the start of LHC
Run 2 in 2015. 3D pixel sensors are expected to exhibit more tolerance to radiation damage and
are the technology of choice for the innermost layer in the ATLAS tracker upgrade for the HL-LHC
programme. While the LHC has delivered an integrated luminosity of ≃ 235 fb−1 since the start of
Run 2, the 3D sensors have received a non-ionising energy deposition corresponding to a fluence
of ≃ 8.5 × 1014 1 MeV neutron-equivalent cm−2 averaged over the sensor area. This paper presents
results of measurements of the 3D pixel sensors’ response during Run 2 and the first two years of
Run 3, with predictions of its evolution until the end of Run 3 in 2025. Data are compared with
radiation damage simulations, based on detailed maps of the electric field in the Si substrate, at various
fluence levels and bias voltage values. These results illustrate the potential of 3D technology for
pixel applications in high-radiation environments.
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1 Introduction

The use of silicon pixel detectors at the LHC experiments has promoted an unprecedented R&D effort
to develop sensors and read-out electronics able to deliver the precision tracking performance required
for their physics programmes while coping with the LHC beam time structure and withstanding the
high radiation fluence affecting the detectors in the region close to the beam pipe.

The 3D pixel design represents one of the most innovative developments that resulted from this
R&D effort [1]. These novel pixels adopt a sensor geometry in which column electrodes penetrate the
Si substrate instead of being implanted on the wafer surface, as in the more common planar design. The
depletion region grows radially around these columns as the applied bias voltage is increased, instead
of growing in depth from the collecting electrode towards the backplane. The design makes it possible
to implement a sensor geometry that is intrinsically more radiation tolerant than planar sensors, by
reducing the charge drift path from the point of energy deposition to the collecting electrode without
reducing the thickness of the active Si material traversed by the particle.

This results in lower bias-voltage operation and higher charge collection efficiency compared
to sensors of planar design, both before and after irradiation.

The Insertable B Layer (IBL) [2, 3], the innermost layer of the ATLAS Pixel Detector installed
in the ATLAS detector [4] before the start of LHC Run 2, is the first application of 3D pixels in a
particle collider experiment. Now that Run 3 is well underway, it is time to assess the performance
of the 3D pixel sensors, exposed to an estimated 1 MeV neutron-equivalent (n-eq) particle fluence
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approaching 1015 n-eq cm−2. This study determines their charge collection properties and compares
their performance with that of planar pixel sensors exposed to similar particle fluences. Since the 3D
pixel sensors installed in the IBL detector differ in structure between a design with “fully-through”
electrodes and one with “partially-through” electrodes, design-specific effects are investigated. A
comparison of their responses is of interest for guiding further 3D sensor development. The time
evolution of the 3D pixel response and a comparison with radiation damage simulation predictions
highlight the dependence of radiation damage effects on particle fluence.

Radiation damage effects can be modelled starting from maps of the predicted electric field
in the Si substrate to simulate the process of charge collection and signal generation. A radiation
damage model providing these functionalities has been implemented in the official ATLAS Monte
Carlo (MC) simulation software [5, 6] and it is used to predict the detector response as a function
of its operating parameters and the total particle fluence [7]. Simulation results are compared
with data to validate the radiation damage models and to obtain predictions for operation until
the end of Run 3.

This paper is organised as follows. The characteristics of the 3D pixels installed in the IBL are
presented in section 2 together with a brief description of detector operations. Section 3 discusses
the radiation exposure in Run 2 and the first two years of Run 3, and the modelling of the effects of
radiation damage on the sensors. Section 4 presents the 3D sensor performance and its evolution with
fluence in comparison with the MC predictions. Finally, section 5 gives our conclusions.

2 3D sensors in the ATLAS pixel detector

The IBL consists of 14 staves installed to form a cylinder around the LHC beam pipe at an average
radius of 33.5 mm. Each stave supports 20 pixel sensor modules together with electrical services
and cooling. Two distinct sensor technologies are used: slim-edge planar sensors and 3D sensors
(see figure 1) [2]. Planar sensors are ∼ 18 mm wide and ∼ 41 mm long, in the direction longitudinal
to the stave. The 3D sensors have the same width and half the length. The size differences are
due to manufacturing constraints related to the different processes used for sensor fabrication. All
sensors have the same pixel pitch of 50 μm in the transverse coordinate and 250 μm in the longitudinal
coordinate, and are read out by FE-I4 front-end (FE) chips [8]. The FE-I4 chip has the same overall
dimensions as the 3D sensor and its channels have the same pitch as the sensors. Thus, one FE
chip is bump-bonded to each 3D sensor and two FE chips are bump-bonded to each planar sensor.
Sensors on each stave are organised in module groups of either four single-chip 3D sensors or two
double-chip planar sensors.

Four pixel sensors in 3D technology are installed at the outer ends of the IBL staves. The
IBL 3D sensors cover the longitudinal region, along the beam axis, of 245 < |𝑧 | < 335 mm, in the
pseudorapidity range of 1.90 < |𝜂 | < 2.55.1 The ATLAS Pixel Detector operates at the centre of the
Inner Detector (ID), which also includes stereo pairs of silicon microstrip detector (SCT) layers and a
transition radiation tracker (TRT), inside a 2 T solenoidal magnetic field [4].

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the 𝑧-axis along the beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis
points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis.
The pseudorapidity, 𝜂, is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2).
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Figure 1. Schematics of the IBL with the placement of the 3D modules at the ends of the staves: (a) Stave layout
with the planar and 3D sensor modules. (b) Layout of the IBL with the 14 staves around the IBL positioning
tube and (c) a zoomed-in view of one stave side with a 3D module visible. Reproduced from [9]. © 2015 IOP
Publishing Ltd and Sissa Medialab srl. All rights reserved.

2.1 Design and technology

The 3D sensors installed in the IBL were manufactured to the same specifications but different
designs at two production facilities: CNM, Barcelona (Spain) and FBK, Trento (Italy). Schematic
cross-sections of the sensors are shown in figure 2.

Figure 2. Pixel layout and schematic cross-sections of IBL 3D sensors from FBK (left) with columns passing
fully through the substrate and CNM (right), where both column types stop about 20 μm from the surface. In
both cases the substrate thickness is 230 μm and the inter-electrode spacing is 67.3 μm. Reproduced from [10].
Published under licence by IOP Publishing Ltd. All rights reserved.

The sensors were produced with a double-sided process [10, 11] on float-zone, p-type, 100-mm-
diameter, ⟨100⟩-crystal-orientation, 230-μm-thick wafers. The bulk resistivity of the processed batch
ranged between 10 and 30 kΩ cm. Columnar electrodes, which are on average 12 μm wide, were
etched from opposite sides of the Si substrate using deep reactive-ion etching (DRIE) and dopant
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diffusion from the wafer surfaces. The n+ columns and p+ columns were etched from the front side
and back side respectively, without using additional support wafers for mechanical stability. Thanks
to this configuration, the bias voltage can be applied to all p+ electrodes directly from the back side
after conformal metal deposition, similarly to planar sensors.

The pixel configuration consists of two n-type readout electrodes connected at the wafer
surface along the 250 μm-long pixel direction, surrounded by six p-type electrodes, shared with the
neighbouring pixels. This configuration maximises the collected charge while ensuring a minimum
amount of detector capacitance and thus electronic noise. Typical values of the equivalent noise
charge (ENC) measured in units of number of electrons are 130 and 140 𝑒− for the CNM and FBK
sensors, respectively, operating at a bias voltage of 20 V [10].

While the overall functionality and structure of the IBL 3D sensors processed at the two facilities
are fully compatible, the designs of the FBK and CNM sensors are different. The CNM design features
“partially-through”, 210 μm-long, electrode columns, isolated on the n+ side with p-stop implants [12].
The edge isolation is obtained with a combination of an n+ grounded guard ring and fences set at the bias
voltage potential from the ohmic side. The inactive edge region is about 200 μm wide. The FBK design
has “fully-through” columnar electrodes, 230 μm deep, traversing the silicon bulk, isolated on both
wafer sides with the p-spray technique [13]. A 200 μm-long ohmic fence isolates the pixel area from the
edges in the long-pitch direction. Differences between the charge collection properties of FBK and CNM
sensors, due to the different column depths, were observed both before and after irradiation [10, 14].
Other differences between the two designs concern the isolation between n+ electrodes and the sensor
slim edge. The surface isolation between n+ electrodes is obtained by implanting a p-spray layer on both
wafer sides in FBK sensors, whereas p-stops are used on the front side only in CNM sensors. The slim
edge is based on a multiple-ohmic-column fence able to stop the lateral spread of the depletion region in
FBK sensors, while a 3D guard ring, surrounded by a double row of ohmic columns, is used to sink the
edge leakage current in CNM sensors. There are 60 CNM and 52 FBK 3D sensors mounted on the IBL.

The two designs share the same top metal layout to ensure identical bump-bonding connection to
the FE-I4 readout chip. Each of the FE-I4 80 × 336 pixels have a size of 250 × 50 μm2 and contain
two readout (n+) columns in the so-called 2E configuration, with an n+ and p+ columns’ inter-electrode
spacing of 67.3 μm (see figure 5). The inter-pixel cross-talk is typically below 3%.

2.2 Operation of IBL 3D sensors

IBL 3D sensors are operated with the same power and readout systems as the IBL planar sensors.
Sensors in the same module group share a common high-voltage (HV) channel and leakage current
measurement. The maximum bias voltage that can be provided by the power supplies is 500 V to 3D
sensors and 1000 V to planar sensors, at a maximum current of 10 mA or 8 mA respectively [2].

The temperature is monitored by negative temperature coefficient (NTC) thermistors mounted
on the module flex hybrid that routes signal and power lines between the stave flex hybrid board and
the FE-I4 chips [2]. The granularity of the temperature monitoring is the same as for the HV channels.
The cooling is provided by a CO2 two-phase system, with the coolant being circulated in titanium pipes
embedded in the stave structure [2]. The cooling was set to −10 ◦C at the start of operation in 2015, and
increased to 15 ◦C and 5 ◦C in 2016 to reduce the effect of the total ionising dose (TID) on the FE-I4,
which increases the leakage current of the transistors and therefore the power consumption of the
chip [15]. After that period, cold operation was resumed with a cooling set point of −20 ◦C for most of
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Table 1. Summary of IBL temperatures (set point and module flex hybrid NTC readout) during Run 2 and
Run 3. The temperature set point was changed from 15 ◦C to 5 ◦C in June 2016, after the peak of the TID effect.
It was eventually lowered to −20 ◦C in 2017, when the TID effect became negligible.

Temperatures Run 2 Run 3

2015 2016 2017 2018 2022 2023

Cooling set point −10 ◦C 15 ◦C; 5 ◦C −20 ◦C −20 ◦C −20 ◦C −20 ◦C

Average module NTC readout −3 ◦C 19 ◦C; 10 ◦C −13 ◦C −13 ◦C −13 ◦C −13 ◦C

the integrated luminosity collected during Run 2 and Run 3, corresponding to temperatures of≃ −13 ◦C
measured on the modules’ flex hybrids during 𝑝𝑝 collision operation. The IBL thermal history is
summarised in table 1. The bias voltage applied to the 3D sensors was increased progressively with
time: from 20 V in 2015 to 40 V in 2017 in Run 2, and to 60 V in 2022 at the start of Run 3, to ensure
that the sensors were operated above the depletion voltage. Regular I-V scans were performed during
periods without beam to monitor the evolution of breakdown voltages with accumulated radiation. At
the end of 2023, most of the sensors show a breakdown voltage higher than 80 V. Only four HV channels
show an early breakdown, while three exhibit an anomalous drifting current during 𝑝𝑝 collisions. As a
result, 7 channels out of 28 had to be operated at bias voltages lower than the nominal operating value.

Leakage current measurements for 3D sensors show the expected linear increase with accumulated
radiation damage. This increase is proportional to the fluence received and the depleted volume.
Figure 3(a) shows the leakage current measured separately for the 3D detectors of FBK and CNM
design, over the Run 2 and Run 3 periods, with the expected drops during the non-irradiation
annealing periods (technical stops, winter shutdowns, and Long Shutdown 2, LS2, which is visible
at ∼ 160 fb−1 of integrated luminosity).

The differently designed 3D sensors exhibit different responses to high irradiation and instantaneous
luminosity. FBK sensors have higher rate of leakage current increase with fluence than CNM sensors,
but they also show a stronger annealing effect, making the ratio of their leakage current to that of
CNM sensors decrease significantly during the non-irradiation annealing periods and raise at the
restart of the LHC collision periods.

Changes in bias voltage and temperature strongly affect the evolution of the detector leakage
currents. This can be observed in the trend of the ratio of leakage currents for 3D (24 < |𝑧 | < 32 cm)
and planar (|𝑧 | < 8 cm, 8 < |𝑧 | < 16 cm, and 16 < |𝑧 | < 24 cm) sensor module groups shown in
figure 3(b). These measurements span the whole of Run 2 and the first two years of Run 3. Data from
all HV channels were normalised to 0 ◦C, following the procedure discussed in ref. [16], before being
averaged over the module groups with the same |𝑧 | coordinate. Steps in the ratio are visible every time
the bias voltages were adjusted in the 3D or planar sensors (typically during the winter shutdowns).
However, a linear increase in the ratio of 3D sensor leakage current to planar sensor leakage current was
observed during 2016 for fixed values of the bias voltages, at integrated luminosity values in the range
from 10 to 35 fb−1. This can be explained by planar sensors not being fully depleted when operating
at 80 V in 2016. The bias voltage applied to the IBL planar sensors was therefore increased to 150 V
in September 2016 (after 35 fb−1), for the second part of the 2016 data-taking period, and to 350 V at
the start of the 2017 data taking (after 45 fb−1). During the long irradiation periods, when the voltages
are kept constant, the ratio of the 3D to planar sensor leakage currents shows smooth behaviour.
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Figure 3. (a) Measured leakage currents (normalised to 0 ◦C) for IBL sensors in module groups populated with
3D sensors of CNM and FBK design during Run 2 and Run 3 and their ratio. (b) Ratios of measured leakage
currents (normalised to 0 ◦C) for IBL 3D sensors (24 < |𝑧 | < 32 cm) to those for planar sensors in three regions
along 𝑧 during Run 2 and Run 3. Sudden variations observed in the ratio correspond to changes in the operating
bias voltage. HV channels with sensors at bias voltages lower than the nominal value were excluded from the
measurements. The different levels of leakage current observed for the planar sensors reflect the different levels
of irradiation fluence along the IBL staves.

3 3D sensors, fluence and radiation damage simulation

3.1 3D pixel radiation damage

The signal amplitude produced by a minimum-ionising particle in a silicon sensor is due to the currents
induced in the electrodes by electrons drifting towards them and holes moving away, following the
theorem proposed by Shockley [17] and Ramo [18]. After irradiation, the concentration of stable
defects in the Si bulk contributes to a linear increase of leakage current, an increase of space charge,
and an increase of the trapping probability for both electrons and holes. While the leakage current
and the incremented space charge can be controlled by cooling or by increasing the bias voltage
respectively, charge trapping, which is usually predominant after heavy irradiation, is more difficult to
control. The interplay between the signal generated by the drifting carriers and its reduction after
irradiation, due to the presence of trapping sites, is modelled by applying the Shockley-Ramo theorem.
A strong electric field reduces the time taken by the charge carriers to reach the collecting electrode,
making it shorter than the average trapping time.

Pixels in 3D technology are known to be more tolerant to bulk radiation damage because the drift
path and collection time for charge carriers is shorter. Simulation indicated that the average charge-
collection time for electrons in sensors exposed to 1015 n-eq cm−2 is 0.56 ns for the IBL 3D sensors and
0.90 ns for IBL planar sensors, at typical operating bias voltages. The radiation tolerance was shown
to depend on the column inter-electrode spacing (IES), with smaller IES values corresponding to a
smaller loss of charge collection efficiency after irradiation [19]. This is particularly true for sensor
performance after high radiation exposure. A review of radiation tolerance of 3D pixel sensors and its
dependence on their exact geometry can be found in ref. [20]. However, most of the studies conducted
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so far on these sensors have focused on relatively large fluences, those expected at the IBL detector’s
end-of-life with the completion of Run 3 and above. This study analyses the evolution of the sensor
response, measured in collision data and predicted by simulation, since the start of operation in 2015.

3.2 Radiation levels for the IBL 3D sensors

An estimate of the particle fluence affecting the IBL detectors is an essential input for simulating
the radiation damage conditions and the sensor response corresponding to a given period of LHC
data taking. In the present analysis, this is achieved by studying the sensor leakage current during
Run 2 to derive the rates of particle fluence per unit of delivered integrated luminosity as a function
of the radial position of the sensor relative to the beam axis and the longitudinal (𝑧) position of
energy deposition on its surface [16]. Given the position of the IBL 3D sensors at the ends of the
stave, the fluence profile along the longitudinal coordinate is particularly important. The leakage
current analysis has shown the fluence’s longitudinal profile to be less uniform than the FLUKA [21]
and Geant4 [22] simulation predictions [16]. In fact, the fluence delivered to the IBL 3D sensors
is measured to be ∼ 30% lower than that registered on the central modules equipped with planar
sensors. The conversion factor between delivered integrated luminosity and the fluence on 3D sensors
is obtained by averaging values obtained as a function of the 𝑧 position weighted by the 𝑧 distribution
of measured particle-track impacts on the IBL surface in the data samples used for the analysis. This
conversion factor is (3.6 ± 0.4) × 1012 n-eq cm−2/fb−1, where the quoted uncertainty accounts for
systematic uncertainties from the leakage current analysis discussed in ref. [16].

During Run 2, the 3D sensors received an estimated average fluence of 5.8 × 1014 n-eq cm−2,
with an additional contribution of 2.6 × 1014 n-eq cm−2 in the first two years of Run 3 LHC operations.
The total fluence is expected to approach 1.5 × 1015 n-eq cm−2 by the end of Run 3 in 2025.

3.3 Radiation damage simulation

The ATLAS Collaboration has developed a detailed simulation of radiation damage effects in the
pixel sensors [7]. Signals induced on the read-out electrodes are obtained from a detailed simulation
of the drift of charge carriers produced by ionising particles, taking into account radiation damage
effects. The carriers’ speed is calculated using the product of their mobility [23] and the estimated
electric field in the Si bulk. This is simulated using TCAD3 tools. Effective defects are used in the
simulation to reproduce the effects of radiation damage.

The Chiochia radiation damage model [24] is used to simulate the electric field profile in planar
sensors after irradiation. This profile is used to calculate the average charge deflection due to the Lorentz
force in the ATLAS solenoidal magnetic field. The combined effect of the electric and magnetic fields
is used to estimate the time for a carrier to reach the respective collecting electrode. If the expected
collection time is larger than an exponentially distributed trapping time with average value equal to
𝜏 = 1/(𝛽Φ), where 𝛽 is the trapping constant and Φ the fluence, then the carrier is considered trapped
and its induced signal is calculated using a precomputed weighting potential [18] map of the sensor.

An extensive validation of the radiation damage digitiser was performed, where the predictions
for IBL planar sensors are compared with collision data. Three examples of these comparisons are
shown in figure 4 and in figure 8 (in section 4.2), where the measured cluster charge in IBL planar
sensors, the charge collection efficiency (CCE) as a function of the depth of charge generation (see

3Technology Computer Aided Design
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Figure 4. (a) Distribution of cluster charges in IBL planar sensors from data taken in 2022, after an estimated
average fluence of about 8.7×1014 n-eq cm−2, at a bias voltage of 450 V (points with error bars). The predictions
from simulated events with (without) radiation damage effects are shown by the continuous (dashed) histograms.
(b) Charge collection efficiency as a function of the estimated depth of charge generation for IBL planar sensors
in 13 TeV collision data, at the start of Run 2 in 2015 (2 fb−1 of integrated luminosity) shown by the open points
and at the end of Run 2 in 2018 (156 fb−1 of integrated luminosity) shown by the filled points, and radiation
damage simulation for matching fluence conditions. The efficiency is computed by comparing the fraction
of the cluster charge deposited on the pixels ordered from the extrapolated point of track entrance in the Si
substrate to that of track exit in the longitudinal projection. The drops observed at the two ends of the depth
range are due to resolution effects. To optimise the resolution, only tracks with 𝑝T > 3 GeV and at least three
pixels in the longitudinal projection are considered.

section 4.2.2 for more details) and the evolution of the charge collection efficiency with integrated
luminosity are shown in comparison with the simulation predictions.

The simulation predictions agree with the measurements using collision data over almost two
orders of magnitude of radiation fluence. The pixel radiation damage simulation is currently used
in the production of ATLAS MC samples for physics analyses and it is used to predict the expected
CCE as a function of integrated luminosity, to optimise operation conditions, and to calibrate the
reconstruction tools.

3.4 Simulation of radiation damage effects in IBL 3D sensors

Radiation damage effects in the Si bulk of 3D pixel sensors are simulated using a procedure similar to
that used for the planar sensors and discussed above. Since the p-type material, used in 3D sensors,
does not undergo type inversion due to irradiation, unlike the n-type material used in planar sensors,
a different TCAD radiation damage model is needed. The LHCb radiation damage model [25] is
used. In contrast to planar sensors, the field in 3D sensors of FBK design is nearly independent of
the depth and depends strongly on the position on the sensor surface. The n+ and p+ columns are
characterised by a negligible field magnitude and they are modelled as completely inefficient volumes.
The computation of the Ramo potential for 3D sensors is also more complex than that for planar
sensors because the calculation requires a relatively large simulation area. As in the case of planar
sensors, only the immediate neighbours are included in the calculation. An example of the electric
field simulated for an unirradiated 3D pixel and an irradiated 3D pixel is shown in figure 5.
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n+

n+

Figure 5. Simulated strength of the electric field as a function of transverse (local X) and longitudinal (local
Y) positions in an ATLAS IBL 3D sensor before irradiation with a bias voltage of 20 V (top panel) and for a
fluence of 5 × 1014 n-eq cm−2 with a bias voltage of 60 V (bottom panel).

The time taken by charge carriers to reach their collection implant from the ionisation point is
computed from these field maps. Compared to planar sensors, electrons and holes follow non-trivial
trajectories in 3D devices, due to the more complex shape of the electric field. However, a simplification
is afforded in the simulation, since the electric field lines run nearly parallel to the solenoidal magnetic
field and the Lorentz angle is negligibly small.

Figure 6. Electric field and normalised induced charge in one-half of a 3D sensor for a simulated bias voltage of
−20 V. The initial electrons are ionised in the top right corner of the plot, indicated by a star. Under the influence
of the electric field, they drift toward the n+ electrode in the centre. During this drift, the electrons may get trapped.
The markers indicate the location of trapped charges and the marker colour shows the corresponding fraction of
the deposited charge induced on the read-out electrode. The process is repeated multiple times, accounting for
diffusion effects. Reproduced from [7]. © 2019 CERN for the benefit of the ATLAS collaboration. CC BY 3.0.

The combined effect of the electric field, charge trapping, and Ramo potential is illustrated in
figure 6 from ref. [7], where the signal induced by electrons drifting towards the n+ electrode is
shown in terms of the normalised induced charge, defined as the fraction of the deposited charge
that is induced on the read-out electrode. The simulation is repeated multiple times by taking the
same initial position of the electrons to show the effect of trapping on the induced signal. The
closer to the collecting electrode the final carrier position is, the larger the induced signal. From
this figure it is also possible to appreciate the complex path that the collected electrons follow, as
a result of the shape of the electric field.
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CNM sensors have columns that do not fully traverse the Si bulk, and the electric field and Ramo
potential are not invariant with translation in Si sensor depth. This feature is currently not implemented
in the radiation damage simulation model. Therefore, the comparisons of simulation predictions with
collision data are performed for FBK sensors with fully traversing columnar electrodes.

4 3D sensor performance and radiation damage effects

4.1 Datasets and analysis procedure

The study of the IBL 3D sensor performance is based on four datasets: the
√
𝑠 = 13 TeV 𝑝𝑝 collision

data collected during Run 2 from 2015 to 2018, the cosmic-ray data collected in milestone runs during
the LHC LS2 from 2019 to 2022, and the

√
𝑠 = 900 GeV and 13.6 TeV 𝑝𝑝 collision data collected

during Run 3 operations in 2022 and 2023. These data offer the opportunity to investigate the 3D
sensor response under different conditions and an increasing amount of delivered fluence. Since
the 3D sensors cover a limited acceptance region at large |𝜂 | values, their study in collision data is
affected by the smaller event sample available and the small incidence angles of tracks traversing
their active volume. This makes cosmic-ray and 900 GeV data, characterised by larger rates of tracks
traversing the 3D sensors at larger incidence angles, valuable additions for this study. Due to the
uniform illumination of the IBL detector by cosmic-ray muons, approximately 22% of IBL hits
associated with a selected track are registered on a 3D sensor. Collisions at 900 GeV also yielded a
significant fraction of tracks traversing the 3D pixels, 1.5%, due to the long beam-collision region
in 𝑧. These fractions should be compared with the 0.7% of selected particle tracks with an IBL hit
in the 3D sensors in high-energy collision events.

The software infrastructure developed for the reconstruction process of real detector data and MC
simulation are presented in ref. [6]. In the reconstruction, pixel clusters are built from adjacent pixels
reporting in-time charge above a preset analogue threshold. This threshold was set at 2.5 k𝑒− and then
2.0 k𝑒− during Run 2 and at 1.5 k𝑒− during LS2 and in Run 3 operations. In this study, only pixel
clusters reconstructed in the 3D modules operating at the nominal bias voltage and associated with a
reconstructed charged-particle track (“hits on track”) are considered. Reconstructed charged-particle
tracks are accepted if they fullfil a set of quality criteria whose definition depends on the dataset under
analysis. Since the cluster charge depends on the particle’s track length in the active Si bulk, the charge
is rescaled by cos𝛼, where 𝛼 is the particle’s angle of incidence on the sensor surface.

Particle tracks from collision events are selected by requiring transverse momentum, 𝑝T, in excess
of 0.7 GeV, at least two hits in the Pixel layers, with at least one in the IBL, and a total of at least
seven hits in the Pixel layers and the Si strip layers in the SCT. In addition, pixel clusters shared or
split between two or more tracks are not considered for this study.

Samples of 𝑍 + jets, 𝑍 → 𝜇𝜇 and dĳet QCD events simulated at 13 and 13.6 TeV were generated
with Pythia 8 [26] and reconstructed after applying the ATLAS detector simulation. This simulation
included the pixel radiation damage digitiser, discussed in section 3, for the signal formation.
Reconstructed charged-particle tracks in simulation are selected using the same criteria as used for data.
In addition, simulated particle tracks are reweighted to reproduce the distribution of the incidence
angle 𝛼 on the IBL 3D sensor surface measured in data.

Cosmic-ray muons provide a large sample of high-momentum particle tracks and have played
an important role in the commissioning of the detector [27]. More recently, they were important for
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understanding the detector performance during shutdown periods. During cosmic-ray data-taking
periods of LS2, from 2020 to 2022, regularly performed bias-voltage scans of the pixel detectors
extended the voltage range for 3D pixels to values higher than those used when collecting 13 TeV
collision data. Muon tracks are reconstructed as follows. First, particle tracks are reconstructed starting
with the hits in the Pixel and SCT detectors. These silicon-only tracks are then extrapolated to the
Transition Radiation Tracker (TRT) and re-fitted using all associated space-points. A special pattern-
recognition algorithm is used to reconstruct cosmic-ray muons as single tracks on both sides of the
central beam-axis region with no cut placed on the track’s transverse impact parameter, 𝑑0. Only events
with one track reconstructed in the ATLAS Inner Detector are selected. Cosmic-ray muon tracks are then
split into two halves by fitting two new tracks, each containing only the hits on one side of the beam axis
(“split tracks”). Split muon tracks are required to have at least two hits in the Pixel layers, with at least one
in the IBL, and a total of at least five hits in the Pixel and SCT layers. Split tracks are advantageous for
performance studies since they have a hit content comparable to that of tracks from 𝑝𝑝 collision events.

In the following, the integrated luminosity values refer to the integrated luminosity delivered
by the LHC since the time of IBL installation. As discussed in the previous section, this integrated
luminosity can be converted to the neutron-equivalent fluence on the 3D sensors.

4.2 Charge collection and pixel multiplicity in clusters

The charge distribution for clusters in IBL 3D sensors associated with reconstructed particle tracks is
shown in figure 7 for tracks in collision data recorded at 13 TeV in 2015 and 2018, and at 13.6 TeV in
2023, compared with predictions from radiation damage simulations for the corresponding values of
particle fluence and also with the prediction in the absence of radiation damage effects. The shape
of the collected charge distribution depends on several factors, such as threshold dispersion, particle
incidence angles, particle-species composition and charge calibration, that may differ between data
and MC simulation but are not linked to radiation damage effects. The overall modelling of the data
after radiation damage, and the decrease in charge collection efficiency, is quite good.

The most probable value (MPV) of the charge collected in the clusters is a measure of the amount
of collected charge and its agreement between data and radiation damage simulation validates MC
predictions of charge collection efficiency with increasing fluence. The MPV is extracted from the
cluster charge distributions by performing a fit with a Landau function, representing the collected
signal charge distribution, folded with a Gaussian function centred on zero and of variable width,
representing the charge resolution effects. These effects are due to thresholds, charge calibration
and electronic noise. The fit has four free parameters: the Landau peak position and width, the
Gaussian noise width and a normalisation term. The fitted Landau peak position is the estimator
of the collected signal charge MPV.

These values are used to measure the charge collection efficiency, defined as the ratio of the
MPV of the charge collected at a given point in time to that measured for undamaged sensors at the
start of Run 2, when the MPV for FBK sensors was measured to be (14.59 ± 0.06) k𝑒− in data and
(14.71 ± 0.12) k𝑒− in simulation (see figure 7(a)). Its evolution with the integrated luminosity and
fluence was studied in data and simulation. The same analysis was repeated by selecting the IBL mod-
ules equipped with planar sensors installed closest to the 3D modules, covering the longitudinal region,
along the beam axis, of 205 < |𝑧 | < 245 mm. These modules receive an estimated track-averaged
fluence of (4.1 ± 0.4) × 1012 n-eq cm−2/fb−1, close to the value of (3.6 ± 0.4) × 1012 n-eq cm−2/fb−1
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Figure 7. Cluster charge corrected for particle path length in the Si for 3D FBK sensors in 𝑝𝑝 collision events.
Points with error bars represent data recorded after (a) 1.8 fb−1 of integrated luminosity with 20 V bias voltage
in 2015, (b) 156.5 fb−1 with 40 V in 2018 and (c) 203 fb−1 with 60 V in 2023, compared with the predictions of
ATLAS radiation damage simulation for fluences of (a) 0 n-eq cm−2, (b) 0 and 5.1 × 1014 n-eq cm−2, and (c) 0
and 7.5 × 1014 n-eq cm−2, shown by the histograms.

estimated for the 3D sensors, making the performance comparison between the two technologies less
dependent on the assumed longitudinal fluence profile. The results are summarised in figure 8. The
uncertainty band shown for the simulation’s prediction includes the effects of parametric uncertainties
due to the trapping constant, the conversion of integrated luminosity to fluence, and the estimate
of the electric field in the Si bulk. The measured evolution and predicted evolution of the charge
collection efficiency with integrated luminosity and fluence for 3D and planar sensors are in good
overall agreement for fluences spanning two orders of magnitude.
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Figure 8. Charge collection efficiency as a function of the delivered integrated luminosity and average particle
fluence for (a) IBL 3D sensors of FBK design and (b) IBL planar sensors, installed next to the 3D sensors
at 205< |𝑧 | < 245 mm, for data and ATLAS radiation damage simulation from the beginning of Run 2. The
points represent the data and the bands show the simulation’s predictions with their uncertainties. The fluence is
extracted from leakage current data and averaged over the longitudinal position along the detector modules
using the same distribution of longitudinal positions of impact as the particle tracks used in the analysis. Sudden
increases in charge collection efficiency at the beginning of each year are due to changes in the operational
parameters (bias voltage and thresholds). Predictions for the evolution in 2024 and 2025 are also given.
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Figure 9. Number of pixels in the (a) transverse (local X) and (b) longitudinal (local Y) projection for IBL
3D sensors with clusters associated with reconstructed particle tracks. Points with error bars represent data in
13 TeV collision events collected in 2018 after 156.5 fb−1 of integrated luminosity and are compared with the
predictions of ATLAS radiation damage simulation for fluences of 0 (dashed line) and 5.1 × 1014 n-eq cm−2

(continuous line). The larger pixel multiplicity in the longitudinal projection is dominated by the affect of the
shallow angle of incidence of particle tracks in the IBL module region equipped with 3D sensors.

These results are of special interest since the 3D response at fluences in the 1014 n-eq cm−2 range,
relevant to the study of Run 2 and early Run 3 data, was not studied with irradiation and beam-test
campaigns on FE-I4 assemblies in the R&D phase. Instead, results for these fluences are available for
sensors fabricated for use in the CMS experiment. One of the geometrical configurations with two
electrodes per pixel, in the so-called “2E layout”, has an inter-electrode distance of 62.5 μm, similar
to that of the ATLAS IBL configuration (67.3 μm), and can be used for a valid comparison with the
ATLAS IBL Run 2 data. These sensors were irradiated up to a fluence of 7 × 1014 n-eq cm−2. At this
fluence the charge collection efficiency was observed to drop to ≃ 80% of its pre-irradiation value at
a bias voltage of ∼ 35 V [28–30]. These results are close to the CCE values measured for the IBL
3D pixels at the end of Run 2 and those predicted by radiation damage simulation.

The study of charge collection efficiency using collision data and radiation damage simulation
provides a direct comparison of how this efficiency evolves with fluence on pixels in 3D and planar
technologies. The IBL 3D pixels show better response in terms of charge collection efficiency for the
same fluence, with CCE ratios to planar sensors of 1.13 ± 0.03 and 1.15 ± 0.03 for pixels of FBK
and CNM design, respectively, at 8.3 × 1014 n-eq cm−2. The uncertainties in these measurements
include the contribution from the systematic uncertainty in the integrated luminosity-to-fluence
conversion factors. For comparison, the radiation damage simulation predicts a ratio of 1.10 ± 0.03 at
8.3×1014 n-eq cm−2. This is predicted to increase to 1.27±0.06 at the fluence of 1.5×1015 n-eq cm−2

expected on the IBL 3D sensors at the end of Run 3, where the quoted value assumes the 3D pixels
operate at 80 V in 2025 and its uncertainty includes the effect of a ±10 V bias voltage change.

The 3D sensors are expected to have less charge spread than planar pixel sensors, due to the
specific electric field distribution in the bulk. The distributions of the number of pixels in the cluster
in the transverse and longitudinal projections for data and simulation are shown in figure 9. The
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Figure 10. Charge sharing in 3D clusters for 3D FBK sensors in 13 TeV collision events collected after 156 fb−1 of
integrated luminosity: (a) fraction of the total cluster charge carried by the pixel with the highest charge (“seed pixel”)
and (b) average cumulative fraction of the cluster charge as a function of the number of contributing pixels, sorted
in order of decreasing pixel charge. Points represent data and the histogram shows the radiation damage simulation.

charge distribution in clusters is studied using two related observables. The first is the fraction of
the total cluster charge carried by the leading pixel in the cluster. The distribution of this fraction
for selected 3D pixel clusters in collision events is compared for data and simulation in figure 10(a).
The second observable sensitive to the charge spread in clusters is the average cumulative fraction of
the cluster charge as a function of the number of contributing pixels, sorted in order of decreasing
pixel charge. This distribution is sensitive to charge sharing to pixels beyond the leading one, and
represents the average charge spread over the full cluster (figure 10(b)).

4.2.1 Charge collection vs. bias voltage

The depletion voltage for unirradiated IBL 3D sensors is expected to be in the range ≃ 5–10 V. In 2015,
at the beginning of Run 2, they were overdepleted with a bias voltage of 20 V. As the Si bulk suffered
radiation-induced damage, the depletion voltage increased with the radiation fluence. Changes in the
charge collected in the reconstructed clusters with applied bias voltage were studied during Run 2, LS2
and Run 3. Collision events were collected at various bias voltages during voltage scans performed in
Run 2 at the beginning of the 2016 run, with only 5 fb−1 of integrated luminosity, and at the end of the
2016, 2017 and 2018 LHC 𝑝𝑝 collision periods, corresponding to 45, 93 and 155 fb−1 of integrated
luminosity, and also in Run 3 at the end of 2022 and 2023, corresponding to 194 and 228 fb−1 of
integrated luminosity, respectively. During these voltage scans the pixel bias voltage, 𝑉 , was varied in
ranges from 5 V to 90 V. The evolution of the MPV of the cluster charge for 3D clusters on tracks
as a function of the bias voltage in the Run 2 datasets is shown in figure 11.

The value of the “depletion voltage” is extracted from these data as follows. For an undepleted
detector the collected charge increases∝

√
𝑉 , with the thickness of the depletion region. An undamaged

detector sees the collected charge increase until the Si bulk is fully depleted, corresponding to the
depletion voltage value, at which point the charge saturates and becomes independent of the applied
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Figure 11. Most probable value (MPV) of the pixel cluster’s charge, corrected for particle path length in the Si,
for IBL 3D sensors with clusters associated with reconstructed particle tracks as a function of the applied detector
bias voltage (HV). Points represent data recorded during HV scans during Run 2, after delivered integrated
luminosities ranging from 5 fb−1, in early 2016, to 155 fb−1, towards the end of 2018, corresponding to average
particle fluences of (0.2−5) × 1014 n-eq cm−2 on the sensors. The “depletion voltage” is defined by the HV
value where the MPV values transition from square root (continuous lines) to linear (dashed lines) behaviour.

bias voltage. This saturation is observed in figure 11 for the data from the HV scan performed after
just 5 fb−1 of integrated luminosity. If a detector has significant radiation damage, the definition of
depletion voltage requires some attention. In fact, in a damaged Si detector, the amount of collected
charge continues to increase, roughly ∝ 𝑉 , above the point of full Si depletion due to the reduction
of the charge trapping effect with the increasing charge carrier velocity. In the present study, the
depletion voltage is defined as the bias voltage at which the transition between the ∝

√
𝑉 and ∝ 𝑉

regimes is observed. This is obtained by performing an iterative 𝜒2 fit of a linear 𝑎 + 𝑏𝑉 function and
a 𝑐 + 𝑑

√
𝑉 function, fitting the points from the upper and lower ends of the scan range, respectively,

and repartitioning the points until the configuration of minimum 𝜒2 is found. The continuous and
dashed lines in figure 11 represent the fitted functions modelling the increase in charge collection
efficiency in the regimes below and above the depletion point, respectively. The bias voltage value
corresponding to the point of intersection of the two functions is taken as the estimate of the detector’s
depletion voltage. With increasing fluence, the depletion voltage can be seen to increase, together with
a progressive increase of the slope of the linear charge rise with voltage above full depletion.

The charge response vs. bias voltage was studied separately for 3D sensors of FBK and CNM
design. Results are shown in figure 12. The different slopes observed for the MPV charge increase
vs. HV for FBK and CNM sensors can be ascribed to the different column depths, and was already
observed before and after irradiation in the R&D phase [14, 31]. Due to the “fully-through” columns
illustrated in figure 2(left), the depleted volume in FBK sensors spreads more rapidly with the applied
voltage, so that the increase in the collected charge is initially steeper, whereas the slope of the curve
becomes consistently smaller in the regime above depletion. In contrast, in CNM sensors, the silicon
regions between the column tips and the opposite surfaces require a higher voltage to become efficient,
making the initial increase of the collected charge less steep, and also increasing the slope above the
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Figure 12. Most probable value (MPV) of the pixel cluster’s charge, corrected for particle path length in the Si,
for IBL 3D sensors of (a) CNM and (b) FBK design for clusters associated with reconstructed particle tracks as a
function of the applied detector bias voltage (HV). Points represent data recorded during HV scans from early 2017
to the end of 2023, after delivered integrated luminosities ranging from 93 to 228 fb−1, corresponding to values of
the average particle fluence on the sensors of (3.3−−8)×1014 n-eq cm−2. The “depletion voltage” is defined by the
HV value where the MPV values transition from square root (continuous lines) to linear (dashed lines) behaviour.

depletion point. The analysis of the HV scans shows a moderate increase of the depletion voltage from
2016 to the end of 2023. The fitted values of the depletion voltage are shown as a function of the
integrated luminosity and particle fluence in figure 13 and compared with simulation predictions.
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Figure 13. Fitted “depletion voltage” values for 3D FBK and CNM sensors as a function of delivered integrated
luminosity and particle fluence in data, compared with simulation predictions. Data points for FBK and CNM
are slightly displaced along the fluence axis for readability.
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4.2.2 Charge collection vs. depth of charge generation

An important difference between 3D and planar pixel sensors arises from the effect of radiation damage
on the charge collection efficiency as a function of the depth of charge generation in the Si bulk. This
efficiency is expected to remain constant with depth in 3D sensors after irradiation, due to the specific
layout of the pixel electrodes. In planar sensors, however, charge trapping due to Si bulk radiation
damage significantly reduces the charge collection efficiency as the depth of charge generation increases.
This effect, which is the main source of CCE loss in planar sensors, was measured for planar and 3D
sensors using particle tracks from collision data and inclined muon tracks from the cosmic-ray data.

The measurement method is based on the correlation between the depth of charge generation
and the position of each individual pixel in the cluster for tracks traversing the sensitive Si thickness
at shallow incidence angles. By comparing the fraction of the total cluster charge collected on
each pixel with the fraction of the total track length in the Si under each pixel, it is possible to
determine the charge collection efficiency as a function of depth. For this method to be reliable,
two conditions must be fulfilled. First, the distance between the points of track entrance and exit
must be large compared to the pixel pitch, so that the charge is deposited uniformly below several
adjacent pixels. Second, the extrapolated track’s position on the detector surface must have a resolution
that is small compared to the pixel pitch.

In collision data, these conditions cannot be fulfilled easily for the 3D sensors, since at small
incidence angle (in the polar angle 𝜃) the extrapolation resolution deteriorates due to multiple scattering
and the detector spacing. Instead, cosmic rays provide a sample of high-momentum muons at shallow
incidence in the azimuthal angle 𝜙, where the pixel pitch is smaller. This configuration is well suited
for the study of charge collection vs. depth. In addition to the selection criteria mentioned above, this
study requires that 3D pixel clusters have more than two pixels along the fine pitch (𝑟−𝜙) projection
and a single pixel along the long pitch (𝑧) projection.

Results are presented in figure 14, where the average ratio of the measured fraction of the total
cluster charge registered on a given pixel to the expected fraction is shown as a function of the average
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Figure 14. Charge collection efficiency as a function of the estimated depth of charge generation after an
accumulated dose equivalent to ∼ 160 fb−1 in cosmic-ray muon-track data in IBL 3D (a) CNM and (b) FBK
sensors. The efficiency is computed by comparing the fraction of the cluster charge deposited on the pixels
ordered from the extrapolated point of track entrance in the Si substrate to that of exit in the transverse projection.
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depth of passage of the particle tracks below that pixel. As expected, these distributions are flat within
statistical uncertainties, confirming that the charge collection efficiency in 3D sensors is independent
of the depth at which the charge is created even after Si bulk radiation damage. For comparison, the
results of the same measurement performed with IBL planar sensors using the long pitch projection and
13 TeV collision data, shown in figure 4(b) for data and radiation damage simulation, show a significant
decrease of the charge collection efficiency with the depth of charge generation for irradiated sensors.

4.3 Spatial resolution

The spatial resolution of reconstructed hits on 3D pixel sensors was measured in the transverse plane,
where the read-out pitch is smaller, using the active region of adjacent module overlaps in 𝜙, using a
technique already exploited by ATLAS [32, 33]. In these regions, particles traversing the IBL layers
generate one hit on each of the two overlapping modules. The spatial resolution can be extracted from
the distribution of the corrected difference Δ𝑟−𝜙 of the positions of these hits. Corrections are applied
to account for geometrical effects due to the different radial positions of the hits and the particle
incidence angle. The width of the measured Δ distribution is

√
2 times larger than the single-hit

resolution, assuming that the two hits have the same spatial resolution. This method has the advantage
of depending only weakly on the reconstructed track’s parameter values and their uncertainties and on
detector alignment. In order to reduce the effect of multiple scattering, the analysis is restricted to
pixel hits associated with particle tracks with transverse momentum in excess of 4 GeV.

Averaged over all cluster sizes, the transverse spatial resolutions measured in 2015 and 2022 data
are (8.6 ± 0.4) and (9.7 ± 0.4) μm, respectively. The predictions from radiation damage simulation
for the corresponding fluences are (8.1 ± 0.3) and (9.1 ± 0.4) μm, respectively. Their dependences on
the number of pixels in the cluster along the 𝑟−𝜙 projection are compared in figure 15. The poorer
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Figure 15. Measured IBL 3D hit resolution in the transverse projection as a function of the cluster width along
𝑟−𝜙 in 𝑝𝑝 collision events collected in 2015 (at an average integrated luminosity of 2.5 fb−1 ) shown as grey
shaded areas and in 2022 (at an integrated luminosity of 172 fb−1) shown as filled circles with errors bars.

– 18 –



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
1
0
0
0
8

measured spatial resolution for clusters with more than two pixels in the transverse projection is due
to delta-ray production and cross-talk effects. The evolution of the pixel multiplicity with fluence
is shown is figure 9. Given the large pixel multiplicity in the longitudinal projections, due to the
particles’ small angle of incidence, the total charge in the 3D pixel clusters is large and radiation
damage effects on the spatial resolution correspondingly small.

5 Conclusions

Pixel sensors in 3D technology have taken LHC collision data at the outer ends of the staves of the
innermost layer of the ATLAS Pixel Detector since 2015. Through these years of LHC operation, the 3D
sensors have received an average particle fluence of ≃ 9×1014 n-eq cm−2, which is expected to grow to
≃ 1.5×1015 n-eq cm−2 by the end of Run 3 in 2025. Their performance has been studied as a function of
integrated luminosity and particle fluence in comparison with radiation damage simulation predictions
in order to highlight their tolerance to radiation compared to pixel sensors in planar technology.

The radiation damage simulation based on detailed maps of the electric field in the sensor
Si bulk gives a good description of charge collection properties after irradiation. IBL 3D pixels
show better response in terms of charge collection efficiency, with a measured ∼ 15% reduction in
the charge collection efficiency loss compared to that of planar sensors at the end of 2023, after
a fluence of 8.3 × 1014 n-eq cm−2. This is predicted to grow to ∼ 25% at the end of Run 3, with
a fluence of 1.5 × 1015 n-eq cm−2.

The analysis of bias voltage scans performed with collision data shows only a moderate increase
of the depletion voltage from the beginning of 2016 to the end of 2023. The charge response vs.
bias voltage for 3D sensors with “fully-through” columns shows that the depleted volume spreads
more rapidly with the applied voltage and the increase in the collected charge is initially steeper than
for sensors with less column depth that require higher voltage to become fully efficient. The charge
collection efficiency is found to not depend on the depth of charge generation in the Si bulk even after
irradiation, as expected due to the 3D sensor structure. The spatial resolution is measured to be better
than 10 μm with a 50 μm read-out pitch, after receiving a fluence of ≃ 5.4 × 1014 n-eq cm−2.

The results reported here confirm the superior radiation hardness of 3D sensors with respect
to planar sensors at the LHC. Additionally, the lower high voltage requirements for full sensor
depletion require significantly less power consumption. These results are important for projecting
the performance of detectors in the HL-LHC era, and for informing research and development for
detectors for future experiments.
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89 Faculty of Science, Kyoto University, Kyoto; Japan
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97 Department of Physics, Royal Holloway University of London, Egham; United Kingdom
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100 Fysiska institutionen, Lunds universitet, Lund; Sweden
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105 Department of Physics, University of Massachusetts, Amherst MA; United States of America
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107 School of Physics, University of Melbourne, Victoria; Australia
108 Department of Physics, University of Michigan, Ann Arbor MI; United States of America
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127 Graduate School of Science, Osaka University, Osaka; Japan
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Minho, Braga;( 𝑓 )Departamento de Física Teórica y del Cosmos, Universidad de Granada, Granada
(Spain);(𝑔)Departamento de Física, Instituto Superior Técnico, Universidade de Lisboa, Lisboa; Portugal

134 Institute of Physics of the Czech Academy of Sciences, Prague; Czech Republic
135 Czech Technical University in Prague, Prague; Czech Republic
136 Charles University, Faculty of Mathematics and Physics, Prague; Czech Republic
137 Particle Physics Department, Rutherford Appleton Laboratory, Didcot; United Kingdom
138 IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette; France
139 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA; United States of America
140 (𝑎)Departamento de Física, Pontificia Universidad Católica de Chile, Santiago;(𝑏)Millennium Institute for Subatomic

physics at high energy frontier (SAPHIR), Santiago;(𝑐) Instituto de Investigación Multidisciplinario en Ciencia y
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141 Department of Physics, University of Washington, Seattle WA; United States of America
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152 (𝑎)E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi;(𝑏)High Energy Physics
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153 Department of Physics, Technion, Israel Institute of Technology, Haifa; Israel
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156 International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo; Japan
157 Department of Physics, Tokyo Institute of Technology, Tokyo; Japan
158 Department of Physics, University of Toronto, Toronto ON; Canada
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