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2 × 1015 1 MeV-neutrons equivalent/cm2. The macroscopic effects of this radiation are an increase
of the sensor leakage current, a loss of charge collection efficiency and an increase of the depletion
voltage. Using regular bias voltage scans performed at the beginning and end of each data taking
campaign the evolution of the pixel cluster charge and bulk depletion is studied as a function of particle
fluence. Results are interpreted with the modelling provided by standalone TCAD and ATLAS Monte
Carlo simulation including radiation damage effects. The dependence of the collected charge and the
depletion voltage with integrated luminosity are studied through the full period of operation.

Keywords: Particle tracking detectors (Solid-state detectors); Si microstrip and pad detectors; Solid
state detectors

ArXiv ePrint: 2605.05030

© 2026 CERN for the benefit of the ATLAS collaboration. Published by
IOP Publishing Ltd on behalf of Sissa Medialab. Original content from

this work may be used under the terms of the Creative Commons Attribution 4.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

https://doi.org/10.1088/1748-0221/21/07/P07048

mailto:atlas.publications@cern.ch
https://doi.org/10.48550/arXiv.2605.05030
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1748-0221/21/07/P07048


2
0
2
6
 
J
I
N
S
T
 
2
1
 
P
0
7
0
4
8

Contents

1 Introduction 1

2 The ATLAS Pixel Detector 2
2.1 IBL planar sensor design and operation 3
2.2 Bias voltage scans 4

3 Fluence and radiation damage simulation 4
3.1 Radiation levels for the IBL sensors 4
3.2 Radiation damage simulation 5
3.3 Electric field in irradiated sensors 5
3.4 Systematic uncertainties on charge collection predictions 6

4 Charge collection measurements 6
4.1 Data samples and analysis procedure 7
4.2 Charge collection efficiency vs. fluence 7
4.3 Charge collection efficiency vs. charge generation depth 8
4.4 Charge collection vs. bias voltage 9

5 Charge collection, bias voltage and depletion 10

6 Charge collection and depletion voltage in simulation 13

7 Conclusions 17

The ATLAS collaboration 21

1 Introduction

Hybrid pixel sensors are the main technology of choice for the innermost tracking layers in the multi-
purpose experiments at the LHC collider. They provide precise space points along the trajectories
of charged particles in the vicinity of the beam collision region for particle tracking, vertexing and
hadronic jet flavour tagging. The evolution of the charge collected as a function of the applied
reverse-bias voltage and the particle fluence tests the processes of charge collection in the Si bulk.
These impact the spatial resolution of the reconstructed pixel hits and the identification of pixel
clusters with contributions from multiple charged particles in dense hadronic jets, crucial to the
construction of physics objects depending on pixel response. In addition, the monitoring of the
depletion voltage is a key parameter for a performant pixel operation. As an effect of irradiation,
the value of the depletion voltage increases with the integrated luminosity and the particle fluence
accumulated on the detector. This increase needs to be regularly monitored and the applied bias
voltage adapted for an efficient detector operation.

In ten years of operation, the innermost barrel layer of the ATLAS Pixel detector, the Insertable B
Layer (IBL), has accumulated a fluence, Φ, of more than 2 × 1015 1 MeV-neutrons equivalent (neq)
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per cm2. The dependence of the collected charge with the bias voltage is regularly measured during
𝑝𝑝 collisions in dedicated bias voltage scans. These provide a significant corpus of data to study the
evolution of the charge collection process and the depletion voltage over two orders of magnitude of
particle fluence values. The observables measured in data are not limited to the depletion voltage
but include also the charge collection efficiency and the fraction of collected charge as a function
of the depth of charge generation in the Si bulk. Performing this study on the IBL after ten years
of operations at the LHC provides the broadest available range of particle fluences and, therefore,
bulk damage effects on the ATLAS pixel sensors.

Results on effects of radiation damage to charge collection and depletion voltage in Si sensors
installed around the interaction region at hadron colliders have been published for microstrip [1],
hybrid planar (see chapter 5 of ref. [2] and ref. [3]) and 3D [4] pixel sensors.

In this study, detailed simulations of the electric field profile and of the charge generation and
trapping processes provide first principles insights towards understanding the trends in data observables
as a function of bias voltage and particle fluence. These trends are studied in this paper in terms
of the electric field profile, the charge carrier drift velocity, their collection time and the trapping
effects from radiation induced defects in the Si bulk.

This paper is organised as follows. The IBL planar pixel sensors, their operation and bias voltage
scan procedures are briefly presented in section 2. Section 3 discusses the radiation levels for the
IBL sensors and the modelling of the effects of radiation damage on the sensors. Section 4 presents
the data analysis procedures employed in this study and discusses the evolution of the collected
charge with fluence, depth of charge generation and bias voltage in comparison to the simulation
predictions. The determination of the depletion voltages as function of the integrated luminosity and
fluence is the subject of section 5. Their interpretation through detailed simulations is presented
in section 6. Section 7 has the conclusions.

2 The ATLAS Pixel Detector

The ATLAS Pixel Detector consists of four concentric cylindrical layers in the barrel region and three
layers on either side in the forward region [5]. It 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, in the ATLAS detector [6]. The Insertable B
Layer (IBL) [7, 8] is the innermost layer of the ATLAS Pixel Detector and was installed before the start
of LHC Run 2. It 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 twenty pixel sensors together with electrical services
and cooling. Two distinct sensor technologies are used: slim-edge planar sensors and 3D sensors.

Results on charge collection properties and depletion voltages for IBL 3D sensors as a function of
the particle fluence have been recently published [4]. In this paper we focus on the IBL planar sensors.
These are installed in twelve modules equipping the central section of the IBL staves, covering the
longitudinal region, along the beam axis, of |𝑧 | < 245 mm, in the pseudorapidity range of |𝜂 | < 1.90.1

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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Staves are inclined such that the average incidence angle of a straight track at 𝜂 = 0 is 14◦ for the IBL.
Contiguous modules overlap to ensure full coverage in the azimuthal angle and for alignment purposes.

2.1 IBL planar sensor design and operation

IBL planar sensors are ∼18 mm wide and ∼41 mm long, in the direction longitudinal to the stave.
Sensors have n+-in-n pixels with a pixel pitch of 50 μm in the transverse and 250 μm in the longitudinal
coordinate. The n-side segmentation matches in size the FE-I4 front-end (FE) read-out electronics [9]
connected via bump-bonds. A guard-ring structure is placed on the p-side. The IBL planar sensors
are produced using n-type wafers of 100 mm diameter and 200 μm thickness, with resistivity in
the range of 2–5 kΩcm [7].

Two 80×336 pixels FE chips are bump-bonded to a planar sensor. The two central columns
of the double-chip sensors are extended to 450 μm to cover the gap between the two adjacent FE
chips. The FE-I4 cell features an analog block performing signal amplification and discrimination
and a digital block computing the Time over Threshold (ToT), expressed in units of the 25 ns LHC
clock, which is correlated to the detected charge and coded on 4 bits. If the charge collected on a
pixel exceeds the IBL dynamic range, set at approximately 30 k𝑒−, an overflow bit is set. The ToT
is tuned to a preset value, corresponding to a given injected charge on reference capacitors in the
FE chips. Threshold and noise are determined by analysing the response curve obtained for injected
charge values around the set threshold. During most of its operation, the IBL analog threshold was set
to 1500 𝑒−. Given the possible drift of the ToT-to-charge response due to operation and irradiation
effects, tunings and calibrations are regularly performed during data-taking periods. The ToT response
of each FE chip corresponding to various injected charge values are recorded in look-up tables and
loaded to the calibration database. The ToT-to-charge conversion for the IBL is performed using
these look-up tables in the offline event reconstruction.

Sensors on each stave are organised in module groups of two double-chip planar sensors and share
a common bias voltage channel and leakage current measurement. The maximum bias voltage that
can be provided by the power supplies to planar sensors is 1000 V, at a maximum current of 8 mA.

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. The granularity of the temperature monitoring is the same as with the bias voltage
channels. The cooling is provided by a CO2 two-phase system, with the coolant being circulated
in titanium pipes embedded in the stave structure [7]. The cooling was set to −10 ◦C at the start of
operation in 2015, increased to 15 ◦C and, then, decreased to 5 ◦C in 2016 to reduce the effect of the
total ionising dose (TID) on the FE-I4 chips, which increases the leakage current of the transistors and
therefore the power consumption of the chip [2]. After that period, cold operation was resumed with
a cooling set point of −20 ◦C for most of the operation during Run 2 and Run 3, corresponding to
temperatures of ≃−13 ◦C measured on the module flex hybrids during 𝑝𝑝 collision data taking. The
detector was kept cold during the LHC end-of-year technical stops and the long shutdown in between
Run 2 and Run 3, except for short periods due to maintenance and interventions.

The operation bias voltage, 𝑉bias, applied to the IBL planar sensors was increased progressively
with time: from 80 V in 2015 to 400 V in 2018, during Run 2, and from 450 in 2022 to 650 V in
2026, during Run 3, to ensure sensor operation well above the depletion voltage. Regular I–V scans
were performed during periods without beam to monitor the level of the leakage current and the
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evolution of the breakdown voltages with the accumulated radiation. Moreover, dedicated bias voltage
scans were run a few times during each data taking period.

2.2 Bias voltage scans

Collision events were collected at closely spaced values of bias voltages during dedicated, short
bias voltage scans performed in Run 2 at the beginning of the 2016 run, with only 4.5 fb−1 of
integrated delivered 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. In Run 3 bias voltage scans were
performed at the beginning and end of 2022, 2023 and 2024, corresponding to 194, 228 and 345 fb−1

of integrated luminosity, and at the beginning, mid and end of 2025, corresponding to 345, 410 and
470 fb−1 of integrated luminosity. In order to study the charge collection in irradiated sensors, the
evolution of the charge collected in clusters for hits associated to reconstructed particle tracks is
studied as a function of the applied bias voltage. This gives information about the depletion in the
sensor Si bulk and the charge collection properties. Data from the voltage scans are compared with
the predictions of the Radiation Damage simulation, discussed in section 3, with electric field maps
corresponding to the fluence value estimated for the corresponding data sets.

The pixel bias voltage ranges used in the voltage scans have needed to evolve over the years
due to the increasing depletion voltage arising from the bulk damage to the sensors with particle
fluence. At the low end of the voltage range, the decrease of charge collection efficiency makes the
measured cluster charge progressively affected by analog threshold effects. This is due to cases in
which part of the charge collected on neighbouring pixels for particles traversing the active Si volume
between pixel implants is lost because the collected charge on one of the pixels is below threshold.
The most probable value of the pixel cluster charge in these cases is no longer representative of the
collected charge. The lower bias voltage points, progressively more affected by these charge losses,
are gradually excluded in the study. At the high end of the voltage scan range, bias voltages are
applied only after verifying that the currents driven by the sensors are low enough for safe operation.
Guided by these principles, the voltage range adopted in the bias voltage scans has evolved from
7 – 80 V at the beginning of 2016 to 170 – 650 V in 2025.

3 Fluence and radiation damage simulation

3.1 Radiation levels for the IBL sensors

At the radius of the IBL the primary source of radiation damage is due to primary collision products. The
values of particle fluence on the detector surface are estimated from leakage current data (see chapter 3
of ref. [2] and ref. [10]). The conversion factor between delivered integrated luminosity and the fluence
on planar sensors is obtained by averaging the values obtained as a function of the 𝑧 position weighted
by the 𝑧 distribution of the measured particle track impacts on the IBL surface of planar sensors in the
data samples used for the analysis. This yields a value of (5.40±0.35) ×1012 neq cm−2/fb−1, where the
quoted uncertainty accounts for systematic uncertainties from the leakage current analysis discussed
in ref. [10]. The leakage current analysis has shown the fluence longitudinal profile to be less uniform
than those predicted by the FLUKA [11] and Geant4 [12] simulations. At the radius of the IBL
modules the estimated fluence decreases by ∼30% moving from the detector centre to the outer edges of
the planar sensor modules [10]. There is no evidence of fluence asymmmetry in the azimuthal angle 𝜙.

– 4 –



2
0
2
6
 
J
I
N
S
T
 
2
1
 
P
0
7
0
4
8

The IBL planar sensors received an estimated average fluence of 8.6× 1014 neq cm−2 during Run 2
and 1.67 × 1015 neq cm−2 in the four years of Run 3 LHC operations up to the end of 2025. The total
particle fluence is expected to approach 3 × 1015 neq cm−2 by the end of Run 3 in 2026, remaining
within the sensor specifications set at the time of the IBL design [8].

3.2 Radiation damage simulation

The ATLAS Collaboration has developed a detailed simulation of radiation damage effects in the
pixel sensors [13]. The pixel radiation damage simulation is currently used in the production of
ATLAS Monte Carlo (MC) samples for physics analyses and it is used to predict the expected charge
collection efficiency as a function of integrated luminosity, to optimise operation conditions, and
to calibrate the reconstruction tools.

A radiation damage digitiser models the process of charge collection and signal generation on the
readout nodes. It computes the signals induced on the read-out electrodes from a detailed simulation
of the drift of charge carriers produced by ionising particles, modelled using the Bichsel model [14],
taking into account radiation effects in the sensor. The carriers’ speed is calculated using the product
of their mobility [15] and the estimated electric field in the Si bulk. This is simulated using Silvaco2

TCAD3 tools. Effective defects are used in the simulation to reproduce the effects of radiation
damage. The electric field profile in planar sensors after irradiation is computed as discussed below in
section 3.3. 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 [16] map of the sensor.

3.3 Electric field in irradiated sensors

The observed collected charge as a function of bias voltage (𝑉bias) in the voltage scans is the result of
the interplay of charge carrier drift and charge trapping. The charge carrier velocities are the product
of the local electric field ®𝐸 and the mobility 𝜇 (which depends on the electric field itself). The electric
field depends on the space charge distribution at the operating depletion voltage. At the level of
irradiation experienced by the innermost layers of the ATLAS Pixel detector, O(1015) neq cm−2, the
distribution of space charge strongly depends on the occupation of radiation-induced deep defects that
gives rise to an electric field profile characterised by a deep minimum close to the mid-plane, and large
maxima at the junction and ohmic side. Radiation damage effects are simulated in TCAD using the
Chiochia model [17–19], based on the original work of ref. [20]. The evolution of the density and cross
sections of the defects includes a sub-linear dependence of damage with accumulated fluence [21].
The electric field profiles obtained from these simulations provide the input for the ATLAS radiation
damage digitizer [13]. Typical results for the electric field profiles for an IBL planar pixel sensor at
different values of irradiation fluence and operating voltage are shown in figure 1.

A significant change in the electric field profile in the sensor bulk at the start of operations and
after an irradiation equivalent to that received by the IBL sensors at the end of 2023 is visible. At the

2http://www.silvaco.com/tcad.
3Technology Computer Aided Design.
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Figure 1. TCAD simulated electric field profile of IBL planar sensors. The electric field projection along
the bulk is shown as a function of the bulk depth. The electrons drift towards smaller depth values. The
different fluences correspond to the values reached at the beginning of Run 2 (unirradiated), at the end of Run 2
(9 × 1014 neq cm−2, for 161 fb−1 integrated luminosity), at the end of 2023 (12 × 1014 neq cm−2, for 230 fb−1

integrated luminosity), and the projection for the end of Run 3 in 2026 (21 × 1014 neq cm−2). The bias voltages
correspond to the data-taking conditions.

minimum of the electric field, the carrier velocities can be below their saturation value (∼ 100 µm/ns)
if the applied bias voltage is not high enough. This increases the probability for charge carriers to
get trapped by the deep defects induced by bulk damage.

3.4 Systematic uncertainties on charge collection predictions

The systematic uncertainties in the charge collection predictions of irradiated IBL pixel sensors are
due to four main sources. These are: i) the luminosity-to-fluence conversion, ii) the electric field
profile, iii) the charge trapping constant, 1/𝜏, and iv) the sensor operating conditions (temperature,
etc). Of these, the trapping constant gives the largest contribution. At a fluence of 1015 neq cm−2,
a variation of the proportionality factor, 𝛽, between the trapping constant 1/𝜏 and the fluence Φ by
± 30%, justified by the dispersion of data available in literature [13], induces a relative change of
the most probable value (MPV) of the collected cluster charge by ±12%. The uncertainty on the
luminosity-to-fluence conversion of (5.40 ± 0.35) × 1012 neq cm−2/fb−1 contributes a relative change
of ±3%. The description of the sensor operating conditions in the MC is responsible for an additional
relative uncertainty estimated at ±2%. Finally, the electric field uncertainties, computed by modifying
the parameters of the effective states of the TCAD radiation damage model (energy, density and
carrier cross section, see ref. [13]), yield a relative change of the cluster charge MPV of only ±1%.
The luminosity-to-fluence conversion and trapping constant uncertainties, being proportional to the
fluence, increase with the amount of radiation damage. The error bands associated with the simulation
predictions in this study reflect the impact of these uncertainties on the IBL sensor observables.

4 Charge collection measurements

Regular voltage scans during 𝑝𝑝 collisions facilitated the study of collected charge as a function of
both the applied voltage and the bulk depth at which the charge was created, for various radiation
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levels. The results are systematically compared with the prediction of the radiation damage simulation.
Results on charge collection are presented as a function of fluence and depth of charge generation
in this section and as a function of bias voltage in section 5. Charge collection vs. bias voltage are
then interpreted using simulation results in section 6.

4.1 Data samples and analysis procedure

This study is based on 𝑝𝑝 collision data collected during Run 2 and Run 3 operations from 2015 to
2018 at

√
𝑠 = 13 TeV and from 2022 to the end of 2025 at

√
𝑠 = 13.6 TeV, respectively.

The software infrastructure developed for the reconstruction process of real detector data and MC
simulation are presented in ref. [22]. In the reconstruction, pixel clusters are built from adjacent pixels
reporting charge above a preset analogue threshold, as discussed in section 2.1. In this study, only
pixel clusters reconstructed in the IBL planar sensor modules operating at the nominal bias voltage
and associated with a reconstructed charged-particle track (“hits-on-track”) are considered.

Particle tracks from collision events are selected by requiring transverse momentum, 𝑝T, in excess
of 0.7 GeV for the determination of charge and in excess of 3 GeV for the studies of depth of charge
generation discussed in section 4.3. In addition, track selection requires at least two hits in the Pixel
layers, with at least one in the IBL, a minimum of seven hits summed across the Pixel and SCT
layers and track extrapolation compatible with the position of the reconstructed primary vertex [23].
Pixel clusters generating hits associated with these selected tracks are considered in this study. In
addition, pixel clusters shared or split between two or more particles tracks, as well as those containing
one or more pixels with the charge overflow bit set, are discarded. Since the cluster charge depends
on the particle 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.

The studies of charge collection efficiency in sections 4.2 and 4.3 use collision events fulfilling
single hadronic jet triggers [24, 25]. The bias voltage scans, due to the limited amount of events
collected at each bias voltage setting, use all events in the main physics stream [25]. Samples of
minimum bias and dijet QCD events were generated at 13 and 13.6 TeV with Pythia 8 [26] and
reconstructed after applying the ATLAS detector simulation. This simulation includes the pixel
radiation damage digitiser, discussed in section 3.2, 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 sensor
surface measured in data. An extensive validation of the radiation damage digitiser was performed,
where the predictions for IBL planar sensors are compared with collision data. Results for charge
collection are presented in the following sections.

4.2 Charge collection efficiency vs. fluence

The measured cluster charge in IBL planar sensors and the evolution of the charge collection
efficiency (CCE), defined as the ratio of the MPV of the collected cluster charge normalised to the
value measured at the beginning of sensor operation in 2015, are shown in comparison with the
simulation predictions in figure 2. Only data taken in the first run following a ToT calibration are
considered for determining the CCE as a function of integrated luminosity and accumulated fluence.

The sudden increases in the charge collection efficiency at the beginning of each year are due
to changes in the operational parameters, in particular increases in the bias voltage applied to the
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Figure 2. Charge collection in IBL and radiation damage: (Left) Distribution of cluster charges in IBL planar
sensors from data taken at the start of the 2015 (filled triangles) and 2024 (filled squares) and mid-2025 (filled
circles) compared with the predictions from radiation damage simulation corresponding to the estimated average
fluence. The shaded regions give the range of the uncertainties in simulation. (Right) Charge collection
efficiency as a function of the integrated delivered luminosity and average fluence for IBL planar sensors for
data and the ATLAS radiation damage simulation from the beginning of Run 2. The points represent the data
and the bands the simulation predictions with their uncertainties. Predictions for the evolution until the end of
Run 3 are also given.

IBL sensors. The simulation predictions agree with the measurements using collision data over
almost two orders of magnitude of radiation fluence. For fluence values above ≃ 1.5 × 1015 neq/cm2,
data may start exhibiting a moderately larger charge collection efficiency compared to simulation
predictions. As already mentioned, a sub-linear dependence of charge trapping with accumulated
fluence may be expected in heavily irradiated sensors [21]. This effect could be tested on data
collected at higher fluences at the end of Run 3.

4.3 Charge collection efficiency vs. charge generation depth

In planar sensors, charge trapping due to Si bulk radiation damage reduces the charge collection
efficiency as the depth of charge generation increases. The evolution of the charge collection efficiency
as a function of the charge generation depth is key to the understanding of the observed charge vs. bias
voltage in the voltage scans. This can be studied by comparing data and simulation at different fluences
and bias voltage values. 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 [5, 27]. By knowing the track angle of incidence and
the positions of the track entrance and exit on the Si bulk it is possible to determine the average depth
of the track segment below each pixel. Then, the charge collection efficiency as a function of depth is
estimated by dividing the fraction of the total cluster charge collected on each individual pixel by the
fraction of the track segment below each pixel to the total track length in the Si bulk. 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
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Figure 3. Charge collection efficiency as a function of the estimated depth of charge generation for IBL planar
sensors in 𝑝𝑝 collision data. The left panel shows the evolution from the start of Run 2 in 2015 (2 fb−1 of
integrated luminosity shown by the open points), at the end of Run 2 in 2018 (155 fb−1 of integrated luminosity
shown by the filled squares) and in Run 3 in mid 2025 (400 fb−1 of integrated luminosity shown by the filled
points). The right panel shows the evolution with the bias voltage (at 400 V and at 600 V shown by the open
and filled points, respectively) in mid 2025 (410 fb−1 of integrated luminosity). The predictions from radiation
damage simulation for matching average fluence conditions at the position of the IBL modules used in the
analysis are shown by the histograms. The efficiency is computed by dividing the fraction of the total 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 by the fraction of the track segment below each pixel to the total
track length in the Si bulk. The drops observed at the two ends of the depth range are due to track extrapolation
resolution effects.

several adjacent pixels. Second, the extrapolated track position on the detector surface must have a
resolution that is small compared to the pixel pitch. Given the ATLAS Pixel detector geometry and
pixel pitch, these conditions are met in collision data using the longitudinal position for inclined tracks,
depositing charge on three or more pixels along the longitudinal, long pitch, coordinate. In order to
optimise the resolution, only tracks with 𝑝T > 3 GeV are considered. With these selections, the typical
track extrapolation resolution on the surface of the IBL sensors is 150 μm, to be compared with a
longitudinal pixel pitch of 250 μm. The distributions of the charge collection efficiency as a function of
the depth of charge generation obtained at 80, 400 and 500 V after 2×1013 neq/cm2, 7.2×1014 neq/cm2

and 1.9× 1015 neq/cm2, respectively, and those at 400 and 600 V, after 1.9× 1015 neq/cm2, are shown
in figure 3 for data and radiation damage simulation. Charge collection inefficiencies from charge
trapping are related to the depth of charge generation. These results indicate that the radiation damage
simulation gives a good modelling of the charge collection efficiency as a function of the depth, for
bias voltage values around the depletion point, at different fluence values.

4.4 Charge collection vs. bias voltage

The bias voltage scans provide detailed information about charge collection properties vs. bias voltage
and particle fluence. In addition, the optimisation of the pixel response in terms of hit-on-track
efficiency and spatial resolution depends on the operating bias voltage being above the depletion
point. This is regularly monitored and the modelling of its evolution with the integrated luminosity is
important for setting the operating conditions before the start of each period of LHC operations.
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The bias voltage scans performed in Run 2 and Run 3 from 2016 to the end of 2025 test the
sensor response at estimated average particle fluences ranging over two orders of magnitude, from
2.4 × 1013 neq/cm2 to 2.5 × 1015 neq/cm2.

The evolution of the cluster charge vs. bias voltage in figure 4 probes the charge collection through
the sensor bulk and allows us to determine the “depletion voltage”. For an undepleted reverse-biased
junction Si detector, the collected charge is expected to increase ∝

√
𝑉 , where 𝑉 is the applied bias

voltage, in proportion to the thickness of the depletion region. An undamaged detector sees the
collected charge increase until the Si bulk is fully depleted. This value of the applied bias voltage
is commonly referred to as “depletion voltage”. At that point the charge saturates and becomes
independent of the applied bias voltage. This saturation is observed in the upper left panel of figure 4
for data from the voltage scan performed at the start of 2016 after only 4.5 fb−1 of integrated luminosity.
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 analysis of the ATLAS pixel data, the depletion voltage is defined as
the value of applied voltage at which the transition between the ∝

√
𝑉 and ∝ 𝑉 regimes is observed.

This definition has already been adopted in the analysis of the IBL 3D sensors [4]. This simplified
picture of the charge collection properties with bias voltage gives a qualitative description of the trends
of the collected charge evolution in the voltage scans up to fluences of O(1015) neq/cm2. However,
the TCAD simulations discussed in section 3.3 show that the evolution of the collected charge with
the electric field over the relevant range of values of applied bias voltage, depth in the Si bulk and
fluence are more complex than in this simplified picture and a detailed analysis is necessary. The
results of the analysis of the charge collection vs. bias voltage data are presented in the next section
and their interpretation based on TCAD simulations in section 6.

5 Charge collection, bias voltage and depletion

The evolution of the cluster charge with aplied bias voltage is shown in figure 4 for data recorded in
Run 2 and Run 3 from the start of the 2016 run to the end of that in 2025 at integrated LHC delivered
luminosities ranging from 4.5 to 470 fb−1, corresponding to fluences from 2.4 × 1013 neq/cm2 to
2.5 × 1015 neq/cm2.

Following the arguments discussed in section 4.4, the depletion voltage is defined as the value of
applied voltage at which a transition between the ∝

√
𝑉 and ∝ 𝑉 regimes is observed in the evolution

of the cluster charge vs. the bias voltage. This value is determined by performing an iterative 𝜒2 fit
of a linear 𝑎 + 𝑏𝑉 function and a 𝑐 + 𝑑

√
𝑉 function to the voltage scan results, as already done for

the analysis of the IBL 3D sensors [4]. The points fitted with the linear and the
√
𝑉 functions, from

the upper and lower ends of the scan range, are repartitioned until the configuration corresponding to
the minimum 𝜒2 is found. The continuous and dashed lines in figure 4 represent the fitted functions
modelling the increase in charge collection efficiency in the regimes below and above the depletion
point, respectively. The depletion voltage value corresponds to the point of intersection of the two
functions indicated by the continuous vertical line. The asymmetric uncertainty is computed by
determining the minimum and maximum values of the region associated with the overlap of the error
bands for the two fitted functions corresponding to the 68% confidence level.

With increasing radiation damage, the fitted value of the depletion voltage increases and the slope
of the charge evolution above depletion increases while that of region below depletion decreases. At the
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Figure 4. Most probable values of the charge collected in IBL planar sensor clusters associated to reconstructed
particle tracks in 𝑝𝑝 collisions as a function of the bias voltage applied to the sensors, for data recorded in Run 2
(upper plots) and Run 3 (lower plots) from the start of the 2016 run (upper left) to the end of that in 2025 (lower
right) at integrated LHC delivered luminosities from 4.5 to 470 fb−1. The vertical solid line indicates the value
of the fitted depletion voltage with the ± 1 𝜎 interval given by the dashed lines.

fluence of 2.5×1015 neq/cm2, corresponding to the integrated delivered luminosity of 470 fb−1 reached
at the end of the 2025 LHC 𝑝𝑝 run, the slopes of the charge increase with voltage in the two regions
merge into a single curve that is approximately linear, as shown in the lower right panel of figure 4.

As discussed in section 6, this is interpreted as due to the electrons produced in the deeper part
of the bulk having collection times larger than the trapping time for all bias voltage values used in
the scans. Under these conditions, the depletion voltage cannot be extracted from the change in the
functional shape of the collected charge vs. bias voltage. The operational bias voltage is chosen based
on the evolution of the hits-on-track efficiency with the voltage.

The depletion voltage values from the voltage scans performed in Run 2 and Run 3 up to mid-2025
are summarised in figure 5 as a function of the integrated delivered luminosity and average particle
fluence with a comparison to the radiation damage simulation predictions.

Since the radiation effects in the run periods are dominant over annealing in the end-of-year LHC
stops, the depletion voltage increase can be well modelled linearly with the integrated luminosity
and fluence as shown in the fits to both data and simulation in figure 5. The linear behaviour of
depletion vs. fluence was already observed in CDF microstrip sensors [1]. These fits provide us with
predictions of the depletion voltage by the end of Run 3, when an estimated 520 fb−1 of integrated
luminosity will have been delivered by the LHC at the ATLAS interaction region. These depletion
voltage predictions are 540±45 V and 580±70 V from data and simulation, respectively. IBL planar
sensors are biased at 650 V for their last year of operation in 2026.
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Figure 5. Fitted values of the depletion voltage for IBL planar sensors as a function of the average fluence.
Values are extracted from fits to the cluster charge as a function of the applied bias voltage in dedicated bias
voltage scans conducted typically at the start and end of each year run from 2016 to the mid of the 2025 run
and shown by the filled points. The open points show the predictions from radiation damage simulation. The
lines indicate the results of a linear fit over the range of fluence values after the non-linear regime after Si type
inversion for data and simulation. The results shown here indicate that the fitted depletion voltage for IBL planar
sensors scales linearly with the received fluence.
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Figure 6. Most probable values of the charge collected in IBL planar sensor clusters associated to reconstructed
particle tracks in 𝑝𝑝 collisions as a function of the bias voltage applied to the sensors, for data recorded at
the end of the 2022 run after an integrated luminosity on the IBL of 194 fb−1. The three panels show the
distributions for clusters reconstructed in three longitudinal module sections from the detector centre to the outer
ends: (left) for clusters at longitudinal coordinate 0< |𝑧 | < 8 cm, (centre) 8< |𝑧 | <16 cm, and (right) 16< |𝑧 | <
24 cm, corresponding to decreasing average fluence values. The depletion voltage values extracted from the fits
to the

√
𝑉 and linear regimes, indicated by the solid vertical lines, show their decrease with the lower fluence,

when moving from the detector centre to its outer ends.

The particle fluence on the IBL varies along the longitudinal coordinate. It is interesting to study
the fitted depletion voltage along the 𝑧 coordinate and relate it to the average estimated module fluence.
Results are shown in figure 6 with the depletion voltage decreasing while moving from the centre to
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the edges of the planar sensor section of the detector modules for one scan. Results obtained at the
end of Run 2 in 2018 (161 fb−1), and in Run 3 at the end of 2022 (194 fb−1) and 2024 (343 fb−1) are
summarised in figure 7. The compatibility of the values extracted from this study on sections of the
IBL modules with those obtained using the full IBL modules at different integrated luminosities is
tested by comparing these results with the linear fit to the data, integrated over the full length of the
IBL planar modules, where good agreement between the two sets of measurements is observed.
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Figure 7. Fitted values of the depletion voltage for IBL planar sensors as a function of the average fluence.
Values are extracted from fits to the cluster charge as a function of the applied bias voltage in dedicated bias
voltage scans for data collected at the end of the 2018, 2022 and 2024 runs (with 154, 194 and 343 fb−1 of
integrated luminosity on the IBL, respectively) over three detector sections symmetric in z, shown by the data
points. Given the longitudinal profile of the fluence distribution on the IBL layer, these sections correspond to
different average fluence values received by the corresponding IBL sensors. The coloured area indicate the 68%
confidence level envelope of the linear fit to the data, integrated over the full length of the IBL planar modules,
from figure 5.

6 Charge collection and depletion voltage in simulation

The experimental results obtained from the analysis of the bias voltage scans can be interpreted
through detailed simulations of electric field and charge collection. Standalone TCAD simulations
give first principles insights into the observed dependence of the collected charge on the bias voltage
and fluence of an irradiated IBL planar pixel sensor.

In order to investigate the charge collection properties in these conditions, a comparison of
the evolution of the most probable value of the cluster charge as a function of the bias voltage
applied to the sensors for this TCAD simulation, data and the full radiation damage simulation was
performed at a fluence of 1.0 × 1015 neq/cm2, corresponding to the average value on IBL at the end
of 2022. The IBL planar pixel sensor was simulated in TCAD by implementing the charge deposition
using the singleeventupset package of Silvaco and the collection was studied at different bias
voltages. The charge values from the TCAD model are normalised to the collected charge in data
at the depletion voltage. Results of this comparison are shown in figure 8. The width of the band
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representing the radiation damage simulation predictions gives the systematic uncertainty in the
collected charge discussed in section 3.4, where the uncertainties are correlated bin-by-bin since the
systematic contributions mostly affect the overall charge normalisation.
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Figure 8. Most probable values of the charge collected in IBL planar sensor clusters associated to reconstructed
particle tracks in 𝑝𝑝 collisions as a function of the applied bias voltage. The left panel shows results for data
recorded at the end of 2022 after an integrated LHC delivered luminosity of 194 fb−1 (points with error bars)
and for radiation damage simulation obtained for the corresponding average fluence of 1.0 × 1015 neq/cm2

(grey band). The right panel shows the result for the TCAD model.

The collected charge in the TCAD simulation follows the same trend observed in data. In these
TCAD simulations the mechanisms for charge deposition, charge trapping and signal induction are
different from those used in the ATLAS radiation damage simulation. The depletion voltage is obtained
from the point of transition between the ∝

√
𝑉 and ∝ 𝑉 regimes of charge variation with the bias

voltage, as discussed in section 5. It corresponds to Vdata
depl = 263 +27

−25 V for data, VMCRad
depl = 283 +23

−20 V
for the radiation damage simulation and VTCAD

depl = 262 ±24 V for the TCAD model. The results show
good agreement, despite the differences in the charge trend with voltage in the case of the TCAD
model, due to the different underlying assumptions in the simulation. This indicates that the electric
field is well simulated in the TCAD simulation and that is the dominant factor in determining the
observed trend of collected charge with bias voltage through the mobility. The electric field profiles
at different voltages were investigated. Figure 9 shows the simulated electric field at different bias
voltages. The electric field profile shape does not change significantly when the bias voltage changes
from below to above the depletion voltage, i.e. from 200 to 250 V under the conditions used in this
simulation, but its magnitude is uniformly increased. The evolution of the TCAD simulated values
of the differential capacitance as a function of the bias voltage indicates a much lower depletion
voltage, around 90 V. This indicates that the role of the electric field on the collected charge is not
direct but occurs through a more complex mechanism.

This mechanism relates the change in bias voltage to the change of the electron drift velocity and
of the charge carrier collection time. The length of charge carrier drift is limited by the trapping
effects from radiation induced defects in the Si bulk. At Φ = 1.0 × 1015 neq/cm2, the trapping times
for electrons and holes are of the order of 2 and 1.5 ns respectively [13], which are of the same
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Figure 9. Simulated TCAD electric field as a function of bulk depth at different bias voltages for an IBL planar
pixel module irradiated at a fluence of Φ = 1.0 × 1015 neq/cm2.

order of magnitude as the collection time for a charge carrier crossing the entire sensor thickness
at saturated drift velocity, as shown in figure 10, where the dependence of the carrier velocity on
the bulk depth was extracted from the TCAD simulation.
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Figure 10. Simulated TCAD carrier velocities for electrons (left panel) and holes (right panel) as a function
of the bulk depth of charge generation at different bias voltages for an IBL planar pixel sensor irradiated at a
fluence of Φ = 1.0 × 1015 neq/cm2.

This dependence shows that an increase of the bias voltage beyond 250 V at the reference particle
fluence of 1.0 × 1015 neq/cm2 has only a limited effect on the electrons drift velocities. The same is
not true for the holes, but their contribution to the amplitude of the collected signal is small compared
to that of electrons [28]. Using the radiation damage digitiser, the relative change in collected charge
neglecting the hole contribution is estimated to be ∼2%. The carrier velocities have a local minimum
in the region close to the sensor mid-plane. This minimum becomes less pronounced as the bias
voltage is increased and, beyond 250 V, this feature disappears. The charge collection efficiency is
lower in the regions where the carrier velocities are smaller and these observations make it interesting
to investigate the evolution of the minima of the carrier velocities as a function of the bias voltage as a
way to explain the corresponding evolution of the collected charge (see figure 11). The increase in
electron velocity has a drastic change in trend at bias voltage values corresponding to the observed
change of trend in the collected charge. The origin of the observed change lies in the dependence of
the mobility on the electric field. MC simulations use the so-called Canali model [29] and obtain good
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Figure 11. Minimum of simulated TCAD carrier velocities as a function of bias voltages for an IBL planar pixel
module irradiated at a fluence of Φ = 1.0 × 1015 neq/cm2. The vertical band represents the depletion voltage
measured in data.

agreement with data [30]. The electron velocities predicted by the Canali model are presented in the
left panel of figure 12, as a function of the electric field amplitude at different temperatures.
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Figure 12. (Left) Electron velocity as a function of the electric field at different temperatures as predicted by
the Canali model [29]. (Right) Minimum of simulated TCAD electric field as a function of bias voltages for an
IBL planar pixel module irradiated at a fluence of Φ = 1.0 × 1015 neq/cm2.

The increase in electron velocity has a drastic change around 104 V/cm independent of the
temperature. This value corresponds to the minimum of the electric field at 250 V from the TCAD
simulation. The evolution of the minimum of the electric field with the bias voltage shown in the right
panel of figure 12 confirms that at around 250 V the electric field is larger than 104 V/cm everywhere
in the sensor bulk. This confirms that the change in the trend of increase of the collected charge
with the bias voltage is due to the saturation of electron drift velocities as predicted by the mobility
model. Another way to understand this effect is to study the time elapsing for charge carriers to
reach the collecting electrode. This is shown as a function of the depth of the position of charge
generation in figure 13, normalised to the corresponding trapping time for different values of the
applied bias voltage. The change in the functional shape of these curves reflects in the trends of
increase of the collected charge with bias voltage.
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Figure 13. Simulated time for electrons to drift to the collecting electrode, normalised to the trapping time, as a
function of the depth of the carrier creation in the Si bulk for different bias voltages, shown by the curves in steps
of 50 V. Results are obtained for an IBL planar pixel sensor irradiated at a fluence of Φ = 1.0 × 1015 neq/cm2

(left) and 2.6 × 1015 neq/cm2 (right). The side labels indicate values of the simulated bias voltage.

For a fluence of 1015 neq/cm2, the normalised collection time deviates from a simple linear
dependence with the distance from the collecting electrode when the carriers are deposited in the
deeper part of the sensor, more than 100 µm from the collection electrodes for electrons, at bias
voltages below ≃250 V. Around this value, electrons generated through the full bulk thickness have
collection times shorter than the trapping time, as shown in the left panel of figure 13. The convolution
of these effects induces a departure from linearity of the collected charge with bias voltage below the
depletion voltage. For higher fluences, such as the 2.5 × 1015 neq/cm2 attained at the end of 2025,
electrons produced in the deeper part of the bulk have collection times larger than the trapping times
for all the bias voltage values used in the scans (up to 650 V), as shown in the right panel of figure 13.
In this regime, there is no change in the functional shape of the collected charge vs. bias voltage and the
constant slope of the charge collection increase with voltage depends primarily on the trapping constant.

7 Conclusions

Ten years of operation at the LHC have brought a significant particle fluence on the planar pixel sensors
equipping the innermost layer of the ATLAS Pixel detector. This study has discussed the evolution of
the charge collection with fluence and bias voltage based on data measurements, TCAD simulations
and predictions from the radiation damage digitiser in the ATLAS simulation code. Results on charge
collection efficiency as a function of integrated delivered luminosity, of depth of charge generation in
the Si bulk and of bias voltage show good agreement between data and simulation predictions.

The depletion voltage, defined as the point of change of the functional dependence of the collected
charge increase with the applied voltage, has evolved linearly with integrated luminosity and fluence,
from 110 V, after 42 fb−1 at the end of the second year of operation in Run 2, to 500 V after 410 fb−1

in Fall 2025. These functional dependences of the collected charge increase are understood in terms
of the electron collection time as a function of the depth of charge generation and their trapping time,
due to bulk damage, based on TCAD simulation studies.
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At fluences of ∼ 2.5 × 1015 neq/cm2, electrons produced in the deeper part of the bulk have
collection times larger than the trapping times for all the bias voltage values, up to 650 V, used in
the voltage scans. In these conditions, the observed functional shape of the collected charge vs. bias
voltage from these measurements is reduced to a constant slope and the operational bias voltage of
650 V is chosen for 2026 operation, based on the resulting hits-on-track efficiency.
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