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Why do we need to model radiation damage?
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φ ~ 3x1015 neq/cm2
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Abstract
This report documents the knowledge and experiences gained by the LHC ex-
periments in running detector systems in radiation environments during 2010–
2018, with a focus on the inner detector systems. During this time, the LHC
machine has delivered a large fraction of the design luminosity to the experi-
ments and the deleterious effects of radiation on detector operation are being
observed and measured. It is timely to review the findings from across the
experiments. Questions we aim to answer include: Are the detector systems
operating and performing as expected? How reliable are the radiation dam-
age models and predictions? How accurate are the Monte Carlo simulation
codes? Have there been unexpected effects? What mitigation strategies have
been developed? A major goal of this report is to provide a reference for fu-
ture upgrades and for future collider studies, summarizing the experiences and
challenges in designing complex detector systems for operation in harsh radi-
ation environments.

Keywords
Radiation effects; LHC experiments; radiation environments; simulation;
modelling; detectors; electronics.

The wealth of results and 
discussions that emerged during 
the workshops have been 
summarized in a CERN Yellow 
Report published in 2021.

It covers radiation background 
simulation, radiation damage to 
sensor and electronics 
measurements and simulation of 
detector response

https://indico.cern.ch/event/695271/
-%20https:/indico.cern.ch/event/769192
https://doi.org/10.23731/CYRM-2021-001
https://doi.org/10.23731/CYRM-2021-001
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CERN Large Hadron Collider (LHC) - 27 km accelerator ring 
proton-proton beams of 6.8 TeV each collide in 4 experiments

Geneva

Alps

CERN

• CERN (2023):
§ 23 member states
§ ~13400 scientists (users)
§ ~ 2660 personnel (staff) + 900 Fellows
§ Budget ~1230 MCHF (France: 13.2%)

• LHC: 27 km tunnel
§ » 4600 MCHF + 1200 MCHF (accelerator + experiments)
§ 1232 dipoles B=8.3T (959
§ Design: pp  Ös = 14 TeV (Ldesign = 1034 cm-2 s-1)

heavy ions (e.g.  Pb-Pb; 5TeV)

• Circulating beams:
§ 2008: first beam
§ 2009-13: Run 1 at 2 x 4 TeV

• 2012: Higgs Boson “discovered” 

§ 2015-18: Run 2 at 2 x 6.5 TeV (1034cm-2s-1 reached)
§ 2018-22: Long Shutdown 2 (LS2)  
§ 2022-26: Run 3 at 2 x 6.8 TeV
§ 2026-30: Long Shutdown 3 (LS3)
§ 2030: HighLumi-LHC (Run 4, ….)

• collect 3000-4000 fb-1 until ~ 2042 (20 times more than today)also a program with Pb beams at up to 5.36 TeV per nucleon

today

M. Moll, Simdet 2023

https://indico.in2p3.fr/event/30704/contributions/128490/attachments/79538/119800/231122-SIMDET-2023-Silicon-Detectors-HEP.pptx
https://indico.in2p3.fr/event/30704/contributions/128490/attachments/79538/119800/231122-SIMDET-2023-Silicon-Detectors-HEP.pptx
https://indico.in2p3.fr/event/30704/contributions/128490/attachments/79538/119800/231122-SIMDET-2023-Silicon-Detectors-HEP.pptx


The LHC Experiments

Geneva

LHCb

ATLAS
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CMS
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CERN
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Since Run2

Since 2017; L1 exchanged in 2021

Run1-Run3

3D modules at |η|>2.5 in IBL
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8 mm from 
the beam

3. The LHC machine and experiments

Fig. 19: The ALICE inner tracking system before 2019 from the start of the LHC up to long shutdown 2
(LS2). Figure from Ref. [36].

Table 3: Characteristics of the ITS, layer by layer. Res. is the resolution, along the bending direction
(r�) and the beam axis (z). M.B. is the material budget, expressed in terms of radiation lengths (X0).

Layer Detector Radius Length Channels Area Res. (µm) M.B.
(cm) (cm) (m2) r� z (% X0)

1 SPD 3.9 28.2 3.3 M 0.07 12 100 1.14
2 7.6 28.2 6.5 M 0.14 1.14
3 SDD 15.0 44.4 43 k 0.42 35 25 1.13
4 23.9 59.4 90 k 0.89 1.26
5 SSD 38.0 86.2 1.1 M 2.20 20 830 0.83
6 43.0 97.8 1.5 M 2.80 0.83

3.2.4.2 The silicon drift detector

The silicon drift detector (SDD) equipped the two intermediate layers of the ITS and was based on
300 µm thick drift sensor and custom hybrid readout boards. The sensitive area of the module was
divided into two drift regions along the bending direction (r�) by the central cathode at �1.8 kV. In each
drift region and on both detector surfaces, p+ cathode strips (120 µm pitch) were used to fully deplete the
detector and generate a uniform electric drift field (500 V/cm), parallel to the module surface, towards
collection anodes (294 µm pitch) aligned with the beam axis. The drift speed was about 6.7 µm/s and
was monitored by means of MOS charge injectors. The analogue SDD information was digitized by
10-bit ADCs at 20 MHz at the level of the front-end electronics developed on CMOS 0.25 µm. The SDD
was equipped with a leakless water cooling system.

3.2.4.3 The silicon strip detector

The two outermost layers of the ITS consisted of double-sided strip sensors, with a thickness of 300 µm,
connected with two HAL25 front-end chips, making the silicon strip detector (SSD). The analogue sig-
nals were digitized by 12-bit ADCs directly in the readout electronics placed outside the ALICE solenoid
magnet. The p+n reverse bias was optimized in the range 20–80 V. The SSD was provided with a leakless

32

Run1 & Run2
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VELO module construction LHCb Vertex Locator

Front-end 
hybrids 

LV foot 
connector

Interconnect 
tapes

LV cables

Cooling pipes

GBTx hybrid

Data tape

▪ 256x256 pixels per ASIC
▪ Pixel pitch of 55 µm (except 

borders)
▪ 12 ASICs per module
▪ Control via GBTx hybrid
▪ Binary triggerless readout
▪ Radiation hard up to 

equivalent of 400 Mrad
▪ 52 modules (26 for A & C side)

The VeloPix ASIC
10.1088/1748-0221/12/01/C01070

ASICs

Pawel Kopciewicz, CERN

Module substrate cooling panel
10.1016/j.nima.2022.166874.

Module construction
10.48550/arXiv.2404.13615

~5.1 mm from 
the beam

 From ITS2 to ITS3

5ALICE ITS3 | VERTEX 2025 | 25 Aug 2025 | L.Terlizzi

 ITS2 was installed in 2021 and taking data since then:
● Monolithic Active Pixel Sensor (MAPS) 50 µm Si sensors
 average material budget of 0.36% X0 per layer
 1st layer radius 24 mm

 

ITS2 half inner 3 layer

Replacement of the 3 

innermost layers of the 

ITS2 for Run 4

 

ITS3 half inner 3 layer

Run3

Since Run3: Velopix

P r i m i t i v e sINTRODUCTION L u m i n o s i t y
L u m i n o u s  r e g i o n  a n d  

V E L O  m o n i t o r i n g C o n c l u s i o n s

The Vertex Locator (VELO)

228/08/2025

Top view of the 26 station (52 modules) in the x-z plane Front view of a single VELO station in x-y plane: two retractable 
halves (modules)

• Silicon pixel detector and the innermost subdetector at LHCb
• D and B mesons decay O(100 µm - 10 mm) away from primary vertices  (PVs)
• The VELO reconstructs the vertices of the particles with a resolution of O(10 µm)
• It has 26 stations composed of pairs of retractable modules
• It opens and closes by design: it needs to be as near as possible to the beams when they are stable

PV

SV
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PV

SV

7 barrel layers of “ALPIDE” maps
Closest at 22 mm
10 m2 active area – largest MAPS-based 
detector today
Rated for Φ ~ 3x1012 (1 MeV) neq/cm2

and dose ~ 270 kRad

G. Cordova, Vertex 2025

https://indico.phy.ornl.gov/event/677/contributions/2677/attachments/2143/4747/Talk_VERTEX25.pdf
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Run1+2+3 luminosities
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~ 10 fb-1 in Run1+2; ~ 22 fb-1 in Run3 

Run1, ~ 29 fb-1

Run2, ~ 164 fb-1

Run3, ~ 322 fb-1

Run1, ~ 29 fb-1

Run2, ~ 161 fb-1

Run3, ~ 319 fb-1

=============
Total (IBL/PIX) ~ 480/509 fb-1

Total (L1/Rest) ~ 322/440 fb-1}

11
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What is 
radiation 
damage?
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estimate 
radiation 

level?

What do 
we 

measure?

How do we 
include it 

in MC?
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radiation 
damage?



Radiation damage to Silicon sensors

particle SiS
Vacancy 

+ 
Interstitial

point defects 
(V-O, C-O,  .. )

point defects and clusters of defects

EK>25 eV

EK > 5 keV

V

I
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….. a wide range of point defects 

Displacement Damage

• example of point defect reactions:
V: V+O → VO; V+P →VP
I: I+CS → Ci → Ci + O →CiOi

I+BS → Bi → Bi + O →BiOi
… many more reactions!

SIMDET 2021 - Michael Moll, CERN 44
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[C.Besleaga et al. arXiv 2021]

Can we see the defects?
HRTEM on Si: n-irradiated 1019 neq/cm2

High Resolution Transmission Electron Microscopy
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M. Moll, 2021

https://indico.in2p3.fr/event/24931/contributions/98662/attachments/67494/94650/211129-SIMDET-Silicon-Detectors-HEP-MOLL-v1.pdf


Non Ionising Energy Loss - NIEL
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M. Moll, 2018

NIEL 
hypothesis: 
Damage ∝

# of vacancies {Damage 
factors 

https://indico.in2p3.fr/event/17763/contributions/66813/attachments/50770/64925/2018-10-29-Paris-SIMDET-Silicon_Sensors.pdf


Microscopic effects
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Trapping (e and h)
Þ CCE

shallow defects do not 
contribute at room 

temperature due to fast 
detrapping

charged defects 
Þ Neff , Vdep

e.g. donors in upper 
and acceptors in 
lower half of band 

gap

generation
Þ leakage current

Levels close to 
midgap

most effective

Radiation damage 
creates states in the 

forbidden gap

M. Moll, 2018

https://indico.in2p3.fr/event/17763/contributions/66813/attachments/50770/64925/2018-10-29-Paris-SIMDET-Silicon_Sensors.pdf


Deformation of electric field
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Free carriers drifting towards 
electrodes get trapped  and thus 

modify the space charge distribution, 
hence the electric field

MOLL: DISPLACEMENT DAMAGE IN SILICON DETECTORS FOR HEP 1569

Fig. 12. Evolution of the inverse trapping time as function of annealing time
at 60 °C. Data taken from [56].

toward the electrodes and constitute the sensor signal. If a
charge carrier is trapped into a defect level and not released
within the signal collection time of the sensor, the charge is
lost and the corresponding sensor signal is reduced.

1) Fluence Dependence: With increasing defect concen-
tration (increasing particle fluence), more and more charge
carriers get trapped leading to a decrease of the charge
collection efficiency (CCE), i.e., signal height of the sensor.
The effective trapping time τeff can be used to describe this
effect assuming that the loss of charge depends uniquely on
the transport time of the charge carriers inside the sensor:
Q(t) = Q0 exp(−t/τeff ). The effective trapping time can
be separately measured for electrons and holes [56], [57].
As shown in Fig. 11, a linear dependence of the inverse
effective trapping time on the particle fluence is observed and
can be described as

1/τeff = 1/τ(eff,0) + βφeq (18)

where β is the proportionality factor (effective trapping
damage constant) and τeff,0 is the effective carrier lifetime
before irradiation, which in standard silicon already after
very moderate radiation levels can be neglected. Similar
values for various silicon materials (FZ [57], DOFZ [57],
MCz [58], and EPI [59]) and different heavy particle irra-
diations [6], [57] have been observed, resulting in β values
of 4–6 × 10−16 cm2/ns for electrons and 5–8 × 10−16 cm2/ns
for holes. In a more recent work focusing on high-fluence irra-
diations, deviations from the linear behavior shown in Fig. 11
for particle fluences mentioned above about 3 × 1014 neqcm−2

were reported [60]. The inverse trapping time (trapping rate)
increased slower than expected from the linear extrapolation
from low-fluence data and gave, e.g., a 2–3 times lower value
at 3 × 1015 neqcm−2.

2) Annealing: As for the leakage current and the depletion
voltage (effective doping concentration), the effective trapping
damage constant depends on the annealing status of the
sensor after irradiation. This is depicted in Fig. 12 for a
proton irradiated sensor. While for electrons, a reduction in
βe (decrease in 1/τeff,e, less trapping) with annealing time is
observed, for holes (damage parameter βh), an increase of

Fig. 13. Diagrams illustrate the polarization effect leading to a double-
peak electric field distribution in sensor with high defect concentration.
(a) Current density distribution due to the generation of leakage current.
(b) Carrier density distribution with higher hole concentration due to lower
hole mobility. (c) Distribution of space charge due to predominant trapping
of electrons close to the n+ contact and holes close to the p+ contact.
(d) Distribution of electric field strength arising out of space charge distribu-
tion given in (c) (see [40]).

trapping with time has been measured. The trapping damage
constant β has been parameterized for electrons and holes as

β(t) = β0 exp(−t/τa) + β∞(1 − exp(−t/τa)) (19)

where β0 and β∞ denote the trapping rates β is at the
beginning and end of the annealing process that is governed
by the time constant τa [61].

3) Temperature Dependence: It has been shown that the
trapping times are only weakly temperature dependent β(T ) =
β(T0)(T/T0)κ with κ in the range of −0.83–−0.90 for elec-
trons [57], [58], [62] and −1.52–−1.69 for holes [57], [58].

F. Electric Field and Double Junction Effects

In the previous sections—and most importantly—in the
transformation of the measured depletion voltage into effective
space charge by 11, it is assumed that the space charge is
homogeneously distributed over the sensor bulk and constant.
The electric field is thus assumed to be a linear function of the
depth in the sensor. However, in reality, this is not the case and
all results on the effective space charge as deduced from, e.g.,
CV curves in form of depletion voltage characterization have
to be treated with care. Only for nonirradiated sensors or low-
irradiation fluences, the space charge can be assumed to be
constant throughout the depleted sensor volume. For higher
fluences, more complex field structures are observed. A fact
which is most important for segmented detectors, as will be
shown in Section III. Type inversion or SCSI in an n-type
sensor (see Section II-C) was naively assumed to shift the
space charge from positive to negative sign throughout the
full sensor volume and consequently should lead to an electric
field that starts to grow from the back electrode when rising
the reverse bias over the sensor. While a strong electric field
growing from the backside of the device is indeed observed,
a field growing from the front side is also observed at the same
time. The formation of such a double-peak field structure can
be explained by a polarization effect [40] and is illustrated
in Fig. 13. The free carriers (electrons and holes) generated by

1570 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 65, NO. 8, AUGUST 2018

Fig. 14. Drift velocity profiles with varying bias voltages for a nonirradiated
(top) and a neutron irradiated (1016 cm−2) (bottom) p-type microstrip detector
made from float zone silicon (5 k!cm, 300 µm, and Vdep = 180 V).
Figures taken from [66].

radiation-induced defects constitute the radiation-induced leak-
age current. As electrons are drifting toward the n+ electrode
and holes toward the p+ electrode, the electron density is the
highest at the n+ contact while the hole density is the highest
at the p+ contact [see Fig. 13(b)]. The free carriers (electrons
and holes) are partly trapped at radiation-induced defect levels
(acceptors and donors), and thus build up additional space
charge. This space charge is predominantly negative at the
n+ contact and positive at the p+ contact [see Fig. 13(c)].
Finally, if the total effective space charge is negative at the
n+ contact and positive at the p+ contact, a double-peak
electric field distribution is observed [see Fig. 13(d)].

The transient current technique (TCT) allows to charac-
terize and visualize the electric field distribution [63]–[65].
An example for a nonirradiated and highly irradiated sensor,
as measured with edge-TCT is shown in Fig. 14 [66]. The
depth profiles of the sum of the drift velocities of electrons (νe)
and holes (νh) as created in the indicated depth of the sensor
is shown. This parameter relates to the electric field strength
E via "νe + "νh = µe(E) "E + µh(E) "E , where µe,h are the
carrier mobilities. In cases where the drift velocity has not
saturated as function of electric field strength, the sum of the
drift velocities gives an image of the electric field strength
within the sensor. It is clearly visible that the electric field in
the nonirradiated sensor is growing from the front side while
in the irradiated sensor fields are growing from both sides with
rising reverse bias voltage.

Fig. 15. Schematic of the (a) p-in-n and (b) n-in-p microstrip sensor concept.
The p-in-n sensor consists of high-resistivity n-type bulk material with p-type
implanted front electrodes (p+) and a homogeneous n-type implant (n+) on
the backside. Negative potential is applied to the p+ implants with respect to
the back contact. Holes are drifting to the top (front electrode) and electrons
to the bottom (back electrode). For the n-in-p sensor the doping type is
inverted and biasing is established by supplying positive potential to the front
electrodes. In this case, electrons are drifting to the front electrode and holes
to the back electrode. In both sensors, the strip electrodes are ac coupled via
a thin oxide layer to the readout electronics while HV is applied via bias
resistors directly to the front implants (not visible in figure).

While many measurements on the electric field distribution
of irradiated sensors exist, a parameterization of the electric
field distribution as function of silicon material, particle flu-
ence and type, sensor thickness, temperature, and annealing
time does not exist to the same comprehensive level as,
e.g., for the effective space charge distribution presented
in Section II-C. A proposal on how to parameterize the
electric field distribution has been made [66], but needs to
be completed with a bigger set of measured data. Another
approach to predict the electric field distribution as function of
the above-mentioned parameters is to use TCAD simulations.
Here, the defect levels are parameterized and the electric field
is calculated, offering the advantage that the parameterization
becomes sensor geometry independent (see Section V).

III. RADIATION DAMAGE IN SEGMENTED DETECTORS

The results shown in Section II were obtained with pad
detectors. These employ a single readout electrode with
dimensions that are significantly larger than the thickness
of the sensor (see Section II-A). In order to gain position
information about the particle impact point, the detector has to
be segmented into individual electrodes which are connected to
individual readout electronics. The corresponding segmented
sensors are called strip or pixel sensors according to the geom-
etry of the segmentation. Strip sensors have a typical pitch
(strip center-to-center distance) of 25–100 µm and a lengths
range from centimeters to tens of centimeters. A schematic
of strip sensors in a cut plane orthogonal to the strips is
shown in Fig. 15. The pixel detectors are segmented along
both dimensions (i.e., organized in a checkerboard pattern),
and therefore, offer the best 2-D resolution. A more general
introduction to segmented silicon sensors for particle tracking
can be found in [9], [67], and [68]. Naturally, the basic radi-
ation damage mechanisms in segmented and nonsegmented
sensor configurations are identical. However, the fact that
the electrodes are segmented impacts on the way the signal
is formed on the electrodes which finally impacts on the
detection efficiency and signal-to-noise ratio of the sensor.

Neutron-irradiated

G. Kramberger et al., 2014

EVL (2002)

http://doi.org/10.1088/1748-0221/9/10/P10016
http://doi.org/10.1088/1748-0221/9/10/P10016
http://doi.org/10.1088/1748-0221/9/10/P10016
https://doi.org/10.1016/S0168-9002(01)01642-4
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that on the microscopic level is dominated by point defects
in the crystal lattice). The latter is significantly different
and usually cannot be described by applying a single NIEL
hypothesis-based scaling factor to the damage produced by
heavy particles in the same device. An example for this
difference will be given in the following for the radiation-
induced leakage current.

A. Basic Characterization Methods

Silicon particle detectors are basically reverse biased diodes.
The most simple test structure to investigate the properties
of a silicon detector is, therefore, a so-called pad detector.
It consists of a large front electrode (with respect to the
thickness of the silicon bulk) surrounded by one or a series of
guard rings (to protect the collecting electrodes from unwanted
currents originating from the edges and to precisely define
the active volume) and a homogeneous electrode covering all
backside. For n-type bulk structures, the front contact and
guard rings are p+ implant and the backside implant is an
n+ implant. Typical dimensions are 5 mm × 5 mm for the
front electrode and 300 µm for the thickness of the silicon
bulk. Most of the results presented in Section II are based
on measurements on pad detectors. Segmented sensors add
more complexity to the impact of bulk (and surface) radiation
damage and will be treated in Section III.

B. Leakage Current

Radiation-induced defect levels close to the middle of the
bandgap are very efficient charge carrier generation centers
that lead to an increase of the leakage current of silicon
devices. This current is also called generation current or dark
current. The experimental determination of the leakage current
requires a great care to properly determine the semiconductor
volume contributing to it, avoiding or subtracting parasitic
currents contributed by the device surface or other interfaces,
and accurately determine the temperature of the silicon and
the annealing state of the device under test.

1) Fluence Dependence: After exposure to highly energetic
particles having sufficient energy to produce defect clusters
(see Section IV-B), the radiation-induced increase of the
leakage current is proportional to the particle fluence and
independent of the type, resistivity, and impurity content of
the used silicon material [8], [34]. Fig. 5 shows data obtained
on various silicon detectors irradiated in a neutron field with
5.2-MeV mean energy and measured at room temperature
after a dedicated annealing of 80 min at 60 °C [35]. The
proportionality factor is called current-related damage factor
α and is defined as

α = "I
V φeq

(9)

where "I is the leakage current increase caused by irradiation,
V is the volume contributing to the current, and φeq is the
particle fluence. The data shown in Fig. 5 result in a value
of α (80 min, 60 °C) = (3.99 ± 0.03) × 10−17 A/cm for the
measurements taken at 20 °C.

It shall be mentioned that for irradiations producing pre-
dominantly point defects (see Section IV-B), a nonlinear

Fig. 5. Radiation induced leakage current increase as function of particle
fluence for various silicon detectors made from silicon materials produced by
various process technologies with different resistivities and conduction type.
The current was measured after a heat treatment of 80 min at 60 °C and is
normalized to the current measured at 20 °C. Figure taken from [35].

Fig. 6. Current-related damage rate α as a function of cumulated anneal-
ing time at different temperatures. Solid lines: fits to the data (see text).
Figure taken from [39].

dependence on the particle fluence and a strong dependence
on the impurity content are observed [36]. It was found that
for gamma-irradiated silicon, the amount of leakage current
depends on the oxygen concentration in the material and has
quadratic dose (i.e., photon fluence) dependence. The origin
of this behavior was attributed to the formation of an oxygen-
related point defect called Ip [37].

2) Temperature Dependence: The temperature dependence
of the leakage current is dominated by the position of the
energy levels in the band gap, their cross sections, their con-
centrations, and the temperature dependence of the bandgap
itself. The most efficient generation centers are the ones at
the intrinsic energy level. In this case, the leakage current
temperature dependence will follow one of the intrinsic car-
rier concentrations ni . In a recent work, Chilingarov [38]
compared experimental results obtained on several different
irradiated silicon particle detectors using the parameterization
I (T ) ∝ T 2 exp(−Eeff/2kB T ) and obtained a value of Eeff =
1.214 ± 0.014 eV. This value is presently the reference in
the HEP community for temperature correction (scaling) of
the leakage current. In practice, this value translates into a
reduction of the leakage current by 8%–10% per degree centi-
grade in the temperature range from room temperature (RT)
to −20 °C.
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3) Annealing Effects and Parameterization: The annealing
behavior of the current-related damage factor α after irradia-
tion is displayed in Fig. 6 for various annealing temperatures
ranging from 21 °C to 106 °C [39]. The annealing temperature
is the temperature at which the samples are stored or heated
to accelerate the defect reactions in the silicon bulk. This
temperature shall not be confused with the measurement
temperature of the leakage current which in the given example
is 20 °C. The α value is continuously decreasing with increas-
ing annealing time. In [35] and [39], a parameterization of the
data with an exponential and logarithmic term is proposed

α = α1 · exp(−t/τ1) + α0 − α2 · ln(t/t0) (10)

and has been used in Fig. 6 to fit the data (solid lines).
The complete parameter set (α0, α1, α2, τ1, and t0) and a
discussion on the physics meaning of the parameters can be
found in [35] and [39].

C. Space Charge-Effective Doping Concentration

The radiation-induced defects lead to a change in the
effective space charge Neff that is reflected in a change of
the depletion voltage Vdep of silicon detectors. The depletion
voltage Vdep is given as

Vdep = q|Neff |d2

2εε0
(11)

where d is the thickness of the device, q is the elementary
charge, ε is the relative permittivity of silicon, and ε0 is the
vacuum permittivity. It shall be noted that (11) is assuming
a constant space charge over the volume of the damaged
detector, which is not always the case [40]. Furthermore,
the depletion voltage is usually determined from capacitance
versus voltage (C–V ) measurements at ≈10 kHz and a temper-
ature between +20 °C and −20 °C depending on measurement
limits set by the high leakage currents, while a dependence
of the depletion voltage on the measurement frequency and
temperature has been reported for damaged detectors [41].
It is thus understood that the following parameterizations
give precise values for the prediction of the depletion voltage
(i.e., the kink in the C–V measurement of a diode), while the
translation into Neff via (11) might be afflicted with systematic
errors. It shall be mentioned that in highly irradiated detectors,
contrary to undamaged detectors, the space charge is no longer
identical to the free carrier concentration in thermal equilib-
rium. Results of characterization methods determining the free
carrier densitity or the low-voltage resistivity are, therefore,
not easily correlated with the space charge determined from
full depletion voltage (also see Section II-D).

1) Fluence Dependence: Fig. 7 shows an example of the
evolution of the effective space charge (i.e., depletion voltage)
for an n-type sensor with particle fluence [42]. Before irradi-
ation, the sensor was of high-resistivity n-type (phosphorus-
doped) base material resulting in a positive space charge of
some 1011 cm−3.

Irradiation of the sensor results in the formation of negative
space charge which compensates the initial positive space
charge. With increasing particle fluence, the net space charge

Fig. 7. Effective doping concentration (depletion voltage) as a function of
particle fluence for a standard FZ n-type silicon detector. Data were measured
directly after exposure and are taken from [42].

Fig. 8. Evolution of the effective doping concentration as a function of
annealing time. The data shown here were taken at room temperature while
the annealing took place at 60 °C. Taken from [35].

decreases and reaches very low values corresponding to almost
intrinsic silicon. This point is called type inversion or space
charge sign inversion (SCSI) as the space charge sign changes
from positive to negative. Increasing the particle fluence
beyond the SCSI point leads to more and more negative space
charge values. The depletion voltage rises accordingly and
eventually reaches values that cannot be applied to the detector
any more without causing breakdown. The applied voltage
will have to be kept below the depletion voltage and the
detector is operated underdepleted. For high-resistivity p-type
sensors, no type inversion is usually observed as the initial
space charge is already negative before irradiation. It should,
however, be mentioned that after neutron and charged-hadron
irradiations cases have been observed in nonstandard floating
zone (FZ) silicon materials where type inversion occurs from
negative to positive space charge [35] or the effective space
charge remains positive in n-type sensors up to very high
particle fluences [43], [44].

2) Annealing and Parameterization: The effective doping
concentration after irradiation is changing with time. This
so-called annealing can be accelerated at elevated temperatures
and decelerated or frozen when going to lower temperatures.
Fig. 8 shows an example for a typical annealing behavior after
high-fluence irradiation. The change of the effective doping
concentration with irradiation $Neff is given as

$Neff = Neff,0 − Neff (t) (12)
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Fig. 12. Evolution of the inverse trapping time as function of annealing time
at 60 °C. Data taken from [56].

toward the electrodes and constitute the sensor signal. If a
charge carrier is trapped into a defect level and not released
within the signal collection time of the sensor, the charge is
lost and the corresponding sensor signal is reduced.

1) Fluence Dependence: With increasing defect concen-
tration (increasing particle fluence), more and more charge
carriers get trapped leading to a decrease of the charge
collection efficiency (CCE), i.e., signal height of the sensor.
The effective trapping time τeff can be used to describe this
effect assuming that the loss of charge depends uniquely on
the transport time of the charge carriers inside the sensor:
Q(t) = Q0 exp(−t/τeff ). The effective trapping time can
be separately measured for electrons and holes [56], [57].
As shown in Fig. 11, a linear dependence of the inverse
effective trapping time on the particle fluence is observed and
can be described as

1/τeff = 1/τ(eff,0) + βφeq (18)

where β is the proportionality factor (effective trapping
damage constant) and τeff,0 is the effective carrier lifetime
before irradiation, which in standard silicon already after
very moderate radiation levels can be neglected. Similar
values for various silicon materials (FZ [57], DOFZ [57],
MCz [58], and EPI [59]) and different heavy particle irra-
diations [6], [57] have been observed, resulting in β values
of 4–6 × 10−16 cm2/ns for electrons and 5–8 × 10−16 cm2/ns
for holes. In a more recent work focusing on high-fluence irra-
diations, deviations from the linear behavior shown in Fig. 11
for particle fluences mentioned above about 3 × 1014 neqcm−2

were reported [60]. The inverse trapping time (trapping rate)
increased slower than expected from the linear extrapolation
from low-fluence data and gave, e.g., a 2–3 times lower value
at 3 × 1015 neqcm−2.

2) Annealing: As for the leakage current and the depletion
voltage (effective doping concentration), the effective trapping
damage constant depends on the annealing status of the
sensor after irradiation. This is depicted in Fig. 12 for a
proton irradiated sensor. While for electrons, a reduction in
βe (decrease in 1/τeff,e, less trapping) with annealing time is
observed, for holes (damage parameter βh), an increase of

Fig. 13. Diagrams illustrate the polarization effect leading to a double-
peak electric field distribution in sensor with high defect concentration.
(a) Current density distribution due to the generation of leakage current.
(b) Carrier density distribution with higher hole concentration due to lower
hole mobility. (c) Distribution of space charge due to predominant trapping
of electrons close to the n+ contact and holes close to the p+ contact.
(d) Distribution of electric field strength arising out of space charge distribu-
tion given in (c) (see [40]).

trapping with time has been measured. The trapping damage
constant β has been parameterized for electrons and holes as

β(t) = β0 exp(−t/τa) + β∞(1 − exp(−t/τa)) (19)

where β0 and β∞ denote the trapping rates β is at the
beginning and end of the annealing process that is governed
by the time constant τa [61].

3) Temperature Dependence: It has been shown that the
trapping times are only weakly temperature dependent β(T ) =
β(T0)(T/T0)κ with κ in the range of −0.83–−0.90 for elec-
trons [57], [58], [62] and −1.52–−1.69 for holes [57], [58].

F. Electric Field and Double Junction Effects

In the previous sections—and most importantly—in the
transformation of the measured depletion voltage into effective
space charge by 11, it is assumed that the space charge is
homogeneously distributed over the sensor bulk and constant.
The electric field is thus assumed to be a linear function of the
depth in the sensor. However, in reality, this is not the case and
all results on the effective space charge as deduced from, e.g.,
CV curves in form of depletion voltage characterization have
to be treated with care. Only for nonirradiated sensors or low-
irradiation fluences, the space charge can be assumed to be
constant throughout the depleted sensor volume. For higher
fluences, more complex field structures are observed. A fact
which is most important for segmented detectors, as will be
shown in Section III. Type inversion or SCSI in an n-type
sensor (see Section II-C) was naively assumed to shift the
space charge from positive to negative sign throughout the
full sensor volume and consequently should lead to an electric
field that starts to grow from the back electrode when rising
the reverse bias over the sensor. While a strong electric field
growing from the backside of the device is indeed observed,
a field growing from the front side is also observed at the same
time. The formation of such a double-peak field structure can
be explained by a polarization effect [40] and is illustrated
in Fig. 13. The free carriers (electrons and holes) generated by
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Fig. 24: Radial dependence of �Si
eq at z = 0 as predicted by FLUKA. The total �Si

eq is separated into the
contribution from neutrons and all other particles.

Table 6: Fluence and dose values in the ATLAS IBL detector system predicted by FLUKA, based on
50 000 events. For �had

20 , the assumed instantaneous luminosity is 1034 cm�2 s�1.

IBL Sensor z position �Si
eq TID �had

20

module type (cm) (⇥1011cm�2/fb�1) (Gy /fb�1) (⇥106 cm�2 s�1)
0 planar 2.08 62.5 ± 0.4 2897 ± 24 83.4 ± 0.4
1 planar 6.23 61.2 ± 0.3 2901 ± 23 85.0 ± 0.4
2 planar 10.38 59.7 ± 0.3 2917 ± 23 87.5 ± 0.4
3 planar 14.53 58.0 ± 0.3 2983 ± 26 89.0 ± 0.5
4 planar 18.68 56.6 ± 0.3 3015 ± 25 89.6 ± 0.5
5 planar 22.83 55.6 ± 0.4 3083 ± 27 89.4 ± 0.5
6 3D 25.94 55.2 ± 0.4 3126 ± 32 89.8 ± 0.6
7 3D 28.00 55.5 ± 0.4 3182 ± 34 90.6 ± 0.6
8 3D 30.07 55.0 ± 0.4 3191 ± 34 90.4 ± 0.6
9 3D 32.13 55.7 ± 0.4 3308 ± 36 91.0 ± 0.6

but overestimate compared with the measurements. Given the measurement uncertainties, the level of
agreement is considered reasonable, being somewhat worse for the RadMon in the cryostat location.

In the original ATLAS design studies, ‘safety factors’ were introduced to reflect the uncertainties
in simulating radiation backgrounds at the unprecedented centre-of-mass collision energy and luminosi-
ties. These were used for the testing and qualification of technologies for application in radiation envi-
ronments. For example, in the testing and procurement of electronics, safety factors of 3.5 (5.0) were
applied to the simulated radiation levels for TID (�Si

eq, �had
20 ). A taskforce review in 2013 concluded it

was reasonable to reduce these safety factors to 1.5 for all three radiation quantities.

43

IBL reached ~ 9x1014 at the end of Run2, now is at ~ 2.5x1015
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• Hit efficiency >99% 

• Expected total ionising dose O(1016) MeV neq/cm2 

• Most irradiated sensors are already at 2x1015 MeV neq/cm2
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water cooling system shared with the SDD, and, due to the sensitivity of the detector to the air humidity,
an air dryer system was also used to keep the absolute humidity between 1 and 1.5 g/kg.

Because of lower collision rates, the ALICE ITS saw less fluence and dose than the ATLAS, CMS,
and LHCb detectors. The fluence and dose seen by the ALICE ITS subsystems in Run 1 and Run 2 are
summarized in Table 4 for the innermost layer of each system.

Table 4: ALICE fluence and dose levels after Run 1 and Run 2 at the end of 2018 in its inner tracking
system (ITS). Only the maximum fluence of the innermost layer of each subsystem is shown.

ITS subdetector Radius Maximum TID Maximum hadron fluence �eq

SPD 3.9 cm 19.3 krad 3.2 ⇥ 1011/cm2

SDD 15 cm 1.65 krad 4.0 ⇥ 1010/cm2

SSD 38 cm 0.37 krad 1.8 ⇥ 1010/cm2
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Figure 6. Average measured leakage current of a representative sample of modules on the ⌫-Layer, Layer-1
and Layer-2 over the full period of operation. The scaled prediction from the Hamburg Model is also shown.
The bands include uncertainties on the measurement, as described in section 4.4.2.

shape as a function of integrated luminosity. The observed di�erences are accounted for in the
uncertainty bands, which are dominated by a temperature bias. Other sources of uncertainty such
as the luminosity uncertainty (O(1%)) are subdominant.

To reveal the impact of constant damage, a study of the ratios of the leakage currents across the
layers is performed. Measured ratios of the average leakage current for modules on the ⌫-Layer to
the average leakage current for modules on Layer-2, and of the average leakage current for modules
on Layer-1 to the average leakage current of modules on Layer-2, are shown in figure 7 for LHC
Run 2. These ratios are, as predicted, fairly constant as a function of integrated luminosity. Once
again, some dates corresponding to extended periods when the LHC beams were o� are displayed
with grey vertical lines. Also shown in figure 7 are the ratios of the unscaled Hamburg Model
predictions for LHC Run 2. The vertical axis is proportional to the ratio of the applied fluences.
The fluence of one layer relative to other layers is well predicted without the need for scale factors.

4.5 Strip detector and disks

The ATLAS SCT consists of 4088 modules of silicon-strip detectors: 2112 in the barrel region,
and 988 per endcap region, EC-A or EC-C. The barrel modules are mounted on four cylindrical
supports and named as Barrels 3 to 6 (B3 to B6 for short). Each endcap has nine disks (labelled 1
to 9), each consisting of up to three rings of modules. The rings, in order of increasing radius, are
named Inner, Middle and Outer.
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and with all the SCT data. In contrast, there is a much stronger |I |-dependence observed in the
IBL data than is predicted (numerical values are presented in table 1) and the overall fluence is
significantly higher than predicted for the outer pixel layers. Near the centre of the detector, the
measured fluence is 30–50% higher than predicted by the simulation. For Layer-1 and Layer-2, the
di�erence is 30–40%. For the IBL, the measured fluence at |I | = 30 cm is about 50% of the value
at |I | = 0. These data are presented as a function of [ instead of I in figure 11. The trends are
exactly the same as in figure 10, but now the |[ | < 2.5 acceptance of the silicon tracking detector
is clear. The fluence on the inner layers is mostly determined by the primary charged-pion flux,
which is relatively constant as a function of [. In contrast, a significant fraction of the fluence in
the outer layers of the SCT is due to neutrons that are produced by interactions with material in the
dense regions of the ATLAS calorimeters.

The data are presented in a third way in figure 12, demonstrating the radial dependence of
the measured leakage current and fluence. The fluence drops o� approximately as the square of
the inverse radius, with deviations resulting from particles produced through interactions with the
detector. Beyond the pixel detector, the F���� and G����4 simulations bracket the measured
values.

The ratio of the simulated values to the leakage current data, as shown in figure 12, is presented
in table 2. The values in this table provide concrete input for further studies of the radiation
environment at the LHC.

Table 1. IBL scale factors as a function of I, depicted in figure 10. The measurements are consistent between
+I and �I and the predictions are symmetric by construction, so the values are presented in bins of |I |.

I Bin Mean SF
32 cm > |I | > 24 cm 0.56 ± 0.06
24 cm > |I | > 16 cm 0.77 ± 0.08
16 cm > |I | > 8 cm 0.84 ± 0.09
8 cm > |I | > 0 cm 0.97 ± 0.10

Table 2. Mean, minimum, and maximum simulation-to-data ratios (scale factors, SF) for each barrel layer in
the inner detector, as depicted in figure 12. The average uncertainty in the ratio is in the rightmost column.

Detector Layer A [cm] Mean SF Min. SF Max. SF SF uncert.

Pixel

IBL 3.30 0.78 0.56 0.97 0.08
⌫-Layer 5.10 1.28 1.11 1.47 0.15
Layer-1 8.90 1.31 1.19 1.44 0.15
Layer-2 12.30 1.39 1.32 1.46 0.16

SCT

Barrel 3 29.90 1.13 1.11 1.17 0.11
Barrel 4 37.10 1.09 1.05 1.15 0.11
Barrel 5 44.30 1.06 1.01 1.13 0.10
Barrel 6 51.40 1.03 0.98 1.09 0.11
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Figure 4. The measured and predicted leakage currents for sensors on the Insertable ⌫-layer, both normalized
to 0 �C for four module groups spanning |I | < 8 cm, 8 < |I | < 16 cm, 16 < |I | < 24 cm, and 24 < |I | < 32 cm.
Modules in the highest |I | region use 3D sensors. The A and C sides of the detector (I > 0 and I < 0) are
consistent with each other and averaged. The dominant time-independent uncertainty of 10% is not included
to avoid overlapping bands. The prediction is based on the thermal history of the modules combined with
the Hamburg Model for modelling changes in the leakage current and P����� + F���� for simulating the
overall fluence. For all four predictions, the overall scale normalization is based on a fit to the data across
the entire range. Normalization factors are determined per |I | region. The lower panel shows the ratio of
the prediction to the data for the innermost module group. Similar MC/data trends are observed for the
other three |I | regions. For illustration, the fluence is shown as a lower horizontal axis using the nominal
luminosity-to-fluence from simulation at |I | = 0.

supplied by a common power supply unit. The precision of measurements of the leakage current
read with the power supply units was improved during LHC Run 2. The raw leakage current data
measured by both the HVPP4 system and the power supplies are stored in the COOL database [53].

Leakage currents were measured for each module individually using the HVPP4 subsystem in
LHC Run 1 and Run 2 and for pairs of modules using the power supply subsystem in LHC Run 2.
These measurements are subsequently averaged for each barrel layer and each disk. Averaged
binned measurements are also examined for q and I dependence for a more refined investigation of
the spatial dependence of the radiation damage.
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and with all the SCT data. In contrast, there is a much stronger |I |-dependence observed in the
IBL data than is predicted (numerical values are presented in table 1) and the overall fluence is
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measured fluence is 30–50% higher than predicted by the simulation. For Layer-1 and Layer-2, the
di�erence is 30–40%. For the IBL, the measured fluence at |I | = 30 cm is about 50% of the value
at |I | = 0. These data are presented as a function of [ instead of I in figure 11. The trends are
exactly the same as in figure 10, but now the |[ | < 2.5 acceptance of the silicon tracking detector
is clear. The fluence on the inner layers is mostly determined by the primary charged-pion flux,
which is relatively constant as a function of [. In contrast, a significant fraction of the fluence in
the outer layers of the SCT is due to neutrons that are produced by interactions with material in the
dense regions of the ATLAS calorimeters.

The data are presented in a third way in figure 12, demonstrating the radial dependence of
the measured leakage current and fluence. The fluence drops o� approximately as the square of
the inverse radius, with deviations resulting from particles produced through interactions with the
detector. Beyond the pixel detector, the F���� and G����4 simulations bracket the measured
values.

The ratio of the simulated values to the leakage current data, as shown in figure 12, is presented
in table 2. The values in this table provide concrete input for further studies of the radiation
environment at the LHC.

Table 1. IBL scale factors as a function of I, depicted in figure 10. The measurements are consistent between
+I and �I and the predictions are symmetric by construction, so the values are presented in bins of |I |.

I Bin Mean SF
32 cm > |I | > 24 cm 0.56 ± 0.06
24 cm > |I | > 16 cm 0.77 ± 0.08
16 cm > |I | > 8 cm 0.84 ± 0.09
8 cm > |I | > 0 cm 0.97 ± 0.10

Table 2. Mean, minimum, and maximum simulation-to-data ratios (scale factors, SF) for each barrel layer in
the inner detector, as depicted in figure 12. The average uncertainty in the ratio is in the rightmost column.

Detector Layer A [cm] Mean SF Min. SF Max. SF SF uncert.

Pixel

IBL 3.30 0.78 0.56 0.97 0.08
⌫-Layer 5.10 1.28 1.11 1.47 0.15
Layer-1 8.90 1.31 1.19 1.44 0.15
Layer-2 12.30 1.39 1.32 1.46 0.16

SCT

Barrel 3 29.90 1.13 1.11 1.17 0.11
Barrel 4 37.10 1.09 1.05 1.15 0.11
Barrel 5 44.30 1.06 1.01 1.13 0.10
Barrel 6 51.40 1.03 0.98 1.09 0.11
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di�erence is 30–40%. For the IBL, the measured fluence at |I | = 30 cm is about 50% of the value
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exactly the same as in figure 10, but now the |[ | < 2.5 acceptance of the silicon tracking detector
is clear. The fluence on the inner layers is mostly determined by the primary charged-pion flux,
which is relatively constant as a function of [. In contrast, a significant fraction of the fluence in
the outer layers of the SCT is due to neutrons that are produced by interactions with material in the
dense regions of the ATLAS calorimeters.

The data are presented in a third way in figure 12, demonstrating the radial dependence of
the measured leakage current and fluence. The fluence drops o� approximately as the square of
the inverse radius, with deviations resulting from particles produced through interactions with the
detector. Beyond the pixel detector, the F���� and G����4 simulations bracket the measured
values.

The ratio of the simulated values to the leakage current data, as shown in figure 12, is presented
in table 2. The values in this table provide concrete input for further studies of the radiation
environment at the LHC.

Table 1. IBL scale factors as a function of I, depicted in figure 10. The measurements are consistent between
+I and �I and the predictions are symmetric by construction, so the values are presented in bins of |I |.

I Bin Mean SF
32 cm > |I | > 24 cm 0.56 ± 0.06
24 cm > |I | > 16 cm 0.77 ± 0.08
16 cm > |I | > 8 cm 0.84 ± 0.09
8 cm > |I | > 0 cm 0.97 ± 0.10

Table 2. Mean, minimum, and maximum simulation-to-data ratios (scale factors, SF) for each barrel layer in
the inner detector, as depicted in figure 12. The average uncertainty in the ratio is in the rightmost column.

Detector Layer A [cm] Mean SF Min. SF Max. SF SF uncert.
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IBL 3.30 0.78 0.56 0.97 0.08
⌫-Layer 5.10 1.28 1.11 1.47 0.15
Layer-1 8.90 1.31 1.19 1.44 0.15
Layer-2 12.30 1.39 1.32 1.46 0.16
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Barrel 3 29.90 1.13 1.11 1.17 0.11
Barrel 4 37.10 1.09 1.05 1.15 0.11
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Figure 10. The leakage current at the end of Run 2 (left) and the fluence rate (right) as a function of I for the
silicon-based parts of the ATLAS inner detector. The predicted values are symmetric in I by construction.
Distances given in parentheses after layer names correspond to the radial positions of the sensors relative
to the geometric centre of ATLAS. For the IBL, the error bars are dominated by the residual dependence
of the leakage current on the high voltage past full depletion; for the outer layers of the pixel detector, the
uncertainty is dominated by a power supply uncertainty and uncertainties in the temperature and luminosity;
for the SCT, the uncertainty is due to the sensor temperature, the luminosity, and the sensor thickness (for
fluence) and the RMS spread across modules (leakage current). Uncertainties in the silicon damage factors
(relevant for the simulation and the Hamburg Model) are not included.
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Fig. 44: Comparison of the measured leakage current per sensor module (approximately 0.3 cm3 of
silicon) with simulation for the four layers of the CMS barrel pixel detector. For Layers 2 to 4 the
simulated values are scaled by a factor of about 2, as indicated on each of the three plots.

CMS has also investigated thermal runaway. A small number of modules already in Run 2 experi-
enced thermal runaway due to degraded cooling contacts and relatively large fluences. In the example in
Fig. 48 the currents from two HV channels connected to sets of modules from a double-sided layer are
shown. When both channels are switched on thermal runaway occurs until one of the two channels trips
due to reaching its current limit. One of the two HV channels can, however, continue to operate. The
occurrence of further thermal runaways was limited in the last year of Run 2 by decreasing the baseline
temperature between 15 and �20 �C.

5.3.1.5 LHCb vertex detector

Even though the LHCb detector has received about a factor of 10 fewer collisions than ATLAS or
CMS, the fluence on the VELO is comparable to the innermost pixel layers of ATLAS and CMS
(⇠ 1015 neq/cm2 after Run 2) due to the closer proximity to the collision point. Figure 49 shows the

69

Measurements for the detector inserted in 
2016/17 (~118 fb-1)

HV channels are grouped in z

Scale factors applied on the entire layer

L# r [cm] SF Φ [1014 neq/cm2]

1 2.9 1.0 7.9

2 6.8 2.2 1.8

3 10.9 2.0 0.9

4 16.0 1.8 0.5
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Radiation damage studies
Estimation of Leakage Current

• Several GBTx show instabilities at -36oC => 
warming up (now to -23oC) helps 

• Possible increase of degradation from 
irradiation (depletion voltage) 

• Feasibility studies of detector operation at 
higher temperature until the end of Run 4 

• Estimated leakage current, corrected for 
the sensor temperature 

• Compared to the actual value 
• Impact from warm up is visible

13

LHCb Preliminary

V. Zhovkovska, Tipp 2026

https://indico.cern.ch/event/1542844/contributions/6712013/
https://indico.cern.ch/event/1542844/contributions/6712013/
https://indico.cern.ch/event/1542844/contributions/6712013/
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Depletion voltage inferred from 
cluster charge vs bias voltage
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~ End 2022
φ ~ 1.0x1015 neq/cm2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
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Repeat the analysis 
per z-region 

~ End 2022
φ ~ 1.0x1015 neq/cm2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/


Depletion voltage – ATLAS IBL

Marco Bomben - Seminar @ U. Warwick, 05/03/2026 34

0 2 4 6 8 10 12 14

]-2 n-eq cm14Average Fluence [10

0

50

100

150

200

250

300

350

IB
L 

Pl
an

ar
 F

itt
ed

 D
ep

l. 
Vo

lta
ge

 [V
]

IBL Planar
z Integrated
0<|z|<8 cm
8<|z|<16 cm
16<|z|<24 cm
Linear Fit

ATLAS Preliminary
= 0.9 + 13 + 13.6 TeVs

PIX-2023-007

IBL modules spent most of their time cold

No annealing effects are measurable

Linear fit does great job J

Note that also differential measurements 
line up well

We can extrapolate Vdepl to end of Run3 
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Radiation effects on pixels cluster charge

12

• Layer 1 currently collecting 50% of the charge compared to 
unirradiated sensors 

• Charge collection in FPix is also degrading, but more slowly 

• Improvements come from beneficial annealing, increase of 
HV bias, updated gain calibrations 

• HV bias scan performed regularly to monitor performance 
→ Layer 1 evolves rapidly

Current settings: 
Layer 1: 600 V 
Layer 2: 450 V 
Layer 3: 350 V 
Layer 4: 300 V 

Ring 1: 450 V 
Ring 2: 350 V

Q vs V – CMS Pixels
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Barrel

Disks

M. Wulansatiti, Vertex 2025

Barrel Barrel L1

https://indico.phy.ornl.gov/event/677/contributions/2678/attachments/2102/4674/VERTEX25_CMSTrackerOps_MW.pdf
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Hit efficiencies

18
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2024 (13.6 TeV)CMS Preliminary Strips Pixels

• High hit efficiency >98% for strips, scales linearly with instantaneous luminosity 

• Pixels hit efficiency degrades with integrated luminosity, recovered by annealing, 
gain calibrations, and HV bias increase

Average inst. lumi. 
during running

M. Wulansatiti, 
Vertex 2025

https://indico.phy.ornl.gov/event/677/contributions/2678/attachments/2102/4674/VERTEX25_CMSTrackerOps_MW.pdf
https://indico.phy.ornl.gov/event/677/contributions/2678/attachments/2102/4674/VERTEX25_CMSTrackerOps_MW.pdf
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Cluster size studies
Operation Voltage

• Suggested operating voltage, 𝑉𝑠, extracted for every module vs 
radius looking at  size 2, 3 and 4 clusters vs HV 

• Values are extrapolated to 8x1015 MeV neq/cm2 (maximum 
expected fluence) 

• Annealing is not included yet 

• Strategy allows to predict operating voltage below threshold  
• For the end of 2025 it is 1270V for the most irradiated areas 
• Actual operating voltage was 400V: small impact on tracking

11

V. Zhovkovska, Tipp 2026

https://indico.cern.ch/event/1542844/contributions/6712013/
https://indico.cern.ch/event/1542844/contributions/6712013/
https://indico.cern.ch/event/1542844/contributions/6712013/
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CCE

Effect of annealing clearly visible

L.A.:
• increasing

with fluence
due to low
electric field
regions

• decreasing
for larger
bias voltage

5. Measurements of radiation damage on silicon sensors

Table 11: Summary of the values for the intercepts and slopes obtained from linear fits to the Lorentz
angle as a function of the fluence for fixed temperature T and high voltage V .

Temperature Voltage ✓L(�eq = 0) (@✓L/@�eq)T,V

(Mrad) (Mrad·cm2)
15 �C 80 V 223.5 ± 1.0 (30.6 ± 3.0) ·10�14

5 �C 80 V 240.9 ± 0.7 (13.6 ± 0.6) ·10�14

150 V 174.6 ± 3.6 (9.6 ± 1.6) ·10�14

�20 �C 350 V 95.5 ± 1.3 (3.5 ± 0.3) ·10�14

400 V 78.3 ± 2.8 (3.2 ± 0.4) ·10�14
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Fig. 69: The measured position resolution on the ATLAS IBL as a function of integrated luminosity
during Run 2 [14, 15].

and other downstream track reconstruction tasks that depend on a precise position measurement on the
innermost layer.

5.4 Discussion and outlook
Measurements of silicon detector response to non-ionizing energy loss is essential for every facet of
data collection, analysis, and future planning. The previous sections have shown that there is an exten-
sive measurement program from ATLAS, CMS, and LHCb, with a variety of important and unforeseen
results. However, there are also many challenges associated with performing and interpreting these re-
sults. While many of these challenges are not often discussed in public documentation, they are critically
important for improving methods and planning for the future. This is not exhaustive.

1. Leakage current: on the measurement side, it is not 100% clear how to define the leakage current.
In theory, the current should raise, plateau, and then raise again as the high voltage is increased
from zero up through breakdown. The current at the plateau region is the theoretical definition of
the leakage current. The left plot of Fig. 70 shows a typical IV scan. While the current does level
off beyond some voltage, there is no region where it is flat. This results in (an often unaccounted
for) uncertainty in the reported current. Furthermore, the current depends strongly on temperature,
as shown in the right plot of Fig. 70. This leads to a challenge because the temperature on the
sensors is often not known precisely. In many cases, the temperature is measured far from the
sensors and inferred from simulations or auxiliary measurements. This affects both the leakage
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Fig. 67: The measured charge, longitudinal cluster size (z), and transverse cluster size (�) as a function
of the delivered integrated luminosity in Run 2 for the ATLAS IBL.
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Fig. 68: The measured Lorentz angle during Run 2 in the ATLAS IBL

keeping the voltage constant, lower temperatures yield to smaller slopes. When keeping the temperature
constant, higher voltages yield to smaller slopes.

5.3.6 Position resolution
The single cluster position resolution is sensitive to degraded charge information from charge trapping,
mostly on the periphery of clusters due to lost hits. One challenge with in situ measurements of the single
cluster position resolution is that they suffer from a large extrapolation/interpolation resolution that can
mask subtle time-dependent effects. An alternative approach deployed by ATLAS for the IBL detector
makes uses of overlapping modules [14,15]. In particular, the position resolution can be determined from
a single layer for particles that traverse two modules on the same layer. Figure 69 presents a measurement
of the corresponding resolution throughout most of Run 2 for the IBL detector. The slight worsening of
the spatial resolution observed over the three years is correlated with the reduction of charge collection
efficiency as a result of radiation damage. This may have important implications for flavour tagging
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CCE

Effect of annealing clearly visible

L.A.:
• increasing

with fluence
due to low
electric field
regions

• decreasing
for larger
bias voltage

5. Measurements of radiation damage on silicon sensors

Table 11: Summary of the values for the intercepts and slopes obtained from linear fits to the Lorentz
angle as a function of the fluence for fixed temperature T and high voltage V .

Temperature Voltage ✓L(�eq = 0) (@✓L/@�eq)T,V

(Mrad) (Mrad·cm2)
15 �C 80 V 223.5 ± 1.0 (30.6 ± 3.0) ·10�14

5 �C 80 V 240.9 ± 0.7 (13.6 ± 0.6) ·10�14

150 V 174.6 ± 3.6 (9.6 ± 1.6) ·10�14

�20 �C 350 V 95.5 ± 1.3 (3.5 ± 0.3) ·10�14

400 V 78.3 ± 2.8 (3.2 ± 0.4) ·10�14
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Fig. 69: The measured position resolution on the ATLAS IBL as a function of integrated luminosity
during Run 2 [14, 15].

and other downstream track reconstruction tasks that depend on a precise position measurement on the
innermost layer.

5.4 Discussion and outlook
Measurements of silicon detector response to non-ionizing energy loss is essential for every facet of
data collection, analysis, and future planning. The previous sections have shown that there is an exten-
sive measurement program from ATLAS, CMS, and LHCb, with a variety of important and unforeseen
results. However, there are also many challenges associated with performing and interpreting these re-
sults. While many of these challenges are not often discussed in public documentation, they are critically
important for improving methods and planning for the future. This is not exhaustive.

1. Leakage current: on the measurement side, it is not 100% clear how to define the leakage current.
In theory, the current should raise, plateau, and then raise again as the high voltage is increased
from zero up through breakdown. The current at the plateau region is the theoretical definition of
the leakage current. The left plot of Fig. 70 shows a typical IV scan. While the current does level
off beyond some voltage, there is no region where it is flat. This results in (an often unaccounted
for) uncertainty in the reported current. Furthermore, the current depends strongly on temperature,
as shown in the right plot of Fig. 70. This leads to a challenge because the temperature on the
sensors is often not known precisely. In many cases, the temperature is measured far from the
sensors and inferred from simulations or auxiliary measurements. This affects both the leakage
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keeping the voltage constant, lower temperatures yield to smaller slopes. When keeping the temperature
constant, higher voltages yield to smaller slopes.

5.3.6 Position resolution
The single cluster position resolution is sensitive to degraded charge information from charge trapping,
mostly on the periphery of clusters due to lost hits. One challenge with in situ measurements of the single
cluster position resolution is that they suffer from a large extrapolation/interpolation resolution that can
mask subtle time-dependent effects. An alternative approach deployed by ATLAS for the IBL detector
makes uses of overlapping modules [14,15]. In particular, the position resolution can be determined from
a single layer for particles that traverse two modules on the same layer. Figure 69 presents a measurement
of the corresponding resolution throughout most of Run 2 for the IBL detector. The slight worsening of
the spatial resolution observed over the three years is correlated with the reduction of charge collection
efficiency as a result of radiation damage. This may have important implications for flavour tagging
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Goals
Accurate MonteCarlo simulations should be able to

Ø Reproduce detector response evolution with accumulated luminosity

Ø Predict future detector conditions

Ø Improve reconstruction algorithms 

Ø Be the training set for Machine-Learning tools
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Strategies across experiments – Run3
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B. Nachman

https://indico.physics.lbl.gov/event/1570/attachments/2766/3630/BerkeleyInstrumentationBrownBagMay2021.pdf
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LHCb strategy for VELO
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From Geant4 entry and exit point are 
evaluated

Total energy is divided in 
several points along the track

Charges are projected to surface

At this point radiation damage effects can be 
added

Using testbeam data:

• reduce collected charge

• increase diffusion length

to match observed distributions in tb data



LHCb results
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CMS strategy for pixel detector
MonteCarlo events are generated assuming pristine detector

Clusters shapes and charge are then corrected using templates

Templates are generated using a standalone tool called Pixelav*
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Figure 2: Cluster shape for the barrel hit shown
in Fig. 1. The signals in each pixel are given in
kiloelectrons. Those shown in green are below the
readout threshold. The track projection is shown
as the dashed red line. The x- and y-projections
are also shown as one-dimensional arrays. The co-
ordinates of the boundaries between the first and
second pixels (xF/yF ) and the next-to-last and last
pixels (xL/yL) and the charges of the first and last
pixels Px/yF/L are also shown.

Figure 3: Charge collection profiles for
125x125µm2 test sensors illuminated by a
β = 15◦ test beam. An unirradiated sensor (flu-
ence Φ = 0) is compared with a heavily irradiated
sensor (fluenceΦ= 8×1014 neq/cm2) operated at
several bias voltages.

the sensitivity of the procedure to delta ray emission which becomes quite likely in long clusters.
The reconstructed hit coordinates in each projection are given by the following expressions [6],

xrec =
xF + xL
2

+
PxL−PxF
PxL +PxF

·
Wx
eff(cotα)

2
−
Δx
2

(3.1)

yrec =
yF + yL
2

+
PyL−PyF
PyL +PyF

·
Wy
eff(cotβ )

2
−
Δy
2

(3.2)

where: xF/L and yF/L are the coordinates of the first/second and last/next-to-last pixel boundaries
(defined in Fig. 2),Wx

eff andW
y
eff are the total charge widths in the end pixels (defined below), and

Δx and Δy are the maximum Lorentz-drift in the x- and y-directions. Note that Δy vanishes in the
pixel barrel but is non-zero in the pixel endcaps. The effective charge widths in the end pixels of
the two projections are given by the following expression

Wx
eff(cotα) = |T cotα+Δx|− (xL− xF) (3.3)

Wy
eff(cotβ ) = |T cotβ +Δy|− (yL− yF) ≈

pitchyF +pitchyL
2

(3.4)

where: T is the sensor wafer thickness, and pitchyF/L are the pitches of the first and last pixels in
the y-projection. These expressions are valid for all clusters even those that contain the double-
size pixels that are present at the edges of the readout chips. The use of the average pitch size
to approximate Wy

eff makes it insensitive to the track direction and appropriate for the first pass of
a two pass hit reconstruction algorithm without sacrificing much resolution. Problems do arise,

4

M. Swartz et al. (2007) * used also in reco – not in today’s talk

http://doi.org/10.22323/1.057.0035
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Pixelav in Production

  Pixelav
(detailed sim)

T, rH, F

Simulated Data:
- charge distribution
- size distributions
- shape probabilities
- Lorentz angle cals
  *clust size vs cot(a)
  *grazing angle
- extracted E-field 
   profiles

Calibrations:
- Standard Reco
  * Lorentz corrs
  * error estimates
- Template Reco
  *1D cluster shapes
  *error estimates
  *probability info
  *2D cluster shapes

Adjust these to match simulated 
data to measurements

   TCAD
model E-field
with 2-traps 

electronic 
response 
(6 params)

Measure
Ez vs z
profile

The TCAD+Pixelav simulations are tuned to measured distributions

• E-field profiles are extracted from data and compared with simulation 
✴ adjust TCAD sensor modelling to reproduce measured profiles 

• Cluster charge profiles are extracted from data and compared with 
simulation 
✴ adjust pixelav trapping parameters to model Q vs depth 

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting

CMS Pixelav
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SW created to interpret testbeam
data from irradiated detectors, now 
used to compute templates

Based on TCAD simulations and 
numerical simulations for charge 
propagation and trapping 
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• Electric field calculation: uses TCAD 9.0 software 
- simultaneously solves Poisson and carrier continuity eqs 
- includes lots of semiconductor physics (including SRH) 
- simulate 1/4 (1/2) pixel cell to keep mesh size ~17000 (25000) 

nodes.  This requires 4-fold (2-fold) symmetry. 
- no process simulation, use MESH w/ analytic doping profiles to 

generate grid and doping files

Z
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Y

DopingConcentration
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potential distributiondoping profiles
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four modules each containing two 300 thick single-sided
silicon detectors with a strip pitch of 25 and readout pitch
of 50 . The two detectors in each module were oriented to
measure horizontal and vertical impact coordinates. A pixel
hybrid detector was mounted between the second and third
telescope modules on a cooled rotating stage. A trigger signal
was generated by a silicon PIN diode. The analog signals from
all detectors were digitized in a VME-based readout system by
two CAEN (V550) and one custom built flash analog-to-digital
converters (ADCs). The entire assembly was located in an
open-geometry 3T Helmholtz magnet that produced a magnetic
field parallel or orthogonal to the beam. The temperature of
the test sensors was controlled with a Peltier cooler that was
capable of operating down to . The telescope infor-
mation was used to reconstruct the trajectories of individual
beam particles and to achieve a precise determination of the
particle hit position in the pixel detector. The resulting intrinsic
resolution of the beam telescope was about 1 .

A. Pixel Hybrids

The prototype pixel sensors are so-called “n-in-n” devices:
they are designed to collect charge from structures implanted
into -bulk silicon. This design is thought to provide greater
longevity in high radiation fields and to allow “partially-de-
pleted” operation after “type-inversion” of the substrate. It is
more expensive than the “p-in-n” process commonly used in
strip detectors because it requires double-sided processing and
the implementation of inter-pixel isolation. Two isolation tech-
niques were tested: p-spray, where a uniform medium dose of
p-impurities covers the whole structured surface, and p-stop,
where higher dose rings individually surround the implants.
Results on the Lorentz angle and charge collection efficiency
measurements as well as a detailed description of both designs
can be found elsewhere [8], [10]. In this paper we discuss only
measurements performed on p-spray sensors. All test devices
were 22 32 arrays of pixels having a sensi-
tive area of . The substrate was 285 thick,
n-doped, diffusively-oxygenated silicon of orientation ,
resistivity 2–5 and oxygen concentration in the order of

. Individual sensors were diced from fully processed
wafers after the deposition of under-bump metallization and in-
dium bumps. A number of sensors were irradiated at the CERN
PS with 24 GeV protons. The irradiation was performed without
cooling or bias. The delivered proton fluences scaled to 1 MeV
neutrons by the hardness factor 0.62 [11] were
and . The former sample was annealed for
three days at 30 . In order to avoid reverse annealing, the sen-
sors were stored at after irradiation and kept at room
temperature only for transport and bump bonding. All sensors
were bump bonded to PSI30/AC30 readout chips [12] which
allow analog readout of all 704 pixel cells without zero sup-
pression. The PSI30 also has a linear response to input signals
ranging from zero to more than 30 000 electrons.

B. Data

The main focus of the work presented in this paper involves
a set of charge collection measurements that were performed

Fig. 2. The grazing angle technique for determining charge collection profiles.
The cluster length is proportional to the depth over which charge is collected.

Fig. 3. Charge collection profiles for an irradiated
and an unirradiated sensor operated at several bias voltages.

using the “grazing angle technique” [13]. As is shown in Fig. 2,
the surface of the test sensor is oriented by a small angle (15 )
with respect to the hadron beam. A large sample of data is col-
lected with zero magnetic field and at a temperature of .
The charge measured by each pixel along the direction sam-
ples a different depth in the sensor. Precise entry point infor-
mation from the beam telescope is used to produce finely binned
charge collection profiles. For unirradiated sensors, the cluster
length determines the depth over which charge is collected in
the sensor.

The profiles that were observed for an unirradiated sensor
and for a sensor that was irradiated to a fluence of

are shown in Fig. 3 as function of the distance
from the beam entry point. The unirradiated sensor was operated
at a bias voltage of 150 V which is well above its depletion
voltage (approximately 70 V). It produces a large and uniform
collected charge distribution indicating that it is fully depleted
(a large coordinate indicates a large collection distance). The
irradiated sensor was operated at bias voltages varying from 150
to 600 V. It appears to be partly depleted at 150 V, however,
signal is collected across the entire thickness of the detector.
Another puzzle is that the ratio of the charges collected at 300 V
bias and 150 V bias and integrated along the distance to the
beam entry point is 2.1 which is much larger than the maximum
value of expected for a partially depleted junction, where
the depletion depth is proportional to the square root of the bias
voltage [14]. It is clear that the profiles for the irradiated sensor
exhibit rather different behavior than one would expect for a
heavily-doped, unirradiated sensor.

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 
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converters (ADCs). The entire assembly was located in an
open-geometry 3T Helmholtz magnet that produced a magnetic
field parallel or orthogonal to the beam. The temperature of
the test sensors was controlled with a Peltier cooler that was
capable of operating down to . The telescope infor-
mation was used to reconstruct the trajectories of individual
beam particles and to achieve a precise determination of the
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Fig. 3. Charge collection profiles for an irradiated
and an unirradiated sensor operated at several bias voltages.

using the “grazing angle technique” [13]. As is shown in Fig. 2,
the surface of the test sensor is oriented by a small angle (15 )
with respect to the hadron beam. A large sample of data is col-
lected with zero magnetic field and at a temperature of .
The charge measured by each pixel along the direction sam-
ples a different depth in the sensor. Precise entry point infor-
mation from the beam telescope is used to produce finely binned
charge collection profiles. For unirradiated sensors, the cluster
length determines the depth over which charge is collected in
the sensor.

The profiles that were observed for an unirradiated sensor
and for a sensor that was irradiated to a fluence of

are shown in Fig. 3 as function of the distance
from the beam entry point. The unirradiated sensor was operated
at a bias voltage of 150 V which is well above its depletion
voltage (approximately 70 V). It produces a large and uniform
collected charge distribution indicating that it is fully depleted
(a large coordinate indicates a large collection distance). The
irradiated sensor was operated at bias voltages varying from 150
to 600 V. It appears to be partly depleted at 150 V, however,
signal is collected across the entire thickness of the detector.
Another puzzle is that the ratio of the charges collected at 300 V
bias and 150 V bias and integrated along the distance to the
beam entry point is 2.1 which is much larger than the maximum
value of expected for a partially depleted junction, where
the depletion depth is proportional to the square root of the bias
voltage [14]. It is clear that the profiles for the irradiated sensor
exhibit rather different behavior than one would expect for a
heavily-doped, unirradiated sensor.
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Fig. 7. The measured charge collection profiles for a sensor irradiated to a fluence of (solid dots) and operated at (a) 150, (b) 200, and
(c) 300 V are compared with simulations based upon the EVL model. The solid histogram shows the EVL model with the leakage current adjusted to the expected
value. The dashed histogram shows the effect of increasing the leakage current to the measured value.

Fig. 8. The effect of increasing when (a) the electron and hole cross
sections are equal, and when (b) .

and the agreement between measured and simulated charge col-
lection profiles was judged subjectively.

In the course of the tuning procedure, it became clear that the
EVL model does not produce a sufficiently large electric field
on the side of the detector. The solution to this problem is
to increase the density of donors (hole traps) as compared to the
density of acceptors (electron traps). When this is done, the
position of the minimum in the effective charge density shifts
toward the implant as sketched in Fig. 8(a). Unfortunately,
this causes the “peak” in the 150 V simulated charge profile to
become too narrow. The position of the charge density minimum
can be restored to a position nearer the midplane of the detector
by decreasing the ratios of the hole and electron cross sections
from 1.0 to 0.25 ( and ) as shown
schematically in Fig. 8(b). Note that the adjustment of the cross
sections for both trap types minimizes the field in the quadratic
minimum while allowing for large fields at the implants. For
simplicity it is assumed that the electron cross sections are equal

and that the hole cross sections are equal
.

The current best “fit” to the measured charge collection pro-
files is called ‘BF’ and reduces the ratio between the densities of
acceptor and donor states, , from the EVL value of 0.62
to 0.40. The -component of the simulated electric field, , is

Fig. 9. The -component of the simulated electric field resulting from the
model BF is plotted as a function of . The field profiles for 150 and 300 V
are shown as solid and dashed curves, respectively. The electric field profiles
resulting from a constant p-type doping of density
are shown as dot-dashed and dotted curves for 150 and 300 V, respectively.

plotted as a function of in Fig. 9 for bias voltages of 150 and
300 V. The field profiles have minima near the midplane of the
detector. Note that the minimum field at 150 V bias appears to
be very small but is still approximately 400 V/cm. The electric
field profiles resulting from a constant p-type doping of density

are shown as dot-dashed and dotted
curves for reference.

The measured charge collection profiles at bias voltages
between 150–450 V are compared with the BF simulation in
Fig. 10 for a fluence of . The electron trapping
rate for the lower fluence is set to 93% of the nominal value.

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 
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Pixelav in Production

  Pixelav
(detailed sim)

T, rH, F

Simulated Data:
- charge distribution
- size distributions
- shape probabilities
- Lorentz angle cals
  *clust size vs cot(a)
  *grazing angle
- extracted E-field 
   profiles

Calibrations:
- Standard Reco
  * Lorentz corrs
  * error estimates
- Template Reco
  *1D cluster shapes
  *error estimates
  *probability info
  *2D cluster shapes

Adjust these to match simulated 
data to measurements

   TCAD
model E-field
with 2-traps 

electronic 
response 
(6 params)

Measure
Ez vs z
profile

The TCAD+Pixelav simulations are tuned to measured distributions

• E-field profiles are extracted from data and compared with simulation 
✴ adjust TCAD sensor modelling to reproduce measured profiles 

• Cluster charge profiles are extracted from data and compared with 
simulation 
✴ adjust pixelav trapping parameters to model Q vs depth 

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting

 6

• Electric field calculation: uses TCAD 9.0 software 
- simultaneously solves Poisson and carrier continuity eqs 
- includes lots of semiconductor physics (including SRH) 
- simulate 1/4 (1/2) pixel cell to keep mesh size ~17000 (25000) 

nodes.  This requires 4-fold (2-fold) symmetry. 
- no process simulation, use MESH w/ analytic doping profiles to 

generate grid and doping files
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M. Swartz talk

TCAD simulations: solve carriers continuity & Poisson 
equation on a mesh of points, taking into account several 
physics models (SRH, impact ionization, mobility, etc.)

Possible to include (effective) deep defects

Input: geometry, doping profiles and conditions

Output: leakage current, carrier distribution, electric field, 
carrier distribution, … 

https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
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- charge distribution
- size distributions
- shape probabilities
- Lorentz angle cals
  *clust size vs cot(a)
  *grazing angle
- extracted E-field 
   profiles

Calibrations:
- Standard Reco
  * Lorentz corrs
  * error estimates
- Template Reco
  *1D cluster shapes
  *error estimates
  *probability info
  *2D cluster shapes

Adjust these to match simulated 
data to measurements

   TCAD
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with 2-traps 

electronic 
response 
(6 params)

Measure
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profile

The TCAD+Pixelav simulations are tuned to measured distributions

• E-field profiles are extracted from data and compared with simulation 
✴ adjust TCAD sensor modelling to reproduce measured profiles 

• Cluster charge profiles are extracted from data and compared with 
simulation 
✴ adjust pixelav trapping parameters to model Q vs depth 

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting

A	word	on	TCAD	radiation	damage	models	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 41	

Deep	acceptor	(q=0/-)	

Deep	donor	(q=0/+)	

Measured	defects	 Simulated	defects	(TCAD,	Chiochia	model)	

Working	with	“effective	levels”	for	simulation	of	irradiated	devices	
Ø Most	often	2,	3	or	4	“effective	levels”	used	to	simulate	detector	behavior	
Ø  Defect	densities	and	cross	sections	of	defects	tuned	to	match	experimental	data	
Ø  Leakage	current,	signal	loss	and	electric	field	profile	reproducible	(with	some	

caveats)	

M.	Moll,	
Simdet	2016	

I.	Pintilie	(	VERTEX2016).	25-30	September,	2016.		

• Numerically impossible to simulate all measured defects
• Plus: their properties are not all well known
• Plus: there might be more defects to be identified

I. Pintilie ( VERTEX 2016)

https://doi.org/10.22323/1.287.0033
https://doi.org/10.22323/1.287.0033
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I. Pintilie ( VERTEX 2016)

V. Chiochia et al. (2005)

Deep acceptor (q=0/-)

Deep donor (q=0/+)
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A	word	on	TCAD	radiation	damage	models	

M.	Bomben	-	Silicon	Trackers		for	High	Luminosity	Colliders	-	26/03/2018	 41	

Deep	acceptor	(q=0/-)	

Deep	donor	(q=0/+)	

Measured	defects	 Simulated	defects	(TCAD,	Chiochia	model)	

Working	with	“effective	levels”	for	simulation	of	irradiated	devices	
Ø Most	often	2,	3	or	4	“effective	levels”	used	to	simulate	detector	behavior	
Ø  Defect	densities	and	cross	sections	of	defects	tuned	to	match	experimental	data	
Ø  Leakage	current,	signal	loss	and	electric	field	profile	reproducible	(with	some	

caveats)	

M.	Moll,	
Simdet	2016	

I.	Pintilie	(	VERTEX2016).	25-30	September,	2016.		

Simulated effective defects in TCAD

• Numerically impossible to simulate all measured defects
• Plus: their properties are not all well known
• Plus: there might be more defects to be identified

Ø Instead use few (2-5) effective states

EVL (2002)

NA, EA, 𝜎eA, 𝜎hA

ND, ED, 𝜎eD, 𝜎hD

https://doi.org/10.22323/1.287.0033
https://doi.org/10.22323/1.287.0033
http://doi.org/10.1109/TNS.2005.852748
https://doi.org/10.1016/S0168-9002(01)01642-4
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Pixelav in Production

  Pixelav
(detailed sim)

T, rH, F

Simulated Data:
- charge distribution
- size distributions
- shape probabilities
- Lorentz angle cals
  *clust size vs cot(a)
  *grazing angle
- extracted E-field 
   profiles

Calibrations:
- Standard Reco
  * Lorentz corrs
  * error estimates
- Template Reco
  *1D cluster shapes
  *error estimates
  *probability info
  *2D cluster shapes

Adjust these to match simulated 
data to measurements

   TCAD
model E-field
with 2-traps 

electronic 
response 
(6 params)

Measure
Ez vs z
profile

The TCAD+Pixelav simulations are tuned to measured distributions

• E-field profiles are extracted from data and compared with simulation 
✴ adjust TCAD sensor modelling to reproduce measured profiles 

• Cluster charge profiles are extracted from data and compared with 
simulation 
✴ adjust pixelav trapping parameters to model Q vs depth 

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting

M. Swartz talk

SW tuned on testbeam data from 
irradiated detectors

1072 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 52, NO. 4, AUGUST 2005

Fig. 7. The measured charge collection profiles for a sensor irradiated to a fluence of (solid dots) and operated at (a) 150, (b) 200, and
(c) 300 V are compared with simulations based upon the EVL model. The solid histogram shows the EVL model with the leakage current adjusted to the expected
value. The dashed histogram shows the effect of increasing the leakage current to the measured value.

Fig. 8. The effect of increasing when (a) the electron and hole cross
sections are equal, and when (b) .

and the agreement between measured and simulated charge col-
lection profiles was judged subjectively.

In the course of the tuning procedure, it became clear that the
EVL model does not produce a sufficiently large electric field
on the side of the detector. The solution to this problem is
to increase the density of donors (hole traps) as compared to the
density of acceptors (electron traps). When this is done, the
position of the minimum in the effective charge density shifts
toward the implant as sketched in Fig. 8(a). Unfortunately,
this causes the “peak” in the 150 V simulated charge profile to
become too narrow. The position of the charge density minimum
can be restored to a position nearer the midplane of the detector
by decreasing the ratios of the hole and electron cross sections
from 1.0 to 0.25 ( and ) as shown
schematically in Fig. 8(b). Note that the adjustment of the cross
sections for both trap types minimizes the field in the quadratic
minimum while allowing for large fields at the implants. For
simplicity it is assumed that the electron cross sections are equal

and that the hole cross sections are equal
.

The current best “fit” to the measured charge collection pro-
files is called ‘BF’ and reduces the ratio between the densities of
acceptor and donor states, , from the EVL value of 0.62
to 0.40. The -component of the simulated electric field, , is

Fig. 9. The -component of the simulated electric field resulting from the
model BF is plotted as a function of . The field profiles for 150 and 300 V
are shown as solid and dashed curves, respectively. The electric field profiles
resulting from a constant p-type doping of density
are shown as dot-dashed and dotted curves for 150 and 300 V, respectively.

plotted as a function of in Fig. 9 for bias voltages of 150 and
300 V. The field profiles have minima near the midplane of the
detector. Note that the minimum field at 150 V bias appears to
be very small but is still approximately 400 V/cm. The electric
field profiles resulting from a constant p-type doping of density

are shown as dot-dashed and dotted
curves for reference.

The measured charge collection profiles at bias voltages
between 150–450 V are compared with the BF simulation in
Fig. 10 for a fluence of . The electron trapping
rate for the lower fluence is set to 93% of the nominal value.

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 

CHIOCHIA et al.: SIMULATION OF HEAVILY IRRADIATED SILICON PIXEL SENSORS 1073

Fig. 10. The measured charge collection profiles at bias voltages of 150, 200, 300, and 450 V are shown as solid dots for fluences of . The
BF simulation is shown as the solid histogram in each plot.

Fig. 11. The allowed region in the space for the BF model is shown as the solid line in (a) and (b). Contours of constant leakage current are shown as
dashed curves in (a) and are labeled in terms of the corresponding damage parameter in units of . Contours of constant electron trapping rate are shown as
dashed curves in (b) and are labeled in terms of the un-annealed trapping rate for the nominal fluence.

Although for high values of the bias voltage the simulation
falls below the measured profile, it provides a reasonable de-
scription of the measurements. Several features of the measured
distributions are described well by the simulation. Note that both
data and simulations show a distinctly negative signal near

. This can be understood as a consequence of hole trapping.
Electrons deposited near the implant are collected with high
efficiency whereas holes deposited near the implant must transit
the entire detector thickness to reach the backplane. If the
holes are collected, they produce no net signal on the side
of the detector. However if the holes are trapped, then a nega-
tive signal is induced and is most visible in the re-
gion. Another feature is the “wiggle” in the 150 V profiles. The
relative signal minimum near corresponds to the

minimum where both electrons and holes travel only short
distances before trapping. This small separation induces only a

small signal on the side of the detector. At larger values of ,
increases causing the electrons drift back into the minimum

where they are likely to trap. However, the holes drift into the
higher field region near the implant and are more likely to
be collected. The net induced signal on the side of the de-
tector therefore increases and creates the local maximum seen
near .

The BF model fixes the ratios and the ratio between
cross sections leaving the parameters and to vary.
Over a restricted range, an increase in can be offset by a
decrease in keeping the electric field profile approximately
unchanged. Scaling the electron cross section as
produces very similar charge collection profiles. The allowed
region in the space is shown in Fig. 11(a) as the solid
line in the logarithmic space. If the donor density becomes too
small , the 150 V simulation pro-

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 

https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
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Pixelav in Production
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(detailed sim)

T, rH, F

Simulated Data:
- charge distribution
- size distributions
- shape probabilities
- Lorentz angle cals
  *clust size vs cot(a)
  *grazing angle
- extracted E-field 
   profiles

Calibrations:
- Standard Reco
  * Lorentz corrs
  * error estimates
- Template Reco
  *1D cluster shapes
  *error estimates
  *probability info
  *2D cluster shapes

Adjust these to match simulated 
data to measurements

   TCAD
model E-field
with 2-traps 

electronic 
response 
(6 params)

Measure
Ez vs z
profile

The TCAD+Pixelav simulations are tuned to measured distributions

• E-field profiles are extracted from data and compared with simulation 
✴ adjust TCAD sensor modelling to reproduce measured profiles 

• Cluster charge profiles are extracted from data and compared with 
simulation 
✴ adjust pixelav trapping parameters to model Q vs depth 

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting

M. Swartz talk

SW tuned on collision data too

Templates produces ~ 
every 10 fb-1 after type inversion

Deflection and Lorentz Angle

E field measurement and 
template LA calibration

!23

• Start from drift (x) vs Depth (D) 
data:

• Fit to a polynomial and 

calculate a local slope 
[Lorentz Angle] vs D. 


• Then convert it to E vs D.

Increase of the measured LA and 
change of the shape of the drift vs 
depth curve is observed due to the 
detector irradiation

Tracks with pT > 3 GeV 
Cluster charge < 1000 ke- 
size in 4 <= y 
Hit residuals < 100 µm 

https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/PixelOfflinePlotsAugust2018/hMean_LYR-1_LA_400.png
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• Run 300157 was taken after 11.8 fb-1: ΦQ = 1.2x1014 cm-2 
✴ the neutron equivalent flux [0.6 hardness] Φeq = 0.72x1014 cm-2 
✴ the electric field is well described by our old model dj57a? 

‣ it was from a sensor that had been exposed to Φeq = 2x1014 cm-2

0 50 100 150 200 250
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]

µ
dr

ift
 [ R300157 L1

The extracted electric field profile is distorted by focusing near the n+ 
implant and other systematic effects.  The good news is that we can 
simulate them [mostly]:

Bias Voltage Scan

7 Lorenzo Rossini -  INFN and Università di Milano - Pixel Week 

Using standalone simulation (see slides from Trento Workshop) to predict MPV of 
the fitted landau distribution of the ToT as a function of bias voltage for fixed fluence. 
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 (end 2018)2/cmeq n14=8.7 10φStandalone Simulation: 

ATLAS

Preliminary

IBL planar modules

• Both data and simulation charge 

to ToT are tuned at the same 

value 


• Good agreements in both shape 

and plateau position


• Correct Bias Voltage Working 

point to avoid under depletion 

End 2017

End 2018

We have probes which are sensitive to the 
detailed structure of the E-field.
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✴ the neutron equivalent flux [0.6 hardness] Φeq = 0.72x1014 cm-2 
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The extracted electric field profile is distorted by focusing near the n+ 
implant and other systematic effects.  The good news is that we can 
simulate them [mostly]:

61Validation with data

CMS pixels

Charge collection efficiency 
for “under-depleted” sensors.

Charge drift depth-dependence 
using long clusters. 

(invert mobility to get E-field)
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Drift vs depth [grazing angle technique] was developed by UniZ 
colleagues to calibrate the Lorentz angle 
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Lorentz Angle Calibration 

Read Out Chip (ROC) ROC

Local y (global -z) Local x (global f)
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E

Accumulate the charge centroid [drift] vs depth for a sample of highly 
inclined tracks. The angle is the average Lorentz angle
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M. Swartz talk
Using long clusters and the 
lateral drift they can 
reconstruct with great 
precision the electric field 
profile 

M. Swartz talk

https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
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Fully simulated Φ=1.2x1015 neq/cm2 clust vs reweighted CMSSW-like clust
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All this included in ATLAS MonteCarlo 
digitization* for Run3

Charge carriers will drift toward the 
collecting electrode due to electric field, 
which is deformed by radiation damage

Their path will be deflected by magnetic field 
(Lorentz angle) and diffusion

Due to radiation damage they can be 
trapped and induce/screen a fraction of 
their charge (Ramo potential)

Total induced charge is then digitized and 
clustered*Digitization happens after simulated charge deposition and before space 

point reconstruction

JINST 14 P06012, 2019

https://doi.org/10.1088/1748-0221/14/06/P06012
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The maps are the result of  careful interpolation 
between several publications:
TNS, VOL. 52, NO. 4, AUGUST 2005
NIM A 568 (2006) 51–55
W. Adam et al 2016 JINST 11 P04023
All inspired by EVL 2 levels model

Ramo potential from TCAD simulations

vacuum

aluminum

Trapping from literature:
βe = (4.5 ± 1.5) × 10-16 cm2/ns 
βh = (6.5 ± 1.5) × 10-16 cm2/ns
based on these inputs:

Electric field from TCAD simulations
2019 JINST 14 P06012

Table 5. Measurements of the trapping constant � are summarized, normalized to a temperature of 0�C. Some
measurements are reported after annealing to the minimum in the full depletion voltage Vdepl (reached in about
80 minutes at 60�C) while others correspond to the asymptotic values observed after long annealing times.

Irradiation Annealing �e (10�16cm2/ns) �h (10�16cm2/ns) Reference Method

Neutrons minimum Vdepl 4.0 ± 0.1 5.7 ± 0.2 [49] TCT
Pions minimum Vdepl 5.5 ± 0.2 7.3 ± 0.2 [49] TCT

Protons minimum Vdepl 5.13 ± 0.16 5.04 ± 0.18 [50] TCT

Neutrons > 50 hours at 60�C 2.6 ± 0.1 7.0 ± 0.2 [49] TCT
Protons > 10 hours at 60�C 3.2 ± 0.1 5.2 ± 0.3 [50] TCT

Protons minimum Vdepl 4.0 ± 1.4 — [3, 51] Test-beam
Protons 25h at 60�C 2.2 ± 0.4 — [3, 51] Test-beam

means of the Shockley-Ramo theorem [40, 41]:

i = q ÆEw · Æv, (4.4)

where ÆEw is the Ramo (or weighting) field that describes the induction coupling of the moving
charge to a specific electrode. The Ramo field can be calculated by applying a unit potential to the
electrode under consideration and zero potential to all other electrodes. Integrating eq. (4.4) over a
certain drift time, the charge Q induced on the electrode can be expressed as:

Qinduced = �q[�w(Æxend) � �w(Æxstart)],

where �w is the Ramo (or weighting) potential with ÆEw = �r�w and Æxstart,end are the initial (final)
positions of the charge carrier under consideration. The Ramo potential depends only on geometry
and therefore can be computed once prior to any event simulation.

The Ramo potential is calculated using TCAD to solve the Poisson equation; for planar sensors,
most of the variation in the Ramo potential is in the z direction, but the x and y dependence must
also be included in order to account for charge induced on the neighbouring pixels. Figure 14 shows
a slice of the three-dimensional Ramo potential in the centre of the pixel electrode (y = 0). The
vertical line indicates the edge of the pixels: the Ramo potential has sizeable contributions in the
neighbouring pixels.

The combination of the Ramo potential and charge trapping is illustrated in figure 15 for planar
sensors. On the electrode of the same pixel in which the electrons and holes originate, the induced
charge equals the electron charge if the time to be trapped exceeds the time to drift toward the
electrode (figure 15(a)). The average collected charge is an asymmetric function of the depth inside
the sensor because the drift and trapping times are di�erent for electrons and holes and the Ramo
potential is very asymmetric: the average fraction is lower far away from the collecting electrode.
The charge induced on neighbouring pixels is shown in figures 15(b) and 15(c). As the trapping
time exceeds the drift time, the integrated induced current amounts to the full electron charge in the
primary pixel and the charge in the neighbours is zero. For some combinations of starting location
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Same model of CMS
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What do we do with TCAD simulation?
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Rad. Damage Digi

Example of maps

One set is representative of 
1 year of operations

(Based on fluence 
estimates for mid-year)



Simulation of IBL 3D sensors
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q With respect to planar, in 3D sensors the field is almost independent of the bulk depth (z) 
while it depends on the (x,y) position in the plane perpendicular to the columns

q With respect to planar the material is different – n-bluk vs p-bulk 

Ø Different strategy and ingredients for simulating them in TCAD

2019 JINST 14 P06012

subsequently either p+ or n+ doped.16 In the 3D sensors, two n+ columns are shorted so that one
pixel corresponds to two n+ electrodes for collecting electrons. The p+ electrodes are connected to
the bias voltage. As the distance between electrodes can be much smaller than the sensor depth, 3D
sensors are designed to be more radiation hard than planar sensors due to the reduced drift length
(see e.g. ref. [52] and references therein). This section describes how the digitizer presented in the
previous sections can be modified to also accommodate the 3D sensor geometry.

Electric field maps

Gilberto Giugliarrelli (UNIUD and INFN) PixelRadDamage 3D Sensor Digitizer February 6, 2017 4 / 21

Electric field maps are obtained
(TCAD, Synopsys) at various
fluences.
Vbias values ensure full depletion

Bulk radiation damages were modeled through Perugia model
(Moscatelli et al., IEEE Trans. Nucl, Sci., vol. 63, no. 5, 2716-2723, 2016)

Von Neumann boundary conditions

allows to make E–field calculations in a

reduced box.

E-field does not show appreciable z-dependence
� charge drift is in x-y plane!

E-field map for the
unirradiated case

by Veronicaglobal z 
(beam direction)

ra
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Figure 16. A schematic set-up of the geometry for the TCAD simulation of 3D sensors. The dashed box
shows the unit cell that is simulated and tessellated to produce an entire pixel.

Radiation damage e�ects for the 3D sensor are implemented in the Perugia model [53] (the
Chiochia model cannot be used, as it is designed for n-type bulk) with the Synopsys TCAD
package [54]. As shown in figure 16 one-eighth of the sensor is simulated to take advantage of the
symmetry within the pixel. In the Perugia model, there are two acceptor traps and one donor trap,
with activation energies given by Ec � 0.42 eV, Ec � 0.46 eV, and Ev + 0.36 eV, respectively. The
density of traps is predicted to increase linearly with fluence �, so for each trap an introduction rate
(gint) is defined as: gint = N/�, where N is the trap concentration. In table 6 the values used for
the simulation of 3D sensors reported in this paper are summarized.

Table 6. Values used in TCAD simulations for deep defect energies, introduction rates (gint) and for their
electron and hole capture cross sections (�e,h). Values are taken from the Perugia model [53].

Type Energy [eV] gint [cm�1
] �e [cm2

] �h [cm2
]

Acceptor Ec � 0.42 1.613 1 ⇥ 10�15 1 ⇥ 10�14

Acceptor Ec � 0.46 0.9 3 ⇥ 10�15 3 ⇥ 10�14

Donor Ev + 0.36 0.9 3.23 ⇥ 10�13 3.23 ⇥ 10�14

Electric field profiles simulated with TCAD are shown in figure 17. In contrast to planar sensors
(section 4.2.2), the field is nearly independent of z and depends strongly on x and y. Therefore,
the electric field magnitude is shown as a two-dimensional map for both an unirradiated sensor

16In the ATLAS IBL, some sensors have columns that extend through the entire bulk while in others they only partially
pass through. This section only considers the fully passing through case.
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Figure 19. The Ramo potential for an ATLAS 3D sensor as computed with TCAD. The two n+ electrodes
of the centre pixel are electrically connected and therefore both are held at unit potential in the calculation of
the Ramo potential. The circular holes are due to the p+ electrodes. White numbers indicate the maximum
induced charge (normalized to one electron charge) in that pixel considering all starting positions and trapping
times in the central pixel. A red dashed rectangle shows which pixels are included in the simulation.

Figure 20. An illustration of charge trapping and the Ramo potential in one-half of a 3D sensor. The initial
electrons originate from 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. As they drift, there is a chance that they get
trapped. Markers indicate the location of trapped charges and the colour shows the induced charge. The
process is repeated many times, with di�usion. The simulated bias voltage was �20 V.
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Electric field & 
Ramo potential
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Figure 7. Cluster charge corrected for particle path length in the Si for 3D FBK sensors in 𝐿𝐿 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 e!ects 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 e"ciency 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 e"ciency 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< |𝑀 | < 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 e"ciency 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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Run3 data vs MonteCarlo – ATLAS
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Figure 48. Double sided process (a) and full 3D with active edges (b). An un-etched distance d of order
20 µm is needed in (a) for mechanical integrity.

while keeping the electrode diameter smaller with consequent smaller capacitance and noise. The
reported measurements are therefore worst cases and are expected to improve in the near future.

An important difference between full3D and double sided 3D is the presence of active edges.
Active edges are difficult to incorporate in the double sided 3D processing. However, simula-
tions and data have shown that the edge current can be completely controlled by the insertion of
“guard fence” columns [54]. The perimeter occupied by guard fences has a width of approximately
200 µm. The bias voltage, in the case of full 3D with active edges, is currently applied on the same
side of the readout electrodes. This is possible by using a bias tab placed along the column width
on the opposite edge of the readout. The alternative would be opening a via from the front to the
back side of the sensor.

The signal efficiency was measured independently for full3D and double sided 3D sensors
with infra-red photons and minimum ionizing particles. A compilation of the results is presented in
Fig. 49 (a), while (b) shows the expected most probable signal for a substrate thickness of 230 µm.
After 5⇥1015 n/cm2 the most probable signal is ⇡ 12000 electrons.

The charge collection distance in 3D sensors is relatively short, and this has important system

Configuration Bare threshold (e�) In-time threshold (e�) Required signal (e�)
2E-400 2500 4300 8600
3E-400 3200 6000 12000
4E-400 3200 6540 13800

Table 8. Threshold, in-time threshold and required signal (double the in-time threshold to take into account
charge sharing among two adjacent pixels) of full3D sensors with different configurations and electrode
diameter of ⇡ 14 µm. In bold, the 3E FE-I3 measurement which geometrically corresponds to 2E FE-I4.
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ü Excellent agreement over almost two order of magnitudes of fluence
ü Predictions indicate enough charge till the end of Run3 – and hit eff. too
ü Nice agreement for 3D sensors too! 
Ø N.B. different material, device and radiation damage model (Folkestad et al., NIM A (2017))
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Figure 7. Cluster charge corrected for particle path length in the Si for 3D FBK sensors in 𝐿𝐿 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 e!ects 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 e"ciency 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 e"ciency 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< |𝑀 | < 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 e"ciency 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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Charge vs deposition depth – ATLAS
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(Only tracks with pT > 3 GeV 
and at least 3 pixels in the 
longitudinal projection are
considered to optimise the 
resolution)

Precise modeling of electric 
field and of all derived quantities
as a function of depth in the bulk

Thanks to this level of agreement 
Neural Networks trained on 
radiation damage 
MC samples give excellent 
space point resolution when 
used with Run3 data



Once the modeling validated…
• We can make predictions

• and of course, we do!

Ø but we also get insight into observables otherwise difficult/impossible to access

• In the following I will focus on ’’depletion voltage’’ and use TCAD results to try to 
shed light on the Q vs V dependence and indeed on ’’Vdepl’’

• All results for IBL planar at 1.0x1015 neq/cm2 (end 2022)
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ATLAS IBL - Q vs V 
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~√V

~ lin

Vdepl ~ (253 +28
-24) V

PIX-2023-007

Do we see the same trends in TCAD?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/


ATLAS IBL - Q vs V: data and TCAD
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~√V

~ lin

Vdepl ~ (253 +28
-24) V

PIX-2023-007
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Pure TCAD

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/


ATLAS IBL - Q vs V: data and TCAD
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~√V

~ lin

Vdepl ~ (253 +28
-24) V

PIX-2023-007
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…yes J

This confirms the effect is 
due to evolution of the 
electric field profile with 
bias voltage   

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/


ATLAS IBL - Q vs V: data and TCAD
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~√V

~ lin

Vdepl ~ (253 +28
-24) V

PIX-2023-007 Well established behaviour of Q vs V

• below ‘‘depletion’’ -> Q ~ √V 

• above ‘‘depletion’’ -> Q ~ lin(V)

in both data and simulations

… but why?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2023-007/


Electric field and CV simulation
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Vdepl = (92 +/- 2) V

It is clear what we observe from Q vs V 
is not just an electric field effect 

No major effect visible going from 
below 250 V to above that value 

TCAD TCAD



Electron velocity simulation
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It seems the gradient is 
significantly reduced 
beyond 250 V

TCAD



Electron velocity simulation
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It seems the gradient is 
significantly reduced 
beyond 250 V

Let’s focus on minima

Depletion voltage is 
related to electron 
velocity saturation

TCAD



Minimum of electric field vs bias
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Electron velocity vs electric field
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At ~ 250 V the electron velocity
is close to saturation everywhere
in the bulk
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-10 C
Mobility model (IBL&PIX default):
C. Canali, G. Majni, R. Minder and 
G. Ottaviani, IEEE Transactions on 
Electron Devices 22 (1975) 1045
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What is 
radiation 
damage?

How do we 
estimate 
radiation 

level?

What do 
we 

measure?

And for HL-
LHC?



High Luminosity LHC and trackers upgrades
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fluence than end of Run2

For both ATLAS and CMS:
• silicon only system
• down to |𝝶|=4
• more granular
• thinner sensors
• 3D pixel modules

Pixels



High Luminosity LHC and trackers upgrades
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HL-LHC
In the HL-LHC era, starting around 2030, the LHC will run at unprecedented luminosity, significantly increasing the number of 
simultaneous proton–proton collisions—or pile-up—in each event. The target instantaneous luminosity will be 5–7.5 × 10³⁴ 
cm⁻² s⁻¹, enabling the experiments to record up to 3000–4000 fb⁻¹ of integrated luminosity over the project’s lifetime.
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CMS Pixelav “upgrades”

Marco Bomben - Seminar @ U. Warwick, 05/03/2026 75

T.A. Vami and M. Swart, 2023

1) Physics models based on 2018 data
scaled to HL-LHC fluences – see also 
2016 CMS paper

Changes needed for TCAD
TCAD 9.0 does not support to mesh across region boundaries to calculate 
the weighting potential
• place equipotential conducting “contacts” on the inside surfaces of square 

voids to represent the implants in a 2.5x2.5 pixel array

Region definition for 3D case -->

2) Simulation of 3D sensors

3) Simulation of gain

Technology studies

3D sensors collect charge on columnar implants that penetrate the substrate

Changes needed for PixelAV
PixelAV used a segmented parallel plate capacitor model to estimate trapped 
carrier induced signal --> uses symmetries that are not there in 3D sensors 

Use Ramo - Shockley theorem instead
• Solve Laplace’s eq for system with !! = !0 and 
!#$% = 0 + all electrodes !& = 0 [% ≠ ']

• Charge on electrode ' induced by carrier at )' is 
*! = +!,()')/!0
• where ,()')/!0 is the weighting potential

This is a general method that works for 3D sensors

First simulations of the gain factor in PixelAV
Change PixelAV to include a gain factor as an external parameter when collecting electrons 
only [the induced charge from trapped carriers would not experience any gain] 

Testing the code with gain = 1 leads to identical results to vanilla pixelAV

Make a scan for each samples with a gain factor variation, then choose the one that 
describes the data the mosta) Tune gain on testbeam dataLooking at the factors vs peak E-field

For V<600 PixelAV seems to be ok with the 
default (gain=1.0)

I also gave all values an error of 0.01

Literature suggest the function g(E),

where A " exp − !
" is the coefficient of the 

impact ionization for electrons/holes, b is the 
parameter for the breakdown E-field

Serezhkin, Y.N., Shesterkina, A.A. Carrier multiplication in 
silicon P-N junctions. Semiconductors 37, 1085–1089 (2003). 
https://doi.org/10.1134/1.1610124

b) Fit gain constants

c) Compare 
simulation to data

Validation with 5.3E15 data
As a validation of the procedure, I 
used test beam data with 
irradiation of 5.3E15 neq/cm2 and 
run simulations in which I included 
the avalanche gain effect. 

PixelAV with avalanche gain effect is 
better at describing the test beam 
data

Very good agreement 
at large voltage!

https://arxiv.org/abs/2301.13815
https://arxiv.org/abs/2301.13815
https://arxiv.org/abs/2301.13815
https://iopscience.iop.org/article/10.1088/1748-0221/11/04/P04023/pdf


CMS studies
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T.A. Vami and M. Swart, 2023

Pixelav used to decide on detector layout and technology based on simulated performance 
after radiation damage, e.g.

Simulated performance and calibration of CMS Phase-2 IT sensors Tamas Almos Vami

Figure 2: The resolution (RMS) as a function of the track angle for unirradiated sensors, along the beam
direction (left) and in the azimuth direction (right). The solid line is for the charge bin 0 < &/&0E6 < 1 and
the dashed line is for the charge bin 1 < &/&0E6 < 1.5.

Figure 3: The resolution (RMS) as a function of the track angle for irradiated sensors, along the beam
direction (left) and in the azimuth direction (right).

4. Sensor technology studies

Besides planar sensors, the possibility of 3D sensors was considered. Figure 4 shows how
3D sensors di�er from planar sensors by collecting charge on columnar implants that penetrate the
substrate.

4

50x50 vs 100x25 pitch

Size choice studies
Unirradiated case L2@3000 fb-1: 1000e threshold

50x50 is better in z until radiation damage, after that 25x100 is better in both directions 

25x100 performance on Layer-2 is similar in the end of HL-LHC as it was for the present 
detector in 2018

50x50 better in z before irradiation
100x25 best after irradiation

Technology studies
Sensors after 
370 fb-1 perform 
similarly to new 
sensors

At 2000 fb-1

resolutions with 
150 V are showing 
the effect of 
charge loss

3D sensors in L1

Performance of 3D sensor after 370 fb-1

very close to pristine detector
Effect of radiation damage clearly visible 
at 2000 fb-1

https://arxiv.org/abs/2301.13815
https://arxiv.org/abs/2301.13815
https://arxiv.org/abs/2301.13815


ATLAS strategy & tools
Run 2 & 3

For each group  of carriers the induced 
signal per pixel is evaluated

Modified pixel digitizer to include radiation damage 
effects is now the default for Run3

ü As shown, excellent agreement with data

§ But too slow for HL-LHC

Ø The idea is to use a “template” approach like CMS

Ø Templates to be produced using Allpix2
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https://doi.org/10.1088/1748-0221/14/06/P06012
https://doi.org/10.1088/1748-0221/14/06/P06012
https://project-allpix-squared.web.cern.ch/project-allpix-squared/
https://project-allpix-squared.web.cern.ch/project-allpix-squared/


ATLAS strategy
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For each simulated charge
q at depth z we want 
to know in which pixel it will
end up and by how much (k)
the signal will be reduced

z

Inspired by CMS “template method”

y

Simulated pixels with pristine detector in 
MC to be corrected using these information 
before digitization

Average free path Δz

k = k(z) (~CCE(z))
θLA = θLA(z)
Δz = Δz(z)

Corrections depend 
on deposition 

depth z 



Intermezzo: Allpix-Squared
To implement such a correction scheme Allpix2 is the perfect tool
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https://indico.cern.ch/event/1126306/contributions/4847029/attachments/2440030/4179731/2022-05-09_AllpixSquared-Overview.pdf
https://indico.cern.ch/event/1126306/contributions/4847029/attachments/2440030/4179731/2022-05-09_AllpixSquared-Overview.pdf


Intermezzo: Allpix-Squared
To implement such a correction scheme Allpix2 is the perfect tool
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…or from 
TCAD 

simulations

Trapping 
and 

weighting 
field

https://indico.cern.ch/event/1126306/contributions/4847029/attachments/2440030/4179731/2022-05-09_AllpixSquared-Overview.pdf
https://indico.cern.ch/event/1126306/contributions/4847029/attachments/2440030/4179731/2022-05-09_AllpixSquared-Overview.pdf


Project workflow

Tb / collision data 
to tune

TCAD simulations; 
get E and 𝛗w and 

plug them in

Allpix-Squared,
to produce 

LUTs to be used to 
correct

Pixels from ATLAS 
simulations

Co
m

pa
re

/tu
ne
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Input variables:
Φ, V, T, zentry

LHCb TCAD model, 2018

150 µm thick, 
4x1015 neq/cm2, 
600 V

Ramo potential

https://doi.org/10.1016/j.nima.2017.08.042


ATLAS ITk Pixels – Simulation results
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150 µm thick sensor at 1x1015 neq/cm2 & 400 V; z = 0 (150) corresponds to the Pixel (Back) side,
Voxels of (1 x 1 x 2) µm3, 1000e in each one, calculating CCE(z), tan(θLA)(z) and Δz(z) 

L.A. ~ 50-100 mrad

This is due to low 
temperature and large 
electric field 

Decrease at frontside due to holes Trapping shortens free path

M. Bomben and K. Nakkalil, pixel 2024
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https://doi.org/10.1088/1748-0221/20/06/C06043


150 µm, example form closure test - η = 1
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~ 10 % larger charge with LUT method

Very good agreement in both longitudinal and transverse cluster size
M. Bomben and K. Nakkalil, pixel 2024

https://doi.org/10.1088/1748-0221/20/06/C06043


Validation with data
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Data
Sim. - CMS
Sim. - Atlas
Sim. - Mandic
Sim. - Ljubljana

M. Bomben NIM A 2025

Comparison to CMS 150 µm thick sensors data
Electric field simulated using LHCb model
Simulation using Allpix2

Several trapping models tested

”Best model” is an average of CMS and 
Mandic
Next: test other electric field models
… and use ATLAS ITk prototypes data J

https://doi.org/10.1016/j.nima.2025.171000
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What is 
radiation 
damage?

How do we 
estimate 
radiation 

level?

What do 
we 

measure?

Conclusions



Summary & Perspectives
• Radiation damage effects are well visible and measured in LHC experiments 

tracking detectors
– Predictions were most of the time respected but some intriguing deviations have been 

observed
• Precise electric field, mobility and trapping modeling makes possible to reproduce 

charge collection in pixels at % level
• Simulations including radiation damage effects used as a tool for operation 

purposes, performance predictions  and tuning of reconstruction algorithms
• We are at the point in which we can use collision data to improve our modeling 

(e.g. fluence estimate) – data-driven ”era”
• For HL-LHC faster – yet as precise as possible – algorithms are being tuned
• Testbeam data + TCAD + Pixelav/Allpix2 is the way forward
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THANK YOU FOR YOUR ATTENTION!
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Current ATLAS detector @ CERN LHC

1.4 m
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ATLAS Inner Detector
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IBL (PIX)
• n-in-n 200 (250)µm thick sensors

• IBL has 3D n-in-p at high |η|
• pitch is 50x250(400) µm2

SCT
• p-in-n 285 µm thick sensors
• pitch is 80 µm



ATLAS IBL & B-Layer - fluences and doses
Layer IBL B-Layer

time Int. Lumi 
[fb-1]

Fluence 
[neq/cm2]

Dose 
[Mrad]

Int. Lumi 
[fb-1]

Fluence 
[neq/cm2]

Dose 
[Mrad]

End of 
Run2 161 ~ 9x1014 ~ 53 190 ~ 7x1014 ~ 28

Till now 230 ~ 12x1014 ~ 76 260 ~ 10x1014 ~ 38

End Run3 
(proj.) 395 ~ 21x1014 ~ 130 425 ~ 15x1014 ~ 63

Max by 
design - ~ 50x1014 ~ 250 - ~ 10x1014 ~ 50
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ATLAS IBL 3D sensors

Marco Bomben - Seminar @ U. Warwick, 05/03/2026 92

2018 JINST 13 T05008
diameter were obtained by Deep Reactive Ion Etching (DRIE) and dopant di�usion from both wafer
sides, without the presence of supporting wafers. By doing so, the substrate bias can be applied
from the back side (p+), as in planar devices. Figure 9 shows details of the 3D column layout.

(a) (b)

Figure 9. Design of the columns of (a) FBK and (b) CNM 3D sensors. This sketch is for illustration only
and is not to scale.

Each pixel contains two read-out (n+) columns (two-electrode configuration), with an inter-
electrode spacing between n+ and p+ columns of ⇡67 µm. In order to maintain a reasonable yield,
each wafer contains eight sensor tiles of dimension 20.4 mm ⇥ 18.7 mm, rather than the four larger
sensor tiles of the planar design. A 200 µm wide region separates the active pixel area from the
physical edge of the tile.

The main di�erences between FBK and CNM 3D sensors are the following:

- FBK sensors have pass-through columnar electrodes [28]; in CNM sensors, on the other
hand, electrode etching is stopped ⇠20 µm before reaching the opposite side [29];

- in FBK sensors, the surface isolation between n+ electrodes is obtained by a p-spray layer on
both wafer sides, whereas in CNM sensors, p-stops are used on the front side (n+) only;

- the edge isolation in FBK sensors is based on multiple rows of ohmic columns stopping
the lateral spread of the depletion region [30], whereas in CNM sensors a 3D guard-ring,
surrounded by a double row of ohmic columns, is used to sink the edge leakage current.

Table 5 summarises the main parameters of the IBL sensors.

3.1.3 Sensor production and quality assessment

The electrical quality of the sensors was evaluated from the measurement of the current-voltage
(I-V) dependence, as this is sensitive to bulk and surface defects. Tiles satisfying the selection
criteria described below were chosen for hybridisation (connection between the sensor and the
FE-I4B read-out electronics).

– 14 –

Figure 48. Double sided process (a) and full 3D with active edges (b). An un-etched distance d of order
20 µm is needed in (a) for mechanical integrity.

while keeping the electrode diameter smaller with consequent smaller capacitance and noise. The
reported measurements are therefore worst cases and are expected to improve in the near future.

An important difference between full3D and double sided 3D is the presence of active edges.
Active edges are difficult to incorporate in the double sided 3D processing. However, simula-
tions and data have shown that the edge current can be completely controlled by the insertion of
“guard fence” columns [54]. The perimeter occupied by guard fences has a width of approximately
200 µm. The bias voltage, in the case of full 3D with active edges, is currently applied on the same
side of the readout electrodes. This is possible by using a bias tab placed along the column width
on the opposite edge of the readout. The alternative would be opening a via from the front to the
back side of the sensor.

The signal efficiency was measured independently for full3D and double sided 3D sensors
with infra-red photons and minimum ionizing particles. A compilation of the results is presented in
Fig. 49 (a), while (b) shows the expected most probable signal for a substrate thickness of 230 µm.
After 5⇥1015 n/cm2 the most probable signal is ⇡ 12000 electrons.

The charge collection distance in 3D sensors is relatively short, and this has important system

Configuration Bare threshold (e�) In-time threshold (e�) Required signal (e�)
2E-400 2500 4300 8600
3E-400 3200 6000 12000
4E-400 3200 6540 13800

Table 8. Threshold, in-time threshold and required signal (double the in-time threshold to take into account
charge sharing among two adjacent pixels) of full3D sensors with different configurations and electrode
diameter of ⇡ 14 µm. In bold, the 3E FE-I3 measurement which geometrically corresponds to 2E FE-I4.

– 61 –

ATLAS TDR 29

B. Abbott et al 2018 JINST 13 T05008

https://cds.cern.ch/record/1291633
https://doi.org/10.1088/1748-0221/13/05/T05008
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PIXE-2024-07

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIXE-2024-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIXE-2024-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIXE-2024-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIXE-2024-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIXE-2024-07/


Alice ITS
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Hybrid pixels
Drift Detectors
µ-Strip



CMS Tracker
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CMS Tracking system:Run1+Run-2 2016 

Largest silicon tracker ever built 
active area: ~200 m2


acceptance: |η| < 2.5
immersed in a 3.8 T magnetic field

The tracking challenge at the LHC 
typically 30 charged particles within the tracker acceptance per 
proton-proton collision and ~ 25-40 collisions per event: ~O(1000) 
charged particles per event need to be reconstructed.

Pixel detector [100 x 150 μm2]

127 M pixels.

3 barrel layers.

2(x2) endcap disks. 
hit resolution: 10 x (20,40) µm

Strip detector [pitch: 80-180 μm2 ]

inner Barrel (TIB): 4 layers

inner Disks (TID): 3 (x 2) layers

outer barrel(TOB): 6 layers
endcap (TEC): 9(x 2) disks. 
hit resolution: (10,40) x (230,530) µm

Since 2017

4
3



CMS tracker
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Beginning of Run 3
• Pixels refurbished and reinstalled in June 

2021 

• Completely new layer 1 has significant 
improvements 

➡Readout chip decreased dynamic 
inefficiency and reduced crosstalk 

➡New TBM with additional delay option 

➡New high density interconnect for more 
robust HV operation 

• Some layer 2 modules replaced 

• New DCDC converters 

• Improved FPix cooling connections 

➡Excellent performance in start of Run 3 in 
2022

6



CMS tracker
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Grace Haza | University of Nebraska, Lincoln 16 October 2023 | VERTEX 2023

Hit efficiency

9

• Hit efficiency affected by gain calibration, HV setting, and annealing 
during technical stops 

➡  High hit efficiencies for all layers and disks 



LHCb tracker (Run1+Run2)
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3) Annealing Effects and Parameterization: The annealing
behavior of the current-related damage factor α after irradia-
tion is displayed in Fig. 6 for various annealing temperatures
ranging from 21 °C to 106 °C [39]. The annealing temperature
is the temperature at which the samples are stored or heated
to accelerate the defect reactions in the silicon bulk. This
temperature shall not be confused with the measurement
temperature of the leakage current which in the given example
is 20 °C. The α value is continuously decreasing with increas-
ing annealing time. In [35] and [39], a parameterization of the
data with an exponential and logarithmic term is proposed

α = α1 · exp(−t/τ1) + α0 − α2 · ln(t/t0) (10)

and has been used in Fig. 6 to fit the data (solid lines).
The complete parameter set (α0, α1, α2, τ1, and t0) and a
discussion on the physics meaning of the parameters can be
found in [35] and [39].

C. Space Charge-Effective Doping Concentration

The radiation-induced defects lead to a change in the
effective space charge Neff that is reflected in a change of
the depletion voltage Vdep of silicon detectors. The depletion
voltage Vdep is given as

Vdep = q|Neff |d2

2εε0
(11)

where d is the thickness of the device, q is the elementary
charge, ε is the relative permittivity of silicon, and ε0 is the
vacuum permittivity. It shall be noted that (11) is assuming
a constant space charge over the volume of the damaged
detector, which is not always the case [40]. Furthermore,
the depletion voltage is usually determined from capacitance
versus voltage (C–V ) measurements at ≈10 kHz and a temper-
ature between +20 °C and −20 °C depending on measurement
limits set by the high leakage currents, while a dependence
of the depletion voltage on the measurement frequency and
temperature has been reported for damaged detectors [41].
It is thus understood that the following parameterizations
give precise values for the prediction of the depletion voltage
(i.e., the kink in the C–V measurement of a diode), while the
translation into Neff via (11) might be afflicted with systematic
errors. It shall be mentioned that in highly irradiated detectors,
contrary to undamaged detectors, the space charge is no longer
identical to the free carrier concentration in thermal equilib-
rium. Results of characterization methods determining the free
carrier densitity or the low-voltage resistivity are, therefore,
not easily correlated with the space charge determined from
full depletion voltage (also see Section II-D).

1) Fluence Dependence: Fig. 7 shows an example of the
evolution of the effective space charge (i.e., depletion voltage)
for an n-type sensor with particle fluence [42]. Before irradi-
ation, the sensor was of high-resistivity n-type (phosphorus-
doped) base material resulting in a positive space charge of
some 1011 cm−3.

Irradiation of the sensor results in the formation of negative
space charge which compensates the initial positive space
charge. With increasing particle fluence, the net space charge

Fig. 7. Effective doping concentration (depletion voltage) as a function of
particle fluence for a standard FZ n-type silicon detector. Data were measured
directly after exposure and are taken from [42].

Fig. 8. Evolution of the effective doping concentration as a function of
annealing time. The data shown here were taken at room temperature while
the annealing took place at 60 °C. Taken from [35].

decreases and reaches very low values corresponding to almost
intrinsic silicon. This point is called type inversion or space
charge sign inversion (SCSI) as the space charge sign changes
from positive to negative. Increasing the particle fluence
beyond the SCSI point leads to more and more negative space
charge values. The depletion voltage rises accordingly and
eventually reaches values that cannot be applied to the detector
any more without causing breakdown. The applied voltage
will have to be kept below the depletion voltage and the
detector is operated underdepleted. For high-resistivity p-type
sensors, no type inversion is usually observed as the initial
space charge is already negative before irradiation. It should,
however, be mentioned that after neutron and charged-hadron
irradiations cases have been observed in nonstandard floating
zone (FZ) silicon materials where type inversion occurs from
negative to positive space charge [35] or the effective space
charge remains positive in n-type sensors up to very high
particle fluences [43], [44].

2) Annealing and Parameterization: The effective doping
concentration after irradiation is changing with time. This
so-called annealing can be accelerated at elevated temperatures
and decelerated or frozen when going to lower temperatures.
Fig. 8 shows an example for a typical annealing behavior after
high-fluence irradiation. The change of the effective doping
concentration with irradiation $Neff is given as

$Neff = Neff,0 − Neff (t) (12)
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that on the microscopic level is dominated by point defects
in the crystal lattice). The latter is significantly different
and usually cannot be described by applying a single NIEL
hypothesis-based scaling factor to the damage produced by
heavy particles in the same device. An example for this
difference will be given in the following for the radiation-
induced leakage current.

A. Basic Characterization Methods

Silicon particle detectors are basically reverse biased diodes.
The most simple test structure to investigate the properties
of a silicon detector is, therefore, a so-called pad detector.
It consists of a large front electrode (with respect to the
thickness of the silicon bulk) surrounded by one or a series of
guard rings (to protect the collecting electrodes from unwanted
currents originating from the edges and to precisely define
the active volume) and a homogeneous electrode covering all
backside. For n-type bulk structures, the front contact and
guard rings are p+ implant and the backside implant is an
n+ implant. Typical dimensions are 5 mm × 5 mm for the
front electrode and 300 µm for the thickness of the silicon
bulk. Most of the results presented in Section II are based
on measurements on pad detectors. Segmented sensors add
more complexity to the impact of bulk (and surface) radiation
damage and will be treated in Section III.

B. Leakage Current

Radiation-induced defect levels close to the middle of the
bandgap are very efficient charge carrier generation centers
that lead to an increase of the leakage current of silicon
devices. This current is also called generation current or dark
current. The experimental determination of the leakage current
requires a great care to properly determine the semiconductor
volume contributing to it, avoiding or subtracting parasitic
currents contributed by the device surface or other interfaces,
and accurately determine the temperature of the silicon and
the annealing state of the device under test.

1) Fluence Dependence: After exposure to highly energetic
particles having sufficient energy to produce defect clusters
(see Section IV-B), the radiation-induced increase of the
leakage current is proportional to the particle fluence and
independent of the type, resistivity, and impurity content of
the used silicon material [8], [34]. Fig. 5 shows data obtained
on various silicon detectors irradiated in a neutron field with
5.2-MeV mean energy and measured at room temperature
after a dedicated annealing of 80 min at 60 °C [35]. The
proportionality factor is called current-related damage factor
α and is defined as

α = "I
V φeq

(9)

where "I is the leakage current increase caused by irradiation,
V is the volume contributing to the current, and φeq is the
particle fluence. The data shown in Fig. 5 result in a value
of α (80 min, 60 °C) = (3.99 ± 0.03) × 10−17 A/cm for the
measurements taken at 20 °C.

It shall be mentioned that for irradiations producing pre-
dominantly point defects (see Section IV-B), a nonlinear

Fig. 5. Radiation induced leakage current increase as function of particle
fluence for various silicon detectors made from silicon materials produced by
various process technologies with different resistivities and conduction type.
The current was measured after a heat treatment of 80 min at 60 °C and is
normalized to the current measured at 20 °C. Figure taken from [35].

Fig. 6. Current-related damage rate α as a function of cumulated anneal-
ing time at different temperatures. Solid lines: fits to the data (see text).
Figure taken from [39].

dependence on the particle fluence and a strong dependence
on the impurity content are observed [36]. It was found that
for gamma-irradiated silicon, the amount of leakage current
depends on the oxygen concentration in the material and has
quadratic dose (i.e., photon fluence) dependence. The origin
of this behavior was attributed to the formation of an oxygen-
related point defect called Ip [37].

2) Temperature Dependence: The temperature dependence
of the leakage current is dominated by the position of the
energy levels in the band gap, their cross sections, their con-
centrations, and the temperature dependence of the bandgap
itself. The most efficient generation centers are the ones at
the intrinsic energy level. In this case, the leakage current
temperature dependence will follow one of the intrinsic car-
rier concentrations ni . In a recent work, Chilingarov [38]
compared experimental results obtained on several different
irradiated silicon particle detectors using the parameterization
I (T ) ∝ T 2 exp(−Eeff/2kB T ) and obtained a value of Eeff =
1.214 ± 0.014 eV. This value is presently the reference in
the HEP community for temperature correction (scaling) of
the leakage current. In practice, this value translates into a
reduction of the leakage current by 8%–10% per degree centi-
grade in the temperature range from room temperature (RT)
to −20 °C.

Annealing: leakage current and effective doping
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guard rings (to protect the collecting electrodes from unwanted
currents originating from the edges and to precisely define
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particles having sufficient energy to produce defect clusters
(see Section IV-B), the radiation-induced increase of the
leakage current is proportional to the particle fluence and
independent of the type, resistivity, and impurity content of
the used silicon material [8], [34]. Fig. 5 shows data obtained
on various silicon detectors irradiated in a neutron field with
5.2-MeV mean energy and measured at room temperature
after a dedicated annealing of 80 min at 60 °C [35]. The
proportionality factor is called current-related damage factor
α and is defined as
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V φeq

(9)

where "I is the leakage current increase caused by irradiation,
V is the volume contributing to the current, and φeq is the
particle fluence. The data shown in Fig. 5 result in a value
of α (80 min, 60 °C) = (3.99 ± 0.03) × 10−17 A/cm for the
measurements taken at 20 °C.
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various process technologies with different resistivities and conduction type.
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normalized to the current measured at 20 °C. Figure taken from [35].

Fig. 6. Current-related damage rate α as a function of cumulated anneal-
ing time at different temperatures. Solid lines: fits to the data (see text).
Figure taken from [39].

dependence on the particle fluence and a strong dependence
on the impurity content are observed [36]. It was found that
for gamma-irradiated silicon, the amount of leakage current
depends on the oxygen concentration in the material and has
quadratic dose (i.e., photon fluence) dependence. The origin
of this behavior was attributed to the formation of an oxygen-
related point defect called Ip [37].

2) Temperature Dependence: The temperature dependence
of the leakage current is dominated by the position of the
energy levels in the band gap, their cross sections, their con-
centrations, and the temperature dependence of the bandgap
itself. The most efficient generation centers are the ones at
the intrinsic energy level. In this case, the leakage current
temperature dependence will follow one of the intrinsic car-
rier concentrations ni . In a recent work, Chilingarov [38]
compared experimental results obtained on several different
irradiated silicon particle detectors using the parameterization
I (T ) ∝ T 2 exp(−Eeff/2kB T ) and obtained a value of Eeff =
1.214 ± 0.014 eV. This value is presently the reference in
the HEP community for temperature correction (scaling) of
the leakage current. In practice, this value translates into a
reduction of the leakage current by 8%–10% per degree centi-
grade in the temperature range from room temperature (RT)
to −20 °C.
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5.2.1 Leakage current modelling
For a given instantaneous irradiation with fluence �, the leakage current changes as �Ileak = ↵ V �,
where V is the depleted volume of the sensor and ↵ is approximately independent of the damaging
particle energies and flavours. After some time t at a temperature T , the leakage current changes from
defect annealing, so ↵ = ↵(t, T ). Different models vary in their treatment of ↵, including nstates effective
defect states whose contribution to the leakage current evolves with time. In all models, the leakage
current starting from zero current is given by
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where Lint,i is the integrated luminosity, Vi is the depleted volume, ti is the duration, and Ti is the
temperature in time interval i. The three most common forms for the ↵j are as follows:
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where Eqs. 22 and 23 are called the Hamburg model [4] and Eq. 24 is called the Sheffield model [5]. Both
Eqs. 22 and 23 assume that the annealing over time t with fixed temperature T is given by ↵ exp(�t/⌧)+
↵0 �� log(t/t0); they differ in how to treat periods with varying temperature. The unspecified functions
in the above equations are 1/⌧(T ) = kI,0 exp(�Ei/kBT ) and ⇥(T ) = exp(�Ei/kB(1/T � 1/Tref)).
Typical parameters are given in Tables 9 and 10. These are the values used by both the ATLAS
and CMS pixel and strip detector groups [4, 6, 16]. Other values used in some measurements from
LHCb can be found in Ref. [7]. An example implementation of the code can be found at this link:
http://cern.ch/go/mDb9.

The resulting prediction is then valid for leakage currents measured at a value Tref. In order to
compare the data directly with this prediction, the data are corrected to correspond to the same constant
reference temperature. This is done by using the following scaling factor:
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where Eeff is the effective band-gap energy in silicon. The most commonly used value of Eeff is
1.21 eV [8], but some studies have suggested that a lower value (e.g., 1.12 eV [6]) may lead to a better
fit with collider data.
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where Eqs. 22 and 23 are called the Hamburg model [4] and Eq. 24 is called the Sheffield model [5]. Both
Eqs. 22 and 23 assume that the annealing over time t with fixed temperature T is given by ↵ exp(�t/⌧)+
↵0 �� log(t/t0); they differ in how to treat periods with varying temperature. The unspecified functions
in the above equations are 1/⌧(T ) = kI,0 exp(�Ei/kBT ) and ⇥(T ) = exp(�Ei/kB(1/T � 1/Tref)).
Typical parameters are given in Tables 9 and 10. These are the values used by both the ATLAS
and CMS pixel and strip detector groups [4, 6, 16]. Other values used in some measurements from
LHCb can be found in Ref. [7]. An example implementation of the code can be found at this link:
http://cern.ch/go/mDb9.

The resulting prediction is then valid for leakage currents measured at a value Tref. In order to
compare the data directly with this prediction, the data are corrected to correspond to the same constant
reference temperature. This is done by using the following scaling factor:

✓
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T

◆2

exp

✓
�

Eeff

2kB

✓
1

Tref
�

1

T

◆◆
, (25)

where Eeff is the effective band-gap energy in silicon. The most commonly used value of Eeff is
1.21 eV [8], but some studies have suggested that a lower value (e.g., 1.12 eV [6]) may lead to a better
fit with collider data.
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Table 9: Leakage current model parame-
ters from Eq. 22 using Ref. [4].

Parameter Value Units
↵I (1.23 ± 0.06) ⇥ 10�17 A/cm
kI,0 1.2+5.3

�1.0 ⇥ 1013 Hz
EI 1.11 ± 0.05 eV
↵⇤

0 7.07 ⇥ 10�17 A/cm
� 3.29 ⇥ 10�18 A/cm
E⇤

I
1.30 ± 0.14 eV

t0 1 min.
Tref 21 �C

Table 10: Leakage current model param-
eters from Eq. 24 using Ref. [5] using
Tref = 20 �C. The value for ↵(Tref) is
(4.81 ± 0.13) ⇥ 10�17 A/cm.

k ⌧k Ak

(min)
1 (1.2 ± 0.2) ⇥ 106 0.42 ± 0.11
2 (4.1 ± 0.6) ⇥ 104 0.10 ± 0.01
3 (3.7 ± 0.3) ⇥ 103 0.23 ± 0.02
4 124 ± 2.5 0.21 ± 0.02
5 8 ± 5 0.04 ± 0.03

5.2.2 Full depletion voltage modelling
Aside from the Vi term in Eq. 21, modelling the leakage current is largely insensitive to the doping
concentration spatial distribution inside the sensor. In contrast, the full depletion voltage becomes poorly
defined when the electric field profile inside the sensor has a non-linear shape. For unirradiated sensors,
one can relate the full depletion voltage and the effective doping concentration:

Vdepl = |Neff| ·
ed2

2✏✏0
, (26)

where d is the sensor thickness, e is the unit charge, ✏ is the dielectric constant, and ✏0 is the vacuum
permittivity. There currently does not exist a model that can account for both the spatial inhomogeneity
of Neff and its annealing. For predicting the operational full depletion voltage, experiments typically
focus on the thermal effects. The most widely used model for this goal is the Hamburg model3:

Neff(t, T ) = Nnon-removable
D (0) + N removable

D (t) � N stable
A (t) � Nbeneficial

A
(t, T ) � N reverse

A
(t, T ) , (27)

where N (non)-removable
D (0) is the initial concentration of (non)-removable donors and the other terms are

defined below. The fraction of removable donors for the typical concentrations used for LHC silicon
sensors is predicted to be all of the initial doping concentration for charged-particle irradiation. Irradi-
ation by charged particles dominates the damage on the innermost layers of the LHC experiments. The
components of Eq. 27 are governed by coupled system of differential equations:

d
dt

N removable
D (t) = �c�(t)N removable

D (t) removal of donors for n-type during irradiation,

d
dt

N stable
A (t) = gC�(t) addition of stable acceptors during irradiation,

d
dt

Nbeneficial
A (t, T ) = gA�(t) � kA(T )Nbeneficial

A (t, T ) beneficial annealing,

d
dt

N reverse
N (t, T ) = gY�(t) � kY(T )N reverse

N (t, T ) reverse annealing – neutrals,

d
dt

N reverse
A (t, T ) = kY(T )N reverse

N (t, T ) reverse annealing – acceptors, (28)

3Both the leakage current and full depletion voltage models are typically referred to as ‘the’ Hamburg model [4], but the
physical parameters of the two models are not related.
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3) Annealing Effects and Parameterization: The annealing
behavior of the current-related damage factor α after irradia-
tion is displayed in Fig. 6 for various annealing temperatures
ranging from 21 °C to 106 °C [39]. The annealing temperature
is the temperature at which the samples are stored or heated
to accelerate the defect reactions in the silicon bulk. This
temperature shall not be confused with the measurement
temperature of the leakage current which in the given example
is 20 °C. The α value is continuously decreasing with increas-
ing annealing time. In [35] and [39], a parameterization of the
data with an exponential and logarithmic term is proposed

α = α1 · exp(−t/τ1) + α0 − α2 · ln(t/t0) (10)

and has been used in Fig. 6 to fit the data (solid lines).
The complete parameter set (α0, α1, α2, τ1, and t0) and a
discussion on the physics meaning of the parameters can be
found in [35] and [39].

C. Space Charge-Effective Doping Concentration

The radiation-induced defects lead to a change in the
effective space charge Neff that is reflected in a change of
the depletion voltage Vdep of silicon detectors. The depletion
voltage Vdep is given as

Vdep = q|Neff |d2

2εε0
(11)

where d is the thickness of the device, q is the elementary
charge, ε is the relative permittivity of silicon, and ε0 is the
vacuum permittivity. It shall be noted that (11) is assuming
a constant space charge over the volume of the damaged
detector, which is not always the case [40]. Furthermore,
the depletion voltage is usually determined from capacitance
versus voltage (C–V ) measurements at ≈10 kHz and a temper-
ature between +20 °C and −20 °C depending on measurement
limits set by the high leakage currents, while a dependence
of the depletion voltage on the measurement frequency and
temperature has been reported for damaged detectors [41].
It is thus understood that the following parameterizations
give precise values for the prediction of the depletion voltage
(i.e., the kink in the C–V measurement of a diode), while the
translation into Neff via (11) might be afflicted with systematic
errors. It shall be mentioned that in highly irradiated detectors,
contrary to undamaged detectors, the space charge is no longer
identical to the free carrier concentration in thermal equilib-
rium. Results of characterization methods determining the free
carrier densitity or the low-voltage resistivity are, therefore,
not easily correlated with the space charge determined from
full depletion voltage (also see Section II-D).

1) Fluence Dependence: Fig. 7 shows an example of the
evolution of the effective space charge (i.e., depletion voltage)
for an n-type sensor with particle fluence [42]. Before irradi-
ation, the sensor was of high-resistivity n-type (phosphorus-
doped) base material resulting in a positive space charge of
some 1011 cm−3.

Irradiation of the sensor results in the formation of negative
space charge which compensates the initial positive space
charge. With increasing particle fluence, the net space charge

Fig. 7. Effective doping concentration (depletion voltage) as a function of
particle fluence for a standard FZ n-type silicon detector. Data were measured
directly after exposure and are taken from [42].

Fig. 8. Evolution of the effective doping concentration as a function of
annealing time. The data shown here were taken at room temperature while
the annealing took place at 60 °C. Taken from [35].

decreases and reaches very low values corresponding to almost
intrinsic silicon. This point is called type inversion or space
charge sign inversion (SCSI) as the space charge sign changes
from positive to negative. Increasing the particle fluence
beyond the SCSI point leads to more and more negative space
charge values. The depletion voltage rises accordingly and
eventually reaches values that cannot be applied to the detector
any more without causing breakdown. The applied voltage
will have to be kept below the depletion voltage and the
detector is operated underdepleted. For high-resistivity p-type
sensors, no type inversion is usually observed as the initial
space charge is already negative before irradiation. It should,
however, be mentioned that after neutron and charged-hadron
irradiations cases have been observed in nonstandard floating
zone (FZ) silicon materials where type inversion occurs from
negative to positive space charge [35] or the effective space
charge remains positive in n-type sensors up to very high
particle fluences [43], [44].

2) Annealing and Parameterization: The effective doping
concentration after irradiation is changing with time. This
so-called annealing can be accelerated at elevated temperatures
and decelerated or frozen when going to lower temperatures.
Fig. 8 shows an example for a typical annealing behavior after
high-fluence irradiation. The change of the effective doping
concentration with irradiation $Neff is given as

$Neff = Neff,0 − Neff (t) (12)
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Fig. 9. (a) Dependence of Neff on the accumulated 1-MeV neutron equivalent fluence for standard and oxygen-enriched FZ silicon irradiated with reactor
neutrons, 24-GeV/c protons and 192-MeV pions. (b) Effective space charge density and full depletion voltage versus proton fluence for standard, carbon
enriched, and three types of oxygen diffused samples: 24, 48, and 72 h diffusion at 1150 °C. Data of the RD48 collaboration taken from [45].

where Neff,0 is the value before irradiation and Neff (t) is the
value after irradiation. The fact that !Neff is positive for the
data shown in Fig. 8 demonstrates that the radiation-induced
change of Neff has a negative sign, i.e., the overall produced
space charge due to radiation is a negative one in accordance
with the data shown in Fig. 7. The time dependence of Neff
can be parameterized as

!Neff (t) = NA(t) + NC + NY (t) (13)

where NC is the so-called stable damage component which
is not changing with time after irradiation, NA is the short
term or beneficial annealing component, and NY is the reverse
annealing component. They are parameterized as

NA(t) = gaφeq exp(−t/τa) (14)

NC = NC,0(1 − exp(−cφeq)) + gcφeq (15)

NY (t) = gyφeq(1 − exp(−t/τy)) (16)

where NC,0 represents the fact that often an incomplete doping
removal is observed (i.e., NC,0 represents only a fraction of
the initial doping concentration, see [46]), c is the removal
coefficient, and ga, gc, and gy are the introduction rates for
the space charge defined as the beneficial annealing, the stable
damage, and the reverse annealing above (e.g., NY = gyφeq).
The temperature dependence of the time constants for the
beneficial (τa) and the reverse annealing (τy) has been found
to follow an Arrhenius equation with an activation energy
of 1.09 and 1.33 eV, respectively [35]. Note as well that
there are different parameterizations for the reverse annealing
represented here by (16) (see [35], [43], [46]).

3) Material and Particle Dependence: Material and defect
engineering are mitigation techniques that have been exten-
sively used by the the RD48 [4] and RD50 [5] research
collaborations. A wide range of sensors produced on different
silicon base materials (e.g., different growth methods or differ-
ent impurity contents), exposed to different types of particles
(e.g., electrons, pions, protons, and neutrons) and tested under
various operational conditions (e.g., different temperatures
and/or applied voltages during and after irradiation) have been
studied. These studies demonstrated that the impurity content
of the used silicon and the type of particle used for the

irradiation experiment have a strong impact on the observed
radiation damage, or more precisely, on the space charge
and the electric field distribution within the sensor. This is,
on the one hand, not in accordance with the NIEL hypothesis
described in Section I-C, but on the other hand opening the
road toward defect and material engineering for radiation dam-
age mitigation. Extensive—and most successful—studies were
performed on materials with different oxygen contents. The
variation of oxygen concentration was partly obtained using
silicon produced by different growth techniques [FZ, epitax-
ial, Czochralski or magnetic Czochralski (MCz), and partly
by postprocessing of the silicon wafers by long oxidation:
diffusion-oxygenated FZ (DOFZ) or diffusion-oxygenated epi-
taxial (EPI-DO)]. A wide range of impurities was incorporated
into the silicon base material as well (carbon, hydrogen,
nitrogen, and others) and the corresponding sensors tested in
terms of their radiation hardness. Fig. 9 shows an example
of data [45] obtained on various n-type silicon detectors in a
so-called CERN scenario measurement technique [47] where
individual samples are successively exposed to radiation with
annealing steps and measurements in between each irradiation
step. The minimum in the curves for |Neff | is displaying the
fluence for which the material undergoes SCSI from positive
to negative space charge from where-on the increase at higher
fluence values is almost linear. The slope of this branch is
a measure of the radiation hardness. Although oxygenated
material does not exhibit any benefit for neutron irradiation
[see Fig. 9(a)], it clearly leads to superior results with respect
to the standard FZ silicon in case of proton- or pion-induced
damage. While the improvement in slope is about a factor
of three for oxygen-enriched material, an adverse effect is
found for carbon enrichment [see Fig. 9(b)]. Following the
developments of the RD48 collaboration, the ATLAS and
CMS pixel detectors at the LHC have been made from oxygen-
enriched silicon.

D. Acceptor and Donor Removal

From the term acceptor (donor) removal, we understand
the transformation of electrically active shallow acceptors
(donors) into defect complexes that are no longer having the
properties of those shallow dopants. The negative (positive)
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Fig. 9. (a) Dependence of Neff on the accumulated 1-MeV neutron equivalent fluence for standard and oxygen-enriched FZ silicon irradiated with reactor
neutrons, 24-GeV/c protons and 192-MeV pions. (b) Effective space charge density and full depletion voltage versus proton fluence for standard, carbon
enriched, and three types of oxygen diffused samples: 24, 48, and 72 h diffusion at 1150 °C. Data of the RD48 collaboration taken from [45].

where Neff,0 is the value before irradiation and Neff (t) is the
value after irradiation. The fact that !Neff is positive for the
data shown in Fig. 8 demonstrates that the radiation-induced
change of Neff has a negative sign, i.e., the overall produced
space charge due to radiation is a negative one in accordance
with the data shown in Fig. 7. The time dependence of Neff
can be parameterized as

!Neff (t) = NA(t) + NC + NY (t) (13)

where NC is the so-called stable damage component which
is not changing with time after irradiation, NA is the short
term or beneficial annealing component, and NY is the reverse
annealing component. They are parameterized as

NA(t) = gaφeq exp(−t/τa) (14)

NC = NC,0(1 − exp(−cφeq)) + gcφeq (15)

NY (t) = gyφeq(1 − exp(−t/τy)) (16)

where NC,0 represents the fact that often an incomplete doping
removal is observed (i.e., NC,0 represents only a fraction of
the initial doping concentration, see [46]), c is the removal
coefficient, and ga, gc, and gy are the introduction rates for
the space charge defined as the beneficial annealing, the stable
damage, and the reverse annealing above (e.g., NY = gyφeq).
The temperature dependence of the time constants for the
beneficial (τa) and the reverse annealing (τy) has been found
to follow an Arrhenius equation with an activation energy
of 1.09 and 1.33 eV, respectively [35]. Note as well that
there are different parameterizations for the reverse annealing
represented here by (16) (see [35], [43], [46]).

3) Material and Particle Dependence: Material and defect
engineering are mitigation techniques that have been exten-
sively used by the the RD48 [4] and RD50 [5] research
collaborations. A wide range of sensors produced on different
silicon base materials (e.g., different growth methods or differ-
ent impurity contents), exposed to different types of particles
(e.g., electrons, pions, protons, and neutrons) and tested under
various operational conditions (e.g., different temperatures
and/or applied voltages during and after irradiation) have been
studied. These studies demonstrated that the impurity content
of the used silicon and the type of particle used for the

irradiation experiment have a strong impact on the observed
radiation damage, or more precisely, on the space charge
and the electric field distribution within the sensor. This is,
on the one hand, not in accordance with the NIEL hypothesis
described in Section I-C, but on the other hand opening the
road toward defect and material engineering for radiation dam-
age mitigation. Extensive—and most successful—studies were
performed on materials with different oxygen contents. The
variation of oxygen concentration was partly obtained using
silicon produced by different growth techniques [FZ, epitax-
ial, Czochralski or magnetic Czochralski (MCz), and partly
by postprocessing of the silicon wafers by long oxidation:
diffusion-oxygenated FZ (DOFZ) or diffusion-oxygenated epi-
taxial (EPI-DO)]. A wide range of impurities was incorporated
into the silicon base material as well (carbon, hydrogen,
nitrogen, and others) and the corresponding sensors tested in
terms of their radiation hardness. Fig. 9 shows an example
of data [45] obtained on various n-type silicon detectors in a
so-called CERN scenario measurement technique [47] where
individual samples are successively exposed to radiation with
annealing steps and measurements in between each irradiation
step. The minimum in the curves for |Neff | is displaying the
fluence for which the material undergoes SCSI from positive
to negative space charge from where-on the increase at higher
fluence values is almost linear. The slope of this branch is
a measure of the radiation hardness. Although oxygenated
material does not exhibit any benefit for neutron irradiation
[see Fig. 9(a)], it clearly leads to superior results with respect
to the standard FZ silicon in case of proton- or pion-induced
damage. While the improvement in slope is about a factor
of three for oxygen-enriched material, an adverse effect is
found for carbon enrichment [see Fig. 9(b)]. Following the
developments of the RD48 collaboration, the ATLAS and
CMS pixel detectors at the LHC have been made from oxygen-
enriched silicon.

D. Acceptor and Donor Removal

From the term acceptor (donor) removal, we understand
the transformation of electrically active shallow acceptors
(donors) into defect complexes that are no longer having the
properties of those shallow dopants. The negative (positive)
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Radiation damage to electronics 
Performance of micro-electronics is impacted by radiation damage in 
several ways:

• Total Ionising Dose (TID): associated with the build up of trapped
charge states, either in an oxide layer or at the oxide–bulk.
TID measured in Gray (Gy) or rad (=0.01 Gy)

• Single Event Effects (SEE): large charge deposition in a sensitive
node. The SEE sensitivity of a chip to radiation is defined by a cross-
section (ratio of events rate and flux triggering them)

• (NIEL – not discussed today, less important for CMOS)
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4.3 SILICON MOS CAPACITOR 

Of all the MIS capacitors, the metal-oxide-silicon (MOS) capacitor is by far the most 
practical and important, and is used as an example here. An appealing picture of the 
interface is the chemical composition of the interfacial regions as a consequence of 
thermal o~idat ion.~ It consists of a single-crystal silicon followed by a monolayer of 
SiO,, that is, incompletely oxidized silicon, then a thin strained region of SiO,, and 
the remainder stoichiometric, strain-free, amorphous SiO,. (The compound SiO, is 
stoichiometric when x = 2 and nonstoichiometric when 2 > x > 1). For a practical 
MOS capacitor, interface traps and oxide charges exist that will, in one way or 
another, affect the ideal MOS characteristics. 

The basic classifications of these traps and charges are shown in Fig. 12: (1) Inter- 
face traps of density Di, and trapped charges Q,, which are located at the Si-SiO, 
interface with energy states within the silicon forbidden bandgap and which can 
exchange charges with silicon in a short time; Q, is also determined by the occupancy 
or the Fermi level so its amount is bias dependent. Interface traps can possibly be pro- 
duced by excess silicon (trivalent silicon), broken Si-H bonds, excess oxygen and 
impurities. (2) Fixed oxide charges Qp which are located at or near the interface and 
are immobile under an applied electric field. (3) Oxide trapped charges Qo,, which can 
be created, for example, by X-ray radiation or hot-electron injection; these traps are 
distributed inside the oxide layer. (4) Mobile ionic charges Q,, such as sodium ions, 
which are mobile within the oxide under bias-temperature stress conditions. 

4.3.1 Interface Traps 

Tamrn,l7 Shockley,18 and others9 have studied the charge Qi, in interface traps (histor- 
ically also called interface states, fast states, or surface states) and have shown that Q,, 
exists within the forbidden gap due to the interruption of the periodic lattice structure 

Y Y Y Y V Y Y Y  - , . , . - . - . . . , .  
\ 

Interface-trapped charge (Q,)  

i 
Metal 

T 
SiO, 

4 SiO, 

t Si 

I 
Fig. 12 Terminology for charges associated with thermally oxidized silicon. (After Ref. 16.) 

(Sze)
Interface traps (Dit)

Total Ionizing Dose effects (TID) are
associated with the build up of trapped 
charge states, either in an oxide layer or 
at the oxide–bulk 

Electronics sensitive to defects and charges in 
Oxide and Si-SiO2 interface

Main actors:
• Interface traps and Trapped charges

• located at Si-SiO2 interfaces
• states in Si forbidden gap
• charge density is bias dependent

• Fixed oxide charges
• near or at interface
• immobile under applied electric fields

• Oxide trapped charges
• distributed inside the oxide layer

• (Mobile ionic charges)



Single Event Effects (SEE) macroscopic effects
SEEs include
• soft SEEs (called soft Single Event Upsets (SEUs)): radiation induced 

bit-flips which can be recovered by reconfiguring the system
• hard SEEs (hard SEUs): permanent radiation induced bit-flips; e.g. bit 

stuck at ‘1’ in a memory cell
• destructive SEEs: e.g. Single Event Latchup (SEL), which leads to 

permanent damage due to thermal destruction
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In the oxide the holes are less mobile than
electrons so they get trapped in defects,
resulting in an accumulation of positive charges
under irradiation

This layer of charges determines a change in the
electric field which in turn is responsible for a
drift in the threshold voltage and of the
increase of leakage current

These processes are temperature and dose rate
dependent

2. Overview of radiation effects on detector systems

Fig. 10: Evolution of the source–drain leakage current in an NMOS transistor in 130 nm CMOS during
a TID exposure. The position (in TID) and amplitude of the leakage depends on the temperature, bias,
and dose rate.

using high dose rates on device performance is discussed below in Section 2.2.1.1. In addition to low
dose-rate (LDR) effects, experiments also need to consider the sensitivity of TID response in different
wafer production batches, which is discussed in Section 2.2.1.2. As a final comment on TID effects to
electronics, we consider in Section 2.2.2.1 radiation effects on more recent technologies being used for
the experiment upgrades.

2.2.1.1 LDR effects

The LDR effect refers to the fact that, for many components, the damage due to TID depends not only
on the total dose, but also on the dose rate. The lifetime of a detector system may be up to ten years,
which means TID testing at irradiation facilities has to be done with dose rates much higher than those
found in the LHC radiation environments. In bipolar transistors, and in particular the older linear bipolar
technologies, TID damage is typically larger for lower dose rates. This is a real LDR effect, named
ELDRS (enhanced LDR sensitivity), that cannot be understood in terms of time evolution of defects
and which makes it difficult to relate the laboratory results to the real life application. On the contrary,
CMOS components were considered immune to real LDR effects, and by applying a post irradiation
annealing procedure, known as a rebound test (168 h at 100 �C under bias), a reasonable prediction of
the long term behaviour at lower dose rates could be established. An example of dose rate dependence
in a CMOS device is illustrated in Fig. 11. Irradiating at high dose rates tends to lead to a negative shift
in the threshold voltage because the build up of oxide-trap charge dominates. Irradiating at lower dose
rates allows the oxide traps more time to anneal and at very low dose rates the impact of the interface-
raps becomes dominant along with positive shifts in the threshold voltage.

Test methods have been developed for radiation hardness assurance (RHA) to take into account
LDR effects [45]. Because of ELDRS, qualification of bipolar components is more challenging and the
required test procedures more complex. In ATLAS, for example, testing on CMOS devices was derived
from the MIL-STD 883-D Test Method 1019.4, a relatively straightforward method which includes the
‘rebound test’ (168 h at 100 �C with the device biased). The general idea of MIL-STD 883-D is to give a
conservative upper bound to the effect of both oxide trapped charge and interface defects on the CMOS
devices described above. Recommendations on test sample sizes are also given.
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Fig. 11: Example of dose-rate dependence. Plot taken from Ref. [46].

2.2.1.2 Lot-to-lot effects
ASICs are designed in a specific technology process and can only be manufactured by a single com-
pany, although in several production plants (foundries). This decreases the possible variability in their
radiation resistance, especially because it is typically possible to request fabrication at a specific plant.
On the contrary, COTS components are most often purchased via a distributor and purchasing lots are
constituted of samples of unknown origin. Unless specific agreements are concluded with the supplier to
ensure a common and known origin of the components, a purchase lot has thus to be assumed inhomoge-
neous, i.e., components can come from different production lots. Measurements of samples coming from
different manufacturing plants, or even from different lots produced at the same production site (Fab),
have shown that relevant differences in the radiation damage might exist [49]. On top of the natural vari-
ability in their characteristics, normal even in very tightly controlled processes because of the incredible
complexity of modern CMOS technologies, modifications to the processing sequence can be introduced
by the manufacturer without warning. It is thus risky to assume comparable radiation response even for
ASICs manufactured in the same Fab at different times. For COTS, of unknown origin, large variation
can be found within the same purchase lot. It is therefore important to sample test for each batch or lot.

2.2.2 Single event effects
Single event effects (SEE) is the umbrella acronym covering a range of radiation effects on electronic
circuits triggered by the transit of a single particle in the device [48]. These include single event upset
(SEU), single event latch-up (SEL), single event gate rupture (SEGR), and single event burnout (SEB).
For practical purposes we can also categorize the SEEs in terms of their impact on a system:

– soft SEEs (also called soft SEUs) are radiation induced bit flips that corrupt data or system con-
figurations. They are not permanent effects as they can be dealt with by resetting the system or
rewriting data in a memory. For example, a ‘1’ can be changed into a ‘0’ (or vice versa) in a
combinatorial logic circuit, or in a register, or in a memory;

– hard SEEs (also called hard SEUs) are radiation induced bit flip that corrupts data or system con-
figurations. They are permanent effects (they are not cancelled by resetting the system or rewriting
data in a memory), such as a bit stuck to ‘1’ in a memory cell;

– destructive SEEs (SELs, SEBs, SEGRs) lead to permanent damage. SELs are destructive SEEs,
unless a robust architectural solution protects the circuit against thermal destruction resulting from
latch-up. SEBs and SEGRs are always destructive SEEs typically affecting high-power and/or
high-voltage circuits.
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CMS Phase-0 analog current evolution

Recalibration of L1&L2 already after few fb-1

Inactive ROCs vs time in BPIX L1 in 2017

SEU rate depends on instantaneous luminosity

(~1 inactive ROS/5 minutes @ 1.0x1034 /cm2/s)
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Figure 5. The measured and predicted leakage currents on the Insertable ⌫-layer, both normalized to 0 �C,
divided by the currents in the 3D modules at 24 < |I | < 32 cm. The other three module groups represent
|I | < 8 cm, 8 < |I | < 16 cm, and 16 < |I | < 24 cm. The A and C sides of the detector (I > 0 and I < 0) are
consistent with each other and averaged. The dominant time-independent uncertainty of 10% is not included
to avoid overlapping bands. The prediction is based on the thermal history of the modules combined with
the Hamburg Model for modelling changes in the leakage current and P����� + F���� for simulating the
overall fluence. For all four predictions, the overall scale normalization is based on a fit to the data across
the entire range. Normalization factors are determined per |I | region. The lower panel shows the ratio of
the prediction to the data for the innermost module group. Similar MC/data trends are observed for the
other three |I | regions. For illustration, the fluence is shown as a lower horizontal axis using the nominal
luminosity-to-fluence from simulation at |I | = 0.

4.4.2 Precision and systematic uncertainties

This section provides the elements that contribute to the uncertainty of the measurement of the
leakage current, the Hamburg Model predictions, and the measurement of the fluence. The two
subsystems, HVPP4 and the power supplies, are used to make independent measurements; the
final uncertainty for each subsystem is calculated by adding all contributing elements (described
below) in quadrature. The statistical uncertainty is used in the fit, over the full temporal range of
the measurement, to determine a scale factor needed to bring the Hamburg Model into agreement

– 11 –
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Figure 7. Ratios of the ⌫-Layer and Layer-1 leakage current data to Layer-2 leakage current for the LHC
Run 2 period of ATLAS operation. The bands include uncertainties on the measurement, as described in
section 4.4.2

4.5.1 Temperature measurement

Each barrel module consists of four rectangular silicon-strip sensors. Two sensors on each side are
daisy-chained together. Two sides of identical pairs are glued back-to-back with a 380 `m thick
anisotropic thermal pyrolytic graphite (TPG) substrate in between.

The endcap region has four module types and five di�erent trapezoid-shaped sensors. Modules
in the Outer and Middle rings consist of two daisy-chained sensors on each side, whereas those
in the Inner ring have one sensor per side. A TPG spine sandwiched between two sensor sides
conducts heat away from the sensors to the cooling block contacts. The modules in the Outer and
Middle are supported and cooled by their contacts with two cooling blocks; the main block is shared
between the hybrid and the spine, while the far block cools only the spine. Inner modules are cooled
only through the main block.

SCT modules are cooled using the inner detector’s evaporative C3F8 cooling system [54]. Each
loop cools 48 (up to 33) barrel (endcap) modules. A total of 44 and 72 cooling loops are operated
simultaneously for the barrel and endcap regions, respectively. The cooling-pipe temperatures were
set to about �12 �C, �7 �C, �13 �C and �10 �C in B3–B5, B6, EC-A and EC-C, respectively.
The cooling temperatures for B6 were set higher because of a failure in resistive pad heaters
on the thermal enclosure cylinders at the SCT-TRT interface. There is a 3 �C di�erence in the
cooling temperature settings of EC-A and EC-C due in part to di�erent assembly sites. The initial
cooling temperature settings were kept from 2009 to 2018 except for 6 months during 2015 to avoid
condensation in the SCT volumes.

The sensor temperature )sensor of each module is deduced from a hybrid-board temperature
)hybrid measured by NTC thermistors mounted on the hybrid circuit board. A temperature o�set
between )hybrid and )sensor strongly depends on the mechanical and thermal structure. It also di�ers

– 14 –
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Figure 8. Typical time evolution of normalized leakage currents in the four SCT modules groups, one each
from B3, B6, EC-C and EC-A regions. Top plots show histories of deduced sensor temperatures, while the
second plots are leakage current data and Hamburg Model predictions. Each data point represents an average
of time-weighted leakage current means over 30–56 modules in a single physics or calibration run. The two
bottom plots show the ratios of data to predictions from the Hamburg and She�eld models, using the same
conversion factors as in F���� transport simulations. Coloured bands show 1f uncertainties of the model
predictions.

This is in contrast to the observation at the end of Run 1 when a slight excess was seen in the central
B3 layer but a flat behavior was seen in other barrel layers [9].

The observed gross trends are reproduced fairly well by the Hamburg Model times the conver-
sion factors from F���� or G���� transport simulations. In general, leakage current predictions
are systematically 10–20% higher in the G���� case. The ratios in modules near the centre of B3
are 10% higher than in those at the edges, but the di�erence is less in the B6 layer, indicating an
additional fluence component close to the interaction point. In the endcap regions, however, the
data-to-model ratios are fairly constant for all disks in the range |I | = 85 to 270 cm although their
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leakage currents being di�erent by up to 50%.
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Figure 9. Leakage current measured at HV set to 150 V normalized to 0 �C per unit volume for all (a)
barrel modules and (b) endcap modules as of November 1, 2018. At the same A and I location, modules with
di�erent q indices are arranged horizontally from left (q = 0�) to right (q = 360�). Endcap side-A and side-C
as well as sensor manufacturers (Hamamatsu (HPK) and CiS) are plotted in di�erent colours. Horizontal
solid/dot-dash bars indicate model predictions of the Hamburg Model using the conversion factors by F����
(solid) / G���� (dot-dash) transport simulations. In the two ratio plots, mean and RMS values via Gaussian
fits of modules belonging to the same group are plotted. The model uncertainties are shown by blue bands.

5 Leakage current and fluence comparisons

This section incorporates measurements and simulations for all of the silicon-based inner-detector
subsystems described in the previous sections. For leakage current comparisons, the measurements
are presented from the end of Run 2. The simulations are combined with the thermal and luminosity
history of the various sensors to transform fluence predictions to leakage current predictions for
all detector regions. For fluence comparisons, the annealing models are used to fit a scale factor
that normalizes the fluence in the simulations per detector region. The nominal predicted fluence
combined with the scale factor gives the measured fluence rate, �/!int (from eq. 3.1).

Figure 10 presents a comparison of the measured leakage current and fluence rate for both the
pixel and strip detectors. The leakage current is the value at the end of Run 2 while the fluence
rate is independent of time.8 The fluence rate prediction agrees well with the IBL data at |I | = 0

8This is exactly true for the IBL, but for the other layers, a minor model dependence is introduced by using the relative
total cross sections between collision energies (lower in Run 1 than in Run 2) to be able to measure a single value. About
85% of the data come from Run 2, which further reduces the impact of this correction.

– 18 –

2021 JINST 16 P08025

and with all the SCT data. In contrast, there is a much stronger |I |-dependence observed in the
IBL data than is predicted (numerical values are presented in table 1) and the overall fluence is
significantly higher than predicted for the outer pixel layers. Near the centre of the detector, the
measured fluence is 30–50% higher than predicted by the simulation. For Layer-1 and Layer-2, the
di�erence is 30–40%. For the IBL, the measured fluence at |I | = 30 cm is about 50% of the value
at |I | = 0. These data are presented as a function of [ instead of I in figure 11. The trends are
exactly the same as in figure 10, but now the |[ | < 2.5 acceptance of the silicon tracking detector
is clear. The fluence on the inner layers is mostly determined by the primary charged-pion flux,
which is relatively constant as a function of [. In contrast, a significant fraction of the fluence in
the outer layers of the SCT is due to neutrons that are produced by interactions with material in the
dense regions of the ATLAS calorimeters.

The data are presented in a third way in figure 12, demonstrating the radial dependence of
the measured leakage current and fluence. The fluence drops o� approximately as the square of
the inverse radius, with deviations resulting from particles produced through interactions with the
detector. Beyond the pixel detector, the F���� and G����4 simulations bracket the measured
values.

The ratio of the simulated values to the leakage current data, as shown in figure 12, is presented
in table 2. The values in this table provide concrete input for further studies of the radiation
environment at the LHC.

Table 1. IBL scale factors as a function of I, depicted in figure 10. The measurements are consistent between
+I and �I and the predictions are symmetric by construction, so the values are presented in bins of |I |.

I Bin Mean SF
32 cm > |I | > 24 cm 0.56 ± 0.06
24 cm > |I | > 16 cm 0.77 ± 0.08
16 cm > |I | > 8 cm 0.84 ± 0.09
8 cm > |I | > 0 cm 0.97 ± 0.10

Table 2. Mean, minimum, and maximum simulation-to-data ratios (scale factors, SF) for each barrel layer in
the inner detector, as depicted in figure 12. The average uncertainty in the ratio is in the rightmost column.

Detector Layer A [cm] Mean SF Min. SF Max. SF SF uncert.

Pixel

IBL 3.30 0.78 0.56 0.97 0.08
⌫-Layer 5.10 1.28 1.11 1.47 0.15
Layer-1 8.90 1.31 1.19 1.44 0.15
Layer-2 12.30 1.39 1.32 1.46 0.16

SCT

Barrel 3 29.90 1.13 1.11 1.17 0.11
Barrel 4 37.10 1.09 1.05 1.15 0.11
Barrel 5 44.30 1.06 1.01 1.13 0.10
Barrel 6 51.40 1.03 0.98 1.09 0.11
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Fig. 47: The measured and predicated leakage current as a function of the integrated luminosity since
early Run 1 for TIB (left) and TOB (right). The predictions are not scaled to match the data.

Fig. 48: An example of thermal runaway in Run 2 in one power group of the CMS strip detector
Leakage Currents of VELO sensors

Gediminas Sarpis (University of Manchester On behalf of the LHCb collaboration)Radiation E�ects in the LHCb VELO Run 1+2 February 11, 2019 5 / 18

Fig. 49: The leakage current for the VELO sensors as a function of time scaled to 0 �C. The average
measured and Hamburg model predicated currents are also shown.
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5. Measurements of radiation damage on silicon sensors

Fig. 53: A scan of the hit efficiency versus the sensor high voltage (left) and the simulated full deple-
tion voltage using the Hamburg model for the four barrel layers [12]. Space-charge-sign inversion is
predicated to have occurred during 2016.
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F. Feindt (University of Hamburg) CMS Pixel Radiation Damage Measurements February 14, 2019 12 / 20Fig. 54: Measurements and simulations of the full depletion voltage as a function of time since the start
of 2017, when the new pixel detector was installed for the barrel layers 1 (purple), 2 (blue), 3 (green), and
4 (orange). Both cluster charge and cluster size measurements are used to determine the full depletion
voltage.

well predicts the measurements in both the closer and farer disk from interaction point, except for the
end of the Run 2, where predictions overestimate measurements. Figure 56 presents the comparison of
the fit to the data following the Hamburg model performed assuming a linear or logarithmic dependence
of the effective doping concentration on the fluence. This study shows that for the end of Run 2, a
logarithmic trend better describes measurements. The fit method has been tested also on the barrel Layer
1 pixel detector, comparing the linear and logarithmic model, as presented in Fig. 57. For the Layer 1
the logarithmic model describes data much better, except for the period before type inversion.

5.3.2.4 CMS strips

As with the CMS pixel detector, both the cluster charge and width are used to determine the full depletion
voltage for the CMS strip detector. It was found that the cluster width has a better sensitivity to low
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Fig. 55: Measurements and simulations of the full depletion voltage as a function of time since the start
of 2017, when the new pixel detector was installed, for the inner ring (Ring 1) of two endcap disks (Disk 1
and Disk 3). Cluster charge measurements are used to determine the full depletion voltage. The resulting
prediction (magenta line) is compared to the Hamburg model using two sets of Hamburg parameters for
oxygenated Si (DOFZ): CB-oxy (blue line) and RD48-oxy (green line).
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Fig. 56: Comparison of the fit to the data following the Hamburg model, with a linear (magenta) and a
logarithmic (pink) dependence of the effective doping concentration on the fluence for the CMS forward
pixel detector.
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Fig. 57: Comparison of the fit to the data following the Hamburg model, with a linear (magenta) and
a logarithmic (blue) dependence of the effective doping concentration on the fluence for Layer 1 CMS
barrel pixel detector.

depletion voltages and is thus used for the baseline results presented in Figs. 58 and 60. The point of
full depletion itself is determined by fitting the trend of average cluster width versus bias voltage to two
linear curves. The point of intersection is the estimated bias voltage (Fig. 59). Scans are performed
approximately four times per year.
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5. Measurements of radiation damage on silicon sensors

A comparison between data and simulation for one module on the innermost strip layer is pre-
sented in Fig. 60 (left). At the end of Run 2, the sensors have just begun space-charge-sign inversion.
Overall, the agreement between the data and the prediction are excellent, agreeing within about 10%.
The experimental method loses sensitivity on the full depletion voltage at low values where many clus-
ters cannot be reconstructed and very few steps are below the full depletion voltage. Most of the sensors
start reaching doping inversion around the end of 2017. The evolution averaged over sensors of the
same layers are provided until the end of 2017. As presented in Fig. 60 (right), the evolution scales with
fluence and depends on the sensor thickness as the depletion voltage directly depends on the thickness.

Full depletion voltage prediction

11

• Description of the evolution of the effective doping concentration Neff following the Hamburg model 

• Similar package than for the leakage current predictions 

• Differences: 

‣ Initial values were obtained from measurements on the sensors in laboratory (CV curves) 

‣ Less precise temperature and fluence history used

Vdep =
q Neff d2

2✏
<latexit sha1_base64="vAcPKFKSOBsYVYEWh1QhUqNoz5U="></latexit>

d: sensor thickness

Fig. 58: The measured full depletion voltage for all CMS strip modules using CV curves prior to any
irradiation.

Fig. 59: Evolution of the cluster width as a function of the bias voltage. The saturation point is extracted
from linear fits of the two regimes of the curve indicated in green and blue. Their crossing point gives
the position of the full depletion voltage. See Ref. [3].
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Fig. 47: The measured and predicated leakage current as a function of the integrated luminosity since
early Run 1 for TIB (left) and TOB (right). The predictions are not scaled to match the data.

Fig. 48: An example of thermal runaway in Run 2 in one power group of the CMS strip detector
Leakage Currents of VELO sensors

Gediminas Sarpis (University of Manchester On behalf of the LHCb collaboration)Radiation E�ects in the LHCb VELO Run 1+2 February 11, 2019 5 / 18

Fig. 49: The leakage current for the VELO sensors as a function of time scaled to 0 �C. The average
measured and Hamburg model predicated currents are also shown.
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mid-gap, where an electron is excited to the conduction band 
through the intermediate level created by the defects. Since the 
concentration of defects rises with the fluence, the leakage cur-
rent also increases. The sensor leakage current may be also 
caused by charge deposits on the surface or defects in the bulk 
of the detector. The former can arise in the production stage 
(from scratches, non-uniformities in the cut edges, etc.)  and 
disappear after the sensor is exposed to high particle fluence 
[3].  

The increase of leakage current in the bulk of the sensor rises 
linearly with the equivalent fluence. This dependency for the 
VELO sensors is shown in Fig. 4. The change in the leakage 
currents of all VELO sensors are found to evolve proportionally 
to the delivered luminosity, whereas it is relatively flat during 
the long breaks between data-taking periods. A typical increase 
is about 1.9 PA per 0.1 fb-1 of the delivered luminosity.  

Since the bulk generation current is mainly the result of ther-
mal excitation, it varies exponentially with temperature:  

𝐼ሺ𝑇ሻ ∝ 𝑇ଶ𝑒𝑥𝑝 ൬
𝐸௚ ௘௙௙

2𝑘஻𝑇
൰, (1) 

where 𝑇 stands for the absolute temperature, 𝐸௚ ௘௙௙=1.21 eV is 
the silicon effective energy gap, and 𝑘஻ is the Boltzmann con-
stant. This feature is exploited during the measurements of the 
current as a function of the sensor temperature (IT scans). Such 
tests may be done only during LHC shutdowns, without colli-
sions. From the exponential behavior of the IT scans, (see Fig. 
5), the silicon effective gap can be determined. The first study 
showed a value of 𝐸௚ ௘௙௙= 1.16 � 0.06 eV [3], which is statisti-
cally in agreement with the literature value 1.21 eV [5]. It is 
worth noting, that effective energy gap value decreases after ir-
radiation [6]. The study whether this tendency is also observed 
in the VELO sensors is ongoing.   
A steady increase in measured leakage currents for the VELO 
sensors is expected as a result of accumulated particle fluence. 
The mean leakage current measured for three selected inte-
grated luminosities of 0.8 fb-1, 3.1 fb-1 and 6.5 fb-1 respectively, 

scaled to 0�C is shown in Fig. 6. Apart from the increase in 
value one can also note a significant variation of the currents 
depending on a sensor location along the beam. This is a con-
sequence of the fact that the fluences seen by the sensors close 
to the luminous region are much higher than for the ones located 
further downstream. The difference in measured currents can be 
as high as 50%. The increase in value and spread between meas-
ured currents can also be seen in Fig. 5.  

Sensor currents are also studied as a function of voltage. Cur-
rent-voltage (IV) scans are taken with an automated procedure 
on a weekly basis, during periods between fills. The main aim 
is to monitor whether the sensor is fully depleted (the reverse-
bias current saturates at high bias voltages) and to look for a 
sudden rise preceding the breakdown. An example of IV scans 

taken during the Run II data-taking is presented in Fig. 7. The 
increase of currents due to radiation damage in the sensor bulk 
is clearly visible. 

 
Fig. 5.  Leakage currents measured across selected VELO sensors plotted as a 
function of their temperature. The results were obtained using IT scans taken in 
2011 and 2017 and correspond to the delivered luminosities of 0.8 fb-1 and 6.5 
fb-1 respectively. The lines represent results of the procedure where the model 
described in (1) was fitted to data points collected during respective IT scans.  

 
 
Fig. 7.  IV scans of selected VELO sensors taken during Run II. Black lines    
show the currents as a function of applied voltage for both type of sensors at 
the end of the year 2015 and delivered luminosity of 3.56 fb-1, whereas  blue 
and red lines correspond to the R-type and ĭ-type sensors respectively, meas-
ured at the end of the year 2016 (5.7 fb-1).   

 
Fig. 6.  The mean leakage currents measured across VELO sensors plotted 
as a function of their position along the beam line (z-axis in the LHCb coor-
diQaWe V\VWeP). The cXUUeQWV aUe VcaOed WR 0�C. Two sets of points (blue tri-
angles and green squares) represent data taken during Run I and correspond 
to the delivered luminosities of 0.8 fb-1 and 3.1 fb-1 respectively. The third 
one (red circles) represent data taken in Run II and correspond to the deliv-
ered luminosity of 6.5 fb-1. 
  

Fig. 50: The leakage current at various locations along the beam direction (z)
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Figure 4: Evolution of the leakage current for the di�erent HV channels connected to one-sensor
read-out sectors in TT as a function of (a) the delivered integrated luminosity measured and (b)
time. The red curves show channels in the detector layer TTaU, the blue one in TTbV. The
predicted evolution is shown in black while the grey band shows its uncertainty, computed from
the uncertainty on the model parameters, on the Fluka simulation and on the temperature
measurements. The uncertainty does not account for the range of fluence expected across the
sectors shown.

The change �Ileak in the leakage current is expected to be linear as a function of the
fluence, �, that the sensor has been exposed to, for a range between 1011 and 1015 1-MeV
n / cm2 [7]. So �Ileak can be described as

�Ileak = � · � · V, (2)

where � is the current-related damage rate and V the silicon volume. The coe�cient �
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Figure 4: Evolution of the leakage current for the di�erent HV channels connected to one-sensor
read-out sectors in TT as a function of (a) the delivered integrated luminosity measured and (b)
time. The red curves show channels in the detector layer TTaU, the blue one in TTbV. The
predicted evolution is shown in black while the grey band shows its uncertainty, computed from
the uncertainty on the model parameters, on the Fluka simulation and on the temperature
measurements. The uncertainty does not account for the range of fluence expected across the
sectors shown.

The change �Ileak in the leakage current is expected to be linear as a function of the
fluence, �, that the sensor has been exposed to, for a range between 1011 and 1015 1-MeV
n / cm2 [7]. So �Ileak can be described as

�Ileak = � · � · V, (2)

where � is the current-related damage rate and V the silicon volume. The coe�cient �

5

Fig. 51: The measured and predicated leakage current as a function of time (left) and integrated luminos-
ity (right) for the innermost sensors in the second and third detection layers, indicated as U and V layers,
respectively [7]. Currents are normalized to 8 �C. The grey uncertainty band includes uncertainty on the
Hamburg model parameters, on the input FLUKA simulation, and on the temperature measurements.
The effective band gap energy is set to 1.21 eV.

5.3.2 Depletion voltage
The depletion voltage is often determined by performing a scan of the collected charge or hit/cluster
efficiency with applied high voltage. Unlike for leakage current, this requires that the depletion voltage
be measured during collisions (or integrate for a long time with cosmic runs).

5.3.2.1 ATLAS pixels
Depletion voltage measurements and predictions from the Hamburg model in the innermost two layers of
the ATLAS pixel detector are presented in Fig. 52. The IBL measurement includes the full Run 2 dataset
while the B-layer measurement includes data from early Run 1 up to the middle of Run 2. The first
measurements before space-charge-sign inversion were performed with cross-talk scans since the pixels
were isolated. These scans are particularly useful because no active collisions are required. However,
once the pixels are non-isolated following type inversion, this method is no longer available. Following
space-charge-sign inversion, the depletion voltage is determined from charge collection efficiency scans.
The measured charged versus high voltage is fit to a square root and linear function. The point where
these two functions intersect is defined as the depletion voltage.

The introduction rates were fit to the Run 1 and early Run 2 data [6]. In order to fit these data, the
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mid-gap, where an electron is excited to the conduction band 
through the intermediate level created by the defects. Since the 
concentration of defects rises with the fluence, the leakage cur-
rent also increases. The sensor leakage current may be also 
caused by charge deposits on the surface or defects in the bulk 
of the detector. The former can arise in the production stage 
(from scratches, non-uniformities in the cut edges, etc.)  and 
disappear after the sensor is exposed to high particle fluence 
[3].  

The increase of leakage current in the bulk of the sensor rises 
linearly with the equivalent fluence. This dependency for the 
VELO sensors is shown in Fig. 4. The change in the leakage 
currents of all VELO sensors are found to evolve proportionally 
to the delivered luminosity, whereas it is relatively flat during 
the long breaks between data-taking periods. A typical increase 
is about 1.9 PA per 0.1 fb-1 of the delivered luminosity.  

Since the bulk generation current is mainly the result of ther-
mal excitation, it varies exponentially with temperature:  
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𝐸௚ ௘௙௙
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where 𝑇 stands for the absolute temperature, 𝐸௚ ௘௙௙=1.21 eV is 
the silicon effective energy gap, and 𝑘஻ is the Boltzmann con-
stant. This feature is exploited during the measurements of the 
current as a function of the sensor temperature (IT scans). Such 
tests may be done only during LHC shutdowns, without colli-
sions. From the exponential behavior of the IT scans, (see Fig. 
5), the silicon effective gap can be determined. The first study 
showed a value of 𝐸௚ ௘௙௙= 1.16 � 0.06 eV [3], which is statisti-
cally in agreement with the literature value 1.21 eV [5]. It is 
worth noting, that effective energy gap value decreases after ir-
radiation [6]. The study whether this tendency is also observed 
in the VELO sensors is ongoing.   
A steady increase in measured leakage currents for the VELO 
sensors is expected as a result of accumulated particle fluence. 
The mean leakage current measured for three selected inte-
grated luminosities of 0.8 fb-1, 3.1 fb-1 and 6.5 fb-1 respectively, 

scaled to 0�C is shown in Fig. 6. Apart from the increase in 
value one can also note a significant variation of the currents 
depending on a sensor location along the beam. This is a con-
sequence of the fact that the fluences seen by the sensors close 
to the luminous region are much higher than for the ones located 
further downstream. The difference in measured currents can be 
as high as 50%. The increase in value and spread between meas-
ured currents can also be seen in Fig. 5.  

Sensor currents are also studied as a function of voltage. Cur-
rent-voltage (IV) scans are taken with an automated procedure 
on a weekly basis, during periods between fills. The main aim 
is to monitor whether the sensor is fully depleted (the reverse-
bias current saturates at high bias voltages) and to look for a 
sudden rise preceding the breakdown. An example of IV scans 

taken during the Run II data-taking is presented in Fig. 7. The 
increase of currents due to radiation damage in the sensor bulk 
is clearly visible. 

 
Fig. 5.  Leakage currents measured across selected VELO sensors plotted as a 
function of their temperature. The results were obtained using IT scans taken in 
2011 and 2017 and correspond to the delivered luminosities of 0.8 fb-1 and 6.5 
fb-1 respectively. The lines represent results of the procedure where the model 
described in (1) was fitted to data points collected during respective IT scans.  

 
 
Fig. 7.  IV scans of selected VELO sensors taken during Run II. Black lines    
show the currents as a function of applied voltage for both type of sensors at 
the end of the year 2015 and delivered luminosity of 3.56 fb-1, whereas  blue 
and red lines correspond to the R-type and ĭ-type sensors respectively, meas-
ured at the end of the year 2016 (5.7 fb-1).   

 
Fig. 6.  The mean leakage currents measured across VELO sensors plotted 
as a function of their position along the beam line (z-axis in the LHCb coor-
diQaWe V\VWeP). The cXUUeQWV aUe VcaOed WR 0�C. Two sets of points (blue tri-
angles and green squares) represent data taken during Run I and correspond 
to the delivered luminosities of 0.8 fb-1 and 3.1 fb-1 respectively. The third 
one (red circles) represent data taken in Run II and correspond to the deliv-
ered luminosity of 6.5 fb-1. 
  

Fig. 50: The leakage current at various locations along the beam direction (z)
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Figure 4: Evolution of the leakage current for the di�erent HV channels connected to one-sensor
read-out sectors in TT as a function of (a) the delivered integrated luminosity measured and (b)
time. The red curves show channels in the detector layer TTaU, the blue one in TTbV. The
predicted evolution is shown in black while the grey band shows its uncertainty, computed from
the uncertainty on the model parameters, on the Fluka simulation and on the temperature
measurements. The uncertainty does not account for the range of fluence expected across the
sectors shown.

The change �Ileak in the leakage current is expected to be linear as a function of the
fluence, �, that the sensor has been exposed to, for a range between 1011 and 1015 1-MeV
n / cm2 [7]. So �Ileak can be described as

�Ileak = � · � · V, (2)

where � is the current-related damage rate and V the silicon volume. The coe�cient �
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Figure 4: Evolution of the leakage current for the di�erent HV channels connected to one-sensor
read-out sectors in TT as a function of (a) the delivered integrated luminosity measured and (b)
time. The red curves show channels in the detector layer TTaU, the blue one in TTbV. The
predicted evolution is shown in black while the grey band shows its uncertainty, computed from
the uncertainty on the model parameters, on the Fluka simulation and on the temperature
measurements. The uncertainty does not account for the range of fluence expected across the
sectors shown.

The change �Ileak in the leakage current is expected to be linear as a function of the
fluence, �, that the sensor has been exposed to, for a range between 1011 and 1015 1-MeV
n / cm2 [7]. So �Ileak can be described as

�Ileak = � · � · V, (2)

where � is the current-related damage rate and V the silicon volume. The coe�cient �

5

Fig. 51: The measured and predicated leakage current as a function of time (left) and integrated luminos-
ity (right) for the innermost sensors in the second and third detection layers, indicated as U and V layers,
respectively [7]. Currents are normalized to 8 �C. The grey uncertainty band includes uncertainty on the
Hamburg model parameters, on the input FLUKA simulation, and on the temperature measurements.
The effective band gap energy is set to 1.21 eV.

5.3.2 Depletion voltage
The depletion voltage is often determined by performing a scan of the collected charge or hit/cluster
efficiency with applied high voltage. Unlike for leakage current, this requires that the depletion voltage
be measured during collisions (or integrate for a long time with cosmic runs).

5.3.2.1 ATLAS pixels
Depletion voltage measurements and predictions from the Hamburg model in the innermost two layers of
the ATLAS pixel detector are presented in Fig. 52. The IBL measurement includes the full Run 2 dataset
while the B-layer measurement includes data from early Run 1 up to the middle of Run 2. The first
measurements before space-charge-sign inversion were performed with cross-talk scans since the pixels
were isolated. These scans are particularly useful because no active collisions are required. However,
once the pixels are non-isolated following type inversion, this method is no longer available. Following
space-charge-sign inversion, the depletion voltage is determined from charge collection efficiency scans.
The measured charged versus high voltage is fit to a square root and linear function. The point where
these two functions intersect is defined as the depletion voltage.

The introduction rates were fit to the Run 1 and early Run 2 data [6]. In order to fit these data, the
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A study of IBL HV Scans, Depletion Voltage and Fluence Profile

The following plots show the evolution of the measured IBL depletion voltage with the integrated luminosity and

fluence in Run 2 and beam test data and of the depletion voltage with the fluence profile along the stave length.

Figure 1: Charge most probable value (MPV) of IBL clusters associated to reconstructed tracks as a function of the

applied reverse bias voltage, V, obtained in the voltage scan performed in July 2018. The two fitted curves are a

a+ b
p
V function valid in the voltage region of underdepletion, where the collected charge is expected to increase as

the bulk depleted thickness /
p
V and a linear term describing the region of bulk overdepletion. In this study the

“depletion voltage” is defined as the value of the voltage at the intersection of these two curves.

Figure 2: Charge most probable value of IBL clusters associated to reconstructed tracks as a function of the applied

reverse bias voltage, V, comparing the response obtained in the voltage scans performed in April, July and October

2018.

1
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taking period when constant damage is accumulated. The extracted values for gC are di�erent for the
IBL and the B-layer because the particle compositions are di�erent (relatively more neutrons for the
B-layer and more charged pions for the IBL). The uncertainties arise from the procedure, from the
luminosity-to-fluence conversion, and from the uncertainty in the temperature in the actual sensor.

For comparison, the values obtained by the ROSE Collaboration [6] for oxygen-enriched silicon
are also reported. The values for gC and gY are within the range given by the ROSE Collaboration
when neutron and proton irradiations are considered. The predictive power of the simulation would
benefit from more precise measurements of gA, gY and gC, which may be possible with future
ATLAS data, but are beyond the scope of the present study.

Table 1. Introduction rates of the Hamburg model as obtained by adjusting the simulated depletion voltage
to the available measurements. For comparison, in the last column the values reported by the ROSE
Collaboration [6] are listed for oxygen-enriched silicon, separately for protons (p) and neutrons (n).

Parameter IBL [⇥10�2cm�1] B-layer [⇥10�2cm�1] ROSE Coll. [⇥10�2cm�1]

gA 1.4 ± 0.5 1.4 ± 0.5 1.4 (n)
gY 6.0 ± 1.6 6.0 ± 1.6 2.3 (p), 4.8 (n)
gC 1.1 ± 0.3 0.45 ± 0.1 0.53 (p), 2.0 (n)

Table 2 collects predictions from the Hamburg model for the e�ective doping concentration
Ne� in the IBL for two points in time based on the parameter values discussed above, corresponding
to lifetime fluence values of 1⇥ 1014 and 2⇥ 1014 neq/cm2, respectively. The thermal history of the
IBL modules was taken into account. The uncertainty column includes all contributions shown in
figure 4. For the uncertainty in the depletion voltage fit to the introduction rates, one parameter is
varied at a time until there is a large deviation; for the luminosity-to-fluence conversion uncertainty,
the fluence is varied by ±15% (see section 3.1), and for the temperature uncertainty, the input
temperature in all phases is varied by ±5�C. All three sources are added in quadrature to determine
the total uncertainty.

Table 2. Nominal predictions from the Hamburg model for the e�ective doping concentration Ne� and for
donor (acceptor) concentration ND(A) for two points in time during Run 2. The value of ND was chosen to be
numerically small (for technical reasons, it cannot be exactly zero) and the actual value has little impact on
the result. The fluence 2⇥1014 neq/cm2 was reached near a time of annealing where the e�ective doping con-
centration changed by about 4% over a short period in fluence. The reported doping concentration and corre-
sponding bias voltage correspond to approximately the midpoint of the concentration during this brief period.

� [neq/cm2] Approx. date Ne� [cm�3] Ne� uncert. [%] ND [cm�3] NA [cm�3] Vdepl [V]
1⇥1014 9/7/2016 �1.62 ⇥ 1012 9 0.02⇥1012

�1.64 ⇥ 1012 50
2⇥1014 8/9/2016 �2.72 ⇥ 1012 21 0.02⇥1012

�2.74 ⇥ 1012 85

The operational conditions of the sensor bulk studied in this section are crucial inputs to the
simulation of digitization to be presented in section 4. Overall, the Hamburg model provides an
excellent description of the shape of the leakage current dependence on time; FLUKA + Pythia
8 predict the fluence at |⌘ | ⇡ 0 within 15%, but deviate much more at higher |z |. Even though
the Hamburg model does not incorporate a non-uniform electric field, it accurately describes the
depletion voltage dependence on time at the current fluence levels. This may need to be revisited

– 10 –

3rd RD48 status report

Modelling radiation damage to pixel sensors in the ATLAS detector 

CERN Yellow Reports: Monographs, CERN-2021-001

introduction rates gY and gC were increased for the IBL with respect to the ROSE Collaboration values.
While this fit provides a reasonable model of the Run 1 and early Run 2 data, it fails to describe the full
Run 2 IBL leakage current. Various ad hoc modifications to the Hamburg model were investigated, but
none resulted in global agreement with the data.
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Fig. 52: Measurements and Hamburg model predictions for the ATLAS IBL (left) and B-layer (right).
Circular points indicate measurements of the depletion voltage using the bias voltage scan method while
square points display earlier measurements using cross-talk scans. The uncertainty band results from the
fitted uncertainty in the introduction rates.

5.3.2.2 ATLAS strips

The ATLAS strip detector has a binary readout, so a charge collection scan cannot be used to determine
the depletion voltage. Instead, a hit efficiency scan can be used (also studied with the average cluster
size), as indicated in the left plot of Fig. 53. The increasing depletion voltage from the scans conducted in
April and September of 2018 indicate that the sensors have passed space-charge-sign inversion. However,
the efficiency starts to drop when going from high to low voltage at a much higher voltage (100 V) than
the expected full depletion voltage (about 50 V).

5.3.2.3 CMS pixels

The average cluster charge and size are used to determine the full depletion voltage for the CMS pixel
detector. Figure 54 presents measurements and Hamburg model predictions for the second half of Run 2
for the new pixel detector. For both measurement approaches, the full depletion voltage is estimated
from the kink in the respective curves. The two measurement approaches show similar trends with time,
but the actual measured full depletion voltage tends to be higher for the cluster charge determination
than for the cluster size method. The depletion voltage was measured frequently during 2018 (about
once/month) and the simulation under-predicts the outer layers and over-predicts the inner layer (similar
to the ATLAS IBL).

Analogously, the full depletion voltage for the CMS forward pixel detector is determined from
the average cluster charge. Figure 55 shows the evolution of the expected full depletion voltages for the
forward pixel tracker disks based on the full temperature and irradiation history, as simulated using the
Hamburg model. In this case the Hamburg model is fitted to 2018 data leaving gC parameter as a free
parameter. The gY parameter is fixed to 7 ⇥ 10�2 cm�1 and gA to 1.4 ⇥ 10�2 cm�1. The simulation

73

Figure 5: Values of the IBL depletion voltage measured at di↵erent integrated luminosities in 2015 and 2018. The

values measured for a IBL module in a beam test before and after irradiation at 10
15

1 MeV-neutrons equivalent cm
�2

are also shown.

Figure 6: Values of the IBL depletion voltage measured in 2018 as a function of the position of the reconstructed

cluster along the stave, z, normalized to the depletion voltage measured on the central modules around z = 0. The

values are compared to the fluence profile along z extracted from the analysis of the IBL leakage current in 2016 shown

in the lower plot.

3

Fluence profile visible 
also through depletion 

voltage 

http://cds.cern.ch/record/421210
https://doi.org/10.1088/1748-0221/14/06/P06012
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A study of IBL HV Scans, Depletion Voltage and Fluence Profile

The following plots show the evolution of the measured IBL depletion voltage with the integrated luminosity and

fluence in Run 2 and beam test data and of the depletion voltage with the fluence profile along the stave length.

Figure 1: Charge most probable value (MPV) of IBL clusters associated to reconstructed tracks as a function of the

applied reverse bias voltage, V, obtained in the voltage scan performed in July 2018. The two fitted curves are a

a+ b
p
V function valid in the voltage region of underdepletion, where the collected charge is expected to increase as

the bulk depleted thickness /
p
V and a linear term describing the region of bulk overdepletion. In this study the

“depletion voltage” is defined as the value of the voltage at the intersection of these two curves.

Figure 2: Charge most probable value of IBL clusters associated to reconstructed tracks as a function of the applied

reverse bias voltage, V, comparing the response obtained in the voltage scans performed in April, July and October

2018.

1

Depletion voltage inferred 
from cluster charge (IBL & 
PIX) and hit efficiency (SCT)

~ 𝑉
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5. Measurements of radiation damage on silicon sensors

Fig. 53: A scan of the hit efficiency versus the sensor high voltage (left) and the simulated full deple-
tion voltage using the Hamburg model for the four barrel layers [12]. Space-charge-sign inversion is
predicated to have occurred during 2016.

Simulation vs. Measurements

Simulation vs. Measurements – Full Depletion Voltage

Get Ne� from the simulation
Calculating full depletion Voltage:
Vdep = Ne�

qd2

2��0
Data from HV scan during operation:

Avg. cluster charge and size are
determined as a function of bias
voltage
The full depletion voltage is estimated
from the kink in the respective curves

For Layer 1 (� 1.8� 1014 neq/cm2)
double junction e�ects limit model
accuracy

 Days02/07/17 01/10/17 01/01/18 02/04/18 02/07/18 02/10/18

Sim: Vdep vs Day, L1 (z = 0 cm)
Data: From Cluster Charge, L1 (all z)
Data: From Cluster Size, L1 (all z)
Sim: Vdep vs Day, L2 (z = 0 cm)
Data: From Cluster Charge, L2 (all z)
Data: From Cluster Charge, Curvature Fit, L2 (all z)
Data: From Cluster Size, Curvature Fit, L2 (all z)
Data: From Cluster Size, L2 (all z)
Sim: Vdep vs Day, L3 (z = 0 cm)
Data: From Cluster Charge, L3 (all z)
Data: From Cluster Charge, Curvature Fit, L3 (all z)
Data: From Cluster Size, Curvature Fit, L3 (all z)
Data: From Cluster Size, L3 (all z)
Sim: Vdep vs Day, L4 (z = 0 cm)
Data: From Cluster Charge, L4 (all z)
Data: From Cluster Charge, Curvature Fit, L4 (all z)
Data: From Cluster Size, Curvature Fit, L4 (all z)
Data: From Cluster Size, L4 (all z)
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F. Feindt (University of Hamburg) CMS Pixel Radiation Damage Measurements February 14, 2019 12 / 20Fig. 54: Measurements and simulations of the full depletion voltage as a function of time since the start
of 2017, when the new pixel detector was installed for the barrel layers 1 (purple), 2 (blue), 3 (green), and
4 (orange). Both cluster charge and cluster size measurements are used to determine the full depletion
voltage.

well predicts the measurements in both the closer and farer disk from interaction point, except for the
end of the Run 2, where predictions overestimate measurements. Figure 56 presents the comparison of
the fit to the data following the Hamburg model performed assuming a linear or logarithmic dependence
of the effective doping concentration on the fluence. This study shows that for the end of Run 2, a
logarithmic trend better describes measurements. The fit method has been tested also on the barrel Layer
1 pixel detector, comparing the linear and logarithmic model, as presented in Fig. 57. For the Layer 1
the logarithmic model describes data much better, except for the period before type inversion.

5.3.2.4 CMS strips

As with the CMS pixel detector, both the cluster charge and width are used to determine the full depletion
voltage for the CMS strip detector. It was found that the cluster width has a better sensitivity to low
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5. Measurements of radiation damage on silicon sensors

Fig. 53: A scan of the hit efficiency versus the sensor high voltage (left) and the simulated full deple-
tion voltage using the Hamburg model for the four barrel layers [12]. Space-charge-sign inversion is
predicated to have occurred during 2016.

Simulation vs. Measurements

Simulation vs. Measurements – Full Depletion Voltage

Get Ne� from the simulation
Calculating full depletion Voltage:
Vdep = Ne�

qd2
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Data from HV scan during operation:

Avg. cluster charge and size are
determined as a function of bias
voltage
The full depletion voltage is estimated
from the kink in the respective curves
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double junction e�ects limit model
accuracy
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Data: From Cluster Charge, Curvature Fit, L2 (all z)
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F. Feindt (University of Hamburg) CMS Pixel Radiation Damage Measurements February 14, 2019 12 / 20Fig. 54: Measurements and simulations of the full depletion voltage as a function of time since the start
of 2017, when the new pixel detector was installed for the barrel layers 1 (purple), 2 (blue), 3 (green), and
4 (orange). Both cluster charge and cluster size measurements are used to determine the full depletion
voltage.

well predicts the measurements in both the closer and farer disk from interaction point, except for the
end of the Run 2, where predictions overestimate measurements. Figure 56 presents the comparison of
the fit to the data following the Hamburg model performed assuming a linear or logarithmic dependence
of the effective doping concentration on the fluence. This study shows that for the end of Run 2, a
logarithmic trend better describes measurements. The fit method has been tested also on the barrel Layer
1 pixel detector, comparing the linear and logarithmic model, as presented in Fig. 57. For the Layer 1
the logarithmic model describes data much better, except for the period before type inversion.

5.3.2.4 CMS strips

As with the CMS pixel detector, both the cluster charge and width are used to determine the full depletion
voltage for the CMS strip detector. It was found that the cluster width has a better sensitivity to low

74

Inversion 
happened in 2016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2018-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2018-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2018-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2018-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2018-005/


Operation voltage – LHCb Velopix

Marco Bomben - Seminar @ U. Warwick, 05/03/2026 120
TIPP 2026 V.Zhovkovska

Operation voltage
Baseline Strategy

• For every module, plot the fraction of size 𝑉 
clusters as a function of HV 

• Extract a suggested operating voltage, 𝑠𝑥 for every 
module 

• Plot 𝑠𝑥 vs (innermost) fluence module has been 
exposed to

20

LHCb preliminary

LHCb preliminary

V. Zhovkovska, Tipp 2026

https://indico.cern.ch/event/1542844/contributions/6712013/
https://indico.cern.ch/event/1542844/contributions/6712013/
https://indico.cern.ch/event/1542844/contributions/6712013/
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5. Measurements of radiation damage on silicon sensors

Table 11: Summary of the values for the intercepts and slopes obtained from linear fits to the Lorentz
angle as a function of the fluence for fixed temperature T and high voltage V .

Temperature Voltage ✓L(�eq = 0) (@✓L/@�eq)T,V

(Mrad) (Mrad·cm2)
15 �C 80 V 223.5 ± 1.0 (30.6 ± 3.0) ·10�14

5 �C 80 V 240.9 ± 0.7 (13.6 ± 0.6) ·10�14

150 V 174.6 ± 3.6 (9.6 ± 1.6) ·10�14

�20 �C 350 V 95.5 ± 1.3 (3.5 ± 0.3) ·10�14

400 V 78.3 ± 2.8 (3.2 ± 0.4) ·10�14
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Fig. 69: The measured position resolution on the ATLAS IBL as a function of integrated luminosity
during Run 2 [14, 15].

and other downstream track reconstruction tasks that depend on a precise position measurement on the
innermost layer.

5.4 Discussion and outlook
Measurements of silicon detector response to non-ionizing energy loss is essential for every facet of
data collection, analysis, and future planning. The previous sections have shown that there is an exten-
sive measurement program from ATLAS, CMS, and LHCb, with a variety of important and unforeseen
results. However, there are also many challenges associated with performing and interpreting these re-
sults. While many of these challenges are not often discussed in public documentation, they are critically
important for improving methods and planning for the future. This is not exhaustive.

1. Leakage current: on the measurement side, it is not 100% clear how to define the leakage current.
In theory, the current should raise, plateau, and then raise again as the high voltage is increased
from zero up through breakdown. The current at the plateau region is the theoretical definition of
the leakage current. The left plot of Fig. 70 shows a typical IV scan. While the current does level
off beyond some voltage, there is no region where it is flat. This results in (an often unaccounted
for) uncertainty in the reported current. Furthermore, the current depends strongly on temperature,
as shown in the right plot of Fig. 70. This leads to a challenge because the temperature on the
sensors is often not known precisely. In many cases, the temperature is measured far from the
sensors and inferred from simulations or auxiliary measurements. This affects both the leakage
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Fig. 68: The measured Lorentz angle during Run 2 in the ATLAS IBL

keeping the voltage constant, lower temperatures yield to smaller slopes. When keeping the temperature
constant, higher voltages yield to smaller slopes.

5.3.6 Position resolution
The single cluster position resolution is sensitive to degraded charge information from charge trapping,
mostly on the periphery of clusters due to lost hits. One challenge with in situ measurements of the single
cluster position resolution is that they suffer from a large extrapolation/interpolation resolution that can
mask subtle time-dependent effects. An alternative approach deployed by ATLAS for the IBL detector
makes uses of overlapping modules [14,15]. In particular, the position resolution can be determined from
a single layer for particles that traverse two modules on the same layer. Figure 69 presents a measurement
of the corresponding resolution throughout most of Run 2 for the IBL detector. The slight worsening of
the spatial resolution observed over the three years is correlated with the reduction of charge collection
efficiency as a result of radiation damage. This may have important implications for flavour tagging
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Deflection and Lorentz Angle

https://twiki.cern.ch/twiki/pub/CMSPublic/PixelOfflinePlotsAugust2018/hMean_LYR-1_LA_400.png
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�37Internal consistency: Lorentz angle
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7.1.2.2 Lorentz angle3071

The dependence of the Lorentz angle on fluence was simulated using the AllPix [4] package, with3072

electric field maps produced using TCAD simulations based on the Chiochia radiation damage model [22].3073

Figure 119 shows the comparison of the Lorentz angle values obtained from a Z ! µµ sample with the3074

simulation. The vertical error bars on the data points represent the statistical uncertainties, while the3075

error bars on the simulated points represent the statistical and systematic uncertainties on the simulation,3076

obtained from variations on the simulated parameters [34].3077
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Fig. 119: Comparison of the evolution of the Lorentz angle with luminosity in data (red points) and in
simulation (blue points) [34].

The slope of the linear fit in Fig. 119 is obtained from the simulated points, while the intercept is fitted3078

from the data. A good agreement is observed between the data and the simulation within the uncertain-3079

ties.3080

7.1.2.3 Mobility studies3081

The mobility µ is defined as the ratio between the drift velocity of charge carriers in a silicon module3082

and the electric field. As anticipated above, mobility is a function of temperature and electric field, and3083
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under the influence of the electric field, with a field- and temperature-dependent mobility. The number120

of fundamental charges per chunk is set to be small enough so that the over-estimation of fluctuations is121

negligible. A field- and temperature-dependent Lorentz angle is combined with the mobility to compute122

the time for a charge carrier to be collected (Sec. 3.4,3.5). This time is compared to a fluence-dependent123

trapping time (Sec. 3.6), the characteristic time a charge carrier will travel before it is trapped. If the drift124

time is longer than the trapping time, the chunk is declared trapped. The location of the chunk at the125

trapped position is calculated based on the starting position and trapping time (Sec. 3.4). Since moving126

charges induce a current in the collecting electrode, signal is induced on electrodes from trapped charges127

as well. This induced charge also applies to neighboring pixels, which contributes to charge sharing. The128

induced charge from trapped chunks is calculated from the initial and trapped positions using a weighting129

potential (Sec. 3.7). The sum of the collected and induced charge is then converted into a time over130

threshold (ToT) [26] that is used by cluster and track reconstruction tools.131

depletion 
zone

B-field

bump

M
IP

electronics chip 

bias voltage (p+) electrode

diode-
implant (n+)

- +

qL

In
du

ce
d 

ch
ar

ge

trapping

diffusion

20
0-

25
0 
µm

pitch: 50 x 
(200-400) µm2

local 
coordinates

z

y
x

fluence

annealing
Electric field

trapping 
constant

Ramo 
Potential

drift 
time

Lorentz 
angle

location 
@ trap

time 
traveledcharge 

location
induced 
charge

per e/h

per geometry

per condition

Figure 2: A schematic diagram (left) and a flowchart (right) illustrating the components of the digitizer model
described in this article. Left: the blue line represents a MIP traversing the pixel sensor; groups of electrons and
holes are transported to the electrodes (one pair shown for illustration; in practice, there are many), under the
influence of electric and magnetic fields. Electrons or holes may be trapped before reaching the electrodes, but still
induce a charge on the primary and neighbor electrodes. Right: the digitizer takes advantage of pre-computation
to re-use as many calculations as possible. Various global inputs (fluence, annealing, etc.) are validating using
standalone studies based on particle production / transport codes as well as analytic models for the time-dependence
of defect states.

3.2. Luminosity to fluence132

The most important input to the radiation damage digitizer is the estimated NIEL. Section 2 introduced the133

baseline FLUKA simulation that is used to determine the conversion factor between integrated luminosity134

and fluence. This prediction yields a conversion of about 59.6 ⇥ 1011 neq/cm2/fb�1 for the IBL and135

29.2⇥1011 neq/cm2/fb�1 for the B-layer. In order to establish systematic uncertainties on these predictions,136

the fluence is converted into a prediction for the leakage current. The leakage current can be precisely137

measured and therefore provides a powerful constraint on the FLUKA simulation. For a time t at constant138

temperature T after an instantaneous irradiation with fluence �, the predicted leakage current is given139

by [9]:140

1st December 2017 – 10:48 5

(relies heavily on 
lookup tables)

Now part of official ATLAS simulation
(but currently off by default)

56New ATLAS Pixel Simulation Details

(TCAD)

JINST 14 (2019) P06012 - 1905.03739

B. Nachman

Now part of 
official ATLAS simulation 

https://indico.physics.lbl.gov/event/1570/attachments/2766/3630/BerkeleyInstrumentationBrownBagMay2021.pdf
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Performance of ATLAS Pixel Detector and Track Reconstruction at the start of Run 3 in LHC Collisions at s√=900 GeV 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-033/


CMS Pixelav

Marco Bomben - Seminar @ U. Warwick, 05/03/2026 125

 9

Pixelav in Production

  Pixelav
(detailed sim)

T, rH, F

Simulated Data:
- charge distribution
- size distributions
- shape probabilities
- Lorentz angle cals
  *clust size vs cot(a)
  *grazing angle
- extracted E-field 
   profiles

Calibrations:
- Standard Reco
  * Lorentz corrs
  * error estimates
- Template Reco
  *1D cluster shapes
  *error estimates
  *probability info
  *2D cluster shapes

Adjust these to match simulated 
data to measurements

   TCAD
model E-field
with 2-traps 

electronic 
response 
(6 params)

Measure
Ez vs z
profile

The TCAD+Pixelav simulations are tuned to measured distributions

• E-field profiles are extracted from data and compared with simulation 
✴ adjust TCAD sensor modelling to reproduce measured profiles 

• Cluster charge profiles are extracted from data and compared with 
simulation 
✴ adjust pixelav trapping parameters to model Q vs depth 

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting

M. Swartz talk

SW created to interpret testbeam
data from irradiated detectors

Based on TCAD simulations and 
numerical simulations for charge 
propagation and trapping 

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 52, NO. 4, AUGUST 2005 1067

Simulation of Heavily Irradiated Silicon Pixel Sensors
and Comparison With Test Beam Measurements
Vincenzo Chiochia, Member, IEEE, Morris Swartz, Daniela Bortoletto, Lucien Cremaldi, Member, IEEE,

Susanna Cucciarelli, Andrei Dorokhov, Christoph Hörmann, Dongwook Kim, Marcin Konecki, Danek Kotlinski,
Kirill Prokofiev, Christian Regenfus, Tilman Rohe, Member, IEEE, David A. Sanders, Member, IEEE, Seunghee Son,

and Thomas Speer

Abstract—Charge collection measurements performed on
heavily irradiated p-spray DOFZ pixel sensors with a grazing
angle hadron beam provide a sensitive determination of the
electric field within the detectors. The data are compared with a
complete charge transport simulation of the sensor which includes
free carrier trapping and charge induction effects. A linearly
varying electric field based upon the standard picture of a con-
stant type-inverted effective doping density is inconsistent with the
data. A two-trap double junction model implemented in the ISE
TCAD software can be tuned to produce a double peak electric
field which describes the data reasonably well. The modeled field
differs somewhat from previous determinations based upon the
transient current technique. The model can also account for the
level of charge trapping observed in the data.

Index Terms—Electric fields, pixels, radiation effects, simula-
tion, space charge.

I. INTRODUCTION

I N the recent years, detectors consisting of one and two di-
mensional arrays of silicon diodes have come into wide-

spread use as tracking detectors in particle and nuclear physics
experiments. It is well understood that the intra-diode electric
fields in these detectors vary linearly in depth reaching a max-
imum value at the p-n junction. The linear behavior is a con-
sequence of a constant space charge density, , caused by
thermodynamically ionized impurities in the bulk material. It is
well known that the detector characteristics are affected by radi-
ation exposure, but it is generally assumed that the same picture
is valid after irradiation. In fact, it is common to characterize
the effects of irradiation in terms of a varying effective charge

Manuscript received October 15, 2004; revised May 2, 2005.
V. Chiochia is with the Physik Institut der Universität Zürich, 8057 Zürich,

Switzerland (e-mail: vincenzo.chiochia@cern.ch).
M. Swartz and D. Kim are with The Johns Hopkins University, Baltimore,

MD 21218 USA.
D. Bortoletto and S. Son are with Purdue University, West Lafayette, IN

47907 USA.
L. Cremaldi and D. A. Sanders are with the Department of Physics and As-

tronomy, University of Mississippi, University, MS 38677 USA.
S. Cucciarelli and M. Konecki are with the Institut für Physik der Universität

Basel, 4056 Basel, Switzerland.
A. Dorokhov, C. Hörmann, and K. Prokofiev are with the Physik Institut der

Universität Zürich, 8057 Zürich, Switzerland and also with the Paul Scherrer
Institut, 5232 Villigen, Switzerland.

D. Kotlinski and T. Rohe are with the Paul Scherrer Institut, 5232 Villigen,
Switzerland.

C. Regenfus and T. Speer are with the Physik Institut der Universität Zürich,
8057 Zürich, Switzerland.

Digital Object Identifier 10.1109/TNS.2005.852748

Fig. 1. Side view of the beam test apparatus consisting of four horizontal and
four vertical planes of silicon strip detectors and a rotating stage for the pixel
detector.

density. The use of to characterize radiation damage has
persisted despite a growing body of evidence [1]–[6] that the
electric field does not vary linearly as a function of depth after
heavy irradiation but instead exhibits maxima at both and
implants. The study presented in this paper demonstrates con-
clusively that the standard picture does not provide a good de-
scription of irradiated silicon pixel detectors. We show that it is
possible to adequately describe the charge collection character-
istics of a heavily irradiated silicon detector in terms of a tuned
double junction model which produces a double peak electric
field profile across the detector. The allowed parameter space of
the model can also accommodate the expected level of leakage
current and the level of charge trapping observed in the detector.

This paper is organized as follows: Section II describes the
experimental technique and data, Section III describes the car-
rier transport simulation used to interpret the data, Section IV
describes the technique used to model double peak electric fields
and the limitations of previous models. The tuning of a suc-
cessful model is discussed in Section V. Section VI summarizes
the results and develops several conclusions.

II. EXPERIMENTAL TECHNIQUE AND DATA

This investigation is based upon beam test data that were
accumulated as part of a program to develop a silicon pixel
tracking detector [7] for the CMS experiment at the CERN
Large Hadron Collider. The measurements were performed in
the H2 line of the CERN SPS in 2003/04 using 150–225 GeV
pions. The beam test apparatus is described in [8] and is
shown in Fig. 1. A silicon beam telescope [9] consisted of

0018-9499/$20.00 © 2005 IEEE
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four modules each containing two 300 thick single-sided
silicon detectors with a strip pitch of 25 and readout pitch
of 50 . The two detectors in each module were oriented to
measure horizontal and vertical impact coordinates. A pixel
hybrid detector was mounted between the second and third
telescope modules on a cooled rotating stage. A trigger signal
was generated by a silicon PIN diode. The analog signals from
all detectors were digitized in a VME-based readout system by
two CAEN (V550) and one custom built flash analog-to-digital
converters (ADCs). The entire assembly was located in an
open-geometry 3T Helmholtz magnet that produced a magnetic
field parallel or orthogonal to the beam. The temperature of
the test sensors was controlled with a Peltier cooler that was
capable of operating down to . The telescope infor-
mation was used to reconstruct the trajectories of individual
beam particles and to achieve a precise determination of the
particle hit position in the pixel detector. The resulting intrinsic
resolution of the beam telescope was about 1 .

A. Pixel Hybrids

The prototype pixel sensors are so-called “n-in-n” devices:
they are designed to collect charge from structures implanted
into -bulk silicon. This design is thought to provide greater
longevity in high radiation fields and to allow “partially-de-
pleted” operation after “type-inversion” of the substrate. It is
more expensive than the “p-in-n” process commonly used in
strip detectors because it requires double-sided processing and
the implementation of inter-pixel isolation. Two isolation tech-
niques were tested: p-spray, where a uniform medium dose of
p-impurities covers the whole structured surface, and p-stop,
where higher dose rings individually surround the implants.
Results on the Lorentz angle and charge collection efficiency
measurements as well as a detailed description of both designs
can be found elsewhere [8], [10]. In this paper we discuss only
measurements performed on p-spray sensors. All test devices
were 22 32 arrays of pixels having a sensi-
tive area of . The substrate was 285 thick,
n-doped, diffusively-oxygenated silicon of orientation ,
resistivity 2–5 and oxygen concentration in the order of

. Individual sensors were diced from fully processed
wafers after the deposition of under-bump metallization and in-
dium bumps. A number of sensors were irradiated at the CERN
PS with 24 GeV protons. The irradiation was performed without
cooling or bias. The delivered proton fluences scaled to 1 MeV
neutrons by the hardness factor 0.62 [11] were
and . The former sample was annealed for
three days at 30 . In order to avoid reverse annealing, the sen-
sors were stored at after irradiation and kept at room
temperature only for transport and bump bonding. All sensors
were bump bonded to PSI30/AC30 readout chips [12] which
allow analog readout of all 704 pixel cells without zero sup-
pression. The PSI30 also has a linear response to input signals
ranging from zero to more than 30 000 electrons.

B. Data

The main focus of the work presented in this paper involves
a set of charge collection measurements that were performed

Fig. 2. The grazing angle technique for determining charge collection profiles.
The cluster length is proportional to the depth over which charge is collected.

Fig. 3. Charge collection profiles for an irradiated
and an unirradiated sensor operated at several bias voltages.

using the “grazing angle technique” [13]. As is shown in Fig. 2,
the surface of the test sensor is oriented by a small angle (15 )
with respect to the hadron beam. A large sample of data is col-
lected with zero magnetic field and at a temperature of .
The charge measured by each pixel along the direction sam-
ples a different depth in the sensor. Precise entry point infor-
mation from the beam telescope is used to produce finely binned
charge collection profiles. For unirradiated sensors, the cluster
length determines the depth over which charge is collected in
the sensor.

The profiles that were observed for an unirradiated sensor
and for a sensor that was irradiated to a fluence of

are shown in Fig. 3 as function of the distance
from the beam entry point. The unirradiated sensor was operated
at a bias voltage of 150 V which is well above its depletion
voltage (approximately 70 V). It produces a large and uniform
collected charge distribution indicating that it is fully depleted
(a large coordinate indicates a large collection distance). The
irradiated sensor was operated at bias voltages varying from 150
to 600 V. It appears to be partly depleted at 150 V, however,
signal is collected across the entire thickness of the detector.
Another puzzle is that the ratio of the charges collected at 300 V
bias and 150 V bias and integrated along the distance to the
beam entry point is 2.1 which is much larger than the maximum
value of expected for a partially depleted junction, where
the depletion depth is proportional to the square root of the bias
voltage [14]. It is clear that the profiles for the irradiated sensor
exhibit rather different behavior than one would expect for a
heavily-doped, unirradiated sensor.

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 7. The measured charge collection profiles for a sensor irradiated to a fluence of (solid dots) and operated at (a) 150, (b) 200, and
(c) 300 V are compared with simulations based upon the EVL model. The solid histogram shows the EVL model with the leakage current adjusted to the expected
value. The dashed histogram shows the effect of increasing the leakage current to the measured value.

Fig. 8. The effect of increasing when (a) the electron and hole cross
sections are equal, and when (b) .

and the agreement between measured and simulated charge col-
lection profiles was judged subjectively.

In the course of the tuning procedure, it became clear that the
EVL model does not produce a sufficiently large electric field
on the side of the detector. The solution to this problem is
to increase the density of donors (hole traps) as compared to the
density of acceptors (electron traps). When this is done, the
position of the minimum in the effective charge density shifts
toward the implant as sketched in Fig. 8(a). Unfortunately,
this causes the “peak” in the 150 V simulated charge profile to
become too narrow. The position of the charge density minimum
can be restored to a position nearer the midplane of the detector
by decreasing the ratios of the hole and electron cross sections
from 1.0 to 0.25 ( and ) as shown
schematically in Fig. 8(b). Note that the adjustment of the cross
sections for both trap types minimizes the field in the quadratic
minimum while allowing for large fields at the implants. For
simplicity it is assumed that the electron cross sections are equal

and that the hole cross sections are equal
.

The current best “fit” to the measured charge collection pro-
files is called ‘BF’ and reduces the ratio between the densities of
acceptor and donor states, , from the EVL value of 0.62
to 0.40. The -component of the simulated electric field, , is

Fig. 9. The -component of the simulated electric field resulting from the
model BF is plotted as a function of . The field profiles for 150 and 300 V
are shown as solid and dashed curves, respectively. The electric field profiles
resulting from a constant p-type doping of density
are shown as dot-dashed and dotted curves for 150 and 300 V, respectively.

plotted as a function of in Fig. 9 for bias voltages of 150 and
300 V. The field profiles have minima near the midplane of the
detector. Note that the minimum field at 150 V bias appears to
be very small but is still approximately 400 V/cm. The electric
field profiles resulting from a constant p-type doping of density

are shown as dot-dashed and dotted
curves for reference.

The measured charge collection profiles at bias voltages
between 150–450 V are compared with the BF simulation in
Fig. 10 for a fluence of . The electron trapping
rate for the lower fluence is set to 93% of the nominal value.

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 5. The measured and simulated charge collection profiles for a sensor irradiated to a fluence of . The profiles measured at bias
voltages of (a) 150 and (b) 300 V are shown as solid dots. The full histograms are the simulated profiles for a constant effective doping
of acceptor impurities. The dashed histograms are the simulated profiles for a constant effective doping .

IV. TWO-TRAP MODELS

The large number of measurements suggesting that large elec-
tric fields exist at both sides of an irradiated silicon diode has
given rise to several attempts to model the effect [3], [6], [20].
The most recent of these by Eremin, Verbitskaya, and Li (EVL)
[20] is based upon a modification of the Shockley–Read–Hall
(SRH) statistics. The EVL model produces an effective space
charge density from the trapping of free carriers originated
from the leakage current by one acceptor trap and one donor
trap. The effective charge density is related to the occupancies
and densities of traps as follows:

(2)

where: and are the densities of donor and acceptor trap-
ping states, respectively; and are the occupied fractions
of the donor and acceptor states, respectively, and is
the charge density due to ionized dopants. Charge flows to and
from the trapping states due to generation and recombination.
The occupied fractions are given by the following standard SRH
expressions:

(3)

where: and are the thermal velocities of electrons and
holes, respectively; and are the electron and hole cap-
ture cross sections for the donor trap; and are the elec-
tron and hole capture cross sections for the acceptor trap; and

are the densities of free electrons and holes, respectively;
is the intrinsic density of carriers; and are the activa-
tion energies (relative to the mid-gap energy) of the donor and

TABLE II
PARAMETERS OF THE EVL MODEL [20]. AND ARE THE VALENCE AND

CONDUCTION BAND ENERGY LEVELS, RESPECTIVELY

acceptor states, respectively. The generation-recombination cur-
rent caused by the SRH statistics for single donor and acceptor
states is given by the following expression:

(4)

Within the EVL model, the four trapping cross sections are set
to . The leakage current is generated from an addi-
tional SRH trapping state that is introduced for this purpose but
is assumed not to trap charge. The donor and acceptor states
are assumed not to generate leakage current which, given the
small size of the cross sections, is a self-consistent assumption.
The densities of the donor and acceptor states ( and ) are
adjusted to “fit” data obtained with the Transient Current Tech-
nique (TCT). The parameters of the model are given in Table II.
The trap densities are scaled to fluence and are given in terms of
introduction rates . An illustrative sketch of
the EVL model has been reproduced from [20] and is shown in
Fig. 6. Fig. 6(a) shows a uniform current density flowing across
a reverse-biased junction. Since holes are produced uniformly
across the junction and flow to the backplane, the hole cur-
rent density increases linearly with increasing from the
implant to the implant. The electrons flow to the implant
and the electron current density increases with decreasing . The

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 
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• Technology Computer Aided Design - TCAD

• Solve drift/diffusion & Poisson equations for electrons and holes:

• taking into account boundary conditions
– Electrodes’ potentials, interface charges, etc

• on a grid of points

;

;

https://indico.in2p3.fr/event/30704/contributions/128487/attachments/79540/119807/tcad_simdet2023_bomben.pdf
https://indico.in2p3.fr/event/30704/contributions/128487/attachments/79540/119807/tcad_simdet2023_bomben.pdf
https://indico.in2p3.fr/event/30704/contributions/128487/attachments/79540/119807/tcad_simdet2023_bomben.pdf
https://indico.in2p3.fr/event/30704/contributions/128487/attachments/79540/119807/tcad_simdet2023_bomben.pdf
https://indico.in2p3.fr/event/30704/contributions/128492/attachments/79539/119825/SIMDET2023_Morozzi.pdf
https://indico.in2p3.fr/event/30704/contributions/128492/attachments/79539/119825/SIMDET2023_Morozzi.pdf
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Fig. 5. The measured and simulated charge collection profiles for a sensor irradiated to a fluence of . The profiles measured at bias
voltages of (a) 150 and (b) 300 V are shown as solid dots. The full histograms are the simulated profiles for a constant effective doping
of acceptor impurities. The dashed histograms are the simulated profiles for a constant effective doping .

IV. TWO-TRAP MODELS

The large number of measurements suggesting that large elec-
tric fields exist at both sides of an irradiated silicon diode has
given rise to several attempts to model the effect [3], [6], [20].
The most recent of these by Eremin, Verbitskaya, and Li (EVL)
[20] is based upon a modification of the Shockley–Read–Hall
(SRH) statistics. The EVL model produces an effective space
charge density from the trapping of free carriers originated
from the leakage current by one acceptor trap and one donor
trap. The effective charge density is related to the occupancies
and densities of traps as follows:

(2)

where: and are the densities of donor and acceptor trap-
ping states, respectively; and are the occupied fractions
of the donor and acceptor states, respectively, and is
the charge density due to ionized dopants. Charge flows to and
from the trapping states due to generation and recombination.
The occupied fractions are given by the following standard SRH
expressions:

(3)

where: and are the thermal velocities of electrons and
holes, respectively; and are the electron and hole cap-
ture cross sections for the donor trap; and are the elec-
tron and hole capture cross sections for the acceptor trap; and

are the densities of free electrons and holes, respectively;
is the intrinsic density of carriers; and are the activa-
tion energies (relative to the mid-gap energy) of the donor and

TABLE II
PARAMETERS OF THE EVL MODEL [20]. AND ARE THE VALENCE AND

CONDUCTION BAND ENERGY LEVELS, RESPECTIVELY

acceptor states, respectively. The generation-recombination cur-
rent caused by the SRH statistics for single donor and acceptor
states is given by the following expression:

(4)

Within the EVL model, the four trapping cross sections are set
to . The leakage current is generated from an addi-
tional SRH trapping state that is introduced for this purpose but
is assumed not to trap charge. The donor and acceptor states
are assumed not to generate leakage current which, given the
small size of the cross sections, is a self-consistent assumption.
The densities of the donor and acceptor states ( and ) are
adjusted to “fit” data obtained with the Transient Current Tech-
nique (TCT). The parameters of the model are given in Table II.
The trap densities are scaled to fluence and are given in terms of
introduction rates . An illustrative sketch of
the EVL model has been reproduced from [20] and is shown in
Fig. 6. Fig. 6(a) shows a uniform current density flowing across
a reverse-biased junction. Since holes are produced uniformly
across the junction and flow to the backplane, the hole cur-
rent density increases linearly with increasing from the
implant to the implant. The electrons flow to the implant
and the electron current density increases with decreasing . The

Authorized licensed use limited to: CERN. Downloaded on April 27,2020 at 13:36:30 UTC from IEEE Xplore.  Restrictions apply. 

sh=se is set to 0.25 for both donor and acceptor traps while
at lower fluences we find sAh =s

A
e ¼ 0:25 and sDh =s

D
e ¼ 1 for

the acceptor and donor traps, respectively.

5. Conclusions

In this paper, we show that a model of irradiated silicon
sensors based on two defect levels with opposite charge
states and trapping of charge carriers can be tuned using
charge collection measurements and provides a good
description of the measured charge collection profiles in
the fluence range from 0:5" 1014 to 6"1014 neq=cm2.

The model produces an electric field profile across the
sensor that has maxima at the implants and a minimum
near the detector midplane. This corresponds to negative
space charge density near the nþ implant and positive space
charge density near the pþ backplane. We find that it is
necessary to decrease the ratio of acceptor concentration to
donor concentration as the fluence increases. This causes
the electric field profile to become more symmetric as the
fluence increases.

Given the extracted electric field and space charge
density profiles, we suggest that the correctness and the
physical significance of effective doping densities deter-
mined from capacitance–voltage measurements are quite
unclear. In addition, we remark that the notion of partly
depleted silicon sensors after irradiation is inconsistent
with the measured charge collection profiles and with the
observed doubly peaked electric fields.

The charge-sharing behavior and resolution functions of
many detectors are sensitive to the details of the internal
electric field. A known response function is a key element
of any reconstruction procedure. A working effective

model will permit the detailed response of these detectors
to be tracked as they are irradiated in the next generation
of accelerators.
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Table 1
Double trap model parameters extracted from the fit to the data
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0.5 0.19 0.25 6.60 1.65 6.60
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The high energy secondaries [“delta rays”] produce a “tail” at large 
charge.  Plotting Q/track length for a sample of real pixel clusters
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Detailed Simulation

Px Py

• Model describes observed cluster charge distribution very well 
• Charge scale [no free parameters] agrees with measured distribution 

to within a few x 0.1%

M. Swartz talk

https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
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Implementation
!17

Weights

Original[ix,iy] 

Irradiated[ix,iy] 

Φ=1.2x1015 neq/cm2, 600V, 263K

Non-irradiated[ix,iy]:

- Generated in PIXELAV with 
uniform fields and the same LA as 
used by the CMSSW digitizer 

- Average cluster shape for a 
damaged physical sensor

• PIXELAV: provides average cluster shape

• CMSSW sim: provides pixel-to-pixel fluctuation

C. Mantilla Suarez, 2019

https://indico.cern.ch/event/769192/contributions/3288033/attachments/1793857/2923333/CMS_PixelRadiationDamageWorkhop_11022019.pdf
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Simulate the dj59a E-field with trapping rates corresponding to 0.6x1014 
cm-2

Trapping Measurement 

R300157
dj57a, modified 

 trapping 

• The electric field is evolving faster [differently] than expectations from 
the beam test models 

• Trapping rates appear to be evolving according to the fluence 
calculation with a hardness factor of 0.6 

• The slower evolution of the trapping rates has important 
consequences for the longevity of the detector
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M. Swartz talk

https://indico.cern.ch/event/695271/contributions/2958709/attachments/1638829/2615839/CERN_Radiation_Damage_Workshop.pdf
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Pixel 2022

https://indico.cern.ch/event/829863/contributions/4479394/attachments/2565247/4422320/Veszpremi_PIXEL2022.pdf
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proton irradiation from grazing-angle test beam measurements that are described in ref. [11] (in
literature [4, 11] the proton energy is often cited with the full energy of 24 GeV, but in this
document we refer to the kinetic energy of 23 GeV). They are used to describe measurements
after 23 GeV proton irradiation. The other values are taken from ref. [8]. They were tuned to
describe capacitance, current, and time-resolved charge collection measurements on single-pad
silicon sensors after 23 MeV proton irradiation. They are used to describe measurements after
23 MeV proton irradiation.

Table 1. The key parameter values used in the Synopsys device simulation. These include: donor and
acceptor concentrations, ND and NA, and their electron and hole capture cross sections, �e,h

D,A, for silicon
sensors after irradiation with 23 GeV protons (top rows) [11], and for sensors after irradiation with 23 MeV
protons (bottom rows) [8].

�neq NA ND �e
A �e

D �h
A �h

D

[1014neq/cm2] [1014cm�3] [1014cm�3] [10�15cm2] [10�15cm2] [10�15cm2] [10�15cm2]
2 (23 GeV) [11] 6.8 10 6.6 6.6 1.65 6.6
6 (23 GeV) [11] 16 40 6.6 6.6 1.65 1.65

12 (23 GeV) [11, 18]4 30 69 3.8 3.8 0.94 0.94
24 (23 GeV) [11, 18]4 61 138 3.8 3.8 0.94 0.94

3 (23 MeV) [8] 4.2 13 10 10 10 10
10 (23 MeV) [8] 12.5 52 10 10 10 10

In figure 2 it can be seen that the electric field distribution is di�erent for sensors after 23 MeV
proton irradiation compared to that simulated for 23 GeV proton irradiation. The figure shows the
electric field distribution for the defect values specified in ref. [8], namely, for an irradiation with
23 MeV protons and a fluence of 1015 neq/cm2, and for the defect values given in ref. [11] for an
irradiation with 23 GeV protons and a fluence of 1.2 · 1015 neq/cm2.

The PixelAV detector simulation package [11] is used to simulate the transport of charge
carriers. The e�ective trapping rates in the simulation are assumed to be constant over the depth of
the sensor. Some modifications are made in order to describe the measurements reported here:

• Drift parameters are adjusted to describe the drift in h100i-oriented silicon [19] (changes in
the assumed mobility directly impact the resulting trapping rates);

• Charges are generated at the front or the rear side of the sensor with a penetration depth of
3.5 µm to simulate the charge generation by laser light of 672 nm wavelength. The number
of charges generated is fixed to 40 000 eh-pairs;

• The induced signal is calculated using a linear weighting potential between front and rear
contact;

• The trapping rates are tuned iteratively to match the predicted CCE to the measured CCE.

4 The data for the fluence points 12 · 1014 neq/cm2 and 24 · 1014 neq/cm2 have not been published. They were
determined using the same methods as in ref. [11].

– 4 –

2016 CMS paper

https://iopscience.iop.org/article/10.1088/1748-0221/11/04/P04023/pdf
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Based on 2016 CMS paper

Possible 
parametrisations

https://iopscience.iop.org/article/10.1088/1748-0221/11/04/P04023/pdf
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Trapping from literature, based on these data:

Modelling radiation damage to pixel sensors in the ATLAS detector 
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Table 5. Measurements of the trapping constant � are summarized, normalized to a temperature of 0�C. Some
measurements are reported after annealing to the minimum in the full depletion voltage Vdepl (reached in about
80 minutes at 60�C) while others correspond to the asymptotic values observed after long annealing times.

Irradiation Annealing �e (10�16cm2/ns) �h (10�16cm2/ns) Reference Method

Neutrons minimum Vdepl 4.0 ± 0.1 5.7 ± 0.2 [49] TCT
Pions minimum Vdepl 5.5 ± 0.2 7.3 ± 0.2 [49] TCT

Protons minimum Vdepl 5.13 ± 0.16 5.04 ± 0.18 [50] TCT

Neutrons > 50 hours at 60�C 2.6 ± 0.1 7.0 ± 0.2 [49] TCT
Protons > 10 hours at 60�C 3.2 ± 0.1 5.2 ± 0.3 [50] TCT

Protons minimum Vdepl 4.0 ± 1.4 — [3, 51] Test-beam
Protons 25h at 60�C 2.2 ± 0.4 — [3, 51] Test-beam

means of the Shockley-Ramo theorem [40, 41]:

i = q ÆEw · Æv, (4.4)

where ÆEw is the Ramo (or weighting) field that describes the induction coupling of the moving
charge to a specific electrode. The Ramo field can be calculated by applying a unit potential to the
electrode under consideration and zero potential to all other electrodes. Integrating eq. (4.4) over a
certain drift time, the charge Q induced on the electrode can be expressed as:

Qinduced = �q[�w(Æxend) � �w(Æxstart)],

where �w is the Ramo (or weighting) potential with ÆEw = �r�w and Æxstart,end are the initial (final)
positions of the charge carrier under consideration. The Ramo potential depends only on geometry
and therefore can be computed once prior to any event simulation.

The Ramo potential is calculated using TCAD to solve the Poisson equation; for planar sensors,
most of the variation in the Ramo potential is in the z direction, but the x and y dependence must
also be included in order to account for charge induced on the neighbouring pixels. Figure 14 shows
a slice of the three-dimensional Ramo potential in the centre of the pixel electrode (y = 0). The
vertical line indicates the edge of the pixels: the Ramo potential has sizeable contributions in the
neighbouring pixels.

The combination of the Ramo potential and charge trapping is illustrated in figure 15 for planar
sensors. On the electrode of the same pixel in which the electrons and holes originate, the induced
charge equals the electron charge if the time to be trapped exceeds the time to drift toward the
electrode (figure 15(a)). The average collected charge is an asymmetric function of the depth inside
the sensor because the drift and trapping times are di�erent for electrons and holes and the Ramo
potential is very asymmetric: the average fraction is lower far away from the collecting electrode.
The charge induced on neighbouring pixels is shown in figures 15(b) and 15(c). As the trapping
time exceeds the drift time, the integrated induced current amounts to the full electron charge in the
primary pixel and the charge in the neighbours is zero. For some combinations of starting location

– 23 –
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~7.4x1014 neq/cm2

It seems for IBL there is a somewhat 
less satisfactory agreement

From detailed analysis it seems ~ +20-25% in 
trapping would make MC agree better with data 

But trapping rate is the product of fluence and 
trapping constant…
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M. Battaglia, EPS 2023

Excellent agreement Excellent 
performance 
also for long 

clusters 

https://indico.desy.de/event/34916/contributions/147141/attachments/84469/111933/EPS2023-MB-230825.pdf
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ATL-COM-INDET-2022-027

~7.4x1014 neq/cm2 ~8.7x1014 neq/cm2

(161 fb-1)



ATLAS Charge vs bias voltage, trapping rate
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Electron velocity vs electric field
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Mobility model (IBL&PIX default):
C. Canali, G. Majni, R. Minder and 
G. Ottaviani, IEEE Transactions on 
Electron Devices 22 (1975) 1045
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S. Passaggio @ Hiroshima 2023
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https://indico.cern.ch/event/1184921/contributions/5574639/attachments/2765210/4816495/Passaggio%20-%20The%20ATLAS%20ITk%20Pixel%20Detector%20-%20Status%20and%20Roadmap.pdf
https://indico.cern.ch/event/1184921/contributions/5574639/attachments/2765210/4816495/Passaggio%20-%20The%20ATLAS%20ITk%20Pixel%20Detector%20-%20Status%20and%20Roadmap.pdf
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A. Papadopoulos @ Hiroshima 2023

https://indico.cern.ch/event/1184921/contributions/5596422/attachments/2765161/4816369/hstd13_phase2_IT_v2.pdf


Å. Folkestad et al. Nuclear Inst. and Methods in Physics Research, A 874 (2017) 94–102

(a) 4ù1015 1 MeV neq/cm2. (b) 8ù1015 1 MeV neq/cm2.

Fig. 14. Comparison of measured and simulated CCE as a function voltage at � = 4ù1015 1 MeV neq/cm2 (proton irradiation) and � = 8ù1015 1 MeV neq/cm2 (neutron irradiation)
using a 2D mesh. Only the data point at 700V and 4ù1015 1 MeV neq/cm2 was used when tuning the model, the other values follow as a prediction. The error bars are calculated by
varying the temperature within its estimated uncertainty combined with the uncertainty given by the deviation between the 2D and 3D simulation.

Fig. 15. Electric field (simulated using a 2D mesh) in the centre of a pixel as a function of distance from the pixel side, at a bias voltage of 1000V, for different fluence levels.

to occur [22]. As the bias voltage increases, the regions with a field
high enough to cause significant impact ionisation extend further into
the device, and the overall field strength increases; and consequently
the current caused by avalanche generation will increase. This is shown
in Fig. 16(a). Fig. 16(b) shows a comparison of simulations with
and without avalanche generation, confirming that the non-saturating
behaviour of the I-V curve is caused by avalanche generation.

Avalanche multiplication also explains why the temperature sensi-
tivity of the charge collection efficiency increases with fluence and bias
voltage, as the avalanche generation rate is temperature dependent. If
charge multiplication is turned off in the simulation, the error bars due
to the uncertainty in temperature are reduced by a factor of two.

6. Conclusions

The proposed radiation damage model for Sentaurus TCAD is able
to reproduce the I-V curves of p-type silicon sensors up to a fluence of
8ù1015 1MeV neq/cm2. The model has been tested for temperatures
between *38 ˝C and *31 ˝C on a range of sensors with different irradia-
tion types and profiles. The model captures the transition from a linear
electric field and saturating I-V curve to a double junction electric field

and a non-saturating I-V curve. The latter is shown to be a consequence
of avalanche generation in the high-field regions of the double junction
profile.

Furthermore, it is shown that a two-dimensional approximation of a
pixel detector for CCE simulations is acceptable if the simulated particle
passes close to the centre of the pixel. The CCE calculated using the
proposed model is in agreement (within the estimated range of uncer-
tainty) with experimental data at fluences of 4ù1015 1MeV neq/cm2

and 8ù1015 1MeV neq/cm2.
It is the hope of the authors that the proposed model contribute

towards obtaining a comprehensive TCAD model of radiation damage
in silicon sensors. It seems clear that avalanche multiplication becomes
increasingly important at high fluences, and that it must be carefully
included in order to obtain a complete model.
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ITk pixels simulations with TCAD 
n-on-p 
100 µm think
50 µm pitch

¼ of 3x3 
pixels matrix

Full 3D simulation

Several models tested
(mobility, recombination, 
bands…) 

(validation done in 2D)

LHCb TCAD model, 2018

Good 
agreement!
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θLA ~ 35 mrad
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MOSAIX key specifications

20Jelena Lalic| Massachusetts Institute of Technology

J. Lalic, Vertex 2025

MOSAIX key specifications

20Jelena Lalic| Massachusetts Institute of Technology

https://indico.phy.ornl.gov/event/677/contributions/2706/attachments/2117/4702/MOSAIX_Vertex2025_JelenaLalic.pdf
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Principle of Acceptor Removal
• According to the measurement results of p-type silicon with acceptor concentration of 
𝑂 1012 cm−3, the microscopic mechanism is

1. NIEL damage creates interstitials Silicon (Sii) and Vacancies (V)

2. Sii replace boron on the lattice (Bs) (Bs + Sii → Bi ∶ boron inactivation)

3. Bi bonds with Oi to become BiOi⇒This creates donor level

✓ Decrease in acceptors

✓ Formation of donor levels by BiOi
Main factors!!

BiOi

VERTEX2025 | Yua.Murayama

◼ TSC measurement

➢ M.Moll, Acceptor Removal - Effects of displacement damage involving the shallow acceptor doping in p-type silicon devices, vertex2019
➢ Y.Gurimskaya et al., Radiation damage in p-type EPI silicon pad diodes irradiated with protons and neutrons, NIMA, in press. 2019.

Y. Murayama, Vertex 2025

https://indico.phy.ornl.gov/event/677/contributions/2712/attachments/2127/4716/Detailed_investigation_of_Acceptor_Removal_in_LGAD_vertex2025.pdf
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 From ITS2 to ITS3

5ALICE ITS3 | VERTEX 2025 | 25 Aug 2025 | L.Terlizzi

 ITS2 was installed in 2021 and taking data since then:
● Monolithic Active Pixel Sensor (MAPS) 50 µm Si sensors
 average material budget of 0.36% X0 per layer
 1st layer radius 24 mm

 

ITS2 half inner 3 layer

Replacement of the 3 

innermost layers of the 

ITS2 for Run 4

 

ITS3 half inner 3 layer

L. Terlizzi, Vertex2025

https://indico.phy.ornl.gov/event/677/contributions/2704/attachments/2097/4679/ALICE_Inner_Tracking_System_3_overview_from_MOSS_and_MOST_to_the_full-size_MOSAIX_sensor_prototype.pdf
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MOSS results 

ALICE ITS3 | VERTEX 2025 | 25 Aug 2025 | L.Terlizzi

 The required ITS3 performance in terms of efficiency and fake-hit rate is 

reached also after irradiating the sensors with a dose higher than the one 

expected over the full ITS3 operational lifetime

Preliminary

15

 chip is working well
 stitched design 

validated and adopted 

for MOSAIX

Test beam 

MOSS set-up 

L. Terlizzi, Vertex2025

https://indico.phy.ornl.gov/event/677/contributions/2704/attachments/2097/4679/ALICE_Inner_Tracking_System_3_overview_from_MOSS_and_MOST_to_the_full-size_MOSAIX_sensor_prototype.pdf
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The CMS pixel tracker upgrade for High-Luminosity
LHC: from sensors to the full detector

Michael Grippo (INFN Torino)
on behalf of the CMS Tracker collaboration

The CMS Inner Tracker for High-Luminosity LHC

Hybrid pixel detector designed for high rate, pileup, and radiation dose
Electronics requirements: up to about 1 Grad and 2·1016 neq/cm2

Multiple sensor technologies employed
Innermost barrel layer: 3D sensors
Remaining barrel layers and endcap discs: planar sensors (n-in-p)
High granularity to cope with increased pileup: 25 µm → 100 µm pixel size
Active thickness: 150 µm

Instrumented with approximately 104 CMS Readout Chips (CROCs)
65 nm CMOS readout chip developed by the RD53 Collaboration
High hit rate operation: up to approximately 3 GHz cm↑2

Low material budget system
Serial powering of detector modules
Carbon fibre + carbon foam mechanical structure; thin CO2 cooling pipes
Low-mass electrical links or flex PCBs for powering and readout

TBPX

Planar (2→
2)

Planar (1→
2)

3D sensors (1→
2)

TFPX TEPX

XY projections for TBPX, TFPX, TEPX. The colours highlight the different module types.

TBPX

TFPX

TEPX

One quarter of the CMS Inner Tracker with
all three subsystems (TBPX, TFPX, TEPX).

Inner Tracker electronic system architecture.

Hybridisation, module production, detector services

Readout ASIC (CROC) and sensors
CROC procurement and wafer
testing completed

345 wafers (300 mm !)

Almost 47 → 103 CROC ASICs tested

Average chip yield above 70%

Sensors procurement recently
completed for all types:

3D sensors ↭
Planar dual sensors ↭
Planar quad sensors ↭

CROC wafer testing timeline (left) and chip yields for all lots (right).

Hybridisation
Multiple hybridisation vendors validated and producing bare modules (CROC + sensor)
More than 10% of bare modules produced
Ongoing optimisations at hybridisation vendors to reduce open bumps and dicing issues
Bare-module testing sites available for QC before module production

Module production and testing
Assembled modules: more than 100 (TBPX), 70 (TFPX), 270 (TEPX)

!!!!!!!!!"

TBPX Layer 2 module (left); assembly and reception tests coldbox (centre); readout chip affected
by dicing issues (right).

Finalising common quality control sequence for all three subsystems:
Sensor IV measurement

Pixel array testing (noisy/stuck pixels)

Threshold tuning down to about 1 ke

ASIC powering

ASIC calibration and monitoring

Open bumps measurement via crosstalk

Confirmed agreement between wafer-level and module-level measurements and calibrations
Module yields under estimation with pre-production modules
Completion of module production currently scheduled for Q4 2027

Detector electronics and services
Design of on-detector electronics and
services being finalised
Readout harnesses/PCBs achieved target
bit error ratio (< 1 → 10↑13)
Aluminium flex PCBs for powering close to
production
Start of production in 2026 for several
components TBPX power flex and readout harness prototypes.

System tests and integration

TBPX Layer 2 system test at INFN Torino with prototype readout harnesses. Serial powering
chain of Layer 2 pre-production modules (top); portcards employed for optical readout of the
modules (bottom left); Layer 2 mechanical structure on module integration tool (bottom right).

System tests ongoing for all detector subsystems (TBPX, TEPX, TFPX)
Validation of powering and readout schemes, detector performance in different operating
conditions, detector grounding

Optical readout testing in progress for all subsystems
Temperature effects on module tuning and calibration

Shifts in voltage and current references inside the CROC as a function of temperature

Optimisation of CROC front-end biases
Process variations in CROC front-end biases can affect tuning results
Wafer-level testing measurements can be used to correct this effect
More uniform testing conditions and CROC power consumption

System test results with or without tuning of
the front-end biases. The number of
masked pixels during tuning has been
observed to decrease for 7 out of 8 CROCs
in four L2 pre-production modules.

Preliminary

Detector integration scheduled to begin in Q3 2026
Assembly and testing of modules and services on mechanical structures

References
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Link: cds.cern.ch/record/2272264
RD53 pixel readout integrated circuits for ATLAS and CMS HL-LHC upgrades - RD53 Collaboration
(2025). DOI: 10.1088/1748-0221/20/03/P03024

Tracker upgrade layouts: cms-tklayout.web.cern.ch/cms-tklayout/layouts-work/recent-layouts/

Contact: michael.grippo@cern.ch 21st Trento Workshop on Advanced Silicon Radiation Detectors Perugia, 17-19 February 2026
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M. Grippo, Tredi 2026

https://indico.cern.ch/event/1586892/contributions/6846276/attachments/3221246/5740249/inner-tracker-system-tredi26-grippo-v1p2.pdf
https://indico.cern.ch/event/1586892/contributions/6846276/attachments/3221246/5740249/inner-tracker-system-tredi26-grippo-v1p2.pdf
https://indico.cern.ch/event/1586892/contributions/6846276/attachments/3221246/5740249/inner-tracker-system-tredi26-grippo-v1p2.pdf
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https://doi.org/10.1016/j.nima.2025.171000
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