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A High-Granularity Timing Detector for the Phase-II upgrade of
the ATLAS Calorimeter system: sensor performance.
Authors: Nicolas Morange1; Pavol Strizenec2

1 Centre National de la Recherche Scientifique (FR)
2 Slovak Academy of Sciences (SK)

Corresponding Authors: stefan.guindon@cern.ch, pavol@mail.cern.ch, nicolas.morange@cern.ch

Page 1



14th ”Trento” Workshop on Advanced Silicon Radiation Detectors / Book of Abstracts

The expected increase of the particle flux at the high luminosity phase of the LHC (HL-LHC) with
instantaneous luminosities up to L ? 7.5 × 1034 cm-2 s-1 will have a severe impact on the ATLAS
detector performance. The pile-up is expected to increase on average to 200 interactions per bunch
crossing. The reconstruction and trigger performance for electrons, photons as well as jets and
transverse missing energy will be severely degraded in the end-cap and forward region, where the
liquid Argon based electromagnetic calorimeter has coarser granularity and the inner tracker has
poorer momentum resolution compared to the central region. A High Granularity Timing Detector
(HGTD) is proposed in front of the liquid Argon end-cap calorimeters for pile-up mitigation and for
bunch per bunch luminosity measurements.

This device should cover the pseudo-rapidity range of 2.4 to about 4.0. Two Silicon sensors double
sided layers are foreseen to provide a precision timing information for minimum ionizing particle
with a time resolution better than 50 pico-seconds per hit (i.e 30 pico-seconds per track) in order to
assign the particle to the correct vertex. Each readout cell has a transverse size of 1.3mm × 1.3 mm
leading to a highly granular detector with about 3 millions of readout electronics channels. Low
Gain Avalanche Detectors (LGAD) technology has been chosen as it provides an internal gain good
enough to reach large signal over noise ratio needed for excellent time resolution.

Through a 4 period test-beam campaign at the CERN SPS H6A & B beamlines, proton and neutron
irradiated LGAD prototypes for the HGTD upgrade were tested from several different technolo-
gies and manufactures. Gallium, boron and carbon implanted 1.3x1.3 mm2 diodes and 2 x 2 arrays
are compared for achieved timing performance, post-irradiation efficiency and uniformity at flu-
ences up to 6e15neq/cm2. Laboratory characterisation of large sensors arrays recently delivered
(5x5 and 15x15 pads) will be also discussed. In addition the beam test measurement of a first HGTD
module prototype made of 2x2 array sensor bump bonded to an ASIC called ALTIROC0, will be
presented.

Session 2: Planar Sensors (1) / 73

Signal formation in heavily irradiated silicon particle sensors un-
der charge multiplication

Authors: Leena Diehl1; Riccardo Mori1; Liv Wiik-Fuchs2; Ulrich Parzefall1; Karl Jakobs1; Marc Hauser1; Jan Cedric
Honig2

1 Albert-Ludwigs-Universitaet Freiburg (DE)
2 Albert Ludwigs Universitaet Freiburg (DE)

CorrespondingAuthors: jan.cedric.honig@cern.ch, leena.diehl@cern.ch, ulrich.parzefall@cern.ch, riccardo.mori@cern.ch,
karl.jakobs@uni-freiburg.de, liv.antje.mari.wiik@cern.ch, marc.hauser@cern.ch

Over the past years, an in-depth study of irradiated and annealed p-type silicon strip sensors as they
will be used for HL-LHC Upgrades was performed. Measurements of the collected charge, noise and
cluster size were regularly performed as a function of increasing annealing time and bias voltage.
A large number of sensors under study showed a signal larger than the one originally deposited.
This effect, known as charge multiplication (CM), can be attributed to an increase of the positive ef-
fective doping concentration, which in turn increases the electric field, in particular close to the n+
implants. This study reveals a number of interesting features which can enlighten the understand-
ing of CM and have significant consequences for using these sensors at the HL-LHC after heavy
irradiation. Beta source measurements with ALIBAVA readout and laser measurements in a TCT
system were performed. In the TCT system, the transient current was recorded to correlate charge
collection performance with signal formation. Emphasis is placed on two interesting results: when
charge multiplication is significant, the signal pulses become significantly prolonged. The cluster
size, which usually decreases in multiplication, gets broader.
This slow signal has not been reported before and constitutes a potential threat to HL-LHC appli-
cations which are based on fixed short signal shaping times due to the time structure of bunches
in the LHC, where a large fraction if signal might be too late for the front-end ASICs. The delayed
signal can be attributed to the large amount of holes generated by CM, that travel as a cloud to the
backside of the sensor, generating a self-screening effect, or the so called “plasma”effect.
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Session 3: Radiation effects in HEP experiments / 74

Measurement ofRadiationDamage throughLeakageCurrentMon-
itoring of the ATLAS Pixel Detector
Author: Sally Seidel1

1 University of New Mexico (US)

Corresponding Author: sally.seidel@cern.ch

Radiation damage incurred by the silicon modules in the ATLAS Pixel Detector B-Layer, Layer-1,
Layer-2, and disks from the beginning of 2011 through November 2018 has been monitored through
measurement of the leakage current. The measurement makes use of the fact that leakage current
changes by an amount proportional to the received hadronic fluence. The data are compared to
predictions made with the Hamburg Model which is scaled to match their average magnitude. Com-
parisons of fluence predictions by PYTHIA8+FLUKA to the fluence determined from leakage current
data combined with the Hamburg Model are also made for each barrel layer and disk. Projections
of the lifetime of the Pixel Detector are made using several scenarios for expected future tempera-
tures and fluence rates and extrapolating from the present leakage current data and Hamburg Model
predictions, through year 2023 and 500 fb−1 of total collected luminosity.

Session 11: Technologies and Applications (2) / 75

Nuclear fragment energy measurements up to 400 MeV/A with
BGO crystals coupled to SiPM arrays
Authors: Nazar Bartosik1; Lorenzo Scavarda2; Piergiorgio Cerello3; Stefano Argiro4

Co-authors: Luciano Ramello 5; Veronica Ferrero 6; Giuseppe Giraudo 1; Raul Arteche Diaz 7; Ernesto Lopez Torres
7; Francesco Pennazio 6; Nadia Pastrone 3; Marco Giuseppe Pullia 8; ivano sarra ; Mario Sitta 5; Alessandra Patera
9

1 Universita e INFN Torino (IT)
2 INFN - National Institute for Nuclear Physics
3 INFN
4 Universita di Torino and INFN (IT)
5 Universita del Piemonte Orientale (IT)
6 Università degli Studi di Torino (Unito)
7 Center of Technological Applications & Nuclear Development (CU)
8 Fondazione CNAO (IT)
9 Università degli Studi di Torino (UNITO)

CorrespondingAuthors: nazar.bartosik@cern.ch, nadia.pastrone@to.infn.it, cerello@to.infn.it, francesco.pennazio@unito.it,
sitta@to.infn.it, veronica.ferrero@unito.it, ivano.sarra@lnf.infn.it, marco.pullia@cnao.it, alessandra.patera@unito.it,
lorenzo.scavarda@to.infn.it, ernesto.lopez.torres@cern.ch, artechedi@cern.ch, ramello@to.infn.it, giraudo@to.infn.it,
stefano.argiro@cern.ch

Themeasurement of proton and light nuclei fragmentation cross sectionswith energies up to 400MeV /A,
which is relevant for improving treatment-planning systems in hadron therapy, is the primary goal
of the FOOT (FragmentatiOn Of Target) experiment. FOOT will use an inverse-kinematic approach
profiting from the Lorentz boost to detect nuclear fragments that would otherwise stop in the target.
The momentum, time of flight and energy will be measured by a spectrometer, a thin scintillator and
a BGO calorimeter respectively, and will make mass identification possible. In this work we present
the design of the BGO calorimeter and performance of its prototype.
The use of SiPM arrays coupled to the crystals allows a compact design for the calorimeter. We
tested 2 different FBK SiPM arrays with 15 and 20 µmmicrocell size, respectively, coupled to 24 cm
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long BGO crystals in two different configurations (reflective for 15 and absorbent for 20). At the
CNAO facility in Pavia, Italy, we have measured the detector response to low intensity (∼ 10KHz)
proton and carbon beams with energies up to 220 MeV and 400 MeV /A, respectively. The reflec-
tive configuration on the 15 µm provides the best results: energy resolution is below 1% for carbon
ions and smaller than 2% for protons down to 120 MeV ; it increases to 3% for 70 MeV protons.
Moreover, no saturation effect up to 4.8GeV deposited energy is found. Non-linear response to ion-
izing particles is observed, which can be caused by scintillation quenching effects. The SiPM signals
are sampled at 1 GHz rate to extract temporal properties of the light pulses. Observed differences
in shapes of the pulses provide an additional possibility for particle identification and improved en-
ergy correction. Therefore, the 15 µm SiPMs are a good candidate for a photosensor in the BGO
calorimeter of the FOOT experiment.

Session 9: LGAD (2) / 76

Position sensitive LGADs with single photon counting readout
for X-ray detection
Authors: Anna Bergamaschi1; Marie Andrae2; Jiaguo Zhang3; Giacomo Borghi4; Maurizio Boscardin5; Nicolo Car-
tiglia6; Martin Brueckner3; Sabina Chiriotti Alvarez7; Gian Franco Dalla Betta8; Roberto Dinapoli3; Marco Ferrero6;
Francesco Ficorella4; Erik Fröjdh3; Dominic Greiffenberg9; Markus Meyer1; Davide Mezza3; Aldo Mozzanica7; Lu-
cio Pancheri8; Giovanni Paternoster4; Sophie Redford7; Bernd Schmitt3; Xintian Shi10; Valentina Sola6; Gemma
Tinti11

1 PSI
2 Eidgenoessische Technische Hochschule Zuerich (CH)
3 Paul Scherrer Institut
4 FBK
5 FBK Trento
6 Universita e INFN Torino (IT)
7 PSI - Paul Scherrer Institut
8 Università di Trento, Dipartimento di Ingegneria Industriale, I-38123 Trento, Italy and TIFPA INFN, I-38123 Trento,

Italy
9 PSI - Paul Scherrer Institute
10 Paul Scherrer Institute
11 p

CorrespondingAuthors: marie.andrae@psi.ch, bernd.schmitt@psi.ch, cartiglia@to.infn.it, sabina.chiriotti-alvarez@psi.ch,
gemma.tinti@psi.ch, marco.ferrero@cern.ch, erik.froejdh@psi.ch, boscardi@fbk.eu, valentina.sola@cern.ch, pater-
noster@fbk.eu, dominic.greiffenberg@psi.ch, gborghi@fbk.eu, roberto.dinapoli@psi.ch, xintian.shi@psi.ch, aldo.mozzanica@psi.ch,
jiaguo.zhang@psi.ch, davide.mezza@psi.ch, anna.bergamaschi@psi.ch, sophie.redford@psi.ch

In the past decade, hybrid silicon detectors with single photon counting readout have been a break-
though for several hard X-ray experimental techniques.
However, they still cannot be used for X-ray energies below 2 keV, since the electronic noise be-
comes comparable to the charge generated by single X-rays.
The amplification provided by LGAD sensors improves the signal-to-noise ratio and the signal of a
photon can be discriminated from the electronic noise even for low energies. This can extend the
single photon counting capability to the soft X-ray energy range.
The gain, electronic noise, signal-to-noise ratio as well as the fill factor of 150 um pitch microstrip
sensors fabricated at FBK have been characterized using X-rays.
Although improvements in the segmentation and in the quantum efficiency for soft X-rays are re-
quired, these preliminary measurements show that LGADs are a promising technology for accessing
the soft X-ray energy range using single photon counting readout.

Session 5: Planar Sensors (2) / 78
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Charge collection efficiency study of neutron irradiated silicon
pad detectors for the CMS High Granularity Calorimeter
Author: Timo Hannu Tapani Peltola1

1 Texas Tech University (US)

Corresponding Author: timo.hannu.tapani.peltola@cern.ch

The replacement to the existing endcap electromagnetic and hadronic calorimeters in CMS for the
high-luminosity running at the LHC (HL-LHC), will be a High Granularity Calorimeter (HGCAL)
that will provide unprecedented information on electromagnetic and hadronic showers in the intense
pileup of the HL-LHC. The electromagnetic section and the high-radiation region of the hadronic
section will use hexagonal silicon sensors of thicknesses from 100 to 300 µm as active material. The
radiation hardness of these sensors is the focus of this study.

Charge collection efficiency (CCE) is the single most revealing parameter to determine the level of
radiation hardness of a silicon detector. To reduce increasing bulk leakage current with fluence the
silicon sensors at HGCAL will be operated at -30° C. Thus, the CCE investigation of 30 irradiated
samples was carried out at the target temperature of HGCAL.

We present CCE results of silicon sensors irradiated with neutrons at Rhode Island Nuclear Sci-
ence Center (RINSC) and UC Davis McClellan Nuclear Research Center (MNRC) reactors up to 1e16
neq/cm2 fluences, as expected for HGCAL. Charge injections were generated by an infrared laser
that models a minimum ionizing particle by penetrating the whole thickness of the investigated sen-
sors, that include both polarities for the three thicknesses planned for HGCAL. The study involved
samples from 8-inch wafers, which will be the HGCAL sensor size, as well as reference samples from
6-inch wafers. Conclusions between polarities and thicknesses to be applied for different fluence re-
gions will be made, as well as comparisons with CCE reproduced by a simulation.

Session 2: Planar Sensors (1) / 80

Performance of LPNHE/FBK/INFN thin n-on-p planar pixels sen-
sors for the ATLAS ITk
Authors: Marco Bomben1; Reem Hani M Taibah1; Giovanni Calderini1; Giovanni Marchiori2; Francesco Cresci-
oli1; Louis D’Eramo1; Maurizio Boscardin3; Luciano Bosisio4; Nanni Darbo5; Gian Franco Dalla Betta3; Gabriele
Giacomini6; Marco Meschini7; Alberto Messineo8; Sabina Ronchin9; Nicola Zorzi10; Dmytro Hohov11; Anastasia
Kotsokechagia12

1 Centre National de la Recherche Scientifique (FR)
2 LPNHE Paris
3 Universita degli Studi di Trento è INFN (IT)
4 Universita e INFN (IT)
5 Universita e INFN Genova (IT)
6 Brookhaven National Laboratory
7 Universita e INFN, Firenze (IT)
8 Universita di Pisa & INFN (IT)
9 FBK
10 Fondazione Bruno Kessler - FBK
11 Universite de Paris-Sud 11 (FR)
12 LAL

CorrespondingAuthors: anastasia.kotsokechagia@cern.ch, louis.d’eramo@cern.ch, ronchin@fbk.eu, bosisio@ts.infn.it,
giacomini@bnl.gov, francesco.crescioli@lpnhe.in2p3.fr, marco.bomben@cern.ch, dmytro.hohov@cern.ch, alberto.messineo@cern.ch,
zorzi@fbk.eu, marco.meschini@cern.ch, maurizio.boscardin@cern.ch, giovanni.marchiori@cern.ch, giovanni.darbo@ge.infn.it,
gian.franco.dalla.betta@cern.ch, giovanni.calderini@cern.ch, reem.hani.m.taibah@cern.ch
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In view of the LHC upgrade phases towards the High Luminosity LHC (HL-LHC), the ATLAS exper-
iment plans to upgrade the Inner Detector with an all-silicon system.
The n-on-p silicon technology is a promising candidate to achieve a large area instrumented with
pixel sensors, since it is radiation hard and cost effective.
The paper reports on the performance of thin n-on-p planar pixel sensors produced by FBK-CMM;
the sensors were bum-bonded to the new
RD53A prototype chip.
After discussing the sensor technology an overview of 2018 testbeam results of the produced
devices will be given, before and after irradiation, including cluster
properties, hit and charge collection efficiency and space resolution.

Session 10: CMOS Sensors (2) / 81

The PERCIVAL soft X-ray Detector
Author: Jonathan Correa Magdalena1

1 Deutsches Elektronen-Synchrotron DESY

Corresponding Author: jonathan.correa@cfel.de

The PERCIVAL collaboration to develop a soft X-ray imager able to address the challenges of high
brilliance light sources such as new-generation synchrotrons and Free Electron Lasers, has reached
one of its major milestones: a full 2-MegaPixel (P2M) system (uninterrupted 4 x 4 cm2 active area)
has already seen its first light.

Smaller prototypes of the device, a monolithic active pixel sensor based on CMOS technology, have
already been fully characterised, and have demonstrated high frame rate, large dynamic range, and
relatively high quantum efficiency.

The PERCIVAL modular layout allows for clover-leaf like arrangement of up to four P2M systems.
Moreover, it will be post-processed in order to achieve a high quantum efficiency in its primary
energy range (250 eV to 1 keV).

We will present the P2M system, its status and newest results, bring these in context with achieved
prototype performance, and outline future steps.

Session 1: Tracking detectors for HEP experiments / 82

Sensors and Electronics for 4D tracking: the TIMESPOT project

Author: Adriano Lai1

1 Universita e INFN, Cagliari (IT)

Corresponding Author: adriano.lai@ca.infn.it

High Luminosities planned at colliders of the next decades pose very severe requirements on vertex
detector systems in terms of space resolution (tens of µm), radiation hardness (5 to 10 x 10ˆ16 1 MeV
neutron equivalent cmˆ-2 and some Grad) and data throughput (nxTbit/s). Expected event pile-up
(more than 100) introduces the need to add high resolution time measurements (better than 100 ps)
already at the single pixel level, for both real-time and off-line track reconstruction.
This demand pushes towards a new concept of vertex detector system, where all these features must
operate at the same time.
The TIMESPOT project (TIME and SPace real-time Operating Tracker) is a R&D project, financed
by INFN, whose strategy consists in facing this experimental challenge at system level. It consists
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of a research team gathering together state-of-the-art knowledges from different expertises and dis-
ciplines, in such a way to finalize existing technologies in the direction of an innovative tracking
apparatus.
Many intersting results are already available as an outcome of the TIMESPOT activity. In sensor
development, a 3D trench-based geometry has been chosen to be the best one concerning high time
resolution applications and has been already submitted for fabrication. Activity on the design of
dedicated front-end in 28-nm CMOS has led to the submission of a complete pixel read-out circuit,
also integrating a TDC with 15 ps r.m.s. resolution. A special care is being dedicated to the devel-
opment of real-time reconstruction algorithms for tracking. Pre-processing is based on the concept
of so-called stubs or tracklets, which cam be pre-constructed and combined already at the front-end
level.
In this paper, after a short overview of the project, we will illustrate some of TIMESPOT results
obtained so far, with special emphasis on 3D trench sensors and front-end pixel electronics for high
resolution timing.

Session 7: LGAD (1) / 84

CHARACTERISATIONOF50 µmTHICKLGADMANUFACTURED
BY FBK AND HPK
Authors: Valentina Sola1; Roberta Arcidiacono1; Nicolo Cartiglia1; Marco Costa1; Marco Ferrero1; Marco Mandur-
rino2; Maria Margherita Obertino1; Federico Siviero1; Amedeo Staiano1; marta tornagoNone

1 Universita e INFN Torino (IT)
2 INFN

CorrespondingAuthors: roberta.arcidiacono@cern.ch, marta.tornago@edu.unito.it, marco.ferrero@cern.ch, valentina.sola@cern.ch,
federico.siviero@edu.unito.it, margherita.obertino@cern.ch, cartiglia@to.infn.it, marco.mandurrino@to.infn.it, marco.costa@cern.ch,
amedeo.staiano@to.infn.it

In this contribution, we will present the latest results from laboratory measurements on 50 µm thick
LGAD fabricated by FBK and HPK. We will concentrate on the overall quality of the production,
on the gain uniformity, and in a detailed study of the gain termination implant and its effect on the
breakdown point.

Session 4: Technologies and Applications (1) / 85

Development of gamma insensitive semiconductor based diagnos-
tics to qualify intense thermal neutron fields at the e_LiBANS fa-
cility.
Author: Marco Costa1

Co-authors: Roberto Bedogni ; Valeria Monti 1; Elisabetta Durisi 2; Marco Ferrero 1; Oriol Sans Planell 3; Lorenzo
Visca 3; Andrea Pola 4; Jose Maria Gomez Ros 5

1 Universita e INFN Torino (IT)
2 INFN - National Institute for Nuclear Physics
3 Universita & INFN Torino
4 Politecnico & INFN Milano
5 Ciemat

CorrespondingAuthors: marco.costa@cern.ch, roberto.bedogni@lnf.infn.it, elisabetta.durisi@to.infn.it, marco.ferrero@cern.ch,
valeria.monti@cern.ch
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Compact silicon and silicon-carbide detectors were developed to qualify and monitor the intense
thermal neutron field produced at the e_LIBANS facility in Torino, where typical fluence rates are
of the order of 2 x 106 cm-2s-1 . The devices are sensitized to neutrons by means of a 6LiF deposit
process optimized to maximize the neutron capture probability and the subsequent detection of the
alphas and tritons reaction products. This communication describes the study of the performances
of these detectors, based on dedicated measurement campaigns, in terms of linearity, gamma in-
sensitivity and radiation hardness. Applications in spatial field mapping and in moderator based
spectrometry are shown.

Session 11: Technologies and Applications (2) / 86

Advantages and needs in time resolving tracker for astro-particle
experiments in space
Authors: Valerio Formato1; Matteo Duranti1

1 Universita e INFN, Perugia (IT)

Corresponding Authors: valerio.formato@cern.ch, matteo.duranti@cern.ch

Since the 90’s almost every astro-particle experiment operating in space included a tracker.
The requirements in terms of spatial resolution depend on the type of tracker: 10 µm or less for
a spectrometric detector and 30-40 µm or even more for a gamma-ray tracker-converter or for a
calorimetric experiment. With a total available powers of few hundreds of Watts and tens of m2 of
areas to be covered, another important requirement is the power consumption: each channel must
require at the level of 1 mW or even more.
Current development in silicon detectors, such as LGAD, permit to include also temporal capability
with resolution of tens of ps. At the same time the current technology in the front-end electronics
would allow to read-out this kind of detectors with few mW per channel
In this contribution the advantages of a time resolving tracker in a typical astro-particle detector
will be reviewed and a preliminary evaluation, based on a custom MC simulation, of the needed
time resolution will be presented.

Session 11: Technologies and Applications (2) / 87

Development and operations of INFNopticalmodules for the SCT
Telescope camera proposed for the CTA Observatory
Author: Valerio Vagelli1

1 Universita e INFN, Perugia (IT)

Corresponding Authors: luca.tosti@pg.infn.it, valerio.vagelli@cern.ch

The Schwarzschild-Couder Telescope (SCT) is a proposal for the Medium Size Telescopes of the
Cherenkov Telescope Array that is based on a two-mirror optical system designed to improve the
telescope field of view and image resolutionwith respect to the single mirror Davies-Cotton solution.
The SCT camera is planned to be instrumented with 177 photodetection modules, each composed
of 64 Silicon Photomultiplier (SiPM) pixels. The third generation of 6x6mmˆ2 high density NUV
SiPMs (NUV-HD3) produced by Fondazione Bruno Kessler in collaboration with INFN has been used
to equip optical units to be integrated on the upgrade of the camera of the Schwarzschild-Couder
Telescope prototype (pSCT) operating at the Fred LawrenceWhipple Observatory. Each optical unit
is composed of an array of 16 NUV-HD3 SiPMs coupled with the front-end electronics designed for
full-waveform nanosecond readout and digitization using the TARGET-7 ASIC. The units have been
assembled and tested in the laboratories of INFN and are now integrated on the camera of the pSCT
telescope. In this contribution we report on the development, assembly and calibration of the optical
units that are currently taking data on the pSCT camera.
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Session 2: Planar Sensors (1) / 88

Measurements ofNitroStrip detectors irradiatedwith protons and
neutrons
Authors: Alexander Dierlamm1; Eckhart Fretwurst2; Giulio Pellegrini3; Jan Cedric Honig4; Jan-Ole Gosewisch1;
Joan Marc Rafí5; Joern Schwandt6; Leena Diehl7; Liv Wiik-Fuchs4; Marta Baselga1; Matteo Centis Vignali8; Michael
Moll8; Pawel Kaminski9; Ulrich Parzefall7

1 KIT - Karlsruhe Institute of Technology (DE)
2 II. Institut fuer Experimentalphysik
3 Centro Nacional de Microelectrónica (IMB-CNM-CSIC) (ES)
4 Albert Ludwigs Universitaet Freiburg (DE)
5 Consejo Superior de Investigaciones Científicas (CSIC)
6 Hamburg University (DE)
7 Albert-Ludwigs-Universitaet Freiburg (DE)
8 CERN
9 Institute of Electronic Materials Technology

CorrespondingAuthors: michael.moll@cern.ch, leena.diehl@cern.ch, ulrich.parzefall@cern.ch, alexander.dierlamm@cern.ch,
jm.rafi@csic.es, eckhart.fretwurst@desy.de, jan-ole.gosewisch@web.de, jan.cedric.honig@cern.ch, pawel.kaminski@itme.edu.pl,
joern.schwandt@cern.ch, matteo.centis.vignali@cern.ch, liv.antje.mari.wiik@cern.ch, marta.baselga@cern.ch, giulio.pellegrini@csic.es

Silicon detectors for applications in future high energy particle physics experiments face the chal-
lenge to withstand increasing radiation doses, while stringent requirements are set on resolution
and material budget. The RD50 collaboration strives to understand the effects of radiation defects in
silicon detectors and investigates novel ideas for radiation-hard detector concepts. One promising
approach for more radiation tolerant silicon detectors is the introduction of foreign atoms into the
silicon bulk material. The NitroStrip project is a common RD50 effort that aims to understand the
effect of nitrogen enrichment on the radiation tolerance of high resistivity float zone silicon.
Silicon wafers equipped with strip sensors and diodes were manufactured using high resistivity float
zone silicon, diffusion oxygenated float zone silicon, nitrogen enriched float zone silicon or magnetic
Czochralski silicon.
This presentation summarises the comparative results obtained from measurements on these pro-
cessed diodes and strip detectors. The devices were electrically tested and irradiated to fluences
between 1e13 and 1e15 n_eq/cm². Irradiation was done with 23MeV protons at the facilities in
Karlsruhe (KIT), with 24GeV Protons at Cern (IRRAD) and 1MeV neutrons at Ljubljana. The mea-
surements on the irradiated sensors include charge collection measurements using a beta source,
measurements of the electric field distribution using a transient current technique laser setup, elec-
trical measurements and defect characterization using the thermally stimulated current technique.
Furthermore, the measurements were repeated after multiple annealing steps. Observations and
possible next steps will be discussed.

Session 9: LGAD (2) / 89

Studies of the acceptor removal mechanism in UFSD irradiated
with neutrons and protons
Author: Marco Ferrero1

Co-authors: Nicolo Cartiglia 1; Roberta Arcidiacono 1; Maria Margherita Obertino 1; Valentina Sola 1; Marco
Mandurrino 2; Amedeo Staiano 1; Federico Siviero 3; marta tornago ; Gian-Franco Dalla Betta 4; Lucio Pancheri 5;
Maurizio Boscardin 6; Giovanni Paternoster 7; Giacomo Borghi 7; Francesco Ficorella 7; Marta Baselga 8; Alexander
Droll 8; Claudius Zimmermann 8

1 Universita e INFN Torino (IT)
2 INFN
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3 INFN - National Institute for Nuclear Physics
4 INFN and University of Trento
5 University of Trento
6 FBK Trento
7 FBK
8 KIT - Karlsruhe Institute of Technology (DE)

Corresponding Authors: margherita.obertino@cern.ch, alexander.droll@cern.ch, marco.mandurrino@to.infn.it,
gianfranco.dallabetta@unitn.it, valentina.sola@cern.ch, marta.tornago@edu.unito.it, lucio.pancheri@unitn.it, gborghi@fbk.eu,
marta.baselga@cern.ch, boscardi@fbk.eu, amedeo.staiano@to.infn.it, marco.ferrero@cern.ch, paternoster@fbk.eu,
roberta.arcidiacono@cern.ch, cartiglia@to.infn.it, federico.siviero@to.infn.it, claudius.zimmermann@cern.ch

The radiation hardness of the gain layer is amain topic in the development of UFSD.The secondUFSD
production (UFSD2) by Fondazione Bruno Kessler (FBK) in Trento, in collaboration with University
of Trento and National Institute of Nuclear Physics (INFN) in Torino, demonstrated a radiation hard-
ness improvement in gain layer with co-implantation of Carbon.
In the third UFSD production (UFSD3) by FBK the Carbon implanted into the gain layer has been
split in four doses with the aim to optimize the radiation hardness.
In this contribution I will report the measurement of acceptor removal performed on UFSD3 sensors
irradiated with Neutron at fluences 4E14, 8E14 and 1,5E15 neq/cm2.
We will also report on the acceptor removal rate in UFSD induced by protons: UFSD sensors by FBK
and Hamamatsu Photonics (HPK) have been irradiated with protons at four energies –24 MeV (KIT),
70 MeV (CYRIC), 800MeV (Los Alamos), 24 GeV (IRRAD) –and the results will be compared with the
standard NIEL factor.

Session 2: Planar Sensors (1) / 90

Investigation of the interstrip isolation of p-type strip sensors

Author: Jan-Ole Gosewisch1

Co-author: Alexander Dierlamm 1

1 KIT - Karlsruhe Institute of Technology (DE)

Corresponding Authors: alexander.dierlamm@cern.ch, jan-ole.gosewisch@web.de

Nowadays silicon strip sensors in high luminosity experiments usually consist of a p-doped bulk
with n-type strip implants. General consensus is that such a design requires an additional interstrip
isolation structure like a p-stop implant. If no additional implant is implemented between the strips,
it is expected that the interstrip resistance will be insufficient before and especially after irradiation.
Before irradiation, impurities in the material lead to positive oxide charge inside the silicon dioxide
surface which attracts electrons from the bulk. Those electrons accumulate just beneath the silicon
dioxide surface and between the strip implantswhich decreases the interstrip resistance significantly.
If the interstrip resistance decreases toomuch, the spatial resolution of the detectorwill eventually be
lost. Ionising radiation introduces fixed charge inside the silicon dioxide which again decreases the
interstrip resistance and the spatial resolution is lost. Contrary to that expectation, a high interstrip
resistance was observed after heavy proton irradiation with a fluence of 1x1015neq/cm2.

This talk presents the investigation of the interstrip isolation of n+p strip sensors and how it is
affected by radiation. Therefore, sensors without a specific interstrip isolation implant are used
and irradiated with x-rays, neutrons and protons. A major focus is set on the dependence of the
interstrip resistance. Moreover, the seed and cluster signal as well as the cluster size is investigated
and compared to samples with a p-stop implant to visualise possible differences and the performance
of the samples in a real use case.
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Session 1: Tracking detectors for HEP experiments / 91

Tracking particles at fluences near 1E17 neq/cmˆ2$

Authors: Nicolo Cartiglia1; Abraham Seiden2; Hartmut Sadrozinski3

1 INFN
2 University of California,Santa Cruz (US)
3 SCIPP, UC santa Cruz

CorrespondingAuthors: cartiglia@to.infn.it, hartmut@scipp.ucsc.edu, abraham.seiden@cern.ch, nicolo.cartiglia@to.infn.it

In this talk I will review the possibility of using very thin Low Gain Avalanche Diodes (LGAD) (∼
25μm thick) as tracking detector at future hadron colliders, where particle fluence will about 1E17
neq/cm2 In the present design, silicon sensors at the High-Luminosity LHC will be 100- 200μm thick,
generating, before irradiation, signals of 1-2 fC. In our talk, we will show how very thin LGAD can
provide signals of the same magnitude via the interplay of gain in the gain layer and gain in the bulk
up to fluences of about 1E17 neq/cm2.

Session 8: 3D Sensors / 92

Fabrication of active-edge detectors without support wafer using
a unique ”perforated edge” approach
Authors: Ozhan Koybasi1; Angela Kok2; Anand Summanwar3; Marco Povoli2; Lars Breivik3

1 SINTEF
2 SINTEF MiNaLab, Oslo, Norway
3 SINTEF MiNaLab

CorrespondingAuthors: marco.povoli@sintef.no, anand.summanwar@sintef.no, lars.breivik@sintef.no, ozhan.koybasi@sintef.no

Minimisation of insensitive volume in silicon sensors is highly demanded in many applications for
high energy physics, structural biology, synchrotron experiments and nuclear medicine. A large con-
tribution to this insensitive volume is the guard rings and current terminating structures required in
conventional planar silicon sensor that surround the chip periphery. The maximum size of silicon
sensors that is optimal is limited by the diameter or dimensions of the substrate and the overall yield
of the fabrication process (the smaller the sensors the higher the overall manufacture yield). For
these reasons, many imaging applications require the tiling of multiple sensors modules together
to cover large areas. For standard silicon detectors, the insensitive guard-ring regions will result in
a loss of information and result in imperfect images. Stanford Nanofabrication Facility (SNF), was
the first to introduce the ‘active edge’, a new edge terminating structure, that replaces the insensi-
tive guard ring area. The concept is based on the original ‘3D technology’ proposed by S. Parker
et al in 1995. The technique requires through silicon substrate electrodes, formed first by etching
high aspect ratio holes using modern micromachining known as Deep Reactive Ion Etching (DRIE),
originally developed for MEMS technologies. Several laboratories worldwide have investigated this
approach using a support wafer that is required to provide mechanical integrity once the through
substrate trench surrounding the entire periphery of the sensor is etched. The trench electrodes are
subsequently doped using gas phase doping technique. Once the sensors are completed, the sup-
port wafer must be removed. This further complicates an already difficult technology. SINTEF have
recently investigated a new edgeless design concept, known as the ‘perforated edge’. The design
allows possible future manufacture without the use of the support wafer. The integrity of the device
wafer is retained since only small segments are removed during DRIE. We present here the design
concept, fabrication, and the first characterization of this newly developed edgeless detector that
can potentially be fabricated by a cost-effective manufacture process with high yield, suitable for
state-of-the-art pixel sensor module assembly.
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Session 4: Technologies and Applications (1) / 93

Newbeam test results of 3Dpixel detectors constructedwith poly-
crystalline CVD diamond
Author: Harris Kagan1

Co-author: William Trischuk 2

1 Ohio State University (US)
2 University of Toronto (CA)

Corresponding Authors: william.trischuk@cern.ch, harris.kagan@cern.ch

Detectors based on Chemical Vapor Deposition (CVD) diamond have been used
extensively and successfully in beam conditions/beam loss monitors as the
innermost detectors in the highest radiation areas of Large Hadron Collider
(LHC) experiments. Over the last two years the RD42 collaboration has
constructed a series of 3D pixel detectors using CVD diamond as the active
material with laser fabricated columns in the bulk and characterized them
in test beams. The electrical properties and latest beam test results from
2017 and 2018 of the efficiency and spatial resolution of the most recent
3D pixel detectors constructed with poly-crystalline CVD diamond will be
presented. The devices were constructed with 50 µm × 50 µm
cells with columns 2.6 µm in diameter. In one of the devices the cells
were ganged using a surface metalization layer in a 5 × 1 cell
pattern to match the geometry of the ATLAS FE-I4 pixel readout electronics
and in the other the cells were ganged using a surface metalization
layer in a 3 × 2 cell pattern to match the geometry of the CMS
PSI46digV2.1-respin pixel readout electronics. In beam tests, using tracks
reconstructed with a high precision tracking telescope, both devices
achieved tracking efficiencies greater than 97\%. In the same beam tests,
the first pulse height distributions from poly-crystalline CVD
diamond 3D pixel devices were measured. Finally, the latest test beam
results of irradiated poly-crystalline CVD diamond pad and pixel detectors
will be presented.

Session 10: CMOS Sensors (2) / 94

Measurement of effective space charge concentration vs. neutron
fluence in p-type substrates from LFoundry
Author: Igor Mandić1

1 Jozef Stefan Institute (SI)

Corresponding Author: igor.mandic@ijs.si

RD50 submitted a pixel detector prototype ASIC in 150 nm CMOS technology at LFoundry. The chip
contains passive pixel arrays near the edge of the chip suitable for E-TCT measurements. The chips
were manufactured on p-type silicon with two different initial resistivities. Chips were irradiated
with neutrons in the Triga reactor in Ljubljana to several fluences up to maximal fluence of 2e15
n/cm2. Evolution of effective space charge concentration with neutron fluence was measured with
E-TCT for the two different initial resistivities. Acceptor removal parameters were estimated and
compared with other measurements.

Session 3: Radiation effects in HEP experiments / 95
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Development of the BCM’ abort and luminosity system at the
HL-LHC based on poly-crystalline CVD diamond pixel-pad de-
tectors
Author: Bojan Hiti1

Co-authors: Harris Kagan 2; Igor Mandic 1; Marko Mikuz 1

1 Jozef Stefan Institute (SI)
2 O

CorrespondingAuthors: marko.mikuz@cern.ch, kagan.1@osu.edu, bojan.hiti@cern.ch, igor.mandic@ijs.si

For protecting the inner detectors of experiments and for monitoring the delivered luminosity at
HL-LHC a radiation hard beam monitor is being developed. The BCM’ proposal consists of a set
of detectors based on poly-crystalline Chemical Vapor Deposition (pCVD) diamonds and dedicated
Application Specific Integrated Circuit. Due to the large range of particle flux through the detector,
flexibility is very important. To satisfy the constraints imposed by theHL-LHCwe propose a solution
based on segmenting each single diamond sensor into multiple devices of varying size and reading
them out with a new multichannel readout chip bump-bonded to the detectors.

In this talk we describe the proposed system and present results from the first prototypes of multi-
channel pCVD diamond sensors wire-bonded to the FE electronics produced in 65 nm TSMC tech-
nology. The prototype system characterized in test beams with 120 GeV hadrons at the CERN SPS
and 260 MeV pions at PSI will be presented. Preliminary results for the amplitude distribution across
the device will be presented at different negative and positive voltages. In addition, the noise dis-
tribution and efficiency will be presented. Based on the preliminary results further development of
the system will be discussed.

Session 4: Technologies and Applications (1) / 96

SiCILIA - Silicon Carbide detectors for nuclear physics and Ap-
plications
Author: Salvo Tudisco1

1 INFN-LNS

Corresponding Authors: francesco.lavia@imm.cnr.it, tudisco@lns.infn.it

Silicon carbide (SiC) is a semiconductor material with highly suitable properties for high-power,
high-frequency, and high-temperature applications. Silicon carbide (SiC) is a semiconductor with a
wide, indirect band gap. Among all the wide band gap semiconductors, silicon carbide is presently
the most intensively studied one and the one with the highest potential to reach market maturity in
a wide field of device applications. It is a wide bandgap semiconductor with high breakdown electric
field strength, high saturated drift velocity of electrons, and a high thermal conductivity. For these
physical and electrical properties in many fields SiC overcomes silicon (Si), that is the dominating
material of electronic industry.
The chemical and physical material properties are promising for high temperature and high radiation
operation conditions [1]. The potential application of SiC as radiation hard material for detectors im-
plementation and the possible use in several new INFN projects (NUMEN,NuReLP, ELIMED, FAZIA
etc.) have led to the birth of a cooperation between INFN and IMM-CNR for a common R&D activity
on Silicon Carbide technology named SiCILIA (Silicon Carbide detectors for Intense Luminosity In-
vestigations and Applications) which has been totally funded by INFN. SiC diodes are predicted to be
radiation harder than Si due to the high displacement threshold and potentially used as detectors in
high radiation conditions. The remarkable progresses in the material growth process [2] and device
technology of the last years, allowed to realize high performances SiC devices based on p-n junction
[4]. They have been used to detect neutrons, X-rays, protons, alpha particles and heavier ions [5].
For nuclear community is very important the realization of detection system that can operate with
high fluxes (10ˆ7 pps/mˆ2) and fluences (10ˆ14 cmˆ-2) of heavy-ions in order to determine the cross
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sections of very rare phenomena (i.e. such as double charge exchange reactions). Silicon carbide
technology offers today an ideal response to such challenges, since it gives the opportunity to cope
the excellent properties of silicon detectors (resolution, efficiency, linearity, compactness) with a
much larger radiation hardness (up to five orders of magnitude for heavy ions [6]), thermal stability
and insensitivity to visible light. In the framework of SiCILIA [6] activities, several measurements
have been performed on SiC prototypes, by using radioactive source and ions beams. In the contri-
bution we discuss the project and the main results comparing also the SiC performance with that of
others standard detectors.
References
[1] F. Nava, G. Bertuccio, A. Cavallini, E. Vittone Meas. Science Tech. 19, 102010 (2008)
[2] F. La Via, M. Camarda, A. La Magna, Appl. Phys. Rev., 1, 031301 (2014)
[3] M. Cutroneo et J. Material Res. 28, 87 (2012)
[4] F. Moscatelli, A. Scorzoni, et al. Nucl. Instr. Meth A 546, 218 (2005)
[5] ]M. De Napoli et al. Nucl. Instr. Meth in Physics Research A 608, (2009)
[6] S.Tudisco et al. , Sensors 2018 Jul 15;18(7). pii: E2289. doi: 10.3390/s18072289.

Session 1: Tracking detectors for HEP experiments / 97

The CMS Pixel Detector Upgrade and R&D developments for the
High Luminosity LHC
Author: Rudy Ceccarelli1

1 Universita e INFN, Firenze (IT)

Corresponding Author: rudy.ceccarelli@cern.ch

The High Luminosity Large Hadron Collider (HL-LHC) at CERN is expected to collide protons at
a centre-of-mass energy of 14 TeV and to reach the unprecedented peak instantaneous luminosity
of 5 − 7.5x1034cm−2s−1 with an average number of pileup events of 140-200. This will allow the
ATLAS and CMS experiments to collect integrated luminosities up to 3000-4500 fb−1 during the
project lifetime. To cope with this extreme scenario the CMS detector will be substantially upgraded
before starting the HL-LHC, a plan known as CMS Phase-2 upgrade. The entire CMS silicon pixel
detector will be replaced and the new detector will feature increased radiation hardness, higher
granularity and capability to handle higher data rate and longer trigger latency. In this talk the
Phase-2 upgrade of the CMS silicon pixel detector will be reviewed, focusing on the features of the
detector layout and on developments of new pixel devices.

Session 3: Radiation effects in HEP experiments / 99

Radiation effects in the CMS phase 1 pixel detector
Author: Jory Sonneveld1

1 Hamburg University (DE)

Corresponding Author: jory.sonneveld@cern.ch

TheCompactMuon Solenoid (CMS) pixel detector has been replaced in 2017 tomeet the challenges of
the high-pileup and high-luminosity environment from proton-proton collisions at the LargeHadron
Collider (LHC).The current phase 1 CMS pixel detector has 4 barrel layers and 3 endcap disks tomain-
tain tracking performance at instantaneous luminosities of 2x10e34/cm2/s, and now has withstood
fluences up to 1e15 neq/cm2. The detector uses modules with n+ in n sensors of 100x150um2 with an
active layer of 285um. The sensors are connected to PSI46dig readout chips, except for the innermost
barrel layer where sensors are connected to PROC600 chips that have been designed especially to
handle the high rates of the innermost layer.
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In this presentation we discuss radiation-induced changes in pixel sensor and chip properties in-
cluding depletion voltage and leakage current, as well as operational experience and lessons learned
in dealing with these changes. We also present variations of radiation-induced changes with tem-
perature, fluence, and time and results on performance and tracking observables. A model of these
radiation-damaged induced pixel sensor properties is compared to data and is used to predict the
sensor properties over the course of the LHC run 3.

Session 2: Planar Sensors (1) / 100

Planar pixel sensor development for the CMS Phase II upgrade

Author: Joern Schwandt1

1 Hamburg University (DE)

Corresponding Author: joern.schwandt@cern.ch

TheLHC is planning an upgrade programwhichwill bring the luminosity up to about 7.5·1034cm−2s−1

in 2027, with the goal of an integrated luminosity of 3000 fb−1 by the end of 2037. This High Lumi-
nosity scenario, HL-LHC, will present new challenges of higher data rates and increased radiation
tolerance for the pixel detector (2·1016neq/cm2, or equivalently 1 Grad, is expected on the inner pixel
layer for 3000 fb−1 integrated luminosity). To build a pixel detector with good performance under
these conditions, planar pixel sensors are the baseline technology for layers 2-4, while for layer 1 of
barrel and forward pixel sensors, 3D sensors are considered as an option. A variety of n-in-p planar
pixel sensors with pixel sizes of 50 × 50 μm2 and 100 × 25 μm2 and active thicknesses between 100 μm
and 150 μm have been designed and produced at Hamamatsu Photonics and at FBK on 6 inch wafers.
They were bump bonded at Fraunhofer IZM to ROC4Sens and RD53A read-out chips. Apart from
the pixel size, the design variants differ with respect to the implantation and metalization geometry
as well as the pixel isolation and biasing scheme. To select the most promising design ROC4Sens
modules have been irradiated at CERN IRRAD with protons up to 4 · 1015neq/cm2, at JSI Triga with
neutrons up to 8 ·1015neq/cm2, and RD53A modules with protons up to 1 ·1016neq/cm2. In this talk
results of irradiated as well as unirradiated planar sensor modules tested in the DESY and CERN test
beam facility will be presented.

Session 6: CMOS Sensors (1) / 101

Design of fast depleted CMOS pixels for particle detection within
the CERN-RD50 collaboration
Author: Chenfan Zhang1

Co-authors: Raimon Casanova Mohr 2; Marlon B. Barbero 3; Gianluigi Casse 4; Matthew Lewis Franks ; Jose Maria
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Pinto 5; Sam Powell 6; Patrick Pangaud 7; Eva Vilella Figueras 4; Joost Vossebeld 4
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The industrial standard High Voltage CMOS (HV-CMOS) technology is a promising candidate for
future particle physics experiments. TheCERN-RD50 collaboration develops depleted CMOS sensors
to improve their features so that they meet the requirements of future particle physics experiments.
In this work we propose the design of a new prototype chip based on LFoundry 0.15um technology,
which focuses on minimising the leakage current, increasing the break down voltage and improving
the pixel speed. The chip consists of several test structures and an 8 x 8matrix of 60 um x 60 um pixels
with analog readout. The aim of this matrix is to improve the processing speed of depleted CMOS
sensors while keeping the noise low. Two flavours of pixels have been designed: the continuous pixel
and switched pixel. With carefully designing the amplifier and minimising the parasitic capacitance,
the continuous pixel can deal with a maximum particle rate of 20M events/sec and the switched pixel
is able to deal with as high as 50M events/sec, when the equivalent noise charge (ENC) is kept less
than 100 e-.

Session 8: 3D Sensors / 102

Performance of irradiated 3Dpixel sensors interconnected toRD53A
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In this presentation results obtained in beam test experiments with 3D columnar pixel sensors in-
terconnected with the RD53A readout chip will be reported. The 3D pixel sensors were produced at
FBK foundry in an R&D agreement with Istituto Nazionale di Fisica Nucleare (INFN, Italy). A few
modules, each consisting of a 3D pixel sensor bump-bonded to an RD53A chip, were irradiated at the
CERN IRRAD facility to an equivalent fluence of about 1E16 neq/cm2 (1MeV equivalent neutrons).
The modules were tested on high energy proton beams, both at CERN H6, using Bdaq53 hardware
and software framework, and at the Fermilab Test Beam Facility (FTBF) using Yarr system. Results
obtained from the two different systems will be shown, comparing module performance before and

Page 16



14th ”Trento” Workshop on Advanced Silicon Radiation Detectors / Book of Abstracts

after irradiation. Preliminary analysis of collected data shows hit detection efficiencies measured af-
ter irradiation which already at the level of the values required for the upgrade of the inner tracker
of the CMS experiment.

Session 1: Tracking detectors for HEP experiments / 103

The CMS Outer Tracker Upgrade for the High Luminosity LHC

Author: Jarne Theo De Clercq1

1 Vrije Universiteit Brussel (BE)

Corresponding Author: jarne.theo.de.clercq@cern.ch

The High Luminosity Large Hadron Collider (HL-LHC) at CERN is expected to collide protons at
a centre-of-mass energy of 14 TeV and to reach the unprecedented peak instantaneous luminosity
of 5 − 7.5x1034cm−2s−1 with an average number of pileup events of 140-200. This will allow
the ATLAS and CMS experiments to collect integrated luminosities up to 3000-4500 fb−1 during the
project lifetime. To cope with this extreme scenario the CMS detector will be substantially upgraded
before starting the HL-LHC, a plan known as CMS Phase-2 upgrade. CMS Tracker detector will
have to be replaced in order to fully exploit the delivered luminosity and cope with the demanding
operating conditions. The new detector will provide robust tracking as well as input for the first level
trigger. This report is focusing on the replacement of the CMS Outer Tracker system, describing
new layout and technological choices together with some highlights of research and development
activities.

Session 2: Planar Sensors (1) / 104

Temperature and frequency dependentCVmeasurements of highly
irradiated ATLAS strip detectors and diodes for impedance spec-
troscopy
Authors: Sven Mägdefessel1; Riccardo Mori2; Ulrich Parzefall2

1 University Freiburg
2 Albert-Ludwigs-Universitaet Freiburg (DE)

CorrespondingAuthors: riccardo.mori@cern.ch, sven.maegdefessel@physik.uni-freiburg.de, ulrich.parzefall@cern.ch

For medium and highly irradiated silicon devices such as
strip detectors or diodes it has been observed that the commonly used CV
method for deriving depletion voltage as well as doping level is not as easily
applicable as for unirradiated devices. The reason for the arising difficulties is
that defects created in silicon can capture and release charge
carriers and therefore show a time dependency which affects the CV
measurement. To be able to measure highly irradiated sensors a setup has
been designed and assembled which enables a CV frequency variation down to
20Hz and temperature control to get down to -20 to -40℃ to
investigate the influence of the defects superimposing the geometrical
behaviour of the devices. With the measured data an impedance
spectroscopy has been performed to differentiate between a
capacitive (the ideal case) and a resistive behaviour which allows
a determination of an effective time constant for the defects present.
Lowering the temperature offers the possibility to increase
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this time constant according to Boltzmann’s law, and by this an
effective energy depth of trap levels can be calculated.

Comparison with unirradiated devices indicates the effects introduced by
radiation damage and comparison of diodes with strip detectors shows the
role of the segmented front side.
As expected, strip detectors show at high frequencies a deviation from a
pure capacitive behaviour which can be explained by the RC element
caused by bias resistors. For unirradiated devices no
temperature dependence is observed as it would be expected for a constant resistance
whereas for irradiated sensors we observe a strong temperature dependece
which can only be explained by either a temperature dependent resistance
or some interaction with defects in the silicon.
Furthermore, it is shown which frequencies of the CV measurements are an optimal choice for dif-
ferent analysis goals like doping or effective energy
depth determination.

Session 9: LGAD (2) / 105

Radiation tolerance of thin LGAD detectors and in-depth study
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A comprehensive radiation tolerance study of LGAD pad-like sensors manufactured at IMB-CNM
and irradiated at CERN’s PS-IRRAD proton facility up to a fluence of 3× 1015neq/cm

2 is presented
here. Two different active thicknesses were studied: 35-microns and 50-microns; the effect of carbon
co-implantation on the radiation tolerance was also investigated.
The building block LGAD sensor of proposed timing detector systems for the LH-LHC is designed
as a pad diode matrix. The timing resolution of this LGAD sensor is severely degraded when the
MIP particle hits the inter-pad region since there is no amplification in this region. This limitation
is named as the LGAD \textit{fill-factor problem}. To overcome the fill factor problem, a p-in-p
LGAD (Inverse LGAD) was introduced. Contrary to the conventional LGAD, the ILGAD has a non-
segmented deep p-well (the multiplication layer). An in-depth study of the timing performance of
an ILGAD prototype is presented. The realistic systematic effects that may degrade its timing per-
formance are quatified. These studies were performed within the context of the RD50 collaboration
and partially funded by the H2020 EU project AIDA-2020.
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Session 3: Radiation effects in HEP experiments / 106

Radiation Damage studies with the LHCb VELO
Authors: William James Barter1; Kazuyoshi Carvalho Akiba2; Paula Collins3

1 Imperial College (GB)
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The VELO detector at the LHCb experiment is a silicon microstrip detector, and has operated for
the first two periods of LHC running, with the most irradiated regions receiving fluences of over
4E14, 1MeV n_{eq} cmˆ{-2} by the end of this period. We review the impact of this radiation on the
sensors, considering the impact on the leakage current, charge collection efficiency, cluster finding
efficiency, and the depletion voltages, comparing this behaviour to predictions.

A loss of signal amplitude is observed with a dependency on the distance to the routing lines. Using
the Perugia n-type bulk model and the Peltola surface damage model it is shown that up to 60% of
the charge is collected by routing lines. This is caused by trapping of the otherwise mobile electron
accumulation layer at the oxide-silicon interface, causing the shielding effect on the routing lines to
be reduced. The observed drop in cluster finding efficiency can be explained by the angular depen-
dence of charge loss to the second metal layer. The efficiency drop as function of track radius and
angle is reproduced combining 2D and 3D TCAD simulations.

Session 7: LGAD (1) / 107

Ultra Fast Strip silicon detectors for beam monitoring in proton
therapy
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Purpose
Due to their extra advantages, solid state silicon detectors were initially used in nuclear and parti-
cle physics experiments and rapidly gained widespread applications in many different fields (space,
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medical, etc.). High detection precision, radiation resistance and very good time resolution are their
main advantages that overcome many limitations of alternative gas detecting systems.
Low Gain Avalanche Detectors (LGAD) exploit the enhanced signal obtained through an extra dop-
ing layer in the conventional p/n junction of the silicon diode, to produce low thicknesses sensors
(50µm) which have a faster charge collection (˜1 ns) and an improved time resolution of few 10’s of
ps under reversed bias voltage (Ultra Fast Silicon Detectors - UFSD) and are well suited for particle
counting at high rates (100 MHz with efficiency > 99% in the current prototypes)

UFSDs are under study and development to be applied in particle therapy with two applications in
mind: counting the particles delivered to a patient in a therapeutic beam and measuring the beam
particle’s energy through time-of-flight methods.
Methods
Two different designs of strip detectors have been developed at the Italian National Institute of Nu-
clear Physics (INFN) of Torino (Italy) in collaboration with the Bruno Kessler Foundation (FBK) of
Trento, Italy, where the sensors were produced.
The first was optimized for high rate counting and was produced in two geometries: segmented in
20 short strips (length=15mm; pitch=200µm) or 30 longer strips (length=30mm; pitch=146 µm). The
sensors will be read out with new version of TERA chip which was designed and developed at Turin
university microelectronics lab to reach fast counting with rates up to 100MHz /channel.
Dedicated pile-upmitigation algorithms are under study andwill be implemented in the FPGAwhere
the logical pulses in output for the readout ASIC are collecting for real-time counting and analysis.
The second design was optimized, through a simulation with Geant4, in order to maximize the effi-
ciency of coincidences for single protons passing two thinned sensors aligned to the beam, allowing
to measure precisely the time of flight and hence the beam particle’s energy. This led to a design
with a square shape segmented in 8 strips (length=4mm; pitch=590µm).
Results
Strips sensors were characterized in the laboratory through laser test and I(V) curve studies and
were also tested with therapeutic proton beams, with energy ranging from 62 to 227 MeV. Beam test
results were obtained analyzing the waveforms collected using a digitizer.
The pileup inefficiency was measured by varying the beam flux and comparing the measured num-
ber of protons with the charge collected in a pinpoint dosimeter. The correction methods proposed
were found operate up to an average count rate of 40 MHz, where the initial 30% counts loss was
reduced to 8%.
The new UFSD sensors designed for energy measurement have not been tested on beam yet. How-
ever, Energy measurements using UFSD pads showed possibility to estimate beam energy using time
of flight techniques with a statistical error as small as 0.4% at the highest beam energy and detectors
at about 1m distance.
Conclusions
Based on the preliminary results, UFSDs are found to be promising for beam qualification and mon-
itoring in Particle Therapy. The aim of this contribution is to report results of lab and beam tests
using UFSD strip sensors with a therapeutic proton beam.

Session 11: Technologies and Applications (2) / 108

Relative Stopping Power measurement and metallic prosthesis
artifacts reduction in proton Computed Tomography
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In hadron therapy a highly conformed irradiation field is delivered to the target by moving the beam
and modulating its energy.
Treatment plans require preciselymeasured patients’ Relative (towater) Stopping Power (RSP)maps,
which are currently extracted from X-rays tomographies. This translation unavoidably introduces
uncertainties in the determination of the RSP maps.
The employment of protons themselves for the tomographic imaging of the patients (proton Com-
puted Tomography - pCT) could mitigate this source of errors.
Such an application basically needs a tracker, to trace the trajectory of each proton, and a calorime-
ter, to estimate its energy loss inside the patient.
The Prima-RDH-IRPT collaboration built a 5x20 cm2 field of view pCT apparatus, suitable for pre-
clinical studies, composed of a microstrip silicon tracker and a YaG:Ce calorimeter. We have recently
tested this apparatus using appropriate test objects (phantoms) at the Trento ProtonTherapy center.
In this contribution, we present tomographies of an electron density calibration phantom and an an-
thropomorphous head phantom, together with an introduction of the experimental apparatus, the
analysis method and the reconstruction algebraic algorithms.
A very good correlation between measured and expected RSP was obtained from the density phan-
tom tomography, with discrepancies less than 1%.
Simultaneously, we produced tomographic sections of the anthropomorphous head, showing some
of its anatomical structures.
Furthermore, in comparison with X-rays tomographies, we pointed out the drastic reduction of ar-
tifacts due to the presence of metallic prosthesis, which are visible in the anthropomorphous head
tomographies.

Session 9: LGAD (2) / 109

Development of large-area UFSD sensors for the CMS MIP Tim-
ing Detector
Author: Roberta Arcidiacono1
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The CMS MIP Timing Detector, proposed for the HL-LHC upgrade, will be instrumented with O(10)
square meters of ultra-fast Silicon detectors (UFSD) in the forward region. These UFSDs are aimed at
measuring the time of passage of each track with a precision of about 30 ps. In this presentation, the
progress towards the development of this large area detector is reviewed, pointing out the current
status and the R&D path toward the final sensor design.

Session 6: CMOS Sensors (1) / 110

Large Area Monolithic Pixel Detectors implemented in 180 nm
HVCMOS Process
Author: Ivan Peric1
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Corresponding Author: ivan.peric@kit.edu

HVCMOS pixel detectors developed for applications in particle physics (experiments Mu3e, ATLAS,
CLIC) will be presented. The detectors have been implemented in 180 nm commercial HVCMOS
process. High resistivity substrates and quadruple well structure have need used. The sensors have
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been realized as systems on a chip, they contain active pixel matrix, readout circuits and digital
blocks. Design and measurement results will be presented.

Session 1: Tracking detectors for HEP experiments / 111

Results andperspectives fromRD53on theNextGenerationRead-
out Chips for HL-LHC silicon pixel detector phase 2 upgrades

Author: Lino Demaria1
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The Phase 2 upgrades of silicon pixel detectors at HL-LHC experiments feature extreme require-
ments, such as: 50um x50um pixels, high rate (3 GHzx/cm2) unprecedented radiation levels (1 Grad),
high readout speed, serial powering. As a consequence a new readout chip is required

The RD53 collaboration has designed RD53A, a large scale chip demonstrator designed in 65 nm
CMOS technology, integrating a matrix of 400x192 pixels. It features design variations in the analog
and digital pixel matrix for testing purposes.
The chip size is 20.0mm by 11.8 mm. RD53A is not intended to be a production IC for use in an exper-
iment, and contains design variations for testing purposes, making the pixel matrix non-uniform.
The 400x192 pixel matrix features in fact three flavors of analog front-ends and two digital readout
architectures. The pixel matrix is built up of 8 by 8 pixel cores. In addition the 64 front-ends within
a core are organized in 16 so-called analog islands with 4 fronts ends each, which are embedded in
a flat digital synthesized sea.

RD53A has been submitted in August 2017, was received in December 2017 and the whole 2018 year
has been dedicated to its comprehensive characterisation.

Test results on single chips including performance qualification for the three analog front-ends will
be presented. In addition, the ongoing activities in view of the final chip implementation for the
experiments will be outlined

Session 9: LGAD (2) / 112
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Low Gain Avalanche Detectors are a promising technology in the field of ultra fast timing detectors.
Studies of the radiation hardness of LGADs have raised questions about the relation between the
onset of multiplication and the depletion of the amplification layer.
To address these questions and to investigate the change of gain and the electric field after irradi-
ation and annealing, LGADs were irradiated with 24 GeV/c-protons to a fluence of 1e14 neq/cm²
and annealed at 60℃. TCT, edge-TCT, IV and CV measurements were carried out after consecutive
annealing steps. After a reduction of gain after irradiation, no effect of annealing was observed.
The onset voltage of charge multiplication measured with TCT changes with annealing and is be-
lieved to be related to a change in the electric field profile inside the bulk of the sensor.

Session 1: Tracking detectors for HEP experiments / 113

Prototyping and System Testing for the ATLAS ITK Pixel Detec-
tor Upgrade
Author: Steffen Schaepe1
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In 2026 the High-Luminosity Large Hadron Collider (HL-LHC) is scheduled to replace the successful
LHC.The HL-LHC will deliver up to ten times the amount of data as the currently running machine,
owing to a higher instantaneous luminosity. This increased luminosity will result not only in a much
more demanding environment in terms of radiation damage, but also in up to 200 interactions hap-
pening simultaneously in one bunch crossing –conditions the current ATLAS tracking detectors can
not cope with.
It is therefore foreseen to replace the whole inner tracking system of ATLAS with an all-silicon
tracker comprising pixels in the inner layer and strips of varying length in the outer layer. The
tracker will cover a pseudorapity region up to eta<4 considerably extending the range of the current
tracking capabilities.
The Pixel detector will consist of five layers in the central region and multiple disk-like structures in
the forward regions. The total silicon area will amount to about 13 m2 with a total of nearly 10000
individual silicon pixel modules. To provide sufficient radiation tolerance, different sensor types will
be employed depending on the region of the detector. A radiation hard readout chip is developed in
cooperation with the CMS collaboration within the RD53 Collaboration in 65 nm technology. To be
able to accommodate the much more advanced detector within the envelopes of the existing experi-
ment, novel powering, control and data transmission techniques are being employed.
To prototype the system and integration aspects of these new approaches, an extended system test-
ing program is currently exercised. As first prototypes of the foreseen readout ASIC only become
available now, a complete first testing campaign has been performed on modules based on the read-
out frontend of the ATLAS insertable b-layer, the Fei4 ASIC[1]. The Fei4 includes already many of
the features of the future readout chip and allows to test a wide range of system aspects.
Modules are assembled in a distributed fashion over many participating institutes. Their testing,
shipment and continuous quality control is exercised. In parallel, fully functional local supports are
constructed and their mechanical, thermal and electrical performance is tested. Modules and local
supports are combined into system tests which allows to exercise the integration and study system
aspects of the planned detector layout. As the detector will for the first time employ a serial pow-
ering scheme [2-4], particular attention is put on all aspects related to the powering concept, its
control and its influence on the operation and performance of the detector.
In this talk, experience and results from various system tests will be discussed and an outlook on the
future plans for prototyping, system testing and integration will be given.

References:
[1] M. Garcia-Sciveres et al., NIM A636 (2010), 155
[2] T. Stockmanns et al., NIM A511 (2003), 174-179
[3] D. Bao Ta et al., NIM A557 (2006), 445-459
[4] L. Gonella et al., JINST 5 (2010), C12002
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The planned upgrade of the Large Hadron Collider (HL-LHC) requires the development of new track-
ing silicon sensors for the future ATLAS detector. These new devices must fulfil the specifications
established by theATLAS collaboration, in order to guarantee the proper performance of the tracking
system during the life time of the experiment. A prototype strip sensor layout have been designed
at IMB-CNM using a new python-based layout tool, and fabricated in 6-inches substrates by the
semiconductor manufacturing company Infineon Technologies AG.

This work presents a set of test structures, capable to evaluate key device elements as the implant and
metal resistivity, the bias resistance, the coupling capacitance between strip implant and strip metal,
the study of the surface leakage current, or the influence of the sensor edge design in the device
breakdown voltage. A complete analysis of these parameters pre-irradiation and after a proton and
gamma irradiations, up to doses similar to the ones expected in the future ATLAS Inner-Tracker
(ITk), is presented. This study shows the relevance of microelectronic test structures to monitor and
improve the technology of tracking silicon sensors for High Energy Physics Experiments.

Session 3: Radiation effects in HEP experiments / 115

New simulation of particle fluence for the LHCb VELO Upgrade

Authors: Agnieszka Oblakowska-Mucha1; Tomasz Szumlak1
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The LHCb experiment is dedicated to studying CP violation in heavy flavour quark sector, rare
decays of mesons containing beauty and charm quarks and searching for New Physics. This chal-
lenging physics programme requires excellent tracking system capable of providing high spatial
resolution for single hit detection, best possible impact parameter and primary and secondary ver-
tices reconstruction resolution and time resolution of tens of femto-seconds. The central part of the
LHCb tracking system constitute Vertex Locator (VELO), built using silicon micro-strip technology.
During Run I and Run II data taking periods (2010 –2012 and 2015 –2018 respectively) the detector
was operating as close as 8 mm from the LHC beams and registered a particle fluence that ranged
up to 10ˆ15 1MeV neq/cm2 with very non uniform radiation field. New VELO pixel sensors, planned
for RUN III, will be situated at the distance of approximately 5 mm from the proton beams and will
have to withstand almost ten times higher particle fluences. A new simulation of particle fluence
with the FLUKA package for the LHCb VELO Upgrade is described in this presentation. Comparison
of the Run II simulation with the measurements is discussed as well.
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Session 6: CMOS Sensors (1) / 116

Results of the Malta CMOS pixel detector prototype for the AT-
LAS Pixel ITK
Authors: Carlos Solans Sanchez1; Abhishek Sharma2; Enrico Junior Schioppa1; Florian Dachs3; Heinz Perneg-
ger1; Ignacio Asensi Tortajada4; Ivan Berdalovic1; Lluis Simon Argemi5; Roberto Cardella1; Valerio Dao1; Tomasz
Hemperek6; Toko Hirono7; Bojan Hiti8; Ivan Dario Caicedo Sierra6; Petra Riedler1; Piotr Rymaszewski6; Walter
Snoeys1; Tianyang Wang6; Norbert Wermes6
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2 University of Oxford (GB)
3 Vienna University of Technology (AT)
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5 University of Glasgow (GB)
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bonn.de, florian.dachs@cern.ch, walter.snoeys@cern.ch, bojan.hiti@cern.ch, hirono@physik.uni-bonn.de, petra.riedler@cern.ch,
roberto.calogero.cardella@cern.ch, carlos.solans@cern.ch, valerio.dao@cern.ch, lluis.simon.argemi@cern.ch, wermes@uni-
bonn.de, ignacio.asensi@cern.ch

The upgrade of the ATLAS experiment for the High-Luminosity LHC requires the installation of a
new Inner Tracker detector to cope with the 5 fold increase in luminosity and a 10 fold increase in
number of interactions per bunch crossing. A Monolithic Active Pixel Sensor prototype, MALTA,
has been developed on 180 nm TowerJazz CMOS imaging technology, following the latest develop-
ments in CMOS sensor processing combining high-resistivity substrates with on-chip high-voltage
biasing to achieve a large depleted active sensor volumes, to meet the radiation hardness require-
ments (1.5x10ˆ15 1 MeV neq/cm2) of the outer barrel layers of the ITK Pixel detector. MALTA
combines low noise (ENC<20 e-) and low power operation (1uW/pixel) with a fast signal response
(25 ns bunch crossing) in small pixel size (36.4 x 36.4 um2), and a small collection electrode (3um),
with a novel high-speed asynchronous readout architecture to cope with the high hit-rates expected
at HL-LHC. This contribution will present the results from the extensive lab testing and characteri-
sation in particle beam tests have been conducted on this design and present the improvements that
are being implemented in the next versions of the chip.

Session 5: Planar Sensors (2) / 117

Development of Large Area Silicon Drift Detectors at FBK for As-
trophysical Applications
Author: Antonino Picciotto1

1 Fondazione Bruno Kessler -Micro Nano Facility

Corresponding Author: picciotto@fbk.eu

We report on the activity carried out at FBK in partnership with INFN and INAF, supported by
ASI, aimed at the development of large area (about 95cm2) Silicon Drift Detectors for astrophysical
applications. The presentation is focused on a brief description of the state of the art of the general
technological aspects related to the production of these devices for LOFT (Large Observatory for
X-ray Timing) mission of the European Space Agency (ESA) and the eXTP mission (enhanced X-ray
Timing and Polarimetry) of the Chinese Academy of Science.
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Session 11: Technologies and Applications (2) / 118

DEEP_3D Project: a monolithic 3D detector for neutron imag-
ing
Authors: Roberto Mendicino1; Gian Franco Dalla Betta2

1 UNITN
2 Università di Trento, Dipartimento di Ingegneria Industriale, I-38123 Trento, Italy and TIFPA INFN, I-38123 Trento,

Italy

Corresponding Author: roberto.mendicino@unitn.it

Neutron imaging provides information onmaterials and structures otherwise opaque to X-rays. Neu-
tron sensors with high spatial resolution and high efficiency find application on disparate number
of fields.
The detection of neutrons by using semiconductor materials, that are are not sensitive to neutrons,
act by using converter materials that can emit light, charged particles, gamma-rays or their combi-
nations.
The most important converter materials are Boron-10 and Lithium-6, which emit mainly charged
particles, whereas Gadolinium-157 and Cadmium-113 emit gamma rays and secondary electrons.
The aim of DEEP_3D (Detectors for neutron imaging with Embedded Electronics Produced in 3D
technology) project, financed by INFN V commission, is the realization of a 3D monolithic detectors
for neutrons coupled with boron, lithium or their combination.
The talk will cover aspects relevant to the electronics design, layout and validation of the key tech-
nological steps of these innovative 3D pixel sensors.

Session 8: 3D Sensors / 119

Radiationhard 3D siliconpixel sensorswith thin active substrates

Authors: Stefano Terzo1; Sebastian Grinstein2; Giulia Giannini3; Giulio Pellegrini4; David Quirion5; Maria Manna6

1 IFAE Barcelona (ES)
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A new generation of 3D pixel detectors with high granularity and thin active substrates is being
developed for the upgrade of the ATLAS Inner Tracker (ITk) at HL-LHC. The new sensors will have
to fulfil the requirements for the innermost pixel layers in terms of radiation hardness and rate
capabilities.

Two productions of 3D sensors compatible with the new RD53A chip (the prototype of the future
ITk chip) have been carried out at CNM, Barcelona. Both feature a single side process in which all
columns are etched from the top-side. This allows the use of support wafers to keep the structure
rigidity and achieve thin active substrates.

The first CNM production used Silicon-on-Insulator (SOI) wafers which needed to be etched in order
to provide bias to the backside. The second production instead uses Silicon-on-Silicon (Si-Si) wafers
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where the bias can be provided directly through the conductive silicon support avoiding further
stress of the structure.

Both productions include 3D silicon pixel sensors with two pixel cell sizes, 50x50 µm2 and 25x100
µm2, and active thicknesses of 150 µm which are compatible with the baseline of the ITk innermost
pixel layer.
Full modules with sensors from the SOI production have been assembled at IFAE and characterised
at beam tests before and after proton irradiation at the KIT Cyclotron.
Results of these studies and very first measurements of the new Si-Si production will be presented.

Session 6: CMOS Sensors (1) / 120

Characterization of the 180nmHV-CMOSATLASPix large-fill fac-
tor Monolithic prototype
Author: Mathieu Benoit1

1 UNIGE

Corresponding Author: mathieu.benoit@cern.ch

The ATLASPix is a monolithic pixel sensor designed in ams aH18 HV-CMOS technology to demon-
strate the achievable performances and demonstrate the radiation hardness of the technology. The
prototypes were produced in an engineering run on three substrate resistivities spanning from 20
to 200 Ω · cm. We present here the characterization in laboratory and test beam of the produced
samples. Unirradiated, proton, and neutron irradiated samples were tested for efficiency, spatial and
temporal resolution. The functionality of the different design blocks for tolerance to TID was also
evaluated.

Session 8: 3D Sensors / 121

Test beam characterization of irradiated SINTEF 3D pixel sensors

Authors: Andreas Lokken Heggelund1; Bjarne Stugu2; Ole Rohne1; Heidi Sandaker1; Alexander Lincoln Read1; Ole
Dorholt1

Co-authors: Ozhan Koybasi 3; Marco Povoli 4; Angela Kok 4; Magne Eik Lauritzen 2; Anand Summanwar 5

1 University of Oslo (NO)
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Corresponding Authors: magne.eik.lauritzen@cern.ch, ole.dorholt@fys.uio.no, anand.summanwar@sintef.no,
bjarne.stugu@ift.uib.no, andreas.lokken.heggelund@cern.ch, ozhan.koybasi@sintef.no, ole.rohne@cern.ch, alexan-
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The upcoming High Luminosity LHC (HL-LHC) puts stringent requirements on the tracking de-
tectors situated closest to the interaction point in the planned Inner Tracker (ITk) of the ATLAS
experiment. 3D pixel detectors have been proposed as a candidate for the innermost layers of the
ITk since these detectors decouple the sensor thickness and the inter-electrode spacing, effectively
increasing the radiation hardness.
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The SINTEF prototyping R&D run (run 4) for radiation hard 3D silicon pixel detectors features ultra
thin device layouts down to 100 and 50um active thicknesses, with a variety of compatibility. The
layouts discussed here are compatible with the ATLAS pixel readout ASIC RD53A, allowing nominal
signal thresholds below 1ke-.
The flip-chip and UBM processing steps was done by Fraunhofer IZM in Berlin, and these hybrids
were mounted on Single Chip Cards (SCC) and bonded at the University of Oslo.

Noise vs. thickness scans demonstrates that the capacitance is dominated by device thickness, infer-
ring less intrinsic noise in thinner devices.

Pre-irradiation tests, performed at the SPS testbeam facility at CERN shows an efficiency loss that
is consistent with the non-active column geometry of the 50x50 1E pixel matrix, giving an overall
efficiency > 97%. While devices irradiated to a fluence of 5x1015 neqcm-2 have an efficiency within
optimistic expectations for such thin devices.

Session 4: Technologies and Applications (1) / 122

The development of a 3D detector on a hydrogenated amorphous
silicon substrate
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Movileanu-Ionica5; Marco Petasecca6; Mauro Piccini7; Alessandro Rossi1; Andrea Scorzoni8; Giovanni Verzellesi9;
Nicolas Wyrsch10

1 INFN Perugia
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4 Universita e INFN, Perugia (IT)
5 INFN-Sez. di Perugia
6 University of Wollongong
7 INFN - Sezione di Perugia (IT)
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10 EPFL
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The vertex detectors of the future hadronic colliders will operate under proton fluencies above 10E16
p/cmsq. Crystalline Silicon detector technology, up to now, has kept the pace of the increasing flu-
encies in the LHC era and it is still the prevalent vertex detector technology for the present and
for the immediate future. Looking ahead in time an alternative solution for such a detector has to
be found because for the future there is no guarantee that Crystalline Silicon will hold this chal-
lenge. Hydrogenated amorphous silicon (a-Si:H) has outstanding radiation hardness performances
although the development of planar detectors did not have very successful results. A possible way
to overcome the difficulties of building an a-Si:H detector can be solved by using the 3D-technology.
For these reasons the development of hydrogenated amorphous silicon vertex detectors based on
3D-technology have been proposed and the technological solutions in order to build these detectors
are described in this talk.

Session 10: CMOS Sensors (2) / 123
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Design optimisation of depletedCMOSdetectors usingTCADsim-
ulations within the CERN-RD50 collaboration
Author: Matthew Lewis FranksNone

Co-authors: Gianluigi Casse 1; NicolaMassari 2; Eva Vilella Figueras 1; Joost Vossebeld 1; Chenfan Zhang 3

1 University of Liverpool (GB)
2 FBK
3 University of Liverpool
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matthew.lewis.franks@cern.ch, chenfan@hep.ph.liv.ac.uk

In this work we report the main TCAD simulation results of a depleted CMOS detector designed
in the 150 nm HV-CMOS process from LFoundry. These results have been used in the design of a
test chip, the second prototype developed by the CERN-RD50 collaboration (RD50-MPW2), recently
submitted for fabrication. The main aim of this study is to optimise the leakage problem seen in lab-
oratory measurements of the first prototype developed by the collaboration (RD50-MPW1).

In order to minimize the leakage current in the second prototype, two design choices have been
made. Firstly, particular attention has been paid to blocking the generation of certain filling layers
added by the foundry during the post-processing stage. Secondly, a series of guard rings have been
included around the device to prevent the sensor depletion region from coming into contact with
the edge of the chip. These investigations will be presented. In addition, TCAD simulations have
also been used to identify the best conditions for increasing the voltage applied to the sensor thus
improving its radiation tolerance. The analysis takes into account the effect of the distance between
the pixel bias ring and the sensing diode, and different shapes of the sensing diode.

Session 6: CMOS Sensors (1) / 124

Fully depleted monolithic sensors in 110 nm CMOS
Author: Angelo Rivetti1

1 INFN - National Institute for Nuclear Physics

Corresponding Authors: rivetti@to.infn.it, angelo.rivetti@to.infn.it

Fully depleted monolithic CMOS sensors allow the prompt collection by
drift of large signals. They therefore can offer better signal-to-noise ratio, time resolution and radi-
ation tolerance with respect to
conventional solutions. In this presentation, a technology that, thanks to
a patterned back-side, allows a full depletion of the substrate in the 100
um - 400 um range is presented. The technology is fully compatible with a
standard CMOS process. The results obtained on first prototypes fabricated
in a 110 nm PDK are presented and near term plans to consolidate the
technology platform will be discussed.

Session 10: CMOS Sensors (2) / 125

Transient Current Technique characterization of HV-CMOS sen-
sor prototypes after irradiation
Author: Ettore Zaffaroni1
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Silicon detectors built in high-voltage and high-resistivity CMOS technology are an interesting op-
tions for the outermost pixel layers of ITk (Inner Tracker), the new all-silicon tracking system fore-
seen for the ATLAS experiment upgrade for the high luminosity LHC program. They are less ex-
pensive and easier to produce with respect to standard hybrid silicon pixel detectors, which would
represent an important advantage, given the large area silicon detector to be built. Furthermore they
allow to reduce the material budget before the calorimeter.
This technology must be carefully tested and characterized: one of the techniques used for this
purpose is the TCT (Transient Current Technique): electron-holes pairs are produced in a precise
position of the detector using a IR laser beam, allowing to probe parameters like the depletion depth
of the sensor.
TCT measurements have been performed on the H35DEMO chip, produced by ams, before and after
proton and neutron irradiation. The proton irradiation have been performed at the Bern Inselspital
cyclotron (18 MeV) and at the Proton Syncrotron at CERN (24 GeV) up to more that 1015 1 MeV
neq/cm2. The neutron irradiation has been performed at the Jožef Stefan Institute reactor in Ljubl-
jana up to 2 · 1015 1 MeV neq/cm2. Measurement technique, data analysis, issues encountered and
results will be presented.

Session 5: Planar Sensors (2) / 126

NUV-sensitive SiPMs developed at FBK and Applications
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Near Ultraviolet, High Density (NUV-HD) SiPM technology, developed at FBK (Trento, Italy), is
based on a p-on-n junction and features peak photon-detection efficiency (PDE) in excess of 60% at
410 nm. Dark Count Rate (DCR) is in the order of 100 kHz/mm2, correlated noise is 10% at 55% PDE
and microcell pitch ranges between 15 um and 40 um. Sensitivity remains high down to 320 nm,
with a PDE of 48% (including package).
Single Photon Timing Resolution (SPTR) of NUV-HD SiPMs was below 30 ps FWHM, when mea-
sured on single SPAD with covered edges, and increased to 75 and 180 ps FWHM for SiPMs with
active areas of 1x1 mm2 and 3x3 mm2, respectively, because of the electronic noise. NUV-HD SiPMs
provide state-of-the art 85 ps FWHM coincidence resolving time (CRT) in PET applications, reading
out the light of a Ca co-doped LYSO crystal.
Recent interest in the SiPM readout of liquid scintillators (mainly LAr and LXe) triggered the de-
velopment of a cryogenic variant of the NUV-HD technology (NUV-HD-Cryo), which is optimized
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for operation at cryogenic temperatures and features a DCR of a few mHz/mm2 at 77 K. At this
temperature, few-photon counting capability was demonstrated, with S/N larger than 14, using a
24 cm2 SiPM array coupled to a single analog readout channel. Ongoing optimizations include the
development of devices with extended deep-UV sensitivity: preliminary results show a PDE of 20 %
at 178 nm.

Session 7: LGAD (1) / 127

Latest developments of Low Gain Avalanche Detectors at FBK
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Several efforts have been done in the last years at FBK to develop a new generation of Low Gain Sili-
con Detectors for tracking and timing applications in HEP experiments. The last UFSD3 production
has been devoted to studying specific methods to improve the radiation hardness, as requested by
the future Endcap Timing Layer of CMS at the High Luminosity LHC. Moreover, new microfabri-
cation methodologies, like as stepper photolithography and photocomposition technique have been
implemented in order to demonstrate the production feasibility of large-area and low-defectiveness
sensors. Electrical and functional characterization, carried out by FBK and INFN Torino, will be
reported and discussed. Plans for future LGAD productions at FBK will also be discussed. In par-
ticular, the ongoing activities are devoted to the development of a new LGAD design, based on the
trench-isolation technique (TI-LGAD). This new scheme is very promising in reducing the inter-pad
distance and then the minimum achievable pixel dimension of the sensor.

Session 4: Technologies and Applications (1) / 128

Timing performance of small cell 3D silicon detectors
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A silicon 3D detector with a single cell of 50x50 um2 was produced and evaluated for timing ap-
plications. The measurements of time resolution were performed for 90Sr electrons with dedicated
electronics used also for determining time resolution of Low Gain Avalanche Detectors (LGADs).
The measurements were compared to those with LGADs and also simulations. The studies showed
that the dominant contribution to the timing resolution comes from the time walk originating from
different induced current shapes for hits over the cell area. This contributiondecreases with higher
bias voltages, lower temperatures and smaller cell sizes. It is around 30 ps for a 3D detector of 50x50
um2 cell at 150 V and -20C, which is comparable to the time walk due to Landau fluctuations in
LGADs. It even improves for inclined tracks and larger pads composed of multiple cells. A good
agreement between measurements and simulations was obtained, thus validating the simulation
results.

Session 10: CMOS Sensors (2) / 130
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We report on the characterisation of the response of the ALPIDE MAP
sensor to nuclei of energy 20-220 MeV/a.m.u.. ALPIDE has been designed
for the upgrade of ALICE experiment at the LHC: the new tracker will be
fully efficient, with improved sensitivity, for particles with
transverse velocity larger than 0.7c and charge ±1. The operating regime
considered in this work is really different: slower nuclei release much
more energy in silicon, proportionally to Z2/β2, increasing signals by
up to orders of magnitude in amplitude and spatial extension. Since the
only available observable quantity is the cluster size understanding and
parametrising the response of front-end electronics for different
settings of current thresholds, bias potential and acquisition time, is
far from trivial. We provide here results from measurements taken in
Trento (protons 20-220 MeV) and in Catania (H, He, C, O nuclei 62
MeV/a.m.u.). The agreement with predictions from Geant4 Monte Carlo
simulations and TCAD calculations proved sufficiently good to
analytically parametrise the response of ALPIDE to low energy nuclei.
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Session 1: Tracking detectors for HEP experiments / 133

The Lorentz Angle in the ATLAS Pixel Detector: Effects of Oper-
ating Parameters and Radiation Damage
Author: Javier Llorente Merino1

1 Chinese Academy of Sciences (CN)

Corresponding Author: javier.llorente.merino@cern.ch

The ATLAS pixel sensors use a non-zero Lorentz angle to increase the spread of the charge and thus
improve the achievable spatial resolution. The value of the Lorentz angle in the four pixel layers is
constantly monitored during data taking. The presentation summarises the results of the study of
its magnitude as a function of the operational parameters (temperature and depletion voltage) and
of the bulk radiation damage experienced by the sensors. Results from cosmic ray and collision data
are compared to detailed simulation predictions including radiation damage effects.
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