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Starting from August 2026, CERN's Large Hadron Collider (LHC) will be upgraded to become 
the HL-LHC, a particle accelerator capable of more than doubling its current luminosity. The 
HL-LHC will start the high-intensity phase of high-energy physics, enabling the collection of a 
huge amount of statistics, which will enable precision physics and the potential discovery of new 
physics. Many challenges arise due to the increasing luminosity, mainly due to the increased 
pile-up of primary collisions and to the high radiation damage the detectors will have to sustain. 
The solution adopted to mitigate the pile-up is 4D-tracking, that is, measuring both the position 
and the time of arrival (ToA) of the particles through the detector layers, in order to perform a 
precise temporal segmentation of each bunch crossing and correctly associate each track with 
the corresponding primary collisions. INFN, in Italy, is committed to providing new sensor and 
ASIC technologies capable not only of performing 4D-tracking, but also of maintaining high 
performance such as a spatial resolution of the order of 10 μm (per hit) and a temporal resolution 
of the order of 50 ps (per hit), up to a fluence of ɸ = 1×1017 1MeV neq/cm2, and beyond. INFN 
TimeSPOT and IGNITE projects achieved relevant results, confirming 3D-trench sensors and 
28nm CMOS ASIC as good candidates to fit next generation tracker detectors. Possible detectors 
where this  technology could be installed are the LHCb U2 VELO and the beam and muon 
spectrometers suggested by the NuScope proto-collaboration. Those detectors require similar 
specifications, i.e. less than 50 ps (per hit) in temporal resolution and radiation hardness up to  
ɸ = 5×1016 1MeV neq/cm2.  Further details on the recent results of the INFN TimeSPOT and 
IGNITE collaboration,  as  well  as  an  overview of  LHCb VELO UII  and  NuScope,  will  be  
presented in the paper.
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1. Introduction

Two examples of next-generation particle tracker detectors are examined to underline the 
strong need for a new generation of technologies capable of enabling high-precision physics and 
the study of rare events in the High-Intensity Program starting in a couple of years at HL-LHC 
[1]. The first case is the LHCb VELO U2 [2], while the second case is a proposal about a short  
baseline neutrino experiment called NuScope [3], aiming to measure the  νμ/νe cross-section in 
the energy range 1-10 GeV with 1% accuracy and explore CP violation in the leptonic sector.

Both detectors are expected to operate at high luminosity, which is responsible for the pile-
up of the events that makes it difficult to reconstruct the primary and secondary vertices of the  
interaction using current technologies; furthermore, the intense particle flux will lead to a huge 
amount of data to be collected and critical radiation damage, up to ɸ = 5×1016 1MeV neq/cm2. In 
addition to minimise multiple Coulomb scattering (MCS), the material budget of the detectors 
must remain below 1% X0.

The technological solution chosen not only for the above-mentioned requirements, but for 
the next-generation trackers in general, is based on silicon pixel technology designed to perform 
4D-tracking  with  high  radiation  tolerance,  following  the  results  achieved  by  the  NA62 
GigaTraKer (GTK) [4].

Numerous  R&D efforts  are  currently  underway  to  develop  new sensor  and integrated 
electronics technologies capable of meeting the mentioned requirements. In particular, the INFN 
TimeSPOT and IGNITE projects were initiated with the specific goal of addressing the needs of 
the LHCb VELO Upgrade II, with potential applications to NuScope. The latest results of the 
collaborations, including laboratory measurements and test-beam studies, are summarised. 

2. Technological requirements for tracking in high intensity experiments

The development of 4D tracking - i.e., the simultaneous measurement of particle position 
and time of arrival (ToA) at the pixel level with a precision of a few tens of picoseconds - stands 
as  one  of  the  defining  challenges  for  next-generation  tracking  detectors.  Achieving  such 
performance  requires  not  only  exceptional  timing  and  spatial  resolution,  but  also  robust 
radiation  tolerance,  ensuring  stable  operation  with  minimal  degradation  under  the  extreme 
irradiation  conditions  expected  in  future  high-luminosity  environments.  These  stringent  and 
often competing requirements vary across experiments, reflecting the diverse demands of their 
respective physics programs for example the LHCb VELO UII and NuScope. 

2.1 The LHCb VELO U2 requirements

The LHCb experiment aims to fully exploit the discovery potential of Run 5 at HL-LHC 
[1] by improving the uncertainties for several flavour observables, such as the measurement of 
the CKM angle γ, the charm CP violation parameter and the observation of rare decays, in order 
to search for new physics (NP) [2]. To achieve these physics goals, a key element is the upgrade 
of the LHCb detector, in particular the VELO.
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VELO  is  the  sub-detector  closest  to  the  collisions,  dedicated  to  measuring  primary 
interaction  vertices  and  secondary  vertices  originating  from  long-lived  particles,  such  as 
b-mesons, of fundamental importance to the experiment.

During  the  Run  5,  the  new VELO  will  operate  with  an  estimated  average  pileup  of 
approximately  40  interactions  for  each  bunch  crossing,  making  it  extremely  difficult  to 
distinguish the origin of the particle tracks using current technologies and techniques. For this 
reason, the detector's ability to measure the time of arrival (ToA) of particles at the pixel level is  
necessary, in order to mitigate or eliminate any ambiguity in the event reconstruction.

Simulations performed by the LHCb collaboration [2] indicate the requirements needed to 
maintain the current primary vertices reconstruction efficiency during Run 5 of the HL-LHC, 
namely a spatial resolution of σx = 10 μm and a temporal resolution of σt  = 50 ps per hit and a 
material budget of about 0.8%X0 to minimise the MCS. In addition to these requirements, due to 
the harsh environment of the HL-LHC, the detector must demonstrate high radiation tolerance 
capabilities up to ɸ = 5×1016 1MeV neq/cm2 non-ionising energy loss (NIEL) and 1 Grad/ASIC 
total ionising dose (TID) with no or minimal degradation in performance (σx and σt). 

2.2 The NuScope Beam and Muon Spectrometer

NuScope  is  a  proto-collaboration  aiming  to  build  a  short-baseline  neutrino  beam 
experiment at  CERN [3].  The operating principle is  based on the collision of a 400 GeV/c 
proton beam supplied by SPS with a graphite target, in order to produce a very high neutrino 
flux  from  the  decay  of  kaons  and  pions  selected  in  the  central  momentum  range  of 
p = 8.5 GeV/c:

K+/π+ → μ+ νμ  K+ →  π0 e+  νe

The physical potential of this experiment is to determine, with an uncertainty of 1%, the 
ratio of the  νμ/νe cross sections in the energy range 1-10 GeV, which will be useful for next 
generation long-distance neutrino experiments such as DUNE and Hyper-Kamiokande (HK). 
Furthermore, to study the Dirac/Majorana nature and determine the absolute neutrino masses, 
new measurement techniques that go beyond oscillation experiments are needed.

These measurements will be possible by monitoring and tagging the beam to correctly 
identify all decay products and determine the neutrino flux with the corresponding energy. The 
current detector proposal divides the monitoring and tagging tasks into two sub-detectors placed 
before and after a 40 m long decay tunnel: the beam spectrometer and the muon spectrometer.

The two spectrometers are designed to be build using silicon pixel technology capable to 
perform 4D-tracking, necessary to time-correlate the K+/π+ decay with the detected neutrinos.

The specifications for the two silicon pixel spectrometers are very similar to those required 
for the LHCb VELO U2, namely time resolution σt = 40 ps, radiation tolerance capability for the 
beam spectrometer up to ɸ = 1×1016 1MeV neq/cm2 (NIEL) and 700 Mrad/ASIC (TID) - less 
stringent is the radiation tolerance for the muon spectrometer - and a material budget < 1%X0.
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3. TimeSPOT sensors
      
The INFN TimeSPOT project  [5] started in  2017 a research and development activity 

aimed at offering a solution to the challenges of future particle tracks. The TimeSPOT sensor is  
a 55μm pitch 3D silicon pixel optimised to achieve an excellent temporal resolution combined 
with high radiation tolerance [6][7] characterised by a large collection anode parallel to the bias 
planes (bias trenches), all obtained by etching into the silicon pixel (Figure 1) produced by FBK, 
Trento, Italy.

Figure 1: 3D-trench TimeSPOT pixel design in CAD. (a) 3D image, (b) upper view of the pixel, 
55μm × 55μm and (c) side view of the pixel 55μm × 150μm. (Image from [6]).

The geometry of the TimeSPOT sensors comes directly from the optimisation process to achieve 
excellent  timing  performance  via  the  Ramo theorem,  thus  maximising  the  field  uniformity 
between the trenches, combined with the radiation tolerance of 3D technology [8].

The  performances  measured  in  the  past  years  already  demonstrate  the  TimeSPOT 
sensors  to  be  excellent  candidates  to  be  used  in  next  generation  trackers  detectors, 
capable to keep good timing, below 20 ps, and detection efficiency, up to 97%, at the 
fluence of  ɸ = 1×1017 1MeV neq/cm2 [9]. Figure 2 summarises the results of the 2024 test beam 

campaign at SPS-H8: (first plot on the left) temporal resolution as a function of the reverse bias 
showing the capabilities to maintain less than 20 ps at high fluence; (plot in the center) charge 
collection efficiency (CCE) as a function of reverse bias (markers are the Landau’s MPV of the  
180GeV/c  π+ SPS-H8 beam, the shaded areas represents the corresponding FWHM) showing 
both the full  recovery of  the CCE, plus  the  charge multiplication effects  that  affect  silicon 
sensors after high irradiation; (plot on the right) Detection efficiency as a function of reverse 
bias and tilt angle.
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Figure 2: Test beam results summary plots on ɸ = 5×1016  and 1×1017 1MeV neq/cm2 irradiated 
TimeSPOT sensors. Images from [9].

3.1 Leatest results on 3D-Trench TimeSPOT silicon pixels

To evaluate timing performance at extreme fluences, a new neutron irradiation campaign 
was conducted at  the end of 2024 at  the Jožef Stefan Institute in Ljubljana,  Slovenia.  Two 
fluences were achieved, ɸ = 5×1017 and 1×1018 1MeV neq/cm2. Studying the performance of 3D-
trench  silicon  pixels  after  extreme  irradiation  opens  the  possibility  of  investigating  the 
conditions in the  interaction region oh the HL-LHC -of interest  for  LHCb VELO U2- and, 
furthermore, exploring the behaviour of 3D technology near the fluences expected for FCC-hh. 

An established characterisation is  the  transient  current  technique (TCT),  which uses  a 
micro-focused infrared laser at 1030 nm to evaluate performance at the sub-pixel level. With a 
new setup developed at  INFN Cagliari  it  is  possible to precisely evaluate the CCE and the 
intrinsic temporal resolution, demonstrating that the results are compatible with those of a test 
beam [10]. The CCE of the extreme irradiated devices under test (DUTs) is studied as a function 
of  temperature  and  bias  voltage,  with  the  measurements  indicating  the  capabilities  of  this 
technology  to  fully  recover  the  CCE at  low temperature  (T=-20°C)  by  increasing  the  bias 
voltage (Figure 3). The recovery of the CCE can be observed in a better way superimposing the 
normalised amplitude profiles for different bias voltage applied (Figure 4), moreover in the case 
of the DUT irradiated at  ɸ = 5×1017  1MeV neq/cm2 it is possible to note the starting regime of 
charge multiplication, identified by the CCE exceeding 100%.

5



P
o

S
(

W
I

F
A

I
2

0
2

5
)

0
0

7
The LHCb U2 VELO:design, technologies and impact on physics Michele Verdoglia

Figure 3: Three normalised amplitude maps, for three different DUTs at T = -20°C, A) the 
reference not irradiated sensor at VBIAS = 50V, B) ɸ = 5×1017 1MeV neq/cm2 at VBIAS = 370V and 
C) ɸ = 1×1018 1MeV neq/cm2 at VBIAS = 520V. The maps looks similar because the irradiated 
sensors are supplied up to the 100% CCE recovery bias voltage.

4. IGNITE 64

      
       The INFN IGNITE is a research and development project aimed at designing and testing a 
28nm CMOS ASIC to be coupled with TimeSPOT sensors  – and 3D sensor  technology in 
general – and to demonstrate 4D tracking capabilities suitable for next-generation trackers for 
high-energy physics.
       The IGNITE64 ASIC represents the state-of-the-art of the project, whit its design based on 
the innovative fractal  concept,  which means starting from small  repeating units,  8×8 pixels 
55μm pitch (mattonellas), to build a large chip like the IGNITE64 made of 8×8 mattonellas [11] 
(Figure 5). In each pixel of each mattonella a pre-amplification chain, a discriminator and a time 
to digital converter (TDC) are built for precise measurement of the TOA and the time over 
threshold (TOT) which is related to the amount of charge released inside the pixel.

Figure 4: Amplitude profiles  of  extreme irradiated 3D-trench sensors as  a  function of bias 
voltage at T=-20°C. Not irradiated sensor at VBIAS = 50V compared with the DUT irradiated at  
ɸ = 5×1017 1MeV neq/cm2 (Left) and  ɸ = 1×1018 1MeV neq/cm2 (Right).
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Figure 5: (Left) IGNITE64 CAD design, (Right) Microscope image of the IGNITE64 ASIC.

4.1 Latest results from IGNITE 64

Preliminary  characterisation  of  the  IGNITE64  allows  us  to  evaluate  the  device's 
performance, in terms of temporal resolution, in standalone mode, before connecting it to any 
sensor  array.  The analog front-end (AFE),  the  TDCs,  and the entire  chain  are  studied as  a 
function of the injected charge. The AFE temporal resolution reaches 10 ps at an injected charge 
of 1 fC and decreases as the injected charge increases, maintaining a stable value of less than 10 
ps (Figure 6, solid line on the left). The TDCs exhibit a jitter of approximately 17 ps (Figure 6, 
right plot). The entire chain (Figure 6, dashed line on the right) exhibits a temporal resolution of  
less than 20 ps once the injected charge exceeds 1 fC.

Figure 6: IGNITE64 temporal resolution performances without the sensors. (Left) AFE and full 
chain as a function of injected charge. (Right) Average temporal resolution of the TDC in one of 
four 32×32 ASIC regions (Images from [11]).
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5. Conclusions
    

Next-generation  experiments  require  new  technologies  capable  of  4D  tracking  and 
mitigating  event  pile-up  to  fully  exploit  the  physics  potential  offered  by  increasingly 
sophisticated colliders such as the HL-LHC.

INFN projects, formerly TimeSPOT and now IGNITE, are conducting innovative research 
and  development  on  technologies  such  as  3D trench  sensors,  capable  of  operating  at  high 
fluences ɸ = 1×1017  1MeV neq/cm2 while maintaining excellent CCE, temporal resolution and 
detection efficiency, and with a radiation tolerance reaching values of ɸ = 1×1018 1MeV neq/cm2, 
where the CCE can be fully recovered.  Preliminary results  on the 28nm IGNITE64 CMOS 
ASIC are promising: the combination of all  contributions (sensor,  AFE, TDC and reference 
clock) indicates the possibility of achieving a timing resolution of approximately 30 ps.

σt = σSensor  σ⊕ AFE   σ⊕ TDC  σ⊕ CLOCK ≤ 30 ps

       
The subsequent phases involve the characterisation of the hybrid devices using radioactive 

sources, TCT lasers, and test beams. In 2026, a new submission will lead to a larger ASIC, the 
IGNIT-ER, an ASIC with 320×256 pixels and a 45 μm pixel pitch, aimed at validating vertical 
integration for 4D tracking in high-energy physics applications.

Acknowledgements

The authors acknowledge funding from the European Union’s Horizon Europe Research 
and Innovation program under Grant Agreement No 101057511 (EURO-LABS).

References

[1] G. Apollinari, I. Béjar Alonso, O. Brüning, M. Lamont and L. Rossi, High-Luminosity Large 
Hadron Collider (HL-LHC),  CERN, Geneva (2015), doi:10.5170/CERN-2015-005

[2] LHCb collaboration, LHCb, LHCb Upgrade II Scoping Document, CERN, Geneva (2024), 
doi:10.17181/CERN.2RXP.HDK0 

[3] N. Charitonidis, M. Perrin-Terrin, F. Terranova, nuSCOPE: A short-baseline neutrino beam at 
CERN for high-precision cross-section measurements, arXiv:2503.21589 [hep-ex]

[4] G. Aglieri Rinella et al., JINST 14, P07010 (2019). DOI 10.1088/1748-0221/14/07/P07010

[5] A. Lai (TimeSPOT Collaboration), "The TimeSPOT project - Open call 2017," INFN. agenda.infn.it 

[6] A. Loi, A. Lai, G.F. Dalla Betta, R. Mendicino, S. Vecchi, Simulation of 3D-Silicon sensors for the 
TIMESPOT project, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment, Volume 936, 2019, 
doi.org/10.1016/j.nima.2018.10.134.

8



P
o

S
(

W
I

F
A

I
2

0
2

5
)

0
0

7
The LHCb U2 VELO:design, technologies and impact on physics Michele Verdoglia

[7] G.-F. Dalla Betta et al., Development of a new generation of 3D pixel sensors for HL-LHC, Nuclear 
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors 
and Associated Equipment, Volume 824, 2016, doi.org/10.1016/j.nima.2015.08.032.

[8] S.I. Parker, C.J. Kenney, J. Segal, 3D — A proposed new architecture for solid-state radiation 
detectors, Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment, Volume 395, 1997, doi.org/10.1016/S0168-
9002(97)00694-3.

[9] M. Addison et al., Characterisation of 3D trench silicon pixel sensors irradiated at 1 10⋅ 17 1MeV 
neq/cm2, Front. Phys 12:1497267, 2024, doi: 10.3389/fphy.2024.1497267

[10] Lampis, Andrea & Boscardin, M. & Cardini, A. & Cossu, Gian Matteo & Dalla Betta, Gian-Franco 
& Delfa, L. & Lai, A. & Loi, A. & Ronchin, S. & Vecchi, S. & Verdoglia, M.. (2025). 3D Trench 
Pixels, A Sensor Solution for 4D Tracking in HL-LHC Experiments and Beyond. 1-1. 
10.1109/NSS/MIC/RTSD57106.2025.11287388. 

[11] A. Lai, G.M. Cossu,  Characterization of the Ignite32-64 ASICs in CMOS 28-nm Technology for 
4D-Tracking, 2025 IEEE Nuclear Science Symposium, Medical Imaging Conference, and Room-
Temperature Semiconductor Detectors Symposium, 2025,  
10.1109/NSS/MIC/RTSD57106.2025.11286880

9


	1. Introduction
	2. Technological requirements for tracking in high intensity experiments
	2.1 The LHCb VELO U2 requirements
	2.2 The NuScope Beam and Muon Spectrometer

