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Introduction
Motivation

LHCb Upgrade II demands a next-generation vertex 

detector

● Radiation hardness up to 3 × 10¹⁶ neq/cm²

● Precise hit time-stamping for track-to-vertex 

association

● Minimal material budget & high spatial resolution

In this talk discussion about:

● Common tools to validate sensor and ASIC 

technologies

● Specific measurements that need to be done to 

demonstrate we can achieve VELO U2 requirements Illustration of the VELO stations in one half of the detector, in the Baseline 
scenario. LHCb upgrade II scoping document

https://cds.cern.ch/record/2903094/files/LHCB-TDR-026.pdf


● Radiation Tolerance

➔ Up to 3 × 10¹⁶ neq/cm² (non-uniform)
➔ Less irradiated zones must withstand the highest HV set point
➔ ⚠ Maximum dose for the hybrid must be estimated — this critically 

impacts mechanical layout and R value

● Time Resolution

➔ ≤50 ps/plane → ~20 ps/track
➔ Requires 4 planes at 40 ps or 6 planes at 50 ps
➔ Must validate Sensor + ASIC timing → needs precise 

characterisation tools

● Efficiency

➔ ≥99%/track requires ≥95–98%/plane, depending on number of 
planes

➔ Example: 99% track efficiency needs ~98%/plane with 5 planes, 
~95%/plane with 6

➔ Track efficiency = Timing × Spatial efficiency
➔ Charge collection affects both (Q↓ with fluence)
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Introduction
Target Performance Metrics

● Spatial Resolution

➔ Requirement: <9 µm (to be confirmed, possibly 10 µm in VELO U2 spec)
➔ Strongly angle-dependent
➔ Optimal resolution at small angles helps define VELO plane layout

● Rate Capability

➔ Sensor + ASIC must be tested at full VELO U2 data rate
➔ (e.g., full hybrid rate response under beam)



● ⏱ Timing resolution < 50 ps

● 📍 Spatial resolution ~5 µm

● 🚀 High rate capability

● ❄ Cold operation (for irradiated DUTs)

● 🎯 Rotatable DUT stage (angular scans)

● ⚡ High bias support (CO₂ or vacuum)
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Introduction
What We Need From the Test Setup

TPX4 Test Setup with rotatable, cold DUT 
support and HV-compatible enclosure



8 Timepix4 Planes:
→ 4 × 100 µm (timing)
→ 4 × 300 µm (tilted 9° for internal pointing)
⤷ Note: tilt is internal, not applied to DUTs

Flexible DUT Mounting:
→ Fully adjustable X/Y/θ stage
→ Compatible with CO₂ cooling & high-voltage bias

Timing Reference System:
→ Microchannel Plate (MCP)
→ PicoTDC (∼15 ps resolution)
→ Track time resolution ∼90 ps (limited by sensor used)

DAQ & Processing:
→ Integrated with Kepler framework

Achieved Performance:
→ ~2.4 µm spatial pointing at DUT
https://doi.org/10.48550/arXiv.2503.15207
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Tools & Infrastructure
Timepix4 Telescope – Core Qualification Platform

Telescope layout from TPX4

https://doi.org/10.48550/arXiv.2503.15207


High precision requires detailed per-plane corrections before meaningful DUT 
characterisation.

Timing Corrections

● Per-pixel VCO calibration
● Charge calibration
● Timewalk correction (Charged-based)
● Threshold tuning
● Clock alignment with T0 signal and common clock
● MCP + PicoTDC provides timing reference

✅ Achieved: ~170 ps/plane with thick planar sensors

Spatial Corrections

● Geometry alignment (x, y, z, θ)
● Intrapixel mapping
● Charge sharing + CoG tuning
● Clustering residual correction

✅ Achieved: ~2.4 µm pointing at DUT

12/06/2025 Sensor and ASIC Characterization Overview 6

Tools & Infrastructure
Timepix4 Telescope – Corrections Applied 

All the studies and results described in the 
telescope paper:
https://doi.org/10.48550/arXiv.2503.15207

https://doi.org/10.48550/arXiv.2503.15207


🔹 Not Hybridised Sensors (Test Structures)
● Discrete front end electronics (e.g. OPTIMA, Optime)
● Single or multi-channel readout
● Standalone or integrated in TPX4 telescope (e.g. via 

SAMPIC)
● Ideal for validating unbonded 3D sensors

🔹 Sensor Hybridised to TPX4
● Used for spatial resolution and efficiency studies
● Time resolution limited (~170 ps with slow sensors)
● Fully supports high-voltage and angular scans

Next: Fast Timing Hybrids: IGNITE & PicoPix ASICs
● Both designed for hybridisation with fast sensors (e.g. 

3Ds)
● Future Integration in TPX4 telescope as DUT
● Possible future creation of a new telescope with  these 

ASICs
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Tools & Infrastructure
DUT Test Setup & Future Hybrid Validation Tools

Example of DUT integration in 
TPX4 with discrete readout 
(OPTIMA) 



Core Measurement Types

● Time resolution (before/after irradiation)
● Charge collection (CCE vs. bias/fluence)
● Efficiency (global and intrapixel)
● Threshold/bias scans
● Angular dependence (0–20°)
● Low-temperature operation (e.g. –20 °C)
● High voltage tolerance (≥1000 V)

Purpose

● Validate performance against VELO U2 targets
● Understand degradation mechanisms
● Optimise operation parameters pre-selection
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Measurement Plan for 3D Sensor Characterisation
Illustrative measurement from earlier studies with planar 
sensors. 3D results ongoing with TPX4 hybrids.



Why 3D Sensors?

● Best combined performance in all critical areas:
○ Excellent radiation hardness (≥10¹⁶ 

neq/cm²)
○ Fast charge collection due to short drift 

paths
○ Tolerant to high bias even in 

non-irradiated zones (key for non-uniform 
fluence)

Development Goals

● ≤50 ps timing
● ≥99% efficiency
● Uniform CCE, low capacitance
● ASIC compatibility (bonding, layout, noise)
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Decision: 3D Sensors for VELO U2

Figure adapted from Loi et al., Sensors 2023 ttps://doi.org/10.3390/s25030926

Geometry Options Under 
Study

● Columnar
● Trench
● Hybrid layouts

https://doi.org/10.3390/s25030926


Challenges in Sensor Timing

● Dependence on incoming track angle
● Jitter and timewalk from non-uniform charge collection
● Precision loss at very high fluences

What We Need to Characterise

➢ Sensor Response (Pre-hybridisation):
● Waveform shape vs. bias voltage and track angle
● Validate signal development before coupling

➢ Full Hybrid Characterisation (Sensor + ASIC):
● DUTs based on PicoPix and IGNITE integrated in TPX4 

telescope
● Develop correction models: timewalk, VCO calibration
● Measure time resolution vs. HV, fluence, angle and 

temperature

✅ Aim: Understand and validate hybrid timing performance
 🧪 Results will feed directly into VELOPix2 design decisions
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Key Challenges and Strategies
Hit Time Resolution

3D sensor studies with Timepix4 ASICs Evridki 
Chatzianagnostou (future studies will use fast timing hybrids) 

Simulation studies by Angelo Loi on charge 
by angle in 3D trench sensors [1],[2]

https://indico.cern.ch/event/1539148/contributions/6493096/attachments/3058792/5408535/Tpx4_telescope_meeting_30Apr24.pdf
https://indico.cern.ch/event/1539148/contributions/6493096/attachments/3058792/5408535/Tpx4_telescope_meeting_30Apr24.pdf
https://indico.cern.ch/event/1459997/contributions/6248101/attachments/2976413/5240996/U2_Nov24_MW_v2.pdf
https://indico.cern.ch/event/1464809/contributions/6167247/attachments/2941947/5169046/Tag3%20-%20oct2024.pdf


Efficiency Challenges

● Signal loss in pixel corners due to low weighting 
fields

● Efficiency variation with track angle inside the VELO
● Distinguish between timing efficiency and hit 

efficiency
● Degradation with radiation:

○ Charge trapping
○ High voltage operation
○ Threshold increase

What We Measure

● Efficiency as function of:
○ Track angle
○ Bias voltage
○ Radiation fluence

12/06/2025 Sensor and ASIC Characterization Overview 11

Key Challenges and Strategies
Efficiency

Efficiency charge in pixel as function of angle for 3D-1E 
(left) and 3D-3:2:3 (right) geometries by Morag Williams

3D sensor hybridised on Timepix4 charge efficiency 
studies done by Evridki Chatzianagnostou

● Diagnostic tools:
○ Intrapixel maps
○ Threshold scan 

curves

https://indico.cern.ch/event/1395889/contributions/5891513/attachments/2838692/4961852/Simulation_pres_v3.pdf
https://indico.cern.ch/event/1539148/contributions/6493096/attachments/3058792/5408535/Tpx4_telescope_meeting_30Apr24.pdf


Challenges to Spatial Precision

● Resolution depends on track angle and sensor bias
● Non-uniformity due to sensor geometry and detector 

layout
● Sensitivity to the clustering algorithm used
● Potential performance variation after irradiation

Hybrid Characterisation Plan

● Measure resolution as function of angle (use 2-axis 
rotatable DUT stage)

● Scan over bias voltage and fluence
● Compare results across different in-ASIC clustering 

algorithms

🧩 These studies are essential to guide layout decisions 
and firmware processing for VELO U2 hybrids.
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Key Challenges and Strategies
Spatial Resolution

Timepix4 telescope 
track resolution

MARCUS
PLOT

3D sensor angle studies for clusters and spatial 
resolution by Marcus Jonathan Madurai

https://indico.cern.ch/event/1539150/contributions/6520699/attachments/3067159/5425654/update07-05-25.pdf


Why It Matters

● Qualification targets must be met by the full hybrid (sensor + ASIC), not standalone 
parts.

● Sensor–ASIC integration determines final timing, efficiency, and spatial resolution.
● Early hybrid testing allows evaluation before full system deployment.

What We Characterise

● Clock distribution quality across the ASIC
● Timing jitter & dispersion per pixel
● Gain and ToT linearity calibration
● Timewalk correction performance

○ In-ASIC vs offline correction
● Pixel-to-pixel calibration homogeneity

○ Check for outliers, gradients, edge effects

Next Steps

● Use TPX4 telescope to qualify PicoPix and IGNITE hybrids
● Validate performance at high particle rates using module DAQ prototypes
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Key Challenges and Strategies
Sensor–ASIC Coupling

Ignite  Vertical Integration

LA-PicoPix Analog island cluster desing

VCO frecuency variations on a 
Timepix4 assembly by Tjip Bischoff

https://indico.cern.ch/event/1386009/contributions/6279098/attachments/3016131/5319511/tpx4_telescope_VCI_2025.pdf
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Beamline Constraints & Plan
Testbeam Planning for 2026–2029

TPX4 Telescope Deployment:

● Currently at CERN SPS North Area (H6B/H8) 

— open through mid-2026

● Risk: SPS NA limited after 2026 (per shutdown 

map)

● 2026–2029 strategy under discussion:

○ Fermilab: Extended availability but with 

longer shutdown planned

○ DESY II: High uptime, good fallback 

option

○ DESY ARES / PSI / PARTREC: Consider 

for small setups or specific tests (HV, fast 

timing)

⚠ Need to secure testbeam slots early due to tightening availability

● Emphasize periods like 2027-2028, where very few sites are green.
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Summary & Outlook
✅ Where We Are

● Telescope Ready:
 TPX4 telescope operational with:

○ Cold with glycol cooling and dry air
○ X/Y/θ DUT positioning with angular scan support
○ High voltage bias capability
○ Timing reference (common clock + T0)

● Validated Performance:
○ Spatial resolution: <9 µm (angle-optimised)
○ Efficiency: >98% (irradiated, cold, HV)
○ Pre-hybrid timing: ~40 ps with discrete frontend
○ Track resolution ~15 ps (MCP +PicoTDC)

🧪 Ongoing Challenges

● Full hybrid characterisation:
 Time resolution, spatial resolution, and hit efficiency vs:

○ Bias voltage
○ Track angle
○ Fluence

● System robustness:
○ In-ASIC processing validation
○ Timing dispersion, ToT linearity, calibration homogeneity
○ Rate capability of sensor + ASIC

● Beamline access:
 Strategic test planning needed due to 2026–2028 shutdown periods

🚀 Looking Ahead

● 2026–2027:
 Full system-level testing of PicoPix and IGNITE hybrids in TPX4 
telescope

● Design feedback to VELOPix2 driven by:
○ Realistic hybrid operation
○ Precision measurements under U2-like conditions

● Sensor decision:
 Based on 3D comparative studies (vendors, geometries, fluences, etc)

🧠 Takeaway

We’re moving from component-level R&D to hybrid system qualification — 
ensuring both sensors and ASICs are ready together for VELO Upgrade II.



Thank you!
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Current Status vs. VELO U2 Targets
Experimental Performance Status — 2025 Progress

Performance Metric 2025 Status in Tpx4 
telescope

VELO U2 Requirement Notes

Track Time Resolution ~90 ps ~20 ps MCP + TPX4 combo; limited by TPX4 timing

Single Plane Timing ~150 ps (TPX4 hybrids) ≤50 ps Timewalk & jitter dominate; hybrid timing under 
study

Timing (LGADs via 
SAMPIC)

~40 ps ✅ Pre-hybrid test structures with OPTIMA validated

Hybrid Timing Readout 
(PicoPix, IGNITE)

Integration planned in TPX4 
telescope

Guides VELOPix2 Full DUT timing studies in 2026

Efficiency 
(post-irradiation)

98–99% (for ~5–6 planes) ≥99% per track Confirmed for cold, irradiated sensors

Charge Collection >10 ke⁻ ✅ Maintained across fluence and bias range

Spatial Resolution <9 µm (angle-optimised) As low as possible (≤9 µm 
goal)

DUT rotation key to reaching optimal resolution


