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Outline
• Radiation damage to silicon sensor bulk
• Modeling radiation damage: ATLAS approach
• A new strategy for High Luminosity LHC phase
• Allpix Squared for radiation damage digitizer
• New developments:

– Electric field and potential maps from Silvaco TCAD
– 3D sensors simulation
– Trapping model

• Conclusion and Outlook
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Radiation damage to silicon sensor bulk
• At high energy hadronic colliders detectors made of silicon sensor suffer from 

radiation damage effects
• Some of these effects impact the operations (depletion voltage increase, and 

leakage current)
• Other are more important to signal identification, like the reduced charge 

collection efficiency due to trapping
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Radiation damage to silicon sensor bulk
• Signal loss reduces the signal-to-noise ratio 
• And biases signal position reconstruction 
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Radiation damage modeling: ATLAS approach
2019 JINST 14 P06012

Strategy: evaluate final position and induced signal 
of a group of carriers in MC

Input: 
• precise electric field simulation (TCAD) to take 

into account radiation damage effects
• weighting potential (TCAD)
• trapping rates (literature)

Due to expected increase of particles density and 
rates in High Luminosity phase of LHC:

Ø Plans to change approach ->  charge reweighting 
from look-up tables
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A new strategy for High Luminosity LHC phase
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q at position (x,y,z) we want 
to know in which pixel it will
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Inspired by CMS “template method”, 
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Simulated pixels in MC to be corrected 
using these information before digitization
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Allpix-Squared for radiation damage digitizer 
• To implement such a correction scheme we have thought Allpix-

Squared is the perfect tool
Ø Simulate sensors before and after irradiation, per geometry and per 

fluence
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Allpix-Squared for radiation damage digitizer 
• To implement such a correction scheme we have thought Allpix-

Squared is the perfect tool
Ø Simulate sensors before and after irradiation, per geometry and per 

fluence

Ø Save the ratio of after-over-before irradiation collected charge for a 
pixel struck at a certain position (x,y,z)

Ø Evaluate Lorentz angle deflection too as a function of track impact 
position
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Implementation strategy: reminder

Tb / collision data 
to tune

TCAD simulations; 
get E and 𝛗w and 

plug them in

Allpix-Squared,
to produce 

Template pixels, to 
be used to correct

Pixels from ATLAS 
simulations
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Input variables:
Φ, V, T, x, y, z
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Implementation strategy: reminder

Tb / collision data 
to tune

TCAD simulations; 
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plug them in

Allpix-Squared,
to produce 

Template pixels, to 
be used to correct

Pixels from ATLAS 
simulations
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Let’s talk 
about 

inputs…
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Precise TCAD simulations

¼ of 3x3 pixels matrix

Victory suite by Silvaco
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2D slice of meshed structure (zoom)
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Electric field prediction from TCAD
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From TCAD to Allpix-Squared

1 pixel 3x3 pixels

New module to read field maps from Silvaco!
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(Caveat: z-axes are opposite in orientation in TCAD and in Allpix-Squared)



Comparison of diode vs pixel electric field
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Allpix2 tcad E-field + weighting potential

Allpix2-linear E-field
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Allpix2 tcad E-field + weighting potential

Allpix2-linear E-field

Simulating 100 um thick 50x50 um2 sensor

Two electric fields used:

Linear field (50 V bias , 10 V depl. voltage)
Field from TCAD (same conditions)

Comparing cluser size as a function of 
the track impinging angle

Nice test to make sure all the 
chain works as expected
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Preliminary
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Allpix2 tcad E-field + weighting potential

Allpix2-linear E-field



Lorentz angle
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 / ndf 2c  35.85 / 36
Prob   0.4759
Thickness  0.03422± 1.557 
Lorentz angle  0.00946± 0.225 
Cluster size offset  0.02171± 1.105 
Gaussian sigma  0.01673± 0.1249 

 / ndf 2c  35.85 / 36
Prob   0.4759
Thickness  0.03422± 1.557 
Lorentz angle  0.00946± 0.225 
Cluster size offset  0.02171± 1.105 
Gaussian sigma  0.01673± 0.1249 
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Extra: electric field for irradiated sensor
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1e15, 150 V
LHCb model*

*NIMA 874 (2017) 94–102 



3D sensors in Allpix-Squared
Thanks to Allpix-Squared developers we can simulate 3D sensors too! 

Electric field and Ramo potential (thanks to Gilberto Giugliarelli, Uni. Udine)

electrons
holes Many thanks to 

Simon!

Carriers drifting
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Charge trapping in Allpix-Squared
Credits to Jory Sonneveld (Nikhef)
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Ingredients
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Charge collection efficiency results

2016 JINST 11 P04023

Figure 1. The CCE as a function of bias voltage is shown for 200 µm thick n-type sensors after di�erent
fluences of 23 GeV proton irradiation. Laser light of 672 nm wavelength is used to generate eh-pairs close
to the p+-side (left), so that the signals are dominated by electron drift, or close to the n+-side (right), so that
the signal is dominated by hole drift.

Figure 2. The simulated electric field at 600 V as a function of sensor depth, x, for a 200 µm thick n-type
sensor after proton irradiation with di�erent proton energies. The p+ implant is at x = 0 µm, and the n+

implant is at x = 200 µm. The field is calculated using parameters from ref. [11] for irradiation with 23 GeV
protons (1.2 · 1015 neq/cm2) and ref. [8] for irradiation with 23 MeV protons (1 · 1015 neq/cm2).

In figure 3 the resulting time-resolved current signals are shown for three di�erent e�ective trapping
rates and for two di�erent electric fields. For the “no trapping” case, the integrated signals are
Q = 40 000 electrons, i.e. all charges are collected (CCE = 1). For the other cases the CCE
decreases monotonically with increasing 1/⌧. The e�ective trapping rate can be tuned to reproduce
the measured CCE.

4 Comparison of measurements with simulation

In order to compare the simulation to the sensor measurements, the electronic response of the
experimental setup must be taken into account. This is achieved by convolving the simulated
current signals with the response of the setup to a delta function; the latter is shown in figure 4. The
response was extracted by studying the charge collection in non-irradiated sensors and has been
reported in ref. [17].
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Getting closer and closer J
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Jory Sonneveld (Nikhef)

… and, once more, thanks to Allpix-Squared developers!

Preliminary



Conclusion and outlook
• Silicon detectors at hadronic colliders are exposed to unprecedented levels 

of radiation damage
• Signal loss is the most important effect for cluster position determination
• Simulation of these effects in ATLAS MC for HL-LHC thanks to pixel 

reweighting
• Allpix-Squared plus detailed TCAD simulations to make correction to take 

into account signal reduction and cluster shape changes
• Rapid progress on all aspects thanks to invaluable help from Allpix-Squared 

developers!
• Next: validate trapping model and run first realistic simulations!
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Backup
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