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(so far)

We are quickly approaching 
1015 1 MeV neq/cm2

�2Motivation

Radiation damage already impacting 
LHC operations & performance

Need to model in our simulations; 
let’s compare notes!
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4

Inspired by 
Sherpa 1.1 paper

Spanning 10-20 m up to 1 m 
can take O(min/event)

Monte Carlo Simulation
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Inspired by 
Sherpa 1.1 paper

Hard-scatter
MadGraph 5 / aMC@NLO 

POWHEG-BOX

Fragmentation 
Pythia, Herwig, Sherpa

Material Interactions 
Geant 4

Digitization
Custom code

this 
talk

Monte Carlo Simulation
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Energy 
Deposition

Bichsel Model 
+ G4 (d-rays)

Geant4 Geant4

Energy 
spreading

from Bichsel 
+ chunking

from 
Geant4

Uniform (space) + 
uniform/Gauss (E)

Radiation 
damage

E-field/ 
Lorentz angle uniform uniform N/A

none none none

Diffusion

Noise

Einstein Einstein tuned

capacitive 
coupling + noise

capacitive 
coupling + noise

not discussed
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Energy 
Deposition

Bichsel Model 
+ G4 (d-rays)

Pixelav  
(applied as 

correction to G4)

Geant4

Energy 
spreading

from Bichsel 
+ chunking

Uniform (space) + 
uniform/Gauss (E)

Radiation 
damage

E-field/ 
Lorentz angle

Diffusion

Noise

TCAD  
(Chiochia et al.)

TCAD 
(tuned to data) N/A

Einstein Einstein tuned

trapping + 
charge induction

charge & ‘diffusion’ 
corrections

capacitive 
coupling + noise

capacitive 
coupling + noise

not discussed

from Bichsel 
+ chunking

trapping + 
charge induction

http://dx.doi.org/10.1016/j.nima.2006.05.199


�8Current ATLAS Pixel Simulation
Charge deposited by 

Geant4 + Bichsel Model

Lorentz 
angle

Thermal 
diffusion

charge 
location

collected 
charge



�9New ATLAS Pixel Simulation
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DRAFT

under the influence of the electric field, with a field- and temperature-dependent mobility. The number120

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

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

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

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

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

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

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

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

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

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

threshold (ToT) [26] that is used by cluster and track reconstruction tools.131
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Figure 2: A schematic diagram (left) and a flowchart (right) illustrating the components of the digitizer model
described in this article. Left: the blue line represents a MIP traversing the pixel sensor; groups of electrons and
holes are transported to the electrodes (one pair shown for illustration; in practice, there are many), under the
influence of electric and magnetic fields. Electrons or holes may be trapped before reaching the electrodes, but still
induce a charge on the primary and neighbor electrodes. Right: the digitizer takes advantage of pre-computation
to re-use as many calculations as possible. Various global inputs (fluence, annealing, etc.) are validating using
standalone studies based on particle production / transport codes as well as analytic models for the time-dependence
of defect states.

3.2. Luminosity to fluence132

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

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

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

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

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

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

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

by [9]:140

1st December 2017 – 10:48 5

(relies heavily on 
lookup tables)

See talk at last RD50 meeting

https://indico.cern.ch/event/663851/contributions/2711529/attachments/1561109/2458059/RD50_RadDamageSim.pdf


�10TCAD in ATLAS
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 Simulation PreliminaryATLAS
-in-n Planar Sensor, 80 V, Chiochia Rad. Model+m nµ200 

Silvaco TCAD with the 
radiation damage model 

from Chiochia et al.

Parameters linearly 
interpolated when 

applicable.

Systematic 
uncertainty from 

varying parameters by 
~10%; plan to tune/

constrain with data in 
the near future.

http://dx.doi.org/10.1016/j.nima.2006.05.199


�11Validation with data
Bias Voltage Scan

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

Using standalone simulation (see slides from Trento Workshop) to predict MPV of 
the fitted landau distribution of the ToT as a function of bias voltage for fixed fluence. 

Bias Voltage [V]
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data - end 2017

 (end 2017)2/cmeq n14=6 10φStandalone Simulation: 

 (end 2018)2/cmeq n14=8.7 10φStandalone Simulation: 

ATLAS

Preliminary

IBL planar modules

• Both data and simulation charge 

to ToT are tuned at the same 

value 


• Good agreements in both shape 

and plateau position


• Correct Bias Voltage Working 

point to avoid under depletion 
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End 2018
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Model Predictions and Data Comparison

8 Lorenzo Rossini -  INFN and Università di Milano - Radiation Damage Workshop

Charge Collection Efficiency as a function of Luminosity for IBL with 
data from Run 2 

• Using Trapping constant for electrons  
and holes:


βe = 4.5±1.0  10-16 cm2/ns

βh = 6.5±1.5  10-16 cm2/ns


• Simulation points error bars 

1  x: 15 % on fluence-to-luminosity 
conversion

2  y: radiation damage parameter 
variations 


• Data points error bars 

1  x: 2% on luminosity

2  y: ToT-charge calibration drift

Good agreement with data, but very large uncertainties 
Essential to understand what operational condition to use in the future

End 2016 End 2017

End 2018

Measure and predict the charge as a 
function of fluence / bias voltage 

Nice agreement thus 
far, but large 

uncertainties - need 
to bring these down 

to make precise 
predictions!



�12New CMS Pixel Simulation
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Pixelav in Production

  Pixelav
(detailed sim)

T, rH, F

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

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

Adjust these to match simulated 
data to measurements

   TCAD
model E-field
with 2-traps 

electronic 
response 
(6 params)

Measure
Ez vs z
profile

The TCAD+Pixelav simulations are tuned to measured distributions

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

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

• Tuned simulations are used to calibrate the hit reconstruction 
✴ 1D cluster shapes for the “template algorithm” 
✴ Lorentz drift corrections for the “generic algorithm” 
✴ Error estimates for both algorithms 
✴ 2D cluster shapes for realistic CMSSW simulation re-weighting
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 18

Fully simulated Φ=1.2x1015 neq/cm2 clust vs reweighted CMSSW-like clust

Pixelav
Clusters

Pixelav
Clusters

Reweight
CMSSW

Reweight
CMSSW

Different approach: 

instead of modifying 
primary simulation, 
perform detailed 

independent 
simulation and apply 

correction factors.



 6

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

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

generate grid and doping files

Z

X

Y

DopingConcentration
1.0E+18

3.0E+15

9.1E+12

-9.1E+12

-3.0E+15

-1.0E+18

dot1_new_nb_msh.grd - dot1_new_nb_msh.dat

potential distributiondoping profiles

�13TCAD in CMS



�14E-field Calibration in CMS
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Drift vs depth [grazing angle technique] was developed by UniZ 
colleagues to calibrate the Lorentz angle 
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Lorentz Angle Calibration 

Read Out Chip (ROC) ROC

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

b aB
E

Accumulate the charge centroid [drift] vs depth for a sample of highly 
inclined tracks. The angle is the average Lorentz angle

x

y

z,E

B

Collected Charge

TrackExit

TrackEntry

a qL

Cluster x-size
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 [

Take our drift (x) vs Depth (D) data, fit to a polynomial [5th order] and 
then calculate a local slope [Lorentz Angle] vs D. We then convert it to 
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Clever in situ 
scheme for 

modifying the E-
field based on data

Measure Lorentz angle as a 
function of length inside long 

cluster (probes depth)

Independent of trapping; tune the 
trap densities to match data.
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Drift vs depth [grazing angle technique] was developed by UniZ 
colleagues to calibrate the Lorentz angle 
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Lorentz Angle Calibration 
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E

Accumulate the charge centroid [drift] vs depth for a sample of highly 
inclined tracks. The angle is the average Lorentz angle
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• Run 300157 was taken after 11.8 fb-1: ΦQ = 1.2x1014 cm-2 
✴ the neutron equivalent flux [0.6 hardness] Φeq = 0.72x1014 cm-2 
✴ the electric field is well described by our old model dj57a? 

‣ it was from a sensor that had been exposed to Φeq = 2x1014 cm-2
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The extracted electric field profile is distorted by focusing near the n+ 
implant and other systematic effects.  The good news is that we can 
simulate them [mostly]:
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Compare the measured depth profile with the simulated profile

Trapping Measurement 
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The trapping rates for e and h are both too large!   
How much trapping do we expect for ΦQ = 1.2x1014 cm-2 ? 
In our test beam models, the trapping rates should scale as 
0.8Φeq = 0.48ΦQ = 0.6x1014 cm-2 ?
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Simulate the dj59a E-field with trapping rates corresponding to 0.6x1014 
cm-2

Trapping Measurement 

R300157
dj57a, modified 

 trapping 

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

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

• The slower evolution of the trapping rates has important 
consequences for the longevity of the detector

Using same long-cluster data, study 
the charge as a function of depth

~ 1014 1 MeV neq/cm2

← too much e and h trapping!
(data)

(simulation)

E-field evolving faster than 
predicted; trapping rates 

evolving slower than expected 
(~60% fluence)

Important implications for longevity!
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Tomasz Szumlak AGH-UST 9

Front end response (analogue signal)

Entry pnt

N pnts

Exit pnt

𝑞𝑁

𝑞1
𝑞2

� Diffusion simulation
� Use gaussian smearing to calculate 

collected charge on strips
� If simulating radiation damage the „normal” 

diffusion can be scaled
� Introduce capacitive coupling (strip x-

talk)
� Add noise taken from data
� If the spill-over is simulated repeat that 

whole procedure and use Beetle response 
tool to figure out the charge reminder

� Now we have front-end analogue signals 
(MCFE) that can be digitised 

Different than both ATLAS/
CMS: reduce charge and 
increase “diffusion length” 

to match data.

Tuned once/year.

Preliminary results look promising and 
validation with bigger simulations is ongoing.
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Introduction - Radiation Damage

2 Lorenzo Rossini -  INFN and Università di Milano - Trento Workshop

Leakage currents and depletion voltage have been monitored for a long time. 
Less work on studies of cluster and track properties.  
Different effects to account for:

• reduced hit detection efficiency 
clusters are entirely lost if all 
pixel below threshold


• reduced cluster size and worse 
resolution 

clusters are reduced in size if 
some pixel are below threshold

 Pixel charge subtraction [e]
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ATL-PHYS-PUB-2015-052

Spatial resolution

12 Lorenzo Rossini -  INFN and Università di Milano - Radiation Damage Workshop

Using only clusters with 
two pixels in the 
transverse coordinate. 
  
Reweighting run-by-run 
to ensure that their |η| 
distribution is constant 
for the dataset 

Not yet a huge impact on spatial resolution.  
 
Effects from different sources: Change in HV, temperature and tuning. 

Determined by the corrected transverse positions of the two reconstructed IBL clusters 
associated to a charged particle track in the regions where the IBL modules overlap.  
See: ATL-INDET-PUB-2016-001.

-3
50

 V

Charge loss directly effects searches 
for new highly ionizing particles →

Introduction - Radiation Damage

3 Lorenzo Rossini -  INFN and Università di Milano - Trento Workshop

Tracking and pixel performance can directly impact physics analysis.
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Eur. Phys. J. C (2015) 75:407
• Some analysis directly use 

clusters properties and are 

directly affected


• Many more analyses that use 

tracking, in the future will also be 

effected.

Important to account for these effects and have correct predictions

We may be seeing a degradation 
in position resolution.

Widespread loss in performance 
not yet, but inevitable - we must 
continue to monitor and model!
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(plots using the full ATLAS 
simulation framework!)

ATLAS, CMS, and 
LHCb are planning to 
incorporate radiation 

damage into their 
main simulation.

All three approaches 
are different and it will 

be very valuable to 
continue to compare 
notes as we accurate 
more experience with 
more data (=damage)
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DRAFT

under the influence of the electric field, with a field- and temperature-dependent mobility. The number120

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

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

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

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

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

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

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

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

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

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

threshold (ToT) [26] that is used by cluster and track reconstruction tools.131
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Figure 2: A schematic diagram (left) and a flowchart (right) illustrating the components of the digitizer model
described in this article. Left: the blue line represents a MIP traversing the pixel sensor; groups of electrons and
holes are transported to the electrodes (one pair shown for illustration; in practice, there are many), under the
influence of electric and magnetic fields. Electrons or holes may be trapped before reaching the electrodes, but still
induce a charge on the primary and neighbor electrodes. Right: the digitizer takes advantage of pre-computation
to re-use as many calculations as possible. Various global inputs (fluence, annealing, etc.) are validating using
standalone studies based on particle production / transport codes as well as analytic models for the time-dependence
of defect states.

3.2. Luminosity to fluence132

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

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

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

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

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

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

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

by [9]:140

1st December 2017 – 10:48 5

The inter-experiment workshop 
was an excellent opportunity to 
gather experts and exchange 

our methods and ideas*

Looking forward to the 
next gathering after we 

have the full Run 2 dataset!

*for our default simulation 
and for radiation damage


