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Radiation environment simulation at the LHC 
experiments and detector damage studies.

Dr. Ian Dawson, PPRC seminar, 4th Feb 2021

1. Introduction: The Large Hadron Collider at CERN.
2. Simulating radiation environments? Event generators. Transport of 

particles interacting with matter. FLUKA and GEANT4. Fluence and dose.
3. Radiation damage effects: Bulk displacement damage. Damage modelling. 

TID effects. Single Event Effects.
4. Qualifying detector designs for radiation resilience: Linking test facility 

irradiations to real life applications. Radiation Hardness Assurance.
5. Impact of radiation on ATLAS detector performance: Radiation damage 

measurements in Runs 1 and 2 and comparisons with model predictions.
6. Knowledge transfer to industry? Synergy with aerospace and nuclear 

industries.
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Geneva airport

LHC 27km ring
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LHCb

CMS

• 6.5 TeV proton beams
• 2808 bunches
• 1011 protons per bunches
• 109 collisions per second

LHC machine
ATLAS

ALICE

Beamdump
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CMS

What it’s all about!

LHC machine LHCb

Beamdump
ATLAS

ALICE
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What it’s all about!
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Beamdump
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But LHC physics comes at the cost of generating unprecedented levels of radiation 
backgrounds. It is crucial to understand how these radiation backgrounds impact 
detector systems so they can be designed, tested and qualified.
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• There are ~109 inelastic    
pp collisions per second, 
and each collision  
produces ~100 particles, 
mainly pions. 
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Simulating radiation environments.
Charged particle multiplicities as a function of pseudo- 

rapidity (left) and transverse momentum (right). • A main driver of the radiation 
backgrounds in ATLAS is the proton-
proton (pp) collisions. 

• So we need reliable event generators 
that can describe the full inelastic 
processes of pp interactions, e.g. 
Pythia8, Phojet. 

• At the LHC our measurements of 
such events are called “minimum 
bias”, with the physics processes 
dominated by soft QCD.

• Pre LHC, we assumed 30% on the 
event generator uncertainties in 
terms of particle production.
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Calorimeters

Inner
detectors

Muon system

Shielding
Machine magnets,

vacuum equipment,
cryogenics

Toroid
magnet

The particle (4-vector) output from an event generator is fed into high fidelity 
Monte Carlo simulation codes such as FLUKA and GEANT4 for particle transport. 
We therefore need to create a simulation geometry for the experiment.
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Simulating radiation environments.
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• Simulation codes usually give “fluence per event”, we typically want to 
convert to fluence per second (or per year or per fb-1).

Nev = σinel × Ldel

Simulating radiation environments.
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Semiconductor
detectors

Gas detectors

Shielding

Toroid
magnet

From the simulations we obtain the radiation damage quantities 
of interest: ionising dose; neutron fluence; SEE flux, etc..

Calorimeter 
detectors
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Semiconductor
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Gas detectors

Shielding

From the simulations we obtain the radiation damage quantities 
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• Athena G4 now being used 
for radiation background 
studies on ATLAS.

• Note, the resulting hadron 
cascades in the calorimeter 
and machine material gives 
rise to a complex situation 
where “neutron sources” are 
created in regions of intense 
cascades. Only advanced 
codes like FLUKA and G4 
can treat these properly.

Simulating radiation environments.

Inner 
Detector Forward 

Calorimeter
TAS 

Collimator

GEANT4 example.
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• Note, the resulting hadron 
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Simulating radiation environments.
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Detector Forward 

Calorimeter
TAS 

Collimator

GEANT4 example.

See ATLAS’s GEANT4 interactive fun web page 
for exploring fluence, dose, spectra etc.

https://twiki.cern.ch/twiki/pub/AtlasPublic/RadiationSimulationPublicResults/WebRadMaps_Zoom_R2_public.html
(Developed by Sven Menke, MPI.)

https://twiki.cern.ch/twiki/pub/AtlasPublic/RadiationSimulationPublicResults/WebRadMaps_Zoom_R2_public.html
https://twiki.cern.ch/twiki/pub/AtlasPublic/RadiationSimulationPublicResults/WebRadMaps_Zoom_R2_public.html
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Displacement damage
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• Particles interacting in matter will result in the displacement of atoms from their 
lattice sites. In semiconductors this leads to point-like or clusters of defects in the 
bulk material and a degradation of device electrical/optical performance. 

10 MeV protons 23 GeV protons 1 MeV neutrons

The number and type of defects depend 
on the incoming particle type and energy.

Impinging
particle

Defect
creation

and
annealingVacancy

+
Interstitial
(or PKA)



18

Displacement damage
• If the number and type of defects depend the particle type and energy, doesn’t this 

make quantifying radiation damage extremely difficult for the complex LHC radiation 
environments that cannot be replicated in the laboratory?

• Enter the non-ionising energy loss (NIEL) hypothesis: that the radiation damage 
effects scale with the NIEL:

• Note units are MeV-cm2/g. Multiplying by the particle fluence  gives 
the displacement dose. Often NIEL expressed in units of MeV-mb and called 
displacement cross section.

Φ (cm−2)

NIEL(E) =
NA

A ∫
Emax

R

ED

ER L(ER)
dσ(E, ER)

dEr
dER

• E = energy incoming particle. 
• ER = energy recoiling atom. 
• dσ(E, ER)/dER = differential cross section  

for particle with energy E to create recoil  
with energy ER. 

• L(ER) = partition factor giving fraction of 
ER  going into further displacements. 

• NA = Avogadro constant 
• A = atomic mass
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Displacement damage
• Common to normalise the NIEL, 

or the displacement damage 
cross section D(E), to that of a 
1 MeV neutron (95 MeV mb), 
creating energy dependent 
“hardness factors”. 

• Now we can relate the radiation 
NIEL damage from different 
particle types and energies. 

Φeq(1MeV ) =
∫ ϕ(E)D(E)dE

D(1MeV )
https://rd50.web.cern.ch/NIEL/default.html

https://rd50.web.cern.ch/NIEL/default.html


• But does it work?
• For leakage current seems to work 

amazingly well!

• Do we care about leakage currents? 
Yes! Consequences for: power 
requirements, cooling; noise, etc.

20

Displacement damage

ΔI
V

= α . Φeq

Leakage current measurements scale 
nicely with 1 MeV neutron equivalent 

fluence for a wide range of sensor 
types and resistivities.
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Displacement damage
• We can use this NIEL scaling and 

parameterise our understanding of 
annealing to develop predictive 
models, such as the Sheffield-Harper 
leakage current model.

• By including also the simulated          
1 MeV neutron fluence, we can now 
predict performance. 

PhD student 
modelling the SCT 
leakage currents 
increasing due to 
radiation damage.
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Displacement damage

• We can also try to model 
other device properties 
such as evolution of 
depletion voltage. 

• However not everything 
scales with NIEL, see all 
known example of 
oxygen enriched 
sensors. 

Vdep is dependent on particle type for oxygen-rich 
silicon. For charged hadrons, ~3 times smaller increase 
in Neff. For O2 enriched. For neutrons, no change. 
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TID effects
• Total Ionising Dose (TID) effects are very 

important for degradation in electronics. 
Values at the LHC range from a few Gy up 
to several MGy. 

• Complex build up and trapping of charge 
in the insulating oxide layers and the 
interfaces with bulk silicon.

• On CMOS leads to: shifts in threshold 
voltages; decreased current gains etc.

• Tricky to model, the effects are dependent 
on temperature, bias and dose rate.

• We can irradiate devices at the application 
temperature and biased. However the 
lifetime of a detector system may be up to 
ten years, which means TID testing at 
irradiation facilities has to be done with 
dose rates much higher than those found 
in the LHC radiation environments. 

Irradiating at high dose-rates leads to negative shifts in the 
threshold voltage, because the buildup of oxide-trap charge 
dominates. Irradiating at much lower dose-rates allows the 
oxide-traps time to anneal and interface-traps become 
dominant along with positive shifts in the threshold voltage.

Example CMOS device
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TID effects

• Example of TID effects impacting 
LHC electronics. 

• Evolution of the source-drain 
leakage current in an NMOS 
transistor in 130nm CMOS during 
a TID exposure. 

• The TID peak (position and height) 
depends on the temperature, bias, 
and dose rate.  

• Consequences for (unexpected) 
detector power consumption.

Evolution of the source-drain leakage current in 
an NMOS transistor in 130nm CMOS during a TID 
exposure. The position and amplitude of the 
leakage peak depends on the temperature, bias 
and dose rate.  
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Qualifying detector designs for radiation resilience.
• Inner detector systems are designed to 

meet vertexing and tracking specifications 
defined by the experiment goals. E.g. 
space point precision; fast readout; good 
signal to noise; low noise occupancy; etc.

• However, the effects of radiation can 
impact design specifications, leading to: 
increased leakage currents and thermal 
runaway; decreases in charge collection 
and S/N; increases in depletion voltages 
and breakdown; Single Event Upsets and 
DAQ issues; mechanical degradation. 

• How do we make sure the detector design 
is fit for purpose over the lifetime of the 
experiment?

SCT barrel 
module

ITk barrel 
module



27

• For the SCT we simply took the simulated 
fluence and dose results, applied a best 
guess “safety factor”, and irradiated our 
devices in an appropriate test facility.

• For cumulative quantities such as total 
ionising dose (TID) or 1 MeV neutron 
equivalent fluence, the translation from 
simulation to test facility is straight 
forward. However have to take care with 
dose-rate effects.

• For Single Event Upsets (SEU) in 
electronics, studies have shown that 
rates can be estimated from the 
simulated hadron fluence > 20 MeV, and 
using proton or pion facilities > 60 MeV. 

Qualifying detector designs for radiation resilience.



before irradiation

after  
irradiation
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ATLAS SCT I-Vs before and after 
irradiation 3x1014 protons for different 
sensor shapes and crystal orientation. 

Qualifying detector designs for radiation resilience.



• For upgrade studies, we can 
now input our experiences 
from running at the LHC.

• In particular, by comparing 
simulation and model 
predictions with detector 
measurements (e.g. leakage 
currents) we can reevaluate 
the safety factor 
uncertainties (discussed in 
the next section), which has 
a big impact on cost.
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Qualifying detector designs for radiation resilience.

CERN Yellow Report 
(under review)

11-12 Feb 2019 at CERN:

With focus on operation and performance 
of inner detector systems

Post Run 2 Workshop on Radiation 
Effects in the LHC Experiments

indico.cern.ch/event/769192

Sessions on: sensor measurements & simulations; 
radiation background simulation & benchmarking;             

effects on electronics/optoelectronics

11-12 Feb 2019 at CERN:

Organising Committee: E. Butz (KIT), M. van Beuzekom (Nikhef), M. Bomben (LPNHE), P. Collins (CERN), A. de Cosa (Zurich), 
I. Dawson (Sheffield), S. Mallows (KIT), M. Moll (CERN), A. Mucha (AGH UST), B. Nachman (LBNL), D. Robinson (Cambridge), 

A. Rozanov (CPPM-IN2P3-CNRS), J. Sonneveld (Hamburg)

Post Run 2 Workshop on Radiation 
Effects in the LHC Experiments

With focus on operation and performance 
of inner detector systems

(ATLAS internal)
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Detector measurements and comparisons with 
model predictions.

• We will focus on inner detector measurements, where the radiation backgrounds 
are most harsh due to proximity of the proton-proton collisions.

Schematic view of the ATLAS inner detector.
ATLAS ID geometry described in FLUKA.
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Detector measurements and comparisons with 
model predictions.

• First take a look at leakage current evolution in the silicon tracker systems.
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Detector measurements and comparisons with 
model predictions.

• First take a look at leakage current evolution in the silicon tracker systems.

The model predictions (combining fluence simulations 
with the leakage current annealing models) agree 

amazingly well (~20%) with the measurements.
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Detector measurements and comparisons with 
model predictions.

• What about the innermost (pixel) 
detector layers? 

• On ATLAS we now have plots 
combining pixels and SCT, covering 
both barrel and endcap regimes. 

• Compared to SCT, larger differences 
observed in pixels, with 
(unfortunately) simulations under 
predicting.

• The IBL z-dependence is a mystery! 
Measurement bias? NIEL violation? 
Incorrect minbias physics modelling 
in Pythia8?
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Detector measurements and comparisons with 
model predictions.

• What about the innermost (pixel) 
detector layers? 

• On ATLAS we now have plots 
combining pixels and SCT, covering 
both barrel and endcap regimes. 

• Compared to SCT, larger differences 
observed in pixels, with 
(unfortunately) simulations under 
predicting.

• The IBL z-dependence is a mystery! 
Measurement bias? NIEL violation? 
Incorrect minbias physics modelling 
in Pythia8?

All these results feed into the 
simulation uncertainties (safety 

factors) needed for the upgrades.
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Detector measurements and comparisons with 
model predictions.

• What about other important 
detector damage 
observables, such as 
increases in depletion 
voltages?

• A fully depleted sensor is 
important for signal 
extraction.  

• Voltage supplies limited, 
and too high voltages can 
cause breakdown, so 
important to understand.

Measurements and Hamburg model predictions for the ATLAS IBL (left) and 
B-layer (right). Circular points indicate measurements using bias voltage 
scan method, while square points correspond to cross-talk scans.
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Detector measurements and comparisons with 
model predictions.

• Unfortunately the detector 
systems cannot measure 
ionising dose, for this we have 
“Radmon” monitors.

• Once again, agreement 
between simulations and 
measurements quite good.

• More important, better that the  
simulations overestimate than 
underestimate. 
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Synergy between industries?
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• In terms of radiation simulation 
and testing, there is strong 
overlap between what we do in 
collider experiments and the 
aerospace and nuclear industries. 

• For example, we’ve used FLUKA/
GEANT4 for simulation radiation 
effects in all these research fields.  

• Similarly, radiation quantities 
such as ionising-dose, 1 MeV 
neutron equivalent flux, etc., are 
used across these sectors. 
Therefore the same irradiation 
test facilities can be used.



Example of partnerships with industry SMEs to develop 
radiation resilient ultrasound transducers (UT) for non 
destructive testing in nuclear applications.
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Investigate piezopolymer (PVDF) ultrasound transducers 
for radioactive waste monitoring. Understanding gamma 
response crucial. PVDF sensor material of interest for 
high frequency/resolution imaging applications.

Piezoceramic based ultrasound transducers for 
monitoring extreme environment applications, such as 
inside nuclear reactors. Evaluating both neutron and 
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Calorimeters

Semiconductor
detectors

Gas detectors

Once again simulation provides the link between the real life radiation environment 
and the test facilities. 

High flux 27 MeV protons for ionising 
dose and bulk material damage. 

Nuclear reactor for neutron and 
gammas damage studies.



Gamma irradiations and simulations.
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Dalton Co-60 gamma 
irradiation chamber.

To understand the 
dose profiles inside the 
probes, we modelled in 
GEANT4 the irradiation 

chamber, Co60 rods, 
and UT probes.

Results!

Benchmarking/calibration 
of simulations with data.

UT probes mounted in rack.



Neutron irradiations and simulations.
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Neutron energy 
spectra (MCNP6) 

different locations.

Results!Reactor power over 5 days

Total ionising dose different locations



Outcome of project?
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Publication (Vol 35, Issue 2, 2020) 
and presentation at Advanced 

GEANT4 workshop.

Companies now advertising their radiation resilient products. 
Any lessons learned? SMEs have much to offer the aerospace 

and nuclear industries, but need expert support to navigate 
radiation hardness assurance and test facility usage. 
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Questions?
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Back up slides
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Illustration of four effects of displacement damage due to energy levels introduced in the 
bandgap.: a) increased therm generation of carriers; b) increased carrier recombination; 
c) increased temporary trapping; d) reduction in majority-carrier concentration.
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• At high luminosity, studies show machine backgrounds have less impact on LHC 
experiments compared to pp collisions, but still important to understand for some 
backgrounds in physics analyses (similar to cosmics). 
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Simulating radiation environments.
• What about machine backgrounds? (E.g. beam-gas, beam losses).
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Single Event Effects
• When an ionising particle deposits 

sufficient charge in a sensitive node, its 
normal function can be disrupted. 

• A simple example is a single event upset 
(SEU) when a ’1’ is changed to a ’0’ (or 
vice-versa) in a logic circuit or memory 
cell.

• The SEU sensitivity of a chip to radiation 
is measured in an appropriate irradiation 
facility (e.g. protons > 60MeV) and a 
cross-section is obtained.

• At the LHC this cross-section is 
combined with the simulated hadron 
fluence rate > 20 MeV to predict the rate 
of SEEs during operation.

• To avoid SEE either design special 
circuits or mitigate.

(Left) NMOS transistor with N-type implants in a P-type body. A 
positive gate voltage induces the a conduction n-channel at the 
SiO2 interface where current can flow between source and drain. 
(Right) Combination NMOS and PMOS to make a CMOS inverter.

Example SEU rate 
in ATLAS SCT 
front-end ASIC 
DAC registers 
versus module 
occupancy (which 
is proportional to 
beam luminosity).

heavy ionising  
recoil



• We can use this NIEL scaling and 
parameterise our understanding 
of annealing to develop predictive 
models, such as the Hamburg 
leakage current model.

• By including also the simulated    
1 MeV neutron fluence, we can 
now predict performance. 
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Displacement damage

(http://www-library.desy.de/cgi-bin/showprep.pl?desy-thesis99-040)

(n time  
intervals)

http://www-library.desy.de/cgi-bin/showprep.pl?desy-thesis99-040
http://www-library.desy.de/cgi-bin/showprep.pl?desy-thesis99-040
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Poly-moderator design to reduce damage fluence in the ITk.

Testing for  
hole 

integrity

1) 2)

3)

4)




