
RADMEP 2023 Workshop at CERN

4th December 2023

https://indico.cern.ch/event/1350062/

Accelerator Radiation Environments

Rubén García Alía

SY department, R2E activity coordinator



• Introduction to this course and the Radiation Hardness Assurance discipline 

• Basics of radiation-matter interactions and the FLUKA Monte Carlo code

• Radiation environment in the LHC

• Setting the scene

• Radiation sources and environment description

• Tools for radiation monitoring and calculation 

• Radiation levels in the LHC areas relevant to electronics operation 

• SPS radiation levels

• FCC-ee radiation levels 

• Extra slides

Outline

Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 2



• Introduction to this course and the Radiation Hardness Assurance discipline 

• Basics of radiation-matter interactions and the FLUKA Monte Carlo code

• Radiation environment in the LHC

• Setting the scene

• Radiation sources and environment description

• Tools for radiation monitoring and calculation 

• Radiation levels in the LHC areas relevant to electronics operation 

• SPS radiation levels

• FCC-ee radiation levels 

• Extra slides

Outline

Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 3



Topic of the course: basic intro to radiation effects 
on electronics, with a focus on CERN applications
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Impact of beam losses on accelerator operation 
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…



Radiation Hardness Assurance, as defined for space applications
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Radiation effects at CERN
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https://charm.web.cern.ch/

https://radwg.web.cern.ch/

https://ep-ese.web.cern.ch/

https://r2e.web.cern.ch/



The “Radiation to Electronics” (R2E) challenge in high-energy accelerators 

▪ High-energy accelerators are subject 

to beam losses and hence generate 

prompt radiation in their vicinity

▪ Part of the accelerator equipment 

needs to be installed near the 

machine itself, and is therefore 

subject to a complex and challenging 

radiation environment 

▪ Such equipment is critical for the 

successful operation of the 

accelerator, and uses 

microelectronic components which 

are sensitive to radiation  

8

Expected HL-LHC radiation 

levels around the ATLAS 

interaction point (IP1), as 

simulated in FLUKA

Tens of thousands of electronic boards in the 

LHC (and millions of individual components), all 

capable of negatively affecting its operation 

through radiation effects  

R2E mandate: to ensure the successful 

operation of CERN accelerators in view 

of radiation effects on electronics
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9

Radiation tolerant design 

and production 

(standards, guidelines, 

quality assurance, 

reviews…) 

Radiation effects 

facilities and tests

Radiation environment simulation and monitoring

Follow-up and mitigation of 

radiation effects impact on 

operation; mission-critical also 

for HL-LHC objectives

Radiation Hardness 

Assurance at CERN
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Multidisciplinary and transversal activity

Microelectronic 

engineering

Reliability 

engineering

Systems engineering

Nuclear and high-energy 

physics

Semiconductor physics

Physical modelling and 

computational 

simulations (e.g. Monte 

Carlo) 
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Radiation-Matter 

interaction; Detector 

physics

“From atoms to systems” (through semiconductors, circuits, etc.) 

New radiation environments, new technologies, new effects… → “Never-ending learning story” 

Accelerator 

technology

Radiation 

Hardness 

Assurance at 

CERN
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Radiation-matter interaction and FLUKA
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Radiation-matter interaction and FLUKA
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Physical quantities: fluence vs current
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Physical quantities and units: fluence, LET, dose
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Dose: absorbed energy per 

unit mass (e.g. MeV/g, or, 

more typically, J/kg = Gy)

Linear Energy Transfer: 

deposited energy per unit length, 

typically normalized to density 

(e.g. MeV∙cm-1/(g∙cm3) = 

MeVcm2/g)

For a given energy and (charged) particle:

Dose (MeV/g) = Fluence (cm-2) x LET (MeVcm2/g) 

Flux = Fluence / time Dose Rate = Dose / time
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Cumulative, 

deterministic, 

lifetime related  

Stochastic, 

Single Event Effects

(Differential) fluence: 

particles per unit surface per 

unit energy (e.g. MeV-1cm-2)



Cumulative radiation effects on electronics 
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Charge accumulation in oxide Silicon structure alteration 



Single Event Effects: direct and indirect ionisation
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R2E order of magnitude levels and effects (very approximative!) 
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Approximation (mainly for high-energy accelerator environment): 109 HEH/cm2 ~ 1 Gy
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High-energy hadron fluence 

(cm-2 year-1)

Total Ionizing Dose for 10 years 

(Gy) Effects on Electronics

105 <<1 
Possible SEE impact for commercial systems with 

MANY units and VERY demanding availability and 

reliability requirements  

107 <1
SEE impact for systems with multiple units and 

demanding availability and reliability requirements  

109 10
SEE mitigation (e.g. redundancy) at system level; 

cumulative effects can start to play a role 

1011 1000
SEE mitigation (e.g. redundancy) at system level, very 

challenging TID level for COTS

1015 10 MGy Rad-hard by design ASICs



The FLUKA particle-transport code
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https://fluka.cern/



FLUKA’s graphical user interface: Flair
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FLUKA geometry
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Ionization loss benchmark example
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SEEs are typically caused by “stopping” charged particles, present in the environment (direct ionization) or 

generated locally (micrometric level) near the sensitive volume (indirect ionization)



Ionization loss benchmark example

23

Electrons: key 

impact of Coulomb 

scattering  
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Hadron-nucleus interactions: 90Zr(p,xn)
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Energy deposition through neutron-silicon interactions
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Short-ranged, high LET 

recoil → capable of 

inducing SEEs



Bremsstrahlung and photo-neutrons
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Important for electron accelerators, including medical linacs



Summary of radiation-matter interactions relevant 
for (stochastic) radiation effects in accelerators   

27Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 

• High energy protons generate (spallation) neutrons, through nuclear reactions

• These neutrons travel long distances, scattering off nuclei, and penetrating 
through thick shielding materials 

• When reaching the electronics, these neutrons can create nuclear reactions near 
the sensitive nodes, which produce heavy, short-ranged, highly ionizing recoils 
and fragments with a large enough LETs to cause SEEs

• (a similar process can be triggered with high energy electrons as a source, via 
synchrotron and bremsstrahlung photons first, and photon-neutrons later)
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The LHC accelerator complex

• Long sequence of accelerators and 

transfer lines to reach the LHC, for 

proton and ion operation.

• Energy increase by a factor ≈30 at 

each step.

• Four LHC Interaction Points (ATLAS, 

CMS, ALICE and LHCb detectors).

• Many experiments and facilities (e.g. 

CHARM test facility, discussed later).
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What are the relevant systems, and where are they located?

Electronic systems at the LHC can contain up 
to thousands of COTS-based units. Some 
examples:

• Power converters: carrying the necessary currents 

from the external supplies into the magnets. 

• Quench Protection System (QPS): protecting the 

superconducting equipment from incidents (quenches) 

caused by excessive heat.

• Many others (vacuum, beam instrumentation, 

cryogenics, RF, etc.).

The racks can be in the tunnel, to reduce 
cabling distance from the equipment, or in 
nearby shielded areas with lower radiation 
levels.
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Focusing on the LHC: a typical cycle 
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R2E issues at the LHC

32Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 



Layout of the LHC
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(*) here we only consider prompt radiation sources, but 

radioactive nuclei are also a very important radiation 

source, e.g. for radiation protection, but also in some 

specific cases, for radiation effects on electronics 

(uranium decay chain contaminants in chip packages; as 

sources for radiation effects testing, etc.)  



Sources of radiation: LHC collisions 
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Sources of radiation: beam-machine and beam-gas interactions
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LHC radiation showers
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(( Atmospheric radiation environment ))

• The interactions of galactic cosmic radiation and solar energetic particles with the 
atmosphere lead to the generation of a cascade of secondary particles which affect the 
lower reaches of the atmosphere

• These affect microelectronics systems at aircraft altitudes and on the ground through 
single event effects and enhance the natural background radiation exposure to humans 
which would normally come from primordial radiation (radioisotopes from the uranium, 
thorium decay-chains and potassium-40 decays).

• In the European Union, the awareness of the risk to aircrew and passengers resulted in 
the requirement to monitor and limit aircrew exposure enacted into law as a result of an 
EU (Euratom) Directive issued in 1996.

• “Soft errors from radiation are the primary limit on digital electronic reliability. This 
phenomenon is more important than all other causes of computing reliability put 
together. As we enter the era of ubiquitous computing, with interlaced intelligence 
controlling our machines and information, system crashes without hardware defects are 
black clouds threatening these complex networks.” - Cypress Semiconductor

• In this context traditional cumulative damage effects on microelectronics are not of 
concern for the natural GCR- and SEP-induced atmospheric environment.  However, 
radiobiological dose and SEEs are potential issues, the latter subject to the 
microelectronics technology and application.

38

Illustration of an atmospheric secondary particle (air 

shower) cascade initiated by a primary cosmic ray particle 

colliding with an atmospheric neutral. The air shower 

consists of a central hadronic core, surrounded by a 

spreading cone of muons (the ‘‘hard component’’) and 

electrons, positrons and photons (the ‘‘soft

component’’).

Nordheim, T. A., et al. "Ionization of the 

Venusian atmosphere from solar and 

galactic cosmic rays." Icarus 245 (2015): 

80-86.
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High Energy Hadrons and thermal neutrons 
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(highlighting the importance of particle energy spectra when describing radiation environment)  



The High Energy Hadron (HEH) approach
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Monitoring and calculation tools
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Monitoring and calculation tools

43

“Overview of 2021 prompt radiation levels in the injector 

chain” , K. Bilko, IPP meeting 13th January 2022

“Optical Fibre Dosimetry”, D. Di Francesca, R2E Annual Meeting 2022
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Monitoring and calculation tools
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Solid state detector with fast readout electronics 

“Silicon Diode as R2E detector”, K. Bilko, R2E Annual Meeting 2021



Monitoring and calculation tools
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High level dosimetry 

“High Level Dosimetry”, Y. Aguiar, R2E Annual Meeting 2022



• Introduction to this course and the Radiation Hardness Assurance discipline 

• Basics of radiation-matter interactions and FLUKA Monte Carlo code

• Radiation environment in the LHC

• Setting the scene

• Radiation sources and environment description

• Tools for radiation monitoring and calculation 

• Radiation levels in the LHC areas relevant to electronics operation  

• SPS radiation levels

• FCC-ee radiation levels 

• Extra slides

Outline

Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 46



The ATLAS Insertion Region (IR1)
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RR13 RR17



Radiation levels in the ATLAS detector
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Radiation level specification document for HL-LHC
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IR1 (ATLAS) and IR5 (CMS) Long Straight Sections (LSS)
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Radiation levels in the UJ
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A lot of electronics relocated away from the UJs (and e.g. into the ULs) during Run 1 and LS1



Radiation levels in the RR
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IR1 and IR5 Dispersion Suppressor (DS): TID

53Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 



IR1 and IR5 Dispersion Suppressor (DS): fluences
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Integrated luminosity scaling and machine parameters

55Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 



Benchmark against simulation
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Radiation levels in the arcs
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Radiation levels in the arcs
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Summary of radiation levels at the LHC
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R2E order of magnitude levels and effects (very approximative!) 

60

High-energy hadron fluence 

(cm-2 year-1)

Total Ionizing Dose for 10 years 

(Gy) Effects on Electronics

105 <<1 
Possible SEE impact for commercial systems with 

MANY units and VERY demanding availability and 

reliability requirements  

107 <1
SEE impact for systems with multiple units and 

demanding availability and reliability requirements  

109 10
SEE mitigation (e.g. redundancy) at system level; 

cumulative effects can start to play a role 

1011 1000
SEE mitigation (e.g. redundancy) at system level, very 

challenging TID level for COTS

1015 10 MGy Rad-hard by design ASICs

Approximation (mainly for high-energy accelerator environment): 109 HEH/cm2 ~ 1 Gy
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Sea level

LHC tunnel: arc

LHC shielded areas

LHC tunnel: DS

HL-LHC experiments
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Quick look at the SPS: levels up to 100s of kGy
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Quick look at the SPS: focus on electronics 
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Quick look at the SPS: losses within the cycle
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Quick look at the SPS: levels in the arc, hosting 
electronics  
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Quick look at the SPS: levels in the side galleries 
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Synchrotron radiation in lepton machines: FCC-ee
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Synchrotron radiation
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Synchrotron radiation
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TID levels in the tunnel environment

Annual radiation levels → very challenging, not only for 

electronics, but also related to material damage 
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Effect of local shielding
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Main material sources (available publicly or through request to authors) 

FLUKA and radiation-matter interaction intro:

• “An introduction to radiation-matter interaction”, Francesc Salvat-Pujol, 5th Barcelona TechnoWeek (2021) 

• “An introduction to the FLUKA particle transport code for the SHIELDOSE-2 study team”, Francesc Salvat-Pujol (2022)

LHC radiation environment:

• “The Accelerator Radiation Environment”, Giuseppe Lerner, ISAE-SUPAERO Course 2020

FCC-ee radiation environment: 

• “Energy deposition studies for synchrotron radiation (SR) in the FCC-ee arcs in FLUKA”, Barbara Humann, R2E Annual Meeting 
2022

Space radiation environment:

• “From radiation environments to radiation-matter interactions”, Giovanni Santin, NSREC 2022 Short Course

• “ Single Event Effects in Aerospace”, Edward Petersen, John Wiley & Sons, 2011.

Atmospheric radiation environment: 

• “Radiation environments: space, avionics, ground and below”, Giovanni Santin, Pete Truscott, Rémi Gaillard, Rubén García Alía, 
RADECS 2017 Short Course 
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Thanks for your attention! Any questions?  
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https://twiki.cern.ch/twiki/bin/view/FlukaTeam/FlukaLineBuilder



Extra slides
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• Content:

• Mimicking the accelerator radiation environment in CHARM

• Neutrons in medical linacs

• Heavy ion fragmentation

• Space environment: trapped radiation belts, Solar Energetic Particles, Cosmic Rays 

• Atmospheric radiation environment  



Mimicking the hadron accelerator environment in CHARM 

Simulated 2-D TID distribution at beam height is 

shown for two configurations: CuOOOO (top) and 

CuCSSC (bottom).

Particle spectrum scored at the standard test 

locations for the CuCSSSC configuration: R1, 

fully shielded (top), and R13, within the residual 

beam direction (bottom), in a lethargy format.

76

Prelipcean, Daniel, et al. "Benchmark between measured and 

simulated radiation level data at the Mixed-Field CHARM facility 

at CERN." IEEE Transactions on Nuclear Science (2022).
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Mimicking the hadron accelerator environment in CHARM 
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Mimicking the hadron accelerator environment in CHARM 
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25 MeV medical linac at PTB

79

Cecchetto, Matteo, et al. "Neutron measurements in medical 

LINACs through SRAMs." R2E Annual Meeting (2022)
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High-energy heavy ion fragmentation 

80

Garcia Alia, Ruben et al. "Fragmented high-energy heavy ion 

beams for electronics testing" NSREC 2022 conference; 

accepted for IEEE TNS publication
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The trapped radiation belts
In the near-Earth region the global planet magnetic field keeps an electron and a protons populations trapped in a gyration, 
bounce and drift movement

the experimental confirmation of the trapped charged particle population only arrived with the first satellite launched by the 
United States, the Explorer 1, in 1958, with the measurement of its cosmic ray detector payload, based on a Geiger–Müller 
tube

The inner belt includes both electrons and protons. The proton population in this inner belt is dominant, and the outer belt is 
instead dominated by electrons.

The best known and most widely used models for the trapped particle populations are AP-8 for protons, and AE-8 for 
electrons, released in 1976 and 1983 respectively

81

Image credit: NASA- adapted from “Van Allen” Radiation Belt Storm Probe mission graphics. 

Spjeldvik and Rothwell, 

Handbook Of Geophysics And 

The Space Environment, 1985 
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Trapped electrons 

Electrons are present in the inner belt with energy up to 
hundreds of keV. The outer belt is dominated by a dynamic 
population of more energetic electrons, with (kinetic) energy E 
< 10 MeV.

Compared to the inner belt, the electron population of the outer 
belt shows a much higher variability, influenced by the solar 
activity, as a result of complex of complex injection and loss 
mechanisms associated with geomagnetic storms and solar 
material interacting with magnetosphere.

Trapped electrons dominate the geostationary orbit (GEO) and 
the medium Earth orbit (MEO) environment, but affect also 
missions at lower altitudes at high latitudes. Electron effects 
traditionally include total dose and electro-static discharges 
(ESD) from surface and internal charging

82

W. Robert Johnston et al, 

AE9/AP9/SPM: New Models for 

Radiation Belt and Space 

Plasma Specification, Proc. of 

SPIE Vol. 9085, 908508, 2014 
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Trapped protons

The proton component of the trapped radiation belts 
is relatively stable in intensity. It is believed to be 
mainly a product of Cosmic-Ray Albedo Neutron 
Decay (CRAND) mechanism, although a population 
of trapped solar protons has been observed.

The maximum energy of trapped protons is around 
500 MeV, but such high energies are only found at 
the core of the belt, while protons with energy above 
10 MeV are limited to altitudes below ~20,000 km, 
and at GEO only protons energies of a few MeV can 
be observed. 
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Trapped protons

The inner edge of the proton belt is 
encountered as the so-called South Atlantic 
Anomaly (SAA), which is a manifestation of 
the lower altitude of the inner belt protons. 
The SAA is due to the Earth magnetic field 
being tilted by 11 degrees with respect to 
the Earth rotation axis and offset by 500km 
towards the north Pacific, resulting in 
trapped protons getting closer to the Earth 
surface in the South Atlantic region.

Trapped protons (and electrons) dominate 
both TID and TNID effects for low Earth 
orbit (LEO) scenarios.

84

World map of the modelled trapped particle 

populations: AP-8 MAX integral proton flux >10 

MeV at 500 km altitude

Rubén García Alía | Accelerator Radiation Environments at RADMEP Workshop 



Solar Energetic Particles (SEP)

include protons, heavier ions, electrons, neutrons, gamma rays, X-rays, that are emitted 
from the Sun, and in some cases are accelerated either in the vicinity of the Sun, or by 
shocks in interplanetary space

usually divided into two categories: solar flares or Coronal Mass Ejections (CMEs), with 
the latter being responsible for major disturbances 

characterized by occasional high fluxes over short periods, with a frequency strongly 
correlated with the solar activity cycle, with a period of approximately 11 years.

For missions at altitudes and magnetic latitudes much beyond LEO, the trapped 
environment is less dominant than at LEO, and SEPs can have an important contribution 
to dose levels. Outside of the proton belt SEPs are the dominant source of displacement 
damage effects, and SEPs are the dominant source for all cumulative effects in 
interplanetary environment
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Solar Energetic Particles (SEP)

The energy spectral shape of solar energetic protons is very different 
event-by-event, and even within the same event, the proton spectra 
are highly variable.

The solar proton spectrum is in general much softer than that of 
GCRs. Mission scenarios in low Earth orbit at low inclination (LEO) 
are therefore typically fully shielded from the charged Solar particles 
(including protons) by the Earth magnetic field.

Solar particle can instead penetrate to much lower altitudes at higher 
latitudes, closer to the magnetic polar regions.

If the energy spectrum of the solar particles is hard enough, from 
their interactions in the upper layers of the atmosphere secondary 
particles are generated that can reach aircraft altitude, or even 
ground level.

86

Integral energy spectra of some of the 

largest SEP events of the last 50 years, 

including three events from solar cycle 23

Mewaldt, R.A., et al.: Radiation risks from large 

solar energetic particle events. In: D. Shaikh, G.P. Zank 

(eds.) Turbulence and Nonlinear Processes in 

Astrophysical Plasmas, American Institute of Physics 

Conference Series, vol. 932, pp. 277–282 (2007).
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Solar Energetic Particles (SEP)

87

Cumulative SEP proton fluence for several reference 

scenarios, as predicted by the ESP model

Comparison by Jiggens of SAPPHIRE, 

PSYCHIC and JPL cumulative integral fluence 

for 5-, 10- and 16-year prediction periods

P. Jiggens et al., "The Solar Accumulated and Peak 

Proton and Heavy Ion Radiation Environment 

(SAPPHIRE) Model," in IEEE Transactions on Nuclear 

Science, vol. 65, no. 2, pp. 698-711, Feb. 2018
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Galactic Cosmic Rays 

Galactic Cosmic Rays (GCR) originate from outside of the Solar System and consist of charged particles travelling 
near the speed of light. Their average energy is very high, around ~ 1 GeV/nuc, while the most energetic particles in 
the tail of the spectrum have measured energies reaching at least ~1021 eV.

This high energy of cosmic rays is believed to derive from acceleration by interaction with moving magnetic fields, 
e.g. in moving shocks originating from supernovae, via a mechanism suggested by Enrico Fermi already in 1949.

The modulation in the heliosphere of the intensity of the galactic cosmic ray fluxes causes a variability with solar 
cycle which becomes significant at rigidities below around 10 GV. Primary cosmic rays in outer space therefore 
manifest themselves as a continuous flux of about 4 particles/(cm2 s) on average, with intensity in anti-correlation 
with solar activity.  

The majority of the GCRs is made of atomic nuclei, and about 1% is made of electrons. Among the nuclei, protons 
constitute about 90%, alpha particles 9%, and the remaining ~1% of the particles consists of heavier ions.

This numerically small proportion of very penetrating particles contribute significantly both to single event effects 
(SEE) in microelectronics and to the predicted biological dose in astronauts in long duration interplanetary human 
spaceflight.
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Galactic Cosmic Rays: relative abundances

89

The relative abundances of all of the ions in cosmic rays. They are 

plotted in terms of the peak flux in their energy spectra.
The relative abundance of the important 

cosmic rays through mass 30.
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Galactic Cosmic Rays: solar modulation  

90

(a) GCR proton and (b) helium ion spectra in the interplanetary space generated by 

the BON10 model under different values of solar modulation potential Φ

Matthiä, Daniel, et al. "The radiation 

environment on the surface of Mars-

Summary of model calculations and 

comparison to RAD data." Life sciences 

in space research 14 (2017): 18-28.
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Galactic Cosmic Rays: influence of geomagnetic 
shielding

91

Variation of LET spectra with altitude 

for 30 degree inclination orbits.

Variation of LET spectra with altitude 

for 60 degree inclination orbits. Variation of LET spectra with inclination for LEO.
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Atmospheric radiation environment 

92

MAIRE simulation results showing the residual primary and secondary proton spectra as a function of altitude, 

and secondary neutron spectra at the same altitudes.  Top – plotted as a conventional differential spectrum; 

Bottom – “lethargy plot” with the vertical axis the product of differential flux and energy, EdΦ/dE.  These spectra 

are for location 45oN, 74oW, which has a vertical cut-off rigidity of ≅1 GV, and solar minimum conditions. 

MAIRE simulation results showing the ambient dose equivalent 

rate as a function of altitude, and the contributions made by 

different particle species to the dose.  The location corresponds to 

45oN, 74oW, which has a vertical cut-off rigidity of ≅1 GV, and 

solar minimum conditions. 
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Atmospheric radiation environment 

93

World map showing ambient dose-equivalent rate 

H*(10) at 12 km (39,000 feet) due to galactic cosmic 

radiation ions. 

MAIRE simulation results showing the peak neutron flux as a function of altitude, for 

several example SEPs form February 1956 and September and October 1989, as 

well as the mean background level from GCR ions.  Cut-off rigidity = 1 GV.

Fan Lei, Alex Hands, Simon Clucas, Clive Dyer and 

Pete Truscott, “Improvement to and 

validations of the QinetiQ Atmospheric Radiation 

Model (QARM),” IEEE Trans Nucl Sci, 

Vol 53, No 4, pp1851-1858, 2006. 
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