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• Why R2E? Radiation exposed electronics + impact on availability 

• Radiation Hardness Assurance for LHC electronics 

• Radiation Environment

• Component Level Testing

• System Level Testing (as final RHA validation)

Outlook 
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Key point: “unavoidable” radiation exposure of 
critical accelerator systems

Rubén García Alía | Radiation effects on electronics: accelerator lessons learnt 4



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  

5

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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Impact of beam losses on accelerator operation 
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…
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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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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 impact on machine availability 
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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



R2E prevention through radiation 
tolerant COTS based systems
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• Considering radiation tolerance constraints at very early stage of design

• Validation of radiation tolerance at system level before final production
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Example of rad-tol COTS-based system architecture

Many different radiation tolerant electronics system developments across CERN

Each with up to hundreds or even thousands of units across the accelerator

Each unit with several tens of different active semiconductor part types, and hundreds of parts in 
total 

Mitigation techniques at many different levels (component, circuit, board, sub-system…)

14

Uznanski, 

MAPLD’18
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Crucial point: electronic systems based on COTS, but relying on in-house designs



Why COTS modules (“black boxes”) are typically excluded from radiation 
exposed critical systems  

15

Example of COTS module risk: same “black-box”, different power MOSFET

• The module passed the radiation test, but some units started failing very early after installation in the LHC 

STP3NV80 

(N-channel, 800V) 

IRFBE30 

(N-channel, 800V) 

22 destructive events 

before LS1

One destructive event 

before LS1
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LHC approach: from mitigation to prevention 
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• No information about 

radiation levels and 

sensitivity of critical 

components and systems to 

radiation

• Use of purely commercial 

modules and systems in 

radiation areas, even if 

radiation tested • Active electronics 

operating only in 

radiation safe areas 

(e.g. shielding, 

relocation) 

• Rad-hard-by-design 

components

• Radiation tolerant design based on qualified COTS

Rubén García Alía | Radiation effects on electronics: accelerator lessons learnt 16



• Why R2E? Radiation exposed electronics + impact on availability 

• Radiation Hardness Assurance for LHC electronics 

• Radiation Environment

• Component Level Testing

• System Level Testing (as final RHA validation)

Outlook 
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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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Layout of the LHC
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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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Monitoring and calculation tools
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Monitoring and calculation tools

24

“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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Optical fiber dosimetry at CERN 

Example of operation: 2018 in PS
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electronics: accelerator lessons learnt 
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Extraction

Internal dump

Injection
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The ATLAS Insertion Region (IR1)
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Radiation levels in the ATLAS detector
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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



IR1 and IR5 Dispersion Suppressor (DS): TID
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Summary of radiation levels at the LHC
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R2E safe Excluded for COTS



• Why R2E? Radiation exposed electronics + impact on availability 

• Radiation Hardness Assurance for LHC electronics 

• Radiation Environment

• Component Level Testing

• System Level Testing (as final RHA validation)

Outlook 
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COTS vs rad-hard ASIC
The R2E risk would be (at least largely) removed if system developers could fully rely on rad-hard parts

This is not feasible for various reasons, notably:

• Price → typical price differences between COTS and rad-hard counter part are factor ~100 (see example below)

• Lead time

• Performance (in some cases, dedicated ASIC developments would be needed “from scratch”, requiring 5+ years)

• Plus, radiation tolerance for space-grade, rad-hard parts, might not be sufficient (and will anyway require testing)  
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COTS may be cheap, but testing them is expensive

34

▪ Commercial parts are attractive due to 

performance, availability (including short lead 

times) and cost

▪ However, in order to use them in radiation, they 

need to be qualified, which also comes at a 

high cost

▪ For space applications, the “cost of ownership” 

of COTS parts is typically dominated by 

radiation testing 

▪ It is estimated that the full cost of characterizing 

a COTS device for space ranges between 25 and 

600 kUSD, depending on its complexity. Most of the 

costs are linked to labor during the test 

development phase. 

@Testing at the Speed of Light: The State of 

U.S. Electronic Parts Space Radiation Testing 

Infrastructure
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Radiation test service @ BE-CEM-EPR
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Radiation test service @ BE-CEM-EPR
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Many different type of components tested, across multiple CERN ATS groups
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Importance of component level testing 

Component level tests typically carried out at PSI (200 MeV protons), covering all three effects (SEEs, 
TID, displacement damage)

Typical  annual figures for R2E at PSI: ~250h beam time, ~50-80 different COTS references tested

Standard component level requirements: Destructive SEE free, lifetime of 200 Gy and 2∙1012 neq/cm2
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TID testing: Cobalt-60 radioactive sources 

Rubén García Alía | Radiation effects on 

electronics: accelerator lessons learnt 
38

CC60 facility at CERN

(alternative: x-ray TID testing)
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Example of competitive ultra-low bias current amplifiers for measuring ion 

current of Penning design

Total Ionizing Dose Effects – Integrated Circuit level
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Importance of component level testing 

40

Some parts are clearly better than others when it comes to radiation, despite their very 
similar electrical characteristics… as mentioned before, this can be exploited by testing 

One example (out of many): voltage threshold 

drift in power MOSFETs due to TID effects  

@RADWG test database
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Importance of component level testing

41

• Very different response from different power MOSFETs with similar electrical characteristics (i.e. all 

candidates for same development)

• Importance of screening component level effects of critical components before moving on to system level 

validation 

@RADWG test database
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High component occurrence in 500 Gy radiation 
tolerant power converter design
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Voltage regulator qualification issue

43

Discrepancy likely due to combined TID/TNID effects; very different ratios (by factor ~5) at PSI and CHARM

Affecting many of the currently ongoing R2E developments; specific and general mitigation measures applied
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Importance of component level testing 

Database with over 400 COTS component 
test report (mainly PSI: proton SEE, TID and 
DDD)

Extremely valuable asset for CERN 
engineers designing radiation tolerant 
systems 

Still, batch qualification of newly procured 
lots is typically required! (as shown in an 
example later) 

44

http://radwg.web.cern.ch/content/radiation-test-database
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• Why R2E? Radiation exposed electronics + impact on availability 

• Radiation Hardness Assurance for LHC electronics 

• Radiation Environment

• Component Level Testing

• System Level Testing (as final RHA validation)

Outlook 

Rubén García Alía | Radiation effects on electronics: accelerator lessons learnt 45



(*) As final Radiation Hardness Assurance step, after radiation levels and tolerance requirement definition, 
architecture selection (including radiation effects mitigation solutions), component selection (based mainly on 
device level radiation effects testing), etc.  

Importance of CHARM for system level testing(*)
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System level testing in CHARM

System level testing at CHARM: 

• System level testing is applied as validation under operational conditions and in representative radiation environment (i.e. the part selection & 
qualification, plus system level mitigation have already been carried out beforehand, therefore system level validation is expected to be successful)

• Systems are built modularly and with self-diagnose capability, therefore in case of failures or errors at a rate larger than that specified, re-design 
without major changes is typically possible

Typical weekly radiation levels (considering position R10 and 1.5∙1016 protons on target): 350 Gy, 2.5∙1012 neq/cm2, 7.5 ∙1011 HEH/cm2
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Mimicking the hadron accelerator environment in CHARM 
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Power converters: 600A and 4-6-8 kA 

49

System level testing 

@Yves Thurel, Vicente Raul Herrero, Julien Chanois 
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Radiation tolerant RR power converters (LS2)

50

TID ~ 300 Gy; TNID ~ 3×1012 n/cm2; SEE < 10-12 cm2 No radiation induced failures 

during 2022 LHC operation
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R2E power converters: importance of radiation 
tolerance validation at system level 
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R2E power converters: importance of radiation 
tolerance validation at system level 
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R2E power converters: importance of radiation 
tolerance validation at system level 
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R2E power converters: importance of radiation 
tolerance validation at system level 
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Improvement in 2022 versus 2018 

mainly due to: (a) reduced Point 1 

& 5 DS levels and (b) R2E power 

converters in RRs 



R2E power converters: importance of radiation tolerance 
validation at system level 

56

Nothing beats a CHARM test!! 
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Main take-aways of LHC radiation tolerant 
electronics design 

57

Simplified overview of key ingredients to a successful operation of critical 
electronics in radiation areas: 

• detailed knowledge of radiation environment (measurement, simulations) 
and its effects on electronics

• in-house design of electronic systems, with full control of bill-of-material 
(i.e. parts selection) and circuit/system architecture

• experienced radiation testing service and associated “preferred parts list”

• in-house facility for system level radiation tolerance validation
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home.cern

Many thanks for your attention!

Questions? Comments? Thoughts?

ruben.garcia.alia@cern.ch



• Why R2E? Radiation exposed electronics + impact on availability 

• Radiation Hardness Assurance for LHC electronics 

• Radiation Environment

• Component Level Testing

• System Level Testing (as final RHA validation)

• A few additional examples beyond LHC protons

• LHC ions

• SPS

• Medical Linacs

• CLEAR

• North Area ion beams

Outlook 
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Localized ion losses: bound-free pair production
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BFPP losses

Protons up to TS (technical stop) 3, ions after that (for 2018)



Compromised LHC ion run availability due to R2E 
events, just some weeks ago 
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Quick look at the SPS
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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 

70Rubén García Alía | Radiation effects on electronics: accelerator lessons learnt 



• Why R2E? Radiation exposed electronics + impact on availability 

• Radiation Hardness Assurance for LHC electronics 

• Radiation Environment

• Component Level Testing

• System Level Testing (as final RHA validation)

• A few additional examples beyond LHC protons

• LHC ions

• SPS

• Medical Linacs

• CLEAR

• North Area ion beams

Outlook 

Rubén García Alía | Radiation effects on electronics: accelerator lessons learnt 71



25 MeV medical linac at PTB

72

Cecchetto, Matteo, et al. "Neutron 

measurements in medical LINACs through 

SRAMs." R2E Annual Meeting (2022)
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How does a high-energy heavy ion beam really look like? 

Rubén García Alía | Radiation effects on electronics: accelerator lessons learnt 76


	Slide 1: Radiation Effects on Electronics lessons learnt from Accelerators Facilities
	Slide 2: Outlook 
	Slide 3: Outlook 
	Slide 4: Key point: “unavoidable” radiation exposure of critical accelerator systems
	Slide 5
	Slide 6: Impact of beam losses on accelerator operation 
	Slide 7
	Slide 8: What are the relevant systems, and where are they located?
	Slide 9: Focusing on the LHC: a typical cycle 
	Slide 10: R2E impact on machine availability 
	Slide 11: R2E order of magnitude levels and effects (very approximative!) 
	Slide 12: R2E prevention through radiation tolerant COTS based systems
	Slide 13
	Slide 14: Example of rad-tol COTS-based system architecture
	Slide 15: Why COTS modules (“black boxes”) are typically excluded from radiation exposed critical systems  
	Slide 16: LHC approach: from mitigation to prevention 
	Slide 17: Outlook 
	Slide 18: The LHC accelerator complex
	Slide 19: Layout of the LHC
	Slide 20: Sources of radiation: LHC collisions 
	Slide 21: Sources of radiation: beam-machine and beam-gas interactions
	Slide 22: LHC radiation showers
	Slide 23: Monitoring and calculation tools
	Slide 24: Monitoring and calculation tools
	Slide 25: Optical fiber dosimetry at CERN 
	Slide 26: The ATLAS Insertion Region (IR1)
	Slide 27: Radiation levels in the ATLAS detector
	Slide 28: IR1 (ATLAS) and IR5 (CMS) Long Straight Sections (LSS)
	Slide 29: Radiation levels in the UJ
	Slide 30: IR1 and IR5 Dispersion Suppressor (DS): TID
	Slide 31: Summary of radiation levels at the LHC
	Slide 32: Outlook 
	Slide 33: COTS vs rad-hard ASIC
	Slide 34: COTS may be cheap, but testing them is expensive
	Slide 35: Radiation test service @ BE-CEM-EPR
	Slide 36: Radiation test service @ BE-CEM-EPR
	Slide 37: Importance of component level testing 
	Slide 38: TID testing: Cobalt-60 radioactive sources 
	Slide 39: Total Ionizing Dose Effects – Integrated Circuit level
	Slide 40: Importance of component level testing 
	Slide 41: Importance of component level testing
	Slide 42: High component occurrence in 500 Gy radiation tolerant power converter design
	Slide 43: Voltage regulator qualification issue
	Slide 44: Importance of component level testing 
	Slide 45: Outlook 
	Slide 46: Importance of CHARM for system level testing(*)
	Slide 47: System level testing in CHARM
	Slide 48: Mimicking the hadron accelerator environment in CHARM 
	Slide 49: Power converters: 600A and 4-6-8 kA 
	Slide 50: Radiation tolerant RR power converters (LS2)
	Slide 51: R2E power converters: importance of radiation tolerance validation at system level 
	Slide 52: R2E power converters: importance of radiation tolerance validation at system level 
	Slide 53: R2E power converters: importance of radiation tolerance validation at system level 
	Slide 54: R2E power converters: importance of radiation tolerance validation at system level 
	Slide 55
	Slide 56: R2E power converters: importance of radiation tolerance validation at system level 
	Slide 57: Main take-aways of LHC radiation tolerant electronics design 
	Slide 58
	Slide 59: Outlook 
	Slide 60: Localized ion losses: bound-free pair production
	Slide 61
	Slide 62
	Slide 63: Compromised LHC ion run availability due to R2E events, just some weeks ago 
	Slide 64: Outlook 
	Slide 65: Quick look at the SPS
	Slide 66: Quick look at the SPS: levels up to 100s of kGy 
	Slide 67: Quick look at the SPS: focus on electronics 
	Slide 68: Quick look at the SPS: losses within the cycle
	Slide 69: Quick look at the SPS: levels in the arc, hosting electronics  
	Slide 70: Quick look at the SPS: levels in the side galleries 
	Slide 71: Outlook 
	Slide 72: 25 MeV medical linac at PTB
	Slide 73: Outlook 
	Slide 74
	Slide 75: Outlook 
	Slide 76: How does a high-energy heavy ion beam really look like? 

