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CERN RHA & Testing Challenges
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▪ Type/Energy of test particle(s)

▪ Radiation Effect(s)

▪ Flux, Dose Rate

▪ Passive or active irradiation?

▪ Dynamic or static biasing?

▪ Circuit-level degradation

▪ Knowledge of failure modes

▪ Error propagation

▪ Should allow a fine estimation in

operation

Reliable component qualification is obtained through a wide variety of knowledges and activities:

Usability of the test 
metrics

Radiation effects on SoC

Radiation effects on 
elementary devices

Radiation effects on the 
materials

Coverability of the test

Representativity of test 
radiation environment

Representativity of 
biasing test conditions

Radiation environments

Radiation effect on 
Integrated Circuits



Radiation Effects on Electronics
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Active 

Elementary

Devices

Integrated 

Circuits

Transistor: MOSFET

Bipolar…

Diodes: Zener

LED

Schottky…

Digital: Memory

FPGA

µController

Analog: Opamp

Regulators

Mixed: ADC

DAC

Smart Power

Optronics: Optocoupler

PhotoMOS

SoC

Systems

ΔVTH

ΔHCE, ΔICE, ΔIBE , ΔVBE

ΔVF, ΔIL
ΔVF, ΔP , ΔIL

ΔVF , ΔIL

-

ΔHCE, ΔICE, ΔIBE , ΔVBE

ΔVF, ΔIL
ΔVF, ΔP , ΔIL

ΔVF , ΔIL

SET, SEB, SEGR, SEL…

SET

SET

SET

SET, SEB

SEU, SEFI, SEL, MBU…

SEE

ΔICC 

ΔICC, ΔtPD, programmability

ΔICC , ΔVREF …

SET, SEL

SEU, SEFI, SEL, 

MBU,SET

TID DD

Destructive events

Temporary failures

Permanent fault states

Performance degradation

Parametric degradation

SET ΔCTR, ΔITH

ΔITH, Switch capability

ΔCTR, ΔITH

ΔITH

-

-

-

Δvoff, ΔIBIAS, ΔG, Δiquiescient

ΔICC, ΔVREF, ΔVSTART …

-

-

ΔTP

Δvoff, ΔIBIAS, ΔG, ΔIquiescient …

ΔICC, ΔVREF, ΔVSTART …
ΔICC, ΔVREF, ΔENOB … 

ΔICC, ΔVREF, ΔENOB … 

ΔICC, ΔTP

Can contains all the

above



Radiation Effects on Electronics

4

Active 

Elementary

Devices

Integrated 

Circuits

Transistor: MOSFET

Bipolar…

Diodes: Zener

LED

Schottky…

Digital: Memory

FPGA

µController

Analog: Opamp

Regulators

Mixed: ADC

DAC

Smart Power

Optronics: Optocoupler

PhotoMOS

SoC

Subsystem

Systems

MegaSystems

ESCC22900 (ELDR)

MIL-STD 883 1019.8

MIL-STD750E 1019.5

ASTM F 1892-06

MIL-STD-750, SEB/SEGR

ESCC25100

SEE TID DD

No standards for system-level testing but guidelines exist (with a big contribution from 

CERN/R2E):
H. Quinn, "Challenges in Testing Complex Systems,"in IEEE TNS, April 2014

A. Coronetti et al., "Radiation Hardness Assurance Through System-Level Testing: Risk Acceptance, 

Facility Requirements, Test Methodology, and Data Exploitation,“ IEEE TNS 2021

T. Rajkowski et al., “Comparison of the Total Ionizing Dose Sensitivity of a System in Package Point 

of Load Converter Using Both Component- and System-Level Test Approaches,” Electronics 2021

No standard yet but 

guidelines

Guideline, conference, journal, littérature etc..:

“Guideline for Optocoupler Ground Radiation Testing and Optocoupler Usage in the 

Space Radiation Environment”, NASA

“Field Programmable Gate Array (FPGA) Single Event Effect (SEE) Radiation 

Testing”, NASA

“SEE Testing of ADC and DAC”, ESCIES

RADECS Short courses

NSREC Short courses

Can contains all the

above
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Radiation Effects on Electronics
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Active 

Elementary

Devices

Integrated 

Circuits

Transistor: MOSFET

Bipolar…

Diodes: Zener

LED

Schottky…

Digital: Memory

FPGA

µController

Analog: Opamp

Regulators

Mixed: ADC

DAC

Smart Power

Optronics: Optocoupler

PhotoMOS

SoC

Subsystem

Systems

MegaSystems

ESCC22900 (ELDR)

MIL-STD 883 1019.8

MIL-STD750E 1019.5

ASTM F 1892-06

MIL-STD-750, SEB/SEGR

ESCC25100

SEE TID DD

No standard yet but 

guidelines:

see presentation: “IoT BatMon: Wireless radiation monitoring at CERN”, from A. Zimmaro

see presentation: “Update on FPGA Testing” from A. Scialdone

see presentation: “IoT BatMon: Wireless radiation monitoring at CERN”, from A. Zimmaro

Can contains all the

above



Optoelectronic Qualification: Context
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➢ Optoelectronic components are among the weakest

part of a system exposed to displacement damage

→ Critical LHC systems embed optocouplers

→ It is then crucial to have reliable degradation

estimations to avoid premature failures in

operation

➢ CERN Component-Level Qualification Process

o TID: Gamma, DD: neutron DD+TID: proton sources

o Displacement Damage in operation are estimated by

using NIEL scaling theory

➢ Problem: Systematic NIEL scaling violations for optoelectronic semiconductor materials have

been reported in many studies

➢ Objectives of this study: Investigate the use of application-specific radiation environments for

displacement damage qualification for LHC applications

NIEL

Scaling

Real

Data 5 time smaller!

[Reed-00]

GaAs LED Damage vs protons(E)



Optoelectronic Qualification: LHC Spectra Analysis
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COTS-based systems are installed in three main LHC areas:

➢ Tunnel: Dispersion Suppression (DS) areas
• High Energy ( up to tens of GeV)
• High pions and proton contributions

➢ Shielded Areas: 

➢ RR (Lightly Shielded)
• High energies relatively attenuated
• Pion and proton contributions attenuated

➢UJ (Heavily Shielded)
• High energies strongly attenuated
• Negligible pion and proton contributions

→ Objective: Quantify the LHC DD spectra characteristics to be 
reproduced during radiation tests

FLUKA simulations

Proton, pion and neutron Normalized Lethargy Spectra:
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LHC Spectra DD characteristics obtained by

combining LHC Spectra with particle NIELs

Considered Materials: GaAs, AlGaAs, InGaAs

GaAs-like materials specific challenges:

➢ More sensitive to pion than Silicon

➢ Pion NIEL mostly theoretical

Optoelectronic Qualification: LHC Spectra Analysis



LHC Spectra DD characteristics obtained by

combining LHC Spectra with particle NIELs

Considered Materials: GaAs, AlGaAs, InGaAs

Typical Spectra DD characteristics:

➢ Particle contribution to total DD:

• Si: Negligible proton/pion contributions

• GaAs/InGaAs/AlGaAs:

▪ Proton / pion contributions

decrease while shielding increase

9

Optoelectronic Qualification: LHC Spectra Analysis
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LHC Spectra DD characteristics obtained by

combining LHC Spectra with particle NIELs

Considered Materials: GaAs, AlGaAs, InGaAs

Typical Spectra DD characteristics:

➢ Particle contribution to total DD:

• Si: Negligible proton/pion contributions

• GaAs/InGaAs/AlGaAs:

▪ Proton / pion contributions

decrease while shielding increase

➢ Energy Distribution:

• DD Normalized Reverse Integral (NRI)

• H50%, H10%: Energy values for which the

DD fluences contributes to 50% and 90%

of the total displacement damages.

H10%

H50%

H10%

H50%

H10%

H50%

H10%

H50%

Optoelectronic Qualification: LHC Spectra Analysis

These characteristics has to be reproduced 

in test environments.



Optoelectronic qualification: Solution
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Particle contribution (GaAs):

n: 85,2%, p:7,03%, π:7,75%

Position 10, Cu, CIIC

Particle contribution (GaAs):

n: 54%, p:13%, π:33%

Position 13, Cu, CIIC

Particle contribution (GaAs):

n: 99,5%, p:0,45%, π:0.05%

Position 1, Cu, CIIC
©  Fluka simulations

neutron pionneutron ( < 10 eV) proton

Range of particle contributions to total DD achievable [%]:

0 25 50 75 100

99.764.4

270.04
0.30

0.1 0.67
9ALGAAS

99.760

300
0.3

2.9 16.9
11INGAAS

99.554

330
0.5 10

GAAS

0.7 2.6

98.291.3

1.3 5
0

SI
3.60.5

H50%

1 MeV 100 MeV

141270

1 112

INGAAS

87658

1.78 90

ALGAAS

89145

0.7 112

GAAS

1

SI 14122

10 GeV

2.23

H10%

Range of DDEF hardness factors:

Tunnel RR UJ

C – Concrete (1,4)

I – Iron (2,3)

➢ Shielding: ➢ Positions:
Lateral (1:9)

Longitudinal (9:13)
Cu    - Copper

Al     - Aluminium

AlH  - Aluminium Hole 

➢ Target:



Optoelectronic Qualification: Example

Test radiation fields characteristics:

➢ CHARM (CERN):

• R6CuOOOO

→ Energies similar to RR

→ Contributions similar to tunnel

• R1CuOOOO

→ Energies between RR & UJ

→ Contributions similar to RR

➢ JSI (Jozef Stefan Institute) :

• Nuclear reactor → neutron only

• Softer energy spectra than UJ

• Same particle contributions as UJ

➢ PSI (Paul Scherrer Institute):

• 200 MeV proton beam

12



x6 

x3 

x18 

Optoelectronic Qualification: Example

➢ Clear difference between the different materials

o AlGaAs factors three times lower than InGaAs

o … and 18 times than GaAs

→ InGaAs and AlGaAs are better candidates for radiation 

environments

GaAsInGaAsAlGaAs

13

𝐶𝑇𝑅initial
𝐶𝑇𝑅

𝑛

− 1 = 𝝉𝐢𝐧𝐢𝐭𝐢𝐚𝐥𝑲𝝉 ∙ Φ

CTR = Curent Transfer Ratio



Optoelectronic Qualification: Example

➢ Clear difference between the materials

➢ Very Good agreement JSI/CHARM-R1

o Negligible proton/pion contributions in position 1

o Very different energy spectra

→ No Neutron NIEL violations

GaAsInGaAsAlGaAs
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𝐶𝑇𝑅initial
𝐶𝑇𝑅

𝑛

− 1 = 𝝉𝐢𝐧𝐢𝐭𝐢𝐚𝐥𝑲𝝉 ∙ Φ

CTR = Curent Transfer Ratio



Optoelectronic Qualification: Example

➢ Clear difference between the materials

➢ Good agreement JSI/CHARM-R1

➢ Systematic diff CHARMR1 → CHARMR6

o Factors in position 6 about -20% lower for all materials

o ~25% of proton and of pion contributions

→ Overestimation of the pion/proton damages?

▪ NIEL overestimation (→ NIEL model issue)

▪ Flux overestimation (→ FLUKA simulation issue)

- 25 % 

- 15 % 

- 14 % - 29 % 
- 22 % - 22 % 

GaAsInGaAsAlGaAs
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𝐶𝑇𝑅initial
𝐶𝑇𝑅

𝑛

− 1 = 𝝉𝐢𝐧𝐢𝐭𝐢𝐚𝐥𝑲𝝉 ∙ Φ

CTR = Curent Transfer Ratio



Lifetime-damage factors comparison

GaAsInGaAsAlGaAs

➢ Clear difference between the materials

➢ Good agreement JSI/CHARM-R1

➢ Systematic diff CHARMR1 → CHARMR6

➢ Proton results not consistent with neutrons/mixed field

o No consistent trend observed within the devices

o AlGaAs: proton damage two times higher

→ Overestimation of the damage in operation

o InGaAs: proton damages 4 times lower

→ Underestimation of the damage in operation

→ Can lead to premature failure in operation

/4

*2

- 26 % + 43 % 
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𝐶𝑇𝑅initial
𝐶𝑇𝑅

𝑛

− 1 = 𝝉𝐢𝐧𝐢𝐭𝐢𝐚𝐥𝑲𝝉 ∙ Φ

CTR = Curent Transfer Ratio



Optoelectronic Qualification: Resources
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➢ Clear difference between the materials

➢ Proton results not consistent with neutrons/mixed 

field

o No consistent trend observed within the devices

o AlGaAs: proton damage two times higher

→ Overestimation of the damage in operation

o InGaAs: proton damages 4 times lower

→ Underestimation of the damage in operation

→ Can lead to premature failure in operation

➢ Very Good agreement JSI/CHARM-R1

o Negligible proton/pion contributions in position 1

o Very different energy spectra

→ No Neutron NIEL violations

R. Ferraro et al., "COTS Optocoupler Radiation Qualification Process

for LHC Applications Based on Mixed-Field Irradiations," in IEEE

Transactions on Nuclear Science, vol. 67, no. 7, pp. 1395-1403, July 2020,

doi: 10.1109/TNS.2020.2972777.

10.1109/TNS.2020.2972777


Combined TID-DD effects on ICs: Context
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➢ At CERN, systems can be highly distributed and exposed to a

wide variety of ionizing and non-ionizing dose levels.

➢ Integrated Circuits (ICs) are made of several transistors that can

exhibit different sensitivities to TID and DD effects

➢ In operation different DD/TID rate ratios could lead to complete

different component degradation profiles

➢ Impossible to estimate from individual TID and DD irradiations for

most of the components

➢ No standards or test methodology exist for combined TID-DD

qualification

n

ɣ

➢ Objectives of this Study:

➢ Investigate the impact of the LHC radiation environments on the qualification process of component

sensitive to combined TID-DD effects and propose a qualification methodology against this effect



Combined TID-DD effects on ICs: Solution
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➢ Applied on LM334 Current Source:

➢ How can we quantify the device response against all LHC ratios?

• extract failure levels as a function of DDEF/TID ratios

• Interpolate response between ratios

Start-Up Voltage Failure fit

↑
DDEF

𝑻𝑰𝑫
↑
DDEF

𝑻𝑰𝑫

Degradation Limit
DD Response

JSI

CHARM responses

Maximum failure rate enhancement

No TID effects

>99% of the LHC Ratios

80% of the LHC Ratios

LHC Ratio

Distribution

LDR Start-Up Voltage Failure

HDR Start-Up Voltage Failure

Step Interpolation

R. Ferraro et al., "Study of the Impact of the LHC Radiation

Environments on the Synergistic Displacement Damage and Ionizing

Dose Effect on Electronic Components," in IEEE Transactions on

Nuclear Science, vol. 66, no. 7, pp. 1548-1556, July 2019, doi:

10.1109/TNS.2019.2902441

10.1109/TNS.2019.2902441


Combined TID-DD effects on ICs: Examples
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➢ Current Source: LM334
R. Ferraro, R. G. Alía, S. Danzeca and A. Masi, "Analysis of Bipolar

Integrated Circuit Degradation Mechanisms Against Combined TID–DD

Effects," in IEEE Transactions on Nuclear Science, vol. 68, no. 8, pp. 1585-

1593, Aug. 2021, doi: 10.1109/TNS.2021.3082646

10.1109/TNS.2021.3082646


Conclusions
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➢ Reliable component qualification requires knowledge of radiation effects from the lowest level, the

material, to the highest level like ICs or System-On-Chip

➢ Testing standards and guidelines inherited from the space field provide a valuable starting point for our

community

➢ Many of these standards does not apply to particle accelerator spectra and a constant work is being

done to develop qualification methods dedicated to CERN

➢ We have identified weaknesses in the traditional testing methodologies, especially for the qualification of

optoelectronics and combined TID-DD effects on ICs

➢ Then qualification methodologies dedicated to the LHC environments were developed for these two

topics

➢ It was shown the huge impact on the qualification of having unreliable qualification procedure

➢ Numerous studies are still been carried out to evaluate methodologies and guidelines for other types of

effects



Thank you for 

your attention!



Combined TID-DD effects on ICs: LHC levels Analysis
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➢ Taking the DS area as example:

From Fluka simulations 

➢ Below MB10:    TID:      700 Gy 
DDEF:  1 x1012 neq. cm-2

➢ Below MB11:    TID:      700 Gy 
DDEF:  2x1013 neq. cm-2

x20 ➢ Wide variety of DDEF/TID Ratio: From 109 up to 1011 cm-2.Gy-1

Protons

230 MeV

Pions

200 MeV

Neutrons
Electrons (<108)

➢ DDEF/TID Ratio weighted Distribution:

10 years radiation levels:



Combined TID-DD effects on ICs: Solution
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R10

TID: 1.5 Gy.day-1

DDEF: 1.5 x1011 cm-2.day-1

DDEF/TID: 1 x1011 cm-2.Gy-1

TID: 7 Gy/ Day

DDEF: 2.1 x1011 cm-2.day-1

DDEF/TID: 3 x1010 cm-2.Gy-1

TID: 80 Gy/ Day

DDEF:        4.0 x1011 cm-2.day-1 

DDEF/TID: 5 x109 cm-2.Gy-1

R13R1

➢ 99% of the LHC ratios covered by the facility.

➢ Configuration: Cu CllC

C – Concrete (1,4)

I – Iron (2,3)

➢ Shielding: ➢ Positions:
Lateral (1:9)

Longitudinal (9:13)
Cu    - Copper

Al     - Aluminium

AlH  - Aluminium Hole 

➢ Target:



Combined TID-DD effects on ICs: Examples
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➢ Current Source (LM334):

• Same degradations profile as DD one

• Different degradation mechanism than TID

• Degradation rate increase with TID contribution

• Combined TID+DD response unpredictable from 

individual TID & DD responses

Dose Rate: 1 Gy/h

Ratio: 2.5·1010 neq.cm-2.Gy-1

2.5·1010 neq.cm-2.Gy-1 8.7·1010 neq.cm-2.Gy-1

CHARM

CHARM



Combined TID-DD effects on ICs: Solution
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➢ Applied on LM334 Current Source:

➢ How can we quantify the device response against all LHC ratios?

• extract failure levels as a function of DDEF/TID ratios

• Interpolate response between ratios

Start-Up Voltage Failure fit

↓
DDEF

𝑻𝑰𝑫

Degradation Limit
DD Response

JSI

CHARM responses

Maximum failure rate enhancement

No TID effects

>99% of the LHC Ratios

80% of the LHC Ratios

LHC Ratio

Distribution

LDR Start-Up Voltage Failure

HDR Start-Up Voltage Failure

Step Interpolation


