GA4SEE E,,|Q

a toolkit for simulating radiation effects in electronics

David Lucsanyi

CERN, Radiation To Electronics (R2E) project

@et "Tools to predict Single Event Effects" event (iﬁw -—@/—
13 December 2022
7\ R2E




Agenda GASEE %)

* An open-source toolkit

* Capabilities & Architecture
* Use cases

* Validation with neutrons

* Detailed scoring & neutrons
e User support & community
* Get the latest release!

The G4SEE toolkit - David Lucsanyi (CERN, R2E) - cern.ch/g4see



An open-source toolkit

* G4SEE is a Geant4-based Monte Carlo
Single Event Effect (SEE) simulation toolkit

* Direct and indirect energy deposition scoring
in @ micro-metric, user-defined sensitive
volume = SEE cross-section (rate) estimation

* Free and open-source, available for the whole
radiation effects community for a wide variety
of use cases

* It is being developed in CERN Radiation To
Electronics (R2E) project, but developers,
contributors and beta testers outside CERN
are also welcome to join!
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Multi-layer, micro-metric geometry used in a
GA4SEE simulation to obtain energy deposition in
Sensitive Volume (SV) inside Bulk and below
Back End Of Line (BEOL) layers
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Capabilities & Architecture

* Extracting low-level information
and quantities relevant for SEEs,
event-by-event and particle-by-
particle, based on the user needs

* Primary motivation and use cases
so far were neutron and proton
induced SEEs (most relevant at
CERN accelerator environments)

USER INPUT:
G4SEE/G4 macrofile
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Target Geometry
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STANDARD SCORING
OUTPUT: Histograms

> Deposited energy >
spectrum

> Particle kinetic >
energy spectrum

DETAILED SCORING
OUTPUT: Hits data file

| Particle species || Z][A]
|Event ID||Track ID|

| Parent ID| |Creator process|

| Creator volume || Weight |

| Kinetic E | | Position (x,y,2) ]

| Momentum (u,v,w) |
| Total E deposited |

| Non-ionizing E deposited |

GASEE N

High-level architecture of the G4SSE toolkit with user inputs and
outputs (ASCII files), and the two types of scoring mechanisms
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Use cases GASEE %)
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Simulated and experimental cross-section of proton induced Simulated and experimental cross-section of neutron and proton

SEUs in 65-nm ISSI SRAM as function of beam energy [1] induced SEUs in 40-nm ISSI SRAM as function of beam energy [2]

References (open-access)
[1] Andrea Coronetti et al., "Proton direct ionization upsets at tens of MeV", in IEEE TNS, 2022, doi.org/10.1109/TNS.2022.3207877

[2] Matteo Cecchetto et al., "0.1-10 MeV Neutron Soft Error Rate in Accelerator and Atmospheric Environments", in [EEE TNS, vol.
68, no. 5, May 2021, doi.org/10.1109/TNS.2021.3064666
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Silicon diode detector acquiring
Single Event Transient events

(w}r{l/c’(-'i[' ’5’“
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Diode setup irradiated at Diode setup irradiated at
PTB lon Accelerator Facility (PIAF) [3] Frascati Neutron Generator (FNG) [3]

(2cm x 2cm x 300 um) [3]

Facility, E, oE d (o) D

Reaction MeV) | (keV) | (cm) [3111_2/5) {cm™2)
PIAF, ®H(d.n) 17 154 11.3 1.18-10° 1.11-10%
FNG, ®H(d.n) 14.8 276 1.6 9.01-1()53 2.74-10°
PIAF, 2H(d.n) 8 85 124 7.41-10° 3.61-10%
PIAF, 2H(d,n) 5 85 124 1.73-10‘? 2.65-10%
PIAF, *H(p.n) 2.5 54 11.3 4.12-10° 4.51-10%
PIAF, *H(p.n) 1.2 39 11.3 3.44.10° 2.48.10%

Reference (open-access)

[3] David Lucsanyi et al., "G4SEE: A Geant4-Based Single Event Effect Simulation Toolkit
and Its Validation Through Monoenergetic Neutron Measurements", in IEEE TNS, vol.
69, no. 3, March 2022, doi.org/10.1109/TNS.2022.3149989

The G4SEE toolkit - David Lucsanyi (CERN, R2E) - cern.ch/g4see



https://doi.org/10.1109/TNS.2022.3149989

Validation with neutrons [ 3]
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Detailed scormg & neutrons GASEE

event particle weight Z track parent E_kin process volume i counts
377 alpha 1.855e-03 2 4 2 1 3.8826e+00 b(neutronInelastic) Sensitive 2.5712e-02 1
37T Mg25 1.855e-03 12 25 3 1 1.5530e+00 bineutronInelastic) Sensitive 2.4899e-02 1
377 gle-) nan 6] 6] -1 nan nan ionIoni Sensitive 5.4009%9e-03 5
490 neutron 1.853e-03 ¢] 1 2 1 5.9415e+00 bi{neutronInelastic) Sensitive o] 1
490 5128 1.053e-03 14 28 3 1 3.4732e-01 b(neutronInelastic) Sensitive 1.2955e-01 1
490 gamma 1.853e-03 ¢] ¢] 4 1 1.7778e+00 bineutronInelastic) Sensitive o] 1
732 0le6 1.06%9e-03 8 16 2 1 1.08%0e+00 bi{hadElastic) Oxide 1.3268e-01 1
914 gamma 1.857e-03 ¢] ¢] 4 1 4.8919e+00 b(neutronInelastic) Bulk o] 1
914 gamma 1.057e-03 2] 2] 5 1 1.7790e+00 b(neutronInelastic) Bulk 2] 1
1212 neutron 1.877e-03 6] 1 2 1 5.2899=+00 b(neutronInelastic) Bulk o] 1
1257 016 1.048e-03 8 16 3 1 1.2290e-01 bineutronInelastic) Oxide 9.4224e-02 1
1342 neutron 1.872e-03 6] 1 2 1 3.9277e-01 b{neutronInelastic) Sensitive o] 1
1342 gamma 1.872e-03 ¢] ¢] 3 1 5.1945e+00 bineutronInelastic) Sensitive o] 1
1342 gamma 1.072e-03 Q Q 4 1 1.4963e+00 b(neutronInelastic) Sensitive [¢] 1
1342 gamma 1.872e-03 ¢] ¢] 5 1 4.7253e-01 bi{neutronInelastic) Sensitive o] 1
1342 5i30 1.072e-03 14 30 3] 1 3.3550e-01 b(neutronInelastic) Sensitive 1.3925e-01 1
14238 016 1.858e-03 8 16 3 1 5.62492-02 b(neutronInelastic) Oxide 4.4397e-02 1
1536 5728 1.066e-03 14 28 2 1 4.,7965e-02 bi{hadElastic) Sensitive 4.7965e-02 1
1565 Al2s 1.067e-03 13 28 3 1 4,7900e-01 bineutronInelastic) Bulk 1.6775e-01 1
1605 neutron 1.853e-03 ¢] 1 2 1 6.0902e+00 bi{neutronInelastic) Sensitive o] 1
1605 5128 1.053e-03 14 28 3 1 2.3035e-01 b(neutronInelastic) Sensitive 1.218%9e-01 1
1605 gamma 1.053e-03 6] 6] 4 1 1.7730e+00 bi{neutronInelastic) Sensitive 6] 1 . .
1984 neutron  1.855e-83 0 1 2 1 6.0284e+00 b(neutronInelastic) Sensitive 0 1 The detailed scoring output file
1984 5i28 1.855e-03 14 28 3 1 2.8772e-01 b(neutronInelastic) Sensitive 1.6477e-01 1 o e . .
1984 gamma 1.855e-03 2] 2] 4 1 1.7703e+00 bi{neutronInelastic) Sensitive o] 1 Conta’n’ng ’nformahon Of
1993 5§28  1.054e-03 14 28 k] 1 3.6548e-01 b(neutronInelastic) Bulk 1.948%e-01 1 H i : (
1993 gamma 1.054e-03 2] 2] 4 1 3.2000e+00 bineutronInelastic) Bulk o] 1 ’nd’V’duaI pCH’t‘lCIGS. or groups
1993 gamma  1.054e-03 ] ] 5 1 1.7790e+00 bi{neutronInelastic) Bulk ] 1 Of e, e+ and y parhcles) Scored
1993 g(gamma) nan ¢] ¢] -1 nan nan bi{neutronInelastic) Bulk @ 1 . . g
2044 $i28  1.072e-03 14 28 2 1 7.3092e-02 b(hadElastic) Bulk 4] 1 inside the sensitive volume.
2176 proton 1.066e-03 1 1 2 1 3.3008e+00 b(neutronInelastic) Sensitive 4.8202e-03 1
2176 Al28 1.066e-03 13 28 3 1 7.5380e-01 b(neutronInelastic) Sensitive 4.1540e-02 1 H H
2176 g(gamma) nan ¢] ¢] -1 nan nan b(neutronInelastic) Sensitive o] 1 Further pl’OC@SSIng and anaIyS’S
2559 proton 1.063e-03 1 1 2 1 2.6926e+00 bineutronInelastic) Sensitive 2.4314e-03 1 needed (SUCh a post-processing
2559 Al2s 1.063e-03 13 28 3 1 3.8967e-01 b{neutronInelastic) Sensitive 8.7722e-02 1 . .
2559 gamma  1.063e-03 ) ) 1 1 9.8268e-01 b(neutronInelastic) Sensitive ) 1 python script will be added to
2559 (e-) nan Q Q -1 nan nan hIoni Sensitive 3.9645e-03 3
2559 gtggmmaj nan ¢] ¢] -2 nan nan bi{neutronInelastic) Sensitive @ 1 a fUture G4SEE release)'
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Detailed scoring & neutrons GA4SEE TJJ
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Contribution of the most frequent nuclear reactions to energy deposition distributions by monoenergetic neutrons in Si diode detector [3]

The G4SEE toolkit - David Lucsanyi (CERN, R2E) - cern.ch/g4see




R2E j
& ) GASEE toolkit  GASEE okt
% Group inaration | GitLab
© Evics i ) GASEE toolkit & 3
= . Group ID: 37388
E 11 Merge requests B AMonte Carlo Single Event Effect simulation toolkit developed by CERN Radiation To Electronics (R2E) project, https://cern.ch/gésee
4 6 Packages and registries
‘Subgroups and projects  Shared projects  Archived projects Name v
I Analytics ————————.
GASEE @
Gl @ ™ Gasee single Event Effect simulation toolkit, htps://cem.chigsee *0 4days ago
Toolkit for simulating radiation effects in electronics GASEE Scripts @& o 1 week ago
Scripts of the G4SEE toolkit, https://cern.ch/gdsee
W ° ° ° ° .
b . see.wep.cern.c GitLab repositories: gitlab.cern.c 4see
ebsite: g4 . . . . . .
= e =
= id | B e IEEE TRANSACTIONS ON NUCLEAR SCIENCE. VOL. 69, NO. 3, MARCH 2022 73
- j 9.1. Standard Scoring
EHRSEEY 9. Scoring commands 2 Camla ol ’
; 3. gt sy G4SEE: A Geant4-Based Single Event Effi
Versionve.5:1 Macro commands related to scoring of quantities within the sensitive volume. Sensitive volume M ca t ase € ve t eCt
latest release: v0.5.1 by defaultis defined inside the Bulk volume.

R Simulation Toolkit and Its Validation Through

9.1. Standard Scoring Monoenergetic Neutron Measurements

# Add scoring pod QUANTITY "
1. How To Run with Docker /SEE/scoring/addScoring 1 Edep David Lucsédnyi, Rubén Garcia Alia™, Member, IEEE, Kacper Bitko™, Matteo Cecchetto
# Set histogram for last scoring  SCALE LOWLIM  UPLIM BINS
e {255/ Ecoring/setiistoaran LI eY 20 fv 2 Salvatore Fiore", Member, IEEE, and Elisa Pirovano
S HONIO RIn # Add scoring ) QUANTITY PARTICLE
4. Input Macro files. /SEE/scoring/addScoring 2 neutron
# Set histogram for last scoring  SCALE LOWLIM  UPLIM BINS i Gt " : N = I T g
5. Material commands /SEE/scoring/setHistogram log 10 eV 1 Mev 200 A singl effect (SEE) toolkit has to the overall SEU rate [8], as well as the = * SEE cross section
been developed at CERN for the whole radiation effects commu-
6. Geometry commands

and its impact on a mixed-field environment [9]. The primary

nity and released as an open-source code. It has been validated v to0] used so far for such simulations was FLUKA [10]
- e i i

- amarers of indlactn intor

Documentation: g4see-docs.web.cern.ch Paper published in IEEE TNS: DOI link

Feature Requests 3

e S ——— 1 LRV — 9:50 AM  Introduction to G4SEE: a toolkit for simulating radiation effects in electronics | ®s50m ? 503/1-001 - Gouncil Chamber

Suggestions and discussions regarding potential new features ) )
of GASEE, GASEE, a novel Geant4-based Monte Carlo simulation toolkit is being developed at CERN for the radiation effects community, and released as a

Scoring Elements rather than Isotopes 1 free and open-source code. It has been already demonstrated and validated experimentally by measurements of inelastic energy deposition single
Issues 4 W Feature Requests ~scoring, feature-request events of monoenergetic neutrons below 20 MeV. These two hands-on lectures will give an introduction on how to use the GASEE toolkit in simple,

Report issues, propose fixes and find help. but real-life scenarios to simulate, analyse and better understand the nuclear physics of Single Event Effects induced by neutrons and protons in

How does biasNonPrimariesToo

2 microelectronic structures
News & Announcements 1 SR AR oD RN
New releases, upcoming events, collaboration partners & Missues biasing, gdsee GASEE website: https://cern.ch/g4see
projects. RAD,
Speaker: David Lucsanyi (CERN| NERT
= Plotting multiple histograms 8
Uncategorized 1
Wissues  post-processing, scripts

Topics that don't need a category, or don't ft into any other

Community forum: g4see-forum.web.cern.ch Lectures at SERESSA 2022: Indico page
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https://indico.cern.ch/event/1098043/contributions/4956227
https://g4see.web.cern.ch/
https://g4see-docs.web.cern.ch/
https://g4see-forum.web.cern.ch/
https://doi.org/10.1109/TNS.2022.3149989
https://gitlab.cern.ch/g4see

Get the latest release! GASEE %]

* Options to run G4SEE toolkit on your computer:
A) Cloning CERN GitLab repositories and building it from source (Geant4 needed)

-- OR -- |
B) Using Docker (recommended) v GitLab
* After Docker installation, pull the latest, GASEE v0.5.1 Docker image by 4o

* Run a Docker container based on latest G4SEE image (with shared folder)

CLI commands to run on host computer to start a G4SEE Docker container

$ docker pull gitlab-registry.cern.ch/g4see/gdsee: ~G4-11.0.3

$

$ docker run -it -h g4see -v : /home
gitlab-registry.cern.ch/g4see/g4see: ~G4-11.0.3

root@g4see: /home#
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https://gitlab.cern.ch/g4see/g4see
https://docs.docker.com/get-docker/

GASEE%N

Thank you for your attention!
Questions?

If you have further questions, or you are interested in
contributing or testing the G4SEE toolkit,
please contact us!

odsee.toolkit@cern.ch
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