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Agenda

* Introduction to G4SEE toolkit:
* An open-source toolkit
e Capabilities
* User support & community

* Hands-on tutorial #1:
* The simulation case: Proton induced SEUs in ISSI SRAM
1.1) General, Input/Output
* 1.2) Geometry
* 1.3) Primary particles, Scoring
e 1.4) Scoring, SEE cross-section

 To be continued tomorrow...
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Introduction — An open-source toolkit

* GASEE is a Geant4-based Monte Carlo . X-Z view
Single Event Effect (SEE) simulation toolkit 2] . world
* Free and open-source, available for the = .
whole radiation effects community for a = 0 T ~ BEOL1
wide variety of use cases N — broLs
* It is being developed in CERN Radiation To e ——
Electronics (R2E) project, but developers, o oxem
contributors and beta testers outside Multi-layer, micro-metric geometry used in a

G4SEE simulation to obtain energy deposition in

CERN are also welcome! Sensitive Volume (SV)
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Introduction — Capabilities

e Extracting low-level information
5 6 Geant4

relevant for SEEs, event-by-eventand [ ZNTL. | i | Swotiicmn
particle-by-particle, based on the S ; D
needs Of Use rS Target Materials G4SEEsimulati0|:ftoolkit /y >e|:::2$l:p|22§ﬂ;>
>B|asmg Opt|ons> > —— ’@
* Direct and indirect energy deposition Physics Modsles [ | OUTPUT: His data e
. . . . . Primary Particles - .
scoring in a micro-metric, user-defined >S‘Eri‘;9:§2&1”s'> ffSETQ m I 1
sensitive VO|Ume = SEE cross-section JP— :zarentlD|lCrearrxr‘c;chesr
. . ! YR REp—— : reator volume eight
(Or rate) eStImatlon (optiogflliﬁg:rNal::;:ricﬁ[ei ii_p_r?_cffs_.l;;frilj;zt_s_j :I:'Ineticf||F;ositi0}n(X,V,Z}|
H N H arameters ;—------j at E?]E”h?#t-l-T ----- ota e osi’:eJ
* Primary motivation and use cases so ) e M vt yet i Ttegraea~~ " [TotaLE deposied

i ) | Non-ionizing E deposited |
far were neutron and proton induced GASEE e’lN

S E ES ( re I evant at C E R N e nV| ronme nts) High-level architecture of the G4SSE toolkit
with user inputs and outputs (ASCII files)
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Introduction — User support & community
G4SEE documentation: GA4SEE community forum: GA4SEE paper in IEEE TNS:
gldsee-docs.web.cern.ch g4see-forum.web.cern.ch doi.org/10.1109/TNS.2022.3149989
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version v0.5
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G4SEE: A Geant4-Based Single Event Effect
Simulation Toolkit and Its Validation Through
Monoenergetic Neutron Measurements

Ddvid Lucsdnyi ., Rubén Garcia Alia™, Member, IEEE, Kacper Bilko™. Matteo Cecchetto ™,

Salvatore Fore™, Member, IEEE, and Elisa Pirovano

Abstract—A single-event effect (SEE) simulation toolkit has
been developed at CERN for the whole radiation effects commu-
nity and released as an open-source code. It has been validated
by comparing the simulated energy deposition of inelastic inter-
actions, due to monoenergetic neutrons in the 1.2-17 MeV energy
range, to the distribution measured experimentally by a silicon
diode detector.

Index Terms—Energy deposition, Geantd (G4), Monte
Carlo (MC) si i neutron irradiati silicon  diode,
single-event effect (SEE).

I. INTRODUCTION

ONTE Carlo (MC) tools are extensively used in the
domain of radiation effects on electronics [1] and, more
particularly, for high-energy accelerator applications. For the
latter, MC codes for radiation effects are used mainly in
two complementary ways: first, for simulating the complex
radiation environment produced around the accelerator [2]-[4]:

to the overall SEU rate [8], as well as the 7% SEE cross section
and its impact on a mixed-field environment [9]. The primary
MC ol used so far for such simulations was FLUKA [10],
developed and distributed by CERN, and which is also the
workhorse for calculations of the radiation environment around
the accelerator.

Another important contribution to the mixed-field overall
SEE rate, in addition to those introduced above, comes from
so-called intermediate energy neutrons in the 0.2-20 MeV
range [11]. As opposed to what occurs above 20 MeV, where,
in first approximation, the hadronic SEE cross section can be
considered constant as a function of energy [12], [13], neutron
SEE responses in the intermediate energy range show a very
strong energy dependence, which can vary significantly across
different technologies. Therefore, there is a strong interest in
applying MC tools to retrieve the behavior of SEE probabilities
in this neutron energy range, further motivated by the difficulty
of retrieving experimental results in this region. It is to be

GASEE website: g4see.web.cern.ch

Contact: g4see.toolkit@cern.ch
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Introduction — Get the toolkit!

* See |lecture preparation slides on SERESSA Indico page

* Options to run G4SEE toolkit on your computer:

A) Cloning CERN GitLab repos & building from source (not recommended now) v GitLab

— OR —

B) Using Docker (recommended, see lecture preparation slides) %‘docker
» After Docker installation, pull the latest, G4SEE v0.5.1 Docker image

 Run a Docker container based on G4SEE v0.5.1 image (with shared folder)

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

S docker pull gitlab-registry.cern.ch/g4see/g4see:v0.5.1_G4-11.0.3
S export DISPLAY=:
$ xhost +local:docker
S docker run -it -h g4see -e DISPLAY=SDISPLAY -v /tmp/.X11-unix:/tmp/.X11-unix \
-v :/home \
gitlab-registry.cern.ch/g4see/g4see:v0.5.1_G4-11.0.3 Once inside Docker container,
root@g4see:/homett cp —r SGA4SEE_BUILD/examples/tutorial_1 /home copy tutorials to /home folder!
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Tutorial #1 — ISSI SRAM & protons [1]

* DUT: 65-nm ISSI SRAM memory - el
* Effects: Single Event Upsets z LA
* Qiicy = 0.96 fC (= 21.6 keV) E i

* Facilities: RADEF, PARTREC .

* Primaries: beam of protons ém §

* Physics: direct ionization U:

* Scoring: standard (E;,ciic and Eyepositea) o T T

* Tutorial files in GitLab Cross-section of proton inc/EZ??EﬁV;n 65nm ISSI SRAM as

function of proton beam energy [1]

Reference (open-access)
[1] Andrea Coronetti et al., "Proton direct ionization upsets at tens of MeV", in [EEE TNS, 2022, (link)
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Tutorial 1.1 — General, Input/Output

* To run G4SEE, a G4-style macro (Ul) file is needed as input, with general G4 and G4SEE-specific Ul commands

* Open the tutorial _1-1.mac input macro file:

RREAARAAR AR AR
### General 64 commands  General Geant4 (G4) macro commands can be also used

/runfprintProgress ! ——— Multi-threading related commands

Jrun/number0fThreads 4 /

fcontrol/cout/ignoreThreadsExcept © Seeds for random number generator

Jrandon/setseads 1234, 4221 (if you want to reproduce exact same

results multiple times)
ftracking/verbose 1 \
Increasing verbosity (from 0 to 1), use only for few events when testing your macro!

FREAFAAAA AR AR

### Geometry G4SEE-specific commands ('/SEE/...") to define geometry (see Tutorial 1.2)
0 # BULK COMMAND MATERIAL WIDTH unit THICK unit BIAS These are macro (UI) Commands
© fSEE/geometry/Bulk VACUUM 160 um 168 um false . . . . .
% # SV COMMAND POSITION unit WIDTH unit THICK unit BIAS Wlth mU|t|p|e parameters Ina Slngle Ilne
E /SEE/geometry/SV 8 8 -4.5 um 11 um 1 um false One Command = ohe |ine
e :
ST — Comments start with # character
a ### Initialize
O /runfinitialize <= |pjtjalization of a G4 simulation
O . .
e : : Tutorial files
e zzz#xi########## — Last command: start N=100 primary particles —
= /run/beamon 100 (default: "geantino" virtual particles) in GitLab
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Tutorial 1.1 — General, Input/Output

* Run a simulation with this macro file, then check the output files of G4SEE:

Commands in G4SEE Docker container (CLI)

:/homett cd tutorial_1/ && mkdir output_1 && cd output_1/
:/home/tutorial_1/output_1# g4see ../tutorial_1-1.mac > stdout.log
:/home/tutorial_1/output_1#Ils * Optional redirection to file

,.-'1'|rh r'|'ﬂ _l/output_1# 1s
B.out n_event_tl.out n_event_t2Z.out n_event_t3.out stdout.log
fhome/tutorial_l/output_1#

G4/G4SEE stdout (redirected to stdout.log):
». Material information
» List of all particles and their processes
* List of all physics models enabled
* Production thresholds (a.k.a. Range cuts)
* [optional] Steps of each particle track (a.k.a. G4Track info)

gdsee.out — useful info about simulation run, like G4 and G4SEE versions, running time, random
seeds, number of primary particles, macro file

* n_event_t<j>.out — number of events run by a specific thread/job Tutorial files

* No scoring was added yet, so no actual data has been scored and written to file (see Tutorial 1.3) in GitLab
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Tutorial 1.2 — Geometry

» Let's define a simplified geometry for a target SRAM cell (Bulk, SV and BEOL volumes)!

* Open the tutorial _1-2.mac input macro file:

RRERRERRRRRRRRRER material of Bulk vol. thickness) of a volume for a given volume
### Geometry x x l
J Name of given

# BULK COMMAND MATERIAL WIDTH unit THICK unit BIAS .

/SEE/geometry/Bulk G451 & um 1 um false Back End Of Line

# SV COMMAND POSITION unit WIDTH unit THICK unit BIAS (BEOL) layer

/SEE/geometry/SV B 8 8 nm 310 318 nm 310 nm false /

# BEOL COMMAND MATERIAL WIDTH unit THICK unit BIAS MAME

/SEE/geometry/BEOL/addLayer G4 _SILICON_DIOXIDE & um & um false Oxide
(X,Y,Z) position of a SV (scoring) volume inside SV can by asymmetric in One can add arbitrary
the Bulk (relative to Bulk cube's top center point) size along X and Y axes number of BEOL layers on

top of each other, but only
a single Bulk and SV for now
(NEW FEATURE SOON:
arbitrary number of SVs,
and nested SVs!)

Any predefined material from G4 material database can be used here
Users can also define custom materials, like elements, compounds and mixtures
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Tutorial 1.2 — Geometry

* Run a simulation with this macro file, and check changes in stdout (materials and particle tracks)!

Commands in G4SEE Docker container (CLI)
:/home# cd tutorial_1/ && mkdir output_2 && cd output_2/

:/home/tutorial_1/output_2# gdsee ../tutorial_1-2.mac > stdout.log
:/home/tutorial_1/output_2# less stdout.log * press g to exit 'less’
:/home/tutorial_1/output_2# python SG4SEE_BUILD/scripts/g4see.py view ../tutorial_1-2.mac

* Visualize geometry using GASEE 'view' script:

XY view X-Z view X-Z view
a 10 4 2.0
1.5 4
2 5
1.0 4
1 world 1 World 1 world
€ . Bulk E o m Bulk 'g 0.5 - =1 Bulk
3 e P E —
< v N 5 sV N o sV
Oxide [ Oxide 0.0 [ Oxide
72 —_
5 -0.5
-1.0
=41 —10 A
T T T T T T T T T T 71I5 L T T T T T
—4 -2 0 2 4 —4 -2 0 2 4 —0.4 -0.2 0.0 0.2 0.4
X (um) X (pm) X (pm)

Top (X-Y), side (X-Z) and zoomed-in (X-Z) view of simulated ISS| SRAM memory cell, proton beam will have —Z direction
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Tutorial 1.3 — Primary particles, Scoring

* We can also define a simple monoenergetic proton beam (or any arbitrary particle source distribution)
e Add scoring commands to record and write to file binned kinetic energy values of protons

* Open the tutorial _1-3.mac input macro file:

sesseasesssasssss Any G4 General Particle Source (GPS) command can be used in a G4SEE macro file, there is no limit in source definition
### Primaries

Particle species Energy and angular
jEpe/partice . Mean and std. deviation of ener distributions can be user-
. deviati . .

/gps/ene/mono L MeV gy defined functions or read
/gps/ene/sigma 25 keV . . . . . . . . -
/aps/direction o o .1 «—— Particle direction (monodirectional, -Z direction) directly from ascii file
/gps/pos/type Plane <= Shape and type of source (point/surface/volume) .
/egps/pos/shape Rectangle Two types of scoring
/gps/pos/centre 6 8 16 um ¥ Pgosjtion of source's center mechanisms implemented:
/gps/pos/halfx 8.5 um . . .
/gps/pos/halfy ' 0.5 um — Half dimensions of source plane Stancljlard. Ek”; or Edep;

(now it's only 1x1 um? plane to save time) - Detailed (see later)
PRRdARR AR

: Scoring definitions . : : : :
### Scoring (standard) 8 Kinetic energy scoring for protons (particle-by-particle scoring)

+« filenameid: 0 -->'Ekin_0_hist_tN.out'

/SEE/scoring/addScoring ] Ekin proton

/SEE/scoring/setHistogram Lin @ Mev 2 Mev 200 o Binning of histogram for previously defined scoring
(linear binning from 0 to 2 MeV in 200 bins, other option is log binning)
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Tutorial 1.3 — Primary particles, Scoring

* Run a simulation with a proton beam, while scoring energy of each proton:

Commands in G4SEE Docker container (CLI)

:/home# cd tutorial_1/ && mkdir output_3 && cd output_3/

:/home/tutorial_1/output_3# gdsee ../tutorial_1-3.mac > stdout.log
:/home/tutorial_1/output_3# mergeHistograms .
:/home/tutorial_1/output_3#ls

GASEE%R

:/home/tutorial_1/output_3# python SG4SEE_BUILD/scripts/g4see.py plot Ekin_0_histogram.out

Ekin Counts StdDev(corr)
o Merge hIStOgram flles Of the mUItlple under:ow E E GASEE histogram, "/home/tutorial_1/output_3/Ekin_0_histogram.out"
threads into a single histogram! 0.600e+00 0 0 o
* Only the kinetic energy of protons e : S
: : : 6.500e-01 1.000e+80 5.000e-01 The proton kinetic
enterlng (Or prOduced) in the SV is 6.600e-01 6.000e+00 1.008e+60 P
SCO red 6.708e-01 4,100e+01 5.315e+80 @ energy spectrum
6.800e-01 8.600e+01 4.359e+00 g reaching the SV, the
. . . 6.900e-01 1.718e+02 4.500e+00 10! /
* Plot histogram using G4SEE 'plot' script  7.eeee-e1  2.450et02  1.147es01 | 1 MeV mean energy
7.100e-81 1.960e+02 6.325e+00
i m r
Merged hlstogram OfSCOI’E‘d 7.200e-01 1.198e+02 2.986e+00 Ofp bea deg ades
. . 7.300e-01 6.300e+01 1.258e+00 to 700 keV due to
proton kinetic energy values, 7.400e-01 1.980e+61 2.872e+00 onization
during merging std. devigtion ~ I-2%¢er  2-ee6eres  5.7Hedl L . . . . . lonizarior
of each bin is also calculated  7.7e0e-01 0 0 ' ' ' e ' ' '
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Tutorial 1.4 — Scoring, SEE cross-section

* Let's add energy deposition scoring as well, similarly to kinetic energy scoring!

* Open the tutorial_1-4.mac input macro file: Deposited energy scoring per event for all particles

(event-by-event scoring)

/ file name id: 0 --> 'Edep_0_hist_tN.out'
/SEE/scoring/addScoring B Edep
/SEE/scoring/setHistogram log 100 eV 1 MeV 300 C— Logarithmic binning with 300 bins

/SEE/scoring/dumpHistogramsAfter 10000 <C— After how many simulated events
we want to dump histograms to file

RRARREAARAGAARAER
### Run By increasing the primary particle
/run/beam0n 200008 number, we can get better statistics

* Run the bit longer simulation (1-2 min), then merge histograms and create Edep histogram plot:

Commands in G4SEE Docker container (CLI)

:/homet cd tutorial_1/ && mkdir output_4 && cd output_4/

:/home/tutorial_1/output_4# glsee ../tutorial_1-4.mac > stdout.log
:/home/tutorial_1/output_4# mergeHistograms .

:/home/tutorial _1/output_4# python SG4SEE_BUILD/scripts/g4see.py plot Edep_0_histogram.out
:/home/tutorial _1/output_4# python SG4SEE_BUILD/scripts/g4see.py see-xs ../config_1-4.yaml
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Tutorial 1.4 — Scoring, SEE cross-section

* (new feature) By running the 'see-xs' script, one can obtain the SEE cross-sections in function of critical
charge based on the inverse cumulative sum of energy deposition distribution --> SEE cross-section (and
rate) estimation if we know Q

critical

(new feature) The script 'see-xs' needs a YAML config file with input parameters and plotting options

G4SEE | SEE cross-section as function of critical charge
GASEE histogram, "/home/tutorial_1/output_4/Edep_0_histogram.out"

[ data Edeposited [MeV]

103 + 1073 102
10- : : ;
i see-Xs
107? :*
: Tnput parameters
10? 4 | conversion_factor: 0.022469 ¥ MelV/fC
= 10-10 % critical_charge: 9.96 f
5 r:é : # List of Edep histograms
_H 1071 | data:
101 4 g i - path: Edep_@_histogram.out
. _ 2 . l label: 'l MeV proton'
10 0SEE - 2'985e_11 cm /blt } primary_number: 2e+5
: beam_area: le-8
10-131 —— 1 MeV proton 1
10° 1 — == Qeit=0.96 fC }L (s plo ig
10-¢ 10-3 10-2 101 10° 107 10° xs‘pTﬁOt :
E (MeV) Qurit [C] xLim: [3e-2, 3e+0]
i . . . . . . ylim: [None, le-8]
Event-by-event energy deposition distribution, SEE cross-section estimation at 1 MeV proton figsize: [10, 7]
contribution of 6-electrons produced outside SV beam energy (assuming Q_,;; = 0.96 fC) based on
at lower E,,,_ values MC simulated E,,,_ histogram YAML config file
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To be continued tomorrow...

Thank you for your attention!
Questions?

If you have further questions, need more help,
or you are interested in contributing to the
G4SEE toolkit, please let us know!

gdsee.toolkit@cern.ch
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