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Agenda

Introduction to G4SEE toolkit:

* An open-source toolkit

* Capabilities
* User support & community

Tutorial #1:
* The simulation case: Proton-induced SEUs in SRAM memory
* 1.1) General, Input/Output
* 1.2) Geometry

* 1.3) Primary particles, Scoring
1.4)

Scoring, SEE cross-section

Tutorial #2:
* The simulation case: Neutron interactions in Silicon (SRAM/diode)
* 2.1) Geometry, Primaries, Scoring and Physics
* 2.2) Biasing (non-analog Monte Carlo)
* 2.3) Detailed Scoring

Validation of the G4SEE toolkit with mono-energetic neutrons
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Introduction - An open-source toolkit

* G4SEE is a Geant4-based Monte Carlo Single Event _ X-Z view >\ R2E
Effect (SEE) simulation toolkit [1] , |
1 World
* Free and open-source, available for the whole radiation __ “ Bulk
. . . £ gln sv
effects community for a wide variety of use cases ;:. 0 T ——
* |t is being developed in CERN Radiation To Electronics =S BEOL2
(R2E) project, but developers, contributors and beta —2 T BROLS
testers outside CERN are also welcome! ———
* Progressive integration of features into FLUKA.CERN 5, o X U-f";). S
. . ulti-layer, micro-metric geometry used in a
but G4SEE remains also as a standalone toolkit for the ¢, ser Gimuiation to obtain energy deposition in
communlty “% FLUM Sensitive Volume (SV), a single RPP (cuboid)

models the component’s SV

Reference (open-access)

[1] 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, (link)
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Introduction - Capabilities

* Enables to study SEEs on a very low-level

focusing on radiation-matter interactions S @\ GEAI!,T“' S —

. . . GA4SEE/G4 macrofile _ OUTPUT: Histograms

* Extracting low-level information relevant S e ' S Depssiedeneay
R arget Geometry spectrum

for SEEs, event-by-event and/or particle- Target Materils CasEEsimuatonioolt | particle et

by-particle, based on the needs of users | 2Bising Options > - DETAILED SCORING
_>Physics Modules > I A OUTPUT: Hits data file

° ° ° e 0 " - Y
* Direct and indirect energy deposition R e Gaseepie | |\ | | [Partie species) 2] [A]
>Scoring Options.> Procesens [Event ID][TrackID]

scoring in a micro-metric, user-defined Histoarams T e

/

| Creator volume | | Weight |

sensitive volume (RPP model) = SEE | [ GasEEpost- | — |
. . . _USERINPUT: | | 1| processing scripts |: | Kinetic E | [ Position (x,y,) |
cross-section (or rate) estimation DN et | Momentum (uyw)]
> Parameters > ——————d not yet leIr;.-"ﬁfE-—gETeﬁ ————— | Total E deposited|
to change | Non-ionizing E deposited |

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

GASEE %)

High-level architecture of the G4SSE toolkit
with user inputs and outputs (ASCII files)
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Introduction - User support & community

G4SEE documentation:

GASEE %

version v0.5

latest release: V0.5

Q  Search the docs

CONTENTS:
1. How To Run with Docker
2. How To Compile
3. How To Run
4. Input Macro files
5. Material commands
6. Geometry commands
7. Biasing commands
8. Physics commands
9. Scoring commands
10. Primary particle commands
1. Physics List
12. Output Files
13. Contribution Guidelines

14. Authors

Releases

°v05

Development branches

« master

9. Scoring commands

nY i= Contents

G4SEE community forum:

9.1. Standard Scc

9.2. Detailed Scor

9.3. Deposited en

Macro commands related to scoring of quantities within the sensitive volume. Sensitive volume

by default is defined inside the Bulk volume.

9.1. Standard Scoring

# Add scoring n
/SEE/scoring/addscoring 1
# Set histogram for last scoring — SCALE
/SEE/scoring/setHistogram lin

# Add scoring ™
/SEE/scoring/addscoring 2
# Set histogram for last scoring  SCALE
/SEE/scoring/setHistogram log

addscoring
parameters Type M? Description
D oy
QUANTITY sting  y

Edep, Ekin
(PARTICLE) sting  n

QUANTITY

QUANTITY

LOWLIM
10 ev

UPLIN
10 Mev

PARTICLE
neutron
UPLIN

1 Mev

Scoring and histogram file ID

Enable scoring of a quantity, options:

Particle species to score, needed by

Ekin scoring, only one particle per

scoring

Quantities which can be scored:

BINS
200

BINS
200

Example
value

01,2

Ekin

proton,

5128, e-

« Edep: (event-by-event) total energy deposited per event inside SV. The PARTICLE

parameter can not be used in this case.

« Ekin: (particle-by-particle) kinetic energy of a particle when entering or produced in SV.

CERN
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Category

Feature Requests

Suggestions and discussions regarding potential new features
of GASEE.

Issues

Report issues, propose fixes and find help.

News & Announcements

New releases, upcoming events, collaboration partners &
projects.

Uncategorized

Topics that don't need a category, or don't fitinto any other
existing category.

Site Feedback

Discussion about this site, its organization, how it works, and
how we can improve it

SEE Simulations

General questions, discussions, and best practices about how
to simulate Single Event Effects in electronics.

Electronic Components

Micro-metric structures (geometry, material, etc.) of
components to simulate

NEWS  ABOUT G4SEE v

N

COMMUNITY v

Toolkit for simulating radiation effects in electronics

DOCUMENTATION

0 & ¥ Welcome to G4SEE Discourse

e Scoring Elements rather than Isotopes

W Feature Requests scoring, feature-request
How does biasNonPrimariesToo

command work?
Wissues biasing, gésee

Plotting multiple histograms
W issues post-processing. scripts

Running G4SEE app
Wissues geantd

Docker Login Issues
missues  docker
Open-source release of the G4SEE toolkit

v0.5
M News &Announcements

collaboration, community, open-source, release.

Simulations of electron and photon beams

W Feature Requests

REPOSITORY

GASEE %]

G4SEE paper in IEEE TNS:

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 69, NO. 3, MARCH 2022

G4SEE: A Geant4-Based Single Event Effect
Simulation Toolkit and Its Validation Through
Monoenergetic Neutron Measurements

Divid Lucsdnyi~, Rubén Garcia Alia™, Member, IEEE, Kacper Bitko™, Matteo Cecchetto™,
Salvatore Fiore ™. 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) simulation, neutren irradiation, silicon diode,
single-event effect (SEE).

I. INTRODUCTION

ONTE Carlo (MC) wols are extensively used in the
domain of radiation effects on electronics [1] and, more

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 tool 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
Liff “hol

particularly, for high-energy accelerator appli s. 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];

gies. Therefore, there is a strong interest in
applying MC tools to refrieve 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

GA4SEE website: g4see.web.cern.ch
Contact: g4see.toolkit@cern.ch
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https://g4see.web.cern.ch/
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Introduction - Get the toolkit!

* See slides about installation guidelines on Indico page
* Options to run G4SEE toolkit on your computer: o

Using Docker (recommended)
* After Docker installation, pull the latest, G4SEE v0.5.2 Docker image
* Run a Docker container based on G4SEE v0.5.2 image (with shared folder)

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

$ docker pull gitlab-registry.cern.ch/g4see/g4see: _G4-11.1.3

$
$

$ docker run -it -h g4see A\
-V :/home \

root@g4see: /home# cp —r $G4SEE_BUILD/examples/tutorial_1 /home copy tutorials to shared /home folder!

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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Tutorial #1 - 1SSI SRAM & protons [2]

e DUT: I1SSI SRAM memory cell (65nm) — Weibul
10-9 - —f— protons - G4SEE
* Effects: Single Event Upsets 2 o Y mrels. BADEF
~ @ protons - KVI
=
L4 = = - §]
Qi = 0.96 1C (= 21.6 keV) - for SEU XS calculation 2100 Getting this XS value in this tutorial
e Facilities: RADEF, PARTREC g 1o with a single simulation run
V)]
* Primary particles: beam of protons - \a
Q
* Physics: direct ionization 1014
° Scorlng: Standard (Ekinetic and Edeposited) 0 Energ;/ (MeV) 0
o rial files in GitL link Cross-section of proton induced SEUs in 65nm 1SSI SRAM as

function of proton beam energy [2]

Reference (open-access)

[2] Andrea Coronetti et al., "Proton direct ionization upsets at tens of MeV", in IEEE TNS, 2022, (link)
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https://gitlab.cern.ch/g4see/g4see/-/tree/v0.5.2/examples/tutorial_1
https://doi.org/10.1109/TNS.2022.3207877

. G4SEE %)
Tutorial 1.1 - General, Input/Output N
e 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:

RARAAAAAAAAAAAARR
##¢ General G4 comands  General Geant4 (G4) macro commands can be also used

frun/printProgress ! ———= Multi-threading related commands

JSrun/number0fThreads 4 /

fecontrol/cout/ignoreThreadsExcept c] Seeds for random number generator

/random/setSeeds p— (if you want to reproduce exact same
results multiple times)

ftracking/verbose 1 \

Increasing verbosity (from O to 1), use only for few events when testing your macro!
RRAFRAAR AR

##% Geometry GA4SEE-specific commands ('/SEE/...") to define geometry (see Tutorial 1.2)

O  /SEE/geometry/Bulk VACUUM 18 um 18 um false . . . . .
S # sv commanp POSITION unit WIDTH unit THICK unit BIAS with multiple parameters in a single line
E /SEE/geometry/sV 8 8 -4.5 um 11 um 1 um false One Command = onhe |ine

= .

B — Comments start with # character

i ### Initialize

O /run/finitialize 4= |pjtjalization of a G4 simulation

O

O panasERERRERRRAEE . .

c . =

S it o — Last command: start N=100 primary particles

> /run/beamon 100 (default: "geantino" virtual particles)

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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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)

: /home# cd tutorial 1/ && mkdir output 1 && cd output_ 1/
: /home/tutorial_1/output_1# gdsee ../tutorial _1l-1l.mac > stdout.log
: /home/tutorial_1/output_l1# 1s * Optional redirection to file

-potRgdsee: /home/tutorial_1/output_1# 1s

ent_t0.out r nt_tl.out n_event_t2.out n_event_t3.out stdout.log

root@gdsee: fhome/tutorial_l/output_1#

G4/GA4SEE stdout (redirected to stdout.log):
* Material information
* List of all particles and their processes
e 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

No scoring was added yet, so no actual data has been scored and written to file (see Tutorial 1.3)

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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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:

Silicon is defined asthe  Dimensions (width and Enable/Disable biasing
FRERERRRRRRRRRREY material of Bulk vol. thickness) of a volume for a given volume
### Geometry x x l
J Name of given
# BULK COMMAMND 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) Iayer
/SEE/geometry/SV B 8 8 nm 3108 318 nm 310 nm false /
# BEOL COMMAMND MATERIAL WIDTH unit THICK unit BIAS NAME
/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
the Bulk (relative to Bulk cube's top center point) size along X and Y axes .
& One can add arbitrary
Any predefined material from G4 material database can be used here number of BEOL layers on
Users can also define custom materials, like elements, compounds and mixtures top of each other, but only a

single Bulk and SV for now

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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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# gd4see ../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 $G4SEE BUILD/scripts/g4see.py view ../tutorial 1-2.mac

* Visualize geometry using G4SEE 'view' script:

XY view X-Z view X-Z view
a 10 4 2.0
1.5 -
2 5
1.0 4
1 World C—1 World 1 World
€ . Bulk 'g 0 m Bulk '§ 0.5 - =1 Bulk
3 = P e e
N sV N 005 SV = S Y
Oxide [ Oxide 0.0 [ Oxide
-2 -3 -0.5
-1.0
41 -10 4
-1.5
T T T T T T T T T T 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 (um) X (um)

Top (X-Y), side (X-Z) and zoomed-in (X-Z) view of simulated I1SSI SRAM memory cell, proton beam will have -Z direction

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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Tutorial 1.3 - Primary particles, Scoring

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

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

seaspssasssnsenss 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
/gps/particle proton - distributions can be user-
;{igzi::::?;a ;SHE;/ Mean a.nd std. de.V|at|on of energ.y | defined functions or read
Jgps/direction o o .1 «—— Particle direction (mono-directional, -Z direction) directly from ascii file

t Pl .

/gps/pos/type "€ <= Shape and type of source (point/surface/volume) .
/gps/pos/shape Rectangle Two types of scoring
/gps/pos/centre ® © 16 um *=—— posjtion of source's center mechanisms implemented:
feps/pos/halfx 8.5 um .

N . . - . .
/gps/pos/halfy 6.5 um Half dimensions of source plane ;tanqlazjd' Ek”l‘ or Edep;

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

FRAERHARAAAAARERER

#2# Scoring (standard)  SCOFiNg definitions Kinetic energy scoring for protons (particle-by-particle scoring)

/SEE/scoring/addScoring 8 Ekin proton / file nameid: 0 --> Ek|n_0_h|st_tN.out

/SEE/scoring/setHistogram tin O Mev  2WMev 200 o Binning of histogram for previously defined scoring

(linear binning from 0 to 2 MeV in 200 bins, other option is log binning)

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E



GASEE%N

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# gd4see ../tutorial 1-3.mac > stdout.log

: /home/tutorial_1/output 3# mergeHistograms

: /home/tutorial 1l/output 3# 1s

: /home/tutorial 1/output 3# python $G4SEE BUILD/scripts/g4see.py plot Ekin 0 histogram.out

Ekin Counts StdDev(corr)
L4 Merge histogram ﬁles Of the mUH.-ipIe UZ::::Z: E 2 _ GA4SEE histogram, "fhome/tutorial_1/output_3/Ekin_0_histogram.out"
threads into a single histogram! 0.9092+00 0 e e
* Only the kinetic energy of protons e . . ]
entering (or produced) inthe SVis ~ tire iume s The proton kinetic
SCO red 6.700e-01 4.100e+01 5.315e+00 g energy spectrum
6.800e-01 8.600e+61 4.359e+00 2 ;
. . ' ' . 6.900e-01 1.710e+62 4.500e+00 : 10 reaching the SV, the
* Plot histogram using G4SEE 'plot' script  7.e00ee1  2.450e002  1.147¢001 | 1 MeV mean energy
7.100e-61 1.960e+02 6.325e+00 1 of p beam degrades
Merged histogram of scored 7.200e-61 1.190e+62 2.986e+00 ]
. . 7.300e-01 6.300e+01 1.258e+00 ] to 700 keV due to
proton kinetic energy values, 7.400e-01 1.980e+01 2.872e+00 onization
during merging std. deviation 7.500e-01 2.000e+60 5.774e-01 100 ; | IOHIZG o |

T T T T T T
7.600e-01 o 0 0.00 0.25 0.50 0.75 1.00 125 150 175 2.00

of each bin is also calculated 7.700e-01 0 0 i

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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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 ] Edep
/SEE/scoring/setHistogram log 100 eV 1 MeV 300 < — Logarithmic binning with 300 bins

/SEE/scoring/dumpHistogramsAfter 10000 <——0  After how many simulated events

we want to dump histograms to file
BESEESRBR BRSNS

### Run — By increasing the primary particle
/run/beamon 200000 number, we can get better statistics

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

Commands in G4SEE Docker container (CLI)

: /home# cd tutorial 1/ && mkdir output_4 && cd output_4/

: /home/tutorial 1/output 4# gdsee ../tutorial 1-4.mac > stdout.log

: /home/tutorial_ 1/output 4# mergeHistograms .

: /home/tutorial 1/output 4# python $G4SEE_BUILD/scripts/g4see.py plot Edep 0 histogram.out
: /home/tutorial 1/output 4# python $G4SEE BUILD/scripts/g4see.py see-xs ../config 1-4.yaml

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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Tutorial 1.4 - Scoring, SEE cross-section

* 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
* The script 'see-xs' needs a YAML config file with input parameters and plotting options

GA4SEE | SEE cross-section as function of critical charge

GA4SEE histogram, "fhome/tutorial_1/output_4/Edep_0_histogram.out"

107 [ data 10-3 Edeposited [ME\]'%—z
1078 - ! T
i see-xs:
107 i
} Input parameters
m?; 1 conversion_factor: 09.022469 # MelV/fC
= 10-104 % critical_charge: 0.96 f
§ iE: O-SEE = 2.9856'11 sz/bit # List of Edep histograms
T 107 data:
101 1 g - path: Edep_0_histogram.out
] 1 label: 'l MeV proton'
10744 primary_number: 2e+5
beam_area: le-8
13| — 1MeV proton
100 ] 7 Que=nssic ‘s plo ig
v = 15 150 x5 plor:
E (MeV) Qerit [fC] xLlim: [3e-2, 3e+d]
.. . . . . . . ylim: [None, le-8]
Event-by-event energy deposition distribution, SEE cross-section estimation at 1 MeV proton beam Figsize: (10, 7]
contribution of &-electrons produced outside SV at energy (assuming Q_.. = 0.96 fC) based on MC
lower E, values simulated E,, histogram YAML config file

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E
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Tutorial #2 - Neutrons in Silicon [1,3]

* DUTs: ISSI SRAM cell (40nm) / Si diode detector _ | s
* Effects: SEUs / Single Event Transients g Lo Egpigg
* Facility: PTB (PIAF) 510_4 B E;tzlo;other
* Primary particles: 1.2,2.5,5, 8, 14.8, 17 MeV & |

mono-energetic neutrons S
* Physics: nuclear reactions = . D e
* Scoring: standard & detailed T e

° :n ItQ[ial ﬁlQS ’| n gltl ab “mk) Contribution of different nuclear reactions to energy deposition

distribution of 8 MeV neutrons in natural Silicon [1]

Reference (open-access)

[1] David Lucsanyi et al., "G4SEE: A Geant4-Based Single Event Effect Simulation Toolkit and Its Validation Through Monoenergetic
Neutron Measurements," in [EEE TNS, vol. 69, no. 3, March 2022, (link)

[3] Matteo Cecchetto et al., "0.1-10 MeV Neutron Soft Error Rate in Accelerator and Atmospheric Environments", in IEEE TNS, vol.

_ 68, no. 5, May 2021, (link) J
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Tutorial 2.1 - Geometry, Primaries,

* Open the tutorial_2-1.mac input macro file:

RERARRARRRRARARR
### Geometry

# BULK COMMAND
/SEE/geometry/Bulk

# 5V COMMAND
/SEE/geometry/5V

# BEOL COMMANDS
/SEE/geometry/BEOL/addLayer
J/SEE/geometry/BEOL/addLayer

RHARERAAAERHARERE
### Primaries

fegps/particle
/gps/ene/type
feps/ene/mono
fegps/ene/sigma
/gps/pos/type
fegps/pos/centre
fegps/direction

RADMEP workshop

MATERIAL WIDTH unit
G4_51 6 um
POSITION unit WIDTH unit
B0 -180 nm 250 250 nm
MATERIAL WIDTH unit
G4_STLICON_DIOXIDE © um
G4_AIR & um
BRERAARAAAHARERER

### Scoring - Standard

neutron
Gauss

& MeV

85 keV
Point
B8 1cm
g8 -1

# Energy deposited

# Kinetic energy

THICK unit
1 um

THICK unit
250 nm
THICK unit
6 um

1 cm

/SEE/scoring/addScoring
/SEE/scoring/setHistogram

J/SEE/scoring/addScoring
/SEE/scoring/setHistogram

fSEE/scoring/addsScoring

/SEE/scoring/setHistogram

BIAS
false
BIAS
false
BIAS
false
false

log

lin

lin

Edep
1 keV

Ekin
0 keV
Ekin
g keV

MNAME
Oxide

Air

Scor

ing

GASEE%N

X-Z view
10
8 -
6
E
a3
N4
2 -
Y [ ]
10 —05 0.0 05 Lo
X (pm)
20 MeV 200
neutron
18 MeV 200
gamma
18 MeV 200
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Tutorial 2.1 - Physics

* Add elastic and inelastic hadronic physics to the simulation, since so far we had EM physics models only

HERBHREBHRBERS
### Physics Adding G4 physics modules to put Default physics, highest accuracy general EM

together a full G4 physics list: physics in G4 (no need to add here explicitly)
# Physics modules
/SEE/physics/addPhysics G4EmStandardPhysics optiond Hadron elastic physics with High Precision (HP) neutrons models
/SEE/physics/addPhysics GdHadronElasticPhysicsHP
/SEE/physics/addPhysics G4HadronPhysicsFTFP_BERT_HP <¢—— Hadron inelastic physics with HP neutron models

. . HP models are strongly recommended for <20 MeV neutrons!
# Particle production range cuts

/SEE/physics/setElectronCut 1 um See full list of physics options in G4SEE docs!
/SEE/physics/setGammalut 1 mm

/SEEfphysics/setHadronCut 1 nm * Running the simulation with 300k neutron primaries,
Secondary particles with expected range below the we get an empty Edep histogram (only a single event!)
defined range cuts are not produced, its E is deposited  Simulation running time increases proportionally

on the spot instead, it can save computational time! with primary particle number and particle interactions

Commands in G4SEE Docker container (CLI)

: /home/tutorial 2# mkdir output 2 && cd output_2/

: /home/tutorial_ 2/output 1# gd4see ../tutorial _2-1.mac > stdout.log
: /home/tutorial_2/output 1# mergeHistograms . --delete

: /home/tutorial 2/output 1# less Edep 0 histogram.out
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Tutorial 2.2 - Biasi e
* Let's increase statistics, by running a non-analog Monte Carlo simulation using a biasing (variance reduction) technique!
* GA4SEE has microscopic XS biasing implemented to artificially increase probabilities of certain particle interactions

* Open the tutorial_2-2.mac input macro file:

e . . .
. Particle species to be biased
### Biasing L .
# (Biasing has to be also enabled for the volumes above!) (by default blasmg Only applles
to primary particles)

fSEE/biasing/biasParticle neutron
fSEE/biasing/biasProcess hadElastic gu—" PhYSICS process(es) to be biased
/SEE/biasing/biasProcess neutronInelastic . . S .
/SEE/biasing/biasFactor 1000 o The o(E.) funct'.lon .|s mulhplled by this

factor, increasing interaction

probability with 3 orders of magnitude Use biasing cautiously, since it is
creeneRnmRRRRRRRY very easy to over-bias a simulation
### Geometry Don't forget to enable biasing for the volumes here! y easy . . ’

producing non-valid results!

# BULK COMMAND I'-'IATEIIEIP.L WIDTH unit THICK unit BIAS To avoid thiS, run at least once without any
f/SEE/geometry/Bulk G4 51 6 um 1 um true . . . . . .
# SV COMMAND POSITION unit WIDTH unit THICK unit BIAS blasmg (Wlth hlgh pPp number) for validation
f/SEE/geometry/SV g 8 -108 nm 258 250 nm 250 nm true
# BEOL COMMANDS MATERIAL WIDTH unit THICK unit BIAS NAME
{SEEfgeometry/BEOL/addLayer G4 _SILICON_DIOXIDE & um 6 um true Dxide
f/SEE/geometry/BEOL/addLayer G4_AIR 6 um 1 cm false Adir
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GASEE histogram, "/home/tutorial_2/output_2/Ekin_0_histogram.out"

P P ° . [ data
Tutorial 2.2 - Biasing - Primary
neutron spectrum
* Running similarly as before (300k pp), but now we get counts in histograms
thanks to the applied XS biasing 2
-}
* Histogram counts are weighted to correct for artificial increase in interaction © Directlnedtrons
p.robabl.lltles, SO .res.ults should be in agreement with an analog Monte Carlo Scattered neutrons
simulation (no biasing)
GASEE histogram, "/home/tutorial 2/output 2/Edep 0 histogram.out" | ﬂ MHH HW% 101 m ” | |
[ data 0 2 4 6 8 10
. E. . (MeV)
Energy deposited inetie
GASEE histogram, "/home/tutorial_2/output_2/Ekin_1_histogram.out"
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Tutorial 2.3 - Detailed Scoring

* Open the tutorial_2-3.mac input macro file: Enabling detailed (particle-by-particle) scoring

e T LLLLL note: output data files can easily have very large size!

### Scoring - Detailed
¢ Kinetic energy threshold: above this energy e /e*/y particles are

scored individually, but below this energy they are grouped
together (single line in output file)

fSEE/scoring/detailed true # default: false

# Kinetic energy threshold for individual particle scoring
fSEE/scoring/detailed/e-/setThreshold 18 keV default: 18 keV

/SEE/scoring/detailed/gamma/setThreshold 100 keV # default: 180 keV If ‘true’, then grouping e’/e*/y particles based on their ancestor

# Grouping method used for particles below kinetic energy thr:;h/ parhcles to get total contribution of every Secondary hadrons
f/SEE/scoring/detailed/e-/groupByAncestor false default: false

Primary particles are not printed to output data file, because

# Printing option / we are not interested and/or want to save disk space
fSEE/scoring/detailed/printPrimary false # default: true

( ) . . I
f/SEE/scoring/detailed/setCSVFormat false S—d#=miETalll: Lrue Use true ’ USIng CSV format Saves dISk Space'

# Scored guantities and information particle-by-particle

/SEE/scoring/detailed/addTrack true / Which quanﬁﬁes to print to OUtpUt data file
fSEE/scoring/detailed/addParent true

fSEE/scoring/detailed/addEkin true

/SEE/scoring/detailed/addProcess  true Commands in G4SEE Docker container (CLI)
f/SEE/scoring/detailed/addEdep true . .

/SEE/scoring/detailed/addCounts true :/home/tutor1a1_2# mkdir 0Utput_3 && cd 0Utput_3/
/SEE/scoring/detailed/addz true : /home/tutorial_2/output_3# gd4see ../tutorial_2-3.mac > stdout.log
/SEE/scoring/detailed/addA true :/home/tutoria1_2/output_3# 'Ls

fSEE/scoring/detailed/addVolume true . . O

/SEE /ocoring/detailed/addzexc e :/home/tutorial 2/output 3# less Hits_t0.out
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Tutorial 2.3 - Detailed Scoring

event particle weight Z parent process volume counts ® M ti f t
ETH) alpha 1.855e-03 2 4 2 1 3.8826e+00 b(neutronInelastic) Sensitive 2.5712e-02 1 Ono_energe C as
377 Mg25 1.055e-03 12 25 3 1 1.5530e+00 bi(neutronInelastic) Sensitive 2.4899e-02 1 H . H
377 gle-) nan 6] 0] -1 nan nan jonIoni Sensitive 5.4809e-03 5 neUtronS ImpaCtlng d SI
490 neutron 1.653e-03 N - G415 00 bineutronInelastic) Sensitive ] 1 m n n r in
460 5§28 1.853e-03 n+ ZBSi = 25Mg +Q (+ 5e—) LA732e-01 b(neutronInelastic) Sensitive 1.2955e-01 1 co . po e t p Oduc g .
490 gamma 1.053e-03 L TT778e+00 bi{neutronInelastic) Sensitive 0] 1 various Secondary parhcle
732 016 1.069e-03 8 16 2 1 1.08%0e+00 b(hadElastic) Oxide 1.3268e-01 1 .
914 gamma  1.057e-03 e ] 4 1 4.8919e+00 b(neutronInelastic) Bulk ] 1 SpeCIGS,
G514 gamma 1.057e-03 e} o] 5 1 1.7790e+00@ bineutronInelastic) Bulk o] 1
1212 neutron 1.077e-03 o] 1 2 1 5.2899e+00 bi(neutronInelastic) Bulk o] 1 "o 1 o
[ ]
1257 016 1.048e-03 8 16 3 1 1.2290e-81 bi{neutronInelastic) Oxide 9.4224e-02 1 The HItS_tN'OUt detalled
1342 neutron 1.072e-03 6] 1 2 1 3.9277e-01 bi{neutronInelastic) Sensitive ¢] 1 H o
1342 gamma 1.072e-03 o] 0] 3 1 5.1945e+808 b(neutronInelastic) Sensitive 0] 1 Scorlng OUtpUt ﬁle
1342 gamma 1.872e-03 g [¢] 4 1 1.4963e+00 b(neutronIneIast'!c) SensTt'!ve [¢] 1 Contalnlng |nformat—|on Of
1342 gamma 1.072e-03 o] o] 5 1 4.7253e-01 bi(neutronInelastic) Sensitive o] 1 . .. .
1342 5138 1.072e-03 14 30 6 1 3.3550e-81 b(neutronlnelast'!cj Sensit'ive 1.3925e-01 1 |nd|V|dua| pal’tldeS (and
1428 016 1.050e-03 8 16 3 1 5.624%9e-02 b{neutronInelastic) Oxide 4.4357e-02 1 . . )
1536 5i28  1.066e2-03 14 28 2 1 4.7965e-02 b(hadElastic) Sensitive 4.7965e-02 1 N thIS case grOUpS Of e R
1565 Al2s 1.067e-03 13 28 3 1 4.7%900e-81 bi{neutronInelastic) Bulk 1.6775e-81 1 + o
1605 neutron  1.853e-03 0 1 2 1 6.0902e+00 b(neutronInelastic) Sensitive 0 1 e*and Y part‘IdeS) scored
1605 5128 1.053e-03 14 28 3 1 2.3035e-81 bi{neutronInelastic) Sensitive 1.218%e-01 1 4 . [
1605 gamma 1.053e-03 6] o] 4 1 1.7730e+00 bineutronInelastic) Sensitive [¢] 1 InSIde the SenSItlve
1984 neutron 1.055e-03 o] 1 2 1 6.0284e+00 bi(neutronInelastic) Sensitive 0] 1 Volume
1984 5128 1.055e-03 14 28 3 1 2.0772e-81 bi{neutronInelastic) Sensitive 1.6477e-01 1 °
1984 gamma 1.055e-03 o] 0] 4 1 1.7703e+00 bi(neutronInelastic) Sensitive 0] 1 .
1953 Si28  1.054e-083 14 28 3 1 3.6548e-01 b(neutronInelastic) Bulk 1.9489e-01 1 ° |mp|ementat|on of new
1993 gamma 1.054e-03 e} o] 4 1 3.2000e+00 bineutronInelastic) Bulk o] 1 . . .
1993 gamma  1.054e-03 g . 28 1.7790e+00 b(neutronInelastic) Bulk ] 1 Scoring IS ongoing to
1553 g(gamma) nan n+ S| = AI -+ + nan b(neutronInelastic) Bulk ¢} 1 . .
2044 Si28 _ 1.072e-03 . " ‘p (+v) . 7.3092e-02 b(hadElastic) Bulk 0 1 avoid such |arge data files
2176 proton 1.066e-03 1 1 2 1 3.3008e+800@ b(neutronInelastic) Sensitive 4.8202e-03 1 H
2178 Al28 1.066e-03 13 28 3 1 7.5380e-01 bineutronInelastic) Sensitive 4.1540e-02 1 and pOSt proceSSIng
2176 g(gamma) nan o] o] -1 nan nan bi(neutronInelastic) Sensitive o] 1
2555 proton 1.863e-03 1 1 2 1 Z2.eY9l6e+00 bineutronInelastic) Sensitive Z.431de-03 1
2559 Al28 1.063e-03 13 28 3 1 3.8967e-01 bi{neutronInelastic) Sensitive &.7722e-02 1
2559 gamma 1.063e-03 o] 0] 4 1 9.8268e-81 b(neutronInelastic) Sensitive 0] 1
2559 gle-) nan 6] 0] -1 nan nan hIoni Sensitive 3.9645e-03 3
2559 g(gamma) nan o] o] -2 nan nan bi(neutronInelastic) Sensitive o] 1
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Validation of G4SEE with neutrons [1]

| —

=

——=

(e

Silicon diode detector Diode setup irradiated at Diode setup irradiated at
(2cm x 2cm x 300 um) PTB lon Accelerator Facility (PIAF) Frascati Neutron Generator (FNG)
Facility, E, OE d =y D
Reaction MeV) | (keV) | (cm) [c1n_2/5) {cm—2)
PIAF, *H(d.n) 17 154 11.3 1.18-10° 1.11-108
ENG, *H(dn) | 148 276 | 76 | 9.01.10° | 2.74.10°
PIAF, 2H(d.n) 8 85 | 124 | 7.41-.10° | 3.61.10°
PIAF, 2H(d.n) 5 85 | 124 | 173:10° | 2.65.10%
PIAF, H(p.n) | 2.5 54 | 113 | 412:10° | 4.51.10%
PIAF, *H(p.n) 1.2 39 113 | 3.44.10° | 2.48.10%
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Validation of G4SEE with neutrons [1]
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Validation of G4SEE with neutrons [1]
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Contribution of the most frequent nuclear reactions to energy deposition distributions of mono-energetic neutrons in Silicon diode detector

RADMEP workshop GA4SEE toolkit - David Lucsanyi, CERN R2E




GASEE%N

Summary

* We went through tutorials how to run Monte Carlo simulations of Single
Event Effects in SRAM cells using the Geant4-based G4SEE toolkit

* Free and open-source toolkit for the whole radiation effects community

* The demonstrated features will be integrated soon into FLUKA.CERN 5, and
more new SEE scoring features will be added as well, so stay tuned!

* Until then, development is ongoing, so always checkout/pull the latest
release of G4SEE (upcoming release v0.6)!

Gaseez &FLUKA
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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!

g4see.toolkit@cern.ch
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