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TRAD & OMERE

(JTRAD benefits of more than 20 years of expertise OMERE is the ultimate freeware for
in radiative environments and provides advanced

services to help companies predict and minimize

radiation environment calculation !

radiation effects on their products and systems. v’ Space Environment modelling
v’ Trapped particles
= Test services v’ Solar particles
= Component selection v’ Galactic Cosmic Rays
= Engineering support v Cumulative effects
= Software solutions  e———— v Dose / Displacement damage depth curves

v’ Single Event Effects

v' SEE rate calculation
v’ Solar cells degradation
v’ Interplanetary missions
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The OMERE software

(dDevelopped by TRAD with CNES support
(JConceived to meet industrial requirements

(dPartnership of european actors

TAS ESA

CEA

OHB

Airbus D&S

ONERA

TRAD
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Introduction

JA Single Event Effect is
= Anisolated event taking place in an active device
= Due to only one energetic particle strike lon

Oxide

A Single Event Effect can be

= Destructive .
Silicium

= Non-destructive lonisation

Single Event Effect are caused by
®= Heavy ions
= Protons

lon 2nd

JThe environment contributions to the SEE are
= Trapped protons
= Solar particles (protons and ions)
= Cosmic rays
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Introduction

] Non-destructive effects

SEU (Single Event Upset)

* A change of state induced, that may occur in digital, analog, and optical components, these are “soft” errors in that a reset
or rewriting of the device causes normal device behavior thereafter

MBU (Multiple Bit Upset)
* An event inducing the corruption of several bit in the same word/memory address

MCU (Multiple Cell Upset)

* An event induced by a single energetic particle that causes multiple upsets or transients during its path through a device or
system

SET (Single Event Transient)
* Transient perturbation in analog devices

SEFI (Single Event Functional Interrupt)
* Functionality loss in complex devices
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Introduction

[ Destructive effects

SHE (Single Hard Error or Stuck Bit)
* An SEU which causes a permanent change to the operation of a device, like a stuck bit in a memory.

SEGR (Single Event Gate Rupture)
* Anioninduced condition in power Mosfet which may result in the formation of a conducting path in the gate oxide.

SEB (Single Event Burnout)
* A condition which can cause device destruction due to a high current state in a power transistor.

SEDR (Single Event Dielectric Rupture)
* Destructive event occuring in FPGA, AOP...

SEL (Single Event Latch-up)

* A condition which causes loss of device functionality due to a single event induced high current state, that may (or may not)
cause permanent damage, but requires power reset of the device to resume normal operation.
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Standard process: TID / TNID

Mission definition

Trapped particles Solar particles

Trapped Trapped Solar Solar GCR
Protons Electrons Protons lons Protons
A _4 b _4 = _

Average

TID / TNID Calculation
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Standard process: SEE

Mission definition

Trapped particles Solar particles

Trapped Trapped Solar Solar GCR
Protons Electrons Protons lons Protons

SEE Calculation
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SEE rate calculation
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SEE Basic Mechanisms and Model

JCharge deposition and collection
= There are plenty of different SEE that can potentially occur in a device
= They are all initiated by the same scheme
* An energetic particle passes through the device
* Energy is transmitted to the semi-conductor by ionization
* A large amount of charge is generated on the ion path
* The generated charge is collected and leads to an event

ISEE are « isolated » events taking place in a device, caused by only one particle strike
= The SEE sensitivity is not represented by an irradiation level (like for TID/TNID)
= The SEE sensitivity is represented by a probability of occurrence

* Specific to the event type
* Specific to the device
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SEE Basic Mechanisms and Model

I This probability is called the device Cross Section

= The device cross section represents the sensitivity of a device to a given SEE under specific
conditions. It is the experimental ratio of counted events divided by received ions

= The cross section is represented as a function of

* The LET under heavy ions event number #
* The energy under protons o= — = —

fluence @

JLET concept

" Linear Energy Transfer

= The LET characterizes the amount of energy that a particle yields along its path in the matter
= The higher the LET, the more the energy deposition in the device is important

= LET and Energy are two different things...
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Cross section

®' Component @ Environment “%* Ions “{. protons

Model WEIBULL v W | 45 | 5 \ 2.5 ‘
Limit cross section:
Cross section data
I 2e-4 ‘ cm?/device
Cross section type Data input v
_ LET threshold:
|=) More information l 1.000e40 l MeV cm2 /mg
LET Cross section
MeV.cm2.mg-1 cm2/device i Fit Estimation
Ascending Critical charge: 0.020622 pC
order a=b= 141.421 pm
c= 2pm
Material = SILICON (2.33g/cm3)

m  Weibull curve

o Weibull distribution
(red curve) fitted to
the test data (black
dots)
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Weibull fit parameters

o W (width)

o S (shape)

0 Osar (Saturated cross section)
0 Ly (threshold LET)

WEIBULL

L—Lg
W

)]

20 40 60 80
LET (MeV ecm? / mg)
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SEE caused by lons: CREME and RPP Method

(JCREME (Cosmic Ray Effect on Electronics)

= Adams, 1986 \ \lb 1 4@.«

a
JAssumption \< :

= Rectangular Parallelepiped (RPP) sensitive volume \ c
= Constant LET all along ion path o \AX “
= Qcrit critical charge of this sensitive volume AQ b

= If Qqep > Qqir then an event occur /

(JCREME enables t? calculrz]ate the SELérgte in a
given sensitive volume characterized by a >0
specific LET threshold AQ 20,

= Calculation parameters .
* a,bandc AQOCAEZLET;.O”(E)'AX
* Ly
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Single Cell Rate

1E+04 o
dFor a given sensitive volume :
= The SEU rate is calculated with the 1E+ 03 STD_GEO
UPSET module of CREMES86 (included in : me 3
OMERE) o
g 1E+02
5
For the entire device % ot |
= The single-cell rate is correlated to the % i
device under-irradiation response with i -
OMERE R
(2]
1501-; Cosmic Rays Effect MicroElectroni
F smic ys ?CRSE:IIHE) IcrokElectronics
1E-02 iy — iy s
0,1 1,0 10,0 100,0

LET threshold in MeV.cm2/mg
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Interpretation of Data

JLET threshold (or on-set LET)

= Minimum LET for which an event can occur

JAIll cells do not have the same LET threshold in a device
= Progressive increase of the cross section curve

JThe information of the SEE susceptibility of the entire device (including all cells)
depending on the LET is given by the cross section curve
= The rate for one sensitive volume (one L;;,) is calculated at all LET and integrated over the whole cross
section curve

I This SEE rate is calculated by OMERE
= With the CREME rate calculated for one cell with a specific LET threshold
= Taking into account the whole device sensivity as a function of the LET
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Interpretation of Data

dWeibull distribution Z(L):Zo_l eXp— (LWlx))
EIN:JTt:irLof cells for which N(L)=No_l—exp—(%)§—
CLET threshold distribution é’(L)—dN(L)

(JCREME rate (at each LET) T(L) CREME

(dDevice SEE rate T=L°:T(L) S(L)dL

= |ntegration over the whole cross section curve
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SEE Caused by Protons

(JProton cross section
= Only one particle type (proton)
= No need to use the LET

= Proton-caused SEE are indirect
* No geometry/angle effect taken into account
= Cross section expressed as the function of the incident energy

JProton SEE rate
" Product of the cross section multiplied by the flux at each energy

I Device considered as potentially sensitive to protons if the heavy
ion LET threshold is smaller than 15 MeV.cm?.mg!
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SEE Caused by Prot

Proton cross section test data (black dots) ...
fitted to a Weibull distribution (red curve) - |

JThe proton cross section can be
from the heavy ion cross section

n P RO F |T P. Calvel, et al. December 1996.
m Sl M P A B. Doucin, et al. June 1994.
- M ETI S C. Weulersse, et al. April 2011.

- Dedicated to SEU rates on SRAMs
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WEIBULL

ons

E

PROFIT

deduced samct

ss Section(crr?/device)
3
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SEE Rate: Heavy ion summary

Number of cells easy to define for
SEU on memories.

e - For other cases, (i.e. destructive
events) 1 cell gives worst-case results

20 30 40 50 60 70 &0 20 40 60 80 100 120
LET (MeV.cm2mg-T) LET (MeV.cm2mg™)

Heavy ion sensitivity Heavy ion sensitivity
(test data) (Weibull Fit) ERROR RATE ‘

Sensitive Volume

[[Integral spectrum —— | Device description

(number of sensitive cells
and SV depth)

Space environment Space environment
(Integral fluxes) (LET spectrum)
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SEE Rate: Proton summary

SERESSA 2022

A : neru\‘/‘?MeV) 0 o

Proton sensitivity
(test data)

0

50 0 1 200 250
L'Oneruv {ﬁ]eV\

Proton sensitivity

(Weibull Fit) ERROR RATE

Diff flux - AP8 min
" Integ flux - APS min_ —— |1

:::Q'--_.-->\

—
Incident flux, Z=1 ——

Transmitted diff flux, Z=1 —— |]

Space environment
(Incident flux)

Space environment
(Transported flux)
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OMERE SEE Module
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OMERE SEE modul o
O u e File Window View Mission Environment Dose |_§E_E_| Atomic displacement

(JThe SEE rate is calculated considering:
= LET spectrum for ions / Transported flux for protons

u C ross S ect i O n S d ata (Wei b u | I fit’ eX pe ri m e nta I d ata . ) Use database C:\Users\kevin,Iemiere\Desktop\OMERE_S.5.2_ofﬁciel\datac\Com;| A 4 =
= Calculation parameters: Number of sensitive cells and cell depth S i e oS S
HF459047 Driver Example B CMOS ;%

Jinputs: energy spectra

= From mission: the LET spectrum and transported proton flux are
calculated considering the mission and models selected in the

environment tools, have to choose the shielding thickness =

= From files: user directly inputs the LET spectrum and the transported |. | =
proton flux

rﬂ Current component: | HF459046 v #) save # Revert

hannd

Number of sensitive cells: Cell depth: microns
L]
L]
JOutput

= The SEE rate is computed for each source of particles

SERESSA 2022 Introduction to OMERE — Léo Coic, TRAD



OMERE SEE module

@ SEE rate estimate ?

#! Component g Environment “f- lons % Protons

[ Use database | C:\TRAD\OMERE 5.6. 1\datac\ComponentSEUDataBase. dat ‘ L4
[F] Name Function Manufacturer Technology Ref,
AT40KEL040

[0 mracamss...

[ cyrcioes

O

@ Save
Cell depth: 2 microns

% L] E Current component: | AT40KEL040 e

Number of sensitive cells: ‘ 283976

Calculations

I;) Run selected component(s)

- & 38 Close

ot
AD3689
Vs

@ Revert

Outputfie | C:\sers\.eo.coic\Documents\OMERE 5.6\secRates.see | &

Component Database

SERESSA 2022

@ SEE rate estimate ?

! Component @ Environment % Ions . Protons

Use environment from: © Mission O Files
Protons: Ions:
Source Mode! Source Mode! Zmin

@& Trapped Partides ...  AP8 min
' Solar Mean Protons  ESP
Cosmics rays (Z=1)  GCR-ISO

O ‘ Trapped Partidles ... AP8 min
O ' Solar Mean Protons  ESP
W Solar Mean Ions ION SAPPH... 2

/ Cosmics rays GCR-ISO 1
< >
Shielding
Type Single A
~Single Shielding Parameters
i Thickness 1
Unit a/em® v | Density:

I curent component:  [AT40kEL040 v| | @) save | | @ Revert
Number of sensitive cells: | 283976 Celldepth: |2 microns
Output file | C:\Users\Leo.coic\Documents\OMERE 5.6\seeRates.see l >
Calculations
L) Run selected component(s) " & ﬁ Close

@ SEE rate estimate ? X

=} Component @ Environment “T Ions “ protons

Model WEIBULL 7 W | 1.945e+1 S
Limit cross section:
Cross section data
7.207e-3 cm2/device
Cross section type | Data input v

LET threshold:

1.387e+1 MeV cm? /mg

Ej More information

LET Cross section
MeV.cm2.mg-1 cm?/device # FitEstmation
14 1.6e-06
18 3.2e-05
34 0.0056
56 0.0072
Ascending Critical charge: 0.286027 pC
order i
a= 1.59308 pm
c= 2pm
Material = SILICON (2.33g/cm3)
& Cross section ok. 18l view data | [ Export data
il E Current component: | AT40KEL040 v E} Save @ Revert
T
Number of sensitive cells: | 283976.000000 Cell depth: l 2 ‘ microns
Output file l C:\Users\Leo. coic\Documents\OMERE 5.6\seeRates. see | [y
Calculations
L/ Run selected component(s) | ¥ & ﬁ Close

Environment definition

Heavy lon Cross-section
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@ SEE rate estimate ?

! Component @ Environment <% Ions “1+ Protons
Model PROFIT v
For PROFIT method, the elastic interaction equation
between the incident proton energy and recoil silicon
ion enegy uses the 'average diffusion angle’. 90°is

the worst case value for this angle.

Average diffusion angle [0°,90°] | 90 2

H View data @ Export data

Current component: | AT40KEL040 v| | @) save | | @ Revert
Number of sensitive cells: | 283976.000000 Celldepth: | 2 microns
Outputfle | C:\Users\.eo.coiclPocuments\OMERE 5.6\seeRates.see | [
Calculations
L/ Run selected component(s) | v & ﬁ Close

Proton Cross-section




Specific case: SAA peak trapped proton flux

JLEO or EOR missions: Crossing the SAA = High flux of trapped protons

- O Calculate peak trapped proton fluxes for E >
Mission data
Mission start: 2014 Lifetime : 5 year(s) Number of orbits: 100 1OMeV (exa m ple)
Electrons
o ‘ YT TE] Model : None v
' *  KMG840002 . . . . . .
JRPS I P N S I U T A O Position of peak flux is given in output file
4 0;‘%&.@ ? Q(f.é" N 2y A KTAB01800
s » ry 3 N *  IDTT1V3568
SRR L O
. o *x z}% J PR g Protons H H H H H
e - 5 iﬁ ‘s *j“* vodel:  |apa v O Create single point mission at these coordinates
* * -~ iy
= Wi ¢ £ e R A (ECSS 10-04 for non-spedific orbit)
o 5
\@: L \7 avx - G — to get average trapped proton flux
S x bx .
H ’ x l< NETEE 2 Magnetic field | STANDARD (JENSEN_CAIN) v Use Daly interpolation
% ) ¥ gy i L @ Mono-energetic instantaneaous flux X
& et ks : vy Energy grid
. N % etk d . Fo* : . Custom grid: C:\Users\Leo.coic\Documents\OMERE 5.6\EnergyGridTrapped. txt @
SR RO I it P L
i " dit New Eneray for integral peak flux calculation: |10{00000¢| MeV
K K PR S A E W -
4 f: Kf@“{ﬁg{ i P e B Output
* $E§> i * **M/ * " N : N &3 Q
T Proton peak flux (at an energy) v Options Cancel
gn@u W 120w W [) BE 120°E 180°E
Geomagnetic Longiute [ [JsaveBandL: C:\Users\Leo.coic\Documents\OMERE 5.6\BL.dat Lo # Trapped proton peak flux -distribution  (energy >=- 10.0000 Mev)
SEU occurrences on Several memaories for Output electrons file: | C:\Users\Leo.coic\Documents\OMERE 5.6\trappedElectrons. fix (= . Peak- flux-max- (peak- flux-in-p/cm* - /s, -duration- in-hour) :
r , n-in-k 2
a LEO m|SS|0n Output protons file: |C:\)Jsers\Leo.coic\Documents\OMERE 5.6\trappedProtons. fix | [?Q [# (2.38272=+04, -0.20)
Exlcdation ¥ Position of peak flux max (alt, lat, lon): 1340.16, -26.20, -36.11 (position n®71€1l)
l) Calculation + display graph b Calculation Close : (pfi:{;‘fi‘:)‘ Durat:'::?
7.22937e+03 0.09
1.34129e+03 0.13
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Calculation example
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SEE rate calculation exercise |
Orbit MEQO, 1000 km, 26768 km

JMission specification - Inclination 63,4°
Lifetime 5

Nominal launch date 2012

. o . Electrons Deselect all
JEnvironment specification a0 N
(out of flare) - ppem P
GCR GCRISOHto U
To be transported behind 1g/cm?
LET o
MeV.cmm2.mg-1 cm2.dev-1
JExample FPGA SEU test data (14 - (16E-6 )
= 283976 bits 2 283976 sensitive volumes 18 3,2E-5
34 5,6E-3
56 7,2E-3
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SEE rate calculation exercise Il oz v ———

Inclination 66°
< e . Lifetime 5

D Mission speC|f|catlon - Nominal launch date |2014
Trapped protons AP8 MIN
GCR protons GCRISOHtoH
GCR ions GCRISOHeto U

. o . Solar flare (WD) protons |[CREME96 H to H
JEnvironment specification - Sollr Mz [105)) Jarme CREME96 He to U

To be transported behind 1g/cm?

LET ]

(MeV.cm2.mg-1) [(cm2.dev-1) Weibull parameter |Value

JExample SRAM SEL test data 5 2E-05 W 25

P 10 2E-02 S 1,5

n ? ’

How many sensitive volumes: >0 1 2501 osat (am/dev] 3 008

32 2E-01 Eth (MeV) 25

Heavy-ion data Proton data
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SEE rate calculation exercise Il

Orbit 800Km Peak Proton flux
. . . r . Longitude -30°
JIMission specification - Latitude 30°
Duration 5 minutes (~0,0035 days)
Electrons Deselect all
JEnvironment specification - Trapped protons |AP8 MIN

To be transported behind 1g/cm?

Proton Energy o]
(MeV) (cm?2.bit1)
JExample DRAM SEU proton test data 20 2,1E-15
. 40 3,7E-15
? ,
* How many sensitive volumes: o S1E1S
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Calculation example solution
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SEE rate calculation solution |

JExample FPGA SEU rate for the MEO mission

= 283976 sensitive volumes

SERESSA 2022

Heavy ion Proton
totalrate | totalrate | 1Ot 'ate
/device/day | /device/day | /device/day
1.2E-06
1.1E-04 1.1E-04
% | (PrOFIT 90°) 0
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SEE rate calculation solution I

JExample SRAM SEL rate for the LEO 1336km mission

= 1 sensitive volume (because SEL)

out-of-flare during flare
GCR Trapped Solar particles GCR
Trapped proton HI proton proton HI proton HI proton
/dev/day /dev/day /dev/day /dev/day /dev/day /dev/day /dev/day /dev/day
1.72 0.14 3.83E-3 1.72 39.2 3.64 0.14 3.83E-3
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SEE rate calculation solution Il

JExample DRAM SEU rate peak proton flux LEO 800Km

= 1 sensitive volume (because rate /bit)

Proton Proton Peak
Peak rate rate

/bit/day /bit/5m

2.26E-6 7.91E-9

J

x0,0035
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