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Introduction
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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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Environment sources and variations
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Space radiation environment sources

(JVan Allen radiation belt

(dSolar particles

(JGalactic cosmic rays
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Temporal variation -

ASolar magnetic field
e 11 years cycle (approximately)

. . . . maX
e Dipole during solar minimum >

_ . 11 years
e Complex during maximum

300 International Sunspot Number ——————————;
200
Solar activity has an impact on: 100

) ) 0 L™ j
* Galactic cosmic rays 1760 1780 1800 1820 1840 1860 1880 g
e Solar flares 300 :
e Trapped particles 200 WMW\— :
100 E $
0 / g

1880 1900 1920 1940 1960 1980 2000 Su ns pots

Date

Today: Solar cycle #25
* Min started in 2020
* Max would be reached in 2024
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Spatial distribution

JIMagnetosphere:
* Cavity where the magnetic field dominates

* Natural protection for the satellites (from cosmic rays and
solar flares).

* Trapping of lower energetic particle
* Undergoes the pressure of the solar wind

Charged particles are deflected by the magnetic field

e Particles have to be very energetic to reach low altitude
orbits.

e Electrons can not penetrate the shield
* No protection near the magnetic poles
e Efficient against solar particles and cosmic rays Magnetospheric shielding

as a function of L.
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The magnetosphere

e Earth magnetic field (B,

Magnetic field
JENSEN CAIN - 1 km

e Dipole

e Tilted wrt spin axis (11°)

e Off-centered (500km)

- South Atlantic Anomaly (SAA)

Magnetic P c
—_ field lines i ] m}_‘,ﬁﬂr: T;:f,«f"f—:g!:svﬁ’_"»<“ E e =

L -

i
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Particle spectra

JdWhat is a particle spectrum ?
= Gives the amount of a given particle above or at a given energy
= The quantity of particle is expressed as a flux or a fluence:
* Flux: Number of particles crossing a surface per time unit [ /cm?%s ]
* Fluence: Total number of particles crossing a surface during a given time [ /cm? ]
Proton flux for a typical LEO mission (AP8 min)
= Two different kinds of spectra:
 Differential
* Particles around a given energy (/cm?%s/MeV)

* Integral
 Particles above a given energy (/cm?¥s)

Differential flux

1,00E+05

> 1,00E+04

1.MeV-1)

+ 1,00E+03

- 1,00E+02

cm-2.s

1,00E+01
1,00E+00

1,00E-01

Differential flux (

* Qutput of engineering space

environment model 1,00E-02
0,1 1 10 100 1000

Energy (MeV)
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Particle spectra

JdWhat is a particle spectrum ?
= Gives the amount of a given particle above or at a given energy

= The quantity of particle is expressed as a flux or a fluence:
* Flux: Number of particles crossing a surface per time unit [ /cm%/s ]
* Fluence: Total number of particles crossing a surface during a given time [ /fcm? ]
Proton flux for a typical LEO mission (AP8 min)
= Two different kinds of spectra:
 Differential
 Particles around a given energy (/cm?%'s/MeV) < 1,00E+03
* Integral

 Particles above a given energy (/cm?¥s)
* Qutput of engineering space
environment model

Integral flux
1,00E+04

-2.5-1

1,00E+02

Integral flux (cm-2.s

1,00E+01

1,00E+00
0,1 1 10 100 1000
Energy (MeV)
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Mission and environment definition in OMERE
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OMERE architecture

[ Transport
L > SEE
LET spectrum
Environment
Mission »| * Trapped particles
* Solar particles
« GCR
Dose Atomic Solar cells
displacement

1- Determines the spectra around the spacecraft 2- Estimates the effects on components
* |sotropic environment * SEE rate, ionizing dose, non-ionizing dose
* No shielding considered * Shielding: simple geometry only
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Mission definition

@ - OMERE
D Deflne the MISSIoN: File Window View I_M_i?slcTn_l Environment Dose SEE Atomic displacement Solar Cells Tools ?
= Orbit
= Launch date .
JOrbit type:
Mission launch date . Simple POSition
ouectinc: o 5] = Orbit Parameters
.+ Solar Cycle
Time of launch : |12:00:00 :| u Orblt FIIe
onics) = Two Lines Elements (TLE) ;
Orbit name Inclination Apogee Perigee B y’ "‘ e '.\‘\:‘
Orbit GEO - 35784.0... 35784.0... t Ol"blt type " “"..’h'i |
() simple Position
@ Orbit Parameters
() orbit File
OTLE LEO polar orbit
Output File: C:\Users\kevin.lemiere\Documents\OMERE 5.5\0rbit.-| &) Altitude : 800km
Inclination: 98°
& Ok 8 cancel

Duration: 5 years
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Environment definition

JEach environment source = dedicated module

ission = Environment Dose SEE Atomic displacement Solar Cells Tools 7?7

= Solar particles ) Jeritane ; @ O
Flux mapping... - = |
® Average Solar Particles > Average Statistical Models...
° Flare Cosmic Rays... Solar Flare Models...
. . LET Spectrum...
= Galactic Cosmic Rays o
" Trapped particles Tansport..

Transfer function...

Interplanetary...

IDefine model (standard or not)
JEnter calculation parameters (specific to each module)
JCalculate energy spectra
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Solar particles average models

JIMostly used for TID |
= ECSS Standard: ESP

Flux

\ Average flux
Environment model

[ESP, JPL, SAPPHIRE ...] —
- Confidence level
- Solar active period -

V Time

v

Magnetospheric cutoff model
[Stormer, ONERA]

v

Average solar protons fluence

1E+12
—e— Differential fluence

1E+11

—e— Integral fluence
1E+10

Energy spectrum

1E+09

1E+08

1E+07

1E+06

Fluence (cm-2 or cm-2.MeV-1)

1E+05
1 10 Energy (Mev) 100 1000
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Solar particle Flare models

Flare 1 Flare 2 Flare 3

JIMostly used for SEE rate calculation
= ECSS Standard: CREME 96 (for protons & ions)

Flux

Environment model
[CREMEY96, SAPPHIRE ...]
- Sub-models (5min, day...)
- Elements |

v

Timao

Magnetospheric cutoff model
[Stormer, ONERA]

\l/ Worst 1h

Differential flux
1E+08

1E+07
1E+06
1E+05
1E+04 Worst 24h
1E+03
1E+02
1E+01
1E+00

X
=
L

Energy spectrum

ifferenital flux (cm-2.s-1)

D
N
m
S
2

1E-02

1E-01 1E+00 1E+02 1E+03

EnerlgE\f?l%/leV)

Time
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Galactic Cosmic Rays

JAnti-correlated with solar cycle
= ECSS Standard: ISO 15390

Environment model
[GCR ISO, CREME96 ...]
- Solar condition
- __Elements

Magnetospheric cutoff model
[Stormer, ONERA]

v

Differential flux

1E-03
1E-04
1E-05
Energy spectrum

1E-06
1E-07

1E-08

Differential flux (cm-2.s-1)

1E-09
1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05
Energy (MeV)
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Trapped particles

11 lower proton belt

12 Electro

n belts

= ECSS Standard : AP8 for protons
= ECSS Standard: AE8 (or orbit specific models) for Electrons

- _For electrons and protons

Environment model
[Ax8, Ax9, GREEN...] s

- Parameters (|f availab]e) [Jensen & Cain 1960, GSFC]

Magnetic field model

SERESSA 2022

1E+05
S 1E+04

<
T 1E+03
< 1E+02
m
Energy spectrum < ..,
£
< 1E+00
<
5
T 1E-01
1E-02

v

Trapped protons average flux

—e— Differential flux

0,1 1 10 100 1000
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Protons
Source : GCR + Solar wind
Solar cycle dependency: anti-correlated

Electrons
Source : Solar wind
Solar cycle dependency: mostly correlated




Available models

JIModels:

¢ |n-situ measurements
e Range of validity of L and energy
e Standards

JOptions:
e Solar min/max
e Confidence level [%]
e Magnetic field
e Magnetospheric cutoff

SERESSA 2022

* Cosmic rays
* GCRISO 15390
« CREME 86
« CREME 96

* Solar particles

* Protons (average)

« ESP

JPLI1
JPL91 Extended
SOLPRO
SPOF

 SAPPHIRE
* lons (average)

« PSYCHIC

e Helium

 SAPPHIRE
* Solar flare models

« CREME 86
CREME 96
IOFLAR
SAPPHIRE

* Trapped particles
* Electrons
* AES
* IGE 2006
* MEO
* OZONE
« SLOT
* AE9
* GREEN
* Protons
* AP8
* AP9
* OPAL
* GREEN

*Magnetospheric cutoff
* Stormer
* ONERA

* Magnetic field
* Jensen Cain
* Dipolar
* IGRF
* GSFC
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Calculations
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lonizing Dose ® -oms

File Window View Mission Environment I_ng-; SEE .

JThe dose depth curve is calculated with SHIELDOSE-2 considering:

= Energy spectra

= Calculation parameters: geometry, target material

Jinputs: energy spectra

= From mission: the spectra are calculated considering the mission and T T T Touldee
models selected in the environment module.

1.00e+06
= From files: user directly inputs the spectra

1.00e+05

JParameters:

Dose (rad)

1.00e+04
= Geometry: simple geometry considered for the dose calculation

= Target material: the dose estimated in a given material e

(18, 3.8e+8) Thickness (mm Al)

SERESSA 2022
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@ - OMERE

File Window View Mission Environment Dose SEE , Atomic displacement
Atomic Displacement A Sipidcenen :

&
JThe dose depth curve is calculated considering: L
Flux : From mission data v [ Select files...
" Energy SpeCtra Incidence : (@ Normal (O omni-directionnal
= Calculation parameters: NIEL data R s
Output data
Output type : Equivalent fluence file v | [Jwith graph
Jinputs: energy spectra Calodatonyp : [On e missin o
= From mission: the spectra are calculated considering the mission
and models selected in the environment tools. [—70]00 MeV proton fiuence (SILICON Summers 93) ——
= fFrom files: user directly inputs the spectra T B
-'\.'E -
?;' "l.\‘
DOUtpUt: § 1.00e+11 |
= The result can be expressed in terms of displacement dose or g
equivalent fluence* " 1.00e+10 | =
=
*Correspond to the fluence that a monoenergetic beam of a given particle must , : : | N
have to deposit the same Displacement Damage Dose (DDD) as the mission 100e02  1.00e01  1.00e+00  1.00e+01  1.00e+02
(1.8e+2, 6.6e+12) Thickness (mm Al)
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@ - OMERE
SO I a r Cel |S File Window View Mission Environment Dose SEE Atomic displacement ESclar_Cgls: Tools ?

JTwo models:

= JPL: estimates the equivalent fluence for three electrical ~ Peoraeeten e
parameters: Pmax, Voc, Isc. NRL (O-SCREAM)

/NRL Specifii ()

4

" NRL: estimates the EOL (End Of Life) performances via > Technology
displacement damage. -+ Material GaAs >
H . hieldi
JTwo types of shielding: =neng
= Simple: only one value of shielding is considered R ) >0 o/
Coverglass: |50.00 pm :| [ ] multiple: from 50 to 200 pm
= Multiple: the degradation is estimated for several values  sacki  s0.00um <[] mnfinite
of shielding
# Back Shielding: Infinite
# Coyex:gla.js I Displacemint I EOL Il
JOutput: S 1 ) L =2 |
. . 7 || Electrons | Protons | Total I Il
= Qutput file with EOL performance for each source of v e = I e e 1
partiC|e 5.000e+01 1.712e+409 3.218e+09 4.931e+09 7.854e+01
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LET curve

I
[ LET element "xenon" 300.00 MeV ———

Other features

50 -

40

JFlux and magnetic field mapping

Trapped electrons
AE8 MAX - JENSEN CAINLC -90 °

30

LET (MeV cm? /mr3)

#/Mev /cm? /s

20

10 -

Silicon Depth in microns

Solar particle flux attenuation law (ECSS)

9
Coordinate (-2.65°, 11.89 8
JMany others: :
. . . S 5
= |lon LET vs range in material (ion test) P
= |nterplanetary missions ’ C L
- @«\‘ o 5&\\6 6,0@ \)@o\g\@\o
" 1 o
0
0.3 3 30

Distance to the sun [AU]
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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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OMERE demo
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Calculation example
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Environment and dose calculation

Orbit Name Altitude Eccentricity Inclination Duration
Mission LEO1 800 O (circular) 98 10 years
LEO2 ISS 400 0 (circular) 51.5 10 years
. Solar
Particle type Model condition
Trapped Trapped AE8 Max
Particles Electrons (ECSS Standard) | (Worst-case)
Trapped AP8 Min
Protons (ECSS Standard) | (Worst-case)
Confid Sol ti
Particle type Model onfidence oar ?c e
. level period
Solar particles ESP
Solar Protons (ECSS Standard) 80% Worst case

Compare the dose as a function of the thickness for the two missions.
Compare the average trapped proton flux for each orbit.

Compare the solar proton flux >10 MeV along each orbit.

> w N oe

Conclude
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Calculation example solution
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Solution

Main differences found in :

Solar protons & Trapped protons
Dose - Shieldose?

1.00e+07 | Trapped electrons LEO2 1SS
Trapped protons LEO2 ISS ——
1.00e+06 - Solar protons LEO2 ISS — | |
Secondary photons LEO2 ISS
Total dose LEO2 ISS ——
1.00e+05 Trapped electrons LEO1 —— |
Trapped protons LEO1 ——
1.00e+04 - Solar protons LEO1 — | |
Secondary photons LEO1
= — 2 B Total dose LEO1
@ 1.00e+03 | = e L
g A .
C 1.00e+02 | +-

- - - A
1.00e+01 — "
1.00e+00 | ——

— A
1.00e-01 |
1.00e-02 . . : . .
0 20 40 60 80 100
(1.8, 3.3e+7) Thickness (mm Al)

SERESSA 2022
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Solution : Trapped particles

LEO1 : High altitude = Deeper in Trapped proton belt

JLEO2 ISS: Lower altitude

1.00e+04 12 Integ flux LEO2 ISS - AP8 min
Integ flux LEO1 - AP8 min
2 1.00e+03 |
£ —.—
% ix“‘“.—~._;_._
/9» -._.“. .A.-._.
7 1.00e+02 | ey
> -y
) I._
= ~._
- 'A"'l,,,
o L
5 1.00e+01 }
z
i
1.00e+00 |
1.00e-01 1.00e+00 1.00e+01 1.00e+02

(1.1e+2, 6.1e+4)
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Solar protons
ESP 80% - 10.00 MeV

Solution : Solar particles

JLEO1 : Polar orbit = High inclination

" Less protected
= Higher solar proton fluence

Solar protons
ESP 80% - 10.00 MeV

JLEO 2 : Low inclination

"= More protected
= Lower solar proton fluence
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