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« AE9/AP9/SPM meets the
satellite and space

Instrumentation design
AE9/AP9/SPM is a suite community’s need for

of empirical models radiation environment

describing the trapped specification model

— Responsive tool with
electron, proton, and expanded range of features

plasma in the near earth not available with legacy

space environment models
— Uses the most up-to-date
data available

— Introduces quantitative
statistics for use in design
efforts
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\’/ Near-Earth Radiation Environment
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Inner radiation belt:
+

Outer radiation belt:

South Atlantic Anomaly (SAA): lowest
altitude extent of inner radiation belt
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\/ Need for Accurate Near-Earth
\\Y 4 o . . .
<¢* Radiation Environment Estimations

Solar array False stars in star Surface
power decrease tracker CCDs degrad?tmn

_— T Electronics
EMP from = \ A degradation
vehicle E =i

discharge : T e

Solar array
# arc discharge

Single event effects in
electronics: bit flips,
fatal latch-ups

Spacecraft components
become radioactive

Energetic protons,
electrons and plasma
pose awide range of
hazards to spacecraft
and components
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These hazards are
dynamic and sometimes
not accurately captured
In legacy models

(>2.5MeV e ; >135 MeV p)

AES8, APE Max

- Va S
P~ —
'0.1 ‘__.-----. —— — ‘-».,_‘-“
10°® - TMeae
"\ -] Measured
w0’ f— R CRRES
5 AFomax & AL ax
10 | - - -7~
o® I

Modeled CRRES

Dose Rate (Rads/s)
Behind 0.23" Al

" L(RY

For MEO orbit (L=2.2), #years to reach 100 kRad:
* Quiet conditions (NASA APS8, AES8) : 88 yrs
+ Active conditions (CRRES active) : 1.1 yrs
AEB & AP8 under estimate the dose for 0.23"” shielding
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AE8 & APS8 electron
and proton empirical
models are the most
widely used of the
various legacy models

These are capable models,
but do not meet emerging
needs of the design
community
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Legacy Space Environmental
Electron and Proton Models

AES8/APS8 lacked the ability to trade
actual environmental risks like
other system risks

— AEB8/AP8 could never answer
guestions such as “how much risk
can be avoided by doubling the
shielding mass?”

Inaccuracies and lack of indications
of uncertainty

— Creates the necessity of excessive
margin in designs

No plasma specification
— Unknown surface dose effects

No natural dynamics

— Not present are environments for
internal charging or worst case
proton effects, such as single event
effects (SEES)
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\/ AE9/AP9/SPM Empirical Radiation
«» Belt and Space Plasma Model Suite *

Unprecedented coverage in energies

AE9/AE9/SPM suite and particle types addressing major
provides advanced space environmental hazards

Capab”ities fOI‘ e Includes uncertainties and dynamics
. . that have never been available for

estimating the natural use in design

trapped radiation Qi oy ey L

environment in e

N ear-Eal’th SpaCe percentile rather than arbitrary factors)

for satellite dESign « Dynamic scenarios allow users to

create worst cases for internal
charging, single event effects, and
impacts on mission life
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\ 4

H+

Species e e, H*, He*, O*
L Range 098<L"<12.4 0.98<L*<12.4 2<L,<10
Energy Range 40 keV-10MeV 100 keV —400MeV (V1.0-V1.05) e :1-40 keV

100keV — 2 GeV (V1.20) H*, He*, O*: 1.15 — 164 keV

 AE9/AP9 covers trapped radiation over full range of orbit regimes
« SPM introduces coverage of plasma energies and species

* AP9 V1.20 will extend energy range up to 2 GeV, based on Van Allen
Probe observations
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PARTICLE ENERGIES :

1eV 10 eV

Plasmasphere

100eV  1keV 10 keV

Ring Current & Auroral Precipitation

\

100 keV

1MeV 10MeV 100 MeV 1 GeV

Radiation Belt Particles

/

L value (at equator, = R/Re)

8 R I | plalsma 1 evlpfasmal 4
i sheet ]
5} outer
radiation ring
- belt current plasmapause
1 MeV e
3K 1keVe-/ /10 kev p+ .
slot
region
2F .
inner plasmasphere
radiati
belt
30 MeV p+
1 . . J . ipnosphere \_
10% 10€ 104 102 1 100 104 105 10%

number density (#/cm3)
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AE9/AP9/SPM Suite
Energy Range Coverage
(trapped particles only)
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The AE9/AP9/SPM suite is
based on data sets mostly
acquired after development of
AES8 and AP8 and covers
greater spatial and energy
ranges than the prior models

« Maps of the particle fluxes are
created from these data sets

 Estimates of uncertainties
Include both measurements
uncertainties and space
weather variability
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AE9/AP9/SPM Incorporates
High-Quality Data Sets

AE9/AP9/SPM incorporates 33
data sets measured by space-
based sensors

Data sets were selected for
accuracy in inner magnetosphere

Data during solar proton events
were eliminated

— resulting maps describe trapped

radiation only

Cross-calibration was done to a
single standard sensor, both
eliminating relative biases and
providing estimates of
measurement uncertainty

11



\ /’ Data Sets

1 2 3 4 5 & 70

100
L i

¢ Used for AE9/AP9/SPM

sunspot number

Most data
—2 ~— sets used
ST o cover
<% JHeo .
«AE-2 pALS JALL g3 min+max
+AP-4 AE- £y
(TR - T Mo solar cycle
s *AP-6" AE-5 £z ..
&l APS < conditions
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
pue— TSX-5
LEO SAMPEX
TACSAT-4
3 Van Allen A )
o — g T (5 €« il be
AE9/ CRRESHE POLAR I used in
AP9/ $3-3 THEMIS/
HEO ARTEMIS: future
SPM == versions
data
sources MEO
GEO LANL
—
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\/ Examples of Future AE9/AP9/SPM
s Data Sets

particle energies leV 10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV 10 MeV 100 MeV 1GeV

_ LEESA: Low Energy ElectroStatic Analyzer
SWx: Space LIPS: Low Energy Imaging Particle Spectrometer _

Weather
HIPS: High Energy Imaging Particle Spectrometer || NEGzTzNNEG s —

Experiment
HEPS: High Energy Proton Spectrometer%

CEASE: Compact Environment Anomaly SEnsor _

N
WPIx: Wave
| LCIFSH: Lpss Cone Imager, Fixed SensorHead |
ol igh Sensitiv E—
Interactions LCIHST: Loss Cone Imager, High Sensitivity Telescope
< Experiment CREDANCE: Cosmic Ray Environment Dosimetry and Charging Experiment [ NG

DSX: Demonstration and
Science Experiments (AFRL)

o g
ECT: Energetic
e = Particle,
‘:.‘,‘ 3 Composition, MagEIS: Magnetic Electronlon Spectrometer‘
L wv and Thermal
= R ] .
2 T g Plasma Suite REPT: Relativistic Electron Proton Telescope ﬂ
o 2 % RBSPICE: RBSPlon Composition Telescope _ F
c
v O ~— ]
— RPS: Relativistic Proton Spectrometer _
<8 2
€T o
M O 5
- -

Key:
Electron Energies
Proton Energies
lon Energies
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AE9/AP9/SPM

Architecture Overview

AE9/AP9/SPM Creates
Flux Maps
based on Satellite Data

I/‘.—-"_‘:FF_-__ _E__H'“"»

* Creates maps for median and
95th percentile of distribution
function

— Maps characterizes both nominal
and extreme environments

* Includes error maps with
instrument uncertainty

Satellite data & theory

N
(=)

L shell (Re)

Loy
(=)

Energy (keV)

Statistical Monte-Carlo
Model

 Compute spatial and
temporal correlation as
spatiotemporal covariance
matrices

e Set up Nth-order auto-
regressive system to evolve
perturbed maps in time

Dose

Mission time

[User application

* Runs statistical model N times
with different random seeds to
get N flux profiles

 Computes dose rate, dose or
other desired quantity derivable
from flux for each scenario

» Aggregates N scenarios to get
median, 75" and 90" confidence

levels on computed quantities
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N7 How to Use AE9/APY

 Model provided with GUI and
CmdLine access

« Specify input and options:
« orbital elements or ephemeris
e coordinate system

 model(s) to use—AE9/AP9/SPM,
legacy models

« mode—e.g. mean or Monte Carlo

........

scenarios =
» Model provides requested
guantities

e fluxes, fluences, doses

Mervntiad Fuge (9 fan™ 2 A v ]
- £ i |3
B - % g

« Results for appropriate modes M i
include statistics (e.g. median and = e
95t percentile) for risk = \
assessment = ﬁ
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Model comparisons and
validations conducted:

0.25 MeV

AE9/AP9/SPM results b i _
compared to legacy models o g
including AES8/APS8

AE9/AP9 results validated
against independent LEO,

—_—

Fluence F (# em'™ Me‘f‘}

HEO, GEO data sets al e
Implementations of AES/AP8 s T | “"“/
and SHIELDOSE within ' R sty
AE9/AP9 tool validated e

against results from
SPENVIS and IRBEM
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’/ AE9/AP9 Compared to AES/APS

protons (30 MeV) electrons (2 MeV)

AES V1A tbollom:& AES (lop), 9 JAN 20122pqar slcqat long=108 EF2 W

AF2 (bottom) & N’B {I'DDJ 9 JAN 2012, cha fice atJong=108 ET2W

30 MeV, log, . flux (em™ 57 MeV™ ') i . I =1 MeV/, }og flux (cmi

4 : i » ;
il 8 AES

APS AR
2.
1l p o :)/ — NN | 12

" . IT;"? y |
o ‘ *3 -_ - { B
AF -..‘.“'_- — L |
3l |
5}

st AP : AE9
s 4 5 2 1 0 i 10

10 -5 [ 5 10
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N AP9 Validation—POES 15 (LEO)

o

POES 15 observations, AP9 median results,
>36 MeV protons >36 MeV protons

POES N15, APD, 40 MCs, 2005

P
DER NS, oossovtions, 13158 WLE. ISGCE 2T median omnidirectional differential e (em™™ 71 MeV™ 1), 36000 ke protons

median omnidirectional integral flux qcm"" 51, 38000 keV protons 1 = T, i N

———— e ey - e

Cital ol oo ol oD i 5

10g 4 q flux

-150 -100 -50 0 50 100 150 T 100 50 0 50 100 150
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AP9 Validation—POES 15 (LEO)

Integral Flux (#!cmz-s)

AP9 Validation, NOAA-15, January 1999, E > 36 MeV

107 . . . ‘ ‘ e
: —<—POES ||
| AP9 Mean 1
10°} E
3| : |
10"} ' b .
r ] » ]
i : B i
I ‘ 3 ]
| i : |
107} . ]x &’ -
b { ] .
I ' T
i il ] |
10"} lii ‘ |
\ f' \Il\l ‘ , '| ‘ "|H‘i‘ “I "\;l:.::!: | ]| | ! i

L i i B ’ ° |, { i,
) ‘II,! !' ”I'lllllim |.".:!r||.l‘ 'ill'!"rl F\i' !“ nl!!'"lu II||| 1|| e :|If

] . iy ‘ I I ! |
10 w""'lll‘m "h!" S5 |||"|||ii U'ﬂh! e ”‘I"! !H "'II % ||m||| - "uﬂ gyt ]

4.75 4.8 4.85
Day of Simulation

4.95
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N¢Z AE9 Validation—GOES 10 (GEO)

[
o

AE9 MC validation, GOES 10, start=01JUL1998, no SPEs, #MC=40, E>2 MeV

13 s E ]
" 3 | E e I

AE9 MC scenariosi

i 12
= 10 E
o - o
3+ AE9 median E
© ]
=2 ¥
o AE9 95th %ile E
=
AE9 mean _
10" B 4
" AES active
i ;
i ————  GOES10data
i 7
[ :
L |
E i
3
10" ¢ L [ | : | I | [
0 500 1000 1500 2000 2500 3000 3500
day of mission
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ot Proton Mean Spectra - LEO2 1 Total Dose (Semi-Infinite Slab) - LEQO2, AE9+AP9
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AE9/AP9/SPM Fluence Estimates,

fluence (#/cm? MeV yr)

10

10

10

10

10

GEO

AE9, AE8, and SPME fluence vs. energy, GEO orbit, 1 year

20 |
8l -----ht-._.-. |
-~~~
y
~~‘!~~‘
16| |
14 AE9 Monte Carlo, 95th %ile
——— AE9 Monte Carlo, mean
——— AE9 Monte Carlo, median
12 i
—— AE8 max
SPME pert mean, 95th %ile
10
| mmm——— SPME pert mean, mean h
------- SPME pert mean, median
8 L oo | L I R A | L I R R R R | Li
0.001 0.01 0.1 1 10

Energy (MeV)
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AE9/AP9 Dose Estimates,

dose (rad Si/day)

0.1

GTO

dose, GTO, 1 day

AE9 median =

AE9 95th %ile

AP9Y9 median

AP9 95th %ile

AP8 max

0.1 1 10
shielding depth (mm Al)
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«¢» Current Version and Future Plans

V1.0 released in 2012, current version V1.05 released in 2013

AE9/AP9 proposed as an ISO standard trapped radiation model

V1.2 features

— New data: TacSat-4 protons, THEMIS plasma
— New features: more orbit element/coordinate options, pitch angle tool

V1.5 features

— Parallelization capability for runs on clusters—needed to speed up long runs
— New kernel-based effects calculation

— New data: Van Allen Probe & Azur protons, Van Allen Probe & DEMETER electrons,
SCATHA & AMPTE plasma

— International collaborators on board and new model name:
IRENE — International Radiation Environment Near Earth

V2.0 and later features
— Sample solar cycle flythrough option

— New modules
— New data: PAMELA, DSX/SWx, ERG

Distribution A. Approved for public release; distribution unlimited. 377ABW-2014-0284
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 V1.5willinclude AE9/AP9 capability to use independently-calculated
radiation effects for faster effects results in the AE9/AP9 environment:

— User precomputes desired effect vs. depth/particle/energy for a particular
material/geometry/component, using independent particle simulation code

— Results are formatted as a “kernel” for import into AEQ/AP9/SPM
— AE9/AP9/SPM environment plus effects kernel yields rapid calculations of specific effects

. 50th 75th, 90th, and 95th percentlle Solar environments at GEO, 10 years

« Sample kernel for single 10 Crrr e reruser—rereee
. . SIow(fuII MULASSIS) 5

event effeCtS IS In . e Quick (Precomputed Convolution:

development

* Provides ability to rapidly
obtain AE9/AP9 environment
effects for specific
components

—

Equivalent 1-MeV Neutron Fluence (#Icn%)
=)

10° 10 10° 10°
depth, mils Al
from O’Brien and Kwan, 2013, Aerospace Report TOR-2013-00529
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 AE9/AP9/SPM meets the design community’s need for
state-of-the-art radiation environment specification

— More coverage in energy and location
— Introduces statistics describing uncertainties and environment

variability
 Plans are in place for future updates in both data and
features

— Architecture supports updates with new data

— Future features will expanded capabilities, addressing additional
hazards and more options for applying model results to design

Distribution A. Approved for public release; distribution unlimited. 377ABW-2014-0284
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\/ Contact Information

Comments, questions, etc. are welcome and encouraged!

Please send feedback to (copy all):
— Bob Johnston, Air Force Research Laboratory, AFRL.RVBXR.AE9.AP9.0rg.Mbx@kirtland.af.mil
— Paul O’Brien, Aerospace Corporation, paul.obrien@aero.org

— Gregory Ginet, MIT Lincoln Laboratory, gregory.ginet@Il.mit.edu

Information and discussion forum available on NASA SET website:
* http://lws-set.gsfc.nasa.gov/radiation_model _user_forum.html

The model will eventually be available for web download
— In the meantime contact Gregory Ginet, MIT Lincoln Laboratory, gregory.ginet@!|l.mit.edu

Distribution A. Approved for public release; distribution unlimited. 377ABW-2014-0284
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