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JPL's primary mission for NASA is robotic
space exploration

Mars

Solar system
Exoplanets
Astrophysics
Earth Science

Interplanetary network




JPL Implementation Plan

End-to-End Implementation

JPL's core competency is the end-to-end implementation of unprecedented
robotic space missions. To sustain this skill, we develop and integrate some
of the world's best capabilities in science, technology, and engineering on
missions in all cost ranges. We do this by using our hands-on, experienced
workforce and in partnership with other organizations.
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Thirty-two spacecraft and instruments across the solar system
(and beyond) — as of 2015
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COSMIC-2 [Air Force) Auz2015 | M/A | B Y |
Euclid 3/1/2020 | s B 1 Y |
Europa 5/1/2022 5 B 1 Y I
Grace Follow On 1212017 5 C 2 Y |
InSight cfi/2008 | s B 2 Y |
Interfer-::rnetriciﬁﬂ [MI-SAR) [Formally DE'.-'.tl:rjmi 8292020 . c 5 ¥ |
iDeformation, Eoosystem Structure and Dynamics of lce)]
JUICE RIME June 2022 5 B 1 Y |
t [Mars 2020 7/16f2020 | & B 1 Y |
Y IMIRI (on JWST) 11/1/2008 | 5 B 2 Y |
E_ OCO 3 (Space Station) 7/6f2016 | 5 C Y |
2 |gei (Radiation Budget Instrument) Mow. 2021 5 B 1 Y I
2 |swor a/1/2001 | s C 2 Y |
E WFirst Bf12024 5 B 2 Y |
Sentinel-6 [Jason-C3) 5 B 2 Y I
CAL [Space Station) 4712017 5 o 3 L [
COWVR {Air Force) 2/17/2016 | N/A | D Y I
Deep Space Atomic Clock [DSAC) 3/1/2017 | 8 D 3 Y I
ECOSTRESS [Space Station) B/af2017 g i} 3 L [
SAM a8 ] i
AOSP Blue N/A NA | - - Y N/A
ADSP Brown N/A NA | - - Y N/A
ARRM 12/1/2021 Y

As of June 2016
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Operations

Jason-3 1/17/2016 B ¥ I
L0 2 Orbiting Carbon Observatory Reflight 7722014 C Y I
SMAP (Soil Moisture Active Passive) 11/5/2014 | & C Y |
ST7-DRS 12/2/2015 B Y |
TGO Electra (Herita ith MSL, MRO, MTO and

ectra [Heritage wi L, MRQ, MTO an 1/16/2016 | 5 B ¥ |
Maven)
AIRS on Agqua c/a/2002 | & B Y |
Cassini-Huygens 10/15/1597 5 A Y I
Cloud3at 4/28,/2006 5 C Y I
Dawn 9/27/2007 | s B Y |
GR.'!.-.EE (Gravity Recovery and Climate Experiment 3/17/2002 5 c ¥ |
Project]
Juno MOAM (Mew Frontiers 1) &8/s/2011 5 B Y I
Mars Exploration Rover 6/10,/2003 5 B Y I
Mars Odyssey MOAM [2001) a4f7f2001 | s B Y |
Mars Reconnaissance Orbiter 8/12/2005 5 B Y I
MISR on Terra 12/18/1559 5 B Y I
MLS instrument on Aura T/15/2004 5 B Y I
MSL 11/26/2011| & B ¥ I
Mear Earth Object Widefield Infrared Survery

12/5/2009 g C Y |

Explorer [NEOW!ISE] 19/
Nuclear Spectroscopic Telescope Array (NuSTAR) &/13/2012 g N} ¥ I
05TM,Jason-2 6/20/2008 | & B Y |
Spitzer Space Telescope 8/25,/2003 5 B Y I
TES on Aura 7152004 5 B Y |
US Rosetta 3f2/2004 | s B Y |
Voyager 8/20/1977 g A ¥ I
RapidScat (7120.8) 6/6/2014 | 8 u N* I

As of June 2016
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JPL's Natural Space Environment Group

Supports all JPL flight missions for the space environments and effects area
— Radiation (environment, shielding, charging, ....),
— MMOD
— Space weather
— Atomic Oxygen, etc.

Is responsible for developing and maintaining the radiation environment
models for planetary missions (Mars, Jupiter, Saturn, etc.)

Is responsible for evaluating other radiation environment models available in
the community (e.g., AP9/AE9, Solar proton models) and adopting for JPL
missions

Is the JPL lead for nuclear planetology
— Gamma ray and neutron spectroscopy



The Space Radiation Environment

Interplanetary Space:
Galactic Cosmic Rays

Solar Protons and
Heavier i1ons

.
.,

Trapped Particles™ ===

CHARGED PARTICLES
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Radiation Environment Specifications at JPL

* Mission Targets

e Trajectory. For example,
— Earth escape
— At the target
— Interplanetary

* On-board nuclear power
source??

e Radiation Environment
Model(s)

* Dose-depth curve

Interplanetary

/ Near Saturn
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Example Dose-Depth Curve: Earth
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Example Dose-Depth Curve: Moon

Aluminum Shielding Thickness

SolarProton lonizing Dose, rad(Si)

BTE+0D

LNTE+0OD

.NDO0E+D2

24E+03

glem* mm mils (RDF = 1) {(RDF = 2)
1.00E-D2 3. 7O0E-02 1. 46E+00 1 60E+05 J 20E+05
1.26E-02 4 67TE-02 1.84E+00 1.30E+05 2 E60E+05
1.58E-02 5. 80E-02 2. 32E+00 1.06E+05 212E+05
2. 00E-D2 7T 41E-02 2 92E+00 8 89E+04 1.7BE+05
2.51E-02 9 30E-02 I G6EE+0D 7T 3I3E+D4 1.47E+05
3. 16E-02 117E-01 4 61E+00 6 23E+04 1.25E+05
3.98E-02 147E-01 A 80E+0D 5 21E+04 1.04E+05
5 01E-02 1 86E-01 7T.31E+00 4 14E+04 8 28E+04
6.31E-02 2 34E-01 9 20E+00 3 IGE+04 6 72E+04
6.86E-02 2 54E-01 1.00E+01 297E+04 5 894E+D4
7T.94E-02 2 94E-01 116E+01 255E+04 510E+04
1.00E-01 3. 70E-01 1. 46E+01 2 07E+04 4 14E+04
1.26E-01 4 6TE-01 1 84E+01 1 68E+04 3. 3G6E+D4
1.37E-01 5 07E-01 2 00E+01 151E+04 J.02E+D4
1.58E-01 5 B9E-01 2. 32E+01 132E+04 2 G64E+04
2 00E-01 7 41E-01 2 92E+01 1 08E+04 2 16E+04
2.06E-01 T 63E-01 J.00E+01 9 97E+03 1.99E+04
2. 51E-01 9 30E-01 3 6EE+D1 8 11E+03 1 62E+04
2. T4E-01 1.01E+00 4 00DE+D1 7 32E+03 1 46E+04
3. 16E-01 1.17E+00 4 61E+01 6 50E+03 1 30E+04
3.43E-01 1.27E+00D 5.00E+01 5 T7T5E+03 1.15E+04
3.98E-01 147E+0D 5 80E+D1 5 00E+03 1.00E+D4
4.12E-01 1.53E+00 6.01E+01 4 62E+03 9 24E+03
4. 80E-01 1. 78E+00 T.O0DE+01 4 11E+03 8 22E+03
5.01E-01 1. 86E+00 7T .31E+01 3. 7TO9E+03 7T.58E+03
5. 49E-01 203E+00 8 01E+01 3 43E+03 6 B6E+D3
6.17E-01 2.29E+00 9. 00E+01 3 11E+03 6.22E+03
6.31E-01 2.34E+00 9 20E+01 2 092E+03 5. 84E+D03
6. 86E-01 2 54E+00 1. 00E+02 2 68E+03 5 3G6E+D3
7. 94E-01 2 94E+00 1 16E+02 2 3IGE+03 4 7T2E+03
8.23E-01 3.05E+00 1.20E+02 2 16E+03 4 32E+03
9. 60E-01 3. 56E+0D 1 40E+02 191E+03 J B2E+D3
1.00E+00 3. 70E+0D 1. 46E+02 1. 77E+03 3 54E+D03
1.10E+00 4 07E+0D 1. 60E+0D2 162E+03 3 24E+03
1.23E+00 4 56E+00D 1.7O9E+0D2 145E+03 2 O90E+D3
1.26E+00 4 6TE+0D 1 84E+02 135E+03 2 70E+D3
1 5 2 1 2

A8E+03
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Table 4.15.1.7-1 - MISL Mission TID

Example Dose-Depth Curve: Mars

(1 Earth vear for the cruise period + 2 earth vears for the Surface Operation Period)

for a Spherical Shell Geometry

Aluminum . Surface segment Mission Mission
. 1 Earth Year Cruise
spherical (rad(Si)), RDF=1 (2 Earth Years), TID TID
Shield ! (rad(5i)) ,EDF=1 (rad(51i)) {rad(8i))
Thﬁﬁ}ess SEP GCR MMRTG* | SEP GCR | MMRTG* RDF=1 RDF=2
1.46E+00 B.BBE+04 | 2.10E+01 641 8.72 15.11 1282 9.0BE+04 1.8B2ZE+05
1.84E+00 T7.22E+04 | 1.8%9E+01 641 8.71 15.11 1282 7.42E+04 1.48E+05&
2.32E+00 E.BBE+04 1.74E+01 641 8.71 15.11 1282 6.0BE+04 1.22E+05
2.592E+00 4.91E+04 1.63E+01 641 8.71 15.11 1282 5.11E+04 1.02E+05
3.66E+00 4.12E+04 1.55E+01 641 8.71 15.11 1282 4.32E+04 B.63E+04
4 .61E+00 3.46E+04 | 1.4%9E+01 641 8.71 15.11 1282 3.66E+04 7.31E+04
E.B0E+00 2.B9E+04 1.45E+01 641 8.70 15.11 1282 3.09E+04 6.17E+04
7.31E+00 2.25E+04 1.41E+01 641 8.70 15.11 1282 2.45E+04 4. .B9E+04
9.20E+00 1.B84E+04 1.38E+01 641 8.69 15.11 1282 2.04E+04 4. .07E+04
1.00E+01 1.63E+04 | 1.37E+01 641 8.69 15.11 1282 1.83E+04 3.65E+04
1.16E+01 1.42E+04 1.36E+01 641 B8.68 15.11 1282 1.62E+04 3.23E+04
1.46E+01 1.12E+04 1.34E+01 641 8.67 15.10 1282 1.32E+04 2.63E+04
1.84E+01 9.13E+03 1.32E+01 641 8.66 15.10 1282 1.11E+04 2.22E+04
2.00E+01 B.21E+03 1.32E+01 641 B.66 15.10 1282 1.02ZE+04 2.03E+04
2.32E+01 T.23E+03 1.31E+01 641 8.65 15.10 1282 S9.19E+03 1.84E+04
2.92E+01 E.90E+03 1.30E+01 641 8.63 15.10 1282 7.8B6E+03 1.57E+04
3.00E+01 E.43E+03 1.30E+01 641 8.62 15.10 1282 7.39E+03 1.48E+04
3.66E+01 4.51E+03 1.30E+01 641 8.60 15.10 1282 6.47E+03 1.29E+04
4. 00E+01 4.03E+03 1.30E+01 641 8.59 15.10 1282 5.99E+03 1.20E+04
4. 61E+01 3.52E+03 1.27E+01 641 B8.57 15.10 1282 5.4BE+03 1.10E+04
5.00E+01 3.11E+03 1.27E+01 641 B8.56 15.10 1282 5.07E+03 1.01E+04
5.80E+01 2.76E+03 1.27E+01 641 8.53 15.10 1282 4.72E+03 9.44E+03
6.01E+01 2.54E+03 1.27E+01 641 8.53 15.10 1282 4.50E+03 5.00E+03
7.00E+01 2.23E+03 1.27E+01 641 8.49 15.10 1282 4.19E+03 B.38BE+03
7.31E+01 2.03E+03 1.28E+01 641 8.48 15.10 1282 3.99E+03 7.98E+03
B.01E+01 1.85E+03 1.28E+01 641 8.46 15.10 1282 3.8B1lE+03 7.62E+03
9.00E+01 1.69E+03 1.28E+01 641 8.43 15.09 1282 3.65E+03 7.30E+03
9.20E+01 1.59E+03 1.28E+01 641 8.42 15.09 1282 3.55E+03 7.10E+03
1.00E+02 1.45E+03 1.25E+01 641 8.40 15.09 1282 3.41E+03 6.8B2E+03
1.16E+02 1.27E+03 1.24E+01 641 8.34 15.09 1282 3.23E+03 6.46E+03
1.20E+02 1.16E+03 1.24E+01 641 8.33 15.09 1282 3.12E+03 6.24E+03
1.40E+02 1.03E+03 1.22E+01 641 8.26 15.09 1282 2.99E+03 5.98BE+03
1.46E+02 9.50E+02 | 1.22E+01 641 8.24 15.09 1282 2.91E+03 5.82E+03
1.60E+02 B.58E+02 1.22E+01 641 8.19 15.08 1282 2.8B2ZE+03 5.63E+03
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Example Dose-Depth Curve: Jupiter
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Figure 4.9-3a. Aluminum Spherical Shell TID Dose-Depth Curve for the Design Reference
Mission, RDF=1.
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Example Dose-Depth Curve: Saturn

Contributions to Dose RDF=1

1.E+08

1.E+07

1.E+06 Ae8 photon
— 1.B405 =0 — SR photon
@ 1.E+04
-r'é 1 E+03 Ae8 electrons
E 1.E+02 SR electrons
ED 1.E+01

oo — Ap8 protons

1.E-01 — SR protons

1.E-02 Solar 7 years protons

1.E-03

0.1 1 10 100 1000 10000 Solar 10 years protons

Shielding Thickness (mils Al Shield)

Figure 6. Radiation Models Contribution to Dose (RDF=1). 16



Summary

e With 100-mil (~*2.5 mm) aluminum shielding

* RDF=1
Mission Total (krad(Si)) SPE (krad(Si) % of SPE
SMAP 4.57 1.90 42
Moon 2.68 2.68 100
Mars (MSL) 3.41 1.46 43
Jupiter (Europa) 3000 5.69 0.2
Satrurn 7.5 7.34 98
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JPL Solar Proton Model

e Also called the Feynman Model (Joan Feynman)

— Feynman et al., JGR, 1993 (where it is called the JPL
1991 model)

— Feynman et al., Journal of Atmospheric and Solar-
Terrestrial Physics, 2002

* The JPL Solar Proton Model is one of a class of

fluence models which follow the lead set by King
(1974).
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JPL Solar Proton Model (cont’d)

e Dataset:

—IMP 1, 2, 3,5, 6, 7, and 8 (APL instrument)
— 0G0 1

e Event Definition:

8

flux (plem2 Mev s ster)

g

0 20 40 &0 80 100 120
time (days)

Fig. 1. The definition of “an event”. Events, denoted by E,, also
Ey,E5, are sums of fluences from successive CMEs. The time
intervals between events are defined as the difference between the
beginning times of two sequential events. For example, 1| is the
difference between the beginning of event E) and event E>.



JPL Solar Proton Model (cont’d)

* Log-Normal Distribution

PROBABILITY OF FLUENCE OCCURRENCE MISSION FLUENCE PROBABILITY
Probability = 90%
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Courtesy of Henry Garrett, JPL 20



The JPL Proton Model 1 AU Dose
Prediction

1ot =

PROTON DOSE FOR 50% PROBABILITY PROTON DOSE FOR 99% PROBABILITY
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Some Notes on the Model

E>10MeV Proton Event Fluence Distribution (1 Mission, 87 Flares)

0.0100 0.100 L.00 5.00 10.0 Z20.0 30.0 50.0 T0.0 80.0 B0.0 BS.0 28.0 55.9 100,
10— | | | T A R O | | —
- : o : A W ; : : -
Kis NP .
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- .+ i i i i i i |Distribution using the Feynman’s
' — : : : . : N :
- — i parameters. Total 67 Events
/o
Fraction of Mission Proton Fluence p:_:r Sartul F‘lurt_ (100 Missions, El'? Flﬂrﬂhl,-%hﬂiﬂn}
HE Jr‘H—HH'I—H—"' EERRRE =
u.a% -
8 oofr) Running sum of the event
3 aaFl! fluences. One largest event
= contributes >40% of the total
T iy oo | miission fluence.
o 10 20 an 40 oo e e
Flare
'lntﬂ.l J:.:-lU'He‘i-? l-"'rntun l'luence of lDG H1ssmns 'm.th 67‘ Hﬂresg"ﬂ:ssmn
12— |—‘ '
= Histogram of the total quence
§ o from 100 different missions
o e E
° 4 —
2E- ] I 3
I:I: |_I , | -
8.0 8.5 10.0 10.5 11.0 115 12.0
Log(Fluence)

Courtesy of Patrick Morrissey, JPL
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Other Considerations

 JPL uses the 95% confidence level.

* JPL applies a Radiation Design Factor (RDF) of 2.

 For missions other than at 1 AU, JPL scales the
mission fluence by the time average of 1/r?.

* For the peak flux environment, we use CREME96
(i.e., Oct 1989 Event)

23



Comparison among Different Solar Proton

Models
10™ . -
10 = Jiggens et al., RADECS 2016
f.‘“ 10 <
E 10°
= . 3-year fluénce
IT--l
fr: 107
= 10°f|—PSYCHIC Model
% 105LI—JPL Model (Spenvis)
= ESP Model (Spenvis)
1077 _SAPPHIRE Model
-H]S | | [ 1 1 111 | | I L1l Il
10° 107 10°

Energy (MeV)

Fig. 5. Comaprison of cumulative fluence model outputs for protons at 95%
confidence. 24



THANK YOU!
QUESTIONS?
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