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Planetary Radiation Environments

Solar Wind
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Planetary Radiation Environments

Solar Wind General Characteristics

The Sun makes itself known throughout much of the Solar System
by the influence the solar wind of high-speed charged particles
constantly blowing off the Sun. The solar wind may be viewed as an
extension of the outer atmosphere of the Sun (the corona) into
interplanetary space.

Stream of charged particles from Sun’s corona:
— Electrons
— Protons
— Heavy ions
Plasma (Equal mixture of positive and negative charged particles)
Velocity ~300 — 2500 km/s (~400 km/s average)
Energy ~0.5 — 2.0 keV/nuc

2012 RADECS, Biarritz, France Jun-4



A Planetary Radiation Environments
Ng%gj‘ quatorial Plane View L

The Solar Wind Environment

Solar Wind Parameters At 1 AU
MIN MAX AVG

FLUX (NO#/CM23-S) 108 1010 2-3X108
VELOCITY (KM/S) 200 2500 400-500
DENSITY (NO#/CM3) 0.4 80 5-10
T (eV) 0.5 100 20
T max! Tavg 1.0* 2.5 1.4
HELIUM RATIO (N../N,) 0.0 0.25 0.05
FLOW DIRECTION +15° from radial; ~2° East
ALFVEN SPEED (KM/S) 30 150 60
B (y) 0.25 40 6
*isotropic

The Solar Heliosphere

/Tormination SHOGK

;
~ Helioshieait

Heliopause




Planetary Radiation Environments

The Solar Wind Environment

)

Archimedean (or Parker) Spiral
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Planetary Radiation Environments

Magnetosphere
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Planetary Radiation Environments

Basic Structure of a Magnetosphere

|

|

PLASMA- PLASMA- POLAR VAN ALLEN
SPHERE SHEET BELTS
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The Earth’s Magnetosphere
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Planetary Radiation Environments

Jupiter
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Planetary Radiation Environments

AGENDA

« Jovian magnetosphere

« Status of current models of Jovian radiation environment

— Jovian magnetosphere overview (magnetic field, plasma
torus/disc, aurora)

— Divine radiation model, GIRE (Galileo Interim Radiation Electron)
model update, Inner Belts update for electrons, GIREZ2, and
JOSE model

— Statistical variations of electron environment with R;
— HIC (Heavy lon Counter) model of high energy O, S, and C ions
* Europa and Ganymede radiation environments

— Overview of Europa’s and Ganymede’s interactions with
Jupiter's magnetosphere

— Radiation at surface of Europa and Ganymede
« Qutstanding Jovian radiation environment issues
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Planetary Radiation Environments

Jupiter’s Magnetosphere

Characteristics Earth Jupiter
Equatorial radius (km) 6.38x103 7.14x104
Magnetic moment (G-cm3) 8.1x10%° 1.59x1030
Rotation period (hr) 24.0 10.0
Aphelion/perihelion (AU) 1.01/0.98 5.45/4.95

e Jupiter is roughly 10 times the size of the Earth
while its magnetic moment is 2x104 larger.

e As the magnetic field at the equator is
proportional to the magnetic moment divided by
the cube of the radial distance, the Jovian '
magnetic field is proportionally 20 times larger VIP4 MAGNETIC

than the Earth’s. FIELD MODELS

e The energy and flux levels of trapped particles in the Jovian system can be
much higher than those at the Earth or in the interplanetary space.
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Planetary Radiation Environments

magnetosheath

The Jovian
Magnetosphere

neutral sheet
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Planetary Radiation Environments

Jupiter’s Plasma Environment and Aurora

I0 FLUXTUBE / STANDING ALFVEN
WAVE

DECAMETRIC
RADIO EMISSION

PARTICLE PRECIPITATION

*SCHEMATIC OF JUPITER’ S INNER MAGNETOSPHERE

DISTANCE FROM EQUATOR, z (RJ)

6 7 8 9 10 11 12 13 14 15
DISTANCE FROM AXIS, R R )

L URITER’ S LOW ENEBOY BL ASMA ENVIRONMED
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Planetary Radiation Environments

The Jovian Radiation Environment - Models

Divine Electron and Proton Models

Galileo Interim Radiation Electron (GIRE) Model

GIREZ2

Salammbd

JOSE
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Planetary Radiation Environments

The Divine Model

e The Divine model has been the de-facto
standard Jupiter radiation model since 1983:

— It is based on Pioneer and Voyager in-situ data 8
plus Earth-based synchrotron observations .

L=16

— Itincludes models for low energy electrons 4
and ions (~eV to ~10 keV) and high energy
trapped electrons and protons (from ~100 keV EG -
to >100 MeV) -

— The model can provide radiation environment
estimates for a wide spatial range (i.e., 1 <L<
12 for protons; 1 < Rj < 30 for electrons from
the equatorial to the pole region) although . . . 0 6
the model itself was based on the data Ri

spatially and temporally limited eDivine and Garrett, JGR
(1983)

L=8 P10
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Planetary Radiation Environments

GIRE Update

e GIRE is a significant improvement over
the Divine’ s high energy electron
model over the range of 8-16 L

8

e Usesin-situ data from 35 Galileo
orbits — based primarily on Energetic P
Particle Detector data (>1 MeV =
electron channels)

e Assumes Divine pitch angle
distributions

e (Covers energy range 0.1 MeV to ~30 S
I\/IeV 0 4 8 12 16

Rj

Garrett et al., JPL Publication (2003)
Jun et al., IEEE TNS (2005)
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Planetary Radiation Environments

EPD (LEMMS)

a
Il
fou) = o i decies
LQ . [ & Preamps E Mu-metal
o T r1tht1° shield
Detectors |
A - Deéctors
(B; 1 2 LEz Eij
B D = enana
& f D‘ 7\ AN 4
Meanet | T Y )
Pole Pieces - s
Scatter Baffles e PSSR
— Preamp
4 H D 180° End o] Temp.-Contr. o 0° End
— & H - T -

b d

Cutab Cuted  [JAuminum [Z3Softion []Platinum
Channel Name Nominal Energy Range (MeV)
F1 0.174 — 0.304
F2 0.304 — 0.527
F3 0.527 — 0.83
B1 1.5-10.5
be2 >2.0 *EPD=CMS+LEMMS
DC3 >11.0
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Planetary Radiation Environments

Divine Model, GIRE Model, and EPD Data

Comparisons between observed EPD (blue) fluxes
and Divine (pink) and GIRE (yellow) predictions

1.E+08 1.E+06

1.E4+05

1.E+07

Omni-Directional Differential Flux
Omni-Directional Differential Flux

1.E404

1.E+06

- Div-Diff 11 |

* Div-Diff 1.5

4 EPD-DIff 1.5 _. * EPD-Dff 11 .:.
Gx-Diff 1.50 “ Gxx-Diff 11 2 b
A -
o,
1.E405 2 1.E403 .
8 9 10 11 12 13 14 15 16 8 9 10 1 12 13 14 15 16
L(VIP4) L(VIP4)
1.5 MeV ELECTRONS 11 MeV ELECTRONS

Pink = Divine; Yellow = GIRE; Blue = EPD data
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Planetary Radiation Environments

Synchrotron Update

Updated the Divine Model in the L<4 region using Earth-based radio observations

Observed Map at 1400 MHz o
Synchrotron predictions based on update to

Divine Model

Revised Model

Synchrotron Observations

Divine Model

Synchrotron prediction based on Garrett et al., GRL (2005)
the original Divine Model
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Planetary Radiation Environments

Summary of Spatial Coverage of Electron Models
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Planetary Radiation Environments

Summary of Spatial Coverage Proton Model
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Planetary Radiation Environments

Modeled Jovian Radiation Belt

GIRE/DG Proton
10 MeV Integral Flux

(cm’-s)” =110°W

1E7

— ] GIRE Electron

1 MeV Integral Flux
(cm-s)”

At system Il longitude

1E8
1E6 1E7
1E5 1E6
1E4 1ES

1E3 1E4

1E2 1E3

16 14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 16

Contour plots of >1 MeV electron and >10 MeV proton integral fluxes
at Jupiter. Coordinate system used is jovi-centric. Models are based
on Divine/GIRE models. Meridian is for System lll 110° W,
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Planetary Radiation Environments

GIRE beyond L<8 and L>16

The Divine model was
not updated for L<8

The Divine model was
not updated beyond
L>16

LE+10

LE+09 -

LE+08

Integral Flux, (cm?s)?

s o S o S - B o S o R
m mm mMm M mMm m m
A
= N W un ~
| N U U S U— C— |

1E+00

Electrons

=~0.1 MeV

-=1MeV

~-10MeV
30 MeV

Equatorial plane
at 110° W

Range, R

0.0 5.0 10.0 15.0 20.0 25.0 30.0

35.0

“Discontinuities” resulted from stitching
different data sources using different
magnetic field models
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Planetary Radiation Environments

GIRE2 Development

8-36 L(VIP4) "GIRE2" Model for 0.1-100 MeV-Cross
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=4—(0.1 =®=g05 =gl ~M-Es  ~Weg10 ~8—E20 —E30 —E100
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model. Flux varies with L-shell.
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Planetary Radiation Environments

GIRE2

GIRE(2011) Smoothed Electron Integral
Fluxes vs Rj along Equator at 110°W

| | | | | |

— 0.1 MeV (GIRE) wes 0.1 MeV (GIRE11)
1E49 — 1.0 MeV (GIRE) m= 1.0 MeV (GIRE11)

] — 10 MeV (GIRE) w10 MeV (GIRE11)
1E48.

30.0 MeV (GIRE) == 30.0 MeV (GIRE11)

>1 MeV Electron Contour Plot

1E+6
E —

1E45., k
E —

Electron Integral Flux (no#/s-cm?)

\
1E+3: \h&b—_ﬁ——
N\
1E+2E %
1E+1‘ S S T T T e o e ST
5 10 15 20 25 30 3
RI(Equator at 110°W)

o 5 10 15 20 25 30 35 40 45 50
Jupter Trapped Electrons, 110 degrees Wiongitude
log(1 MeV integral ), sun over West Longitude (degrees) =110 X(RJ)
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Planetary Radiation Environments

JOSE

JOvian Specification Environment model developed by
ONERA

— Combination of Divine, GIRE, and Salambo
Flux prediction for electrons and protons
Covers to 100R]

All relevant in-situ observation data used
— Electron data based on Galileo/EPD data

Mean environment model and confidence level model
are available

Implemented in SPENVIS
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Planetary Radiation Environments

Heavy lon Model — Heavy lon Counter

e Two solid-state dE/dx vs
energy Low Energy Telescopes
(LET B and LET E).

e Measured ~6 to >200 MeV
nucl-1, heavy ions from C to
Ni.

e Returned data for all but 2 of

the 35 orbits of the Jupiter
system from 1995 to 2003.

2012 RADECS, Biarritz, France
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Planetary Radiation Environments

Heavy lon Counter Observation

*HIC fluxes at selected energies (small
symbols; designated “E4.359”, etc.) in

units of MeV/nuc vs. radial distance. Also

plotted are the averages for selected
radial intervals and energies (large
symbols; designated “E4.359*”, etc.).

Carbon Flux (r:mz-s-sr-Me\Iinuc)'1

HIC Carbon Flux at Selected Energies vs Rj
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Planetary Radiation Environments

HIC Model Environments

Carbon Fluxes vs Radial Distance for Selected Energy Bins
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Sulfur Fluxes vs Radial Distance for Selected Energy Bins
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Planetary Radiation Environments

HIC Model Output

: s LET behind 100 mils shieldin
LET behind No shielding g
i —— e LE+07 T —T
1.E+09 R b f 1.E+06 —CCR
1L.E+08 1 1.E+05
LE+07 ] N ; e g | ] I 1.E+04 ——SPESM
' } —_~
LE+08 < LE+03 ~—— Jupiter
—_ 1.E+05 W
T LEi04 & LEF2
b LEs03 1 1.E+01
I 1.E+02 NE 1.E+00
~N
E 1e01 = 1lE-01
W LE+00 W 1.E-02
3 1E-01 < 1.E-03
£ 1E02 2
£ ¥ 1E-04
g 1e0 =
; 1E-04 a 1.E-05
é 1.E-05 —GCR > 1.E-06
1.E-06 =2 1.E-07
~—SPESM
1.E-07 d 1.E-08
1.E-08 ~ Jupiter 1.E-09
— 1.E-10
1E-10
LE-11 1.E-11
1.E-01 1.E400 1.E401 16402 1.E-01 1.E+00 1.E+01 1.E+02

LET (MeV-cm2/mg) LET (MeV-cm2/mg)

Shielding attenuates the Jovian heavy ion environment to
insignificant levels
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Planetary Radiation Environments

et Statistics: Variation of TraEEed Electrons

Variations in Energetic Particle Detector

Fluxes with distance from Jupiter showing Examples of log-normal fits to the
“average "and “storm ”variations Galileo electron fluxes
“ ” 4.5 ey ey '
_ 1092? \Storm . L| = 1.5 MeV Integral Flux ]
'~ i ) < 40H o 2.0MeV Integral Flux -
% - N\ . ng“:‘;\;x')"tegra' Fliee € s 11MeVintegral Flux | = °
E [ s 10"Avg(log, Flux) el s 2 g ]
: 10°L B el a8 g . o
é : 'f:: 3 0 -~ A g “ & an
B 10°¢ 3 250 : $ 2 !
o r ] o
2 [ o ! 4 ge@ ©
£ 10t B 20} 4
S F g stec8
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] Rj ] -Standard Deviations of
*Galileo EPD 11 MeV particle Electron Fluxes versus Rj

fl dial dist
uxes vs radial distance Jun et al., Icarus (2005)

| «“Storm” duration appears to be on the order of hours to days, indicating that the “mean” |
e ETIVITOTMIMENT 1S 0 JOOU TCPTCSCNTatIVE OF UG CXPCCICU TONg (O OO I —
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Planetary Radiation Environments

Jovian Radiation Climatology

« QUESTION: How does the jovian environment change on the time scale
of years to decades?

— The “climate”, based on the Pioneer (Dec 1973, Dec 1974) and Voyager encounters
(Mar 1979, July 1979) versus Galileo (1995-2003), implies variations of 2-3 (Divine vs
GIRE).

— The Earth-based Goldstone Apple Valley Radio Telescope (GAVRT) study of the jovian
synchrotron radiation shows variations of ~2 in the trapped, relativistic electron
populations over 4 decades in inner electron belt (~1.5-2 L).

£ G £ [ X ] ‘
, O o o @ ﬁ"?"-‘. “, ' "gg [ ‘.‘lﬂ
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i
8o
]
up:
.
1
° L g
L]
[ ]
)
®.

2
1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 2002

2012 RADECS, Biarritz, France






o— PN
. 7 'y
I
3 l_‘v
Cooadasalaaalaasly sl aalaiaalay
5 4 3 2 -1 1 3 4
A
F Flow

e

Planetary Radiation Environments

Europa’s Magnetic Field Environment

*Europa flybys E4 (red),
E12 (orange), E14 (green),
E19 (blue), and E26
(purple) by Europa.
Cartesian Coordinates: X
along flow direction, Y along
Europa-Jupiter vector, Z
along spin axis.

20

1.0

0.0

Zi

-1.0

2.0

-2.0 2.0

E4 magnetic field line configuration in X,-Z, plane
from vacuum superposition of external jovian
magnetic field (Khurana, 1997) for System Il location.
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Planetary Radiation Environments

Trapped Particle Motion at Jupiter

Spiral, Bounce, Drift e If the magnetosphere of
Jupiter is rigidly co-rotating,
\FluxTube plasma flow speed at
<o\ | Europa’s orbit (9.5 Rj) is
_ Trapped Particle Trajectory ab Out 1 18 km /S.
Mirror Point e Europa travels about 14
Magnetic Field L km/s in its orbit, so that
N charged particles are
; overtaking the satellite at
Conjugate Mirror Point a” times.

Particles impacting the trailing
hemisphere leave regions above
poles and leading hemisphere
depleted of MeV electron flux
(creating wake).
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Planetary Radiation Environments

Measurements of Flux Reductions at Europa

M-wnrnﬂ wisks
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EPD observed flux reductions in wake for

orbit E4

10.5 MeV electron channel on EPD plotted as a function of
ephiox, the x-axis of the ephio system. The horizontal lines
correspond to the nominal geometric wakes in ephio
coordinates.

(Paranicas et al., 2007)
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Planetary Radiation Environments

Ganymede’s Magnetosphere

Magnetic field configuration
at Ganymede (Cooper et al.,
Icarus, 2001)

Magnetospheric
regions at Ganymede.

20 1.0 0.0 1.0 2.0

MAGNETOSPHERIC
FLOW
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Planetary Radiation Environments

Ganymede’ s Magnetosphere

Magnetic field
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Planetary Radiation Environments

Flux Reductions at Ganymede

Galileo observed reductions in the particle fluxes as at Europa
‘Ganymede Flybys: ol
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Planetary Radiation Environments

Plasma Distribution
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Planetary Radiation Environments

Saturn
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Planetary Radiation Environments

Saturn’s Magnetosphere

Characteristics Earth Jupiter Saturn
Equatorial radius (km) 6.38x103 7.14x104 6.03x104
gﬂri?)”e“c moment (G- g 4xq02s 1.59x10% 4.3x1028
Rotation period (hr) 24.0 10.0 10.6
Aphelion/perihelion (AU) | 1.01/0.98 5.45/4.95 15.1/13.5

e Saturn is roughly 10 times the size of the
Earth while its magnetic moment is ~500
times larger.

e As the magnetic field at the equator is
proportional to the magnetic moment divided
by the cube of the radial distance, the
Saturn’s magnetic field is roughly the same
as the Earth’s.
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Figure 2. Differential intensities j of (left) protons and (right) electrons. The intensities are long-term
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DIVINE/SATRAD' Saturn-Trapped Radiation
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Contour plots of >1 MeV electron and >10 MeV proton integral fluxes at

Saturn. Coordinate system used is Saturn-centric. Models are based on
Divine/SATRAD models. Meridian is for 0° W.
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Planetary Radiation Environments

BONUS COVERAGE:
Mars Radiation Environment

Early Results from the MSL Curiosity Rover

Ilgor Mitrofanov and the DAN Team
Don Hassler and the RAD Team

2012 RADECS, Biarritz, France
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Planetary Radiation Environments

Curiosity’s Capabilities

A Robotic Field Geologist A Mobile Geochemical and

Long life, ability to traverse many Environmental Laboratory
miles over rocky terrain e Ability to acquire and process dozens of

Landscape and hand-lens imaging

Ability to survey composition of °
bedrock and regolith

rock and soil samples

Instruments that analyze samples for
chemistry, mineralogy, and organics

Sensors to monitor water, weather, and
natural high-energy radiation




Planetary Radiation Environments

Dynamic Albedo of Neutrons (DAN)

ePrincipal Investigator: Igor Mitrofanov

*Space Research Institute (IKI), Russia *Thermal & Epithermal
Neutron Detectors

*DAN measures the abundance of H and OH
bearing materials (e.g., adsorbed water or
hydrated minerals)

e Active neutron spectroscopy with pulsed 14 MeV
neutrons or passive

e Creates profiles along traverses and with depth to
1m

e Resolves time decay curve and energy spectrum
of returned pulse ePulsing Neutron Generator

e Accuracy of 0.1-1% by weight of water (or water-
equivalent hydrogen) depending on observation

type

e Measures the low-energy background neutrons

2012 RADECS, Biarritz, France



Planetary Radiation Environments
¥ The heritage for investigations with the Dynamic Albedo of Neutrons instrument on NASA's Curiosity rover comes from
NASA's Odyssey orbiter. The orbiter has performed global mapping of neutrons, showing varying degrees of hydrogen

in the Martian soil as indicated on this chart. The hxdrogen is an indicator of the Eresence of water.

http://photojournal.jpl.nasa.gov/catalog/PIA16083 =

sy Neutron flux
02 04 06 08 1.0 1.2

L landii g‘sitek_
Galeicrater

-180° -120° -60° 0° 60° 120° 180° Jun-52



Planetary Radiation Environments

Background Neutrons

Thermal Neutron Measurements by Passive Mode
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Planetary Radiation Environments

Radiation Assessment Detector (RAD)

ePrincipal Investigator: Donald M. Hassler

eSouthwest Research Institute

eRAD characterizes the radiation
environment on the surface of Mars

SSDA

e Measures galactic cosmic ray and solar energetic
particle radiation, including secondary neutrons
and other particles created in the atmosphere and
regolith e

Cylinder

RSH $SD
Telescope

SsDB&C

e Determines human dose rate, validates
transmission/transport codes, assesses hazard to
life, studies the chemical and isotopic effects on
Mars’ surface and atmosphere

Neutron
Channel

Anti-Coincidence

e Solid state detector telescope and Csl calorimeter.
Zenith pointed with 65° FOV.

e Detects energetic charged particles (Z=1-26),
neutrons, gamma rays, and electrons
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N Planetary Radiation Environments
S

| 100 Years after the Discoverx of Cosmic
' Rays on Earth...August 7, 1912 '

k"
WA |\ i) eExactly 100 years
N VR ) after Victor Hess
\E""-: \§ L et discovered Cosmic

= Rays from his
. hydrogen balloon in
® Eastern Germany...

o L

¢ o...MSL RAD makes
the first
measurements of the
cosmic ray
environment on the
surface of Mars!

oCredit: Foray (New York Times)
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Planetary Radiation Environments

RAD makes the first Radiation Measurements on the

~3 V2 hrs of RAD observations with 1 obs/min

MSL RAD Surface Observations (Preliminary) * Very Quite Solar Activity -
500 no SEP events...
Dose - Average (Cruise) « Several dose corrections
4004 J _\L_ have not yet been
l' applied...

Heavy lon Events l,

\L l’ l( {, RTG background

300 « Conversion between
Silicon & plastic

* Spikes in the measured

Dose Rate (Arbitrary Units)

200 1 .
dose rate are heavy ion
events (i.e. Mg, etc.)...

100 A . .

* Accumulating statistics &
understanding these
0 “spikes” is what RAD is all

about...energy spectra!
02:24 02:54 03:24 03:54 04:24 04:54 05:24 05:54

Time (UTC) (7 August 2012)
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BACKUP
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Planetary Radiation Environments

magnetosheath
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Altitutde (km)

Planetary Radiation Environments

magnetosheath

4500

4000

3500

3000

2500

2000

1500

1000

500

0

-500
1.E+00 1.E+04 1.E+08 1.E+12 1.E+16 1.E+20

Number Density (cm™)

4500
4000
3500
3000

T 2500

g 2000

5 1500
1000

500

-500

200

400
Temperature (°K)

600

800

Altitude (km)

2012 RADE& ) BianritzyoF raed for external

release.

700

400

100
0

600
500

300
200 |

ZH+

] 1Ll I‘I Il \I\I ] ll\l)\

- Hg
H*\\
-
) l
e~(Isothermal

Hy  Atmosphere) ]

100 10" 102 10® 10

lon Density (cm-3)

10°




Pluto

*2-62

*For JPL internal use only; not cleared for external
release.



Planetary Radiation Environments
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