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Abstract

Enrolling on the Cassini age, a physical Salammbo
model for the radiation belts of Saturn have been
developed including several physical processes
governing the kronian magnetosphere. Results have
been compared with Cassini MIMI LEMMS data.

1. Introduction

For two decades, ONERA proposes studies about
radiation belts of the magnetized planets. First, in the
90’s, the development of a physical model, named
Salammbd, carried out a model of the radiation belts
of the Earth. Then, for few years, analysis of the
magnetosphere of Jupiter and in-situ data (Pioneer,
Voyager, Galileo) allow to build a physical model of
the radiation belts of Jupiter [1].

Enrolling on the Cassini age, this study now allows
to develop an electron radiation belts model for
Saturn environment, based on the jovian model.
Indeed, like Jupiter, Saturn has rings, moons, and is
similar to Jupiter in many respects (composition,
rocky nucleus, etc). Furthermore, Saturn is also
comparable to the Earth: magnitudes of the magnetic
fields are the same and thus, dynamics of
magnetospheres are similar.

2. Salammbd, a physical model of
radiation belts

Salammbé is a three dimensions physical model
based on the resolution of the Fokker Planck
diffusion equation [2]. Diffusion coefficients related
to several physical processes, have to be integrated to
the equation.

In this kronian electron model, coefficients are linked
up to different interactions: interaction between high
energy  electrons and dense  environment
(atmosphere...); interaction between energetic

electrons and neutral particles ejected from
Enceladus (model of neutral cloud from Cassidy &
Johnson model [3] [4]); interaction between energetic
electrons and natural satellites of Saturn (moons are
comparable to absorbent objects [5] [6]); interaction
between high energy electrons and dust rings [7][8];
wave - particle interaction. Concerning the last
interaction, data are from RPWS instrument [9] from
1 Hz to about 12000 Hz. Physical processes
generated by these interaction are energy and pitch
angle diffusions.

Radial diffusion process correspond to the transport
of the high energy particles from the boundary
condition of the model (L = 6 Rs) to the planet [2].

An example of the importance of each physical
process is shown on Figure 1 for 1 MeV electrons
with an equatorial pitch angle of 80°. This figure
represents coefficients of each physical process (s™)
versus L values. Close to the planet (L < 2.33 Rs),
absorption due to main rings (Figure 1. ©)) is the
most important physical process in such a way that it
makes a totally absence of electrons flux (see also [2]
[10]). Beyond L = 2.5 Rs, the most important
physical processes are radial diffusion (Figure 1. (V)
and local absorption due to satellites (Figure 1. @).
Coefficients due to the neutral cloud and coefficients
due to wave particle interaction also appear on this
figure (respectively Figure 1.V and Figure 1. ©).
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Figure 1. Evolution of diffusion coefficients for
electrons of 1 MeV and near the equator (dq = 80°):
@ radial diffusion (transport) @ interaction with
naturals satellites (absorption) @ interaction with the
main rings (absorption)  interaction with neutral
particles (“? pitch angle diffusion, “ energy
degradations) ® wave particle interaction (°® pitch
angle diffusion, ®® energy diffusion) 4. Tables



3. Analysis of data and comparisons
with Salammbd

Physical processes have been computed and an
isotropic boundary condition to the model has been
built. The boundary condition, based on Cassini
measurements at L = 6 at the equator, models an
electron injection from the magnetotail into the inner
radiation belts.

Results have been compared to Cassini MIMI
LEMMS data to validate the Salammbd model: we
compute a Cassini mean flux (logarithmic mean) to
compare it with flux resulting from our mean model
Salammbé.

Figure 2 presents comparisons between Salammbd
fluxes (red solid line) and Cassini mean fluxes (black
solid line) for high energy electrons (E3 channel: 600
< E < 4950 keV) and low energy electrons (C1
channel: 27 < E <48 keV).

Figure 2 shows that there is a global coherence
between Salammbé electron fluxes and Cassini
electron measurements although results are better for
high energies.
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Figure 2. Comparisons between Salammbo fluxes
(red solid lines) and Cassini mean fluxes (black solid
lines) for E3 (600 < E <4950 keV) and C1 27 <E <

48 keV) channels. Dotted lines are minimum and

maximum Cassini measurements.

4. Discussion and Conclusion

We present a new version of Salammboé focused on
Saturn’s electrons radiation belts, including radial
diffusion and interactions of electrons with Kronian
moons, rings, waves, and neutrals particles.
Importance of each physical process has been
compared. Results suggest that interaction of
electrons with neutral particles is not a major
physical process for high energy electron but can
have an importance for the low energy electrons (E <
~50 keV) and that wave particle interaction can have
a real influence on fluxes.

Several hypothesis have been envisaged to explain
differences observed between Cassini mean flux and
Salammbd flux at low energies, notably interaction
of energetic electrons with neutral particles. We
think that we are not able to recreate depletions with
Salammbo6 3D model because neutrals are modelled
all along the drift and it is not the case: they are
localised around Enceladus. A fourth dimension,
which would be the Magnetic Local Time, would
permit to model the neutral cloud around Enceladus
and so a 4D model can maybe recreate on Salammbd
fluxes depletions observed on measurements. It is
important to add that doubts exist on Cassini data and
it can be also a dependence on MLT or pitch angle
we do not consider on our model.

In addition, Salammbd kronian model has been
compared to an empirical radiation belts model
named SATRAD [10] and to a recent work by Mauk
et al. [11]. Comparisons of Salammbd with in situ
data and empirical model confirm that Salammbb is a
good mean model for Saturn electrons radiation belts
for energies from about hundred keV to a few MeV.

Acknowledgements

The authors would like to acknowledge Iannis
Dandouras, Sandrine Grimald, Nicolas André and
Philippe Garnier (IRAP, France) for wuseful
discussions and access to Cassini data, and E.
Roussos  (Max-Planck-Institute, ~Germany) for
important discussions about quality of MIMI
LEMMS data.

References

[1] Sicard A. and Bourdarie S., Physical electron belts
model from Jupiter’s surface to the orbit of Europa, J.
Geophys. Res., 109, No A2, 2004.



[2] Santos Costa D., M. Blanc, S. Maurice, J. S. Bolton,
Modelling the electron and proton radiation belts of Saturn,
Geophys. Res. Lett., vol. 30, no. 20, 2003.

[3] Cassidy T. A. and R. E. Johnson, Collisional Spreading
of  Enceladus’ Neutral Cloud, Icarus (2010),
doi:10.1016/j.icarus.2010.04.010.

[4] Persoon A. M., D. A. Gurnett, O. Santolik, W. S. Kurth,
J. B. Faden, J. B. Groene, G. R. Lewis, A. J. Coates, R. J.
Wilson, R. L. Tokar, J.-E. Wahlund, and M. Moncuquet, A
diffusive equilibrium model for the plasma density in
Saturn’s magnetosphere, J. Geophys. Res, 114, A04211,
2009.

[5] Simpson J.A., T.S. Bastian, D.L. Chenette, R.B.
McKibben, et K.R. Pyle, The trapped radiations of Saturn
and their absorption by satellite and rings, J. Geophys. Res.,
85, Al1, pp 5731-5762, 1980.

[6] Hood L.L., Radial diffusion in Saturn’s radiation belts:
a modelling analysis assuming satellite and E ring
absorption, J. Geophys. Res., 88, pp 808-818, 1983.

[7] Zebker, H. A., E. A. Marouf, and G. L. Tyler, Saturn’s
rings: Particle size distributions for thin layer models,
Icarus, 64, 531-548, 1985.

[8] Dougherty, M. K., Esposito L.W., Krimigis S. M.,
Saturn from Cassini Huygens, Springer, DOI 10.1007/978-
1-4020-9217-6.

[9] Gurnett, D.A., Kurth W.S, Kirchner D.L., Hospodarcky
G.B., Averkamp T.F., Zarka P., Lecacheux A., Manning R.,
Roux A., Canu P, Cornilleau - Wehrlin N., Galopeau P.,
Meyer A., Bosrom R., Gustafsson G., Wahlund J.E., Ahlen
L., Rucker H.O., Ladreiter H.P., Macher W., Woolliscroft
L.J.C., Alleyne H., Kaiser M.L., Desch M.D., Farrell W.M.,
Harvey C.C, Louarn P., Kellogg P.J., Goetz K. and
Pedersen A., The Cassini Radio and Plasma Wave
Investigation, Space Science Revews, 114, 395, 2004.

[10] Garrett, H.G., Ratliff, J.M., Evans, R.W., Saturn
radiation (SATRAD) model, JPL Pub. 05-09, NASA Jet
Propulsion Laboratory, 2005.

[11] Mauk, B. H., and N. J. Fox, Electron radiation belts of
the solar system, J. Geophys. Res., 115, A12220, 2010.



