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1 Model description 2 Mercury tail and 
radiation pressure

3 Transit observation 
and modeling: 
chemical sputtering

5 MESSENGER 
observations 
and modeling: 
neutral and ion 
tails

6 Themis 
observations and 
modeling: Sodium 
migration time-
scales

4 A Monte-Carlo 
model with 
planetary 
rotation



Exosphere-magnetosphere model
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Magnetic and electric field
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Adapted Luhmann and 
Friesen, 1979 model (as in  

Delcourt et al., 2003) 



Proton circulation
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Proton precipitation
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3D numerical model
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Proton precipitation
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Mercury surface processes 
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Thermal desorption
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PSD

Johnson et al., 
2002

Gaussian

Non-Gaussian
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Ion sputtering spectrum

•H+ can’t give all its energy to a single heavy target atom  

•The sputtering energy spectrum falls at 50-100 eV

SRIM Code by Ziegler and Manoyan, 1988

Sigmund, 1969; Betz and Wien, 1994
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Smyth and Marconi, 1995

Doppler shifted



M
ES

SE
N

G
ER

-B
C

13
N

ov
. 2

01
0

p1 + p2 ⋅ cos(2α)+p3 ⋅ cos(α)+p4 ⋅ cos(α /2)

p1 = 10.21 + 0.017⋅U
p2 = -2.89 - 0.0015⋅U

p3 = 1.352 + 0.00026⋅U
p4 = 1.0759 + 0.001073⋅U

En
er

gy
 U

 (K
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p1 + p2 ⋅ cos(2α)+p3 ⋅ cos(α)+p4 ⋅ cos(α /2)

p1 = -1.514 + 0.0024⋅T
p2 = 2.091 - 0.0029⋅T

p3 = -0.3567 + 0.00079⋅T
p4 = -0.1799 + 0.0009⋅T
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(0.779+   0.000313 ⋅ T)/R2

(R in AU)
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(0.23374+   0.000468 ⋅ T)/R2

(R in AU)
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Mercury Sodium Tail



Schleicher et al., 2004

Observations of Mercury’s sodium exosphere
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•North-south asymmetry: north column density is higher

•Dawn-dusk asymmetry: dawn column density is higher



Negative Bx component of 
IMF causes reconnection in 
the North Emisphere 

Reconnection in the North 
Emisphere causes higher 
S/W proton precipitation 
fluxes

North

South
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Sarantos et al., 2003, 
Kallio et al, 2003)



Anomaly 150°
Distance 0.45 AU

S/W velocity 700 km/s
IMF -20, 10, -10 nT

Radiation pressure -60 cm/s2

Measured by ACE, 
during May 7-9, 2003, 
distance from 
spacecraft to Earth, 
components of 
magnetic field, solar 
wind proton speed and 
density 

(http://www.srl.caltech.e
du/ACE/ASC/level2/ind
ex.html). 
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IMF = [-30, 5, -10] nT

•We assumed that IMF-x condition could explain the N/S 
asymmetry 

•We modeled the H+ flux onto the surface with a numerical model

Proton precipitation map
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Ion sputtering
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The N/S asymmetry is explained but…
Scale high is too large
Column densities are lower by a factor 100
Dawn/dusk asymmetry is not explained



MIV

OBSERVATIONS SIMULATION

Morgan et al. (1988) reported an average value of 2×105 (cm-2 s-1) 
released Na at aphelion, a factor 2 higher than the value reported by Cintala (1992) 

The first value is a factor 100 lower than our averaged PSD flux. 

We assume that the ejecta have a thermal velocity distribution at about 2500 K (Killen 
et al., 2007)

The simulated tangential column densities are lower than the observed ones by a 
factor 100.



Chemical sputtering
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Surface 
element

Na

TD

1) Thermal desorption 
and PSD deplete Na 

contents

2) S/W causes chemical 
alteration of the surface, 

freeing the Na atoms 
from bounds in the 

crystalline structure on 
the surface

Production of sodium and water by proton sputtering of sodium-bearing 
silicates was considered by the chemical sputtering mechanism 

2H + Na2SiO3 → 2Na + SiO2 + H2O

Potter, 1995



Enhanced diffusion due to proton precipitation
M

ES
SE

N
G

ER
-B

C
25

N
ov

. 2
01

0

•Proton precipitation can also enhance the diffusion of Na atoms 
inside surface grains

•The effect due to precipitation is able to enhance the diffusion-limited 
PSD by a factor 2

Sarantos et al., 2008

ΦNa =  ε Φ+ +Φdiff



Dawn Dusk

Rotation

Ions TDTD

Sodium variability



Magnetic field
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H+ flux onto the surface

H+ precipitate in the open field-line regions (cusps) and in the nightside
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Starting from a Na-poor surface, H+ flux enriches the Na surf. abundance
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Chemical Sputtering



Na migration

PSD and TD release Na particles that migrate (ballistic traj.) to a larger area
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Na migration

•Na abundance is lower where PSD anb TD processes are more effective

•The Na abundance in the night side is enhanced
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Effect of the rotation

Test testo testolo
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•As soon as the rotation brings a surface element to the dayside, PSD 
and TD deplete the Na abundance again



PSD flux from the surface

At the equilibrium, the Na flux from the surface is similar to the H+ one, 
but broadened and with a “dawn” feature 
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Comparison between data and simulation

•The model reproduces well all asymmetry features

•The model reproduces well column density (within a 50% error)
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Parameter Data Simulation
Density (max) 2500 cm-3 1000 cm-3

Column dens. (max) 7⋅1010 cm-2 5⋅1010 cm-2

Total amount 4⋅1027 5⋅1027 (*)
Scale height 200÷500 km ~1000 km

parallel doppler width 1.6 km/s 1.4 km/s

OBSERVATIONS SIMULATION

Mura et al., 2008Schleicher et al., 2004
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Velocity distribution

Parallel (x) velocity distribution
of the simulated particles (blue
line). The simulated data can be
fitted by using a gaussian
function: ∼exp (-v2/vth

2), with vth
= 1.4 km/s. The observed
velocity distribution can be
reproduced by a gaussian
function with with vth = 1.4 km/s
(in red).

From Schleicher et al., 2004



Φout

Lout  Φout  =  Lin  Φin

n= Φout / v

N=n Lout

N= Φin  Lin  / v

Φin  =106 ∼107 cm-2 s-1Li
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chem. sput. eff. = 5%
sticking=50% ∼ 100%

diffusion lim. = 107 cm-2 s-1

Killen et al., 2004



Titolo

Figure Cristina

M
ES

SE
N

G
ER

-B
C

39
N

ov
. 2

01
0

Sodium observations 
(MESSENGER)

McClintock et al, 2009

M2

M2

M1

M1

McClintock et al, 2008



M
ES

SE
N

G
ER

-B
C

40
N

ov
. 2

01
0

http://messenger.jhuapl.edu/news_room/presscon_multi6.html



Sputtered Ca, Ca+: MESSENGER and model 

Simulazioni BS mercurio
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Time scale of sodium

•The Na lifetime is approximately independent on the H+ flux

•For a (example) 1-hour precipitation, the lifetime after the H+ 
precipitation ceases is several hours
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08:17 09:33 10:50 13:38 16:56 17:39

OBSERVATIONS MODEL, C.S.+DIFF
seeing=1 Rm

MODEL, ONLY C.S.
seeing=1 Rm
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CONCLUSION
• Chemical sputtering and/or proton-enhanced diffusion can 

explain most of the ground-based or MESSENGER (1st FB) 
observation ot the Na exosphere of Mercury

• To find general good agreement between data and simulation, 
U=0,086 eV (resulting in T=2000 or more), ε=5% can be taken.

• A diffusion-limited flux of about 107 cm-2 s-1 is compatible with the 
observation during the transit, and necessary to explain the 
observations of Na at the dayside.

• A time-evolving MonteCarlo model with planet rotation is able to 
explain the dawn-dusk asymmetry as seen during transit.

• Thermal desorption and Photon-stimulated desorption move the 
Na in areas far from the H+ precipitation: no need of complex, 
accurate H+ flux model for this simulations

• The timescale for proton precipitation-induced enrichment and 
depletion of Na is about 10 hours 

• Proton-enhanced diffusion can also explain the relation between 
proton precipitation and enhanced Na release.
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Web interface

Go to: http://elena.ifsi-roma.inaf.it
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