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ABSTRACT 
The ballistic motion of the exospheric sodium atoms on the surface of Mercury is modeled, taking into 

account the solar radiation pressure acceleration and partial surface thermal accommodation. The Monte 
Carlo simulations show that there should be a significant degree of limb brightening as well as brightness 
enhancement over the poles. To maintain the observed sodium optical emission, a surface production rate on 
the order of 5-9 x 1024 atoms s_1 is needed. It is also found that, under the present set of assumptions, a 
reasonable agreement can be reached between theoretical results and ground-based measurements for the 
dependence of the disk-averaged abundance of the sodium atoms on the solar radiation pressure acceleration. 
If the low-latitude portion of the planetary surface is shielded from the magnetospheric convective electric 
field, the effective loss rate of the sodium atoms via photoionization and magnetospheric pickup may be 
reduced to about 2 x 1024 atoms s-1, with the polar regions acting as the main area of ion outflows. 
Subject headings: planets: abundances — planets: Mercury 

I. INTRODUCTION 

The surprising discovery of intense sodium emission from 
the innermost planet Mercury by Potter and Morgan (1985) 
has motivated renewed interest in the origin and dynamics of 
this exotic planetary exosphere. Unlike the hydrogen and 
helium components, which could be adequately derived from 
the solar wind, heavy atoms such as sodium, potassium, and 
oxygen must come from either surface outgassing/sputtering or 
impact vaporization of the interplanetary meteoroids. The 
latter effect has been estimated to be a potential source of hot 
vapors (i.e., injection speed >2 km s_1) with a source strength 
of a few times 1022 Na atoms s-1 (McGrath, Johnson, and 
Lanzerotti 1986; Ip 1986; Morgan, Potter, and Zook 1987). 
Since the strong solar radiation pressure on the Na atoms 
could lead to tailward acceleration of these hot atoms, the 
formation of an extended sodium exosphere elongated in the 
antisolar direction is therefore possible (Ip 1986; Smyth 1986a). 
The magnitude of the solar radiation pressure acceleration 
(Apr) is strongly modulated by the Doppler-shift of the solar 
line profile. As the planet revolves around the Sun in a rather 
eccentric orbit (e = 0.21), the extension and configuration of 
the extended “ hot ” sodium exosphere should vary according 
to the orbital phase of Mercury (Smyth 1986a). In other words, 
when the ratio of Apr to the surface gravitational force is large, 
then the sodium exospheric tail should be longer than the 
corresponding ratio at a minimum. 

However, as high-resolution spectrographic measurements 
of the sodium emission have shown, the bulk of the sodium has 
a kinetic temperature (7^) of about 500 K (Potter and Morgan 
1985, 1987), which is close to the average surface temperature 
of the sunlit hemisphere. Any predicted change in the hot exo- 
sphere, presumably of meteoroid impact or charged particle 
sputtering origin, is thus difficult to discern. In any event, 
Potter and Morgan (1987) recently showed that the disk- 
averaged column abundance of sodium is inversely pro- 
portional to the magnitude of Apr. A certain correlation, 
therefore, exists between the exospheric sodium abundance of 
the cold or thermal (e.g., Tk æ 500 K) population and the solar 
radiation pressure. Potter and Morgan (1987) proposed two 
possible explanations : 

1. During the time interval of strong solar radiation pres- 
sure, the high-speed sodium atoms from meteoroid impact 
could escape from the surface environment much more easily, 
suppressing the supply rate of sodium to the surface. This sce- 
nario, however, would be valid only if meteoroid impact 
vaporization were indeed the main source mechanism of the 
Na atoms observed. Since the loss rate of the sodium atoms via 
photoionization/magnetospheric acceleration could be as high 
as 1025 atoms s-1 (Ip 1987), much larger than the estimated 
supply rate from meteoroid impact, such an origin is thus by 
no means certain (see § III). 

2. Another possibility to consider, which is somewhat 
decoupled from the issue of the source mechanism, is the effect 
of solar radiation pressure on the surface transport of the 
thermal component of the sodium atoms. Even though the 
thermal velocity corresponding to Tk = 500 K is only 0.6 km 
s-1, a sodium atom could execute a sequence of random walk 
before it enters the nightside hemisphere. During the random 
walk process, the solar radiation pressure would also exert an 
acceleration effect in the antisolar direction. For larger values 
of Apr, the transit time (irw) from the day side to the nightside 
will be shorter. Thus, if the production rate (Ñ) of the sodium 
atoms is maintained constant, the total sodium abundance 
which is proportional to Ñ x irw should display a trend in 
qualitative agreement with the Potter and Morgan (1987) 
observations. 

A brief account along the line of the second scenario has 
been given by Smyth (1986b) summarizing the numerical 
results of simulating the random walk process of sodium 
atoms; the accommodation coefficient for atom-surface inter- 
actions (a) was assumed to be 0 (i.e., perfectly elastic collision). 
Therefore, the global distribution of the exospheric number 
density of the sodium atoms cannot be described in terms of a 
surface thermal equilibrium model. Note that a new evaluation 
by Hunten, Morgan, and Shemansky (1988) produced a 
number of a « 0.5-0.6. In other words, the Hunten, Morgan, 
and Shemansky value requires about half the kinetic energy of 
the sodium atoms be accommodated by the surface at impacts. 
Taking Smyth (1986b) as a guide, we shall make a numerical 
simulation of the solar radiation-driven surface transport of 
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thermal sodium atoms across the planetary surface—one 
which lies intermediate between complete thermal equilibrium 
(a « 1) and perfectly elastic atom-surface collision. Three issues 
are to be explored : 

a) the surface column density (and brightness) distribution 
of the sodium emission over the sunlit hemisphere; 

b) the effect of spatial distribution of the sodium surface 
production rate on the column density distribution; 

c) the dependence of the sodium abundance on Mercury’s 
orbital phase around the Sun. 

II. NUMERICAL SIMULATIONS 

The principal formation of the Monte Carlo model used 
here is similar to the one developed in an earlier work on the 
ballistic motion of Na atoms in the vicinity of Mercury (Ip 
1986). The basic steps in our modeling involve tracking of the 
particle motion for a total of K test particles. The launch of the 
test particles is random in different directions. The trajectory 
calculations at integration time step At are performed by 
including the solar radiation pressure acceleration Apr assumed 
to be constant in individual case studies. The initial speed is 
given by 

u0 = (2kBT0/m)1/2 , (1) 

where kB is the Boltzmann constant and T0 is the surface 
temperature at the injection site. Hence, in the present work 
we will neglect the details of the velocity distribution of the 
ejected particles. The surface temperature is approximated by 
T(0, (j)) — 545(sin 6 cos (f>)1/4 at longitude 0 and colatitude 6 
on the dayside hemisphere. The sodium atoms are traced until 
they move across the terminator (hence, in this paper the 
nightside hemisphere is assumed to be a sink for the sodium 
atoms). In the present thermal model, the surface temperature 
profile is symmetric in respect to the Sun-planet line. (In a 
more realistic situation in which the effect of the thermal 
inertia is to be taken into consideration, the axial symmetry 
will be broken and be replaced by a north-south asymmetry.) 
The contribution of the kth particle to the projected column 
density or surface brightness at integration time tp = (p At) is 
then given by the weighting function 

fÁtp) = exp(~tp/t¡), (2) 

where is the photoionization time scale. The total column 
density distribution is then represented by the summations of 
all fk(t) values in the corresponding bins of projected surface 
areas. In other words, we have the following expression for the 
surface column density of the sodium atoms at the sth bin : 

^ = cxZA(g, (3) 
K p 

with the corresponding values of xk
p and yp contained in the sth 

rectangular bin. In equation (3), C is a scaling factor. The 
surface number density at the same point is then given by 
ns = NJAS, where As is the surface area on the hemispherical 
surface. 

Concerning the problem of surface thermal accommodation, 
we assume that at rebound of the jth surface impact (/ = 1? 2, 
3 ...), the ejection speed is given by 

Vj = [au? + (1 - a)y?_ j]1/2 , (4) 

where a = 0.5, is the incoming speed of the particle at 
surface impact, and Uj = (2kB7}/m)1/2 is the thermal speed at 
they'th impact site with surface temperature 7]. 

IP Vol. 356 

The relation given in equation (4) may not be the most 
realistic representation of the surface thermal accommodation 
effect of the sodium atoms. One should also take note of the 
fact that the relevant atom-surface interactions may partly be 
determined by microstructures of the surface regolith (see 
Hapke and Cassidy 1978) which could be conductive to multi- 
ple scattering or temporal trapping of the Na atoms in the 
cavities of the “fairy-castle” structures of the surface dust 
layer. The main purpose of equation (4), however, is to say that 
the atom-surface interaction should not be characterized by 
perfectly elastic collision (i.e., a « 0)—as pointed out by 
Hunten, Morgan, and Shemansky (1988). A more accurate 
expression is still to be investigated (D. Shemansky 1988, 
private communication). 

As studied before by Smyth (1986a), the solar radiation pres- 
sure accelerations of the sodium and potassium atoms are 
quite sensitive to the orbital phase of Mercury. The physical 
situation can be understood most clearly by examining the 
curve of Apr (Na) in Figure 1. Also shown are the correspond- 
ing photoionization time scales of the sodium atom. Because of 
the radial variations of the values, the total abundance of the 
exospheric sodium (and potassium) atoms would not behave 
solely as a function of the solar radiation pressure acceleration. 
Before discussing this point in detail, we would like to consider 
a few numerical runs with different combinations of if and Apr 

(b) 

Fig. 1.—Variations of the solar radiation pressure acceleration of the 
sodium atom and the corresponding photoionization time scale as functions of 
the orbital phase of Mercury (a). Value of Apr(Na) is from Smyth (1986<z) (b). 
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N 
POLE 

Fig. 2.—The computational scheme in the binning of the test particles. The 
shaded regions denote the two arrays used in estimating the center-to-pole and 
center-to-limb variations of the column and surface densities. In the determi- 
nation of the projected column density, the rectangular bins are configurated 
in such a way that the projection axis is always parallel to the line of sight. 

so that the general behavior of the surface column density 
distribution may be understood. 

a) Surface Column Density Distribution 
For the case studies, we have employed K = 5000 test par- 

ticles in each run. Assuming an idealized viewing geometry 
with the line of sight perpendicular to the Earth-planet line, we 
shall perform the summation procedure in 10 x 10 bins (i.e., 
1 bin = 244 x 244 km2) for one quadrant projected on the 
day side hemisphere (see Fig. 2). Two surface distributions of 
the source strength of the sodium atoms are considered : 

a) uniform production rate on the sunlit hemisphere, and 
b) production rate following a cosine law of the solar inso- 

lation angle. 
The summary plots for the cases of maximum solar radi- 

ation pressure acceleration (A = 200 cm s-2) and for 
minimum value (Apr = 30 cm s ~ are illustrated in the gray- 
toned figures (Fig. 3). To be noted are the limb-enhancement 
effect as well as the tendency for increased column density near 
the pole, when scanned in a north-south orientation. Both 
effects basically result from projection. 

A comparison of the cases with different values of Apr and ij 
also shows that the limb-enhancement effect is increased when 
the solar radiation pressure is at a minimum. In total, six com- 
binations (A-F) of ApT and pertinent to different locations 
along Mercury’s orbit (see Fig. 1) have been considered. A 
quantitative description can be seen in Figure 4 for the surface 
column densities along the center-to-pole and the center-to- 
limb directions. In general, there are visible differences in the 
distributions of the surface column densities for the two surface 
distributions of the sodium source rate [i.e., (a) uniform dis- 
tribution and (b) cosine distribution]. As a result of viewing 
geometry, the surface column density distribution projected on 
the planetary disk would exhibit a certain enhancement (a 
factor of 4) at the poles in comparison with the value near the 
planetary center. 

It is also interesting to examine briefly the statistics of the 
ballistic transport process. With the case (C) as an example, 
Figure 5 illustrates the histograms for the distributions of the 

ballistic velocity of the sodium atoms across the planetary 
hemisphere as well as the transient time that is required for the 
sodium atoms to move into the nightside. The distribution of 
the ballistic velocity peaks at about 0.5 km s_1 with a sharp 
cutoff at about 1.7 km s-1. The average value of the transit 
time is 5.7 x 103 s. The total cumulative time steps for the 5000 
test particles is 3.69 x 106. 

The actual surface production of sodium atoms could in fact 
be patchy and localized according to the geochemical prov- 
inces on Mercury’s surface, and furthermore, the magneto- 
spheric loss process due to pickup of the photoions from the 
exosphere could introduce both spatial and temporal varia- 
tions. Therefore one would not expect the sodium abundance 
variations as inferred from observations to yield results to 
agree with the present theoretical profiles which are produced 
with the simplest set of assumptions. On the other hand, the 
numerical model calculations as discussed here could be the 
basis for interpretation and further improvement for imaging 
and spectr©graphic work. For example, observations of the 
resonantly scattered sodium emission from Mercury in the last 
few years have suggested that the effect of a slight polar bright- 
ening indeed existed for both sodium and potassium emissions 
(Tyler et al. 1986; Tyler, Kozlowski, and Schneider 1987; A.L. 
Tyler, 1988, private communication; R. M. Killen 1988, private 
communication). One possible outcome of our modeling effort 
would be to understand the interrelation between source and 
sink of the sodium atoms, and the magnetospheric effect of 
controlling the ballistic transport of the exospheric particles. 

b) Time Variation of Global Exospheric Sodium Abundance 
To scale the numerical values in our simulations to the 

actual numbers at Mercury, we recall that the total number of 
test particles in each run is K = 5000 and that the integration 
time step in the trajectory calculation is Ai = 5 s. Taking the 
value at orbital phase C as an example, we find that the disk- 
averaged column density from the theoretical calculations for 
the case of uniform source distribution is 

Nt = 3.69 x 106/A 

= 1.97 x 10"11 number of Ai — time steps cm-2, (5) 

where A = ttR2 with Rp( = 2440 km) as the planetary radius. 
Since the observed value for the disk-averaged column density 
is N0 = 1.07 x 1011 atoms cm-2 (Potter and Morgan 1987), 
the corresponding ratio is therefore 

£ = 77 = 5-4 x 1021 > N, 

and the resulting production rate is 

Ñ = Ç(K/At) = 5.4 x 1024 atoms s'1 . (7) 

In the case of a cosine source distribution, the theoretical 
value of Nt is 1.26 x 10-11 particles cm-2 and ^ = 8.5 x 1021. 
The corresponding surface production rate of sodium atoms is 
thusiV = 8.5 x 1024 atoms s-1. 

Such large values of the sodium production rate are 
unmatched by source mechanisms examined so far. This is one 
issue which has to be investigated closely. The other issue has 
to do with the effective loss rate of the sodium atoms. The 
photoionization rate can be estimated to be TÍ, « 2AN0/ti or 
about 6.3 x 1024 atoms s_1. Only if most of the ionized 
sodium atoms could be recycled back to the planetary surface, 
the required rate of replenishment would be much less than 
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1024 atoms s_1. In this event, the sum of meteoroid impact, 
photosputtering, and thermal emission could be adequate in 
accounting for the observed sodium optical emission 
(McGrath, Johnson, and Lanzerotti 1986; Hunten, Morgan, 
and Shemansky 1988). 

Since the most rapid loss of the exospheric sodium atoms is 
directly connected to the magnetospheric pickup process of 
photoions (Ip 1987), it is possible that the loss rate may be 
reduced if an efficient shielding of the magnetospheric electric 
field to a distance of about 50-100 km above the planetary 
surface could exist such that the sodium ions could imme- 
diately return to the planetary surface after creation. Even 
though the very tenuous nature of the Mercurian exosphere 
does not permit the buildup of a sufficiently high ionospheric 
conductivity, the antisunward drifts of the electrons and ions in 

IP Yol. 356 

the magnetotail resulting from the cross-tail electric field might 
produce significant charge separation effect in the inner mag- 
netosphere such that the convective field is partly screened. In 
this event, only the polar cap region will be directly mapped by 
the cross-tail electric field. Suppose the latitude of the polar cap 
is at 45°; about 30% of the exospheric sodium atoms are still 
subject to loss via magnetospheric pickup immediately after 
photoionization. The effective sodium loss rate hence is still on 
the order of 2 x 1024 atoms s “1. 

Next, to examine the large-scale variation in the sodium 
abundance as a function of the orbital phase of Mercury, the 
total column densities obtained in different case studies are 
normalized to the observed values from Potter and Morgan 
(1987). As shown in Figure 6, if the total production rate is 
independent of the solar distance (r), there is a clear bifurcation 

MERCURY SODIUM COLUMN DENSITY 
rrimeraid3a/5000/ 30.0/0.504e4/06.01.1989 

(A) UNIFORM EMISSION 

(B) COSINE EMISSION 

Fig. 3a 

pIG 3—The gray-toned pictures of the surface brightness (and projected column density) distributions of the sodium atoms: {a)Apf — 30 cm s 2 and t, — 5000 s; 
(b) Apr = 200 cm s~2 and tt = 6300 s. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
pJ

. 
. .

35
6.

 .
67

51
 

No. 2, 1990 TRANSPORT OF SODIUM ATOMS AT MERCURY 

MERCURY SODIUM COLUMN DENSITY 
iximeraid3c/5000/200.0/0.630e4 

Fig. 3b 

(A) UNIFORM EMISSION 

(B) COSINE EMISSION 

679 

of the data points connecting from A to C and from C to F. 
The reason is, simply, that the photoionization time scale is 
considerably shorter on the lower branch than that on the 
upper branch (see Fig. 1). The difference of a factor of 2.3 is 
reflected in the ratio of the column density at point F and that 
at point A. From this point of view, our present theoretical 
results appear to just bracket the data points from ground- 
based measurements. However, if we assume that the intrinsic 
production rate of sodium atoms from the surface of Mercury 
is also a function of r, then the theoretical profiles could vary 
accordingly. For example, if photosputtering is a major source 
mechanism, the sodium production rate will be proportional to 
1/r2. The modifications to the theoretical column surface den- 
sities in Figure 6 demonstrate that better agreement may 
indeed result. 

in. DISCUSSION 
Using a rather simple set of assumptions, we have investi- 

gated some basic properties of the solar radiation-driven 
surface transport of sodium atoms at Mercury. In uniform and 

cosine surface distributions of the sodium production rate, we 
found both the limb enhancement (for east-west scans) of the 
surface column abundance and a similar effect in the polar 
region (for north-south scans). The theoretical surface column 
density profiles for center-to-pole and center-to-limb scans 
might thus be used to infer the surface distribution of the 
sodium production. For example, for both thermal release and 
photosputtering processes, we would expect the cosine pro- 
duction law to be more appropriate. At the same time, the 
dependence of the global production rate on the solar distance 
can also be examined by comparing the surface column den- 
sities (or optical brightnesses) measured at different orbital 
phases of the planet. The present work, with its array of diag- 
nostic possibilities, points to a promising way of quantitative 
study of the sodium (and potassium) production from 
Mercury. 

Note that in a more detailed investigation, the problem of 
radiative transfer may have to be coupled with the ballistic 
transport process. This is because the sodium emission could 
be optically thick in the exospheric layer (Potter and Morgan 
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Fig. 6.—A comparison of the observed values of the disk-averaged column abundance of the sodium atoms (diamonds from Potter and Morgan 1987) with the 
theoretical results (A-F) as functions of the radiation pressure acceleration and orbital phase: (a) uniform surface distribution and (b) cosine emission distribution. 
The modifications obtained by inclusion of an 1/r2 dependence of the intrinsic sodium emission rate are indicated by the arrows. 

1987; Killen 1988). The effective radiation pressure on the 
sodium atoms might not be as constant and unidirectional as 
considered here. Another uncertainty deals with the effective 
loss rate of the sodium atoms, which we have identified to be 
very sensitive to the penetration of the magnetospheric electric 
field to the surface environment of the planet. 

We discussed how the magnetospheric pickup loss may be 
reduced by screening the planetary surface from the convective 
electric field. However, the polar cap regions which are mag- 
netically connected to the magnetotail would still permit a loss 
rate of about 2 x 1024 Na atoms s-1. Since the Lorentz forces 
depend on the magnitude of the convective electric field as well 
as on the magnetic field distribution in these localized regions, 
the value of 2 x 1024 atoms s-1 may be considered as a lower 
limit of the sodium loss rate. In this scenario, one would expect 
sodium atoms to be generated by solar UV radiation and ion 
sputtering on the dayside, and then be driven to the nightside 
hemisphere. Once inside the polar cap regime, the ionized 
sodium atoms could be accelerated away from the planetary 
surface by the magnetospheric convective electric fields. A jet 
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of Na+, K+, and Mg+ ion flow might possibly form and be 
detected by a Mercury Polar Orbiter as it passes one of the 
poles. The generation of such a polar jet of heavy metallic ions 
should be more frequent during substorm intervals, since the 
convective electric field is enhanced in those periods. On the 
other hand, the electrostatic charging of the planetary surface 
by the precipitating charged particles could, in principle, also 
influence the ejection efficiency of the photoions. These inter- 
related dynamical processes are to be investigated in a future 
work. 
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