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Abstract-The acceleration model for lunar ions and the resulting ionosphere dynamics are reviewed
briefly. An application is made to lunar atmosphere trapped in the surface fines, and the enhancement
in the Ar4-0/Ar16 ratio in samples from the Apennine Front compared to the adjacent mare is calculated
to be - 2.0. The predicted lunar ion energy spectra is shown and found to agree well with Suprathermal
Ion Detector measurements; from this spectra, the neutral atmosphere scale height can be studied and
the neutral atmosphere number density is found to be 1 to 3,x 10' cm- 3 at the sunrise and sunset
terminators. The lunar surface potential is calculated and is found to be several volts positive over
much of the sunlit face of the moon but to go tens of volts negative at the terminator.

INTRODUCTION
IN THIS paper we discuss several new aspects of the acceleration of ions formed in
the lunar atmosphere. In particular we will look at the predicted and observed
energy spectrum of the ions, the lunar surface potential distribution, and a new
application of the model for the trapping of lunar atmosphere Ar40 in the lunar
surface. A model has already been presented for the acceleration of lunar ions by
electric and magnetic fields in the solar wind (Manka and Michel, 1970a,b; 1972). It
has also been shown that some of the accelerated ions, which impact the lunar
surface, can be trapped in the surface; this is likely to be the source of the
anomalous Ar40 in surface material (Heymann and Yaniv, 1970; Manka and
Michel, 1970c). The acceleration model also predicts the flux, energy, and direction of incoming ions measured by ion detectors at the surface; if ion events are
selected which have the proper characteristics to indicate that they represent the
lunar ionosphere rather than some external source, then the density and pressure
of the lunar atmosphere can be calculated (Manka et al., 1972a; Manka and
Michel, 1972).
Atmospheric species except hydrogen and helium are gravitationally bound
(have lifetimes against gravitational escape much greater than against ionization)
and thus form part of the equilibrium lunar atmosphere. The density of each
species decreases approximately exponentially with height
n(r) ~

noe-(~)
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where h is the scale height for the species given by h = kT /mg and no is the
density per cm3 at the surface, k is the Boltzmann constant, T and m are species
temperature and mass, and g is the lunar gravitational acceleration.
When an ion is formed in the lunar atmosphere, whether it escapes the moon
or is accreted to the surface will depend on the interplanetary electric field, and in
some cases on electric and magnetic fields at the lunar surface. In a frame of
reference at rest with respect to the moon the interplanetary electric field is given
by
(2)

where V.w, B.w, and E.w are, respectively, the solar wind velocity, magnetic field,
and electric field. For an ion formed at rest in the lunar frame and accelerated by
E.w and B.w, the trajectory is in a plane perpendicular to B.w and containing E.w and
VD, where VD is the drift velocity given by (see Manka, 1972a)
(3)

The plane of VD can be thought of as defining a "magnetic" longitude in analogy to
the "electric" latitude which will be introduced shortly. In the simplifying case
where Bsw is perpendicular to V.w then VD is along Vsw and the ion drift plane
passing through the center of the moon is just the noon-midnight plane.
The equations describing the ion motion have been discussed elsewhere (e.g.,
Manka and Michel, 1971). The initial motion of an ion is along E.w and as the ion
gains energy the magnetic force curves the ion in the direction of the solar wind
flow with a resulting cycloidal orbit. The height of the cycloid is much greater than
lunar dimensions. Thus the ion's trajectory from formation to impact is the initial
part of a cycloid, and the motion is nearly parallel to E.w and most of the flux of
lunar ions to the surface is in a direction perpendicular to the solar wind flow. In
general, ions formed in the lower sunlit atmosphere are driven up (with respect to
E.w) into the moon while ions formed at the equator and in the upper hemisphere
escape, as illustrated in Fig. 1. Depending upon the direction of B.w, the interplanetary electric field is generally upward or downward out of the solar ecliptic
plane; and, when the direction of B.w reverses several times during each solar
rotation (as is common due to the sector structure of the interplanetary magnetic
field), the direction of Esw and the ion flux also reverse.
The energy of the ion at impact is the energy gain along the interplanetary
electric field

(4)
where e is the ion charge (we assume single ionization) and Yi is they-coordinate
at impact. The sketch of Fig. 1 illustrates, with some exaggeration, the trajectories
of three ions of quite different mass. Actually, hydrogen is not gravitationally
bound, scale height does not have a meaning in the usual sense, and most hydrogen ions are formed at much greater heights than for bound species. The
solution for the impact coordinates and energy has been discussed elsewhere
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Fig. 1. Sketch of orbits of ions formed outside the plasma sheath and at a distance h from
the surface. (Actually krypton and oxygen have different scale heights and hydrogen is
not bound.) The sketch illustrates that ions heavier than hydrogen will strike primarily
the hemisphere into which they are driven by the interplanetary electric field; when the
polarities of ii,w and E,w reverse, the other hemisphere is struck. The trajectories are
shown in a plane passing through the center of the moon and containing the drift velocity
Vv as well as E,w•

(Manka and Michel, 1971, 1972). In general, impact energies vary from tens of
electron volts to a few ke V. The impact energies are higher near the equator than
at the poles so atmospheric ions should be more easily trapped near the equator.
The impact energy is also approximately inversely proportional to the mass of the
ion.
APPLICATION TO

Ar40

TRAPPED ON THE APENNINE FRONT

The analysis of gaseous elements in the lunar samples continues to exhibit unexpected compositions in some gaseous elements. One of the most pronounced
anomalies was the excess of surface correlated Ar40 , compared to solar wind implanted Ar36 , which was discussed by several researchers, including Heymann and
Yaniv (1970) who proposed a lunar atmosphere source for the Ar40 , originally produced by K 40 decay in the moon. In a paper showing that the lunar atmosphere is
the likely source of the surface Ar40 , Manka and Michel (1970c) suggested that the
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atmosphere would also be the source of other unexpected surface elements, or
unexpected concentrations of elements, including solar wind elements which have
been cycled through the atmosphere and reimplanted in a manner characteristic of
atmospheric ions.
For an ion whose trajectory causes it to impact the moon, whether the ion is
firmly implanted in the surface or is quickly released will depend on both the
impact energy and the trapping probability 11i('jg) for the lunar material. Studies at
Berne on ion implantation in aluminum foils with their associated oxide layer can
be used to estimate the trapping characteristics of lunar grains. The total trapping
of ions is calculated by integrating the trapping probability over the incident ion
energy spectrum
(5)

where n('jg) is determined from the exponentially decreasing number density in
the atmosphere and the resulting trajectory along the interplanetary electric field
into the moon.
At present it appears that sufficient Ar40 is available for release into the lunar
atmosphere, and that the lunar atmosphere supplies the Ar40 which is found in
lunar samples. This is strongly supported by several types of data. First, lunar ions
are observed at the lunar surf ace with just the direction, energy spectrum, and flux
predicted by the model (Manka et al., 1972a), thus the ion flux used in these
calculations does exist. Second, the trapping probability appears to be high
enough, even for minerals such as olivine, for an adequate amount of Ar40 to be
deposited. Third, initial results from the Apollo 17 Surface Mass Spectrometer indicate the possibility that even the present lunar atmosphere may have sufficient
Ar40 to provide the amounts observed in lunar fines: the average density of Ar40 in
the sunlit lunar atmosphere, which would provide the observed trapped Ar40 , is
calculated to be 102 to 103 cm- 3 ; the Surface Mass Spectrometer indicates a
possible Ar40 peak at sunrise of about 104 cm- 3 (Hoffman et al., 1973). The question
of the geologic history of the lunar atmosphere, and its Ar40 content, continues to
pose many unanswered questions; however, the data mentioned above indicate
the possibility that part, or all, of the excess Ar40 is from the lunar atmosphere.
Another possible application of the trapping model was brought to our attention by Jordan et al. (1973a) as a result of their study of the Ar40/Ar36 ratios in
samples from the Apollo 15 site. They report a substantial variation in the Ar40/
Ar36 ratios, varying from 0.62 to 3.5 with the higher ratios occurring in samples
from the Apennine Front and the lower ratios from the Mare. They suggest that
one possible explanation may be the relative incoming ion exposure geometry between the flat-lying mare and the north-facing slope of the Apennine Front.
The relative amounts of Ar40 and Ar36 which are trapped on different slopes can
be calculated from Equation (5) above. However, the integral simplifies since the
relative energies, of either the lunar atmosphere ions or the solar wind ions, will
not change significantly as the slope of the local surface changes, so that 11i('jg) is
equal for the two cases. Likewise, at a given local latitude and longitude, the
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number of ions as a function of energy which strike a unit area of surface depends
only on the relative orientation of the surface. Thus the relative isotopic ratio for a
given local orientation of lunar surface can be obtained by integrating the relative
fluxes through a lunar day.
The Apollo 15 site is at approximately 26° north selenographic latitude, and on
the mare the Ar6flux accrued through the lunar day is proportional to the exposed
area
Flux (36)

a

J_:~

2

<1>3,6 cos ,.\ cos <p d<f, = 2 cos ,.\ <1>36

(6)

where <1>36 is the flux of Ar36 in the solar wind, ,.\ is the electric latitude (which on
the average can be taken to be the selenographic latitude), and <f, is the longitude
measured from the subsolar point.
Similarly, the flux of Ar40 is calculated over the sunlit face since the formation
of atmospheric ions requires sunlight or solar wind for ionization. However, lunar
ions can only reach the Apollo 15 site about half the time when the interplanetary
electric field is pointed southward. Thus, the flux accrued during the lunar day is
proportional to
a LIT <1>40 sin,.\ d<f,
12

Flux (40)

=; <1>40 sin,.\.

(7)

On the north-facing Apennine Front, assuming a slope y with respect to the
mare, then the accrued solar wind Ar36 flux is reduced to
Flux (36)

a

L::

<1>36 cos(,.\+ y) cos <f, d<f, = 2<1>36 cos(,.\+ y)

and the accrued Ar40 flux is increased to
Flux (40)

a

f-,,./2

Jo

sin(,.\+ y) d<f,

=; <1>40 sin(,.\+

y).

(8)

(9)

Thus the predicted enhancement in the Ar40/ Ar36 ratio on the Apennine Front
slope to the ratio on the mare is given by
. Ar40/Ar36 R 1. _ Ar40/Ar36 JSlope _tan(,.\+ y)
Enhancement m
a 10 - Ar40/ Ar36IMare =
tan 'Y

(10)

The results are presented in Fig. 2 which shows the enhancement in the Ar40/ Ar36
ratio as a function of the steepness of the slope. The data for the slope and mare
ratios will be presented in a paper by Jordan et al. (1973b). From this data an
approximate average ratio for samples from the slope was 2.3 while an approximate average ratio for the mare was 0.86; this gives for the Ar40/Ar36 ratio a
Ratio Enhancement (experimental) :::: 2.7
whereas the calculation predicts for the 20° slope where the sample was collected
Ratio Enhancement (predicted) - 2.0
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Fig. 2. Sketch of the relative trajectories of lunar atmosphere Ar40 and solar wind Ar' 6 •
The inset shows the predicted enhancement in the Ar40 /Ar 36 ratio as a function of the
slope of the Apennine Front relative to the mare.

Thus the trend is similar and the slightly higher observed enhancement could be
because the collected samples were initially further up the slope when the argon
was implanted.
LUNAR loN ENERGY SPECTRA

The considerable fluctuations of Bsw out of the ecliptic plane will rotate the
planes of lunar trajectories; also the lunar surface electric and magnetic fields
could play important roles in changing an ion's direction and modifying its energy
as it approaches the surface. The Suprathermal Ion Detectors (Freeman et al.,
1971) are oriented so that they look in the ecliptic plane and see sporadic "clouds"
of ions. The fluctuations in the direction of Esw, may combine with the surface
fields to allow the detection of these ions, and give the appearance that only
bunches of ions are arriving at the surface.
From Fig. 3, we see that in order for lunar ions to enter one of the SIDE
experiments (the Apollo 12 SIDE location is shown), which point in the ecliptic
with a narrow look angle, the interplanetary magnetic field must be strongly out of
the ecliptic and in a direction such that the interplanetary electric field, Esw =
- Vsw X Bsw, is pointed toward the detector. A further immediate consequence is
that since the SIDE's generally look within 15° East/West of the local vertical, and
since Esw lies in a plane perpendicular to Vsw, then ions from the lunar ionosphere
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Fig. 3. Sketch of the critical angle Be of B,w out of the ecliptic for ions to enter one of the
Suprathermal Ion Detectors. Here B,w is nearly 90° out of the ecliptic plane while E,w lies
nearly in the ecliptic.

should be observed mostly near local sunrise and sunset at the detector. This
apparently is the case, with even the ions having energies higher than the ambient
lunar ionosphere tending to peak at sunrise/sunset. (Freeman et al., 1972).
Several ions events have been analyzed for correlation between observed ion
flux and direction of Bsw (Manka et al., 1972a; for a discussion of the Lunar Surface and Explorer 35 Magnetometer data see Dyal and Parkin 1971; Colburn et
al., 1971). Several events, near local sunrise or sunset, were found when Bsw was
almost 90° out of the ecliptic plane. During this time an intense ion flux was
detected by the SIDE, the flux appearing to turn off when Bsw rotated a few
degrees away from this critical angle; these events strongly support the acceleration model. Other events were studied which do not fit the model as well, though
Bsw is generally toward the detector for these events; the energy spectra of these
events are not thought to be characteristic of the lunar ionosphere and the ions
may be from external sources such as the bow shock.
One energy spectrum for lunar atmosphere ions is illustrated in Fig. 4 (Manka
et al., 1972a, 1972b). The solid line is the predicted theoretical spectrum which
should be observed by the SIDE, which has an energy band width proportional
( ~ 10%) to each observation energy. This spectrum assumes an exponential density distribution in the atmosphere and that all ions accelerated to the surface by
Bsw are collected. The dashed line is the spectrum observed for one of the events
where the ion flux correlates with the orientation of Bsw• It can be seen that the
observed spectrum follows the predicted spectrum fairly closely except for a
decreased count rate at low and high energies. This decrease will be discussed in a
later paper. It should be noted that the peak at the spectrum occurs approximately
at an energy
(11)

where h is an effective scale height for the atmospheric species being detected.
This provides an additional tool for studying the ionosphere since 7f5 is measured,
Esw is often known from magnetometer and solar wind measurements, so that h
can be calculated and compared with expected species masses. Furthermore, the
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Fig. 4. Plot of a predicted and observed ion count spectrum seen by the Apollo 12 SIDE.
The energy is normalized to the energy for which the peak number of counts occurs
(250 eV for this event).

integrated ion flux can be related to the neutral density in the lunar atmosphere;
assuming the flux to be mostly neon, we calculate an atmospheric number density
at the surface of 1 to 3 x 105 cm- 3 in good agreement with the Cold Cathode Gauge
(Johnson et al., 1972).
LUNAR SURFACE ELECTRIC POTENTIAL

Several authors have studied the lunar surface potential (Opik and Singer,
1%0; Bernstein et al., 1%3; Grohman and Blank, 1968), particularly for the case of
the sunlit face of the moon exposed to the solar wind. Resulting potentials at the
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subsolar point have usually been calculated to be in the range of a few volts to
perhaps 20 volts positive, due to a predominant photoelectric current.
Here we apply the approach of Manka and Anderson (1969) and Manka
(1972a, b), and discuss the effects of surface potential on incoming ion energies.
These potential calculations differ from preceding calculations in that they extend
the potential distribution to the terminator for the case of the moon in the solar
wind, and give the potential on both the light and dark sides when the moon is in
the various plasma environments of the geomagnetic tail.
The moon can be treated as a body, or probe, immersed in a plasma. In the
case of the solar wind, the thermal and flow motions of the plasma must be
included while in the geomagnetic tail the thermal motion predominates. The local
lunar surface will reach a potential such that the net current to it is zero,
(12)
where le, Ii, Ip, and Is are the electron ion, photoelectric and secondary electron
currents respectively. Since these currents depend on the surface potential, the
equation can be solved for the equilibrium potential. The form of the expressions
for currents as a function of potential depends on whether the species described is
attracted or repelled.
While all the plasma equations are not presented in this paper, the equations
for a few cases are discussed below. For example, in the case of a positive potential, cp > 0, the current density due to repelled thermal plasma ions is

n?f: (-ecp)
k~
L= ne-yhm;exp

(13)

= IiO exp(~~;)
where n is the ambient plasma electron density, m is the species mass, k is the
Boltzmann constant, and T is the species temperature.
The current density due to attracted thermal plasma electrons is

=Lo

(14)

Lo and Lo are the flux currents when the lunar potential is at the plasma potential

(i.e., zero).
On the other hand, for the flowing plasma the thermal contribution to the
current is interrelated with the flow contribution, and for example the electron
current becomes
(15)
where U = V cos 0/vm, Vm is the species' mean speed, and Vis the flow velocity.

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1973LPSC....4.2897M

R. H. MANKA and F. C. MICHEL

2906

The solar wind (flowing) ion current is simply given as
I :::: ne V cos 0 = Lo cos 0

(16)

since the incoming proton energy greatly exceeds the expected surface potential.
For the case of a positive potential, the current density of photoelectrons can
approximately be written
(17)

Ip= ip cos 0 exp ( ;;~)

where ip is the photo current density from an area of the lunar surface at the
plasma potential with normally incident sunlight and 0 is the polar angle of the
local surface with respect to the subsolar point. This expression assumes an
equivalent photoelectron temperature, Tp. However, in the case of a negative surface the emitted photoelectron current density will be
(18)

The results of the calculation of the sunlit surface potential in the case of the
moon in the solar wind are shown in Fig. 5. The potential is shown from the
subsolar point ( 0 = 0°) to the terminator ( 0 = 90°) as a function of different
"effective photoemissivities." The effective emissivity Eo is that emissivity which
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Fig. 5. Plot of the lunar surface potential as a function of angle from the subsolar point.
Potentials are calculated for five effective photoelectron emissivities.
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would give a photocurrent equal to the current of 5 x 10-9 amp/cm2 measured from
metals exposed to the solar spectrum. The other values, up to two orders of
magnitude greater or less, are chosen to cover all likely values of actual lunar
photoemissivity. Recent measurements of photocurrents from lunar samples
(Feuerbacher et al., 1972) give an integral current of 4.5 x 10- 10 amp cm- 2 • This is
almost exactly one-tenth the metal photocurrent; thus the curve corresponding to
10- 1 Eo is preferred and subsolar potentials of the order of + 6 volts are expected.
However, near the terminator, the solar wind electron flux begins to dominate
over the effectively positive photocurrent and the surface goes negative. In Fig. 5
the potential at the terminator is ~ 40 volts negative if a solar wind electron temperature of 10 electron volts is chosen. However the solar wind temperature is
constantly changing and the terminator potential will change with it, a temperature
of 20 electron volts giving a potential of about 80 volts negative, etc.
Potential calculations have been completed for the cases of the moon in the
plasma sheet and the high latitude regions of the geomagnetic tail and the reader is
referred to Manka (1972a,b) for a more complete discussion of the equations and
resulting potentials.

SUMMARY

In this paper we have discussed recent data which relate to the acceleration
model for lunar ions, and have made further applications of the model. The data
showing the correlation between detected ion flux and the magnetic field is
important since it shows that at least part of the ambient ion fluxes have the
characteristics predicted by the model. A possible new consequence of ion acceleration may be indicated in the slope effect on Ar.w/Ar36 ratios discussed by Jordan
et al. (1973a). Another application is to the analysis of ion detector data where the
lunar ionosphere energy spectra can be studied and the neutral atmosphere scale
height and number density can be calculated; the neutral atmosphere number density at the terminator is found to be 1 to 3 x 105 cm- 3 • It was shown that under some
conditions that the lunar surface potential can have a significant effect on incoming ion energies and for example, that for the moon in the solar wind, the
terminator ion energy could be increased by several tens of electron volts.
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