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ABSTRACT 

Acceleration of Ambient Ions in the Lunar Atmosphere 

by 

Debra Lynn Bulgher 

The Apollo Suprathermal Ion Detector Experiments 

(SIDEs) deployed on the lunar surface observe sporadic 

bursts of positive ions throughout the local lunar night. 

Evidence exists that the source of these events is most 

likely the dayside lunar atmosphere. Ionization of the 

neutral lunar atmosphere by photoionization or charge- 

exchange produces a population of ions over the sunlit 

portion of the moon. These ions are accelerated by the 

interplanetary electric field, executing cycloidal 

trajectories that may bring them onto the nightside 

hemisphere of the moon. A nightside surface electric field 

directed radially inward can then further accelerate these 

ions onto the lunar surface, altering their energies and 

trajectories such that they are detected by the SIDE. It 

is possible to obtain ion trajectories that intersect 

various positions on the nightside of the moon in this manner. 

For several nighttime ion events, synthetic particle 

data have been produced with this model which are in 

agreement with the observed data. Parameters of the 

nightside surface potential distribution are determined for 

the selected events. A profile of the expected surface 
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potential over the nightside hemisphere of the moon 

indicates a variable surface potential. The height 

distribution over which the potential is effective becomes 

increasingly larger, while the magnitude of the surface 

potential becomes increasingly negative, when approaching 

local lunar midnight. 

Assuming an exponential neutral nimber density profile 

for all atmospheric constituents, indirect observations of 

the neutral lunar atmosphere can be made by the SIDE. 

Combined with the effect of the surface potential on the 

height distribution of these ions, number densities for 

various species in the lunar atmosphere determined in this 

manner are in agreement with reported values from various 

other experiments also deployed on the lunar surface. 
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CHAPTER I 

THE LUNAR ENVIRONMENT 

Introduction 

Over the past decade and a half, various satellites 

have explored the environments of many of the planetary bod¬ 

ies within the solar system. Data acquired by these plane-* 

tary probes have added to the data previously obtained 

through ground-based studies. Dating back to the ancient 

Greeks, the celestial body most observed and studied from the 

earth has been the earth's own satellite, the moon. With the 

advent of the space age, and primarily due to its being the 

most accessible body to in-situ observations, the moon has 

had the added distinction of having been visited by both 

manned and unmanned spacecraft. A large quantity of data has 

thus been amassed regarding the lunar environment} and, as a 

result, much knowledge has been gained about the earth's 

nearest neighbor. 

The moon differs in many ways from among the various 

planetary bodies within the solar system. The plasma sur** 

rounding the moon, as well as the characteristics pertaining 

to the moon as a planetary body, are markedly dissimialr to 

those of other planetary environments. One aspect in which 

the moon differs is in that it possesses neither am intrinsic 

magnetic field nor an appreciable atmosphere. For comparison, 

Table 1.1 lists these general characteristics as they pertain 

to the planets. 



TABLE 1.1 

BASIC PLANETARY CHARACTERISTICS 

2 

PLANET ATMOSPHERE 
PLANETARY 
MAGNETIC 
FIELD 

METHOD OF 
DATA 

ACQUISITION 

Mercury no intrinsic 
ground-based 

and 
spacecraft 

Venus yes 
weak - 
possibly 
induced 

ground-based 
and 

spacecraft 

Earth yes intrinsic 
ground-based 

and 
spacecraft 

Mars yes 
weak - 
possibly 
induced 

ground-based 
and 

spacecraft 

Jupiter yes intrinsic 
ground-based 

and 
spacecraft 

Saturn yes • intrinsic 
ground-based 

and 
spacecraft 

Uranus yes none 
observed* 

ground-based 

Neptune yes none 
observed* 

ground-based 

Pluto no none 
observed* 

ground-based 

* although from empirical scaling arguments a 
magnetic field can be inferred 



As an additional example of the diversity of the lunar 

environment, the moon, unlike the planets, is exposed to a 

continually changing plasma environment. The moon traverses 

several different plasma regimes as it orbits about the 

earth? whereas the earth and the other planets are confined 

to within the interplanetary medium as they revolve about the 

sun. As illustrated in Figure 1-1» the moon not only passes 

through the interplanetary medium, but transits various 

regions of the earth's magnetosphere as well. It is also of 

note here that some of the outermost satellites of Jupiter 

and Saturn also transit different plasma regimes. Although 

they are not easily accessible to study, these satellites 

travel through both the plasma region confined to within 

their respective planet's magnetic field as well as through 

the interplanetary medium. 

This thesis is concerned with the study df the plasma 

interaction with the moon when the moon is outside the region 

of the earth's magnetosphere and immersed in the interplane¬ 

tary medium. The present chapter examines the current knowl¬ 

edge and theories concerning this plasma environment as well 

as those of the local lunar environment. 



Figure 1-1 The plasma regions 
traversed by the moon 
in its orbit about 
the earth. The plane 
of the figure is 
essentially the 
ecliptic plane. 
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SECTION ONE - Lunar Atmosphere and Ionosphere 

1.1.1. Early Lunar Research 

Lunar research spans several decades, beginning many 

years before the Apollo manned missions to the moon. The 

first observations of the lunar environment were ground- 

based measurements of the lunar atmosphere. It was evident 

from the sharpness of the lunar surface features as well as 

the absence of any observable twilight phenomena that the 

moon lacked a thick atmosphere. By observing such phenomena 

as the polarization of light scattered from the atmosphere 

near the limb of the moon and the occultation by the moon of 

radio sources and stars, upper limits to the density of the 

lunar atmosphere were set. 

Observations by Fessenkoff and Cramer (194-3) of the 

polarization of light reflected by the moon indicated that 

an upper limit of 2 x 10*^ /cm^ could be deduced for the 

density of the lunar atmosphere. A few years later, an 

upper limit of 2 x 10 /cmJ for the number density was 

inferred from limb polarization measurements made by Lyot 

and Dollfus (194-9)» Dollfus (1956), also measuring the po¬ 

larization of light scattered from molecules in the lunar 

atmosphere, later yielded am upper limit to the surface 

density of the lunar atmosphere of 10 molecules/cm • From 

observation of the occultation of the Crab Nebula by the 

moon, Elsmore (1957) reported an upper limit for the elec¬ 

tron density at the lunar surface corresponding to a value 
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of 10 particles/cm-7 for the surface density of the lunar 

atmosphere. For comparison, the surface density of the 

earth's atmosphere is approximately 5 x lO1^ /cm-* (Haymes, 

1971). 

Generally, with the improvement of observational tech¬ 

niques over the years, estimates of the number density of 

the lunar atmosphere have decreased. These preliminary in¬ 

vestigations, nevertheless, led to a tentative understanding 

of the lunar atmosphere. A more complete review of early 

work on the lunar atmosphere is given by Opik (1962). 

1.1.2. Lunar Atmosphere and Ionosphere 

The moon is surrounded by a rarefied region of neutral 

gas and plasma. The lack of a planetary magnetic field and 

a substantial ionosphere allow? the solar wind to interact 

directly with the lunar surface material. However,due to 

the tenous nature of the lunar atmosphere, there is little 

interaction between atmospheric particles. In such low den¬ 

sities, the neutral particles travel in ballistic trajecto¬ 

ries between collisions with the lunar surface, influenced 

only by the gravitional field of the planet. 

Due to its relatively small size, and hence low gravi¬ 

tational attraction, the moon cannot effectively retain at¬ 

mospheric gases. Those molecules that are not gravitation? 

ally bound are those whose thermal velocity exceeds the 

moon's escape velocity of 2.38 km/s. The lifetime of gases 

against thermal escape from the gravitational field of the 
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moon is given by Jeans (195*0 » and can be written as 

% - 1 exn(mgr/kT) 
gV m / 1 '+ mgr/kT * 

where g is the acceleration of gravity at the surface of 

the moon, k is Boltzmann's constant, T is the lunar surface 

temperature, m is the mass of the «scaping molecule, and r 

is the lunar radius* The value of for Various lunar gases 

is given in Table 1.2. 

On the basis that only the heavier gases can be gravi¬ 

tationally retained over the lifetime of the moon, an atmos¬ 

phere of primarily heavy gases has been speculated to be 

present. However, as a result of various in-situ measure¬ 

ments, to be discussed in later sections^ such an atmosphere 

is not found. This implies that other loss processes are 

associated with the lunar atmosphere. 

1.1.3* Lunar Atmospheric Sources and Losses 

The atmospheric composition, as well as the concentra¬ 

tion of the various gaseous constituents, depends upon the 

balance between the source and loss mechanisms operating in 

the lunar atmosphere. Sources to be considered are of two 

typesi external and internal. The internal source of the 

lunar atmosphere consists of degassing from the lunar inte* 

rior. This can occur either by constant diffusion through 

the lunar surface or by intermittent release from active 

vents. This source probably contributes a negligible amount 

of gas to the lunar atmosphere, since volcanic activity on 
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the moon has not been observed. 

External sources of the lunar atmosphere to be consid¬ 

ered are solar wind bombardment and meteoric impact. Mete¬ 

oric impact on the lunar surface releases gas by vaporizing 

the lunar surface material as well as the meteor itself. 

The vaporization threshold lies between 12 and 16 km/sec 

(Rehfuss, 1972) for a meteor impacting the lunar surface and 

subsequently releasing trapped gases into the atmosphere. 

Considering the present meteor influx» Gault et al. (1974) 

showed that during the lifetime of the moon» this influx 

would be capable of overturning only the upper 10 cm of the 

lunar soil. 

The dominant source of lunar atmospheric gases is prob¬ 

ably the solar wind. The average characteristics of the 

solar wind flow and the composition of the solar wind are 

given in Table 1.3 and Table 1.4, respectively. Because the 

moon has no appreciable magnetic field, the solar wind ions 

strike the lunar surface essentially unaltered, having ener¬ 

gies on the order of 1 keV per amu. This is sufficient for 

the ions to become implanted in the surface rocks and soil. 

Returned samples from the Apollo missions indicate that the 

solar wind elements are more or less uniformly distributed 

in the lunar soil (Hodges, 1976). Depending on the degree 

of saturation of the solar wind gases in the surface materia 

als, a portion of these embedded atoms are subsequently re¬ 

leased from the surface as neutrals, through processes of 

diffusion and/or sputtering. The rate of release should 
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eventually become equal to the rate at which the solar wind 

particles impinge upon the lunar surface. At this point, 

the atmospheric concentration of the various constituents 

then depend upon the loss processes. 

The principal loss mechanisms operating in the lunar 

atmosphere include thermal escape, interaction with the so- 

lar wind either by loss through photoionization or loss by 

collision with solar wind particles, and interaction with 

the lunar surface primarily by physical adsorption or chemi¬ 

cal absorption. As discussed in the preceeding section, 

thermal escape is important only for the lightest molecules. 

Heavier gases, for which thermal escape is slow, are dis¬ 

tributed around the moon by diffusion. 

Particles escaping from the lunar surface through 

diffusion have thermal energies, and if gravitationally 

bound, will collide with the lunar surface at the end of 

each ballistic trajectory. If they do not have sufficient 

energy to become implanted in the lunar rocks or soil, they 

condense on the lunar surface until acquiring enough thermal 

energy to begin a new ballistic trajectory. If the molecules 

react with the lunar surface material, however, they will 

then be lost from the atmosphere. 

The predominant mechanism for removal of gases from 

the lunar atmosphere is by photoionization of the neutral 

atoms (Ôpik & Singer, i960), and subsequent acceleration of 

the resulting ions away from the moon by the interplanetary 

electric field (Hinton & Taeusch, 1964)• The ions are ini- 
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tially accelerated in a direction at right angles to the 

direction of both the solar wind flow and the interplanetary 

magnetic field, along the direction of the electric field 

that is associated with the motion of the solar wind. As the 

ion gains energy, the force on the particle due to the mag¬ 

netic field alters the ion's path such that the resulting 

path is cyclodial. The radii of gyration for moèt ions are 

comparable to or greater than the lunar radius, and the gyro- 

periods are on the order of seconds. As a consequence* the. 

particles in the lunar atmosphere are rapidly swept away into 

space after becoming ionized. The lifetime against ioniza* 

tion (t^), expressed as the rate of photoionization (1/^), 

is given in Table 1.5 for various species in the lunar atmos¬ 

phere. Thus the time required for ionization regulates this 

loss process, resulting in lifetimes for particles in the 

7 
lunar atmosphere on the order of 10' seconds, or 0.3 years. 

Loss by collision between solar wind particles and par¬ 

ticles in the lunar atmosphere is another method by which 

atmospheric gases can be removed from the moon. Hinton and 

Taeusch (1964) have considered both elastic collisions and 

charge exchange collisions? finding that in general, the 

lifetime against loss of the atmosphere by collision is an 

order of magnitude longer than the lifetime against loss by 

photoionization. Collisional ionization rates are listed in 

Table 1.5 for various gases in the lunar atmosphere. Only 

for hydrogen atoms are charge exchange times particularly 

rapid? although because the thermal escape time for hydrogen 
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is so short, thermal loss for hydrogen is still the dominant 

loss process over either loss by charge exchange (X p* —» 

X 4- H) or loss by photoionization (X + h9 —•» X 4- e"). 

Sputter erosion of the lunar surface under solar wind 

ion bombardment is an additional method by which gases can 

be lost from the moon. A majority of the sputtered atoms are 

ejected from the lunar surface with a velocity greater than 

the lunar escape velocity (Wehner et al., 1963)» and are thus 

lost into, space. The lifetime against escape for solar wind 

sputtering is of the same order of magnitude as that of es¬ 

cape by photoionization (Spile, 1962) • 

All of the above loss processes contribute to the re¬ 

moval of gases from the lunar atmosphere, although the most 

efficient mechanism for removal is by photoionization. For 

the lightest molecules, however, thermal escape is by far the 

dominant loss process. By these considerations, any primor¬ 

dial atmosphere would have been lost long ago. The existing 

lunar atmosphere, therefore, must be determined mainly by the 

surrounding interplanetary medium. 

1.1.4. Early Models of the Lunar Atmosphere 

A number of models were developed that predicted the 

composition of the lunar atmosphere many years before experi¬ 

ments were performed to determine the actual composition. 

These models were based on assumptions concerning the sources 

and losses for various molecules considered to be present in 

the lunar atmosphere. All of the models discussed below also 
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assumed that the moon did not have a bow shock like that of 

the earth, so that the solar wind flow directly impacted the 

lunar surface without impediment. This assumption was later 

supported by magnetic field measurements taken by the Ex¬ 

plorer 35 satellite (Cplbum et al., 1967)» 

Edwards and Borst (1958) obtained an atmosphere com¬ 

posed primarily of the heavy noble gases, krypton and xenon. 

They assumed that the moon had lost all of its volatile ma¬ 

terials during planetary formation so that only those mecha¬ 

nisms of atmospheric production to be considered were those 

which occurred subsequent to formation. The sources they 

considered were radiogenic sources, cosmic ray bombardment, 

and release of primeval gases trapped in the lunar rock. 

They also assumed that the atmosphere was isothermal and that 

the only loss process was that of thermal escape of light 

gases. 

Herring and Licht (1959) also assumed an isothermal 

atmosphere and loss of atmospheric molecules by thermal es¬ 

cape. Their basic assumption was that the properties of the 

lunar atmosphere were governed by collisions with solar wind 

protons, which could transfer enough energy to an atmospheric 

atom in order for it to escape. They considered that the 

most probable atmospheric sources were those of radioactive 

decay of potassium to produce argon, and residual volcanic 

activity to produce such gases as SOg, CO^ and HgO. It was 

concluded that only traces of krypton and xenon could be 

expected, and therefore their contribution to the lunar 
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atmosphere would he negligible. 

Watson et al. (1961) took a different approach to 

modeling the lunar atmospheric composition. Their model was 

based on the presumed existence of permanently shaded areas 

on the lunar surface that acted as cold traps for volatile 

substances. They made the assumption of a rarefied lunar 

atmosphere where molecular transport could be described in 

terms of dynamical trajectories. Escape mechanisms consid¬ 

ered were those of photoionization, solar wind collision, 

and thermal loss. They determined that water was the most 

stable of the naturally occurring volatiles on the lunar 

surface and that its removal rate was slow. This led to an 

atmosphere consisting mainly of water vapor. 

Singer (1961) considered atmospheric sources of vol¬ 

canic, meteoric impact, and solar wind origins» taking into 

account atmospheric losses by thermal escape, photoioniza¬ 

tion, and a repulsive surface field caused by a positive 

surface potential, as basic assumptions for modeling the 

lunar atmosphere. He concluded that the lunar atmosphere 

would be entirely determined by the surrounding interplane¬ 

tary medium, and hence calculated a permanent gas density 

consisting of hydrogen atoms. 

Opik (1962) obtained a lunar atmosphere of COg, HgO 

and H2, by considering sources of solar wind protons, mete¬ 

oric bombardment, volcanism, and release from lunar cold 

traps. Atmospheric losses that were taken into account 

included photoionization, solar wind collision, thermal 
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escape,.and loss of ions associated with a positive lunar 

surface potential. 

Based on the assumption that the solar wind is the pre¬ 

dominant source of the lunar atmosphere as well as a princi*- 

pal removal mechanism for heavier residual lunar gases, 

Nakada and Mihalov (1962) obtained an atmospheric composition 

of hydrogen, neon, and argon. In their model, the solar wind 

composition was considered to be similar to the composition 

of the solar corona. 

Possible sources of the lunar atmosphere considered 

by Bernstein et al. (1963) included the solar wind, meteoric 

bombardment, primeval gases, radiogenic gases, and volcanism. 

loss processes taken into account included thermal escape, 

elastic scattering of atmospheric gas atoms by solar wind 

protons, suid loss of ionized particles due to radial electro¬ 

static fields and the effects of the interplanetary magnetic 

field. They thus obtained a lunar atmosphere consisting of 

hydrogen, neon, nitrogen, argon, krypton, and xenon. 

Hinton and Taeusch (1964) obtained an atmosphere for 

the moon in which the main constituents were argon and neon. 

They found that water vapor, hydrogen, helium, krypton, and 

xenon also contributed to the atmospheric composition, but 

to a lesser degree. They considered accretion by the solar 

wind and gas in the lunar crust to be sources of the lunar 

atmosphere* while taking into account atmospheric losses by 

photoionization, thermal escape, and interaction with the 

solar wind. 
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Finally, Michel (1964) obtained a model for the lunar 

atmosphere in which he took into account a primordial atmos¬ 

phere, volcanism, meteoric impact, and solar wind accretion 

as the important source mechanisms. Loss mechanisms consid¬ 

ered were those of thermal escape, charge exchange with 

solar wind particles, photoionization, photodissociation, 

and chemical interaction with the lunar surface. He con¬ 

cluded that the composition of the lunar atmosphere would be 

largely monatomic oxygen and nitrogen, if the solar wind was 

the dominant source of the atmosphere, but that an atmos¬ 

pheric composition of molecular gases could result if vul- 

canism was the major contributing source of the lunar atmos¬ 

phere. 

1.1.5. Recent Theories and Measurements 

In-situ observations of the moon began in the late 

1950s. The Soviet Zond and Luna spacecraft, in addition to 

the United States Ranger, Surveyor, Lunar Orbiter, and 

Explorer spacecraft, greatly expanded upon the understanding 

of the lunar environment over ground-based studies. The U.S. 

Apollo manned missions to the moon, beginning in the late 

sixties and continuing through the early seventies, provided 

a wealth of data over that obtained by the unmanned probes. 

The knowledge of the lunar environment increased dramatically 

during this time, enabling refinement of lunar atmospheric 

and ionospheric models, as well as models concerning the 

interaction between the solar wind and the moon. 
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Experiments deployed on the surface of the moon in¬ 

cluded seismometers, magnetometers, spectrometers, ion detec¬ 

tors, charged particle detectors, pressure gauges, heat-flow 

instruments, and laser ranging retroreflectors. Many of 

these experiments continued to operate long after the astro¬ 

nauts returned to the earth. Supplementing these lunar sur¬ 

face experiments were numerous orbital experiments, including 

spectrometers and magnetometers, among others. In addition, 

returned lunar soil samples provided valuable information on 

the composition of the lunar soil, the age of the moon, and 

indirectly, on the composition of the lunar atmosphere. 

The Cold Cathode Gauge Experiment (CCGE), placed on the 

moon during the Apollo 12, 14, and 15 missions, was capable of 

measuring the amount of gas present in the lunar atmosphere, 

but not its composition. The Apollo 12 instrument suffered a 

failure after approximately fourteen hours of operation 

(Johnson et al, 1970), and hence little useful information 

was returned from this instrument. The Apollo 14 and the 

Apollo 15 CCGEs were more successful. Johnson et al. (1971) 

report that the total concentration of the lunar atmosphere 

is approximately 2 x 10^ /cm^ during the lunar nighttime; 

whereas the total daytime concentration is no greater than 

1 x 10^ /an?* The value reported for the daytime lunar at¬ 

mospheric concentration is an upper limit presumably due to 

outgassing from other lunar surface experiments. 

An alternate explanation for the observed daytime maxi¬ 

mum in the CCGE data is that gases are adsorbed on the lunar 
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surface at night, and subsequently released as the surface 

warms during the lunar day (Johnson & Carroll, 1972), This 

process could apply to natural lunar gases as well as to 

contaminant gases, Hodges et al. (1972) suggest that if 

this daytime maximum is a natural feature of the lunar at¬ 

mosphere, then it would result entirely from condensable 

gases; whereas the nighttime concentration level represents 

1be noncondensable lunar gases. 

Hodges and Johnson (1968) have shown that those gases 

probably subject to surface adsorption on the dark side of 

the moon are those that liquify at temperatures slightly 

above 100°K, such as krypton and xenon. They find that the 

heavy gases that are not adsorbed should be distributed ac¬ 

cording to n <£ T-*, where T is the lunar surface temperature. 

For lighter gases, such as neon, argon and nitrogen, the 

atmospheric distribution predicted by their model should be 
-c/2 

according to n eC T ■J/ . As a result, this leads to gas con¬ 

centrations on the dark side of the moon that is approxi¬ 

mately 32 times greater than that over the sunlit side. The 

lightest gases, such as hydrogen and helium, have residence 

times that are very short, and hence this model does not ad¬ 

equately describe their atmospheric diétribution. 

Benson (1975) developed a model of the lunar atmosphere 

that included the variation of the surface temperature with 

longitude from the subsolar point. In contrast to the model 

of Hodges and Johnson (1968) where n T“^2, Benson showed 

that the surface concentration of a noncondensable gas, such 
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as neon, was consistent with the relation n «C T“*/2. 

Comparing measured values of neon with those predicted by 

these two models, the atmospheric distribution predicted by 

Benson provided the best fit to the data. 

Measurements of gas concentrations in lunar orbit were 

performed by the Apollo 15 and 16 orbital mass spectrometers 

at an altitude of approximately 100 km. The nighttime sur- 

20 
face concentration of Ne, extrapolated from the concentra¬ 

tion measured in lunar orbit, by considering the scale height 

of neon, is approximately 4.5 x 10^ atoms/cm^ (Hodges et al., 

1972). This estimate is somewhat less than Johnson's (1971) 

6 3 
theoretical value of 1.5 x 10 /cmJ; although it is somewhat 

larger than the total nighttime gas concentration reported 

by Johnson et al. (1971) from CCGE measurements taken on the 

lunar surface. 

The Apollo 17 mass spectrometer, known as the Lunar 

Atmospheric Composition Experiment (LACE), confirmed the 

existence of helium, neon, argon, and possibly molecular 

hydrogen as being native to the lunar atmosphere (Hofftaan et 

al., 1973a<). After further analysis of the data, Hofftaan and 

Hodges (1975) report that there is some evidence for the 

existence of methane and perhaps a very small amount of am¬ 

monia and CO2 in the lunar atmosphere. The total nighttime 

gas concentration in the lunar atmosphere is determined to 

be 2 x 10^ molecules/cm^ (Hoffman et al., 197^)» which is in 

agreement with the CCGE measurements as reported by Johnson 

et al. (1971). Table 1.6 is a summary of the gases in the 
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TABLE 1.6 

LACE Results of Concentrations of Lunar Gases 

(after Hofftaan et al., 197* **0 

Gas Observation- 
(molecules/cm ** ) 

day night 

H2 
— 6.5 X 10

4 

4 ^He 2 x 103 4 X 10* 
20Ne — 8 X 104 

u 
<
 

VO 
rv 3 X 10

3 * 

* 

'"AT (- 
3*5 X 10^ 

** 
l — 8 X 10J 

°2 — 4 2 X 102 

C02 — <3 X 10
3 

CO <3 X 10
3 

* at the sunrise terminator 

** at the sunset terminator 



25 

lunar atmosphere as determined from the Apollo 17 mass 

spectrometer. 

Hofftaan et al. (197^) report that helium and neon fol¬ 

low the expected behavior of. noncondensable gases, exhib¬ 

iting nighttime maxima of concentration. Argon, on the 

other hand, behaves as a condensable gas, being adsorbed on 

the cold nighttime surface and thus causing a nighttime 
36 kn concentration minimum. Both J Ar and Ar exhibit pre-dawn 

enhancements, with the ^Ar/^Ar ratio approximately 10. 
36 Itfi The ^ Ar source is the solar wind, whereas Ar is be- 

40 lieved to come from the decay of K in the lunar interior. 

The Apollo 17 orbital ultraviolet spectrometer (UVS) 

experiment was designed to provide lunar atmospheric density 

measurements for H, Hg, 0, C, N, CO, COg* and Xe (Fastie et 

al., 1973a). Due to instrument limitations, He, Ne and 
J Ar, although expected constituents of the lunar atmos¬ 

phere, could not be detected. The only atmospheric gas 

positively identified was atomic hydrogen, although the 

total number density of all observable species was deter¬ 

mined to be less than 10^ /cm^ (Fastie et al., 1973c). 

Fastie et al. (1973a) reported that the surface concentra¬ 

tion of atomic hydrogen was less than 10 atoms/cm^, whereas 

the surface concentration of molecular hydrogen was less 

than 6 x 10^ atoms/cm^. Further analysis of the data raised 
L . 

these upper limits to values of 1.2 x 10 / cm-' for the sur¬ 

face density of Hg (Fastie et al., 1973*0» and 50 /crn^ for 

the surface density of H (Fastie el al., 1973c). The small 
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amount present of the heavier species in the lunar atmos¬ 

phere led these investigators to conclude that the mechanism 

of photoionization loss followed by acceleration by the so¬ 

lar wind electric field dominated over Jean's thermal es¬ 

cape mechanism. 

It was generally thought that the proton flux of the 

solar wind would produce an atomic hydrogen component in the 

lunar atmosphere. Calculations by Opik (1962) indicated 

that the neutral atmospheric number density of H2 should be 

approximately 10 molecules/cm . Johnson (1971) later pre¬ 

dicted a daytime hydrogen concentration of 5 i 10^ molecules/ 

cm^ due solely to the impingement of the solar wind on the 

lunar surface. The absence of atomic hydrogen, expected to 

be present, as measured by the Apollo 17 UVS, led Fastie et 

al. (1973a) to conclude that the solar wind protons are neu¬ 

tralized and converted to molecular hydrogen at the lunar 

surface. 

The Suprathermal Ion Detector Experiment (SIDE), de¬ 

ployed on the lunar surface during the Apollo 12, 14, and 15 

missions, was designed to measure the charged particle fluxes 

and ionic constituents at the lunar surface (Shane, 1969)» 

The SIDE also provided indirect measurement of the concen¬ 

tration of the neutral gases in the lunar atmosphere. 

Lindeman (1973) reported that the dominant mass ranges ob¬ 

served by the SIDE included ^Ne, ^Ar and ^Ar, although 

carbon and nitrogen compounds could not be ruled out. Using 

neon as the dominant ion, he calculated a surface neutral 
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6 3 
number density of about 2 x 10 atoms/cm , and a number den¬ 

sity of about 2 x 10^ atoms/cm^ if the dominant constituent 

was CO2, CO, or HgO. Further analysis of mass and energy 

spectra obtained from the SIDE data indicated that the domi¬ 

nant component of the atmosphere at the lunar surface was 

neon (Benson, 1975)» Benson (1975) assumed an exponential 

height distribution in the lunar terminator regions and cal¬ 

culated a surface concentration of approximately 10^ /cm? 

for neutral neon and a surface concentration of about 
£L 3 

10 /cm
J
 for neutral argon. 
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SECTION TWO - External Plasma Environment of the Moon 

1.2.1. Properties of the Solar Wind 

The solar wind is a tenuous, fully ionized, hot plasma 

that continually streams radially outward from the solar 

corona. As the solar wind expands outward, it accelerates 

by transforming thermal energy into flow energy, becoming 

supersonic. The solar wind consists primarily of equal num¬ 

bers of protons and electrons, typically on the order of a 
■a 

few particles per cm . For typical solar wind flow speeds, 

the mean proton thermal velocity is less than the solar wind 

velocity, whereas the mean electron thermal velocity is 

greater. The flow speed of alpha particles is nearly the 

same as that of protons, although the density ratio of He 

to H in the solar wind is typically 0.045» Given previ¬ 

ously, Table 1.3 and Table 1.4 list the average characteris¬ 

tics of the solar wind flow along with the composition of 

the solar wind. 

The conductivity of the solar wind is essentially in¬ 

finite, thus the magnetic field present in the solar corona 

is frozen into the plasma and travels with the solar wind as 

it flows outward from the sun. Due to the sun's rotational 

motion, the magnetic field lines spiral outward from the sun 

such that they intersect the earth's orbit at an angle of 

approximately 45° with respect to the radial direction. In 

addition, due to the earth's orbital velocity, the radial 

flow of plasma from the sun appears to come from a direction 
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approximately 5° to the west of the solar direction. The 

spiral nature of the interplanetary magnetic field and the 

aberration angle of the solar plasma flow both hold at the 

lunar orbit. 

1.2.2. Preliminary Models of the Lunar Environment 

How the solar wind flow interacts with the moon is 

governed by the lunar environment. It was generally under¬ 

stood that planetary bodies with intrinsic magnetic fields 

of sufficient strength to deflect the solar wind presented 

an obstacle to the solar wind flow. The moon was regarded 

as having a very small intrinsic magnetic field and little 

or no atmosphere, thus it was believed that the solar wind 

would have a more direct effect on the moon than on a plane¬ 

tary body whose magnetic field was effective in shielding its 

atmosphere. 

Michel (1964) first suggested two possible solar wind 

interactions with the moon. He first considered the undevi¬ 

ated flow of the solar wind plasma past the moon, sis illus¬ 

trated in Figure 1-2 (a). In this case, the solar wind 

would be completely absorbed and neutralized upon impact with 

the lunar surface, leaving a plasma void region downstream 

from the moon. Next, Michel considered the case of the po¬ 

tential flow of the solar wind plasma about the moon. In 

this model a standing shock wave was presumed to exist in 

front of the moon, permitting the plasma flow to respond to 

the shape of the lunar surface. The flow of the solar wind 
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Figure 1-2 Illustration of the 
flow of solar wind plasma 

(a) onto the moon in 
the undeviated flow model» 

(b) around the moon in 
the potential flow model, 
(after Michel, 196k) 
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(a) undeviated flow model 

(b) potential flow model 

/ 

shock 
wave 

Figure 1-2 
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plasma around the moon for this case is illustrated in 

Figure 1-2 (b). Michel concludes that the true solar wind 

interaction with the moon should be intermediate between 

these two models of solar wind flow. 

Gold (1966) also proposed a model of the solar wind 

interaction with the moon. He started with the assumption 

that the moon had no intrinsic magnetic field, and that the 

solar wind hit the lunar surface and was neutralized upon 

impact. He theorized that the magnetic field imbedded in 

the solar wind would become hung up on the front side of the 

moon, thus permitting the development of a cavity, or field- 

free region, downstream from the moon. In addition, a shock 

wave would form in front of the moon. Figure 1-3 illustrates 

this scenario. 

1.2.3. Solar Wind Interaction with the Moon 

The interaction between the solar wind and the moon 

was first observed by the Explorer 35 satellite placed in 

lunar orbit in 1967» Colburn et al. (1967) reported that 

the Ames magnetometer onboard the Explorer 35 satellite ob¬ 

served dips in the field strength at the limbs of the moon, 

along with an increase in the magnitude of the magnetic field 

in the moon's shadow. As shown in Figure 1-4, the magnetic 

field in the lunar shadow typically is increased over the 

interplanetary value of the magnetic field by about 1.5 

gamma. Colburn et al. have concluded that any lunar magnet¬ 

ic field would be insufficient to appreciably deviate the 



Figure 1-3 Illustration of the 
interaction between 
the solar wind and 
the moon, (after 
Gold, 1966) 



shock 

solar 
wind 
flow 

magnetic lines 
of force 

Figure 1-3 



35 

Figure 1-4 Measurements of typical 
interplanetary magnetic 
field magnitude observed 
during four passes through 
the lunar shadow by the 
Explorer 35 Ames magneto¬ 
meter experiment. 
(Colburn et al., 1971) 
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flow of plasma, indicating that the moon intercepts the 

solar wind plasma, thus creating a plasma void behind the 

moon* 

Lyon et al. ( 1967) also identified a plasma void be¬ 

hind the moon from measurements of positive particles taken 

by the MIT plasma experiment onboard the Explorer 35 space¬ 

craft. Figure 1-5 shows the total ion current measured at 

the time when the moon was imbedded within the undisturbed 

solar wind. As the satellite passés behind the moon, it is 

evident that the plasma current vanishes, indicating a 

plasma void in the lunar shadow region. Lyon et al. have 

also observed no significant change in plasma flow charac¬ 

teristics from solar wind conditions when Explorer 35 was at 

its maximum distance away from the moon and in the lunar 

shadow. They therefore conclude that the passage of the 

solar wind past the moon leaves a conical cavity that is 

not observable more than five to ten lunar radii downstream 

from the moon. 

Measurements from the GSFC magnetic field experiment 

carried on Explorer 35» as reported by Ness et al. (1968), 

gives no evidence for the existence of a lunar bow shock or 

a standing shock behind the moon. The data also support 

the magnetic field measurements of the Ames magnetometer 

(Colburn et al., 1967), observing decreases in the magnetic 

field near the lunar limbs and increases in the field behind 

the moon. They also report that magnetic field increases 

are observed just prior to the field decreases at the lunar 



Figure 1-5 Measurements of the 
total ion current taken 
when passing through 
the lunar wake by the 
Explorer 35 MIT plasma 
cup in the range 50 - 
E/Q * 2850 eV. (Lyon 
et al., 1967) 
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limbs. However, variations of these characteristic magnetic 

field perturbations are occasionally observed. Plots of 

magnetic field measurements from the GSFC magnetometer are 

given in Figure 1-6. Figure 1-6 (a) shows essentially no 

effect due to the moon's presence, while Figure 1-6 (b) 

shows the typical increases and decreases of the magnetic 

field as the Explorer 35 satellite traverses the shadow 

region behind the moon. 

The Apollo 15 subsatellite magnetometer in lunar 

orbit also observed the cavity signature first identified in 

the Explorer 35 magnetic field data. The orbits of the 

Apollo 15 subsatellite and the Explorer 35 satellite are 

illustrated in Figure 1-7» Representative plots of the 

Apollo 15 subsatellite magnetometer data are given in Figure 

1-8, showing the characteristic field enhancements just 

prior to the field dips at the lûnar limbs, and the field 

enhancements in the lunar shadow region. 

Taylor et al. (1968) report that simultaneous measure¬ 

ments of the interplanetary magnetic field by the Explorer 

35 satellite and the Explorer 33 satellite indicate that the 

presence of the moon has little effect on the interplanetary 

magnetic field. The characteristic pattern of magnetic field 

perturbations observed in the lunar wake region are due to 

the presence of the moon» however, inhomogeneities in the 

interplanetary magnetic field are found essentially unchanged 

in the plasma wake downstream from the moon. The moon, in 

essence, appears to be a nonmagnetic, poorly conducting 



Figure 1-6 Measurements of the 
interplanetary magnetic 
field observed by the 
Explorer 35 GSFC magneto 
meter experiment 

(a) showing essentially 
no perturbations in the 
magnetic field behind 
the moon, 

(b) showing the charac¬ 
teristic field magnitude 
perturbations in the 
lunar shadow region. 
(Ness, 1968) 
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Figure 1-7 Orbits of the Apollo 15 
subsatellite and the 
Explorer 35 satellite 
around the moon. The 
Explorer 35 orbital 
plane is actually in¬ 
clined by approximately 
15° to the ecliptic 
plane, and the actual 
inclination of the sub¬ 
satellite orbital plané 
to the ecliptic plane 
is approximately 25° to 
30°. (after Coleman et 
al., 1972) 
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Figure 1-7 
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Figure 1-8 Successive orbital plots 
of magnetic field measure¬ 
ments taicen by the Apollo 
15 subsatellite magneto¬ 
meter in lunar orbit 

(a) with the magneto¬ 
meter sensor oriented 
parallel to the spin 
axis of the spacecraft, 

(b) with the magneto¬ 
meter sensor oriented 
transverse to the spin 
axis of the spacecraft. 
(Coleman et al., 1972) 
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Figure 1-8 
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body which absorbs the solar wind plasma impacting its 

surface. 

1.2.4. Theoretical Studies of the Solar Wind Flow About 
the Moon 

In light of the initial results of the solar wind in¬ 

teraction with the moon observed by the Explorer 35 satel¬ 

lite, additional models of the solar wind flow about the 

moon have been presented. Michel (196?) proposed that the 

plasma void region behind the moon should have a conical 

shape, closing due to the solar wind plasma pressure. In 

order to redirect the solar wind flow back to its original 

configuration, a shock wave would exist at the apex of the 

void region. Michel (1968) later discussed different flow 

structures of the solar wind behind the moon that depended 

on the orientation of the interplanetary magnetic field. 

Diagrams of the plasma configuration behind the moon for two 

different magnetic field orientations are given in Figure 

1-9» Regardless of the magnetic field direction, a standing 

shock wave trailing behind the moon and beginning several 

lunar radii downstream was expected. 

Johnson and Midgley (1968) studied the form of the 

plasma void behind the moon. They determined that the orien¬ 

tation of the interplanetary magnetic field and its relative 

strength contributed to the closure of the plasma cavity. In 

addition, depending on the lunar surface conductivity, they 

proposed that a temporary shock would form ahead of the moon. 
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Figure 1-9 The flow structure 
"behind the moon, viewed 
as looking southward 
in the plane of the 
ecliptic 

(a) for the interplane¬ 
tary magnetic field ori¬ 
entation perpendicular 
to the solar wind flow 
direction, 

(b) for the orientation 
of the interplanetary 
magnetic field parallel 
to the flow direction 
of the solar wind, 
(Michel, 1968) 
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The absence of a permanent bow shock, however, placed a 

limit on the conductivity of the moon* Considering a wide 

range of electrical conductivities for the moon and various 

interplanetary magnetic field orientations, Johnson and 

Midgley developed a number of models for the magnetic field 

configuration behind the moon. 

The flow of the solar wind behind the moon was studied 

by Wolf (1968) for the case where the interplanetary magnet¬ 

ic field was parallel to the solar wind flow. He presented 

a quantitative discussion of the fluid interaction of the 

solar wind flow with the moon. His results were generally 

consistent with those of Michel (1968), and Johnson and 

Midgley (1968). 

Whang (1968a) developed a model of the solar wind flow 

past the moon by treating the interaction oï the solar wind 

plasma with the moon as a free-molecule flow rather than a 

continuum flow. By varying the direction of the interplane¬ 

tary magnetic field, he obtained various configurations for 

the wake behind the moon. For the magnetic field line ori¬ 

entation parallel to the solar wind flow, he predicted an 

infinitely long wake, while the shortest wake behind the 

moon was obtained when the magnetic field was transverse to 

the solar wind flow. Plots were generated of the magnitude 

of the magnetic field behind the moon which agreed with the 

Explorer 35 data (Whang, 1968b). 

1.2.5» The Magnetic Field of the Moon 
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The measurement of magnetic fields in the vicinity of 

the moon began with the Russian spacecraft Luna 1 and Luna 2 

in 1959» Analysis of the magnetometer data received from 

Luna 2 indicated that the moon had no noticeable magnetic 

field (Dolginov et al., 1961). Later results obtained from 

the Luna 10 magnetometer, however, yielded a magnetic field 

of 15 associated with the moon (Dolginov et al., 1967)* 

The United States Explorer 35 satellite, equipped with 

two magnetometers, was placed in lunar orbit in 1967 and 

added information to the study of the moon's magnetic field. 

Data from the Ames magnetometer onboard the Explorer 35 sat¬ 

ellite, as reported by Sonett et al. (1967), yielded an upper 

limit of 2 If to any intrinsic lunar magnetic field at the 

satellite's altitude of 869 km to 1738 km above the lunar 

surface. From analysis of the magnetic field data obtained 

by the GSFC magnetometer also carried onboard the Explorer 35 

satellite, Ness et al. (1967) confirmed the upper limit of a 

few gamma for the lunar magnetic field at the satellite's al¬ 

titude, while suggesting that the intrinsic magnetic field at 

the lunar surface was no more than 16 Y. 

During the Apollo 12, 14, 15» and 16 manned missions to 

the moon, magnetometers were placed on the lunar surface in 

order to directly measure any remanent and/or induced magnet¬ 

ic fields. The magnetic field data revealed that the moon's 

intrinsic magnetic field is negligibly small, but that local¬ 

ized regions of magnetization exist on the lunar surface. 

The remanent magnetic fields measured and their locations are 
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given in Table 1.7» Results show that the magnetic fields 

measured are stronger in the highland regions than in the 

mare regions. 

The Apollo 15 and 16 subsatellite magnetometer measure¬ 

ments of the lunar magnetic field, combined with the lunar 

surface measurements, indicate that the crust of the moon is 

magnetized over much of the lunar* body. The measured rema¬ 

nent magnetic field magnitudes are much smaller at the alti¬ 

tude of the subsatellites than at the lunar surface, indi¬ 

cating that the magnetic field falls off rapidly with distance 

(Dyal et al., 1973)» This implies that the.magnetization 

source regions must be relatively small in extent and con¬ 

fined to the crustal materials near the lunar surface. 

Certain magnetic field events observed in both the 

Explorer 35 magnetometer data and the Apollo 15 subsatellite 

magnetometer data correlate with the presence of possible 

regions of remanent magnetism on the moon. Russell et al. 

(1973) have suggested that the occurrence of magnetic field 

enhancements observed at the edge of the lunar wake region 

by the Apollo 15 subsatellite magnetometer, could be due to 

the deflection of the solar wind by surface regions of mag¬ 

netization when at the lunar limbs. Criswell (1973) also 

suggested that similar magnetic field enhancements observed 

in the Explorer 35 magnetometer data could be generated by the 

interaction between the solar wind and sources on the lunar 

limbs. In particular, these surface sources correlated with 

the highland regions, which are known to be a source of sur- 
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face magnetic fields (Dyal et al., 1973)• 

The origin of the magnetized crustal regions on the 

moon is unknown, although there has been much speculation 

concerning possible source mechanisms. In general, the re¬ 

manent magnetism of the lunar surface implies that at some 

time in the past there existed an ambient surface magnetic 

field stronger than that which exists now (Runcorn et al., 

1970). Possible source mechanisms for this magnetic field 

could have been external magnetization of the moon from solar 

or terrestial fields, or magnetization of the moon due to an 

internal dynamo field. 

1.2.6. The Lunar Plasma Environment 

The general environment of the moon is shown in Figure 

1-10. Chopra (1961) has shown that any body moving in a 

plasma would acquire an electric charge through collisions 

with the ions and electrons. For comparable electron and ion 

temperatures, the electrons move faster than the ions, so 

that the flux of electrons hitting the body is greater than 

the corresponding flux of ions. The result is that the body 

acquires a negative charge. If in addition, the body is ex¬ 

posed to a source of strong ultraviolet radiation, a positive 

charge is acquired through the photo-ejection of electrons 

from the surface of the body. The moon, being exposed to 

ultraviolet radiation from the sun, and undergoing collisions 

with charged pair tides from the surrounding interplanetary 

medium, acquires a charge on its surface. The actual magni- 



Figure 1-10 The solar wind plasma 
and solar photon 
environment of the 
moon. (Freeman & 
Ibrahim, 1975) 



56 

F
ig

u
re
 

1
-1

0
 



57 

tude and sign of the charge depends on the relative impor¬ 

tance of the various charging processes. 

A plasma in contact with a charged surface becomes 

polarized due to particles of the same charge as the surface 

being repelled. A space charge is thus created next to the 

surface of a charged body, but of opposite sign than the 

charge on the body. The lowest part of the lunar ionosphere 

consists of a thin sheath surrounding the moon as a result of 

the surface charge on the lunar body. Any shielding of the 

charged body by the space charge in the surrounding plasma 

typically occurs in a distance on the order of a Debye length. 

Additionally, the charge on a body is shielded as long as the 

speed of the body is less than the mean thermal speed of the 

charged particles forming the space charge (Chopra, 1961). 

The distribution of charges on the surface of the moon 

gives rise to electric fields in the vicinity of the moon. 

Superimposed on these surface electric fields is the electric 

field of the solar wind. Although the solar wind electric 

field is more extensive than the electric fields associated 

with the lunar surface potential, it is not as strong 

(Freeman & Ibrahim, 1975)* The charge distribution on the 

lunar surface and the associated lunar surface potential and 

electric fields, play an integral role in the ion dynamics of 

the lunar atmosphere. 

I.2.7. The Lunar Surface Potential 

A wide range of studies, both theoretical and experi- 
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mental, have been conducted concerning the electrostatic 

potential distribution of the lunar surface while the moon 

is in the different plasma regimes of the earth's magneto¬ 

sphere and the solar wind. Reasoner and Burke (1973) ana¬ 

lyzed electron data from the Apollo 14 Charged Particle 

Lunar Environment Experiment when the moon was in the high- 

latitude magnetotail. During geomagnetically quiet times, 

they determined that the dayside lunar surface potential was 

at least on the order of +200 V. In contrast, when the moon 

was in the magnetosheath, positive ion fluxes observed by 

the Apollo 14 and 15 Suprathermal Ion Detector Experiments 

(SIDEs) led Freeman et al. (1973) to conclude that the lunar 

surface potential was at least +10 V for solar zenith angles 

of approximately 20° to 45°. In addition, Freeman et al. 

reported that this value also held for when the moon was in 

the solar wind flow. Ibrahim (1975)* also utilizing the 

Apollo 14 and 15 SIDE data, determined the potential of the 

sunlit lunar surface when the moon was in the solar wind, 

magnetosheath, and the geomagnetic tail. Figure 1-11 shows 

his results for the lunar surface potential as a function of 

solar zenith angle. 

Various studies of the electrostatic potential of the 

sunlit lunar surface, while the moon is exposed solely to 

the solar wind flow, have predicted values, ranging from 

+25 V down to a few volts positive. Considering the compe¬ 

tition between the photo-ejection of electrons from the 

lunar surface and the accretion of electrons to the surface 
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Figure 1-11 Variation of the potential 
of the sunlit lunar surface 
withi solar zenith angle as 
measured by the SIDE. 
(Ibrahim, 1975) 



S
O

L
A

R
 W

IN
D
 

M
A

G
N

E
T

O
- 

M
A

G
N

E
T

O
- 

M
A

G
N

E
T

O
- 

S
O

L
A

R
 W

IN
D

 

S
H

E
A

T
H
 

T
A

IL
 

S
H

E
A

T
H

 

6o 

o 

CD 
u 
3 

•H 



61 

of the moon from interplanetary space, Opik and Singer 

(i960) estimated dayside lunar surface potentials on the 

order of +20 to +25 V. Grobman arid Blank (1969) studied the 

potential distribution of the sunlit lunar surface during 

solar minimum and determined that the surface potential has 

a maximum value at the subsolar point, monotonically de¬ 

creasing toward the lunar limbs. They obtained values for 

the surface potential of between +0.6 and +10.2 V at the 

subsolar point, depending upon the photoemissive properties 

of the lunar surface. 

The sunlit surface of the moon exhibits a positive 

surface potential due to the dominance of the solar photon 

flux over the solar wind proton flux, which results in the 

ejection of electrons from the lunar surface. As the ter¬ 

minator region and the nightside of the moon is approached, 

the solar wind protons and photons impact the surface at 

more oblique angles» whereas the solar wind electrons, having 

high random velocities, still have access to the lunar sur¬ 

face with normal incidence. As a result, the lunar surface 

potential decreases from the subsolar point and eventually 

becomes negative as the terminator is approached. The sign 

and magnitude of the lunar surface potential, and thus the 

corresponding sheaths adjacent to the surface of the moon, 

vary greatly with lunar local time as well as position in 

lunar orbit. 

Theoretical calculations based on current balance at 

the lunar surface have been carried out be Manka (1972) in 
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order to determine the electric potential at the surface of 

the moon. Manka assumed that the equilibrium potential of 

the lunar surface was dependent upon the competition between 

the currents due to secondary electron emission and the 

photo-ejection of electrons from the surface, in conjunction 

with the electron and ion currents to the surface from the 

surrounding plasma. In equilibrium, the sum of the currents 

to the surface from the various sources is zero. Manka cal¬ 

culated the electric potential and field at the lunar sur¬ 

face for several lunar orbital positions, shown in Table 1.8. 

For times when the moon is in the solar wind, a plot of the 

lunar surface potential variation over the dayside of the 

moon and the expected electric field distribution is given 

in Figure 1-12 and Figure 1-13* respectively. 

Lindeman (1973) reported that ion events seen at the 

lunar terminators by the Apollo 14 and 15 SIDEs relied on a 

negative surface potential to accelerate the positive ions 

into the detector. He reported that the data indicated a 

lunar surface potential of -10 V at a solar zenith angle of 

about 75°* which, as the terminator was approached became 

increasingly negative, attaining a value of -100 V for solar 

zenith angles of 90°. A study of other positive ion events 

observed by the SIDE at solar zenith angles of between 20° 

to 30° from the terminator on the dayside of the moon indi¬ 

cated a surface potential on the order of -50 V (Benson, 

1975)• Calculations based on current balance at the lunar 

surface were performed by Benson (1975) which fit the re- 
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Figure 1-12 Predictions of the lunar 
surface potential as a 
function of angle from 
the subsolar point when 
the moon is in the solar 
wind. The potentials 
are calculated for dif¬ 
ferent photoelectric 
emissivity values of the 
lunar surface. (Manka, 
1972) 
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Figure 1-13 The electric charge 
distribution and 
field variation when 
the moon is in the 
solar wind. (Manka, 
1972) 
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ported lunar surface potential values (Freeman et al., 1973» 

Lindeman, 1973» Benson, 1975)» as deduced from the SIDE data* 

Figure l-Hf shows the plot of thé lunar surface potential 

variation as a function of solar zenith angle. 
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Figure 1-14 Plot of the lunar surface 
potential as a function 
of solar zenith angle 
based on current balance 
calculations using typical 
values of the relevant 
solar wind parameters. 
(Benson, 1975) 
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CHAPTER II 

INSTRUMENTATION 

Introduction 

The Apollo missions to the moon during the late 

sixties and early seventies placed a number of experiments 

directly on the lunar surface as part of the Apollo Lunar 

Surface Experiments Package (ALSEP)• These experiments were 

designed to study the lunar environment. One such experi¬ 

ment was the Rice University Suprathermal Ion Detector 

Experiment (SIDE) which measured the flux of ions at the 

lunar surface in finite mass/charge and energy/charge 

ranges. A total of three SIDEs wwere deployed on the lunar 

surface, one each during the Apollo 12, 14, and 15 missions. 

The majority of the data analyzed in this thesis was obtain¬ 

ed from the Apollo 14 SIDE which was deployed on the moon in 

early 1971» 

Data from other experiments used in this thesis came 

from the Explorer 35 satellite in orbit about the moon, the 

Apollo 15 subsatellite also in lunar orbit, and the Vela 3 

and 5 satellites orbiting the earth. Explorer 35 attained 

lunar orbit in mid-1967 and carried instruments designed to 

measure the plasma environment in the vicinity of the moon. 

The NASA - Ames Research Center Triaxial Fluxgate Magneton- 

meter was one such instrument on board. This experiment 

provided measurements of the ambient magnetic field in the 

neighborhood of the spacecraft and vector measurements of 
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the field in the 20"ÿ range. 

The Apollo 15 subsatellite was launched into lunar 

orbit in mid-1971 and carried instruments for measurement of 

the particles and fields environment surrounding the moon. 

A magnetometer from the University of California at Los 

Angeles carried on board the subsatellite provided vector 

measurements; of the magnetic field in both a 50 If and 200 'if 

range. 

Vela 3 and Vela 5 were launched into earth orbit in 

mid-1965 and mid-1969 respectively. Solar wind proton bulk 

velocities were taken from solar wind spectra measured by the 

Los Alamos Scientific Laboratory’s electrostatic analyzers. 

Solar wind data from the Vela satellites, the Explorer 

35 satellite, and the Apollo 15 subsatellite were used in 

conjunction with data from the SIDE. 
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SECTION ONE - The SIDE 

2.1*1* Background 

The Suprathermal Ion Detector Experiment (SIDE), de¬ 

ployed directly on the surface of the moon as part of the 

Apollo Lunar Surface Experiments Package (ALSEP), consists 

of two ion detectors in a side-by-side configuration. One 
—V *<A 

of these detectors consists of an E x B velocity analyzer 

and a cylindrical curved plate energy analyzer to provide 

for both energy and mass analysis of low energy ions. The 

other detector consists of a curved plate analyzer only, 

thereby providing for energy analysis, but no mass analysis, 

of high energy ions. The scientific objectives of the SIDE 

were summarized by Freeman, Jr. et al. tl9?0) as follows» 

(1) Provide information on the energy and mass 
spectra of the positive ions close to the lunar 
surface that result from solar-ultraviolet or 
solar-wind ionization of gases from any of the 
following sources* residual primordial atmo¬ 
sphere of heavy gases, sporadic outgassing such 
as volcanic activity, evaporation of solar-wind 
gases accreted on the lunar surface, and exhaust 
gases from the lunar module descent and ascent 
motors and the astronauts* portable life-support 
epuipment 

(2) Measure the flux and energy specturm of 
positive ions in the Earth's raagnetotail and mag¬ 
netosheath during those periods when the Moon 
passes through the magnetic tail of the Earth 

(3) Provide data on the plasma interaction be¬ 
tween the solar wind and the Moon 

(4) Determine a preliminary value for the elec* 
trie potential of the lunar surface. 

This thesis will address the first and last two experimental 

objectives listed above. 
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2.1.2. Theory of Instrument Operation 

The SIDE, like most other particle detectors with 

energy discrimination capability, allows for particle detec¬ 

tion by utilizing the principle that upon entering a region 

in which there exists an electric field, the trajectory of a 

charged particle may be altered,^depending upon the initial 

energy of the particle. Often, detectors that are based on 

this principle employ a set of parallel plates across which 

a potential difference is applied to generate the electro¬ 

static field. If the electric field is applied perpendicular 

to the trajectory of the incoming particle, then the amount 

of deviation from that initial trajectory is a function of 

the energy of the particle and the strength of the electric 

field. 

A set of plane parallel plates is shown in Figure 2-1 

(a). If V is the voltage across the plates, separated by a 

distance d, then the electric field between the plates is 

The particle will experience a force transverse to its ini¬ 

tial trajectory due to the applied electric field. This 

results in a transverse velocity for the particle as follows* 

ÔV 
Fy" “if" qEy 

so that 

ivy 
= aX 
md 

At 

where q is the charge of the particle, m is the mass of th* 

particle, and cfi is the time spent by the particle in the 



Figure 2-1 General configuration for 

(a) electrostatic analyzer with 
plane parallel plates. 

(h) curved plate electrostatic 
analyzer. 

(c) mass analyzer. 
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(a) PLANE PARALLEL PLATE ELECTROSTATIC ANALYZER 

à i 
V 

t 

T * 

£p/q = LV/2dtanQ 

x 

(b) CURVED PLATE ELECTROSTATIC ANALYZER 

(c) MASS ANALYZER 

Figure 2-1 
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electric field. 

The velocity in the initial direction of the incoming 

particle is given by 

- /nr 
where £ is the energy of the particle. Letting L equal the 

length of the plates, the time spent by the particle in the 

electric field can now be defined as 

t = It 
v * 

X 

The particle's velocity in the transverse direction can thus 

be expressed as 

qVL v = j " * y mdvx 

The angle of deflection of the particle is given by 

tan 9 = ~y 
x 

= o _ VL mdv " qd2S ‘ 
Rearranging the terms in the equation above, the energy per 

charge of the particle can now be defined as 

£p« qF LV 
2dtan 0 

In order for the particle to just pass through the 

plates, the particle must have a critical energy r , such pc 
that 

£pc- = qF 
LV 

2dtan 0 

where 
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This method of energy determination only provides a lower 

limit to the energy of the particle. In other words, all 

particles with energies of £^c will pass through the 

plates• 

By using curved parallel plates to generate the elec^vo 

trostatic field, an upper limit for the particle energy may 

be determined. Now the particles that make it through the 

plates are confined to a narrow range in energies. Both 

detectors in the SIDE instrument, the Total Ion Detector 

(TID) and the Mass Analyzer (MA), use such a set of curved 

plates to provide for particle energy discrimination. 

The electrostatic curved plate analyzer employed in the 

TID consists of two parallel curved plates with radii of 

curvature r. and r , where r. is the radius of curvature of 

the inner plate and rQ is the radius of curvature of the 

outer plate. The plates are segments of a cylinder, and 

their general configuration is as shown in Figure 2-1 (b). 

A potential V is applied across the two plates, which, as a 

function of the radius of the curved plates, is given by 

where V is the total potential difference acqross the plates 

and r is the radius of curvature of the center line between 
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the plates. A thorough derivation of the above equation for 

the potential is given in Appendix A. 

The applied potential produces a radial electric field 

between the curved plates of the electrostatic analyzer. 

The strength of the electric field can be found from the 

gradient of the potential. Thus, 

I = -V0, 

which in cylindrical coordinates can be expressed as 

Ë=-(^£ + ^fê*â|z) . 

Noting that the potential is a function of r only, the above 

equation reduces to 

Therefore, the strength of the electric field is given by 

E - , i E " IniT'/rJ r * 

In order to detect positively charged particles, the 

inner curved plate of the electrostatic analyzer is held at 

a negative potential with respect to the outer plate. As 

shown above, this results in an inwardly directed radial 

electric field. The force due to the electric field is 

given by 

* = 1® = rln(?X) ' 

This force will be exerted on any particle moving through 

the region of the curved plates, causing the positive ions 

to be accelerated toward the inner plate. The initial veloc¬ 

ity of a particle, combined with this inward motion, causes 
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it to move in some arc through the analyzer. If the radius 

of curvature for the ion*s path falls between r=r^ and r=rQ, 

the ion will travel through the curved plate region and into 

the counter. In other words, if the electrical and centrifu¬ 

gal forces on the ion, while in the analyzer, are balanced, 

the particle will be detected. This condition can be den 

scribed by considering that the electrical force on an ion in 

the analyzer is 

V“ rln(g^r.) * 

while the centrifugal force on the ion is 

Balancing these two forces yields 

F ♦ F » 0 
e c 

aV _ mv2 

rlMr^r^ " r 

qp = 21n(r0/ri) * 2* 

The energy per unit charge of the particle can therefore be 

expressed as a function of the applied voltage and the fixed 

geometry, i.e. separation, of the curved plates. Thus by 

varying the voltage a«ross the plates, different values of 

energy per unit charge can be sampled. 

The incoming particles sure collimated by the aperture 

of the instrument such that they enter the region of the 
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curved plates traveling approximately perpendicular to the 

cross sectional area of the analyzer. Particles which are 

incident at a direction sufficiently different from normal 

or whose energies differ sufficiently from that required by 

a given voltage, will strike one or the other of the plates 

before reaching the exit aperture of the analyzer. Thus the 

flux of particles detected corresponds to the flux of inci¬ 

dent particles within a narrow range of energies and direc¬ 

tions • 

Equation 2.1 relating the kinetic energy of the parti¬ 

cle to the quantity dependent on the analyzer is only approx¬ 

imately correct. This equation was derived for infinitely 

long cylindrically concentric plates, whereas the curved 

parallel plates of the detector are only a section of concen¬ 

tric cylinders. Fringing fields at the entrance aperture 

are therefore important in determining the relation between 

the particle energy and the potential difference across the 

plates. The geometry of the plates and these edge effects 

give rise to a finite range of energies that may be detected 

at a particular value of the applied voltage. 

Further discrimination according to mass is made by 

placing a Wein velocity filter in front of the curved plate 

electrostatic analyzer, as shown in Figure 2-1 (c). This 

configuration allows selection of the incoming particle's 

velocity before it is energy analyzed in the curved plate 

region. This is the basis for the Mass Analyzer, the other 

of the two detectors employed in the SIDE instrument. 



The Wein velocity filter is a crossed electric and 

magnetic field device, consisting of two parallel plates 
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placed between the poles of a permanent magnet. The magnet 

produces a homogeneous magnetic field of strength B, orthog¬ 

onal to the homogeneous electric field that is generated by 

applying a voltage to the plates. The electric field 

strength is expressed by 

where d is the separation between the plates and VQ is the 

applied voltage. 

Ions entering the velocity filter experience a force 

associated with the electric field and a force associated 

with the magnetic field. The relative strengths of these 

two fields determines the resultant trajectory of the parti¬ 

cle. If the electric and magnetic forces balance, i.e. if 

the total force on the particle is zero, the particle will 

pass through the velocity filter without a change in trajec¬ 

tory . Thus, given 

Fg = qÊ , Fg = qv x B 

and if 

Ftot * FE ♦ FB - 0 

=q(E+vxB)-0, 

then the magnitude of the particle's velocity can be written 

as 
T? If 

2.2 v = B 
V 
S3 

By adjusting the voltage on the plates, various ratios of 
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E/B can be obtained, allowing only particles of certain 

velocities through the filter. 

The particles that pass through the Wein velocity fil-> 

ter unperturbed then enter the curved plate analyzer. The 

requirement for the ions to pass through the region of the 

curved plates has been given previously by Equation 2.1, 

£ V 
F " âïïïîr^^T • 

This equation, combined with Equation 2.2 for ions passing 

through the velocity filter, yields 

2 v 
mv V 
2q 21n(rQ/ri) 

m _ „ V 
q “ v'lnir^rT) * 

and finally 

m ~VB2d2 9 - 
q = V;2ln(r7r-i) * 2*3 

Equation 2.3 gives the mass per unit charge of the particle 

as a function of known properties of the Mass Analyzer. 

Thus, by adjusting the voltage VQ in the Wein velocity fil¬ 

ter and the voltage V in the curved plate analyzer, differ¬ 

ent values of mass per unit charge can be sampled in differ¬ 

ent energy ranges. 

2.1.3* Design of Instrument 

The Suprathermal Ion Detector Experiment was designed 

and fabricated by Time-Zero Corporation (formerly Marshall 
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Laboratories), under the supervision of Rice University, as 

an integral part of the Apollo Lunar Surface Experiments 

Package. A separate instrument, the Cold Cathode Gauge 

Experiment (CCGE) was stored in the SIDE housing when in the 

stowed configuration. The external housing dimensions for 

the total SIDE package measured 38.1 cm x 30.5 cm x 11.4 cm 

(15 in x 12 in x 4i in), weighing approximately 9*1 kg 

(20 lbs) on earth. 

The CCGE instrument was placed a short distance away 

from the SIDE after deployment, although connected by a 

cable to the SIDE where its electronics was contained. Data 

from the SIDE and CCGE experiments were transmitted by means 

of a flat ribbon cable, also housed in the SIDE, to the ALSEP 

central station for telemetering back to earth. The SIDE 

required 6.0 watts for its operation during the lunar day, 

and an additional 4.0 watts at night in order to power the 

heaters in the electronics packages. 

The SIDE instrument was supported by three legs and 

stood 45 cm (18 in) above the lunar surface. A bubble level 

was provided in order to permit the astronauts to align the 

instrument with the lunar surface to within five degrees. 

A ground screen consisting of aluminum rods, steel rods, and 

steel braided wire was placed directly on the surface of the 

moon underneath the SIDE, coupling the instrument electri¬ 

cally to the lunar surface. The deployed configuration of 

the SIDE and the ground screen, as well as the CCGE, is 

shown in Figure 2-2. 



Figure 2-2 External view of the SIDE and 
the CCGE instruments while in 
the deployed configuration* 
(after Hills and Freeman, Jr., 
1971) 
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Figure 2-2 



2.1.4. Description of Instrument 

The internal configuration of the various components 

of the SIDE instrument is depicted in Figure 2-3* As stated 

previously, the SIDE consists of two detectors, the Total 

Ion Detector (TID) and the Mass Analyzer (MA). The SIDE is 

designed to measure ions within an energy range that in- 

cludes both thermal energies (from 0.2 eV/q) and solar wind 

energies (up to 3500 eV/q). The TID utilizes an electro¬ 

static curved plate analyzer capable of discriminating posi¬ 

tive ions according to their energy per charge in twenty 

energy channels, spanning the range from 10 to 3500 eV/q. 

The MA employs a Wien velocity filter in tandem with an 

electrostatic curved plate analyzer in order to measure both 

the mass per charge and energy per charge of the ions. The 

energy selection of the MA extends in a range from 0.2 to 

48.6 eV/q in six steps> whereas the mass discrimination 

covers twenty mass per charge channels with a mass range 

that differs for each of the three Mass Analyzers deployed 

on the moon. 

A schematic diagram of the SIDE instrument is shown in 

Figure 2-4. In both the TID and the MA, ions are detected 
(3) 

by a Bendix ChanneltroiP electron multiplier once they exit 

the curved plate analyzer. The input end of both electron 

multipliers are held at a potential of -3*5 kilovolts rela¬ 

tive to the curved plates, in order to post-accelerate the 

ions once they leave the curved plate analyzer. The higher 

velocity imparted to the ions increases the detection effi- 



Figure 2-3 Cutaway drawing showing the 
interior of the Suprathermal 
Ion Detector Expreiment. 
(after Hills et al», 1972) 
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Figure 2-4 Schematic diagram of the 
SIDE showing both the Mass 
Analyzer and the Total Ion 
Detector, (after Hills et 
al., 1971) 
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ciency of the Channeltron by multiplying the number of sec¬ 

ondary electrons produced when an ion strikes the walls of 

the multiplier tube. The detector is operated in the pulse 

saturated mode so that the response of the Channeltron is 

independent of the energy of the incoming particle. 

The entrance aperture for the Total Ion Detector is a 

sqare solid angle 6° on a side. Ions are detected by vary- 

ii the voltage on the plates of the electrostatic curved 

pie analyzer. The plates are stepped through twenty volt-, 

aêincrements resulting in energy per charge discrimination 

c«*red on 10, 20, 30, 50, 70, 100, 250, 500, 750, 1000, 

1500, 1750, 2000, 2250, 2500, 2750, 3000, 3250, and 

35(eV/q). The energy bandwidth of each channel is ±, 8% 

center energy, causing the energy channels above 1250 

eV/Q overlap. 

The field of view for the Mass Analyzer is a square 
s°langle 4° on a side. The electrostatic curved plate 

ana^r is stepped through six voltage increments in order 

to $ct ions in energy channels centered at 0.2, 0.6, 1.8, 

5.4,),2, and 48.6 eV/q. At each energy level the Wien ve- 

lociifilter is stepped through twenty mass per charge chan¬ 

nels. All three of the detectors deployed on the moon have 

dl^femt velocity filters, hence they all measure different 

mass mges. The Apollo 12 MA covers the mass range of 10 - 

1500 ana, the Apollo 14 MA covers the range from 6 - 750 amu, 

and the Apollo 15 MA covers the mass range from 1 - 90 amu. 

The SIDE is programmed to execute one complete cyclé 



every 2.56 minutes» each cycle consisting of 128 frames at 

1.2 seconds per frame. The TID completes one energy spectrum 

in twenty frames, thus obtaining six complete spectra each 

SIDE cycle; while during the saune time period the HA com¬ 

pletes a mass spectrum in each of six energy steps. The 

remaining eight frames in the cycle are used for calibration 

data for both the TID and the MA. Figure 2-5 summarizes the 

mode of operation of the SIDE. The accumulation interval for 

data in each step of the TID and MA is 1.13 ± 0.025 seconds. 

Since there are 1.2 seconds allowed per. frame, the remaining 

0.07 seconds per frame provides time for data readout and 

time for transients to die out between frames. It therefore 

takes 24 seconds to cover twenty channels in order to produce 

a single energy and mass spectrum. 

Good electrical contact between the SIDE and the lunar 

surface is assumed through the emplacement of a web-like 

ground screen made of conducting material and lying in con¬ 

tact with the lunar surface. The ground screen is connected 

through a stepped voltage supply to a wire grid above the 

entrance apertures for the TID and the MA. The grid is at 

instrument ground. Figure 2-6 illustrates the relationship 

between the ground plane and top wire grid. The stepped 

voltage supply establishes a voltage difference of (f>^ be¬ 

tween the ground plane screen and the wire grid at the top 

of the instrument. The stepping voltage varies between •*•27.6 

and -27.6 volts in 24 steps. In the normal mode of operation 

the voltage is stepped once every SIDE cycle, that is after 



Figure 2-5 Normal operating mode 
for the TID and the MA» 
(Lindeman, 1973) 
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SIDE FRAME TID MA 

0 4* Mass 
Spectrum 

48.6 eV/q 1-19 
Energy 

Spectrum 
20 Mass 

Spectrum 
16.2 eV/q 21-39 

Energy 
Spectrum 40 Mass 

Spectrum 
5.4 eV/q 41-59 

Energy 
Spectrum 

60 Mass 
Spectrum 
1.8 eV/q 61-79 Energy 

Spectrum 
80 Mass 

Spectrum 
0.6 eV/q 81-99 Energy 

Spectrum 
100 Mass 

Spectrum 
0.2 eV/q 101-119 Energy 

Spectrum 
120 1* 

121 1* 2* 

122 2* 3* 

123 3* 4* 

124 4* 1* 

125 1* 2* 

126 2* 3* 

127 3* 4* 

1* Background Reading Taken,* Curved Plates Grounded 

2* Counting Electronics Calibrated at 137 Hz. 

3* Counting Electronics Calibrated at 17.5 kHz. 

4* Counting Electronics Calibrated at 560 kHz. 

Figure 2-5 



Figure 2-6 Schematic diagram illustrating 
the electrical configuration 
of the SIDE with respect to 
the lunar surface* (after 
Fenner et al*, 1973) 
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Figure 2-6 
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a complete energy and mass scan of the MA. A complete cycle 

of all 24 voltage steps therefore requires 61.4 minutes. 

Table 2.1 gives a summary of the operating characteristics of 

the TID and the MA. By adjusting the voltage on the ground 

plane screen relative to the lunar surface, and accumulating 

ion count data at different ground plane potentials, an esti¬ 

mate of local electric fields and their effects on ion char¬ 

acteristics can be made. 

2.1.5* Deployment 

The three SIDEs were deployed on the lunar surface as 

part of the Apollo Lunar Surface Experiments Package (ALSEP) 

on Apollos 12, 14, and 15* The dates of deployment, coordi¬ 

nates, and look directions of the three instruments are given 

in Table 2.2. The landing sites of the Apollo 12, 14, and 15 

missions to the moon are depicted in relation to each other 

in Figure 2-7, while photographs of the three SIDEs as de¬ 

ployed on the lunar surface are shown in Figure 2-8. 

The Apollo 12 SIDE was deployed on the first EVA by 

Alan L. Bean and Charles (Pete) Conrad, Jr. approximately 

15 m (50 ft) in a southwesterly direction from the ALSEP 

central station. A bubble leveling device attached to the 

top of the instrument allowed the astronauts to align the 

vertical axis of the SIDE with the local vertical to within 

a 5° accuracy. The look axis of the detector is canted at 

a 15° angle from the vertical axis of the instrument body, 

so that the Apollo 12 detector actually looks 15° to the west 
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Figure 2-7 Location of Apollos 12, 14, 
and 15 on the moon and their 
selenographic coordinates. 



MOON 
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WEST J) EAST 

SOUTH 

LONG. LAT. 

Apollo 12 23.4°W 3»2°S 

Apollo 14 17.5°» 3.7°S 

Apollo 15 3.6°E 26.1°N 

Figure 2-7 



Figure 2-8 The Apollo 12, 14 
SIDEs as deployed 
lunar surface. 

and 15 
on the 
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of local vertical and in the ecliptic plane. 

The Apollo 14 SIDE was deployed on the first EVA ap¬ 

proximately 180 m (591 ft) west of the Lunar Module, and 

about 16 m (52 ft) southeast of the ALSEP central station. 

The Apollo 14 astronauts, Alan B. Shepard and Edgar D. 

Mitchell, aligned the instrument by use of a bubble leveling 

device so that its look direction is in the ecliptic plane. 

The detector look axis is offset 15° from the vertical axis 

of the instrument so that the look direction of the detector 

in longitude with respect to the moon can be determined. 

The Apollo 14 detector thus looks 15° to the east of local 

vertical and in the ecliptic plane. 

The Apollo 15 SIDE was deployed approximately 15 m 

(50 ft) northeast of the ALSEP central station by David R. 

Scott and James B. Irwin ôn their first EVA. The Apollo 15 

landing site was about 30° north of that of Apollos 12 and 

14, so in order that the detector look direction would be 

apprôximately in the plane of the ecliptic, the Apollo 15 

SIDE was equipped with an adjustable leg that allowed the 

instrument to be tilted in order to compensate for the high 

latitude of deployment. The instrument was therefore tilted 

26° from the vertical toward the south, so that the detector 

looks in the ecliptic plane. The detector look axis is off¬ 

set 15° from the instrument axis, so that the detector also 

looks 15° to the east of vertical. 

The relative orientations of the look axes for the 

three SIDEs are shown in Figure 2-9* The Apollo 12 and 14 



Figure 2-9 (a) Location of the Apollo 
12, 14, and 15 SIDEs at 
lunar noon, with respect 
to latitude. 

(b) Location of the Apollo 
12, 14, and 15 SIDEs at 
lunar noon, with respect 
to longitude. 
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(a) 

south 

LV = Local Vertical 

west 

(ss) 
east 

Figure 2-9 



SIDEs are separated by approximately 6° in longitude and less 

than 1° in latitude; however, due to each detector being 

canted 15° from the local vertical, their look directions 

are 36° apart. The difference in look directions for the 

Apollo 12 and 15 SIDEs is 57°, while a 21° difference exists 

between the Apollo 14 and 15 SIDEs. 

The different look directions of the three SIDEs 

provides a directional sampling of the magnetosphere and 

solar wind at anay given time. Figure 2-10 shows the look 

directions for the Apollo 12, 14, and 15 SIDEs throughout a 

lunar orbit. The different sunset and sunrise times for the 

three SIDEs are due to the difference in longitude of de¬ 

ployment. 

2.1.6. Instrument Operation 

For the first few months of pperation after deployment, 

the SIDEs were thermally cycled during the lunar day in order 

to avoid problems due to outgassing. The instruments ini¬ 

tially operated only during the lunar night, their daytime 

operation gradually increasing over a period of several 

months to where the SIDEs operated continuously throughout a 

complete lunation. 

All of the major voltages were monitored at least 

once during each normal SIDE cycle by an analog-to-digital 

(A/D) converter. Temperature readings from thermistors 

located in various parts of the instrument electronics were 

also monitored and transmitted back to earth along with the 



Figure 2-10 Look directions of the 
three SIDES for various 
times during a lunar 
orbit. 
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actual data. Six of the eight calibration frames in each 

SIDE cycle were used to check that the counting electronics 

were operating properly. This was done by monitoring an 

oscillator of known frequency that was connected to the 

counting electronics. The remaining two calibration frames 

in each cycle provided a background reading for the TID and 

the MA by monitoring the channeltron outputs when the curved 

plates of the electrostatic analyzer were grounded. The 

background measurements from the calibration frames along 

with the engineering data aided in determination of the 

reliability of the transmitted data. 

2.1.7. Calibration 

The quantity measured by the SIDE is the number of 

counts per SIDE frame, recorded as the cotinting rate of the 

channeltron for the data accumulation period. The data 

accumulation period, or SIDE frame, represents a time inter¬ 

val in which data is accumulated at a particular energy step, 

determined by the voltage on the curved plate analyzer. This 

counting rate can be converted into a particle flux by 

knowing some of the characteristics of the detector, such as 

the geometric factor and energy bandpass of the instrument. 

The geometric factor for a particle of energy L is 

defined as 

G(£) = AJle(£) 
2 

where A is the effective area of the detector £in cm ), A is 

the solid angle subtended by the effective area of the 
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detector ( in steradians), and a(£) is the channeltron effi¬ 

ciency for particles of energy £ (in units of counts/par¬ 

ticle) . This geometric factor is defined for an isotropic 

flux of particles and is called the unidirectional geometric 

factor. Similarly, the parallel beam geometric factor is 

defined for a parallel beam flux and is a function of the 

effective area of the detector and the efficiency of the 

detector. Thus 

G || (£) « AS(S). 

The energy bandpass of the instrument refers to the 

range in energy/charge of the incident ions that can be 

detected in a given energy channel, determined by the effi¬ 

ciency of the detector at various energies. The energy 

bandpass is the full width at half maximum of the response 

curve of the detector measured at the nominal center energy 

of each of the twenty energy channels. 

The SIDE instruments were calibrated at Rice University. 

All of the quantities discussed above were measured in the 

laboratory, iindeman (1973) gives a complete discussion of 

the details of the calibration and analysis of the Total Ion 

Detector and the Mass Analyzer. The Apollo 14 TID calibra* 

tion results are shown in Figure 2-11. The response for the 

Apollo 12 and 15 TIDswere similar to that of the Apollo 14 

TID. The MA calibration results for all three instruments 

are shown in Figure 2-12. A summary of the calibration data 

for the three SIDEs is given in Table 2.3* 



Figure 2-11 Apolla 14 calibration 
results for the Total 
Ion Detector showing 

(a) the unidirectional 
geometric factor as a 
function of the center 
energy of each energy 
channel, 

(b) the parallel beam 
geometric factor as a 
function of the center 
energy of each energy 
channel, 

(c) the energy bandpass 
as a function of the 
center energy of each 
energy channel* (after 
Schneider, 1975) 
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Figure 2-11 



Figure 2-12 Calibration results for 
the Apollo 12, 14, and 15 
Mass Analyzers, showing 
the ion masses detected 
as a function of the 
energy channels, (after 
Schneider, 1975) 
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TABLE 2.3 

SIDE CALIBRATION DATA 

Entrance Aperture 

TID slit dimension =* 3mm x 8mm 
o 

area « 0.24 cm 

MA slit dimension = 2mm x 8mm 
2 

area ** 0.16 cm 

Field of View 

TID JX'-O.Oll ster., equivalent to the 
square wave response 
of a square solid angle 
6° on a side 

MA IV'0.005 ster., equivalent to the 
square wave response 
of a square solid angle 
4° on a side 

Efficiency of the TID 

AP 12 e = 4.8 x 10“2 counts/ion 

Energy Bandpass of the TID 

AP 14 8.4#E 

TID Unidirectional Geometric Factor 

AP 12 G A* 1 x lO"^ cm2ster 

AP 14 G ^7 x 10“5 cm2ster 

TID Omnidirectional Geometric Factor 

AP 14 G 6 x 10 ^ cm2 
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2.1.8. Data Conversion 

The connting rate, which is the quantity actually 

measured by the SIDE, can be converted into the more useful 

quantity of particle flux. The countingrate, CR(£), depends 

upon the effective area of the detector, A, the solid angle 

of the detector's field of view, J\. , the detector efficiency, 

e(£), the energy bandpass,, of the detector, and the 

incident flux, j(£ ,JD . This can be stated in the following 

mannert 

CR(£) = AAe(£) j(£,Jl)A£, 

where the product AJls(£) is the unidirectional geometric 

factor G(£). The counting rate can thus be written as 

CR(£) = G(£)j(£JL)A£, 

or, more generally, 

CR(E) = Je G(£) j(8,JV)d£ . 

The unidirectional differential energy flux can be 

calculated from the counting rate and the known geometric 

factor and bandpass of the instrument. This can be written 

as 

Ur n) C?(£) /in 4 1 . 3VC.JU - G(è)Âe V cm - s ec - s t er- eV / 

The corresponding integral flux is obtained by integrating 

over the entire energy spectrum as followsi 

J«m- kn
 £ÆSSSr) • 

Likewise, for a parallel beam flux, the omnidirectional 

differential energy flux is 



j(e) , saisi Jvc; G A£ 
tt 

U9 

°r' 
3(£) = )J 

and the corresponding integral flux is 

Espace* (£*^dJl» 

or. 

3 = 1, omni 9AOT,or>Q^uni
d'^'* 

''space 
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SECTION TWO - Other Instruments 

2.2.1. The Explorer 35/NASA-ARC Magnetometer 

Interplanetary magnetic field data from the NASA-Ames 

Research Center fluxgate magnetometer flown aboard the Ex¬ 

plorer 35 satellite was provided by D.S. Colburn of Ames 

Research Center, Moffett Field, Calif. The Explorer 35 sat¬ 

ellite achieved lunar orbit on July 22, 196? with aposelene 

of 5.4 lunar radii (Rm) and periselene of 1.4 Rm« It had an 

orbital period of 11.53 hours, with the inclination of the 

orbit only a few degrees out of the ecliptic plane. 

The magnetometer consists of three mutually perpendic¬ 

ular fluxgate sensors which measure the magnetic field every 

6.14 seconds by determining its components in the three or¬ 

thogonal directions of the sensors. The measurements are made 

in each of three scales» 0-20 gammas, 0-60 gammas, and 0-200 

gammas» with maximum sensitivity of ♦ 0.2T. The signals 

from the detectors are then spin-demodulated onboard the 

spacecraft and telemetered back to earth, with the final 

data available in solar equatorial coordinates. The data 

used in this thesis are 81.8 second averages of the magnetic 

field in the 20'tf range, plotted in solar ecliptic coordi¬ 

nates. Since the solar equatorial coordinate system is 

tilted only slightly from the solar ecliptic plane, the dif¬ 

ference of 7° between these coordinate systems has been neg¬ 

lected. 

The Explorer 35 magnetometer has no onboard recorder, 
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therefore there are data gaps during each orbit due to the 

passage of the satellite behind the moon when the direct 

telemetry of the satellite is cut off. In addition, due to 

the weakness in the onboard batteries, there is a loss of 

data when the satellite's solar panels are in the shadow of 

the sun or moon and the batteries have insufficient power to 

continue operation. It should also be noted that the Explor¬ 

er 35 magnetometer had a partial failure of the sun sensor, 

causing the satellite to loose its reference in longitude, 

resulting in an error in the transmitted azimuthal angle. 

These problems are not that serious for the use of the magne¬ 

tometer data for this thesis, although they do limit the 

availability of the data for certain time periods. 

2.2.2. The Vela Satellites/LASL Electrostatic Analyzers 

Vela 3 attained earth orbit in July of 1965» and Vela 

5 was launched into earth orbit four years later in May of 

1969» Both spacecraft are on nearly circular orbits inclined 

60° to the plane of the ecliptic, at distances between 17 to 

20 earth radii. The Los Alamos Scientific Laboratory's elec¬ 

trostatic analyzers measure proton bulk velocities and number 

densities in the solar wind. Data are contained in the 

monthly publication Solar-Geophysical Data (prompt reports), 

issued by the Environmental Research Laboratories of the 

National Oceanic and Atmospheric Administration (NOAA)• 

The proton bulk velocity is assumed to be associated 

with the most probable energy/charge.sampling channel when 
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the instrument is looking toward the sun. The uncertainty 

in hulk velocities for Vela 3 is 3$» The time resolution is 

of the order of minutes, and data are given every 2 to 3 

hours when the spacecraft are in front of the earth's bow 

shock. 

2.2*3* The Apollo 15 Subsatellite Magnetometer 

On August 4, 1971 the Apollo 15 subsatellite was 

launched from the Scientific Instrument Module onboard the 

Service Module of the Apollo 15 spacecraft. The launch oc¬ 

curred approximately li hours before the transearth injection 

maneuver which placed the Command Service Module in a tra¬ 

jectory back to earth. The subsatellite was placed in a 

lunar orbit of approximately 76.3 by 55»1 nautical miles, at 

an inclination of 28.7°. 

The magnetometer experiment, reported by Coleman 

et al. (1972), was one of three experiments onboard the 

Apollo 15 subsatellite. The magnetometer system consisted 

of an electronics unit housed in the spacecraft^ and two flux- 

gate sensors mounted orthogonally at the end of one of the 

subsatellite's booms. In order to measure the vector magnet¬ 

ic field in the vicinity of the spacecraft, the magnetometer 

sensors were oriented parallel (Bp) and transverse (B^) to 

the spin axis of the spacecraft. Measurements were made in 

two ranges* 0 to ♦ 50 H at a sensitivity of 0.4 and 0 to 

♦ 200 at a lower sensitivity of 1.6*5 . Nominally Bp is 

sampled every 2 seconds and B^, every second* However, 



because the spacecraft battery was charging at less than the 

nominal rate, all of the subsatellite experiments were 

turned off while the battery was being recharged after each 

tracking revolution. The magnetometer experiment acquired 

data on all revolutions except those when the battery was 

being charged. 



CHAPTER III 

TRANSPORT OF LUNAR ATMOSPHERIC IONS» THEORY 

3*1. Nighttime Ion Events 

The three Suprathermal Ion Detector Experiments (SIDEs), 

deployed on the lunar surface by the Apollo 12, 14, and 15 

astronauts, frequently observe positive ion events throughout 

the lunar night. Lunar night occurs over that hemisphere of 

the moon which faces the sunlit side of the earth, and is 

thus not exposed directly.to the solar wind flow. The look 

directions of the three SIDE instruments, with respect to the 

earth-moon system, are shown ifi Figure 3-1* while in Figure 

3-2, the look directions of the detectors over just the lunar 

nightside are illustrated. It can be seen that during the 

lunar night, the detectors are looking away from the sun and 

into the plasma void. 

The ion events that are observed by the SIDEs during 

the lunar night are characterized by their narrow energy 

spectra and short duration. The energies of these ions range 

from 250 eV/q to 1250 eV/q, with peak energies in the vicini¬ 

ty of 250 to 750 eV/q. Figure 3-3 is a three-dimensional 

plot illustrating some positive ion events. These nighttime 

ion events are normally of four hours or less in duration, 

and were initially catagorized by Lindeman (1971) as Type III 

ion events. A later study conducted by Schneider (1975) gave 

a more detailed account of these ion events as observed by the 

SIDE during the lunar night. 
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Figure 3-1 The Apollo 12, 14, and 15 
SIDE look directions through¬ 
out the lunar orbit, as 
viewed in the ecliptic plane. 
The earth's bow shock and 
magnetopause are included for 
reference. The separation 
between sucessive locations 
in lunar orbit is roughly 
two terrestial days. 
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TO THE 
SUN 

Figure 3-i 
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Figure 3-2 The look directions of the 
Apollo 12, 14, and 15 SIDEs 
throughout the lunar night» 
The spacing between each 
set of look directions is 
approximately two days. 
At the same local time, 
the Apollo 12 SIDE look 
direction is separated by 
30° from the look directions 
of the Apollo 14 and 15 SIDEs. 
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Figure 3-2 



Figure 3-3 A three-dimensional plot 
illustrating some night¬ 
time ion events. Also 
seen in this plot are ter¬ 
minator ion events and bow 
shock proton events, for 
which the shape of the 
spectra as well as the ion 
energies are clearly dif¬ 
ferent than those of the 
nighttime ion events. The 
horizontal energy channel 
scale corresponds to ener¬ 
gies from 10 to 3500 eV/q, 
the vertical axis is the 
logarithm of the average 
counting rate over a twenty 
minute time interval, and 
the diagonal axis is the 
time axis proceeding posi¬ 
tively up the page. This 
plot covers about days 
near local lunar sunrise. 
(Schneider & Freeman, 1975) 
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Nighttime ion events are seen sporadically throughout 

the local lunar night. The frequency of occurrence of these 

nighttime ion events is shown in Figure 3-4- for all three 

SIDE instruments. It is of interest to note that although 

these positive ion events may he observed at any time during 

the lunar night, there are times when they are more prevalent 

than others. The nighttime ion events observed by the Apollo 

14 and 15 SIDEs exhibit similar surface distribution profiles, 

with a preference for nighttime ion events to occur most often 

two to three days prior to local sunrise. A secondary activ- • 

ity peak is observed three to four days after local sunset 

(Schneider & Freeman, 1975)» The frequency of occurrence pro¬ 

file for nighttime ion events as observed by the Apollo 12 

SIDE is, however, the opposite of that observed by the Apollo 

14 and 15 SIDEs» where at the Apollo 12 site, the ion events 

occur most often one day after local sunset. By comparing 

Figure 3-^ with Figure 3-2 as to the orientation of the de¬ 

tectors when the nighttime ion events are most often observed, 

it becomes apparent that the events are detected most often 

when the instruments are looking perpendicular to the solar 

wind plasma flow. Thus, due to the difference in look direc¬ 

tions, the discrepancy between the nighttime ion event fre¬ 

quency of occurrence profiles for the Apollo 12 SIDE versus 

the Apollo 14 and 15 SIDEs can be explained. This distribu¬ 

tion of nighttime ion events led Schneider (1975) to the 

conclusion that the occurrence of these ion events depended 

upon lunar local time rather than on position in lunar orbit. 
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Figure 3-4 The frequency of occurrence 
of nighttime ion events as 
observed by the Apollo 12, 
14, and 15 SIDEs. (Benson, 
1975) 
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In addition to the distribution profile of the night¬ 

time ion events, Schneider and Freeman (1975) have observed 

that there is some indication of the peak energy of the ion 

events shifting as the moon rotates. As shown in Figure 3-5 

(a)* the Apollo 14 SIDE observes nighttime ion events having 

peak energies of 250 eV/q at local sunset, increasing to 500 

eV/q up to three days past local midnight, and increasing 

further to 750 eV/q for about a day after that. Approximately 

two days prior to local sunrise, the peak energy then drops 

down to 250 eV/q which is maintained up to the sunrise termin¬ 

ator. As can be seen in Figure 3-5 (b), the nighttime ion 

events observed by the Apollo 15 SIDE exhibit qualitatively 

the same behavior as those events observed by the Apollo 14 

SIDE. The peak energy is seen to shift between 250 eV/q and 

500 eV/q from local sunset up to approximately three days past 

local midnight, increasing then to 750 eV/q for the next 

couple of days. Again, approximately two days prior to local 

sunrise, the peak energy of the nighttime ion events drops 

down to 250 eV/q and is maintained up until the sunrise ter¬ 

minator. 

Nighttime ion events may occur at any time between lo¬ 

cal lunar sunset and local lunar sunrise. They are the only 

ions that are seen deep in the lunar night. Freeman (1972) 

has reported on one such event seen by the Apollo 12 SIDE. 

This particular ion event occurred 4.7 days before sunrise, 

while the detector was looking well within the region of the 

plasma cavity. On some lunations, little or no nighttime ion 



Figure 3-5 Diagram displaying the 
peak energy shift of 
nighttime ion events from 
local sunset to local 
sunrise 

(a) as observed by the 
Apollo 14 SIDE. 

(b) as observed by the 
Apollo 15 SIDE. 
(Schneider, 1975) 
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PEAK ENERGY UV/q) 
PEAK ENERGY (eV/q) 

Figure 3-5 
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activity has been observed, while other lunations are very 

active. Schneider (1975) reports that there is, however, a 

period of about one day just prior to local lunar midnight 

where these ions are never observed. At this time, the SIDE 

is looking directly into the plasma cavity behind the moon. 

The observed energies of the nighttime ion events are 

generally less than the average solar wind energy of 800 eV. 

Schneider (1975) reports that the differential flux for a 

nighttime ion event is on the order of 10J ions/cm -s-ster-eV, 

which, when integrated over the entire energy spectrum above 

background, yields an integral flux on the order of 10^ ions/ 
2 

cm -s-ster. The average flux for a nighttime ion event is 

thus observed to be less than the solar wind flux by two 

orders of magnitude. 

It has been suggested (Freeman, 1972» Schneider & 

Freeman, 1975) that one possible explanation for the source 

of the observed nighttime ion events is that they are deviated 

solar wind particles. Due to their near-solar wind energies 

and their local time dependence, Schneider and Freeman (1975) 

stated that the ions probably represented solar wind that, 

possibly as a result of turbulence near the lunar limb, had 

expanded to partially fill the plasma void behind the moon. 

An attempt was made to correlate features of the nighttime 

ion events with the solar wind (Schneider, 1975)» using the 

geomagnetic activity index, Kp, as a measure of the solar 

wind parameters. Schneider (1975) found little or no corre¬ 

lation of Kp with either the frequency of occurrence profile. 
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the duration, the peak energy, or the total counting rate or 

integral flux of the nighttime ion eventsj leaving the source 

of these events questionable. 

3*2. Research Objectives 

The sporadic bursts of positive ions seen by the SIDE 

throughout the local lunar night have, as yet, not been sat¬ 

isfactorily explained as to the cause of these events. It 

was the purpose of this research to set forth an alternate 

proposal for the source of the nighttime ion events and to 

explain the mechanism that allows their detection by the SIDE. 

In order to obtain this objective it proved necessary 

to broaden the scope of this work to include the interaction 

of the solar wind with the moon, the electric potential of 

the lunar surface, and in addition, the composition and ion 

dynamics of the lunar atmosphere. This thesis, therefore, 

presents the results of the analysis of some of the SIDE data 

pertaining to the nighttime ion events as they relate to the 

entirety of the lunar environment. 

3.3. Background Theory 

At the time the nighttime ion events are observed by the 

SIDE, the moon is in the solar wind flow and out of the plasma 

environment associated with the earth. As stated in Chapter 

I, the magnetic field of the sun is imbedded within the solar 

plasma j and, as the plasma flows outward from the sun, the 

magnetic field of the sun is carried with it. As a result of 



the motion of the solar magnetic field past the moon, there 

exists an interplanetary electric field in the frame of ref¬ 

erence at rest with respect to the moon. This interplanetary 

electric field, as derived in Appendix B, is given by 

É = 4 x tf , 

where E, v, and B are solar wind quantities. 

While the moon is in the solar wind.flow, ions from the 

lunar atmosphere are subject to acceleration by the inter¬ 

planetary electric field. The force on an ion due to the 

electric field is given by 

FE = që , 

where 

An ion at rest in the lunar atmosphere, subject to the crossed 

electric and magnetic fields of the solar wind, initially 

responds to this solar wind v x B electric field and is accel¬ 

erated along the direction of the ë'-field. As the ion's ve¬ 

locity increases, the force on the particle due to the solar 

wind magnetic field, represented by 

causes the ion to curve toward the direction of the solar 

wind flow. As the ion continues to gain energy, the magni¬ 

tude of the magnetic force continues to increase while the 

magnitude of the electric force remains constant. Eventually 

the magnetic force exceeds the electric force, continuing to 

alter the ion's direction of motion while reducing its veloc¬ 

ity in the direction of the electric field. The ion's veloc- 
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ity continues to decrease and it returns to rest» where the 

force on the ion due to the electric field again dominates 

and the motion just described is repeated. 

As illustrated in Figure 3-6» for an ion initially at 

rest in the lunar atmosphere and subject to the crossed Ê 

and Ë fields of the solar wind, the resulting path of motion 

the ion describes is cyclodial. The equations representing 

the ion's motion are derived in Appendix C, where it is 

shown that the ion’s position as a function of time is given 

fey 

x * v^t ± jjdsintot 3.1 

y = 73d(1 - cos tot) 3.2 

z = 0 . 30 

The shape of the cycloid is dependent upon the solar wind 

parameters of velocity and magnetic field strength, in addi-r 

tion to the ionic mass and charge. The choice of the sign in 

Equation 3«1 is governed by the orientation of the solar wind 

v x Ô electric field, which determines the initial direction 

of the ion's acceleration from rest. 

Manka and Michel (1970a,b) first discussed the motion 

of ions formed at rest in the lunar atmosphere and subjected 

to the crossed electric and magnetic fields of the solar wind. 

They (1970c) considered ions formed over the sunlit hemisphere 

of the moon and showed that these ions could either be driven 

inta the lunar surface or else be lost from the lunar atmos¬ 

phere as a consequence of acceleration by the interplanetary 

electric field. This is illustrated in Figure 3-7» where 
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Figure 3-6 Illustration of two possible 
orientations of the crossed 
1? and B fields of the solar 
wind, showing the resulting 
cycloidal motion that a pos¬ 
itive particle would undergo 
if the initial velocity of 
the particle was zero. 
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x = a(o)t - sinwt) 

y = a(l - cosiot) 
z = 0 

Figure 3-6 
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Figure 3-7 Orbits of hydrogen, oxygen, 
and krypton ions formed at 
a height h above the dayside 
lunar surface and accelerated 
by the interplanetary electric 
field. (Manka, 1972) 
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x =90° 

Figure 3“7 
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trajectories of several ions having different masses are 

shown. For an icn formed at rest in the lunar frame of 

reference and accelerated by the solar wind fields, the ion*s 

trajectory is in a plane perpendicular to the solar wind 

magnetic field and containing both the interplanetary elec¬ 

tric field and the drift velocity. Manka and Michel showed 

that in general, the trajectory of the ion from formation to 

impact was the initial part of a cycloid, being primarily 

along the direction of the interplanetary electric field. 

Furthermore, depending on the orientation of the solar wind 

magnetic field, and hence the solar wind X B electric 

field, ions are driven into that portion of the sunlit hemi¬ 

sphere of the moon in which the E-field is directed. Refer¬ 

ring back to Figure 3“7* it can be seen that over the re¬ 

maining portion of that hemisphere, acceleration by the elec¬ 

tric field allows ions to escape from the lunar atmosphere. 

In their model, Manka and Michel considered acceleration 

of lunar* atmospheric ions by the interplanetary electric 

field only. As a result, the energy of the ion upon impact 

with the lunar surface was just the energy gain along the 

interplanetary electric field. Although the interplanetary 

electric field may be the principal energy source of these 

ions, an ion which reaches the lunar surface must first tra¬ 

verse any surface-related electric and magnetic fields. 

These fields, if strong enough, could alter the ion's energy 

as it approaches the surface as well as modify the path of 

the incoming ion's trajectory. 
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Manka (1972) first suggested that ion acceleration by 

the solar wind ? x f electric field could also result in some 

ion trajectories from the dayside hemisphere to the dark side 

of the moon. An example of this is shown in Figure 3-8, where 

several possible trajectories for a hydrogen ion are shown. 

Furthermore, Manka suggested that in these cases, a possibly 

large dark side surface electric field could further acceler¬ 

ate these ions, giving an additional number sufficient energy 

and direction to impact the lunar surface on the nightside. 

Benson (1977) has shown that selected nighttime ion 

spectra from the SIDE can be explained by the acceleration of 

ions from the dayside lunar atmosphere to the nightside. He 

assumed that atmospheric ions on the dayside and above the 

terminators are accelerated toward the nightside lunar surface 

by the solar wind $ x I? electric field. In order to obtain a 

sufficient number of ions in the correct energy range, Benson 

was able to fit the spectra by artificially widening the 

detector field of view. 

In the remaining portion of this thesis, strong support 

will be given to the idea that the ion events observed by the 

SIDE on the dark side of the moon are a result of acceleration 

by the x Ë electric field of ions from the dayside lunar 

atmosphere, coupled with further acceleration of these ions 

by a surface electric field on the nightside of the moon. 

. Only single-particle motion will be considered, and any col¬ 

lisions between ions will be ignored due to the tenuous na¬ 

ture of the lunar atmosphere. Lunar gravity is also ignored 



Figure 3-8 Illustration of a few 
possible hydrogen ion 
trajectories, to scale, 
showing ion impact on 
both the dayside and 
nightside of the moon. 
(Manka, 1972) 



X 
= 9
0
 

148 

F
i
g
u
r
e
 
3
-
8
 



149 

since it is a negligible perturbation on an ion's trajectory. 

3.4. Model 

Ions are created on the dayside in the neutral lunar 

atmosphere via photoionization and/or charge exchange with 

the solar wind. These newly created ions are subject to 

acceleration by the solar wind v x B electric fiëld, execut¬ 

ing cycloidal trajectories that may intersect the moon's 

surface on the nightside. A nightside surface electric 

field, directed radially inward, can further accelerate these 

ions toward the lunar surface. Some knowledge of the magni¬ 

tude of the surface potential and the extent of the influence 

of the electric field on the nightside of the moon is thus 

important to consider as the electric force will alter both 

the ion's energy and direction. 

Analysis of Apollo 12, 14, and 15 SIDE data indicates 

that the surface has acquired a negative charge at solar 

zenith angles of between 20° to 30° from the terminator on 

the dayside of the moon (Benson, 1975)» becoming increasingly 

negative as the terminator is approached (Lindeman, 1973)• 

Values of the surface potential obtained from these studies 

range from -10 V to -100 V. As discussed in Chapter I, cal¬ 

culations by Manka (1972) have also predicted a negative 

lunar surface potential in the terminator region. Implica¬ 

tions of these results are that the surface potential con¬ 

tinues to decrease onto the dark side of the moon. This is 

also expected as a result of the absence of the solar photon 
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flux on the lunar nightside, so that the surface charge 

acquired is predominantly negative» 

The assumption of a negative surface potential on the 

nightside of the moon implies an electric field that is 

directed toward the lunar surface» The electric field, given 

t>y 

is considered to be acting in the radial direction only. 

Thus, 

The electric field is assumed to be constant and is taken as 

acting over a distance of one screening length. The extent 

of the electric field thus defined is the sheath thickness, 

and is given by X.» Hence, 

where <p is the potential at the lunar surface. 
Due to the surface related electric field, the force on 

an ion upon entering the top of the sheath is directed radi¬ 

ally downward toward the lunar surface. An ion traversing 

the sheath toward impact on the lunar surface has a velocity 

given by 

= v ok 

vjt = Vol ♦ at 
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where vQk ^ is the initial velocity of the ion when it 

enters the sheath, t is its travel time through the sheath, 

and a is its acceleration through the sheath as given by 

The coordinates describing the ion's motion through the 

sheath are defined in Figure 3-9. 

The initial velocity of the ion as a function of the 

angle Y which it makes with the sheath is given by 

vok = vo cos Y 

Hence 

vk = vQ cos y 3.4 

v „ = v sin Y + ^ t 
Z o m 3.5 

The ion's displacement can thus be written as 

k “ vokfc = vot cos Y 

t +V?at2 - v t sin Y+^6 t2 

; * o raX 3.6 
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Figure 3-9 Sketch of the coordinate 
system used in describing an 
ion's motion through the 
sheath toward impact with 
the lunar surface. 
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sheath 

lunar 
surface 

Figure 3-9 
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Rearranging the terms in Equation 3.6 yields a 

quadratic equation of the form 

) t2 + (v sin Y) t - 1 = 0. 
mX o 

Solving this equation for t yields 

-vQ sin Y ± JvQ
2
 sin2 y + [ ( 2q<|> *)/(mX) ] 

t =   

qj> 
mX 

Taking the distance l as the sheath thickness X, and 

retaining the physically real solution, the travel time of 

the ion through the sheath is given by 

-vQ sin y + /v0
2 sin2 y + [(2q<|>)/m] 

q<fr 

mX 

Just before entrance into the sheath, the ion's trajec¬ 

tory makes some angle y with the top of the sheath. The 

force on the ion due to the electric field then causes the 

direction of the ion's motion to change, bending the ion's 

trajectory toward the lunar surface. At the point of impact 

with the lunar surface, a new angle 3 can be defined as the 

final angle the ion's trajectory makes with the top of the 

sheath. Taking the tangent of this angle and making use of 

Equations 3.4 and 3.5 gives 
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tan 0 = — 
v. 

v sin Y + 3Li t 
o mX 

vQ cos y 

tan Y +  _9JÈ  t mv X cos Y o 

Solving this last expression for t yields 

t 
mv X cos Y 

o (tan 0 - tan Y) 3.8 

Equation 3.8 is another expression for the time it takes the 

ion to traverse the sheath. 

An expression for the lunar surface potential can now 

be obtained by setting Equation 3.7 equal to Equation 3.8 

and solving for <(>. Thus, 

-v sin Y + /v 2 sin2Y + t (2q<|>)/m] mv X COSY 
o o o 

q* 
mX 

(tan0 - tanY) 

v o 

<J> = -2a COSY (tan0 - tanY) [COSY tan0 - COSY tanY + 2sinY] 

$ = —- cos2 Y (tan0 - tanY) (tan0 + tanY), 
4 

and finally 

3.9 
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The nightside lunar surface potential can therefore he 

defined in terms of the energy of the ion just prior to 

entering the sheath, and the angle the ion's trajectory 

makes at this point, plus the resulting angle the ion's 

trajectory makes upon impact with the surface of the moon. 

A discussion of these various parameters follows in the 

ensuing paragraphs. 

The angle ^ in Equation 3.9 can be determined in a 

straightforward manner since there will be a definite range 

of values can have in order for an ion to make it into the 

aperture of the SIDE instrument and be detected. As covered 

in Chapter II, the entrance aperture for the SIDE'S Total Ion 

Detector is a square solid angle 6° on a side. Moreover, the 

three SIDEs are deployed on the lunar surface such that their 

look directions lie in the ecliptic plane. The detector look 

axes are offset 15° from the instrument axes so that the 

detectors look 15° either to the east (Apollos 14 and 15) or 

west (Apollo 12) of local vertical. Refer back to Figure 

2-9 (b) for the relative orientation of the look directions 

for the three SIDEs. 

By taking into account the detector look direction and 

field of view, the angle (S can thus be determined. Consi¬ 

dering the Apollo 14 and 15 instruments, £ is shown in 

Figure 3-10 to vary over a 6° range. Hence only those ions 

that traverse the sheath such that the angle their trajec¬ 

tories make with the top of the sheath lie within the range 
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Figure 3-10 The cone of acceptance, 
defined by the angle 3, for 
the Apollo 14 and 15 SIDES. 
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sheath 

lunar 
surface 

Figure 3-10 



69° < 3 < 75° 
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3.10 

at the instant they contact the SIDE, are detected. 

In order to define the remaining parameters in 

Equation 3.9, it is necessary to consider the form of the 

ion's trajectory from the dayside lunar atmosphere to the 

nightside. Taking the case where the ion's path of motion 

is in the ecliptic plane, consider first the interplanetary 

field configuration such that the magnetic field points 

northward, 90° out of the ecliptic plane, and the v x B 

electric field points westward, lying in the ecliptic plane. 

These fields, acting on a newly created ion initially at 

rest in the dayside atmosphere, cause the ion to execute a 

cycloidal motion in the plane of the ecliptic. The equa¬ 

tions of motion are given by 

x = v (1 - cos wt) 
d 

3.11 

y = v sin ut. 
d 

3.12 

The ion's gyrofrequency, defined previously in Appendix C, is 

^Bsw 
w =

 ~m ’ 

and the ion's drift velocity, defined in Appendix D, is 

vd V sw# 



l6o 

The time t is the amount of time the ion is in motion along 

its cycloidal trajectory. 

At the moment the ion contacts the top of the sheath on 

the lunar nightside, it has an energy given by 

= ^2 mv 
o 
2 

r 

where 

v = /x2+ÿ2=v /2 (1 - cos tot) 
o d 

Now solving the above equation for t yields 

= 2 (1 - cos tot) 

cos <ot = 1 - 
2Ta2 

or 

t = I cos-
1 (1 3.13 

w mv,3z 

Thus given the initial solar wind conditions, the time it 

takes for an ion of a given energy to travel to the night- 

side of the moon after becoming ionized on the dayside, can 

be obtained. 



161 

An ion following a cycloidal path of motion from the 

dayside atmosphere intersects the sheath on the nightside 

with some angle y, with respect to the horizontal. The geom¬ 

etry of the intersection is sketched in Figure 3-11. where 

the angle Ÿ is defined as 

Y = h + 9 - ir/2 . 3*1^ 

The angle 9 is defined as the longitude of the SIDE instru¬ 

ment on the nightside of the moon. Utilizing a right-handed 

coordinate system, and taking 0° longitude as the anti-solar 

point, or midnight, the angle 9 increases positively toward 

the sunrise terminator where it equals +90°. Only at the 

sunrise terminator are the angles y and n equal. In 

general, n can be defined as 

• 
y 

tan n = —, 
• 
x 

so that 

n tan” 1 
sin tot 

- cos tot 
3.15 

where t is given by Equation 3.13. 

Now considering the interplanetary magnetic field to 

-► -*■ 

point southward, causing the v x B electric field to point 

eastward in the ecliptic plane, the cyloidal equations of 

motion for an ion accelerated from rest become 
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Figure 3-11 Sketch of the coordinate 
system used for defining 
various parameters of the 
intersection of an ion's 
trajectory with the top of 
the sheath. 
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X = Vjj (1 + COS (üt) 3.16 

y * v^ sin u>t 3.17 

The various parameters of the ion's motion can be obtained 

by following a procedure similar to that for the previous 

interplanetary field configuration. This yields 

t = l cos-l _ i) 3.18 m mv<3z 

for the time it takes for the ion to reach the sheath on the 

nightside of the moon, and 

3.19 

for solving Equation 3.14 in order to determine the ion's 

direction as it enters the top of the sheath. Although the 

path of the ion's trajectory is different, the coordinate 

system used is the same as that of Figure 3-11. In this 

case, the ion's trajectory would be the inverse of the one 

shown. 

Calculation of the lunar surface potential on the 

nightside of the moon can thus proceed as all the parameters 

of Equation 3.9 are now defined. For the present, consider 

only singly ionized particles of mass equal to one amu, and 

which are accelerated straight down the center of the 

entrance aperture of the SIDE. For every five degrees of 
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longitude in the midnight to sunrise quadrant of the moon, 

the lunar surface potential was calculated given ion 

energies at the top of the sheath ranging from 10 eV to 

1 keV. 

A set of lunar surface potential curves were generated 

in order to determine what magnitude the surface potential 

had to be to deflect incoming ions of various energies 

through the sheath and into the SIDE instrument. These 

potential curves are shown in Figure 3-12. Calculation of 

the lunar surface potential in this manner was done for 

nominal solar wind conditions of 5y for the value of the 

interplanetary magnetic field strength, and a solar wind 

flow speed of 400 km/sec. 

3.5. Nightside Lunar Surface Potential 

Interpretation of the potential curves of Figure 3-12 

is best understood in light of what effect the lunar surface 

potential has on incoming ions and their detection by the 

SIDE. The energies listed to the right of each potential 

curve represent possible energies an ion could have when it 

arrives at the top of the sheath. The surface potential at 

a given longitude would determine how much energy that 

particular ion would gain after entering the sheath, as the 

energy the ion picks up in traversing the sheath is just 

e = q<f> 



Figure 3-12 Lunar surface potential 
curves for various ion 
energies as a function of 
longitude on the nightside. 
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The energy the ion has when it is observed at the detector 

is then the energy it had at the top of the sheath plus what 

it gained in traversing the sheath. 

It is evident from the shape of the potential curves 

that the minimum negative value of the nightside surface 

potential occurs at the sunrise terminator, while the maxi¬ 

mum negative value occurs toward midnight. These curves 

indicate that the surface potential takes on increasingly 

negative values deeper into the lunar night. The variabi¬ 

lity of the surface potential can be understood by consi¬ 

dering the intersection of the trajectory of an ion of a 

given energy with the top of the sheath over various longi¬ 

tudes throughout the lunar night. 

For an ion arriving at the top of the sheath with a 

given energy, the magnitude of its velocity as well as its 

direction, - or angle, into the sheath can be determined. If 

the ion's trajectory is tangent to the top of the sheath, a 

large surface potential is required in order to 'bend' the 

trajectory into the sheath and toward the lunar surface. 

If, on the other hand, the trajectory of the ion is normal 

to the top of the sheath, it will enter the sheath regard¬ 

less of the magnitude of the surface potential (assuming of 

course that the surface potential is negative). 

Referring back to Figure 3-12, the maximum of each 

potential curve is where an ion of a given energy arrives 

tangent to the top of the sheath. The ion thus requires a 

large electric force to alter its direction of motion, as 
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none of its velocity is along the direction of the electric 

field which points toward the lunar surface. At this longi¬ 

tude the ion is as deep into the lunar night as it can go 

and still be detected by the SIDE. This maximum point is 

also the cut-off point of each curve. As evidenced by the 

longitude distribution of the various cut-off points, ions 

of lesser energy are able to penetrate deeper onto the dark 

side. 

Considering further any one of the potential curves of 

Figure 3-12, if an ion were to reach the sheath at any 

longitude along its potential curve other than its maximum 

point, the trajectory of the ion would intersect the top of 

the sheath with a positive Y; Y being defined in Figure 3-9. 

The ion now has velocity components both tangent to and 

perpendicular to the sheath, and thus does not require as 

great a force to alter its direction of motion toward the 

lunar surface. Hence for the same energy ion, the surface 

potential necessary to alter the ion's path of motion such 

that it is detected by the SIDE is less at longitudes 

approaching the sunrise terminator, where the angle the 

trajectory makes with the top of the sheath is corres¬ 

pondingly greater, than deeper in the lunar night. A series 

of trajectories for an ion arriving at the top of the sheath 

with an energy of 250 eV is shown in Figure 3-13, illustra¬ 

ting the angle of intersection the trajectory makes with the 

sheath as a function of longitude on the lunar nightside. 
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Figure 3-13 For typical solar wind 
conditions of vsw = 400 
km/sec and B = 5 y» the 
entrance angle into the 
sheath for a 250 eV ion is 
illustrated over several 
longitudes on the dark side 
of the moon. 
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Figure 3-13 
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Taking a closer look at the lunar surface potential 

curves of Figure 3-12 near the sunrise terminator, it can be 

seen that some of the curves dip below the zero volt line. 

This is seen in greater detail in Figure 3-14. As a first 

look, this implies that in order to detect ions of between 

10 eV and 250 eV at the sunrise terminator, the surface 

potential must be positive, contrary to what has initially 

been assumed. 

In order to resolve this paradox, consider first the 

ion's direction into the sheath as shown in Figure 3-15. 

The entrance angle Y the ion's trajectory makes with the 

sheath is greater than the angle 3 necessary to detect the 

ion by the SIDE. Because of the steep entrance angle into 

the sheath, the ion would require a positive surface poten¬ 

tial in order to deflect it toward the detector and away 

from its direction straight down to the lunar surface. 

Consider also an ion entering the sheath at the terminator 

compared to an ion of the same energy entering the sheath 

further into the nightside. Referring back to Figure 3-13, 

ions at the terminator would necessarily come from a greater 

altitude above the lunar surface in the dayside atmosphere 

than those that penetrated deeper onto the darkside of the 

moon. 

As discussed in Chapter I, Lindeman (1973) and Benson 

(1975) have reported negative values for the lunar surface 

potential near the terminator. Moreover, the lunar surface 

potential curves of Figure 3-14 were generated for only one 



Figure 3-14 Lunar surface potential 
curves for various ion 
energies as a function of 
longitude on the nightside. 
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Figure 3-15 Sketch of an ion's direc¬ 
tion of motion where it 
intersects the top of the 
sheath at an angle too 
great to be 'bent' into the 
detector by a negative 
surface potential. 
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ion population assumed to have a constant density over 

altitude in the dayside lunar atmosphere. It thus appears 

that in order to satisfy the requirement that the surface 

potential bè negative at the terminator, it is necessary to 

exclude low energy ions from reaching the SIDE in the 

terminator region by this v x ê acceleration mechanism. As 

a result, a limit can be placed on the extent of the atmo¬ 

sphere above the dayside of the moon for ions of mass equal 

to one amu. 

Given a certain ion population and altitude distri¬ 

bution over the dayside of the moon, it can be assumed that 

in general, ions of higher energy reach the SIDE in the 

terminator region while lower energy ions are observed 

deeper into the night. Consequently, in order to obtain 

ions of the same energy at the SIDE throughout the lunar 

night, the surface potential must become more negative 

deeper onto the dark side. 

The lunar surface potential curves were generated to 

determine how negative the surface potential had to be in 

order to detect the nighttime ion events by the SIDE. 

Although not included here, by performing a similar set of 

calculations, these curves can be expanded to include the 

other quadrant of the moon on the dark side hemisphere. The 

resulting curves have the same form as the ones previously 

given, where the surface potential is most negative deeper 

onto the dark side of the moon. These lunar surface 

potential curves and the equations developed concerning the 
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transport of ions in the lunar atmosphere, set the foun¬ 

dation for understanding the occurrence of the nighttime ion 

events. 



CHAPTER IV 

ACCELERATION OF AMBIENT IONS» EXAMPLES 

4.1. Introduction 

Owing to the low abundance of gases on the moon, 

collisional processes are considered to be negligible, and 

no significant interactions between gases of different 

species are expected. It thus becomes important to deal with 

single-particle motion, allowing the trajectories of atmos¬ 

pheric particles to be considered individually. 

Unfortunately the SIDE does not provide any mass anal¬ 

ysis of the nighttime ion events. The highest particle 

energy that the SIDE'S Mass Analyzer can detect is 48.6 eV/q, 

whereas the lowest energy that has been observed for the 

nighttime ion events is 250 eV/q. Therefore only data from 

the SIDE'S Total Ion Detector was utilized. Consequently, a 

mass composition for these ion events must be assumed. 

Aside from collisions, the only force on a neutral 

particle in the lunar atmosphere is that due to gravitation. 

An ion, besides experiencing the gravitational force, experi¬ 

ences forces due to lunar surface related electric and mag¬ 

netic fields in addition to forces due to the electric and 

magnetic fields associated with the interplanetary medium. 

The electrostatic force on an ion exceeds the gravitational 

force by several orders of magnitude, so that.the only forces 

that need to be considered in influencing ions of the lunar 

atmosphere are those associated with the various electric 
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and magnetic fields. 

As stated in Chapter III» the principal forces on ions 

of the lunar atmosphere considered in this thesis are those 

due to the interplanetary fields and the lunar surface 

electric field. The initial force that the ions experience 

is due to the solar wind x B electric field. Those ions 

that enter the plasma sheath above the lunar surface also 

experience a force due to the electric field associated with 

the lunar surface potential. Close to the surface, ions 

experience another force due to lunar remanent magnetic 

fields. Although discussed later in Chapter V, the effect of 

any surface magnetic field on an ion is ignored for the 

present. 

The equations developed in the proceeding chapter 

concerning the transport of ions in the lunar atmosphere 

from the dayside to the nightside of the moon, as well as 

those equations concerning the general form of the nightside 

lunar surface potential, are employed in this chapter. In 

conjunction with this, assumptions concerning the constitu¬ 

ents of the lunar atmosphere are combined with actual solar 

wind data in modeling several nighttime ion events. The 

results obtained are used as examples in satisfying the 

primary objective of this research - to provide an explana¬ 

tion of the nighttime ion events observed by the SIDE. 

4.2. Instrument Background 

The nighttime ion events appear to occur in bursts, 
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characterized by sharp increases in the counting rates at 

the onset of the events, with correspondingly sharp decreases 

in the counting rates at the termination of these events. 

The nighttime ion events are short-lived, generally lasting 

no more than a few hours. 

During the lunar night, the SIDE observes a minimal 

amount of activity and very little background noise. The 

average background count rate during the lunar night is 

given in Figure 4-1, Figure 4-2, and Figure 4-3 for the 

Apollo 12, 14, and 15 TIDs respectively. 

Thus due to the low background noise level during the 

lunar night, the nighttime ion events are quite prominent in 

the TID data when they do occur. In analysis of the SIDE 

data for this thesis, the background count rate, although 

minimal, has been taken into account. 

4.3* Lunar Atmospheric Constituents 

Solar wind interactions with the surface of the moon 

provide for most of the molecular species and noble gases of 

the lunar atmosphere. To a lesser extent, additional atmos¬ 

pheric species are supplied by degassing and radioactivity. 

Furthermore, lunar atmospheric molecules, through photo¬ 

dissociation and solar wind interactions, are the primary 

source for the atomic species of the lunar atmosphere. 

Several of the instruments left on the surface of the 

moon and in lunar orbit during the Apollo missions detected 

various constituents of the lunar atmosphere. Of the gases 
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Figure 4-1 The average background 
count rate during 
lunar night for the Apollo 
12 TID during the first 
four months of instrument 
operation. (Lindeman, 1971) 
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Figure 4-2 Six hour averages of 
background count rates 
during the sixth and 
tenth lunations of 
lunar night for the 
Apollo 14 TID. 
(after Lindeman, 1973) 
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Figure 4-3 Six hour averages of 
background count rates 
during the first and 
fifth lunations of 
lunar night for the 
Apollo 15 TID. 
(after Linderaan, 1973) 
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detected, it is generally accepted that the lighter gases, 

such as hydrogen, helium and neon, probably originate from 

the neutralization of solar wind ions at the surface of the 

moon. The lunar surface soil is most likely saturated with 

most of the solar wind gases. A balance of ion inflow from 

the solar wind and neutral effusion from the lunar surface 

probably exists. Measurements of the lunar atmospheric 

content of helium, uNe and 
J
 AT by Hodges et. àl. (197*0 

verify a close balance with the solar wind influx of these 

gases. Species such as ^Ar and -^Ar may be spallation prod¬ 

ucts resulting from cosmic ray interactions with the surface 

materials; whereas Ar most likely is due to the radioactive 

40 
decay of K within the moon. 

All except the lightest gases are gravitationally 

bound. Light gases, particularly hydrogen and helium, have 

short lifetimes on the moon because their thermal velocities 

are greater than the velocity of escape from the moon. How¬ 

ever for heavier gases, escape from the moon by virtue of 

their thermal energies is negligible. Photoionization or 

charge exchange with solar wind protons, followed by accel¬ 

eration by the solar wind electric field accounts for most 

of the loss for the heavier gases. 

Due to the large diurnal temperature variations that 

exist on the lunar surface, the distribution of atmospheric 

gas over the surface of the moon is not uniform. The diffu¬ 

sion of gas over the lunar surface is a function of tempera¬ 

ture. An exponential scale height distribution can be 
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approximated for those particles constituting the lunar 

atmosphere. The total neutral number density can then be 

considered as a combination of the number densities of the 

various atmospheric constituents. 

4.4. Examples of Ion Transport 

The ion events observed by the SIDE on the darkside of 

the moon can be attributed to ions from the dayside lunar 

atmosphere that have been accelerated by the solar wind v x B 

electric field into the region above the lunar nightside hem¬ 

isphere. Further acceleration of these ions by a surface 

electric field on the darkside of the moon gives some suffi¬ 

cient energy and direction to impact the lunar surface on the 

nightside and to be observed by the SIDE'S TID. This was the 

basic premise laid forth in the proceeding chapter, which led 

to the development of equations of motion regarding the 

transport of ions from the dayside to the nightside of the 

moon, and the formulation of the expression for the nightside 

lunar surface potential. 

The specific nighttime ion events chosen for purposes 

of determining whether this model was correct, were selected 

on the basis of the availability of certain measured solar 

wind parameters. In particular, for the time period sur¬ 

rounding the ion events in question, solar wind parameters 

needed were those of velocity, magnetic field strength, and 

magnetic field direction. It was desirable to cut down the 

number of assumptions made in order to obtain as nearly a 
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true physical representation of the transport of ambient ions 

from the dayside lunar atmosphere to their detection by the 

SIDE on the surface of the lunar nightside. The majority of 

the nighttime ion events were thus eliminated from further 

consideration due to a paucity of solar wind data over the 

time periods required. Solar wind data used in this thesis 

was obtained from experiments onboard the Explorer 35 and 

Vela series satellites. In particular, magnetic field data 

was acquired from the magnetometer flown on Explorer 35* 

while solar wind velocity data was gained from the electro¬ 

static analyzers on the Vela 3 and Vela 5 spacecraft. These 

particular experiments have been discussed in Chapter II. 

The only variable in discussing the actual ion events was 

therefore that of the ion species that made up the particular 

nighttime ion events observed. Based on findings from other 

lunar surface experiments which did measure the gas concen¬ 

tration of the lunar atmosphere and identified various gas 

species, an educated guess could be made as to what atmos¬ 

pheric constituents were observed by the TID. Some of these 

lunar atmospheric measurements have already been presented in 

Chapter I. 

To begin with, it was necessary to consider the ener¬ 

gies of the nighttime ion events that.are actually observed 

by the SIDE. In the context of this model, the measured en¬ 

ergies were presumed to be the energies the ions have after 

traversing the full extent of the sheath thickness. In other 

words, the energy an ion has when detected is the sum of the 



191 

energy gained through acceleration by the solar wind v x B 

electric field plus the additional energy the ion picks up 

traveling through the sheath. This can be expressed as 

ion has when it reaches the top of the sheath, as given by 

where v^ is the ion*s drift velocity, o> is the ion's gyro- 

frequency, and t is the time it takes the ion to arrive at 

the top of the sheath on the nightside after executing a 

cyclodial trajectory starting from rest in the dayside lunar 

atmosphere. As discussed in Chapter III, the choice of the 

sign in the parentheses for the component of the ion's veloc¬ 

ity in the x-direction depends upon the orientation of the 

solar wind ^ x B electric field. 

Upon assuming a mass composition for a given nighttime 

ion event, the components of velocity at the top of the 

sheath can be determined for various possible energies the 

ion could have when it enters the sheath. The ion's direc¬ 

tion at that point is represented by the angle Y , and is 

dependent upon the energy the ion has at the top of the 

where 

£0 
= 2mv0

2 3X1(1 £ = q# • 

<}> is the lunar surface potential and vQ is the velocity the 

The velocity components for the ion are defined as 

x = v^(l ± cos ut) 

y = vdsin ut 



192 

sheath as well as the location of the intersection of. the 

trajectory with the sheath, as defined in terms of the lon¬ 

gitude, 0, from the antisolar direction. There is an allow¬ 

able set of trajectories, i.e. range of energies, that an 

ion could have in order for it to have the proper direction 

to enter the sheath and be observed by the detector. Figure 

4-4 illustrates an acceptable trajectory entrance sector for 

a given longitude. 

Once the allowable range of energies is determined for 

a particular nighttime ion event, possible surface potential 

values can be computed from Equation 3*9» as restated here 

where 

$ =* j^cos^(tan^jô - tan^y) 

The angle p is that final angle that the ion's trajectory 

makes with the sheath at the instant it is observed by the 

SIDE. This angle takes into account the detector look direc¬ 

tion and field of view, and hence p has a finite range of 

values in order for the ion to make it into the aperture of 

the SIDE'S TID. The cone of acceptance is illustrated in 

Figure 3-10, covering the range of angles given in Equation 

3.10. 
The surface potential is initially determined for an 

ion that enters the middle of the entrance aperture, having 

a p of 72°. To determine any additional ions that could be 

detected given this surface potential and angle p, the ini¬ 

tial energy of the ion at the top of the sheath is incre- 
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Figure 4-4 The shaded area represents 
the acceptable sector with¬ 
in which ion trajectories 
may intersect the top of 
the sheath to be observed 
by the SIDE at a given 
longitude. 
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Figure 4-4 
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merited in small amounts, and new trajectory values are com¬ 

puted. As the energy increases, the ion's trajectory makes 

a shallower angle to the sheath tangent} conversely, for a 

decrease in energy, the angle If is increased. In general, 

the range of additional energies is approximately ten times 

broader for an ion of a heavier mass, say Ne, than for an 

ion of less mass, such as hydrogen. The angle p is next 

varied over its allowable range, and for each |3 the initial 

energy of .the ion at the top of the sheath is again varied 

in order to determine the amount of detectable ions for the 

same surface potential. In this manner a counting rate is 

built up over the full width of the detector field of view, 

and as a function of ion energy. 

The count rate acquired is at this point subject to 

the operating constraints of the SIDE. In particular, ion 

count rates are recorded for specific energy per unit charge 

values. In a given SIDE energy channel for the TID,- the in¬ 

cident ions that: can be detected may have energies of ± 8fo 
of the center energy for that channel. Given these detect¬ 

ability conditions, which are discussed in greater detail in 

Chapter II, the count rates generated by the model are nar¬ 

rowed down to conform with what the SIDE could actually see. 

For the particular nighttime ion event under consider¬ 

ation, the generated counting rates and energy values were 

compared to the actual counting rates as a function of the 

observed energies. This procedure, as outlined above, was 

performed on a computer. Many iterations of ion mass, 
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energy, and surface potential was executed in order to de- 

termime the best fit to the data. Once this was accom¬ 

plished, the trajectories that the ions would execute from 

the dayside lunar atmosphere into the detector on the night- 

side could be plotted. 

Utilizing the equations of motion developed in the 

proceeding chapter, in particular Equations 3*1. 3»2 and 3*3» 

an ion's position as a function of time can be generated. 

This allows the trajectories of ions that would be detected 

for a particular nighttime ion event from formation to im-. 

pact to be visualized. Several examples of nighttime ion 

events are shown in the following figures. In Figure 4-5 

the nighttime ion spectra observed by the SIDE for an event 

that: occurred 1.5 days before lunar sunrise at the Apollo. 14 

site is given. A lunar surface potential of -62 V is re¬ 

quired in order to obtain a set of ion trajectories that 

would be observed at the detector with the appropriate energy 

range if the atmospheric constituent observed was singly 

ionized Ne. Figure 4-6 illustrates the trajectories that 

represent the maximum and minimum altitudes at which an ion, 

starting at 0 eV, would be accelerated by both the inter¬ 

planetary electric field and the lunar surface electric field 

and arrive at the detector with the correct energy. In this 

case the ion event was observed in both the 250 and 500 eV/q 

energy channels. Although it appears that the trajectory of 

the ion with the lower starting altitude is in the lunar 

shadow and not subject to ionization, it is actually above 
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Figure 4-5 3-D plot illustrating 
the ion spectra observed 
by the Apollo 14 SIDE» 
The arrow points to the 
nighttime ion event that 
occurred in 1971 at day 
63, 13 hours and.41 minutes. 
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Figure 4-6 Illustration of the range 
of trajectories for singly- 
ionized uNe for the night¬ 
time ion event shown in 
Figure 4-5» 
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the 4° solar aberration angle and therefore valid. 

The spectra for a nighttime ion event which occurred a 

day before lunar sunrise at the Apollo 14 site is given in 

Figure 4-7» This event was observed in the 250, 500 and 

750 eV/q energy channels of the SIDE. Upon assuming the 

atmospheric species detected were H and H2 , a lunar surface 

potential of -92 V was required in order to obtain sufficient 

counting rates in the appropriate energy range. Figure 4-8 

illustrates the range of ion trajectories that would occur 

for this event. 

Nighttime ion spectra observed by the Apollo 14 SIDE 

for an event that occurred approximately 3»5 days before 

lunar sunrise is given in Figure 4-9* For this event ions 

were observed in both the 250 and 500 eV/q energy channels. 

A lunar surface potential of -377 V was required in order to 

fit the spectra with atmospheric species of H and H2 . The 

set of trajectories for this event is illustrated in Figure 

4-10. Note that in the previous examples the solar wind 

magnetic field was almost 90° out of the ecliptic plane, 

which put the ion trajectories nearly in the ecliptic. In 

this example, the reverse is true, and the ions execute tra¬ 

jectories over the north pole of the moon. 

Although not included here, several other examples were 

obtained where the observed nighttime ion spectra could be 

generated from ion acceleration through the solar wind v x B 

electric field and an imposed nightside surface electric 

field. It appears that through this mechanism, atmospheric 
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Figure 4-7 3-D plot illustrating 
the ion spectra observed 
by the Apollo 14 SIDE. 
The arrow points to the 
nighttime ion event that 
occurred in 1971 at day 
152, 16 hours and 56 minutes. 
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Figure 4-8 Illustration of trajectories 
for singly ionized atomic 
and molecular hydrogen for 
the nighttime ion event 
shown in Figure 4-7» The 
trajectory closest to the 
surface is H , while the ^ 
one fartherest away is H2 . 
Other ion trajectories 
for this event fall be¬ 
tween these two. 
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Figure .4-9 3-D plot illustrating 
the ion spectra observed 
by the Apollo 14 SIDE. 
The arrow points to the 
nighttime ion event that 
occurred in 1971 at day 
61, 20 hours and 7 minutes. 
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Figure 4-10 Illustration of trajectories 
for singly ionized atomic 
and molecular hydrogen for 
the nighttime ion event 
shown in Figure 4-9» The 
largest trajectory is that 
is H2 , yhile the smaller 
one is H . For a more 
accurate visualization, 
the ion trajectories should 
he rotated to a plane 
perpendicular to the paper. 
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ions from the sunlit portion of the moon can be transported 

onto the nightside hemisphere of the moon. 

4.5» Number Density Determination of the Neutral Lunar 
Atmosphere 

The model presented for the transport of atmospheric 

ions as an explanation for the occurrence of the nighttime 

ion events observed by the SIDE, provides as a by-product, 

the necessary data for a determination of the neutral atmos¬ 

pheric number density for those atmospheric constituents 

considered in the examples presented above. Not all par¬ 

ticles in the neutral lunar atmosphere are gravitationally 

bound, so that the atmosphere at large distances away from 

the moon is not in thermodynamic equilibrium. A strict 

exponential scale height distribution for the number density 

of atmospheric particles is thus not entirely accurate. 

However, as a first approximation, the density of each spe¬ 

cies considered can be assumed to decrease approximately 

exponentially with height. 

For a given volume element dV at altitude z, the number 

of neutrals is given by 

dN = ndV , 

where n is the neutral number density. The number of ions 

produced per sec in this volume element is 

dP = pndV , 

where p is the ionization rate. Now the number density of 

ions is a product of the production rate of ions and the mean 
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lifetime an ion spends in some volume element, expressed as 

Considering the height of the volume element to be d, 

where v^.^ is the thermal velocity of the ions. Hence the 

ion number density can be further expressed as 

Furthermore, the product of the ion number density and the 

average velocity of the ions yields the flux. Thus 

Equation 4.1 can be solved for the neutral atmospheric 

number density. The ionization rate for a particular gas 

species is obtained from Table 1.5» where ionization rates 

are listed for various lunar atmospheric gases. The size of 

the volume element is just the difference between the 

heights of the highest and lowest energy trajectories where 

the ions are formed. The maximum and minimum trajectory 

starting altitudes can be determined from the generated 

trajectories for a particular nighttime ion event. The 

average ion velocity can be found from the average energy 

of ions accelerated across the volume element by the solar 

wind electric field; while the ion thermal velocity is just 

Finally, the counting rate from the nighttime ion event 

spectra can be converted into a flux, as discussed in 

ni = dPŸ/dV 

x = d/vth 

3 = pndv/vth 4.1 



212 

Chapter II, thus leaving the neutral number density as the 

quantity to be computed. 

The number of ions arriving at the lunar surface per 

2 
cm per sec from altitude z is given by 

dJ = dP/dA , 

where 

so that 

dA = dV/dz , 

dJ = = pndz dV/dz 4.2 

Now assuming that the neutral lunar atmosphere is exponen¬ 

tially distributed, the density is given by 

-z/h . 4.3 n = nQe 

where nQ is the surface number density and h is the scale 

height. Equation 4.2 can be rewritten as 

dJ = pn0e“
z/hdz , 

which upon integration yields 

0 = Pn h (1 - e‘
z/h) . 4.4 

For z > > h, Equation 4.4 reduces to 

j * pnQh . 

The scale height is given by 

where k is Boltzman’s constant, T is the temperature on the 

surface of the moon, m is the mass of the particle, and g is 

the lunar gravity, which is one sixth that of the earth's. 
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The lunar surface temperature varies considerably, reaching 

maximums on the dayside of approximately 350°K and minimums 

on the nightside of nearly 100°K. The neutral number den¬ 

sity does not therefore fall off with a single scale height, 

but more realistically, as a linear combination of several 

different scale heights. 

From the observed flux and the predicted height dis¬ 

tribution for the ions constituting a given nighttime ion 

event, the lunar surface number density can be computed. 

20 
For the events analyzed, surface number densities for Ne 

are on the order of 10^/cm^, while for atomic and molecular 

hydrogen, the surface number densities for both species are 

in the 10^/cm^ range. The value for the concentration of 

20 
Ne is in agreement with the measured values as reported by 

Hodges et. al. (1972) and Hoffman et. al. (197*0» There is 

some question however as to whether the observed hydrogën on 

3 4 / 
the moon is real or artifact. Upper bounds of 10^ and 10 / 

cm^ have been reported (Fastie et. al., 1973a*b,c, Hoffman 

et. aL, 1973b, and Hartle and Thomas, 197**) for hydrogen if 

it is real. The question arises due to instrument limitations 

leading to the uncertainty of these atmospheric density 

measurements. If it was artifact, the hydrogen may have 

been coming off the lunar surface directly as ions, and thus 

no neutral hydrogen would have been detected. 

4.6. Nightside Surface Potential Determination and Plasma 
Environment Behind the Moon 
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From the data generated through this model for a par¬ 

ticular nighttime ion event, the lunar surface potential on 

the nightside of the moon that would be required to obtain 

the correct ion energy range and count rate as observed by 

the SIDE, was determined. A sampling of ion events over the 

midnight to sunrise quadrant of the moon were analyzed, 

yielding various surface potentials. For representative ion 

events, the surface potential distribution on the lunar 

nightside is displayed in Figure 4-11. No nighttime ion 

events with energies greater than 1250 eV/q have been ob¬ 

served by the SIDE. The next higher SIDE energy channel is 

1500 eV/q, so the absence of nighttime ion events with ener¬ 

gies of 1500 eV/q or larger suggests a lower limit of -1500 V 

for the lunar nightside potential. Analysis of terminator 

ion events (Lindeman, 1973) and v x B events in the termi¬ 

nator region (Benson, 1975)» place limits on the surface 

potential of -10 V to -100 V for solar zenith angles be¬ 

tween 75° and 90°. Thus the surface potential over the lunar 

nightside is expected to lie within the range of 10 to 1500 

volts negative. 

The magnitude of the surface potential over the night¬ 

side hemisphere of the moon shows a lot of scatter at a given 

longitude, but in general, increases from the terminators 

toward local lunar midnight. Observations by Lindeman (1973) 

of terminator ion events confirm this result. Figure 4-12 

shows the change in peak energy of these events with longi¬ 

tude around the sunset terminator for the Apollo 14 SIDE. 



Figure 4-11 Variation of the 
nightside lunar 
surface potential. 
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to 
sun 

Figure 4-11 
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Figure 4-12 Change in the lunar surface 
potential, as a measure of 
the ion energy, around 
the sunset terminator as 
seen by the Apollo 14 SIDE. 
(Lindeman, 1973) 
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The peak energy of this type of event corresponds to the 

energy a particle gains in falling through a surface field, 

and is thus a measurement of the magnitude of the lunar sur¬ 

face potential. The value of the surface potential at a 

given solar zenith angle can be seen to vary over a wide 

range in a relatively short period of time. 

Analysis of v x B ion events also yielded a range of 

lunar surface potential values for a given location (Benson, 

1977 ) • These events generally occurred a couple of days 

away from the terminators and onto the lunar dayside. The 

lunar surface potential values obtained from analysis of 

SIDE x B, terminator and nighttime ion event data are 

compiled in Figure 4-13. The considerable amount of scatter 

in the lunar surface potential data is quite evident, indi¬ 

cating the dependence of the surface potential on solar wind 

conditions. 

A negative surface potential is to be expected on the 

lunar nightside due to the absence of ionizing photons, and 

hence the dominance of solar wind electrons. Reasoner (1975) 

reported seeing sporadic, though significant, fluxes of elec¬ 

trons impacting the surface of the moon throughout the lunar 

night. These electrons can reach the dark side of the moon 

by traveling along magnetic field lines which connect to the 

lunar surface. 



Figure 4-13 The variability of the 
lunar surface potential 
as a function of solar 
zenith angle, as deter¬ 
mined from three types 
of positive ion events. 
The left-hand portion 
of the figure repre¬ 
senting the v x B and 
terminator ion events 
was taken from Benson 
(1977). 
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CHAPTER V 

ION DYNAMICS t SUMMARY 

5*1» Brief Restatement of Research 

Sporadic bursts of ions with energies nominally in 

the 250 eV/q to 1250 eV/q range are observed by the three 

Apollo Suprathermal Ion Detector Experiments (SIDEs) through¬ 

out the lunar night. It is proposed that the dàyside lunar 

atmosphere provides the source of ions for these events. 

A population of ions is produced over the sunlit 

portion of the moon by photoionization of the neutral lunar 

atmosphere or charge exchange with the solar wind. Ions 

formed in the lunar atmosphere experience an electric force 

due to the relative motion between the moon and the inter¬ 

planetary magnetic field being convected past the moon by 

the solar wind. As a result, a newly formed ion will move 

in a cycloidal trajectory and will either strike the lunar 

surface or be carried off into the solar wind. It is possi¬ 

ble to obtain trajectories that transport ions from the 

dayside to the nightside of the moon in this manner. 

The energies and trajectories of these ions can be 

altered upon acceleration by an inwardly directed, radial 

nightside surface electric field. The effect of this field 

is to increase an ion's energy and direct its path of motion 

toward the lunar surface. Ultimately these ions may be 

detected by the SIDEs. The ions classified as nighttime ion 

events in the SIDE data, are believed to be a result of this 
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mechanism. 

For several nighttime ion events, ion trajectories 

were calculated for different lunar atmospheric constituents, 

leading to the generation of particle data which are in 

agreement with the observed measurements. In addition, 

values for the surface potential on the nightside of the 

moon were determined, as well as the number densities of 

various species in the lunar atmosphere. 

5.2. Areas for Further Study 

The model presented in this thesis can be improved 

upon in several areas. Instead of a constant electric field 

acting over a finite distance on the nightside of the moon, 

an exponential surface field could be considered. The 

potential distribution would then take on the form 

(£(z) = - $Qe"
z/X , 

where (j)Q is the magnitude of the potential at the lunar 

surface, z is the altitude above the lunar surface, and k is 

the effective screening length. 

Consideration could also be given as to the effect of 

the local magnetic fields on the detection of incoming ions. 

A strong surface magnetic field could deflect incoming ions 

such that they would no longer be a parallel beam. 

Finally, gas species other than the noble gases 

considered here could be taken into account. Atmospheric 

constituents such as metallic ion species and gas molecules 
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could be considered. 

It should be noted, however, that even though this 

model does not embody a complete physical representation of 

the lunar environment, it should still be considered as a 

viable alternative to other mechanisms proposed for the 

explanation of the nighttime ion events observed by the SIDE. 

50. Applications to Other Planetary Bodies 

The study of the solar wind interaction with the 

moon can be thought of as a simplified version of the inter¬ 

action between the solar wind and other planetary bodies. 

The moon is a non-magnetized body with no appreciable 

atmosphere, thus allowing the solar wind to penetrate to its 

surface. Most other planetary bodies hold off the solar 

wind either by a strong magnetic field or else a substantial 

atmosphere. 

With some modifications, the basic equations of ion 

transport used in this thesis can be applied to other plane¬ 

tary environments. In particular, the interaction between 

the solar wind and the upper atmospheres of Venus and Mars 

can be treated similar to that of the lunar interaction; 

although once the ions penetrate into the ionopause, their 

trajectories would be altered. 

The study of the tenuous lunar atmosphere and sur¬ 

rounding plasma environmert thus provides the stepping stone 

for the study of the interaction between the solar wind and 

more complex planetary environments. 
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APPENDIX A 

The Potential Equation for the Curved Plate Analyzer 

Assuming the charge density to be zero, the scalar 

potential can be found using Laplace's equation. Laplace's 

equation is written as 

V2<£ * 0 , 

which in cylindrical coordinates becomes 

The potential is a function of r only, having no 0 or 

z dependence. Laplace's equation for the potential can 

therefore be reduced to a simpler form as follows* 

v2^^<>$> = 0 

= 0 

r^ * constant » C. . 

The above equation cam be reduced even further by noting 

that since the dependence of <p is on r only, the partial 
derivative can be replaced by a total derivative. Thus, 

*t> ■ 

0 = C^inr *► C£ • A.l 

The values of the constamts of integration, and C2, 
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may be evaluated by considering the boundary conditions 

imposed on the curved plate analyzer# The radial (r) coor¬ 

dinates of the two curved plates are taken to be r4 and r • 

The potential on the outer- plate» that is the plate with 

radial coordinate rQ, is Vj whereas the potential on the 

inner plate is zero* These boundary conditions can be 

stated in a more concise form as follows» 

(1) C(>(r0) = V 

(2) <p(rt) = 0 . 

Applying the two boundary conditions to Equation A.l gives 

<p (rQ) = C1lnr0 ♦ C£ = V 

and 

<£(r^) = C^lnr^ + Cg = 0 • A.2 

Now combining these equations by subtracting the second from 

the first yields a value for the constant C^» shown as 

follows » 

<p(rQ) - <f>{TL) « C1<lnrQ - lrn^) * Y 

CllnF? = Y 

C1 = lnTr^7rj7 * 

Substituting the value for into Equation A.2 gives a 

value for C2, the second constant of integration. Thus, 

= (ln(r^’r1))
lnri + C2 " 0 

°2 “ - m(r7^7 lnri • 

The values obtained for the constants of integration 

may now be substituted into Equation A.l in order to obtain 
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the final form of the equation for the potential* There¬ 

fore, 

4><r) ’ ITOv^Tlnr - ta<v’r1)
ln ri 

Thus, 

In(ro/ri) 
(lnr - lnr^) o 

6M - via O 

It is therefore shown that the potential applied across the 

two curved plates of an electrostatic analyzer can be 

represented as a function of the radius of curvature of the 

plates* 
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APPENDIX B 

The Transformation Equations for Electromagnetic Fields 

Consider the case where the solar wind, with magnetic 

field S' and velocity V, flows past the moon where charged 

particles are being added at rest to the lunar atmosphere. 

The electric and magnetic fields in the lunar, or stationary, 

frame of reference can be related to the fields in the solar 

wind, or moving, frame of reference by a Lorentz transforma¬ 

tion from the stationary to the moving frame. Assuming that 

primed quantities refer to the solar wind frame of reference, 

while unprimed quantities refer to the lunar frame of refer¬ 

ence, the electric and magnetic fields of the moving frame, 

relative to the stationary frame, can be given as follows» 

fi.1 - s. 
Ei' = Y(É + $ x , 

and 

S" ' = 6 
4 U 

8/ = r<8 --IfgÉ), . 
where >•» (1 - v2/c2)-5, c is the speed of light, and the 

subscripts # and A refer to the direction of the flow 

velocity 

The solar wind is a highly conducting plasma, such 

that in its rest frame Ê' =* 0. For typical solar wind veloc¬ 

ities?,v<C 4 c, resulting in ÿ » 1. Thus, the electric and 

magnetic fields that exist in the lunar frame of reference 
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are given by 

E = -v x B & B = B* . 
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APPENDIX C 

Cycloidal Trajectory Equations of Motion 

A charged particle moving in a region in which there 

exists electric and magnetic fields experiences a force due 

to the electric field and a force due to the magnetic field. 

These forces can be expressed as 

= qÊ and 
- 

qv Ê. 

Assuming that there are no other forces acting on the 

particle, the equation of motion can be written as follows: 

ftOt ■ fE + fB 

m dv/dt = qê+ qv x I = q(lf + v x ê), 

Considering an ion in the lunar atmosphere, the elec¬ 

tric and magnetic fields that influence it are those of the 

solar wind. In the lunar frame of reference the solar wind 

electric field is given by 

È = - v x f , 
sw sw sw 

•> 
where E is always perpendicular to B . Thus, taking 
sw sw 

A >. A 

E = E y and B = B z, the component equations of 
sw sw sw sw 
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motion become 

m dvx/at = q
vy Bsw 

m = ^ Esw “ <3VX 
BSW 

m dvz/dt = 0. 

C.l 

C.2 

C. 3 

The coordinates of the motion can be obtained from these 

three equations in the following manner, as discussed below. 

Substituting the time derivative of Equation C.l into Equa¬ 

tion C.2 yields 

q B 
d2vx/dt2 + ( ^ 

m 

q B 
By defining w = —and K = 

above equation as 

)2 vx - 

2 E 
sw 

m4 

C B 
sw sw 

nr 

B 
sw 

and rewriting the 

d2v /dt2 + co2v = K, C.4 
A X 

a second order first degree linear differential equation 

with constant coefficients is obtained. The general solu¬ 

tion to this equation is 

v
x(t) = A cos wt + D sin cut + C. C.5 

The jonstants of integration in Equation C.5 may be 
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determined in the following manner. Differentiating the 

general solution and substituting back into Equation C.4 

yields 

-Aw2 cos ut T Dw2 sin wt + W2(A COS wt + D sin wt + C) = K. 

Solving for the constant C gives 

q2 E B , 
c = K/«* = (- tX—Si) -1 

m
2
 (i)

2 

or 

C = E /B . 
sw' sw 

Now at t = 0, 

vx(0) » A + C, 

so that the constant A has the value 

A = v - E /B . xo sw' sw 

Differentiating Equation C.5 and substituting into Equation 

C.l yields 

mw (D cos wt - A sin wt) = q v B 
y o w 
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At t = 0 the constant D is obtained, such that 

The velocity of the ion in the x-direction as a function of 

time can therefore be written as 

vft) = (vv_ - E_,,/B ) cos wt + v„^ sin wt + E„,,/B_ . C.6 x xo sw' sw yo sw sw 

In a similar manner the velocity of the ion in the y- 

direction as a function of time may be obtained. Taking the 

time derivative of Equation C.2 and substituting into Equa¬ 

tion C.l yields 

d2vy/dt
2 + 

,q B 
sw 

m 0 

or 

d2vy/dt
2 + w2vy = 0. 

The general solution to this equation can be written as 

vy(t) = F cos ait + G sin wt. C.7 

At t = 0 the constant F is readily obtained; such that 

yo* F = V 
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The constant G may be found by differentiating Equation C.7 

and substituting into Equation C.2# yielding 

mu> (G cos <ot - F sin <ot) = q Egw - qvx Bgw. 

At t = 0, solving for the constant G gives 

mw G = cr ( E — v B ) 
H v sw xo sw ' 

or 

G = E /B - v . 
sw7 sw xo 

Thus the velocity of the ion in the y-direction as a func¬ 

tion of time can be written as 

v (t) = v cos art — fv — E /B 1 sin wt. C.8 y ' ' yo *■ xo sw' sw ' 

Obtaining the velocity of the ion in the z-direction as 

a function of time is straightforward. Integrating Equation 

C.3 yields 

v_(t) = constant; z 

so that at t = 0, 

v2(t) V 
zo# 

C* 9 
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The component equations of motion, Equations.C.6, C.8, 

and C.9, can now be directly integrated to obtain the 

coordinates of the motion. Integrating the equation for the 

ion's velocity in the x-direction, Equation C.6, yields 

x(t) - x(tQ) - (— ül
SW^- S-.) (sin cot - sin cotQ ) 

v 
+ (cos Cot - cos cot) + E„ /B„„ (t - t_). 

<o v o ’ sw' sw o 

Assuming that the ion is at the origin of the coordinate 

system at tQ = 0, this equation reduces to 

x(t) = (—22—^ sw—— ) sin cot + —(1 - cos cot) 

+ (E /B )t. 1 sw' sw
} 

Similarly, integrating the equation for the ion's velocity 

in the y-direction, Equation C.8, yields 

v 
y(t) - y(t ) = —^2 (sin cot - sin cot ) J J

 O co O 

v - E /B 
xo sw sw 

CO 
(cos cot - cos cot), 

o 

Taking the condition that the ion is at the origin of the 

coordinate system at tQ = 0, this equation reduces to 

sin cot + 
xo 

E /B 
sw' sw 

y(t) 
CO 

(cos cot - 1) 
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Finally, integrating the equation for the ion's velocity in 

the z-direction, Equation C.9, yields 

z(t) - z(tQ) = vzo (t - tQ). 

Upon assuming, that the ion is at the origin of the coordi¬ 

nate system at tQ = 0, this equation reduces to 

Letting vd = 
E
sw/

B
sw» the parametric equations of 

motion for an ion in the lunar atmosphere, influenced only 

by the crossed electric and magnetic fields of the solar 

wind, are 

v - v, 
x(t) = ( xo- ) sin ut + 

v 
yo 
0) 

(1 - cos ut) + v,t C.10 

v v - v 
y(t) = —sin ut + ( x°ti ) (cos wt - 1) 

ni 
C.ll 

z(t) = vZQt. C.12 

It can be seen that the motion in the z-direction is inde¬ 

pendent of the motion in the x- and y-directions; whereas 

the x- and y-motion are not independent of each other. 

Assuming further that the ion is initially at rest and has 

no velocity in any direction, the above equations become 
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V 

x = v,t sin tot C. 13 
a a) 

V, 
y = -^ (1 - cos wt) C.14 

z = 0. C. 15 

Equations C.13, C.14, and C.15 represent the ion's position 

as a function of time. They describe the resulting path of 

motion as that of a cycloid in the x-y plane. 
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APPENDIX D 

Ion Drift Velocity 

The velocity defined in Appendix C as 

v, = E /B 
d sw' sw 

is known as the drift velocity of the ion, and is generally 

written as 

In the lunar frame of reference, it has been shown that the 

interplanetary electric field is given by 

Ê = -v x Û, 

> •> 

where E is perpendicular to B. Upon considering the exprès 

sion 

(ê) x ^ = (-V x 5) x ]3 = (É x v) x $ 

ê x ^ = v (S»B) - it (it • v), 

the component of the velocity perpendicular to the magnetic 

field is shown to be 
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In other words, the drift velocity is the velocity perpendi¬ 

cular to the magnetic field that is imbedded in the solar 

wind flow. This can also be written as 

va = vi = vsw 003 e- 

where 9 is the angle between the drift velocity and the 

solar wind velocity. Hence, when the solar wind velocity is 

perpendicular to the solar wind magnetic field, then the 

drift velocity coincides with the solar wind velocity, and 


