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Summary 

This is the final technical report on the Lunar Data 

Analysis and Synthesis Program Grant No. NSG-07025 awarded to 

Rice University by the Lunar Programs Office of the National 

Aeronautics and Space Administration. The purpose of the 

research was to use data from the ALSEP/CPLEE instrument along 

with other lunar-surface and lunar-orbiting instruments to study 

interactions between the moon and its space plasma environment. 

Principal research accomplishments under this grant were: 

1. Study of lunar nightside electron fluxes and identifi

cation of three distinct classes of flux events. The 

events were shown to be due to a) electrons propagating 

upstream from the earth's bow shock; b) electrons 

thermalized and scattered to the lunar surface by 

disturbances along the boundary of the lunar solar

wind cavity; c) solar wind electrons scattered to the 

lunar surface by lunar limb shocks and/or compressional 

disturbances. 

2. Identification of these lunar nightside electrons as 

a causative agent of the high night surface negative 

potentials observed in the ALSEP/SIDE ion data. 

3. Study of the shadowing of magnetotail plasma sheet 

electrons by interactions between the lunar body and 

the ambient magnetic field and by interactions between 

charged particles and the lunar remnant magnetic fields 

in the vicinity of the instrument. These shadowing 

effects were shown to have important effects in modifi

cation of the lunar-surface and near-lunar potential 

distributions. 
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These studies will be described in detail in this report. 

The NASA Technical Officer for this grant is Dr. Desiree 

Stuart-Alexander, Code 8M, NASA Lunar Programs Office. 
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Introduct.ion 
----~----

The Charged Particle Lunar Environment Experiment (CPLEE) 

was deployed on the lunar surface during the Apollo 14 mission 

on February 6, 1971. Over a lifetime of approximately 2 1/2 

years the instrument returned much valuable data concerning the 

charged particle environment of the moon and the interactions 

between space plasmas and the lunar body and surface. The initial 

hardware and data analysis contract (NAS9-5884) continued until 

March 1974 and the final report for that contract contains the 

scientific justification, instrument description, and scientific 

research activity of the CPLEE program up to that time. Briefly, 

the initial period of data analysis concentrated upon analysis 

and understanding of charged particle fluxes to the dayside 

lunar surfacee We investigated the lunar surface photoelectron 

layer, the properties of the plasma sheet in the geomagnetic 

tail at lunar distance, properties of magnetosheath particle 

populations, relations between charged particle events observed 

at the moon and events observed closer to the earth by other 

satellites, and changes in the magnetotail geometry during magnetic 

storms. Other investigations included particle fluxes due to 

artificial lunar surface impact events and cosmic ray particles 

from the August 1972 solar flares. The reader should refer to 

the NAS9-5884 final report for a complete bibliography. 

In our studies of CPLEE data, it became obvious that many 

of the phenomena observed were not an intrinsic feature of the 

lunar environment but rather were the result of interactions 

between the moon and its space plasma environment. One such 
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example is the layer of photoelectrons which forms on the 

sunlit lunar surface and which creates a positive surface 

potential ranging up to 200 volts (Reasoner and Burke, 1972). 

Significant fluxes of electrons were observed throughout the 

lunar night when the moon was upstream of the earth in the 

solar wind and the CPLEE instrument was viewing into the 

downstream lunar wake cavity. That any fluxes were observed 

at all was indeed surprising, for previous models of lunar

solar wind interactions predicted that the cavity should be 

empty of plasma. 

The Post-Apollo Data Analysis and Synthesis Program 

afforded an opportunity to make a study of plasma-lunar 

interactions using data from the CPLEE instrument, the 

ALSEP/SIDE instrument, and the Explorer 35/Ames Research 

Center Magnetometer in lunar orbit. We proposed to make 

such a study and the grant was awarded in March 1974. A 

one-year extention was granted in March 1975. 

The scientific reports and publications are listed 

in Appendix A. One student, Dr. Patricia H. Reiff, received 

her Ph.D. degree from research conducted under this grant. 
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Instruments and Data Base 

Data from the ALSEP/CPLEE (primary), the Apollo 14 

ALSEP/SIDE, and the Explorer 35/ARC Magnetometer were used 

in these studies. The ALSEP/SIDE data were supplied by Dr. 

J. W. Freeman, Jr., of Rice University. Data from the Ex-

plorer 35 Magnetometer had been supplied to us earlier by 

Dr. D. S. Colburn of Ames Research Center, and we continued 

to use the data in these studies. 

The CPLEE and SIDE instruments have been described 

extensively in other publications. See, for example, the 

Apollo 14 Preliminary Science Report, NASA SP-272. Briefly, 

the CPLEE instrument is an ion-electron spectrometer which 

covers the energy range 40 eV - 20,000 eV in 15 steps. The 

instrument contains two identical analyzers, one looking 

toward local lunar vertical (Analyzer A) and the other looking 

60° from local vertical toward lunar west (Analyzer B). The 

CPLEE completes a complete measurement cycle in 19.2 seconds. 

The SIDE instrument contains an ion energy analyzer covering 

the ion energy range 10 - 3500 eV in 20 steps with a cycle time 

of approximately 1 .. 5 minutes. The instrument also contains a 

mass analyzer, but no mass analyzer data were used in these 

studies. 

The Explorer 35/ARC Magnetometer is a three-axis instru
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ment with a basic resolution of 0.125 y (1 y = 10 Gauss). 

The data were supplied to us in the form of digital magnetic 

tapes containing 82 second averages of the magnetic field values. 
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Other ancillary data included solar wind conditions and 

the geomagnetic activity index Kp from archived sources of the 

National Space Science Data Center and published data from 

the Lunar Portable Magnetometer Experiment (Dyal, et al., 1971). 
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Scientific Results 

In this section we discuss the scientific results of the 

CPLEE Post-Apollo Data Analysis and Synthesis Program. As this 

report contains reprints of many of the scientific publications, 

only summaries will be presented here. 

I. Lunar Night Electron Fluxes 

Figure 1 shows an example of the data which motivated this 

study. The counting rates due to 200 eV electrons are plotted 

as a function of time for a period around lunar sunset. The 

exact time of sunset (terminator crossing) is marked by the 

vertical arrow. The relative high, stable fluxes during the 

first part of the period are lunar surface photoelectrons 

(Reasoner and Burke, 1972). As the solar illumination angle 

increases, the photoelectron fluxes decrease (hour 4 of day 49) 

and the fluxes between this time and lunar sunset are a mix

ture of photoelectrons and solar wind electrons, which tend to 

be more erratic in nature. However, in contrast to classical 

predictions the electron fluxes do not vanish at sunset but 

rather persist long after sunset. In fact, as will be seen in 

subsequent figures, sporadic through significant fluxes persist 

throughout the lunar night. Solar wind aberration (the shift 

in the solar wind direction caused by the motion of the earth

moon system through the interplanetary medium) could account 

for fluxes persisting up to rv12 hours following terminator 

crossing, but the effect would be asymmetrical relative to the 

dawn and dusk terminators. In fact, no such effect could be 

discerned; that is, the fluxes displayed no preference toward 

either terminator. 
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Figure 1 

An example of electron flux data observed near lunar sunset. 

Sunset is marked by the vertical arrow. It is seen that signifi

cant fluxes persist long after sunset. 
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Figure 2 is an example (bottom panel) of fluxes observed 

near lunar midnight. The top two panels show the latitude 8 

and the longitude ¢ of the interplanetary magnetic field 

measured with the Explorer 35/ARC Magnetometer. The data gaps 

in the magnetometer record are due to the operational character

istics of the Explorer 35 Satellite. It was observed, in a 

study of 4 months of data, that there seemed to be preferred 

directions of the IMF for the occurrence of some of the fluxes. 

The preferred directions seemed to be near a line connecting 

the earth to the moon. Accordingly, a model of the earth's bow 

shock surface was constructed (a hyperboloid of revolution) and 

for each position of the moon the zone in 8 - ¢ space where the 

IMF would connect the moon to the bow shock were computed. The 

dotted line on the ¢ plot represents the boundaries of the IMF 

earth-moon connection zone. The zone boundary lines are irregu

lar since the width of the zone in ¢ is a function of the latitude 

8. We see that the electron fluxes are significantly larger 

whenever ¢ falls into the connection zone (e.g., at 0215-0230 

and 0305-0405). In all, 14 such events were identified in the 

data set. There were undoubtedly more, but could not be uniquely 

identified because of missing magnetometer data. The flux events 

which are correlated with IMF direction were labeled Type I and 

the other, lower intensity events were labeled Type II. The Type I 

events therefore must originate at the earth's bow shock and 

propagate back upstream in the solar wind to impact the nightside 

lunar surface. We will return to the Type II events later. 
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Figure 2 

Examples of Type I and Type II lunar night flux events. The 

lower panel is the counting rate due to 200 eV electrons and the 

top two panels are the latitude e and longitude ¢ of the IMF. 

The dotted lines on the ¢ plot show the zones where the IMF 

connects the moon to the earth's bow shock. The higher intensity 

Type I events are seen to occur only when ¢ is within the connec

tion zoneso 
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Scudder et ale (1973) reported ohservations of solar wind 

electron temperatures with OG0-5. They found that on the average 

the solar wind electron temperature was higher when the satellite 

was connected to the bow shock along IMF lines. They attributed 

the higher temperatures to a non-Maxwellian component with a 

temperature on the order of 100 eVe In Figure 3 is shown a 

superposition of a typical solar wind electron spectrum with a 

characteristic temperature of -10 eV and a typical spectrum of 

a Type I event. It is seen that the addition of Type I fluxes 

to the solar wind electrons results in a flux enhancement at 

higher energies which would be interpreted as a solar wind 

electron temperature increase, but that the true nature of the 

additional flux would not be seen by a detector exposed to the 

direct solar wind. However, for this study the moon acted to 

shield the instrument from the direct solar wind and allowed 

an uncontaminated measure of these electrons. 

Figure 4 shows an example of a third type of lunar nightside 

electron flux event. Here, as in Fig. 2, the counting rate of 

the 200 eV electron channel is displayed. Also shown is the 

geomagnetic disturbance parameter Kp. The data displayed cover 

the period from 1200 D.T. on May 18, 1971 (Day 138) to 0000 D.T. 

on May 23 (Day 143). Lunar sunset, marked by an arrow and the 

corresponding disappearance of lunar photoelectron fluxes, 

occurred at 1930 D.T. on May 18 (Day 138). Electron fluxes are 

seen at the terminator and to persist into the lunar night period 

for approximately 4 days but with gradually decreasing intensity. 

The corresponding behavior is also seen prior to dawn terminator 
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Figure 3 

A composite spectrum of solar wind electrons and a Type I event, 

showing that the superposition of the two results in an apparent 

higher temperature for the solar wind electrons. 
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Figure 4 

Examples of Type III lunar night flux events, showing their 

correlation with distance from the lunar terminator (marked with 

the vertical arrow) and with the geomagnetic activity index Kp. 
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crossing, i.e. these fluxes first appear approximately 4 days 

prior to crossing. These fluxes are distinguished by their 

greater intensity than either the Type I or Type II events 

discussed earlier; and, unlike the other two types, they are 

strongly correlated with Kp. As can be seen from the figure, the 

fluxes are absent when Kp is below 1+. Although the connection 

between the geomagnetic activity index Kp and events at the moon 

far upstream of the earth may not be obvious, Kp has been shown 

to be an indirect indicator of the velocity of the solar wind 

(Snyder et al., 1963). Thus these Type III fluxes appear to 

originate at or near the lunar terminators and are influenced 

by solar-wind conditions. The occurrence, if any, of these 

fluxes at the lunar dayside surface is impossible to determine 

since they are considerably weaker than the photoelectron fluxes 

observed at the surface on the sunlit hemisphere (Reasoner and 

Burke, 1972) and would be masked by the photoelectrons. 

It was argued (Reasoner, 1975) that the Type II and Type III 

events were the result of interactions between the solar wind 

and the lunar body which served to decouple and/or thermalize 

electrons out of the solar wind and scatter them to the lunar 

surface. It was further argued that the TypeIII events, due to 

their correlation with distance from the terminator and with Kp, 

were a consequence of an interaction at or near the lunar limb 

with the solar wind. Parenthetically, it is expected that many 

of the questions concerning detailed interaction mechanisms 

could be answered with proper plasma and magnetic field detectors 

on board the proposed Lunar Polar Orbiter. 
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II. Implications of the Lunar Night Flux Events 

These lunar night flux events, although weak in magnitude 

compared to sources such as the direct solar wind, magnetosheath, 

and plasma sheet, are nonetheless significant in view of the fact 

that lunar photoelectrons are not available to provide a return 

current. Consequently, these electrons should be capable of 

affecting the lunar nightside surface potential. Theoretical 

calculations of Manka (1973) based on plasma probe theory result 

in a value of -38 volts for the lunar nightside surface potential 

when the moon is in the solar wind. Experimental measurements 

of positive ion fluxes to lunar night surface by the ALSEP/Supra

thermal Ion Detector Experiment (SIDE) (Freeman and Ibrahim, 1974) 

indicate that the lunar nightside potential is actually consider

ably higher, on the order of a few hundred volts. We suggest 

therefore that the lunar night electrons flux events, with mean 

energies in the range of 100-200 volts, are responsible for 

driving the lunar surface potential to the large negative values 

inferred by the SIDE measurements. We note that the measured 

ion densities were in the range 0.05 ions/cm 3
, which would be of 

the correct order to provide flux balance to the lunar surface. 
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III. Particle Shadowing 

Placement of charged particle detectors on the lunar 

surface by the Apollo/ALSEP program presented many unique 

problems in data evaluation. We have already referred to the 

problems associated with contaminating photoelectrons (Reasoner 

and Burke, 1972) which prevented measurement of the lowest 

energy portion of the ambient electron spectrum. Another 

problem, that of particle shadowing, arises because the size 

of the lunar body is large compared to the scale size of 

particle cyclotron orbits in the magnetic field, particularly 

in the case of electrons. For certain orientations of the ambient 

magnetic field, particles cannot reach theCPLEE analyzers because 

their spiraling trajectory in the magnetic field carried them 

into the lunar surface. 

As a first step, computations were done assuming a flat, 

uniform lunar surface with only external magnetic fields. Local 

remnant magnetic fields and surface electrostatic potentials 

were neglected. Particle trajectories were computed for various 

orientations in latitude e and longitude ¢ of the external 

magnetic field. In this coordinate system e = 0 was the lunar 

equatorial plane and ¢ = 0 was the direction of local vertical. 

The results of this computation are shown in Figure 5. The "open 

zones" for both the A and B analyzers are shown. It is seen that 

the open zones are roughly circles centered around the analyzer 

look directions. The analyzer B zone is distorted since the look 

direction is not sy~etrical relative to the surface. 
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Figure 5 

Zones of allowed direction of the external magnetic field for 

detection of electrons by the CPLEE A and B analyzers. 
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The next step was to include the effects of local remnant 

magnetic fields. Although there were no magnetometer measurements 

at the ALSEP site on Apollo 14, Lunar Portable Magnetometer 

measurements (Dyal et ale, 1971) were made at two sites in the 

vicinity from which an ALSEP site field was computed under the 

assumption that the remnant field could be repr~sented by a dipole 

source. The geometry and magnetic field values used in the 

calculation are shown in Figure 6. The inferred field at the 

ALSEP site was a 75 y field directed generally downward and 

to the southeast. Particle trajectories were traced in the 

combination of a 5 y external field and the inferred local 

dipolar field to yield the "open zones" in e - cp space shown 

in Figure 7. Comparing this figure with Figure 5, the distortions 

can be easily discerned. Also included in the figure are the 

open zones for a mythical C analyzer which is oriented 60° from 

local vertical toward lunar east, i.e. a complementary direction 

to the B analyzer. For the moon immersed in an isotropic plasma, 

the amount of flux actually reaching the surface will be a function 

of the external magnetic field direction. For external field 

directions within the intersection of zones A, B, and C the particle 

flux reaching the surface should be at a maximum. This fact 

has indeed been verified in studies of plasma sheet particle fluxes 

(Reiff, 1975). 

These studies of particle trajectory modifications by the 

local remnant fields have allowed resolution of some puzzling 

questions concerning the photoelectron layer and the potential 

distribution near the lunar surface. Theoretical calculations of 

the expected lunar surface potential in the presence of plasma 

sheet fluxes by flux balance techniques (c.f. Burke et al., 1975) 



-26-

Figure 6 

Geometry of the Apollo 14 ALSEP site and vicinity showing 

magnetic field vectors measured by the Lunar Portable Magneto

meter and the inferred magnetic field at the ALSEP site under 

the assumption that the remnant field source could be represented 

by an equivalent dipole. 
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Figure 7 

Zones of allowed direction of the external magnetic field with 

the local remnant field superimposed for detection of electrons 

by the CPLEE A and B analyzers and a ficticious "c analyzer" 

oriented 60° from local vertical toward lunar east. Flux 

access to the lunar surface is maximum when the external field 

direction lies within the intersection of the three zones. 
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have usually resulted in a lower value than that actually observed 

by observing returning photoelectrons. However, the effect of 

the local remnant magnetic field is to affect the trajectories 

of incoming electrons much more than those of incoming ions, 

which leads to the creation of a charge separation electric field. 

This charge separation field produces an additional potential 

barrier to escaping photoelectrons and results in an apparent 

surface potential higher than that given from theoretical flux 

balance calculations. The situation is depicted schematically 

in Figure 8 • Near the surface the electric field is due mainly 

to the photoelectron layer with a scale length of only a few 

meters. The photoelectron layer potential <Ppe is given by the 

flux balance calculation. However, extending out to ~l km above 

the surface (the scale lenqth of the local magnetic field) lies 

a charge separation potential ¢cs produced by modification of the 

trajectories of the incoming ions and electrons. A surface

generated photoelectron must then surmount the total barrier 

<Ppe + <Pcs in order to escape, and without the result outlined here 

it would be incorrectly concluded from observational data that the 

potential barrier due to photoelectrons alone was the total 

barrier height. 
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Figure 8 

A schematic of the electrostatic potential distribution when 

the sunlit moon is in the plasma sheet. See text for an 

explanation. 
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Conclusions 

The interaction of space plasmas with the moon has indeed 

been a fascinating area of study, for the moon is unlike any 

other solar system body whose interactions have been studied 

in situ. The moon possesses no sensible atmosphere or large-

scale magnetic field, and hence the interactions are weak though 

nonetheless interesting. 

Charged particles and solar photons have direct access to 

the lunar surface, and the surface-based charged particle detectors 

have shown a number of interesting phenomena; for exampl~ electro-

static surface potentials, charge separation potentials caused by 

particle interactions with local remnant magnetic fields, 

disturbances of the solar wind at the lunar limb, and modification 

of the lunar night surface potential by the impact of thermalized 

solar wind electrons. 
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Observations of Low-Energy Electrons UpstrealTI of the Earth's Bow Shock 

DAVID L. REASONER I 

Department of Space Physics and Astronomy. Rice University, Houston, Texas 77001 

Observations of electron fluxes with a lunar-based electron spectrometer when the moon was upstream 
of the earth have shown that a subset of observed fluxes are strongly controlled by the interplanetary 
magnetic field (IMF) direction. The fluxes occur only when the IMF lines connect back to the earth's bow 
shock. Observed densities and temperatures were in the ranges 2-4 X 10- 3 cm- 3 and !.7-2.H X 106 OK. It 
is shown that these electrons can account for increases in effective solar wind electron temperatures on 
bow shock connected field lines, which have been observed previously by other investigators. It is further 
shown that if a model of the bow shock with an electrostatic potential barrier is assumed, the potential can 
be estimated to be 500 V. 

Observations of charged particles upstream in the solar 
wind, whose origin was apparently at the bow shock, have 
been reported by several authors (see, e.g., Anderson (1969]. 
Lin et al. [1974]. and references therein). The common feature 
of these observations is that there is an interplanetary charged 
particle component that is strongly controlled by the direction 
of the interplanetary magnetic field (IMF). The particles were 
only observed at a particular upstream location when the field 
line through the observation point intersected the assumed 
bow shock envelope. In this paper are presented observations 
of low-energy (40-1000 eV) electrons from a lunar-based in
strument during lunar night periods. The instrument was view
ing into the downstream solar wind cavity, and the moon was 
upstream of the bow shock. Sporadic low-energy fluxes were 
observed throughout lunar night periods, and it is shown that 
a subset of these electron flux events occur only when there is 
field line connection to the bow shock. 

DATA 

The particle measurements were made with the charged par
ticle lunar environment experiment (CPLEE), a component of 
the Apollo 14 Alsep system. (For an instrument description see 
Burke and Reasoner [1972].) Magnetic field data from the Ex
plorer 35/ Ames Research Center magnetometer in lunar orbit 
provided field line geometry information. 

Data from four contiguous lunar night periods in February to 
May 1971 were examined for the presence of electron fluxes that 
exhibited control by the IMF direction, in particular for elec
tron fluxes that were present only when the IMF line passing 
through the moon intersected the earth's bow shock. The bow 
shock surface was represented by an aberrated hyperboloid of 
revolution, a model first proposed by Scudder et al. [1973]. For a 
given value of the IMF latitude 8 the equation for the limit
ing values of the IMF longitude rP resulted in a quartic in cot rP. 
This equation in turn was solved for the limiting values of rP 
such that the IMF was tangent to the bow shock surface. 

Because of gaps in the IMF data it was not possible to 
categorize all lunar night electron flux events according to the 
criterion of whether or not the IMF intersected the bow shock. 
However, when analysis was restricted to only those events 
where concurrent IMF data were available, it was possible to 
identify from the data set a total of 10 electron flux events with 
durations of 30 min or more where the electron flux exhibited 
strong control by the IMF direction, appearing only when the 

1 Now at Marshall Space Flight Center, Huntsville, Alabama 
35012. 

1M F line connected from the moon downstream to the bow 
shock. For the sake of brevity we will refer to these events as 
'bow shock events' in the remainder of the paper. 

An example of a bow shock event is shown in Figure I. In 
this figure we display 3-min averages of the counting rate due 
to 200-eV electrons (lower panel), the 1M F longitude 1> (mid
dle panel), and the IMF latitude 8 (upper panel). The limiting 
values of 1>, which, recall, are a function of e, are shown as 
dashed lines near ±20°. On this day, May 25, 1971, the solar 
ecliptic longitude of the moon varied from 4° to 16°, i.e., the 
moon was almost directly upstream from the bow shock. Two 
prominent isolated events are seen, one from 0210 to 0230 and 
the other from 0305 to 0410. Lower-intensity shorter-duration 
events appear near 0515 and 0620. In all these events are seen 
the sharp onsets and decays as t~e value of the 1M F longitude 
rP passes through the limiting values, a feature quite typical of 
the total set of these bow shock events. 

There are other lower-intensity electron events seen in the 
figure, but many of these (for example, near 1400) occur at 
times when either e or rP are at such a value as to preclude in
tersection of the IMF line with the bow shock. The origin of 
these fluxes remains unknown, although they may well be 
associated with local solar wind-lunar interactions. However. 
the bow shock events are distinguished not only by their 
dependence upon the I MF direction but also by their greater 
intensity. 

Electron spectra for the longer-duration bow shock events 
were computed from 30-min averages. These long averages 
were necessary to gain statistical significance in view of the low 
counting rates involved. Figure 2 shows the electron spectrum 
for the period 0315-0345 on May 25, 1971, corresponding to 
the second large event in Figure I. In this spectrum and other 
spectra the data points and standard deviations were com
puted with the usual statistical techniques. In order to deter
mine densities and temperatures a x2 minimization algorithm 
called Curfit [Bevington, 1969] was used to fit both Max
wellians and K functions [Vasyliunas, 1968] to the data points. 
It was found that in most cases the K function, with its power 
law representation of a high-energy tail, resulted in a better fit 
(smaller x2

) than the Maxwellian function did. For example, 
for the data points of Figure 2, a Maxwellian fit resulted in the 
parameters n = 2.9 X 10- 3

, T = 1.1 X 106 OK, and x2 = 0.31, 
whereas a K function fit resulted in n ...::. 3.5 X 10- 3

, T = 2.5 X 
106 OK, K = 3.3, and x2 = 0.20. The dashed line on the figure 
then represents the fitted K function spectrum. The fitted 
spectra for the events studied gave densities in the range 2-4 X 

10- 3 el/cm3 and temperatures (thermal energies) in the range 
Copyright © 1975 by the American Geophysical Union. 1. 7 X 106 to 2.8 X 106 ° K (150-250 e V). 
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Fig. 3. A superposition of a typical solar wind electron spectrum 
from Montgomery et al. [1970] and the electron spectrum of Figure 2. 
This shows that these bow shock electrons result in a small increase in 
the effective solar wind electron temperature. The dashed line is the 
sum of the two spectra. 

shocks can be found in the paper by Tidman and Krall [1971]. 
The upstream component of the downstream ion distribution 
has been observed experimentally by Montgomery et al. [1970]. 

By contrast the electron distribution does not become 
bimodal in the shock transition, and hence the conditions are 
not immediately available for electron electrostatic wave 
growth. It is an observational fact that solar wind electrons are 
quite different in character from magnetosheath electrons 
[e.g., Montgomery et al., 1970], and therefore there must exist 
a mechanism that prevents complete mixing of the preshock 
and posts hock electron distributions. 

Montgomery and Joyce [1969] have developed a model of a 
laminar electrostatic shock that provides such a mechanism. In 
their model the ions on both sides of the shock were at zero 
temperature (this assumption thus disposing of the need for an 
additional dissipation mechanism), whereas the postshock 
electrons were treated as a sum of free and trapped dis
tributions. An estimate of the potential drop across the shock 
can be obtained by using the measured electron spectrum 
(Figure 2) and a typical magnetosheath distribution 
[Montgomery et al., 1970] and by assuming that the Liouville 
theorem applies. From the electron spectrum of Figure 2,/e(v 
= 0) = 3.9 X 10-30 cm- 6 

S3. This value occurs on the 
magnetosheath distribution at a velocity of 1.35 X 109 cm/s, 

corresponding to a total potential drop of 500 V. Because the 
measured density at XSE ~ 60 RE may well be lower than that 
near the bow shock, the value of 500 V is an upper limit. 

The above arguments have necessarily been ad hoc and by 
no means are offered as proof that such an electrostatic poten
tial barrier actually exists. The required electron distribution 
separation mechanism could well be provided by other wave
related means. However, Neugebauer [1970] reported a 
decrease in the solar wind ion flow energy without an increase 
in temperature just ahead of the bow shock and postulated that 
an electrostatic potential drop with a maximum value of 200 V 
was responsible. It may well be then that if a potential drop 
across the shock exists, it is not confined entirely to the shock 
transition layer but rather is distributed also upstream and 
downstream of the shock. 

SUMMARY 

Low-energy electrons have been observed at lunar orbit 
upstream of the bow shock that displayed the following 
characteristics: (l) The electrons were controlled by the 1M F 
direction, appearing only when the IMF line through the obser
vation point connected back to the bow shock. (2) Densities 
were in the range 2-4 X 10- 3

, and temperatures (mean 
energies) were in the range l. 7-2.8 X 106 

0 K (150-250 eV). 
The electrons were shown to be able to account for the small 

increases in solar wind electron temperatures on bow shock 
connected field lines observed by Scudder et a/. [1973]. If it is 
assumed that these electrons are the high-energy tail of the 
magnetosheath electron distribution leaking back upstream 
through an electrostatic potential barrier, then a total poten
tial drop of 500 V is estimated. This complements an earlier 
observation of Neugebauer [1970findicating a 200-V drop in a 
layer immediately ahead of the bow shock. It is therefore 
suggested that an electrostatic potential drop that acts to pre
vent the majority of the downstream electron distribution 
from mixing with the upstream plasma deserves serious con
sideration in theories and models of the earth's bow shock. 

Acknowledgments. The author is indebted to D .. S. Colburn of the 
Ames Research Center for making Explorer 35 magnetometer data 
available. This research was supported by National Aeronautics and 
Space Administration grant NSG-07025. The author is presently a 
NAS/NRC senior postdoctoral fellow at Marshall Space Flight 
Center. 

The Editor thanks R. P. Lin for his assistance in evaluating this 
report. 

REFERENCES 

Anderson, K. A., Energetic electrons of terrestrial origin behind the 
bow shock and upstream in the solar wind, J. Geophys. Res .. 74. 95, 
1969. 

Bevington, P. R., Data Reduction and Error Analysis for the Physical 
Sciences. chap. II, McGraw-Hili, New York, 1969. 

Burke, W. J., and D. L. Reasoner, Absence of the plasma sheet at 
lunar distance during geomagnetic quiet times, Planet. Space Sci .. 
20. 424. 1972. 

Fredricks, R. W., G. M. Crook, C. F. Kennel, I. M. Green. F. L. 
Scarf. P. J. C.oleman, and C. T. Russell, Ogo 5 observations of elec
trostatic turbulence in bow shock magnetic structures, J. Geophys. 
Res .. 75. 3751, 1970. 

Lin, R. P., c.-I. Meng, and K. A. Anderson, 30- to 100-keY protons 
upstream from the earth's bow shock, J. Geophys. Res .. 79. 489. 
1974. 

Montgomery, D., and G. Joyce, Shock-like solutions of the elec
trostatic Ylasov equation, J. Plasma Phys .. 3{ I), I, 1969. 

Montgomery, M. D., J. R. Asbridge, and S. J. Bame, Yela 4 plasma 
observations near the earth's bow shock, J. Geophys. Res .. 75. 1217, 
1970. 



VOL. HO, NO. 10 JOURNAL OF GEOPHYSICAL RESEARCH APRIl. I. 197~ 

The Magnetosheath Electron Population at Lunar Distance: General Features 

PATRICIA H. REIFF AND DAVID L. REASONER 
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The spatial extent and energy distribution function of the magnetosheath electron popUlation at I.unar 
distance have been analyzed by using measurements from the Apol~o 14 ch~rged partIcle lunar envlro.n
ment experiment (CPLEE). The magnetotail is shown to be approxImately )2 RE 111 dlUmeter. The meaon 
bow shock surface has a cross section of about 91 R E • The average aber:atlOn angle measured IS ab~u~ 3 . 
The electron distribution function reveals two distinct particle populatIOns: The lirst. at .low energies (40 
eV S E S 200 eV), is well characterized by :1 nea~l.Y iso~ropic Max\\ellI~n dIStflb~tl~~: with temperatures 
in the range 15-25 eV. Densities calculated from fitted functions range from 4-~ cm ~lt :he bow shock to 
1-2 cm -3 near the magnetopause. The high-energ) portion of the spectrum (200 e'v s, E S 2000 eV), 
however, is generally anisotropic and is generally denser and more energetIc In the da~n m~gnetosh~~th 
than in the dusk magnetosheath. Separate Maxwellian tits to the hIgh-energy population Yield densllies 
near 0.02 (0.10) cm- 3 and temperatures near 200 (250) eV for the dusk (daw n) mafwetosheath. It IS argued 
that these particles originate at the bow shock rather than In the plasma sheet. 

The general characteristics of the magnetosheath electron 
population have been reported for the near-earth regions [e.g .. 
Scudder et al.. 1973] and the polar cusps [Winningham. 1972J. 
The lunar distant magnetosheath ion population has been ex
tensively studied, both from lunar surface observations 
[Fenner, 1971, 1974] and from the Explorer 33 and 35 satellites 
[Howe. 1971: Howe and Binsack. 1972]. 

The magnetosheath electron popUlation at lunar distance 
has been largely unexamined. Howe [1971] included electron 
data from Faraday cups on Explorer 33 and 35; generally, 
however, only one energy range was above background 
current, allowing only limited spectral information. Goidstein 
[1974] presented one lunation of electron density and 
temperature: however, his study was primarily concerned with 
photoelectron sheath properties. 

In the present study, four inbound (dusk) and three out
bound (dawn) magnetosheath passages were examined with 
the charged particle lunar environment experiment (CPLEE). 
Average boundary locations computed from the complete data 
set are consistent with the predictions of fluid dynamics. Elec
tron characteristics for the two least disturbed passages are 
presented here in detail. Energy spectra show an unexpected 
high-energy tail superimposed on the expected low-energy 
magnetosheath distribution. The high-energy tail is most 
pronounced on the dawn side and appears to be generated at 
the bow shock. 

EXPERIMENT 

The CPLEE instrument is a lunar-based ion-electron spec
trometer, measuring particle fluxes in the energy range 40 eV 
to 20 keY. A description of the instrument and deployment is 
given by Reasoner and O'Brien [1972]: therefore only a few 
pertinent features will be repeated here. The instrument con
tains two charged particle analyzers, one whose look direction 
is local vertical (analyzer A) and one whose look direction is 
60° to the west of local vertical (analyzer B). The look direc
tions relative to magnetosheath geometry are shown in Figure 
I. The flare of the magnetosheath boundaries is such that the 
analyzers maintain a nearly constant angle to the expected 
laminar magnetosheath flow direction (40° and 100° for A and 

Copyright © 1975 by the American Geophysical Union. 

B, respectively. in the dusk sheath: -5° and 55° in the dawn 
sheath). 

Bou:-.. mARY LOCATIONS: CRITERIA AND RESULTS 

In order to establish average boundary locations for the 
magnetosheath we need a consistent set of criteria to dis
tinguish boundary crossings from random fluctuations in par
ticle fluxes and from interplanetary events. The criteria used 
here for a bow shock crossing from preshock to postshock 
conditions are the following: (1) The flux in the lowest-energy 
channels should abruptly rise, indicating a jump in density. (2) 
The flux in the: r.1edium- to high-energy channels should jump 
by a factor lareer than that in the lowest-energy channels, in
dicating a coincident jump in mean thermal energy and not 
just a random increase in density. (3) For events satisfying (I) 
and (2) but occurring more than 15° in longitude away from 
the mean bow shock location [Howe and Binsack, 1972], Imp 6 
interplanetary solar wind data were examined to rule out the 
possibility of interplanetary shocks. 

Figure 2 illustrates several bow shock crossings selected ac
cording to thcsr. criteria. The top trace presents differential flux 
for the lowest"cncrgy channel (center energy 40 eV) versus 
time. The lower trace is a similar plot for a medium-energy 
channel (94 eV). The arrowheads point to shock crossing times 
at about 1628, 1703, 1710, 1725, 1835, and 1842 UT, April 5, 
1971. The bars beneath indicate sheath periods; the remainder 
of the time the moon was in the solar wind. The data are un-

laveraged; i.e .. each data point is one CPLEE cycle (19 s). The 
figure therefore indicates both the sharpness of the transitions 
(of the order of one cycle) and the magnitude of typical fluc
tuations in the magnetosheath. Differential flux spectra from 
just before and just after the 1703 crossing are shown in 
Figures 5a and 5b and discussed in a following section. 

When the moon crosses the magnetopause from the 
magnetosheath, it can enter either the high-latitude tail, the 
plasma sheet, or the boundary layer. These regions differ widely 
in their particle populations. However, in both the high
latitude tail and the plasma sheet the fluxes at low energies 
(40- 100 eV) are dominated by lunar surface photoelectrons 
[Burke and Reasoner. 1972; Rich et al., 1973J. The boundary 
layer, discussed by Akasofu et al. [1973] near the earth and by 
Fenner [1974J, Hardy et at. [1974], and Moore et al. [1974] at 
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Fig. l. Ecliptic pianeprojection of the orbit of the moon, showing 
the look directions of the two analyzers. The axis of symmetry of the 
figure is the 'solar wind' X axis, rotated 4° from the earth-sun line. 

lunar distance, is readily distinguished by CPLEE proton data 
or by Explorer 35 magnetic field data. Therefore the criterion 
for magnetopause crossings is either a transition at low 
energies to the photoelectron spectrum reported by Reasoner 
and Burke [1972] or a transition to boundary layer conditions. 

Within the standard deviations of the measurements the 
average boundary locations observed by CPLEE are in good 
agreement with the observations of Howe and Binsack [1972]. 
Table 1 shows a monthly listing of the number of crossings 
observed and median crossing longitude in solar ecliptic coor
dinates. Although portions of five lunar orbits are included in 
the table, only the entries without an asterisk or a dagger are 
included in the averages. The entry with an asterisk indicates 
the instrument turned on past the mean boundary, and 
the entries with a dagger refer to periods in which the in
strument was in standby mode during all or part of the time in 

~ 
~ 
I 

() 
Q) 
III 
I 

(\JE 

~ 
III 
c:: 
g 105 
() 
Q) 

:§ 

MAGNETOSHEATH 

I 
1620 ISIiO 1700 1720 17 Ii 0 1800 1820 18liO 1900 

APRIL 5, 1971 (hr UT) 

Fig. 2. Unaveraged differential flux versus time for the channels of 
analyzer A with peak sensitivity at 40 eV (38-43 eV) and 94 eV (86-110 
eV). Several bow shock crossings are shown, indicated by the 
arrowheads. 

which boundary crossings were expected. The remammg 
crossings were used to compute the means and standard 
deviations shown in the table. The longitude of symmetry of 
the mean bow shock surface is 176.3° ± 3.2°. The longitude of 
symmetry of the mean magnetopause is 177.0° ± 3.7°. Within 
the standard deviations, therefore, the symmetry axes are coin
cident and are consistent with an average solar wind aberra
tion angle of 3-4°. The average longitudes imply a magnetotail 
diameter of 52 RE and a bow shock cross section of 91 RE. 

~AGNETOSHEATH ELECT~ON PLASMA PARAMETERS 

We now turn to an examination of the plasma 
characteristics of the magnetosheath electron population. In 
this section are presented overviews of a complete dusk (in
bound) and dawn (outbound) sheath passage. In the following 
section we show differential flux spectra from selected times in 
the two passages and discuss the distribution function in I 

detail. The April 1971 dusk passage and the February 1971 
dawn passage were chosen because of the steadiness of the 
solar wind both in density and in velocity and because of the 
lack of extreme geomagnetic activity, as evidenced by low Kp. 

Figures 3 and 4 present numerically integrated pressure and 
density for the dusk and dawn sheath passages, respectively. 
The top trace in each figure is computed average energy per 
particle, i.e., the energy density moment divided by the density 
moment of the observed distribution function. The middle and 

TABLE 1. Boundary Crossing Longitudes (S£) 

Dusk Bow Shock Dusk Magnetopause Dawn Magnetopause Dawn Bow Shock 

MCL MCL MCL MCL 
Number (J.L = 127.2, Number (J.L = 151.4, Number (Jl = 202.5, Number (J.L = 225.3, 

Month, of f1 = 3.9), of f1 = 4.4), of f1 = 3.0), of (1 = 2.6), 
1971 Crossings deg Crossings deg Crossings deg Crossings deg 

Feb. 3* 142.95 11 153.18 9 201.30 5 223.75 
March 17 122.44 21 154.33 15 201.58 9 226.79 
April 15 126.21 27 152.17 t t 
May 11 130.99 11 150.25 17 202.85 11 225.45 
June 17 131.22 It 150.17 

MCL stands for median crossing longitude. 
'" Not included in averages because CPLEE turned on past mean boundary. 
t Not included in averages because CPLEE was in standby mode during all or part of 

boundary crossing. 
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Fig. Sa. Differential flux spectra from the dusk magnetosheathjust 
after a bow shock crossing. The A analyzer data are indicated by 
circles and the B analyzer data by crosses. The solid lines indicate the 
flux calculated from the best-fit Maxwellian distribution functions. 
The density calculated from the Maxwellian distribution function fit 
is indicated by n (in units of electrons per cubic centimeter), and the 
temperature is indicated by kT (in units of electron volts). 

energy densities of 4.1 (5.1) cm- 3 and temperatures of 25 (22) 
eV for the A (8) analyzer. The high-energy portion converged 
to densities of 0.08 (0.11) cm -3 and temperatures of 203 (152) 
eV for the A (B) analyzer. We notice that in this case, the 
higher-energy electrons contribute about 14% of the observed 
energy density. 

A typical mid-magnetosheath spectrum from the dusk side 
is shown in Figure 6. The low-energy population is quite 
isotropic with a density of 3.8 cm- 3 and a temperature of 20 
eV. The high-energy portion has a density of 0.018 cm- 3 for 
the A analyzer and 0.012 cm- 3 for the B analyzer, both with 
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Fig. 5b. Differential flux spectra from the solar wind just prior to a 
bow shock crossing. 
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Fig. 6. Typical differential flux spectra from midway through the 
dusk magnetosheath. 

temperatures near 205 e V. Here the high-energy electrons con
tribute 5% (3%) of the energy density for the A (B) analyzer. 
The average energy per particle remains at 30 eV. 

A spectrum from near the magnetopause (not shown here) 
reveals a low-energy portion much decreased in density (to 
around I cm- 3

) and temperature (to 16 eV). However, the 
high-energy portion has remained at nearly the same level 
(density of around 0.02 cm- 3 and temperature near 200 eV), 
thus increasing its proportional contribution to the energy 
density to nearly 20% and maintaining the average energy per 
particle at near 30 eV. 

Through the dusk sheath we have observed the contribution 
of the high-energy portion to the total energy density to vary 
from as little as 1 % to as much as 25%. Yet the average energy 
per particle has remained in the range 27-30 eV. Thus we are 
led to a remarkable conclusion: the high-energy and low
energy portions of the spectrum grow at the expense of one 
another. This effect is especially apparent during periods of in
tense geomagnetic activity, when the high-energy tail all but 
disappears, leaving an unusually hot low-energy spectrum. 

The next series of spectra are from selected periods in the 
dawn magnetosheath passage. Figure 7 is taken from just out
side the dawn magnetopause. As was observed in the dusk 
side, we see a low-density, cool low-energy spectrum; however, 
the high-energy portion is extremely dense (0.35 cm- 3 for the 
A analyzer and 0.04 cm -3 for the B analyzer) and more 
energetic than the dusk side. Here the high-energy portion 
contributes 78% of the energy density observed by the A 
analyzer and 26% for the B analyzer. 

A typical spectrum from midway through the dawn sheath is 
shown in Figure 8. We see that in comparison with Figure 7 
the low-energy portion has become denser and warmer (2.4 
versus 1.5 cm- 3 and 22 versus 18 eV), whereas the high-energy 
portion has become less intense (but not significantly cooler). 
Thus the average energy per particle, although it is not nearly 
so stable as that in the dusk sheath, remains the most stable of 
the observed parameters. 

A spectrum from near the dawn bow shock is shown in 
Figure 9. The low-energy flux in B is greater than the flux in A, 
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potential difference across the bow shock. A potential rise 
across the bow shock, on the assumption that there is no 
magnetic field (or magnetic field parallel to the shock normal). 
would compress and slow incoming protons and would 
accelerate incoming electrons. A model for an electrostatic 
shock with postshock trapped electrons is discussed by 
Montgomery and Joyce (1969]. For a magnetic field perpen
dicular to the shock normal. however, electrons would E X B 
drift into a region of higher B and be betatron heated. As the 
'garden hose' interplanetary magnetic field direction is more 
often parallel to the shock normal at the dawn bow shock sur
face than at the dusk, the 'runaway' condition would be met 
more often there, a possible explanation for the stronger high
energy tail in the dawn magnetosheath. 

Fourth, the energy densities of the low-energy and high
energy portions of the magnetosheath electron popUlation are 
not independent; rather they (weakly) anticorrelate. This 
suggests a given amount of energy distributed between two 
populations rather than two independent popUlations super
posed on one another. 

Acknowledgments. The authors would like to thank William J. 
Burke and Thomas W. Hill for their helpful comments. The Imp 6 
solar wind data were provided by W. C. Feldman. Los Alamos Scien
tific Laboratory. D. S. Colburn, NASAl Ames Research Center. 
provided Explorer 35 magnetic field data. One of the authors (D. L. 
Reasoner) is currently a senior postdoctoral fellow at Marshall Space 
Flight Center. Huntsville. Alabama 35812. This work was supported 
by NASA contract NAS 9-5884 and NASA grant NSG-07025. 

The Editor thanks S. J. Bame and J. D. Winningham for their 
assistance in evaluating this paper. 

REFERENCES 

Akasofu. S.-1.. E. W. Hones. Jr., S. J. Bame, J. R. Asbridge, and A. T. 
Lui. Magnetotail and boundary layer plasmas at a geocentric dis
t<ince of 18 R E : Vela 5 and 6 observations, J. Geophys. Res .. 78. 
7257, 1973. 

Bowling. S. B .. and R. A. Wolf. The motion and magnetic structure of 
the plasma sheet near 30 R E • Planet. Space Sci., 22, 673. 1974. 

Burke, W. J .. and D. L. Reasoner, Absence of the plasma sheet at 
lunar distance during geomagnetically quiet times. Planet. Space 
Sci., 20. 429. 1972. 

Burke. W. J .. F. J. Rich. D. L. Reasoner. 0 S. Colburn. and B. J::. 
Goldstein. Effects on the geomagnetic tail at 6() RE of the 
geomagnetic storm of April 9, 1971. J. Geophys. Res., 78. 5477. 
1973. 

Fenner. M. A .. Magnetosheath plasma at 60 R E , M.S. thesis. Rice 
Univ .. Houston, Texas, 1971. 

Fenner. M. A .. Observations of magnetosheath plasma at the lunar or
bit, Ph.D. thesis. Rice Univ .. Houston. Texas. 1974. 

Formisann, V .. G. Moreno. F. Palmiotlo, and P. C. Hedgecock. Solar 
wind interaction with the earth's magnetic field, I, Magnetosheath. 
J. Geophys. Res., 78, 3714. 1973. 

Goldstein. B. E .. Observations of electrons at the lunar distance. J. 
Geophys. Res .. 79, 23. 1974. 

Hardy. D. A .. H. K. Hills. and J. W. Freeman, Low-energy protons in 
the geomagnetic tail (abstract). Eos Trans. A G U, 56, 390. 1974. 

Howe. H. c.. Jr.. Explorer 33 and Explorer 35 plasma observations of 
the interaction region between the solar wind and the magnetic field 
of the earth. Ph.D. thesis. Mass. Inst. of Techno!.. Cambridge. 
Mass., 1971. . 

Howe, H. c.. Jr .. and J. H. Binsack. Explorer 33 and 35 plasma obser
vations of magnetosheath flow. J. Geophys. Res., 77. 3334. 1972. 

Montgomery. D .. and G. Joyce. Shock-like solutions of [he elec
trostatic Vlasov equation. J. Plasma Phys., 3, I. 1969. 

Moore, P. R .. D. A. Hardy, and W. J. Burke, Low-energy plasma in 
the geomagnetic tail at lunar distance. 2. Joint observatiom 
(abstract). Eos Trans. AGU, 56, 1168. 1974. 

Reasoner. D. L.. and W. J. Burke. Characteristics of the lunar 
photoelectron layer. J. Geophys. Res .. 77, 6671. 1972. 

Reasoner. D. L.. and B. J. O·Brien. Measurement on the lunar ,urIan; 
of impact-produced plasma clouds. J. Geophys. Res., 77. 1292. ! 972. 

Rich. F. J .. D. L. Reasoner, and W. J. Burke. Plasma sheet at lunar 
distance: Characteristics and interactions with the lunar surface. J 
Geophy.l. Res., 78, 8097. 1973. 

Scudder. J. D .. D. L. Lind. and K. W. Ogilvie, Electron observations 
in the solar wind and magnetosheath, J. Geophy.l. Res. 7R. 6535. 
1973. 

Spreiter, J. R., and A. Y. Alksne. Plasma flow around the 
magnetosphere, Rev. Geophys. Space Phy.I .. 7, ! I. 1969. 

Vasyliunas. V. M .. A survey of low-energy electrons in the evening sec
tor of the magnetosphere with Ogo 1 and Ogo 3. J. Geophy.l. Res, 
73, 2839, 1968. 

Winningham. J. D .. Characteristics of magnetosheath plasma ob
served at low altitudes in the dayside magnetospheric cusps, in 
Earth's Magnetospheric Processes, edited by B. M. McCormac. 
p. 68. D. Reidel, Dordrecht. Netherlands, 1972. 

(Received September 23. 1974; 
accepted December 2. 1974.) 



ProC. Lllnar Sci. Conf. 6th (1975), p. 29S5-:~997. 
Printed in the Un,r~J Statl!" of Am~rica 

The effect of local nlagnetic fields on 
the lunar photoelectron layer while 

the moon is in the plasnla sheet 
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Abstrad---Data from the Charged Particle Luilar Environment Experiment, at the Apulll) 14 site. are 
used to investigate the inkractive pwpertic,> of tht.: plasma shed and the lunar photoekctrun layer. It 
is shov.:n that the predictions of the Guernsey--Fu nmdl'l are compatible with SIDE hut not CPLFE 
observations. The apparent contradiction is resolved lIy fitting the remanent magnetic fidd to that of a 
dipole buried -- 1.1 km beneath the surface. In this ca~e a l:harge '>epar:ttiol1 layer Illust furm ahllve the 
instrument due to the different rigidities of pbsma shed electrolls and protons. The qualitati .. e 
properties of the charge separation layer neeJed to reconcile CPLEE ami SIDE on-;ervations are 
presented. 

INTRODucrlON 

FOR THE PAST FOUR YEARS charged particle fluxes in thl' immediate vicinity of the 
mO\.)[1 have been monitored by the lunar based Supcrthcrl11al lOll Detector 
Experiment (SlDE), the Solar Wind Spectrometer (SWS), and the Charged 
Particle Lunar Environment Experiment (CPLEE). Each instrument has unique 
detection capabilities. It is only by comparing information slowly gained from the 
various instruments that a coherent picture of particle interactions with the moon 
can be constructed. In the quest for synthesis, we undertake an examination of the 
interactions of the plasma sheet and the lunar photoelectron layer. The Apollo 14 
based CP LEE is Ollr principal source of data. Yet, as it emerges from ollr analysis, 
without information gained hy SIDE amI the SWS the whole story cannot bc told 

In fact, CPLEE data alone leads us into an ullrcsolvahle paradox.. 
Reasoner and Burke (1972) have reported on lunar photoekctrons ob'lcrved hy 

CPLEE in the high-latitude lobes of the geumagnetic tail. The phot(h'kdroll 
spectrum was shown to be isotropic and ha-; a po\ver law distribution in the energy 
range 40-200 eV, The power law distrihutioll W~IS found by Goldstein (1974), u"ing 
SWS data, to continlle down to 5 eY. Lahnratory studil':-O of phlltodl'ctrtH1S 
emitted from IUllar fines suggest that the' spectrum has a m;lxifllllf1l bct\veen I alld 
2 e V (Feuerhacher et al., 1972). With this base information \ve should bt: ahle to 
calculate the potential distribution under a wide variety of external phhflW 
conditions. 

Local magnetic fields, ohscrved by the Lunar Portahle l\Llgnctolllckr (lY M) 
and Lunar Surface Maglletometer (LSM) at the Apollo 12, 14, and 15 sites, have 
been repl)rted by DyaI et af. (1970, (971, 1972). LSM Illcasuremcnts at the Apnllo 
12 sift.- show a local field of 3X y directed to\·vard the SlI rfacc and the SOLI thc<lst. I fl 

2%5 
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the plane tangent to the surface the fieJd gradient is ~ 0.4 gamma/m. Two 
measurements separated by 1.1 km (it the Apollo] 4 site show local remnant fi~Jds 
of 103 y directed toward the surface and the southeast, and 43 y directed toward 
the surface and the southwest. A very weak field of 6 y. directed toward the 
vertical and south--southeast, was observed at the ApoJJo 15 site. 

In the following section we consider CPLEE plasma sheet data in comparison 
with the potential minimum model proposed by Guernsey and Fu (1970). AJthough 
the predictions of this model are in accord with recently reported SIDE plasma 
sheet observations (Freeman and Ibrahim, 1974) made at the Apono 14 and 15 
sites they cannot expJain CPLEE observations. An appeaJ to currents generated 
by secondary electrons is then shown incapable of resolving the paradox. The 
effects of local magnetic fields on particle trajectories are then investigated. It is 
found that due to the differential stopping power of the magnetic field with respect 
to incident protons and electrons a charge separation layer must exist above the 
Apono 14 site similar to that deduced from comparisons of ApoNo 12 SWS data 
with satellite (Neugebauer et al., 1972) and Apollo 15 SWS observations (Golds
tein, 1974). The properties of the charge separation layer are investigated and are 
shown to be capable of resolving the SIDE-CPLEE paradox. 

A LUNAR SURFACE POTENTIAL CALCULATION 

A complete description of the CPLEE instrument has been given by Burke 
and Reasoner (1972). Briefly, CPLEE contains two identical sets of electrostatic 
analyzers, A and B, capable of measuring a 15 point spectrum of electron and 
proton fluxes with energies between 40 eV and 20 keY every 19.2 sec. Analyzer A 
looks toward local vertical and analyzer B looks in a direction 600 from vertical 
toward lunar west. The instrument was deployed on February 5, 1971. Analyzer B 
failed on April 8, 197], whne analyzer A coUected data until the central station 
failure in March, 1975. 

A quiet time plasma sheet spectrum, observed by CPLEE's analyzer A, has 
been reported by Rich et al. (1973), and is reproduced as Fig. 1. During 
magnetically quiet times particle densities are observed to be approximately 
0.1 cm-'. The electron and proton temperatures are - 200 eV and 2.5 keY, 
respectively. Proton fluxes are found to be the same in analyzers A and B. With 
notabM exceptions the plasma sheet electron fluxes are greater in analyzer A and 
B. Because strong eJectron anisotropies are unstable, Rich et al. (1973) maintained 
that at lunar distance pJasma sheet fluxes are isotropic. 

The fluxes of electrons with energies ~ 80 eV, in Fig. 1, are of plasma sheet 
origin while those with energies Jess than - 80 eV are photoelectrons generated at 
the lunar surface. GeneraHy while in the plasma sheet, the photoelectron counting 
rates are elevated by :II; 50% relative to their high-latitude tail values. The 
disappearance of photoelectrons has been observed in the presence of intense 
plasma sheet fluxes accompanying the magnetic storms of April 9, 1971 (Reasoner 
and Burke, 1972) and January 19, 1973 (Moore et al., 1974). The simplest 
interpretation of the quiet and magnetically disturbed observations is: Analyzer A 
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is looking at downwelling fluxes of photoelectrons which must be trappeu dllring 
quiet times by a surface potential of ~ 80 volts. During disturbed times the intense 
fiuxes of plasma sheet electrons drives the surface potential below 40 volts 
allowing photoelectrons with energies observahle by CP LEE to escape. In order 
to test this interpretation we have calculated the electrostatic potential distribu
tion near the surface of the moon using the Guernsey and Fu (1970) potential 
minimum model. The plasma sheet and photoelectron distriblltions arc taken from 
CPLEE and SWS observations. 

For the sake of simplicity in our caiculatitms of th~ near lunar surface potential 
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distribution, we assume that: 

(1) The sunlit hemisphere may be approximated by a flat photoemitting plate. 
Thus, the potential is only a function of height above the surface. 

(2) In the plasma sheet the moon is embedded in a magnetic field with straight 
line geometry, aligned perpendicular to the surface. 

(3) AU plasma sheet particles striking the lunar surface are absorbed. 
(4) There is a continuous supply of plasma sheet electrons and protons. 

The fourth assumption conforms to CPLEE's observation of plasma sheet 
particles for periods in excess of an hour. 

The Guernsey-pu model assumes that the surface potential of the sunlit 
hemisphere cf>o> O. Above the surface the potential fans to a minimum value 
cf>m ~ O. If cf>m = 0, the. potential remains zero as x ~ 00. If cf>m <0 the potential 
returns to zero as x approaches 00. (Here x represents height above the surface.) 
The boundary conditions which the calculation must satisfy are 

(I) Equal densities of electrons and protons at x = 00. 
(2) The current density is zero throughout the entire system: 
(3). The electric field vanishes at x =00. 

At x =:,00, the electron popUlation consists of plasma sheet electrons injected into 
the tube of flux and those reflected by the potential minimum barrier, plus 
photoelectrons that have escaped the moon. The proton popUlation consists of 
injected and reflected plasma sheet particles. Poisson's equation and the flux 
balance equation are needed to calculate the potential distribution. The solutions 
depend only on the distributions of the plasma sheet particles injected at x =00 and 
of the photoelectrons emitted at x =0. In conformity with CPLEE observations 
we represent the injected electrons and protons with Maxwellian distributions 
that are isotropic over the down moving hemisphere 

!.(v, oc)=t 
7T 

0~8~2 

2nc (00) e _1)'/"'.' :!!.<8~7T ---sJ23 
7T We 2 

(1) 

and 

''(v. oo)=t 
O~(J~:!!. 

2 

2n,(oo) e -1)
2

/ ... l 1T 
--372] -i~8~7T 
7T w, 

(2) 

where n .. (00)= n, (00)=0.1 cm-3; We and w, are the thermal velocities associated with 
electron and proton temperatures of 200 e V and 2.5 ke V ~ respectively. 8 is the 
angle between the particle's velocity and the positive x axis. The power law 
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spectrum observed in the SWS and CPLEE photoelectron data suggests that the 
distribution of upwelling photoelectrons at the surface can be represented by a 
kappa function (Vasyliunas, 1968). 

/. ( 0) 
= n,,(O)r(K + 1) 1 

II V, (1) [ 2 Jk+1 
(1TK)

J/2r K - 2 U)} 1 + K:"i 

(3) 

where CUll is the most probable thermal velocity and K is the spectral slope at high 
energies. The energy spectrum derived from this distribution with n .. (O) = 239, 
Imw"l = 0.8 eV and K = 3 is shown in Fig. 2. A comparison with laboratory and in 
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situ observations shows that for particles with energies greater than] 0 e V the flt 
is exceIJent. Although the fit below] 0 eV is rather poor, for surface potentials 
greater than 10 volts, the lower energy particJes do not contribute to the current 
balance calculations. In this case the distribution in Eq. (3) can be used with only a 
small error. 

These distributions have been used to solve the flux balance and Poisson 
equations by numerical analysis. The results shown in Fig. 3 plot the potential 
minimum as a function of the surface potential. The simultaneous solution of the 
two equations occurs at 4>0 = 7.9 volts and cpm = - 3.6 volts. Thus photoelectrons 
with ~MV2.k > 11.5 volts escape the moon. On the basis of this calculation, we 
argue that the spectrum of downwelling electrons should be similar to that 
sketched in Fig. 4 rather than that observed in Fig. 1. 

The most obvious escape from this dilemma is to argue that we have ignored 
the effects of secondary electrons produced by plasma sheet particles striking the 
lunar surface. CPLEE data show that photoelectrons must overcome a barrier of 
- 80 volts in order to escape the lunar surface. Thus only secondary electrons 
with energies in excess of 80 eV may contribute to the return current. Laboratory 
studies of secondary electrons from lunar fines generated by primary electrons 
with plasma sheet energies have maximum energies < 50 eV (Anderegg et al., 
1972). Protons ~ith energies of a few kilo electron volts, when bombarding certain 
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Fig. 3. Solutions of the flux balance and Poisson equations for the Guernsey-Fu model. 
Plasma and photoelectron parameters were taken from CPLEE and SWS observations. 
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dielectric and conducting surfaces, are efficient producers of secondary electrons 
with energies in excess of 100 eV (Carter and Col\igon, 1968). Unfortunately, the 
spectrum of secondary electrons from lunar fines due to ion bombardment has 
never been investigated. OUf calculations show that plasma sheet protons would 
have to produce 0.78 secondary electrons with energies greater than 80 e V per 
incident proton in order to bring CP LEE observations in line with the predictions 
of the potential minimum model. Such an efficiency is deemed unlikely_ 

Recently Freeman and Ibrahim (1974) have reported observing surface 
potentials near 10 volts with SIDE detectors at the Apollo 14 and l5 sites while the 
moon was in the plasma sheet. The SIDE method of measuring surface potentials 
is described by Freeman et al. (1973). In summary form: Ions are created by the 
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photoionization of thermal neutrals in the lunar atmosphere. When the SIDE 
stepping plate is set at negative voJtages relative to ground, these ions are 
accelerated into the detector where they are observed as a resonance if there is an 
energy channel' near - q (cf>sp + cPo). </.>"p is the stepping plate potential and <Po the 
surface potential. While it was gratifying to see that the potential minimum model 
calculations were compatible with' SIDE data, these observations tended to 
underscore the mysterious nature of the CPLEE observations. 

EFFECTS OF THE LOCAL MAGNETIC FJELD 

To this point in our calculation, the effects of local magnetic fields have been 
ignored. This approximation is valid if the gyroradii of the electrons in question 
are Jarge in comparison with the local magnetic field scale size. The average value 
of the magnetic field measured at two Apollo 14 sites was - 75 'Y with a scale 
length of -- 0.8 km (Dya] et al., 1972). Thus electrons with E:::::; 320 eV are 
sufficiently perturbed by this field to make its neglect unwarranted in the analysis 
of CPLEE data. 

In order to approximate the magnetic field in the vicinity of the ALSEP site we 
assume that the two vector magnetic field measurements resulted from a dipole 
beneath the lunar surface. The dipole needed to fit the measured fields must be of 
strength 8.0 x 10' gauss-m\ oriented vertica1ly down at a depth of ~ 1.1 km 
beneath the intersection of the horizontal field components measured at Sites A 
and C. The geometry of the situation is sketched in Fig. 5. Under the dipole 
assumption the field strength of CPLEE is - 75 'Y with an orientation shown in 
Fig. 5. 

SOUTH 

Ar-~---",E TOTAL 
MAGNETIC FIELDS 

--80 y~ 

DOWN 

DIPOLE 

7 
/ 

HORIZONTAL 
MAGNETIC FiELDS 

P- 40 y----oJ 

Fig. 5. Remnant magnetic fields in the vicinity of the Apollo 14 site. The horizontal 
components of the fields measured at sites A and C' are used to locate the dipole. Under 

the dipole assumption a field of 75 'Y was calculated near CPLEE. 
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The meridianal plane trajectories (Stormer, 1955) of electrons reaching 
CPLEE's analyzer A were computed (Reiff, 1975). These calculations show that: 
(1) all electrons reaching the detector approached it from weaker regions of dipole 
field; (2) with some external field orientations and a surface potential of 10 volts, 
the flux of photoelectrons with energies near 40 eV could be explained in terms of 
magnetic mirroring. This mechanism cannot explain observed fluxes of downwell
ing photoelectrons in the 50- and 70-e V channels. 

The effects of the local magnetic field at the Apollo 12 site on solar-wind and 
magnetosheath particles reaching the lunar surface have been investigated by 

. Neugebauer et at. (1972) and Goldstein (1974). Neugebauer et al. (1972) have 
shown that differences between OG03 and the Apollo 12 S\VS solar-wind proton 
observations can be explained only if the existence of a charge separation layer 
above the surface is postulated. Further evidence for the existence of such a layer 

'was found in SWS magnetosheath electron fluxes. Comparing Apollo 12 with 
Apollo 15 SWS data Goldstein found that Apollo 12 electrons had been acceler
ated by as much as 170 volts. A somewhat qualitative description of the formation 
of the charge separation layer, due to the different penetration distances of 
protons and electrons, has been put forth by Siscoe and Goldstein (1973). 

By postulating the existence of a charge separation layer in the magnetic field 
above the Apollo 14 site, the mysteriolls qualities of CPLEE become intelligible. 
The geometric features of the layer are similar to Siscoe and Goldsteints mode t 
with particles hitting the surface. A major difference is that the external plasma is 
isotropic rather than highly directed. 

The scale length of the Apollo 14 field is small. In the dipolc approximation, 
local magnetic field above CPLEE falls to to y, about twice the ambient plasma 
sheet magnetic field, at a height of ~ 1 km. From this height down the guiding 
center approximation is no longer valid for all protons and most electrons. 
Essentially all protons reach the surface, whereas low-energy electrons are 
reflected by the magnetic field. An estimate of the charge separation potential can 
be gained by making the assumption that a certain fraction of the incident 
electrons are turned around at a height h above CP LEE. In the zero-order 
approximation (Reiff, 1975) we assume a surplus positive charge density p that is 
constant from x = 0 to x = h. The sollltion to Poisson's equation 

(O:s x ~ h) 

is subject to the boundary condition of no external electric fields (i.e. XI = 0) and 
cb(h) = O. Thus 

where cPc, = pill/Eo is the total potentia! difference dlle to the charge separation. 
For a charge separation potential cp", :::-,: 50 volts beginning at a height of 1 km the 
proton charge density must exceed that of the electrons by 2.8%. This is 
approximately the density diflercnce one would expect from tlux balance at II. 
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With an ambient plasma sheet density of - .1 cm -\ however, such a perturbation 
could not be detected by CPLEE. A sketch of the potential di~tribl1tion as a 
function of height with h = 1 km is shown in Fig. 6a. Because the photoelectron 
potential extends for only a few meters above the surface it appears as a spike on 
top of the charge separation potential. 

We now turn our attention to the SIDE resonance phenomena. Based on 
shielding lengths calculated for the high-latitude tail photoelectron layer, we 
estimate the SIDE shielding distance to be of the order severa] meters to several 
tens of meters. The potential distribution above SIDE at the Apollo 14 site is 
sketched in Fig. 6b, for a zero ground step (dashed) and negative step (solid). The 
effects of the photoelectric surface potential are felt out to a height of - 10 m. 
Above this height the potential is approximately constant out to a height of - 20% 
of the height of the charge separation layer. Ions created in the plateau region of 
the potential can be detected by SI DE. Photociectrons with surface energies Jess 
than the total pO,tentiaJ, tJ>pe + 4>ca are reflected to the surface; those with greater 
energies escape. 

The actual strength of the potential difference across the separation layer can 
be estimated from CPLEE observations. For favorable external magnetic field 
conditions the potential barrier is observed to be about 50-70 volts. A potential 
barrier in excess of 100 volts was observed during a substorm. These potential 
differences are smaller than those observed by Goldstein at the Apollo 12 site. We 
attribute the difference to the smaller magnetic field scale length near ApolJo 14. 

One final consequence of this model is an explanation of the' observed 
elevation of photoelectron potential observed by CPLEE in the plasma sheet. The 
Stormer trajectory analysis revealed that all photoelectrons reaching our analyz
ers came from weaker regions of the magnetic field. In weaker regions of the 
magnetic field the flux of plasma sheet electrons reaching the surface should be 
greater than near CPLEE. Thus, the surface potential in the regions where the 
photoelectrons originate should be lower. A comparison of the distribution 
functions observed in the high-latitude tail and the plasma sheet, in conjunction 
with the LiouviJIe theorem, can be used to calculate the potential difference 
between CPLEE and the point of origin. The potential difference is ~ 4 volts. 
Unfortunately it is not until after we have caJculated the self-consistent charge 
separation layer that we can know the photoelectron's point of origin. Based on 
field scaJe length considerations we would expect it to be of the order of a few 
hundred meters from CPLEE. 

SUMMARY AND CONCLUSIONS 

In this paper we have tried to bring some degree of unity to reported 
observations of SIDE, SWS. and CPLEE. Data from SWS have been used, in 
conjunction with laboratory observations, to estimate the distribution function of 
the photoelectrons emitted by the lunar surface. The potential distribution near 
the surface of the moon was ca1culated with the help of this distribution function. 
This calculation is found to be in substantial agreement with plasma sheet 
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observations made by SIDE at the Apollo 14 and 15 sites. It is however at variance 
with CPLEE observations of downwelling fluxes of ~ 80-eV photoelectrons 
under similar conditions. 

The two vector magnetic field measurements at the Apollo 14 site have been fit 
to the field of a dipole buried beneath the surface. When combined with the 
external magnetic field we find agreement between CPLEE's predicted and 
observed shadow zones. A consequence of the interaction of plasma sheet 
particles with the field is the formation of a charge separation region above the 
ApoJlo 14 site similar to that observed by SWS at Apo))o 12. The concept of a 
charge separation region is found capable of resolving the apparently divergent 
observations of CPLEE and SIDE. Near the lunar surface the potential distribu
tion would be similar to that predicted by the Guernsey-Fu "lodeJ. Thus SIDE 
observes a surface potential -- 10 volts at ApoHo 14 and 15 sites. The charge 
separation region above the ApolJo 12 and 14 sites reflects photoelectrons with 
energies Jess than the total potential barrier to the surface. It must be part of our 
ongoing research to develop a mathematically self-consistent potential distribu
tion out of the qualitative mode1 that we have here presented. 
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Lunar nightside electron fluxes 
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Alabama 35812 

Abstract--Studies of particle fluxes at the lunar surface with the Apollo 14 ALSEP/CPLEE particle 
spectrometer during lunar night periods have shown three distinct tyP;?S of electron flux events. One of 
these is shown to originate at the c:lfth's bow shock, but the remaining two are shown to arise most 
likely as a result of local solar wind-lunar interactions. The flux events had mean electron energies of a 
few hundred electron volts and total fluxes of 10'_107 electrons/cm2-sec. These fluxes are a possible 
source of the large negative lunar surface potenti;t1s observed by other ALSEP instrument:;. 

1. INTRODUCTION 

OBSERVATIONS OF CHARGED PARTleLE FLUXES at and near the lunar night surface 
when the moon was in the solar wind have shown that the so-called "downstream 
plasma void cavity" is a misnomer and that indeed significant charged particle 
fluxes are present in this region. For example, Anderson et al. (197~) have 
detected electrons with E > 500 eV in the cavity with the lunar-orbiting Particles 
and Fields Subsatellite, while energetic ion bursts at the lunar night surface have 
been detected with the ALSEP/SIDE instruments (Freeman, 1972). 

In a recent paper (Reasoner, 1975) we reported on observations by the CPLEE 
lunar surface ion-electron spectrometer of electron fluxes at the nightsidc lunar 
surface while the moon was upstream of the earth in the solar wind. I n that paper 
we showed that a subset of observed electron fluxes were strongly controlled by 
the direction of the interplanetary magnetic field (IMF), appearing at the moon 
only when the moon was connected to the earth's bow shock along magnetic field 
lines. We therefore proposed that these electrons were generated at the bow 
shock and subsequently propagated back upstream to the lunar surface. The 
densities and temperatures of these electron fluxes were in the ranges 2-4 x 
10 -3 crn-l and 1.7-2.8 x 10"oK. The fluxes were then in the range 0.4--1.0 x 
106 electrons/cm2 -sec. 

The implications of these ohservations are discussed by Reasoner (1975). To 
summarize briefly. Scudder et al. (1973) obsl~rved small enhancements in the 
measured solar-wind electron temperature when the OGO-5 satellite was. up
stream of the earth and connected to the bow shock along magnetic field lines. We 
asserted that these bow shock electrons observed at the lunar surface were 
responsible for the solar-wind electron temperature increases. The moon acted to 
shield the instrument from the direct solar wind and allowed an uncontaminated 
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measurement of these bow shock electrons. If it is assumed that the electrons are 
the high-energy tail of the magndoshc;tth electron distribution, then the total 
potential barrier through which the electrons had to travel from the downstream 
side of the shock to the lunar surface (bow shock potential plus lunar surface 
potential) is estimated to be 500 volts. 

In this paper we extend the observations of lunar nightside electron flux events 
to include two other types, distinguished by their phenomenological characteris
tics, which also make significant contributions to the total charged particle flux to 
the nightside lunar surface. These other two types of flux events, in contrast to the 
Type I bow shock flux events reported earlier, are shown to arise most likely as a 
result of lunar-solar-wind interactions. The implications of these flux events to the 
problem of the lunar nightside surface potentia] will also be discllssed. 

lI. OBSERVATIONS 

The electron flux measurements were made with the Charged Particle Lunar 
Environment Experiment (CPLEE), a component of the Apol1o 14 ALSEP 
system. A complete instrument description may be found in Burke and Reasoner 
(1972). The instrument was sensitive to electrons with energies ranging from 40 to 
20 keY, and for this study the 8 lower energy channels ranging from 40 to 700 eV 
wiIJ be used. Magnetic field data from the Explorer 35/Ames Research Center 
magnetometer in lunar orbit provided magnetic field line geometry inform;ltion. 

Data from four contiguous lunar night periods from February to May 1971 
were examined for the presence of electron fluxes. It was found that there were 
sporadic, though significant, fluxes of electrons impacting the Illnar surface 
throughout the lunar night. Figure I shuws ,Ill example of the lunar night flux 
events. These data were from May 25, 1 Y71. On this day the solar ecliptic 
longitude of the moon ranged from 4° to 16°, i.e. the moon was almost directly 
upstream of the earth and the instrumcnt was locatcd 16° to 4° from the lunar 
midnight meridian toward the dusk terminator. In this figure the lower panel shows 
the counting rate from the 200-eV electron channel of the instrument. This 
channel was chosen because of its larger geometric factor and consequent higher 
counting rates. The upper two panels are the solar ecliptic latitude (8) and the 
solar ecliptic longitude (4)) of the interplanetary magnetic field. The data gaps in 
the magnetometer record are due to the operational characteristics of the 
Explorer 35 satellite. Also shown on the figure (dotted lines) are the boundaries of 
the regions in 4> where the IMF Jines connect from the moon to the earth's bow 
shock. For values of <f> between the boundaries (ncar 4> = 0°) the moon is 
connected to the how sho(;:k. 

The two large flux events centered at 0215 and 0330 are examples of Type I 
flux events as evidenced by the correlation hetween occurrences of the fluxes and 
the IMF direction. However, it is seen that at other times, for example around 
1200, there are electron flux events which are present even when there is no I MF 
connection from the moon to the bow shock. Although the occurrence of these 
events is sporadic, the event-to-event intensity displays no systematic changes 
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Fig. 1. Electron flux and magndi~ field data for May 25, 1971 when the CPLEE 
instrument was on thl:! nightsidt: lunar surface near lunar midnight. The bottum panel 
shows the counting rate due to 200 eV electrons, and thl:! top two panl:!ls show the solar 
ecliptic latitude (0) and longitude (</» of the interplalldary maglletic field. The dotkd 
lines on the q., plot delineate the ZO[ll~S of IMF connection frolll the mooll to thl:! earth's 
bow shock. This figurl:! illustrates Type I and Type II lunar nightside electron flux events. 
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with distance of the instrument from the lunar terminator. We refer to these 
events as Type II . 

. The distinction bctween Type I and Type II events is based both on the 
dependencics on I~IF directioll and on their relative intensities. In the data ba<.;e 
analyzed, a total of 14 events were identified and classified as Type I based on 
their correlation with 1M F direction. For each of the 14 events the data were 
searched for the nearest flux event which met the criterion that the 1M F direction 
must have been such that the moon was not connected to the bow shock. The 
maximum 10-min average counting rates in the 200-eV c.b~!1nel were then 
tabulated for the two sets of events, and the averages (CR) and standard 
deviations (S) were ca1culate0 .. _Thc mean and standard deviation for the bow
shock-connected events were CR = 5.04 and S =c: l.52, and !~~ the non-bow-shock
connected events the mean and stanJard deviation were CR :=-= 2.25 and S ~:-: 0.27. 
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The normalized difference of the means is 6.7, and hence we conclude that there is 
a statistically significant difference in the intensity of lunar night electron flux 
events depending on whether or not the moon is connected to the earth's bow 
shock along the IMF Jines. 

Figure 2 shows an exampJe of a third type of lunar nightside electron flux 
event. Here, as in Fig. 1, the counting rate of the 200-eV electron channel is 
displayed. Also shown is the geomagnetic disturbance parameter Kp. The data 
displayed cover the period from 1200 V.T. on Ivfay 18, 1971 (Day 138) to 0000 U.T. 
on May 23 (Day 143). Lunar sunset, marked by an arrow and the corresponding 
disappearance of lunar pllOtoclectron fluxes, occurred at 1930 U.T. on May 18 
(Day 138). Electron fluxes are seen at the terminator and to persist into the lunar 
night period for approximately 4 days but with gradually decreasing intensity. The 
corresponding behavior is also seen prior to dawn terminator crossing, i.e. these 
fluxes first appear approximately 4 days prior to crossing. These fluxes are 
distinguished by their greater intensity than either the Type I or Type II events 
discussed earlier; and, unlike the other two types, they are strongly correlated 
with Kp. As can be seen from the figure, the fluxes are absent when Kp is below 
1 +. Although the connection between the geomagnetic activity index Kp and 
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Fig. 2. Electron flux and Kp data for the period May IS-May 23, 1971 (Day 138-143) 
when the instrument was crossing the dusk terminator and proceeding into the lunar 
nightside. Sunset is marked by the vertical arrow on May 18 at 1930 hr. This figure 

illustrates Type III flux events and shows their correlation with Kp. 
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events at the moon far upstream of the earth may not be obvious, Kp has been 
shown to be an indirect indicator of the velocity of the solar wind (Snyder et ai., 
1963). Thus these Type III fluxes appear to originate at or near the lunar 
terminators and are influenced by solar-wind conditions. The occurrence, if any, 
of these fluxes at the lunar days ide surface is impossible to determine since they 
are considerably weaker than the photoelectron fluxes observed at the surface on 
the sunlit hemisphere (Reasoner and Burke, 1972) and would be masked by the 
photoelectrons. 

Electron spectra for the longer duration electron flux events were computed 
from 30-min averages. These long averages were necessary to gain statistical 
significant in view of the low counting rates of the electron flux events. 
Background subtra~tion corrections and standard deviations were computed by 
fitting the experimental data points to assumed functional spectral forms using a 
X 2 minimization algorithm called CURFIT (Bevington, 1969). The algorithm was 
used to fit both Maxwellian distributions and K -function distributions. The 
K -function distribution, first applied by Vasyliunas (1968) to space plasma 
measurements, has the functional form for differential flux 

. , n f( K + 1) E I Eo J (E) = ----,-)" ----I -------,-------~I' 
(2mEoY(7rKr f(K --'2) (1 + BIKEo) 

where n = number density, Eo = most probably energy, and K is the spectral 
index. An additional derived quantity is the mean, or effective enagy 

3 K 
Em = -2 Eo ----) , 

K - 1. 

and correspondingly the mean or effective temperature Tm = Em Ik. The K

function resembles a Maxwellian distribution at low energies but possesses a 
non-Maxwellian high-energy "tail" with a power-law dependence at high energies. 
The K --function distribution has proved to be a useful description of observed 
space plasma distributions which are often non-Maxwellian. For the present data, 
it was found that in most cases the K distribution resulted in a better fit (smaller 
X2) to the data points than did the Maxwellian distribution. 

The Type I bow shock electron flux events displayed dellsities and mean 
temperatures in the ranges 2-4 x 10 3 cm- 3 and 1.7-2.8 x 10"oK, respectively. The 
lower-intensity Type II events were more diflicult to fit to spectra because of the 
very low counting rates and corresponding poor statistics. However, those spectra 
when fitting could be accomplished successfu JIy resulted in densities and mean 
temperatures in the ranges 0.5-2 x 10 3 cm- 3 and 1.0-1.3 x 10"oK (Em = 90-120 eV), 
respectively. 

A spectrum of a Type 11£ lunar terminator event is shown in Fig. 3. These data 
were from the event centered at 1220 U .1'. on May 20, 1971 (Day 140) (sec Fig. 2). 
The data points and statistical elTor bars are shown, and the dotted line is the 
K -function fit to the data points. The distribution is described by the parameters 
n = 10--2 cm- J

, 1:" = 2.6 x 106 °K (E" =: 240 eV) and K =-, 2. Thes~ values are typical 
for the Type III events studied. In terms of tobl c1cctm/1 flux to the lunar surface, 
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Fig. 3. Electron spectrum of a Type lIJ electron flux event from 1220 U.T. on May 20, 
1971 (Day 140). The dotted curve is a K -function fit 10 the data points with the parumeters 

n = 10-2 cm-3 and Em ,= 240 eV., 

the lunar nightside events represent fluxes ranging from 105 c1ectrons/cm2 -sec (the 
lower limit of detectability of the CPLEE instrument) to over 107 electrons/cm2

-

sec. 
In summary, three distinct types of electron flux events at the nightsidc lunar 

surface have been identified. The Type I events are electrons that have propa
gated upstream from the earth's bow shock. Lower-intensity Type II events are 
seen to occur sporadically throughout the lunar night v:,ith no dependence either 
upon the IMF direction, Kp, or upon the distance from the lunar terminator. 
Higher-intensity Type III events are seen to be strongly correlated both with 
distance from the lunar terminator and with Kp. In the next section we discuss 
possible origins of the Type II and Type III events. 
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III. DrSCUSSION 

We proceed upon the assumption that the source of the Type II and Type III 
electrons is ultimately the solar wind anu inquire as to what processes might 
account for the appearance of these electrons at the lunar nightside surface. The 
solar-wind electron distribution at low energies can be characterized as a 
Maxwellian distribution with Ne = 5 cm-3 and Te = 105 °K (Montgomery et al., 
1968). If this were indeed the case, there would be insufficient electron flux in the 
energy range 40-700 eV to account for any but the weakest of the Type II events, 
even assuming a mechanism to scatter them to the lunar night surface with 100% 
efficiency. However, the measurements of Montgomery et al. (1968) also show a 
high-energy non-Maxwellian "tail" in the solar-wind electron spectrum that 
becomes significant at energies above 70 eV. (See Fig. 2 of their paper.) The 
high-energy tail of the solar-wind electron distribution has also been observed by 
Anderson et al. (1972) with detectors on the lunar-orbiting Particles anu Fields 
Subsatellite. The energy range covered in that experiment was 520-15 keY. As the 
subsatellite traversed the solar-wint1 cavity, it was fount1 that electrons in the 
energy ranges 0.52-0.58 keV and 1.87-2.08 keV showed a market1 decrease in the 
shadow, while those with energies 5.5--6.5 keV were essentially unaffecteu by the 
presence of the moon and cavity, except for particle shadowing effects based on 
single particle trajectory calculations. Based on these data Anderson et at. (1972) 
argued that electrons with energies above between 2 and 5 keV were decoupleu 
from the solar-wind fluid and had free access to the cavity, whereas lower energy 
electrons undergo some form of collective interactions and are partie.lIlY excluded 
from the cavity. We note that the typical flux at 500 eV for a Type nT event 
(-2 x 102 e1ectrolls/cm2-sec-ster-eV) is of the same order as the flux of 520-580-
eV electrons observed inside the cavity by the Particles and Fields Subsatellite 
(PFS) (see Anderson et al., 1972; Figs. 3 and 4). We argue then that PFS 
520-580-e V electron fluxes are a mixture of the types of electron flux events 
observed by CPLEE, with the Type III events being the dominant contribution 
near the terminators. 

A word of caution is in order here concerning comparison of the P FS and 
CPLEE observations. First, the observatiolls overlap at only one point of the 
overall energy spectrum (~500 e V) and, second, the time scale of observations i~ 
vastly different. Whereas the P FS completes a cavity transit in about I hr, the 
CPLEE instrument at a fixed location on the lunar surface spends ahout 14 days in 
the cavity. 

The observations of Montgomery et al. (196R) and Anderson et al. (1972) 
discussed above show that there is suflicicnt electron flux in the high-energy tail of 
the solar-wind electron spectrum to account for the Type II and Type III electron 
flux events, given that a mechallism exists to decouple the highcr energy electrons 
from the solar wind fluid and allow thelll to penetratc into the cavity. We shall 
return to this point later. 

Measurements with the lunar-orbiting spacecraft Explorer 35 have shown that 
the moon possesses no signiftcant large-scale perlllanent dipole m~tg!lctic field and 
that no bow shock exists upstream of the moon (Colburn et ai., 1967; Ness et al., 
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1967). Plasma observations by Lyon et al. (1967) showed an absence of solar-wind 
ions in the downstream cavity with boundary locations and flth decreases 
consistent with geometrical shadowing of an aberrated solar wind with a finite 
temperature. The magnetic signature of the solar-wind cavity was observed by 
both Explorer 35 (Colburn et al., 1967; Ness et al., 1968) and by the Apollo 15 
Particle and Fields Subsatcl1ite (Russell ct al., 1973) and was found to have the 
foHowing features: (1) unperturbed interplanctary ficld on the lunar dayside, (2) a 
penumbral decrease in magnetic ficld intensity, and (3) an umbral increase in the 
magnetic ficld intcnsity. 

Based on these observations Michcl (1968) has presentcd a hydromagnctic 
model of solar-wind flow past the moon wherein the moon acts as a perfect 
absorber of solar-wind particles on the daysidc and carvcs a downst rcam cavity in 
the solar-wind flow. In the model, the solar-wind flows transversely into the cavity 
at the magnetoacoustic velocity, rarefaction waves arc formed at the lunar limb and 
propagate outward, and weak downstream trailing shocks form where the cavity 
closes. The observed penumbral magnetic field decreases would be coincident 
with the rarefaction wave region where the plasma density is decreasing and the 
umbral incrcases would be a consequence of the requirements of pressure 
balance. However, both satellites have also observed transient enhancements in 
the magnetic field strength exterior to the penumbral decrease region, and these 
enhancements have variously been interpreted as compressional disturbances 
(Siscoe et al., 1969) or as lunar limb shocks (Schwartz et al., 1970). Thc'penumbral 
increases are not predicted by the hydromagnetic theory. Various authors have 
proposed models of these disturbances based on such sources as single particle 
interactions as the solar-wind grazes the lunar limb, interactions with locally 
induced eddy currents or remnant magnetization regions, and inkraction with the 
lunar photoelectron layer. For a discussion of these various models the reader is 
referred to the review paper by Schubert and Lichtenstein (1974) and references 
therein. 

The experimental data from Explorer 35 and the Apollo 15 P FS discussed 
above show that the bulk of the solar wind behaves as a fluid and is excluded from 
the downstream cavity. However, solar-wind electrons with energies above a few 
kiloelectron volts are decoupled from the solar-wind fluid and penetrate into the 
cavity with little or no attenuation. If it is postulated that electrons in the energy 
range observed by CPLEE (40-700 cV) are at least partiaJ1y decollpled, then their 
appearance in the solar-wind cavity at reduced intensity would be a natural 
consequence. This would explain the Type II events, whose intensity is constant 
throughout the lunar night. The sporadic nature of the events would then be a 
reflection of either the nature of the solar-wind source or of a temporally varying 
decoupJing mechanism. However, the presence of the Type III evcnts, whose 
intensity is a maximum at or near the lunar terminators suggests that there is an 
additional decoup)ing and/or scattering mcchanism at or near the terminators 
which is a direct consequence of the interaction of the solar wind with the lunar 
body. One possibility is that processes act in the rarefaction region where the 
solar wind is expanding into the cavity to ~urnish the required mechanism. 
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Such processes, however, would have to be localized near the terminators. If 
they were continuously active along the region do\vnstream, then one would 
expect to see events with intensities typical of Type III events throughout the 
cavity, which is clearly not the caseo Another possibility is that the required 
decoupling and/or scattering mechanism originates in the penumbral magnetic 
field increases which, as previously stated, have been interpreted as limb 
compressional disturbances or limb shocks. This interpretation is consistent with 
the localization of Type III events near the terminators and their correlation with 
Kp. However, studies of the locations of limb magnetic field perturbations with 
respect to lunar longitude by So nett and Mihalov (1972) have shov.m that no such 
perturbations are regularly observed over the Apollo 14 site. This does not, 
however, rule out the possibility of weaker perturbations which were not 
observed by Explorer 35. 

These lunar night flux events, although weak in magnitude compared to 
sources such as the direct solar wind, magnetosheath, and plasma sheet, are 
nonetheless significant in view of the fact that lunar photoelectrons are not 
available to provide a return current. Consequently, these electrons should be 
capable of affecting the lunar nightside surface potential. Theoretical calculations 
of Manka (1973) based on plasma probe theory result in a value of - 38 volts for 
the lunar nightside surface potential when the moon is in the solar wind. 
Experimental measurements of positive ion fluxes to lunar night surface by the 
ALSEP/Suprathermal Ion Detector Experiment (SIDE) (Freeman an<J Ibrahim, 
1974) indicate that the lunar nightside potential is actually considerahly higher, on 
the order of a few hundred volts. We suggest therefore that the lunar night 
electrons flux events, with mean energies in the range of 100-200 volts, are 
responsible for driving the lunar surface potential to the large negative values 
inferred by the SIDE measurements. We note that the measured ion densities 
were in the range 0.05 ions/cm J

, which would be of the correct order to provide 
flux balance to the lunar surface. 

In summary, we have identified three distinct types of electron flux events 
which impact the nightside lunar surface. Two of these were shown to be a result 
of lunar--solar-wind interactions. We propose that solar··wind electrons in the 
energy range 40--700 eV are partially decoupled from the solar-wind fluid and arc 
ahle to penetrate into the downstream cavity, and further that an enhanced source 
of decoupling and/or scattering is active near the lunar limbs. The effective 
temperatures of the surface fluxes are in the range of a few hundred electron volts 
and the total fluxes in the range 1 0~_107 electrons/cm2 -sec. These electrons are 
likely responsible for the SIDE observations (Freeman and Ibrahim, 1974) of a 
lunar nightside surface potential on the order of a few hundred volts. 
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