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Summary

This is the final technical report on the Lunar Data

Analysis and Synthesis Program Grant No. N8G-0702% awarded to

Rice University by the Lunar Programs Office of the National

Aecronautics and Space Administration. The purpose of the

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

with other lunar-surface ¢nd lunar-orbiting instruments to study

interactions between the moon and its space plasma environment.

Principal research accomplishments under this grant were:

l .

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 surfac by
disturbances along the boundary of the lunar solar-
wind cavity; ¢) solar wind electrons scattered to the
lunar surface by lunar limb shocks and/or compressional
disturbances.

Identification of these lunar nightside electrons as

a causative agent of the high night surface negative
potentials observed in the ALSEP/SIDE ion data.

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 viecinity of the instrument. These shadowing
effects were shown to have important effects in modifi-

cation of the lunar-surface and near-lunar potential

distributions.



These studies will be desceribed 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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lgtrodnction

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
vears the instrument returned much valuable data concerning the
charged particle environment of the moon and the interactions
betwaen space plasmas and the lunar body and surface. The initial
hardware and data analysis contract (NAS9-5884) continued until
March 13974 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 analysic soncentrated upon analysis
and understanding of charged particle fluxes to the dayside
lunar surface. 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 Augqust 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



exXample is the layer of photeelectrons which forms on the
sunlit lunar surface ana 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 ot 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 pnroposed 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 Apolio 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 earlicr by
Dr. D. 8. Colburn of Ames Research Center, and we continued
to use the data in these studies.

The CPLEE and SIDE instruments have been described
extensgively 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 lumar west (Analyzer B). The
CPLEE completes a complete measurement cycle in 19.2 seconds.
The SIDE instrument contains an ion energy analyzer covering
the enerqgy range 10 - 3500 eV in 20 steps with a cycle time
of ximately 1.5 minutes. The instrument also contains a
mass unalyzer, but no mass analyzer data were used in these
studies.

The Explorer 35/ARC Magnetometer is a three-axis instru-
ment with a basic resolution of 0.125 vy (1l y = 107> 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 duata from

the Lunar Portable Magnectometer Experiment (Dyal, et al., 1971).
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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 ancle

inereases, 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 fiqures, 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 12 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 rlux data observed near lunar sunset.
Sunset is marked by the vertical arrow. It is seen that signifi-

cant fluxes persist long after suncset.
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Figure 2 is an example (bottom panel) of fluxes obscrved
near lunar midnight., The top two pancels show the latitude »
and the longitude ¢ of the interplanetary magnetic field
measured with the Explorer 35/AKke Magnetometer. The data gaps
in the magnetometer reconrd are due to the operational character-
istics of the Explorer 35 Satellite., It was observed, “n a

study of 4 months of data, that there scemed to rw rreferred

directions of the IJF for the occurrence of s. .. ..« *he fluxes.
The preferred directions seemed to be near a - .onecking
the earth to the moon. Accordingly, a mod:’ o 1rch's bow

shock surface was constructed (a hyperboluia . _evlution) and
for cach position of the moon the zone in 84 - ¢ space where the
IMF would connect the moon to the bow snock 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 ¢ 13 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 intensitv events were labeled Type II. The Type
events therefore must originats 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 I1 events later.



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 8 and longitude ¢ of the IMF,

The detted 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 ronnec-

tion zones.



w0

mrriT

'y

i

i b

1 Li] ” 0 nn, ] ook

e el

=380
270

iIBO[-

¢ oo}

-0

0 ——

23S/ S1INNOJ

24

22

20

18

e

14

12

10

HOURS (GMT)



~] R

Scudder ct al. (1973) reported ohservations of solar wind
electron temperatures with 0GO-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 eV. 1In Figure 3 is shown a
superpeosition 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 asz 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. BAlso shown is the
geomagnetic disturbance parameter Kp. The data displayed cover
the period from 1200 U.T. on May 18, 1971 (Day 138} to 0000 U.T.
on May 23 (Day 143). TLunar sunset, marked by an arrow and the
corresponding disappearance of lunar photoelectron 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 1is 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 twoe 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 11 eventg
discussed earlier; and, unlike the other two types, they are
strongly correlated with Kp., As can be seen from the fiqure, 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 thes
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 (Reasoncr 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 arqued that the TypeIll 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 cevents, although weak in magnitude
comparced to sources such as the direct solar wind, magnctosheath,
and plasma sheet, are nonetheless gignificant in view of the fact
that lunar photoelectrouns 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 Ihrahim, 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’, which would be of

the correct order to provide flux bkalance to the lunar surface.
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II1. Particle Shadowing

Placement of charged particle detectors on the lunar
surface by the Apollo/ALSEP program preschnted 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 amkient
magnetic field, particles cannot reach the CPLEE analyzers because
their spiraling trajectory in the magnetic field carriec 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 9 and longitude ¢ of the external
magnetic field. 1In this coordinate system 6 = 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 symmetrical 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 ¢t al., 1971) were made at two sites in the
vicinity from which an ALSEP site field was camputed under the
assumption that the remnant field could be represented 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 general.y downward and
to the southeast. Particle trajectories were traced in the
combination of a 5 y external field and the inferred local
dipolar ficld to yield the "open zoneg" in 6 - ¢ 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 cast, 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 a: a maximum. This fact
has indeed been verified in studies of plasma sheet particle fluxes
(Reiff, 1975).

These studies of particle trajectory mndifications 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)
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Figure 6

Geometry of the Apollo 14 ALSEP site and vicinity showing
magnhetic 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

zZones 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 maxinum when the external field

direction lies within the intersection of +he three zones.
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have usually resulted in a lower value than tnat actually observed
Ly 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 ¢pe is given by the
flux balance calculation. However, extending out to ~1 km above
the surface (the scale length 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 thca surmount the total barrier

¢pe + ¢cs in order to escape, and without the result outlined here
it would be incorrectly concluded f.om observational data that the

potential barrier due to photoelectrons alone was the total

barrier height.



-3]~

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 example 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 Upstream of the Earth's Bow Shock

Davip L. Reasoniw!
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Observations of electran Huxes with «tunar-bused eleciron sprectronneter v ben the tionar wae apsteram
ol the earth have shown that o wubset of observed foses are sitonply contioiled sy the ite shoetars
mapnete field (IMEYdieccton, The fuses ogeur anly when the BV e canne anback e e« i,
shock, Observed densities and wmperatures were i the ranpes 2od - 10 S aed L7305 e i I
15 show that these electrons van account for mereases o elective solar swind eledron tempertures on
baw shovk conneeted field hings, whieh fave been observed proviosby By odhier ssocstigators, Bos forthe
shown that if & madel of the bow shock wath an clectrostatic potentiad barrer s assumed o the potcntiad can

be estimated to be 500 V.

Qbservations of charged particles upstream n the solar
wind, whose origin w's appurently at the bow shock, have
been reported by seve d authors (see, ¢, Anderson 196y,
Lin et al. {1974, and references therein). The common feature
of these observations is that there is an interplanetary charped
puarticle companent that is strongly controlled by the direction
of the interplanetary magnetic fiela (IMF). The particles were
anly ohserved at a particular upstream tocation when the lield
line through the observation point intersected the assumed
bow shouk epvelope. [n this puper are presented observations
of low-energy (401000 ¢V) electrons from o lunar-based in-
strument during tunar night periods. The instrument wis vigw-
ing into the downstream solar wind cavity, and the moon was
upstream of the bow shock, Sporadic low-enerpy fuxes were
observed throughout lunar =ight periods, and it is shown that
a subset of these electron flux events occur unly 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 Apolla 14 Alsep system, (For an instrument deseription see
Burke and Reasoner [1972].) Magnetic field data from the Ex-
plorer 35/Ames Rescarch Center magnetometer in lunar orhit
provided field line peometry informution,

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 clec-
tron fluxes that were present only when the IMF line pasang
through the moon intersected the earth’s bow shock. The bow
shock surface was represented by an aberrated hyperboioid of
revolution. a mode! first proposed by Scudder et al. (1973]. For a
given value of the IMF latitude 8 the eguation for the limit-
ing values of the IMF longitude ¢ resulted in a quartic incot ¢.
This equation in turn was sofved for the limitmp vatues of ¢
such that the IMF was tangent to the bow shock surface.

Because of gaps in the IMF duta it wus not possible to
categorize all lunar night electron flux events according 1o the
criterion of whether or not the IMF intersected the vow shock
However, when analysis was restricted to only those events
where concurrent IMF data were availuble, it was possible to
identify from the data set a total of 0 electron flux events with
durations of “0 min or more wheie the electron fux exhibited
strong conirol hy the IMF direction, appearing only when the

UNcwoat Mardhall Space Fhght Center. Huntsalle, Alibam,
sme
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IMFE line ¢onmected from the moon dowpstream to the bow
shock . For the sake of brovity we will refer to these events o
‘bow shock events’ in the remainder of the paper

An example of 4 bow shock event i shown m Frgare i o
thes fiprure we display 3-mun averages ot the countuing rate due
10 M0-eY glectrans tlower panely, the INT donpriiode ¢ cnnd-
dle panel), snd the IMFE latitude # qupper panel) The hnnung
values of b, which, recall, are a function of 8, are shown as
dashed lines near £ 209 On this day . May 25, 1971, the solar
eelipuc lonpitude of the moon varied tram 4° to 167, 1 ¢, the
moon was almost disectly upstream from the bow shock. Twao
prominent solated events are seen, one from 0210 82300l
the other from 0305 to G310, Lower-mtensity shorter-durat,on
events appear near OS5 and U620 In all these events are seen
the sheep onsels and decass s the value of the IME lonpiude
@ passes through the Imutmg values, o feature gute typreal of
the tatal set of these bow shock events

There are other lower-intensity electron events seen n the
fipure, but many of these tor example, near 14000 occur il
trmes when either # or o are ot cuch a value as to preclude in-
tersection of the IMT hne with the bow shock The ongin o
these fluxes remains unhnown, although they muay well be
assovtated with local solar wind-lunar interactions Howewer,
the bow shock events are distinguished not only y thar
dependence upon the IME dircction but abso iy ther preater
ntensily,

Electron spectra tor the longer-duration how shack cvents
were computed from 30-min averages. These fong aserapes
Were fleeessary to gain statisheal sigmticanee in view of the low
counting ratas involved. Frgure 2 shows the electron spevirum
for the period 0315035 on May 25, 1971, correspondimg Lo
the second lurge eventn Fipure T In this spectrum and other
spectra the data points and standard deviaions were come-
puted with the usual statistical technigues. In order 1o deter-
mipe densities and temperatures o x® mimmmizaton algorsth
called Curfit [Bevmgton, 1969] was used to fit bath M
welhans and o functions [Fasvdienas, 196K} to the dats pumts
It was found that in muost cases the s function, with sls power
law representation of o hmigh-enerpy tanl, resuited imabeteer il
tamtatler 37y than the Masswelban function did. §or evampic,
for the data points of Fipure 20 a Maxwellan it resulted in the
patameters n - 2.9 % 10 27 < 1] 2[00 K and xf o 0080
whereas ook function it resulted ing - 35 2 1077 25
107 9K, & = 33 and x' -+ U0.20. The dashed line on the fipure
then represents the fitted s function spectrum. The tited
spevtra for the events studied gave densities 11 the range 2-4 +
16 el em?® and temperatures (thermual enerpiest im the runge
L7 > 100 o 28 = 10 °K (180-250 ¢V

IR7
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3

tweent 0210 and 0230 and dpain between D305 and 0410 The dushed Tines on the plot ol the IMT langaade ¢ are the It

e valies for bow shock iimersection

D1scUSSION

Scudder et of [1973] report a study of soiar wind clectron
temperatures with Ogo 5 wherein they separated thie data set
into two subsets based an whether or not the IME ines
through the observation point intersected the bow shack. They
found a slight .endency for the dectron temperature to be larger
when the field lines intersected the bow shock, afthough the
“atistical reliability of the stutement was greater than 50% on
only one out of five orbits studied (see their Table | and Figure
3 They attributed these higher temperatures to a non-
Maxwelltan electron population with energies of the order of
U0 eV Iuis therefore supgested that the bow shock assovinted
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Fig. 2. The clectron energy spectes for the period 0315-0345 an
May 25, 1971, corresponding to the sceand lurge Bux enhancement in
Figure [ The dashed fine is a x function fif to the dutd points resultuyg
i the perametees n = 35 X 103, T, ~ 2.5 x 10° °K, and « = 1.3

electron Muxes reported herein are one and the same with the
clectran fluxes responsible for the lemperature increases
reported by Scudder ot al. [1973),

To emphasize this last poont, in Figure 3 we have plotied
superposition of 1 typicil solar wind electron energy spectrum
as repoerted by Montgomery et al. [1970) witha = 55 em and
o= 1.6 x 10° °K and the spectrum fitted (o the data of Frgure
2. The buw shock eiectrons uppear essentialiy os o smubl high-
energy il upon the main spectrum. This high-energy Gl
would result in o higher temperature from a moment caleula.
tion, although its true nature would be effectively masked.
However, for this study the moon acted to shield the instru-
ment Trom the solar wind electrons and allowed an uncon-
taminated meusure of the properties of these bow shock elec-
trons.

It can easily be shown that the effective temperuture of the
sum ol two distributions f{e) and folv), wheren, = npand 7,
> Tyocan be approximated by T, = T, + {mT2/ny). Perform-
ing the caleulation for the duta shown above pives Ty =
1.62 x 10" versus 7, - 1.60 X 10 This small increase in ¢i-
fective temperature is of the same order of magnitude »s that
reported 8y Scudder et of. [1973] in their study.

Bow shock observations by Fredricks et al. [1970] indjcate
that the shock may be classed as turbulent, that s, ion clec-
trostatic waves play an important role tn rundomizing the in-
coming jon stream into postshock conditions. Yet it must e
kept in mind that the shock does not act as an impenetrable
wall hetween the preshock plasma and the postshock plasma.
Rather, there is interpenctrution of 1ons (rom each region into
the other, and in the shock transition itself the ion distribution
becomes himodal. This can lead to growth of wave mades
that act in a self-consistent manner Lo convert the cool
preshock don distribution into the hot postshock distribution.
Thiv intermé=ing of distribution functions was originally dis
cussed by Mort-Snith [1951] in connection with clussical gas
shacks, and a discussion applicable to collisionless plasma



Reasonkr: Brick Riponr

w0’ RN A SLE 501 e S A0 41 G Gt A A2

|

=

0¥ =

5 - 3

¥ - ]

4 L .
]

NE led ey =

~ - -

g r 3
5

S o 4
%)

& t N
I
3

= 0= —]

- E

¢ \ 3

- A y

L ~

2

0% =~ e

= \3

[~ 4

I corsrgagl vl oL LLLl

1055 i 3
i0 [ G [
ELECTRON ENERGY (aV)
Fig. 3. A superposition of ¢ «pical sofur wind efectron spectrum

from Montgomery et @l. [1970] und the electron spectrum of Figure 2.
This shows that these bow shock electrons result in u small increase in
the effective solur wind clectron temperature. The dushed hine is the
aum of the two speclra.

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, [tis an observational fact that solar wind electrons are
quite different in character from magnetosheath electrons
[e.g., Montgomery ¢t al., 1970], and therefore there must exist
u mechanism that prevents complete mixing of the preshock
and postshock electron distributions,

Montgomery and Joyce [1969) have developed & mode! of a
laminar electrostatic shock that provides such a mechanism. In
their mode] the jons on both sides ol the shock were 1 zero
temperatute {(this assumption thus disposing of the need for an
addilional dissipation mechanism), whercus the postshack
electrons were tredated as a sum of [ree and trapped dis-
tributions. An estimate of the potential drop dacross the shovk
can be obtained by using the measured electron spectrum
(Figure 2) and a itypical magnetosheath distribution
[Monigomery et al., 1970 and by assuming Lhat the Licuviile
theorem applies. From the electron spectrum of Figure 2, f(¢
=0y = 39 x 10°% ¢m~® 5%, This value occurs on the
magnetosheath distribution at a velocity of 1.35 X (0" emys,

149

corresponding to a 1otal potential drop of 500 V. Jecause the
measured demsity at X 60 Ry may well he lower than tha
near the bow shock, the value of 00V s an upper himit,

The abave arguments have necessarily been ad hoe and by
o meany are offered as proof thin sueh an electrostitic poten-
tial barrier uctually exists. The required electron distnibution
sepuration mechanism could well be provided by other wave-
related means. However, Avugebawer {1970 reported
decrease in the solar wind ion Now energy without an increase
i temperature just ahead of the bow shock and postulated that
an electrostatic potential drop with i nuximum value of 200V
wiy responsible. 1t may well be then that i a potenual drop
across thie shock exists, it is not conlined entirely to the shock
trunsition layer but rather is distributed also upstream and
downstream of the shock.

SUMMARY

Low-energy electrans have been observed at lunar orbit
upstream of the bow shock that displayed the following
characteristics: (1) The electrons were controlled by the IMY
direction, appearing only when the IMF line through the obser.
vition point connected back 1o the bow shock. {2) Densities
were in the range 2-4 % 10°° and temperatures (mean
energies) were in the range 1.7-2.8 x 10° °K {150-250 eV).

The electrons were shown Lo b+ able 1o account for the smull
inereases in solar wind electron temperatures an how shock
connected fieid lines observed by Scudder et al. [1973] 1V it
assumed thuat these electrons ure the high-energy tud of the
magnetosheath electron distribution leaking buck upstream
through an electrostatic potentinl barrier, then a total poten-
tiad drop of 500 V is estimated. This complements an earber
abservation of Newgebauer [1970] indicating a 200-V drop in
layer immediately ahead of the bow shock. It is therelore
sugpested that an electrostatic potential drop that acts 1o pre.
vent the majority of the downstream electron distribution
from mixing with the upstreamn plasma deserves serious con.
sideration in theories and models ol the carth’s bow shock,
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The spatial extent and energs distnibution tunetior of the magnetosheath ¢lectron population at tunar
distance have been anulyvsed by using megsurentents from the Apoello T charged partcle Tunar environ-
ment experment (CPLEE) The magsetotul s shawn o be approsimatels 37 R diameter. The mean
bow shack surfuce his o cross section of about 9 R, The sverage aberration anple measured 1vabout 3
The electron distribution function reveals two distinet particle populitions The st at low enerpies (40

[

00 eV mowell charactenized by w nearly satropie Maswethan distoibution, with wwmperatures

10 the range 15-25 eV Denstties cadeulated from fited functons range Irony - % cme at the bow shock 1o

i__'l

2em ? onear the magnetopause. The high-energs porion ot the spectrom (2000 ¢y £

2000 ¢,

however, s penetally anmotropic and iy generally denser and more energete in the dawn magnetosheath
than i the dusk magnetosheath. Separate Masselhan s to the high-energy population vield deasiies
fear 00240 T em T and temperatures near 20 (250) e tor the dush tdas i maenetostreath 10 aigued
that these particles ongindte t the baw shock rather than o the plasma sheet

The peneral characteristies of the magnetosheath electron
population have been reported for the near-carth regions [egp.,
Scudder et af., 1973] and the polar cusps { Winningham. 1972].
The lunar distant magnetosheath won population has been ex-
tensively studied, both from lunar surface observations
[Fenner, 1971, 1974] und from the Explorer 33 and 35 satelhites
[Howe, 1971, Howe and Binsack, 1972].

The mapnetusheath electron populution at lunar distunce
has been largely unexamined. Howe [1971] included election
data Trom Faraday cups on Explorer 33 und 350 generaliv.
however, only one enerpy range was above backpronnd
current. allowing only limited spectral information. Geldvein
{1974] presented one lunation of electron densily  and
temperature; however, his study was primarily concerned with
photoelectron sheath propertics.

In the present study, four inbound (dusk) and three out-
bound {dawn) magnetosheath passages were examined with
the churged particle lunar environment experiment (¢ PLEL).
Average boundary locations computed from the compluete datu
set are consister’ with the predictions of fluid dynamies. Elec-
tron characteristics for the two least disturbed passages are
presented here in detadl. Energy spectra show an unespected
high-energy tail superimposed on the expected low-energ
magnelosheath distribution. The high-energy 1l v most
pronounced on the dawn side and appears to be penerated at
the bow shogk.

EXPERIMENT

The CPLEE instrument is o lunar-based 1on-electron spec-
trometer, measuring particle fluxes in the energy range 40 ¢V
to 20 keV. A description of the instrument and deployment is
given by Reasoner and Q'Brien [1972], therefore only o few
pertinent features will be repeated here. The instrument con-
tains two charged particle analyzers, one whose look direction
is Jocal vertical (analyzer A} and onc whose look direction is
6(1° (o the west of local vertical (unalyzer B) The look direc-
tions relative to magnetosheath geometry are shown in Figure
1. The flare of the magnetosheath boundaries is such that the
analyzers maintain a neurly constant angle to the evpected
laminar magnetosheath Bow direction (40° and 1007 for A und

Copyright © [975 by the American Geophysical Union.

B. respectivels, in the dusk sheath; 87 and 35 i the dawn

sheath).

Bouspany Locatrons: CRITERIA anD REsULTS

In order (o establish ave age boundary Jocations for the
mupnetasheath we npeed a consistent set o! crieria to dis-
tinpuish boundary crossings from random Huctuations i par-
ticle Auxes and from interplanetary events. The criteria used
hete for & how shovck crossing from preshock o postshock
conditions «re the following: (1) The flux in the lowest-energy
channels shoutd abrupthy nse, indicating a jumpn densits . (2}
The Aux in the rmedium- to high-enerpgy channels should jump
by a factor Larper than that in the lowest-energy channels, in-
dicating a comnedent jump in mean thermal enerpy und not
pust a randor increase in density. (3) For events satistying (1)
and (2) bul oceurring more than 15° in longitude away Itom
the meun how shock location (Howe and Binsack, 1972]. lmp &
interplunetary solar wind data were examined to rule out the
pussibility of interplanetary shocks.

Figure 2 illustrates severul bow shock crossings selected ac-
carding to these criveria. The top trace presents differential flus
for the lowestenerpy channel (eenter energy 40 eV versus
time. The Tower trace s a similar plot for a medium-energy
channeb (94 eV The arrowheads pont 1o shock crossing times
at aboul 1625, 17030 17100 1725, 1835, and 1842 UT, Apnil 5,
1971, The bars beneath indicate sheath periods; the reminnder
of the ttme the moon was i the solar wind. The data are un-
averaged: (e, cach data point is one CPLEE ¢ycle (19 5} The
tipure therefore indicates both the sharpness of the trunsitions
tof the order of one cycle) and the muagnitude of typreal Hue-
twations in the magnetosheath, Differential Aux spectra from
just before und just after the 1703 crossing are shown n
Figures Sa and 5h and discussed in a following section.

When the moon crosses the magnelopause from the
magaetosheath, 1t can enter either the high-latitude tul, the
plasma sheet, or the boundary layer, These regions differ widely
n their particle populations. However, in both the high-
latitude tail wnd the plasma sheet the fluxes at jow energies
(0-100 eV are doninated by funar surface photoelectrons
[Burke and Reasoner, 1972, Rich et al., 1973]. The boundury
luyer, discussed by Akasofic er af. [1973] near the varth and by
Fenner [1974]. Hardy et al [1974], und Moore et ol [1974] a1
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Fig. I. Ecliptic plane projection of the orbit of the moon, showing

the look directions of the two analyzers. The axis of symmetry of the
figure is the ‘salar 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 al 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 crassing 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, und
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

1 0%

MAGNETOSHEATH

FLUX (e!ec:runslcmz -S8C -5 eVl

104

1700 1fé0 740 1800
AFRIL 5, 971 (b UT)

Fig. 2. Unaveraged differential flux versus time for the channels of
analyzer A with peak sensitivity at 40 eV (38-43 ¢V) and 94 ¢V (E6-1 10
eV). Several bow shock crossings are shown, indicated by the
arrowheads.

1820 :BND 1620 6%0 1800

which boundary crossings were expected. The remaining
crossings were used to compute the means and standard
deviations shown in the table, The longitude ol 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 Ry and a bow shock cross section of 91 Ry.

MAGNETOSHEATH ELECTRON PLASMA PARAMETERS

We now turn to an ecxamination 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
seclion we show differential flux spectra from selected times in
the two passages and discuss the distribution function in
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 und
density lor the dusk and dawn sheath passages, respectively.
The top trace in each figure is computed ave:age encrgy per
particle, i.e., the energy density moment divided by the density
moment of the abserved distribution function. The middle and

TABLE |. Boundary Crossing longitudes (S£)
. usk Bow Shock Dusk Magnetopause  Dawn Mugnetopause Dawn Bow Shock
MCL MCL MCL MCL
Number (u=127.2, Number (u= 1514, Number (u= 2025 Number (u=2253,
Month, of ¢ =139), of o= 4.4), of a = 3.0, ol g = 2.8),
1971 Crossings deg Crossings deg Crossings deg Crossings deg
Feb, 3* 142.95 11 153.18 9 201.30 5 22395
March 17 122.44 21 154,33 15 201.58 9 226.79
April 15 126.21 27 15217 T t
May 11 130.99 1 150.25 17 202.85 | 22545
June 17 13122 It 150.17
MCL stands [or median crossing longitude,
* Not included in averages tiecause CPLEE turned on past mean boundury.
t Not included in averages because CPLEE was in stundby maode during all or part of

boundary crossing.
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lower traces indicate the pressure and density, respectively. All
purameters are caleutated over the energy range 40-2000 eV,
Isotropy is nssumed and the flow veloeity neglected, Since the
peak of the distribution luaction generally fies at or just below
the lower energy limit of CrLEE, it is typical that the
numerically integrated density is significantly smalier than the
actual density. This effect is most pronounced in regions whery
the plasma is coul, e.g., the solar wind. Comparison with den-
sities calculated from litted distribution functions indicates an
error of JU-80% in the solar wind and <307 m the
magnetosheath,

Figure 3 begins in the solar wind, with numerically in-
teprated densities neur 1 em " and pressures ncar 15 eV em 7,
implying average energies ncar 22 eV. Correcting the density
upward by 50% implies average energies closer to 15 eV,
Several bow shuck crossings are scen from about 1600 UT,
April 5, to 0000 UT, April 6. These crossings are readily iden-
tifiable by the jump of about a fuctor of 3 in numerically in-
tegrated density and a jump of about 4 in pressure. In the near-
shock magnetosheath region the density is fairly stable ut 5-6
cm™? The pressure ranges from 80 to 100 ¢V ¢m *. The
average energy is stable at 27-30 ¢V. As the moon progresses
through the sheath, variations in density and pressure are seen
with various magnitudes and time constants, but in general the
trend is to lower and lower densities. The average cnergy,
however, is remarkably constant,

The large-magnitude density variations from 8900 te 1900,
April 6, are not bow shock crossings, judging from the gradua!
nature of the transitions and the constancy of the average
enerpy. Instead they are probably due to larpe-scale
longitudinul motion of the magnetosheath. The density
minimum at 1040 is, for example, comparable to the density
observed 14 hours later, around 0300, April 7. The period of
roughly 90 min implies a minimum flapping velocity of 5
km/s, which ;s certainly not excessive for tail motion [Bowling
and Wolf, 1974].

Near the magnetopause the density has lalien to nearly its
solar wind vaiue (around 0.8 cm™*}); however, the mean energy
is still well above its solar wind value, after the latter has been
corrected by 50%. Several magnetopause crossings are shown
in Figure 3 from about 2100, April 7, to 000D, Apri] 8, and
again al the end of the graph. The low density and low
pressure indicate entry into the high-latitude tail.

Figure 4 is a similar trace for 4 dawn magnetosheath cross-
ing, and similar effects are apparent. The moon begins in the

o Y T PN | ST
|0‘ - AYERAGE ENERGY (eV)

FRESSURE [V /cm®}

DENSITY [#/cm’)

16" L I L_.. 1 L L L |
1200 0000 1200 oo0oa 2O 2000
APRIL 5, 1971 APRIL &, 137 APRIL 7, 1971
TIME (hr UT
Fig 3 Nuamerically inteprated &-min sverages of wverage energy

per particle, pressure, and density for a dusk magnctosheath passage.
The A analyzer wis used, and isoiropy wes assumed.
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Fig. 4. Same as Figure 3, but data are for a dawn magnetosheath

Pissipe.

high-fatitude tail and underpoes several briel trunsitions
amaong the plasma sheet, boundary layer, and high-latitude tuil
before crossing the magnetopause 1t 0730, February 12, 1971,
As wis observed in the dusk sheath, the density is ¢ minimum
(rear | em-?) at the magnetopause and rises Lo a maximum al
the bow shock. Several bow shock crossings are seen at about
0200, 0500, and 1100, February 4. These crossings are most
castly seen as a decrease in the average energy per particie (the
density jump is somewhat obscured by a temporal increase in
the incident solar wind density}. Two differences are notable
from the dusk passage: first, the average cnergy per particle 1s
maore variable in the dawn sheath than in the dusk sheath, and
second, the average encrgy per particle is greater on the dawn
side. Both of these efflects can be shown to be due to the ex-
tremely hot and variable high-energy tail that is observed in
the dawn sheath.

MAGNETOSHEATH ELECTRON SPECTRAL CHARACTERISTICS

We present several differential flux spectra in order to study
the electron distribution function Tor the various regions in
detail. Figure Sa shows a spectrum in the dusk mapgnetosheath
just past 4 bow shock crossing. We note the appearance of
enhanced fluxes above 200 eV, well above the near-back-
ground values for these higher-energy channels in the solar
wind (cf. Figure 54}, As will be seen later. this high-energy
excess is a persistent feature of the magnetosheath elec-
tron distribution [unction, although it varies both in absolute
magnitude and in relative contribution to the energy density of
the entire population. Since the strength of this high-cnergy
tail prohibits & valid Maxwellian fit to the entire spevtrum, we
choose to quantify the distribution function by dividing the
spectrum into two segrments: 40-200 eV (which we shal! call
low-energy’}, and 200-2000 eV (‘high-energy’). This splitting
procedure is successful in the dusk sheath and indeed
necessary in the dawn sheath, where the high-energy tail otten
has o different anisotropy ratic than the low-cnergy portion or
else 15 too strong Lo allow more conventional functional han-
diing, as, for example. with the « function [Vasyliunas. 196%;
Formisano et al, 1973]. Thercfore we shall attempt o separate
Maxwelliun distribution functien fit for the high-energy por-
tion whenever possible, 1.e., if at least the first foar high-ererpy
channels are well above background levels.

For these data (Figure 3a). all four distribution funcuon tits
converged {with reduced x square less than 0.8), vielding fow-
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Fig. 5a. Differzntinl flux spectra from the dusk magnetosheath just
after 4 bow shock crossing. The A analyzer dala ars indicuted by
circles and the B analyzer data by crasses. The solid lines indicate the
fiux calewlated from the best-fit Maxwellian distribution functions.
The density caleulnted from the Maxweihan distribution function it
is indicaled by a (in units of electrons per cubic centimeter), and the
temperature is indicated by &T (in units of electron volts).

energy densities of 4.1 (5.1) em~* and teimperatures of 25 (22)
¢V for the A (B) analyzer. The high-energy portion converged
to densities of 0.08 (0.11) cm~? and temperatures of 203 (152)
eV for the A (B) analyzer. We notice that in this case, the
higher-energy clectrons 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 js quite
isotropic with a density of 3.8 cm~? and a temperature of 20
eV. The high-encrgy portion has a density of 0.018 em~? for
the A analyzer and 0.012 cm~? for the B analyzer, both with
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Fig. 5. Differential Aux spectra from the solur wind just prior to 2
bow shack crossing,
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temperatures near 205 eV. 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 | em~?) and temperature (to 16 eV). Hawever, the
high-energy portion has remained at nearly the same level
(density of around 0,02 cm~?* 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 ¢V,

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% Lo as much as 25%. Yel 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 ufl 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™® for the
A analyzer and 0.04 ¢em~® 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 15
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~® and 22 versus 18 eV), whereas the high-enerpy
portion has become less tntense (but not significantly cooler).
Thus the average energy per particle, aithough it is not nearly
so stable as that in the dvsk sheath, remains the most stable of
the observed parameters.

A spectrum from near the dawn bow shock 15 shown in
Figure 9, The low-energy flux in B is greater than the fux in A,
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since the look direction ol analyzer B is closer to the expected
mapnetosheath flow  diection, The igh-enerpy poruon,
however, kas the opposite sense: the fux in A 1 preater than
the lux in B. Thus, overall, the pressure ditference between the
A and the B analyzers is only G, compared wath the 440 im-
plied by the low-cnergy portion wone.

SUMMARY oF RESULTS

The magnetosheath is highly time vanable both in 1its bound.
ary focations and in the shape ar mplitude of iy particle
distribution funetion, At lunar disiinee the boundaries can
flap with ampiitudes of greater than 10° in lenpitude [Burke et
al., 1973]. The mean boundaries, however, follow ap.
proxintately the locations one would expect on the basis of ex-
trapofations from observations at distances nearer the earth,
The axes of symmetry of hoth boundaries are aligned with the
aberrated solur wind flow direction.

The overviews present a magnetosheath that s well orga-
nized at lunar distance. Although magnetosheath model cal-
calations [e.g., Spreiter and Alksne, 1969] did not extend
back to lunar distance, one expects monotonically decreasing
density from bow shock to magnetopause. Qur data are con-
sistent with this expectation and in agreement with proton
observations at lunar distance [Fenner, 1974, Howe, 1971, The
unexpected result is the remarkable constuncy of the average
energy per parlicle, whereas monotonic cooling from bow
shock to magnetopause is predicted (rom theory,

The individual magnetosheath spectra reveal o highfy
variable two-component plasma. Che two components are dis-
tinct hut not completely independent; i.¢., changes in one part
of the spectrum are at least partislly compensated by changes
in the other part of the spectrum. The high-energy portion is in
general denser and more energetic in the dawn sheath than in
the dusk sheath. The averape energy per particle is more stable
in the dusk sheath than in the dawn sheath, but in both cases 1t
is more stable than either the density or the pressure.

D1scussion

The electron distribution function in the magnctosheath is
non-Maxwellian, as 1s well established at locations tur closer o
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Iap. % Typical ditferential flux spectra trom oudway threugh the
diwn magnetosheath
the earth. However, this is the first observation of o

magnetosheath electron population similur to that of the
neighboring plasma sheel, We arpgue that the high-enerpy
mapnetosheath clectron population originates at the bow
shock rather than from the plasma sheet for the tollowing
[§=HLIIEN

First, the density of these particles that we observe an the
dawn magnetosheath is comparable to and often substantially
greater fup to 1 em ") than the density obsepved 1n the plasma
sheet, which generally ranges from 0.05-0.20¢m ' [Rich et al.,
1973].

Second, the hiph-energy density is larger near the bow
shock than throughout the rest of the sheath pussape.

Third, the virtual appearance and disuppesrance of these
particles at the bow shock suggest bow shock energrzation and
containment. A contributing factor in the process may be a
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potential difference across the bow shock. A potential nise
avross the low shack, o the assumption that tiere s no
ngretic tield for nugpnetic teld paradiel o the shock normely,
would compress and slow econung protons and would
deeelerate ineomimyg electrons . A maodel tor an electrontaie
shock  with postshock trapped clectrons v disclssed by
Mantgomen: and Joyor 11969) For g magnetic field perpen-
dicular to the shock rormal, however, electrons would B X B
drift imto a regon of higher B and be betatron heated. As the
srarden bose” mterplunetary magnetic tield direction s more
often paraliel to the shock normal st the diawn bow shock sur-
face than at the dusk. the ‘runaway’ conditon would be met
maore viten there, a posstbie explanation tar the stronger high-
energy larl i the dawn magnetosheath.

Fourth, the gnergy densities of the low-eprerpy and hiph-
energy portions of the magnetasheath electran population are
nol independent: rather they (weakly) antcorreate. This
suppests @ given amount of energy distnibuted between twe
populations rather than two mdependent populations supet-
posed on one another,
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The effect of local magnetic felds on
the Iunar photoclectron layer while
the moon is in the plasma sheef

Witiiam J. Burke,"? Patricia Ho Reter," and Davin L. Reasone !

'Department of Space Physics and Astronamy, Rice Untversity, Hauston, Tesas 77001

TEarth Obseevations Division, NASA Tohinon Space Ceater, Houston, Tevis 77058

Abstract -Data from the Charged Particle Lunae Ensicomment Fxperiment, at the Apollo 13 site, e
used to fevestigde the interactive propedivs of the plasnucsheet and the hoar photocle ctron Ly I
is showen that the predictions of the Guernsey Foomodel are campatible wth STDE But not CPLTE
observations. The apparent cootriadiction s resofved by fitting the renmment magnetic ficld o that of o
dipole buried - L1 Rm beneath the surfuce. In this cose o charpe separation Tayer stust Tornr ihove the
instrument due to the ditferent rigwlitics of plisma sheet electoons and protons. The gualitative
propertics of the charge separation Layer pecded to reconeile CPLEFE and SIDE observations ane
preserted.

INTROBIUCTION

FORTHE PAST FOUR YEARS Churged particle fluses in the immedinte vicinity of the
moon have been monitored by the lupar based Suporthermal Ton Detector
Experiment (SIDE), the Solar Wind Spectremeter (SWS), and the Clueged
Particle Lunar Environment Experiment (CPLEL). Each instenment has wnigue
detection capabilities. Tt is only by camparing information stowly gained from the
various instruments that o coherent picture of particle interactions with the moon
can be constructed. In the quest for syothesis, we undertake an examination of the
interactions of the plasnu sheet and the lunar photoclectron layer. The Apollo 14
based CPLEL s our principal sotice of datias Yet, as it eoetges from our analysis,
without information gained by SIDV and the SWS the whole stary cannot e told
In fact, CPLEE data alone leads us into oo untesolvahle parados
Reasoner and Burke (1972 have veparted on Juna photoclectrans olserved by
CPLEL in the high Lititnde lobes of the peanmagnetic tail. The photaclection
spectrum wars shown to be isotropiv sind fas o power bow distribution in the energy
range - 200 eV, The power v distribution was found by Goldstein (197.1), using
SWS data, to continue down to ScV. Labmatory studics of photoclections
eiatted from dunar fines suppest that the spectium bis o masimam between |and
SO Feuerbacher ef al, Y972, With this base nforonition we shanld b able (o
calate the potentinl distiibution ender o wide vagicty of external phiesma
conditions
Lovil mapnetic fickds, absorved by the Toumg Partable Masnctooneter (1 1P6M)
and Lunog Sieface Magnetometer (DSM) at the Apollo 12, 14, and 18 sites, e
been teported by Dyal ot @l (1970, 1971, 59725 1S mcasoiements af the Apallo
12 8ite show atocal fichd of 38 y ditected toward the sonFace and the sontheast. In
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JRIGINAL PAGE I3
OF POOR QUALITY
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the plane tangent to the surface the field gradient is = 04 pamma/in, Twg
measurements separated by 1.1 kmoat the Apollo 14 site show focal remnint fields
of 103 vy directed toward the surface and the seutheast, and 43 v directed towarg
the surface and the southwest. A very weak field of 6 v, directed toward the
vertical and south southeast, was observed at the Apollo 15 site.

In the following section we consider CPLEE plasma sheet data in comparisan
with the potential minimum maodel proposed by Guernsey and Fu (1970). Although
the predictions of this model are in accord with recently reported SIDE plasma
sheet observations (Freeman and Ihrahim, 1974) made at the Apollo 14 and 15
sites they cannot explain CPLEE observations. An appeal to currents penerated
by secondary electrons is then shown incapable of resolving the paradox. The
effects of local magnetic fields on particle trajectories are then investigated. It §s
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
Apollo 14 site similar {o that deduced from compuarisons of Apolle 12 SWS data
with satellite {(Neugebauer et al., 1972) and Apolle 15 SWS§ observations (Golds-
tein, 1974). The properties of the charge scparation 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 becn given by Burke
and Reasoner (1972). Bricfly, CPLEE contains two identical sets of electrostatic
analyzers, A and B, capable of mecasuring a 15 point spectrum of electron and
proton fluxes with enerpies between 40 eV and 20 keV every 19.2 sec. Analyzer A
looks toward local vertical and analyzer B looks in a direction 60° from vertical
toward Junar west, The instrument was deployed on February 5, 1971, Analyzer B
failed on April 8, 1971, while analyzer A collected data until the central station
failure in March, 1975.

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

The fluxes of electrons with energies ;> 80 eV, in Fig. 1, are of plasma sheet
origin while those with energies less than -- 80 eV are photoelectrons pencrated at
the lunar surface. Generally while in the plasma sheet, the photoelectron counting
rates are elevated by = 509 relative to their high-latitude tail valves. The
disappearante 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 Januwry 19, 1973 (Moore ¢t al., 1974). The simplest
interpretation of the quiet and magnetically disturbed observations is: Analyzer A
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is looking at downwelling fiuxes of photaelections which must be trapped 3oriag
quict times by a surface potential of 80 volts. Duning disturbed times the ttense
fluxes of plasma sheet electrons drives the surface potential below 40 volts
allowing photoelectrons with encigies observihle by CPLEE o escape. In order
to test this interpretation we have calculated the efectrostatic patential distribu-
tion near the surfuce of the moon using the Guernsey and Fu (1970) potential
minimum model, The plasma sheet and photoelectron distributions are taken from
CPLEE and SWS observations.

For the sake of simplicity in our calculations of the near luna steface potential
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distribution, we aswume that:

(1) The sunlit hemisphere may be approximated by a flal photocmitting plate,
Thus, the potential is only a funct:on of height above the surface,

(2) In the plasma sheet the inoon is embedded in a magnetic fiekd with straipht
line gecmetry, ali, 1 perpendicular to the surface.

{3) All plasma sheet paracles 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 obscrvation of plesmig sheey
particles for periods in excess of an hour,

The Guernsey-Fu model assumes that the surface potential of the sunljt
hemisphere ¢ 220, Above the surface the potential fulls to a minimum value
B 0. If ¢, =0, the potential remains zero as x >, H o< ) the potentiy)
returns to zero as x approaches «. (Here x represents heipht above the surfuce,)
The boundary conditions which the calculation must sutisfy are

(1) Equal densities of electrons and protons at x  «,
(2) The current density is zero throughout the entire system.
(3) The electric field vanishes at x .

At x o, 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. Paisson'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 pasticles injected at 5 = and
of the photoelectrons cmitted at x 0. In conformity with CPTEE observations
we represent the injected electrons and protons with Maxwelliun distnbutions
that are isotropic over the down moving hemisphere

f .
0 0: o~ 3

fc(v| ) M

) o Tognn
L T *
and

( .
) g 8= 3

JToe {2)
?”._(“_") + !-'uq, Tr - L
e ¢ r o=

where n (=)=n (=} -0.1cm*; w, and w, are the thermal velocities associated with
electron and proton temperatures of 200 ¢V and 2.5keV, 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 CELEE photoslection data supgrests that the
distribution of upwelling photoclectrons at the surfuce can be represented by a
kappa function (Vasyliupas, 196%).

n Ik + 1) BRI
o l p -_vrz h+t
()™l (K 2)‘“" [l ! Km:“]

where w, is the most probable thermal velocity and « is the spectral slope at hiph
energies. The energy spectrum derived from this distribution with »,(0} - 239,
ime, = 0.8¢eV and « = 3 is shown in Fig. 2. A comparison with laboratory and in
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sitee observations shows that for particles with enaipies preater than 10 eV the tit
is excellent. Although the fit below 10eV is rather poor, for surface potentisls
greater than 10 volts, the lower energy particles do not contribute to the current
balunce calculations. Tn this case the distribution in Eq. (3) can be vsed withoply a
small error.

These distributions have been used 1o 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 simultancous solution of the
iwo cquations occurs at do — 7.9 volts and ¢, =+ 3.6 volis, Thus photaclectrons
with IMV?, > 11.5 volts escape the moon. On the basis of this cajculation, we
argue that the spectrum of downwelling electrons should be similar to that
sketched in Fig. 4 rather than tnat ohserved in Fig, 1.

The most obvious escape from this dilenmna is to arpue that we have ignored
the effects of secondury electrons produced by plusma sheet particles striking the
lunar surface. CPLEE data show that photoelectrons must overcome a bharrier of
~ 80 volts in order to escape the lunar surface. Thus only secondary electrons
with energies in excess of 80 ¢V may contribute to the return current. Luboratory
studies of secondary electrons from lunar fines generated by primary electrons
with plasma sheet encrgies have maximum encrgies << S0eV {Anderegg ef al.,
1972). Protons with energies of a few kilo clection voits, when bombarding certain

T TTOOTT1ITT T 1 ] T
Surface and Undershoot Potential Solutions _

Using Guernsey - Fu Model
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Poissons Equation
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Fig. 3. Solutions of the Aux balance and Poisson equations for the Guernsey - Fu model,
Plasma and photoclectron parameters were tuken from CPLEF iand SWS observations.
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Fig. 4. Sketch of electron spectrum predicted by Guornsey. Fu model for the moon in
tne plosma sheet

dielectric and conducting surfaces, are cfficient producers of secondary electrons
with energies in excess of 100 eV (Carter and Collipon, 1968), Unfortunately, the
spectrum of secondary clectrons from lunar fines due to on bombardment Yas
never been investigated. Our calculations show that plasma sheet protons would
have to produce 0.78 secondary electrons with encipies greater than 80 eV pe
incidant proton in order to bring CPL.EF obscrvations in line with the predictions
of the potential minimum model. Such an efficiency is decimed unlikely.
Recently Freeman and Ibrahim (1974) have reported observing surface
potentials near 10 vo!ts with SIDE detectors at the Apollo 14 and 15 sites while the
muon was in the plasma sheet. The SIDE method of measuring surface potentials
is described by Freeman et al (1973). In summaiy form: Tons are created by the
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photoionization of thermal neutrals n the lunar atmosphere. When the SIDE
stepping plate is set at negative voltages relative 1o ground, these jons are
accelerated into the detector where they are observed us a resonance if there is an
energy channel near - (e + da). Py, is the stepping plate potential and ., the
surface potential. While it was gratifying to see that the potential minimum maode)
calculations were cumpatible with SIDE data, these ohservations tended to
underscore the mysterious nature of the CPLER observations.

EFFECTS OF THE LOCAL MAGNETIC FIELD

To this point in our calculation, the effects of local magnetic fields have been
ignored. This approximation is valid if the pyroradii of the electrons in question
are large in comparison with the local magnetic ficld scale size. The averape value
of the magnetic ficld measured at two Apollo 14 sites was ~ 75 ¥ with a scale
length of ~08km (Dyal et al, 1972). Thus clectrons with E =5 320c¢V 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 meesured ficlds must be of
strength 8.0 X 10° gauss-m®, oriented vertically down at a depth of ~1.1km
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 Jipole
assumption the field strength of CPLEE is ~ 75 ¥ with an oricntation shown in
Fig. 5.

S E & TOTAL
s MAGNETIS FIELDS
D—-H-qo Y--. +
DOWN
DOWN
ALSEP SITE A

200 m HORIZONTAL
DIPOLE MAGNETIC FIELDS
SOUTH —A40 y—

Fig. 5. Remnant magnetic Belds in the vicinity of the Apollo 14 site, The horizontal
componcnts of the fields measured at sites A and C" are used to locate the dipale. Under
the dipole assumption a field of 75 y was calcutated near CPL.EE.
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The meridianal plane trajectovies (Stérmer, 1955) of electrons reaching
CPLEE’s analyzer A were computed (Reiff, 1975). These calculations show that:
(1) all electrons reaching the detectar approuched it from weaker regions of dipole
ficld; (2) with some external field vrientations and a surface potential of 10 volts,
the flux of photoelectrons with energies near 40 ¢V could be explained in terms of
magnetic mirroring. This mechanism cannot explain observed fluxes of downwell-
ing photoelectrons in the 50- and 70-¢V channels.

The effects of the local magnetic field at the Apollo 12 site on solar-wind and
magnetosheath patticles reaching the lunar surface hitve been investigated by
* Neugebauer et al. (1972) and Goldstein {1974). Neugebauer ¢t al. (1972} have
shown that differences between OGOI and the Apollo 12 SWS solar-wind protan
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 laye
‘was found in SWS magnetosheath electron fluxes. Comparing Apollo 12 with
Apollo 15 SWS data Goldstein found thut Apollo 12 electrons had been acceler-
ated by as much as 170 volts. A somewhat quaditative description of the formation
of the charge separation layer, due to the different penetiation distances of
protons and electruns, has been put forth by Siscoe and Goldstein (1973).

By postulating the existence of a churpe separation layer in the magnetic field
ahove the Apollo 14 site, the mysterious qualities of CPLEE become intelligible.
The geometric features of the layer are similar to Siscoe and Goldstein's mode |
with particles hitting the surface. A major difference is that the external plasmais
isotropic rather than highly directed,

The scale length of the Apollo 14 ficld is small. In the dipole approximation,
local magnetic field above CPLEE falls to 10 y, ahout twice the ambient plasma
sheet magnetic field, at a height of ~ 1 km. From this height down the guiding
center approximation is no loager valid For all protons and most electrons.
Essentially all protons reach the surfiuce, whercas low-encrgy clectrons are
reflected by the magnetic field. An estimate of the chage separation potential can
be gained by making the assumplion that a certain fraction of the incident
electrons are turned around at a height h above CPi EE. In the zero-order
approximation (Reiff, 1975) we assume o surplus positive charge density p that is
constant frem x ~ 0 to x = A The soluticn to Poisson’s equation

{x) - autaux :’ X' (0 xmh)

u

is subject to the boundary condition of no exteinal electric fields (e, x; = 0) and
¢(h) - 0. Thus

bix) - (fh.(l- ;)

where ¢, = ph'fe, is the total potentia! difercnce due to the chatpe separation.
For a charge separation potential ¢, = 50 volis beginning at a height of | km the
proton charge densily must exceed that of the electrons by 2.8%. This is
approximatery the density difference one would expect from uy palaocee at b
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With an ambient plasma shect density of ~ .1 em *, however, such a perturbation
could not be detected by CPLEE. A sketeh of the potential distribution us g
function of height with i = 1 km s shown in Fig. 6a. Because the photoelectron
potential extends for only a fuw meters above the sweface 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 shiclding distance to be of the arder several meters 10 severa)
tens of meters. The potential distribution above SIDE at the Apollo 14 sjte {5
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 o height of ~ 10m.
Above this height the potential is approximately constant out to a height of ~ 20%
of the height of the charpe separation layer. Tons created in the plateau region of
the potential can be detected by SIDE. Photacelectrons with surface cnergies less
than the total potential, ¢ + ¢ 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 lavorable 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 Goldsiein at the Apollo 12 site, We
attribute the difference to the smaller magnetic field scule length near Apollo 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
Stérmer trajectory analysis revealed that all photoelectrons reaching our analyz-
ers came from weaker regions of the magnetic ficld. In weaker regions of the
magnetic field the flux of plusma sheet clectrons resching the surface should be
greater than near CPLEE. Thus, the surface potential in the regions where the
photoelectrons originate should be lower. A comparisen of the distribution
functions observed in the high-latitude tatl and 1" ¢ plasma sheet, in conjunction
with the Liouville theorem, can be uscd to calculate the potential difference
hetween CPLEE and the point of origin, The potential difference is 4 volts,
Unfortunately it is not until after we have calculated the self-consistent charge
separation layer that we can know the photoelectron’s point of origin. Based on
field scale length considerations we would eapect it to be of the order of a few
hundred meters from CPIL.EE.

SUMMARY AND CONCLUSIONS

In this paper we have tied to bring some degree of unity to reported
cbservations 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 %y the lunar surface. The potential distribution near
the surface of the moon was caleulated with the help of this distribution function,
This calculation is found to be in substantial agreement with plasma sheet



ELECTROSTATIC POTENTIAL

ELECTROSTATIC POTENTIAL

‘The effect of locat magnetic fields on the lunar photoelectron layer

_t
¢PE
na

$cs

0 ' ~1 km
HEIGHT ABOVE SURFACE

Fig. 6a. Potential distribution near the lunar surface. The poteatial drop near the surface
is that necessury to satisfly 2ero net current into the surface. The drop at the higher
altitude is due to the charge separation layer.

bl

2993

O 40m

HEIGHT ABOVE SURFACE

Fig. 6b. Expansion of Fig. 6a to low altitudes (dashed), The solid curve is the expedted
potential distribution above SIDE with & negative ground stepper voltage (,)).



2996 W. ]. BURKE el al

observations made by SIDE at the Apollo 14 aud 15 sites. It is however at variance
with CPLEE observations of downwelling fluxes of --%0-¢V pholoelectrons
under similar conditions. ‘

The two vector magnetic field measurements at the Apollo 14 site have been fit
to the field of a dipole buried benecath the surface. When combined with the
external magnetic field we find agreement between CPLEE's predicted and
observed shadow zones. A conscquence of the intcraction of plasma cheet
particles with the field is the formation of a charge separation region abave the
Apolle 14 site similar to that observed by SWS at Apollo 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 maodel. Thus SIDE
observes a surface potential ~ 10 volts at Apollo 14 and 15 sites. The charge
separalion region above the Apollo 12 and 14 sites reflects photoclectrons with
energics less than the total potential barrier to the surface. Jt must be part of our
ongoing rescarch to develop a mathematically self-consistent potential distribu-
tion out of the gualitative model that we have here presented,
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Lunar nightside electron fluxes

Davin 1. REASONLER

NAS/NRC Senior Postdoctoral Fellow,* NASA/Marshall Space Fhight Center, Huntaille,
Alabarna 15812

Abstract- Studics of particle fluxes at the luear surfisce with the Apollo 14 ALSEP/CPTIEE particle
spactrometer during tunar night periods have shown three distinct types of electron luxeventys One of
these is shown Lo originate at the esrth’s bow shock, but the remaining two are shown to arise Mot
likely as o result of loca! solur wind- lunar interactions, The flux events had mean electron enerpices of a
few hundred electron volts and total fluses of 107 107 electronsfom” see These flunes are a possible
source of the large negative lupar surface potentiads ebaerved by othee ALSEP instroments

[ INtRODUCHION

OBSERVATIONS OF CHARGED PARFICTE FEUXE S ot and pear the Junar pight suface
when the moon was in the solar wind have shown that the so-calted “downstream
plasma veoid cavity™ is a misnomer and that indeed significant changed particle
fluxes are present in this region. For example, Anderson et ol (1972) have
detected electrons with F 22 500 eV oin the cavity with the funar-orbitiog Particles
and Fields Subsatellite, while cnergetic ion bursts at the lunar night surface have
been detected with the ALSEP/SIDE instruments (Freemuan, 1972

In arecent paper (Reasoner, 1975) we teported an observations by the CRLET
lunar swiface ion-electron spectrometer of electron flaves at the aightside luni
surface while the moon wus upstream of the carth in the solar wind. In that paper
we showed that a subset of obaerved clectron fluxes were strongly contralled by
the direction of the interplanetary magnetic field (UM, appearing at the moon
only when the moon was connected to the earth's bow shock along magnetic field
lines. We therefore proposcd that these clectrons were generaded at the bow
shock and subscequently propagated back upstream o the lunar suiface. The
densities and temperatures of these electron fliuves were in the ranges 2-4x
10 *em™ and 1.7-2.8 x 10°°K. The fixes were then in the range 0.4 1.0 <
10° electrons/cm®-sec.

The implications of these observations are discussed by Reasoner (1973), To
summarize briefly Scudder et al. (1973) obsorved sondl cohancements in the
measired solar-wind electron temperature when the OGRS satellite was up
stream of the earth and connected ta the bow shock along mugnctic fiold lines. We
asserted that these bow shock electrons observed at the Junar surface were
responsible for the solur-wind election temperature increases. The moor acted to
shicld the instrument from the diregt sola wind and altosm ed an uncontaminated

*On leave from Rice University, Hlooston, Tesas
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PRECEDING PAGE BLANK NOT FILMED



nx 1. R asomrk

megsurement of these bow shock electrans, 11 i s assomed that the clecions are
the high-enerpy tail of the mapnctosheddy clection distiibution, then the tatal
potential barrier through which the clections luad to tavel from the downsticam
side of the shock 1o the Tunar surface (how ~hock potential plus lerar anface
potential) is estimated to he 500 volts,

In this paper we extend the abservations of leoir viphtside electron flus events
ta include two other types, distinguished by their phepomenolopical chasacteris-
tics, which also make significant contribitions te the totad chaped pinticle flux to
the nightside lunar surface. These other two types of flux eveats, incontrast o the
Type | bow shock flux events reported vartlior, ine chown 1o ari-e nost likely as a
result of Tunar-solar wind inferactions, The inphicaticns of those Mux events to the
problem of the lunar nightside surface potontinl sl wlvo Be diverssed

I, Onsirv A liong

The electron fux measurements were mide with the Charged Particle Toumat
Environment Experiment (CPLEE), a component of the Apolla 14 ALSED
system. A complele instroment desciiption may be found in Birke and’ Resisoner
(1972). The instrument was sensitive to electrons with conergies ranging from 40 tn
20 keV, and for this study the 8 lower energy channels ranging from 40 to 700 ¢V
will he used. Magnetic ficld data from the Fxplorer 38/Ames Rescarch Conter
magnetoneter i bunar orbit provided magnetic ficld line geometry information.

Dita from Tour contiguous lunar night periods from Febroary to May 1471
were examined for the presence of election Muses, Tt was found that there were
cporidic, thongh sipnificant, fluxes of clectrons impacting the 'inar surface
throughout the lunar night, Fipure 1 shows an esample of the Tunar night flux
events, These dita were from May 25, 19710 On this day the solar coliptic
longitude of the moon rimped Trom 4° o 16°, fe. the moon was alivest directly
upstream of the eurth and the instrument wis Iocated 16" 1o 4° fram the Tunar
midnight meridian toward the dusk terminator, Tn this figure the loswer panel shows
the counting rate from the 200-eV cleciron channel of the instrument, This
channel was chosen hecause of 18 huger geometric factor and consequent bigher
counting rates. The upper two panels e the solar echiptic latitude (8) and the
solar ecliptic longitude () of the interplanetary magnetic field. The daty gaps in
the mugnetometer record are due to the opesational characteristics of the
Explarer 5 satellite. Also shown on the figire (dotted lines) are the boundarics of
the regions in ¢ where the IMFEF lines connect fram the moon to the carth’s bow
shock., For values of ¢ between the boundiies (near ¢ 07) the moon s
connected to the how shock.

The two large Mlux events centered at 0215 and 0330 are exwnples of Type |
Aux ovents as evidenced by the correlation betwoen oecurrepees of the fluses 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 IMF
connection from the moon to the bow ok, Although the occurence of these
cvents is sporadic, the event-to-cvent intensity displays no systematic chunges
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Fig. 1. Election flux and @agnetic Geld data for May 25, 1971 when the CPLEFE
instrinent was on the sichtsicde Tunar staface mear tanar midnight The bottom panel
shows the counting rate due to 200 ¢V clections, aml the tap twe panels show the sulae
ecliptic lutitude (8) and lopgitude () of the interphiinetary magnetic ficld The dotted
lines on the ¢ plot defineate the cones of IME connection from the moon to the eaith's
buw shock. This figuie illustrates Type Lard Type 1 unar nightside etection flusy events

with distance of the instiwment Hrom the luvar terminator, We refer to these
eventy as Type Il

The distinction between Type T and Type I events is based bath on the
dependencies on IME direction armd on their reltive intensities. Tn the data buse
analyzed, a totul of 14 events were identificd and chosilicd as Type T based on
their carrelation with IME diection. For each of the 14 events the datin were
searched for the pearest flux event which met the criterion that the IME direction
rtust have been such that the moon was not connected to the bow shock, The
maximum 10-min average counting rates in the 200 eV channel were then
tabulated for the two sets of events, and the aversges (CR) and standard
deviations (8) were cadeulated. The meun and standird devindion for the bow
shock-connected events were CR - S.04and 8§ 1,52, and for the non bow shock:
connected events the mean and standwd deviation were CR 228 and § 0,07,
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The normidized difference of the means is 67, aod henve we condlode that there s
a statistically sipnificant ditTorence in the intensity of Tunan pieht clevtion flux
events depending on whether ar not the meon iy connected to the corth's bow
shock along the IMIF lines.

Figure 2 «hows an example of o thid type of lnar piehtade clectron flux
event. Here, as in Fir. 1, the counting rate of the 200 ¢V election channel is
displayed. Also shown is the geomagnetic distutbuee parameter Kpo The data
displayed caver the period from 1200 ULT. on May 1K 1971 (Day 138} 1o 0000 LT,
on May 23 (Day 43). Lumar sunset, manhed by an anow and the conespondmg
disappearanee of lunar plivtoclectron luses, occaned at 1930 UT. on May 18
(Day 138). Electron fuses ore seen at the termimgor and to persist into the Jonar
uipht period for approximately 4 days but with pradually decreasing intensity, The
correspording behavior is abso seen prior to diwn teeminator crossing, ie. these
fluxes first appear approvimately 4 days prior 1o crossing, These fiuxes ae
distinpuished by their greater intensity than cithey the Type T or Type T events
discussed carlivr; and, vnlike the other two types, they are strongly correlated
with Kp. As can be seen from the figure, the fluses are abaent when Kp s below
1+, Although the connection hetween the gromagnetic activity index Kp und
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Fip 2 Electron fux and Kp dota for the period May 18 May 231970 Ty 138 143)
when the instrument was cronsing the desk terore tor and proces ding anto the Tatar

nightaide. Sunset 18 marked by the vertive! anow on May IR ot 1930 b This Hyure
ilhgstrates Type M1 Rux events amt shows their connelation wirth Kp
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events at the moon fiu upsticam of the carth may nat be obvious, Kp has been
shown to be an indireet indivator of the velocity of the sobua wind (Snyder ef al |
1963). Thus these Type T Huxes appear o originate at ot nest the lunar
terminators and are influenced by solar-wind conditions. The occurence, if any,
of these fluxes at the Tuntar dayside surface 15 impossible o determine since they
are considerably weaker than the photoelectron flises obseryed at the surface on
the sunlit hemisphere (Reasouer and Buike, 1972) and would be masked by the
photaclections,

Flectron spectra for the lonper duiation electeon flux events were compited
from 30-min averages These long averages were necessary to pain statistica)
sipnificant in view of the low counting rates of the election NMux events.
Backeround subtraction corrections and standird deviations were computed by
fitting the experimental dati points ta assuined functional spectral forms using a
x ! minimization algorithm called CURFIT (Bevington, 1969). The algotithur was
used to fit both Maxwellian distiibutions and « function distiibutions. The
k-function distribution, first applicd by Vasyliunas (1968) 1o space plisnog
measurements, hos the functionad form for differentuld Aux

n [‘(K + ]) fﬂ‘/;n

JEY b e T D (14 E By

where n - number density, F, most probably encipy, and & iv the speciial
index. An additional derived quuntity is the mean, or effective enerpy

and correspomdingly the mean or effective temperature 7, - ELfk The -
function resembles a Manwellian distribution ot low energies but possesses i
non-Maxwellian bigh-crergy “tad!” with a power low dependence at hipgh encrgies,
The -fuaction distribution has proved 1o be a useful deseription of observed
space plisma distributions which are oflen non-Maxwellion. For the present data,
it wis found that in most cases the w distribution resulted inoa better it (smaller
X’) to the data paints than did the Maswellan distribotion

The Type T bow shoek electron flux events displuyved densitios and moean
temperatures in the ranges 2-4x 10 Tem ' and 1.7- 2.8 % 107 K, respectively. The
lower-intensity Type II events were e diflicult to fit to spectra becanse of the
very low counting rutes and corresponding poor statistics, Flow cver, those spoctin
when ftting could be accomplished successfutly resulted in densitios and mean
temperaturesin the rangees 005 2% 10 Pem Mand 102 13x 10" (B, 90 120¢V),
respectively,

A spectrum of a Type HE unar terminator event is showi in Figo 3 These data
were from the event centered at 122G U771 on Mav 20, 1971 (Day 140) (see Fig. 2y
The data points and statisticat error Bars are shown, amd the dotted Tine s the
) -Tunction fit to the diata poiets. The distiibation is described by the poometers
noo 10 Tem™, T, - 2.6 0K (L, = 240 eVyand k0 20T hess valies are typical
for the Type I events studicd. Tatenms of totd election firs to the unar sueface,
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the lunay night<ide events represent fuses ranging from 10° Jdectionsfem” see (the
lower Lt of detectability of the CPLE instenment) to over 107 electians/em’™
sec.

In suminaoy, three distinet types of clection flux events at the nivhtside e
sinface have been identificd, The Type T events are clections that have propa-
mited upstream from the carth’s bow chock. Tower intensity Type 1T events ure
ceen to oecur sporidically throughout the Tunar nipht with no dependence cither
upon the IME direction, Kp, or upon the distinee from the Tume terminator,
Hicher-ttensity Type [T events sue seen to be stronoly cornrelaied both with
distanve from the lunr termimator and with Kpo In the noxt section we discuss
pussible origing of the Type 1T and Type 1T events.
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I Dyscussion

We proceed upon the assumption that the souree of the Type Hand Type 11
elections is uittinutely the solu wind wod inguire as to whot processes micht
account for the appearance of these elections at the lunor mghtaide surface. The
solar wind electron distribution ot Jow encrpies cuan be characterized as a
Maxwellian distribution with N - 5cm * and T, - 10K (Montpomery ¢t al.,
1968). If this were indeed the case, there woulld be insufficient electron Bus in the
energy range 40 700 ¢V to account for any but the weakest of the Type T events,
even assuming a mechanism to scatter them to the lunare night sutface with 10077
efficiency, However, the measireents of Maontgomery of al. (106K} also show g
high-energy non-Maxwellian “twl” in the solar-wind electron spectrum that
becomes significint at energies above 70eV. (Scee Pig. 2 of their paper.) The
high-energy tail of the solur wind clectron distribution has also been obseryo by
Andcrson et al, (1972 with detectors on the lunar orhiting Particles and Fields
Subsutellite. The enerpy ranpe covered in that experiment was 520 15 keV. As the
subsatellite traversed the solar-wind cavity, it wis found that electrons in the
enerpy ranges 0.52 0538 keV oand 1.87 2.08 keV showed a marked deciease in the
shidow, whil: those with energies 5.5- 6.5 keV were essentially unaffected by the
presence of the maon and cavity, except for panticle shudowing effects based on
single particle trajectory calculations, Based on these duta Anderson of @l (1972)
argued that electrons with energies ahov: between 2 and SkeV were decoupled
from the solar-wind Muid and hud free access to the cavity, whereas lower enerpy
electrons undergo saome form of collective interactions ind are partially excladed
from the cavity, We note that the typical flus at 500eV Tor a Type [T event
(-- 2 % 10 electronsfem®see-ster eV) s af the same order as the flua of 520 -580
eV electrons observed inside the cavity by the Particles and Frelds Sulsatellite
(PES) (sce Anderson et al, 1972, Figs. 3 and 4), We argue then that PES
520 -580-eV clectron Auxes are a mixture of the types of electron fQux events
observed hy CPLEE, with the Tvpe TH events being the dominant contribtion
near the terminutors,

A word of caution is in order hese concerning compartson of the PES und
CPLUE observations. First, the observations overiup al only one point of the
overall eaergy spectium (- 300 e V) and, second, the time seale of observations is
vastly different. Whereas the PES completes a cavity transic in about 1 hi, the
CPLEE instrument at o Aixed location on the lunar surface spends about 14 day s in
the cavity,

The observations of Mantgomery ef al (19658) and Andesson ot al. (1972)
discussed above show that there is sulhicient clectron Qo in the lueh cperpy tail of
the solur-wind election spectrum to acceunt for the Type Hand Typo !
flus events, given that womechanisim exists to deconple the higher energy eleciron,
from the solur wind fluid and allow them to penctrate intoe the cavity, We shall
return to this point fater,

Measurements with the Tana orbiting spacectaft Eaplorer 35 have shown that

clection

the moon po-sesses nosiynificant Lage scote pernsment dipole macnetic field and
that notow shock exists upsticam of the moon (Colburn ef al., 1967 Newws ef al
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1967). Phsm observations by Toyon ef el (1967) showed wn absonce of colar wind
fons in the downstream cavity with boumdbiny locations and Tux decreases
consistent with geometrical shadoving of an aberrated solar wind with a finite
tempcetature. The aapnetic signatire of the solur-wind cavity was observed by
both Explorer 35 (Colburn ¢t al,, 1967, Ness ¢f al,, 1968) and by the Apollo 15
Particle und {felds Subsatellite (Russell ef af,, 19733 and wis Tound 1o have the
following Meatures: (1) unperturbed interplunctiuy ficld on the hunare dayside, (2) a
penumbral decrease inanngnetic ficld intensity, and £3) an umbread inciense in the
magnetic finld intensity.,

Based on these observations Michel (1968) has presented o hydromagnetic
model of solar-wind flow past the moon wherein the moon acty s a peifect
absorber of solar-wind particles on the dayside and carves o downsticam cavity in
the solar-wind flow. In the maodel, the solar-wind flows transversely into the cavity
at the magneloacoustic velocity, rarefaction waves are formed at the lunar limb and
propagate outward, and weuk Jownstican trailing shacks form where the cavity
closes. The observed penumbral magnetic ficld decreases would be coincident
with the rarefaction wave regiom where the plusmi density is decreasing and the
umbral increases would be a consequence of the reguiremcents of pressure
hulance However, both satellites have also observed (ransient enhancements in
the magnetic ficld stiength exterior to the pemmbral decrease repion, and these
enhancements have vaviously been interpreted as compressional disturbinees
{Siscoc et al., 1969} or as lunar Himb shocks (Schwartz ef al, 1970). The penumbral
increases are not predicled 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 Jocally
induced eddy currents or remnant magnetization regions, and interaction with the
lunar photoclectron fayer. For a discussion of these various models the reasder is
referred to the review paper by Schubort and Pichtonsteln (197 and refoiences
therein.

The experimental data from FExplorer 35 and the Apollo 15 PIFS discussed
above show that the bulk of the solar wind hehaves as a fuid and is excluded from
the downstream cavity, However, solar-wind clectrons with encrgies above a few
kiloelectron volts are decoupled from the solar-wind fluid and penctrate into the
cavity with little or no attenuation. If it is postulated that electrans in the encrgy
range observed by CPLIEE (40-700 ¢V} are at Teast paatially decoupled, then their
uppearance in the solar-wind cavity at reduced intensity would be a notural
consequence. This would explain the Type IT events, whose intensity s constant
throughout the tunar nipht. The sporadic nature of the events would then be a
reflection of either the nature of the solar-wind seurce or of a temporadly varying
decoupling mechanism, However, the presence of the Type HT events, whose
intensity is a masimum ot or near the lusar terminators suggests that there is an
additional decoupling andfor scattering mechanism at or near the terminators
which is a direct conseguence of the inleraction of the solar wind with the hanar
body. One possibility is that p oresses act in the rarefaction reeion where the
salar wind is eapanding into the cavity lo furnish the required mechanism.
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Such processes, however, would have to be localized near the terminators. '
they weie continnously active along the region downstream, then one would
expect to see eveuls with intensitivs typicat of Type 1 events thioughout the
cavily, which is clearly pot the case. Anothet possibility is that the required
decoupling andfor scattering mechanism originates in the penumbral magnetic
field increases which, as previously stited, hive been interpreted as limb
compressional disturbarces or limb shocks, This interpretation s consistent with
the localization of Type 1] events near the terminators and their correlation with
Kp. However, studies of the focations of limb magnetic feld pertarbations with
respect to Junar longitude by Sonett and Mihalov (1972) have shown that oo 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 Aux events, although weak in magnitude compared to
sources such as the direct solur wind, magnetosheath, and plasma sheet, are
ponctheless significant in view of the fact that lunar photoelectrons are not
avaiinble to provide a return current. Consequently, these clectrans should be
capible of affecting the tunar nightside surface potential. Theoretical calculutions
of Manka (1973) bused on plasma probe theory result in o value of - 38 volts for
the funar nightside surface potentinl when the moon is in the solar wind,
Experimental measurements of positive ion fluxes to lunar night surfuce by the
ALSEP/Suprathermal lon Detector Experiment (SIDE) (Treeman and Thrahim,
1974) indigate that the lunur nightside potentiul is actually considerahly higher, on
the order of a few hundred volts, We suepest therefore thet the lunar night
electrons flux events, with mean encrgics in the range of 100-200 volts, are
responsible for driving the lunar surfuee potential to the large nepative values
inferred by the SIDE measurements. We note that the meastred jon densities
wete in the runge 0.05 jonsfem?®, which would be of the correct order to provide
flux balince to the lunar sueface.

In summuary, we have identified three distinet types of electton flux eveats
which impact the nighiside lunar surface. Two of these were shown to be a result
of lunar- solir-wind interactions. We propose thia solar-wind electrons in the
encrgy range 40 700 eV are paatiolly decoupled from the solar-wind Auid and e
able to penctrate into the downstream cavity, and further that an coluneed source
of decoupling andlor scattering is active newr the lun limbs, The effective
temperatores of the surfuce fluses are in the ranpee of a few hundred electron volts
and the total Buses in the range 105107 electtansfom™see. These elections are
likely responsible for the SIDLE obscrvations (Frecnun and Thiahim, 1971 of
hinar nightside surface potentiul on the arder of o few hundied volts,
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