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Introduction

The Suprathermal Ion Detector Experiment (SIDE) was
deployed on the Apollo 12, 14 and 15 missions. Table 1

gives the deployment locations and dates.

Table 1
Longitude Latitude M. D. Y.
Apollo 12 23.4°W 3.2°S 11 19 69
Apollo 14 17.4°W 3.6°s 2 5171
Apollo 15 3.6°E 26.1°N 7 3171

At the time of preparation of this report the Apollo 12
and 15 SIDEs are returning useful data although the Apollo
12 SIDE mass analyzer is noilsy and the absolute intensity
calibration of the total ion detector 1is no longer
trustworthy. The Apollo 14 SIDE returned useful data until
mid-December of 1974, when it falled to operate after having
drawn excessive current.

In all some 13 years, 9 months of cumulative data have
been received from the three instruments. The raw data is
stored on several thousand reels of magnetic tape. The
majority of this data has been converted to a scientifically
useful format and deposited in the National Space Sclence
vata Center at Greenbelt, Maryland. This data is in a
usefully condensed format and occupies approximately T4

rcels of magnetic tape. A copy of the Experiment Users
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Guide that accompanies that data is attached to this report
(Appendix 1) and serves as a conv-nient description of the
instrument and the data format. A copy of the One-Year
report on the SIDE contract 1s also attaéﬁed, as Appendix 2.

The principal sclentific objectives of the Suprathermal
Ion Detector Experiment were to explore the lunar ionic
environment and to measure the electric potential of the
lunar surface. The experiment was highly successful in that
both ¢f these objJectives were accomplished. Fuithermore, an
additional objective, the investigation of the magneto-
spheric tail at lunar distances, was also successful and a
new region of magnetospheric plasma was discovered above and
below the plasma sheet; the lobe plasma.

A measure of the success of the experiment can be seen
in the length of the attached Bibliography of papers and
theses pertaining to the SIDE datu. Approximately 200 pages
of published material have appeared in books or sclentific
Journals, and over U5 papers have been presented in
sclentific meetings. In addition same 1200 pages of M. S.
and Ph.D. thesis material has been written resulting in 9
M. S. degrees and 3 Ph.D. degrees. Two more Ph.D. degrees
based on SIDE data are expected in November 1975.

A glance at the attached bibliography also shows the
wide range of subjects explored by the SIDE data. We now
provide a brief current summary of the principal results

from some of these subject areas.
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The Lunar Ionosphere

Because the lunar ionosphere 1s promptly accelerated by
the solar wind electric field the majority of SIDE data on
the ionosphere comes from the terminator regions. Here the
orientation between the electric field and the detector look
axes 1s such that the lons can be accelerated into the SIDE
fleld of view. The observed fluxes of ions in the mass
range about 20 AMU/q (probably neon) are highly variable,
depending on solar wind magnetic field conditions and local
time. Typical values for the stronger events are

1 in the energy range 10-3500

approximately 10° ions cm~2 sec”
eV. Assuming accepted values for the U.V. and charge
ethange ionization rates leads to neon neutral number
densities of 5 x 10u to 105 atoms/cm. Although we have

seen events 1n which ions in the mass 40 AMU/q range were
represented these events are not as clean and we are not
able to quote fluxes and number densities for Argon ions and
atoms.

A particularly interesting feature of the terminator
ion data 1s the ion energy spectrum itself. This spectrum
has proven to be quite tractable and illuminating. Several
examples are given in the attached paper "The Lunar
Terminator Ionosphere", by Benson et al., 1975 (Appendix
3-1). The differential energy spectrum is exponential above
the main peak owing to the exponential nature of the lunar

atmosphere and the homogeneous solar wind electric field.
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The e~folding energy gives the product of the neutral gas
scale height and the solar wind electric field strength.
Since the scale height is determined independently this
provides direct measure of the solar wind electric field.
The peak energy is a rough measure of the lunar surface
electric potential which is found to be negative near the
terminator. The shape of the dlip in the spectrum below the
peak energy indicates the rate at which the lunar surface
electric field falls off with height. Fits to an
exponential function indicate an e-folding height of several
kilometers, a much larger distance than the free streaming
solar wind Debye length of several meters. These spectra
provide a great deal of information on the electric field
environnent of the moon as well as the lon environment.

When the solar wind electric fleld is not criented such
as to acceleracte lont into the SIDE at the terminator, ion
fluxes are sometimes still observed. These fluxes are due
to atmospheric ions accelerated toward the lunar surface by
the lunar surface electric field alone. The differential
energy spectrum of these ions (see figure 4 of "The lunar
Terminator Ionosphere", Benson et al., 1975, Appendix 3-1) is
very narrowWw and in fact rarely seen in more than one SIDE
energy channel. Because the spectrum is 80 narrow it 1is not
mathematically tractable except to calculate that the peak
energy 18 a direct measure of the local electric potential

of the the lunar surface, usually between - 10 and - 100




volts in the terminator reglon.

The SIDEs also detect the lunar ionosphere on the
dayside of the moon. 1In this case the accelerating electric
field 1s provided by the 3IDE itself. A stepped voltage
supply provides a potential difference between the ground
plane grid and the ion entrance aperture. When the aperture
is negative relative to the lunar surface ions can bLe
accelerated into the detectors. This mode of operation is
used to determine the dayside lunar surface potential due to
photo electrons, (see "The Electric Potential of the Lunar
Surface", Fenner et al., 1973, Appendix 3-2). It also
provides a measure of the ion number density at the surface.
This number is found to lie between 1 and 7 ions/cm 1in the
solar wind or magnetosheath plasma. As expected this ion

number density does not exceed that of the solar wind.

The Electric Potential of the Lunar Surface

As indicated above, the surface potential in sunlight
is determined by the energy spectrum of ions accelerated by
the ground plane stepper supply. Since this electric field
extends about 1 Debye length or less from the SIDE it
provides a measure of the lunar potential relative only to
the immediate surrounding plasma i.e., the surface potential
due chiefly to the photoelectrons. This potential is found
to be about +10 volts from solar zenith angles of 0 to about
45°, Beyond U45° the potential falls rapidly to values as
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low as -~ 100 voits near the terminator. The lunar surface
potential is not symmetric with regard toc positive and
negative zenith angles. At about +50° the potential rises
abruptly to about +18 volts. No equivalent peak is seen at
negative angles. As shown by the CPLEE data (Burke et al.,
1975) the potential of the lunar surface on the dayside
relative to the solar wind may be considerably higher in
regions where there exists a substantial surface magnetic
field. Further detalls of the surface potential can be
found in "Lunar Electric field, Surface Potential and
Assoclated Plasma Sheath Effects", Freeman and Ibrahim,

1975, Appendix 3-3.

The Lunar Nightsilde

Ions in the energy range 250 eV to 150G eV are seen on
the nightside of the moon. These ions may be seen
throughout almost the entire lunar night but activity
increases in the period 1 to 6 days prior to local sunrise
and has a strong peak 2 to 3 days before sunrise as seen
with the Apollo 14 and 15 SIDEs. The Apollo 12 SIDE shows
an equivalent activity following sunset.

The ion energles are generally less than solar wind
energles. The spectra vary from mono-energetic at 250 eV to
500 eV to broad. There is an indication that the peak
energy changes with lunar local time reaching a maximum of

750 eV 3 to 4 days before sunrise.

B




The ion fluxes are of the order of 106 1ons/cm2—sec-ster.
They occur in bursts usually less than 1 hour in duration.
They show no Kp dependence.

These 1lons are not understood. Thelr energy suggests
that they are of solar wind origin. They are of too high
energy to be detected by the SIDE mass analyz~r. Possible
explanations include:

1. Atmospheric ions accelerated by the solar wind into

circumlunar trajectories.

2. Solar wind protons escaping from a lunar limbshock

as recompression shock.

3. The positive ilon sheath of the lunar nightside

negative surface potential.

For further detaills see "An Observation of Lunar Nlght-

time Ions", by Henry Emil Schneider, 1975, (Appendix 3-4).

Bow Shock Protons

Protons and other solar wind lons accelerated in the
earth's bow shock can escape upstream along magnetic field
lines. The SIDEs established that these ions can travel at
least as far as the lunar orbit. At the moon these ions
have energles ranging from 250 eV to beyond the upper limit
of the SIDE at 3500 eV. Integral fluxes of the order of
105 1ons/cm2 sec ~-ster are typical. Their arrival at the
moon 1is correlated with the interplanetary maznetic field

direction. Further details ca:n be found in "Bow Shock




Protons in the Lunar Environment" by Benson et al., 1975,

Appendix 3-5 and the related thesis by Benson.

Magnetosheath

The moon offers a good platform from which to study the
distant magnetotail and magnetosheath. Using SIDE energy
spectra the plasma parameters bulk velocity, temperature,
number density, pressure, and energy density ratio were
computed lor 10 lunations throughout the magnetosheath.
These parameters generally follow the predictions of laminar
flow. The presence of non-thermal pavticles concentrating
in 2 high energy tail of the energy spectrum is observed to
increase near the bow shock in the dus. magnetosheath.

An unexpected result is an asymmetry in the ccrrelation
between this high energy tail and Kp. The dusk magneto-
sheath shows a good correlation but the dawn magnetosheath
shows no such correlation. This result 1s believed to be
related to the presence of oblique shocks at the dawn
magnetosheath. Further information can be found in "Dawn-
Dusk Magnetosheath Plasma Asymmetries at 60 RE", by M. A.
Fenner and J. W. Freeman 1975, (Appendix 3-6), and the

related thesis by Fenner.
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Magnetotail

Perhaps the most 1important and least expected result
from the SIDE data 1s the discovery of a new plasma regime
in the high latitude lobes c¢f the geomagnetlc tail.
Principally because of the SIDE's high sensitivity to low

energy ions 1t detects what we refer to as the "lobe plasma”.

The lobe plasma consists of protons of energy 50 to 250

eV streaming along the geomagnetic tall field l1lines away

from the earth. Integral fluxes range from 105 to 108

2 b

sec ster, temperatures 4 x 10 to 5 x 105°K and

number densities 0.1 to 5/cm3. See "A New Plasma Regime in

ions/cm

the Distant Geomagnetic Tail", Hard; 2t al., 1975, (Appendix
3-7) and the related thesis by Hardy.
This plasma 1s found to be sometimes but not always

contiguous with the plasma sheet. It 1s bellieved to convect
toward the plasma sheet from the polar magnetopause and to

form the source region for the plasma sheet. Its frequency

of occurrence in certain areas of the tail appears correlated

with the east-west component of the interplanetary magnetic
field, thus providing convincing evidence for the highly
controversial magnetic merging on the dayside magnetopcuse.
Detalled investigations of the plasma sheet using the
SIDE data are only now ge:ccing underway. One feature of
interest is the appearance of multiple bulk flow velocities.
Also the correlation of plasma sheet I'low with substorm

activity remains a promising subject to be investigated.
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Solar Wind-Neutral Gas Cloud Interactions

An important aspect of cosmic physics 1s the
irteraction between neutral and ionized gés streams. An
opportunity to investigate such an interaction accured
following the impact of the Apollo 13 S-IVB stage rocket 140
km west of the Apollo 12 ALSEP s’te. Both the SINDE and the
Solar Wind Spectrometer observed a large flux of positive

81ons/cm2 sec ster). Two

ions (maximum flux - 3 x 10
separate streams of lons were seen: a horizontal flux that
appeared to be deflected solar wind lons and a smaller
vertical flux of predominantly heavy ions (> 10 AMU/q) which
probably consisted of material vaporized from the S-IVB
stage. The important result is that hot electrons (50eV)
were created and were an lmportant ionization mechanism in
the impact-produced neutral gas cloud. Thus strong
ionization and acceleration were seen under near collision-
less conditiona. For further information refer to "The
Interaction Between an Impact - Produced Neutral Gas Cloud

and the Solar wind at the Lunar Surface", by Lindeman

et L., 1974 (Appendix 3-8).

Rocket Exhaust Products

Along with lons from the ambient atmosphere the SIDEs
detect ions arising from exhaust gases from the *; .. %
missions. The Apollo 12 SIDE data was studied brielly with

tt- objJect of determining the dissipation rates of these
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gases. Two mass analyzer spectra were examined: one 14
hours after the Apollo 12 landing; the other 2 months later.
Both spectra showed good agreement with thie predicted mass
spectra for exhaust gases. When fitted to an exponential
decay curve an e-folding time of approximately 30 days was
obtalned for the majority of the gases ("Suprathermal Ions
Near the Moon", Freeman et al., 1972, Appendix 3-9). This
study has not been completed. The lifetimes of individual
gases have not been examined in detail nor have the date
from the Apollo 14 and 15 SIDEs been carefully examined with

a study of exhaust gases as the principal object.

Synoptic and Secular Studies and Transient Events

Due to the sporadic nature of the lunar ionosphere
measurements it has been difficult to make secular and
synoptic measurements. It has been observed, however, that
ion densities computed from data taken about 6 months after
the deployment of the Apollo 15 instrument are about a
factor of 10 higher than those computed from data taken 2
years after deployment. The numbers quoted earlier in this
report are from th2 later data. These agree with the
neutral number Jdensities for neon found by the Lunar
Atmospheric Conposition Experiment on Apollo 17 [Hoffman et al., 1973].

A possible explanation for this apparent change 1s
calibration drifts in the linstruments. Several independent

tests of the long term calibration integrity are under way
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but have not been completed. An alternative explanation

is that the early data are in some way still affected by
contaminants from the landing or a locally enhanced neon
flux due to the heating of the lunar surface by the rocket
plume. A final possibility is that there has occured a
natural secular variation in the atmospheric neon
concentration. We will withold judgement on this until all
possibllities have been thoroughly invesgtigated.

In 1973 we reported a ld-hour period during which water
vapc. ions dominated the lon mass per unit charge spectrum
at the Apollo 14 site ("Observations of Water Vapor ions at
The Lunar Surface", Freeian et al., 1973, Appendix 3-10).

By examining all possible sources of contamination and
extra-lunar sources, we concluded that the lons were
probably of lunar origin. Since this time no additicnal
water vapor events have been found. Consequently 1t appears
unlikely that the water vapor came from a lunar source,
although the detalls of the ion productlion are still
unclear. Aside from this enigmatic event no evidence exists

in the SIDE data for transient events.

Penetrating Solar Particles

The SIDE was deslgned to measure 10-3500 eV ions which
enter the detector aperture. However, particles of
sufficiently high energy can penetrate the instrument from

any direction and be detected. Such was the case during the
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(_) intense solar flare activity of early August, 1972. High
energy solar protons produced by the flares constituted an
isotropic flux by the time they reached the vicinity of
Earth, and were recorded by the SIDEs although the
instruments were on the night side of the moon. The
penetrating particles produced a high counting rate in all
channels of all three SIDEs, and the event was observed for
several days. A most unusual feature of the event was a
sudden sharply increased flux which lasted for about two
hours and ended as suddenly as it began. This so-called
"square wave" was discussed 1n "The Solar Cosmic Ray
Square~Wave of August, 1972" by Medrano et_al., 1975
(Appendix 3-11), as well as in earlier conference reports
and collected papers on the tople, and in the Ph.D. thesis
of Medrano. Other instruments on several other space. »aft
have also reported such observations and multi-spacecruft
intercomparisons may shed more light on the nature of the

disturbance which produced this event.

Future Research

The success of the SIDE experiments 1s characterized by
the variety of phenomena the data provide information about.
This wide range of phenomena has made it difficult to find
time to examine all the phenomena in great depth. A great
deal of data analysls remains to be done. The in depth

study so far has been limited to the lunar ionsophere. The
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(,) lunar surface electric potential, the night side ions, the
magnetotail, and the bow shock data have been skimmed for
the gross features, but a number of specific features need
investigating further. A partial list of these is as
follows:

l. Investigation of the asymmetry in the lunar surface
potential to determine its cause.

2. (Correlation between SIDE and CPLEE lunar surface
potential data in the magnetotail.

3. Correlation of the night side energetic ion fluxes
with the interplanetary magnetic field to determine
the origin of these fluxes.

4. Correlation between the lobe plasma and magneto-

(_) spheric substorm data from ground and satellites.

5. Determination of plasma sheet parameters and their

correlation with other magnetospheric data.

6. Statistical studies on the location of the magneto-

pause and bow shock front.

7. High resolution studies of the plasma parameters at

the magne.,opause and bow shock front.

8. Studies of the decay rates of the individual rocket

exhaust product gases.

9. Investigation of the interaction between a rocket

exhaust neutral gas cloud and the magnetosheath

plasma.
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10. Investigation of the cause of a background enhance-
ment near the terminator possibly due to dust move-
ment above the lunar surface.

11. Investigation of long-term variations in the
intensities of several phenomena observed. Pre-
liminary work indicates definlte varlia.icns due to
seasonal and longer-term periodicities in the lunar
orbit and directions with respect to the sun. When
these effects can be recognized and removed, the

magnitude of secular variations, if any, can be

investigated.

Summary

The ALSEP/SIDE has been a very frultful investigation
with the dat. rich in information about a variety of
different areas. It has been a multidisciplinary experiment.
A great deal of analysis remains to be done, particularly in

the areas pertaining to the magnetosphere.
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Martha A. Penner, Ph.D., 1974 (70 pages).
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13. "The Electric Potential of the Lunar Surface", Mohamed
Esam Ibrahim, M.S., 1975 (41 pages).
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Papers Presented at Sclentific Meetings
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Preliminary Results from the Apollo 12 ALSEP Lunar Iono-
sphere Detector: I General Results, J. W. Freeman,

H. Balsiger, and H. K. Eills, 51st Annual A.G.U.
Meeting, Washington, D. C., April, 1970.

Preliminary Results from the Ap>llo 12 ALSEP Lunar Iono-
sphere Detector: II The Ion Mass Spectrometer, H. Bal-
siger, J. W, Freeman, and H. K. Hills, ibid.

Energetic Protons Observed at the Lunar Surface on the
Night Side of the Moon, H. X. Hills, J. W. Freeman,
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Positive Ions at the Apollo 12 ALSEP site resulting from
the Apollo 13 S-IV B lunar impact, J. W. Freeman and
H. K. Hills, Fall annual A.G.U. Meeting, San Francisco,
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Results from the Apollo 12 Suprathermal Ion Detector,

1971 Lunar Science Conference, Houston, Jaauary, 1971.

Magnetosheath Plasma Observations at the Moon's Surface,

M. A. Fenner, H. K. Hills, R. A. Medrano. J. W. Free-
man, and R, A. Lindeman, 52nd Annual A.G.U. Meeting,
Washington, D. C., April, 1971.

Ion Bursts at the Lunar Distance in the Tall Preceding
Substorm Onset, H. B. Garrett, T. W. Hill, and
M. A. Fenner, ibid.

Recurring Ions Clouds at the Lunar Surface, R. A. Lindeman,

J. W. Freeman, and H. K. Hl1lls, ibid.
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9. An Interplanetary Disturbance as Seem from the Lunar

Surface, René A. Medrano, J. W. Freeman, and

M. A. Fenner, 1ibid.
10. Suprathermal Ions Near the Moon, J. W. Freeman, Jr.,

M. A. Fenner, H. K. Hills, R. Lindeman, R. Medrano,
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ions at the lunar surface, R. R. Vondrak, H. K. Hills,

(:) and J. A. Meister, 1bid. E
13. Evidence for Acceleration of Lunar Ions, R. H. Manka,
F. C. Michel, J. W. Freeman, P. Dyal, C. W. Parkin,
D. S. Colburn, and C. P. Sonert, 3rd Lunar Science
Conference, Houston, January, 1972.
14,

Gases on and in the Moon, H. K. Hills, American Chemical

Society, Boston, April, 1972.

15. Suprathermal Ion Detector Results from Apollo Mission,

J. W. Freeman, 15th Plenary Meeting, COSPAR, Madrid,
Spain, May, 1972.

16. Observations of Lunar Module Exhaust Gases at the Lunar

Surface, H. K. Hills, R. R. Vondrak, adn J. W. Free-

man, 53rd annual A.G.U. Meeting, Washington, D.C.,
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- 17. Energy Spectrum of Lunar Ions, R. H. Manka, F. C. Michel,
J. W. Freeman, and H. K. Hills, ibid.

18. Magnetosheath Structure Observed by 3 ALSEP/SIDE Plasma
Detectors, M. A. Fenner, J. W. Freeman, H. K. Hills,
and R. Lindeman, 1ibid.

19. Fine Structure of a Solar Flare Associated Shock Wave,

R. A. Medrano, J. W. Freeman, and R. R. Vondrak,
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Interaction at the Lunar Surface, R. A. Lindeman,

R. R. Vondrak, and J. W. Freeman, ibid.

23. 'The Electric Potential of the Moon in the Solar Wind,

J. W. Freeman, M. A. Fenner, and H. K. Hills, ibid.

24. 1Ions from the Lunar Ionosphere, R. A. Lindeman, J. W. Free-
man, and R. R. Vondrak, Fourth Lunar Science Conference,
Houston, March, 1972,

25. Acceleration of Lunar Exospheric Ions, J. W. Freeman,

M. A. Fenner, H. K. Hills, R. A. Lindeman, and
R. R. Vondrak, 54th Annual A.G.U. Meeting, Washington,
D. C., April, 1973.
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Electric Flelds near the Moon, J. W. Freeman, 2nd General
Scientific Assembly, IAGA, Kyoto, Japan, Septemcer,
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The Solar Energetic Particle Square Wave During the August,
1972, Solar Storm, R. A. Medrano, C. J. Bland, and
J. W. Freeman, ibid.

Loss of Gases from the Lunar Ionosphere, R. R. Vondrak,

R. A. Lindeman, and J. W. Freeman, Fall annual A.G.U.
Meeting, San Francisco, 1973.

Measurements of Lunar Atmospheric Loss Rate, R. R. Vondrak,
J. W. Freeman, and R. A. Lindeman, 5th Lunar Sclence
Conference, Houston, March, 1974.

Electric Field Ac.eleration of Lunar Exospheric Ions,

J. W. Freeman and R. R. Vondrak, 55th Annual A.G.U.
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Observation of Bow Shock Protons at the Lunar Orbit, J. L.
Benson, H. K. Hills, J. W. Freeman, and R. R. Vondrak,
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Low Energy Protons in the Geomagnetic Tail, D. A. Hardy,

H. K. Hills, and J. W. Freeman, 1ibid.
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Bow Shock Protons in the Lunar Environment, J. Benson,

H. K. Hills, J. W. Freeman, and R. R. Vondrak, ibid.

First Observation of Low Energy Protons in the Geomagnetic
Tall at Lunar Distance, D. A. Hardy and « W. Freeman,
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Electric Fields, The Lunar Electric Potential and Plasma
Sheath Effects, J. W. Freeman and M. Ibrahim, ibid.

The Lunar Ionosphere, R. R. Vondrak and J. W. Freeman, ibid.

Lunar Electric Models and Applications to Planets, R. H.
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I General Features, D. A. Hardy, H. K. Hills, and
J. W. Freeman, Fall Annual A.G.U. Meeting, San Fran-
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Low Energy Plasma in the Geomagnetic Tall at Lunar Dis-
tance: II Joint Observations, P. R. Moore, D. A.
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The Lunar Surface Potential and Plasma Sheath Effects,
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Low Energy Mass Spectra of the Lunar Ionosphere, J. Benson
and J. W. Freeman, 1ibid.
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9. SUPRATHERMAL ICN DETECTCR ZXPERIMENT

The suprathermal ion detector experiment {SIDE) was
designed to achieve the following objectives: (1) provide
information on the energy and mass spectra of the positive
ions close to the lunar surfacz (the lunar exosphere), (2)
measure the flux and energy spectra of positive ions in the
magnetotail and magnetosheath during the pericds when the
Moon passes through the magnetic tail of the Earth, (3)
provide data on the plasma interaction between the solar
vind and the Mcon, and (4) determine a preliminary value for
the electric potential of the lurar surface.

DESCRIETION

Three SIDE instruments were deployed (at the Apollo 12,
14, and 15 sites). The SIDE consists of two positive-ion
detectors, the mass analyzer (MA) and the total ion detector
(TID). Both use curved plate analyzars for energy per umnit
charge discrisination. The MA also uses a Wien velocity
filter (crossed electric and magnetic fields), because
knovledge of the energy per unit charge and the velocity is
sufficient to allowvw determination of the mass per unit
charge. The MA measures a 20-channel mass spectrum at each
of six energy levels: 8.6, 16.2, S.4, 1.8, 0,6, and 0.2
eV. The pass ranges covered are approximately 10 to 1000
atomic mass units per charge (amu/¢) for the Rpollo 12 unit,
6 to 750 amu/Q for Apollo 14, and 1 to 90 amu/Q for Apollo
15. VWhile each mass spectrum is being observed by the HA,
the TID measures a 20-channel differ=ntial energy spectrunm
(including all masses) from 35230 evV/Q down to 10 eV/Q. Each
20-channel spectrum is obtained in 24 s=ec.

Each detector has a fi2ld of viav that is roughly a
square solid angle, 69 on a side. lurerous commands are
possible, some of which allow cartain measurements to be
omitted to devote more tire %*c oil:r recasurements. To
establish elect*rical reference to r-2 lunar surface, a wire
screen (the lunar-surface ground ni~~= in figqure 9-1) is
deployed on the surface beneath tz> 3I3%. This screen is

connected to the SIDE ground throu . : power =iDply that can
cycle through 28 steps from -27.¢ -: +27.€ V. The effects
of stepping this voltage thrc:1h < -- ~vcle can te used in
certain circumstances to det-r-. - lunar-:s:rface

potential. A schematic diav:: 3IDE inztrument is
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shovn in figure 9-1, a cutaway view of the SIDE in figure
9~2, and the SIDE as deployed at the Apcllo 12 and 14 sites

in fiqure 9-3.

The look direction of each instrument was angled 159 : J}
east (Apollo 14 and 15) or west (Apcllo 12) from the local
meridian plane. The Apollo 15 instrument (at latitude 26°
N) wvas deployed tilted 26° fros vertical toward the south,
so that the sensor look directions of all three instruments
included the ecliptic plane (fig. 9-4).

OPERATIONAL HISTORY

This section summarizes the tire periods when the
instruments vere in full operation and returning science
data. Periods when only housekeeping data were returned are
not included. The design goal was full operation
continuously after an initial period to allow for outgassing
during the lunar daytime. Sumsaries of SIDE operation for
Apcllo 12, 14, and 15 are as follows,

Apollo 12 SIDE

Reriod Description
Novemaber 19 and 20, 1969 Deployment and operation
during mission activities. ,[ i

Deceaber 1969 to January 1970 Operation during lunar night
(and a short tise before
and after).

Pebruary 1970 to August 1972 Operation during lunar night,
plus cyclic cperation for
approximately 10 days
centered on local noon,
Cyclic operation involves
2 br on and 10 hr, or msore,
off. More ccoverage wvas
obtained during continuous
real-time succcrt of Apollo
lunar surface axveriments
package (AL5=7) rissions
(i.e., the fi-=% 45 days of
the mission) .

9-4
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Septemaber 1972 to Aagust 1973 Operation as for praceding
period but with intermit-
tent loss of data during
lunar night (for periods
of minutes tc periods of
rany days) during the
months of September, Wov-
emnber, and Decemter 1972,
and during January, June,
and August 1973,

Apollo 14 SIDE
Period ' Description

February 5 to 7, 1971 Deployment and operation
during mission activities.

February 1971 to July 1971 Operation during the night
and part of the day but
off for approximately 8
days centered on noon.

August 1971 to October 1971 Operation as for preceding
period, plus short cycles of
operation periodically for
approximately 8 days near

noon.
November 1971 to March 1973 Continuous operation.
April 1973 to August 1973 Operation during the night

fros approximately 1 day
before sunset until sunrise.

Apollo 15 SIDE

Period Description

July 31, 1971 to Adugust 3, 19 Deploysent and operation
during mission activities,

August 1971 to Septesber 1971 Operation aexcept during
approximately 1) days
centered on lccal nacn.
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October 1971 to Wovember 1971

December 1971 to April 1972

May 1972 to Augqust 1973

1.

2.

3.

Operation as for preceding
period, plus short intervals '
of operation interasit-
tently for approximately
4 to 7 days near noon,

&8

Operation except during 3 to
5 days centered cn lccal
noon.

Continuous operation.

DATA SETS AND AVAILABILITY THROUGH NSSDC

The following list gives the SIDE data sets, their
form, and their availability through the Naticnal Sgace
Science Data Center (NSSDC).

Data_set

Bachine plots (MA
and TID on same
plot) of count-
ing rates as a
function of

frase nusber

Listings of count-
ing rates as a
function of

frame nuater,

with limited
amount of house-
keeping data

Hachine plots
(three-
dimensional)
of TID average
energy spectra
as a function
of time

rora Avajlabjility
16-mm micro- Data for times after
file akout Augqust 1972

are (or soon will
be) available at
BSSDC. Data for
times from about
June 1971 to Aug-
ust 1972 will bpe
available at nssdDC
after producticn
of copies.

L

16-ma micro- Same as preceding

fila

set.

76 by 91 ca A1l data will event-
(30 by 36 in.) ually be availatle

paper

at usSsocC.

O



4, Machine plots 76 by 91 cs Same as preceding
(three~ (30 by 36 in.) set.
disensional) paper
of MA average
mass spectra
as a function

of time
5. TID spectra as a Digital, on Same as preceding
function of magnatic tape s=t.
time
6. MA spectra as a Digital, on Sarme as preceding
function of magnetic tape s=t,
time
7. Engineering Digital, on Data for times
parameters magnetic tape after ahout June
1971 will be
available at
NSSCC.
8. TID and MA data, Digital, on Data availatle only
including every- magnetic tape at Rice Oniversity.

thing telen-
etered fros
SIDE, plus eval-
vnations of data
quality and in-
strusent mode

of operation.
Called "NPAK"

by Rice Uni-
versity.

DESCRIPTION OF NSSDC DATA TAP:S

Data tapes are standard 731.5-» (2407 £%), 1.27-2~ (2.%
in.), 7-track IBM-compatible tapes, recor!ed at - " hri with
odd parity. Wcrds are 24-bit binary jitegers wit: rzqative
nusbers represented as 2's complement; with 23 =1 words
per logical record (for bovh MA and TID). ™hv:zi ' <icorids

are fixad-length, blocked, with 100 logical rz::-- “ar
physical record, and with no record-length !--: PP+ P ,
control words, 'There is only one file per :-’-_':,‘-‘-Imq."’“‘hm'
A
standard tapesark is wvritten after the la:- . r:cord,
The last reel of a calendar year's dati i “rz thas
vill have less than a full reel and tha o:: - will
9-7
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have less than 100 logical records in its last physical
record. The TID and MA data are written on separate tapes
but have almost identical formats; the first word in the
logical record allovs them to be distinguished froa each

" other. The 28 words in a logical record contain time, 20
channels (mass for MA, energy for TID) of accumulated
counts, and housekeeping parameters (including energy for
the MA data). Wher. reliable data are not availatle, the
value -1 is irserted.

SUMMAEY OF PIINCIPAL RESULTS

1,»m Lunar ions acce2lerated by the lar-vwind-induced
field (E = -a b E) vere observed (whore is the electric
field and “W¥B is the negative cross product of velocity
and magnetic field).

2. During lunar night, 1 tc 3 keV protans (considered
to be protons from the bow shock of the Earth) were
ocserved.

3. Ion mass spectra due to the LM ~xhaust gas wvere
observed, and the intensity decay rate vas determined.

8. Nultisite observation vas sade of the energetic
ion characteristics in the Parth magnetosheath and at its
boundaries, and correlation with gecomagnetic activity was
made.

5. The effects of the lunar module (LM) ascent engine
exhaust on magnetosh=2ath ion fluxes were observed.

6. Multisite observations of apparent motions of ion
"clouis" relatel to lunar iapact events and obsﬂtvations of
mass spectra during the events wvere szde.

7. Yon fluxes vere monitored during local solar
eclipcss; no changes vetre observed.

8. ®nergetic ions vare observed during lunar night
vhen the site was shielded froa the solar-vind direction.

9. Observation of io events near terminators
suggecsts a turbulent region of solar-wind plaraa interaction
vith th~ solid Moon.

1C. Positive ion fluxes vere monitored while in the
qeomagntic tail and correlated vith geomagnetic stors
activityv,

! “..“
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11. Mass spectra of ions were obsirved from the
ambient atmosphere, including a single :hservation of water
vapor ions, possibly of natural origin.

12. The electric potential of the lunar surface wvas
detersined (a) in the magnetosheath or solar wind and (b)
near the terminztors.

13. Solar vind vas observed during interplanetary
sterms.

14, Penetrating ions fror solar flares were obs2rved.
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Figure 9-2.- Cutaway view of SIDE.
9-12

ORIGINAL PAGE I3
OF POOR QUALITY



Py

Lo A I
L B SN

TR ARG T I IS A oSS, WO PO )

e L

“nen )

B

DI UEREPHISLLUEE STNF UGN §7E d 7o T w7 11 Ay L e

lon entrance
apertures

Handling tool
socket

Bubble level

Ground-plane
storage tube

(therma! control)

Figure 9-3.- The SIDE confiquration as deployed at the Apollo 12 and 14 sites.

To the
Sun
‘ !
1 Lund o orbjp
[
Apollo 14
ALSEP sunsat
$ Apolle 15
Ecliptic ALSEP sunset
plane side
look
directi
e (ALSEP = Apolle kunar wtace
oxperiments package)
14
Mo 18212 \f
; Apollo 15 ALSEF - l \— Apollo 14 ALSEP noon

Figure 9-4.- S:ncur 17 @ directions of SIDE instruments deployed at the -

.5 12, 14, &~d 15 sites.
3

ORIGINAL PAGE'H
OF POOR QUALITH

| R



Apollo XII

Suprathermal Ion Detector Experiment

One Year Report

October, 1970

Prepared by Rice University under NASA Contract NAS9-5911

PRECEDING PAGE BLANK NOT FILMED




SUPRATHERMAL ION DETECTOR EXPERIMENT

(Lunar Ionosphere Detector)

This report reviews the lunar surface operation of
the Suprathermal Ion Detector Experiment (SIDE) and gives
the status of the experiment as of September 1, 1970, in-
cluding observations of scientific and engineering interest
which have been made since the 45-day preliminary report
(reference 1). The SIDE is designed to achieve the
following experimental objectives:

(1) Provide information on the energy and mass

spectra of positive ions close to the lunar sur-

face, whether these ions are of natural origin

such as the mcon or the solar wind, or are due

to the Apollo vehicle and life-support systems.

(2) Measure the flux and energy spectrum of

positive ions in the Earth's magnetotail and

magnetosheath during those periods when the

moon passes through the magnetic tail of the

Earth.

(3) Provide data on the interaction between

the solar wind plasma and the Moon.

(4) Determine a preliminary value for the

electric potential of the lunar surface.

The SIDE consists of two positive ion detectors, called

the total ion detector and the mass analyzer. The total

ion detector registers ions in twenty energy ranges from
10ev through 3500evV, and the mass analyzer covers the mass-
per-unit-charge range 10 through 1000amu/q (this mass range

varies from unit to unit) with 20 channels at each of 6 energy
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levels from 0.2 to 48.6 eV. The sensor fields of view
are roughly square solid angles 6° on a side, and include
the ecliptic plane. The look axes are canted 15° from
the local vertical and to the west, with the lcok direc-
tions at various points along the lunar orbit as shown

in Figure 1. The sensitivities of the total ion detector
and of the mass analyzer are approximately 5 x 1017 and
1017counts/sec/amp of entering positive ion flux, respec-
tively. The entrance aperture areas are approximately
24mm? and 16mm2, respectively. A more detailed descrip-
tion of the instrument is given in the preliminary report

(reference 1).

Per formance

The performance of the SIDE continues to be excellent.
All temperatures and voltages have pbeen nominal and no new
anomalies in operation have apreared since the preliminary
report. The calibration signal for the total ion detector
has been intermittent for a short time on several occasions.
This is used as a diagnostic check on the digital logic and
is not essential as long as the digital logic functions
properly.

The detector high voltage (-3.5 kV) power supply had
to be commanded off for a period of about 11 days centered
on lunar noon during the first three lunar cycles after
deployment. This was done because of the spontaneous
execution of mode change commands by the SIDE when its
temperature exceeded some threshold value. Since these
spurious commands were assumed to be caused by high voltage
corona or arcing in the SIDE, probably due to outgassing as

the temperatures increased, the high voltage was commanded
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off after such a mode change in order to prevent further
arcing and possible damage to components. The threshold
temperature above which spontaneous mode changes cccurred
increased significantly (from 36° to 51°C) on the 2nd
lunar day, apparently as outgassing proceeded. However,
improvement has been slow since then and the current
critical temperature range is about 50-55°C. An opera-
tional method has been devised to circumvent

this preblem, and has resulted in acquisition of very
interesting data in the earth's tail and magnetosheath
regions. When the SIDE temperature reaches 50-55°C,

or after a spontaneous mode change occurs, the instru-
ment power is cycled off and on, which produces a tem-
perature history such as that shown in Figure 2, keeping
the package below about 55°C and hence obtaining data
without undue risk cof high voltage arcing damage to com-
ponents. In the lunar afternoon the instrument is turned
cn and left on until it is necessary to cycle it off and
on again in the next lunar day. The duty cycle can be
increased above what is shown in Figure 2, but a high
duty factor has been utilized only in periods of highly
interesting data. The remainder of the time the normal
2hr/day real-time support periods have been utilized to
cbtain data for monitoring purposes.

The thermal design of SIDE kept the internal tempera-
tures within the desired nominal operating range of -20°C
to +80°C. The peak operating temperatures reached 79°C
during each of the three lunar days when the power was
left on continucusly. During the night-time the .nter-
nal temperatures are maintained at constant values (-9°C

to +22°C, depending on proximity to the heaters) by means
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cf 4 watts of heater power dissipation in addition to the
6 watts dissipated in the electronics. A study of the
temperature vs sun-angle data from deployment until the
present shows that there has been no degradation of the
thermal control during this time (about 9 months).

The Cold Cathode Gauge Experiment (CCGE) electronics
are carried in the SIDE package, and the CCGE high voltage
(4.5 kv) power supply failed at about 14 hours after deploy-
ment. Extensive testing and failure analysis of similar
units subsequently indicated that a transistor in this power
supply was susceptible to failure in this application due to
transient noise., A different transistor, better suited for
this application, has been installed in the Apollo XIV and
XV flight units to improve the reliability of the instrument.
Additional care has also been taken to minimize the likeli-

heced of high voltage corona within the instrument.

General Results

Low-Energy Events

As reported in references 1 and 2, several low-energy
(10 tc 250 eV) events were detected by the total ion deteccor
shortly after initial turn-on of the SIDE. These ions
appeared as intermittent clouds, several of which were
accompanied at the outset hy higher energy ions (500 to
750 ev). One arrival of such a cloud was coincident with
a magnetometer variation that indicated the passage of a
current sheet nearby. At the same time these low-energy
events were seen by the total ion detector, the mass ana-
lyzer detected ions in the 48.6 eV range, with the peak

of the mass spectrum in the mass-per-unit-charge range of

¢
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16 to 50 amu/qg. It should be noted that the light gases
H, Hy, and He cannot be detected by the Apollo XII mass
analyzer; they can be detected only by the total ion de-
tector.

Other low-energy ion events have often been seen by
the total ion detector only. Since the sensitivity of the
mass analyzer is lower than that of the total ion detector,
this could be because there were few of the heavier ions
present, but it could also be because of the small fraction
of the time that the energy channel of the mass analyzer
coincides with a similar energy channel of the total ion
detector. A study is currently in progress to investigate
possible long-term low-level mass spectra in the mass
analyzer data. Sometimes the ions in these low-energy
events have rather broad spectra covering twou or three
energy channels, although frequently the spectrum is quite
monoenergetic, with all energies falling within a single
energy channel.

The frequent appearance of these suprathermal ions
suggests the operation of a general acceleration mechanism.
One interesting possibility to speculate on is the ExB
drift acceleration by the solar wind. This mechanism has
been proposed as the source of large quantities of Ar40
found in the lunar surface samples (reference 3 ). We may

therefore have direct evidence for such a process,

Higher Energy Phenomena

Reference 1 also reported the detection of hich energy
(1 to 3 kev) ions sporadically in the portion of the lunar

orbit near, and up to 4 days after, sunset at the ALSEP

o



site. In the earlier part of this time period there are
lower energy ions, also. These ions have been tentatively
identified as protons escaping from the Earth's bow shock
front and moving generally along the interplanetary magnetic
field lines at the "garden hose" angle. Such observations
have been reported at the much closer Earth orbit of the
Vela satellites (reference 4).

Low-energy protons escaping from the bow shock cannot
drift upstream as close to the interplanetary field direc-
tion as higher energy protons can. Thus there should be a
change to a more energetic spectrum at later times, as is
ocbserved. However, the actual energies and directions of
such escaped protons are expected to be modified in an
unknown manne:- by magnetic and electric fields in the Ia
vicinity of the mnon, of both local and long-range scale.
Note that the ALSEP magnetometer measures a steady 36y
magnetic field which is probably of local origin (reference 5).

Ions of solar wind energy observed several days before
local sunrise, as if due to a deflection of the solar wind,
were previously reported (reference 1). These have been
cbserved each lunar cycle. Intermittent day-time events

are also seen each cycle.

Earth's Wake in the Solar wind

Beginning in February, 1970, observaticns were made
during many short segments of time thrcughout the region
of the Earth's magnetospheric tail and the magnetosheath
region between the bow shock front and the tail. Very

intense ion fluxes are observed in the magnetosheath as

L)



the moon leaves the magnetospheric tail, while only very
low and sporadic ion fluxes are seen in the magnetosheath
where the moon enters the tail. The detector is looking
roughly "upstream" paralle]l to the bow shock front in

the former case, whereas in the latter the detector looks
almost perpendicular to the shock front. 1In both cases
when the moon is outside the shock front the detector

look direction is such that the solar wind in interplanetary
space is undetectable. The intense fluxes of ions are
observed behind the bow shock, so they do not constitute
the undisturbed solar wind, but rather the solar wind

after passing through the bow shock. There is also an
indication that effects of the solar wind interaction

with the moon are being observed as well. A preliminary
description of this data has been presented in reference 6.
A general factor of the magnetosheath data is the observa-
tion of three characteristic types of spectra, which appear
at different times. Typical spectra of each of these types
are exhibited in figure 3, each panel of which displays
total ion detector counts per frame for three scans through
the energy spectrum. The intensity and constancy of the
fluxes, and the presence of higher energy ions, as listed
in the figure, are used to characterize the different types
of spectra shown. As a simplified description, the type I
spectra are typically observed near the magnetopause, shortly
after entering the magnetosheath. The more intense type II
spectra appear later, and type III spectra are typically
observed near the bow shock, as the moon is leaving the

magnetosheath.



The magnetosheath is a very complex region, and it
is expacted that further SIDE data from this region will
yield extremely useful information on the interaction and
acceleration mechanisms operating there, both in magnetically

disturbed times and in relatively quiet times.

Impact Events

The impacts of the Apollo XII lunar module (LM) ascent
stage and of the Apollo XIII S-IVB rocket, which were crashed
into the lunar surface as known sources of seismic signals,
both created ion clouds which were detected by the SIDE for
periods of a few minutes. The ions observed from the LM
impact had eriergies of about 250 eV to 500 ev, mainly, which
is far above the range detectable by the mass analyzer,
However, the ions from the S~IVB impact had energies of .
about 50 to 70 ev, and consequently were visible to the
mass analyzer. At least 10% and perhaps most of these
ions had masses between 10 and 80 amu/q. W~e have learned
that an impact such as that of the S-1IVB produces a gas
cloud of sufficient density to deflect the solar wind in
the vicinity of the impact and accelerate the gas cloud
ions to suprathermal energies. Figure 4 shows the time
history of the maximum intensity per channel from the
spectra recorded at S-IVB impact. The energy corresponding
to each channel is noted. The decrease and later increase
in energy of the most abundant ions is of particular
interest. A more detailed discussion of the complex
effects on the ions of the cloud and of the solar wind

is in preparation (references 7 and 8).
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There have been several large natural impact events
detected by the Apollo X11 Passive Seismic Experiment
(G. Lathan, private communication, 1970), and there
remains the possibility that a large enough natural
impact may occur close enough to produce a detectable
flux of ions at the ALSEP site. In the first several
months of operation there have been no clear ion events

of this type.

Eclipses

Partial lunar eclipses have occurred twice iFerruary
21 and August 16, 1970) since the deployment of ALSEP, and
both constituted partial solar eclipses as seen from the
ALSEP site., The February eclipse was very slight at ALSEP
and produced no effects discernible in the SIDE ion flux
data. There was a cooling effect on the instrument package,
as expected, with the temperature sensor in the CCGE package
(in contact with the lunar surface) indicating 4 temperature
drop from 364°K down to 294°K. Very interesting activity
in the form of highly variable ion fluxes was observed in
the SIDE data during the August eclipse. However, this
may have been due to a time coincident intense solar flare
event which resulted in a large magnetic storm at Earth.
Data from additional magnetic storms and eclipses will be
necessary to resolve this ambiguity.

In view of the large and rapid temperature decrease
observed during an eclipse, a total eclipse is more inter-
esting than a partial one for observations of possible
gas liberation. Thus the total lunar eclipse of February
10, 1971 will be of special interest. It should be noted
that Apollo XIV is scheduled for launch January 31, 1971,
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and that the Apollo XII SIDE is still operating properly
so there is a chance that both the Apollo XII and the
Apollo X1V SIDE instruments will be able to observe this
total eclipse. There is alsc a second total lunar eclipse

in 1971 on August 6.

Present and Future Data Analysis Activities

The following list represents the distribution of
effort of various project scientific personnel and their

present areas of concentration:

1. Dr. J. W. Freeman is analyzing the Apollo XIII
S-IVB impact event. This analysis is nearly
complete and a paper is in preparation that will
be presented at the December (1970) western
National Meeting of the American Geophysical
Union. A paper on this subject will be submitted
jointly with Drs. Conway Snyder and H. Kent Hills
(for publication) (reference 7).

2. Dr. Kent Hills is interested in the night side
high-energy phenomena. A paper on this subject
was presented Ly him at the Aprii (1970) National
Meeting of the American Geophysical Union (reference
9). A paper for publication will be in preparation
shortly.

3. Dr. Jliirg Meister is investigating possible SIDE
data correlations with optical lunar transient
events reportec by the LION network. Dr. Meister
is an ESRO/NASA International Post-Dcctoral Felliow
who only recencly arrived at Rice to work with the
SIDE group.

4. Miss Martha Fenner (2 Rice Space Science graduate
student) has been pursuing the data from the
outbound magnetosheath passes. She presented a
paper on the SIDE data from this region at the
April (1970) National Meeting of the American
Geophysical Ur.asn (reference 6).
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of research will be greatly aided by data from the SIDE's

on additional ALSEP missions. This is true because of
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Mr. Robert Lindeman (a Rice Space Science graduate
student) is preparing a computer program to analyze
low-level night side events by computing long-term
averages.

Mr. René Medrano (a Rice Space Science graduate
student) is performing a power spectrum analysis
to determine the origin of the mass analyzer
counting rates seen during the lunar day.

Mr. Tom Rich (a Rice undergraduate) is performing
a hand analysis of pre-dawn solar wind energy ion-
cloud events to determine their distribution along
the lunar orbit.

The following list represents a partial enumeration

areas awaiting detailed investigations:

The ground plane voltage influence on SIDE counting
rates. (This will provide information on the lunar
surface electric field.)

Long-term averages of the mass analyzer fluxes during
the lunar day.

Quiet~time and seasonal plasma fluxes in the magneto-
tail.

Analysis of lunar eclipse data.

Investigation of the variation in the fluxes seen
during large geomagnetic storms.

More complete examination of the concept of a
general acceleration mechanism for thermal ions

ir the lunar ionosphere (reference 8).

Correlation of SICE data with PSE data (detected
natural impact events) and with LSM data.

It should be noted that most of these specific areas
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the different locations and SIDE aetector look directions
planned for future ALSEP's, hopefully with time concurrent

data.
Conclusion

A brief summary of the salient features of this report
follows.
(1) The SIDE continves to operate normally, with no
indication of degradation of performance or of thermal
control capabilities.
(2) Mass spectra of 50 eV ions were obtained soon after
deployment. These show concentrations of ions in the
18 to 50 amu/q mass-per-charge range.
(3) Clouds of 10 to 250 eV ions have been detected, as
well as other events, which suggests the operation of a ];
general acceleration mechanism.
(4) Sclar wind energy ions are observed several days
before local sunrise.
(5) Ions of 250 to 3000 eV presumed to be protons which
escaped from the bow shock, are observed in the time period
hetween sunset and midnight.
(6) Data on the complex features of the interaction of
the solar wind with the earth's magnetic field and with
the moon are being accumulated.
(7) The Apollo XIII S-1IVB impact resulted in a cloud
of 50 to 70 eV ions being detected at the SIDE, with a

large number of ions of mass about 10 to 80 amu/g. No

mass data is available from the Apollo XII LM impact,

which resulted in ions of 250 to 500 ev at the SIDE.

o

o



v
(8) Two partial lunar eclipses have been monitcred, but
no ion events have been clearly attributed to an eclipse.

High fluxes during the second eclipse may be associated

with a large solar flare rather than with the eclipse.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4,

o

The look directions of the SIDE at various
points along the lunar orbit. The Earth
is not drawn to scale.

Temperature history during the cyclic operation
of the SIDE. The dashed curve was taken from
earlier times when the power was left on, and
cnly the internal high voltage supplies were
turned off.

Three typical spectra observed in the magnetosheath
region with the total ion detector. Each frame is
1.2 seconds long, and the counts are accumulated

in that time interval. Each panel shows three scans
of the spectrum, starting with the 3500 eV channel,
then repeating. Some characteristics of each type
of spectra are tabulated below the spectra.

Maximum counts per channel of the total ion R
detector during the S-IVB impact event. Each

bar represents the maximum count in a 20-frame

spectrum scan, and is labeled with its appro-

priate energy. Note that the spectrum peak

was at 50 and 70 ev initially, and shifted

down to 10 ev, then increased to several

hundred ev.
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ABSTRACT

The extended ionosphere is seen by the Suprathermal Ion Detector
Experiments (SIDE) near the terminator. An analysis of the eneirgy and
mass spectra of these fons accelerated by the interplanetary electric
_fieId indicates the following: (1) the principal ion species are in the
mass per uni§ charge ranges consistent with neon and argon; (20-28 amu/q
and 40-44 amu/q; (2) the lunar atmosphere in these mass ranges is dis-
tributed exponentially; (3) the terminator region surface number density
for 20Ne is of the order of 105 cm"3; (4) the terminator region lunar
surface potential is negative from about 10 to 100 volts; and (5) this

potential has a screening length of the order of a kilometer.

e e
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INTRODUCTION

The interplanetary electric field, Ei’ continuously accelerates
fons generated in the lunar atmosphere by photoionization and by charge
transfer with the solar wind. These fons are detectable by the Supra-

thermal lon Detector Experiments (SIDEs) near the lunar terminators.

" Manka and Michel [1973] and Vondrak et al. [1974) have discussed the

energy spectra of these fons. In this paper we present a new method of
analysis of these spectra which includes a model of the electric field
due to the lunar surface potential. This model and its appliication to
recent SIDE data result in a new determination of the surfa.e number
densit, of neon near the terminator and an estimate of the magnitude of

the surface potential and its screening length.

Theory
The interplanetary electric field is given by

V;w is the solar wind veloucity and 6; the interplanetary magnetic field
strength. f} can be assumed to be homogeneous over the lunar atmospheric

scale height,
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INTRODUCTION

The interplanetary electric field, Ei’ continuously accelerates
ions generated in the lunar atmosphere by photoionization and by charge
transfer with the solar wind. These fons are detectable by the Supra-

thermal Ion Detector Experiments (SIDEs) near the lunar terminators.

" Manka and Michel [1973] and Vondrak et al. [1974] have discussed the

energy spectra of these ions. In this paper we present a new method of
analysis of these spectra which includes a model of the electric field
due to the lunar surface potential. This model and its application to
recent SIDE data result in a new determination of the surface number
density of neon near the terminator and an estimate of the magnitude of

the surface potential and its screening length.

Theory
The interplanetary electric field is given by

-+ > -»

By = <Vgu * By s

V;w is the solar wind velocity and 3; the interplanetary magnetic field
strength. f; can b. assumed to be homogeneous over the lunar atmospheric

scale height,
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and zero-energy intercept

I=1n (295 . (5)
qu

If the value of Ei is known, eq. 4 gives the scale height; and if the
jonization rate p is also known, eq. 5 gives the surface number density
of the neutrals Nor Alternatively, if h is known, Ei can be calculated
from eq. 4.

Now consider the effect of a second electric field resulting from
the negative lunar surface potential at the terminator |Lindeman, 1973a)
and [Lindeman et al., 1973b]. As seen by a detector at the lunar surface

the positive atmospheric ions will have their energies shifted upward by

an amount q¢,. Equations (1) becomes

e(z) - €42 + Q4 (6)

where % is the magnitude of the negative lunar surface potential. This
equation is corrz2ct only for ions created well above the screening
length of the lunar surface electric field. Its effect is to shift the
linear semi-10g energy spectrum line toward higher energies. To correct
for this, when evaluating the zero-energy iitercept, equation (5), we
must shift the energy axis by an amount q¢o. The PN, product can then
be determined from eq. 5. However eq. 5 is not strictly valid at € =
q4, SO that PN, determined from this eq. is an estimate.

We can improve the analysis of the spectrum by modeling the height !

distribution of the lunar surface electric field and if a successful fit




to the data is obtained the parameters of the fitting function are
determined directly.
We model the surface field by assuming an exponential height distribution

of the form
#(z) = ¢, exp [-z/7] (7)

where A is the screening length. The ion energy at the surface will be

given by
e(z) = q(E;z + ¢, (1-exp(-2/1))) (8)

and the differential flux by

7) = NoP exp(-z/h) (9)
q[Ei + %g exp(-z/1)]

aljoa.
I

€

In this case the flux as a function of energy € can be obtained by

plottirg eq. 9 vs. eq. 8.

For z>>X eqs. 8 and 9 reduce to
e(z) =QqE;z + q¢; (10)

in agreement with eq. (6) and

n_p -2/h
geTlghle ()

g
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Solving (10) for z and using this in (11) gives,

C-q¢°

dJ . MoP\ " gE:h
) (=) e i (12)

(EE Z>>A qu

or

dJ .. MoP ]

win (5= 2an(~) - === (e -q¢.) (13)
de 2552 qu quh 0

It is clear from eéq. 13 that eq. 4 is still valid for the slope. Hence
E; can still be estimated from the slope if h is known. When eq. 13 is
evaluated at ¢ = q¢o. the intercept is given by eq. 5 in agreement with
the ideas discussed above.

The method of analysis of the data in the next section was to
estimate the parameters of the fitting function (equations 8 and 9) from
the data using eqs. 4 and 5. The final value of the parameters PNys Ei’

9% and ) were determined from the fit.

Observations

Figure 1 shows a V;w X 65 event observed by the Apollo 15 SIDE in
1974, The portion of the curve above about-70 eV is linear as predicted
by equation 3 or equation 13. The flux telow ~70 eV/q is depleted due
to a strong negative surface potential existing at the time of this
event, i.e. the energy spectrum has been "shifted" by an amount approxi-
mately equal to qdb. The SIDE mass analyzer shows the ions in this
event to have mass 20 amu/q (see inset of figure 1). This event occurred

at a solar zenith angle of = 71° where the surface temp of ~ 284°K gives

DR o b A AL oS5 it s 7S
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a scale height for neen of 73 km. The measured slope is = .011 which B
gives a value of about 1.25 V/km for Ei' A typical solar wind velocity

of 400 km/sec and typical ﬁi of 5y yields E; = 2V/km. Other V., * 8

events have been analyzed where Ei was available from knowledge of the
interplanccary magnetic field strength and solar wind velocity with the

result that the calculated value of the scale height generally agrees

. with the theoretical value. Hence, the procedure of using the theoretical

-
scale height and the measured slope to calculate E; is justified. The

curve in figure 1 was obtained from eqs. 8 and 9 using ¢°‘ 50 v, » = 4.0

km, E; = 1.4 V/kn, h = 73 kn and pn_ = -006 cm Ssec”'.
Using the value p = 1.1 x 10/ sec™!, the total ionization rate
from photoionization, solar wind impact ionization and solar wind charge

exchange (Siscoe and Mukherjee, 1972) for neon gives
no * 5.4 x 10* on” (14)

This value of o is consistent with the results of Hoffman et al. 1973
who report data from the Lunar Atmospheric Composition Expe  >nt

4 3 near the terminator.

indicating 8.7 x 10" cm”
A second event of this type observed on day 43 of 1974 is shown in
figure 2. The exponential nature of the ionosphere is again clearly
shown by the linear portion of the curve above - 60 eV/q. A strong
negative surface potential is also evident in the spectrum; the flux is
depleted below about 50 eV/q. This event occurred at a solar zenith

angle of -~68° which implies a scale height for Ne?C of = 75 km. The

R S N
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scale height coupled with the slope gives a value of 1.3 V/km for Ei‘

n
The smooth curve in figure » was computed from eqs. 8 and 9 with ¢g = 50
3 1 The

V, A = 1700m, E; = 1.3 V/km, h = 75 km and pn, = .011 cm “sec” .

simultaneous mass spectrum for this event showed the dominant mass to be

20

20 amu/q so that if the value of p given above for Ne™  is used with the

fitted PNy product, the surface number denisty of the neutrals is

Sem3 (15)

Ny * 1.0 x 10

When the interplanetary electric field strengthens, the slope of

this type of spectrum becomes flatter for the same value of the scale
height. Figure 3 shows an event observed on day 289 of 1973 at a solar

20 scale height is ~ 78 km. The

zenith angle of ~ 64° where the Ne
calculated value of E; for this event is 3.8 V/km which is somewhat

larger than the previous events and is due to the flatter slope of this
spectrum. The curve in figure 3 was obtained with ¢ = 45 vV, X = 1370

3 1

m, E; = 3.8 V/km, k = 78 km and pn_ = .015 cm Vsec” . The resulting

value of the surface neutral number density is then
ng = 1.4 x 105cm'3 (16)

Other sz X 31 events have been observed by the Apollo 15 instrument in
1973 and 1974 that give similar results. That is, a surface number

density for neon of the order of 'Ioscm'3

N ¢o a few tens of volts negative
and A of the order of a kilometer. The detailed analysis of all of the
data is not complete at this writing, but the events presented here may

be considered representative of the data set.

N o s o sk oo+ = <



A1l of the sunset terminator regions (beginning ~3 days before [';
local sunset and continuing to sunset) in 1973 and through day 251 of
1974 for Apollo 15 have been searched for sz X 51 events with the
result that 14 events have been found for which simultaneous mass
spectra exist. These are considered to be "high quality" events. Many
other events exist in these regions that appear to be V;w X Ei events
_but for which no simultaneous mass spectrum exists. These "no-mass"
spectrum events will be used in future analyses to enlarge the data base
-on the assumption that the principal component of the mass spectrum is
neon. Not all of the high quality events have been analyzed to determine
the parameters but an estimate of the surface number density for neon
has been made from these spectra. The events presented in this paper
are predominantly neon but many of the other observed spectra indicate
that more than one gas is contributing to the spectrum. Work is presently
in progress to determine if these spectra can be fit adequately assuming
a multicomponent atmosphere,

The value of the surface number density of the neutral neon atoms

5cm'3) determined from the present analysis is about a factor of 10

(-10
less than reported from earlier SIDE data. The data discussed by
Vondrak et al. [1974) were taken less than 6 months after deployment of
the Apollo 15 instrument while the present data were taken more than 2
years after deployment. At present we do not understand the reason for
this discrepancy. We hope to resolve this problem by examining data
from the period between the earlier and the later data.

The investigation of the electric potential distribution versus

height using this technique is a separate line of research and will not P

be discussed in detail here,
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The other type of ionospheric ion event observed in the terminator
regions is due to acceleration by the lunar surface potential zlone. A
typical example of one of these events is shown in figure 4. These
monoenergetic low-energy ions nrovide good mass spectra which aid in
determining the composition of the ionosphere and the magnitude of the
lunar surface potential. However, the narrow peaks of the spectra make
an analytical representation of these events difficult.

An analysis of nine terminator regions in 1973 and 1974 shows that
the only consistertly present components of the mass spectra in lunar
surface potential type events are 20-28, 28-40, 40-44 amu/q ions (the
SIDE mass analyzers are not well suited for the detection of masses

below 10 amu/q).
, Summar

The results contained in this description of the lunar terminator ion
environment may be summarized as follows:

A model is proposed to explain the dominant features of the sz
X gi spectra that are observed in the terminator regions. This model
uses an exponential atmqﬁjhere, the vertical V;w X Ei electric field,
and an exponentially decreasing potential distribution near the surfacc
A reasonable fit to the ng X Ei spectrum can be obtained which yields
the parameters L Ei’ ¢° and A. The form of the observed spectra
confirm the exponential distribution of the neutral atmosphere in the
observed mass range. The lunar surface potential as determined from

the V;w X E% spectra is often found to be a few tens of volts negative




1

at a solar zenith angle of ~ 70° and the scale size » of the distribution
is of the order of 1 km. The analysis of several sz X Ei spectra with
a dominant mass of 20 amu/q shows that the neutral number density n, is

Sem. Earlier SIDE data indicate a higher value.

of the order of 10
The lunar surface potential events provide good mass spectra which
show that the dominant constituents of the lunar ionosphere which are

- observable by the SIDE are fons of mass 20-28, 28-40, and 40-44 amu/q.
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Figure Captions

Figure 1. Fit of the theory to an observed sz
The inset shows that the dominant mass for this

event is 20 amu/q. The circles connecte. by a dashed
line represent the results of the calibration for

20 amu/n particles normalized to the observzd counts.

Figure 2. sz X Ei event observed on day 43 in 1974 by
the Apollo 15 SIDE. The smooth curve is a fit to
the data with ¢o =50V, h=75km, A=1700m

E; = 1.3 V/k and pn, = .011 ™S,

~» kd

Figure 3. sz X B1 event with stronger interplanetary field.

The fit to this spectrum was made with ¢o = 45 V,

h =78 km, *=1370 m €, = 3.8 V/km and pn_ = .015 3.

Figure 4. Typical lunar surface potential cvent showing
simultaneous energy and mass spectra. The appearance
of the counts in the 20 eV/q channel is interpreted
to mean that the magnitude of the negative lunar surface
potential is 20 V. The counts are summed over 16 spectra

taken over ~ 1/2 hr.

X éi spectyrum,
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The electric potential of the lunar surface

M. A. FENNER, J. W. FREEMAN, JR., und H. K. Hir s
Department of Space Scien

Rice Umiversity
Houston, Texas 77001

Abstzact--Acceleration and detection of the funar thermal 1onosphere in the presence of the lunar
electric field yields a value of at least +10 volts for the lunar clectric potential for solar zomth angles
between approximately 20° and 45 and in the magnetosheath or sobn wind  \n criianced nositive 1on
Hux 15 observed with the ALSEP Suprathermal Ton Detector when o pre acceleration ve hage attains
certam valtes. This enhancement 1s greater when the moon is i ihe solar wind as opposed ta the
magnetosheath

INTRODUCTION

TuEor 11C 31 siepies of the electric potential of the sunlit lunaw suiface in the
presence of the solar wind have predicted values rangimg from + 20 volts down to
a few volts positive. Originally, Opik and Singer (1960) proposed a value of about
+ 20 voits. More recently Grobman and Blank (1969) revised this estimate down-
ward by about an order of magnitude and finally Manka (1972) has estimated a
value near + 10 volts. In the absence of the solar wind, Reasoner and Burke (1972)
have reported potentials as high as + 200 volts as the moon crosses the magneto-
spheric tail.

In this paper we discuss evidence for a sunlit potential in the magnetosheath
and svlar wind of about + 10 volts. This evidence comes from the analysis of the
energy spectra of lunar ionosphere thermal ions accelerated toward the moon by
an artificial electric field. The data are provided by the Apollo Lunar Surface Ex-
periment Package (ALSEP) Suprathermal Ion Detector Experiment (SIDE) de-
vloyed at the Ajollo 14 and 15 sites,

Tue SIDE

The Suprathermal lon Detector Experiment (SIDE) contains a total ion detec-
tor curved plate annlyzer and ion mass analyzer designed to measure positive wons
down to a few electron volts. To accomplish this in the face of possible lunar
surface potentials of the order of several tens of velts, the instrument is equipped
with a ground plane clectrode (in contact with the lunar surface) whose potential
with respect to a wire grid above the ion entrance apertures is stepped through a
series of 24 voltages (see Fig. 1b). For certain negative (accelerating) voltages, the
imposed clectric field is able to overcome a positive surface potential allowing
thermal ions to be meusured by the instiument.

The ground plane electrode is & circular wire grid 65 cm in diameter. Close-up

2877
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SECOND-SURFACE MIRRORS
(THERMAL CONTROL, 10N ENTRANCE APERTURES

GROUNDED - ~

AN . TOPGRID. - 1ONS 1N

_GROUND SCREEN
-~ "STORAGE TUBE o
OEPLOYMENT oo .
LANYARD . Teuene LEVEL - b+
“~HANDLING TOOL 1 0o
SOCKET
45 cm STEPPING
SUPPLY
cc6
SIDE
A IROUND PLANE
/k Va
REEL "~ — GROUND PLANE —_ _J_ - -/_ ¢
~/misson caBLE LUNAR SURFACE
CONNECTOR
APOLLO 14 SIDE Deployed Configuration Schenutic of the Instrument Configuration
(o) (b)

Fig. I. The Suprathermal lon Detector Experiment (1) as deployed on the lunar surface,

and (b) showing the ground plane and top wire grid configuration schematically. Thermal

ions are attracted to or repelled from the top of the instrument by the top grid. @ is the

voltage produced by the stepping supply. The ground planc is in actual contact with the
lunar surface.

photographs show that the grid makes contact with the surface at many points, so
good electrical contact will be assumed (see Appendix A). The SIDE is D.C.
isolated from the ALSEP central station and other experiments.

These features of the SIDE allow the determination of the electric potential of
the lunar surface under certain conditions. This is accomplished by examination
of the energy spectra of thermal ions accelerated into the SIDE by the ground
plane voltage in the presence of the electric ticld due to the surface charge of the
moon.

Figure la shows the instrument and the ground plane in the deployed configu-
ration. Further details of the experiment can be found in Freeman et al. (1972).

INSTRUMENT Funciio~

Assuming good electrical coupling between the ground plane and the lunar sur-
face the insttument would be expected to function as follows:

ta) In the case of a near-zero lunar surface potential & negative ground plane
stepper voltage accelerates thermal positive ions into the instrument with
an energy approximately that of the stepper voltage

(b) When the lunar surface is substantially positive and the stepper voltage
negative, but larger in absolute value, the energy of the detected ions is
less than the stepper voltage by an amount equal to the lunar surface po-
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tentiul. When the stepper voltage exactly matches but is of opposite sign
from the lunar surface potential, the ions are seen unaccelerated.

{¢) When the lunar surface is negative the ions may be repelled by a suffi-
ciently large positive stepper voltage.

We can assume that the ions seen are principally ionized neutrul gas in thermal
cquilibrium with the tunar surface (T =< 400°K) and further that most of the ions
appear to have come from infinity so far as the energy acquired from the surface
electric tields is concerned. Under these conditions, the foregoing can be made
more explicit by expressing the ion energy, E, seen at the detector by

E=E — (¢ +9u)q (D

where E, is the initial ion energy (the neutral thermal cnergy), ¢, the potential of
the top wire grid of the SIDE relative to the ground plane and hence to the lunar
surface. ¢ the lunar surface potential, and g the ion charge (assumed to be +1).
We will be concerned with cases in which ¢, is negative and for which we assume
qle: + @d = E. so that (1) becomes

E = —‘((p, + ¢u)q (2)

Using this cquation vbservable values of @oq are displayed in Table 1 for the
diffcrential energy channels, E, and stepper voltages, ¢, of the Apollo 14 instru-
ment. If the initial energy of the ions is not negligible then the tabular values
repiesent (¢og  E,) and hence provide a lower limit on the surface potential; a
situation that we consider unlikely (see Appendix B).

OBSERVATIONS

A feature of the data when the solar zenith angle 15 between approximately 20°
and 45° is the frequent appearance of narrow low-energy ion flux spectra which
show a correlation with the ground plane stepper voltage. That is, ions at certain
peak energies recur with specific ground plane stepper voltages. We will refer to
this occurrence as a resonance. There is often a complete absence of ions in any
eneigy channel except at the resonant ground plane stepper voltage.

This phenomenon has been seen with the Apotlo 14 and 15 SIDEs and exclu-
sively in the solar wind or magnetosheath. Figure 2 shows the location in lunar
orbit of these observations. Only one such observation haw been made on the
dawn side of the tail. It was seen at a time of high local gas pressure following the
Apollo 15 LM impact. Each lunar cycle for which Apollo 14 data are available
shows the resonance in the afternoon or dusk side magnetosheath and solar wind
and some cycles of Apollo 15 data show this resonance in this quadrant as well.

Figure 3 shows an extended set of data from the Apollo 14 SIDE.
Here the count rates from the two lowest energy channels have been grouped ac-
cording to the ground plane stepper voltage. The energies that stand out near the
center of the figure are 7eV at ground plane voltage — 16.2 and 17eV at ground
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Table 1. Apolio 14 SIDE—Observable values
of (¢ q).

E
Total ion detector
Energy Chunnels
0267 ¢ (volts) TeVig 17eV/gq

Ground Plane
Stepper Voltage

- 0.6 ~ 64 - 164
- 1.2 - 58 158
- L8 ~ 52 15.2
- 24 - 4.6 14.6
- 36 ~ 34 -13.4
- 54 ~ 16 - 116
- 78 + 08 - 92
-10.2 + 32 68
-16.2 + 92 08
-19.8 +128 + 28
-27.6 +20.6 +10.6

Q0.0 - 7.0 -17.0
+ 0.6 - 1.6 17.6
+ 1.2 ~ 8.2 - 182
+ 1.8 - 88 -188
+ 24 - 94 -19.4
+ 36 - 10.6 -2.6
+ 54 ~124 24
+ 78 ~148 M8
+10.2 ~17.2 7.2
+16.2 ~2.2 1.2
+198 ~ 268 ~-36.8
+27.6 ~34.6 -44.6

plane voltage —27.6. From Equation (2) and Table | these examples yield a lunar
surface potential, ¢., of approximately +10 volts.

Ten months of Apollo 14 data have been scanned. Each lunation shows reso-
nances similar to Fig. 3 indicating a surface potential of ~ + 10 volt:; for zenith
angles between approximately 20° and 45°. A typical segment of data for this
region is shown in Fig. 4. Here the counting rates in the 17eV channel are plotted
each time the ground plane stepper reads —-27.6 volts. The counting rates for the
same energy channel are plotted when the ground plane stepper is at 0.0 volts as a
measure of the background when particles cannot be accelerated into the detector
by the stepper potential. This plot clearly shows the increase in the counting rate
for the resonant step as the detector moves out into the free-flowing solar wind.
The maximum rate, although not sharply defined, usually occurs near a zenith
angle of 35° In all the data that have been scanned, the resonance ends at about
45°, This suggests that at that point the lunar surface potential decreases below the
energy level required to produce a resonance in our differential energy passbands.

N kI -t
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TO THE
SUN

ALSEP IS
SUNSET
ECLIPTIC

PLANE
SIDE
LOOK
DIRECTIONS SIDE LUNAR

SiDt  LUNAR
SURFACE POTENTIAL ‘ NGURFACE POTENTIAL
OBSERVATIONS OBSERVATIONS

ALSEP 15 NOO ALSEP 14 NOON

Fig 2 Location in lunar orbit of the tunar surface potential ubservitions,

These passbands are narrow (£ 5% FWHM) and not contiguous, so it is possible
for the ion peak to disappear between them. Hence the disappearance of the
resonance does not imply a discontinuity in the lunar surface potential, In factit is
important to note that the resonance shown here indicates that the surface poten-
tial does not change greatly over a large portion of the sunlit surface. At the
equatorial site (Apollo 14) the poteatial remains + 10 v~ 2 v over the solar zeniwn
angle range 20° to 45°. The same potential has been observed uat least once within
the same zenith angle range at the Apollo 15 site 26.1° north of the cquator,

That the magnitude of the counting rute at resonance is related to the solar
wind is further seen in Fig. 5. The solar wind velocity is relatively constant over
the seven month interval shown; however, the solur wind number density varies
by an order of magnitude. In November an unusually high number density in the
solur wind was reflected in a very intease resonance. This observation is consis-
tent with the source of ions considered helow.

THE THERMAL LUNAR EXOsvHE RE

The foregoing assumes that the thermal lunar ionosphere is being accelerated
into the instrument in the presence of a lunar surface electric ticld and an artificial
electric field arising from the SIDE. This hypothesis is not only supported by the
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Fig. 3. SIDE total ion detector count rates in two energy channels for a three hour tme
interval grouped by ground plane stepper voltage. The time given is the start time of the
interval.
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Fig. 4. Typical ground plane stepper resonance seen by Apollo 14 in the lunar afternoon.

The counting rates in the resonaat channel are compared with those in the 0.0 volt step

which were used as a measure of background. i.e., ions not affected by the ground plane

voltage. The six data points from ;.th of the stepper cycle are plotted on an expanded

scale in each period of approximately one hour. Note thz. o this lunation the resonunce
begins at a solar zenith angle of (°.
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COMPARISON WITH SOLAR WIND DATA
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Fig. 5. Comparison of thermal ion data and solar wind dati. The maximum counting rate
in the resenant step iy plotted for cach month. Vela data is from Solur-Geophysical Data,
U.S. Department of Commerce, Boulder, Colorado.

ground plane stepper resonance but also qualitatively by the cbserved narrow
energy spectrum. This spectrum is typically less than the width between detector
differential energy.channels or 10 eV/q. There is an absence of a low energy tail.
Consider the electric field region to be confined to a screening length, L,
analogous to the conventional Debye length. For the solar wind L is of the order
of a few meters. At the lunar surface it is probably much icss than this due to
photoelectrons and electrons from the ionized neutrals. In any event, L < H,
where H is the scale height of the neutral atmosphere to be ionized. As a result the
volume above the detector within 1 screening length is very small compared to
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that within the scale height H. The ions produced in the atmosphere within or
above height H of the detector greatly predominate over those produced within
height L. A large fraction of these will drift thermally or ballistically into the field
region. The ion distribution function in energy space will then peak sharply at the
potential of the instrument relative to infinity; as is actually observed. (In reality
the drift of the thermal ions will also be somewhat influenced by the interplanetary
electric field, however, this must be a second order effect because of the high
stability of the resonance fluxes despite major changes in the interplanetary
magnetic field.)

Assuming focusing to the detector of about 1 steradian we can use the ob-
served ion flux to obtain an order of magnitude estimate of the requisite neutral
number density in the lunar atmosphere. Following a treatment given by Manka
(1972), for an exponential atmosphere, the omnidirectional ion flux seen by the
detector, F, is related to the neutral surface number density, N, by

F= PN20H 3)
where P is the total production rate for ions, and H the scale height for neutrals.
Referring to Fig. 3 we take 300 counts/second as typical of the 17eV ions and
calculate a flux of 3x 10*ions/cm’sec.

We must now make a choice regarding the composition of the atmosphere.
Johnson (1971) has <hown that the atmosphere is expected to consist largely of
neon. Freeman et al. (1971) quote an afternoon surface temperature of 360°K
yielding an H of 100 km for mass 20. Siscoe and Mukherjee (1972) estimate a total
ion production rate of 1.1x 107 ions/sec atom for ncon. The requisite surface
number density is then N, ~ 5 x 10°atoms/cm'. This is in reasonable agreement
with the daytime surface number density reported by the Al SEP cold cathode
gauges (Johnson, F. S., private communication).

Although the resonance phenomenon has been seen with the SIDE mass anal-
yzer we have not been able to determine directly the ambient ion masses. Statis-
tics ace generally poor and the resonance mass analyzer data often fall in a very
low energy channel where mass calibration is uncertain. The only occasion to date
on which a well defined mass spectrum has been seen due to the ground plane
stepper resonance followed shortly after the Apollo 15 mission. At that time the
spectrum was typical of an exhaust gas spectrum. Lindeman, however, has found
non-resonance SIDE mass analyzer spectra peaking near mass 20, 36, and 40
believed to represent the ambient lunar atmosphere [Lirdeman et al., 1973). The
mass 20 N, calculation is given here only for illustrative purposes since a correct
calculation would require taking into account all of the musses present in their
proper abundances.

The enhanced resonance peak in November 1971 (Fig. 5) can be explained by
the increased solar ‘wind fiux. Bernstein et al. (1963) give the charge-exchange
cross-section of solar wind protons on neon as S x 10 "cm’. As seen from Fig. §
the solar wind flux reached -2x10%ions/cm’sec for a production rate of
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10 “ions/sec atom: casily enough to account for the enhanced rescnance during
November.

DISCUSSION AND SUMMARY

Acceleration of the lunar thermal ionosphere with known voltages has led to
the value of at least + 10 volts for the dayside Junar surface potentia’, It should be
emphasized this value holds only in the solar wind or magnetosheath plasma.
Reasoner and Burke (1972) have reported evidence for potentials as high as + 200
volts in the greater vacuum of the magnetospheric tail.

This + 10 volt value appears to Lold at least between solar zenith angles of 20°
and 45°. The increase in intensity of the resonance during passage from the
magnetosheath to the free streaming solar wind may be due to a slight change in
the funar surface potential such that the accelerated ions are more nearly centered
on an energy passband. This shift in potential might arise from a changing electron
temperature. On the other hand, the solar wind may enhance the ionization pro-
cess itself since it is clear from Fig. 5 that the solar wind does play a key role in the
magnitude of the resonance phenomena.

From SIDE data, Lindeman et al. (1973) have found that the potential of the
lunar surface near the terminator goes from pousitive to negative as one ap-
proaches the lunar night. Figure 6 shows the composite data on the lunar surface
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potential together with theoretical calculations by Manka (1972) for typical solar
wind conditions. The general shape of the experimental curve is in good agree-
ment with prediction. As pointed out by Manka (private communication), the
point at which the potential goes negative and the ultimate night side potential are
very sensitive to the assumed solar wind electron temperature.
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APPENDIX A

The question of the D C. coupling between the ground plane and the lunar surface will be
¢ \amined

Close-up photographs show that the grid makes contict with the lunar soil at many points and
where there is not direct contact the wir:, are rarely more than o few centimeters from the surface.
Strangway ¢t al. (1972) have measured the D.C. conductivity of tunar soil saumples and found values
hetow 10 ' mhosm in the temperature range of interest This is sufficiently low that the soil may be
comsidered o perfect insulator and we can direct our attention 10 conductivity via the plasma only.

The problem can be recast by considering the relative importance of two impedances R. and R,
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I he clectng potential of the lunar surtace xu7

and thinkimg of the SIDE as the center terminal in 4 voltage divide .etwork R represents the
mpedance between the SIDE 1op wire gnd and infinity R, . 1epresents the impedance between the
vrotnd plane and the lunar surtace In either case the impedance. R 15 approximated by

1
R oa
where £ s the ~oreeming length for the plasma, ¢ s conductingty wnd A the effective srea of the
cledtrde (Where the grouad plane wire s less than 1. from the surface then some mean distanee 1o
the surfaco e replace [ ) We assume that [ and o are the same at both electrodes and find that the
relatinve imped wices are determined by the areas of the two electrodes The conditun ~f smiall refauive
potential ditfcicnce hetween the ground plane and the lunar sarface, which i

R.»R;.
now becomes
A A,

whete Ay, and A, arc the effective areas of the top gnd and o plane respectively The grows!
planc 1s approvimately 65 cm in diameter and contimns over 13800 cm of wire The top 1 approxnnately
10« 12cm and conmsts of knit wite mesh We estimate

An
Ao

and hence com fude that the poteatial difference between the ground plane and the lunee surface v 4
small fraction of the lunar surface polential retative 10 inhinity

0.01

AprPenDIX B

In the case of o soreening length long compared to the dimension of the SIDE dwne the iunar
surface (- S0om) the lunar surface potential field may overwhelm the SIDE top grd field some
dmstance out and et up a posttive potential harrier for posttive xns attempting (o reach the SIDE. Thes
suggests the possibility of son-neglgible initinl jon caergses, £, One mus then ash what the il
energy source mught be vnce the resonsnce is clearly the result of uner stososphenc oms oy 1
demumstrated by the obwerved number density and the mass spec . secit on o lenst one occaseon Toa
a celeration by the interplanctary clectric field as discussed by Munk. and Mschel [ 19N 1y Hrequently
seen i the STDE won data, however, this leads 10 a sporadic highly deicctumal and energy vacveng ux
unkhe the stable mosochromatic flux asocuated with this resonance phonomenon No other oa
accelerution mechanisms are known thit ure appropriate 1o thas /csuth anple regmc. hence we prefer
the assumption of 4 smaller screcning loagth and neghgible £, Ir any event. aur value (o the lunar
wirface potential stands as 2 lower limnt
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Abstract

This paper reviews the electric field environment of
the moon. Lunar surface electric potentials are reported as
follows:

Solar Wind Dayside: ¢0 +10 to +18V

Solar Wind Terminator: ¢O~ -10 to -100 Vv
Electron and ion densities in the plasma sheath adjacent to
each surface poten..ial regime are evaluated and +te corres-
ponding Debye length estimated. The electric fieldc are
then approximated by the surface potential over the Debye
length. The results are:

Solar Wind - Dayside: Ly * 10 V/m outward

Solar Wind - Terminator: EO~ l to 10 V/m inward
These fields are all at least 3 orders of maynitude higher
than the pervasive solar wind electric field howe'er they

are confined to within a few tens of meters of the lunar

surface.



Lunar Electric Fields, Surface

Potential, and Associated Plasma Sheaths

Ar.y body emersed in a plasma acquires a net negative
charge. A body exposed to intense ultra-violet radiation is
inclined to acquire a positive charge. The Moon enjoys both
of these environanents simultaneously. As a result one
expects a complicated surface charge distribution on the
lunar surface.

Figure 1 shows the general environment of the Moon. On
the left hand side is shown the continuous flux of photons
from the sun, as well as solar wind protons and electrons.
The photon flux dominates the solar wind proton flux and
results in the ejection of photoelectrons from the sunlit
lunar surface. We expect therefore that the dayside will
exhibit a positive lunar surface potential. As one progresses
towards the terminator regions where the solar wind proton
and photons impact the surface at more oblique angles, the
solar wind electrons, which have high random velocities,
still have free access to the lunar surface with normal
incidence. One therefore expects the potential to grow more
and more negative as the terminator region is approached. A

negative potential at the terminator is predicted.
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Figure 2 illustrates these speculations more completely.
We see here the positive potential on the dayside surface of
the Moon and immediately adjacent to this positive potential,
the regions of negative potential generated by the photo-
electrons ejected from the lunar surface by the solar ultra-
violet photons. This photoelectron sheath contains electron
number densities on the crder of several thousands to tens
of thousands of electrons per cubic centimeters. It is
confined to a region within a few meters of the lunar
surface.

The surface potential becomes smaller and eventually
goes negative as one approaches the terminator region.

Above the negative surface potential in the terminator
region we find a positive ion sheath made up of atmospheric
ions. The positive charge regions above the surface may
result in part from electron depletion, however, positive
ions are seen.

This distribution of charges will give rise to electric
fields in the vicinity of the Moon. These electric fields
will be superimposed on the interplanetary electric field
generatea hy the motion of the solar wind magnetic field
past the Moon (The so-called ng or solar wind electric
field). This electric field is approximately 3 orders of
magnituie weaker but much more extensive than the electric
field associated with the lunar surface potentials. The

interplanetary electric field has received considerable
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attention and will be the subject of several other papers at
this conference so the balance of tnis paper will concentrate
cn the electric fields associated with the lunar surface
potential.

Table 1 illustrates previous theoretical calculations
aimed at determining the dayside lunar electric potential.
Opik and Singer [1960] were the first workers to attempt to
estimate the electric potential of the dayside of the Moon.
Their results, based on energy balance consideratiéns,
indicated potentials on the order of +20 to +25 volts. More
recently, Grobman and Blank [1969] using collisionless probe
theory estimated a range of potentials from approximately
+10 volts down to practically zero depending on the assumed
values for the photoelectric electron yield function and the
work function of the lunar surface materials. Manka [1973]
carried out similar calculations based on current balance.
He found potentials ranging from approximately +4 volts to
+9 volts positive depending again on assumptions about the
photoelectron yield function. 1In a more elaborate calculation,
Walbridae (1973] divided the photon flux from the Sun into 3
energy ranges. He found three corresponding electron energy
distributions giving a surface potential or the order of

+3.5 volts or greater for the dayside of the Moon.
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Since all of these theories depend explicitly on the
photoelectric yield funccion and the work function cof the
sur:ace, Feuerbacher et al. [1972] undertook to make measure-
ments of these functions on actual lunar soil materials.
Their results indicated .07 for the photoelectron yield
function and 5 eV for the work function. Reasoner and Burke
(1972] using data from the CPLEE experiment were able to
make in situ estimates of the work function and the photo-
electric yield. Their data, which were taken when the moon
was in the geomagnetic tail, indicate values for both of
these numbers, in rough agreement with those of Feuerbacher
et al. Based on this, the lower limit for the surface
potentiul given by Grobman and Blank is inapplicable and the
predicted lunar surface potentials range in value from few
volts to 25 volts positive.

Experimental values for the lunar surface potential
have been obtained by the apollo lunar surface suprathermal
ion detector c¢xperiment (SIDE) ([Freeman et. al., 1973].
Figure 3 illustirates the configuration of the SIDE as
deployed on the lunar surface. Immediately beneath the SIDE
instrument is a ground plane electrode. This ground plane
electrode is wired to a stepping supply inside the SIDE
detector, which is in turn referenced to the SIDE ground. A
small wire mesh grid immediately above the input aperture

for the ion detectors is also wired to SIDE ground. Through

——
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this stepping supply it is po<sible to alter the electric
potential of the SIDE instrument relative to the lunar
surface. When the stepping supply is negative, ions generated
in the lunar atmosphere by solar ultraviolet and ionization
from the solar wind can be accelerated directly into the
instrument and the energy with which they are detected will
be given by equation 1; assuming of course that the lunar
surface is positive.

/g =€iy = (95 * 0g). (1)

q

€ is the detection energy, € the ion initial energy,
¢o and ¢s the lunar surface potential and stepping supply
potentials respectively, and q is the ion charge (assumed to
be unity). The SIDE actually measures energy per unit
charge in 20 discrete differential steps from 10 ev/q to
3500 ev/q for positive ions. The ground plane stepper has
23 discrete voltage levels. See Freeman et al. [1973]) for a
table of measurable lunar surface potentials.

We note the assumption that the initial energy of the
ions is negligible compared to the energy acquired by
acceleration by the instrument and the lunar surface potential.
The initial energy of the ions is the thermal energy of the
neutral atoms from which they originated. The assumption of
negligible enerqy is therefore justified. However, if the
initial energy is nonnegligible the calculated values for :

the lunar surface potential represent lower limits.
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As the SIDE steps through various energy channels and
ground plane stepping voltages "resonances" occur which
consist of enhanced detector response in the energy channels
appropriate to the instantaneous lunar surface potential for
each ground plane stepping voltage. Figure 4 illustrates an
example of these resonances in the actual raw SIDE count
rate data. One can see a resonance in the 7 eV/q channel at
the -16.2 ground plane stepping voltage, and another in the
17 ev/q channel, at the -27.6 ground plane steppiné voltage.
These two numbers taken together indicate a lunar surface
potential of approximately +10 volts at this particular
time.

The overall results of the SIDE instrument lunar
surface potential measurements are illustrated in Figure 5.
Here we have plotted the electric potential on the lunar
surface as a function of the solar zenith angle. For most of
the late morning and early afternoon the lunar surface
potential is in the vicinity of +10 volts. A new result,
reported here for the first time, is an asymmetry in this
curve in the form of a small ear in the late lunar afternoon.
Here the lunar surface potential rises to approximately +18
volts. This effect is seen at the Apollo 15 site but not at
the Apollo 14 site due to an instrumental effect.

Notice from Figure 5, in early morning and late after-

RSN

noon the surface potential goes to negative values as the

terminator is approached. The potential measurements )
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in these regimes are not made by the technique just described,

but rather are derived from a set of data which will be

described.

Goldsteinr [1974] has analyzed electron data from the
ALSEP Solar Wind Spectrometer experiment and computed a
lunar surface potential of the subsolar point in the solar
wind of +5 to -3 volts. The discrepancy between this result

and the SIDE data has not yet been resolved.

Manka [1973] has investigated the lunar surface potential

in the vicinity of the terminator regions. Figure 6 shows
his theoretical curves indicating an asymptotic potential at
the terminator of about -35 volts. This value is highly
dependent on the solar wind electron temperature and could
in fact be considerably more negative at times. These
theoretical curves bear a strong similarity to the observed
potential curves shown in figure 5.

Actual data on the lunar surface potential in the
vicinity of the terminator can be obtained by the SIDE
instrument through the observations of the atmospher.c ions
associated with the ion sheath adjacent to the lunar surface
{Lindeman et al., 1973]. These ions reach the surfuce with
peak energies corresponding to the lunar surface potential.
As the SIDE approaches the terminator region very low energy
ions are seen Jirst. These energies increase gradually as
the instrument passes the terminator. This phenomena is

illustrated in figure 7. Here we see ions of approximately
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10 electron volts about 1.5 days prior to the terminator.
About 0.5 days before terminator crossing the ion energies
begin to climb until they reach values of 70 electron volts
approximately 0.5 days after the terminator crossinag. This
is believed to be a direct observation of the ambient lunar
ions generated in the atmosphere by ultraviolet ionization
and accelerated to the lunar surface by the negative surface
potential. The energy in the ions is therefore a measure-
ment of the lunar surface potential itself. Lindeman et al.
{19731 have shown these potentials to go as low as -100
volts on some terminator crossings. It is interesting to
note that -70 volts is about the potential expected for a
stationary pla .na whose ion and electron temperatures are
10s and ZXIOS“K, the temperatures appropriate to the solar
wind. This calculation uses the potential expression given
by Chopra [1961) for a body in a stationary plasma.

The fact that these ions are indeed ambient atmospheric
ions is verificd by some sample ion muss spectra also taken
by the SIDE as shown in figure 8.

The terminator electric potentials measured in this
manner can be verified independently by the energy spectra

of ions accelerated toward the moon by the interplanetary

electric field. These ions show the expected exponential
spectra [Manka and Michel, 1973] offset by an amount of
energy equal to that obtained in falling through the surface

potential field. We thus have two independent determinations
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of the terminator surface potentials.,

No theoretical studies have been published on the
€lectric potential of the lunar nightside and because of the
absence of a strong ionizing mechanism our experimental
techniques for the day and terminator regions are of no
va'ue here. A complete analysis of the problem involves a
detailed study of the solar wind electron temperature and
the ways, if any, in which it might be modified on the night
side of the moon. Reasoner [private communicationj has
CPLEE electron data which may prove helpful in this regard.

Schneider and Freeman [1974] and Freeman [1972] have
reported ions of slightly less than solar wind energy whose
flux is 2 orders of magnitude below that of the solar wind
appearing on the night side of the moon. These ions tend to
occur most frequently several days before local sunrise and
several days after sunset, however, they have been seen
throughout the entire lunar night. Whether or not these
ions constitute a component of the lunar ionosphere remains

-+

to be seen. Certain Esw X Bsw ion trajectories do allow
transfer of atmospheric ions from the dayside to the nightside
[Manka, private communication]}. The energy of the ions
however suggests solar wind that has been diverted to the

night side ot the moon by some mechanism. One conceivable

approach is to consider these ions to form the positive ion

e

shcath for a negative nightside surface potential; in which

, b

case the deflecting force is electrostatic and the surface
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potentials required would be negative several hundred volts.
We recall that the terminator nightside potential is indicated
to be of the order of -100 volts. Alternatively, these ions
may arise from a turbulence or solar wind thermalizing

process associated with limb shocks or th: passage of the

moon through the solar wind.

Next we direct our attention to the lunar surface
potential in the geomagnetic tail.

Knott [1973] has pointed out that ¢nergetic electrons
found in the plasma sheet can be expect.d to drive the
nightside of the moon to several kilovolts negative on
occasions. Such large potentials are found on satcllites in
the tail during eclipses [DeForest, 1972].

Regardiny the day side potential for the moon in the
geomagnetic tail, Reasoner and Burke [1972] have reported
observations of photoelectrons in the photoelectron sheath
whose cut-ofi{ energy indicate dayside potentials ranging up
to approx.mately +200 volts. Furthermore, they saw these
potentials depressed to below their limit of detectability,
+40 volts, when the moon entered the plasma sheet during an
intense magnetic storm. The SIDE data show resonances,
similar to thosc described above, in some regimes in the
geomagnetic tail and indicates at those times potentials +10
volts or greater. A detailed comparison «f the SIDE and

CPLEE data has not yet been made .Jor periods of simultaneous
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data. It appears that the . inar surface potential can have

a wide range of values in the tail depending on local plasma

conditions. We expect more complete reports on tail potentiai

in the future. For completeness, the currently reported or
predicted tail potentials are summarized in Table 2.

Finally we discuss the electric fields associated with
these surface potentials. For the photoelectron layer
Walbridge {1973] calculates a field of the order of 10 to 15
volis/meter. This is consistent with our surface potential
of 10 volts if the effective screening length is 1 meter.
Feuerbacher et al. [1972] calculate 78 cm for the screening
length.

In the terminator region we <ssume the Debye length to
be that of the solar wind or approximately 10 meters.
Therefore, the electric field over the region where the
surface porential can be determined by the SIDE is of the
order of 1 to 10 volts/meter and directed radially inward.

The situation is much less certain on the far night-
side. For tne sake of completeness in this review we will
speculate that the energetic ions (N,  0.05 ion/cm?) form an
ion sheath for a surface potential of the order of -100
volts, and that their effective temperature is that of the
solar wind or ~105°K. In this case, the Debye length is of
the order of 100 meters and the electric field is 1 volt/meter

directed radially inward.
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Figure 2 summarizes the electric charge distribution
around the moon. The ion number densities shown, N,» are
those measured by the SIDE at the lunar surface. The ions
forming the atmospheric ion sheath at the terminator are
those illustrated in Figure 7. The nightside ions are tl yse
reported by Schneider and rFreeman [1974].

Superimposed on the surface electric fields is the
electric field of the solar wind whose value is of the order

of 2)(10‘3

volts/meter. This field dominates any ion trajectory
calculations at distances from the Moon greater than the
Debye screening length.

Figure 9 illustrates these electric field configurations.
The electric fields considered in this paper are only large
scale fields. As Criswell (1972, 1973] has pointed out
small scale ficlds may be very intense.

Given these electric fields, it is possible to make
calculations on the ion trajectories for ions 2rising from
ionization of the lunar atmosphere. The results of these
calculations are the subject of the paper by Vondrak and
Freeman (1974]. Similar calculations a ‘¢ also presented by
Manka and Michel (1973].

In summary, the gross electric field distribution in
the vicinity of thc Moon is understood. The next task

before us is to determine the effect of this electric field

distribution on the lunar ionosphere. In this connection we
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note that only a small fraction of the lunar atmosphere is
found above the lunar surface at any time. The lunar atmos-
phere is essentially a solid state atmosphere residing
beneath the lunar surface in the soil fines. This remark-
able type of atmosphere is sustained, in part, by the
ability of these electric fields to return ions to the
surface with high velocities. We might say that the lunar
atmosphere (at least for some gases) is recycled. Having
established the electric field environment, it is riow
possible to proceed to consider gquantitatively its effect on

the ion return or reimplantation rates.
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Figure Captions

The solar wind plasma and solar photon environment

of the moon.

The electric charge distribution on and near the moon.

The mechanical and schematic details of the deployed
SIDE.

Raw data from the SIDE differential energy channels

as a function of ground plane stepper voltage (voltage
of the SIDE relative to the ground plane).

The measured lunar surface potential, ¢o' as a function
of solar zenith angle.

Theoretical predictions of the lunar surface potential
versus solar zenith angle prepared by Manka [1973].
SIDE total ion detector 20 minute average count rate
energy spectra versus time. The short time is at the
bottom of the figure and increases along the y axis.
The vertical log count scales are 24 hours apart.
Enerqgy along the x axis is in eV/q. The differential
ene.ygy channels are as follows: 10, 20, 30, 50, 70,
100, 250, then increasing by 250 up to 3500 eV/q.
Shortly after the start time at least three energy

peaks are apparent. The lowest energy peak is due to

ambient ions accclerated by the lunar surface potential.

The peak at around 1000 eV/q may be turbulent solar

wind whose flow has been disrupted by a limb shock.
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The higher energy peak, whose upper limit is outside
our energy range, is due to protons escaping from the
bow shock front of the earth. rhese protons av2 seen
o:. and off throughout this time period.

A mass per unit charge spectrum from the SIDE mass
analyzer showing three peaks tentatively attributed to
helium, neon and argon. This spectrum, taken during a
terminator crossing verifies that the low energy ions
seen are from the lunar atmosphere and not accelerated
solar wind ions.

The electric field environment of the moon.
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ABSTRACT

An Observation of Lunar Nighttime Ions
by

Henry Emil Schneider

The Rice University Suprathermal Ion Deteétor Experiment
deployed on Apollo missions 12, 14, and 15 regularly observes
ion events all through the lunar night.

The ion events are most often less than 4 hours in dur-
ation, and usually less than one hour.

The energy spectra of the events vary from mono-energetic
at 250 eV/q to 500 eV/q to fairly broad. The energy repre-
sented may range from 250 eV/q to 1500 eV/q. There is some
indication that the peak energy of the events increases from
500 eV/q at local sunset to 750 eV/q at about 3 days before
local sunrise and then decreases to 250 eV/g 1 day before the
sunrise terminator crossing.

The ion energies are generally less than the solar wind
and the ion flux (= 106 ions/cmz-sec—ster) is down by 2 orders
of magnitude from the solar wind.

Ion activity increases in the period 1 to 6 days prior
to local sunrise with a peak at 2 to 3 days before sunrise.
There is also a weak secondary activity peak 3 to 4 days after
local sunset.

Data from the Apollo 12 SIDE has not been looked at yet.
The Apollo 14 and Apollo 15 SIDE's both exhibit the same ac-
tivity profile. This fact suggests a local lunar time depen-
dence rather than a position in orbit for the occurence of

these avents.
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CHAPTER 1 - INTRODUCTION

This thesis is concerned with the study of the plasma
interaction with the moon when the moon is outside the earth's

magnetosphere and in the interplanetary medium.

1.1 INTRODUCTION TQ THE SIDE

The six Apollo lunar missions placed a number of parti-
cles and fields experiments directly on the lunar surface as
a part of the Apollo Lunar Surface Experiment Package (ALSEP).
These experiments study the lunar plasma environment. The
results reported in this thesis come from the data reductiocn
of one such experiment, the Rice University Suprathermal Ion
Detector Experiment (SIDE). The SIDE is an ion spectrometer.

The scientific objectives of the SIDE were summarized by
Freeman et al. [1970) as follows:

1. Provide information on the energy and mass spectra
of positive ions close to the lunar surface result-
ing from solar UV or solar wind ionization of gases
from any of the following sources:

a. A residual primordial atmosphere of heavy gases.

b. Sporadic outgassing such as volcanic activity.

c. Evaporation of solar wind gases accreted on the
lunar surface.

d. Exhaust gases from the LM ascent and descent
motors and the astronaut portable life support
equipment.

2. Measure the flux and energy spectrum of positive ions
in the earth's magnetotail and magnetosheath during
those periods when the moon pasces through the mag-

netic tail of the earth.
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3. Pruvide data on the plasma interaction between the
solar wind and the moon.
4. Determine a preliminary value for the electric poten-
tial of the surface,
In order to understand the ion data observed on the dark
side of the muon, one must be familiar with the theories con-
cerning solar wind interaction with the moon. The following

sections briefly discuss the current knowledge concerning

this area.
l.2 GENERAL BATKGROUND - EXPERIMENTAL RESULTS

The solar wind is a tenuous plasma that continually
streams radially outwards from the sun. The solar wind con--
sists primarily of equal numbers of protons and electrons.
Typical number densities of the solar wind are of the order
of 5 particles/cm3. The solar wind velocity is supersonic in
that it is greater than the Alfven velocity of the medium.
Table 1-1 and figure l-1 summarize the solar wind parameters.

The conductivity of the solar wind is essentially infin-
ite. Therefore, the interplanetary magnetic field lines are
“frozen" into the plasma and thus dragged along by the solar
wind. The interplanetary magnetic field lines intersect the
earth's orbit at approximately a 45° angle to the earth - sun
line. '

When the solar wind reaches +he earth, the solar wind
plasma is unable to penetrate the earth's dipolar field. The
solar wind compresses the field thus giving rise to the earth's
magnetosphere (figure 1-2).

The solar wind interaction with the moon is entirely dif-
ferent from the interaction with the earth because the moon

has an extremely small intrinsic magnetic field. The solar



TABLE 1-1

OBSERVED PROPERTIES OF THE SOLAR WIND

QUANTITY

flux va (ions/cm2~sec)
velocity v (km/sec)

. -~ , 3
density Ne = Np (ions/cm™)
temperature Tp (°K)
thermal anisotropy (Tmax/'l‘av

helium abundance N(He)/N(p)

flow direction

magnetic field B(J¥)

B direction

Alfveén speed (km/sec)

SOURCE: Brandt [1970)

MINIMUM MAXIMUM  AVERAGE
108 101° 2-3x10°
200 900 400-500

0.4 80 5
5x10° 1x10° 2x10°

) 1.0 2.5 1.4

g

(isotropic)

0 0.25 0.05

t 15° of radius vector; average

from 2 2° east

0.25 40 6

Polar component variable, aver-
age in plane of ecliptic-solar
equator: planar component vari-
able, near the earth, average

spiral angle® 2 45°

30 150 60

-————



Figure l1-1. Sat:lliite Vela 3A measurcments of the solar wind
conducted in July 1965. The energy spectrum and directions

are shown {180° corresponds to particles moving radially away
from the sun, viewed from the spacecraft). The small hump in

2+

te energy spectrum curve may be due to He ions (Hundhausen

et al. [1967)).

Figure 1-2. A summary of the configuration of the magneto-
sphere in the noon - midnight plane (Ness[1Y65]).
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wind is directly incident on the lunar surface and the parti-

cles are absorbed there. The absorption of the solar wind on

the dayside lunar surface creates a cavity in the solar wind

on the night side of the moon.

Explorer 35, an United States satellite that was placed

in lunar orbit on July 22, 1967, provided the first accurate

measurements of the solar wind interaction with the moon.

Lyon et al. [1967]), upon reduction of data obtained by

the M. I. T. plasma probe flown on Explorer 35, established

the clear existence of a plasma void on the dark side of the

moon (figure 1-3).

Other results obtained by Explorer 35 of the solar wind-

moon interaction are summarized by Ness [1972] as follows:

1.

3.

The absence of a lunar magnetic field (at least none
greater than 2y) at satellite periselene when the
moon was in the geomagnetic tail.

The absence of a bcw shock wave or magnetosheath
(similar to the earth's) surrounding the moon, when
it was in the interplanetary field.

The existence of a plasma cavity or void region be-

hind the moon when in the solar wind flow.

The only effect noted in the interplanetary field was the

existence of:

4.

5.

Field magnitude increase in the region corresponding
to the plasma umbra, and

Field magnitude decreases on either side, in the plas-
ma penumbra.

The field direction is only slightly perturbed (<20°)
in the lunar wake from that in the undisturbed solar
wind.

Sometimes there exist increased field magnitudes in

the penumbral regions in addition to the penumbral
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Figure 1-3. Farly Explorer 35 studies of tlic integral solar
wind plasma flux (50 < Ep < 2850 eV) on the downwind side of
the moon. A logarithmic scale, used for the amplitude of the
plasma current, is shown at lower left. Note the absence of
counts in the middle of the plot. The spacecraft is now in

the plasma void (Lyon et al. [1967}1).
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decreases and umbral increase. Thesce magnitude per-
turbations are generally small (< 3u%).

In summary, the moon appears to behave like a spherical
obstacle in the solar wind flow. The moon absorbs the plasma
flux incident on its surface but permits the interplanetary
field to be ccnvectively carried past it without significant
distortion or the formation of a pseudo-magnetosphere or

shock waves.

1.3 GENERAL BACKGROUND -~ THEORY

In order to formulate an effective model of solar wind
interaction, one must be aware of the impcrtant fundamental
physical quantities. These parameters are summarized in fig-
ure 1-4. It is seen from figure 1-4 that the cyclotron radius
for both ions and electrons is less than one lunar radii.
There fore, a guiding center approximation would be valid to
first order in treating the problem.

Michel [1964] first suygested two possible solar wind
interactions with the moon. He examined the plasma flow in
two limiting cases. The first casc was the undeviated flow
of the solar wind past the moon. The solar wind is completely
absorled and neutralized upon impact with the 1uvnar surface.
The other case was the potential flow of the solar wind about
the moon. The plasma flow would be deflected around the moon
by a magnetic field induced as the interplanetary magnetic
field is dragged past a lunar interior that has a finite con-
ductivity. The developement of a bow shock would lead to a
subsonic flow behind it (figure 1-5).

So little was known about the solar wind and its inter-
actions at the time of this writing that Michel did not devel-

op his models any further. Present Explorer 35 measurements
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Fiqure l-4. Sumnary of physical considerations for theoretical
analysis of solar wind flow past the moon, using the most
probable values of plasma and magnetic field parameters (Ness
(1972)).

Figure 1-5. The upper figure indicates flow of solar wind
plasma onto the moon in the undeviated flow model. Slanting
lines indicate plasma. The lower figure indicates flow of
solar wind plasma around the moon in the potential flow model.
Dot.ted lines indicate the effect of the shock wake (Michel

[1964]).
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indicate oy that Michel's model of undeviated flow past the
moon most closely resembles the actual wm2chaniem in operation.

Michel [1967], using the early results of Explorer 35,
proposed that the solar wind closed in behind the moon causing
a shock wave when the collapse of the plasma was halted (fig-
ure 1-6). Michel [1968] extended this study to include the
effect of different directions of the interplanetary magnetic
iield. It was determined that the formation of the shock wave
downstream from the moon was independent of the direction of
the magnetic field (see figure 1-6).

Johnson and Midgley [1968] studied the closure of the

. plasma cavity. They determined that the rate at which the

void behind the moon is filled depends on the orientation and
the relative strength of the interplanetary magnetic field.

Using the guiding center approximation, Whang [1968]
studied the ion flow in the vicinity of the moon. He assumed
that the directional and magnitude perturbations of the inter-
planetary magnetic field were negligible. His results showed
that the wake was confined to a region behind the moon and it
was not axially symmetric about the x-axis (figure 1-7).

Wolf [1968] extended the work of Michel and of Johnson
and Midgley using the continuum fluid approach and a cylinder
to approximate the moon. He studied the problem for the case
where the interplanetary magnetic field is aligned with the
plasma flow velocity and for an isotropic pressure of the
magnetized plasma. From his analysis, Wolf arrived at the
same results as Michel (see figure 1-8).

Using the kinetic theory approach and neglecting ths
interplanetary magnetic field, Wu and Dryer [1972) arrived at
number density contours and flow patterns about the moon {see
figures 1-9 and 1-10). They predict that on the dark side of
the moon there is a probability of a very low, but finite,

e



Figure 1~-6. Sketch of the development of a trailing shock
wave in the lunar wake (Michel [1968]).

Figure l1-7. The distribution of ion flux in the X - Y coor-
dinate plane for varying direction angle ¢ (Whang [1968]).

Figure l1-8. Diagram developing further geometry and flow
characteristics behind the moon leading to the formation of
a trailing shock wave. The upper figure refers to the plane
of symmetry while the lower figure refers to a plane perpen-
dicular to this (Wolf [1968]).

Figure 1-9. Constant density contours with a non-central
force field potential in tr2 vicinity of a "small" spherical
obstacle. Note the development of a continuum-like "Mach
cone"” at the limb, compression near the subsolar point, and
expansion immediately beyond the limb. n_ is the number den-
sity of the incident solar wind. The x-axis scale is in units

of obstacle radii (Wu and Dryer [1972]).

Eigure 1-10. Velocity vectors with a non-central force field
potential in the vicinity of a "small" spherical obstacle.
Note the turning of the plasma flow on the sunlit hemisphere
and the acceleration of particles around the limb. The x-axis

scale is in units of obstacle radii (Wu and Dryer [1972]).
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density of particles.

1.4 RESEARCH OBJECTIVES

1

The SIDE observes ion fluxes of a narrcw energy range
sporadically from local lunar sunset to local lunar sunrise.
The lack of a complete understanding of this ion data and the
fact that very little analysis has beern performed on this
data so far leads to the following research objectives:

a. To determine if the ion bursts occur randomly or are

correlated with Kp.

b. To determine if there is a dependence on the occurence

of the events on position in lunar orkit or lunar
local time.

c. To determine the characteristics of the ion spectra.

Q
.

To suggest some possible explanations for the pre-

sence of these ions in the plasma cavity behind the

noon.



CHAPTER 2 - INSTRUMENT

2.1 BASIC PHYSICS QF QPERATION

The SIDE, like most other particle detectors with an
energy discrimination capability, determines the energy of a
charged particle by observing how its trajectory is changed
on entering a region where an electric exists. Normally this
electric field is created by applying a constant potential
difference across two parallel plates. If the applied elec~
tric field is perpendicular to the trajectory of the particle,
then the amount of deflection from the initial trajectory is
a function of the energy of the charged particle and the
strength of the deflecting field.

The simplest configuration is shown in figure 2-1. The

velocity in the direction of the deflected particle is:
v = 259 2-1

Y m

where EBp is the energy of the particle and m is the mass of

the particle.
1f Vd is the voltag2 across the plates, separated by a

distance d, then the electric field will be:
E = Xﬂ 2"2
4

The particle will experience a transverse force resulting

in a transverse velocity Ve given by:




Figure 2-1. Schenatic diagram of plane and ~urved plate
electrostatic analyzers. The Wein velocity filter preceeds

the curved plat analyzer to form the Mass Analyzer.
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where q is the charge c¢f the particle and At is the time
spent by the particle in the electric field.
Thus

At =

and

where L is the length of the plates.
The angle of deflection of the particle is then given by:

tanO:_‘_’x:g_‘ld_I_‘ =q.‘id_I_-: 2-4
v m 4 v2 da 2%
Y Y
where vy is given by equation 2-1. So
Lv
Ep = ___d 2-5
q 2d tanf

The critical energy to just pass through the plates is:

where tanec = d/L. Therefore
2
L v
L =_Td 2-6
q 24

This method of energy determination is not very useful
since it only provides a lower limit to the energ; of the
particle. Thus, for Ep 2 8c, all particles will pass througk



senrmpp

* +
LY

the plates. An upper cutoff for the particle cnergy may be
provided if curved plates are used to generate the electro-
static field. Now the energies of the pacrticles that make it
through the plates are confined to a narrow range. Both
detectors in the SIDE instrument, the Total Ion Detector (TID)
and the Mass Analyzer (MA), use such a set of curved plates
for energy discrimination.

The potential, as a function of R, between the curved
plates is:

o(R) = VCD Ln(R/gil

Ln(Rb/Ra)

where Rb is the radius of curvature of the outer plate, and
R, is the radius of curvature of the inner plate (figure 2-1).
vcp is the total potential difference that is applied between
the two curved plates.

The electric field is given by:

E = ‘-V‘Cp 2-8
SO
E] =& =Y t 2-9
Ln(&b/Ra) R

Performing a similar derivation as for the parallel plates,
one gets for the particle energy that makes it through the
plates:

$n=m!f. =Zc;n 2-10

a 2q° 2Ln(Rb/Ra)
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It can be seen from equation 2-10 and the geometry of
the system that only a narrow range of energies may pass
safely through the apparatus.

The curved plates described above may be used in con-
junction with a velocity filter for mass discrimination of
charged particles. The Wein velocity filter used in the MA
consists of perpendicular electric and magnetic fields. 1he
electric field is again a result of two parallel plane plates
and the magnetic field is produced by a permanent magnet.

The velocity of the particles is first determined by the
velocity filter and then it is allowed to pass through the
curved plates to determine its energy.

On entering the velocity filter, the charged particle

experiences two forces. One force due to E and one due to

B.
b
FB =qv X B 2-11

In order for the particle to pass through the filter

without a change in trajectory, the total force must be zero.

FT = FE + FB =0 2-12

The particular velocity required for this condition to

hold is:

v =E/B

2-13

:

Bd
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where V is the potential applied across the parallel plates
and d igpthe separation of the plates. Thus, by varying Vppﬂ
the allowed value of v may be changed.

Combining equations 2-10 and 2-13, yields

2 .2
v 2 B
m=_cp — = d vcaz 2-14
q 2Ln(Rb/Ra) v Ln(Rb/Ra) Vpp

So, from equation 2-14, we see that for a certain value
of v or Vpp we can determine the mass spectrum of the incaming
particles by varying ch.

Figure 2-1 also shows the basic idea behind the operation

of the MA.

2.2 _INSTRUMENT DESIGN

Figure 2-2 shows schematically how the two detectors are
arranged in the SIDE. The SIDE consists of two positive par-
ticle detectors. The MA is indicated at the top and the TID
at the bottom of the figure. The ions are incident from the
right in the diagram. The entrance aperature for the TID
measures 8 mm x 3 mm. The field of view for the TID is a
sguare solid angle of approvimately 6° on a side. The two
concentric curved plates have radii 4.25 and 3.75 cm both
covering an arc of 127° 17' (n//2 radians). The plates of the
TID are stepped through twenty voltage increments resulting
in the following energy channels: lU, 20, 30, 50, 70, 100,
250, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750,
3000, 3250, and 3500 eV/q. This energy rahge covers solar
wind energies down to the energy range expected for ions formed
in the lunar atmosphere.

After passing through the curved plates, 21 ion is detected

iy rlﬁ"“l ll



Figure 2-2. Schematic diagram of the TID and MA in the plane
of the ion trajectories (Hills et al. [1971}).
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by a Bendix 4028 ChanneltroA:2 This channel electron multi-
plier is held at a potential of ~3.6 KV to accelerate the
particles into the detector, thereby enhancing the collection
efficiency. The detector is operated in the pulse saturated
mode so that the response of the counter is independent of
the energy of the incoming particle.

The curved plate electrostatic analyzer of the MA is
similar in design to the TID. These plates are stepped through
six voltage increments that correspond to the following energy
steps: 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 evV/q.

The Wein velocity filter is composed of two parallel
plates each measuring 8 mm x 2 mm and separated by a distance
of 0.8 cm. The magnetic field of the filter is provided by
a permanent magnet that has a strength of 850 £ 10 gauss.

The particle detector for the MA is another Bendix Chan-
neltrongpand it is also at a potential of -3.5 kV.

The field of view for the MA is a square solid angle of
4° on a side.

The mode of operation of the SIDE is as follows. The
SIDE executes one complete cycle every 2.55 minutes. Each
cycle consists of 128 frames, 1.2 seconds per frame. The TID
cycles through all twenty energy channels in twenty frames,
thus obtaining six complete spectra each SIDE cycle. During
this same 120 frames, the MA cycles through the twenty ion
channels for each of the six energy steps. The remaining
eight frames contain calibration data (figure 2-3). The ac-
cumulation interval for each step in both the MA and the TID
is 1.13 sec + 0.025 sec. In order to allnw time for data read-
out and for transients to die out between frames, this time
interval is less than the 1.2 seconds allowed per frame.

The Wein velocity filter for each SIDE is different. The

thr2e SIDE's therefore measure diflerent mass ranges. Table
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Figure 2-3.
man [1973]).

Normal operating mode for the TID and MA (Linde-



SIDE FRAME TID MA
0 4* Mass

Spectrum

1-19 Energy 48.6 eV/q
20 Spectrum Mass

Spectrum

21-39 Energy 16.2 eV/q
40 Spectrum Mass

Spectrum

41-59 Energy 5.4 eV/q
60 Spectrum Mass

Spectrum

61-79 Energy 1.8 eV/q
80 Spectrum Mass

Spectrum

81-99 Energy 0.6 eV/q
100 Spectrum Mass

Spectrum

101-119 Fnergy 0.2 eV/q
120 Spectrum 1+
121 1* 2%
122 2% 3
123 Sk 4*
124 4* 1
125 1% 2%
126 2* 3k
127 3* 4*

1* Background Reading Taken: Curved Plates Grounded
2* Counting Electronics Calibrated at 137 Hz.

3* Couating Electronics Calibrated at 17.5 kHz.

4* Counting Electronics Calibrated at 560 kY4z.

FIGURE 2-3
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2-1 summarizes tLhe characteristics of the SIDE's deployed on
Apollo missions 12, 14, and 15. The physical configuration
of the SIDE is shown in figure 2-4.

In order to measure the lunar surface potential, a wire
spider web-like screen is placed under each SIDE on the moon.
This screen connects the SIDE directly to the lunar surface
assuming that there is good electrical cc itact between the
screen and the lunar surface (see figures 2~5 and 2-6). The
wire screen is connected to a stepping voltage supply. This
stepping voltage is also connected to a wire g-id above the
ion apertures (figure 2-6). The stepping voltage cycles
through <4 voltage steps from 27.6 volts to -27.6 volts (see
Table 2-1). In the normal mode of operation, this voltage is
stepped once every SIDE cycle. Therefore, one complete cycle
of all 24 voltage steps requires 61.2 minutes.

Analysis of lunar surface potential measurements by Fenner
et al. {1973]) and Freeman and Ibrahim [1974] has yielded a
value 't +10 volts for the dayside lunar surface potential.
The su:tace potential becomes negative at the terminators and

possibly ~100 volts on the night side of the moon (figure 2-7).

2.3 crl. ]-hw

The quantity that is directly available from the SIDE
data is the counting rate R. R may be converted in vo a more

use ful quantity known as the unidirectional) differential Zlux

J(E. Q).
The counting rate at an energy E may be calculated as

follows:

R=[[glE 0,0 j(E,0,9) d6dpdE 2-15
EQ
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TABLE 2-1

ENERGY STEPS (ev/q) APPROX. MPSS RANGES (AMU) GggAUES
STEPPER
Apollo Apollo Apollo (volts)
TiD oty 12 14 pE-}
10 48.6 10-1500 6-750 1-90 0.0
20 l6.2 0.6
30 5.4 1.2
50 1.8 1.8
70 0.6 2.4
100 0.2 3.6
250 5.4
500 7.8
750 10.2
1000 16.2
1250 19.8
1500 27.6
1750 0.0
2000 -0.6
2250 -1.2
2500 -1.8
2750 -2.4
3000 -3.6
3250 -5.4
3500 -7.8
-10.2
~-16.2
-19.8
-27.6



Figure 2-4. Schoematic diacram depicting the location of the
electronics and the two analyzers in the experiment package

(Freeman et al. [1969]).

Figqure 2-5. Deployed configuration of the SIDE showing the
ground plane grid and the grid over the entrance apertures

(Freeman et al. [1969]).

Figure 2-6. Schematic diagram illustrating the relationship
be_ween the entrance grid and the ground plane grid. The two

grids are connected with each other by a stepping voltage

supply.

Figure 2-7. Results of the determination of the lunar surface
potential (Freeman and Ibrahim [1974)).
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where

g(E,f,9) = unidirectional geometric factor at

*nergy E

If we assume that the flux of particles is isotropic
over the field of view of the detector, then j(E,0,9) is ap~-

proximately independent of 8 and ¢. 7Then,

R =[3(E.,Q [ g(E,8,¢) dbdpdE 2-16
E Q

The only quantity that may be experimently determined in

the laboratoy is:

G(E) = A(E) Q(E) e(E) = [ g(E,8,9) db dp 2-17
0

where,

A(E) = effective area of the dctector seen by the
particle

I(E) = effective solid angle seen by the incoming
particle

e(E) = efficiency of the detector for a particle of

energy E

If we make the second assumption that the flux is also

constant over the bandwidth of the detector, then,

j(E.Q) [ G(E) @E
E

G, I(E.Q) 2-18

~
]

x
L]
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where

2

Go = f G(E) dE (cm“-ster-eV)

E

G(E) is integrated over the bandwidth of the detector. There-

fore,

j(E.Q) =R particles 2-19
Go cmz~ster-sec-ev

The omnidirectional flux is obtained by integrating j(E,Q)

over 0} .
space

j =[] 3E.q an particles 2-20
omni 9 ~sec-eV

cm

The corresponding integral fluxes are obtained by inte-

grating over the entire energy spectrum.

g . =[] 3.0 ¢ articles 2-21
uni
E cm®~-ster-sec
and
g . =[] 3(e.a) aan [particles 2-22
ompl o QE cm2-~sec

All three SIDE instruments have been calibrated in the
laboratory. Lindeman [1973] gives an extensive discussion of
the calibration and the analysis of the results of both the
MA and the TID. The calibration results for the MA and the
TID are shown in figures 2-8 to 2-10.

Blinsens v - -



Figwe 2-8. TID calibration results of the Apollo 14 instru-
ment. The upper graph shows the unidirectional geonetric
factor as a func.ion of the nominal center energy. The middle
graph shows the parallel beam geometric factor as a function
of the nominal center energy. The lower graph shows the
encrgy bandpass (full width at half maximum) as a function of
the ncminal center energy. Note that the bandpass is approx-
imately 8% of the center energy (plotted from data compiled
by Lindeman ([1973]).

Figure 2-9. The energy response of the SIDE for a typical

calibration run using a single energy channel (Fenner [1974]).

Figure 2-1Q0. Summary of the results of the MA calibration
(plotted from data compiled by Lindeman (1973}).
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2.4 DEPLOYMENT AND QRIENTATION IN SPACE

The SIDE was deployed in three separate locations on the
moon by Apollo missions 12, 14, and 15. All three SIDE's
were successfully deployed and only the Apollo 12 and 15
instruments are still functioning at the time of this writing.
The Apollo 14 SIDE stopped t,ansmitting reliable data rear the
end of 1974.

The Apollo 12 SIDE was deployed by Alan Bean and Pecte
Conrad during their first lunar excursion (EVA) on November
19, 1969. The Apollo 12 site is located in the Ocean of Storms
at 23.4° W longitude and 3.04° S latitude (all locations are
in selenographic coordinates).

The second instrument, the Apollo 14 SIDE, was placed on
the moon by Alan Shepard and Ed Mitchell on their first EVA
in the Fra Mauro Highlands (17.48° W, 3.65° S) on February 5,
1571.

Almost six monthi later, the Apollo 15 SIDE was deployed
in the Hadley - Appenine area (3.7° E, 26.2° N) on July 31,
1971 by Dave Scott and James Irwin.

Figure 2-11 shows the location of each SIDE instrument
on the lunar surface and their correspcnding selenographic
coordinates. Figure 2~12 is a collection of photographs
showing the SIDE's in the deployed configuration in the lab-
oratory and on the moon.

In order to assure the proper alignment of the Apollo 12
ard 14 SIDE 's, each SIDE war equipped with a Lbubble leveling
devine attached to the top of the instrument. The bubble
level allows the astronaut to align the SIDE within 5° of
local vertical, thus permitting the look direction of the
Apollo 12 and 14 SIDE's to be approximately in the ecliptic
plane. Due to its high latitude, the Apouilo 15 SIDE was equip-
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Figure 2-11. The location on the moon of the Apollo i2, 14,

and 15 ALSEP sites along with their respective selenographic

coordinates.

Figure 2-12. Photographs of the Apollo 12 and Apollo 14 SIDE's
deployed on the lunar surface. The photograph of the Apollo

15 SIDE was taken in the laboratory orior to flight (after
Medrano [1973]).
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ped with an adjustable leg permitting its look direction to
be also approximately in the ecliptic plane (figure 2-13).
The whole instrument is thus tilted 26° south with respect to
the local vertical at the ALSEP site.

The look direction of the detector in each SIDE is 15°
from the body axis of the SIDE (figure 2-14). The selenographic
longitude of each instrument plus this 15° offset yields the
correct longitude of the loock direction of each instrument.

The three different look directions of the three SIDE's
provides a directional sampling of magnetosphere ana solar
wind particles at any given time. The look directions of the
three detectors are shown for various positions in lunar orbit
in figure 2-15. The magnetosphere and the bow shock front are
drawn in for reference.

The moon, and therefore the three SIDE instruments, moves
through a number of different plasma regimes in the course of
one lunation. 1In this thesis we will be concerned with only
ions observed during the lunar night. Nighttime ions may be
¢ .erved at any time between local sunset and local sunrise
for each of the three SIDE instruments. It can be seen in
figure 2-15 that during local lunar niyht for c¢ach SIDE, the
detactor is looking away from the sun, and thus into the so-
called plasma void. This "void" is caused by the moon block-
ing the solar.wind.

Figure 2-16 illustrates the look directions of the Apollo
12, Apollo 14, and Apolid 15 instruments at+ local sunset, local
midnight, and local sunrise. It is interesting to note that
at local sunset, the Apollo 12 SIDE looks 15° towards the
plasma flow, whereas the Apollo 14 and Apollo 15 instruments
look 15° away from the plasma flow. At local sunrise, the
situation is reversed.

Only data from the Apollo 14 and 15 instruments have been
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Figure 2-13. The upper figure shows the location in latitude
of the three SIDE instruments. Apollo 12 and Apollo 14 are
at apprcximately the same latitude. The lower figure shows
the longitudinal location of the three SIDE's. The Apollo

14 SIDE looks almost directly back at the earth at ail times
(Benson [1974]).

Figure 2-14. Relationship of the look directions of the three

detectors to their respective body axes (Benson [1974]).

Figure 2-3i3. The look directicns of the three detectors at
various positions in lunar orbit. Iocal noon, sunset, mid-
night, and sunrise are indicated for each instrument. The
positions of the bow shock front and the magnetopause are

shown for reference.

Figure 2-16. Look directions of the Apollo 12, Apollo 14,

and Apollo 15 instruments at local sunset, local midnight,

and local sunrise. The look direction of thc¢ Apollo 12 SIDE
is separated by 30° from the Apollo 14 and Apollo 15 SIDE's

at the same local time. The spacing “etween ecach set of look
directions is one day. Note that at local sunset the Apcllo
12 instrument looks 15° towards the plasma flow and the Apollo
14 and Apollo 15 instruments look 15° away from the flow. The

situation is reversed at local sunrise.
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Data from Apollo 12 has not been Lrooked
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CHAPTER 3 - DATA

3.1 INTRODUCTION

The three SIDE's lccated at the Apollo 12, 14, and 15
ALSEP sites regularly observe ion fluxes at any time during
the local lunar night (figure 3-1). Freeman [1972] reported
on one particular ion event seen by the Apollo 12 SIDE 4.7
davs prior to local sunrise. This ion event and the ion events
reported in this thesis are the Type III icn events ceen by
Lindeman [1971]). This thesis reports on the preliminary find-
ings of a detailed study begun on this particular subject.

Only data from the Apollo 14 and Apollo 15 SIDE's is
discussed in this thesis. The data- from the Apollo 12 SIDE
has not been analyzed yet.

In the present analysis, the first twenty seven lunations
of the Apollo 14 instrument (February 1971 - April 1973) and
the first twenty one lunations (excluding lunations 16, 17,
and 18) of the Apollo 15 instrument (August 1971 - April 1973)
were examined. Since the Apollo 15 SIDE was deployed approx-
imately six months after the Apollo 14 SIDE, only the latter
twenty one lunaticns of the Apollo 14 data are coincident in
time with tne data from the Apollo 15 instrument.

No mass analysis of the nighttime ion events is possible
since their respective energies are too high to be detected
by the Mass Analyzer. The highest particle energy that the
MA can observe is 48.6 eV/q and the lowest energy of the night-
time ion events ic 250 eV/q. Therefore, only data from the
TID was analyzed. Consequently, one has to assume a mass

composition for these ion events.



Figure 3-1. Diagram showing one complete lunation (froum

local midnight to local midnight) of ion data collected by

the SIDE. The lunation plotted is lunation 20 for the Apollo
15 SIDE. Nighttime ion events (NIE) are seen in the first
panel. The x-axis represents the 20 e. 2rgy channels of the
SIDE which are: 10, 20, 30, 50, 70, 100, 250, 500, 750, 1000,
1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 3250, and 3500
eV/q. The y-axis proceeds up the page and each unit is equal
to 24 hours. The z-axis is the log of the averaga counting
rate in each energy channel and one counting rate energy spec-
trum corresponds to a twenty minute average of the data. The
whole lunation is divided into 4 panels. The first panel runs
in time from local midnight to local sunrise, the second from
local sunrise to local noon, the third from local noon to local
sunset, and the fourth from local sunset to local midnight.
Each panel is approximately 7 1/2 days of data. Mid, s r,
noon, and s s correspond to midnight, sunrise, noon, and sun-

set respectively.
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3.2 SERVATIONS

Nighttime ion events occur sporadically throughout the
local lunar night and are not observed on every lunation.

Some lunations show very little activity whereas other luna-
tions are extremely active. There is, however, a definite
period just before local lunar midnight where nighttime ions
are never observed (figures 3~2 and 3-3). It can be secern from
figures 3-2 and 3-3 that the activity increases after locai
midnight and that the Apollo 15 instrument is much more active
than the Apollo 14 instrument for the same pcriod of time.

The increased activity at the Apollo 15 ALYEP site over
the Apollo 14 ALIEP site may be due to the fact that the local
magnetic field at the Apollo 14 site is much stronger than at
the Apollo 15 ALSEP site. Burke and Moore (1975] calculated
that the magnetic field at the Apollo 14 site strongly influ-
ences the flux >f photoelectrons that they observe. This
local magnetic field tends to screen the detectors at the
Apollo 14 ALSEP site from incoming particles. Since thcre is
a very small local magnetic field at the Apollo 15 ALSEP site,
it weuld not effect the particle fluxes incident there ot the
lunar surface.

The observed energies of nighttime ion ev: .ts ranje from
250 to 1000 eV/q. These ion energies are slightly less than
the average solar wind energy of 800 eV. The nighttime ion
events differential flux energy spectra normally peak in the
500 eV/q energy channel (figure 3-4). However, the peak cnergy
of the differential flux enercy spentra statistically shifcs
as the moon rotates. The Apollc 14 SIDE observes nighttime
ion events peaking in the 500 eV/q energy ch-nnel up to 3 days
past local midnight. The peak crergy then shifts up to the
750 eV/q enerygy chanrel for 2bout ore day. Approximateiy 48



Figure 3-2. Chart depicting the time of occurence and Aura-
tion of nighttime ion events for the Apollo 14 SIDE. The x-
axis is in units of hours after local sunset with local mid-
night at 180 hours and local sunrise at 360 hours (based on

a 15 day lunar night). The y-axis is the lunation number of
the 27 consecutive lunations progressing down the page. The
strength of the nighttime ion events is not indicated, but

the peak :nergy present in the counting rate spectrum for each

event is shown.

Figure 3-3. Same format as for figure 3-2 except thLat tre
data plotted is for Apollo 15.

Fiqure 3-4. Twonty minute averaged differential flux energy
spectrum for an event ir the 500 eV/q energy channel. The
background flux represents an average counting rate of 0.18
counts per energy channel. This event occuréd 4 dayr before

local sunrise (Schneider and Freeman [197%5]).
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hours prior to local sunrise, the energy spectrum shifts
down to 250 eV/q and this peak energy is observed up to the
sunrise terminator (figure 3-5).

The Apollo 15 SIDE observes qualitatively the same be-
havior. The peak energy is seen to shift between the 250 and
500 eV/q energy channels for ten days past local sunset, most
often peaking in the 500 eV/q energy channel. The nighttime
ion spectra are then observed to pealk in either the 500 or
750 eV/q energy channels for approximately two days. Again,
prior to local sunrise, the peak energy of the nighttime ion
spectra shifts down to the 250 eV/q energy channel (figure
3-6).

One notices form figures 3-2, 3-3, 3-5, and 3-6 that
nighttime ion events do occur with peak energies of 1000 and
1250 eV/q. It can also be seen that these higher peaked en-
ergy events occur most often after local midnight. This phen-
omenon is probably a result of the fact that more nighttime
ion events are observed after local midnight than before.

Figures 3-7, 3-8, and 3-9 show twenty minute averaged
nighttime ion differential flux energy spectra peaking respec-
tively in the 250, 750, and 1000 eV/q energy channels. One
notices from figures 3-4, 3-7, 3-8, and 3-9 that the differ-
ential flux of the ions is sharply peaked about the peak en-
ergy. The background differential flux line in each figure
represents an average counting rate in all energy channels
that is very small (0.1l to 0.23 counts). The average back-
ground flux is computed for the corresponding twenty minute
time interval that is averaged over for each individual event.
The nighttime background flux is very stable and it is always
within the above limits for a twenty minute average of night-
time data. One must keep in mind, however, that the background

differential flux that is plotted is indeed a time average and



Figure 3-5. Diagram displaying the peak energy shift of night-
time ion events for the Apollo 14 SIDE from local sunset to
local sunrise. Time progresses down the page in 12 hour seg-
ments and energy increases to the right. The third dimension
is the number of events per lunation with a particular peak
energy. A scale to measure this number from the plot is

given in the lower right hand corner.

Figure 3-6. Diagram displaying the peak energy shift of night-
time ion events for the Apollo 15 SIDE from local sunset to

local sunrise. Same format as figure 3-5.

Figure 3-7. Twenty minute averaged differential flux energy
spectrum for a nighttime ion event peaking in the 250 eV/q
energy channel. The background flux represents an average
counting rate of 0.19 counts per energy channel. This parti-

cular event occured 4 days after local sunset.

Figure 3-8. Twenty minute averaged differential flux energy
spectrum for an event in the 750 eV/q energy channel. The

background flux represents an average counting rate of 0.11
counts per energy channel. This event occured 4 days before

local sunrise.

Fagure 3-9. Twenty minute averaged differential flux energy
spectrum for an event peaking in the 1000 eV/q energy channel.
The background tlux represents an average counting rate of
0.23 counts per energy channel. This event occured 4 days

be fore local sunrise.
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not necessarily the same in es~h energy chainnel. Figure 3-8
shows what appears to be a double peaked spectrum with energy
peaks in the 100 and 750 eV/y energy channels. What is actu-
ally the case is that the background differential flux computed
from the background channels is in all probability too low.

If the real background flux represented an average counting
rate of 0.23 counts instead of 0.1l counts, then the spectrum
above the background would not be double peaked.

One notices from figures 2-4, 3-7, 3-8, and 3-9 that,
when an event occurs, the differential flux in the energy
channels where an event is present is of the order of 103 ions/
cmz-sec-ster-ev. Integration over the entire spectrum above
the background fcr an event the yi2lds an integral flux on the
of 10® ions/cm?-sec-ster. This flux is less than the solar
wind flux by 2 orders of magnitude.

There are a few scattered cases when either the Apollo
14 or Apollo 15 SIDE observes a mono-energetic nighttime ion
spectrum in either the 250 or 500 eV/q energy channel (figure
3-10). Taese events always occur 2 to 3 days prior to local
sunrise. The error bars on the peak in figure 3-10 are so
small because this particular event was continuous at the same
flux throughout almost the entire twenty minutes the event was
averaged over.

The occurence of a nighttime ion event is characterized
by a sharp increase in the counting rate, in the characteris-
tic energy channels, at the onset and a sharp decrease in the
counting rate at the end. There is no noticeable ricc or de-
cay of the counting rate. Figure 3-11 displays the ten minute
averaged counting rate for twenty four hours in the 250, 500,
750, 1000, and 1250 eV/q energy channels. The particular
events plotted were seen by 'he Apollo 15 instrument on day

65 of 1973. These ion events occured six days prior t) local



Figure 3-10. ‘'wenty minute averaged differential flux c¢nergy
spectrum for a mono-energetic nighttime ion event in the 250
eV/q energy channel. The background flux represents an aver-
age counting rate of 0.21 counts per energy channel. This

event occured 3 days before local sunrise.

Figure 3-11. A plot of the ten minute averaged counting rate
for 24 hours in the 250, 500, 750, 1000, and 1250 eV/q eneryy
channels. Shaded regions indicate the “ime and duration of

the events. These particular events occuced at the Apollo 15

ALSEP site 6 days before local sunrise.
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sunrise.

Figure 3~11 also demonstrates the fact that the night-
time ion events are short lived. The duration of nighttime
ionevents is most often 4 hours or less and normally on the
order of minutes. Table 3-1 tabulates the number of events
of a particular duration for both the Apollo 14 and Apollo 15
instruments. The long lived ion events listed in Table 3-L
are normally a superposition of a number of shorter events.

The lunar night i3 very quiet except for the occurence -
of a nighttime ion event. It is therefore extremely easy to
detect the presence of an event. Near the terminator regions,
the SIDE also observes bow shock protons (Benson [1974]). The
energy spectrum of niglttime ions 1s entirely different from
bow shock protons (figure 3-12). We can safely state, there-
fore, that the source mechanism for these two types of ion
events is different. Figure 3-13 gives a clear indication of
the difference between nighttime ions &nd bow shock protons.
The bow shock protons are seen in figqu:e 3~13 as the high en-
ergy shoulder that starts just before sunrise. Also seen in
figure 3-13, starting at about sunrise, are low cnergy ions.
These ions are a result of the negative surface potential near
the terminator (Lindeman et al. [1973}).

As mentioncd earlier, nighttime ion events may occur at
any time between local lunar sunset and local lunar sunrise.
Nighttime ion events are not ju-t confined to the lunar night-
time. There a few rare cases where the SIDE observes a mono-
energetic 500 eV/q ion peak that begins prior to the sunrise
terminator crossing and persists until the moon enters the
earth's magnetosheath., This phenomenon will be discussed fur-
cher in a later scction.

There is a preference for nighttime ion events to occur



TABLE 3-1

NUMBER OF EVENTS OF A PARTICULAR DURATION

TION APOLIO 14
to 1 hours 50
to 2 27
to 3 9
to 4 18
to 5 9
to 6 8
to 7 7
to 8 11
to 9 2
to 10 0
to 11 1
to 12 4
to 13 0
to 14 2
to 15 0
to 16 0
to 17 0
to 18 0
to 19 2
to 20 2
to 41 0
to 22 0
to 23 0
to 241 0

ZPOLLO 15
49
31
21
17
13

(e AT * I R |

[\



Figure 3-12. Two bow shock proton spectra averaged over
twenty minutes. These bow shock proton spectra occured about
1 day from the bow shock on either side of the magnetosphere.
Dusk and dawn refer to a terrestrial coordinate system. The
integral fluxes were obtained by integrating over the spectrum
that is above background. Nocte the obvious difference between

these spectra and the nighttime ion spectra (Benson et al.

{1974]).

Figure 3-13. A three-dimensional plot illustrating the posi-
tive nighttime ion events and bow shock proton events. The
energy channel scale is not a linear scale, the corresponding
energy channels measure the following energies: 10, 20, 30,
50, 70, 100, 250, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250,
2500, 2750, 3000, 3250, and 3500 eV/g. The z-axis is the
lnogarithm of the average counting rate over a twenty minute
time interval. The y=-axis is the time axis éroceeding posi-
tively up the page. One unit on the y-scale is 24 hours and
one spectrum represents a twenty minute average of the data.
This particular plot starts about 13 days after local sunset.
The low energy ions seen near the end of the plot are termina-
tor ions and are only seen at the terminators. BSP, NIE, and
TI are abbreviations for bow shock protons, nighttime ion

events, and terminator ions respectively (after Schneider and

Freeman [1975]).
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most often 1 to 6 days before local sunrise with a peak 2 to

3 days before local sunrise. There is also a secondary peak

3 to 4 days after local sunset (figure 3-14). The time scales
for the data from the Apollo 14 and Apollc 15 SIDE's are ad-
justed in figure 3-14 such that local sunset for both instru-
ments coincides. It can be seen from figure 3-14 that both
the Apollo 14 and Apollo 15 SIDE's exhibit roughly identical
frequency of occurence profiles.

One noticeable feature of figure 3-14 is the minimum of
<ero activity just before local midnight for both SIDE's.

At this position, the SIDE is looking in the anti-solar direc-
tion and right in to the middle of the plasma "cavity".

The peak counting rate of the nighttvime ion events also
has a profile that is a function of time after sunset (figure
3-15). The error bars are large on the data points, but the
peak counting rate profile has a similar shape as the frcquency
of occurence profile. The two peaks in the counting rate pro-
file coincide with the two peaks in the activity profile at
2 days before sunrise and 3 days after sunset.

It is interesting to note that near the local sunsct ter-
minator, the Apollo 14 and Apollo 15 SIDE's look 15° away
from the plasma flow. At the local sunrise terminatcr, the
two instruments look 15° towards the plasma flow (figure 3-16).
From figure 3-14 one sees that the secondary activity peak at
3 days after local sunset is very much smaller than the primary
activity peak at 2 days prior to local sunrise. These factors
suggest that there is a greater probability of observing an
event by the SIDE when the look direction of the SIDE is per-
pendicular to the plasma flow than when it is not. 1If this
hypothesis is indeed the case, then the Apcllo 12 SIDE would
be expected to exhibit a frequency of occurence profile with

the primary peak at 3 to 4 days after local sunset and the



Figure 3-14. The average number of nighttime ion events per
lunation for a 12 hour segment as a function of time after

local sunset. The data is adjusted to local sunset for both

the Apollo 14 and Apollo 15 SIDE's. This adjustment was per-
formed because sunset occurs 2 days earlier at the Apollo 15
ALSEP site than at the Apollo 14 ALSEP site. Activity increases
outward from the center. Note that the primary activity peak

is much stronger than the secondary peak. Note also that the

Apcllo 15 STDE is more active than the Apolle 14 SIDE.

Figure 3-15. The average counting rate per lunation for a
12 hour period as a function of time after local sunset for
the Apollo 14 SIDE. Note that this graph exhibits the same

bchavior as figure 3-14.

Figure 3-16. Look directious cof the Apollo 12, Apollo 14,

and Apollo 15 instruments at local sunset, local midnight, and
local sunrise. Note that at local sunset the Apollo 12 instru-
ment looks 15° towards the plasma flow and the Apollo 14 and
Apollo 15 SIDE's look 15° uway from the flow. The situation

is reversed at local sunrise. The separation between each

set of look directions is one day.
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secondary peak 2 to 3 days prior to local sunrise. This be-~
havior would be expected since that at the same lunar local
time, the look direction of the Apollo 12 SIDE points 30°
away from the look directions of the Apollo 14 and Apollo 15
SIDE's. Figure 3-16 clearly illustrates this point.

The selenographic coordinates of cach ALSEP site were
given in section 2.4. One notices that the Apollo 14 site is
separated from the Apollo 15 A! SEP site by approximately 20°
of longitude. Twenty four hou..s corresponds to 12.2° of lunar
rotation. Therefore, any particular lunar local time at the
Apollo 15 ALSEP site occurs almost two days before the same
lunar local time at the Apollo 14 ALSEP site. Combining this
fact and similarity in the frequency of occurence profiles
(figure 3-14) leaar directly to the conclusion that the occur-
ence of nighttime ion events depends on lunar local time

rather than on a position in lunar orbit.

3.3 CORRELATION WITH Kp

One possible explanation for the source of nighttime ions
is that they are deviated solar wind particles. One method
of checking this hypothesis is to see if there is any correl-
ation of nighttime ion events with solar wind parameters.
Since solar wind data is not readily available, an alternative
value to use is the geomagnetic activity index Kp.

Scientists have recently confirmed a dircct correlation
of the following solar wind parameters with an increase in Kp
(reviewed by Hundhausen [1970]):

1. An increase in the solar wind speed (Ballif et al.

[1969])).
2. An increase in the magnitude of the interplanetary

magnetic field (Schatten and Wilcox (1967}).
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1.  Fluctuations in the intery. . wetary magnetic field
(Rostoker and Falthamuer '.%67]).

4. An increase in the .ou! .~ 1 component of the inter-
nlanetary magnetic fi.'~ _3chatten and Wilcox [1967}).

Hesws 2xr, the mechaniss * o:ch the solar wind influences
and changes Ui 1t not sen. .1 - agreed upon (Brandt [1970)).

There are two mijor :umiting factors in using Kp to study
the solar wind interaction problem. Firstly, the only values
of Kp available are three hour averages, where a time resolu-
tion of a few minutes is really neecded. Secondly, Kp only
gives an average value for the level of geomagnetic activity
and it does not distinguish between types of geomagnetic events.

If it is possible to correlate nighttime ion events with
Kp, then one would be able to state that nighttime ions are
in some way correlated with the solar wind or gyeomagnetic
activity.

A thorough study of the Kp correlation problem was oanly
carried out for the first eleven lunations of the Apollc 14
SIDE (February 1971 to December 1971). A cursory examination
of Kp and the Apollo 15 data indicate that the behavior was
the same for both instruments.

The first attempt at Kp correlation was to detcrmine if
Kp was correlated with the activity profile of Apnllo 14 (fig-
ure 3-14). The fifteen days of lunar night were divided in
to 12 hour periods and then the average Kp ror each 12 hour
period was calculated. The total Kp for a particuluar period
was then compared with the average number of nighttime ion
events per lunation for that period. Figure 3-17 gives the
results and shows that there is little or no Kp correlation.

The next attempt at Kp correlation was to see if Kp was
correlated with the duration or the peak energy of the night~-

time ion events. Again, the results were negative (see figures



Figure 3J-12. The average number of events per lunation vs.

Kp. The correlation ccefficient r = 0,1588.
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2-18 and 3-19).

A final attempt at ascertaining if there is a correlation
with Kp was to check on the relationship between the total
counting rate and Kp. Total counting rate is directly related
to the integral flux, so this attempt is also a check on inte-
gral flux as a function of Kp. First the total counting rate,
for a twenty minute average, was checked as a function of Kp
for the entire lunar night (see figure 3-20). Little or no
correlation with Kp was found. The next step was to take out
the effect of the orbital position of the moon from the data.-
The orbital effect was removed by looking at a particular per-
icd in the orbit. The time interval 2 to 3 days prior to local
sunrise (i. e. the most active time period in the lunar night)
was divided in to 3 hour time segments to coincide with the 3
hour averages of Kp. The total counting rate observed by the
Apollo 14 SIDE was then compared with the Kp for the same 3
hour period in the 1l consecutive lunations (figure 3-21).
Again, as in the other cases, there was found to be little cr
no correlation with Kp.

As was mentioned earlier in this chapter, the SIDE some-
times observes a mono-energetic spectrum centered in the 500
eV/q energy channel that is observed to continue through the
sunrise terminator region and on up to the maanetosheath cross-
ing (figure 3-22). This particular event is only observed
with the Apollo 15 SIDE and it only occured in 4 lunations out
of the 19 lunations that were studied.

This 500 eV/q "ridge" is different in appearance from
nighttime ion events in that it is not burst +f ions that char-
acterizes nighttime ion events and its differential flux is
constant over a relatively long period of time (figure 3-22).

A cursory comparison of the occurence of this phenomenon

and Kp indicates that this type of ion event is absent during



Figure 3-18. The duration of an event vs. Kp. 17The correlation

coefficient r = -0.084.

Figure 3-19. The peak energy of ar event vs. the average kp.

There appears to be no correlation.

Figure 3-20. Total average counting rate per 20 minutes for
a 3 hour Kp interval vs. Kp. The correlation coefficient

r = 0.0732.

Figure 3-2] Total average counting rate per 20 minutes for
a 3 hour Kp interval for a particular 3 hour interval during

the lunar night vs. Kp. The correlation coefficient r - -0.0265.

Figure 3-2Z. Figure similar in format to figure 3-13. Note
the steady mono-energetic 500 eV/q "ridge" that continues oa
up to the magnetosheath. BSP and MS are abbreviations for bow

shock protons and magnetosheath respectively.
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disturbed periods, i. e. Kp > 3. This information indicates
that this type of ion event 1s of a different nature than the
nighttime ion events.

In summary, the correlation with Kp was found to be ex-
tremely marginal for the following quantities:

1. The frequency of occurence of an event.

2. The duration of an event.

3. The peak energy of the counting rate spectrum of an

event.

4. The total counting rate or integral flux of an event.
Therefore, nighttime ion events are not related to geomagnetic
activity, but they may be related to a single solar wind par-

ameter. This fact has yet to be determined.

3.4 QRSERVATIQNAL CONCLUSIONS

The characteristics of nighttime ion events may be sum-

marized as follows:

1. "ighttime ion events occur more often at the Apollo
15 site than at the Apollo 14 site.

2. The range of energies of nighttime ion events is from
250 to 1000 eV/q peaking most often in the 500 evV/q
energy channel. The average sclar wind energy is 800
eV, which corresponds to a solar wind velocity of
about 400 km/sec. It was mentioned in Chapter 1 that
the velocity of the solar wind may vary from 200 to
900 km/sec. These velocities correspond to peak solar
wind energies ranging from 200 eV to 4200 eV. This
energy range is sufficient to overlap the energies of
nighttime ion events. Figure 1-1 is a counting rate
spectrum for the solar wind and thus it can not be

compared to a differential flux energy spectrum of a
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nighttime ion event without knowing the geometric
factor of the Vezla 3 detector. It will be interest-
ing to compare concurrent differential flux enrgy
spectra for the solar wind and nighttime ion events
to see how far the peak energy is shifted, if at all.

3. The differential flux energy spectrum (figure 3-73)
of a nighttime ion event is sharply peaked about the
central energy like the solar wind. The integral
flux of nighttime ions is also down by 2 orders of
magnitude from the solar wind.

4. The peak energy of nighttime ion events statistically
shifts from 500 eV/q at local sunset to 750 eV/q just
after local midnight to 250 eV/q in the pre-dawn hours.

5. A nighttime ion event appears to be a burst of ions
rather than a rising or decaying ion flux. Nighttime
ion events last for only a short period of time, usual-
ly less than one hour. This behavior is indicative
of highly directional ion fluxes. Therefore, an iso—
tropic mixing of plasma in the plasma cavity near the
lunar surface seems unlikely.

6. Nighttime ion events may be seen at any time during .
the lunar night except near local midnight. There
are two activity peaks, a primary peak 2 to 3 days
before local sunrise, and a very weak secondary peak
3 to 4 days after local sunset. Figure 3~24 shows
the region where the primary peak occurs. This region
is broadened in the figure because of the 2 day lag
between lunar local times at the 2 ALSEP sites. Also,
because of this time lag, there are never any simul-
taneous events observed by the Apollo 14 and Apollo
15 SIDE's.

The counting rate of the Apollo 14 SIDE also increases



Figure 3-23. Twenty minute averaged differewntial flux encryy
spectrum for an event where the differential flux spectrum
peaks in the 500 eV/q energy channel. The background flux
represents an average counting rate of 0.18 counts per eucryy

channel. This event occured 4 days after local sunset.

Figure 3-24. Lunar orbit showing the look directions of the
three SIDE instruments with respect to the earth-moon system.
The area of greatest activity of nighttime ion events is in-
dicated. The region appears broad because it is a superposition
of the data from the Apollo 14 and Apollo 15 SIDE's. The bow
shock front and the magnetopause are drawn in for reference

(Schneider and Freeman [1975]).
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with increased activity resulting in a profile that nas the
same general shape as the frequency of occurence profile.
These facts again argue that the occurence of a nighLttime
ion event 1s a lunai local time dependent phenomenon.
7. There is little or no correlation of nighttime ion
events with Kp. Hence, these events can not related

to the earth's magnetosphere.

3.5 DISCUSSION

Reasoner [1975] has observed electron fluxes on the night-
side of the moon with the Charged Particle Lunar Environmant
Experiment (CPIEE) which he has classified in to three types
of events.

Type 1 electron events are only seen when an interplanet—
ary magnetic field line connects the dark side of the moon
with the earth's bow shock front. These electron events have
been labeled a: bow shock electrons.

Type Il electron events are lower intensity t.an Type I
and are uncorrelated with both the interplanetary magnetic field
and Kp. Reasoner theorizes that the source cf these electrons
is the wea.: shock 4 to 5 lunar radii downstream from the moon
that was first modeled by Michel [1968].

The third type of electron fluxes, Type III, are only cb-
served in the lunar terminator regions and are absent when Kp
is 1+ or less. Reasoner speculates that Type III electrons
are due to solar wind electrons which have been thermalized
and scattered to the lunar surface by lunar limb shocks.

Since Reasoner's Type II electron fluxes are uncorrelated
with Kp and occur sporadically throughout the lunar night, they
may be associated with nighttime ion events. However, the en-

ergies of Type II electrons iange from 90 to 120 eV, which is
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too low to match the vnergies of nighttime ions. Freeman and
Ibrahim {1974] suggest that the lunar surface potential may

be as regative as =100 volts on the nightside of the moon.

If this is indeed the case, then any electrons in the w.cinity
of this potential will lose energy before reaching the moon,

and any ions will gain energy before reaching the moon. A

lunar surface potential of -100 volts would imply initial elec-
tron energies of 190 to 220 eV and initial nighttime ion ener-
gies of 150 to 900 eV/q. This potential is sufficient to cause
an overlap of electron and ion energies. It is possible, there-
fore, that the source mechanism for Type II electrons and night-
time ions is the same. One problem in rhecking the validity

of this statementAis the fact that Reasoner has analyzed only
six or seven months of nighttime electron data (private communi-
cation). Therefore, a statistical statement about Type II elec-
trons can not be made.

Because the characteristic enrergies of nighttime ion =vents,
even after being accelerated by a poscible =100 volts lunar
surface potential, are still close Lo the solar wind energies,
the source of these ions is probably the solar wind. This
source is further suggested by the lunar local time dependence
of the phenomenon. These ions probably represent solar wind
plasma that has moved in, perhaps by turbulence near the limbs,
to partially fill the plasma void behind the moon.

As mentioned earlier in Chapter 1, Wu and Dryer [1972)
predict a small but finite ion density in the plasma void be-
hind the moon. Making the assumptions that the source of the
nighttime ions is in the region of the number density contour
n/n, ~ 1072 (figure 1-9), that nighttime ions are primarily
protons, and that che most probable ion energy is 500 evV/q,
then one arrives at an integral flux that could reach the moon

on the order of 10° ions/cm2~sec. This number is fairly close
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to the integral flux computed for nighttime ion events (°'106
ions/cm?-sec-ster). The only problem encountered in trying to
fit this theory to the data is that Wu and Dryer do not predict
flow directions that would cause particles to be incident on
the dark side of the moon {see figure 1-10).

One must keep in mind that the Wu and Dryer model used
the kinetic theory approach and not fluid flow to arrive at
the number density profiles and flow directions for the lunar
interaction problem. Their predicted flow directions will
change if a fluid flow approach is taken.

Supersonic flow past an obstacle creates a shock wave up-
-stream of the obstacle. Since there is no detectable lunar
bow shock, a subsonic fluid flow approach to the moon-solar
wind interaction problem may be valid. Figure 3-24 illustrates
subsonic fluid flow past a smooth and a rough circular cylinder.
In both cases, a wake is formed where the direction of fluid
dlow is reversed causing fluid to impact the back side of the
obstacle. Since the moon is obviously not smooth, it most likely
responds as the rough cylinder (Case 2) in figure 3-25.

It is interesting to note that these nighttime ions may
form part of a positive ion sheath that is required by the
highly negative lunar surface potential on the night side of
the moon (figure 3-26). If this ion sheath is the only source
of nighttime ions and assuming that their initial energies are
small «r zero, then the energies detected by the SIDE during
lunar night may give an alternative measure of the negative
lunar nighttime surface potential. This approach is only valid
if the ionic charge composition of nighttime ions is kn>wn.

Summarizing, there is no satisfactory explanation of night=
time ion events as of yet. Further analysis of the data will
determine in the Wu and Dryer model completely describes the

SIDE 's observations.



Eigure 3-25. Diagram illustrating subsonic flow past a circular
cylinder. Case 1 is for a smooth cylinder giving rise to lam-
inar separation. Case 2 is for a rough cylinder giving rise

to turbulent separation. The graphs under each figure plot

the fluid pressure as one moves along the surface of the cylin-
der from A to S. Note that the pressure drag for a rough
~vlinder is less than for a smooth cylinder. Also note the

reversal of the rflow direction in the wake (John and Haberman
{1971)).

Figure 3-26. The electric charge distribution on and near the
moon. Note the positive ion sheath on the night side of the

moon (Freeman and Ibrahim [1974]).



Case | Caw 2

Point of scparaiion

.————"S"A\

R
@
P
g\

e— I
Lamindr separstion Turbulent wpatation
r n
A 4 L
% s_._
s
FIGURE 3-25

ORIGINAL PAGE I3
OF FOOR QUALITY|



9Z-¢ NODIJ

Wol x 2y
¢ WO/SNOI ;.01 9} ._0OI=°N
HL1V3HS NOI
OI43IHJSOWLY

J

SNOI 3QISLHOIN

+
+
¢WO/NOI GO0 =°N
+
+
+

+

Wio1o =9Y \\
¢WNO/SNOHLLIT3 Ol 0 ¢ Ol =°N
HLVY3HS NOYL1937130LOHd

wy O0I<H
JHSTHJSONOI
IN3JISNVYHL
ZDmgv
+ ol
Bmw



34

3.6 TOPICS FOR FURTHER INVESTIGATION

There are several avenues for further investigation of

this phenomenon. They are summarized as follows:

l‘

The data from the Apollo 12 SIDE has been relatively
untouched. It will be interesting to see if, in fact,
the Apollo 12 SIDE data exhibits a mirror image of the
frejuency of occurence profile observed by the Apollo
14 and Apollo 15 SIDE's. Since the Apollo 12 and the
Apollo 14 ALSEP are relatively close tc one another |
(138 km), there will, in all probability, be some
nighttime ion events that are simultancously observed
by both the Apollo 12 and Apolle 14 SIDE‘'s. This new
data will give some informatiorn as to whether the
nighttime ion flux is isotropic or anisotropic. If
the flux is anisotropic, then the comparison of data
from the Apollo 12 and Apollo 14 SIDE's will indicate
if there is an east-west componrent to the ion flux.

An important comparison that has yet to be made is
whether the nighttime ion events are in any way cor-
related with the either the magnitude or direction of
the interplanetary magnetic field. The theoretical
models mentioned in Chapter 1 indicate that the shape
of the moon's wake is a function of the interplanetary
magnetic field.

Some important questions that have yet to he answered
are:

a. Why is there an asymmetry in the activity profile?
b. Why are some lunations more active than others?

¢. Why are nighttime ion events short lived?

d. Why is there a peak energy shift as a function of

lunar local time?
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€. Why is there a minimum in the activity profile
prior to local midnight?

f. What causes the apparent shift towards local sun-
rise of the occurence of the events exhibited in
figures 3~1 and 3-2?

Finally, a model must be chosen that adequately accounts

for the observations.
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ABSTRACT

Protons from the earth's bow shock arc observed by the
Suprathermal Ion dctector Experiment (SIDIN) in two regions
oq the lunar orbit. The dawn region begins at the dawn side
bow shock crossing and ends ~5 days later and the dusk
region begins at ~2 days prior to entering the dusk side
magnetoshecath and ends at the inbound bow shock crossing.
Dusk and dawn refer to a terrestrial coordinate system. The
dominant contribution to the ion spectra obscrved by the
SIDE in these regions is from particles with energies
between -~ 750 eV/q and 3500 eV/q. 3500 eV/q is the upper
limit of the cnerqy range of the detector. Analysis of
simultancous data from the Cxplorer 35 nmagnetometcr and the
SIDE indicates that the observability of bow shock protons
at the lunar distance 1s dependent on the configuration of

the interplanctary magnetic field.
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INTRODUCTION

Protons in the c¢neryy range of 4 to 7 keV were obscrved
to be coming from the direction of the¢ bow shock by Asbridge
et al., [1968] using data from Vela satellites. The exist-
ence of suprathermal protons in the encrqy range of -1 to
3.5 keV at the lunar orbit was confirmed by Freeman et al.
[1970) and Hills et al. [1970). More recently Lin et al.
[1974]) have rcported protons at the lunar distance in the
energy range of 30 to 100 keV. The bchavior of the ~1 to
3.5 keV protons with respect to the interplanetary magnetic
field has becn studicd by Benson [1974] and this paper

reports some results from that study.
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OBSTRVATIONS

Figure 1 shows typical time development of the SIDE
count spectra tor the two regions of the orbit in which the
bow shock prctons are observed. The "dusk" and "dawn"
regions recfer tu the dusk and dawn sides of the magneto-
sphere when the moon is in the solar wind as indicated in
figure 3. Not: that the dusk side spectra show the onset of
the flow comin; at ~1.5 days before the magnetosheath and
that the specti. get progressivcely softer as the moon
approaches the bow shock. The dawn side spcctra show a
gradual hardening as the moon moves away from the how shock
and a cessation of the flow ~5 days after shock crossing.
These cxamples of the ion spectra are "typical" and can vary
considerably when interplanetary magnetic ficld and solar
wind conditions change.

Figure 2 shows a single spectrum (20 minute average)
for each of the two regions shown in Figure 1. These
spectra were dctermined frcm Jata taken at 1 day from the
bow shock on cither side of the magneto:phere. The differencoe:
in the dusk and dawn spectra shown herc are typical. The
dusk spectrum is harder than the dawn :poctrum for the‘same
distance from the bow shock. The fluxc: shown on these
graphs were deotermined by inteyrating over the portions of

the spectrun that contained counts above background.
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THEORY

The asymmetry of the ion spectra observed in the dusk
and dawn regions can he explained by considering the con-

s
figuration of the interplanetary B field and its influence

on the particle trajectory on the two sides of the magnetospherc.

The equation of motion that describes a charged particle's
trajectory in the rest frame of the bow shock and in the

interplanetary medium is,

(E + V_ x B) (1)

> >
where E is the interplanctary electric field, B is the in-

-

terplanetary magnetic field, m, g, and Vp arc the parvicle's

mass, charge and velocity respectively. The solution of
equation 1 yields a helical trajectory for a particle releasod
at the shock surface with some initial velocaty GP' The
motions parallcl and perpendicular to the E field are uncouplc.
and consequently the equation that describes the qguiding

center trajectory of the particle is

-

N >
=V + Vv 2
Ve Vot Ve (2)

> [

where vpilis the particle velocaty parallel to g and Gd
15 the d}ift velocity.

Figure 3 illustrates the geometry associated with
equation 2. When B is at its averaqe position, that is the

garden hose angle, the ficld lines will contact the dawn

o ———
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side bow shock at a more normal angle of incidence than will
the ficld lines on the dusk side. 1If it is assumed that
protons with sufficient energy to escape the bow shock are
released to the solar wind along interplanctary field lines,
as originally suggested by Asbridg~ et al., [1968] then the
ones released on the dusk side will be swept downwind much
closer to the shock surface than those on the dawn side.
The absence of lower energy particles in the upstream spectra
is therefore more pronounced on the dusk side than the dawn
side atl Lhe samce distance Lroaw Lhe chiodl.

In addition to this longitudinal decpendence, whether or

not a particle is observed at the moon is influenced by the

latitude of the fiecld. It is clear that if the interplanetary

-+ -+
B field has a large latitude component, then Vp can cause
the resultant guiding center trajectory to miss the moon
entirely. A complete discussion of the threc-dimensional

nature of the problem can be found in Benson {1974).
SIMULTANEOUS DATA

Figure 4 is a plot of the latitude of the interplanetary
ﬁ field as necasured by Explorer 35 and the simultaneous‘
integral flux wmeasurced by the SIDE for thrce hours in a dawn
rcgion. This figure shows directly that the integral flux
tends to incrcase as the valuc of the field latitude gets

closer to zcro and tends to decrease as the ficld latitude

moves away from zexo. In order to further determine the

-
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dependence of the observed particles on the configuration of
the field, three days of simultancous magnetic field and ion
data werc analyzed. Figure 5 shows the total number of
times a particular value of the fiecld latitude was observed
in the period versus the latitude and the average counts
secn at that latitude. It can be seen from this distribution
that the average number of particles observed is greater
when the field latitude is nearcr zero. Figure 6 shows an
analagous distribution for the field longitude where it can
be seen that there are two peaks scparated by approximately
180°. One would expect this type of distribution if the

guiding center picture is correct.
SUMMARY

Definite dusk-dawn asymmetries are obscrved in the sup-

rathermal protons seen by the SIDE on the lunar surface.

The dawn side proton flows arc seen much decper into lunar
night than the dusk side flows. The low encrgy cutoff in
the dusk spectra occurs at a higher encryy than it does for
the dawn spectra at the same distance from the bow shock.
The appearance of these particles at thc moon is dependent
on the latitude and the longitudc of the interplanectary
magnetic ficld. Thesc observations are consistent with the
assumption that the protons follow Exﬁ drift trajcctories

from the bow shock to the moon.
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FTGURE CAPTIONS

1. Typical counting rate spcctra for the magnctospheric
dusk and dawn bow shock regions. Time progresses along the
diagonal axis. Fach trace represents a 20 minute averoge of
the counts in cach encrgy channcl. The small ridge of
monoenergetic low energy particles seen on the dawn side

~4 days from the bow shock is due to locally accelecrated
lunar atmospheric ions. |

2. Typical differential flux spectra taken from ecach bow
shock region at ~1 day from the bow shock. The spectra are
generated from a 20 minute averaqge of the counts in each
channel. Note the harder spectrum on the dusk side and
lower total flux.

3. Ecliptic plane view of the vector diagram illustrating
the resultant guiding center trajectory of a particle
leaving the surface of the bow shock. Two special cases of
the direction of the interplanetary E field are also shown.
4., Time history of simultancous data from Explorer 35 and
SIDE for a short period in a dawn region. The top trace is
the solar cquatorial latitude of the intcyeplanctary g field

and the bottom trace is the integral flux observed by the

SIDE.
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5. Distribution of the average number of particles observed
at a particular solar cguatorial latitude vs. the latitude.
The average is computed by dividing the total number of counts
accumulated at a particular latitude over the time period by
the total number of times the field was at that latitude.

Also shown is the frequency of occurence of the latitude

d h

over the observation period. (1972 1537 19 h

m

24" to 156d 19

m

247).

6. Same as for Figure 5 for the solar equatorial longitude

of the field.
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DAWN-DUSK MAGNETOSHEATH
PLASMA ASYMMETRIES AT 60 Re
M. A. Fenner ! and J. W. Freeman, Jr.
Department of Space Physics and Astronomy
Rice University

Houston, Texas 77001
ABSTRACT

A study of data from the Apollo Lunar Surface Suprathermal

Ion Detector Experiment package shows that pliisma flow and

energy parameters in the dusk magnetosheath are much better
correlated with geomaygnetic activity than those in the dawn
magnetosheath. This result is in agreement with a dawn-dusk
asymmetry in the magnetosheath magnetic field and in the bow
shock configuration. The different orientations between the
mean interplanetary magnetic field direction and the shock

normal for the magnetosheaths suggests an explanation of the

difference in the plasma parameters on the two sides.

lNow at Bell Laboratories, Whippany, New Jersey 07981

" AR s SN, |



.58

L ¥ B

-,
< »

I. Introduction

This paper presents magnetosheath positive ion data
taken at a distance of 60 Re’ the lunar orbit. Velocity
distribution functions have been determined from twenty
minute averages of the data, an equivalent resolution of
~1000 km. From *hese velocity distribution functions a
study of the bulk flow parameters in the sheath was per-
formed. Ten lunations of data were employed. These data
were then compared with the geomagnetic activity index, Kp

A unique advantage of the lunar orbit for magnetosheath
studies is the coverage of both the dawn and dusk magneto-
sheaths in the same general time frame. The moon takes
approximately eight days from the dusk to dawn bow shocks.
In this paper we compare the dusk magnetosheath paramcters
with those of the dawn magnetosheath,

Previous workers have rcported asymmetries in various
aspects of magnetospheric structure. Fairfield (1971)
observed the dawn magnetosheath field to be more disturbed
than the dusk field. Explorer 35 data (Howe, 1971) showed
twice as many bow shock crossings on the dawn side as on the
dusk side. Greenstadt (1972) further observed an asymmetry

in the types of shock crossings observed con the two sides.



He classified shock crossings as oblique or perpendicular
according to the angle of the interplanetary field with
respect to the direction of the propagation of the shock
wave. Greenstadt (1973) estimated 50% more obligque shocks
to occur on the dawn side. Oblique shocks are associated
with fluctuating fields and rapidly varying proton spectra.
The evidence of asymmetries in the sides of the magneto-
sheath is important to the over-all view of energy transport
from the interplanetary medium into the magnetosphere. The
magnetohydrodynamic processes in the sheath are important in
understanding the mechanism of energy transport. This paper
presents evidence that the particle distribution function
behaves differently in the two different sheaths. The
explanation of this asymmetry is perhaps found in Grzenstadt's
picture of the field configuration producing different types
of shock waves. It is suggested that the plasma behavior
depends on the field configquration and different processes
are present on the dawn side as opposed to thr isk side of

the magnetosphere.

II. Experiment and Data Analysis

The Suprathermal Ion Detector Experiment (SIDE) is
designed to measure plasma near *the moon. Identical SIDEs
were deployed at the Apollo 12, 14 and 15 landing sites,

Figure 1. The SIDE has been described in Freeman et al.,
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(1972). The positive ion detector measurcs spectrum in
velocity space by stepping through a range of 20 voltages on
a curved plate analyzer. ‘Velocities per unit charge,
equivalent to proton energies per unit charge, are measured
in a period of 24 seconds. The 20 steps cover a range from
10 ev/g to 3500 eV/q. The basic collector is a channel-
electron-multiplier used in the pulse counting mode. The
front end is biased at an accelerating voltage of -3.5 KV to

collect the low energy ions.

The orientations of the three instruments on the moon's

surface are such that the detector look axes lie approximately

in the ecliptic. The lcok angle of each detector in the
ecliptic is shown in Figure 2. The detectors were arranged
so that the Apollo 15 instrument looks in the direction of
plasma flow in the dusk magnetosheath and the Apollo 12
instrument does so in the dawn magnetosheath. On both sides
the Apollo 14 instrument records a lower flux level of ions
away from the bulk flow direction. The field of view of each
detector is square and approximately 6° on a side

Twenty minute averages of the differentia. energy
spectra were calculated. The resulting spectra werc con-
verted to distribution function spectra in velocity space.

Figure 3 shows these spectra plotted for part of a typical

Bt gl » 2 o T v



crossing of the dusk magnetosheath. From these spectra, the
plasma flow piarameters of number density, bulk velccity and
temperature were calculated by the method of moments,
following Vasyliunas (1969). These parameters are plotted
in Figure 4 for the data from Figure 3.

Pressure 1is calculated from tihe number density and
temperature using the equation of state for the gas. LEnergy

density is given by

where f(E) is the distribution function in energy space and
the integral is taken from energy Rl to energy E2.

R is the ratio of the high energy density, obtained by
integrating from 1250 eV to 3500 eV, to the total encrgy
density, obtained by integrating from 100 eV to 3500 eV,
Notice that this ratio can remain constant although the
pressure and total energy density are increasing. This
indicates that the shape of the spectrum may remain the same
while the intensity increases. The energy density ratio, R,
is used to indicate the presence of a high energy tail. The
presence of these high energy particles is taken as an
indication of a disturbance in the magnetosheath. A sharp
peak in the energy density ratio (around 20 HR UT, Figure 4)
merely indicates a boundary crossing where the directed
sheath flow disappears. Horizontal lines on this plot
indicate that the parameters were not calculated because

magnetosheath spectra were not observed in the direction of ;

the detector.
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ITI. Results

The plasma parameters across the magnetosheath, both
dusk and dawn sides, for 10 lunations reveal the general
trends predicted by laminar flow in the Spreiter and Alksne
(1969) theory. The effects are less pronounced at 60 Re
than closer to Earth (Wolfe, et al. 1968). This indicates
greater mixing at greater distances in the sheath.

The parameter of particular interest is the energy
density ratio. The energy density ratio is found to de-
crease from the bow shock to the magnetopause. This de-
crease of the energy density ratio away from the bow shock
is observed more frequently during the dusk rather than the
dawn sheath ciossings. The high energy particles do not
show as consistent a pattern on the dawn side as on the dusk
side of the muynetosheath.

In order to¢ study the relationship of sheath parameters
to Kp, K was averaged for an entire sheath crossing. The
five calculated plasma parameters were averaged in the same
manner. Plots uf Kp and the parameters for the 10 inbound
and outbound sheath crossings for each instrument are given
in Figure 5. For the dusk sheath the curve of the crnergy

density ratio seems to follow that of Kp quite well.
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Velocity and temperature appear to be somewhat cerrelated
but to a lesser degree. Pressure, which is directly related
to the total energy density is not correlated with Kp at
all. Number density is also apparently unrelated. The
magnitude of the values for the three instruments with
respect to each other is in agreement with their relative
angles to the flow direction.

It is important to note that the detector farther from
the flow direction (Apollo 14) reports a greater energy
density ratio. A detailed examination of the energy spectra
reveals that the intensity of the high energy particles was
the same for all three instruments regardless of the direction-
related variation in peak intensity. This is an indication
thot the dispersion of particles in velocity space may be
isotropic. Howe (1971) reported double peaked ions at the
bow shock to be in a different direction from the bulk flow.
The SIDE det.ctor also observes the sudden appearance and
disappearance of multiple peaks in individual 20 second
spectra. This might indicate a directional effect. However,
the average over a longer time indicates isotropy.

A linear regression analysis was run on each of the
curves in Figure 5 with respect to Kp. The correlation
coefficient r for each of the variables is given in Table 1.
Note the strong correlation of velocity and energy density

ratio to K on the dusk side and almost no correlation on

the dawn side.
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To further emphasize this correlation the energy
density ratio for Apollo 14 is plotted versus average Kp
{Figure 6). A least squares fit was attempted on both the
dusk and dawn data. 7The fit is plotted for the dus¥ aata,
but is meaningless for the dawn data since the correlation
coefficient indicates random data. Thus the high energy
particle population in the dawn sheath is not at all cor-
related with geomagnetic activity, while the dusk sheath

particles shows 4 strong correlation.

Finally, w. note from figure 5 that despite the asymmetry

in the correlat.on between R and Kp, the values for R cover
approximately the same range in both magnetoshcaths.

It might be argued that an increase in R merely re-
presents an increase in the bulk flow velocity. That this

is not the case is demonstrated in the appendix.

IV. Discussion

To understand this result we must look at two problems:
1) what correlation with Kp means and 2) what is indicated
by the asymmetry. At the same time we must bear in mind the
significance of the similar absolute values for R in the
dawn and ducsk magnetosheath.

First we address the question of correlation witn
geomagnetic activity. It is well known that geomagnetic
activity is correlated with interplaretary conditions. Both

an increase in solar wind speed (Ballif et al. 1969) and an
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increase in the magnituie of the interplanetary field
(Schatten and Wilcox, 1967) are correlated with an increase
in Kp. An increase in the momentum flux of the solar wind
is known to compress the geomagnetic cavity and Freeman
(1964) has shown that magnetopause boundary locations are
related to Kp. It is obvious that solar wind energy must be
transmitted through the magnetosheath to reach the magneto-
sphere and influence Kp, however, there have not becn any
previous correlations of sheath variations with geomignetic
activity.

The high correlation between R and Kp shown here
indicates that the high c¢nerqgy tail of the magnetosheath
spectrum is a direct result of the transfer of energy from
the solar wind to the magnetosphere. 1t seems unlikely that
the high energy particles carry the transfe;éd enerygy them-
selves. For examplc, we note that the bulk flow velocity is
also increased at times of excess high energy particles and
so in the dusk magnetosheath bulk flow velocity is also
correlated with Kp. We take the view that the high cnergy
tail is the result of acceleration processes that arec an
intrinsic part of the cnergy transfer process. An alternative
view which we are not inclined to accept is that high energy
particles enter the magnetosheath from the plasma sheet at
the cusps or along the flanks of the tail. 1In this case
there might also be a4 correlation with Kp, but the high
energy population would not be expected to increcase toward

the bow shock as is observed.

e
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Regarding the asymmectry, wc notce that Formisanc et al.
(1973) have shown the magnetoshecath high energy tail to be
correlated with the absence of waves upstream of the bow
shock. This suggests that waves have a tendency to diffuse
particle concentrations ir velocity space and hence reduce
high energy particle intensities. The field configuration
envisioned by Greenstadt (1972) shows that oblique shocks
occur predominantly on the dawn side of the magnetosphere.
The pust-shock field is much more disturbed in the oblique
shock case and wavelike disturbances are expected. We
suggest that these disturbances influence the occurence of
particles in the high cnergy tail in the dawn magnctosheath.
This masks he Kp correlation that would otherwise be
present. In order to more fully understand the relationship
between R and Kp it may be necessary to know if there is a
statistical connection between the formation of oblique
shocks and K .

The intrinsic asymmetry between the dawn and dusk
magnetosheaths is thus not an asymmetry in the ion acceleration
processes but rather in processes which tend to disperse the
accelerated ions, namely magnetic noise. The dawn magneto-
sheath is a more complex region and the key to understanding

it may lie in a better understanding of oblique shocks.
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TABLE

1

LINZAR REGRESSION OF Kp VERSUS PARAMETERS

10

Gives values of tne correlation coefficient 0. rc 1l
where r = +1 is a perfect correlation
r = 0 1is random data
DUSK DAWN
PARAMETERS APOLLO 14 , APOLLO 15| APOLLO 14; APOLLO 12
Er=rgy density .83 .67 .05 .30
ratio
Velocity .79 .77 .20 .13
Temperature .76 .36 .36 -.41
Number density -.36 .20 -.27 -.32
Pressure .19 -.17 -.06 -.11

-
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APPENDTIX

Since the energy density ratio is a new parameter, a
further explanation of it is given here. 1In vrlocity space
the expression for energy density (equatio»n 1) becomes
X% m zvz f(vi)dvi. Using a kappa = 2 distribution function
(Olbert, 1969) for f(v), the quantity v3f(v) is plotted
(Figure 7) for thrce different values of bulk flow velocity
vg = 300, 400 and 500 km/sec. For the two lower values, the
shaded areas illustrate the encrgy density in the high
energy region of the spectrum. For a change in bulk velocity
from 300 km/sec to 400 km/sec the energy acensity ratio of a
kappa = 2 distribution function changes from 1% %to 10%. The
velocity corresponding to the 1250 eV energy channel w.s
arbitrarily chosen for the break point in calculating the
ratio. Since the velocities obscrved in this data were less
than 400 km/sec, the choice of a break point 1s adequate.
That is, the large energy density ratios (°20%) are not the

result of merely a change 1in bulk velocity, because the

velocity is 400 km/sec or less.

Ly T
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Figure 1.

Figure 2.

Figure 3.

Figure 4,

14

FIGURE CAPTIONS

The Suprathermal Ion Detector Experiment
(SIDE) is shown as it was deployed on the
rnoon by Apollo 14 Astronauts. The instrument
stands 45 cm above the lunar surface.

The look directions of the Apollo 12, 14 and
15 detectors are shown for various positions
of the Moon in its orbit as it crosses the
tail of the earth's magnetosphere.
Distribution function spectra in velocity
space are plotted as a function of time. The
units are ions/m3/(m/scc)3. The heavy
reference line at the beginning of the plot
represents a constant counting rate of 1
count in each energy channel. Comparing the
spectra after 20 hr UT with this line indicates
an absence of magnetosheath spectra after a
boundary ~zrossing.

The plasma parameters -- pressure, encrgjy
density ratio, temperature, bulk flow velocity,
and number density are plot 2d for part of a
dusk magnetosheath crossing. A magnetopause
crossing is seen just before 20 hr UT. For a
time after this none of the parameters are
calculated except the energy density ratio.

The magnetosheath spectrum is absent at this

time.

[
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Figure 5.

Figure 6.

Figure 7.

15

A summary of plasma parameters is given for
both the dusk and dawn magnetosheath crossings
during 10 lunations. Data from the three
instruments are identified by an x (Apollo
14), solid dot (Apollo 15) and open dot
(Apollo 12). One average value of a parameter
is plotted for each sheath crossing for a
single instrument. Above the parameter plots,
a plot of average Kp is given. For each
sheath crossing, Kp was averaged during the
time the moon was in the magnetosheath
(approximately two days).

The average energy density ratio for each of
the 10 lunations plotted versus the average

Kp over the entire magnetosheath crossing.

A linear regression gives a straight line fit
to the dusk data. The dawn data are random

as seen by a correlation (r) of .05,

The produgt of v3 and the kappa = 2 distribution
function ;(v) is plotted for three values of

bulk velocity. The energy density is represented

by the area under the curve.
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A NEW PLASMA REGIME IN THE DISTANT GEOMAGNETIC TAIL

D. A. Hardy, H. K. Hills, and J. W. Freeman

Rice University
Houston, Texas 77001

Abstract. The three Rice Suprathermal
Ion Detector Experiments have detected an
extensive region of low energy plasma
flow antisunward along the ordered field
lines in the lobes of the geomagnetic
tail at lunar distances. This particle
regime resembles the "boundary layer"
and “"plasma mantle" observed at smaller
geocentric distances and an interior
flow region parallel to the magnetopause
in the dayside magnetosphere. It poss-
esses plasma characteristics uniquely
different from the plasma sheet and
magnetosheath., Snatially the particle
regime is founu exterior to the plasma
sheet acroscs essentially the entire tail
and adjacent to the magnetopause on both
the dawn and dusk sides of the magneto-
sphere. The integral flux varies from
105 to 108 ions/cm2 sec ster with the
differential flux peak between 50 and
250 eV/q. Temperatures range from
4 x 104 to 5 x 105 °K and number
densities from .1 to 5/cm3.

Introduction

Freeman et al. [1968] reported obser-
vations of a region of plasma flow anti-
sunward just inside the dayside magneto-
pause during an intense magnetic storm.
This plasma resembled magnetosheath
plasma but appeared connected with cold
plasma flow deeper within the magneto-
sphere. More recently experimental
evidence has accumulated as to the exist-
ence of regions of similar plasma flow
in the antisunward direction along *he
ordered field lines of the high and lnw
latitude lobes of the geomagnetic tai:s.
Observations have been mnade in the
ecliptic at lb Rg with the Vela satellite
(Hones et al., 1972, Akasofu et al. 1973)
and in the distant polar magnetosphere
with the HEOS satellite (Rosenbauer
et al., 1975). The region of plasma flow
obgserved forms a relatively thin (<4 R )
"plasma mantle” or "boundary lavex:"
between the tail and the magnetopause.
The particles in this region exhibit
fluxes and temperatures slightly less
than those observed in the magnetosneach
and bulk velocities in the range of 100
to 200 km/sec. There is also a general
decrease in density, temperature, and
bulk velocity as the distance of the
spacecraft from the magnetopaaise
increases.

Copyright 1975 by the American Geophysical Union. 169

This paper reports similar observa-
tions of low energy particles (LEPs)
possessing many of these same character-
istics, but also significant variations.
These are seen in the geomagnetic tail
at distances of 60 Re using the three
Suprathermal Ion Detector Experiments
(SIDEs) deployed on the lunar surface
during the Apollo 12, 14, and 15
missions. The region of space in which
these LEPs are found lies adjacent to the
magnetopause but also across the tail as
a border to the plasma sheet. 1Its extent
away from the plasma sheet near the
center of the tail cannot yet be deter-
mined.

Each of the SIDEs consists of two
instruments; 4 Total lon Detector (T1D)
capable of discriminating positive ions
according to their energy/charge in a
range from 10 «V/q to 3500 eV/q, ard a
Mass Analyzer (MA) capable of discriminat-
ing positive ions according to their
mass/cnacge up to 750 amu/q and their
eneroy,/charge .n a range from .2 to 48.6
eV/q. Post-a~ lysis acceleration to
3500 eV 1insur« efficient detection of
tne low enerqv positive ions by a
funnel-channe. electron multiplier. The
SIDE's are deployed such that each
instrument's look direction is approx-
imately in the ecliptic plane. The look
directions of the three SIDEs span a
total azimuthal fan in the ecliptic of
56 degrees. (For a more detailed des-
cription see Hills and Freeman, 1971.)

Observations

Using data principally but not exclus-
ively from the Apollo 14 SIDE we have
studied twelve passes of the moon
through the tail in 1972 and the first
three tail passes of 1973, These passes
have yielded 265 separate encousters with
the LEPs. These data comprise approx-
imately 200 hours of observations; 16%
of the time the moon was in the tail.

The LEPs form a separeste regime in
tr t their spectral characteristics e
radically different from those of ¢
magnetosheath or plasma gheet, Lypical
enccunter with the LEP regime near the
center of the tail is shown an TFigure la
where we have plotted 20 minute averages
of the counting rate of the TID for a
24 hour period commencing on April 27
0070 GM7T, 1972, 18 hours after the moon
has passed into the tail, (The moon takes

R i 5 5. AR 8 e ok
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Figure la. Twenty minute averages of
the counting rates in the 20 energy
channels of the TID for the period April
27 0000 GMT to April 28 0000 GMT, 1972,
The seven iowest energy channels are
centered at 10, 20, 30, 50, 70, 100 and
250 eV/q respectively. The remaining
channels are evenly spaced at 250 eV/q
intervals up to 3500 eV/q. The numbers
1, 2, and 3 refer to the spectra in
Pigure 1lb.

about 3 to 4 days to pass through the
tail.) The times for which the plasma
sheet is observed are characterized
by significant counts in the energy
channels from 250 eV/q to the limit of
the instrument at 3500 eV/qg. The low
energy particles in contrast are seen
only in the seven lowest energy channels
covering the range from 10 to 250 evV/q.
Note that the LEP and plasma sheet
regions are not contiguous in this
event. Differential {lux spectra for
the two regions are shuwn in figure lb.
The low energy particles (LFPs) are much
colder than the plasma sheet particles
(kT = 2-8eV versus kT >400 eV) and alsc
differ significantly in bulk velocity
and number density. In general, the
LEPssseldom exhibit temperatures above
5x107*K (kT ~40 eV) or extend in enhergy
above 500 eV. They clearly form a
separate plasma regime from the plasma
sheet.

From differential flux measurements
we calculate a distribution function
for the particles. The assumption is
made that the majority of the particle
energy is in the flow. This is confirmed
by the lunar surface solar wind spectro-
meter (B. Goldstein, private communica-
tion). The bulk velocity, VB' and

temperature, T, are then calculated
by taking the usual moments of the
distribution function. The number
density is calcu.ated by multiplying
the integral flux oy the so0lid angle
(estimatec to be a cone with full angle
of 50 degrees) over which the flux is
considered isotropic, a 4 dividing by
the bulk velocitv.

These plasma parameters and the
magnetic field characteristics for part
of one tail pass are illustrated in

Plasma Regime Geomagnetic Tail
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Figure lb. Comp-rative differential
flux spectra for the low energy part-
icles, und plasma sheet. The diff-
erential flux is measured in ions/cm”-
sec-ster-eV.

r.gure 2. The figure covers a portion

of the third tail pass of 1972. This
pass was cihiosen because it provides

the most hours of data for tte phenomenon
of the fifteen tail passes studied,
Altogether 42.7 hours of .:.s-rvatiorn »f
the low energy fliuxes we.« rcccrded
during this tail pass; : z:mc equal to
60% of the total duraticn.

The figure shows the n . ':ncic ficls
and the plasma parameters ‘.r the :w.
day p. riod as the moon approiches |-
magnet .sheath. Althcuyh theic¢ i
variation in the plasma charicter.siics,
the LEPs, whaich cover the f.rst !, hours,
generally display an inteoral *:ux of
between 105 and ¢ x 107 ionr,‘'cm2 sec ster,
bulk velocities of from -9f to 200
km/sec, temperatures in th: range from
4 x 104 to 5 x 105°K and number
densities from 0.2 to 2/cm3. These are
typical values for tha LEP region.

Cases have been observed where the
integral flux was as high as 108 ions/cm?
sec ster with coxregpondinq numoer
deneities of -~5/cm° .

The mass analyzer indicates that the
ions are mainly protons but the fluxes
are noc sufficiertly intense for us to
establish the presence of alphas or other
more massive ions, We may be able %o
report more on this afier a more complete
examination of the data.

The magnetic fiela data in Figuie 2,
obtained from the Ames magnetometer
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Y “Figure 2. Magnetic field and plas.a

charactaristics for the per:nd March 30,
0230 GMT, to April 1, 0230 _MT, in

1972. Thas magnetosheath is labeled by
MS and the region for the low energy
particles by LEP.

aboard the Explorer 35 spacecraft orbit~
ing the moon, display data gaps due to
spacecraft circumstances. Nonetheless,
the observatio' s which are available show
that the field displays lobe character-
istics during the times the Moon was in
the region of the LEPs. Tue solar
wquatorial latitude of the field

is close to zero degrees and the solar
equatorial longitude is cloce to 180
degrees with a field magnitude of -l14
gammas. Furthermore, no deviations in
the ficld are seen to correspond with
variations in the intensity of the

LEPs. Such behavior reflects the
magnetic field character during the en-
counters with the region for the five
tail passages for which magnetic data
have been obtained.

One sees that the low energy fluxes
shown in Figure 2 are ocbsecrved over a
time span of approxii.ately 29 hours,
During this period the Mcon traveled dis-
tancer of -16 Rge in the solar-magneto-
~~~gpheric Ygm coordinate direction ard

~10 Rg in the 2Zg, directinn (Y_ = 3Ry

to Yam 19 Rg and Zg4, --7 Re t8"2gy
~=17 Ee). This wide extent over which
the ions are observed is seen in many

Of thie Lail pasbaych. It indicates

that the size of the regqion in which the
LEPs are found is considerably larger

-

at the lunar distance than at the smaller
Xgm distances of the Vela and HEOS
satellites. In g-neral we find that

the Moon encounte.s the particles
sporadically for a full day after it
ent: o8 the tail and a €full day before it
exits the tail. Thig corresponds to a
region extending a Ygm distance of at
least 12 R, into the tail from both the
dawn and dusk sides of ths magnetopause.
The region, however, excludes the plasma
sheet since the low ene. gy particles are
seldom observed simultanejusly with the
plasma sheet particles and the two
regions need not be contiguous. The
regicn of LEPs appears to extend away
from the plane of the plasma sheet to
the limit of observation at about 16 Rg-

Figure 3 shows the portions of the
lunar orbit, for the fiftee~ tail
passages studied, over which the LEPs
were encountered. It is appascent that
the region must be significantly larger
at 60 R_ than at lesser geocentr.c
distances.

It is impossible at present to know
the exact extent of the region due to
the spatial limits imposed by the orbit
of the Moon. This limit arises from the
fact chat diurnal excursions in the
2 direction rapidly decrease for de-
cYéasing Ys . It is possible that the
scarcity of Svents deep in the tail
arises from the inability of the instru-
ment to sample significantly the lobes
exterior to the plasma sheet in this
region.

Determination of the spatial extent is
further complicated by the fact that the
amount of time over which the particles
are observed varies between tail passaces
from as little as 2.1 hours to as much
as 42.7 hours. Such a wide variation
could arise from several sourcas. First,
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since the c¢vents are seldom seen in the
plasma sheet an increase in the thickness
of the plasma sheet would tend to decrease
the amount of time the moon was in regions
where these low ciergy particles might

be seen. Alternatively, such a wide
variation might arise from a real <hange
in the spatial extent of the region in
which these particles are found. A third
possibility is that the ssasonal

variation in the location of the moon's
orbic relative to the plane of the

plasma sheet increases or decreases the
frequency of encountrrs with the region.
Lastly, the mechanism which injects the
particles onto these field lines may vary
with time so that for some tall passages
the conditions are not favorable for
injecticn. Further studies are undevway
to determine which of these is dominant.

Discusgion and Summary

The new plasma regine reported here,
LEP is qualitatively similar to the
"boundary layer” reported by Hones et al.
and Akasofu et al. and the plasma flow
regime found inside the dayside magneto-
pause by Freeman et al. during an intense
magnetic storm., It is also similar to
the "plasma mantle” at high latitudes
reported by Rosenbauer et z21. We propose
as the simplest hypothesis that all four
regions are simply connected along the
inner surface of the magnetopause and
are in fact the same phenomenon. A
consequence is that antisunward flowing
plasma wonld generally be found everywhere
inside and adjacent to the magnetonpause.
We believe that a consi-tent name should
be established for this plasma, however,
"boundary layer” and “plasma mantle" do
not appear to be sufficicently descriptive
for the region as it ap;«ars in the
distant tail.

The relationship betwcen the LEP and
the plasma sheet is not clear. It has
been suggested that the LEPs may be a
source for the plasma sheet {(R. A. Wolf,
private communication).

In summary, the three kice supra-
thermal lon Detector Experiments station-
ed on the lunar surface have deterted a
region of low energy plasma flowing along
the ordered field lines of the lobes c?
the geomaqgnetic tail. This particle
region exhibits the f-lilowing character-
istics:

1. The region of flow is encountered
within the geomagnetic tail but exterior
to the plasica zsheet. The magnetic field
characteristics in the reqion are in-
dicative of the high and low latitude
lobes. No consistent deviaticns in the
field have been found to correspond '1ith
the encounters with the regicn.

2. The encounters with the region ocrcur
over a vide :spatial extent with contirual
observationt of the particles aver
distances as great as -16 R, in the Ygn

Plasma Regime Geomagnetic Tail

direction and 10 Re in the %4, direction.
The majority of the encounters, however,
are observed within a region extending

12 Ry into the tail from the magnetc-
pause.

3. The particles (mostly protons) dis-
play a narrow differential flux spectrum
peaked normally between 50 and 250 ev.
The spectrum is usually stable over the
duration of the events. Some cases of
spectral variation in tne events are seen
tc occur during transitions into or out
of the plasma sheet or magnetoshzath,
Such variations appear as a broadening

of the spectrum and a shifting of the
peak towards higher energy.

4. The plasma has been ascertained to
have the following parameters; igtegral
flux between 105 ana 108 ions/cm? sec

ster, bulk vslocities Letween 90 and 250
km/sec‘ temperatures in the range from
4 x 10% to 5 x 105°K, and number

densities of the order .° to S5/cm3.

5. The region appears to be the gualit-
atively simila: to be the "boundary

layer™ and "plasma mantle” obse.ved at
.esser jeocentric distances, and the
ragnetnapause-adjacent flow on the dayside.
The regicn is, however, sign. ..cantly
larger at ’unar distances and tle plasma
characteristics appear to be move
variable.
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The Interaction Between an Impact-Produced Neutral Gas Cloud and the
Solar Wind at the Lunar Surface
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On April 15, 1970, the Apollo 13 S-1VB stage impacted the nighttime lunar surface approximately 140
km west of the Apolio 12 Alsep site and 410 km west of the dawn terminator Beginnming 20 s after im-
pact the Suprathermal .on Detector Experiment and the Solar Wind Spectrometer observed a large flux
of positive ions (maximum flux ~ 3 X 10*ions/cm?* s sr) and electrons. Two separate streams of ions were
observed: a horizontal flux that appeared to be deflected solar wind 1ons and a smaller vertical flux of
predominantly heavy ions (>+10 amu), which probably were material vaporized from the S-IVB stage. An
examination of the data shows that collisions between neutral molecules and hot electrons (50 eV) were
probably an important ionization mechanism in the impact-produced neutral gzs cloud. These electrons,
which were detected by the Solur Wind Spectrometer, are thought to have been energized in a shock front
or some form of intense interaction region between the cloud and the solar wind. Thus strong 1onization
and acceferation are seen under conditions approaching a collisionless state.

The interaction between a neutral gas and the solar wind
has been the subject of much investigation in recent years.
The ionization mechanisms in type | comets [Beard, 1966;
Biermann et al., 1967), the upper atmospheres of Venus and
Mars [Cloutier et al., 1969; Michel, 1971}, and possibly even
the formation of the solar system [A4/fvén, 1954] are all depen-
dent on this type of interaction. We present here data per-
taining to the observation of such an interaction. The neutral
pas cloud resulted from the impact of the spent Apollo 13 S-
{VB stage rocket on the lunar surface. The data are from the
nearby particle detectors on the lunar surface at the Apollo 12
landing site

At 01h 09m 40s on April 15, 1970, the upper stage (S-1VB)
of the Apollo 13 Saturn launch vehicle impacted the moon in
the Ocean of Storms approximately 138 km due west and 9
km north of the Apollo 12 Lunar Surface Experiments
Puckage (Alsep) site, The experiments observed clouds or
streams of ions and electrons that we interpret as resultiag
from the interaction between the impact-produced neutral
gas cloud and the solar wind. It appears that strong ioniza-
tion and acceleration mechanisms were operating under con-
ditions that approached a collisionless state. Beginning 20 s
after impact the Suprathermal lon Detector Experiment
(SIDE) und the Solar Wind Spectrometer (SWS) observed
fluxes of suprathermal ions that reached large values several
times in the next 13 min. The impact site was 410 km west of
the dawn terminator and 290 km west of an ‘idealized’ solar
wind terminator (assuming a 5° aberrauc . angle) and thus
‘downwind® of Alsep. Under normal idealized conditions the
solar wind would have been streaming 50 km overhead. This
geometry is shown in detail in Figure 1.

The relevant impact parameters are shown in Table 1.

Both the SIDE and the SWS have been described
previously [Freeman et al., 1970b, 1971b; Snyder et al.; 1970,

' Now at Naval Weapons Laboratory, Dahlgren, Virginia 20240.
Copyright ® 1974 by the American Geophysical Union.
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1971], but a comparison of the two instruments is helpful for
an understanding of the data. This 1s given in Table 2.

The SWS contains an array of seven Faraday cup sensors
and can record charged particles arriving from all directions
above the lunar surface with varying sensitivities. The cups
are arranged to look radially outward, cup 7 sampling the ver-
tical flux and the remaining cups detecting particles moving
more nearly horizontally.

The SIDE contains two separate detectors, the Total lon
Detector (TID) and the Mass Analyzer (MA) Each accepts
positive ions in a narrow entrance cone pointed 15° west of
vertical in the plane of the ecliptic. Any ion flux observed by
either the TID or the MA would enter the vertically oriented
cup (cup 7) in the SWS.

The MA requires 12 s for a compiete 1ass spectrum at each
energy. Since there are six energy steps, the MA energy-mass
cycle is 72 s,

The cycle times for the TID and SWS are similar, but even
these detectors are unable to provide detailed time variations
of trunsient events shorter than about half a minute.

One picoampere in a single cup of the SWS corresponds to
a normal parallel beam flux of 2.5 X 10* ions/cm? s or un
isotropic flux over the field of view of the cup of 4.1 x [0*
ions/cm? s sr.

OBSERVATIONS

Sone SIDE data from this event have been reported
previously [Frceman and Hills, 1970a; Freeman et al., 1971a).
The SWS duta have been discussed by C. Snyder, D. Clay,
and M. Neugebauer (unpublished data, 1971). The results of
these reports and additional analysis can be summarized as
follows:

I.  Lurge Aluxes of ions were seen from both the horizontal
and the vertical directions, the largest fluxes arriving from the
horizontal direction (sec Figure 2),

2. The fuxes arriving near the horizontal came initially
from the east but moved to come from a more northerly direc-

2287
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Fig. . An equatoriul cross-sectional view of the moon (not to scale) showing the S-IVB impact point with respect to

the Alsep site and the dawn and solar wind terminators (after Freeman et al. {1971a]). The solar wind is assumed to come
from 5° west of the sun and to have an infinitely sharp shadow edge. We believe that the data indicate that after impact the
solar wind was deviated from this configuration by interaction with the expanding gas cloud.

tion as the event proceeded. Later in the event they once again
came from the east (see Figure 3).

3. The horizontal and vertical fluxes show the same onset
time and a fair time correlation throughout the first % of the
event, but the vertical flux disappears entirely for the final '4.

4. [Initially, the energy of the vertically moving positive
ions was in the 35- 10 55-eV/q energy range. Subsequently, it
shifted to high energies. Energies characteristic of the solar
wind were observed throughout the event in the horizontal
fluxes (see Figure 4).

S. Massive ions were seen in the vertical flux during the
onset of the event. In fact, as is shown in Figure §, this flux is
thought to have consisted to a large extent of ions of mass
greater than 10 amu/q. Owing to the upward shift in particle
energy the mass of the vertical ions cannot be determined
later in the event. Owing to the absence of a horizontally
viewing mass analyzer, no mass data are available on the
horizontally moving ions.

6. The maximum vertical positive ion flux as measured
by the SIDE was about 10* jons/cm® s sr. The maximum
horizontal flux was 2 factor of 2 higher.

TABLE | Apilio 13 S-IVB Impact Parameters

Muss® 1.34 X 10¢kg
{mpact velocity 2.58km/s
Kinetic energy 4.46 X 10" ergs

Angle of impact from verticar 13.2°

Heading angle north to west 100.6°

S-1VB impact location 2.75°S, 27.86°W
Apotlo i2 Alsep location 3.04°S, 23 .42°W

Data from George C. Marshall Flight Center (unpublished report,
1970).
* Stage dry weight: all residual propellants assumed dissipated.

7. lsotropic electrons were seen throughout the event. The
composite clectron spectrum peaked in the channel that in.
cluded energies between 20 and 50 eV (see Figure 6). The time
history of the electrons generally followed that of the ions for
the first % of the event. Like the vertical ions the electrons dis-
appeared before the horizontal ions.

In the foregoing paragraphs the concepts of horizontal and
vertical as they relate to the fluxes are somewhat idealized. We
refer 1o those fluxes as horizontal that were seen by the SWS
peripheral cups only. These particles had a substantial com-
ponent of horizontal velocity but need not have been moving
in a purely horizontal direction. Since cup 7 rarely saw any
flux at 400 eV, the flow direction of the horizontal flux must
have been within 45° of the surface,

Discussion

The differences in character between the horizontal and the
vertical fluxes appear to us to be an important feature of the
data.

The horizontal fluxes observed by the peripheral cups of the
SWS had a peak energy similar to the solar wind energy dur-
ing this event. Moreover the first direction of approach and
the last direction of approach are both from the solar wind
direction, 180° trom the direction of impact. Even the peak
flux in the horizontal direction (at least 1.3 X 10* ions/cm? s)
is comparable to the solar wind flux (10° ions/cm? s) at that
time (Solar Geophysical Data, 1970). From this evidence we
conclude that ‘the horizontal fluxes were solar wind ions
deflected by the expanding gas cloud resulting from the S-IVB
impact.

The vertical fluxes observed by the TID and cup 7 of the
SWS had a low initial energy and a heavy mass component.
For this reason we identify at least the early vertical fluxes as

" e s 1




B QT PR T YRR 216 VSRR NRIRI e PR O s,

o e, ok ety Bt ATy

Raach T LY S

wr

LINDEMAN ET AL.. SOLAR WIND-NEUTRAL GAS INTERACTION

TABLE 2. Comparison of SWS and SIDE
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SWS SIDE
Seven Faraday Cups TID MA
Field of view, sr 2 0.011 0.005
Sensitivity, particles/cm?s st 4.1 x 10* 1.2 X 10* 7% 10
Detects Positive ions Positive ions Positive ions
and electrons

Energy range, eV

Positive ions 5700-15 3500-10 48.6-0.2

Electrons 1376-7
Mass range, amu No mass analysis No mass analysis 130-10
Cycle time, s 28 24 12/Energy step

72/Cycle

ions created in the neutral gas cloud resulting from the S-IVB
impact. Whether or not all the later vertical fluxes that appear
with higher energies are ionized, impact gas cannot be deter-
mined.

We now have two separate streams of ions, a horizontal
flux that appears to be deflected solar wind ions and a vertical
flux that is composed of massive ions (>10 amu). The
horizontal flux is larger than the vertical.

There are two possible sources for the massive ions. They
are cither ions formed at impact or ions formed by
photoionization, etc., in a neutral gas cloud released by the
impact.

Jeans and Rollins [1970] in laboratory experiments have
shown that ions can be produced in a hypervelocity impact.
Although no quantitative data on the number of ions pro-
duced in such an impact are available, it seems unlikely that
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Fig. 2. Integral positive ion fluxes seen during the S-IVB impact event, The TID and cup 7 of the SWS are sencitive to
jons coming from the vertical direction, whereas the sum of all cups of the SWS indicates predominantly horizontal fluxes.
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B, etc., is for illustration in Figure 3.
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Fig 3. Top view of the SWS showing the orientation of the Fara-
day cupc and the azimuthal direction of arrival of the horizontal flux
dur.ng various stages of the impact event (after C. Snyder, D. Clay,
and M. Neugebauer, unpublished data, 1971). Each circle represents
one 1on measurement sequence (one point in Figure 2). The size and
location of each circle suggest the amount of current observed and the
direction from which the flux arrived.

enough could be formed to account for the observed fluxes.
Moreover any ion formed at the impact would have to
travel 140 km upstream in the solar wind. lons of 70 eV are
not energetic enough to accomplish this. Finally, the fact that
the first peak occurs 75 s after impact rules out the impact as
the direct source of the ions. A 70-amu ion with an energy of
70 eV has a velocity of about 14 km/s. Thus in 75 s the ion
should have traveled over 1000 km,

We conclude that an expanding neutral gas cloud was par-
tially ionized and the individual ions subsequently ac-
celerated.

The maximum expansion velocity of this gas cloud can be
estimated from the transit times required to transverse the 140
km to the Alsep site. Since the initial TID peak reached 10%
of maximum 45 s after impuct, the transit velocity was as high
as 3 km/s. Thus at the time that the TID was measuring the
peak flux the cloud front had a radius of 225 km, At the time
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Fig. 4. Energy at which maximum ion flux was ohserved during
the impact event. Solid bars indicate the energies of the maximum flux
#s ohserved by the horizontally viewing cups of the SWS. The TID
and cup 7 of the SWS both detect ions moving in a nearly vertical
direction. The solar wind energy at the time of the event was 600 eV
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Fig. 5. Positive ion fluxes observed by the SIDE during the im-
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seen by the TID at 50 ¢V, and the solid bars show the flux seen by the
MA at48.6eV. The TID has no mass discrimination, while the MA is
sensitive only to 1ons with mass heavier than {0 amu,

that the SWS wus measuring the maximum flux in peak A the
cloud front had a radius of 420 km.

The cloud will not expand spherically owing to the flatten-
ing effect of lunar gravity. The exact shape of the pressure
pulse resulting from an impulsive release of gas from the lunar
surface can be calculated from kinetic theory (Appendix 1).
These calculations show that the pulse duration and arrival
time at any point on the surface depend upon the ratio u/7T,
where u is the gas molecular weight and T is the initial
tempetature. As is seen in Figure 7, the arrival time of the gas
over the Alsep site, 75 s after impact, corresponds to a gas
cloud with u/T of 7 X {0-* amu/°K (i0* °K for 70-amu par-
ticles). This figure plots the column density above a point 140
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Fig. 6. Energy distribution of ali electron currents in all seven
cups of the SWS summed over the entire event (afler C. Snyder,
D. Clay, and M. Neugebauer, unpublished data, 1971).
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big 7 Neutral gas column dei.sity at the Apollo 12 site resulting from a gas release of N, molecules at the location and

tme ot the S-1VB impact The TID integral flux is also shown. The arrival time of the peak TID flux v best fit by a ratio of
gas mass u to gas temperature 7 of 70 X (0~ * amu/°K. For comparison, the column density resulting from a gas cloud

with g 1 of 70 x 10-? is also shown,

km from the source To show the vanation of column density
with the parameter /T, the curve for a 4/ T ratio of 7 X 10-?
amu/°K is also plotted.

If a steady state condition (the number of ions created in a
given region per second equals the Rux out of the region) is
assumed, then the observed flux is proportional to the column
density above the observing site: F = P . p, where P is the
totia! ion production rate. p is the column density above the
observation point, and F is the observed flux.

With regard to the total vertical flux, cup 7 measured 8 pA
in the 35- to 52-eV energy channel during peak A. For a nor-
mally incident paralle! beam this corresponds to a flux of 2 X
107 ions/cm? s, Just prior to this measurement the SIDE look-
ing 15° off the vertical measured a unidirectional flux of about
10* ions/cm? s sr. Assuming this flux to be uniform over 0.2 sr,
including the vertical, gives a vertical flux of 2 x 10
ions/cm? 5. This is probably a lower limit since the ‘vertical’
flux is probably spread over a wider solid angle. Lacking
further knowledge of the angular distribution, we will use a
value of 2 X 10" ions/cm?* s for the vertical flux.

From Figure 7 the peak column density p was 6 X 10~ N,,
where N, is the total number of molecules emitted from the
impact.

The ionization rates (calculated in Appendix 2) due to solar
UV and charge exchange in this cloud are 10-¢ ion/s atom
and 5§ X 10°* ion/s atom, respectively. The solar wind

parameters used in this calculation were: the proton number
density equals 3/cm®, and the proton bulk velocity equals 330
km/s (Solar Geophysical Data, 1970).

A third source of 1onization is the hot electrons observed by
the SWS. With an assumed average thermal energy of 50 ¢V
(T ~ 5 X 10* °K) this electron Aux will also ionize neutrals.
The peak clectron current was 6 pA in each cup. This cor-
responds to an isotropic flux of 2.5 X 10" el/cm?s st or 1.6 X
10* el/cm? s for a 2« distribution. Several electron gyroradii
(<1 km) above the surface the minimum flux is 3.2 x 10*
el/em? s. Since neither 400-¢V ions nor 50-cV electrons are
very efficient in producing secondary electrons from the lunar
material and the electrons in the cloud are more mobile than
the ions, it seems likely that the lunar surface will assume a
negative potential relative to the plasma. Recent resuits from
the SIDE indicate surface potentials as high as ~ 100 V exist
near the terminators [Lindeman ei al., 1973). The fact that the
time history of the electrons followed the ion time history so
closely lends support t~ a negative surface potential. Thus the
electron Aux observed at the lunar surface may have been
significantly less thun the actual electron flux in the cloud.
With 3.2 X 10* el/cm? s as a lower limit to the electron flux
and 2 X 10-'* ¢in? as an average cross section for ionization
by 50-eV electrons the production rate is 6 X 10-*ion/s atom.
Since the ratio between the actual and the observed flux may
be as high as a factor of 10, it is possible that the electron
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ionization rate may be comparable to or even greater than the
photoionization rate.

We will now obtain a working lower limit for N, We
assume first that the total production rate was dominated by
photoionization. However, only part of the cloud was ex-
posed to solar UV, The fraction of the column density over
the Alsep site exposed to solar UV varies in time (Appendix
1). At the time the peak flux was observed, approximately
80% of the molecules were exposed to soiar UV. Since the
solar wind was presumably deviated by the interaction, the
whole cloud was exposed to solar wind protons and fast elec-
trons. Under the assumption that photoionization was active
over the total volume over the Alsep site the total number of
molecules released at impact can be estimated from the rela-
tion

No = 1.6 X 10"°F/P
Ny = (1.6 X 10"°)2 X 107)/10°"

No = 5.2 X 10" molecules

If solar wind charge-exchange and clectron ionization are ac-
tive, then at least an additional 11 X 10-* ions/s atom are
created, resulting in a 10% decrease in the required number of
molecules emitted. Thus we conclude that if the above ioniza-
tion mechanisms produced the observed ions, approximately
3 X 10* molecules of neutral gas must have been releascd in
the impact.

Gas CLoup COMPOSITION

Mirtov {1969] and Johnson [1971] have proposed that
meteoritic impacts may provide a significant contribution to
the lunar atmosphere. McKay et al. {1970] have proposed a
base surge origin of lunar breccias in which a hot expanding
gas cloud produced by a large meteoritic impact plays an im-
portant role. Heymann and Yaniv [1971) have also proposed a
similar model for one possible origin of the lunar breccias.

The S-1VB impact was not large enough to produce brec-
cius: however, it did produce a large neutral gas cloud. Since
this was an in situ measurement on the lunar surface, the mass
components of the cloud are of great interest.

The MA in the operating mode then being used measured
the mass per unit charge in 10 mass channels, which coverzd
the range 10-135 amu/q. Each mass spectrum requires 12 s
for completion. This spectrum is taken sequentially at six
energy steps, 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 ¢V/q, having a
narrow energy passband (AE = 4 eV for 48.6 ¢V/q step).

A large stable flux of one mass will give significant counts
in two or three adjoining mass channels. By comparing the
distribution data the dominant mass can be determined. This
method is rather insensitive at low fluxes (<10* ions/cm? s sr)
und can prove erroncous when fluxes of two comparable

masses are observed simultareously. The geometric fuctor at
48.6 eV for an element that peaks in a given mass channel
varies from 2 X 10°® to 8 X 10°* cm? sr, depending on
whether that mass is centered on the channel or near the edge
of its mass window.

Only four mass spectra were obtaired during this event,
two at 48.6 eV/q and two at 16.2 eV/q. Owing to the rapid
temporal variations as seen by the TID it is very doubtful that
a constzant incoming flux was maintained over 12 s, the time
required for a spectrum. Recall also that the MA was not
necessarily measuring the peak encrgy of the flux distribution.
With these limitations in mind, Table 3 gives the raw data
from all four mass spectra along with masses that peak in
cach channel.

Figure S shows that most of the flux at 50 eV is due to heavy
masses. Table 3 shows that in the initial peak these heavy
masses were predominantly between 73 and 96 amu.

The S-1VB is constructed basically of aluminum alloys
(63% Al 17% Cu, 5% Ag, 5% Fe, and 10% other). If an
average molecular mass of 27 is assumed, there are 3 X 10%®
atoms in this stage. Thus the S-1VB contains enough atoms to
explain this event, but then the predominant mass peak
should have been 27. The heat of vaporization for aluminum
is 67.9 kcal/q atom. To vaporize the total mass of the S-IVB
requires approximately 4 X 10" ergs or 2 orders of magnitude
more energy than that released by the impact. As a result, the
metal phase of the S-IVB could only have been partially
vaporized and probably contributed little to the composition
of the gas cloud. This conclusion is in agreement with the
work of Rehfuss [1972). His calculations for spherical
meteorites on a basalt target show that little vaporization of
cither the projectile or the target occurs for impact speeds of
less than 12 km/s. The S-1VB impact speed was 2.58 km/s.

In addition to the metals comzosing the S-1VB, there were
approximately 1100 kg of plastics in the form of plastic liners,
tubing, etc. (T. Page, private communication, 1972). In the
heat of impact these may have been vaporized. If an average
mass of 80 amu is assumed for the vaporization products, it
will provide 8 X 10*" molecules,

The remaining fuel on the S-1VB was vented before impact,
so that little or no fuel remained in cither the primary or the
auxiliary systems.

From Rehfuss's [1972] calculations, it is not expected tha:
the lunar regolith was vaporized. However, the regolith
material contains a large quantity of trapped gaseous
molecules. These molecules are either trapped in inclusions or
dissolved in the solid phase within a few angstroms of the sur-
face of the fines. The crushing and heating of the regolith
material by the impact could reicase a large number of these
molecules.

TABLE 3. Mass Analyzer Dats (Counts per SIDE Frame of 1.2 9)

Mass Channel®

0, 1 2, 3, 4, s, 6, 7 LN 9,
Time After  Energy, 10-14 15-17 18-22 23-26 27-3 32-40 41-55 $6-12 73-96 97-138
Impact, s eV/q amu amu amu amu amu amu amu amy amu amy
S! 43.6 4 ] i ! 7 ] 0 30 1t 26
183 16.2 3 i} s 0 0 8 0 0 0 0
258 16.2 0 0 0 i S 0 0 0 0 0
267 486 0 0 0 6 3 9 1 0 0 0

MA background equals 0.1 c/s.
* Ranges of numbers denote masses peaking in each channel.
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TABLE 4  Conceatrations of Gases in Crater Ejecta

lontzation

Tota! Number of Cross Sections
Atomic Mass, Concentration, Molecules in by S0-eV

Molecule amu cm?*STP/g Crater Electrons, cm?
H 1 72x10" 8 x 10 g§x10 "
He 4 90 <10 3 I x 10" 255107
CH, 16 10x10* 1 % 10% 3Sxi0 e
Ne 2 15§>10°* 1 x 10" IS X110V
Ne 22 1.2x 10 ¢ 1 x |n= 3ISx 10 "
N, 28 1.0x10-7 1 x 107 2010
Ar 36 2.7%x10°¢ 3Ix10® 30x10 "
Ar 40 16x10¢ 2% 10® 3JOXx 1y
Kr 84 1.7x 107 2 x 102 4.5x 10 '
Xe 132 22x10°* 2% 10" 50x 10"

Table 4 shows the gases and their concentrations as given
by experimenters on Apollo 12 fines and breccias. The noble
gas data are the averages for bulk samples as given by
Hintenberger et al. [1971). The H value is based on a H/He
ratio of 8 [Hintenberger et al., 1970, 1971; Or5 et al., 1971).
The values for N, and CH, are taken from Funkhouser [1971].

Whitaker [1972] has recently identified a shallow crater 40
m in diameter and approximately 5 m in depth as the Apollo
13 S-IVB impact crater. If a regolith bulk density of 2 g/cm?is
assumed, approximately 4 X 10° g of regolith material was
cjected from the crater. With this value the concentrations of
gaseous molecules have been converted to the total number of
molecules in the materia: ¢jected from the crater (see Table 4).

It is not expected that all of these trapped gases will be
released. The energy of impact was not sufficient to cause
significant melting; thus the molecules dissolved in the solid
phase will probably not be liberated. With the assumption of
an average heat capacity of 0.1 J/g °K for the lunar material
and the conversion of all of the impact energy 1nto thermal
energy of the crater regolith material, then the temperature of
this material will be raised by 100°K to a final temperature of
200°K. The gas release efficiency for an impulsive heating by
100°K is not accurately known, kut it should not be very
large. Hevmann et al. [1971] estimate the percentage of gas
molecules trapped in inclusions as being 12-60% for noble
gases. If it is assumed that al! of the trapped gases except H
are released, then a cloud of i 2 x 10* molecules was emitted.

There is evidence that H muay be chemically bound
[Funkhouser, 1971] and thus wotld be much harder to
liberate. [t the cloud were predomirantly H, then a resonant
charge exchange with 400-eV protons (¢ ~ 2 X 10 * cm?)
would dominate and the bulk of the flux observed by the TID
should have been H* and not heavy ions. The results in
Figure 5§ show that the bulk ot the ions in the vertical flux are
in fact heavy ions with masses above 10 amu.

The only other possibility is for the lighter ions to be
accelerated to the peak energy as is observed by the TID (70
¢V) and the heavier ions to be centered at a lower energy (50
eV). For an acceleration mechanism involving cither the in-
terplanetury electric field (~V x B) or a surface clectric field,
this possibility is very unlikely. Thus H does not seem tobe a
major component of the vertical Aux from the cloud.

If the plastics are included, one would expect a gac cloud
containing approximately 2 X 10* molecules to be emitted.

The principal elements added to the atmosphere were C, H,
Cl. F. O, and N from the plastics and He, CH,, and N, from
the fines. Based on the observed masses, the majority of the
plastics appear to have broken down into molecules of ap-

proximately 80 amu. Some of these molecules will im-
mediately cscape from the moon, since the maximum
horizontal expansion velocity of the cloud (3 km/s) exceeds
the escape velocity (2.4 km/s). Those that do hit the lunar sur-
face will probably be re-emitted at the local surface
temperature. Since the dissociation time is about 10* s, the
jonization time about 10* s, and the thermal escape time
about 10" s, these molecules will break down into their
clemental components over a period of several days. If the
resultant atoms are not chemisorbed by the lunar surface
within a few weeks, they will be 10nized and either driven into
the lunar surface or lost from the lunar environment The
reaction rates for chemisorption of these elements by the
lunar surface are not known, but 1t seems likely that at least
the very reactive elements, F and Cl, will be chemisorbed.

As a result, the contaminants released in the lunar at-
mosphere should have no long term effects on the lunar en-
vironment in general. However, 1in the immediate vicinity of
impact the surface chemistry may have been drastically
changed by the addition of these reactive chemicals This
change is evident from the blackened lunar surface surround-
ing all the impact craters formed by man-made objects on
the lunar surface [Whitaker, 1972, T. Page, private com-
munication, 1972).

Since the presence of hydrocarbons and other organic
molecules makes an exact mass identification impossible, the
MA data were evaluated by assuming that each peak was
produced by only one mass component. In this manner the
two 48.6-eV spectra were analyzed by using the most probable
mass for cach peak as is shown in Table §.

NEUTRAL GAS-SOLAR WIND INTERACTION

A model based on kinetic theory has been used to calculate
the expansion of the neutral gas cloud released by the S-1VB
impact. The parameters of this model have been computed so
that the maximum amount of gas arrives over the Alsep site
during the observation of the peak vertical flux, 75 s after im-

TABLE 5§ Idenuficauon of lons Observed by MA

Flux,
Spectra Mass ons/cm?s sr
1(57y) 12 18X 100
20 49 x 10
2 61 x10
84 49 x 10*
2(2675) 28 Ix 1o
kL) 4 x10*
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pact. The sonization rates in this expanding cloud have been
calculated by using cross sections in the upper range of the
measured values. Using a minimum value for the observed
vertical flux and a maximum ionization rate (the photoioniza-
tion rate) over the total volume of the cloud yields a value for
the total number of molecules released at impact f 3 X 10*
molecules. This value represents a lower limit.

This value has been compared to the total number of gas
molecules that were available either as plastics or 25 trapped
gases at the impact site. An upper limit of 2 X 10% molecules
could be vaporized by the impact. Since 10% of these
molecules are He and the comparison of the MA and TID
data showed that the bulk of these molecules had masses
greater than 10 amu, it is likely that an upper limit of 10*
molecules can be placed on the gas cloud. Moreover the
ionization rates for He are a factor of 10 larger than the rates
used in this calculation. Thus the calculated lower limit
should be raised by an order of magnitude if He is the major
species in the cloud.

Thus the calculated lower limit for the total number of
molecules released by the impact is at least 1.5 times and
probably 3 times larger than the upper limit of the gas
molecules that are available for vaporization by the impact.
This discrepancy is within the possible errors of the ex-
perimental observations and those of the computed values of
the ionization rates and gas-cloud spreading parameters.
However, there would be a more comfortable agreement if the
iomization rate was larger. Both an increased ionization rate
and the detection of the hot (50 eV) electrons by the SWS can
be consistently explained by the existence of # rapid interac-
tion between the solar wind and the neutral gas cloud. Some
insight into this process can be gained by considering the
varnous stages of expansion of the neutral cloud.

The cloud expanded in i vacuum for the fiest S0 km. At this
puint the doud has a volume of 2.5 X 10 cm? and an average
number density of 8 X 107 molecules/em® (N, = 2 X 10%
molecules). The mean free path for elastic collisions be.ween
neutrals in the cloud (@ ~ 3 X 10 ** cm?) was 35 km, and the
mean free path for charge exchange with solar wind protons
(@ ~ S 10 "om?) was 250 km. The production rate of ions
was 4 jons‘em? s,

I he cloud continued to expand into the solar wind until the
ion production rate in a4 column (in units of grams per square
centimeter second) along a solar wind stream line became
comparable to the mass flux of the solar wind. At this point
the solur wind could no longer accommodate the additional
mass, and a shock wave was set up at the front of the cioud,
which slowed and thermalized the solar wind. This shock
wave formed when the cloud had a radius of about 70 km.
(Sce Cloutier et al. [1969] for a one-dimensional analysis of
thiy situation.) The solar wind was deflected by the shock
wave and detected hy the peripheral cups of the SWS.

At 90 km the cloud first emerged into the solar UV, The
average number density was now 2 X 10" molecules/cm®, and
the mean (ree path for elastic collisions in the cloud had risen
to 200 km. The ion production rate due to solar UV was 14
ions/cm? 3, but this was over a very small volume of the
cloud. The ion production rate due to charge exchange was
0.7 ion/cm?® s. The increased ionization rate in the upper
regions of the cloud may have altered the jump conditions of
the shock and the postshock streamlines, but basically the
situation remained unchanged.

At the time that the TID was measuring the initial ion peak
the cloud huad a radius of 225 km. The average number density

was 10® molecules/cm?, and the elastic mean free path and
solar wind charge exchange mean frec path were of the order
of several thousand kilometers. The ion production rate was |
jon/cm* s owing to solar UV and 0.05 ion/cm* s owing to
charge exchange. The streaming pressure of the cloud at this
point (see Appendix 3) was | X 10-* dyn/cm? as compared
with the pressure of the solar wind, 5 X 10-* dyn/cm?.

The key to the explanation of this event is probably the hot
electrons. By assuming that only solar wind electrons with a
number density of 3 el/cm* are being energized and by giving
these electrons a thermal energy of 50 eV the flux of hot elec-
trons would be 10" el/cm? s or a produ _tion rate of 2 X 10-*
ion/s atom. This is slightly larger than the photoionization
rate, and since the solar wind seems to have been deviated
through the cloud, these electrons wiil be ionizing over a
much larger volume than the solar UV. With the use of this
production rate the calculated number of molecules emitted is
only 1.6 X 10® molecules. The addition of photoionization
will make this even lower. Thus the energization of solar wind
electrons may explain the observations by reducing the mass
of the neutral gas cloud to a more reasonable value.

Moreover if the observed hot electrons are being energized
over a thicker region than the shock layer itself, then some
thermal electrons resulting from the ionization of neutrals wilt
also be energized. In this case, an avalanche effect will occur,
which is limited only by the energy flux of the solar wind. The
energy fost by each solar wind proton can go into proton ther-
mal energy. clectron thermal energy, and wave energy. Thus
cuch proton can energize at least three or four electrons. This
ability would raise the ion production rate to 8 X 10 *ion/s
atom, the number of molecules in the cloud thus being
reduced to 4 X 107,

Note that this may not be inconsistent with the observed
electron fluxes. As we have already noted, Lindeman ¢t al.
{1973} have shown the Junar surface potential 10 be negative
as much as 100 V on the night side of the dawn terminator.
This potential will repel as many electrons as necessary to
halance the sum of all the currents to the surface Asa result,
the observed electron flux will be fess than the actual flux in
the cloud.

The avalanche effect discussed above 1s very simitar to the
critical velocity hypothesis proposed by Alfvén {1954] in his
theory on the onigin of the solar system. Alfvén proposed that
when the relative velocity between a plasma and a neutral gas
in a magnetic field reaches or exceeds a certain critical value,
the gas is efficiently ionized. This critical velocity ¥, cun be
obtained by equating the kinetic energy of neutrals relative to
the plasma with the ionization energy of the neutrals (e, ,
where ¢, is the neutral ionization potential)

WM, V:' = Oy,

The exact 1onization mechanism seems to vary with the
prevailing conditions [Sherman, 1970; Danielsson, 1970b].
Danielsson [1970a} has found in laboratory experiments that
clectrons are energized and cause efficient ionization under
conditions that should have been collisioniess.

Reasoner and O'Brien [1972] report the observation of a
large Aux of electrons in the energy range 40-95 eV, which
resulted from the impact of the Apollo 14 lunar moduie on
the lunar surface 66 km away. The authors argue by the
process of elimination that these cnergetic electrons are the
result of a neutral gas-sular wind interaction and are not
produced at impact.

If energetic electrons are a common feature of the interac-
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tion of a tenuous plasma and a collisionless gas, then several
applications become apparent. A few that have already been
mentioned are the ionosg.eric models for Mars and Venus,
the ionization mechanism in type | comet tails, and possibly
cven the existence of our solar system.

It is unfortunate that the uncertainty in the data does not
clearly indicate whether the electrons are energized only at the
shock front or over a much wider region. In either case it is
probable that energetic electrons play an important role in
this event.

Thus the neutral gas cloud seems to have been efficiently
ionized by the solar wind in this interaction. Moreover the
solar wind underwent large deflections in the interaction. The
exact deflection mechanism has not been specified in this
model, although it was probably accomplished by the shock
front rather than the local lunar magnetic fields.

By means of an expansion velocity of 3 km/s the cloud had
expanded over 380 km beyond the Alsep site during the obser-
vation of the maximum horizontal fluxes by the SWS. At this
time the flow was from the north. It requires an 8-y magnetic
field directed into the lunar surface to deflect a 400-eV proton
by 90° in 380 km. The average local surface field at the Alsep
12 site is 36 ¥ and directed into the lunar surface with a dip of
32°. The magnetic pressure exerted by a 36-y fieldis § X 10-*
dyn/cm? (Appendix 3). The pressure excrted by the solar wind
after being deflected by 90° (K = 1 in Appendix 3)is 5 X 10-*
dyn/cm®. When the local field attempts to deflect the solar
wind by more than 90°, the solar wind pressure excecds the
field pressure and the local fields are then deformed by the
solar wind. This qualitative discussion shows that the assump-
tion that the horizontal fluxes are deflected solar wind ions is
perhaps consistent with the available data. However, the solar
wind is not deviated in this manner on other lunar mornings,
s0 the complex time history of the horizontal fluxes may be
due to the deformation of the local fields, as well as deviation
of the solar wind flow by the shock front.

SUMMARY AND CONCLUSIONS

The impact of the S-1VB on the lunar surface vaporized the
1100 kg of plastics on the rocket and released some of the
trapped gases in the lunar soil. A maximum of 2 X 10%
molecules were released in the resultant gas cloud, the plastics
having been apparently broken down into 80-amu molecules.
This cloud expanded at a mean horizontal velocity of 2 km/s
over the 140 km to the Alsep site. As th