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Introdu.ct ion 

'The Supra thermal Ion Detector Experirr:ent (SIDE) was 

dep1oyed on the Apollo 12, 14 and 15 missions. Table 1 

gives the deployment locations and dates. 

Table 1 

Longitude Latitude •,' D. Y. 1.'..:. • 

Apollo 12 23.4°W 3.2°S ' " 19 69 j_.;._ 

Apollo 14 l7.4°W 3.6°S 2 5 71 

Apollo 15 3.6°E 26.1°N '7 31 71 ! 

At the time of preparation of this report the Apollo 12 

and 15 SID3s are returning useful data although the Apollo 

12 SIDE mass analyzer is noisy and the absolute intensity 

calibration of the total ion detector is no longer 

trustworthy. The Apollo 14 SIDE returned useful data until 

mid-December of 1974, when it failed 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 

us f\~l f~or~rnat a~rld c1epc;s.itt.?d ir1 ti1e IJational Space Scie.nce 

=ata Center at Greenbelt, Maryland. This data is in a 

c cJr1.d er1s e ci rmat and occupies approximately 74 
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Guide that accompanies that data is attached to this report 

(Appendix l) and serves as a convenient description of the 

instrument and the data format. A copy of the One-Year 

report on the SIDE contract is also attached, as Appendix 2. 

The principal scientific 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 of these objectives were accomplished. Furthermore, 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 data. Approximately 200 pages 

of published material have appeared in books or scientific 

journals, and over 45 papers have been presented in 

scientific 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 is promptly accelerated by 

the solar wind electric field the maj ori t,y of SIDE data on 

the ionosphere comes from the terminator regions. Here the 

orientation between the electric field and the detector look 

axes is such that the ions can be accelerated into the SIDE 

field 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 

5 -2 -1 approximately 10 ions em sec in the energy range 10-3500 

eV. Assuming accepted values for the U.V. and charge 

exchange ionization rates leads to neon neutral number 

4 5 densities of 5 x 10 to 10 atoms/em. Although we have 

seen events in 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 is 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-l). 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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Th0 c -fold.ing 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 dip 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 

environment of the moon as well as the ion environment. 

lmen the solar wind electric field is not oriented such 

as to accelerate ions 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 ~al . ., 19 75, Appendix 3-1) is 

very narrow and in fact rarely seen in more than one SIDE 

energy channel. Because the spectrum is so narrow it is not 

mathematically tractable except to calculate that the peak 

energy is a direct measure of the local electric potential 

of the the l~nar surface, usually between - 10 and - 100 
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volts in ~he terminator region. 

The SIDEs also detect the lunar ionosphere on the 

dayside of the moon. In this case the accelerating electric 

field is provided by the SIDE 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 be 

accelerated into the detectors. This mode of operation is 

used to determine the dayside lunar surface potential due to 

photo electron.s, (see "The Electric Potential of the .::.,lm:J.r 

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/em in 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 

lS 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 photoelecti'ons. Th::l.s potential is found 

to be about +10 volts from solar zenith angles of 0 to about 

45°. Beycnd 4) 0 the potential falls rapidly to values as 
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low as - 100 volts near the terminator. T~e lunar surface 

potential is not symmetric wi t11 regard to 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 ~a1., 

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 details of the surface potential can be 

found in "Lunar Electric field, Surface Potential and 

Assoeiated Plasma Sheath Effects", Freeman and Ibrahim, 

1975, Appendix 3-3. 

Ions in the energy range 250 eV to 15JO 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 l 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 energies are generally less than solar wind 

energies. The spectra vary m mono-energetic at 250 eV to 

50 U c \/ to br~oad. J.!f1ere is c.1r1 i..r1dic ati on thctt the pea.k 

(?nergy changes with lunar local time reaching a max1mum of' 

:: to 4 s before sunrise. 
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The ion fluxes are of the order of 
, 

ions/cm~-sec-ster. 

They occur in bursts usually less than 1 hour in duration. 

They show no K dependence. p 

These ions are not understood. Their energy suggests 

that they are of solar wind origin. They are of too high 

energy to be detected by the SIDE mass analyzer. Possible 

explanations include: 

1. Atmospheric ions accelerated by the solar wind into 

circumlunar trajectories. 

2. Solar wind protons escaping fro~ a lunar limbshock 

as recompression shock. 

3. The positive ion sheath of the lunar nightside 

negative surface potential. 

For further details see ''An Observation of Lunar Night-

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

Bow Shock Protons 

Protons and other solar wind ions 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 energies ranging from 250 eV to beyond the upper limit 

of the SIDE at 3500 eV. Integral fluxes of the order of 

105 ions/cm2 sec -ster are typical. Their arrival at the 

moon is correlated with the interplanetary magnetic field 

direction. Further details can be found in ''Bow Shock 
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Protons in the Lunar Environment", by Benson et al., 19 '(5, 

Appendix 3-5 and the related thesis by Benson. 

~netosheath 

The moon offers a good platform from -,·;hich 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 for 10 lunations throughout the magnetosheath. 

These parameters generally follow the predictions of laminar 

flow. The presence of non-thermal particles concentrating 

in a high energy tail of the energy spectr~m is observed to 

increase near the bow shock in the dusk magnetosheath. 

An unexpected result is an asymmetry =._n the correlation 

between this high energy tail and K . The dusk magneto
p 

sheath shows a good correlation but the dawn magnetosheath 

shows no such correlation. This result is 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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Iv1agnetotail 

Perhaps the most important and least expected result 

from the SIDE data is the discovery of a new plasma regime 

in the high latitude lobes of the geomagnetic tail. 

Principally because of the SIDE's high sensitivity to low 

energy ions it 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 tail field lines away 

from the earth. Integral fluxes range from 105 to 10 8 

ions/cm2 sec ster, temperatures 4 x 10 4 to 5 x 10 5°K and 

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

the Distant Geomagnetic Tail", Hardy et al., 1975, (Appendix 

3-7) and the related thesis by Hardy. 

This plasma is found to be sometimes but not always 

contiguous with the plasma sheet. It is believed 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 magnetopause. 

Detailed investigations of the plasma sheet using the 

SIDE data are only now getting underway. One feature of 

interest is the appearance of multiple bulk flow velocities. 

Also the correlation of plasma sheet flow with substorm 

activity remains a promising subject to be investigated. 



-10-

Solar Wind-Neutral Gas Cloud Interactions 

An important aspect of cosmic physics is the 

interaction between neutral and ionized gas 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 site. Both the SIDE and the 

Solar Wind Spectrometer observed a large flux of positive 

ions (maximum flux- 3 x l0 8ions/cm2 sec ster). Two 

separate streams of ions were seen: a horizontal flux that 

appeared to be deflected solar wind ions and a smaller 

vertical flux of predominantly heavy ions ( > 10 AfJIU/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 important ionization mechanism in 

the impact-produced neutral gas cloud. Thus strong 

ionization and acceleration were seen under near collision-

less conditions. 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 al., 1974 (Appendix 3-8). 

Rocket Exhaust Products 

Along with ions from the ambient atmosphere the SIDEs 

detect ions arising from exhaust gases from the Apollo 

missions. 'l'he Apollo 12 SIDE data was studied briefly with 

:he object of determining the dissipation rates of these 
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gases. Two mass analyzer spectra were examined: one 14 

hm.u:'s after the Apollo 12 landing; the other 2 months later. 

Both spectra showed good agreement with ttie predicted mass 

spectra for exhaust gases. When fitted to an exponential 

decay curve an e-folding time of approximately 30 days was 

obtained for the majority of the gases ("Suprathermal Ions 

~·Jear the JVIoon 11
, Freeman et al., 19 72, Appendix 3-9) . This 

study has not been completed. The lifetimes of individual 

gases have not been examined in detail nor have the data 

from the Apollo 14 and 15 SIDEs been carefully examined with 

a study of exhaust gases as the principal object. 

S~noptic 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 the later data. These agree with the 

neutral number densities for neon found by the Lunar 

Atmospheric Composition Experiment on Apollo 17 [Hoffman et ~' 1973]. 

A possible explanation for this apparent change is 

calibration drifts in the instruments. Several independent 

tests of tbe 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 

possibilities have been thoroughly investigated. 

In 1973 we reported a 14-hour pe~·iod during which water 

vapor ions dominated the ion mass per unit charge spectrum 

at the Apollo 14 site (''Observations of Water Vapor ions at 

The Lunar Surfacell, Freeman et al., 1973, Appendix 3-10). 

By examining all possible sources of contamination and 

extra-lunar sources, we concluded that the ions were 

probably of lunar origin. Since this time no additional 

water vapor events have been found. Consequently it appears 

unlikely that the water vapor came from a lunar source, 

although the details of the ion production are still 

unclear. Aside from this enigmatic event no evidence exists 

in the SIDE data for transient events. 

Penetrating Solar Particles 

The SIDE was designed to measure 10-3500 eV ions which 

enter the detector ap~~ture. However, particles of 

sufficiently high energy can penetrate the Jnstrument from 

ur1y direction and be detected. Such was the case during the 
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intense solar flare ac ti vi ty of early Aug'_is t;, 19 72. 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 coun:ing 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. ~his so-called 

"square wave" was discussed in "The Solar :::osmic Ray 

Square-Wave of August, 1972" by Medrano e: al., 1975 

(Appendix 3-11), as well as in earlier conference reports 

and collected papers on the topic, and in 7he Ph.D. thesis 

of Medrano. Other instruments on several other spacecraft 

have also reported such observations and m~lti-spacecraft 

intercomparisons may shed more light on the nature of the 

disturbance which produced this event. 

Future Research 

The success of the SIDE experiments is characterized by 

the variety of phenomena the data provide information about. 

This 1rJide range of phenomena has made it d2.fficult to find 

time to examine all the phenomena in great; depth. A great 

deal of data analysis 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 spec~fic 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 magnetopause 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. 

ll. Investigation of long-term variations in the 

intensities of several phenomena observed. Pre

liminary work indicates definite variations 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 fruitful investigation 

with the data 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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9. SOPRATHERMAL ION DETECTOR EXPERIMENT 

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 surface (the lunar exosphere), (2) 
measure the flux and energy spectra of positive ions in the 
magnetotail and magnetosheath during the fericds when the 
Moon passes through the magnetic tail of the Earth, (3) 
provide data on the plasma interaction between the solar 
wind and the Mcon, and (4) determine a preliminary value for 
the electric potential of the lunar surface. 

DESCRIPTION 

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 analyzers for energy per unit 
charge discrimination. The MA also uses a Wien velocity 
filter (crossed electric and magnetic fields) , because 
knowledge of the energy per unit charge and the velocity is 
sufficient to allow determination of the mass per unit 
charge. The MA measures a 20-channel mass spectrum at each 
of six energy levels: 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 
ev. The mass ranges covered are approximately 10 to 1000 
atomic mass units per charge (amu/Q) for the Apollo 12 unit, 
6 to 750 amujQ for Apollo 14, and 1 to 90 amu;Q for Apollo 
15. While each mass spectrum is being observed by the ftA, 
the TID measures a 20-channel differ~~tial energy spectrum 
(including all masses) from 3500 ev;Q down to 10 eV/Q. Each 
20-channel spectrum is obtained in 24 sec. 

Each detector has a field of vi~~ that is roughly a 
square solid angle, 6° on a sid~. ~iu:::erous commands are 
possible, some of which allow certain ~easurements to be 
omitted to devote more time -to ott:::- :reasurements. · To 
establish electrical reference to ~~e lunar surface, a wire 
screen (the lunar-surface ground pl?~~ in figure 9-1) is 
deployed on the surface beneath t~? S~D~. This screen is 
connected to the SIDE groun~ th~ou:: 1 po~er s~pply that can 
cycle through 24 steps from -2 1 6 . _ ~27.6 v. The effects 
of stepping this voltage thro~J-:: , - · >"rcle can t-: used in 
certain circumstances to det~~: lunar-s~rface 
potential. A schematic di~~=~- SIDE instrument is 
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shown in figure 9-1, a cutaway view of the SIDE in figure 
9-2, and the SIDE as deployed at the Apollo 12 and 14 sites 
in figure 9-3. 

The look direction of each instrument was angled 150 
east (Apollo t4 and 15) or west (Apollo 12} from the local 
meridian plane. The Apollo 15 instrument (at latitude 260 
N} was deployed tilted 26° from 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 time periods when the 
instruments wgre 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. Summaries of SIDE operation for 
Apollo 12, 14, and 15 are as follows. 

Apollo 12 SIDE 

November 19 and 20, 1969 

December 1969 to January 1970 

February 1970 to August 1972 

9-4 

Deployment and operation 
during mission activities. 

Operation during lunar night 
(and a short time before 
and after) . 

Operation during lunar night, 
plus cyclic operation for 
approximatgly 10 days 
centered on local noon. 
Cyclic operation involves 
2 hr on and 10 hr, or more, 
off. More coverage was 
obtained during continuous 
real-time sut~crt of AFollo 
lunar surf~co ~xoeriments 
,packagE (AIS:.:'::') :Dissions 
(i.e., the fi:2~ 45 days of 
the mission) . 
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September 1972 to August 1973 Operation as for preceding 
period but with intermit
tent loss of data during 
lunar night (for periods 
of minutes to periods of 
many days) during the 
months of September, Nov
ember, and Decemter 1972, 
and during January, June, 
and August 1973. 

Apollo 14 SIDE 

February 5 to 7, 1971 

February 1971 to July 1971 

August 1971 to October 1971 

November 1971 to March 1973 

April 1973 to August 1973 

Deployment and operation 
during mission activities. 

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

Operation as for preceding 
period, plus short cycles of 
operation periodically for 
approximately 8 days near 
noon. 

Continuous operation. 

Operation during the night 
from approximately 1 day 
before sunset until sunris~. 

Apollo 15 SIDE 

f~~i22 ~ ]~§££iE1i2n 
July 31, 1971 to August 3, 19~eployment and operation 

during mission activities. 

August 1971 to September 1971 
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Operation except during 
approximately 10 days 
centered on lccal nacn. 
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October 1971 to November 1971 Operation as for preceding 
period, plus short intervals 
of operation intermit
tently for approximately 
4 to 7 days near noon. 

December 1971 to April 1972 Operation except during 3 to 
5 days centered en lccal 
noon. 

May 1972 to August 1973 Continuous operation. 

DATA SETS AND AVAILABILITY THROUGH NSSDC 

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

1. Machine plots (MA 
and TID on same 
plot) of count
ing rates as a 
function of 
frame number 

2. Listings of count
ing x:ates as a 
function of 
frame number, 
with limited 
amount of bouse
keeping data 

3. Machine plots 
(three
dimensional) 
of TID average 
energy spectra 
as a function 
of time 

16-mm micro
film 

16-mm micro
film 

Data for times after 
about August 1972 
are (or soon will 
be) available at 
NSSDC. Data for 
time~ from about 
June 1971 to Aug
ust 1972 will be 
available at NSSDC 
after producticn 
of copies. 

Same as prec~ding 
set. 

76 by 91 em All data will ~vent-
(30 by 36 in.) ually be av~ilatle 
paper at NSSDC. 

9-6 
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4. Machine plots 
(three
dimensional) 
of MA average 
mass spectra 
as a function 
of time 

5. TID spectra as a 
function of 
time 

6. MA spectra as a 
function of 
time 

7. Engineering 
parameters 

8. TID and MA data, 
including every
thing telem
etered from 
SIDE, plus eval
uations of data 
quality and in
strument mode 
of operation. 
C all e d " N P A K" 
by Rice Uni
versity. 

76 by 91 em 
(30 by 36 in.) 
paper 

Digital, on 
magnetic tape 

Digital, on 
magnetic tape 

Digital, on 
magnetic tape 

Digital, on 
magnetic tape 

Same as preceding 
set. 

Same as preceding 
s:::t. 

Sar::e as preceding 
set. 

Da~a for times 
after :~.hout June 
1971 will be 
available at 
NSSCC. 

Data availatle only 
at Rice University. 

DESCRIPTION OF NSSDC DATA TAPES 

Data tapes are standard 731.5-m (240C ft), 1.27-c"1 (0.5 
in.), 7-track IBM-compatible tapes, recor~ed at s~~ ~ci with 
odd parity. Words are 24-bit binary integers H:~~ ~~gative 
numbers represented as 2 • s complement; with 28 ;:::·1 c:1 ~ror:ds 

per logical recor:d (for both MA and TID). P!'l·::::.:-.' :-;ce>r•1s 
are fixed-length, blocked, with 100 logicol r::•::· -- ·' -, :·o::r 
physical record, and with no record-length ~c-,···· ... , c~ I 1 ; ·' ._ .. -_ .. -.; ~. •nl•t;.•er t#So pi.~F•c• "•cor~~~s. control words. There is only one file per _ . - -~ 

standard tapemark is written after the la:;'_ . : 
The last reel of a calendar year's dat~ i~ ' 
will have less than a full reel and th0 o:: 
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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 allows them to be distinguished from 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). Where reliable data are not availatle, the 
value -1 is inserted. 

SUMMARY OF PRINCIPAL RESOL~S 

1 '-"" Lu~r ions accelerated by the s.s,lar-wind-induced 
field (E = -v ? B) were observed (where E is the electric 
field and -V' 'f" B is the negative cross product of velocity 
and magnetic field). 

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

3. Ion mass spectra due to the LM exhaust gas were 
observed, and the intensity decay rate was determined. 

4. Multisite observation was made of the energetic 
ion characteristics in the Earth magnetosheatb and at its 
boundaries, and correlation with geomagnetic activity was 
mad<?. 

5. The effects of the lunar module (LM) ascent engine 
exhaust on magnetosheath ion fluxes were observed. 

6. Multisite observations of apparent motions of ion 
"clouds" related to lunar impact events and observations of 
mass spectra during the events were made. 

7. Ion fluxes were monitored during local solar 
eclipses; no changes were observed. 

8. Energetic ions were observed during lunar night 
when the site was shielded from the solar-wind direction. 

9. Observation of ion events near terminators 
sugge~ts a turbulent region of solar-wind plasma interaction 
with th~ solid Moon. 

1C. Positive ion fluxes were monitored while in the 
aeomagn~tic tail and correlated with geomagnetic storm 
activity. 

9-8 
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11. Mass spectra of ions were observed from the 
ambient atmosphere, including a single observation of water 
vapor ions, possibly of natural origin. 

12. The electric potential of the lunar surfac~ was 
determined (a) in th~ magnetosheath or solar wind and (b) 
near the terminators. 

13. Solar wind was observed during interplanetary 
storms. 

14. PenetratiDg ions from solar flares were obs2rved. 
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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 moon 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 

lOeV through 3500ev, and the mass analyzer covers the mass

per-unit-charge range 10 through lOOOamu/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 look 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 lol7 and 

lol7counts/sec/amp of entering positive ion flux, respec

tively. The entrance aperture areas are approximately 

24mm2 and l61nm2, respectively. A more detailed descrip

tion of the instrument is given in the preliminary report 

(reference 1). 

Performance 

The performance of the SIDE continues to be excellent. 

All temperatures and voltages have been nominal and no new 

anomalies in operation have appeared 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 occurred 

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 problem, and has resulted in acquisition of very 

interesting data in the earth's tail and rnagnetosheath 

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 tern

perature history such as that shown in Figure 2, keeping 

the package below about 55°C and hence obtaining data 

without undue risk of high voltage arcing damage to corn-

ponents. In the lunar afternoon the instrument is turned 

on 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 

obtain 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 operati~g temperatures reached 79°C 

during each of the three lunar days when the power was 

left on continuously. During the night-time the inter-

nal temperatures are maintained at constant values (-9°C 

to +22°C, depending on proximity to the heaters) by means 
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of 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

hood of high voltage corona within the instrument. 

General Results 

Low-Energy Events 

As reported in references 1 and 2, several low-energy 

(10 to 250 eV) events were detected by the total ion detector 

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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18 to 50 amu/q. It should be noted that the light gases 

H, H2 , and He cannot be detected by the Apollo XII mass 

analyzer; they can pe 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 two 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 E x B 
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 high energy 

(1 to 3 keV) ions SFOradically in the portion of the lunar 

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

observed. However, the actual energies and directions of 

such escaped protons are expected to be modified in an 

unknown manner by magnetic and electric fields in the 

vicinity of the moon, 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 

observed each lunar cycle. 

are also seen each cycle. 

Intermittent day-time events 

Earth's Wake in the Solar Nind 

Beginning in February, 1970, observations were made 

during many short segments of time throughout 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 
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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" parallel to the bow shock front in 

the former case, whereas in the latter the detector looks 

almost perpendicular to the shock front. In 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 energi 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. 
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The magnetosheath is a very complex region, and it 

is expected 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 energies 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 1~/o and perhaps most of these 

ions had masses between 10 and 80 amu/q. We have learned 

that an impact such as that of the S-IVB produces a gas 

cloud of sufficient density to deflect the solar wind in 

the vicinity of the impact and accelerate the gas cloua 

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 XII 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 (February 

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 a 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 XIV SIDE instruments will be able to observe this 

total eclipse. There is also 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 by him at the April (1970) National 
Meeting of the American Geophysical Union (reference 
9). A paper for publication will be in preparation 
shortly. 

3. Dr. Jlirg Meister is investigating possible SIDE 
data correlations with optical lunar transient 
events reported by the LION network. Dr. Meister 
is an ESRO/NASA International Post-Doctoral Fellow 
who only recently arrived at Rice to work with the 
SIDE group. 

4. Miss Martha Fenner (a 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 Union (reference 6}. 
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5. 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. 

6. Mr. Rene 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. 

7. 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 

of areas awaiting detailed investigations: 

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

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

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

4. Analysis of lunar eclipse data. 

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

6. More complete examination of the concept of a 
general acceleration mechanism for thermal ions 
in the lunar ionosphere (reference 8). 

7. Correlation of SIDE data with PSE data (detected 
natural impact event~ and with LSM data. 

It should be noted that most of these specific areas 

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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the different locations and SIDE detector 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 continues 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) Solar 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 

between 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-IVB 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/q. No 

mass data is available from the Apollo XII LM impact, 

which resulted in ions of 250 to 500 ev at the SIDE. 
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(8) Two partial lunar eclipses have been monitored, 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. The look directions of the SIDE at various 
points along the lunar orbit. The Earth 
is not drawn to scale. 

Figure 2. Temperature history during the cyclic operation 
of the SIDE. The dashed curve was taken from 
earlier times when the power was left on, and 
only the internal high voltage supplies were 
turned off. 

Figure 3. 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. 

Figure 4. Maximum counts per channel of the total ion 
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 energy and 

mass spectra of these ions accelerated by the interplanetary electric 

field indicates the following: (1) the principal ion species are in the 

mass per unit 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. 
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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 ions 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 

Vsw is the solar wind velocity and B; the interplanetary magnetic field 

strength. + E; can be assumed to be homogeneous over the lunar atmospheric 

scale height, 

kT h =mg 
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and zero-energy intercept 

{5) 

If the value of Ei is known, eq. 4 gives the scale height; and if the 

ionization rate p is also known, eq. 5 gives the surface number density 

of the neutrals n
0

. 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, l973a] 

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~0 • Equations (1) becomes 

~(z) = qE.z + q~ 
1 0 

{6) 

where ~0 is the magnitude of the negative lunar surface potential. This 

equation is correct only for ions created well above the screening 

length of th'~ lunar surface electric field. Its effect is to shift the 

linear semi-1og energy spectrum line toward higher energies. To correct 

for this, \'liiC'n evaluating the zero-energy intercept, equation (5), \'ie 

must shift the energy axis by an amount q~0 . The pn
0 

product can then 

be determined from eq. 5. However eq. 5 is not strictly valid at e: = 

qq,
0 

so that pn
0 

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 
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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) = ~0 exp [-Z/A] (7) 

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

given by 

e(z) = q(E.z + ~ (1-exp(-z/A))) (8) 
1 0 . 

and the differential flux by 

dJ(z) = nop exp(-z/h) 
dE.: q[E. + ¢o exp(-z/A)] 

1 -r-
(9) 

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

plotting eq. 9 vs. eq. 8. 

For z>>A eqs. 8 and 9 reduce to 

E.:( z) :.: qE. z + q ¢ 
1 0 

( l 0) 

in agreement with eq. (6) and 

d) n
0

p -z/h 
~ ::: (---·)e 

d£ qE. 
1 

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

or 

~ (-~p) 
qE. 

1 

£ -q <P 
0 

- qE.h 
e 1 ( 12) 

tn (dJ) 
d£ z>>t.. 

n P 1 
::: tn(qoE.) - -- ( £ -q$ ) 

1 
qEih o ( 13) 

It is clear from eq. 13 that eq. 4 is still valid for the slope. Hence 

Ei can still be estimated from the slope if h is known~ When eq. 13 is 

evaluated at £ = q$
0

, 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 p~rameters of the fitting function (equations 8 and 9) from 

the data using eqs. 4 and 5. The final value of the parameters pn
0

, Ei' 

4>
0 

and >..were determined from the fit. 

Observations 

Figure l shows a V
5
w x Bi 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 t2low ~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 q~0 . 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 ::: 7l o where the surface temp of - 284°K gives 
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a scale height for neon of rv73 km. The measured slope is ::: .011 which 

gives a value of about 1.25 V/km for E1. A typical solar wind velocity 

of 400 km/sec and typical B; of 5y yields Ei = 2V/km. Other V
5
w x Bi 

+ 
events have been analyzed where Ei was available from knowledge of the 

interplanetary 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 ~ 0= 50 V, A= 4.0 

km, E; = 1.4 V/km, h = 73 km and pn
0 

= ·006 cm-3sec-1. · 

Using the value p = 1.1 x 10-7 sec-1, the total ionization rate 

from photoionization, solar wind impact ionization and solar wind charge 

exchange (Siscoe and Mukherjee, 1972) for neon gives 

( 14) 

This value of n
0 

is consistent with the results of Hoffman et a_~ 1973 

who report data from the Lunar Atmospheric Composition Experiment 

indicating 8.7 x 104 cm-3 near the terminator. 

A second event of this type observed on day 43 of 19 7 4 is shm'ln 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 
0 20 angle of -68 which implies a scale height for Ne of- 75 km. The 
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scale height coupled with the slope gives a value of 1.3 ~/km forE;· 
'V 

The smooth curve in figure ). was computed from eqs. S and 9 with <l>o = 50 

V, A = 1700m, Ei = 1.3 V/km, h = 75 km and pn
0 

= .011 cm-3sec-l. The 

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

20 amu/q so that if the value of p given above for Ne20 is used with the 

fitted pn
0 

product, the surface number denisty of the neutrals is 

(15) 

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 

zenith angle of - 64° where the Ne20 scale height is - 78 km. The 

calculated value of Ei 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 <1>
0 

= 45 V, A = 1370 
-3 -1 m, Ei = 3.8 V/km, k = 78 km and pn

0 
= .015 em sec . The resulting 

value of the surface neutral number density is then 

( 16) 

Other Vsw x Bi events have been observed by the Apollo 15 instrument in 

1973 and 1974 that give similar results. That is, a surface number 
5 -3 density for neon of the order of 10 em , <1>

0 
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. 
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All 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 Vsw x B; events with the 

result that 14 events have been found for which simultaneous mass 

spectra exist. These are considered to be 11 high quality 11 events. Many 
-+ -+ 

other events exist in these regions that appear to be Vsw x Bi events 

. but for which no simultaneous mass spectrum exists. These 11 no-mass 11 

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 

(- 105cm-3) determined from the present analysis is about a factor of 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 

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 alone. A 

typical example of one of these events is shown in figure 4. These 

monoenergetic low-energy ions provide 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 consistently 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). 

Summary 

The results contained in this description of the lunar terminator ion 

environment may be summarized as follo\'Js: 
+ 

A model is proposed to explain the dominant features of the Vsw 
+ 

x B; spectra that are observed in the terminator regions. This model 
+ + 

uses an exponential atm'1ftlhere, the vertical VsvJ x Bi electric field, 

and an exponentially decreasing potential distribution near the surfac~ 
+ -+ 

A reasonable fit to the Vsw x Bi spectrum can be obtained which yields 

the parameters pn
0

, Ei' ~0 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 Vsw x B; spectra is often found to be a few tens of volts negative 
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at a solar zenith angle of - 70° and the scale size A of the distribution 
-+ + 

is of the order of 1 km. The analysis of several Vsw x B1 spectra with 

a dominant mass of 20 amu/q shows that the neutral number density n
0 

is 

of the order of 105cm-3. Earlier SIDE da~a indicate a higher value. 

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 ions 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 ·vsw x ·a; spectrum. 

The in~;et shows that the dominant mass for this 

event is 20 amu/q. The circles connected by a dashed 

line represent the results of the calibration for 

20 amu/q particles normalized to the observed counts. 

·+ + 
Figure 2. V

5
w x B1 event observed on day 43 in 1974 by 

the Apollo 15 SIDE. The smooth curve is a fit to 

the data with ~0 = 50 V, h = 75 km, A= 1700 m 

-3 E; = 1.3 V/km and pn
0 

= .011 em . 

->- ·+ 
Figure 3. Vsw x Bi event with stronger interplanetary field. 

The fit to this spectrum was made with ~0 = 45 V, 

-3 h = 78 km, A = 1370 m E; = 3.8 V/km and pn
0 

= .015 em . 

Figure 4. Typical lunar surface potential event shmving 

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. 



7 

6 

5 
~ 

I 

> 
(I) -'u 4 
QJ 
CJ) 

C\J 

'E 
3 u 

1..-......J 

X 
::J -

LL 
--2 

c 

APOLLO 15 1974 14 d lh 54m (-1 minute overage ) 

.I 
/x~x 

X 

5 I!D 

X- OBSERVED lti' 
0 -CALIBRAT!ON (20AMU) i \ 

4~ T I 

I \ 

' <I) 3-1 I ... I I \ 
;5 I l 
82~ tx \ 

I '/ 6 

'lL\-x~~~~L~L 
0 5 10 15 

MASS CHANI'iEL 

(D =50 V h = 7 3 km 
0 

J = 4000 m Ei =1.4 V/km 
pno =.006 cm-3sec-1 

0 250 !0 30 50 70 100 

ENERGY {eV/q) 
500 



7 

6 

--- 5 ~ 
I 

> 
Q) 

'o 
(I) 
U) 

N 
'E 
~ 

X 
:::J 

LL 

4 

3 

-.- 2 
c: 

APOLLO 15 1974 43d IOh 24m (-6 minute average) 

' (]) =50 V h = 75 km 
X~ o 

.A= 1700 m Ei = 1.3 V/km 
p no= .011 cm3 sec' 

I 

0~~~~------~------------------~~--------------------------------~ 
10 ?D 50 70 100 250 

ENERGY(eV/q) 
500 



7 

6 

5 --'"=' 
I 

> 
_OJ 4 
'o 
('£) 
(/) 

('IJ 

'E 3 
0 

L..---1 

X 
::J 

1..!_ 2 --.--
c 

APOLLO 15 197 3 

X 

X 

289d 16h 43m (-5 minute average) 

X 

<1>0 =45 V h=78 km 
A= 1370 m Ei =3.8 V/km 

p n =.015 cm3 sec-1 
0 

X 

0~~~------~----------~------------~----------~----------~ 
0 50 100 250 500 750 1000 1250 

ENERGY (eV/q) 



-0 
"-:
() 
(I) 
{..'\.. 
en 

<..O 

40-

30 

20 

10 

30-

20 

10 

1 

LUNAR SURFACE POTENTI/\L EVENT 

20 eV channe::l 

peal<s at 17 e\1 

16.2 eV channel -I 





GEOCHIMICA ET COSMOCHIMICA ACTA 

Journal of The Geochemical Society and The Meteoritical Society 

SUPPLEMENT 4 

PROCEEDINGS 

OF THE 

FOURTH LUNAR SCIENCE CONFERENCE 

Houston, Texas, March 5-8, 1973 

Printed in the U.S.A. 

Sponsored by 

The NASA Johnson Space Center 

and 

The Lunar Science Institute 

PERGAMON PRESS 



Prm.:ecdings llf the Fourth Lunar Science t •H:l•'ti.:'III.'C 

!Supplement 4, Geochimica et Cosmochimit'1l -~r·ttd 

Vol. 3. pp. 2877-2887 

The electric potential of the lunar surface 

M.A. FENNER, J. W. FREEMAN,JR., anJ H. K. HJLLS 

Department of Space Scien'''' 
Rice University 

Houston. Texas 77001 

Abstra(·t--·Ac:cclerati,m am] detection of the lunar thermal ionmph~n· in the pn·,encc llf the lunar 
electric ileld yields a value of at least + 10 volts for the lunar ckl'lri.- potential for sol;,r n:nith angles 
betwecn approximately 20° and 45o and in the magnetosheath or ,olar wind. An enhanL·t:d positive ion 
!lux i> observed with the ALSEP Suprathermal Ion Detector wh,·n a pre-acccler:llion voltage attains 
certain vaiUl'S. This enhancement is greater when the moon i' in the "liar wind as oppost:d to the 
magnetosheath. 

INTRODUCTION 

THEORETIC.\! STUDIES of the electric potential of the sunlit lunar surface in the 
presence of the solar wind have predicted values ranging from + 20 volts Jown to 
a few volts positive. Originally, Opik and Singer ( 1960) proposed a value of about 
+20 volts. More recently Grohman and Blank ( 1969) revised this estimate clown
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 magneto,heath 
and solar wind of about + 10 volts. This evidence comes from the analy<;is 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 (SrDE) de
ployed at the Apollo 14 and 15 sites. 

THE SIDE 

The Suprathermal Ion Detector Experiment (SIDE) contains a total ion detec
tor curved plate analyzer and ion mass analyzer designed to measure positive ions 
down to a few electron volts. To accomplish this in the face of possible lunar 
surface potentials of the order of several tens of volts, the instrument is equipped 
with a ground plane electrode (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. I b). For certain negative (accelerating) voltages, the 
imposed electric field is able to overcome a positive surface potential allowing 
thermal ions to be measured by the instrument. 

The ground plane electrode is a circular wire grid 65 em in diameter. Close-up 
2877 
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SECOND-SURFACE MIRRORS 
!THERW"L CONTROL) ION ENTRANCE APERTURES 

\ ,/~~~UGNR~~----- --- "-,, 
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.-=>;~-....,. ------STORAGE TUBE 

~~~--...BUBBLE LEVEL 

'-......HANDLING TOOL 
SOCKET 
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- - - LROUND PLANE 

7//////////////// +o 
LUNAR SURFACE 

AP,OLLO 14 SIDE Deployed Configuration 

(a) 

Schematic of the Instrument Configuration 

(b) 

Fig. I. The Suprathermal Ion Detector Experiment (a) a~ deployed on the lunar surface, 
and (b) ~howing the ground plane and top wire grid configuration schematically. Thermal 
ions arc attracted to or repelled from the top of the instrument by the top grid. <l>r is the 
voltage produced by the stepping supply. The ground plane is in actual contact with the 

lunar surf ace. 

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 field 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 FUN<TII l\i 

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

(a) In the case of a near-zero lunar surface potential a 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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lcntial. When the stepper voltage exactly matches but is of opposite sign 
from the lunar surface potential, the ions are seen unaccelerated. 

(c) When the lunar surface is negative the ion:;, may be repelled by a suffi
ciently large positive stepper voltage. 

We can assume that the ions seen are principally ionized neutral gas in thermal 
equilibrium with the lunar surface (T :oS 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 fields 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,- (cp, + cpn)q (1) 

where H, is the initial ion energy (the neutral thermal energy), cp, the potential of 
the top wire grid of the SIDE relative to the ground plane aml hence to the lunar 
surface, cpo the lunar surface potential, and q the ion charge (assumed to be+ 1). 
We will be concerned with cases in which cp, is negative and for which we assume 
q i'P• + 'Pol ?!>E. so that (I) becomes 

E = -(cp, + cpn)q (2) 

Using this equatit>n llbservable values of cpoq are displayed in Table for the 
differential energy channels, E, and stepper voltages, 'fJ, of the Apollo 14 instru
ment. If the initial energy of the ions is not negligible then the tabular values 
represent ('PoCJ -- E,) and hence provide a lower limit on the surface potential; a 
situation that we consider unlikely (see Appendix B). 

0BSERV ATIONS 

A feature of the data when the solar zenith angle is between approximately 20° 
and 45° is the frequent appearance of narrow low-energy ion ftux 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 
energy channel except at the resonant ground plane stepper voltage. 

This phenomenon has been seen with the Apollo 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 has 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 7 e V at ground plane voltage - 16.2 and 17 e V at ground 
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Table I. Apollo 14 SIDE-Observable values 
of (cpo q ). 

0267 tp, (volts) 

Ground Plane 
Stepper Voltage 
- 0.6 
- 1.2 
- 1.8 
- 2.4 
- 3.6 
- 5.4 
- 7.8 
-10.2 
-16.2 
-19.8 
-27.6 

0.0 
+ 0.6 
+ 1.2 
+ 1.8 
+ 2.4 
+ 3.6 
+ 5.4 
+ 7.8 
+ 10.2 
+ 16.2 
+ 19.8 
+27.6 

E 
Total ion detector 
Energy Channels 

7eV/q 17eV/q 

- 6.4 ·- 16.4 
- 5.8 -15.8 
- 5.2 - 15.2 
- 4.6 ·14.6 
- 3.4 ···13.4 
- 1.6 -· 11.6 
+ 0.8 ... 9.2 
+ 3.2 6.8 
+ 9.2 0.8 
+ 12.8 + 2.8 
+20.6 t-10.6 
- 7.0 -17.0 
- 7.6 - 17.6 
- 8.2 - 18.2 
-· 8.8 -18.8 
- 9.4 -19.4 
-10.6 -20.6 
-12.4 ·22.4 
-14.8 -24.8 
-17.2 - 27.2 
-23.2 33.2 
-26.8 --36.8 
-34.6 -44.6 

plane voltage - 27.6. From Equation (2) and Table 1 these examples yield a lunar 
surface potential, q>o, 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 volts 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 17 eV 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. 
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OBSERVATIONS 

Fig. 2. Location in lunar orbit of the lunar surface potential observations. 

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 fact it is 
important to note that the resonance shown here indicates that the <;urface poten
tial does not change greatly over a large portion of the sunlit surface. At the 
equatorial site (Apollo 14) the potential remains + 10 v -:r 2 v over the solar zenith 
angle range 20° to 45°. The same potential has heen observed at least once within 
the same zen;th angle range at the Apollo 15 site 26.1 o north of the equator. 

That the magnitude of the counting rate 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 solar wind n11mh.:r density varies 
by an order of magnitude. In November an unusually high numb.:r density in the 
solar wind was reflected in a very intense resonance. This observation is consis
tent with the source of ions considered below. 

THE THERMAL LuNAR Exo.'>t'HLRr. 

The foregoing assumes that the thermal lunar ionosphere is bt:ing accelerated 
into the instrument in the presence of a lunar surface electric field and an artificial 
electric field arising from the SIDE. This hypothesis is not only supported by the 
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APOLLO 14· 1971 DAY 310 1802 UT 
6.-.--.--.-~ -.-.-~--.-.--.--.-.--

5 

lj. 

0 

/
' 0--~1"' J 'b ;' 1>- -j-<o . 1>-
o· · o· 1 ,. 1 ,. rv· I,; I <r,· 
/11!/1/t/1/; 

Fig. 3. SIDE total ion detector count rates in two energy channels for a three hour time 
interval grouped by ground plane stepper voltage. The time given is the start time of the 

interval. 

APOLLO 14 1971 

Fig. 4. Typical ground plane stepper resonance seen by Apollo 14 in the lunar afternoon. 
The counting rates in the resonant 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 that on this lunation the resonance 

begins at a solar zenith angle of 10°. 
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COMPARISON WITH SOLAR WIND DATA 
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Fig. 5. Comparison of thermal ion data and solar wind data. The maximum counting rate 
in the resonant step is plotted for each month. Vela data is from Solar-Geophyiical Data, 

U.S. Department of Commerce, Boulder, Colorado. 
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ground plane stepper resonance but also qualitatively by the observed 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 less 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, No, by 

F =PNoH 
- 2 (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 17 e V ions and 
calculate a flux of 3 x 106 ions/cm2sec. 

We must now make a choice regarding the composition of the atmo~phere. 
Johnson (1971) has shown 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 1.1 x 10--7 ions/sec atom for neon. The requisite surface 
number density is then No- 5 X 106 atoms/cmJ. This is in reasonable agreement 
with the daytime surface number density reported by the ALSEP cold cathode 
gauges (Johnson, F. S., private communication). 

Although the resonanc'e phenomenon has been seen with the SIDE mass anal
yzer we have not been able to determine directly the ambient ion masses. Statis
tics are 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 [Lindeman 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 masses present in their 
proper abundances. 

The enhanced resonance peak in November 1971 (Fig. 5) can he explained by 
the increased solar wind flux. Bernstein et al. (1963) give the charge-exch:mge 
cross-section of solar wind protons on neon as 5 x J<r •• cm7

• As seen from Fig. 5 
the solar wind flux reached --2 x 109 ions/cm2sec for a production rate of 
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10 6 ions/sec atom; easily enough to account for the enhanced resonance 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 lunar surface potential. 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 hold 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 lunar 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 positive to negative as one ap
proaches the lunar night. Figure 6 shows the composite data on the lunar surface 
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Fig. 6. Composite lunar surface potential values vs. solar zenith angle. Also shown are 
predicted values computed by Manka ( 1972) for lypical solar wind parameters. 
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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 
examined. 

Close-up photographs show that the grid makes contad with the lunar soil at many points and 
where there is not direct contact the wires are rarely more than a few centimeters from the surface. 
Strangway et a/. ( 1972) have measured the D.C. conductivity of lunar soil samples and found values 
helow 10 "mhos/m in the temperature range of interest. This is sufficiently low that the soil may be 
c:onsidercd a perfect insulator and we can direct our attention to conductivity via the plasma only. 

The pruhlem can be recast by considering the relative importan~:e of two impedances R. and RLs 
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and thinking of the SIDE as the center terminal in a voltage divider network. R. represents the 
impedance between the SIDE top wire grid and infinity. RLS represents the impedance between the 
ground plane and the lunar surface. In either case the impedance, R is approximated by 

L 
R '" uA 

where L is tht· ~rrcening length for the plasma, u its conductivity and .4 the effective area of the 
electrode. (Where the ground plane wire is less than L from the ~urface then some mean distance to 
the surface might replace L.) We assume that Land u are the same at both electrodes and find that the 
relative impedan<.:L"S are determined by the areas of the two electrodes. The condition of small relative 
potential diffcrenc·c between the ground plane and the lunar surface, which is 

now becomes 

where Aro and Aue are the effective areas of the top grid and ground plane respectively. The ground 
plane is approximately 65 em in diameter and contains over 1300 em of wire. The top is approximately 
10 x 12 em and consists of knit wire mesh. We estimate 

Am · 0.01 
Aap 

and hence conclude that the potential difference between the ground plane and the lunar surface is a 
small fraction of the lunar surface potential relative to infinity. 

APPENDIX B 

In the case of a screening length long compared to the dimension of the SIDE above the lunar 
surface (-50 em) the lunar surface potential field may overwhelm the SIDE top grid field some 
distance out and set up a positive potential barrier for positive ions attempting to reach the SIDE. This 
suggests the possibility of non-negligible initial ion energies, E,. One mu~t then ask what the initial 
energy source might be since tbe resonance is clearly the result of lunar atmospheril: ions as is 
demonstrated by the observed number density and the mass spectra ~ccn on at least one uccasion. Ion 
:~cceleration hy the interplanetary electric field as discussed by Manka and Michel ( 1970] is frequently 
seen in the SIDE ion data, however. this leads to a sporadic highly directional and energy varying flux 
unlike the stable monochromatic flux <tssociated with this resonan-:c phenomenon. No other ion 
acceleration mechanisms are known that are appropriate to this 1cnith angle regime, hence we prefer 
the assumption of a smaller screening length and negligible E,. In any event. our value for the lunar 
surface potential stands as a lower limit. 
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Abstract 

This paper reviews the electric field environment of 

the moon. Lunar surface electric potentials are reported as 

follows: 

Solar h'ind Dayside: ¢0 +10 to +18V 

Solar Wind Terminator: ¢ ~ -10 to -100 v 
0 

Electron and ion densities in the plasma sheath adjacent to 

each surface potential regime are evaluated and the corres-

ponding Debye length estimated. The electric fields are 

then approximated by the surface potential over the Debye 

length. The results are: 

v Solar Wind - Dayside: E
0 

~ 10 /m outward 

Solar Wind - Terminator: E - 1 to 10 v/m inward 
0 

These fields are all at least 3 orders of magnitude higher 

than the pervasive solar wind electric field however they 

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

surface. 
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Any 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 environments 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 order 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 

generated by the motion of the solar wind magnetic field 
~ ~ 

past the Moon (The so-called vxB or solar wind electric 

field). This electric field is approximately 3 orders of 

magnitude 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 this paper will concentrate 

on 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 considerations, 

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. In a more elaborate calculation, 

Walbridge [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 function and the work function of the 

surface, 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 

potential given by Grohman and Blank is inapplicable and the 

predicted lunar surface potentials range in value from few 

volts to 25 volts positive. 

Experinental values for the lunar surface potential 

have been obtained by the apollo lunar surface suprathermal 

ion detector experiment (SIDE) [Freeman et. al., 1973]. 

Figure 3 illustrates the configuration of the SIDE as 

deployed on the lunar surface. Irmnediately 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 irmnediately above the input aperture 

for the ion detectors is also wired to SIDE ground. Through 
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this stepping supply it is possible 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. 

(1) 

E is the detection energy, Ei the ion initial energy, 

¢
0 

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 energy 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 stepping 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

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. 

Goldstein [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 atmospheric ions 

associated with the ion sheath adjacent to the lunar surface 

[Lindeman et al., 1973]. These ions reach the surface with 

peak energies corresponding to the lunar surface potential. 

As the SIDE approaches the terminator region very low energy 

ions are seen first. 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 crossing. 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 plasma whose ion and electron temperatures are 

10 5 and 2xl0 5 °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 verified by some sample ion mass 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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(~f the terminator surface potentials. 

No theoretical studies have been published on the 

electric 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 

value 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 communication] 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 E X B ion trajectories do allow sw sw 

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 of the moon by some mechanism. One conceivable 

approach is to consider these ions to form the positive ion 

sheath for a negative nightside surface potential; in which 

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 the 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 energetic electrons 

found in the plasma sheet can be expected to drive the 

nightside of the moon to several kilovolts negative on 

occasions. Such large potentials are found on satellites in 

the tail during eclipses [DeForest, 1972]. 

Regarding 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-off energy indicate dayside potentials ranging up 

to approximately +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 those described above, in some regimes in the 

geomagnetic tail and indicates at those times potentials +10 

volts or greater. A detailed comparison of the SIDE and 

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

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

conditions. We expect more complete reports on tail potentials 

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 

volts/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 em for the screening 

length. 

In the terminator region we assume the Debye length to 

be that of the solar wind or approximately 10 meters. 

Therefore, the electric field over the region where the 

surface potential 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 the sake of completeness in this review we will 

speculate that the energetic ions (N
0 

~0.05 ion/cm3 ) form an 

ion sheath for a surface potential of the order of -100 

volts, and that their effective temperature is that of the 

5 solar wind or ~10 °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
0

, 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 those 

reported by Schneider and Freeman [1974]. 

Superimposed on the surface electric fields is the 

electric field of the solar wind whose value is o~ the order 

-3 
of 2xl0 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 fields may be very intense. 

Given these electric fields, it is possible to make 

calculations on the ion trajectories for ions arising from 

ionization of the lunar atmosphere. The results of these 

calculations are the subject of the paper by Vondrak and 

Freeman [1974]. Similar calculations are also presented by 

Manka and Michel [1973]. 

In summary, the gross electric field distribution in 

the vicinity of the 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 now 

possible to proceed to consider quantitatively its effect on 

the ion return or reimplantation rates. 
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Figure Captions 

1. The solar wind plasma and solar photon environment 

of the moon. 

2. The electric charge distribution on and near the moon. 

3. The mechanical and schematic details of the deployed 

SIDE. 

4. 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). 

5. The measured lunar surface potential, ¢
0

, as a function 

of solar zenith angle. 

6. Theoretical predictions of the lunar surface potential 

versus solar zenith angle prepared by Manka [1973]. 

7. 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. 

Energy along the x axis is in eV/q. The differential 

energy 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 accelerated 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. 



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. These protons are seen 

on and off throughout this time period. 

8. 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. 

9. The electric field environment of the moon. 



TABLE 1 

SUNLIT LUNAR SURFACE IN THE SOLAR WIND 

WORKERS METHOD y W(ev) ¢ (volts) No (e.iect) >-D (M) 
0 cm3 

Opik and ' Energy Balance +20 to 25 

Singer (1960) 

Grohman and Probe Theory 
0.001 4 +0.6 

Blank (1969) 0.01 6 +10.2 

-9 -2 +9 
Manka (1973) Current Balance Ip -5xl0 amp em 

I/10 Ip +4 

Walbridge (1973) 3 Ranges 0.2 6 >+3.5 5 X 10
3 0.6 

of Energy - 105 0.04 

Feuerbacher Lunar Soils 0.07 5 130 0.78 

et al. (1972) 

Reasoner and CPLEE 0.05 6 Tail Data Only 

Burke (1972) Photoelectron 
Data 



TABLE 2 

LUNAR SURFACE POTENTIAL IN THE TAIL 

V.lORKERS METHOD NIGHTS IDE DAYS IDE 

Knott (1973) From plasmasheet -several kv 

j 
electron spectra in plasmasheet 

l 
Reasoner and ! CPLEE <+40 to +200 v 

Burke (1972i photoelectron -
data 

I 

Freeman and SIDE ion >+ 10 v 
Ibrahim resonance data -

I 
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ABSTRACT 

An Observation of Lunar Nighttime Ions 

by 

Henry Emil Schneider 

The Rice University Suprathermal Ion Detector 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 pe~k 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/q 1 day before the 

sunrise terminator crossing. 

The ion energies are generally less than the solar wind 

and the ion flux c~ 10
6 

ions/crn
2
-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 SlJnrise with a peak at 2 to 3 days be fore sunrise. 

There is also a weak secondary activity peak 3 to 4 days after 

loca 1 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 events. 
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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 TO 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 reduction 

of one such experiment, the Rice University ~uprathermal Xon 

Qetector 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 passes 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. 

2 

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 moon, one must be familiar with the theories con

cerning solar wind interaction with the moon. The following 

sections briefly discuss the current knowledge r.oncerning 

this area. 

1.2 ~ENERAL BACKGROUND - EXPERIMENTAL @SULTS 

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 nwnber 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 1-1 summarize the solar wind parameters. 

The conductivity of the solar wind is essentially infin

ite. Therefore, the int~rplanetary 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 the 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 MINIMUM MAXIMUM AVERAGE 

flux N v (ions/cm
2
-sec) 10

8 1010 2-3xl0 
8 

p 

velocity v (km/sec) 200 900 400-500 

density N ~ N (ions/cm
3

) 0.4 80 5 
e p 

temperature T (OK) 5xlo
3 

lxl0
6 

2x10
5 

p 

thermal anisotropy (T /T ) 1.0 
max avg 

2.5 1.4 

helium abundance N(He)/N(p) 

flow direction 

magnetic field B(¥) 

B direction 

Alfven speed (krn/sec) 

SOURCE: Brandt [1970] 

(isotropic) 

0 0.25 0.05 

t 15° of radius vector; average 

from ~ 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 'f ~ 45 ° 

30 150 60 



Figure .1._:-.J.. Sat·=llite Vela 3A measurements 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 

the energy spectrum curve may be due to He 2+ ions (Hundhausen 

et al. [1967]). 

Figure ~- A summary of the configuration of the magneto

sphere in t:he noon- midnight plane {Ness[l965]). 
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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 ?5, 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. The absence of a lunar magnetic field (at least none 

greater than 2y) at satellite periselene when the 

moon was in the geomagnetic tail. 

2. The absence of a bow shock wave or magnetosheath 

(similar to the earth's) surrounding ·the moon, when 

it was in the interplanetary field. 

3. 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. Field magnitude increase in the region corresponding 

to the plasma umbra, and 

5. Field magnitude decreases on either side, in the plas

ma penumbra. 

6. The field direction is only slightly perturbed (<20°) 

in the lunar wake from that in the undisturbed solar 

wind. 

7. Sometimes there exist increased field magnitudes in 

the penumbral regions in addition to the penumbral 



Figure 1-3 .. Early Explorer 35 studies of U1c: integral solar 

wind plasma flux (50 < E < 2850 eV) on the downwind side of 
p 

the moon. A logarithmic scale, used for the amplitude of the 

plasma cuccent, 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}). 
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decreases and umbral increase. Thc5;e magnitude per

t. urbations are generally small (< 30'/o). 

In sununary, 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 convectively 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 important 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. 

Therefore, a guiding center approximation would be valid to 

first order in treating the problem. 

Michel [1964] first suggested two possible solar wind 

interactions with the moon. He examined the plasma flow in 

two limiting cases. The first case was the undeviated flow 

of the solar wind past the moon. The solar wind is completely 

absorbed and neutralized upon impact with the lunar 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 



Figure l=i· Summary 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]). 

Figyre ~- 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. 

Dotted lines indicate the effect of the shock wake {Michel 

[1964]). 
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indicate r.ow that Michel•s model of undeviated flow past the 

moon most closely resembles the actual mechanism 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 

field. 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 the 

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, 



Figure 1-6. Sketch of the development of a trailing shock 

wave in the lunar wake (Michel [1968]). 

Figure 1=1· The distribution of ion flux in the X - Y coor

dinate plane for varying direction angle c:p (Whang [ 1968]) • 

Figure l=a· 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 ~- Constant density contours with a non-central 

force field potential in the 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]). 

Figure ~- 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]). 



SOLAR 
WIND FLOW 

STANDING 
SHOCK (a) 

---
\ • 
\ 

' \ ~E~~D~~O!iTINUITY B 
-----·-- '~-~ ... ... I --- .-· ......--___../ 

FIGURE 1-6 



ION FLUX 
z-o PUrt: 

FIGURE 1-7 



UNDISTURBED 
FLOW 

UNDISTURBED 
FLOW 

FIGURE 1-8 



v +
 



t 
I 

I 
I 

t 
, 

l 
I 

I 
l 

[~ 
t 

' 
t 

I 
I 

t 
J I l~ 

I 
1 

I t 
I I~~~ 

' 
t 

f 
I 

I 
I 

/ 
0 ,...j 

I 
,...j 

f 
t 

t 
1 

t 
\ 

\ 
~ 

•. 
\ 

g 

' 
H

 

t 
\ 

~
 

f 
0 

"" 
f 

t 
\ 

f 
t 

I 

' 
\ 

0 

\ 
\ 

le-i 

t 
\ 

f 
t 

t 
t 

t 
t 

\ 
t 

Lo tti 

f 
\ 

t 

' 
l~ 

t 
t 

f 
I 

t 
' 

t 
t 

t 
l~ 

'· 
t 

f 
t 

t 
t 

f 
t 

t 
f 

f 
f 

t 
t l~ 

8 t 
t 

t 
t 

t 
t 

t 
t 

t 
t 

t 
t 

t 
t 

t 
I 

::l 



6 

density of particles. 

1.4 RESEARCH OBJECTIVES 

The SIDE observes ion fluxes of a narrow 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 been 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 po8ition in lunar orbit or lunar 

local time. 

c. To determine the characteristics of the ion spectra. 

d. To suggest some possible explanations for the pre

sence of these ions in the plasma cavity behind the 

moon. 
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CHAPTER 2 - INSTRUMENT 

2.1 BASIC PHYSICS QE OPERATION 

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: 

Vy=~ 2-1 

where ~p is the energy of the particle and m is the mass of 

the particle. 

If vd is the voltage across the plates, separated by a 

distance d, then the electric field will be: 

E 
X 
=~ 

d 
2-2 

The particle will experience a transverse force resulting 

in a transverse velocity vx given by: 

qE q 
v =..::....X = X & 

m m 



Figure 2-1. Schenatic diagram of plane and curved 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 of the particle and At is the time 

spent by the particle in the electric field. 

Thus 

.6t It 
= v 

y 

and 

q ~ L 
2-3 v = 

X 
d rn v 

y 

where L is the length of the plates. 

The angle of deflection of the particle is then given by: 

tan a 
v q ~ L q~ L 

=-X = = 
v rn d ;2 d 2sp 

y y 

2-4 

where v is given by equation 2-1. So 
y 

_g_g, = ~ 2-5 
q 2d tana 

The critical energy to just pass through the plates is~ 

LV 
k = ___!l 

q 2d tan8 c 

where tan8 = d/L. Therefore 
c 

k 
q 

2-6 

This method of energy determination is not very useful 

since it only provides a lower limit to the energy of the 

particle. Thus, for Sp ~ sc, all particles will pass through 
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the plates. An upper cutoff for the particle energy may be 

provided if curved plates are used to generate the electro

static field. Now the energies of the particles that make it 

through the plates are confined to a narrow range. Both 

detectors in the SIDE instrument, the Total ~on 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: 

V tn{R/R ) 
~(R) = cp a 

tn(R /R ) 
b a 

2-7 

where ~ is the radius of curvature of the outer plate, and 

R is the radius of curvature of the inner plate (figure 2-1). 
a 

v is the total potential difference that is applied between 
cp 

the two curved plates. 

The electric field is given by: 

- -E = -vcp 2-8 

so 

2-9 

Performing a similar derivation as for the parallel plates, 

one gets for the particle energy that makes it through the· 

plates: 

_s.a = mv2 2-10 
q 2q. 
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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. The 

electric field i·s 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 toE and one due to 
.... 
B. 

.... ... 
FE = qE 
.... ... .... 
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 • 

.... .... ... 
2-12 

The particular velocity required for this condition to 

hold is: 

v = E/B 

v 
=~ 

Bd 
2-13 
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where V is the potential applied across the parallel plates 
pp 

and d is the separation of the plates. Thus, by varying v 
pp 

the allowed value of v may be changed. 

Combining equations 2-10 and 2-13, yields 

v 2 
m = __£Q -2 = 
q 2tn(R /R ) v 

b a 

2-14 

So, from equation 2-14, we see that for a certain value 

·of v or V we can determine the mass spectrum of the incqming 
pp 

particles by varying V 
cp 

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 

square solid angle of approximately 6° on a side. The two 

concentric curved plates have radii 4.25 and 3.75 em both 

covering an arc of 127 ° 17 • (TT//2 r_adians). The plates of the 

TID are stepped through twenty voltage increments resulting 

in the following energy channels: 10, 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, an ion is detected 



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 Channeltron~ 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 eV/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 em. 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

neltron~and 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 allow 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 

three SIDE 1 s therefore measure different mass ranges. Table 



Figure 2-3. 

rna n [ 19 7 3] ) • 

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 

21-39 Energy 

Spectrum 
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 l·1ass 
Spectrum 

101-119 Energy 0.2 eV/q 

120 Spectrum 1* 

121 1* 2* 

122 2* 3* 

123 3* 4* 

124 4* 1* 

125 1* 2* 

126 2* 3* 

127 3* 4* 

1* Background Reading Taken; Curved Plates Grounded 

2* Counting Electronics Calibrated at 137 Hz. 

3* Cou~ting Electronics Calibrated at 17.5 kHz. 

4* Counting Electronics Calibrated at 560 kHz. 

FIGURE 2-3 
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2-1 summarizes the 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 contact 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 24 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 nf +10 volts for the dayside lunar surface potential. 

The surface potential becomes negative at the terminators and 

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

2. 3 CALIBRA'riON 

The quantity that is directly available from the SIDE 

data is the counting rate R. R may· be converted in to a more 

useful quantity known as the unidirectional differential flux 

j (E I 0). 

The counting rate at an energy E may be calculated as 

follows: 

R =I I g(E,S,Ci') j(E,B,:-p) dBd!i'dE 
E n 

2-15 



ENERGY STEPS (eV/g) 

TID .M8. 
10 48.6 

20 16.2 

.30 5.4 

so 1.8 

70 0.6 

100 0.2 

250 

500 

750 

1000 

1250 

1500 

1750 

2000 

2250 

2500 

2750 

3000 

3250 

3500 

TABLE 2-1 

GROUND 
APPROX. MASS RANGES (AMU) PLANE 

Apollo 
12 

Apollo Apollo 
14 15 

10-1500 6-750 1-90 

STEPPER 
(volts) 

o.o 
0.6 

1 .• 2 

1.8 

2.4 

3.6 

5.4 

7.8 

10.2 

16.2 

19.8 

27.6 

o.o 
-0.6 

-1.2 

-1.8 

-2.4 

-3.6 

-5.4 

-7.8 

-10.2 

-16.2 

-19.8 

-27.6 



Figure 2-4. Schematic diagram depicting the location of the 

electronics and the two analyzers in the experiment package 

(Freeman et al. [1969]). 

Figure 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 

between the entrance grid and the ground plane .grid. The two 

grids are connected with each other by a stepping voltage 

supply. 

Figure 1=1· Results of the determination of the lunar surface 

potential (Freeman and Ibrahim [1974]). 
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where 

g(E,B,~) =unidirectional geometric factor at 

energy E 

14 

If we assume that the flux of particles is isotropic 

over the field of view of the detector, then j(E,B,Q) is ap

proximately independent of a and ~- 'l'hen, 

R = J j(E,O) J g(E,S,~} dSd~c£ 2-16 
E n 

The only quantity that may be experimently determined in 

the laboratoy is: 

G(E) = A(E) O(E) e:(E) = J g(E, 9,~) dB d~ 2-17 
0 

where, 

A(E) = effective area of the detector seen by the 

particle 

O(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, 

R = j (E I 0) J G (E) dE 
E 

R = G j(E,O) 
0 

2-18 
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where 

G 
0 

= j G(E) dE 
E 

15 

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

fore, 

over 

j (E, 0) = .R 
Go ( 

particles ) 
cm2-ster-sec-eV 

2-19 

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

0 • space 

j = j
0 

j{E,O) dO 
omni { 

particles) 
cm2-sec-eV 

2-20 

The corresponding integral fluxes are obtained by inte

grating over the entire energy spectrum. 

and 

J . = j j(E,O) dE 
unl. E 

J . = j j j(E,O) dEdO 
omnl. 0 E 

2-21 

(
particles) 

cm2-sec 
2-22 

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. 



.£i8..\J..,re 2-8. •rrn calibration results of the Apollo 14 instru

ment. The upper graph s}:lows the unidirectional geometric 

factor as a function 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 

energy bandpass (full width at half maximum) as a function of 

the nominal center energy. Note that the bandpass is approx

imately 8% of the center energy (plotted from data compiled 

by Lindeman [1973]). 

Figure £=2. The energy response of the SIDE for a typical 

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

Figure 2-lQ. Summary of the results of the MA calibration 

(plotted from data compiled by Lindeman [ 1973)). 
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2.4 DEPLOYMENT AND ORIENTATION 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 transmitting reliable data near the 

end of 1974. 

The Apollo 12 SIDE was deployed by Alan Bean and Pete 

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, 

1971. 

Almost six months 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 sur~ce and their corresponding 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 

and 14 SIDE's, each SIDE was equipped with a bubble leveling 

device 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 direct ion of the 

Apollo 12 and 14 SIDE's to be approximately in the ecliptic 

plane. Due to its high latitude, the Apollo 15 SIDE was equip-



Figure 2-11. The location on the moon of the Apollo 12, 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 prior to flight (after 

l-iedrano [ 19 7 3] ) • 
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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 look direction of each instrument. 

The three different look directions of the three SIDE •s 

provides a directional sampling of magnetosphere and 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. In this thesis we will be concerned with only 

ions observed during the lunar night. Nighttime ions may be 

observed 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 night for each SIDE, the 

detector 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 Apollo 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 approximately the same latitude. The lower figure shows 

the longitudinal location of the three SIDE's. The Apollo 

14 SIDE looks almost directly bad: at the earth at all times 

(Benson [1974]). 

Figure l=l1· Relationship of the look directions of the three 

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

Figure ~- The look directions of the three detectors at 

various positions in lunar orbit. Local 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 the Apollo 12 SIDE 

is separated by 30° from the Apollo 14 and Apollo 15 SIDE's 

at the same local time. The spacing bet\<.reen each set of look 

directions is one day~ Note that at local sunset the Apollo 

12 instrument looks 15 o towards the plasma flovl 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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used in ·this study. Data from Apollo 12 has not been looked 

at as of this time. 
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CHAPTER 3 - DATA 

3.1 INTRODUCTION 

The three SIDE•s located 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 

days prior to local sunrise. This ion event and the ion events 

reported in this thesis are the Type III ion events seen 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 twen~y 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 tl~e Apollo 14 SIDE, only the latter 

twenty one lunations of the Apollo 14 data are coincident in 

time with the 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 is 250 eV/q. Therefore, only data from the 

TID was analyzed. Consequently, one has to assume a mass 

composition for these ion events. 



Figure .1::.1.· Diagram showing one complete lunation (from 

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 energy 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 average 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 OBSERVATIONS 

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 seen from 

figures 3-2 and 3-3 that the activity increases after local 
-

midnight and that the Apollo 15 instrument is much more active 

than the Apollo 14 instrument for the same period of time. 

The increased activity at the Apollo 15 ALSEP site over 

the Apollo 14 ALSBP 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 of photoelectrons that they observe. This 

local magnetic field tends to screen the detectors at the 

Apollo 14 ALSEP site from incoming particles. Since there is 

a very small local magnetic field at the Apollo 15 ALSEP site, 

it would not effect the particle fluxes incident there at the 

lunar sur face. 

The observed energies of nighttime ion events range 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 energy 

of the differential flux energy spectra statistically shifts 

as the moon rotates. The Apollo 14 SIDE observes nighttime 

ion events peaking in the 500 eV/q energy channel up to 3 days 

past local midnight. The peak energy then shifts up to the 

750 eV/q energy channel for about one day. Approximately 48 



Figure 3-2. Chart depicting the time of occurence and dura

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). They-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 energy present in the counting rate spectrum for each 

event is shown. 

Figure 3-3. Same format as for figure 3-2 except that the 

data plotted is for Apollo 15. 

Figure 3-4. Twenty minute averaged differential flux energy 

spectrum for an event in the 500 eV/q energy channel. The 

background flux represents an average counting rate of 0.18 

counts per energy channel. This event occured 4 days be fore 

local sunrise (Schneider and Freeman [1975]). 
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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 peak 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 loca 1 midnight than be fore o 

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 (0.11 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 ~. Diagram displaying the peak energy shift of nigh~

time ion events fbr the Apollo 15 SIDE from local sunset to 

local sunrise. Same format as figure 3-5. 

Figure ~- 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 be fore 

local sunrise. 

Figure l::.2,. Twenty minute averaged differential flux energy 

spectrum for an event peaking in the 1000 eV/q energy channel. 

The background flux represents an average counting rate of 

0.23 counts per energy channel. This event occured 4 days 

before local sunrise. 
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not necessarily the same in each energy ~hannel. Figure 3-8 

shows what appears to be a double peaked spectrum with energy 

peaks in the 100 and 750 eV/q 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 0.11 counts, then the spectrum 

above the background would not be double peaked. 

One notices from figures 3-4, 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/ 
2 em -sec-ster-ev. Integration over the entire spectrum above 

the background for an event the yields an integral flux on the 

of 106 ions/cm2-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). These 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 rise 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 the Apollo 15 instrument on day 

65 of 1973. These ion events occured six days prior to local 
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Figure 3-10. ·:•wenty minute averaged differential flux energy 

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 energy 

channels. Shaded regions indicate the time and duration of 

the events. These particular events occured at the Apollo.l5 

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 3-1 

are normally a superposition of a number of shorter events. 

The lunar night is 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 nighttime ions is 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 and bow shock protons. 

The bow shock protons are seen in figu.r.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· energy ions. 

These ions are a result of the negative surface potential near 

the terminator (Lindeman et al. [1973]). 

As mentioned earlier, nighttime ion events may occur at 

any time between local lunar sunset and local lunar sunrise. 

Nighttime ion events are not just 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

ther in a later section. 

There is a preference for nighttime ion events to occur 



TABLE 3-1 

NUMBER OP EVENTS OF A PARTICULAR DUR.l\'riON 

_Ql!.Bjj 'l' I ON APOLID .11 .6_ PO Lj.,Q l 5. 

0 to 1 hours 50 49 

1 to 2 27 31 

2 to 3 9 21 

3 to 4 18 17 

4 to 5 9 13 

5 to 6 8 7 

6 to 7 7 4 

7 to 8 11 9 

8 to 9 2 6 

9 to 10 0 4 

10 to 11 1 0 

11 to 12 4 2 

12 to 13 0 1 

13 to 14 2 1 

14 to 15 0 2 

15 to 16 0 0 

16 to 17 0 1 

17 to 18 0 2 

18 to 19 2 I) 

19 to 20 2 0 

20 to 21 0 0 

21 to 22 0 2 

22 to 23 0 0 

23 to 24 0 0 



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. Note 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 mea.sure 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/q. The z-axis is the 

logarithm of the average counting rate over a twenty minute 

time interval. The y-axis is the time axis proceeding 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 Apollo 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 

tpe 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 

zero activity just before local midnight for both SIDE's. 

At this position, the SIDE is looking in the anti-solar direc

tion and right if?. to the middle of the plasma "cavity". 

The peak counting rate of the nighttime 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 frequency 

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 sunset ter

minator, the Apollo 14 a·nd Apollo 15 SIDE 's look 15 o away 

from the plasma flow. At the local sunrise terminator, the 

two instruments look 15 ° towards the plasma flow ( figllre 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. If this 

hypothesis is indeed the case, then the Apollo 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-lA. 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 

Apollo 15 SIDE is more active than the Apollo 14 SIDE. 

Figure 3-15. ~he 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 

behavior as figure 3-14. 

Figuke ~- Look directions of 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° away 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 each ALSEP site were 

given in section 2.4. One notices that the Apollo 14 site is 

separated from the Apollo 15 AJSEP site by approximately 20° 

of longitude. Twenty four hou:·.,; 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) leads 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 Nl'!1} ~ 

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 direct correlatipn 

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]). 



3. Fluctuations in the interplanetary magnetic field 

(Rostoker and Falthammer [1967]). 
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4. An increase in the southward component of the inter

planetary magnetic field (Schatten and Wilcox [1967]). 

However, the mechanism by which the solar wind influences 

and changes Kp is not generally agreed upon (Brandt [1970]). 

There are two major limiting 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 needed. 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 geomagnetic 

activity. 

A thorough study of the Kp correlation problem was only 

carried out for the first eleven lunations of the Apollo 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 determine if 

Kp was correlated with the activity profile of Apollo 14 (fig

ure 3-14). The fifteen days of lunar night were divided in 

to 12 hour periods and then the average Kp for each 12 hour 

period was calculated. The total Kp for a particular 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 1=11. The average number of events per lunation vs. 

Kp. The correlation coefficient r = 0~1588. 
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3-18 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

iod 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 11 consecutive lunations (figure 3-21). 

Again, as in the other cases, there was found to be little or 

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 magnetosheath 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 11 ridge" is different in appearance from 

nighttime ion events in that it is not burst of ions that char

acterizes nighttime ion events and its differential flux is 

constant over a relatively long peraod 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 J.=..'Ui. The duration of an event vs. Kp. 'l'he correldtion 

coefficient r = -0.084. 

Figure 3-19. The peak energy of an event vs. the average Kp. 

There appears to be no correlation. 

Figure l=£2. Total average counting rate per 20 minutes for 

a 3 hour Kp intervul vs. Kp. The correlation coefficient 

r = 0.0732. 

Figure ~. 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 ~- Figure similar in format to figure 3-13. Note 

the steady mono-energetic 500 eV/q "ridge" that continues on 

up to the rnagnetosheath. 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 is 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 OBSERVATIONAL CONCLUSIONS 

The characteristics of nighttime ion events may be sum

marized as follows: 

1. Nighttime 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 eV/q 

energy channel. The average solar wind energy is 800 

eY, which corresponds to a solar wind velocity of 

about 400 krn/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 Vela 3 detector. It will be interest

ing to compare concurrent differential flux enrgy 

s~ectra 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 3-23) 

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, usua·l

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 l=ll· Twenty minute averaged differential flux energy 

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 ener~y 

channel. This event occured 4 days after local sunset. 

Figure l.=li· 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 has the 

same general shape as the frequency of occurence profile. 
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These facts again argue that the occurence of a nighttime 

ion event is a lunar local time dependent phenomenon. 

1. 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 ~nvironment 

Experiment (CPLEE) which he has classified in to three types 

of events. 

Type I 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 as bow shock electronso 

Type II electron events are lower intensity than Type I 

and are uncorrelated with both the interplanetary magnetic field 

and Kp. Reasoner theorizes that the source of these electrons 

is the weak 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 ob

served in the lunar terminator regions and are absent when Kp 

is 1+ or less. Reasoner speculates that Type III electron~ 

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 range from 90 to 120 ev, which is 
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too low to match the energies of nighttime ions. Freeman and 

Ibrahim [1974] suggest that the lunar surface potential may 

be as negative as -100 volts on the nightside of the moon. 

If this is indeed the case, then any electrons in the vicinity 

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 checking the validity 

of this statement is 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 energies of nighttime ion events, 

even after being accelerated by a possible -100 volts lunar 

surface potential, are still close to the solar wind energies, 

the source of these ions is probaoly 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 = 10-2 (figure 1-9), that nighttime ions are primarily 
(I) 

protons, and that the most probable ion energy is 500 eV/q, 

then one arrives at an integral flux that could reach the moon 

on the order of 106 ions/cm2-sec. This number is fai~ly close 
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to the integral flux computed for nighttime ion events (~106 

ions/cm2-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 or 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 known. 

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. 



... fi'i3JH"e ...l=1..2..· 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 

cylinder is less than for a smooth cylinder. Also note the 

reversal of the flow direction in the wake (John and Haberman 

[1971]). 

Figure ~- 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]). 
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3.6 TOPICS FOR FURTHER INVESTIGATION 

There are several avenues for further investigation of 

this phenomenon. They are summarized as follows: 

1. 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 

frequency 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 to one another 

(138 km), there will, in all probability, be some 

nighttime ion events that are simultaneously observed 

by both the Apollo 12 and Apollo 14 SIDE's. This new 

data will give some information 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 component to the ion flux. 

2. 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 direct:ton 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. 

3. Some important questions that have yet to be answered 

are: 

a. Why is there an asymmetry in the activity profile? 

b. Why are some lunations more active than others? 

c. Why are nighttime ion events short lived? 

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

lunar local time? 



e. Why is there a minimum in the activity profile 

prior to local midnight? 

35 

f. What causes the apparent shift towards local sun

rise of the occurence of the events exhibited in 

figures 3-1 and 3-2? 

4. Finally, a model must be chosen that adequately accounts 

for the observations. 
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ABSTRACT 

Protons from the earth's bow shock are observed by the 

Suprathermal Ion detector Experiment (SIDE) in two regions 

of 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 

magnetosheath and ends at the inbound bow shock crossing. 

Dusk and dawn refer to a terrestrial coordinate system. The 

dominant contribution to the ion spectra observed 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 energy range of the detector. Analysis of 

simultaneous data from the Explorer 35 magnetometer and the 

SIDE indicates that the observability of bow shock protons 

at the lunar distance is dependent on the configuration of 

the interplanetary magnetic field. 
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INTRODUCTION 

Protons in the energy range of 4 to 7 keV were observed 

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 energy 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 reported protons at the lunar distance in the 

energy range of 30 to 100 keV. The behavior of the -1 to 

3.5 keV protons with respect to the interplanetary magnetic 

field has been studied by Benson [1974] and this paper 

reports some results from that study. 
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OI3SERVA'l'IONS 

Figure 1 shows typical time development of the SIDE 

count spectra for the two regions of the orbit in which the 

bow shock protons are observed. The "dusk 11 and "dawn" 

regions refer to the dusk and dawn sides of the magneto-

sphere when the moon is in the solar wind as indicated in 

figure 3. Note; that the dusk side spectra show .the onset of 

the flow coming at -1.5 days before the magnetosheath and 

that the spectr~ get progressively softer as the moon 

approaches the bow shock. The dawn side spectra show a 

gradual harde111ng as the moon moves away from the bow shock 

and a cessation of the flow -5 days after shock crossing. 

These examples of the ion spectra are "typical" and can vary 

considerably when interplanetary magnetic field 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 determined from data taken at -1 day from the 

bow shock on either side of the magnetosphere. The difference~: 

in the dusk and dawn spectra shown here arc typical. The 

dusk spectrum is harder than the dawn spectrum for the same 
• 

distance from the bow shock. The fluxes shown on these 

graphs were determined by integrating over the portions of 

the spectrum that contained counts above background. 



'l'IIEORY 

The asymmetry of the ion spectra observed in the dusk 

and dawn regions can be explained by considering the con-
-> 

figuration of the interplanetary B field and its influence 

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

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, 

-+ 
mdV p 
dt 

-+ -+ -+ 
- q (E + V X B) p (1) 

where E is the interplanetary electric field, B is the in-
-+ 

terplanetary magnetic field, m, q, and Vp arc the particle's 

mass, charge and velocity respectively. The solution of 

equation 1 yields a helical trajectory for a particle released 
-)'-

at the shock surface with some initial velocity V . The 
p 

...,. 
motions parallel and perpendicular to the B field are uncouple~ 

and consequently the equation that describes the guiding 

center trajectory of the particle is 

-> 
v r 

->-
( 2) 

-+' 
where VPJ lis the particle velocity parallel to Band Vd 

is the drift velocity. 

Figure 3 illustrates the geometry associated with 

-+ 
equation 2. When B is at its average position, that is the 

garden hose a ncJ .lc, the f i.e 1 d 1 in(':·; w.i .11 contzlCt the dawn 
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side bow shock at a more normal angle of incidence than will 

the field lines on the dusl~ side. If it is assumed that 

protons with sufficient energy to escape the bow shock are 

released to the solar wind along interplanetary field lines, 

as originally suggested by Asbridge 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 upst~eam spectra 

is therefore more pronounced on the dusk side than the dawn 

In addition to this longitudinal dependence, whether or 

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

latitude of the field. It is clear that if the interplanetary 
~ ~ 

B field has a large latitude component, then V can cause 
Pjj 

the resultant guiding center trajectory to miss the moon 

entirely. A complete discussion of the three-dimensional 

natnre of the problem can be found in Benson [1974]. 

SIMULTANEOUS DATA 

Figure 4 is a plot of the latitude of the interplanetary 

-~ 

B field as measured by Explorer 35 and the simultaneous 

integral flux measured by the SIDE for three hours in a dawn 

region. This figure shows directly that the integral flux 

tends to increase as the value of the field latitude gets 

closer to zero and tends to decrease as the field latitude 

moves away from zero. In order to further determine the 



dependence of the observed particles on the configuration of 

the field, three days of simultaneous magnetic field and ion 

data were analyzed. Figure 5 shows the total number of 

times a particular value of the field latitude was observed 

in the period versus the latitude and the average counts 

seen at that latitude. It can be seen from this distribution 

that the average number of particles observed is greater 

when the field latitude is nearer zero. Figure 6 shows an 

analagous distribution for the field longitude where it can 

be seen that there are two peaks separated by approximately 

180°. One would expect this type of distribution if the 

guiding center picture is correct. 

SUMMARY 

Definite dusk-dawn asymmetries are observed in the sup-

rathermal protons seen by the SIDE on the lunar surface. 

The dawn side proton flows arc seen much deeper into lunar 

night than the dusk side flows. The low energy cutoff in 

the dusk spectra occurs at a higher energy than it does for 

the dawn spectra at the same distance from the bow shock. 

The appearance of these particles at the moon is dependent 

on the latitude and the longitude of the interplanetary 

magnetic field. These observations are consistent with the 
-~ -~ 

assumption that the protons follow EXB drift trajectories 

from the bow shock to the moon. 
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FIGUIU~ CAP'l'IONS 

1. Typical counting rate spectra for the magnetospheric 

dusk and dawn bow shock regions. Time progresses along the 

diagonal axis. Each trace represents a 20 minute average of 

the counts in each energy channel. The small ridge of 

monoenergetic low energy particles seen on the dawn side 

-4 days from the bow shock is due to locally accelerated 

lunar atmospheric ions. 

2. Typical differential flux spectra taken from each bow 

shock region at -1 day from the bow shock. The spectra are 

generated from a 20 minute average 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 simultaneous data from Explorer 35 and 

SIDE for a short period in a dawn region. The top trace is 
-+ 

the solar equatorial latitude of the interplanetary B 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 equatorial 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 

over the observation period. (1972 153d l9h 24m to 156d 19h 

24m). 

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 

1 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 plasma flow and 

energy parameters in the dusk magnetosheath are much better 

correlated with geomagnetic 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. 

1Now at Bell Laboratories, Whippany, New Jersey 07981 
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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 these 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, K . 
p 

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 parameters 

with those of the dawn magnetosheath. 

Previous workers have reported 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 on the two sides. 
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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 oblique 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 Greenstadt's 

picture of the field configuration producing different types 

of shock waves. It is suggested that the plasma behavior 

depends on the field configuration and different processes 

are present on the dawn side as opposed to the dusk 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 measures 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/q 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 look 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 

detecto~ is square and approximately 6° on a side. 

Twenty minute averages of the differential energy 

spectra were calculated. The resulting spectra were con-

verted to distribution function spectra in velocity space. 

Figure 3 shows these spectra plotted for part of a typical 
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crossing of the dusk magnetosheath. From these spectra, the 

plasma flow parameters of number density, bulk velocity 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 is calculated from the number density and 

temperature using the equation of state for the gas. Energy 

density is given by 

where f(E) is the distribution function in energy space and 

the integral is taken from energy E1 to energy E2 . 

R is the ratio of the high energy density, obtained by 

integrating from 1250 eV to 3500 eV, to the total energy 

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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III. 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 R e 

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 crossings. The high energy particles do not 

show as consistent a pattern on the dawn side as on the dusk 

side of the magnetosheath. 

In order to study the relationship of sheath parameters 

to K , K was averaged for an entire sheath crossing. The 
p . p 

five calculated plasma parameters were averaged 1n the same 

manner. Plots of K and the parameters for the 10 inbound 
p 

and outbound sheath crossings for each instrument are given 

in Figure 5. 

density ratio 

For the dusk sheath the curve of the energy 

seems to follow that of K quite well. 
p 
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Velocity and temperature appear to be somewhat correlated 

but to a lesser degree. Pressure, which is directly related 

to the total energy density is not correlated with K at 
p 

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 

that 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 detector 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 K . The correlation 
p 

coefficient r for each of the variables is given in Table 1. 

Note the strong correlation of velocity and energy density 

ratio to KP 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 K 
p 

(Figure 6). A least squares fit was attempted on both the 

dusk and dawn data. The fit is plotted for the dusk data, 

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 a strong correlation. 

Finally, we note from figure 5 that despite the asymmetry 

in the correlation between R and K , the values for R cover p 

approximately the same range in both magnetos6eaths. 

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 

1) 

To understand this result we must look at two problems: 

what correlation with K means and 2) what is indicated 
p 

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 dusk magnetosheath. 

First we address the question of correlation with 

geomagnetic activity. It is well known that geomagnetic 

activity is correlated with interplanetary crinditions. Both 

an increase in solar wind speed (Ballif et al. 1969) and an 
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increase in the magnitude of the interplanetary field 

(Schatten and Wilcox, 1967) are correlated with an increase 

in K . An increase in the momentum flux of the solar wind 
p 

is known to compress the geomagnetic cavity and Freeman 

(1964) has shown that magnetopause boundary locations are 

related to K . It is obvious that solar wind energy must be 
p 

transmitted through the magnetosheath to reach the magneto-

sphere and influence K , however, there have not been any 
p 

previous correlations of sheath variations with geomagnetic 

activity. 

The high correlation between R and Kp shown here 

indicates that the high energy tail of the magnetosheath 

spectrum is a direct result of the transfer of energy from 

the solar wind to the magnetosphere. It seems unlikely that 
( 

the high energy particles carry the transfe~ed energy them-

selves. For example, 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 K . We take the view that the high energy 
p 

tail is the result of acceleration processes that are an 

intrinsic part of the energy 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. In this case 

there might also be a correlation with Kp' but the high 

energy population would not be expected to increase toward 

the bow shock as is observed. 
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Regarding the asymmetry, we note that Formisano et al. 

(1973) have shown the magnetosheath 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 in 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 post-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 energy tail in the dawn magnetosheath. 

This masks the Kp correlation that would otherwise be 

present. In order to more fully understand the relationship 

between R and K it may be necessary to know if there is a 
p 

statistical connection between the formation of oblique 

shocks and K . 
p 

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 
LINEAR REGRESSION OF K VERSUS PARAMETERS 

p 

10 

Gives values of the correlation coefficient 0< r< 1 

where r = +1 is a perfect correlation 

r = 0 is random data 

DUSK DAWN 

PARAMETERS APOLLO 14 APOLLO 15 APOLLO 14 APOLLO 

Energy density .88 .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 

1 2 
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APPENDIX 

Since the energy density ratio is a new parameter, a 

further explanation of it is given here. In velocity space 

the expression for energy density (equation 1) becomes 

1 2 3 
E2 m vi f(vi)dvi. Using a kappa = 2 distribution function 

(Olbert, 1969) for f(v), the quantity v 3f(v) is plotted 

(Figure 7) for three different values of bulk flow velocity 

vB = 300, 400 and 500 km/sec. For the two lower values, the 

shaded areas illustrate the energy 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 density ratio of a 

kappa = 2 distribution function changes from 1% to 10%. The 

velocity corresponding to the 1250 eV energy channel was 

arbitrarily chosen for the break point in calculating the 

ratio. Since the velocities observed in this data were less 

than 400 km/sec, the choice of a break point is adequate. 

That is, the large energy density ratios (~20%) are not the 

result of merely a change in bulk velocity, because the 

velocity is 400 km/sec or less. 
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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 

moon by Apollo 14 Astronauts. The instrument 

stands 45 em 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/sec) 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 crossing. 

The plasma parameters -- pressure, energy 

density ratio, temperature, bulk flow velocity, 

and number density are plotted 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. 



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 K is given. For each 
p 

sheath crossing, K was averaged during the 
p 

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. 

3 The product of v and the kappa = 2 distribution 
~ -I 

function F(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. Spatially the particle 
regime is found exterior to the plasma 
sheet across 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 
lOS 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 lOS °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 the 
ordered field lines of the high and low 
latitude lobes of the geomagnetic tail. 
Observations have been made in the 
ecliptic at 18 Re 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 
observed forms a relatively thin (<4 R 
"plasma mantle~ or "boundary layer" 
between the tail and the magnetopause. 
The particles in this region exhibit 
fluxes and temperatures slightly less 
than those observed in the magnetosheath 
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 magnetopause 
increases. 

This paper reports similar observa
tions of !ow ~nergy £articles (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. Its 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; a Total Ion Detector (TID) 
capable of discriminating positive ions 
according to their energy/charge in a 
range from 10 cV/q to 3500 eV/q, and a 
Mass Analyzer (MA) capable of discriminat
ing positive ions according to their 
mass/charge up to 750 amu/q and their 
energy/charge ~n a range from .2 to 48.6 
eV/q. Post-ar-lysis acceleration to 
3500 eV insux~ efficient detection of 
the low energy 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 S!DE 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 encounters 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 separate regime in 
that their spectral characteristics are 
radically different from those of the 
magnetosheath or plasma sheet. A typical 
encounter with the LEP regime near the 
center of the tail is shown in Figure la 
where we have plotted 20 minute averages 
of the counting rate of the TID for a 
24 hour period commencing on April 27 

Copyright 1975 by the American Geophysical Union. 
0000 GMT, 1972, 18 hours after the moon 
has passed into the tail. (The moon takes 
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19 250 IBBB 
ENERGY (eV) 

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 lowest energy channels are 
centered at 10, 20, 30, SO, 70, 100 and 
2SO eV/q respectively. The remaining 
channels are evenly spaced at 2SO eV/q 
intervals up to 3SOO eV/q. The numbers 
1, 2, and 3 refer to the spectra in 
Figure lb. 

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 2SO eV/q to the limit of 
the instrument at 3SOO eV/q. The low 
energy particles in contrast are seen 
only in the seven lowest energy channels 
covering the range from 10 to 2SO eV/q. 
Note that the LEP and plasma sheet 
regions are not contiguous in this 
event. Different.ial flux spectra for 
the two regions are shown in figure lb. 
The !ow ~nergy £articles (LEPs) are much 
colder than the plasma sheet particles 
(kT = 2-8eV versus kT >400 eV) and also 
differ significantly in bulk velocity 
and number density. In general, the 
LEPssseldom exhibit temperatures above 
SxlO °K (kT -40 eV) or extend in energy 
above SOO 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 calculated by multiplying 
the integral flux by the solid angle 
(estimated to be a cone with full angle 
of SO degrees) over which the flux is 
considered isotropic, and dividing by 
the bulk velocity. 

These plasma parameters and the 
magnetic field characteristics for part 
of one tail pass are illustrated in 
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Figure lb. Comparative differential 
flux spectra for the low energy part
icles, and plasma sheet. The diff- 2 erential flux is measured in ions/em 
sec-ster-eV. 

Figure 2. The figure covers a portion 
of the third tail pass of 1972. This 
pass was chosen because it provides 
the most hours of data for the phenomenon 
of the fifteen tail passes studied. 
Altogether 42.7 hours of observation of 
the low energy fluxes were recorded 
during this tail pass; a time equal to 
60% of the total duration. 

The figure shows the magnetic field 
and the plasma parameters for the two 
day period as the moon approaches the 
magnetosheath. Although there is 
variation in the plasma characteristics, 
the LEPs, which cover the first 32 hours, 
generally display an integral flux of 
between lOS and 4 x 107 ions/cm2 sec ster, 
bulk velocities of from -90 to 200 
km/sec, temperatures in the range from 
4 x 104 to S x lOS°K and number 
densities from 0.2 to 2/cm3. These are 
typical values for the LEP region. 
Cases have been observed where the 
integral flux was as high as 108 ions/cm2 
sec ster with corresponding number 
densities of -S/cm3 . 

The mass analyzer indicates that the 
ions are mainly protons but the fluxes 
are not sufficiently intense for us to 
establish the presence of alphas or other 
more massive ions. We may be able to 
report more on this after a more complete 
examination of the data. 

The magnet1c fiela dcita ln Figure 2, 
obtained from the Ames magnetometer 
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Figure 2. Magnetic field and plasma 
characteristics for the period March 30, 
0230 GMT, to April 1, 0230 GMT, in 
1972. The 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 observations which are available show 
that the field displays lobe character
istics during the times the Moon was in 
the region of the LEPs. 'The solar 
equatorial latitude of the field 
is close to zero degrees and the solar 
equatorial longitude is close to 180 
degrees with a field magnitude of -14 
gammas. Furthermore, no deviations in 
the field 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 observed over a 
time span of approximately 39 hours. 
During this period the Moon traveled dis
~ances of -16 Re in the solar-magneto-

~jspheric Ysm coordinate direction and 
-10 Re in the Zsm direction (Ysm= 3Re 
to Ysm -19 Re and Zsm --7 Re to Zsm 
--17 Re>· This wide extent over which 
the ions are observed is seen in many 
of thH Lcill passages. It indicates 
that the size of the region in which the 
LEPs are found is considerably larger 

at the lunar distance than at the smaller 
Xsm distances of the Vela an~ HEOS 
satellites. In general we f1nd that 
the Moon encounters the particles 
sporadically for a full day after it 
enters the tail and a full day before it 
exits the tail. This corresponds to a 
region extending a Ysm distance of at 
least 12 Re into the tail from both the 
dawn and dusk sides of the magnetopause. 
The region, however, excludes the plasma 
sheet since the low energy particles are 
seldom observed Simultaneously with the 
plasma sheet particles ~ the two 
regions need not be cont1guous. The 
region of LEPs appears to extend away 
from the plane of the plasma sheet to 
the limit of observation a~ about 16 Re. 

Figure 3 shows the port1ons of the 
lunar orbit, for the fifteen tail 
passages studied, over which the LEPs 
were encountered. It is apparent that 
the region must be significantly larger 
at 60 R than at lesser geocentric 
distanc~s. 

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 that diurnal excursions in the 
z direction rapidly decrease for de
cfWasing Y . It is possible that the 
scarcity ofsWvents 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 passages 
from as little as 2.1 hours to as much 
as 42.7 hours. Such a wide variation 
could arise from several sources. First, 
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since the events 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 energy particles might 
be seen. Alternatively, such a wide 
variation might arise from a real change 
in the spatial extent of the region in 
which these particles are found. A third 
possibility is that the seasonal 
variation in the location of the moon's 
orbit relative to the plane of the 
plasma sheet increases or decreases the 
frequency of encounters with the region. 
Lastly, the mechanism which injects the 
particles onto these field lines may vary 
with time so that for some tail passages 
the conditions are not favorable for 
injection. Further studies are underway 
to determine which of these is dominant~ 

Discussion and Summary 

The new plasma regime 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 al. 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 would generally be found everywhere 
inside and adjacent to the magnetopause. 
We believe that a consistent name should 
be established for this plasma, however, 
"boundary layer" and "plasma mantle" do 
not appear to be sufficiently descriptive 
for the region as it appears in the 
distant tail. 

The relationship between 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 Rice Supra
thermal Ion Detector Experiments station
ed on the lunar surface have detected a 
region of low energy plasma flowing along 
the ordered field lines of the lobes of 
the_geomagnetic tail. This particle 
region exhibits the following character
istics: 
1. The region of flow is encountered 
within the geomagnetic tail but exterior 
to the plasma sheet. The magnetic field 
characteristics in the region are in
dicative of the high and low latitude 
lobes. No consistent deviations in the 
field have been found to correspond with 
the encounters with the region. 
2. The encounters with the region occur 
over a wide spatial extent with continual 
observations of the particles over 
distances as great as -16 Re in the Ysm 

direction and 10 Re in the Zsm direction. 
The majority of the encounters, however, 
are observed within a region extending 
12 Re into the tail from the magneto
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 the events are seen 
to occur during transitions into or out 
of the plasma sheet or magnetosheath. 
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; integral 
flux between 105 and 108 ions/cm2 sec 
ster, bulk velocities between 90 and 250 
km/sec, temperatures in the range from 
4 x 10 4 to 5 x 105°K, and number 
densities of the order .1 to 5/cm3. 
5. The region appears to be the qualit
atively similar to be the "boundary 
layer" and "plasma mantle" observed at 
lesser geocentric distances, and the 
magnetopause-adjacent flow on the dayside. 
The region is, however, significantly 
larger at lunar distances and the plasma 
characteristics appear to be more 
variable. 
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The Interaction Between an Impact-Produced Neutral Gas Cloud and the 
Solar Wind at the Lunar Surface 

R. A. LINDEMAN,' R. R. VONDRAK, AND J. w. FREEMAN 

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

C. W. SNYDER 
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On April 15, 1970, the Apollo 13 S-IVB stage impacted the nighttime lunar surface approximately 140 
km west of the Apollo 12 Alsep site and 410 km west of the dawn terminator. Beginning 20 s after im
pact the Suprathermal Jon Detector Experiment and the Solar Wind Spectrometer observed a large flux 
of positive ions (maximum flux~ 3 X 10" ions/em• s sr) and electrons. Two separate streams of ions were 
observed: a horizontal flux that appeared to be deflected solar wind ions 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 gas cloud. These electrons, 
which were detected by the Solar 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 ionization 
and acceleration 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 I comets [Beard, 1966; 
Biermann eta/., 1967], the upper atmospheres of Venus and 
Mars [Cloutier eta/., 1969; Michel, 1971], and possibly even 
the formation of the solar system [AljVI?n, 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 
gas cloud resulted from the impact of the spent Apollo 13 S
IVB 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 0 I h 09m 40s on April 15, 1970, the upper stage (S-IVB) 
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 
Package (Aisep) site. The experiments observed clouds or 
streams of ions and electrons that we interpret as resulting 
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 Ion Detector Experiment 
(SIDE) and the Solar Wind Spectrometer (SWS) observed 
fluxes of supra thermal 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° aberration 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 I. 

The relevant impact parameters are shown in Table I. 
Both the SIDE and the SWS have been described 

previously [Freeman et a/., 1970b, 1971 b; Snyder et a!.; 1970, 

' Now at Naval Weapons Laboratory, Dahlgren, Virginia 20240. 

Copyright © 1974 by the American Geophysical Union. 

1971], but a comparison of the two instruments is helpful for 
an understanding of the data. This is 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 Jon 
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 Tl D or the M A would enter the vertically oriented 
cup (cup 7) in the SWS. 

The MA requires 12 s for a complete mass 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 transient 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 108 ions/cm 2 s or an 
isotropic flux over the field of view of the cup of 4.1 X 108 

ions/cm 2 s sr. 

OBSERVATIONS 

Some Sl DE data from this event have been reported 
previously [Freeman and Hills. 1970a; Freeman eta/., 1971a]. 
The SWS data 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. Large fluxes of ions were seen from both the horizontal 
and the vertical directions, the largest fluxes arriving from the 
horizontal direction (see Figure 2). 

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

2287 
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i 
TO SUN 

CROSS SECTION OF MOON 

THROUGH THE EQUATORIAL PLANE 

DAWN TERMINATOR 

APOLLO 12 

APOLLO 13 S-NB 
IMPACT SITE 

Fig. I. An equatorial 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 el a/. [197\a]). The solar wind is assumed to come 
from so 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 2IJ of the 
event, but the vertical flux disappears entirely for the final VJ. 

4. Initially, the energy of the vertically moving positive 
ions was in the 35- to 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). 

5. Massive ions were seen in the vertical flux during the 
onset of the event. In fact, as is shown in Figure 5, 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 108 ions/cm2 s sr. The maximum 
horizontal flux was a factor of 2 higher. 

TABLE \. Apollo 13 S-IVB Impact Parameters 

Mass* 
Impact velocity 
Kinetic energy 
Angle of impact from vertical 
Heading angle north to west 
S-IVB impact location 
Apollo 12 A\sep location 

1.34 X 10• kg 
2.58 km/s 
4.46 X I 011 ergs 
13.2° 
100.6° 
2.75°S, 27.86°W 
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. Isotropic electrons were seen throughout the event. The 
composite electron 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 3/4 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 to 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° from the direction of impact. Even the peak 
flux in the horizontal direction (at least 1.3 X 108 ions/cm 2 s) 
is comparable to the solar wind flux (108 ions/cm2 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 
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TABLE 2. Comparison of SWS and SIDE 
----------~-------------

Field of view. sr 
Sensitivity, particles/em's sr 
Detects 

Energy range, eV 
Positive ions 
Electrons 

Mass range, amu 
Cycle time, s 

SWS 

Seven Faraday Cups 

211' 
4.1 x w• 

Positive ions 
and electrons 

5700-15 
1376-7 

No mass analysis 
28 

SIDE 

TID MA 

0.011 0.005 
1.2XJO• 7XJO• 

Positive ions Positive ions 

3500-10 48.6-0.2 

No mass analysis 130-10 
24 12/Energy step 

72/Cycle 
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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. 

There are two possible sources for the massive ions. They 
are either ions formed at impact or ions formed by 
photoionization, etc., in a neutral gas cloud released by the 
impact. 

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 (>I 0 amu). The 
horizontal flux is larger than the vertical. 

9 

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 sensitive to 

ions coming from the vertical direction, whereas the sum of all cups of the SWS indicates predominantly horizontal fluxes. 
For purposes of comparison, the current sum of all cups has been treated as if it was coming from a single cup and due to a 
flux isotropic over the cup. The labeling of the peaks A, B, etc., is for illustration in Figure 3. 
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A 

~~~ 
WEST 

Fig. 3. Top view of the SWS showing the orientation of the Fara
day cups and the azimuthal direction of arrival of the horizontal flux 
during various stages of the impact event (after C. Snyder, D. Clay, 
and M. Neugebauer, unpublished data, 1971). Each circle represents 
one ion measurement sequence (one point in Figure 2). The size and 
location of each circle suggest the amount of current observed and the 
dirc:.:tion 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. Ions 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 impact, 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 observed during 
th.: impact event. Solid bars indicate the energies of the maximum flux 
as observed 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 
(Solar Geophysical Data, 1970) and is given by the dotted line. 
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Fig. 5. Positive ion fluxes observed by the SIDE during the im
pact event. The solid line is the integral flux observed by the TID for 
energies between 10 and 3500 eV. The dashed line indicates the flux 
seen by the TID at 50 eV, and the solid bars show the flux seen by the 
MA at 48.6 eV. The TID has no mass discrimination, while the MA is 
sensitive only to ions with mass heavier than 10 amu. 

that the SWS was 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 I). 
These calculations show that the pulse duration and arrival 
time at any point on the surface depend upon the ratio p./T, 
where p. is the gas molecular weight and T is the initial 
temperature. 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 p./Tof7 X w-s amufOK (104 °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 all electron currents in all seven 
cups of the SWS summed over the entire event (after C. Snyder, 
D. Clay, and M. Neugebauer, unpublished data, 1971). 
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Fig. 7. Neutral gas column clen;,ity at the Apollo 12 site resulting from a gas release of N0 molecules at the location and 
time oft he S-IVB impact. The TID integral flux is also shown. The arrival time of the peak TID flux is hest fit hy a ratio of 
gas muss 11 to gas temperature T of 70 X 10-' amufOK. For comparison, the column density resulting from a gas cloud 
with 11 T of 70 >< 10-• is also shown. 

km from the sourc~. To show the va1 iation of column density 
with the parameter p/T, the curve for a J.LIT ratio of 7 X J0- 2 

amu/°K is also plotted. 
If a steady state condition (the number of ions created in a 

given region per second equals the flux 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 
total 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 parallel beam this corresponds to a flux of 2 X 
107 ions/cm 2 s. Just prior to this measurement the SIDE look
ing 15° off the vertical measured a unidirectional flux of about 
108 ions/cm 2 s sr. Assuming this flux to be uniform over 0.2 sr, 
including the vertical, gives a vertical flux of 2 X I 07 

ions/cm 2 s. 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 107 ions/cm 2 s for the vertical flux. 

From Figure 7 the peak column density p was 6 X w-•• N 0, 

where No 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 IO-• ion/s atom 
and 5 X IO-• 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 ionization is the hot electrons observed by 
the SWS. With an assumed average thermal energy of 50 eV 
(T ~ 5 X to• °K) this electron flux will also ionize neutrals. 
The peak electron current was 6 pA in each cup. This cor
responds to an isotropic flux of 2.5 X 107 el/cm 2 s sr or I .6 X 
108 el/cm 2 s for a 27r distribution. Several electron gyroradii 
(<I km) above the surface the minimum flux is 3.2 X 108 

el/cm 2 s. Since neither 400-eV ions nor 50-eV 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 results from 
the SfDE indicate surface potentials as high as -100 V exist 
near the terminators [Lindeman eta/., 1973]. The fact that the 
time history of the electrons followed the ion time history so 
closely lends support to a negative surface potential. Thus the 
e(ectron flux observed at the lunar surface may -have been 
significantly less than the actual electron flux in the cloud. 
With 3.2 X 108 el/cm 2 s as a lower limit to the electron flux 
and 2 X w--•• cm 2 as an average cross section for ionization 
by 50-eV electrons the production rate is 6 X w-• 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 N0 • 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 
I). At the time the peak flux was observed, approximately 
80% of the molecules were exposed to solar 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 

N0 1.6 X 10
15 F/ P 

No (1.6 X 1015)(2 X 107)/10-H 

N0 = 3.2 X 1028 molecules 

If solar wind charge-exchange and electron ionization are ac
tive, then at least an additional II X w-s 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 1028 molecules of neutral gas must have been released in 
the impact. 

GAs CLOUD CoMPOSITION 

Mirtov [1969] and Johnson [1971] have proposed that 
meteoritic impacts may provide a significant contribution to 
the lunar atmosphere. McKay eta/. [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-IVB impact was not large enough to produce brec
cias: 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 covered 
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 eV /q, having a 
narrow energy passband (D.£ = 4 eV for 48.6 eV /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 ( < 108 ions/cm2 s sr) 
and can prove erroneous when fluxes of two comparable 

masses are observed simultaneously. The geometric factor at 
48.6 eV for an element that peaks in a given mass channel 
varies from 2 X to-s to 8 X w-• cm 2 sr, depending on 
whether that mass is centered on the channel or near the edge 
of its mass window. 

Only four mass spectra were obtained 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 constant incoming flux was maintained over 12 s, the time 
required for a spectrum. Recall also that the MA was not 
necessarily measuring the peak energy 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 
each channel. 

Figure 5 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-IVB is constructed basically of aluminum alloys 
(63% AI, 17% Cu, 5% Ag, 5% Fe, and 10% other). If an 
average molecular mass of 27 is assumed, there are 3 X 1029 

atoms in this stage. Thus the S-IVB 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 
either the projectile or the target occurs for impact speeds of 
less than 12 km/s. The S-IVB impact speed was 2.58 km/s. 

In addition to the metals composing the S-IVB, 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 1027 molecules. 

The remaining fuel on the S-IVB was vented before impact, 
so that little or no fuel remained in either the primary or the 
auxiliary systems. 

From Rehfuss's [1972] calculations, it is not expected that 
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 release a large number of these 
molecules. 

TABLE 3. Mass Analyzer Data (Counts per SIDE Frame of 1.2 s) 

Mass Channel* 

0, I, 2, 3, 4, 5, 6, 7, 8, 9, 
Time After Energy, 10-14 15-17 18-22 23-26 27-31 32-40 41-55 56-72 73-96 97-135 
Impact, s eV/q amu amu amu amu amu amu amu amu amu amu 

51 48.6 4 0 II I 7 8 0 30 Ill 26 
183 16.2 3 3 5 0 0 8 0 0 0 0 
255 16.2 0 0 0 l 5 0 0 0 0 0 
267 48.6 0 0 0 6 3 9 I 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. Conce.ntrations of Gases in Crater Ejecta 

Ionization 
Total Number of Cross Sections 

Atomic Mass, Concentration, Molecules in by 50-eV 
Molecule amu cm'STP/g 

H I 7.2 x w- 1 

He 4 9.0 X 10·• 
CH, 16 !.OX 10·• 
Ne 20 1.5 x w-• 
Ne 22 1.2 x w-• 
N, 28 1.0 x w-• 
Ar 36 2.7 x w-• 
Ar 40 1.6 x w-• 
Kr 84 1.7 x w- 1 

Xe 132 2.2 x 1o-• 

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 eta/. [1971]. The H value is based on a H/He 
ratioof8 [Hintenbergeretal., 1970, 1971; Oroeta/.,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 of2g/cms is 
assumed, approximately 4 X I o• g of regolith material was 
ejected from the crater. With this value the concentrations of 
gaseous molecules have been converted to the total number of 
molecules in the material ejected 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 ofO.I J/g °K for the lunar material 
and the conversion of all of the impact energy into 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, but it should not be very 
large. Heymann et a/. [1971] estimate the percentage of gas 
molecules trapped in inclusions as being 12-60% for noble 
gases. If it is assumed that all of the trapped gases except H 
are released, then a cloud of 1.2 X 1028 molecules was emitted. 

There is evidence that H may be chemically bound 
[Funkhousa. 1971] and thus v.ould be much harder to 
liberate. If the cloud were predominantly H, then a resonant 
charge exchange with 400-eV protons (u ~ 2 X to· 16 em') 
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 b~lk of 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 
eV) and the heavier ions to be centered at a lower energy (50 
eV). For an acceleration mechanism involving either the in
terplanetary electric field (- V X B) or a surface electric field, 
this possibility is very unlikely. Thus H does not seem to be a 
major component of the vertical flux from the cloud. 

If the plastics are included, one would expect a gas cloud 
containing approximately 2 X 1028 molecules to be emitted. 

The principal elements added to the atmosphere were C, H, 
Cl, F, 0, 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-

Crater Electrons, em' 

8 X 1028 8 x w- 11 

1 X 1028 2.5 x w- 11 

I X 1021 3.5 x w- 1
• 

1 x 1o•• 3.5 X I0- 17 

I X 10" 3.5 x w- 17 

I X 1027 2.0 x w- 1• 

3 X 10" 3.0 x w- 1• 

2 X 1026 3.0 x w- 1• 

2 X 10
22 4.5 x I0- 1

" 

2 X 10'1 6.0 X I0- 18 

proximately 80 amu. Some of these molecules will im
mediately escape 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 
ionization time about I 08 s, and the thermal escape time 
about I 0 17 s, these molecules will break down into their 
elemental 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 ionized 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 it 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, in 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 each peak as is shown in Table 5. 

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-IVB 
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. Identification of Ions Observed by MA 

Flux, 
Spectra Mass ions/em's sr 

I (57 s) 12 1.8 X 10' 
20 4.9 X 10' 
32 6.1 X 10' 
84 4.9 x to• 

2 (267 s) 25 3 X 10' 
35 4 X 10' 
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pact. The ionization 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 of 3 X 1028 

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 as trapped 
gases at the impact site. An upper limit of2 X 1028 molecules 
could be vaporized by the impact. Since 1028 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 I 0 amu, it is likely that an upper limit of 1028 

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 hy 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 
ionization rate was larger. Both an increased ionization rate 
and the detection oft he hot (50 eY) electrons by the SWS can 
be consistently explained by the existence of a rapid interac
tion between the solar wind and the neutral gas cloud. Some 
insight into this process can be gained by considering the 
various stages of expansion of the neutral cloud. 

The cloud expanded in a vacuum for the first 50 km. At this 
point the cloud has a volume of 2.5 X 1020 ems and an average 
number density of 8 X 107 molecules/ems (No = 2 X 1028 

molecules). The mean free path for elastic collisions between 
neutrals in the cloud (u ~ 3 X 10 _, 5 cm 2) was 35 km, and the 
mean free path for charge exchange with solar wind protons 
(0' ~ 5 X 10 16 em') was 250 km. The production rate of ions 
was 4 ions/cm 3 s. 

The cloud continued to expand into the solar wind until the 
ion production rate in a column (in units of grams per square 
centimeter second) along a solar wind stream line became 
comparable to the mass flux oft he solar wind. At this point 
the solar wind could no longer accommodate the additional 
mass, and a shock wave was set up at the front of the cloud, 
which slowed and thermalized the solar wind. This shock 
wave formed when the cloud had a radius of about 70 km. 
(See Cloutier et at. [1969] for a one-dimensional analysis of 
this situation.) The solar wind was deflected by the shock 
wave and detected by 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 107 molecules/cm 8

, and. 
the mean free 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 s, but this was over a very small volume of the 
cloud. The ion production rate due to charge exchange was 
0.7 ion/ems s. The increased ionization rate ifl 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 had a radius of225 km. The average number density 

was 10" molecules/ems, and the elastic mean free path and 
solar wind charge exchange mean free path were of the order 
of several thousand kilometers. The ion production rate was I 
ion/ems s owing to solar UV and 0.05 ion/ems s owing to 
charge exchange. The streaming pressure of the cloud at this 
point (see Appendix 3) was I X I0- 5 dyn/cm2 as compared 
with the pressure of the solar wind, 5 X JO-• dyn/cm2• 

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/cms are being energized and by giving 
these electrons a thermal energy of 50 eV the flux of hot elec
trons would be 10 10 el/cm2 s or a production rate of 2 X w-e 
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 will 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 1028 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 will 
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 lost by each solar wind proton can go into proton ther
mal energy, electron thermal energy, and wave energy. Thus 
each proton can energize at least three or four electrons. This 
ability would raise the ion production rate to 8 X w-• ion/s 
atom, the number of molecules in the cloud thus being 
reduced to 4 X 1027

• 

Note that this may not be inconsistent with the observed 
electron fluxes. As we have already noted, Lindeman et at. 
[1973] have shown the lunar surface potential to 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 
balance the sum of all the currents to the surface. As a result, 
the observed electron flux will be less than the actual flux in 
the cloud. 

The avalanche effect discussed above is very similar to the 
critical velocity hypothesis proposed by Aljvim [1954] in his 
theory on the origin of the solar system. Alfven 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 Vc can be 
obtained by equating the kinetic energy of neutrals relative to 
the plasma with the ionization energy of the neutrals (eq,", 
where cPn is the neutral ionization potential) 

V2Mn Vc 2 = e.p" 

The exact ionization mechanism seems to vary with the 
prevailing conditions [Sherman, 1970; Danielsson, \970b]. 
Danielsson [1970a) has found in laboratory experiments that 
electrons are energized and cause efficient ionization under 
conditions that should have been collisionless. 

Reasoner and O'Brien [1972) report the observation of a 
large flux of electrons in the energy range 40-95 eV, which 
resulted from the impact of the Apollo 14 lunar module on 
the lunar surface 66 km away. The authors argue by the 
process of elimination that these energetic electrons are the 
result of a neutral gas-solar 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 ionospheric models for Mars and Venus, 
the ionization mechanism in type I comet tails, and possibly 
even 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 obse:
vation of the maximum horizontal fluxes by the SWS. At th1s 
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 'Y and directed into the lunar surface with a dip of 
32°. The magnetic pressure exerted by a 36-y field is 5 X w-• 
dyn/cm 2 (Appendix 3). The pressure exerted by the solar wind 
after being deflected by 90° (K = I in Appendix 3) is 5 X w-• 
dyn/cm 2

• When the local field attempts to deflect the solar 
wind by more than 90°, the solar wind pressure exceeds 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 ~olar 
wind is not deviated in this manner on other lunar mornmgs, 
so 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-[VB on the lunar surface vaporized the 
II 00 kg of plastics on the rocket and released some of the 
trapped gases in the lunar soil. A maximum of 2 X I 028 

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 ! 40 km to the Alsep site. As the cloud expanded, it 
came into contact with the solar wind and ionization started. 
When the column ion production rate exceeded the solar wind 
mass flux, a shock wave was set up at the front of the cloud. 
As a result of either this shock wave or an anomalous neutral 
gas-solar wind interaction, electrons were energized to 50 eV. 
These hot electrons then dominated the ionization rates of the 
neutral cloud. 

The thickness of the shock wave or interaction layer can be 
estimated by assuming that it coincides with the initial peak as 
observed by the TrD. From the average transit velocity and 
the temporal duration of the peak (full width at 10% max
imum) this layer is 17 km thick. [f the shock wave is at an 
angle with respect to the lunar surface, this value would be an 
upper limit. 

The collisionless interaction suggested by these results has 
application to a wide variety of problems in space research. If 
the existence of energetic electrons proves to be a common 
feature in neutral gas-plasma interactions, the implications 
may be far-reaching. 

APPENDIX 

The distribution of gases resulting from gas sources on the 
lunar surface has been calculated previously by Yeh and 
Chang [1971, 1972] Hodges eta/. [1972], and Hall [1973]. 

[f N 0 particles arc released isotropically with a Maxwellian 
distribution from a point on the lunar surface (Xo, Yo, Zo) at a 
timet = 0, then the particle distribution at the source is given 
by 

fo = No o(Xo) o( Yo) o(Zo) C:;rY12 

exp (- ~:v/) 
where m is the molecular mass of the emitted gas, T is the 
temperature at which the gas is released, k is the Boltzmann 
constant, and v0 is the molecular velocity. 

With the assumption of no collisions the distribution func
tion will be constant along a particle trajectory in phase space. 
The density of a particle at a particular location at time t is 
obtained by integration of the distribution function with 
respect to the velocities. By assuming a flat lunar surface this 
integral is given by 

( 
I )

3
1

2 
M 

n(R, Z, t) = ].;gH {//-

• exp [ -~~~ (~- f~] · exp [ -2-{ii? - 2ifJ 
where g is the acceleration due to lunar gravity, H = kT/mg, 
and R2 = X2 + }'2

. This result has been obtained previously by 
Hodges el a/. [1972]. 

The total column density pat a distance R is obtained by in
tegrating over Z from 0 to infinity, the following result being 
given: 

p(R t) = _!!r_'--2 exp (- R 2 /2g Ht 2
) 

' 21rgHt 

·II - erf [t(g/8H)
112 Jl 

where 

erf (x) = [2/(11') 112
] i' e-"' dy 

The column density above an altitude y is given by 

p,(R, t) = 2-lr:~? exp (~~~2) 
·{I - erf [t(g/8H) 1

n + Z(2/gHt 2
)

1 2
]) 

APPENDIX 2 

The production rate is given by 

P = uFN 

where u is the ionization cross section, F is the ionization flux 
(particles or radiation), and N is the neutral number density. 

A normalized production rate is given by 

PIN = uF 

and is given in units of ions/s atom. 
Solar UV. Assume an average ionization potential of II 

eV and a photoionization cross section of I0- 17 cm 2 for heavy 
atoms and simple molecules [Hudson, 1971]. The flux of 
photons with energy greater than II eV is about I 0" 
photons/em• s [Hinteregger, 1965] 

PIN ~ w-e ion/s atom 
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Charge exchange. Assume an average cross section for 
asymmetric charge exchange of a 600-eV proton with the 
neutrals composing the cloud of 5 X 10- 16 cm2 [Bernstein et 
at .. 1963]. The solar wind flux at the time of this event was 108 

protons/em• s. 

PIN ~ 5 X t0- 8 ion/s atom 

Electrons. Assume an average cross section for ionization 
by 50-eV electrons of2 X to- 16 cm2 [Kieffer, 1965]. The exact 
flux of electrons is not known, but a lower limit is 3.2 X 108 

el/cm 2 s. 

PIN~ 7 X. I0- 8 ion/s atom 

APPENDIX 3 

The pressure required to contain the expanding cloud is 
given by the streaming pressure 

p = Kpv2 

where K is a constant approximately equal to I, p is the mass 
density, and v is the expansion velocity. 

If an average particle mass of 80 amu, an expansion 
velocity of 3 km/s, and an average density of 106 

molecules/cm 8 are assumed, the pressure is 

p "" w-· dyn/cm 2 

The streaming pressure of the solar wind at the time of this 
event was (n "" 3 protons/cm 3

; v "" 330 km/s) 

p "" 5 X I0- 9 dyn/cm2 

The pressure of the average magnetic field at the Apollo 12 
Alsep site is given by 

p "" 8 2/871' 

Since the average magnetic field is 36 i'· the magnetic pressure 
is 

p "" 5 X I0- 9 dyn/cm 2 
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Thi,; pap<>r reports some preliminary results from the Suprathormal Ion De
tectors deployed on tho lunar surface by the Apollo 12 and 14 astronauts. Salient 
features of these rp,sults include: the possible observation of sporadic venting of 
gas from the lunar surfacf\; f\Yidence for a prompt ionization and acceleration 
mechanism operating in the lunar exosphere; and a preliminary measurement 
yidding approximatdy 1 month for the e-folding d(•cay time for the hPavier 
componl'nts of tho oxhnu~t gase::; from the Apollo lunar landing systems. Promi
nent plwnonwna from which these results have boon derivl•d are: (I) ion bursts 
of low to moderato onPrgy seen in conjunction with lunar sunrise nnd sunset; (2) 
solar wind Prwrgy ions dd.Pokd on the night side of tho Moon; (3) ion» of Sf'\'l'ral 
keV energy scm1 dur·ing tlw lunar sunsPt to midnight quadrant of the Moon's 
orbit; (4) magrwtoshPnth ion flux enhancements; (5) ion bur·HtH gntPratnd b.v thl' 
lmmr impad of tho Apollo 1:1 Saturn uppl'r stage and othl'r man -rnndn obj<'ct,;; 
and (6) gpornagrwtic storm a;;sociatPd ion flux variation,; in thP Earth's magtt<-to
tail. 

I. INTRODUCTION 

The objectives of the Apollo Lunar 
Surface Experiment Package (ALSEP) 
Suprathermal Ion Detector Experiment 
(SIDE) are to provide an exploratory 
search for possible lunar exospheric pheno
mena and to study the interaction between 
tiH'RC phenomenn:- and tho Solar \VilHl. 'I'o 
this end the instrument (shown in Fig. I) 
is equipped with a crude positive ion mass/ 
unit charge spectrometer and a positive ion 
energy/unit charge spectrometer. The first 
SIDE was deployed by the Apollo 12 
astronauts in the Oeean of Storms (2:3.4 °\V, 
a.04°S) and the Se0ond in the Fra l\buro 
Highlands (l7.4H 0 W, :~.flli 0S). A third such 
instrument was deployed on .July :31, 1971, 
by the Apollo 15 astronauts in the Hadlcy
Apennine area. All these instruments are 
presently functioning. However, since the 

1 PreHontC'd at tho XVth GcnPm! Assembly of 
th0 International Union of Gnophysics and 
Geodesy, Moscow, August, 1971. 

2 Present address: Department of Plasma 
Physics, Hoyal Institute of Tt-chnology, S-100 
44 Stockholm 70, Swt>dcn. 

Apollo 12 SIDE has been in operation the 
longest results reported herein are based 
principally on data from that instrument. 

The purpose of this report i:-; to provide 
only a brief summary of a few of the prin
cipal findings. More detailed papers ad
dressing themsdves to individual features 
of the data arc in preparation or have been 
presented h_y Fn•eman et al. (I H70). Free
man and Hills ( 1!170), FennN et al. (1971), 
Freeman (IH72), Freeman et al. (1971), 
Garrett et al. (l!l7l}, Hills and Freeman 
(1971), and Lindc;man f~! al. (1!171). 

ll. THE SIDE EXI'l.;I{D!ENT 

Figure 2 shows the operating principles 
of the instrument. The ion mass/q spectro
meter consists of a crossed c·lectric and 
magnetic field (Wien) vdoeit.v filter fol
lowed by an electrostatic curved-plate 
energy/q filter. The sensor is a channel
electron-multiplier with its input biased at 
-:3.5 kV so that only positive ions can be 
detected. The device is sequenced through 
the six energies, 0.2, O.G, 1.8, 5.4, 16.2, and 
48.6eV. \Vhile at each energy, twenty 
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:.J 

.Fw. I. Tht> Apollo 14 SITYI'<J <kployed 011 thP lunar surface·. Thn ALHEP <'Pntrnl station, radio· 
i;;otopP Hwrmal genPrat.or, n.nd additional Pxperinwnts can be> spun in thP background. Till' Pol<! 
cathode ionization gag<" i~< in the lownr IPft foregroun'd (.J ohnso11 et al., I !:171 ). Tlw <'Ill ranee >IJH'I't lll't's 

forth<" MA and Tl D >II"<~ on tho HIDE top horizontal surf:wP. At tlw tim<' of thi,.; photograph th<•,\ 
lll'P prokl'ted by It du;,;t. eoypr ,;ub;;uqtH'Ill ly rcmoyc•d by radio C1Jilllt11llld. TlH• SIDE top hoi·iznntnl 
surfae<' i;; about :lOin abov<' tlw lunar surface. A hubhl<" lnv<'l is wwd b_,. t.IH· nstJ'()naut to lt'\"<·1 tlw 
instrument within 5°, 

velocity step." (corresponding to :W massfq 
ranges) arp ~;;tmpled by stepping the voltage 
on the ehwtric field plate in the Wien filter. 
Thus the mass/q range from approximately 
10 to 1500 amufq (for the Apollo i2 SIDE) 
is sampled in 20 Rtcps at six energies up to 

48.tleV. This detector is c-alled the ~Iass 
Analyzer or MA. A complete energy-masR 
scan is aceomplishE'd in 2.5H min. 

The second d('tector called the Total Jon 
Detector or TID is identical to the MA but 
possesses no velo('ity filter. It is also tmwd 
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to inelude higher energies. It eovers the 
energy range from 10eV to :~500eV in 20 
differential steps. Results of the 'I'LD can 
be compared with those of the MA to 
determine the flux of positive ions in the 1 

massfq range not. coverPd by the MA. 1 

The geometric factors for tho Apollo 12 
detectors are 10- 4 em~-sr and 0.5 x w-- 4 

cm~-sr for tlw TLD and MA respectively. 
Both fields of view are approximately 
square and 6" 011 a side and the look-axes 
are lli 0 wPst and east of lo<"al vertical for 
Apollo 12 and 14 respectively. They lit
approximately in the ediptie plane. Addi
tional detailR of the experinwnt ean be 
found in Freeman ef al. (I !l70) and Hill:,; 
and Freeman ( l !l7l ). 

Figure :l shows tlw lunar orbit location 
of various diurnal phcnomPna. that havp 
bcc~n observed with the Apollo 12 instru
ment. Also shown arP the look directions 
for the field of view of the two detectors. 
The look-axnK lie approximatf'iy in the 
1ediptie plane. 

Note first tlw indieat.ed presence of 
intermediate and low PnPrgy ion bursts 
( LBs) usually Heen within a few days either 
side of t.lw Au.; E p paKHagp by the sunrist• 
and sunsd tt·rrn in at Ol'H (Lindeman et a[ .. 
I !)7 1 ). Hl•re intl'rmediate and low energy 
refet·s to ions in the 10 to approximately 
1 2fi0 e \' fiJ range. The brief and sporadic· 
appPat·atH'D of I Bs <"ontrasts to the more 
Bteadv and sustaitwd c·ount-rat.e enhanc~e
nwnt' produeed. for example, by tlw 

111. St'l\IMAI{Y oF 1'H 1..: l>A'l'A '· magnetoHheath or solar wind plasma flow. 
1\ Note also the appParan<·e of higlwt· 

Plwnonwna rt>port.ed by the SIDE ean energy (up to :lliOOeV/q) ionH in the pn•
be broadly divided into hvo eategories: midnight quadrant. These are thought to 
diurnal, that is, recurring on sueeessiv£> i be high energy protons that have escaped 
lunar orbits: and sporadie or singular : upstream from the Earth's bow shock to 
events whose oceurrence may be indepen- i; impinge on the night side of the Moon. 
dent of lunar phase. r Such protom; havE• been reported pre-
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.Fw. 3. Cnpsuk i<Hlllmm·y of t.lw IO<·ation of diurnal phPnornnna along tlH' luna~· orbit. 

viously (Asbridge l'i 1d., HHi8) but were not , The top spectrum in Fig. 4 (t.,q.>e l) with 
known to extend as far as the Moon. its lunar orbit distribution weighted to the 

Extensive data are also available from post-sunset region, is probably the bow
both the Apollo 12 and 14 instrument on. shock protons already mentioned. 
the characteristics of the magnetosheath' The type I~ speetrum, with its distribu
ion flow since during passage through the · tions weighted slightly toward the pre
magnetosheath these detectors look direct- sunrise region, appears to resemble solar 
ly upstream (Feuner Pt al., I !l7l ). 'These wind that has been deflected onto the night 
data deal less direetlv with the Moon and side of the Moon. One dramatic example 
hence will not beth<; main subject of this that appeared 4-.7 days before the sunrise 
paper. terminator has be<'ll reported by Freeman 

Uarrett et al. (I !171) have reported ( 1972). 
enhancements of plasma-shePt ions seen A feature of particular interest is the 
with the SIDE in the magnetotail during oecasionalappearaneeofalowenergypeak, 
a geomagnetic storm. At times other than often around 50eV, that may be found 
this the plasma flux in t.he tail has remained superimposed on any of th~:-w spectral 
at or bdow the 'TID high lu1111r day back- types or standing alone. This is illustrated 
ground level. by the dotted peak in t>ype HI. H is in this 

IV. IoN BuRsTs 

We retum now t.o Uw subject of the lBs 
~wen near sunrise and sunset. Using data 
from the Apollo 12 TID, Lindeman Pt al. 
(1971) have performed a preliminary 
statistical study of the spectral types and 
their location in lnnar orbit. The results of 
this study are shown in Fig. 4. Here it is 
sPell that at least. five spectral types have 
been tentat-ively identified. vVhether or not 
these are all independent phenonwmt still 
remains to be seen. 

type of spectrum that higher massfq ions 
are sometimes found. When the MA 
indicates the presenee of higher mass/q ions 
the event is referred to as a HIB for heavy 
ion burst. 

One of the most interesting examples of 
a HIB event occurred on March 7 and 
was observed by the Apollo 14 SIDE. The 
mass/q spectrum typical of this event is 
shown in Fig. fi. HPre we see the raw data 
from a single spectrum taken at 48.6eVfq. 
The massjq of the ions producing the strong 
peak in mass ehannel 5 was between 18 and 
23 amufq. This spectrum is one of 5 similar 
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supPrimposPrl on thl' t,vp<' I li spt•l't.rum iH not always (li'I'H<'Ill· und lllH,\' h<• found ot•<,ttsionall~· 111 

ot ht•r spl'ct.t·nl t YlWH as wPII. 

S)W<'tra that oneurred within a 50 min 
pPriod late in the event. The pntire event 
c·on:';iHted of intermittent burst:-; of heavier 
ion,; lasting nearly 14 hr. During that time 
thP highest flux rPeordPd by the MA was 
l 0 i ionsjcm ~-sec-sr and was in mass channel 
5. At the S<tme time the adjacent masH 
ehmmel. channel 4, indieated Hhttistically 
,;ignitieant count-s. This suggPsts that. tlw 
ions producing the beam wPre toward tlw 
!owN end of tlw channel li passband. 
probably water vapor. During laboratory 
c·alibrations wat.Pr vapor showed up pre
dominantly in <'hannel li. 

At. the· time of tlw massjq HpPetrurn 
illu1-1trated in Fig. ii tlw TlD indieated an 
t•nergy spectrum as shown in Fig. li, an 
intense monoC'hromatic peak near 50 or 

70e\' jq supPrirnposed on a hi'Oader spe<·
trum rwaking at around 2fiOp \' jq. A similar 
patt.em of a pPak at or below IOOe\'fq is 
common wherwvPr mass SJH'<·tra arP dis
cerniblP with the MA. FOI' the event 
illustrated hen• the low energy pPak was 
ex<'eptionally intPmw. mono('ht·ornat.i(', and 
highly variahl<' in amplit.udt•: Vttrying as 
mueh as two onkrs of magnitudP within 
2;") SP!'. 

The fon\!l;<>ing HI R oeeuned 2!l days 
after t,lw Apollo 14 landing. Its peak 
intPnsit.v l'X<'ePd('(l an\' other H lB obi:lerved 
to date' by over one· order of magnitude. 
and all other sueh events have been elearly 
ident-ifiable by their dose time proximit~· 
to lunar surfaee opPrationH or man-made 
events. Fmther, this event appears different 
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Ft<:. ti. TID <'twrg~· ><pPct.rum at. t.he tiuw of 
tlw l\lm<'ll 7, l!Jil HIB ,.,.,•nt. Tlw v•·r·ti(·n.l •·tTor· 

luu·s rqH'<'><<'III tllf' la limits b•t>~•·d on t.h<' count 
stat i,;t.ii'H 11111! t lw horizo11t nl bnJ·;;, t lw rl<'kctor 
.,,u.•rg~· pn.sshand widt.l1R. 

in eharact()f (e.p;. ('Vent dumtion and 
energy) from st•veml othm· I Bs t•pc·orded hy 
more than one Sl DE (and tlw ALHEP 
Passive Reismie Experiment) at t'nerp;ies 
too high to allow a masH/q det<•rrnination 
but believed to be due to metPoroid im
pacts (Hills and FrPl'llHlll, Hl7l ). For tht'Sl' 
rl'asons, together with tlw narrow mnss/q 
;;peetrum, we SIIHJH'd that tlw :\lan·h 7 

.event. may reprl~Sl'nt a natural spontaw·ou.<; 
emission of ga:-; ti·om tlw lunar surliu·P. 

An PX<1tn pk of a H I B iclent i lic·d with 
lunar surfa<~P <Wt.iviti('s i!4 :-;hown in Fig. 7. 
This spt>drurn oec·ur·rwl during t hP Apollo 
14 :!nd EVA and ;.;horth· aftpr the L:\l 
f•ahin depressurization fc;r that aetivity. 
This speet.rurn, with its strong peak in mass 
channel ii, is thought to have arisen from 
Uw molecular oxygen rt>leasecl b,,. the !'ahin 
depressurization process. ( Durinp; lahora
tor,v calibrations o~ showed ll}l predorni
nantl,v in channel H.) This flux lasted on!~' 
a minute or so. 

Not all the massjq spec·tm have hl'('Jl as 
mtrrow as these two. Figure K illustraJ(•s a 
eompw;;ite srwetrum from an HlB of 
extended duration seen approximately 2 



834 J. W. I<REEMAN, JR., ET AL 

APOLLO 14 51 DE 

MASS ANALYZER DATA 

'8 6 EV ENERGY STEP 

FEB. 6, 1971 

0838. 2S UT 12 NO E'IAJ 

~} M/Q RANGE 

<' 
"' ... "' ... ~ g 
~ ~ ~ ~ 

0 
0 0 

';! y 

"' N "1 "' 0 

g: ~ N ;:: "' "' "' 

IS 16 17 18 19 

FIG. 7. Same RS Fig. 5 for Fel11'uary (i, 1971. 

months after the Apollo l:! landing. The 
broad massfq speetrum seen here is very 
similar to that shown in Fig. 9 taken 14 hr 
after the Apollo 12 lunar landing. By 
comparison with predicted spectra 
(Simoneit et al., W69) we believe these 
spectra to result from residual or exhaust 
gases from the LM ascent and descent 
engines. 

According to diffusion calculations by 
Chang ( 196!1) the descent. stage exhaust 
gases· should reach a uniform distribution 

MEAN 
~-BACKGROUND. 

over 11 hemisphere about 20 hr after land
ing. If we assume satisfaetory uniformity 
by the time of the spectrum shown in Fig. 
n (i.e. local gas inhomogeneities have died 
away), similar ion acePierat.ing conditions 
for the oceasions of the two spectra, and an 
exponential deeay eurve, we can calculate 
the e-folding timt> for dissipation of the 
exhaust gases from the lunar surface. Thf' 
result is approximately :~o days. In obtain
ing this number we have c·orrected for the 
subsequent additional input of gas from 

APOLLO 12 SlDF 
MASS ANALYZER DATA 
'.66 eV EN[RGY ~TEP 
JAN 16, 1970 

"21 TO 220 ~r 

I I \ I t I ! I I I I •I I 

6 7 8 9 10 11 12 13 14 IS IS 17 18 
MASS CHANNEL NUMBER 

l•'w. ~. Compo,;ito muHs/q HJWCtnun for the sp<'eifiPd intPrvul on .Jnnuur_v IIi, 1970. Tlw Hltrllt' 

comuwntH n•gltl'ding maHs/q mngps apply a:; stat!•d fot· Fig. 5. 
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Fw. 9. Compositfl mnss(q spt'CI•I"IIIIl for the specifiNi inten·al on Nnv<'mhPI' l!l, 1909. The sam<' 
commPnt.s reganiing mass/q rangN; apply as stated fo1· Fig. 5. 

the LM ascent stage by assuming these 
gases to be captured by the Moon in an 
identical proportion as those for the 
descpnt stage. 

'I'his preliminary figure of l month for 
the mean lifetime of rocket exhaust gases 
is somewhat shorter than the approxi
matPly 100 day lifetime that might be 
expeet.ed from pure ionization escape of 
thes(• heavier gaseR (JohnRon el al., 1971); 
on th<> ot.her hand it is longer than the 
several days predieted by Chang {1969). A 
morP complete examination of the SIDE 
data and the ALSI~P eold-eathode-gage 
<'XJWriment data iH hound t.o yield a more 
refin(•d figure. 

v. S- L \' B 1M I' ACT 

'l'lw foregoing d iseussion iH takt•n as 
evick!ll.'e fm· tlw prompt ioni7Attion and 
aceelt>ration of gas from loeal natural or 
man-made sources. Further support for 
such an ionization and acceleration meeh
anism (or medmnisms) is provided by data 
from the lunar impaets of portions of the 
Apollo system (l<'n~eman p,f al., Hl71; 
FrePnHm and Hills, 1!170). The Apollo 13 
S-1 Y B impaet W!1S some 140 km west of 
the Apollo 12 ALSEP. About 20 sec 

following the impact an intense flux of ions 
was detected at the ALSEP site. Figure 10 
illustrates the massjq spectrum obtained 
by the MA at 4H.fieV!IJ during the early 
part of this bun;t of ions. The Htrong peak 
near heavy masses is thought to represent 
vaporized and ionized lunar surfact• 
material. This was the first oecurrenee of a 
mass spectrum showing sueh heav~· ions 
thus verifying that the ions WPI'l' from the 
impaet. 

The kinetic energy of the impaet was 
approximately 5 " 10 111 .f. Figure 11 illm;
trates the time history of the ion flux and 
energy for the PVPnt. aH reported by tlw 
TID. Note that an initial burst of ionH was 
seen 21 see following tlw impad .. At thiH 
time the ion energies wPn~ betwet•n 50 and 
lOOe V jq. After this the energies fell to low 
values and then rose again to as high as 
500eVjq as the flux inercased some 4 min 
later. Ions of similar energies but with 
lower intensities werP also obHerved im
mediately following the Apollo 12 L.M 
ascent stage impaet and the Apollo 14 and 
15 S-lV B impaets (Hills and Freeman, 
1971: O'Brien and RN\soner, l!l71; Free
man et al., l!l71). 

For the Apollo I:~ S-1 V B irnpaet the 
maximum integrated flux seen from the 
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FH:. 10. Cmnpo,.;ik lll>lRK/q ::<p<•etnun for tlw Apollo t:~ S-lVB impn<"t t>V<'IIt•. Tlw ,.;anw <'lllllllH'IIts 
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had bt'<'ll eommnn<h•d into lUI oppr·nting mo<l<- wher·o tlw sampling of <·hanrH•Is 10 through l!l was 
dimintttPd. 

near vertical direction bv tlw SIDE wa.s 
:~ '· J()i ionsjc-m ~-sec-sr. ~l'lw Solar \\'ind 
SpPetrometer (another ALSEP experi
nwnt) saw mu<·h higher ftuxes arriving 
si rn ultaneouslv from mort> near! v hori
zontal directi;ml-\ (C. Snyd<'r, privat.e com
munication). If one a::;sumPs tlw entire 
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Assuming a spherical gas doud whose 
radius is the distance from ALSEP to the 
impact point this estimate is 106 ionsfcm 2-

sec-sr; at least one order of magnitude 
below the observed flux. This discrepancy 
suggests the need for an anomalous inter
aetion mechanism between the neutral gas 
cloud and the solar wind. Such a mechan
ism has been proposed by Alfven ( 1954) 
whereby when the relative velocity be
tween a plasma (in this case the solar wind) 
and a neutral gas in a magnetic field exceeds 
a erit.ical value highly efficient ionization 
of the gas takes place. This phenomenon is 
being investigated by the Stockholm group 
(Danielsson, 1970: Fahleson, 1961). Manka 
and .Michel ( 1970) hav<> di.scussed the 
acceleration fate of lunar exospheric ions 
as a result of the interplanetary electrie field 
however in th<> pn•sent ease t.lw rapid 
ionization must also be explained. 

VI. Ht'MMARY 

8evf'ral exampb; now exist of energized 
ions of massfq greatPr than singly ionized 
hydrogen or multiply ionized heavier ele
ment.s close to tlw lunar surfaee. \Vhile 
most of tlwse ean be identified with man's 
aetivities pertaininp; to the Moon at least 
one P\'t'nt may ha VP had a natural origin 
and i.s suggestive of a tran.siPnt lunar 
Hurfa<'<' gas emission. 

A tllOst important univer.sal ft•aturP of 
tht>sP t'Vt>nts is that tiH' ions appear 
promptly and art' found in a su hstantially 
a<'('PIPmt<>d state. This indimd<·s t.lw a<:ti
\·ity of one or mort> i rn portant ionization 
nnd <U'<'Pleration lllP<·hani.sms su<'h as ae
<'<'lt>I'a t ion by th<' i nterplmwtary Ple<t.ri<· 
field m· an anomalouH inh'metion with the 
solar wind. Huch nwehanisms must be 
taiH•n into aeemmt in eal<-ulation~ of 
plandat',Y atmosplH'ri<' lossPs and tlw gas 
<'Ontent of lunar ro<'ks. 

Fort ht> easP oft.]w A polio rockPt <'X ha u::;t 
gasp:-; JH'<'Iiminar,\' data indi<'atl' a mean 
lifPtinw for thP lwaviN gas eompmH•nts of 
about mw month. 

Finall~· W<' again wish to Pmphasizl' the 
prt>lim inary natun• of tlwse interpretat ionH 
of a largt> body of data ofwhieh only a :-;mall 
ti·action has he<'n cxmninod t.o <lutt>. 
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OBSERVATIONS OF 

WATER VAPOR IONS AT THE LlJNAR SURFACE* 

.1. W. FREEMAN, JR., H. K. HILLS, R. A. LINDEMAN, and 
R. R. VONDRAK 

Dept. of Space Science, Rice Unh•ersity, Houston. Tex .. U.S.A. 

(Reo.:eived 7 December, 1972) 

Abstract. The Apollo 14 Suprathcrmal Ion Detc<.:tor Experiment observed a series of bursts of 
48.6 eV water vapor ions at the lunar surface during a 14-h period on March 7, 1971. The maximum 
1lux observed was 10" ions em ~ s ·I sr-1• These ions were also observed at Apollo 12, 183 km to 
the west. Evaluation of spcdfic artificial sources including the Apollo missions and the Russian 
Lunokhod leads to the conclusion that the water vapor did not come from a man-made source. 
Natural sources exogenous to thl! Moon such as comets and the solar wind arc also found to be 
inadequate to explain the observed fluxes. Consequently, these water vapor ions appear to be of 
lunar origin. 

I. Introduction 

The existence of water at or b~neath the lunar surface is a question of great importance 

in theories ()f formation of lunar surface features and of the Moon itself (cf. Urey, 

I 969 for a review). If the Moon were devoid of water now or in the past it would be 

unique among the terrestrial (i.e. high density) planets about which detailed informa

tion is now available. At the Third Lunar Science Conference we presented preliminary 

observational evidence for the occurrence of endogenous water vapor at the lunar 

surface (Freeman eta/., 1972b). In this paper we review this evidence, present a more 

det<1iled description of the event, and discuss more completely arguments pertaining 

to the identification of the source. 

The Apollo 14 Suprathermal Ion Detector Experiment (SIDE), part of the Apollo 

Lunar Surface Experimcnts Package (ALSEP), observed ions of mass 18 amufq 

during an event of approximately 14 hours duration on J\.1arch 7, ltnl. Because of 

their mass per unit charge, these ions are believed to be constituent~ of the water 

vapor group. Several gas sources associated with the Apllllo 14 mission one month 

earlier have been suggested as possible sources of this water vapor. Ilowever, all of 

thc~c appear to us to be inadequate to explain the obscrvvJ phcnomt:na. 

The Si DF L'Onsisb or twu pmitive-ion detectors: the Ill ass analyLer ( MA) and the 

total ion detector (TID). The location of the Apollo 12 and 14 Sf DEs and the concept 

llf acceleration of ions into thc instruments arc illu~>tratcd in Figure I. The MAcon

siqs of a velocity Ill tel and an energy per unit charge (energy/q) filter followed by an 

iun dctcdinn system. The velocity filter and encrgyfq liltec arc sequenced thn>ugh a 

series of ~tcp~ to prO\ ide covt:rage of twenty massjq r:tnges at each of ~ix energyjq 

steps: 0.2, ().(,, 1.8, 5 . ..J, 1(,.2 and 48.6 eV/q. The TID is an ion energyjq spectrometer 

that reLnnh illns without ma'>s discrimination in 20 dill'erential energy channels from 

* Paper dcdic:akd to l'r.>l. llaruld (' Urey on the oo.:casiun of IIis 80th birthday on 29 April 1973. 

The .tfoou!! (1971) II' l:>X .. !// 1\ig/1/s i?<'Sl'ITed 

Coprri1.:hr r 1'!73 hy /) J?,·ii/c/l'"h/''liillg Compuny, LJordredzt-llollaml 
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SUNLIGHT 
AND 

SOLAR WIND 

J. W. FREEMAN, JR. El AI. 

MARCH 7, 1971 

Fig. I. Com:cptual operation of the SIDE as a mass spectrometer, showing geometry of the March 7 
event. Photo-ionization by solar UV and charge exchange processes with the solar wind ionize 
the lunar exnsphcre. These ions are then accelerated by the interplanetary electric field associated 
with the motion of the solar wind (Manka and Michel, 1970; Manka, 1972). as illustrated, or some 
other acceleration mechanism operating in the lunar environment. Full details of the operation of 

the SIDE can be found in Freeman eta!. (1970), and Hills and Freeman (1971). 

3500 eYjq down to 10 eVjq.The lowest energy channels can be used as a check on the 
MA data. Each Sl DE has a field of view 6° square centered on a direction 15' from 
the lm:al vertical. The Apollo 12 SIDE look direction is toward the west and the 
Apollo 14 SIDE views toward the east. 

The efllcacy of the Sl DE system has been demonstrated by numerous ob,servations 
of mass spectra associated with the LM rocket exhaust gases (Freeman eta/., 1972a), 
LM cabin venting (Hills and Freeman, 1971), and gas emission from the S-IVB and 
LM lunar impact events (Freeman eta/., 1971 ). The exhaust gas spectrum obt:J.ined 
14 hours after the Apollo 12 LM landing exhibited a broau range of masses (Freeman 
eta/., 1972b ), in good agreement with the laboratory of measurements of Simoneit eta/. 

( 1969). As shown in Figure 2, two months later the e.xhaust gas ion intensities had de
creased generally by an order of magnitude, but the spectrum was still very broad and 
readily identifiable as due to exhaust gases. There were several changes in the spec
trum due to the operation of ionization, loss, dissociation, and recombination 
processes over the two months. Most striking was the disappearance of mass 18 ions 
and the appearance of a significant quantity of mass I (l ions. These mass 16 ions 
presumably came from the dissociation of the more massive molecules in the original 
spectrum; principally water vapor. For comparison, I he maximum water vapor ion 
intensity observed by the Apollo 14 SIDE during the March 7 event is indicated in 
Figure 2 (see next page). It is more than three orders u( magnitude greater than the 
intensity observed by the Apollo 12 SIDE 14 h after lunar landing. 

2. Water Vapor Observations, March 7, 1971 

The Apollo 14 MA data from the March 7 event arc ~hown in Figure 3. The time 
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Fig. 2. Observed decrease in exhaust gas lluxes over a 58 day period. For comparison, the peak 
flux seen in the March 7 water vapor event is shown. 

history of the events leads to a separation of the data into three parts. The mass 
spectra accumulated in each part are shown in the upper portion of the figure, 
together with the best fit to the observations, based on laboratory calibration data. In 
Part I, the accumulated spectrum can be fltted by a mixture of l\5/;, mass 18 amujq 
and 15~~ mass 16 amujq while in Parts J[ and Ill the data is fitted well with 100% 
mass 18 amujq. For Part I a fit including a percentage of mass 17 amujq is also 
possible but presses the resolution of the experiment. This apparent change in the 
mass spectrum during the event is suggestive of the injection of fresh gas and thereby 

a dynamic rather than a static event. 
The Apollo 14 TID recorded data consistent with that of the MA, showing sporadic 

bursts of low energy ions throughout the event. Figure 4 slwws two successive energy 
spectra obtained with the Tl D. The broad high energy spec! rum at 250-1000 eV is due 
to ions in the Earth's magnetosheath, and is not of interest in this event. The im
portant feature is the high mono-energetic flux of low-energy ions (70 eV in this 
spectrum). The narrow low-energy portion of the spectrum occurred at various 
energies, but usually was observed in only one channel at a time (at 30, 50, or 70 
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Fig. 3. Time history of th.: Ap<lllo 14 Mass Analyzer data for the March 7 water vapor event. 
Laboratory calibrations indicate that water vapor ions an; recorded primarily in channel 5 of this 
instrument with channel 4 recording approximately 12 "., as many counts. Consequently, to show 
the principal features of the March 7 event, the total counh in adjacent channels 4 and 5 at 4lU1 eV 
are displayed in the lower portion of the figure. Tons were ohscrvcd during the March 7 event only 
at the highest energy level, 4X.6 eV, and not at the next lower level, 16.2 eV. Twenty-channel mass 
spectra at 48.6 eV were.: nhtaincd in 2'1 s every 2.58 min. ln,cts display the unserved mass spectra 
summed over each part of the event as well as a 1it to the observations. One count in channel 5 

corresponds to a tlu.x of 1-1:!0 t of 1.2 I 0' iom em··! s ' sr 1• 

eV/q). The two illustrated spectra indicate the sporadic nature or this llux. 

The SIDE MA at the Apollo 12 site 183 km to the west (sec Figure I) was quite 

noisy at the time, so no usable mass spectra were obtained. There was, however, good 

correlation between the TID responses of the two instruments durinp: the event. Both 

instruments detected signilkant fluxes starting at 0300 0400 UT on March 7. The 

Apollo 14 SIDE was turned off at 2100 UT on March 7, according to its scheduled 

cycle for thermal control. The Apollo I 2 Sl DE continued to detect ions until the end 

of the event at ~0400 LJT on March 8. The time history of the Tl D data is indicated 

in Figure 5. The ion energies observed at the Apollo 12 site during Part I of the event 

were higher than those at Apollo 14, being generally in the 100 cV/q and 250 eVjq 

channels, whereas the energies at Apollo 14 were in the range 50 cV/q to 100 eV/q. 

During Part II of the event the energies observed by the A polio I 2 Tl D decreased to a 

level matching those observed at the Apollo 14 site. Again wc sec the suggestion of a 

dynamic rather than a static event. fluxes observed hy the Apollo 12 Tl D were 
typically 1-5 x I 0 5 ions em- 2 s- 1 sr -· 1

, while the A polio 14 Tl [) detected typical 

fluxes of4-10x 105 ions cm- 2 s- 1 sr- 1
• Peak fluxes for each instrument were gener

ally about 5 times greater than these typical fluxes. 
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Fig. 4. Total Ion Detector data from the Apollo 14 SIDE for two successive spectra during the 
March 7 event. The width of an energy channel is approximately 10";; FWHM. The peak at 70 eV 
ctlrresponds to the water vapor ions seen in the mass analyzer. The hroad spectrum peaking ncar 

500 eY is that of magnetoshcath ions and occurs independently of the water vapor ions. 

Simultaneous with the Sl DE observations, ions were also detected by the Charged 
Particle Lunar Environment Experiment (CPLEE). The CPU:E has two charged 
particle analyzers, one of which looks in a vertical direction and the other 60 · west 
of vertical. The low energy (60-300 eVjq) detectors of both analy.wrs recorded an 
apparently isotropic flux of ions between ~0400 UT, March 7 and ~0900 UT, 
March 8 with maximum fluxes between 1200 UT and 1600 UT on March 7 (F. Rich 
and D. Reasoner, private communication). Fluxes of such low energy ions are not 
normally detected by CPLEE in this portion of the lunar orbit due to the high 
threshold of the low energy ion channels and large angle bet ween the magnetosheath 

flow direction and instrument look direction. A complete analysis of the CPLEE data 
and calculations of the total flux have not yet been made. 
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3. Comparison with Electric Field Data 

In an attempt to determine whether the sporadic nature of the March 7 event was due 
to either an intermittent source or simply a variability in observing conditions, the ion 
data have been compared with simultaneous data concerning the interplanetary 
electric field. The interplanetary electric field E is related to the solar wind velocity V and 
magnetic field B by the expression E=- V x B. It has been shown (Manka et a/., 
1972; Manka, 1972) that this electric field can be an important acceleration mecha
nism for ions produced in the lunar exosphere. The interplanetary electric field under
goes rapid temporal fluctuations in both magnitude and direction. Consequently, 
temporal variations in the ion observations could be a result of changes in the solar 
wind parameters rather than changes in the source of the ions. 

The solar wind data, the MA data, and the Tl D data are shown in Figure 5. The 
solar wind magnetic field data was measured by Explorer 35 in lunar orbit and was 
generously supplied by Dr David Colburn. The solar wind velocity as recorded by 
the Apollo 14 Solar Wind Spectrometer varied between 275 and 340 km s- 1 during 
the March 7 event (Conway Snyder, private communication). Since only the magni-
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Fig. 5. Comparison of SIDE data and the interplanetary electric field on ~v1arch 7, 1971. The 
electric field is derived from I min 22 s averages of the magnetic licld !nea;.dtred by L:xplurcr 35 
in lunar orbit. The lime delay between field nucluations measured in lunar orbit and ~lt the lunar 
surface is estimated to be kss than one minute. Gaps in th..: electric field data r,:-;ult from unavail
ability of magnetometer uata during these times. The three components of til<: ele-ctric li<:ld are given 
in the local .:oordinatc ~ystem at the Apollo 14 site. A ncgali\c vertical dc.:trk field would accelerate 
positiw ions towards the lunar surfa.:e. The MA data is tho: sanw as thai -;hown in Figure J. Periods 
when significant low-energy ion nuxcs were observed in the Apollo 12 and 14 SIDEs arc indi.:aled. 
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tude of the electric field and not its direction is related to the solar wind speed, a 
uniform speed of 300 km s -I has been assumed in computing the electric fleld compo
nents. 

In the simplest model of ion acceleration by the interplanetary electric field, the 
field orientation most favorable for ion detection would be one in which the field is 
pointed directly into the instrument look angle. This requires a negative vertical 
component and a zero (or small) northward component. 

From the data comparison we see that there is some positive correlation between 
the ion data and the interplanetary electric field vector. In particular, the large vertical 
field near 1200 UT corresponds very well with the large ion flux (Part II) observed at 
that time. Also, some of the sporadic ion activity in Part I correlates with times of 
favorable electric field orientation. However, there are periods from 1200 to 1600 UT 

when the field was favorable for acceleration of ions into the detectors, hut no ions 
were detected. Also, ions were observed in the Apollo 12 instruments during the period 
following 1700 UT when the electric field was oriented so as to accelerate ions away 
from the lunar surface. This is true for all of Part Ill of the event for which data is 
available. A lack of simple correlation with the interplanel.lry electric field is further 
indicated by the fact that the observed ions were nearly monoenergetic, while accelera
tion of ions in an exponential atmosphere by a uniform electric field would result in a 
broader energy distribution (Manka, 1972). Thus, the features of the ion observations 
for this event are not completely determined by the interplanetary electric field vector. 

Numerous other examples exist in the SIDE data where the surface gas pressure is 
enhanced and massive ions are seen regardless of a favorable or unfavorable inter
planetary electric field (Freeman ct a/., 1972a). Until the acceleration mechanism 
operating in the lunar environment at that time is well understood, we will be unable 

to determine whether the sporadic nature of the March 7 event is due to the source or 
the acceleration mechanism. 

Mass separation of ions may occur in the local surface magnetic llclds, resulting in 
the apparent mass purity of an event, while in fact a mi.xture of ions is present. How
ever, a preliminary estimate of such effects indicates that it would be dillkult to pro
duce a significant mass separation. Moreover, in light of the large tiuctuations in the 
interplanetary electric tield, it would be extremely ditncult to maintain any mass 
separation for the duration of the March 7 event. 

4. Quantity of Water 

It is of course Jesirable to have some estimate of the total quantity of water represented 
in this event. The SIDE is an ion detector and determination of tho: quantity of neutral 
gas presl'lll requires certain assumptions. A lack of ~nuwlcdge of the location and 
extent dl the st)urce and the details of the ionization and acceleration mechanisms 
precludes a precise quantitative determination. However, we have looked for a 
similar event where the quantity of gas released is known in order to 'calibrate' the 
water vapor event. In gcnc1~.11. Apollo mission activitie, have resulted in counting 
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rates far lower than those seen on March 7. For example, the Apollo 12 LM exhaust 
introduced approxilnately 2000 kg of water into the lunar environment, yet when 
observed 14 h after landing resulted in an ion flux that was less than one thousandth 
the peak flux seen on March 7. 

The only event that yielded MA counting rates as high as those during the March 7 
event was the detection of the Apollo 14 LM ascent engine exhaust gases by the 
Apollo 12 SIDE (Hills and Freeman, 1971). The Apollo 14 SIDE was not operating 
at that time. The maximum counting rates for this event in both the Tl 0 and l'vt A 
were within a factor of 2 of those for the March 7 event and the ion energies were 
comparable. However, the ion flux duration was only 2 min compareJ to some I~ h 
(intermittent) for the March 7 event. Ions were recorded starting I minute after the 
LM had passed by the minimum slant range of 27 km at an altitude of approximately 
15 km. The total gas released by the LM was approximately 2200 kg (of which 
~ 500 kg was water) at a constant emission rate of 5.2 kg s- 1 

( 1.1 kg s ·-I of H 20). 

Therefore, if we assume equivalent ion accelerating conditions for the two events and 
if the water vapor source was no closer than 27 km we conclude that at least 500 kg 
of water was involved in the March 7 event. Alternatively, il'an emission rate of I kgs-- 1 

of H2 0 was maintained on March 7 for a period of 14 h, a total water emission of the 
order of 10-1- kg is implied. The source characteristics anJ an.:clcratin.J! conditions (in
cluding ion trajectories) may be greatly different in the two events. Cnnsequentlv, thi~ 
estimate of the source strength may be in error. Howevt:r, given a non-local Slllln.:e, as 
discussed below, these quantities serve as reasonable preliminary estimate:-.. 

5. The Apollo Lunar Module as a Pw,•,ihlc Source 

The mass spectra of LM exhaust shown in Figure 2 indk'.tt<: that the C\haust ~.pcctrum 
is readily identifiable by its broad mass range, and do~:-; '"'t re'>embk the ~pectrurn oh
tainul in the March 7 event. This fact, together with the unprecedented intensity of 
th<· laller event, indicates that the March 7 event was not dut: to LM exhaust gases. 
Separation of the H2 0 in the LM exhaust from the other n.hau~l Cl>mponenh could 
conL·ci\'ably result from sclcLLive adsorption of the water onto the lunar surfa<.:e 
followed by :-.dective emis~ion. However, su<.:h a mechanism, \\hich could explain the 
purity uf tht: event, fails to account for the more than thrLc orders of magnitude in
ere"~" bt:twecn tlw H20 fluxc~ measured 14 h after the" Uvt L',\hausl relea;.e and th<>se 
seen nn i'vlan.:h 7, nne nwntlt after the Apollo 14 mi~''''n. 

TL,· l!taxintum nux ofw;tter vapor ions observeJ at the t\plliJ,, I·! SIDE during this 
event was approximately IOH ions em, 1 s··J sr-- 1

• For u>mp:lri,,>n, when the LM 
,·abin was vented during the Apollo 14 mission prior to lhc .:>nd EVA, !he SIDE ob
'erv,:,l :1 shun-li\..:d (approximately one minute) flux oi'4 ~< 105 ion' cm"" 2 s 1 sr·-t at 
50 t:\. 1\t the Scllllt: time the ALSEP Cold Cathode Gau)!,: E:o,perimenl (CCGL) mea
Slll'l'Li a high neutral gas pn;~sure (John~on et a/., 1'.!71 ). This is imJhlrtant, for it 
esLthli~ile~ that the CCGE would have seen a large neulr:tl gas pres,ure rise if enough 
gas \hTe liberated /om//r tn cause the high counting rate seen hy thc: SIDE on MarTh 
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7. lher~ was no such increase (Johnson eta/., 1972) therefore the source must have 
been further away than the LM or the other debris left on the surface ne:1rby. A gas 
source at a great distance could lead to the production or ions which subsequently 
reach the Sl DE, while the neutral gas density at the instrument might never be high 

enough to be observed by the CCGE. The simultaneous observation of the ev~nt by 
l he Apollo 12 Sl DE further implies a distant or wide-spread source. 

6. The Apollo CSM as a Possible Source 

The 43 kg of waste water, mostly excess H2 0 from the fuel cells, (C. Staresinich, 
private communication) dumped from the Apollo 14 Command/Service Module 
(CSM) in lunar orbit one month earlier has been suggested as a possible source 

(F. EI-B:1z, private communication; Page, 1972). An attractive feature of such a 
sourc~ is the presumed narrow altitude distribution of gas, resulting in a narrow 
energy spectrum after acceleration through an electric field. However, we note that a 
narrow altitude distribution is not a prerequisite for the narrow energy spectrum 
observed, since a narrow energy spectrum seems to be a general feature of heavy mass 

ion events regardless ol the source. For example, narrow energy spectra of approxi
mately 50 eV energy have been observed during the Apollo 14 cabin vent (Hills and 
Freeman, 1971), in association with Apollo 12 LM exhaust (Freeman eta/., 1970), and 
also at times when the source is less obvious (Freeman eta/., 1972b). Furthermore, as 
shown in Figure 5, the interplanetary electric field strength was ,...,3y krn- 1 at 1200 

GMT on March 7. Thus, if the observed 50-70 eV water vapor ions seen at that time 
resulted from simple vertical acceleration, they were produced at an altitude of 15-25 

km. This is much lower than the 100 km orbit of the CSM. 
Most of the water dumped from the CSM will freeze promptly and then rapidly 

vaporize by sublimation. Sharma and Bufl'alano ( 1971) estimate thee-folding lifetime 
of the ice crystals to be less than 30 h. Exposure of this water vapor to the solar 
ultraviolet and the solar wind particles results in the production of 1-1 20+ ions as well 
as the dissociation of 1-1 2 0 into Hand OH. Later the production of 01-I +,and finally 
that ofOt, will dominate as further dissociation and ionization takes pla<.:c and as the 
quantity of H 20 becomes depleted. Figure 6 shows the calculated rates of production 

for these ions as a function of ultraviolet exposure time. If the event of March 7 were 
due to water ejected from the Apollo 14 CSM a month earlier, then ions of masses 16 

and 17 would be more abundantly produced than ions of mass I H, contrary to obser
vation. In fact, in Part I of the event there is an indication of mass 16 and possibly 
mass 17 ions, but only a small amount. The later parts of the event showed only mass 
I~ ions. As was noted earlier, this change of spectrum is suggestive of a possible 
injection of fresh gas during the event. 

The ion flux expected at the Sl DE due to the CSM water dump c:tn be estimated as 
simply the total number of 50 eV ions formed in one second in the cm 2 column over 
the detector. If all of the ice had become vapor within a few days, dissociation and 
ionization by solar UV at a rate of 10- 5 s- 1 (Werner era/., 1964) would reduce the 
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Fig. 6. Production rates of ions resulting from exposure of water to solar ultraviolet at the Moon. 
These c:urvcs are ohtained from solution of the differential equations describing the depicted reaction 
c:hain. Produc:tion rates arc normalized to the initial number of H20 molecules; the change in 
production rate is due to the change in composition. The appropriate reaction rates were obtained 

from Hintcreggcr (1960), Werner eta!. (1967), and Mukherjee and Siscoe (1973). 

initial 43 kg of water to about 4 x 1015 molecules of 1-1 20. Also, since the counting 
rates in Part I oft he ion event were present for longer than the 2-h orbital period of the 
CSM, then if the source gas was in orbit it must have been dispersed relatively uni
formly throughout the orbital path. (After one month the gas cloud would be expected 
to be widely dispersed since the molecular sublimation velocity is about 1 of the initial 
orbital velocity.) In this case the average volume rate of 1-1 20 1 production is simply 
the number of neutral molecules times the ion production rate (Mukherjee and Siscoe, 
1973) divided by the volume over which the original gas has become dispersed. A 
conservative estimate of this volume is 4 x 10M km 3

, obtained by assuming dispersal 
over 100 km in altitude along the initial orbit and 10 in latitude transvers(.. to the 
orhit. Finally, integration over the narrow altitude range ( ~ I km) in which the ob
served ions originate results in an upper limit on the !lux measured hy the SIDE of 
4 x I 0 H ions em 2 s 1 sr .. 1

, much less than the observed pe:tk flux of I OH em- 2 s ' 1 

sr 1
• 

F. EI-Baz (private cummunication; Page, 1972) ha~ ~uggested that the ice cloud 
rem<lined intnct for one month and then impacted the Moon due to orhital decay. We 
know of no way to inhihit sublimation for one month. However, even if we assume 
the worst case where dissociation and ionization do not begin until ju-;t at the time of 
ohscrvation (implying ~ 1027 1-1 20 mole present), we obtain a llux or only 2 x 104 

ions em -2 s- 1 sr- 1
• This is also an upper limit to the 0 H + or 0 1 flux at any time. 
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Orbital decay is an additional mechanism for H20 loss and would reduce the estimated 
ion fluxes, diminishing even further the possibility of the CSM being the source of the 
observations. Water molecules that impact the surface are equivalent to a surfal:e 
source and can be ruled out as a possible source due to the small quantities involved. 

We conclude that the CSM waste water dump is unlikely to be the source because it 
has been shown to lead to a counting rate much smaller than observed, and because 
consideration of the observation of the Apollo 14 LM ascent indicates a much greater 
quantity of water as the source. Also the appeal of the CSM as a source is diminished 
when it is recognized that a narrow altitude distribution for the gas is not required. 
Furthermore, the time history of the event suggests an impulsive injection of fresh gas 
during the event, long after the CSM has left the Moon. 

7. The Lunokhod as a Possible Source 

It has been brought to our attention (K. P. Florensky, private communication) that 
the Russian Lunokhod research vehicle (located approximately 1400 km from 
Apollo 14) occasionally vents 'a few liters' of water from its cooling system. 

After a quantity of water vapor N" is released from the Lunokhod it will diffuse 
outward from the landing site. The water molecules move along ballistic trajectories 
in the lunar exosphere, traveling a distance L of -300 km in a time r of - liOO s. 
between contact with the surface. This diffusing cloud of water vapor will expand to a 
radius R of 1400 km in a time equal to R2rf L 2 ';::;4 h (cf. Hall, 1973). An upper limit to 
the height-integrated density (molecm- 2

) at a distance R of 1400 km is given by 
N0 frrR 2 = 1.6 x w- 7 N0 • This value is an upper limit since in such a diffusion process, 
the columnar density is always greater the ne:uer to the source point (Hall, 1973). 
This upper limit equals 5 x 10M mole H 20 cm- 2 for each liter of H 2 0 released and is 
a factor 103 smaller than the columnar density of the ambient lunar exosphere 
(Johnson, 1971 ). It would result in a count rate for the Sl DE M A of ~ 0.02 counb s -I. 
Thus, the Lunokhod vcntings arc not sufficiently large enough to account for the 
March 7 event. 

8. Comets and the Solar Wind as Possible Sources 

Having considered all artificial sources we will now e"aluate two natural source,; 
which arc exogenous to the Moon: comets and the solar wind. 

An impact of a comet or cometary debris could be a source or water vapor in 
localized areas of the Moon. The impact of a solid comet of a mass or a thousand 
kilograms (the approximate mass of water inferred for this event) on March 7, can 
be firmly ruled out by the lack of any seismic activity characteristic of such an impact. 
furthermore, March 7 is neither a date of known meteor showers nor a date when the 
Earth- Moon system is ncar known old comet orbits (Thornton Page, private commu
nication). Also, comets and comet remnants contain significant quantities of other 
materials, such as C0 2 , which were not detected during the March 7 event. Conse-
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quently, it appears unlikely that a comet or cometary remnant could be the SLllirce of 
the oh~erved water. 

Interactions between the solar wind and the lunar material as a source of water at 
the lunar surface was suggested by Michel (1964). The details of such a production 
mechanism have been evaluated by Mukherjee and Siscoe ( 1973) who concluded that 
the maximum density of the solar wind-produced 1-1 20 near the lunar surface would 
be about 6 x 10-·J em--\ a factor of 10 7 smaller than the ambient lunar exospheric 
density (lohnson, 1971 ). Thus, the solar wind is an insuflicient source for tht.: r>.tarch 7 
observations. 

9. The Moon as a Possible Sourc~ 

Examination of the lunar samples has indicated them to be remarbbly devoid of 
water (Lunar Sample Preliminary Examination Team, 1969, I 970). However, at 
least one hydrated mineral has been found in the ApoliLl 14 surface samples (Agrell 
et a/., 1972). Further, preliminary analysis of the Apollo 16 soil samples from the 
Descartes region indicates large amounts of hydrated mim:rals (Gregory, I9n). Jt 
has been suggested that a comet impact may have been responsible for the Apollo 16 
results. However, Williams and Gibson (1972) have raised snme questions regarding 
the chemical feasibility of su<.:h a process. 

The high orders of hydrogen and oxygen in the cosmic and solar abundances of the 
clemenb lead to the expectation of water as a comnllln constituent of the planets. 
Possible exceptions would occur if extremely cllicient dctluidization or loss processes 
have been operable (see Green, 1964 for a review of defluidization processes on the 
Moon) or if the Moon accreted inhomogeneously as an original sah:llite of the Earth 
(Anders, 1970). 

There have been nuJlu:rnus suggestions of subsurfaCI.: water on the Moon, trapped 
below an icc layer beneath 1 he I unar surface (Gold, I %0; Green, I %4; Schubert eta/., 
1970) and libnated o<.:Gt>ionally by the tlexing or fracture of the lunar crust. The 
;,o-callcd Lunar Transient Phenomena have been shown ( Mnore, I f.J71) to occur with 
a prefcr~.:ncc for times ncar lunar perigee pa~sage and at likely positions for crustal 
stress. There were seismic signals ('swarms', not due to impac·t nents) observed by 
the Pas;,ive Scismi<.: Experim<.:nt during this event (Ci. Latham, private communica
tion), alth<Jugh ;,uch sci~mic signals have been obscrvL·d many times without simulta
neous oh'iervatiLHb of high ion intensities. Thus there lllay be nu mean1ngful relation 
between the seismic signals and the water vapor event. H•>\\L'Vcr, there is a possibility 
that such seismic signals arc linked to a reka;,e of ga,, hut that the probability for 
the gas to be eventually dckctcd as ions by the SIDE i~ quite low. If the acceleration 
of the ions on:urs a~ illustrated in Figure I and disn1ssed by l'vlanka and Michel 
( 1970), then the SIDE can detect the ions only when lhL: interplanetary electric lield 
points approximately antiparallel to the local vertical. Thi~ can uccur only within a 
few days or sunrise and c,unsct and when the interplanetary magnetic lield points 
nearly normal to the c<.:liplic plane. The magnetic lield can be expected to have the 
correct direction less lhan 2~;,; of the time (Burlaga and Ness, II.J6~). In addition, the 
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gas source must be large enough and near enough to produce observable fluxes of 
ions. Thus the probability that a random venting of gas will result in ions observed 
by the SIDE is quite low if the solar wind electric field is the only acceleration me
chanism. 

We emphasize that the March 7 event was an intense event of extended duration 
and we have not yet seen another event like it. The question of lunar venting vs. 
artificial sources would be more unambiguously resolved if another event similar to 
that of March 7 were found displaced further in time from an Apollo mission. Al
though there exist a few other events which may be attributable to transients in the 
lunar atmosphere, none of these has yet been found to include water vapor as a 
constituent. Since water vapor is the subject of this paper, these will be discussed in 
a future report. 

10. Conclusions 

None of the suggested artificial sources for the observed water ions appears to us to 
be capable of producing the observed ion fluxes. Table I lists the prominent source 
candidates and the objections to each. Therefore, we conclude that the only possible 
source is a natural source endogenous to the Moon. 

Soun:e 

LM 

Residua I exhaust gases 

CSM waste water 

Lunokhod 
Comets 

Solar wind 
Moon 

TABLE I 

Ditlkulties 

I. event duration and intensity 
2. simultaneous observation at 2 sit~:s 
3. not observed by CCGE 
I. ~:vent intensity 
2. e.xhaust spectrum maintains identity for at least 58 days, with H20 

dissociation 
3. time history suggests impulsive injcl:tion of fresh ga;, during event 
I. event intensity and duration 
2. int.:rplanetary electric field ;,tJcngth illlplics sou1w altitude lower 

than CSM orbit 
3. narrow altitude distribution not requirt'd in order to explain observed 

narrow energy spectrum 
4. time history suggests inje<.:tion of fresh gas during C\Cnl 
I. event intensity 
I. no known cometary impact or cpmelary remnant 
2. event purity 
I. cvo:nt intensity 

???? 
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Solar Cosmic Ray 'Square Wave' of August 1972 

R. A. MEDRANo/ C. J. BLAND, 2 J. W. FREEMAN, H. K. HILLs, AND R. R. VoNDRAK 3 

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

Three Rice University suprathermal ion detector experiments (Sides) were deployed on the lunar 
surface dunng the A~ollo 12: 14, and 15 missions. During the exceptional period of solar activity in 
August ~972, penetratmg part1cles were observed by all Side detectors on the night side of the moon. The 
penetratmg particles are ten~atively identified as solar protons with energies ( ~25 MeV or greater) that 
w~re able to pe,netrate the sh1eldmg of all detectors. Of particular interest is the occurrence on August 5 of 
a square wave fiuxenh~ncement of 2-hour durat1on. Data from a variety of ground-based and space ex
pen~ents are exammed m relatiOn to the square wave. Based on the results of this investigation a model 
relatmg t~e squa_re wave to the flare plasma propagation is proposed. This model hypothesizes transport 
of energetic particles along a 'corridor' formed by the tangential discontinuity produced by the driver gas 
of a fiare-mduced shock wave. Thts model could explam other frequently observed delayed particle 
events. 

INTRODUCTION 

Early in August 1972 there occurred a series of impressive 
solar flares. The flares observed during this time were 
associated with some of the largest emissions of energetic par
ticles ever recorded [McKinnon, 1972; World Data Center A, 
1973]. Photospheric magnetograms indicated strong field ac
tivity during this period [Livingston, 1972]. Interplanetary 
space was disturbed with drastic changes in the solar wind 
[Wolfe eta/., 1972; Armstrong et al., 1972; Rosenbauer et al., 
1972; Medrano et at .. 1913a] and in the interplanetary 
magnetic field [Colburn et at .• 1972; Smith et a!., 1972]. 

In this paper we present the analysis and results of the data 
taken by the Rice University suprathermal ion detector ex
periments (Sides) pertaining to one particular penetrating par
ticle feature of the August event. The Sides were deployed on 
the lunar surface by the astronauts of Apollo 12, 14, and 15 
and continuously transmit data to earth on the plasma en
vironment of the moon. Since the Sides were not intended as 
solar cosmic ray detectors, the information provided by the in
struments in this event is necessarily crude; however, the 
significance of the results to be discussed is not diminished. 

COSMIC RAY RESPONSE OF THE SIDES 

Each Side instrument consists of two detectors, a mass 
analyzer (MA) and a total ion detector (TID). Together these 
measure the differential fluxes of positive ions in the energy 
range 0.2-3500 eV per unit charge. The sensors for these 
detectors are funnel-type channel electron multipliers manu
factured by the Bendix Corporation. The channel electron 
multipliers have their entrance apertures biased at -3500 V 
and hence can collect, accelerate, and count low-energy ions 
generated in or near the input funnel by penetrating radiation 
traversing the instrument side walls. The detectors thus become 
crude cosmic ray monitors. Further details of the Side design 
are given by Freeman et at. [1972] or Hills and Freeman [1971]. 
The Sides deployed at the three Apollo sites (12, 14, and 15) are 
essentially identical. 
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Campos. Sao Paulo, Brasil. 
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'Now at Radio Physics Laboratory, Stanford Research Institute, 
Menlo Park, California 94025. 

Copyright© 1975 by the American Geophysical Union. 

The shielding in the detector side walls is a complicated 
function of direction, since the absorbing material consists of 
electronic components, encapsulation material, thermal paint, 
etc. Accordingly, we have calculated the minimum energy that 
protons must have to penetrate to the sensor. We find that ap
proximately 25-MeV protons are able to penetrate to the MA 
and 50-MeV protons to the TID. The equivalent numbers for 
electrons are 1.4 and 4.7 MeV, respectively. 

To check these calculations, we placed a spare Side instru
ment in a cyciotron proton beam of 50-MeV maximum energy. 
The results indicated these to be good working numbers to 
within 50%. The cyclotron beam could not be used for ab
solute efficiency calibrations because of the short duration of 
the cyclotron beam pulse. 

As a further independent check on the energy thresholds of 
the MA and TID detectors we have compared data on solar 
particle decay times with results from the proton detector 
aboard the Imp 5 and Imp 6 spacecraft [Kohl et al., 1973]. 
These results indicate thresholds of 32 ± 7 MeV and 73.5 ± 17 
MeV for the MA and TID, respectively. 

The area of the channel electron multiplier funnel is ap
proximately 0.5 cm2

• At 100% efficiency this yields an om
nidirectional geometric factor Go of 0.5 cm 2

• The quiet night
time background count rate of four of the six sensors is usually 
about 0.5 c/s or less. This is consistent with the calculated G0 

and with most of the background being due to galactic cosmic 
rays. 

During a separate solar cosmic ray event we compared the 
background count rate registered by the Side detectors with 
the omnidirectional solar proton flux measured by the A TS 1 
spacecraft. In this case we found G0 = 1.2 ± 0.8 cm2

• There are 
two reasons to suspect that this G0 is too high. First, the A TS 1 
detector provided no information on protons above 70 MeV, 
and second, the investigators have reported the possibility of 
sensor degradation in the ATS I detectors [World Data Center 
A. 1972]. . 

A more careful analysis of the galactic cosmic ray flux using 
the differential energy spectra of several investigators 
[Comstock et al .. 1972] compared with the long time average of 
the Side detector backgrounds taken on the night side of the 
moon gives the result Go = 0.3 cm 2

• We favor this result and 
believe it to be applicable to the August 1972 event to within a 
few factors of 2. 

Figure 1 shows the location of the moon at the time of local 
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MAGNETOPAUSE 

GEOMAGNETIC 
TAIL 

MAGNETOSHEATH 

Fig. I. Lunar orbit and the positions of the moon at the local 
sunsets of Apollo 12, 14, and 15. The data reported in this paper 
were obtained between the two positions where the detector look 
directions are indicated. The geomagnetic cavity is shown for refer
ence, and the positions of the Imp 5 and Heos 2 spacecraft on 
August 5 are indicated by 15 and H2, respectively. 

sunset at the A polio 12, 14, and 15 sites early in August 1972. 
Table I gives the times of local sunset and the angular dis
tances past the sunset terminator for each of the sites. It is seen 
that all three sites are well onto the night side of the moon by 
0400 UT on August 5. The Apollo 12 and 14 sites are 138 km 
apart and in global terms can be considered to be at the same 
location. Apollo 15 is 1100 km away. 

SIDE OBSERVATIONS 

The complete results of the Side experiments during the 
August 1972 solar events have been reported by Medrano eta/. 
[1973a, 1973b]. For review, we will here summarize the 
penetrating particle results shown in Figures 2 and 3. 

, I 
Startmg at 0730 UT on August 4, 1972, the background 

count rates of each detector in all three Sides increased abrupt
ly. The count rates remained elevated for approximately 3 days 
and passed through a maximum some 6-14 hours after the 
onset. The maximum counting rate exceeded by three orders of 
magnitude the background associated with galactic cosmic 
rays. This burst of solar cosmic rays is attributed to the class 
38 flare which began at 0520 UT on August 4 [World Data 
Center A, 1972]. The transit time for the initial flare particles is 
then 2 hours and 10 min. 

A second similar abrupt increase was seen on August 7 at 
1547 UT. This enhancement was 2 orders of magnitude less in
tense and lasted only 2 days. The flare associated with this 
burst was the 38 flare that began at 1445 UT, indicating a tran
sit time of 1 hour and 2 min. 

The purpose of this paper is not to discuss these general 
enhancements but rather a most interesting feature of these 
penetrating particle events, a 'square wave' flux enhancement 
that started at 0310 UT and ended at 0459 UT on August 5. 
This feature is shown in detail in Figure 4. The rise and fall 
times for this square wave were both about 8.5 min. It was 
preceded by a precursor spike at 0259lasting only 7 min. There 
is no flare feature reported that can be directly associated with 
this interesting event. The flux enhancement indicated is about 
one order of magnitude above the decreasing penetrating par
ticle flux from the first 38 flare. 

RELATED SQUARE WAVE OBSERVATIONS 

The square wave under discussion was seen by experiments 
aboard several spacecraft near the earth: the Imp 5 and Imp 6 
[Kohl and Bostrom, 1972; Bostrom, 1973; Lanzerotti and 
Maclennan, 1973] and the ATS spacecraft [Pau/ikas et a/., 
1972]. Another particle experiment on the lunar surface also 
recorded the square wave [Moore eta/., 1973]. Pioneer 9 and 
10 did not see it; however, they were located at 46°E from the 
earth-sun line at 0.8 and 2.2 AU, respectively [Lezniak and 
Webber. 1972; Webber et al., 1972]. 

Among the experiments that saw the square wave there was 
generally good time correlation when transit and diffusion 
times are taken into consideration. A puzzling exception is the 
slightly early end to the square wave at the moon compared 
with Imp 5 data (C. Bostrom, private communication 1973). 

Interplanetary magnetic field data from Heos 2 (P. 
Hedgecock, private communication) and Explorer 41 
[Venkatesan et a/., 1975] indicate a significant change in the 
field vector during the passage of the square wave. The field 
was roughly radially outward both before and after but 
changed polarity to radially inward during passage. Also there 
existed a strong component north of the ecliptic before and 
after. This disappeared during passage [Bostrom, 1973]. 

During the first days of August 1972, ground-based neutron 
monitors recorded large variations in the cosmic ray intensity. 
Figure 5 illustrates hourly data from several stations. During 
the early morning of August 5 the neutron monitors observed 
a transient feature similar in appearance to the square wave 
recorded by lower-energy detectors in space. Figure 6 il
lustrates the detailed features of this transient increase as 
recorded by the Sulphur Mountain neutron monitor. This 
enhancement was due to relativistic particles of solar origin or 
galactic origin or particles accelerated in the interplanetary 
medium. A galactic origin is indicated by the following 
evidence: 

I. The ratios of the amplitudes of this transient feature 
from pairs of nearly adjacent neutron monitors at differing 
altitudes (e.g., Sulphur Mountain and Calgary, McMurdo, 
and South Pole) are close to those recorded during short-term 
modulations of the galactic intensity rather than during solar 
particle events. 

2. Equatorial stations responded to this transient, whereas 
solar particle events are generally apparent only at polar 
stations (e.g., the solar particle event on the preceding day). 

3. The spectrum of the transient increase derived from 
data from underground detectors is estimated to vary as about 
E-u [Sekido eta/., 1973] and was seen underground at 20m 
water equivalent (i.e., E = 70-100 GeV) [Filippov eta/., 1973). 

TABLE 1. Deployment Characteristics of Alsep-Sides on Apollo 
12, 14, and 15 and Angular Distances From the Terminator at 

the Time of the Solar Cosmic Ray Square Wave 

Apollo 12 Apollo 14 Apollo 15 

Time of local sunset 
Hour 034R UT 1706 UT 2338 UT 
Date Aug. 4 Aug. 3 Aug. 1 

Alsep selenographic 
coordinates 

Latitade 3.2°5 3.7°5 26.01 ow 
Longitude 23.4"W 17.5°W 3.6°E 

Angular distance past 11.9° 17.6° 36.0° 
the sunset termi-
nator at 0400 UT 
Aug. 5 
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In contrast, the preceding solar particle event on August 4 had 
a spectrum with an exponent between -5 and -6 [Pomerantz 
and Duggal, 1973]. 

The transient increase in the neutron monitor variations 
therefore appears to manifest features which are typical of a 
short-term modulation of the galactic intensity. A solar origin 
for this enhancement at the energies responsible for neutron 
monitor variations has been rejected by other workers [e.g., 
Pomerantz and Dugga/, 1974; Agrawal eta/., 1974]. 

The solar activity of the first half of August 1972 consisted 
of at least four major solar flares as observed in the Ly a line. 
All four flares were produced by the same region of activity 
(McMath plage region 11976). The first flare (of importance 
I B) started at 0316 UT on August 2, and it took place at 13°N 
and 35°E on the sun. It generated a shock wave which was 
probably registered by Pioneer 9 between 1100 and 1500 UT 
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Fig. 4. Square wave enhancement as seen by the TID of the 
Apollo 14 Side on August 5, 1972. A nearly identical square wave 
structure was seen by the other Side detectors. The counting rate 
very nearly represents the omnidirectional flux in particles em- 2 s _, of 
protons of ~50 MeV. 

on August 3 and produced an sc on earth at 0119 UT on 
August 4 (see Figure 7). Pioneer 9, which was at 46°E and at 
0.8 AU, observed a significant enhancement in the proton flux
es between 0730 and 1200 UT on August 2. Detectors on 
board Imp 5 and Imp 6 noticed a gradual increase in their 
lowest energy (> 10 MeV) threshold detector at 0945 UT 
[Kohl et a/., 1973]. 

A second flare (of importance 2B) produced another shock 
wave which probably was overtaking the previous shock when 
it passed the earth. The mean speed of the shock at 0.8 AU 
derived directly from the transit time is 1740 km/s. The bulk 
speeds measured by Pioneer 9 at 1100 and I 500 UT were 350 
and 585 km/s, respectively. If these values were representative 
of the preshock and postshock conditions and if we assume a 
jump in the number density by a factor of 10 (a reasonable 
assumption for strong shocks), we can make an estimate of the 
possible shock speed. In the stationary reference frame of the 
propagating shock, mass conservation requires 

n,(V, - U) = n2(V2 - U) 

where n., V, and n2 , V2 are the number density and speed of the 
solar wind on both sides of the shock front and U is the shock 
speed for a radial propagation. Under the assumptions men
tioned above we estimate U"" 610 km/s, which is lower than 
that derived from the mean transit time. Using adjacent ex
treme values (V2 = 730 km/s, V, = 290 km/s), we find an up
per limit U"" 780 km/s. This implies a shock deceleration by 
the ambient plasma, as is currently accepted [Gosling et a/., 
1968]. If the shock deceleration from 0.8 to I AU were not im
portant (the energy density of the solar wind decreases as 1/r" 
as one goes out from the sun), the shock would propagate to 
the earth's orbit in approximately 10 hours. However, the time 
between the first measured jump in the wind speed by Pioneer 
9 and the sc on earth was more than 12 hours. This simple 
calculation gives us an idea of the nonspherical propagation of 
this shock. 

Solar proton events apparently were not exceptionally im
portant during these first two flares, at least not at the earth's 
position. 

The flare of August 4 at 0530 UT produced one of the 

strongest plasma and solar cosmic ray events ever recorded. 
The flare was located at l4°N and 09°E on the sun. The 
observed onset of the solar protons corresponding to this flare 
was between 0400 and 0800 UT in Pioneer 9 and at around 
0730 UT in the Alsep-Sides, Alsep-CPLEE, and the Imp 5 and 
Imp 6 experiments. Since the location of the flare was slightly 
to the east of the sun's central meridian, these protons might 
have reached the detectors by diffusion processes. The shock 
wave originated by this flare was presumably observed by 
Pioneer 9 between 2000 and 2400 UT on the same day of the 
flare. The Heos 2 magnetometer and ground-based magnetom
eters recorded a jump in the interplanetary magnetic field vec
tor at about 2100 UT. The transit time of this shock implies a 
very high mean speed of propagation (2410 km/s) which is not 
commonly observed [Hundhausen, 1970]. About 6 hours later 
(at 0230 UT on August 5) Heos 2 measured a significant 
change in the magnetic field magnitude and direction. After a 
short delay the solar proton fluxes at the moon increased 
sharply and stayed almost constant for about 2 hours and then 
decreased suddenly down to the level of the normal decay (see 
Figures 2 and 3). The time interval between the observations of 
the magnetic field discontinuity by Heos 2 and the onset of 
solar proton fluxes detected by the Side instruments was 30 
min. This is only a short time (less than 3 min) longer than the 
time a corotating region in space would take to reach the 
moon's position starting at the Heos 2 satellite's relative posi
tion. (The moon's instantaneous position can be visualized in 
Figure I, and the Heos 2 was at 138.96° and 32.66° geocentric 
solar ecliptic longitude and latitude, respectively, and at 33 RE 
from the earth.) The Side instruments were past their local 
sunsets during this time; therefore the moon shielded them 
from particles flowing directly from the sun. However, the in
terplanetary magnetic field lines are bent and piled up at the 
m~netosphere on the day side [Spreiter eta/., 1966], forming 
a tangential discontinuity that is commonly known as the 
magnetopause. Solar protons following interplanetary field 
lines as guiding centers could mirror at the magnetopause de
pending on their pitch angle and head back upstream toward 
the sun. This may be the method by which the square wave 
protons reached the dark side of the moon. 

The observed interplanetary magnetic field discontinuity 
can be identified with the surface that separates the ambient 
(disturbed) plasma and the plasma released by the flare from 
the chromosphere. The driver gas normally appears to follow 
the shock wave by 5-12 hours [Hirshberg et a/., 1970]. 
Theoretical considerations [Hundhausen, 1972] indicate that 
the surface that separates the ambient plasma (i.e., the transi
tion region) and the plasma released by the flare is a tangential 
discontinuity. A detailed analysis of one of these driver gas 
tangential discontinuities has been made by Medrano [1973].lt 
seems reasonable to assume that the magnetic discontinuity 
observed by Heos 2 at 0230 UT on August 5 was the signal of 
the driver gas arrival. The field lines of the discontinuity on the 
side of the driver gas connect directly to the center of activity 
of the flare. These interplanetary field lines have small-scale 
irregularities convected from the chromosphere which are the 
major cause for the cosmic ray perpendicular diffusion. If 
there exist mechanisms that smooth these irregularities, then 
the perpendicular diffusion of the energetic particles would be 
reduced. (Possible smoothing mechanisms will be mentioned 
later.) Under these circumstances the tangential discontinuity 
is transformed into a 'free corridor' for the propagation of 
energetic charged particles. Therefore if the flare site is still ac
tively injecting energetic particles [Roe/of and Krimigis, 1973], 

' ' 
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these will follow the tangential discontinuity field lines. When 
this corridor sweeps past the earth, it would cause a square 
wave like enhancement in the proton fluxes measured by a 
spacecraft. 

The rise and fall times of the square wave, as measured by 
the Side instruments, correspond to a thickness of about 7 X 
105 km, whereas the gyro radius of a 50-MeV proton in a 30-i' 
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field (measured by Heos 2) is 3 X !04 km. Assuming that the 
magnetic corridor was free of inhomogeneities, the rise time of 
the square wave would be expected to be related to a few 
gyroradii of the solar protons. Since the actual thickness is 
only slightly larger (by about a factor of 20) than the 
gyroradius, little diffusion through the sides during transit 
from the sun is indicated. 

12 14 16 18 20 22 0 2 4 6 8 10 12 

TIME ( UT HRS) 
Fig. 5. Percentage variations of the galactic cosmic radiation as recorded by a selection of ground level neutron 

monitors. Variations are plotted with the same vertical scale as a function of time in UT. For each station the geographic 
coordinates and vertical cutoff magnetic rigidity are given. In the rightmost column we illustrate the asymptotic viewing 
directions (in geographic coordinates) of higher magnetic rigidities. 
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Fig. 6. Illustration of the different time variations recorded during the morning of August 5, 1972, by detectors 
responding to cosmic rays of different mean primary energy for (top) Yakutsk mesons at 60 m water equivalent and 
(bottom) Sulphur Mountain neutrons. Five-minute data from the Sulphur Mountain neutron monitor reveal a short-lived 
recovery peak at primary energies of a few GeV; in the hundreds of GeV primary energy range (E = 200-280 GeV), 
the underground meson monitor at Yakutsk registers a decrease late in the morning. Data from Sulphur Mountain 
are reproduced by courtesy ofT. Mathews; Yakutsk data are reproduced from Filippov eta/. [1973]. 

The relativistic particles observed by the ground-based 
neutron monitors can be related to the magnetic discontinuity 
and corridor in one of two ways. The first possibility is that 
these relativistic particles are of solar origin and are simply a 
high-energy extension of the spectrum of solar particles in the 
square wave recorded by the detectors in space. This inter
pretation, however, implies continuous injection of relativistic 
(GeV) particles at the flare site even hours after the original 
burst. Since this does not appear to be experimentally con
firmed, we are unable to state any definite conclusion regard
ing this possibility. 

A second possible interpretation is that the square wave 
enhancement recorded by the neutron monitors results from a 
short-term modulation of the galactic cosmic ray intensity. Let 
us assume that the transient increase is the result of the super
position of two sequential Forbush decreases. Around 2200 
UT on August 4 a very large Forbush decrease occurred. The 
existence of a second Forbush decrease mechanism operative 
at high primary energies is indicated by the Yakutsk un
derground data presented in Figure 6. It will be noted that this 
detector hardly responded at all to the huge Forbush decrease 
late on August 4 but recorded a second Forbush decrease in 
the late morning of August 5. In the light of the observations 
therefore we are led to postulate that the first Forbush 
decrease was caused by the passage of the earth through a 
shock front, the transient increase by the passage through a 
region being replenished with galactic cosmic rays by means of 
parallel diffusion along the tangential discontinuity, and that 
the increase was terminated by the entry into a closed loop 
structure capable of excluding cosmic rays up to very high 
energies. Recently Barnden [1973] has independently arrived at 
similar conclusions in his analysis of the September 1966 and 
December 1971 events. Such an interplanetary magnetic con
figuration is consistent with and substantiated by the evidence 
that the relativistic particle square wave results from modula-

tion of galactic cosmic rays. The lower-energy square wave 
seen by detectors in space is certainly of solar origin. 

MODEL OF PROPAGATION 

At this point we present a model representing the dynamics 
of the particles and fields in the interplanetary space corre
sponding to the solar proton square wave of August 5, 1972. 

The model is based on the current and generally accepted 
picture of a shock and blast wave propagation following a 
solar flare [Hundhausen, 1972]. Fresh plasma supersonically 
ejected during a flare propagates through the ambient plasma. 
Due to the highly conductive nature of both plasmas, in
terpenetration is forbidden, so the ambient plasma and field 
lines accumulate in front of the fresh plasma. Consequently, a 
shock wave is built up ahead of the driver gas. Between the 
shock and the driver gas there exists a transition region where 
both the ambient plasma and fields are highly disturbed. 
Between the transition region and the fresh plasma a tangen
tial discontinuity exists. The field lines on the side of the driver 
gas at the tangential discontinuity connect directly to the 
center of activity of the flare. If this center of activity continues 
to inject energetic protons, these protons will propagate with 
their guiding centers following the field lines of the discon
tinuity. Furthermore, if the field lines are free of in
homogeneities (an idealized case), the discontinuity will 
provide a type of free corridor for the propagation of energetic 
solar protons. Figure 7 is an artistic representation of the 
shock wave propagation several hours after the flare. The 
tongue-shaped flare plasma ejected follows the description 
made by Hundhausen [1972] and is based upon the obser
vations. The solar proton corridor follows the tangential dis
continuity. The spreading of the particles on the sides of the 
corridor is due to the diffusion across field lines. Figure 8 is in
tended to illustrate the geometry of the event some days later. 
An observer at the point A will traverse the corridor noticing a 
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Fig. 7. Sketch of the propagation of a flare-induced shock wave 
several hours after the flare time [after Hundhausen, 1972]. Energetic 
solar protons (solar cosmic rays) propagate along the tangential 
discontinuity formed by the fresh plasma. Gradual diffusion per
pendicular to the field lines makes the population of the solar 
protons extend over the shaded area (observed to be 7 X 10' km at I 
AU). 

square wave like enhancement in the cosmic ray fluxes. 
Another observer at the point B will notice a solar proton flux 
enhancement that is less intense than A but occurs over a 
longer period of time. 

According to this model, after a major solar proton flare an 
enhancement in the solar cosmic ray fluxes should be expected 
before (observer B) or with (observer A) the arrival of the 
tangential discontinuity. The time and the shape of this 
enhancement will depend not only on the heliographic coor
dinates of the flare but also on the diffusion processes across 
field lines. If the perpendicular diffusion of charged particles 
were mostly due to the uneven configuration of the field lines 
along the general pattern, then this type of diffusion could be 
expected to be inversely proportional to the solar wind speed. 
The smoothing of the interplanetary field lines by the solar 
wind can be analogized by a rubber band fixed at both ex
tremes across a river. The speed of the fluid controls the 
smoothness and distention of the rubber band. This type of 
smoothing can be carried out by MHD waves (primarily 
Alfven waves) propagating from the sun along the tangential 
discontinuity. The wave activity is likely to be enhanced at the 
surface of the discontinuity by the speed of the driver gas. 
Another smoothing mechanism can be provided by the 
pressure exerted on the field lines by the energetic particles in
jected at the flare site. Both of these mechanisms are currently 
under investigation. 

The square wave particle enhancement on August 5 must 
have had little diffusion across field lines, since its rise and 
decay times are small (only about 20 times the equivalent Lar
mer radius). This unusually small perpendicular diffusion is 
probably due to the remarkably high speed of the wind and 
unprecedented emission of solar cosmic rays. 

The width of the square wave (2 hours and 8 min) corre
sponds to 0.07 AU. This shell is within the range of the es
timated thickness of a helium-enriched region in front of the 
driver gas [Hundhausen, 1972]. Because of the lack of solar 
wind data we cannot confirm this suggestion. 

Enhancements in the solar proton fluxes in association with 

the sudden storm commencements and Forbush decreases 
have been reported in the literature [Bryant eta/., 1962; Axford 
and Reid. 1962; Lockwood and Razdan, 1963; Haurwitz et a/., 
1965; Ahluwalia, 1966; Kahler, 1969; Engelmann et a/., 1969; 
Ogilvie and Arens. 1971; Balogh eta/., 1971; Datlowe, 1972]. 
Several interpretations including trapped solar protons behind 
the shock front [Bryant et a/., 1962; Haurwitz eta/., 1965], 
acceleration in the transition region [Axford and Reid, 
1962; Datlowe, 1972], temporary leakage of galactic cosmic 
rays through the plasma cloud under 'certain instabilities' 
[Lockwood and Razdan, 1963], etc., have been made. However, 
these models bear some inconsistencies with the observations 
[Datlowe, 1972]. 

A difficulty in the, present model is that it assumes con
tinuous injection of energetic particles. Long-lived solar 
proton streams of MeV energies for as much as a complete 
solar rotation have been reported by Bryant et a/. [1963]. 
Recently Roe/of and Krimigis [1973] have lent new support to 
the idea of time-extended injection. It seems to us that con
tinuous injection of energetic protons at the flare's center of 
activity is the most favorable explanation at this time. 

SUMMARY AND CONCLUSIONS 

Data analysis of the Alsep-Side experiments of Apollo 12, 
14, and 15 has been made in relation to the solar activity of 
early August 1972. Observations of solar wind ions during this 
active period are reported in other works [Medrano et a/., 
1973a, b; Medrano, 1973]. While the solar wind activity was 
still in progress, solar cosmic ray protons with fluxes never 
before seen by Side arrived on the night side of the moon. The 
estimated minimum energies for these protons to penetrate the 
shielding of the MA and TID detectors are 25 MeV and 50 
MeV, respectively. The observations of the solar proton event 
can be summarized as follows: 

I. Two major enhancements in the solar proton fluxes are 
directly related to two solar flares: 3B on August 4 at 0525 UT 
and another 3B flare on August 7 at 1445 UT. During this time 
the Side experiments were in the lunar night and could not 
observe directly protons coming from the sun. It is suggested 

TANGENTIAL 
DISCONTINUITY 

SUN 

Fig. 8. Sketch of the propagation of a fla~e-induced shock wave 
several days after the flare time. The diffusion of the solar protons on 
the sides of the tangential discontinuity makes their confinement wider 
than that in Figure 7. 



1742 MEDRANO ET AL.: SOLAR COSMIC RAY SQUARE WAVE 

that these protons following the field lines mirrored on the 
nose of the magnetopause and then headed back toward the 
sun. 

2. A third solar proton enhancement cannot be directly 
related to any solar flare. It took place at 0310 UT on August 5 
during the decay time of the proton event of August 4. The 
peculiar characteristic of this event is the square wave shape of 
the enhancement with rise and fall times of 8 min and a dura
tion of approximately 2 hours. 

In connection with this last-mentioned singular event, data 
from a variety of ground-based and space experiments have 
been examined. The result of this analysis appears to show that 
the onset of the square wave corresponds to the tangential dis
continuity that signals the arrival of the driver gas ejected by 
the flare of August 4. 

A model to explain the square wave particle propagation 
has been elaborated. The model hypothesizes continuous in
jection of energetic solar protons into interplanetary space by 
the active center of the flare site for hours after the flare time. 
The' tangential discontinuity serves as a magnetic corridor for 
the propagation of the energetic protons and as a mechanism 
for subsequent modulation of galactic cosmic rays. The width 
of this corridor at I AU, as derived from the duration of the 
square wave, is 0.07 AU. The rise and fall time of the square 
waves is approximately 20 times larger than the Larmor radius 
of a 50-MeV proton. This is interpreted as an indication of 
only slight diffusion across field lines. At larger distances from 
the sun this diffusion process should be expected to intensify 
the cosmic ray fluxes in the transition region behind the shock 
front. 

It is suggested that the frequently observed energetic solar 
protons in association with sse and Forbush decreases 
(delayed solar particle events) can be explained by this model. 
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