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PREFACE 

The field of lunar science has essentially completed a period 
of exponential growth promoted by the national efforts of the 
1960's to land on the moon. As normally happens in a diverse 
scientific community, the interpretations of specialized lunar 
data have reflected the precepts in the various specialized fields. 
Constant promotion of the broadest overviews between these diverse 
fields is appropriate to identify processes or phenomenon recog- 
nized in one avenue of investigation which may have great importance 
in explaining the data of other specialities. 

This Conference is directed toward reviewing the active 
mechanisms relating the moon to its environment and to exploring 
the linkage between these mechanisms and their records in the 
lunar sample and geophysical data. Broad topics to be considered 
include : 

- O b s e r v a t i o n s  and t h e o r i e s  o f  t h e  l a r g e  s c a l e  plasma 
( s o l a r  wind and m a g n e t o s p h e r i c )  i n t e r a c t i o n s  v i t h  
t h e  moon and non -magne t i c  p l a n e t s .  

- A n c i e n t  and p r e s e n t  day l u n a r  s u r f a c e  m a g n e t i c  and 
e l e c t r i c  f i e l d s  - t h e i r  p r o d u c t i o n  and e f f e c t s .  

- Dynamics and e v o l u t i o n  o f  t h e  Lunar a t m o s p h e r e .  
- E v o l u t i o n  o f  t h e  s o l a r  p lasma:  a s t r o p h y s i c a l  

e x p e c t a t i o n  - a s t r o n o m i c a l  o b s e r v a t i o n s .  
- Lunar r e c o r d  o f  s o l a r  r a d i a t i o n s .  
- N o n - m e t e o r i t i c  and m e t e o r i t i c  d i s t u r b a n c e  and 

t r a n s p o r t  o f  l u n a r  s u r f a c e  m a t e r i a l s .  
- F u t u r e  l u n a r  e x p l o r a t i o n .  

Guided by this philosophy this Conference brings together 
not only scientists who have been directly involved in various 
aspects of lunar geophysics and sample analysis but also specialists 
in plasma physics, astrophysics, astronomy, and material science 
who provide new views on the many interdisciplinary aspects of 
current studies of the moon. The Conference format is planned 
to be informal, with ample time for questions and discussions. 
This abstracts volume is conceived to provide a working document 
during the Conference and a source for future reference. 

Sincere appreciation is extended to the members of the 
advisory panel, Dr. R. Vondrak - Stanford Research Institute, 
and the staff members of the Lunar Science Institute - Mrs. 
J. Shack, L. Mager, E. Gutierrez and C. Watkins - who partici- 
pated in the organization of the Conference and this abstracts 
volume. 
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THE LUNAR IONOSPHERE, Richard R.  ~ondi-ak* and John W. ~ r i e m a n ,  
~ e p a r t m e n t  of Space Physics  and Astronomy, Rice Univers i ty ,  Houston, Texas, * 
77001 ( now a t  Stanford Research I n s t i t u t e ,  Menlo Park ,  Ca l i fo rn ia  94025) 

. . 

Extensive i n v e s t i g a t i o n s ' o f  t h e  luna r  plasma environment made during the  
Apollo program have shown t h a t ,  l i k e  t h e  Ear th ,  t he  moon i s  surrounded by a 
region of ionized plasma. However, un l ike  the  t e r r e s t r i a l  ionosphere, t he  
lunar  ionosphere i s  d i r e c t l y  coupled t o  the  s o l a r  wind by the  in t e rp lane ta ry  
e l e c t r i c  f i e l d .  A s  a r e s u l t  t he  luna r  atmospheric ion f luxes  a r e  both d i r ec -  
t i o n a l  and va r i ab le  and t h e ' i o n s  have a non-thermal energy d i s t r i b u t i o n .  
Co l l i s ions  wi th in  the  ionosphere a r e  unimportant and i n t e r a c t i o n s  with the. 
lunar  su r face  con t ro l  the  ionospheric  chemistry. I n  add i t ion  t o  t h i s  plasma 
of luna r  o r i g i n ,  t he  region surrounding the  moon i s  permeated b y ' t h e  i n t e r -  
p lanetary  and magnetospheric plasmas. 

The 'lowest p a r t  of the  lunar  ionosphere c o n s i s t s  o f  a t h i n ,  dense sheath 
surrounding the  moon a s  a . r e s u l t o f  the  e l e c t r i c  p o t e n t i a l  of the  luna r  sur -  
face.  Measurements by SIDE ' (1)  and CP&E (2)  have demonstrated t h a t  the  

~ . 

surface  p o t e n t i a l  i s  p o s i t i v e  on the  dayside. There the  sheath c o n s i s t s  o f  a 
' 3 photoelectron l a y e r  with an e i ec t ron  dens i ty  a t  t he  sur face  of about 104/cm 

and an a l t i t u d e  ex ten t  of about 100 meters  ( 2 ) .  Near the  terminators  and on 
the  n igh t s ide  the  lunar  sur face  p o t e n t i a l  becomes negat ive ( 1 , 3 , 4 ) .  

The most extensive p a r t  of the  lunar  ionosphere c o n s i s t s  of ions  produced 
., .. 

from t h e  luna r  atmosphere. The t w o  sources of the  gases i n  t h e  luna r  atmo- 
sphere a r e  mater ia l  re leased  o r  weathered from the  luna r  sGrface  a i d  the  s o l a r  
wind. So la r  xind ions  impact the  lunar  su r face ,  a r e  thermalized and perhaps 
'chemically a l t e r e d  the re ,  and then re-emitted a s  neu t ra l  atoms o r  mblecules 
which t r a v e l  along co l l i s ion - f ree  b a l l i s t i c  t r a j e c t o r i e s  between impacts with 
the  sur face .  The neu t ra l  atmospheric gases  a r e  ionized by the  s o l a r  u l t r a -  
v i o l e t  and corpuscular r ad ia t ion  i n  a time of t y p i c a l l y  106-107 sec. These 
ions  a r e  then acce lera ted  by t h e  in t e rp lane ta ry  e l e c t r i c  f i e l d  E ( t y p i c a l l y  
1-3 mV/m) and a r e  driven e i t h e r  i n t o  space o r  i n t o  t h e  luna r  su r face .  Thei r  
i n i t i a l  a l t i t u d e  d i s t r i b u t i o n  i s  exponential  according t o  the  neu t ra l  gas 
s c a l e  height  H (20-100 km f o r  most gases)  and have a residence time before 
impacting the  sur face  of only a few seconds. The r e s u l t i n g  energy d i s t r i b u -  
t i o n  i s  s t rongly  non-thermal and the  d i f f e r e n t i a l  energy f l u x  has  genera l ly  an 
exponential  d i s t r i b u t i o n  with a fo ld ing  energy equal t o  EH ( t y p i c a l l y  20-300 
eV). The production r a t e  of these  atmospheric ions  i s p r o p o r t i o n a l  t o  the  
product of neu t ra l  number dens i ty  and ion iza t ion  r a t e .  Consequently, t he  
dens i ty  and f l u x  of the  atmospheric ions  vary,  being d i r e c t l y  responsive t o  
changes i n  the  s o l a r  wind f l u x  and t r a n s i e n t  outgassing from the  luna r  surface.  
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I n  add i t ion  t o  the  ionospheric  plasma of lunar  o r i g i n  ( t h e  photoelectron 
l a y e r  and lunar  atmospheric i o n s ) ,  the  moon is exposed t o  plasma of ext ra-  
luna r  o r i g i n  ( t h e  s o l a r  wind, magnetospheric plasma, and cosmic rays) .  

Because the  moon l acks  sh ie ld ing  by e i t h e r  a s trong magnetic f i e l d  o r  dense 
atmosphere, these  ex t ra luna r  plasmas pene t ra t e  d i r e c t l y  t o  t h e  sur face  where 
they have been regular ly  observed by SIDE, CPLEE, and the SWS. 

The dynamics of the  lunar  ionosphere a r e  important because ion iza t ion  and 
subsequent removal by the  in t e rp lane ta ry  e l e c t r i c  f i e l d  i s  the  p r inc ipa l  l o s s  
mechanism f o r  most atmospheric gases.  Thus, observat ions of lunar  atmospheric 
ions  can be used t o  compute the  atmospheric l o s s  r a t e  and t o  set c o n s t r a i n t s  

on the  i d e n t i f i c a t i o n  of the  sources of the  lunar  atmosphere (5 ) .  A por t ion  
of t h e  atmospheric ions  which a r e  driven i n t o  the  l u n a r  sur face  have energy 
s u f f i c i e n t  f o r  implantat ion and a r e  evident ly  the  source of the  excess A r  40 

found i n  the  luna r  samples (6 ) .  Observations a t  the lunar  sur face  of ions  

streaming from an impact-generated gas  cloud have provided information about 
the  i n t e r a c t i o n  between the  s o l a r  wind and neu t ra l  gases (7) .  F i n a l l y ,  

observat ions  and study of the  l u n a r  ionosphere provide valuable i n s i g h t  i n t o  
t h e  mechanisms presumably operat ing when the  s o l a r  wind i n t e r a c t s  with the  
exospheres of t h e  o the r  p l a n e t s  which lack  s t rong magnetic f i e l d s .  
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-4 s t u d y  h a s  been made i n  l u n a r  r o c k  1 2 0 2 l s a m p l e s  o f  u "ra- 
hi$& energy i n t e r a c t i o n s  caused by cosmic ra:lrs of about  10  $3 - 
1 0  eV energy . ';$hen cosmic r a y s  a t  t h i s  energy i n t e r a c t  t o  
cause  cascades  o f  secondary and t e r t i a r y  p a r t i c l e s  ( mainly 
mesons and l e p t o n s  ) , t h e  cascade  d e n s i t i e s  prodnced w i t h i n  
t h e  f i r s t  few i n t e r a c t i o n  l e n g t h s  of t h e  p r imar~f  i n t e r a c t i o n  
r e s u l t  i n  i o n i z a t i o n  e f f e c t s  which a r e  g r e a t e r  t h a n  i o n i z a t i o n  
e f f e c t s  caused by heavy n u c l e i  ( 1 )  . A t  lower e n e r g i e s  t h a n  
1013 t o  1016 eV , e t c h i n g  of rock  samples i s  n e c e s s a r y  t o  make 
v i s i b l e  n u c l e a r  i n t e r a c t i o n s  . However , as i l l u s t r a t e d  i n  f i g .  
1 , a t  1016 eV ( 104  l e v )  t h e  ca scades  from i n t e r a c t i o n s  a r e  
a l r e a d y  v i s i b l e  on f r a c t u r e  p l a n e s  i n  t h e  samples w i t h o u t  t h e  
n e c e s s i t y  o f  e t c h i n g  . With o p t i c a l  o r  e l e c t r o n  microscopes 
t h e s e  marks a r e  e a s i l y  v i s i b l e  . These e f f e c t s  a r e  determined 
i n  p u b l i c a t i o n  ( 2 )  , and f i g . 2  i l l u s t r a t e s  t h e  i o n i z a t i o n  
e f f e c t s  expected from d i f f e r e n t  causes  : n u c l e i  , e l e c t r o -  
magnet ic  cascades  o r  meson cascades  i n  s o l i d  m a t t e r  such a s  
r o c k  . 

I n  g e n e r a l  , t h e s e  marks a r e  n o t  s een  i n  m e t e o r i t e s  , 
because when m e t e o r i t e s  h e a t  up f a l l i n g  i n  t h e  e a r t h ' s  atmos- 
pherg t h e  i n t e r a c t i o n s  a n n e a l  o u t  a t  t empera tu re s  above abou t  
1000 K ( 1 )  . Therefore  l u n a r  s u r f a c e  rocks  ( 10-20 cmin s i z e )  
l y i n g  under no atmosphere a r e  an  i d e a l  medium t o  s tudy  t h e  
e f f e c t s  o f  such cosmic r ay  i n t e r a c t i o n s  . Moreover,by a n a l y s i n g  
t h e  s u r f a c e  d e n s i t i e s  of  t h e  cascades  on t h e  rock  f a c e s  an  

i d e a  can  be formed o f  how t h e  cosmic r ay  f l u x  has  v a r i e d  i n  
p a s t  g e o l o g i c a l  o r  cosmic t ime . For  u l t r a - h i g h  energy cosmic 
r a y s  s o f a r  no major  modulat ion h a s  been found . The cascade- 
s e c t i o n  themselves  have g i v e n  some i n t e r e s t i n g  conc lus ions  
abou t  t h e  n a t u r e  of t h e  pr imary cosmic r a y  p a r t i c l e s  a t  l o 4  Tev 
( 3 ) .  . 
( 1 )  Lett,?Tuov.Cirn. Vol. 2 , No.23 (1971)  , p.1179. . 
( 2 )  Nuov.C.im. B Vo1. 1 4  ,No.2 ' ( 1 9 7 3 )  ', p.267 . 
( 3 )  Bul.Am.Phys.Soc. Ser .11 , Vo1.17 , No.4 , p.525 (1972)  
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Fig. 1. - Photolnicmgraph of ultra-high-energy events in lunar mirlerale on a fracture 
plane. 

Fig. 1 

Courtesy of NUOVA CCIMENTO, V. 14B, No. 2, 
p. 267,  1973. 
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Fig. 6. - Particle density in meson casoades between 10 TeV and 10BTeV for a 
1 ym radiua. - surface area (pits), 1016 atams/oma; --- bulk volume (holea), 
lO'%toma/om*. 

Fig. 2 

Courtesy of NUOVA CIMENTO, V. 1 4 B ,  No. 2, p. 267, 1973. 



GEOCHEMICAL EVOLUTION OF THE MOON 
S.R. Taylor, Australian National University and- 

, Lunar Science Institute, 

It is assumed that the Moon accreted from refractory 
material from which the volatile elements had already been 
depleted. The accretion was homogeneous since there is (a) a 
good correlation between volatile/involatile element ratios in 
both highland and maria samples, and (b) the element distribut- 
ion in crustal rocks is not governed by volatility differences. 

The overall composition of the highland crust can be 
derived from the orbital Al/Si and Th data and the observed 
interelemental relationships. The highland REE abundances have 
a positive Eu anomaly. If the Moon has the same relative 
pattern as chondrites, the interior has a negative Eu anomaly, 
with a pattern resembling those of maria basalts, ( F i g  1 )  The 
abundances of the refractory trace elements, are about five 
times those in Type 1 carbonaceous chondrites. In order to 
account for the high near-surface element abundances, very 
efficient large scale element fractionation must occur, implying 
melting of most or all of the Moon. 

The following geochemical' model is proposed. The center 
of the Moon (below 1000 km) is primitive unfractionated material, 
now partially molten due to .trapped K,, U and Tho- . . 

Following accretional- melting, the first silicate phase to 
separate was Mg-rich olivine. As crystallization proceeded, 
orthopyroxene prec%pita.ted. *TA;the low pressure (<50 $$ar) 
environment, most cations except Mg, Fe, Ni, Co and Cr were 
excluded. froni the olivine and orthopyroxene lattice sites, and 
migrated upwards, A frozen crust quickly developed, although 
continually broken up by the declining meteorite bombardment. 
This frozen surfacelayes, analogous to a chilled margin retain- 
ed high concentrations-of Mg, ~r etc. in near surface regions. 
These elements are not derived from chondritic meteorites, -which 
would have contributed high Ni, Ir etc. Because of the refrac- 
tory nature of the total lunar composition, a Ca-A1 rich - - .  
residuum deveioljs. ' I n c r e B s i n g w y s t a l l i z a t i o n  at depth leads to 
a concentration $?,these elements, trapped under the frozen 
surface layer. when the concentration of A1 reaches 12-17% 
A1 0 , An-rich plagioclase precipitates, and cdncentrates beneath 
thg lrozen surface, whereas the Mg-Fs phases sink.. The ,Ca-A1 

2+ f rich region incorporates Sr . and Eu 

As crystallization proceeds in both top (crustal c;-A~) and 
bottom (mantle Fe-Mg) regions, additional fractionation changes 
the Mg/Fe rat.io, and produces zones ofFe-Tioxide accumulation. 
Those elements unable to enter the plagioclase above or the 
Mg-Fe sites below are trapped between. In this zone, all the 
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remaining elements concentrate. These include K, Ba, Rb, Cs, 
REE, Th, U ,  Zr, Nb, Thus following the primordial fractionation, 
a chemically zoned Moon is produced (~ig. 2). 

The crustal zonation established at about 4.5 aeons was 
changed very quickly. The declining stages of the meteoritic 
bombardment pulverized the chilled zone and larger impacts mixed 
in the underlying anorthosite. The high concentration of heat- 
producing elements K, U and Th (and Zr, Hf, REE etc.j beneath 
the plagioclase zone provide the high element abundances for the 
Fra Mauro or KREEP basalts. Possibly this zone did not solidify 
but the liquids invaded the crust, where impact mixing produced 
the parent material for the anorthositic gabbro (highland basalt) 
and the Fra Mauro basalts. This stage continued to 3.9 aeons. 

Partial melti11g next occurred in deeper layers and a 
succession of maria basalts were erupted. The first of these 
were the aluminous basalts from shallow depths beneath the KREEP 
source layer. These overlapped with the later stages of the 
bombardment, and predate the Imbriwn collision in part. Next 
(3.8 - 3.6 aeons), the Ti-rich Apollo 11 and 17 basalts were 
erupted from a zone where Fe-Ti oxides accumulated. Finally 
(3.4 - 3.2 aeons) the Apollo 12 and 15 quartz and olivine 
normative basalts were extruded. 

L U N A R  RE€ 
vs 

5s CARBONACEOUS CHONDAITES 

SOURCE REGION 
MARIA 8ASALTS 
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Figure 2 

F ig s .  1 and 2 Courtesy Pergamon Press, Proc. F i f t h  Lunar Sci .  Conf., 
vol .  2 ,  p. 1287, 1 9 7 4 .  



THEORY OF THE SOLAR WIND I N T E R A C T I O N  WITH THE MOON. 
F. C. Michel,    ice U . ,  Houston, Texas. 77001. 

The h i s t o r i c a l  development o f  t h e o r e t i c a l  models f o r  t h e  
i n t e r a c t i o n  of t h e  s t reaming i n t e r p l a n e t a r y  medium wi th  t h e  s o l i d  
body of t h e  moon i s  reviewed. The f i r s t  works d a t e  from around 
e a r l y  1960 and a r e  t r a c e d  t o  t h e  p r e s e n t .  The view t h a t  t h e  moon 
a c t s  mainly t o  absorb  plasma from t h e  flow ( r a t h e r  than p r e s e n t  
an o b s t a c l e  t o  t h e  f low) seems t o  b e s t  d e s c r i b e  t h e  da t a .  More- 
ove r ,  p e n e t r a t i o n  of t h e  flow t o  t h e  l u n a r  su r f ace  i s  c o n s i s t e n t  
w i th  observed e f f e c t s  on l u n a r  i onosphe r i c  p a r t i c l e s .  S e v e r a l  
phenomena remain t o  be r e s o l v e d ,  such a s  t h e  source  of upstream 
d i s t u r b a n c e s  and t h e  e x i s t e n c e  o f  a  t r a i l i n g  shock wave. 



AMINO A C I D  PRECURSORS INDIGENOUS TO LUNAR SAMPLES: 
ACCUMULATED ANALYSES AND EVALUATIONS OF POSSIBLE CONTAMINATIONS. 
S. N. Fox, K .  Harada, I n s t .  f o r  Molecular 6 C e l l u l a r  Evolu t ion ,  
Univers i ty  of Miami, Coral  Gables,  FL 33134; and P. E .  Hare, 
Geophysical Laboratory,  Carnegie  I n s t i t u t i o n ,  Washington, D.C.  
20008. 

The s p e c i f i c  ques t ion  o f  t h e  presence of amino a c i d s  i n  
l una r  samples has been examined chemica l ly ,  p r i m a r i l y  through 
a p p l i c a t i o n  of t h e  s p e c i f i c  amino a c i d  r eagen t ,  n inhydrin .  
Other methods, such a s  vapor phase,  chromatography of v o l a t i l e  
d e r i v a t i v e s  o r  mass spec t romet ry ,  f a i l  e i t h e r  t o  d i s t i n g u i s h  
from o t h e r  compounds, o r  t o  be s u f f i c i e n t l y  s e n s i t i v e  f o r  amino 
a c i d s  a t  t h e  l e v e l s  t h a t  have been found i n  l u n a r  samples. A 
p r o f i l e  of f i v e  o r  s i x  p ro t e inous  amino a c i d s  has been cons i s -  
t e n t l y  ob ta ined  f o r  samples from twelve c o l l e c t i o n s  from t h e  s i x  
Apollo miss ions  11 through 17 .  These r e s u l t s  have been obtained 
mainly, and i n  some c a s e s  s o l e l y ,  by hydro lys i s  of  ho t  aqueous 
e x t r a c t s  of  t h e  samples. The p ropor t ions  of t o t a l  amino a c i d s  
t h u s  ob ta ined  i s  i n  t h e  range o f  7 t o  45 ng/g of sample. The 
accumulated r e s u l t s  a r e  p re sen ted  i n  Table  I. 

Experiments designed t o  i s o l a t e  t h e  o b l i g a t o r y  a s p e c t s  of 
s u c c e s s f u l  ana lyses  f o r  l u n a r  amino a c i d s  have i d e n t i f i e d :  
e x t r a c t i o n  by hot  water  r a t h e r  t h a n  c o l d ,  h y d r o l y s i s  of  t h e  
aqueous e x t r a c t  i n s t e a d  o f  d i r e c t  h y d r o l y s i s  of t h e  sample, assay 
by t h e  s p e c i f i c  n inhydrin  r e a g e n t ,  use  o f  a s u f f i c i e n t l y  s e n s i -  
t i v e  amino a c i d  ana lyze r ,  and numerous p recau t ions  t o  minimize 
contamination i n  handl ing and i n  reagents .  

The va lues  found have tended t o  be 30-200 t imes  a s  l a r g e  a s  
t hose  found from b lanks  c a r r i e d  through t h e  e n t i r e  a n a l y s i s .  
The p o s s i b i l i t y  of  coc tamina t ion  by a s t r o n a u t s  o r  a n a l y s t s  has 
been examined. Evidence a g a i n s t  t h i s  p o s s i b i l i t y  has  included 
t h e  r e g u l a r i t y  of t h e  r e s u l t s  and t h e  absence of occas iona l  
" s p i k i n g , "  which i s  c h a r a c t e r i s t i c  o f  a n a l y s e s  o f  contaminated 
samples. The most conc lus ive  evidence has  been t h e  extremely 
smal l  c o n t r i b u t i o n  from b lanks ,  t h e  f a c t  t h a t  t h e  p r o f i l e s  
c l o s e l y  resemble chemica l ly  s y n t h e t i c  p roduc ts  bu t  n o t  t hose  of 
b i o t i c  p roduc ts ,  and t h e  f a c t  t h a t  some unhydrolyzed samples 
e x h i b i t  no f r e e  amino a c i d s  a t  a l l  whereas human f i n g e r p r i n t s  
r e v e a l  l i b e r a l  p ropor t ions  of 17 -19  t ypes  of amino a c i d  p r i o r  t o  
hydro lys i s .  The evidence thus  does n o t  suppor t  t h e  hypothes i s  
t h a t  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  amino a c i d s  found i n  o u r  
ana lyses  r e s u l t  from human contaminat ion.  

The hypothesis  t h a t  t h e  amino a c i d  p recu r so r s  a r e  p roduc ts  
of  t h e  o x i d a t i o n  of j e t  f u e l  has been examined by o b t a i n i n g  and 
ana lyz ing  samples proximal to, and d i s t a l  from, t h e  descen t  
engine on Apollo 15 and 1 7  (15012 and 72501 a t  a  d i s t a n c e  and 
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15013 and 70011 near  t o  t h e  LM). The va lues  found f o r  t h e  prox i -  
mal samples a r e  w i t h i n  t h e  range of a l l  samples analyzed bu t ,  
even s o ,  r e l a t i v e l y  s m a l l  amounts o f  f r e e  amino a c i d s  may accu- 
mulate a t  t h e  descen t  engine.  For Apollo 15,  t h e  d i s t a l  sample 
was found t o  have 7 ng/g of amino a c i d s  a f t e r  hyd ro lys i s  of pre-  
c u r s o r s  whereas t h a t  f o r  Apollo 17 (6 .5  km) has  1 0  ng/g. On t h e  
b a s i s  of  conse rva t ive  assumptions,  t h e  t o t a l  amount of amino 
a c i d  p recu r so r  c a l c u l a t e d  t o  e x i s t  i n  a  d i s c  6.5 km i n  r a d i u s  i s  
s e v e r a l  o r d e r s  of  magnitude l a r g e r  than  can be accounted f o r  on 
t h e  b a s i s  of  t h e  amount of f u e l  used and convers ion  va lues  d e t e r -  
mined, even assuming none of t h e  f u e l  nor  i t s  o x i d a t i o n  produc ts  
escaped t o  space du r ing  t h e  descen t .  Accordingly,  t h e  hypothe- 
sis t h a t  t h e  a n a l y t i c a l  r e s u l t s  a r e  exp la ined  t o  a  s i g n i f i c a n t  
degree  by human andor chemical contaminat ion i s  n o t  supported by 
t h e  evidence.  

The s i g n i f i c a n c e  of t h e  r e s u l t s  can be  examined i n  a  c o n t e x t  
of comparative cosmochemistry inasmuch a s  s e v e r a l  me teo r i t e s  
(Murchison, Murray, Al lende)  have been analyzed by t h e  procedure 
developed e a r l i e r  f o r  Apollo 11. The r a t i o s  of  t o t a l  amino 
acids/C c o n t e n t  of t h e  samples a r e  comparable f o r  t h e  two e x t r a -  
t e r r e s t r i a l  sources .  The r e l a t i v e  r a t i o s  of  f o u r  o r  f i v e  pro- 
t e i n o u s  amino a c i d s  a r e  s i m i l a r  f o r  t h e  two sources  and f o r  t h e  
samples w i th in  e i t h e r  group. These a n a l y t i c a l  r e s u l t s  resemble 
c l o s e l y  t h e  produc ts  of chemical syn theses  of amino a c i d s ,  b u t  
n o t  of organisms. 

A p r i n c i p a l  s i g n i f i c a n c e  of such r e s u l t s  i s  t h e  gene ra l i za -  
t i o n  t h a t  t h e  common groundplan of t e r r e s t r i a l  organisms emerged 
from a  h igh ly  u n i f i e d  cosmochemical carbon chemist ry .  Another 
s i g n i f i c a n c e  i s  t h a t  t h e  pathway of molecular  e v o l u t i o n  on t h e  
Moon was a r r e s t e d  due t o  l ack  of water  a t  t h e  s t a g e  preceding 
hydro lys i s  o f  t h e  amino a c i d  p recu r so r s .  The s i m i l a r  a n a l y t i c a l  
r e s u l t s  from va r ious  l una r  samples sugges t  e s p e c i a l l y  t h a t  t h e  
amino a c i d  p r e c u r s o r s  r e s u l t  from implan ta t ion  of s imple  mole- 
c u l a r  s p e c i e s  of t h e  i n t e r p l a n e t a r y  plasma on t h e  preformed 
Moon. I f  t h i s  be c o r r e c t ,  t h e  l u n a r  ana lyses  f o r  amino a c i d s  
hold  promise i n  d e f i n i n g  and t e s t i n g  concepts  o f  i n t e r a c t i o n  of 
t h e  Moon wi th  t h a t  plasma. 



Analyses of Hydrolyzates of Hot Aqueous E x t r a c t s  of  Lunar Samples 
(molar r a t i o s )  

- u 
Glutamic Aspa r t i c  

Sample Glycine Alanine a c i d  a c i d  Se r ine  Threonine Others  m v 

A l l  c a l c u l a t i o n s  exclude ammonia and b a s i c  amino a c i d s .  



LUNAR-SURFACE SOLAR-WIND OBSERVATIONS AT THE APOLLO-12 AND -15 
SITES, by D. R. Clay, B. E. Goldstein, M. M. Neugebauer, and 

C. W. Snyder 

Data from So la r  Wind Spectrometers a t  t h e  Apol lo-12 and Apollo-15 s i t e s  
a r e  a v a i l a b l e  f o r  an e l  even month simul taneous opera t ion  per iod.  V e l o c i t y  
measurements a t  t h e  Apol lo-15 s i t e  (6y l o c a l  magnetic f i e l d )  show no substan- 
t i a l  d i f f e rences  f rom simultaneous Vela-3 and -5 measurements i n  f ree space. 
The d e v i a t i o n  o f  t h e  average f l o w  d i r e c t i o n  from r a d i a l  f l o w  f o r  s o l a r  wind 
data  i s  a t  most about 1.5O, and t h e  expected p a t t e r n  o f  d e f l e c t e d  f l o w  i n s i d e  
the  magnetosheath i s  observed. Previous work has shown t h a t  e l e c t r o n  observa- 
t i o n s  a t  Apo l lo  15 a r e  t y p i c a l ,  w i t h  c e r t a i n  exceptions, o f  r e s u l t s  expected 
i n  t h e  s o l a r  wind. Thus, t h e  moon exe r t s  no no t iceab le  i n f l uence  upon t h e  
pro ton  f l u x  observed a t  t h e  Apol lo-15 s i t e .  

Plasma data  a t  the  Apol lo-12 s i t e  ( 3 8 ~  l o c a l  magnetic f i e l d )  i s  compared 
t o  Apollo-15 data t o  determine t h e  na ture  o f  t h e  i n t e r a c t i o n  a t  the  Apollo-12 
s i t e .  For the  l i m i t e d  per iods,  p r i m a r i l y  du r ing  the  e a r l y  l u n a r  afternoon 
(dawn magnetosheath) when 3-cup angular determinat ions a t  bg th  s i t ~ s  are  
possib le,  t h e  Apol lo-12 plasma had a southward d e f l e c t i o n  0 t o  10 greater  
than the  Apollo-15 value. Expected d e f l e c t i o n s  du r ing  e a r l y  l una r  af ternoon 
due s imply t o  a un i fo rm magnetic f i e l d  would, however, be smal l ,  and cannot 
account f o r  t h e  p a t t e r n  o f  t h e  observat ions. 

To i n v e s t i g a t e  t h e  i n t e r a c t i o n  as a f u n c t i o n  o f  plasma d i r e c t i o n ,  twelve 
o r b i t  averages o f  hour1 y averages o f  plasma v e l o c i t y ,  thermal speed, dens i t y  
and f l u x  a r e  computed as a f u n c t i o n  o f  t h e  l u n a r  l ong i tude  o f  t h e  s o l a r  d i rec-  
t i o n .  The plasma v e l o c i t y  a t  t h e  Apollo-12 s i t e  i s  genera l l y  lower than a t  
Apo l lo  15. The v e l o c i t y  d i f f e r e n c e  increases w i t h  changing s o l a r  wind d i r e c -  
t i o n ,  averaging 14 km/sec i n  t h e  l u n a r  morning (dusk magnetosheath), 45 km/sec 
i n  the  a f te rnoon magnetosheath, and 52 kmfsec i n  t h e  afternoon s o l a r  wind. 
Thermal speeds a t  t h e  Apol lo-12 s i t e  a re  c o n s i s t e n t l y  higher.  Proton d e n s i t y  
i s  33% lower a t  Apo l l o  12 du r ing  l u n a r  morning, 5% lower i n  the  af ternoon 
magnetosheath, and 34% h igher  i n  t h e  af ternoon s o l a r  wind. 

The i n t e r a c t i o n  a l s o  depends upon t h e  s o l a r  wind dynamic pressure com- 
puted from t h e  v e l o c i t y  component normal t o  t h e  surface a t  the Apol lo-12 s i t e .  
A t  low dynamic pressures t h e  dens i ty  r a t i o s  a r e  greater  than average; e.g., 
the Apol lo-12 d e n s i t y  i s  a t  times on l y  50% o f  t h e  Apol lo-15 dens i t y  du r ing  
l una r  morning. A t  h i g h  dynamic pressures, on t h e  o the r  hand, t h e  dens i t y  
r a t i o s  approach u n i t y .  V e l o c i t y  d i f fe rences a l s o  decrease w i t h  increas ing  
dynamic pressure f o r  morning and af ternoon magnetosheath data, bu t  the  decel-  
e r a t i o n  f o r  af ternoon s o l a r  wind data  i s  approximately independent o f  dynamic 
pressure. 

I n  general, considerably more f l u c t u a t i o n s  are observed a t  the  Apollo-12 
s i t e  than a t  t h e  Apol lo-15 s i t e .  Thermal speeds a r e  higher,  est imates of 
alpha p a r t i c l e  d e n i s t y  f l u c t u a t e  unreasonably, and f i t s  t o  t h e  Maxwell- 
Boltzmann model a re  poorer.  Pow r spectra o f  plasma v e l o c i t y  show t h a t  f o r  5 frequencies g rea te r  than 2 x 10- Hz t h e  power a t  t h e  Apol lo-12 s i t e  i s  
t y p i c a l l y  a f a c t o r  o f  2 t o  5 t imes greater  than a t  t h e  Apollo-15 s i t e ,  w i t h  
extreme l i m i t s  o f  f rom 1 t o  10. A t  lower f requencies t h e  power a t  Apo l lo  12 
i s  from 1 t o  2 t imes g r e a t e r  than a t  Apo l l o  15. 



LUNAR-SURFACE SOLAR-WIND 

Clay, D . R .  e t  a l .  

These resu l t s ,  and non-thermal 80 to  120 eV electrons observed a t  the 
Apollo-12 s i t e ,  imply a complex interaction involving e l ec t r i c  and magnetic 
f ie lds .  Models analogous t o  the magnetopause are  appropriate with the addi- 
tional consideration tha t  surface charging may great ly  a l t e r  the interaction.  
The most l ike ly  poss ib i l i ty  i s  a small scale  s i z e  magnetic f i e l d  (5km., about 
a plasma wave1 ength) t h a t  prevents the f u l l  magnitude of e f fec t s  that  might 
be expected for  a 3 8 ~  magnetic f i e l d .  

Plasma turbulence, increases and decreases of plasma f lux ,  and decelera- 
tion and deflection of theplasma are  observed, suggesting that  local lunar 
magnetic f i e l d s  can cause lunar limb compression waves. The greater plasma 
density r a t i o  perturbations observed f o r  low so la r  wind dynamic pressures 
suggest the more frequent occurence of lunar limb compression waves for  low 
solar-wind dynamic pressures. 



SHEATH-LIMITED UNIPOLAR INDUCTION I N  THE SOLAR WIND;  
Leonard J. Srnka, The Lunar Science I n s t i t u t e ,  Houston, Texas, 
77058. 

The c o l l e c t i o n  of charged p a r t i c l e s  by e l e c t r o d e s  i n  plasmas 
i s  c o n t r o l l e d  by t h e  cu r r en t -vo l t age  c h a r a c t e r i s t i c s  of  t h e  
plasma shea th  which forms a t  t h e  e l e c t r o d e  surface1.  Th i s  
p r i n c i p l e  i s  a p p l i e d  t o  t h e  s t e a d y - s t a t e  e l ec t romagne t i c  i n t e r -  
a c t i o n  of t h e  s o l a r  wind w i t h  moon-like b o d i e s ,  o r  "solid-body" 
i n t e r a c t i o n s .  I n  some c a s e s  t he  u n i p o l a r  dynamo response2a3 o f  
an e l e c t r i c a l l y  conduct ing body i n  t he  s o l a r  wind mot ional  
e l e c t r i c  f i e l d  can b e  c o n t r o l l e d  by shea th  e f f e c t s .  This  occurs  
f o r  h igh ly  conduct ing bod ie s  when the  body r a d i u s  R i s  l e s s  than 
a c r i t i c a l  va lue  R ~ ,  w i t h  t h e  r e s u l t  t h a t  no induced bow shock 

4 wave can form . 
The moon and Mercury have R/R, >> 1, s o  t h a t  s h e a t h  e f f e c t s  

do n o t  l i m i t  t h e i r  u n i p o l a r  responses .  The a s t e r o i d s  a r e  found 
t o  be  e i t h e r  t o o  c o l d  o r  t oo  smal l  t o  main ta in  s t e a d y - s t a t e  
induced magnetospheres. The Martian s a t e l l i t e s ,  t h e  i r r e g u l a r  
Jov ian  s a t e l l i t e s ,  and t h e  o u t e r  s a t e l l i t e s  of  Sa tu rn  a l s o  have 
R/Rc << 1. No bow shock waves should b e  genera ted  by t h e s e  
bod ie s ,  u n l e s s  they a r e  h igh ly  magnetized o r  have l a r g e  magnetic 
p e r m e a b i l i t i e s .  

Unipolar  i n d u c t i o n  h e a t i n g  of m e t e o r i t e  p a r e n t  bod ie s  i n  a 
p r imord ia l  enhanced s o l a r  wind5 should n o t  b e  i n h i b i t e d  by shea th  
e f f e c t s ,  provided R 2 50 meters .  Unipolar  h e a t i n g  i n  t h e  a n c i e n t  
moon6 i s  t h e r e f o r e  a l s o  favored ,  provided the  s u r f a c e  temperature  
was maintained a t  3 0 0 ' ~  o r  more by a c i r c u m s t e l l a r  obscu ra t ion ,  
eddy c u r r e n t  (TE mode) h e a t i n g  i n  t h e  c r u s t 7 ,  o r  o t h e r  mecha- 
nisms. Mercury may l i k e w i s e  have had an  e a r l y  e l e c t r i c a l  hea t -  
i n g  episode i n  i t s  development. 
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mGNETOCHEMISTRY OF THE APOLLO LANDING SITES 
P. J. Wasilewski, NASA, Goddard Space Flight Center, Greenbelt, MD 
20771, and M. D. Ful ler ,  University of California, Santa Barbara, 
CA 93106 

A synthesis of relevant magnetic data f o r  samples from a l l  Apollo s i t e s  
has been completed and the  r e su l t s  have been correlated with major elemect 
chemistry, petrography, earth-based telescope experiments and the A l /  r a t i o .  
I n  a s e r i e s  of diagrams the basic magnetochemical aspects of the  Apol?& s i t e s  
a r e  summarized. The (paramagnetic suscept ib i l i ty )  vs I (saturation 
magnetization) data a h  summarized i n  Figure l a ,  and iTFiEure l b  a "vector" 
diagram i s  presented t o  show how a given s o i l  may develop i n  terms of 
var ia t ion of x I when components are  added or reduction takes place. With 

S a system close8 t o  mixing reduction indicates  decrease and I increase. 
Mixing i s  c lear ly  evident i n  a % - I p lo t  as  %L 11 be describe8 and for  a 
given s i t e  i s  fur ther  evidenced y c h a r i s o n  of the  A l l S i  r a t i o  of rocks 
from the s i t e  the s o i l .  For mare s i t e s  11 and 12 the r a t i o  increases i n  
the s o i l ,  and for  highland s i t e s  (14 and 16) the  opposite i s  t rue .  The pure 
highland s i t e  (Apollo 1.6) shows l i t t l e  change i.e.,  0.69 for  rocks, 0.68 for  
s o i l  (Rose e t  a l ,  1973). The s o i l  groups are  c lear ly  defined i n  a p lo t  of 

/ I ~  XP/I (X i s  the  i n i t i a l  suscept ibi l i ty) .  These groups are  
k g n e t i c a l  y ?iist?nct, have d i s t i nc t  j a t i o s ,  d i s t i nc t ive  telescope 
r e f l e c t i v i t y  curves, and. d i s t i nc t  FeO an T10 contents (Figure 2).  The 2 hysteresis  loop squareness r a t i o s  R. (saturation remanence/saturation 
magnetization) and % (remanent coe+cive force/coercive force) fur ther  
dist inguish s o i l  groups, c rys ta l l ine  rocks, impact melts, breccia samples 

r a t i o  i n  the s o i l s  correla tes  with the A l /  r a t i o  in- 
dicat ing t h a t  % d pends on the s o i l  type i .e . ,  mare or highla%. This 
implies t h a t  iden t ica l  processes might produce d i f fe ren t  metal s ize  dis-  
t r ibu t ions  i n  d i f fe ren t  s o i l s  depending on the parent. I n  Figure 2 it i s  
c lear  t ha t  the range of x ~ / I ~  is ident ica l  f o r  a l l  groups, $11 separates 

S 
the  groups. 

Based on surface magnetometer r e su l t s  it i s  c lear  t ha t  the  i n  s i t u  
in tens i ty  of magnetization might be re la ted  t o  the  type of t e r r a in ,  i . e . ,  
A16 > A 1 4  > A12 (highland > mare). This i s  not apparent i n  the  subsa te l l i t e  
measurements, but t h i s  i s  only a consideration of scale s ize .  A l a rge  scale 
magnetization coherence i s  required for  subsa te l l i t e  detection. If the 
highland > mare contrast  i s  r e a l  then a mapping of large scale magnetic 
pat terns  correlated with surface morphology, the  geochemical ex- 
periments, and telescope r e f l e c t i v i t y  curves could provide a dynamic time 
sequence picture  of lunar magnetization. 
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LUNAR REGOLITH MAGNETIC PROPERTIES FROM TELESCOPE SPECTRAL 
REFLECTMTY CURVES AND ORBITAL GEOCHEMICAL EXPERDENTS 
P. J. Wasilewski, NASA, Goddard Space Flight Center, Greenbelt, MD 
20771, and M. D. Ful ler ,  University of California, Santa Barbara, 
CA 93106 

Adams and McCord have shown t h a t  a match can be made between the 
laboratory spectra l  r e f l e c t i v i t y  curves for  s o i l s  and telescope curves for  
the Apollo s i t e s .  Adler e t  a 1  have u t i l i zed  the  solar  induced X-ray fluores- 
cence t o  derive the ~ 1 / ~ ~ x o  for  broad regions of the lunar surface. 
Synthesis of magnetic property data ,  and major element chemistry and 
petrography, demonstrates conclusively tha t  a c lass i f ica t ion  of lunar samples 
i n  terms of t h e i r  magnetic properties produces correla t ive chemical and 
spectra l  r e f l ec t iv i ty  curve shape c lass i f ica t ions .  The degree of mixing i n  
a s o i l  from any s i t e  i s  re f lec ted  i n  t he  contrast  between the ~ l /  r a t i o  

S i  f o r  the rocks and s o i l ,  and i n  the  magnetic property data.  Figure 1 presents 
a p lo t  of A l /  vs /Is ( r a t i o  of paramagnetic suceptibility/saturation 
magnetizationyi % h e  s o i l  groups are  distinguished; the  16 highland, the  
14 and 17  highland, and the 11, 12, 17 mare so i l s .  Figure 2 presents a 
summary of r e l a t i ve  spec t ra l  r e f l e c t i v i t y  curves taken from the MITPAL data 
book (copy furnished by D r .  ~ c C o r d )  and from Adams and McCord (1972). The 
l i n e  1.0 would r e su l t  f o r  a r a t i o  of any two individual curves which are  
ident ical .  ( a )  Analyzed 16 s o i l s ,  M ~ O /  shows considerable var ia t ion 
while Ti0 and the A l /  . r a t i o  a r e  essei%?ally constant. The A l l S i  r a t i o  

2 for  16 rocks i s  0.69 w5he f o r  s o i l s  0.68 indicating l i t t l e  mixing. The 
113 etc. ,  i s  a r a t i o  of Descartes l / ~ e s c a r t e s  3 etc.  The dotted area i s  
the  var ia t ion present f o r  t he  Apollo 16 and Apollo 15 telescope curves as  
indicated. The Apollo 16 s o i l s  form a d i s t i n c t  magnetic group. (b )  The 
Apollo 15 highlandlmare contrast  i s  c lear ,  the  resul tant  var ia t ion curve 
shape i s  highland. This explains i n  pa r t  why the ~ 1 / ~ ~  r a t i o  for  15 rocks 
i s  0.21 and for  s o i l  0.42 (Rose e t  a l ,  1973). Compare the rocks 15418, 
15058, 15555 for  magnetic and chemical contrast  between 15 highland and mare 
rock types. ( c )  Marelmare contrast  fo r  11/15 (12070 matches 12 telescope 
curves - 2.81% T ~ o ~ ) .  (d) Mare/mare s o i l  contrast  &, high Ti02 10084 
(7.82% Ti0 )/ low Ti0 12070 (2.81% Ti02). ( e )  Highland (14259)/mare (12070) 
contrast .  2~nheren t  go each of t he  resu l tan t  r a t i o  curves are  magnetic 
property variations which w i l l  be described. 

Based on the synthesis of magnetic property data ,  geochemical data ,  and 
the  preliminary conclusions about the correlations with the telescope and 
laboratory spectra l  r e f l e c t i v i t y  curves, we are  confident of being able t o  
specify the magnetic properties of any lunar s i t e  for  which a telescope 
spectra l  r e l ec t iv i ty  curve e x i s t s  (Q., mare or highland a t  present) ,  or on 
a broader scale as  indicated by the A l l S i  r a t i o  derived from the X-ray 
fluorescence experiments. 
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THE LUNAR RaDIATION ENVIRONMENT AND THE IMPLICATIONS 
FOR FUTURE LUNAR AND PLANETARY EXPLORATION, I. Adler, University 
of Maryland, College Park, MD; 3.1. Trombka, Lo I Yin, E. Eller, 
and R. Schmadebeck, Goddard Space Flight Center, Greenbelt, MD. 

The lunar surface is constantly under bombardment by a var- 
iety of particles and photons covering an enormous energy range. 
Some of these immediately produce characteristic secondary rad- 
iation from the lunar surface, and some, particularly the ener- 
getic particles also leave lasting records in the form of nuclear 
tracks and radioactive species. A number of interactions, in 
particular X-ray and gamma have been used as the basis for dev- 
eloping remote sensing techniques for producing geochemical maps 
of the lunar surface (1). These experimental techniques, flown 
on ApolPo 15 and 16, have proved quite successful and provide 
the concepts for future exploration missions. 

A partial view of the radiation at the lunar surface is 
shown in Fig 1. Also shown is the approximate depth from which 
useful chemical information can be obtained. 

RADIATION ENVIRONMENT AT LUNAR SURFACE 
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Fig. I. The lunar surface radiation environment. 
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While the immediate concern in this paper involves the solar 
X-rays, cosmic ray interactions as well as the gamma flux through 
the surface from within the moon will also be briefly mentioned. 
The X-ray interactions have been estimated as involving depths of 
the order of microns where as, by contrast, the gamma rays sample 
the surface down to depths of approximately one third of a meter. 

The secondary radiation produced by the X-rays results from 
photoelectron excitation (X-ray fluorescence), whereas the gamma 
rays are due mainly to prompt (n, y) and (n, n', y) reactions. 
Numerous calculations had shown that a typical "quiet" solar X- 
ray spectrum should be energetic enough to produce measurable 
amounts of characteristic X-rays from all the abundant elements 
of atomic number 14(Si) or smaller. This was precisely borne out 
during the Apollo 15 and 16 flights, where the sun proved to be 
generally "quiet" and remarkably stable. It was predicted and 
then observed that the energy distribution in the solar X-ray 
flux was effective only in exciting the light elements up to and 
including silicon. As had been expected in the gamma ray case, 
the total signal was made up to a large extent of continuum (85 
percent), on which the characteristic lines were superimposed. 
By the use of appropriate analytical techniques described else- 
where ( 2 ) ,  it was possible to make estimates of naturally-occurr- 
ing radioactive species, as well as those elements excited by 
cosmic ray interactions. 

In view of what is now known observationally about the X-ray 
and gamma ray fluxes, it is possible to design more effective 
measurements for future missions, as for example, a lunar-polar 
orbiter. Although the Apollo flights (15 and 16) occurred during 
a relatively quiet solar sun, substantial secondary fluxes were 
measured. A polar orbiter flown closer to solar maximum will en- 
able us to capitalize in two possible ways: The increase in 
solar output of X-rays should lead to increased secondary fluxes, 
permitting us to fly collimated detectors, yielding much better 
spatial resolution, perhaps by a factor of two. Further, we know 
that a more active sun not only emits higher X-ray fluxes, but 
also a harder X-ray spectrum. This increases the likelihood of 
detecting the important, heavier elements such as Ca and K. To 
allow for this, a future flight will be designed to cover a lar- 
ger energy range than the Apollo 15-16 instrument. Further ex- 
tended flights will now and then probably encounter flares, which 
may hopefully produce excitation up to element, like iron. It is 
expected, however, that a more active sun isquite likely to be 
less stable, showing excursions in X-ray energy oukpdt both in 
flux and spectral hardness. The experience gained during the 
recent Apollo flights has taught us that a more effective way of 
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monitoring the sun is to use a secondary radiator, rather than 
looking at the sun directly. For example, the X-ray intensity 
ratio of Al/Si from a binary target of A1 and Si should be an 
excellent indicator of the spectral character of the solar X-rays. 
We know that a hardening solar spectrum should decrease the ob- 
served Al/Si intensity ratio. Further advanced mathematical 
techniques have improved the spatial resolution of the X-ray ex- 
periment. Thus, by using these analytical techniques and the more 
active sun, we should be able to employ more effective collimation 
and the improved spatial resolution mentioned above. 

It is obvious that the experience obtained in the recent 
Apollo flights about the radiation environment at the lunar sur- 
face are very important in the design of future exploration ex- 
periments. Our knowledge about the moon also gives us important 
data about the environment on inner planets, such as Mercury, 
should the time come to design geochemical experiments for its 
exploration. 
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LUNAR ELECTROMAGNETIC SCATTERING, B.  L .  Ho rn ing ,  and 
G .  Sc l i ube r t ,  Department o f  P l a n e t a r y  and Space Sc ience,  U n i v e r -  
s i t y  o f  C a l i f o r n i a ,  Los Ange les ,  Cal i f o r n i a  90024 

An a n a l y t i c  t h e o r y  i s  p r e s e n t e d  f o r  t h e  s t e a d y - s t a t e  and 
t i m e  dependent e l e c t r i c  and  magne t i c  f i e l d s  i nduced  i n s i d e  t h e  
moon and i t s  downstream c a v i t y  f o r  p l a n e  wave i n t e r p l a n e t a r y  
e l e c t r o m a g n e t i c  f l u c t u a t i o n s  i n c i d e n t  a t  a r b i t r a r y  a n g l e s  t o  t l i e  
c a v i t y  a x i s .  The c a v i t y  i s  m o d e l l e d  as  a  nonconduc t i ng  c y l i n d e r  
e x t e n d i n g  i n f  i n i  t e l  y  downstream w i t h  r a d i u s  equa l  t o  t h a t  o f  t h e  
moon. The f i e l d s  i nduced  i n s i d e  t h e  c o n d u c t i n g  moon and i n  t h e  
f a r  c a v i t y  a r e  assumed c o n f i n e d  t o  t h e  moon and t h e  c a v i t y  r e g i o n  
by  t h e  supermagnetosoni  c  s o l a r  w ind .  

To d e t e r m i n e  t l i e  i nduced  e l e c t r i c  and m a g n e t i c  f i e l d s  i n  
t h e  moon and downstream c a v i  t y ,  a n  e l  e c t r o m a g n e t i c  boundary v a l  ue 
p rob lem i s  c o n s t r u c t e d .  S i n c e  magnetoson ic  waves cannot  p ropa-  
g a t e  upst ream, t h e  s o l a r  w i n d  i s  t r e a t e d  a s  an  i n f i n i t e l y  conduc- 
ti ng medi um. A c c o r d i  n g l  y ,  t h e  normal component o f  t h e  i nduced  
magnet ic  f i e l d  i s  z e r o  o n  t h e  s u b s o l a r  hemisphere.  S i n c e  t l i e  
c a v i t y  i s  nonconduc t i ng ,  b o t h  t h e  normal and t a n g e n t i a l  m a g n e t i c  
f i e l d  components a r e  c o n t i n u o u s  a c r o s s  t h e  a n t i s o l a r  h e m i s p h e r i -  
c a l  s u r f a c e .  From t h e  c o n t i n u i t y  o f  charge  e q u a t i o n ,  t h e  r a d i a l  
component o f  t h e  c u r r e n t  d e n s i t y  i s  s e t  equal t o  t h e  t i m e  d e r i -  
v a t i v e  of  t h e  d i f f e r e n c e  between t h e  l u n a r  and c a v i t y  e l e c t r i c  
f i e l d  components normal t o  and a t  t h e  a n t i s o l a r  s u r f a c e .  I n  t h e  
s t e a d y - s t a t e ,  t h e  r a d i a l  e l e c t r i c  f i e l d  o f  t h e  moon o n  t h e  a n t i -  
s o l a r  hemisphere i s  z e r o .  C o n t i n u i t y  o f  t h e  normal component o f  
t h e  magne t i c  f i e l d  a c r o s s  t h e  c a v i t y  w a l l  and  c o n t i n u i t y  o f  t h e  
t a n g e n t i a l  components o f  t h e  e l e c t r i c  f i e l d  a c r o s s  t h e  c a v i t y  
and l una r  s u r f a c e s  compl e t e  t h e  s e t  o f  boundary c o n d i t i o n s .  

A p l a n e  wave i n c i d e n t  a t  any  a n g l e  t o  t h e  c a v i t y  a x i s  i n d u -  
ces b o t h  s p h e r i c a l  t r a n s v e r s e  e l e c t r i c  (TE)  and t r a n s v e r s e  mag- 
n e t i c  (TM) modes i n  t i l e  c o n d u c t i n g  moon. These modes a r e  c o u p l e d  
t o  t h e  c y l i n d r i c a l  TE and  TM modes i n  t h e  c a v i t y .  The TM r e -  
sponse has usua l1  y  been n e g l e c t e d  i n  l u n a r  e l e c t r i c a l  c o n d u c t i v i -  
t y  s t u d i e s  because o f  t h e  l o w  s u r f a c e  c o n d u c t i v i t y  ( 1  , 2 ) .  The 
s p h e r i c a l  TE f i e l d  i nduces  b o t h  c y l  i n d r i c a l  TE and TM modes i n  
t l i e  c a v i t y ,  however, t h e  c y l i n d r i c a l  TM f i e l d s  a r e  o f  o r d e r  

v 2 / c 2  (where  v  i s  t h e  p r o p a g a t i o n  speed i n  t h e  s o l a r  w i n d  and  c  
i s  t h e  speed o f  l i g h t  i n  vacuum) compared t o  t h e  TE f i e l d s .  Thus 
on1 y  t h e  s p h e r i c a l  and c y l  i n d r i  c a l  TE modes need be c o n s i d e r e d  t o  
i n f e r  l u n a r  e l e c t r i c a l  c o n d u c t i v i t y .  

I n  t h e  f a r  c a v i t y  r e g i o n ,  e i t h e r  t h e  c y l i n d r i c a l  TE o r  TM 
modes can be i nduced  depend ing  o n  t h e  o r i e n t a t i o n  o f  t h e  i n c i d e n t  
i n t e r p l a n e t a r y  f i e l d .  I f  t h e  wave normal i s  p a r a l l e l  t o  t h e  cav-  
i t y  a x i s ,  a l l  l i n e a r  p o l a r i z a t i o n s  o f  t h e  i n c i d e n t  f i e l d  a r e  
e q u i v a l e n t  s i n c e  b o t h  t h e  e l e c t r i c  and m a g n e t i c  f i e l d s  a r e  n o r -  
mal t o  t h e  c a v i t y  a x i s .  O n l y  t h e  c y l i n d r i c a l  TE mode i s  i nduced  
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i n  t h e  f a r  c a v i t y  r e g i o n  f o r  t h e  p a r a l l e l  p r o p a g a t i n g  wave ( 3 ) .  
F o r  o f f  - a x i  s  p r o p a g a t i o n ,  t h e r e  a r e  two f undamental o r i e n t a t i o n s  
o f  t h e  m a g n e t i c  and e l e c t r i c  f i e l d s ,  p a r a l l e l  and  p e r p e n d i c u l a r  
t o  t h e  c a v i t y  a x i s .  When t h e  wave normal i s  p e r p e n d i c u l a r  t o  
t h e  c a v i t y  a x i s ,  t h e  f a r  c a v i t y  f i e l d  i s  a  p u r e  c y l i n d r i c a l  T E  
mode i f  t h e  m a g n e t i c  p e r t u r b a t i o n  v e c t o r  l i e s  p a r a l l e l  t o  t h e  
c a v i t y  a x i s  and a  p u r e  c y l  i n d r i c a l  TM mode when t h e  magne t i c  
v e c t o r  i s  p e r p e n d i c u l a r  t o  t h e  a x i s .  I n  t h e  rema inde r  o f  t l i e  
a l ~ s t r a c t  we c o n s i d e r  t h e  p h y s i c s  o f  t h e  s c a t t e r i n g  p rob lem i n  t h e  
two 1 i m i t i n g  cases o f  wave p r o p a g a t i o n ,  p a r a l l e l  and  pe rpend icu -  
l a r  t o  t h e  c a v i t y  a x i s .  
P r o p a g a t i o n  ~ a r a i  l e l  t o  t l i e  C a v i t y  A x i s  

When t l i e  i n c i d e n t  wave normal i s  p a r a l  l e l  t o  t l i e  c a v i t y  a x i s  
t h e  f a r  c a v i t y  f i e l d  p ropaga tes  downstream w i t h  t h e  same v e i o c i t y  
as  t h e  i n t e r p l a n e t a r y  f i e l d .  The f a r  c a v i t y  f i e l d  can be t h o u g h t  
o f  a s  t h e  r e s u l t  o f  an  i nduced  wave on  t h e  c a v i t y  boundary.  The 
wave i nduces  an  a x i a l  m a g n e t i c  f i e l d  component w h i c h  i s  9 0  de-  
g rees  o u t  o f  phase w i t h  t h e  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  ( 3 ) .  
The c a v i t y  behaves a s  a c y l  i n d r i c a l  wave g u i d e  be low c u t o f f  fo r  
f r e q u e n c i e s  l e s s  t h a n  5 3  Hz. F o r  l o w e r  f r e q u e n c i e s ,  t h e  induced 
c a v i t v  f i e l d  due t o  t h e  o resence o f  t h e  moon a t t e n u a t e s  w i t h  
d i s t a n c e  down t h e  c a v i t y :  
P r o p a g a t i o n  Normal t o  t h e  C a v i t y  A x i s  

I n  c o n t r a s t  t o  t h e  p a r a l l e l  p r o p a q a t i n q  case ,  t h e  case o f  , - 
normal i n c i d e n c e  i s  n o t  a wave gu ' ide p rob lem b u t  r a t h e r  a  p rob -  
lem o f  f o r c i n g  an  e l e c t r o m a g n e t i c  c a v i t y  response.  The e x t e r n a l  
wave p ropaga tes  p a s t  t h e  c a v i t y  a t  magnetoson ic  v e l o c i t i e s ,  w h i l e  
i n s i d e  t h e  c a v i t y ,  f o r  f r e q u e n c i e s  g r e a t e r  t h a n  0.1 Hz, t h e  f i e l d  
i s  s u b s t a n t i a l l y  reduced.  A t  d i s c r e t e  v a l u e s  o f  f r equency ,  how- 
e v e r ,  t h e  c a v i t y  resona tes .  S i n c e  we have assumed t h a t  t h e  cav-  
i t y  i s  bounded !,y a  medium o f  i n f i n i t e  c o n d u c t i v i t y ,  t h e r e  a r e  
no l o s s e s  i n  t h e  c a v i t y  and t h e  resonan t  c a v i t y  f i e l d s  a r e  thus  
i n f i n i t e .  The f i r s t  resonance o c c u r s  a t  a b o u t  50 Hz i f  t h e  i n -  
t e r p l a n e t a r y  m a g n e t i c  v e c t o r  1 i e s  p a r a l  l e l  t o  t h e  c a v i t y  a x i s  and 
a t  (I(: Hz when t h e  m a g n e t i c  v e c t o r  i s  p e r p e n d i c u l a r  t o  t h e  a x i s .  
These v a l u e s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  phase v e l o c i t y  
p r o v i d e d  t h i s  v e l o c i t y  i s  n o t  comparable t o  c .  

U n l i k e  t h e  p a r a l l e l  p r o p a g a t i n g  case ,  nodes i n  t h e  e l e c t r i c  
and m a g n e t i c  f i e l d s  e x i s t  i n  t h e  f a r  c a v i t y  a s  a  f u n c t i o n  o f  
p o s i t i o n ,  F i e l d  o r i e n t a t i o n ,  and  phase v e l o c i t y .  We d i s t i n g u i s h  
two cases.  F i r s t ,  when t h e  i n t e r p l a n e t a r y  m a g n e t i c  v e c t o r  i s  
p e r p e n d i c u l a r  t o  t h e  a x i s ,  t h e  c a v i t y  e l e c t r i c  f i e l d  i s  a l o n g  
t h e  a x i s .  The re  a r e  no normal o r  a z i m u t h a l  e l e c t r i c  f i e l d  com- 
ponen ts .  The f i r s t  node i n  t h i s  e l e c t r i c  f i e l d  o c c u r s  a t  a  f r e -  
quency o f  a p p r o x i m a t e l y  0.01 Hz i n  t h e  p l a n e  c o n t a i n i n g  t h e  c a v i -  
t y  a x i s  and t h e  m a g n e t i c  p e r t u r b a t i o n  v e c t o r .  There  a r e  no nodes 
i n  t h e  m a g n e t i c  f i e l d s  f o r  t h i s  case. Second, i f  t h e  i n t e r p l a n -  
e t a r y  m a g n e t i c  v e c t o r  l i e s  p a r a l l e l  t o  t h e  c a v i t y  a x i s ,  t h e  c a v i -  
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t y  magne t i c  f i e l d  i s  a l s o  p a r a l l e l  t o  t h e  a x i s .  The f i r s t  node 
i n  t h ~ s  case o c c u r s  a t  a  f r e q u e n c y  o f  abou t  0.02 Hz i n  t h e  p l a n e  
c o n t a i n i n g  t h e  c a v i t y  a x i s  and t h e  s o l a r  w i n d  e l e c t r i c  f i e l d  
p e r t u r b a t i o n  v e c t o r .  F o r  t h i s  o r i e n t a t i o n ,  t h e r e  a r e  no nodes i n  
t h e  e l e c t r i c  f i e l d .  S u c c e s s i v e  nodes i n  t h e  magne t i c  f i e l d  a r e  
approx imate1  y  even1 y  spaced i n  f r e q u e n c y  and t h e  i n t e r v e n i n g  max- 
ima a t t e n u a t e  w i t h  i n c r e a s i n g  f r e q u e n c y .  A s i m i l a r  b e h a v i o r  i s  
t r u e  of  t h e  e l e c t r i c  f i e l d  nodes i n  t h e  case where t h e  s o l a r  w i n d  
magne t i c  f i e l d  p e r t u r b a t i o n  i s  p e r p e n d i c u l a r  t o  t h e  c a v i t y  a x i s .  

A t  l a r g e  f r e q u e n c i e s ,  t h e  c a v i t y  s u r f a c e  c u r r e n t s  near1 y  
s h i e l d  t h e  c a v i t y  i n t e r i o r  f r o m  t h e  s o l a r  w i n d  magne t i c  f i e l d  
components p a r a l l e l  t o  t h e  c a v i t y  s u r f a c e .  The c a v i t y  s u r f a c e  
charge  d e n s i t y  a t t e n u a t e s  s low1 y  w i t h  i n c r e a s i n g  f r e q u e n c y ,  f o r  
s u f f i c i e n t l y  l a r ~  f requency,  e v e n t u a l l y  c o n v e r g i n g  t o  t h e  magni -  
t u d e  o f  t h e  i n t e r p l a n e t a r y  e l e c t r i c  f i e l d .  A s  t h e  phase v e l o c i t y  
approaches t h e  speed o f  1 i g h t ,  t h e  s u r f a c e  c u r r e n t s  and cha rge  
d e n s i t y  d i s a p p e a r  and t h e  c a v i t y  becomes complete7 y t r a n s p a r e n t  
t o  t h e .  incoming r a d i a t i o n .  
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INTRODUCTION 
The atmosphere of t h e  moon i s  e s s e n t i a l l y  a  c l a s s i c a l  exosphere, i n  

which atoms and molecules a r e  g r a v i t a t i o n a l l y  cons t ra ined  t o  b a l l i s t i c  
t r a j e c t o r i e s  between encounters with t h e  lunar  su r face .  I n  t h e  thermal 
d i s t r i b u t i o n  of v e l o c i t i e s  of p a r t i c l e s  going upward a t  luna r  s u r f a c e ,  
those  atoms going f a s t e r  than t h e  escape v e l o c i t y  a r e  l o s t  from t h e  moon. 
The lower energy p a r t  of the  d i s t r i b u t i o n  c o n s i s t s  of p a r t i c l e s  which r e tu rn  
t o  t h e  lunar  s u r f a c e ,  with the  average l a t e r a l  ex ten t  of t h e s e  t r a j e c t o r i e s  
being about twice t h e  atmospheric s c a l e  he igh t  ( i . e .  2  x kT/mg). 

Since these  b a l l i s t i c  p a r t i c l e s  only c o l l i d e  with t h e  moon, t h e  usual  
i deas  of atmospheric dynamics a r e  inapp l i cab le .  More s p e c i f i c a l l y ,  the  
concept of h y d r o s t a t i c  equi l ibr ium i an exosphere i s  t h a t  a  gas tends t o  
flow l a t e r a l l y  s o  as  t o  equal ize  nT592 over t h e  exobase (1)  r a t h e r  than t o  
e q u i l i b r a t e  pressure .  I n  add i t ion  t h e  l ack  of i n t e r a c t i o n  of l una r  gases 
r e s u l t s  i n  sepa ra t e  and d i s t i n c t  g loba l  d i s t r i b u t i o n s  f o r  each spec ie s .  

There a r e  two b a s i c  types of g loba l  gas d i s t r i b u t i o n s  on the  moon. 
Gases which a r e  not  adsorbed on the  cold n ight t ime p a r t  of t h e  l u n  r su r face  
have a  n ight t ime concent ra t ion  maximum, i n  accordance wi th  t h e  T-5if2 law of 
exospheric equi l ibr ium.  Species which a r e  adsorbed o r  condense a t  t h e  cold 
temperatures of l una r  n igh t  have both n ight t ime and subso la r  minima of con- 
c e n t r a t i o n ,  with an annular  maximum a t  the  te rminator .  The concentrat ion of 
condensible gases i s  g r e a t e s t  near  t h e  s u n r i s e  t e rmina to r ,  where molecules 
which were adsorbed a t  n ight  a r e  re leased  by photon and thermal e f f e c t s .  
The maximum near  the  sunset  terminator  i s  due t o  the  tendency of l a t e r a l  
t r a n s p o r t  t o  equa l i ze  n ~ ~ / ~ .  

The bes t  a v a i l a b l e  da ta  on lunar  gases i s  from the  Apollo 1 7  l una r  sur -  
f a c e  mass spectrometer .  Of these ,  t h e  only measurements which a r e  obviously 
f r e e  of contaminant and ins t rumenta l  u n c e r t a i n t i e s  a r e  those  of 4 0 ~ r  and 
helium obtained during lunar  n igh t s .  Fo r tu i tous ly ,  argon behaves as a con- 
dens ib le  gas while  helium i s  unaffected by su r face  adsorpt ion  a t  n i g h t .  
Another important d i f f e r e n c e  i n  these  two gases is  t h a t  argon is l o s t  from 
t h e  lunar  atmosphere by acce le ra t ion  of i t s  photoions i n  t h e  induced ; x 3 
f i e l d  of t h e  s o l a r  wind near  t h e  moon (2) while  helium scapes thermally.  
I n  a d d i t i o n ,  4 0 ~ r  a r i s e s  from t h e  r ad ioac t ive  decay of 'OK wi th in  t h e  moon, 
while  helium i s  produced by n e u t r a l i z a t i o n  of impacting s o l a r  wind a-par- 
t i c l e s .  The d e t a i l e d  s tudy of t h e  argon and helium d a t a  i s  important i n  
l ea rn ing  the  behavior of o the r ,  more poorly understood spec ie s  of t h e  lunar  
atmosphere. 

ARGON 
The f a c t  t h a t  the  atmosphere of the  moon i s  q u i t e  tenuous i s  mainly 

i n d i c a t i v e  of e f f i c i e n t  escape processes ,  but  n o t  n e c e s s a r i l y  of low r a t e s  
of supply of gases .  An important examp e 1s 4 0 ~ r ,  which escapes from the  
moon a t  an average r a t e  of about 5 x 10'0 atoms/sec ( 3 ) .  This  r a t e  i s  only 
about an order  of magnitude l e s s  than would occur i f  t h e  r a t e  of r e l e a s e  of 
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Ar per u n i t  mass of moon were t h e  same a s  f o r  e a r t h .  On e a r t h  a l l  of t h e  

argon t h a t  has been re leased  over geologic  time is trapped i n  t h e  atmosphere 
whereas on t h e  moon i ts  l i f e t i m e  is  only t h e  order  of 100 da s .  The r e s u l t  
is tha t  t h e  present  argon concent ra t ion  on e a r t h  i s  about 10ji2 times a s  
g rea t  as  t h a t  on the  moon. 

What makes t h e  lunar  and t e r r e s t r i a l  argon escape r a t e s  s o  g ross ly  
d i f f e r e n t  is t h e  lack  of a l una r  magnetic f i e l d  t o  t r a p  atmospheric photo- 
ions.  Formed e s s e n t i a l l y  i n  t h e  s o l a r  wind, which i s  only s l i g h t l y  per- 
turbed by the  presence of the  moon, these  ions  a r e  acce le ra t ed  by the  d x 2 
f i e l d  induced i n  t h e  s o l a r  wind, so t h a t  on the average roughly h a l f  of t h e  
photoions a r e  dr iven  away from t h e  moon while  t h e  r e s t  impinge on t h e  moon 
and become implanted i n  su r face  rocks ( 2 ) .  

The average r a t e  of e f fus ion  of 4 0 ~ r  from t h e  moon during the  f i r s t  9 
luna t ions  of 1973 (when t h e  Apollo 1 7  mass spectrometer  d a t a  was obtained) 
corresponds t o  about 0.5% of t h e  t o t a l  r a t e  of production of argon wi th in  
the  moon, i f  t h e  average abundance of potassium i n  t h e  moon i s  300 ppm ( 3 ) .  
To put  t h i s  i n  pe r spec t ive ,  i t  would r e q u i r e  t h e  cont inual  r e l e a s e  of a l l  of 
the argon being formed i n  the  upper 3.5 km of t h e  lunar  c r u s t  t o  account f o r  
the average abundance of argon i n  t h e  luna r  atmosphere. The only reasonable 
explanat ion of t h e  argon e f f u s i o n  r a t e  i s  t h a t  i t  comes from g r e a t  depths 
where the  temperature is s u f f i c i e n t  t o  d r i v e  enough gas from f r a c t u r e d  
ma te r i a l s .  

However, t h e r e  is a complication of t h i s  hypothes is ,  i n  t h a t  the r a t e  
of e f fus ion  of argon from t h e  moon is apparent ly  v a r i a b l e .  This  leads  t o  
specula t ion  t h a t  argon pe rco la t e s  from a semi-molten core i n t o  one o r  more 
subsurface voids ,  which vent  t r a n s i e n t l y  t o  t h e  atmosphere through deep 
f i s s u r e s .  I f  t h i s  is t h e  c o r r e c t  explanat ion ,  then t h e  mechanism of argon 
r e l e a s e  must be r e l a t e d  t o  some form of se ismic  a c t i v i t y ,  and perhaps i t  is 
the bui ldup of p re s su re  of trapped argon which t r i g g e r s  i t s  own r e l e a s e ,  and 
a seismic e f f e c t  a s  w e l l .  

HELIrnl 
Helium i s  produced on t h e  moon by' n e u t r a l i z a t i o n  of t h e  s o l a r  wind 

a - p a r t i c l e  i n f l u x .  These ions  have impact energ ies  the  order  of 4000 eV, 
which should cause t h e i r  implantat ion i n  su r face  rocks .  I n  da ta  from t h e  
Apollo 1 7  lunar  su r face  mass spectrometer i t  i s  apparent t h a t  t h e  abundance 
of lunar  atmospheric helium responds r ap id ly  t o  changes i n  t h e  s o l a r  wind. 

The f l u c t u a t i o n s  of helium on the  moon during t h e  luna r  n igh t s  of the  
f i r s t  10 luna t ions  of 1973 a p p e a r t o  be c o r r e l a t e d  with v a r i a t i o n s  of t h e  
geomagnetic index Kp (4) .  More recent  work shows t h a t  t h e  c o e f f i c i e n t  of 
c o r r e l a t i o n  of those  parameters i s  0.31. Assuming ins tan taneous  response of 
helium supply and c i - p a r t i c l e i n f l u x ,  the  equiva lent  s o l a r  wind f l u x  of he l -  
ium during t h i s  period can be expressed as  

6 -2 -1 
@ [IIel = (5.6 + - 1 .9  + 0.44 x Kp) x 10 cm s e c  

This d i f f e r s  s l i g h t l y  from t h e  f l u x  repor ted  i n  (4) because the  cu r ren t  
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r e s u l t  i s  based on an improved model atmosphere. The dependence of the  f l u x  
on Kp i s  l e s s  t h a n  might b e  i n f e r r e d  from o the r  s t u d i e s  of t h e  s o l a r  wind 
suggest ing t h a t  t h e  r e l e a s e  of trapped helium from t h e  luna r  s o i l  involves 
two s e p a r a t e  mechanisms: an impact process which responds i n s t a n t l y  t o  
changes i n  t h e  s o l a r  wind; and a d i f f u s i o n  process which i s  e s s e n t i a l l y  
cons tan t .  

OTHER GASES 
Evidence of o t h e r  eases  i n  t h e  luna r  atmosphere i s  l e s s  c e r t a i n  than - 

t h a t  f o r  helium and argon. It is necessary t h a t  t h e  s o l a r  wind i n f l u x  of 
hydrogen, carbon, neon and perhaps n i t rogen be  balanced by escape of t hese  
elements a s  atmospheric gases .  The Apollo 17 u l t r a v i o l e t  spectrometer  d a t a  
of F a s t i e  e t  a l .  (5) showed no evidence of atomic hydrogen on t h e  moon, 
suggest ing t h a t  the  dominant gaseous form of hydrogen i s  Hz. Model calcu- 
l a t i o n s  tend t o  g ive  H2 concent ra t ions  of about 4 x l o 3  cm-3 i n  daytime and 
about l o 4  cm-3 a t  n i g h t  (6 ,7) .  

Carbon implanted i n  s o i l  g r a i n s  must r e a c t  wi th  impinging protons t o  
form CHq and poss ib ly  o t h e r  more complicated molecules.  Methane does not  
appear t o  be a s i g n i f i c a n t  gas i n  t h e  n ight t ime luna r  atmosphere, and i t  
does n o t  e x h i b i t  a dramatic  p re sunr i se  inc rease ,  as does argon, due t o  
photo-desorption a t  t h e  te rminator .  Nonetheless ,  t h e  escape of carbon from 
t h e  moon requ i re s  t h a t  a s u b s t a n t i a l  amount of methane e x i s t s  i n  t h e  day- 
t ime lunar  atmosphere. Methane i s  probably adsorbed r e a d i l y  a t  presunset  
su r face  temperatures (1. 150°K). A s i g n i f i c a n t  amount of methane should be 
deposi ted on s o i l  g r a i n s  and rocks near  the  poles ,  leading t o  po la r  atmos- 
phe r i c  concent ra t ions  determined by a su r face  pressure  equil ibr ium condi t ion .  

I n  add i t ion  t o  4 0 ~ r  t h e  moon a l s o  r e l e a s e s  radon i n t o  i ts  atmosphere 
(8 ) .  The mechamisms f o r  r e l e a s e  of both of these  elements from t h e  i n t e r i o r  
of t h e  moon a r e  apparent ly  ep i sod ic  i n  n a t u r e ,  and t h e i r  r e l e a s e  mechanisms 
may be r e l a t e d .  It i s  conceivable t h a t  some trapped luna r  gases may be re-  
leased  along wi th  t h e  rad iogenic  spec ie s .  These a r e  probably molecular gases 
which a r e  completely adsorbed a t  n i g h t ,  bu t  which may form a s u b s t a n t i a l  day- 
t ime atmosphere. The l a c k  of good daytime mass spec t rometr ic  d a t a  hampers 
a d e f i n i t i v e  examination of t h i s  problem. 
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chemistry. 

B refinement of approaches to t l ~ e  s k d y  of solar vinrl iml,Lznted elemnts 
in fines irrolves extcn.riing analyses to dif fewnt  ,w t i c l e  t y p s  L? 
various size fractj.ons thus cor,lbinln,: techniques of pctmgmph;y and ansly- 
t i c a l  chelrjstry. Such extensioils of nlethodolofg are necessary particular% 
for Taurus-Littrow mmplen which have a c~~~ history (1) being mostly 
mixturns of regoliths of varying mtuxi t$ .  Recent wozk i n  our laboratory on 
lunar #golith 72I.61,l.l (dark m t l e ,  LRV 3) inclicab5s not wnSy that the 
sample i s  a mixture of mre and highland regoliths (cf. 2,3,1t) but also kyat 
the characteristics of the transported component uan he inferfed. 

The grain size distribution of < 1 mu fa-es of 7Z61 i s  fiund to be 
defiqed by >!z = 3.88 $; 0-1 = 1.29 $; SKI ;I -0.23; and = 1.33 (pamai?ters 
ciefined in (5)) which indicatc that th is  i s  a m t m e  wgoli+& and that about 
50; of it i s  q c t e d  to be ag~lu t jna tes  in the g O p m  ta 14ypm fraction, 
provided that -the sample i s  in a "steady-stae" (6). However,  o m  modal 
a n q s e s  data 1) -,how that  the agghtinate content in &&at size range 
is about 307;. A dep3rtlrce from the "stea~-s. tate" i s  indicated and rrre 
attribute +&is t o  ,the mixing of Ddo or  . w e  particle p p l a t i o n ~ .  '1Pre data 
also indicate that (a) the mxlnarm concen+zation of agglutinates occurs in 
the 2.5 9 to 3.5 mpe, (b) agLu tha t e  contents correbte  negativc3.y w i t h  
the dark v i t r i c  breccia contents for  various size fractions, and ( c )  except 
for l ight  v i tz ic  breccias, and, to sow extent, for  the agglutinates, there 
i s  m - d e l l  defined size-dependent trend. These obsemations my aLso be 
explained by the mixing of different regoliths. 

Amuses for  .total c hdicate  that  72161 i s  quite mture, w i t h  2 d ~ , u c / ~  
(cf. 20C) p i; C / E  by Noore (7)), The cffects of prolawd exposure of the 
sample tcl solar wind remins m i f e s t  in the high C and H2 contents, parti- 
cular% b +he finer *in sizes. The data (mbk 2)  show (~i$. 1,~) taut in 
the bulk size fractions the cancentrations of the Hz, a+, and t o t a l  c in- 
crease wntinuously as the g a i n  sizes decrease. On the other hand, the con- 
centrations of Hz, CIIy and t o t a l  C show a l h e z r  increase with 'increasing 
grain size in the agg utinate fractions of sizes >l1:9,um, The disparities in 
the distributions of 32, CI-14, and ktal C in the b*. and ag lu t ina te  size 
frzctions nay be attri3uted to cycliiig and rci,xLng. The agglutinates, f o m d  
from fine grained p rb i c l e s  w i t K  high swface concentrations of C and 11~, show 
an upswing i n  concentrations of bokh 2n the p i n  sizes 2 lhypm.  !&is up- 
string m y  be due to mix% of a damitant local  population of coarser aggluti- 
nates, w i t h  higher C and %, and an 5.qmrted pplilation of finer a g o t i n a t e s  
w i t h  relatively laJ C and 112. The absence of increases in C and ti2 concen- 
trations in the>lllg,bm size fractions of the buJ.k sanple, along w i t h  the 
at-ypicalljr la! percentage of agglutinates, su.ggests that +he effects of local 
ag@utinntes have been obliterated bjr the a&.t~m of coarse pained non- 
agglctinatic !raterial ~ r i t h '  l a r  C and Hz. . %e#So'orc, the added component of 
th is  coqlex regolith app%rent% contai?s a coease-@aiietl mn-agglutimtic 
E~-action and s f o m r l y  cemse grained aggLu.tiniLte fraction whose .pain size 
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mble  1. Modal analyses data for 72l61,U in different size classes 
( in  number percent) 

Plagioclase 2.7 
Pymxenes, ektc. 2.7 
ROC& 5.4 
Breccia 

Vitric, Dark 40.5 
Vitric, Light 2.7 
Recrystallized 2.7 

Glass 
Spherule s 8.1 
IrreguLar 5 -4 

Agglutinates 29.7 

Table 2. Distribution of C, Mq, and H2 in the Size fractions of 72i61,ll; 
Intercepts and Correlation Coefficients of best line of fit. 

Size fraction caf4 Total c 

Average - Bulk 
Sampk 

Bulk Aggl Bulk A g g l  &!a 

a - dDubtf'ul point - disregarded for regressian analysis 
b - for the 4 finest size fractions only 
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has subsequent* Men decreased perhaps by breakdown of these haem parti- 
cles during transport. 
Refe~nces :  (1) Eberhardt, P. e t  al., 1974, Lunar Sci. V 1, 197-199; (2) 
Baedecker, P. A. e t  al., 1974, Lunar Sci. V, 1, 28-30; nj R i l p o t t s  J.A. 
e t  al., 1974, Lunar Sci. 2, 599-601; (47 Rhodes, J.M. e t  al., 197t9 Lunar 
Scf. , 2, 630-632; (5) ~ o l k ,  R.L. and Ward, W.C., 1957, J. Sed. Rt., 2J 
3-26; (q Wmy, D.S. e t  al., 1974, Lunar Sci. V, 2, 400-482; (7) more, C.B. - - 
e t  al., 1974, Lunar Sci. V, 2, 520-522. - - 
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Figure 1 (a,b,c) Tbtal C and CX4 concen- 
trations of sieved lunar fines (72161, 
1l) as  bulk flactions and agglutina'e 
separates . 

Figure 2 (a,b) Tbfal H2 concentrations 
of sieved lunar fines (72l.6l,ll) as 
bulk fractions and aa lu t i na t e  
separa.tcs. 
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THE EVIDENCE FOR A SURFACE TRANSPORT MECHANISM ON THE 
MOON. T. Gold, Center for Radiophysics & Space Research, 
Cornell Univ., Ithaca, N.Y. 14850. 

Evidence that the lunar soil has suffered some surface 
transport mechanism over long periods of time comes from 
many sources. Small scale and large scale topographic 
detail, cosmic ray and other surface exposure effects, 
layering of the soil, as well as regional chemical and gravity 
effects, must all be discussed in this context. Transporta- 
tion by the explosive events of impacts, large and small, must 
of course have taken place, and the present discussion concerns 
features that cannot be accounted for by this process alone, 
but that appear to point towards some other, as yet unknown, 
mechanism having been at work. 

On the smallest scale one frequently sees the soil sur- 
face to be very smooth, and the scattered rocks to be imbedded 
with the junction line sharp to a precision of 1 cm. The 
upper surfaces of such rocks are often quite free from dust. 
From the distribution of such rocks it is clear that they 
mostly reached their present positions as a result of being 
thrown there in a crater-forming event. The deformation of 
the soil that each rock must have caused as it landed has 
nowhere been seen. A comparatively fast transport mechanism 
must flatten the soil without throwing up material to build 
up a large fillet around each rock and to dust over the top. 

On a larger scale we see the features at the junction 
lines between old mountains and adjacent level surfaces. Con- 
vex deposits, "shoulders", line a very large proportion of 
flat mare surface or flat surfaces in the interiors of craters 
or rills. The only origin for these that can be suggested 
lies in material transported down the neighboring slope, which, 
for an unknown reason, beds down in a convex deposit at the 
base, rather than the concave one, which is common on the Earth 
in these circumstances. All steep slopes on the Moon have a 
criss-cross pattern whose character is systematically related 
to the mean angle of the slope. These patterns are also seen 
on the shoulder material and are systematically on a finer 
scale there. Whatever the surface transportation mechanism 
may be, it appears to have a characteristic footprint in the 
form of these patterns. 

Rocks are frequently seen concentrated along ridges and 
peaks. No satisfactory explanation has been found other than 
the selective downhill transportation of fines, causing the 
denudation of previously imbedded rocks. 

In mountainous terrain local low spots, at whatever alti- 
tude they occur, have frequently a flat filling. One may 
consider that this was due to downhill transportation from 
neighboring slopes. 
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Meteoritic impacts must be distributing material all 
around the Moon. Impact velocities are clearly high enough 
for secondaries to have orbital velocities, as can be seen 
from the ray patterns of young craters. This must be true 
not only for the large craters for which rays can be seen, 
but also for craters down to a size of centimeters. The 
action of this would be to create a well-mixed surface over 
the top of the Moon, whatever the underlying chemical dif- 
ferences might have been. Such homogeneity is not seen, and 
one has to suppose that a downhill transportation mechanism 
acts sufficiently fast to keep re-exposing the underlying 
material of the mountains faster than they are being sprayed 
and "snowed over". 

The cosmic ray exposure and other surface exposure effects 
of the soil are remarkably high and remarkably uniform. Very 
little of the soil, be it from the surface or from core tubes, 
seems to have escaped surface exposure. One could understand 
this small variance in the surface exposure of the grains if 
one supposed that the investigations had occurred chiefly in 
depositing rather than denuding areas and that the deposition 
mechanism involved every grain having moved over the surface 
before it came to its present resting place. 

If large-scale surface transportation has taken place, 
then a layer of fill in any previously hydrostatically balanced 
basin would result in a positive gravity anomaly. The mascons 
can be understood in that case. If the surface transportation 
mechanism is facilitated by the electrodynamical phenomena in 
the wake or the Earth, then the difference in fill between low 
areas on the front and the back of the Moon can perhaps find 
an explanation. 



ELECTROSTATIC TRANSPORTATION OF DUST. T .  Gold and 
G .  J. Williams,  Center  f o r  Radiophysics & Space Research,  
Corne l l  U n i v e r s i t y ,  I t h a c a ,  N . Y .  1 4 8 5 0 .  

A d u s t  s u r f a c e  can,  under c e r t a i n  c i rcumstances ,  develop 
an e l e c t r i c  charge d i s t r i b u t i o n  t h a t  causes  i n d i v i d u a l  p a r t i c l e s  
t o  move. For t h e  ca se  of t h e  Moon, an average e l e c t r i c  f i e l d  
above t h e  s u r f a c e  s t r o n g  enough t o  d i s lodge  o r  suspend dus t  
g r a i n s  cannot be expected.  What can be expected,  however, i s  
a  cond i t i on  of uns t ab l e  l o c a l  charging c i rcumstances ,  such t h a t  
t h e  s c a l e  of t h e  i r r e g u l a r i t i e s  corresponds t o  t h e  s c a l e  of 
t h e  topography o r  t h e  e l e c t r i c a l  s u r f a c e  p r o p e r t i e s  of t h e  
g r a i n s ,  a  s c a l e  t h a t  i s  g e n e r a l l y  i n  t h e  micron range.  
E l e c t r i c  f i e l d s  on t h i s  s c a l e  can reach p o t e n t i a l  d i f f e r e n c e s  
of a  few hundred v o l t s  and t h u s  e l e c t r i c  f i e l d s t r e n g t h s  of t h e  
g e n e r a l  o rde r  of a  m i l l i o n  v o l t s  p e r  cen t ime te r .  It i s  f i e l d s  
of t h a t  s t r e n g t h  t h a t  can r e a d i l y  move d u s t  g r a i n s  a g a i n s t  
g r a v i t y ,  o r  even a g a i n s t  s l i g h t  s u r f a c e  adhes ion .  This  micron 
s c a l e  of e l e c t r i c  f i e l d s  can cause  s u r f a c e  migra t ion ,  and i t s  
s t a t i s t i c a l  p r o p e r t i e s  can be a  downhi l l  t r a n s p o r t a t i o n ,  but  
i t  cannot throw g r a i n s  t o  any g r e a t  h e i g h t ,  and t h e  l abo ra to ry  
t e s t s  t end  t o  show t h a t  t h e  v e r t i c a l  s c a l e  of t h e  phenomenon 
i s  g e n e r a l l y  r e s t r i c t e d  t o  a few m i l l i m e t e r s .  

There may be o t h e r  e l e c t r o s t a t i c  phenomena of importance 
t o  l una r  evo lu t ion .  D r .  C r i swe l l  has d i scus sed ,  f o r  example, 
e l e c t r i c  f i e l d s  a s s o c i a t e d  wi th  t h e  t e r m i n a t o r ,  and t h e  t r a n s -  
p o r t a t i o n  t h a t  may r e s u l t  from t h i s .  Evidence seems t o  e x i s t  
a l s o  f o r  a  spray of p a r t i c l e s  a t  a g r e a t e r  h e i g h t ,  and i t  i s  
no t  y e t  c l e a r  whether t h i s  can be  accounted f o r  by m e t e o r i t i c  
s econda r i e s .  However, t h e r e  i s  s u b s t a n t i a l  evidence t h a t  t h e  
s u r f a c e  t r a n s p o r t a t i o n  a s s o c i a t e d  wi th  a very small v e r t i c a l  
he igh t  i s  an impor tan t  p rocess  on t h e  Moon, and t h e r e  i s  ev i -  
dence t h a t  i t  can occur i n  l una r  c i rcumstances .  

Unstable  charg ing ,  such t h a t  neighboring g r a i n s  may be 
d r iven  t o  very d i f f e r e n t  p o t e n t i a l s ,  occurs  c h i e f l y  due t o  
e l e c t r o n  bombardment i n  t h e  g e n e r a l  range of bombarding energy 
where t h e  secondary emission r a t i o  f i r s t  becomes l a r g e r  t han  
u n i t y .  This  so-ca l led  "cross-over p o i n t "  i s  b a s i c a l l y  u n s t a b l e ,  
and any i n d i v i d u a l  po in t  w i l l  e i t h e r  run away t o  a  p o s i t i v e  
o r  a  nega t ive  p o t e n t i a l  t h a t  i s  t h e  most extreme i t  can r each .  
The two a r e  s epa ra t ed  from each o t h e r  by t h e  vo l t age  cor res -  
ponding t o  t h e  e l e c t r o n  bombardment energy.  F i r s t  cross-over 
p o i n t s  f o r  many m a t e r i a l s  a r e  i n  a  g e n e r a l  range of 200-600 
v o l t s ,  and e l e c t r o n s  of t h i s  energy would t h e r e f o r e  be most 
e f f e c t i v e  f o r  caus ing  s p o t t y  charg ing ,  and t h e  p o t e n t i a l  d i f -  
f e r ences  between neighboring g r a i n s  w i l l  t hen  be of t h i s  
g e n e r a l  o r d e r .  
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I n  p r a c t i c e ,  d i f f e r e n c e s  o f  mic ro topography  and d i f f e r e n c e s  
of s u r f a c e  c h e m i s t r y  w i l l  b e  t h e  dominant  f a c t o r s  t h a t  d e t e r m i n e  
t h e  s e n s e  i n  which any one g r a i n  w i l l  c h a r g e .  Thus ,  a g r a i n  
a c c e s s i b l e  t o  a  d i r e c t  beam o f  e l e c t r o n s  w i l l  become a p o s i t i v e -  
o r  a n e g a t i v e - g o i n g  one ,  depend ing  on t h e  s o l i d  a n g l e  a c c e s -  
s i b l e  t o  i t s  s e c o n d a r i e s ,  on t h e  s o l i d  a n g l e  f o r  t h e  i n f a l l  o f  
s e c o n d a r i e s  f rom o t h e r  l o c a t i o n s ,  and on t h e  s u r f a c e  c h e m i s t r y  
d e f i n i n g  i t s  secondary  e m i s s i o n  c r o s s - o v e r  p o i n t .  I n  t h e  
p r e s e n c e  of  any movement o f  t h e  s u r f a c e  m a t e r i a l ,  t h e s e  cond i -  
t i o n s  w i l l  c o n s t a n t l y  change ,  e a c h  f u r t h e r  movement c a u s i n g  
new u n s t a b l e  s i t u a t i o n s .  I t  i s  unde r  t h e s e  c i r c u m s t a n c e s  t h a t  
m a t e r i a l s  d i s p l a y  a  s u r f a c e  c r e e p ,  which ,  i n  t h e  l a b o r a t o r y ,  
can  be  s e e n  as t h e  e f f e c t s  o f  a r a p i d  s u c c e s s i o n  o f  hopp ing  
movements o f  each  s u r f a c e  g r a i n .  The s t a t i s t i c a l  a v e r a g e  of 
such  movements i s  s e e n  i n  t h e  l a b o r a t o r y  t o  b e  u s u a l l y  a down- 
h i l l  m i g r a t j o n ,  t hough  i n  d e t a i l ,  many more complex movements 
t a k e  p l a c e .  

L a b o r a t o r y  t e s t s  show t h a t  u n d e r  good vacuum c o n d i t i o n s ,  
and w i t h  bombarding v o l t a g e s  o f  e l e c t r o n s  o f  t h e  o r d e r  o f  
300 v o l t s ,  most i n s u l a t i n g  powders ,  i n c l u d i n g  a c t u a l  Moon d u s t ,  
deve lop  v e r y  a c t i v e  s u r f a c e  m o b i l i t y  when t h e  c u r r e n t  d e n s i t i e s  
a r e  a few microamps p e r  cm2. . The q u a l i t y  o f  a vacuum, 
and t h e r e f o r e  presumably  g a s  a d s o r p t i o n  on t h e  s u r f a c e s  of  t h e  
g r a i n s ,  p l a y s  a n  i m p o r t a n t  r o l e  and makes any e x t r a p o l a t i o n  t o  
l u n a r  c i r c u m s t a n c e s  v e r y  d i f f i c u l t .  

The p r e s e n c e  o f  a p r o f u s e  c l o u d  o f  p h o t o e l e c t r o n s  o v e r  
t h e  l u n a r  s u r f a c e  i n  t h e  l u n a r  day t ime  h a s  been  t h o u g h t  t o  
o b l i t e r a t e  any s p o t t y  c h a r g i n g .  I n  t h e  p r e s e n c e  of low ene rgy  
e l e c t r o n s ,  c e r t a i n l y  no  p o i n t  c a n  d e v e l o p  a p o s i t i v e  p o t e n t i a l  
t h a t  would a t t r a c t  t h e  g r e a t  q u a n t i t y  o f  p h o t o e l e c t r o n s ,  no 
m a t t e r  what t h e  circumstances under  s i m u l t a n e o u s  b u t  weaker  
bombardment might  b e .  However, t h e  p h o t o e l e c t r i c  e f f e c t  a c t s  
a s  a v e r y  good r e c t i f i e r .  Any p o i n t s  i n  t h e  l o c a l  t opography  
t h a t  can b e  r e a c h e d  by t h e  h o t  e l e c t r o n  p l a s m a , b u t  n o t  r e a c h e d  
by t h e  UV pho tons  t h a t  c a u s e  p h o t o e m i s s i o n , c a n  c h a r g e  n e g a t i v e l y  
o n l y .  Such p o i n t s ,  v e r y  common i n  t h e  i n t r i c a c y  o f  t h e  f a i r y -  
c a s t l e  s u r f a c e  s t r u c t u r e ,  w i l l  r e a c h  n e g a t i v e  p o t e n t i a l s  co r -  
r e s p o n d i n g  t o  t h e  p e a k  e n e r g i e s  of the d i f f u s e  e l e c t r o n  p lasma.  
The s t r o n g ,  s m a l l  s c a l e  e l e c t r i c  f i e l d s  w i l l  b e  between them 
and o t h e r  p o s i t i v e - g o i n g  g r a i n s  t h a t  a r e  exposed  t o  t h e  pho tons  
a s  w e l l  as t h e  e l e c t r o n s .  E l e c t r o s t a t i c  s u r f a c e  t r a n s p o r t a t i o n  
i s  t h e r e f o r e  n o t  s t o p p e d  even  by i n t e n s i v e  UV i r r a d i a t i o n  s o  
l o n g  as a  l e s s  c o l l i m a t e d  s t r e a m  o f  e l e c t r o n s  i s  p r e s e n t  a l s o .  

L a b o r a t o r y  t e s t s  have  shown many o f  t h e  e f f e c t s  ment ioned  
b u t  l e a v e  many r7ertiarkable and p u z z l i n g  f e a t u r e s .  They show t h a t  
m a t e r i a l s  can  be  s e p a r a t e d  a c c o r d i n g  t o  t h e i r  s u r f a c e  c h e m i c a l  
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composition and t h a t  mixtures  of d i f f e r e n t  m a t e r i a l s  behave 
q u i t e  d i f f e r e n t l y  from powders composed of e i t h e r  subs tance  
s i n g l y .  Some of  t h e  most cu r ious  l u n a r  e r o s i o n  e f f e c t s  noted 
may have an exp lana t ion  i n  t h e s e  t e rms .  C e r t a i n l y  i f  any 
e l e c t r o s t a t i c  t r a n s p o r t a t i o n  has  t aken  p l a c e  on t h e  Moon, i t s  
p o s s i b l e  e f f e c t s  on chemical s o r t i n g  must be  cons ide red .  

E l e c t r o n s  i n  t h e  i n t e r e s t i n g  energy range  occur  i n  t h e  
s t ream behind t h e  bowshock of t h e  E a r t h  and must h i t  t h e  Moon 
p r e f e r e n t i a l l y  on t h e  s i d e  f a c i n g  t h e  Ea r th .  I f  t h e s e  e l e c t r o n s  
a r e  r e s p o n s i b l e  f o r  a  r e a l l y  l a r g e - s c a l e  t r a n s p o r t a t i o n  e f f e c t  
over  geo log ic  t ime ,  t hen  t h e  f i l l i n g  of t h e  b a s i n s  on t h e  f r o n t  
s i d e  and t h e  absence of such f i l l i n g  on t h e  back can be  under- 
s tood .  
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Lunar transient phenomena (LTP) are observed in several different mani- 
festations, such as: (1) brightenings - both sudden and slow, (2) reddish - 
both bright and dull, (3) bluish - both bright and dull, (4) fairly abrupt 
dimmings or darkenings, and (5) obscurations, which may be accompanied by 
any of the other four manifestations. The number of lunar features exhib- 
iting such anomalies is less than 200 that have been reported at least once, 
but 80% of all observations are found in less than a dozen sites and 60% 
are found in about 1/2 dozen sites. 

Extensive analyses with respect to several hypotheses show various 
correlations with various hypotheses, depending on how the data are 
divided. The most quantitative analysis to date shows that, for 759 
observations for All Sites (-100 sites) with respect to the tidal effect 
hypothesis, there is a real dirth of phenomena in the first half of the 
anomalistic orbit (from perigee to apogee) and almost equal numbers.for 
each 0.1 period from 0.6 to 1.1, in the last half (from apogee to perigee). 
There is not a concentration at perigee as is so frequently stated in the 
literature without statistical foundation. The correlation originally 
found by Middlehurst for 145 observations of All Sites has changed with the 
increase in number of observations. For other hypotheses such as magnetic 
tail, direct solar flare and sunrise effects, in 781 observations there 
were high correlations with sunrise and magnetic tail and a surprising 
numher of coincidences of lunar and terrestrial magnetic storm events. 
When the data are compared with the number or percent expected on an 
even distribution of observations (thus no effects), the highest corre- 
lation for all data was with sunrise, but was also high for magnetic tail 
and had decreased considerably for tidal. Correlations will be illustrated. 
Dehavior of the 1/2 dozen individual most active sites varied in their 
correlations, especially surprising was the quite different behavior between 
Aristarchus and Schroter's Valley. The distribution of the LTP sites is 
non-random and shows a strong bias for the edges of the maria, implying 
a genetic relation to them and to volcanism. Surprisingly, there is 
little or no correlation between LTP sites and the seismic zones obtained 
from the Apollo seismic experiments. None of the most frequently reported 
LTP sites are seismic sites - the two or three coincidences are of rarely 
reported LTP sites. 

The LTP program I am supervising now for the Association of Lunar and 
Planetary Observers is designed to monitor the LTP sites, the seismic 
epicenter sites and non LTP-comparison sites. First year results from 
this, in which valuable negative observations are reported indicate the 
ratio of LTP to normal aspects is about one in 12 or 8%.. 
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The f i r s t  measurements in -s i tu  of the nature of the magnetic and elec- 
t r i c  charac te r i s t ics  of the planet Mercury and interactions a s s x i a t e d  with 
the super A l f v h i c ,  col l is ionless  magnetized solar  wind plasma flow have been 
conducted by instruments on the Mariner 10  spacecraft.  Passing on the dark 
s ide  of the planet on 29 March 1974, detai led measurements of the magnetic 
f i e l d ,  solar  plasma electrons and energetic par t ic les  were made. Mercury i s  
similar in  physical s i z e  and surface character is t ics  t o  the  Moon and we have 
detai led knowledge of the lunar magnetic and e l e c t r i c a l  properties and in t e r -  
action charac te r i s t ics  from the Explorer 35, AZSEP and Apollo subsa t e l l i t e  
experiments. No bow shock i s  observed a t  the  Moon and the solar  wind wake 
perturbations of the magnetic f i e l d  and plasma a re  small and depend upon sur- 
face and near surface magnetic/electrical character is t ics  as  well  as  the 
plasma-field character is t ics  of the solar  wind. The observed features  of the 
solar  wind-moon interact ion are  shown in  model A of Fig. 1. This i s  the 
weakest type of interact ion observed, and no bow shock i s  seen t o  develop. 
I n  a l l  of the other models shown, a bow shock develops because of t h e  deflec- 
t ion of super-Alfvhic flow around the planet. This deflection i s  due to  ( B )  
a suf f ic ien t  atmosphere-ionosphere, ( C )  a suff ic ient ly  conducting planetary 
in t e r io r ,  or ( D )  a suf f ic ien t  i n t r i n s i c  planetary f i e ld ,  as  i n  the case of 
the  earth.  

Very clear experimental evidence was obtained by the magnetic f i e l d  and 
plasma experiments of the presence of a well developed bow shock wave. It 
appears t ha t  the  obstacle to solar  wind fl3w i s  "global" i n  s ize ,  i .e.,  

UIllll F L W  or E""1*'9 " U * L I D I W I I .  .Y. Tl lL 
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Figure 1 
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somewhat l a r g e r  than the  p lanet .  A s  Mariner 1 0  approached c lose r  t o  the  
p lanet ,  t h e  magnetic f i e l d  increased very smoothly t o  a maximum of 98 gammas 
a t  c loses t  approach (730 km from t h e  s u r f a c e ) .  The c h a r a c t e r i s t i c s  of t h i s  
va r i a t ion  can be seen i n  Fig.  2 i n  t h e  6-sec. average f i e l d  i n t e n s i t y  F. The 
e f f e c t s  of the  inbound bow shock wave and "planetary f i e l d "  boundary a r e  a l s o  
c l e a r l y  seen. Vector d i r e c t i o n a l  v a r i a t i o n s  during t h e  encounter a r e  shown 
by the  so la r  e c l i p t i c  longitude angle fi and l a t i t u d e  angle 8, and RMS i s  a 
measure of the  6-sec . vector  f i e l d  f luc tua t ion  amplitude, Preliminary 
analyses suggest t h a t  the  magnetic f i e l d  on t h e  surface  of Mercury perhaps 
ranges from 100 t o  2000 garmas. This i s  more than s u f f i c i e n t  t o  d e f l e c t  the 
so la r  wind and c r e a t e  the  observed bow shock. 

The o r i g i n  of t h e  observed enhanced magnetic f i e l d  has not  y e t  been 
uniquely es t ab l i shed ,  but  the  complete body of da ta  favors t h e  conclusion 
t h a t  Mercury has an i n t r i n s i c  magnetic f i e l d .  The i d e n t i f i c a t i o n s  of  the  
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Figure 2 

shock and planetary  f i e l d  boundary loca t ions  by both t h e  magnetic f i e l d  and 
plasma science experiments a r e  i n  exce l l en t  agreement. The most p laus ib le  
shock geometry r e s u l t i n g  from t h e  combined observations corresponds t o  a 
pos i t ion  r e l a t i v e  t o  Mercury which i s  n o t  cons i s t en t  wi th  d i r e c t  e l e c t r i c  
contact  between t h e  s o l a r  wind and e i t h e r  a p lanetary  ionosphere ( i f  it 
e x i s t s )  o r  the  p lanetary  surface.  Such contact  i s  requi red  f o r  t h e  s teady 
s t a t e  o r  unipolar induction mode. Because of (1) t h i s  l ack  of d i r e c t  con- 
t a c t ,  ( )  the  exis tence  and topology of a magnetosphere-like region,  and (3) 
the r e s u l t s  of comparative s o l a r  wind i n t e r a c t i o n  s t u d i e s ,  it i s  concluded 
t h a t  t h i s  mode of i n t e r a c t i o n  w a s  not  responsib le  f o r  t h e  magnetic f i e l d  
observed a t  Mercury. The t r a n s i e n t  induction mode cannot be r u l e d  out  
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completely a t  present,  bu t  because of the very spec ia l  s e t  of circumstances 
required, it is  a l e s s  plausible source of the observed f i e l d  than to  assume 
t h a t  Merc.my has a modest i n t r i n s i c  magnetic f i e ld .  Such a f i e l d  could be 
the r e su l t  of a currently act ive i n t e rna l  dynamo o r  it may be a residual 
remanent magnetic f i e l d  associated with a now e s t i n c t  dynamo. The anoma- 
lously high average density of Mercury suggests the  presence of a large iron 
core. The temperature may be high enough i n  the core, due t o  the presence 
of radioactive elements and the low thermal d i f fus iv i ty  of 'the mantle mate- 
r i a l , t o  support the  f l u i d  m3tions necessary for  magnetic f i e l d  generation 
even a t  Mercury's slow spin ra te .  It i s  also possible t ha t  Mercury rotated 
f a s t e r  e a r l i e r  i n  i t s  history. Fig. 3 shows comparison of the observed 
f i e l d  with a theore t ica l  planetary f i e l d  due t o  an o f f s e t ,  t i l t e d  dipole. 
Some of the  lack of agreement between t h i s  model and the observations can be 

a t t r ibu ted  t o  the dis tor t ion of the 
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Assuming tha t  the i n t r i n s i c  
dipole interpreta t ion i s  correct ,  
the la rge  o f f se t  and modest s i ze  of 
the dipole moment suggest that  
under normal conditions Mercury 
should not have a trapped radiation 

MI\RCH 29. ,914 bel t .  However, a magnetic t a i l  

should ex i s t  and should contain an 
Figure 3 embedded neutral  sheet. Also 

because of the large dipole of fse t ,  
the stagnation point distance should change considerably during the Mercur- 
ian year. Because of the changing value of the planetary f i e l d  i n  the sub- 
solar  region it should be possible a t  times for  the  solar  wind to  compress 
the planetary f i e l d  t o  the surface. The op t i ca l  properties of the surface 
should thus r e f l e c t  the effects of proton bombardment charac te r i s t ica l ly  
observed on the lunar surface. 
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Some' p r o p e r t i e s  o f  t he  l u n a r  r e g o l i t h  a r e  the  r e s u l t  o f  mechanical e f f e c t s  and 
o f  corpuscu lar  and e lec t romagnet ic  i r r a d i a t i o n .  The nob le  gas p a t t e r n  i n  l u n a r  
samples represents  a  d i s t i n g u i s h e d  record of these rocesses. These nob le  gases 
are o f  s o l a r  ( t rapped gases), atmospheric (excess 41Ar) o r  i n - s i t e  ( spa l l ogen ic  
o r  rad iogen ic  gases) o r i g i n .  The i r  present day d i s t r i b u t i o n  w i t h i n  t h e  g ra ins  
i s  a l s o  determined by m i n e r a l - s p e c i f i c  s p u t t e r i n g  and d i f f u s i o n  processes which 
i n  t u r n  depend on thermal and i r r a d i a t i o n  h i s t o r y ,  on r e g o l i t h  turnover  and 
s h i e l d i n g  cond i t i ons .  I f  these processes and t h e i r  e f f e c t s  on t h e  nob le  gas 
concent ra t ions and d i s t r i b u t i o n s  a r e  understood, then  one has an i d e a l  sensor 
f o r  r e g o l i t h  e v o l u t i o n .  Our approach i n  t h i s  c o n t e x t  c o n s i s t s  i n  the  mass 
spect rometr ic  ana lys i s  o f  g r a i n  s i z e  f r a c t i o n s  o f  m ine ra l  seprates.  The r e s u l t s  
o f  our  measurements o f  He, He and Ar  i n  seprates from t h e  s o i l s  15421 and 15301 (1 )  
p e r t i n e n t  i n  the  con tex t  o f  t h e  conference t o p i c  can be summarized as fo l lows.  

1. So lar  F l a r e  Noble Gases 

We cons ider  the f a l l o w i n g  exper imental  observat ions which concern nob le  gases i n  
fe ldspar  f rom s o i l  15421 as due t o  s o l a r  f l a r e  i r r a d i a t i o n  lead ing  t o  de tec tab le  
amounts of s o l a r  f l a r e  l i g h t  noble gases. 
a )  We assume a  constant  concen t ra t i on  of spa l l ogen ic  argon i n  a l l  g r a i n  s i zes  

of the fe ldspar  separate i nves t iga ted .  Then the 36-Arl38-Ar r a t i o s  o f  t h e  sur -  
face  c o r r e l a t e d  argon are  n o t  independent o f  g r a i n  s i z e  and imp ly  two i s o t o -  
p i c a l l y  d i f f e r e n t  components o c c u r r i n g  w i t h  g r a i n  s i z e  dependent mix ing r a t i o s .  
For the  component predominat ing i n  smal l  g ra ins ,  a  36-Ar l38-Ar r a t i o  o f  5.45 - t 
0.1 i s  ex t rapo la ted  whereas the  respec t i ve  r a t i o  i n  t h e  component p r e v a i l i n g  
i n  l a r g e  g ra ins  appgras t o  be l e s s  than 5.0. I n  100 ym gra ins ,  t h e  component 
thought t o  be o f  s o l a r  f l a r e  o r i g i n  amounts t o  about 20% o f  t h e  t o t a l  su r face  
c o r r e l a t e d  argon. The concen t ra t i on  o f  non-equ i l i b ra ted  s o l a r  f l a r e  A r ,  as 
evaluated i n  (1 )  and the su r face  residence t ime, deduced f rom a  r e g o l i t h  t u r n -  
over r a t e  of ( . 5  - 1 )  x  E7 y/cm (2,3), enable us t o  determine the  s o l a r  f l a r e  
36-Ar f l u x .  A value of about .5 x  E8 pa r t i c les /cm2 y  r e s u l t s  which i s  i n  good 
agreement w i t h  a  va lue  est imated from s o l a r  f l a r e  i r o n  f l u x ,  g i ven  i n  ( 4 ) .  

b) I n  fe ldspar  He, Ne and Ar  concent ra t ions show a  c h a r a c t e r i s t i c  c o r r e l a t i o n  w i t h  
g r a i n  s i ze ,  which can be understood, assuming most su r face  c o r r e l a t e d  gas 
d i s t r i b u t e d  i n  an o u t e r  l a y e r  o f  about 10 pm th i ckness .  Th is  depth i s  c o n s i s t e n t  
w i t h  the  p e n e t r a t i o n  depth  of s o l a r  f l a r e  noble gases, a l though we cannot 
exclude s o l a r  wind p a r t i c l e s  d i f f u s e d  i n t o  cons iderab le  depth. T h i s  unique 
feature  of fe ldspar  may be exp la ined as f o l l o w s .  The amounts o f  s o l a r  p a r t i c i e s  
on the g r a i n  surface e q u i l i b r a t e  depending on m u t t e r  r a t e  and p e n e t r a t i o n  
depth o f  s o l a r  wind and s o l a r  f l a r e  p a r t i c l e s .  The low p e n e t r a t i o n  o f  SW 
nob le  gases toge the r  w i t h  i nc reas ing  s p u t t e r  r a t e  decrease t h e  p o r t i o n  of SW 
aga ins t  SF nob le  gases. For fe ldspar  s p u t t e r  r a t e s  which are  about one o rde r  
of magnitude l a r g e r  than those measured f o r  Fe, M g - s i l i c a t e s  o r  i l m e n i t e  have 
been found (e.g. 5 ) .  

c )  I n  15421 s o i l  fe ldspar  we obtained evidence f o r  s o l a r  cosmic r a y  p ro ton  produced 
Ne. The evaluated spa l l ogen ic  Ne r a t i o s  are  c l e a r l y  d i f f e r e n t  f rom those 
i n f e r r e d  from "sh ie lded"  l una r  rock and m e t e o r i t i c  f e l d s p a r .  No S U C ~  evidence 
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i s  de tec tab le  i n  o l iv ine-pyroxene a ~ d  green g lass  separates because o f  
chemical composi t ion and s h o r t  s o l a r  exposure, r e s p e c t i v e l y .  I n  p r i n c i p l e ,  
i t  i s  p o s s i b l e  t o  determine the  exposure t ime f o r  s o l a r  a n d . g a l a c t i c  cosmic 
i r r a d i a t i o n .  However, more p r e c i s e  data  on neon p roduc t ion  r a t e s ,  chemical 
composi t ion and m ine ra log ica l  homogeneity a r e  needed. 

2. Small Scale R e g o l i t h  E v o l u t i o n  

The fo l l ow ing  observat ions have i m p l i c a t i o n s  on t h e  smal l  sca le  e v o l u t i o n  of the  
l u n a r  reg01 i t h .  

a) The v a r i a b i l i t y  o f  the 36-Ar/38-Ar r a t i o s  of t h e  su r face  c o r r e l a t e d  argon 
mentioned above can o n l y  be understood if t h e  i n t e g r a t e d  su r face  r e s ~ d e n c e  
t imes are, on the average, g r a i n - s i z e  dependent. Small g r a i n s  a r e  r e s i d i n g  
on t h e  l u n a r  sur face f requen t l y  b u t  f o r  a  con~para t i ve l y  s h o r t  t ime  on ly .  I n  
the  15421 s o i  1, small fe ldspar  g ra ins  appear t o  have been exposed t o  s o l a r  
i r r a d i a t i o n  long  enough t o  becomeequi l ibrated w i t h  s o l a r  wind gas over  the  
t o t a l  surface, whereas the  exposure t ime was n o t  s u f f i c i e n t  t o  a l l o w  s a t u r a t i o n  
w i t h  s o l a r  f l a r e  gases. Larger g r a i n s  have on the average a  l onger  i n t e g r a t e d  
surface res idence t ime and thus c o n t a i n  a  l a r n e r  f r a c t i o n  of s o l a r  f l a r e  gases. 

b )  C o l l e c t i o n  s i t e  dependent element abundance p a t t e r n s  o f  b u l k  s o i l s  a r e  cons i -  
dered t o  r e f l e c t  most ly  minera l  s p e c i f i c  r e t e n t i v i t i e s  which i s  subs tan t ia ted  
by measurements on i l m e n i t e  (6,7) ol iv ine-pyroxene,  green g lass and f e l d s p a r  
(1  .a). 

I I I 
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G - green g lass  

0.3 - OP - o l i v ine -py roxene  - 
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0.2 -' ~ t r i ; ~ l ~ ~ -  
~,,lll"l' I ' 0.1 - G- 0 O O ~  Apollo If 
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Elemental abundance s igna tu re  of surface c o r r e l a t e d  nob le  gases i n  l u n a r  
s o i l  separates and t y p i c a l  b u l k  s o i l s ,  ( I l m e n i t e ,  re f .6 ,7)  

Of p a r t i c u l a r  i n t e r e s t  a r e  the  APOLLO 15 green g lasses.  T h e i r  cosmic r a y  exposure 
t imes are  t h e  same, - about 300 my. The concent ra t ions of s o l a r  A r  i n  green 
glasses from s o i l  15421 ( 1 )  and c l o d  15426 ( 9 )  are ,  however, about a  f a c t o r  of 
t en  lower than those from s o i l  15301 which coinpares t o  s o l a r  A r  concent rar ions 
found fo r  o the r  minera ls  and shows the  same t y p i c a l  e lementaj  p a t t e r n  as t h e  
o the r  green g lass samples. From t h i s  we a r e  l e d d  t o  specu la te  t h a t  
- elemental abundance p a t t e r n  a r e  e s t a b i i s h e d  r a t h e r  r a p i d l y ,  
- green glasses have been exposed t o  s o l a r  i r r a d i a t i o n  f o r  a  s h o r t  t ime which 

may be respons ib le  f o r  t h e  l a c k i n g  c o r r e l a t i o n  between nob le  gas concen t ra t i on  
and g r a i n  s i z e .  The w e l l  es tab l i shed  c o r r e l a t i o n  i n  b u l k  s o i l  and m ine ra l  
g r a i n - s i z e  f r a c t i o n s  i s  understood i n  terms o f  repeated s o l a r  exposure episodes. 
Thus an e f f e c t i v e  i r r a d i a t i o n  o f  the whoie sur face i s  secured. 
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c )  20-NeI21-Ne and 22-Ne/21-Ne r a t i o s  o f  surface c o r r e l a t e d  Ne come o u t  t o  h i g h  
by a f a c t o r  of 3. Th is  i s  exp la ined  by g r a i n - s i z e  deoendent l o s s  of s p ~ n o g e n i c  
Ne and cou ld  have occurred indpendent ly  o f  s o l a r  i r r a d i a t i o n .  B u t t h e  dependence 
o f  t h i s  l o s s  on tk,e su r face  c o r r e l a t e d  gas d i s t r i b u t i o n ,  as demonstrated by 
our  model c a l c u l a t i o n s ,  i n d i c a t e  t h a t  the su r face  l a y e r  o f  f e l d s p a r  g r a i n s  
was dep le ted du r ing  s o l a r  i r r a d i a t i o n  i n  spa l l ogen ic  Ne. Th is  goes toge the r  w i t h  
t h e  above conc lus ions t h a t  s o l a r  exposure occurred indeed repea ted ly  ~ 2 d  i n t e r -  
m i t t e n t l y  d u r i n g  the  whole g a l a c t i c  cosmic r a y  exposure which i n  t u r n  r o u l d  have 
occurred repea ted ly  and i n t e r m i t t e n t l y .  

3 .  The 40-Ar Excess 6s Sensor f o r  t h e  Lunar Atmosphere 

The 40-Ar excess i n  l una r  f i n e s  i s  a t t r i b u t e d  t o  r e t r a p p i n g  o f  40-Ar f rom the  
lunar  atmosphere (10) and the  v a r i a t i o n s  o f  the 40-Ar l36-Ar r s t i o s  o f  t h e  su r face  
c o r r e l a t e d  argon i s  taken t o  re f lec t  changes i n  t h e  atmosphere d e n s i t y  and/or 
modulat ions due t o  geographic l a t i t u d e  and s lope o f  the  c o l l e c t i o n  s i t e .  I n  
o l iv ine-pyroxene,  fe ldspar  and green g lass from s o i l  15421 we found f o r  t h e  su r -  
face c o r r e l a t e d  argon 40-Ar l36-Ar r a t i o s  o f  3.5 t 0.5, 7.4 + 0.2 and about 10, 
r e s p e c t i v e l y .  These minera l  s p e c i f i c  r a t i o s  i m p l y  t h a t  t h e  40-Ar/26-Ar r a t i o s  
i n  b u l k  s o i l s  are ,  a t  l e a s t  p d r t i a l l y ,  in f luenced by t h e  m ine ra log ic  composi t ion 
of t h e  s o i l s .  Trapping e f f i c i e n c i e s  f o r  low energy A r  a r e  presumably s i m i l a r  i n  
the  s i l i c a t e s  i n v e s t i g a t e d  and A r  r e t e r t i v i t y  determined by s p u t t e r i n g  and d i f f l i s i o n  
appears t o  be lower i n  f e l d s p a r  than i n  o l iv ine-pyroxene.  Thus, a low r a t i o  would 
be expected i n  f e l d s p a r  i f  a l l  excess 40-Ar would have been re t rapped.  Retrapping 
as s o l e  source f o r  excess 40-Ar may a l s o  be quest ioned on t h e  b a s i s  o f  t he  com- 
p a r a t i v e l y  h i g h  40-Ar f l u x e s  r e q u i r e d  t o  cause the  present-day 40-Ar/36-Ar r a t i o s ,  
t h e  interdependance f rom the anc ien t  l u n a r  magnetic f i e l d  ( i f  r e t r a p p i n g  occur red 
i n  a n c i e n t  t imes) and the  f a i l u r e  t o  d e t e c t  t h e  N-S s h i e l d i n g  expected t o  be 
operable f o r  recen t  re t rapp in? .  I n  summary, we ma in ta in  t h a t  surface c o r r e l a t e d  
40-Ar has a t  l e a s t  owmore source besides r e t r a p p i n g  f rom the  l u n a r  atmosphere 
and i s  thus not'"ec1usive sensor f o r  the  l u n a r  atmosphere e v o l u t i o n .  Our favored 
i n t e r p r e t a t i o n  of the  minera l  s p e c i f i c  sur face c o r r e l a t i o n  40-Ar/36-Ar r a t i o  
r e s t s  on the t r a n s i e n t  potassium hypothes is  (11,12). 

Th is  research has been supported by t h e  Swiss Na t iona l  Science Foundation, Grant  
No. 2.589.71. 

References: 

( I )  U.Frick, H.Baur, H. Ducat i ,  H.iunk, D.Phinney 8 P.Signer. (1974) sub- 
m i t t e d  t o  Geochim. Cosmochim. Acta. 

(2 )  T .K i rs ten .  F. Steinbrunn & J . i ah r i nge r ,  (1971) Geochim. Cosmochim. 
Acta,  Suppl. 2 ,  Vol.  2, 1651-1669. 

(3 )  D.E.Gau1 t, F.Horz, D.E.Brownlee & J.B.Hartung, (1974) Lunar Science 
V, P a r t  1.  260-262. 

(4)  P.B.Price. J . H . c ~ ~ u ' ,  I.D. Hutcheon; D.McDougal1, R.S.Rajan. E.K.Shirk 
8 J.D.Sull ivan, (1973) Geochim. Cosmochim. Acta,  Suppl. 4. Vo1.3. 2347-2361. 

( 5 )  J .P.Bibr ing,  Y.Langevin, M.Maurette, R.Meunier, B.Jouf f rey 8 C.Jouret, 
(1974). Ea r t h  P lane t  Sc i .  Le t t . ,  22. 205-214. 

( 6 )  P.Eberhardt, J.Geiss. H.Graf, N.Grogler:U.Krahenbiihl, H.Schwaller, 
J.Schwarzmii l ler 8 A .S te t t l e r ,  (1970) Geochim. Cosmochim. Acta, Suppl. 1 
V01.2, 1037-1070. 



NOBLE GASES A S  SENSORS 

Signer, P.  e t  al. 

(7) P.Eberhardt. J.Geiss, H.Graf, N.Grogler, M.O.Medina, M.Mnrgeli,H.Schwaller, 
A.Stet t le r ,  U.Krahenbuh1 8 H.R.v.Gunten, (1972) Geochim. Cosmochim.Acta, 
Suppl. 3. Vol. 2, 1821-1856. 

(8) U.Frick, H.Baur, H.Funk, D.Phinney, Chr.Schafer, L.Schultz 6 P.Signer, (1973) 
Geochim. Cosmochim. Acta, Suppl. 4,  Vol. 2, 1987-2002. 

(9) S.Lakatos, 0.Heymann 8 A.Yaniv, (1973) The Moon, 7, 132-148. 

( I O j  D.Heymann & A.Yaniv. (1970) Geochim. Cosmochim. Acta, Suppl. 1, Vo1.2, 
1261-1267. 

(11) H.Baur. U.Frick. H.Funk, L.Schultz & ?.Signer, (1972) Geochim. Cosmochim. 
Acta, Suppl. 3, Yol.?, 1947-1966. 

(12) P.Signer, H.Baur, U.Fr ick,  H.Funk. D.Phinney & L.Schultz, (1973) 
Meteor i t ics ,  Vo1.8, No.4, 441-443. 



ON THE MAGNETIZATION OF THE MOON BY THE SOLAR W I N D :  
L. J. Srnka, The Lunar Science I n s t i t u t e ,  Houston, Texas 77058. 

The source  of t h e  a n c i e n t  l u n a r  magnetic f i e l d  i s  one o f  
t h e  ou t s t and ing  problems o f  l u n a r  s c i e n c e .  S tud ie s  o f  l u n a r  
samples sugges t  t h a t  f i e l d s  of  o r d e r  l o 3  - l o 4  y were p r e s e n t  

1 on t h e  l u n a r  s u r f a c e  from 4 . 6 - 3 . 1  b .y .  ago . A number of 
models f o r  t h e  a n c i e n t  f i e l d  have been p re sen ted ,  i nc lud ing  deep 
and shal low i n t e r n a l  convec t ing  dynamos, f o s s i l  (whole-body) 
remanence, and s o l a r  wind e f f e c t s .  

Ancient l una r  f i e l d s  d e r i v e d  from s o l a r  wind sources  can b e  
d iv ided  i n t o  two types:  (1) f i e l d s  a s s o c i a t e d  w i t h  a p o s s i b l e  
T Tau r i  phase of t h e  p r imord ia l  sun,  d u r i n g  the  f i r s t  l o 7  - l o 8  
yea r s  of  s o l a r  system h i s t o r y ,  and ( 2 )  f i e l d s  induced i n  t he  
moon by the  s o l a r  wind, a f t e r  t h e  T T a u r i  s t a g e  and up t o  t h e  
age of t h e  youngest l u n a r  samples.  

I f  t h e  sun e x h i b i t e d  a T T a u r i  s t a g e  i n  i t s  evo lu t ion  
du r ing  t h e  a c c r e t i o n  o f  t h e  moon, t h e  enhanced s o l a r  wind flow 
could have heated and magnetized t h e  l u n a r  c r u s t 2 t 3 .  Both TE 
mode ( i n t e r n a l  eddy c u r r e n t s )  and TM mode ( u n i p o l a r  dynamo) 
e l e c t r i c a l  induc t ion  may have been p r e s e n t .  Although t h e  peak 
va lue  o f  t he  induced f i e l d  i n  t h e  TE response i s  n o t  y e t  a v a i l -  

4 a b l e  from theory , t h e  TM mode peak f i e l d  a t  t h e  s u r f a c e  could  
have approached 2 x l o 5  y (2 gauss )  i f  t h e  l u n a r  c r u s t  was 
s u f f i c i e n t l y  conducting5. However, t h e  TE mode f i e l d s  would 
l ead  t o  random magnet iza t ion  o f  l u n a r  m a t e r i a l ,  w i t h  perhaps  
some p r e f e r r e d  d i r e c t i o n  ( t r a n s v e r s e  t o  t h e  a n c i e n t  s o l a r  wind 
mot ional  e l e c t r i c  f i e l d  v e c t o r )  f o r  t h e  TM mode. The g e n e r a l  
randomness o f  t he  response f i e l d s  is due t o  t h e  magnetic s e c t o r  
s t r u c t u r e  o f  t he  s o l a r  wind, t he  expected tu rbu lence  i n  t h e  

3 flow , and t h e  r o t a t i o n  o f  t h e  moon. I t  i s  conceivable  t h a t  t h e  
s o l a r  f i e l d  possessed an o u t - o f - e c l i p t i c  (quadrupole)  component 
a long t h e  l u n a r  s p i n  a x i s  s u f f i c i e n t  t o  g i v e  t h e  whole moon a 
f o s s i l  magnetization3,  b u t  t h i s  component would no t  g i v e  a pre-  
f e r r e d  d i r e c t i o n  f o r  e l e c t r i c a l l y  induced magnet izat ion because 
of the  l u n a r  r o t a t i o n .  

A f t e r  t he  T Taur i  phase ,  t h e  s o l a r  wind probably resembled 
t h e  p r e s e n t  tenuous flow. Because o f  t h e  smal l  dynamic plasma 
p re s su re ,  t h e  peak T M  mode s u r f a c e  f i e l d  would b e  approximately 
60 y f o r  a nominal q u i e t  s o l a r  t oo  smal l  t o  b e  t h e  
source  f i e l d  f o r  t h e  observed remanence i n  l una r  samples. ~f 
t he  TE mode i s  t o  produce - 2000 y a t  t h e  s u r f a c e ,  l a r g e  near-  
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s u r f a c e  bod ie s  o f  h igh  e l e c t r i c a l  c o n d u c t i v i t y  a r e  requi red .  
This  l a r g e  a m p l i f i c a t i o n  ( a  f a c t o r  of  2-400 over  t he  ambient 
f i e l d )  can o n l y  occur  i f  t h e  e l e c t r i c a l  s k i n  dep th  6 of t h e  
conductor  a t  t h e  h i g h e s t  f r equenc ie s  i n  t he  plasma i s  much l e s s  
than  i t s  thickness8". The most h igh ly  conduct ing bodies  a t  t he  
l u n a r  s u r f a c e  would b e  l a v a  flows and impact me l t s .  Although 
t h e  e l e c t r i c a l  conduc t iv i ty  of uch bod ie s  i s  unknown, i t  i s  -3 
suggested h e r e  t h a t  1-10 (0-m) c h a r a c t e r i s t i c  of molten 
t e r r e s t r i a l  b a s a l t s 1 °  i s  r e p r e s e n t a t i v e .  I n  t h i s  ca se ,  

160 
g o- (meters )  

f  + 

where f  i s  t h e  frequency (Hz) of t h e  magnetic d i s tu rbance  i n  t he  
s o l a r  wind. Most o f  t he  power i n  t h e  magnetic spectrum of t h e  
s o l a r  wind i s  a s s o c i a t e d  w i t h  t h e  a l t e r n a t i n g  s e c t o r  s t r u c t u r e ,  
w i t h  f  x Hz, and the  power shows a frequency dependence - f- a t  h i g h e r  f r equenc ie s l1 ' l 2 .  Plasma p a r t i c l e  e f f e c t s  
l i m i t  t h e  power t o  f 6 1 Hz i n  t h e  p r e s e n t  s o l a r  wind f i e l d  a t  
1 AU, determined by the  i o n  gyro frequency.  Therefore ,  th ick-  

2 3 nes ses  - 10  - 1 0  m of  molten b a s a l t  would b e  necessary  t o  
app rec i ab ly  ampli fy  t h e  s o l a r  wind magnetic f i e l d  a t  t h e  l u n a r  
s u r f a c e  by TE mode induc t ion .  Recent ev ide  e i n d i c a t e s  t h a t  i'5 l u n a r  l a v a  flows have th i cknesses  o f  5-10 m . Very l a r g e  
c r a t e r s  may have had impact-melt poo l s  w i t h  dep ths  of hundreds 
o f  meters ,  b u t  t h e r e  i s  i n s u f f i c i e n t  d a t a  a v a i l a b l e  t o  a l low 
f u r t h e r  s p e c u l a t i o n .  

I n  conc lus ion ,  i t  seems u n l i k e l y  t h a t  TE o r  TM mode e l ec -  
t r i c a l  i nduc t ion  can exp la in  t h e  observed remanence of l u n a r  
samples whose ages  span 1 . 5  b .y .  Unless t h e  sun was very a c t i v e  
up t o  .̂ 3 b . y .  ago,  w i t h  an  enhanced t u r b u l e n t  plasma flow con- 
t a i n i n g  powerful magnetic f l u c t u a t i o n s  above f  o 1 0 0  Hz, n e i t h e r  
i nduc t ion  mode i s  a good cand ida t e  t o  produce 2000 s u r f a c e  
f i e l d s  i n  an  i n i t i a l l y  co ld  moon, a f t e r  t h e  c o n j e c t u r a l  T Taur i  
s o l a r  ep i sode .  
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LUNAR REMNANT MAGNETIC F I E L D  MAPPING FROM ORBITAL 
OBSERVATIONS OF MIRRORED ELECTRONS. J .  E .  McCoy, NASA/Johnson 
Space C e n t e r ,  Hous ton ,  Texas 77058; K .  A .  Anderson ,  R .  P. L i n e ,  
H. C .  Howe, and R .  E .  McGuire, U n i v e r s i t y  o f  C a l i f o r n i a ,  Space 
S c i e n c e s  L a b o r a t o r y ,  B e r k e l e y ,  C a l i f o r n i a  94720. 

As d e s c r i b e d  p r e v i o u s l y  ( I ) ,  o b s e r v a t i o n  o f  e n e r g e t i c  
e l e c t r o n  f l u x e s  from l u n a r  o r b i t  u s i n g  a  d e t e c t o r  s e c t o r e d  t o  
d i s t i n g u i s h  d i r e c t i o n  o f  a r r i v a l  w i t h  r e s p e c t  t o  t h e  ambient  
m a g n e t i c  f i e l d  d i r e c t i o n  can  b e  used  t o  d e t e c t  l u n a r  s u r f a c e  
magne t i c  f i e l d  enhancements  w i t h  a  h i g h  d e g r e e  o f  s e n s i t i v i t y  and 
s p a t i a l  r e s o l u t i o n .  The r e g i o n s  o f  i n t e n s e  l u n a r  remnant  magne- 
t i z a t i o n  d i s c o v e r e d  by  t h e  A p o l l o  15 and 1 6  PFS s a t e l l i t e  
magnetometers  were  obse rved  t o  s t r o n g l y  s c a t t e r  1 4  Kev e l e c t r o n s  
back up t h e  magne t i c  f i e l d  l i n e s  t o  a r r i v e  a t  t h e  s a t e l l i t e  from 
d i r e c t i o n s  b l o c k e d  from d i r e c t  a c c e s s  by t h e  Moon. Such s c a t t e r e d  
r e t u r n  ( m i r r o r e d )  e l e c t r o n  f l u x e s  have  a l s o  b e e n  obse rved  from 
numerous o t h e r  l o c a t i o n s  on t h e  l u n a r  s u r f a c e ,  i n c l u d i n g  s e v e r a l  
p r e v i o u s l y  u n r e p o r t e d .  

The e l e c t r o n s ,  i n  e f f e c t ,  p r o v i d e  a  p robe  a l o n g  t h e  magne t i c  
f i e l d  l i n e  from o r b i t  t o  t h e  l u n a r  s u r f a c e .  'This p robe  is  s e n s i -  
t i v e  t o  changes i n  f i e l d  s t r e n g t h  a l o n g  i t s  p a t h .  I f  no s u r f a c e  
m a g n e t i z a t i o n  i s  p r e s e n t ,  t h e  e l e c t r o n s  a r e  gu ided  by t h e  e x t e r n a l  
magne t i c  f i e l d  i n t o  t h e  l u n a r  s u r f a c e  where they  a r e  abso rbed  
( e x c e p t  f o r  a  few p e r c e n t  which a r e  coulomb b a c k s c a t t e r e d ) .  I f  
s u r f a c e  remnant magnetism is  p r e s e n t ,  t h e  t o t a l  f i e l d  s t r e n g t h  
i n c r e a s e s  a s  t h e  e l e c t r o n s  e n t e r  t h e  r e g i o n  o f  remnant magnetism, 
c a u s i n g  a  f r a c t i o n  o f  t h e  e l e c t r o n s  t o  m i r r o r  o r  b a c k s c a t t e r  w i t h  
an i n t e n s i t y  (which may be  obse rved  from o r b i t  r e t u r n i n g  a l o n g  
t h e  f i e l d  l i n e  from t h e  s u r f a c e )  p r o p o r t i o n a l  t o  t h e  s t r e n g t h  and 
s p a t i a l  e x t e n t  o f  t h e  s u r f a c e  f i e l d  volume. 

S i n c e  t h e  e n e r g e t i c  e l e c t r o n s  needed t o  s e r v e  a s  f i e l d  l i n e  
t r a c e r s  a r e  a lways  p r e s e n t  i n  t h e  l u n a r  envi ronment  ( 2 ) ,  t h i s  
method i s  u s e a b l e  when t h e  Moon i s  i n  t h e  s o l a r  wind a s  w e l l  a s  
when t h e  Moon i s  i n  h i g h  l a t i t u d e  m a g n e t o t a i l .  The p r imary  
r e q u i r e m e n t  on s t a b i l i t y  of  t h e  ambient  m a g n e t i c  f i e l d  i s  t o  
p r o v i d e  d i r e c t i o n a l  r e f e r e n c e  t o  t h e  l o c a t i o n  o f  i n t e r s e c t i n g  t h e  
l u n a r  s u r f a c e  d u r i n g  t h e  p e r i o d  of  each  measurement (24 s e c ) .  
B e s t  r e s u l t s  a r e  o b t a i n e d  when e l e c t r o n  f l u x e s  a r e  h i g h  enough 
(>10/cm2sec  s t e r  Kev) t o  g i v e  good c o u n t i n g  s t a t i s t i c s  and  t h e  
e x t e r n a l  ambient  f i e l d  i s  o r i e n t e d  w i t h i n  30'-40" o f  p e r p e n d i c u l a r  
t o  t h e  l u n a r ,  s u r f a c e  ( t o  r educe  e r r o r s  i n v o l v e d  i n  p r o j e c t i n g  t h e  
s a t e l l i t e  obse rved  f i e l d  d i r e c t i o n  t o  d e t e r m i n e  t h e  l o c a t i o n  o f  ' 

t h e  s u r f a c e  p o i n t  b e i n g  o b s e r v e d ) .  
R e s o l u t i o n  o f  t h e  t e c h n i q u e  i s  c o n t r o l l e d  by t h e  g y r o - r a d i u s  

of  t h e  e l e c t r o n s '  s p i r a l  p a t h  a l o n g  a  f i e l d  l i n e ,  abou t  40 km f o r  
a  1 4  Kev e l e c t r o n  i n  a  t y p i c a l  10 gamma e x t e r n a l  m a g n e t i c  f i e l d .  
T h i s ,  coupled  w i t h  t h e  o r b i t a l  motion of  a b o u t  1 . 6  km/sec,  
r e s u l t s  i n  a  p robe  ave raged  ove r  an a r e a  rough ly  80 km by 120 km 
f o r  each  2 4  s e c  d a t a  c y c l e .  
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I f  t h e  s c a l e  o f  t h e  remnant  f i e l d  change i s  l a r g e  compared 
t o  t h e  g y r o - r a d i u s ,  e l e c t r o n s  of  a  g i v e n  p i t c h  a n g l e  ( a )  w i l l  b e  
a d i a b a t i c a l l y  m i r r o r e d  back  from any r e g i o n  where B e x c e e d s  t h e  
v a l u e  

Bm =  sin^ a  

where B and a  a r e  t h e  m a g n e t i c  f i e l d  s t r e n g t h  and p i t c h  a n g l e  a t  
t h e  s a t e l l i t e  o r b i t .  T h e r e f o r e ,  any l a r g e  s c a l e  (2100 km) a r e a  
o f  s u r f a c e  remnant  f i e l d  c a u s i n g  a s  l i t t l e  a s  0 . 1  gamma i n c r e a s e  
i n  t h e  t o t a l  s u r f a c e  f i e l d  (Bm) o v e r  t h a t  r e m a i n i n g  a t  o r b i t a l  
a l t i t u d e  w i l l  m i r r o r  a l l  i n c i d e n t  e l e c t r o n s  w i t h  p i t c h  a n g l e s  
be tween  90"-  96".  T h i s  would r e s u l t  i n  o b s e r v a t i o n  o f  a  r e t u r n  
f l u x  i n  S e c t o r  I S  (45"-  90")  o f  a b o u t  1 3 %  o f  t h e  i n c i d e n t  f l u x  
o b s e r v e d  i n  S e c t o r  I11  (90'- 1 3 5 ' ) ,  more t h a n  t w i c e  t h e  back -  
ground i n  t h a t  s e c t o r  due  t o  coulomb b a c k s c a t t e r  f rom t h e  unmag- 
n e t i z e d  l u n a r  s u r f a c e .  S i n c e  e x t e n s i v e  a r e a s  o f  t h e  l u n a r  s u r -  
f a c e  on b o t h  s i d e s  o f  t h e  Moon a r e  o b s e r v e d  t o  m i r r o r  l e s s  t h a n  
10% - 20% o f  t h e  i n c i d e n t  e l e c t r o n s  i n  t h e s e  s e c t o r s ,  t h i s  
p l a c e s  a  r a t h e r  s t r o n g  u p y e r  l i m i t  on t h e  s i z e  of  any  n e t  l u n a r  
d i p o l e  moment o f  a b o u t  10  Oy-km3 ( i . e . ,  r a d i a l  component of  any 
un i fo rm l u n a r  remnant  magnet ism i s  l e s s  t h a n  2y a t  t h e  l u n a r  
s u r f a c e  be tween  '30' l a t i t u d e ) .  

I f  t h e  s p a t i a l  s c a l e  o f  t h e  remnant  magnet ism i s  comparable  
o r  s m a l l e r  t h a n  an  e l e c t r o n  g y r o - r a d i u s ,  t h e  e l e c t r o n s  w i l l  
undergo  more complex s c a t t e r i n g .  T h i s  w i l l  s t i l l  r e s u l t  i n  a  
s i g n i f i c a n t  r e t u r n  f l u x  b a c k s c a t t e r e d  up t h e  f i e l d  l i n e ,  i f  t h e  
r e g i o n  i s  of  s u f f i c i e n t  s t r e n g t h  and volume t o  t u r n  t h e  e l e c t r o n ' s  
p a t h  upward b e f o r e  i t  h i t s  t h e  s u r f a c e .  Fo r  example ,  a  s u b -  
s u r f a c e  d i p o l e  (15 km d e e p ,  moment of  2x105y-km3) was c a l c u l a t e d  
(3)  t o  b a c k s c a t t e r  a b o u t  50% - 60% o f  t h e  i n c i d e n t  f l u x  i n t o  
S e c t o r s  I  and  I 1  i n  a  10y e x t e r n a l  f i e l d .  Such a  remnant  f i e l d  
would have  a  s t r e n g t h  o f  60y a t  t h e  l u n a r  s u r f a c e ,  f a l l i n g  o f f  t o  
O . ly  a t  100 km o r b i t a l  a l t i t u d e .  Such s c a t t e r i n g  a r e a s  a r e  
d i s t i n g u i s h a b l e  f rom an  a r e a  o f  a d i a b a t i c  m i r r o r i n g  by  t h e  more 
random p i t c h  a n g l e  d i s t r i b u t i o n  of  r e t u r n i n g  e l e c t r o n s .  S e c t o r  I1  
(45"-  9 0 " )  w i l l  show l e s s  t h a n  100% r e t u r n i n g  f l u x ,  w h i l e  S e c t o r  
I  ( 0 " -  4 5 " ,  which r e q u i r e s  s t r o n g e r  s c a t t e r i n g  t o  m i r r o r )  shows a  
s i g n i f i c a n t  number o f  r e t u r n i n g  e l e c t r o n s .  For  t h e  c a s e  of 
p u r e l y  a d i a b a t i c  m i r r o r i n g ,  a l l  e l e c t r o n s  w i t h  p i t c h  a n g l e s  above 
t h e  c r i t i c a l  v a l u e  a = s i n - '  - w i l l  m i r r o r  back  t o  t h e  s a t e l l i t e ,  
w h i l e  a l l  e l e c t r o n s  w i t h  s m a l l e r  p i t c h  a n g l e s  i m p a c t  t h e  l u n a r  
s u r f a c e .  T h i s  would  r e q u i r e  t h e  f l u x  r a t i o  be tween  S e c t o r  I S /  
S e c t o r  1 1 1  i n c r e a s e  t o  u n i t y  b e f o r e  any  m i r r o r e d  f l u x  would 
a p p e a r  i n  S e c t o r  I .  

A s  w e l l  a s  i n d e p e n d e n t  v e r i f i c a t i o n  o f  t h e  l o c a t i o n  of  
m a g n e t i c  anomal i e s  r e p o r t e d  by  t h e  UCLA magnetometer  g roup  n e a r  
t h e  c r a t e r  Van d e  G r a a f f  w i t h  PFS-1 and n e a r  149"E and 165"E 
(SON) w i t h  PFS-2 d a t a ,  t h i s  method h a s  b e e n  u s e d  t o  l o c a t e  
p r e v i o u s l y  u n r e p o r t e d  a r e a s  o f  remnant  magnet ism on b o t h  t h e  
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f r o n t  and back s i d e s  o f  t h e  Moon. L o c a t i o n s  o f  s e v e r a l  a r e  
l i s t e d  i n  Tab le  1. 

The p r o b a b l e  u t i l i t y  o f  t h i s  e l e c t r o n  s c a t t e r i n g  t e c h n i q u e  
f o r  g e n e r a t i o n  o f  maps o f  l u n a r  s u r f a c e  remnant  magnexism i s  
i l l u s t r a t e d  i n  F i g u r e  1, which i s  a  p l o t  o f  e l e c t r o n  b a c k s c a t t e r e d  
i n t e n s i t y  obse rved  i n  S e c t o r  I1 (upper  group)  and i n  S e c t o r  I  
( lower  group)  f o r  f o u r  o r b i t a l  p a s s e s  a c r o s s  t h e  Van de G r a a f f  
r e g i o n .  Each t r a c e  i s  d i s p l a c e d  50% i n  v e r t i c a l  s c a l e  f o r  
l e g i b i l i t y .  P o r t i o n s  of  d a t a  f o r  which r e t u r n  f l u x  i s  l e s s  t h a n  
25% a r e  d e l e t e d  f o r  l e g i b i l i t y .  The ground t r a c k  i s  d i s p l a c e d  
abou t  30 km p e r  o r b i t  by l u n a r  r o t a t i o n .  Evidence  of  numerous 
n o n - a d i a b a t i c  s c a t t e r i n g  c e n t e r s  i s  s e e n ,  p e r h a p s  s u r r o u n d e d  by 
a r e a s  o f  a d i a b a t i c  s c a t t e r i n g  v i s i b l e  i n  S e c t o r  11. The s c a t t e r -  
i n g  c e n t e r s  r u n  t o g e t h e r  be tween 140"-  17S0E. Only a  s i n g l e  
i s o l a t e d  a r e a  o f  s c a t t e r i n g  i s  obse rved  e a s t  o f  15O0W. 
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Surface exposure effects can be used to decide the 
extent to which material has been implaced by random churning 
as opposed to systematic deposition of each grain. In the 
former, a very great variety in degree of surface exposure 
will result. In the latter, each must have been exposed 
in order to reach its present site. Calculations therefore 
have been performed concerning the processes, and the result 
is that they tend to favor orderly processes (among which 
is surface or above-surface transport) rather than mere 
churning. The observed distributions in near-surface residence 
time of grains of lunar material (as judged from solar and 
galactic cosmic ray track densities, neutron exposure, and 
albedo) are considered. A three-dimensional model of 
meteoritic surface tilling was used to yield Monte Carlo 
statistics for exposure ages. The theoretical results 
clearly indicate the necessity of additional processes 
having been at work -- grain-by-grain horizontal transport 
along or above the surface and/or exposure of the material 
in space before accretion onto the Moon. (This is so 
because cratering and blanketing by meteorites, reaching to 
any average depth one wishes, necessarily entails admixture 
of unexposed grains from beneath. A rigid cut-off in 
maximum cratering depth would be required, with thorough 
processing of all the material down to that depth, which is 
statistically inadmissible.) The current calculation was 
motivated by the indications of the earlier one-dimensional 
mixing study by Gold and Williams (1974). Impact ejecta 
blankets were taken here to have thickness equal to an eighth 
the crater depth, and the relative frequencies of cratering 
to various depths deduced by Shoemaker et al. (1971) were 
employed. Requisite rates of transport and/or accretion 
are discussed. 

The model also was used to determine: (i) the amount of 
homogenization which results when one has meteorite reworking 
to various depths and (ii) the typical vertical distance 
over which properties of the material can change by a certain 
amount. The ejecta blanket is taken to preserve some of the 
layering which was present at the impact site. Comparison 
to layering in lunar core samples again emphasizes the 
inadequacy of meteoritic redistribution. 
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THE Xe-131 ANOMALY 
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I n s t i t u t  f i ir  Kernchemie d e r  U n i v e r s i t a t  zu KBln, 
5 Koln 1, Zi i lp ichers t r .  47, West Germany 

Thin Target Xe-U(spa l1 . )  from Barium were determined i n  10 
s t e p s  f o r  proton e n e r g i e s  ranging from 50 - 600 MeV by means of 
r a r e  gas  mass spectroscopy and independently by y-counting (Fig.  
l ) . R a t h e r  s u r p r i s i n g  r e s u l t s  were obtained.  Xe-124, Xe-126, and 
Xe-127 inc rease  monotonically wi th  energy covering up t o  4  o rde r s  
of magnitude i n  t h e i r  U ( s p a l 1 . ) .  Xe-128, Xe-129, and Xe-131 show 
maxima in  t h e i r  e x c i t a t i o n  f u n c t i o n s  a t  low ene rg ie s  (100 - 300 
MeV) whereas Xe-130, Xe-132, and Xe-134 d i s p l a y  minima i n  t h i s  
energy region.  Thus, t h e  pure ly  s p a l l .  Xe-131/~e-126-ratio a s  a 
func t ion  of energy changes abnormally from 1.139 +- .037 t o  247.9 
+- 3.8. The presence of s p a l l .  Xe-136 w a s  e s t ab l i shed .  E s t i -  
mation of t h e  s p a l l .  Xe-production r a t e s  by us ing  t h e  g a l a c t i c  
cosmic r ay  (GCR) s p e c t r a  given by REEDY and ARNOLD [ l ]  f o r  d i f -  
f e r e n t  depths  i n  t h e  l u n a r  s u r f a c e  ( 2 ~ - g e o m e t r y )  l e d  t o  s t r o n g  
v a r i a t i o n s  of t h e  Xe-ra t ios  wi th  depth (Fig.  2  and 3 )  s u f f i c i e n t  

I t  t o  expla in  most of t h e  v a r i a t i o n s  of t h e  cosrnogenic' Xe-rat ios  
found i n  e x t r a t e r r e s t r i a l  ma t t e r  whereby e s p e c i a l l y  t h e  r e l a t i v -  
l y  wide range of t h e  s p a l l .  Xe-l?l/Xe-126-ratio (2 .3  a t  0  g/cm2 - - 7  a t  500 g/cm2) i s  remarkable. 

A " ~ u n a r  ~ u r f a c e "  s imula t ing  Thick Target  was exposed t o  
1 .9  +- .3 x 1016 pro tons  of 600 MeV a t  t h e  synchro cyc lo t ron  a t  
CERN ( ~ e n b v e )  nuc lea r  r e sea rch  f a c i l i t y .  The experimental  a r rang-  
ment was of t h e  dimensions 50 x 50 x 140 cm. The m a t e r i a l  used 
was of t h e  composition of t h e  s o i l  a t  t h e  APOLLO 11 landing  s i t e  
(MORRISON e t  a1 . ) [2 ]  and had a Q =  1.5 g/cm3. Some of t h e  nuc lea r  
r e a c t i o n s  occuring on t h e  moon and caused by t h e  GCR were s tud ied .  
Espec ia l  cons ide ra t ion  was given t o  t h e  s p a t i a l  d i s t r i b u t i o n  of 
spa l logenic  and n-capture  produced Xe-isotopes on Ba- ta rge ts .  
Associated but independent experiments (MIcHEL e t  a l . [ 3 ] ,  WEIGEL 
ec  a 1 . [ 4 ] ,  and THIEL e t  a1.151) simultaneously executed were used 
f o r  ob ta in ing  t h e  s p a t i a l  and e n e r g e t i c  d i s t r i b u t i o n  of t h e  pro- 
t o n s  and t h e  neut rons  (Fig.  4 ) .  The s p a t i a l  d i s t r i b u t i o n  of t h e  
produced Xe-isotopes was determined by 45  high vacuum molten 
BaC12-probes kept  under vacuum i n  qua r t z  con ta ine r s  wi th  break- 
a b l e  s e a l s .  The pure ly  spal!.  Xe-124/Xe-126-ratio had f o r  pen- 
c i l  geometry i t s  maximum value of .723 +- -002 a t  a depth of 
0  g/cm2 and i t s  minimum value of .343 +- -014 a t  a  depth of 180 
g/cm2 i n  beam c e n t e r  (Fig.  5 ) .  T h i s  confirms t h e  r e s u l t  of t h e  
Thin Target  s tudy t h a t  t h i s  p a r t i c u l a r  r a t i o  decreases  wi th  de- 
c reas ing  p-energy. The ~ e - M / x ~ - 1 2 6 - r a t i o s  f o r  M = 128, 129, 130 
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1 ,  2  and l34 ' show e s s e n t i a l l y  similar d i s t r i b u t i o n  p a t t e r n s .  
They have t h e i r  maximum- snd minimum-values i n  beam c e n t e r  - a n t i -  
c o r r e l a t e d  t o  t h e  ~e-124/Xe-126-rat io  - whereby t h e  maximum va lues  
are a l l  a t  a depth  of 180 g/cm2. Thus, e .g.  t h e  s p a l l .  ~ e - 1 2 8 /  
~ e - 1 2 6 - r a t i o  ranges  from 1.103 +- .004 a t  0  g/cm2 t o  2.912 +- . O X '  
a t  180 g/crn2; t h e  s p a l l .  Xe-129/Xe-126-ratio r anges  f r o n  1.121 +- 
.015 a t  0 g/cm2 t o  5.197 +- .044 at  180 g/cm2. The r e s p e c t i v e  
range of va lues  measured i n  e x t r a t e r r e s t r i a l  matter i s  f'or ~ e - 1 2 8 /  
xe-126 1.2 - 2.4 and f o r  xe-129/Xe-126 1 .0  - 4.5.  The most s u r -  . 
p r i s i n g  and unexpected r e s u l t  of t h i s  i n v e s t i g a t i o n  was t h e  spa -  
t i a l  d i s t r i b u t i o n  of t h e  Xe-131/~e-1.26-rat io ( 7 i g .  6 ) .  Although 
i t  ranges  from 1.147 +- .004 a t  3 g/crn2 t o  17.26 +- .15 a t  180 
g/crn2 and s o  exceeding t h e  r e s p e c t i v e  range found i n  e x t r a t e r -  
r e s t r i a l  m a t e r i a l  (2 .4  - -10) it fo l lows  e x a c t l y  - only more 
pronounced - t h e  p a t t e r n  of t h e  Xe-M/Xe-126-ratios f o r  M = 128, 
129, 130, 132, and 134; i s o t o p e s  no t  produced by n-capture  on 
Barium. The Xe-131 "anomaly" seen i n  t h i s  Thick Ta rge t  experiment 
i s  t h e r e f o r e  a t r u e l y  low energy s p a l l a t i o n  dep th  e f f e c t .  Xe-131 
due t o  cap tu re  of thermal  and ep i thermal  neu t rons  on Ba-130 d i d  
n o t  c o n t r i b u t e  e s s e n t i a l l y .  The conc lus ion  of t h e s e  i n v e s t i g a t i o n s  
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i s  t h a t  t h e  "cosmogenic" Xe-131 anomaly i s  caused no t  only  by 
n-capture  on Ba-130 bu t  a l s o  t o  an important  p a r t  by low energy 
s p a l l a t i o n  r e a c t i o n s  on Barium. 
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LUNAR MXNETIZATION AND SURFACE CHARGE VARIATIONS : Romdn 
Alvarez, Ins t i tu to  d e  Geoffs ica ,  UNAM, Mexico 20,  D. F. 

Various hypo theses  have  been advanced t o  accoun t  for the  observed lunar 
magnetization; however, l i t t le  is def in i te ly  known (1). In the  present  work a 
poss ib le  mechanism fo r  magnetizat ion of the  regoli th and  uppermost l aye r s  of 
the moon is proposed. Such a mechanism would opera te  independently of other 
magnetic sources  s u c h  as  f o s s i l  (2) o r  in te rna l  (3) f i e lds  i n  case of their  e x i s -  
tence .  I t  is cons ide red ,  t h u s ,  a s  one  of seve ra l  poss ib le  contr ibutions t o  
rock magnetization on t h e  moon. 

Reasoner and  Burke (4) exper imenta l ly  determined a surface  potential  of a t  
l eas t  +200 vo l t s  for t h e  sunl i t  hemisphere of t h e  moon when i n  the  magnetotail;  
lower potential  va lues  being acquired  (* +LO0 volts)  in  the  so la r  wind. 
Anderegg e t  a l .  (5) pointed out tha t  lunar surface  charge  and  potential  a re  
dependent on so la r  wind f lux ,  photoemissive propert ies  of the  lunar material , 
energy distr ibution of magnetospheric e l ec t rons  ( i . e . ,  when the  moon i s  in  
the magnetosphere) and  secondary  e lec t ron  yield from the  lunar surface .  
Manka's (6) theore t ica l  discussion e s t a b l i s h e s  a potential  of - 4 0  vo l t s  for 
the dark s ide  of the  moon and  var ious  poss ib le  pos i t ive  potent ia ls  for the  sun- 
l i t  s ide .  These remarks sugges t  t h e  e x i s t e n c e  of a net potential  difference 
between the  dark and  sunl i t  hemispheres of the  moon. I t s  abso lu te  va lue  is 
difficult t o  e s t a b l i s h  with present ly  ava i l ab le  da ta ;  however,  one  c a n  a s s u m e  
that  i t  w i l l  vary depending on whether  t h e  moon is in  the  magnetosphere o r  i n  
the so la r  wind. 

Assume a n d  i2 a r e  t h e  lunar surface  potent ia ls  on the sunl i t  and  dark 
hemispheres.  Consider  a unit  area a t  t h e  equa to r  having a cons tan t  surface  
charge d e n s i t y  z 1  (i. e. , corresponding t o  potential  m l )  whi le  on  t h e  sunl i t  
hemisphere,  and C 2  while on the  dark hemisphere.  Whe? approaching the 
terminator t h e  surface  charge  dens i ty  1 wi l l  vary from E t o  eventual ly  reach 
the value C 2  . Let C (x) represent  the  way  i n  which t h e  charge  distr ibution 
var ies  in  the unit a rea  between e n d  v a l u e s  z a n d  c ; x (positive or nega- 

I. tive) i s  t h e  d i s t a n c e  with r e s p e c t  t o  the  termmator.  2 

C (x) is thus  a charge  distr ibution f ixed with r e spec t  t o  t h e  terminator ( i . e ,  
every  surface  element wi l l  have  the  same  E o  when a t  the  same d i s t ance  xo 
from the terminator).  Figure 1 shows schemat ica l ly  the charge  be l t ,  a round the  
terminator , i n  which E v a r i e s  from t o  C 2  . An observer  fixed on t h e  
lunar surface  wil l  see no  time variat ion of the su r face  charge  dens i ty  ( i .  e . ,  

a C / a t =  0 ) excep t  in  t h e  terminator's v ic in i ty ,  i n  which the  unit  a rea  wi l l  ga in  
or lose  charge  i n  order  t o  a d j u s t  i t s  potent ia l  t o  @, or 0, . During t h i s  t ran-  
s i t ion aZ/at#Odefines a net  su r face  current dens i ty  i n  t h e  unit  a rea  a n d ,  c o n s e  
quent ly ,  a n  a s s o c i a t e d  magnetic  f ie ld  B. 

The l inear  s p e e d  of a n  e lement  of a r e a  d e c r e a s e s  when approaching the  
poles of rotation; consequent ly  t h e  d i s t a n c e  in  which the  transi t ion t a k e s  p lace  
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decreases  a t  higher lati tudes.  Solar radiation intensity a l s o  decreases  a t  
higher lati tudes.  The overall e f fec t  of these  two phenomena implies decrea- 
sing amounts of charge transfer in decreasing a r c  lengths a t  higher latitudes 
(Figure l) . Magnetization effects a t  higher lati tudes,  from this source,could 
be expected t o  be minimal. 

An area element crossing the West  terminator will gain negative charge 
( i . e . ,  to  reach C2 ) ; when crossing the East terminator i t  will lose  negative 
charge. An observer on the lunar surface would s e e  a (positive) current d i s tG 
bution a s  the one depicted in Figure 2 .  The resultant magnetic field of such a 
current distribution would be maximum a t  the equator and minimum a t  the poles. 
The polarity of the magnetic field would be opposi teat  the East and West  ter- 
minators. Such a field acting during geologic times would tend t o  magnetize 
materials on the lunar surface either in the north or the south directions. - 
Runcorn and Urey (7) l ist  a weak field applied for a long time a s  one of the few 
possible ways in which lunar rocks could be magnetized. The field suggested 
here would consist  of a se r ies  of periodic, magnetic spikes .  

Notice that an observer outside the moon, a t  rest  with respect to the ter- 
minator , will not see the current or i t s  magnetic field; he will only see  a 
charge distribution which varies i n  space in  the direction normal to  the termi- 
nator on the surface, but constant in time. However, if the observer is in re- 
lative motion with respect t o  the terminator ( e .g.  , the solar wind) he will 
a l s o  see a current and a magnetic field in the vicinity of the terminator whose 
values will depend on the relative observer-terminator velocity. Positive solar 
wind charges traveling in trajectories tangential t o  the lunar surface a t  the 
terminator-equator intersection would experience outward Lorentz forces a t  
the East and West terminator. 

The effectiveness of the mechanism proposed as a source of superficial 
magnetization is strongly dependent on the potential difference between dark 
and sunlit hemispheres. If it  i s  eventually proven t o  be effective on the moon, 
similar considerations could be made for other planetary objects devoid of,  or 
with tenuous, atmospheres. 

REFERENCES 

(1) Fuller, M.,  Lunar Magnetism, Revs. G e o ~ h .  Space Phvs., 12 23,1974 

(2) Strangway, D.W.,  H.N.  Sharpe, W.A. Gose,  and G.W. Pearce, 
Magnetism and the early history of the moon, in Lunar Science IV, p. 697 
edited by J.W. Chamberlain and C .  Watkins, Lunar Science Insti tute,  
Houston, 1973. 



MAGNETIZATION AND CHARGE 

Alvarez, R . 

(3) Murthy , V. R .  and S .K. Banerjee , Lunar evolution: How wel l  d o  w e  know 
i t  now? , Moon, 7 , 149,  1973. 

(4) Reasoner,  D.  L. and W .  J. Burke, Direc t  observation of the lunar photo- 
e lec t ron layer ,  in  Proc. Third Lunar Sci .  Conf., vol. 3 ,  p. 2639 , edi ted  
by D .  R .  Cr iswel l ,  MIT P r e s s ,  1972.  

(5) Anderegg, M . ,  B. Feuerbacher ,  8.  Fit ton,  L.D. Laude,  and R .  F.  Wi l l i s ,  
Secondary e lec t ron  c h a r a c t e r i s t i c s  of lunar  surface  f i n e s ,  in  Proc. Third 
Lunar Sci .  Conf . ,  vol.  3 ,  p .  2665, edi ted  by D. R .  Cr iswel l ,  MIT p r e s s ,  
1972. 

(6) Manka,  R.H. and F .C .  Miche l ,  Lunar ion energy spect ra  and surface  
potent ia l ,  i n  Lunar Science  IV, p.  ,496, ed i t ed  by J .W. Chamberlain and  
C .  Watk ins ,  Lunar Science  I n s t i t u t e ,  Houston,  1973. 

(7) Runcorn, S.K. and H . C .  Urey,  A new theory of lunar magnetism, Sc ience ,  
180,  636, 1973. - 
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charge  around t h e  l u n a r  s e e n  by a n  observer  on  the 
fecninator T. lunar surface  i n  the  v ic in i ty  of 

the  terminator.  



LUNAR MAGNETIC FIELD: ORIGIN, EVOLUTION, AND PRESENT 
CHARACTERISTICS ACCORDING TO A DUAL PRIMEVAL PLANET HYPOTHESIS, 
J. H. Tatsch, Tatsch Assoc., 110 Thunder Rd., Sudbury, MA 01776. 

The origin of the Moon's magnetism is unknown and points to 
a mysterious epoch in lunar history. The present Moon is not hot 
and molten inside but relatively cool; its surface appears to 
have been modified more by impact than by volcanic activity dur- 
ing the past 3 b. y. Most evidence suggests that the present 
Moon does not have an internal dynamo. The variation in lunar 
magnetic readings, from less than 10 gammas to values at least an 
order of magnitude greater, suggests that the lunar field is 
motivated by highly magnetized localsourcesrather than by an 
overall lunar dipole field analogous to that of the Earth. 

There is strong evidence that much of the lunar surface, 
perhaps even a crustal shell around most of the Moon, was uni- 
formly magnetized at some time during the past 4.6 b. y. Subse- 
quent processes, such as tectonic activity, fracturing, shock, 
and other conditions may have altered this once uniformly mag- 
netized field. The material near the surface was probably mag- 
netized at the time of the ~oon's crustal solidification, perhaps 
over 3.6 b. y. ago. The present magnetism of the rocks, as seen 
in samples from the Apollo flights, could have resulted either 
from an external magnetizing field stronger than 1000 gammas or 
from a smaller internal dynamo-type lunar field that existed 
within the promordial Moon. 

The Earth's magnetic field could have magnetized the lunar 
material if (a) the Earth's field was much stronger in primordial 
times than it is now; or (b) the Moon's orbit was once much 
closer to the Earth; or (c) a combination of (a) and (b). If the 
Earth's field was never stronger than it is today, then the Moon 
would have had to approach dangerously close to the Earth in 
order to have been subjected to a magnetic field of 1000 gammas. 

For the Moon's magnetic field to have been produced by an 
intrinsic lunar dynamo, the Moon would have had to possess both a 
hot core and a fairly high rate of spin at the time the lunar 
surface material cooled through the Curie temperature, at which 
time the magnetism would have been frozen into the material. 
This requires some mechanism, presently undefined, for lowering 
the primordial temperature of the lunar interior and for slowing 
the spin rate of the Moon. One mechanism for accomplishing this 
dual function in the Moon is provided by the Earth-Moon evolu- 
tionary sequences that are predictable from the application of a 
dual primeval planet hypothesis to the primordial solar system. 



LUNAR MAGNETIC FIELD 

Tatsch, J. H. 

In this hypothesis, the ~arth's tectonosphere and the Moon 
evolve as separate entities of the same closed system. Briefly, 
when a dual primeval planet hypothesis is applied to an analysis 
of the early solar system, one of the consequences is a primor- 
dial Earth and a co-orbital companion, Earth Prime (1). Each of 
these modified Bullen-type bodies had a radius of about 5400 krn 
and was fractured into octants early in the history of the solar 
system. The 5400-km primordial Earth became the "subtectono- 
sphere" of the present Earth. The Earth's tectonosphere (upper 
1000 km in this model) is an accretion onto the primordial Earth 
of the remnant substance of five of the octants of Earth Prime, 
which had separated into octantal parts early in the history of 
the solar system. The Moon is derived, through one of several 
alternative evolutionary sequences, from the remnant substance 
of one of the octants of Earth Prime (1: p 25-41). The other 
two octants of Earth Prime assumed hyperbolic orbits and were 
lost from the local system. 

Depending upon the degree of secondary collisions and frag- 
mentations that are assumed, two basic types of Moon model may 
be derived from the primordial Earth-Moon system that is pre- 
dicted by the dual primeval planet hypothesis: (a) the "octantal- 
fragment" Moon model; and (b) the "twice-accreted" Moon model. 

In the octantal-fragment Moon model of the dual primeval 
planet hypothesis, as soon as the "lunar octant" separated from 
the quasi-stable environment of the fragmentizing Earth Prime, 
that octant was subjected to an extremely rapidly changing en- 
vironment. This is particularly important in connection with 
the erstwhile interior molten material (i. e., that which com- 
prised the apex of the lunar octant of Earth Prime), which was 
subjected, almost instantaneously, to a rapidly-cooling, highly- 
reducing environment when Earth Prime separated into octants, 

In addition of the expected flow and subsequent solidifica- 
tion of part of the lunar octant of Earth Prime, this octant 
would receive severe buffeting from subsequent collisions with 
other parts of Earth Prime as they orbited the primordial Earth. 
This buffeting would tend to remove the four "horns" from the 
lunar octant. Some of the heavier molten material of Earth 
Prime would be "lost" from the Moon prior to its solidification 
(1: p 98-106). 

In the octantal-fragment Moon model, this produces the pre- 
sent Moon after additional buffeting, further readjustments of 
the liquid and plastic parts of the lunar octant, and such 
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gravitational sliding, fracturing, accreting, and smoothing as 
might be expected in such a system in that environment. An idea 
of the relatively small amount of such buffeting, flowing, 
sliding, fracturing, accreting, and other smoothing required is 
suggested by the fact that the center of gravity of a homogeneous 
spherical octant is only 13% removed from that of a sphere of 
the same volume. For a differentiated body, suchas was Earth 
Prime, it would have been even less than 13%. 

When Earth Prime separated into octants, each of the sepa- 
rating parts acquired, according to this model, the remanent 
magnetism derivable from the "dynamo1' that existed within Earth 
Prime during primordial times. 

In the octantal-fragment model, the present magnetism of 
the lunar material comprises the remnants of the magnetism that 
was "frozen into" the lunar octant of Earth Prime as it cooled 
through the Curie temperature following separation of Earth 
Prime into octants. This remanent magnetism has been modified 
into the MOCZI'S present magnetism, according to this hypothesis, 
by the action of tectonic fracturing, by the shock of impacts 
that have occurred in the lunar material, and by other actions 
of the lunar environment since primordial times. 

In the twice-accreted Moon model of the dual primeval 
planet hypothesis, the Moon evolved from the equivalent of the 
remnant substance of one of the primordial octants of Earth 
Prime. This evolution occurred in two fundamental steps: (a) a 
greater degree of fragmentation through repetitive collisions of 
the octants of Earth Prime; and (b) a re-accretion of some of 
this material to form the present Moon. The basic difference 
between the octantal-fragment Moon model and the twice-accreted 
Moon model is essentially a matter of the degree of primordial 
repetitive collisions and fragmentations that occurred with 
respect to those portions of Earth Prime that later became the 
present Moon (2). The origin, evolution, and present charac- 
teristics of the Moon's magnetism are derivable from either of 
these two basic models for the formation of the Moon according 
to the dual primeval planet hypothesis. 

1. Tatsch, J. H. (1972) The ~arth's Tectonosphere: Its Past De- - --- 
velopment - and Present Behavior. Tatsch Assoc., Sudbury, 889 p. 

2. Tatsch, J. H. (1974) The Moon: Its Past Develo ment and -- 
--3+- Present Behavior. Tatsch Assoc., Sudbury, 



SPECTROSCOPIC MEASUREMENTS USING SYNCFIROTRON RADIATION 
AS A LIGHT SOURCE. James W. Taylor, Department of Chemistry, 
1101 University Avenue, Madison, WI 53706 

The electromagnetic radiation resulting from the high velo- 
city centripetal acceleration of electrons is an intense con- 
tinuum beginning in the x-ray region and extending through the 
infrared. Numerous research groups throughout the world are 
employing this radiation as a light source for spectroscopic 
studies involving absorption, reflectance, transmission, ion- 
ization, electron spectroscopy, fluorescence,.and intensity 
~alibration.'-~ The more recent efforts appear to be concen- 
trating at sites where storage rings produce the svnchrotron 
radiation,' in contrast to synchrotrons, and major facilit- 
ies are in operation or under construction in England, France, 
Germany, Japan, the USSR, and the United States. 

The following characteristics explain the spectroscopic 
interest in this type of light source. 111 The spectrum is a 
true continuum and devoid of line structure. C21 The int nsity 
of the photon flux, particularly from the x-ray to 1000 8 , can 
be greater than any other available source and can approximate 
the peak intensity of many intense line sources. C31 The light 
is polarized with the electric vector oriented in the plane of 
the electron orbit. C 4 1  The light arrives at an experimental 
port in short time pulses, on the order of nanoseconds, with a 
highly precise pulse repetition frequency in the megahertz 
range. C51 The li ht is produced from a vacuum environment in 
the 10 - l o  to 10 -16 torr range. 

At Wisconsin, the Physical Sciences Laboratory operates a 
2Q0 MeV electron storage This ring produces a spect- 
rum with a maximum intensity at 190 1 (65.3 eV) and a useful 
range, depending on the experiment and experimental port, of 
25-2000 1 (496-6.2 eV). Shorter wavelengths are produced at 
higher energies with DORIS, the German storage ring at Hamburg, 
and SPEAR, a high energy storage ring located at Stanford pro- 
ducing useful radiation at wavelengths as short as 0.3 %. 4 

In our gas phase work we have used the Wisconsin ring in 
conjunction with a vacuum ultraviolet monochromator to study 
molecular fragmentation by photoionization mass spectrometry, 
to obtain precise ionization potentials, to measure ionization 
cross sections, to make absolute intensity measurements in the 
VUV, and to measure the ejected electron kinetic energies as a 
function of orbital, photon energy, and angle of ejecti~n.'~-'~ 
For these latter studies the polarization of the light provides 
an additional aid in probing molecular bonding and in decon- 
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voluting overlaping photoelectron bonds. 

Synchrotron radiation has also been employed to gain 
understanding of problems in solid state chemistry and physics. 
In this work the optical properties of solids are measured as 
a function of.wavelength, temperature, and light polarization. 
Here the photoelectron production as a function of angle and 
temperature provide a sensitive probe for surface composition 
as well as bonding.'-' 

The solid phase work, to date, has not embraced the 
multicomponent mixtures expected for lunar samples, but there is 
reason to expect that the use of synchrotron radiation may be 
of aid in understanding the optical properties, probing the 
surface layers, in calibrating light measuring devices, and 
in determining photoelectron ejection efficiencies over a wide 
spectral range. 
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The s o l a r  wind i n t e r a c t s  d i r e c t l y  w i t h  the sur face m a t e r i a l  o f  a plane- 
t a r y  body l i k e  moon w i t h  tenuous atmosphere. The i n t e r a c t i o n  products are 
probably t h e  main source o f  most n e u t r a l  species i n  t h e  atmosphere [I]. The 
o the r  sources are p lanetary  degassing, e f f e c t s  o f  m e t e o r i t i c  impacts, and 
cosmic rays. I n  t h i s  paper we discuss the comparative importance o f  these 
sources f o r  the  l una r  atmosphere on the basis  o f  t h e o r e t i c a l  and experimental 
i nves t i ga t i ons .  A spec ia l  emphasis i s  g iven t o  the sources o f  H20. 

The m e t e o r i t i c  impacts are occasional events, and the  cosmic ray f l u x  i s  
three t o  f o u r  orders of magnitude sma l l e r  than s o l a r  wind f l u x .  The present  
day con t r i bu t i ons  t o  the l una r  atmosphere from these two sources are smal l  
compared t o  the  con t r i bu t i ons  from the s o l a r  wind and degassing. To evaluate 
the  l a t t e r  con t r i bu t i ons ,  i t  i s  important  t o  know the  l u n a r  atmospheric den- 
s i t y  which i s  very tenuous w i t h  a sur face pressure o f  % l r f - l 4  atm. This  
atmosphere contains c e r t a i n  atomic and n ~ o l e c u l a r  species as w e l l  as t h e i r  
ions.  Several techniques have been app l ied  f o r  t h e  determinat ion o f  t l ie 
atmospheric dens i ty  and composit ion [I, 2, 31 and the r e s u l t s  are qenera l l y  
cons i s ten t  w i t h  one another. Here we s h a l l  discuss the technique o f  [I]. Tne 
s o l a r  wind i n t e r a c t s  w i t h  the  atmosphere, and t h i s  i n t e r a c t i o n  i s  considered 
t o  cause pe r tu rba t i ons  i n  the  s o l a r  wind near  t l ie  l u n a r  l imb. These per- 
tu rba t ions  are due t o  " s i n g l e - f l u i  du and " t w o - f l u i d "  coupl ings between atmos- 
p h e r i c  ions  and the  s o l a r  wind. The oe r tu rba t i on  measurements by Exp lorer  35 
spacecra f t  were u t i l i z e d  t o  determine t h e  upper l i m i t s  o f  number dens i t i es  o f  
more than a dozen atmospheric n e u t r a l  species. The dominant species was 
found t o  be He w i t h  t h e  average number dens i ty  o f  9.4 x 104 mi-3 i g  the  day 
s ide,  fo l lowe by 112, ile and A r  w i t h  dens i t i es  9.3 x 104, 6.9 x 10 and $ 1.9 x 104 cm- respect ive ly .  The t o t a l  number dens i t y  value o f  a l l  species 
ob ta ined by t h i s  technique i s  cons is ten t  w i t h  t h e  value obta ined by others.  
For  exp lo ra t i on  o f  p lanets  w i t h  tenuous atmosphere, one can measure the  per-  
t u r b a t i o n  i n  the  s o l a r  w ind  near  the  p l a n e t ' s  t e rm ina to r  and use the  p e r t u r -  
b a t i o n  data t o  ca l cu la te  i t ' s  atmospheric dens i ty  [4 ] .  This technique i s  
p a r t i c u l a r l y  use fu l  i n  those cases where the remote sensinq o f  o p t i c a l  char- 
a c t e r i s t i  cs o f  atmospheri c species may n o t  be poss ib le  o r  the  measurement 
accuracy quest ionable.  

The species i n  the l u n a r  atn~osphere are expected t o  be i-12, tie, l ie, 
ii2, H20, 110, CO, C02, Cllg, OH, II, 0 and i 4 .  The atomic species and Oi l  Ar *  r a  O i 3  i c a l  
i n  t h e  atmosphere are n n m a r i l y  produced from the molecules by photodissoci -  
a t i o n  and s o l a r  wind i n t e r a c t i o n s .  l l os t  molecular  species and noble gases 
are supp l i ed  by so la r -w ind  i n t e r a c t i o n s  w i t h  l u n a r  sur face and some o f  the  
species are supn l ied  t o  a c e r t a i n  ex ten t  by deoassinq and r a d i o a c t i v i t y .  The 
c o n t r i b u t i o n  from the  l u n a r  degassinq i s  nossi b l e ,  because besides the  prob- 
ab le  continuous degassirla throuah t l ie s o i  1, emanations from the h o t  spots, 
t r a n s i e n t  events and a c t i v e  spots are a l so  poss ib le  sources. ilany observers 
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have detected these spots and events, have found some a c t i v e  spots t o  be 
repeatedly ac t ive ,  and have detected gas emissions from some of the a c t i v e  
spots. F i r s t ,  we discuss the  s o l a r  w ind  c o n t r i b u t i o n  t o  the atmosphere. The 
r e l a t i v e  abundances o f  protons, alpha p a r t i c l e s  and atomic oxyaen ions  i n  the 
s o l a r  w ind  are about 5000, 150 and 1.00, the  pro ton  f l u x  on t h e  l u n a r  sur face 
being about 3 x  108 cm-2 sec-1. These species w i t h  average energy o f  about 
1 keV penet ra te  the l una r  sur face ma te r ia l  t o  a depth o f  about 0.05 t o  O.lum. 
While pene t ra t i ng  they i o n i z e  the elements o f  the  ton  50 t o  100 layers o f  the 
surface m a t e r i a l  and u l t i m a t e l y  become n e u t r a l  H, He and 0. These a c t i v e  
atomic species, wh i l e  d i f f u s i n g  i n  the  ma te r ia l ,  form molecular  and r a d i c a l  
species such as Hz, 02, OH and 1120, because the reac t i ve  atomic species 
genera l l y  d i f f u s e  k ~ i  t h  slow ra tes  i n  r a d i a t i o n  damaged ma te r ia l  and because 
the l una r  sur face ma te r ia l s  are sa tu ra ted  w i  ti1 n e u t r a l i z e d  s o l a r  wind species. 
These l a t t e r  species, wh i l e  d i f f u s i n g  i n  t h e  ma te r ia l ,  encounter t i le  oncoming 
solar-wind p a r t i c l e s  and t h e i r  d e ~ r a d a t i o n  p roduc ts ,ene rge t i c  neu t ra l s .  
These encounters r e s u l t  i n  a complex s e t  o f  react ions o f  the d i f f u s i n a  
species such as i o n i z a t i o n ,  d i s s o c i a t i v e  i o n i z a t i o n ,  d i s s o c i a t i o n  and exchange 
react ions.  Each o f  the  fragmented species subsequently undergoes another s e t  
o f  react ions dur ing  i t s  residence t ime i n  a l o c a t i o n  and i t s  d i f f u s i o n  through 
the ma te r ia l .  The s o l a r  wind p a r t i c l e s  may a l s o  reac t  w i t h  the  elements o f  
s i l i c a t e  l a t t i c e ,  f o r  example, protons o r  energet ic  hydrogen atoms producing 
OHt and Oti. A f t e r  t h e i r  format ion they undergo s i m i l a r  reac t ions  as described 
above. A d e t a i l e d  ana lys is  o f  these processes ( d i f f u s i o n ,  encounters w i t h  
s o l a r  wind p a r t i c l e s ,  and reac t ions)  show t h a t  most o f  t i le  s o l a r  wind protons,  
i n  the presence o f  t h e  so la r -w ind  p a r t i c u l a t e  rad ia t i ons ,  appear i n  the  atmo- 
sphere as 112 i ns tead o f  11, OH and H20. I n  the  absence o f  the r a d i a t i o n  a 
f r a c t i o n  o f  the hydrogen atoms der ived from the  s o l a r  wind would appear as H, 
OH and Hz0 prov ided the  temperature o f  the m a t e r i a l  i s  about the same as t h a t  
i n  the presence o f  r a d i a t i o n .  The p a r t i c u l a t e  r a d i a t i o n  on the moon i s  th ree  
t o  fou r  orders o f  magnitude sma l l e r  on the n i g h t  s i d e  than on the day s ide.  
The average temperature or: the  n i g h t  s i d e  i s  about 100°K as compared t o  about 
350°K on t h e  day s ide  ( the  average o f  noon and near  t e rm ina to r  temneratures 
o f  1100' and 300°K). The Hz0 molecules formed from II and 0 atoms would remain 
p r a c t i c a l l y  f rozen i n  the l oca t i ons  where they are formed, because t l ie d i f -  
fus ion c o e f f i c i e n t  o f  the  p o l a r  molecule, I120 throuqh the l una r  ma te r i a l  a t  

$ 100°E i s  est imated t o  be less than 10-30 cm sec-) 'as compared t o  % 10-21 
c$ sec-1 a t  400°K. Upon exposure, the s o l a r  wind r a d i a t i o n  destroys essen- 
t i a l l y  a l l  Hz0 molecules be fore  they escape from the l una r  sur face m a t e r i a l  
t o  the atmosphere. Based on the  above analys is  and the  i n fo rma t ion  i n  a 
prev ious ly  publ ished paper [5]  we conclude t h a t  i f  Hz0 i s  present i n  the  
l una r  atmosphere i t s  main source i s  l u n a r  degassing. Our ana lys is  s h r r ~ ~ s  t h a t  
p r o b a b i l i t y  o f  s o l a r  wind des t ruc t i on  o f  1120 dur ing  degassing throuqh t h e  
v o i d  space between l u n a r  s o i  1 gra ins and through t h e  pores i n  the g r a i n  i s  a 
very smal l ;  therefore,  most 1120 n~o lecu le  w i l l  su rv ive  t o  escape from the  
lunar  i n t e r i o r  t o  the atmosphere. 

Petrographic and c h e m i c a l  ana lys is  o f  l una r  samples d i d  n o t  reveal  the 
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presence o f  hydra ted  minera ls .  I f  formed, hydra ted  minera ls  would have been 
s t a b l e  even i n  the  l u n a r  environment. Trapped Hz0 was a l s o  no t  detected bu t  
var ious gases i n c l u d i n g  hydrogen were found i n  the  l u n a r  samples. Our 
experiments on the  h i  gh-vacuum and low vacuum N2-stored l u n a r  samples s h w e d  
tha t ,  upon t h e i r  exposure t o  02, H20, and t h e i r  mix tu res ,  many o f  the bonded 
p a r t i c l e s  separated, and t h a t  p ro long exposure t o  n e a r l y  sa tura ted  Hz0 vapor 
s e n s i t i z e d  t h e  l u n a r  g r a i n  which re leased t rapped gases dur ing  subsequent 
r e c y c l i n g  steps o f  adsorpt ion s tud ies .  These and o t h e r  s tud ies  o f  l una r  
samples i n d i c a t e  t h a t  the  lunar  sur face gra ins  d i d  n o t  conta in  Hz0 o r  OH f o r  
any s u b s t a n t i a l  length  o f  t ime. I t  i s  reasonable t o  conclude from t h e  theo- 
r e t i c a l  ana lys is  o u t l i n e d  above and the  l u n a r  sample s tudy  r e s u l t s  o f  ours 
and others t h a t  OH and Hz0 which may form from the  s o l a r  w ind  species are 
e s s e n t i a l l y  destroyed by t h e  s o l a r  w ind  p a r t i c u l a t e  r a d i a t i o n s  be fore  they 
cou ld  escape t h e  m a t e r i a l  gra ins t o  the l u n a r  atmosphere. Hydrogen der ived 
from t h e  s o l a r  w ind  protons escape t h e  m a t e r i a l  g ra ins  t o  the atmosphere i n  
t h e  form o f  Hz. I f  Hz0 i s  present  i n  t h e  l u n a r  atmosphere, i t s  source i s  i n  
t h e  l u n a r  i n t e r i o r .  Deta i  1s o f  the processes and ca l cu la t i ons  s u b s t a n t i a t i n g  
the  above conclusions w i l l  be presented i n  t h e  paper. 
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Research Laboratory, Navrangpura, Ahmedabad-380009, India. 

Silicate grains, having high track densities due to solar f lare bom- 
bardment as  well a s  high rare-gas contents due to solar  wind implantation, 
occur in varying proportions in lunar soils and in the dark portioqs of the 
gas-rich meteoritesl-4. A comparative study of the correlation between 
the gas contents and the track-rich components in lunar soils and the gas- 
rich meteorites is carried out here to understand the behaviour of the 
solar wind and solar  f lare activity in the past. 

A convenient parameter describing the solar  f lare bombardment is 
NH/N, which denotes the fraction of grains that have received flare i r r a -  
diation, resulting in high track densities 108/cm2, andlor steep track 
density gradient. ~ r 3 6  is used to represent the trapped solar  wind gases. 
Large amount of data for the lunar soils and gas-rich meteorites from 
this laboratory and published literature, a r e  used for plotting ~r~~ vs 
N H / N  (Fig. 1). This interrelationshi between AI-36 and NH/N shows a S saturation effect for  AI-36:- 3 x 10- cc STP ~ r 3 6 / g m  for NH/N values 
exceeding 0.5. Fo r  gas-rich meteorites, for NH/N .:I 0.4, the available 
data points fall on a smooth curve without showing evidence for gas- 
saturation; the gas contents a r e  lower by 2-3 orders of magnitude com- 
pared to the lunar saturation value. 

In order to understand the above observations we have made determi- 
nations of the grain-size distributions in gas-r ich meteorites. These 
data for meteorites and the published extensive data for lunar soils are  
used to deduce s ecific gas contents of AI-36 in meteoritic and lunar f samples: cc/cm surface area. 

A significant reason for the low gas contents in the dark portions of 
gas-rich meteorites, compared to the lunar soils, is  due to  the fact that 
the NH/N is  N 1 fo r  many lunar soils whereas for the meteorites the 
values range from 0.02 to 0. 3. This means that in these lunar soils all 
the grains a r e  exposed to solar  radiation at some time or  other. But the 
gas-rich meteorites contain an appreciable amount of grains that were 
never exposed to  sol= wind and solar  f lares in the past. This fact gives 
r i se  to the dilution of gas-rich grains by non-irradiated ones. The 
relative proportion of the irradiated to the non-irradiated grains deter-  
mines the gas conteuls in  gas-rich meteorites. 
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APOLLO I7 a ~+j 

Fig. 1 Correlation between observed NH/N values 
and the ~ r 3 6  contents of several  bulk lunar 
soil  samples and dark portions of the gas- 
r ich meteorites. 

After accounting for  the dilution effect due to mixing with unirradiated 
grains and taking into account expected differences due to different grain 
size distributions in meteorites and lunar samples, we find that the 
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amount of s o l a r  wind gas  in the  lunar  samples,  re la t ive t o  f l a r e  t racks,  
is too high compared t o  meteor i te  samples .  One of the possible explana- 
t ions which reasonably accounts f o r  t h i s  difference l ies  in the hypothesis 
that  the  so l a r  f l a r e  activity was  much higher in the  ear ly  his tory of the 
s o l a r  sys t em than a t  present.  

References 

1. Suess ,  H.E., Wanke, H. and Wlotzka, F.. (1964), Geochim. 
Cosmochim Acta, 28, 595-607. ' - 

2. Eberhardt ,  P., Geiss ,  J. and Groegler,  N.. (1965). J. Geophys. 
Res. ,  - 70, 4375-4378, 

3. Lal, D., Rajan, R.S., (1969). Nature, 223, - 269-271. 

4 . .  Pel las ,  P., Poupeau, G., Lorin. J. C., Reeves, H. and Adouze. 
J., (1969). Nature, - 223, 272-274. 



THERMAL ENVIRONMENT AND HISTORY OF SOME APOLLO 1 7 
SOILS. F. S. W. Hwang and S. A. Durrani ,  Phys ics  Dept . ,  Birmingham 
University,  Birmingham B15 ZTT, England. 

Two soi l  samples  re turned f rom the Apollo 17 mission were studied 
by thermoluminescence (TL)  technique. Both samples  had a l ready  been 
sieved in the Lunar  Sample Prepara t ion  Labora tory  of NASA, and gra ins  
of l e s s  than 38 microns  were  fur ther  separated by us for  this investigation. 
Sample 76241 was collected f rom about 1 m e t e r  under the north  overhang 
of boulder 4 a t  station 6.  The  other sample 76261 was collected on the 
open ground just outside the shadow. The natural  glows of these two 
samples  strongly re f lec t  their  thermal  environment. The  f o r m e r ,  which 
was shadowed permanent ly  f rom the sunlight by the boulder and hence 
received no d i rec t  so la r  heating, had a be t te r  s to rage  condition f o r  i t s  
na tu ra l  TL .  The la t te r ,  however, which was exposed direct ly  to sunlight 
throughout t he  14  days sunr i se  per iod when the tempera ture  reaches  
375OK, showed na tura l  T L  only a t  the  high t empera tu re  region. The 
boulder t rack,  descr ibed  by the as t ronauts  a s  s t i l l  f r e sh ,  indicates that 
the boulder probably has not been the re  for  a g rea t  length of t ime.  This  
impl ies  that the build-'.ip of the low tempera ture  na tura l  T L  in sample 
76241 s ta r ted  only a f t e r  the a r r i v a l  of the boulder because the sub-zero 
tempera ture  in the shade provided a bet ter  s torage condition f o r  a dynamic 
equil ibrium. By assuming  that the two samples  a r e  identical  in  m i n e r a l  
composition and T L  charac te r i s t ic ,  and a l so  using the Randall  and 
Wilkins model,  an a t tempt  has  been made to es t imate  when the boulder 
a r r ived ,  the l a s t  heating-up of the soil ,  and the tempera ture  in  the shade 
during lunar daytime. 
Successive doses ,  ranging f r o m  a few ki lorads  to a few megarads ,  were  
added to these na tu ra l  samples .  The response  to y-rays  ( 6 0 ~ o )  
i r radiat ion of these samples  i s  l inear  to about 1; megarad ,  then the total 
glow a r e a  between room tempera ture  and 5 2 0 ' ~  i s  sa turated with higher 
doses .  This  behaviour i s  generally found in other samples  f r o m  the 
previous miss ions .  The integrated a r e a  of glows of var ious  tempera ture  
ranges  w e r e  plotted against  the  dose  added. The  "Half-Dose" was 
de te rmined  fo r  the high tempera ture  glow of each specimen and f r o m  this 
the s torage tempera ture  of the sample on the moon was  es t imated.  The  
low tempera ture  glow of sample 76241 was a l so  used for the estimation of 
i t s  s to rage  tempera ture  in the shade. The  r e su l t  can be compared with 
that  obtained f rom above and provides  an  inter-check of the two models  
employed. 
The  trapping p a r a m e t e r s ,  t r ap  depth and frequency factor  were  determined 
using the initial r i s e  technique. The resu l t s  a g r e e  with the electron 
trapping model  and a r e  a l so  consistent with the previous resu l t s .  



THERMAL ENVIRONMENT AND HISTORY O F  SOME A P O L L O  17 SOILS 

Hwang, F .  S. W. a n d  D u r r a n i ,  S.  A .  

Sample  76241 i s  one  of the two s a m p l e s  which have been kept  a t  f r e e z i n g  
t e m p e r a t u r e  s ince  the i r  a r r i v a l .  However ,  the s a m p l e s  were  l e f t  a t  room 
t e m p e r a t u r e  fo r  about  a  for tn ight  a f t e r  the s p l a s h  down before ac tua l ly  
going into the  deep f r e e z e r .  T h e r e f o r e ,  a n  exper iment  w a s  p e r f o r m e d  to 
s e e  if any  n a t u r a l  T L  had faded dur ing that  p e r i o d .  A spec imen  was  divided 
into two por t ions  a f t e r  i t s  glow a t  low t e m p e r a t u r e  region was  re ins ta l l ed  
(matching the  shape of i t s  n a t u r a l  glow) by adding a n  a r t i f i c i a l  d o s e  of  
40 k i lo rads  P ( ~ O S T ) ,  one por t ion  w a s  left  a t  roonl  t e m p e r a t u r e  a n d  the  
o the r  a t  60°C f o r  1 4  days  ( a l s o  equivalent  to the length of a lunar  day)  
before the i r  T L  w e r e  r e a d  out .  T h e  r e s u l t s  showed that the n a t u r a l  T L  
induced by radia t ions  in space  w a s  not  af fec ted  by that s t o r a g e  condition. 
The  coun te rpar t  of th is  sample  h a s  been kept  a t  room t e m p e r a t u r e  e v e r  
s ince  i t s  a r r i v a l .  T h e  n a t u r a l  g lows of t h e s e  two p a r t s  a r e  a l s o  c o m p a r e d .  
Sample  72321 i s  the  o the r  d e e p - f r e e z e  s a m p l e  which was  col lec ted  f r o m  
about 2Ocm ins ide  the shadow under  an o v e r h a n g  of boulder 2 a t  s tat ion 2. 
However,  the  n a t u r a l  glow obtained f r o m  this  s a m p l e  i m p l i e s  t h a t  it h a s  
suffered s e v e r e  t h e r m a l  annealing in t h e  p a s t .  



THERMAL ENVIRONMENT AND HISTORY O F  SOME APOLLO 17 SOIL: 

Hwang, F. S. W. and Durrani, S. A .  

Fig.  1; Natural  T L  glow f r o m  samples  A) 76241, B) 72321 and 

C) 76261. 
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Fig. 2 ;  T L  glow of sample 76241:A) 40 Krads p ( ' " ~ r ) ,  B) 40 Krads p 

+14 days a t  room t empera tu re ,  C) 40 Krads  p + 14 days a t  60Oc 

and D) natural  glow. 



THE INTERACTION OF THE SOLAR WIND WITH THE MOON: 
OBSERVATIONS. C.T. R u s s e l l ,  I n s t i t u t e  o f  G e o p h y s i c s  and  
P l a n e t a r y  P h y s i c s ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  L o s  A n g e l e s ,  C a l i f .  
90024.  

The i n t e r a c t i o n  o f  t h e  s o l a r  w i n d  w i t h  t h e  moon i s  d i s t i n c t  
f r o m  t h e  i n t e r a c t i o n  w i t h  t h e  o t h e r  c e l e s t i a l  b o d i e s  f o r  w h i c h  
we have  i n - s i t u  d a t a .  The moon has  n e i t h e r  a  d e n s e  a t m o s p h e r e  
t o  a b s o r b  t h e  s o l a r  w i n d ;  n o r  a  h i g h l y  c o n d u c t i n g  i o n o s p h e r e ,  o r  
s u r f a c e ,  t h r o u g h  w h i c h  t h e  s o l a r  w i n d  c o u l d  s e t  u p  u n i p o l a r  i n -  
d u c t i o n  c u r r e n t s  t o  d e f l e c t  t h e  s o l a r  w i n d ;  n o r  does  i t  have  a 
s t r o n g  i n t r i n s i c  p l a n e t a r y  m a g n e t i c  f i e l d .  Thus ,  t h e  s o l a r  w i n d  
d i r e c t l y  i m p a c t s  t h e  l u n a r  s u r f a c e  o v e r  t h e  d a y l i t  h e m i s p h e r e .  
T h i s  f a c t  e n a b l e d  t h e  s o l a r  w i n d  t o  b e  p r o b e d  q u i t e  s u c c e s s f u l l y  
d u r i n g  t h e  A p o l l o  p r o g r a m  w i t h  i n s t r u m e n t s  on t h e  s u r f a c e .  I n  
f a c t ,  a n a l y s e s  o f  l u n a r  s o i l  s a m p l e s  h a v e  p r o v i d e d  measures  o f  
s o l a r  w i n d  p r o p e r t i e s  f o r  t h e  p a s t  109  y e a r s .  

Downs t ream o f  t h e  moon t h e r e  i s  a  wake o r  c a v i t y  i n . t h e  
s o l a r  w i n d  i n  w h i c h  c l o s e  t o  t h e  moon t h e r e  i s  no f l o w i n g  s o l a r  
w i n d  p l a s m a .  The  m a g n e t i c  f i e l d  s t r e n g t h  i n  t h i s  r e g i o n  i s  
s l i g h t l y  g r e a t e r  t h a n  i n  t h e  u n d i s t u r b e d  s o l a r  w i n d ,  b u t  i t  i s  
n o t  a s  enhanced  a s  w o u l d  b e  e x p e c t e d  i f  t h i s  r e g i o n  w e r e  a  v o i d .  
The  f l o w i n g  s o l a r  w i n d  i s  e x p e c t e d  t o  e x p a n d  i n t o  t h i s  c a v i t y  
and some e v i d e n c e  o f  t h i s  e x p a n s i o n  i s  seen  as  d e p r e s s i o n s  i n  
t h e  m a g n e t i c  f i e l d  b o u n d i n g  t h e  wake r e g i o n .  However ,  t h i s  
s i g n a t u r e  i s  o f t e n  v e r y  weak a n d  a p p e a r s  t o  be s t r o n g  o n l y  when 
t h e r e  a r e  l a r g e  d i s t u r b a n c e s  u p s t r e a m  f r o m  t h e  l i m b s .  

C o m p r e s s i o n a l  d i s t u r b a n c e s  i n  t h e  f i e l d  and  p l a s m a ,  c a l l e d  
e x t e r n a l  maxima, p e n u m b r a l  i n c r e a s e s  and  l i m b  s h o c k s  b y  
E x p l o r e r  3 5  e x p e r i m e n t e r s ,  a r e  e v e n  m o r e  e v i d e n t  i n  l o w  a l t i t u d e  
A p o l l o  s u b s a t e l l i t e  d a t a  a b o v e  t h e  l u n a r  l i m b s .  S t r o n g  l i m b  
c o m p r e s s i o n s  AB/B>0.5, a r e  o b s e r v e d  23% o f  t h e  t i m e .  They o c c u r  
u n d e r  a l l  s o l a r  w i n d  p l a s m a  c o n d i t i o n s ,  a n d  u p s t r e a m  m a g n e t i c  
f i e l d  o r i e n t a t i o n s .  However ,  t h e y  n e v e r  o c c u r  o v e r  some r e g i o n s  
o f  t h e  moon, w h i l e  t h e y  a l m o s t  a l w a y s  o c c u r  o v e r  o t h e r s .  The  
m o s t  p r o b a b l e  c a u s e  o f  t h e s e  f e a t u r e s  i s  d e f l e c t i o n  o f  t h e  s o l a r  
w i n d  n e a r  t h e  t e r m i n a t o r s  b y  t h e  l u n a r  m a g n e t i c  f i e l d .  

The m a g n e t i c  d i p o l e  moment o f  t h e  moon a s  m e a s u r e d  b y  t h e  
A p o l l o  15  and  1 6  s u b s a t e l l i t e  m a g n e t o m e t e r s  i s  l e s s  t h a n  1 0 1 9  
~ a u s s - c m 3  and i s  f a r  t o o  weak t o  c a u s e  s u c h  a  d e f l e c t i o n .  How- 
e v e r ,  t h e s e  same s a t e l l i t e s  r e v e a l  a  c o m p l e x  p a t t e r n  o f  s u r f a c e  
f i e l d s  w h i c h  c o u l d  c a u s e  l o c a l  d e f l e c t i o n s  o f  g r a z i n g - i n c i d e n c e  
s o l a r  w i n d .  T h e r e  a r e  b u t  t w o  r e g i o n s  o f  o v e r l a p  o f  o c c u r r e n c e  
s t a t i s t i c s  on  l u n a r  l i m b  c o m p r e s s i o n s  a n d  t h e  s u r f a c e  f i e l d .  I n  
t h e  f i r s t ,  t h e r e  i s  no  m e a s u r a b l e  l u n a r  f i e l d  a n d  no l i m b  
c o m p r e s s i o n s ;  i n  t h e  o t h e r ,  t h e r e  i s  a  v a r i a b l e  f i e l d  a n d  a  
v a r i a b l e  o c c u r r e n c e  r a t e  w i t h  a n  a l m o s t  o n e  t o  o n e  c o r r e s -  
pondence.  



S O L A R  W I N D  I N T E R A C T I O N  

Russe l  1 ,  C . T .  

While l imb compres s ion  o c c u r r e n c e  s t a t i s t i c s ,  t h e  Be rke l ey  
p a r t i c l e  s c a t t e r i n g  t e c h n i q u e ,  and d i r e c t  h igh  a l t i t u d e  ( a100  k m )  
measurements  r e v e a l  t h a t  l a r g e  s c a l e  l u n a r  f i e l d s  w i t h  c o h e r e n c e  
l e n g t h s  of t h e  o r d e r  of 100 k m  c o v e r  o n l y  a  f r a c t i o n  o f  t h e  
l u n a r  s u r f a c e ,  low a l t i t u d e  ( ~ 6 0  k m )  d a t a  and s u r f a c e  measure-  
ments r e v e a l  t h e  l u n a r  s u r f a c e  t o  be magne t i zed  eve rywhere .  
Perhaps  due t o  t h e s e  smal l  s c a l e  f i e l d s ,  t h e  l u n a r  l imb  r e g i o n s  
a r e  a l m o s t  c o n t i n u a l l y  d i s t u r b e d ,  even  when l imb  compres s ions  
a r e  a b s e n t .  

The s c a t t e r i n g  of f l u c t u a t i o n s  i n  t h e  i n t e r p l a n e t a r y  
magne t i c  f i e l d  by t h e  moon has  been used t o  p robe  t h e  i n t e r i o r  
c o n d u c t i v i t y  of t h e  moon by i n v e r s i o n  o f  t h e  l u n a r  t r a n s f e r  
f u n c t i o n .  T h i s  a p p r o a c h ,  however,  depends  on u s i n g  t h e  p r o p e r  
boundary c o n d i t i o n s  i n  t h e  i n v e r s i o n  t e c h n i q u e .  While t h e  
d a y s i d e  i n t e r a c t i o n  i s  wel l  u n d e r s t o o d ,  knowledge of t h e  
p r o p e r t i e s  of t h e  wake i s  l a c k i n g .  I f  l u n a r  c o n d u c t i v i t y  
s t u d i e s  a r e  t o  p r o g r e s s ,  we must u n d e r s t a n d  t h e  plasma i n  t h i s  
r e g i o n  b e t t e r .  Thus t h e  l u n a r  p o l a r  o r b i t e r  s h o u l d  be i n s t r u -  
mented w i t h  modern plasma i n s t r u m e n t a t i o n ,  i n  a d d i t i o n  t o  a  
magnetometer  and x - r a y  and y - r a y  s p e c t r o m e t e r s .  



METHANE AND AMMONIA I N  THE LUNAR ATMOSPHERE, J .  H .  Hoffman and 
R.  R. Hodges, J r . ,  Univers i ty  of Texas a t  Da l l a s ,  P. 0 .  Box 688, Richardson, 
Texas. 

The Apollo 1 7  mass spectrometer experiment has confirmed t h e  ex is tence  
i n  the  lunar  atmosphere of s e v e r a l  of t h e  noble gases ,  v i z .  helium and argon, 
as  has been repor ted  previous ly .  

The observed helium concent ra t ions  and d i s t r i b u t i o n  agree  c lose ly  with 
model p r e d i c i t i o n s  f o r  a non-condensable gas based on a s o l a r  wind source ,  
thermal escape and a Monte Carlo random walk ca l cu la t ed  long i tud ina l  d i s -  
t r i b u t i o n .  Heavier gases a r e  l o s t  by photoionizat ion and subsequent sweep- 
ing  away by the  s o l a r  wind e l e c t r i c  f i e l d .  Argon, i s  adsorbed on t h e  lunar  
su r face  l a t e  a t  n igh t  when the  su r face  temperature is lowest.  I t  shows t h e  
expected pre-dawn enhancement exh ib i t ed  by condensable gases re leased  i n t o  
the  atmosphere a t  the s u n r i s e  te rminator .  

Evidence e x i s t s  f o r  t h e  pre-dawn enhancement, s i m i l a r  t o  t h a t  f o r  argon, 
of mass peaks a t  15 ,  16 and 1 7  amu i n  spec t r a  from l a t e  i n  the  luna r  n igh t .  
The enhancement of these  peaks is l i k e l y  due t o  a pre-dawn inc rease  i n  
methane (15 and 16 amu) and ammonia (17 m u ) ,  both condensable gases which 
a r e  bo i l ing  o f f  from t h e  warm approaching terminator .  The enhancement 
begins 5 t o  10' be fo re  t h e  terminator  crosses t h e  Apollo 17 s i t e  and con- 
t i nues  u n t i l  l o c a l  s u n r i s e ,  which occurs some 4" a f t e r  t h e  te rminator  has 
passed the s i t e .  These condensable gases should have t h e i r  maximum concen- 

r a t i o n s  a t  sun r i se .  The va lues  obtained a r e  somewhat l e s s  than those f o r  
' o A ~  ( l o4  cm-3 range) and more cons i s t en t  with 3 6 ~ r  (3 x l o3  ~ m - ~ )  which has 
a s o l a r  wind o r i g i n .  



MICROMETEORITES AND SOLAR FLARE PARTICLES I N  AND OUT OF THE 
ECLIPTIC. I . D .  Hutcheon, Physics Dept. Univ. of C a l i f . ,  Berkeley, Ca. 
94720. 

The u t i l i z a t i o n  of lunar  rocks as  micrometeoroid d e t e c t o r s  has  pro- 
vided a  wealth of information on t h e  mass frequency d i s t r i b u t i o n  and 
phys ica l  p rope r t i e s  of i n t e r p l a n e t a r y  dust  p a r t i c l e s .  Due p r imar i ly  t o  a  
l ack  of appropr i a t e  samples, t h r e e  a reas  of g rea t  i n t e r e s t  have y e t  t o  be 
c a r e f u l l y  inves t iga t ed :  (1) t h e  angular  d i s t r i b u t i o n  of t h e  f l u x  of 
micrometeoroids; (2) t h e  phys ica l  p rope r t i e s  of non-zodiacal (possibly 
i n t e r s t e l l a r )  dus t  g ra ins ;  and (3 )  t h e  angular  d i s t r i b u t i o n  of t h e  f l u x  
of s o l a r  f l a r e  p a r t i c l e s .  Vugs chipped from t h e  Apollo 17 v e s i c u l a r  b a s a l t s  
whose luna r  su r face  o r i e n t a t i o n s  a r e  w e l l  documented (71055 and 74255) have 
provided t h e  f i r s t  opportuni ty t o  i n v e s t i g a t e  these  problems. Although 
s t u d i e s  a r e  s t i l l  i n  progress ,  w e  r epor t  a prel iminary measurement of t h e  
angular  anisotropy of t h e  micrometeoroid f l u x  and demonstrate t h a t  t h e  mass 
frequency d i s t r i b u t i o n s  and c h a r a c t e r i s t i c  shapes of zodiaca l  and non- 
zodiaca l  p a r t i c l e s  a r e  very s i m i l a r .  We a l s o  r epor t  a  t e n t a t i v e  measurement 
of a  shallow s o l a r  f l a r e  t r a c k  gradient  i n  a  South fac ing  vug t h a t  r e q u i r e s  
f u r t h e r  a n a l y s i s ,  but  may i n d i c a t e  a  r e a l  d i f f e r e n c e  i n  the  energy spectrum 
of s o l a r  p a r t i c l e s  i n  and out  of t h e  e c l i p t i c  plane.  

Evidence from s t u d i e s  of t h e  i n t e n s i t y  of t h e  zodica l  l i g h t  and from 
s a t e l l i t e  measurements of i n t e r p l a n e t a r y  p a r t i c l e s 1  suggests  t h a t  dus t  
g ra ins  i n  t h e  s o l a r  system should be  s t rong ly  concentrated near  t h e  plane 
of the  e c l i p t i c .  To search f o r  an anisotropy i n  t h e  micrometeoroid f l u x  we 
have observed microcra ters  on c r y s t a l  faces  loca ted  deep wi th in  o r i en ted  
vugs from 71055 and 74255. The narrow opening of a  vug al lows the c r y s t a l  
t o  i n t e r c e p t  only p a r t i c l e s  streaming i n  wi th in  a l i m i t e d  s o l i d  angle.  I n  
p a r t i c u l a r ,  we  have s e l e c t e d  vugs from 71055,12 which were pointed approxi- 
mately luna r  South and should i n t e r c e p t  only non-ec l ip t ic  p a r t i c l e s  and vugs 
from 74255,49 which were pointed luna r  East o r  West and should i n t e r c e p t  
only p a r t i c l e s  confined t o  t h e  e c l i p t i c  plane.  

The s i z e  frequency d i s t r i b u t i o n s  of microcra ters  have been measured 
on c r y s t a l  f aces  wi th in  vugs of orthogonal o r i e n t a t i o n  over t h e  diameter 
i n t e r v a l  0.05 vm t o  1.0 pm. A l l  microcraters  counted have t h e  morphology 
of c r a t e r s  produced by hyperveloci ty impact. Some fea tu res  sugges t ive  of 
low ve loc i ty  p r o j e c t i l e s  were observed but  have been excluded from the  
ana lys is .  Crys t a l  su r faces  a r e  undersaturated wi th  c r a t e r s  and have 
genera l ly  low d e n s i t i e s  of accre t ionary  p a r t i c l e s .  The s i z e  frequency 
d i s t r i b u t i o n s  f o r  both t h e  sunward and southward po in t ing  su r faces  a r e  
shown i n  Figure 1 and a r e  very s i m i l a r  i n  shape. Both curves show a 
dep le t ion  i n  c r a t e r s  l e s s  than 0.10 pm i n  diameter ,  bu t  t h i s  e f f e c t  i s  most 
l i k e l y  due t o  t h e  l i m i t e d  r e so lu t ion  of t h e  SEM. Scanning a t  h ighes t  
r e s o l u t i o n  on smooth su r faces  suggests  t h a t  both d i z t r i b u t i o n s  extend with 
a  cons tant  s lope  of - -2 t o  c r a t e r  diameters 5 400 A. Our r e s u l t s  a r e  
incons i s t en t  wi th  t h e  work of Zook and ~ e r ~ '  who suggested t h a t  su r faces  

o r i en ted  normal t o  t h e  e c l i p t i c  p lane  should be deple ted  i n  c r a t e r s  i n  t h e  
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diameter interval 0.1 um to 1.0 pm. Thz similari~~ in the size frequency dis- 
tributions of craters produced by particles impacting from ecliptic and lun- 

3 ar South directions established here together with a study by Blanford 9. 
of a North pointing surface, indicate that the micrometeoroid population is 
isotropic throughout interplanetary space in terms of size frequency distri- 
bution over the diameter range measured. 

To evaluate the flux of hypervelocity particles in a given direction we 
measure the solar flare track profiles in the same crystals on whose surfaces 
we have observed craters. The magnitude of the track density at a given 
depth, when compared with our most recent lunar standard4, enables us to de- 
termine the exposure age of a particular surface and to compute the micro- 
meteorite flux. After their surfaces have been studied, the crystals are 
chipped out of their vugs, mounted and polished normal to the exposed surface, 
and etched to reveal the solar flare tracks. Samples are etched in a boiling 
solution of 3g Na0H:lOg Hz0 for plagioclase or 6g NaOH:5g H20 for pyroxene. 
Tracks are counted on a plastic replica with SEM. 

Our efforts, thus far, have concentrated on measuring the track profile 
in a plagioclase crystal from a South pointing vug of 71055. Over the depth 
interval measured, 2.5 um to 180 pm, the track gradient is substantially 
flatter (slope of - -1) than gradients we have measured in uneroded crystals 
of unknown orientation. From the observations of microcraters and accretion- 
ary particles on its exposed surface we can exclude any significant amount 
of surface erosion. We are presently reassessing the exposure geometry to 
evaluate the effects of irradiation prior to opening of the vug, but cannot 
yet discount the possibility that this gradient reflects a true difference in 
the energy spectrum of solar particles impinging normal to the ecliptic. 
Measurements of track profiles in other South facing crystals are in progress 
to check this observation and will be reported. Pyroxene phenocrysts from 
sunward facing vugs of 74255 are also being etched to reveal the track 
gradient from solar particles in the ecliptic. 

The determination of the flux of non-zodiacal particles is strongly 
dependent on the interpretation of the shape of the southward track density 
gradient. Until our analysis is completed, we can only estimate the ratio 
of ecliptic and non-ecliptic micrometeoroid fluxes by comparing the ratio of 
the density of 1.0 um diameter craters to the solar flare track density at a 
depth of 10 um for orthogonally oriented samples. Assuming the solar flare 
flux to be isotropic, we estimate that the production rate of 1.0 pm dia- 
meter craters on a South facing surface is lower by a factor of -10 than the 
rate on a surface lying in the ecliptic. 

Another probe of the physical characteristics of hypervelocity dust 
grains is the shape of the impact crater they produce. The parameter we 
use to quantify crater shapes is the circularity index, the ratio of the 
area bounded by the rim of the crater to the area of the smallest circle 
which just encloses the crater. We have measured crater circularities of 
more than 100 craters on each of two orthogonal surfaces and find no major 
differences between the ditribution of circularities of craters collected in 
the South pointing vugs and in the sunward facing vugs. There is some indi- 
cation of a greater population of craters with circularity less than 0.5 for 
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the non-ecliptic orientation. Extremely noncircular craters indicative, for 
instance, of needle-shaped interstellar dust grains are not observed. The 
number of common ph sical characteristics suggests that interplanetary par- 
ticles of mass 10-13 g residing both in and out of the ecliptic plane origi- 
nate from related sources and/or are subject to similar environments. 
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ELECTWT FORMATION ON THE LUiJAR SURFACE--ADHESION AND 
CLUSTERING OF DIELECTRIC PARTICLES I N  THE SPACE ENVIRONMENT; 
G u s t a f  A r r h e n i u s ,  Scr ipps I n s t .  of O c e a n o g r a p h y ,  L a  J o l l a ,  CA 92037 

Exposure t o  space environment causes t h e  lunar  s o i l  p a r t i c l e s  t o  adhere 
t o  each other  forming g r a i n  c l u s t e r s  with low bulk dens i ty .  The adhesion 
fo rces  a r e  e l e c t r o s t a t i c  and due t o  p e r s i s t e n t  i n t e r n a l  po la r i za t ion .  Dipole 
s t r eng ths  a r e  co r re l a t ed  with i r r a d i a t i o n  h i s t o r y ,  composition and dens i ty  of 
s t r u c t u r a l  d i s c o n t i n u i t i e s  i n  t h e  c r y s t a l s .  

Comparison of t h e  e l e c t r o s t a t i c  adhesion i n  top and bottom s t r a t a  of the  
Apollo 12 double core where t h e  age r e l a t i o n s h i p s  a r e  approximately known show 
t h a t  t h e  adhesion,although pe rcep t ib ly  decayed, s t i l l  p e r s i t s  a f t e r  b u r i a l  
times est imated t o  be of t h e  order  of 107 years .  

The phenonmenon of e l e c t r e t  formation on t h e  Moon r e l a t e s  t o  a  number of 
o ther  lunar  processes but  a l s o  t o  a  number of general  problems concerning t h e  
behavior of matter  i n  space. Some of these  a r e :  

1. The turnover of the  luna r  r e p o l i t h  on a  s c a l e  comparable with t h e  
s i z e  of the  p a r t i c l e s  and of t h e  observed sediment s t r a t a ,  and the  r e l a t i v e  
importance a t  t h i s  s c a l e  of d i f f e r e n t  d r i v i n g  mechanisms, pr imar i ly  micro- 
meteori te  impact and e l e c t r o s t a t i c  charging.  

2. Poss ib l e  l a t e r a l  t r a n s p o r t  of l una r  dus t  a t  a  s c a l e  of meters and 
l a r g e r  a s  proposed by Gold. Without such a  process opera t ing  a t  a  s c a l e  of a t  
l e a s t  1-10 m,  i t  i s ,  a s  pointed out  by Gold, d i f f i c u l t  t o  understand t h e  l ack  
of throwout deb r i s  on rock su r faces  and t h e  disappearance from the  s o i l  sur-  
f ace  of landing marks from rock p r o j e c t i l e s .  

3 .  The i n c i p i e n t  aggregat ion of g ra ins  i n  Kepler o r b i t s .  It has long 
been a  problem t o  expla in  how t h e  p lane tary  bodies  i n  the  s o l a r  system can 
have begun t h e i r  embryonic growth from assemblages of o r b i t i n g  p a r t i c l e s  ( i t  
is now wel l  known [Sp i t ze r ,  Kumarl t h a t  p l ane ta ry  bodies ,  i n  con t ra s t  t o  s t a r s ,  
a r e  f a r  too-small  t o  form by g r a v i t a t i o n a l  co l l apse  of gas c louds) .  Although 
one now understands how low r e l a t i v e  v e l o c i t i e s  can be  obtained i n  o r b i t i n g  
many-body systems of p a r t i c l e s ,  t h e  mechanism f o r  t h e i r  u l t ima te  cohesion has 
been unclear .  The ex i s t ance  i n  the  luna r  dus t  of considerable e l e c t r o s t a t i c  
a t t r a c t i v e  i n t e r p a r t i c l e  fo rces  due t o  r a d i a t i o n  induced p e r s i s t e n t  i n t e r n a l  
po la r i za t ion  provides some q u a n t i t a t i v e  i n s i g h t  i n t o  mechanisms poss ib ly  re-  
spons ib le  f o r  t h e  pr imordia l  aggregat ion.  

4. The na tu re  of comets and meteor s t reams.  Comets conta in  dus t  which 
we know from stream meteors t o  be  p a r t i a l l y  aggregated i n t o  f l u f f y  ob jec t s .  
Again, the  way is unknown i n  which i n d i v i d u a l  p a r t i c l e s  i n t e r a c t  t o  bu i ld  up 
such aggregates and poss ib ly  a l s o  l a r g e r  bodies  t h a t  e x i s t  i n  t h e  cometary 
nucleus. This uncer ta in ty  app l i e s  a l s o  t o  t h e  processes t h a t  work i n  the  op- 
p o s i t e  d i r e c t i o n  leading  t o  d isaggregat ion  and d i spe r s ion  of p a r t i c l e s .  Guid- 
ance t o  understanding of t hese  phenomena can be  obtained by s tudy of t h e  sur -  
face  r e l a t e d  p r o p e r t i e s  and i n t e r p a r t i c l e  fo rces  i n  t h e  lunar  ma te r i a l .  



THE LUNAR ELECTRIC POTENTIAL AND ITS PLASMASHEATH 
EFFECTS ( I ) ,  J. W. Freeman and M. E. Ibrahim, Dept. of Space 
Phys ics  and Astronomy, Rice Un ive r s i t y ,  Houston, Texas 77001. 

Any body immersed i n  a  plasma o r  exposed t o  u l t r a v i o l e t  
r a d i a t i o n  acqu i r e s  a  charge on i t ' s  su r f ace .  The moon en joys  
both  of t h e s e  environments. The magnitude and s i g n  of t h e  
charge i s  determined by t h e  ba lance  of c u r r e n t s  t o  t h e  su r f ace .  
F u r t h e r ,  a  plasma always a c t s  t o  s h i e l d  a  n e t  charge by 
e s t a b l i s h i n g  an ion o r  e l e c t r o n  shea th  o f  o p p o s i t e  p o l a r i t y  
a d j a c e n t  t o  t h e  su r f ace .  Again, i n  t h e  l u n a r  c a s e  such shea ths  
have been observed. They form an important  p a r t  of t h e  l u n a r  
plasma environment. By measuring t h e  p o s i t i v e  ion f l u x e s  under 
varying cond i t i ons  of ins t rument  p o t e n t i a l  r e l a t i v e  t o  t h e  
l u n a r  su r f ace  t h e  ALSEP/SIDE prov ides  d a t a  on both t h e  l una r  
s u r f a c e  p o t e n t i a l  and t h e  r e s u l t i n g  ion shea ths .  

The s i g n  and magnitude of t h e  l una r  s u r f a c e  p o t e n t i a l  and 
t h e  corresponding shea ths  vary g r e a t l y  wi th  l u n a r  l o c a l  t ime 
and luna r  p o s i t i o n .  Figure  1 i l l u s t r a t e s  t h e  s u r f a c e  p o t e n t i a l  
v a r i a t i o n  wi th  s o l a r  z e n i t h  angle  a s  measured by SIDE. W e  now 
summarize t h e  cond i t i ons  i n  var ious  r eg ions .  

The Lunar Dayside In The S o l a r  Wind o r  Maqnetosheatht For 
a l l  except  l a r g e  s o l a r  z e n i t h  ang le s  t h e  l u n a r  s u r f a c e  p o t e n t i a l  
is found t o  be  p o s i t i v e  and of t h e  o r d e r  of  10 v o l t s  ( 2 ) .  A 
new r e s u l t  publ ished he re  f o r  t h e  f i r s t  t ime i s  t h e  i n d i c a t i o n  
of an asymmetry about ze ro  z e n i t h  ang le  such t h a t  t h e  p o t e n t i a l  
i n c r e a s e s  t o  approximately +18 v o l t s  i n  t h e  l a t e  l una r  a f t e r - .  
noon. See F igure  1. The gene ra l  days ide  p o s i t i v e  p o t e n t i a l  
a r i s e s  from t h e  e j e c t i o n  of pho toe l ec t rons  from t h e  l u n a r  sur-  
face .  Adjacent t o  t h i s  p o s i t i v e  s u r f a c e  p o t e n t i a l  r eg ion  is  
a  compensating e l e c t r o n  shea th .  This  shea th  probably extends  
s e v e r a l  meters  above t h e  l una r  s u r f a c e  and c o n t a i n s  e l e c t r o n s  
of number d e n s i t i e s  of  t h e  o rde r  of l o 3  electrons/cm3 ( 3 ) .  
These e l e c t r o n s  (of s o l a r  wind o r i g i n  and energy) have no t  been 
observed d i r e c t l y  al though Reasoner and Burke (4)  have measured 
t h e  analogous h ighe r  energy photoe lec t ron  shea th  i n  t h e  e a r t h ' s  
h igh  l a t i t u d e  geomagnetic t a i l .  The e l e c t r i c  f i e l d  conf ined by 
t h i s  shea th  i s  a  few vol t s /meters  and normal t o  t h e  l una r  
s u r f a c e .  

Superimposed on and l y i n g  above t h i s  e l e c t r o n  sheath  i s  a  
more tenuous ionosphere c o n s i s t i n g  of t h e  ion ized  ambient l una r  
atmosphere. ~ h e s e  ions  a r e  promptly removed by t h e  much weaker 
i n t e r p l a n e t a r y  e l e c t r i c  f i e l d  ( 5 ) .  
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Terminator Resion i n  t h e  S o l a r  Wind o r  Magnetosheath: A s  seen 
i n  f i g u r e  1 t h e  luna r  s u r f a c e  p o t e n t i a l  becomes n t g a t i v e  a s  t h e  
t e rmina to r  i s  approached from t h e  day s i d e  ( 6 ) .  This  nega t ive  
s u r f a c e  p o t e n t i a l  i s  probably due t o  t h e  f l u x  of s o l a r  wind 
e l e c t r o n s  which have a c c e s s  t o  t h e  t e rmina to r .    he p o t e n t i a l  
reaches  a s  much a s  a  few hundred v o l t s  nega t ive  on t h e  n i g h t s i d e  
near  t h e  te rmina tor .  I n  t h i s  r eg ion  t h e  compensating shea th  i s  
formed a t  l e a s t  p a r t l y  by p o s i t i v e  ions .  These ions  a r e  seen 
a t  t h e  s u r f a c e  wi th  e n e r g i e s  comparable t o  t h e  s u r f a c e  p o t e n t i a l .  
They a r i s e  from i o n i z a t i o n  of t h e  ambient atmosphere by t h e  
s o l a r  photon f l u x  and s o l a r  wind which have access  t o  t h e  h ighe r  
a l t i t u d e s  a t  t h e  t e rmina to r .  The s h i e l d i n g  l eng th  o r  Debye 
l eng th  f o r  t h i s  shea th  i s  much l a r g e r  than  f o r  t h e  days ide  
e l e c t r o n  sheath .  The g e n e r a l  s u r f a c e  e l e c t r i c  f i e l d  should be  
correspondingly lower, however, a d j a c e n t  i l l umina ted  and 
shadowed a r e a s  c h a r a c t e r i s t i c  of t h e  t e rmina to r  almost  c e r t a i n l y  
g i v e  r i s e  t o  very  l a r g e  l o c a l  e l e c t r i c  f i e l d s  ( 7 ) .  
Dark S ide  i n  t h e  S o l a r  wind o r  Maqnetosheath: Plasma p o l a r i z a -  
t i o n  and p re s su re  e f f e c t s  l i m i t  d i r e c t  s o l a r  wind e l e c t r o n  t r a v e l  
t o  t h e  n igh t  s i d e  of t h e  moon however s u b s t a n t i a l  nega t ive  
p o t e n t i a l s  probably develop h e r e  a l s o .  The r e s u l t i n g  ion shea th  
may c o n s i s t  of thermal ized  s o l a r  wind pro tons  wi th  a  correspond- 
i ng ly  l a r g e  Debye l eng th .  Some evidence f o r  t h e  d e t e c t i o n  o f  
t h i s  sheath  may a l r eady  e x i s t .  Schneider and Freeman (8) r e p o r t  
t h e  d e t e c t i o n  of s o l a r  wind energy p o s i t i v e  i ons  on t h e  f a r  
n i g h t  s i d e .  
The Lunar Dayside i n  t h e  Geomasnetic Ta i l :  Burke and Reasoner 
have r epo r t ed  luna r  s u r f a c e  p o t e n t i a l s  a s  high a s  +200 v o l t s  i n  
t h e  geomagnetic t a i l  ( 4 ) .  SIDE d a t a  i n d i c a t e  p o t e n t i a l s  of 
about +10 v o l t s  a r e  common i n  some r eg ions  i n  t h e  t a i l .  The 
SIDE r e s u l t  probably a p p l i e s  t o  t h e  h ighe r  plasma d e n s i t y  
r eg ions  of t h e  plasmasheet  and boundary l a y e r .  An e l e c t r o n  
sheath  c o n s i s t i n g  of pho toe l ec t rons  and/or magneto ta i l  e l e c t r o n s  
surrounds t h i s  days lde  s u r f a c e  ( 4 ) .  

To summarize, i n  a d d i t i o n  t o  t h e  w e l l  known e l e c t r o n  shea th  
on t h e  l una r  daysi.de, more tenuous b u t  e x t e n s i v e  p o s i t i v e  i on  
shea ths  e x i s t  a d j a c e n t  t o  t h e  n e g a t i v e  t e rmina to r  and n i g h t  s i d e .  
The te rmina tor  i ons  a r e  supp l i ed  by i o n i z a t i o n  of t h e  l u n a r  
atmosphere bu t  t h e  Ear n i g h t  s i d e  i ons  probably o r i g i n a t e  from 
t h e  s o l a r  wind. 
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ENERGETIC LUNAR NIGHTTIME ION EVENTS, Henry E. 
Schneider, John W. Freeman, Jr., Dept. of Space Physics and 
Astronomy, Rice Univ., Houston, Texas 77001 

Freeman (1) has discussed a case wherein 
energetic ions were observed at the lunar surface during 
lunar night. This phenomena is observed regularly by 
the ALSEP/SIDE. This paper reports the preliminary findings 
of a detailed study begun on this subject. 

The Rice University Suprathermal Ion Detector 
Experiment (SIDE) was deployed on the moon on Apollo 
missions 12, 14, and 15. Data is discussed in this 
paper only from the 14 and 15 instruments. The Apollo 12 
instrument has been omitted because that data has not 
yet been incorporated in this study. 

Both the 14 and 15 instruments give evidence of 
energetic ions during lunar night. These ions are 
observed all through the lunar night, but they occur 
most often 1 to 6 days before local sunrise (1 day = 12.2O 
of lunar rotation). A secondary activity peak is observed 
about 4 days after local sunset. Ions are observed on nearly 
every lunation. (Figure 1) 

The ion events are most often less than 4 hours in 
duration and usually less than one hour. There are 
instances, however, when one event may last up to 20 hours. 
This type of event appears to be a superposition of a 
number of shorter events. 

The energy spectra of the events vary from monoenergetic 
at 250 eV/q to 500 eV/q to fairly broad. The energy represented 
may range from 250 ev to 1500 ev/q. There is some indication 
that the peak energy of the events increases from 250 eV/q 
at sunset to 750 eV/q at about 3 days before sunrise and 
then decreases back to 250 eV/q 1 day before the sunrise 
terminator crossing. 

Preliminary analysis of Explorer 35 magnetometer data 
from the time period February 1971 to June 1971 shows that 
there is some correlation between the occurance of an ion 
event and the direction of the interplanetary magnetic 
field (3). The counting rate seen by the Apollo 14 SIDE sharply 
increases where the field points in the ecliptic with 
longitude between 220° to 250' (solar equatorial units). 
This same longitude is correlated with counting rate all 
through the lunar night. 

The characteristics of these events may be summarized 
as follows: 

1. There is a preference for the events to occur 
1 to 6 days prior to the sunrise terminator 
crossing in both the 14 and 15 instruments. 

2. The events appear to show a lunar local time 
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dependence r a t h e r  t han  a  dependence on p o s i t i o n  
i n  l u n a r  o r b i t .  

3. There is a  p re fe rence  f o r  t h e  l ong i tude  of t h e  
i n t e r p l a n e t a r y  magnetic f i e l d  t o  l i e  i n  t h e  range 
220°  - 250°when t h e s e  i o n s  are seen.  

4 .  The i o n  e n e r g i e s  a r e  g e n e r a l l y  l e s s  t han  s o l a r  
wind e n e r g i e s  and t h e  f l u x e s  s e v e r a l  o r d e r s  o f  
magnitude below t h a t  of  t h e  s o l a r  wind. 

I t e m  2 above s u g g e s t s  t h a t  t h e s e  i o n s  a r e  of  s o l a r  
wind o r i g i n .  They a r e  probably n o t  t h e  t e r r e s t r i a l  bow 
shock p ro tons  seen o f t e n  by SIDE a t  h ighe r  e n e r g i e s  ( 2 ) .  
We b e l i e v e  t h e s e  i o n s  t o  be  s o l a r  wind i o n s  d e f l e c t e d  i n  
some manner t o  t h e  n i g h t  s i d e  of t h e  moon ( 4 ) .  
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BOW SHOCK PROTONS I N  THE LUNAR EFJVIRONF?ENT, J. Benson, 
H. K. H i l l s ,  J. W. Freeman, Dept. of Space physics  and Astronomy. 
Rice u n i v e r s i t y ,  Houston, Texas 77001, R. R. vondrak, Radio 
Physics  Laboratory,  S t an fo rd  Research I n s t i t u t e ,  Menlo Park,  
c a l .  

p ro tons  from t h e  e a r t h ' s  bow shock a r e  observed by t h e  
Suprathermal Ion Detec tor  Experiment (SIDE) i n  two reg ions  of 
t h e  l una r  o r b i t .  The dawn r e g i o n  beg ins  a t  t h e  dawn s i d e  bow 
shock c ros s ing  and ends -5 days l a t e r  and t h e  dusk r eg ion  beg ins  
a t  -2 days  p r i o r  t o  e n t e r i n g  t h e  dusk s i d e  magnetosheath and 
ends a t  t h e  inbound bow s h o c k c r o s s i n g .  Dusk and dawn r e f e r  t o  
a  t e r r e s t r i a l  coo rd ina t e  system. The dominant c o n t r i b u t i o n  t o  
t h e  i on  s p e c t r a  observed by t h e  S I D E  i n  t h e s e  r eg ions  i s  from 
p a r t i c l e s  wi th  e n e r g i e s  between -750 eV and 3500 ev. 3500 eV 
i s  t h e  upper l i m i t  o f  t h e  energy range of t h e  d e t e c t o r ,  however 
p a r t i c l e s  w i th  e n e r g i e s  o f  g r e a t e r  t h a n  3500 eV a r e  known t o  
e x i s t  i n  t h e s e  r eg ions  (1) . 

Figure  1 shows t y p i c a l  t ime development of  t h e  SIDE count  
s p e c t r a  f o r  t h e  two r eg ions  of t h e  o r b i t  i n  which t h e  bow shock 
pro tons  a r e  observed. Note t h a t  t h e  dusk s i d e  s p e c t r a  show t h e  
onse t  of  t h e  f low coming a t  -1.5 days b e f o r e  t h e  magnetosheath 
and t h a t  t h e  s p e c t r a  g e t  p r o g r e s s i v e l y  s o f t e r  a s  t h e  moon 
approaches t h e  bow shock. The dawn s i d e  s p e c t r a  show a  g radua l  
hardening a s  t h e  moon moves away from t h e  bow shock and a  
c e s s a t i o n  of t h e  f low -5 days  a f t e r  shock c ros s ing .  These 
examples of t h e  i on  s p e c t r a  a r e  " t y p i c a l "  and can vary cons ider -  
ab ly  when i n t e r p l a n e t a r y  magnetic f i e l d  and s o l a r  wind 
cond i t i ons  change. 

F igure  2 shows a  s i n g l e  spectrum (20 minute average) f o r  
each of t h e  two r eg ions  shown i n  F igure  1. These s p e c t r a  were 
determined from d a t a  t aken  a t  -1 day from t h e  bow shock on 
e i t h e r  s i d e  of t h e  magnetosphere. The d i f f e r e n c e s  i n  t h e  dusk 
and dawn s p e c t r a  shown h e r e  a r e  t y p i c a l .  The dusk spectrum is 
harder  than  t h e  dawn spectrum f o r  t h e  same d i s t a n c e  from t h e  
bow shock. The f l u x e s  shown on t h e s e  graphs  w e r e  determined 
by i n t e g r a t i n g  over t h e  p o r t i o n s  of t h e  spectrum t h a t  con ta ined  
counts  above background. 

The asymmetry of t h e  ion s p e c t r a  observed i n  t h e  dusk and 
dawn r eg ions  can be expla ined  by cons ide r ing  t h e  con f igu ra t ion  
of t h e  i n t e r p l a n e t a r y  f i e l d  on t h e  two s i d e s  of t h e  magneto- 
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sphere.  when 2 is a t  i t s  average p o s i t i o n ,  i .e .  t h e  garden hose 
ang le ,  t h e  f i e l d  l i n e s  w i l l  c o n t a c t  t h e  dawn s i d e  bow shock a t  
a  more normal ang le  of inc idence  than  w i l l  t h e  f i e l d  l i n e s  on 
t h e  dusk s ide .  I f  it i s  assumed t h a t  t h e  bow shock pro tons  a r e  
r e l e a s e d  t o  t h e  s o l a r  wind a long  i n t e r p l a n e t a r y  f i e l d  l i n e s ,  a s  
o r i g i n a l l y  suggested by Asbridge ( 2 ) .  t hen  t h e  ones r e l e a s e d  on 
t h e  dusk s i d e  w i l l  be  swept downwind much f a s t e r  t han  t h o s e  on 
t h e  dawn s i d e .  A counte rs t reaming  p a r t i c l e  of a given energy 
can make it f u r t h e r  i n  t h e  sunward d i r e c t i o n  on t h e  dawn s i d e  
t h a n  on t h e  dusk s i d e  which accounts  f o r  t h e  f a c t  t h a t  t h e  f lows 
a r e  seen much f u r t h e r  p a s t  t h e  bow shock on t h e  dawn s i d e .  The 
disappearance of l o w e r  energy p a r t i c l e s  from t h e  s p e c t r a  
upstream i s  enhanced by t h e  near  p a r a l l e l  f i e l d  l i n e  conf igura-  
t i o n  on t h e  dusk s i d e .  Hence t h e  dusk s p e c t r a  a r e  ha rde r  t h a n  
t h e  dawn s p e c t r a  a t  t h e  same d i s t a n c e  from t h e  shock. 

The o b s e r v a b i l i t y  of t h e s e  bow shock pro tons  a t  t h e  l u n a r  
o r b i t  was shown t o  be  dependent on t h e  l a t i t u d e  and long i tude  
o f  t h e  i n t e r p l a n e t a r y  3 f i e l d  by examining s imul taneous d a t a  
from SIDE and t h e  Explorer  35 Ames magnetometer ( 3 ) .  BOW shock 
pro tons  a r e  most o f t e n  observed when t h e  s o l a r  e c l i p t i c  l a t i t u d e  
o f  t h e  f i e l d  is near  z e r o  and when t h e  solar e c l i p t i c  l ong i tude  
of t h e  f i e l d  is  such t h a t  t h e  gu id ing  c e n t e r  t r a j e c t o r y  of t h e  
p a r t i c l e  i n t e r c e p t s  t h e  moon. 
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FIRST OBSERVATION OF LOW ENERGY PROTONS IN THE 
GEOMAGNETIC TAIL AT LUNAR DISTANCES, D. A. Hardy and J. W. 
Freeman, Department of Space Physics and Astronomy, Rice 
University, Houston, Texas 77001. 

The three Rice Suprathermal Ion Detector Experiments (SIDE) 
stationed on the lunar surface have detected a newregion of 
plasma flow in the antisunward direction along the ordered field 
lines of the geomagnetic tail. This flow, similar to the 
"boundary layer" (Hones et al. 1972, Akasofu et al., 1973) and 
"plasma mantle" (Rosenbauer et al., 1974), observations made 
at smaller geocentric distances, has been found to possess the 
following characteristics: 

1. The region of flow is encountered within the geomagnetic 
tail but exterior to the plasma sheet. The configuration and 
magnitude of the magnetic field during the event is indicative 
of the lobes of the geomagnetic tail with no consistent 
deviation in the field characteristics corresponding with the 
observation of the phenomenon. 

2. The positive particles in the flowing plasma are primarily 
protons. This was ascertained by the observation of the proton 
peak in the positive ion mass analyzer of the Apollo 15 SIDE. 
Other constituents of the plasma have yet to be statistically 
verified. 

3. The events occur over a wide spatial extent with continual 
observations of the particles over distances as great as -17 Re 
in the Ysm direction and -12 Re in the ZS, direction. The 
majority of the events are observed within a twelve Re region 
bordering the magnetopause at the dawn and dusk sides of the 
magnetosphere. 

4. The region in which the events are seen, appears to be of 
variable extent since the number of hours of observation of the 
particle flow within a tail passage varies drastically from 
lunation to lunation. Of the fifteen lunations studied the 
hours of observation varied between tail passages from 
approximately 2 hours to 43 hours. 

5. The particles display a narrow differential flux spectrum 
peaked normally between 50 and 250 eV. The spectrum is 
generally stable over the duration of the event. Some cases of 
spectral variation in these events are seen to occur during 
transitions into or out of the plasma sheet or magnetosheath. 
Ii broadening of the spectrum and a shifting of the peak towards 
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higher energy are observed. 

6. The flow possesses an integral flux only slightly below 
that of the magnetosheath. The following plasma parameters 
have been ascertained; integral flux between .1x107 and 
9x107 ions/cm2-sec-ster, bulk velocity b tween 120 and 250 
km/sec, temperatures in the ranges .6x102 " K to 5x105 O K  and 
number densities of the order .1 to 5/cm3. 

7. There appears to be a correlation between the extent of 
the tail passage over which the events are observed and the 
Kp averaged over these times. A higher average Kp is 
reflected in a higher incidence of encounters with the events. 

8. The events are normally seen simultaneously by all three 
instruments. Preliminary analysis shows that the flow has 
an angular distribution extending over between 50 and 100 
degrees. 

It is proposed that the flow consists of particles which 
have entered through magnetic merging in the cusp of the 
magnetosphere. The particles are then convected towards 
the neutral plane by ExB drift, These could then be 
accelerated by a neutral line to provide the particles of the 
plasma sheet. 

These particles constitute a heretofore undiscovered 
component of the lunar plasma environment. 
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A LUNAR SIGNATURE IN THE GEOMAGNETIC Ap INDEX. 
K. Knot t ,  .ESTEC, Domeinweg, N o o r d w i j k  aan Zee, The Ne ther lands .  

A g r e a t  number of s t u d i e s  have been c a r r i e d  o u t  i n  t h e  p a s t  t o  dec ide  
whether o r  n o t  a r e l a t i o n s h i p  e x i s t s  between geomagnetic d i s t u r b a n c e s  
observed a t  t h e  s u r f a c e  o f  t h e  e a r t h  and t h e  age o f  t h e  moon. An e x c e l l e n t  
summary o n  what m i g h t  be  expected and what has been e s t a b l i s h e d  can be found 
i n  a paper by Schneider (1967).  The genera l  c o n c l u s i o n  o f  t h i s  summary 
i s  t h a t  t h e  s t a t i s t i c a l  volume i s  s t i l l  t o o  smal l  t o  b r i n g  t h e  n o i s e  l e v e l  
down low enough f o r  a l u n a r  s i g n a t u r e  t o  become d e t e c t a b l e  i n  t h e  geomagnetic 
a c t i v i t y .  

I n  t h e  p r e s e n t  s tudy  an a t t e m p t  has been made t o  e s t a b l i s h  a r e l a t i o n s h i p  
between t h e  magnet ic Ap-index (Rostocker ,  1972) and t h e  t r a n s i t i o n  o f  t h e  
moon th rough  t h e  magnetosphere. Dai  l y ~ p - v a l  ues f rom 1932 u n t i  l 1972 
compi led by Lenhar t  (1968) were used f o r  t h i s  purpose. These d a t a  c o v e r  
about  4 s o l a r  c y c l e s  - c y c l e s  17, 18, 19 and 20, - o f  v a r i o u s  degree o f  
s o i a r  a c t i v i t y .  

The i n t e r v a l  f rom 1932 up t o  1972 has been s u b d i v i d e d  i n t o  l u n a r  months 
w i t h  t h e  day o f  f u l l  moon i n  t h e  m i d d l e  o f  t h e s e  months. Ap-indexes o f  
co r respond ing  days i n  v a r i o u s  l u n a r  months have been added, t h e  super-  
p o s i t i o n  r e s u l t i n g  i n  an  epochal histogramme. I t  i s  expected t h a t  s o l a r  
i n f l u e n c e s  - a l t h o u g h  predominant  i n  i n t e n s i t y  and o f t e n  repeated w i t h  a 
p e r i o d i c i t y  c l o s e  t o  t h a t  o f  t h e  l u n a r  phases - shou ld  l e v e l  o u t  i n  such 
diagrammes on a l a r g e  enough s t a t i s t i c a l  b a s i s .  

Epochal histogramms have been produced f o r  d i f f e r e n t  ranges o f  l u n a r  
e c l i p t i c  l a t i t u d e s .  A peak which i s  w e l l  above t h e  s t a t i s t i c a l  v a r i a t i o n s  
o f ' t h e  histogrammes appears f o r  a l l  cases near f u l l  moon, t h a t  i s  a t  t h e  
t i m e  when t h e  moon encoun te rs  t h e  t a i l  o f  t h e  e a r t h ' s  magnetosphere. For 
low e c l  i p t i c  l a t i t u d e s  ( 6 lo) t h e  peak o c c u r s  a t  o r  s h o r t 1  y b e f o r e  t h e  day 
o f  f u l l  moon. For  h i g h e r  l a t i t u d e s  t h e  peak o c c u r s  one o r  two days a f t e r  
f u l  I moon. 

I t  appears t h a t  t h e  l u n a r  s i g n a t u r e  i n  t h e  v a r i o u s  histogrammes i s  most 
pronounced f o r  low l u n a r  e c l i p t i c  l a t i t u d e s .  The r a r e  occur rence  o f  f u l l  
moon a t  low l a t i t u d e s ,  however, masks t h i s  e f f e c t  i n  t h e  histogrammes 
because s t a t i c s  g e t  poor i f  t h e  number o f  even ts  i s  narrowed down. A peak 
near  f u l l  moon i s  most gronounced i n  a histogramme c o v e r i n g  l u n a r  e c l i p t i c  
l a t i t u d e s  l e s s  t h a n  2.5 a s  t h i s  seems t o  be t h e  b e s t  compromise between 
poor  s t a t i s t i c s  and low e c l i p t i c  l a t i t u d e .  

A l though  a p rominen t  peak near  f u l l  moon e x i s t s  i n  t h e  histogramme 
c o v e r i n g  t h e  l a s t  f o u r  decades, t h e  peak i s  l e s s  e v i d e n t  when t h e  d a t a  
a r e  s p l i t  up i n  i n d i v i d u a l  histogrammes f o r  t h e  l a s t  f o u r  s o l a r  c y c l e s .  
I n  p a r t i c u l a r ,  c y c l e s  o f  moderate s o i a r  a c t i v i t y  ( c y c l e s  17 and 20) show 
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less  pronounced peaks than  c y c l e s  o f  s t ronge r  s o l a r  a c t i v i t y  ( c y c l e s  18 and 
19). One very  s t r i k i n g  f e a t u r e  which has been detected i s  t h e  apparent 
l ack  o f  a lunar  s i g n a t u r e  i n  a histogram, which covers p o s i t i v e  e c l i p t i c  
lunar  l a t i t u d e s  on l y ,  and a very  pronounced peak i n  t h e  h is togram f o r  
negat ive  l a t i t u d e s .  

The i n t e r p r e t a t i o n  o f  t h e  lunar  i n f l uence  on magnetospheric processes 
i s  g iven i n  two pa r t s .  The f i r s t  one covers t h e  appearance o f  a peak a t  
o r  be fo re  f u l l  moon f o r  events  o f  small lunar  e c l i p t i c  l a t i t u d e s .  I t  i s  
argued t h a t  t h i s  peak i s  t h e  r e s u l t  o f  t h e  moons encounter w i t h  t h e  plasma 
sheet.  

The second process which impresses a lunar  s i g n a t u r e  on geomagnetic 
data must be sought f o r  a few days a f t e r  f u l l  moon, t h a t  i s  d u r i n g  t h e  
pe r i od  when t h e  moon t ransverses  t h e  down magnetopause. An assymetry i n  
terms o f  d is tu rbance between t h e  dawn and dusk magnetopause has been noted 
by Howe and Siscoe (1972) on t h e  bas is  o f  Exp lo re r  35 plasma measurements. 
I t  appears t h a t  i n  general t h e  dawn s i d e  of t h e  rnagnetopause somehow 
i n t e r a c t s  more s t r o n g l y  w i t h  t h e  s o l a r  wind than  t h e  dusk s ide .  I t  seems, 
however, d i f f i c u l t  t o  dec ide whether e~hanced  reconnect ion o r  whether 
d i f f u s i v e  o r  v iscous  i n t e r a c t i o n  i s  t a k i n g  p lace .  The r e s u l t s  o f  t h e  present  
study i n d i c a t e  t h a t  t h e  moon in f luences  any such process. 
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GASEOUS TRANSPORT O N  THE M O O N . *  S .  J o v a n o v i c  a n d  G .  W .  
Reed, J r . ,  C h e m i s t r y  D i v i s i o n ,  A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  
A r g o n n e ,  I l l i n o i s  6 0 4 3 9 .  

We have  p r e s e n t e d  d a t a  s u p p o r t i n g  t h e  t r a n s p o r t  o f  Hg 
( J o v a n o v i c  & Reed, 1 9 7 3 )  a n d  B r  ( J o v a n o v i c  & Reed, 1 9 7 4 )  a t  t h e  
l u n a r  s u r f a c e  i n  w h i c h  t h e  m o b i l i z i n g  a g e n t  i s  s o l a r  h e a t i n g .  We 
have  a l s o  n o t e d  t h e  g e n e r a l  m o b i l i t y  o f  h a l o g e n s  o n  t h e  b a s i s  o f  
t h e i r  h o t  w a t e r  l e a c h a b i l i t y  a n d  c o n c l u d e d  t h a t  t h i s  m o b i l e  f r a c -  
t i o n  i s  p r e s e n t  as  s u r f a c e  d e p o s i t s  i n  s o i l s  o r  s o l u b l e  m i n e r a l  
p h a s e s  i n  r o c k s .  

These  d a t a  may be r e e x a m i n e d  i n  c o n j u n c t i o n  w i t h  r e s u l t s  on  
h e a v y  m e t a l s  w h i c h  o c c u r  t e r r e s t r i a l l y  a s  v o l c a n i c  s u b l i m a t e s .  
The m e t a l s  t o  be d i s c u s s e d  a r e  Pb, B i ,  T I  a n d  Zn a n d  t h e i r  l a b i l e  
f r a c t i o n s  i n  l u n a r  s o i l s  a r e  t h e  amoun ts  l e a c h e d  i n  1 0  m i n u t e s  
w i t h  pH 5 - 6  HNO3. 

We h a v e  a l r e a d y  d i s c u s s e d  t h e  t r a n s p o r t ,  d e p o s i t i o n  a n d  
a s s i m i l a t i o n  o f  2 0 4 ~ b  w i t h  t h e  a g g l u t i n a t e  componen t  i n  l u n a r  
s o i l  ( A l l e n  e t  a l . ,  1 9 7 4 ) .  When t h e  l a b i l e  m e t a l / l a b i l e  h a l o g e n  
r a t i o s  i n  l u n a r  s o i l s  a r e  compared  w i t h  t h e  m e t a l / h a l o g e n  r a t i o s  
f o u n d  i n  t e r r e s t r i a l  f u m a r o l i c  gases ,  t h e  l u n a r  r a t i o  i s  g e n e r a l -  
l y  h i g h e r ,  i n  t h e  c a s e  o f  m e t a l / c h l o r i d e  b y  a b o u t  5 0  and  i n  t h e  
c a s e  o f  m e t a l l b r o m i d e  b y  5 - 1 0 .  The B i / c h l o r i d e  r a t i o  i s  an  e x -  
c e p t i o n ;  t h e  s y s t e m s  h a v e  e s s e n t i a l l y  t h e  same r a t i o .  P o s s i b l e  
e x p l a n a t i o n  o f  t h e s e  p a t t e r n s  a r e  ( a )  l o w  h a l o g e n  c o n t e n t s  o n  
t h e  moon, ( b )  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  f u m a r o l i c  g a s e s  w e r e  
s a m p l e d  ( M i z u t a n i ,  1966,  1 9 7 0 )  - t h e  h i g h e r  t h e  t e m p e r a t u r e  t h e  
h i g h e r  t h e  e x p e c t e d  c o n c e n t r a t i o n  o f  t h e  m e t a l ,  ( c )  t h e  a b s e n c e  
o f  t h e s e  m e t a l s  i n  t h e  p r i m a r y  magmas a n d  ( d )  t h e  e f f e c t  o f  H20, 
w h i c h  may r e v e r s e  t h e  r e a c t i o n  l e a d i n g  t o  f o r m a t i o n  o f  t h e  v o l a -  
t i l e  m e t a l  h a l i d e s .  O t h e r  f a c t o r s  a n d  c o m b i n a t i o n s  o f  t h e  a b o v e  
may be d e c i s i v e .  

I f  t h e  m e t a l s  a r e  v o l c a n i c ,  t h e y  may be  c o n s i d e r e d  t o  be 
j u v e n i l e .  I f  l i t t l e  f r a c t i o n a t i o n  among t h e  i n c o m p a t i b l e  o r  
d i s p e r s e d  e l e m e n t s  s i n c e  a c c u m u l a t i o n  i s  assumed,  t h e n  t h e i r  
c o n c e n t r a t i o n s  and  r e l a t i v e  a m o u n t s  may b e  compared  w i t h  c o s m i c  
a b u n d a n c e  (C .A . )  d a t a .  The h a l o g e n s  e x h i b i t  t h e  h i g h e s t  d e p l e -  
t i o n s  a l t h o u g h  t h e i r  r a t i o s  a r e  c l o s e  t o  C . A .  r a t i o s .  The l a b i l e  
m e t a l  f r a c t i o n s  a r e  e n h a n c e d  a b u n d a n c e - w i s e  a s  may be e x p e c t e d  
i f  t h e y  a r e  a c c u m u l a t i n g  o n  s u r f a c e s ;  t h e  r e s i d u a l  m e t a l  i s  
h i g h e r  s t i l l  by  an  o r d e r  o f  m a g n i t u d e  i n  some c a s e s .  The l a b i l e  
m e t a l  r a t i o s  a r e  a l s o  c l o s e r  t o  C . A .  r a t i o s .  T r a n s p o r t  o f  m e t a l s  
and  h a l o g e n s  t o  t h e  s u r f a c e ,  s u b s e q u e n t  l o s s  o f  some o f  e a c h  
f r o m  t h e  l u n a r  s u r f a c e  b y  n o n - t h e r m a l  a c c e l e r a t i o n  a n d / o r  i m -  
m o b i l i z a t i o n  b y  i n c o r p o r a t i o n  i n t o  a g g l u t i n a t e  phases  p r o d u c e d  
b y  i m p a c t  p r o c e s s e s  may a c c o u n t  f o r  t h e  r e l a t i o n s h i p s  o b s e r v e d .  

*Work p e r f o r m e d  u n d e r  t h e  a u s p i c e s  o f  t h e  U S A E C  a n d  NASA. 



GASEOUS TRANSPORT ON T H E  MOON 

Jovanovic, S. and Reed, Jr., G. W. 
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SUNSET INTENSIFICATION OF LUNAR SURFACE ELECTRIC 
FIELDS; D. R. Criswell, The Lunar Science Institute, 3303 Nasa 
Road 1, Houston, Texas 77058. 

Photoelectron ejection produces electric fields ( (v/cm)) 
2 55 and electric surface charge densities (o(p/cm ) 5-10 . 

+Yto fully sunlit surfaces of 50 - 1 to 10 v/cm (1) & 0,. 5.10 
+I0 @/cm2 and on partially illuminated surfaces in the terminator 

3 regions of % ^- 10 v/cm & oo - 5.10'~ @/cm2 (2.3) . During the 
3 final stages (ht - 4-10 seconds) of sunset the surplus charge 

(+Q) on isolated sunlit areas, resulting from photoelectron 
escape or accretion onto adjacent dark regions, is approximately 
conserved if external sources of discharging electrons are 

2 minimal. Contraction of the sunlit areas (A(cm ) )  will greatly 
increase u - +Q/A and therefore intensify 5 - U. 

Figure la depicts a partially illuminated surface during 
sunset. The highly conductive photoelectron cloud (total charge 
-Q;) over the sunlit area (A1) creates an equipotential surface 
with surplus +al = +Q1/A on the surface. The dark area (al) is 
negatively charged (total charge - - ~ i )  by accretionary electrons 
from the photoelectron cloud which became spatially fixed due to 
the extreme electrical resistivity of the lunar materials. 
Ignoring leakage currents the inequality +Q1 2 applies. In 
figure 1b the shadow has moved upward to encompass an area (m) 
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of surplus positive charge +hQ2 - +a1 - CA and leaving +Q2 = +Ql - 
01 - hA in the illuminated area. However, positively charged tA 
attracts photoelectrons and is neutralized by them. Each neutral- 
izing photoelectron creates an equal surplus positive charge in 
the sunlit area. Thus, +Q2 = +Q1. Photoelectron accretion 
(figure lc) on to p. will continue until the area is sufficiently 
negatively charged (-aQ3) to repel all subsequent photoelectrons 
and +Q3 = Q1 - (-aQ3) results. Because A3 < A1, Q3 r Ql, and 
5 - Q/A we have t3 s 51. What limits this process and prevents 
5 from increasing indefinitely as A approaches zero? 

Photoelectron emission from the adjacent dark areas would 
decrease +Q and -Q. The interplanetary ultraviolet backqround 
(4), primarily Lyman alpha, is 3-10' photons cmL sec at the lunar 
surface. - A photoelectron yield (5) of 5-lo-' at-126.1 nm implies 

2 f - 1.5-lo5 P/cm -sec. Let subscript "0" denote values at the 
start of the contraction phase. If A, z a. then <(v/cm) - (L) 
(Ao/A) (ao - $ f--At) . Supercharging and field inten ification f 
will occur for oo > ?j f-- at a 3-108 p/cm2 or 50 > 7 v/cm which 
is very likely to occur. Photoelectrons will also be evoked by 
light scattered from the directly illuminated regions to the 
eastern slopes of the local western surface and thence to the 
subadjacent dark areas. This flux should be no greater than 

2 2.10 fi/cm-sec . A/a at 4.10~ seconds before sunset and will 
decrease as A decreases (2,5) . Conduction currents (fc) across 
the upward moving light/dark boundary will be also decrease +Q. 
An electrical q(250°K) 4 10 -1 7 

mhos/cm implies f, G 60 - 5 and a characteristic decay 
time T~ = o/fC - 5.10+' f 8  to +I1 sec >> at - 

3 4-10 seconds. Solar wind electrons and protons are blocked from 
direct access to the sunset terminator (7). If E, 2 1 v/cm then 
these electron sources will not suppress the 5 intensification. 

Levitation and transport of electrically charged grajns of 
radius a(p) discharges at the rate fd (B/cmL-sec) 4.7 - 

2 N(grains/cm )/htd where N -. column density of grains, Atd - 
grain dwell time in the column. For horizon-glows (2.8) ntd " 1  

4 2 sec, N lof2, S 1, a - 5~ and fc - 3.10 B/cm -sec which is a 
negligible discharge rate. Other inferred dust motions (Lunokhod 
sky background (9) and high altitude lunar dust (10) appear to 
produce even smaller discharge currents. 

Contraction of positively charged sunlit areas during lunar 
sunset should produce intense but localized multipole electro- 
static fields with 5 > lo4 easily achievable. ~(max) is not 
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identified and may depend on the mechanical and electrical 
properties of lunar materials. 
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LUNAR PHOTOELECTRON LAYER DYNAMICS; Edward Walb r idqe ,  
Depar tment  o f  Sys tems  E n g i n e e r i n g ,  U n i v e r s i t y  o f  I l l i n o i s  a t  
Ch icago  C i r c l e ,  Box 4 3 4 8 ,  C h i c a g o ,  I l l i n o i s  60680. 

Possible waves and osc i l l a t ions  i n  the  lunar photoelectron layer (PEL) 
are  investigated. The lunar PEL is a sea of hot (- 15,000~k) photoelec- 
trons extending t o  a height of about 2 meters above the lunar surface. 
I t  i s  of in te res t  t o  determine whether a disturbance of the PEL a t  
some point on the moon's s u n l i t  surface w i l l  cause a s e r i e s  of r ipples  
t o  spread through the layer. The steady s t a t e  PEL is reviewed as  a basis 
for  discussing PEL motions. Magnetic f i e l d s  a r e  neglected, so t ha t  there  
are  four possihle wave modes t o  consider. The propagation througll the 
PEL of the  two electromagnetic modes i s  discussed, as  is the interact ion 
of an incident electromagnetic wave with the PEI.. I t  is concluded t h a t ,  
f o r  such an incident wave, the in tens i ty  of the p a r t i a l  re f lec t ion  w i l l  be 
too small f o r  detection. Posit ive-ion waves, the t h i rd  mode, are  dismissed 
and plasma waves a r e  considered a t  length. I t  is  concluded t h a t  ve r t i ca l  
plasr~a osc i l l a t ions  w i l l  be strongly Lanhnu damped since the ITEL is too 
shallow t o  pern i t  ve r t i ca l  wavelengths tha t  a r e  long compared t o  the 
Debye length. k r i z o n t a l l y  propagating plasma waves a r e  a lso stronglv 
damped b ~ ~ t  by a d i f fe ren t  mechanism, v i z .  electrons s tor ing the wave's 
kinet ic  energy a re  continually reabsorbed a t  the lunar surface. Hence 
there are  no propagating waves i n  the PEL other than electromagnetic. 

However thcre  is  a type of o sc i l l a t i on  which appears t o  be new, 
is not f u l l y  understood, and which may not be strongly damped. With 
these osc i l l a t ions ,  termed f l ight- t ime osc i l la t ions ,  the  height of the  
PEL f luctuates  as does the e l e c t r i c  f i e l d ,  the e l e c t r i c  f i e l d  being 
always directed ve r t i ca l ly  upward. The physical basis for  these o sc i l l a -  
t ions is what might be called a f l ight- t ime resonance. The real. pa r t ,  
wg, of the frequency of f l ight- t ime osc i l la t ions  is found t o  be s l i gh t ly  
greater  than the plasma frequency. These osc i l l a t ions  i r e  analagous t o  the 
height osc i l l a t ions  of the ver t ica l  j e t  of water i n  a c i t y  park water 
fountain. If f l ight- t ime osc i l la t ions  a r e  not much damped then it would 
be s inplest  t o  in te rpre t  them a s  plasma osc i l la t ions  continually driven 
by the upwelling pl~otoelectron stream. A possihle laboratory investigation 
of these osc i l l a t ions  is discussed. For the surfaces of the  moon nd 
the planet mercury w is found t o  be respectively -4  x l o 6  ant1 -10 9 
radians/sec. The PEE'S of those surfaces may be i n  a s t a t e  of continual 
ve r t i ca l  "quivering" due t o  f l ight- t ime osc i l la t ions ,  o r  may be quiescent. 



MANIFESTATIONS OF NON-METEORITIC REDISTRIBUTION OF 
LUNAR DUST; D. R, Criswell, The Lunar Science Institute, 3303 
NASA Road 1, Houston, Texas 77058. 

Surveyor observations of horizon-glow (1,2), Lunokhod-I1 
detection of a post-sunset brightness of the lunar sky (3), 
astronaut observations of streamers associated with sunrise and 
sunsets as seen from lunar orbit ( 4 ) ,  and preliminary results 
from the Apollo-17 "Lunar Ejecta and Meteoroid" Detector (0. 
Berg, private communication) strongly indicate a continuing cir- 
culation of the smallest size fraction of lunar fines about the 
surface. Micrometeorite bombardment cannot disturb sufficient 
volumes of material nor supply sufficient energy to secondary 
ejecta to explain these phenomena. Electrostatic transport 
and possibly other presently unidentified mechanisms must be 
operative. In any case, there should be evidence of the prefer- 
ential disturbance and transport of the smallest size fraction 
of the soils. The lunar sample literature will be reviewed in 
this context with particular emphasis on radiation track pro- 
duction, concentrations of solar gases, and volatile distribu- 
tions as a function of grain size. The influence of surface iron 
in photoelectron production and electrostatic transport will be 
noted and related to optical observations of surface albedo 
variations. 
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ADDITIONAL ASTRONAUT OBSERVATIONS O F  POSSIBLE LIGHT 
SCATTERING B Y  LUNAR DUST ATMOSPHERE, b y  J .  E .  McCoy and D .  R .  
C r i s w e l l  . 

I t  w o u l d  a p p e a r  t h a t  t h e  A p o l l o  c r e w s  i n  l u n a r  o r b i t  h a v e  
o b s e r v e d  s e v e r a l  i n s t a n c e s  o f  s o l a r  l i g h t  s c a t t e r i n g  b y  a  t r a n -  
s i e n t  l u n a r  d u s t  " a t m o s p h e r e "  o v e r  t h e  t e r m i n a t o r  r e g i o n s  ( 1 ) .  
The c r e w  o f  A p o l l o  1 7 ,  i n  p a r t i c u l a r ,  r e c o r d e d  s k e t c h e s  o f  t h e  
a p p e a r a n c e  o f  s o l a r  c o r o n a  z o d i a c a l  l i g h t  as i t  a p p e a r e d  t o  them 
above  t h e  l u n a r  h o r i z o n  w h i l e  a p p r o a c h i n g  o r b i t a l  s u n r i s e .  These 
s k e t c h e s  i n c l u d e d  d i s t i n c t  s t r e a m e r  f e a t u r e s  w h i c h  d i s p l a y e d  t i m e  
v a r i a t i o n s  on  t h e  s c a l e  o f  s e c o n d s  t o  m i n u t e s ,  i n c o m p a t a b l e  w i t h  
f e a t u r e s  o f  t h e  s o l a r  c o r o n a .  E v a l u a t i o n  o f  v a r i o u s  p o s s i b l e  
s o u r c e s  o f  s u c h  l i g h t  d i s t r i b u t i o n  l e a d  t o  t h e  c o n c l u s i o n  t h a t  
t h e y  were  p r o d u c e d  b y  l i g h t  s c a t t e r i n g  f r o m  a  p o p u l a t i o n  o f  s m a l l  
p a r t i c u l a t e s  above  t h e  l u n a r  t e r m i n a t o r ,  e x t e n d i n g  b a c k  t o  encompass 
t h e  shadow b o u n d a r y .  The a n g u l a r  e x t e n t  o f  t h e  s t r e a m e r  i n d i -  
c a t e d  t h a t  t h e  l i g h t  s c a t t e r i n g  p a r t i c l e s  e x t e n d e d  f r o m  t h e  l u n a r  
s u r f a c e  t o  t h e  a l t i t u d e  o f  t h e  s p a c e c r a f t .  A1 t h o u g h  a p p a r e n t l y  
o b s e r v e d  b y  some o f  t h e  o t h e r  A p o l l o  c r e w s  as w e l l ,  t h e  A p o l l o  1 7  
o b s e r v a t i o n s  were  t h e  o n l y  o n e s  d o c u m e n t e d  s u f f i c i e n t l y  t o  p r o v i d e  
a  b a s i s  f o r  r e a s o n a b l e  i n t e r p r e t a t i o n .  

A d d i t i o n a l  d o c u m e n t a t i o n  o f  t h e  o c c u r r e n c e  and  v a r i a b i l i t y  
o f  s u c h  s t r e a m e r s  i s  a v a i l a b l e  f r o m  t h e  a i r - t o - g r o u n d  v o i c e  
t r a n s c r i p t i o n s  ( 2 )  and  o n b o a r d  t a p e s  o f  c r e w  comments ( 3 ) .  Two 
p e r i o d s  o f  o r b i t a l  s u n s e t  w e r e  o b s e r v e d  w i t h  s p e c i f i c  comment on  
t h e  s t r e a m e r s  w h i c h  seems r e l e v a n t  t o  t h e  q u e s t i o n  o f  s i z e  a n d  
v a r i a b i l i t y .  

The f i r s t  i s  on o r b i t  6 1 ,  H .  H .  S c h m i t t  (LMP) makes t h e  
f o l l o w i n g  comments:  " I n  l i e u  o f  t h e  s o l a r  c o r o n a  p h o t o g r a p h y  I 
w a t c h e d - - - G e n e  and  I b o t h  w a t c h e d  i t  s e t  a n d  t h e r e  a r e  t w o  bands  
w h i c h  I c a n  s t i l l  see  now-- -a  z o d i a c a l  l i g h t ,  I g u e s s ,  g o i n g  o u t  
s y m m e t r i c a l l y  on  e i t h e r  s i d e  o f  t h e  p l a n e  i n  t h e  e c l i p t i c  and  t h e y  
make an a n g l e  b e t w e e n  t h e m s e l v e s  o f  a b o u t ,  l e t ' s  s a y ,  70' t o  8 0 " .  
I c a n  s t i l l - - - k n o w i n g  t h e y  a r e  t h e r e - - - I  c a n  s t i l l  p i c k  up  t h e  
bands ,  s t r e a m e r s ,  I g u e s s  w o u l d  be  a  b e t t e r  word .  And l a s t  n i g h t  
when I w a t c h e d  one  s e t  t h e r e  was a  s t r o n g  l i n e a r  s t r e a m e r  g o i n g  
o u t - - - o f  maybe t h r e e  o r  f o u r  o r  f i v e  d i a m e t e r s - - - I  w i l l  h a v e  t o  
g e t  my d i r e c t i o n s  s t r a i g h t .  W e l l ,  1 1  f i g u r e  o u t  w h i c h  s i d e  o f  
t h e  e c l i p t i c  i t  was. T h a t  was n o t  n e a r l y  s o  s t r o n g  when I l o o k e d  
t h i s  t i m e - - - n o w  p a r t l y - - - t h a t  may b e  d a r k  a d a p t a t i o n ,  I d o n ' t  
know, b u t  I w i l l  t r y  t o  keep  t r a c k  o f  t h a t  one.  B u t  t h o s e  t w o  
s t r e a m e r s  t o d a y  a r e  a b o u t  an e q u a l  s t r e n g t h  and  t h e y  a r e  s t i l l  
v i s i b l e  as z o d i a c a l  l i g h t . "  

The n e x t  day  he  makes t h e  f o l l o w i n g  r e m a r k s  on o r b i t  72 :  
" J u s t  had a  g o o d  v i e w  o f  t h e  s u n s e t  a n d  t h e  c o r o n a  a n d  t h e r e  a r e  
t w o  s t r o n g  b r i g h t  s t r e a m e r s  j u s t  r i g h t  a t  s u n s e t ,  one p a r a l l e l  t o  
t h e  p l a n e  o f  t h e  e c l i p t i c  a n d  t h e  o t h e r - - o h ,  maybe 10 '  t o  t h e  
s o u t h  o f  t h e  p l a n e .  And t h e y  f o r m  t w o  o f  t h e  m a j o r  l o n g e r  d u l l e r  
s t r e a m e r s  t h a t  a r e  s t r e a m i n g  o u t  o f  t h e  sun  now. T h e r e  a r e  some 
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o t h e r  l i n e a r  s t r e a m e r s  t h a t  a r e  s t i l l  v i s i b l e ,  b u t  t h o s e  a r e  t h e  
m a j o r  o n e s .  Once y o u  g e t  o u t  t o  t h e  p o s i t i o n  o f  Mars ,  t h e y  a l l  
h a v e  a b o u t  t h e  same i n t e n s i t y - - - w h i c h  i s  v e r y  l o w - - - t h e  p a t t e r n  
i s  d i s t i n c t l y  d i f f e r e n t  f r o m  t h e  one I b e l i e v e  I m e n t i o n e d  t o  y o u  
y e s t e r d a y .  ---I t  was r i g h t  a t  s u n s e t ,  a t  a n y  r a t e .  S t i l l  h a v e  a  
v e r y  s t r o n g  g l o w  v i s i b l e  a t  t h e  s u n s e t  p o i n t .  And t h a t  g l o w - - -  
t h e  g e n e r a l  g l o w  v i s i b l e  t o  me now-- -and,  o f  c o u r s e ,  I am n o t  very 
w e l l  l i g h t  a d a p t e d - - - d a r k  a d a p t e d - - - b u t  e x t e n d s  a b o u t  t o  a  p o s i -  
t i o n - - - o h ,  l e t ' s  s e e , - - - a b o u t  t h e  same d i s t a n c e  f r o m  t h e  sun  as  
t h e  a p p a r e n t  d i s t a n c e  o f  Venus - - -be tween  Venus a n d  Mars  r i g h t  now. 
W e l l ,  l e t  m e - - - l e t  me s t a r t  o v e r  on  t h a t .  The a p p a r e n t  d i s t a n c e  
f r o m  Venus t o  Mars  i s  a b o u t  t h e  same d i s t a n c e  as f r o m  M a r s  t o  t h e  
l i m i t  o f  t h e  s t r o n g  s o l a r  g l o w . "  

These  o b s e r v a t i o n s  i n d i c a t e  t h e  a n g u l a r  e x t e n t  o f  t h e  
s t r e a m e r s  f r o m  t h e  s u n  t o  e x c e e d  t h a t  o f  Mars  a t  t h i s  t i m e  ( 3 3 " ) .  
T h i s  e x t e n t  i s  now a p p l i c a b l e  t o  f e a t u r e s  v i s i b l e  f o r  some t i m e  
a f t e r  s u n s e t .  The c o m p l e t e  change  i n  l o c a t i o n  and  c o n f i g u r a t i o n  
o f  t h e  m a j o r  s t r e a m e r s  p r e s e n t  f r o m  d a y  t o  d a y ,  w h i l e  n o t  
c o m p l e t e l y  i m p o s s i b l e  f o r  c o r o n a l  f e a t u r e s  as i n  t h e  c a s e  o f  t h e  
s u n r i s e  s t r e a m e r s  s k e t c h e d  b y  Cernan  a n d  Evans ( I ) ,  seems more 
c o r n p a t a b l e  w i t h  t h e  i d e a  o f  d e t e r m i n a t i o n  b y  some p r o j e c t i o n  o f  
f e a t u r e s  o f  t h e  c h a n g i n g  l u n a r  t e r m i n a t o r  as i t  moves a t  t h e  r a t e  
o f  1 2 "  p e r  d a y .  
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The behavior  o f  t h e  s o l a r  wind a t  t h e  l u n a r  l i m b  h a s  been 
p rev ious ly  examined by means o f  a s i m p l i f i e d  magnetogasdynamic 
analog c o n s i s t i n g  o f  a col l is ion-dominated plasma f low stream- 
ing  over  a non-conducting s e m i - i n f i n i t e  f l a t  s o l i d  s u r f a c e  i n  
t h e  presence o f  a magnetic f i e l d  a l i gned  t o  t h e  f low d i r e c t i o n .  
For c a s e s  i n  which t h e  f r ee s t r eam tempera ture  is h i g h e r  than  
t h e  s u r f a c e  temperature ,  t h e  a n a l y s i s  o f  t h e  problem i n d i c a t e s  
t h a t  a s  a consequence o f  v i sco thermal  i n t e r a c t i o n s  between t h e  
s t reaming f low and t h e  s u r f a c e ,  t h e  magnetic f i e l d  i n t e n s i t y  
i n  t h e  v i c i n i t y  o f  t h e  s u r f a c e  may e x h i b i t  v a l u e s  above t h e  
f rees t ream l e v e l .  T h i s  r e s u l t  sugges t s  t h e  presence a t  t h e  
l u n a r  l i m b  o f  a l ow- in t ens i ty  magnetic f i e l d  p e r t u r b a t i o n  wi th  
magnitudes s m a l l e r  t h a n  t h o s e  of t h e  selenographic-correlated 
magnetic i n c r e a s e s  d e t e c t e d  bo th  i n  t h e  Lunar wake and a t  t h e  
l u n a r  t e rmina to r .  The q u a n t i t a t i v e  e s t i m a t e s  and f u n c t i o n a l  
dependences o f  t h e  p r e d i c t e d  magnetic p e r t u r b a t i o n s  a r e  found 
t o  b e  compat ible  w i th  some exper imenta l  obse rva t ions  o f  t h e  mag- 
n e t i c  penumbral i n c r e a s e s  o f  t h e  moon's wake. 

The r e a l i t y  o f  the proposed magnetogasdynamic conf igura-  
t i o n  r e l i e s  on t h e  assumption t h a t  t h e  s o l a r  wind f low r e a c t s  
c o l l e c t i v e l y  a c r o s s  d i s t a n c e s  comparable t o  t h e  t y p i c a l  proton 
gyrorad ius  and presumes t h e  o p e r a t i o n  o f  adequate  coupl ing  
processes  between t h e  s o l a r  wind p a r t i c l e s  and p a r t i c l e s  of 
l u n a r  o r i g i n .  Within  t h e  framework provided by t h e s e  assump- 
t i o n s ,  s u b s t a n t i a l  unders tanding  o f  t h e  behavior  o f  t h e  den- 
s i t y ,  v e l o c i t y ,  and magnetic f i e l d  o f  t h e  s o l a r  wind a t  t h e  
l una r  l i m b  can  be obta ined  by applying convent iona l  formula- 
t i o n s  o f  v i sco thermal  boundary l a y e r  t h e o r i e s .  A v e r y  u s e f u l  
r e s u l t  a v a i l a b l e  from such t h e o r i e s  i s  t h e  approximate conser- 
v a t i o n  o f  t h e  t o t a l  ( thermal  p l u s  magnetic)  p r e s s u r e  f o r  c a s e s  
i n  which t h e  f low s t reams  over  a s e m i - i n f i n i t e  f l a t  s u r f a c e  and 
e x h i b i t s  v e r y  l a r g e  v a l u e s  of  t h e  magnetic Reynolds number. 

T h i s  c o n d i t i o n  can be conven ien t ly  g iven  a s :  
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A 
where P denotes  t h e  normalized thermal  p r e s s u r e  o f  t h e  flow, 
A 

B, t h e  normalized magnetic f i e l d  i n t e n s i t y  a long  t h e  d i r e c t i o n  
of motion o f  the i n c i d e n t  f low (x d i r e c t i o n ) ,  and E t h e  r a t i o  
o f  t h e  magnetic t o  t h e  thermal  p r e s s u r e  i n  t h e  undis turbed  flow. 
The i m p l i c a t i o n s  o f  t h i s  exp res s ion  i n  r e l a t i o n  t o  t h e  continuum 
- f l u i d  i n t e r p r e t a t i o n  o f  t h e  s o l a r  wind f low a t  t h e  l u n a r  l i m b  
i n d i c a t e  t h a t  f o r  c a s e s  i n  which t h e  imposed magnetic f i e l d  is 
a l igned  t o  t h e  f low d i r e c t i o n  t h e  r e s u l t i n g  magnetic f i e l d  per- 
t u r b a t i o n  a t  t h e  s u r f a c e  can be determined by combining equa- 
. t ion (1) wi th  t h e  equa t ion  o f  s t a t e  o f  an i d e a l  g a s  and t h e  
r e l a t i o n :  

which i s  a s o l u t i o n  o f  t h e  i nduc t ion  equa t ion  of a p e r f e c t l y  
conducting magnetic f i e ld -a l igned  magnetogasdynamic f low ( 7 and 
6 
Vx denote  t h e  normalized d e n s i t y  and p a r a l l e l  component o f  t h e  
v e l o c i t y  v e c t o r ) .  

For o r i e n t a t i o n s  o f  t h e  magnetic f i e l d  o t h e r  t han  a long  
t h e  d i r e c t i o n  o f  motion, t h e  s imple  coupl ing  between t h e  velo-  
c i t y ,  d e n s i t y  and magnetic f i e l d s  g iven  by r e l a t i o n  ( 2 )  i s  no 
longe r  v a l i d ,  and t h u s  t h e  arguments po in ted  o u t  f o r  t h e  behav- 
i o r  of  t h e  magnet ic  f i e l d  a t  t h e  s u r f a c e  do n o t  apply.  For 
t h e s e  cases ,  it i s  i n  gene ra l  necessary  t o  r e f e r  d i r e c t l y  t o  
t h e  s o l u t i o n  o f  t h e  complete s e t  o f  d i f f e r e n t i a l  equa t ions  
t h a t  d e s c r i b e s  t h e  problem. Never the less ,  we can s t i l l  a s s e s s  
some g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  r e s u l t i n g  magnetic geometry 
w i t h i n  t h e  i n t e r a c t i o n  reg ion  i f  a d d i t i o n a l  r e s t r i c t i o n s  a r e  
imposed on t h e  problem. For example, under t h e  assumption 
t h a t  t h e  v e l o c i t y  o f  t h e  flow is  l e f t  e s s e n t i a l l y  una l te red  by 
t h e  v i scous  mechanism ( a s  appears  t o  b e  t h e  c a s e  f o r  t h e  s o l a r  
wind-lunar l i m b  i n t e r a c t i o n  process)  , t h e  v e l o c i t y  p r o f i l e  
remains uniform ( t o  f i r s t  approximation) a c r o s s  t h e  imposed 
tempera ture  boundary l a y e r .  Under t h e s e  c o n d i t i o n s ,  t h e  veloc- 
i t y  f i e l d  is modified on ly  by t h e  p a r a l l e l  s t r a t i f i c a t i o n  o f  
s t r e a m l i n e s  t h a t  r e s u l t s  from t h e  induced non-uniform d e n s i t y  
d i s t r i b u t i o n  a c r o s s  t h e  thermal  boundary l a y e r .  
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The e f f e c t s  t h a t  t h e  s t r a t i f i c a t i o n  o f  s t r e a m l i n e s  produces 
on t h e  c o n f i g u r a t i o n  of a  magnetic f i e l d  f rozen  t o  t h e  f l u i d  
p a r t i c l e s  can now b e  i n f e r r e d  from a s imple  geomet r ica l  inspec- 
t i o n .  When t h e  magnetic f i e l d  v e c t o r  is p a r a l l e l  t o  t h e  veloc- 
i t y  v e c t o r ,  c o n s i d e r a t i o n s  o f  conse rva t ion  of mass and magnetic 
f l u x  i n d i c a t e  t h a t  a n  analagous s t r a t i f i c a t i o n  o f  magnetic f i e l d  
l i n e s  must a l s o  t a k e  p l a c e  ( t h i s  s i t u a t i o n  is conven ien t ly  
expressed by r e l a t i o n  2 ) .  Thus, a s  i nd i ca t ed  b e f o r e ,  t h e  mag- 
n e t i c  f i e l d  i n t e n s i t y  w i l l  n o t  be uniform a c r o s s  t h e  temperature  
boundary l a y e r ,  b u t  should reproduce the v a r i a t i o n s  exh ib i t ed  
by the d e n s i t y  p r o f i l e ,  which is i n  t u r n  determined from a  s e l f -  
c o n s i s t e n t  s o l u t i o n  s a t i s f y i n g  equa t ion  1. For t h e  p a r t i c u l a r  
ca se  i n  which t h e  f r ee s t r eam temperature  i s  h i g h e r  than  t h e  
s u r f a c e  temperature ,  t h e  d e n s i t y  o f  t h e  f low and hence t h e  mag- 
n e t i c  f i e l d  i n t e n s i t y  near  t h e  s u r f a c e  w i l l  be enhanced with 
r e s p e c t  t o  t h e i r  f r ee s t r eam va lues .  The corresponding magnetic 
geometry may be c h a r a c t e r i z e d  by a  s i t u a t i o n  i n  which t h e  den- 
s i t y  o f  magnetic f i e l d  l i n e s  i s  h i g h e r  i n  t h e  v i c i n i t y  o f  t h e  
s u r f a c e  t h a n  i n  the f r ee s t r eam flow. 

When t h e  imposed magnetic f i e l d  is perpendicu la r  t o  t h e  
f low d i r e c t i o n ,  any t r a n s v e r s e  displacement  of  s t r e a m l i n e s  
w i th in  t h e  temperature  boundary l a y e r  does no t  a l t e r  t h e  d i s -  
t r i b u t i o n  o f  magnetic f i e l d  l i n e s ;  t h a t  is, a s  t h e  f l u i d  par- 
t i c l e s  a r e  forced t o  move toward o r  away from t h e  s u r f a c e  i n  
response t o  t h e  corresponding p r e s s u r e  d i s t r i b u t i o n  a c r o s s  t h e  
temperature  boundary l aye r .  t h e  d e n s i t y  o f  magnetic f i e l d  l i n e s  
remains una l t e r ed  and t h e  ma2netic f i e l d  i n t e n s i t y  keeps  i t s  
f r ee s t r eam va lue .  I n  t h e s e  c o n d i t i o n s  no a p p r e c i a b l e  per tu rba-  
t i o n  o f  t h e  magnetic f i e l d  i n t e n s i t y  comparable t o  t h a t  o f  t h e  
a l igned  c a s e  can b e  p red ic t ed  from t h e  pure  thermal  i n t e r a c t i o n  
between t h e  flow and t h e  s u r f a c e .  When t h e  magnetic f i e l d  
v e c t o r  is o r i e n t e d  a t  a  c e r t a i n  ang le  wi th  r e s p e c t  t o  t h e  ve- 
l o c i t y  v e c t o r  o f  t h e  undis turbed  flow, t h e  t r a n s v e r s e  d i sp lace-  
ment of  s t r e a m l i n e s  w i l l  r e s u l t  i n  a  p a r a l l e l  rearrangement o f  
magnetic l i n e s  of  f o r c e  which w i l l  g i v e  r i s e  t o  a  magnetic 
f i e l d  p e r t u r b a t i o n  l e s s  accen tua ted  than  t h a t  expected f o r  t h e  
magnetic f i e ld -a l igned  case .  



PRESENT AND PAST SOLAR WIND AND SECONDARY ION 
BOMBARDMENT O F  THE MOON. Geiss  J . ,  Physikalisches Institut, 
University of Bern, S id lers t rasse  5, 3012 Bern, Switzerland. 

The so lar  wind (SW) ion flux reaches the lunar  surface without much 
perturbation (1). The average proton flux is about 2 . 7 ~  1 0 ' c m - ~ s e c - ~ ,  
other  elements appear to be present  in roughly so la r  abundance propor-  
tions (2, 3 ,4) .  The influx on the moon depends not only on latitude, but also 
on longitude, because of the shielding effect of the tail of the ea r th ' s  
magnetosphere (minimum influx in the region of the zero  meridian). 

SW part ic les  implanted in lunar  surface mater ia l  a r e  recognized by the 
inverse  relation of their  abundance to grain size,  by etching experiments 
o r  by a depth sensitive activation technique. In this way, noble gases ,  H, 
N and C of SW origin have been identified (cf. 5-12). Thus there exis ts  
imprinted in lunar  mater ia l  a his tor ical  record  of the so lar  wind with grea t  
~ o t e n t i a l  f o r  studying the solar  wind flux and composition in the past,  and 
the history of the sun in general.  F o r  such studies i t  i s  important to a s c e r -  
tain what percentage of these "surface correlated" volatile elements i s  of 
SW origin. Competing sources could be (a) comets,  (b) lunar fumaroles ,  
(c) in te rs te l la r  gas ,  and (d) ions which areproduced in the lunar  atmosphere 
by so la r  UV and SW charge exchange and a r e  subsequently accelerated 
through the - VxB-force - induced by the so lar  wind. The la t te r  effect i s  par t i -  
cularly cr i t ical ,  because i t  produces a grain-surface implantation s imi l a r  
to the so lar  wind. The - VxB-mechanism - has been studied in detail by Manka 
and Michel (13, 14). Quantitative predictions a r e  seriously hampered by the 
difficulty to a s s e s s  the effective trapping efficiencies in lunar  surface 
mater ia l  of low energy ions (E < l  keV). Nevertheless,  some est imates  on the 
r a t e s  of implantation a r e  made in this paper,  based on trapping probabilities 

determined in the laboratory,  and on densit ies,  composition and distribu- 
tion of the lunar  atmosphere (15 ,  16). The est imates  for implantation r a t e s  
a t  lower latitudes (3s 35O) presented he re  a r e  based  on the following 
model assumptions: Uniform temperature of 300 K; surface density n, f o r  
- 5 0 ~ 5  a?' 5 50° i s  a function of the longitude alone; average so la r  wind 
conditions a r e  V = 400 km/sec and B l  = 4 y ;  trochoidal t ra jec tor ies  for  
heavier  singly charged ions a r e  approximated by s t raight  lines. The situa- 
tion a t  the subsolar meridian (for a so lar  wind sector  with negative B di- 
rection ) i s  shown in figure 1, assuming an effective trapping efficiency 
"( = 1 f o r  E > 600 eV and y = 0 for  E < 600 eV. I t  i s  evident f rom this 
f igure  tht  the number of ions los t  i s  much l a rge r  than the number which i s  
trapped. Integration of the appropri  te equations (cf. 13,14) for ~ r ~ 0  and 
comparison with the so la r  wind Ar3$ influx leads to the A rat ios  
presented in table 1. 
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Taking into account some los s  due to elevated tempera tures  and saturation, 
we est imate that the Ar40, observed in  present  lunar  atmosphere, gives 

Althou h single grains o r  spherules may occasionally contain such low 
3% ( ~ r ~ ' / A r  )tr rat ios  (Zl), much higher rat ios ,  i. e. values between about 

0.4 and 8, a r e  observed in  lunar  fines and brecc ias  (cf. 22-24, 6). The 
ratios vary  with location on the lunar surface a s  well a s  with depth 
(cf. 23-27) but no c l e a r  systematic  increase  with depth has been found. 
Possible  reasons  for  the high observed ( ~ r ~ ~ / ~ r ~ ~ ) ~ ~  a r e  that in the pas t  
(generally o r  a t  t imes) 

(a) Ar40 production was higher 
(b) Outgassing produced by lunar  volcanism and impact was s t ronger  
(c) E x g i n  the so lar  wind was s t ronger  

o r  
(d) there a r e  additional mechanisms of Ar40 implantation. 

4 3 ( c )  would explain the indicated correlat ion (4) between (He /He )tr  and 
6 ( ~ r ~ ' / A r ~  )tr since a s t ronger  so la r  wind flow would enhance the VxB-ac- 

celeration of Ar40 and a t  the same  time could yield higher H e 4 / H e 7 r ~ i o s  in 
the solar  wind. 

A possibility for (d) would be the potassium desti l lation mechanism pro-  
posed by the Zurich group (28). 

F r o m  table 1 and the observed ~ r ~ ~ / ~ r ~ ~ -  0 .1  in the lunar atmosphere 
(15) i t  i s  evident that (a t  l eas t  today) recycling of SW argon amounts to 
only a few percent  o r  less .  F o r  Neon recycling is s imilar ly insignificant 
and also for  K r  and Xe, unless the heavy noble gas  ions have much higher 
trapping probabilities a t  low energies than the l ighter  noble gases.  

4 3 
The He /He ratio in the lunar  atmosphere ought to be much higher than 

in the so la r  wind because of (a) the f a s t e r  escape of ~e~ and (b) the addition 
of radiogenic ~ e ~ .  However, the recycling factor  for  He is so  sma l l  that 
the surface correlated He should be r ep  esentative of the retained S W  gas. 

4 3 .  . Thus the observed difference of He /He In fines and brecc ias  (29,30) ap- 
pears  to be  a r ea l  so lar  wind effect  (cf. 30). 



PRESENT AND PAST SOLAR WIND 

Geiss, J. 

Recycling of SW carbon and nitrogen may be more  significant, because 
trapping o r  sticking efficiency a t  low energies  may be high. This could 
contribute to the observed excess  of C and N over the noble gases,  but by 
only a factor  of l e s s  than 2. 

The densit ies of nitrogen and carbon compounds in the present  lunar 
a tmosphere appear to be so  low (16) that (a t  leas t  a t  present) the contribu- 
tion of - VxB-implantation - to the observed N and C concentrations in lunar 
fines i s  negligible. This observation supports the generally held conviction 
that the N in f ines  i s  essentially so la r  wind nitrogen, validating two con- 
clusions advanced before: 

l5  l4 in so lar  surface mater ia l  i s  essentially not different f rom the - N15/N 
N /N l4 in the so lar  nebula. This places severe  constraints on models of 
so la r  s t ruc ture  and evolution which involve slow mixing (cf. 31). 

- The total amounts of so lar  wind gases (particularly N) i n  the regolith 
columns penetrated by deep dril l ing a t  the Apollo 15, 16 and 17 landing 
s i tes  a r e  so  la rge  that higher so la r  wind fluxes in the past (as compared 
to the present  flux) must  be suspected (4). 
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A COSMIC DUST EXPERIMENT ON THE MOON, EARLY RESULTS: 
Otto E. Berg, Goddard Space Flight Center, Greenbelt, Maryland 
20771 

A 3-axis cosmic dust experiment placed on the lunar surface 
by the Apollo 17 crew is registering impact parameters of cosmic 
dust and lunar ejscta. 1,117 events were recorded in 8 months. 
The data show an interesting particle event rate increase 
associated with the passage of the terminators at the experiment 
site. During sunrise the particles move eastward with an event 
rate which is 100 times the normal rate. During sunset, the 
particle movement is westward with an event rate which is 15 
times the normal rate. A preliminary, plausible explanation 
for the phenomenon is electrostatic levitation. Particle fluxes 
derived from each of the three sensor systems are within an 
order of magnitude in agreement with those obtained from two 
similar xpe imentf in helipcentric orbits--Pioneers 8 and 9 -2 -5 - (4 x 10 m sec (2 sr) ) . The preliminary data indicate 
little evid nce of lunar ejecta with speeds in excess of - f 0.8 km sec (the speed threshold sensitivity for plasma 
detectors). 
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THE MOON'S ANCIENT MAGNETIC FIELD AND LUNAR PREHISTORY, C.P. 
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Recent evidence from the  Apo l l o  program shows t h a t  l una r  ma te r i a l  i s  
magnetized. The general view t h a t  t h i s  magnet izat ion i s  thermoremanent i s  
supported by the  most recen t  measurements which i n d i c a t e  p a l e o f i e l d s  i n  ba- 
s a l t s  a t  3.95 aeons o f  1.2 oersteds decreasing t o  0.33 oe. a t  3.6 aeons (1) .  
breccias are  a l so  magnetic, b u t  the  problem o f  t h e i r  magnetizat ion appears 
more complex than f o r  the  c r y s t a l i n e  rocks. D i r e c t  measurement o f  magnetic 
f i e l d s  on the f l o o r  o f  Procel larum, Hadley, Fra Mauro and Cayley (2)  i n d i c a t e  
values ranging from thresho ld  (several  gamma) upwards t o  more than 300 gamma. 
S a t e l l i t e  determinat ions o f  the  sur face f i e l d  show values t y p i c a l l y  smal le r  
than 1  gamma f o r  the  r a d i a l  component, i n d i c a t i n g  t h a t  very l o c a l i z e d  
sources cannot be the  seat  o f  these f i e l d s .  However reg iona l  magnetizat ion, 
perhaps associated w i t h  f r a c t u r e d  basement rock o f  regu la r  magnetizat ion, i s  
present  (3) .  These measurements a r e  concentrated near the lunar  equator 
over a  l i m i t e d  range o f  long i tude.  Exp lorer  35 shows i n f e r e n t i a l l y ,  by mea- 
surement o f  l imb shock waves, t h a t  magnet izat ion i s  suppressed over maria (4). 
The somewhat l i m i t e d  s t a t i s t i c s  i n f e r  t h a t  the  magnet izat ion i s  r e s t r i c t e d  
t o  the equa to r i a l  regions. 

With the extended evidence o f  paleomagnetism i n  meteor i tes,  i nc lud ing  
carbonaceous chondr i tes,  the cosmogonic view t h a t  the  p ro toso la r  nebula and 
the  accre t iona l  pe r iod  were associated w i t h  a  s t rong  o v e r a l l  s o l a r  system 
f i e l d  i s  strengthened. This  f i e l d  may be a  fragment o f  the o r i g i n a l  galac- 
t i c  f i e l d ,  a  nascent s o l a r  f i e l d  o r i g i n a t i n g  i n  a  dynamo, o r  some combination 
of the two. Hide has proposed t h a t  impact magnet izat ion cou ld  be the  source 
of a t  l e a s t  p a r t  o f  the l una r  f i e l d ,  s i nce  no o v e r a l l  d i p o l e  moment has been 
detected (5),  ( 6 ) ,  (3 ) .  Srnka ( p r i v a t e  communication) r e c e n t l y  c a r r i e d  o u t  
experiments a t  Culham showing the generat ion o f  35 gauss f i e l d s  w i t h  hyper- 
v e l o c i t y  impacts. However the  dwel l  t ime f o r  such f i e l d s  must be exceedingly 
sho r t .  I f  reg iona l  magnet izat ion e x i s t s  on the  Moon, t h e  source f i e l d  ' f o r  
i m p r i n t i n g  magnet izat ion must l a s t  s u f f i c i e n t l y  long f o r  the  ma te r ia l  t o  
pass through a  range o f  b lock ing  temperatures. Since the t ime constant  f o r  
coo l i ng  a  sphere i s  1  second f o r  an o b j e c t  w i t h  rad ius  o f  1  cm, t h i s  r i s e s  
t o  (0)700 years f o r  1  km. Thus, impact seems r u l e d  o u t  f o r  reg iona l  magne- 
t ism, b u t  cou ld  be important  on the r e g o l i t h  and genera l l y  i n  mod i fy ing  pre- 
v ious l y  impr in ted  f i e l d s .  That  t h e  lunar  source f i e l d  was t h e  Ear th ' s  
magnetosphere i s  u n l i k e l y .  Using a  reasonable t i d a l  Q f o r  Ear th,  the  t ime 
o f  immersion i n  the magnetosphere i s  extremely sho r t .  Increas ing  the Ear th ' s  
d i p o l e  moment by one order  does n o t  a l l e v i a t e  t h e  problem, because i n  view 
o f  the thermal t ime constants t h i s  t ime i s  too s h o r t  f o r  reg iona l  magnetiza- 
ti on t o  be acquired. 

An obvious source o f  magnet izat ion f o r  the  Moon would be an i n t e r n a l  
dynamo. But arguments i nco rpo ra t i ng  mean dens i ty  and moment o f  i n e r t i a  
show t h a t  the  Moon cou ld  n o t  possess an Fe core l a r g e r  than about 350 km 
radius;  f o r  FeS t h i s  increases t o  about 500 km. Levy ( 7 )  has argued t h a t  
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t h i s  r u l e s  o u t  a  l u n a r  dynamo even f o r  a  r o t a t i o n  speed equal t o  breakup, 
b u t  Runcorn p o i n t s  o u t  ( p r i v a t e  communication) t h a t  when scaled between 
Ear th  and J u p i t e r ,  Levy 's  analogy f a i l s  s i nce  both p lanets  a re  apparent ly  
endowed w i t h  s e l f - e x c i t e d  dynamos. I f  the Moon were endowed w i t h  p lanetary  
sp in  a t  i t s  b i r t h ,  i t  was l i k e l y  s p i n  damped by t i d a l  fo rces  i n  the past,  
probably  v i a  Ear th capture.  But  Ear th da ta  seems t o  r u l e  o u t  capture sub- 
sequent t o  3.2 aeons ago, which appears t o  be t h e  da te  o f  t he  most recen t  
magnet izat ion.  Since the  h ighlands appear magnetized a  dynamo source f i e l d  
should have operated from nea r l y  the t ime  o f  accumulat ion o f  t he  Moon. 
Although t h e  requirement f o r  e a r l y  d i f f e r e n t i a t i o n  and dynamo a c t i o n  can be 
met, i t  i s  f a r  more d i f f i c u l t  t o  r e t a i n  h igh  l u n a r  sp in  i n  t he  pe r i od  a f t e r  
3.2 aeons ago, unless some d r a s t i c  r e v i s i o n  takes p lace  i n  t he  c u r r e n t  ou t -  
l o o k  upon the  Earth-Moon dynamical h i s t o r y ( 8 ) .  Because o f  t h e  d i f f i c u l t y  
i n  p r o v i d i n g  f o r  a  l a t e  dynamo, maria magnet iza t ion  seems t o  r e q u i r e  t h a t  a  
two stage magnet izat ion has taken p lace  ( 9 ) .  

The presence o f  a  p r imord ia l  o r  e a r l y  s o l a r  f i e l d  i s  s u f f i c i e n t  f o r  
i m p r i n t i n g  magnet izat ion i n  bo th  meteor i tes  and l u n a r  m a t e r i a l  (10) .  A 
h igh  s o l a r  sp in  w i t h  t he  f i e l d  a  m ix tu re  o f  d i p o l a r  and quadrupolar ( t he  
l a t t e r  prov ides a  steady component i n  t he  p lane o f  the e c l i p t i c )  i s  needed. 
Th i s  a l s o  assumes t h a t  t he  geometry f o l l ows  the  present  epoch s p i r a l .  Both 
a  p r i m o r d i a l  f i e l d  and e a r l y  dynamo suggest t he  Urey-Runcorn model. The 
p r i m o r d i a l  a~oon's co re  acquires an isothermal  remanence. This  f i e l d  i s  
l a t e r  recorded i n  t he  c r u s t  as t he  l a t t e r  cools  through i t s  b l o c k i n g  tem- 
pe ra tu re  range. The core  I R M  even tua l l y  vanishes v i a  l o n g  pe r i od  heat ing .  
Whether i so thermal  remanence can be o f  s u f f i c i e n t  s t reng th  t o  supply t he  
source f i e l d  f o r  t he  l a t e  maria magnet iza t ion  remains unresolved. 

Controversy surrounds d e t a i l s  o f  the co l l apse  o f  t he  p r o t o s o l a r  cloud, 
b u t  t h e  c l a s s i c a l  view i s  t h a t  even i f  the  e l e c t r i c a l  c o n d u c t i v i t y  had 
been low, a  s u b s t a n t i a l  magnetic f i e l d  would have been captured f rom the  
g a l a c t i c  background and c a r r i e d  inwards (11) .  Whether t h i s  i s  impor tan t  as 
a  source f i e l d  f o r  t he  pr imeval Sun i s  n o t  understood, b u t  a  s t rong  f i e l d  
seems t o  be requ i red  t o  reduce angular  momentum p a r t i t i o n e d  t o  t he  c loud 
f rom the  g a l a c t i c  r o t a t i o n .  I f  the  e a r l y  f i e l d  o r  s p i n  were too  l a rge ,  
c o l l a p s e  o f  the p r o t o s o l a r  c loud would tend t o  be i n h i b i t e d ,  b u t  a  res idue 
o f  each i s  s t i l l  v i t a l  f o r  sp inning up the  Sun and f o r  even taa l l y  b rak ing  
i t s  r o t a t i o n .  
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THE MOON AS A HYDROMAGNETIC ANTENNA, J .K. Chao and C.P. Sonett, 
Lunar and P lanetary  Laboratory, U n i v e r s i t y  o f  Arizona, Tucson, Arizona 
85721. 

Whi le bathed i n  the s o l a r  wind the  Moon d i sp lays  an in tense electromag- 
n e t i c  i n d u c t i o n  e x c i t e d  by f l u c t u a t i o n s  o f  the  i n t e r p l a n e t a r y  magnetic f i e l d .  
These f l u c t u a t i o n s  a r e  bo th  convected and propagated disturbances. A de- 
t a i l e d  d i s t i n c t i o n  between these mechanisms i s  n o t  requ i red  f o r  lunar  induc- 
t i o n  as bo th  appear as t ime v a r i a t i o n s  o f  the  f i e l d  i n  the frame co-moving 
w i t h  t h e  Moon. However, a  secondary d i s t i n c t i o n  does a r i s e  s ince  a l l  such 
d is turbances are  charac ter ized by wave normal surfaces which de f i ne  the 
wave normal vector ,  k. 

The i n d u c t i v e  sTgnal a r i s i n g  from the  f l o w  of  eddy cur ren ts  i n  the lunar  
i n t e r i o r  has been s tud ied  i n  the  frequency range from less  than Hz t o  
4 x  Hz (Sonet t  e t  al . ,  1972), the  l a t t e r  being de f ined as the value o f  
frequency f o r  which quan t i za t i on  no ise  i n  Exp lorer  35 magnetometer s igna ls  
r i s e s  t o  an unacceptable l e v e l .  Exp lorer  35 da ta  i s  used t o  ob ta in  a  nor-  
mal ized value o f  the  f i e l d  components on the  l u n a r  surface. D i v i s i o n  of the 
l u n a r  s igna l  by t h a t  found a t  Exp lorer  35 de f ines  an empi r ica l  t r a n s f e r  func- 
t i o n ,  A .  Values o f  A  range from near l y  u n i t y  a t  t h e  low frequency l i m i t  t o  
a  peak va lue  o f  over  3 w i t h  increas ing  frequency, f i n a l l y  decreasing w i t h  
f u r t h e r  frequency increase.  

The formal s i m i l a r i t y  o f  l u n a r  i nduc t i on  (equ iva len t  t o  the t ransverse 
e l e c t r i c  (TE) mode i n  e lect romagnet ic  theory)  t o  Mie s c a t t e r i n g  has pre-  
v i o u s l y  been po in ted  o u t  by Sonet t  and Colburn (1974). The case o f  the 
Moon corresponds t o  a  very lossy  o b j e c t  e l e c t r i c a l l y ,  and the re fo re  i t s  
response d i f f e r s  s t r o n g l y  from an o p t i c a l l y  t ransparent  one. The s i m i l a r i t y  
t o  Mie s c a t t e r i n g  a r i s e s  from cons idera t ion  o f  the  wave number spectrum o f  
the  i n t e r p l a n e t a r y  magnetic f i e l d  which corresponds t o  wavelengths encom- 
passing t h e  sca le  s i z e  o f  the Moon. A t  low frequency the  e x c i t a t i o n  corres-  
ponds t o  Rayle igh pseudoscatter ing w h i l e  a t  in te rmed ia te  and h igh  frequency 
t o  Mie pseudoscat ter ing.  (The term pseudoscatter ing occurs s ince  most, if n o t  
a l l  the  induced r a d i a t i o n  i s  conf ined t o  the  l una r  i n t e r i o r  by the dynamic 
pressure o f  t h e  s o l a r  wind.) 

Because o f  the  r e l a t i o n  t o  Mie sca t te r i ng ,  an angular  dependence o f  the 
l u n a r  response ( t r a n s f e r  f unc t i on )  i s  expected, together  w i t h  a  dependence 
upon the  apparent phase v e l o c i t y  o f  the i n c i d e n t  wave f i e l d  i n  the  s o l a r  
wind. This  has been exper imenta l ly  detected i n  the  response o f  the Lunar 
Surface i lagnetometer (LSM) and i s  i nd i ca ted  i n  a  p r e l i m i n a r y  way i n  e a r l i e r  
p u b l i c a t i o n s .  I n  t h i s  paper we prov ide  c a l c u l a t i o n s  upwards t o  approxi -  
mate ly  t h e  Nyqu is t  frequency o f  the  LSt1. Ca lcu la t ions  have been made f o r  
bo th  va ry ing  phase v e l o c i t y ,  lp, and s c a t t e r i n g  angle, 8 .  The l a t t e r  i s  de- 
f ined i n  the  convent ional sense as the  cen t ra l  angle, centered i n  the Moon 
between t h e  d i r e c t i o n  o f  k and the p o s i t i o n  o f  the LSM on the  lunar  sur face.  
The upper frequency 1  i m i  t i s  es tab l ished by computational l i m i t s  associated 
w i t h  t h e  r a d i a l  equat ion. A  two l a y e r  model i s  used f o r  the Moon cons i s t i ng  
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o f  a core o f  conduc t i v i t y ,  U, = 4 x Hz, surrounded by a non-conducting 
s h e l l .  

Strong d i p o l a r  response a t  low frequency (Rayleigh l i m i t )  i s  present.  
Near t o  and above t h e  p r i n c i p a l  maximum, h igher  orders become important .  A t  
h igh  frequency the t r a n s f e r  f u n c t i o n  can decrease t o  below u n i t y  because o f  
the  st rong phase s h i f t  o f  the  e x c i t e d  r a d i a t i o n  compared t o  the f o r c i n g  
func t ion(F igure  1) .  The behavior o f  t h e  phase f u n c t i o n  depends s t r o n g l y  
upon the  s igna l  frequency. Below t h e  peak ampli tude corresponding p r i m a r i l y  
t o  d i p o l e  r a d i a t i o n ,  the  phase f u n c t i o n  i s  r e l a t i v e l y  s t a b l e  w i t h  modest 
phase v a r i a t i o n s .  The phase, passing th rou  h several  complete cycles, 
r a p i d l y  changes a t  h igh  frequency (F igure  2 3 . The t r a n s f e r  f u n c t i o n  ampli-  
tude, A, i s  smal les t  f o r  8 = 180'. AS e i s  diminished, the  peak ampli tude 
increases u n t i l  f o r  e = 90°, A + -, because the  normal component o f  the  
f o r c i n g  f u n c t i o n  vanishes. 

There are  w e l l  known d i f f i c u l t i e s  i n  i n v e r t i n g  the  l una r  response i n t o  
a h igh  r e s o l u t i o n  p r o f i l e  o f  the  i n t e r i o r  e l e c t r i c a l  conduc t i v i t y .  However, 
these d i f f i c u l t i e s  become assets f o r  the inverse  problem o f  ob ta in ing  i n f o r -  
mation on 8 and v , i .e. the  s e n s i t i v i t y  o f  e and & t o  i n t e r i o r  model va r i a -  
t i ons  i s  smal l .  ?or t h i s  reason the  Moon can serve as an i d e a l  hydromagnetic 
antenna f o r  probing the angular  and s p a t i a l  spectrum o f  the - k vec tor  f i e l d  o f  
the  s o l a r  wind. 
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THE RECORD OF SOLAR AND GALACTIC RADIATIONS I N  THE 
ANCIEIiT REGOLITH; Robert M .  Walker, Washington Univ.,  Laboratory 
f o r  Space Phys i c s ,  S t .  Louis ,  Missour i  63130 

Lunar s u r f a c e  rocks  have been used t o  i n v e s t i g a t e  t h e  record  
of g a l a c t i c  p ro tons  and heavy p a r t i c l e s  f o r  t imes up t o  50 m i l l i o n  
years .  Because of e r o s i o n  t h e  r eco rd  of s o l a r  f l a r e  p a r t i c l e s  
extends  over  t h e  s h o r t e r  t i m e  span of l e s s  than  1 0  m i l l i o n  y e a r s .  
The bulk of t h e  d a t a  i n d i c a t e s  t h e  t ime constancy of bo th  t imes 
of r a d i a t i o n s ,  a l though a t  l e a s t  one anomaly e x i s t s .  I n  p r in -  
c i p l e ,  s t u d i e s  of l una r  s o i l  columns and p o r t i o n s  of a n c i e n t  
r e g o l i t h ,  a s  perse rved  i n  l u n a r  anti m e t e o r i t i c  b r e c c i a s ,  can 
be  used t o  decipher  t h e  h i s t o r y  of t h e s e  r a d i a t i o n s  back t o  t h e  
e a r l y  s t a g e  of t h e  s o l a r  system. The paper  summarizes t h e  
c u r r e n t  incomplete s t a t e  of our  knowledge based on p r e s e n t  exper- 
imenta l  d a t a  and a l s o  d i s c u s s e s  p r o j e c t e d  new exper imental  
approaches t o  t h e  problem. An a t tempt  i s  made t o  pose key ques- 
t i o n s  whose answers a r e  c r i t i c a l  t o  understanding t h e  e a r l y  
h i s t o r y  of t h e  sun and t h e  moon. 



PHOTOEMISSION ELECTRONOSPHERE AS A SOURCE OF MERCURY'S MAGNETIC 
FIELD; E. H. Walker, Aberdeen Proving Ground, Aberdeen, Md., 21005, and A. J. 
Fennelly, Physics and Astronomy Dept., Western Kentucky University, Bowling 
Green, Ky., 42101. 

The characteristics of Mercury's magnetic field have been reported else- 
where (1). Main characteristics are the peak observed fields of 98 gammas at 
closest approach (altitude 704 km) and the derived magnetic moment that is 
located 0.47 RM (radious of Mercury) from the center of the planet. The dipole 
is oriented within 20 of the ecliptic pole being slightly tilted. We show 
that the field strength observed and the offset position of the dipole are con- 
sistent with the idea of an induced magnetic field arising from the presence of 
a layer of photoelectrons and an electronosphere (2,3). Furthermore, the mag- 
netic field is the residual field arising from peak solar winds (storm) inter- 
actions with the highly conductive photoemission electronosphere of Mercury 
which prevents rapid leakage or decay of the magnetic field. At times of 
strong solar wind (storm conditions and solar flares) the solar wind presses 
nearly to the planet's surface. As flare conditions subside, the electron- 
osphere, together with its magnetic field, expands against the reduced pressure 
of the solar wind and the interplanetary magnetic field to give rise to the 
magnetopause observed by Mariner-10. 

We also show that the reason for Mercury's exhibiting a fully developed 
electronosphere with a strong embedded magnetic field, while the moon- so 
apparently similar in many ways to Mercury (1) -does not, lies principally in 
the higher photon flux to the surface of Mercury thereby giving rise to a 
higher screening field on Mercury. This causes a change in the electric poten- 
tial energy of the electronospheric field varying as the 4th power of the dis- 
tance of the planet from the sun. As a result, the moon's field is not suffi- 
ciently strong (electric field pressure) to resist the solar wind, while 
Mercury's field can resist the solar wind pressure, presenting the conditions 
necessary for the fieldbuild-up in response to the flare activity. 

General characteristics of the photoemission-induced electronosphere. The 
electric potential at the surface (3) of the moon results from the balance of 
the flux of solar wind ions and electrons to the surface with the photoelectrons 
emitted from the surface. Under ordinary conditions the potential is cp=4.4 
volts and the electric field Eo-3.4 volts/meter at the sub-solar point of the 
moon. The electric field at the surface is given by (3) Eo=eno/Co, while no = 
2~~y/cp, with vo =*/2 or m. For Mercury we would expect to obtain, 
from the similarity of the two, an increased photon flux Ny about 20 volts for 
the potential and 16 voltslmeter for the field. In order for the electron- 
osphere to support its own magnetic field, the electric field which lies at the 
base of the interaction must be strong enough to resist the magnetic field 
pressure, the solar wind gas pressure, and the gravitational field of the 
planet. This may be formulated (4) as p + ~ 2 / 8 n + J ~ ,  g dr < / Pe cpdr. By 
stan ard m nipulations (4 a d the cha ge of units we re-express this as 5' 5 3 s 4 pevf /2 +e /2l-$,+~~(rn~/e) g 12 < EoEo 12. An equality sign indicates stable 
equilibrium. In what follows we may neglect gravitational terms in the equa- 
tions and determine the satisfaction of the implied criteria for the moon and 
for Mercury. The magnetic field within the electronosphere may be obtained 
from any one of a number of equations (4): B' = (~/j~)d~~/dt or B' =-TIVp/dm. 
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For the moon at the sub-solar point v -400 Plsec, 3 
t ; 35-10-~l kglm , ~e-=lf. 3 

B =6Y, i.; 3.4 Vlm or les We find that z eoE0 = 5.12.18 J/m and 
go 2 $ Pe vt +B /2P0 =6.82.10-Eb. For the moon at latitude 70 these numbers 

become vt=137 kmlsec, Eo * 2.8 oltslm and we find out that the righthand 
side of the equation is 4.0.10-1YJ/m3 while the lefthand side is 9.24.10-'~. 
For Mercury at the sub-solar point these numbers are v - 600 kmlsec, oe = 2.84' 
10-~~kg/rn~, d = 17Y, and Eo = 16~/m. Right is 1.13.10-9~/~3 & left is 5.23-lo-'. 
For each of these three cases we see that the righthand side is not greater 
than the lefthand side and so the electric field cannot be :upported against 
the pressure of the solar wind. For Mercury at latitude 60 however these -10 
numbers are vt=205 kmlsec, Eo * 13~Im anfothe righthand side reads 7.56'10 
.J/n while the lefthandside reads 7.14'10- . Here the criterion is satisfied 
and we see that under normal conditions the solar wind is not strong enough to 
collapse the electronosphere of Mercury. Therefore, toward the edge of the 
illuminated face of Mercury a buildup of the magnetic field can beget a region 
that supports the interplanetary medium. Once a magnetic field arising from 
currents in the electronosphere forms the charging mechanism is drastically 
altered. For evidence of this see reference (5) where values of the lunar 
potential and the electric field in the tail of the earth's magnetosphere are 
cp=200V, Eo =20v/m. On Mercury these values would go to about cp=1000V, Eo = 
100V/m. Therefore, for Mercury -even at the sub-solar point with the magnetic 
field e~beddeg in the elect onosphere -we find using the equation 
3 Pe vt + Bi /2p0 < $ E E DgO (gt surface) is satisfied since 5.23.10-' is less 
than or equal to 4.43.10 .J/m . This electric field corresponds to B i m  330Y. 

Characteristic time for loss of magnetic field. Spitzer (4) gives the 
equation for the time T required for the pation of a magnetic field 
embedded in a plasma: T ' ~TTL'/T a 5.10- -~'-sec where L is the charac- 
teristic len th of the plasma in cm and T is the plasma temperature (Spitzer 
gives 2.10-1' _ this value is for an electron plasma). For lOev electrons 
(T = lo5"~) and the characteristic length L = (2n R ~ ~ ~ ) ~ / ~  where is the 
electronospheric sheath thickness. 

From Bettinger Walker (6) and Walker (7) .re find the eld sheath 
0 is U=X/ =1.17 '" where h (Debye length) = reo kT./e2 no]"' and 1 = 1.17 
h(cpo/kT) 114(RNjh)17g. We find for g = 200yb Eo = 20~/m that ), = 573 meters 
and L=2.77.10 meters so that 7=1.215.10 sec=387 years. We see there- 
fore that the field will be retained. The expression for T involves q - the 
resistivity. An improved value of ,r would take into account the effect of 
resistivity that takes account of the currents (forming the magnetic field 
of the electronosphere) and their energy loss each time an electron is lost 
to the surface. This is not the total energy of the electron but only that 
energy in the direction as required to maintain the field current. Note also 
that the field would reflect the inducing conditions occurring under peak 
solar storm conditions. Note in the references that are given in reference (1) 
that there are similarities between this situation and the situation for 
planets with ionospheres. This applies therefore to fields induced in planets 
with ionospheres and may be applicable also to other cases particularly as to 
the predicted position of the magnetic dipole. 

Position and orientation of field. The dipole must arise from currents 
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induced in the electronosphere which is located on the hemisphere facing the 
sun. This means that the dipole has been moved away from the center of the 
planet and towards the sun. With the values given above we find that the 
dipole is displaced almost to 0.5 RMwhich is fairly close to the reported 
value of 0.47 RM in reference (1). As to the orientation, ideally a current 
flowing in a hemispherical shell will have a pole at the center of the 
hemisphere to minimize the current density. However to maximize the resistance 
to the passage of the interplanetary field and to the solar wind the poles 
should fall on the edge of the hemisphere according to Lenz' Law. The compe- 
tition of these two factors produces magnetic fields which are about of equal 
intensity with dipoles oriented in the ecliptic plane and with the ecliptic 
axis giving an orientation to the field which is tilted to about latitude 45'. 
This also is about equal to the tilt that was reported in reference (1). 

Magnetopause. We can find from the strength of the field at the surface 
what the approximate height of the magnetopause should be. Using a dipole 
approximation with the value of Bo at the surface is equal to 330 gammas we 
find that the magnetic field pressure of the dipole field is approximately 
equal to the pressure exerted by the plasma in the solar wind at a distance 
that could range from 1150 km to about 11000 km. A median value calculated 
for the conditions approximately during encounter (see reference 1) is about 
3400 meters or 3.4 km. Thus we see that the hypothesis of a photoemission 
electronosphere as a source of Mercury's magnetic field gives rise to all the 
observed features reported by the magnetometer experiments in Mariner-10 
during encounter (1). It is known that ~upiter's magnetic field has a dipole 
which is offset about 0.1 RJ north of the equatorial plane and about 0.2 RJ 
toward longitude 170° and also that the field is tilted at an inclination 
of about 15 . We would like to speculate that perhaps some small part of 
Jupiter's magnetic field is due to a magnetic field of this type arising in 
its ionosphere while of course the bulk of the field is probably some type 
of a core field and is involved in the large amounts of radio emissions in 
the radiation belt of Jupiter (8). 
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