


LUNAR ATMOSPHERIC COMPOSITION EXPERIMENT 

FINAL REPORT 

NAS 9-12074 

June 1, 1971 thru September 30, 1975 

John H. Hoffman 

Principal Investigator 

THE UNIVERSITY OF TEXAS AT DALLAS 

P. 0. Box 688 

Richardson, Texas 75080 



INTRODUCTION 

Apollo 17 c a r r i e d  a  m i n i a t u r e  mass s p e c t r o m e t e r ,  c a l l e d  t h e  Lunar 

Atmospheric Composit ion Experiment (LACE), t o  t h e  moon a s  p a r t  of t h e  

Apol lo  Lunar S u r f a c e  Experiments Package (ALSEP) t o  s t u d y  t h e  compos i t ion  

and v a r i a t i o n s  i n  t h e  l u n a r  atmosphere.  The i n s t r u m e n t  was s u c c e s s f u l l y  

deployed i n  t h e  Taurus-Li t t row Val ley  w i t h  i t s  e n t r a n c e  a p e r t u r e  o r i e n t e d  

upward t o  i n t e r c e p t  and measure t h e  downward f l u x  of g a s e s  a t  t h e  l u n a r  

s u r f a c e  ( F i g u r e  1 ) .  

I n i t i a l  turn-on of t h e  LACE i n s t r u m e n t  occur red  on December 27,  

a p p r o x i m a t e l y  50 h o u r s  a f t e r  s u n s e t  and o p e r a t i o n  con t inued  th roughout  

t h e  f i r s t  l u n a r  n i g h t .  The adven t  of s u n r i s e  brought  a  h i g h  background 

g a s  l e v e l  and n e c e s s i t a t e d  d i s c o n t i n u i n g  o p e r a t i o n  d u r i n g  l u n a r  day t ime  

e x c e p t  f o r  a  b r i e f  check n e a r  noon. Near s u n s e t ,  o p e r a t i o n  was resumed 

and con t inued  th roughout  t h e  ndght .  T h i s  sequence was r e p e a t e d  f o r  t h e  

second th rough  n i n t h  l u n a t i o n s .  During t h e  t e n t h  l u n a t i o n  t h e  e l e c t r o n  

m u l t i p l i e r  h i g h  v o l t a g e  power supp ly  developed a  problem which u l t i m z t e l y  

s p e l l e d  t h e  demise  o f  t h e  i n s t r u m e n t .  The symptoms i n d i c a t e  t h a t  corona  

developed i n  t h e  h i g h  v o l t a g e  s e c t i o n  of t h e  power supp ly  which a c t e d  l i k e  

a  v a r i a b l e  l o a d  on t h e  supp ly  reduc ing  i t s  o u t p u t  v o l t a g e  t o  s e v e r a l  

hundred v o l t s  i n s t e a d  of 2900 v o l t s .  

Numerous a t t e m p t s  were made t o  overcome t h e  problem by a l t e r n a t e l y  

h e a t i n g  and c o o l i n g  t h e  e l e c t r o n i c s  t o  e v e r  i n c r e a s i n g  l e v e l s .  A  t y p i c a l  

example of s u c h  an a t t e m p t  i s  g i v e n  below, quoted from t h e  USEP Perform- 

a n c e  Summary Report  of 26 October 3973: 

"The Lunar Atmospheric Composition Experiment i s  c u r r e n t l y  

ON and c o n f i g u r e d  t o  d i s c r i m i n a t o r  l e v e l ,  LOW; f i l ament ,  OFF; 

h i g h  v o l t a g e  power s u p p l y ,  OPP: and back-up h e a t e r ,  ON, The 

LACE d a t a  of 17 October was played back  d u r i n g  r e a l - t i m e  s u p p o r t  





on 1 9  October by t h e  Canarvon t r a c k i n g  s t a t i o n .  The p layback  

i n d i c a t e d  t h a t  a t  1732 G.m.t., 17 October ,  t h e  sweep h i g h  

v o l t a g e  (AM-44) dropped t o  ze ro .  The e l e c t r o n i c s  n o i s e  d a t a  

ramp a l s o  d i s a p p e a r e d  from a l l  t h r e e  d a t a  c h a n n e l  o u t p u t s  and 

t h e  anomaly locked  a l l  t h r e e  d a t a  c h a n n e l s  i n t o  t h e  c o n t i n u o u s  

c a l i b r a t i o n  mode ( d a t a  o f f s c a l e  HIGH). T h i s  f a i J , u r e  was p re -  

ceded by a  s e r i e s  of n ~ i s e  s p i k e s  on t h e  low and ~ . l d  mass r a n g e  

d a t a  c h a n n e l s  which appeared a t  1723 Gem. t . ,  17  t16tober. 

A s e r i e s  of h i g h  v o l t a g e  , n d  f i l a m e n t  commands were execu ted  d u r i n g  

t h e  r e a l - t i m e  s u p p o r t  p e r i o d  i n  a n  a t t e m p t  t o  c o r r e c t  t h e  anomaly. 

Cursory r e a l - t i m e  a n a l y s i s  concluded t h a t  t h e  m u l t i p l i e r  h i g h  

v o l t a g e  supp ly  had a p p a r e n t l y  f a i l e d .  T h i s  common h i g h  v o l t a g e  

power supp ly  a l s o  a f f e c t e d  t h e  sweep h igh  v o l t a g e  (AM-44), and 

c r o s j  coupled i n t o  t h e  d a t a  channel. o u t p u t s  (DM-03, DM-04, and 

DM-05). 

The LACE was a l lowed t o  c o o l  down (i. e. ,  back-up h e a t e r  OPF) by 

a  t e m p e r a t u r e  A o f  15'F. At tempts  t o  c o r r e c t  t h e  anomaly by ground 

command were made a g a i n  on 22 October w i t h o u t  s u c c e s s .  

It i s  f u r t h e r  p lanned t o  a l l o w  t h e  LACE t o  c o o l  down ( i , e . ,  STANDBY 

o r  OFF) f o r  f i v e  h o u r s  l a t e r  today.  At tempts  w i l l  a g a i n  b e  made 

by ground commanding t o  c o r r e c t  t h i s  anomaly. A n a l y s i s  of t h e  

anomaly i s  c o n t i n u i n g .  " 

The i n s t r u m e n t  n e v e r  recovered  from t h e  anomaly. The h i g h  v o l t a g e  

s u p p l y  i n  q u e s t i o n  was p o t t e d .  Apparen t ly ,  w i t h i n  t h e  p o t t i n g  m a t e r i a l  

o r  between i t  and t h e  p r i n t e d  c i r c u i t  b o a r d ,  a  v o i d  developed i n  which 

o u t g a s s i n g  s u p p l i e d  s u f f i c i e n t  g a s  t o  s u p p o r t  a  corona .  From t h i s  

e x p e r i e n c e  i t  would seem i n a d v i s a b l e  t o  p o t  h i g h  v o l t a g e  c i r c u i t s  t h a t  



are t o  b e  exposed t o  high vacuums f o r  extended p e r i o d s ,  e s p e c i a l L y  

i f  t h i s  i n v o l v e s  l a r g e  t empera tu re  e x c u r s i o n s .  

During t h e  t e n  l u n a t i o n s  t h a t  t h e  LACE o p e r a t e d  i t  produced 

a l a r g e  b a s e  of d a t a  on t h e  l u n a r  a tmosphere ,  mainly  c o l l e c t e d  a t  

n i g h t  t i m e .  P r i o r  t o  i t s  f l i g h t  on Apol lo  17 a number of p a p e r s  had 

a d d r e s s e d  t h e  s u b j e c t  of t h e  l u n a r  atmosphere.  These p r e d i c t e d  t h a t  

t h e  most l i k e l y  s o u r c e s  of t h e  l u n a r  a tmosphere  are t h e  s o l a r  wind,  

l u n a r  v o l c a n i s m  and m e t e o r i t i c  impact   johns so^,: 1972). *f t h e s e ,  t h e  

o n l y  one amenable t o  p r e d i c t i o n  of t h e  compoai*:lc,r: %t $ 1 1 ~  3,yii~r atmos- 

p h e r e  i s  t h e  s o l a r  wind. Thermal e s c a p e  i s  t:!a~ %b?r$ it5,i.d i : ~ n $ , ~  

mechanism f o r  l i g h t  g a s e s  (H and He). For $b&iae$,ciy g:rn@a, e:sotfiSgi?tzation 

fo l lowed  by a c c e l e r a t i o n  by t h e  s o l a r  wind el& $:~&s ;,ZAG i$ng:.a:~.+.&s f o r  

most of t h e  l o s s .  A more d e t a i l e d  d e s c r i p t i o n  oi . . - . r  s .>!rmt.A~n and  

l o s s  mechanisms of t h e  l u n a r  a tmosphere  i s  g iven  by J'ol.nsai (1971) ,  

Johnson e t  a l .  (1972), Hoffman e t  a l .  (1972a) , and S i s c o e  and Mukherj e e  

(1972).  

The ApolLo 1 4  and 15 c o l d  ca thode  gauge exper iments  have de te rmined  

an upper  bound on t h e  g a s  c o n c e n t r a t i o n s  a t  t h e  l u n a r  s u r f a c e  of abou t  

7 1 0  i n  t h e  dayt ime and 2 x lo5  cm-3 a t  n i g h t  ( ~ o h n s o n  e t  a l . ,  1972) .  

T h i s  l a r g e  day t ime  i n c r e a s e  s u g g e s t s  most of t h e  moon's g a s e s  a r e  

r e a d i l y  adsorbed  c n  t h e  c o l d  n i g h t t i m e  s u r f a c e .  Hodges and Johnson 

(1968) have shown t h a t  g a s e s  which are n o t  l i k e l y  t o  be  adsorbed a t  

n i g h t ,  such a s  neon and n i t r o g e n ,  shou ld  b e  d i s t r i b u t e d  i n  c o n c e n t r a t i o n  

a s  T -5/2 and t h u s  have n i g h t t i m e  maxima. Contaminant g a s e s  o r i g i n a t i n g  

from t h e  Lunar Module (LM), o t h e r  ALSEP exper iments  o r  adsorbed  on 

s u r f a c e s  i n  t h e  s i t e  a r e a  cou ld  be i n f l u e n c i n g  t h e  dayt ime c o l d  c a t h o d e  

gauge r e a d i n g s ,  a l t h o u g h  s u c h  o u t g a s s i n g  would have t o  e x h i b i t  v e r y  

s t a b l e  l o n g  t e r m  r a t e s  due t o  the r e p e a t a b i l i t y  of t h e  d a t a  from day 



t o  day.  I f  t h e  day t ime  maximum is a n a t u r a l  f e a t u r e  of t h e  a tmosphere ,  

t h e n  i t  i s  probab ly  a  r e s u l t  of c o n d e n s i b l e  g a s e s ,  some of which may 

b e  of v o l c a n i c  o r i g i n ,  w h i l e  t h e  n i g h t t i m e  l e v e l  r e p r e s e n t s  t h e  non- 

c o n d e n s i b l e  g&,ses. The p r e s e n t  exper iment  is des igned  t o  i d e n t i f y  

t h e  v a r i o u s  grises i n  t h e  l u n a r  a tmosphere  and d e t e r m i n e  t h e  c o n c e n t r a t i o n  

of each s p e c i e o .  

XZi.<i d m i n a n t  g a s e s  on t h e  moon a r e  argon and he l ium,  r a t h e r  than 

ncic~n ~ib.l.ch was p r e d i c t e d  e a r l i e r .  The most s i g n i f i c a n t  r e s u l t s  from 

r * t h e  L A , E  Are t h e  he l ium and a rgon  d i s t r ~ b u t i o n s  and models which a r e  

d e s c r i b e d  i n  d e t a i l  i n  t h e  a t t a c h e d  p a p e r s .  Helium o r i g i n a t e s  from t h e  

so.l.ar wind,  whereas ,  argon r e s u l t s  f rom t h e  decay o f  r a d i o a c t i v e  po- 

t a s s i u m  i n  t h e  i n t e r i o r  of t h e  moon. P r o d u c t i o n  and l o s s  r a t e s  have been 

c a l c ~ ~ l a t e d  by f i t t i n g  t h e  model t o  t h e  d i u r n a l  v a r i a t i o n s  of 4 0 ~ r ,  A 

v a r i a b i l i t y  i n  argon c o n t e n t  h a s  been c o r r e l a t e d  w i t h  high-frequency 

l u n a r  t e l e s e i s m i c  e v e n t s .  The on ly  a p p a r e n t  r e g i o n  o f  t h e  moon which 

c o u l d  p o s s i b l y  s u p p l y  t h e  amount of a r g o n  needed f o r  e s c a p e  via  a p l a u s i b l e  

temporal  mechanism is a  semimolten as thenosp. i .Te which may b e  e n t i r e l y  

p r i m i t i v e  u n f r a c t i o n a t e d  l u n a r  m a t e r i a l ,  o r  a n  Fe-FeS c o r e  t h a t  i s  

e n r i c h e d  i n  potass ium.  A  c o r e  t h a t  is devo id  of po tass ium is n o t  

compat ib le  w i t h  t h e  a tmospher ic  a rgon  measurements.  

Most of t h e  he l ium i n  t h e  l u n a r  a tmosphere  i s  of s o l a r  wind o r i g i n ,  

a l t h o u g h  a b o u t  10% may b e  due t o  e f f u s i o n  of r a d i o g e n i c  he l ium from 

t h e  l u n a r  i n t e r i o r .  The a tmospher ic  he l ium abundtince changes i n  r e s p o n s e  

t o  s o l a r  wind f l u c t u a t i o n s ,  s u g g e s t i n g  s u r f a c e  w e a t h e r i n g  by t h e  s o l a r  

wind a s  a  r e l e a s e  mechanism f o r  t r a p p e d  he l ium.  Atmospheric e s c a p e  

a c c o u n t s  f o r  t h e  r a d i o g e n i c  he l ium and about  60% of t h e  s o l a r  wind a 

p s r t i c l e  i n f l u x .  The mode of l o s s  of t h e  remaining s o l a r  wind he l ium 



is  probab ly  non thermal  s p u t t e r i n g  from s o i l  g r a i n  s u r f a c e s .  , 

There  i s  a l s o  good e v i d e n c e  f o r  t h e  e x i s t e n c e  of v e r y  s m a l l  amounts 

of methane,  ammonia and ca rbon  d i o x i d e  i n  t h e  v e r y  t enuous  l u n a r  atmos- 

p h e r e .  A l l  of  t h e s e  g a s e s  o r i g i n a t e  from s o l a r  wind p a r t i c l e s  which 

impinge on t h e  l u n a r  s u r f a c e  and a r e  imbedded i n  t h e  s u r f a c e  m a t e r i a l ,  

Here they  may form molecu les  b e f o r e  be ing  r e l e a s e d  i n t o  t h e  a tmosphere  

o r  may be r e l e a s e d  d i r e c t l y ,  a s  is t h e  c a s e  f o r  r a r e  g a s e s .  Evidence 

f o r  t h e  e x i s t e n c e  of t h e  molecu la r  g a s  s p e c i e s  is based on t h e  pre-dawn 

enhancement of t h e  mass peaks  a t t r i b u t a b l e  t o  t h e s e  compounds i n  t h e  

d a t a  from t h e  Apol lo  17  Lunar Mass Spec t romete r .  Methane i s  t h e  most 

abundant  molecu la r  g a s  but  i ts  c o n c e n t r a t i o n  i s  e x c e e d i n g l y  low, 

3  1 x 1 0  mol em3, s l i g h t l y  l e a s  t h a n  3 6 ~ r ,  whereas  t h e  s o l a r  wind f l u x  

of ca rbon  i s  approx imate ly  2000 times t h a t  of 36Ar. 

The Lunar Atmospheric Composit ion program h a s  l e d  i n t o  t h e  Lunar 

S y n t h e s i s  program from which a d d i t i o n a l  funding h a s  been o b t a i n e d  t o  

c o n t i n u e  t h e  mode l l ing  of t h e  l u n a r  atmosphere.  The f i r s t  r e p o r t  from 

t h a t  program i s  a t t a c h e d .  

The remainder  of t h i s  r e p o r t  c o n s i s t s  o ' f ' copies  of p u b l i c a t i o n s  

r e s u l t i n g  f rom t h i s  program which d e t a i l  t h e  r e s u l t s  o u t l i n e d  above. 
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17. Lunar Atmospheric Composition Experiment 
J, H. ~ o f f m n , "  R. R. Hodges, Jr.," S, Johnson,%nd D. E, ~ v a n s ~  

On the Apollo 17  mission, a miniature mass 
spectrometer, called the lunar atmospheric composi- 
tion experiment (LACE), was carried to the Moon as 
part of the Apollo lunar surface experiments package 
(ALSEP) to study the composition of and variation in 
the lunar atmosphere. The instrument was success- 
fully deployed in the Taurus-Littrow valley with its 
entrance aperture oriented upward to intercept and 
measure the downward flux of gases at the lunar 
surface (fig. 17-1). 

Initial activation of the LACE instrument occurred 
on December 27,  1972, approximately 50 hr after 
sunset, and operation continued throughout the first 
lunar night. Sunrise brought a high background gas 
level and necessitated discontinuing operation during 
lunar daytime except for a brief check near noon. 
Near sunset, operation was resumed and continued 
throughout the night. This sequence was repeated for 
the second and third lunations. 

The atmosphere of the Moon is very tenuous. Gas 
molecules do not collide with each other but, instead, 
travel in ballistic trajectories between collisions with 
the lunar surface, forming a nearly classical exo- 
sphere. 

Possible sources of the lunar atmosphere are the 
solar wind, lunar volcanism, and meteoroid impact 
(ref. 17-1). Of these sources, the only one amenable 
t o  prediction of the composition of the lunar 
atmosphere is the solar wind. Thermal escape is the 
most rapid loss mechanism for light gases (hydrogen 
and helium). For heavier gases, photoionization fol- 
lowed by acceleration by the solar wind electric field 
accounts for most of the loss. More detailed descrip- 
tions of the formation and loss mechanisms of the 
lunar atmosphere are given in references 17-1 to 17-4. 

The Apollo 1 4  and 15 cold cathode gage experi- 

  he University of Texas a t  Dallas. 
b~~~~ Lyndon B. Johnson Spacu Center. 
t~r incipal  Investigator. 

ments have determined an upper bound on the gas 
concentrations at  the lunar surface of approximately 
1 X 10' molecules/cm3 in the daytime and 2 X 10' 
molecules/cm3 at night (ref. 17-2). Tllis large daytime 
increase suggests that n~os t  of the lunar gases are 
readily adsorbed on the cold nighttime surface. 
Hodges and Johnson (ref. 17-5) have shown that gases 
that are not likely to  be adsorbed at night, such as 
neon and nitrogen, should be distributed in concen- 
tration as a function of temperature ( y 5 I 2 )  and thus 
have nighttime maximums. Contaminant gases origi- 
nating from the lunar module (LM) or from other 
ALSEP experiments, or being adsorbed on surfaces in 
the site area could be influencing the daytime cold 
cathode gage readings, although such outgassing 
would have to exhibit very stable long-term rates 
because of the repeatability of the data from day to 
day. If the daytime maximum is a natural feature of 
the atmosphere, then it is probably a result of 
condensable gases, some of which may be of volcanic 
origin, while the nighttime level represents the non- 
condensable gases. The LACE was designed to ident- 
ify the lrarious gases in the lunar atmosphere and to  
determine the collcentlation of each species. A brief 
description of the instsoument and a discussion of the 
results obtained during the first three lunations after 
deployment of the instrument are given in this 
section. 

INSTRUMENTATION 

Identification of gas molecules in the lunar atmo- 
sphere by species and determination of concentra- 
tions are accomplished by a miniature magnetic- 
deflection mass spectrometer. Gas lnolecules entering 
the instrument aperture are ionized by an electron 
bombardment ion source, collimated into a beam, 
and sent through a magnetic analyzer to the detector 
system. 

The ion source contains two tungsten (with 1 
percent ~henium) fdaments, selectable by command, 
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I 1 I 

Magnet 
(0.45 1) 

FIGURE 17-2.-Schematic diagam of mass analyzer. An ion 
beam is formed in the ion source from gas molecules 
entering the inlet plenum apexture. Three ion trajectories 
are shown through the magnet. Electron niultipliers serve 
as charge amplifiers. An ion Dump is used to check the 
internal analyzer pressure before application of high 
voltage to the ion source or the electron multiplier 
electrodes. 

100 for the high-mass channel at mass 82. This is 
defrned as less than a 1-percent valley between peaks 
of equal anplitude at  mass 82 and 83. Krypton is 
used to verify the ~esolution. 

Standard ioncounting techniques employing elec- 
tron multipliers, pulse amplifiers, discriminators, and 
counters are used, one system for each mass range. 
The number of counts accumulated per voltage step 
(0.6 sec) for each channel is stored in 21-bit 
accumulators until sampled by the telemetry system. 
Just before interrogation, the 21-bit word is con- 
verted to a floating point number in base 2, reducing 
the data to  a 10-bit word, consisting of a 6-bit 
number and a 4-bit multiplier. This scheme maintains 
7-bit accuracy (1 percent) throughout the 21-bit 
(2 X lo6) range of data counts. 

Electron multiplier gains may be adjusted by 
command to a high or low value, differing by an 
order of magnitude. I,ikewise, the discriminator 
threshold level may be set at  high or low (6-dB 
change) by command. The high level is used most of 
the time because it tends to minimize a spurious 
background noise that occurs toward the high-voltage 
end of the mass ranges. The internal calibration 
frequency read between each spectral scan verifies the 
operation of the counter system, the discrimination 
level, and the data compression circuits. 

Housekeeping circuits monitor 15  filnctions within 
the instrument (supply voltages, filament curnent, 
emission current, sweep voltage, and several tempera- 
tures). One temperature sensor monitors the ion 
source temperature; this value is used in data reduc- 
tion. Housekeeping words are subcomn~utated, one 
each 90 main frames, thus requiring a full spectral 
scan time to read each monitor once. 

The mass spectrometer analyzer, magnet, ion 
source, and detectors are mounted on a baseplate that 
bisects the instrument package and are covered by a 
housing as .shown in figure 17-1. The entrance 
aperture, which was sealed by a ceramic cap until it 
was opened by the crewman, points upward, enabling 
the downward flux of gas molecules to be measured. 
Behind the baseplate is a thermally controlled box 
containing the electronics. The top of the box has a 
milrored surface covered by a dust cover that was 
corrunanded open after the last lunar seismic profiling 
experiment (LSPE) explosive package was detonated, 
6 days after deployment, An arrow and bubble level 
on top of the package aided in proper deployment of 
the instrument. 

Calibration of the instrument was performed at 
the NASA Langley Research Center (LRC) in a 
manner similar to that of the lunar orbital mass 
spectrometers flown on the A p U o  15 and 16  
missions (ref. 17-6). A n~olecular beam apparatus 
produces a beam of known flux in a liquid heliurn 
cryochamber. The instrument entrance aperture inter- 
cepts the beam at one end of the chamber. With 
known beam flux and ion source temperature, instru- 
ment calibration coefficients are determined. Varia- 
tion of gas pressure in the molecular beam source 
chamber behind a porous silicate glass plug varies the 
beam flux and provides a test of the linearity of the 
instrument response. Good linearity was achieved to 
as high as 5 X 10' countslsec, where the onsct of 
counter saturation occurs. 

Calibrations were done with a number of gases 
that may be candidates for ambient lunar gases; for 
example, argon, carbon dioxide (C02), CO, krypton, 
neon, nitrogen, and hydrogen. Because helium is not 
c~yopumped at the wall temperature, no helium beam 
can be formed in the chamber; therefore, helium 
calibrations are not possible with this system. Sensiti- 
vity to  helium was determined in the ultrahigh 
vacuum chamber at the University of Texas at Dallas 
using the LRC absolute argon calibration of the 
instrument as a standard for calibrating an ionization 
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pressure gage. The gage calibration for helium was 
subsequently inferred froin the ratio of ionization 
cross sections for helium and argon (ref. 17.7) The 
resulting helium sensitivity is the satio of the cali- 
brated gage pressure to the helium counting rate. 

R ESU LTS 

Operation of the instrument co~nmenced approxi- 
mately 50 hr after the Erst sunset after deployment 
(16 days). Performance was very good in general. All 
housekeeping monitors were nominal, and data were 
recorded on all three mass channels. Figure 17-3 is an 
example of a typical "quick look" nighttime spec- 
trum recorded on a strip chart recorder in real time 
near the antisolar point during the third lunar night. 
Time, which is equivalent to  voltage step number and 
related to atomic mass number, is plotted against the 
counting rate. Principal peaks are identified by mass 
number. The large-amplitude square pulse at the 
beginning and end of the spectrum in each channel is 
the internal calibration pulse; it is preceded by a zero 
level segment indicating the background count in 

High mass 

w 
Cz Mid mass 

FIGURE 17-3.-Quick4ook data recorded on a strip chart 
recorder. These mass spectral data were taken near the 
antisolar point during the third lunar night. Three output 
channels are identified as high-, mid-, and low-mass 
ranges. The ordinate is a logaritl~mic scale of ion counts 
from 10' to lo6 counts per telemetry main frame (0.6 
sec). Mass scale is plotted on the abscissa. Principal peaks 
are identified by mass number. The large pulses at the 
beginning and end of each spectrum are internal calibra- 

106 - r LOW mass 

tion frequencies to check operation of detector circuit. 
The solar zenith angle is 160". 

104- 
102 - 

each channel. All the data presented in this section 
have been obtained from quick-look charts such as 
figure 17-3 and are considered preliminary at this 
time. 

Each of the major peaks in the spectrum in figure 
17-3 will be discussed in turn and will be given a 
tentative identification, which is essential in trying to 
determine its origin (native or artifact). Although 
many of the niass peaks observed undoubtedly arise 
from outgassing of the instrument or other materials 
at the landing site, three gases have been identified 
that are believed native to the Moon-helium, neon, 
and argon. 

Peaks at  Inass 1, 2 ,  and 4 are identifiable in the 
low-mass channel. Mass 1,  atomic hydrogen, is almost 
certainly due to dissociation of artifact hydrocarbon 
molecules and other hydrogen compounds, including 
~nolecular hydrogen, in the ion source. Mass 2, 
molecular hydrogen, results largely from outgassing 
of the ion source, ns it is steadily decreasing with 
time. Eventually, a stable hydrogen peak may appear 
that will then probably be truly lunar hydrogen. 
Du*.g the third lunation, the minimum hydrogen 
concentration observed was 1 X lo5 molecules /~ . ;~~,  
which is approximately a factor of 5 greater than !̂ie 
theoretical value of Hodges et  al. (ref. 17-8). In ,he 
daytime, when the mass 2 peak is somewhat larger, a 
mass 3 peak appears that is 0.03 percent of the 
hydrogen peak (close to the isotopic ratio for HD of 
terrestrial origin), which supports the hypothesis of 
the hydrogen source as artifact. The helium at mass 4 
is certainly native and will be discussed in more 
detail. 

The ramp commencing near the inass 2 peak is 
probably due to an electronic coupling of spurious 
counts into the detector. The amplitude of the ramp 
is somewhat temperature sensitive and its onset 
position is variable. Although it appears to be, large on 
a logarithmic scale, the amplitude of the ramp has a 
maximum value of 300 countslmain frame, which is 
not seriously detrimental to reduction of the data; it 
requires, for example, a correction of 10 to 2 0  
percent or less for most peaks except in the 12- to 
18-amu range where it is somewhat larger. 

Identifiable peaks in the mid-mass range, beginning 
at the right with mass 15 and 16, may be methane 
with some contribution at  mass 16 from atomic 
oxygen. Mass 17 and 18 are primarily due to water 
vapor and are ielatively small, implying that the 
instrument is surprisingly well degassed of water 

4 2 1 
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vapor. Even in the daytime, the mass 18 peak is not 
large r v " i v e  to other peaks. An upper limit of 2 X 
10' water molecules/cm3 has been established for the 
second lunar day, which indicates that little water 
vapor is present a t  the site. 

Mass 19 being a dominant peak is a puzzle. The 
H3 0' ion is precluded because of the small H 2 0  
peak. Fluorine is the only other possibility. This 
implies that much of the mass 20 peak may be 
hydrogen fluoride (HF) instead of neon. The mass 20 
peak is smaller than the mass 19 peak by a factor of 3 
a t  night and larger by the same factor in the daytime. 
The origin of the fluorine is unknown, but possibili- 
ties are the outgassing of solvents used in cleaohg the 
instrument before flight, the outgassing of other 
warm areas of the site (e.g., instruments, the central 
station, or the radioisotope them.oelectric generator), 
or the natural degassing of the lunar materials. To 
study the neon question further, the temperature of 
the ion source was reduced from 270 K several times 
during the lunar night by turning off the filament for 
periods of approximately 30 min. Reactivation of the 
fdament just before scanning the mass 20 to 22 range 
revealed stable, net mass 20 and 22 &..?dks with an 
amplitude ratio of approximately 13, in close agree- 
ment with the solar wind isotopic ratio of neon 
determined by Ceiss et al. (ref. 17-9). The mass 44 
peak was not large enough at the time to contribute 
significantly to the mass 22 peak as a doubly ionized 
species. A neon concentration of 7 X lo4 molecules/ 
cm3 results, which is a factor of 20 less than that 
predicted by Johnson et al. (ref. 17-2). 

The mass 28 peak is probably nitrogen or possibly 
CO, and mass 32 corresponds to oxygen. These wil l  
be discussed subsequently. Peaks at mass 35, 36, 37, 
and 38 fall into the same category as mass 19 and 20, 
most likely being chlorine and hydrogen chloride 
(HCI). The mass 35 to 37 ratio corresponds to the 
terrestrial chlorine isotopic ratio. As with fluorine, 
the origin of the chlorine is undetermined but is 
likely the same as that of fluorine. The ion source 
temperature reduction test was conducted for the 
mass 36 and 40 range also, The mass 36 and 38 peaks 
decreased to essentially zero; the mass 40 peak also 
was essentially zero, indicating a late night upper 
limit for any of the argon isotopes less than 200 
molecules/cm3. These tests indicate that the forma- 
tion of HF and HC1 is strongly temperature depen- 
dent and may arise from a reaction with hydrogen in 
the ion source H2 + Fz = 2HF or Hz + ClZ = 2HC1. 

Hydrocarbon peaks at this time are all near zero 
amplitude. Native argon-40 (40Ar) has been identified 
at other Limes and its diumd behavior will be 
discussed later. Mass 4l is C 0 2 ,  thought to originate 
primarily from outgassing of the instrument. The 
remaining mid-mass peaks are mainly hydrocarbons 
principally from outgassing of the ion source. 

The high-mass range spectrum duplicates the mid 
range below mass 44, Additional peaks of significant 
amplitude are the group near mass 61 and peaks at 
mass 78 and 85 that, as yet, are unidentified. The 
latter two are continuing to decrease in amplitude 
with time and are not considered significant. The 
unresolved set of peaks from 91 to 93.5 amu is 
probably doubly charged species in the mass 182 to 
187 range that are the isotopes of tungsten and 
rhenium, originating from vaporization of the fila- 
ment. The group near mass 61 may be triply charged 
tungsten and rhenium. .it this measured vaporization 
rate (cc. . antration of 1 X lo3 molecules/cm3), the 
useful filan,,nt lifetime is estimated at 10 yr. The 
remaining peaks are again thought to be artifact 
hydrocarbons. 

Figure 17-4 is a reduced spectrum derived from 
raw data by subtracting from each peak amplitude 
the counts in the adjacent valleys due to background 
noise and scattered ions. Small-angle scattering of 
ions from neutrals in the mass spectrometer is a 
strong function of pressure but does occur to some 

Atomic mass number 

FIGURE 174.-Reduced spectrum taken 100 fu beforc 
sunrise of the third lunar night after deployment 
(16:30:00 G.nl.t., Mar. 5,1973). The solar zenith angle is 
140'. Corrections have been applied for background 
counting rates. 
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extent in daytime data where the peak amplitudes are 
very large, that is, more than 1 X lo5 countslmain 
frame in some cases. However, the corrections from 
scattering are typically less than 5 percent and 
frequently less than 1 percent. The accuracy of peak 
amplitudes at  this stage of data analysis is estimated 
t o  be k30 percent with some of the very small peaks 
having an uncertainty of a factor of 2.  Most of the 
error comes from using the quick-look-type charts as 
the data source. The data are shown as counts/main 
frame as a function of atomic mass number. Differ- 
ences between the mid- and high-mass overlapping 
ranges are removed by averaging. Counting rates 
( see1)  can be obtained by multiplying each peak 
amplitude by 1.65. The example given in figure 17-4 
is data from the third lunar night, a few calendar days 
later than the spectrum of figure 17-3. At this time, 
the ion source temperature had been reduced from its 
norn~al operating level of 270 K to near 200 K by 
turning the ion source off for approximately 30 min 
before the measurement. 

The minimum nighttime total gas concentration 
observed to date is 4.6 X 10' molecules/cm3, of 
which nearly 20  percent Is hydrogen and 25 percent 
is mass 19, both  of which are believed to be artifact. 
In addition, neon and heliun;, L-t;:, Leheved to be 
native, exist at  the 15-percent level. The total gas 
concentration at noon of the second lunation is 
4 X 10' molecules/cm3, of which 25 percent is 
hydrogen and 7 percent is mass 36 (HCl), with the 
remaining peaks all lower in abundance. Water vapor 
is 5 percent of the total. All the large peaks are 
believed to  be dominated by outgassing of the 
instrument, the  TM, the landing site, and so forth, in 
the heat of the day. 

Diurnal variation of helium-4 ( 4 ~ e )  is shown in 
figure 17-5, starting with first activation of the 
instrument on  December 27 at a solar zenith angle of 
-155'. Time progresses to the right through the lunar 
night and into the day. The fust lunation continues 
to  sunset (-90'). The complete second lunation is 
also shown ending at sunset (Feb. 22, 1973). The 
dashed curve indicates regions where the instrument 
was not operating. No significance is attached to the 
lack of tracking of the two curves because the 
differences are within the errors associated with 
reading quick-look data. Helium concentration, plot- 
ted along the ordinate, is shown to vary from 
approximately 2 X lo3 molecules/cm3 a t  lunar noon 
to 4 X lo4 molecules/cm3 near midnight. Because of 
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Sunset Midnight Sunrise 

Solar zenith angle, deg 

FIGURE 17-5.-Diurnal variation of 4 ~ e .  Concentration is 
plotted as a function of solar zenith angle with nighttime 
in the center of the fiyrc.  The distribution is typical for a 
noncondensable gas. 

the very low level of the daytime helium (only three 
data counts after a correction for residual helium 
within the instrument is made based on preflight 
measurements of the helium and hydrogen ratio of 
laboratory spectra), the night-to-day ratio of helium 
can only be roughly estimated to be in the range of 
15 to 30. This distribution is generally what would be 
expected of a noncondensable gas; that is, one that 
does not freeze out at the lunar nigllttime tempera- 
ture of 85 to 9 0  K (ref. 17-5). 

The present measurement agrees with the daytime 
helium concentration of 3 X lo3 molecules/cm3 pre- 
dicted by Johnson et al. (ref. 17-2). Hodges et al. (ref. 
17-8) have done a Monte Carlo calculation of the 
distribution of solar wind helium around the Moon 
and found an equatorial night-to-day concentration 
ratio of 24, which should be slightly greater than at 
the 20' latitude of the instrument location. This 
distribution leads to a theoretical nighttime concen- 
tration of 4.1 X lo4 molecules/cm3 and a daytime 
value of 1.7 X l o3  molecules/cm3 for the same solar 
wind flux used by Johnson et  al. (ref. 17-2); that is, 
1.3 X lo7 molecules/cm2 lsec. These values are in 
good agreement with the measurements, considering 
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the large variability of the solar wind flux (ref. 
17-10). 

The helium nighttime maximum occurring signifi- 
cantly before dawn (the coldest surface temperature 
occurs just before dawn) indicates t int ,  because of 
the large-scale size of the helium trajectory (1 15 km 
at night), significant helium is lost from predawn and 
postsunset to  the day side, from which thermal 
escape is a rapid loss mechanism. 

The 4 0 ~ r  diurnal distribution is shown in figure 
17-6. The coordinates are similar to those of figure 
17-5. The difference between the nighttime rnini- 
mums of the three lunations is believed to be due to a 
continual decrease in outgassing of the instrument 
with time. A significant feature is the large predawn 
increase in concentration. The very low, late night 
concentration of less than 200 molecules/cm3 (wlich 
must be considered to be an upper limit of 40Ar 
because the peak amplitude is essentially zero) 
indicates that it is a condensable gas and freezes out 
as the surface temperature falls below its freezing 
point. As the dawn terminator approaches the site 
but before any local heating occurs, the 4 0 ~ r  peak 
increase is due to argon being released from the 
warming surface and traveling several scale heights 
into the night side before being adsorbed by the lunar 
surface. The only other peak that exhibits this 
marked behavior is mass 36,  probably 3GAr. When the 
terminator passes the site and rapid local heating 
occurs, outgassing of hydrocarbon peaks dominates 
the argon contribution to mass 40. The trough just 
after 90" may be due to local depletion of argon from 
the surface all along the terminator. The trough is 
visible because of the delay in local sunrise after 
terrninatcr crossing due to topographical conditions. 
It may be expected that the argon concentration 
would decrease slowly during the day until the onset 
of the rapid decrease after sunset. This would reflect 
the typical behavior of a condensable gas. However, 
argon may not condense on the surface until late 
night when the temperature reaches its freezing point. 

The mass 36 peak exhibits a predawn enhance- 
ment but of a magnitude less than 10 percent of that 
of the 40Ar, further supporting the evidence that the 
major contribution to the mass 36 peak is HC1 when 
the ion source temperature is at its normal nighttime 
equilibrium value of 270 K. An upper limit for 3GAr 
at night is 200 molecules/cm3. As a comparison, the 
diurnal concentration of C02 (44 amu), which is a 
condensable gas at the night lunar surface tempera- 

Sunset Midnight Sunrise 
Solar zenith angle, deg 

FIGURE 17-6.-Diurnal variation of J O ~ r .  Coordinates are 
similax to tl~ose of figure 17-5. Prcdawn enhancement 
suggests boiloff of condensed gas from the warm ap- 
proaching terminator region. Day time increases are due to 
outgassing of hydrocarbon gascs from the instrument, the 
LM, and the landing site. Carbon dioxide is shown as an 
example of a gas not showing predawn enhancement. 

ture, is also given in figure 17-6. This peak shows no 
predawn enhancement but does show a very sharp 
increase at  local sunrise and a similarly sharp decrease 
at sunset. Because the instrument is located in the 
Taurus-Littrow valley, local sunrise occurs nearly 8 hr 
after terminator crossing of the site longitude; local 
sunset occurs approximately 6 hr early. 'The lag in the 
C02 decrease beyond sunset very likely results from a 
thermal lag in the instrument and from other equip- 
ment degassing at the site. 

The concentrations of two other gases, nitrogen 
and CO at mass 28 and oxygen (at Inass 32), are 
plotted in figure 17-7. Again, the coordinates are 
similar to those of the two previous figures. The 
behavior closely tracks that of C 0 2 ,  with no predawn 
enhancement. Oxygen would be expected to  freeze 
out at night more readily than argon because its 
freezing point is several degrees higher than that of 
argon, and the ion source temperature reduction tests 
indeed showed a zero amplitude peak for mass 32. 
The conclusion is that essentially all the oxygen is 
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artifact, and an upper limit on the lunar oxygen is in 
the low 1 o2 molecules/cm3 range. 

Conversely, mass 28,  whether it is nitrogen or CO 
(no distinction is made at  this time), would not 
condense at night temperatures and should have its 
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FIGURE 17-7.-Mass 28 (nitrogen and carbon monoxide) 
and mass 32 (oxygen) concentrations as a function of 
solar zenith angle during the second lunation. 

maximum concentration at night. However, it is 
believed that the concentration of 3 X lo4 mole- 
cules/cm3 is still at least partially artifact because of 
the large decrease (a factor of 4) from the first 
lunation to the second. This appears to be merely an 
outgassing rate decrease. Perhaps several lunations 
hence, the value may stabilize and mass 28 will 
become a candidate for a native gas. 

CONCLUSIONS 

From the data obtained during the first three 
lunations after deployment of the LACE instrument, 
three gases-helium, neon, and argon-have been 
identified as being native to the lunar atmosphere. A 
summary of the measured concentrations of these 
gases compared with several predictions is presented 
in table 17-1. The helium concentrations and the 
diurnal ratio are in excellent agreement with predic- 
tions based on the solar wind as a source, indicating 
that the basic tenets qf the theory of a noncondens- 
able gas are correct. However, the. neon measlired 
concentration is a factor of 20 below predictions, 
indicating possibly some adsorption or retention on 
the night side of the Moon. If true, this phenomenon 
is unexpected becausz of the very low freezing 
temperature (27 K) of neon. The Apollo 16 lunar 
orbital mass spectrometer experiment (ref. 17-1 1) did 
detect neon on the night side near the sunset 
terminator at a concentration approximately 1 X lo5 
molecules/cm3. This is approximately a factor of less 

TABLE 17-I.-Concentrations o f  Gases Determined from C~irrent LunarMass Spectrometer Data, 
Cold Cathode Gage Dota, ar~d Predictions 

"redicted by R. R. Hodges, Jr., in unpublished data. 
"~eference 17-2. 
Cupper Limit; argon freezes out a t  night. 
d ~ o t a l  gas concentrations from mass spectrometer during second lunar day and third lunar night after deployment; from 

cold cathode gage after 10 lunations. 

Gas 

Hydrogen (H, ) 

Helium 

Neon 
36 Ar 
40 Ar 

d ~ o t a l  

Cold cathode gage data, 
molecules/cm3 

Mass spec tronteter data, 
molecules/cm3 

Day 

1 x lo7 

Day 

1 X loa  

2 x l o3  

4 X 10' 

Predic ted data, 
molecules/cm3 

Night 

2 x lo5 

Night 

1 X l o5  

4 x lo4 

C7 x l o 4  
C2 x lo3 

x l o 3  

4.6 X l o5  

Day 

9 . 6  X lo3  

b:: :: ::: 
"5  x l o4  
"3 X 10' 

Night 

92. x lo4 

q . 1  x lo4 
"1.3 X 10' 

" 8 ~  103 
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than 2 higher than the present value and is within the 
experimental errors of the measurements. This dis- 
crepancy between theory and measurement for neon 
is a serious problem and is one of the major tasks to 
be considered in the future. 

Argon appears to be adsorbed on the late night 
(coldest) part of the lunar surface as none of its 
isotopes are detected at this time. A significant 
predawn enhancement of 4 0 ~ r  indicates a release of 
the gas from the warm approaching terminator 
region. The 36Ar and 38Ar are masked by HCl peaks 
at this time. Future presunrise tests with a cooled ion 
source should reveal the actual amounts of 3 6 ~ r  and 
38Ar. Clearly, argon does not behave as a noncon- 
densable gas and, therefore, cannot be compared to 
predictions. Furthermore, 4 0 ~ r  probably results 
mainly from potassium40 decay and subsequent 
"weathering" of lunar surface materials, so its pres- 
ence is evidence of a truly native lunar gas. 

The remaining peaks of the spectra are all consid- 
ered to  be dominated by artifact gases at this time. 
The total nighttime gas density of 4.6 X l o5  mole- 
cules/cm3 is a factor of 2 higher than the measured 
valiles from the Apollo 14 and 15 cold cathode gage 
experiments. This is not  surprising (notwithstanding 
errors in  calibration of both instruments) because the 
mass spectrometer ion source is warmer than the cold 
discharge source of the gage and therefore would have 
a hipher outgassing rate. However, the residual being 
measured by both instruments is clearly not entirely 
neon but  a multitude of gases, including helium. 

As the  instrument, the LM, and the landing site 
continue to be cleansed in the high daytime tempera- 
tures, the passage of several more lunations should 
produce much cleaner spectra and. yield more defiii- 
tive data on  concentrations of true lunar gases or, at a 
minimum, reduce the upper limits now determined. 
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Recent experiments were conducted in Langley Research Center's molecular beam system to perform an 
absolute calibration of the lunar orbital mass spectrometer which was flown on the Apollo 15 and 16 
missions. Tests were perfor~ned with several models of the instrument using two test gases, argon and 
neon, in the 10-~'-10-~ Torr range. Sensitivity to argon at spacecraft orbital velocity was 2.8X10-' 
A/Torr enabling partial pressures in the 10-l4 Torr range to be measured at the spacecraft altitude. Neon 
sensitivity was nearly a factor of 5 Icss. The response of thc instrument to off-axis beams shows a 
cosine-to-cosine2 dependence. Test data support the feasibility of using the lunar orbital mess spectrometer 
as a tool to gather information about the lunar atmospherc. 

Introduction 

The scientific objectives of the mass spectrometer ex- 
periment, carried on the flights of Apollo 15 and 16, are 
to obtain data  on the composition and distribution of 
the lunar ambient atmosphere, and to detect transient 
changes in its composition. Data from the experiment 
will permit study of the lunar atmosphere sources, 
 sink^, and transport mechanisms. Detection of changes 
in the composition will permit study of gases venting 
from the lunar. surface or originating from man-made 
sources. 

Mechanisms of release of gases from the surface, for 
example, solar wind bombardment or volcanism, per- 
haps can be affirmed by knowing what the effluent 
gases are. Likewise, data  on released gases may afford 
some knowledge of the chemical processes underlying 
the lunar surface. 

The experiment will provide a means for determining 
the natural distributions of gases in the lunar atmo- 
sphere. This information is essential if the sources, 
sinks, and transport of these gases are to be understood. 
Since the lunar atmosphere is a classical c~c.mple of an 
exosphere, its global structure can be used to test 
theories on exospheric transport which is an important 
process in the terrestrial atmosphere. 

Because of the importance of the measurements to be 
made and the need for high accuracy, i t  becomes 
necessary to perform absolute calibrations to determine 
sensitivity factors and operating characteristics of the 
mass spectrometers to be used in making the lunar mea- 
surements. T o  insure the highest possible accuracy, 
laboratory calibrations were performed on four models 
of the lunar orbital mass spectron~eter (Qualification 
model, Flight 1, Flight 2, and Flight 3 models) in the 
Langley Research Center's Molecular Beam System 
(MBS)' using bvo test gases, argon and neon, for which 
sensitivity factors were established. 

The mass spectrometer electronic and analyzer pack- 
age was mounted in the guard vacuum (18-9-10-8 Torr  
range) of the MBS with the ion source inlet, a plenum, 
in line with the beam axis, separated from the guard 
vacuum by a Teflon seal. Provisions were incorporated 
to vary the mass spectrometer inlet plenum with re- 
spect to the molecular beam axis, representing space- 
craft pitch and yaw motions, to determine the angular 
response of the instrument for off-axis molecular beams. 

The MBS used for this experiment incorporates a 
combined technique of pressure attenuation, molecular 
beaming, and cryopumping to produce accurately known 
pressures in the 10-13-10-!'Torr range. Test data results 
generally agree with theory for both axial and off-axis 
molecular beams and demonstrate that the test chamber 
will adequately support calibrations of mass spec- 
trometers for ground and flight experiments. 

Description of Test Apparatus 

Molecular Beam System 

A molecular beam has been described as a stream of 
molecules effusing from a small aperture source into an 
evacuated chamber, where its direction is defined by 
collimating apertures. T h e  molecular beam system' 
used for this experiment is shown schematically in 
Fig. 1 and pictorially in Fig. 2. A high-pressure gas 
source (number 2, Fig. I),  measured by a rotating piston 
gage, is required to maintain inlet pressures from 0.1- 
lo4 Torr, a t  a constant known temperature between 295 
and 301 K. This known pressure is reduced from four to 
seven orders of magnitude through a selected porous 
plug, in the manner of Uwens12 into a molecular furnace 
(number 4, Fig. 1). From there the gas effuses through a 
well-defined aperture in the furnace with a cosine distri- 
bution. All but the core of this effused gas is stripped off 
by liquid-helium-cooled aperture surfaces, the remaining 
core of gas (number 9, Fig. 1) forming the molecular 
beam. The  beam passes througll a licluid-helium-temper- 
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T A ~ L E  I. Porous plug conductance data. 

Calibrated porous plug conductance (Cp) for six rcndlngs 
Gns ( X lo-* iiters/scc) 

Uncertainty In porous 
plug conduct;mce 

mmurcmcnts 
Mmn value of conductnn6e 

(C?)rn" - (C?)rnl. 
P A  

E? 

Argon 1.18 1.13 1.16 1,20 1.23 1.18 

Neon 1.60 1.62 1.63 1.65 1.63 1.64 

function of the furnace temperature, accurate moni- 
toring of this temperature is essential. Tlle furnace and 
gas source temperatures were maintained essentially at a 
constant value with variations of less than 0.2 K. There- 
fore, errors in the temperature measurement were 
considered negligible. Gas molecules, upon entering the 
molecular furnace, equilibrate to the wall temperature 
since the pressure is sufficiently low for molecular flow 
conditions to exist. The  ~nolecular beam effusing from 
the furnace aperture, a t  the furnace temperature, can be 
shown1 to have a flux density of 

1 r, 2 Cp 2 1 molecules 
rb =-(-) -(-) P, I 

2 1 C, rmkTf cm2.sec 

where C, =conductance of furnace aperture, 3.4 liters/sec 
for argon and 4.8 liters/sec for neon a t  298 K ;  C,= Con- 
ductance of porous plug, 1.18X 10-0 liters/scc for argon 
and 1.64X10-6 liters/sec for neon at 298 K ;  k=Boltz- 
rnann's constant; 1= Distance from beam aperture to 

plenum inlet, 207 cm ; m = mass per molecule (grams/ 
molecule) ; P, = source pressure (dy~ies/cm~) ; r, = fur- 
nace aperture radius, 0.33 cm ; TI= furnace temperature, 
298 I<; and I'a represents the number of molecules per 
second impiriging on each square centimeter of the inlet 
(plenum) opening. Table I1 gives the comparison of 
source pressure, beam flus, and beam pressure. 

The  mass spectrometer is shown mounted in the 
MBS pictorially in Fig. 4, where the electronic package 
is in the guard vacuum of the system and the inlet 
plenum axis is aligned with the beam axis. An externally 
controlled mechanical lirikage was used to set the beam- 
plenum axis angle (equivalent to the spacecraft yaw 
axis) from 0' to 40' with reference to a horizontal axis 
perpendicular to the beam axis. Pitch angles of - S o 1  0°, 
and +So with reference to a vertical axis perpendicular 
to the beam axis were set manually with the system 
open. Separate measurements were made using combi- 
nations of the three pitch angles and various yaw angles 
up to 40'. The mass spectrometer inlet was completely 
enclosed by a liquid-helium-temperature copper tube, an  
extension of the beam collimating tube, such that  back- 
scattering of molecules into the inlet was essentially 
eliminated. Thermocouples were attached to the mass 
spectrometer inlet to monitor its temperature. Provision 
was also made to vary the temperature of the mass 
spectrometer source inlet using an cvternally controlled 
heating element. 

Mass Spectrometer 
The  lunar orbital mass spectrometer is a magnetic 

deflection type mounted on a 7.3-m boom extending 

TABLE 11. Relationship of source pressure to beam flux and 
pressure. 

- 

Source prrrvure Flux Beam pressure (Ps) 
(psi) (mol/unl YCC) (Torr) 

Argon 

Nmn 

2.40 1 I I I I 1 I 
0 4 8 12 16 20 24 (Data for asses at 298 K) 

TIME, HOURS 

FIGURE 3. Porous plug calibration. Data on porous plug given as 
source pressure vs time to determine the plug conductance. 
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ENTRANCE 
AMBIENT - APERTURE P L E N U M  

GAS MOLECULE 
F L U X  - - 

ION SOURCE 
1 .  ! , I  

1 
28-66 AMU 

I B O O M  I 

chamber wall filled with liquid helium. This reduced the 
background pressure in the test chamber to the low 
10-14-Torr region as indicated on a Redhead gage (these 
gage readings are only an indicator tha t  the chamber is 
pumping properly and are not used in the molecular 
beam flux calculations). Background readings were 
taken on the mass spectrometer. Then the beam source 
pressure was set a t  1.0 psi argon and a minimum of three 
scans of the argon spectrum was taken on the mass 
spectrometer. Table I1 gives the relationship between 
source pressure and beam flux. After the first set of 
readings, tile source pressure was reduced to zero in 
order to again make background readings. Source pres- 
sures of 3.0, 10.0, 30.0, and 50.0 psi were then set and 
mass spectrometer scans taken for each reading. Be- 
tween each pressure point, the source was evacuated to 
obtain background readings. The da ta  were recorded as 
ion counts for each peak in the spectrum less the back- 
ground counts for that  peak. The above procedure was 

-x ~ R E C T I O N  
O F  MOTION 

FIGURE 6. Analyzer trajectories. ions 
emerge from the source and enter a uniform 
magnetic field, produced by a permanent 
ma net. Two special trajectories of 4.158- 
anl6.350-cm radii determine the location of 
collection slits for the low-mass and high- 
mass ion detectors. 

repeated for yaw settings of lo0, 20°, 30°, and 40'. After 
completion of the argon tests, the complete procedure 
was repeated using neon as  the test gas. Source pressure 
for neon was limited to 30.0 psi due to the fairly rapid 
backgroutld pressure buildup by the neon a t  higher 
pressures. 

The  above tests were repeated for pitch angles of O0 
and +So. Other data were "ken for variousinlet plenum 
temperatures behveerl 23b ~ n d  300 K, and certain pres- 
sure sweeps were repeated using each of the two 
filaments in the mass spectrometer ion source. 

From the above tests, i t  was possible to make a rather 
complete evaluation of the performance of the %ass. 
spectrometer. The  data  were analyzed to  give compari- 
son of filament performance, establish linearity of the 
instrument, assess output as a function of pitch and yaw 
angles, verify the effects of inlet (plenum) temperature 
variations, and determine the sensitivity of the instru- 
ments for the two test gases. 

8 W  FLUX, MoL/CM~- SEC. 

FIGURE 7. Variation of output for neon and argon for three flight instruments. 
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7 INLET TEMPERATURE 238 K = 0 -FLIGHT I, ARGON, 6" PITCH, FILAMENT 2 

I El -FLIGHT 1, NEON, O~PITCH, FILAMENT 2 

- 0 -FLIGHT 2, ARGON, - 5' PITCH, FllAMENT 2 
A - FLIGHT 2, NEON, -5" PITCH, FILAMENT 2 

- h - FLIGHT 3, ARGON, + PITCH, FllAMENT 2 
- FLIGHT 3, NEON, +so PITCH, FILAMENT 2 

r - - - - - - 
- 

- - - - - 
- 
- 

I,c'JJ - 
loB lo9 1o1O lo l l  loT2 1013 
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I , ~ , ~  

FLIGHT 2 (SN 104) 
ARGON GAS 
FILAMENT NO, 2 
0' YAW 
-5' PITCH 

FIGURE 8. Variation in output with inlet (plenum) temperature over the range 238-300 I<. 

Figure 7 shows the output, in counts/second, of 
Flights 1, 2,  and 3 instruments vs beam flux for both 
argon and neon. The data show the instrument to be 
linear over the range tested, with any deviation from 
linearity well within the beam accuracy (6%). The 
linearity t t s t  was extended to several decades using 
minor isotopes of the test gases. The data are presented 
in terms of beam flux rather than pressure since the 
speed ratio of the incoming gas between the calibration 

beam and actual flight differs by about a factor of 5 .  The 
actual equilibrium pressure in the inlet must be calcu- 
lated for each gas molecule speed (gas temperature or 
ram velocity in flight). The technique for calculating the 
equilibrium pressure in an enclosure exposed to a gas 
beam is given in Ref. 1. Employing t!:is technique, it 
was found that the sensitivity limit of the instrument to 
lunar orbital velocity gases was -lo-" Torr. 

The relative sensitivity of the two filaments on 

Gar Unit Sovrcm Pitch 
Prmrrur* 

ARGON FLIGHT l 30 PSI 0' 
+ NEON FLIGHT 1 30 PSI 0' 

ARGON FLIGHT 2 30 PSI -5' 
0 NEON FLIGHT 2 30 PSI -5' 
A ARGON QUAL 30 PSI +5' 

1 . m  
0 NEON QUAL 10 PSI t?  

- ARGON FLIGHT 3 10 PSI +5' 
Folla Wlthin "Boxd"  Arwr As Shown. 

. m FIGURE 9. "Best fit" of data to cos8/cosV. 
!i Data were obtained to show the variations 
5 in output for the flight units with change 
o in yaw angle. Up to 20°, the output 

8 .BX portrays a cosine function; between 20' 

B and 40' i t  is closer to a cosine1 function. 

0 z . m 

. YX) 
I I I I I i I I 

0 5 10 15 20 25 30 35 43 
YAW ANGLE -DEGREES ( 8 )  
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TOP VIEW 
I 

pivot ~ o l n t  -yaw anqls 

FIGU,RE 10. Inlet configtlration. Cross-sectional view of the inlet 
openln The  opening is not perpendicular to the direction of the 
beam, $;ut is a t  a 60" angle a s  it is in flight, and becomes more 
nearly so a t  riegative pitch anglcs, 

Flight 1 and Flight 2 instruments is of the order of 15% 
for argon. There is more variation in sensitivity between 
instruments than there is between filaments in a given 
instrument. 

Figure 8 gives the variation in output for inlet 
(plenum) temperature variation from 238 to 300 K as 
measured by the Flight 2 instrument. The  variations lie 
within the relative error bars of the measurements (5%) 
and are certainly much less than the square root of 
temperature ratio (12y0). This probably results from 
actual variation of ion source temperature being less 
than the temperature sensors on the soilrce housing 
indicated. 

Figure 9 shows the variations in output for the flight 
units with change in yaw angle. Up to about 20° the 
output falls off according to the cosine law, as would be 
expected. However, between 20' and 40' the decrease is 
closer to a cosine2 function. This seems to be due to 
incoming molecules not reaching equilibrium with the 
walls before they are measured or escape from the 
plenum. Up to 20° yaw, the input beam hits the rear 
wall of the plenum only. Beyond 20°, the beam begins to 
strike the side wall from which gas molecules may more 
readily escape without being measured. Pitch angle 
tests showed higher ion currents a t  negative than a t  
positive angles. This is probably due to the shape of the 
inlet and the resulting in and out gas fluxes. As can be 
seen in Fig. 10, the inlet openi,lg is not perpendicular to 
the direction ol the beam but is a t  a 60' angle, as it is in 
flight (the plane through this opening is set to exclude 
the spacecraft from the mass spectrometer field of 

view), but the opening becomes more nearly perpen- 
dicular to beam direction a t  negative pitch angles. This 
results in the effective beam opening being smaller than 
the actual physical size for an incoming beam, but 
remains the geometrical opening for the out-going flux. 
The  measured pitch angle response follows a cosine law. 

Conclusion 

The calibration of the lunar orbital mass spectrometer 
to known fluxes of gas molecules, performed in the 
Molecular Beam System a t  Lang!ey Researcl~ Center, 
showed the instrument capable of measuring gases of 
partial pressures down to 1 0 - l T o r r  a t  spacecraft ve- 
locity with a linear response over several orders of mag- 
nitude. The corresponding sensitivity was 2.8 X 
A/Torr. The  argon to neon ratio of a factor of 5 is in 
good agreement with the ionization cross sections for the 
electron energy used (70 eV), The  plenum temperature 
studies show relative insensitivity to temperature with a 
consfant input flux, possibly indicating that the ion 
sor~rce temperature variation was less than the tempera- 
ture sensors on its housing reported, Response to off- 
axis beams shows a cosine law dependence for small 
angles (up to 20') and a cosine2 dependence beyond that. 
During flight, the instrument was mounted on a long 
boom which is susceptible to thermal twisting. Photo- 
graphs of the instrument a t  f~lll boom extension showed 
that the boom's yaw and pitch behavior (twisting and 
bending) followed very closely that  predicted by models 
of the boom showing that calibrations in pitch and yaw 
were required. Twist is in the yaw direction and was 
nearly 40'. Pitch is equivalent to boom bending and was 
less than 3'. 

The Flight 2 instru~nent was flown on Apollo 15, 
26 July-7 August 1971.' Flight 1 instrument was flown 
on Apollo 16, 16-28 April 1972. Preliminary data  reduc- 
tion showed large numbers of peaks in the mass spectra 
of relatively large amplitude in lunar orbit with a 
considerable reduction (factors of 5-10) in amplitude of 
all peaks during transearth coast. The  gas molecules 
seen in lunar orbit do not appear to have a significant 
velocity with respect to the spacecraft since the densities 
observed are not a function of the angle of attack of the 
mass spectrometer plenum, indicating they are probably 
of spacecraft origin or are coorbiting with the spacecraft. 

'A. Smith, T N  D-5308, July 1969, NASA. 
'C. L. Owens, J. Vac. Sci. Technol. 2, 104 (1965). 
'J. H. Hoffmnn, Int. J. MRSS Spectrorn. Ion Phys. 8, 403 (1972). 

J. H. Hoffmar., R. R. Hodges, Jr., and D. E. Ewns, "Lunar Orbital 
Mnss Spectrornetcr Experiment," Geochimicn et Cosmochimicn 
Actn (to be published). 
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INTRODUCTION 

Abstract 

The existence in Ute lurtar attnosplrere of 11eli11n1, neon, argon and possibly molecular 
I~ydropn  flas been conf i ied  by tlre Apollo 17 mass spectrometer. The observed l~eli~lnl 
concentrations and distribution agrce closely wit11 model predictions for a non-condensable 
g x  based on a solar wind source, tl~ermal escape and a Mont* Carlo random walk calculated 
iongitudinal distribution. Heavier gases are lost by photoioni:f;5on and subsequent sweeping 
away by the solar wind electric field. The observed nighttime neon concentration of 8 a 104 
molecules cm-3 is consistent with cxpecled amounts. Argon, I~owcver, is adso;bcd on the 
lunar surface late at  night when tile surface ten~pemture is lowest. I t  shows tire expected 
predawn enlranccmcnt exhibited by condensable gases releascd into tlle atnlosphere a1 the 
sunrise terminator. llydrogcn apDears to exist in tile molecular rather than atomic state. Its 
observed concentration is less than a factor of 3 lrigller than that predicted by a model 
sknilar to Ulat used for 11eUum. The total nighttime concentration of known species (112 Ile, 
Ne, Ar) in the lunar atmosphere is 2 x 105 molecules cm-3. 

T l ~ e  moon does indeed Ilave an atmospl~ere, but it is so tenuous that it acts as a 
coltisionless gas, t l ~ e  n101ccuIes travelingin ballistic tmjectories between cncounlers with tile 
surface of the moon. Trajectory heigllls and horizontal tnvcl are determined by tile surface 
temperature and molecular niass. 

The inajor source of known gases in the lunar atmosphere is the solar wind [I]. Its ions 
impinge directly on tlre lunar surface and bcconle imbedded in the surface materials, but 
once tlrc surface is saturated wit11 a given constitucnt of the solar wind, that constituent 
must be released from the surface a t  tlre same average :.;!e as i t  is accrued. W e n  releascd, 
the neutralized molecules form an atmosphere. Those molecules released wit11 sufficiently 
high velocity wi!l escape from the moon. This is  the don~ina:.? loss process for hydrogen and 
l~clium. Heavier gases, for wllich thc r~nd  escape is slow, Pze distributed around the moon by 
diffusion, their local conccntration bei~rb fi~nction af  temperature, (T-512) 121, unless tllcy 
condense or are adsorbed on the cold nightside. A noncondensablc g3s will then have a 
night-today concentratior. ratio of about 30. For a condensable gai, a rapid release occurs 
at  the sunrise terminator forming a localf:; cnl~anced concentration. Gases fronr this region 
can travel eastward throughout the dayside region o r  westward into tile nightside several 
scale heights before being readsorbed on the surface, thus giving nrs, to a preilawn 
enhancement. 

The iiglrt gases do  not follow the T-sf2 concentration law, but  their distribution about 
tile moon can be hai~dlcd by a hlonte Carlo wlculalion. Assuming a symmetric daytime 
tempemfure distribution about the subsolar point and a gradually decreasing night 
temperature to 90K a t  the sunrisc terminator, the diurnal ratio for helium and hydrogen has 
bcen shown to be 24 and 6.5 respectively [3] with tljc n~a?ti~num for botli occurring a t  
night. 

Heavy gas molcculcs, not lost by tl~emial escape, are photoioni,ed and accelerated by 
the solar wind electric field [4]. As thcir speeds increase, the ions begin to react to the solar 
wind magnetic field, eventually traveling in cycloidal paths. Since the radius of gyration is 
large compared to the moon, about half the ions escape from the moon and half impinge on 
the surface to be re-released into the atinosphcre as neutral gas molecules. 

Using these concepls and m ~ ~ u r e d  solar wind fluxes, expected gas concentrations ilavc 
bcen derived for both the subsolar and antisolar points. These are sutnmarized in Table 1. 

Apollo 17 carried a miniature mass spectrometer t o  tlrc T a u ~ s  Littrow site to identify 
the gas species in tile lunar atmosphere and determine thcir concentrations. Because of the 
very tenuous nature o r  the lunar atm~sphere, the instn~incnt was designed [5] wit11 an 
extremely higli sensitivity, or  the order of 100 molecules cm-3 for most gases, sucll as 
nitrogen and argon. I t  features an elcctron 15ombardment ion source, simultaneous scanning 
of U~ree mass rangs  (1 !o 4, 12 to 48, and 27 to 110 amu), ion counting tcchniqucr, and a 
unique floating point data compression scheme which maintains Fbi t  (1%) accuracy 
througllout a 21-bit (2 x' 106) nngc of data counts. Calibration was done using a n~olecular 
beam systcit; a t  NASA Langley Research Center [6]. 

Initial operation of tile instnrmenl occurred on Decenlber 27, 1972. Data reported 
herein have been taken during Ule first five lunations since deployment 



Quick-look strip chart type records have been used for data reduction to date. An 
example of such a record is given in reference (51. The accuracy of data froin this type of 
record (not the final data foml) is considered to be 230% with the sn~aller wlplitude peaks 
having a factor of 2 uhcertainty. 

Because of the very Iiigli sensitivity of the instrument, dny time spectra are characterized 
by large amplitude peaks a t  nearly every mass number. These gases result from outgassing of 
tlle instrument. Iunar module and landing site, and, escept for helium, are all considered 
artifact a t  this time. 

Nighttime spectra are generally quite clear of contaminant peaks but exhibit dominant 
peaks a t  19, 35 and 37 :UE~I. Tl~csr. are believed to be from fluorine and clilorine which are 
c-:.bably ~ i l i c a ~ . ; ~ ,  but their origins are unknown. tlydrogcnatcd halogen peaks occurring at  
masses 20, 35 and 38, are probably formed in tlie ion source by a reaction with I~ydrogcn as 
their abundance is a strong function of ion source temperature. 

In order to be assured that any given mass peak in the spectrum is not arlifact (produced 
by outgassing of the ion source electrodes), a cool-down test of tlie ion source is perrormed 
periodically. Normal niglittime ion source temperature is 270K. Rcnioving filament power 
for nearly an hour causes the ion source temperature to drop to approximately 195K. 
S~~bsequent turn-on of the filament produces a relatively cle n spcctnnn for the first 
spectrum scan. That is, peaks due to outgassing l~ave decreased markedly, some to zero 
amplitude, while those gases not originating in the ion source prodnce cs_u:ntially unchanged 
peak amplitudes. 

Tl~ere exists positive identification of  at least three g:acs native to t11c lunar atmospl~crc, 
I~elium, neon and argon. In ;~ddition, recent ion source coolilown tests show hydrogen to 
exist in the molccr~lar form a t  a concentratiort of 6.5 s 104 ~nolecr~lzs c~n-3. \Vhile this  nay 
still be only an upper limit on lunar ~nolecular hydrogen, since the mass 2 pcak was 
dr?lninated by I~ydrogcl-i outgassing from the ion source early in the operation of t l~e  
h~slrument, recent measurcmcnks have sirown a stable peak amplitude whicl~ is only slightly 
depressed Guring the cool down tests, suggesting that the ambient level is being sampled. 
The existence of liydrogcn in ~nolecular f3rn1 is consistent with the result from the I'ar UV 
spcctrornetcr esper i~~icnl  flown on Apollo 17, whiclr set a daytirnc upper limit for atoniic 
hydrogen of 10 atoms cm-3 17 1 .  These resc~lts also showed a day time upper limit for 112 to 
be less tlran t l ~ e  instrument dclcction limit of 6 s 103 molcct~les cm-3- This value co~i~bincd 
with the kIonlc Carlo model diurnal ratio of 6.5 [3j givesan inferred nighttime upperlimit 
of 4 x 104 cm-3, which js close to t l ~ c  presently measured value. Using a solar wind flux of 3 
x lo8 molecules cm-2 scc-I llodgcs (31 obtained a daytime concentration of 3.6 s 103 and 
nigl~ttime value of 2.3 x 104, a factor of nearly 3 lower tlian tlle observed value. 

Earlier predictions of the liydrogcn c o ~ ~ c c n t r ~ ~ t i o n  in tlie lunaratmosphere [ I  j assumed 
no recon~binalion a t  t l~e  surface arid thus an atniospliere of 11. Tlic existence of 112 has not 
been predicted. 

The mass I pcak is dominated by dissociatively ionized (in the instrument ion source) 
hydrogenated molec~:es and no measurement of its ambient lunar concentration can be 
expcctcd from the instrument. 

Figure 1 shows the helium concentration plotted as a function of solar zenith angle 
during the first five lunations after deployment of llieinslmrnent Tlie abscissa scalc bcgins 
a t  the subsolar point and progresses tltrougi~ U I ~  lunalion. Sunset, midnight and sunrise are 
identified. The scatter of the nighttime data is indicative of tlie variations that have been 
measured [B] in tlie solar wind flux of hcliun~. Residence time is of  the order of 7.6 x lo4 
sec [3] indicating a response time lo  fluctuations in the sol:u wind of a few tens ofl~ours. 
The frequencies of tlie observed variations are consistent with this time scale. 

The solid curve on Figun: 1 is tlie helium distribution a t  18O latitude from an updated 
Monte Carlo calculation based on a solar wind flus of 1 3  x 107 IIe ions cm-2 s e e 1  observed 
by Geiss e t  al [9 j - The agreenient with the data is seen to be cscellent. hlaximunl wlc~~lated 
diurnal ratio is 24; the ~ncasured value is approsinlately 20. The asymmetry about the 
antisolar point results from the temperature decrease tl~rougl~out the night and the rotation 
of the moon. 

During ion source cool-down tests occurring in the fourtl~ and fifth lunar nighls, fhc level 
of tlie artifact pcak (HF) a t  mass 20 I~as  bcen reduced sullicicntly to give valid neon 
measurements. The merage Z0Nc concentration is 8 x 104 cnl-3, which agrees favorably 
with the atmospheric model value of 1.2 x 105 cm-3 (101. The ol?$crvcd isotopic ratio, 
20Ne/22Ne, is 14.2, close to tbe ratio of 13.7 from thesolar wind composition esperiment 
P I  - 
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Figure I. Diur~ial variation of4f-Ie concentration as 3 function of solar zenitli angle 
starting at  subsolar point. Data points are fro111 the first five lunations. 
Solid curve is tlieoretical distribution based on a Monte Carlo calculation. 



The diurnal distribution of 40Ar during t l ~ e  third, fourtti and lift11 lunar nights is shown 
in Figure 2. Coordinates are similar to those of F j y r e  1. Daytime data are masked by 
l~ydrocarbon peaks from outgxsing of tlie instrument and site. By tlie time tlie sunset 
terminator (solar zeniU~ angle of go0) Iias crossed the landing site meridian (six hours after 
the sun lias dipped below the rnotintains to tile west), tile site 11as cooled sufficiently illat 
con taminent peaks no longer interfere with the 40,Lr measurement. The 40Ar concentration 
a t  sunset is about 8 x 103 cm-3. This steadily decreases tl~rougli t11e night as the surface 
cools reaching a value of l o 2  cm-3 (tlie instrument detection limit) at  -145O solar zenitli 
angle. I t  appears that t l ~ e  argon is adsorbed on Uie cold ~iighttime surface. At about 20' 
before sunrise, the 40Ar concentration begins to increase reacl~ing a value of 3.5 x 104 a t  
the terminator crossing of the site, a factor of nearly 5 larger than a t  sunset. Sunrise at  the 
site is delayed 8 hours from the time the sun is at a zenith angle of90° by shadowing from 
the mountains to the east, precluding significant local heating before tltis time. Tlus 
behavior of argon rnatcli~s closely that of a condensable gas as described above. The 
concentration of an artifact gas, COa, 1v11icli does not exhibit a predawn enhancement, is 
shown for comparison. After sunrise, rapid heating occurs and 1iydroc.ubon peaks again 
dominate the spectrum. 

10 
0 +45  +90 +I35 180 -135 -90  -45 0 

SUNSET MIDNIGHT SUNRISE 
SOLAR ZENITH ANGLE 

Figure 2. 40Ar and C02 diurnal variation. Coordinates similar to Figure 1. 

A more detailed picture of ttic prcdawn and sunrise conditions isgiven in Figire 3. Gas 
concentratiol?~ are plotted as a function of solar zenith angle frorn -110° to -80°. After 
terminator crossirig tiiere appears to be  a slidit decrease in 40Ar concentration as tliougli 
t l ~ e  local source were being somewhat depleted of argon as would be cspected after tlie 
terminator had passed. 

Mass 36 also exhibits a predawn enl~ancement, about 10% of that of 40Ai. Be~311se of 
tlle presence of IICI, orily the enliariced portion of the peak is believed to be 3GAr, yielding 
a concentration of 3 s 103 cm-3 at  the terniinator. Tlic 3GAr source is the solar wind, 
whereas 40Ar is believed to come from degassing of tlie regolith. Fro111 the near equality of 
Ule 36Ar and escess 40Ar trapped in the soil I 11 1,  tlie atn~osphcric ratio would be expected 
to be closer to unity- Perhaps tlie soil is not saturated wit11 36Ar and l~ence most of tlie 
impinging solar wind flus of 36Ar is per~nanenUy trapped. 

Otlier gases stlo\vn in Figure 3 (masses 28 and 44) do not appear to exhibit a predawn 
enliancement. Mass 28, if it is N2, would probably not be adsorbed a t  Uie night lunar 
temperature and would tliereforc not show a predawn enliancement. If it is CO, it would 
likely be adsorbed and would be expected to follow ihe argon pattern. Native C02  (mass 
44) would also be expecled to s l~ow a predawn enliancement. Tlic negative result places an 
upper, limit on b o t l ~  native CO and C02  at  tlie sulirise temiinator o f 3  x 103 crn-3. hlass 32, 
02 ,  also esl~ibits no pre-dawn enhancement, and several ion source cool down tests have 
sliown a zero amplitude peak for 02. An upper tiniit is in the low 102 cm-3 range. 

SOLAR ZENITH ANGLE 

17igure 3. Concentrations of masses 28,36,40, and 44 as a runcrlon or solar zenitli angle 
from -1 10' to -80'. "T' is time of terminator crossing landing site longitude. 
"S ' i s  sunrise at  landing site and the time of onset of local I~eating. 



The total gas concentration measured near Itre antisolar point on tlre fourth lunation is 2 
s lo5 molecules cm-3 witl~out the tnass 19, 35 and 37 peaks included. AU otlier peaks in the 
spectrum are of significantly lower amplitode.TIiis value is tllc same as that obtained by the 
Cold Cathode Gauge Experiment on Apollos 14 and 15 [ I ] .  flowever, addition of tlie 19, 
35 and 37 peaks (P and C1) doubles tlle nighttime gas concentration. It is unclear wlletller 
these gases were present at  the Apollo 14 and 15 site and were being measured as part of the 
nighttime gas concentralion by tlle cold cathode gauges. Daytime comparisons are not 
meaningful a t  this time due to ilic liigli outg:rssing rate still prevailing a t  the Apollo 17 site. 
CCGE daytime readings were not made until the nintli lunation. 

CONCLUSION 

The existence of tliree gases in tile lunar at~i~osplierc is confirmed by the Apollo 17 mass 
spectrometer. Ilelium and neon follow tlie expected behavior of non-condensable gases, and 
liave concentrations close to tliosc predicted by lunar atmosplieiic models considering tlre 
solar wind as their source. Argon bellaves on the niglitside as a condensable gas esllibiting a 
predawn enhancement, wit11 tlie 40Ar/36Ar ratio approximately 10. I11 addition, nigllttilne 
molecular hydrogen measurements are within a factor of 3 of a Monte Carlo nlodel 
prediction, and close to an upper lilnit inferred from application of t l ~ e  tnodel's night-today 
ratio to the Far UV spectrornetcr experiment's daytime value. The esistence of Iiydrogen in 
the molecular form has not been predicted. 

The sum of all the known gases in tlie nidlttilne lunar atmosphere (Hz Ile, Ne, Ar) 
equals that measured by the cold calllode gauges at  the Apollo 14 and 15 sites: 2 s 105 
tnolecules cm-3. Table 1 lists a summary of tl~ese gas concentrations. AU other peaks in the 
spectrum are considered artifact at  this time. As the degassing of tlie site conlinues, other 
gas species may eventually be identified as native lunar gases. 
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Table I. Summary of Cases in tire Lun.u Atmospliere 

a. Ref 131, [ l O j .  

b. Sunset terminator. 

c. Sunrise terminator. 

Gas 

)I2 

4lle 

20Ne 

36Ar 

40Ar 

0 2  

c o 2  

co 

Total (Nightune): 
Mass Spectrometcr 2 x lo5 
CCGE 2 x 105 

hlodcla 

hlolecules cm-3 

Day Night 

3.6 x 103 

1.7 x 103 

4.7 x 103 

- 
- 

- 

- 

- 

- 

Observation 

Molccrlles cm-3 

Day Night 

2.3 x 104 

4.1 x 104 

1.2 x 105 

- 

- 

- 

- 

- 

- 

- 

2 x 103 

- 

- 

I - 
I -  
- 

- 

- 

6.5 x 104 

4 x 104 

8 x 1 0 4  

3x1031 ,  

3.5 x 104 b 

8 x 103 c 

( 2  x 102 

<3 x 103 

<3 103 
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Abstmct-The model of lunar atmosphere is updated to take into account new information on the 
dynamics and amounts of HZ, "He, "'Ne, 'k, and '"Ar. Helium and neon appear to be in close balance 
with the solar wind, although "Ar is depleted in the atmosphere, suggesting that surface materials are 
not saturated with argon. Atmospheric carbon compounds, which should result from the solar wind 
influx of carbon, remain undetected, as do nitrogen compounds. However, evidence of a volcanic gas 
release is presented, which suggests the transient presence of these elements. 

THE LUNAR atmosphere is so tenuous that it is a collisionless gas, except for 
molecular encounters with the surface of the moon. In the absence of particle in- 
teractions, hydrodynamic processes do not exist. However, the statistical dis- 
tribution of molecular trajectories over the moon causes pseudo-collective 
phenomena, similar to tides, waves and winds, to exist. 

In the preliminary analysis of data from the Apollo 17 lunar surface mass 
spectrometer a diurnal tidal oscillation of helium is clearly present (Hoffman et al., 
1973). The nighttime concentration of He is about 20 times that in the daytime, in 
close agreement with the theoretical model of Hodges (1973). 

Helium is unique in lunar mass spectrometric data because there is no con- 
taminant source of a substance with mass of 4 amu. Inasmuch as degassing of 
remnant spaceflight hardware produces artifacts at virtually all other mass num- 
bers in the daytime, recognition of a native species requires correlation of some 
part of its diurnal variation with a theoretical model. For example, Hodges and 
Johnson (1968) pointed out that a gas which condenses on the cold surface of the 
dark side of the moon will form a pocket of gas over the sunrise terminator due to 
release of adsorbed gases from the rapidly warming surface. This phenomenon in- 
cludes a presunrise increase in concentration due to particles which travel west- 
ward into the nighttime hemisphere from their point of release near the sunrise 
terminator. In the Apollo 17 mass spectrometer data it is evident that both 36Ar 
and "Ar have precisely this presunrise behavior, but the post sunrise data at 
masses 36 and 40 amu are complicated by the release of contaminants from the 
spaceflight hardware at the ALSEP site. 
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In addition to these diurnal effects, it is important to understand the charac- 
teristics of volcanic events, and particularly the differences of such events from 
artifact gas releases. 

This paper presents a review of the present state of knowledge of the 
dynamics of the lunar atmosphere from both theoretical and experimental view- 
points. It  includes data on both diurnal variation and transient volcanic events, 
which are used to update the model of the composition of the lunar atmosphere. 

The solar wind is probably the dominant source of lunar atmosphere. Solar 
wind ions impact the moon with energies the order of 1 keV per amu, which is 
sufficient to imbed the ions in surface materials. Present abundances of most trap- 
ped solar wind gases in returned soil samples are lower than would be expected if 
a significant fraction of the impinging solar wind were currently being trapped. 
Thus it is likely that the soil is saturated with trapped gases and that a detailed 
balance of the solar wind influx and the release of previously trapped gases exists. 

An important verification of this hypothesis is the close balance of the solar 
wind flux and the lunar atmospheric content of helium (Hodges, 1973). A counter 
example is the surprisingly small amount of atomic hydrogen detected by the 
Apollo 17 orbital ultraviolet spectrometer (Fastie et al., 1973), which may be 
explained by postulating that most of the hydrogen released from the soil is 
molecular (Hz). The solar wind balanced H2 model of Hodges (1973) is 
compatible with the lowest uGper bound on H2 that could be inferred from the 
data reported by Fastie et nl. (1973). Contaminant H and H2 in available mass 
spectrometric data precludes elucidation of this problem, except to set a nighttime 
upper bound on Hz at 6.5 x loJ em-' (Hoffman et al., 1973). 

The amounts of nitrogen, carbon, oxygen, neon, and argon in the solar wind 
are significant, and tiis soil is apparently saturated with these elements. Mass 
spectrometric data suggi:st that neither N nor C exists in atomic form in the lunar 
atmosphere. Presumedly molecular nitrogen could be formed, but the preponder- 
ance of protons in the impinging solar wind would more likely lead to formation of 
NH,. A similar process should lead to production of CH4. Neither ammonia nor 
methane, which freeze at 196OIC and 91°K respectively, appears in the nighttime 
lunar atmosphere. Their daytime levels are obscured by contaminants, which 
should eventually dissipate from the Apollo 17 lunar surface mass spectrometer 
data. The large amounts of oxygen in the soil may lead to formation of CO and 
possibly NO, although the reactions to produce these gases would probably be 
reversible. Oxygen ions of the solar wind must react rapidly with the soil, preclud- 
ing oxygen in the atmosphere. Neon and argon have been detected on the moon 
(Hodges et al., 1972b, and Hoffman et al., 1973). 

It is clear from the lack of a dense atmosphere that the rate of volcanic degas- 
sing of the moon is somewhat less than on earth. Hodges et nl. (1972a) have found 
an upper bound on lunar venting to be 1.5 X 10-I6g cm-' sec-I, which is several 
orders of magnitude less than would occur if the release rate were the same per 



Composition and dynamics of lunar atmosphere 2557 

unit mass as for earth (cf. Johnson et nl., 1972). Despite this low average level of 
volcanic activity, rather convincing evidence of currently active, sporadic vol- 
canism in certain regions of the moon is found in the alpha particle data reported 
by Gorenstein et al. (1973). The time scale of this activity is the order of 31 years, 
the lifetime of the "OPb in the decay of '"Rn. It is possible that these events 
occur so infrequently as to have no more than a transient effect on the lunar 
atmosphere. 

The radioactive decay of uranium and thorium in the moon produces alpha 
particles, and hence helium, at several times the rate of solar wind influx of 
helium. However the bulk of these atoms must be permanently trapped within the 
moon. A test of this hypothesis wilI be obtained with the Apollo 17 lunar surface 
mass spectrometer when the moon passes through the high latitude part of the 
geomagnetic tail, during which time the solar wind source of helium will be 
eliminated. If the atmospheric helium dissipates at the expected rate (about 1 
day-'), the solar wind source will be confirmed. Otherwise a lunar source must be 
considered. 

Decay of 'OK in surface materials is probably the main source of 'OAr in the 
lunar atmosphere. Subsequent photoionization and acceleration of the resulting 
ions by solar wind fields causes some of the "As to be retrapped in the soil along 
with solar wind 36Ar, SO that the isotopic composition of impacted argon in the soil 
may be indicative of the amount of "OAr in the atmosphere (Manka and Michel, 
1971). 

IDENTIFICATION OF NONCONDENSABLE GASES 

On the dark side of the moon, where the temperature falls below 100°K, most 
gases are adsorbed. Analogy with a laboratory cold trap suggests that hydrogen, 
helium, nitrogen, and neon would not condense at night. Of these only helium is 
easily identifiable, because of the absence of 4 amu contaminants in mass spectra 
from the moon. However, neon has also been detccted as the excess of the 20 amu 
measurement when contaminants have been accounted for (Hodges et al., 1972b, 
and Hoffman et nl., 1973). 

Figure 1 shows the presently available data on the concentration of "Ne at the 
lunar surface, along with a fitted theoretical distribution (11 x T-''~, as derived by 
Hodges and Johnson, 1968), plotted as functions of longitude measured from the 
subsolar meridian. Circles are from the Apollo 16 orbital mass spectrometer, and 
squares are preliminary data from the Apollo 17 ALSEY mass spectrometer. 
Water (HtI80) was a large contaminant in the orbital neon data, and the circles 
represent all of the data where the water contribution was low enough that it could 
be subtracted with reasonable accuracy. Even so, the lower bound of the statisti- 
cal uncertainty of each data point includes zero. These data are generally about a 
factor of 4 lower than the preliminary value of neon concentration given by 
Hodges et al. (1972b), the difference being due to improved laboratory data on the 
cracking pattern of water in the mass spectrometer ion source. The paucity 
of data from the Apollo 17 lunar surface instrument reflects the difficulty in 
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Fig. I. A hypothetical equatorial distribution of "Ne at  the lunar surface, predicted by 
the TJ" law, is shown by the solid curve. Data from the Apollo 16 orbilal mass spec- 
trometer are represented by circles, while those from the Apollo 17 lunar surface mass 

spectrometer are represented by squares. 

obtaining a neon measurement. This is accomplished by n complicated command 
sequence which lowers the ion source temperature sufficiently to condense the 
contaminant at 20 amu, which is HF (Hoffman et al., 1973). 

There is an order cf magnitude discrepancy between the predicted neon con- 
centration of Johnson et al. (1972); i.e., about 1.3 x lO%m-' at night, and the data 
given in Fig. I ,  necessitating a reexamination of the theory, Subsequent discussion 
shows that a surprising increase in the calculated rate of loss of neon from the 
moon arises when the T-'" concentration distribution is substituted for the previ- 
ously used stepped model. 

The amount of neon in the lunar atmosphere must be in equilibrium with the 
solar wind influx, i.e., 

N* 7rR2@.," = - 
2 7, (1) 

where R is the lunar radius, a,, is the solar wind flux of neon, N, is the total 
number of atoms in sunlight, and 7, is the photoionization lifetime. The factor 2 in 
the denominator gives an approximate accounting for the fraction of photoions 
which impact the moon and subsequently return to the atmosphere (Johnson, 
1971). 

Approximating the vertical distribution of neon as barometric and the surface 
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Fig. 1. A hypothetical equatorial distribution of "Ne at the lunar surface, predicted by 
the T"' Inw, is shown by the solid curve. Data from the Apollo 16 orbital mass spec- 
trometer are represented by circles, while those from the Apollo 17 lunar surface mass 

spectrometer are represented by squares. 

obtaining a neon measurement. This is accomplished by a complicated command 
sequence which lowers the ion source temperature sufficiently to condense the 
contaminant at 20 amu, which is HF (Hoffman et al., 1973). 

There is an order of magnitude discrepancy between the predicted neon con- 
centration of Johnson e t  al. (1972); i.e., about 1.3 x lO%m" at night, and the data 
given in Fig. 1, necessitating a reexamination of the theory. Subsequent discussion 
shows that a surprising increase in the calculated rate of loss of neol, 8 ,  om the 
moon arises when the T-5'' concentration distribution is substituted fo L, previ- 
ously used stepped model. 

The amount of neon in the lunar atmosphere must be in equilibrium with the 
solar wind influx, i.e., 

where R is the lunar radius, @,, is the solar wind flux of neon, N, is the total 
number of atoms in sunlight, and 7, is the photoionization lifetime. The factor 2 in 
the denominator gives an approximate accounting for the fraction of photoions 
which impact the moon and subsequently return to the atmosphere (Johnson, 
1971). 

Approximating the vertical distribution of neon as barometric and the surface 
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temperature distribution as symmetrical about the moon-sun axis, N, is given by 
nl: 

N, = ~ T R '  d 4  nH sin Q +27r dz IR0 dpp ~ l e ' ~ ~  

where rt is concentration at the surface, H is scale height, 4 is the lunarcentric 
angle from the subsolar point, while z and p are lunarcentlic cylindrical coordi- 
nates, with z measured toward the sun. The first integral represents the number of 
atoms in the daytime hemisphere while the second gives those over the night side 
at altitude:. great enough to be in sunlight. Temperature is approximated by 
radiative equilibrium in daytime (K cos"" 4) and constant at night. Letting rt a 
T-"', integration of expressiori 2 results in 

where the subscript N denotes nighttime value, TD is the daytime maximum temp- 
erature, and Kt is the modified Bessel function of the second kind and of order 2. 
The first of the bracketed terms is due to the daytime integral; and for a day to 
night temperature ratio of 4 its value is 0.20. The last term represents the nighttime 
integral; and is 0.21 for TN= 95°K. 

The abundance of "Ne in the solar wind is about 11570 that of 'He according to 
Geiss et 01. (1972), while the amount of "He is 0.045 that of hydrogen (Johnson et 
al., 1972). Assuming an average proton flux of 3 X 10' ~m-~sec- ' ,  the solar wind flux 
of 'ONe should be 2.4X 1 0 ' ~ m - ~  sec". Using this flux, a photoionization lifetime of 
lo7 sec, and the evaluation of expression 3 above in Equation 1, gives 2.3 x 
lo5 cm-3 for the nighttime 'ONe concentration. This is about j the amount predicted 
by Johnson et al. (1972), with most of the difference being due to the previous neg- 
lect of photoionization near the terminators. 

Manka (1972) has suggested that the photoionization lifetime of neon should 
be 6 X lo6 sec, which would further reduce the theoretical nighttime concentration 
to 1.4X lo5 cm-'. A slight further reduction in the theoretical value can be made on 
the basis that the moon spends only about 25 of each 29 days in the solar wind 
(with the other 4 days in the geomagnetic tail), reducing the influx of neon i l i  that 
proportion, and hence reducing the predicted nighttime concentration of neon to 
2.0X 105cm"3 or 1.2X 105cm-I, depending on which photoionization lifetime is 
used. Table 1 gives the present theoretical estimates and experimental values on 
the noncondensable gases on the moon. Theoretical values for neon reflect the 
uncertainty regarding the photoionization lifetime. Atomic hydrogen, nitrogen and 
noncondensable compounds containing nitrogen and carbon are omitted because 
they are not present in significant quantities in the nighttime atmosphere. 

In  available mass spectroscopic data the only obvious condensable gases of the 
lunar atmosphere are 'OAr and 36Ar, while the presence of 222Rn has been identified 
in alpha particle data (Gorenstein et al., 1973). Other species, such as "Ar, NH3, or 
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Table I ,  Noncondensable gases of the lunnr atmosphere. 

HZ 'He "'Ne 

Solar wind flux 3~ 10" 1 . 3 ~  lo7 2 . 4 ~  10' 
(cmq'sec-') (protons) 

Residence time (sec) 6.5X 10' (a) 7.9x 10' (a) I -3X lo7 
Surface concentration (cm-'1 

2 . 0 ~  10' (a) 1.6X 10' (n) 4-7X 10' 
2x10'  (b) 

Antisolar {~ ' ,~me, t  
1 . 2 ~  10'' (a) 3,8x 10' (a) I-7-%loJ 

~ 6 . 5  x 10' (b) 4 x  10' (b) - 10" 

(a) Hodges (1973) 
(b) Hoffman et nl. (1973) 

CH.,, may also exist, but their abundances are not sufficient to overcome the 
artifact background in the mass spectrum. 

Identifiable features of the diurnal variations of a native condensable gas in- 
clude concentration minima near both the suhsolar and antisolar regions, with the 
former being due to transport effects and the latter due to adsorption on the cold 
nighttime surface of the moon. Since artifacts dominate the daytime data, only the 
nighttime behavior has been detected. 

To elucidate the nature of a condensable gas it is helpful to use the diffusion 
approximation of exospheric transport (Hodges, 1972) 

where cP, is the upward flux near sunrise due to release of adsorbed gas, a is the 
fraction of the downcoming flux adsorbed by the surface, ( u )  is mean particle 
speed, S1 is the rate of angular rotation of the moon, d, is longitude measured from 
the subsolar meridian, and VIt2 is the horizontal part of the Laplacian operator in  a 
sun-referenced coordinate system. In the daytime hemisphere cr is zero; while at 
night it must be small as compared to unity for the differential equation to be valid. 

To simplify solution of equation 4 it is helpful to restrict the problem to the 
equator, where meridional flow of the atmosphere must vanish, and then to 
approximate the flow as though the lunar surface were cylindrical. In addition the 
release of adsorbed gas is assumed to take place very near thc sunrise terminator, 
so that (D, can be approximated as a line source. Then equation 4 becomes 1- 
dimensional, and its solution can be found easily by integration. 

Figure 2 shows a theoretical distribution of 'OAr at the equator, where the lon- 
gitudinal dependence of the surface adsorption fraction, a ,  has been chosen to 
insure that the solution matches the indicated experimental data points from the 
Apollo 17 lunar surface mass spectrometer. Just prior to sunrise the appropriate 
value of cr is 0.054 while that immediately following sunset is 7 X 10-" The differ- 
ence in these values of a is explainable as an indication of the temperature depen- 
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SUNRISE SUNSET 
I I I I I I I 1 

-180' - 9 0 '  0 '  9 0 '  lBO" 

LONGITUDE 

Fig. 2. Equatorial distribution r.f '"Ar computed from Equation 4, with surface adsorp- 
tion fraction chosen to fit the Apollo 17 mass spectrometer data. 

dence of the adsorption mechanism, wherein adsorption becomes increasingly 
more likely as the temperature approaches the freezing temperature of argon 
(- 84°K). 

A similar diurnal variation of '%r has been detected, but a t  a much lower level. 
In addition, a persistent nighttime contaminant at rnass 36 amu precludes accurate 
determination of the level. However, it is clear that the ratio of 3%r to '"Ar in the 
lunar atmosphere is the order of 0.1. This result is perhaps surprising in view of 
the near equality of "Ar and excess '"Ar trapped in the soil (cf. Yaniv and 
Heymann, 1972). It suggests that the soil is not saturated with 16Ar, and hence that 
most of the impinging solar wind flux of '% is permanently trapped. The amount 
of 'ONe in returned samples exceeds that of 3hAr by a factor greater than 2 (cf. 
Eberhardt et nl., 1972, or Heymanrl et al., 1972). Since solar wind argon impacts 
the moon with almost twice the energy of neon, and hence is implatited deeper, 
the saturation level of argon might be expected to exceed neon. Thus the 
hypothesis that the soil is saturated with neon but not with argon is plausible 
Owing to the small influx of "Ar there is no conflict of saturation with the present 
amount in the soil and a shallow mixing depth (< 10 meters) of the regolith over 
geologic time. 

An estimate of the release rate of "Ar into the atmosphere can be made by a 
crude adaptation of the equatorial variation in Fig. 2 to a global distribution, and 
subsequent determination of the amount of the gas in sunlight, as was done for 
neon earlier. Using a photoionization lifetime of 1.6X 10"ec (Manka, 1977), the 
average flux of '"Ar emanating from the lunar surface is about 2.6X 10' cm-' sec-I. 
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In all of the data from the orbital mass spectrometers on Apollo 15 and Apollo 
16, and preliminary data from the Apollo 17 lunar surface instrument, only one 
probable volcanic event has been discovered. Figure 3 shows measuremerts at 
masses 14, 28, and 32 amu from the Apollo 15 orbital mass spectrometer. The 
sudden excursions of these three masses occurred at 0822 hours GMT on August 
6, 1971, as the spacecraft passed over 110.3"W, 4.1"s (i.e., northwest of Mare 
Orientale and in !unar night). No coincident change occurred at any other mass in 
the spectrum from I2 to 67 amu. Excursions with amplitudes similar to that at 32 
amu would have been detected at all masses except 16, 17, 18, and 44 amu, which 
were dominated by large contaminant levels (Hoclges et al., 1973a). The absence 
of other substances in this event may be a temporal artifact, cau.4 by a short 

APOLLO 15 
I I O , J ~ W ,  4,1°5 

28 AMU 
-A--A 

0- -- a-, 
-0 

32 AMU 
0- --0-, 

-0 

0-0- 14 AMU 

0 0 
134:45 46 47 48 49 50 51 

GET 

Fig. 3. Event of probable volcanic origin in data from the Apollo 15 orbital mass spec- 
trometer. Ground elapsed time (GET) of 138:48 corresponds to 0827, hours GMT on 
August G,  1971. Argon sensitivity corrected for orbital velocity ram effect was 2000 

atoms/cc/count/sec, and the ion source used a 70 eV electron beam. 
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lived disturbance that did not span the entire duration of m e  sweep of the mass 
spectrum (62 sec). 

It is practical to rule out some conjectured causes of this event. There is no 
evidence of recurrence of this pattern of gas release that would suggest a 
spacecraft origin, The lone crew member was asleep when the event occurred, 
and all monitors of spacecraft operation were nominal. A similar type of perturba- 
tion of only 14 and 28 amu show11 in Fig. 4 was produced by the release of a large 
quantity of N2 from the panoramic camera whenever its control was switched (by 
the crewman) to "operate." The panoramic camera produced no effect at 32 
amu, while the ratio of 28 amu to 14 amu was typical of the cracking pattern of N2, 
and different from that of the supposed volcanic event of Fig, 7. Thus accidental 
release of N2 from the camera is not a plausible explanation of the event. 

While the above comparison seems to indicate that the volcanic gas at 28 amu 
was not entirely N,, the absence of a large effect at 12 amu seems to rule out the 
dominance of CO as well. A mixture of N, N2, and a small amount of CO would be 

APOLLO 15 

t 32 AMU 

PAN CAMERA 
OPERATE STANDBY 

I I 1 4  I I C  I I 
197313 14 15 16 17 18 19 20 

GET 

Fig. 4. Typical panoramic camera event due to sudden release of N?. 
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plausible, however, PYIass 32 amu could have been 02, or possibly SO2 if the 
duration of the event were short enough to have dissipated by the time the 
instrument measured 64amu (about 20 sec after the 32 amu measurement). 

In a word, the event shown in Fig. 3 asks more questions than it answers. The 
origin of its component gases is difficult to explain in terms of volcanism. Cer- 
tainly N and O2 are uillikely constituents. On the positive side, the rate of gas 
release necessary to have produced this event can be extrapolated from the work 
of Hodges ~t 01. (1972a) to be the order of 1 kg/sec, or about 20 kg total, which is 
small in volcanic terms, albeit a significant contribution to the lunar atmosphere. 
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Helium and Hydrogen in the Lunar Atmosphere 

The University of Texas at  Dallas, Dallas, Texas 76,030 

Solnr wind ions impinge on the surfnce of the moon, become neutralized, nnd are subse- 
quently relcnsed to become part of the neutral lunar atmosphere. Of the gns species supplied 
by the solar wind, only helium and hydrogen nre light enough to be lost from the moon by 
Jeans' thermal escnpe mechanism. T o  study the behavior of helium m d  hydrogen, a Monte 
Carlo technique hns been used, in which rnndom ballistic trajectories of individunl mole- 
cules are traced over a spherical moon. I n  the computation, a pnrticle is 'created' on the 
sunlit surface, nnd the locations of its subsequent encounters with the surface nre recorded 
until i t  escapes. Global distributions of helium and hydrogen concentrations have been 
computed, bnsed on the hypothesis that the release of neutral gnses from the lunar surface 
is confined to daytime nnd correlated with the solar wind influ... The resulting helium model 
is in good agreement with the measurements from the Apollo 17 lunar surface mass spectrom- 
eter. In  view of the absence of atomic hydrogen in the lunnr atmosphere nnd the need for a loss 
mechanism for the solar wind influx of protons, a molecular hydrogen atmosphere model is 
proposed in which predicted nmounts of HI nre below presently established upper bounds. 

The atmosphere of the moon is sufficiently 
tenuous t o  be entirely an esosphere. Escept 
for localized effects of orographic features, the 
lunar surface serves as  a nearly classical eso- 
base for noncondensable gnses such as hydrogen, 
helium, and perhaps some heavier gases such as  
neon and nitrogen, which are unlikely to be 
adsorbed on the cold nighttime surface 
(&90°1C). Hodges and Joitvson [l96S] and 
Hodges [I9721 have derived the theory of 
esospheric transport for the heavier gases, 
which are  espected to  be distributed a t  the 
lunar surfacz approsimately as the -5/2 power 
of temperature. Sources of these gases and their 
probable abundances have been discussed by 
Bernstein et  al. [1963], Hinton and Taeusch 
[1964], Johnson [1971], Siscoe nnd dfdcherjee 
[l972], and J o k u o n  et  al. [1972]. 

One of the significant features of the pre- 
liminary data  from the  Apollo 17 lunar surface 
mass spectrometer , is the  presence of a small 
amount of native helium [Hoffman et al., 
1973a, b]. Gther species in the spectrum, in- 
cluding H and H,, behave charncteristicalljr as 
the contaminants noted by Johnson e t  al. [I9721 
in the  Apollo 14 and 15 cold cathode gage data, 
i.e., by increasing in amount as temperature 
increases and decreasing as temperature de- 
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creases. Helium does the opposite, ns should 
be espected of a native noncondensahle gas 
[cf. Hodges and Johnson, 19683. 

Existing theory of esospheric t,ransport does 
not provide a detailed description of the diurnal 
oscillation of light lunar gases, mainly because 
of difficulties inherent in accounting for the 
large diurnal temperature excursions of the 
surface of the moon (--SO0-39O0I<). A Monte 
Carlo technique has been developed to model 
the behavior of the lunar atmosphere. Subse- 
quent discussion will show results of its appli- 
cation to hydrogen and helium. 

The scale of size of typical trajectories of gas 
particles in the lunar atmosphere is the scale 
height (which is about 115 km for H e  a t  night 
and 4 times that in daytime). It greatly exceeds 
the vertical scales of orographic features. 
Hence i t  is reasonable to  approsimate the eso- 
base of the moon as a smooth surface of con- 
stant gravitational potential. Owing to the slow 
rotation of the moon, a spherical surface is an 
adequate appros+mation. 

A more crucial assumption involves the 
nature of encounters of gas molecules with the 
lunar surface. Even during nighttime a t  high 
latitudes, where the temperature probably falls 
below 80°1<, i t  is not likely that  hydrogen or 



helium sllould be adsorbed by the surface, and 
hence adsorption is neglected in the following 
theory. If this is an erroneous assumption, it 
will cause tlle n ig l l t t i~e  concentration to be 
overestimated. I t  is assumed that molecules, 
after oollicling with the surface, immediately 
reenter tile lunar atmosphere ~vitll Maswellian 
velocity distribution and complete accornoda- 
tion with tile surface temperature. Since the 
surface material is n~ainly a fine-grain soil, the 
probability of localized mdtiple collisions is 
high, and hence accornoclation is likely. 

A major source of lunar hydrogen and helium 
is thought to be solnr wincl ions, which impinge 
on the daytime surface, become neutralized, ancl 
then enter the atmosphere [cf. Hinton and 
Taeuscl~, 1964; Hodges and Johnson, 1968; 
Johluon, 19711. I t  is assumed that the solar 
wind is unperturbed a s  i t  impinges on the day- 
side of the moon, so that the influs of hydrogen 
or heIium is proportional to the cosine of the 
lunar-centric angle from the subsolar point to 
the point of interest. I n  lieu of a better appros- 
imation, the source strength of these elements 
in neutral gases emitted from the surface is 
assumed to be in local balance with the influs. 
Near zero phase the moon is in the tail of the 
magnetosphere of the earth, and the source 
becomes the magnetospheric plasma; this com- 
plication is not treated in this paper. 

Loss of hydrogen and helium from the moon 
is mainly due to thermal escape. Residence 
times for H,  H?, and He given by the present 
theory are rougllly lo', 6 X 10', and 8 x 10' 
sec, respectively. Escape due to photoioniz a t' lon 
has a time constant of the orcler of a month 
and thus may be neglected. Collisional ionization 
and charge exchange with solar wincl ancl mag- 
netospheric protons are also considered to be 
negligible. 

Two temperature models have been used in 
the calculations. These moclels are empiricill 
approximations of temperature distributions 
calculated by ?if. G. Langseth and S. J. Xeihm 
(private communication, 1973). The first model 
(Figure 1) is based on a deduced thermal 
property profile for the Apollo 15 site and is 
thought to be appropriate for mare regions of 
the moon. The second model has nighttime 
temperatures 10°Il higher than those shown in 
Figure 1 and the same daytime temperatures 
escept very near the terminator. This warmer 

model is based on thermal property data from 
the Apollo 17 site. In subsequent use, these 
models are referred to as being cold nncl warm, 
respectively. Owing to the fact that the onIy 
ntmosplleric mass spectrometer on the moon is 
;hat a t  the Apollo 17 site, the warm model is 
probably best suited for comparison of theory 
:~nd experimen t. 

Computationally, the daytime temperature is 
presumed to be in radiative equilibrium with 
solnr radiation escept near tlle terminator. A 
subsolar point temperature of 384" has been 
used. On the nighttime side the temperature 
is found via interpolation of temperatures a t  
specified points on meridians spaced 12" apart. 

The usual approach to the theoretical study 
of esospheric lateral flow is to espress the prob- 
lem as the Freclholin equ a t' lon 

- JJ ~t aet sin etn(et, mr)K(e, + I el, 0') 
(1) 

where cI, is the net vertical flus a t  the surface 
(i.e., the source strength), wliereas the terms 
on the right-hand side are upgoing and d o ~ m -  
coming flus, respectively. Concentration is de- 
noted by n, and (v) is the mean particle speed. 
The kernel K is the response of the down- 
coming flus a t  (8, +) to a unit amplitude p i n t  
source nt (Ot ,  +/), where B and + are colatitude 
and longitude, respectively. 

For lunar hydrogen and helium the boundary 
condition of this relation is that (5 equal the 
local escape flux plus the lateral flus needed to 
transport each particle from its point of origin 
(as a neutralized solar wind ion) to its last 
encounter with the lunar surface prior to escape. 
The high probability of thermal escape of these 
gases and tlle relatively long time of ballistic 
flight (> 500 sec according to Hodges [1972]) 
tend to make the lateral flus nn important part 
of cP and hence to make direct solution of (1) 
quite difficult. 

An alternative to the direct solution of ( I )  
is to use n Monte Carlo modcl, in which the 
paths of a succession of individual particles are 
traced from creation to escape. This use amounts 
to considering t l ~ e  total content of the lunar 



1 1  
O 0' 

I I I' I 

90' 180' 270' 360' 
SUNSET SUNRISE 

LONGITUOE 

Fig. 1. Cold nighttime model of lunar surface temperature. Longitude is meusured from the 
subsolar meridian, and A denotes latitude. The warm model hns s 10°K increase in tempera- 
ture at night. 

atmosphere to be one molecule. I t  is valid 
because there is no opportunity for particle 
collisions to be significant in the tenuous gas on 
the moon. The clowncoming part of the vertical 
flux is proportional to the number of surface 
encounters of the particle in a unit area of the 
surface, and the concentration is proportional 
to that flus divided by (v) .  Absolute concentra- 
tion is also proportional to the strength of the 
source of gas. 

Figure 2 shows angular relationships used to 
describe the points of origin (subscript o) and 
impact (subscript i) of a particle trajectory. 
The horizontal es3ent of the trajectory is specified 
by 6, x is the zenith angle of the initial velocity 
v of the particle, and cC, is the azimuth of the 
lateral projection of v. 

The process for solution of the problem is 
illustrated schematically in Figure 3. It begins 
with selection of a starting point on the daytime 
surfac,?. The solar angle of this point of origin 
is den0h.d TO and is chosen from a random dis- 
tribution of deviates of the function cos r ,  which 
represents the distribution of the flus of solar 
wind ions on the lunar surface. In practice, this 
function is generated by 

where 71 is a uniform, integer deviate in the 
range 1-1V. The azimuth is chosen a t  random 
in the range 0-2;;. A coordinate transformation 
is then used to determine 0, and +,. 

h set of three Gaussian deviates is generated 

to determine the velocity from a >IasweUian 
distribution. The Gaussian deviates, denoted Xi ,  
are founcl by using the relation given by Zelen 
and Sevevo [1805], 

where p ,  and q, are uniform deviates between 0 
and 1. The variance of each X,  is 1, and hence 
the identification can be made that 

Xi = ( m / k ~ , ) ' / ~ ( u i  - Sil~Rnr sin 0.) (4) 

where 7n is particle mass, vi is the i th  component 
of the velocity vector v, 12 is Boltzmann's con- 
stant, To is the temperature a t  the point of 
origin (B0,+,), S i l  is the Kronecker delta function, 
w is the synodic rate of angular rotation of the 
moon, and RAT is the lunar radius. The three 
Si are combinecl to give particle speed and the 
angles of departure of the orbit, x and #, which 
are defined in Figure 2. 

I AXIS OF 
ROTATION 

IMPACT 

Fig. 2. Definitions of angles that specify points 
of origin and impact and the direction of dc- 
parture of a particle from the surface of the moon. 
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n oi = COS-I ( cos 0. cos 6 
S t a r t  V 5 sin 0, sin 6 cos $) (6) 

4; = 4, $ sin-' (sin 6 sin $/sin 0; 1 (7) 

Choose o r i g i n  (eel$,) 
of new p a r t i c l e  I- 

a t  random from 
Maxwel l i a n  d i s t r i b u t i o n  

F ind and Record r - l  I 
Impact l oca t ion  (ei ,$i) I I 

Fig. 3. Schematic diagram of the process used 
to trme numerically the flights and surface im- 
pacts of molecules in the lunar atmosphere. 

A test is then made to determine if u is greater 
than  the lunar surface escape velocity u,, If so, 
the escape event is recorded, and a new particle 
is created. I n  effect, this preserves a detailed 
balance of the content of the single-particle 
atmosphere. 

If the particle does not escape, the angular 
distance to its point of impact, 6, is found from 
elementary orbital mechanics via the relation 

cos 6 

This angle and the previously determined azi- 
muth$ are used to find the coordinates of impact: 

The impact a t  8,, (P, is then recorded by adding 
1 to an accumulator corresponding to the np- 
propriate zone of the lunar surface. Figure 4 
shows how 75 accumulation zones are distributed 
over one hemisphere. Latitude and longitude 
intervals are chosen so that all zones have iden- 
tical areas. Owing to the equatorial symmetry 
inherent in the formulation of the problem, an 
impact in the lower llemisphere is recorded a t  
the conjugate point in the upper hemisphere. 

Becausc of the assuniption of no surface 
adsorption and that of thermal accon~nioclation 
upon impact, a particle that strikes the surface 
is immediately identified as entering the lunar 
atmosphere a t  the point of impact. Thus 8, 
and (Po are replaced by the impact coordinates 
0, and (P,, respectively, and the process of de- 
termining its next destination is begun. 

Tho accuracy of the calculating technique 
can be assessed by examination of its solution to 
n simple problem: an isothermal nonrotating 
moon with uniformly distributed gas source. 
Obviously, this should lead to a uniform atmo- 
spheric distribution. In adciit,ion, the fraction 
of trajectories that are hyperbolic and lead to 
escape should be equal to the fraction of par- 

Fig. 4. Impact accumulntion zone boundaries 
on the sunlit side of the moon. There are 75 equal 
nren zones arranged in circumferential bands so 
as to cover the entire upper hemisphere. 



ticles of n. Manvellian distribution with veloci- 
ties greater than z*,. Integration of the Max- 
wellian distribution gives this fraction to be 

7 = erfc E"' + ~ ( E / T ) ~ / ~ ~ - ~  (8) 

where 

Table 1 summarizes data  acquired from four 
such tests for values of T/m ranging from 25 
to 200. Each test represents 10' trajectories. 
Escape results agree quite well with (S), con- 
firming the random selection of Gaussian de- 
viates. The  variance of the number of impacts 
per accumulation zone decreases with increas- 
ing T/m, i.e., with increasing average trajec- 
tory length, which is about 2  scale heights 
[Hoclges, 19721. As a perccntage of impacts, 
tlie variance increases slightly a t  the highest 
value of T/m, where escape has diminished the 
number of impacts considcrnbly. I t  appears 
that  10Ympacts per accumulation zone is ade- 
quate to insure good accuracy of calculations a t  
T/nl = 100 or 300, which correspond roughly 
to  daytime H e  or H2, respectively. At colder 
temperatures more impacts are necessary t o  
achieve similar accuracy. Subsequent calculations 
represent 10Vrajectories each, which is suffi- 
cient to provide of the order of 10' impacts per 
accumulation zonc a t  night and more than 10" 
in daytime, assuring accuracies superior to the 
foregoing test results. 

INTERPRETATION O F  IXPACT DATA 

.The most-used phenomenological parameter 
of tlie lunar atmosphere, the gas concentration, 

defies rigorous cletermination. A measuring de- 
vice detects n component of n flus; e.g., the 
Apollo 17 mass spectrometer responds to the 
downcoming part of the vertical flux, G,,,,,. 
Since the downcoming part of the velocity dis- 
tribution represents diverse conditions a t  sur- 
rounding points on the surface of the moon, it 
is non-&faswellian. However, the only rcason- 
able way to relate the measurement and con- 
centration is via the blaswellian relation 

I n  effect, (10) clefines n in terms of the &Ins- 
wellinn upward flus i f  newly produced particles 
are ignored. 

Impact clatn from the hlonte Carlo cnlcula- 
tion represent .a relative cliscribution of (Bd,,,. 
Conversion of these data  to  relative concentra- 
tion can be clone by divicling the impact counts 
by the scluare root of temperature. To  make the 
results absolute, i t  is ncccssary to scale the 
relative concentration distribution so as to  bal- 
ance the rates of production ancl escape. 

I t  is assumed that the source of new mole- 
cules is locnlly proportional to  solar wind flux. 
Thus continuity a t  the surface is represented b y  

where @,, is the solar wind flux of the ion 
species i n  question, i is local solar zenith angle 
(cf. Figurc a ) ,  and 11 is the unit step function. 
The local ratc of escape, which is par t  of the 
upward flus, is given by  Jeans' formula 

TABLE 1. Isothermal Test Results 

T / m  = 100 or 
Z1/m = 25 or T / m  = 50 or Dnytime He T / m  = 200 or 
Nighttime He Nighttime HZ Nighttime H Daytime H2 - 

Scale heieht. km 128 256 511 1022 
Escnpe tFnjectories 

Cornputntion 0 334 7942 33,293 
7 X lo6 (equation 8) 0.5 350 7849 33,352 

Impact nccumulntions 
Avernge (D) 1,333.3 1328.9 1227.4 889.4 
Vnrinnce a 100.5 54.5 36.4 33.0 
a/@) 0.075 0.041 ' 0.029 0.037 

I n  this table, the vnlue for thc ternpernture T b given in degrees Kelvin, and the mnss m is given in ntomic 
'mnss units. 
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Integration of (P,,, over the entire planet gives 
the total rate of escape, which must equal the 
total solar wind influs ;;R,fi,,. By equating 
global escape and inflom rates nnd performing 
some algebraic manipulation involving use of 
( 1 0 )  and ( l l ) ,  the absolute concentration is 
found to be 

'1 - ( l / n )  J d n  cos r u(cos r ) ( l +  q e - ~ '  

(ljrr) / d Q  D(1 + ~ ) e - ~  , 

where D is the relative distribution of Qid,,,. 

Impact clata are used for D in subsequent calcu- 
lations. 

The average residence time of atmospheric 
molecules js the ratio of total atmospheric con- 
tent to the solar mind influs. Using the baro- 
metric law to approsimate the vertical clistribu- 
tion leads to 

where H is the scale height. This appro~imation 
is probably better for helium than hydrogen 
because of the large scale height of hydrogen. 

Preliminary clata from the ApolIo 17 lunar 
surface mass spectrometer show helium to be 
an atmospheric constituent. I ts  nighttime con- 
centration has ,z maximum of about 4 x lo4 
~ m - ~ ,  whereas the small amount of available 
daytime data suggests a night to day ratio of a t  
Ieast 20 [Hoflmnn et d., 1973a, b] .  Johnson 
et d. [I9721 have made a rough estimate that 
the daytime helium concentration shouId he 
about 3 X 10' if it is in balance with the solar 
wind influs of Hec ions. The large measured 
night to day ratio is in qualitative agreement 
with the theory of Hodges and Johnson [1968]. 

Johnson et  el. [I9721 have reviewed the solar 
wind data on helium and concluded that the 
average solar wind flus of He' is about 0.045 
that of protons, or about 1.3 x lo7 cm-a sec-'. 
This value is adopted here, but the results, 
which assume a balance of solar wind i d u s  and 

thermal escape, may be scnled linearly to nc- 
commodnte any other assumed influs rate. 

Figure 5 shosvs computed longitudinal distri- 
butions of helium concentration nt latitudes 
corresponding to area centers of the circum- 
ferential sets of imuact accumulation zones. 
Solid lines are for the cold nighttime tcmpera- 
ture model, and dashed lines represent the warm 
model. The nmount of helium on the dayside is 
about the same for either modd, reflecting the 
fact that both production and escape are con- 
fined to the daytimc hemisphere. At night the 
helium concentl.ation for the cold model is about 
20% greater than that for the warmer cnse, 
even though the temperature difference is only 
10°K. This fincling is in agreement with the 
T-"' law of esospheric equilibrium [Hodges and 
Jolwtson, 196Sl. The asymmetry of the distribu- 
tions about the antisolar clirectio~i (ISOO longi- 
tude) is due to decreasing temperature through 
the night, and the bias o f  the distribution to- 
ward sunrise is again in agreement with the 

L O N G I T U D E  

Fig. 5, Calcdnted longitudinal distributions of 
helium s t  lntitudes coiresponding to the cir- 
cumferentinl bnnds of impact accumulation zones. 
Dashed lines represent warm temperature model 
results, and solid lines cold mociel results. 



Te6P law. Rotation of the moon also causes an 
eastward shift of the distribution, but not as 
great a shift as that due to temperature effects. 

The ratio of nighttime masimum to daytime 
minimum near the equator is 32 for the cold 
nighttime temperature model and 24 for the 
warm model. Analogous night to day ratios 
from the 23.6" latitude datn, which correspond 
approximately to the Apollo 17 mass spectrom- 
eter location (20°N), are 30 and 21, respec- 
tively. Because the warm nighttime temperature 
model is based on thermal property measure- 
ments a t  the Apollo 17 site, it is probably best 
to compare the mass spectrometer results with 
the warm temperature model atmosphere calcu- 
Intions. Figure 6 shows a composite of theoreti- 
cal and esperimental results, the latter having 
been presented by Hoffman et al. [1973b]. The 
daytime concentration is so low ( ~ 2  X lo3 
c n ~ - ~ )  that the statistical uncertainty of the 
datn is great enough to encompass the theo- 
retical result. Owing to the fact that the dny- 
time concentration is related to the source 
strength and is relatively insensitive to tem- 
perature model, it is unlikely that the actual 
midday concentration codd greatly esceed the 
theoretical value of 1.G x 10bm-".  What is 
important is the close agreement of the night- 
time results, which supports the hypothesis that 

the sourco distribution of helium is closely re- 
lated to the solar wind influs. 

Prior to Apollo 17 it was generally thought 
thah the proton flus of tho solar wind ( ~ 3  x 
10' cm-' sec-') woulcl produce all atomic hydro- 
gen component in the lunnr atmosphere. How- 
ever, the orbital UV spectroineter on Apollo 
17 detected no hydrogcn [Pastic e t  al,, 19731. 
The esperiment does per~nit the setting of upper 
bounds on clnytime conccntrntions of hydrogen, 
which are reported by W. Cr. Fastie (private 
communication, 1973) to be less than 10 ~ m ' ~  
for H and 6 x 10' cm-' for I-I,. 

Monte Carlo calculntinn of an atomic hydro- 
gen lunar atmosphere resulted in a clnytime 
concentration minimum of about 600 ntoms cm-3 
ancl n nighttime level of rougldy 2 x 10:' cm-'I, 
The great cliscrepilncy between theory and ex- 
periment suggests that the impinging solar wind 
protons form molecular compounds on the lunar 
surfacc, which cnter the atmosphere and sub- 
sequently escape. A nonthermal 10:s mechanism 
for hydrogen may also esisf;, but its nature must 
bo such that it does not influence the loss of 
helium, which appears to be esplainable by 
thermal escape alone. 

Owing to the dominance of protons in the 

Pig. 6. Helium data from the Apolla 17 lunar surface mass spectrometer nt 20"N [Hoflman 
et al., 1973bl superimposed on the wnrm temperature model cdculation for 23.6" Intitude. 
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Fig. 7. Cdculated longitudinal distribution of 
H2 at  latitudes corresponding to the circumferen- 
tial bands of impact accumulation zones. Dasheci 
lines represent warm termpernture model results, 
and solid lines cold inodel results. 

nighttime maximum of about 1.3 x 10' is 
less than the upper bound of 0.5 X 10' 
from Apollo 17 mass spectrometer data reported 
by Hoffman et  al. [1973b]. 

.A summnly of lunar atmosphere parameters 
r~:~sulting from the Monte Carlo calculations is 
rrresented in Table 3, Substantially greater 
nighttime reservoirs of both hydrogen and he- 
lium are predicted for the cold temperature 
model than for the warm model, reflecting a 
decrease in mobility with decreasing tempera- 
ture. The tendency of particles to stay longer 
on the night side for the cold modcl is also 
shown in the longer residence times for the cold 
model. 

Because the warm temperature model prob- 
ably represents the region of the moon near 
the Apollo 17 site, it is tempting to draw con- 
clusions based on the close fit of Apollo 17 
mass spectrometer measurements of helium to 
the warm model distribution shown in Figure 6. 
The near agreement suggests that  the source of 
helium is in balance with the solar wind influx 
and hence that nonthermal escape of part of the 
solar wind helium influx is negligible. If this 
interpretation is valid, then it constrains the 
possibilities for nonthermnl escape of hydrogen 
and other solar wind related gases (e.g., neon, 

solar wind, the most likely hydrogen compound argon, nitrogen, and carbon compounds). 
to be formed on the lunar surface is H,. Fig- An alternative to the confining of the nsumed 
ure 7 shows calculnted longitudinal profiles of source of helium to the sunlit part of the moon 
the H, concentration that account for all of the is to propose that some of the implanted helium 
proton influx. The daytime concentration of is released a t  night. A test calculation was made 
about 2 x 101 cm-Vs less than the bound set of the distribution of helium that  would result 
by the Apollo 17 UV spectrometer data, and the from a source that was independent of longi- 

TABLE 2a. Summnry of Hydrogen and Helium Distributions for Cold and Warm Models 

HI He 

~ b l d  Model Warm Model Cold Model Warm BIodel 

Residence time, sec 6 . 6  X lo3 6 . 5  x lo3 9 . 3  X 10' 7 . 9  X 10" 
Concentrntion, ~ m - ~  

X = 7.7O 
Day minimum 2 . 1  X 10; 2 . 0  x loa l . ~  x lo3 l . ~  x l o 3  
Night maximum 1 . 3  X 10' 1 , 2  x lo4 5 . 1  X 10' 3 . 5  x lo4 

X = 23.6' 
Day minimum 2 . 2  x lo3 2 . 1  x lo3 1.7  x lo3 1 . 7  x lo3 
Night me~imum 1 . 3  X 10' 1 . 2  x lo4 5 . 1  x lo4  3 .7  x lo4 

The solar wind flus of protons is 3  X 108 cm-2 sec-1, and the solar wind Re flux is I.? ~--i07 cm-2 sec-1, 



HODGES: HELIUM AND HYDROGEN IN THE LUNAR AT~~OSPHERD 8063 

TABLE 2b. Summary of Ilydrogen and FIelium Distributions from Experimental. Data 

HD He 

Experimentnl datn 
Day minimum 
Night maximum 

<6 X loJ (UV) 
< ~ , j  x 104 (MS) 

The UV denotes .Apollo 17 orbital UV spectrometer (W. G. Fastie, privnle communication, 1973)) arid 
the MS denotes Apollo 17 mass spectrometer (20°N) [Hoflman el al,, 197361. 

tude. T h e  result was about a factor of 2 in- 
crease in the reservoir of helium on the night- 
side obviously due to the creatian of half of 
tho new particles in  nighttime, where lateral 
mobility is low and escape is unlikely. Any 
other source model tha t  relies on release of a 
substnntinl amount of helium from the night 
surface would produce a similar increasein the 
night to  day helium ratio, which is contradictory 
to the Apollo 17 mass spectrometer data. 

Other plausible models of the neutral helium 
source include daytime release correlated with 
surface temperature or with the solar radiation 
flux. Then release could be characterized by a 
surface residence time. If this time were suffi- 
ciently long, production of neutral helium should 
proceed normally while the solar wind is 
interrupted as the moon passes through the geo- 
magnetic tail. I n  this case the ion influs must 
be modified by the frnction of time that  the 
moon accunlly spends in  the solar wind, i.e., by 
about 25/29. The  contribution of magnetotail 
plasma mny nlso be important, These effects 
could change the nbsolute concentrations pre- 
sented in this paper but  would not alter the 
relativo global distributions significantly. 

Bnlance of atmospheric helium with the solar 
wind influx is not a strict necessity in view of 
the production of nlpl~n particles throughout 
the moon by  radioactise decay of uranium nnd 
thorium. However, this source of atmosphere 
has been neglected because thc total amount of 
helium produced since formation of the moon 
can only exceed present uranium and thorium 
levels by  about a n  order of magnitude and tlius 
cannot approach a degree of saturation that 
~vould cause diffusion of newly formed helium 
atoms out of rocks. 

T h e  primary source of atmospheric hydrogen 
must also be the solar ~vind. If hydrogen escapes 
thermally from the moon, i t  must do so as  H,. 
Hen-zier hydrogen compounds, such as  CH, or 

NH,, probably escape, owing to photoionization 
and subsequent interaction with solar wind 
fields. However, the avnilable amounts of C and 
N can only accommodate a small fraction of the 
proton influx. Nonthermal escape of hydrogen 
may be a possible nlternative, b u t  the mecha- 
nism must be peculiar to hydrogen and ineffec- 
tive for Iielium as well as neon and "Ar, 
which nlso appear to be in near  balance with 
the solar wind [Notlges e t  al., 19731, Thua 
atmospl~eric H, seems to be necessary to balance 
the loss of hydrogen with the influx of protons. 
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The Lunar Atmosphere 

K, R. HODGES, Jr . ,  5, TI. IIOFPAWX, a m  
FRANCIS S. eJ013SSOX 

The U n i u c r a i l ~  of Pc.vus at Dallns, Dallas, l ' exns  76390 

Recoivecl October 24, 1973; revisccl December, 11 1973 

In co~ltrnst t o  cnllth, tllc ntmosphtw of t l l ~  lnooll is cscccclingly totluous nncl 
nppenrs to consist mninly of noble gases. Tllc solar wi11c1 i~npingw on the luunr 
si~rfnce, supplyi~lg clclectnbid amounts of helium. 11~orl nncl 36di*. II~~~LISCS 0fso3~11' 
wind protons and cnrbon nncl 11itrogen ions are oipnificnnt, I)nt nl;n~ospheric pasc$s 
colltcrinlng these eleme~its llnve not her11 positively iclentifieci. Rnclioge~~ic 4odr 
and "'EL11 protlucccl witllin tho I ~ ~ O ~ I I  llnvc I1ec.11 clctectccl. The prcsent rato of  
eff~lsion of argon f ~ o l ~ l  the tnoo~l nccou~~ts  for nl)out 0.4?0 of the totnl procluctiol~ of 
*OAr clue to clccnp of JO1< if the nvorapo abt~ntlanoc of potnssiull~ ill tho moo11 is 
lOOO~p1n. ~ C I C  of \venthering processes in the rcgolith suppests illat most of tho 
ntmosphcric Jo:lr origir~ntcs tlecp in the lunar intor.ior, podltlps ill n partially 
rllolcen core. If so, other gnscs lnny t ~ u  ~entcc l  ~ ~ l c ~ n g  wit11 tho nrgon. 

The atnlosphere of tlie 1110011 is SO 

tenuous tllat i t  can be regarclecl as a 
collisionless esosphcrc in which ntonls ancl 
molecules are gravitationally bouncl in 
ballistic tmjectories between encounters 
with the lunar surface. Despite the smnll 
alnou~lt of gas, tlie vestige of atmosphere is 
an important inclicntor of limnr processes 
\vl~icll procluce ntmospherio gases. Direct 
measurements of lunar gases by means of 
the Apollo cold catahocle gagc ancl mass 
spectrometer espedments, along with nn- 
cillary clnta frortl alpha particle alld 
altmviolet spectrometers ancl analyses 
of returned lunar samples, provicle n basis 
for stacly of the relationsllip between the 
lnoon ancl its atmosphere. 

Lack of a significant nmount of lcl~lar 
atmosphere can be attributed mainly to an 
efficient escape ~nechanism for particles 
that are too heavy to escape thermally. 
Neutral gas molecules or ntotns are photo- 
ionized by solar racliation ancl then, in the 
absence of significant magnetizatiotl of the 
moon, the v x B fielcl of the itnpinging 
solar lvincl accelerates the resultant ions. 
Roughly half of these ions itllpact the lunar 
surface, but the c,ther half escape. The 
geomagnetic field inhibits this escape 

process over tlie earth, \vhilc inclucecl 
ionospheric cnrrents nppurcntly cnuse a, 

cleflection of the solar wincl aroiuncl. botll 
;\[ass ancl Venus, thus cnusing ions pro- 
ducccl below the cleflcction botulclary to 
rernain in the planetarj- atmospl~ere. 

Thc present tenuous state of the lullas 
at7mosphere is not inllerent to the size, 
mass or orbit of the tnoon. Given a rate of 
volcanic release of gases in r rcess of tllc 
photoionization loss rate, a ilensc atlno- 
sphere \\roulil form. To tuiders tancl this 
possibility, it is use f~~l  to consicler the 
phj-sics of a. hypotheticit1 dense :I t1110sp11erc 
on tlle moon, of sufficient rleptll to for111 t ~ l l  

ionosphere that  is not in contact \\,it11 thc 
lunar surft~cc. Gases which cannot escape 
therlnally (i.e,, gases other tllan Ilyclrogen 
ancl Iielium) woulcl presnn~ably nlnke up 
t l ~ c  bull< of this atn~osp'rlere. Tlie plzoto- 
escape rate woulcl be limiter1 tc, photoions 
formecl above the level wherr ionospi~eric 
c~urents procluce an ionosphere-soiar wind 
bounclary. This escape rate is also a lo.\rcr 
boancl on tlie rate of degassing of tllc 
nloon ~leeclecl to for= n clensc atmosphere, 
since surface cliemicnl processes coulcl nlso 
act as a sink. The relationsllip of tlle surface 
loss processes to thc excess gas release rate 
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woulcl cletennine tlie surface c o ~ ~ c e ~ ~ t r a t i o ~ ~  
and hence the height of the ~.egion where 
the solar wvincl cleflection ocr tlrs, 

An upproximation to the masi~uum ratc 
of loss of 1~11iar atmosphere is fomlcl by 
i~ltegratio~i of the rate of photoionizution 
over the sunlit sicle of the 1110011. The 
resulting mnss outflow of n specific gas is 
2rR'r~rn HIT ~ v l ~ e r e  R is the rnclius of the 
ionosphere-solar wincl bounclary, n is 
co~ice~~trntion a t  that  level, mn( is molecular 
mass, H is claytime scale height, nncl r is 
photoionizntion tinie. Since the procluct 
T ~ H  is independent of moleculnr mass, the 
total loss rate is also given by the above 
expression if n is total neutral concentra- 
tion nncl T is an itverage photoionization 
time. Ass~uning that  the solar wincl is 
cleflectccl near tile base of the exosphere of 
the hypothetic~~l abmospllere in cluestion, 
the concentration ?t shoulcl be nbo~zt 
108cnl-3, ;\lnl;ing the fi~rther assumptions 
of n11 average exobase tetnperature of 
1000°K and it photoionizntion time of 
107sec, the net mass loss rate woulcl be 
I .7 x 103 glsec, or a global nverage loss ratc 
per unit area of roughly 4 x 10-15gcm-2 
sec-I. For purposes of compnrison, the 
volcanic release rate, if at  the same rate per 
unit planetary mass as for the enrbh, ~voulcl 
be itbout 3 x l O - ' ~ ~ i n - ~ s e c - ~  of H,O ancl 
5 x 10-13gcm-%ec-' of CO, (Johnson, 
1969; 1971), Thus the absence of a lunar 
ntmosphere is evidence that volcanic 
activity on the moon is nt least several 
orclers of illagnitude less intense per unit 
mass than 011 earth. 

The above argument cloes not rule out 
presently active lunar volcnnisrn, b trt  i t  
cloes set a limit on %he clegassing rate over 
geolcgic time scales. Ho~vever, basecl on 
Apollo 14 ancl 16 cold cathocle gage data, 
(Johnson et al., 1972) a present upper bound 
of about 10-'Ggcm-%ec-l has been es- 
tablishecl by Hoclges et nl. (1972~).  Since 
the colcl cathocle gage clata obtained cluring 
lunar claytime may be rnainly clue to 
artiftxct gases relensecl from remnant space- 
flight hnrclwvare, i t  is entirely possible t.11~ t 
this upper boiulcl greatly over-estimates 
the actual clegnssing rate of the moon. 
Subsecjuent cliscussion of spectrometric 
clata will shorn that  some aases are present- 

ly evolvillg from the 1110011, nncl hence tha: 
a lower bouncl can be placed on the release 
rate, 

I n  nclclition to the release of lunar gttses, 
the impinging solar wvincl is a11 important 
nncl preclictable sot~rce of a trnospliere. 
Solar nincl ions impnot the moon v i t h  
energies the orcler of 1keV per atnu nncl 
become imbeclclecl in surfttce roc1;s. The 
soil is probably saturatecl with lnost soltzr 
wvincl gases, ancl rt balance of ion inflow 
and neutral efhsion from the lunnr surface 
pilobnbly exists. This hypotllesis is verificcl 
by tlie close balancc between the solar 
~vincl influs ailcl the lunar ntmosplieric 
content of helium, W e ,  nncl 3Gdr  n?hich 
will be cliscussecl later. 

Owing to the sini~ll amount of tttnbicnt 
gas on the moon, specics iclentification is 
grently complicatec~ by contamin,znts of 
spncecmft origin, A c l is t i~~~~rr is l i i~~g feature 
of a native gas is tlle cliurnal ticli~l oscil- 
lation of its concentration, a collective 
effect that  reflects statistics of encoclnters 
of particles wvitll the moon but not with 
each other. 

Stmosphcric atolns ancl molec~rles travel 
in bnllistic trajectories between e~~coilntcrs 
with tlle lunar surface, Neglecting aclsorp- 
tion or cllemicnl reaction  EL^ the sarface, 
global transport of gases is sinlilar to it 

two-climensional rarlclom v-all; process, the 
mean step size being approsilllately equal 
to two scale heights, ancl therefore pro- 
portional to temperature. Fig. 1 sho\vs a. 
portion of the path of a llypotlleticnl atom 

FIG. 1. Path of n hypotl~eticnl atom of the 
l~mnr atmosphere. 



on the moon. Traiectories are nenerallv &rrarosr1ran~c COW~TITUENT~ 
longer over the wnim sunlit sicle, FesultilG A sunlmrwy of present lrnowlcclge of in tellclerlc~ for migration of pnrticles lunlw s tmosp~lo~c  parametel,s is giveIl in to the colder nighttime sicle to be greater Table I. Tlleoretical values for hych*ogen than that from llight to clny. Eqlli'ibrillm llelillnl om based on cnlcLllations by of Intern1 trttnsport recluhes that the 
clistribution of n !as vary in concentration Koclges (1973b), which are in close agree- 

roughly as the -a12 pourer of temperature ment with inclepenclent calc~lllttions of 
Hnrtle nncl Thomns (1973). Daytime con- 

(Hoclges lgGS ; s'' 'lso centrntions of hyclrogen and helitlln mily recent extensions of the theory by Hoclges, 
1972 nncl 1973n), Since the clay-to-night be espressecl in two ways-in terms of 

temperntureratiois about 4 : 1, tlieespected clowncoming bouncl pnrticlefs which have 
nighttime gnu concentrntion is approsi- completecl nt least one ballistic trajectory 

mately 32 times that  in cluytime. or as the totnl of bouncl nncl ne~vly created 
upgoing molecules in  initial trajectories. Gases which nre nclsorbecl on the night- Hoclges relntecl the boLlncl particle time siclc of the moon have both nighttime 

and claytime minimn, the former being clue clefillition of concentration to the ~101~11- 

to  surface aclsorption, nnci the latter, to the coming ~nolec~zlar flus nleasurecl by the 

tenclency of gases t., o,voicl a tempcrttti~re 8i~0ll0 17 lunar surface mass spectrometer, 

masim~un. This leaves a n~ericlionul maxi- while Hnrtle nncl Thomas ~vere concerned 
mum at the tern1iIlator, Nettr sunrise, wllere \Vith the total concelltration which is 
the aclsorbecl gnses are releasecl as the sur- a ~ ~ r o ~ r i a t e  to analyses of o~ t i ch l  clata 
face warms, the muxilnum concentr~ztion is from the Apollo 17 orbital ultrnviolet 
sig~lificantly greater than that  at s~ulset, specbroineter, Ovring to long resiclence 

TABLE 1 

Solar wind influs 
(ionslsec) 

Lun t~ r  venting 
(atornslsec) 

Photoiollization tinlo 
(set) 

Residence time 
(set)" 

Collcentrutior~ 
( C I I I - ~ )  : 

day bound 
Theory total 

rlight 
Esperimentb clay 

night 

" Hyclrogen nncl helium escape thermally, while phutoionization cont1.01~ lifetimes of the other 
gases. 

Daytime upper hounds on H t~nd E2 itre Apollo 11 orl~ital ultraviolet spectrornetcr resit!ts 
(Fnstie et at., 1973) while the remaining data me f~<orn A110110 Inass spcctronletcr esperirncnts. 

-Amounts tha t  woulcl be present if rclensecl in atorrlic rather than xnolecular form. 
Si~rll-ise terminator rnnsixna ttre given for argon. Surlace nclsorption Iwnoves most of the nigltttirne 

argon. 
15 
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times for neon ancl argon, clifferellces be- 
tween their respective bo~zncl ancl total 
concentrations are negligible. 

Amounts of helium, 'OSe ancl 3GAr, 
which are known from Apollo 16 (Hoclges 
e t  nl., 1973), ancl Apollo 17 mass spectro- 
meter clnta (Hoffman et nl., 1973), are in 
balance with the solar tvincl influxes of 
these species. The lack of iz large nccumu- 
lation of hyclrogen in the lunar soil suggests 
tha t  the solar ~vincl influx of protons is 
similarly convertecl to a neutral gas, 
presumably Hz, to eclunlize rates of ac- 
cretion ancl cscape. By analogy, i t  is reason- 
able to expect that  the carbon ancl nitrogen 
influxes from the solar wincl are also 
balancecl by atmospheric escape, probably 
as methane ancl ammonia, respectivcly, 

The presence of excess amount's of JOAr 
trappecl in returnecl lunar salnples hits 
been recognizecl as eviclence of "OAr as an  
atn~ospheric gas (AIilnl~lia ancl31iche1, 197 1). 
More recently, J o ~ l r  has been iclcntifiecl in 
the lunar atmosphere by the Apollo 17 
mass spectrometer (Hoclges e t  nl., 1973; 
Hoffman e t  al., 1973). Since the only 
kno~vn source of JO,k is racliogenic clecay 
of JOIi within the moon, its presence in the 
atlnosphere is eviclence of a venting or 
clegassing process which may involve other 
gases. The a-particle experiments on 
dpolloL 16 and dpollo 16 have sho~vn 
eviclence of atmospheric '"Rn nncl its long 
livecl claughter "OPo (Bjorkholm e t  al., 
1973; Gosenstein et nl., 1973). One inter- 
pretation of an  imbalance of raclon ancl 
polonium in the a-particle clata is tha t  
sporaclic venting of other gases may cnnse 
spatial ancl temporal fluctuations in the 
rate of effusion of radon. Whether venting 
rates of ancl " R n  axe relatecl is 
speculative a t  this time. 

Subsecluent sections on hycl~ogen, 
helium, neon ancl argon clelineu: r: the 
origins ancl geophysical implications of the 
clata summarizecl in Table I. dclclitional 
cliscussion is presentecl on other candiclate 
gases of the lnnar atmosphere which have 
not been detected. Pueasons to  expect other 
gases inclucle the large, mainly artifact, 
claytime gas levels cletectecl by  the Apollo 
14 ancl ,4pollo 15 colcl cathocle gages and 
by  the Apollo 17 mass spectrometer, which 

coulcl hicle sonlo ambient, col!clensible 
constituents. 

Existence of atomic or molecular hyclro- 
gel1 i11 the lunar atmosphere seems neces- 
snry to balance the escape of llyclrogen 
with the large solar nrincl influx of protons 
(-3 x 108 c~n--)sec-') which inlpinges on 
the claytime sicle of the moon. Johnsoll 
e t  al. (1972), ~nacle a rough estimate 
that  the surfkce concentration of I3 shonlcl 
be 5 x 103cn1-3 if llyclrogen remainecl in 
atomic form. A more detailecl cnlculatiotl 
by Hoclges (1973b) gave a nighttime 
lnnsirnc~n~ concentration of 1 .G x 1 Q3 ~ r n - ~  
ancl a claytime minim~un of G x 1 O2 cm-j. 
A11 inclepenclent calculation by Hartle ancl 
Thomas (1973) is in close agreement if 
acco~mt is talien of the subtle clifference in 
the clefinition of concentri~tion acloptecl in 
thc formor si;ucly ancl tllatl used by Hoclgos. 
However, the Apollo 17 orbital ultraviolet 
spectrom~ter showecl that  the claytime 
concentration of 'H is less than 10 lltonls 
cm-I (Fastie e t  nl., 1973), suggesting that 
the bulk of the solar wincl hyclrogen influx 
must reappear in molecular form. 

Figure 2 shows the global clistribution of 
bouncl H I  from the 2vlonte Carlo c6 J 1 CLI- 
lations of Hoclges (1973b). The results are 
clisplayecl as t116 average concent~*ation in 
each of 75 eclui-area zones covering one 
llemisphere of the moon. These zones are 
arrangecl in circumferential bancls which 
are centered a t  the latitucles inclicatccl on 
the graphs. The global temperature 111oc~e1 
nsecl in these calculations J V ~ S  clevelopecl 
by 31. G. Langsetll and S. J. 'ICeihm 
(private communication). Line wiclths in 
Pig. 2 give the ranw of concentrations 
resulting from a j,6"?< uncertainty in the 
nighttime temperature moclel. The amount 
of t~tmospheric H z  was establisl~ecl by 
balancing the total rate of thermal escape 
of hyclrogen with the rate of impact of 
solar wincl protons on the moon. Hew 
molecnles mere assumecl to evolve only 
from the claytime lunar surface, ~ v i t h  the 
outflow rate of HI molecules eq~lal  to the 
local solar mind influx of proton pairs. In  
Fig. 2 the claytime minimum collce~ltration 
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FIG. 2. Con~pi~ted  globnl distribution of Hz on 
the moon (fi'0111 Hoclges, 1973b). Lntitucles of the 
g~~nphs  col~responcl to geognphic centers of clatn 
accu~n~~le t ion  zones usecl in the cnlculation. The 
line wiclt,hs s h o ~ \ ~  the muge of values resillting 
fi-om a +tiJIi. uncertninty in the nighttime 
tcmpernture moclel. 

is about 2 x 1 O3 ern-), while a t  night; a level 
of 1.2 x 10Jcnl-3 is reachecl. These results 
in Fig. 2 agree fairly well with those of 
Hertle ancl Thomas (1973) if clifferences in 
definitions of concentration are taken into 
nccomit. Near the snbsolar point the solar 
wincl contribution of new molecules 
amonnts to  an equivalent concerltratioll 
of 1.5 x lo3 making the theoretical 
total amount of H, somewhizt less than the 
uv upper l in~i t  of 6 x 103cm-3 establishecl 
by Felclrnan ailcl Pastie (1973). At night 
the lowest concenttation of H 2  yet recorclecl 
by the hpollo 17 mass spectrometer is 
3.5 x l O + ~ m - ~ ,  or about three times the 
theoreticd level. Temptation to accept 
this measure~nent as a true atmospheric 

level, rather than as an upper bou~lcl 
possibly influencecl by contamination, 
must be tempered by the s~~bsequent  
discussion of the clistribution of l~znar 
helium, which 1s quite accurately preclictecl 
by the theory, 

If IT, does exist on the moon, the 
average molecular residence time against 
thermal escape is only %bout 7 x 103sec. 
This is short enough that the response of 
atmosplleric IT2 to suclclerl cllanges in the 
solar ~vincl siloulcl reveal the surface re- 
action time for formation and release of 
H2. Hence, it is important tllat corltinuecl 
attempts be ~nacle to obtain realistic in sitzs 
n~easurements of molecular hychogen. 

The Apollo 17 mass spectrometer clizta 
clearly show helium to be nn izmbient lunar 
atmosphere gas (Hoffman et al,, 1073). 
Figure 3 shows preliminary mass spectro- 
meter clatn superi~nposecl on a theoretical 
graph of the cliumnl variation of helium 
appropdute to the Apollo 17 lancling site 
(from Hoclges, 1973b). The small tzmount 
of claytime data is clue to li~nitecl usage of 
the instrument during claytime, wvhen 
artifact gas levels me quite higll nncl 
estel~clecl operation could have resultecl in 
irreversible colltaminstion of the ion source 
electl.ocles. Owing to the low ambient level 
of He in cl i~time, it is probable that the 
claytime data, points may inclucle a signifi- 
cant artificial bias clue to contamination. 
The important fi~cet of Fig. 3 is the close 
agreement of experiment nncl tlleory over 
the night hemisphere, lr~l~ere the bulk of 
the gas is founcl. This is strong support for 
the hypothesis that the totizl solar wvincl 
influx of helium-assumecl to be 0.046 
times the proton f lus  in accorclance with 
Solillson et nl. (1972)-is balttncecl by 
thermal escape. 

Figure 4 sho\vs the theoretical global 
clistribution of botmcl lielium calculatecl 
by Hoclges (1 073b). Average resiclence 
time for this lnoclel is about one clay. The 
pattern is almost an icleal example of 
esospheric eqnilibrinm. Tlle nighttime 
asynl~netry nbout the antisolar mericlian is 
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FIG. 3. Proliriiinnry clntn fr~orn the Apollo 17 inass spectro~neter supcrimposctl on a calct~l~liecl 
diurnal vnrintion of h e l i ~ ~ n ~  (from Hoclgcs, 197311). 

10' 

relatecl to a continunl clecrease in surface 
temperature through the night. 

, I I 

Calculations by Hintoil ancl l'aeusch 
(1 964), Johnson (1 Wl),  Johnson et nl. 
(1979), ancl Hoclges et al. (1973) llnve 
shown 'ONe to be the most probable 
clomi~lallt gas of solt~r ~vincl origin on the 
moon, although successive refinements of 
theory have resultecl in a significant cle- 
crease in tlle espectecl amount. At prescnt 
there is a fairly goocl agreement between 
theory ancl esperimelltal results. 

Figure 5 is a snperpositioll of a theoretical 
global model clistribution of 20Ne ancl the 
esisting esperimentd results. The paucity 
of clata points reflects the clifficolties that  
have plaguecl attempts to measure neon. 
Data  shown on the 7.7" latitucle graph are 
surftxce values estrapolatecl from the 
Ap0110 16 orbital mass spectro~neter meas- 
urernents a t  latitncles between 7" and 10" 
(Hoclges et a&., 1972b; 1973). These points 
are the only clnttx in ~vllich the spectral 
peal< a t  mass 90 amu was not overwvl~elmecl 
by  H2I80 arising from a spacecraft source 
of water. Scatter of the points is me11 within 
thelargestatistical uncertainties of the cla ta 
tha t  result from subtraction of about a 90% 
water contribution from the mass SOarnu 
measurements. 

Available rnensurements from the Apollo 
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FLCL 4. Compntecl global distribution of 
heliurn on the moon (from Noclges, 1973 b). 
Lntitucles of tllc ~rrtphs eorresponcl to geographic 
centers of clntn nccumulntio~~ zones used in tho 
calculntion. Tlie line ~riclths sho\v the mnqe of 
vnlues r e s ~ ~ l t i ~ l g  frotn n f 5% nilcertninty in tho 
nigllttime temperuturc model. 
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FIG. 5. Computed global clistributio~l of 20We 
on the moon bused on a solar wincl flus of 9.4 x 
10Scm-2sec-1 ancl a photoionization lifetime of 
G x 106sec. Latitucles of the g n p h s  corresponcl 
to geognphic ccntcrs of data accu~l-u~lntion 
zones nsecl in the calculntion. Esperilne~itnl 
resiilts from the ,4pollo 1G orbital mass spectro- 
meter ancl the Apnllo 17 lunar sul.face mass 
spectrometer are superimposecl on the calculatetl 
gmphs a t  appropriate lntitucles. 

17 mass spectrometer a t  20°N (Hoffinan 
et nl., 1973) are shown on the conlputecl 
graph for 23.6" latitucle. Each point wns 
obtainecl by a complex process in \vhich 
the instrument was turnecl off ancl allomccl 
to cool sufficiently to conclense iz significant 
mass 20anlu contaminant, TTF, which is 
proclncecl in the ion source, probably from 
clecomposition of vestiges of conhaminant 
halogen ancl hyclrogen compo~zncls in- 
grainecl in mizterials from ~ v l ~ c l l  the source 
mas constructecl. Tllese measurenlents also 
provide a11 isotopic abunclance ratio of 

"Ne to "Ne of about 14, which is in 
reasonable agreement with the solar wvincl 
ratio of 13 .7 ~neasu~ed  by Qeiss e t  nl. (1 97.'). 

The tlicoret~ical nioclel results from appli- 
cation of the Monte Carlo technique of 
Hoclges (1 973b). It elnploys the assumption 
of no sizrface adsorption anc! complete 
conversi~n of the solar wvincl influx of neon 
ions to neutral, atmospheric atoms. A 
solar ~vincl flux of 2.4 x l o J  cm-%ec-l mas 
acloptecl on the basis of the tnetzsurenlents 
by Geiss et ccl. (1972) which sllow the ratio 
of JHe to 'ONc in the solar ~vincl to be about 
570. This flux has been correctecl for the 
fraction of time tlle nloon spencls in the 
geomagnetic tail, ancl hence not in the 
solar wincl, about 4 clays per Innation. It 
has -'qo been assnnlecl that the clominant 
loss mechanisln for atmosplleric neon is 
photoio~lizetion wit11 a lifetime of 6 x l o6  
sec, as suggested by Manka (1972). These 
photoions are acceleratecl by the v x B 
fielcl of the solar wincl so that about half 
escape ~vliile the other half inlpact the 
moon ancl are subsequently recyclecl into 
the i~tmosphere. 

Close ngree~nent of theory ancl experi- 
ment suggests that the nss~zmptions of the 
rnoclel are essentially correct. The failure 
of the Apollo 17 clata to rise ltzte in the 
night may be interpretecl as an inclication 
of a very slight LLIIIOLIII~ of surface aclsorp- 
tion. Con~pnrisoll with subsequ~ent argon 
calculations inclicates that  the fraction of 
surface encounters mhicli result in aclsorp- 
tion is probably the orcler of 

The c1omin:~nt isotope of argon in the 
lunar atmosphere is JO&, which is radio- 
genic ancl proclucecl within the moon from 
401<. I n  adclition, 368r  of solar wvincl origin 
is present a t  a level of about 10%. One of 
the interesting features of argon is that  i t  
is aclsorbecl by the l~u~stl. s~wface a t  night 
ancl released just after sunrise. I ts  resiclence 
time as an atmospheric atom inclucles long 
periocls on the nighttime surface, ancl 
hence, technically not in the atmosphere. 

Figure 6 gives a global atlnospheric 
~noclel for joAr that was computecl by use 
of a moclification of the 3Ionte Cnrlo 
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Fra. 6. Computecl global clist~ibution of J0,4r 
on the moon. Latitudes of inclividuc~l gmphs 
corresponcl to geopnphic centers of data 
accumulation zones used in tho calculstion. 
Preliminary esperimentnl results from the 
Apollo 17 rnass spectrometer aro superimposecl 
on the graph for 23.6' latitude. 

technique of Hoclges (1973b) which inclu- 
clecl nighttime surface aclsorptio~l and 
sunrise release processes. This ~noclelis the 
culmination of a series of calc~~lations in 
~v l~ ich  the fit a t  '3.6' latitucle with the 
A~ol lo  17 mass spectrometer clata was 
optimizecl by successive iteration of the 
temperature clepenclence of aclsorption 
probability. The resulting aclsorption func- 
tion is sllomn in Fig. 7 where the solicl line 
represents the telnperatnre range of the 
Apollo 17 clata, ancl the clashecl lines are 
extrapolations. Of course such syntheses 
clo not give unique answers, nncl thus 
other aclsorptioll functions may give eclual- 
ly goocl agreement with the experimental 
clata. In  an extreme case in 11rhic1i the colcl 
temperature limit of the aclsorption pro- 
bability was increasecl from 0.05 (used 
above) to unity, the only significant change 
was a, sligllt increase in the amount of gas 
in polar regio~ls where the colcl nighttime 
temperature insures aclsorption. 

Assmning a, photoionization lifetime of 
1.6 x 106sec for argon (JPanl;a, 1971) ancl 
the escape of half the photoions clue to solar 
wvincl v x B accelerntion, tlle global average 
rate of loss of argon from the atmosplleric 
ciistribution shown in Fig. 6 is 1.3 x l o3  
atoms cm-'sec-'. If the average l~znar 
abmclnnce of potassium is about 100011pn1, 
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Pic. 7. Solicl part of g s p h  shows synthesized probnbility of uclsorption of argon as  n functlotl of 
s~wfkce temperature nncl snn referenced lo~lgitucle a t  the ^~lpollo 17 site (lower nncl upper nl~scissns, 
respectircly). Dasl~ecl Lines nre arbitrnrjr estrnpolntions usecl for other nighttime tenlpa~*nturos. 



the total rate of proclaction of 40Ar amamlts 
to roughly (3 x 10' atomscm-'set-I a t  the 
surface. Tlius, the rate of loss of 
atmospheric - ' O , b  from the lnool~ corres- 
poncls to about 0.4% of the totnl pro- 
cluction, Another may to view this rate of 
loss is that i t  corresponcls to release of the 
entire ~trgon procluction from the upper 
3km of the lunar soil. 

The n~echanism for concluction of strch 
a large fraction of the production into 
the ntmosphere from its point of origin 
within roclrs is obscure. On earth, where 
potassiu~n is probably concentratecl mainly 
in  the crust, the weathering of roclrs llns 
relettsecl the observecl amount of ntmo- 
spheric argon. Assuming the earth to be 
si~nilar in cotnpositioll to chonclrites, 
Tmelrian (1964) has esti~netecl that  the 
present terrestrial atmosplleric "OBr reprc- 
sents release of 10% of the totnl proclucecl 
over geologic time. However, there is 110 

eviclence of ongoing .weathering on thc 
moon to a sufficient cleptll to account for 
the argon release there. 

It is not reasonable to postulate an 
enlrancecl abunclc~nce of "I< below the 
surface of the nloon because of heat flow 
consiclerittions. The energy generatecl by 
the assllmecl lOOOpp~n amount ~vonlcl 
corresponcl to a heat outflow of about 
watts cm-"vhich is a substantial fraction 
of the tneasurecl llent flo~vs-the orcler of 
3 x 10-Gwattscn~-2 according to Langseth 
et nl. (1973). 

As nlentionecl previously, the amount 
of 36& on the moon is roughly 10% of the 

The solar wincl flus of 368r ions is 
about S x 102cm-2sec-1(Jolznson et nl., 
1972). Since these ions impinge only on the 
side of the nlooll facing the sun, the average 
global inflns is 114 the solar wincl flus, or 
2 x lo2  cn~-'sec-~, ~vllich is about 10% of 
the  "OAr effusion rate cdc~zlatecl above. 
Thus, the snstenance of 36Ar at about 10% 
of the amount of JOk requires that the 
rate of supply of I6Ar to the atrnospllere be 
essentially in balance with tlre solnr wind 
illflus. 

The average rate of einbeclcling of 368r 
in  luner surface materials is the sum of the 
averages of solar lvincl influs ancl half the 
photoionization rate, which anlo~ults to 

twice the average solar wincl influs, or 
about 4 x lO%n~-'sec-' . Elnbeclcling of 
photoionizecl atmospheric JOAr occclrs a t  
just half the average photoionization rate, 
which is also ccluul to the previously 
calculntecl escape lnte of 2.3 x 10Jcm-' 
sec-I. Balnnce of atnlosplleric supply ancl 
solar wincl influs of implies saturation 
of tqhe surface mnterids with argon, nncl 
the balitnce of eff~lsion ailcl embeclcling 
rates requires that the ratio of trapped 
40Ar to 3GAr be tile orcler of 6. This presents 
a slight clilenlnla since tlle ratio of trapped 

ancl 36Ar varies from -5  to 2 in nlost 
returned l~uiar soil samples. However, $as 
rclease rates obtninecl cluring linear llcnt~ng 
of soil san~ples typicnlly show a, fairly high 
ratio of JOJ! to 36~h  a t  low temperatures 
(Baur et nl., 1972 ; Fricl; et al,, 1973). Tllis 
may be interpretecl to ilnply a hig1ler ratio 
of "OA* to 3611r I I ~ ~ I *  grain s~urfnces, nhere 
eschange of effusing nerrtral atonls and 
impacting ions is most liliely to occur. 

Tlle isotope of argon a t  Inass 3Samu 
is nlainly of solar wincl origin, ancl thus its 
abnl~clance in the ntnlosphere shorrlcl be in 
the same ratio to 36dr  as tile abundance 
rabio of these isotopes in l~ular  soil samples, 
~\~l~ichisgener~tl ly the sarnc as the terrestrial 
ratio, i.e,, 3%Lr is about 20% as nbunciant 
as 36Ar. I n  the Apollo 17 Inass spectro- 
meter rlata there are interferences a t  
masses 36 ancl 3Samu clue to nn HC1 
contaminant, ~vllich apparently is pro- 
clucecl in  the same reaction that forms HP 
(cliscussecl carlier in collllectioll with neon). 
The argon cliurnal effect is sufficiently 
above the co~ltarninant baclrground a t  
36anlu that  the 3 5 l r  presence is obvious. 
Ho~vever, a Inore cletailecl i~nalysis of tlle 
clata is neeclecl to positively verify the 
existence of I8Ar in the luilar t~t~nosphere. 

Solar ab~~nclances of 0 ,  C ancl N probably 
exceecl t k s t  of Xe (Cameron, 196S), but 
atotnic x!cl molecular forms of these 
elements ,!*-rived from the solar ~vincl do 
not sllo~v euiclence of a recognizable cliurnal 
atrnospheric oscillatio~l in the dpollo 17 
rnass spectrameter clata. The only reason- 
able interpretation of this fact is that 
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ambient levels are s~llnll comparecl to the 
artifact bnckgrouncl. 

Ato~nic oxygen ions of the solar wind 
probably react nrith lunar materials, as the 
moon is less than fully osiclizecl, even 
though oxygen is the major constituent of 
the moon. Thus the lack of eviclence of 0 
or O2 in the atmosphere is unclerstanclable. 

Atmospheric forms of C ancl N are more 
reasonably expected. By t~nalogy with the 
previously cliscassecl hypothesis of the 
fornlntion of H,, i t  is expectecl that  CH, 
and NH, shoulcl also be formed and released 
to the atmosphere (Hoclges et c d . ,  1973). 
The large amo~nlt  of oxygen in the soil may 
leacl to procluction of CO, CO, ancl NO, but 
these reactions may also be reversible. 
The alternative to atmospheric forms of 
C or N is that most of tlie solar mincl 
influx of these elerneilts is now being per- 
manently implantecl in the soil. 

The only gases of lunar origin that  have 
been positively iclentifiecl, ,OAr ancl '"'Rn, 
were unticipatecl on the basis of geophysical 
consiclerntions. However, the rate of ef- 
fusion of ,OAr is significanbly more thctn 
might be expectecl in view of the lacli of 
eviclence of a crustal excess of potassium 
or nn efficient weathering mechanism. 
Since the outflow of "O,4r may be accom- 
pnniecl by other gnses, i t  is important to 
col~sicler possible asgon release mecha- 
nisms. 

One possibility is that  most of the atmo- 
spheric "OAr is procluced deep in tlie lclnar 
interior. Latham et nl. (1973) have iclenti- 
fiecl a highly czttenuating zone for seismic 
shear waves beginning a t  a clepth of 
lOOOlrm to 11001;m. I f  the attenuation is 
clue to high temperatures ancl partial 
melting, then an outflow of argon from the 
core coulcl result. This woulcl uncloubteclly 
result i n  trapping of the gas in some 
regions ancl in a global venting rate that 
clepencls on the clistribution of cleep 
fiss~uvs. Alternatively, radiogenic argon 
coulcl have cliff~~secl into voicls within the 
moon over a long period ancl some of these 
reservoirs coulcl nowv be venting argon into 
the atmosphere. A1 attractive f e a t ~ r e  of 

either hypothesis is that it; can explain, 
through seismic changes in venting rates, 
a great variability in the level of "Ar in the 
lunizr atmosphere over geologic time. 
Yaniv and Heymann (1972) have proposecl 
such variations to esplain the clispersioii 
of the "OAr to 36& ratio in the lunar soil 
samples. 

The regolith must be ruled out as an 
important source of atmospl~eric argon 
simply because of the mngnitucle of the loss 
rate, which corresponcls to release of jo& 

a t  its rate of procluctio~l throughout the 
upper 3 1rm of soil. Impact gardening may 
release a small fraction of the trappecl 
argon from the soil, but the cleptll of this 
effect cannot be great enough to make a 
substantial contribution. Iliff~~sion of argon 
out of small grains to a great clepth also 
seems an unlikely esplnnatioll becuuse this 
mechanism woulcl not have proclucecl a, 

varying supply of argon. 
If argon is iricleed ventecl from the lnnar 

interior, then it may carry wvith it other 
colnmon volca~lic gases. By analogy wit11 
earth, water vapor woulcl seem to be a 
cancliclate gas, altliongli there is no 
eviclence of atmospheric water in tho 
Apollo 17 mass spectro~lleter clata, The 
photoclissociation time for H20 is quite 
short, ailci its clissociation proclucts are 
chemically active, so that  the rate of 
effxision of water vapor from the moon 
may in fact be significalit without being 
detectable. 

A transient gas event was cletectecl by 
the ,kpollo 15 orbital mass spectrometer 
(Hoclgcs et al., 1973) as the spacecraft 
passecl northwvest of Uare Orientale (1 10.3' 
FIT, 4.1'8) in lunar night. Briefly, this 
event consistecl of o, snclclen burst of gases 
a t  nlasses 14, BS and 3?&111u. 8inlilar 
excursions coulcl have been cletectecl a t  all 
other parts of the spectrum between 13 
amu ancl67 amu except a t  16,17,1S and 44 
amu, mhich unfortunately were clominatecl 
by contaminants. The absence of other 
mass numbers in this event map have been 
a temporal effect cansecl by n cl~wntion of 
the clisturbance that  was shorter than the 
time requirecl to scan the mass spectrum 
(GPsec). The ratio of masses 14 nnc1 1s amu 
wvas greater than the cracking pattern of 



LUNAR ATBIOSPHERE 425 

N,, while the absence of Inass 12  amu rules 
out a significant amount of CO or CO,. A 
misture of N, N, ancl a slnall amount of 
CO or CO, \\roulcl fit the observed spectrnl 
distribution of rnass pealrs. The excursion 
at 32 amn coulcl have been 0,, or more likely 
n fragment of SO, from n very short burst 
tlrut lastecl less than the 20 seconcls neeclecl 
to scail the spectrum from 32amu to 
64amu. The total amount of gas neeclecl to 
procluce this event hns bee11 esti~natecl to 
be about SOlig. The volcanic origin of 
some of the gases that might have been 
i~lvolvecl in tlie above event, i.e. N, Xz ancl 
0,, were not genernlly nnticipatecl, How- 
ever, CjO, GO,, SO, and I3,O seem likely 
cailclicl~ztes, basecl on a tersestrial analogy. 
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Episodic release of '"'Ar from the interior of the moon 

R. R. HODGES, JR. and J. H. HOFFMAN 
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Abstract-Measurements of lunar a t m ~ ~ p h e r e  made by the mass spectrometer at the Apollo 17 landing 
site during the first 9 lunations of 1973 show an apparently cyclical variation of radiogenic "'Ar, with 
lnnximum to minimum nbtlndance ratio of about 2. There seenis to be a 6-7 month periodicity in the 
oscillation, but the limitcd data base makes a fixed oscillatory pattern uncertain. The significance of the 
variation of iltmospheric argon lies in the implic:~tion that its source is episodic in nature, ranging in 
strength from about 1% of the totill rate of production of "'Ar in the moon to near zero. This requires a 
presently active mechanism for transient venting of gas from deep within the moon. 

THE ATMOSPHERE of the moon is a good indicator of both the effusion of gases from 
the interior of the planet and of the interaction of the moon with its radiation and 
particle environment in the solar wind and in the geomagnetic tail. Owing to the 
short lifetime of atmospheric gases (a few months at most), their abundances give 
information regarding presently active lunar processes. This contrasts sharply 
with the returned sample analyses, which tend to give integrated information on 
time scales in excess of 1O6years. 

The major native constituent of the lunar atmosphere is probably radiogenic 
40 Ar, which is produced as a result of the decay of "K within the moon. Argon 
supplied by the solar wind should probably have an excess of 3%r, whereas the 
atmospheric abundance ratio of '"Ar to "Ar is about 10 to 1 (cf. Hodges et nl., 
1973; Hoffman et ctl., 1973; and Hodges et ~ l . ,  1974). Thus, the contribution of the 
solar wind to the '"Ar in the lunar atmosphere is probably negligible. 

Two features of the atmospheric "Ar are of particular interest. First, the 
average rate of effusion of argon from the moon can be calculated on the basis of 
atmospheric escape. The magnitude 01 this loss rate is so large that it requires argon 
release from deep within the moon. Second, the rate of effusion of argon from the 
moon varies over a wide range in an apparently episodic pattern reminiscent of the 
fluctuations of moonquake activity reported by Latham et nl. (1973) and by 
Lammlein (1974). 

Figure I shows mass spectrometric measurements of gas concentration at mass 4Oamu at the 
Apollo 17 landing site. The data are restricted mainly to lunar nights. High rates of degassing of 
remnant spaceflight hardware in sunlight locally obscured the lunar atmosphere in daytime. 

The characteristic behavior of the mass 40 amu data in Fig. I ,  i.e. the slow post sunset decrease, 
nighttime minimum, and a distinct pocket of gas at thc sunrise terminator, was predicted by Hodges 
and Johnson (1968) to be the nighttime part of the diurnal variations of a condensable atmospheric gas. 

2955 
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Fig. I .  tvleasured concentration of "Ar at the Apollo 17 site during 1973, The upper 
abscissa gives calendar days of quartcr-phases of the sun. Sunrises (SR), sunset5 (SS). 

and periods of darkness (dark bar) are specified on the lower scale. 

The midnight mininlum is due to adsorption on the cold nighttime lunar surface. Subsequent release of 
the adsorbed gas, mninly at the sunrise terminator, causes the presunrise increase. There is no 
reasonable alternative explanation of the presunrise increase in terms of an artifact gas release from 
spaceflight components at the site. Therefore, i t  is concluded (hut the nighttime 40 nmu data represent 
true measurements of native ""Ar. 

An important feature of the data is that the pattern of the diurnal variation of 
40 Ar changes in amplitude from lunation to lunatior;. This is shown clearly in Fig. 

2, where data from lunations of maximum and minimum ctbundances are 
superimposed, The theory of these diurnal variations developed in Hodges et nl. 
(1974) suggests that the total rate of photoionization of argon on the moon, A',, is 
related to the sunrise concentration, )Isn by 

This formula is based on an iterative fit of a Monte Carlo simulation of the lunar 
atmosphere to a small, preliminary sample of experimental data. Subsequent 
processing of all of the data suggests that the fraction of argon in sunlight was 
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Fig. 2. Diurnal oscillations of "'Ar during lunations of maxi~num and minimum abun- 
dances. Dashed curves are theoretical extrapolations which show expected daytinie 

behavior, 

underestimated, and, hence, the photoionization ratc should have been greater. 
The Monte Carlo calculations have not been repented for the full data set, but this 
would change the photoionization rate by 25% or less, which is undoubtedly less 
than the error due to the uncertainty in the photoionization time for argon, which 
has been estimated to be about IS days by klanka (1972) and about 12 days by 
Johnson et al. (1972). 

Application of expression (1)  to the extrema of l lsn indicateci in Fig. 2 gives 
maximum and minimum ionization rates of about 1.2 X 10" atornslsec and 6 x 
10" atomslsec, respectively. If half the photoions escape while the rest ;\re clriven 
into the moon by solar wind v x B acceleration and subsequently become recycled 
into the atmosphere, the average rnte of supply of new atoms must be in the range 
of 3 x 10"' to 6 x 10" atomslsec. 

If the present relative isotopic abundance of ' ' O K  is assumed to be I I9 ppm, and 
the total lunar abundance of potassium is 300ppm, then the total rate of 
production of '"Ar is 7.3 X IO"atoms/sec. Comparison of this rate with that 
needed to supp!jt z.verage atmospheric losses suggests that about 0.6% of the 
argon produced tnroughou. the [noon manages to escape. If potassium is 
uniformly distrih~l~r :I t+rw:gh the moon, the rate of loss is equivalent to the total 
rate of productict" - unper 3.5 krn of the lunar crust. As was noted previously 
by Hodges et (. . (1Y-'1", :\-.:re is no presently active gardening or weathering 
process that cu i ' nrl%,l :e ,,is effect, even in the upper few millimeters of thc 
soil. 

The rate of su~p ' ly  1 1  ;l Sort in the lunar atmosphere is assumed to be the sum 
of 'Po, the rate of effusion O L  r?ew atoms into the atmosphere, and 'ktR, the rate of 
release of recycied atoms, i.e. former atmospheric particles which have been 
imbedded in soii grains as atmospheric ions and which subseqi~ently reemerge into 
the atmosphere. This rate of supply must be balanced by a loss ratc, consisting of 
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the static model photoionization rate 'It, with a correction for finite residence time. 
Thus, the equation of continuity for atmospheric argon is approximately 

d \If, 
'Po + 'IfR = 'If, + TL dt (2) 

The time constant for escape of the atmosphere is TL, which was estimated by 
Hodges et al. (1974) to be about 100 days. Subsequent discussion will show that 
the true value of rL is probably only about 50 days. 

Over a long time period it :I- i~ccessary that the average value of \PI, equal the 
fraction of 'PI which is reimplanted in the lunar soil. Hodges and Hoffman (1974) 
have shown that there is a detailed, essentially instantaneous, balance of influx of 
solar wind alpha particles and outflow of helium atoms from the soil. Presumably 
a similar balance coilld exist in the recycling of atmospheric "'Ar. Thus, it is 
assumed that 

XI!.q = KIPl (3) 

where K is the fraction of argon photoions which return to the moon. 
Figure 3 shows the time history of the total rate of photoionization of jOAr 

during the period of 1973 when ri- .. s ~pcctrometer data was obtained. Data points 
are based on application of rf;:.ilon ! : measured sunrise concentrations. The 
acteial rate of effusion of "Ar f~urln .I;.. ,tlterior of the moon can be inferred from 
Fig. 3 by appiication of Eq. (2). However, this requires knowledge of the 
parameters K and TL, 

In Fig. 3 a rapid decrease of the argon loss rate can be noted in April and May. 
The exponential time constant for this decrease of TIr, is aboi~t  100 days. Since it is 

Fig. 3. Rate of photoionization of 'l"Ar in the lunar atmosphere during 1973, derived by 
application of Eq. ( I )  to sunrise data (circles). The  right-hand ordinate is based on an 

average lunar potassium abundance of 300 ppm. 
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necessary that TQ 0, expression (2) requires 

TL s 100(1- K )  days (4) 

The work of Manka and Michel(1971) suggests that the most likely value for K is 
0.5, and hence TL 5 50 days seems to be necessary. The aforementioned estimates 
of photoionization time in the range of 12-18 days, and the greater likelihood of an 
atom being on the nighttime side of the moon than on the daytime side, seem to 
require that TL be at least 50days. Therefore, it must be presumed that the 
April-May decline in "Ar occurred as a result of a decrease of \Po to nearly zero. 

Figure 4 shows the rate of effusion of new argon atoms f r ~ m  the interior of the 
moon for the equality condition of expression (4). These graplii; are solutions to 
Eq. (2,) with qJl represented by the solid line of Fig. 3, The graph K = 0.5 and 
TL = 50 days represents the nrost likely case, while those for K =- 0.3 and 0.7 show 
a range of possibilities. 

The notable feature of the graphs of Fig. 4 is the sharp decreases in 'lrO in early 
April 1973. This time would be essentially unchanged by any choices of TL and K. 
Tt corresponds to a predicted minimum of the 206-day oscillation of moonquake 
activity extrapolated from the 1972 seismic data reported by Latham et nl. (1973). 
In addition it can be noted in Fig. 3 that xi?,, and hence the total argon abundance, 
went through two minima in 1973, which were separated in time by about 
6-7 months. This phenomenon is also in agreement with a correlation of argon 
release with the 206-day component of moonquake activity variations. 

Fig. 4. Rate of effusion of argon from the interior of the moon for K = 0.3, 0.2 and ', 

with TL = 100 X ( I  - K )  days. 
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CONCLUSIONS 

Discovery of the' time variation of the rate of effusion of " ' ~ r  from the moon is 
significant. It gives direct evidence of the existence of an active transient process 
which occurs within the moon, The depth of origin of the argon is uncertain, but it 
is surely below the regolith. At depths the order of a few tens of kilometers, the 
temperature may be sufficient to drive enough gas from fractured materials to 
account for the average :~tmospheric abundance, but this model cannot explain the 
time variation. The alternative seems to be percolation of argon from a semi- 
molten core into one or more voids which vent transiently to the atmosphere 
through deep fissures. 

Whatever the origin of the atmospheric argon, its transient nature strongly 
suggests a release mechanism which is c o ~ ~ p l e d  with some form of seismic 
activity. This leads to two avenues of speculation: that the release of argon is due 
to internal movements which periodically open paths to the lunar surface, or that 
the pressure of the gas trapped in a cavity builds up to the point where it creates 
its own path of escape. It is clear that a strong argument could be made for either 
of these causal relationships, or for a combination of the two. 

The mechanism for escape of argon from the moon should be expected to 
bring other gases to the surface. If so, their identification in available mass 
spectrometer data is coniplicated by artifact contributions. Preliminary analyses 
suggest that CO and CHL may be present in small amounts at night. However, 
these are probably of solar wind origin. If water vapor were discharged from the 
moon, it would probably be adsorbed at a milch warmer temperature than argon, 
and hence would exist only in the as-yet unexplored daytime part of the 
atmosphere. 

It  is particularly unfortunate that the period of measurement of 'OAr at the 
Apollo 17 site only lasted through 9 lunations. While that data base is sufficient to 
show the transient behavior and the rudiments of an episodic pattern of release, it 
leaves the interpretation of this phenomenon open to speculation. Whether it is 
caused by, or is the cause of, moonquake activity demands further study, as do 
the implications of the magnitude of the rc!ease rate. 

.4ckno~viedg1tiet1fs-Dntn processing efforts of blr. M. D. Hammack are gratefully acknowledged. This 
research has been supported by the Notional Aeronautics and Space Adminisrration under contract 
NAS 9- 12074. 

Hodges R. R. and Johnson F. S. (1968) Lateral transport in planetary exospheres. J. Geophys. Res. 73, 
7307-73 17. 

Hodges R. R., Hoffman J. H., Johnson F. S., and Evans D. E. (1973) Composition and dynamics o f  
lunar atmosphere. Proc. Fo~trtli Liolclr Sci. Cotif., Geocliicti. Cos!t~oc/tir~~. Acta, Suppl. 4 ,  Vol. 3, pp. 
7855-2864. Pergamon. 

Hodges R. R., Hoff man J. H., and Johrlson F. S. (1974) Lunar atmosphere. Icnrirs. 21, pp. 4 15-426. 
Hodges R. R. and Hoffman J. H. (1974) bleasurernents of solar wind helium in the lunar atmosphere. 

Geophysical Researcl~ Letters, I ,  pp. 69-7 1. 



Episodic release of "'Ar from the interior of the moon 2961 ' 

Hoffman J. H., Hodges R. R., Johnson F. S., and Evans D. E. (1973) Lunar atmospheric composition 
results from Apollo 17, Proc. Foltrth Lltrrur Sci. Cor~f., Geochbr. Cosrt~ochirrt. Actu., Suppl. 4, Vol. 3, 
pp. 2865-2875. Pergamon. 

Lammlein D, (1974) kfoonquakes and tides (abstract). In Llorclr Sc~~nce-V, p, 433. The Lunar 
Science Institute, Houston. 

Latham (3.. Dorm:~n J.,, Duennebier F., Eiving kl., Lammlein D., and Nahnmura Y. (1973) Moon- 
quakes, meteoroids, and the state of the lunar interior, Proc, Foltrtli Llolnr Scierlce Corlferer~cc, 
Geoclrirn. Cosnroclrirn. Acta, Suppl. 4, Vol. 3, pp. 2515-2527. Pergamon. 

Manka R. H, (1972) Lunar utmosphere and ionosphere. Ph.D, thesis. Rice University. 
Manka R, H, and Michel F. C. (1971) Lunur atmosphere as a source of lunar surface elements. Proc. 

Second Lltnnr Sci. Corlf., Geochim. Cosmocl~ir~r. Actn, Suppl,?, Vol. 2, pp. 1717-1728. MIT Press. 



Vol. 1, No. 2 GEOPHYSICAL RESEARCH LETTERS June  1974 

MEASUREMENTS OF SOLAR WIND HELIUM I N  THE LUNAR ATMOSPHERE 

R. R. Hodges, Jr.  and J .  H. Hoffman 

The U n i v e r s i t y  of Texas a t  D a l l a s  
Richardson,  Texas 75080 

A b s t r a c t .  Measurements of l u n a r  atmospheric  
helium d u r i n g  1973 from t h e  Apollo 17  l u n a r  s u r -  
f a c e  mass spec t rometer  a r e  p r e s e n t e d .  The average 
helium abundance i s  shown t o  be  about  70% of t h e  
t h e o r e t i c a l  model v a l u e ,  s u g g e s t i n g  t h a t  t h e  s o l a r  
wind he l ium f l u x  i n  1973 ,  dur ing  sunspot  minimum, 
was s u b s t a n t i a l l y  l e s s  than  t h e  expec ted  average  
f l u x .  Large  ampli tude t r a n s i e n t s  i n  t h e  hel ium 
d a t a  i n d i c a t e  r a p i d  response  of t h e  l u n a r  atmos- 
phere t o  changes i n  s o l a r  wind. The atmospheric  
helium abundance is  shown t o  be  c o r r e l a t e d  wi th  
t h e  geomagnetic index Kp . 

The c o n c e n t r a t i o n  o f  hel ium i n  t h e  l u n a r  atmos- 
phere has  been  measured by t h e  mass spec t rometer  
at  the  Apollo 17 land ing  s i t e  dur ing  n i g h t t i m e s  
of the  f i r s t  10 l u n a t i o n s  of 1973.  Thermal de- 
gassing of remnant s p a c e f l i g h t  hardware i n  sun- 
l i g h t  h a s  s e v e r e l y  l i m i t e d  t h e  c o l l e c t i o n  of day- 
time d a t a .  

F igure  1 shows t h e o r e t i c a l  and exper imenta l  
average d a t a  on t h e  d i u r n a l  o s c i l l a t i o n  of hel ium 
on the  moon. The h i s togram g i v e s  t h e  Monte Car lo  
r e s u l t  f o r  t h e  Apollo 1 7  l a t i t u d e  r e p o r t e d  by 
Hodges (1973) .  Data p o i n t s  correspond t o  averages 
over  18" i n t e r v a l s  of l o n g i t u d e  of a l l  a v a i l a b l e  
measurements ob ta ined  dur ing  10 l u n a t i o n s .  The 
e r r o r  b a r s ,  which show t h e  v a r i a n c e  of t h e  d a t a ,  
a r e  i n d i c a t i v e  of s y s t e m a t i c  changes i n  t h e  hel ium 
abundance, which a r e  d i s c u s s e d  below. The g e n e r a l  
f e a t u r e s  o f  t h e  t h e o r e t i c a l  and average  e x p e r i -  
mental  d i s t r i b u t i o n s  a r e  s i m i l a r  b u t  t h e  ampli tude 
of the  l a t t e r  i s  only about  70% of t h e  fo rmer .  
This  d i f f e r e n c e  i s  s i g n i f i c a n t ,  and probably i s  
due t o  a  lower than average  f l u x  of  or-part ic les  
i n  t h e  s o l a r  wind d u r i n g  1973. There is  o t h e r  
evidence of changes i n  t h e  r e l a t i v e  abundance of 
helium i n  t h e  s o l a r  wind w i t h  t h e  s o l a r  c y c l e  
(Robbins e t  . a l . ,  1970) . 

Figure  2 shows t h e  d e t a i l e d  h i s t o r y  of n i g h t -  
time hel ium c o n c e n t r a t i o n  a t  t h e  Apollo 17, s i t e  
during t h e  f i r s t  10 l u n a t i o n s  of  1973. These 
p l o t s  a r e  smoothed by averag ing  a l l  raw d a t a  i n  
lo increments  of synodic  r o t a t i o n .  I n  no luna-  
t i o n  does t h e  helium c o n c e n t r a t i o n  f o l l o w  t h e  
smooth a v e r a g e  behavior  shown i n  F i g u r e  1. In-  
s t e a d  t h e r e  a r e  s e v e r a l  t r a n s i e n t  even ts  super-  
imposed on each d i u r n a l  o s c i l l a t i o n ,  which must 
b e  due t o  s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  r a t e  of 
supply of  he l ium.  

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 .  The 
impinging i o n s  have e n e r g i e s  of t h e  o r d e r  of 
4000 eV, which should cause  entrappment of much 
of  t h e i r  i n f l u x  i n  s u r f a c e  r o c k s ,  l e a d i n g  t o  a  
ba lance  of  i o n  t rapp ing  and atomic r e l e a s e  r a t e s  
i n  the l u n a r  s o i l .  The sudden changes i n  atmos- 
p h e r i c  h e l i u m  i n d i c a t e  a  r a p i d  r e s p o n s e  t o  s o l a r  

wind v a r i a t i o n s .  An almost  i n s t a n t a n e o u s  one- 
fo r -one  replacement  of t rapped  hel ium i n  t h e  s o i l  
seems t o  b e  t h e  most p l a u s i b l e  e x p l a n a t i o n  of  
t h i s  phenomenon. A l e s s  l i k e l y  p o s s i b i l i t y  is  
t h a t  t h e  t r a n s i e n t  a tmospheric  e v e n t s  a r e  caused 
by r e l e a s e  of t rapped  hel ium i n  per iods  of en- 
hanced wea ther ing  of  s u r f a c e  r o c k s ,  perhaps 
caused by i n c r e a s e d  s o l a r  wind impact  energy ,  o r  
o t h e r  s o l a r  a c t i v i t y .  IJilcox e t  a l .  (1967) have 
no ted  t h a t  s o l a r  wind v e l o c i t y  is  s t r o n g l y  cor-  
r e l a t e d  w i t h  Kp, and Hi rshberg  e t  a l .  (1972) have 
found t h a t  t h e  hel ium f r a c t i o n  of  t h e  s o l a r  wind 
tends  t o  i n c r e a s e  l i n e a r l y  w i t h  s o l a r  wind ve- 
l o c i t y .  Thus, i t  should be  expec ted  t h a t  t h e  
changes i n  hel ium abundance on t h e  moon a r e  r e -  
l a t e d  t o  v a r i a t i o n s  of Kp. 

The time r e q u i r e d  f o r  a n  a b r u p t  change i n  t h e  
s o l a r  wind t o  a l t e r  t h e  n i g h t t i m e  atmosphere can 
b e  e s t i m a t e d  from exospher i2  d i f f u s i o n  t h e o r y  
(Hodges , 19 72) a s  roughly R /H<v> , where R is  t h e  
r a d i u s  of t h e  moon, H is  t h e  s c a l e  h e i g h t  f o r  
he l ium,  and <v> i s  t h e  mean a tomic  speed.  For  an 
average  l u n a r  t empera ture  of 200°K t h i s  t ime i s  
about  3  h o u r s ,  which i s  convenient  f o r  comparison 
of t h e  measurements wi th  t a b u l a t e d  Kp d a t a .  

The t o t a l  abundance of  he l ium on t h e  moon i s  
p r o p o r t i o n a l  t o  n /no ,  where n  i s  t h e  3  hour  aver -  
a g e  of measured c o n c e n t r a t i o n ,  and no i s  t h e  
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F i g .  1. Synodic v a r i a t i o n  o f  t h e  average  
c o n c e n t r a t i o n  of helium a t  t h e  Apollo 17  
s i t e  ( c i r c l e s )  superimposed on a  t h e o r e t i c a l  
model ( h i s t o g r a m ) .  E r r o r  b a r s  r e p r e s e n t  
s t a n d a r d  d e v i a t i o n s  f o r  a l l  d a t a  i n  each 18" 
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corresponding s t a t i c  model c o n c e n t r a t i o n  a t  t h e  
Apollo 1 7  s i t e .  The l a t t e r  h a s  been  ob ta ined  by 
f i t t i n g  a smooth curve  t o  t h e  c a l c u l a t e d  model of  
Hodges (1973) .  An e s t i m a t e  of t h e  e f f e c t i v e  s o l a r  ,= 
wind f l u x  of  hel ium needed t o  s u p p l y  t h e  l u n a r  
atmosphere can be  found from t h e  r e l a t i o n  1.5 

where go is  t h e  average  s o l a  wind f l u x  used i n  7 c a l c u l a t i o n  of no (1.35 x  10 s e c - I ) ,  and T 
is t h e  a v e r a g e  a tomic  r e s i d e n c e  t ime f o r  he l ium 
on t h e  boon (about 8 x  104 s e c )  . 

F i g u r e  3 shows t h e  c o r r e l a t i o n  of Kp w i t h  
e f f e c t i v e  s o l a r  wind f l u x  of hel ium given by 
equa t ion  1. C i r c l e s  r e p r e s e n t  average  f l u x  va-  
l u e s  and e r r o r  b a r s  i n d i c a t e  s t a n d a r d  d e v i a t i o n s  
of a l l  d a t a  i n  each increment  of Kp. I n d i v i d u a l  
d a t a  p o i n t s  a r e  p l o t t e d  f o r  Kp >6+. The upper 
graph g i v e s  the  t o t a l  measurement t ime r e p r e s e n t e d  
by t h e  d a t a  a t  each v a l u e  of Kp. Over t h e  r a n g e  
of Kp f rom 0' t o  5  t h e r e  a r e  more than 30 d a t a  
p o i n t s  i n  each i n t e r v a l ,  w h i l e  t h e  average number 
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F i g .  2. Vrasured helium c o n c e n t r a t i o n s  
averaged over  1' inc rements  of  longi tude  i n  
t h e  f i r s t  10 Bunations of 1973. Day of  t h e  
y ? a r  i s  d + ~ ~ n  a t  90° ,  180' and 270' of s o l a r  
l o n g i y u  le  i n  each graph .  

F ig .  3 .  The equiva len t '  s o l a r  wind f l u x  of  
hel ium needed t o  s u ~ p l y  t h e  l u n a r  atmosphere 
( lower g r a p h ) ,  a i ~ d  t o t a l  t ime  of d a t a  accumu- 
l a t i o n  (upper g raph)  a s  f u n c t i o n s  of Kp. I n  
t h e  lower g raph ,  c i r c l e s  r e p r e s e n t  f l u x  
a v e r a g e s ,  e r r o r  b a r s  g i v e  s t a n d a r d  d e v i a t i o n s  
of t h e  d a t a ,  and c r o s s e s  r e p r e s e n t  i n d i v i d u a l  
d a t a  p o i n t s  a t  h i g h  v a l u e s  of  Kp. 

f o r  a l l  i n t e r v a l s  exceeds 60 ( i . e .  180 h o u r s )  . 
The average  s o l a r  win f l u x  of hel ium f o r  t h e  t 1973 d a t a  is  9 .2  x  1 0  an-2 s e c - l ,  which is 68% 
of t h e  nominal f l u x  assumed i n  t h e  model calcu-  
l a t i o n  shown i n  F i g u r e  1. 

The l i n e a r  mean-square r e g r e s s i o n  l i n e  i n  
F i g u r e  3 ,  which is f i t t e d  t o  a l l  of t h e  a v a i l a b l e  
3  hour  average  d a t a  p o i n t s  ( 9 6 3 ) ,  c l e a r l y  shows 
a  c o r r e l a t i o n  of  e f f e c t i v e  s o l a r  wind f l u x  and 
Kp. It can  be r e p r e s e n t e d  by: 

6  gSw = (7.7 + 2.0 + 0.54 x  Kp) x  1 0  cm'2sec-1. (2 )  

The s l o p e  of t h i s  l i n e  is  n o t  a s  s t e e p  a s  might  
be  i n f e r r e d  from t h e  s o l a r  wind d a t a  of Wilcox 
e t  a l .  (1.967) and Hi rshberg  e t  a l .  (1972-1- 
haps t h i s  i n d i c a t e s  t h a t  t h e  r e l e a s e  o f  t rapped  
helium from t h e  l u n a r  s o i l  i n v o l v e s  ,two s e p a r a t e  
mechanisms : one which responds  i n s  t & n t l y  t o  
changes i n  t h e  s o l a r  wind, and a n o t h e r  which 
r e f l e c t s  a  l o n g e r  term b a l a n c e  w i t h  t h e  average  
a - p a r t i c l e  t r a p p i n g  r a t e .  I t  i s  a l s o  p o s s i b l e  
t h a t  t h e  c o r r e l a t i o n  of t h e  i n f l u x  w i t h  Kp may be  
g r e a t e r  dur ing  l a r g e  ampl i tude  t r a n s i e n t  e v e n t s  
than t h a t  o b t a i n e d  h e r e  f o r  a l l  of t h e  d a t a .  
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Model Atmospheres for Mercury Based on a Lunar Analogy 

Uttioersiry oj Tr.uo.7 ur Dollas, Dnllis, Tesas 75230 

Similarities in daytime spectral reflectivities and nighttime infrared emissions from Mercury and the 
moon are shown to imply that the atmosphere of Mercury must be tenuous, like that of the moon. The 
theory of formation, transport, and loss in  the lunar atnlosphere is applied to Mercury. Models of the 
Hermian atmosphere at perihelion and aphelion are presented, based on the solar wind iis the dominant 
source of g:lses. Only the noncondensable species, hydrogen, helium, and neon, are considered. Of these, 
helium is the most abundant atmospheric gas, with maxinlum concentration of about 4 X lo1 at the 
nighttirne surface. The niaximum concentration of Hz is 6 X lo6 cmm3, and that of neon is 7 X I O ' C ~ - ~ .  

E ~ ~ d e n c e  of atmospheric gases on Mercury is apparently 
no~:t..xistent. Belton el 01. [I9671 have deteimined from spec- 
trosci>pic observations that the surface pressure of CO, is less 
that] 0.35 mbar. They have further proposed that the at- 
mosphere of  Mercury may be entirely a collisionless ex- 
osphere, similar to that of the moon. Probably, the most im- 
portant reuson to accept a lunar analogy is the similarly cold 
nighttirne surface temperatures of these planets. The surface 
of the nioon falls below 100°K at night, adsorption of all 
gases except hydrogen, helium, and neon [Hodges el al., 
19741 thus being caused. Infrared emission measurements of 
Mercury by iWirdock ar~d iVey [I9701 give an average dark 
side temperature of I I I k 3"K, which suggests adsorptive 
removal of all but the noncondensable species at night, as on 
the moon. 

Adsorption of condensable gases on the dark side of Mer- 
cury does not prohibit the formation of an atmosphere. The 
only cons t r~~in t  is that the surface pressure of any species at 
night is probably less than its vapor pressure at 1 I 1  OK. Thus 
the presence of a significant amount ofcondensable gas would 
lead to formation of important frozen deposits on the night 
side :ind a nonnegligible transport of heat, essentially from 
the daytime side of the sunrise terminator, where adsorbed 
gases are released, across the entire terminator to the dark 
side. 

Formation of an atmosphere on Mercury is largely depen- 
dent on the rates ofescape of gases. I f  there is little magnetiza- 
tion of the planet, so that the solar wind impinges directly on 
its daytime surface, then photoionized atmospheric gases may 
escupe owing to acceleration of newly formed ions by fields 
~~ssociated with the splar wind [ilfarika ar~d ibfichel, 197 I]. 
This is the principal loss mechanism for lunar gases other 
than hydrogen and helium (which escape thermally). 

I f  Mercury should have a relatively strong steady magnetic 
field that is capable of shielding its atmospheric gases from 
the solar wind, then loss rates of photoionized constituents 
would have been negligible, as on earth. Volcanic gases 
relei~sed from the planet over geologic time would either be 
present in the atmosphere or have reacted with surface 
mtiterials to form stable compounds. In addition, all of the 
radiogenic '"Ar released from the planet would be present in 
the atmosphere. The amount of 'OAr is open to question, 
however. T~rrekinti [I9641 has estimated that 10% of the argon 
produced in the earth has been released, mainly from the 
crust. On the moon, where gardening of surface materials is 
minimal, the present rate of effusion of '"Ar is about 0.4% of 
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the total production rate [Hociges el al., 19741. If these release 
rates are extrapolated in proportion to planetary mass to 
blerci~ry, the terrestrial and lunar analog aniounts of 'OAr 
released over 4.5 bay. are 2.8 X loL2 and 1.5 X 10'' tons, 
respectively, and the corresponding average surface pressures 
are I ,J and 0.08 mbar. With the addition of less certain 
aniounts of volcanic gases it appears that a reasonably dense 
atmosphere would have formed. This atmosphere would also 
result in appreciable heat transport to the dark hemisphere. 
The cold temperature of the dark surfice of Mercury suggests 
:I li~ck of iitmospheric heat flow and hence implies a tenuous 
~~tniosphere in which escape of photoionized constituents has 
not been inhibited continuously by a niagnetic field. A field 
that is presently strong but was relatively weak over a re- 
cent geologic period is not precluded by this argument, 
however, 

The purpose of this paper is to present a hypothetical 
model of the atmosphere of Mercury that is based on the 
ussuniption that the moon and Mercury are similarly inactive 
planets. This includes a premise that the present magnetic 
field of Mercury is weak enough to permit the solar wind to 
inipinge on its surface. 

If the solar wind impinges on the surface of Mercury, then 
it is probably the dominant source of atmospheric gases. 
Solar wind ibns have kinetic energies of about I keV per amu, 
This is sufficient to embed each ion in the rock or soil grain 
that it strikes. Whether these particles reemerge as at- 
mospheric constituents depends on the degree of saturation of 
solar wind gases in surface materials. I f  the soil on Mercury 
is regularly overturned to a great depth by geophysical 
processes, then unsaturated materials that are brought to the 
surface niay provide a continuous sink for a large part of the 
solar wind influx. On the other hand, if the crust of Mercury 
is inactive, like that of the moon, then the soil is probably 
saturated with solar wind gases and a balance of influx and at- 
mospheric supply must exist. This provides an upper bound 
for the rate of supply of atniospheric gases by the solar wind. 

The dominant ion species of the solar wind is the proton, 
I-lowever, on the moon the daytime concentration of atomic 
hydrogen is less than I0 cm-3 [Faslie el al., 19731, whereas the 
solar wind could supply an atmosphere of about 3 X lo8 cm"3 
[Hodges el al., 1974; Hodges, i 973; Harrle arid Tl~ornas, 19741. 
Evidently, the difference is due to formation of Hz at the lunar 
surface. A similar process would be expected on ~Mercury, 
leading to atmospheric Hz but to little atomic hydrogen. 

By anrilogy with the moon, helium, neon, and "Ar should 



also exist on Mercury owing to the solar wind influx. Oxygen 
ions of the solar.wind probably react with underoxidized sur- 
face niuterials and provide no atmosphere. Solar wind carbon 
probably reacts with inipacting protons to form CHI, whereas 
nitrogen forms NH,, both of which must enter the at- 
niosphere and subsequently escape from the planet if the sur- 
filce materials are saturated with C and N. 

Whether Mercury has a magnetic field or not, some gases 
lnust evolve from the planet itself. I f  Mercury is an active 
planet, volcanic gases such as H,O, CO,, CO, SO1, or H2S 
may enter the atmosphere at rates comparable to those on 
earth, Venus, o r  Mars. At the other geologic extreme, i f  Mer- 
cury is as inactive as the moon, its sources of gas may be 
limited m:iinly to the radiogenic species 'Me and '"Ar. 

LUNAR ANALOG OF THE HERMIAN A T ~ I O S P H E R E  

For purposes of this discussion it is assumed that Mercury 
is geo1ogic:tlly similar to the moon, at least at its surface, This 
theory implies a lack of significant gardening processes acting 
on the soil over the last several hundred million years. In ad- 
dition, the magnetic field intensity of Mercury is presumed to 
be small enough that solar wind ions may impact the surface. 
Principal loss mechanisms for a moonlike atmosphere include 
thermal e7cape and photoionization followed by acceleration 
by the v x B fields in the solar wind. Thermal escape is 
important only for hydrogen and helium, whereas pho- 
toionization affects all species. Chemical removal of ac- 
tive gases is probably not important if there is little gardening 
activity to bring new materials to the surface, 

As on the moon the major noncondensable gases on Mer- 
cury are likely to be H,, 'He, and ,ONe, all of which arise 
because of the impinging solar wind, To  find Hermian abun- 
dances and distributions of these gases, it is convenient to use 
the Monte Carlo technique described by Hodgw [I9731 and 
Hoclges rr al. 119741, in which the distribution of the 
downward flux of molecules of a given species at the surface is 
found by recording the impact points of a molecule as it 
traverses the surface of the planet in  a succession of random 
ballistic trajectories. Maxwellian statistics are used to deter- 
mine the distribution of trajectories. A molecule is lost from 
the atmosphere whenever its speed exceeds the escape velocity 
or when the time a trzjectory is in sunlight exceeds a random 
deviate of an exponential distribution of photoionization 
time, Whenever a molecule is lost, the location of the point of 
creation of the next molecule is chosen according to a source 
distribution. 

The present calculation scheme differs from the earlier ver- 
sion [I-loriges. 19731 in that the average values of the radial 
component of velocity for downcoming and upgoing par- 
ticles, (on )  and (u"),  respectively, are found in addition to the 
relative distribution of molecular impacts per unit area I. To 
convert I to a particle flux, it is necessary to  introduce the flux 
amplitude 9,, i.e., the flux of molecules colliding with the sur- 
face is 

iPD = $,I (1) 

The concentration of downcoming molecules at  the surface is 
cP,,/(on). As these particles are presumed to return to the at- 
mosphere after a surface collision, their upgoing flux is also 
(PI, and their concentration is @,/(or) .  In addition, the release 
of gas from the surface produces a concentration of (Ps/(cl:), if 
the average radial velocity is assumed to be (aU) for all upgo- 
ing particles. Thus the total concentration is 

If the gas is assumed to be ILInxwellian as it leaves the surface 

where k is Boltzmann's constant, T is surface temperature, 
2nd nr is molecular mass. The average downcoming velocity 
co,,) m:ly differ from (o l t )  because the downward velocity dis- 
tribution does not include speeds greater than the speed for 
escape and also because this distribution corresponds to a 
coniposite erect of the varying temperature at  the origins of 
tri~jectories, which end at  the point of interest. 

A prevalent assumption regarding the source flux as on the 
moon is that implanted solar wind gases are released into the 
t~tniosphere in proportion to the local solar wind influx [cf, 
I-ioliges, 1973; I-lociges et a/., 1974; Hnrrle atrd Tlronras, 19741. 
It is also generally assumed that half of the photoions 
produced in the atmosphere are reimplanted in surface rocks 
[~Wa~rka  altrl ,).liclrel, 1971]. Thus equilibrium of trapped solar 
wind gases in rocks requires that the total source flux equal 
the total solar wind flux plus half the total photoionization 
rate, If relei~se of trapped atoms is spatially correlated with 
the soli~r wind influx, then 

wliere x is the solar zenith angle, cPsIV is the solar wind flux of 
ions responsible for the gas in question, Ns is the total number 
of molecules in sunlight, R is the Hermocentric radius, and r ,  
is tlie photoionization time constan:. 

Equilibrium of atmospheric content requires that the total 
soLlrce of new molecules equal tlie total rate of loss of at- 
mosphere, i.e., 

where (in is the diFferential element of the solid angle and the 
support of the integrnnd is the spherical surface of the planet. 
The left-hand side gives the total rate of effusion of new gas 
~nolecules from the surface. The first term on the right-hand 
side is the ratio of tlie total nutnber of particles in sunlight to 
tlie mean lifetime, giving the total rate of photoionization, 
!vhereas the second term gives the rate of loss due to Jeans's 
tliermc~l evaporation mechanism. The escape factor E is given 
b y 

E = G:Lf~)l/k T R  (6 )  

where Gil~f is the gravitational parameter for the planet. 
Among the data accumulated in the Monte Carlo calcula- 

tion are average molecular lifetime ( r L )  and average time spent 
in sunlight ( r s ) .  The ratio of these parameters is obviously 

where NT is the total atmospheric content of the species in 
question and is also def ned by 

hlonipulation of expressions (j), (7), and (8) leads to 

N , ~  = ~ ~ ~ a , ~ , ~ . ( t ~ ) ,  (L - ( t . F ) , " 2 ~ , )  ( 9 )  

12,- = COS ~ I I ( C O S  y ) i  ( 1  - ( I , -) :  2 ~ , )  (10) 
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where rr is the unit step function. Substitution of these 
relations i n  equation (5) gives the flux amplitude 

where 

B = / dQ cos x U(COS x)(I + ~ ) e - ~  (13) 
lr 

This result is not useful for heavy gases that do not escape 
thermally (e.g., neon) because neither A nor (ts) can be 
evaluated with sufficient accuracy. 

An alternative for heavy gases is to use the barometric ap- 
proximation, so that Ns can be expressed as 

exp [E( l  - c s c  x)IJ (14) 

where H is the scale height 

and the altitude of cutoff of sunlight at night is approximated 
as  the midpoint between the umbra and the penumbra (R 
csc x). Combining equations (I),  (2), (5), and (14) leads to 

n(Dslv(l - B - 2 D l  
'Po = 

A +  C +  B C -  A D  

where 

{ u(cos x) + rr(- cos x )  exp t E(1 - csc x)I 1 (1 7) 

1 D = - J d n  H cos n(cos X) 
 TI (4 

The  consistency of  expressions (1 1) and (16) has been es- 
tablished by the fact that both gave essentially the same result 
for helium in the calculations that are discussed subsequently. 

Planetary and orbital parameters used in the present 
calculations are based on the data of Aslt et al. [I9671 and are 
given in the following list: 

Pararnelers 

Planet radius (R) 
GIC~ 
Surface escape speed 
Orbit semimajor axis 
Orbital eccentricity 
Perihelion distance 
Aphelion distance 

Values - 
2.42 X lo3 km 
2.18 X I 04 km3/s2 
4.24 km/s 
0.3871 AU 
0.2056 
0.3075 A U  
0.4667 AU 

T h e  temperature model adopted here is similar to that 
assumed by Yell atzd C /~ang  [I9721 for the moon, in which the 
daytime temperature corresponds to radiative equilibrium 
with insolation, whereas the nighttime temperature is ap- 
proximated by a constant, Owing to similarities of the spec- 
tral reflectivity of Mercury with various lunar regions 
[iMcCordandrldu~rzs, 19721 it is assumed that the ratio ofsub- 

solar temperatures of these planets is the '/J power of the ratio 
of the solar ri~diation flux. Thus if the lunar temperature max- 
imum is approsimated as 39OoK, then the daytime 
temperature of Mercury is given by a 

where Rs is the sun-Mercury distance in  astronomical units. 
From perihelion to aphelion the maximum daytime tem- 
perature of Mercury varies from 703" to 571°K, At night 
and very near the terminator in daytime the temperature is 
assumed to be l l l °K in accordance with the infrared 
nieusurement of ~W~rr t iock  atid Nejr [1970]. 

The sol:ir wind flux of protons at I AU is assumed to be 3 X 
lo8 cmq2 s-', that of helium ions is 1.4 X lo7 s-', and 
that of  20Ne ions is 2.4 X 10' s-'. The bases for these 
fluxes are discussed in Hotlges el al. [I9741 and Joht~sotr el al. 
[1972]. Photoionization lifetimes at I A U  adopted here are 
lo7 s for Hlr 1,7 X lo7 s for helium [Kockarrs, 19731, and 6 X 
IOB s for neon [rbfanka, 19721. Table I lists extrapolations of 
these parameters to Mercury at perihelion and aphelion. In 
addition, daytime values of Jeans's escape parameter E and 
escape probability, (1 + E) exp (-4, are given alonl; '4th 
diurnal limits of the wale height. It can be noted that the 
daytime values of E for hydrogen are comparable to the lunar 
value for helium. 

Calc~llated atmospheric models for a lunar analog of Mer- 
cury at  perihelion and aphelion are shown in Figures I and 2, 
respectively. The H2 graphs correspond to 2 X 10' molecular 
trajectories each, whereas those for helium and neon are each 
based on data from 2 X loB trajectories. All gases have max- 
imum concentration at night roughly in accordance with the 
TqSf2 law of esospheric equilibrium [Hedges atld Jolrruot~, 
19681. Table 2 lists numerical data for the perihelion and 
aphelion model atmospheres. Atmospheric mass is found by 
application of equation (8). 

A model of the helium distribution on Mercury at 
aphelion has been calculated by Hurtle el al. [1973]. Scaling 
their normalized graphical results for a solar wind source in- 
dicates a concentration of about 1.5 X 10' cm-3 a t  the sub- 
solar point and about 4 X lo7 at  night. The present 
model gives a greater daytime concentration but essentially 
the same nighttime result. A difference in the daytimeconcen- 
trations from these two models should be expected owing to 
the neglect of photoionization as a loss process in the model 
of Hartle et al. It may seem that the model of Hartle et al. 
should have given a greater daytime abundance, but the con- 
verse result is understandable because the effect of pho- 
toionization is to increase the source rate due to recycling 
of halfof the photoionized particles, which are reimplanted in 
the surface of the planet. 

One of the interesting facets of the present atmospheric 
models is that helium and hydrogen are more abundant than 
neon, whereas on the moon the opposite is true [Horlges et al., 
19741, This situation is mainly because of a large difference in 
the daytime escape probability for helium between the 
planets, i.e., for helium at 0 solar zenith angle on Mercury 

and on the moon 
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TABLE 1 .  Atmospheric Parnmeters for Mercury 

Perihelion Aphelion 

H 2 'He 1°Ne H 2 'He 1°Ne 

Solar wind influx, molccules/s 2.9 X lo2' 2'6 X lo2" 4.6 X 1.3 X lo2' i , l  X lo2" 2.0 X 
Photoionization time, s 9.5 X 10' l,6 X 10" 5.7 X 106 2.2 X 10' 3,6 X 10' 1.3 X 10' 
Daytime escape parameters 

~ s c a ~ e  facior E 3,l 6,2 3 1 3.8 7.6 3 8 
Escape probability ( I  + E)@ 0.19 0.015 0.11 0.0043 10-la 

Scale height H, km 
Subsolar point 780 390 78 640 320 64 
Night 124 62 12 124 62 12 

Since escape of helium is considerably less likely on Mercury, 
its abundance there becomes more closely related to the 
slower process of photoionization loss. It can be noted in 
Table 2 that the lifetimes of neon and helium are comparable, 
kind hence the ratio of their abundances is roughly the same as 
the ratio of their sources of supply. 

The maximum gas concentration on Mercury is about 4.5 
X lo1 ~ r n - ~ .  If a collision cross section of about 3 X 10-l6 cm2 
for helium is assumed, the mean free path length at nigh: is 
about 75 km, which corresponds roughly to the helium scale 
height (cf. Table 1). It has been shown [Hodges, 19721 that the 
transition between thermospheric and exospheric lateral 
triinsport processes occurs at about the altitude where the 
mean free path length is equal to twice the scale height of the 
transported gas. The depth of the transition region is the 

- 

- 
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0 90° 180" 
SOLAR ZENITH ANGLE 

Fig. I .  Perihelion model atrti:?sphere surface concentrations of 
helium, hydrogen, and neon ss functions of solar zenith angle, 

order of the scale height of the dominant gas, and thus the ex- 
ospheric theory used above is probably applicable to helium, 
and certainly it applies to neon. However, there is a legitimate 
question regarding hydrogen. The nighttime mean free path 
length is twice the scale height of H, (i.e., 250 km) at an 
altitude of about 90 km. Thus the nighttime data for H, given 
in Figures 1 and 2 and in Table 2 probably refer to an exobase 
level at 90 km, and the nighttime surfwe concentrations of H, 
are likely to be about twice the indicated values, 

In daytime there is no question that the exobase is the sur- 
face of the planet and that the exospheric transport theory 
applies. The concentrations appear to be too small to permit 
formation of an ionosphere with sufficient conductivity to 
cause a deflection of a significant fraction of the solar wind 
around the planet, as seems to occur on Mars and Venus. 

APHELION 

0' 90" i8o0 
SOLAR ZENITH ANGLE 

Fig. 2. Aphelion model atmosphere surface concentrations for 
helium, hydrogen, and neon as functions of solar zenith angle. 



TABLE 2. Mercury Model Atmosphere Datu (Lunar Anulog) 
- - - 

Perihelion Aphelion - 
H2 'He l"Ne Hg 'He l0Ne 

Concentration, cmmS 
Day 7 x lo4 I,4 X lo6 6 X loS 6 X  10' 2.5 X 10" I x LO' 
Night 5.5 X 10' 3.3 x lo7 7 X 10' 4.5 X 10' 3.7 x lo7 6 X 10" 

Atmospheric mass, tons 240 555 12 200 623 8 
Molecular lifetime, s 2 X 10' 2 X 10' 4 X lo6 4 X lo6 6 X 10' 6 X 10" 

Probability of escape 
Probability ofphotoionization 

The re  are s o m e  important uncertainties associated with the  
foregoing model. The  degree o f  saturation o f  surface 
materials with so l a r  wind gases may not  be  great  enough to  
c a u s e  the a tmosphere  to be in balance with the  solar wind. 
Because of  this possibility the  present results must be  
regarded as upper  bounds on atmospheric gas abundances. A 
s imi lar  argument can also be  applied if Mercury has a 
magnetic field t h a t  limits the  amount  of the  solar wind 
reaching the planet.  Then the ion influx would  be  less, a n d  
t h e  likelihood o f  trapping impinging ions would be greater. 
However,  the probability of escape of the photoions  would be  
less. The net result should be  a decrease in t he  H, and H e  
levels because thermal escape is not  affected by a magnetic 
field. It could a l so  cause an increase in t he  a m o u n t  of neon, 
d u e  to inhibition o f  the photoionization loss process. 

Th i s  theory leaves the nagging question of wha t  gases may 
consti tute the atmosphere of Mercury if there is a strong 
magnetic field a t  present. It should  be noted tha t  the absence 
o f  evidence o f  a dense atmosphere is probably a good argu- 
m e n t  against expecting a s t rong  steady state magnetic field 
because such a field would have acted t o  t r ap  photoions, 
precluding escape of heavy volcanic and radiogenic gases, 
which would have  formed a n  atmosphere.  However, a fluc- 
tuating magnetic field that has  been quite weak in the recent 
pas t  but is presently strong is a possibility t o  which the  
present lunar analogy does no t  apply. 
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Implications of atmospheric '%r escape on the interior 
structure of the moon 

R. R. HODGES, JR. and J. H. HOFFMAN 

The University of Texas at  Dallas, Richardson, Texas 75080 

Abstract-Radiogenic "OAr escapes from the lunar atmosphere at  a rate of about 2 X lo2' atomslsec, 
This amounts to 8% of the rate of argon production in the entire moon by potassiunl decay, A curious 
feature of the argon escape rate is a variability with time scale of several months. It is shown that the 
variation in argon loss correlates with high-frequency lunar teleseismic events. The only apparent 
region of the moon which could possibly supply the amount of argon needed for escape via n plausible 
temporal mechanism is a semimolten asthenosphere which may be entirely primitive unfractionated 
lunar material, o r  an Fe-FeS core that is enriched in potassium, A core that is devoid of potassium is 
not compatible with the atmospheric argon measurements. 

INTRODUCTION 

ONE OF THE MOST ABUNDANT GASES of the lunar atmosphere is radiogenic "Ar, 
which is produced within the moon as part of the decay of 'OK. The fact that argon 
is an important atmospheric species is somewhat puzzling in view of the difficulty 
involved in transporting an argon atom from its place of formation deep within the 
solid moon to the surface and then into the atmosphere. This has spurred the 
development of a succession of progressively more realistic models of the argon 
atmosphere (cf. Hodges et al., 1974; Hodges and Hoffman, 1974; Hodges, 1975), 
with a view toward accurate determination of the relationship between atmos- 
pheric concentration measurement and the argon escape rate. Briefly, the rate of 
escape of " O A ~  from the moon appears to be variable, implying an episodic process 
of release of this radiogenic gas from the interior of the moon. The average rate of 
loss of argon from the lunar atmosphere is about 2 x 10" atornslsec, which is 
about 8% of the present argon production rate for the entire moon (2.4x 
loz2 ntomslsec) if the average lunar potassium abundance is about 100 ppm as 
suggested by Taylor and Jake; (1974) and by Ganapathy and Anders (1974). To put 
these rates in planetologic perspective, the present rate of release of " ~ r  needed 
to account for its 1% abund:tnce in the terrestrial atmosphere should be about 
1.1 x 10" atomslsec if the fraction of total production effusing into the atmosphere 
has remained constant over geologic time, For a lunar equivalent mass of earth 
this rate amounts to 1.4 x 10" atomslsec. 

It is surprising that although the rates of effusion of "Ar from the moon and 
earth are comparable, their atnlospheric abundances differ by more than I5 orders 
of magni:ude. The answer to this puzzle lies in differing escape processes. On 
earth the escape of argon ions is inhibited by the geomagnetic field, so that almost 
all of the argon ever released is now present in the atmosphere. However, the lack 
of both a lunar magnetic field and an ionosphere allows the solar wind to impinge 
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directly on the planet, and hence, to accelerate any ions formed near the moon. As 
a result the average lifetime for lunar argon is only about SO-100days. The 
product of lifetime and loss rate gives the atmospheric argon content to be only 
about loGg, most of which resides on the nighttime surface as a result of 
adsorption. 

All available measurements of 'OAr were obtained with the Apollo 17 mass 
spectrometer during the first nine lunations of 1973, The malfunctioning of a 
power supply has preclirded data collection sir,ce that time. A further limitation is 
that only nighttime data were obtained, owing to a large artifact gas background in 
daytime due to degassing of remnant spaceflight hardware at the landing site. 
However, the nighttime data clearly show the synodic variation of ' O A ~ .  

Figure 1 shows the measured ' O A ~  concentration inferred from the 40 i1.m.u. 
mass spectrometric rrieasurements during two different lunations (Hodges and 
Hoffman, 1974). The dashed curves are theoretical extrapolations into daytime 
(Hodges, 1975). An important facet of these graphs, the change in the amount of 
argon on the moon by about a factor of 2 in a four-month interval, is discussed in 
detail later. 

The synodic variation of argon is characteristic of a condensible gas. The slow 
post-sunset decrease in concentration indicates an increasing adsorption probabil- 
ity with decreasing temperature, while the nearly asymptotic behavior of the 
nighttime minimum requires a desorption time on the order of a day. At sunrise 
the bulk of the adsorbed gas is released from the lunar s ~ r f a c e ,  and some of it 
travels into the nighttime hemisphere, giving rise to the rapid pre-sunrise increase. 
Incidentally, it is the pre-sunrise buildup which marks this data as an actual 
indication of a lunar gas; there is no apparent way for an artifact release to 
anticipate sunrise in this manner. 

I 0' 

1------NIGHT--.- -.. .. 
SUNSET 

Fig. 1. Synodic variation of '"Ar concentration at the Apollo 17 site during lunations of 
maximum and minimum argon abundances in 1973. Dashed curves are theoretical 

extrapolations which show predicted daytime behavior (from Hodges, 197.5), 
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A series of Monte Carlo atmospheric simulations has been calculated for argon 
based on a taclinique first reported by Hodges (1973). Briefly, the modeling 
technique simulates the lunar atmosphere by following the trajectories of a 
succession of individuai rr~olecules over the surface of the moon, from cre.ttion to 
annihilation. Global variations of statistical parameters, such as the effects of 
temperature on the velocity distribution of atoms following surface er,<~;*.~iters, 
and probabilities of adsorption, desorption, creation, and photoionizat~ou are 
taker! into account. Particle lifetime is found by accumulating total time of flight 
and of adsorption. In these model calculations, surface adsorption and desorption 
dependencies on temperature and solar illumination were iteratively adjusted until 
the synodic variation at the Apollo 17 latitude (20") of the model Gistribution 
matched the avtrage measured variation. Two forms of desorption are needed to 
explain the data. The first is the spontaneous process of thermal desorption, and 
the second is a photon process in which qualitative laboratory tests show that 
certain gases, including argon, are released from a surface by the visible range of 
the solar spectrum. Yn order that the moael reproduce the measured sunrise to 
sunset concentration ratio it is necessary to assume that the illumination of a soil 
grain surface causes the release of adsorbed atoms with unity probability. To 
account for soil texture and orography it has been assumed that the probability of 
illumination of an exposed soil surface increases from 0 to 0.5 as lunar rotation 
moves the grain through a band of +. 2" of solar zenith angle about the spherical 
moon-sunrise terminator, and that the probability of illumination of the remaining 
surface area increases linearly therczfter with increasing zenith angle. In practice 
about half of the atoms adsorbed at low latitude are released by the photon 
interaction process, while spontaneous desorption is more likely at high latitudes 
wherc the time needed for sunrise to traverse the orographic uncertainty becomes 
quite long. 

Among the parameters to emerge from the model study are the following. 
Average argcin lifetime on the moon is about 100 days, of which SO% of the time is 
spent adso r~ed  on the surface. The average sti: 1:ing time for an adsorbed atom is 
1.1 days. The rate of photoionization oi  argon in the lunar atmosphere (number of 
atorns per second) is about 9 x 1016 times the sunrise concentration at the Apollo 
17 latitude (20"). Thus the loss rate corresponding to the average measured argon 
s~lqrise concentration in 1973 is about 2 X lo2' atomslsec. 

Figure 2 shows the temporal variation of the total argon photoionization rate 
during 1973. It should be noted that this rate is proportional to both atmospheric 
abundance and to escape rate, Triangles represent the most accurst:: determina- 
tions of the photoionization rate at sunrises where the concentration is greatest. 
Each circle gives the rate found by model extrapolation of a 5" longitudinal 
average of concentration to an equivalent sunrise concentration. High values of 
the circles early in the year are due to a decaying artifact contribution to the 
low-nighttime concentration. The large variance of the photoionization rate 
represented by the circles' is indicative of the noise inherent in the nighttime 
concentration data and errors in the model. 

Two important aspects of the "OAr rate show up clearly in Fig. 2. First, the time 
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Fig. 2. Temporal variation of the rate of loss of "Ar from the lunar atmosphere due to 
photoionization during 1973, 

average of the loss rate is r.oughly 2 X 10" atomslsec, corresponding to about 8% 
of the total lunar production of 'OAr if the potnssiiim abundance is 100 ppm. If a 
large fraction of the photoions were to impact the lunar surface and subsequently 
become recycled into the atmosphere, then the actual source of new atoms would 
be a lesser part of the production rate, However, the second obvious feature of 
Fig. 2, the time variation of the photoionization rate (and hence of argon 
abundance), argues strongly that there is very little recycling of "Ar. The clue that 
argon recycling is unimportant is found in the decay of the photoionization rate 
between about day 100 and day 150, where the decay time-constant is roughly 
equivalent to the average lifetime of argon atoms, i.e. about 100 days. 

If $, is used to denote the total rate of supply of atoms, both new and recycled, 
to the atmosphere and $, is the photoionization rate, then continuity requires 

where 7 is the average atomic lifetime. Figure 3 shows the argon source, 9,, 
required to supply the photoionization rate shown in Fig. 2 for three values of the 
lifetime .i: 

An important feature of Eq. ( I ) ,  and hence of Fig. 3, is that the total argon 
source must include an essentially constant contribution from recycled atoms, and 
that temporal variation of $, must arise from internal changes in the moon which 
affect the rate of release of new argon atoms. Since $, is a positive definite 
quantity, it is obvious that the lifetime which emerges from the atmospheric model 
calculations. 100 days, is nearly an upper bound. In addition, the 100-day lifetime 
allows for very little recycled argon. A decrease in the lifetime to 60 days would 
be consistent with a recycling rate of about 8 x 10" atomslsec or roughly 40% of 



Implications of atmospheric "'Ar escape on the interior structure of the moon 3043 

J A N  FEB MAR APR MAY JUN JUL AUG 
I 1 I I I I I I - - 

- 60 DAYS ----_ 
- 80 DAYS --h 

- 
- 

100 DAYS ------, 

- 
C - - 
0 
Q - 

- 
- 
- 
- 
- 
- 
- 
- 

0 
cn - 
L 

a - 
0 - * 

I - - - - 
- - - - 

T - - 
o - ' I L  I 1 1 1 1 1 1 1 ,  
0 50 100 150 200 250 

1973 CALENDAR DAYS 

Fig. 3. Rate of supply of "Ar needed to explain the time-varying loss I ::e shown in Fig. 
2. Marks denoted by T on the lower abscissa give the times of occurrence of 

high-frequency teleseismic events reported by Nakamura et 01. (1974). 

the total source. However, model calculations for a wide variety of surface 
parameters have consistently given a lifetime in excess of 80 days. The shortest 
model lifetimes occur when adsorption probability is increased near the poles, but 
this always produces an inconsistently large sunset concentration at the Apollo 17 
latitude (20"). Thus the best judgment is that the recycling fraction of the total 
argon photoionization rate is quite small, and that it probably is less than 10% to 
be consistent with a lifetime in the 80-100-day range. This constrains the rate 
of release of retrapped, parentless '%r from the regolith. 
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On the lower abscissa of Fig. 3 there are three events each denoted by T. 
These mark high-frequency lunar teleseismic events reported by Nakamura et al. 
(1974) during the argon measuremelit period. It is interesting to note that each of 
these events accompanies a rise in the argon source. In addition, the event on day 
72, which was the largest such event recorded on the moon, coincided with the 
peak of the argon source. Owing to the inherent smoothing of the total atmos- 
pheric argon abundance due to its 100-day lifetime it is not possible to resolve the 
argon supply rate data on a finer side. 

ARGON PRODUCTION IN THE MOON 

The source of atmospheric " ~ r  is clearly potassium, but the magnitude and 
time variability of the argon escape rate have nontrivial implications on the 
internal structure of the moon. What is needed is the identification of the means 
by which about 8% of the !mar argon production has access tc- i,%. 2 ~tmosphere.  In 
subsequent discussion various depth intervals of the moon a: 2, , mined in terms 
of argon production and release mechanisms. It will become appar5nt that the 
seemingly obvious source regions are not capable of supplying the t,zaping argon. 

Trapped argon in the surface layer of the soil must be released by a solar-wind 
weathering process in a manner similar to the release of implanted solar-wind 
helium (Hodges and Hofiman, 1975). Typical abundances of trapped " ~ r  in 
returned soil samples are within an order of magnitude of 5 X lo-' cc STPlg. If this 
number is taken as an estimate of the average abundance of argon in the entire 
regolith, then the release of the 2 x 10" argon atomslsec needed to supply the 
atmosphere would require a weathering process which removes about 75 cm of 
soil from the moon per million years. Since this erosion rate is several orders of 
magnitude greater than the soil escape rate determined by Fireman (1974) it is not 
reasonable to consider surface weathering to be an important source of atmos- 
pheric argon. 

Regolith to 25 knz depth 

A monotonic increase in seismic velocities with depth to about 25 km has been 
explained by Toksoz e t  al. (1972) to indicate a pressure effect on soils and broken 
rocks near the surface, changing to rocks having micro and macro cracks at 
greater depth. Argon which has diffused from within rocks to surface or fracture 
boundaries should be an atmospheric source. The Apollo 15 and 16 orbital y-ray 
spectrometer data reported by Metzger et nl. (1974) suggests that the average 
potassium abundance of the surface lunar soil is about 1000 ppm, while geochemi- 
cal models of Taylor and Jake2 (1974) indicate a crust average of 600 ppm. 
Accepting these as representative estimates of the potassium abundance in the 
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upper 25 km of the moon, the rate of argon production there is in the range of 
3-5 x 10" atomslsec. Release of 2 x 10" atomslsec (the atmospheric escape rate) 
would imply loss of about half of the argon production. Returned regolith samples 
do not generally exhibit a depletion of '"Ar that would confirm this loss process. In 
addition, there is no time dependent phenomenon which would vary the argon 
release rate on the time scales observed in the Apollo 17 mass spectrometer data. 

Lorver crust and tipper litlzosphere (25-300 krn) 
Seismic data reveal the beginning of a competent rock layer at about 25 km 

depth and an apparently petrological discontinuity at about 65 km, marking the 
upper boundary of the mantle (Toksoz et al., 1972). Nearly constant seismic 
velocities suggest a lack of rock fracturing. The geochemical n~odels of the lunar 
interior of Taylor and JakeS (1974) indicate that about 70% of the moon's 
potassium has been captured in this region by differentiatjon. However, the 
release of enough radiogenic argon from solid rock to supply escape is not a 
practical postulate, even if increasing temperature with depth is considered to 
increase the argon diffusion vclocity. Again there is no practical mechanism to 
cause temporal changes in the release rate. 

Lorver lithosphere (300-1000 km) 

Differentiation is thought to have depleted this region of potassium (Taylor 
and JakeS, 1974) so it should not be a source of argon. 

Asthenosphere (below 1000 knt) 

The central part of the moon is thought to be semimolten because seismic 
shear waves are attenuated below 1000 km (Latham et al., 1973). Two viable, 
alternate models of this asthenosphere have been proposed by Taylor and Jake: 
(1974). One is a conventional Fe-FeS core formed early in lunar evolution. If the 
process of formation of such a core should have fractionated the entire moon, 
displacing all potassium from :he core, then there is no apparent explanation of 
the atmospheric argon. However, a core in which potassium has been concen- 
trated is a plausible source of argon. 

The alternative asthenosphere model of Taylor and JakeS (1974) is a region of 
prim:'tive unfractionated material, remnant of an early melting of the outer 
10( ., of the moon. The present partially molten state of the asthenosphere 
com;:?~,:nced after fractionation of the lithosphere, and is maintained by radioac- 
tive decay of K, Th, and U. About 8% of the moon's potassium should be trapped 
below 1000 km if the whole moon average potassium abundance is 100 ppm. This 
is sufficient to supply the atmosphere provided that all of the argon escapes, which 
in turn seems to imply that either the semimolten state is pervasive of the entire 
asthenosphere, or that the asthenosphere has gradually fractionated to form 
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pockets of material rich in K, Th, and U, which are naturally hot and from which 
argon can readily escape. 

The only apparent, viable explanation of the lunar atmospheric argon is that it 
effuses from a semimolten asthenosphere. In addition, it is necessary that the 
potassium abundance in the asthenosphere be at least as great as the whole moon 
average of 100 ppm. 

The mechanism of conduction of argon from the asthenosphere to the 
atmosphere can be conjectured to involve a percolative process in which the gas 
collects either in bubble-like areas near the 1000 km depth, or in voids nearer the 
lunar surface. Subsequent increasing pressure could force the opening of deep 
fissures, causing sudden release of gas to the atmosphere. 

A correlation of increases in the atmospheric argon supply rate wilh the 
high-frequency lunar teleseismic events reported by Nakamura et al. (1W4) was 
discussed earlier (cf, Fig. 3). Time resolution of the argon source is not sufficiently 
accurate to establish that this correlation is not fortuitous, but its existence 
substantiates the above pressure release hypothesis. In addition. the seismic 
correlation supports the hypothesis advanced by Hodges and Hoffman (1974) that 
argon release may be the cause of some moonquake activity. The amount of 
seismic energy available from this process has an upper bound equal to the stored 
energy prior to release (i.e. pressure time; volurslc). At 300 K the average argon 
escape rate could supply about 2 x lO"ergs/$r, which is of the same order of 
magnitude as  the bound on the total rate of seismic energy release from the moon 
repor' *d by Latham et al. (1972). 
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MOLECULAR GAS SPECIES  IN  T H E  LUNAR ATWIOSPHERE* 
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Abstract. There is good evidence for the existence of very small amounts of methane, ammonia and 
carbon dioxide in the very tenuous lunar atmosphere which consists primarily of the rare gases helium, 
neon and argon. All of these gases, except "Ar, originate from solar wind particles which impinge on 
the lunar surface and are imbedded in the surface material. Here they may form molecules before 
being released into the atmosphere, or  may be released directly, as is the case for rare gases, Evidence 
for the existence of the molecular gas species is based on the pre-dawn enhancement of the mass peaks 
attributable to these compounds in the data from the Apollo 17 Lunar Mass Spectrometcr. Methane 
is the most abundant molecular gar; but its concentra'ion is exceedingly low, 1 x 103 moi cm-3, 
slightly less than 3UAr, whereas thesolar wind Aux of carbon is approximately 2000 times that of 30Ar. 
Several reasons are advanced for the very low concentration of methane in the lunar atmosphere. 

1. Introduction 

The lunar atmosphere is known to be extremely tenuous consisting principally of the 
rare gases helium, neon and argon. The origin of these gases, except for ,OAr, is from 
the solar wind which impinges upon the lunar surface and is imbedded in the surface, 
material. If the surface is saturated with a gas of a particular solar wind constituent, 
this gas is released into the atmosphere a t  the same rate as it is accreted from the solar 
wind. Those gases which d o  not condense at  the low nighttime lunar surface tempera- 
tures are distributed roughly as T - ~ ' ~  throughout the lunar atmosphere (Hodges and 
Johnson, 1968). Since the daytime surface temperature is a factor of 4 higher than the 
nighttime surface temperature, there is roughly 30 times the gas concentration on the 
night side as o n  the day side. Furthermore, the concentrations of these non:ondensnble 
gases tend to be a minimum a t  the subsolar point and show a maximum late in the 
lunar night where the surface temperature is the lowest. 

A condensable gas, that is one which is adsorbed on the surface a t  nighttime 
temperatures, will have minima in its distribution in both the daytime and nighttime 
with maxima at  the terminators. Because such a gas is released quickly a t  the sunrise 
terminator by photon desorption or the rapid heating of the surface, this gas will have 
its maximum concentration a t  this location. An example of such a condensable gas is 
'OAr, whereas %e behaves as a noncondensable gas. 

Since condensable gases exhibit their maximum concentrations a t  the sunrise 
terminator it is a t  this region that a search of the Apollo 17 Lunar Mass Spectrometer 
data has been made for other condensable gases in the lunar atmosphere. Most 
molecular gas species, such as CH, and NH,, are expected to behave as condensable 
gases since argon behaves that way and their freezing points are above that of argon. 

* Paper presented at  the Conference on'lnteractions of the Interplanetary Plasma with the Modern 
and Ancient Moon', sponsored by the Lunar Science Institute, Houston, Texas and held at  the Lake 
Geneva Campus of George Williams College, Wiscons~n, between September 30 and October 4, 1974. 
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Fig. 1. Model for the distribution of "Ar as a function of longitude (with the sub-solar point at  0') 
fitted to the data from the Apollo 17 Lunar Mass Spectrometer, 

The reason for searching the sunrise region for such gases is that just prior to sunrise 
the lunar surface temperature and the temperature of the instrutne~its on the lunar 
surface are a t  a minimum .tnd therefore the contamination level of artifact gases is a t  a 
minimum, whereas a condensable gas shows a marked pre-dawn enhancement. That is, 
prior to the terminator crossing of a given point, gases which have been released from 
the approaching terminator region will travel in bal!istic trajectories (as do all gas 
molecules as they move across the lunar surface) into the nighttime region a distance 
of between 1 and 2 scale heights. This phenomenon is manifested as a n  increase in 
concentration of such condensable gas species beginning some 10" before the terminator 
reaches the point in question and increasing steadily until shortly after the terminator 
has passed the point. Therefore, in order to determine whether a given gas species is 
truly a lunar gas rather than an  artifact, it must exhibit a pre-dawn enhancement. To 
illustrate the behavior of a condensable gas, Figure 1 shows a model calculation 
(I-lodges el al., 1973) for the distribution of "OAr. The concentration of argon is 
plotted against the solar elevation angle, where 0" is the subsolar point, 90" is sunset 
and 270" is sunrise. This model curve has been fitted to argon data obtained from the 
Apollo 17 Lunar Mass Spectrometer. It shows clearly the pre-dawn enhancement 
starting some 10" before sunrise, the maximum just after sunrise, the minimum 
throughout the daytime with a lesser maximum at  sunset and finally the nighttime 
minimum. 

2. Instrumentation 

The Apollo 17 carried amongst its ALSEP experiments a neutral magnetic sector field 
mass spectrometer designed to measure the composition of the lunar atmosphere. 
This instrument was deployed at the Taurus-Littrow landing site and operated 
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successfully for approximately LO months from December 27, 1972, until mid October 
1973. Data obtained from this instrument on the concentrations of the lunar atmo- 
sphere rare gases as well as upper limits on the concentrations of hydrogen and several 
other gases have been published (Hoffman et a/,, 1974; H ~ d g e s  et nl., 1974; Hodges 
and Hoffman, 1974a, b). The instrument was operated mainly during the nighttime as 
the daytime gas concentratior~s were extraordinarily high ( lo7 range), whicli 
precluded the operation of the instrument for long periods of time at these concentra- 
tion levels. These daytime gases are considered to be artifact, coming from the landing 
site, the lunar module, the instruments of the ALSEP series and the lunar mass 
spectrometer itself. The concentrations of these gases did decay with time, albeit, a t  a 
relatively slow rate. 

The  instrument consisted of a magnetic sector field mass spectrometer which 
scanned the mass range from 1 to 1 I0 amu with a sensitivity of approximately I count 
s-'  equals 200 mol cnlq3 (HoFfman et a/,, 1973). Tlie scan of thp, mass spectrum was 
accomplished in 13.5 min and tlie data were telemetered back to earth through the 
ALSEP central station. The mass spectrum was divided into three channels which were 
scanned simultaneously covering the mass ranges from I through 4, 12 through 48, 
and 27 through 110 amu. An artifact ramp-like background of counts appeared 011 the 
mid mass channels starting at approximately mass 26 and extending througli the end 
of the sweep a t  mass 12. Likewise, it appeared at mass 2 and extended through mass 1 
on the low mass channel. Tlie presence of this background ramp, which rose to a level 
of the order of 100 counts s-' a t  the end of the mass sweep (low mass end) generally 
made the mid mass channel somewhat unusuable for the search for very low amplitude 
peaks from mass 26 through mass 12. This range of tlie spectrum of course covers that 
region where water vapor, methane and ammonia would be found. However, during the 
sixth and seventh lunations the ramp was compressed by thermal cycling of the elec- 
tronics, until it reached a sufficiently Eow level that thc mass IS through 12 range was 
completely free of background counts. It is a t  this time that a search has been made for 
the existence of molecular gas species on the Moon. 

3. Results 

The counting rates for 10 direrent gas species sliown in Figures 2 and 3 are plotted as a 
function of normal elevation of the Sun from 340" to LO0. The point a t  which tlie 
terminator crosses the Apollo 17 site corresponds to a normal elevation of 360" 
(or 0"). Since the Taurus-Littrow site is essentially a valley surrounded by hills on 
most sides, tlie Sun must rise to between 4 and 5 degrees above the horizontal before 
the valley floor where the instrument is located is illuminated and localized heating 
begins. At this time the terminator has moved 4 or 5" to the west of the site and the 
hills themselves surrounding the valley are illuminated and are being heated. The 
sunrise point at the site is aoted in tlie figures. 

The sharp upswing of the data in a number of the graphs a t  sunrise is due to the 
rapid heating of the instrument and its surrounding area a t  sunrise causing a rapid boil 
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N O R M A L  E L E V A T I O N  

LACE 

Fig. 2. Counting rate of 5 gas species as a function of normal elevation of the Sun where 0' is at the 
terminator crossing of the Apollo 17 landing site. Sunrise occurs nearly 5' after terminator crossing. 

Pre-dawn enhancement (see text) is indicated by positive slope of lines fitted to data. 
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Fig. 3.  Similar to Figure 2 except for 5 different gas spccies. 
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off of artifact gases which override any quantity of ambient lunar gases that may exist 
a t  this time. Tlierefore, data have not been taken beyond this point. 

The data shown in each graph are the actual counting rates for each mass peak in 
the spectrum plotted every 1 3 3  min, the instrument scan time, and connected by 
straight lities. Linear fits to these data are shown having in most cases a positive slope 
beginning at  350" and extending on to sunrise. The difference between this fitted line 
and the base ievel between 340 and 3.50' is taken to be the pre-dawn enhancemcn~t at  
sunrise. 

The mass I G  and 15 plots show a definite pre-dawn enhancement whereas the 18 
and 17 show only a very small pre-dawn enhancement, the equivalent of a few counts. 
The mass 40 curve being 'OAr, is sliown for comparison as it exhibits a very marked 
pre-dawn enhancement which peaks a t  slightly past the termlnator crossing, at  1 or 2 
degrees normal elevation, whereas tlic 16 curve continues LO increase to sunrise. This 
indicates that possibly the argon is loosely bound at  the lunar nighttime temperature 
and is readily released a t  the terminator, probably by a photon process, and therefore 
exhibits the maxi~num concentration at  this location. Methane, on the other hand, if 
this is what the mass 16 peak enhancement is indeed due to, is more tightly bound in 
the adsorption process than argon and requires heating of the lunar surface after the 
terminator crossing before the gas is released. This could cause the m ~ x i m u m  in the 
concentration of methane to occur a number of degrees beyond the terminator into the 
daylight side of the Moon in a region where the mnss spectrometer data is masked by 
the artifact gases being released from the Apollo 17 site. 

The mass 28 and 32 peaks exhibit a pre-dawn enliancement that commences with 
the terminator crossing a t  360" and continues on to sunrise. In  these cases either the 
pre-dawn enhancement prior to terminator crossing is masked by the rather 11igh 
background level of these peaks or  there is no pre-dawn enhancement and the in- 
crease after terminator crossing is due to the heating of the hills around the site and a 
warming of portions of the instrumentation a t  the site by infrared radiation from the 
warm hillside. The mass spectrometer ion source temperature sensor, however, does 
not show any increase in temperature a t  this time. The heating and consequent out- 
gassing would then have to come from some other instrument at  the site o r  from the 
lunar module which is some 300 m away. The mass 44 and 12 data are relatively noisy 
compared to that of say mass 14 which is a peak of lower amplitude than even mnss 
12, The noise in these data is not explained a t  this tinic. However, there does appear to 
be a bona-fide pre-dawn enhancement of the 44 data and a very slight one of the mass 
12 data. 44, ofcourse, is due to CO, and 12 is probably formed in the mass spectrometer 
ion source from all of the gases containing carbon, such as CH,, CO and CO,. 

Table I is a summary of the data extracted from Figures 2 and 3. Tn the first column 
is a list of the 12 mass peaks whose data were shown in Figure; 2 and 3. The second 
column is the pre-dawn enhanced counting rate, that is, the increase in counts at  
sunrise over the background level between 340 and 350" normal elevation. The error 
bar is a best estimate of the range of slopes of lines that could reasonably be fitted to 
the data. Masses 18, 28, and 32 have a lower lirilit of 0 counts. The next several 
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TABLE I 
Pre-Dawn Enhancement 

Mass Counts& Parent molecule Total 
(amu) - 

CH4 NHB He0 N2 CO On CC2 

-----..----- --...-----. --- 
Counting rate increase at sunrise. 

columns show possible parent molecules which could account for the mass peaks 
listed in column I .  CH,, methane, has a parent peak mass number of 16 amu but an 
ion source using 70 volt electrons as the ionization mechanism produces a peak at 
mass 15 which is 50% of the 16 peak amplitude. It is deemed that the n;ass 15 peak can 
have no source other than CH, from methane since the 30,41 and 43 peaks are zero. 
This precludes CH, being formed in the ion source from other compounds, such as 
CH,CO or CH,CN or C2H6. Since this peak is most likely entirely due to methane, the 
corresponding methane abundance is taken to be equivalent to 6 counts, 

In a similar manner water vapor is a parent peak at mass 18 with fragment peaks at 
17 and 16 of 30 and 10% of the 18 peak respectively. The 3 counts of water vapor at 
mass 18 is considered a tentative value since, from the slope of the curve of Figure 2, 
a 0 count is allowed. Since the water vapor gives a 1 count contribution to the 17 
peak the remainder of 1 count is very likely due to ammonia which has fragmentary 
peaks at 16 of .8 counts and traces at mass 15 ac 14. 

Since therc are possibly 2 counts at mass 14 and the entire peak amplitude is not 
accounted for from methane and ammonia, the 28 peak, if it is finite, is attributed to 
nitrogen rather than CO, since nitrogen produces a fragmentary peak at mass 14 of 
either N' or N:' of approximately 7.5% of the 25 peak. This would leave the most 
probable value of the CO peak at 0 count. The oxygen peak at mass 32 could be 5 
counts although again a 0 lower limit is an allowable value. It appears likely that there 
is some CO, with a most probable value of 7 counts and a minimum value of 2 
counts. CO, gives rise to small fragmentary peaks at mass 28, 16 and 12. 

The last column of Table I is the total accumulated counts from the parent and 
fragmentary peaks listed in the previous column. It may be observed that in all cases 
except for mass 12 and 14 the entire peak is accounted for from the molecules listed in 
the table. However, the total counts of the last column are all within the error bars 
attributed to the counts of the second column of the table. This shows that there is 
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rather positive evidence for the existence of methane, argon, possibly a small amount 
of ammonia and a small amount of COz at the terminator. 

Table I1 contains a listing of the gas concentrations for each species that appeared 
in Table I. The sensitivity of the mass spectrometer to all of these gases is approxi- 
mately 2 x 10' mol cm-3 for each count. The certainties listed are roughly equivalent 
to the variances in the data given in Table I. 36Ar is shown in the table for comparison. 
On the right hand side of the table are listed the solar wind fluxes for carbon, nitrogen 
and 3 6 ~ r  based upon the elemental abundances of Cameron (1968) and assuming that 

TABLE I1 
Gas concentrations and solar wind fluxes 

Parent Sunrise Element Solar wind fluxlL 
substance concentration (cm-"-1) 

Instrument sensitivity: I count = 200 mol cm-8 
Based on H flux of 3 x 108 cm-2 s-I. 

the hydrogen flux is 3 x 10' cm-%-'. The argon flux is derived from the ratios of the 
rare gas species as measured by Geiss el al. (1972) using and Ht/He' ratio of 0.045, 
a 'HeltONe ratio of 560 and a Z0Ne/3%r ratio of 30. Since the 36Ar solar wind flux is 
several orders of magnitude less than the nitrogen or carbon fluxes, it is striking to note 
that the abundance of any of the carbon or nitrogen compounds is equivalent to or 
less than that of 36Ar. 

Several possible reasons are advanced for these very low abundances. First of all, 
molecular gas species tend to have higher adsorption affinities than argon, a phe- 
nomenon which is the basis of gas cl~romatograpl~y. Thus, it is possible that the maxi- 
mum rates of release of molecular gases will be farther into the dayside, where the 
temperature is higher, and they will not be transported as readily into the nightside 
region. This hypothesis is supported by the fact that all of the pre-dawn enhancement 
curves for the molecular gas species continue to rise all the way to sunrise whereas the 
''argon has turned over and already started its decrease at this time. Therefore, the 
rnaxim~tn concentration of the molecular gas species may occur some 10 or more 
degrees beyoqd the terminator region. This could account for a factor of perhaps 5 
lower abundance of the molecular species at sunrise. Second, since these gases may be 
affected by the surface temperature differently than is argon, the distribution of the 
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molecular species may be somewhat modified over the argon distribution shown in 
Figure I ,  That is, the abundance of the molecular species could be much higher in the 
polar regions of the h4oon than at the Apollo 17 latitude (20"). The cold polar regions, 
being a good pump or sink for these gases, could reduce their abundances in the 
terminator regions at mid latitudes or near the equator. This mechanism, which tends 
to concentrate these gases in the polar regions and thereby enhances their photo- 
ionization loss rate could help in accounting for the large solar wind influx of carbon 
and nitr~gen. Third, it is pcrssible: that the majority of the solar wind carbon and 
nitrogen atom: form cornpcrunds which are fixed in the lunar surface materials and 
are not released into the lunar atmosphere. If none were released, the depth of mixing 
of carbon and nitrogen in the soil would have to be sufficient to account for the total 
influx of these elements over geologic time (Bibring el a/,, 1974; Moore et nl., 1970). 

4. Conclusion 

It has been shown that there is indeed some evidence for the existence cf methane and 
perhaps a very small amount of ammonia and carbon dioxide in the lunar at~nosphere 
from the data taken by the Apollo 17 Lunar Mass Spectrometer experiment. This 
conclusion is based upon Lhe pre-dawn enhancement of the concentrations of thc mass 
peaks at the parent position for these molecular gas con~pounds. Methane is the most 
abundant of these species but its conce!ltration is surprisingly only 1 x lo3 mol ern-=, 
slightly less than 36Ar, whereas the solar wind flux of carbon is approximately 2000 
times that of 36Ar. Several reasons are advauced for the very low concentration of 
methane in the lunar atmosphere. 
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FORMATION OF THE LUNAR ATMOSPHERE* 

R. R. H O D G E S ,  Jn. 
The Utriversity of Texas a! Dallos, Riclmrdsorr, Tex., U.S.A. 

Abstract. Measurements of dOAr and helium made by the Apollo 17 lunar surface mass-spectrometer 
arc used in the synthesis of atmospheric supply and loss mechanisms. The argon data indicate that 
about 8 % of the dOAr produced in the Moon due to decay of d°K is released to the atmosphere and 
subsequently lost. Variability of the atmospheric abundance of argon requires that the source be 
localized, probably in an  unfractionated, partially molten core, If ro, the radiogenic helium released 
with the argon amounts to 10% of the atmospheric helium supply. The total rate of helium escape 
from the Moon accounts for only 60% of the solar wind n particle influx. This seems to require a 
nonthermal escape mechanism for trapped solar-wind gases, probably involving weathering of exposed 
soil grain surfaces by solar wind protons. 

1. Introduction 

Gas pressure on the Moon is so low that there is essentially no meteorological influence 
either on lateral heat flow or orographic weathering. The main function of the lunar 
atmosphere is to act as a reservoir for temporary storage of free atoms and molecules, 
providing a pathway for escape of certain elements from the Moon, It also has acted 
over geologic time as a flow channel for lateral dispersal of volatile elements which 
have condensed on soil grain surfaces, and as a source of some of the ions which have 
been implanted in these grains. 

The most significant aspect of the modern lunar atmosphere is its relationship to 
escape. Hydrogen and helium are lost from the Moon due to Jeans's classical mecha- 
nism of thermal evaporation. Heavier particles escape as ions which are formed 
mainly by photon impact and less frequently by charge exchange with solar wind 
protons. These ions are accelerated by the induce:; Y x B force in the solar wind. Most 
escape the Moon, but some impact it and becomr:; implanted in soil grains. Manka and 
Michel (1971) suggest this mechanism to be responsible for the parentless 40Ar found 
in returned soil samples. 

The importance of the problem of atmospheric escape can be demonstrated by 
quoting some results which are subsequently discussed more fully in this paper. 
Specifically, the rate of escape of '%r from the Moon appears to be variable, implying 
an episodic process of reh:ase of this radiogenic gas from the interior of the lvfoon. 
The average rate of loss of argon from the lunar atmosphere is about 2 x 10'' atoms 
s- ' ,  which is about 8% of the present argor, production rate for the entire moon 
(2.4 x loz2 atoms s") i f  the average lunar potassium abundance is about 100 ppm as 
suggested by Taylor and Jake5 (1974) and by Ganapathy and Anders (1974). To put 
these rates in planetologic perspective, the present rate of release of 'OAr to the 

* Paper presented at  the Conference on 'Interactions of the Interplanetary Plasma with the Modern 
and Ancient Moon',sponsored by the Lunar Science Institute, Houston, Texas and held at  the Lake 
Geneva Campus of George Williams College, Wisconsin, between September 30 and October 4, 1974. 

The Moor1 14 (1975) 139-157. AN Rights Reserved 
Copyright 0 1975 by D. Reidel Pllblislritrg cot put^.^, Dordreclrt-Holland 



140 R. R. HODGES, JR. 

terrestrial atmosphere from one lunar mass of Earth is about 1.4 x loZZ atoms s-I if 
the fraction of total production effusing into the atmosphere has remained constant 
over geologic time. 

Tt is surprising that the rates of effusion of "OAr from the Moon and Earth are 
comparable when their atmospheric abundances differ by more than 15 orders of 
magnitude. The answer to this puzzle lies in differing escape processes. On Earth the 
escape of ions is inhibited by the geomagnetic field, so that almost all of the argon 
ever released is now present in the atmosphere. 14&ever, the lsck tsT both a lunar 
magnetic field and an ionosphere allows the solar wind to impinge directly on the 
planet; and, hence, to iccelerate any ions formed near the Mooti. As a result, the 
average lifetime for lunar argon is only about SO to 100 days. The product of lifetime 
and loss rate gives atmospheric abundance, which amounts to i.112 minuscule lunar 
atmosphere having about lo6 grn of argon. 

In essence, the lunar atmospk,jre serves as a pipeline for escape, not only of argon, 
but of virtually all atmospheric gases. Viewed in another way, the atmospheric abun- 
dance of a gas specifies its escape rate, which in turn specifies a loss parameter for the 
entire Moon. The importance of the argon loss is obvious in modeling the lunar 
interior, Another example is that only 60% of the solar wind influx of helium is 
currently escaping from the lunar atmosphere, which implies the existence of a second, 
nonthertnal loss mechanism for helium and, hence, for other solar wind gases as well. 

The key to understanding present lunar atmospheric escape, and the past influence 
of the atmosphere on the distribution of volatile elements in the regolith as well, lies 
in the tedious process of atmospheric modeling. Collisions between particles are so 
infrequent that the lunar atmosphere is usually considered to be entirely an exosphere, 
with the regolith serving as a classical exobase. Atoms and molecules travel in ballistic 
trajectories between encounters with the regolith. lJpgoing velocities at the swface 
have thermal distribation, resulting in the average lateral extent of a trajectory being 
proportional to temperature and inversely p r ~ ~ o r t i o n a l  to mass. The light gases, 
hydrogen and helium, have significant fractions of hyperbolic orbits to account for 
most of their escape rates, whereas this thermal evaporation is virtually nonexistent 
for heavier species. 

Owing to the temperature dependence of the average lateral extent of ballistic 
trajectories a particle moves down a temperature gradient in larger steps than it moves 
up. In the absence of surface adsorption this results in a statistical preference of an 
exospheric particle to spend more time in the cold nighttime region than in daytime. 
The cumulative statistical effect of many atoms is a nighttime concentration maximum. 
Hodges and Johnson (1968) have shown that ballistic transport causes an exospheric 
lateral flow pattern which approximately tends to equalize n ~ ~ / ~  over the exobase 
 here n is concentration and T is temperature.) Thus, the nearly 4 to 1 day to night 
surface temperature ratio on the Moon should result in about a 30 to 1 night to day 
ratio of concentration. This condition is nearly attained by helium, but many other 
gases seem to be adsorbed at night, creating a nighttime minimum and a maximum at 
sunrise where desorption tends to occur. 
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Surface processes of adsorption and desorption are species dependent as well as 
being functions of temperature and solar illumination (for desorption). As a result it is 
necessary to synthesize these parameters from experimental data. The only extensive, 
artifact-free data on condensible gas are the Apollo 17 mass spectrometer measure- 
ments of 4 0 ~ r .  Some limited data, reported in a separate peper by Hoffman and 
Hodges (1975), show qualitative evidence for the existence of other condensible gases 
on the Moon. 

To  pursue the subject of the formation of the lunar atmosphere it is necessary to be 
specific regarding species. Therefore, subsequent discussion will concentrate on the 
two best understood lunar gases: 40Ar and helium. It is fortunate that these represent 
extremes of lunar atmospheric physics. The argon is radiogenic and entirely of lunar 
origin, reflecting the degassing of the interior of the Moon. in cor:tr,?s: ~ - : ~ : z :  of the 
helium comes from solar wind u particles which heve impe,,>k; ti!,? Mecn. hrrothvr 
important difference is that argon is adsorbed at night whil~ brJnt;tn js .let. dl3 :ad$i.Eiilro~~ 
the sticking time of argon is short enough that d e ~ o r p t i ~  3 'rib? 2 13~bEi. =r &:a c&:t (5% 
night. Following the sections on argon and helium is a led;: qrrcncit~ta +c o:,cus;ls.rs. i .' 
other atmospheric processes and constituents. 

In subsequent analysis al) atmospheric modeling is I;]:\e$ e m  3. h X . ~ ~ v d  t . ' t~:4i \~ '  

technique which was first reported in Hodges (1973) and mcc, I?,." ws ' 1  r $3 2+,  kj s~tzP:- 
et al. (1974) and Hodges (1974). Briefly, the modeling technri.q:r. I . ' : ~ f i S i k $  it?? I';!:?,:" 

atmosphere by following the trajectories of a succession of ind~v~d.,. -' *-.h.:.:!:cfiIa5 b':vcr 
the surface of the Moon, from creation to annihilation. Global variatioa5 ~ ! ' r ;  ictsorcal 
parameters, such as the effects of temperature on the velocity distributirjn o'" atoms 
following surface encounters, and probabilities of adsorption, desorption, creation, 
and photoionization are taken into account. Particle lifetime is found by accumulating 
total time of flight arid of adsorption. The influence of the perturbation of the lunar 
gravitational potential by the Earth is approximated by assuming that particles with 
greater energy than is required to reach the inner Lagrangian collinear point (0.956 
times iunar escape energy; cf. Kopal, 1966) are lost from the Moon. This seemingly 
slight difference in the definition of escape has the surprisingly large etTect of halving the 
average lifetime of helium atoms. 

2. 

TheSOAr data from the Apollo 17 lunar surface mass spectrometer have been presented 
in Hodges and Hoffman (1974a). Figure 1 shows the entire data set available from that 
experiment, which consists of lunar nightime measurements through the first 9 
lunations of 1973. Daytime measurements were precluded by high rates of degassing of 
remnant spaceflight hardware in sunlight. 

Figure 2 shows the nature of the synodic variation of argon by superposition of data 
from the two lunations in which the maximum and minimum abundances of argon 
occurred. It is immediately apparent that the amount of argon on the Moon dropped 
by about a factor of 2 in a four month period. The history of the 1973 argon variation 
and its implications are discussed later. 



R. K. HODGES, JR. 

Fig. 1,  Measured concentration of .I0Ar at the Apollo 17 site during 1973. The upper abscissa gives 
calendar days of quarterphases of the Sun. Sunrises (SR), sunsets (SS), and periods of darkness (dark 

bar) are specified on the lower scale. 
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Fig. 2. Synodic variations of .lOAr during lunations of maximum and minimum abundances. Dashed 
curves are theoretical extrapolations which show expected daytime behavior. 
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The synodic variation of argon is characteristic of a condensible gas. The slow post 
sunset decrease in concentration indicates an increasing adsorption probability with 
decreasing temperature, while the nearly asymptotic bet-avior of the nighttime mini- 
mum requires an appreciable amount of desorption. At sunrise the bulk of the adsorbed 
gas is released from the lunar surface, ar1,d some of it travels into the nighttime 
hemisphere, giving rise to the rapid presunrise increase. Incidentally, it is the pre- 
sunrise buildup which marks this data as an actual indication of a lunar gas; there is 
no apparent way for an artifact release to anticipate sunrise in this manner. 

SURFACE TEMPERATURE 
Fig. 3. Probability of adsorption of atmospheric argon on the lunar surface as a 

function of temperature. 

A series of Monte Carlo simulated argon atmospheres were calculated, in which 
adsorption and desorption dependencies on temperature acd solar illumin~tion were 
iteratively adjusted until the synodic variation at 20" latitude of the model distribution 
matched the average measured variation. The best fit of model and experiment seems 
to occur for the adsorption probability function shown in Figure 3. Two forms O F  
desorption are needed to explain the data. The first is the sporta!:csus process of' 
thermal desorption, which apparently depends on temperature in a rnaanrr similar to 



H. 11. HODGES, JR. 

SURFACE TEMPERATURE 

Fig. 4. Mean thermal desorption time for argon on the lunar surface as a function of temperature. 

the graph of Figure 4. (The break in the curve near l50K is an artifact introduced for 
analytical simplicity.) The second desorption mechanism is a photon process in wl~ich 
qualitative laboratory tests show that certain gases, including argon, are released from 
a surface by the visible range of the solar spectrum. In order that the model reproduce 
the measured sunrise to sunset concentration ratio it is necessary that the illumination 
of a soil grain surface release an atom with unity probability. To account for soil 
texture and orography it is assumed that the probability of illuriiination of an exposed 
soil surface increases from 0 to 0.5 as lunar rotation moves the grain through a band 
of +_2" of solar zenith angle about the spherical moon sunrise terminator, and that the 
probability of illumination of the remaining surface area increases linearly thereafter 
with increasing zenith angle. In practice ;bout half of the atoms adsorbed at low 
latitude are released by the photon interaction process, while spontaneous desorption 
is more likely at high latitudes where the time needed for sunrise to traverse the 
orographic uncertainty becomes quite long. 

The adsorption and desorption characteristics discussed above are the result of 
synthesis; and, hence, are not unique answers to the problem. However, the sensitivity 
of model atmospheres to small changes in these parameters suggests that the present 
results are likely to closely approximate the true lunar conditions. One nagging ques- 
tion is that the :-il near the Apollo 17 site may not reflect average lunar characteristics. 
A possible w:.? to proceed with this problem would be to construct a gas chromato- 
graphic column with lunar soil from various Apollo landing sites used as the buffer 
material to make direct measurements of adsorption and desorption characteristics. 
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CALENDAR D A Y  ( 1973) 

Fig. 5. Temporal variation in the ratc of photoionization of .'OAr in the lunar atmosphere during 
1973. Triangles give sunrise values, while circles represent less accurate rates inferred from night,. 

time measurements. 

Among the parameters to emerge from the model study are the following. Average 
argon lifetime on the Moon is about 100 days, of which 80% of the time is spent 
adsorbed on the surface. The average sticking time for an adsorbed atom is 1.1 days. 
The rate of photoionization of argon it? the lunar atrnwspherc (number of atoms per 
second) is about 9 x loL6 times the sunrise concelttratirx at the Apollo 17 latitude 
(20"). Thus the loss rate corresponding to the average argon sunrise concentration 
(-2 x 10' ~ r n - ~ )  is about 2 x lo2' atoms s-'. 

Figure 5 shows the temporal variation of the total urgon photoionization rate 
during 1973. It should be noted that this rate is proportional to b ~ t h  atmospheric 
abundance anti to escape rate. Triangles represent the most accurate determinations of 
the photoionization rate at sgnrises where the concentration is greatest. Each circle 
gives the rate found by model extrapolation of a 5" longitudinal average of concentra- 
tion to an equivalent sunrise concentration. High values of the circles early in the year 
are due to a decaying artifact contribution to the low nighttime concentration. The 
large variance of the photoionization rate represented by the circles is indicative of the 
noise inherent in the nighttime concentration data and errors in the model. 

As mentioned earlier there are two important aspects of the 40Ar photoionization 
rate, which show up clearly in Figure 5. First, the time average of the rate is roughly 
2 x lo2' atoms s-', corresponding to about 8% of the total lunar production of 40Ar 
if the potassium abundance is 100 ppm. 'If a large fraction of the photoions were to 
impact the lunar surface and subsequently become recycled into the atmosphere, then 
the actual source of new atoms would be a lesser part of the production rate. However, 
the second obvious feature of Figure 5 ,  the time variation of the photoionization rate 
(and hence of argon abundance), argues strongly that there is very little recycling of 
'OAr. 
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The clue that argon recycling is unimportant is found in the decay of the photo- 
ionization rate between about day 100 and day 150, where the decay time constant is 
roughly equivalent to the average lifetime of argon atoms - i.e., about 100 days. If I), 
is used to denote the total supply of atoms, both new and recycled, to the atmosphere, 
and I), is the photoiofiization rate, then continuity requires that 

where r is the average atomic lifetime. Figure 6 shows the aron source, II,, required to 
supply the photoionization rate shown in  Figure 5 for three values of the lifetime T. 

An important feature of Equation (l), and hence of Figure 6, is that the total argon 
sorlrce must include an essentially constant contribution from recycled atoms, and 
that temporal variation of II/, must arise from internal changes in the I\/Ioon which 
affect the rate of release of new argon atoms. Since I), is a positive definite quantity, it 
is obvious that the lifetime which emerges from the atmospheric model calculations, 
100 days, is nearly an upper bound. In addition, the 100-day lifetime allows for very 
little recycled argon. A decrease in the iifetime to 60 days would be consistent with a 
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Fig. 6. The total source of 'lOAr needed to explain the measured atmospheric argon during 1973 for 
several values of the mean atomic lifetime. 
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recycling rate of about 8 x loz0 atoms s" or roughly 40% of the total source. Ho'w- 
ever, model calculations for a wide variety of surface parameters have consistently 
ghen a lifetime in excess of 80 days. The shortest model lifetimes occur when adsorp- 
tion probability is incrsased near the poles, but this always produces an inconsistently 
large sunset concentration at the Apollo 17 latitude (20'). Thus the best judgment is 
that the recycling fraction of the total argon photoionization rate is quite small, and 
that it probably is less than 10% to be consistent with a lifetime in the 80-100 day 
range. This places some constraints on the rate of release of retrapped, parentless 'OAr 
from the regolith. 

The most puzzling aspects of the 'OAr source are its large average amplitude and its 
episodic nature. To  put the average release rate in perspective, the release of 2 x lo2' 
atoms s-' would correspond to release of each argon atom as it is created in the upper 
8 km of the Moon if the average crustal potassium abundance is the highlands average 
of 600 ppm suggested by Taylor and Jake; (1974). However, the release of these atoms 

Fig. 7. The hemispheric distribution of .IOAr on the lunar surface. 
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Fig. 8. The hemispheric distribution r f  "OAr at  an aititude of 100 km above the iun;lr surface. 

is incompatible with known wedthering mechanisms. This requires consideration of a 
deeper source region. If the argon were postulated to come from greater depths where 
radioactive heating enhances ditTusion of the argon atoms out of rocks and into Frac- 
tured areas, the time variation would still be diflicult to explain, 

The only remainii~s source of the atmospheric argon is a semi-molten core with 
radius of about 750 km if the pctassium abundance there is 100ppm. This size 
fortuitously corresponds to one of the models proposed by Taylor and JakeS (1974), 
in which a partially molten zone ofprimitive unfractionated lunar material occupies a 
core of about 750 km radius. l t  is also consistent with analyses of seismic data which 
suggest partial melting in this region (Latham et a/., 1973). The problem of explaining 
the time variation remains. Hodges and HofTman (1974a) have suggested that there 
may be a correlation with seismic processes, and that either the release of argon is due 
to internal movements which periodically open paths to the lunar surface, or the 
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pressure of gas trapped in voids of the core periodically builds up to a point where the 
gas opens its own vant to the surface, possibly creating a seismic signal. 

The rate of release of lunar radiogenic argon is so strongly tied to the interior 
structure of the Moon that long term measurements of atmospheric argon must 
eventually be made. Interpretation of such measurements will involve extrapolation of 
total abundance from local data. Figure 7 shows the presently most realistic model of 
the distribution of jOAr at the lunar surface as a topographic map in sterographic 
projection of the northern hemisphere. It can be noted that the sunrise and sunset 
maxima extend to the polar region. What is, unfortunately, not practical to show is 
that the maximum concertration occ irs in the polar region, and is about 4 x 10' atoms 
cc-I, or about twice the equatorial sunrise level. 

Figure 8 shows the distribution of 'OAr expected to be encountered by nn orbiter at 
100 km altitude. At night the concentration becomes too small to measure, but ex- 
perience with the Apollo 17 lunar surface mass spectrometer suggests that the daytime 
concentrations above 50 atoms cc-' could be measured by a mass spectrograph 
dedicated to integration of the argon peak, and designed to operate with a cold inlet 
system ( c 270 K) to suppress artifact background gases. 

3. Helium 

?he sources of helium in the lunar atmosphere are the a particles supplied by solar 
wind implantation in the regolith and by decay of 232Th and 238U within the Moon. 
Johnson et a/. (1972) have reviewed the available solar wind data and concluded that 
the average a particle flux is about 1.35 x 10' cm-' s- ' ,  corresponding to 4.5"/1f the 
proton flux. This should result in a helium supply of 1,3x loZ4 atoms s-' on the 
Moon. The rate of production of radiogenic helium in the Moon can be estimated by 
assuming the bulk Moon abundance of Th to be 0.23 ppm and U to be 0.06 ppm 
(cf. Taylor and Jake:, 1974). Decay of these elements to stable lead results in a total 
helium source of 1.2 \< 10'' atoms s- ' .  If K,  U and Th distributions in the Moon are 
similar then the mechanism for release of helium should be the same as that of "-'Ar, 
and, hence, the rate of supply of radiogenic helium to the lunar atmosphere should be 
about loz3 atoms s-'. Thus the total available source of lunar atmospheric helium is 
about 1.4 x atoms S - I  . 

Figure 9 shows theoretical and average experimental data on the synodic variation 
of helium at the Apollo 17 site (20' latitude). The solid line represents a numerically 
smoothed model obtained from a Monte Carlo calculation in which 1 SO impact zones 
were distributed longitudinally in the 20' latitude region. Amplitude of the model 
distribution is based on a source equivalent to the average solar wind influx of 
1.3 x 10'' atoms s-'. 

The experimental data points in Figure 9 are from Hodges and Hoffman (1973b). 
Each point corresponds to an average of all available measurements which occurred 
during the first 10 lunations of 1973) in an IS0 increment of longitude. Error bars 
represent the variances of these blocks of data, but they indicate systematic temporal 
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changes in helium abundance rather than a useful parameter of the statistical distribu- 
tion of the data. The measurements were confined to lunar nighttime because of 
instrument operational constraints, but they suggest a good correspondence of the 
actual atmosphere with the theoretical model. 

LONGITUDE 
Fig. 9. Synodic variation of helium on the Moon. The solid line gives the model distribution for a 
solar wind source of 1.35 x 107 a particles cm-2 s-1. Data points represent averages of all Apollo 17 

mass spectrometer measurements in 18" bands of longitude. 

In Figure 9 it is evident that the actual helium abundance is only about 70% of 
the model value and, hence, the average helium source in 1973 was probably about 
9 x atoms s-'. Subtracting the radiogenic source, the solar wind must have 
supplied about 8 x loz3 atoms s- ' ,  or about 60% of the average solar wind a particle 
influx. A n  explanation of the apparently low atmospheric supply rate is presented 
later. 

A detailed history of the helium data, shown in Figure 10, reveals numerous devia- 
tions from the smcoth model of the synodic variation. In these graphs the data has 
been subjected to 3 hr averaging, corresponding roughly to the atmospheric equilibra- 
tion time, so that the ratio of the measured concentration to the model value at the 
same longitude is proportional to total atmospheric abundance at any time. The 
obvious deviations from the model distribytion could only have occurred as responses 
of the atmosphere to sudden increases in the total amount of helium on the !-!eon. 
Their ampiitudes appear to be too great to be accounted for by variations in the rate 
of efl'usion of radiogenic helium from the interior of the iMoon. 
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Fig. 10. Measured helium concentrations in the first 10 Lunations of 1973. 

2 .  

0 

The analysis of Hodges and Hoffman (1974b) showed a correlation of the variability 
of lunar atmospheric helium with the geomagnetic index Kp, and hence with the solar 
wind. This analysis was based on the equation of continuity 

I 

I 

'-7' + 

where 4, is the equivalent solar wind source flux of .w particles necessary to supply 
atmospheric escape; +,, the flux used in the model calculation (1.35 x lo7 s-I); 
11, the three hour average of the measured concentratiorr; no, model concentration at 
the corresponding longitude; and t is the average atomic lifetime for helium on the 
Moon. Note that the instantaneous escape rate is $ O t ~ / ~ O .  
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Recent improvements in the Monte Carlo atmospheric modeling technique have 
included direct calculation of atomic lifetimes by summing the times of flight for all 
trajectories. This has resulted in a longer lifetime for helium than 8 x IOJ s calculated 
in Hodges (1973) where lifetime was inferred from a barometric estimation of total 
helium abundance. The newly calculated lifetime is 2 x lo5 s, 

Figure I I shows the correlation of $,, the equivalent solar wind a particle flux, with 
the geomagnetic index Kp for the 2 x 10's lifetime. Circles represent average flux 
values in each increment of Kp, while error bars give the standard deviation of these 
fluxes. The upper graph gives the number of hours of data available at each value of 
Kp. Individual flux values are plotted for the infrequent condition Kp>6+.  

Fig. 1 I .  The equivalent solar wind flux of helium needed to supply lunar atmospheric escape (lower 
graph) and lotal data accumulation time (upper graph) as functions of Kp. The straight line shows 

the linear regression of all of the data. 

The straight line shown in Figure 1 1  gives the linear mean-square regression of all 
of the flux vs. K p  data. It shows that the equivalent solar wind a particle flux needed to 
supply the lunar atmosphere has the approximate relationship 

4, = (5.6 + 1.9 + 0.44 x Kp) x lo6 cm-2 s-' . (3) 

This expression, and Figure 1 1  as well, differ from the results presented in Hodpes 
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and Hoffman (1974b) because of the improved value of average lifetime used here. 
The slope of the regression line in Figure I I is not as steep as might be expected 

from the data on K p  correlations with the solar wind reported by Wilcox rr al. (1967) 
and the results of liirshberg et al. (1972). However, the apparent relationship of the 
equivalent lunar atmospheric source flux data and Kp has been namerically confirmed 
to have a correlation coefficient of 0.31. Therefore, it can be concluded that while the 
lunar atmosphere may depend on several helium source mechanisms, one of these is 
clearly related to Kp and hence to the solar wind. Since a particles impact the Moon 
with energies of about 4 keV, the solar wind mechanism probably does not involve the 
immediate neutralization of impacting a particles, but rather a process of release of 
previously trapped solar wind helium from soil grains. 

Presumably the average rate of accretion of a particles by the lunar regolith nearly 
equals the average rate of release of previously trapped helium from the soil, with the 
slight unbalance due to the absorption of helium by previously unexposed material 
which has recently been brought to the lunar surface by meteor impacts. Diffusion 
must account for part of the release of trapped helium from the soil, but the solar wind 
related component is probably of greater importance. 

A weathering process due to the solar wind could account for the solar wind cor- 
related part of the helium source. One possibility is that the proton influx causes 
sputtering of soil grain surface material, resulting in volatilization of many elements, 
including trapped helium. This mechanism has been proposed by Housley (1974) as an 
important means of both lateral transport and escape. The fact that the present data 
seem to show a deficit of atmospheric helium, based on the average solar wind source, 
suggests that some helium is lost from the Moon as sputtered ions or as superthermal 
atoms which would not have been detected by the Apollo 17 mass spectrometer 
because its field of view was limited to nonescaping, downcoming atoms. The low 
energy fraction of sputtered helium could be the solar wind correlated source of 
lunar atmosphere. 

If the hypothesis of release of trapped solar wind helium from the lunar soil by 
sputtering is correct, then the a particle fraction of the solar wind is not related to the 
unexpectedly low helium abundance in the lunar atmosphere in the 1973 measurements. 
The sputtered helium effusion rate must represent a very long term average of the 
solar wind helium implantation rate, modulated by variations in the weathering agent: 
the instantaneous influx of solar wind momentum. 

In summary it  appears that the average rate of escape of helium from the thermalized 
lunar atmosphere is about 9 x atoms s-', of which 10% is probably supplied by 
radioactive decay of Th and U in the Moon. The remaining atmospheric helium escape 
amounts to 60% of the solar wind inflow of a particles. The correlation of atmospheric 
helium with the geomagnetic index K p  suggests solar wind weathering of the soil to be 
an important mechanism for release of previously implblnted solar wind he!ium. A 
superthermal or ionized component of the helium released by the surface weathering 
process seems to be needed to account for escape of the 40% of the solar wind helium 
which does not participate in the formation of the lunar atmosphere. 
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4. Other Atmospheric Processes 

The foregoing atmospheric results have important implications on the physics of other 
volatiles on the Moon. For example, the measurements made by the Apollo 15 and 16 
orbital a-particle spectrometers indicate the emanation of radon from the lunar interior 
to the atmosphere, a process which must be related to the release of ':OAr. 

What is important in the x-particle data is the rate of decay of 2'0Po at the lunar 
surface, because this gives an average for the rate of diffusion of the gaseous progenator 
of the polonium, '"Rn, to the surface region of the regolith over the last several 
decades. From the data reported by Bjorkholm et al. (1973) it appears that the average 
rate of 2'0Po decay is in the range of 0.OI8f 0.01 dis cm-' s-', which translates to a 
global average effusion rate for radon of about 7 + 4 x  lot5 atoms s-'. 

If we assume the bulk Moon average abundance of uranium to be 0.06 ppm as 
suggested by Taylor and JakeS (1974), the total lunar rate of production of '22Rn is 
8 x lo2' atoms s- ' .  If the radon and 'OAr source regions are the same, then about 8% 
of the radon or 6 x  lo2' atomslsec are available for transport to the lunar surface 
Owing to the 3.8 day half life of radon, the large difference between t.he available 
supply and the surface effusion rate implies an average transit time of 70 to 80 days. 

The argument for correlation of the argon and radon sourc:: regions suggests further 
preference for the model of the lunar interior proposed by Taylor and JakeS (1974) in 
which the Moon has an unfractionated, partially molten core with radius of about 
750 km, in which K and U are present in roughly their bulk Moon average abundances. 
Surface measurements of argon and radon are compatible with a release process in 
~ h i c h  radiogenic gases collect in bubble-like regions of the core. The collecting gases 
are vented to the lunar surface whenever the pressure reaches some critical level. To 
maintain the measured 2'0Po level at the lunar surface the storage time for these 
pockets of gas must be on the order of 80 days, but the paucity of both argon and 
radon data allows for a large deviation of this time and of its average value. 

Gorenstein er a/. (1973) report spatial variations in the distribution of 2'0Po on the 
Moon, which indicate localized emissions of radon followed by limited atmospheric 
transport prior to decay to polonium. Localized venting is in agreement with the idea 
of t ra~sient  release of radiogenic 'OAr and radon from the lunar core. However, 
Gorenstein et al. go on to suggest an episodic variability of the rate of radon emanation 
on a time scale of 10 to 60 yr to explain present excesses of polonium over radon on 
some regions of the lunar surface. This would suggest an implausible change in venting 
of the gas from the core over a geologically short time. One possible way out of this 
dilemma is to postulate that the excess part of the polonium now decaying on the lunar 
surface has been brought there by upward transport through the soil, perhaps via the 
mechanism of electrostatic levitation of dust, a process which has been discussed as the 
cause of horizon glow in post sunset Surveyor 7 photography by Criswell(1972). The 
influence of orography on the production of electric fields at the lunar surface is a 
possible cause of spatial differences in electrostatic regolith overturning and, hence, in 
the rate of migration of polonium to the surface. 
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The apparent evidence for regolith weathering in the present interpretation of the 
Apollo 17 mass spectrometric helium measurements implies that the sputtering process 
must affect other elements as well. This mechanism has been discussed by Housley 
(1974); its quantitative influence on expected lunar atmospheric gases is presented 
here. 

Attempts at detection of the solar wind gases in the lunar atmosphere have generally 
been unproductive. Fastie er a/ .  (1973) give an upper bound on H which is orders of 
magnitude below model abundances calculated by Hartle and Thomas (1974) and by 
Hodges er a / .  (1974). The later authors also report tentative interpretations of 'ONe 
and 3 6 ~ r  measurements, which may also be considered to be upper bounds. 

The pre-sunrise mass spectrometer data discussed by H o h a n  and Hodges (1975) 
shows evidence of only slight amounts of some gases which are copiously supplied by 
the solar wind. Of particular interest is methane, which has about 2% the sunrise con- 
centration of " O A ~ ,  despite a solar wind influx of carbon that is nearly 2 orders of 
magnitude greater than the average 'OAr source. It is tempting to ascribe the atmo- 
spheric deficit of carbon to continuing implantation of solar wind ions in the soil. 
However, there are some serious problems with this argument. At the Apollo landing 
sites, where the lunar surface is shielded from the solar wind about 4 days per lunation 
by the geomagnetic tail, the net carbon influx is roughly loL3 ion cm-' s-'. If the soil 
has been steadily assimilating this carbon, then the present surface abundance of 
about 100ppm translates to a mixing scale depth of 10 m b.y.-'. However, the intensity 
of turbulence produced by meteor impacts must diminish with increasing depth, mak- 
ing uniform mixing implausible, and hence forcing the needed depth of mixing far 
beyond 10 m bey.-I. In contrast, the neutron capture data of Burnett and Woolum 
(1974) suggests that in the last 0.5 b.y.-I soil accretion rather than mixing of the 
regolith has occurred at the sites of the Apollo 15 and 16 deep core samples. The lack 
of an adequate global soil mixing mechanism indicates that an important fraction of 
the solar wind carbon must escape from the Moon. Thus the low levels of methane and 
other carbon gases in the atmosphere are difficult to explain. 

Attempts to devise adsorption and desorption parameters for a methane atmo- 
spheric model which has a low terminator concentration at the Apollo 17 latitude have 
not been fruitful. The problem is a need for a large amount of the gas in sunlight if 
photoionization is the dominant cause of loss. It is possible that the adsorption prob- 
ability for methane approaches unity at high latitudes, even in daytime, leading to the 
formation of a localized surface monolayer of methane in each polar region. Desorp- 
tion from these deposits could supply virtually all photoionization losses of methane 
while precluding atmospheric formation at low latitudes. 

Proof of the feasibility of the above model depends on further attempts at modeling. 
The alternative is that almost all of the solar wind carbon implanted in the soil 
eventually escapes due to sputtering. This seems to be contrary to the helium data 
discussed above, since at most only about 40% of the solar wind a particle infqux is not 
accounted for by atmospheric escape. In addition the noticeable changes in almo- 
spheric helium due to solar wind fluctuations suggest that an important fraction of the 
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helium released by proton impact has thermal energy. Thus, the nonthermal escape 
of s large fraction of trapped solar wind carbon from the regolith would require a 
mechanism which imparts orders of magnitude more kinetic energy to carbon than to 
helium. In a word, the escape of solar wind elements other than helium remains an 
enigma. 

5. Conclusions 

The dominant gases of the lunar atmosphere seem to be ' O A ~  and helium. Owing to a 
lack of atomic collisions, each gas forms an independent atmospheric distribution. 
Argon is adsorbed on lunar surface soil grains at night, causing a nighttime concentra- 
tion minimum. In contrast helium is virtually noncondensible, and hence has a night- 
time maximum of concentration in accordance with the classical law of exospheric 
equilibrium. 

Essentially all of the 'OAr on the Moon comes from the decay of 'OK in the lunar 
interior. Variability of the amount of atmospheric argon suggests a localized source 
region. The magnitude of the average escape rate, about 8% of the total lunar argon 
production rate, indicates that the source may be a partially molten core with radius of 
about 750 km, from which all argon is released. 

Most of the helium in the lunar atmosphere is of solar wind origin, although about 
10% may be due to effusion of radiogenic helium from the lunar interior. The atmo- 
spheric helium abundance changes in response to solar wind fluctuations, suggesting 
surface weathering by the solar wind as a release mechanism for trapped helium. 
Atmospheric escape accounts for the radiogenic helium and about 60% of the solar 
wind aparticle influx. The mode of loss of the remaining solar wind helium is probably 
nonthermal sputtering from soil grain surfaces. 
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PREFACE 

The NASA Grant NSG-7034 was r ece ived  by t h e  U n i v e r s i t y  of 

Texas a t  Da l l a s  on A p r i l  24, 1974, f o r  s c i e n t i f i c  i n v e s t i g a t i o n s  of 

t h e  daytime l u n a r  atmosphere under t h e  d i r e c t i o n  of D r .  R. R. Hodges, Jr. 

i n  t h e  I n s t i t u t e  f o r  Phys i ca l  Sc iences .  

INTRODUCTION 

The r o l e  of t h e  atmosphere of  t h e  moon has  two impor tan t  

f a c e t s .  F i r s t ,  i t  provides  a  medium f o r  e scape  of some v o l a t i l e  e l e -  

ments from t h e  p l a n e t ,  and second i t  i s  r e s p o n s i b l e  f o r  t h e  implanta- 

t i o n  of  c e r t a i n  e lements  i n  s o i l  g r a i n s .  I n  t h e  ongoing s tudy  of t h e  

dayt ime luna r  atmosphere,  p r e sen t  e f f o r t  i s  be ing  d i r e c t e d  toward 

unders tanding  t h e  atmospheric dynamics of 40Ar and me thane.  

Emphasis has  been placed on 40Ar because i t s  atmospheric  

abundance has  been measured by t h e  Apollo 1 7  ~ u n a r  Atmosphere Composi- 

t i o n  Experiment (LACE). The a v a i l a b l e  d a t a  i s  from l u n a r  n i g h t s  on ly ,  

owing t o  o p e r a t i o n a l  l i m i t a t i o n s  w i t h  t h e  LACE ins t rument  i n  s u n l i g h t .  

However, t he  l u n a r  atmospheric modeling techniques  now deve loping  a t  

t h e  Un ive r s i t y  of Texas a t  Dal las  p e n n i t  e x t r a p o l a t i o n  of s o i l  adsorp- 

t i o n  and d e s o r p t i o n  parameters a s  f u n c t i o n s  of  t empera ture  from t h e  

n i g h t t i m e  d a t a .  

4  0' 
The s tudy  of A r  on t h e  moon i s  s i g n i f i c a n t  because t h i s  gas  

i s  r ad iogen ic ,  a r i s i n g  from t h e  decay of 4 0 ~  w i t h i n  t h e  moon. Subse- 

quent  d i s c u s s i o n  w i l l  show t h a t  t h e  r a t e  of escape  of a rgon  from t h e  

moon i s  s u r p r i s i n g l y  h igh ,  and even more c u r i o u s ,  i t s  r a t e  of r e l e a s e  

v a r i e s  e p i s o d i c a l l y  on a t i m e  s c a l e  of  s e v e r a l  months. 



Methane i s  thought t o  be formed i n  s o i l  g r a i n s  due t o  

imp lan ta t ion  of t h e  s o l a r  wind pro tons  and carbon ions .  Methane 

escape  must b e  a t  about t h e  r a t e  of a c c r e t i o n  of carbon from t h e  

s o l a r  wind, b u t  i t s  abundance i n  t h e  l u n a r  atmosphere a t  n i g h t  i s  

q u i t e  low. The imp l i ca t ions  of t h i s  f a c t  a r e  d i scussed  i n  t h e  

s e c t i o n  on methane. 

3.0 ARGON MODEL 

A p ~ e l i m i n a r y  model of t h e  d i s t r i b u t i o n  of argon i n  t h e  

l u n a r  atmosphere was presented  a t  t h e  Fourth Lunar Sc ience  Conference 

(Hodges e t  a l , ,  1973).  Fu r the r  ref inement  of t h e  model has  been 

publ ished i n  Hodges e t  a l .  (1974), and some r a m i f i c a t i o n s  of t h e  

correspcr..'ence of t h a t  model and t h e  4 0 ~ r  d a t a  was d i scussed  a t  t h e  

F i f t h  Lunar Sc ience  Conference (Hodges and Hoffman, 1974b) and t h e  

Lunar I n t e r a c t i o n  Conference (Hodges, 1974).  The most n o t a b l e  r e s u l t  

t o  come from t h e  e a r l y  argon modeling work i s  t h a t  t he  r a t e  of r e -  

l e a s e  of 40Ar from the  i n t e r i o r  of t h e  moon i s  a s i g n i f i c a n t  f r a c t i o n  

of t h e  t o t a l  r a t e  of t h e  argon product ion mechanism, v i a  t he  decay 

of 4 0 ~ ,  w i t h i n  t h e  moon. I n  a d d i t i o n ,  t h e  r a t e  of r e l e a s e ,  over t h e  

n ine  l u n a t i o n  l i f e  of t h e  Apollo 17 mass spec t rometer ,  w a s  q u i t e  

v a r i a b l e .  

The l a r g e  ampli tude and e p i s o d i c  n a t u r e  of t h e  r a t e  of 

r e l e a s e  of argon from t h e  moon sugges t  t h a t '  i e s  s tudy  a s  an atmospheric  

gas i s  important  t o  understanding the  phys i ca l  s t r u c t u r e  of t he  l u n a r  

i n t e r i o r .  I n  t h e  ongoing s tudy  a  g r e a t  d e a l  of progress  has  been made 

i n  t h e  s y n t h e s i s  of t h e  temperature dependence of t he  p roces ses  of 

argon adso rp t ion  and deso rp t ion  i n  l u n a r  s o i l ,  which i n  t u r n ,  has 



in f luenced  t h e  model of t he  daytime atmospheric  d i s t r i b u t i o n  

of argon,  and hence t h e  g loba l  kscape r a t e .  

The average  r a t e  of e scape  of argon from t h e  moon dur ing  

t h e  Apollo 17 mass spectrometer  d a t a  c o l l e c t i o n  per iod  has been 

e s t a b l i s h e d  f o r  v a r i o u s  models of t h e  g l o b a l  argon d i s t r i b u t i o n .  

There has  been some v a r i a b i l i t y  i n  publ i shed  v a l u e s  of t h i s  r a t e ,  

but  t h e  evo lu t ion  of t h e  modeling p roces s  shows a  t r end  toward 

s e t t l i n g  on an average l o s s  r a t e  of about  2 x lo2' atornslsec. 

This  l o s s  must b e  suppl ied by e f f u s i o n  from t h e  l u n a r  i n t e r i o r  

where 4 0 ~  decay occurs .  I f  t h e  average  l u n a r  potassium abundance 

2  2  
is  100 ppm, t h e  t o t a l  product ion of 4 0 ~ r  is 2.4 x 10  atoms/sec,  

implying t h a t  about  8% of t he  argon produced i n  t h e  moon is  r e l e a s e d  

as a gas. 

+ T o  pu t  t h e  l u n a r  argon e scape  r a t e  i n  p l a n e t o l o g i c a l  

pe r spec t ive ,  t h e  r a t e  of r e l e a s e  of argon from e a r t h  i s  probably 

abouk 1 .2  x l o z 4  atoms/sec i f  t h e  r e l e a s e  f r a c t i o n  of i t s  product ion 

has remained n e a r l y  cons tan t  over geo log ic  t ime. Th i s  r a t e  i s  
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eq.1- d e n t  t o  about 1 .4 x 10  a toms/sec / lunar  mass. Thus t h e  r a t e  

of r e l e a s e  of 4 0 ~ r  from t h e  moon i s  on ly  about  an o r d e r  of magnitude 

l e s s  than  t h a t  from an  equiva len t  mass of e a r t h .  Th i s  c o n t r a s t s  

sha rp ly  wi th  t h e  v a s t  d i f f e r e n c e  (% 1 2  o r d e r s  of magnitude) i n  

atmospheric  argon abundances f o r  t h e  two p l a n e t s ,  The key d i f f e r e n c e  

i s  t h a t  argon photoions escape from t h e  moon whereas on e a r t h  they 

a r e  t rapped by t h e  geomagnetic f i e l d .  What i s  impor tan t  is  t h e  f a c t  

t h a t  t h e  r a t e  of l o s s  of rad iogenic  a rgon ,  and hence of o t h e r  

n a t i v e  gases ,  from the  moon is  s i g n i f i c a n t .  



Another f a c e t  of argon escape  f r o m ' t h e  moon i s  t h e  

e p i s o d i c  n a t u r e  of t h e  r e l e a s e  r a t e .  F igu re  1 shows a  summary 

of \ po l lo  17 mass s p e c t r o ~ n e t e r  d a t a  on t h e  argon p h o t o i o n i z a t i o s ~  

r a t e ,  which is p r o p o r t i o n a l  t o  b o t h  atmospheric  abundance and 

l o s s  r a t e ,  T r i a n g l e s  r e p r e s e n t  s u n r i s e  measurements;which a r e  

regarded a s  t h e  most r e l i a b l e  d a t a .  Each c i r c l e  cor responds  t o  

a So ( longi tude)  average.  High v a l u e s  of t h e  c i r c l e s  i n  t h e  

e a r l y  d a t a  a r e  due t o  an  a r t i f a c t  c o n t r i b u t i o n  which d isappeared  

w i t h  age.  The d i s p e r s a l  of c i r c l e s  about  t h e  graph i s  due t o  

randomness i n  t h e  low ampli tude n igh t t ime  concen t r a t i on .  

The impor tan t  a s p e c t  of F igu re  1 i s  t h e  f a c t  t h a t  t h e  

r a t e  of l o s s  of argon from t h e  moon v a r i e d  i n  ampl i tude  by almost  

a f a c t o r  of 2 i n  1973. While t h e  v a r i a t i o n  appears  t o  be  g r a d u a l ,  

it is  mis lead ing  t o  i n f e r  s i m i l a r l y  slow changes i n  t h e  r e l e a s e  

r a t e  because t h e  l i f e t i m e  of a tmospheric  argon is  i n  t h e  range  of 

80-100 days. T h i s  is  a l s o  approximately t h e  decay t ime of t h e  d a t a  

shown i n  F igure  1 beginning a t  about day 100. Thus, t h e  r a t e  of 

r e l e a s e  of argon from t h e  l lmar  i n t e r i o r  must have dropped t o  n e a r l y  

zero f o r  about  50 days ,  beginning a t  about  day 100. 
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Figure  2 shows q u a n t i t a t i v e  graphs of t h e  t o t a l  Ar sou rce  

i n  1973 f o r  s e v e r a l  v a l u e s  of t h e  argon l i f e t i m e .  The most l i k e l y  

l i f e t i m e ,  based on model atmosphere c a l c u l a t i o n s ,  seems t o  be  near  

100 days .  Regardl-ess of t h e  l i f e t i m e ,  i t  is  apparen t  t h a t  t h e  r a t e  

of r e l e a s e  of argon from t h e  moon changed d r a s t i c a l l y  i n  1973. There 

is a  s u b t l e  h i n t  t h a t  i f  t h e  process  i s  e p i s o d i c ,  t h e  r e p e t i t i o n  t i m e  i s  

not  less than 200 days.  A c o r r e l a t i o n  w i t h  t h e  206 day p e r i o d i c i t y  of 

moonquake a c t i v i t y  remains a  d i s t i n c t  p o s s i b i l i t y .  



CALENDAR DAY (1973) 

FIGURE 1 
4 0 

Total ra te  of photoionization'of Ar i n  the lunar atmosphere. Triangles show the high accuracy sunrise 

measurements, while c i r c l e s  g ive  l e s s  r e l i a b l e  nighttime r e s u l t s ,  which are c learly  influenced by 

contamination i n  the early part of the data period. 
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FIGURE 2 

Time v a r i a t i o n s  of t he  r a t e  of r e l e a s e  of  argon from t h e  moon i n  

1973. Model l i f e t i m e s  range from 80 t o  100 days .  



There a r e  some i n t e r e s t i n g  r a m i f i c a t i o n s  of t h e  ampli tude 

and time v a r i a t i o n  of t he  r e l e a s e  of argon from t h e  moon. Both seem 

t o  r u l e  o u t  any impor tan t  r o l e  f o r  t h e  r e g o l i t h  i n  t h e  supply  of 

e i t h e r  primary o r  re t rapped  argon t o  t h e  atmosphere. I f  t h e  c r u s t a l  

abundance of potassium were a s  g r e a t  a s  1000 ppm, t h e  escape  r a t e  

would r e q u i r e  l o s s  of a l l  of t h e  argon produced i n  t he  upper  5 km of  

t h e  moon. It is doub t fu l  t h a t  t h i s  could occur ,  and even more 

u n l i k e l y  t h a t  i t  could be a  t ime vary ing  process .  S u b s t a n t i a l  l o s s  

of argon from s o l i d  rock deep i n  t h e  moon a l s o  seems u n l i k e l y .  One 

good p o s s i b i l i t y  i s  t h a t  argon d i f f u s e s  from a  semimolten c o r e  

which has  somehow managed t o  r e t a i n  i t s  potassium. The mechanism 

f o r  e p i s o d i c  v e n t i n g  may i n c l u d e  t h e  format ion  of  pockets  of gas  i n  

subsu r face  v o i d s ,  which r e l e a s e  gas through deep f i s s u r e s  i n  

response t o  a  p r e s s u r e  bui ldup.  

Whatever t h e  cause of t h e  argon ven t ing  from t h e  moon, t h e  

amount vented  is  s o  g r e a t  a  f r a c t i o n  of t h e  t o t a l  r a t e  of product ion  

of argon i n  t h e  moon t h a t  i t  cannot  be ignored i n  formula t ion  of 

models of t he  l u n a r  i n t e r i o r .  The argon r e s u l t  i s  much more c e r t a i n  

than t h e  longer  term e p i s o d i c  r e l e a s e  p a t t e r n  which has been suggested 

f o r  222Rn on t h e  b a s i s  of a  p r e s e n t  imbalance of  t h e  polonium-radon 

r a t i o  shown i n  a l p h a  p a r t i c l e  s p e c t r a .  This  imbalance can  more 

b e l i e v a b l y  be expla ined  by v e r t i c a l  t r a n s p o r t  of polonium i n  t h e  s o i l  

than  by t ime v a r i a t i o n  of t h e  r e l e a s e  of radon from a  s u f f i c i e n t l y  

shal low dep th  t h a t  would a l low i t s  d i f f u s i o n  t o  t he  l u n a r  s u r f a c e  and 

i n t o  t h e  atmosphere wi th in  i t s  3 . 8  day l i f e t i m e .  



FIGURE 3 

Distribution of  40.4r a t  1 0 0  krn a l t i t u d e .  



Thus t h e  s tudy  of a c t i v e  processes  w i t h i n  t h e  luna r  i n t e r i o r  

must i n c l u d e  f u r t h e r  measurements of t h e  t ime v a r i a t i o n  of t h e  r a t e  of 

r e l e a s e  of argon from the moon. To t h i s  end i t  would b e  u s e f u l  i f  

t he  l u n a r  po la r  o r b i t e r  were t o  c a r r y  a  mass spec t rome te r  ded ica t ed  t o  

40 
t h e  d e t e c t i o n  of Argon. Based on what has  been l ea rned  about  high- 

vacuum mass spect.rometry i n  t he  Apollo program, i t  is  r easonab le  t o  

expect  t o  be  a b l e  t o  measure argon a t  t h e  2C atom/cc l e v e l  i n  l u n a r  

o r b i t .  F igu re  3 shows a  contour  map of t h e  argon model atmosphere 

c o n c e n t r a t i o n  a t  100 km a l t i t u d e  over  t h e  no r the rn  hemisphere of t h e  

moon. It can be noted t h a t  near  t h e  p o l e ,  t h e  c o n c e n t r a t i o n  is  always 

about 50/cc. The maximum concen t r a t ion  occurs  i n  dayt ime,  about 25' 

east of t h e  s u n r i s e  terminator  and a t  a  l a t i t u d e  of abou t  35".  The 

s h i f t  of t h e  maximum from t h e  equator  i s  a r e s u l t  of t h e  migra t ion  of 

the condensable  gas  t o  t h e  poles  where a d s o r p t i o n , r e s i d e n c e ,  and hence 

i o n i z a t i o n ,  a r e  most l i k e l y .  

4 . 0  METHANE 

The e x i s t e n c e  of methane i n  t h e  l u n a r  atmosphere i s  mainly 

hypothes is .  There i s  an i n d i c a t i o n  of  a  p r e s u n r i s e  i n c r e a s e  a t  16  amu 

i n  the  Apollo 17 mass spectrometer  d a t a ,  which could imply a  t e rmina to r  

3 c o n c e n t r a t i o n  of about  10 /cc ,  and a  n igh t t ime  l e v e l  <100/cc. 

Carbon i o n s  of t h e  s o l a r  wind impinge on the  moon a t  a n  average 

rate of 1.5 x atomslsec,  which is  about an o r d e r  of magnitude l e s s  

t h a n  the  s o l a r  wind helium i n f l u x ,  b u t  an order  of magnitude g r e a t e r  

t han  t h e  4 0 ~ r  supply r a t e .  S ince  hel ium escape appears  t o  be i n  

ba lance  w i t h  s o l a r  wind inf low (Hodges and Hoffman, 1974 a ) ,  i t  seems 

r easonab le  t o  expect  a s imi l a r  equ i l i b r ium s i t u a t i o n  f o r  carbon. The 



escape of  carbon from t h e  moon r e q u i r e s  format ion  of gaseous 

molecules ,  such a s  CH CO o r  COY The s o l a r  wind provides  l a r g e  
4 ' 
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amounts of bo th  H and 0+, bu t  i t  seems l i k e l y  t h a t  t h e  oxygen 

ions  should  r e a c t  w i th  t h e  abundant reduced mine ra l s  which form t h e  

l una r  s o i l .  Thus methane i s  expected t o  be  t h e  dominant carbon gas  

. formed on t h e  moon. 

Escape of t h e  t o t a l  carbon i n f l u x  is n o t  an  obvious 

requirement .  Perhaps t h e  b e s t  p o s i t i v e  argument i s  t h a t  t h e  occurence 

of s o i l  g r a i n s  w i t h  volume c o r r e l a t e d  carbon c o n t e n t  may imply t h a t  a 

carbon s a t u r a t i o n  l e v e l  has  been reached.  I t  is  i n s t r u c t i v e  t o  n o t e  

t h a t  t h e  l e n g t h  of  exposure needed f o r  t rapped s o l a r  wind carbon t o  

reach  t h e  commonly found 200 ppm l e v e l  i s  about  100 y e a r s  t imes t h e  

p a r t i c l e  d i ame te r  i n  microns.  Thus a 1 @  g r a i n  r e q u i r e s  1000 y e a r s  

whi le  a 1 0 0 ~  g r a i n  r e q u i r e s  10,000 y e a r s  i n  t h e  s o l a r  wind t o  r each  

200 ppm of carbon. These t i m e s  are probably nea r  t h e  exposure ages of 

p a r t i c l e s  of t h e s e  s i z e s .  

I f  a carbon  s a t u r a t i o n  c o n d i t i o n  e x i s t s  i n  t h e  l u n a r  s o i l ,  

then  t h e  escape  of a carbon gas  a t  i t s  a c c r e t i o n  r a r e  (about  10  t imes  

t h e  4 0 ~ r  sou rce  r a t e )  r e q u i r e s  a dayt ime atmosphere t h a t  g r e a t l y  

exceeds th.e argon abundance. The carbon gas  must be adsorbed r e a d i l y  

a t  n i g h t ,  and p re l imina ry  c a l c u l a t i o n s  show t h a t  i ts  d e s o r p t i o n  time 

must be t h e  o rde r  of 10-15 days .  Apparent ly  t h e  adsorbed molecules  

a r e  no t  r e l e a s e d  by a photon p roces s ,  becaus.e t h e r e  i s  no l a r g e  

s u n r i s e  pocket  of CH CO o r  C 0 2  The average  daytime s u r f a c e  concen- 4 ' 
5 t r a t i o n  r equ i r ed  t o  provide  t h e  carbon escape  a s  CH i s  about  2 x 1 0  / c c ,  

4 

which cor responds  t o  a t o t a l  a tmospheric  mass of about  7 t ons .  



There  a r e  s e v e r a l  q u e s t i o n s  which r e q u i r e  f u r t h e r  s t u d y  

r e g a r d i n g  methane on t h e  moon. The h i g h  p r o b a b i l i t y  o f  a d s o r p t i o n  

a t  n e a r - t e r m i n a t o r  day t ime  t e m p e r a t u r e s  and t h e  l o n g  d e s o r p t i o n  

t i m e  may produce a s i g n i f i c a n t  l a y e r  o f  adsorbed g a s  n e a r  t h e  p o l e s ,  

which may i n  t u r n  r e s u l t  i n  a v a p o r - p r e s s u r e  e q u i l i b r i u m  i n  c o l d  

r e g i o n s .  I f  so, t h e  amount of g a s  a t  low l a t i t u d e s  cou ld  b e  q u i t e  

small. Another p o s s i b i l i t y  is  t h a t  t h e  b u l k  of t h e  s o l a r  wind 

i n f l u x  of c a r b o n  is  s t i l l  b e i n g  implan ted  i n  t h e  s o i l ,  Even i f  

t h i s  were  t r u e ,  i t  i s  r e a s o n a b l e  t o  e x p e c t  e s c a p e  of 10% of t h e  

i n f l u x ,  which s h o u l d  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  day t ime  l u n a r  

a tmosphere .  
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