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The remaining three  g l a s s  samples 
inclusions.  The fragmental rocks 
port ions of l i g h t  and dark c l a s t s  

are i r r e g u l a r ,  coarse ,  agglu t ina tes  with numerous small l i t h l c  
have been divided i n t o  f i v e  main groups on the  b a s i s  of pro- 
and matrix color .  A l l  f i v e  groups are v a r i e t i e s  of impact- 

generated breccias;  none appear t o  be of volcanic or ig in .  
t i c  brecc ias ,  but a s u b s t a n t i a l  minority a r e  monomictic. 
nant: one type is dark, aphani t ic  to f i n e l y  c r y s t a l l i n e  metaclast ic  rocks; the o ther  is white, 
p a r t l y  crushed t o  powdered fe ldspa th ic  rocks. 
white rocks with granoblast ic  tex tures ,  a v a r i e t y  of gabbroic t o  a n o r t h o s i t i c  rocks with medium 
t o  coarse  gra in  s i z e ,  and rare feldspar-poor b a s a l t i c  rocks. Matrices of the  l i g h t -  and medium- 
gray-matrix brecclas  a r e ,  f o r  t h e  m o s t  p a r t ,  f r i a b l e  and not v i s i b l y  a l t e r e d  by subsequent ther-  
m a l  events ,  whereas those of dark-matrix breccias  a r e  coherent and annealed o r  fused. 

The majority of t h e  rocks a r e  p o l p i c -  
Two types of c l a s t s  are c l e a r l y  doml- 

L e s s  common clast types include light-gray o r  

The rock d i s t r i b u t i o n  suggests t h a t  the sec t ion  underlying the  Cayley P la ins  is s t r a t i f i e d ,  
with an upper u n i t  of medium-gray breccia  and lower u n i t s  composed mainly of l i g h t -  and dark- 
matrix breccias .  The ex ten t  of the  supposed upper u n i t  is not known but presumably extends a t  
least between s t a t i o n s  1 and 6; considering t h e  r e l a t i v e  s c a r c i t y  of the  medium-gray brecc ias ,  
t h e  u n i t  is probably not more than a few aeters thick.  Evidence derived from the  photographs, 
crew descr ip t ions ,  and samples  co l lec ted  a t  s t a t i o n  11 suggests t h a t  l ight-matr ix  breccias  over- 
l i e  dark-matrix breccfas ,  whereas the  color  of e j e c t a  on the  rims of South Ray and Baby Ray 
Craters suggests  t h a t  dark-matrix breccias  o v e r l i e  l i g h t - m t r i x  breccias  near those c r a t e r s .  
Such a s t ra tographic  sequence i n  the South Ray area is cons is ten t  with the  dominance of dark- 
matr ix  breccias  described and photographed in South Ray e j e c t a  between the  landing si te and 
s t a t i o n  8.  

The Cayley Formation a t  the  Apollo 16 site I s  a th ick  (at least 200 and possibly more than 
300 meters), crudely s t r a t i f i e d  debr i s  u n i t ,  the  components of which a r e  derived from plutonic  
anor thos i tes  and fe ldspa th ic  gabbros and from metamorphic rocks of s imi la r  composition. 
mation has an elemental composition s imi la r  t o  that observed over la rge  regions of the  lunar  high- 
l ands  by the  o r b i t a l  X-ray experiments of the  Apollo 15 and 16 missions. 
and s t r u c t u r e s  of t h e  breccias  resemble those of impact breccias .  The tex tures  and s t r u c t u r e s  of 
the breccias  do not resemble those of volcanic rocks nor do the  plutonic  or  metamorphic source 
rocks of the breccias  have the  tex tures  o r  compositions of terrestrial o r  most of the previously 
sampled lunar  volcanic rocks. 

The for -  

The obsemed tex tures  

The physical and nechanical proper t ies  of the s o i l  a t  t h e  Apollo 16 landing s i te  are gener- 
a l l y  similar t o  those of the  s o i l s  encountered at the previous Apollo sites. 
the  self-recording penetrometer have provided a b a s i s  f o r  q u a n t i t a t i v e  study of s t ra t igraphy,  den- 
s i t y ,  and s t rength  c h a r a c t e r i s t i c s .  
samples ( p a r t i c u l a r l y  t h e  core-tube samples) have been used t o  develop the  following preliminary 
conclusions. 

Data obtained using 

These r e s u l t s  and crew observations, photographs, and s o i l  

a. S o i l  cover appeared t o  blanket a l l  a r e a s  v i s i t e d  o r  observed a t  the Descartes landing 
area. 

b. 

c. 

S o i l  p roper t ies  are var iab le  on regional  and l o c a l  (1 meter) sca les .  

V i s i b i l i t y  degradation by bloving dust was less during the  Apollo 16 lunar module de- 
scent  than during previous missions, probably because of a f a s t e r  descent rate and a higher sun 
angle r a t h e r  than a d i f fe rence  in so11 condi t ions.  

d. The grain-s ize  d i s t r i b u t i o n s  of s o i l  samples from t h e  Descartes area are comparable t o  
those from other  areas of the  moon, although d ia t r ibu t ione  f o r  nust Descartes samples f a l l  toward 
t h e  coarser  edge of a composite d ie t r ibu t ion .  

e. The drive-tube samples indica te  that  s o i l  densi ty  increases  with depth, bu t  the  o v e r a l l  
range of d e n s i t i e s  (1.40 t o  1.80 g r a m  per cubic centimeter) is s l i g h t l y  less than the  range 
(1.36 t o  2.15 grams per  cubic cent imeter)  found f o r  Apollo 15 core-tube samples. 

f .  South Ray crater mater ia l  appears t o  cover the  s t a t i o n  4 area t o  depths of 20 t o  50 cen- 
timeters. Descartes Formation material may have been found a t  grea te r  depths. 

g. Deneity d i s t r i b u t i o n s  with depth f o r  the  Apollo 16 deep-drill-stem samples are d i s t i n c t l y  
d i f f e r e n t  from those of Apollo 15 and suggest t h a t  the  w d e s  of s o i l  deposi t ion a t  t h e  two sites 
may have been d i f f e r e n t .  

. 

* . 
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3.2.6 Geology of t h e  Apollo 17 Landing S i t e  

The Apollo 17 landing s i te  w a s  named Taurus-Littrow because of  i ts  proximity t o  the  Montes 
The lunar  module landed on the  f l a t  f l o o r  of Taurus (Taurus Mountains) and t h e  c r a t e r  Li t t row.  

a deep narrow v a l l e y  bounded by steep-sided mountain blocks t h a t  form p a r t  of t h e  mountainous 
eastern r i m  of Mare S e r e n i t a t i s  (Sea of Sereni ty ,  r e f e r r e d  t o  geological ly  as the  S e r e n i t a t i s  
Basin). 
concentr ic  t o  the  S e r e n i t a t i s  Basin. Hence, the  va l ley  i t s e l f  is i n t e r p r e t e d  as a graben formed 
a t  t h e  t i m e  of t h e  S e r e n i t a t i s  impact. Figure 3-11 shows the  landing s i te  and the major geolog- 
i c a l  features* t h a t  were examined by the Apollo 17 crew. 
the Apollo 17 crew t raversed  a t o t a l  of about 34 kilometers ,  c o l l e c t e d  over  110 kilograms of 
rocks and s o i l ,  and took mre than 2200 photographs. 
Taurus-Littrow v a l l e y ,  as shown i n  f i g u r e  3-12.* 
from reference 3-12. 

The blocks are thought t o  be bounded by high-angle f a u l t s  that are l a r g e l y  r a d i a l  and 

During t h e i r  s t a y  on t h e  lunar  sur face ,  

Their t r a v e r s e s  span the  f u l l  width of the  
Much of the following discussion was exerpted 

The highlands surrounding the va l ley  can be divided on the  b a s i s  of morphology i n t o  (1) high 
smooth massifs; ( 2 )  smaller, c l o s e l y  spaced domical h i l l s  re fe r red  t o  a s  the  Sculptured H i l l s ;  
and (3) mater ia l s  of low h i l l s  adjacent  t o  the massifs  and the  Sculptured H i l l s .  
had r o l l e d  down the s lopes of the  massifs north and  south of t h e  v a l l e y  provided samples of t h a t  
area. 
turned from the Apollo 15 and 16  missions. 

Boulders t h a t  

These boulders are composed of complex brecc ias  t h a t  are genera l ly  similar t o  those re- 

Materials of the  va l ley  f i l l  were sampled a t  many s t a t i o n s .  Ejecta  around many c r a t e r s  on 
the  va l ley  f l o o r  c o n s i s t s  of 3.8-billion-year-old b a s a l t s .  showing t h a t  the graben w a s  p a r t l y  
f i l l e d  by lava flows. A r e l a t i v e l y  t h i c k  layer  (approximately 15  meters) of unconsolidated ma- 
t e r i a l  o v e r l i e s  the  subfloor  b a s a l t ;  t h i s  d e b r i s  c o n s i s t s  l a r g e l y  of f i n e l y  comminuted mater ia l  
t y p i c a l  of the lunar  regol i th .  For the  most p a r t ,  this is  impact-generated r e g o l i t h  s i m i l a r  t o  
t h a t  developed on mare b a s a l t s  elsewhere on the moon. 
mantle, and the e j e c t a  of Shorty and Van Serg Cra te rs  are d i s c r e t e  depos i t s  recognized within 
the  regol i th .  

The c e n t r a l  c l u s t e r  e j e c t a ,  the  l i g h t  

The young pyroc las t ic  "dark mantle" an t ic ipa ted  before  t h e  mission was not recognized i n  the 
t raverse  area as a d i s c r e t e  sur face  l a y e r .  
co l lec ted .  This s o i l  most l i k e l y  or ig ina ted  from volcanic  f i r e  fountains  t h a t  accompanied lava 
extrusion t o  form I r r e g u l a r l y  shaped l a y e r s  that are nov buried.  Strong photogeologic evidence 
f o r  the ex is tence  of a dark mantle i n  p a r t s  of the highlands st i l l  e x i s t s .  Albedo measurements 
show t h a t  abnormal surface darkening, cons is ten t  with the concept of the  in t roduct ion  of exot ic  
dark mater ia l  Increases  t o  the  e a s t  and south i n  the  Taurus-Littrow area .  The dark mantle may 
have accumulated s h o r t l y  a f t e r  the ex t rus ion  of the subfloor  b a s a l t .  

However. soil cons&ting of orange g l a s s  spheres was 

The " l igh t  mantle" is an unusual deposi t  of high-albedo mater ia l  with f inger - l ike  projec- 
t i o n s  t h a t  extend 6 kilometers  across  dark p l a i n s  from the  South Massif. 
l ec ted  from the l i g h t  mantle are similar i n  l i tho logy  t o  t h e  brecc ias  of the South Hassif .  
s i m i l a r i t y  supports  the  hypothesis that the  Light mantle is an avalanche deposi t  formed from 
loose materials on the  f a c e  of t h e  South Massif. 
the  South Massif may record the  impact event t h a t  i n i t i a t e d  t h e  avalanche. Size-frequency d i s -  
t r i b u t i o n  and morphologies of c r a t e r s  on the  l i g h t  mantle suggest t h a t  i ts age is comparable t o  
tha t  o f  Tycho Crater ,  on t h e  order  of 100 mi l l ion  years .  

Rock fragments col-  
This  

A c l u s t e r  of secondary c r a t e r s  on the top of 

Fine-grained s o i l ,  darker  than the underlying unconsolidated d e b r i s ,  was recognized a t  the  
sur face  a t  Shorty Cra te r ,  a t  Van Serg Crater, on the l i g h t  mantle, and on t h e  massif t a l u s .  
s o i l  is  t h i n  (e.g., 0 . 5  cent imeter  a t  Shorty, and about 7 cent imeters  on the  f lank  of Van Serg) 
and probably represents  the  r e g o l i t h  t h a t  has formed on these young e j e c t a  or t a l u s  surfaces .  
Rela t ive ly  young s t r u c t u r a l  deformation i n  t h e  Landing area  is recorded by the Lee-Linclon Scarp 
and by small f r e s h  grabens t h a t  t rend northwest across  the l i g h t  mantle. 
the  base of the massifs  may i n d i c a t e  t h a t  some f a i r l y  recent  u p l i f t  of the massifs  has kept the  
t a l u s  s lopes a c t i v e .  

The 

The sharp knickpoint a t  

. 

*The designat ions of the f e a t u r e s  shown i n  f igures  3-11 and 3-12 a r e  informal. 
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Figure 3-11.- Taurus-Littrow landing area. 
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3.2.7 Geology and Soi l  Mechanics Equipment 

3.2.7.1 
the  i t e m s  l i s t e d  i n  t a b l e  3-11 and i l l u s t r a t e d  in f i g u r e  3-13. 
graded as the  lunar  landing missions progressed based on the  r e s u l t s  of p r e f l i g h t  and p o s t f l i g h t  
evaluat ions and on geology requirements. The more s i g n i f i c a n t  changes are discussed i n  the  fo l -  
lowing paragraphs. 

Apollo lunar  sur face  handtools.- The Apollo lunar  sur face  handtools consis ted of 
The t o o l s  were cont inua l ly  up- 

a. Hammer: 
A s  experience w a s  gained, the  hammer was m d i f i e d  as fol lows,  

The hammer was used during a l l  Apollo lunar  sur face  ex t ravehicu lar  a c t i v i t i e s .  

1. 

2. 

3. 

The spray aluminum coat ing on the head was changed t o  vacuum-deposited aluminum. 

The o r i g i n a l l y  pinned handle-to-head connection was changed t o  a "magnaformed" head. 

The head was made heavier  and l a r g e r  t o  assist i n  obtaining b e t t e r  d r i v e  tube pene- 
t r a t i o n .  

4. Room-temperature-vulcanizing material s t r i p s  were added t o  t h e  handle t o  minimize 
twis t ing  of the hammer in the  hands. 

. 

b. Scoop: The scoop o r i g i n a l l y  had a l a r g e  pan and was nonadjustable. On Apollo 15, the  
design was changed t o  incorporate  a smaller pan and an ad jus tab le  head. 
ad jus tab le  f e a t u r e  was  maintained but the pan was  enlarged t o  obta in  a l a r g e r  sample. 

On Apollo 16 and 17,  t h e  

c .  Extension handle: The extension handle was designed t o  be mated v i t h  core  tubes,  scoops, 
hammer, and rake. Field tests and f l i g h t  evaluat ion indicated t h a t  the o r i g i n a l  handle design 
should be changed t o  prevent shear ing of t h e  core-tube adapter  pins .  Also, f u r t h e r  eva lua t ions  
indicated t h a t  a longer handle was des i rab le .  Two handles were c a r r i e d  on t h e  Apollo 16 and 17 
missions Instead of  one. 

Gnomon: d .  The gnomon consis ted of a gimbaled rod and a co lor  c h a r t  mounted on a t r ipod .  
The rod indicated the g r a v i t a t i o n a l  vec tor ,  and the c h a r t  provided a standard f o r  co lor  compari- 
son i n  photographic processing. (Before the Apollo 14  mission, a co lor  c h a r t  was  c a r r i e d  sepa- 
r a t e l y . )  P o s t f l i g h t  evaluat ions following the  i n i t i a l  lunar  landing missions ind ica ted  t h a t  the  
rod would o s c i l l a t e  f o r  long per iods of time before  damping t o  a f ixed pos i t ion .  The cumulative 
time i n  await ing rod arrestment was severely r e s t r i c t i v e  t o  the o v e r a l l  sur face  a c t i v i t y .  There- 
f o r e ,  a damping change was incorporated f o r  the  Apollo 15 through 17 missions. On Apollo 1 6 ,  the  
gimbaled rod separated from the  l e g  assembly while the  gnomon was being removed from i ts  stowage 
bag. To prevent recurrence on Apollo 17, the  gimbal pivot  p ins  were strengthened and addi t iona l  
l u b r i c a t i o n  was  appl ied t o  the  pivot /bear ing in te r face .  

e. Tongs: The tongs consis ted of a s e t  of opposing spring-loaded f i n g e r s  a t tached t o  a 
handle and were used f o r  picking up samples. 
and 1 4  indicated a need f o r  increased length ,  l a r g e r  jaws, and addi t iona l  c los ing  force .  These 
changes Were incorporated f o r  Apollo missions 15 through 17. Alao. t o  conserve t r a v e r s e  time 
and t o  a f ford  maximum f l e x i b i l i t y  i n  obtaining samples, two sets of tongs were c a r r i e d  on the  
Apollo 16  and 17 missions. 

P o s t f l i g h t  evaluat ion of Apollo missions 11, 1 2 ,  

f .  Adjustable t renching t o o l :  The trenching t o o l  was used on only one mission, Apollo 14. 
Experience ind ica ted  t h a t  the  ad jus tab le  scoop could perforn the  t renching task  on subsequent 
missions. 

g. Rake: 
requirement of e f f i c i e n t l y  obtaining a number of small rock samples from the  lunar  sur face  or 
j u s t  below the surface.  The rake served its purpose s a t i s f a c t o r i l y ,  

A rake w a s  designed and b u i l t  f o r  the Apollo 15, 16 ,  and 17  missions t o  meet the  

h. Core tubesfdr ive  tubea/caps: The core tubes were o r i g i n a l l y  designed t o  be dr iven i n t o  

Furthermore, addi t iona l  information on the  cohesiveness 
the  lunar  sur face  with the  hammer. P o s t f l i g h t  examination of the Apollo 11 samples ind ica ted  
t h a t  the  b i t  was degrading the  samples. 
of t h e  lunar  s o i l  indicated t h a t  a ''drive tube" with a l a r g e r  diameter ( increased from 2 t o  4 
cent imeters)  and an i n t e g r a l  b i t  could be used. 
tubes were successfu l ly  used t o  obta in  samples. 

Ef fec t ive  with the  Apollo 15 mission, d r i v e  
The components of a d r i v e  tube set cons is ted  of 

I 

3 

I . 
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TABLE 3-11.- mOLOGY AND SOIL MECHANICS TOOLS AND EQUIPMENT 

t 

r 

c 

f 

I t e m  

Apollo l u n a r  s u r f a c e  hand t o o l s :  

Hammer 
Large scoop 
Adjustable  scoop 
Extension handle  
Gnomon 
Tongs 
Ad j us  t a b l e  t r e n  ching t o o l  
Rake 
Core tubes 
Core tube caps 
Drive tubes (lower) 
Drive tubes (upper) 
Drive tube cap and b racke t  assembly 
Drive tube t o o l  assembly 
Spr ing  s c a l e  
Sample s c a l e  

roo1 c a r r i e r  

Sample r e t u r n  con ta ine r  

Bags and s p e c i a l  con ta ine r s :  

Small sample bags 
Documented sample bags (15-bag d i s p )  
Documented sample bags (20-bag d i s p )  
Documented sample bags (35-bag d i s p )  
Round documented sample bag 
P r o t e c t i v e  padded sample bag 
Documented sample weigh bag 
Sample c o l l e c t i o n  bag 
Gas a n a l y s i s  sample con ta ine r  
S p e c i a l  environmental  sample containe 
Core sample vacuum con ta ine r  
S o l a r  wind composition bag 
Magnetic s h i e l d  sample con ta ine r  
Ex t ra  sample c o l l e c t i o n  bags 

Irganic  c o n t r o l  sample 

.mar s u r f a c e  sampler (Beta c l o t h )  

.unar s u r f a c e  sampler ( v e l v e t )  

.unar roving v e h i c l e  soil sampler 

4agnetic sample assembly 

rether  hook 

. m a r  s u r f a c e  d r i l l  

:ore stem wi th  b i t  

:ore stems without  b i t  

:ore stem cap and r e t a i n e r  assembly 

ie l f - recording penetrometer 

- 
11 

1 
1 

1 
1 
1 

2 
2 

1 

2 

5 
1 

2 

1 

2 

1 

- 

- 
1 2  - 
1 
1 

1 
1 
1 

4 
1 

1 

2 

3 

1 

4 

1 
1 

1 

1 

1 

- 

Mission use  - 
14 

1 
1 

1 
1 
1 
1 

6 

1 

2 

1 

2 

4 

3 

1 
1 

2 

1 

- 

- 
15 

1 

1 
1 
1 
1 

1 

5 
4 
3 

1 

1 

2 

6 

2 

3 

4 

2 

1 

1 

5 

2 

1 - 

- 
16 

1 

1 
2 
1 
2 

1 

5 
4 
5 
1 

1 

1 

2 

7 

2 

2 

1 
1 

6 

2 

1 

1 

1 

1 

1 

5 

2 

1 - 

- 
17 - 
1 

1 
2 
1 
2 

1 

5 
4 
5 
1 

1 

2 

6 

40 

2 

1 
1 

6 

1 

1 

1 

5 

2 

- 
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t h e  d r i v e  tube,  a dr ive- tube t o o l ,  and a cap d i spense r .  
t ubes  i n  s e r i e s .  
p re se rve  its i n t e g r i t y .  
Teflon caps t o  s e a l  t h e  tubes a f t e r  s anp le  c o l l e c t i o n .  

Deep sanples were obtained by j o i n i n g  
The drive-tube t o o l  was used t o  p o s i t i o n  a keeper a g a i n s t  t h e  co re  sample t o  

The cap d i spense r s  were mounted on t h e  handtool  c a r r i e r  and contained 

I. Sample s c a l e :  
be fo re  l i f t - o f f  t o  a s s u r e  t h a t  t h e  t o t a l  w i g h t  d i d  no t  exceed t h e  permit ted weight.  

The sample s c a l e  w a s  used on Apollo 14 through 17 t o  weigh luna r  samples 

3.2.7.2 Tool c a r r i e r s . -  The o r i g i n a l  Apollo luna r  handtool c a r r i e r  w a s  designed t o  accom- 
modate the  e a r l y  t o o l  conf igu ra t ions  and t o  be hand-carried o r  mounted on the  modular equipment 
t r a n s p o r t e r  used on t h e  Apollo 14 mission. 
t o o l  carrier was needed t h a t  could be mounted on t h a t  v e h i c l e  o r ,  i f  t h e  v e h i c l e  became inopera- 
t i v e ,  could be removed and hand-carried du r ing  walking t r a v e r s e s .  The modified t o o l  carrier w a s  
used as a stowage rack f o r  t h e  hammer, gnomon, scoop, and t h e  dr ive- tube t o o l  assembly; t he  t o o l  
c a r r i e r  a l s o  accommodated t h e  ex tens ion  handle and the  tongs.  

With t h e  advent of t h e  l u n a r  roving v e h i c l e ,  a new 

3.2.7.3 p.- The Apollo l u n a r  sample r e t u r n  con ta ine r  
( f i g .  3-14) was designed t o  provide a vacuum environment f o r  t h e  r e t u r n  of l una r  samples. 
con ta ine r s  and t h e i r  con ten t s  were cleaned a t  t he  manufacturing f a c i l i t y  t o  a c l e a n l i n e s s  l e v e l  
of less than 10 nanograms o f  r e s idue  pe r  square cen t ime te r .  
were then shipped t o  the Lunar Receiving Laboratory f o r  premission cond i t ion ing ,  which cons i s t ed  
of s t e r i l i z a t i o n  t o  remove e a r t h  organisms be fo re  s e a l i n g  under a vacuum (approximately lom6 t o r r )  

The 

The c o n t a i n e r s  and t h e i r  con ten t s  

No major design changes were made throughout t he  l u n a r  l and ing  f l i g h t s .  However, the f o l -  
lowing minor changes were incorporated.  

a. A York mesh l i n e r  w a s  added on Apollo 12 t o  give b e t t e r  p r o t e c t i o n  t o  the  con ta ine r  and 
its c o n t e n t s ,  and the  l i n e r  was reduced i n  th i ckness  t o  inc rease  the  volume of t h e  con ta ine r .  

b. On Apollo 14 and subsequent missions,  a s k i r t  was added t o  prevent  d e b r i s  from g e t t i n g  
i n t o  the  seal, t o  f a c i l i t a t e  c los ing .  and t o  ensure maintenance of  vacuum. 

Two organ ic  samplers ( f i g .  3-15), each c o n s i s t i n g  of s e v e r a l  r o l l s  of York mesh packing ma- 

One sampler was analyzed and sea l ed  be fo re  
The o t h e r  was placed i n  t h e  sample r e t u r n  c o n t a i n e r ,  removed f o r  environmental  exposure 

ter ia l  i n  a Teflon bag, were used t o  determine t h e  q u a n t i t y  of o rgan ic  compounds introduced be- 
f o r e  and during t h e  t r a n s l u n a r  p o r t i o n  of a mission. 
f l i g h t .  
while  on the  l u n a r  su r face ,  s e a l e d ,  and r e tu rned  t o  t h e  con ta ine r .  

3.2.7.4 Bags and s p e c i a l  containers . -  I n  a d d i t i o n  t o  t h e  a c t u a l  c o l l e c t i o n  of samples,  a 
requirement e x i s t e d  t o  p r o t e c t ,  document, and i d e n t i f y  the  v a r i o u s  samples. 
t a s k s ,  numerous types  of bags and s p e c i a l  con ta ine r s  were designed,  some of which a r e  descr ibed 
i n  t h e  fol lowing paragraphs and i l l u s t r a t e d  I n  f i g u r e  3-16. 

To perform t h e s e  

a .  Documented sanp le  bags: The crewmen used documented sample bags t o  i d e n t i f y  and docu- 
ment t h e  ind iv idua l  samples a s  t hey  were c o l l e c t e d .  
bags were suppl ied.  
p l e r  (par.  3.2.7.6). 

On Apollo 17 ,  a q u a n t i t y  of  round sample 
These bags were used i n  conjunct ion wi th  t h e  luna r  roving v e h i c l e  s o i l  sam- 

b. Spec ia l  environmental  sample con ta ine r :  These dev ices  were designed t o  con ta in  samples 
of l una r  s o i l  and/or  rocks t o  be used i n  s p e c i f i c  experiments on r e t u r n  t o  e a r t h .  The c o n t a i n e r s  
provided a vacuum environment t o  p r o t e c t  t h e  samples from contamination i n  case  the  Apollo l u n a r  
sample r e t u r n  con ta ine r  leaked.  

c. Core sample vacuum con ta ine r :  The c o r e  sample vacuum con ta ine r  was provided a s  a recep- 
t a c l e  f o r  a d r i v e  tube so t h a t  a p r i s t i n e  subsurface sample could be p ro tec t ed  i n  a vacuum. 

d .  P r o t e c t i v e  padded sample bag: The p r o t e c t i v e  padded sample bag was used f o r  r e t u r n i n g  
a f r a g i l e  l u n a r  sample so t h a t  maximum p r o t e c t i o n  could be afforded t o  t h e  s u r f a c e  of t h e  sample. 
Bags of t h i s  t ype  were c a r r i e d  only on t h e  Apollo 16  mission. 

e. Documented sample weigh bags/sample c o l l e c t i o n  bags: The weigh bags (Apollo 11. 12 ,  and 
14) and the  sample c o l l e c t i o n  bags (Apollo 15, 16, and 17) were l a r g e  bags i n t o  which t h e  docu- 
mented samples were placed f o r  i n s e r t i o n  i n t o  the  Apollo luna r  sample r e t u r n  c o n t a i n e r  f o r  r e t u r n  
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Figure 3-14.- Apollo lunar sample return container. 
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Figure 3-16.- Sample bags and special containers. 
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to earth. 
dicated that this material would tear, the design was changed to incorporate a laminated Teflon 
fabric/Teflon film, and the name was changed from sample weigh bags to sample collection bags. 

The bags were originally made of Teflon film; however, after postflight evaluation in- 

3.2.7.5 
handling tool. 
cloth or a velvet cloth accumulation surface, was used to obtain undisturbed surface layer lunar 
samples. 

Lunar surface sampler.- The lunar surface sampler was used with the universal 
The device, which consisted of a plate assembly that contained either a Beta 

A hinged cover plate protected the sample on the return-to-earth flight. 

3.2.7.6 Lunar roving vehicle soil sampler.- The lunar roving vehicle soil sampler was a 
device that when mated with the universal handling tool, allowed the lunar surface crewman to ob- 
tain soil samples without dismounting from the lunar roving vehicle. 

Penetrometers.- On the Apollo 14 mission, the active seismic ekperiment geophone 
The 0.87- 

3.2.7.7 
cable anchor shaft was used as a simple penetrometer to obtain soil mechanics data. 
centimeter-diameter 68.0-centimeter-long aluminum shaft had a 30" core tip at the bottom and was 
attached to the extension handle at the top. Alternating black and white stripes, each 2.0 cen- 
timeters long, provided a depth scale reference in photographs of the penetrations achieved. The 
crewman pressed the penetrometer into the lunar surface with one hand for a first measurement and 
then with two hands for a second measurement. 
parative calibration for the penetrometer. 

Preflight 1/6-earth-gravity tests provided a com- 

A self-recording penetrometer, used on the Apollo 15 and 16 missions (fig. 3-17), provided 
for the first time quantitative measurement of forces of interaction between the soil near the 
lunar surface and a soil testing device. The instrument provided data on soil penetration re- 
sistance as a function of depth below the lunar surface. The penetrometer could penetrate the 
lunar surface a maximum of 76 centimeters. 
measure a penetration force to a maximum of 111 newtons. As a result of the Apollo 15 experi- 
ence, the force spring was changed to increase the maximum measurement to 215 newtons. On the 
later lunar landing missions, the successful functioning of the self-recording penetrometer and 
core tubes, as well as the general surface-contact equipment, resulted in data which provided a 
basis for the quantitative study of stratigraphy, density, and strength characteristics of the 
lunar soil. 

On the Apollo 15 mission, the penetrometer could 

3.2.7.8 Apollo lunar surface drill.- The purpose of the Apollo lunar surface drill (fig. 

The drill was also used to obtain a continuous subsurface core sample that was 2.4 to 
3-18) was to provide two 2.4-meter-deep holes for emplacement of probes for the heat flow exper- 
iment. 
3.0 meters long to be returned to earth for laboratory analyses. In addition, on Apollo 17, the 
hole produced by the core drilling was used for emplacement of the neutron probe experiment. 

The drill was a battery-powered, electric-drive, rotary-percussion-type drill which delivered 
vertical blows to the rotating spindle, driving carbide-tipped hollow bore stems and core stems. 
The boron-fiberglass bore stems and titanium core stems were sectionalized, allowing the desired 
penetration into the lunar surface while maintaining the capability for handling and stowage by 
the lunar surface crewmen. 

Two significant hardware changes resulted from mission experience: bore stem joint redesign 
and the incorporation of a deep-core extractor. Both changes were made because of the high den- 
sity of the lunar subsurface encountered on Apollo 15. Before that mission, the subsurface den- 
sity data had been based on drive-tube core information, which supported Surveyor data that showed 
the bulk density of the regolith to be relatively low (90 to 110 pounds per cubic foot). This 
soil density was used for drill testing. However, these samples had been taken from a depth of 
only 0.6 to 0.9 meter. When the Apollo 15 drill went beyond this depth, the density increased 
significantly (to 130 pounds per cubic foot). With this additional knowledge, a new bore stem 
design was introduced and tested in simulated soil models compacted to a maximum bulk density. 
Other changes included a core-stem extractor that was developed to provide additional capability 
for jacking the deep-core sample from thcsubsurface. 
Apollo 16 mission. 

The changes were incorporated for the 

A continuous improvement in drill performance was obtained from one mission to the next. In 
each case, the effectiveness of the hardware improvements was demonstrated. Time lines for the 
drill-associated tasks were nominal for Apollo 16 and 17. 
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Figure 3-18.- ApoIlo lunar surface dri l l .  
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3.2.8 Apollo Lunar Surface Experiments Package/Central S t a t i o n  

As r e f l e c t e d  i n  t a b l e  3-1, a number of  experiments were deployed o r  conducted on t h e  lunar  
sur face  during the  s i x  lunar landing missions.  
ments. s e v e r a l  experiments were i n t e g r a t e d  i n t o  a s i n g l e  system, the  Apollo l u n a r  sur face  exper- 
iments package. 
shown i n  t a b l e  3-111. 

To minimize weight,  volume, and power require-  

The experiments t h a t  comprised t h e  package var ied  from mission t o  mission,  as 
The  o t h e r  lunar  sur face  experiments were self-contained.  

Figure 3-19 i l l u s t r a t e s  a t y p i c a l  Apollo lunar  sur face  experiments package (Apollo 1 5  con- 
f igura t ion) .  Subpackage 1 contained magnetometer, pass ive  seismic,  and s o l a r  vind spectrometer  
experiments. The lower por t ion  of  subpackage 1 housed t h e  c e n t r a l  e l e c t r o n i c s  which included 
t h e  d a t a  handling, radio-frequency up-link and down-link, and power condi t ion ing  and d i s t r i b u -  
t i o n  subsystems. In the  e rec ted  conf igura t ion ,  the  e l e c t r o n i c  and thermal c o n t r o l  por t ions  of  
subpackage 1 are known as the  c e n t r a l  s t a t i o n .  A h e l i c a l  S-band antenna was a l s o  c a r r i e d  on 
subpackage 1. 
locked i n t o  t h e  primary s t r u c t u r e .  Subpackage 2 cons is ted  of a r i g i d  s t r u c t u r a l  p a l l e t  on which 
were mounted one o r  two experiments,  a rad io iso tope  thermoelectr ic  genera tor ,  t h e  antenna aiming 
mechanism, s p e c i a l  deployment t o o l s ,  and, on two f l i g h t s  only,  t h e  geologica l  handtool c a r r i e r .  
A l l  equipment w a s  removed from subpackage 2 except t h e  generator .  Because the  f u e l  element f o r  
t h e  generator  w a s  very  hot ,  t h e  f u e l  element was c a r r i e d  t o  t h e  moon i n  a separa te  p r o t e c t i v e  
cask assembly. The f u e l  cask assembly and the two subpackages were stowed as shown i n  f i g u r e  

The antenna w a s  a t tached  t o  an aiming mechanism and an antenna mast t h a t  was 

3-20. 

The rad io iso tope  thermoelec t r ic  generator  developed f o r  the  Apollo l u n a r  s u r f a c e  experiment 
package w a s  designated "system f o r  nuclear  a u x i l i a r y  power no. 27" (SNAP-27). Di f fe r ing  i n  de- 
s i g n  and mater ia l s  from t h e  previously developed SNAP-19 generator  ( for  Nimbus and Pioneer) ,  
SNAP-27 has been t h e  only nuc lear  power generator  developed f o r  manned f u e l i n g  and has t h e  la rg-  
est power output  of those developed f o r  space use. 
w a s  f o r  a 50-watt generator ,  the  output  developed by the  a c t u a l  f l i g h t  hardware exceeded 70 wat t s  
i n  the hard vacuum environment - s u f f i c i e n t  t o  handle the  Apollo l u n a r  s u r f a c e  experiment pack- 
age power requirements which kept increas ing  f o r  the  growing sc ience  program. 
output  f o r  Apollo 12 on the  lunar  sur face  was 74 w a t t s  (66.5 wat t s  af ter  4 y e a r s ) ,  f o r  Apollo 1 4  
w a s  73 wat t s  (68 watts a f t e r  3 years ) ,  f o r  Apollo 15 was 75 wat t s  (69.4 w a t t s  a f t e r  3 y e a r s ) ,  
f o r  Apollo 16 was 70.9 watts (69.5 w a t t s  a f t e r  2 years ) ,  and f o r  Apollo 17 was 77.5 wat t s  (76.9 
w a t t s  a f t e r  1 year ) .  The a c t u a l  rate of  decrease i n  output  (pr imari ly  the  r e s u l t  of changes i n  
t h e  lead t e l l u r i d e  mater ia l  from t i m e ,  temperature,  and pressure)  f o r  a l l  f i v e  f l i g h t  radioiso-  
tope thermoelectr ic  genera tors  has  been considerably l e s s  than ca lcu la ted  p r e d i c t i o n s  (about one- 
f o u r t h  the  design s p e c i f i c a t i o n  rate). 

Although the  o r i g i n a l  design s p e c i f i c a t i o n  

I n i t i a l  power 

The Apollo l u n a r  sur face  experiments package systems flown on Apollo missions 12 through 16 
The system flown on Apollo 1 7  in-  were designed f o r  a nominal lunar  opera t ing  period o f  1 year .  

corporated var ious  design improvements t o  meet a requirement of 2 years  of  lunar  opera t ion  and t o  
e l imina te  opera t iona l  problems encountered on earlier systems. These changes can be broadly cate-  
gorized i n t o :  the  use of l o g i c  elements with improved r e l i a b i l i t y ,  added redundancy with re f ined  
techniques f o r  redundant component s e l e c t i o n ,  and design improvements based on l u n a r  opera t ing  
experience.  
creased t o  a l e v e l  too low t o  provide enough power f o r  t h e  f u l l  complement o f  experiments i n  the  
worst  case  condi t ion  ( lunar  sunrise), s e l e c t e d  experiments would be connnanded o f f  o r  t o  a standby 
mode f o r  l o v e r  power demand. Consequently, on June 14, 1974, t h r e e  experiments (Apollo 12 l u n a r  
sur face  magnetometer, and Apollo 15 lunar  sur face  magnetometer and s o l a r  wind spectrometer ,  a l l  
o f  which had been unable t o  provide science data f o r  an extended per iod)  were terminated so as 
t o  make more power a v a i l a b l e  f o r  o t h e r  experiments. These were the  f i r s t  experiments i n  t h e  
Apollo lunar  sur face  experiments package program t o  be terminated by comnand. 
experlntent t o  have its opera t ion  on t h e  lunar  sur face  terminated w a s  the Apollo 1 2  co ld  cathode 
gage experiment, which turned i t s e l f  o f f  in November, 1969, because of a c i r c u i t  f a i l u r e .  

Plans Were t h a t  when the output  of  the  radioisotope thermoelectr ic  generator  de- 

The only o t h e r  

Overa l l  opera t ion  of t h e  Apollo lunar sur face  experiments package c e n t r a l  s t a t i o n  has been 
excellent in a l l  areas of 'the mechanical, thermal,  and eTeZtr ica1  designs.  A l l  c e n t r a l  s t a t i o n s  
deployed on t h e  l u n a r  sur face  cont inue t o  opera te  as planned; t h e  Apollo 12 c e n t r a l  s t a t i o n  has 
exceeded its 1-year l i f e  requirement by more than 3 years .  Although no s i g n a l  processing compo- 
nent f a i l u r e  has occurred during lunar  opera t ion ,  numerous opera t iona l  a b n o r n a l i t i e s  have re-  
quired procedural  changes. 
ware test phase and lunar opera t ion  are sunnnarized i n  the  following paragraphs.  

The more s i g n i f i c a n t  problems and f a i l u r e s  occurr ing  during t h e  hard- 

. 
I 

v 

i 

4 ,. 

il 



TABLE 3-111.- APOLU) LUNAR SURFACE EXPERIMENTS PACKAGE ARRAYS AM) STATUS 

aPassive seismic 

.. 

Short-period 2 ax is  
has displayed re- 
duced s m s i t i v i t y  
since dep lopen t .  

Apollo 12 
Experiment I 

Long-period Z axis 
inopera t ive  s ince  
3/20/72. Noisy da ta  
on long-period Y ax i s  

I s ince  4/14/73. 

Ful l  operation. Fu l l  operation. 

I 1 Active seismic 

Per iodica l ly  cm-  
manded t o  standby 
operation t o  avoid 
m d e  changes a t  
elevated l m r  day 
t e rpc ra tu res  s ince  
3/29/72. 

t e n t  modulation drop 
in tvo proton enetgy 
l eve l s  each luna t ion  
s ince  11/5/71. 

Per iodica l ly  cm- 
mnded t o  standby 
operation t o  avoid 
mode changes a t  
e leva ted  lunar  day 
temperatures s ince  
9/13/73. 

S u p r a t h e 4  
ion de tec to r  

14 hours a f t e r  turn- 
on 11/20169. 

Per iodica l ly  cm- 
M& off t o  pre- 
vent high vol tage  
a rc ing  a t  c l w a t e d  
lunar  day tanpera- 
t u r e s  since 9/9/72. 

LUMK ejecta 
and meteor- i 

Probe 2 not t o  f u l l  
depth intended. but  
experiment provides 
usefu l  data.  

In te rmi t ten t  science I n t e r n i t t e n t  sc ience  
da ta  s ince  3/29/72. data since 2/22/73. 

Apollo 13  Apollo 14 Apollo 15  Apollo 16 Apollo 17 

Array B Array C Array A-2 Array D Array E 
I I I I 

Inopera t ive  r ince  Full operation. 
emplacement. 

Not deployed. 

Mortar not f i r ed .  
Geophone 3 d a t a  
noisy since 3/26/71. 
Geophom 2 da ta  in- 
va l id  since 1/3/74. 

Three of four gre- 
nades launched. 
Mortar p i t c h  M ~ O O K  
off  scale a f t e r  t h i rd  
f i r i n g  on 5/23/72. 

Not deployed. 

Not deployed. 

Themel cnn t ro l  de- 
nim not optimum fo i  
Apollo 17 aite. In- 

about 75 porcent of 
luna t ion  . 
stnment operated fc 
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(deployed) Structure/thermal subsystem components 

(a) Subpackage 1 

/- gage experiment ( me:wr lment  Stool 

I Antenna- 1 tool sections 
Structure/thermal I aiming . vy 
subsystem components mechanism 

Y 

(b) Subpackage 2 

Figure 3-19.- Apollo 15 lunar surface experiments package. 
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Figure 3-20.- Stowage of Apollo lunar surface experiments package in lunar module. 
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a. Analog mul t ip l exe r  - a n a l o g / d i g i t a l  connector :  The system uses  a 90-channel analog 
mul t ip l exe r  t h e  output  of which is d i g i t i z e d  t o  an & b i t  word. 
encapsulated f i e l d - e f f e c t  t r a n s i s t o r  switches I n  t h e  mul t ip l exe r  i n p u t ;  t h e  t r a n s i s t o r s  were sub- 
j e c t e d  t o  p r e s c r i b e d  tests and burn-in t o  a s s u r e  r e l i a b i l i t y .  
s i s t o r  f a i l u r e s  occurred.  The f a i l u r e s  were t r a c e d  t o  contaminat ion due t o  t h e  t r a n s i s t o r s  no t  
being adequately s e a l e d .  
occurred on t h e  l u n a r  su r face .  
t o  use a f i e l d - e f f e c t  t r a n s i s t o r  i n  a ceramic package. 
1 7  experiments packages were completely redesigned v l t h  f u l l  redundancy on a l l  90 analog channels .  

E a r l i e r  des igns  used p l a s t i c -  

During ground tests, numerous t r a n -  

However, no Apollo 12 and 14  l u n a r  s u r f a c e  experiments  package f a i l u r e s  
The design used on t h e  Apollo 1 5  experiments  package was upgraded 

The components used on t h e  Apollo 16  and 

b. Unexpected s t a t u s  changes: The demodulator s e c t i o n  of t h e  comnand decoder proved t o  be 
s e n s i t i v e  t o  r e c e i v e r  n o i s e  ou tpu t  o c c u r r i n g  i n  t h e  absence o f  an up-link signal. In o p e r a t i o n ,  
however, t h i s  cond i t ion  d i d  n o t  prove to  be a major problem. Opera t iona l  procedures  were modi- 
f i e d  t o  a s s u r e  t h a t  t h e  system was i l l umina ted  wi th  an up-link signal. r ende r ing  t h e  demodulator 
s e c t i o n  i n s e n s i t i v e  t o  n o i s e  when t h e  crew was on t h e  s u r f a c e  i m e d i a t e l y  fol lowing deployment. 
On t h e  Apollo 16  package, a new r e c e i v e r  des ign  r e s u l t e d  i n  a lower n o i s e  e e n s f t i v i t y ;  on t h e  
Apollo 17 eystem, a new decoder des ign  completely e l imina ted  t h e  problem. 

3.2.9 Pass ive  Seismic Experiment 

The pass ive  se i smic  experiment w a s  designed t o  d e t e c t  v i b r a t i o n s  o f  t h e  l u n a r  s u r f a c e  and 
provide d a t a  t h a t  can be used t o  determine t h e  i n t e r n a l  s t r u c t u r e ,  p h y s i c a l  s t a t e ,  and t e c t o n i c  
a c t i v i t y  of t h e  moon. 
s t r i k e  t h e  l u n a r  s u r f a c e .  
( t i d e s )  and changes i n  g r a v i t y .  

A secondary purpose is t o  determine t h e  number and mass o f  meteoroids t h a t  
The instrument  is a l s o  capable  of measuring t i l t s  of t h e  l u n a r  s u r f a c e  

The firsf of f i v e  pas s ive  seismometers was  emplaced on t h e  l u n a r  s u r f a c e  du r ing  the  Apollo 
11 mission. 
powered by a s o l a r  panel  a r r a y  r a t h e r  than by t h e  r ad io i so tope  the rmoe lec t r i c  gene ra to r  used on 
t h e  l a t e r  missions.  
f i r s t  and second l u n a r  days a f t e r  emplacement (a period of about 1 month). 
mornet'er d a t a  were rece ived  f o r  a longe r  t i m e ,  v i t h  down-link t r ansmiss ions  ending approximately 
4-112 months a f t e r  a c t i v a t i o n .  

Th i s  instrument  was p a r t  of t h e  e a r l y  Apollo s c i e n t i f i c  experiments package and was 

The Instrument supp l i ed  long-period seismometer d a t a  f o r  20 days during t h e  
Short-period seis- 

The fou r  seismic s t a t i o n s  emplaced during t h e  Apollo 12 ,  14 ,  15,  and 1 6  missions comprise a 
network t h a t  spans t h e  n e a r  s i d e  of t he  moon i n  an  approximate e q u i l a t e r a l  t r i a n g l e  wi th  1100- 
k i lome te r  epacing between s t a t i o n s .  
one c o m e r  o f  t h e  t r i a n g l e . )  
periment package a t  each s t a t i o n :  t h r e e  low-frequency components forming a t r i a x i a l  set (one 
s e n s i t i v e  t o  v e r t i c a l  motion and two s e n s i t i v e  t o  h o r i z o n t a l  motion) ,  and a high-frequency com- 
ponent s e n s i t i v e  t o  v e r t i c a l  motion. 
e n t l y  o p e r a t i n g  properly.  
o p e r a t e  s i n c e  i n i t i a l  a c t i v a t i o n .  
t i o n  (Z-axis) became i n o p e r a t i v e  a f t e r  1 yea r  o f  o p e r a t i o n  and ano the r  (Y-axis) began t r ansmi t -  
t i n g  noisy d a t a  midway through 1974. 
components are compared t o  t h e  ranges o f  o t h e r  l u n a r  s u r f a c e  se i smic  in s t rumen t s  i n  t a b l e  3-IV. 

(The Apollo 1 2  and 1 4  s t a t i o n s  are 181 kllometers a p a r t  at 
A s  shown i n  f i g u r e  3-21, fou r  seismometers are included i n  t h e  ex- 

Of t h e  16  s e p a r a t e  seismometers, a l l  b u t  t h r e e  are pres-  
The high-frequency component a t  t he  Apollo 1 2  s t a t i o n  has f a i l e d  t o  

One of t h e  l o w  frequency seismometers a t  t h e  Apollo 14 sta- 

The frequency ranges of t he  p a s s i v e  seismic experiment 

Seve ra l  of t h e  s t a t i o n s  have e x h i b i t e d  thermal  c o n t r o l  problems. For c o l l e c t i o n  of t i d a l  
d a t a ,  l i m i t i n g  t h e  instrument  o p e r a t i n g  t e u p e r a t u r e  t o  a band of approximately 1.1' K is  d e s i r -  
ab le .  
m a l  shroud. 
t h e  use of a Teflon l a y e r  as t h e  o u t e r  shroud covering,  and s t i t c h i n g  o f  t h e  shroud t o  p reven t  
l a y e r  s e p a r a t i o n .  Even so, an  optimum shroud deployment was n o t  achieved. t h u s ,  t h e  hea t  l o s s  
du r ing  l u n a r  n i g h t  and t h e  s o l a r  i npu t  i ncu r red  du r ing  t h e  l u n a r  day have been g r e a t e r  than de- 
s i r e d .  

Th i s  l i m i t a t i o n  was  n o t  achieved,  p a r t l y  because of problems w i t h  deployment of t h e  t h e r -  
C o r r e c t i v e  a c t i o n s  included t h e  a d d i t i o n  of weights  t o  t h e  o u t e r  edges of t h e  shroud,  

The major f i n d i n g s  t o  d a t e  are summarized ( r e f .  3-13): 

Data from t h e  impacts of l u n a r  module a scen t  s t a g e s  and launch v e h i c l e  S-IVB s t a g e s ,  com- 
bined with data from high-pressure l abora to ry  measurements on r e tu rned  l u n a r  samples. provide 
in fo rma t ion  on l u n a r  s t r u c t u r e  t o  a depth of approximately 150 Wlomete r s .  
s t r u c t u r e  below t h i s  dep th  is  de r ived  p r i n c i p a l l y  from a n a l y s i s  of signals from deep moonquakes 
and d i s t a n t  meteoroid Impacts.  

Xnformation on l u n a r  
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TABLE 3-1V.- RESPONSE SPECTRA FOR APOLLO SEISMIC EXPERIMENTS 

Experiment 

Passive seismic: 
Short period 

Long period 

Active seismic 

Lunar seismic 
profiling 

Lunar surface 
gravimeter 
Seismic 
Free modes 

Sensors 

1 vertical 
2 horizontal 
1 vertical 

3 vertical 

4 vertical 

1 vertical 

~~ 

Apollo sites 

12, 14, 15, 16 
12, 14, 15, 16 
12, b14, 15, 16 

1 

'14, 16 

17 

17 

Frequency 
range, 
Hz 

0.05 to 20 

0.004 to 3 
0.004 t o  3 

3 to 250 

3 to 20 

d0.05 to 16 
0.00083 to e 

0.048 
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a 

deployment. 
bLong-period vertical sensor data invalid since March 20, 1972. 

d 

Short-period sensor data has displayed reduced sensitivity since 

Geophone 2 data invalid since Jan. 3, 1974. 
Instrument error restricting frequency range to approximately 

Instrument error resulting in invalid data. 

C 

0.001 to 2.0 Hz with poor sensitivity. 
e 
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Analys i s  o f  t h e  manmade impact data has  revealed a major d i s c o n t i n u i t y  a t  a depth o f  between 
55 and 65 kilometers in t h e  e a s t e r n  p a r t  o f  t he  Ocean of S to rns .  By analogy wi th  t h e  e a r t h ,  t h e  
zone above t h e  d i s c o n t i n u i t y  is c a l l e d  t h e  c r u s t  and t h e  zone below, t h e  mantle .  Below t h e  c r u s t ,  
a r e l a t i v e l y  homogeneous zone extending t o  a depth of approximately 1000 k i l o m e t e r s  is suggested 
by t h e  n e a r l y  cons t an t  v e l o c i t y  o f  seismic waves. Although a v a i l a b l e  d a t a  are n o t  s u f f i c i e n t  t o  
d e r i v e  a d e t a i l e d  seismic v e l o c i t y  model f o r  t he  deep i n t e r i o r ,  obse rva t ions  of signals o r i g i n -  
a t i n g  from a l a r g e  meteoroid t h a t  s t r u c k  t h e  f a r  s i d e  o f  t h e  moon and from f a r - s i d e  moonquakes 
can be exp la ined  by in t roduc ing  a "core" wi th  a r a d i u s  between 600 and 800 k i lome te r s  t h a t  has  
markedly d i f f e r e n t  e las t ic  p r o p e r t i e s  than the  mantle. 
t e d  n e a r  t h e  boundary between these  two zones. 

Current  moonquake a c t i v i t y  is concentra-  

Moonquakes have been de tec t ed  by t h e  low-frequency seismometers o f  each s t a t i o n  a t  average 
rates of between 600 and 3000 per yea r ,  depending on t h e  s t a t i o n ;  a l l  t h e  moonquakes are q u i t e  
sma l l  by terrestr ia l  s t anda rds  (Richter  magnitude 2 or less). Thousands o f  even smaller m o n -  
quakes are de tec t ed  by the  high-frequency seismometers. Meteoroid impacts are d e t e c t e d  by t h e  
low-frequency seismometers a t  average rates of between 70 and 150 pe r  year .  
ous than  moonquakes, meteorid impacts gene ra t e  t h e  l a r g e s t  s i g n a l s  d e t e c t e d .  

Although less numer- 

Lack of shal low seismic a c t i v i t y  i n d i c a t e s  t h a t  t h e  moon is  n e i t h e r  expanding n o r  c o n t r a c t -  

The presence of a t h i c k  l u n a r  c r u s t  sug- 
ing apprec i ab ly  a t  the  p re sen t  t i m e .  
ima te ly  equa l  t o  t h e  rate of i n t e r n a l  hea t  product ion.  
g e s t s  e a r l y ,  i n t e n s e  hea t ing  of t he  o u t e r  s h e l l  o f  t h e  moon. 

Thus, t he  rate o f  hea t  f low o u t  o f  t h e  m o n  must be approx- 

3.2.10 Act ive Seismic Experiment 

Ac t ive  seismic experiment o p e r a t i o n s  were conducted on t h e  moon dur ing  t h e  Apollo 14  and 1 6  
missions.  The purpose o f  t h e  experiment was t o  gene ra t e  and monitor s e i smic  waves near  t h e  l u n a r  
s u r f a c e .  The d a t a  are being used t o  s tudy  the  i n t e r n a l  s t r u c t u r e  of t h e  moon t o  a depth of ap- 
proximately 460 meters. 
seismic a c t i v i t y  during p e r i o d i c  l i s t e n i n g  modes. 

A secondary o b j e c t i v e  s t i l l  i n  p rogres s  is t o  monitor high-frequency 

The a c t i v e  seismic experiment equipment c o n s i s t e d  o f  a thumper dev ice  t h a t  con ta ined  small 
exp los ive  i n i t i a t o r s ,  a mortar  package t h a t  contained high-explosive grenades,  geophones, elec- 
t r o n i c s  w i t h i n  t h e  Apollo l u n a r  s u r f a c e  experiments package c e n t r a l  s t a t i o n ,  and in t e rconnec t ing  
cab l ing .  Crewmen ope ra t ed  t h e  thumpers during l u n a r  s u r f a c e  a c t i v i t i e s .  The mor t a r s  were de- 
s igned t o  be f i r e d  by remote command a f t e r  crew depa r tu re .  

The Apollo 14  geophones were deployed as planned, and t h e  thumper p a r t  of t h e  experiment was 
completed.  
13 o f  t h e  21 charges.  
s o i l  go t  i n t o  t h e  a d f i r e  d t c h  mechanism and t h e  i n i t i a t o r  s e l e c t o r  swi t ch  w a s  not  p rope r ly  
s e a t e d  i n  t h e  d e t e n t s .  For Apollo 16 ,  t h e  thumper was s u c c e s s f u l l y  modified t o  improve swi t ch  
d u s t  seals and to  i n c r e a s e  t h e  torque r equ i r ed  t o  m v e  t h e  s e l e c t o r  swi t ch  from one d e t e n t  t o  
t h e  nex t .  

The thumper produced e x c e l l e n t  seismic d a t a  a l though the  crewman was a b l e  t o  f i r e  only 
P o s t f l i g h t  i n v e s t i g a t i o n  showed t h a t  a malfunct ion occur red  because l u n a r  

The Apollo 1 4  mortar package was deployed too  c l o s e  t o  t h e  c e n t r a l  s t a t i o n  and i n  a p o s i t i o n  
where d e b r i s  would be d i r e c t e d  toward t h e  c e n t r a l  s t a t i o n  i f  grenades were launched. 
nominal deployment w a s  n e c e s s i t a t e d  because of a crater a t  t h e  optimum mortar package deployment 
l o c a t i o n .  
nades were launched. 

The o f f -  

P o s t f l i g h t  tests showed t h a t  t h e  c e n t r a l  s t a t i o n  would probably be damaged i f  t h e  gre- 
Therefore ,  t h e  Apollo 14 s t a t i o n  grenades have no t  been launched. 

Three grenades were launched from t h e  Apollo 16  mortar package, b u t  t h e  mrtar p i t c h  s e n s o r  
r ead ing  v a r i e d  a f t e r  t he  f i r s t  two f i r i n g s  and became i n o p e r a t i v e  a f t e r  t h e  t h i r d .  
s c i e n t i f i c  o b j e c t i v e s  o f  t h e  experiment had been met, t h e  planned f o u r t h  f i r i n g  was d e l e t e d .  

Since t h e  

Ana lys i s  o f  t h e  seismic s i g n a l s  generated by t h e  thumper du r ing  Apollo 1 4  has  r evea led  i m -  
p o r t a n t  i n fo rma t ion  concerning t h e  near-surface s t r u c t u r e  o f  t h e  moon. 
seismic v e l o c i t i e s  were measured a t  t h e  Fra Mauro site. The near-surface m a t e r i a l  has  a seismic 
wave v e l o c i t y  o f  104 meters p e r  second. Underlying t h i s  s u r f i c i a l  l a y e r  a t  a depth of 8.5 meters, 
t h e  l u n a r  material has a v e l o c i t y  o f  299 meters  p e r  second. The measured th i ckness  o f  t h e  upper 
unconsol idated d e b r i s  l a y e r  is in good agreement wi th  geo log ica l  estimates of t h e  t h i c k n e s s  o f  
t h e  r e g o l i t h  a t  t h i s  site. 

Two compressional wave 
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Combining t h e  se i smic  r e f r a c t i o n  results from t h e  a c t i v e  se i smic  experiment and t h e  l u n a r  
uodule a s c e n t  seismic d a t a  recorded by t h e  A p l l o  1 4  p a s s i v e  se i smic  experiment a l lows estimates 
o f  t h e  t h i c k n e s s  of t h e  unde r ly ing  material t o  be made. These e s t i m a t e s  range from 38 t o  76 me- 
ters and may i n d i c a t e  t h e  th i ckness  o f  t h e  Fra Mauro Formation a t  t h i s  p a r t i c u l a r  s i t e  ( r e f .  3-14). 

Two compressional wave seismic v e l o c i t i e s  have been recognized so f a r  i n  t h e  Apollo 1 6  d a t a .  
Underlying t h i s  The l u n a r  s u r f a c e  m a t e r i a l  has  a se i smic  wave v e l o c i t y  of 114 meters p e r  second. 

s u r f i c i a l  material a t  a depth o f  12.2 meters ,  t h e  l u n a r  rocks have a v e l o c i t y  of 250 meters p e r  
second. The 114-meter-per-second v e l o c i t y  a g r e e s  c l o s e l y  w i t h  t h e  s u r f a c e  v e l o c i t y  measured a t  
t h e  Apollo 12,  1 4 ,  and 15 l and ing  sites, t h u s  i n d i c a t i n g  t h a t  no major r e g i o n a l  d i f f e r e n c e s  e x i s t  
i n  t h e  near-surface a c o u s t i c a l  p r o p e r t i e s  of t he  moon. 

The seismic wave v e l o c i t y  o f  t h e  material unde r ly ing  t h e  r e g o l i t h  a t  t h e  Apollo 1 6  l and ing  
s i te  does not  i n d i c a t e  t h a t  competent l a v a  flows e x i s t  i n  t h e  Cayley Formation a t  t h i s  l o c a t i o n .  
I n s t e a d ,  t h i s  v e l o c i t y  sugges t s  t h e  presence of b r e c c i a t e d  material o r  impact-derived d e b r i s  o f  
c u r r e n t l y  undetermined th i ckness .  

3.2.11 Lunar Seismic P r o f i l i n g  Experiment 

The purpose of t he  Apollo 1 7  l u n a r  seismic p r o f i l i n g  experiment w a s  t o  record t h e  v i b r a t i o n s  
of t h e  l u n a r  s u r f a c e  as induced by exp los ive  charges ,  by t h e  t h r u s t  o f  t h e  l u n a r  module a s c e n t  
eng ine ,  and by t h e  c r a s h  o f  t he  l u n a r  module a s c e n t  s t age .  Analyses of t hese  se i smic  d a t a  were 
planned t o  determine the  i n t e r n a l  c h a r a c t e r i s t i c s  of t h e  l u n a r  c r u s t  t o  a depth o f  s e v e r a l  k i l o -  
meters. A secondary o b j e c t i v e  of t h e  experiment was t o  monitor l u n a r  seismic a c t i v i t y  du r ing  
p e r i o d i c  l i s t e n i n g  i n t e r v a l s .  

Strong se i smic  s i g n a l s  were recorded from t h e  de tona t ion  o f  e i g h t  exp los ive  charges t h a t  
were armed and placed on t h e  l u n a r  s u r f a c e  by t h e  crewmen a t  v a r i o u s  p o i n t s  a long  t h e  t r a v e r s e s .  
Recording of t h e s e  seismic s i g n a l s  generated t r a v e l t i m e  d a t a  t o  a d i s t a n c e  o f  2.7 Wlomete r s .  
The seismic s i g n a l s  received from t h e  l u n a r  module a s c e n t  s t a g e  impact provided a va luab le  
t r a v e l t i m e  datum f o r  determining t h e  v a r i a t i o n  o f  seismic v e l o c i t y  v i t h  depth i n  approximately 
t h e  upper 5 k i lome te r s  of t he  w o n .  

The most s i g n i f i c a n t  d i scove ry  r e s u l t i n g  from t h e  a n a l y s i s  o f  t h e  d a t a  recorded by t h e  l u n a r  
s e i smic  p r o f i l i n g  experiment is  t h a t  t h e  se i smic  v e l o c i t y  i n c r e a s e s  i n  a marked s t epwise  manner 
beneath t h e  Apollo 17 l and ing  site. 
second and a th i ckness  o f  248 meters overlies a l a y e r  w i th  a se i smic  v e l o c i t y  of 1200 meters p e r  
second and a t h i c k n e s s  of 927 meters, wi th  a sha rp  i n c r e a s e  t o  approximately 4000 meters p e r  sec- 
ond a t  t h e  base of t h e  lower l a y e r .  The seismic v e l o c i t i e s  f o r  t h e  upper l a y e r s  are compatible 
wi th  those  f o r  b a s a l t i c  l a v a  f lows,  i n d i c a t i n g  a t o t a l  t h i ckness  of a p p r o x i m t e l y  1200 meters 
f o r  t h e  i n f i l l i n g  mare b a s a l t s  a t  Taurus-Littrow. 
implied by t h e  observed ab rup t  changes i n  seismic v e l o c i t y  ( r e f .  3-15). 

A s u r f a c e  l a y e r  w i t h  a se i smic  v e l o c i t y  of 250 meters p e r  

Major ep i sodes  o f  d e p o s i t i o n  o r  evo lu t ion  are 

3.2.12 Lunar Surface Magnetometer Experiment 

Magnetic f i e l d  measurements have proved t o  be one of t h e  most u s e f u l  t o o l s  f o r  determining 
t h e  e l ec t romagne t i c  p r o p e r t i e s  of t h e  e a r t h  i n t e r i o r  and solar-wind and ionosphe r i c  environments.  
Th i s  method w a s  extended t o  the  mon wi th  t h e  emplacement o f  a th ree -ax i s  f l u x g a t e  magnetometer 
on t h e  l u n a r  s u r f a c e  du r ing  t h e  Apollo 12 l u n a r  s t a y .  
a c t i v a t e d  du r ing  t h e  Apollo 15  and 16 l u n a r  s t a y s .  

S imi l a r  magnetometers were deployed and 

The instrument  has  a senso r  l o c a t e d  a t  the  end o f  each of t h r e e  or thogonal  booms. Three 

Th i s  

The senso r s  

An e v a l u a t i o n  o f  t h e  performance o f  t h e  Apollo 1 2  instrument  r e s u l t e d  i n  t h e  fo l lowing  

v e c t o r  f i e l d  components are measured i n  t h e  normal mode o f  o p e r a t i o n ;  however, t h e  senso r s  may 
be r o t a t e d  such t h a t  t hey  s imultaneously a l i g n  p a r a l l e l  i n  each o f  t h e  t h r e e  boom axes .  
alignment pe rmi t s  t h e  c a l c u l a t i o n  o f  t h e  v e c t o r  g r a d i e n t  i n  t h e  p l ane  o f  t h e  senso r  and permits  
an independent measurement of t he  magnetic f i e l d  v e c t o r  a t  each senso r  p o s i t i o n .  
and booms a r e  l o c a t e d  on a c e n t r a l  s t r u c t u r e  which houses t h e  c e n t r a l  e l e c t r o n i c s  and gimbal-f l ip  
u n i t .  
changes t o  t h e  Apollo 1 5  and 16  instruments .  

a .  The measurement range was  changed from 2100, 2200, and 2400 g a m s  to 250, 2100, and 
9 0 0  gammas. 

b. A c u r t a i n  w a s  added over  t h e  e l e c t r o n i c s  box t o  improve thermal  c o n t r o l .  
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I n t r i n s i c  steady (remanent) magnetic f i e l d s  provide a record of  the magnetic f i e l d  environ- 

The Apollo 12 lunar  surface magnetometer detected a remanent magnetic f i e l d  o f  ap- 
ment t h a t  ex is ted  3 to  4 b i l l i o n  years ago when the lunar  c r u s t a l  material cooled below t h e  C u r i e  
temperature. 
proximately 38 gammas superimposed on the  geomagnetic t a i l ,  t r a n s i t i o n  region,  and interplane-  
t a r y  f i e l d s  through which the moon passes during each o r b i t  around the e a r t h  ( r e f .  3-16). The 
remanent magnetic f i e l d  a t  the Apollo 15 si te w a s  ca lcu la ted  t o  be approximately 6 gammas (small 
compared t o  the f i e l d s  a t  the Apollo 1 2 ,  14, and 16 s i t e s ) .  Since the Apollo 1 5  s i t e  l i es  near 
the edge of the Mare Imbrium rnascon basin,  the exis tence of l i t t l e  o r  no remanent f i e l d  a t  t h a t  
s i t e  suggests t h a t  mascons a r e  not highly magnetic ( r e f .  3-17). 

The bulk r e l a t i v e  magnetic permeability of the moon has been ca lcu la ted  from measurements 
obtained in the geomagnetic-tail region t o  be d u o  - 1.03 _+0.13. 
temperature p r o f i l e s  of the  lunar  i n t e r i o r  have been determined from s o l a r  wind magnetic f i e l d  
s tep- t rans ien t  event measurements. The data presented in the  following t a b l e  f i t  the  three- layer  
model of the moon shown in f igure  3-22 ( r e f .  3-18). 
d u c t i v i t y  as a funct ion of temperature f o r  pure o l iv ine .  

Electr ical-conduct ivi ty  and 

Temperature ca lcu la t ions  a r e  based on con- 

E l e c t r i c a l  conduct ivi ty ,  
Region mholm Temperature, 'K 

<lo-9 

2.10-2 

2.3.5 

<440 

890 

1240 

Qual i ta t ive ly ,  the induct ive eddy-current response a t  t h e  Apollo 15 s i te  is  s imi la r  t o  t h a t  
a t  the Apollo 1 2  site. Observations show t h a t  the s o l a r  wind compresses the  steady remanent f i e l d  
a t  the Apollo 12 s i te  during per iods of high s o l a r  plasma densi ty  ( r e f .  3-17). 

On June 14, 1974, the  Apollo 12 and Apollo 15 instruments were permanently conrmanded o f f .  
The Apollo 1 2  instrument science and engineering data had been inva l id  f o r  1 year and t h a t  of 
the  Apollo 15 instrument f o r  6 months. 
m e l e c t r i c  generators  and the  c r i t i c a l i t y  of reserve power during lunar  n ight ,  spurious func- 
t i o n a l  changes could have caused the  l o s s  of func t iona l  instruments. The Apollo 16 instrument 
was operat ive a t  the time of publ icat ion of t h i s  report .  

Because of decreasing output from t h e  radioisotope ther-  

3.2.13 Lunar Portable  Magnetometer Experiment 

Portable  magnetometers were used by the  Apollo 14 and 16 crews. The objec t ive  of the  lunar  
portable  magnetometer measurements w a s  t o  determine the  remanent magnetic f i e l d  a t  var ious lunar  
surface locat ions.  The magnetometer a c t u a l l y  measured low-frequency ( l e s s  than 0.05 her tz )  compo- 
nents  of the  t o t a l  magnetic f i e l d  a t  the  surface,  which includes the  remanent f i e l d ,  t h e  ex terna l  
s o l a r  f i e l d ,  f i e l d s  induced in t h e  lunar  i n t e r i o r  by changing s o l a r  f i e l d s ,  and f i e l d s  caused by 
s o l a r  wind i n t e r a c t i o n s  with the lunar  remanent f i e l d s .  Simultaneous measurements made by the  
lunar  surface magnetometer of the time-varying components of t h e  f i e l d  were later subtracted t o  
give the  desired r e s u l t a n t  remanent f i e l d  values caused by magnetized c r u s t a l  mater ia l .  

The lunar  portable  magnetometer consis ted of a set of th ree  orthogonal f luxgate  sensors  
mounted on top of a tr ipod.  
e l e c t r o n i c s  box. On Apollo 14, t h e  e l e c t r o n i c s  box w a s  munted  on the  modular equipment t rans-  
porter; on Apollo 16, the box was  mounted on the  lunar  roving vehic le .  
pod at the  des i red  loca t ion ,  a crewman turned the power switch on, read the  d i g i t a l  displays i n  
sequence, and verba l ly  relayed the data back to ear th .  

The sensor-tripod assembly was  connected by a ribbon cable  t o  an 

After  pos i t ion ing  t h e  tri- 

The Apollo 14 instrument recorded steady magnetic f i e l d s  of 103 +5 ganunas and 43 +6 gammas 
a t  two sites separated by 1120 meters. 
(38 g m )  steady f i e l d  measured a t  the  Apollo 12 site 180 kilometers away was not unique. In- 
deed, these masurements and s tudiee  of lunar samples and lunar-orbi t ing Explorer 35 d a t a  indi-  
c a t e  t h a t  mrch of the lunar aurface material was magnetized a t  a previous t i m e  i n  lunar  h i s t o r y  
( re f .  3-19). The magnetic f i e l d  of 313 garmas measured in the  North Ray Crater area during t h e  
Apollo 16 mission t o  the lunar  highlands proved to  be t h e  highest  ever measured on another body 
of planetary s ize .  
d i f f e r e n t  sites along the three  sur face  t raverses  var ied  from 121 t o  313 ganmras. 

These measurements showed t h a t  the unexpectedly high 

Other f i e l d  measurements obtained by t h e  Conrmander and Lunar Module P i l o t  a t  

I 
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Magnetic s t u d i e s  of r e tu rned  samples i n d i c a t e  t h a t  they formed i n  a reasonably s t r o n g  mag- 
n e t i c  f i e l d  (a few thousand gammas), y e t  t h e r e  is 110 such f i e l d  a f f e c t i n g  t h e  w o n  today. It 
is hypothesized t h a t  the moon had a reasonably s t r o n g  magnetic f i e l d  throughout much o f  i t s  e a r l y  
h i s t o r y .  

The s u r f a c e  f i e l d s  provide r e f e r e n c e  v a l u e s  f o r  e x t r a p o l a t i o n  of  s u b s a t e l l i t e  magnetometer 
measurements t o  the  l u n a r  su r face .  Fu r the r  a n a l y s i s  should y i e l d  in fo rma t ion  on t h e  geo log ica l  
n a t u r e  and o r i g i n  o f  l u n a r  remanent f i e l d s ,  i nc lud ing  t h e  p o s s i b i l i t y  o f  an a n c i e n t  l u n a r  dynamo, 
shock-induced magnet izat ion,  o r  ano the r  mechanism t o  account f o r  t h e  s t r o n g  magnet izat ion found 
i n  l u n a r  s u r f a c e  samples. 

3.2.14 Heat Flow Experiment 

The purpose of t he  h e a t  f low experiment is t o  determine t h e  rate of h e a t  f low from t h e  l u n a r  
i n t e r i o r  and the  thermal p r o p e r t i e s  o f  t h e  l u n a r  subsu r face ,  thereby c o n t r i b u t i n g  t o  an  under- 
s t and ing  o f  t h e  thermal h i s t o r y  o f  t h e  moon. H e a t  loss is d i r e c t l y  r e l a t e d  t o  t h e  i n t e r n a l  t e m -  
p e r a t u r e  and t h e  rate of i n t e r n a l  h e a t  product ion;  t h e r e f o r e ,  measurements o f  t h e s e  q u a n t i t i e s  
enab le  l i m i t s  t o  be set  on long-l ived r a d i o i s o t o p i c  abundances ( t h e  c h i e f  source o f  i n t e r i o r  
hea t ing )  and the  i n t e r n a l  temperature.  

The experiment hardware c o n s i s t s  o f  two temperature-sensing probes and e l e c t r o n i c s  f o r  con- 
t r o l l i n g  and p rocess ing  t h e  measurements. Two h o l e s ,  spaced about  9 meters a p a r t ,  were d r i l l e d ,  
and t h e  probes were i n s e r t e d  i n t o  t h e s e  ho le s .  
r a t e l y  measure t h e  v e r t i c a l  temperature  g r a d i e n t  o v e r  approximately t h e  lower 100 cen t ime te r s  of 
each hole .  These r ead ings ,  o v e r  an extended pe r iod .o f  t i m e ,  y i e l d  t h e  hea t - f lux  d a t a .  Each 
probe also c o n t a i n s  hea t ing  elements.  When one of t hese  elements  is ene rg ized ,  a known q u a n t i t y  
o f  h e a t  is generated a t  a known d i s t a n c e  from a temperature  sensor .  
rate of temperature  change a t  the  senso r  are used t o  d e t e r n i n e  t h e  thermal c o n d u c t i v i t y  of t h e  
l u n a r  m a t e r i a l  nea r  t he  probe. 

S e n s i t i v e  thermometers w i th in  t h e  probes accu- 

The r e s u l t i n g  amount and 

H e a t  f low 'experiments were s u c c e s s f u l l y  deployed and a c t i v a t e d  on t h e  Apollo 1 5  and 1 7  m i s -  
s i o n s .  Deployment of a h e a t  flow experiment w a s  a t tempted du r ing  t h e  Apollo 16  l u n a r  s t a y ;  how- 
e v e r ,  t h e  c a b l e  connect ing t h e  e l e c t r o n i c s  package wi th  the  Apollo l u n a r  s u r f a c e  experiments  pack- 
age c e n t r a l  s t a t i o n  w a s  i n a d v e r t e n t l y  broken during experiment package deployment a c t i v i t i e s ,  
r ende r ing  t h e  hea t  f low experiment hardware i n o p e r a t i v e .  
emplaced in s t rumen t s  has  been t h e  loss of one r e f e r e n c e  temperature  r ead ing  on the  Apollo 15  h e a t  
f low experiment.  Because r e fe rence  j u n c t i o n  temperature  measurements are redundant,  t h e r e  has  
been no l o s s  o f  d a t a .  
c i r c u i t s ;  t h e r e f o r e ,  no des ign  changes were made on t h e  Apollo 1 7  instrument .  

The  Apollo 15  and 17 measurements were made in similar r e g i o n a l  s e t t i n g s .  t h a t  is, on t h e  

The on ly  o p e r a t i o n a l  problem v i t h  t h e  

No s p e c i f i c  f a i l u r e  mechanism was revealed du r ing  i n v e s t i g a t i o n  o f  t h e  

margins o f  l a r g e  mascon b a s i n s .  Though the  p o s s i b i l i t y  of r e g i o n a l  b i a s e s  t o  t h e s e  measurements 
remains,  t h e  evidence is  s t r o n g  t h a t  a major p a r t  of t h e  l u n a r  s u r f a c e  is c h a r a c t e r i z e d  by h e a t  
f low a t  t h e  upper l i m i t  of  t h a t  expected from geochemical models and thermal h i s t o r y  c a l c u l a t i o n s .  
R e s u l t s  t o  d a t e  i n d i c a t e  t h a t  t h e  average hea t  f low from t h e  i n t e r i o r  o f  t h e  won outward is  ap- 
proximately 3 microwatts  per square cen t ime te r ,  about h a l f  t h a t  o f  t h e  e a r t h  ( r e f .  3-20). 

3.2.15 Lunar Surface Gravimeter Experiment 

The  lunar s u r f a c e  gravimeter  was designed to  assist in t h e  s e a r c h  f o r  g r a v i t a t i o n a l  radia-  
t i o n  from cosmic sources .  A secondary o b j e c t i v e - i s o  3 a s u r e  t i d a l  deformation o f  t h e  moon. 

The l u n a r  s u r f a c e  gravimeter  has  t h r e e  b a s i c  components: a g r a v i t y  meter, a s t r u c t u r a l /  
thermal-control  package, and an  e l e c t r o n i c s  package. 
type of spring-mass suspension to sense changes in t h e  v e r t i c a l  component o f  l o c a l  g r a v i t y .  
major f r a c t i o n  o f  t h e  f o r c e  support ing t h e  senso r  mass (beam) a g a i n s t  t h e  l o c a l  g r a v i t a t i o n a l  
f i e l d  is provided by a zero- length s p r i n g  (one i n  which the  r e s t o r i n g  f o r c e  is d i r e c t l y  propor- 
t i o n a l  t o  the s p r i n g  l e n g t h ) .  As shown i n  f i g u r e  3-23, small changes i n  f o r c e  t end  to  d i s p l a c e  
t h e  beam up o r  down. 
s p r i n g  p i v o t  p o i n t s  w i t h  micrometer screws. 
rmaa and t h e  p o s i t i o n  of t h e  coa r se  and f i n e  micrometer screws, as read o u t  by t h e  s h a f t  encoder 
l o g i c ,  were t o  provide t h e  g r a v i t y  measurement. 

The g r a v i t y  meter uses  t h e  LaCoste-Romberg 
The 

Th i s  imbalance w a s  to  be ad jus t ed  t o  the  n u l l  p o s i t i o n  by r e p o s i t i o n i n g  t h e  
Incremental masses added by conmind t o  the senso r  

L 

I 

I 

I 



3-49 

. 
I 

1 

Zero- I eng th spring 

Note: 

screw 

Cross section 
of mass adding 
mechanism 

ss-change screw 

Sensor 
housing 

haft (to motor) 

Figure 3-23.- Lunar surface gravimeter mechanism. 
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The instrument  w a s  deployed during t h e  Apollo 17 l u n a r  s t a y ;  however, fol lowing t h e  i n i t i a l  
experiment turn-on, t h e  setup procedure of  n u l l i n g  the  senso r  b e a m  i n  the  proper  s t a b l e  p o s i t i o n  
between capac i to r  p l a t e s  could not  be accomplished. When t h e  cowand w a s  given t o  add any o r  a l l  
of  the n u l l i n g  masses t o  t h e  sensor  beam assembly, t he  d a t a  ind ica t ed  t h a t  t he  beam would not  move 
away from t h e  upper c a p a c i t o r  p l a t e .  The only way t o  lower t h e  beam was t o  cage t h e  beam a g a i n s t  
t he  lower c a p a c i t o r  p l a t e .  During the  second and t h i r d  e x t r a v e h i c u l a r  a c t i v i t i e s ,  t he  Lunar Mod- 
u l e  P i l o t  rapped the  exposed top  p l a t e  on the  gimbal; rocked t h e  experiment i n  a l l  d i r e c t i o n s ;  
r e l e v e l e d  the  instrument ,  working t h e  base w e l l  a g a i n s t  t he  s u r f a c e ;  and v e r i f i e d  t h e  sunshade 
tilt. These a c t i o n s  =re taken t o  f r e e  a mass assembly o r  a senso r  beam t h a t  was suspected o f  
being caught o r  binding,  but no change was apparent .  
e r r o r  i n  arithmetic r e s u l t e d  i n  t h e  senso r  masses being approximately 2 percent  l i g h t e r  than t h e  
proper nominal weight f o r  1/6-ear th-gravi ty  o p e r a t i o n  of  t he  f l i g h t  u n i t .  
a l lows a 21.5 pe rcen t  adjustment by ground connnand t o  c o r r e c t  mass inaccurac i e s .  

Review of  s enso r  r eco rds  revealed t h a t  an 

The senso r  mechanism 

Seve ra l  r econf igu ra t ions  of  t he  instrument  have been commanded. The sensor  beam has  been 
cen te red  by applying a load on the  beam through the  mass support  s p r i n g s  by p a r t i a l  caging of  
t he  mass weight assembly. I n  t h i s  conf igu ra t ion ,  t he  instrument  is  supplying some seismic d a t a  
( r e f .  3-21). 

3.2.16 Traverse Gravimeter Experiment 

The primary goa l  o f  t he  t r a v e r s e  gravimeter  experiment was t o  make r e l a t i v e  g r a v i t y  measure- 
ments at  a number of  sites i n  the  Apollo 17  l and ing  area and t o  use t h e s e  measurements t o  o b t a i n  
information about the geo log ica l  subs t ruc tu re .  
g r a v i t y  a t  the  landing s i te  r e l a t i v e  t o  an accura t e ly  known v a l u e  on e a r t h .  The instrument  pack- 
age contained a v i b r a t i n g  s t r i n g  accelerometer  from which t h e  g r a v i t y  va lues  could be determined. 
The prel iminary g r a v i t y  p r o f i l e  is based upon t h e  assumption t h a t  t he  m a t e r i a l  underlying t h e  
v a l l e y  f l o o r  c o n s i s t s  of b a s a l t  t h a t  is 1 k i lome te r  t h i c k  and has a p o s i t i v e  d e n s i t y  c o n t r a s t  of  
0.8 grams p e r  cub ic  cen t ime te r  w i th  r e spec t  t o  b recc ia t ed  highland m a t e r i a l  on e i t h e r  s i d e .  Us- 
i ng  t h i s  model, t h e  g r a v i t y  va lues  a t  the edges of the  v a l l e y  a r e  25 d l l i g a l s  lower than  a t  t h e  
luna r  module s i te ,  and a v a r i a t i o n  i n  t h e  c e n t r a l  part of  t he  v a l l e y  f l o o r  is v i t h i n  10 m i l l i -  
g a l s  of t he  va lue  a t  the  lunar module a i t e .  
o r a t e  models. 
( r e f .  3-22). 

A secondary goa l  w a s  t o  o b t a i n  the  va lue  of  t he  

These va lues  w i l l  be r e f i n e d  based upon more elab-  
A value of  g - 162 694.6 2 5  m i l l i g a l s  w a s  measured a t  t h e  l u n a r  module s i te  

3.2.17 Surface E l e c t r i c a l  P r o p e r t i e s  Experiment 

The s u r f a c e  e l e c t r i c a l  p r o p e r t i e s  experiment was used t o  explore  t h e  subsurface m a t e r i a l  o f  
t h e  Apollo 17 l and ing  s i te  by means of e lectromagnet ic  r a d i a t i o n .  The experiment w a s  designed 
t o  d e t e c t  e l e c t r i c a l  l a y e r i n g ,  d i s c r e t e  s c a t t e r i n g  bodies ,  and t h e  p o s s i b l e  presence of water. 
The experiment d a t a  may help o t h e r s  i n t e r p r e t  m n y  obse rva t ions  a l r eady  made wi th  both ea r th -  
based and lunar o r b i t a l  b i s t a t i c  radar. I n  a d d i t i o n ,  t h e  experiment provides  d a t a  needed t o  in- 
t e r p r e t  obse rva t ions  made with t h e  l u n a r  sounder (sec.  3.3.1.5), and t h e  results a r e  expected t o  
he lp  de f ine  the s t r a t i g r a p h y  of  t he  Apollo 17  l and ing  site. 

The crewmen deployed a sma l l ,  low-power t r a n s m i t t e r  and l a i d  on t h e  s u r f a c e  two c rossed  di-  
po le  antennas t h a t  were 70 meters  long t i p  t o  t i p .  A r e c e i v e r  and r ece iv ing  antennas were mounted 
on t h e  l u n a r  roving veh ic l e .  
d a t a  on magnetic tape.  I n  a d d i t i o n  t o  t h e  s u r f a c e  e l e c t r i c a l  p r o p e r t i e s  experiment d a t a ,  in- 
formation on the  l o c a t i o n  of t h e  l u n a r  roving v e h i c l e ,  obtained from t h e  lunar rov ing  v e h i c l e  
nav iga t ion  system, w a s  also recorded on the  tape.  

I n s i d e  t h e  r e c e i v e r ,  t h e r e  was  a t ape  r eco rde r  which recorded t h e  

The  b a s i c  p r i n c i p l e  of the experiment is t h e  i n t e r f e r e n c e  of two o r  more waves t o  produce 
an i n t e r f e r e n c e  p a t t e r n .  
d i f f e r e n t  v e l o c i t i e s  through d i f f e r e n t  media. Thus, d i s t i n c t i v e  p a t t e r n s  were recorded a s  t h e  
l u n a r  roving v e h i c l e  moved a long  t h e  su r face .  Values of t h e  e l e c t r i c a l  p r o p e r t i e s  of  t h e  sub- 
s u r f a c e  m a t e r i a l  ( d i e l e c t r i c  cons t an t  and l o s s  tangent)  were ob ta ined  from a n a l y s i s  of t h e  da t a .  

Electromagnet ic  energy r a d i a t e d  from a t r a n s m i t t i n g  antenna t r a v e l s  a t  

Two q u i t e  d i f f e r e n t  s t r u c t u r a l  models of t he  Apollo 17  site have been developed t o  account 
f o r  t he  obse rva t ions .  
t h a t  each is c o r r e c t  i n  the  e s s e n t i a l  f e a t u r e s .  The first m d e l ,  p r e f e r r e d  by most members of 

Although n e i t h e r  is based on r igo rous  theo ry ,  t h e  experiment t e a m  b e l i e v e s  

1 

, . 
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t h e  t e a m ,  is  one i n  which t h e  d i e l e c t r i c  cons t an t  Increases w i t h  depth from a va lue  of 2.5 t o  3 
n e a r  t h e  s u r f a c e  t o  approximately 5 a t  a depth o f  50 t o  60 meters .  
a t  50 t o  60 meters, where t h e  d i e l e c t r i c  cons t an t  Increases t o  a v a l u e  of 6 t o  6 . 5 .  
of a low va lue  o f  t h e  l o s s  t a n g e n t ,  water is probably not p r e s e n t  a t  t h e  Apollo 1 7  s i t e .  

A d i s c o n t i n u i t y  is p r e s e n t  
On t h e  b a s i s  

I n  t h e  alternate s t r u c t u r a l  model, t h e  cause o f  t h e  appa ren t  change of d i e l e c t r i c  cons t an t  
w i t h  depth is as s igned  t o  a s lop ing  i n t e r f a c e  between a t h i n  upper l a y e r  and a t h i c k  lower l a y e r .  
The upper  l a y e r  i s ,  perhaps,  20 meters  t h i c k  beneath t h e  experiment s i t e  and t h i n s  t o  1 5  meters  
at s t a t i o n  2 ( f i g .  3-12). I n  a d d i t i o n ,  t h e r e  is a h i n t  o f  a d i s c o n t i n u i t y  i n  the d i e l e c t r i c  
cons t an t  a t  a depth of approximately 300 meters. 

Add i t iona l  t h e o r e t i c a l  and scale model work i s . b e i n g  done to  determine which model is more 
n e a r l y  correct ( r e f .  3-23). 

3.2.18 Lunar Neutron Probe Experiment 

The l u n a r  neutron probe experiment,  one of t h e  Apollo 1 7  s u r f a c e  experiments ,  was designed 
t o  measure t h e  rates of low-energy neu t ron  c a p t u r e  as a f u n c t i o n  o f  depth i n  t h e  l u n a r  r e g o l i t h .  

Various s t u d i e s  of t h e  l u n a r  samples,  p a r t i c u l a r l y  those  invo lv ing  i s o t o p i c  v a r i a t i o n s  i n  
gadolinium and samarium, have documented the  e f f e c t s  o f  long-term exposure of l u n a r  m a t e r i a l s  t o  
neutrons and have shown how such data can be used t o  c a l c u l a t e  r e g o l i t h  accumulation and mixing 
rates and ages f o r  s t r a t i g r a p h i c  l a y e r s  i n  l u n a r  c o r e  samples. Comparison o f  a neutron c a p t u r e  
product  w i th  a s p a l l a t i o n  product  i n  l u n a r  rocks can a l s o  be used t o  i n f e r  average I r r a d i a t i o n  
depths  t h a t  are r equ i r ed  t o  o b t a i n  a c c u r a t e  exposure ages.  I n  a d d i t i o n ,  t h e  Apollo 1 5  o r b i t a l  
gamma r a y  experiment has  de t ec t ed  ganrma r ays  from neutron cap tu re  on such elements  as i r o n  and 
t i t an ium,  from which t h e  r e l a t i v e  chemical abundances of t h e s e  elements  could be i n f e r r e d .  I n  
a l l  t h e s e  c a s e s ,  t h e  s t r e n g t h  of t h e  conclusions has  been n e c e s s a r i l y  l i m i t e d  by t h e  l a c k  o f  ex- 
pe r imen ta l  v a l u e s  f o r  t h e  r e l e v a n t  rates of neutron cap tu re .  The neutron probe experiment w a s  
proposed t o  o b t a i n  these  d a t a .  

The experiment used t w o  p a r t i c l e  t r a c k  d e t e c t i o n  systems. A c e l l u l o s e  tr iacetate p l a s t i c  
d e t e c t o r  w a s  used in con junc t ion  w i t h  boron-10 t a r g e t s  t o  r eco rd  t h e  a lpha  p a r t i c l e s  emi t t ed  wi th  
t h e  neutron cap tu re  on boron-10. 
f i s s i o n  fragments from neutron-induced f i s s i o n  i n  uranium-235 t a r g e t s .  

For t h e  second system, mica d e t e c t o r s  were used t o  d e t e c t  t h e  

The l u n a r  neu t ron  probe experiment w a s  assembled, a c t i v a t e d ,  and deployed i n  t h e  ho le  formed 
by t h e  d r i l l i n g  and e x t r a c t i o n  of t h e  deep-core sample. The probe was deployed du r ing  t h e  f i r s t  
e x t r a v e h i c u l a r  a c t i v i t y  and r e t r i e v e d  a t  t h e  end of t h e  t h i r d  e x t r a v e h i c u l a r  a c t i v i t y  f o r  a t o t a l  
a c t i v a t e d  exposure pe r iod  of 49 hours.  

When t h e  probe was disassembled,  t h e  t a r g e t s  and d e t e c t o r s  were a l l  i n  e x c e l l e n t  c o n d i t i o n ,  
and i n d i c a t o r s  show t h a t  t he  probe temperature  never exceeded 335" K. The p o s s i b i l i t y  t h a t  t h e  
probe would reach h ighe r  temperatures  was a s e r l o u s  concern b e f o r e  t h e  mission,  because thermal  
annea l ing  o f  t h e  p a r t i c l e  t r a c k s  i n  t h e  p l a s t i c  could occur .  

Although on ly  t h e  mica d e t e c t o r s  had been analyzed a t  t h e  t ime o f  p u b l i c a t i o n  of r e f e r e n c e  
3-24, i t  appears  t h a t  good agreement e x i s t s  between t h e  results of t h e  experiment and t h e o r e t i c a l  
c a l c u l a t i o n s  of neu t ron  c a p t u r e  rates and t h e  equ i l ib r ium neutron energy spectrum. 
ment is  confirmed, i n t e r p r e t a t i o n s  o f  l u n a r  sample d a t a  t o  determine r e g o l i t h  mixing rates and 
dep ths ,  depths  of i r r a d i a t i o n  f o r  l u n a r  rocks,  and accumulation rates and d e p o s i t i o n  times can 
be v e r i f i e d .  

I f  t h i s  agree- 

3.2.19 Laser  Ranging R e t r o r e f l e c t o r  

Arrays o f  o p t i c a l  r e f l e c t o r s  were emplaced on the  l u n a r  s u r f a c e  du r ing  t h e  Apollo 11, 1 4 ,  
and 15  missions.  Each of t h e  a r r a y s  c o n s i s t e d  of a compact assembly o f  s o l i d  fused  s i l i ca  c o r n e r  
r e f l e c t o r s ,  3.8 cen t ime te r s  In diameter ,  mounted in an aluminum panel .  Fused s i l i c a  was used be- 
cause o f  l t s  known r a d i a t i o n  r e s i s t a n c e ,  thermal s t a b i l i t y ,  high t r anspa rency  t o  most wavelengths 
i n  solar r a d i a t i o n ,  l ong  l i f e ,  and o p e r a t i o n  i n  l u n a r  day and l u n a r  n i g h t .  Each r e f l e c t o r  waa 
r eces sed  1 . 9  cen t ime te r s  in t h e  pane l  mounting socket  t o  minimize temperature  g r a d i e n t s .  
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Accurately timed pulses  of l i g h t  from a ruby l a s e r  a t  a ground s t a t i o n  observatory are di-  
The l i g h t  is r e f l e c t e d  back rected through a te lescope aimed a t  one of the r e f l e c t o r  packages. 

on a path p a r a l l e l  t o  the  incident  beam, co l lec ted  by the  te lescope,  and detected by s p e c i a l  
receiving equipment. 
turned is used t o  e s t a b l i s h  the dis tance from the  e a r t h  ground s t a t i o n  t o  the r e f l e c t o r  s i t e  
on the  l u n a r  surface a t  t h a t  time. 
is small, the f a c t  t h a t  each corner  r e f l e c t o r  sends the l i g h t  back i n  almost the same d i r e c t i o n  
it came from causes the re turn  s igna l  a t  the e a r t h  from t h e  r e f l e c t o r  panel t o  be 1 0  t o  100 times 
l a r g e r  than the  r e f l e c t e d  i n t e n s i t y  from the lunar  surface.  

The time required f o r  a pulse of l i g h t  t o  reach the  r e f l e c t o r  and be re- 

Even though the  i l luminated spot on the  moon ( the  r e f l e c t o r )  

The o v e r a l l  design f o r  the Apollo 14 and 15 r e f l e c t o r  a r rays  w a s  similar t o  t h a t  f o r  Apollo 
11 except the  half-angle taper  of the r e f l e c t o r  c a v i t i e s  w a s  increased so a s  t o  increase  t h e  ar- 
ray o p t i c a l  e f f ic iency  20 t o  30 percent f o r  of f -ax is  e a r t h  pos i t ions .  The number of r e f l e c t o r s  
i n  the a r r a y  w a s  increased from 100 f o r  Apollo 11 and 14 t o  300 f o r  Apollo 1 5  t o  permit regular  
observat ions with simpler ground equipment, espec ia l ly  f o r  groups mainly i n t e r e s t e d  i n  obta in ing  
geophysical information from observing only one r e f l e c t o r .  The increase a l s o  allowed t h e  use of  
a number of permanent s t a t i o n s  on d i f f e r e n t  cont inents  f o r  the determination of po lar  motion 
and e a r t h  r o t a t i o n  with high accuracy, as w e l l  as the  use of movable lunar  ranging s t a t i o n s  t o  
monitor movements of a l a r g e  number of points  on the ear th’s  surface.  

Ground. s t a t i o n s  obtaining successful  measurements from the Apollo a r rays  include t h e  
McDonald Observatory i n  Texas, A i r  Force Cambridge Research Laboratory’s Lunar Ranging Observa- 
tory in Arizona, Lick Observatory, P ic  du Midi Observatory in France, Tokyo Astronomical Obser- 
vatory in Japan, Crimean Astrophysical Observatory in the  Soviet Union, and t h e  Smithsonian 
Astrophysical Observatory. 

The three  Apollo r e f l e c t o r  sites form an almost e q u i l a t e r a l  t r i a n g l e  with s i d e s  1250, 1100, 
and 970 kilometers ,  and are almost centered on the  near s i d e  of the moon. The complex angular 
motions of the  moon about its center  of mass thus can be separated with high accuracy from the 
range changes due t o  center-of-mass motion by d i f f e r e n t i a l  range measurements t o  d i f f e r e n t  re- 
f l e c t o r  locat ions.  

The accuracy already achieved i n  lunar  l a s e r  ranging represents  a hundredfold improvement 
over any prfviously ava i lab le  knowledge of t h e  d is tance  t o  points  on t h e  lunar  surface.  
complex s t r u c t u r e  has been observed in the  lunar  r o t a t i o n ,  and Signi f icant  improvement has been 
achieved in the lunar  o r b i t .  The selenocentr ic  coordinates  of the  r e t r o r e f l e c t o r s  give improved 
reference poin ts  f o r  use in lunar  mapping, and new information on the  lunar  mass d i s t r i b u t i o n  
has been obtained. 

Extremely 

F u l l  use of the  Apollo a r rays  w i l l  r equi re  an observing program continuing many years  and 
using ground s t a t i o n s  around the  world. 
n a l s  from any of t h e  Apollo r e f l e c t o r s  has been observed so f a r ,  and thus an operat ional  l i f e t i m e  
of a t  l e a s t  10 years  may be expected f o r  these passive r e t r o f l e c t o r  arrays.  

No evidence of degredation with t i m e  i n  the  r e t u r n  sig- 

Further  information is contained in reference 3-25. 

3.2.20 Charged-Particle Lunar Environment Experiment 

The charged-particle lunar  environment experiment w a s  deployed a t  Fra Mauro as par t  of the 
Apollo 14 experiments package system. 
t rons  and protons with energies  ranging from 40 t o  70 000 e lec t ron  v o l t s  and t h e i r  angular dis- 
t r i b u t i o n  and t i m e  var ia t ions .  

The instrument was  designed t o  measure t h e  f luxes  of e lec-  

The b a s i c  instrument of the experiment c o n s i s t s  of two de tec tor  packages (analyzers A and B) 
or ien ted  in d i f f e r e n t  d i rec t ions  f o r  minimum exposure t o  the e c l i p t i c  path of t h e  sun. 
t e c t o r  package has six p a r t i c l e  de tec tors ;  f i v e  provide information about p a r t i c l e  energy d i s t r i -  
bution, and the s i x t h  provides high s e n s i t i v i t y  a t  low p a r t i c l e  f luxes.  
de tec tor  package are def lec ted  by an electrical f i e l d  i n t o  one of the s i x  de tec tors ,  depending on 
the energy and p o l a r i t y  of t h e  p a r t i c l e s .  

Each de- 

P a r t i c l e s  en ter ing  the  

t 

, 

K 
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On Apri l  8, 1971, the  analyzer  B d e t e c t o r  vo l tage  f a i l e d .  Subsequent playback o f  t h e  d a t a  
from var ious  remote sites revealed t h a t  the anomalous condi t ion  occurred abrupt ly .  As a result, 
ana lyzer  B is not  providing any s c i e n t i f i c  data. The ana lyzer  A d e t e c t o r  v o l t a g e  decreased s ig-  
n i f i c a n t l y  on June 6 ,  1971. 
ate u n t i l  June 16 ,  1971, when, after another  s i g n i f i c a n t  ana lyzer  A vo l tage  decrease,  t h e  exper- 
iment was  c o m n d e d  t o  t h e  standby mode. Since then ,  t h e  instrument  has been operated under a 
rev ised  procedure to avoid f u r t h e r  degradation. 

The charged-part ic le  lunar  environment experiment continued t o  oper- 

The d a t a  have a p p l i c a t i o n  t o  i n v e s t i g a t i o n s  o f  var ious  p a r t i c l e  phenomena, inc luding  s o l a r  
wind, t h e  magnetosphere, and low-energy s o l a r  cosmic rays.  Prel iminary d a t a  ana lyses  have shown 
t h e  presence of a lunar  photoelectron l a y e r ;  an i n d i c a t i o n  of  modulation o r  a c c e l e r a t i o n  of low- 
energy e l e c t r o n s  near  the  moon; pene t ra t ion  of a u r o r a l  p a r t i c l e s  t o  l u n a r  d i s t a n c e s  in t h e  magnet- 
ospher ic  ta i l ;  and e l e c t r o n  fluxes i n  t h e  magnetospheric t a i l ,  poss ib ly  assoc ia ted  with t h e  neu- 
t r a l  sheet  ( r e f .  3-26). 

3.2.21 Solar  Wind Spectrometer Experiment 

Two s o l a r  wind spectrometers  were deployed and a c t i v a t e d  on t h e  l u n a r  s u r f a c e  - one during 
t h e  Apollo 12 mission and t h e  o t h e r  during t h e  Apollo 15 mission. The two instruments .  separated 
by approximately 1100 ki lometers ,  provided t h e  f i r s t  opportuni ty  t o  measure t h e  p r o p e r t i e s  of t h e  
s o l a r  plasma simultaneously a t  two l o c a t i o n s  a f i x e d  d i s t a n c e  a p a r t .  The instruments  were de- 
signed t o  measure the  v e l o c i t y ,  dens i ty ,  and angular  d i s t r i b u t i o n  of t h e  s o l a r  wind plasma s t r i k -  
l n g  the  lunar  sur face .  Thus, t h e  i n t e r a c t i o n  of  the  s o l a r  wind with the  moon may be s tudied  and 
inferences  made about the  physical  p r o p e r t i e s  of the  moon, the n a t u r e  of t h e  magnetospheric t a i l  
of the  e a r t h ,  and general  s o l a r  wind proper t ies .  

To be s e n s i t i v e  t o  s o l a r  vind plasma from any d i r e c t i o n  (above t h e  horizon of t h e  moon) and 
t o  a s c e r t a i n  its angular  d i s t r i b u t i o n ,  the s o l a r  wind spectrometer has an a r r a y  of seven Faraday 
cups. Because the  cups a r e  i d e n t i c a l ,  an i s o t r o p i c  f l u x  of  p a r t i c l e s  produces equal  c u r r e n t s  i n  
each cup: 
seven c o l l e c t o r s  determines t h e  mean d i r e c t i o n  of plasma flow and is  a measure o f  t h e  anisotropy.  

Ind ica t ions  of anomalous behavior of  the  Apollo 12 instrument were t r a c e d  t o  August 1971 a f -  

For a f l u x  t h a t  is  not  i s o t r o p i c ,  a n a l y s i s  of the  r e l a t i v e  amounts of c u r r e n t  i n  the  

t e r  in i t ia l  discovery i n  November 1971. Subsequent i n v e s t i g a t i o n  revealed t h a t  t h e  anomaly has  
occurred i n t e r m i t t e n t l y  s ince  June 13. 1971. 
sun is  between 120' and 135' from the  dawn horizon,  and t h e i r  dura t ion  increases  s t e a d i l y  month 
a f t e r  month. 
p o s i t i v e  ions  can be de tec ted ,  reducing t h e  upper l i m i t  by a f a c t o r  of 2 .  
designed t o  go as high a s  9600 e l e c t r o n  v o l t s  per  u n i t  charge t o  accomodate  t h e  helium component 
of the  s o l a r  wind a t  the  h ighes t  v e l o c i t l e s  t h a t  had ever  been observed. I n  t h e  high-gain mode, 
de tec tab le  c u r r e n t s  of  hydrogen ions  are never found in t h e  two h ighes t  energy l e v e l s ,  and helium 
ions  a r e  d e t e c t a b l e  i n  these l e v e l s  only ra re ly .  Thus, t h e  absence of these  two l e v e l s  i n  t h e  
high-gain mode does not  s e r i o u s l y  compromise t h e  v a l i d i t y  and usefu lness  of  t h e  da ta .  
low-gain mode, hydrogen ion energ ies  s t i l l  do not extend i n t o  these l e v e l s ,  but  d a t a  on h e l i m  
ions  W i l l  be l o s t  more f requent ly .  
t a t e s  opera t ion  of t h e  s o l a r  wind spectrometer i n  t h e  high-gain mode i f  poss ib le .  

The per iods  of abnormality always occur  when t h e  

The e f f e c t  o f  t h i s  anomaly is simply t o  r e s t r i c t  t h e  range of energy over  which 
The instrument was 

I n  the  

Thus, the  occurrence of t h i s  anomalous performance necessi-  

The Apollo 1 5  s o l a r  wind spectrometer  te lemetry d a t a  became i n v a l i d  co inc ident  with a cen- 
t r a l  s t a t i o n  reserve  power decrease o f  approxiuately 7 w a t t s  on June 30, 1972. 
c rease  ind ica ted  t h a t  the  experiment which is cur ren t  l i m i t e d  was drawing approximately 1 3  watts 
of power. During real-time support  per iods ,  the  experiment was cycled from t h e  standby mode t o  
t h e  opera te  mode. and v e r i f i c a t i o n  t h a t  t h e  instrument was demanding excess  power from t h e  cen- 
t ra l  s t a t i o n  was obtained.  

The power de- 

The instrument was permanently cbmnanded of f  June 1 4 ,  1974. 

Prel iminary results from the  d a t a  analyzed include Indica t ions  t h a t  t h e  s o l a r  plasma a t  t h e  
lunar  sur face  is s u p e r f i c i a l l y  ind is t inguishable  from t h a t  a t  a dis tance  from t h e  moon, both when 
the  moon is  ahead o f  and behind the  bow shock o f  t h e  ear th .  No d e t e c t a b l e  plasma appears t o  ex- 
i s t  in the  magnetospheric t a i l  of  the  earth o r  in the  shadow of t h e  moon ( r e f .  3-27). 
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3.2.22 Solar Wind Composition Experiment 

The purpose of the s o l a r  wind composition experiment is t o  determine t h e  elemental and iso- 
top ic  composition of the noble gases and o ther  se lec ted  elements in the  s o l a r  wind by measurement 
of  p a r t i c l e  entrapment on exposed shee ts  of f o i l .  

The average i so topic  compositions of the s o l a r  wind a r e  of s i g n i f i c a n t  importance because 

Because s o l a r  a c t i v i t y  v a r i e s  with time, the  i s o t o p i c  abundances In the  s o l a r  
comparisons can be made w i t h  ancient  compositions derived from s o l a r  wind gases trapped in lunar  
s o i l  and rocks. 
wind are expected t o  vary a l so .  Therefore, t o  obtain accurate  average abundances which e x i s t  
during t h i s  age of the s o l a r  system, t h i s  experiment was performed numerous times, separated i n  
t i m e  and with extended f o i l  exposure times. 

The experiment w a s  deployed on f i v e  missions (Apollo 11, 1 2 ,  14 ,  15, and 16) .  On each m i s -  
sion, the experiment consis ted of  an aluminum f o i l  sheet  on a reel and a s t a f f  t o  which t h e  f o i l  
and r e e l  were at tached.  The apol lo  16 experiment d i f f e r e d  from those of  t h e  previous missions in 
t h a t  pieces of platinum f o i l  were at tached t o  the  aluminum f o i l .  T h i s  change w a s  made t o  deter-  
mine whether o r  not the  platinum f o i l  pieces  could be cleaned with f l u o r i d i c  ac id  t o  remove lunar  
dust  contamination without destroying r a r e  gas isotopes of s o l a r  wind o r i g i n  up t o  the mass of 
krypton. The f o i l  w a s  posi t ioned by a crewman perpendicular t o  the  s o l a r  rays ,  l e f t  exposed t o  
the  s o l a r  wind, r e t r i e v e d ,  and brought back t o  e a r t h  f o r  ana lys i s .  Exposure times f o r  each de- 
ployment were as follows. 

Exposure time, 
Mission h r  :min 

Apollo 11 01:17 

Apollo 12 

Apollo 14 
18:42 

21:oo 
Apollo 15 41 : 08 

Apollo 16 45 : 05 

The r e l a t i v e  elemental and i s o t o p i c  abundances of helium and neon measured f o r  t h e  Apollo 1 2 ,  
14 ,  15, and 16 exposure times are q u i t e  similar but d i f f e r  from those obtained during the  Apollo 
11 mission. P a r t i c u l a r l y  noteworthy is the absence of any ind ica t ion  of electromagnetic separa- 
t i o n  e f f e c t s  t h a t  might have been expected a t  the  Apollo 1 6  landing s i te  because of t h e  r e l a t i v e l y  
s t rong l o c a l  magnetic f i e l d .  Weighted averages of  ion abundances i n  the s o l a r  wind f o r  the  f i v e  
f o i l  exposure per iods are given in t a b l e  3-V. The e r r o r s  c i t e d  are an estimate of  the  uncertainty 
of the  averages f o r  t h e  ind ica ted  period. The e r r o r s  are based on the v a r i a b i l i t y  of  the  observed 
abundances obtained from the  four  long exposure times ( r e f .  3-28). 

3.2.23 Suprathermal Ion Detector and Cold-Cathode Gage Experiments 

The  suprathermal ion de tec tor  and cold-cathode gage experiments a r e  conveniently discussed 
together  because the  d a t a  processing system is comon t o  both experiments and because the  elec- 
t r o n i c s  f o r  the  cold-cathode gage are contained in the  suprathermal ion  de tec tor  package. 
two experiments were p a r t  of the 'Apollo 12, 14, and 15 lunar  sur face  experiments packages. 

These 

The suprathermal ion de tec tor  experiments measure the energy and mass spec t ra  of p o s i t i v e  
ions  near the lunar surface.  
t o  9.35 x lo6 cent imeters  per  second with energies  from 0.2 t o  48.6 e l e c t r o n  v o l t s ,  enabling t h e  
determination of the  d i s t r i b u t i o n  of ion masses as l a r g e  as 120 atomic mass u n i t s ,  
energy de tec tor  counts iom in se lec ted  energy i n t e r v a l s  between 1 and 3500 e lec t ron  v o l t s .  The  
ions  generated on the  -on are of interest because poss ib le  sources are sporadic  outgassing from 
volcanic  o r  s e i s m i c  a c t i v i t y ,  gases from a res idua l  primordial atmosphere of heavy gases, and 
evaporation of  s o l a r  wind gases accreted on the  lunar  surface.  Ions t h a t  a r r i v e  from sources 
beyond the near-moon environment are also being s tudied.  
magnetosphere can be inves t iga ted  during those periods when the  moon passes through t h e  magneto- 
spher ic  t a i l  of  the  ear th .  

A lov-energy de tec tor  counts ions in the ve loc i ty  range from 4 x 10' 

A higher- 

For example, t h e  motions of ions i n  the 

c . 



TABLE 3 4 . -  COMPARISON OF WEIGWED AVERAGES OF SOLAR WIND I O N  ABTJNDA.NCESa 

Sources b 

Solar wind (average from 
so la r  wlnd composition 
experiments ) 

Lunar f ines  10084 

Ilmenite from 10084 

Ilmenite from 12001 

Ilmenite from breccia 10046 

Terrestrial atmosphere 

2350 +120 

2550 2250 

2720 5100 

2700 280 

3060 k150 

7 x lo5 

4 20 He / N e  

570 +70 

96 k18 

218 +8 

253 +lo 

231 +13 

0.3 

N e  2o / N e 2  

13.7 20.3 

12.65 20.2 

12.85 kO.1 

12.9 kO.1 

12.65 50.15 

9.80 k0.08 

a Obtained from the solar  wind composition experiments k i t h  

- 

22 21 N e  /Ne 

30 +4 

31.0 k l . 2  

31.1 20.8 

32.0 20.4 

31.4 t0.4 

34.5 t1.0 

~~~ ~ 

20 36 N e  / A r  
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The cold-cathode gages measure t h e  d e n s i t y  o f  n e u t r a l  atoms comprising t h e  ambient lunar-  
atmosphere. 
torr. 
is p r o p o r t i o n a l  to t h e  atmospheric d e n s i t y .  
packages to  e v a l u a t e  t h e  a m u n t  o f  gas  p re sen t  on t h e  l u n a r  s u r f a c e .  The gage i n d i c a t i o n s  can be 
expressed as a concen t r a t ion  of p a r t i c l e s  p e r  u n i t  volume or as p r e s s u r e ,  which depends on t h e  
ambient temperature  i n  a d d i t i o n  t o  t h e  concen t r a t ion .  The amount of gas  observed can be compared 
wi th  t h e  expec ta t ion  a s s o c i a t e d  wi th  t h e  solar wind source  to o b t a i n  an  i n d i c a t i o n  o f  t h e  p re sence  
o f  o t h e r  gas  sources .  

The range o f  t h e  in s t rumen t s  corresponds t o  atmospheric p r e s s u r e s  of t o  10  
Neu t ra l  atoms e n t e r i n g  t h e  senso r  become ion ized  and r e s u l t  i n  a minute c u r r e n t  f low t h a t  

These in s t rumen t s  were included i n  t h e  experiments 

The Apollo 12 suprathermal  ion  d e t e c t o r  and cold-cathode gage were comanded on a f t e r  exper- 
iments  package deployment and func t ioned  s a t i s f a c t o r i l y  f o r  approximately 14  hours .  
t h e  3500-volt power supply f o r  t he  suprathermal  ion d e t e c t o r  and t h e  4500-volt power supply f o r  
the cold-cathode gage were turned o f f  au tomat i ca l ly .  Analysis  i n d i c a t e s  t h a t  a r c i n g  r e s u l t e d  
from t h e  ou tgass ing  o f  t h e  e l e c t r o n i c s  p o t t i n g  material and t h a t  t h e  a r c i n g  p r o t e c t i o n  p r o v i s i o n s  
turned o f f  t h e  power supp l i e s .  

A t  t h a t  time, 

The 4500-volt power supply was immediately connnanded on s e v e r a l  times unsuccess fu l ly .  
a t t empt s  t o  command t h e  4500-volt power supply on have been unsuccessful  because of damage in-  
cu r red  by t h e  a rc ing .  A f t e r  a wa i t ing  per iod f o r  gases  t o  d i s s i p a t e ,  t h e  3500-volt power supply 
was commanded on s u c c e s s f u l l y ,  and t h e  Apollo 12 suprathermal  ion  d e t e c t o r  has been a b l e  t o  func- 
t i o n  s i n c e  t h a t  t i m e .  

A l l  

The Apollo 14 and 15 suprathermal  Lon d e t e c t o r s  have experienced numerous a r c i n g  anomalies 
s i n c e  l u n a r  deployment and i n i t i a l  a c t i v a t i o n ;  however, t h e s e  in s t rumen t s  con t inue  t o  func t ion .  
The Apollo 1 4  experiment a l s o  has  experienced a f a n o m a l y  I n  t h e  p o s i t i v e  ana log - to -d ig i t a l  con- 
v e r t e r ,  causing a l o s s  of a l l  eng inee r ing  d a t a  processed through t h a t  conve r t e r .  
has  had no adverse e f f e c t  on t h e  s c i e n t i f i c  o u t p u t s  o f  t h e  experiments.  

Th i s  anomaly 

The suprathermal  i o n  d e t e c t o r s  have d e t e c t e d  numerous s t n g l e - s i t e  i on  even t s .  M u l t i p l e - s i t e  
obse rva t ions  o f  i o n  e v e n t s  t h a t  poss ib ly  correlate wi th  seismic even t s  of an  impact c h a r a c t e r  
(recorded a t  t h e  seismic s t a t i o n s )  have r e s u l t e d  i n  information about t h e  apparent  motions o f  t h e  
i o n  clouds.  
observed s imultaneously by a l l  t h r e e  in s t rumen t s  ( r e f .  3-31), 

The 500- to  1000-electron-volt  i o n s  s t reaming down t h e  magnetosheath have a l s o  been 

On March 7 ,  1971, t h e  Apollo 14  suprathermal  i o n  d e t e c t o r  recorded 14 hours o f  d a t a  t h a t  ap- 
pea r s  t o  be p r imar i ly  a r e s u l t  of c louds of water vapor. 
such a n  event  l e a d s  t o  t h e  conclusion t h a t  t h e  water is o f  l u n a r  o r i g i n  ( r e f .  3-32). I n  view o f  
t h e  almost t o t a l  l a c k  o f  w a t e r  i n  r e tu rned  samples,  t h i s  is an  unexpected r e s u l t .  

S t u d i e s  of a l l  p o s s i b l e  sou rces  of 

Before t h e  Apollo program, o p t i c a l  and r a d i o  o b s e m a t i o n s  had been used t o  set lower l i m i t s  
on t h e  d e n s i t y  o f  the l u n a r  atmosphere;  a p a r t  from t h a t ,  nothing was known. 
has demonstrated t h a t  t h e  contemporary moon has  a tenuous atmosphere al though by e a r t h  s t anda rds  
t h e  l u n a r  atmosphere is a hard vacuum. The cold-cathode gage experiment measured t h e  concentra- 
t i o n s  o f  n e u t r a l  atoms a t  t h e  l u n a r  s u r f a c e  to be approximate1 
meter. 
ach ievab le  in e a r t h  l a b o r a t o r i e s ) .  

The Apollo program 

2 x l o 5  atoms p e r  c u b i c  c e n t i -  
and lo-” t o r r  ( a  vacuum n o t  Th i s  measurement corresponds t o  a p res su re  between 

3.2.24 Cosmic Ray De tec to r  Experiment 

The relative abundances and energy s p e c t r a  of heavy solar and cosmic r ay  p a r t i c l e s  convey 
m c h  in fo rma t ion  about  t h e  sun and o t h e r  g a l a c t i c  p a r t i c l e  sou rces  and about  t h e  a c c e l e r a t i o n  
and propagat ion of t h e  p a r t i c l e s .  I n  p a r t i c u l a r ,  t h e  lowest energy range,  from a few m i l l i o n  
e l e c t r o n  volts p e r  n u c l e a r  umss u n i t  (nucleon) t o  1000 electron v o l t s  p e r  nucleon-(a-solar a n d  
energy), is l a r g e l y  unexplored. The cosmic r a y  experiment con ta ined  v a r i o u s  d e t e c t o r s  designed 
t o  examine this energy range. 

The experiment w a s  c a r r i e d  on t h e  Apollo 16 and 1 7  missions and was t h e  outgrowth of ear- 
l i e r  cosmic r a y  experiments  on t h e  Apollo 8 and 1 2  missions.  
b a s i c a l l y  of a d e t e c t o r  a f f i x e d  to crewmen’s helmets t o  assess t h e  amount of cosmic r ay  r ad ia -  
t i on  to which t h e  crewmen were s u b j e c t e d  in space.  
Apollo 1 6  and 1 7  experiments  were cons ide rab ly  more exotic and complex. 

The e a r l y  experiments c o n s i s t e d  

The purposes of and t h e  hardware f o r  t h e  

e 

t. 

I . 
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The de tec t ion  b a s i s  of near ly  a l l  the  coemic r a y  experiments i s  t h a t  p a r t i c l e s  passing 
through s o l i d s  can form trails  o f  damage, revealable  by p r e f e r e n t i a l  chemical a t t a c k ,  which al- 
lows t h e  p a r t i c l e s  t o  be counted and i d e n t i f i e d .  The Apollo 1 6  de tec tor  hardware coneis ted o f  
a foldable  four-panel a r ray  ( f i g .  3-24) .  The panels were mounted on t h e  outs ide  of t h e  lunar  
module descent s tage  so as t o  d i r e c t l y  expose three  panels t o  cosmic ray and s o l a r  wind p a r t i -  
c l e s  a f t e r  the  spacecraf t l lunar  module adapter  had been j e t t i s o n e d .  During t h e  first extrave- 
h icu lar  a c t i v i t y  on the  lunar  sur face ,  a crewman pul led a lanyard t o  expose the  hidden surfaces  
of panel 4 t o  the  lunar  surface cosmic rays and the  solar wind. Exposure ended j u s t  before  the  
termination of the t h i r d  extravehicular  a c t i v i t y ,  at  which time the  four-panel a r r a y  was pul led 
out  of its frame and folded I n t o  a compact package f o r  r e t u r n  t o  ear th .  
and stowing of the  device ended the  period of useful  exposure of t h e  de tec tors ,  prqvis ion was 
made t o  d is t inguish  p a r t i c l e s  detected during the  usefu l  period from p a r t i c l e s  t h a t  subsequently 
penetreted the  spacecraf t  and entered the de tec tors .  

Because t h e  fo ld ing  

The f u l l  planned exposure of t h e  four panels was not  obtained on Apollo 1 6  because t h e  sched- 
uled sequence of  events did not occur completely as planned. 

a. Panel 4 contained a s h i f t i n g  mechanism t h a t  ac t iva ted  several experiments, most notably 
Because of a mistake in the  f i n a l  assembly, the  

This circumstance caused degradation of  the  Information 
the  neutron experiment. on t h e  lunar  surface.  
s h i f t i n g  w a s  only p a r t i a l l y  successful .  
t h a t  can be obtained from the neutron experiment and made it  d i f f i c u l t  t o  ob ta in  information on 
the  time v a r i a t i o n  of  l i g h t  s o l a r  wind nuclei .  

b. A temperature rise in the  package exceeded design spec i f ica t ions .  Although t h i s  temper- 
a t u r e  rise has rendered t h e  an lays is  of the  experiment d i f f i c u l t ,  t h e  e f f e c t s  of t h e  temperature 
r i s e  can be taken i n t o  account. 

c .  A t  some t i m e  during the mission, panel 1 became covered v l t h  a t h i n ,  d u l l  f i l m  t h a t  
se r ious ly  degraded the performance of panel 1. 

d. During the  t rans lunar  phase of the  mission on Apri l  18, 1972, a medium-sized solar f l a r e  
Detectors exposed to  t h e  s o l a r  f l a r e  showed t h a t  the  f l a r e  contained approximately l o e  occurred. 

protons per square centimeter with energies  g r e a t e r  than 5 mil l ion  e lec t ron  vol t s .  

The Apollo 17 hardware ( f ig .  3-25)  consis ted of a t h i n  aluminum box with a s l i d i n g  removable 
cover. Four par t ic le -de tec tor  shee ts  were at tached t o  the interior w a l l  of  the  box, and three  
were at tached t o  the  i n s i d e  surface of the  cover. 
one mounted on t h e  cover and the  second mounted on the box. 
t i v i t y ,  a crewman removed the  experiment from the  lunar  module and pul led the  cover port ion of f  
the  box. The cover w a s  hung on the  lunar  undule s t r u c t u r e  i n  t h e  shade, with the  de tec tor  sur- 
faces  or ien ted  away from t h e  sun and facing the  dark sky. 
s t r a p  on a lunar  module s t r u t  In the  sun, with t h e  d e t e c t o r  sur faces  perpendicular to t h e  sun. 
The de tec tors  were exposed t o  t h e  lunar  environment f o r  45-112 hours. 
t r ieved  a t  the  beginning of the  t h i r d  extravehicular  a c t i v i t y ,  earlier than planned, because of 
an apparent increase i n  the f lux  of  low-energy p a r t i c l e s  caused by a v i s u a l l y  a c t i v e  sunspot t h a t  
w a s  present  during t h e  e n t i r e  mission. 

Opening was accomplished by two opposing r ings ,  
During the f i r s t  extravehicular  ac- 

The open box was then hung by a Velcro 

The experiment was re- 

Three teams of  Inves t iga tors  are using data from the cosmic ray d e t e c t o r  experiment. The 
preliminary f ind ings  from the  Apollo 16 da ta  are given in reference 3-33. Included a r e  t h e  ob- 
se rva t ions  t h a t  the d i f f e r e n t i a l  energy spectrum of  nuclei  with 2 > 6 f a l l s  by seven orders  of 
magnitude over the i n t e r v a l  from 0.1 t o  20 mill ion e lec t ron  v o l t s  per  nucleon, then remains al- 
mst f l a t  up t o  approximately 100 mi l l ion  e lec t ron  v o l t s  per  nucleon. The two p a r t s  correspond 
t o  contr ibut ions from the  sun and from g a l a c t i c  cosmic rays.  

3.2 .25  Lunar Ejecta  and Meteorites Experiment 

T h i s  experiment, emplaced on the  l u n a r  surface during the Apollo 17 mission. measures im-  
pac ts  of primary cosmic dust p a r t i c l e s  (lo-’ grams o r  l e s s )  and lunar e j e c t a  emanating from the 
sites of meteori te  impacts on the  moon. 
and long-term var ia t ions  in cosmic dust i n f l u x  r a t e s ,  (2) determine the  extent  and nature  of 
lunar  e j e c t a  produced by meteori te  impacts on the  lunar  surface,  and (3) determine t h e  r e l a t i v e  
contr ibut ions of comets and as te ro ids  t o  e a r t h  meteoroids. 

Spec i f ic  ob jec t ives  are t o  (1) determine the background 
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Figure 3-24.- Cosmic ray detector experiment. 
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The experiment c o n s i s t s  of an a r ray  of sensors t h a t  d e t e c t  micrometeorites and y e i l d  da ta  
throughout t h e  l i f e t i m e  of the Apollo 17 l u n a r  surface experiments package. 
c l e  parameters can be derived. 

The following p a r t i -  

a .  

b. 

c. F l igh t  path (within 226") 

d. P a r t i c l e  momentum: 2.5 x 10-5 t o  7 x dyne-seconds 

e. 

The  thermal cont ro l  provis ions f o r  the lunar  e j e c t a  and meteori tes  experiment do not maintain 

Speed (within +5 percent) :  1 t o  75 Wlometers per  second range 

Kinet ic  energy f o r  p a r t i c l e s  having energies  of 1 t o  1000 ergs  

Mass and diameter f o r  assumed p a r t i c l e  d e n s i t i e s  

the  operat ing temperature below the q u a l i f i c a t i o n  test maximum l e v e l  during t h e  lunar  day because 
the  thermal condi t ions a t  the Apollo 1 7  site are d i f f e r e n t  than those of t h e  design s i te  ( l e v e l  
p l a i n  a t  equator). However, the  cur ren t  thermal p r o f i l e  permits experiment operat ion during 100 
percent of  each lunar  night  and approximately 30 percent of each lunar  day. Since the experiment 
components a r e  ra ted  higher than the maximum q u a l i f i c a t i o n  t e s t  temperature, the  allowable maxi- 
mum temperature of  operat ion has been increased i n  small increments each lunat ion.  

Meaningful results from the experiment can only be derived from a long-term s t a t i s t i c a l  and 
c o r r e l a t i v e  study between primary p a r t i c l e  events and e j e c t a  events. In view of  t h e  r e l a t i v e l y  
short-term measurement of  primary p a r t i c l e s  as of the  t i m e  of publ icat ion of reference 3-34, no 
results were reported. 

3.2 .26  Lunar  Atmospheric Composition Experiment 

The lunar  atmospheric composition experiment is a three-channel, magnetic-deflection-type 
mass spectrometer. 
ments package. 
ambient atmosphere i n  the  mass range of 1 t o  110 atomic mass u n i t s  and t o  d e t e c t  t r a n s i e n t  changes 
i n  composition caused by the venting of  gases from t h e  lunar  surface o r  o ther  sources. 

The spectrometer was deployed as par t  of the Apollo 1 7  lunar  surface experi- 
The purposes of the experiment are t o  obtain data  on the  composition of the  l u n a r  

T h i s  experiment augments data from the  lunar  o r b i t a l  mass spectrometer experiments conducted 
during the  Apollo 15 and 16 missions, and the  far u l t r a v i o l e t  spectrometer experiment of Apollo 1 7 .  

From the  da ta  obtained during the  f i r s t  th ree  luna t ions  after deployment of  the  lunar  atmos- 
pher ic  composition experiment instrument, th ree  gases - helium, neon, and argon - have been iden- 
t i f i e d  as being na t ive  t o  the lunar  atmosphere. 
these gases compared with several predic t ions  is presented i n  t a b l e  341. The helium concentra- 
t i o n s  and the d iurna l  r a t i o  are in exce l len t  agreement with predict ions based on t h e  s o l a r  vind 
as a source, ind ica t ing  t h a t  the bas ic  t e n e t s  of the  theory of a noncondensable gas are cor rec t .  
Rowever, the  neon measured concentrat ion is a f a c t o r  of 20 below predic t ions ,  ind ica t ing  possibly 
some adsorpt ion o r  re ten t ion  on the  night  s i d e  of the  moon. I f  t r u e ,  t h i s  phenomenon is  unex- 
pected because of the  very low freezing temperature (27' K) of neon. The Apollo 1 6  lunar  o r b i t a l  
mass spectrometer experiment did d e t e c t  neon on t h e  night  s i d e  near t h e  sunset terminator a t  a 
concentrat ion approximately 1 x l o 5  molecules per cubic  centimeter. 
f a c t o r  of less than 2 higher than the  present  value and is within the  experimental e r r o r s  of t h e  
measurements. This discrepancy between theory and measurement f o r  neon is a ser ious  problem and 
is one of the major taslu t o  be considered in the  fu ture .  

Argon appears t o  be adsorbed on the la te  night  (coldest)  par t  of the lunar  surface as none 
A s i g n i f i c a n t  predawn enhancement of argon-40 indi-  

A sumnary of the measured concentrat ions of  

T h i s  i s  approximately a 

of its isotopes are detected a t  t h i s  t ime.  
cates a release of  the gas from the  warm approaching terminator region. 
dens i ty  of 4.6 x l o 5  molecules per  cubic centimeter is a f a c t o r  of 2 higher than t h e  measured 
values  from the Apollo 14 and 15 cold cathode gage experiments. 
s tanding e r r o r s  i n  c a l i b r a t i o n  of both instruments) because the  mass spectrometer ion source is 
warmer than the  cold discharge source of the gage and therefore  would have a higher outgassing 
rate. 
a m l t i t u d e  of gases, including helium ( re f .  3-36) .  

The t o t a l  nighttime gas 

T h i s  is not surpr i s ing  (notwith- 

However. the res idua l  being measured by both instruments is c l e a r l y  not e n t i r e l y  neon but 
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Mass spectrometer data, Cold cathode gage data, 
Gas molecules/cm3 molecules /cm 

TABLE 341.- CONCENTRATIONS OF GASES DETERNIMD FROM CURRENT LUNAR MASS 
SPECTROMEZ'ER DATA, COLD CATHODE GAGE DATA, AND PREDICTIONS 

Predicted data, 
molecules/cm3 

b~ 104 bi.3 106 

b3 x 102 b8 x lo3 

I 

I 

Hydrogen 

Helium 

Neon 

Argon-36 

Argon40 

dTo tal 

~~ ~~~ 

Day 

1 x lo8 

2 lo3 

4 x 108 

Night 
~~ ~ 

Night Day 

1 lo5 

4 lo4 

7 lo4 

2 103 

I '2 103 

I 4 . 6  105 1 lo7 

C 

C 

2 105 

Day I Night 

3 . 6  103 I a2.3 104 a 

b3 103 I a 1.7 103 4.1 lo4 a 

apredicted by R .  R .  Hodges, 'Jr., in unpublished data. 
bRef erence 3-35. 
C Upper limit; argon freezes out at night. 

night after deployment; from cold cathode gage after 10 lunations. 
dTotal gas concentrations from mass spectrometer during second lunar day and third lunar 
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The m u l t i p l i e r  high v o l t a g e  power supply of t he  instrument  appa ren t ly  f a i l e d  on October 1 7 ,  
1973, r e s u l t i n g  in t he  l o s s  of  s c i ence  da t a .  Pe r iod ic  checks are being made t o  a s s e s s  t h e  per- 
formance of  t he  instrument ,  bu t  no s i g n i f i c a n t  improvement has been ob ta ined  s i n c e  t h a t  da t e .  

3.2.27 Lunar Dust Detector  

Dust d e t e c t o r s  were included wi th  t h e  Apollo 11, 12, 1 4 ,  and 1 5  experiment complements. The 
d e t e c t o r s  were mounted on t h e  Apollo l u n a r  s u r f a c e  experiments package sunsh ie lds .  T h e  Apollo 
11, 14 ,  and 1 5  d e t e c t o r s  were designed t o  o b t a i n  data f o r  a s s e s s i n g  dus t  a c c r e t i o n ,  l u n a r  r ad i -  
a t i o n ,  and lunar s u r f a c e  b r i g h t n e s s  temperature.  The Apollo 12  d e t e c t o r  was designed only f o r  
a s s e s s i n g  d u s t  a c c r e t i o n  and measuring thermal s u r f a c e  degradat ion.  

A l l  d u s t  d e t e c t o r s  have shown no measurable dus t  deg rada t ion  e f f e c t s  caused by lunar module 
l i f t - o f f  deb r i s .  A cel l  degradat ion rate of from 3 t o  4 pe rcen t  p e r  yea r  has  been measured f o r  
t he  s o l a r  c e l l s  having 0.006-inch p r o t e c t i v e  g l a s s  covers  and about 7 t o  8 percen t  p e r  yea r  f o r  
unprotected c e l l s .  These degradat ion r a t e s  are ve ry  c l o s e  t o  the expected c e l l  damage du r ing  a 
yea r  due t o  the  high energy cosmic and s o l a r  r a d i a t i o n  received a t  t h e  l u n a r  su r face .  
t h e  degradat ion of t he  c e l l s  can t h e r e f o r e  be a t t r i b u t e d  t o  r a d i a t i o n  s i n c e  a d u s t  a c c r e t i o n  
process  would cause both ba re  and cover-glass-protected c e l l s  to decay a t  t he  same rates. 

Most of 

Yearly c y c l i c  v a r i a t i o n s  i n  the  cel l  temperature  of  as much as 6" K have been measured. 
These v a r i a t i o n s  a r e  due t o  the  d i f f e r e n c e  i n  d i s t a n c e  from t h e  sun during the  luna r  "winter" 
aphel ion (July)  and l u n a r  "summer" p e r i h e l i o n  (December). S imi l a r ly .  t h e  c e l l  ou tpu t  v o l t a g e s  
show a y e a r l y  c y c l i c  v a r i a t i o n  of approximately 8 percen t  because of t he  d i f f e r e n c e  i n  received 
s o l a r  r a d i a t i o n  through t h e  year .  

3.2.28 Surveyor 111 Analysis  

Seve ra l  p i eces  of  hardware were removed from the  Surveyor I11 s p a c e c r a f t  by t h e  Apollo 12  
a s t r o n a u t s  and r e tu rned  t o  e a r t h  f o r  a n a l y s i s .  
l u n a r  s u r f a c e  i n  the  Ocean of Storms 2 112 yea r s  e a r l i e r  and had been exposed t o  t h e  l u n a r  par- 
t i c l e  environment du r ing  t h a t  time. 

The Surveyor I11 s p a c e c r a f t  had landed on t he  

Traces  of  induced r a d i o a c t i v i t y  and meteoroid impact c r a t e r s  ranging from 0.025 t o  0.25  
mil l ime te r  in diameter  were found in t h e  recovered Surveyor hardware. Crater s i z e s  and t h e  in- 
d i c a t e d  f l u x  were compatible wi th  p red ic t ed  va lues .  

An unexpected discovery in the  s tudy of  s o l a r  f l a r e  p a r t i c l e s  occurred when t h e  r e l a t i v e  
abundances of ve ry  heavy n u c l e i  were determined from a sample of  Surveyor I11 g l a s s .  The discov- 
ery (nou confirmed by independent satellite measurements) was t h a t  t h e  lowest energy s o l a r  cosmic 
r a y s  a r e  highly enriched i n  very heavy n u c l e i  compared t o  normal s o l a r  m a t e r i a l .  
is the  f i r s t  demonstration o f  t h e  p r e f e r e n t i a l  heavy-ion a c c e l e r a t i o n  by a n a t u r a l  p a r t i c l e  ac- 
c e l e r a t o r .  
r a y  r e sea rch  du r ing  which a b a s i c  assumption has been the  absence of such p r e f e r e n t i a l  acce le ra -  
t i o n  processes.  

T h i s  discovery 

Th i s  discovery a l s o  casts an e n t i r e l y  new l i g h t  on two decades of s o l a r  and cosmic 

3.2 .29  P a r t i c l e  Implantat ion S tud ie s  

The f l u x  of p a r t i c l e  f i e l d s  and s o l a r  r a d i a t i o n  and of  me teo r i t e s  on t h e  l u n a r  s u r f a c e  h a s  
l e f t  evidence of the h i s t o r y  of  t h e  s o l a r  system implanted on t h e  s u r f a c e  m a t e r i a l s .  

a. 
s a t c l l i t e a .  the Apollo program has con t r ibu ted  t h e  fol lowing important  new information.  

1. 

Solar wind p a r t i c l e s :  Although t h e  s o l a r  wind has  been s tud ied  f o r  yea r s  u s ing  umnnned 

Prom solar wind ions  captured i n  aluminum f o i l s  and subsequent ly  analyzed i n  t h e  lab-  
o r a t o r y  (sec. 3.2.22). i s o t o p i c  information on heavy rare gases  h a s  been obtained f o r  t h e  f i r s t  
t ime. Th i s  information 'is fundamental t o  the  understanding o f  the evo lu t ion  of  t h e  e a r t h  atmos- 
phere.  

. 
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2. Lunar  samples give a wealth of  information about d i r e c t l y  implanted atom8 origina-  
t i n g  from the  sun. 
system objec ts .  The elements krypton and xenon show iso topic  d i f fe rences ,  still  unexplained, be- 
tween t h e  e a r t h  atmosphere and meteori tes .  Therefore, s t u d i e s  of sur face  implanted ions  of kryp- 
ton and xenon have been p a r t i c u l a r l y  important. 
abundance with respec t  t o  hydrogen abundance. 

T h i s  information is b a s i c  t o  an understanding of t h e  sun and a l l  o t h e r  s o l a r  

Deuterium has been shown t o  have a very 1w 

3. The  abundance of  argon-40 is g r e a t l y  in excess of what w a s  expected; t h e  mst l i k e l y  
i n t e r p r e t a t i o n  is t h a t  t h e  argon-40 was  o r i g i n a l l y  e m i t t e d  by t h e  moon and w a s  then reimplanted 
by i n t e r a c t i o n  with t h e  s o l a r  wind. 

4. Amorphous surface f i lms ,  very l i k e l y  produced by s o l a r  wind bombardment, are ob- 
A r t i f i c i a l  i r r a d i a t i o n  produced s i m i l a r  f i lms ,  the thicknesses  of served on mnny lunar  gra ins .  

which vary with bombarding energy. 
f u l  in studying the  ancient  s o l a r  wind and its energy f luc tua t ions .  

These observat ions ind ica te  t h a t  t h e  lunar  s o i l  vill be use- 

5 .  The concentrations of hydrocarbons (mainly methane and ethane) c o r r e l a t e  with the  
s o l a r  wind i r r a d i a t i o n  of d i f f e r e n t  lunar -so i l s .  
s u p e r f i c i a l  l a y e r s  of individual  dust  grains  t h a t  have been heavi ly  i r r a d i a t e d  with s o l a r  wind 
ions. 
these processes may be important f o r  organic synthes is  in t h e  galaxy as a whole. Some e f f e c t s  
may a l s o  be due t o  l o c a l  melting r e s u l t i n g  from meteori te  impacts and subsequent redeposi t ion.  

Related s t u d i e s  i n  lunar s o i l s  on t h e  l i g h t ,  s t a b l e  isotopes of carbon, n i t rogen ,  

These compounds are possibly formed in t h e  

Since interstellar space contains  both dust clouds and sources of energe t ic  p a r t i c l e s ,  

6. 
oxygen, s i l i c o n ,  and sulphur show s i g n i f i c a n t  departures  from terrestrial and meteor i t ic  values;  
values a r e  also d i f f e r e n t  from those of the  lunar  b a s a l t s  themselves and are apparent ly  produced 
by the unique i r r a d i a t i o n  and bombardment h i s t o r y  of the  s o i l .  
as w e l l  as benzene, a l s o  are present ,  and t h e i r  production may be due t o  similar processes. 

Ni t r ides .  cyanide, and phosphides, 

b. Solar-f lare  p a r t i c l e s :  For the  f i r s t  t i m e ,  information about the s o l a r - f l a r e  a c t i v i t y  
on the sun over geologic times has been obtained. T h i s  information i s  contained in t h e  induced 
r a d i o a c t i v i t i e s  and n u c l e a r - p a r t i c l e  t racks  produced i n  t h e  outer  l a y e r s  of  lunar surface mate- 
rial. 
ably over t h e  pas t  few mi l l ion  years. 
l e a s t  0.5 b i l l i o n  years  ago and probably da te  back t o  the  o r i g i n a l  formation of t h e  lunar  surface.  
The observed constancy of s o l a r  f l a r e s  suggests  t h a t  major c l imat ic  changes during t h e  last  mil- 
l i o n  years  have not been associated with large-scale  changes i n  s o l a r  a c t i v i t y  as had previously 
been postulated.  

One important conclusion is t h a t  the  average so la r - f la re  a c t i v i t y  has not changed appreci- 
It has a l s o  been shown t h a t  s o l a r  f l a r e s  were a c t i v e  a t  

3.2.30 Long-Term Lunar Surface Exposure 

Selected hardware w a s  photographically documented and l e f t  on the moon during the Apollo 17 
mission. 
is t o  allow comparison of the  r a t e r i a l s  a t  some f u t u r e  t i m e .  
environment on the  mater ia l s  thus can be evaluated i f  t h e  Apollo 17 lunar  s i te  i s  r e v i s i t e d .  

Samples of s imi la r  mterlal were set as ide  f o r  long-term storage on ear th .  The purpose 
The long-term e f f e c t  of the  lunar  

3.2.31 Far-Ultraviolet Camera/Spectrograph 

A f a r - u l t r a v i o l e t  camera/spectrograph experiment ( f i g .  3-26) was operated on t h e  lunar  sur- 

These da ta  gave 
face during the Apollo 16 mission. 
restrial atmosphere and geocorona in  the  wavelength range below 1600 angstroms. 
the  s p a t i a l  d i s t r i b u t i o n s  and r e l a t i v e  i n t e n s i t i e s  of emissions due t o  atomic hydrogen, atomic 
oxygen, molecular ni t rogen,  and o t h e r  elements - some observed spectrographical ly  f o r  t h e  f i r s t  
t i m e .  

Among the  data obtained were images and spec t ra  of the ter- 

A more de ta i led  account of the  f ind ings  of t h i s  experiment can be found in reference 3-37. 

i 
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Figure 3-26. - Far ultraviolet carnera/spectrograph experiment. 
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3 .3  LUNAR ORBITAL SCIENCE 

f 

The results of scientific experiments and detailed objectives performed while in lunar or- 
bit and, in some cases, during flight to and from the moon are suuunarized in this section. 
3-VII lists these experiments and objectives and identifies the missions to which they were as- 
signed. Many of the experiments complement each other, and some complement experfments placed 
on the lunar surface or flown on other programs. Some a l s o  support more than one science dis- 
cipline. 

Table 

Through the Apollo 14 mission, the science-related activities were limited almost entirely 
to those that could be accomplished through crew photography or visual observations, to lunar 
surface experiments, and to ground-based investigations that utilized spacecraft systems. The 
principal portion of the lunar orbital science program was accomplished on the final three 
(J-series) missions. A scientific instrument wdule was installed in a section of the service 
module as shown in figures 3-27 and 3-28. 

As described in paragraph 4.4.4.6, mechanical deployment devices were developed for the 
Apollo 15, 16, and 17 scientific instrument modules so that certain instruments could be moved 
away from X-ray secondary radiation and the contamination cloud that surrounded the spacecraft, 
or so that the desired photographic angles could be obtained, These devices and the instruments 
themselves were remotely controlled by the crew from the command module. 
were made for the Apollo 15 and 16 crews to launch particles-and-fields subsatellites into lunar 
orbit by means of remotely controlled deployment mechanisms located in the scientific instrument 
module bays (fig. 3-29). The subsatellites contained charged particle detectors, a biaxial flux- 
gate magnetometer, ? optical solar aspect system (for attitude determination), a data storage 
unit, a power system, a comand decoder, and an S-band communications system. 

In addition, provisions 

Experiment design and allocation were constrained by the usual spacecraft limitations of 
weight, volume, and power. 
limited to approxlmately 700 pounds per mission. In addition, there were other constraints and 
requirements that were unique to these Instruments. For example, individual, deployable covers 
were required for most of the instruments to protect them from the effects of service module re- 
action control system plume heating and contamination and from possible contamination from space- 
craft effluents (waste water dumps, urine dmps, and fuel cell purges). During the missions, 
when these protective covers were open for data acquisition, it was necessary to Inhibit the fir- 
ing of four of the reaction control system thrusters - the two that fired across the scientific 
instrument module bay and the two that fired downward, alongside the scientific instrument wdule 
bay. Additionally, whenever the covers were open, the spacecraft attitude had to be constrained 
to prevent entrance of direct sunlight into several of the instruments' fields of view; otherwise, 
data degradation or permanent instrument damage would have occurred. 
to lunar orbit insertion, the instruments were protected by a panel that enclosed the entire 
scientific module bay. 

The total weight of the scientific instrument wdule experiments was 

Until several hours prior 

This panel was cut and jettisoned by pyrotechnic devices. 

About 30 000 photographs of the lunar surface were obtained from lunar orbit on the Apollo 
missions. Approximately 15 000 of these were taken by hand-held 70-millimeter electric cameras 
during Apollo missions 8 through 17; 10 000 by mapping cameras during the Apollo 15, 16, and 17 
missions; and 5000 by panoramic cameras during the Apollo 15, 16, and 17 missions. 
tion of the large number of photographs obtained have been studied in detail. Most of the COIL- 
pleted analyses have been used to support mission operations and science objectives of many ex- 
periments and detailed objectives. 

Only a frac- 

3.3.1 Bistatic Radar 

The bistatic radar experiment was conducted on the Apollo 14, 15, and 16 missions, and uti- 
lized existing comnand and service mDdule S-band and W F  radio comunication systems. Its pur- 
pose was to determine the principal electromagnetic and structural properties of the lunar sur- 
face from observations of S-band and VHF signals which were transmitted from the command and 
service wdule in lunar orbit, reflected from the w o n ,  and monitored on earth. The S-band 
(13-centimeter-vavelength) transmissions were received by the 64-meter-diameter antenna located 
at Coldstone. California, and the VHF (116-centimeter-wavelength) transmissions by the 46-meter- 
diameter antenna erected on the Stanford University campus at Palo Alto, California. 


