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TABLE 3-VI1.- APOLLO ORBITAL SCIENCE SUMMARY 

Experiment fobj  ec t i v e  

B i s t a t i c  radar  experiment 

S-band transponder experiment 

CSWLM 
S u b s a t e l l i t e  

experiment 
Inf ra red  scanning radiometer 

Lunar sounder experiment 

'Par t ic le  shadowsfboundary 

%ague tometer experiment 

l a y e r  experiment 

Cosmic ray d e t e c t o r  (helmets) 

Apollo window meteoroid 

Ganma-ray spectrometer 

X-ray f luorescence experiment 

Alpha-part ic le  spectrometer 

Mass spectrometer experiment 

Far u l t r a v i o l e t  spectrometer 
experiment 

Lunar mission photography 
from the comnand and 
s e r v i c e  module 

experiment 

experiment 

Lunar m l t i s p e c t r a l  photography 

Candidate explora t ion  sites 

Selenodet ic  re ference  point  

Transear th  lunar  photography 

photography 

update 

bService module o r b i t a l  
photographic t a s k s  

Capmand m d u l e  o r b i t a l  
science photography 

V i s u a l  observat ions from 
l u n a r  o r b i t  

Cegenschein from lunar  o r b i t  
expe r h e n  t 

U l t r a v i o l e t  photography - 
e a r t h  and moon 

Dim l i g h t  photography 

Comand module photographic 
t a s k s  

~~~ ~~~ 

Experiment 
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bIncluded panoramic camera photography, mapping camera photography and laser 
altimetry. Also supported geology objec t ives .  
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Figure 3-27 .- Scientific instrument module bay viewed trom the lunar module. 
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Mass spectrometer and gamma-ray spectrometer are shown partially depioyed. 
Some protective covers are not shown. 

b) Apollo 15 and 16 configuration 

Figure 3-28. - Scientific instrument module configurations. 
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(b) Apollo 17 configuration 
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,- Deployable booms 

Subsatel I 

(a) Subsatellite predeployment configuration 

w-, S-band antenna 

(b) Deployed subsatellite 

Figure 3-29.- Subsatellite. 
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On the Apollo 14 mission, observat ions were conducted using t h e  S-band and VHF s y s t e m  
simultaneously on near ly  one-third of a near-side pass ,  and with t h e  VHF system alone during four  
complete near-side passes. Good d a t a  were obtained during a l l  observat ional  per iods.  Echoes re- 
ceiyed a t  antennas of the  e a r t h  monitoring s t a t i o n s  were of predicted s t r e n g t h  with s igna l  f r e -  
quency, phase, po lar iza t ion ,  and amplitude being recorded. 
with the  known c h a r a c t e r i s t i c s  of  the  t ransmit ted signal yielded q u a n t i t a t i v e  information about 
lunar  c r u s t a l  p roper t ies  such as d i e l e c t r i c  constant ,  average slope and s lope probabi l i ty ,  and 
smell-scale surface roughness. Ef fec ts  of bulk surface e l e c t r i c a l  p roper t ies  such as t h e  Brew- 
ster angle were c l e a r l y  v i s i b l e  a t  both the  s-band and VHF frequencies. 
experiment results with i n t e r p r e t i v e  geologic maps and q u a n t i t a t i v e  topographic work using, pr i -  
marily, photogranmetric techniques showed exce l len t  agreement. 

Comparison of the  received echoes 

Comparisons of  radar  

T h e  radar  experiment configurat ion f o r  the  Apollo 15 mission d i f f e r e d  from t h a t  of  t h e  Apollo 
14 mission in t h a t  t h e  S-band high-gain antenna was used ins tead  of the  S-band omnidirectional 
antenna system. 
and tnrP data .  Simultaneous S-band and VHP observat ions were successful ly  conducted during one 
complete near-side pass ,  and VHF d a t a  were obtained during four  complete near-side passes. 
l e n t  data were received during these  f i v e  observation per iods,  represent ing near ly  an order-of- 
magnitude improvement in the signal-to-noise r a t i o  with respect  t o  the Apollo 14 experiment. 
the  f i r s t  time, b i s t a t i c  radar  d a t a  were received from s i g n i f i c a n t  lunar  f e a t u r e s  which included 
the  Sea of Sereni ty ,  the Apennine Mountains, the middle port ion of the  Ocean of  Storms, and the 
Marius H i l l s .  
mission is l a r g e l y  homogeneous and very s imi la r  t o  the regions sampled at lower a l t i t u d e s  during 
the  Apollo 14 mission. Although d i s t i n c t  v a r i a t i o n s  in centimeter-to-meter-length s lopes e x i s t ,  
the  v e r t i c a l  s t r u c t u r e  of t h e  surface appeared remarkably uniform. 

This change resu l ted  in a s i g n i f i c a n t  improvement in the  q u a l i t y  of both S-band 

Excel- 

For 

The S-band d a t a  ana lys i s  indicated t h a t  the area surveyed during t h e  Apollo 1 5  

The Apollo 16 experiment configurat ion w a s  t h e  same as t h a t  f o r  Apollo 15. Simultaneous 
S-band and VHF observat ions were conducted during one complete near-side pass ,  and VHF data  ob- 
servat ions were made on four  complete near-side passes. Although the  S-band d a t a  received were 
of exce l len t  qua l i ty .  t h e  VHF echoes were weak due e i t h e r  t o  a conmand and serv ice  module a t t i -  
tude problem o r  t o  an i n f l i g h t  equipment malfunction. Another problem was in te r fe rence  from NASA 
s a t e l l i t e  TETR-D, o r i g i n a l l y  launched f o r  Apollo conmunication system t e s t i n g  and t r a i n i n g  exer- 

. cises. 

Results of d a t a  reduct ion and analyses f o r  a l l  th ree  missions revea l  t h a t  t h e  obl ique geom- 
e t r y  s c a t t e r i n g  proper t ies  of the  moon's sur face  are wavelength-dependent i n  t h e  decimeter-to- 
meter range, that t h e  s c a t t e r i n g  l a w  is highly dependent on l o c a l  topography, and t h a t  systematic  
differences e x i s t  in the average s c a t t e r i n g  proper t ies  of mare and highland u n i t s .  
meters, the r e f l e c t i v i t y  of mare surfaces  is remarkably uniform except f o r  l o c a l  deviat ions asso- 
c i a t e d  with s p e c i f i c  fea tures ;  t h e  116-centimeter results are frequent ly  i n  sharp cont ras t  with 
those a t  the s h o r t e r  wavelength. 
h i b i t  a d i e l e c t r i c  constant  of  about 2.8 at  the 116-centimeter wavelength and a lover  value a t  
the  13-centimeter wavelength. I n  the Apennines and c e n t r a l  highlands. both wavelengths show a 
reduced r e f l e c t i v i t y  cons is ten t  with a d i e l e c t r i c  constant decrease from 3.1 t o  2.8. 

A t  13  cent i -  

\ 

The  highlands e j e c t a  south of  Mare Cr i s ium (Sea of Crises)  ex- 

The 116-centimeter v a r i a t i o n s  t h a t  do m t  c o r r e l a t e  with the  13-centimeter d a t a  cannot be 
caused by surface e f f e c t s  because such e f f e c t s  would a l s o  be observed a t  t h e  s h o r t e r  wavelength. 
Explanation of the d i f f e r e n t i a l  behavior, in some cases ,  requi res  layer ing  o r  an inversion of 
densi ty  with depth such as might be produced by a flow over o lder  r e g o l i t h .  

Apollo 14 observat ions suggest t h a t  the upper 5 t o  50 cent imeters  of t h e  c rue t  must be ex- 
tremely uniform over t h e  surface of  t h e  moon o r  t h a t  the change with depth must be gradual. 
Surface-modifying processes have apparently acted t o  these  depths along t h e  major por t ion  of t h e  
radar  groundtracks. 
(on the  order  of  2 t o  1 )  in impedance cont ras t  within 1 t o  1 0  meters of  t h e  surface.  
i n  depth of a t h i n  r e g o l i t h  or covering blanket is one obvious candidate t o  model t h i s  e f f e c t .  

Further ,  the  116-centimeter d a t a  suggest t h a t  t h e r e  m u s t  be l a r g e  v a r i a t i o n s  
Variat ion 

Tbe root-mean-square elopes deduced from the Apollo 14 and 15 spec t ra  exhib i t  very system- , 
a t ic  behavior with respect  t o  maria. highlands, and d i s c r e t e  f e a t u r e s  such as c r a t e r s .  Typical Y 
highland s lopes arc in t h e  range of  5 t o  7 degrees a t  both wavelengths suggesting t h a t ,  on t h e  
s c a l e  lengths  of 30 t o  300 meters, t h e  surface haa equal roughness. Within t h e  maria, t h e  
13-centimeter slopee are t y p i c a l l y  within 2 t o  4 degrees, but those obtained a t  116 cent imeters  
are only half .s l a r g e  ( re f .  3-38). 
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3.3.2 S-Band Transponder 

The S-band transponder experiment w a s  successfu l ly  conducted during the Apollo 14,  15,  16,  
and 17 missions. 
command and serv ice  module and lunar  module. 
the  Apollo 15 and 16 missions by an S-band transponder mounted i n  t h e  s u b s a t e l l i t e s  t h a t  were 
launched from the comnand and eervice modules i n t o  lunar o r b i t .  
was t o  measure the  lunar  g r a v i t a t i o n a l  f i e l d  which, i n  tu rn ,  provided information on t h e  d is -  
t r i b u t i o n  of lunar  mass and its c o r r e l a t i o n  v i t h  sur face  fea tures  such as c r a t e r s ,  mountains, 
and maria. 

On all four  missions, experiment d a t a  were derived from t h e  lunar-orbi t ing 
I n  addi t ion ,  t h e  experiment was supported during 

The purpose of t h e  experiment 

No instruments were required on t h e  comaad and serv ice  modules and lunar  modules o t h e r  than 
the e x i s t i n g  S-band conmunications s y s t e m .  
experiment was contained i n  the  t w o  s u b s a t e l l i t e s .  
t h e  earth-based rad io  t racking system. Experiment d a t a  consis ted of v a r i a t i o n s  i n  epacecraf t  
speed as measured by the t racking system. Rowever, these line-of-sight v e l o c i t y  measurements 
could be obtained only while the  spacecraf t  =re in view of the  ear th .  Information about the 
f a r  s i d e  grav i ty  f i e l d  must therefore  be i n d i r e c t l y  infer red  from spacecraf t  condi t ions inme- 
d i a t e l y  after lunar occul ta t ion  and over many revolut ions.  

A transponder system designed s p e c i f i c a l l y  f o r  t h e  
These eysteme operated i n  conjunction with 

Good conrnand and serv ice  module and lunar  module data were obtained despi te  some degradation 
r e s u l t i n g  from a high-gain antenna problem during the  Apollo 14 mission and spacecraf t  a t t i t u d e  
i n s t a b i l i t y  during the Apollo 15 and 16 missions due t o  reac t ion  cont ro l  system t h r u s t e r  a t t i -  
tude cont ro l  f i r i n g s .  
t racking da ta  until May 29, 1972, when the  Apollo 16 s u b s a t e l l i t e  crashed on the  moon; the  
Apollo 15 s u b s a t e l l i t e  continued t o  provide t racking da ta  u n t i l  August 23, 1973. 

Both the Apollo 15 and Apollo 16 s u b s a t e l l i t e s  provided exce l len t  q u a l i t y  

I n  general ,  comparison of t racking da ta  from the  three  spacecraf t  and from lunar  areas over- 
flown on more than one mission shows close agreement i n  the results. The following general con- 
c lusions have been drawn from reduced da ta  ( re fs .  3-39 and 3-40). 

a ,  A l l  u n f i l l e d  craters and those having diameters less than 200 kilometers are negative 
anomalies (negative grav i ty  regions) ;  Ptolemaeus Crater is an example of  t h e  lat ter type. 

b. F i l l e d  c r a t e r s  a d  c i r c u l a r  seas with diameters g r e a t e r  than about 200 kilometers are 
p o s i t i v e  anomalies (pos i t ive  grav i ty  regions). o r  are mascons. The smallest  of t h i s  type is the  
c r a t e r  Crimaldi, which has a diameter of 150 kilometers; an exception is t h e  unique Sinus Iridum 
(Bay of Rainbows). 

c. The l a r g e s t  mascons detected are in the region of the  Sea of Nectar, the  Sea of Seren- 
i t y ,  and t h e  Sea of Crises. 
mountain ranges observed thus f a r  (Harius H i l l s  and Apennine Mountains) are p o s i t i v e  anomalies. 

Par t  of the  c e n t r a l  highlands appears as a p o s i t i v e  anomaly, and 

i 

3.3.3 Inf ra red  Scanning Radiometer 

Accomplished successfu l ly  during the  Apollo 17 mission, t h e  i n f r a r e d  scanning radiometer 
experiment obtained thermal emission measurements of the  lunar  surface f o r  use i n  developing a 
high-resolution temperature map of the  lunar  surface.  
s c i e n t i f i c  instrument module, operated normally throughout the  mission, and a l l  mission objec- 
t i v e s  were achieved. 

The experiment instrument, loca ted  i n  the  

Inf ra red  radiometer da ta  were obtained f o r  100 hours i n  lunar  o r b i t  during which t i m e  about 
30 percent of the lunar  surface was scanned. Approximately 100 mi l l ion  temperature measurements 
were obtained over t h e  f u l l  lunar  temperature range of 80" t o  400" K. 
w a s  1" K v i t h  a prec is ion  of about t2' K;  s p a t i a l  reso lu t ion  was  approximately 2 kilometers over 
most of t h e  horizon-to-horizon scan. 
t ransear th  coast  t o  support a study of the  contamination environment i n  the  v i c i n i t y  of t h e  
spacecraf t .  

Temperature reso lu t ion  

The experiment was a l s o  operated f o r  10.5 hours during 
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Data analyses  d i s c l o s e  t h a t  the night t ime cooling behavior of the w o n  v a r i e s .  The Ocean 
of  Storms shows a s u b s t a n t i a l  number of t h e m 1  s t r u c t u r e  v a r i a t i o n s ,  ranging from l a r g e  c r a t e r  
anomalies t o  small-scale f e a t u r e s  below the  instrument reso lu t ion  of less than 2 kilometers .  
Far fewer thermal f e a t u r e s  are evident  i n  o t h e r  a reas  along t h e  spacecraf t  lunar  sur face  ground- 
t rack;  in p a r t i c u l a r ,  only a few anomalies are revealed by night t ime scans of the  l u n a r  f a r  s ide .  
Although cold anomalies a r e  evident-throughout the  d a t a ,  they are usual ly  swll  f e a t u r e s  which 
may represent  indigenous a c t i v i t y  geological ly  recent  i n  t i m e .  
found i n  reference 3-41. 

Addit ional  information may be 

3.3.4 Lunar Sounder 

The lunar  sounder experiment, flown on the  Apollo 17 mission, obtained electromagnet ic  
soundings of the  moon f o r  use i n  developing a se lenologica l  three-dimensional model t o  a depth 
of about 1 .3  kilometers. The equipment was i n s t a l l e d  in the  s e r v i c e  module and cons is ted  of a 
coherent eynthe t ic  aper ture  radar ,  the  associated antennas, and an o p t i c a l  recorder .  The radar 
system operated i n  the  two BF bands of  5 megahertz (HF 1) and 15 megahertz (HF 2 ) ,  o r  in t h e  VHF 
band of 150 megahertz, and t ransmit ted a series of swept frequency pulses .  A small p a r t  of the  
pulse  energy waa r e f l e c t e d  from the lunar  sur face  and subsurface f e a t u r e s  and subsequently w a s  
de tec ted  by a rece iver  on the spacecraf t .  
by the o p t i c a l  recorder  on f i lm,  and the  f i l m  c a s s e t t e  was re t r ieved  during t r a n s e a r t h  extrave- 
h i c u l a r  a c t i v i t y .  

The radar  video output from the rece iver  was recorded 

Experiment da ta  were obtained i n  lunar  o r b i t  f o r  10 hours. The HF 1, HF 2, and VHF da ta  
were co l lec ted  during s i x  complete revolut ions (two f o r  each frequency band) and from s p e c i f i c  
l u n a r  t a r g e t s .  The instrument was operated i n  the  receive-only mode on both t h e  l u n a r  near s i d e  
and fa r  s i d e ,  and near  the landing s i te  with and without t ransmission of s i g n a l s  by t h e  sur face  
e l e c t r i c a l  p roper t ies  experiment deployed on the  lunar  surface.  
a t e d  in the  receive-only nude f o r  24 hours during t r a n s e a r t h  coas t  t o  determine sources  of ter- 
restrial noise .  

The experiment was a l s o  oper- 

Several experiment hardware anomalies occurred during t h e  mission. The mst s e r i o u s  w a s  
f a i l u r e  of the VHP echo t racker  to  keep the leading edge of the re turn  s i g n a l  on f i lm;  as a re- 
s u l t ,  nadi r  r e t u r n  from both mare and highlands (and thus,  sounding c a p a b i l i t y )  w a s  l o s t  up to  
50 percent of the  time. 
down 10 t o  20 dec ibe ls  r e l a t i v e  t o  the HF 1 channel, as compared t o  premission values  of 7 t o  
8 decibele .  
t i o n  mechanism and talkback i n d i c a t o r  ( a t t r i b u t e d  t o  l o w  temperatures); however, n e i t h e r  d a t a  
quant i ty  nor q u a l i t y  w a s  l o s t .  

Sounding d a t a  were a l s o  l imi ted  because the HF 2 channel energy was 

In addi t ion ,  opera t iona l  delays were caused by a f a u l t y  antenna e x t e n s i o d r e t r a c -  

The VHF images produced by o p t i c a l  processing were of exce l len t  q u a l i t y  and the  VHF p r o f i l e ,  
where a v a i l a b l e ,  wae q u i t e  s a t i s f a c t o r y  f o r  addressing l o c a l  se lenomrphologica l  problems. 
t a t i v e  subsurface r e t u r n s  have been i d e n t i f i e d  in both the HP 1 and VHF channels. 
l iminary analysee,  the da ta  appear t o  have s a t i s f i e d  experiment requirements. Telemetry monitor- 
i n g  of average r e f l e c t e d  power ind ica ted  t h a t  the mare and highlands exhib i ted  markedly d i f f e r e n t  
r e f l e c t i v i t y  f o r  both HF and VHP radar  frequencies. 
i n  the  =re a s  would be expected were the  mare flooded by successive l a y e r s  of lava ;  pred ic ted  
topographic s igna tures  over f e a t u r e s  such a e  c r a t e r s  and mare r idges  have been confirmed i n  prin- 
c i p l e .  A preliminary scan of a l imi ted  length of  f i l m  i n d i c a t e s  t h a t  both t h e  radar  images of 
lunar  sur face  a t  t h e  VKF frequency and the  echoes delayed i n  t i m e  r e l a t i v e  t o  t h e  sur face  echo 
a t  the HF f requencies  have been imprinted on f i lm.  

Ten- 
Based on pre- 

Data were cons is ten t  with d i s t i n c t  l ayer ing  

Preliminary da ta  analyees also reveal  t h a t  the  power l e v e l s  of VHF- and HF-reflected eig- 
n a l s  were very c lose  t o  those predicted from premission syetem analyses  and the  known d i e l e c t r i c  
constant  of the lunar  surface.  
s t ronger  than expected but does not appear t o  have degraded t h e  a c t i v e  radar  sounding of t h e  
lunar  near  s ide .  
t a t i o n  of the radar antenna. 

Electromagnetic rad ia t ion  from e a r t h  in the  HF 2 w d e  is much 

Earth r a d i a t i o n  is occul ted by the -on and can be minimized by proper orien- 
Addit ional  preliminary results are given i n  reference 3-42. 

. 

k 
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3.3.5 P a r t i c l e  Shadows/Boundary Layer 

. 

1 

The instruments  f o r  the  p a r t i c l e  shadows/boundary l a y e r  experiment were i n s t a l l e d  i n  t h e  
s u b s a t e l l i t e s  launched i n t o  l u n a r  o r b i t  during the  Apollo 1 5  and Apollo 1 6  missions.  The i n s t r u -  
ments i n  each s u b s a t e l l i t e  cons is ted  of two s i l i c o n  nuclear  p a r t i c l e  te lescope  d e t e c t o r s  and four  
s p h e r i c a l  e l e c t r o s t a t i c  ana lyzer  de tec tors .  
t h e  var ious plasma regimes i n  which t h e  moon w v e s ,  t o  determine how t h e  moon interacts with t h e  
plasma and magnetic f i e l d s  in t h e  environment, and t o  determine c e r t a i n  f e a t u r e s  of  t h e  s t r u c t u r e  
and dynamics of  t h e  e a r t h  magnetosphere. 

The o b j e c t i v e s  of t h e  experiment were t o  descr ibe  

Short ly  a f t e r  launch of  t h e  Apollo 1 5  s u b s a t e l l i t e  in lunar o r b i t ,  an incons is tency  was 
noted in t h e  p a r t i c l e  experiment count da ta .  
not l o s t ,  but d a t a  reduct ion was more complex. 
s u b s a t e l l i t e .  
s u l t e d  in the  l o s s  of wst opera t iona l  and experiment da ta .  As noted i n  s e c t i o n  3.3.7, t h e  
Apollo 16 s u b s a t e l l i t e  impacted t h e  lunar  sur face  after o r b i t i n g  f o r  approximately 1 month. 
During its l i f e t i m e ,  however, it provided e x c e l l e n t  q u a l i t y  data. 

T h i s  vas t raced  t o  a design e r r o r .  The d a t a  were 
The design e r r o r  was cor rec ted  i n  t h e  Apollo 1 6  

F a i l u r e s  of  the  Apollo 1 5  s u b s a t e l l i t e  on February 3 and February 29, 1972, re- 

Data were obtained as t h e  s u b s a t e l l i t e s  encountered four  d i s t i n c t  regions of  magnetized 
plasma ( f i g .  3-30): t h e  solar wind; t h e  bow shock, which appears on t h e  sunward s i d e  of  t h e  e a r t h  
magnetosphere; t h e  magnetosheath, which lies between the  bow shock and t h e  e a r t h  magnetosphere; 
and t h e  magnetotai l .  I n  addi t ion  to t h e  plasma and e n e r g e t i c  p a r t i c l e  c h a r a c t e r i s t i c s  of  these  
regions,  p a r t i c l e s  from t h e  sun a lso  appear after c h r o w s p h e r i c  f l a r e s  occur  o r  a c t i v e  c e n t e r s  
pass  across  t h e  s o l a r  disk.  
( r e f s .  3-43 and 3-44). The f i n d i n g s  are s u m a r i z e d  as fol lows.  

Resul ts  from t h e  Apollo 1 5  and 1 6  experiments e s s e n t i a l l y  agree  

a. A wide v a r i e t y  of  p a r t i c l e  shadows has been measured; t h e  shadow shapes agree w e l l  wi th  
the  theory t h a t  has  been developed and v e r i f y  t h a t  t h e  magnetotai l  magnetic f i e l d  l i n e s  a r e  gen- 
e r a l l y  "open" i n  the  sense t h a t  they connect d i r e c t l y  from t h e  e a r t h  polar  caps t o  the  in te rp lan-  
e t a r y  magnetic f i e l d .  

b. The c a v i t y  formed in t h e  s o l a r  wind by t h e  w o n  has been observed i n  t h e  f a s t - e l e c t r o n  
component of the  s o l a r  wind. 
along the  s o l a r  wind flow, the  e l e c t r o n s  a r e  almost completely excluded from t h e  c a v i t y .  When 
t h e  magnetic f i e l d  is  al igned more near ly  perpendicular  t o  the  s o l a r  wind f low,  t h e  s o l a r  wind 
shadow s t r u c t u r e  (as defined by t h e  f a s t - e l e c t r o n  component) becomes extremely complex. The 
shadow s t r u c t u r e  becomes much broader than the  lunar  diameter and may become very shallow. 

When t h e  i n t e r p l a n e t a r y  magnetic f i e l d  is a l igned  approximately 

c .  A w a k  f l u x  of e l e c t r o n s  in the  energy range o f  25 000 t o  300 000 e l e c t r o n  v o l t s  w a s  
ab le  t o  move predominantly in a sunward d i r e c t i o n  f o r  a period of  s e v e r a l  days while t h e  moon 
was upstream from t h e  e a r t h  i n  i n t e r p l a n e t a r y  space.  
whether these  p a r t i c l e s  have a s o l a r  o r  terrestrial o r i g i n .  

No determinat ion has been made as t o  

d.  Flux of  s o l a r  e l e c t r o n s  was measured after two important s o l a r  f l a r e s  occurred.  An 
e l e c t r o n  spectrum f o r  the  energy range of  6000 t o  300 000 e l e c t r o n  v o l t s  was determined from 
Apollo 1 5  measurements of the  f i r s t  f l a r e  t h a t  occurred on September 1, 1971. Af te r  a major 
hydromagnetic shock wave t h a t  was  generated on May 15,  1972, t h e  Apollo 16 experiment measure- 
ments ind ica ted  t h a t  f l u x e s  of  e l e c t r o n s  a t  energ ies  above approximately 2000 e l e c t r o n  v o l t s  
increased by more than an order  of  magnitude above background l e v e l s ;  e n e r g e t i c  proton f l u x e s  
throughout t h e  event  were t y p i c a l l y  higher  than e l e c t r o n  f l u x e s  at t h e  same energy by a f a c t o r  
of  10. 

e. Magnetotail  e l e c t r i c  f i e l d s  have been determined from p a r t i c l e  shadow boundary displace-  
ments. 
0.3 v o l t s  per  k i lometer ,  o r i e n t e d  i n  a genera l ly  east-to-west d i r e c t i o n ,  i n d i c a t i v e  of  s o l a r  
wind induct ion dr iven  convection toward a magnetic n e u t r a l  l i n e  merging region i n  t h e  c e n t e r  o f  
t h e  magnetotail .  

Their  magnitude ranges from zero t o  nure than 1 v o l t  p e r  ki lometer ,  t y p i c a l l y ,  0.2 t o  

f .  Low energy e l e c t r o n  f luxes  c h a r a c t e r i s t i c  of t h e  plasma sheet  observed by s a t e l l i t e s  
passing through the  magnetotai l  nearer t h e  e a r t h  are a l s o  f requent ly  observed from lunar  o r b i t .  
The l o c a t i o n  of plasma sheet  encounters  appears  t o  be l e s s  c l o s e l y  confined t o  regions near  t h e  
magnetic n e u t r a l  shee t  ( f i e l d  r e v e r s a l  region)  than is observed c l o s e r  t o  t h e  e a r t h .  
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g. Areas are observed t o  exist where 15 000-electron-volt e l e c t r o n s  are r e f l e c t e d  back t o  
the spacecraf t  from the d i r e c t i o n  of  t h e  w o n ,  probably by regions of reuanent sur face  magnetism 
of s u f f i c i e n t  magnitude t o  exceed the  "mirroring" value f o r  e lec t rons .  

3.3.6 Magnetometer 

A b i a x i a l  flux-gate magnetometer was a l s o  Included in t h e  Apollo 15 and Apollo 16  subsatel-  
l i tes t o  c a l c u l a t e  the i n t e r i o r  e l e c t r i c a l  conduct ivi ty  of the  moon, t o  survey t h e  remanent mag- 
n e t i z a t i o n  of t h e  lunar  sur face ,  and t o  study the  i n t e r a c t i o n  of the moon wi th  i ts  plasma envi- 
ronment. 
and p o l a r i t y  of two m t u a l l y  orthogonal vector  components. one p a r a l l e l  and t h e  o t h e r  perpendic- 
u l a r  t o  the sp in  a x i s  of the s u b s a t e l l i t e .  
marized in the  following paragraphs. 

The  magnetometer w a s  boom-deployed from t h e  s u b s a t e l l i t e  and measured t h e  magnitude 

Experiment results ( r e f s .  3-45 and 3-46) are sum- 

Data obtained in the m g n e t o t a i l  by t h e  Apollo 15 and Apollo 1 6  experiments show t h a t  lunar 
remanent magnetism can be mapped from a s i n g l e  o r b i t i n g  vehic le .  However, high-resolut ion maps 
of  magnetic f e a t u r e s  can be achieved only with dual  magnetometer surveys i n  order  t o  separa te  
temporal and s p a t i a l  changes in the  f i e l d s ,  o r  with low-al t i tude data below 70 ki lometers .  The 
la t te r  da ta  a r e  a v a i l a b l e  from the  Apollo 15  and Apollo 1 6  missions only f o r  l imi ted  areas. 
though the charac te r  of the  magnetic fea tures  observed tends t o  follow t h e  charac te r  of t h e  lunar 
topography beneath the  s u b s a t e l l i t e ,  t h e r e  is no one-to-one c o r r e l a t i o n  of magnetic s igna ture  
with sur face  fea tures .  

Al- 

The approximate na ture  of this c o r r e l a t i o n  was s h a m  by cons t ruc t ing  a high-resolution con- 
tour  map of lunar  cont r ibu t ion  t o  t h e  solar-directed component of  t h e  magnetic f i e l d  as measured 
on the Apollo 15 s u b s a t e l l i t e  a t  an a l t i t u d e  of 67 ki lometers  in the  Van de Craaff region. 
map shows a well-defined f e a t u r e  with a 4.5 gamma peak-to-valley v a r i a t i o n .  
c l e a r l y  not centered over Aitken o r  V a n  de Graaff, which suggests  t h a t  these  magnetic f e a t u r e s  
a r e  not necessar i ly  assoc ia ted  with c r a t e r  formation ( r e f .  3-46). 

The 
This  f e a t u r e  is 

The s u b s a t e l l i t e  da ta  obtained i n  the s o l a r  wind i n d i c a t e  t h a t  diamagnetic enhancement and 

The phenomenon of l a r g e  increases  i n  t h e  f i e l d  
r a r e f a c t i o n  dips  discovered by Explorer 35 magnetometers are a l s o  d i s t i n c t l y  present  a t  the  m c h  
lower a l t i t u d e  of approximately 100 kilometers. 
e x t e r n a l  t o  the r a r e f a c t i o n  dips  is a l s o  c l e a r l y  observed and appears t o  be s t ronger  a t  the  sub- 
satell i te a l t i t u d e .  

3.3.7 S u b s a t e l l i t e  Performance 

The two p a r t i c l e s  and f i e l d s  s u b s a t e l l i t e s  were launched from t h e  Apollo 1 5  and 16  coamrand 
and serv ice  modules and were t o  be operated in lunar  o r b i t  f o r  a 1-year per iod.  

3.3.7.1 Apollo 15.- The Apollo 15 s u b s a t e l l i t e  w a s  launched i n t o  lunar  o r b i t  August 4 ,  1971, 
and performed s a t i s f a c t o r i l y  i n  a l l  modes of operat ion u n t i l  February 3, 1972. 
from about one-third of i t s  measurements beginning on February 3. 1972, during i ts  2203rd lunar  
revolut ion.  Data from addi t iona l  measurements were l o s t  beginning February 29, 1972, during i t s  
2520th lunar  revolut ion.  

Data were l o s t  

Analysis of the  da ta  ind ica ted  the  d a t a  l o s s  was the  result of mul t ip le  f a i l u r e s  wi th in  a 
s i n g l e  in tegra ted  c i r c u i t  f la tpack  i n  t h e  b i l e v e l ,  main-frame, and d r i v e r s  board of t h e  d i g i t a l  
e l e c t r o n i c s  u n i t .  The cause of the  in tegra ted  c i r c u i t  f a i l u r e  is not hown. Following the  f a i l -  
u re ,  the  s u b s a t e l l i t e  continued operat ion with t h e  remaining p a r t i c l e s  experiment measurements, 
but pr imar i ly  as an S-band transponder lunar  grav i ty  experiment. 

The l a s t  t rack ing  pass f o r  the  s u b s a t e l l i t e  was on August 23, 1973, on i ts  9046th l u n a r  rev- 
o l u t i o n .  
day space mission with 5000 chargefdischarge cycles .  
1971, and accumulated over 8000 charge/discharge cycles  by Apr i l  1973 when i t  began shaving charg- 
ing  problems and data became i n t e r m i t t e n t .  
p red ic t ions  based on the r e s u l t s  from the  Pioneer spacecraf t  b a t t e r y  l i f e  tests. It ceased charg- 
i n g  i n  August 1973 a f t e r  approximately 9400 cycles. 

One of the requirements f o r  the  silver-cadmium b a t t e r y  was  f o r  a c e l l  l i f e  f o r  a 365- 
The  f l i g h t  b a t t e r y  was a c t i v a t e d  i n  August 

T h i s  performance was  i n  agreement with b a t t e r y  l i f e  
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3.3.7.2 Apollo 16.- The Apollo 16 s u b s a t e l l i t e  was launched i n t o  lunar o r b i t  Apr i l  24, 1972, 
and performed s a t i s f a c t o r i l y  in all modes of operat ion u n t i l  impacting the  lunar  sur face  on May 
29. 1972. 

The execution of a comnand and s e r v i c e  m d u l e  o r b i t  shaping maneuver had been p lanned  before  
launching the s u b s a t e l l i t e  so as t o  place it i n  an o r b i t  which would insure  1-year operat ion.  
However, the orbit-shaping maneuver was deleted because of a connnand and s e r v i c e  module malfunc- 
t i o n ,  and the s u b s a t e l l i t e  w a s  placed i n  an o r b i t  which was d i f f e r e n t  from the  one planned. The 
o r b i t  i n t o  which the s u b s a t e l l i t e  was launched r e s u l t e d  in a shor t  o r b i t a l  l i f e  with an e a r l y  im- 
pact  of t h e  s u b s a t e l l i t e  on the  lunar  surface.  

L 
3.3.8 Cosmic Ray Detector (Helmets) 

Five helmets were used as heavy-particle dosimeters i n  t h e  cosmic ray d e t e c t o r  experiment: 
one worn during the  Apollo 8 mission (December 21 t o  27, 1968). th ree  worn during the  Apollo 12 
mission (November 14 t o  24, 1969); and a cont ro l  helmet t h a t  w a s  exposed t o  cosmic rays a t  a bal-  
loon a l t i t u d e  of  41 ki lometers  (July 11 and 12,  1970). Af te r  exposure, the  helmets were chemi- 
c a l l y  etched t o  reveal  t racks  caused by heavy cosmic ray nuc le i .  

Track observat ions show t h a t  the in tegra ted  f l u x  of heavi ly  ion iz ing  cosmic rays s t r i k i n g  
The t r a c k  formation Apollo 1 2  helmets was 3 .1  times g r e a t e r  than t h a t  of the  Apollo 8 helmet. 

r a t e  f o r  Apollo 12 helmets was 2.0 times higher  than t h a t  of  the Apollo 8 helmet, even when al- 
lowances were made f o r  the d i f fe rences  i n  mission durat ion;  the  r a t e  f o r  the  cont ro l  helmet w a s  
3 .1  t i m e s  higher than t h a t  of  the Apollo 8 helmet and about 1.45 times higher  than t h a t  of  the  
Apollo 12 helmets. 
produced no meaningful s t a t i s t i c a l  d i f fe rences  between the  t r a c k  d e n s i t i e s  of the Apollo 1 2  hel- 
met  exposed only in the  command and s e r v i c e  module and those exposed in the lunar  module and on 
the  lunar  surface.  Ins tead ,  doses a t  the helmet depended pr imar i ly  on the  i n t e n s i t y  of s o l a r  ac- 
t i v i t y  during the mission. 

H e l m e t  loca t ions  i n  the  spacecraf t  and v a r i a t i o n s  i n  spacecraf t  sh ie ld ing  

3.3.9 Apollo Window Meteoroid 

The Apollo window meteoroid experiment u t i l i z e s  heat  sh ie ld  windows from the  recovered com- 
mand module spacecraf t  (1) t o  obta in  information about t h e  f l u x  of meteoroids with masses of 
lo-’ gram and less, (2) t o  examine the  residue and morphology of the  c r a t e r s  produced by these  
meteoroids f o r  information regarding the  dynamic and physical  p roper t ies  of  the meteoroids, (3) 
t o  discover  poss ib le  c o r r e l a t i o n s  with lunar-rock-craters  s t u d i e s ,  and (4) to  obta in  information 
on meteoroid composition and mass densi ty .  

The Apollo window meteoroid experiment w a s  o f f i c i a l l y  assigned t o  Apollo missions I&, 15,  
16 ,  and 17.  With the exception of Apollo 11, however, the  windows of a l l  Apollo command modules 
have been examined f o r  contamination and f o r  meteoroid impact c r a t e r s  having diameters of 40 mi- 
crometers and l a r g e r .  
faces  of a l l  re turned windows. Chemical analyses  show t h a t  the  contamination sources were the  
Mylar coat ing on the  hea t  sh ie ld  sur face ,  reac t ion  cont ro l  system t h r u s t e r  nozzle res idue ,  and 
charred heat  s h i e l d  material ( re f .  3-47). A high percentage of  sodium was produced by the  
t h r u s t e r  nozzles  and heat s h i e l d  char ,  of magnesium by t h r u s t e r  nozzles ,  and of  t i tanium and 
s i l i c o n  by t h e  Mylar coating. A number of o ther  sur face  e f f e c t s  from low-velocity p a r t i c l e s  
has a l s o  been found a f t e r  many of the  d s s i o n s ,  probably o r i g i n a t i n g  from the  reac t ion  cont ro l  
system t h r u s t e r s  and the j e t t i s o n  rocket of the c o m n d  module launch escape system. 

Contamination by hard chemical depos i t s  was  observed on the  o u t e r  sur-  

Approximately 3.5 square meters of  Apollo window sur faces  have been scanned a t  a general  
level of  20x magnification. Ten meteoroid impact c r a t e r s  have been found: f i v e  of t h e s e  were on 
t h e  Apollo 7 windows, one each on the  Apollo 8 ,  9, and 1 3  windows, two on the  Apollo 14 windows, 
and none on the  Apollo 15, 16,  and 17  windows. Data f o r  craters ranging from 1 t o  40 micrometers 
i n d i c a t e  t h a t  the  meteoroid mass l i m i t  a t  the de tec t ion  threshold f o r  t h e  2Ox scan is about lo-” 
gram. Combining these  test da ta  wlth previous hyperveloci ty  d a t a  in g l a s s  t a r g e t s  i n d i c a t e s  t h a t  
several c r a t e r  regimes-utist f o r  c r a t e r s  ranging from 250 micrometers t o  4 cent imeters :  
a l l y ,  t h e r e  is a hemispherical c r a t e r ,  t y p i c a l  of those i n  s o f t  metal, with a l i p  extending 
around the  t a r g e t  sur face ;  a space zone then forms a t  a higher  energy, removing the l i p ;  and, 

I n i t i -  
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at  st i l l  higher energy l e v e l s ,  ou ter  space zones appear and t h e  o r i g i n a l  hemispherical crater 
is e jec ted ,  leaving a conical  res idua l  crater with conchoidal r idges.  The mass l i m i t  of lo-" 
gram f o r  t h e  2Ox scan represents  a meteoroid of approximately 4 micrometers i n  diameter a t  the  
average meteoroid v e l o c i t y  of 20 kilometers per  second and mass dens i ty  of 2 grams per  cubic 
centimeter. 

Experiment results i n d i c a t e  t h a t  the  f l u x  represented by t h e  n d e r  of obeerved impacts and 
area-time exposure is compatible with t h e  f l u  estimates obtained from t h e  results of  pene t ra t ion  
sensors  mounted on the  Pegasus 1, 2, and 3 satellites and on t h e  Explorer 1 6  and 23 s a t e l l i t e s ;  
from Surveyor I11 data;  and from a near-ear th  environment model. Although t h e  ex ten t  of window 
contamination leaves some doubt t h a t  meteoroid composition can be p o s i t i v e l y  dis t inguished from 
residue associated with each c r a t e r ,  the  c a p a b i l i t y  of t h i s  experiment t o  d e t e c t  meteor i t ic  resi- 
due cannot be discounted. 

3.3.10 Gamma-Ray Spectrometer 

Gamma-ray spectrometer instruments were flown on t h e  Apollo 15 and 1 6  missions. 
iment was conducted while i n  lunar  o r b i t  t o  ob ta in  data on the degree of  chemical d i f f e r e n t i a t i o n  
t h a t  the m o n  has undergone and the  composition of the lunar  surface.  
operated during t ransear th  coast  t o  provide c a l i b r a t i o n  da ta  on spacecraf t  and space background 
f luxes,  and t o  provide d a t a  on g a l a c t i c  gamma-ray f lux.  A ganrma-ray de tec tor ,  capable of meas- 
ur ing gamma rad ia t ion  i n  the  energy range from 200 000 t o  10 mi l l ion  e lec t ron  v o l t s ,  was munted  
on an extendable boom located i n  t h e  s c i e n t i f i c  instrument module. The boom could be extended 
25 f e e t ,  extended t o  two intermediate pos i t ions ,  r e t r a c t e d ,  or j e t t i s o n e d  by t h e  crew by using 
cont ro ls  i n  the  comaand module crew s t a t i o n .  Controls were a l s o  provided t o  a c t i v a t e  o r  deac- 
t i v a t e  the spectrometer, incrementally a l t e r  the  s e n s i t i v i t y  (gain) of  the  de tec tor ,  and s e l e c t  
e i t h e r  of two de tec tor  counting modes. 

The exper- 

The equipment was a l s o  

On the Apollo 17 mission, a sodium iodide c r y s t a l  i d e n t i c a l  t o  those used as t h e  de tec tor  
s c i n t i l l a t o r  on the Apollo 15 and 16 missions was flown as a c a l i b r a t i o n  reference f o r  lnterpre-  
t a t i o n  of  Apollo 15 and 16 data. 

On the Apollo 15 and 16 missions, da ta  were col lec ted  i n  lunar  o r b i t  and during t ransear th  
coast  f o r  215.2 and 109.5 hours, respect ively.  
da ta  obtained a f t e r  lunar  module separat ion from the command and serv ice  module and 103.4 were de- 
graded by the Apollo lunar  surface experiments package f u e l  capsule (a t tached t o  t h e  lunar  mod- 
u l e )  when the  Spacecraft were docked. 
i n  s p i t e  of the  following minor anomalies: During t h e  Apollo 15 mission, the  spectrometer ex- 
perienced a gain s h i f t  of approximately 30 percent. 
t i o n a l l y  and, by the end of t h e  mission, the  spectrometer was operat ing i n  a r e l a t i v e l y  s t a b l e  
state near the  end of i t s  adjustment. After  t ransear th  i n j e c t i o n ,  a temporary zero-reference 
s h i f t  occurred, causing the  f i r s t  e igh t  channels of data t o  be grouped i n t o  one repor t ing  channel; 
however, there  w a s  no l o s s  of experiment da ta .  This anomaly w a s  determined t o  be a one-time f a i l -  
ure of a component and no cor rec t ive  ac t ion  was required f o r  t h e  Apollo 16 instrument. Tests con- 
ducted with t h e  q u a l i f i c a t i o n  uni t  v e r i f i e d  t h a t  the earlier problem was caused by aging of  the  
photomult ipl ier  tube in the gamrma-ray de tec tor  assembly a s  a r e s u l t  of high cosmic ray f l u x  r a t e s  
i n  lunar  operat ion.  
of rad ia t ion .  thereby aging t h e  de tec tor  photomult ipl ier  tube. 
the  instrument boom mechanism s t a l l e d  and would not  r e t r a c t  f u l l y  on three  of f i v e  r e t r a c t i o n s .  
N o  cor rec t ive  ac t ion  was taken s ince  t h i s  mechanism was  not scheduled f o r  f u r t h e r  use. 

Of the lunar  o r b i t a l  da ta  hours, 111.8 were prime 

A l l  sc ience objec t ives  were s a t i s f i e d  on both missions 

Compensation f o r  t h e  s h i f t  was  made opera- 

To c o r r e c t  f o r  t h i s ,  the  Apollo 16 f l i g h t  unit was subjected t o  high l e v e l s  
During t h e  Apollo 16 mission, 

Analyses of the experiment da ta  from the  Apollo 15 and 16 missions r e l a t i n g  t o  radioact iv-  
i t y  l e v e l s  of s p e c i f i c  lunar  surface areas are i n  agreement. 
( r e f s .  3-48 and 3-49) are summarized as follows. 

The r e s u l t s  of these analyses 

a .  Regions of highest  a c t i v i t y  a r e  the western maria, followed by the Sea of T r a n q u i l l i t y  
and the Sea of Sereni ty .  
t i v i t y  observed in the Fra l4auro area during the Apollo 16 mission i s  a t  approximately t h e  same 
l e v e l s  a s  those observed around Aris tarchus Crater  and south of Archimedes Cra te r  during t h e  
Apollo 15 missions. 
Apollo 14 mission. 

D e t a i l e d  s t r u c t u r e  e x i s t s  within high-radioact ivi ty  regions. High ac- 

These l e v e l s  a r e  a l s o  comparable t o  t h a t  of the  s o i l  returned from t h e  
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b. Radioact ivi ty  is lower and more var iab le  in the eas te rn  maria. Considerably lower ac- 
t i v i t y  is found in the  far-s ide highlands with the eas te rn  port ion containing gamma-ray a c t i v i t y  
lower than t h a t  found i n  the Ocean of Storms and t h e  Sea of Rains by an order  of magnitude. The 
Descartes area appears t o  have undergone some admixing of  rad ioac t ive  mater ia l .  

c. Preliminary data  show i n t e n s i t y  peaks t h a t  correspond t o  t h e  c h a r a c t e r i s t i c  energies  of 
the  isotopes of i ron ,  aluminum, uranium, potassium, and thorium. 

d. Discrete, celestial ganma-ray sources were detected. These sources include the  Crab 
Nebula, S a g i t t a r i u s .  l o c a l  c l u s t e r s  of  galaxies .  and t h e  super c l u s t e r  t h a t  contains  the  Virgo 
c lus te r .  

3.3.11 X-Ray Fluorescence 

I d e n t i c a l  X-ray fluorescence experiments flown on t h e  Apollo 15 and 1 6  missions were used 
pr inc ipa l ly  f o r  o r b i t a l  mapping of the composition of  the moon and, secondari ly ,  f o r  X-ray gal- 
a c t i c  obsemat ions  during t ransear th  coast .  Lunar surface measurements involved observat ions 
of the i n t e n s i t y  and c h a r a c t e r i s t i c  energy d i s t r i b u t i o n  of the secondary o r  f luorescent  X-rays 
produced by the  i n t e r a c t i o n  of s o l a r  X-rays with the lunar  surface;  astronomical observat ions 
consis ted of r e l a t i v e l y  long periods of X-ray measurements of preselected g a l a c t i c  sources such 
as Cyg X-1, Sco X-1, and the g a l a c t i c  poles. 

The X-ray f luorescence experiment equipment consis ted of an X-ray de tec tor  assembly capable 
of de tec t ing  X-rays in the energy range from 1000 t o  7000 e lec t ron  v o l t s .  a s o l a r  monitor. and an 
X-ray proceseor assembly. The  X-ray de tec tor  assembly, loca ted  i n  the s c i e n t i f i c  instrument mod- 
u l e ,  detected X-rays r e f l e c t e d  from the  lunar  surface o r  emitted by g a l a c t i c  X-ray sources. 
s o l a r  monitor, mounted in sec tor  IV of the  serv ice  module (displaced 180' from t h e  X-ray de tec tor  
assembly), measured s o l a r  X-ray f lux .  
surface and the  d i r e c t  s o l a r  X-ray f l u x  t h a t  produces the fluorescence yielded information on the  
nature  of the  lunar surface material. 

The 

The measurement of  f luorescent  X-ray f l u x  from t h e  lunar  

~ ~~ 
~~ ~ 

X-ray f luorescence d a t a  were co l lec ted  f o r  t o t a l s  of 186.1 hours i n  lunar  o r b i t  (143.9 hours 
Except of prime da ta  and 42.2 hours of degraded data)  and 52.5 hours during t ransear th  coas t .  

f o r  minor noise  problems which did not adversely a f f e c t  experiment da ta ,  no equipment anomalies 
occurred during the two missions. 

Data were col lec ted  from s l i g h t l y  more than 20 percent of the  t o t a l  lunar  sur face ,  a l l  
within a band between 30' north t o  30' south l a t i t u d e  which included some area  of  overlap on the  
two missions. 
r e s u l t s  by analyses of lunar  surface samples ind ica te  t h a t  the  X-ray method is r e l i a b l e  f o r  geo- 
chemical mapping and t h a t  it can be used t o  determine both the  major and more s u b t l e  composi- 
t i o n a l  d i f fe rences  between lunar  maria and highland areas. The following summary r e s u l t s  of t h e  
two experiments were obtained from references 3-50 and 3-51. 

Resul ts  of Apollo 15 and 16 data analyses agree c lose ly .  Confirmation of  these 

a. Apollo 15 and 16 overlap regions were located between SO0 t o  60" east longi tude,  and 
covered such areae as t h e  S e a  of F e r t i l i t y ,  Smyth's S e a ,  Langrenus Crater, and t h e  highlands w e s t  
of  Smyth's Sea ( f i g .  3-1). Aluminum/silicon and magnesium/silicon concentrat ion r a t i o s  i n  these  
areas, determined from Apollo 15 and 16 da ta ,  agree within 10 percent o r  b e t t e r .  Aluminum/sili- 
con concentrat ion r a t i o s  range from about 0.36 to 0.60 f o r  Apollo 15 and 0.41 t o  0.61 f o r  Apollo 
16; magnesium/silicon concentrat ion r a t i o s  range from about 0.25 t o  0.21 f o r  Apollo 15 and 0.26 
t o  0.20 f o r  Apollo 16. 

b. T h e  Apollo 16 data show t h a t  f o r  areas between 9. and 141" east longi tude,  aluminum/ 
s i l i c o n  concentrat ion r a t i o s  ranged from about 0.38 t o  0.71, and those f o r  magnesium/silicon from 
about 0.40 t o  0.16. Aluminum concentrat ions in the  mare regions a r e  2 t o  3 times lower than i n  
the  terra and highland regions; magnesium concentrat ions in the  mare regions are 1.5 t o  2 times 
higher than in the terra regions. 

c. Aluminadsi l icon and magnesium/silicon ratios i n d i c a t e  t h a t  t h e  highlands have a wide- 
spread d i f f e r e n t i a t e d  c r u s t  having a materials composition t h a t  v a r i e s  between a n o r t h o s i t i c  gab- 
bro and gabbroic anor thos i te ,  with probable occurrences of anor thos i te ,  f e l s i t e  and KREEP (a  ma- 
terial r i c h  in potassium, rare-earth elements, and phosphorous). 
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d. The aluminum/silicon r a t i o s  and o p t i c a l  albedo values  correspond c lose ly ,  thus estab- 
l i s h i n g  t h a t  the albedo Is a good guide t o  highland composition, s p e c i f i c a l l y  t h e  p lag ioc lase  
content. 

e. During t ransear th  coas t ,  X-ray data were obtained on severa l  d i s c r e t e  X-ray Bources and 
o t h e r  t a r g e t s  dominated by d i f f u s e  X-ray f lux.  The behavior of  pu lsa t ing  X-ray stars Cyg X-1 and 
Sco X-1 mey be character ized by quie t  per iods and a c t i v i t y  per iods with durat ions up t o  a day. 
Ten to t h l r t y  percent changes in X-ray i n t e n s i t y  occur in a few minutes; t h e  i n t e n s i t y  of Cyg X-1 
can double within a day o r  SO. 

t o  3000 e lec t ron  v o l t s ,  3000 e lec t ron  v o l t s ,  and 7000 e lec t ron  v o l t s .  
T h i s  increase occurs in the  three  energy l e v e l s  measured: 1000 

3.3.12 Alpha-Particle Spectrometer 

I d e n t i c a l  a lpha-part ic le  spectrometer experiments flown on t h e  Apollo 15 and 1 6  missions 
were designed t o  map d i f fe rences  i n  uranium and thorium concentrat ions across  t h e  lunar  surface. 
These d i f fe rences  were i d e n t i f i e d  by measuring the  alpha-part ic le  emission of two gaseous daugh- 
ter  products of uranium and thorium, radon-222 and radon-220, respect ively.  
s e l f  is the  product of t h e  decay of  uranium and thoriwn, mapping of  the  concentrat ions of these 
two elements can be accomplished by ident i fy ing  regions of  high radon a c t i v i t y .  

Because radon it- 

The experiment equipment consis ted of an alpha p a r t i c l e  sensing assembly t h a t  could d e t e c t  
alpha p a r t i c l e s  in the energy range from 4.7 mil l ion  t o  9.1 mil l ion  e l e c t r o n  v o l t s ,  supporting 
e l e c t r o n i c s ,  and temperature monitors housed in the  same enclosure as the  X-ray f luorescence ex- 
periment assembly. Controls were provided in the command module crew s t a t i o n  t o  deploy s sh ie ld  
pro tec t ing  the experiment de tec tors  from spacecraf t  contamination sources and t o  a c t i v a t e  and de- 
a c t i v a t e  the  experiment. 

Experiment data were co l lec ted  f o r  211.6 hours in lunar  o r b i t  (160.4 hours of  prime da ta  and 
No equipment anomalies oc- 

The following srmmrary of results 

51.2 hours of degraded data)  and 110.3 hours during t ransear th  coast .  
curred t h a t  requlred remedial ac t ion ;  although two of the  t e n  de tec tors  i n  t h e  Apollo 15 ins t ru-  
ment were noisy i n t e r m i t t e n t l y ,  da ta  v a l i d i t y  was not a f fec ted .  
of the  experiments w a s  obtained from reference 3-52. 

a. Radon emanation from the -on was pos i t ive ly  detected although the  average l e v e l  is 
about th ree  orders  of magnitude below terrestrial l e v e l s .  

b. Several i n t e r e s t i n g  c h a r a c t e r i s t i c s  in t h e  s p a t i a l  and temporal d i s t r i b u t i o n  o f  lunar  
radon were observed. 
Schro ter ' s  Valley, and Cobra Head.* 

An area of r e l a t i v e l y  high radon emanation includes Aris tarchus Crater ,  

c .  The most conspicuous loca l ized  fea ture  is Aris tarchus Crater  where the  counting r a t e  of  
radon-222 alpha p a r t i c l e s  is a t  least four  t i m e s  t h e  lunar  average. 
be the s i te  of another loca l ized  concentrat ion,  and t h e  edges of the  grea t  maria basins  a r e  also 
sites of increased a c t i v i t y .  

Grimaldi Crater appears t o  

d .  Transient  radon emanation from the moon a l s o  occurs ,  based on detec t ion  of  l a r g e  amounts 
of polonium-210 (a daughter product of radon-222 and a decay product of lead-210). Polonium-210 
was  detected in a broad area extending from west of t h e  Sea of Crises t o  the  Van de Graaff-Orlov 
Crater  region;  polonium-210 l e v e l s  of concentrat ions were much higher than required t o  be i n  
equi l ibr ium with radon-222. 
approximately 40' e a s t  longitude and centered around the Sea of F e r t i l i t y .  

An area having even higher concentrat ions of polonium-210 Is loca ted  

3.3.13 Mass Spectrometer 

Objectives of  the mass spectrometer experiment, flown on t h e  Apollo 15 and 16 missions. were 
t o  measure the  composition of the lunar  atmosphere and t o  search f o r  a c t i v e  volcanism on the  lunar  
surface.  
por t  mechanisms in o ther  -re complete planetary exospheres. La tera l  t ranspor t  can be observed 
in an idea l ized  form in the  lunar  atmosphere because gas molecules do not c o l l i d e  with each 
o t h e r  bu t ,  ins tead ,  t r a v e l  i n  b a l l i s t i c  t r a j e c t o r i e s  t o  form a nearly c l a s s i c a l  exosphere a f t e r  
encounters with the  lunar  surface.  

These data  are important t o  understanding the  evolut ion of the  -on and t h e  gas t rans-  

*Informal designations. 



The  experiment assembly consis ted of the mass spectrometer and i t s  e l e c t r o n i c  components 
mounted on a boom which was  extended 24 f e e t  from the  s c i e n t i f i c  instrument module. The i n s t r u -  
ment was capable of measuring the  abundance of p a r t i c l e s  i n  t h e  12- t o  66-atomic-mass-untt range. 
A shelf-mounted sh ie ld  t o  pro tec t  the  spectrometer from spacecraf t  contamination sources when in 
i ts  stowed pos i t ion  opened and closed automatical ly  when the  boom w a s  extended and re t rac ted .  I n  
addi t ion  t o  acquir ing da ta  while in lunar  o r b i t ,  the  spectrometer w a s  operated a t  var ious i n t e r -  
mediate boom pos i t ions  f o r  spec i f ied  periods during t ransear th  coas t  t o  determine the  concentra- 
t i o n  of cons t i tuents  forming the  so-called contamination cloud from the  connnand and service mod- 
u le .  
boom; a c t i v a t e  and deac t iva te  the spectrometer; select high and low spectrometer discr iminat ion 
modes and m u l t i p l i e r  gains;  and cont ro l  ion source hea ters  and f i laments .  

Cownand module crew s t a t i o n  cont ro ls  were provided t o  extend, retract, and j e t t i s o n  t h e  

Experiment d a t a  were col lec ted  f o r  134 hours in lunar  o r b i t  (127 hours of prime d a t a  and 7 

On the  Apollo 15 mis- 
hours of degraded data)  f o r  both missions, and 48 hours during t h e  t r a n s e a r t h  por t ion  of t h e  
Apollo 15 mission. 
sion, the  boom did  not f u l l y  r e t r a c t  on 5 of 12 occasions. 
never f u l l y  r e t r a c t e d  and then s t a l l e d  a t  the  two-thirds pos i t ion  during f i n a l  r e t r a c t i o n  f o r  t h e  
t ransear th  i n j e c t i o n  maneuver. 
i t  was  j e t t i s o n e d ,  thereby preventing co l lec t ion  of data during t ransear th  coas t .  I n  the  absence 
of s p e c i f i c  evidence, the incomplete r e t r a c t i o n s  were assumed t o  have been caused by jamming of  
the  cable  in the boom housing because of s t i f f e n i n g  during periods of cold soak. The repeated 
and prolonged s t a l l i n g  of the motors on the  Apollo 16 mission caused the f i n a l  f a i l u r e  of t h e  
boom in mid-stroke. Resul ts  of d a t a  analyses ( re fs .  3-53 and 3-54) are sunrmarized as follows. 

Large q u a n t i t i e s  of gas were observed in lunar o r b i t  t h a t  could n e i t h e r  have orginated i n  
The p laus ib le  source of these gases 

These l i q u i d s  quickly f reeze ,  
Subsequent evap- 

Boom r e t r a c t i o n  anomalies occurred on both missions. 
On the  Apollo 16 mission, t h e  boom 

Because t h e  maneuver could not be performed with t h e  boom extended, 

lunar  o r b i t  nor resu l ted  from spacecraf t  d i r e c t  outgassing. 
is the  waste l i q u i d s  per iodica l ly  dumped from the  spacecraf t .  
forming gases i n t o  s o l i d  p a r t i c l e s  t h a t  co-orbit the won v i t h  the  spacecraf t .  
o ra t ion  produced many of the  gases observed. 

Data were obtained on the  p a r t i a l  pressure of neon-20. A t  the  100-kilometer o r b i t a l  a l t i -  
tude, the  concentrat ion is (8.3 2 5 )  x l o 3  atoms per cubic centimeter. This value t r a n s l a t e d  i n t o  
the  nighttime surface concentrat ion becomes (4.5 +3) x l o5  atoms per cubic  centimeter. The value 
is lower than previous estimates by approximately a f a c t o r  of 3 but is i n  f a i r  agreement with t h e  
da ta  from t h g  Apollo 14 and 15 cold cathode ion iza t ion  gages operat ing on t h e  lunar  surface.  

3.3.14 Far Ul t rav io le t  Spectrometer 

The u l t r a v i o l e t  spectrometer was  a s c i e n t i f i c  instrument module experiment flown only on 
the  Apollo 17 mission. The purpose of t h i s  experiment was  t o  measure t h e  dens i ty ,  composition, 
and temperature of the  lunar atmosphere. The inetrument developed f o r  t h i s  purpose w a s  a l a r g e  
and highly s e n s i t i v e  f a r  u l t r a v i o l e t  spectrometer which scanned the  s p e c t r a l  region of 1180 t o  
1680 angstroms every 1 2  seconds with a s p e c t r a l  reso lu t ion  of 10 angstroms. The experiment in- 
strument was s e n s i t i v e  t o  a l l  possible  atmospheric species  except argon, helium, and neon. 

The most d e f i n i t i v e  information previously obtained about the  densi ty  of the  lunar  atmos- 
phere was with cold cathode ion gages deployed on t h e  lunar  surface on the Apollo 14 and 1 5  mis- 
s ions.  
lunar  surface def ining the  wobase and, therefore ,  cont ro l l ing  t h e  "temperature" of  t h e  atmos- 
phere. 
molecules o r  atoms and t h a t  the  sources of the  lunaf atmosphere are the  solar vind, lunar degas- 
s ing ,  and radiogenic gases (argon and radon) formed by lunar  rad ioac t iv i ty .  

Data obtained by these gages indicated t h a t  the  lunar  surface is an exosphere, with t h e  

More s p e c i f i c a l l y ,  the  da ta  showed t h a t  there  a r e  no c o l l i s i o n s  between the  atmospheric 

The u l t r a v i o l e t  spectrometer experiment w a s  designed t o  optimize the observat ion of atomic 
hydrogen and xenon by spending about 45 percent of each s p e c t r a l  cycle  scanning the  resonant emis- 
sions of these two species .  Optimization f o r  xenon detec t ion  a t  1470 angstroms w a s  planned on the  
b a s i s  t h a t  t h i s  heaviest of  t h e  n a t u r a l l y  occurr ing gases would probably be t h e  most r e s i l i e n t  t o  
the  l o s s  processes t h a t  had reduced t h e  primordial lunar  atmosphere dens i ty  t o  a t  least 
the dens i ty  a t  the surface of the  ear th .  

of 

. 



c 
c 

Far u l t r a v i o l e t  s p e c t r a l  da ta  were col lec ted  f o r  80 hours in lunar o r b i t  and f o r  approxi- 
mately 60 hours during t ransear th  coas t ;  a s o l a r  atmospheric observat ion was added i n  real time. 
A l l  pl8Med observat ions were accomplished, including those of lunar  atmosphere composition and 
densi ty;  lunar  u l t r a v i o l e t  albedo; s o l a r  system Lyman-alpha (1216 angstroms); u l t r a v i o l e t  zodia- 
cal l i g h t ;  and u l t r a v i o l e t  spec t ra  of the e a r t h ,  severa l  stars, and e x t r a g a l a c t i c  sources. 
ment performance w a s  nominal with two minor exceptions - f a i l u r e  of I n t e r n a l  temperature eensing 
c i r c u i t s  and an unexpected high background count rate a t t r i b u t e d  t o  cosmic background. 
problems did not  impair c o l l e c t i o n  of  data o r  degrade its qual i ty .  
preliminary analyses  are summarized as follows (ref .  3-55). 

Equip- 

These 
Experiment results based on 

a. The present  results fndica te  t h a t  the lunar  sur face  concentrat ion of atomic hydrogen 
is less than 10 atoms per cubic centimeter, almost t h r e e  orders  of magnitude less than predicted.  
This is cons is ten t  with t h e  hypothesis t h a t  the  s o l a r  wind protons are completely converted i n t o  
hydrogen molecules a t  the  lunar surface.  
of the lunar  atmosphere, desp i te  its l a r g e  mess, ind ica tes  t h a t  the mechanism of photoionizat ion 
l o s s  followed by acce lera t ion  i n  the  s o l a r  wind e l e c t r i c  f i e l d  dominates over Jean 's  evaporative 
escape, a t  least f o r  the  heavy gases. 
oxygen, and carbon monoxide, which a r e  photodissociat ion products of many gases of  volcanic  or- 
i g i n ,  a l s o  place severe r e s t r i c t i o n s  on present  l e v e l s  of  lunar volcanism. 

The f a c t  t h a t  xenon must be at best a minor component 

The mall concentrat ions of hydrogen, carbon ni t rogen,  

b. Lunar albedo measurements confirm those made on lunar samples from the  A p o l l o  11, 12 
and 14 missions. 

c. Information was obtained on u l t r a v i o l e t  zodiacal  l i g h t  emissions from t h e  inner  s o l a r  
atmosphere. 
Astronomical Observatory 2. 

These da ta  general ly  support the  u l t r a v i o l e t  zodiacal  l i g h t  observat ions by Orbi t ing 

d.  During t ransear th  coas t ,  data were col lec ted  on s te l lar  and e x t r a g a l a c t i c  aources, and 

The observed u l t rav io-  
a general u l t r a v i o l e t  survey of t h e  sky was conducted. 
i s o l a t e d  br ight  stars demonstrates t h a t  s i g n i f i c a n t  data  were obtained. 
l e t  s p e c t r a l  d i s t r i b u t i o n s  agree with previous observat ions and provide t h e  mst prec ise  measure- 
ment of the  absolute  u l t r a v i o l e t  br ightness  obtained t o  date. 

Preliminary ana lys i s  of t h e  spec t ra  of  

3.3.15 Lunar Mission Photography Prom t h e  Command and Service Module 

Photographs of t h e  lunar  surface were taken from t h e  command module on t h e  Apollo 8 mission 
pr imari ly  f o r  geodetic and operat ional  purposes. 
lapping o r  s tereoscopic-s t r ip  photographs, t o  photograph s p e c i f i c  t a r g e t s  of opportuni ty ,  and t o  
photograph a p o t e n t i a l  landing s i te  through the sextant .  

The p r i n c i p a l  ob jec t ives  were t o  o b t a i n  over- 

Approximately 90 percent of the  objec t ives  were m e t  desp i te  cur ta i lment  of photographic ac- 
t i v i t i e s  toward the  end of the  lunar  o r b i t  period because of crew f a t i g u e  and spacecraf t  opera- 
t i o n a l  requirements. The r e s u l t s  Were as follows: 

a. Excellent coverage was obtained of se lec ted  areas on t h e  f a r  s i d e  of t h e  moon complemen- 
Photographs were taken through t i n g  near-side photographa taken during the  Luuar Orbi te r  series. 

the  e n t i r e  range of  sun angles ,  and revealed albedo v a r i a t i o n s  not  previously detected as w e l l  
a s  many bright-rayed craters ringed with high-albedo material. 

b. Vertical and oblique s tereoscopic  photographs between terminators  were obtained with the  
Suff ic ien t  d e t a i l  was 70-millimeter camera from about 150" w e s t  longi tude t o  60' east longi tude.  

ava i lab le  t o  permit photographic reconstruct ion of t h e  lunar surface.  

c. Of 51 planned t a r g e t s  of opportunity using t h e  70-millimeter e l e c t r i c  camera, time per- 
mit ted photography of only 31. 
t u r e s  o r  t o  provide broad coverage of areas not adequately covered by Lunar Orbi te r  photographs. 

The t a r g e t s  were se lec ted  to enhance kuowledge of s p e c i f i c  fea- 

d. Photography using the  16-millimeter data acquis i t ion  camera in conjunction with the  sex- 
t a n t  was performed over the  proposed f i r s t  lunar landing si te and three  cont ro l  points .  This pho- 
tography indicated t h a t  landmark i d e n t i f i c a t i o n  and t racking could readi ly  be performed on lunar  
landing missions. 

An analys is  of t h e  Apollo 8 photography is given i n  reference 3-56. 



3.3.16 Lunar  k l t i s p e c t r a l  Photography 

The m l t i s p e c t r a l  photography experiment was  sucesss fu l ly  accomplished on the  Apollo 1 2  m i s -  
s ion.  Its purpose was t o  obtain lunar  vertical  s t r i p  photographs in the  blue,  red,  and i n f r a r e d  
port ions of the  o p t i c a l  spectrum. Equipment consis ted of an a r ray  of four  70-millimeter electric 
cameras with 8Pmi l l fmeter  lenses ,  th ree  t o  s a t i s f y  experiment ob jec t ives  and a four th ,  with 
green f i l t e r ,  f o r  opera t iona l  purposes. 

I n  addi t ion  t o  photographs of th ree  planned t a r g e t s  of opportuni ty ,  continuous v e r t i c a l  s t r i p  
photographs were obtained over the  lunar  surface from 118" east t o  14" west longitude. 
ber of photographs obtained by each of the red-, green-, and b lue- f i l t e red  cameras t o t a l e d  142, 
and the nmber  of  photographs taken by the inf ra red  camera was 105. These photographs provided 
the f i r s t  high-resolution (about 30 meters) look a t  s u b t l e  co lor  v a r i a t i o n s  on t h e  lunar  sur face  
and the f i r s t  study of co lor  behavior a t  and near t h e  point  d i r e c t l y  opposi te  the  sun (zero phase). 
The experiment demonstrated the  f e a s i b i l i t y  of m l t i s p e c t r a l  photography and methods used t o  
d isp lay  color  cont ras t  ( r e f .  3-57). 

The num- 

3.3.17 Candidate Exploration S i t e s  Photography 

T h i s  d e t a i l e d  objec t ive  was accomplished on the  Apollo 1 2  and Apollo 14 missions. Photo- 
graphic tasks  were intended t o  provide d a t a  f o r  evaluat ing p o t e n t i a l  sites f o r  follow-on lunar  
landing missions. Primary t a r g e t s  on Apollo 12 were three  p o t e n t i a l  landing sites: Fra Mauro, 
Descartes, and Lalande. Although a malfunctioning f i l m  magazine prevented accomplishment of a l l  
desired photography, mandatory requirements were s a t i s f i e d .  
terminator-to-terminator s tereoscopic  coverage over th ree  s i t e s  using the 70-millimeter e l e c t r i c  
camera with an 80-millimeter l e n s ,  and concurrent landmark t racking with the  16-millimeter da ta  
acquis i t ion  camera through the  comnand and serv ice  module sex tan t ;  high-resolution photography 
of the three sites with the 70ln i l l imeter  electric camera with a 500-millimeter lens ;  and medium- 
reso lu t ion  photography of o ther  i n t e r e s t i n g  areas such as Davy Rille with the  70-millimeter elec- 
t r i c  camera and 250-millimeter lens .  

These included the following: 

The primary photographic t a r g e t  f o r  Apollo 14 was  t h e  area of Descartes Crater, the  tenta-  
A main objec t ive  w a s  t o  obtain high-resolution photographs of t i v e  landing s i te  f o r  Apollo 16. 

Descartes a t  both high and low a l t i t u d e s  using the  lunar  topographic camera. 
not completely s a t i s f i e d  because of improper operat ion of t h e  lunar  topographic camera. 
contingency measure, the  70-millimeter camera with a 500-millimeter l e n s  was used t o  obtain high- 
reso lu t ion  photographs of the  Deecartes area. Stereoscopic coverage of  the a rea  w a s  a l s o  accom- 
pl ished,  although no camera shutter-open telemetry d a t a  were obtained because t h e  S-band high- 
gain antenna did not  opera te  properly. 

T h i s  ob jec t ive  w a s  
A s  a 

3.3.18 Selenodetic Reference Point Update 

The d e t a i l e d  objec t ive  of obtaining landmark t racking photographs f o r  use in updating selen-  
o d e t i c  reference poin ts  was successful ly  accomplished on the Apollo 12 and Apollo 14 missions. 
Lunar landmark t racking t a r g e t s  included the c r a t e r  Lansberg A on the  Apollo 12 mission and 11 
landmarks on the Apollo 14 mission, ranging from 141' east longitude t o  40" west longi tude;  major 
landmarks were the  craters Daguerre 66, Dollond E, Mosting A, Enke E,  and Ansgarius N. 
photographs were taken through the  command and service module sex tan t  using t h e  16-millimeter 
d a t a  acquis i t ion  camera; supporting photographs were taken with the  70-millimeter e l e c t r i c  cam- 
era with an 80-millimeter lens .  

Landmark 

3.3.19 Transearth Lunar Photography 

Assigned t o  the  Apollo 14 mission. the  t ransear th  lunar  photography d e t a i l e d  objec t ive  waa 
intended t o  provide photographic coverage of l a r g e  areas on t h e  f a r  s i d e  and eastern limb o f  t h e  
moon. 
ing lunar  meps. Both the 70-millimeter electric camera and the  lunar  topographic camera were 
scheduled f o r  use; however, the lunar  topographic camera malfunctioned i n  lunar o r b i t  as dis -  
cussed i n  sec t ion  3.3.17, and only the 70-millimeter camera w a s  used. 
mil l imeter  lenses  were used with the  70-millimeter camera t o  photograph the v i s i b l e  d isk  of  t h e  
m o n  a f t e r  t ransear th  in jec t ion .  Features  shown a t  high l a t i t u d e s  in these photographs were then 
r e l a t e d  t o  fea tures  a t  lower l a t i t u d e s  which appeared i n  landmark t racking and s tereoscopic  pho- 
tographe. 

These photographs were t o  be obtained f o r  use i n  extending selenodet ic  cont ro l  and improv- 

Both the  80- and 250- 

I 
s 

. 
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3.3.20 Service Module Orbi ta l  Photographic Tasks 

Service module o r b i t a l  photographic tasks  were accomplished on the f i n a l  th ree  Apollo mis- 
sions.  
t e r r a i n  photography, e t e l l a r  photography, and a l t imet ry .  
spacecraf t  t o  an e a r t h  coordinate system. 
lunar  surface t o  the  Spacecraft. I n  t u r n ,  the  re la t ionships  between t h e  lunar  surface,  l u n a r  
coordinate system, and e a r t h  coordinate  system can be determined, y ie ld ing  re f ined  information 
about the lunar  ephemeris with respect  t o  the e a r t h  coordinate  s y s t e m .  Terrain photography is 
a l s o  used in t r iangula t ion ,  an operat ion in which t h e  geometry of all photographs taken on one 
o r  more missions can be in tegra ted  i n t o  a s i n g l e  uni f ied  coordinate  system wi th  a prec is ion  o f  
about 20 meters in a l l  th ree  axes. 
of the  lunar  sur face ,  relates the lunar and celestial coordinate systems and gives  re f ined  in- 
formation about t h e  lunar  r o t a t i o n  rates, t h e  o r i e n t a t i o n  of i ts  axis with respect  t o  t h e  celes-  
t i a l  coordinate  system, and its physical  l i b r a t i o n s .  
tude of each t e r r a i n  photograph t o  be d e t e d n e d  independently so t h a t  lunar  sur face  photographs 
can be r e l a t e d  more precisely.  
l u n a r  o r b i t ,  g ives  a p r o f i l e  of the subtrack on the  lunar surface as wel l  as dis tance measure- 
ments of lunar  surface fea tures  appearing in stereoscopic  photographs; the  a l t i t u d e  data  allow 
photographs t o  be t i e d  together  r i g i d l y .  

The objec t ives  of these tasks  were t o  provide a data package cons is t ing  of t racWng da ta ,  
Tracking d a t a  e s s e n t i a l l y  relate t h e  

Terrain photography gives  t h e  re la t ionship  of  the  

S t e l l a r  photography, synchronized with metr ic  photography 

S t e l l a r  photographs a l s o  permit the  a t t i -  

Altimetry da ta ,  obtained from the conmand and serv ice  m d u l e  in 

Service module o r b i t a l  photographic tasks  involved operat ion of a panoramic camera, a map- 
Instrument operat ion,  anomalies, and the  results of photo- ping camera, and a l a s e r  altimeter. 

graphic tasks  are summarized in the  following paragraphs. 

a. Panoramic camera photography. The panoramic camera was an adaptat ion of a m i l i t a r y  
panoramic reconnaissance camera designed f o r  high-al t i tude appl ica t ions .  
n a u t i c a l  miles ,  the  camera covered a swath about 300 kilometers wide on t h e  lunar  sur face ,  and 
provided photographs with a reso lu t ion  of 1 t o  2 meters. Panoramic photographs, i n  conjunction 
with 70-millimeter s t i l l  camera photographs, were used fo r  d e t a i l e d  photointerpret ive s tud ies .  
After r e c t i f i c a t i o n ,  panoramic photographs were a l s o  used f o r  the  production of  large-scale  top- 
ographic maps of landing sites and spec ia l  fea tures  such as r i l les,  domes, and craters. Figures 
3-9, 3 1 0  and 3-12 are examples of photographs taken with t h e  panoramic camera. 

The panoramic camera was flown successful ly  on the  Apollo 15, 16, and 17 missions and pro- 

On each of these missions, the  lunar module could be seen in photographs of 

A t o t a l  of 4697 photographs w a s  recorded from these  three  mis- 

Prom an a l t i t u d e  of 60 

duced outs tanding photography of lunar  fea tures  of very high reso lu t ion  i n  bot? s tereographic  and 
monographic modes. 
the  landing areas and, i n  some instances,  s o i l  dis turbances caused by the  lunar  roving vehicle  
and foot  t r a f f i c  could be seen. 
s ions.  The areas of coverage are i d e n t i f i e d  in references 3-58, 3-59, and 3-60. 

The a reas  photographed on Apollo 15 included t h e  Hadley Rille landing s i t e .  severa l  a reas  
being considered as the  Apollo 1 7  landing site, the  Apollo 15 lunar  module ascent  s tage  impact 
p o i n t ,  near-terminator a r e a s ,  and o ther  areas of general coverage. About 1 2  percent  of the  lunar  
surface w a s  photographed. Anomalous operat ion of the v e l o c i t y l a l t i t u d e  sensor  was indicated on 
the  f i r s t  Apollo 15 panoramic camera pass on revolut ion 4 and on subsequent passes;  however, good 
photographs were obtained over a l l  c r i t i c a l  areas and less than 1 percent of t h e  t o t a l  f i lm ex- 
posed was ser ious ly  degraded by the sensor malfunction. 

The v e l o c i t y / a l t i t u d e  sensor measured the  angular rate of t r a v e l  of the  spacecraf t  r e l a t i v e  
t o  the  lunar  surface.  The sensor output was used t o  cont ro l  the cycl ing r a t e  of t h e  camera, t h e  
forward motion compensation, and t h e  exposure. 
t o  80 miles a l t i t u d e .  I f ,  a t  any t i m e ,  the indicated v e l o c i t y / a l t i t u d e  w a s  ou t  o f  t h i s  range, 
the  sensor automatical ly  reset t o  the nominal value of 60 miles. The sensor operated properly 
f o r  br ie f  per iods of time, but would d r i f t  off-scale  high ( sa tura te )  and then reset t o  t h e  nomi- 
n a l  value corresponding t o  a 60-mile a l t i t u d e .  The results of tests, coupled with analyses of 
t h e  bas ic  sensor design, indicated t h a t  the  problem was r e l a t e d  t o  the  o p t i c a l  signal-to-noise 
r a t i o .  The remaining f l i g h t  hardware was modified t o  improve t h i s  r a t i o .  

The sensor normally operated in the  range of 45  

Apollo 16 panoramic camera photography increased lunar  sur face  coverage t o  about 15 percent, 
and included the Descartes landing area and prime t a r g e t s  a t  King Crater and i n  the Fra Mauro re- 
gion,  I n  addi t ion ,  photographs of the  lunar  surface were obtained a f t e r  t ransear th  in jec t ion .  
During the mission, camera operat ion was  stopped when an abnormal bus vol tage condition w a s  ob- 
served; subsequent inspect ion revealed t h a t  the condi t ion was due t o  the spacecraf t  configurat ion 
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and not  t o  a camera problem. 
camera was stopped. 
lower l i g h t  l e v e l s  than were present .  P o s t f l i g h t  a n a l y s i s  ind ica ted  t h a t  frames taken about 25' 
away from t h e  te rmina tor  were overexposed by 1-112 t o  2 f -s tops.  
anomaly on t h e  Apollo 17 mission,  sensor  output  vo l tage  l i m i t s  w e r e  added t o  p r e f l i g h t  test pro- 
cedures. 
the  sensor  problem. 
were obtained.  

Photography was  rescheduled t o  o b t a i n  photographs l o s t  while  t h e  
In addi t ion  t o  t h i s  anomaly, t h e  camera exposure sensor  c o n s i s t e n t l y  read 

To prevent  recurrence of  t h e  

A s p e c i a l  process  used t o  develop overexposed por t ions  of f i l m  r o l l s  compensated f o r  
Task o b j e c t i v e s  were s a t i s f i e d  by t h e  e x c e l l e n t  q u a l i t y  photographs t h a t  

Panoramic camera photographs obtained on the  Apollo 17 mission increased t o t a l  coverage o f  
t h e  lunar  sur face  t o  approximately ZT percent .  
of t h e  Taurus-Littrow landing s i te  arid of  regions east and west of t h e  areas photographed during 
the Apollo 1 5  and 16 missions.  
t i o n .  
f a i l e d  j u s t  before  the  f i n a l  photographic pass  in l u n a r  o r b i t ;  a l though some s te reoscopic  photog- 
raphy was l o s t  and r e s u l t i n g  monographic photography was degraded, mandatory photographic require-  
ments were met .  

Mult ipIe  h igh- resoru t ion  pliotographs were o3tained 

Photographs of t h e  w o n  were a l s o  taken a f t e r  t r a n s e a r t h  in jec-  
The camera operated s a t i s f a c t o r i l y  throughout t h e  mission u n t i l  the  s t e r e o  d r i v e  motor 

b. Mapping camera photography. The mapping camera was designed t o  o b t a i n  high-quality met- 
r i c  photographs of the  lunar  sur face  from lunar  o r b i t  combined with t ime-correlated s te l lar  pho- 
tography f o r  selenodetic/cartographic cont ro l .  
l a s e r  altimeter (discussed in t h e  next subsect ion)  once per  frame in s e r i a l  form. 
were provided t o  the  laser t o  permit t h e  a l t i t u d e  t o  be obtained within 3 mil l iseconds of t h e  
c e n t e r  of  exposure of  the  mpping  camera. 

The camera received a l t i t u d e  information from a 
Timing s i g n a l s  

Cartographic-quality photographs of  a l l  sunlit lunar  sur face  a r e a s  overflown by t h e  space- 
c r a f t  as w e l l  a s  ob l ique  photographs of l a r g e  a r e a s  nor th  and south of the  groundtracks were ob- 
t a ined  on the  Apollo 15,  16,  and 1 7  missions.  
3-58, 3-59, and 3-60. 

Areas of  coverage a r e  i d e n t i f i e d  in re ferences  

On t h e  Apollo 15, 16. and 17 missions,  the  t i m e s  required t o  extend and r e t r a c t  t h e  mapping 
camera were considerably longer  than those of p r e f l i g h t  tests. 
taken, but  the  problem was not  resolved.  
p o s i t i o n  f o r  longer  per iods than planned, n e i t h e r  t h e  quant i ty  nor  q u a l i t y  of  photographic cover- 
age w a s  adversely a f f e c t e d .  

Several  c o r r e c t i v e  a c t i o n s  were 
Although the  mapping camera was l e f t  i n  t h e  extended 

Two o t h e r  anomalies t h a t  occurred during t h e  Apollo 16 mission concerned stellar camera g l a r e  
During t h e  ex t ravehicu lar  a c t i v i t y  f o r  f i l m  s h i e l d  jartuning and metal chips  i n  the  f i l m  c a s s e t t e s .  

r e t r i e v a l ,  the  s te l lar  camera l e n s  g l a r e  s h i e l d  was found in t h e  extended p o s i t i o n  and was jammed 
a g a i n s t  the  s e r v i c e  module handra i l .  
g l a r e  s h i e l d  was  properly r e t r a c t e d  a t  rendezvous. 
mission, t h e  Apollo 1 7  mapping camera d r i v e  rack w a s  c a r e f u l l y  rea l igned  f o r  proper pinion gear  
engagement when t h e  camera assembly w a s  f u l l y  deployed. 
found during the  reprocessing inspec t ion  of  the  Apollo 16 returned f i lm.  
a t  the start of processing and caused no l o s s  of  data on the  f i lm.  

Photographs taken from t h e  lunar  module ind ica ted  t h a t  the  
A s  a r e s u l t  o f  this problem on t h e  Apollo 16 

The aforementioned metal  ch ips  were 
The ch ips  w e r e  removed 

Despi te  the  problems descr ibed,  photographic requirements were s a t i s f i e d  on a l l  t h r e e  mis- 
sions. 

c. Laser a l t i m e t r y .  The laser altimeter marked t h e  f i r s t  use of  a s o l i d - s t a t e  l a s e r  in a 
spacecraf t  appl ica t ion .  
and Apollo 17. 

It was flown on each o f  t h e  J-series missions: Apollo 15, A p o l l o l 6 .  

The purposes of t h e  laser altimeter opera t ions  were t o  provide a measurement of  t h e  d i s t a n c e  
from t h e  spacecraf t  t o  t h e  lunar s u r f a c e  in synchronizat ion wi th  each mapping camera exposure,  
and to provide topographic p r o f i l e s  f o r  c o r r e l a t i o n  with g r a v i t y  anomalies obtained from track-  
ing data. 

During the f i r s t  opera t ing  per iod on the Apollo 15 mission, t h e  o r b i t  w a s  h ighly  e c c e n t r i c ,  
causing t h e  spacecraf t  t o  be below the l a s e r  altimeter minimum range of  40 n a u t i c a l  mi les  approx- 
imately h a l f  the  time. menever  t h e  a l t i t u d e  w a s  wi th in  t h e  design range of  the altimeter, v a l i d  
d a t a  Were obtained.  In the  second and t h i r d  opera t ing  per iods ,  t h e  laser output  began t o  degrade. 

. 

1 
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accompanied by a gradual decrease i n  t h e  umber  of v a l i d  a l t i t u d e  measurenents. 
f a i l u r e  in t h e  high-voltage sec t ion  caused t o t a l  l o s s  of rece iver  s e n s i t i v i t y .  
t a ined  during the  las t  ha l f  of lunar o r b i t a l  f l i g h t .  
thought to be contamination of the o p t i c a l  sur faces  in the laser module. 
gent c leaning and assembly procedures were implemented, and a c o n t r o l  c i r c u i t  was  added t o  sense 
the  output and t o  increase the  input  vol tage t o  the  laser i f  t h e  output decreased. 
of  the high-voltage problem was v e r i f i e d  by dupl ica t ion  in t h e  laboratory.  
down in a vacuum r e l a y  vas generat ing electromagnetic in te r fe rence  which was  piclced up by the  
rece iver  automatic gain cont ro l  c i r c u i t .  
a t  i ts  minimum s e n s i t i v i t y ,  thereby causing l o s s  of the r e t u r n  s igna l .  
by removal of the  r e l a y  from subsequent u n i t s .  

A subsequent 
No d a t a  were ob- 

The cause of the decreased laser output  w a s  
A s  a result, more strin- 

The source 
High-voltage break- 

T h e  automatic gain cont ro l  c i r c u i t  held t h e  receiver 
The problem was corrected 

On the  Apollo 16 mission, the  laser altimeter was operated f o r  seven per iods in accordance 
with the  f l i g h t  plan,  as revised during the  mission t o  accomnodate a delay in t h e  lunar  module 
landing. 
pensated f o r  by the  cont ro l  c i r c u i t  which had been added a f t e r  the Apollo 15 mission. 
seventh operat ing per iod,  t h e  cont ro l  c i r c u i t  had reached t h e  l i m i t  of i ts  compensation capabil- 
i t y ,  and t h e  percentage of v a l i d  da ta  showed a marked decrease. 
obtained on the  i l luminated s i d e  of t h e  moon, approximately 70 percent was va l id .  
duced laser output  had less e f f e c t  on operat ion over nonilluminated areas, approximately 80 per- 
cent  of the  dark-side measurements was va l id .  
was a repeat  of  t h a t  experienced during the  Apollo 15 mission, except that t h e  added cont ro l  cir- 
c u i t  d id  prolong the e f f e c t i v e  l i f e  of  t h e  altimeter. 
contamination of t h e  l a s e r  module o p t i c s  by bearing lubr icant  and a decrease in flashlamp energy 
due t o  s o l a r i z a t i o n  of the  quartz envelope. 
a type having t h e  lubr icant  vacuum-impregnated i n t o  the  b a l l  r e t a i n e r .  
mater ia l  w a s  changed t o  a higher p u r i t y  grade of  quartz  t o  e l iminate  s o l a r i z a t i o n .  
the cont ro l  c i r c u i t  w a s  modified so t h a t  i ts  compensation was  added i n  smaller increments. 

The laser output  again began t o  degrade during t h e  second operat ing period but w a s  com- 
During the  

Of the  t o t a l  quant i ty  of data 
Because re- 

The decrease in laser output  during t h i s  mission 

The cause of the problem w a s  found t o  be 

T h e  bearings i n  the Q-switch r o t o r  were changed t o  
The flashlamp envelope 

I n  addi t ion,  

The e f fec t iveness  of  the changes implemented in the  laser altimeter hardware as a result of 
the previously mentioned problems can be seen by performance o f  the  instrument on t h e  Apollo 17 
mission. The number of operat ions t h a t  produced v a l i d  da ta  exceeded 99 percent .  No altimeter 
anomalies occurred during the  Apollo 17 mission. 

Apollo program l a s e r  altimeter da ta  reveal  that t h e  mean rad ius  of the  moon is  approximately 
1738 kilometers. The da ta  a l s o  show t h a t  the center  of f i g u r e  is o f f s e t  from the  center  of mass 
by 2 t o  4 kilometers along the  earth-moon l ine.  
s tud ies  are given in references 3-61, 3-62 and 3-63. 

Additional d e t a i l s  of t h e  laser altimeter 

3.3.21 Comnand Module O r b i t a l  Science Photography 

The conrmand module o r b i t a l  science photography d e t a i l e d  objec t ive  was conducted during t h e  
Apollo 14 mission. 
e n t i f i c  i n t e r e s t  and of s p e c i f i c  segments of the  lunar sur face  in ear thsh ine  and in low-level 
l i g h t  near the terminators*. 

The purpose was  t o  obtain photographs of lunar  surface areas of prime s c i -  

The lunar  topographic camera with an 18-inch l e n s  was provided t o  obta in  high-resolution 
(2 meters) s tereoscopic  photographs (with 60 percent overlap) of four  lunar  surface t a r g e t s ;  t h e  
t a r g e t  having the highest  p r i o r i t y  was an area north of Descartes Cra te r ,  a candidate  landing si te 
f o r  the  Apollo 16 lunar  module. Operation of the  camera w a s  noisy on the  f i r s t  of th ree  scheduled 
passes ,  ind ica t ing  a camera malfunction. 
tu ted  f o r  ana lys i s  of t h e  two exposed 5-inch f i l m  r o l l s  resu l ted  i n  t h e  recovery of 193 usable 
photographs. 
r i m  of Theophilus Crater t o  a point  northwest of  Kant Crater. 
Theophilus Crater  e j e c t a  and Kant Plateau materials. 

An extensive postmission f i l m  development plan i n s t i -  

These photographs covered a segment of  the c e n t r a l  lunar  highlands from the e a s t e r n  
Two major u n i t s  were included: 

Bigh-resolution photographs of e ight  lunar  sur face  t a r g e t s  were scheduled t o  be obtained 
with a 70-millimeter e l e c t r i c  camera: th ree  with a 500-millimeter l e n s ,  and f i v e  with a 250- 
mil l imeter  lens .  The 500-millimeter t a r g e t s  were photographed successfu l ly ,  but only two of 
the  250-millimeter t a r g e t s  were obtained; photographs of the  o ther  th ree  t a r g e t s  were de le ted  
because of opera t iona l  considerat ions.  
number of t a r g e t s  t h a t  had been scheduled t o  be photographed with t h e  lunar  topographic camera. 

The 70lo i l l imeter  camera w a s  a l s o  used t o  photograph a 

*Dividing l i n e  between i l luminated and unilluminated lunar  surface.  
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A sequence of photographs shar ing the  lunar  surface in ear thshine and i n  l o w  l i g h t  l e v e l s  
near the  terminator  was accomplished successful ly .  
mil l imeter  l e n s  and a 16-millimeter da ta  acquis i t ion  camera with an 18-millimeter l e n s  were used. 
The photographic sequence s t a r t e d  j u s t  before  the  command and serv ice  module crossed t h e  sunr i se  
terminator and continued pas t  t h e  terminator .  Photographs covered t h e  area loca ted  in t h e  south- 
c e n t r a l  por t ion  of the Ocean of  Storms i n  the  v i c i n i t y  of Kunowsky Crater and approximately 210 
kilometers southeast  of Kepler Crater. Details of the  o r b i t a l  science photography conducted on 
t h e  Apollo 14 mission are given in reference 3-64. 

A 70-millimeter electriC camera with an 80- 

3.3.22 V i s u a l  Observations from Lunar Orbit 

Visual observat ions were an i n t e g r a l  p a r t  of lunar  explorat ion because t h e  dynamic range 
and color  s e n s i t i v i t y  of the  human eye cannot be matched by any one f i l m  type o r  sensing ins t ru-  
ment and because, in s p e c i a l  cases, on-the-scene i n t e r p r e t a t i o n  of observed f e a t u r e s  o r  phenom- 
ena w a s  needed. Visual observat ions were intended t o  complement photographic and o t h e r  remotely 
sensed da ta  obtained from lunar o r b i t .  T h i s  d e t a i l e d  objec t ive  w a s  successfu l ly  accomplished on 
the  Apollo 15, 16,  and 17 missions. 
lowing paragraphs may be found in f igure  3-1. 

The loca t ions  of many of t h e  a r e a s  r e f e r r e d  t o  i n  t h e  f o l -  

The extraordinary success of  the  v i s u a l  observat ions on the  Apollo 15 mission proved t h e  
outstanding c a p a b i l i t i e s  of man and his u s e  i n  space f l i g h t .  
served and crew comments were relayed t o  ear th .  Targets  were the  c r a t e r s  Tsiolkovsky, Picard,  
Proclus ,  Cauchy, Littrow. Dawes, and Sulpicius  Gallus; Hadley Rille; Imbrium Basin flows; the  
Harbinger Mountains; the  Aris tarchus Plateau;  and areas  t o  be observed af ter  t ransear th  injec-  
t ion .  The  following s i g n i f i c a n t  observat ions were made during t h i s  mission ( re f .  3-65). 

A l l  13  scheduled t a r g e t s  were ob- 

a. 
Sereni ty  (Littrow Crater area)  and on t h e  southwest r i m  of the same mare basin (Sulpicius  Gallus 
Crater a r e a ) .  

b. 

F ie lds  of  possible  c inder  cones were discovered on the southeast  r i m  of t h e  Sea of 

The l i n e a t c d  segment of the  northwestern r i m  of Tsiolkovsky Crater  on t h e  lunar  f a r  s i d e  
w a s  in te rpre ted  as a l ands l ide .  

c .  An excluded zone in t h e  ray p a t t e r n  around Proclus Crater on the  w e s t  r i m  of the  Sea o f  
Crises  was in te rpre ted  a s  caused by a f a u l t  system a t  t h e  west r i m  of the c r a t e r .  

d. Recognition of  layer ing  along crater w a l l s  (as  opposed t o  t e r r a c i n g  by f a u l t s  and mass 
wasting by downward movement of  materials along the  wal ls)  was achieved f o r  the f i r s t  time. This 
recogni t ion gives  a new dimension t o  thinking r e l a t i v e  t o  the  nature  of t h e  upper l a y e r s  o f  t h e  
lunar  c r u s t .  

Targets  scheduled f o r  visual observation on Apollo 16 were the  f a r s i d e  highlands; the  cra- 

Al l  but one of the  t a r g e t s  were successfu l ly  
ters Mendeleev. King, Goddard, and Kapteyn; the  Colombo highlands; the  craters Isodorus-Capella; 
the  Descartes landing si te;  and Alphonsus Crater. 
observed; the  Goddard t a r g e t  area was de le ted  because of time cons t ra in ts .  Items used t o  a i d  i n  
observat ions were si te graphic materials, a p a i r  of 10-power binoculars ,  and a reference co lor  
wheel. The following s i g n i f i c a n t  observat ions were made ( r e f .  3-66). 

a. The crew's f i r s t  impression of the  moon from lunar  o r b i t  was t h a t  of a b r i l l i a n t ,  heav- 
Toward the  end of lunar  o r b i t ,  they f e l t  t h a t  t h e  de- i l y  ba t te red ,  and uniformly colored body. 

t a i l e d  c h a r a c t e r i s t i c e  of u n i t s  colrmonly mapped on t h e  lunar  near and f a r  s i d e s  were surpr i s ing ly  
s imi la r .  

b. Fine scarps ,  general ly  i r r e g u l a r  and somewhat subdued, were observed on the  f a r  s i d e ,  
but none w a s  seen in the  near-side highlands. 

c. The Cayley Formation general ly  had t h e  same appearance as l a r g e  basin f i l l ,  as small 
patches in t h e  bottom of the steep-sided c r a t e r s ,  and as v a l l e y  f i l l i n g  in t h e  hummocky far-s ide 
Nghlands. 

d. Mare sur faces  provided t h e  s e t t i n g  f o r  the  mst obvious co lor  cont ras t s .  

c 

. - 



3- 87 

c 

e. Numerous terrace-llke rims vere detected along highland hills in t h e  Sea of Clouds, t h e  
Known Sea, and t h e  Ocean of Stonne, these are i n t e r p r e t e d  as "high-water marks," represent ing 
t h e  maxirmm depth of  f i l l i n g  by mare lavas. 

Nine lunar surface t a r g e t s  were scheduled f o r  visual observat ion on Apollo 17. They were 
the  craters Aitken, Arabia, and Copernicus; the Seas of Crises and Sereni ty;  %Caldera; t h e  
Taurus-Littrow landing site; Smyth's Sea; Reiner Camma Crater; and Tsiolkoveky Crater .  Four ad- 
d i t i o n a l  t a r g e t s  observed were Euler B i l l s ,  and the  craters Gagarin, b r o l e v ,  and Pasteur .  Crew 
a i d s  were onboard graphic materials, a p a i r  of 10-power binoculars ,  and a reference color  wheel. 
A l l  a i d s  were usefu l  except the color  wheel which apparently d id  not include a co lor  range com- 
parable  t o  actual lunar  colors .  

Because the Apollo 1 7  groundtracks repeated approximately 80 percent of t h e  lunar  surface 
a rea  previously overflown on Apollo 15, mJch was already known about t h e  f e a t u r e s  in question. 
For this reason, emphasis was  placed on color  tones of geologic u n i t s  and d e t a i l s  of small-scale 
fea tures .  Detai led descr ip t ions  of the observat ions are given in reference 3-67. 

3.3.23 Gegenschein from Lunar Orbi t  

The Gegenschein from lunar  o r b i t  experiment was performed on the  Apollo 14,  15 and 16 mis- 
s ions.  Its purpose was t o  determine i f  a de tec tab le  accumulation of dust exists a t  the  k u l t o n  
point  of the  sun-earth system and, thus,  t o  e s t a b l i s h  whether sunl ight  r e f l e c t e d  from dust  par- 
ticles a t  t h i s  loca t ion  cont r ibu tes  s i g n i f i c a n t l y  t o  t h e  Gegenschein phenomenon. The 16-milli- 
meter data  acquis i t ion  camera with an 18-millimeter l e n s  w a s  used on the  Apollo 14 mission, and 
a 35-millimeter camera with a 55-millimeter lens  was used on the  Apollo 1 5  and 16 missions. 

On the  Apollo 14 mission, th ree  sets of photographs were required t o  meet experiment objec- 
t i v e s .  Each set consis ted of two 20-second exposures and one 5-second exposure i n  quick succes- 
s ion.  For the f i r s t  set the  camera was pointed near the  a n t i s o l a r  d i r e c t i o n ;  f o r  t h e  second set 
the camera was pointed midway between t h e  a n t i s o l a r  d i r e c t i o n  and t h e  computed d i r e c t i o n  of the 
Moulton poin t ,  a s  viewed from t h e  w o n ;  and f o r  the  las t  set the  camera w a s  pointed near the d i -  
rec t ion  of the  Moulton point .  Al l  requirements were s a t i s f i e d .  
exce l len t ,  and the experiment demonstrated t h a t  long exposures were prac t icable .  

Both aiming and f i lming were 

A s  planned f o r  the  Apollo 15 mission, photography of t h e  Gegenschein and Moulton point  was 
performed twice, and a t  least s i x  exposures were obtained during each sequence. 
were unusable because of incor rec t  spacecraf t  a t t i t u d e s  r e s u l t i n g  from e r r o r s  incurred during 
a n a l y t i c a l  transformation of t a r g e t  coordinates  t o  spacecraf t  a t t i t u d e s .  However, the opera- 
t i o n a l  performance of  the 35-millimeter camera system, used f o r  the f i r s t  t i m e  on the  Apollo 1 5  
mlssion, demonstrated its f e a s i b i l i t y  f o r  Gegenschein photography. 

A l l  photographs 

The Apollo 16 experiment ob jec t ives  vere the  same a s  those f o r  the  Apollo 14 and 15 missions, 
and were accomplished s a t i s f a c t o r i l y .  
durat ions and f i v e  with 3-minute durat ions.  
within spec i f ied  l i m i t s .  
radat ion of the  Apollo 16 f i lm than t h a t  of  the Apollo 14 and 15 film. Analysis of t h e  photo- 
graphs shows t h a t  t h e  sky is d e f i n i t e l y  br ighter  i n  t h e  a n t i s o l a r  d i r e c t i o n  than in the  direc-  
t i o n  of t h e  Moulton region and t h a t  much less than half  the  l i g h t  seen on e a r t h  a s  the  Gegen- 
schein comes from p a r t i c l e s  l inger ing  in the Moulton region. 

Ten desired exposures were obtained,  f i v e  with 1-minute 
Point ing accuracy and spacecraf t  s t a b i l i t y  were 

Photographic q u a l i t y  was good, and the  s o l a r  r a d i a t i o n  caused less deg- 

3.3.24 Ul t rav io le t  Photography - Earth and &on 

T h i s  photography experiment w a s  conducted on the  Apollo 1 5  and 16 missions. Its purpose 
w a s  t o  ob ta in  imagery of the e a r t h  and the  man a t  a series of wavelength i n t e r v a l s  in t h e  near- 
u l t r a v i o l e t  port ion of t h e  spectrum. Photographs of the  e a r t h  were required t o  provide ca l ibra-  
t i o n  d a t a  t o  support the  study of planetary atmospheres by te lescopic  observat ions in the  u l t r a -  
v i o l e t  spectrum; photographs of the  mon were needed t o  i n v e s t i g a t e  short-vavelength rad ia t ion  
from the  lunar  surface.  
t r a v i o l e t  appearance of  o t h e r  p lane ts  in our s o l a r  system, espec ia l ly  Mars and Venus. 

Accompanying co lor  photographs were obtained t o  help i n t e r p r e t  t h e  ul- 
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Equipment f o r  recording requi red  experiment s p e c t r a l  d a t a  cons is ted  of  a 70-mill imeter elec- 
t r ic  camera wi th  a 105-mill imeter u l t r a v i o l e t  t r a n s m i t t i n g  l e n s ,  a spec t roscopic  f i l m  s e n s i t i v e  
t o  t h e  s h o r t e r  wavelengths, a s p e c i a l  command module window f i t t e d  with quar tz  panes t o  pass  a 
l a r g e  f r a c t i o n  o f  i n c i d e n t  u l t r a v i o l e t  r a d i a t i o n ,  and four  f i l t e r s .  One f i l t e r  was centered  a t  
3750 angstroms, a second a t  3050 angstroms, and a t h i r d  a t  2600 angstroms; the  f o u r t h  passed v is -  
i b l e  r a d i a t i o n  above 4000 angstroms. The command module window was c w e r e d  by a s h i e l d  wst of  
the  time t o  l i m i t  per iods o f  crew exposure t o  high u l t r a v i o l e t  r a d i a t i o n  l e v e l s  in d i r e c t  sun- 
l i g h t  o r  in l i g h t  r e f l e c t e d  from the  l u n a r  sur face .  

Apollo 1 5  photographic a c t i v i t y  began in e a r t h  o r b i t  when t h e  f i r s t  s e v e r a l  sets of u l t r a -  
v i o l e t  photographs were taken. 
recorded the  s p e c t r a l  s igna ture  of t h e  e a r t h  from dis tances  of  50 000. 125 000, and 175 000 nau- 
t i c a l  miles.  
l u n a r  horizon and two series of u l t r a v i o l e t  photographs t h a t  recorded t h e  s p e c t r a l  d a t a  f o r  l u n a r  
maria and highlands.  
by photographs of  t h e  e a r t h  taken s h o r t l y  a f t e r  t h e  crew ext ravehicu lar  a c t i v i t y  t o  r e t r i e v e  f i l m  
c a s s e t t e s  from t h e  s e r v i c e  module cameras, and by two more sets of e a r t h  photographs obtained 
during the  f i n a l  2 days before  landing.  

During t r a n s l u n a r  c o a s t ,  t h r e e  sets of u l t r a v i o l e t  photographs 

Lunar o r b i t  a c t i v i t i e s  included u l t r a v i o l e t  photography of t h e  e a r t h  above t h e  

U l t r a v i o l e t  photographic a c t i v i t i e s  were concluded during t r a n s e a r t h  c o a s t  

Apollo 16 u l t r a v i o l e t  photographs were scheduled t o  be obtained during t r a n s l u n a r  c o a s t ,  in 
lunar  o r b i t ,  and during t r a n s e a r t h  coas t .  Time c o n s t r a i n t s ,  u n s a t i s f a c t o r y  performance of the  
2650-angstrom bandpass f i l t e r ,  and l u n a r  image center ing  problems r e s u l t e d  i n  t h e  l o s s  of  some 
d a t a .  However, 66 high-qual i ty  images of  the  e a r t h  and mon were recorded a t  varying d is tances .  
Four sets of  u l t r a v i o l e t  photographs of  t h e  e a r t h  and one set of t h e  moon were exposed a t  sched- 
uled times during t rans lunar  coast .  
t h e  Descartes landing site were recorded. 
s h o r t l y  a f t e r  t r a n s e a r t h  i n j e c t i o n  and another  of  u l t r a v i o l e t  e a r t h  photographs taken a few 
hours before  landing completed experiment a c t i v i t i e s .  

During l u n a r  o r b i t ,  s p e c t r a l  d a t a  of highland t e r r a i n  near  
A sequence of u l t r a v i o l e t  photographs of  t h e  w o n  

3.3.25 Dim-Light Photography 

Primary o b j e c t i v e s  o f  t h e  dim-light photography d e t a i l e d  o b j e c t i v e ,  accomplished on t h e  
Apollo 14 mission, were t o  obta in  photographs of  d i f f u s e  g a l a c t i c  l i g h t ,  zodiaca l  l i g h t ,  and 
lunar  l i b r a t i o n  region L4; a l s o ,  the  dark s i d e  of  t h e  e a r t h  was photographed through t h e  sex tan t .  
Many of  these observat ions were of  t h e  na ture  of an opera t iona l  test t o  determine t h e  f e a s i b i l i t y  
of  ob ta in ing  photographs of  astronomical phenomena from t h e  comnand and s e r v i c e  module using a 
16-mil l imeter  data a c q u i s i t i o n  camera. 
30 of  zodiaca l  l i g h t ,  4 of l u n a r  l i b r a t i o n  region L4, and 9 of t h e  dark s i d e  of  t h e  e a r t h  through 
t h e  sex tan t .  

A t o t a l  of  56 exposures were made: 13  of g a l a c t i c  l i g h t ,  

Zodiacal l i g h t  could be seen wi th  t h e  unaided eye on about 15 photographs; g a l a c t i c  l i g h t  
and lunar  l i b r a t i o n  photographs,  though f a i n t ,  were usable .  Earth dark-side photographs were 
unusable because scenes were obscured by s c a t t e r e d  l i g h t  from t h e  sex tan t  o p t i c s ,  from s u n l i t  
areas of  t h e  e a r t h ,  and perhaps from por t ions  of t h e  docked l u n a r  m d u l e  during t r a n s l u n a r  coas t .  

3.3.26 Conanand Module Photographic Tasks 

The connuand module photographic t a s k s  were performed on t h e  Apollo 15, 16 ,  and 1 7  missions. 
The p o r t i o n s  of t h i s  d e t a i l e d  o b j e c t i v e  t h a t  supported astronomy i n v e s t i g a t i o n s  involved photog- 
raphy of t h e  s o l a r  corona, zodiaca l  l i g h t ,  lunar sur face  areas in ear thsh ine  and in low l i g h t  
l e v e l s  near  the terminator ,  g a l a c t i c  l i g h t ,  and lunar  l i b r a t i o n  region L4. 
of  t h e  e a r t h  and s e l e c t e d  star f i e l d s  were photographed through the sextant. 
s igned and cameras used included t h e  following. 

Also t h e  dark s i d e  
S p e c i f i c  t a s k s  as- 

t 

1 
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Task 

Observations o f  s o l a r  corona 

Moon during e c l i p s e  by t h e  e a r t h  

S t a r  f i e l d s  through t h e  comand 

- 

w d u l e  sex tan t  

Lunar l i b r a t i o n  region L4 

Zodiacal l i g h t  

S p e c i f i c  segments of  lunar sur face :  

In ear thsh ine  
Near terminator  

Galac t ic  l i g h t  

Dark s i d e  o f  the  e a r t h  through 
couanand module sex tan t  

Cameras. mm 

70 and 1 6  

70 and 35 

1 6  

1 6  and 35 

16 and 35 

35 
70 

1 6  and 35 

1 6  

Command module photographic t a s k s  scheduled f o r  t h e  Apollo 1 5  mission were designed t o  con- 
t i n u e  and expand those accomplished on t h e  Apollo 14  mission. 
the  sex tan t  were obtained during t r a n s l u n a r  and t r a n s e a n h  coas t  per iods ;  s o l a r  corona c a l i b r a t i o n  
photographs and a sequence of photographs documenting t h e  lunar  e c l i p s e  wre taken during t rans-  
e a r t h  coas t .  

Photographs of  s t a r  f i e l d s  through 

A l l  o t h e r  photographic o b j e c t i v e s  were achieved i n  l u n a r  o r b i t .  

Object ives  of t h e  c o m n d  w d u l e  photographic tasks  f o r  the  Apollo 1 6  mission were t o  obta in  
photographs of  the  d i f f u s e  g a l a c t i c  l i g h t  o f  c e l e s t i a l  s u b j e c t s ,  t h e  s o l a r  corona, t h e  zodiaca l  
l i g h t ,  and s p e c i f i c  segments of t h e  lunar  sur face  i n  ear thsh ine  and I n  low l i g h t  l e v e l s  near  t h e  
te rmina tor .  
accomplished on the  Apollo 14 mission and t h e  dim-light c o m n d  module photographic t a s k s  per- 
formed during the  Apollo 15 mission. Pr imari ly  because of t i m e  c o n s t r a i n t s ,  photographic objec- 
t i v e s  were not  f u l l y  s a t i s f i e d :  only two of  t h e  four  scheduled s o l a r  corona photographic sequences 
were completed, and lunar  ear thsh ine  photography was not  accomplished, a l though some photographs 
were obtained over a r e a s  less d e s i r a b l e  than those planned. 
by photographs taken of l u n a r  sur face  a r e a s  i n  low l i g h t  l e v e l s  near  t h e  te rmina tor  and two 
5-minute exposures of d i f f u s e  g a l a c t i c  l i g h t  in the  Gun Nebula. 

These o b j e c t i v e s  were a cont inua t ion  of  t h e  d i f f u s e  g a l a c t i c  l i g h t  photographic t a s k  

Other requirements were s a t i s f i e d  

Apollo 1 7  command module photographic task  o b j e c t i v e s ,  a r e p e t i t i o n  of those f o r  t h e  Apollo 
1 5  and 16 missions,  were t o  obta in  photographs of the  s o l a r  corona, zodiacal  l i g h t .  and s p e c i f i c  
segments of t h e  lunar  sur face  i n  ear thsh ine  and a r e a s  i n  low l i g h t  l e v e l s  near  t h e  te rmina tor .  
The f i r s t  of two planned s o l a r  corona photographic sequences was s u c c e s s f u l l y  accomplished, but 
the  second was  omit ted because of  an extended crew s leep  per iod.  
on the  east limb of  the  sun; two coronal  streamers a r e  evident  i n  photographs taken j u s t  before  
s u n r i s e ,  one l y i n g  near ly  a long t h e  e c l i p t i c .  
good photometry using p r e f l i g h t  c a l i b r a t i o n s .  

Seven photographs provided d a t a  

Exposure dura t ions  were as planned, permi t t ing  

Zodiacal l i g h t ,  extending eastward from t h e  lunar-occul ted sun, was recorded i n  t h r e e  sepa- 
rate series of  photographs. A red f i l t e r  was  used f o r  the  f i r s t  series, a b lue  f i l t e r  f o r  t h e  
second s e r i e s ,  and a p o l a r i z i n g  f i l ter  f o r  t h e  t h i r d  series. When corresponding red  and b lue  im- 
ages  were Compared, the  inner zodiaca l  l i g h t  wi th in  about 15’ of t h e  sun showed a s t ronger  red  
component i n  and c l o s e  t o  the  e c l i p t i c  plane,  whereas inner  zodiaca l  l i g h t  w e l l  o u t  of t h e  e c l i p -  
t i c  plane and almost a l l  of  t h e  o u t e r  zodiaca l  l i g h t  produced a s t r o n g e r  blue component; although 
a s i m i l a r  v i s u a l  comparison of equivalent  po laro id  frames d i d  n o t  show any obvious v a r i a t i o n  i n  
f e a t u r e s ,  e x c e l l e n t  isophote  maps can be made f o r  the  mast s e n s i t i v e  comparison necessary i n  t h e  
f u t u r e .  

~~ 
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High-quality photographs o f  lunar  sur face  t a r g e t s  i n  ear thsh ine  were obtained.  These t a r g e t s  
were t h e  craters Eratosthenes,  Copernicus. Reiner Gamma, R i c c i o l i ,  and Or ien ta le .  Other crew- 
opt ion  t a r g e t s  t h a t  were photographed using b lue ,  red ,  and p o l a r i z a t i o n  f i l t e r s  included Ts io l -  
kovsky Crater, the  Sea of  Rains, and the  Taurus-Littrow landing  site. Photographs of l u n a r  sur- 
face  a r e a s  i n  l o w  l i g h t  l e v e l s  near  the  terminator  were of  e x c e l l e n t  q u a l i t y ,  p a r t i c u l a r l y  those 
loca ted  i n  t h e  near-side mare areas. 

3 . 4  EARTH RESOURCES PHOTOGRAPHY 

Ear th  resources  photography included synopt ic  t e r r a i n  photography and synopt ic  weather pho- 
tography, performed on Apollo 7 ,  and m u l t i s p e c t r a l  t e r r a i n  photography, performed on Apollo 9. 
The purposes of  these experiments were t o  obta in  high-qual i ty  c o l o r ,  panchromatic, and multispec- 
tral photographs of  s e l e c t e d  land and ocean areas of t h e  e a r t h  and of  c louds and o t h e r  weather 
phenomena. Data from these  photographs supplemented e x i s t i n g  e a r t h  resources  d a t a ,  thus enhanc- 
i n g  meteorological  and ecologica l  knowledge. 

Photographs f o r  a l l  experiments were obtained by using modified 70-mill imeter e l e c t r i c  cam- 
eras .  For t h e  mul t iapec t ra l  t e r r a i n  photography experiment,  an a r r a y  of  four  e l e c t r i c  cameras 
was  used with four  f i l m / f i l t e r  combinations: 
red black-and-white f i l m  with a red f i l t e r ,  and c o l o r  i n f r a r e d  f i l m  with a Wratten 1 5  f i l t e r .  

Panatomic-X f i l m  with red and green f i l t e r s ,  i n f r a -  

3.4.1 Synoptic Terrain Photography 

More than 500 synopt ic  terrain photographs were obtained during t h e  Apollo 7 mission.  Of 
these.  about 200 s a t i s f i e d  experiment ob jec t ives .  
s t u d i e s  of the  o r i g i n  o f  t h e  Carol ina bays in the  United States, vind e ros ion  i n  d e s e r t  regions,  
c o a s t a l  morphology, and the  o r i g i n  of  t h e  Afr ican r i f t  va l ley .  
photographs of Baja C a l i f o r n i a ,  o t h e r  p a r t s  of Mexico. and p a r t s  of the  Middle East were usefu l  
f o r  geologic  s t u d i e s .  
b e t t e r  f o r  geographic urban s t u d i e s  than those a v a i l a b l e  from previous programs. 
ographic  i n t e r e s t ,  p a r t i c u l a r l y  i s l a n d s  in the  P a c i f i c  Ocean, were photographed f o r  the  f i r s t  
t i m e .  I n  a d d i t i o n ,  the  f i r s t  ex tens ive  photographic coverage of  northern Chi le ,  A u s t r a l i a ,  and 
o t h e r  a r e a s  w a s  obtained.  

Photographs obtained were used t o  support  

Near-ver t ical .  high-sun-angle 

Photographs of  New Orleans,  Louieiana,  and Houston, Texas, were genera l ly  
Areas of  ocean- 

3 . 4 . 2  Synoptic Weather Photography 

Of the  approximately 500 synopt ic  weather photographs obtained during t h e  Apollo 7 mission, 
300 showed clouds and o t h e r  items of meteorological  i n t e r e s t ,  and 80 contained f e a t u r e s  of ocean- 
ographic  i n t e r e s t .  Categories  considered worthy of  a d d i t i o n a l  i n t e r e s t  included weather s y s t e m  
such as t r o p i c a l  storm; winds and t h e i r  e f f e c t s  on clouds; ocean sur faces ;  underwater zones of  
Aus t ra l ian  r e e f s ,  t h e  P a c i f i c  A t o l l s ,  t h e  Bahama I s lands ,  and Cuba; landform e f f e c t s ;  c l i m a t i c  
zones; and hydrology. 
Glor ia ,  photographed on October 17 and October 20, 1968, respec t ive ly .  

Of p a r t i c u l a r  interest were photographs of  Hurrican Gladye and Typhoon 

3 . 4 . 3  Mult i spec t ra l  Ter ra in  Photography 

Photographic t a r g e t s  f o r  t h e  m l t i s p e c t r a l  t e r r a i n  photography experiment were pr imar i ly  i n  
the United S t a t e s  and Mexico. 
southern Mexico and Cent ra l  America waa accomplished; p a r t i a l  photographic sets were obtained of 
test areas s p e c i f i c a l l y  designated for  oceanographlc and meteorological  s t u d i e s .  
were Phoenix and Yuma. Arizona; Houston, Tews; Lo6 Angeles, C a l i f o r n i a ;  and Mexico Ci ty ,  Mexico. 
Secondary t a r g e t s  were loca ted  i n  Afr ica .  
y i e l d i n g  127 complete photographic sets. 

Coast-to-coast coverage of p a r t s  of  t h e  United S t a t e s  and p a r t s  of 

Typical sites 

A t o t a l  of  584 frames were exposed by a l l  four  cameras, 

Except f o r  soma cloud cover,  the  q u a l i t y  of the  m u l t i s p e c t r a l  t e r r a i n  photographs ranged 
from very  good t o  e x c e l l e n t .  
nomena had g r e a t e r  value f o r  meteorological a p p l i c a t i o n  than photographs obtained during any pre- 
viou8 manned o r b i t a l  mlssion. 

Photographic coverage of c louds and s p e c i f i c  meteorological  phe- 

Of the  four  f i l m / f i l t e r  conf igura t ions  used, t h e  co lor  i n f r a r e d  

c 

i 
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f i lmfura t ten  15 fi l ter  combination provided the best photographic information and reso lu t ion ,  
and rap id  discr iminat ion was possible  between fea tures  such as water, types of vegetat ion,  and 
rocks o r  s o i l .  
ter produced the best tone d i f f e r e n t i a t i o n ,  c o n t r a s t ,  and reso lu t ion ;  i n f r a r e d  f i lmfred  f i l t e r  
provided the  best discr iminat ion between types of vegetat ion and provided t h e  a b i l i t y  t o  recon- 
s t i t u t e  color  imagery; and Panatomic-X f i lmfgreen f i l t e r ,  the  least e f f e c t i v e  of t h e  four f i lm/  
f i l t e r  combinations, yielded a lower v a r i a t i o n  in shades of gray and less reso lu t ion  than those 
obtained v i t h  the  Panatomic-X f i lmfred  f i l t e r .  

Of the  three  black-and-white f i l m f  f i l ter  combinations, Panatomic-X f ilmf red f il- 

3.5 BIOMEDICAL EWERDENTS 

Three i n f l i g h t  biology experiments were conducted during the Apollo a e r i e s  of space f l i g h t s .  
Each study invest igated the  e f f e c t s  of space f l i g h t ,  including ambient r a d i a t i o n ,  on one o r  more 
species  of l i v i n g  organisms. A br ie f  and general descr ip t ion  of each experiment with a synopsis 
of previously reported observations is included. 

3.5.1 Microbial Response t o  Space Environment 

The objec t ives  of the  microbial response to space environment experiment were twofold. The 
f i r s t  ob jec t ive  w a s  t o  e s t a b l i s h  a s t a t i s t i c a l l y  v a l i d  re la t ionship  between space f l i g h t  and the 
v i a b i l i t y  of severa l  d i f f e r e n t  microbial systems. 
lyze accurately the  e f f e c t  of space f l i g h t  conditions on the  rate of mutations and developmental 
changes i n  d i f f e r e n t  micro-organisms. 

A second, more extensive objec t ive  was t o  ana- 

The experiment systems a r e  sum!narized in t a b l e  3-VIII. I n  most cases ,  t h e  s tud ied  phenom- 
ena represent  well-known model systems t h a t  can be d i r e c t l y  cor re la ted  v i t h  d isease  o r  o ther  
medically important conditions t h a t  could a f f e c t  the  hea l th  of  fu ture  as t ronauts .  Inves t iga tors  
w e r e  inv i ted  t o  study those phenomena within t h e i r  area of exper t i se  and t o  conduct c r i t i c a l  in- 
ves t iga t ions  i n  t h e i r  l abora tor ies .  T h i s  method allowed many individual  s t u d i e s  t o  be conducted 
i n  a coordinated manner and pe rmi t t ed  s v a r i e t y  of micro-organism species  t o  be housed within a 
a ingle  piece of f l i g h t  hardware. 

Each inves t iga tor  se lec ted  a species  of micro-organism t h a t  was nonpathogenic t o  man ( t o  
avoid possible  contamination of the  crew), t h a t  was wel l  character ized r e l a t i v e  t o  t h e  phenomenon 
t o  be s tud ied ,  t h a t  was w e l l  s u i t e d  t o  simple and rapid screening tests, and t h a t  was compatible 
with the  unique environment of the f l i g h t  hardware. Dose-response s t u d i e s  were made possible  by 
providing a mechanism t o  expose t e s t  systems t o  the  f u l l  l i g h t  of space or  t o  components of the  
s o l a r  u l t r a v i o l e t  spectrum a t  peak wavelengths of 2 5 4 ,  280. and 300 nanometers, over a range of  
energy values .  

During the  Apollo 16 t ransear th  coast  extravehicular  a c t i v i t y ,  the  experiment hardware was 
removed from the  crew compartment and af f ixed  t o  the  d i s t a l  end of the t e l e v i s i o n  boom, which was 
then at tached t o  the  handle of the opened hatch door ( f i g .  3-31). Following a small command mod- 
u le  a t t i t u d e  adjustment, the  experiment was opened t o  expose t h e  test s y s t e m  t o  the  dire'ct rays 
of  the  sun. After  exact ly  10 minutes, the device was c losed,  brought back i n t o  the command mod- 
ule, and subsequently returned t o  e a r t h  f o r  analysis .  

A sunnnary of t h e  preliminary r e s u l t s  of each microbial system is  presented i n  the following 
paragraphs. 

Aeromows prateotytica produces an endopeptidase t h a t  can cause intracutaneous hemorrhage 
and necrosis  i n  labora tory  animals and another f a c t o r  t h a t  can hewlyze  human erythrocytes .  
microbe waa retained i n  f l u i d  suspension and w a s  exposed t o  a l l  wavelengths of u l t r a v i o l e t  irra- 
d ia t ion .  Comparisons of survivors  recovered from the  experimental and cont ro l  u n i t s  i n d i c a t e  no 
s i g n i f i c a n t  d i f fe rences  i n  v i a b i l i t y .  The more s e n s i t i v e  c h a r a c t e r i s t i c s  of endopeptidase and 
hemolysin production are s t i l l  being Invest igated.  

This 



3 -92 
TABLE 3-VIT.1.- MICROBIAL RESPONSE TO SPACE ENVIRONMENT 

EXPERIMENT SYSTEM COMPONENTS 

I Phenomenon studied I Assay system Micro -0 r g an i sm 
? . Biological Components 

Lipolytic a toxin 
production 

Lytic zone 
on agar 

Sareina f lava 

Silk worm and 
and house fly 

crystal assay 

Baci 1 l u s  
thuringiensis 

Deforming f3 toxin 
product ion 

Fatal 6 toxin 
production 

Infectivity 

Hemorrhagic factor 

Hemolytic enzyme 
production 

. procuction 

Genome alteration 

W and vacuum 
sensitivity 

I . 

I 

Nmatospiroide s 
dubi us 

Mouse 

Guinea pig and 
hemoglobin 

Human erythrocytes 
Aerownonas 

proteo l y  t ica 

~~ 

Bacillus sub t i l i s  
spores, strains 

Spore production I HA 101 (59) and 

j Bacillus subt i l i s  Colony formation spores, strain 168 

Bacteria phage 
infectivity I Escherichia co l i  

(T-7 phage) 
Host lysis 

Cloth fibers Chae tomiwn 
g lob0 sum 

Cellulolytic 
activity 

Animal tissue 
invasion Human hair Trichophyton 

terrestre 

Rhodo t o m  la  rubra 
Saccharomy ces 

cerivisiae 
Antibiotic sensi- 
tivity in agar Drug sensitivity I 

. Dosimetry Components 

I Lexan 
Cellulose nitrate 
Photographic emulsion 
Silver chloride 

Passive nuclear 
track detectors 

High-energy multi- 
charged particles 

- 1 

Ultraviolet light Passive dosimeters 

Penetration of gal- The nno luminescent 
actic irradiation dosimeters 

1 Potassium ferrioxal- 
ate actinometry 

Photographic emulsion 

Lithium fluoride 
1 
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Two species  of filamentous fungi ,  Trichophyton terrestre and Chuetmiwn gtoboswn, were se- 
The 

Detai led r e s u l t s  of analyses 

lec ted  because these species  a r e  a c t i v e  against  human h a i r  and c l o t h  f i b e r s ,  respec t ive ly .  
two species  of yeas ts ,  Rhodotomla rubm and Saccharomyces cerevisiae, were included because they 
may be used as b io logica l  ind ica tors  in severa l  assay procedures. 
have not y e t  been released.  

Two d i f f e r e n t  inves t iga t ive  groups evaluated d i f f e r e n t  strains of Bacillus sub t i l i s .  Spores 
o f  B. s d t i l i s  s t r a i n  168 were exposed i n  monolayers t o  space vacuum and/or t o  u l t r a v i o l e t  i r r a -  
d i a t i o n  at a peak wavelength of 254 nanometers. Detai led analyses of recoverable colony-forming 
u n i t s  demonstrate t h a t  n e i t h e r  space vacuum nor u l t r a v i o l e t  i r r a d i a t i o n  i n  space nor a combina- 
t i o n  of these fac tors  a f f e c t e d  the  surv iva l  of t h i s  s t r a i n  in a manner d iscern ib le  from the  
ground cont ro l  and ground test subjects .  

Spores of B. subtizis s t r a i n s  HA 101 (59) and HA 101 (59) F were exposed t o  the space f l i g h t  
environment i n  aqueous suspensions and in dry layers .  Spores of these s t r a i n s  w e r e  se lec ted  be- 
cause of t h e i r  known s t a b i l i t y  i n  extreme environments. A s  with s t r a in  168, comparisons of non- 
i r r a d i a t e d  f l i g h t  cells with ground cont ro ls  a s  ye t  have f a i l e d  t o  demonstrate any space-flight- 
mediated e f f e c t .  

The species  Bacillus thuringiensis var .  thuringiensis w a s  chosen f o r  t h e  experiment because 
i t  produces a l i p o l y t i c  a tox in ,  a deforming B toxin,  and a c r y s t a l l i n e  6 toxin,  and because i t  
has been widely used  as a bio logica l  insec t ic ide .  A s  with the o ther  b a c i l l i ,  the  space-f l ight  
conditions appear to  have had no e f f e c t  on c e l l  v i a b i l i t y  as measured by surviving colony-forming 
uni t s .  

Survival s tud ies  of the T-7 bacteriophage of Escherichia col i  were performed i n  an attempt 
t o  r e l a t e  the present experiment t o  the space-flight-mediated e f f e c t s  reported by Russian scien- 
t ists  f o r  E .  coli  phage specimens flown on numerous manned f l i g h t s .  Rather than the  T-1 o r  K-12 
(A) phage cormonly used on the  Russian f l i g h t s ,  the simpler and more s t a b l e  T-7 phage was chosen 
for  this study because t h i s  phage was expected t o  be more r e s i s t a n t  t o  the r i g o r s  of space f l i g h t  
and thus would be a b e t t e r  u l t r a v i o l e t  test subject .  Early ca lcu la t ions  support t h i s  hypothesis 
because l a r g e  losses  in the  f l i g h t  subjec ts ,  as compared t o  the ground cont ro ls ,  a r e  not indi-  
cated. 
flight-medigted antagonism o r  synergism. 

Critical comparisons of f l i g h t  and cont ro l  test samples demonstrate no d iscern ib le  space- 

The nematode Nematospimi&s dubius was chosen f o r  study because t h i s  complex m u l t i c e l l u l a r  
organism has been successful ly  cul tured in v i t r o  from t h e  egg t o  t h e  third-s tage i n f e c t i v e  la rvae ,  
is pathogenic t o  laboratory mice but not t o  humans, and is q u i t e  i n s e n s i t i v e  t o  t h e  s p e c i a l  hold- 
ing conditions of the  f l i g h t  hardware. A comparison of nonirradiated f l i g h t  and ground cont ro l  
subjec ts  revealed no d i f fe rences  i n  surv iva l ,  i n f e c t i v i t y  i n  mice, formation of a d u l t s ,  o r  sub- 
sequent egg productions. However, da ta  analyses ind ica te  t h a t  the  space-f l ight  environment (ex- 
cluding u l t r a v i o l e t  i r r a d i a t i o n  and vacuum) profoundly a f fec ted  the  a b i l i t y  of the  r e s u l t i n g  eggs 
t o  develop to infec t ive  larvae. 

Galactic i r r a d i a t i o n  measurements were conducted in response t o  cur ren t  concern f o r  t h e  ef- 
f e c t  of high-energy m l t i c h a r g e d  p a r t i c l e s  on b io logica l  systems. 
l i th ium f luor ide ,  ce l lu lose  n i t r a t e ,  Lexan, I l f o r d  C5, and s i l v e r  chlor ide c r y s t a l s  were used i n  
the f l i g h t  hardware and ground controls .  The mean dose within the f l i g h t  hardware was 0.48 20.02 
rad with a range of 0.44 t o  0.51 rad. This dose represents  a t o t a l  absorption of 48 22 ergs  of 
ionizing energy per  gram within the b io logica l  systems. Doses t o  t h e  crewmen were s l i g h t l y  
higher ,  ranging from 0.48 t o  0.54 rad with a mean of 0.51 20.02 rad. Analyses of the  L e a n  and 
ce l lu lose  n i t r a t e  tracks and l i thium f l u o r i d e  values i n d i c a t e  t h a t  the  microbial response hard- 
ware was b e t t e r  shielded during the  f l i g h t  than were e i t h e r  the  Apollo l i g h t  f l a s h  moving emul- 
s ion  de tec tor ,  the crew passive dosimetera, or the  biostack experiment. 

Several systems including 

In  conclusion, none of the  ava i lab le  da ta  ind ica te  space-flight-mediated changes in c e l l  
v i a b i l i t y  or recovery. 
had been infected with space-flown N. &ius larvae demonstrated a s i g n i f i c a n t  decrease i n  hatch- 
a b i l i t y  when compared t o  i d e n t i c a l  ground controls .  Except f o r  the f a c t  t h a t  the Apollo 16 f l i g h t  
larvae had been on board the  conmand module, treatment of the  flown la rvae  and ground cont ro l  lar- 
vae w a s  the  same; n e i t h e r  had been exposed t o  u l t r a v i o l e t  i r r a d i a t i o n .  

One s i g n i f i c a n t  observation is t h a t  N. dubius eggs produced a f t e r  mice 

r 

I . 

. 
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3.5.2 Biostack Experiment 

The biostack experiment studied the biologic effects of individual heavy nuclei of galactic 
cosmic radiation during space flight. 
and conducted the experiment. Although officially eponsored by the German Bundesministerium fur 
Bildung und Wissenschaft, the biostack was a representative segment of the scientific program of 
the Council of Europe designed to promote European research on the effects of high-energy/high- 
atomic-number particles of galactic cosmic radiation on a broad spectrum of biologic systems, 
from the aulecular to the highly organized and developed forms of life. Two experiments were 
conducted - biostack I on Apollo 16 and biostack I1 on Apollo 17. The experiment approach was 
identical on both missions, and only a slight change in exposed biologic material was made be- 
tween the two flights. 

A consortium of European scientists and engineers proposed 

The objectives of the biostack experiment were achieved by using a hermetically sealed alu- 
minum container (fig. 3-32) that contained a series of monolayers of biologic material sandwiched 
between several different types of detectors of galactic cosmic radiation particles. 
logic effects of high-energy particles under consideration included the following. 

Physicochemical inactivation of molecular and cellular function 

Radiation-induced mutations leading to genetic changes of biologic significance 

The bio- 

a. 

b. 

c. Modification of the growth and development of tissues 

d. 

The biologically passive or dormant systems used in the biostack experiments were alternately 

Radiation-induced damage to nuclei and other subcellular functions 

stacked between physical detectors of high-energy/high-atomic-number particle tracks, which in- 
cluded nuclear emulsions (Ilford K2 and €3) and plastics (cellulose nitrate and polycarbonate), 
as well as lithium fluoride thermoluminescent (radiation) dosimeters located at the top and bottom 
of the biostack. A typical configuration of biologic layers ahd detectors is illustrated sche- 
matically in figure 3-33. This arrangement was used because the configuration permitted corre- 
lation of the incident high-energy/high-atomic-number particle with its interaction with the 
"hit" biologic material and the physicochemical characteristics and properties of the particle. 
This characterization of a specific particle identified with a specific biologic hit is critical 
in the evaluation of high-energy effects. 

The following biologic system were included Fn biostack I on board Apollo 16. 

a. Spores or inactive forms of the bacterium BaciZZuo sub t i t i s  

b. Dry seeds of Ambidopsis thaliana, commonly known as the European watercress 

c. Radiculae or embryos of the bean Veda faba 

d. Encysted eggs of the brine shrimp Artemia saZina 

The systems in biostack I1 on board Apollo 17 included, once again, Bacili!us 8ubtiZi.s spores and 
Artemia salina eggs. 
zoan Colpoda cuculus, eggs of the flour beetle Triboliwn confusm, and eggs of the grasshopper 
Camusius morosu8 were added. 

Vicia faba and Arabidopsis thaliana were deleted, and cysts of the proto- 

I 

i 

. 
3.5.3 Biological Cosmic Radiation Experiment 

The biological cosmic radiation experiment was a passive experiment intended to determine 
if heavy particles of galactic cosmic radiation have the capability to inactivate nondividing 
cells such as those in the brain and the retina of the eye. The experiment was conceived as a 
logical extension of earlier biological cosmic radiation studies that used balloon-borne animals. 
In this experiment, five perowthus  Zonghernbris (little pocket mice) were exposed to the gal- 
actic cosmic radiation encountered during the Apollo 17 lunar mission. This species was selected 
because the adult animal is small and these mice do not require water. A radiation dosimeter was 
implanted underneath the scalp of each animal to permit correlation of tissue lesions with the 
passage of radiation particles into the brain. 
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1 . 

Cellulose nitrate, 250 r m  deep 

Polycarbonate, 250 M r n  deep 

llford nuclear emulsion (K5) ,  600 urn deep 

llford nuclear emulsion (K21, 600 M r n  deep 

Biological layer (seeds of Arabidopsis thaliana in 
polyvinyl alcohol), 400 pm deep 

Figure 3-33.- Typical configuration of biologic layers and detectors in the biostack. 
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The hardware cons is ted  of  a hermet ica l ly  sea led ,  c y l i n d r i c a l  aluminum c a n i s t e r  (approxi- 
mately 13.5 inches long and 7 inches i n  diameter) t h a t  contained seven per fora ted ,  c y l i n d r i c a l  
metal  tubes ( f i g .  3-34). Attached t o  one end of the c a n i s t e r  were redundant pressure  r e l i e f  
valves  and t w o  manually cont ro l led  purge valves .  
t h e  i n s i d e  wal l  of the  c a n i s t e r .  Five of  these  1-inch-diameter aluminum tubes contained a mouse 
and its food supply. The s i x t h  m u s e  tube w a s  flown empty. The seventh tube ,  made of  s t a i n l e s s  
steel, w a s  c e n t r a l l y  loca ted  in the  six-tube c i r c u l a r  arrangement. 
potassium superoxide granules  f o r  l i f e  support  and operated by convert ing t h e  carbon d ioxide  
from the  mice i n t o  oxygen. Two self-recording temperature sensors  were loca ted  i n  two o f  t h e  
mouse tube end caps.  
t o  t h e  experiment hardware. 

S ix  of t h e  seven tubes were arranged around 

This  c e n t e r  tube contained 

A s e p a r a t e  r a d i a t i o n  dosimeter w a s  loca ted  in  t h e  stowage locker  ad jacent  

The experiment w a s  secured i n  the  command module with its l o n g i t u d i n a l  a x i s  perpendicular  t o  
The mice were loaded i n t o  the  hardware approximately the  t h r u s t  axis during leunch and recovery.  

4 days before  t h e  scheduled launch, and the  experiment hardware was stowed i n  t h e  command module 
approximately 36 hours before  launch. The hardware was removed from the  command module approxi- 
mately 3 hours a f t e r  landing and de l ivered  t o  the P r i n c i p a l  I n v e s t i g a t o r  on American Samoa. The 
i n i t i a l  p o s t f l i g h t  processing of the  f l i g h t  mice w a s  accomplished a t  a l abora tory  e s t a b l i s h e d  f o r  
t h a t  purpose on American Samoa. 

Four mice survived the  Apollo 17 mission. The surv ivors  appeared t o  be phys io logica l ly  nor- 
m a l  and displayed no behavioral  mani fes ta t ions  i n d i c a t i v e  of  any untoward e f f e c t s  o f  space f l i g h t .  
The death of  t h e  f i f t h  mouse d i d  not appear t o  be r e l a t e d  t o  space f l i g h t  s t r e s s e s ,  The t i s s u e s  
of t h e  mice are in pathologica l  and his tochemical  analyses  f o r  any evidence of i n t e r a c t i o n  be- 
tween t h e  t i s s u e s  and heavy cosmic p a r t i c l e s  and subsequent b i o l o g i c a l  damage. The subscalp do- 
simeters indica ted  penet ra t ion  by a s i g n i f i c a n t  number of cosmic p a r t i c l e s .  Performance o f  t h e  
potassium superoxide granules  i n  providing l i f e  support  oxygen was considered t o  be normal. 

3.6 I N F Z I G H T  DEMONSTRATIONS 

I n f l i g h t  demonstrations were mall  carry-on experiments operated by s e v e r a l  crews during 
t rans lunar  o r  t r a n s e a r t h  coas t .  The  purpose of  these experiments was t o  demonstrate t h e  e f f e c t s  
of  near-zero g r a v i t y  on var ious  phenomena and processes.  
l i q u i d  t r a n s f e r ,  heat flow and convection, and composite c a s t i n g  were conducted on t h e  Apollo 14 
mission. I n  addi t ion ,  another  f l u i d  e l e c t r o p h o r e s i s  demonstration was conducted on Apollo 16,  
and the  hea t  flow and convection demonstration was repeated on Apollo 1 7 .  The composite cas t -  
i n g  demonstration was  scheduled t o  be conducted again on t h e  Apollo 15 mission but  was canceled 
because of a hardware malfunction. 
subsect ions.  

Demonstrations of  f l u i d  e l e c t r o p h o r e s i s ,  

Each demonstration is slmrmarized b r i e f l y  i n  the  fol lowing 

3.6.1 Fluid Elec t rophores i s  

Elec t rophores i s  is a separa t ion  technique used f o r  c l a s s i f y i n g  and analyzing d e l i c a t e  and 
complex mixtures of  b i o l o g i c a l  m a t e r i a l s ,  f o r  pur i fy ing  biochemical products ,  and f o r  medical 
diagnosis .  
t i c l e s  in s o l u t i o n  under the  inf luence  of  an e l e c t r i c  f i e l d .  Most materials t h a t  can be div- 
ided i n t o  f i n e  p a r t i c l e s  take on a charge when dispersed I n  an aqueous s o l u t i o n .  The p a r t i c l e s  
move through t h e  f l u i d  t o  the oppos i te ly  charged e l e c t r o d e  a t  v e l o c i t i e s  dependent on t h e i r  ac- 
cumulated charge,  s i z e ,  and shape. After a period of t ime,  p a r t i c l e s  s e p a r a t e  i n t o  d i s t i n c t  
zones, just as runners  in a race spread o u t  over  the-course. Each diet-inct zone of  p u r i f i e d  
p a r t i c l e s  can then be ext rac ted .  I n v e s t i g a t o r s  bel ieved t h a t  this separa t ion  process  would be 
s u b s t a n t i a l l y  improved i n  t h e  near-zero-gravity space environment by reduct ion i n  t h e  sedimen- 
t a t i o n  and thermal convection mixing. The o b j e c t i v e  of t h i s  experiment, t h e r e f o r e ,  was t o  dem- 
o n s t r a t e  e lec t rophores i s  separa t ion  in t h e  space environment and, i f  proven e f f e c t i v e ,  t o  show 
that small  but  s i g n i f i c a n t  q u a n t i t i e s  of  b i o l o g i c a l  m a t e r i a l s  such as vaccines ,  v i r a l  i n s e c t i -  
c ides ,  and o t h e r  va luable  mater ia l s  and products  could be economically p u r i f i e d  i n  space.  

E lec t rophores i s  m a n s  "borne of e l e c t r i c i t y "  and is t h e  movement of charged par- 
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3.6.1.1 Apollo 14.- The Apollo 14 e lec t rophores i s  demonstration ( r e f .  3-68) was conceptu- 
a l i z e d  and developed because of the  g r e a t  p o t e n t i a l  uses f o r  t h i s  process.  The experiment ap- 
para tus  weighed about 5 pounds and was contained in a metal case  (4 by 5 by 7 i n . ) .  
t u s  cons is ted  of  t h e  e l e c t r i c a l  system, t h r e e  e lec t rophores i s  c e l l s ,  and a system t o  c i r c u l a t e  
the  e l e c t r o l y t e  through t h e  c e l l s .  Each c e l l  contained a d i f f e r e n t  specimen: a red  and a b lue  
dye ( f o r  in tense  c o l o r  and s t a b i l i t y ) ,  hemoglobin (a high-molecular-weight b i o l o g i c a l  m a t e r i a l ) ,  
and salmon sperm deoxyribonucleic ac id  (DNA) in an aqueous s o l u t i o n  of b o r i c  ac id .  

The appara- 

The t h r e e  experiments were run i n  p a r a l l e l ,  and d a t a  were c o l l e c t e d  by photographing t h e  
a c t i o n  i n  t h e  tubes s e q u e n t i a l l y  with a 70-millimeter camera. 
s t r a t i o n  was 57 minutes. The r e s u l t s  showed t h a t  the  red  and blue dyes separa ted  as expected;  
bu t ,  because of  apparatus  and mater ia l  problems, no a c t i o n  was seen i n  t h e  hemoglobin o r  DNA 
tubes.  
Nevertheless ,  much was learned about the  technique and about t h e  requirements f o r  performing 
e lec t rophores i s  i n  space.  

The time required f o r  t h e  demn- 

(The hemoglobin and DNA may have been consumed during s torage  by b a c t e r i a l  ac t ion . )  

Conclusions drawn from analys is  o f  t h e  r e s u l t s  a r e  t h a t  (1) the  r e s o l u t i o n  o f  t h e  dye sep- 
a r a t i o n  w a s  much b e t t e r  i n  space than on e a r t h ,  and (2) t h e  shape and sharpness  of  t h e  advanc- 
ing  boundary of  separated mater ia l s  was  improved i n  space by t h e  l a c k  of  sedimentat ion and con- 
v e c t i o n  c u r r e n t s ,  which were suppressed by t h e  near-zero-gravity environment. 

3.6.1.2 Apollo 16.- The Apollo 16 demonstration was designed t o  use t h e  same b a s i c  opera- 
t i n g  elements used on the  Apollo 14 mission. 
same, t h e  apparatus  was heavier ,  weighing 7.5 pounds. 

Although t h e  case s i z e  and components were t h e  

Two d i f f e r e n t  p a r t i c l e  s i z e s  of  polystyrene l a t e x  (0.2-micrometer and 0.8-micrometer diam- 
eter) were s e l e c t e d  a s  the  sample m a t e r i a l  t o  s imulate  the s i z e  and dens i ty  o f  l i v i n g  c e l l s .  
Three experiments were performed i n  p a r a l l e l :  
l a t e x  p a r t i c l e s ,  c e l l  2 contained only l a r g e  p a r t i c l e s ,  and c e l l  3 contained only small p a r t i -  
c l e s .  
from p i c t u r e s  taken automatical ly  a t  20-second i n t e r v a l s ;  t h e  connaentary t ransmi t ted  by t h e  
f l i g h t  crew provided a d d i t i o n a l  information. 

c e l l  1 contained a mixture of t h e  two s i z e s  of 

The same experiment w a s  done on e a r t h  t o  e s t a b l i s h  a c o n t r o l  sample. Data were obtained 

The f l i g h t  p i c t u r e s  c l e a r l y  showed t h e  s t a b i l i t y  o f  t h e  bands and t h e  sharpness  o f  t h e  par- 
t i c l e  f r o n t s  during e lec t rophores i s .  
the  f r o n t  of  each sample group had become pointed o r  b u l l e t  shaped. 
electro-osmosis of the  b u f f e r .  Electro-osmosis is def ined as t h e  movement of  l i q u i d  wi th  re- 
spect  t o  a f ixed  s o l i d  as a r e s u l t  of  an appl ied e l e c t r i c  f i e l d .  Electro-osmosis w a s  expected, 
and the  apparatus  was designed t o  minimize the e f f e c t .  Large bubbles near  t h e  p o s i t i v e  e lec-  
t rode  d i s t o r t e d  t h e  e l e c t r i c  f i e l d  i n  t h i s  area, slowed the  bands of  p a r t i c l e s  i n  t h e  a r e a ,  and 
produced a corkscrew motion of  the 0.8-micrometer p a r t i c l e s  i n  c e l l s  1 and 2. 

I n t e r a c t i o n  between i d e n t i c a l  and d i f f e r e n t  p a r t i c l e s  was measured. 

By the  t i m e  the  samples were v i s i b l e  i n  t h e  photographs,  
This shape was due t o  

The nose of  t h e  com- 
b ined-par t ic le  band i n  cel l  1 was composed pr imar i ly  of  0.8-micrometer p a r t i c l e s ,  and migrat ion 
was slower than t h a t  of  the 0.8-micrometer p a r t i c l e s  a lone in c e l l  2. The leading  band i n  both 
c e l l s  1 and 2 was s i g n i f i c a n t l y  more pointed t h a n y h a t  o f  the  0.2-micrometer p a r t i c l e s  i n  c e l l  3. 
T h i s  phenomenon w a s  a t t r i b u t e d  t o  i n t e r a c t i o n  among t h e  p a r t i c l e s .  Although a separa t ion  occur- 
red,  t h e  0.2-micrometer and 0.8-micrometer p a r t i c l e s  in cel l  1 d i d  not  separa te  i n t o  d i s t i n c t  
bands a s  expected. 

The d i f f i c u l t i e s  t h a t  l imi ted  the  r e s u l t s  of  t h e  Apollo 14 demonstration d i d  not  recur  dur- 
i n g  the  Apollo 16 demonstration, a l though the  occurrence of electro-osmosis and formation o f  
l a r g e  bubbles near t h e  p o s i t i v e  e l e c t r o d e  reduced t h e  e f f e c t i v e n e s s  of  the  demonstration. 
experiments w i l l  be aimed a t  so lv ing  these  problems. 

Future  

3.6.2 Liquid Transfer  

One element of  propel lan t  management t h a t  w i l l  be necessary i n  f u t u r e  space opera t ions  w i l l  
be t r a n s f e r  of l i q u i d  from a tanker  vehic le  t o  a rece iver  vehic le .  
one conta iner  t o  another  in a weight less  environment was demonstrated by t h e  Apollo 14 crew t o  
determine t h e  e f f e c t i v e n e s s  o f  two conf igura t ions ,  each designed t o  achieve: 

The t r a n s f e r  of l i q u i d  from 

a. Gas-free outflow from t h e  supply tank while  ob ta in ing  a high t o t a l  de l ivery  e f f ic iency .  

. 
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b. 

c. 

To s a t i s f y  these condi t ions,  t h e  designs combined t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  of e x i s t i n g  

Orderly inflow i n t o  the receiver tank with no l i q u i d  l o s s  through t h e  gas vent. 

Location of the gas a t  the gas vent and t h e  l i q u i d  a t  t h e  d r a i n i f i l l  por t .  

b a f f l e  and screen concepts; one configurat ion was s standpipe- l iner  b a f f l e  design and t h e  o ther  
was  a curved-web b a f f l e  design. 
configurat ions.  

Reference 3 6 9  gives  d e t a i l e d  descr ip t ions  of the  two b a f f l e  

The demonstration apparatus consis ted of a tank assembly u n i t ,  a hand-operated p is ton  pump, 
The tank assembly u n i t  contained two p a i r s  of  model tanks. and interconnect ing f l e x i b l e  tubing. 

One p a i r  had the internal surface-tension b a f f l e s  t h a t  were t o  be demonstrated; t h e  second p a i r  
had no b a f f l e  devices so t h a t  a comparison could be made. 
shaped t o  simulate i n  two dimensions t h e  three  dimensional flow t h a t  would occur i n  a spher ica l  
tank. 
c l e a r  p l a s t i c  f o r  photographic purposes. 
represent ing d r a i n i f i l l  and vent l i n e s .  
nected by a t r a n s f e r  tube t h a t  contained a s l ide-act ion i s o l a t i o n  valve. 
i d e n t i c a l  s l ide-act ion valves. 
spacecraf t  power provided the  i l luminat ion necessary f o r  photography. 
faces  t h a t  faced the  l i g h t i n g  frame sec t ion  were f r o s t e d  t o  provide d i f f u s e  i l lumina t ion ,  and 
a l l  ex terna l  p l a s t i c  surfaces  were covered with laminated safe ty  g l a s s  and an overlay of t h i n  
f l u o r o p l a s t i c  shee t  t o  ensure maximum crew safe ty .  
driven p is ton  providing p o s i t i v e  pressure on one s ide  while c r e a t i n g  suc t ion  on the  o ther  s ide .  
The pump could be operated i n  e i t h e r  d i rec t ion .  The tubing, s ized f o r  a f r i c t i o n  f i t  over pump 
and tank port  connections, could be e a s i l y  switched t o  permit pumping between tanks i n  t h e  
baf f led  set o r  i n  the  unbaffled set. The l i q u i d  used in the  tanks w a s  an i n e r t  chemical t h a t  
s a t i s f i e d  the s a f e t y  requirements f o r  the  spacecraf t  and simulated t h e  s ta t ic  contact  angle o f  
mst propel lan ts  on tank surfaces  (nearly zero degrees). A small amount of  dye w a s  added t o  the  
l i q u i d  t o  improve the  q u a l i t y  of t h e  photographs. 

The model tanks were c y l i n d r i c a l l y  

The tanks were 4 inches i n  diameter and the  f l a t  faces ,  separated by 0.25 inch,  were of 
Each tank contained two p o r t s  posi t ioned 180' a p a r t ,  

The d r a i n / f i l l  por t s  on each p a i r  of  tanks were con- 
The vent p o r t s  had 

A l i g h t i n g  frame containing s i x  incandescent lamps and using 
The e x t e r n a l  p l a s t i c  sur- 

The hand-operated p is ton  pump was a screw- 

The vent s i d e s  of a p a i r  of tanks were connected t o  the  pressure and auct ion s i d e s  of the 
The i s o l a t i o n  valves on the  vent  p o r t s  were then opened, as w e l l  as pump, c losing the  system. 

t h e  valve on the  t r a n s f e r  tube interconnect ing the d r a i n / f i l l  por t s .  Operation of the  p i s t o n  
pump crank r e s u l t e d  i n  t r a n s f e r  of l i q u i d  from one tank t o  the o ther .  On completion of a t rans-  
f e r  operat ion,  the  crank w a s  turned i n  the  opposite d i r e c t i o n  t o  reverse  t h e  flow. One crew- 
member photographed the  tanks e i t h e r  with the 16-millimeter sequence camera o r  the  onboard tele- 
v is ion  camera while the  o ther  operated the p is ton  pump a t  a prescr ibed r a t e .  

The results of four of t h e  opera- Several t r a n s f e r  operat ions were performed by the  crew. 
t i o n s  are given i n  reference 3-69 as being representa t ive  of the  resul ts  - th ree  f o r  the  baf f led  
tank system and one f o r  the  unbaffled tank system. 
following paragraphs. 

The results are b r i e f l y  sunnnarized in t h e  

3.6.2.1 Unbaffled tanks.- I n  the ve ight less  environment, the  l iquid/vapor  i n t e r f a c e  f o r  
l i q u i d  t r a n s f e r  using unbaffled tanks is expected t o  be c i r c u l a r  i n  shape, forming a gas bubble 
randomly located within the  tank. The configurat ion a t  the start of  l i q u i d  t r a n s f e r  consis ted 
of a c i r c u l a r  vapor bubble i n  the supply tank located such t h a t  a l i q u i d  l a y e r  covered both t h e  
dra in  and vent s ides  of  the  tank. The l i q u i d  f i l l i n g  was  estimated t o  be 36 percent of the  tank 
volume, with an addi t iona l  1 0  percent contained in  the  t r a n s f e r  tube connecting the two tanks.  
A gas bubble formed d i r e c t l y  over t h e  vent o r  pressurant  i n l e t  as t h e  tank was pressurized t o  
start t h e  t r a n s f e r .  

During t r a n s f e r .  the  l iquid/vapor  i n t e r f a c e  i n  t h e  rece iver  tank was deformed because of  
the  incoming l i q u i d  je t ;  however, the  i n t e r f a c e  appeared s t a b l e .  
during l i q u i d  inflow is  a funct ion of the l i q u i d  j e t  ve loc i ty  and, therefore ,  of t h e  flow rate.) 

(The s t a b i l i t y  of the  i n t e r f a c e  

Gas from the supply tank was ingested i n t o  the t r a n s f e r  tube when t h e  l i q u i d  remaining w a s  
24 percent of the tank volume. Continuati f the  operat ion resu l ted  i n  bubble entrainment and 
growth in the rece iver  tank. 
vent .  

As expected, l i q u i d  eventual ly  w a s  ingested i n  t h e  rece iver  tank 

i 
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3.6.2.2 Baffled tanks.- I n  the f i r s t  of the  three  l iqu id- t ransfer  opera t ions  performed with 
surface-tension baf f led  tanks. t h e  curved-web-baffled tank w a s  the  supply tank and t h e  etandpipe- 
l iner-baff led tank was. the receiver  tank. In the  second test, t h e  procedure w a s  reversed. For 
these t e s t a ,  the flow rate was  the  same order  of  magnitude as f o r  t r a n s f e r  with the  unbaffled 
tanks. The t h i r d  t r a n s f e r  operat ion was performed a t  about four  times the  previous flow r a t e .  

a. F i r s t  operat ion:  
l i n e r  rece iver  tank a t  an estimated flow rate of 0.83 cubic  centimeter per  second. 
f e r  operat ion progressed, the  l iquidlvapor  i n t e r f a c e  i n  the supply tank receded i n  an order ly  
fashion down t o  the  point  of i n c i p i e n t  gas  o r  vapor ingest ion.  During t h e  same time, the  re- 
ce iver  tank f i l l e d  in an order ly  manner with l i q u i d  f i l l i n g  t h e  standpipe l a s t .  With t h e  ex- 
cept ion of  a ana l l  amount of l i q u i d  in t h e  c a p i l l a r y  tube above t h e  dra in ,  near ly  a l l  the  l i q u i d  
i n  the  supply tank was del ivered t o  the  rece iver  tank without gas inges t ion  from the  supply tank 
and v i thout  l i q u i d  loss through t h e  vent  of the  receiver  tank, thereby successful ly  demonstra- 
t i n g  the  t h r e e  design object ives .  

Liquid was t ransfer red  from the curved-web supply tank t o  t h e  standpipe- 
A s  the  t rans-  

b. Second operation: 
c u r v e d r e b  rece iver  tank a t  an estimated flow r a t e  of 0.67 cubic centimeter per  second. 
l i q u i d  drained from the  supply tank,  the  standpipe emptied f i r s t ,  with t h e  space between the  
standpipe and the  l i n e r  draining next. 
f o r  t h i s  appl ica t ion  is designed t o  remain f u l l  of l iqu id  a t  the  termination of t r a n s f e r .  
quant i ty  represents  t h e  res idua l  l i q u i d  inherent  t o  t h i s  design. 
r e s u l t  in an unpredictable  vapor penetrat ion anywhere along the  w a l l  l i n e r ,  t rapping l i q u i d  i n  
the  annulus.) Nearly a l l  the  supply tank l i q u i d ,  with the exception of the  l i q u i d  within t h e  
w a l l  l i n e r ,  was emptied without gas ingest ion.  
curved-web b a f f l e  control led the  i n t e r f a c e  pos i t ion  with no l i q u i d  lose  through the  gas vent .  
This t r a n s f e r  operat ion a l s o  demonstrated the  order ly  and e f f i c i e n t  t r a n s f e r  of l i q u i d  i n  a 
weightless environment using surface-tension baf f les .  

Liquid was t ransfer red  from the s tandpipe- l iner  supply tank to t h e  
A s  

The annular volume between the  l i h e r  and t h e  tank wall 
This  

(Continuation of  draining would 

During the  f i l l i n g  of the receiver  tank,  the  

c .  Third operation: Liquid was  t ransfer red  from t h e  curved-web supply tank t o  t h e  standpipe- 
l i n e r  receiver  tank a t  a flow r a t e  of 3.5 cubic centimeters per second. 
l i n e r  w a s  f u l l  before  i n i t i a t i o n  of flow. Again, during t r a n s f e r ,  t h e  i n t e r f a c e  in both tank8 
waa s t a b l e  and moved i n  an order ly  fashion. A t  t h i s  higher flow rate, however, some di f fe rences  
occurred t h a t  are i n t e r e s t i n g  t o  note. I n  the supply tank, t h e  volume between the outermost web 
and the  tank wall was the last to dra in .  These  d i f fe rences  were a t t r i b u t e d  t o  v a r i a t i o n s  in the  
dynamic pressure losses among the  web channels. 
the webs and t h e i r  per fora t ions  can be optimized by readjustment t o  provide uniform dra in ing  be- 
tween webs. I n  t h i s  case,  however, t r a n s f e r  was terminated when the  i n t e r f a c e  f o r  the  inner  
webs reached the c a p i l l a r y  tube over  the  dra in ,  leaving a somewhat l a r g e r  res idua l  than f o r  the  
t r a n s f e r  cases  a t  lower flow rates. Similar ly ,  the f i l l i n g  of t h e  standpipe in the  rece iver  
tank lagged behind the  f i l l i n g  of the  rest of  the  tank, even more not iceably than f o r  the  f i r s t  
l i q u i d  t r a n s f e r  operat ion.  However, unl ike t h a t  t r a n s f e r ,  the  standpipe did not f i l l  completely 
even a t  the end of  t r a n s f e r .  T h i s  f a c t  also indica tes  t h a t  the  standpipe could be optimized by 
redesigning the spacing and per fora t ions  t o  improve t h e  tank perfonuance c h a r a c t e r i s t i c s .  

The receiver  tank w a l l  

T h i s  conclusion ind ica tes  t h a t  the spacing of 

3.6.3 H e a t  Flow and Convection 

A heat flow and convection demonstration w a s  conducted on t h e  Apollo 14 mission ( r e f .  3-70) 
during t ranaear th  f l i g h t  and on the  Apollo 17 missfon (ref .  3-71) during t rans lunar  f l i g h t .  For 
both missions, the  demonstration u n i t  contained three  separa te  experiments. 
periment was  included t o  i n v e s t i g a t e  convection caused by sur face  tension gradien ts  r e s u l t i n g  
from heat ing a t h i n  l a y e r  of l i q u i d .  
mation on heat  flow in a confined gas under low-gravity condi t ions.  
was included t o  i n v e s t i g a t e  heat t r a n s f e r  in confined l i q u i d s  i n  a low-gravity environment. 

A flow p a t t e r n  ex- 

A r a d i a l  heat ing experiment w a s  included t o  obtain infor-  
A zone heat ing experiment 

3.6.3.1 Apollo 14 demonstrations.- The Apollo 14 demonstration apparatus consis ted of a 
9.0- by 9.0- by 3.8-inch box weighing 7 pounds. 
t h e  box - a flow p a t t e r n  cel l ,  a r a d i a l  heat ing c e l l ,  and two zonal heat ing c e l l s .  Each c e l l  
contained a wall electric heater powered by the spacecraf t  28-wlt-dc power source. 
vere recorded by t h e  lbmillimeter d a t a  acquis i t ion  camera at tached t o  the unit and opera t ing  
at  a rate of one frame per  second. 
1 0  to  15 Ipinutco. 

Four experiment configurat ions were mounted i n  

The d a t a  

Seven experiment operationa were performed, each requi r ing  

! 

A 

i 
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a. Flow p a t t e r n  c e l l :  The flow p a t t e r n  cell was designed t o  show t h e  convective flow pat- 
tern induced in a t h i n  layer  of heavy o i l  (Krytox) by es tab l i sh ing  a thermal gradient  acrose the 
o i l .  The cell consis ted of a shallow aluminum dish  t h a t  was uniformly heated from t h e  bottom. 
The o i l  was introduced from a reservoi r ,  and a thermal gradient  was es tab l i shed  across  t h e  o i l  
l a y e r  when the  window to the c e l l  was opened, with t h e  heat  being d iss ipa ted  i n t o  t h e  apacecraf t  
atmosphere. Aluminum powder suspended in t h e  o i l  allowed t h e  flow p a t t e r n s  t o  be obeerved. 

A s  a r e s u l t  of previous experiments that were conducted under one-g condi t ions,  it was poe- 
t u l a t e d  t h a t  surface tension gradients  ( resu l t ing  from temperature gradients)  are t h e  predomi- 
nant cause of c e l l u l a r  convection i n  t h i n  l a y e r s  of f l u i d s  (5-ma o r  less). The p o s s i b i l i t y  re- 
mained, however, t h a t  g rav i ty  was an indispensible  ingredient  i n  a l l  c e l l u l a r  convection, par- 
t i c u l a r l y  as some second-order e f f e c t .  The Apollo 14 experiment conclusively demonstrated t h a t  
sur face  tension alone can generate c e l l u l a r  convection. The p a t t e r n  of t h e  convection was par- 
t i a l l y  defined, but not in the des i red  constant  depth configurat ion because wet t ing of t h e  c e l l  
l i n e r  occurred. 

b. Radial heat ing c e l l :  The  purpoee of t h e  r a d i a l  heat ing experiment w a s  t o  obtain infor-  
mation on the  r a t e  of temperature propagation in carbon dioxide gas  while i n  t h e  space environ- 
ment. The c e l l  was a c y l i n d r i c a l  dish covered by a g l a s s  window. 
f i l m  containing a l i q u i d  c r y s t a l  material that changes color  when heated. The f i l m  was divided 
i n t o  quadrants, and d i f f e r e n t  s e c t o r s  were s e n s i t i v e  in d i f f e r e n t  temperature ranges. 
was heated by a mall e l e c t r i c a l  stud heater  munted i n  the center  of t h e  c e l l .  Changing co lor  
pa t te rns  indicated the  temperature d i s t r i b u t i o n  as it  developed, and the  p a t t e r n s  were recorded 
by the  camera. 

The g l a s s  was coated with a 

The gas  

Tvo r a d i a l  heat ing operat ions were performed, and the  da ta  q u a l i t y  was exce l len t .  

Comparisons were made between f l i g h t  da ta  and a n a l y t i c a l  p red ic t ions  based on t h e  assump- 
t i o n  t h a t  conduction and rad ia t ion  vere the  only modes of heat  t r a n s f e r .  It w a s  concluded t h a t  
convection w a s  occurr ing in the  r a d i a l  c e l l ,  causing f a s t e r  changes i n  temperature than can be 
a t t r i b u t e d  t o  thermal conduction and rad ia t ion .  Although the  convection could have been caused 
by low-gravity forces ,  it is more l i k e l y  t h a t  some other  un ident i f ied  non-gravity inf luence was 
responsible. 

c .  The objec t ive  of the zonal heat ing experiment was t o  obtain d a t a  
on the mode and magnitude of heat  t r a n s f e r  in l i q u i d s  subjected t o  zonal heat ing i n  a low-gravity 
environment. Heat t r a n s f e r  in configurat ions of the  geometry of the  zonal heat ing uni t  was of 
i n t e r e s t  because this geometry is basic  f o r  many projected space manufacturing processes. The 
zonal heat ing cells consis ted of two g l a s s  tubes with c y l i n d r i c a l  heat ing elements surrounding 
the  center  port ions of  t h e  tubes. 
sugar so lu t ion .  
water and a f l u i d  having a v i s c o s i t y  of  approximately twice t h a t  of pure water. 
changes were sensed by l iqu id-crys ta l  s t r i p s  located along the center  axes and along t h e  w a l l s  
of t h e  tubes. 
heated zone toward the  tube ends. 
appeared t o  be exce l len t .  

Zonal heat ing uni t :  

One tube contained d i s t i l l e d  water and t h e  o ther ,  a 20-percent 
The sugar so lu t ion  was used so that a comparison could be obtained between pure 

Temperatui'e 

Color p a t t e r n s  on the  s t r i p s  vere monitored as heat flowed from the  c e n t r a l l y  
Two zonal heat ing operat ions were performed and d a t a  q u a l i t y  

3.6.3.2 Apollo 17 demonstration.- The Apollo 17 heat  flow and convection demonstration was 
The apparatus was s imi la r  t o  t h a t  used conducted as a follow-on t o  the Apollo 14 demonstration. 

on Apollo 14 ,  and the  da ta  were obtained i n  the  same manner. 

a. Flow p a t t e r n  c e l l :  Baff les  were added around t h e  periphery of the  pan t o  maintain t h e  
l i q u i d  l e v e l  at 2 and 4 mil l imeters  in depth. 
t i o n  w a s  l i k e  t h a t  of the Apollo 14 u n i t .  
mil l imeter  f l u i d  depth and once with the  4-millimeter f l u i d  depth. 
the  b a f f l e s  around t h e  periphery and assumed a convex shape, s imi la r  t o  a l ens .  

Otherwise, the  flow p a t t e r n  experiment configura- 
The experiment was operated twice, once with the  2- 

The f l u i d  was contained by 

The p a t t e r n  of convection obtained f o r  the 2-millimeter depth of o i l  was l e s s  order ly  and 
less symmetrical than the  p a t t e r n s  obtained with a ground-based u n i t ,  but they were more orderly 
and symmetrical than the p a t t e r n  obtained on the  Apollo 14 demonstration. 
run showed more regular  and l a r g e r  c e l l s .  The results show t h a t  surface tension alone can cause 
a c e l l u l a r  convection flow of  r e l a t i v e l y  high magnitude. 

The 4-millimeter-depth 



b. Radial heat ing and l i n e a l  heat ing u n i t s :  The Apollo 17 r a d i a l  and l i n e a l  (zonal) heat- 

The  experiment configurat ions were s imi la r  with the following major 
ing  experiments w e r e  conducted t o  obtain addi t iona l  information on heat  flow and convection i n  
confined gases and l i q u i d s .  
differences.  I n  the r a d i a l  heat ing experiment, the c e l l  contained argon gas  instead of carbon 
dioxide. In  the  l ineal  heat ing experiment, a s i n g l e  g l a s s  tube containing Krytox o i l  was used 
instead of two tubes containing water and a sugar-water so lu t ion .  
Apollo 17 u n i t  was heated by a d i s c  hea ter  a t  one end of the  tube instead of  a c e n t r a l l y  loca ted  
c y l i n d r i c a l  hea te r .  
f lu ids .  

Also, t h e  l i q u i d  i n  the  

Temperature changes were monitored by l iqu id-crys ta l  tapes inmersed i n  t h e  

3 . 6 . 3 . 3  Summary of in te rpre ta t ions . -  

a. Flow p a t t e r n  experiment: 

1. The  s i z e s  of the  observed surface tension-driven convection c e l l s  agree f a i r l y  w e l l  
wi th  those predicted by l i n e a r  ana lys i s  of surface tension-driven c e l l u l a r  convection. 

2. Convection occurred a t  lower temperature grad ien ts  i n  low-g than i n  one-g. Surface 
tension and gravi ty ,  therefore ,  apparently do not re inforce  each o ther  i n  a manner predicted by 
one ana lys i s  of c e l l u l a r  convection. 

3 .  The flow p a t t e r n  experiment da ta  s u b s t a n t i a t e  i n  p r i n c i p l e  t h e  pos tu la te  t h a t  grav- 
i t y  modulates c e l l u l a r  convection onset .  

4. The onset of a concentr ic  s i d e  r o l l  and c e n t e r  polygonal cells i n  the flow p a t t e r n  
experiment occurred a t  about the same t i m e .  The occurrence of a r o l l  is contrary t o  expectatlone 
based on latest l i t e r a t u r e .  
r o l l s  are sidewall e f f e c t s  and are not p a r t i c u l a r l y  c h a r a c t e r i s t i c  of the  dr iv ing  mechanism. 

The  observed onset p a t t e r n  tends t o  confirm an e a r l i e r  view t h a t  

b. Radial and l i n e a l  heating experiments: No s i g n i f i c a n t  convection was observed In  t h e  
r a d i a l  o r  l i n e a l  heat ing experiments. 
technique and allow the conclusion t h a t  convection observed i n  the  Apollo 14 r a d i a l  and zone 
c e l l s  was probably caused by the heat flow and convection uni t  and spacecraf t  v ibra t ions .  

The data ,  however, v a l i d a t e  the  accuracy of the measuring 

3.6.4 Composite Casting 

Composite cas t ing  is defined as t h e  cas t ing  of a mterial from a mixture of a l i q u i d  matrix 
and s o l i d  p a r t i c l e s .  
voids  i n  the mater ia l  t o  reduce weight and t o  cont ro l  the  mater ia l  densi ty .  
is obtained when normally i m i s c i b l e  (nonmixing) l i q u i d  materials such as o i l  and water are d is -  
persed one i n  the o ther  and s o l i d i f i e d .  On e a r t h ,  mater ia l s  of d i f f e r e n t  s p e c i f i c  g r a v i t i e s  
normally segregate  from a mixture (e.g., sand and water) when a t  l e a s t  one of t h e  components of  
the mixture a t t a i n s  the l i q u i d  state. The purpose of the  composite cas t ing  demonstration was t o  
show t h a t  mixtures of mater ia la  having d i f f e r e n t  s p e c i f i c  g r a v i t i e s  would remain s t a b l e  (mixed) 
in the l i q u i d  state and during freezing i n  the low-gravity environment of space. 

A v a r i a t i o n  of composite cas t ing  is obtained when gas is added t o  form 
Another v a r i a t i o n  

The composite cas t ing  demonstration was.perfonned on t h e  Apollo 14 mission during t h e  t rans-  
lunar  and t ransear th  coast  periods ( re f .  3-72). The apparatus consis ted of  an e l e c t r i c a l  furnace,  
a heat  sink device f o r  cool ing,  and sealed metal capsules containing materials having a low m e l t -  
ing point  and d ispersants  (nomel t ing  p a r t i c l e s ) .  
s l i g h t l y  more than 2 pounds and measured 3.5 by 4.5 by 5.5 inches. 
less than 0.5  pound and was 0.75 inch i n  diameter and 3 . 5  inches long. 
crewman t o  insert each capsule i n t o  the furnace; t o  heat  the  capsule f o r  a prescr ibed t i m e ;  shake 
the  mater ia l s  in some cases in order  t o  mix them; and t o  cool  the  furnace and capsule by placing 
them onto the  heat s ink.  

The furnace and heat  s ink  package weighed 
The sample capsule weighed 

Procedures c a l l e d  f o r  a 

Although 18 samples were provided, only 11 samples were processed because of time l imi ta -  
The evaluat ion of the 11 processed capsulee consis ted of comparing t h e  space-processed t i o n s .  

( f l i g h t )  eamples wlth cont ro l  samples processed on the  ground under otherwise s i m i l a r  conditions. 
From the  r e s u l t s ,  it was concluded t h a t ,  in the  low-gravity environmnt of space, t h e  disper-  
sions of p a r t i c l e s ,  f i b e r s ,  and gases in a l i q u i d  m e t a l  (matrix) were maintained during sol id-  
i f i c a t i o n .  

I 
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I 
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The demonstration showed q u a l i t a t i v e  r e s u l t s  in a very l imi ted  range of mater ia l s  and under 
Even 80,  the  demnst ra -  processing condi t ions t h a t  were not instrumented o r  c l o s e l y  cont ro l led .  

t i o n s  were encouraging i n  that unique material s t r u c t u r e s  were produced which provide a prelim- 
inary  b a s i s  f o r  processing meterials and products in apace. New problem vere r a i s e d  which can 
be solved by f u t u r e  ground and f l i g h t  experiments. It is now evident t h a t  severa l  f a c t o r s  must 
be considered f o r  process and experiment design. 
and cooling i n  low g r a v i t y  when contact  with hea ters  and heat  sinks may be i n t e r m i t t e n t ,  cont ro l  
of nucleat ion and mixing, and cont ro l  of gases f o r  d i s t r i b u t i o n  i n  t h e  m e l t  or f o r  remval from 
the  melt. 

These fac tor8  include the  cont ro l  of heat ing 
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4.0 VEHICLE DEVELOPMENT AND PERFORMANCE 

The f i r s t  announcement of t h e  Apollo program and i ts  o b j e c t i v e s  was made i n  1960. A t  t h a t  

A t h i r d  technique,  l u n a r  o r b i t  rendezvous,  was l a t e r  determined t o  
t i m e ,  two t echn iques ,  d i r e c t  a scen t  and e a r t h - o r b i t  rendezvous,  were be ing  cons ide red  f o r  achiev-  
i n g  a manned l u n a r  l and ing .  
be more f e a s i b l e  and was e v e n t u a l l y  adopted i n  J u l y  1962. 
however, a pre l imina ry  program f o r  manned lunar l a n d i n g s  was formulated.  
p l i c a b l e  launch v e h i c l e  and s p a c e c r a f t  des ign  requirements  were i d e n t i f i e d  i n  t h e  p re l imina ry  
s t u d i e s  t o  permit  hardware development t o  proceed. Consequently,  t h e  b a s i c  Apollo s p a c e c r a f t  
c o n t r a c t  for  t h e  conmand and service module was awarded i n  1961, and development o f  a l a r g e  
launch v e h i c l e ,  which had begun i n  1958, was changed and expanded t o  meet t h e  g o a l  o f  l a n d i n g  on 
t h e  w o n .  The c o n t r a c t  f o r  t h e  l u n a r  module was awarded i n  November 1962. 

Before t h i s  d e c i s i o n  had been made, 
S u f f i c i e n t  b road ly  ap- 

The fol lowing d i s c u s s i o n  is d iv ided  i n t o  t e n  subsec t ions .  The f i r s t  cove r s  t h e  des ign ,  de- 
velopment,  and t e s t i n g  o f  t h e  t h r e e  series of Sa tu rn  launch v e h i c l e s  used i n  the Apollo program. 
The second covers t h e  L i t t l e  Joe  I1 test program. The remaining subsec t ions  c o n t a i n  d i s c u s s i o n s  
o f  t h e  development and performance of t h e  s p a c e c r a f t  and t h e i r  major systems. 

4.1 SATURN LAUNCH VEHICLES 

4.1.1 I n t r o d u c t i o n  

The Sa tu rn  f ami ly  of l a r g e  launch v e h i c l e s  c o n s i s t e d  of t h e  Sa tu rn  I ,  Sa tu rn  I B ,  and Sa tu rn  
V ( f i g .  4-1). Each of t h e s e  played an important role i n  t h e  Apollo program. Sa tu rn  I ,  t h e  ear- 
l i es t  o f  t h e  v e h i c l e s ,  w a s  used t o  test t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  Apollo command module 
and t h e  a b i l i t y  o f  i t s  h e a t  s h i e l d  t o  wi ths t and  t h e  temperatures  generated on e n t r y  I n t o  t h e  
e a r t h ' s  atmosphere. The Sa tu rn  I B  launch v e h i c l e  was  used t o  launch t h e  Apollo connnand and ser- 
v i c e  module and t h e  l u n a r  module i n t o  o r b i t  about t h e  e a r t h  f o r  t e s t i n g  i n  t h e  space environment.  
The Sa tu rn  I B  a l s o  launched t h e  f i r s t  manned Apollo s p a c e c r a f t  i n t o  o r b i t  t o  check o u t  bo th  crew 
and s p a c e c r a f t  i n  space.  When t h e  Apollo program became o p e r a t i o n a l ,  t h e  Sa tu rn  V w a s  used t o  
launch t h e  s p a c e c r a f t  i n t o  a t r a n s l u n a r  t r a j e c t o r y .  
shown i n  f i g u r e  4-2. 

The operat ional-payload c o n f i g u r a t i o n  i s  

A s  e a r l y  as A p r i l  1957, a team of eng inee r s  a t  t h e  U.S. Army Ballist ic M i s s i l e  Agency, under 
t h e  d i r e c t i o n  o f  D r .  Wernher von Braun. began s t u d i e s  of a l a r g e  launch v e h i c l e  t h a t  could p l a c e  
20 000- t o  40 000-pound satel l i tes  i n t o  o r b i t  about t h e  e a r t h  o r  send 6000- t o  1 2  000-pound pay- 
loads  on escape mis s ions  from e a r t h .  
Defense a l a r g e  rocke t  w i t h  a t h r u s t  o f  1.5 m i l l i o n  pounds. 
h i c l e  was approved by t h e  Advanced Research P r o j e c t s  Agency on August 1 5 ,  1958. 
o r i g i n a l l y  named Juno 5 ,  bu t  t h e  name was  o f f i c i a l l y  changed t o  Sa tu rn  on February 3, 1959. 
Sa tu rn  became t h e  f i r s t  s t a g e  o f  t h e  Sa tu rn  I and t h e  fo re runne r  of t h e  f i r s t  s t a g e  o f  t h e  Sat-  
u rn  I B .  

I n  December 1957, t h i s  team proposed t o  t h e  Department o f  
A r e s e a r c h  program f o r  such a ve- 

The v e h i c l e  w a s  
Th i s  

On J u l y  1, 1960, t h e  team developing t h e  Sa tu rn  was t r a n s f e r r e d  by P r e s i d e n t  Eisenhower from 
t h e  U.S. Army to t h e  newly e s t a b l i s h e d  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion.  
formed the  George C. Marshal l  Space F l i g h t  Center.  
t e r  a l s o  began look ing  toward even l a r g e r  launch v e h i c l e s  i n  t h e  suuuner of 1961. 
1962, t h e  Sa tu rn  V w a s  au tho r i zed  as t h e  launch v e h i c l e  f o r  t h e  Apollo program. 

Thus w a s  
While developing t h e  Sa tu rn  I ,  t h e  new cen- 

On January 25, 

4.1.2 Sa tu rn  I 

The Sa tu rn  I w a s  a l i q u i d - p r o p e l l a n t ,  two-stage rocket .  The f i r s t  s t a g e  (S-I) c o n s i s t e d  o f  
a c l u s t e r  of n i n e  p r o p e l l a n t  t anks  and e i g h t  H-1 eng ines ,  each producing 165 000 pounds of t h r u s t .  
Using l i q u i d  oxygen and RP-1 (kerosene) ,  t h e  s t a g e  produced 1 320 000 pounds o f  t h r u s t  i n i t i a l l y .  
L a t e r ,  when t h e  H-1 engine was uprated i n  performance t o  188 000 pounds, t h e  f i r s t  s t a g e  had a 
t h r u s t  o f  1 5 0 4  000 pounds. The second s t a g e  (S-IV) used l i q u i d  oxygen and l i q u i d  hydrogen i n  
s i x  RL-1OA-3 eng ines ,  each producing 1 5  000 pounds of t h r u s t  f o r  a t o t a l  s t a g e  t h r u s t  of 90 000 
pounds. An inst rument  u n i t  on t h e  forward end of t h e  S-IV s t a g e  housed t h e  v e h i c l e ' s  i n e r t i a l  
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guidance and c o n t r o l  equipment, i n s t rumen ta t ion  and measuring dev ices ,  power s u p p l i e s ,  and tel- 
emetry t r a n s m i t t e r s .  Thrust  v e c t o r  o r  pa th  c o n t r o l  of the S-I s t a g e  w a s  by means of  fou r  gimbal- 
mounted o u t e r  engines  moving i n  response t o  computer-generated c o m n d s  i n  t h e  instrument  u n i t .  
The Saturn I, 188 f e e t  in he igh t  and 21.7 f e e t  i n  diameter ,  t y p i c a l l y  weighed 1 140 000 pounds 
when f u l l y  fueled.* 

4.1.3 Saturn IB 

The Saturn IB, a l s o  a l i qu id -p rope l l an t ,  two-stage rocke t ,  was, f o r  the most p a r t ,  an up- 
r a t e d  Saturn I. Construct ion of t h e  f i r s t  s t a g e  (S-IB) w a s  similar t o ,  but  2.4 inches s h o r t e r  
t han  the  S-I s t age ,  The e i g h t  H-1 engines  were uprated t o  produce 200 000 pounds of  t h r u s t  each 
f o r  a t o t a l  s t a g e  t h r u s t  of 1 600 000 pounds. The second s t a g e  (S-IVB) had a s i n g l e  5-2 engine,  
using l i q u i d  oxygen and l i q u i d  hydrogen t o  gene ra t e  225 000 pounds of  t h r u s t .  
u n i t  a t t ached  t o  t h e  forvard end of  t he  S-IVB s t a g e  performed the  same func t ions  a s  t h a t  of t h e  
Saturn I. The Saturn IB was 224 f e e t  i n  height  and 21.7 f e e t  in diameter.  The weight of  t h e  ve- 
h i c l e  a t  launch was t y p i c a l l y  1 300 000 pounds.* 

The instrument  

4.1.4 Saturn V 

The Saturn V was a l iqu id -p rope l l an t ,  t h ree - s t age  rocket .  The f i r s t  s t a g e  (S-IC) had f i v e  
engines ,  using l i q u i d  oxygen and Rp-1. 
t h e  S-IC s t a g e  generated 7.5 m i l l i o n  pounds of t h r u s t .  The second s t a g e  (S-11) had f i v e  3-2 en- 
gines and produced 1 125 000 pounds of  t h r u s t .  
same as t h a t  of t he  Saturn IB. Simi la r ly ,  t h e  Saturn V inst rument  u n i t  was  b a s i c a l l y  t h e  same 
as t h a t  of t he  Saturn IB. The Saturn V, 363 f e e t  i n  he igh t  and 33 feet i n  diameter  a t  the S-IC 
s t age ,  t y p i c a l l y  weighed 6 500 000 pounds when f u l l y  fueled.* 

Each engine produced 1.5 m i l l i o n  pounds of t h r u s t .  Thus, 

The t h i r d  s t a g e  was an S-IVB, e s s e n t i a l l y  t h e  

4.1.5 Design and Development 

The design s a f e t y  f a c t o r s  f o r  t he  Saturn v e h i c l e s  were based o r i g i n a l l y  on those r equ i r ed  
f o r  an a i r c r a f t .  
Mercury and Gemini programs and because of  the proposed s t r u c t u r e  of t h e  Saturn veh ic l e s .  

These v a l u e s  were ad jus t ed  downward i n  view of the  experience gained i n  t h e  

The des ign  mission of  t h e  Saturn I w a s  t o  p l ace  a 38 000-pound payload c o n s i s t i n g  of t he  

On a secondary mission, a b a l l a s t e d  J u p i t e r  nose cone con- 
The major design c r i t e r i a  f o r  

Apollo b o i l e r p l a t e  command module i n t o  a 100-mile o r b i t  on a launch azimuth between looo and 
90" east of n o r t h  from Cape Kennedy. 
t a ined  a Q-ball  t r ansduce r  f o r  measuring v e h i c l e  angle  of  a t t a c k .  
t h e  Saturn I were: 

a. 

b. 

C. 

d. 

e. 

f .  

g. 

The 
105-mile 

Minimum v e h i c l e  l i f t - o f f  weight t o  t h r u s t  r a t i o  

Man-rated v e h i c l e  

Self-support ing s t r u c t u r e  

Un ipo ten t i a l  e l e c t r i c a l  s t r u c t u r e  

Hi s s ion  achievement wi th  one engine ou t  i n  the  f i r s t  o r  second s t a g e  

Yield s a f e t y  f a c t o r  of 1.10 times design load 

Ultimate s a f e t y  f a c t o r  of  1.40  times design load 

design mission f o r  t he  Saturn IB was to p l a c e  a 4 1  600-pound Apollo s p a c e c r a f t  i n t o  a 
o r b i t  a t  a launch azimuth of 70' east of n o r t h  f r o n  Cape Kennedy. 

~ 

The major design 
c r i t e r i a  were the same as t hose  f o r  t h e  Saturn I. The des ign  mission f o r  Sa tu rn  V was t o  p l a c e  
250 000 pounds into a LOO-mile o r b i t  a t  a launch azimuth of  70' east of n o r t h  from Cape Kennedy. 
Again, t h e  major design criteria were t h e  sane. 

*Vehicle h e i g h t s  and weights are f o r  f i n a l  conf igu ra t ions  and inc lude  Apollo s p a c e c r a f t  
payloads.  

1 
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The t e s t i n g  program developed f o r  t he  Saturn v e h i c l e s  was designed t o  ensure a high degree 
of r e l i a b i l i t y  and mission success.  
t h a t ,  a t  t h e  end o f  t he  Apollo program, t h e  success  r eco rds  of  t h e  Saturn I, Saturn I B ,  and Sat-  
urn V v e h i c l e s  were 100, 100, and 92 pe rcen t ,  r e spec t ive ly .  Moreover, t h e s e  r e s u l t s  were achieved 
by launching f a r  fewer r e sea rch  f l i g h t s  than had been t h e  p r a c t i c e  d u r i n g  t h e  development of l a r g e  
m i s s i l e s  such as the Atlas and T i t a n ,  which preceded Saturn as the  f i r s t  c a r r i e r  v e h i c l e s  f o r  U.S. 
manned f l i g h t s .  The Saturn I was  dec la red  o p e r a t i o n a l  a f t e r  the seventh f l i g h t ;  t h e  Saturn I B  w a s  
c e r t i f i e d  f o r  manned f l i g h t  a f t e r  on ly  t h r e e  f l i g h t s ;  and t h e  f a r  mre complex Saturn V w a s  ready 
f o r  launching Its f i r s t  manned payload a f t e r  only two f l i g h t s .  

The degree t o  which it  succeeded Is demonstrated by t h e  f a c t  

The concept of "all up" t e s t i n g  was i n s t i t u t e d  wi th  t h e  advent of  t h e  Saturn V. With t h i s  
procedure,  a l l  t h r e e  s t a g e s  were f l i g h t  t e s t e d  on the  f i r s t  v e h i c l e  launched. 
(Apollo 4) veh ic l e ,  launched on November 9,  1967, was  t h e  f i r s t  a p p l i c a t i o n .  

The AS-501 

The t e s t i n g  program f o r  t he  Saturn v e h i c l e s  was  purposely designed t o  be conse rva t ive  t o  en- 
s u r e  the  h ighes t  r e l i a b i l i t y  poss ib l e .  
development, acceptance,  and f l i g h t  t e s t i n g .  Q u a l i f i c a t i o n  t e s t i n g  assured t h a t  i n d i v i d u a l  p a r t s  
and subassemblfes performed as required a s  a r e s u l t  of s p e c i a l  tests t h a t  sub jec t ed  p a r t s  to the  
vacuum, v i b r a t i o n ,  sound, hea t ,  and co ld  l e v e l s  t h a t  w u l d  be experienced i n  o p e r a t i o n a l  use. 
R e l i a b i l i t y  a n a l y s i s  cons i s t ed  of determining t h e  range o f  f a i l u r e s  o r  margins of e r r o r  f o r  com- 
ponents. Development t e s t i n g  Used "ba t t l e sh ip"  test s t a g e s  of t h e  v e h i c l e  t o  v e r i f y  design fea- 
t u r e s  such a s  p r o p e l l a n t  loading,  e l e c t r i c a l  con t inu i ty ,  and engine f i r i n g  procedures.  A s  a p a r t  
of t he  developmental t e s t i n g ,  a Saturn V test v e h i c l e  w i th  an Apollo s p a c e c r a f t  in p l a c e  w a s  SUE- 
pended i n  t h e  420-foot-high dynamic test s tand a t  the  Marshall  Space F l i g h t  Center and shaken t o  
s imula t e  f l i g h t  f o r c e s  t o  determine v e h i c l e  bending modes and v i b r a t i o n  frequencies .  Acceptance 
t e s t i n g  included a func t iona l  checkout a t  t he  manufacturer 's  f a c i l i t y  t o  ensure t h a t  the compo- 
n e n t s  o r  s t a g e  performed t o  des ign  s p e c i f i c a t i o n s .  For example, u l t r a s o n i c  techniques were used 
t o  in spec t  a f o u r t h  of a mile of welding and 5 miles  of tubing i n  the  Saturn V. The same tech- 
nique was a l s o  used t o  v e r i f y  the  i n t e g r i t y  of adhesive bonding i n  over  1 a c r e  of such su r faces .  

The f i v e  e s s e n t i a l  phases were q u a l i f i c a t i o n ,  r e l i a b i l i t y ,  

During the  development of  the Saturn V, a number of problems a r o s e ,  t h e  s o l u t i o n  of which 
m a t e r i a l l y  advanced the  s t a t e  of t he  a r t  of design and manufacture of l a r g e  rocke t s .  Typical  of 
t hese  was t h e  r e a l i z a t i o n  t h a t  t h e  emergency d e t e c t i o n  s y s t e n  of t h e  v e h i c l e  would no t  be e f f ec -  
t i v e  i n  t h e  case  of an engine going out  in the  S-IC s t a g e  o r  an a c t u a t o r  of such an engine lock- 
i n g  i n  t h e  hardover p o s i t i o n .  The problem was solved by redesigning the  s t a g e  c o n t r o l  system 
and i n c r e a s i n g  s t r u c t u r a l  t ens ion  c a p a b i l i t y  at c r i t i c a l  j o i n t s  w i th in  t h e  s t age .  

Several  major problems t h a t  a rose  du r ing  manufacture were s u c c e s s f u l l y  Solved. When conven- 
t i o n a l  forming methods f o r  producing l a r g e ,  curved panels  w l th  i r r e g u l a r  c r o s s  s e c t i o n s  proved 
i n s u f f i c i e n t  f o r  the s i z e ,  shape, and t o l e r a n c e  demanded by the  Saturn V, eng inee r s  developed 
s p e c i a l  forming p rocesses  t o  meet the  requirements.  One of  t he  g r e a t  problems encountered dor- 
i ng  t h e  development of p r o p e l l a n t  tanks w a s  providing adequate i n s u l a t i o n  f o r  l i q u i d  hydrogen a t  
minus 423" F. The problem was solved by the  development of a s p e c i a l  polyurethane foam wl th  t h e  
i n s u l a t i v e  p r o p e r t i e s  of b a l s a  wood. Although b a l s a  wood had been an e a r l y ,  almost i d e a l  candi- 
d a t e  f o r  such a j o b ,  i t  was d i f f i c u l t  t o  o b t a i n  i n  the  d e s i r e d  q u a n t i t i e s ,  d i f f i c u l t  t o  machine, 
and could no t  be found i n  a f l a w l e s s  state. Thus, imaginat ive m a t e r i a l s  engineer ing produced, 
i n  e f f e c t ,  a p l a s t i c  s u b s t i t u t e  f o r  f l awles s  b a l s a  wood. The p l a s t i c  foam proved t o  be e f f i -  
c i e n t ,  economical, and easy t o  shape. 

In  t h e  course of  t he  development of t he  Saturn veh ic l e s ,  most o p e r a t i o n a l  problems had been 
foreseen.  There were, of course,  minor t echn ica l  problems Involved i n  the  many mechanical,  e lec-  
t r i c a l ,  and pneumatic i n t e r f a c e s  between the  launch veh ic l e  and its as soc ia t ed  ground support  
equipment. In  t h e  case  of t he  Saturn V, t hese  were, f o r  t h e  most p a r t ,  resolved through t h e  use 
of a f a c i l i t i e s  model. 
t o  a f l i g h t  veh ic l e .  Its purpose was t o  v e r i f y  launch procedures,  t r a i n  launching crews, and 
develop checkout procedures.  
Cape Kennedy on May 25, 1966. 

The SA-SOOF v e h i c l e  was no t  meant t o  f l y  but  w a s  similar i n  every r e spec t  

The SA-500F was r o l l e d  ou t  from t h e  Vehicle  Assembly Building a t  
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4.1.6 Mission Performance 

The mission performance of  t h e  Saturn v e h i c l e s  proved t h a t  t h e i r  design and manufacture were 
equal  t o  t h e  requirements placed upon them. 
and 1965, a l l  of which were successfu l .  S imi la r ly ,  t h e  Saturn IB made f i v e  f l i g h t s  between 1966 
and 1968, a l l  of which were a l s o  successfu l .  
Apollo program, only one f l i g h t  had a launch vehic le  f a i l u r e  which precluded at ta inment  of t h e  
primary mission objec t ives .  On the  Apollo 6 mission, an unmanned development f l i g h t ,  two o f  t h e  
second s t a g e  engines  shut  down e a r l y ,  and the  th i rd-s tage  engine f a i l e d  t o  start a f t e r  a pro- 
grammed o r b i t a l  coas t  per iod.  

The Saturn I v e h i c l e  made 10 f l i g h t s  between 1961 

Of the  12 Saturn V f l i g h t s  through t h e  end of  t h e  

Rela t ive ly  few Saturn V design changes were made from mission t o  mission because of  t h e  l i m -  
i t e d  number or' v e h i c l e s  planned and b u i l t .  
s a f e t y  o r  r e l i a b i l i t y ,  o r  improve payload c a p a b i l i t y .  

Typical of t h e  e a r l y  changes r e s u l t i n g  from mission performance was t h e  removal of a i r  scoops 

Changes were made only to  reduce weight ,  increase  

from t h e  S-IC s t a g e  of  SA~502, t h e  Apollo 6 launch v e h i c l e ,  when i t  was found from t h e  Apollo 4 
f l i g h t  t h a t  they rere not  needed and t h a t  t h e i r  absence increased ground c learance  a t  l i f t - o f f .  
S imi la r ly ,  on the  same vehic le ,  i t  was  found t h a t  four u l l a g e  rocke ts  were s u f f i c i e n t  t o  seat 
propel lan ts  in t h e  S-IVB s t a g e ;  thus ,  four  of  t h e  o r i g i n a l  e i g h t  were el iminated wi th  a concom- 
i t a n t  w i g h t  saving. 

A major modif icat ion w a s  made on SA-503, the  Apollo 8 v e h i c l e ,  a s  a r e s u l t  of  the  Apollo 6 
mission. 
v a r i a t i o n s  coupling through propel lan t  feed l i n e s  t o  t h e  s t r u c t u r e  of  the  vehic le  t o  produce a 
pronounced v i b r a t i o n .  H e l i u m  gas  w a s  i n j e c t e d  i n t o  t h e  l i q u i d  oxygen prevalves  o f  t h e  s u c t i o n  
l i n e s  t o  dampen the  unwanted o s c i l l a t i o n s .  

A l o n g i t u d i n a l  o s c i l l a t i o n  o r  "pogo" e f f e c t  w a s  experienced as a r e s u l t  of engine t h r u s t  

On SA-504, the  Apollo 8 vehic le ,  a number of changes were made in t h e  S-IC and S-11 s t a g e s  
t o  reduce the  v e h i c l e  weight and provide g r e a t e r  payload capaci ty .  Typical  of these  were t h e  re- 
design of t h e  l i q u i d  oxygen tank of the  S-IC s t a g e  t o  make i t  l i g h t e r  and t h e  upra t ing  o f  t h e  
5-2 engine of  t h e  S-I1 s t a g e  from 225 000 t o  230 000 pounds of  t h r u s t .  

For the  Apollo 1 5  mission (launch v e h i c l e  SA-510), an increased payload c a p a b i l i t y  o f  about 
5000 pounds was required.  This increase  r e s u l t e d  from the  a d d i t i o n a l  weight of consumables and 
hardware f o r  support ing t h e  longer  dura t ion  lunar  s t a y  requirements o f  the  J - s e r i e s  missions, as 
w e l l  as t h e  addi t ion  of t h e  s c i e n t i f i c  instrument module i n  t h e  s e r v i c e  module and t h e  lunar  rov- 
ing vehic le .  Many minor modif icat ions were made t o  t h e  launch v e h i c l e  and t o  t h e  mission require-  
ments t o  meet t h i s  payload increase .  
r a t i n g  t h e  f i v e  F-1 engines  of  the  S-IC s t a g e  from 1 500 000 pounds t o  1 522 000 pounds of  t h r u s t .  
Addit ional  payload c a p a b i l i t y  was  gained by e l imina t ing  the  four  so l id-propel lan t  re t romotors  
from t h e  S-IC s t a g e  and by d e l e t i n g  t h e  remaining four  u l l a g e  motors from t h e  S-I1 s t a g e .  In 
addi t ion ,  t h e  f l i g h t  program of the  instrument u n i t  had t o  be changed t o  p lace  t h e  S-IVB s t a g e  
i n t o  an e a r t h  Darkinn o r b i t  a t  90 miles.  No s i n n i f i c a n t  channes were made t o  the  Saturn V f o r  

P a r t  of t h i s  ga in  i n  payload c a p a b i l i t y  came through up- 

the two remaining miesions, Apollo 16 and 17. 
- - 

From August 
White Sands Missl 

4.2 LITlLE JOE I1 PROGRAM 

4.2.1 In t roduct ion  

t o  January 1966, a series of  unnunned f l  - t tests w a s  conducted a t  t ie 
nge t o  demonstrate the  adequacy of  the  Apollo launch escape system and t o  

v e r i f y  t h e  performance o f  the c o m n d  module e a r t h  landing system. The launch v e h i c l e  used f o r  
four  of  these  tests w a s  the L i t t l e  Joe 11. The s i z e  of this v e h i c l e  is compared t o  t h a t  of t h e  
Saturn v e h i c l e s  in f i g u r e  4-1. 
launch escape system f o r  the Mercury spacecraf t .  In addi t ion  t o  the  L i t t l e  Joe 11 f l i g h t s ,  two 
pad abor t  tests were conducted in which the  launch escape system was a c t i v a t e d  a t  ground l e v e l .  
Details of t h e  six f l i g h t s  are given in appendix A. 

Its predecessor ,  t h e  L i t t l e  Joe ,  had been used in t e s t i n g  t h e  
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The program was  o r i g i n a l l y  planned t o  be conducted a t  t h e  U.S. A i r  Force Eas t e rn  Tes t  Range 
a t  Cape Kennedy. However, because of  a heavy schedule  of h igh -p r io r i ty  launches a t  t h a t  f a c i l i t y ,  
o t h e r  p o s s i b l e  launch sites ve re  evaluated.  Launch Complex 36 a t  t h e  White Sands M i s s i l e  Range, 
p rev ious ly  used f o r  Redstone m i s s i l e  tests, was  u l t i m a t e l y  s e l e c t e d  a s  t h e  most s u i t a b l e  f o r  meet- 
i n g  schedule and support  requirements.  Also, t he  White Sands Range allowed l a n d  recovery which 
was less c o s t l y  and complicated than the  water recovery procedure t h a t  would have been r equ i r ed  
at  t h e  Eastern Tes t  Range o r  a t  the  NASA Wallops I s l and  f a c i l i t y .  

The program w a s  conducted under the  d i r e c t i o n  of  t h e  Manned Spacecraf t  Center  w i th  j o i n t  
p a r t i c i p a t i o n  by t h e  prime c o n t r a c t o r s  f o r  t he  launch v e h i c l e  and s p a c e c r a f t .  
Mis s i l e  Range admin i s t r a t ive .  range,  and t echn ica l  o r g a n i z a t i o n s  provided the  f a c i l i t i e s ,  re- 
sources ,  and s e r v i c e s  r equ i r ed .  These included range s a f e t y ,  r ada r  and camera t r a c k i n g ,  conrmand 
t ransmission,  real- t ime d a t a  d i s p l a y s ,  photography, t e l eme t ry  d a t a  a c q u i s i t i o n ,  d a t a  r educ t ion ,  
and recovery ope ra t ions .  

The White Sands 

4 . 2 . 2  Launch Vehicle  Development 

Man-rating of t he  launch escape system was planned t o  be acconplished a t  minimum c o s t  e a r l y  
in t he  Apollo program. Since t h e r e  were no reasonably p r i ced  launch v e h i c l e s  w i th  t h e  payload 
c a p a b i l i t y  and t h r u s t  v e r s a t i l i t y  t h a t  could meet t he  requirements of t h e  planned t e s t s ,  a con- 
t r a c t  was awarded f o r  t h e  development and cons t ruc t ion  of a s p e c i a l i z e d  launch v e h i c l e .  
t i o n  of d e t a i l  p a r t s  f o r  t he  f i r s t  v e h i c l e  s t a r t e d  i n  August 1962, and f i n a l  f a c t o r y  systems 
checkout was completed i n  J u l y  1963. The o r i g i n a l  f i xed - f in  conf igu ra t ion  and a l a t e r  v e r s i o n  
us ing  f l i g h t  c o n t r o l s  a r e  shown i n  f i g u r e  4-3. 

Fabrica-  

The v e h i c l e  w a s  s i zed  t o  match t h e  diameter  of t he  Apollo s p a c e c r a f t  s e r v i c e  module and t o  
s u i t  t h e  l eng th  of t he  Algol rocket  motors. Aerodynamic f i n s  were s i z e d  t o  a s s u r e  t h a t  t h e  ve- 
h i c l e  w a s  i n h e r e n t l y  s t a b l e .  
of which 80 000 pounds w a s  payload. The s t r u c t u r e  uas a l s o  designed f o r  s e q u e n t i a l  f i r i n g  wi th  
a p o s s i b l e  10-second ove r l ap  of fou r  f i r s t - s t a g e  and t h r e e  second-stage s u s t a i n e r  motors. Sus- 
t a i n e r  t h r u s t  was provided by Algol so l id -p rope l l an t  motors. 
achieved by varying the  number and f i r i n g  sequence of primary motors ( c a p a b i l i t y  of  up t o  seven) 
r equ i r ed  t o  perform the  mission. Rec ru i t  rocket  motors were used f o r  boos t e r  motors as r equ i r ed  
t o  supplement l i f t - o f f  t h r u s t .  The conf igu ra t ions  of t h e  f i v e  v e h i c l e s  flown a r e  summarized i n  
t a b l e  4-1. 

The s t r u c t u r a l  design was  based on a g ross  weight of 220 000 pounds, 

V e r s a t i l i t y  of performance was 

A s i m p l i f i e d  design,  t o o l i n g ,  and manufacturing concept was  used t o  limit t h e  number of ve- 
h i c l e  components, reduce c o n s t r u c t i o n  t i m e ,  and hold v e h i c l e  c o s t s  t o  a minimum. 
weight was no t  a l i m i t i n g  f a c t o r  i n  the  design. overdesigning of primary s t r u c t u r a l  members g r e a t l y  
reduced the  number and complexity of  s t r u c t u r a l  proof tests. Whenever p o s s i b l e ,  v e h i c l e  systems 
were designed t o  use r e a d i l y  a v a i l a b l e  off- the-shelf  components t h a t  had proven r e l i a b i l i t y  from 
use i n  o t h e r  aerospace programs, and t h i s  f u r t h e r  reduced o v e r a l l  c o s t s  by minimizing the  amount 
of q u a l i f i c a t i o n  t e s t i n g  r equ i r ed .  

Because o v e r a l l  

4.2.3 Spacecraf t  

The command and s e r v i c e  modules used In t h i s  program evolved from t h e  simple s t r u c t u r e  of  
b o i l e r p l a t e  6 ,  r ep resen t ing  only the proper  aerodynamic shape, t o  the product ion s p a c e c r a f t  s t r u c -  
t u r e  of a i r f r ame  002, a f l ight-weight  Block I s t r u c t u r e  wi th  crew couch s t r u t s ,  f l i gh t -we igh t  
hea t  s h i e l d ,  crew windows, and o t h e r  Apollo f l i g h t  hardware. 

The launch escape system cons i s t ed  of t he  major s t r u c t u r e s  and systems shown i n  f i g u r e  4-4. 
The launch escape tower was a t t ached  t o  the  cornaand module by exp los ive  b o l t s .  
j e t t i s o n ,  t he  b o l t s  were pyro techn ica l ly  severed and t h e  tower j e t t i s o n  motor was i g n i t e d .  For 
a b o r t s  r e q u i r i n g  use of t he  launch escape system, the  launch escape motor (and p i t c h  c o n t r o l  
motor f o r  low-al t i tude a b o r t s )  would have been f i r e d  t o  propel  t h e  command m d u l e  away from t h e  
launch veh ic l e .  A f t e r  launch escape v e h i c l e  turnaround, t h e  tower would have been sepa ra t ed  from 
t h e  couunand module by i g n i t i o n  of  t he  exp los ive  b o l t s  and f i r i n g  of the  tower j e t t i s o n  m t o r .  

For a normal tower 
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Original configuration Final  configuration 

Figure 4-3.- Little Joe vehicle. 
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TABLE 4-1.- LAUNCH VMICLE CONFIGURATIOH SUMMARY 

A-003 A 4 0  4 

139 131 

23 185 
9361 

101 328 
5867 

X 
- 

5 
2 
2 

X 
X 

X 
- 

X 

X 
X 

- 

X 
X 

1 
39 
36 

- 
X 

I I t e m  A-001 A-002 

94 331 - 
27 692 - 

117 189 Launch weight ,  l b  . . . . . . . . .  
Payload : 

Weight, l b  . . . . . . . . . . .  
Ballast ,  l b  . . . . . . . . . . .  

Airframe: 

Weight i nc lud ing  motors,  l b  . . .  
B a l l a s t ,  l b  . . . . . . . . . . .  
Fixed f i n  . . . . . . . . . . . .  
Cont ro l l ab le  f i n  . . . . . . . .  

Propuls ion:  

F i r s t  s t a g e  (Rec ru i t )  . . . . . .  
F i r s t  s t a g e  (Algol) . . . . . . .  
Second s t a g e  (Algol) .  . . . . . .  

I 
24 225 - 25 335 - 27 836 - 

32 941 

X 
- 
- 

32 595 

X 
- 
- 

58 030 
8609 

X 
- 

144 309 
5044 

X 
- 

4 
2 - 

- 
3 
3 

A t t i t u d e  c o n t r o l  : 

P i t c h  programmer . . . . . .  
Pi t chup  c a p a b i l i t y  . . . . .  
React ion c o n t r o l  . . . . . .  
Aerodynamic c o n t r o l  . . . . .  

X 
X 
X 
X 

X 

X 
X 

- . .  . .  . .  . .  
i 

W command: 

Range s a f e t y  d e s t r u c t  . . . .  
Pi t chup  and abor t  . . . . . .  Thrust  t e rmina t ion  and a b o r t .  

Abort . . . . . . . . . . . .  

. .  . .  . .  . .  
E l e c t r i c a l :  

Primary . . . . . . . . . . . . .  
Ins t rumen ta t ion  . . . . . . . . .  X - X 

X 

2 
58 
37 

Ins t rumen ta t ion  : 

RF t r a n s m i t t e r s  . . . . . . . . .  
Telemetry measurements . . . . .  
Landline measurements . . . . . .  

Radar beacon: 

Launch v e h i c l e  . . . . . . . . .  
Payload . . . . . . . . . . . . .  

( b )  
13 
45 

- 
X 

- 
X 

Q u a l i f i c a t i o n  test veh ic l e .  a 

bLocated i n  payload. 
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Figure 4-4.- Launch escape vehicle configuration for mission A-003. 
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Early i n  t h e  f l i g h t  t e s t i n g  phase of the  L i t t l e  Joe I1 program, d a t a  from o t h e r  sources in-  
dicated t h a t  previously designed d e s t a b i l i z i n g  s t r a k e s  on the  comand module were i n e f f e c t i v e  i n  
assur ing a blunt-end-forward a t t i t u d e  following an abort .  (The design of t h e  parachute recovery 
system required that the forward heat  sh ie ld  and parachutes be deployed i n t o  t h e  wake of t h e  can- 
mand module when descending a t  high ve loc i t ies . )  To assure  t h e  proper command module a t t i t u d e  
f o r  a l l  abort  condi t ions,  two wing-like surfaces ,  ca l led  canards, were added t o  t h e  forward end 
of t h e  launch escape system ( f i g .  4-4). The canards were deployed by a pyrotechnic t h r u s t e r  act-  
ing through a mechanical linkage. The t h r u s t e r  a l s o  contained a hydraul ic  a t tenuator  f o r  c o n t r o l  
of the  deployment speed and a mechanical lock t o  maintain the  surfaces  i n  the  f u l l y  open p o s i t i o n  
following deployment. 
Apollo missions; however, the tests conducted during the  L i t t l e  Joe  I1 program demonstrated t h a t  
t h e  system would have performed i t s  funct ion successfu l ly  had it been required. 

The launch escape system was  never required t o  be used during any of  t h e  

A t  about t h i s  same t i m e  in the  program, severe abrasion of t h e  comPand module windows w a s  
found t o  have been caused by the  launch escape motor exhaust. 
quired by Apollo crews i n  the event o f  an abort  a f t e r  launch escape tower j e t t i s o n i n g ,  a boost 
pro tec t ive  cover was designed t o  envelop the  comnand module during the  e a r l y  boost s tage  of  an 
Apollo mission. 
was bonded. 
cover assembly w a s  a t tached t o  the  launch escape tower base and w a s  separated from t h e  comand 
module when the  tower was  j e t t i s o n e d .  

Since v i s u a l  references were re- 

The cover wa8 fabr ica ted  from f i b e r g l a s s  c l o t h  t o  which an outer  layer  of cork 
Windows were a l s o  i n s t a l l e d  t o  allow v i s i b i l i t y  from within the  command module. The 

4.2.4 Concluding Remarks 

The L i t t l e  Joe I1 launch vehic le  proved t o  be very acceptable f o r  use i n  t h i s  program. 
d i f f i c u l t i e s  were experienced. 
t o  do so because improperly i n s t a l l e d  primacord did not propagate the i n i t i a l  detonation t o  t h e  
shaped charges on the Algol engine case. 
control led about 2.5 seconds a f t e r  l i f t - o f f  when an aerodynamic f i n  moved t o  a hardover pos i t ion  
as the  r e s u l t  of an e lec t ronic  component f a i l u r e .  
test program was  completed. 

Two 
The q u a l i f i c a t i o n  test vehicle  did not d e s t r u c t  when commanded 

The fourth mission (A-003) launch vehic le  became un- 

These problems were corrected and t h e  abort  

Minor spacecraf t  design def ic ienc ies  in the parachute reef ing  c u t t e r s ,  t h e  drogue and main 
parachute deployment mortar mountings, and the  conmind modulelservice module umbilical c u t t e r s  
were found and corrected before the  manned Apollo f l i g h t s  began. However, a l l  commend modules 
flown achieved s a t i s f a c t o r y  landing conditions and confirmed t h a t ,  had they been manned space- 
c r a f t ,  the  crew would have survived the  abort  conditions. 

4.3 COMMAND AND SERVICE MODULE DEVELOPMENT PROGRAM 

4.3.1 Introduct ion 

The Apollo program was, from t h e  o u t s e t ,  planned as a multiphase program with each phase 
serving,  t o  the extent  possible ,  as q u a l i f i c a t i o n  f o r  subsequent phases. 
t o  overlap and were o r i g i n a l l y  defined as follows. 

The phases were planned 

The f i r s t  phase was l imi ted  t o  manned, low-altitude, ear th-orb i ta l  f l i g h t s  using a Saturn I 
launch vehicle .  
preparat ion of d e t a i l  spec i f ica t ions ,  development of spec ia l  manufacturing techniques, and t h e  
fabr ica t ion  of breadboards and f l i g h t  test hardware. 
of lunar  landing and re turn .  

Contractor and subcontractor e f f o r t s  emphasized d e t a i l  design and ana lys i s ,  

The spacecraf t  w a s  designed t o  be capable 

The second phase consis ted of circumlunar, lunar -orb i ta l ,  and parabol ic  en t ry  test f l i g h t s  
using the  Saturn-V-type ,aunch vehic le  f o r  the purpose of f u r t h e r  development of t h e  spacecraf t  
and opera t iona l  techniqueb and f o r  lunar  reconnaissance. 

The t h i r d  phase consis ted of manned lunar  landing and re turn  missions using e i t h e r  Nova-class 
launch vehic les  o r  Saturn-V-type launch vehicles .  
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The spacecraf t  design concept a t  t h e  i n i t i a t i o n  of the  Apollo program w a s  a v e h i c l e  capable  
of  descending d i r e c t l y . t o  the  l u n a r  sur face .  
dezvous technique had a major impact on the  design. Since the  d i r e c t  landing c a p a b i l i t y  w a s  no 
longer  needed, t h e  propuls ion requirements were changed t o  provide only  f o r  midcourse c o r r e c t i o n s ,  
lunar -orb i t  i n s e r t i o n ,  and t r a n s e a r t h  i n j e c t i o n .  The new mission p r o f i l e  a l s o  n e c e s s i t a t e d  re- 
v i s i o n s  t o  t h e  command module t o  incorpora te  provis ions  f o r  rendezvous and docking wi th  a l u n a r  
module and crew t r a n s f e r  between vehic les .  

Thus, t h e  dec is ion  in 1962 to use the  l u n a r  ren- 

During the e a r l y  conceptual design per iod,  t h e  need f o r  a number of  a d d i t i o n a l  changes be- 
came evident .  For ins tance ,  t h e  o r i g i n a l  concept of employing a land landing system on t h e  com- 
mand module was d i scarded  in favor  of  a water landing system, and t h e  hea t  s h i e l d  design w a s  
changed from one u t i l i z i n g  a b l a t i v e  t i l es  t o  one i n  which honeycomb c e l l s  were f i l l e d  wi th  abla-  
t i v e  material. Because of the  complexity of  t h e  program, t h e  s ta te-of- the-ar t  development, and 
concurrent  a c t i v i t i e s ,  these  and o t h e r  changes could not  be a c c m o d a t e d  wi th  t h e  e x i s t i n g  f a c i l -  
i ties, test equipment, and s p e c i a l  s k i l l s .  As a r e s u l t ,  a program d e f i n i t i o n  s tudy was conducted 
in 1964 t o  def ine  t h e  func t iona l  realignment of the  command and s e r v i c e  module systems t h a t  was 
mandatory f o r  the  l u n a r  mission vehic les .  The r e s u l t s  d i c t a t e d  a two-phase development program 
whereby t h e  command and s e r v i c e  module w u l d  f i r s t  be developed without t h e  l u n a r  mission capa- 
b i l i t y  (Block I) and subsequently redesigned t o  accomodate  the  l u n a r  module and o t h e r  systems 
advancements (Block XI). The purpose in div id ing  t h e  program w a s  t o  test t h e  b a s i c  s t r u c t u r e  
and systems as quickly as poss ib le ,  while  providing the  time and f l e x i b i l i t y  t o  incorpora te  
changes. Thus, i n  a d d i t i o n  t o  the  incorpora t ion  of equipment f o r  lunar  missions,  Block I1 space- 
c r a f t  contained a g r e a t  number of ref inements  and improvements of systems and equipment. 
of  these were t h e  result of  cont inuing research.  whereas some evolved frcm unmanned f l i g h t s  and 
ground tests. 

Some 

4.3.2 Block I and Block I1 Hardware 

4.3.2.1 B o i l e r p l a t e  spacecraf t . -  The f i r s t  v e h i c l e s  used in t h e  test program were known as 
These were pre-production spacecraf t  t h a t  were similar t o  t h e i r  produc- b o i l e r p l a t e  spacecraf t .  

t i o n  counterpar t s  in s i z e ,  shape, mass, and c e n t e r  of grav i ty .  These v e h i c l e s  were used f o r  par- 
achute  research  and development, water drop tests, s t u d i e s  of s t a b i l i t y  c h a r a c t e r i s t i c s ,  v i b r a t i o n  
t e s t s .  f l i g h t  tests, and o t h e r  purposes lead ing  t o  the  proper design and development of  t h e  a c t u a l  
spacecraf t  and its systems. 
ing of d a t a  f o r  engineer ing study and evaluat ion.  

Each b o i l e r p l a t e  was equipped v i t h  instrumentat ion t o  permit record- 

4.3.2.2 Block I spacecraf t . -  The Block I spacecraf t  were limited-production f l ight-weight  
spacecraf t  used f o r  f l i g h t  systems developpent and q u a l i f i c a t i o n .  
ducted t o  v e r i f y  production spacecraf t  s t r u c t u r a l  i n t e g r i t y ,  systems opera t ion ,  and systems com- 
p a t i b i l i t y .  
missions was  conducted t o  confirm t h e  compat ib i l i ty  of  the spacecraf t  and launch v e h i c l e  and t o  
eva lua te  prelaunch, mission, and postmission operat ions.  
( o r i g i n a l l y  designated AS-204 and later designated Apollo I) was planned t o  confirm t h e  compati- 
b i l i t y  of  t h e  spacecraf t  and crew; however, the  spacecraf t  was destroyed during a prelaunch test 
on January 27, 1967, and the  crew, a s t r o n a u t s  V i r g i l  I. Grissom, Edward H. White XI, and Roger 
8. Chaffee,  were l o s t  in the  r e s u l t i n g  f i r e .  While an i n v e s t i g a t i o n  of the  acc ident  was being 
conducted and c o r r e c t i v e  a c t i o n s  taken, t h e r e  was a h i a t u s  of about 18 months before  another  
manned mission was  ready. 

The i n i t i a l  missions were con- 

A f t e r  the s t r u c t u r e  and systems tests were completed, a series o f  unmanned f l i g h t  

A manned Block I spacecraf t  mission 

4.3.2.3 Block I ground test v e h i c l e s  and f ix tures . -  One b o i l e r p l a t e  and s e v e r a l  s p a c e c r a f t  
modules were used in var ious  ground tests a t  the  manufacturer 's  f a c i l i t y  and a t  t h e  Manned Space- 
c r a f t  Center t o  provide da ta  on systems performance p r i o r  t o  f l i g h t  t e s t i n g .  

Service propuls ion system ground t e s t i n g  was accomplished with three  test f i x t u r e e .  The f i x -  
t u r e s  were unique platforms f o r  the tests and were f u l l y  instrumented t o  record engine and propel- 
l a n t  system performance through var ied  opera t ing  ranges.  
f l ightworthy service propuls ion system and e l e c t r i c a l  power system was used t o  demonstrate t h a t  
t h e  s e r v i c e  module was compatible wi th  a l l  i n t e r f a c i n g  systems and s t r u c t u r e  and t o  eva lua te  t h e  
performance of  t h e  s e r v i c e  propuls ion system. 

A s e r v i c e  module having a complete 
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