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APOLLO CONTAMINATION ANALYSIS 

FINAL REPORT 

PART I 

MICRODENSITOMETER-MEASUREMENT TECHNIQUES 

AND DATA-REDUCTION PROCEDURES 

1 .  SUMMARY O F  PROJECT ACCOMPLISHMENTS 

The broad  objectives of the  Apollo Contamination Analysis  project  were 

a quantitative analysis  of the  clouds fo rmed  by liquids vented into space 

during Apollo mi s s ions  and the  generat ion of models  represent ing the behavnor 

of these  clouds.  Th is  information i s  expected to be  useful  in evaluating the 

possibil i ty that  such  clouds may  contaminate var ious  exper iments  c a r r r e d  o n  

manned space  mi s s ions .  The  behavior of the  clouds i s  a l so  in teres t ing as a 

scientif ic topic i n  i t s  own right .  

The liquids re leased  into space  a r e  p r imar i l y  oxygen, hydrogen, o r  

wa t e r .  In the  vacuum of space,  a f rac t ion  of the  re leased  liquid inxnediately 

vapor izes ,  f reezing the  remaining m a t e r i a l  into a cloud of s m a l l  solid 

par t i c les .  

I a n  The  investigation was initiated a s  a joint effort  between the Smi thsor '  

As t rophys ica l  Observa tory  (SAO) and Bel lcomm. The  principal  investigate r, 

Dr .  Cha r l e s  Buffalano, and h i s  coinvest igators  a t  Be l lcomm devoted their  

ma in  efforts  to modeling the  cloud phenomena. The SAO effort  concentrated 

on the  reduction of observat ional  data .  

The  proposed scope of the  project ,  a s  amended in  January,  1970, 

emphasized reduction and analysis  of the  extensive photographic observat ions  



of the  clouds produced by the  Apollo 12 miss ion .  The  p ro jec t  a l so  encom-  

passed additional, but supplementary ,  efforts  to obtain and study obse rva -  

t ions of the  clouds assoc ia ted  with the  Apollo 13  and 14 mi s s ions .  

The  number  of Baker-Nunn photographs to be  analyzed f r o m  Apollo 12  

requ i red  tha t  f i l m  measu remen t  and da ta  process ing be  automated.  Hence,  

SAO f i r s t  adapted its microdens i tomete r  to automat ic  digital  operat ion.  

Appropr ia te  compute r  p rog rams  w e r e  p repared  to  p roce s s  the  image-densi ty  

measu remen t s .  The  speci f ic  p rocedures  used in  the da ta  reduction a r e  

documented in  P a r t  I of this  r epor t .  

A substant ia l  se lect ion of the Apollo 12 da ta  have been  p rocessed .  Boi;h 

hydrogen and oxygen clouds a r e  represen ted  in  t he se  data .  Th is  data  base 

i s  the  sub jec t  of P a r t  I1 of th i s  repor t .  

Some l imi ted da ta  w e r e  obtained f r o m  Apollos 13  and 14, but the  Apollo 

12 da ta  r ema in  by f a r  the  m o s t  comprehens ive .  The  observat ional  m a t e r i a l  

avai lable  on each  of the Apollo mi s s ions  is summar i zed  within P a r t  I1 of 

t h i s  repor t .  

While Apollo 12 data  ana lys i s  was  in  p r o g r e s s  a t  SAO, the  Bellcomrn 

invest igators  refined t h e i r  theory  and mode ls  of the cloud phenomena 

(Buffalano, 1971 ; Sha rma  and Buffalano, 1971). The  mode ls  w e r e  ini t ial ly applied 

to oxygen da t a  f r o m  e a r l i e r  Apollo mi s s ions .  However,  the  a ccu racy  of t he se  

e a r l i e r  data  is i n f e r i o r  to  tha t  f r o m  Apollo 12 da ta  (Lundquist,  1970). Sharrna, 

Kra tage ,  and Buffalano (1 9 71) have a l so  d i s cus sed  the  rep0 r ted  observat ions  

of wa t e r  dumps f r o m  Apollo 12. 

A s  a f inal  s t ep ,  the  oxygen and hydrogen da ta  f r o m  Apollo 12 Bake r  -Nunn 

photographs can  be  used with the  cloud models .  This  is the subject  of Part III 

of th is  r epo r t .  



2. PHOTOGRAPHIC DATA 

2 . 1  Baker-Nunn F i l m s  of Apollo Clouds 

Th ree  types of photographs a r e  t akenon  each Baker-Nunnfilrn of Apollo 

clouds.  The f i r s t  type cons i s t s  of t ime  exposures  without the  di f fuser  ave r  

the lens .  These  a r e  the f r a m e s  on which the cloud images  a r e  measu red  

with the m i c  rodensi tometer .  

These  regu la r  t ime  exposures  of the cloud a r e  a l ternated with f ram.es 

taken while the diffuser i s  over  the  c a m e r a  l ens  (Southworth, 19661, The dif- 

f u s e r  sp r eads  out the light f r o m  a s t a r  so  that  i t  can  be measu red  with the 

microdens i tomete r  and integrated fo r  the purpose  of cal ibra t ing the f i lm.  The 

cloud images  on di f fuser  f r a m e s  a r e  not measured .  

At the beginning and end of each  f i l m  a r e  f r a m e s  containing step-wedge 

exposures  fo r  obtaining the D-log E curve of the f i lm. 

2 . 2  Step Wedges 

The step-wedge images  on f i lms  of Apollo clouds a r e  produced by using 

a n  E a s t m a n  process ing  control  sens i tomete r  Model 60. The instrurueen.i: con- 

ta ins  a cal ibra ted lamp, f i l t e r s ,  and a s tep  tablet.  The s tep  table t  contains 

21 s t r i p s  whose densi ty  va r i e s  f r o m  about 0.05 to  3.05 in  s teps  of 0-15 (a fac- 

t o r  of 4 2  i n  intensity). The film i s  inse r ted  i n  a s lo t  behind the s tep  table t ,  

When the button i s  p r e s sed ,  a p r ec i s e ly  t imed 0. l - s e c  exposure  i s  produced 

on the f i lm. 

Since the t ime  exposures  of the Apollo clouds a r e  a l l  considerably  longer  

than 0 . 1  s e c  (up to 32 sec) ,  the  cal ibra t ion f r o m  this  sens i tomete r  does not 

apply d i r ec t l y  to the cloud photographs, because  of the effect of reciproci ty  

fa i lure .  A way to ca l ib ra te  fo r  longer  exposures  i s  to  i nc r ea se  the density of 

the neutra l -densi ty  f i l t e r s  and take multiple 0.1 - s e c  exposures .  



3.  MEASURING AND RECORDING EQUIPMENT 

The equipment u sed  to  m e a s u r e  Apollo cloud photographs cons i s t s  sf 

t h r e e  s epa ra t e  units:  a Joyce-Loebl  mic rodens i tomete r  model  MK 111 C. S, , 
a n  automat ic  d r i ve  manufactured by Technical  Operat ions  Inc., and the DHE: 

(Data-Handling Equipment)  manufactured by As t roda ta  f o r  the C e le  scope 

P ro j ec t .  

3.1 Microdens i tomete r  

The Joyce-Loebl  mic rodens i tomete r  m e a s u r e s  densi ty  by comparing 

the densi ty  of the  sample  to that  of a ca l ib ra ted  g r a y  wedge of continu- 

ously  varying density.  The l ight  f r o m  a l a m p  i s  sp l i t  into two beams, one 

of which p a s s e s  through the  sample ,  and the o ther  through the g r a y  wedge, 

A photomult ipl ier  a l t e rna te ly  r e ads  the s amp le  b e a m  and the gray-wedge beam 

and moves  the  g r a y  wedge through a s e rvomechan i sm  until  the in tensi ty  of the 

two beams  is equal .  The g r a y  wedge is physically connected to a pen t h a t  

r e c o r d s  the densi ty  on a piece of g r aph  paper .  The table holding the g raph  

pape r  is connected through a ra t io  a r m  to the spec imen  table.  As  the speci- 

m e n  is scanned,  the densi ty  a t  e ach  point is recorded  on the g r aph  paper, 

Afte r  the b e a m  has  passed  through the sample ,  i t  i s  magnified by a 

f a c t o r  of 10 and pa s se s  through a va r iab le - s ized  opening before  being m e a s -  

u red  by the photocell. The  opening is a rec tangula r  s l i t  whose width and 

length can  be  adjusted.  Alternatively,  one can  i n s e r t  f ixed-aper tu re  plates 

to de t e rmine  the opening. The mic rodens i t ome te r  being used ha s  circular 

f ixed-aper tu re  plates of d i a m e t e r  0. 33, 0 .5 ,  1 . 0 ,  and 2.0 mm. W i t h  a m a g -  

nif icat ion f ac to r  of 10, the  s amp le  a r e a s  being scanned a r e  c i r c l e s  of d i ame te r  

3 3 ,  50, 100, and 200 p f o r  each  of the pla tes .  

The position of the pen can  be  adjusted by a zeroing knob s o  that  the 

range  of the pen is sui table  f o r  the a p e r t u r e  and densi ty  being m e a s u r e d ,  

F o r  v e r y  s m a l l  a p e r t u r e s  and high dens i t i e s ,  the s amp le  beam is so  weak 

tha t  noise  in  the ampl i f i e r  m a y  be  a problem.  At  the o ther  e x t r e m e  of very 



c l e a r  s amp le s ,  i t  m a y  be  n e c e s s a r y  to add f i l t e r s  in  the path of the sample  

b e a m  s o  that the s ignal  c a n  be  balanced agains t  the gray-wedge beam.  

The  ra t io  a r m  between the s amp le  table  and the record ing  table can  be 

s e t  f o r  ra t ios  50, 20, 10, 5, 2, and 1.  The recording table has  a maxirn.urn 

t ravel ing range of about 26 c m .  The length of a s c a n  on the sample  i s  26 c m  

divided by the l eve r  ra t io .  

The s amp le  table can  be  moved perpendicular  to the d i rec t ion  of s c a n  

e i the r  an  a r b i t r a r y  amount o r  in mul t ip les  of 1. 25 o r  25 y. When the sample  

i s  moved i n  d i s c r e t e  jumps,  a counter  r e c o r d s  the number  of jumps.  The 

d i sp lacement  perpendicular  to the d i rec t ion  of s can  is then the n u m b e r  of 

jumps t i mes  the s t ep  s i z e  se lec ted  (e i the r  1 .  25 o r  25 p). 

3.2 Automatic Drive  

This  unit  i s  p a r t  of a n  i sodens i t r a ce r  designed fo r  making contour m a p s  

of the  densi ty  of a sample .  The unit being used  contains only the p a r t  of the 

i sodens i t r a ce r  that  d r i ve s  the mic rodens i tomete r  t o  s c a n  automat ical ly  a 

rec tangula r  a r e a .  The automat ic  d r ive  controls  the  table movement  and the 

stepping mo to r  that  moves  the sample  ove r  to  s c a n  a new line. W h e n  the 

automat ic  d r i ve  is put  into the automat ic  mode, the table  is d r iven  f o r w a r d  

until  the end of the s c a n  is reached.  The table i s  then put  i n  r e v e r s e  and t h e  

sample  moved  ove r  to  s c a n  a new line. The automat ic  d r i ve  has  f ive stepping 

swi tches  tha t  wil l  cause  the sample  to  be moved 1, 2, 4, 8, o r  16 s teps  be-  

tween each scan.  With the p r o p e r  combination of switches,  the number  of 

s t eps  between each s c a n  can  be var ied  f r o m  1 to  31. When the de s i r ed  a r e a  

has been scanned,  the automat ic  d r i ve  i s  taken out of automat ic  mode  t o  s top  

the scanning. 

3 .3  DHE Equipment  

The DHE equipment is u sed  fo r  automat ical ly  digitizing and record ing  

the densi ty  m e a s u r e m e n t s  made  by the microdens i tomete r .  The re  a r e  t h r ee  

inputs to  the DHE: apo ten t iomete r  linked t o  the densi ty  wedge to r e ad  dens i ty ,  a 



potent iometer  turned by the table a s  i t  s c ans  the sample ,  and a swi tch for 

turning the DHE on when the table  is going fo rward  and off when each  s c a n  

i s  completed.  The potent iometer  that  r e co rds  the position of the table 

revolves  s e v e r a l  t imes  during one s c a n  s o  that  the output i s  a sawtooth, which 

m u s t  be  rect i f ied  to a continuous function during ana lys i s .  The readings of 

the densi ty  potent iometer  a r e  continuous. The  DHE supplies 4 v a c r o s s  each 

potent iometer ,  and the  readings  a r e  digit ized i n  the range 0 to 255 decinnal. 

When the DHE rece ives  the s ignal  to s t a r t ,  i t  d ig i t izes  the readings  of 

the  position and densi ty  potent iometers  10 t imes  a second and s t o r e s  the 

values  i n  i t s  m e m o r y  unit. When the s ignal  to  s top  i s  received,  the in forma-  

t ion i s  wr i t t en  onto 9 - t r a ck  magnet ic  tape .  E a c h  s c a n  t he r e fo r e  r e su l t s  i n  one  

r e co rd  on the 9 - t r a ck  tape .  The  beginning of each  r eco rd  contains header  

data ,  which can  be  s e t  by thumb wheels on  the DHE. 

3 .  4 C i r cu i t  f o r  DHE Switch on  Automatic Drive  

The  connection to  the DHE f o r  s t a r t ing  and stopping a r e c o r d  cons i s t s  

of w i r e s  #1, 2, and 3 .  Wire  #1 is common.  When #1 is connected to #2, 

the DHE is on. When #1 is connected to  # 3 ,  the DHE is off. Owing to the 

speed  with which the DHE opera tes ,  o rd ina ry  switches and re lays  we re  found 

to be  unsuitable because  the contacts  bounced. There fore ,  a mercury-wet ted  

r e l ay  was  added to the  automat ic  d r i ve  fo r  controll ing the DHE. 

The K2 r e l ay  i n  the automat ic  d r i ve  ope ra t e s  only when the table is being 

d r i ven  fo rwa rd  in  the automat ic  mode.  The  coi l  of the K2 r e l ay  opera tes  on 

25 v AC. Some of the c u r r e n t  operat ing the  K2 r e l ay  i s  rec t i f ied  to opera te  

the DHE r e l ay  by the  c i r cu i t  shown in  F i g u r e  1 .  The  t i m e  constant  of the 

rec t i f i e r  c i r cu i t  is 

4 - 6 -2 
T = RC = 1 .1  X 10 X 5 X 10 = 5 . 5  X 10 = 0.055 s e c  

The  t ime  constant  is g r e a t e r  than 1 /60  s e c  f o r  one cycle  of the A G  supply 

voltage and s h o r t e r  than  1 /10  s e c  between the  points digitized by the 



DHE. However, because  of the delay i n  turning off the DHE, i t  i s  poss ib le  

f o r  one point to be  taken a f t e r  the s c a n  i s  completed and the table  starts to 

r e v e r s e .  

PEN 8 

PIN 7 

Figu re  1. Rec t i f i e r  c i r cu i t  f o r  DHE re lay.  

To  be able  to opera te  the mic rodens i t ome te r  without having the data 

recorded  by the  DHE, a DPDT toggle switch (the DHE switch on the automatic 

dr ive)  is  used to  ove r r i de  the  DHE re lay.  T h e  c i r cu i t r y  i s  shown i n  

F i g u r e  2. 

P 
I 

I 

PIN I PIN 3 PIN 2 

TO DHE 

DHE 
RELAY 
(SPDT) 

DHE 
SWITCH 
(DPDT 1 

F i g u r e  2.  C i rcu i t  f o r  controll ing DHE i n  automat ic  d r ive .  



3. 5 Operating Ins t ruct ions  

3 .  5. 1 Microdens i tomete r  and automatic d r ive  

Since the manuals  f o r  these  ins t ruments  de sc r ibe  i n  deta i l  the operation 

of the machines ,  t he r e  i s  no need to repea t  everything here .  Briefly,  the 

s teps  a r e  the following: 

1. Tu rn  on power switch on automatic dr ive .  

2. On microdens i tomete r ,  t u rn  on POWER, LAMP, and PEN. If pen goes 

off s ca l e  when machine w a r m s  up, t r y  turning the  SYNC switch.  

3. P l ace  sample  on spec imen  table.  

4. Check focus  and al ignment of sample  beam.  

5. Select  l e v e r  ra t io  by moving pivot to p rope r  hole. 

6 .  With switches  on automatic d r ive ,  se lec t  de s i r ed  number  of s teps  

between scans .  

7 .  Leave di rect ion switch i n  REVERSE f o r  automatic operation.  

8. If a p e r t u r e  m u s t  be  changed, t u rn  pen off during change. 

9 .  Z e r o  the pen s o  that  i t  i s  a l i t t le  above the  min imum when f i lm fog is read. 

10. Set header  thumbwheels on DHE. 

11. Run the  machine through a few scans  without the DHE switch on. to  s e e  

that  everything i s  operating proper ly .  

12. Check that  the  s tepper  i s  engaged to move the  counter.  

13. T u r n  the s tep  counter  to ze ro ,  approaching z e r o  f r o m  the  negative d i r e c -  

tion. 

14. When ready to take data,  t u rn  DHE switch on automatic d r ive  t o  ON. The 

DHE will s t a r t  taking data  only when the DHE switch i s  ON and the table 

i s  moving forward  i n  the  automatic mode.  When the table r e v e r s e s ,  a 

re lay  will t u rn  the  DHE off even though the DHE switch i s  ON. When the 

table  goes fo rward  again, the re lay  will  t u r n  the DHE on f o r  the next 

record .  



15. T u r n  switch to automat ic  on automatic d r ive .  

16.  When the de s i r ed  s amp le  a r e a  has  been scanned,  t u rn  the switch f r o m  

automat ic  to manual  on the automat ic  d r ive .  This  should be done during 

the r e v e r s e  cycle  a f t e r  the s t eppe r  has  operated.  

17. Tu rn  DHE switch O F F  on automatic d r ive .  

18. If another  s amp le  i s  to be  scanned,  repea t  whatever s teps  a r e  necessary. 

19. To t u rn  machine off, t u r n  off PEN, LAMP, and POWER switcl?es o n  micro- 

dens i tomete r  and POWER switch on automatic dr ive .  

3. 5. 2 DHE 

The DHE equipment cons i s t s  of four  bays .  Only the two bays on the right 

(bays 3 and 4) a r e  used in  the  microdens i tomete r  mode.  Bay 4 i s  the 9-track 

tape-dr ive  unit. Bay 3 contains the control  panel, the  analog-to-digital  conver- 

t e r ,  and the cen t r a l  memory .  The s teps  i n  the operation of the DWE are given 

below. 

START PROCEDURE 

1. Check that  DHE switch on automatic d r ive  i s  O F F .  

2. T u r n  on c i rcu i t  b r e a k e r s .  

3. Tu rn  power switch ON (bottom of bay 3). 

4. Turn  power switch ON (bottom r e a r  of bay 4). Check that  the internal 

connector  cables  a r e  at tached.  

5. Tu rn  power  ON (top f ron t  of bay 4) .  

6. Tu rn  power ON (top f ront  of bay 3).  

NOTE: Indicator  light i s  out. P r e s s  button only once. 

7. P r e s s  MASTER RESET (bay 3). 

8. T u r n  on m e m o r y  power (switch labeled FABRI TEK, POWER CONTROL 

on bottom of bay 3). 



9.  P r e s s  MASTER RESET again. 

10. P r e s s  MICRODENS button (bay 3 ) .  

11. Open tape-dr ive  window. 

12. Check that  the density i s  HIGH and tape speed LOW. 

13. Clean tape heads.  Check f o r  shredded tape indicating a malfunction of 

the tape d r ive .  

A. Use  Q-tips soaked in  alcohol f o r  me ta l  pa r t s .  

B. Use FREON s p r a y  f o r  rubber  pa r t s .  

14. I n se r t  r ing in tape. 

15. Load tape on right  ree l .  Make s u r e  tape i s  on flat  and tight. Thread 

tape and wrap  around left wheel s e v e r a l  t imes .  

16.  P r e s s  T A P E  LOAD switch to s t a r t  vacuum, and then p r e s s  TAPE I,OAD 

again to t u rn  off vacuum. 

17.  As vacuum i s  dying down, t u r n  wheels to le t  tape into both tape channels, 

18. P r e s s  TAPE LOAD th ree  t imes  to t u r n  vacuum ON, O F F ,  and O N  again 

so  tape will  be p roper ly  positioned in  tape channels.  

19.  Check again that  tape i s  tight on r ight  wheel and c lo se  tape-dr ive  window, 

Hold la tch  on window until window i s  c losed.  

20. P r e s s  LOCAL button on bay 4. 

21. P r e s s  FORWARD to run tape pas t  load point. If tape stops at load point, 

p r e s s  FORWARD again. 

22. P r e s s  STOP. 

23. P r e s s  REVERSE (not REWIND) to r e tu rn  tape to load point. The load  

point m u s t  always be  approached f r o m  r e v e r s e .  

24. P r e s s  REMOTE on bay 4. The WRITE ENABLE button should light on 

bay 3 when REMOTE i s  p ressed .  I f  i t  does not, e i the r  t he r e  is no r ing  

in  the tape,  o r  the s y s t e m  i s  not r e s e t ,  o r  the tape i s  not a t  the load point. 

NOTE: The tape ha s  a tendency to c r e e p  until the  tape d r ive  i s  warmed up ,  



25. Set  heade r  data,  using thumb wheels on bay 3. The top row is characters 

1 ,  3, 5, e t c . ,  and the bottom row i s  c h a r a c t e r s  2, 4,  6, e tc .  

26. Take data  with microdens i tomete r .  

27. P r e s s  END OF F I L E  button on bay 3 to wr i te  end of f i l e  m a r k  on tape. 

STOP PROCEDURE 

1. Wri te  end of f i le  (if not done previously).  

2. P r e s s  LOCAL on bay 4. 

3. P r e s s  REWIND. 

4. Open tape-dr ive  window. 

5. P r e s s  TAPE LOAD switch to t u rn  off vacuum. 

6. Remove tape.  

NOTE: If second tape i s  to be wri t ten ,  go to s t ep  14  of START PROCEDURE 

7 .  T u r n  power off on top f ron t  of bay 4. 

8. C lose  tape -d r ive  window. 

9.  T u r n  power switch O F F  on r e a r  of bay 4. 

10. P r e s s  MASTER RESET on bay 3. 

11. T u r n  m e m o r y  power O F F  on bottom of bay 3 (labeled FABRI TEK) .  

NOTE: Power  should never  be turned off on bay 3 while m e m o r y  switch is 

on, because  the su rge  might  damage the m e m o r y  unit. 

12. P r e s s  MASTER RESET again. 

13. Tu rn  power off on top f ront  of bay 3. 

14. T u r n  power O F F ,  bottom of bay 3 .  

15. Tu rn  off re lays .  

ERROR LIGHTS - bay 3 

1.  PARITY ERROR. T r y  MASTER RESET and MICRODENS to clear the 

light. 



2. BUFFER OVERFLOW. T r y  MASTER RESET and MICRODENS. 

3 .  TAPE TIME ERROR. Does not m a t t e r  i n  microdens i tomete r  mode,  



4. DATA PROCESSING 

4 . 1  F o r m a t  of Data on 9 -Track  Tape 

Each  byte on  the 9 - t r ack  tape cons i s t s  of nine bits ,  one of which i s  a 

par i ty  bit  and eight of which a r e  data .  Each  r eco rd  contains header  data and  

measu remen t s .  In  the  header  information,  the  eight data  b i t s  r ep re sen t  two 

hexadecimal c h a r a c t e r s  of four  bits  each. Table  1 gives the  convers ion 

between binary,  decimal ,  and hexadecimal.  

Table  1 .  Number  conversion.  

Decimal  (base 10) Binary (base 2) Hexadecimal (bas e I 6 



The f i r s t  24 hexadecimal digits  of each  r eco rd  a r e  the  numbers  d ~ a l e d  

in  on the  thumb wheels.  The thumb wheels go only f r o m  0 to 9.  The next 

40 c h a r a c t e r s  a r e  filled in automatically by the DHE. Cha rac t e r s  25 and 26 

a r e  F and C .  C h a r a c t e r s  27 and 28 a r e  the r eco rd  number .  If the record  

number  goes past  99,  c h a r a c t e r  26 i s  changed to D. C h a r a c t e r s  29  through 

32 a r e  FF50  f o r  microdens i tomete r  r eco rds .  C h a r a c t e r s  33 to 40 are all 

F ' s .  Cha rac t e r s  41 to 64 a r e  not used in  microdens i tomete r  r eco rds  and con- 

ta in  random garbage.  This  space  i s  used f o r  t iming information on Ce lescope  

data .  

The data  s t a r t  with cha rac t e r  65. I t  t akes  two c h a r a c t e r s  (one byte) f o r  

each  density reading and each  position reading. Each  pa i r  of nur r~bers  i s  

followed by a s e p a r a t o r  byte of a l l  1 bits  (FF in  hexadecimal) .  Each point  

t he r e fo re  takes  t h r ee  bytes o r  s i x  hexadecimal cha rac t e r s .  The s e r i e s  

"intensity, position, F F , "  i s  repeated throughout the r e s t  of the record  uctiii 

a l l  the points i n  one s c a n  a r e  used up. If any space  i f  left in  the r eco rd ,  it is 

filled with a l l  1 bits  (FF). The DHE wr i t e s  r eco rds  of length 3160 bytes o r  

6320 c h a r a c t e r s .  

Occasionally, the DHE repea t s  the 24 c h a r a c t e r s  f r o m  41 to 64 that con- 

tain garbage in  microdens i tomete r  r eco rds .  In th is  c a se ,  the s t a r t  of the 

da ta  i s  recognized by the FF sepa ra to r .  The  data  i n  any c a s e  may  begin 

with e i t he r  the intensity, the position, o r  the FF sepa ra to r .  

The  total  number  of points possible i n  one r eco rd  i s  

MAX. NO. - - 6320 -64 - 6256 = 1042 213 
of POINTS 6 6 

F o r  Apollo f i lms ,  the 24 thumb wheels have been used a s  foll.ows: 

Cha rac t e r  Information 

1 -2  Las t  two digits  of Baker-Nunn stat ion number ,  

3 -7 The 5 -digit f i lm  number.  

8-10 F r a m e  number .  



11-12 S t a r  number  on diffuse f r a m e s ,  "00" on 
cloud o r  step-wedge f r a m e s .  

13-14 L e v e r  ra t io .  

15-16 D iame te r  in  m m  of scanning a p e r t u r e  with 
implied dec ima l  point between the cha r ac  - 
t e r s .  F o r  0. 33 m m ,  "03" i s  used.  

17-18 Number  of s t eps  between s cans .  F o r  
Apollo f i lms  t h e r e  a r e  always 25 p pe r  s tep .  

19 -24 Date of m ic rodens i t ome te r  run in  the o r d e r  
MONTH, DAY, and l a s t  two digits  of YEAR. 

4 . 2  F o r m a t  of Data on 7 - T r a c k  Tape  

E a c h  9 - t r a ck  mic rodens i t ome te r  f i l e  i s  copied and s t o r ed  on a 7 - t r a c k  

t ape  by p r o g r a m  READ9. The length of the 7 - t r a ck  r e c o r d s  i s  632 compute r  

words  ( o r  m o r e  f o r  the longer  r e c o r d s  occasionally wr i t t en  by the DHE), 

E a c h  60-bit compute r  word contains f ive 9 - t r a ck  bytes .  The 60-bit word i s  

divided into f ive 12-bit  sect ions .  The f i r s t  t h r ee  bi ts  of e ach  sect ion are 

z e r o s  and a r e  not used.  The  l a s t  nine bi ts  of e ach  sect ion a r e  the parity bit 

and the eight da ta  b i ts  of one 9 - t r a c k  byte.  

To  s ave  space  on the  7 - t r a ck  tape,  only the p a r t  of each  buffer that 

ac tual ly  contains da ta  is copied onto the 7 - t r a c k  tape,  the reby  reducing the 

s i z e  of each  r eco rd .  

4.  3 Conversi.on f r o m  DHE Posi t ion Units to Dis tance  on F i l m  

The  DHE digi t izes  a s ignal  i n  the  range  -2 to $2 v to  a number  from 0 to  

2 55 dec imal .  When the  connection between the  DHE and the mic  rodensi tomete  r 

was s e t  up, the  voltage a c r o s s  the  potent iometers  was  adjusted to be not g r e a t e r  

than 2 v. F r o m  the examination of many  r eco rds  wr i t t en  by the  DHE, it appea r s  

t ha t  the  l a r g e s t  position reading actual ly  generated by the  DHE i s  254 .  S i m e  the 

position potent iometer  ro ta tes  s e v e r a l  t imes  in the c o u r s e  of one scan ,  it  is  

n e c e s s a r y  before  the da ta  a r e  used to add 254 to  the position reading whenever  

the potent iometer  s t a r t s  ano ther  tu rn .  The s t a r t  of a  new tu rn  i s  de te rmined  

by the l a r g e  d e c r e a s e  in  the  raw position values .  The range of the recording 



table  in  DHE units is about 2413, a s  de te rmined  by examination of the r e c t i -  

f ied DHE r eco rds .  The range of the recording table  on the microdensi torneter  

i s  about 260. 5 m m .  There fore ,  t h e r e  a r e  241 31260.5 o r  9 .263 DEE units / n m  

on the recording table.  

To  conver t  d is tance  on the record ing  table  to d i s tance  on the s a m p l e ,  

divide by the  l eve r  ra t io .  

Converse ly ,  to  conver t  d i s tance  i n  m i l l i m e t e r s  on the f i l m  to DHE units ,  

mult iply by the  l eve r  ra t io  and by 9.  263, which i s  the number  of DHE irnits 

p e r  m i l l i m e t e r  on the record ing  table.  

4 . 4  In terpola t ion In te rva l  f o r  S t a r  and Cloud F r a m e s  

Since the DHE r e c o r d s  a r e  taken a t  10 points p e r  second and the table 

speed  is not nece s sa r i l y  completely uniform, the  points a r e  not a t  strictly 

equal  in te rva l s .  F o r  convenience in ana lys i s ,  the da ta  a r e  t r an s fo rmed  to  

a r r a y s  of equally spaced  points by interpolat ing a t  f ixed in te rva l s  in the r a w  

data .  Diffused s t a r  da ta  a r e  in terpola ted s o  t ha t  the  in te rva l  i s  the same a s  

tha t  of the  d i a m e t e r  of the  scanning c i r c l e  and cloud da ta  a r e  in terpola ted 

at the  s a m e  spacing a s  the  in te rva l  between scans .  

The  in terpola t ion in te rva l  f o r  s t a r  da ta  i s  de te rmined  a s  fol lows.  The 

d i a m e t e r  in  m i l l i m e t e r s  of the f ixed-aper tu re  d i sk  i s  divided by the magnifying 

power of the l ens  (X 10)  to  obtain the scanning d i a m e t e r  on the f i lm .  This  

d i s tance  i s  mult ipl ied by the l eve r  ra t io ,  which i s  50 f o r  a l l  s t a r  images ,  and 

then by 9. 263 to  obtain the in terpola t ion i n t e rva l  in DHE units.  

The  interpolat ion in te rva l  f o r  clouds is de te rmined  f r o m  the num-ber of 

s t eps  between s cans .  The number  of s t ep s  is mult ipl ied by 0 .  025  rn rn / s tep  

to give the  d i s tance  o n  the  s amp le .  Multiplying by the  l eve r  ra t io  gives 

the d i s tance  on the recording table.  Mult ipl icat ion by 9. 263 gives the i n t e r -  

polation in te rva l  i n  DHE units .  



F o r  s t a r  images ,  20 in terpola ted points a r e  computed i f  the scanning 

a p e r t u r e  i s  1 . 0  m m  o r  g r e a t e r ;  40 if the a p e r t u r e  is 0 . 5  o r  0 .33  mm. Id 

the r e c o r d  is not long enough f o r  the d e s i r e d  number  of points, zeros  a r e  

f i l led i n  f o r  the mi s s ing  ones.  All the process ing p rog rams  ignore  the zeros. 

4. 5 Proces s ing  of Step-Wedge Measu remen t s  

When the s t ep  wedges a r e  m e a s u r e d  with the  da ta  being recorded  by the 

DHE, the speed of the table i s  reduced s o  that  m o r e  points wil l  be  taken,  

The e x t r a  points a r e  f o r  obtaining a be t t e r  ave r age  of the densi ty  on each 

s tep .  In addition, f ou r  o r  f ive s cans  a r e  usually taken a t  the s a m e  step;ping 

i n t e rva l  a s  the images  being measu red .  The DHE can  be  s e t  to digit ize at 

100 po in t s / sec  ins tead of the usua l  10 po in t s / sec .  However, even at the 

maximum speed  of the  table ,  the  DHE r eco rds  about 127 points. At 4 00 

poin t s / sec ,  i t  would r eco rd  1270 points, which is g r e a t e r  than the 4042 points 

tha t  wil l  f i t  in  one buffer .  

The  p r o g r a m  ave rages  the s e v e r a l  points on each  s t ep  f o r  each  of the 

21 s t ep s .  Points  c l o se  to  the b o r d e r  between s t ep s  a r e  excluded f r o m  the 

average .  Step wedges a r e  always m e a s u r e d  s ta r t ing  a t  the denses t  end. The 

m e a s u r e m e n t  begins a l i t t le  before  the wedge on film fog. The  begim~rng 

of the  wedge is detected by the  l a r g e  i n c r e a s e  in  the  densi ty  values .  T1he 

f i r s t  s t e p  is usually longer  than  the  0. 5 - c m  width of the  s teps  on the step 

tablet .  The  r ea son  f o r  this  is that  the cover ing i n  which the s t ep  tablet  is 

encased  l eaves  a s m a l l  bo rde r  a t  the end of the s t ep  table t .  F o r  the  step- 

wedge da t a  to be p roce s sed  automat ical ly ,  i t  is n e c e s s a r y  to de te rmine  the 

e x t r a  width of the f i r s t  s t ep  s o  that  the dividing line between the s teps  is 

known. It might  s e e m  that  the  b o r d e r  between s teps  would b e  obvious b ~ i  the 

change i n  density.  In  fact ,  because  of the noise  i n  the  r e co rds ,  this  is not a 

re l i ab le  method.  

All  points not c l o s e r  than 1 m m  to the edge of a s t ep  a r e  averaged  to  

de t e rmine  the densi ty  of a s tep .  All  wedges a r e  m e a s u r e d  a t  a ra t io  of 2, 

s o  the s t ep s  a r e  1 c m  wide on the record ing  table.  



4 .  6 Calculat ion of Relat ive Exposure  f r o m  Step Wedge 

I n  principle,  the step-wedge images  on Apollo f i lms  should provide a 

m e a n s  of ca l ibra t ing absolute exposure .  In p rac t i ce ,  however,  this is d i f f l -  

cul t  because  of the  effects  of rec ip roc i ty  fa i lu re .  The  cus tomary  step-wedge 

images  a r e  0 . 1  - s ec  exposures ,  whereas  the cloud images  a r e  taken w i t h  

exposure  t i m e s  up to 32 s e c .  Assuming that  the  shape of the  D-log E curve 

i s  not too g r ea t l y  affected by rec ip roc i ty  fa i lu re ,  the  step-wedge data can 

s t i l l  be used to ca lcula te  re la t ive  exposure .  

The  opacity of e ach  s t e p  on the  wedge is a fac to r  of l\r2 g r e a t e r  than the 

preceding s tep .  Th i s  cor responds  t o  a d i f ference in  log E of 0 . 1 5 .  The 
10 

ra t io  of exposure  between any two dens i t i e s  on a f i lm i s  calculated as follows. 

L e t  D and DB be the two dens i t i e s  on the f i lm. L e t  Dn, n = 1 .  . . 28, be the A 
dens i t i e s  of the  s teps  on the step-wedge image  in  o r d e r  of inc reas ing  densi ty* 

The  exposure  of e ach  s t e p  on  the wedge is 

where  C is a constant .  

F o r  e ach  densi ty  DA and DB, we can  de t e rmine  the corresponding 

in terpola ted s t e p  numbers  SA and SB a s  follows. If  DA fa l ls  between D. 
P 

and Di t l ,  then SA i s  given by 

S imi la r ly ,  S i s  given by 
B 

whe re  D fa l ls  between D .  and D .  
B J ~ t l .  

18 



The  exposures  E and EB corresponding to the  densi t ies  D and  D a r e  A A E3 

E A =  C X 10 
0 . 1 5  SA 

and 

The ra t io  EA/EB i s  

4 . 7  Average  Density of Sky Background 

The densi t ies  D. along the p e r i m e t e r  of the cloud a r e  averaged to  give 
1 

the m e a n  densi ty  5, where  

The s c a t t e r  cr about the m e a n  D i s  given by 

- 
Whenever a densi ty  D. has  a res idua l  (D - D) g r e a t e r  than 2 5 ,  that  density 

1 i 
D. i s  el iminated f r o m  the average  5 to preclude the biasing effect of point 

1 

s t a r  images .  Two points before  and a f t e r  a r e  a l so  el iminated on the a s sump-  

tion that  the  neighboring points a r e  sys temat ica l ly  high even though they may 

not have a res idua l  g r e a t e r  than 2 5 .  The value of i s  then recomputed 

without the points n e a r  s t a r  images .  



4. 8 Tota l  Radiance of Cloud o r  S t a r  Images  

The  radiance m e a s u r e d  on a n  Apollo cloud o r  diffused s t a r  image rs the 

s u m  of the  radiances  of the sky background and the  object .  Le t  B(xI yj be the 

m e a s u r e d  combined radiance and le t  B be the radiance of the s k y  back-  
sky  

ground,  which i s  a s sumed  to be  essen t ia l ly  un i fo rm o v e r  the image.  T h e  

radiance due to the  object  i s  B(x, y) - Bsky. The  in tegrated radiance I of a n  

object  is obtained by integrating B(x,  y) - B o v e r  the whole image .  A s  an 
sky  

i n t e r im  procedure ,  it is convenient to  divide a l l  radiances  by B and 
sky 

mul t ip ly  the  in tegrated r e su l t s  by B a f t e r  the  absolute  value of the radiance 
s ky 

of the s k y  ha s  been  de te rmined  independently. The  in tegrated radiance 1 c a n  

be calcula ted f r o m  

Given a g r i d  of radiance values B. ., the value of I is approximately  
1J 

The  radiances  B . .  and B a r e  ca lcula ted f r o m  the  corresponding exposures 
1J Sky 

E . .  and E by dividing the exposures  by the exposure  t i m e  At. Equation (2) 
13 sky  

then  becomes  



The  exposure  t ime  At cancels  out a s  a resu l t  of having divided a l l  radiances  

by the  radiance of the  sky  background. Equation ( 3 )  can  be rewri t ten  as 

The quanti t ies E .  . / E  can  be determined f r o m  the  step-wedge images  as 
13 sky  

explained in  Section 4 . 6 .  

If I i s  in  units of zeroth-magnitude s t a r s ,  then the magnitude m of the 

cloud o r  s t a r  image  i s  

4 . 9  Radiance of Sky Background 

The radiance B of the  sky  background can  be found by using measure- 
sky 

ments  of diffused s t a r  images  of known magnitude. Since the Apollo clouds 

shine by ref lected sunlight, we should u s e  cal ibra t ion s t a r s  whose spectral 

type i s  a s  c lose  a s  possible to that  of the sun. 

Equation (5) can  be solved fo r  I, i n  equivalent number  of zeroth-magnitude 

s t a r s ,  

Substituting I f r o m  equation (4) into equation ( 6 ) ,  we get  



Solving equation (7) f o r  B we have 
sky' 

If Ax and Ay a r e  in deg ree s ,  then B wil l  be  in  zeroth-magnitude stars per 
sky  

squa re  deg ree .  

4 .10  Dis tance  i n  Ki lomete rs  between Points  on Cloud Image  

The dis tance  between the points on a cloud is calculated f r o m  the number  

of s t ep s  between each  s c a n  s ince  the interpolat ion in te rva l  is the samie a s  

the d i s tance  between scans .  Multiplying the number  of s t eps  between scans  

by 0.025 m m / s t e p  gives the  in te rva l  in  m i l l ime t e r s  on the film. Dividing 

by the Baker-Nunn foca l  length of 493.6  mm gives the in te rva l  i n  radians. 

The  range to the cloud is given i n  megame te r s .  Multiplying the interval 
3 i n  radians  by  the  range  i n  m e g a m e t e r s  t imes  10 gives the dis tance  i n  

k i lomete rs  between the  points on the  cloud. 

4 .11 F o r m a t  of Cloud Data Tape 

The  in terpola ted densi ty  values  produced by p r o g r a m  PLOTS for cloud 

images  a r e  s to red ,  one r eco rd  p e r  scan ,  on a 7 - t r a ck  tape.  The beginning 

of e ach  r eco rd  contains header  da t a  that  identify the  r eco rd .  The  format 

of the  r e c o r d s  i s  given below: 

Word Contents 

1 Station number  ( in teger)  

2 F i l m  number  ( in teger)  

3 F r a m e  number  ( in teger)  

4 L e v e r  ra t io  ( r e a l )  

5 Scanning d i ame te r  in  m m  ( r ea l )  

6 Distance between s cans  i n  mm ( r ea l )  



Word Contents 

Date of microdens i tomete r  measu remen t  

Month ( in teger)  

Day ( in teger)  

Las t  two digits  of y e a r  ( in teger)  

Number of points ( integer)  

Record number  ( integer)  

Density a r r a y  ( r ea l )  



5 .  ANALYSIS 

5 . 1  Symmetry  Axes of Cloud 

Given a m a t r i x  of in tensi t ies  E(x., y . )  of a cloud where  the rows and 
1 J 

columns a r e  equally spaced,  the  xcm and ycm values of the centroid of the 

cloud a r e  

and 

The moment  t enso r  I i s  

where  



The eigenvalues of I a r e  computed f r o m  the equation 

which gives 

which can be wr i t t en  

where  

The solution f o r  A i s  



Using e i t he r  of the  two equations given i n  the m a t r i x  equation 

We c a n  solve  fo r  y a s  a function of x to  obtain the  l ines  defining the eigen- 

vec to r s  of the momen t  t ensor .  Using the  f i r s t  equa t ionwe have 

whe re  

5 . 2  Plott ing Symmet ry  Axes  

We wish  to plot the  intensity of a cloud image  along a l ine passing 

through the  o r ig in  of coordinates  with s lope m F r o m  the  t r i ang le  below * ' 
we s e e  tha t  the  s ine  and cosine  of the  angle 9 between the  s y m m e t r y  axis 

and the  x ax i s  a r e  

cos  e = 1 
a 



If we s t a r t  a t  the origin and plot points a t  unit distance f rom each other  along 

the line, the x and y coordinates of each point to be plotted a r e  

x = n cos 8 n 

Yn 
= n s i n 8  . 

If the intensity of the cloud i s  given a s  a ma t r ix  of numbers E(xi, yj) and 

the point (x , yn) falls between the four gr id points n 

the interpolated value E(xn, yn) can be obtained by interpolating f i r s t  in x 

and then in  y (or vice versa) .  We get 

and 

f rom which 
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