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A .  BACKGROUND 

The p r e s e n t  c o n t r a c t  developed from an e a r l i e r  p r o p o s a l ,  

"Lunar Sur f  ace  Holography" ,' s u b r i t t e d  j o i n t l y  by t h e  Univer- 

s i t y  o f  Arizona and Hughes A i r c r a f t  Company t o  NASA on , 

20 October 1969. The purpose o f  t h i s  c o n t r a c t  i s  t o  demon- 

s t r a t e  t h e  f e a s i b i l i t y  of  t h e  l u n a r  s u r f a c e  holography e x p e r i -  

ment by f a b r i c a t i c g  and e v a l u a t i n g  a p ro to type  holocamera 

and playback system. Th i s  f i n a l  r e p o r t  d e s c r i b e s  t h e  d e s i g n  

and c o n s t r u c t i o n  of  t h e  ho log raph ic  system,  p rov ides  t h e  re- 

s u l t s  o f  t e s t s  made on t h e  system,  and makes a d e t a i l e d  e s t i -  

mate o f  t h e  s i z e ,  shape,  and weight  o f  an Apol lo  q u a l i f i e d  

v e r s i o n  of t h e  holocamera. 

The p ro to type  holocamera w a s  b u i l t  t o  demonstra te  t h e  

p a r t i c u l a r  func t ion  o f  examining i n  d e t a i l  sma l l  a r e a s  of  t h e  

l u n a r  s u r f a c e  l a y e r .  However, it should  be  c l e a r  t h a t  o t h e r  

f u n c t i o n s  of p o s s i b l e  i n t e r e s t  i n  l u n a r  s u r f a c e  i n v e s t i g a -  

t i o n s  can be achieved w i t h  s imple  des ign  changes.  Examples 

a r e :  (1) cover ing a l a r g e r  o b j e c t  volume of  approximately  

5 cm d iameter  by 1 0  cm deep ,  w i t h  10 t o  2 0  vrn r e s o l u t i o n ;  

( 2 )  i n c o r p o r a t i n g  a u x i l i a r y  o p t i c s  t o  a l l o w - p r e c i s e  p o s i t i o n -  

i n g  of a p a r t i c u l a r  o b j e c t  i n  t h e  f i e l d  of  view; and (3)  modi- 

f i c a t i o n s  t o  a l low reco rd ing  o b j e c t s  even though they  may 

be i n  r e l a t i v e l y  i n a c c e s s i b l e  a r e a s .  It should  a l s o  be 

s t a t e d  t h a t  a l though  t h e  p ro to type  was b u i l t  t o  resemble  a  

l u n a r  s u r f a c e  i n s t rumen t ,  it has many n o n e s s e n t i a l  f e a t u r e s  

which a r e  designed f o r  ease of demonstra t ion and examinat ion 

of t h e  holocarnera r a t h e r  than  a s t r o n a u t  usage,  



B, STATEIf2:;T OF THE PROBLEM 

The l u n a r  s o i l ,  which i s  n o t  n e c e s s a r i l y  r ep resen ta -  

t i v e  of t h e  o p t i c a l  s u r f a c e  l a y e r ,  has  a  median g r a i n  s i z e  

o f  6 2  pm and a modal g r a i n  s i z e  o f  20 Um (Ref. 2 ) .  Over 95% 

of  t h e  s o i l  by t re ight  c o n s i s t s  o f  p a r t i c l e s  l a r g e r  than  

8 pm, whi le  t h e  number of p a r t i c l e s  i n c r e a s e s  wi th  decreas-  

i n g  g r a i n  s i z e  t o  a t  l e a s t  1 pm (Ref. 2 and 3 ) .  Adequate 

obse rva t ion  o f  t h e  o p t i c a l  s u r f a c e  l a y e r  t h u s  r e q u i r e s  reso-  

l u t i o n  of a t  l e a s t  a  few microns.  The problem encountered 

i n  making o p t i c a l  obse rva t ions  a t  high r e s o l u t i o n  i s  i n d i -  

c a t e d  by t h e  f a c t  t h a t  a d i f f r a c t i o n - l i m i t e d  l e n s  w i t h  an e f -  

f e c t i v e  r e l a t i v e  a p e r t u r e  ( f / n w b e r )  F,  r e s o l v e s  about  F A  on 

t h e  s h o r t  conjugate  s i d e  of t h e  l e n s  and has a  depth  o f  f i e l d  
2 of approximately F A ,  where X i s  t h e  l i g h t  wavelength. For 

5 v m  r e s o l u t i o n ,  F 2 10,  g i v i n g  a  depth of  f i e l d  of  approxi-  

mately 0.05 mrn. This  i s  t h e  f a m i l i a r  optical s Z t c i n g  e f f e c t  

observed i n  the use of a  microscope. An o rd ina ry  photo- 

graph taken through a  high r e s o l u t i o n  o p t i c a l  system, neces- 

s a r i l y  a t  a  f i x e d  focus ,  t h e r e f o r e  provides  informat ion  over  

on ly  a very l i m i t e d  depth.  Coverage of a 2 m Zeep s u r f a c e  

l a y e r  w i t h  5  um.reso lu t ion  would t h u s  r e q u i r e  an a s t r o n a u t  

t o  se t  up and manipulate  a  photographic microscope on t h e  

l u n a r  s u r f a c e  and record  40 t o  50 ir-ages a t  each s i t e .  The 

a s t r o n a u t  has  n e i t h e r  t h e  manoal d e x t e r i t y  nor  adequate  

t i n e  t o  perform t h e s e  t a s k s .  A s t e r e o - p a i r  photograph does 

no t  a l l e v i a t e  t h e  problem because it i s  s t i l l  a  f i x e d  focus 

record ing .  The compromise represented  by t h e  Apollo Lunar 

Surface  Closeup Camera (ALSCC) (Ref. 4 )  i s  t o  p u t  t h e  f i l m  on - 

t h e  s h ~ r t  conjugate  s i d e  of t h e  Lens, i n  a capera-type o p t i -  

cal s y s t e r ,  thereby gaining depth o f  f i e l d  and f i e l d  of view 

but l o s i n ?  resolution, The ALSCC allowed i n  s 3 t u  observa t ion  



of a 7 2  x 8 3  n71 l u n a r  surface area with an i ~ - - f o c ~ s  resolu- 

t i o n  of 85 vm and a  dep th  ef f i e l d  of about  1 crn ir a s i n g l e  

s t e r e o - p a i r  photograph. These a r e  t h e  on ly  i~ s5zs observa-  

t i o n s  t o  d a t e  o f f e r i n g  even moderate ly  h igh  r e s o l u t i o n .  

The a l t e r n a t i v e  prov ided  by holography i s  t o  r e c o r d  

t h e  a c t u a l  l i g h t  wave5 s c a t t e r e d  from t h e  s u r f a c e  under  ob- 

s e r v a t i o n .  The wave i s  r e c o n s t r u c t e d  from t h e  r e t u r n e d  

hologram and an a e r i a l  image of  t h e  e n t i r e  o b j e c t  volume i s  

formed. Various l a y e r s  of t h i s  image can be observed and/or  

photographed through t h e  a ? p r o p r i a t e  o p t i c a l  syster . .  The 

dep th  o f  focus  f o r  h igh  r e s o l u t i o n  imagery i s  s t i l l  q u i t e  

smal l  a t  any p a r t i c u l a r  f o c a l  s e t t i n g ,  b u t  s cann ins  o f  t h e  

o b j e c t  volume has been t r a n s f e r r e d  from t h e  l u n a r  s u r f a c e  

t o  t h e  e a r t h .  Thus, a l t hough  t h e  dep th  of f i e l d  a t  a given 

focus  s e t t i n g  i s  q u i t e  l i m i t e d ,  focus  can be a d j u s t e d  over  a 

cons ide rab le  range,  t o  p rov ize  a  much i n c r e a s e d  uszb le  Ciepth 

of f i e l d .  I t  i s  t h i s  a b i l i t y  of a  hologram t o  r e c o r d  a  l i g h t  

f i e l d  r a t h e r  than a  l i g h t  i n t e n s i t y  d i s t r i b u t i o n  t h a t  i s  

e x p l o i t e d  i n  t h e  l u n a r  holocamera. 





SECTION El 

H O L O G R A P H I C  CONSIDERATIONS 

Since  a  hologram is an o p t i c a l  i n t e r f e r e n c e  p a t t e r n ,  a 

l i g h t  s o u r c e  of  adequa te  coherence must be used ,  and t h e  
5 

p a t t e r n  must be h e l d  s t a b l e  du r ing  t h e  r eco rd ing  p e r i o d .  

For holograms o f  a  d i f f u s e l y  r e f l e c t i n g  o b j e c t ,  t h i s  i m p l i e s  

a s o u r c e  w i t h  a h igh  degree  of t r a n s v e r s e  coherence and a 

l o n g i t u d i n a l  coherence l e n g t h  of  a t  l e a s t  tvrice t h e  dep th  

o f  f i e l d  t o  be  covered i n  t h e  o b j e c t  space .  ~ e l a t i v e  move- 

ment between t h e  o b j e c t  and t h e  holocamera must be less t h a n  

about  1/10 of t h e  sou rce  wavelength ( i . e . ,  less t h a n  0 . 1  urn 

du r ing  t h e  hologram e x p o s u r e ) .  These r e q u i r e n e n t s  a r e  d i s -  

cussed i n  Ref. 1 as they  p e r t a i n  t o  t h e  l u n a r  holocamera and 

t h e  cho ice  of  a pu lsed  ruby l a s e r  l i g h t  sou rce .  

A hologram can r e c o r d  an unfocused i n s g e  of an o b j e c t  

d i r e c t l y ,  o r  can r eco rd  t h e  image space  of a magnifying re- 

l a y  l e n s .  The r e s e a r c h  and des ign  pe r iod  ? reced ing  t h i s  con- 

t r a c t  showed t h a t  i n  o r d e r  t o  ach ieve  5 urn r e s o l u t i o n  reli-  

a b l y  i n  a c o n s e r v a t i v e l y  des igned  s y s t e n ,  a  magnifying r e l a y  

l e n s  must be used.  This  i s  because high r e s o l u t i o n  r e q u i r e s  

a low e f f e c t i v e  £/number, and i t  i s  d i f f i c u l t ,  even i n  t h e  

l a b o r a t o r y ,  t o  reduce a b e r r a t i o n s  a d e q u a t e . 1 ~  i n  such a  holo- 

g r a p h i c  i nag ing  system. The r e l a y  l e n s  r e q u i r e s  l e s s  r e so -  

l u t i o n  and angu la r  f i e l d  o f  view from t h e  holograr?. and t h e r e -  

f o r e  reduces  t h e  £/number requirements  OK t h e  hologram. Th i s  

approach has  t h e  d i sadvantage  o f  t h e  dep th  of  f i e l d  and t h e  

f i e l d  o f  view being l i m i t e d  by t h e  range cf o b j e c t  d i s t a n c e s  

and a n g l e s  over  which t h e  r e l a y  l e n s  can ach ieve  h igh  r e s o l u -  

tion, The system concept is illustrated in Fig, 1, For 

completer,ess, Pppendix Z consists of a. discassion of the 
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L i m i t a t i o n s  on resolution i n  hologs-aphy as they pe r t a i l 1  to 

t h e  p r e s e n t  s y s t e n .  

The o t h e r  ho log raph ic  c o n s i d e r a t i o n  of  importance i s  

s p e c k t e ,  t h e  random i n t e r f e r e n c e  p a t t e r n  observed i n  images 

t h a t  a r e  recorded  w i t h  cohe ren t  i l l u m i n a t i o n .  PIe have found 

t h a t  s p e c k l e  i s  t h e  l i m i t i n g  f a c t o r  i n  o b t a i n i n g  h igh  r e s o -  

l u t i o n  performance w i t h  t h e  holocamera. The speck le  e f f e c t  

i s  shown i n  F ig .  2 .  Speckle  i s  c h a r a c t e r i z e d  by a 100% 

modulat ion of  t h e  image by a two-dimensional random p a t t e r n  

of  l i g h t  and dark  s p o t s  o f  approximately  t h e  same s i z e  as 

t h e  system r e s o l u t i o n  l i m i t . 6  Th i s  p a t t e r n  i s  v i s u a l l y  ve ry  

d i s t r a c t i n g  and reduces  t h e  u sab le  r e s o l u t i o n  i n  t h e  i n a g e  

by a f a c t o r  o f  two t o  f i v e ,  depending on t h e  o b j e c t  charac-  

t e r i s t i c s .  Two t echn iques  f o r  reduc ing  t h e  e f f e c t  of s p e c k l e  

were found t o  be  u s a b l e  i n  t h e  p r e s e n t  a p p l i c a t i o n .  They 

c o n s i s t  o f  u s ing  a  t ime vary ing  d i f f u s e r  i n  t h e  playback sys-  

tem t o  t r a d e  o f f  some r e s o l u t i o n  f o r  speck le  c o n t r a s t  reduc-  
7 t i o n  and superimposing m u l t i p l e  images of  one o b j e c t ,  each  

image having an independent  sample o f  t h e  random s p e c k l e  

d i s t r i b u t i o n .  ' * The d i f f u s e r  t echnique  was found t o  be  

capable  of  p rov id ing  4 ym r e s o l u t i o n .  However, it was dec ided  

t o  add t h e  s u p e r p o s i t i o n  technique  i n  an e f f o r t  t o  ach ieve  

h ighe r  r e s o l u t i o n  and b e t t e r  image q u a l i t y  ( s e e  t h e  second 

and t h i r d  monthly p rog res s  r e p o r t s ) .  The modif ied d e s i g n  

r e q u i r e s  r e c o r d i n g m u l t i p l e  holograms o f  t h e  same o b j e c t  

w i t h  d i f f e r e n t  speck le  p a t t e r n s ;  t h e  r e s u l t i n g  images t h e n  

can be i n c o h e r e n t l y  superimposed8 t o  reduce  s p e c k l e  c o n t r a s t  

w i th  no l o s s ,  and hope fu l ly  a  g a i n ,  i n  r e s o l u t i o n .  Implemen- 

t a t i o n  of  t h i s  ~ o d i f i e d  des ign  i s  d e s c r i b e d  b r i e f l y  i n  t h e  

n e x t  s e c t i o n .  
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SECTION I I I  

H O L O G R A P H I C  S Y S T E M  DESCRIPTION 

The light source for the prototype holocamera is a mode- 

controlled, pulsed ruby laser with a pulse duration of LOO 

to 150 psec, operating at 0.694 pm. The object is illuminated 

with an optical system that allows modification of the speckle 

- pattern without changing the subjective characteristics of 

the illumination. A magnified image of the object is formed 

by a high quality relay lens. A 50 rrm diameter collimated 

reference beam is used to record the wavefront holographically, 

forming this record on a 60 rnm wide strip of film. A series 

of four holograms of each site is recorded automatically, 

with independent speckle patterns formed by adjusting the 

illumination. The sequence of four exposures requires about 

one minute to complete. Power is supplied by a silver-zinc 

battery pack. The holocamera is operated by a single push- 

button switch that is momentarily depressed to initiate the 

sequence. A red indicator light remains on during the sequence. 

The hologram recording design allows hologram playback 

using a continuous He-Ne laser at 0.633 um wavelength with 

no degradation of the image, despite the wavelength shift. 

Furthermore, the design provides straightforward access to 

both the primary an3 conjugate holographic  image^.^ The 

playback system utilizes a time-varying diffuser plate to 

reduce speckle contrast at the expense of some resolution. 7 

The availability of four holograms with independent speckle 

patterns provides the possibility of incoherently superim- 

posing four images to reduce speckle effects and increase 

resolution. * Only rudimentary superpositions have been made 



(see Table I), b u t  this technique s h o u l d  be quite u s e f u l  

i f  it is more f u l l y  developed, 

Table 1 is a set of specifications f o r  the holocamera, 

. T A B L E  I  

P R O T O T Y P E  H O L O C A M E R A  S P E C I F I C A T I O N S  

S i z e :  Case e x t e r i o r :  12 i n .  x 1 3  i n .  x 6-1/8 i n .  

r leight:  * 17.4 l b  . (wi th  f i l m )  

Image c h a r a c t e r i s t i c s  w i t h  23.6 m f o c a l  l e n g t h ,  NP. 0.2 
r e l a y  l e n s :  

Fie12 of view: 4.5 mm d iameter  
Depth of f i e l d :  4 mm 
Pri r -ary  n a g n i f i c a ~ i o n  range: 5:< t o  30X 
Resolut ion:  4 . 1  Qrn w i th  one hologram 

2.5 urn wi th  s u p e r p o s i t i o n  of 4 holocrams** 
2.0 urn wi th  s u p e r p o s i t i o n  of 6 holograms** 

L igh t  source:  Pulsed ruby l a s e r  

f.?avelength : 0.69 4 vm 
Output enerqy: Approximately 20 mJ (exposure s e t  f o r  

10% r e f l e c t i v i t y )  
Pu l se  length:  100 t o  150 csec 
Transverse  coherence: D i f f r a c t i o n  l i m i t e d  
Long i tud ina l  coherence l eng th :  25 cm 

Film: Eas tnan I;odak F\;J124 8-1 holography emulsion 

F o r a a t :  61.5 mm wide, r o l l  f i l n ;  48 mm d iameter  
hologram 

Capacity:  24 exposures (6 four-hologram sequences)  

Operat ioz:  Pushbutton swi tch  i n i t i a t e s  automat ic  sequence 
of four  holograms; sequence d u r a t i o n  i s  approxi-  
~ a t e l y  60 s e c .  

Option: Changing two cams prc\rides s i x  holoqrans per  
sequence; d u r a t i o n  asproximate ly  90 s e c .  

Pot.?er source:  S i l v e r - z i n c  b a t t e r i e s  

Rating:  21 V ,  0.05 A-hour (asproximately 90 exposures)  

"See Section VIZ:  for  v:eightbreakc?oi..rn, 

**Estimated 9erEormance; see t e x t ,  



S E C T I O N  I V  

D E T A K L E D  D E S C R I P T I O N  O F  M O L O C A I I E R A  

The b a s i c  mechanical  s t r u c t u r e  o f  t h e  holocamera i s  an 

aluminum honeycomb pane l  10 .5  mm t h i c k  w i t h  0.5 mrn t h i c k  

f a c e s .  I n s e r t s  have been bonded i n t o  t h e  pane l  t o  p rov ide  

f o r  component mounting and o p t i c a l  and e l e c t r i c a l  feed through .  

A l l  components a r e  mounted on t h i s  honeycomb p a n e l ,  t h e  ex- 

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

I n  t h e  p ro to type  in s t rumen t  t h e  e x t e r i o r  c a s e  i s  aluminum 

s h e e t  approximately 2 mn t h i c k ;  t h i s  i s  s t r o n g  enough t o  a l -  

low mounting two suppor t  f e e t  and two handles  t o  t h e  c a s e  

r a t h e r  t han  d i r e c t l y  t o  t h e  honeycomb pane l .  The a c t i o n  of 

p o s i t i o n i n g  t h e  holocamera on a s u r f a c e  opens t h e  s h u t t e r  i n  

t h i s  p ro to type  model. Two e x t e r i o r  views o f  t h e  holocamera 

a r e  shown i n  F ig .  3.  

Components a r e  mounted on bo th  s i d e s  of  t h e  honeycomb 

pane l .  One s i d e ,  shown i n  F ig .  4 ,  has  p r i m a r i l y  t h e  holo-  

camera o p t i c s  and i s  d e s i g n a t e d  t h e  optics s i d e ;  t h e  o t h e r  

s i d e ,  shown i n  F ig .  5 ,  has  p r i m a r i l y  t h e  l a s e r  head and l a s e r  

e l e c t r o n i c s  and i s  d e s i g n a t e d  t h e  l a s e r  side. The b a t t e r y  

pack i s  on t h e  l a s e r  s i d e ,  and t h e  l a s e r  energy s t o r a g e  capa- 

c i t o r s  a r e  on t h e  o p t i c s  s i d e .  DC motors a r e  p rov ided  t o  ad- 

vance t h e  f i l m  and a d j u s t  t h e  o b j e c t  i l l u m i n a t i o n .  Cams on 

t h e s e  motor s h a f t s  o p e r a t e  microswitches  t o  c o n t r o l  t h e  au to-  

mat ic  sequence o f  f o u r  exposures .  

The l a s e r  system b r a s  o r i g i n a l l y  b u i l t  f o r  a m i l i t a r y  

r ange f inde r l  and was modif ied f o r  u se  a s  a ho lographic  source  

du r ing  t h e  Hughes-funded r e s e a r c h  and des ign  phase preced ing  

t h e  p r e s e n t  program, The l a s e r ,  m o d i f i c a t i o n s ,  and perform- 

ance t e s t s  a r e  d e s c r i b e d  i n  Appendix B. T h e  high degree  of 



F i q ,  3 .  T h e  P r o t o t y n e  Kolocarnera  E x t e r i o r .  



F i g .  4 .  T h e  P r o t o t y p e  H o l o c a m e r a  I n t e r i o r :  O p t i c s  S i d e .  



F i g .  5 .  T h e  P r o t o t y p e  Holocamera I n t e r i o r :  L a s e r  S i d e .  



transverse coherence and a l o n g i t u d i n a l  coherence l e n g t h  of  

25 cm, combined w i t h  e x c e l l e n t  s t a b i l i t y  and r e p r o d u c i b i l i t y ,  

p rov ide  a  ve ry  h igh  q u a l i t y  source  f o r  holography,  

F i g u r e  6 i s  a  schemat ic  diagram of t h e  holocamera o p t i c s .  

The l a s e r  o u t p u t  i s  f e d  through t h e  honeycomb pane l  t o  t h e  

o p t i c s  s i d e  by a  h igh  r e f l e c t i v i t y  d i e l e c t r i c  m i r r o r .  A 4 5 O  

d i e l e c t r i c  b e a m s p l i t t e r  removes about  15% of t h e  l a s e r  o u t -  

p u t  f o r  t h e  r e f e r e n c e  beam. This  beam p a s s e s  through a 

50 mm, f /4  r e c o l l i m a t i n g  t e l e s c o p e  t o  p rov ide  t h e  r e f e r e n c e  

beam. The remainder of t h e  l a s e r  o u t p u t  i s  used t o  i l l u m i -  

n a t e  t h e  o b j e c t  through t h e  o p t i c a l  sys tem diagrammed i n  

F ig .  7 .  This  i l l u m i n a t i o n  system a l lows  t h e  speck le  p a t t e r n  

t o  be modif ied by r o t a t i n g  t h e  wedge p l a t e ,  which d e v i a t e s  

t h e  beam by 6 mrad, b u t  does n o t  change t h e  i l l u m i n a t i o n  

angle  o r  s u b j e c t i v e  q u a l i t y  of  t h e  i l l u m i n a t i o n .  The l a s t  

o p t i c a l  s u r f a c e  i n  t h e  i l l u m i n a t i o n  system i s  ground t o  ac t  

a s  a  s c a t t e r e r .  This  a s s u r e s  a  complete ly  changed s p e c k l e  

p a t t e r n  i n  t h e  image wi th  a s m a l l  r o t a t i o n  of  t h e  wedge p l a t e ,  

and provides  d i f f u s e  i l l u m i n a t i o n  of  t h e  o b j e c t .  I n  o r d e r  t o  

keep t h e  i l l u m i n a t i o n  speck le  p a t t e r n  produced by t h e  ground 

s u r f a c e  f i n e r  t han  t h e  image speck le  p a t t e r n  produced by t h e  

r e l a y  l e n s ,  t h e  a n g l e  subtended by t h e  ground s u r f a c e  a t  t h e  

o b j e c t  i s  made l a r g e r  t han  t h e  ang le  subtended by t h e  r e l a y  

l e n s  e n t r a n c e  p u p i l  a t  t h e  o b j e c t .  Although designed f o r  

6 , 3 X  magn i f i ca t ion ,  t h e  23 .6  mm f o c a l  l e n g t h  r e l a y  l e n s  per -  

forms s a t i s f a c t o r i l y  over  a range o f  magn i f i ca t ions  from a b o u t  

5 X  t o  more than  20X, g i v i n g  a  dep th  o f  f i e l d  of  4 win. The 

holocamera geometry and t h e  l e n s  c h a r a c t e r i s t i c s  p rov ide  a 

4 . 5  rnm d iameter  f i e l d  of  view. The optimum r e l a y  l e n s  would 

have a f o c a l  l e n g t h  of about  75 mm and would be c o r r e c t e d  t o  

provide h igh  r e s o l u t i o n  ove r  a  1 cm d iameter  f i e l d  w i t h  a 

dep th  of f i e l d  of  about  1.5 cm; somewhat Lower r e s o l u t i o n  
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would be a v a i l a b l e  ove r  a s t i l l  l a r g e r  volume. ~ e s i g n  and 

manufacture  of t h i s  lens i s  s t r a i g h t f o r w a r d ,  b u t  t h e r e  was 

n o t  s u f f i c i e n t  t i m e  t o  a c q u i r e  it f o r  t h i s  p rogran  (see t h e  

f i r s t  monthly s t a t u s  r e p o r t ) .  The r e f e r e n c e  beam i s  nominally 

o r i e n t e d  a t  30' t o  t h e  o b j e c t  bean; t h e  normal t o  t h e  f i l m  

p l a n e  i s  cop lana r  w i t h  t h e  o b j e c t  and r e f e r e n c e  beams and b i -  

s e c t s  t h e  a n g l e  between them. The l a t t e r  arrangement mini- 

mizes  a b e r r a t i o n s 9  ( s e e  Appendix A ) .  

The au tomat ic  0 2 e r a t i o n  of t h e  holocamera i s  i n i t i a t e d  

by a s i n g l e  pushbut ton swi t ch  and i s  c o n t r o l l e d  by cam- 

microswitch assembl ies  d r i v e n  by t h e  dc  motors which advance 

t h e  f i l m  and r o t a t e  t h e  wedge p l a t e .  Varying t h e  number of  

exposures  pe r  sequence ably r e q u i r e s  changing two o f  t h e s e  

cams. A block diagram of  t h e  holocamera e l e c t r o n i c s  i s  shown 

i n  Fig .  8 ( a ) .  The c o n t r o l  i s  s e q u e n t i a l ,  w i t h  t h e  comple- 

t i o n  o f  one f u n c t i o n  i n i t i a t i n g  t h e  n e x t  f u n c t i o n .  The f i l m  

i s  advanced a t  t h e  beginning o f  t h e  sequence and a f t e r  each  

exposure ,  l e a v i n g  a b lank  frame between each set  o f  f o u r  

holograms. The i l l u m i n a t i o n  i s  a d j u s t e d  by r o t a t i n g  t h e  

wedge p l a t e  b e f o r e  each  exposure .  The exposure i s  t r i g g e r e d  

when t h e  l a s e r  completes i t s  charge  c y c l e .  The e n t i r e  se- 

quence o f  f o u r  exposures  r e q u i r e s  about  6 0  s e c ;  t h i s  t i m e  i n -  

c r e a s e s  s l i g h t l y  w i th  tempera ture  and a s  t h e  b a t t e r y  charge  

i s  dep le t ed .  The t i m e  sequence of  e v e n t s  i s  shown i n  

F i g .  8 (b) . 
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F i g .  8 ( a ) .  Block Diagram o f  t h e  P r o t o t y p e  
Holocamera  E l e c t r o n i c s .  
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SECTION V 

PLAYBACK SYSTEM DESCRIPTlON 

The normal image r e c o n s t r u c t i o n  system i s  s t r a i g h t f o r -  

ward, c o n s i s t i n g  of a  cont inuous He-Ke l a s e r  (0 .633  pm wave- 

l e n g t h ) ,  a  c o l l i m a t o r  t o  provide a r e c o n s t r u c t i o n  r e f e r e n c e  

beam, and a  f i x t u r e  t o  ho ld  and o r i e n t  t h e  hologram.5 An 

a d j u s t a b l e ,  t ime-varying ( r o t a t i n g ) ,  d i f f u s e r  p l a t e  i s  i n -  

s e r t e d  i n  t h e  c o l l i m a t o r  t o  p rov ide  c o n t r o l l e d  s p e c k l e  con- 

t r a s t  r e d u c t i o n .  The system i s  shown s c h e m a t i c a l l y  i n  

F ig .  9 .  The hologram i s  o r i e n t e d  i n  t h e  playback system 

by minimizing as t igmat i sm i n  t h e  inage .  A s p e c u l a r  p o i n t  

i n  t h e  image i s  b e s t  f o r  t h i s  procedure ,  b u t  any image d e t a i l  

i s  adequate .  There i s  a  wide cho ice  of systems f o r  viewing 

and r eco rd ing  t h e  r e c o n s t r u c t e d  image: The image can be 

viewed d i r e c t l y  on a ground g l a s s  s c r e e n  o r  photographed by 

p l ac ing  f i l m  a t  some l e v e l  i n  t h e  r e c o n s t r u c t e d  image space ;  

an eyepiece o r  a  low power microscope can be  used t o  v i s u a l l y  

examine t h e  image; o r  a  camera can be used t o  photograph t h e  

image. I n  p r a c t i c e ,  s e v e r a l  of  t h e s e  ' techniques are used 

on each hologram. I t  i s  noteworthy t h a t  a camera used t o  

record  t h e  image can be a d j u s t e d  t o  consensa t e  f o r  t h e  d i f f e r -  

ences i n  magn i f i ca t ion  p r e s e n t  i n  d i f f e r e n t  l e v e l s  o f  t h e  

image space.  One can thereby  d u p l i c a t e  d i r e c t l y  t h e  c o n s t a n t -  

magn i f i ca t ion  imagery t h a t  would be observed by focus ing  

a  microscope through t h e  o b j e c t  volume. 

No equipment was developed f o r  d i r e c t  s u p e r p o s i t i o n  

of images from t h e  set  of f o u r  holograns  produced by t h e  

holocamera, s i n c e  t h e  c o n t r a c t  d i d  n o t  a l low t ime nor  p rov ide  

funds  for t h i s  work, Sonc superposition work bras done by 
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photographing each IloLogram izage separately and a l i g r ~ i l l g  

the resn3.ting t .ransparericies. This work is deseribeci and 

the results discussed in the next section. 



L U N A R  WOLOCd:-EER H O L O G R A M  A:;i l  P L A Y B A C K  I N S T R U C T 6 0 i l S  

A hologram recorded  w i t h  tke holocamera d e s c r i b e d  i n  

t h i s  r e p o r t  i s  inc luded  i n  t h e  envelope a t t a c h e d  below. Th i s  

hologram i s  inc luded  t o  demonstra te  d i r e c t l y  t h e  q u a l i t y  of  

t h e  holography t h a t  can  be  pe r fo rned  w i t h  t h e  ho locanera .  

The fo l lowing  paragraphs  d e s c r i b e  t h e  procedure  f o r  vietr ing 

t h e  hologram t o  o b t a i n  t h e  maxir.-tn image q u a l i t y .  Less ca re -  

f u l  playback procedures  w i l l  a l s o  p rov ide  a u sab le  image, 

however brith less than  i d e a l  per f  ornance . 

The hologrm.  playback c o n f i g u r a t i o n  i s  shown i n  F ig .  9 .  

The hologram must be  he ld  f l a t  dur ing  playback,  o r  s e v e r a l  

a b e r r a t i o n s  b r i l l  be in t roduced  i n t o  t h e  r e c o n s t r u c t e d  image. 

The hologram f i l m  can  be he ld  bet,-:een a p i e c e  of p l a t e  g l a s s  

and a f l a t  meta l  p l a t e  w i t h  an a p e r t u r e  approximately  6 0  nm 

i n  d iameter  f o r  t h i s  purpose.  The p l a n e  o f  t h e  hologram 

should be  v e r t i c a l ,  and t h e  upper and lower edges of t h e  film 

should be h o r i z o n t a l .  The i d e n t i f i c a t i o n  t a g  should be i n  

t h e  upper-right-hand co rne r  when viewing toward t h e  playback 

reference beam. The a x i s  of t h e  playback r e f e r e n c e  beam 

shou ld  l i e  in a kcuizontal plane and an a n g l e  of 



approximately  15" vith r e s p e c t  to t h e  normal t o  t h e  hologram 

p lane .  This  a n g l e  should be a d j u s t a b l e  for f i n e  "tuning" t h e  

image. The r e f e r e n c e  beam should  be  c o l l i m a t e d  and should be  

50-55 mm i n  d i ame te r .  When played back i n  t h i s  c o n f i g u r a t i o n  

t h e  hologram w i l l  form a r e c o n s t r u c t i o n  o f  t h e  inage  space of  

t h e  r e l a y  l e n s ,  as i n d i c a t e d  i n  F i g .  9 .  An image of t h e  re- 

l a y  l e n s  p u p i l  w i l l  a l s o  appear  a s  a s h a r p l y  d e f i n e d  d i s c .  

When t h e  playback r e f e r e n c e  beam a n g l e  i s  i n p r o p e r l y  ad- 

= justed-,  t h e  r e c o n s t r u c t e d  image shows as t igmat i sm.  A f i n e  ad- 
jus tment  o f  t h i s  a n g l e  i s  made by vary ing  t h e  a n g l e  wh i l e  ob- 

s e r v i n g  t h e  r e c o n s t r u c t e d  image wi th  a 1 0 X  t o  20X magn i f i e r .  

Astigmatism c a n  be  observed on any f i n e  image d e t a i l ;  however, 

a s p e c u l a r  p o i n t  i s  p r e f e r a b l e .  The r e f e r e n c e  beam ang le  i s  

t h e n  a d j u s t e d  s o  t h a t  t h e  as t igmat i sm d i s a p p e a r s .  

The image can be  observed d i r e c t l y  on a  ground g l a s s  

s c r e e n  i n s e r t e d  i n t o  t h e  image space ,  o r  it can b e  recorded 

w i t h  a c lose-up camera. Some f u r t h e r  magn i f i ca t ion  i s  u s u a l l y  

d e s i r e d  i n  t h i s  r eco rd ing .  The focus  and p o s i t i o n  o f  t h e  camera 

can  be  a d j u s t e d  t o  p rov ide  t h e  d e s i r e d  magn i f i ca t ion  and 

p l a n e  o f  focus .  For maximum r e s o l u t i o n  t h e  camera l e n s  should 

n o t  v i g n e t t e  the recons t r 'uc ted  beam. A 90 mm f o c a l  l e n g t h ,  

f/19 camera l e n s  has been used q u i t e  e f f e c t i v e l y .  For maxi- 

mum image c o n t r a s t ,  an  a p e r t u r e  should be p o s i t i o n e d  a t  t h e  

r e l a y  l e n s  p u p i l  image t o  block s c a t t e r e d  l i g h t  o u t s i d e  t h e  

p u p i l  image. 





R E S U L T S  

- A .  GENERAL 

The type of inagery produced by the prototype holocamera 

is indicated by Fig. 10, which shows a conventional photo- 

graph of a microcircuit at about 1.5X, and a photographic 

recording at 43X over-all magnification made from a hologram 

taken by the holocamera. The latter picture, which was taken 

with the camera focused on the face of the microcircuit in 

the holographic image, shows approximately a 2 by 2.5 rrm 

area from the 4.5 m diameter area covered by the holocamera 

field of view. It can be seen that edge detail is resolved 

to at least 2 pm. The illumination, which is at approxi- 

mately 45O from the viewing direction and from one side only, 

is not appropriate for this object, but is very useful for 

granular materials where the added relief information aids 

in interpretation. It is apparent that the holocamera func- 

tions as a low to moderate power microscope, providing the 

ability to focus over a depth of 4 mm. The depth of focus 

at a given focal setting is about 10 ym for the maximum reso- 

lution; this is inherent in high resolution viewing and demon- 

strates how essential it is to be able to focus through the 

object space. It is possible, and sometimes quite useful in 

interpretation, to view the reconstructed object through a 

low power stereo microscope; however, considerable resolu- 

tion is sacrificed. 

Figure 11 shows photographs taken from a single hologram 

of art; f i c i a Z  moondxs  t ,I1 with an over-all magnification 

of 32X, At this magnification the speckle grain size is 



F
ig

. 
1

0
. 

L
e

ft
: 

O
rd

in
a

ry
 

P
h

o
to

g
ra

p
h

 
a

t
 1

.5
X

 
o

f 
M

ic
ro

c
ir

c
u

it
 

an
d

 
C

e
n

ti
m

e
te

r 
S

c
a

le
. 

R
ig

h
t:

 
P

h
o

to
g

ra
p

h
 

o
f 

1 
mm

 S
q

u
ar

e 
M

ic
ro

c
i~

~
c

u
it

 
C

h
ip

 
a

t
 4

3X
, 

T
ak

en
 

o
f 

H
o

lo
g

ra
p

h
ic

 
R

e
c

o
n

st
ru

c
ti

o
n

. 

h 



F
ig

. 
1

1
. 

P
h

o
to

g
ra

p
h

s 
of

 
H

o
lo

g
ra

p
h

ic
 I

m
ag

e 
o

f 
S

im
u

la
te

d
 L

u
n

ar
 

S
u

rf
a

c
e

 a
t

 3
2X

. 
T

he
 

L
e

ft
 

P
h

o
to

g
ra

p
h

 
is

 F
o

cu
se

d
 A

p
p

ro
x

im
at

el
y

 
0

.2
 

mm
 

D
ee

p
er

 
in

to
 t

h
e

 
S

u
rf

a
c

e
 L

ay
er

 t
h

a
n

 
th

e
 

R
ig

h
t 

P
h

o
to

g
ra

p
h

. 



apparen t  b u t  not ve ry  d i s t r a c t i n g .  T h e  right-hand photograph 

i s  focused approximately  0 - 2  nun h ighe r  i n  t h e  o b j e c t  t han  

t h e  l e f t -hand  photograph.  This  i l l u s t r a t e s  t h e  a b i l i t y  t o  

focus  th rough  t h e  r e c o n s t r u c t e d  image w i t h  t h e  viewing/ 

r eco rd ing  system. Close  examinat ion o f  t h i s  image a l lows  

one t o  determine t h e  d i s t r i b u t i o n  o f  p a r t i c l e s  t o  s c a l e s  as 

sma l l  a s  5 t o  1 0  pm, depending on t h e  c h a r a c t e r i s t i c s  of  

t h e  s i t e .  A t  h ighe r  magn i f i ca t ion  t h e  sma l l - s ca l e  t e x t u r e  

of  t h e  o b j e c t  i s  l o s t  i n  t h e  h igh  c o n t r a s t  s p e c k l e ,  and one 

cannot  d i s t i n g u i s h  a s m a l l  clump o f  g r a i n s  from a l a r g e r ,  

angu la r  g r a i n .  Improvement of t e x t u r e  i n  t h e  image can be 

accomplished by reduc ing  s p e c k l e  c o n t r a s t ,  u t i l i z i n g  t h e  

r o t a t i n g  d i f f u s e r  p l a t e  o r  s u p e r p o s i t i o n  t echn iques .  These 

techniques  a r e  d i s c u s s e d  i n  S e c t i o n  PI-E. 

The holograms recorded  w i t h  t h e  p r o t o t y p e  holocamera 

a r e  of e x c e l l e n t  q u a l i t y .  The hologram and i ~ a g e  q u a l i t y  

can be c h a r a c t e r i z e d  by t h e  d i f f r a c t i o n  e f f i c i e n c y  of t h e  

hologram, t h e  s igna l - to -no i se  r a t i o ,  and t h e  dynamic range  

i n  t h e  image. To measure t h e s e  q u a n t i t i e s ,  t h e  hologram i s  

played back s o  t h a t  a  r e a l  image of  t h e  r e l a y  l e n s  p u p i l  i s  

formed. For  d i f f u s e  o b j e c t s  t h i s  image i s  uniformly i l l u m i -  

na t ed .  W e  d e f i n e  d i f f r a c t i o n  e f f i c i e n c y  ( D . E . )  and s i g n a l -  

to -no ise  r a t i o  (S/lJ) as 

D . E .  ( % )  = 1 0 0  I P u p i l  Apupi 1 
' r e fe rence  Ahologran 

I 

and 

L s - - - p u p i l  
N - 1 ,  

'ad j a c e n t  



where I p u p i ~  
is the L i g h t  intensity i n  t h e  p u p i l  Inage, 

i s  the l i g h t  i n t e n s i t y  adjacent to t h e  p x p i l  image, 'adjacent 

'reference 
the light intensity in the reference Seam in 

front of the hologram, A is the area of the pupil image, pupi 1 

and Ahologram 
is the area of the hologram. This definition 

of S/N neglects the contribution of hologram nonlinearities 

to the noise, but is adequate for this study because the 

nonlinearities are small. V!e observe a diffraction effi- 

ciency of about 0.1% and a S/N of 100 to 250. The dynamic 

range of the image depends on the type of object; for a 

diffuse object which is half Light and half dark, the dynamic 

range is 2(S/N). This is a good estimate of the ninimum 

dynamic range. The maximum dynamic range possible would be 

obtained if the entire hologram exposure came from a single 

specular point, and would be S/N times the ratio of the area 

of the field of view to the area of the specular point image, 

or maximum dynamic range = 5 x lo6 ( S / N )  . This situation is 

extremely unlikely, since specular points and facets typi- 

cally contribute only a small fraction of the total object 

beam. A situation which could very easily occur is to have 

an .object where 100 specular points aqd facets (from glassy 

beads and crystalline fragments) contribute a total of 0.1% 

of the object beam. In this case the dynamic range trould be 

50 (S/N). This example denonstrates why it is very difficult 

to record the holographically-produced image on photographic 

film; the latter's dynamic range is usually greatly exceeded. 

B. RESOLUTION AND IPIAGE QUALITY 

In discussing the resolution capabilities of the proto- 

type holocamera, a distinction must be made between resolv- 

ing a specuEar  point and r e s o l v i n g  details of a d i f f u s e  o b j e c t ,  



For a  s p e c u i a r  p o i n t ,  the system o p e r b t e s  essentially a t  t h e  

d i f f r a c t i o n  l i m i t  of the r e l a y  l e n s ,  o r  0 -5 L/:<A = 2 . 5  X = 

1 . 8  pm. D i f fuse  d e t a i l  i s  degraded by speck le  e f f e c t s  and i s  

t y p i c a l l y  r e so lved  on ly  t o  about  4 pm. Edges of  o b j e c t s  

u s u a l l y  show r e s o l u t i o n  between t h e s e  l i m i t s .  I f  t h e  o b j e c t  

i s  r e l a t i v e l y  l a r g e  and smooth, t h e  edge r e s o l u t i o n  can be 

as good as 2 pm. 

Q u a n t i t a t i v e  r e s o l u t i o n  tests were made us ing  a d i f f u s e -  

l y  r e f l e c t i n g  copy of t h e  s t a n d a r d  USA?? b a r  c h a r t  r e s o l u t i o n  

tes t  t a r g e t ,  p rov id ing  dark  b a r s  on a w h i t e  background. The 

copy was made on an  e l e c t r o n  beam r e c o r d e r  and s u f f e r e d  on ly  

a  s l i g h t  l o s s  of r e s o l u t i o n  from t h e  o r i g i n a l .  This  b a r  c h a r t  

p rov ides  a r e a l i s t i c  t e s t  o f  r e s o l u t i o n  because ,  a l t hough  it 

i s  h i g h e r  c o n t r a s t  t han  some o b j e c t s  of  i n t e r e s t ,  it has  a 

l a r g e  preponderance o f  w h i t e  a r e a ,  which, accord ing  t o  t h e  

d i s c u s s i o n  of dynamic range i n  Sec t ion  A ,  w i l l  minimize t h e  

c o n t r a s t  (dynamic range)  i n  t h e  image. 

F i g u r e  12 shows sone  r e s o l u t i o n  c h a r t  i ~ a g e s  t aken  from 

i n d i v i d u a l  holograms. The e f f e c t s  o f  speck le  are a p p a r e n t  

a t  t h e  h i g h e r  magni f ica t ion .  For  one image t h e  t ime-varying 

d i f f u s e r  p l a t e  was used t o  somewhat reduce t h e  s p e c k l e  con- 

t r a s t ;  i n  t h i s  ca se  t h e  l o s s  i n  r e s o l u t i o n  i s  s ~ a l l .  The 

o r i g i n a l  ho lographic  image shows r e s o l u t i o n  t o  e lement  1 of  

group 7 ,  o r  a  b a r  width  of  4 .l pm. A t  lower n a g n i f i c a t i o n s  

t h e  e f f e c t s  of speck le  a r e  n o t  appa ren t .  For a s p e c k l e  s i z e  

o f  1.8 urn, t h e  o v e r - a l l  magn i f i ca t ion  must be  abou t  3 0 X  o r  

l a r g e r  f o r  t h e  speck le  t o  be  r e so lved  by t h e  eye (which can 

r e s o l v e  on ly  t o  about  100 p m ) .  

The e f f e c t  of t h e  t ime vary ing  d i f f u s e r  p l a t e  can  be  

seen  i n  F ig .  13.  This  o b j e c t  was prepared  by s p r i n k l i n g  LOO 

t o  125 urn g l a s s  beads on s u r f a c e  covered 5 e ; i t h  i ncomple te ly  

d r y  b l a c k  brush ing  l a c q u e r ,  thus forming a Low r e f l e c t i v i t y ,  



F i g .  1 2 .  R e s o l u t i o n  C h a r t  I m a g e s  T a k e n  f r o m  S i n g l e  H o l o g r a m s .  
T o p :  1 7 X ;  B o t t o m  L e f t :  5 2 X  w i t h  no  S p e c k l e  C o n -  
t r a s t  R e d u c t i o n ;  B o t t o ~  R i g h t :  52X w i t h  l l o d e r a t e  
S p e c k l e  C o n t r a s t  R e d u c t i o n  f r o m  R o t a t i n g  D i f f u s e r  
P l a t e e ,  
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low c o n t r a s t  o b j e c t  which i s  d i f f i c u l t  t o  r e c o r d ,  It should  

be no ted ,  hoi*;e~er ,  t h a t  t h e  dynamic range in t h e  i n a y e  i s  

l a r g e  because of t h e  s p e c u l a r  p o i n t s ,  which a r e  overexposed 

i n  t h e  photographs.  The d i f f u s e r  p l a t e  was a d j u s t e d  i n  t h e  

playback system t o  produce vary ing  degrees  o f  s p e c k l e  con- 

t r a s t  r educ t ion .  It  i s  appa ren t  t h a t  image t e x t u r a l  q u a l i t y  

can b e  cons ide rab ly  improved wi thou t  a l a r g e  l o s s  of  r e s o l u -  

t i o n ;  t h e  main l o s s  i s  i n  image sha rpness .  The numbers i n  

t h e  f i g u r e  r e f e r  t o  t h e  r a t i o  of t h e  dimension o v e r  which 

t h e  r e f e r e n c e  beam phase i s  c o n s t a n t  t o  t h e  dimension covered 

by t h e  out-of-focus  image. of  a s p e c u l a r  p o i n t  on t h e  holo-  

gram. This  number i s  a measure of t h e  l o s s  of  r e s o l u t i o n /  

sharpness  due t o  t h e  d i f f u s e r  p l a t e ,  t h e  sz>.al ler  t h e  number, 

t h e  g r e a t e r  t h e  l o s s  of  r e s o l u t i o n .  It i s  impor t an t  t o  n o t e  

t h a t  w i t h  t h e  ho lographic  system t h i s  t r a d e o f f  between i m -  

proved t e x t u r a l  q u a l i t y  and h igh  r e s o l u t i o n  can be  v a r i e d  

a t  w i l l  wh i l e  t h e  obse rve r  i s  focus ing  through t h e  image. 

Supe rpos i t i on  of  m u l t i p l e  images o f f e r s  t h e  p o s s i b i l i t y  

of reduc ing  speck le  c o n t r a s t  wh i l e  i n c r e a s i n g  r e s o l u t i o n  

and sha rpness .  S ince  s p e c k l e  i s  e s s e n t i a l l y  a g r a n u l a r i t y  

e f f e c t ,  t h e  g r a n u l a r i t y  i n  a m u l t i p l e  image s u p e r p o s i t i o n  

should v a r y  i n  i n v e r s e  p ropor t ion  t o  t h e  squa re  r o o t  of t h e  

number of  images superimposed. The s i m p l e s t  way t o  demons t ra te  

t h i s  improvement exper imenta l ly  i s  t o  mul t ip ly-expose a-conven-  
- 

t i o n a l  photograph us ing  cohe ren t  i l l u m i n a t i o n  t h a t  i s  a d j u s t e d  

between exposures  t o  a l t e r  t h e  speck le  p a t t e r n .  The r e s u l t s  

of t h i s  p rocedure  a r e  e q u i v a l e n t  t o  p e r f e c t  s u p e r p o s i t i o n  

of a s e t  o f  s e p a r a t e  images. F igu re  1 4  shows t h e  r e s u l t s  

of superimposing images i n  t h i s  way, w i t h  i l l u m i n a t i o n  s i m i l a r  

t o  t h a t  used f o r  t h e  holocamera. Four exposures  p rov ide  

approximately  a f a c t o r  of  two improvement i n  r e s o l u t i o n  compared 

with a s i n g l e  exposure ,  as expected hy t h e  g r a n u l a r i t y  argument,  



5 if, - i-: s -  ' "  6 zzll1 Ell1 ';:: 

F i g .  1 4 .  P h o t o g r a p h i c  S u p e r p o s i t i o n  o f  Images  w i t h  C o h e r -  
e n t  I l l u m i n a t i o n .  L e f t :  S i n g l e  Image ;  C e n t e r :  
F o u r  Images ;  R i g h t :  I n f i n i t e  llumber of  Images  
( I n c o h e r e n t  I l l u m i n a t i o n ) .  



Clovisag the wedge p l a . t e  continuously during the exposure pro-- 

vides the equivalent to superimposing an infinite number 

of images and gives results equivalent to using white light 

illumination. 

The holographic equivalent to the above experiment is 

a perfect incoherent superposition of the four images from 

the separate holograms produced by the holocamera. The super- 

position would have to be done directly, without intermediate 

photographic steps.  his requires a rather complex system, 

and development of these techniques is outside the scope 

of the present program. Availability of the direct super- 

position technique would provide the ability to focus through 

a high resolution image, having very reduced speckle contrast, 

while retaining the dynamic range and noise properties of 

the holographic image. Furthermore, the time-varying diffuser 

plate could be used simultaneously and could be adjusted 

at will to further reduce speckle effects while examining 

the image. Because of these characteristics, direct super- 

position would be particularly valuable for image 

interpretation. 

. We have studied a simpler technique to provide super- 

position of the four images, v i z . ,  to record each of the 

four images photographically with the same magnification 

and then superimpose the four resulting transparencies. This 

technique suffers f m m  several disadvantages: (1) loss 

of ability to focus through the object volume, (2) increased 

noise because of light scattering from four grainy emulsions 

separated by the film base layers, and (3) limited dynamic 

range. The primary difficulty is in registration, but residu- 

al magnification differences, differential emulsion distor- 

tion during processing, and geometrical effects from stacking 

multiple emulsion-base layers also cause degradation, En 



a d d i t i o n ,  p roper  f i n a l  a l ignment  can on ly  be accomplished 

us ing  t h e  superimposed set of t r a n s p a r e n c i e s  w i t 1 1  reduced 

speck le  c o n t r a s t .  

F i g u r e  15  i n d i c a t e s  t h e  r e s u l t s  w e  have been a b l e  t o  

o b t a i n  by s t a c k i n g  i n d i v i d u a l  photographic  r e c o r d i n g s  of 

t h e  f o u r  ho log raph ic  images made by t h e  ho locane ra .  The 

r e d u c t i o n  o f  s p e c k l e  c o n t r a s t  i s  q u i t e  marked, w i t h  a c o r r e -  

sponding improvement i n  image q u a l i t y .  The e f f e c t  i s  perhaps  

.more s t r i k i n g  w i t h  t h e  b a r  c h a r t  o b j e c t  t h a n  it would be 

f o r  some o b j e c t s ,  because t h e  b a r  c h a r t  t e n d s  t o  produce 

a  low c o n t r a s t  image. The e f f e c t  on r e s o l u t i o n  i s  less pro-  

nounced, however, i f  t h e  f i n a l  ad jus tment  o f  each image could  

be done a f t e r  t h e  s u p e r p o s i t i o n  was accomplished,  w e  b e l i e v e  

t h a t  an improvement i n  r e s o l u t i o n  comparable t o  t h a t  shown 

i n  F ig .  1 4  f o r  f o u r  exposures  could  be r e a l i z e d .  With d i r e c t  

s u p e r p o s i t i o n  of  t h e  ho lographic  images, t h e  e f f e c t  on b o t h  

r e s o l u t i o n  and image q u a l i t y  should be  q u i t e  pronounced, and 

t h i s ,  combined w i t h  t h e  a b i l i t y  t o  focus  through t h e  image 

and t o  u se  t h e  d i f f u s e r  p l a t e  a t  w i l l ,  s hou ld  produce ve ry  

h igh  q u a l i t y  imagery which would be  s t r a i g h t f o r w a r d  t o  

i n t e r p r e t .  

Supe rpos i t i on  of  ho lographic  images i s  s i m i l a r  t o  two 

o t h e r  problems; v i z . ,  s u p e r p o s i t i o n  of  m u l t i p l e  images t o  

reduce t h e  e f f e c t s  o f  f i l m  g r a n u l a r i t y  and s u p e r p o s i t i o n  

of  c o l o r  s e p a r a t i o n  n e g a t i v e s .  Both o f  t h e s e  problems have 

been d e a l t  w i t h  s a t i s f a c t o r i l y .  lo The l i m i t i n g  f a c t o r s  a r e  

l i g h t  s c a t t e r i n g  and r e s i d u a l  d i s t o r t i o n s  i n  t h e  i n d i v i d u a l  

images. L i g h t  s c a t t e r i n g  reduces  t h e  accuracy o f  t h e  a l i g n -  

ment, and d i s t o r t i o n s  reduce  t h e  s i z e  of t h e  a r e a  which can  

be e f f e c t i v e l y  a l i gned .  I n  t h e  l a t t e r  c a s e ,  v i s u a l  observa-  

t i o n  and manual ad jus tment  a r e  q u i t e  e f f e c t i v e  i n  improving 

l o c a l i z e d  a r e a s  of t h e  i nage .  The improvement i n  g r a n u l a r i t y  



F i g .  1 5 .  S u p e r p o s i t i o n  o f  1  , 2 , 3 ,  a n d  4 H o l o g r a p h i c  I m a g e s ,  
S h o w i n g  R e d u c t i o n  i n  S p e c k l e  C o n t r a s t  a n d  I n c r e a s e  
i n  Image  C o n t r a s t .  



goes approxinately as the square root of the nurrbrr cf separate 

images, This i s  in agreement with our s t u d i e s  of photographic 

superpos i t ion  of speckled images, and indicates that approxi- 

mately a f a c t o r  of two improvement i n  r e s o l u t i o n  should be  

. a v a i l a b l e  from four  images. Although t h e  holographic problem 

i s  more d i f f i c u l t  than  t h e  above problems because t h e r e  i s  

an a d d i t i o n a l  degree of freedom, i. e . ,  t h e  i ~ . a g e  depth ,  t h i s  

added d i f f i c u l t y  should n o t  a f f e c t  t h e  f i n a l  inagery .  

C . POLAR1 ZATION MEASUREFIENTS 

T h e  i n t e r f e r e n c e  p a t t e r n  forming t h e  hologram i s  pro- 

p o r t i o n a l  t o  t h e  vec to r  d o t  product of t h e  e l e c t r i c  f i e l d s  

of t h e  r e fe rence  and o b j e c t  beams. This  f a c t  provides t h e  

p o s s i b i l i t y  of recording t h e  e f f e c t  of t h e  o b j e c t  on t h e  

s t a t e  of p o l a r i z a t i o n  of t h e  l i g h t  r e f l e c t e d  from it.  1 2  

Since t h e  l a s e r  ou tpu t  i s  inheren t ly  po la r i zed ,  e s s e n t i a l l y  

a l l  t h a t  i s  requi red  i s  a  h a l f  wave r e t a r d a t i o n  p l a t e  i n  t h e  

r e f e r e n c e  beam, and t h e  making of two exposures (holograms),  

one f o r  each of two perpendicular  p o l a r i z a t i o n  d i r e c t i o n s .  

The . re fe rence  beam p o l a r i z a t i o n  i s  r o t a t e d  90°, v i a  t h e  r e -  

t a r d a t i o n  p l a t e ,  between t h e  two exposures.  The r e f e r e n c e  

beam t h u s  performs t h e  func t ion  of a p o l a r i z i n g  element and 

allows the o b j e c t  t o  be viewed i n  l i g h t  po la r i zed  p a r a l l e l  t o  
a 

and perpendicular  t o  t h e  p o l a r i z a t i o n  d i r e c t i o n  of t h e  i l l u m i -  

na t ion .  Since d i f f e r e n t  m a t e r i a l s  should have d i f f e r e n t  e f -  

f e c t s  on t h e  p o l a r i z a t i o n  s t a t e  of t h e  r e f l e c t e d  l i g h t ,  t h i s  

r e p r e s e n t s  a  p o t e n t i a l l y  powerful technique f o r  c l a s s i f y i n g  

lunar  s u r f a c e  p a r t i c l e s .  

F7e performed some i n i t i a l  experiments us ing  1 mm diam- 

e t e r  specu la r  and d i f f u s e  s t e e l  b a l l s ,  approxina te ly  1 rnm 

silicate sand g r a i n s ,  and 100 t o  150 urn grains of crushed 



San Plarcos Gabbro, T h e  r a t i o  of brightness i n  the image w i t h  

the same p o l a r i z a t i o n  as t h e  i l l u m i n a t i o n  t o  t h e  b r i g h t n e s s  

i n  t h e  image w i t h  t h e  o p p o s i t e  p o l a r i z a t j o n  was about  2 0 : l  

f o r  t h e  s p e c u l a r  steel b a l l s ,  5 : l  f o r  t h e  d i f f u s e  s t e e l  b a l l s ,  

n e a r l y  1:l f o r  t h e  sand g r a i n s ,  and ranged from 2 : L  t o  1 : 3  

f o r  s e l e c t e d  San l larcos Gabbro g r a i n s .  F igu re  16 shows photo- 

g raphs  taken  from t h e  ho log raph ic  images. 

The r e s u l t s  of t h e s e  p re l imina ry  exper iments  show t h a t  

measurement of t h e  p o l a r i z a t i o n  components o f  t h e  s c a t t e r e d  

l i g h t  i s  p o s s i b l e .  The exper iments  were n o t  adequa te  t o  

show how much in format ion  can be  o b t a i n e d  r e g a r d i n g  composi- 

t i o n  of g r a n u l a r  m a t e r i a l s .  
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S E C T I O N  V l I  

S P A C E  QUALIFIGATIOG 

Since  t h e r e  would b e  no o p e r a t i o n a l  i n t e r f a c e  between 

t h e  holocamera and t h e  Apol lo  s p a c e c r a f t ,  t h e  holocamera 

can be cons idered  s e p a r a t e l y  excep t  f o r  q u e s t i o n s  of  a s t r o -  

nau t  s a f e t y .  

The l a s e r  o u t p u t  p r e s e n t s  no p o t e n t i a l  danger t o  t h e  

a s t r o n a u t ,  even i n  t h e  extremely u n l i k e l y  e v e n t  t h a t  h i s  e y e s  

should be  exposed t o  t h e  o u t p u t .  Th i s  is  because t h e  l a s e r  

i s  o p e r a t e d  a t  ve ry  low l e v e l s  and because t h e  i l l u m i n a t i o n  

d i v e r g e s  r a p i d l y  upon l e a v i n g  t h e  holocamera o p t i c s .  The 

on ly  p o s s i b l e  dangers  would be harmful  emiss ions  from t h e  

b a t t e r i e s  o r  t h e  energy s t o r a g e  c a p a c i t o r s  and r u p t u r i n g  

of  t h e  c a p a c i t o r s .  These f a c t o r s  are d i s c u s s e d  i n  t h e  f o l -  

lowing. A l l  o t h e r  c o n s i d e r a t i o n s  d e a l  e x c l u s i v e l y  w i t h  holo-  

camera o p e r a t i o n .  

A .  THERMAL BEHAVIOR 

The mechanical  c o n s t r u c t i o n  o f  t h e  holocamera i s  de- 

s igned  t o  minimize t h e  e f f e c t s  of  t e x p e r a t u r e  changes on 

a l ignment .  The honeycomb base  i s  n o t  i n  d i r e c t  c o n t a c t  w i t h  

t h e  e x t e r n a l  environment,  and i s  an  all-aluminum c o n s t r u c t i o n ;  

t h i s  should  p reven t  thermal  g r a d i e n t s  i n  t h e  suppor t  s t r u c -  

t u r e .  The o p t i c a l  l a y o u t  i s  des igned  t o  minimize t h e  e f f e c t s  

of thermal  expansion,  and t h e  r e f e r e n c e  beam expander l e n s  

and i l l u m i n a t i o n  o p t i c s  a r e  somewhat o v e r - f i l l e d  by t h e  l a s e r  

ou tpu t  i n  o r d e r  t o  compensate f o r  any misalignments t h a t  

might occu r .  O r i e n t a t i o n  and a l ignment  o f  a l l  o t h e r  components 

are nod critical (wi th  the exception of components inside the 

b a s e r  l iead, which are discussed in t h e  foliov;ir?g). 



The f i l m  used by t h e  holocamera w i l l  be somewhat s e n s i -  

t i v e  t o  fogging by h i g h  tempera tures ;  kot.lever, t h e  i n h e r e n t l y  
2 

low exposure s e n s i t i v i t y  (approximately  30 ergs/cm compared 

t o  about  0 . 1  erg/cm2 f o r  t h e  T r i - X  emulsion) w i l l  minimize 

t h e  e f f e c t .  Also ,  fogging does r e l a t i v e l y  l i t t l e  harm t o  

ho lographic  imagery s i n c e  it  on ly  c o n t r i b u t e s  s l i g h t l y  t o  

t h e  l i g h t  s c a t t e r i n g  no i se .  

The l a s e r  head i s  t h e  p a r t  o f  t h e  system t h a t  i s  most 

s e n s i t i v e  t o  misal ignment .  - The mechanical  d e s i g n  o f  t h e  
B 

head provides  an  extremely r i g i d  and s t a b l e  suppor t  f o r  the 

o p t i c s .  Th i s  i s  perhaps  b e s t  i l l u s t r a t e d  by t h e  f a c t  t h a t  

t h e  r ange f inde r  l a s e r  m e e t s  n i l i t a r y  s p e c i f i c a t i o n s .  The 

l a s e r  head i n  t h e  holocamera i s  mechanical ly  i d e n t i c a l  t o  

t h e  r ange f inde r  head.  Although t h e  s m a l l  o p t i c a l  modif ica-  

t i o n s  (see Appendix B)  made f o r  u s e  i n  t h e  holocamera add 

somewhat t o  t h e  a l ignment  s e n s i t i v i t y ,  thermal  t e s t s  pe r -  

formed du r ing  t h e  r a n g e f i n d e r  development shot? t h a t  t h e r e  

should be no deg rada t ion  of  t h e  l a s e r  o u t p u t .  

Long i tud ina l  mode c o n t r o l  of  t h e  l a s e r  i s  s e n s i t i v e  t o  

t empera ture  changes because t h e  o p t i c a l  resonances  of t h e  

e t a l o n  o u t p u t  r e f l e c t o r  change w i t h  tempera ture .  This  causes  

t h e  l a s e r  t o  p e r i o d i c a l l y  change l o n g i t u d i n a l  modes a s  t h e  

tempera ture  i s  v a r i e d  and could  modify t h e  l o n g i t u d i n a l  co- 

herence of  t h e  laser o u t p u t .  This  would cause  a s p a t i a l  modu- 

l a t i o n  of t h e  ho lographic  i nage  b r i g h t n e s s .  Although we have 

made no s y s t e m a t i c  o b s e r v a t i o n s ,  t h e  l a s e r  appears  t o  have a  

tendency t o  multimode f o r  about  0 . 5 O C  of a  t e n p e r a t u r e  range 

of about  5OC. A t  t h e  low o u t p u t  l e v e l s  r e q u i r e d  by t h e  holo- 

camera, t h i s  e f f e c t  i s  g r e a t l y  n in imized .  I n  f a c t ,  i n  u s ing  . 

t h e  l a s e r  t o  make some 1 0 0  FLolograms w i t h  no temperature  con- 

t r o l ,  w e  have never observed a  hologram t o  be degraded by  poor 

l o n g i t u d i n a l  coherence.  If t h e  node s h i f t i n g  should prove 



t o  be a diffsculty, t h e  l a s e r  could be interloclced t o  n o t  

f i r e  i n  t h e  approximately LO% of t h e  tempera . ture  range  where 

poor long i tud ina l  coherence might r e s u l t .  Also, s i n c e  t h e  

e f f e c t  of multimoding i s  t o  produce dark bands ac ross  tihe 

image, a t  l e a s t  ha l f  of t h e  image would s t i l l  be a v a i l a b l e  

even with poor l o n g i t u d i n a l  coherence. 

A l l  o t h e r  components i n  t h e  holocamera system should be 

a b l e  t o  meet t h e  thermal requirements f o r  space q u a l i f i c a t i o n ,  

B. OTHER ENVIRONMENTAL CONSTRAINTS 

1. Radiat ion 

Although t h e  o p t i c s  and e l e c t r o n i c s  are s u s c e p t i b l e  

t o  r a d i a t i o n  damage, t h e  most r a d i a t i o n - s e n s i t i v e  p a r t  of t h e  

holocamera system i s  t h e  f i lm.  The r e l a t i v e l y  low s e n s i -  

t i v i t y  of holographic emulsions again impl ies  t h a t  t h e  holo- 

camera should r e q u i r e  l e s s  p r o t e c t i o n  a g a i n s t  r a d i a t i o n  than  

o t h e r  photographic equipment used on t h e  l u n a r  su r face .  

2. Vibra t ion  and Accelerat ion 

The c a p a c i t o r  mounts used i n  t h e  pro to type  holo- 

camera a r e  no t  adequate f o r  space q u a l i f i c a t i o n .  Vith t h i s  

except ion,  v i b r a t i o n  and a c c e l e r a t i o n  should pose no problem. 

3 .  Vacuum 

  either t h e  b a t t e r i e s  nor t h e  l a s e r  energy s t o r a g e  

capac i to r s  can be operated i n  a  t o t a l  vacuum. I f  t h e  ba t -  

t e r i e s  used i n  t h e  prototype a r e  hermet ica l ly  sea led  wi th  a t  

l e a s t  5 p s i ,  they a r e  space q u a l i f i a b l e .  The e l e c t r o l y t i c  

capac i to r s  used i n  t h e  prototype may be space q u a l i f i a b l e  i f  

hermet ica l ly  sea led .  However, they probably would be re -  

placed i n  t h e  q u a l i f i e d  holocamera. I n  any case, it w i l l  



probably be  neces sa ry  t o  enc lose  t h e  c a p a c i t o r s  i n  a hermet i -  

c a l l y  s e a l e d  c a s e  a t  a  r e l a t i v e l y  high p r e s s u r e .  T h e  

b a t t e r y  c a s e  and c a p a c i t o r  c a s e  would a l s o  p r e v e n t  any danger-  

ous  emiss ions  from l e a v i n g  t h e  holocamera and would remove 

any p o s s i b l e  danger  of  a  r u p t u r i n g  c a p a c i t o r  harming t h e  

a s t r o n a u t .  

4 .  R e l a t i v e  Humidity 

The l u n a r  holocamera system would be s e a l e d  a g a i n s t  

s high  r e l a t i v e  humidi ty .  However, it would be p r e f e r a b l e  t o  

avoid exposure t o  mo i s tu re  . 
5. Contaminants 

Dust ,  d i r t ,  and g r e a s e  p r e s e n t  t h e  same problem f o r  

t h e  holocamera a s  f o r  any h igh  q u a l i t y  o p t i c a l  system. The 

r e l a y  l e n s  and i l l u m i n a t i o n  o p t i c s  a r e  p r o t e c t e d  by a s h u t t e r  

assembly, and t h e  remaining o p t i c a l  assembl ies  a r e  n o t  ex- 

posed t o  t h e  c a s e  e x t e r i o r .  Although i n  t h e  p r o t o t y p e  holo- 

camera t h e  r e l a y  l e n s  i s  o n l y  approximately  1 0  mm away from 

t h e  s u r f a c e  being r eco rded ,  and i s  t h e r e f o r e  s u s c e p t i b l e  t o  

contaminat ion from d u s t  t h a t  i s  a t t r a c t e d  by e l e c t r o s t a t i c  

f o r c e s ,  t h e  Apollo v e r s i o n  would have a  l onqe r  f o c a l  l e n g t h  

r e l a y  l e n s  t h a t  would prov ide  a  g r e a t e r  o b j e c t  d i s t a n c e  

(approximately  80 mm) . 
C.  LUNAR SURFACE OPERATIONS 

o p e r a t i o n  of t h e  l u n a r  holocamera would fo l low t h e  same 

sequence a s  o p e r a t i o n  of  t h e  p ro to type :  t h e  a s t r o n a u t  would 

p o s i t i o n  t h e  holocamera on t h e  l u n a r  s u r f a c e ,  a r m  t h e  i n -  

s t rument ,  and t r i g g e r  t h e  sequence of exposures .  The handles  

and swi tches  would be redes igned  f o r  a s t r o n a u t  usage.  The 



a s t r o n a u t  would a l s o  be r e q u i r e d  t o  o b t a i n  ~ o ~ v e n t i o n a l ,  low 

r e s o l u t i o n  photograpl-is of  t h e  s i t e s  recor2ed  w i t i - i  t h e  holo- 

camera, These could be made wh i l e  t h e  ho locanera  i s  o p e r a t -  

i n g  a t  t h e  nex t  s i t e .  I t  should a l s o  be noted t h a t  t h e  

holocamera o p e r a t i o n  a l lows  t h e  a s t r o n a u t  t o  p o s i t i o n  t h e  

holocamera, i n i t i a t e  t h e  sequence,  and t h e n  l e a v e  t o  perform 

o t h e r  t a s k s ,  r e t u r n i n g  a t  any convenien t  t ice t o  choose a  new 

s i t e  o r  r e t r i e v e  t h e  f i l m  h o l d e r .  

The p r e s e n t  s h u t t e r  assembly would e x e r t  a  p r e s s u r e  o f  
- 2  about  0.2 l b - i n .  on t h e  l u n a r  s u r f a c e .  S ince  t h e  p r e s s u r e /  

-2 -1 
p e n e t r a t i o n  r a t i o  should be  l a r g e r  t han  2 l b - i n .  i n .  

(Ref. 1 3 ) ,  t h e  p e n e t r a t i o n  of  t h e  p ro to type  s h u t t e r  assembly 

f a c e  i n t o  t h e  l u n a r  s u r f a c e  should be l e s s  t han  0 . 1  i n .  

(2 .5  mm). The edge of t h e  f i e l d  recorded by t h e  p ro to type  

i s  about  6 mrn from t h e  edge of  t h i s  f a c e ,  and t h u s  might  be  

d i s t u r b e d .  Although t h e  6 mm dimension cou ld  e a s i l y  be i n -  

c r eased  t o  about  26 mm i n  t h e  l u n a r  h o l o c a r e r a ,  w i t h o u t  

modifying t h e  p r e s e n t  s h u t t e r  assembly, it may be d e s i r a b l e  

t o  d e s i g n  a  d i f f e r e n t  s h u t t e r  and p o s i t i o n i n g  system. 

Although l i g h t  l eakage  i n t o  t h e  h o l o c a ~ . e r a  i s  o f  c o u r s e  

undes i r ab l e ,  t h e  low s e n s i t i v i t y  of  t h e  ho lographic  f i l m  and 

t h e  f a c t  t h a t  t h e  f i l m  i s  advanced i m : e d i a t e l y  b e f o r e  and 

a f t e r  each exposure minimize t h e  e f f e c t  on t h e  holograms. 

The f i l m  ho lde r  i n  t h e  p ro to type  holocamera c a r r i e s  

enough f i l m  f o r  6 four-hologram sequences .  Recording of more 

than  s i x  s i t e s  would r e q u i r e  r edes ign  of t h e  f i l m  h o l d e r .  

N o  o t h e r  changes would be necessary  up t o  some 20 s i t e s ,  when 

t h e  b a t t e r y  r a t i n g  would have t o  be i nc reased .  A c c e s s i b i l i t y  

and removal of t h e  f i l m  h o l d e r  f o r  r e t u r n  t o  t h e  LEPl would 

be made easy t o  perform by t h e  a s t r o n a u t .  The f i l m  ho lde r  

i s  t h e  on ly  p a r t  of t h e  holocamera t h a t  would have t o  be 

r e t u r n e d  t o  e a r t h ,  



D. VEIGfiT &YD SIZE ESTI?.TXTES 

A d e t a i l e d  breakdox.sn of t h e  p ro to type  holocamera weight  

i s  g iven  i n  Table  11. The components t h a t  would probably  

be  changed i n  a space -qua l i f i ed  model a r e  t h e  fo l lowing .  

1. C a s e  

Approximately o n e - t h i r d  of  t h e  weight  o f  t h e  p ro to -  

t y p e  c a s e  i s  p a i n t  t h a t  would probably be r e p l a c e d  by a t h i n  

9F 

m e t a l l i c  r e f l e c t i n g  f i l m ,  and t h e  2 mm c a s e  t h i c k n e s s  would 

be  reduced by one-ha l f .  Larger  c o n t r o l s  and g r i p s  s u i t a b l e  

f o r  a s t r o n a u t  u se  would add some weight ,  s o  t h e  q u a l i f i e d  

cas.e weight  i s  e s t i m a t e d  a t  0 . 9  kg.  

2 .  S h u t t e r  Assembly 

This  component would probably be en l a rged  and 

l i g h t e n e d ,  w i t h  t h e s e  opposing f a c t o r s  approximately  cance l -  

l i n g  f o r  no weight  change. 

3 .  Dust and L i a h t  S h i e l d  

The d u s t  and l i g h t  s h i e l d  f o r  t h e  l a s e r  head would 

be  reduced t o  about  one-quar te r  i t s  p ro to type  weight .  The 

e s t i m a t e d  weight  i s  0 . 0 4  kg. 

4 .  S to rage  Capac i to r s  

The l a s e r  energy s t o r a g e  c a p a c i t o r s  would b e  re- 

p laced  w i t h  h e r m e t i c a l l y  s e a l e d  u n i t s ,  w i t h  a p robab le  weight  

i n c r e a s e  of 3 0 % .  The e s t i m a t e d  weight  i s  t h e r e f o r e  1 .32 kg. 

B a t t e r y  Pack 

The same b a t t e r y  pack would be used,  b u t  t h e  pro- 

t o t y p e  ca se  would be  r ep l aced  w i t h  a he rme t i ca l ly  s e a l e d  

u n i t ,  T h e  e s t ima ted  weight  i s  0 - 4 5  kg. 



T A B L E  IT 

P R O T O T Y P E  HOLOCAMERA M E I G H T  B R E A K D O X I i  

C a s e  1 (65)  
S h u t t e r  Assembly 1 0.300 (10.6)  

Honeycomb B a s e p l a t e  1 0.499 (17.6)  

Laser  Head 
Dust and l i g h t  s h i e l d  

Laser  E l e c t r o n i c s  

Laser  Energy S t o r a g e  C a p a c i t o r s  

B a t t e r y  Pack,  w i t h  Case 

Op t i c s  
Co l l ima to r  l e n s  and mount 
Beam expan6er l e n s  and mount 
Fo ld ing  m i r r o r  and mount 
Relay l e n s  and mount 
L l l umina t i on  assembly 
Feedthrough assembly 

Mechanical 
~ i l m  h o l d e r  
Film h o l d e r  mount 
Wedge p l a t e  motor,  mount, and cam assembly 0.165 ( 5 .8)  
Film advance motor ,  mount, and cam assembly 0.14 3 ( 5 . 1 )  
L i g h t  b a f f l e s  0.035 ( 1 . 2 )  

Wiring and Hardware 1 0.14 ( 5 ) 

Film 0.12 ( 4 .2 )  

T o t a l  Weight 7.90 (279 02 )  

(17.4 Lb) 

TLOO 



6 ,  

The feedthrough assembly would be reduced in weight 

by about one-half, for an estimated weight of 0.09 kg. 

7. Film Holder 

The film holder trould be redesigned to provide 

more capacity, with an estimated 50% increase in weight to 

0.45 kg. 

8. Film Capacity 

The film capacity would be approximately tripled. The 

estimated film weight is 0.35 kg. 

9. Relay Lens 

The relay lens ~iould be changed to a 75 mm focal 

length, NA 0.25 lens. This lens would be larger; the esti- - 

mated weight is 0.2 kg. 

The total estimated weight for the space-qualified holo- 

czmera is therefore 7.77 kg (17.1 lb). 

The space qualified version should be essentially the 

same size as the prototype, so the case dinensions would 

remain about 12 in. x 13 in. x 6 in. 

Some further weight and size reductions could be made 

by estensive use of lightweight materials and by redesign of 

the laser electronics. Ho\.iever, we consider these changes 

unlikely for an Apollo holocamera. 



SECTION V I I I  

SUMMARY A N D  C O N C L U S I O N S  

A pro to type  holocamera has been f a b r i c a t e d  us ing  a  

mode-contxolled, pu lsed ,  ruby l a s e r .  I t  i s  completely p o r t -  

a b l e  and i s  ope rab le  i n  moderate f i e l d  environments.  An 

automatic  sequence of  f o u r  holograms i s  recorded  o f  each 

o b j e c t .  An o b j e c t  r e s o l u t i o n  of 4 ym i s  achieved by each 

i n d i v i d u a l  hologram, and incoheren t  s u p e r p o s i t i o n  of t h e  

f o u r  ho lographic  images provides  improved image q u a l i t y  and 

t h e  p o s s i b i l i t y  of  improved r e s o l u t i o n .  

A playback system has been f a b r i c a t e d ,  us ing  a He-Ne 

l a s e r  i l l u m i n a t o r ,  which d i s p l a y s  t h e  high r e s o l u t i o n  image 

and a l lows  v i s u a l  s tudy  and photographic  r eco rd ing  of t h e  

image. A p re l imina ry  s tudy of techniques f o r  s u p e r p o s i t i o n  

of t h e  s e p a r a t e  images has  been made. 

The p ro to type  holocamera and playback system have been 

t e s t e d  by record ing  and s tudying  holograms o f  va r ious  o b j e c t s ,  

i nc lud ing  r e s o l u t i o n  t e s t  c h a r t s  and d i f f u s e l y  r e f l e c t i n g  

s u r f a c e s  composed of  f i n e ,  low c o n t r a s t  g r a i n s .  The r e s u l t s  

of t h e s e  tests a r e  g iven  and d i scussed  i n  t h e  above s e c t i o n s .  

S i n g l e  holographic  images of r e s o l u t i o n  c h a r t s  show re- 

s o l u t i o n  t o  4 pm. Specular  p o i n t  r e s o l u t i o n  i s  approximate- 

l y  1 .8  pm, and edge - d e t a i l  shows in t e rmed ia t e  r e s o l u t i o n  t h a t  

can be a s  good a s  2 pm. Ind iv idua l  images o f  f i n e  g r a i n  

m a t e r i a l  show t h e  p a r t i c l e  d i s t r i b u t i o n  t o  s c a l e s  a s  smal l  

a s  5 pm; however t h e  f i n e s t  s c a l e  t e x t u r e  i s  obscured by 

speckle  e f f e c t s .  U t i l i z i n g  t h e  r o t a t i n g  d i f f u s e r  p l a t e  i n  

the  playback system provides  improved t e x t u r e  i n  t h e  image, 

a t  t h e  expense of some image sharpness .  Superpos i t ion  of 



m u l t i p l e  images, w i t h  d i f f e r e n t  s p e c k l e  i n  each image, 

g r e a t l y  reduces  speck le  c o n t r a s t  and t h u s  improves t e x t u r e ,  

image q u a l i t y ,  and c o n t r a s t .  P r e s e n t  s u p e r p o s i t i o n  techniques-  
- - 

i nvo lve  making photographic  r e c o r d i n g s  a t  a  p a r t i c u l a r  focus  - 

s e t t i n g ,  and t h e r e f o r e  p rec lude  focus ing  through a  superim- 

posed image volume. - s i n c e  such - focus ing  i s  ve ry  u s e f u l  i n  
- .  

ob j ect i i i t e r p r ~ t a t i o n - , '  m o r e  advanced techniques  f o r  d i r e c t ,  - 

i n c o h e r e n t  s u p e r p o s i t i o n o f  t h e  ho log raph ic  images are needed 
. -  - - 

i n  o r d e r  t b  f u l l y - u t i l i z e  t h e  hologram sequences provided by 
9L- 

- - 
- - - - - -  - -  

the- p ro to type  holocamera. 
- - - - -  

A complexe- s e t  o f  ' spec i f ica t - ions  f o r  t h e  p ro to type  holo- 
- - - - - - - -  

camera i-s g i v e n  i n  Table  I .  - T h e s e  s p e c i f i c a t i o n s  d e f i n e  t h e  
- - -. 

performance- and operaEinq c h a r a c t e r i s t i c s  o f  t h e  p r o t o t y p e .  
- - -  - -  

A d e t a i l e d  e s t i m a t e  of  t h e  s i z e ,  shape,  and weight  of  an 

Apollo qua l i - f i&X vergibi i  o f  t h e  p r o t o t y p e  holocamera has  
- 

been made and is- p re sen ted  i n  Table  I11 as a s e t  of  e s t i m a t e d  

s p e c i f i c a t i o n s  f o r  t h e  q u a l i f i e d  holocamera. 
- - 

The s t a t e  o f  equipment d e f i n i t i o n  i s  ve ry  good. The 

a n t i c i p a t e d  mod i f i ca t ions  t o  t h e  p r o t o t y p e  des ign  i n  o r d e r  t o  

ach ieve  a  s p a c e  q a l i f i e d  holocamera a r e  s t r a i g h t f o r w a r d .  

 heo ore tical h e a t  f low 2nd stress a n a l y s i s ,  based on d e t a i l e d  

Apollo miss ion  environmental  s p e c i f i c a t i o n s ,  and exper imenta l  

s t u d i e s  of t h e  s t a b i l i t y  of  holocamera a l ignment  and laser 

mode c o n t r o l  w i t h  tempera ture  change a r e  needed t o  de te rmine  

i f  any u n a n t i c i p a t e d  mod i f i ca t ions  a r e  r e q u i r e d .  ~ x p e r i e n c e  

t o  d a t e  w i t h  t h e  p ro to type  holocamera has  been very  p o s i t i v e  

and i n d i c a t e s  no problems. 



TABLE %I1 

ESTIMATED A P O L L O - Q U A L I F I E D  WOLOCAMERA S P E C I F I C A T I O N S  

Size: case exterior: 12 in, x 13 in, x 6 in, 

Weight: 17.1 lb 

'Image characteristics with 75 mm focal length, PUi 0.25 re- 
lay lens: 

Field of view: 20 rnrn diameter, central 10 rnrn diam- 
eter at specified resolution 

Depth of field: 15 mm 

Resolution: 3.7 ym with one hologram 
2 yrr, with super~osition of 4 holograms 
1.7 pm with superposition of 6 holograms 

Light source: Pulsed ruby laser 

Wavelength: 0.694 pm 

Output energy: Approximately 20 mJ (exposure set for 
10 % reflectivity) 

Pulse length: 100 ysec 

Transverse coherence: Diffraction limited 

Longitudinal coherence length: 25 cm 

Film: Eastman Kodak FW 1248-1 holography emulsion. 

Format: 70 mm wide, roll film; 50 nun diameter 
hologram 

Capacity: 60 exposures (20 f our-hologram sequences) 

Operation: Pushbutton switch initiates automatic sequence 
of four holograms; sequence duration is 
approximately 60 sec. 

Option: Six holograms in 90 sec sequence. 

Power source: Silver-zinc batteries 

Rat ing :  21 V ,  0 , 0 5  A-hour (approximately 9 0  exposures), 

T181 





APPENDIX A 

L I M I T A T I O N S  O N  RESOLUTION IN H O L O G R A P H Y  

The i n i t i a l  de s ign  o b j e c t i v e  of  5 ym r e s o l u t i o n  r equ i r ed  

c o n s i d e r a t i o n  of s e v e r a l  l i m i t a t i o n s  on r e s o l u t i o n .  These 

l i m i t a t i o n s  are due t o  d i f f r a c t i o n ,  r e f e r e n c e  beam s o u r c e  

s i z e ,  sou rce  s p e c t r a l  l i n e w i d t h ,  r eco rd ing  m a t e r i a l  charac-  

t e r i s t i c s ,  and speck le .  The obscur ing  e f f e c t s  of  s p e c k l e  re- 

q u i r e  t h e  impulse response  o f  t h e  o v e r - a l l  imaging system t o  

be cons ide rab ly  b e t t e r  t han  would u s u a l l y  be r e q u i r e d  t o  

ach ieve  5 urn r e s o l u t i o n :  we have found t h a t  a p o i n t  sou rce  

image s i z e  of 1 . 8  pm a l lows  a  d i f f u s e l y  r e f l e c t i n g  b a r  c h a r t  

r e s o l u t i o n  t a r g e t  t o  be recorded t o  a b a r  wid th  of  4 ym. 

When a  pulsed ruby l a s e r  i s  used t o  r eco rd  holograms,  

it i s  convenient  t o  use  a  cont inuous H e - N e  laser t o  p l a y  them 

back. This  change of  wavelength from 0.694 p m  t o  0.633 ym 

a l s o  i n t r o d u c e s  a b e r r a t i o n s  t h a t  are unacceptab le  i n  some 

a p p l i c a t i o n s .  . . 

The above l i m i t a t i o n s  w i l l  be  d i scus sed  i n d i v i d u a l l y .  

They a r e  d i scus sed  i n  more d e t a i l  i n  ~ 6 f e r e n c e  5.  It  w i l l  be 

shown t h a t  i n  o r d e r  t o  ach ieve  a  r e l i a b l e ,  p o r t a b l e  system,  

a magnifying r e l a y  l e n s  must be  used.  With t h e  r e l a y  l e n s ,  

a H e - N e  playback l a s e r  can be  used.  

D i f f r a c t i o n  - I f  R i s  t h e  d i s t a n c e  o f  an o b j e c t  from a 

hologram of a p e r t u r e  D ,  t h e  e f f e c t i v e  f/nurnbex i s  F = R/D, 

and t h e  r e s o l u t i o n  l i m i t  due t o  d i f f r a c t i o n  a l o n e  i s  approxi -  

mately FA, where X i s  t h e  wavelength of  t h e  l i g h t  used t o  

record  t h e  hologram. En o r d e r  t o  o b t a i n  2 pm r e s o l u t i o n  wi th  

a ruby l a s e r ,  F 2 2 . 5 .  



Reference  beax soulace s i z e  .- The asigle subtended a t  t h e  

hologram by a  point i n  t he  image can be no s n a l l e r  than  t h e  

sum of  t h e  ang le s  subtended a t  t h e  hologram by t h e  r eco rd ing  

and playback r e f e r e n c e  bean sou rces .  The re fo re ,  h igh  r e s o l u -  
, . 

t i o n  r e q u i r e s  smal l  r e f e r e n c e  beam sources .  Th i s  i s  b e s t  ac-  

complished by us ing  c o l l i m a t e d  r e f e r e n c e  beams. I n  t h i s  c a s e  

t h e  sou rce  angu la r  s i z e  can be  made e q u a l  t o  t h e  d i f f r a c t i o n  

l i m i t ,  X/D, of t h e  c o l l i m a t o r  l e n s .  For  a 50 mm d iameter  l e n s  

t h e  r e s u l t i n g  image p o i n t  s i z e  i s  abou t  3 pm. 

Source  s p e c t r a l  Z i n e c i d t h  - A f i n i t e  range o f  wavelength 

i n  t h e  r eco rd ing  and/or playback sources  produces a sp read  

i n  t h e  d i f f r a c t i o n  a n g l e  of t h e  hologram and thereby  a 

smearing of  t h e  image. kf ar  and a a r e  t h e  a n g l e s  t o  t h e  i 
hologram normal made by t h e  r e f e r e n c e  beam and image beam, 

r e s p e c t i v e l y ,  t h e  sp read  i n  image ang le  i s  g iven  by 5  

where X r  and 1 a r e  t h e  r eco rd ing  and playback wavelengths ,  
P 

and A X r  and AhD a r e  t h e  wavelength sp reads .  The ruby l a s e r  

w i t h  a  25 cm lLng- i tud ina l  coherence l e n g t h  and a  mul t inode 

H e - N e  l a s e r  each have h l / X  = 3 x For r e f e r e n c e  and 

image ang le s  o f  15"'  t h i s  g i v e s  an angu la r  spread  of about  

1 . 5  x r a d  and an image s i z e  of  0.15 grn a t  an image d i s -  

t a n c e  of 1 0  cm. 

Racording mater taZ - The record ing  m a t e r i a l  can degrade 

t h e  image by f a i l i n g  t o  r eco rd  t h e  hologram (due t o  a  l a c k  o f  

response a t  t h e  highex s p a t i a l  f r equenc ie s )  o r  by i n t r o d u c i n g  - 

phase e r r o r s  i n t o  t h e  r e c o n s t r u c t e d  beam. By choosing a 

material with s u f f i c i e n t l y  wide s p a t i a l  frequency r e sponse ,  

t h e  first limitation can be made n e g l i g i b l e ,  Phase e r r o r s  

can arise from emulsion and base irregularities and from 



en~ulsion and base distortions during processing of the hoLo--- 

gram. These phase errors are more pronounced with f i l m  than 

with p l a t e s ,  b u t  even with p l a t e s  t h e  e r r o r s  a r e  important  

a t  f/nurnbers below about f/3.  The phase e r r o r s  can be l a r g e l y  

e l iminated  by using t h i c k  p l a t e s  i n  a  l i q u i d  g a t e ,  b u t  t h e s e  

a r e  n o t - f e a s i b l e  a l t e r n a t i v e s  i n  a  smal l ,  p o r t a b l e  ins t rument .  

WaveZer,gth change - The a b e r r a t i o n s  introduced by mak- 

ing t h e  playback wavelength d i f f e r e n t  from t h e  recording  

wavelength depend on s e v e r a l  system parameters ( f o r  a  d i s -  

cussion of t h e s e ,  see  Reference 9 ) .  The condi t ions  f o r  

minimizing t h e  a b e r r a t i o n s  due t o  a wavelength change a l s o  

minimizes t h e  a b e r r a t i o n s  due t o  emulsion d i s t o r t i o n .  The 

a b e r r a t i o n s  f o r  a  wavelength change from 0 . 6 9 4  pm t o  0 .633  pm 

i n  t h e  pro to type  system i s  shown i n  Fig .  A-1 a s  a  func t ion  

of f/number, along with t h e  d i f f r a c t i o n  l i m i t e d  s p o t  s i z e  a s  

a  func t ion  of f/number. The a b e r r a t i o n  due t o  t h e  wavelength 

change becomes q u i t e  l a r g e  a t  f /2 .5 ,  which i s  t h e  £/number 

requi red  t o  o b t a i n  a  2 pm spo t  s i z e .  

The major l i m i t a t i o n s  on d i r e c t ,  high r e s o l u t i o n  holog- 

raphy a r e  t h e r e f o r e  t h e  r e fe rence  beam source s i z e  and wave- 

f r o n t  d i s t o r t i o n s  caused by t h e  recording  m a t e r i a l .  I t  i s  

impossible t o  use a  He-Ne l a s e r  playback source f o r  such 

holograms recorded wi th  a ruby l a s e r .  Although t h e  source  

s i z e  and d i s t o r t i o n  problems can be solved i n  t h e  l a b o r a t o r y ,  

it i s  not  f e a s i b l e  t o  do so  i n  a  smal l ,  p o r t a b l e  holocamera. 

These l i m i t a t i o n s  a r e  overcome by providing a  magnifying re-  

l ay  l e n s  t o  reduce the  r e s o l u t i o n  requ i red  from t h e  holo- 

gram, and opera t ion  a t  a  l a r g e r  £/number permits  t h e  con- 

venience of a  He-Ne playback source.  
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P U L S E D  RUBY L A S E R  D E S C R I P T I O N  

The ruby l a s e r  used i n  t h e  p ro to type  holocamera i s  

b a s i c a l l y  t h e  t r a n s m i t t e r  from t h e  M60 t a n k  r ange f inde r  sys-  

t e m  developed and produced by Hughes. Three  hundred of t h e s e  

systems w e r e  produced f o r  t h e  1160 A1E2 t a n k ,  and t h e  holo-  

camera laser was ob ta ined  from t h i s  p roduc t ion  run .  The f160 

system has  demonstra ted a  ve ry  h igh  deg ree  of  r e l i a b i l i t y  

under c o n d i t i o n s  o f  v i b r a t i o n  exper ienced  i n  a t r a c k e d  ve- 

h i c l e  and under  c o n d i t i o n s  of  shock from t h e  f i r i n g  of  152 mm 

rounds.  The system has  s a t i s f i e d  e x t e n s i v e  environmental  

t e s t i n g .  14 

The c a v i t y  c o n f i g u r a t i o n  o f  t h e  r a n g e f i n d e r  l a s e r  i s  

shown i n  F ig .  B-1.  The fo lded  c a v i t y  d e s i g n  provides  a v e r y  

r i g i d  s u p p o r t  s t r u c t u r e .  The pumping c a v i t y  has  a  s e m i e l l i p -  

t i c a l  d e s i g n  t h a t  r e t a i n s  t h e  h igh  o p t i c a l  e f f i c i e n c y  of a  

f u l l  e l i p s e  y e t  pe rmi t s  imbedding o f  t h e  ruby i n  a  s o l i d  

aluminum block t h a t  p rov ides  a  r i g i d  mount and a c t s  as a h e a t  

s i n k .  I n  t h e  r a n g e f i n d e r  l a s e r  t h e  r e s o n a n t  r e f l e c t o r  a c t s  

as an o u t p u t  coup le r  w i t h  a  h igh  t h r e s h o l d  f o r  o p t i c a l  

damage. The Q-switch pr ism i s  r o t a t e d  a t  h igh  speed t o  

provide a  s h o r t - d u r a t i o n  p u l s e  f o r  t h e  r a n g e f i n d e r .  

A photograph o f  t h e  p ro to type  holocamera l a s e r  i s  shown 

i n  F ig .  B-2. The s e m i e l l i p t i c a l  r e f l e c t o r  has  been removed 

from t h e  pump c a v i t y  t o  show t h e  ruby rod  clamped i n  t h e  h e a t  

s i n k  block.  Only t h r e e  mod i f i ca t ions  were made t o  t h e  pro-  

duc t ion  r a n g e f i n d e r  l a s e r  head: (1) t h e  roof  pr ism was re- 

p laced  by a high  r e f l e c t i v i t y  ' flat d i e l e c t r i c  m i r r o r ,  

( 2 )  a %,5 mm aper ture  was i n s e r t e d  i n t o  t h e  c a v i t y ,  and 
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(3) the Q-stritch prism was locked in permanent alignment (the 

motor and magnetic pickup were removed), The mirror and 

aperture provide transverse mode control, and locking the 

prism in place converts the laser to normal mode operation, 

- The production resonant reflector provides sufzicient longi- 

tudinal mode control to achieve 25 cm coherence length. 

The transverse mode structure of the modified laser 

was studied by photographing the near-field and far-field 

- intensity distributions in the output beam. These photo- 

graphs showed a TEM -type mode, with the far-field beam 00 
divergence equal to the diffraction limit for the beam size, 

within experimental error. These results indicate that the 

transverse coherence is essentially complete. 

The degree of longitudinal mode control was observed. by 

recording the longitudinal mode structure with a Fabry- 

Perot interferometer and by measuring the longitudinal co- 

herence directly with a Twyman-Green interferometer, 

The Fabry-Perot interferometer measurements showed that 
-1 the oscillation bandwidth of the laser was less than 0.1 cm , 

the limit of the instrument's measuring range, This indi- 

cates that the longitudinal coherence length is larger than 

10 cm. In the Twyman-Green interferometer measurements, the 

fringe visibility was observed as a function of path length 

difference. This direct measurement demonstrated a longi- 

tudinal coherence length of 25 cm, the path length differ- 

ence at which the fringe visibility dropped to one-half its 

value at zero path length difference. This means the holo- 

camera could record information over a 12.5 cm depth, com- 

pared to the 4 mm over which the relay lens operates well. 

The modified laser has proven to be an excellent source 

for holography. Alignment is extremely stable, and no holo- 

gram made w i t h  the laser has been degraded by poor transverse 

or Longitudinal mode control. 
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