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SEPARATE REFERENCE BEAM HOLOGRAPHIC INTERFEROmTRY AND ITS APPLICATION 
TO THE MEASUREMENT OF SMALL PHASE VARIATIONS I N  SUB-FRINGE SYSTEMS 

ABSTRACT 

A method of dual exposure holographic interferometry which u t i l i z e s  a 

separate reference beam fo r  each of t h e  two exposures i s  described. It i s  

demonstrated t ha t  t he  holographically recorded interference f r inges  can be 

sh i f t ed  f o r  improved v i s i b i l i t y  and t h a t  f i n i t e  and i n f i n i t e  f r inge  pat terns  

can be obtained from a s ing le  hologram. The method can be used i n  recording 

interferograms of t rans ien t  phenomena, f o r  r e a l  time interferometry, and f o r  

comparing op t ica l  components. In  addit ion,  t he  method i s  the  bas i s  of a 

technique fo r  t he  quant i ta t ive  measurement of small phase differences i n  

an o p t i c a l  f i e l d ,  whether t he  f i e l d  ex i s t s  i n  r e a l  time o r  i s  holographically 

stored.  It i s  demonstrated t h a t  r e l a t i ve  phase measurements have been 

accomplished with a standard deviation of as low as 1 degree fo r  measure- 

ments made within a two minute period and of 1 .4  degrees fo r  measurements 

recorded over a t h i r t y  minute period. 



S D m T E  REmm?CE BEaM N O L O C W P I I C  INTERmROmTRY AND ITS MPLICATION 
TO TYX mMWmIIJT OF SmE PmSE VUZAFTJCQNS IN Sm--FRINC;E S'MSmm 

G. S. Ballard and S. Sengupta 

Introduction 

Some of t h e  most promising applications of holography have been i n  t h e  

f i e l d  of interferometry. Using holograms, interferometric s tudies  a re  now 

prac t ica l  i n  areas which were not possible using conventional methods. One 

1 popular technique i s  known as real-time holographic interferometry . With 

t h i s  method, a holographically reconstructed comparison beam is caused 

t o  i n t e r f e r e  with some "real-time" t e s t  scene. Diffuse objects a s  well  as 

transparent objects may be studied. The minute deformation of a s t ruc tu ra l  

m5mber under load can be observed by superimposing the  holographically 

reconstructed v i r t u a l  image of the  member upon the  actual  member i t s e l f  

and applying the  load. This method is  qu i te  su i tab le  f o r  studying objects 

t ha t  a re  essen t ia l ly  s t a t i c ,  allowing suf f ic ien t  time f o r  the  interference 

fringes t o  be observed. Dynamic objects can a lso be used, provided t h e  

fringes can be recorded by some su i tab le  means, such as  a high speed movie 

camera. The hologram recording and reconstructing methods a re  straightforward, 

as the  hologram i s  i n  r e a l i t y  a simple off-axis hologram. Precise op t ica l  

components are not required, but a l l  components must be s tab le  f o r  r e l a t i ve ly  

long periods of time. One problem encountered with t h i s  method i s  t h a t  great  * 

care must be taken t o  insure t ha t  the photographic emls ion  upon which the  

hs logrm has been recorded is in no way dis to r ted  during processing, E$zhs$sIon 

s h r i k a g e  or  s a g i n g  w i l l  res-dt i n  an imperfect match between t h e  v i r t u d  

ims'ge and t h e  actual  ob j ec t and  unwavlted interference fringes w i l l  appear. 



Since t h e  in terference pat tern  occurs i n  real-time, t he  system c m  be 

adjusted f o r  e i t h e r  f i n i t e  o r  i n f i n i t e  f r inge pat terns  and i s  qu i te  

f l ex ib le .  

Another widely used technique i s  t h a t  of double exposure holographic 

interferometry? I n  t h i s  method both t h e  t e s t  scene and t h e  comparison beam 

are  hologram reconstructions.  F i r s t ,  t he  t e s t  scene i s  recorded using t h e  

normal. off-axis hologram procedure. Then t he  t e s t  scene is  removed and t h e  

coaparison beam is recorded on t he  same photographic emulsion as  a double 

exposure. After processing, t he  hologram i s  reconstructed by i l luminating 

t h e  emulsion with t h e  off-axis reference beam. Both the  t e s t  scene and t he  

comparison beam are  reconstructed and the  in terference between them i s  

observed. 

Some of t h e  advantages of using t h i s  method are:  (1)  both transparent  

ofid d i f fuse  subjects  can be studied;  (2 )  high qua l i ty  op t ics  a re  not required; 

(3) the  components must be s tab le  only during t he  time required t o  complete 

the  two exposures; ( 4 )  emulsion i n s t a b i l i t y  a f fec t s  both reconstructions 

equally, i ts  e f f ec t  being cancelled out during reconstruction; and (5) t r ans i en t  

events c m  be s tudied by using a pulsed l a s e r  t o  record t he  d u d  exposure 

holograa. The main disadvantage of t h i s  method i s  t h a t  t he  reconstructions 

of t he  t e s t  scene and t h e  comparison beam are  inseparable, being linked 

together by t he  common reference beam. The par t i cu la r  inteferogram presenta- 

t i o n  which i s  obtained i s  detexininei! by t he  r e l a t i ve  conditions present 

during t h e  two exposures and cannot be changed by the  observer. Ei ther  f i n i t e  

or i n f i n i t e  f r inge  interferogrms tzae possible, but the decision mst be made 

before %he hologrm recordiw is made, Wie in te r fe rogrm iJkich is obtained 
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may not show t h e  desired features  of t he  tiest scene "c the  bes t  a&varatage, 

possibly a serious problem xihen recording t rans ien t  phenomena. 

With t h e  addition of several  components, a typ ica l  off-axis hologram 

arrangement can be modified i n to  a three-beam system which can be used t o  

study interference f i e l d s .  The method can be described as dual exposure 

holographic interferometry with separate reference beams. The resu l t ing  

system combines many of t he  advantages of both t h e  real-time and double- 

exposure methods, while eliminating many of t h e i r  respective disadvantages. 

Transparent and di f fuse  subjects can be studied. Precise op t i ca l  components 

are  not required. Enulsion s t a b i l i t y  is not a problem. Transient phenomena 

can be studied.  F in i t e  and i n f i n i t e  f r inge interferograms a re  ea s i l y  obtained 

from a s ing le  hologram, and the  in terference f r inges  can be adjusted a f t e r  

t he  hologram has been recorded. For transparent subjects ,  schl ieren photo- 

graphs and shadowgraphs can be obtained i f  desired,  and t he  interference 

f i e l d  can be observed i n  r e a l  time. 

One d i sa~vantage  of all interferometric methods i s  t h a t  very s m a l l  phase 

deviations a r e  d i f f i c u l t  t o  i n t e rp re t .  A number of methods have been proposed 

t o  increase t h e  s e n s i t i v i t y  of interferometric measurements. I n  addition t o  

t h e  capab i l i t i e s  pointed out above, the  separate reference beam system t o  

be described i s  t h e  bas i s  f o r  an instrument which i s  capable of measuring 

s m a l l  phase var ia t ions  i n  an op t i ca l  f i e l d .  These phase measurements have 

been made with a standard deviation of as  l i t t l e  as one degree, and t h i s  

can be accomplished whether t he  f i e l d  exists i n  r e a l  Lime o r  i s  holographically 

recorded, 

In t h i s  report, the separate reference beam systega w i l l  be described 

i n  detail and sever& examples w i l l .  be presented t o  point out various 
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capabi l i t i es  sf the  n2thod, F i n a l l y ,  the  ~ p p l i e a t i o n  of the  nethod Lo the  

~easweaaent of very s m a  phase varia"clon% within an opt ica l  f i e l d  will be 

described. 

Work Performed - 
A t yp i ca l  arrangement fo r  recording a double exposure hologram with 

separate reference beams i s  i l l u s t r a t e d  i n  Figure 1. Essent ia l ly  t h i s  is  

a normal off-axis hologram recording arrangement t o  which an ex t r a  beam 

s p l i t t e r  has been added t o  provide th ree  beams ins tead of two. With t h i s  

arrangement, a hologrm of Robj could be recorded by using e i t h e r  R1 o r  

R as the  reference beam. I n  p rac t ice ,  t h i s  i s  exactly what i s  done. 
2 

To record a double exposure hologram, the  t e s t  object  of i n t e r e s t  

would be placed i n  t he  center beam, Robj. A hologram of t h i s  object i s  

then recorded using beam R as  the  reference beam. R2 would be stopped 
1 

end would not illuminate t he  hologrm recording p l a t e  during t h i s  f i r s t  

exposure. The dual-exposure would be completed by removing the  t e s t  object 

f r o s  Rsbj and recording a hologram of t h i s  beam using R a s  t he  reference. 2 

During t h i s  second exposure R would be stopped and thus would not illuminate 
1 

the  hologram recording p la te .  The only difference i n  t h i s  technique and the  

well  known double exposure method i s  i n  the use of a d i f fe ren t  reference 

beam f o r  each of the  two exposures. This allows two d i s t i nc t  holograms of 

R t o  be formed on a s ingle  emulsion, one hologram with the  tes t  object y w  
present a d  one gj.j$hout, 

M t e r  processing, the  hologrm c m  be replaced I n  ids  o r ig ina l  posi t ion,  

I$" i t  is sudnaated with h alone, the origin& Les t  scene w i l l  be recons- 
1 

trueted. This reconstruslbon c w  be w e d  f o r  obtaining shadowgrms or 



sch l i e rex~  photographs, or m y  other purpose f o r  which a holog~~tm may be? 

suitsble. (EL i s  pointed out t h a t i f  the t e s t  obJect were s t i l l  located 

i n  t he  beam Robj, i l lumination of the hologram with both Rl and R would 
obj 

give the  same r e su l t s  as t he  real-time type of interferometer described i n  

the introduction of t h i s  report .)  I f  the  hologram i s  reconstxucted using 

only beam R2, then Robj without the t e s t  subject w i l l  be reconstructed. 

Illumination by both Rl and R2 simultaneously w i l l  r e su l t  i n  the reconstruction 

of R both with and without the t e s t  scene present. These reconstructions 
0bJ 

are coaxial, and t h e  interference pattern of the  t e s t  object w i l l  be observed. 

A hologram w a s  recorded using the above procedure, u t i l i z ing  a microscope 

s l i d e  as the  t e s t  object .  Figure 2 shows the interference pat tern of t he  

object which i s  obtained when the hologram i s  reconstructed with both R1 

and R simultaneously. This is  the pattern t h a t  would have resul ted from a 
2 

conventional double exposure hologram as  described i n  the introduction t o  

t h i s  report .  One major difference, however, i s  tha t  the two reconstructions 

are now independent of each other. I f  the  resu l t ing  pattern does not show 

the desired information t o  the  best  advantage, the fringes can be sh i f ted  by 

any desired amount by merely a l te r ing  the phase of e i ther  Rl o r  Re. Figure 

3 i s  the  same reconstruction as shown i n  Figuse 2 ,  except t ha t  the  phase of 

R. has been sh i f t ed  approximately 180 degrees during the reconstruction. 
2 

This resul ted i n  a corresponding phase s h i f t  i n  the beam reconstructed by 

R2 "ut did  not a l t e r  the  phase of the beam reconstructed by R1. It can 

be seen t h a t  cer ta in  deLails of the interference pattern near the hipper 

edge of the slide are more eas i ly  a s t i n p i s h e d  i n  t h i s  B i g w e ,  Had the  

ghai~se va r i a t i o r~  aver t he  e n t i r e  t e s t  0'0Jee.l; been less than one-hdf wavelength, 

a sub-fringe In te r fe rogrm would have resul ted which would be verg. Q l i E E i e d t  
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t o  i d e r p r e t ,  Bx proper ai2justment of the r e l a t i ve  phases of Rb and W2 

during seconstructisn,  the s m d l  phase var ia t ions  could be  splayed a t  

maximum v i s i b i l i t y .  Several convenient methods can be used t o  ad jus t  t h e  

phase of t h e  reconstructing beau. These would include piezoelect r ic  

transducers,  var iable  pressure chambers, and g lass  of varying thicknesses,  

For the  preceding f igures  a very simple method was used. A glass  microscope 

s l i d e  (ac tua l ly ,  the  i den t i ca l  s l i d e  which was  used as t he  object  o f  t he  

hologram) was placed i n  one of t he  reconstructing beams p r io r  t o  collimation. 

Adjustment of t h e  s l i d e  perpendicular t o  t he  beam caused various thicknesses 

of t he  s l i d e  t o  be inser ted i n to  the  beam, varying t h e  path length of  t h a t  

beam. 

For some applications it i s  more desireable t o  study a f i n i t e  f r inge 

interferogram. This type presentation can be obtained during reconstruction 

by a l t e r i ng  t h e  angle at which e i t h e r  R1 o r  R2 i l luminates the  hologram. 

The e f f ec t  i s  t h e  same as would be obtained by s l i g h t l y  ro ta t ing  one of 

the  mirrors i n  a Michelson o r  other standard type laboratory interferometer. 

Figure 4 i l l u s t r a t e s  t h e  r e s u l t  of a s l i g h t  horizontal  change i n  t he  angle 

a t  which R i l luminates t h e  hologram during reconstruction.  The grea te r  
2 

the  change, t h e  more closely spaced the  fr inge pat tern  w i l l  become. The 

e f f ec t  of a s m a l l  v e r t i c a l  change i n  R2 i s  shown i n  Figure 5. Combinations 

of adJustments both hor izontal ly  and v e r t i c d l y  can produce any desired 

or ienta t ion a d  spacing of the  f i n i t e  f r inges .  

F i ~ r e t ;  2 through 5 ,  a l l  reconstructed from %he same hologram, are 

representa;tive of %he i n f i n i t e  var ia t ion of fr inge gresen%ation availIzble 

t o  m observer during reconstruction,  wi th  no p r i o r  knowleQe of the  t e s t  

subject  o r  s p e c i d  procedures required dur ing  the  holsgrftsn exposwe. This 



-7- 

capabi l i ty  would be a g r e a h a s s e t  i n  studying various trmsien-k phenonena, 

i n  which f l e x i b i l i t y  of the  reconstruction could be useful  i n  assuring 

t ha t  the  maximum amount of information would be derived from a s ingle  

recording of the  event. 

Although the  sample chosen f o r  these  f igures i s  t ransparent ,  t he  method 

works equally well  fo r  d i f fuse  objects .  This f ac t  has been ascertained i n  

t h i s  laboratory m d  has a l so  been independently described at length i n  the  

3 l i t e r a t u r e  . For t h i s  reason it was not f e l t  necessary t o  duplicate t h e  

preceding f igures  using a d i f fuse  object .  

The separate reference beam technique has proved qu i te  useful  i n  the 

laboratory fo r  the  study of various transparent  o r  r e f l ec t i ve  objects i n  

r e a l  time, with the  assurance t h a t  emulsion d i s t o r t i on  w i l l  not produce 

unwanted in terference.  For real-time interferometry, a double exposure 

hologram i s  recorded with separate reference beams i n  t he  same manner as 

described previously, except t h a t  no object i s  placed i n  Robj f o r  e i t he r  

of the  two exposures. After processing and upon reconstruction of t h i s  

hologram a uniform opt ica l  f i e l d  w i l l  be observed. Figure 6 shows 

the  reconstruction of such a hologram. Since there  was no difference i n  

Robj i n  t h e  two exposures, no f r inges  would be expected. This w i l l  be t r u e  

as long as the  wavefronts used t o  reconstruct the  hologram are  i d e n t i c d  t o  

those wavefronts which or ig ina l ly  formed H and R If e i t h e r  of t he  two 
1 2 ' 

reconstructing beams i s  perturbed i n  any manner, the  same perturbation w i l l  

appear i n  t h e  reconstruction.  If, then,  some object  i s  placed i n  R dwing  2 

reconstruction, any phase variations in this object w i l l  be present i n  the 

bean reconstmeted by PI Reconstruction of the hologram w i t h  the o r i g i n d  
2 ' 



R and t he  perturbed Rp w i l l  r e su l t  i n  the  interference pat tern  of the  I 

perturbing object  appearing i n  the  reconstruction.  

Figure 7 i s  iden t ica l  with Figure 6 i n  every respect ,  except t h a t  a 

transparent t e s t  object  has been placed i n  beam R2 during reconstruction. 

The t e s t  object  was t h e  same s l i d e  used i n  previous f igures ,  and i t s  in te r -  

ference pa t te rn  can be observed i n  t he  reconstruction i n  r e a l  time. These 

real-time f r inges  can be shif ted by the  same means as described f o r  t he  

holographically s tored image which was discussed previously, and f i n i t e  

f r inge interferograms can a l so  be obtained. 

A va r ia t ion  of t he  real-time technique would require t h a t  t he  t e s t  

object be placed i n  one of t he  two reference beams when t h e  hologram is  

recorded. If t h e  object i s  l e f t  i n  place during the  reconstruction process, 

a uniform f i e l d  s imilar  t o  Figure 6 w i l l  be reconstructed. I f ,  however, 

t he  object  i s  removed during reconstruction,  the  reconstructing beam i s  

perturbed. This perturbation w i l l  be present i n  the  reconstruction,  and 

t he  in terference pat tern  of t he  t e s t  object w i l l  be observed. For example, 

t h e  microscope s l i d e  used previously could be placed i n  reference beam 

R when t h e  hologram i s  recorded. If the  s l i d e  remains i n  R during t h e  2 2 

reconstruction,  a uniform f i e l d  w i l l  be observed. I f  t h e  s l i d e  is  removed 

from R during reconstruction,  an  in terference pat tern  s imilar  t o  Figure 7 
2 

w i l l  be observed. This procedure i s  no t ,  of course, real-time and there  

would be no apparent advantage i n  obtaining an interferogram i n  t h i s  manner. 

However, it does help t o  describe a method fo r  doubling t he  s e n s i t i v i t y  of' 

t h e  interferometer f o r  certain suitable subjects, 

Figure 8 i s  m in ter ference  pattern o f  the now G a m i l i a s  s l i de  used i n  

previous examples, except t ha t  t h i s  pat tern  exhibi ts  twice the  number of 
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f r inges  as previously observed. To o'btain t h i s  increase i n  s e n s i t i v i t y  

t h e  s l i d e  was placed i n  reference b e m  R when %he hologram was recorded. 
l 

By removing t h e  s l i d e  from R during reconstruction t h e  reconstructed 
1 

beam was a l t e r e d  and t h e  in ter ference  pa t t e rn  of t h e  s l i d e  could be 

observed. The s l i d e  was then placed i n  reconstruction beam R and 
2 

aligned s o  t h a t  i t s  shadow on t h e  hologram f e l l  exact ly  upon t h e  shadow 

t h a t  was present  when t h e  hologram was exposed. The placement of t h e  

s l i d e  i n  R r e su l t ed  i n  t h a t  beam being a l t e r e d  by exact ly  t h e  same degree 
2 

as R but i n  t h e  opposite d i rec t ion .  The r e s u l t  of these two equal but  
1 ' 

opposite a l t e r a t i o n s  i s  t h e  increased s e n s i t i v i t y  seen i n  Figure 8. 

The separa te  reference beam system which has been described would 

appear t o  lend i t s e l f  well  t o  appl ica t ions  which would require  t h e  comparison 

of various o p t i c a l  components. I f ,  f o r  example, it was des i red  t o  compare o r  

match t h e  output waveforms of severa l  col l imators ,  t h e  following procedure 

could be used. A hologram producing a uniform reconstruction such a s  t h a t  

i n  Figure 6 could be recorded using t h e  "standard" coll imator t o  form 

reference beam R During reconstruction t h e  "standard" would be replaced 
1 

by one of t h e  coll imators t o  be t e s t e d .  Any di f ference  between t h e  t e s t  u n i t  

and the  "standard" would be observed i n  real-time a s  an in ter ference  p a t t e r n  

i n  t h e  reconstruction.  The t e s t  coll imator could then be adjusted u n t i l  t h e  

f r inges  were el iminated o r  minimized, a f t e r  which other  u n i t s  could be s imi la r ly  

t e s ted .  

I n  order t o  i l l u s t r a t e  t h i s  appl ica t ion and a l s o  t o  determine t h e  ac tua l  

d i f f i c d t y  invalved i n  switching various components, the  wavefronts of two 

e o m e r c i a l  collima"i;ors have been compared, The same hologram used f o r  Figures 

6 and 7 was placed i n  t h e  system and aligned so t h a t  a uniform f i e l d  similar 
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t o  Figure 6 was obtained. The coll imators ~rhickz were used to form beams 

R a,nd N were then exchanged and the  system re-aligned. The r e s u l t i n g  
1. 2 

in ter ference  pa t t e rn  i s  shown i n  Figure 9. I f  t h e  two wavefronts had 

been i d e n t i c a l ,  no f r i n g e  p a t t e r n  would have been observed. After  Figure 

9 was recorded on f i l m ,  t h e  col l imators  were re turned t o  t h e i r  o r i g i n a l  

loca t ions  and adjusted u n t i l  t h e  uniform f i e l d  s i m i l a r  t o  Figure 6 was 

again obtained. This procedure was more d i f f i c u l t  than  t h a t  requi red  

t o  replace and ad jus t  only one col l imator ,  y e t  t h e  t o t a l  time consumed i n  

alignment, changing both col l imators ,  photographing t h e  f r i n g e s ,  and 

res to r ing  t h e  system t o  i t s  o r i g i n a l  condit ion d i d  not  exceed t en  minutes. 

I n  o the r  cases components of t h e  system have been replaced by o the r  u n i t s  

i n  even l e s s  time. 

The double exposure holographic interferometer  with separa te  reference 

beams has proven t o  be a u s e f u l ,  v e r s a t i l e  and simple method of holographic 

interferometry f o r  many app l i ca t ions ,  o f fe r ing  severa l  unique c a p a b i l i t i e s .  

The hologram system i s  s l i g h t l y  more complicated than a conventional two 

beam system due t o  t h e  addi t ion  of a second reference  beam, but  even t h i s  

small inconvenience a r i s e s  only once, when t h e  various components a r e  

o r i g i n a l l y  arranged, and t h e  r e s u l t i n g  advantages make t h i s  e f f o r t  negli-  

g ib le .  The r e s u l t i n g  technique,  i n  common with o the r  forms of  holographic 

in ter ferometry ,  does not r equ i re  prec ise  o p t i c a l  components. Diffuse a s  

well  as  t ransparent  sub jec t s  can be studied.  A s  with t h e  standard double- 

exposure technique, high speed t r a n s i e n t  events can be recorded f o r  s tudy,  

and emulsion s t a b i l i t y  during processing is of no consewence. However, 

%he method a l s o  possesses the flexibility of the real-time hologr~z,phic 

Laboratory type in ter ferometers  when they a re  used with s t a t i c  t e s t  ob jec t s .  
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This enables even t r a n s i e n t  sub-fringe systems t o  be displayed t o  t h e i r  

maximum v i s i b i l i t y  and b e s t  advantage. 

A s  a t t r a c t i v e  as  t h e  dual reference beam technique appears t o  be 

considering t h e  various c h a r a c t e r i s t i c s  which have been described, i t s  

widest appl ica t ion may wel l  be i n  t h e  area  of sub-fringe interferometry.  

This method, with i t s  unique proper t ies  and c a p a b i l i t i e s ,  i s  the  b a s i s  

f o r  an instrument with which it i s  poss ib le  t o  measure very small phase 

va r ia t ions  wi th in  an o p t i c a l  f i e l d ,  whether t h e  f i e l d  e x i s t s  i n  r e a l  time 

o r  i s  holographical ly s tored.  The r e s u l t i n g  instrument combines s impl ic i ty  

with a reasonable degree of precis ion,  r e l a t i v e  phase measurements having 

been made with a standard deviat ion of only 1 degree. 

One method f o r  u t i l i z i n g  dual reference beam holograms f o r  the  measure- 

ment of phase va r ia t ions  was discussed i n  the  Informal Sta tus  Progress Report 

f o r  NASA Research Grant NsG 713 (NGL 04-001-007) f o r  t h e  period ending 

September 30, 1968. I n  t h i s  method, t h e  l i g h t  i n t e n s i t y  a t  a  point  of  

i n t e r e s t  wi th in  t h e  in ter ference  f i e l d  was compared with a standard inten- 

s i t y .  The standard used was the  reconstructed comparison beam. The beam 

reconst ruct ing t h e  t e s t  scene beam was in te r rup ted  by means o f  a  mechanical 

chopper, causing a l i g h t  de tec tor  placed within t h e  reconstruction t o  detec t  

a l t e r n a t e l y  t h e  comparison beam alone and then t h e  in ter ference  f i e l d .  The 

r e s u l t i n g  a l t e r n a t i n g  s igna l  was nulled out by changing the  phase of one 

of t h e  two reconstructing beams, The device used t o  change t h e  phase of 

t h e  reconstructing Seam was a small pressure chamber, which permitted t h e  

path l eng th  of the  beam passing through t h e  chamber t o  be increased o r  

decreased as t h e  pressure ins ide  t h e  chamber was adjusted,  The pressure 

within t h e  chamber necessary t o  n u l l  out the  a l t e r n a t i n g  detec tor  s i g n a l  
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was a  measure of t h e  o p t i c a l  phase at t h a t  p o i n t ,  r e l a t i v e  t o  any other  

point  wi th in  t h e  f i e l d .  With t h i s  method, a  precis ion of measurement 

of r1/60 of a  wavelength was achieved. The precis ion was l imi ted  

mainly by t h e  f a c t  t h a t  thermal gradients  within the  system caused t h e  

path lengths of t h e  reconstructing beams t o  vary by as  much as  1/60 o f  a 

wavelength during t h e  time required t o  n u l l  t h e  detec tor  s igna l .  Never- 

t h e l e s s ,  t h e  f e a s i b i l i t y  of the  instrument was proven. 

A new method was required f o r  detec t ing the  phase wi th in  t h e  i n t e r -  

ference f i e l d  which would not be af fec ted  by t h e  small gradients  which 

l imi ted  t h e  precis ion of t h e  o r i g i n a l  method. Of course,  measures could 

have been taken t o  control  t h e  thermal va r ia t ions  by operat ing a t  a  

careful ly  control led  constant temperature, but t h i s  approach was not 

consis tent  with t h e  o v e r a l l  goal  of t h e  p r o j e c t :  a  simple, inexpensive 

system of reasonable precis ion.  

The method chosen i s  shown i n  Figure 10.  This f igure  i l l u s t r a t e s  

t h e  reconst ruct ion of a  double-exposed hologram which has been recorded 

as shown i n  Figure 1. Two right-angle prisms, one of which can be moved 

i n  the  d i r e c t i o n  of t h e  arrows, have been placed i n  reconstructing beam 

R j u s t  p r i o r  t o  coll imation.  A s  t h e  prism i s  caused t o  move, t h e  path 
2 

length of R i s  changed. I n  t h i s  manner t h e  r e l a t i v e  phase of R i s  2 2 

continuously var ied  with respect  t o  R and as  a  r e s u l t  t h e  r e l a t i v e  phase 
1 

of t h e  two beams reconstructed by R and R a r e  a l so  continuously varied. 
1 2 

The phase v a r i a t i o n  i s  per iodic  i n  na tu re ,  one cycle being completed as  

t h e  o p t i c a l  path length of R2 i s  a l t e r e d  by a dista,nce equal t o  one wave- 

Length. The Frequency of t h e  phase var ia t ion  i s  determined by the  r a t e  

a t  which t h e  prism is moved. 
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If a l i g h t  de tec to r  is  placed a t  some point  i n  " c h e  reconstructed 

o p t i c a l  f i e l d  ( ~ e t e c t o r  1, Figure lo), it w i l l  produce an e l e c t r i c a l  

s i g n a l  which i s  propor t ional  t o  t h e  instantaneous l i g h t  i n t e n s i t y  at 

t h a t  point .  A s  t h e  prism i s  moved, t h e  i n t e n s i t y  measured by the  

detec tor  w i l l  vary as  a l t e r n a t e  condit ions of cons t ruct ive  and destruc- 

t i v e  in ter ference  occur. The output s igna l  of the  d e t e c t o r  w i l l  be a  

s i n e  wave, t h e  frequency of which depends again upon t h e  r a t e  a t  which 

t h e  prism moves. A second de tec to r  placed at any o ther  point  i n  t h e  

reconstructed f i e l d  w i l l  produce a s imi la r  s igna l .  For purposes of 

i l l u s t r a t i o n ,  l e t  us  assume t h a t  Detector 1 of Figure 10 happened t o  

be placed upon a dark f r i n g e  i n  t h e  reconstruct ion and Detector 2 w a s  

loca ted  upon a b r i g h t  f r i n g e .  The o p t i c a l  phase of these  two points  

would be 180 degrees out o f  phase. A s  t he  prism i s  caused t o  move, 

both of these  de tec to r s  would experience a l t e r n a t e  condit ions of 

cons t ruct ive  and des t ruc t ive  in te r fe rence  and w i l l  produce a l t e r n a t i n g  

e l e c t r i c a l  s i g n a l s .  These two e l e c t r i c a l  s igna l s  w i l l  not be i n  phase, 

however. Due t o  t h e  loca t ion  of the  two de tec to r s  wi th in  t h e  o p t i c a l  

f i e l d ,  one s i g n a l  w i l l  be a t  a  maximum when t h e  o the r  i s  a t  a  minimum, 

and vice-versa. The two e l e c t r i c a l  s ignals  w i l l  be "out o f  phase" by 

180 degrees, o r  by t h e  exact amount corresponding t o  t h e  d i f ference  i n  

o p t i c a l  phase between t h e  two points  a t  which t h e  de tec to r s  a re  located ,  

A dual  reference  beam hologram was reconstructed as shown i n  Figure 

10 ,  and an e f f o r t  was made t o  l o c a t e  the  two de tec to r s  180 degrees apar t  

i n  ap"eica1 phase, A s  the  prism w a s  moved, t h e  output sf each of these 

detec tors  w a s  displayed on a dual beam osci l loscope,  A photograph of 

these  two s i g n s l s  i s  shown i n  Figure 11. It w i l l  be observed t h a t  t h e  
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two s igna l s  a re  not exact ly  180 degrees out of phase, This i s  the  r e s u l t  

of an e r r o r  i n  t h e  pos i t ioning of the  two detec tors  i n  t h e  in te r fe rence  

f i e l d .  The r e l a t i v e  phase of these  two s ignals  i s  a t r u e  measure of the  

a c t u a l  o p t i c a l  phase d i f ference  between the  two po in t s  at which the  detec tors  

were located .  I n  addi t ion  t o  showing t h e  ac tua l  s i g n a l s  obtained from t h e  

de tec to r s ,  t h i s  f i g u r e  a l s o  adds more weight t o  t h e  already wel l  known f a c t  

t h a t  t h e  human eye is  not a r e l i a b l e  quan t i t a t ive  de tec to r .  

If t h e  two de tec to r  s igna l s  a r e  fed i n t o  an e l e c t r o n i c  phase meter,  

t h e  r e l a t i v e  phase of t h e  two po in t s  could be read  d i r e c t l y  and recorded. 

A phase map of t h e  e n t i r e  o p t i c a l  f i e l d  can be obtained by permit t ing one of 

t h e  two de tec to r s  t o  remain s t a t ionary  a t  some a r b i t r a r y  reference  point  

while t h e  second de tec to r  i s  moved t o  a l l  points  of i n t e r e s t  wi th in  t h e  

f i e l d .  Any low frequency d r i f t  between t h e  two paths which make up t h e  two 

reconst ruct ing  beams w i l l  not  have an adverse e f f e c t  upon the  phase measure- 

ment. This d r i f t  w i l l  a f f e c t  t h e  s igna l  from both de tec to r s  equal ly ,  and 

w i l l  appear a s  a  s l i g h t  frequency modulation on both de tec to r  s i g n a l s .  

With t h e  bas ic  system t h a t  has been described,  t h e  r e l a t i v e  phase of  

any two po in t s  wi th in  a reconstructed f i e l d  has been determined with a one 

degree standard deviat ion.  This f i g u r e  i s  the  o v e r a l l  p rec i s ion  f o r  the  

e n t i r e  system, including a l l  components. It i s  important t o  point  out 

t h a t  t h i s  prec is ion  i s  poss ib le  with an in te r fe rence  f i e l d  using the  

separa te  reference  beam technique,  whether the  f i e l d  e x i s t s  i n  real-time 

o r  i s  s to red  i n  t h e  hologram. This would make it poss ib le  t o  record high- 

speed p r o j e c t i l e s  in r a r i f i e d  atmospheres using pulsed l a s e r - s e p a r ~ t e  

reference beam holography and study the  r e s u l t a n t  in te r fe rence  f i e l d  in 

d e t a i l  and with prec is ion  a t  l e i s u r e  a f t e r  the  event has taken p lace ,  The 
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phase measurement technique cam be used i n  conjunction with the  method 

f o r  comparing o p t i c a l  components a s  suggested e a r l i e r  i n  t h i s  repor t  with 

the  same degree of precis ion and i n  r e a l  t ime.  A discussion of t h e  methods 

and equipment used t o  achieve these  measurements, as well  a s  some of t h e  

problems which have been encountered, follows. 

The experimental arrangement which has been used f o r  both recording 

and reconst ruct ing double exposure holograms with separa te  reference beams 

i s  shown i n  Figure 12. This arrangement d i f f e r s  from t h e  schematic shown 

i n  Figures 1 and 10 i n  t h a t  t h e  two reference beams are  not arranged 

symmetrically on e i t h e r  s ide  of t h e  object  beam. This arrangement has 

been used only f o r  a more e f f i c i e n t  u t i l i z a t i o n  of t h e  ava i l ab le  work area.  

The l a rge  diameter coll imator seen t o  t h e  r i g h t  i n  Figure 1 2  i s  t h e  beam 

which has been used f o r  Robj. After  t h e  hologram has been recorded, t h i s  

coll imator i s  no longer needed and may be removed from t h e  t a b l e ,  r e s u l t i n g  

i n  a more compact system than i f  R were placed i n  the  middle. The two 
ob j 

smaller diameter coll imators which can be seen t o  t h e  l e f t  of Robj a r e  used 

t o  form R and R2. These c o l l i ~ n a t o r s  i l l d n a t e  t h e  hologram, which i s  i n  1 

the  lower r i g h t  of t h e  f igure .  Two detec tors  a r e  i n  place near t h e  hologram 

and within t h e  reconstruction of R In  t h e  background of the  f i g u r e  can 
obj ' 

be seen t h e  Spectra Physics Model 112 HeNe l a s e r  which i s  used a s  t h e  coher- 

ent  l i g h t  source. This l a s e r  has a r a ted  output of 10 mi l l iwat ts  CW a t  6328 

Angstroms, Also v i s i b l e  a r e  the  beam s p l i t t e r s  and mirrors necessary t o  

the system, These components are  a l l  mounted upon a 3 foot  x 5 foot  g r a n i t e  

table.  IJo provision has been made t o  isolate the  t a b l e  from room vibrations. 

The raovable prism used t o  continuously change t h e  o p t i c a l  path length of 
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reconstructing beam R i s  mounted upon a mechanical dr ive  u n i t  wliich can 
2 

be seen t o  t h e  l e f t  of the  small col l imators .  This i s  only one of severa l  

methods which a re  avai lable  f o r  changing t h e  r e l a t i v e  phase of t h e  two 

reconstructing beams. 

I n  t h e  Informal S ta tus  Progress Report f o r  NASA Research Grant NGL 

04-001-007 f o r  t h e  period ending September 30, 1969, one method i s  described 

wherein t h e  des i red  phase s h i f t  i s  obtained by using a form of d i f f r a c t i o n  

g ra t ing  ins tead  of a  beam s p l i t t e r  t o  obta in  the  various beams necessary 

f o r  t h e  system, and then moving t h i s  g ra t ing  l a t e r a l l y  during t h e  reconstruc- 

t i o n .  The gra t ings  used were photographic recordings of l i n e a r  in ter ference  

pa t t e rns  and, a f t e r  normal processing, d i d  not exh ib i t  t h e  required  d i f f r a c t i o n  

ef f ic iency.  Bleaching of these  gra t ings  increased t h e  d i f f r a c t i o n  e f f i c iency ,  

but caused t h e  emulsion t o  be a l t e r e d  i n  such a fashion a s  t o  produce 

extremely non-uniform beams of l i g h t  which were useless  f o r  forming t h e  

collimated reconstructing beams . 
An attempt was made t o  change the  o p t i c a l  pathlength of reconstructing 

beam R by slowly moving an optical. wedge i n t o  t h e  beam j u s t  p r i o r  t o  
2 

coll imation.  Results  showed t h a t  the  movement of t h e  mechanical dr ive  

u n i t  was not uniform, causing t h e  r e s u l t i n g  output s ignals  and phase measure- 

ments t o  be e r r a t i c .  The v ib ra t ion  of t h e  dr ive  motor a l s o  contributed t o  

poor r e s u l t s .  

I n  t h e  Inform& Sta tus  Progress Report f o r  NASA Research Grant NGE 

04-001-007 f o r  t h e  period ending Apri l  1, 1970, another method f o r  changing 

the  o p t i c a l  path length of reconstructing beam R was discussed which utilized 
2 

the  change of index of r e f r a c t i o n  within a chamber as the pressure ins ide  t h e  

chamber i s  var ied .  This method would seem t o  overcome the  d i f f i c u l t i e s  
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encountered with a mechanical drive u n i t  as  it contains no moving pai-ts. 

The use of t h i s  method pointed out severa l  disadvantages, however. F i r s t ,  

d a t a  could be  obtained only during t h e  r e l a t i v e l y  b r i e f  periods when t h e  

chamber was being evacuated o r  allowed t o  f i l l  t o  atmospheric pressure.  

Also, mult iple passes through t h e  chamber were required  i n  order t o  a l t e r  

t h e  path length by reasonable amounts. Mirrors which provided the  mult iple 

passes were mounted on the  end p la tes  of t h e  chamber f o r  ease of alignment, 

and, despi te  the  use of heavy aluminum, t h e  end p l a t e s  were d i s t o r t e d  

s l i g h t l y  under varying vacuum condit ions.  The r e s u l t  was a s l i g h t  change 

i n  t h e  angle a t  which t h e  reconstructing beam il luminated t h e  hologram, 

causing a v a r i a t i o n  i n  t h e  phase measurements during the  evacuation of t h e  

chamber. This l a t t e r  f a u l t  could have been e a s i l y  designed out of t h e  

system, but  a  more ser ious  problenl was t h e  f a c t  t h a t  the  rapid  pump-down 

of the  chamber caused eddies of turbulence t o  e x i s t ,  r e s u l t i n g  i n  a non- 

uniform change of index of r e f rac t ion  wi th in  t h e  chamber. 

The use of p iezoe lec t r i c  transducers i n  one of t h e  reconstructing 

beams t o  a l t e r  t h e  path length has been considered, but t h e  requirements 

f o r  a  continuous change over a r e l a t i v e l y  l a r g e  number of wavelengths does 

not make t h e i r  appl ica t ion a t t r a c t i v e  a t  t h i s  time. 

The f i n a l  method used and the  one with which t h e  b e s t  precision has 

thus  f a r  been obtained i s  shown i n  Figure 1 2  and, i n  more d e t a i l ,  i n  Figure 

13. The dr ive  motor i s  mounted upon rubber pads so  t h a t  i t s  v ibra t ion w i l l  

not be t ransmit ted  t o  t h e  g ran i t e  o p t i c a l  t a b l e ,  This motor drives a l ead  

screw by means of a fiexible belt. As the lead screw is tuned, it causes 

an aluminum block t o  be dispraced. The motion of this block i s  guided by 

two cy l indr ica l  rods.  Any eccen t r i c i ty  of t h e  l ead  screw can be transmitted 
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t o  the  block i n  t h e  form of a v e r t i c a l  displacement, To minimize t h i s  

p o s s i b i l i t y ,  the  aluminum block pushes a platform through an arrangement 

t h a t  allows v e r t i c a l  play between t h e  two. The platform, whose motion i s  

a l s o  guided by a p a i r  of c y l i n d r i c a l  rods ,  supports t h e  right-angle prism. 

By t h i s  means it i s  intended t h a t  v ib ra t ion  from t h e  dr ive  motor and v e r t i c a l  

movement caused by the  l ead  screw w i l l  be avoided. The use of  a  right-angle 

prism is  intended t o  el iminate any hor izonta l  r o t a t i o n  of t h e  l a s e r  beam. 

The e f f e c t  of t h i s  r o t a t i o n  would be an a l t e r a t i o n  of t h e  angle a t  which t h e  

hologram is reconstructed and accompanying e r ro r s  i n  t h e  phase measurements. 

The l i g h t  de tec tors  i n  use a re  two i d e n t i c a l  LS-400-NPN s i l i c o n  planar 

photo devices. The r e l a t i v e  s p e c t r a l  response of these  devices a t  6 3 2 8 ~  i s  

approximately 55%. The s e n s i t i v e  a rea  of these  devices has a diameter of 

1/32 inch, o r  e s s e n t i a l l y  a point .  

The output s igna l s  from t h e  de tec to r s  were of such amplitude t h a t  they 

could not be d i r e c t l y  introduced i n t o  an avai lable  e lec t ron ic  phase meter 

without amplif icat ion.  This was accomplished by u t i l i z i n g  two i d e n t i c a l  

ampl i f iers ,  t h e  c i r c u i t  f o r  which i s  shown i n  Figure 1 4 .  These were operated 

4 
with a gain of approximately 10 . 

The phase d i f ference  between t h e  two points  a t  which t h e  detec tors  a re  

located  i s  measured with an AN/URM-~~ phase monitor. This instrument measures 

the  phase angle between two per iodic  s igna l s  over t h e  range of 20 t o  20,000 

Hz t o  an accuracy of C 1  degree. The frequency of t h e  input  s igna l s  i s  

determined by t h e  r a t e  at which t h e  path length of t h e  reconstructing bean 

i s  var ied ,  a d  can be changed by a l t e r i n g  t h e  speed of t h e  prism dr ive  motor, 

This speed was se lec ted  so as  t o  give a frequency of approximately 280 Hz a t  

t h e  de tec to r s .  The phase monitor a l s o  requires  input  s igna l s  w i t h  amplitudes 
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of 4,0 t o  60 v o l t s  peak-to-peak, It was t h i s  requirement t h a t  n e c e s s i t ~ t t e d  

the  use of t h e  matched ampl i f iers  mentioned previously. The s p e c i f i c  ampli- 

tude and frequency of t h e  two s igna l s  applied t o  t h e  phase monitor were 

approximately 10 v o l t s  peak-to-peak a t  280 Hz. These values a r e  not c r i t i c a l ,  

as  long as  they are within t h e  speci f ied  operating range of the  phase monitor. 

With t h e  equipment described,  it was found t h a t  t h e  phase measurements 

made with t h e  system were e r r a t i c ,  noisy,  and d i f f i c u l t  t o  i n t e r p r e t  v i sua l ly .  

Observation of these  d a t a  d i d  ind ica te  t h a t  the  recorded phase values were 

f luc tua t ing  about some mean value. With a l l  p a r t s  of t h e  system apparently 

functioning normally, it was necessary t o  f ind  t h e  cause of t h e  e r r a t i c  

readings,  and, i f  poss ib le ,  el iminate them. 

A s  a f i r s t  s t e p ,  t h e  two detec tor  s ignals  were simultaneously recorded 

on a double s t y l u s  instrument. Typical s ignals  a r e  shown i n  Figure 15. It 

was immediately obvious t h a t  t h e  s igna l s  were not  t r u e  s i n e  waves, and t h a t  

i r r e g u l a r i t i e s  i n  t h e  shape of t h e  curves would make it impossible f o r  t h e  

phase monitor t o  give a smooth, s teady reading. I n  order t o  determine t h e  

ac tua l  range of information t h e  phase meter was attempting t o  analyze, t h e  

phase of t h e  recorded s igna l s  was measured d i r e c t l y  from t h e  recording one 

cycle a t  a time. The r e s u l t s  of t h i s  analys is  a r e  shown i n  Table 1. A 

s imi la r  recording,  made severa l  minutes a f t e r  t h e  f i r s t ,  was a l s o  analyzed. 

The r e s u l t s  are  l i s t e d  i n  Table 2.  Comparison of these  two analyses indicated  

t h a t ,  although the  va r ia t ion  of individual  phase angles var ied  widely, t h e  

average values were i n  close agreement. A t h i r d  recording,  obtained severa l  

hours a f ter  the first, still sh.owed good agreementas far as the mean phase 

m g l e  was concerned. This analys is  i s  sZxown i n  Table 3 ,  



Table I 

Analysis of Phase Angles a s  Measured from Dual Trace Recording, F i r s t  S e t t i n g ,  

F i r s t  Run 

Phase Angle Deviation - from Mean 
Cycle Number ( degrees ) X - X (degrees)  ( X  - 712 

- 
X = 54.3 degrees G(x-x)~ = 1095.6 

JZ (x-E)~ 
0 = /  N 

= 10.5 degrees 
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Table 2 

Analysis  of  Phase Angles as Measured from Dual Trace Recording, F i r s t  S e t t i n g ,  

Second Run 

Cycle Itumber Phase Angle 
(degrees)  

Deviat ion from Mean - (X - H ) ~  
X - X (degrees)  

- 
X = 56.9 degrees = 3.5 degrees 



Table 3 

Analysis of Phase Angles a s  Measured from Dual Trace Recording, F i r s t  Se t t ing ,  

Third Run 

Cycle ITumber 
Phase Angle 

(degrees ) 
Deviation from Mean - 

X - X (degrees) 

- 
X = 60.9 degrees = 5.6 degrees 
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One of t h e  detec tors  was then  moved t o  a d i f f e r e n t  loca t ion  within t h e  

reconstructed f i e l d  and another s e r i e s  of s igna l  recordings was made. These 

recordings were a l l  obtained within an hour of each o the r .  The analyses 

of these  curves a re  l i s t e d  i n  Tables 4, 5, and 6. Again, the  agreement 

between t h e  mean values was qui te  good, considering t h e  small number of cycles 

recorded and t h e  r e l a t i v e l y  long time i n t e r v a l  between t h e  recordings.  

Table 4 

Phase Angles as  Measured from Dual Trace Recording, 

Second Se t t ing ,  F i r s t  Run 

Phase Angle Deviation - from Mean - 2 
Cycle Number (degrees ) X - X (degrees)  (x - X) 

1 79.3 -4.6 21.2 

2 80.9 -3.0 9.0 

3 74.6 -9.3 86.5 

4 104.3 20.4 416.2 

5 80.4 -3.5 12.2 

- 
X = 83.9 degrees - 2 - x ) ~  

T ( x  - X) = 545.1 o = J T ( ~  N = 10.4 degrees 



Table 5 

Phase Angles as Measured from Dual Trace Recording, 

Second Se t t ing ,  Second Run 

Cycle Number 

- 
X = 82.6 degrees 

Phase Angle 
(degrees ) 

88.7 

88.8 

82.8 

75 - 2  

79 -6 

79.6 

79 -7 

82.1 

83.6 

85.9 

Deviation from Mean - 
X - X (degrees) 



Table 6 

Phase Angles as Measured from Dual Trace Recording, 

Second S e t t i n g ,  Third Run 

- 
X = 79.2 degrees 

Phase Angle 
(degrees ) 

Deviat ion - from Mean 
X - X (degrees  ) (X - P)* 

-7 7 59.3 

-7.7 59.3 

-4.0 16 .O 

4 -9 24.0 

4.6 21.2 

2.2 4.8 

7 9 62.4 

'C (x-x)~ 
0 1 = 5.0 degrees 

These d a t a  i n d i c a t e d  t h a t  t h e  e r r a t i c  phase measurements were due t o  

v a r i a t i o n  of  t h e  s i g n a l s  from t h e  i d e a l .  These v a r i a t i o n s  were caused by 

incomplete danping of t h e  pr i sm's  drive-motor v i b r a t i o n s ,  v i b r a t i o n s  and 

i r r e g u l a r  motion of t h e  moving prism mount i t s e l f ,  bu i ld ing  v i b r a t i o n s  

reaching t h e  i n t e r f e rome te r ,  and various t r a n s i e n t  condi t ions  w ~ t h i n  tne 

i n t e r f e rome te r .  The d a t a  a l s o  ind ica t ed  t h a t  t h e  average phase angle ,  
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measured over a s i g n i f i c a n b m b e r  of cycles ,  could be expected t o  give 

reasonably precise  r e s u l t s  , 

With t h i s  i n  mind, t h e  DC output of the  phase meter has been averaged 

by placing a very simple f i l t e r  between t h e  phase meter and t h e  recorder.  

This f i l t e r  consis ts  of a 10k r e s i s t o r  i n  a s e r i e s  and a 200 microfarad 

capacitor  i n  p a r a l l e l  across t h e  recorder input  terminals .  The time constant 

of t h i s  combination i s  2 seconds, giving DC s igna l  proport ional  t o  t h e  phase 

angle a s  averaged over more than 500 cycles .  

With t h e  averaging c i r c u i t  i n  use,  two previously unnoticed sources of  

e r r o r  became apparent. These were both associa ted  with the  mechanical d r ive  

u n i t  used t o  move t h e  prism and change t h e  o p t i c a l  path length of one recon- 

s t r u c t i n g  beam. 

One source of e r r o r  was due t o  t h e  "sag" of t h e  cy l indr ica l  rods which 

guide t h e  prism platform. This sag r e s u l t s  i n  t h e  prism mount t r ave l ing  up 

o r  down h i l l  as  it moves, and t h e  r e s u l t  of t h i s  i s  a slow d r i f t  of t h e  

indicated  phase angle.  This has been overcome by experimentally loca t ing  

a port ion of t h e  dr ive  u n i t  which did not exh ib i t  t h i s  d r i f t  and assuring 

t h a t  a l l  subsequent measurements vere made with the  prism moving over t h i s  

i d e n t i c a l  port ion of t h e  dr ive  u n i t  each time. 

The second e r r o r  showed up a s  a spike  i n  the  recorded phase information, 

and appeared t o  be caused by a sudden i r r e g u l a r i t y  i n  the  movement of t h e  

drive u n i t .  It was found t h a t  a number of these  spikes could be repeated 

by re t rac ing  t h e  movement of t h e  d r ive  u n i t  over a p a r t i c u l a r  region,  They 

were undoubtedly t h e  r e s u l t  of some s l i g h t  mechanical flaw i n  a port ion of 

t h e  drive u n i t  i t s e l f ,  Other s imi la r  spikes were recorded which d id  not 

r epea t ,  and they were a t t r i b u t e d  t o  a non-recurring bind i n  the  mechanism. 
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FortunateeLy, t h e  d a t a  recorded dur ing  these  ineidenks is i n  obvious e r r o r  

and can immediately be discounted a s  having no s igni f icance  with regard t o  

the  measured phase angle. 

It was a l s o  found t h a t  t h e  mechanical dr ive  u n i t  operated more smoothly 

i n  one d i r e c t i o n  than when it was reversed. I n  view of t h i s ,  a11 measure- 

ments were recorded with t h e  prism moving i n  such a manner s o  a s  t o  decrease 

t h e  o p t i c a l  path length  of t h e  reconstructing beam. It would be des i rab le  

t o  record a l l  phase angles with t h e  prism moving i n  one speci f ied  d i rec t ion  

i n  any case.  I f  t h e  carr iage  were t o  be reversed,  t h e  indicated  phase angle 

would be t h e  conjugate of t h a t  obtained when t h e  drive u n i t  was moving i n  t h e  

forward d i rec t ion .  This i s  due t o  t h e  f a c t  t h a t  one de tec to r  s igna l  i s  taken 

by t h e  phase meter as  a reference and t h e  phase of the  second s igna l  i s  

measured with respect  t o  t h a t  reference.  By changing t h e  d i rec t ion  of  t r a v e l  

of the  movable prism, what was o r i g i n a l l y  a phase l ead  w i l l  become a phase 

l a g  and vice-versa, r e su l t ing  i n  the  conjugate angle being recorded. 

Using t h e  t o t a l  system wnich has been described,  a s e r i e s  of measurements 

was made t o  e s t a b l i s h  t h e  precis ion and s t a b i l i t y  of t h e  instrument. For 

these  measurements t h e  phase between two points  i n  t h e  reconstructed f i e l d  

was monitered f o r  two minutes. The measurements were repeated severa l  times 

f o r  a t o t a l  elapsed t i m e  of over 30 minutes. It was desired t o  e s t a b l i s h  t h e  

precision of t h e  instrument over each of t h e  2 minute periods and then compare 

the  r e s u l t s  t o  determine the  long term precis ion and s t a b i l i t y .  

A recording of t h e  measured phase angle i s  shown i n  Figure 16. This 

curve represents  t h e  e n t i r e  two minute period during which a phase measurement 

was being taken.  For purposes of a~na lys i s ,  t h e  phase angle ind ica t ed  by t h e  

recording was read a t  7%. second i n t e r v a l s .  These angles and t h e  a c c o ~ m y i n g  
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analys is  a r e  l i s t e d  i n  Tables ''i' through 13. Some of t h e  7% second time 

periods have been omitted from t h e  t a b l e s  because t h e  measu-rements a t  those  

p a r t i c u l a r  po in t s  were i n  obvious e r r o r .  These were po in t s  a t  which "spikes" 

mentioned e a r l i e r  had occurred. 

Table 7 

Phase Angles a s  Measured from Recorded Average Phase Meter 

Output, F i r s t  Run 

Time 
(seconds ) 

Phase Angle 
(degrees ) 

Deviation - from Mean 
X - X  

- 
X = 126.1 degrees Z(X - %12 = 272.6 CJ = j  = 4.8 degrees 

itote: System was reaching eq?lilibrium while li~easurements were being 

recorded 



Table 8 

Phase Angles as Measured from Recorded Average Phase Meter 

Output, Second Run 

Time 
(seconds) 

Phase Angle 
(degrees ) 

121.5 

Deviation f rain Mean - 
X - X (degrees) 

- 
X = 119.1 degrees 

/a ( x-2) 
0 = $  

N = 1.5 degrees 



Table 9 

Phase Angles as  Measured from Recorded Average Phase Meter 

Output , Third Run 
-.-. - - - - --- - -. 

Time Phase Angle DeviatLon from Mean 
(seconds ) (degrees ) X - X (degrees) ( X  - y12 

30.0 

37.5 

45 .O 

75.0 

82.5 

go. 0 

97.5 

105. o 

112.5 

120.0 

- 
X = 119.2 degrees 

-. 

Jz(x-x)' 
(J = I  M = 1.9 degrees 



Table 10 

Phase Angles as Measured from Recorded Average Phase Meter 

Output, Fourth Run 

Time 
(seconds) 

Phase Angle 
(degrees) 

121.0 

119 3 

119.3 

117.0 

117.0 

117.0 

117.0 

117 9 

117.0 

117. 9 

117.9 

117. o 

Deviation from Mean - 
X - X (degrees) 

- 
X = 117 - 9  degrees E(x - x)' = 19.2 = 1 . 2  degrees 



Table 11 

Phase Angles a s  Measured from Recorded Average Phase Meter 

Output, F i f t h  Run 

Time Phase Angle Deviation - from Mean 
( seconds ) ( degrees ) X - X (degrees)  ( X  - x)* 

67-5  

75 0 

82.5 

go. 0 

97.5 

112.5 

- 
X z 1 1 6 . 8  degrees Z(X -XI* = 11.1 0 = q  

N = 1.0  degree 



Table 1 2  

Phase Angles as  Measured from Recorded Average Phase Meter 

Output, S ixth  Run 

Time 
(seconds ) 

30.0 

37.5 

45.0 

52.5 

go. 0 

97.5 

105 .o 

112.5 

120.0 

Phase Angle 
(degrees ) 

Deviation - from Mean 
X - X (degrees)  

-0.5 

-0.5 

-0.5 

-0.5 

2.6 

0.8 

0 

-0.5 

-1.0 

- - 2 - 2 0 
X = 118.4 degrees C ( X  - X )  = 9.9 

N 
= 1.0 



Table 13 

Mem P h s e  h g l e  a d  Stmrlwd Deviation ObLGned from All Poirats in 

Tables 8 Through 12,  30 Minutes Elapsed Time 

- 
X = 7096.5/60 = 118.3 degrees 

I(x - z12 = 112.0 

a = - - = 1 .4  degrees 

--  - 

Note: Data from Table 7 not included due t o  non-equilibrium condition. 

Readims f o r  t he  f i r s t  two-minute period a re  l i s t e d  i n  Table 7. These 

measwetments were made immediately a f t e r  a s m a l l  adjustment was made upon the  

opt ical  system of t h e  interferometer. The s l i g h t  change i n  measured phase 

angle as t h e  interferometer slowly at ta ined equlibrium a f t e r  t h i s  aaustment 

has been measured, This recording was a fortunate accident, brought about 

by an over-ewerness t o  obtain data ,  but it does dremat ica ly  point out the  

s e n s i t i d t y  of t he  method and the system. 

Ident ical  measurements were repeated f ive  more t b e s ,  and the resuLts 

of these are tabulated, The data f o r  Table 10 were obtained Prom t h e  curve 

illw.Gora$ed I n  F'igwre 16. The mini Lim inLerval Prom t he  %e*na%iora 

of one m to the begimi= o f  the newt w m  Lwo &nukes, mis in%erva  vw 

neces sw  t o  return %he prism drive u n i t  to f t o  origin& position. m a  
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"cotd elapsed t i m e  $or the five measurements t&rr;la%ed i n  "%ales 8 through 

12 W= 30 d n u t e s ,  

As can be seen from t h e  tab les ,  the minimum short  t e r n  standard deviation 

for  a two minute period was 1.0 degree, with a maxi deviation from the mem 

of +2,5 degrees ayld -0.7 degrees. 

The s t a b i l i t y  of the  system can be ascertained by comparing the  calcula- 

t ions  from Tables 8 through 12. Table 13 l ists  a compilation of dl the data 

from the  f i v e  observation periods. The long term standard deviation f o r  the  

en t i r e  30 minute period was 1.4 degrees, with a maximum deviation from the 

mean of 4-3.2 degrees and -2.2 degrees. 

The extreme s t a b i l i t y  of the system has been at ta ined with no measures 

+%ken other than those normally associated with any holographic recording 

system. As has been pointed out ,  the  grani te  t ab l e  upon which the i n s t m e n t  

i s  located i s  not i so la ted  from building vibrations.  T h i s ,  coupled with the  

fac t  t ha t  t h e  l a s e r  Laboratory of the Graduate I n s t i t u t e  of Technology i s  

located on the  fourth f l oo r  of t he  GIT building, and t h a t  t h i s  building is 

immediately adjacent t o  an In t e r s t a t e  Highway with i ts  associated heavy truck 

t r a f f i c  makes the performance of the system qui te  remarkable. It was found 

necessary t o  cover the  system during phase measwrements t o  prevent a i r  

currents *om affect ing the resu l t s .  

Conclusions 

The d u a  exposure hologram with separale refirease bems has been demon- 

s"cra.Ged to be a f lexible,  versatile,  suzd simple method o f  hologrhzylaic inter-  

ferometry, The mique combination 0% advmtages possessed by %his  meGhod 

make it idea1y sui ted fo r  a num'ser 0%" appLi~atlogls, such as the real time 



comparison of optical components and the s%uQ o f  hologrephicdly rece>r&ed 

trmslenk systems resatiw i n  sub-fiiwe in%esfer~gsms~ 

X t  has Qso been demonstrlzled that  the double exposwe Leebique with 

separate reference beams can be u t i l ized  as the basis fo r  ean instrument Wlat 

is  capable of measuring s m d . 1  phase variations within an optical  f i e l d ,  whether 

that  f i e l d  ex is t s  i n  real. time o r  i s  holographicslly stored. The instrument, 

as described, has the  demonstrated capabili ty of measuring the  r e l a t ive  phase 

between points with a standard deviation of as small as  1.0 degree. This 

precision would allow en t i r e  sub-fl-inge interference f i e lds  t o  be mapped amd 

studied i n  de ta i l ,  even though no fringes were v is ib le  t o  the naked eye. The 

application of t h i s  technique t o  t ransient ,  sub-fringe systems is but one of 

possible uses. 
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Figure 2 

lnterferogram Reconstructed from Dual-Reference Hologram 

Figure 3 

Reconstructed With Phase of Comparison Beam Shifted 180' 
Int erOg- 



Figure 4 

F i n i t e  Fr inge  Interferogram Observed With Horizontal  
Change i n  Reconstruct ing Angle 

Figure 5 

F i n i t e  Fringe Interferogram Observed With V e r t i c a l  
Change i n  Reconstruct ing Angle 
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Figure o 

" ~ o u b l e  Pass" I n t e r f  erogram 

Figure 9 

Interferogram Showing Difference i n  Optical  Components 



M
ir

ro
r 

B
ea

m
 E

 
1
 

F
i
x
e
d
 
P
r
i
s
m
 

M
ir

ro
r 

Te
st

 O
b

je
c

t 
Im

ag
e 

P
la

n
e

 

F
ig

u
re

 1
0

 

M
et

ho
d 

o
f 

M
ea

su
ri

n
g

 S
m

al
l 

P
h

as
e 

V
a

ri
a

ti
o

n
s 
U
s
i
n
g
 
a 

S
e

p
a

ra
te

 R
e

fe
re

n
c

e
 B

ea
m

 
H

o
lo

g
ra

m
 



Figure 11 

Signals Produced When Measuring Phase Shift 
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