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I. keasurement of Smal l  Phase VarkaLions i n  S t a t i c  and T r m s i e n t  OpLical Fie lds  

C, S, BaLSard and S, Sengupta 

In t roduct ion  - 

A v a r i a t i o n  of t h e  double-.exposure holographic in ter ferometer  technique 

has been repor ted  i n  which a separa te  reference beam i s  used f o r  each of 

t h e  dual  hologram exposures. This method possesses a l l  of t h e  we l l  known 

advantages of t h e  t y p i c a l  double-exposure hologram while combining t h e  

f l e x i b i l i t y  of information presenta t ion  found i n  conventional in ter ferometers .  

It has f u r t h e r  been shown t h a t  the  separa te  reference beam hologram can be 

2 used t o  measure small phase v a r i a t i o n s  i n  an in te r fe rence  f i e l d  . Phase 

s h i f t s  a s  s m a l l  a s  1/60 of a  wavelength have been measured. The lower l i m i t  

of these  measurements was due t o  small path length  changes i n  t h e  two 

reconst ruct ing  beams, r e s u l t i n g  i n  an uncer ta in ty  i n  t h e  observed da ta .  

It has been proposed t h a t  t h e  separa te  reference  beam method of double 

exposure holographic in ter ferometry  be f u r t h e r  inves t iga ted  i n  order  t o  study 

new techniques which w i l l  make it poss ib le  t o  rneasure smaller  phase changes i n  
i 

i n t e r fe rence  f i e l d s .  One s p e c i f i c  technique t o  be evaluated was a s  follows: 

I f  t h e  r e l a t i v e  phase of t h e  two reconst ruct ing  beams i s  va r i ed  i n  a  

per iodic  manner, a photo-detector placed a t  some point  i n  t h e  reconstructed 

in te r fe rence  f i e l d  w i l l  produce a per iodic  s i g n a l  as  conditions of cons t ruct ive  

and des t ruc t ive  in te r fe rence  a r e  reached a t  t h a t  p a r t i c u l a r  po in t .  A second 

d e t e c t o r ,  placed a t  some o the r  point  i n  the  f i e l d ,  w i l l  a l s o  produce a per iodic  

s i g n a l .  This second s i g n a l  w i l l  exh ib i t  a  phase angle with respect  t o  t h e  

f i r s t  s i g n a l ,  t h e  d i f ference  i n  phase of t h e  s igna l s  being i d e n t i c a l  t o  the  

d i f ference  of  phase of t h e  two po in t s  i n  t h e  in te r fe rence  f i e l d  a t  which t h e  



t w o  de tec to r s  are loca ted ,  If one of these  detectors i s  kept s t d i o n a r y  while 

t h e  other i s  scanrzed throughout the f i e l d ,  the pErase difference of Lhe signals 

can be measured and a  map of t h e  r e l a t i v e  phase of each point  throilghout t h e  

f i e l d  can be obtained. 

The per iodic  v a r i a t i o n  of t h e  two reconst ruct ing  beams can be accomplished 

by u t i l i z i n g  a d i f f r a c t i o n  g ra t ing  as  a  beam s p l i t t e r .  The g r a t i n g  w i l l  d i f f r a c t  

the  l a s e r  beam i n t o  a zero order  and various hipher orders .  I f  t h e  d i f f r a c t i o n  

g ra t ing  i s  moved l a t e r a l l y ,  t h e  higher d i f f r a c t e d  orders w i l l  experience a  

phase change with respect  t o  the  zero order  beam. For the  f i r s t  d i f f r a c t e d  

o rde r ,  t h i s  phase change w i l l  be 360 degrees each time t h e  g r a t i n g  i s  moved a  

d is tance  equivalent  t o  t h e  g ra t ing  spacing. By continuously d isplac ing t h e  

g ra t ing  l a t e r a l l y ,  t h e  phase of t h e  d i f f r a c t e d  beam w i l l  vary pe r iod ica l ly  

with respect  t o  the  zero order .  The zero order  and a  higher order  d i f f r a c t e d  

beam can be used t o  form t h e  two reconst ruct ing  beams i n  the  separa te  reference 

beam technique. This should e l iminate  t h e  e f f e c t s  of s l i g h t  changes i n  path 

length  between t h e  two reconst ruct ing  beams which proved t o  be t h e  l i m i t  of  

s e n s i t i v i t y  encountered i n  t h e  previously reported experiments. These small 

changes w i l l  a f f ec t  t h e  s i g n a l  on both de tec to r s  i n  an i d e n t i c a l  manner. They 

t r i l l  appear as a  s l i g h t  frequency modulation i n  both s i g n a l s ,  bu t  t h e  r e l a t i v e  

phase w i l l  not be a f fec ted .  

Work Performed 

Work has proceeded i n  an e f f o r t  t o  f a b r i c a t e  t h e  system as  described i n  

t h e  proposal and reviewed i n  t h e  in t roduct ion  of this sec t ion  of t h e  r epor t .  

The d i f f r a c t i o n  gra t ings  Lo be used a s  beam-spli t ters  were obtained by 

recording t h e  in te r fe rence  p a t t e r n  of two coherent beams w i t h  plane wavefronts 
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on Kodak 649-E high reso lu t ion  g lass  p l a t e s .  The %wo i n t e r f e r i n p  beams were 

of equal i n t e n s i t y  so as t o  achieve maximu~i~ f r i n g e  c o n t r a s t ,  and the  photo- 

graphic exposure was chosen f o r  maximwt: br ightness  of t h e  f i i - s t  or6er  d i f f razkzi?  

beam. The ttro beams were made t o  i n t e r f e r e  a t  an angle of a p p r o x i ~ a t e l y  55 

degrees, which +rould g ive  a f r inge  spacing of 3300 l i n e s  per  mil l imeter .  This 
e 

angle was chosen only f o r  convenience i n  using t h e  ava i l ab le  work a rea  i n  l a t e r  

s t eps  and i s  otherwise not c r i t i c a l .  

I n  s p i t e  of t h e  optimizat ion of t h e  g r a t i n g  recording,  t h e  f i r s t  order  

d i f f r a c t e d  beam was p roh ib i t ive ly  dim. I n  order  t o  increase  d i f f r a c t i o n  

e f f i c i ency  of  t h e  g ra t ings  it was necessary t o  t r e a t  them with ammonium 

bichromate bleach.  It i s  we l l  known t h a t  bleached hologram o r  g ra t ings  

exh ib i t  a  g rea te r  i n t e n s i t y  i n  t h e i r  d i f f r ac ted  orders  than amplitude 

3 
gra t ings  . 

The r e s u l t s  of bleaching the  gra t ings  were very disappoint ing.  En some 

cases t h e  d i f f r a t i o n  e f f i c i ency  of the  bleached g ra t ings  were no g r e a t e r  than 

t h a t  of t h e  amplitude g ra t ings .  The b e s t  r e s u l t s  a s  f a r  a s  e f f i c i ency  i s  

concerned were obtained when "old" g ra t ings  which had been processed a s  

amplitude grat,i.ngs some weeks previously were immersed i n  t h e  bleaching so lu t ion ,  

washed, and allowed t o  dry .  Both the  zero order  and f i r s t  order  beams of t h e  

bleached gra t ings  exhibi ted  grea t  non-.uniformity of i n t e n s i t y  a f t e r  they were 

expanded and coll imated.  One par t iculax  g ra t ing  was more uniform than t h e  

o thers  and was chosen f o r  use. A Later attempt t o  niake more gra t ings  was even 

l e s s  successful  a s  t h e  r e s u l t i n g  beans were more non-uniform and completely 

unuseable. It has been determined t h a t  t h e  bleachinp s t e p  i s  responsible f o r  

a  de te r io ra t ion  of t h e  emulsion. The reason for  t h e  colnpletely adverse r e s u l t s  

of t h e  l a t t e r  bleaching e f f o r t s  has not been determined. PhotograpbiealPy 
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produced diffraction gra t ings  are ideal for this particular applics;ion, b u t  

the bleaching process must be optimized so t h a t  rou t ine  production o f  these 

gra t ings  can be sccompiiqhed. 

The per iodic  va r i a t ion  of the  phase of t h e  reconst ruct ing  beans i s  t o  

be accomplished by d isplac ing t h e  gre,ting l a t e r a l l y .  The motion of t h e  g ra t ing  

must be smooth and f r e e  of v ib ra t ion ,  otherwise t h e  output of  t h e  device w i l l  

be d i s t o r t e d .  Vibrat ion,  c h a t t e r ,  and 'tilt of t h e  g ra t ing  cannot be t o l e r a t e d .  

A car r iage  w a s  designed with i.rhich it was an t i c ipa ted  t h a t  t h e  s t r i n g e n t  motion 

requirements would be m e t .  Prec is ion  shopwork and components were used i n  t h e  

f ab r i ca t ion  of t h e  ca r r i age .  The g ra t ing  i s  moved by a  l ead  screw which, i n  

t u r n ,  i s  driven by a 4.7 rpm motor through a  f l e x i b l e  coupling. The threads  

on t h e  l ead  screw were cut  so  t h a t  t h e  u l t imate  speed of t r a n s l a t i o n ,  together  

with t h e  l i n e  spacing of t h e  g ra t ing ,  would give an output s i g n a l  of approximately 

220 Hz. This frequency was chosen because it l i e s  within t h e  allowable range 

of t h e  phase meter t o  be used and i s  not a  mul t ip le  of t h e  l i n e  frequency (60 H Z ) .  

I n  opera t ion ,  it was determined t h a t  t h e  car r iage  motion was not uniform 

and t h e  r e s u l t i n g  output s igna l s  and phase measurements were e r r a t i c .  A t  

l e a s t  p a r t  of t h i s  p a r t i c u l a r  problem has been t r aced  back t o  motor v ib ra t ion .  

These v ib ra t ions  were t ransmit ted  t o  t h e  car r iage  and g ra t ing  through t h e  

f l e x i b l e  coupling. This coupling i s  current ly  being replaced by a  b e l t  and 

pu l ly  arrangement with which it i s  hoped t h e  motor v ib ra t ions  w i l l  no longer 

be a source of e r r o r .  

The o p t i c a l  arrangement f o r  recording a  double-exposure hologram with 

separa te  reference beams i s  shown i n  P'igure I. The beam from a l a s e r  source i s  

incident  upon t h e  bl-eached d i f f r a c t i o n  grating. The first  order  d i f  f rztcte6 

beam i s  expanded a d  coll imated,  forming reference beam K . The zero order  
1. 
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beam i s  likewise csl*lima;ted and forms reference bemn I3 . A por t ion  sf the  
0 

b r i g h t e r  zero orber is ref lecied by a beam splitter p r i o r  do collis;patiun and 

used t o  form t h e  object  beam R Each of these  th ree  beans i s  adjus ted  so  
0"; j' 

as t o  be of approximately equal i n t e n s i t y .  

The double-exposure holographic interferogram i s  recorded by p lac ing t h e  

t e s t  objec t  i n  beam R and blocking o f f  beam R . A hologram is  then. ob j o 

recorded using R a s  t h e  reference .  The objec t  i s  then removed from R and 
1 ob j 

beam R i s  blocked o f f .  A second exposure i s  made, vhich i s  a hol.ogram of 
1 

beam Robj without t h e  t e s t  obJect using R a s  a reference .  The hologram i s  
0 

then developed i n  t h e  normal manner. 

After  development t h e  ho logrm i s  replaced i n  i t s  o r i g i n a l  pos i t ion .  I f  

i l luminated  by beam R alone,  
1 

X i b j  with t h e  t e s t  objec t  is  reconstructed.  

I l lumination by R alone reconst ructs  R without t h e  t e s t  ob jec t .  I l lumination 
o obj  

by both t h e  reference  beams r e s u l t s  i n  coincident reconst ruct ions  of both t h e  

t e s t  scene and the  comparison beam and phase va r i a t ions  i n  t h e  t e s t  objec t  on 

t h e  order  of a t  l e a s t  1 / 2  wavelength a r e  v i s i b l e .  These reconst ruct ions  proved 

t o  be q u i t e  dim, so t h e  hologram was bleached t o  improve t h e  br ightness  of  t h e  

two beams. It was again noticed t h a t  t h e  uniformity of t h e  reconst ruct ions  

de te r io ra ted  a f t e r  bleaching. The e f f e c t  here was not a s  severe a s  t h a t  noted 

e a r l i e r ,  a s  these  reconst ruct ions  were not expanded. The e f f e c t  appeared as 

small sca le  iraperfections r a t h e r  than t h e  gross v a r i a t i o n s  encountered riith 

t h e  g ra t ings  . 
No t e s t  object  was i n  the  holograms used i n  these  experiments. It 

was decided t o  record t h z  same i d e n t i c a l  wavefront, RObj , v i t h  each of t h e  

reference beams. I n  t h i s  way, t h e  phase va r i a t ion  i n  t h e  reconstructed scene 

c o d d  be changed a t  w i l l  from no phase va r i a t ion  Lo gross phase va r i a t ions  by 
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adjus t ing  t h e  angle of one o-f t h e  reconst ruct ing  beams, Thus, one hologram 

could be made t o  serve as many objects by a sjmnple adjustment. 

The u l t ima te  phase measurements a re  made on an A N / U R ~ $ - - ~ ~  phase monitor. 

This instrument measures t h e  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 k1.0 degree. The required amplitude 

of the  i.nput s igna l s  i s  2.0 t o  30 v o l t s  peak. 

The de tec to r s  a r e  two den t i ca l  LS-400-NPN s i l i c o n  p lanar  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  about 5 5 % .  The 

maximum s e n s i t i v e  area, i s  approximately 0.082 inch,  o r  e s s e n t i a l l y  a  p o i n t .  

The outputs  of t h e  two de tec to r s  a r e  amplified by i d e n t i c a l  opera t ional  

ampl i f i e r s ,  Dual MC 17098. The gain of t h e  ampl i f ie rs  i s  adjus ted  t o  approx- 

imately 1000 s o  t h e  minimum input  requirements of t h e  phase de tec to r  can be 

met. A c i r c u i t  diagram of t h e  detector-amplif ier  c i r c u i t  i s  shown i n  Figure 2 .  

The method of measuring the  small phase v a r i a t i o n s  i n  t h e  holographical ly 

recorded t e s t  scene i s  shown i n  Figure 3. With t h e  g r a t i n g  i n  motion, t h e  

output from one of t h e  de tec to r s  was displayed on an osc i l loscope and i s  shown 

i n  Figure 4.  Upon v i s u a l l y  examining t h i s  s i g n a l ,  l a r g e  va r i a t ions  i n  i ts  

amplitude were q u i t e  not iceable .  These va r i a t ions  were due t o  t h e  non-uniformity 

of the  reconst ruct ing  beams, brought about by bleaching t h e  g ra t ing .  The s i g n a l  

was a l s o  seen t o  show l i t t l e  resemblance t o  a  s i n e  wave. Thus f a r  ~ T , T O  causes 

have been found f o r  t h i s .  One cause i s  t h e  motor v ib ra t ion  mentioned e a r l i e r ;  

t h e  second i s  a s l i g h t  bend which has shown up i n  t h e  car r iage  l ead  screw. Both 

of these  a r e  now being corrected.  Upon applyinp t h e  outputs  of t h e  two de tec to r s  

t o  the  phase monitor,  it was observed t h a t  t h e  indica ted  phase was not constant  

but f luc tua ted  over a wide range,  A s  noted before ,  it has been determined t h a t  

t h e  motor v ib ra t ions  axe a major cont r ibut ing  f a c t o r .  
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Cotlclusiorrs ---- 

The ultimate sensitivtty oP this system for sneasuring very small phase 

ciliulges liris not as  yet been deter~nined.  A ni~mber of  problems have appeared. 

which must be solved before t h e  system can match t h e  s e n s i t i v i t y  of t h e  phase 

meter, which is  21 degree. One of these  problems i s  t h e  non-uniformity of  t h e  

reference beams formed -from bleached photographic g ra t ings .  Another problem 

is  t h e  f luc tua t ion  of t h e  phase meter readout ,  Two contr ibutors  t o  t h i s  

d i f f i c u l t y  have been found, but  whether t h e i r  e l iminat ion  w i l l  be e f f e c t i v e  i n  

u t i l i z i n g  t h e  inherent  accuracy of t h e  phase meter has y e t  t o  be determined. 

I n  s p i t e  of these  d i f f i c u l t i e s ,  it has been shown t h a t  t h e  system as described 

i s  genera l ly  performing as  expected. The o v e r a l l  system i s  qu i t e  s t a b l e  and 

simple t o  a l i g n  and operate.  

Future Work 

The a r e a  of f irst  importance is the  s t a b i l i z a t i o n  of the  phase measurement. 

The ca r r i age  d r ive  i s  being changed i n  an e f f o r t  t o  completely i s o l a t e  t h e  motor 

from t h e  ca r r i age .  The carr iage  i t s e l f  i s  being re-worked t o  improve i t s  

smoothness of operat ion.  Also, an Ealing 22-9563 o p t i c a l  bench c a r r i e r  with 

t ransverse  t r a v e l  i s  being modified t o  serve as  t h e  g ra t ing  t r a n s l a t o r .  Methods 

of varying t h e  phase of t h e  two reconst ruct ing  beams o the r  than t h a t  described 

have been considered. The moving g ra t ing  seems inherent ly  more des i rab le  t han  

any of t h e  o ther  methods. Hotrever, if t h e  output cannot be s t a b i l i z e d  t o  t h e  

degree des i red ,  these  o ther  methods t r i l l  be t e s t e d .  

Methods of obtaining high ef f ic iency g ra t ings  of equally high q u a l i t y  w i l l  

be inves t iga ted .  The photographically recorded. in te r fe rence  g ra t ing  has 

severa l  advantages over commercial d i f f r a c t i o n  g ra t ings .  One advantage i s  t h a t  
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the &,lrotograpBie grating can be cosiora matte for any situation, They are 

inexpensive, easy t o  produce, and appear t o  he of a, quality at the very least 

as good a s  com~ercial  r e p l i c a  g rz t ings .  After  bleaching,  t h e  f i rs t  erder 

d i f f r a c t e d  beam i s  s l i g h t l y  more in tense  than t h a t  obtained from a commercial 

g ra t ing .  The one d i f f i c u l t y  i s  t h a t  t h e  present  bleaching process d e t e r i o r a t e s  

t h e  emulsion. I f  t h i s  can be overcome o r  at l e a s t  minimized, the  photographic 

g ra t ing  would be i d e a l .  

A t  t h e  present  t ime,  t h e  de tec to r s  and t h e i r  associa ted  c i r c u i t r y  a r e  

mounted i n  r a t h e r  bulky packages t h a t  prevent t h e i r  scanning t h e  e n t i r e  

reconstructed in te r fe rence  f i e l d .  These w i l l  be mounted i n  a compact package 

t h a t  w i l l  allow t h e  f i e l d  t o  be scanned t o  a degree cons is tent  with t h e  

small diameter of t h e  de tec tor  i t s e l f .  

It has been observed t h a t  i f  one of t h e  col l imators  t h a t  forms t h e  reconst ruct ing  

beam is  replaced with another component, in ter ference  f r i n g e s  a r e  observed i n  t h e  

reconst ructed  output .  These f r i n g e s  represent  va r i a t ions  i n  t h e  o r i g i n a l  wave- 

f ron t  t r i th which the  hologram vas recorded and t h e  wavefront with which it was 

replaced. The instrument the re fo re  can be used t o  compare o p t i c a l  elements. This 

a b i l i t y ,  coupled with t h e  measurement of small phase v a r i a t i o n s ,  may l ea2  t o  s 

simple device f o r  t e s t i n g  o p t i c a l  components t o  g rea t  accuracy. This appl ica t ion  

w i l l  be inves t iga ted ,  as  wel l  as  any o ther  minute measurements f o r  which t h e  device 

may be adapted. 
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11. Measuseolent o f  Filrn Gra in  Noise 

i ) ,  L, \qankt~rn 

Introduction 

I n  t h e  NGR 04-001-007 Progress Report of September 30, 1968, a l i m i t e d  

discussion was given t o  some of t h e  observed e f f e c t s  ~ r h i c h  f i lm g ra in  noise  

have upon t h e  q u a l i t y  of photographic and holographic images. Reference was 

made t o  t h e  f a c t  t h a t  f i lm gra in  noise became s i g n i f i c a n t  when recording 

holograms of weakly i l luminated ob jec t s .  These recordings cons i s t  of  dens i ty  

va r i a t ions  i n  t h e  f i lm caused by exposure t o  t h e  inc ident  reference and objec t  

beams, a s  well  as  random transmit tance va r i a t ions  caused by t h e  growth of f i lm 

gra in  centers  during development. I f  t h e  corresponding s p a t i a l  frequencies 

of t h e  s i g n a l  and t h e  f i l m  gra in  centers  a r e  the  same, t h e  d i f f r a c t e d  l i g h t  

of t h e  hologram reconst ruct ion  w i l l  appear noisy. The r e s u l t i n g  decrease 

i n  t h e  signal-to-noise r a t i o  w i l l  eventual ly cause a l o s s  i n  image reso lu t ion ,  

as  well a s  producing a low contras t  image. This e f f e c t  i s  noted more i n  t h e  

l a r g e  grained f i lms such as Tri-X and Panatomic-X. 

It is des i rab le  t o  study t h e  p roper t i e s  of t h i s  noise source separa te  

from any recorded information o r  s igna l .  I n  t h e  l a s t  r e p o r t ,  a procedure was 

described i n  which a piece of f i lm was fogged by exposing it Lo  t h e  incoherent 

l i g h t  from a tungsten source. The f i lm was then processed using standard 

developing procedures. By using incoherent l i g h t ,  a uniformly dense f i lm 

gra in  matrix r e su l t ed .  Exposure t o  coherent r ad ia t ion  would have resu l t ed  i n  

speckling,  another noise source,  wnich complicates t h e  g ra in  s t r u c t u r e  and does 

represent recorded information on the  f i lm.  

I n  order  t o  study t h e  noise p roper t i e s  of t h e  uniformly exposed emulsion, 

a parallel beam o f  nonochromatic coherent 2.fgh-t; i s  ~assed through the f i lm 
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grain matrix* S o m ~  of the lip,irtt passing through the f i l m  is seatbered by 

the developed grains .  I n  addition to  this noise, variations i n  both the  

r e f r a c t i v e  index and t h e  thickness of t h e  emulsion a l s o  c o n l r i b ~ ~ t e  t o  the 

o v e r a l l  s c a t t e r e d  l i g h t  p a t t e r n .  These add i t iona l  sources of s c a t t e r i n g  a r e  

inherent  i n  the  emulsion and, l i k e  t h e  g ra in  no i se ,  a r e  not associa'ted with 

s i g n a l  information. Di f f rac t ion  occurs a s  t h e  uniformly in tense  p lane ,  coherent 

wavefront passes through t h e  g e l a t i n  emulsion. The l i g h t  d i f f r a c t e d  a t  some 

p a r t i c u l a r  angle emerges as a plane wave. The e n t i r e  vavef ie ld  emerging from 

the  emulsion expands i n t o  a  spectrum of plane waves encompassing a  s o l i d  angle 

of poss ib ly  2 p i  s t e r rad ians .  

By using ideal. l e n s e s ,  t h e  spectrum of plane l i g h t  waves can be focused t o  

a spectrum of continuous points .  This l i g h t  i n t e n s i t y  p a t t e r n  i s  s imi la r  t o  

the  i n t e n s i t y  p a t t e r n  t h a t  would be observed i n  t h e  Fraunhofer d i f f r a c t i o n  

p a t t e r n ,  and can be  r e l a t e d  back t o  t h e  s i z e  of t h e  loca l i zed  noise generat ing 

centers  present  i n  t h e  emulsion. I n  f a c t ,  t h e  de tec t ion ,  measurement, and 

recording of t h e  d i f f r a c t i o n  p a t t e r n  is  s u f f i c i e n t  t o  quan t i t a t ive ly  analyze 

the  s p a t i a l  frequency spectrum of t h e  f i l m  gra in  matrix and loca l i zed  va r i a t ions  

of t h e  r e f r a c t i v e  index and thSckness of t h e  emulsion. A l l  t h r e e  of these  

parameters cont r ibute  t o  the  d i f f r a c t i o n  p a t t e r n  i f  the  emulsion i s  not 

placed i n  a  l i q u i d  ga te .  

Vander Lugt and I4itchell4 describe c l e n r k j  t h e  conventional way 

i n  vhich the  s c a t t e r e d  l i g h t  i s  focused t o  obta in  t h e  d i f f r a c t i o n  p a t t e r n .  

A s t a t ionary  l e n s  i s  placed i n  t h e  vavef ie ld  of t h e  sca t t e red  l i g h t .  

P a r a l l e l  waves a r e  focused i n  an angular range from 0 degrees t o  approximately 

LO o r  20 degrees of f -axis .  A l i g h t  de tec tor  with a small f i l t e r i n g  

aper ture  i s  then used t o  measure the  i n t e n s i t y  v a ~ i a t i o n s  of t h e  l i g h t  

i n  the  foca l  plane of the Pens. The foca l  plane may- be referred to 
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as tfae spatial freweacy plane of the l e n s ,  The use of smaller f- 

n~mber  lenses  only serves t v  iiicreaae the  &er ra t ions  e f  t h e  irnsge 

i n  t h e  foca l  plane.  This reference has been made t o  point  out  t h e  

disadvantage of using a s t a t i o n a r y  l e n s .  In  t h e  s p a t i a l  frequency 

spectrum analyzer b u i l t  at t h e  Universi ty of Arkansas Graduate I n s t i t u t e  

of Technology and described i n  t h i s  r e p o r t ,  t h e  l e n s ,  pinhole s p a t i a l  

f i l t e r ,  and detec t ion  system a re  mounted on a r o t a t i n g  arm which i s  

continuously incremented i n  a  c i r c u l a r  a rc  about t h e  sample. The d i f f r a c t i o n  

p a t t e r n  of a  s c a t t e r i n g  medim can be scanned from 0 t o  approximately 

80 degrees,  and it i s  not important t h a t  t h e  l ens  being used possess 

t h e  c a p a b i l i t y  f o r  off-axis  imaging. Low c o s t ,  simple t h i n  lenses  

o r  a cemented doublet ,  corrected f o r  spher i ca l  abe r ra t ion ,  can be used. 

The const ruct ion ,  opera t ion ,  and c a l i b r a t i o n  of t h e  s p a t i a l  frequency 

spectrum analyzer described i n  t h e  Renewal Proposal f o r  IQASA Grant 

NGR 04-001-007 of  December 2, 1968, which can perform t h e  functions 

described above i s  t h e  subjec t  of t h i s  r epor t .  

Work Performed 

A schematic drawing of t h e  S p a t i a l  Frequency Spectrum Analyzer 

described i n  t h i s  repor t  i s  shown i n  Figure 5 .  The l i g h t  from a HeNe 

l a s e r  i s  expanded, col l imated,  and d i rec ted  so  as t o  be inc ident  upon 

a saw?le holder .  The l i g h t  s c a t t e r e d  by t h e  sample a t  some p a r t i c u l a r  

angle is  f o ~ u s e d  by a l e n s  onto a pinhole s p a t i a l  f i l t e r .  . T h e . l i g h t  

passing through t h e  f i l t e r  is incident upon a d e t e c t o r ,  t h e  output 

of which is uhlima"cu displayed on a recorder.  The focusinp: l e n s ,  

pinhole,  m d  de tec to r  adre dl mounted upon an arm which r o t a t e s  i n  
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an arc about the swnpie, This enables the entire sca t te r ing  spectrum 

o f  the sample t o  be deheekeil and recorded, 

$.';ost =f design characteristics of spec.l-.ri,m &mi?lgze~ can 

be made using t h e  generalized d i f f r a c t i o n  equation 

1 2  C d++ = - = s i n  (5-1 d 

where C i s  t h e  angle between two i n t e r s e c t i n g  p a r a l l e l  beams of coherent 

monochromatic l i g h t  of wavelength X which cross i n  space t o  form an 

in ter ference  pa t t e rn .  The pa t t e rn  which is  produced cons i s t s  of many 

s m a l l  planes of loca l i zed  l i g h t  va r ia t ions .  The s p a t i d  d is tance  d 
% 

between these  planes i s  oft8n:written i n  terms of i t s  rec ip roca l  d . 
This quant i ty  e f f e c t i v e l y  expresses t h e  number of in ter ference  planes 

i n  a u n i t  d is tance  of space. Conversely, t h e  d i f f r a c t i o n  p a t t e r n  from 

a g ra t ing  may be described by a s imi la r  equation 

2 C 
nd* = - s i n  (i^) X 

where n i s  t h e  order number of t h e  d i f f r a c t i o n  pa t t e rn ,  and C i s  t h e  

angle between two s imi la r  orders of d i f f r a c t i o n .  The d i f f r a c t i o n  angle 

C w i l l  change i f  t h e  wavelength of t h e  l i g h t  i s  changed. To maintain 

a 1 t o  1 correspondence between t h e  s p a t i a l  frequency and the  d i f f r a c t i o n  

angle:, a coherent monochromatic l a s e r  source i s  used i n  t h e  s p a t i a l  

frequency analyzer. The l a s e r  used i s  a 1 mw HeNe CW l a s e r  operat ing 

a t  a wavelength of 6328 A.  The output of t h i s  l a s e r  i s  a beam approximately 

2 mm i n  diameter. This beam i s  expanded by means of a coll imator which 

consis ts  of a 20X lnicroscope objective,  a 5 micron pinhole aper ture  

which s p a t i a l l y  f i l t e r s  out any deviated rays caused by l a s e r  mirror  

iwlperfectisns, and a long foca l  l eng th  l ens  t o  render t h e  diverging 

light from the pinhole p a r a l l e l ,  The long foca l  l eng th  l e n s  permits 
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the beam Lo e x p a d  over a ~ l a t i v e $ 3 r  lsug distrwace before coll imation,  

In t h i s  way, a. s m a l l  por t ion  o f  $he e x p a d i n g  beam w i J - l  be eol[kima-i;ed 

and l o c a l i z e d  i n t e n s i t y  vazia t ions  a r e  minimized. 

For ana lys i s ,  a sample i s  placed i n  an adjus table  holder .  Adjustments 

along t h r e e  orthogonal axes &low fo r  exact  pos i t ioning of t h e  sample. 

The sample holder  assembly may be seen a t  t h e  f a r  r i g h t  of Figure 6. 

The holder  a l s o  allows t h e  sample t o  be r o t a t e d  360 degrees about t h e  

axis  of t h e  inc ident  l a s e r  beam. With t h e  holder  shown, an a rea  of 

t h e  sample % inch i n  diameler can be analyzed. The focusing l e n s  can 

a l s o  be seen i n  Figure 6 .  It is located  j u s t  t o  t h e  l e f t  of t h e  sample 

holder .  

Jenkins and White5 d iscuss  t h e  experimental procedure f o r  s imula t ing  

the  Praunhofer d i f f r a c t i o n  pa t t e rn  i n  t h e  labora tory  using l enses .  

A l ens  i s  placed p a r a l l e l  t o  t h e  plane of the  wave f r o n t .  P a r a l l e l  

l i g h t  en te r ing  t h e  l e n s  from a wavefield under study i s  focused t o  

a  point  i n  t h e  back foca l  plene of t h e  l e n s ,  Along with t h i s  focusing, 

the  i n t e n s i t y  of t h e  d i f f r a c t i o n  p a t t e r n  increases  simply because r 

has been decreased from some l a rge  value t o  f .  When lenses  a r e  used, 

s = f .  

The e n t i r e  d i f f r a c t i o n  p a t t e r n  cannot be focused with a s i n g l e  

lens.  The edges of the  l e n s  and l e n s  aberra t ions  l i m i t  t h e  f i e l d  of 

view and d i s t o r t  t h e  image. However, t h a t  por t ion  of t h e  pa t t e rn  which 

is  focused near t h e  o p t i c a l  ax i s  of the  lens i s  a good approximation 

t o  t h e  actual. diffraction pattern. I n  t h i s  region,  t h e  l e n s  suffers 

l i t t l e  from t h e  Lens aberra t ions ,  For i d e a l  lenses ,  t h e  a f f r a c t i o n  

equation is  given by 
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X f  (3)  

where U ( X , ~ , L )  is  t h e  l i g h t  amplitude d i s t r i b u t i o n  i n  t h e  plane wave- 

f i e l d  under study,  G( 1 ,m,f ,t ) i s  t h e  l i g h t  amplitude d i s t r i b u t i o n  i n  

t h e  focal  plane of t h e  l e n s ,  and angles A and B a r e  replaced by tr igonometric 

subs t i tu t ion  with 1 and m. These var iables  a re  i l l u s t r a t e d  i n  Figure 7. 

Fraunhofer d i f f r a c t i o n  has been applied t o  o p t i c a l  d a t a  processing 

i n  recent  years  by severa l  workers6-''. These workers used a coherent 

monochromatic lighL source and qua l i ty  lenses t o  observe a  port ion 

of t h e  d i f f r a c t i o n  pa t t e rn .  Certain conclusions can be reached i f  

t h e  following proper t ies  a-re considered: 

1. The wavelength of t h e  incident  r ad ia t ion  i s  held constant .  

2 .  Small s c a t t e r i n g  angles a re  only considered where t h e  ob l iqu i ty  

fac to r  is 1. 

3 .  The l ens  used i n  forming t h e  d i f f r a c t i o n  pa t t e rn  is  assumed t o  

possess neg l ig ib le  aberra t ions  over t h e  angular s c a t t e r i n g  range 

of i n t e r e s t .  

4 .  The amplitude function U can be separated i n t o  a time and space 

funct ion,  t h a t  i s ,  

u i x , y , t , )  = u(x ,Y)T.( :~ ;  ( 4  

When these four properties are considered and the angle ~f s c a t t e r i n g  

is  Limited Lo *6 degrees, t h e  r e s u l t i n g  d i f f r a c t i o n  equation d i f f e r s  

by a f a c t o r  from the Fourier Integra.1. 



1 + COS Q A 

2 - a 

and 

-1 1 . 1  s i n t a n  (?) = -  
f (7)  

-1 m s i n t a n  
- f  . 

From the Law of Conservation of Energy, the  t o t a l  power can be found 

from e i t h e r  u(x,y) o r  ~ ( l , m )  by e i t h e r  of the  two equations below. 

The overa l l  conclusion which has been made is  t h a t  t he  lens  i s  

capable of performing a Fourier decomposition of a wavefield i n t o  a 

spectrum of plane waves and t h a t  properly designed lenses a re  capable 

of doing t h i s  Fourier Integration with good accuracy. In  t h i s  respect ,  

the  lens  is  cal led a spectrum analyzer. 

Monochromatic aberrations can be useful i n  estimating the  focusing 

'aberra%$ons o$' 'Uns.esc T& rn~s~~'~imp~l?hnt  of these is  spher ical  aberration,  

Coma, astigmatism and curvature of the  f i e l d  are i n  some way affected 

i n  off-axis focusing but become negl igible  for  on-%is focusing, Spherical 

aberration 1s the  only monochromatic aberration which i s  rela%PveLy 

constant even tc off-axis i m q i n g .  
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Prom th i rd  order theory* Jenkins and show tha t  .the ewxtion 

for spherical aberration of thin lenses  i s  

where n i s  t he  r e f r ac t i ve  index of t he  l e n s ,  and p and q are  i t s  pos i t ion  

and shape f ac to r s ,  respect ively ,  and given by 

and 

~ i l*e re  s 8,nd s '  are t h e  object  and ima& dis tances ,  respectively;  r 1 

i s  the  r sd ius  of curvature which corresponds t o  t h a t  surface through 

whJ.~21 on-axis p a r a l l e l  l i g h t  f i r s t  passes; and r i s  t h e  radius of 
2 

curvat~l-re of t he  second. surf  ace. 

The var iable  Ls is  a convenient method used t o  r e l a t e  t h e  image _- 
cis,';.-xce s, I of any p a r a l l e l  ray passing through t he  l ens  a t  some dis tance  n 

h from i t s  center  t o  image distance s of pa rax ia l  rays where h = 0. 
P 

The quanti ty Ls i s  given by 

It i s  -t>h:se 1 ~ 5 s ~  rays which are  l e a s t  aberrated by t h e  nature of t he  

spherleal ~ - . ~ f z c e s  and a re  those which a r e  used as  a reference i n  measuring 

the spher ical  aberra t ion produced by the  marginal rays.  

Spherical  aberration i s  measured by two d i s t i n c t  quan t i t i e s ,  temed 

1.onljiludinal and l a t e r a l  spher ical  aberrat ion.  These q u m t i t i e s  give 

z rels.%ive measure of' the  ~hange in the focal Length %hat results using 
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m a r g i n d  rdys and the m0m"cf lateral  ~splacemnent t h a t  occurs when 

those rays ult imately cross the pal-axial focal plane,  Longitudfnal 

&"ad IstersL s p h e r l c e  aber rakS~ns  a r e  defined by t h e  eqcations 

Long. S.A. = s ' - shl 
P 

(15) 

Lat.  S.A. = ( s  - s I )  t a n  8 
P h 

where 8. i s  t h e  angle which a marginal ray makes with t h e  o p t i c a l  ax i s  

when it is focused by t h e  l ens .  Rewriting these  equations i n  terms 

of Ls, t h e  equations become 

Loqg. 'SA.  = s ' Shl  Ls 
P 

(17 1 

L a t .  S . A .  = s ' h Ls 
P 

(18) 

The l ens  used i n  t h e  s p a t i a l  frequency spectrum analyzer during t h e  A 

period covered by t h i s  repor t  was a simple plano-convex l ens  with a 

foca l  length of 1595 mm + 5 mm. The amount of spher ica l  aberrat ion 

was ca lcula ted  f o r  t h i s  l ens  using a, sample radius  of  h = 10 mm, a 

shape f a c t o r  of q = 1, a posi t ion  fac to r  of p = -1, and a r e f r a c t i v e  

index of 1.52. From equations (15) and ( 1 6 ) ,  t h e  Long. S. A. i s  l e s s  

than 8 x l0-*nm and t h e  Lat.  S. A .  i s  l e s s  than 5 x 10-~1nm. .The remaining 

monochromatic aberra t ions  m a y  be neglected s ince  e f f e c t i v e l y  no off -  

ax i s  focusing with t h e  l ens  is  made. 

The d i f f r a c t i o n  l i m i t  of an i d e a l  l ens  i s  t h e  diameter of  t h e  

airy-disc which i s  formed when plane waves a re  brought t o  a focus by 

t h e  l e n s .  T h i s  l i m i t  can be found by evaluating t h e  formula 

where f is the f o c a l  length sf the  l e n s ,  r is t h e  radius  of t h e  circular 

aperture used, and X i s  the wavelength of the incident  radia t ion.  For 
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the system being described, the  limiting aperture is the portion of 

t h e  sample being i l l m i n a t e d ,  which i s  a c i r c l e  w i t h  a radius of % 

inch.  The d i f f r a c t i o n  l i m i t  i s  the re fo re  found t o  be approximately 

0.197 mm. 

Precautions have been taken t o  maximize t h e  signal-to-noise r a t i o .  

Wherever poss ib le ,  l i g h t  b a f f l e s  were placed along t h e  path of  t h e  

l a s e r  beam between t h e  sample and t h e  f i l t e r i n g  aper ture .  These b a f f l e s  

prevented any s t r a y  l i g h t  from d i r e c t l y  s t r i k i n g  t h e  photomult ipl ier .  

Caution was taken i n  t h e  placement of b a f f l e s  so  t h a t  Fresnel  d i f f r a c t i o n  

from t h e  edges of t h e  b a f f l e s  would not cause "ringing" o r  l i g h t  i n t e n s i t y  

v a r i a t i o n s  t o  e x i s t  wi th in  t h e  f i l t e r i n g  aper ture .  These l i g h t  b a f f l e s  

a r e  shown i n  p lace  i n  Figure 6. 

The focusing l e n s ,  l i g h t  b a f f l e s ,  and photodetector  assembly are 

mounted upon an arm which has f o r  i t s  center  of r o t a t i o n  t h e  a x i s  upon 

, which t h e  sample is  al igned.  Two arms have been made f o r  use on t h e  

analyzer and these  may be interchanged as  desired.  The 8 foo t  arm 

may be used where long foca l  length  lenses  a r e  used o r  where add i t iona l  

o p t i c a l  components must be added t o  t h e  system. This long arm s u f f e r s  

from t h e  disadvantage t h a t  t h e  t o t a l  angular scan i s  l i m i t e d  by t h e  

3 inch t r a c k  on which t h e  end of t h e  arm r i d e s .  A p a i r  of  wheels a r e  

mounted under t h e  arm t o  permit smooth and f r e e  t r a v e l  a t  t h e  end. 

One of these  wheels i s  an aluminurn d i s c  with a groove on the  outer  

edge. An O-ring i s  f i t t e d  t i g h t l y  about t h e  wheel. A 2 inch f ine-  

tooth  gear  i s  mounted on the .axfS of t h i s  wheel and i s  powered by a 

smaller  3/8 inch gear on t h e  s h a f t  of a 2 rpm synchronous motor. Figure 

8 shows t h i s  motor dr ive  ar rangemnl .  The extremities of' t h e  Lrack 

l i m i t  t h e  m g u l a r  scan of the  arm. 
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To e o v n s a t e  for t h e  diaadvmlqe of using the long arm, a 3 

foot  a r m  i s  employed t o  Lake care of large angulas  r o t a t i o n s  up t o  

near ly  90 degrees which a r e  not poss ib le  with t h e  long arm. When t h e  

shor te r  arm is  i n  use,  a d i f f e r e n t  method is  used t o  scan t h e  spectrum. 

A bearing-contained t u r n t a b l e  i s  r i g i d l y  mounted on a l/z inch aluminum 

platform. The arm is then fas tened t o  t h e  t u r n t a b l e .  A 1 rpm synchronous 

motor is used t o  r o t a t e  t h i s  arm. Thin piano wire i s  fas tened a t  both 

ends t o  po in t s  on t h e  f a r  s i d e  of t h e  tu rn tab le .  ,With a h a l f  t w i s t ,  

t he  middle of t h e  wire i s  placed on an aluminum drum having a known 

diameter.  Three s l o t s  of d i f f e r e n t  diameter reduce t h e  speed 10:1, 

20: l ,  o r  40:l .  No t r a c k  i s  needed t o  support t h e  end of t h e  t h r e e  

foot  arm. This d r ive  arrangement i s  shown i n  Figure 9.  

An instrumental  frequency spread i s  always present  i n  measuring 

t h e  d i f f r a c t i o n .  . I d e a l l y ,  l i g h t  rays  a r e  focused t o  a point  i n  t h e  

focal- plane of t h e  l e n s  and, as a r e s u l t ,  a small aper ture  i s  needed 

t o  f i l ter  out  rays  of o ther  angular o r i en ta t ion .  This small aper ture  

does have a f i n i t e  width, and therefore  allows rays of  a given angular 

range Lo be f i l t e r e d  and detec ted .  This instrumental  angular spread 

of uncer ta in ty  i n  measurement can be converted i n t o  an instrumental  

s p a t i a l  fb-equency spread i n  l i n e s  per  mil l imeter  by f inding t h e  d i f fe rence  

i n  t h e  s p a t i a l  frequency at t h e  two extreme angles accepted by the  

rece iv ing aper ture .  I n  genera l ,  t h i s  frequency spread bd* is  dependent 

upon t h e  s c a t t e r i n g  angle C / 2  by 

where C is the rzrsgsllar width the  slit makes w i t h  the  sasr,p%e. The q u m l i t y  

C/X is t h e  maximm possible frequency spread sampled by t h e  instrurnrent, 
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This rePa%ionship does n o t  hold i f  any of the f i ve  monochromatic aberrations 

l e n s e s  are a n n r ~ ~ i a h l -  -rc-- ----.... A f i l t e r i n g  apee*ae  0.020 inch i n  diaiiieter 

was used during t h e  period covered by t h i s  r epor t .  

An EM1 9558B photomult ipl ier  tube i s  used a s  the  primary energy 

transducer i n  t h e  o p t i c a l  system. This tube has a 2 inch diameter, 

f la t - faced,  pyrex end window with 11 venetian b l i n d  dynodes having 

CsSb secondary emit t ing  surfaces.  The photocathode i s  of t h e  5-20 

o r  t r i - a l k a l i  (~aKSbcs)  type having a quantum ef f i c iency  of 6 percent 

6 
near 6329 A. The t y p i c a l  gain of t h e  dynode sec t ion  i s  near 2 x 10 . 
The venetian b l i n d  dynode system was se lec ted  because the gain d r i f t  

fo r  such a dynode configurat ion has been determined t o  be l e s s  than 

O . a  percent  per  per iod of 24 hours operat ion.  The r i s e  of time of 

t h i s  tube is 8 nsec with a time spread of 16 nsec. The cathode s e n s i t i v i t y  

of t h e  Y558B is  152 vA per  lumen a t  an overa l l  voltage of 900 V.  A 

maximum overa l l  voltage across t h e  photomult ipl ier  must never be exceeded 

f o r  t h i s  Lube. For DC measurements, t h e  t y p i c a l  anode dark current  

a t  900 V i s  l e s s  than 2.5 nA a t  room temperature of 7 5 ' ~  compared t o  

the  manufacturer's spec i f i ed  current  of 1.2 nA p r i o r  t o  shipment from 

the  fac tory .  For highest  s t a b i l i t y  i n  DC condit ions,  t h e  manufacturer 

suggests t h a t  t h e  anode current  not exceed 10 vA. This condition is 

aLways observed when any measurements a r e  made. 

Because of t h e  low l e v e l  s igna l  current  involved, a mu-metal s h i e l d  

i s  wrapped around t h e  tube Lo reduce any electromagnetic i n t e r f e r e n c e .  

This s h i e l d  is held  aQphotoeatksde p o t e n t i a l .  I f  t h i s  Is not done, 

f i e l d  in teract ions  w i t h  e l ec t rons  leaving t h e  photocathode occur and 

e lec t ron  colleeLion ef f ic iency decreases .  



A linecar resistor cha in  of 6 8 ~  ohms ." 1 percent betweear. a$$. dynodes 

I s  used La dis"cribu"c the potential  "c dynodes. A Motorola IN3817 

Zener Diode ra ted 120 V a t  2.5 mA with a tolerance of 10 percent is  

used t o  s t a b i l i z e  t he  voltage between the  photocathode and the  first 

dynode. 

The incident l i g h t  l e v e l  on t he  photocathode i s  l imited by an 

at tenuator box which is mounted i n  f ront  of the  entrance aperture t o  

the tube. Four 2 inch by 2 inch f i l t e r  s l o t s  are present i n  the  box 

so t h a t  g lass  o r  ge la t in  f i l t e r s  can be eas i ly  inser ted.  A painted 

aluminum cover p l a t e  sea l s  o f f  any l i g h t  entering the  photomultiplier 

through t h e  attenuator box. An Alphax camera shu t te r  i s  mounted behind the 

attenuator box t o  op t ica l ly  i s o l a t e  the  photomultiplier from a l l  external  

l i g h t  sources and t o  provide a East means of turnipg off  the  l i g h t  
i' 

t o  the  detector.  The pinhole f i l t e r i n g  aperture is interchangeable 

and i s  mounted on the  f ron t  of the  at tenuator box. Figure 10  shows 

the e n t i r e  detector assembly. 

The power supply of t he  ET4I 9558B i s  a Hewlett Packard Model 6516A HV DC 
.- - 

power supply, which i s  an all-semiconductor package t h a t  can furnish 3000 V 

a t  6 mA. It i s  designed for  applications requiring extreme s t a b i l i t y ,  regula- , 

t i o n  and insens i t iv i ty  t o  ambient temperature var ia t ions .  The supply has 

&- load  regulation of 0.01 percent output voltage change fo r  a f u l l  load t o  

no load change i n  t he  output current .  An Analog Devices Model 310 3 

Electrometer Amplifier is  being- used i n  the current-to-voltage mode t o  

maintain the ideal  eharacLeristkcs of the  phoLomlt ipl ler  output. The 

high input impedance of lox2 ohms allows small currents t o  be measured 

w i L h  large feedback resis tors  i n  the  c i rcuiL.  By using t h i s  c i~cu l t s ry ,  

the collecLing mode is held a% v i r t u d l y  ground po ten t ia l ,  and t he  
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eu%plkZ;iwedmm i s  nuch less than I ohm, The output vo%"r;ge m a y  be 

as high as I O V  which is quite adequate t o  directly hive ebhost m y  

recording instrmment, . Like t h e  photomultiplier, t he  operational amplifier 

c i r cu i t ry  requires an addi t ional  power supply. An Analog Devices Model 

901 DC Power Supply was purchased for  use with the  amplifier. 

The s ignal  current a t  the  photomultiplier output becomes a time 

dependent quanti ty whenever t he  op t ica l  bench is rota ted.  A l l  vol-bage 

measuring equipment and the  recording instrument must, therefore ,  respond 

a t  the  frequency of the  information signal.  The recording of higher 

frequency s ignals  may necessi ta te  the use of e i t he r  a galvanometer 

recorder o r  photographing the  display on an oscilloscope. 

The choice of a recording medium for  continuous measurement of 

d i f f rac t ion  pat terns  depends on the  sweep r a t e  of the  detector.  The 

time dependent frequency of a s ignal  appearing a t  the  photomultiplier 

output is simply the  product of the  s p a t i a l  frequency of t he  op t i ca l  

s ignal  and the  veloci ty  of the  f i l t e r i n g  aperture through the  spectrum. 

This re la t ionship is given by 

v = d*v C $9 f 

where v i s  the  frequency of t he  e l e c t r i c a l  s ignal  and V i s  t h e  veloci ty  

of the  F i l t e r ing  aperture,  The minimum r o t ~ t i o n a l  speed of t he  8 foot 

arm is 0,088 degrees per second t 2 percent. A l l  da ta  taken f o r  t h i s  

work are made a t  t h i s  speed. Assuming a lever  arm of 2000 mm and a 

f i l t e r i n g  aperture diameter of 0.050 inch, the  maximm cutoff  Frequency 

t h a t  can be safely measured i s  5.21 Hz. A cer ta in  mom% sf end play 

is present i n  the  gear t ee th  of %he motors driving t h e  ams. I n  both 

of the  notor assemblies, e r ro r  of 20,008 degree fo r  the long s s m  

ayld 18.0318 degree for the short  arm is always present. Oscil latory 
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motion occurs i n  the  short  To daanpen t h i s  effect dlen  continuous 

rneasuremeats are being made, a spring-loaded nylon-tipped rod gently 

r ides  against  the  turntable .  Properly adjusted,  no undesired osc i l l a t ions  

axe observed. The e r ro r  i n  the  long arm i s  suf f ic ien t ly  s m a l l  a t  the  

present t h a t  no damping i s  used. 

The s t a b i l i t y  of the  l a se r  output power i s  very important i n  the  

detection,  measurement, and recording of a d i f f rac t ion  pat tern .  The 

output power i s  measured by removing a l l  samples from the holder and 

allowing the  l i g h t  from the  l a se r  t o  s t r i k e  the  photomultiplier tube. 

A suf f ic ien t  f i l t e r  is used t o  at tenuate the  l i g h t  t o  a sa fe  l eve l .  

The l a s e r  is then actuated,  and the  s ignal  recorded. Figure 11 shows 

the output power p lo t ted  vs. time. The power is  sampled once every 

30 minutes for  l5 minute periods u n t i l  equilibrium is reached a f t e r  

90 minutes. A maximum var ia t ion of 20 percent a t  t = 15 minutes reduces 

t o  10 percent after 90 minutes. After 2% hours of continuous operation, 

the  var ia t ions  i n  t he  output power a re  l imited by a bandwidth of 0.02 

Hz of the voltmeter. 

., I n  order t o  evaluate the  performance of t he  s p a t i a l  frequency 

spectrum analyzer, a number of t e s t s  were performed i n  which the  recorded 

data could be compared with expected data from special ly  prepared smp le s ,  

The first t e s t  was t o  study the  d i f f rac t ion  pat tern  @om a l i n e a r  

grating.  The spacing of the  grating was measured on a cal ibrated shadowgraph 

comparator, . 'Jlkte average spa t i a l  frequency of the  grating measwed 

over 50 ~ e i t i n g  sl i ts  was Found t o  be 150 l i n e s  per inch or 5.91 l i ne s  

per nun with an e r ro r  sf less than  3. percen%. From equation (2)  t he  

mgle of %he 10th d i f f rac ted  order was eaLeuPaGed aria found t o  be 2.14 
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degrees, T h i s  angle was then  eonpared do the diffracted angle o f  t he  

16th order sca"r;tred beam when t h e  g r a t i n g  was placed i n  t h e  smple 

holder of t h e  instrument. This angle was measured by t r i angu la t ing  

t h e  posi t ions  of t h e  f i l t e r i n g  aper ture  at t h e  10th  and zero orders ,  

and was found t o  be 2.17 degrees. The r e s u l t  was rt dif ference  i n  angle 

of less than 2 percent with the  ca lcula ted  angle. 

Secondly, it was des i red  t o  study t h e  d i f f r a c t i o n  of l i g h t  from 

11 i d e n t i c a l  aper tures  dl .s tr ibuted randomly i n  a given area .  Stone 13 

has discussed t h e  s c a t t e r i n g  d i s t r i b u t i o n  c r i t e r i a  f o r  t h e  apertures 

and concludes from a random walk analys is  t h a t  t h e  i n t e n s i t y  of l i g h t  

a t  some a r b i t r a r y  point  i n  t h e  smoothed d i f f r a c t i o n  p a t t e r n  i s  N times 

g rea te r  than t h e  l i g h t  i n t e n s i t y  t h a t  i s  produced by a simple aperture 

of t h e  same s i z e .  

A s e r i e s  of tes t  p l a t e s  were made i n  which a known number of uniform 

s i z e  l ead  BBts were photographed upon a white background. When t h e  

photograph w a s  developed, small c i r c u l a r  t ransparent  apertures were 

present  on t h e  f i l m .  P r i o r  t o  photographing, each BB was r insed i n  

an acetone ba th ,  placed on an absorbent paper mate r i a l ,  and sprayed 

with a coat of f l a t  black enamel pa in t .  After  drying t h e  BB's  were 

then s t i r r e d  and repainted.  S t i r r i n g  and repaint ing 10 t o  15 t imes 

w a s  s u f f i c i e n t l y  e f f e c t i v e  t o  pa in t  the  e n t i r e  surface of t h e  l ead  

black.  

A known nugiber of these  B B 1 s  were randonly d i s t r i b u t e d  upon a 

white  backgrowd and photographed. Kodak High Resolution 649-F p l a t e s  

were used i n  recording t h e  t e s t  images. This medium was  chosen because 

high resoXution and low gra in iness  are mguired to satisfactorily record 
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0,002 inch BB images, The high contrast characteristics and l o w  graininess 

of the  f i l m  permit the  recording of aper tures  with sharp edges, The 

r e l a t i v e l y  slow speed of t h e  f i l m  does not become a disadvantage i n  

photographing t h e  t e s t  scene s ince  no motion of t h e  ob jec t  occurs. 

Also, t h e  g lass  s u b s t r a t e  of t h e  p l a t e  provides a convenient mounting 

support f o r  l a t e r  use. 

Af ter  t h e  proper focus and exposure had been determined, a s e r i e s  

of t e s t  p l a t e s  were made. These p l a t e s ,  being negatives of t h e  t e s t  scene, 

appeared a s  small  t ransparent  aper tures  on a black f i e l d .  The t e s t  p l a t e s  

were s i m i l a r ,  except t h a t  t h e  number of B B f s  within t h e  scene was va r i ed .  

Contact copies of these  p l a t e s  were then made. The emulsion of 

an unexposed 649-3' p l a t e  was immersed i n  water,  pressed t o  t h e  emulsion 

s i d e  of a t e s t  p l a t e ,  and exposed through the  back of t h e  t e s t  p l a t e .  

Ef fec t ive ly ,  t h e  complement o f  t h e  o r i g i n a l  p l a t e  i s  generated. Exposure 

and development ~ u s t  be c a r e f i l l y  con t ro l l ed  during t h i s  copying. The 

copy process was repeated t h r e e  times t o  obta in  a high dens i ty  gradient  

a t  t h e  edge of each aper ture .  Af ter  the  contact  p r i n t i n g  had been 

completed, a s e r i e s  of "best" p l a t e s  were re ta ined f o r  analysis  and t h e  

r e s t  discarded.  The "best" p l a t e s  cons is ted  of t ransparent  aper tures  

on a black background and a l s o  some negatives of these .  Jenkins and 

White14 s t a t e  t h a t  i f  opaque and t ransparent  areas  on a screen a r e  

interchanged upon another screen,  t h e  second screen i s  t h e  complement 

of  the  first.  According t o  Babinet 's P r inc ip le ,  t h e  smooth d i f f r a c t i o n  

p a t t e r n s  of the csmpiemen%ary tes t  p l a t e s  should be i d e n t i c a l .  

Five of the  t e s t  p l a t e s  which were made phobgraph ica l ly  by t h e  

pgP06(3SS j u s t  described were selected f o r  study. The s i z e  of 25 "typical '" 
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scattering e n t - 5  weye measured &sing a cdibr&ed shdowgr~z4i,La compara%or, 

The v d u e s  were t hen  s t ad i s t i ea l ly  averaged and recorded i n  Table PI, 1. 

TABLE 11. 1 

Diameter Measurements Made 

By Using A Cal ibra ted  Shadowgraph Comparator 

Average Size  Staridakd 
Test P l a t e  of Apertures Deviation Cause of Number of  

Number (mm> Diffraction '. ? Apertures Used - .(?I :.. ...,,.. . . , .-*- . . .* . .  
w 

1 0.071 0.00023 Stops 700 

2 0.089 0.00048 Stops 3000 

3 0.071 0.00023 Apertures 700 

4 0. O T 1  0,00037 Apertures 1000 

Along with t h e  average sizes are recorded one standard devia t ion  of t h e s e  

measurements, the  na ture  of the  s c a t t e r i n g  cen te r  ( ape r tu re  of s top)  

and t h e  number of centers  which a r e  present  i n  t h e  c i r c u l a r  a r e a  of 

the  t e s t  p l a t e  having a  diameter of 3/8 inch. The test p l a t e s  were 

s ingly  placed i n t o  t h e  l a s e r  beam and t h e  d i f f r a c t i o n  p a t t e r n  of each 

was measured. The recorded p a t t e r n s  were then compared t o  t h e  d i f f r a c t i o n  

pa t t e rn  of a  g r a t i n g  i n  order  t o  c a l i b r a t e  t h e  spec t ra .  From t h i s ,  

t he  angle between t h e  f i r s t  minima was measured and divided by 2. To 

be c e r t a i n  t h a t  t h e  d i f f r a c t i o n  p a t t e r n  was symmetric regardless of 

the  o r i e n t a t i o n  of t h e  test p l a t e ,  each p l a t e  was r o t a t e d  45, 9Q, afld 

180 degrees. TEeble 11, 2 l i s t s  the average value f o r  t h e  few or ien la t ians ,  

These values a r e  l i s t e d  under Ascm along with t h e i r  s tandard devia t ions .  



The cdcu la t ed  mgle sf the  f i r s t  minima from the  average value sf 

aperture sLop diameters of Table 11. 1, along with their corresponding 

standard deviations,  are given i n  Table 11. 2 under the  column Acalculated. 

Table 11. 3 and Table 11. 4 l ist  s imilar  r e su l t s  of t e s t  p la tes  which 

exhibited t h e  presence of a second and t h i r d  minima i n  in tens i ty .  Poor 

agreement i s  observed when the  appropriate columns are compared. A second 

check was used t o  account fo r  t h i s  e r ror .  The d i f f rac t ion  pat tern  of 

t e s t  p la te  3 was photographed by placing a 4 x 5 sheet  of Panatomic X 

f i lm i n  the  plane of the  f i l t e r i n g  aperture. A pr in t  of t h i s  photograph 

is shown i n  Figure 12. Figure 13 i s  a photographic enlargement of t he  

t e s t  p l a t e  3 taken on the  shadowgraph comparator. The overal l  d i f f rac t ion  

pat tern  appeared t o  be somewhat e l l i p t i c a l .  The major and minor axes 

were then measured and found t o  be 1.31 inch +- 0.08 inch by LO8 inch k 

0.08 inch, respectively.  These diameters i n  tu rn  correspond t o  an 

e l l i p t i c a l  aperture whose s i z e  is  0.071 mm by 0.089 mm 2 0.020 mm. This 

e r ror  of about 15 percent i s  suf f ic ien t ly  l a rge  t o  compensate f o r  the  

small standard deviation i n  Ascan and Acalculated' 

TABLE 11. 2 

Calculated and Experimental Angular Values of F i r s t  Minima 

Test P la te  
Number Acalculated 

(degrees ) 
Standard Ascan Standard 

Devint i on ( degrees) Deviation 



T&&E $1:. 3 

CaLculakcd. a d  EqerirmenLal Angular Values sf Second Minima 

Standard 
A 

Test P l a t e  Acalcubated -scan Standard 
Ifumber (degrees) D:evi&hibnL (degrees) Deviation 

TABLE 11. 4 

Calculated and Experimental Angular Values of Third Minima 

Test P la te  . Acalcula~ed:; S t  andayd .A . scan. . .Standard 
Number ( degrees ) Deviation (degrees) Deviation 

The f i l t e r i n g  aperture has been superimposed on Figure 12 t o  s c a l e  
.. . 

t o  show i ts  s i z e  r e l a t i ve  t o  t he  d i f f rac t ion  pa t te rn  and the path t h a t  

is  followed when a recording is  being made. The aperture has been 

intent ional ly  displaced a distance corresponding t o  three  aperture 

diameters belotr t h e  center of the  dif f ract ion pat tern  t o  prevent damage 

t o  the  photomultiplier by the  intense zero order beam. 

Previously, it was s ta ted  t h a t  i f  N apertures are randomly arranged 

on a screen (o r  t e s t  p l a t e )  t he  in tens i ty  a t  some a rb i t ra ry  scat ter ing 

point i n  the  smoothed d f f r a c l i o n  pat tern should be N Limes more intense 

than that  caused by a s ingle  aperture,  Test plate $ was a r b i t r a r i l y  



chosen for t h e  deterrurination of i d s  apertwe density distribution character- 

istics, and the results were compmed Lo a rasldom distribution, 

The 3/8 inch test plate was enlarged 21 times to 8 inches, and 169 

s~apling squares 1/2 inch by 1/2 inch were superimposed upon the enlarged 

plate. The number of apertures contained in each square was then recorded. 

Table 11. 5 has the results of these measurements. 

TABLE 11. 5 

Density Distribution Characteristics 
of Apertures in Test Plate 5 

Given number of 
apertures per 
sampling area n i 

Density of Number of 
apertures per unit sampling areas 
sampling area D having given 

( apertures/inch )2 density Ni 
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The f i rs t  c e l u  represents the  number of apertures fomd i n  my one 

s ~ m p l i n g  area. The second column l i s ts  t h e  corresponding number of  apertures 

per u n i t ,  D Figure 1 4  i s  a p l o t  of t h e  densi ty d i s t r i b u t i o n  c h a r a c t e r i s t i c s  i ' 

of t h e  l a s t  two columns of Table 11. 5. The average densi ty 5 of t h e  aper tures  

i s  given by t h e  equation 

- CNiDi 
D = ------ ' 

CB, 

The square of t h e  standard deviat ion from t h i s  mean i s  given by 

Using these  equations and normalizing t h e  average t o  t h e  o r i g i n a l  s i z e  of  

the  test p l a t e ,  t h e  r e s u l t s  i n  Table 11. 6 a r e  obtained. 

TABLE 11. 6 

Averaged Results  of Density Dis t r ibut ion Character is t ics  
of Tes t  P l a t e  5 

Actual a rea  of t e s t  p l a t e  (0.375 in .  diameter) = 0.110 inch2 = 71.3 mm 2 

Area of t e s t  p l a t e  a f t e r  magnification 
(8  i n .  diameter) 2 = 50.3 inch = 32,500 mm2 

Sampling a r e a  of magnified t e s t  p l a t e  ('I x 4 i n .  ) = 4 . 2 5  inch2 = 38.7 mm 2 

Tota l  number of sampling areas inves t igated  = 169 

Total  number of aper tures  on test  p l a t e  = 3000 

Average value of aperture densi ty on t e s t  p l a t e  = 36 apertureslmm 2 

Standard devia t ion of aperture densi ty on t e s t  
p l a t e  = 1 2  apertureslmm 2 

The s c a t t e r i n g  theory previously discussed by Stone was studied.  A 

set of p l a t e s ,  described i n  d e t a i l  i n  Table 11. 7 were prepared. On each 
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sf t h e  plates only t h o  nmber of' apermures was al lo~red to vasey. The d i f -  

f ract ion pat terns  of each were recorded and r e l a t i ve  in tens i ty  values o f  

the f i r s t  maxima were determined. The r e su l t s  are  shown i n  Table 11. 7. 

The r e l a t i ve  in tens i ty  of the  first maximum i s  seen t o  increase a s  t he  

number of apertures increases from 300 t o  700 and from 700 t o  3000. There 

i s  a  discrepancy, however, as  the  number of apertures increases from 700 

t o  1000. Pla tes  8 and 9 were rechecked, but essen t ia l ly  t he  same r e su l t s  

were obtained. Visual examination showed t h a t  p l a t e  9 was s l i gh t ly  over- 

exposed. This could par t ly  account fo r  the  reduced in tens i ty  which w a s  measured. 

TABLE 11. 7 

Dependency of In tens i ty  of F i r s t  Minima 
on the  Number of Apertures i n  the  Test P la te  

Cause of 
Test P la te  d i f f rac t ion  

7 apertures 

8 apertures 

9 apertures 

10 apertures 

Number of Relative intensi ty  
apertures of f i r s t  maxima 

Blurring of the  edges of the  aperture could r e su l t  i n  a  decrease of the  

average in tens i ty  at high s p a t i a l  frequencies o r  large d i f f rac t ion  angles 

of the  spectrum of these apertures.  This can be likened t o  t he  loss  of higher 

d i f f rac t ion  orders from a grat ing as the  l i ne s  i n  the  grating become l e s s  

well defined a t  t h e i r  edges. The e f fec t  of t h i s  blurr ing can be noted by 

referr ing t o  Tables L1, 2, 11. 3, and 11. 4. Test p l a t e s  3, 4 ,  and 5 exhibited 

spectra out t o  at l e a s t  the  t h i r d  d n i m m .  For t e s t  p la te  2 only the  second 
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lninirnusra could be determined, while only the S i r s t  m i s a i m m  was observed f o r  

t e s t  p l a t e  1. Visual observa t ion  of t h e s e  t e s t  plates i n d i c a k d  t h a t  the 

edges of t h e  aperture i n  p l a t e s  3, 4 ,  and 5 appeared t o  be more sharp than 

those of p l a t e s  1 and 2. 

An add i t iona l  f a c t o r  tha% can prevent t h e  d i f f r a c t i o n  pa t t e rn  from being 

exact ly  as calcuated i s  a  non-uniform incident  beam on t h e  smuple. P r i o r  t o  

measuring t h e  d i f f r a c t i o n  p a t t e r n s  of p l a t e s  7 ,  8,  9 and 10, t h e  inc ident  

beam was "flat tened" o r  made uniform. This was accomplished by allowing 

t h e  l i g h t  from t h e  pinhole of t h e  coll imator t o  expand. The distance over 

which t h e  expansion occurs allows s t re tch ing  of t h e  i n t e n s i t y  va r ia t ions  i n  

a given aper ture .  A s  a r e s u l t ,  t h e  wavefront becomes more uniform. The 

uniformity of t h e  incident  beam was measured by removing t h e  focusing l ens  

from t h e  instrument and allowing t h e  l i g h t  t o  pass through the  empty sample 

holder and f a l l  d i r e c t l y  on t h e  f i l t e r i n g  aper ture  at  t h e  end of t h e  movable 

arm. The photomult ipl ier  then scanned t h e  hor izonta l  i n t e n s i t y + p r o f i l e  of 

the  beam i n  nearly a  s t r a i g h t  path .  An arc  of 0,7 degree is  t raversed when 

20 mm of beam i s  sampled at 1.595 mm. This e r r o r  w a s  negl ig ib le  compared t o  

a  probable e r r o r  of 1 degree i n  a l igning t h e  photomult ipl ier  normal t o  t h e  

inc ident  beam. Several hor izonta l  scans were made across t h e  aperture and 

t h e  p r o f i l e  of t h e  e n t i r e  area  was mapped. O f  t h e s e ,  t h e  scan which exhibi ted  

t h e  g r e a t e s t  f luc tua t ions  i s  shown i n  Figure 15. Peak var ia t ions  of 30 percent 

a r e  observed. Approximately 30 percent va r ia t ion  i n  i n t e n s i t y  i n  t h e  v e r t i c a l  

d i rzc t ion  was f o w d  when the d i f f e r e n t  scans were compared. 

Conclusions: 

The bas i s  f o r  continued use of t h e  spaMia1 frequency spectrum analyzer 
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to related problems o f  d i f f r a c t i o n  has been made, 

Two basic s igna l  forms were s tudied and measured using t h e  ias t rurnent ,  

I n  one form, a d i f f r a c t i o n  gra t ing was used t o  generate a s ing le  frequency 

o p t i c a l  s igna l .  The angular coordinates of t h e  s igna l  i n  t h e  d i f f r a c t i o n  

pa t t e rn  were measured and compared t o  ca lcula ted  values using t h e  general ized 

d i f f r a c t i o n  equation f o r  gra t ings .  A 2 percent agreement between these  values 

shows t h a t  a d i f f r a c t i o n  g ra t ing  can be used t o  c a l i b r a t e  e i t h e r  t h e  angular 

o r  s p a t i a l  frequency ax i s  of t h e  instrument. 

I n  t h e  second form, a continuous s p a t i a l  frequency s igna l  spectrum w a s  

generated using small c i r c u l a r  apertures and s tops .  Angular values of suc- 

cessive minima i n  t h e i r  d i f f r a c t i o n  pa t t e rns  were measured and compared t o  

the  corresponding ca lcula ted  angular values.  A dif ference  of l e s s  than 15 

percent was observed i n  t h e  corresponding values. Additional photographic 

evidence indicated  t h a t  t h i s  l a rge  d i f ference  could e a s i l y  have been expected. 

The smoothed d i f f r a c t i o n  p a t t e r n  of a l a r g e  number of r e l a t i v e l y  uniform 

apertures w a s  de tec ted ,  measured and recorded. Large photographic e r r o r s  

were present  i n  making t h e  t e s t  p l a t e s  and have prevented any q u a n t i t a t i v e  

conclusions from being made. Qual i ta t ive ly ,  however, t h e  i n t e n s i t y  of t h e  

l i g h t  of t h e  second maxima increased with t h e  number of aper tures .  

Negligible mechanical and e l e c t r i c a l  noises  were observed during a l l  

experiments t h a t  were performed. Linear operat ing conditions f o r  t h e  photo- 

mul t ip l i e r  were found using n e u t r a l  densi ty  f i l t e r s  t o  reduce t h e  power of 

the  measured beam. 

Future Work 

Future work w i t h  khe  i n s t r m e n t  w i l l  p r imar i ly  involve i t s  use under 
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condit ions siwrila,r L o  those encountered whi le  measuring the diffraction 

p ~ t t e r n  of t h e  aperture t e s t  p la t e s  Ghat were Jus t  discussed, during the 

continuous measurements refer red  t o  i n  t h i s  r e p o r t ,  la rge  va r ia t ions  i n  s i g n a l  

current  were observed and sca le  changes on t h e  recorder were rnade constant ly .  

To overcome t h i s  d i f f i c u l t y ,  an appropriate feedback system should be b u i l t  

f o r  t h e  pho toau l t ip l i e r  so  t h a t  the  output s i g n a l  i s  a logarithmic funct ion 

of the  input l i g h t  power. This logari thmic response may be obtained by vary- 

ing  t h e  overa l l  voltage across t h e  photomult ipl ier  i n  such a way t h a t  output 

current  i s  constant .  It can be shown t h a t  t h e  voltage across t h e  tube i s  a 

logarithmic function of t h e  gain.  Therefore, t h e  s igna l  t r i l l  simply become 

r e l a t e d  t o  t h e  applied voltage across t h e  photomult ipl ier .  By so doing, 

the  range of t h e  output s igna l  may be increased from i t s  present  range of 

4 
lo2, which i s  t h e  range of t h e  output current  i n  i t s  present form, t o  10 . 

This feedback c i r c u i t  w i l l  be useful  i n  l a t e r  s tudies  on f i l m  g r a i n  

noise which w i l l  be underway soon. I n  b r i e f ,  it i s  planned t o  review those 

darkroom parameters, such as  exposure, exposure t ime,  development time and 

temperature, densi ty of t h e  photographic emulsion, and developer, which a f f e c t  

t h e  d i f f r a c t i o n  pa t t e rn  of developed f i l m  t h a t  has been previously exposed 

t o  incoherent l i g h t .  I n  t h i s  way no information will be present  on t h e  dev- 

eloped f i lm except t h a t  of t h e  f i lm gra in .  The d i f f r a c t i o n  p a t t e r n  of t h e  

f i lm gra in  matrix will be detected,  measured and recorded i n  a manner s imi la r  

t o  t h a t  of t h e  t e s t  p l a t e s  i n  t h i s  repor t .  

Additional uses of t h e  o p t i c a l  spectrum analyzes w i l l  be inves t igated .  

One such use could be i n  the  measurement of t r a n s f e r  c h a r a c t e r i s t i c s  of any 

recording utedium. These t r a n s f e r  c h a r a c t e r i s t i c s  may be obtained from the  

recorded d i f f r a c t i o n  p a t t e r n ,  f o r  which t h e  spectrum analyzer w i l l  be 

u t i l i z e d .  



P I I ,  Unaonventimd Imge S d ~ r i i r g  w d  Processing 
D 

A, ExperlmenLd PhoL~aapkie  Processes 

Introduction 

Use of contrast amplification by p a r t i a t  suppression of the zero- 

order beam i n  image formation i s  limited i n  prac t ica l  cases by the system 

noise level .  I n  photographic emulsions, t h i s  noise a r i ses  chiefly from 

scat ter ing by macromolecules character is t ic  of the emulsion matrix, 

by "fog" - random unexposed but developed grains -, and by imperfections, 

such as dust or  thickness variations. 

Gelatin-silver halide emulsions suffer  from t h e  first and second 

ailments i n  large degree. The second can be controlled a t  the  sacr i f ice  
I 

of film speed. The first,  however, is intimately related t o  the emulsion 

matrix. The purpose of the  present study is t o  investigate low-noise 

hi&-primary quantum efficiency photo processes t h a t  might be uniquely 

sui ted t o  contrast amplf f icat ion.  

Systems Chosen f o r  I n i t i a l  Study 

a. Matrices 

1. Low molecular weight gelat in  

2. Polyacryls 

3. Cross-linked Polystyrene 

4, PolJNinyls 

h i  Pmcessea 

1. Photoreduction of met& lone 

2. PhoLo-poXperizGsLion 

3 .  me reactions. 



Work Perfomed 

a. Hatrices 

(1)  A c r y l d d e  polymerizes eas i ly  i n  the  presence sf K 0 Provided 
2 2' 

a suf f ic ien t ly  d i l u t e  acrylamide-water solut ion i s  used t o  prevent s e l f -  

heating during polymerization, it is possible t o  control  ra ther  closely 

the  kind of polymer by a combination of amount of ac t iva tor ,  polymerization 

temperature, and time. Several such polymers have been prepared, High 

act ivator  concentrations and high temperatures encourage low molecular 

weight chains; polymerization occurs r e l a t i ve ly  rapidly. Long chains 

form i n  t h e  presence of small i n i t i a t o r  concentration and low temperatures. 

Several such polymers have been prepared. A typ ica l  recipe was 

a 5% by weight solution of acrylamide i n  water with 0.01% H202 ac t iva tor  

held a t  80°c for  48 hours. The resu l t ing  solution was very viscous 

and perfect ly  transparent.  However, there  was no tendency t o  gel .  A 

s l i d e  coated with t he  solution became tacky and f i n a l l y  dried hard and 

smooth. The coating w a s  water-soluble. Since one of t he  c r i t e r i a  of 

a su i tab le  matrix i s  t ha t  it swell ( t o  permit ion migration) but not 

dissolve,  t h i s  formulation must be evaluated as  unsuccessful. 

Tendency t o  ge l  i s  associated with chain length and with cross- 

l inking.  Increased chain length can be obtained by polymerization with 

lower i n i t i a t o r  concentra.tions and lower temperatures. Cross-linking 

normally requires addit ives during polymerization. For example, chromium 

ions are known t o  induce cross-linking i n  t h i s  c lass  of polymers. Work 

has begun on developmen* of' s formulation tha t  will r e s d t  in a clear, 

s tab le  gel. 

The reman for  pursuing t h i s  parLicLibar class of pobmers i s  t h a t  

i n i t i a l  t e s t s  show t h a t  Light sca t te r ing  is  Less thm i n  norm& g e l a t i n  
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matrises ; $ h i s  i s ,  therefore, a potent ia l ly  "quied" water-pemeabbe 

emulsion. O f  course, since l o w  sca t te r ing  iwlies relakiveu l o w  molecular 

weights, t o  produce a ge l  without s i g n i f i c m t l y  degrading c l a r i t y  w i l l  

probably require cross-linking. It would be desirable t o  be able t o  

do t h i s  without introducing metal ions which might compete adversely 

with some photo processes. This problem is now under study. 

Development of a sa t i s fac tory  "quiet" water-permeable ge l  w i l l  

permit invest igat ion of a var ie ty  of high quantum efficiency metal- 

inorganic photosensitive processes. 

(2) Gelatin scatters l i g h t  strongly because of the  presence of 

very large macromolecules. It is possible t o  limit the  maximum molecular 

weight of a ge l a t i n  emulsion by f i l t r a t i o n .  It has been discovered 

t h a t  a hot (80'~) 5% gela t in  solutlon can be f i l t e r e d  through Whatman 

medium f i l t e r  paper with a y i e ld  grea te r  than 50%. 

Sl ides  were coated with t h i s  f i l t e r e d  ge l ,  allowed t o  dry, and 

t e s t ed  f o r  Tyndall sca t te r ing  i n  a l a s e r  beam by v i sua l  comparison with 

s l i de s  made from the  unf i l t e red  ge la t in .  It is  estimated t h a t  t h e  v i sua l  

scat tered i n t e n s i t i e s  compared as 1 : l O ;  what t h i s  means i n  photometric 

terms is not known. 

The dr ied emulsions made from f i l t e r e d  ge l a t i n  appeared perfect ly  

c lear  and uniform. Unfortunately, when placed i n  cold water these emulsions 

tended t o  dissolve.  Apparently the  high molecular weight f ract ions  

held back by the  f i l t e r  paper &re responsible f o r  normal gelation,  It 

was fourid, hoxever, %hat t h e  gel was stable i n  a 3% fo-maldebyde solu-tlon, 

mus, it seems possible t o  make a f a i r l y  low-noise ge la t in  emulsion, 

slLkgs~agk it will Be rather fragile, 
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It should be rctentloned t ha t  the polyacryls decribed under (1) e f i i b i l  

a h o s t  no v i s i b l e  TyndalP s c a t t e r i n g .  Whe"cer t h i s  des i rab le  behavlior 

can be maintained after s u f f i c i e n t  cross-linking t o  permit ge la t ion  

i s ,  of course, the  c r u c i a l  t e s t .  If s o ,  t h e  polyacryl  emulsions would 

be superior  f o r  con t ras t  amplif icat ion appl ica t ions .  

( 3 )  Styrene polymerized i n  t h e  presence of divinylbenzene i s  extens ively  

cross-linked and swells  without dissolving i n  benzene. Since t h e  f i rs t  

two emulsions described a re  both water-based, cross-linked polystyrene 

trould provide a poss ib le  non-aqueous a l t e r n a t i v e  f o r  organic photo-sensitive 

processes. We have not y e t  inves t igated  non-aqueous systems. 

( 4 )  Polyvinyl alchohol has been used by others  f o r  s i l v e r  ha l ide  

emulsions and bichromate wash-off r e l i e f  processes.  Tes ts  with PVA 

i n  t h i s  labora tory  have been disappointing;  t h e  emulsions show very 

strong Tyndall sca t t e r ing .  Otherwise, they seem t o  have no p a r t i c u l a r  

advantage. Further inves t iga t ion  i s  not planned at t h i s  time. 

b. Processes 

( 1 )  The "blueprint"  process i s  based on t h e  photo-reduction of a f e r r i c  

salt t o  a fer rous  s a l t  and subsequent development by react ion of t h e  fer rous  ion 

with a fer r icyanide  t o  produce fer rous  fer r icyanide  (Turnbull 's  b l u e ) .  Af ter  

washing t o  renaove t h e  unreacted f e r r i c  sal t ,  t h e  image i s  oxidized i n  potassium 

bichromate t o  f e r r i c  fer r icyanide  (Prussian b l u e ) .  

I n  t h i s  labora tory  t h e  i n t e r e s t  i n  t h e  blue p r i n t  process i s  a s  a proto- 

type of a high primary quantum e f f i c iency  non-amplifying g ra in less  process.  

Fe r r i c  m o n i u m  c i t r a , t e  has been the  s a l t  most o f t en  used; although fe r r i c  

chloride i s  more s e n s i t i v e ,  it is  a l so  much l e s s  s t a b l e .  Emulsions have been 

prepared using ge l a t i n ,  polyacryls , m d  PVA, The process is  s o q a l i b l e  with 
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m y  of the three,  Trp ica l  proportions would be 20% by weight of t he  

f e r r i c  ion  i n  an emulsion. The developer (usual ly  potassium f e r r i c ~ a n i d e  ) 

i s  &ways used separa te ly  r a t h e r  than a s  an i n t e g r a l  p a r t  of t h e  emulsion, 

p r inc ipa l ly ,  t o  provide some development opt ions .  

Tes t  s l i d e s  were made of an e lec t ron  microscope g r i d  magnified 

5x by a 16 mm s l i d e  p r o j e c t o r ;  exposure times of 1 / 2 ,  1, 2, 4 ,  8, and 

16 minutes gave a  s e r i e s  of images of roughly equal  dens i ty  s t e p s ,  t h e  

s h o r t e s t  exposure v i s i b l e  t o  t h e  eye being t h e  2  minute exposure. These 

r e s u l t s  d i d  not depend upon t h e  emulsion matrix. 

I n  polyacryl  emulsions, a  dimensionally s t a b l e  image has not been 

obtained because t h e  matrix i s  not a  g e l ,  but  a s o l .  

I n  g e l a t i n ,  t h e  image is s t a b l e .  Examination under a sch l i e ren  

microscope revealed r a t h e r  unexpectedly t h a t  t h e  image w a s  a  s t rong  

phase image a s  we l l  a s  an amplitude image. I n  f a c t ,  even the  1 /2  minute 

image was v i s i b l e  a s  a phase objec t  while q u i t e  i n v i s i b l e  otherwise. 

Evidently the  g e l a t i n  matrix p a r t i c i p a t e s  i n  a  tanning reac t ion ,  much 

l i k e  t h e  bichromate process.  

Once t h i s  was r e a l i z e d ,  an attempt was made t o  produce a  t e s t  s l i d e  

using f i l t e r e d  g e l a t i n .  A 10% formaldehyde-potassium fer r icyanide  developer 

was found t o  preserve t h e  i n t e g r i t y  of the  emulsion. The s l i d e  was 

exposed through t h e  back t o  t a k e  advantage of whatever adhesion t h e  

tanning reac t ion  might produce. Unfortunately, t h e  s l i d e  was washed 

i n  p l a i n  water and once t h e  formaldehyde was washed out of t h e  emulsion, 

it dissolved.  This i s  obviously an avoidable d i f f i c u l t y ,  

'While the  b luepr in t  process was chosen f o r  s tudy because it i s  

simple r a t h e r  than because of any anti.cipated i n t r i n s i c  usefulness ,  

the  f a c t  t h a t  it can produce s t rong phase images makes it immediately 
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of interest  i n  holography. Only t h e  region of spectral  s e n s i t i v i t y  

i s  real ly disadvmtageous,  It may be  poss ib le  to dye-sens i t i ze  t h e  

process t o  t he  red end of the  spectrum; i n  any case, it could be used 

now with an argon ion l a se r .  

Work i s  continuing i n  an e f f o r t  t o  produce a s tab le  phase image 

i n  a f i l t e r e d  ge l a t i n  emulsion. 

(2) .  I n  attempts t o  produce a polyacryl-"blueprint" emulsion it 

was noticed t h a t  the  so lub i l i ty  of t he  emulsion seemed retarded i n  t he  

v i c in i t y  of t he  exposed and developed image. Using water as the  solvent 

it was not possible,  however, t o  obtain enough d i f f e r en t i a l  so lub i l i t y .  

One s l i d e ,  exposed through the  back and developed i n  an alcoholic solut ion 

of potassium ferricyanide did  show a good r e l i e f  image; it i s  possible 

t h a t  a wash-off process based upon t h i s  observation might be developed. 

It i s  qui te  possible t h a t  considerable i n t e rna l  amplification e x i s t s  

since t h e  cross-linking produced ( i f  t h a t  is  the  insolublization mechanism) 

is  much greater  than t h a t  of the  primary compound. 

The pr inciple  d i f f i cu l ty  with most processes based upon d i f f e r e n t i a l  

so lub i l i t y  i s  t h a t  the  difference i s  usually one of degree ra ther  than 

kind. Whether t h a t  is  t rue  of t h i s  process is  not ye t  known. Study 

is  continuing t o  f ind a more select ive  solvent. 'The higher alcohols 

are l og i ca l  candidates. 



1 B. Phase Holography Using Photographic Media 

G. K .  Wallace 

Introduction - - 
I n  an o rd ina r i ly  recorded and processed hologram, amplitude and phase 

information necessary t o  reconst ruct  an image of some object  a re  s tored as  

o p t i c a l  densi ty  (amplitude transmittance) va r ia t ions  i n  t h e  photographic 

emulsion. These images a re  usually dim, s ince  t h e  maximum d i f f r a c t i o n  . 

15  e f f i c iency  of an m p l i t u d e  hologram i s  approximately 4% . 
One means of improving t h e  i n t e n s i t y  of a hologram image is  t o  u t i l i z e  

a phase hologram r a t h e r  than an amplitude hologram. A va r ie ty  of phase holo- 

gram mater ia ls  a r e  ava i l ab le  f o r  use. shankoff16 recent ly  reported t h e  use 

of dichromated g e l a t i n  f o r  t h i s  purpose. Kodak Spectroscopic P l a t e s ,  Type 

649-F, o r  Kodak High Resolution P la tes  can be dichromated f o r  use.  Dif f rac t ion 

e f f i c i e n c i e s  approaching 100% have been repor ted  but with a reduction i n  

emulsion speeds. Another method f o r  producing phase holograms i s  t o  convert 

from an amplitude hologram by bleaching t h e  developed s i l v e r  gra ins .  A number 

of methods of bleaching have been reported i n  t h e  1 i t e r a t u r e l 7 .  The bleach 

removes o p t i c a l  densi ty va r ia t ions  and produces a t ransparent  hologram where 

index of r e f r a c t i o n  differences and emulsion thickness va r ia t ions  phase modu- 

Late t h e  incident  reconstruction beam t o  form t h e  image. 

A s  discussed i n  t h e  NASA Grant J!1GR-04-001-007 Report of September 30, 

1968, a study of the  Wash-Off Relief Method of producing phase holograms 

is  being conducted by t h i s  Laboratory. It was shown i n  t h e  above repor t  

t h a t  t h e  brightness of reconstructed images obtained from Mash-Off bolograms 



vss affected by the recorded spatial frequency well as t h e  exposure used, 

Here, addi t ional  methods of modifying t h e  photographic emulsion t o  obtain 

phase holograms and t h e  r e s u l t s  thus f a r  obtained a re  presented. The study 

t o  date  has been confined t o  35 mm f i lms ,  s ince  %he i r  low c o s t ,  ease of hand- 

l i n g  and processing, and a v a i l a b i l i t y  make them an i d e a l  medium f o r  "box- 

camera" holography. 

Work Performed 

Previous work a t  t h i s  laboratory18 explored t h e  use of t h e  Wash-Off 

18 
Relief Method t o  produce phase gra t ings .  It was noted e a r l i e r  t h a t  severe l  

photographically recorded, wash-off r e l i e f  processed gra t ings  of 25 l i n e  

pairs/mm possessed unusual 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 s  i n  t h e i r  various 

orders.  These d i s t r i b u t i o n s  have been measured and a re  t abu la ted  i n  Table 

2 
111. 1. One g ra t ing  (exposure = 0.65 microJoules/cm ) has t h e  t l  and 12 

d i f f r a c t i o n  orders with g rea te r  i n t e n s i t y  than the  zero order.  I n  t h e  o ther  

2 grat ing (exposure = 0.43 microJoules/cm ) ,  f o r  inc ident  white l i g h t ,  t h e  

51 d i f f r a c t i o n  order had suppression of t h e  red component of t h e  l i g h t  which 

resu l t ed  i n  the  2 1  order being blue-green i n  color .  When red l i g h t  ( 6 3 2 8 ~ 1  

is incident  on t h e  g ra t ings ,  t h e  22 and t 3  d i f f r a c t i o n  orders a re  in tense  

and t h e  51 order is  suppressed. The only experimental d i f ference  between 

the  gra t ings  i s  t h e  exposure. This information i s  presented f o r  comparative 

purposes with d a t a  presented l a t e r  i n  t h i s  repor t .  The unusual i n t e n s i t y  

d i s t r i b u t i o n s  noted above are a l so  found t o  occur i n  phase holograms produced 

by t h e  Purex Relief' Method discussed below, 

The use of 35 mm cobor f i lm was next explored i n  an attempt t o  f i n d  

s u i t a b l e  phase hologram media. Color films a r e ,  i n  genera l ,  known t o  be 



TABLE 111. 1 

FILM: Kodak High Contrast Copy film (35 mm) 

TREATMEllT: Wash-Off Relief Method 

RECORDING: 25 line pairs/mrn grating 

HW-OUT: Intensity of each order as % of incident monochromatic (6328~) 

light 

EXPOSURE: 0.65 microJoule/cm 2 EXPOSURE: 0.43 microJoule/cm 2 

TOT& INTENSITY OUT: 90.341% TOTAL INTENSITY OUT: 44.299% 

INTENSITY OUT: 

0.004% 

0.027 

0.221 

1.760 

LO. 000 

29.135 

9.519 

28.558 

9.519 

r ,442 

0.135 

0.019 

0.002 

ORDER NUMBER: 

-6 

-5 

-4 

- 3 
- 2 

-1 

U 

1 

2 

3 

4 

5 

6 

INTENSITY OUT: 

0 .ggy;"/. 

0.995 

1.493 

5.973 

7.466 

1.991 

9.457 

0.995 

5.973 

3.982 

2.98" 

1 ' 493 

0.498 
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r a t h e r  l imi ted  i n  resolving power. Films w i t h  small ASA nwabers were chosen 

f o r  use s ince  t h e  ASA number ( f i l m  speed) i s  usual ly  ind ica t ive  of resolv ing 

power. Gratings were made with t h e  arrangement shown i n  Figure 16 using 

Kodak Kodacolor-X (ASA 80), Ektachrome-X (ASA 64) and Kodachrome I1 (ASA 25) 

color  f i lms .  The f i lms were commercially processed (Kodak Processing Labora- 

to ry ,  Dal las ,  Texas) and a re  the re fo re  subjec t  t o  l e s s  exacting con t ro l  than 

is normally employed i n  s c i e n t i f i c  photo-processing procedures. 

Since resolv ing power was l imi ted ,  a t r i a l  g ra t ing  of = 13 l i n e  pairs/mm 

was f i r s t  fornied using Ektachrome-X and Kodachrome I1 ( co lo r  p o s i t i v e  f i l m s )  

and Kodacolor-X (co lo r  negative f i lm) .  (Color p o s i t i v e  films record p o s i t i v e  

color  t ransparencies ;  color  negative f i l m s  record a scene backwards i n  t h a t  

l i g h t  and dark a reas  a r e  reversed from t h e  o r i g i n a l  scene and t h e  co lo r s  a r e  

complementary t o  those  i n  t h e  o r i g i n a l  scene.) Exposure was varied.  Koda- 

color-X produced an orange-tinged f i l m  ( c h a r a c t e r i s t i c  of the  f i l m )  with 

green color  where cons t ruct ive  in te r fe rence  occurred and black where des t ruc t -  

ive  in te r fe rence  occurred. This f i l m  was the re fo re  use less  with the  red- 

l ight -emit t ing  He-Ne l a s e r .  No d i f f r a c t i o n  pctttern necessary f o r  holographic 

appl ica t ions  w a s  produced. 

Fktachrome-X produced only a zero and two first ( 4 )  orders  and then  

2 only f o r  an exposure of 28 microJoules/cm . No detec table  r e l i e f  occurred. 

A 1 1  o ther  exposures produced negative r e s u l t s  (no f i r s t  o r  higher o r d e r s ) .  

Of t h e  ma te r i a l s  used, Kodachrome I9 produced the  bea t  d i f f r a c t i o n  of 

l i g h t .  One obvious reason f o r  t h i s  i s  t h e  f a c t  tha,t Kodachrome 19 has t h e  

highest  resolv ing power of any widely ava i l ab le  color  f i lm (response about 

5% a t  100 l i n e  . 



-416- 

2 0 Kodachrcame If w e d  the sub$ract%ve process m$h& o f  recording i m ~ e s  

%&ree sepe~s ta  eaanirstn I ~ y e r s  rtre used: the  to^ layer is expose& only by 

blue li&t, the d d u e  layer i s  sensit ive only t o  green or blue Light, and 

the bottom l w e r  is  exposed only by blue or red l igh t .  A yellow (minus blue) 

f i l te r  between the  top and middle layers prevents blue l igh t  from exposing 

the middle and bottom layers.  The resulting t r ipack has a blue sensi t ive 

top layer,  e. green sensi t ive middle layer and a red sensit ive bottom layer.  

In  holography using the He-Ne laser ,  a grating is  l a i d  down on the fi lm by 

alternating constructive and destructive interference of the red (6328A) 

l i gh t .  After exposure, the film is developed normaPPy, When the film is 

exposed t o  normal exposure values, grains i n  the developed negative will 

be reduced t o  s i l v e r  i n  the red sensit ive areas (constructive interference);  

no reduction occurs i n  the  destructive interference areas since no l i g h t  

ex is t s  t o  expose these areas (see Figure 17). After a second exposure and 

treatment in  dye-coupler developers, those areas i n  each layer  where the  

s i lve r  was removed are  not dyed. Other areas are  dyed e i ther  cyan (minus 

red) ,  magenta (minus green) or yellow (minus blue). ( ~ h e s e  dyes exert  in- 

dependent control on the primary colors red, green and blue i n  white l i g h t  ,) 

In  the constructive areas, the top and middle layers w i l l  be dyed yellow 

m d  magenta respectively; i n  destructive areas, all three layers are  dyed. 

20 Now, al l  s i lve r  is removed t o  obtain a transparency (see Figure 17 ) with 

only the  dyed layers remaining. Red l ight  or the red conrponent of white 

l i gh t  shouLd p w s  Lhrough %he constructive meas. Virtudlgr no l i g h t  passes 

LhrougE.1 t h e  &eslruetive areas. The process described above proci?ue?es 13lsa w l i % u d e  

@%king* 
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As the exposue i s  increased, however, different  resuts m e  obtained, 

m3- - 
L ~ I C  f d l n  bec~mes t rmspa rea t  ip, t h e  aIjirees af sonstaructlve interference.  The 

destructive interference meas  become red. This r e su l t  i s  not obvious based 

on the  above explanation of t he  color exposure process f o r  normal exposure 

values. Figure la2' presents t he  probable explanation of the  observed e f f ec t s .  

In  t he  destructive areas of t h e  f i lm the probabi l i ty  ex i s t s  t h a t ,  after enough 

exposure, suff ic ient  l i g h t  e x i s t s  t o  expose the  red sensi t ive  layer  i n  t he  

destructive area of the  interference pat tern .  In  the  constructive areas 

of t h e  f i lm the in tens i ty  of the  red (6328~)  l i g h t  is suf f ic ien t  t o  expose 

d l t h r e e  layers. Based on the  assumption of Figure 18, the  lqyers corres- 

ponding t o  the  constructive areas w i l l  not be dyed a t  all and i n  the  destruct-  

ive  areas  t h e  top and middle 1 w e r s  w i l l  be dyed yellow and magenta respect- 

ively.  The increased exposure values can thus be used t o  produce a phase 

grating (or  hologram) f o r  incident red l i g h t  since it w i l l  pass ea s i l y  through 

the constructive snd destruct ive  areas.  

The e f f ec t  of exposure on dif f ract ion in tens i ty  is shown i n  Table 111. 2. 

Exposure values of 1 . 4 ,  2.8, 5.6 and 14.0 ( fo r  a s p a t i a l  frequency of 1 3  

l i n e  pairslmm) are  the  amplitude gratings discussed above. The exposure 

values 28.0, 69.8 and 139.6 are the  phase gratings . The differences between 

the  constsuctlve and destructive areas of these phase gratings appear t o  

modulate the  incident beam suf f ic ien t ly  t o  produce a bright  first ( 2 )  order. 

The additiorial data  of Table 111. 2 for  Kodachrome I1 f i lm shows t h a t  t he  

first ( 2 )  order beajm intensity drops quickLy as the  spatial frequency 

increases. While Kodachrome I1 produced the best results, it is sbvfous 

from the data sf Table %$I. 2 that even this f i l m  is  sf % I d t e d  resolut ion,  

Color f i b  aE %he Kodachroaae (low ASA nuaiber, color positive fibs) 
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TmLE 111, 2 

FILM: Kod& Kodachrome XI (35 mm) Color Film 

!lBEATMENT: Commercial Development 

RW-OUT: Intensity of each order as % of incident monochromatic (6328~.) 
light 

EXPOSURE RELIEF INTENSITY OUTPUT 
(microJoule/cm ) (micron) ZERO FIRST SECOBD THIRD TOTAL 

ORDER ORDEH ORDER ORDER 

SPATIAL FREQUENCY: 13 line pairs/mm 

SPATIAL FREQUENCY: 20 line pairs/mm 

SPATIAL FREQUENCY : 40 line psirslmm 

SPATIAL FREQUENCY: 80 line pairs/mm 
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but wi th  hi&er resolution would appear t o  offer  good possibilities i n  phase 

i s f .  lioqever, a ?,high resolution color film t o  fi%SiIX these basic 

requirements is  not presently available.  

A study of a chemical method of r e l i e f  on ICodak High Contreist Copy F i l m  

(35 mm) was begun (see  Appendix I ) ,  In e f f ec t ,  t he  hot water Wash-Off Relief 

Method previously described18 was replaced with a f a s t e r  acting Purex (by 

weight, 6% sodium hypochlorite and 94% i ne r t  ingredients)  wash treatment 

a t  room temperature. Various di lut ions  of commercial Purex bleach i n  water 

were used (1%, 3%, 64% and 121/2% Purex bleach by volume). The 1% solut ion 

gave the  best  control  of the  emulsion removing process, since it did not 

remove the  unhardened ge la t in  as rapidly as the  more concentrated solutions.  

This par t i cu la r  solut ion was adopted f o r  use i n  subsequent experiments. Given 

suf f ic ien t  time, t h e  Purex treatmenl w i l l  remove a l l  ge la t in  (both hardened 

and unhardened). I n  order t o  use the Purex treatment t o  advantage, it i s  

necessary t h a t  t h i s  removal occur a t  d i f ferent  r a t e s .  From the da ta  i n  Tables 

111. 3 and 111. 4, some preference appears t o  e x i s t  i n  ge la t in  removal r a t e s  

of hardened (exposed) and unhardened ( unexposed) areas . ( ~ o t e  : Although 

it is  generally s t a t ed  t h a t  the  Wash-Off Relief Method pre fe ren t ia l ly  removes 

unhardened ge la t in ,  given suf f ic ien t  time a l l  emulsion might be removed by 

t h i s  method. Purex treatment time i s  measured i n  minutes while t he  Wash- 

O f f  requires hours. ) 

The r e l i e f  was measured using a microscope interferometer. In tens i ty  

measurements were obtained using the  Rotating Optical Spectrum Analyzer devel- 

oped i n  t h i s  laboratoryx8. Those values of rel ief  indicated by s dash i n  

Tables $11, 3 md $I%. 4 could not be deternined since the  sbu-face of t h e  

emulsion (an i n se r t  I n  one of' the  Legs sf the  Interferometer) scattered the 



PIIJliiT: Kod& Nigh Con%ras% Copy F i l m  (35m) 

T R M T t J T  : Purex Relief Method ( 1% ~ o ~ u ~ i o n  f 

RECORDING: 13 line pairslmm grating 

READ-oUT: Intensity of each order as % of incident monochromatic (6328A) 
light 

BLEACH # L I E F  I N T E N S I T Y  OUTPUT 
T I M E  (microns) ZERO F I R S T  SECOND T H I R D  FOURTH F I F T H  S I X T H  ..TOTAL 

ORDER ORDER ORDER ORDER ORDER ORDER ORDER 

* 
A. M. 
0 sec 
5 
15 
30 
1 min 
2 
4 
8 
16 

EXPOSURE: 0.9 microJoule/cm 
2 

5 
15 
30 
1 min 
2 
4 
8 
16 

EXPOSURE: 1.8 microJoule/cm 2 



&EACH RELIEF 
TIM33 (microns) ZERO FIRST SECOND TBERD 

OROER ORDIG? ORDER ORDER 

EXPOSURE: 3.6 microJcules/cm 2 

A.M. * 
0 sec# 
5 
15 
30 
1 min 
2 
4 
8 
16 

EXPOSURE: 8.9 microJoule/cm 2 

A.M.* 
0 sec# 
5 
15 
30 
1 min 
2 
4 
8 
16 

EXPOSURE : 17.8 micro~oule/cm 2 

INTENSITY OUTPUT 
FOURTH FIFTH SIXTH TOTAL 
ORDER OIWER ORDER 

%Ordinary o r  amplitude g r a t i n g  

#Dichrsma-te bleached gra;ting 



FILM: Kodak High Contrast Copy Film (35 wn) 

TREATMENT : Purex Rel ief  Method (1% so lu t ion)  

RECORDING: 26 l i n e  pairslmm gra t ing  

RW-OUT: I n t e n s i t y  of each order  a s  % of inc ident  monochromatfc (6328~) 
l i g h t  

BLEACH RELIEF INTENSITY OUTPUT 
TIM3 (microns) ZERO FIRST SECOND THIRD FOURTH FIFTH . TOTAL 

ORDER ORDER ORDER ORDER ORDER ORDER 

EXPOSURE: 0.2 microJoule/cm 
2 

A.M.* 
O sec# 
5 
15 
30 
1 min 
2 
4 

EXPOSURE : 0.3 microJoule/cm 
2 

1 5  
30 
1 min 
2 
4 

A.M.* 
O see# 
5 
15 
30 
1 rnin 
2 
4 
8 



(WLE 112.11 ( c o n ~ t , )  
BEWCH RELIEF INTENSITY OUTPUT 
Tim (microns) ZERO FIRST SECOND THIRD PQURTM FIFTH TO%WI, 

ORDER ORDER ORDER ORDER ORDER ORDER 

EXPOSURE: 1.8 microJoule/cm 
2 

A.M.* 
0 see# 
5 
15 
30 
1 min 
2 
4 
8 
16 

EXPOSURE: 4.6 microJoule/cm 
2 

A.M." 
0 sec# 
5 
15 
30 
1 min 
2 
4 
8 
1.6 

EXPOSURE: 9 . 2  microJoule/cm 
2 

A.M.* 
0 see# 
5 
15 
30 
1 min 
2 
4 
8 
16 

*Ordinary or amplitude g ra t ing  

#Dishroma-i;e bleached gr&ing 



light used by the interferometer to read-out r e l i e f .  The loneer Purex treat- 

ment times combined with Long exposure values turned the emulsion csystalline 

i n  appearance and changed the  transmission and r e f l e c t i o n  p roper t i e s  of the 

emulsion. The Purex Rel ief  Method ( f o r  1%, 3%,  6%% and 32% so lu t ions )  produces 

add i t iona l  r e l i e f  (over and above t h a t  obtained by dichromate bleaching) 

only f o r  shor t  exposures. The longer exposures ( g r e a t e r  values of o r i g i n a l  

o p t i c a l  dens i ty )  w i l l  a c t u a l l y  have l e s s  relief a f t e r  Purex treatment.  The 

b e s t  r e l i e f  was obtained by dichromate bleaching of gra t ings  with middle 

exposure values , 

It is preferable  t o  concentrate a s  much l i g h t  as pbss ib le  i n t o  t h e  t l  

order ,  s ince  t h i s  i s  t h e  usual  loca t ion  of images i n  holograms. I n  g e n e r d ,  

t h e  21  order  was found t o  be s t ronger  than t h e  t 2  and higher orders .  (The 

Z 
s o l e  exception is seen i n  Table 111. 4, exposure 1 .0  micro~oule/cm , Purex 

treatment 4 minutes. This emulsion has a c r y s t a l l i n e  appearance described 

above , ) 

While t h e  h ighes t  e f f ic iency ( g r e a t e s t  % i n t e n s i t y  i n  21 order )  found 

2 
i n  Tables 111. 3 and 111. 4 i s  1 4 . 4 %  (Table 111.4,  exposure 1 . 0  microJoule/cm , 

Purex treatment 15  seconds) ,  the  Purex produces l i t t l e  add i t iona l  i n t e n s i t y  

i n  t h e  21 order ,  i n  t h e  higher exposure values,  above t h a t  produced by di- 

chromate bleaching. I n  the  lower exposure values (0 .2 ,  0.3, and 0.6 micro- 

2 Joule/cm ) Purex does produce s i g n i f i c a n t  increases  i n  i n t e n s i t y  i n  t h e  t l  

order .  The bes t  r e s u l t s  were obtained f o r  a Purex treatment of 2 minutes. 

TABLE 111. 5 

I n t e n s i t y  Values with a Purex Treatment of 2 Minutes 

Exposure 22 Order I n t e n s i t y  
2 

(micro~oule/cm ) A ,  M .  Dichromate 

0 - 2  0.1% o .a% 
0 .3  0 .l?% 0.7% 
o .6 0 -1% 1.7% 

Purex 
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Table 111, 5 shows t h a t ,  far the Low exposure values, the Purex treatment 

produced good ?l order intensity values, An increase of LO2 ~imes in t h e  

i n t e n s i t y  of Purex t r e a t e d  gra t ings  over t h a t  of the  ordinary amplitude 

gra t ings  and of  6 t imes i n  i n t e n s i t y  of Purex g ra t ings  over dichromate g ra t ings  

2 occurred a t  an exposure of 0.6 microJoule/cm . Greater increases i n  i n t e n s i t y  

of Purex t r e a t e d  g ra t ings  over dichromated g ra t ings  occurred a t  0 .2  a d  0 .3  

2 
microJoule/cm (28 t imes and 8 times as  i n t e n s e ,  r e spec t ive ly )  exposures . 
The Purex treatment appears t o  have f i n e  p o s s i b i l i t i e s  i n  recovering very 

low i n t e n s i t y  images t h a t  occur a t  shor t  exposures, thus e f f e c t i v e l y  increas ing 

f i lm speed. No r e s u l t s  have as y e t  been obtained a t  s p a t i a l  frequencies 

above 26 lines/mm. This is  a severe l i m i t a t i o n  i n  recording off-axis  

holograms . 
A s  with t h e  Wash-Off Relief  gra t ings  described e a r l i e r  i n  t h i s  r e p o r t ,  

unusual 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 s  were found t o  occur i n  Purex t r e a t e d  

g ra t ings .  For one 26 l i n e  pair/mm Purex t r e a t e d  g ra t ing  ( see  Table 111. 4 ,  

exposure 1.0 m i c r o ~ o u l e / c m ~ ,  Purex treatment 1 minute) t h e  zero order  i s  

almost completely absent and the  t l  and k2 orders  appear more in tense .  Severa l  

ins tances  where t h e  zero and 2 1  orders  a r e  about equal i n  i n t e n s i t y  can be 

found. These a re  Purex t r e a t e d  g ra t ings  with medium values of exposure (0.9, 

2 1 .0 ,  1 .8,  and 3.6 rnicroJoule/cm ) .  Equal amounts of r e l i e f  do not give s imi la r  

d i f f r a c t i o n  i n t e n s i t i e s .  

While no genera l  r e l a t i o n  appears t o  e x i s t  between d i f f r a c t i o n  i n t e n s i t y  

=d r e l i e f ,  t h e  lower exposure values seem t o  have increasing i n t e n s i t y  of 

the  L l  order  f o r  increases  in relief ' .  It appears t h a t s o m e  other  f a c t o r  

such a s  changes of index of r e f r a c t i o n  a r e  a f f e c t i n g  t h e  i n t e n s i t y  d i s t r i b u -  

t i o n s .  
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be recordings of a National Bureau of Standards Resolution Test Chart, 

Vazious parmeters of the Wash-Off Relief' Method such as spa-tia,l frequency, 

exposure, f i l m  type ,  wash Lime, and wash temperature w i l l  be s tudied i n  order 

t o  determine t h e i r  e f f e c t  upon t h e  reconstruction image resolut ion and b r igh t -  

ness. Comparative s tud ies  of amplitude, dichromate bleach,  and wash-off 

r e l i e f  versions of t h e  same hologram w i l l  be presented. This work i s  being 

undertaken i n  order t o  determine t h e  optimum values of reconstructed image 

br ightness  and resolut ion.  

If s u f f i c i e n t  manpower were t o  become ava i l ab le ,  work could continue 

i n  severa l  areas .  These include t h e  use of t h e  Purex Relief  Method t o  

improve t h e  e f f e c t i v e  speed of t h e  photographic emulsion, and t h e  use of 

o ther  react ions  t o  produce and control  emulsion r e l i e f .  It is f e l t ,  however, 

t h a t  o the r  p r o j e c t s  i n  progress show more chances of success and would f i n d  

g rea te r  use i n  t h e i r  appl ica t ion.  Therefore, no other  work is planned a t  

t h i s  time. This top ic  i s  open t o  development as  a  s tudent  t h e s i s ,  and, 

should add i t iona l  methods o r  improvements i n  present techniques come t o  l i g h t ,  

t h i s  por t ion  of t h e  p ro jec t  w i l l  be re-act ivated.  
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I V .  Characterizat ion of Turbulen"c;FLow by Optical Methods 

M, K. Mazmder md D ,  L. Wankum 

Introduction 

A l a s e r  Doppler ve loc i ty  meter has t h e  e s s e n t i a l  f ea tu res  of an i d e a l  

instrument t o  measure t h e  s t r u c t u r e  of a  turbulent  f l u i d  flow. There are, 

however, some problems associa ted  with t h i s  technique which need t o  be 

solved before t h i s  instrument can be e f f e c t i v e l y  employed i n  a non- 

s t a t ionary  loca l i zed  f l u i d  flow measurement. O f  these ,  t h e  f i n i t e  instrumental  

s p e c t r a l  broadening ( 6 f )  of t h e  s i g n a l  and low signal-to-noise r a t i o  a r e  

probably most important. 

The conventional method of e lec t ron ic  processing of t h e  Doppler s i g n a l  

requires  t h a t  t h e  inherent  frequency spread be minimum. Compared w i t h  a  

FM s igna l  used i n  communication, t h e  Doppler s igna l  form a non-stationary 

flow f i e l d  contains a continuous spectrum of c a r r i e r  frequency i n  a range 

f c  k % 6 f  with t h e  modulation component A f  cos w m t  Unless 6f is  small ,  

frequency t o  voltage co:lversion becomes a serious.problem. 

Fur ther ,  t h e  accuracy of measurement of t h e  e f f e c t i v e  frequency spread 

( A T )  due t o  t h e  temporal ve loc i ty  f luc tua t ions  i s  l imi ted  by t h e  inherent  

instrumental  spread ( 6 f ) .  For ins tance ,  t h e  i n t e n s i t y  of turbulence at 

the  center  of a  pipe i s  about 3% of t h e  mean ve loc i ty  of t h e  f l u i d  a t  t h e  

onset of turbulence.  Instrumental spread of 1% and above may give r i s e  

t o  a s i g n i f i c a n t  e r r o r .  The amplitude of t h e  Doppler s igna l  depends on 

the  s c a t t e r i n g  angle and c h a r a c t e r i s t i c s  and concentration of t h e  s c a t t e r i n g  

centers  present  i n  the  f l u i d  medium. These quan t i t i e s  are  not always 

control lable  and often the  i n t e n s i t y  of t h e  sca t t e red  beam is  Low. This 



condi t ion  and i n e f f i c i e n t  s p a t i a l  f i l t e r i n g  Lo el iminate t h e  wwanted se8ttered 

light f a l l i n g  on the  photoca"chode may cause a poor s ignal- lo-noise r a t io ,  

21 
Previous s tud ies  on a l a s e r  Doppler ve loc i ty  meter show t h a t  t h e  

symmetrical system of heterodyning i s  preferable  i n  t h e  character iza t ion 

of turbulence. It has t h e  advantage o f :  ( 1 )  low instrumental  frequency 

spread because of complete el imination of t h e  frequency spread due t o  t h e  

uncertainty i n  t h e  s c a t t e r i n g  angle,  ( 2 )  high signal-to-noise r a t i o ,  ( 3 )  

simple o p t i c a l  alignment, and ( 4 )  the re  i s  no e f f e c t  of t h e  f l u i d  densi ty  

f luc tua t ion  i n  t h e  path of t h e  sca t t e red  beam. A complete system design 

t o  measure t h e  s t r u c t u r e  of turbulence depends on t h e  s t a t i s t i c a l  parameters 

t h a t  a r e  t o  be measured, such as t h e  cor re la t ion  funct ion,  energy spectrum, 

e t c .  To obta in  t h e  j o i n t  probabil i ty-density-distr ibution function,  simul- 

taneous measurements of ve loc i ty  a t  two points  a r e  required.  The present  

report  ou t l ines  t h e  experimental set-up, b r i e f l y  ind ica t ing  some of t h e  

problems being encountered. Data on t h e  measurement of t h e  ve loc i ty  p r o f i l e  

a t  a point  located  a t  t h e  center  of t h e  duct are  presented. 

Work Performed 

( a )  Sys tem layout : 

Figures 19 and 20 show schematically t h e  systeq layout f o r  t h e  measurement 

of turbulence s t r u c t u r e .  An aluminum duct having a cross sec t iona l  a r e a  of 

10 sq cm and a length of 170 cm is  used as  an a i r  tunnel .  A t  t h e  cen te r  of 

the  duct ,  l u c i t e  windows (38 cm x 6 cm x 3 mm) a r e  provided on t h e  four  s ides .  

A blover i s  used at t h e  downstream end of t h e  duct and t h e  flow region up 

t o  a well-developed turbulent  flow. I n  the  present  set-up t h e  maximum veloc- 

i t y  t o  be used w i l l  be nearly 0.2 M. A t  t h i s  v e l o c i t y  Apair/pair will be 
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around 2%. Turbulence producing grids are placed a,t the upstream of the  duct 

and t h e i r  s i z e  w i l l  be var ied  t o  generate desired turbulence s c a l e s .  Water 

misz i s  used a s  t h e  s c a t t e r i n g  aerosol .  

A symmetrical heterodyning system is  used f o r  t h e  measurement of t h e  

Doppler s igna l .  For a convenient physical  layout of t h e  t r ansmi t t ing  and 

receiving op t i cs  and t o  reduce the  sca t t e red  l i g h t s  from t h e  windows f a l l i n g  

0 
on t h e  photocathode, a 90 s c a t t e r i n g  angle is  chosen as  shown i n  Figure 19.  

For simultaneous measurement of ve loc i ty  a t  two p o i n t s ,  two measuring systems 

are  used. Any one o f  t h e  3D ve loc i ty  components can be measured a t  any one 

of these  po in t s .  The receiving op t i cs  consis t  of a  s p a t i a l  f i l t e r  t o  c o l l e c t  

sca t t e red  l i g h t  only from t h e  sampling volume where t h e  two incident  beams 

cross.  The photomult ipl iers  used are  RCA 7265 tubes .  Two preamplif iers  

having a voltage gain of 200 and beadwidth of 30 MHz a r e  used and t h e i r  outputs 

a re  fed  t o  t h e  frequency discriminators.  

( b )  Frequency t o  voltage conversion 

Frequency t o  voltage conversion of t h e  Doppler s i g n a l  presents  a  

problem. This is  p a r t i c u l a r l y  due t o  t h e  wide dynamic range of t h e  center  

frequency (f ) of t h e  Doppler s i g n a l ,  i t s  associa ted  instrumental  spread B f ,  
C 

and l a rge  frequency deviat ion (Af ) a r i s i n g  from ve loc i ty  f luc tua t ions .  The 
u 

center  frequency of t h e  Doppler s igna l  i n  a symmetrical system (Figure 19.) 

2u = -  8 
f c  ho 

s i n  2- 

and the  s igna l  frequency spread (due t o  t h e  transmission aperture broadening) 

4u C1 6fa = - 0 
sin - cos - 

0 
2 2 
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The parameters F, R ,  d and D a re  shown i n  Figure 19. 

2 d 
Since Fc - R ,  t h e  maximum broadening w i l l  be ij- x 100%. I n  t h i s  case,  6 f a  

is r e f e r r e d  t o  a s  t h e  maximum s i g n a l  width derived on t h e  assumption t h a t  

t h e  l a s e r  beam i n t e n s i t y  i s  constant  across t h e  transmission aper ture .  This ,  

however, gives a conservative value of 6f . The t o t a l  frequency spread 
a 

depends a l s o  on o the r  f a c t o r s ,  such as  f i n i t e  sampling volume, f i n i t e  s i g n a l  

l i f e t i m e ,  e t c .  I n  p r a c t i c e ,  d is f ixed  by t h e  l a s e r  beam spot  s i z e  and D 

can be increased t o  reduce t h e  spread. This increase  i n  Q would r e s u l t  i n  

higher f c  and A f U  and would requ i re  a l a r g e r  dynamic range of t h e  d iscr iminator .  

The sampling volume decreases with the  increase  of 8 .  Reflect ion l o s s  from 

t h e  o p t i c a l  windows increases  with 8. An optimum set-up trould the re fo re  depend 

on t h e  above f a c t o r s .  Experimental s tud ies  on frequency t o  vol tage  conversion 

using a pulse counting type FM discr iminator  with a wide l i n e a r  range a r e  i n  

progress.  Other conventional FM de tec to r s  are  being s tudied  along with t h e  

requi red  precondit ioning of t h e  s i g n a l .  I n i t i a l  work shotrs some promising 

fea tu res  of  t h e  above methods. Further  work i s  being continued. 

( c )  Resul ts  

Table I V .  1 shows t y p i c a l  values of SNR and instrumental  spread. The 

spread i s  small when s i n  Q/2 i s  l a rge  and s i n  a / 2  is  minimum. 



s i n  012 

4 f Typical values of -;;- x 100% and SNR (db)  
.I. 

C 

s i n  a/2 g fha l f  power SNR (db) 
n 

The da ta  presented here on f l u i d  flow a re  being ca r r i ed  out with a r b i t r a r i l y  

chosen values of Q ( s i n  Q/2 = 0.1398) and a ( s i n  a12 = 0.0143). Later  experiments 

w i l l  employ optimum values of these  angles.  

The power spectrum of the  Doppler s igna l  from laminar flow a s  we l l  as  

from turbulent  flow of low i n t e n s i t y  was observed i n  %he spectrum analyzer 

d isplay .  Figures 21 and 22 show t h e  spectrum analyzer output recorded by a 

potentiometric recorder.  The frequency spread increases considerably when 

.the Reynolds number increases from a laminar flow t o  a turbulent  flow region. 

This,  however, does not immediately t e l l  t h e  a c t u a l  contr ibution from t h e  ve loc i ty  

f luc tua t ions ,  s ince  t h e  instrumental  spread 6f a l s o  increases with t h e  mean veloc- 

i t y  (Equation 23).  To examine the  a c t u a l  ve loc i ty  spread, instrumental  frequency 

spread was measwed with the  same parameters but having t h e  s c a t t e r i n g  p a r t i c l e s  

moving with a constant ve loci ty  equal t o  t h e  mean f l u i d  veloci ty  5. This was 

done using a surface s c a t t e r i n g  disc  ro ta ted  by a synchronous motor. Table IV. 2 

shows t h e  t o t a l  frequency spread f o r  d i f f e r e n t  Reynolds numbers and t h e  f igures  

a re  compared with t h e  expected instrumental  spread. As the  Reynolds number 

increases ,  Af becomes l a r g e r  compared with d f .  A t  R > 16,600, Af measurement 
e -- 
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becanes d i f f i c u l t  with %be spectrum analyzer  due to t h e  large velocity 

fluctua."cians and consequently high mot2ula"l;ion index. F i a r e s  2Ja, 2ka, 253, 

and 2 6 ~  shov the  photographs of the  power spectrum of the  Doppler s igna l  

f l u i d  flotr system, whereas Figures 2 3 ,  24b, 25b and 26b a re  from a surface 

sca t te r ing  disc  driven by a constant speed motor. 

TABLE IV. 2 

Total  Frequency Spread of Different  Heynolds Numbers 

Fluid flow ( s i n  Q/2 = 0.1398, s i n  a /2  = 0.0143) 

me an Re c 
t o t a l  frequency instrwnental 

veloci ty  spread ( ~f ) frequency spread ( bf ) 
(cm/sec) 

37.4 762 170 KHz 19 KHz 17 K H z  

332.0 5300 1.5 IaIz 390 KHz 100 K H z  

595 .O 10600 2.7 MHz 705 KHz 120 KHz 

818.0 16600 3.7 I@z 1.2 I4Hz 154 K H z  

Table I V .  3 shows the  e f f ec t  of turbulence-producing gr ids .  The distance 

between the  g r id  and the  point of measurement was a r b i t r a r i l y  chosen as 

ten  times the  diameter of the  duct. Square mesh ( # 6 )  was used with a rod 

diameter of 0.035 i n .  Since the  turbulence charac te r i s t i cs  depend on t he  

g r id  s i ze  used, these parameters w i l l  be controlled i n  l a t e r  experiments. 

TABLE IV. 3 

Effect  of Turbulence-Producing Grids 

We f c  
A f A f 

with grids  without gr ids  

5300 1 .5  MHz 350 KHz 180 



Future Work 

(1) t h e  optimiza"cio of system parameters 

( 2 )  design and t e s t i n g  of s i g n a l  processing equipment 

and es tab l i sh ing  a s a t i s f a c t o r y  frequency t o  voltage 

conversion system. 

(3)  ca l ib ra t ion  of the  system using a well. control led  

f l u i d  flow device 

( 4 )  turbulence s tud ies  on the  f r e e  submerged j e t  

( rec tangular  and round nozzles ) 

( 5 )  generation of near i s o t r o p i c  turbulence using a 

rectangular  wind tunnel  of 6'  x 6' cross sec t ion  and 

da ta  acquis i t ion  and s i g n a l  processing f o r  t h e  determ- 

ina t ion  of s t a t i s t i c a l  parameters describing turbulence 

s t r u c t u r e .  



The Purex Rel ief  Method was performed as follows: 

( a )  Expose f i l m  normally but  through the  back. The more heavi ly  exposed 

regions w i l l  then  be nea.rest the  f i l m  base ,  and proper r e l i e f  of t h e  image 

i s  then  poss ib le .  

(b)  Develop exposed f i l m  using t h e  manufacturer ' s recommended developer. 

Development times a r e  spec i f i ed  i n  t h e  Kodak Manual f o r  each p a r t i c u l a r  f i l m  

and t h e s e  times were found t o  be s a t i s f a c t o r y .  Kodak D-19 developer was used. 

( c )  The s top  bath is  a one-minute trash i n  running prater. An acid s t o p  bath 

should not be used. A s  i n  normal f i l m  processing,  a l l  s t eps  should be per- 

0 
formed at t h e  same temperature and preferably  at 68 F o r  l e s s .  

( d )  The f i l m  is  f ixed i n  a non-hardening f i x e r  ( f o r  convenience Kodak F-24 

f l x e r  w a s  used) .  The f i lm i s  next washed i n  running water f o r  t e n  minutes 

t o  c l e a r  it of any soluble  res idues .  

1 t 
( e )  Afte r  drying a t  room temperature, t h e  emulsion i s  set-up" and one can 

proceed with t h e  dichromate bleaching s t e p .  The dichromate bleach i s  

prepared 'as follows : 

Solution A. Ammonium dichromate 15 kZ 

E ~ l f u r i c  ac id  ( conc . ) 3 C c  

Water 2250 cc 

Solut ion B.  Sodium chlor ide  34.5 g 

Wa,ter 2250 cc 

Equal parts of solu t ions  A and B are added together  f o r  use,  Treatment i s  
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terminated 'i.rben the black image i s  connpletelgi reduced, Dishramate 

s e l e c t i v e l y  hardens t h e  emul*lsion i n  proportion t o  the  image o p t i c a l  

densi ty.  

( f )  The f i l m  is  again washed f o r  t e n  minutes i n  running water. Purex 

bleach (by weight, 6% sodium hypochlorite and 94% i n e r t  ingredients)  is  

added t o  water 

Wrex bleach 1 cc 

Water 99 CC 

The emulsion i s  f i rst  dr ied  as i n  step ( e )  and then t r e a t e d  i n  t h e  Purex 

bleach solut ion above f o r  2 minutes. While 2 minutes treatment genera l ly  

produced t h e  b e s t  r e s u l t s ,  it is  suggested t h a t ,  i n  order t o  obta in  t h e  

optimum br ightness ,  one should t r e a t  i d e n t i c a l  frames with 5 ,  15,  30 and 

60 second washings i n  t h e  Purex bleach solut ion.  
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SNR AID SPECTRAL BROAUENLNG IT1 TURBULENCE SI'RUCTURE PJEASUREMENT 

U S I N G  A CW LASER* 

M. K.  Mazumder and D. L. Wankum 

Universi ty of Arkansas 

Graduate I n s t i t u t e  of Technology 

Department of Elec t ronics  and Instrumentat ion 

L i t t l e  Rock, Arkansas 

Abstract 

A symmetrical method of o p t i c a l  heterodyning of t h e  Doppler s h i f t e d  

s i g n a l  has been developed possessing minimal instrumental  s p e c t r a l  

broadening and high SNR. These advantages can be ga in fu l ly  employed i n  

measuring turbulence s t r u c t u r e  using a CW l a s e r .  The method employs 

two beams incident  on t h e  moving s c a t t e r e r .  The Doppler s i g n a l  frequency 

is  independent of t h e  s c a t t e r i n g  angle and t h e  s i g n a l  possesses no 

receiv ing aperture broadening. Typical values of signal-to-noise r a t i o  

are  around 30 db f o r  a s i g n a l  s t r eng th  of 3 x lo-' w a t t s .  Optical  

alignment i s  simple. Rela t ive  mer i t s  of t h i s  technique compared t o  

the  l o c a l  o s c i l l a t o r  heterodyning method a re  b r i e f l y  described.  

In t roduct ion  

Recently, considerable work has been repor ted  i n  t h e  f i e l d  of 

l a s e r  Doppler ve loc i ty  measurement 22'29 due t o  i t s  v a r i e t y  of p o t e n t i a l  
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a p p l i c a t i o n s ,  such a.s measurement of " c l e a r  a i r "  tu rbulence  i n  the 

t roposphere ,  propuZsion s t u d i e s ,  exhaust flow conf igura t ions  on rocke t  

bases ,  thermonuclear plasma r e sea rch ,  e t c  . Although a l a s e r  Doppler 

v e l o c i t y  meter has  s e v e r a l  advantages over a ho t  wi re  anemometer, it 

has major l i m i t a t i o n s  i n  c e r t a i n  a spec t s .  Among t h e s e ,  t h e  Doppler 

s i g n a l  frequency o r  wavelength l i n e  width and s ignal- to-noise r a t i o  

( SITR) a r e  probably most import a n t .  

U n t i l  now, l o c a l i z e d  f l u i d  flow measurenients us ing  a CW l a s e r  

employed bea t ing  of t h e  s c a t t e r e d  beam wi th  a re ference  beam which 

i s  u s u a l l y  a p o r t i o n  of t h e  inc iden t  beam 22-25, * Often t h i s  i s  r e f e r r e d  

t o  a s  l o c a l  o s c i l l a t o r  heterodyning. There i s  a considerable  u n c e r t a i n t y  

i n  t h e  s c a t t e r i n g  angles  due t o  t h e  f i n i t e  s i z e s  of  t ransmiss ion  and 

r ece iv ing  a p e r t u r e s .  This  r e s u l t s  i n  a frequency spread  of t h e  Doppler 

2 6 
s i g n a l  which i s  t y p i c a l l y  around 1 0  t o  15% of t h e  cen te r  frequency . 
I n  non-stat ionary l o c a l i z e d  f l u i d  flow measurements, it i s  d e s i r a b l e  

t o  have a minimum ins t rumenta l  s p e c t r a l  broadening. S igna l  l i n e  width 

should be  small  compared t o  t h e  e f f e c t i v e  bandwidth a r i s i n g  from t h e  

v e l o c i t y  f l u c t u a t i o n s  . A s  an example, t h e  i n t e n s i t y  of tu rbulence  

at t h e  c e n t e r  of  a p ipe  is  about 3% of  t h e  mean v e l o c i t y  of t h e  f l u i d  at t h e  

36 i n c i p i e n t  t u r b u l e n t  f l o v  . Fur the r ,  any convent ional  method of e l e c t r o n i c  

process ing  of  t h e  Doppler s i g n a l  r e q u i r e s  t h a t  t h e  inherent  frequency spread  

be minimum. Compared wi th  a FM s i g n a l  used i n  communication, t h e  Doppler 

s i g n a l  from a non-stat ionary flow f i e l d  conta ins  a continuous spectrum of 

c a r r i e r  frequency i n  a rarige f c  -C % bP with  t h e  modulation component 

Af cos w m t .  'Unless 6f i s  smal l ,  frequency vol tage  conversion becomes a 

s e r i o u s  problem, 
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The amplitude of t h e  Doppler s i g n a l  depends on t h e  charac"ceristics 

and concent ra t ion  of t h e  s c a t t e r i n g  c e n t e r s  p re sen t  i n  t h e  f l u i d  medium. 

These q u a n t i t i e s  a r e  not  always c o n t r o l l a b l e  and o f t e n  t h e  i n t e n s i t y  

of t h e  s c a t t e r e d  beam i s  low. This  may cause a  Low signal- to-noise 

r a t i o .  Theore t i ca l  and experinlental s t u d i e s  on s ignal- to-noise r a t i o  and 

ins t runlen ta l  s p e c t r a l  broadening of t h e  Doppler s h i f t e d  s i g n a l  have been 

made under t h e  p r e s e n t  work. D i f f e ren t  geometr ica l  conf igura t ions  of 

o p t i c a l  heterodyning us ing  a  CW l a s e r  a r e  b r i e f l y  descr ibed .  

Doppler S h i f t  and Ins t rumenta l  Broadening 

When a  monochromatic beam of l i g h t  i s  i n c i d e n t  on a moving p a r t i c l e ,  

t h e  Doppler s h i f t  of t h e  s c a t t e r e d  l i g h t  wave can be expressed by 

where V i s  t h e  ins tan taneous  v e l o c i t y  of t h e  p a r t i c l e  with r e spec t  t o  

a frame o f  r e f e rence  and K and K a r e  wave vec to r s  r ep re sen t ing  t h e  
0 S 

-t -t i nc iden t  and t h e  s c a t t e r e d  waves. I f  lo and is a r e  t h e  u n i t  vec to r s  

i n  t h e  d i r e c t i o n  of propagat ion of t h e  two waves, and X and X a r e  t h e  
0 S 

wavelengths of t h e  inc iden t  and s c a t t e r e d  r a d i a t i o n  r e s p e c t i v e l y ,  and 

s ince  V < < C ,  where C i s  t h e  v e l o c i t y  of l i g h t ,  

where n i s  t h e  index of r e f r a c t i o n  of t h e  medium. 
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L e t u s  corlsider t h a t  a cone of Light i s  focused on a moving p a r t i c l e  

at 0 having v e l o c i t y  components U, V, W and t h e  r ece ive r  with an ape r tu re  

a r e a  A i s  used t o  o b t a i n  t h e  s c a t t e r e d  s i g n a l ,  a s  shown i n  Figure 27. 

I n  a l o c a l  o s c i l l a t o r  heterouyning process ,  a s c a t t e r e d  beam from a 

moving o b j e c t  i s  mixed wi th  a p a r t  of tine inc iden t  beam t o  genera te  

t h e  Uoppler s i g n a l .  A v a r i a t i o n  of t h i s  methcd has been used by Goldstein 

and liagenP4. From E q .  ( A l ) ,  t h e  c e n t e r  frequency of t h e  Doppler s h i f t e d  

s i g n a l  i s  a func t ion  of t h e  s c a t t e r i n g  angle Y and v e l o c i t y  components 

U ,  V ,  W ,  and can be expressed as 

u = -  v 
s i n  Y + - W 

cos Y + - 
A 0 Xo 

and t h e  frequency spread  due t o  f i n i t e  ape r tu re s  of t h e  o p t i c s ,  

Sfa = S f p m  + S f A R  , 

where 

2 
2v a s i n  Y - u cos Y ) ~  + w sin a (A3)  

6 f  = - s i n  Y! s i n  - + 
Am 2 ho 2 

- - 2Ju2 + v2 ae 
Bf an A 

s i n  - 
2 

0 

The convergence angle  a can be made smal l .  The major con t r ibu t ion  i s  

from t h e  s o l i d  angle AR subtended by t h e  r ece ive r  a r e a  on t h e  l i g h t  s c a t t e r i n g  

po in t .  The choice of angle  Y depends mainly on t h e  ope ra t ing  frequency 

range of t h e  pho tomul t ip l i e r  and s i g n a l  processer .  I f  t h e  i n t e n s i t y  

of t h e  s c a t t e r e d  lobe  i s  l o v ,  t h e  r ece iv ing  ape r tu re  a r e a  needs t o  

be increased  f o r  l a r g e r  s i g n a l  s t r e n g t h .  Increas ing  A 5  t o  i nc rease  s i g n a l  

s t r e n g t h  w i l l  r e s u l t  i n  Larger 6f . The minimum value  of AQ o r  A@ w i l l  
a  

be determined by t h e  d e t e c t o r  s e n s i t i v i t y .  The frequency of t h e  Doppler 
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s i g n a l  i s  p ropor t iona l  t o  t h e  v e l o c i t y ,  bu t  both d i r e c t i o n  and magnitude 

cannot be reso lved  unless  measurements a t  a d d i t i o n a l  s c a t t e r i n g  angles  

2 5 a r e  taken . 
Figure 28 shows a heterodyning system developed by Bond which 

w i l l  be r e f e r r e d  t o  a s  symmetrical system type I .  I n  t h i s  p roces s ,  

i n s t e a d  of  u s ing  t h e  re ference  beam, two s c a t t e r e d  beams a r e  mixed 

t o  genera te  t h e  s i g n a l .  The s i n e  curve of  Figure 28 shows t h e  Doppler 

s h i f t  p l o t t e d  a g a i n s t  t h e  s c a t t e r i n g  angle f o r  cons tan t  v e l o c i t y  component 

U .  Here t h e  c e n t e r  frequency f i s  s e n s i t i v e  only t o  t h e  v e l o c i t y  
C 

component U which i s  coplaner  t o  t h e  two s c a t t e r e d  beams and perpendicular  

t o  t h e  b i s e c t o r  of t h e  angle Y subtended by t h e  two beams a t  t h e  s c a t t e r i n g  

cen te r .  The l o c a t i o n s  of t h e  two ape r tu re s  a r e  symmetrical about t h e  

inc iden t  beam and t h e  Doppler s h i f t s  across  t h e  ape r tu re s  a r e  w i t h i n  

t h e  l i n e a r  p o r t i o n  of t h e  curve.  S p a t i a l  superpos i t ion  of t h e s e  two 

beams g ives  t h e  same d i f f e rence  frequency across  t h e  photocathode su r f ace  

and r e s u l t s  i n  c a n c e l l a t i o n  of t h e  ape r tu re  broadening. El imina t ion  

of t h e  a p e r t u r e  broadening w i l l  not  be complete i f  t h e  a p e r t u r e  s i z e s  

a r e  l a r g e  s i n c e  t h e  c o n s t r a i n t s  t h a t  t h e  Doppler s h i f t  ac ros s  t h e  ape r tu re  

should be l i n e a r  w i l l  not  be  s a t i s f i e d .  

I n  both t h e  above techniques ,  heterodyning e f f i c i e n c y  i s  h ighly  

dependent on t h e  beam alignment which imposes a r a t h e r  s t r i n g e n t  requirement 

on t h e  mechanical r i g i d i t y  of t h e  system, 

These l i m i t a t i o n s  can be overcome i f  a heterodyning system i s  

30 used employing two inc iden t  beanis , as  shown i n  Figure 29, designated 

a s  symmetrical system type 11. The s c a t t e r e d  bea r  from t h e  moving p a r t i c l e s  

d i r e c t l y  genera tes  t h e  des i r ed  s i g n a l .  The process  a c t u a l l y  involves  



heterodyning of t h e  wave vec tors  s c a t t e r e d  from t h e  t w o  inc ident  beams, 

The r e s u l t i n g  d i f f e r ence  frequency can be shown t o  be t h e  same a t  a l l -  

po in t s  i n  t h e  s c a t t e r e d  lobe .  110 f u r t h e r  beam mixing i s  necessary .  

The d i f f e r e n c e  frequency f c  i s  given by 

- 2U Q 
'c - " s i n  - 2 

and i s  independent of t h e  s c a t t e r i n g  angle o r  t h e  s p a t i a l  p o s i t i o n  

and a r e a  c~f t h e  r ece iv ing  a p e r t u r e .  This  impl ies  t h a t  t h e r e  i s  no 

s i g n a l  broadening due t o  r ece iv ing  a p e r t u r e ,  i . e  . 
6fAn = 0 (A6 ) 

The r e c e i v i n g  ape r tu re  a r e a  can be increased  t o  i nc rease  t h e  s i g n a l  

s t r e n g t h  t o  t h e  d e s i r e d  l e v e l  without  any inc rease  i n  s i g n a l  l i n e  wid th .  

The only ape r tu re  broadening w i l l  be due t o  t h e  t ransmiss ion  a p e r t u r e .  

Here, 6f is q u i t e  smal l  due t o  t h e  s m a l l  va lue  of a/2. This  system 
a 

i s  s u i t a b l e  f o r  measurement of any d e s i r e d  v e l o c i t y  component. Alignment 

is  s imple,  p a r t i c u l a r l y  when a  s i n g l e  l e n s  i s  used f o r  t ransmiss ion .  

O f  a l l  t h e  sources of ins t rumenta l  s p e c t r a l  broadening i n  t h e  

symmetrical system, t h e  t ransmiss ion  a p e r t u r e ,  f i n i t e  s c a t t e r i n g  volume 

and f i n i t e  s i g n a l  l i f e t i m e  need s p e c i a l  a t t e n t i o n .  The t ransmiss ion  

ape r tu re  i s  gene ra l ly  sma l l ,  l i m i t e d  by t h e  l a s e r  beam diameter .  There 

i s  probably an optimum s i z e  of t h i s  ape r tu re  s i n c e  reducilig t h e  angle  a 

would e f f e c t i v e l y  increase  t h e  sampling volume, Due t o  t h e  s p a t i a l  

v e l o c i t y  grad ien t  of t h e  flow f i e l d ,  a  l a r g e  sampling volume would cause 

s p e c t r a l  broadening. Again, an extremely small  sampling volume, i f  
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a t t a i n a b l e ,  wou-ld be undes i rab le  due t o  reduced pa , r t i c l e  t r a n s i t  t ime ,  

'The expected na tu re  of v a r i a t i o n  of 6f versus t ransmiss ion  ape r tu re  diameter a  

D i s  shown i n  Figure 30. 
a 

If t h e  s c a t t e r i n g  cen te r  concent ra t ion  i s  s o  low t h a t  t h e  s i g n a l  

is  not continuous i n  t ime ,  t h e  minimum poss ib l e  l i n e  width w i l l  be 

i n v e r s e l y  p ropor t iona l  t o  t h e  l i f e t i m e  T of t h e  s i g n a l ,  which i s  t h e  

amount of t ime t h a t a  p a r t i c l e  remains i n  t h e  sampling volume. The 

frequency spread  can be expressed as  

b f T  M. 8 ----- "- K s i n  - co t  - 
f 

C 
2 2 

f o r  a one-dimensional v e l o c i t y .  K i s  a  cons t an t .  I n  most p r a c t i c a l  

cases  t h e  ae roso l  concent ra t ion  t h a t  produces a  s i g n a l  of cons iderable  

SBR i s  s u f f i c i e n t l y  high t o  conta in  a  f i n i t e  number of s c a t t e r i n g  c e n t e r s  

i n  t h e  sampling volume a t  any given i n s t a n t  of  t ime.  It i s  i n t e r e s t i n g  

t o  note  t h a t  when t h e  s i g n a l  i s  continuous i n  t ime ,  t h e  r a t i o  of  t h e  

t ransmiss ion  ape r tu re - l i ne  width 6 f  t o  t h e  c e n t e r  frequency f c  i s  given 
A @  

by (from Eqs . ( ~ 5 )  and (A7) and assuming V = 0 )  

6 f 
A +  .A a 9. - - 2 s i n  - cot  - 

f - 2 2 

The s i m i l a r i t y  of Eqs. ( A 8 )  and (kg) may r e s u l t  i n  two d i f f e r e n t  

phys i ca l  explana t ions  of t h e  same experimental d a t a  i f  bo th  of t h e  

causes are p r e s e n t .  This  ambiguity was removed i n  one experiment by 

us ing  a sand-blasted aluminum d i sc  a s  a  su r f ace  s c a t t e r e r  t o  i n s u r e  

t h a t  SfT = 0 .  The frequency spread agreed w e l l  wi th  Eq. ( ~ 8 )  and i s  shown 

3 1  i n  Figure 32. Pike e t .  a 1  inves t iga t ed  t h e  broadening of t h e  Doppler s i g n a l  
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due t o  t h e  f i n i t e  l i f e t i m e  of the s i g n a l .  Apparently,  they  d id  not  consider  

t h e  ape r tu re  broadening e f f e c t ,  anci t h e  i n t e r p r e t a t i o n  of t h e i r  d a t a  i s  

ques t ionable .  

Signal-To-Noise Ra t io  

Signal-to-noise r a t i o  i n  i d e a l  photo mixing has been i n v e s t i g a t e d  

by s e v e r a l  workers 32-35 and t h e i r  s t u d i e s  r e v e a l  two important a spec t s :  

(1) it is  poss ib l e  t o  opera te  a photomul t ip l ie r  a s  an i d e a l  r e c e i v e r ,  

i . e .  SllH at t h e  output  w i l l  be  l i m i t e d  by t h a t  of t h e  inc iden t  l i g h t  

f a l l i n g  on t h e  photocathode, and ( 2 )  i f  t h e  s i g n a l  bandwidth i s  very 

small it should be poss ib l e  t o  d e t e c t  a s i g n a l  below t h e  Noise Equivalent 

Power (NEP) of t h e  d e t e c t o r .  

I n  t h e  heterodyning systems descr ibed  above, t h e  s ignal- to-noise 

r a t i o  can be expressed as  

where i i s  t h e  s i g n a l  cu r r en t  through t h e  load  r e s i s t o r  R .  The f i r s t  
s 

fou r  terms i n  t h e  denominator r ep re sen t  thermal  n o i s e ,  dark cu r r en t  

n o i s e ,  s t r a y  l i g h t  no i se  and shot  n o i s e ,  r e s p e c t i v e l y .  The l a s t  term 

rep resen t s  t h e  inhe ren t  no ise  i n  t he  s i g n a l ,  which determines t h e  maximum 

poss ib l e  s ignal- to-noise r a t i o  a t t a i n a b l e  and needs t o  be considered 

only when t h e  s i g n a l  power Ps i s  q u i t e  l a r g e .  

I n  t h e  l o c a l  o s c i l l a t o r  heterodyning method, thermal  n o i s e ,  s t r a y  

l i g h t  no ise  and dark cu r r en t  no ise  caE be made i n s i g n i f i c a n t  compa,red 



t o  t h e  shot  no i se  i n  t h e  photomultiipl.ier by inc reas ing  t h e  re ference  

beam i n t e n s i t y .  Under t h i s  cond i t i on ,  

where t h e  cons tan t  C depends on l a s e r  frequency v quantm. e f f i c i e n c y  
0 '  

&,  arid' heterodyning ef fbc iency  ri. The q u a n t i t y  6f  i s  t h e  in s t rumen ta l  
L 

frequency spread  of t h e  s i g n a l  i n  t h e  l o c a l  o s c i l l a t o r  heterodyning.  

I n  t h e  symmetrical heterodyning system type  I1 no i se  supress ion  

i s  done by inc reas ing  t h e  s i g n a l  power P . This  is achieved by inc reas ing  
S 

t h e  r ece iv ing  a p e r t u r e  a r ea .  The s ignal- to-noise r a t i o  i n  t h i s  case  

I 

S 
SBR - C ( v  E ,  d q 

0 ' 

where 6fs i s  t h e  ins t rumenta l  s i g n a l  l i n e  width of t h e  symmetrical 

system. I n  most l a b o r a t o r y  s c a l e  a p p l i c a t i o n s ,  26fs w i l l  be sma l l e r  t han  

SfL, r e s u l t i n g  i n  a SIR value h igher  o r  equal  t o  t h e  l e v e l  ob ta ined  

i n  t h e  former system, depending on t h e  r e l a t i v e  values of  6f  and s i g n a l  

power. The l o s s  i n  heterodyning e f f i c i e n c y  due t o  beam misalignment 

is  n e g l i g i b l e  i n  t h i s  symmetrical method. 

A t y p i c a l  Doppler spectrum w i l l  d i sp l ay  Doppler s h i f t  around. "zero 

frequency" i n  a d d i t i o n  t o  t h e  s i g n a l  a t  f  and i t s  h igher  harmonics. 
C 

The Doppler spec t run  around zero frequency may have two adverse e f f e c t s  

i n  s i g n a l  process ing .  F i r s t ,  it might s e t  t h e  lower limit of t h e  dynamic 

range i n  t h e  measurement of one of t h e  v e l o c i t y  components and secondly 

t h e r e  may be some d e t e r i o r a t i o n  of SiiR of t h e  s i g n a l  a t  frequency f 
C 

i f  t h e  e f f e c t i v e  bandx,ridth of t h e  zero-frequency-signal encompasses 
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a l a r g e  frequency range. This  i s  poss ib l e  i f  one v e l o c i t y  component 

f l u c t u a t e s  while  another  i s  be ing  measured. For example, i f  measurements 

a re  taken on U ,  while  V has a  f l u c t u a t i n g  component such t h a t  

The Doppler spectrum around t h e  "zero-frequencyt' due t o  t h e  component 

V can be w r i t t e n  a s  

and t h e  output  

e  = & - + A  C v v Jn (M) cos npt  
n=2,4,6 

where (M) denotes  t h e  product of t h e  c o e f f i c i e n t s  and A i s  a  cons t an t .  

Equation ( A 1 4 )  i n d i c a t e s  t h a t  e f f e c t i v e  bandwidth can become l a r g e  

and may produce apprec iab le  noise  i n  t h e  s i g n a l  frequency range.  

Experiments and Resu l t s  

Experiments Irere c a r r i e d  out on t h e  heterodyning systems d iscussed  

above. A one-dimensional v e l o c i t y  measurement system us ing  back-sca t te red  

l i g h t  from a r o t a t i n g  d i s c  was used employing a  50 mFJ He-Re l a s e r .  The 

d i s c  w a s  pa in t ed  wi th  f a i r l y  uni forK 2Qp d iame te r~wl i i t e  p i&ment :pa r t i c l e s  

and was dr iven a t  a constant  rpm by a synchronous motor. The v e l o c i t y  

of t h e  s c a t t e r i n g  po in t  could be a6 jus t ed  from LO t o  30 meters pe r  

second. The d e t e c t o r  used was a  RCA C70038D photomul t ip l ie r  and had 

a da.rlr cu r r en t  2nA at room temperature.  k 5OR l oad  r e s i s t o r  was used 

and t h e  output  was f e d  t o  a spectrum analyzer  through a  wide band a m p l i f i e r ,  
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Experimental d a t a  on ins t rumenta l  s p e c t r a l  broadening a r e  p l o t t e d  

i n  Figure 31 f o r  t h e  ttro systerns. The s l g n a l  l i n e  width of "ce s y m e t r i c a l  

system type  11 does not  i n c r e a s e  with t h e  s i z e  of t h e  r ece iv ing  apei tui-e .  

I n  l o c a l  o s c i l l a t o r  heterodyning,  t h e  frequency spread  6f i nc reases  

wi th  ape r tu re  diameter .  A major con t r ibu t ion  t o  t h e  frequency spread  

of t h e  symmetrical system type  I1 came from t h e  t ransmiss ion  a p e r t u r e .  

Figure 32 sho~rs  t h e  v a r i a t i o n  of 6f wi th  t h e  t ransmiss ion  ape r tu re  diameter 
A@ 

D . The l o c a l  o s c i l l a t o r  heterodyning system w i l l  show similar v a r i a t i o n  
C1 

except  t h a t  t h e  minimum spread w i l l  be  h igher  due t o  l a r g e  6 f  An ' The 

diameter of t h e  ape r tu re  at t h e  inc iden t  beam w a s  kep t  at 4 mm i n  both systems 

during a l l  o t h e r  experiments ,  

The s ignal- to-noise r a t i o s  a r e  p l o t t e d  i n  Figure 33 f o r  t h e  ttro 

systems aga ins t  s i g n a l  s t r e n g t h .  A l l  o t h e r  parameters ,  such a s  a and 

A R ,  were kept  cons t an t .  I n  t h e  l o c a l  o s c i l l a t o r  heterodyning system, 

t h e  re ference  beam i n t e n s i t y  w a s  ad jus ted  each t ime t o  maximize t h e  

s ignal- to-noise r a t i o .  

Symmetrical system type  I1 is  advantageous over  type  I while  r e t a i n i n g  

t h e  d e s i r a b l e  f e a t u r e s  of t h e  l a t t e r  system. Our d i scuss ion  was t h e r e f o r e  

p r imar i ly  l i m i t e d  t o  t h e  l o c a l  o s c i l l a t o r  system and t h e  symmetrical 

system type 11. Table A 1  l i s t s  some va lues  of SIJR and 6f f o r  t h e  t h r e e  

heterodyning conf igura t ions .  These values depend g r e a t l y  on t h e  i n t e n s i t y  

of t h e  s c a t t e r e d  beam near  t h e  r e c e i v e r  ape r tu re  and on t h e  system 

parameters used. I f  t h e  i n t e n s i t y  i s  high,  small  values of AR can be  

used and a l l  t h r e e  systems w i l l  g ive  comparable va lues  of SNR and 6 f .  

However, t h e  two-incident-beam method i s  p r e f e r a b l e  because of i t s  l e s s  

c r i t i c a l  o p t i c a l  alignment procedures .  I f  t h e  s c a t t e r e d  l i g h t  i n t e n s i t y  i s  



LOW, but s i g n a l  s t r e n g t h  can be increased  by employing l a r g e  values of 

AR, symmetrical system type  I1 would be aga in  a p r e f e r r e d  choice s i n c e  

6 f  would be  minimam i n  t h i s  case .  I n  cases  where t h e  d i s t ance  between 
a 

t h e  s c a t t e r i n g  cen te r s  and t h e  r e c e i v e r  i s  l a r g e  and t h e  i n t e n s i t y  i s  low, 

a reasonably l a r g e  r e c e i v e r  a p e r t u r e  a r e a  w i l l  no t  make a l a r g e  A i l  and 

consequently 6 f  w i l l  no t  be s i g n i f i c a n t .  Here, l o c a l  o s c i l l a t o r  he te ro-  
a 

dyning would be a p re fe r r ed  method f o r  heterodyning.  

TABLE A l  

Typical  Values of  SNH and 6f f o r  t h e  
Three Di f f e ren t  Systems of  Heterodynings 

6f /f 
c SNR 

a a 
s i n  - = 0.0075 s i n  a = 0.0028 

2 -8 System Used 
8 

pS = 10 w pS = 2 .2  1 0 - 7 ~  Q s i n  - = 0.075 s i n  - = 0.15 
2 2 

Local O s c i l l a t o r  20.0% 20.0% l7db 2gdb 

Symmetrical 3.1% 0.8% 12db 3 3db 
System Type I** 

Symmetrical 3.8% 0.8% 31db 33db 
System Type I1 

* A i l  = n/8600 s t e r a d i a n s ;  DA = 8.5 mm 

** For l a r g e  va lues  of A n ,  symmetrical system type  I i s  expected t o  have 
l a r g e r  va lues  of 6 f / f  compared t o  synlmetrizal system type  I1 

C 

Conclusion 

The advantage of the  symmetrical heterodyning can be employed a s  long 

a s  s i g n a l  power can be apprec iab ly  increased  by inc reas ing  t h e  r ece iv ing  

a p e r t u r e  a r ea .  Conversely, l o c a l  o s c i l l a , t o r  heterodyning i s  advantageous 

when a p e r t u r e  broadening o r  t h e  s i g n a l  i s  i n s i g n i f i c a n t  f o r  s c a t t e r i n g  
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sites located at large distaaices. 

*This paper was presented at the 1969 IEEE Conference on Laser Engineering 

and Applications, Washington, D. C ,  , May 26, 1969 ; and has been accepted 

for publication in Applied Optics. 
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Detectsr-Amnplifier Circuit Diagrm 
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Figure 7 

The Space Coordinate System Used i n  Describing the  Angular 
Dependent Di f f rac t ion  Pa t t e rn  When an I d e a l  Lens Is Present  
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Figure 11 

Output Laser Power Recording f o r  Al ternate  15 Minute Periods During t h e  90 Minutes After  Turn On 



Figure 12, Dif f rac t ion  Pa t t e rn  o f  T e s t  P l a t e  3 
With Fi l%er ing  Aperture Superimposed 
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Figure 15 

An Experimental P lo t  of I n t e n s i t y  Variat ions of t h e  
Incident  Light a t  Dif ferent  Posi t ions  on t h e  Sample 



Figure 16 

Experimental Arrangement for Making Gratings 
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Figure 17 

A Properly Exposed Interference Pat tern  Recorded on Color Film 



Interference Pattern from NeNe Laser 
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Figure 3.8 

Overexposed Interference Pat tern  Recorded on Color Film 
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Figure 19 

L ~ o u t  o f  the Optical System 





Figure 21 

Laminar  low ( R ~  = 632)  

The frequency spread is entirely due to instrumental spread, most 
of it is from the spectrum analyzer itself, 



Figure 22 

Turbulent Flow ( R ~  = 9800) Power Spectrum 
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Figure 26'b 

Power S p e c t r ~ q  Obtained with Surface Ccatterer, V = 818 cm/sec 

Figure 26a - 
Observed ~ o - ~ e ; .  Spectrum of P1,iid P l w ,  8 ~2 = 16,600, y = 818 CE/S~C 
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Figure 29 

Symmetrical Heterodyning System 
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Figure 30 

The Expected Nature of the Variation of  Frequency 
Spread (6f) with Convergence Angle ( a )  








