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ABSTRACT 

Zone p l a t e  coded imaging (ZPCI) is  a useful  technique f o r  

imaging x-ray and p a r t i c l e  emissions from laser-produced plasmas. 

Though pas t  s t u d i e s  have developed a theory of ZPCI system para- 

meters (e.g. r e so lu t ion) ,  image degradation has not been thoroughly 

explored, and optimization has not been studied.  This t h e s i s  is 

t h e  f i r s t  treatment of image evaluation and optimization i n  ZPCI. 

Both t h e o r e t i c a l  and experimental s tud ies  a r e  performed. 

The t h e o r e t i c a l  construct  begins with a simple ca tegor iza t ion 

scheme f o r  o p t i c a l  coded imaging systems. Equating ZPCI with a 

mult iple exposure holographic process permits easy ana lys i s  of t h e  

reconstruction s t ep .  Image degradation is c l a s s i f i e d  a s  e i t h e r  

determinis t ic  ( a r t i f a c t s )  o r  random ( n o i s e ) .  

Nonlinear ZPCI is t rea ted  f o r  both absorption and phase recon- 

s t ruc t ions .  The high d i f f r a c t i o n  e f f i c iency  and reso lu t ion  of 

phase reconstructions can be o f f s e t  by determinis t ic  image degra- 

dat ion due t o  intermodulation e f fec t s .  Ideal ly ,  it is possible 

t o  compensate f o r  intermodulation, but p r a c t i c a l  phenomena (such 

a s  Fresnel  d i f f r a c t i o n  i n  t h e  recording s t e p )  tend t o  d e t e r  t h i s .  

The gra in  noise treatments of previous workers a r e  extended 

t o  account f o r  reconstruction mask densi ty  e f f e c t s  and object  

s p a t i a l  frequency content.  Noise is  coupled t o  t h e  image f i e l d  

and peaks a t  low frequencies. Shot noise is  t rea ted  b r i e f l y  and 

compared with g ra in  noise. 

The experiments performed a r e  t h e  f i r s t  image evaluations i n  

t h e  x-ray region. Linear ZPCI is shown t o  have b e t t e r  image f i d e l i t y  



t h an  non l i nea r  ZPCI. The v a r i a t i o n  of a r t i f a c t s  w i th  image s i z e  

is  a l s o  demonstra ted.  Q u a l i t a t i v e  s t u d i e s  o f  g r a i n  n o i s e  v e r i f y  

t h a t  phase r e c o n s t r u c t i o n s  have h ighe r  SNR t h an  abso rp t i on  recon- 

s t r u c t i o n s .  The v a r i a t i o n  of SNR w i t h  o b j e c t  s i z e  is  a l s o  shown. 

Opt imiza t ion  is a  compromise between SNR, r e s o l u t i o n ,  and 

n o n l i n e a r i t y ;  t h e  images w i t h  h i g h e s t  SNR tend t o  s u f f e r  t h e  most 

d e t e r m i n i s t i c  degrada t ion .  Measurable f i g u r e s  of m e r i t  are 

de r ived  f o r  de te rmin ing  image f i d e l i t y ,  and procedures  a r e  estab- 

l i s h e d  f o r  s u c c e s s f u l  Z F C I  implementat ion and image assessment .  



TABLE OF CONTENTS 

Page 

L i s t  of Tables ........................................ i x  

....................................... L i s t  of ~ i g u r e s  x 

L i s t  of Appendices .................................... x i i  

................................... CHAPTER I: INTRODUCTION 1 

........................................ CHAPTER II: THEORY 

2 . 1  Introduction ..................................... 
2.2 Coded Imaging ..............................,..... 
2 .2 .1  Optical  Coded Imaging Schemes .................. 
2.2.2 zone P l a t e  Coded Imaging ....................... 

................................ 2.3 Previous Theories 

2.3.1 Review of S ign i f i can t  R e s u l t s  .................. 
2.3.2 Limitations of Previous Theories ............... 

....................................... 2.4 New Theory 

2 . 4 . 1  Hologram Equivalent t o  t h e  Coded Image of a 
Point Object ................................... 

2.4.2 Generalized Multiple Exposure Hologram 
Analysis ....................................... 

2.4.3 Linear ZPCI .................................... 
2.4.4 Survey of Recording S tep  Detectors ............. 
2.4.5 Nonlinear Z P C I  ................................. 

................... 2.4 .5 .1  Absorption Reconstructions 

........................ 2.4.5.2 phase Reconstructions 

2.4.5.3 A r t i f a c t  Formation ........................... 



TABLE OF CONTENTS. Cont . 

Page 

2.4.5.4 Comments on t h e  F e a s i b i l i t y  o f  .................. Q u a n t i t a t i v e  Nonl inear  ZPCI 50 

2.4.6.1 Gra in  Noise Mechanisms ....................... 54 

............ 2.4.6.2 Mathematical  Formulat ion of Noise 56 

..................... 2.5 In format ion  and Opt imizat ion 62 

................... CHAPTER III: EXPERIMENTAL INVESTIGATIONS 64 

..................................... 3 .1  ~ n t r o d u c t i o n  65 

3.2 Image Eva lua t i on  Devices ......................... 65 

3.2 .1  X - ~ a y  Exposure System .......................... 65 

3.2.2 o p t i c a l  Recons t ruc t ion  Bench ................... 67 

3.3 Discuss ion  of  V a l i d i t y  of Various  ................................. F i g u r e s  of ~ e r i t  70 

3.4 S t u d i e s  of  onl linear ZFCI ........................ 72 

............................... 3 .4 .1  F i l m  C a l i b r a t i o n  72 

3.4.2 V a r i a t i o n  of  Image F i d e l i t y  w i th  Non l inea r i t y  .. 75 

3.4.3 Role  o f  Objec t  In format ion  Content  
i n  A r t i f a c t  Formation .......................... 82 

........................ 3.4.3 .1  E f f e c t  o f  Objec t  S i z e  82 

.................. 3.4.3.2 E f f e c t  o f  Objec t  ~ o d u l a t i o n  83  

........................... 3.5 S t u d i e s  of Gra in  Noise 87 

3.5.1 Gra in  Noise of Uniformly Exposed P l a t e s  ........ 87 

3.5.2 SNR f o r  Absorpt ion and Phase Recons t ruc t i ons  
o f  a Disk Object  ............................... 88 

.............. 3.5.3 v a r i a t i o n  o f  SNR wi th  0b:ect S i z e  95 

..................... 3.6 Summary o f  Experimental  Work 98 



TABLE OF CONTENTS. Cant . 
page 

.......................... CHAPTER I V :  OPTIMIZATION OF ZPCI 99 

4.1 In t roduct ion  .................................... 100 . 

4.2 Review of Resu l t s  ................................ 100 
...................... 4.2.1 Determinis t ic  Degradation 100 

4.2.2 Noise .......................................... 101 

..................................... 4.3 Optimization 101 

. ....... 4.3 1 ~ f f  ic iency  of s i n g l e  Information Element 101 

........ 4.3.2 Estimation of Determinis t ic  Degradation 102 

4.3.2.1 A r t i f a c t  D i s t r i b u t i o n  f o r  a Uniform Object ... 103 

4.3.2.2 A r t i f a c t  D i s t r i b u t i o n  f o r  an Object 
with Contours ................................ 103 

4.3.3 Noise St rength  and Object S i z e  ................. 108 

4.3.4 Optimization Procedures ........................ 109 

................. 4.3.4.1 Example: a - P a r t i c l e  Imaging 113 

...................... 4.3.4.2 Example: X-Ray Imaging 114 

CHAPTER V: SUMMARY AND SUGGESTIONS ...................... FOR FUTURE INVESTIGATIONS 119 

................................................. REFERENCES 122 



LIST OF TABLES 

Table Page 

3 . 1  Relative Flux Measured at  Third Order 
Images of Three-Disk O b j e c t . . . . . . . . . . . . . . . . . . . . . .  81  

3.2 Optical Densities and Reconstruction Efficiencies 
for Original and Copy Coded I m a g e s . . . . . . . . . . . . . . .  94 



LIST OF FIGURES 

F i g u r e  page 

1.1 ZPCI Recording S t e p  .............................. 3 

1.2 ZPCI Recons t ruc t i on  S t e p  ......................... 4 

2.1 O p t i c a l  Image Encoding Methods ................... 10 

2.2 O p t i c a l  Image Decoding ~ e t h o d s  ................... 12  

2.3 Simple C l a s s i f i c a t i o n  Scheme f o r  Coded 
Imaging Systems .................................. 1 3  

............................ 2.4 ZPCI Recording System 1 6  

2.5 ZPCI Recons t ruc t i on  System wi th  Relay Lens 
and D.C. Block ................................... 1 6  

2.6 The S i n g l e  Exposure Equiva len t  Hologram .......... 27 

2.7 Comparison of t -E Curves f o r  Two X-Ray F i lms  
a a t  4.95 keV ...................................... 32 

2.8 Moire P a t t e r n  o f  Two C lose ly  Spaced Overlapping 
Zone P l a t e s  ...................................... 40 

2.9 Moire P a t t e r n  of  Two Overlapping Zone P l a t e s  ............................ with  Large S e p a r a t i o n  40 

2.10 F l u x  Divers ion  Due t o  Moire D i f f r a c t i o n  Effect 
f o r  Two Overlapping Zone P l a t e s  ................. 42 

2.11 S p a t i a l  Frequency of Gra in  Noise i n  Zone P l a t e  ................................... Coded Imaging 59 

........................ 3.1 Exposure System schemat ic  66 

.............. 3.2 X-Ray Exposure System Cross-Sect ion 68 

..................... 3.3 O p t i c a l  Recons t ruc t i on  Bench 69 

3.4 C a l i b r a t i o n  of RAR 2491F i lm  f o r  X-Rays Exc i ted  
a t  Two Vol tages  i n  Ti tanium Anode Henke Tube ........................................... s o u r c e  74 

3.5 Ob jec t  used f o r  Comparison of  "Linear" 
and Nonl inear  Recons t ruc t i ons  .................... 76 



LIST OF FIGURES, Cont. 

Figure 

3.6 Reconstruction of "Linear" and Nonlinear 
Coded Images..................................... 

3.7 Square ~ o o t  of Relative   lux versus Hole Area 
for  Three Cases.................................. 

3.8 Schematic Diagram and Reconstructions of 
Disk-Pair Object................................. 

3.9 Apparatus for Measuring Light Scattered from 
Uniformly Exposed Plate Specimens....,........... 

3.10 Relative Scattered Power Versus Spatial 
Frequency for  Uniformly Exposed 649-F Plates .... 

3.11 Comparison of Absorption and Phase 
Reconstructions of 20 pm Diameter D i s k  Object... 

.............. 3.12 Reconstruction of Large Object.... 

4 . 1  Images of X-Ray and a-Particle Emissions i n  
ICF Studies...................................... 

................ A . l  Zone Plate Fabrication Sequence.. 

A.2  Schematic Diagram of Reactive Sputter Etcher..... 

A.3 Ultrathick Zone Plate Fabrication................ 

A.4 Scanning Electron Micrograph of 
a Mylar Zone Plate Mold.......................... 

A. 5 Scanning Electron Micrograph of 
a Thick Zone Plate............................... 

A.6 Photograph I l lustrat ing Nonvertical Sidewalls of 
a Zone Plate   old................................ 

Page 

78 



LIST OF APPENDICES 

P a g e  

APPENDIX I: F i l m  P r o c e s s i n g  Methods....................... 126 

APPENDIX II: T h i c k  Zone  P l a t e  F a b r i c a t i o n  ...... .. ..... ... . 128 



CHAPTER I 

INTRODUCTION 



Zone p l a t e  coded imaging (ZPCI) i s  an  e s t a b l i s h e d  method f o r  

microscopy of x-ray and p a r t i c l e  emiss ions  from laser-produced plasmas. 

However, no complete t r e a tmen t  of t h e  ZPCI system has  been performed, 

and t h e  r e s u l t  is t h a t  on ly  q u a l i t a t i v e  d a t a  a n a l y s i s  h a s  been used.  

Indeed, t h e r e  is  s t i l l  some d e b a t e  concerning t h e  v a l i d i t y  of ZFCI 

a s  an  imaging system. Th i s  t h e s i s  f ocus se s  on t h e  remaining problems 

and p r e s e n t s  a cohes ive  fo rmula t ion  of ZPCI . 
Before  an o u t l i n e  of t h e  t h e s i s  is ske tched ,  it is necessa ry  t o  

b r i e f l y  d e s c r i b e  ZPCI. ZPCI is e s s e n t i a l l y  a two-step process .  I n  

t h e  i n i t i a l ,  o r  record ing ,  s t e p  (F igu re  1.1), t h e  source  of i n t e r e s t ,  

f ( r ) ,  c a s t s  a  shadow of a F r e s n e l  zone p l a t e  ( o f  t r an smi s s ion  g ( r * ) )  - 

o n t o  a s u i t a b l e  d e t e c t o r  ( u s u a l l y  photographic  f i l m ) .  The recorded 

shadowgram h ( r )  is a coded image of t h e  sou rce  d i s t r i b u t i o n  i n  t h a t  

each r a d i a t i n g  p o i n t  ( o r  v e r y  small volume) i n  t h e  sou rce  w i l l  c a s t  a 

shadow of t h e  zone p l a t e  on to  t h e  f i l m ;  t h e  p o s i t i o n ,  s i z e ,  and irra- 

d i a n c e  of any shadow a r e  un ique ly  determined by t h e  p o s i t i o n  and s t r e n g t h  

of t h e  sou rce  p o i n t  c a s t i n g  t h a t  shadow. Hence, t h e  coded image is 

composed of  many such  zone p l a t e  shadows, e f f e c t i v e l y  encoding a 

th ree-d imens iona l  sou rce  d i s t r i b u t i o n  i n t o  a two-dimensional shadow- 

gram ( o r  coded image) .  

I n  t h e  second, o r  r e cons t ruc t i on ,  s t e p ,  t h e  processed shadowgram 

(now a t r an spa rency )  is t r a n s i l l u m i n a t e d  w i th  a co l l ima t ed  l a s e r  ( s e e  

F i g u r e  1 . 2 ) .  A F r e s n e l  zone p l a t e  w i l l  f o cus  a co l l ima t ed  l a s e r  t o  an  

i n f i n i t e  s e t  of a x i a l  f o c i ;  each zone p l a t e  shadow i n  t h e  shadowgram 

s i m i l a r l y  f ocus se s  t h e  l a s e r  t o  a x i a l  f o c i ,  i n  e f f e c t  r e c o n s t r u c t i n g  

t h e  sou rce  p o i n t  t h a t  o r i g i n a l l y  cast t h a t  zone p l a t e  shadow. Thus, 

t h e  x-ray o r  p a r t i c l e  sou rce  is r econs t ruc t ed ,  o r  decoded, as an a x i a l  
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s e t  of v i s i b l e  l i g h t  images ( c a l l e d  image o r d e r s ) .  The coded image 

a l s o  t ransmi ts  a d.c.  background component, which can be removed 

with a focussing l ens  and blocking f i l t e r ,  as shown i n  Figure 1.2. 

I n  t h i s  case,  t h e  v i r t u a l  image o rde r s  (corresponding t o  t h e  v i r t u a l  

f o c i  of t h e  Fresnel  zone p l a t e )  a r e  relayed by t h e  l e n s  i n t o  r e a l  

image space. 

C r i t i c a l  t o  t h e  success of Z P C I  a r e  seve ra l  f a c t o r s .  F i r s t ,  

t h e  Fresnel  zone p l a t e  i n  t h e  recording s t e p  must conta in  no s t r u c t u r e  

small  enough t o  cause s i g n i f i c a n t  d i f f r a c t i o n  of t h e  source 

r a d i a t i o n ,  i . e .  t h e  shadow c a s t  by any source poin t  must be "sharp." 

Secondly, s i n c e  the  shadowgram recons t ruc t s  seve ra l  image orders ,  

t h e  various images must not i n t e r f e r e  w i t h  each o the r .  F i n a l l y ,  

t h e  overlapping zone p l a t e  shadows i n  t h e  coded image must not 

mutually i n t e r f e r e ;  otherwise, l o y a l  images a r e  not produced. 

A complete treatment of ZPCI e n t a i l s  explora t ion  of t h r e e  

areas .  Fundamental system parameters, such a s  r e so lu t ion ,  must 

f i r s t  be def ined .  Then image degradat ion mechanisms must be t r e a t e d .  

These mechanisms include both de te rmin i s t i c  and random e f f e c t s .  

F ina l ly ,  a thorough optimizat ion exe rc i se  must be d ra f t ed ,  including 

t h e  d e f i n i t i o n s  of f igu res  of mer i t  adequately descr ib ing  t h e  system 

performance. The f i r s t  area,  i . e .  t h e  desc r ip t ion  of t h e  system, 

has been t r e a t e d  completely. Image degradat ion mechanisms have 

been p a r t i a l l y  s tudied,  and t h e  a r e a  of opt imizat ion is  v i r t u a l l y  

untouched. 

This  d i s s e r t a t i o n  c o n s t i t u t e s  t h e  most complete examination 

of 2 x 1  t o  da te .  The i s s u e s  c i t e d  above a r e  defined and explored, 
- 



enabling t h e  use r  of ZPCI t o  e s t a b l i s h  confidence limits i n  any 

s i t u a t i o n .  Chapter If is a complete t h e o r e t i c a l  t reatment  of  

image degradat ion mechanisms i n  ZFCI. This  t reatment  is  founded 

on t h e  s i m i l a r i t y  between ZPCI and mul t ip l e  exposure holography 

(MEH), whereby t h e  ex tens ive  work i n  holography s i m p l i f i e s  t h e  

a n a l y s i s  of noise  and nonlinear  processes i n  ZPCI. Chapter IU 

is an experimental i n v e s t i g a t i o n  i n  which t h e  concepts of Chapter 

II a r e  both confirmed and c l a r i f i e d .  Chapter JII con ta ins  t h e  

f i r s t  d e t a i l e d  experimental comparison of nonl inear  and l i n e a r  

ZPCI. It is a l s o  t h e  only s tudy performed i n  t h e  x-ray region,  

which is t h e  s p e c t r a l  reg ion  of i n t e r e s t  i n  ZPCI. Also, g ra in  

noise  is explored i n  Chapter m, and t h e  e f f e c t  of ob jec t  s i z e ,  

t h e  importance of which is predic ted  i n  t h e  theory,  is i l l u s t r a t e d .  

Chapter I V  is t h e  prime con t r ibu t ion  of t h e  t h e s i s .  I t  is 

a p resen ta t ion  of a procedure f o r  opt imizing ZFCI i n  p r a c t i c e .  

The behavior of  image degradat ion mechanisms is reviewed, and 

simple design r u l e s  a r e  e s t ab l i shed .  Examples a r e  presented t o  

i l l u s t r a t e  t h e  r e s u l t s  of t h e  s tudy.  Chapter V conta ins  a br ie f  

summary of t h e  work and sugges t ions  f o r  f u t u r e  endeavors i n  ZPCI. 



CHAPTER II 

THEORY 



2.1  In t roduc t ion  

This  chapter  is a comprehensive t rea tment  of t h e  t h e o r e t i c a l  

a spec t s  of Z P C I .  Major con t r ibu t ions  i n  t h e  f i e l d  a r e  reviewed, and 

new r e s u l t s  a r e  presented.  This  theory  is a cohesive formulat ion t h a t  

w i l l  a i d  i n  t h e  c r e a t i o n  of r u l e s  f o r  op t imiza t ion  of ZPCI. 

The theme of t h i s  chap te r  i s  t h a t  ZPCI  is  but  one of a h o s t  of 

o p t i c a l  coded imaging systems, and f i t t i n g  it i n t o  a genera l  coded 

imaging scheme permits  t h e  e x p l o i t a t i o n  of i t s  s i m i l a r i t y  wi th  o t h e r  

types  of coded imaging. Following a b r i e f  d i scuss ion  of genera l  coded 

imaging, t he  bas i c  mathematical s t r u c t u r e  of ZPCI is  introduced.  Then 

previous work i n  Z P C I  i s  reviewed, and unsolved problems a r e  i d e n t i f i e d .  

An o r i g i n a l  t h e o r e t i c a l  formula t ion  is then  presented,  beginning wi th  

t h e  es tab l i shment  of an equivalence between ZPCI and mul t ip le  exposure 

holography ( M E H ) .  Determinis t ic  image degradat ion i s  discussed i n  

d e t a i l ,  wi th  a t t e n t i o n  given t o  phase and amplitude r econs t ruc t ions  

and t o  the p o s s i b i l i t y  of q u a n t i t a t i v e  nonl inear  imaging. Then no i se  

is t r e a t e d ,  and r e s u l t s  a r e  obtained t h a t  c o n t r a s t  w i th  previous workers' 

a s s e r t i o n s .  F i n a l l y ,  information capac i ty  is  t r e a t e d  b r i e f l y  as a 

prelude t o  t h e  chapter  on opt imizat ion.  

2.2 Coded Imaging 

The express ion  coded imaging desc r ibes  any imaging process  i n  

which image formation is accomplished i n  a sequence of two or  more 

s t e p s .  I n  t h e  i n i t i a l ,  o r  encoding, s t e p ,  information from t h e  o b j e c t  

is modulated and de tec ted .  Af t e r  app ropr i a t e  process ing  of t h i s  coded 

information,  a decoding, o r  r econs t ruc t ion ,  s t e p  is  performed t o  ob ta in  

t h e  des i r ed  image. The nat~l . re  of t h e  s t e p s  depends upon t h e  ob jec t .  



The fo l lowing  i s  a b r i e f  o u t l i n e  of t h e  f a c t o r s  t h a t  a f f e c t  t h e  

u se  of coded imaging. A c l a s s i f i c a t i o n  of coded imaging systems is 

presen ted ,  and examples c l a r i f y  t h e  organiza t ion .  A s h o r t  i n t roduc t ion  

t o  information and noise  poses ques t ions  which a r i s e  when coded imaging 

is used. 

2.2.1 Op t i ca l  Coded Imaging Schemes 

A d e s i r e d  image can usua l ly  be obtained wi th  d i r e c t  imaging methods. 

Occasional ly ,  however, convent ional  o p t i c s  does no t  provide s u f f i c i e n t  

information,  whi le  coded imaging does.  A p r a c t i c a l  example is t h e  

r e c e n t  p rogress  i n  i n e r t i a l  confinement fu s ion ,  which has neces s i t a t ed  

-\ 

t h e  microscopy of o b j e c t s  t h a t  e m i t  h igh energy r a d i a t i o n s ;  t h e  f a i l u r e  

of r e f l e c t i v e  and r e f r a c t i v e  o p t i c a l  elements t o  adequately image 

---' t h e s e  emissions is t h e  impetus f o r  t h i s  work. 

Once coded imaging is chosen, t h e  r a d i a t i o n  t o  be de t ec t ed  de t e r -  

mines t h e  record ing  s t e p .  I f  t h e  o b j e c t  is not  self-luminous, i ts  

a n t i c i p a t e d  o p t i c a l  p r o p e r t i e s  and t h e  d e s i r e d  information must be 

considered f o r  adequate i l l umina t ion  t o  be provided. The coherence of 

t h e  de t ec t ed  r a d i a t i o n  d i c t a t e s  t h e  na tu re  of t h e  modulation; coherent  

r a d i a t i o n  can be i n t e r f e r o m e t r i c a l l y  modulated, whi le  incoherent  r ad i a -  

t i o n  is r e a d i l y  coded by shadowgraphy, o r  coded a p e r t u r e  recording.  

The record ing  medium considered here  is r e s t r i c t e d  t o  photographic 

f i l m  and s i m i l a r  d e t e c t o r s  because t he  r econs t ruc t ion  methods t r e a t e d  

w i l l  be o p t i c a l .  The t ransmi t tance  versus  exposure ( t - E )  c h a r a c t e r  of 

t h e  d e t e c t o r  a f t e r  processing is t h e r e f o r e  important .  F igu re  2.1 

i l l u s t r a t e s  t h e  two recording methods. 

The r econs t ruc t ion  is determined by t h e  record ing  method. Much 
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a s  encoding, decoding can  be c l a s s i f i e d  a s  incoheren t  o r  coheren t  ( s e e  

F i g u r e  2 .2 ) ;  however, a coded imaging system need no t  encode and decode 

w i th  r a d i a t i o n s  of t h e  same deg ree  of coherence.  F igu re  2.3 is a c h a r t  

c a t e g o r i z i n g  some coded imaging systems accord ing  t o  t h e  combination of 

encoding and decoding s t e p s  used f o r  each. Some examples fol low.  

Example 1: incohe ren t  encoding / i n cohe ren t  decoding 

p inho l e  a r r a y  coded a p e r t u r e  imaging 

A s  d e p i c t e d  i n  F i g u r e  2.1, t h e  i ncohe ren t  source  r a d i a t i o n  shadows a 

random p inhole  a r r a y  on to  f i l m .  The encoding process  i s  descr ibed  as :  

f ( r )  * g ( r l )  - = h ( r M ) ,  - 

where f ( r )  - is  t h e  sou rce  emiss ion  d i s t r i b u t i o n ,  g ( r l )  i s  t h e  mask - 
t r ansparency  f u n c t i o n ,  and h ( r " )  - is t h e  exposure d i s t r i b u t i o n .  The 

r e c o n s t r u c t i o n  is  formed by convolving h ( r W )  - with  k ( r l " ) ,  - a s  i n  f i g u r e  

2.2. P roper  cho i ce  of k w i l l  y i e l d  g l r '  - ) * k ( r n e 0 )  = 1. Then - 
v ( r 2 )  = h ( r e l )  * k ( ~ " ' )  = f ( r ) .  

Th is  c a s e  is  i n s t r u c t i v e  because it i s  t h e  on ly  c a s e  of i t s  type  i n  

which t h e  a u t o c o r r e l a t i o n  of t h e  mask f u n c t i o n  i s  a d e l t a  f unc t i on .  

Thus, t h e  encoding and decoding s t e p s  c an  use  t he  same mask form. 

Example 2: cohe ren t  record ing  / coheren t  r e c o n s t r u c t i o n  

holography 

The r a d i a t i o n  from t h e  o b j e c t  and some r e f e r e n c e  wave i n t e r f e r e ,  and 

a r e co rd ing  is made. Recons t ruc t ion  i s  achieved by i l l u m i n a t i n g  t h e  

processed hologram with  t h e  r e f e r ence  wave, whereupon t h e  o b j e c t  is  

r econs t ruc t ed .  

2 2 
Recording: E = I R  + 0 ( = I R  l 2  + 10 1 + R*O + RO* 

Film c h a r a c t e r i s t i c :  t = y E 

2 2 
Recons t ruc t ion :  I = R t  = Ry( (R I + 10 1 2 )  + I R  1 2 *  + R ** 
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Here R and 0 a r e  t h e  r e f e r e n c e  and o b j e c t  wave ampli tudes  a t  t h e  holo- 

gram p lane ,  E is t h e  exposure i n  t h e  r eco rd ing  s t e p ,  t is t h e  ampli tude 

t r a n s m i t t a n c e  a f t e r  p rocess ing ,  Y is a cons t an t ,  and I is t h e  image wave. 

Note t h a t  t h e  r e c o n s t r u c t i o n  c o n t a i n s  a term p ropo r t i ona l  t o  t h e  o b j e c t  

wave. 

Example 3: i n cohe ren t  r e co rd ing  / coheren t  r e c o n s t r u c t i o n  

m u l t i p l e  exposure holography 

Many holograms are recorded s u c c e s s i v e l y  on a n  emulsion.  Each hologram 

r eco rd ing  is  l i n e a r  i n  ampli tude,  but  t h e  a d d i t i o n  of hologram record ings  

is  l i n e a r  i n  i n t e n s i t y .  Each hologram may have i t s  own r e f e r ence  wave, 

and a  d e s i r e d  image can  be r econs t ruc t ed  by i l l u m i n a t i n g  t h e  hologram 

wi th  t h e  a p p r o p r i a t e  r e f e r e n c e  wave. 

~ i l m  response:  t = yE 

Recons t ruc t ion :  Ii = R . t  = R.yC E 
1 1 i 

i 
S u b s c r i p t  i deno t e s  t h e  iG hologram record ing .  Some a l g e b r a  l e a d s  t o  

t h e  r e s u l t  t h a t  Ri w i l l  r e c o n s t r u c t  0 I f  a l l  R. are i d e n t i c a l ,  a l l  
i ' 1 

0. w i l l  be r e cons t ruc t ed  s imul taneous ly ,  j u s t  as i n  ZPCI. 
1 

I t  should be po in ted  o u t  t h a t  t h e  f i l m  c h a r a c t e r i s t i c s  have no t  

been cons idered  i n  d e t a i l .  S ince  f i l m  p roce s s ing  techn iques  can be 

v a r i e d  t o  i n c r e a s e  t h e  SNR of ZPCI, t h e  i s s u e  of f i l m  response  must be 

addressed .  T h i s  is  t h e  s u b j e c t  of S e c t i o n  2 . 4 . 4 .  Image deg rada t i on  

(bo th  random and d e t e r m i n i s t i c )  must a l s o  be cons idered .  The fo l l owing  

paragraphs  b r i e f l y  i n t roduce  n o i s e  and in format ion .  

The term n o i s e  r e f e r s  t o  t h e  random f l u c t u a t i o n  of t h e  s i g n a l  i n  

an  i n fo rma t ion  channel ,  bu t  it h a s  always been sub j ec t ed  t o  a more 

f l e x i b l e  i n t e r p r e t a t i o n .  D e t e r m i n i s t i c  image deg rada t i on  i n  ZPCI due 



t o  r e co rd ing  system n o n l i n e a r i t y  ha s  o f t e n  been termed no ise ,  when i n  

f a c t  it i s  in format ion .  Noise i n  o p t i c a l  systems, p a r t i c u l a r l y  holo- 

graphy, i s  a d i f f i c u l t  problem and as such h a s  been t r e a t e d  i n  a c rude  

f a sh ion .  One of t h e  g o a l s  of t h i s  t h e o r e t i c a l  t r e a tmen t  i s  t o  model 

t h e  n o i s e  p r o p e r t i e s  of ZPCI. 

In format ion  c a p a c i t y  i s  r e l a t e d  t o  no i s e .  The in format ion  con t en t  

of a n  o b j e c t  can be de f i ned  as t h e  p roduc t  of t h e  number of r e s o l v a b l e  

e lements  i n  t h e  o b j e c t  and t h e  number of g r ay  l e v e l s  i n  a n  element.  

The in format ion  c a p a c i t y  of a n  imaging system r e f e r s  t o  t h e  a b i l i t y  of 

of t h e  system t o  f a i t h f u l l y  image t h e  o b j e c t .  F a c t o r s  t h a t  a f f e c t  

i n fo rma t ion  c a p a c i t y  i nc lude  f i l m  r e s o l u t i o n ,  f-number, and s i m i l a r  

q u a n t i t i e s .  Of importance i n  coded imaging i s  t h e  n a t u r e  of t h e  en- 

coding s t e p ,  which imposes i n h e r e n t  l i m i t a t i o n s  on t h e  in format ion  

capac i t y .  F u r t h e r  d i s c u s s i o n  of in format ion  and no i s e  r e q u i r e s  a more 

thorough t r e a tmen t  of ZPCI, which now proceeds .  

2.2.2 Zone P l a t e  Coded Imaging 

What f o l l ows  i s  a ske t ch  of t h e  r e l e v a n t  mathemat ical  d e t a i l s  of 

ZPCI. F igu re  2.4 i l l u s t r a t e s  t h e  ZPCI r eco rd ing  s t e p .  The o b j e c t ,  

w i t h  emiss ion d i s t r i b u t i o n  f ( r ) ,  c a s t s  a s h a d m  of t h e  zone p l a t e  of 

t r an smi t t ance  g ( r 8 )  on to  f i l m .  The f i l m  exposure  h ( r U )  - is  r e l a t e d  t o  

f  ( r )  - and g ( r '  ) by t h e  exp re s s ion  

h ( r W )  = 1 2 - 2 d - r f ( r )  - g ( a r U  - + b r ) ,  - 12.11 
4'rr (sl + s2) 

where 5' = ar" - + br ,  and a ,  b, sl, and s2 a r e  s h m n  i n  F i g u r e  2.4. 

The t r an smi s s ion  f u n c t i o n  f o r  a F r e s n e l  zone p l a t e  w i t h  i n n e r  zone 

r a d i u s  r t o t a l  zone number n, and t o t a l  r a d i u s  r i s  g iven  by 
1 ' n' 



F i g u r e  2.4 ZPCI Recording System 
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odd 

S i n c e  t h e  r e c o r d i n g  is  a shadowgram, t h e  zone p l a t e  must c o n t a i n  no 

s t r u c t u r e  s m a l l  enough t o  c a u s e  s i g n i f i c a n t  d i f f r a c t i o n  of  t h e  o b j e c t  

r a d i a t i o n .  F u r t h e r ,  f o r  imaging t o  be p r a c t i c a l ,  t h e  o b j e c t  a r e a  must 

be much smaller t h a n  t h e  zone p l a t e  a r e a .  

The exposure  is a c o n v o l u t i o n  of t h e  o b j e c t  e m i s s i o n  d i s t r i b u t i o n  

and t h e  coded a p e r t u r e  t r a n s m i s s i o n  f u n c t i o n .  T y p i c a l l y ,  t h e  f i l m  

r e s p o n s e  is compl ica ted ,  e s p e c i a l l y  f o r  s o f t  x- rays  ( e n e r g i e s  of 1-8 k e v ) .  

F o r  r e a s o n s  which w i l l  become clear, t h e  f i l m  shou ld  respond such  t h a t  

ta(fl '), t h e  a m p l i t u d e  t r a n s m i t t a n c e  a f t e r  p r o c e s s i n g ,  is l i n e a r l y  

r e l a t e d  t o  h ( r W ) .  - 

R e c o n s t r u c t i o n  c a n  be accompl ished i n  s e v e r a l  ways, one of which 

h a s  widespread  a c c e p t a n c e  (see F i g u r e  2 . 5 ) .  The p r o c e s s e d  coded image, 

w i t h  ampl i tude  t r a n s m i t t a n c e  t a ( lU) ,  is t r a n s i l l u m i n a t e d  by a c o l l i m a t e d  

laser, and t h e  F r e s n e l  d i f f r a c t i o n  p a t t e r n  is viewed downstream. The 

d.c. component of t h e  F r e s n e l  p a t t e r n  is  u n d e s i r a b l e ,  s o  it is  e l i m i -  

n a t e d  by p l a c i n g  a l e n s  and b l o c k i n g  f i l t e r  a f t e r  t h e  coded image. 

The F r e s n e l  p a t t e r n  is symmet r i ca l  a b o u t  t h e  p l a n e  of t h e  coded image, 

w i t h  real and v i r t u a l  o r d e r s ;  by means of t h e  l e n s  and f i l t e r ,  t h e  

v i r t u a l  o r d e r s  c a n  he viewed w i t h o u t  t h e  p r e s c e n c e  of t h e  d . c .  l i g h t ,  

t h e r e b y  a c q u i r i n g  improved c o n t r a s t .  The e x p r e s s i o n  f o r  t h e  F r e s n e l  

p a t t e r n  ( w i t h o u t  r e l a y  l e n s  and b l o c k i n g  f i l t e r )  is  

exp  (y ] 
~ ( ' ~ 1  = 

i x d  $1 d  - re1 ta(gt) e x p  [& (s2 , ~ 2 . 3 1  



where u ( r  ) is t h e  r e c o n s t r u c t i o n  f i e l d ,  d  is  t h e  d i s t a n c e  i n t o  t h e  -2 

f i e l d  from t h e  coded image, and h is  t h e  wavelength of t h e  laser used 

f o r  r e c o n s t r u c t i o n .  

Equat ion [2.31 can be modif ied t o  account  f o r  t h e  r e l a y  l e n s  and 

f i l t e r ,  b u t  t h e  change is  unimportant  f o r  p r e s e n t  purposes ,  s o  it 1s 

omi t t ed .  F o r  s p e c i a l  v a l u e s  of d ,  t h e  f i e l d  assumes t h e  form of  a 

deconvolu t ion  of h ( r W )  w i t h  ampl i tude  p r o p o r t i o n a l  t o  t h e  o r i g i n a l  

o b j e c t  d i s t r i b u t i o n  f ( r ) .  - S i n c e  t h e  coded image is  a  F r e s n e l  t r a n s f o r m  

of t h e  o b j e c t  w h i l e  t h e  image f i e l d  is  a F r e s n e l  t r a n s f o r m  of t h e  

coded image, matching t h e  s c a l e s  of t h e  two t rans forms  r e s u l t s  i n  

t h e  p r o p e r  r e c o n s t r u c t i o n  of t h e  o b j e c t .  

I f  ta(rl ') - is l i n e a r l y  r e l a t e d  t o  h ( r " ) ,  - t h e  imaging p r o c e s s  is 

" loyal ."  However, i n  many p r a c t i c a l  s i t u a t i o n s ,  t v s  h  is n o n l i n e a r ;  
a -  

t h e  e f f e c t  of  t h e  n o n l i n e a r i t y  is  t o  i n t r o d u c e  a r t i f a c t s  i n  t h e  recon- 

s t r u c t i o n  f i e l d ,  b u t  t h e s e  a r t i f a c t s  a r e  o r d i n a r i l y  small. I n  any 

e v e n t ,  t h e  q u a n t i t i e s  t h a t  c a n  be l i n e a r l y  r e l a t e d  are t h e  o b j e c t  

d i s t r i b u t i o n  f ( r )  and t h e  image f i e l d  u ( r  ) .  Nhat is  measured is  
-2 

1 u (r2) 1 2 ,  and t h u s  ZPCI cannot  be c o n s i d e r e d  l i n e a r  i n  even t h e  

s t r i c t e s t  case ;  t h e  image i r r a d i a n c e  must u s u a l l y  be cons idered  a s  

o n l y  a r e l a t i v e  i n d i c a t o r  of f ( r ) .  - T h i s  f a c t  is d i s c u s s e d  l a t e r .  

2.3 Prev ious  T h e o r i e s  

T h i s  s e c t i o n  is a review of p r e v i o u s  s t u d i e s  of ZPCI. Four  

groups  have made c o n t r i b u t i o n s  t o  t h e  f i e l d ,  and t h e  c o n t r i b u t i o n s  

have been f a i r l y  e x c l u s i v e  i n  f o c u s .  T h i s  d i s c o n n e c t i o n  might e x p l a i n  

t h e  f a c t  t h a t  t h e  o p t i c a l  r e c o n s t r u c t i o n  h a s  n o t  been thoroughly  

exp lored ,  r e s u l t i n g  i n  inadequa te  i n v e s t i g a t i o n  of image d e g r a d a t i o n .  



Fol lowing  a rev iew of p r e v i o u s  work, t h e  l i m i t a t i o n s  of t h a t  work w i l l  

be d i s c u s s e d ,  and q u e s t i o n s  w i l l  a r i s e  which r e q u i r e  a t t e n t i o n .  

2.3.1 Review of S i g n i f i c a n t  R e s u l t s  

ZPCI w a s  f i r s t  sugges ted  f o r  u s e , i n  x-ray astronomy. ( I )  Harever ,  

it l a y  dormant u n t i l  B a r r e t t  and h i s  c o l l e a g u e s  a p p l i e d  it t o  n u c l e a r  

medic ine .  ( 2-5) B a r r e t t  's c o n t r i b u t i o n s  i n c l u d e  t h e  u s e  of t r a n s f  orm 

t h e o r y  t o  a n a l y z e  t h e  image code,  (3'5) o f f  - a x i s  zone p l a t e  t h e o r y  

( s p a t i a l  h e t e r o d y n i n g )  , ( 2 )  t h e  t r e a t m e n t  of  s h o t  n o i s e , ( 5 )  and t h e  

u s e  of  ZPCI f o r  gamma r a y  imaging i n  n u c l e a r  medicine.  ( 4 )  

B a r r e t t  p o i n t e d  o u t  t h a t  coded imaging i s  c l o s e l y  r e l a t e d  t o  t h e  

t r a n s f o r m  p r o p e r t i e s  of zone p l a t e s .  He i n t r o d u c e d  t h e  concep t  of 

bandwidth t o  d e s c r i b e  t h e  e f f i c i e n c y  of t h e  encoding p r o c e s s .  The 

r e a l i z a t i o n  t h a t  t h e r e  a r e  low and h i g h  s p a t i a l  f r equency  c u t o f f s  f o r  

e v e r y  F o u r i e r  component of a zone p l a t e  t r a n s m i s s i o n  f u n c t i o n  e n a b l e d  

B a r r e t t  t o  propose  matched imaging,  a method employing h a l f - t o n e  

s c r e e n s  t o  s p a t i a l l y  heterodyne t h e  o b j e c t  spect rum and match it t o  

t h e  r e s p o n s e  bandwidth of t h e  coded a p e r t u r e .  Thus, B a r r e t t  c o u l d  

image l a r g e  o b j e c t s ,  such  a6 t h o s e  of i n t e r e s t  i n  n u c l e a r  medic ine .  

S e v e r a l  p a p e r s  on coded imaging have o r i g i n a t e d  a t  1 ' I n s t i t u t e  

d ' o p t i q u e  i n  Orsay, t h e  p r i n c i p l e  i n v e s t i g a t o r s  being FOnrOget and 

Bruno1 . ( 6-9) With i n t e r e s t  i n i t i a l l y  i n  n u c l e a r  medic ine ,  t h e y  have 

r e c e n t l y  used a n n u l a r  a p e r t u r e s  f o r  microscopy of laser-produced 

plasmas.  Because of  t h e i r  i n t e r e s t  i n  g e n e r a l i z e d  coded a p e r t u r e  

imaging,  t h e y  have used d i g i t a l  r e c o n s t r u c t i o n s .  T h e i r  t h e o r y  h a s  

f o c u s s e d  on a s s o c i a t i n g  an MTF w i t h  any coded imaging sys tem,  and 

t h e y  a s s e r t  t h a t  a n n u l a r  a p e r t u r e c o d e s  a r e  s u p e r i o r  t o  zone p l a t e s ;  



The advantages  of d i g i t a l  deconvolu t ion  a r e  t h a t  q u a n t i t a t i v e  

in format ion  about  o b j e c t  emiss ions  and freedom from image deg rada t i on  

are p o s s i b l e .  D i g i t a l  r e c o n s t r u c t i o n s  have been employed by s e v e r a l  

workers,  no tab ly  Fenimore and Cannon, ( 10 )  who use  uniformly redundant  

a r r a y s  because of t h e  un i fo rmi ty  of t h e  s i d e l o b e s  i n  t h e  au toco r r e l a -  

t i o n  f u n c t i o n  ( r e c a l l  Example 1, S e c t i o n  2.2.1).  

The d e s c r i p t i o n  of  ZPCI as a l i n e a r  system is proper  i f  t h e  

i ncohe ren t  ( a u t o c o r r e l a t i o n )  method of r e c o n s t r u c t i o n  is used. Due t o  

p r a c t i c a l  d i f f i c u l t i e s ,  t h i s  i s  s p a r i n g l y  used. I n  a d d i t i o n ,  t h e  

t r a n s f e r  f u n c t i o n  de r i ved  f o r  ZPCI by t h e  French workers  appears  t o  be 

i n  c o n f l i c t  w i th  t h a t  ob t a ined  by Cegl io .  (11) Th i s  d i f f e r e n c e  w i l l  be 

d i s cus sed  later.  

The p r i n c i p a l  c o n t r i b u t o r  t o  ZPCI is Cegl io .  ( 11-14 ) 
H i s  is  t h e  

d e f i n i t i v e  work on t h e  d e t e r m i n i s t i c  t h e o r y  of ZPCI. H e  performed a 

c u r s o r y  s t udy  of  r e c o n s t r u c t i o n  a r t i f a c t s  due  t o  r e co rd ing  n o n l i n e a r i t y .  

Also, he a p p l i e d  ZPCI t o  microscopy of laser-produced plasmas. 

C e g l i o  po in t ed  o u t  t h a t ,  i n  t h e  i d e a l  case ,  l i n e a r i t y  i n  ZPCI 

( w i t h  cohe ren t  r e c o n s t r u c t i o n )  e x i s t s  between o b j e c t  emi t t ance  and 

image f i e l d  ampli tude.  Because on ly  image i r r a d i a n c e  can  be measured, 

ZPCI is  n o t  a  l i n e a r  system, b u t  i ts t r a n s f e r  p r o p e r t i e s  a r e  s t i l l  

impor tan t .  C e g l i o  showed t h a t  a system impulse response  f u n c t i o n  can  

be d e r i v e d  f o r  t h e  primary o r d e r  image. H e  a l s o  de r i ved  and eva lua t ed  

a "coherent  t r a n s f e r  func t ion"  f o r  l i n e a r  ZPCI, w i th  which he showed 

t h e  system f requency  response t o  be e f f e c t i v e l y  f l a t  from d.c .  o u t  

t o  some c u t o f f  va lue .  

Ceg l i o  found t h a t  t h e  e f f e c t  of non l i nea r  r e co rd ing  is t h e  i n t r o -  

d u c t i o n  of a r t i f a c t s  i n  the r e c o n s t r u c t i o n s .  For  t h e  a b s o r p t i o n  case ,  



he  i n d i c a t e d  t h e  g e n e r a l  t r e n d s  of a r t i f a c t  c o n t r i b u t i o n s ,  such a s  

dependence upon r e c o n s t r u c t i o n  o r d e r  and o b j e c t  s i z e .  C e g l i o  concluded 

t h a t  a r t i f a c t  c o n t r i b u t i o n s  a r e  s m a l l  enough t o  be i n s i g n i f i c a n t  i n  t h e  

pr imary image. H e  a l s o  expanded s l i g h t l y  on Barrett's s h o t  n o i s e  analy-  

sis, w i t h  e s s e n t i a l l y  i d e n t i c a l  r e s u l t s .  

The work of  Gur (15'16) s t a n d s  a s  a complement t o  t h e  work of 

C e g l i o .  Gur ' s  pr imary c o n t r i b u t i o n  w a s  t o  i n v e s t i g a t e  h igh  o r d e r  

r e c o n s t r u c t i o n s  w i t h  t h e i r  a t t e n d a n t  i n c r e a s e  i n  s p a t i a l  r e s o l u t i o n .  

Perhaps  as i m p o r t a n t  w a s  h i s  i d e n t i f i c a t i o n  of s p e c k l e  due t o  g r a i n  

n o i s e  a s  a major image d e g r a d a t i o n  mechanism. Gur a l s o  a p p l i e d  coher- 

ence t h e o r y  t o  t h e  r e c o r d i n g  s t e p ,  i l l u s t r a t i n g  some p o i n t s  which a r e  

p u t  t o  u s e  i n  t h i s  c u r r e n t  work. 

S p a t i a l  r e s o l u t i o n  is enhanced w i t h  i n c r e a s i n g  o r d e r  number s i n c e  

t h e  e f f e c t i v e  f-number of t h e  sys tem i s  i n v e r s e l y  p r o p o r t i o n a l  t o  o r d e r  

number. The i n c r e a s e  i n  t h e  number of r e s o l u t i o n  e l e m e n t s  and t h e  

d e c r e a s e  i n  a v a i l a b l e  r e c o n s t r u c t i o n  f l u x  a t  h igh  o r d e r s  r e s u l t  i n  a 

commensurate d e c r e a s e  i n  SNR. The n o i s e  i n  ZPCI is due mainly  t o  

s p e c k l e  from g r a i n  n o i s e  i n  t h e  r e c o n s t r u c t i o n  mask. Though Gur i d e n t i -  

f i e d  t h e  o r i g i n  of t h e  no i se ,  he  d i d  n o t  s t u d y  it comple te ly .  

S t r i c t l y  speak ing ,  t h e  r e c o r d i n g  p r o c e s s  is n o t  d e s c r i b e d  by r a y  

o p t i c s ,  and Gur ' s  t r e a t m e n t  of  t h e  p ropaga t ion  of  t h e  mutual i n t e n s i t y  

th rough  t h e  sys tem shows t h i s .  From t h i s  t r e a t m e n t ,  Gur concluded 

t h a t  t h e  recorded  zones d o  n o t  have "sharp" edges ,  b u t  i n s t e a d  have 

a l t e r e d  p r o f i l e s  which a f f e c t  t h e  f l u x  d i s t r i b u t i o n  i n  r e c o n s t r u c t i o n .  

2.3.2 L i m i t a t i o n s  of Prev ious  T h e o r i e s  

'Phere are two t o p i c s  i n  ZPCI which have r e c e i v e d  i n s u f f i c i e n t  



t r e a t m e n t :  i n f o r m a t i o n  capac i ty / image  d e g r a d a t i o n  and system opt imi-  

z a t i o n .  Any t r e a t m e n t  of i n f o r m a t i o n  c a p a c i t y  must account  f o r  t h e  

p r o p e r t i e s  of d e t e c t o r s ,  such  as n o i s e  and s e n s i t i v i t y ,  as w e l l  as 

i n h e r e n t  sys tem r e s o l u t i o n  due  t o  d i f f r a c t i o n  phenomena. N e i t h e r  s h o t  

n o i s e  n o r  g r a i n  n o i s e  h a s  been a d e q u a t e l y  s t u d i e d .  The image degrada- 

t i o n  due  t o  r e c o r d i n g  n o n l i n e a r i t i e s  is  d e t e r m i n i s t i c  and hence is  n o t  

no i se .  A r t i f a c t s  c a n  i n  p r i n c i p l e  p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  o b j e c t ;  

t h i s  a s p e c t  of ZPCI is unexplored.  

D e s p i t e  a l l  t h a t  is  w r i t t e n  abou t  ZPCI, d e s i g n  r u l e s  have n o t  been 

d e v i s e d ,  p robab ly  because of t h e  d i sagreement  among t h e  v a r i o u s  a u t h o r s  

abou t  t h e  f i d e l i t y  of t h e  p rocess .  Barrett and Horr igan,  ( f onroge t ,  

e t .  d l . ,  ( 6 y 7 )  and C e g l i o  (11) have a l l  c a l c u l a t e d  f u n c t i o n s  r e l a t e d  t o  

t h e  t r a n s f e r  p r o p e r t i e s  of ZPCI, and t h e  t h r e e  groups  a p p e a r  t o  o b t a i n  

d i f f e r e n t  answers.  C e g l i o l s  c a l c u l a t i o n  of t h e  f i r s t  o r d e r  c o h e r e n t  

t r a n s f e r  f u n c t i o n  i n d i c a t e s  a n  e s s e n t i a l l y  f l a t  f r equency  response  

from d.c .  t o  t h e  c u t o f f  v a l u e ,  w h i l e  Fonroget ,  e t .  a l . ,  c a l c u l a t e  a n  

MTF f o r  t h e  f i r s t  o r d e r  system which, t h e y  assert, i s  poor .  I n  f a c t ,  

a n  MTF cannot  be a s s o c i a t e d  w i t h  ZPCI s i n c e  t h e  sys tem i s  n o t  l i n e a r  

i n  t h e  i n c o h e r e n t  q u a n t i t i e s .  F u r t h e r ,  F o n r o g e t ' s  c a l c u l a t i o n  is  

based on a zone p l a t e  w i t h  t e n  zones,  w h i l e  C e g l i o  p o i n t s  o u t  t h a t  

t h e  zone p l a t e  shou ld  have a t  least 100 zones  t o  have a h i g h  q u a l i t y  

t r a n s f e r  f u n c t i o n .  The d e b a t e  w i l l  undoubtedly  c o n t i n u e .  

E x i s t i n g  t h e o r i e s  must be extended t o  op t imize  ZPCI. Ques t ions  

remaining t o  be answered i n c l u d e :  Can r e c o n s t r u c t i o n  e f f i c i e n c y  be 

i n c r e a s e d ?  What zone p l a t e  is best i n  a g i v e n  s i t u a t i o n ?  What is  

n o i s e ,  what is n o n l i n e a r i t y ,  and how d o  t h e y  a f f e c t  a p r a c t i c a l  system? 

These q u e s t i o n s  p rov ide  t h e  m o t i v a t i o n  f o r  t h i s  work. 



2.4 New Theory 

The purpose of t h i s  s e c t i o n  is t h e  development of a theory  which 

can be used t o  op t imize  ZPCI. The r e s u l t  of t h e  theory  should be t h e  

d e r i v a t i o n  of some f i g u r e ( s 1  of m e r i t  i n d i c a t i n g  t h e  f i d e l i t y  of ZPCI  

i n  any s i t u a t i o n .  Consequently,  a n  a c c u r a t e  t r e a tmen t  of image degra-  

d a t i o n  should  r e c e i v e  p r i o r i t y .  

The t heo ry  proceeds a s  f o l l ows .  The equ iva lence  of ZPCI and 

m u l t i p l e  exposure  holography (MEH)  is e s t a b l i s h e d .  T h i s  e x e r c i s e  

c o n s i s t s  of two p a r t s ,  (1) t h e  equa t i ng  of t h e  coded image of a p o i n t  

o b j e c t  and some s i n g l e  exposure  hologram, and ( 2 )  t h e  ex t ens ion  of t h e  

equ iva lence  t o  coded images of extended o b j e c t s  and m u l t i p l e  exposure  

holograms. This  equ iva lence  y i e l d s  a c l o sed  form exp re s s ion  which is 

a p p l i c a b l e  t o  t h e  s t udy  of non l i nea r  imaging and permi t s  t h e  i n v e s t i -  

g a t i o n  of no i s e  by ex t ens ion  of t h e  r e s u l t s  of no i se  s t u d i e s  i n  holo- 

graphy 

The i n v e s t i g a t i o n  of non l i nea r  imaging is  preceeded by a n  a n a l y s i s  

of l1linearl1 imaging, i n  which it is shown t h a t  l i n e a r  imaging is  n o t  

always l o y a l .  The s t udy  of n o n l i n e a r i t y  is broader  t h a n  prev ious  work 

i n  t h a t  it accounts  f o r  both ampli tude and phase modulation p r o p e r t i e s  

of t h e  r e c o n s t r u c t i o n  mask. Also,  a r t i f a c t s  a r e  t r e a t e d  as in format ion  

r a t h e r  t h a n  no ise ,  and it is shown t h a t ,  i n  p r a c t i c e ,  non l i nea r  ZPCI 

p r e s e n t s  problems which war ran t  f u r t h e r  t r e a tmen t .  

Noise is i n v e s t i g a t e d  i n  d e t a i l ,  and t h e  r e s u l t s  d e p a r t  from t h o s e  

of o t h e r  workers.  I t  is  shown t h a t  t h e  n o i s e  is concen t r a t ed  a t  t h e  

image, p r e sen t i ng  s e r i o u s  problems u n l e s s  p roper  c a r e  is t aken  when 

u s ing  ZPCI. The dec r ea se  !-n SNR with  i n c r e a s e  i n  o b j e c t  s i z e  i s  a l s o  

exp la ined .  



2.4.1 Hologram Equivalent  t o  t h e  Coded Image of a Po in t  Object 

I n  order  t o  e s t a b l i s h  an equivalence between t h e  coded image of 

a po in t  ob jec t  and some hologram, a hologram wi th  t h e  same exposure 

d i s t r i b u t i o n  a s  t h e  coded image must be found. With t h i s  equivalence 

e s t ab l i shed ,  any coded image may be considered t o  be equiva len t  t o  

some mul t ip l e  exposure hologram, and t h e  recons t ruc ted  image f i e l d  is 

e a s i l y  i nves t iga t ed .  

Reca l l  t h e  recording equat ion  f o r  ZPCI: 

1 
h ( r 0 * )  = 2 
- 2 d 5 f ( r )  g ( a r "  - + b r ) .  - 12.11 

4.7.r (sl + S2) 

The coded image f o r  a po in t  o b j e c t  can be obtained by s u b s t i t u t i n g  

f ( r )  = al 6(r - El ) ,  where R is t h e  loca t ion  of t h e  p o i n t  ob jec t .  
-1 

Then 

is  a magnified ve r s ion  ( i . e .  a p o i n t  p r o j e c t i o n )  of t h e  zone p l a t e ,  

b 
centered a t  r" = - - R with a s i z e  of l / a  t imes the  s i z e  of t he  zone 

a -1 

p l a t e .  When t h e  express ion  f o r  g is  expanded us ing  [2.2] ,  eq. [2.4] 

becomes 

m 

1 - 
where Co = and g ( r v  ) = - - 1 

4.rr(s1 + s2) 
m m=- m 

odd 

Severa l  au thors  have d iscussed  t h e  s i m i l a r i t y  between zone p l a t e s  



and holograms, and calculations have been made of the amplitudes of 

reference and subject  waves. ( 17-25 ) 
However, none calculated the 

hologram reference and subject amplitude dis t r ibut ions  t ha t  in terfere  

t o  form a t rue Fresnel zone plate.  Horman ( 2 5 )  came close t o  the correct  

answer but did not succeed because he made an incorrect assumption 

about hologram formation. 

The exposure i n  hologram formation is  

2 2 
EH = I A R  + ' I A R I  + I A s I  + A*A R S  + A R S '  A* 12.61 

where A is the amplitude of the reference wave a t  the hologram, and 
R 

A is the subject  wave amplitude. Since 12.51 contains a se r ies ,  12.61 
S 

m u s t  a l so  contain a se r ies  i n  order t o  be equated t o  [2.5]. ~ u t  i f  

both \ and A contain a se r ies ,  the products of terms i n  eq. [2.6] 
S 

w i l l  produce cross terms tha t  might complicate the equivalence analysis. 

Now, consider g ( r *  ) : 
- 
gig*) - - + - ( r ea l )  

and ( i ( r * ) ~  = - ( a  constant) .  
4 

Choosing A a s  a constant and A a s  a constant multiplied by g w i l l  
R S 

yield a hologram with the woper E Specifically,  
H' 

2 2 2 
EH = I A H I  = + + $A, + A ~ A ~  

2 - 
= l A ~ I  + 1 A I + constant g. 

S 

A 'O 

Let A = - - 1 
S 

O 1 - exp 
T i  m 

(are .  + 
12] ms.00 

-1 ' 

odd 
I 



A a~ 
2 0 

Thus, 1 ~ ~ 1  - - = - 
4 

and 2ARAo = alCo These equa t i ons  a r e  s a t i s -  2 

and A. = More e x p l i c i t l y ,  f i e d  i f  AR =- 2 1 0' 

- 1 i r r  m AS - - -  '" ' - exp IT - 
m TT i m=- OD r 

odd 
1 

The ampli tude a t  t h e  hologram p lane  i s  

OD 

A = A R + A  =T { L - 2  1 - 1 exp + 12] I ,  
H s alCo 2 r r i  m -1 m= co 

odd - 
J.1~0 

which is j u s t  t h e  i n t e r f e r e n c e  of a p lane  wave of ampli tude - 
2 

propaga t ing  a long  t h e  normal t o  t h e  hologram p lane  and a s u b j e c t  wave 

g iven  by t h e  s e r i e s  A The l o c a t i o n s  of t h e  p o i n t  sou rce s  t h a t  s 
c r e a t e  t h e  s u b j e c t  wave correspond t o  t h e  r e a l  and v i r t u a l  f o c i  of 

2 
t h e  F r e s n e l  zone p l a t e  of primary f o c a l  l eng th  r /ah cen te red  a t  

1 
b t h  ro8 = - - R The r e l a t i v e  s t r e n g t h  of t h e  rrr-- o r d e r  p o i n t  source,  - a -1' 

wi th  t h e  f i r s t  o r d e r  s t r e n g t h  normalized t o  un i t y ,  i s  A = - Figu re  
m m' 

2.6 is a schemat ic  diagram of t h e  l ayou t  of t h e  hologram, which w i l l  

be c a l l e d  t h e  s i n g l e  exposure  e q u i v a l e n t  hologram (SEEH). 

A p o i n t  of i n t e r e s t  about  t h e  SEEH is  t h a t  t h e  l i n e a r  recons t ruc-  

t i o n  y i e l d s  both t h e  s u b j e c t  and r e f e r e n c e  waves, bu t  t h e  con juga te  

waves a r e  i d e n t i c a l  t o  t h e  o r i g i n a l  ones,  s o  t h e  con juga te  recons t ruc-  

t i o n  is "loyal ."  Another p o i n t  is t h a t  i n  t h i s  s h o r t  a n a l y s i s ,  c e r t a i n  

h igh  o r d e r  phase e f f e c t s  have been ignored,  bu t  it i s  ea sy  t o  show t h a t  

t h e y  a r e  n o t  s i g n i f i c a n t .  Fu r the r ,  i n  r e a l i t y ,  t h e  r e co rd ing  h a s  

l i m i t e d  l a t e r a l  e x t e n t  due t o  t h e  f i n i t e  zone p l a t e  s i z e .  Th i s  can be 

inc luded  i n  a c i rc[(rW - + R ) / ( r  / a ) ]  f a c t o r  i n  eq.  [2 .61.  The c i r c  a -1 n 
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f a c t o r  r e s u l t s  i n  t he  r econs t ruc t ion  of a po in t  source  being an Airy 

d i s k  r a t h e r  than  a t r u e  po in t .  

2.4.2 Generalized ~ u l t i p l e  Exposure ~ o l o g r a m  Analysis  

The SEEH a n a l y s i s  can be genera l ized  t o  account f o r  extended 

ob jec t s .  Th i s  amounts t o  f i n d i n g  a mu l t i p l e  exposure hologram equiva- 

l e n t  t o  t h e  zone p l a t e  coded image of an a r b i t r a r y  source.  For s i m -  

p l i c i t y ,  only p l ana r  sources  w i l l  be considered.  An extended source 

can be descr ibed  a s :  

The a ,  can  be cons t ra ined  t o  l i e  between 0 and 1 without  l o s s  of 
3 

g e n e r a l i t y .  The exposure f o r  t h e  shadowgram of f ( r )  - is 

Note t h a t  wi th  0 2 a < a 
j - t h e  exposure due t o  any source  po in t  

max' 
2 

w i l l  have a va lue  between 0 and a /[4m (sl + s2) I .  Th i s  can be 
max 

incorpora ted  i n t o  t h e  mu l t i p l e  exposure hologram t h a t  has  t h e  exposure 

t h  
equ iva l en t  t o  h(;*'). With A:') and A( ' )  t h e  j-- re fe rence  and s u b j e c t  

S 

wave ampli tudes a t  t h e  hologram plane,  t h e  exposure a t  t h e  hologram 

plane can be w r i t t e n :  

t h  
The exposure f o r  t h e  j- hologram is a binary d i s t r i b u t i o n  t h a t  v a r i e s  

between 0 and Coaj, and t h e  t o t a l  exposure v a r i e s  between 0 and E 'oaj* 
3 



rn 
~ e t  C .  = 3 and ;(a:" + hR.1 = - 

3 2 -3 n i  m=- 

odd 

- 2 2 
Then E = 1 ( c .  + 2 C . g . l  = 1 2 C .  (1 + z : . ) ,  

3 3 3  4 3 3 

- 
where g = g ( a r "  + M.). 

j - -3 

E q u a t i o n  I2 .101 is  t h e  hologram exposure  e q u i v a l e n t  t o  t h e  ZPCI 

exposure  produced by t h e  s o u r c e  d i s t r i b u t i o n  i n  e q .  [ 2 . 7 ] .  Again,  e a c h  

E .  i n  e q .  t2.101 must  be m u l t i p l i e d  by a circ f u n c t i o n  t h a t  a c c o u n t s  f o r  
3 

t h e  f i n i t e  e x t e n t  of t h e  zone p l a t e .  The hologram e q u i v a l e n t  t o  t h e  

coded image of  a m u l t i - p o i n t  o b j e c t  w i l l  be c a l l e d  rEEH, f o r  m u l t i p l e  

e x p o s u r e  e q u i v a l e n t  hologram. 

Coup l ing  t h e  exposure  ( e i t h e r  e q .  12.81 o r  t2 .101)  w i t h  t h e  r e s p o n s e  

of  t h e  r e c o r d i n g  medium r e v e a l s  t h e  image f i e l d  j u s t  as i n  ho lography .  

Al so ,  n o i s e  s t u d i e s  i n  ho lography  c a n  be adap ted  t o  t h e  a n a l y s i s  o f  

n o i s e  i n  ZPCI. The remainder  of  t h i s  c h a p t e r  c o n c e n t r a t e s  on t h e  

e x p l o i t a t i o n  o f  t h e  e s t a b l i s h e d  e q u i v a l e n c e .  

2 .4 .3  L i n e a r  ZPCI 

The n e x t  few p a r a g r a p h s  i l l u s t r a t e  t h e  a p p l i c a t i o n  of t h e  MEEH 

a n a l y s i s  t o  " l i n e a r "  2x1. The a n a l y s i s  shows t h a t ,  even f o r  t h e  l i n e a r  

case, it is p o s s i b l e  t o  o b t a i n  images t h a t  a r e  n o t  f a i t h f u l  r e c o n s t r u c -  

t i o n s  o f  t h e  o b j e c t .  T h i s  i n f i d e l i t y  c a n  be r e l a t e d  t o  t h e  c o h e r e n c e  

p r o p e r t i e s  of t h e  r e c o n s t r u c t i o n  p r o c e s s .  

L i n e a r  ZPCI is d e f i n e d  as t h e  case i n  which t h e  coded image ex- 

h i b i t s  l i n e a r i t y  between r e c o r d i n g  e x p o s u r e  and r e c o n s t r u c t i o n  ampl i -  

t u d e  t r a n s m i t t a n c e  ( a s  p o i n t e d  o u t  ear l ie r ,  ZPCI is  n e v e r  l i n e a r ;  o n l y  
. .  - - 

t-E i s ) .  Thus t h e  coded image a m p l i t u d e  t r a n s m i t t a n c e  is g i v e n  by 



where y is a n o r m a l i z a t i o n  c o n s t a n t  d e f i n e d  such t h a t  0 t < 1. 
a - 

2 
= 111 4Cj. C l e a r l y ,  Y The r e c o n s t r u c t i o n  is  accomplished mathemati- 

j 
c a l l y  by m u l t i p l y i n g  t (r") by t h e  o r i g i n a l  r e f e r e n c e  wave, which is  a - 
a c o n s t a n t .  Eq. i2.111 d e f i n e s  t h e  f i e l d  j u s t  a f t e r  t h e  coded image 

i n  f i g .  2.5; t h e  f i e l d  c o n t a i n s  t h e  o r i g i n a l  r e c o r d i n g  i n f o r m a t i o n  

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

There  a r e  two i m p o r t a n t  p o i n t s  h e r e .  F i r s t ,  f o r  many t y p e s  of 

r a d i a t i o n ,  t h e  ampl i tude  t r a n s m i t t a n c e  of a f i l m  a f t e r  p r o c e s s i n g  is 

n o t  p r o p o r t i o n a l  t o  t h e  exposure .  F o r  example, f o r  x-rays ,  o p t i c a l  

d e n s i t y  is u s u a l l y  found t o  be l i n e a r  w i t h  exposure .  (26-28) Secondly ,  

t h e  f i e l d  is n o t  measurable ;  t h e  i r r a d i a n c e  is. Hence, t h e  c o h e r e n t  

n a t u r e  of t h e  decod ing  p r o c e s s  c a n  a f f e c t  t h e  image. 

Cons ide r  t h e  coded image of two p o i n t  s o u r c e s  which a r e  s e p a r a t e d  

by t h e  l a t e r a l  r e s o l u t i o n  d i s t a n c e  of t h e  zone p l a t e  sys tem i n  use .  

The r e c o n s t r u c t i o n  of t h i s  coded image w i l l  be a d o u b l e  peaked i r r a -  

d i a n c e  d i s t r i b u t i o n ,  b u t  t h e  d i s t a n c e  between t h e  peaks  w i l l  n o t  be 

t h e  same as t h e  t r u e  ( m a g n i f i e d )  d i s t a n c e  between t h e  two o r i g i n a l  

p o i n t s .  T h i s  image s h i f t i n g  p r o p e r t y  of ZPCI is independent  of t h e  

r e c o r d i n g  l i n e a r i t y ;  it is due  t o  t h e  f a c t  t h a t  t h e  image is t h e  

a b s o l u t e  s q u a r e  of t h e  sum of  t h e  complex a m p l i t u d e s  c o r r e s p o n d i n g  t o  

t h e  two s e p a r a t e  p o i n t  s o u r c e s  r a t h e r  t h a n  t h e  sum of t h e  s e p a r a t e  

i r r a d i a n c e s .  T h i s  p r o p e r t y  of c o h e r e n t  imaging sys tems  is  i l l u s t r a t e d  

i n  r e f e r e n c e  29. 

The two-point  o b j e c t  is n o t  t h e  o n l y  c a s e  i n  which c o h e r e n t  e f f e c t s  

c a u s e  image d i s t o r t i o n .  An edge  w i l l  be s h i f t e d  f rom its a c t u a l  posi -  

t i o n  i n  ZPCI. Edge s h i f t  i n  c o h e r e n t  optical sys tems  is  w e l l  known. ( 2 9 )  



2.4.4 Survey of Recording S t e p  D e t e c t o r s  

The p r i n c i p a l  a p p l i c a t i o n  of ZPCI is microscopy of x-ray and 

a - p a r t i c l e  e m i s s i o n s  f rom laser-produced plasmas.  (13948) The r e c o r d i n g  

medium and its response  t o  t h e  r a d i a t i o n  depend n o t  only  on t h e  r a d i a -  

tion b u t  on t h e  p r 0 ~ e S S i n g  s t e p s  p r i o r  t o  r e c o n s t r u c t i o n .  Hence, a 

d i s c u s s i o n  of t h e  v a r i o u s  d e t e c t i o n / p r o c e s s i n g  s c e n a r i o s  is i n  o r d e r .  

T r a d i t i o n a l l y  i n  photography,  t h e  r e s p o n s e  of f i l m  t o  r a d i a t i o n  

i s  d e s c r i b e d  by t h e  r e l a t i o n s h i p  between exposure  ( E )  and pos t -developed 

o p t i c a l  d e n s i t y  ( D l .  Ho lographers  p r e f e r  t o  work w i t h  t h e  t-E c u r v e  

o u t l i n e d  ear l ier  because  of t h e  c o h e r e n t  n a t u r e  of laser l i g h t .  F o r  

t h e  same r e a s o n ,  t h e  t-E c u r v e  is t h e  i m p o r t a n t  q u a n t i t y  i n  ZPCI. D 

and t a r e  r e l a t e d  by t h e  e q u a t i o n  t = exp[-1.15 Dl. 

The x - ray  r e s p o n s e  of s i l v e r  h a l i d e  emuls ions  depends  upon t h e  

ene rgy  of t h e  photons .  (26-28*30)   or s o f t  x- rays ,  f i l m  s e n s i t i v i t y  

c a n  v a r y  by a f a c t o r  of t e n  o v e r  a f a i r l y  small ene rgy  range  (1-8 k e v ) .  

F i g u r e  2.7 i l l u s t r a t e s  t h e  t -E c u r v e  f o r  two f i l m s  a t  a photon ene rgy  a 

of  4.95 kev.  The No S c r e e n  f i l m  e x h i b i t s  D-E l i n e a r i t y  a t  4.95 kev f o r  

D < 1.41,  a d e q u a t e  d e n s i t y  f o r  ZPCI. Thus,  ta = exp(-aE) f o r  No S c r e e n  

a t  4 .95 kev.  Recall, though,  t h a t  a v a r i e s  w i t h  photon ene rgy .  The 

RAR 2490 f i l m  i n  F i g u r e  2.7 c a n n o t  be d e s c r i b e d  by a n  o p e r a t i n g  c u r v e  

f o r  s o f t  x- rays .  An e m p e r i c a l  f u n c t i o n  d e s c r i b i n g  t h e  f i l m ' s  r e s p o n s e  

i n  t h e  0.5 - 8.0 keV r e g i o n  is: 

D = l o g  {l + a n t i l o g  [ A ( € )  l o g l O ~  + B(E)I}, 10  1 0  
12.121 

where A ( € )  and B ( E )  are energy-dependent  pa ramete r s .  Because of  its 

low g r a i n  d e n s i t y ,  RAR 2490 f i l m  is  n o t  a b l e  t o  s t o p  x-rays  more 

e n e r g e t i c  t h a n  a b o u t  8 kev.  

The h a r d  x-ray r e s p o n s e  ( ' 8  k e v )  of films i s  f a i r l y  s imple :  
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where  a is a s l o w l y  v a r y i n g  f u n c t i o n  of e n e r g y  (a v a r i e s  by a f a c t o r  

o f  t e n  between 8 kev and 100  kev)  . Eq. [ 2 .I31 was used by C e g l i o  (11) 

i n  h i s  n o n l i n e a r i t y  s t u d i e s .  Both e q u a t i o n s  p r e s e n t e d  above imply  a 

n o n l i n e a r  t -E behav io r .  However, t h e  spec t rum of r e c o r d e d  x-rays  i n  

l a s e r  f u s i o n  i s  n e v e r  mono-energetic ,  and t h e  f i l m  c a n  be expec ted  t o  

e x h i b i t  a r e s p o n s e  t h a t  v a r i e s  w i t h  t h e  spect rum.  T h i s  d o e s  n o t  e x c l u d e  

even  a l i n e a r  t - E  r e sponse ,  e v i d e n c e  f o r  which w i l l  be p r e s e n t e d  i n  

t h e  e x p e r i m e n t a l  s e c t i o n .  

The a - p a r t i c l e s  i n  laser f u s i o n  s t u d i e s  have  e n e r g i e s  i n  t h e  r a n g e  

of 3-4 MeV and c a n  be r e c o r d e d  w i t h  t r a c k  d e t e c t o r s ,  s u c h  as c e l l u l o s e  

n i t r a t e .  Damage s i tes  i n  t h e  m o l e c u l a r  s t r u c t u r e  of  a d e t e c t o r  are 

produced a l o n g  t h e  p a t h  o f  a p a r t i c l e  t r a v e l l i n g  t h r o u g h  t h e  medium. 

Subsequen t  immersion of t h e  medium i n  a n  e t c h a n t  ( t y p i c a l l y  a n  a l k y l i n e  

s o l u t i o n )  r e s u l t s  i n  a n  e t c h  rate  a l o n g  t h e  p a r t i c l e  p a t h  s i g n i f i c a n t l y  

g r e a t e r  t h a n  t h e  ( b u l k )  e t c h  rate of  t h e  undamaged medium. I f  t h e  

d e t e c t o r  is  t h i n  enough, t h i s  "development1' p r o c e s s  c a n  p roduce  h o l e s  

t h r o u g h  t h e  medium c o i n c i d e n t  w i t h  t h e  p a r t i c l e  p a t h s .  

A coded image r e c o r d e d  on a t r a c k  d e t e c t o r  may be c o n t a c t - c o p i e d  

o n t o  a p h o t o g r a p h i c  f i l m .  T h i s  r e q u i r e s  t h i n ,  opaque t r a c k  d e t e c t o r s  

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

copy ing .  C e l l u l o s e  n i t r a t e  a b s o r b s  g r e e n  l i g h t  and t h u s  c a n  be c o p i e d  

.wi th  it. O t h e r  d e t e c t o r s ,  s u c h  as CR-39 (a p o l y c a r b o n a t e ) ,  are clear; 

a way t o  copy s u c h  d e t e c t o r s  would be t o  f l a s h  a t h i n  metal c o a t i n g  

( e . g .  aluminum) o n t o  t h e  s u r f a c e  b e f o r e  copy ing ,  t h e r e b y  p roduc ing  

h o l e s  i n  a n  opaque medium. - 
Copying t h e  coded image permits v e r s a t i l e  f i l m  p r o c e s s i n g .  The 



l i g h t  f l u x  p a s s i n g  through t h e  medium is p r o p o r t i o n a l  t o  t h e  recorded 

p a r t i c l e  f l u x .  Using v i s i b l e  l i g h t  i n  copying a l l o w s  c o n t r o l  of 

l i n e a r i t y ,  j u s t  a s  i n  holography. The t-E curve  f o r  v i s i b l e  l i g h t  

u s u a l l y  e x h i b i t s  a  s t r o n g  q u a d r a t i c  n o n l i n e a r i t y  a long  w i t h  a  much 

weaker c u b i c  c o n t r i b u t i o n .  A polynomial approximation t o  t h e  t-E 

c u r v e  f o r  Kodak 649-F holograph ic  p l a t e  is ( 3 1 )  

- 3  -3 2  -6 3  
t = 0.92 - 0.575 10 E  - 0.137 1 0  E + 0.735 10 E , [2.14] 

where E is i n  u n i t s  of m i c r o j o u l e s  per s q u a r e  c e n t i m e t e r .  

Whatever t h e  method of  d e t e c t i o n ,  s i l v e r  g r a i n  emulsion is  gener- 

a l l y  used a s  t h e  r e c o n s t r u c t i o n  mask. The d i f f r a c t i o n  e f f i c i e n c y  of 

t h e  mask can be i n c r e a s e d  by b leach ing  t h e  emuls ion a s  is done i n  

holography. Bleaching c o n v e r t s  t h e  o p t i c a l l y  dense  s i l v e r  t o  t r a n s -  

p a r e n t  s i l v e r  h a l i d e .  Chang and George ( 38 ) used t h e  Lorentz-Lorenz 

e q u a t i o n  t o  c a l c u l a t e  t h e  d i e l e c t r i c  c o n s t a n t  E of an emulsion of t i n y  

s i l v e r  h a l i d e  p a r t i c l e s  of d i e l e c t r i c  c o n s t a n t  E embedded i n  a  g e l a t i n  2  

of d i e l e c t r i c  c o n s t a n t  E w i t h  v o l u m e t r i c  f i l l  f r a c t i o n  f :  1 

Lamberts ( 3 7 )  showed t h a t  t h e r e  e x i s t s  a reasonab ly  l i n e a r  r e l a t i o n s h i p  

between prebleached o p t i c a l  d e n s i t y  and post-bleached o p t i c a l  p a t h  

l e n g t h  f o r  emuls ions  i n  which t h e  exposure  is n o t  ex t remely  h i g h  and 

t h e  emulsion t h i c k n e s s  is  c o n s t a n t .  I t  is t h u s  r e a s o n a b l e  t o  e x p e c t  

a l i n e a r  r e l a t i o n s h i p  between exposure  and post-bleached o p t i c a l  p a t h  

f o r  b leached hard  x-ray coded images. The complex t r a n s m i t t a n c e  is t h e n  

where t i s  a  c o n s t a n t  l e s s  t h a n  o r  e q u a l  t o  u n i t y .  
0 



T h i s  s h o r t  s u r v e y  h a s  n o t  f u l l y  a d d r e s s e d  t h e  b e h a v i o r  o f  f i l m s ,  

b u t  i t  h a s  i n t r o d u c e d  t h e  r e l e v a n t  t-E r e s p o n s e  f u n c t i o n s .  O t h e r  

a s p e c t s  of f i l m  r e s p o n s e  a r e  e x p l o r e d  as t h e  need arises. 

2 .4 .5  Non l inea r  ZPCI 

The r e s u l t s  of S e c t i o n  2.4.4 imply  t h e  need f o r  a s t u d y  of  non- 

l i n e a r  ZPCI. A s  a l r e a d y  mentioned,  C e g l i o  (11) a n a l y z e d  t h e  f i r s t - o r d e r  

image i n  n o n l i n e a r  ZPCI and conc luded  t h a t  s o u r c e  e m i s s i o n  c o n t o u r s  

a r e  p r e s e r v e d  i n  t h e  image. However, h i s  a n a l y s i s  is incomple te .  A 

tho rough  s t u d y  of n o n l i n e a r  ZPCI must a n a l y z e  a l l  n o n l i n e a r i t i e s  and 

images .  

The t r e a t m e n t  h e r e  p roceeds  as f o l l o w s .  The r e s p o n s e s  o f  two 

i m p o r t a n t  d e t e c t o r s  are ana lyzed ,  and t h e  magnitude of  any a r t i f a c t  is 

e a s i l y  found.  I t  is shown t h a t  even-order  a r t i f a c t s  p r o v i d e  i n f o r -  

m a t i o n  abou t  odd-order image f i d e l i t y ,  making q u a n t i t a t i v e  n o n l i n e a r  

ZPCI p o s s i b l e  i n  p r i n c i p l e .  However, a real is t ic  p a r a m e t r i c  d e s c r i p  

t i o n  i s  n o t  p r e c i s e ,  and a s e c t i o n  is  d e v o t e d  t o  a d i s c u s s i o n  of 

t h e  p r a c t i c a l  a s p e c t s  o f  ZPCI,  e s p e c i a l l y  F r e s n e l  d i f f r a c t i o n  i n  t h e  

r e c o r d i n g  s t e p .  The r e s u l t s  o f  t h i s  s t u d y  serve as groundwork f o r  

much o f  t h e  c h a p t e r  o n  o p t i m i z a t i o n .  

2 .4 .5 .1  A b s o r p t i o n  R e c o n s t r u c t i o n s  

A b s o r p t i o n  r e c o n s t r u c t i o n  masks are produced by two methods,  

(1) p r o c e s s i n g  of  d i r e c t  x-ray r e c o r d i n g s  and ( 2 )  p r o c e s s i n g  v i s i b l e  

l i g h t  c o p i e s  o f  t r a c k  d e t e c t o r  r e c o r d i n g s .  E q u a t i o n s  [2 .13 ]  and [2.14] 

are t h e r e f o r e  i m p o r t a n t .  E q u a t i o n  [2.13] is  t h e  more complex o f  t h e  

two,  s o  a n a l y s i s  of  it w i l l  i l l u s t r a t e  t h e  g e n e r a l  p rocedure :  

ta = to exp(-1.15 O E )  . [ 2 . I31  



R e c a l l  t h e  ZPCI exposure  f o r  a mul t i -po in t  o b j e c t :  

A g e n e r a l  e x p r e s s i o n  f o r  t h e  t-E r e l a t i o n s h i p  (assuming a c h a c t e r -  

i s t i c  c u r v e  can  be a p p l i e d  h e r e )  c a n  be w r i t t e n  

where t h e  ak a r e  expansion c o e f f i c i e n t s .  I f  t-E is of t h e  same form 

a s  eq .  [2 .131,  t h e n  

where D = a E .  F o r  example, f o r  E i n  photons  p e r  s q u a r e  micron,  a t  

8 kev energy  No Screen  f i l m  e x h i b i t s  a e q u a l  t o  a b o u t  one d e n s i t y  

u n i t  p e r  photon p e r  s q u a r e  micron. E q u a t i o n  12.171 becomes 

I n  o r d e r  t o  expand t h e  sum o v e r  j, it is n e c e s s a r y  t o  assume t h a t  

t h e  o b j e c t  h a s  a d e f i n i t e  number of p o i n t s ,  s a y  N. Employing t h e  

mul t inomia l  expans ion  fo rmula  y i e l d s  

where E = 4 ~ :  ( $  + :(arm + W .  1) and t h e  sum deno ted  by 
j - -3 

j 
is t a k e n  o v e r  a l l  nonnega t ive  i n t e g e r s  k k2, ..., kN for  which 

k + k2 + ..* 
1 

+ kN = k. Eq. [2.181 is t h e  g e n e r a l i z e d  n o n l i n e a r  t-E 

t h  
e q u a t i o n  f o r  D-E l i n e a r i t y .  E .  is t h e  j-- po in t -exposure  . 

3 

Equa t ion  12.183 is  e a s i l y  ana lyzed .  Note t h a t  c a n  be s t u d i e d  
T 



m 

f o r  one  v a l u e  o f  k a t  a t ime ,  i . e .  c a n  be s t u d i e d  term by term. 

k 
k=0 

k 1 h a s  N terms, N of  which are o f  t h e  form (E . ) /k! . F o r  a g i v e n  k, 
7 3 

1 ' - k  1 - k 2 k  1 - 
NOW, s i n c e  ( 7 + g j )  = 7 + g j ,  t h e n  E~ = 4 C ( 7 + g j ) .  j j 

Thus, a n o n l i n e a r i t y  w i l l  g e n e r a t e  some terms which are image terms. 

The d . c .  t e r m  i n  e q .  [2 .18 ]  is  

The l i n e a r  ( image)  term i s  

S i n c e  f o r  e a c h  v a l u e  of k, t h e r e  a r e  N image terms, t h e s e  t e r m s  c a n  

be i n c o r p o r a t e d  i n t o  t h e  p r i m a r y  t r a n s m i t t a n c e  e x p r e s s i o n :  

OD 
(-4.60) 

= k! t l  p r imary  k=l 
j =1 

1-k t h  
A f r a c t i o n  o f  a b o u t  N o f  t h e  a m p l i t u d e  i n  the k- o r d e r  n o n l i n e a r i t y  

is image c o n t r i b u t i o n ,  which is d i v i d e d  between the ( e q u i v a l e n t )  

r e f e r e n c e  and o b j e c t  waves d e r i v e d  i n  t h e  e q u i v a l e n t  hologram a n a l y s i s .  

Most o f  t h e  image f l u x  i s  due  t o  t h e  l i n e a r  t r a n s m i t t a n c e  t e r m  because  

t h e  c o e f f i c i e n t s  i n  t h e  series f o r  t (r") d e c r e a s e  q u i c k l y  f o r  l a r g e  a - 
k ( f o r  l i n e a r  D =.El. 

A r t i f a c t  c o n t r i b u t i o n s  ar ise f rom a l l  terms i n  12.183 that  are 

n o t  i n  eq .  12.201, Some p o i n t s  o f  i n t e r e s t ,  o u t l i n e d  by C e g l i o ,  are: 

k .  
(1) A r t i f a c t s  w i t h  an  even number o f  t h e  (E.) 3 as f a c t o r s  w i l l  f o c u s  

3 

i n t o  t h e  even  o r d e r s  and i n  p r i n c i p l e  w i l l  n o t  h i n d e r  t h e  images  

(wh ich  f a l l  i n  odd o r d e r s ) .  C e g l i o  c a l l s  t h e s e  "even p o i n t  c o r r e l a t i o n s . "  



( 2 )  ~ l l  a r t i f a c t s  have coeff ic ients  reduced by the k-exponent and 

the f ac to r i a l s  i n  eq. 12.181. Hence, even the odd-point correlations, 

which focus i n  odd orders, are reduced i n  importance re la t ive  t o  

t h e i r  primary image counterparts. 

( 3 )  When a r t i f a c t s  a r i se ,  phase e f fec t s  occur which can degrade the 

image. Ceglio s t a t e s  tha t  phase e f f ec t s  w i l l  be a defocussed back- 

ground contribution, but t h i s  is  not so for  multi-point correlations 

i n  which a r t i f a c t s  can focus i n  image orders. 

( 4 )  The strength of a r t i f a c t s  is  dependent upon the amount of overlap 

of the contributing zone plates.  [However, i f  the object s i ze  i n  ZPCI 

i s  res t r ic ted  t o  be small compared with the zone plate,  and a substan- 

t i a l  number of zones is  assumed, say 25, then the overlap area of a 

two-point moire is  about half the open area of the zone plate .  This 

approximation i s  correct  fo r  a l l  k. Hence, for  small objects, the 

degree of nonlinearity i n  the recording i s  the fac tor  t ha t  determines 

the strength of the moire effects . ]  

High order a r t i f a c t s  have amplitude transmittance contributions 

t ha t  decrease i n  a way elucidated by rewriting eq. [2.18] as  

Eq. [2.18a] indicates tha t  f o r  a high order a r t i f a c t ,  the product of 

the k . * s  can be l e s s  than k, so the f ac to r i a l  does not always decrease 
3 

an a r t i f a c t  more than i t s  image counterpart. However, the coefficient 

w i l l  decrease because of the C . * s. 
3 



Ceglio intended t o  show tha t  a r t i f a c t s  are greatly reduced i n  

importance re la t ive  t o  the f i r s t  order image. However, he neglected 

several  factors .  Imperfect shadowcasting i n  the recording s tep  

causes each E . ( c )  t o  contain even as well as odd-order coefficients.  
3 

T h u s ,  even-point correlations can focus in  odd orders and degrade 

images (see Section 2 . 4 . 5 . 4 ) .  Also, sharp contours i n  the  object 

can produce strong a r t i f ac t s  (Section 2 . 4 . 5 . 3 ) .  Finally,  the strongest 

a r t i f a c t  is the l inear grating produced by the wer l ap  of two zone 

plates .  ( 32-34) It affects  a l l  orders because it d i f f r ac t s  l ight  out 

of the image wave. Figures 2.8 and 2 .9  show the moire patterns f o r  

two overlapping zone plates a t  different  separations. 

The l inear  grating can be traced t o  the cross terms in  the 

summation over the k .  in  equation t2.18al. Consider the two-point 
3 

object given by f t r )  - = 6(; - El) + 6 ( ;  - R 2 ) .  Equation I2.18al w i l l  

have the form 

- 1 1 - exp - n n = a  I 

odd odd 
1 

The dominant terms i n  t h i s  '"cross-sum1' are those in  which m and n 

a re  small, say fl, and fo r  which the a r t i f a c t s  strongly affect  the 

region of i n t e re s t  i n  the Fresnel f i e l d .  For moire zone plates ,  the 

focal distance is given by 

while fo r  the rea l  images the focal distance is 



Figure 2.8 Moire Pattern of Two Closely Spaced 
Overlapping Zone Plates 

Figure 2.9 Moire Pattern of Two Overlapping Zone Plates 
with Large Separation 



where p  i s  t h e  r econs t ruc t ed  image o rde r .  Since m,  n,  and p  are a l l  

odd, then  dM # d I ,  and t h e  i n t e r f e r e n c e  of moire a r t i f a c t s  w i th  

images should be minimal. Consider ,  however, t h e  c a s e  f o r  which 

m = -n: he r e ,  dM = - ,  and t h e  a r t i f a c t  does  no t  f ocus .  Then, f o r  

= -R ( t h i s  i s  f o r  s i m p l i c i t y ,  but  g e n e r a l i t y  is no t  l o s t ) ,  t h e  R-2 -1 

terms of i n t e r e s t  a r e  

1 1 - i R m  i aroO + 2] - exp [--r (aro0 - %I] 
( -4 

For  a  g iven  m, equa t ion  [2.22] r e p r e s e n t s  a l i n e a r  g r a t i n g  w i th  

g r a t i n g  v e c t o r  p a r a l l e l  t o  t h e  l i n e  j o in ing  t h e  two o b j e c t  p o i n t s  

2  2  
and having pe r i od  L = r / ( 4 a  Rim). I f  m = 1, t h e  g r a t i n g  is q u i t e  

1 

s t r o n g  r e l a t i v e  t o  .the o t h e r  moire e f f e c t s  and w i l l  degrade a l l  

images because it a c t s  t o  d i f f r a c t  l i g h t  o u t  of t h e  image wave. I f  

t h e  g r a t i n g  i s  a  f a c t o r  i n  a t h i rd -o rde r  n o n l i n e a r i t y  ( i . e .  equa t i on  

[2.221 would be m u l t i p l i e d  by an E i n  [ 2 . 1 8 ] ) ,  it cause s  t h e  con- 
j 

s t r u c t i o n  of an  "image" l a t e r a l l y  s h i f t e d  r e l a t i v e  t o  t h e  a c t u a l  image. 

T h i s  e f f e c t  is i l l u s t r a t e d  i n  F igu re  2.10; only t h e  image wave and t h e  

f i r s t  n o n l i n e a r l y  d i f f r a c t e d  o r d e r s  a r e  shown ( i . e .  m = 1). The 

s h i f t  of t h e s e  "moire image waves" from t h e  real image wave is g iven  by 

where x is t h e  d i sp lacement ,  z is t h e  axial d i s t a n c e  i n t o  t h e  F r e s n e l  

f i e l d  from t h e  mask, L is t h e  moire g r a t i n g  pe r i od ,  and X is t h e  

r e c o n s t r u c t i o n  wavelength-. 
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The t h i r d - o r d e r  n o n l i n e a r  a r t i f a c t  c o n t r i b u t i o n  j u s t  ment ioned 

w i l l  be reduced  i n  impor tance  r e l a t i v e  t o  t h e  r e a l  image because  of  

t h e  C  . 's i n  e q u a t i o n  [2 .18 ]  . Second o r d e r  a r t i f a c t s  a r e  s t r o n g e r ,  
3 

b u t  t h e i r  impor t ance  must be measureable  on t h e  r e c o n s t r u c t i o n  bench 

i f  d e t e r m i n i s t i c  d e g r a d a t i o n  i s  t o  be c o m p l e t e l y  c h a r a c t e r i z e d .  T h i s  

t o p i c  is d i s c u s s e d  i n  d e t a i l  i n  C h a p t e r s  III and Iv, and methods f o r  

d e t e r m i n i n g  a r t i f a c t  impor t ance  are p r e s e n t e d .  

Only t h e  moi re  e f f e c t s  f o r  a two-point  o b j e c t  have  been d i s c u s s e d .  

F o r  a m u l t i - p o i n t  o b j e c t ,  t h e  moire  e f f e c t s  w i l l  compete f o r  t h e  

a v a i l a b l e  r e c o n s t r u c t i o n  f l u x  j u s t  as t h e  v a r i o u s  p o i n t  coded images 

w i l l .  Hence, d i f f r a c t i o n  e f f i c i e n c y  i n t o  any  one  a r t i f a c t  p o i n t  o r  

d i s p l a c e m e n t  w i l l  v a r y  s t r o n g l y  w i t h  o b j e c t  s i z e .  T h i s  t o p i c  is 

d i s c u s s e d  i n  S e c t i o n  2.4.5.3.  

2.4.5.2 Phase  R e c o n s t r u c t i o n s  

One of t h e  drawbacks of ZFCI  is t h e  low d i f f r a c t i o n  e f f i c i e n c y  

o f  t h e  F r e s n e l  zone  p l a t e ,  which f o c u s s e s  o n l y  10% of t h e  f l u x  f rom 

a  c o l l i m a t e d  laser i n t o  t h e  f i r s t  o r d e r .  The r ema in ing  f l u x  is 

f o c u s s e d  i n  o t h e r  r e a l  o r d e r s ,  d i v e r g e d  (as f rom v i r t u a l  f o c i ) ,  o r  

j u s t  passed  t h r o u g h  t h e  s y s t e m  a s  d . c .  f l u x .  One way t o  i n c r e a s e  

d i f f r a c t i o n  e f f i c i e n c y  is t o  c o n v e r t  t h e  zone p l a t e  f rom a n  a m p l i t u d e  

t o  a phase  modu la t ion  d e v i c e .  Phase  zone  p l a t e s  c a n  be f o u r  times 

a s  e f f i c i e n t  i n  f o c a l  i r r a d i a n c e  as a b s o r p t i o n  zone  p l a t e s .  A coded 

image t h a t  is b leached  ( h e n c e f o r t h  c a l l e d  a phase  coded image) c a n  

be expec ted  t o  have  b r i g h t e r  images t h a t  a n  unb leached  one,  j u s t  as 

i n  holography.  
- .  

Bleached holograms s u f f e r  f rom what  is  k n w n  as p h a s e  n o i s e ,  (351 



which is n o n l i n e a r i t y  f o r  phase t r a n s m i t t a n c e .  Phase no i se  is  due 

t o  t h e  s e l f - i n t e r f e r e n c e  of t h e  o b j e c t  wave i n  t h e  n o n l i n e a r  t e rms  

o f  t h e  t-E f i l m  f u n c t i o n .  Cons ider  a hologram exposed a s  f o l l m s :  

where ~ ( x ) ,  u R ( x ) ,  and U ( x )  a r e  t h e  hologram p lane  v a l u e s  of t h e  
0 

t o t a l  exposure  and complex r e f e r e n c e  and o b j e c t  ampl i tudes ,  r espec-  

t i v e l y .  Assume t h e  hologram is processed  such  t h a t  t ( ~ )  = exp[ iYE(x) ] ,  

where Y is a  p r o p o r t i o n a l i t y  c o n s t a n t .  Expanding t h e  exponen t ia l  

and grouping terms y i e l d s  

o r d e r  \, i - - y 3  u*3u + ... 
6 0 R 

2 
Note t h a t  t h e  f i r s t  o r d e r  images c o n t a i n  terms t h a t  have ( U  I as 

0 

a f a c t o r ;  t h e  o b j e c t  s t r u c t u r e  w i l l  a f f e c t  t h e  image f i d e l i t y .  A 

p o i n t  o b j e c t  cannot  s u f f e r  from phase n o i s e .  The SNR, (36) t o  second 



2 
o r d e r  ( n e g l e c t i n g  1 URl  , f o r  t h e  primary image is 

2 
y ( i  - luRl 1 - - -i 

SNR = + K  9 2 2 Y 

where deno t e s  s p a t i a l  average and K is t h e  beam balance r a t i o .  

C a l l  E~ = I uR1 2 + < I u0l > t h e  t o t a l  average exposure.  Then 

SNR i n c r e a s e s  w i th  beam ba lance  r a t i o  K,  bu t  d i f f r a c t i o n  e f f i c i e n c y  

is  high when K is smal l .  Hence, phase holograms s u f f e r  i n t r i n s i c l y  

from no i s e .  

According t o  d e f i n i t i o n s  a l r e ady  e s t a b l i s h e d ,  t h e  phase n o i s e  is 

n o t  no i s e  a t  a l l ,  but  r a t h e r  d e t e r m i n i s t i c  image degrada t ion .  T h i s  

s e l f - i n t e r f e r e n c e  o r  in te rmodula t ion  phenomenon occurs  i n  a l l  holograms 

f o r  which t - v s  E is non l i nea r .  Thus, t h e  g a i n  i n  d i f f r a c t i o n  

e f f i c i e n c y  a f f o r d e d  by b leach ing  may be accompanied by a dec r ea se  i n  

image f i d e l i t y .  

The preceed ing  s t a t emen t s  can  be extended t o  account  f o r  t h e  c a s e  

of ZPCI.  The t r e a tmen t  proceeds  as fo l l ows .  The SEEH w i t h  t-E g iven  

by equa t i on  [2.161 is analyzed and shown t o  s u f f e r  no i n t e rmodu la t i on  

d i s t o r t i o n  f o r  c e r t a i n  cases. The ex t ens ion  t o  t h e  MEEH p rov ide s  a 

comparison w i t h  t h e  g e n e r a l i z e d  non l i nea r  ab so rp t i on  coded image and 

serves t o  f u r t h e r  punc tua te  t h e  concept  of  d e t e r m i n i s t i c  image degra-  

d a t i o n .  

Consider  t h e  c a s e  f o r  which E ( r W )  - is t h e  SEEH. Then 

t (r") = toexp( i$  ) = t o e x p ( i y E )  
P - 

2 = toexp[ 2iyC1 ( 1 + 2 5  1 I .  1 



The optimum d i f f r a c t i o n  e f f i c i e n c y  o c c u r s  f o r  @ having a minimum 

2 v a l u e  of z e r o  and maximum of n.  S i n c e  Emx= 4c12 , t h e n  Y = n/4C1. 

F o r  C1 = 7, Y = n ,  and 

i n  
t = t o e x p (  T exp(  i n G  1 ) .  i2.281 

P 

The p r e v i o u s l y  mentioned p r o p e r t i e s  of g can be used w i t h  a l g e b r a i c  

manipu la t ion  t o  y i e l d  

- 
t = 2 t o g l .  i2.291 

P 

R e c a l l  t h e  e x p r e s s i o n  f o r  t h e  optimum a b s o r p t i o n  SEEH: 

The phase  t r a n s m i t t a n c e  f u n c t i o n  of i2.291 d i f f r a c t s  a l l  t h e  t r a n s -  

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

d i f f r a c t s  o n l y  h a l f  t h e  ampl i tude  i n t o  t h e  image. Hence, f o u r  t i m e s  

as much s i g n a l  f l u x  is  a v a i l a b l e  i n  t h e  phase case as i n  t h e  a b s o r p t i o n  

c a s e .  

The i d e a l  SEEH c o n t a i n s  a n  o b j e c t  w i t h  an  i n f i n i t e  number of 

p o i n t s .  I t  is e a s y  t o  see, though, t h a t  1 uol is a c o n s t a n t  f o r  t h e  

SEEH, r e n d e r i n g  it f r e e  of i n t e r m o d u l a t i o n  d e g r a d a t i o n .  T h i s  f a c t  

i s  independent  of t h e  n o n l i n e a r i t y ,  and it l e a d s  t o  a n  i n t e r e s t i n g  

concept :  i f  a coded image (be  it hologram o r  o t h e r w i s e )  h a s  a 

b i n a r y  exposure  d i s t r i b u t i o n ,  it can be p rocessed  f r e e  of intermodu- 

l a t i o n  d i s t o r t i o n .  The SEEH example i l l u s t r a t e s  t h e  power of s p a t i a l l y  

redundant  i n f o r m a t i o n  s t o r a g e :  a l a r g e  number of o b j e c t  p o i n t s  can  

be encoded i n t o  o n l y  two g r a y  l e v e l s .  

The c a s e  of phase  r e c o n s t r u c t i o n  can  be extended t o  complex 

o b j e c t s  by c o n s i d e r i n g  a g a i n  t h a t  t h e  exposure  f u n c t i o n  a t  t h e  f i l m  

i n  t h e  r e c o r d i n g  s t e p  i s  g i v e n  by e q u a t i o n  [2.10]: 



The t-E f u n c t i o n  can  be w r i t t e n  f o r  phase t r an smi t t ance  as 

2 1 -  t = t exp ( i ~  1 4~ ( 3 + g j )  1 .  
P 0 

j 
j 

T h i s  can be r e w r i t t e n  f o r  t h e  ca se  of optimum use  of t h e  phase 

t r a n s m i t t a n c e  by l e t t i n g  t h e  maximum phase be n, t h e  minimum zero.  

Then 

where t h e  d e f i n i t i o n s  fo l l owing  equa t i on  12.181 ho ld .  Equat ion f2.331 

i s  t h e  phase t r a n s m i t t a n c e  f o r  a g e n e r a l  o b j e c t  of N p o i n t s .  Eqs. 

12.181 and l2.331 are i d e n t i c a l  excep t  t h a t  a l t e r n a t e  terms of [2.33] 

change phase due t o  t h e  prescence of t h e  i i n  t h e  sum over k .  If 

a i n  equa t i on  t2.181 is made complex, t h e n  [2.181 d e s c r i b e s  both 

phase and ampli tude t r an smi t t ance .  A s  i n  12.181, f o r  each k i n  

k k 
[2 .33] ,  ha s  N terms, N of which have t h e  form ( E . )  /k! and a r e  

j 
3 

image terms. 

The pr imary image term f o r  k = 1 is 

The pr imary image term f o r  a l l  k is 

CO k 
( i n  1 N 

t l  2k 1 - 
0 1 2 k  1 C j  ( i + g j ) .  [2.34b1 

' p r ima ry  k = l  (1 4cj1)  k! j-1 
i 1 

The image c o n t r i b u t i o n  from t h e  n o n l i n e a r  terms is complicated by 



t h e  phase  r e l a t i o n s h i p s  between t h e  v a r i o u s  terms. The image f i e l d  

h a s  real and imaginary components, compl ica t ing  t h e  f r r a d i a n c e  d i s t -  

r i b u t i o n ,  and phase  e f f e c t s  c a u s e  problems similar t o  t h o s e  i n  t h e  

image e x p r e s s i o n  of e q u a t i o n  1 2 . 2 0 ~ 1 .  These e f f e c t s  can  degrade  t h e  

image by lower ing  i ts  ampl i tude .  A l l  p r e v i o u s  s t a t e m e n t s  concerning 

a r t i f a c t s  a p p l y  h e r e  as w e l l .  

The f l u x  t r a n s m i t t a n c e  of t h e  bleached coded image i s  always 

h i g h e r  t h a n  t h a t  of t h e  unbleached one.  Hence, t h e  phase  recons t ruc-  

t i o n  w i l l  y i e l d  a b r i g h t e r  image t h a n  t h e  a b s o r p t i o n  one, w i t h  t h e  

a t t e n d e n t  d e t e r m i n i s t i c  image d e g r a d a t i o n  of commensurate importance.  

I f  t h e  fo rmat ion  o f  a r t i f a c t s  is  t h e  s t r o n g e s t  image d e g r a d a t i o n  f o r  

t h e  a b s o r p t i o n  c a s e ,  b leach ing  w i l l  p r o v i d e  no g a i n  i n  image f i d e l i t y .  

However, i f  t h e  dominant d e g r a d a t i o n  mechanism is one t h a t  d o e s  n o t  

i n c r e a s e  w i t h  t o t a l  f l u x  t r a n s m i t t a n c e  of t h e  r e c o n s t r u c t i o n  mask, 

t h e n  b leach ing  can i n c r e a s e  image f i d e l i t y  over  a n o n l i n e a r  a b s o r p t i o n  

coded image. I f  t h e  a b s o r p t i o n  mask i s  l i n e a r l y  recorded ,  t h e  e f f e c t  

o f  b leach ing  depends on t h e  i n f o r m a t i o n  c o n t e n t  of t h e  o b j e c t ,  which 

w i l l  now be addressed .  

2.4.5.3 A r t i f  a c t  Formation 

Only one- and two-point o b j e c t s  have been c o n s i d e r e d  s o  f a r .  

L a r g e r  o b j e c t s  c a n  be s t u d i e d  by r e w r i t i n g  e q u a t i o n  12.171 as 

where t h e  n o t a t i o n  is t h a t  f o l l o w i n g  e q u a t i o n  12.18al .  Le t  a l l  N 

k 
o b j e c t  p o i n t s  have e q u a l  s t r e n g t h .  F o r  any k, h a s  N terms, where k 

k - j 
E. 3 i s  cons idered  a s i n g l e  term. Assume t h e  optimum t r a n s m i t t a n c e  

3 



modulat ion i s  always ach ieved ;  t h e  t r a n s m i t t a n c e  a v a i l a b l e  f o r  a n  

a r b i t r a r y  i n t e r m o d u l a t i o n  o r d e r  i n  t h e  t-E polynomial is c o n s t a n t .  

k  
The ampl i tude  is  d i v i d e d  e q u a l l y  among N terms, and t h e  r e l a t i v e  

t h  
d i f f r a c t i o n  e f f i c i e n c y  f o r  a  k- o r d e r  p o i n t  i s  a2N-2k/22k. 

k  

For  N = 1 ( t h e  image) ,  t h e  r e l a t i v e  e f f i c i e n c y  of imaging due  

2  2  
t o  a p o i n t  is  a l /  4N , and t h e  t o t a l  r e l a t i v e  image f l u x  i s  

2  2  -k 2-2k a1 / 4 N .  The r e l a t i v e  f l u x  i n t o  t h e  k* o r d e r  is  a k  N . 
Hence, a r t i f a c t  e f f i c i e n c i e s  d e c r e a s e  more q u i c k l y  w i t h  i n c r e a s i n g  

o b j e c t  s i z e  t h a n  does  image e f f i c i e n c y .  The r a t i o  o f  image e f f i c i e n c y  

t o  kLh o r d e r  a r t i f a c t  e f f i c i e n c y  i s  

I n  S e c t i o n  3.4.1, t h e  a  f o r  Kodak RAI? 2491 f i l m ,  a s t a n d a r d  x-ray k  

d e t e c t o r  i n  l a s e r  f u s i o n ,  a r e  found t o  be a  = 0.92, al  = 0.243, 
0 

a  = 0.0475, and a 3  = 0.0035 ( t h e s e  v a l u e s  a r e  on ly  v a l i d  under  2  

c e r t a i n  s p e c i f i e d  c o n d i t i o n s  and shou ld  n o t  be cons idered  u s e f u l  

o t h e r w i s e ) .  Even f o r  a tw9-point  o b j e c t ,  rl / r l  > 200. 
1 2  

t h  
Le t  An be t h e  e f f i c i e n c y  o f  a s i n g l e  p o i n t  i n  t h e  k- n o n l i n e a r  

k 

o r d e r .  I f  a l l  p o i n t s  a r e  n o t  t h e  same s t r e n g t h ,  Anl/Ank can be 

small. Suppose t h a t  f o r  a two-point o b j e c t ,  one p o i n t  emits 91% of 

t h e  to ta l  s o u r c e  f l u x .  One k=2 a r t i f a c t  is about  80% a s  s t r o n g  as 

t h e  weaker o f  t h e  two image p o i n t s .  T h i s  r e s u l t  can  be extended t o  

l a r g e r  o b j e c t s :  marked c o n t o u r s  i n  a n  o b j e c t  r e s u l t  i n  peaks  i n  t h e  

i n t e r m o d u l a t i o n  d i s t o r t i o n  which can produce s i g n i f i c a n t  d e g r a d a t i o n .  

I n  a n  extended o b j e c t ,  a g r a i n y  appearance might be observed as a  



r e s u l t  of i n t e r m o d u l a t i o n  e f f e c t s .  

2.4.5.4 Comments on t h e  F e a s i b i l i t y  of Q u a n t i t a t i v e  Nonl inear  ZPCI 

The p receed ing  comments p o i n t  t o  a p o t e n t i a l l y  i n t e r e s t i n g  

i s s u e .  I f  t h e  odd o r d e r s  of r e c o n s t r u c t i o n  c o n t a i n  images and c o r r e -  

l a t i o n  d e g r a d a t i o n s ,  and t h e  even o r d e r s  c o n t a i n  o n l y  c o r r e l a t i o n  

e f f e c t s ,  t h e n  it might be p o s s i b l e  t o  q u a n t i f y  t h e  d e t e r m i n i s t i c  

image d e g r a d a t i o n  by comparing t h e  i r r a d i a n c e s  f o r  t h e  v a r i o u s  

r e c o n s t r u c t e d  o r d e r s .  Such a scheme would i n v o l v e  some assumptions  

a b o u t  t h e  o b j e c t  s i z e  and r a d i a n c e .  From e q u a t i o n s  [2.181 and t2.18a1, 

it c a n  be seen  t h a t  t h e  second o r d e r  o f  r e c o n s t r u c t i o n  w i l l  c o n t a i n  

even-number-point c o r r e l a t i o n s  of a l l  v a l u e s  up  t o  t h e  number of o b j e c t  

p o i n t s .  I n  g e n e r a l ,  t h e n ,  it is n o t  p o s s i b l e  t o  i d e n t i f y  a recon- 

s t r u c t i o n  f i e l d  w i t h  a s i n g l e  o r d e r  of c o r r e l a t i o n .  The problem is 

compl ica ted  by t h e  f a c t  t h a t  t h e r e  c a n  be many o r d e r s  o f  n o n l i n e a r i t y  

i n  t h e  r e c o r d i n g  d e t e c t o r  response  ( t h e  sum wer t h e  k 's i n  t2 .181) .  
j 

F o r  any o b j e c t  l a r g e r  t h a n  a few r e s o l u t i o n  c e l l s ,  t h e  q u a n t i t a -  

t i v e  i n t e r p r e t a t i o n  of a r t i f a c t s  is  n o t  f e a s i b l e ,  i .e .  it is n o t  e a s y  

t o  c a l c u l a t e  a p a r t i c u l a r  odd-point c o r r e l a t i o n  from a knowledge of 

t h e  i r r a d i a n c e  d i s t r i b u t i o n  i n  a n  even r e c o n s t r u c t e d  o r d e r .  However, 

i n f o r m a t i o n  a b o u t  t h e  cumula t ive  even o r d e r  c o r r e l a t i o n  e f f e c t  is  

c o n t a i n e d  i n  t h e  even o r d e r s .  F o r  any o b j e c t  c o n s i s t i n g  of more t h a n  

a few r e s o l u t i o n  cells, t h e  cdd and even o r d e r  a r t i f a c t  c o n t r i b u t i o n s  

c a n  be e a s i l y  a s s o c i a t e d .  F o r  a broad,  d i f f u s e  o b j e c t ,  t h e  even and 

odd o r d e r  c o r r e l a t i o n s  are v e r y  similar,  and it might appear  f e a s i b l e  

t o  u s e  t h i s  f a c t  i n  d e v e l o p i n g  c o n f i d e n c e  l e v e l s  i n  t h e  image. F o r  

example, pe rhaps  t h e  even o r d e r  i r r a d i a n c e  cou ld  be s u b t r a c t e d  from 



t h e  odd o rde r  i r r a d i a n c e  t o  y i e l d  a " loya lw image. I n  p r i n c i p l e ,  

t h i s  could be done. For  o b j e c t s  c o n s i s t i n g  of d i s c r e t e  p o i n t s ,  t h e  

i n t e r p r e t a t i o n  is  very complex, as a l r e a d y  s t a t e d .  The amount of work 

devoted t o  developing a  computer program t o  reduce t h e  d a t a  could be 

more a p p r o p r i a t e l y  app l i ed  t o  developing a program t h a t  would d i g i -  

t a l l y  r e c o n s t r u c t  t h e  o r i g i n a l  coded image; such a  program would have 

t h e  added advantage of being q u a n t i t a t i v e .  

Mat ters  become even more complicated when imper fec t  s h a d m c a s t i n g  

i n  t h e  r eco rd ing  s t e p  i s  considered.  F r e s n e l  d i f f r a c t i o n  of x-rays 

by t h e  zone p l a t e  a p e r t u r e  and p a r t i a l  t r an smi s s ion  of r a d i a t i o n  

th rough  zone edges  cause apod i za t i on  of t h e  zones,  r e s u l t i n g  i n  a  

r e d i s t r i b u t i o n  of t h e  F o u r i e r  c o e f f i c i e n t s  d e s c r i b i n g  t h e  zone p l a t e .  

Hence, even f o r  l i n e a r  record ing ,  t h e r e  w i l l  be even o r d e r  images. 

I t  i s  even p o s s i b l e  t h a t  some even o r d e r s  might be s t r o n g e r  t han  

a d j a c e n t  odd o rde r s ,  o r  t h a t  some odd o r d e r s  might be miss ing,  as i n  

d i f f r a c t i o n  g r a t i n g s  i n  which t h e  r a t i o  of s l i t  spac ing  t o  s l i t  width 

h a s  s p e c i a l  va lue s .  I n  f a c t ,  t h e  F r e s n e l  zone p l a t e  has  such miss ing 

o r d e r s  ( a l l  t h e  even o n e s ) .  The r e d i s t r i b u t i o n  of c o e f f i c i e n t s  c a s t s  

s e r i o u s  doubt  t h a t  c o r r e l a t i o n  e f f e c t s  can be measured. Gur s t u d i e d  

d i f f r a c t i o n  i n  t h e  r eco rd ing  s t e p  and developed c r i t e r i a  f o r  shadow 

sharpness ;  i n t e r e s t e d  r e a d e r s  a r e  r e f e r r e d  t o  h i s  work f o r  d e t a i l s .  (15) 

Since  q u a n t i t a t i v e  a n a l y s i s  of d e t e r m i n i s t i c  image deg rada t i on  

i s  such  a cloudy i s s u e ,  it i s  ha rd ly  s u r p r i s i n g  t h a t  ZPCI i s  n o t  

used f o r  ob t a in ing  q u a n t i t a t i v e  in format ion .  I n  f a c t ,  Z F C I  cannot  

be cons idered  v i a b l e  u n l e s s  r u l e s  are developed t h a t  i n d i c a t e  t h e  

image f i d e l i t y  t h a t  can be ob t a ined  i n  a  given s i t u a t i o n .  T h i s  m a t t e r  



i s  addressed later  as p a r t  of a gene ra l  vicw of i n fo rma t ion  through- 

p u t  i n  ZPCI. 

T h i s  concludes  t h e  d i s c u s s i o n  of non l i nea r  ZPCI. The s a l i e n t  

f e a t u r e s  a r e :  

(1) The coheren t  n a t u r e  of t h e  r e c o n s t r u c t i o n  s t e p  can cause  image 

d i s t o r t i o n  i n  even l i n e a r  ZPCI. 

( 2 )  A r t i f a c t s  are d e t e r m i n i s t i c  and are t h e r e f o r e  in format ion .  I n  

p r i n c i p l e ,  a r t i f a c t s  can be used t o  g a i n  knowledge a b u t  t h e  o b j e c t  

because o f  t h i s  d e t e r m i n i s t i c  p rope r ty .  

( 3 )  Imper fec t  shadowing of  t h e  zone p l a t e  mask i n  t h e  r eco rd ing  

s t e p ,  e i t h e r  by F r e s n e l  d i f f r a c t i o n  o r  p a r t i a l  t r an smi s s ion  through 

zone edges,  c ause s  a r e d i s t r i b u t i o n  of t h e  F o u r i e r  c o e f f i c i e n t s  o f  

t h e  zone p l a t e .  T h i s  r e d i s t r i b u t i o n  d e s t r o y s  t h e  e x c l u s i v e  n a t u r e  

o f  t h e  focus s ing  of a r t i f a c t s  and images, r ende r ing  p o i n t  ( 2 )  above 

u s e l e s s  i n  p r a c t i c e .  

( 4 )  The dominant a r t i f a c t  i s  second-order and i s  mani fes t  as e i t h e r  

focussed  o r  non-focussed r a d i a t i o n .  P rope r  implement a t i o n  of  ZPCI 

e n t a i l s  some way t o  e s t i m a t e  second-order degrada t ion .  

( 5 )  For  x-ray f i l m s ,  i n  which t h e  D - v s  E f u n c t i o n  i s  approximately  

l i n e a r ,  t h e  phase r e c o n s t r u c t i o n  i s  about  as n o n l i n e a r  as t h e  ampli- 

t u d e  r e c o n s t r u c t i o n ,  though c e r t a i n  phase e f f e c t s  can compl ica te  t h e  

phase  c a s e  more t han  t h e  ampli tude ca se .  Thus, when t h e  dominant 

deg rada t i on  i s  d e t e r m i n i s t i c ,  phase  r e c o n s t r u c t i o n s  might n o t  f u r t h e r  

a f f e c t  image f i d e l i t y .  

( 6 )  Whereas t h e  f l u x  d i f f r a c t i o n  e f f i c i e n c y  i n t o  a s i n g l e  image 

2 
p o i n t  v a r i e s  as 1/N , where N is  t h e  number of o b j e c t  c e l l s ,  a r t i f a c t  



d i f f r a c t i o n  e f f i c i e n c i e s  v a r y  a s  1 / ~ ~ ~ ,  where k  is t h e  o r d e r  of non- 

l i n e a r i t y .  Hence, n o n l i n e a r  r e c o n s t r u c t i o n s  are more l o y a l  f o r  l a r g e  

o b j e c t s  t h a t  f o r  smal l  ones .  The e f f e c t  of n o n l i n e a r i t y  i s  t o  c r e a t e  

a g r a i n y  appearance i n  l a r g e  images and d i s c r e t e  a r t i f a c t  p o i n t s  i n  

small, d i s c r e t e  images. 

The p r a c t i c a l  r a m i f i c a t i o n s  of n o n l i n e a r  ZPCI w i l l  be addressed  

i n  t h e  exper imenta l  c h a p t e r ,  a d  methods f o r  e s t i m a t i n g  t h e  importance 

of d e t e r m i n i s t i c  image d e g r a d a t i o n  w i l l  be p resen ted  i n  t h e  c h a p t e r  

on o p t i m i z a t i o n ,  

2.4.6 Noise 

Noise i n  ZPCI causes  random f l u c t u a t i o n s  i n  t h e  complex ampl i tude  

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

d e g r a d a t i o n .  These  f l u c t u a t i o n s  a r i s e  from s h o t  n o i s e  (due  t o  t h e  

quantum n a t u r e  of t h e  s o u r c e  r a d i a t i o n  i n  t h e  r e c o r d i n g  s t e p ) ,  

emuls ion t h i c k n e s s  v a r i a t i o n s ,  and g r a i n  n o i s e .  C e g l i o  ( 11) t r e a t e d  

s h o t  n o i s e .  Gur ( I5)  t:eated zone p l a t e  edge s e r r a t i o n  i n  t h e  r e c o r d i n g  

s t e p  a s  n o i s e ,  but  h igh q u a l i t y  zone p l a t e s  can be e a s i l y  f a b r i c a t e d  

( s e e  Appendix II ) , s o  edge  s e r r a t i o n  i s  unimportant .  Emulsion 

5 t h i c k n e s s  v a r i a t i o n s  a r e  a f f e c t e d  by t h e  r e c o r d i n g  exposure  and are 

n o t  r e a l l y  n o i s e ;  however, t h e  s p a t i a l  f requency response  o f  emuls ion 

r e l i e f  is  v a r i a b l e  and r e s u l t s  i n  a  nonuniform f l u x  c o n t r i b u t i o n  t o  

t h e  image. Emulsion r e l i e f  e f f e c t s  c a n  be m i t i g a t e d  by t h e  u s e  of  a 

l i q u i d  g a t e  w i t h  t h e  mask, as w i l l  be shown i n  t h e  exper imenta l  

c h a p t e r .  

Gra in  n o i s e  was addressed  by Gur, (I5' but  h i s  t r e a t m e n t  was 



ske tchy .  The t r e a tmen t  h e r e  proceeds  a long  t h e  fo l lowing  l i n e s .  

F i r s t ,  t h e  under ly ing  phys i ca l  mechanisms of g r a i n  n o i s e  a r e  b r i e f l y  

de sc r i bed .  Then t h e  f u n c t i o n a l  form of g r a i n  n o i s e  is  in t roduced .  

The r e s u l t i n g  n o i s e  exp re s s ion  is  d i s cus sed ,  t a k i n g  i n t o  account  

r e a l  g r a i n  n o i s e  s p e c t r a  of f i l m s .  F i n a l l y ,  s h o t  n o i s e  is shown t o  

be of  t h e  same f u n c t i o n a l  form as g r a i n  n o i s e  and is inco rpo ra t ed  

i n t o  t h e  t r e a tmen t .  

2.4.6.1 Gra in  Noise Mechanisms 

Grain  n o i s e  ha s  two d i s t i n c t  causes ,  g r a i n  d i s t r i b u t i o n  f l u c t u a -  

t i o n s  and t h e  s c a t t e r i n g  p r o p e r t i e s  of g r a i n s .  Gra in  d i s t r i b u t i o n  is 

a f f e c t e d  by s e v e r a l  f a c t o r s ,  i n c l u d i n g  t h e  o r i g i n a l  (undeveloped) 

g r a i n  d i s t r i b u t i o n ,  g r a i n  s i z e  and s e n s i t i v i t y  ranges ,  and t h e  s ta t i -  

s t i c a l  impe ra t i ve s  of t h e  exposure/development p rocess .  (39)  The 

l i t e r a t u r e  con t a in s  deba t e  about  g r a i n  d i s t r i b u t i o n ,  and t h e  r eade r  

i s  r e f e r r e d  t o  r e f e r e n c e  30 f o r  d e t a i l s .  The s c a t t e r i n g  p r o p e r t i e s  

of g r a i n s  a r e  complex, and t h e  a t t emp t  w i l l  be made h e r e  t o  i l l u s t r a t e  

t h e  complexity.  

The developed g r a i n  is  a mass of s i l v e r ,  t h e  s t r u c t u r e  of which 

can va ry  from compact and s p h e r i c a l  t o  extended and f i b r o u s .  S i z e  

can range from a few t e n s  of nanometers i n  d iamete r  t o  about  a micron, 

w i t h  t h e  l a t t e r  s i z e  cor responding  t o  a coarse-grained f i l m .  L igh t  

s c a t t e r i n g  by small p a r t i c l e s  h a s  been e x t e n s i v e l y  s t u d i e d ,  (40) but 

t y p i c a l l y  t h e  p a r t i c l e s  are aswmed t o  be i d e a l  w i th  r e s p e c t  t o  s i z e ,  

shape,  and o p t i c a l  p r o p e r t i e s ;  t h e  M i e  s c a t t e r i n g  t h e o r y  becomes 

extremely complicated f o r  r e a l  pho tographic  g r a i n s .  T h i s  problem is  

f u r t h e r  complicated when t h e  emuls ion i n  t h e  immediate v i c i n i t y  of 



t h e  g r a i n  i s  cons idered .  Development of s i l v e r  h a l i d e  emuls ions  

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

development is t h e  e v o l u t i o n  of o x i d a t i o n  p roduc t s  which c a n  cause  

c r o s s l i n k i n g  of g e l a t i n  molecules  i n  t h e  v i c i n i t y  of t h e  i n d i v i d u a l  

g r a i n s .  C r o s s l i n k i n g  hardens  t h e  g e l a t i n ,  e s s e n t i a l l y  lock ing  i n t o  

p l a c e  t h e  mechanical  s ta te  of t h e  emulsion,  which might t y p i c a l l y  be 

swol len  from its undeveloped s tate.  The e x a c t  p r o p e r t i e s  of t h e  ha rd  

g e l a t i n  s h e l l  su r rounding  a  g r a i n  w i l l  depend on t h e  p r o p e r t i e s  of 

t h e  d e v e l o p e r ,  g e l a t i n ,  and g r a i n ,  such as a c t i v i t y  and d i f f u s i o n  

l i f e t i m e  of  t h e  o x i d a t i o n  p r o d u c t s .  ( 4 1 )  Hence, t h e  a c t u a l  scatterer 

is  t h e  s i l v e r  g r a i n  surrounded by a complicated d i e l e c t r i c  medium. 

Bleaching can c a u s e  more compl ica t ion  of t h e  i s s u e s  because 

b l e a c h e s  change n o t  on ly  t h e  chemical  and p h y s i c a l  p r o p e r t i e s  of t h e  

g r a i n ,  bu t  of t h e  su r rounding  g e l a t i n  as w e l l .  ( 4 2 )  v a r i o u s  b leaches  

are t o u t e d  as be ing  s u p e r i o r  by some a u t h o r s ,  y e t  a r e  poor ly  viewed 

by o t h e r s .  I n  t h i s  p r e s e n t  work, t h e  major g r a i n  n o i s e  c o n t r i b u t i o n  

w a s  found t o  occur  i n  a f i l m  of c o a r s e  g r a i n  s i z e ,  w h i l e  t h e  b leach ing  

method used w a s  n o t  found t o  i n t r o d u c e  a n  i n c r e a s e  i n  s c a t t e r i n g  of 

t h e  f i n e - g r a i n e d  e r m l s i o n  used.  Hence, bleached emuls ions  were found 

t o  have l e s s  g r a i n  n o i s e  ( r e l a t i v e  t o  s i g n a l  l e v e l s )  t h a n  unbleached 

ones .  The complicated s c a t t e r i n g  p r o p e r t i e s  o f  t h e  g r a i n  embedded 

i n  a g e l a t i n  s h e l l  is n o t  t h e  whole of t h e  problem, however. The 

m u l t i t u d e  o f  g r a i n s  i n  t h e  emuls ion w a r r a n t  t h e  t r e a t m e n t  of t h e  

problem as one o f  m u l t i p l e  s c a t t e r i n g .  I t  should be a p p r e c i a t e d  t h a t  

t h e  s c a t t e r i n g  p r o p e r t i e s  of t h e  emuls ion are complex and t h a t  t h e i r  

f u n c t i o n a l  form might be measured bu t  n o t  n e c e s s a r i l y  c a l c u l a t e d  from 

f i r s t  p r i n c i p l e s .  



2.4.6.2 Mathemat i ca l  F o r m u l a t i o n  of No i se  

S t u d i e s  of  g r a i n  n o i s e  i n  ho log raphy  (43 '44)  have  assumed t h a t  

t h e  n o i s e  i s  a d d i t i v e ,  i .e .  

T (r") = t (r* ')  + Te(;* ' ) ,  - - L2.351 

where  T ( r " )  - is  t h e  hologram a m p l i t u d e  t r a n s m i t t a n c e ,  t ( r W )  - is t h e  

d e t e r m i n i s t i c  t r a n s m i t t a n c e ,  and  T * ( r " )  - is t h e  n o i s e  t r a n s m i t t a n c e .  

Numerous s t u d i e s  o f  f i l m  scatter ( 45-47 ' have  found s c a t t e r e d  i n t e n s i t y  

t o  i n c r e a s e  l i n e a r l y  w i t h  o p t i c a l  d e n s i t y  of  t h e  f i l m .  Thus,  < ~ * ( r " ) >  - 

d e p e n d s  upon t ( r W ) .  - t(r8*) is u s u a l l y  t a k e n  t o  be r e l a t i v e l y  c o n s t a n t ,  

s i m p l i f y i n g  t h e  e x p r e s s i o n  f o r  ~ ' ( r ) .  I n  Z X I ,  t(ruu) c a n n o t  be 

assumed c o n s t a n t ,  s o  t h e  e x p l i c i t  dependence  o f  < T * ( r W ) >  - on t ( rW)  - 

must be  m a i n t a i n e d .  

The  s c a t t e r e d  l i g h t  d u e  t o  emuls ion  g r a n u l a r i t y  e x h i b i t s  a non- 

u n i f o r m  s p a t i a l  f r e q u e n c y  spec t rum.  B r a n d t  ( 46) h a s  measured n o i s e  

power s p e c t r a  i n  t h e  r a n g e  of i n t e r e s t  i n  ZPCI ( <20  cycles/rnm) and 

h a s  found  t h e  n o i s e  power s p e c t r u m  f o r  Kodak Pan X f i l m  t o  be g i v e n  

by 

where  I (  5 )  is t h e  power s c a t t e r e d  i n t o  u n i t  s p a t i a l  f r e q u e n c y  a t  

f r e q u e n c y  5 ,  I i s  t h e  i n c i d e n t  power, and  a *  is a d e n s i t y - d e p e n d e n t  
0 

p a r a m e t e r .  The  Pan X s t u d y  is s i n g l e d  o u t  h e r e  b e c a u s e  Pan X 

c l o s e l y  ma tches  t h e  p r o p e r t i e s  o f  RAR 2490 f i l m ,  which is  u s e d  i n  

t h e  e x p e r i m e n t s  f o r  o u r  work. F o r  Pan  X, a '  = 8 (~~cles / r run)~ 

f o r  a d i f f u s e  d e n s i t y  o f  1.0. 

~ ' ( r " )  - must i n c l u d e  bo th  t h e  d e n s i t y  v a r i a t i o n  effects  and t h e  

s p a t i a l  f r e q u e n c y  e f f e c t s  o f  t h e  n o i s e  t r a n s m i t t a n c e .  S i n c e  



s c a t t e r e d  i n t e n s i t y  is l i n e a r l y  r e l a t e d  t o  optical d e n s i t y  of  t h e  

f i l m ,  < T ' (r l ' )> - is n o t  l i n e a r l y  r e l a t e d  t o  t (r") . However, a l i n e a r  - 
dependence  c a n  be assumed i f  t h e  t r a n s m i t t a n c e  v a r i a t i o n  a t t r i b u t e d  

t o  any  r a d i a t i n g  o b j e c t  ce l l  is small. The  spat ia l  f r e q u e n c y  e f f e c t  

c a n  be  i n c o r p o r a t e d  by n o t i c i n g  t h a t  f o r  a u n i f o r m l y  exposed  and 

d e v e l o p e d  f i l m ,  t h e  s c a t t e r e d  n o i s e  is a c o n v o l u t i o n  o f  I ( S  ) i n  

e q u a t i o n  L2.361 w i t h  a d e l t a  f u n c t i o n .  I t  is t h e n  r e a s o n a b l e  t o  

assume t h a t  t h e  n o i s e  t r a n s m i t t a n c e  is t h e  p r o d u c t  of  some f u n c t i o n  

o f  t h e  d e t e r m i n i s t i c  t r a n s m i t t a n c e  and t h e  t r a n s f o r m  o f  1/5 ( c a l l  
- 

t h i s  t r a n s f  o r m  5 ) . S i n c e  < T  ' (r")> is l i n e a r  w i t h  t ( - r") , t h e n  

where  T ' (r") i s  a random f u n c t i o n .  Thus ,  
0 - - 

T (r") - = t ( r U )  - [ 1 + 5 T;(E") I. [2.381 

The r e c o n s t r u c t i o n  s t e p  is a ~ r e s n e l  t r a n s f o r m a t i o n  of  ~ ( r " ) .  
The n o i s e  a m p l i t u d e  i n  t h e  image p l a n e  i s  t h e  c o n v o l u t i o n  of t h e  

d e t e r m i n i s t i c  image a m p l i t u d e  and  t h e  s p e c k l e  p a t t e r n  t h a t  is t h e  

F r e s n e l  t r a n s f o r m  o f  ~ ' ( r " ) .  F o r  l i n e a r  ZPCI, t h e  t r a n s m i t t a n c e  
0 - 

of  e q u a t i o n  [ 2.111 c a n  be combined w i t h  e q u a t i o n  i2.371 t o  y i e l d  a 

r e s u l t a n t  n o i s e  a m p l i t u d e  i n  t h e  image f i e l d  o f  

w h e r e  F  d e n o t e s  F r e s n e l  t r a n s f o r m .  The  n o i s e  i n  t h e  image p l a n e  is 
r 

j u s t  t h e  sum o f  n o i s e  c o n t r i h t i o n s  f rom a l l  t h e  SEEH's. The  c o n t r i -  

b u t i o n  f r o m  e a c h  SEEH is  just t h e  c o n v o l u t i o n  o f  t h e  d e t e r m i n i s t i c  



... 
t r a n s m i t t a n c e  and t h e  s c a t t e r i n g  from 6 T * (r") . For  n o n l i n e a r  ZPCI, 

0 - 
e q u a t i o n  L2.391 becomes a l g e b r a i c a l l y  more c h a l l e n g i n g ,  b u t  t h e  

r e s u l t s  are similar. 

The e q u i v a l e n t  m u l t i p l e  exposure  hologram is a sum of F r e s n e l  

holograms, s o  t h e  g r a i n  n o i s e  must be t r e a t e d  as such.  The image is  

i n  t h e  f a r  f i e l d  of t h e  i n d i v i d u a l  g r a i n s ,  s o  F r e s n e l  hologram g r a i n  

n o i s e  can  be t r e a t e d  much as t h e  n o i s e  i n  F o u r i e r  t r a n s f o r m  holograms 

( s e e  r e f e r e n c e  31, p. 354) .  However, t h e  n o i s e  a t  any p o i n t  i n  t h e  

F r e s n e l  f i e l d  i s  a r e s u l t  of f l u x  c o n t r i b u t i o n s  from a r a n g e  of  

s p a t i a l  f r e q u e n c i e s .  Usua l ly ,  a n  average  s p a t i a l  f r equency  can  be 

chosen f o r  each  p o i n t ,  and t h e  n o i s e  power a t  t h a t  f r equency  c a n  be 

used  t o  d e f i n e  t h e  n o i s e  power a t  t h e  p o i n t  of i n t e r e s t .  I n  ZFCI, 

t h e  n o i s e  from each  SEEH is c e n t e r e d  on t h e  a x i s  of t h a t  SEEH. A l l  

SEEH's e x h i b i t  i d e n t i c a l  n o i s e  power s p e c t r a  ( e a c h  w i t h  r e s p e c t  t o  its 

own a x i s ) .  The n o i s e  a t  any image f i e l d  p o i n t  is  t h e  r e s u l t a n t  of 

t h e  n o i s e  c o n t r i b u t i o n s  from a l l  t h e  SEEH*s, w i t h  each  SEEH adding 

n o i s e  from a range  of f r e q u e n c i e s  c e n t e r e d  on i ts a x i s .  F i g u r e  2.11 

i l l u s t r a t e s  t h i s  concep t .  

~ e g l i o ( l l )  de te rmined  n o i s e  t o  be i n s i g n i f i c a n t  by i n t r o d u c i n g  

t h e  concep t  of i n f o r m a t i o n  compress ion,  i n  which t h e  n o i s e  un i fo rmly  

c o v e r s  t h e  image f i e l d ,  w h i l e  t h e  i n f o r m a t i o n  i s  focussed  t o  a s m a l l  

image, r e s u l t i n g  i n  a h i g h  r a t i o  of  image-to-noise ampl i tude .  T h i s  

v iew of  i n f o r m a t i o n  compress ion is o v e r s i m p l i f i e d  because  it assumes 

t h a t  t h e  n o i s e  un i fo rmly  c o v e r s  t h e  image f i e l d ;  e q u a t i o n  L2.391 

i n d i c a t e s  t h a t  t h e  n o i s e  is  peaked a t  t h e  image d u e  t o  t h e  p rescence  

of t ( rU)  - i n  t h e  n o i s e  t r a n s m i t t a n c e  e x p r e s s i o n .  I n  f a c t ,  e q u a t i o n  
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12.391 l e a d s  t o  t h e  r e s u l t  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 s  of t h e  

de focussed  images i n  any image p l a n e  (which a r e  j u s t  r i n g s  su r rounding  

t h e  image) w i l l  appear  g r a n u l a r  due  t o  t h e  g r a i n  no i se .  

Due t o  t h e  assumption t h a t  t h e  o b j e c t  is of l i m i t e d  e x t e n t ,  t h e  

n o i s e  w i l l  v a r y  s lowly  o v e r  t h e  e x t e n t  of t h e  image because t h e  

a n g u l a r  s u b t e n s e  of t h e  image a t  t h e  coded image mask is  small. Thus, 

t h e  average  n o i s e  i r r a d i a n c e  may be cons idered  t o  be c o n s t a n t  a t  t h e  

image ( f o r  a g iven  o b j e c t  s i z e )  r e g a r d l e s s  o f  o b j e c t  shape.  T h i s  

assumption i s  least s e c u r e  f o r  o b j e c t s  c o n s i s t i n g  of a few d i s c r e t e  

p o i n t s  s e p a r a t e d  by l a r g e  d i s t a n c e s  ( s a y ,  t h e  i n n e r  zone d i a m e t e r ) .  

The above arguments l e a d  t o  t h e  r e s u l t  t h a t  t h e  average  n o i s e  

power r i s  j u s t  t h e  frequency-averaged n o i s e  in t roduced  by t h e  emul- 
N 

s i o n .  Denote IN as t h e  n o i s e  power s c a t t e r e d  i n t o  a p o i n t  i n  t h e  

image p l a n e  and I (  6 ) as t h e  n o i s e  power a t  f requency  6 w i t h  6 
0 0' 0 

be ing  t h e  average  f requency  of t h e  image. Then 

where d i s  t h e  r e c o n s t r u c t i o n  d i s t a n c e  and h is  t h e  r e c o n s t r u c t i o n  

wavelength .  F o r  Pan X ,  ~ O - ~ I ~  - < 1 ( CO) 1 2 * 1 ~ - 3  where I. is t h e  
I 0 9  

i n c i d e n t  power and C0 v a r i e s  from 2 t o  25 cycles/mm ( t h i s  is f o r  a 

-4 
d e n s i t y  of 1 . 0 ) .  F o r  d = 300 c m  and h = 0.633pm, y N =  5.10 

Io. 

From e q u a t i o n  i2.391, it i s  r e a d i l y  deduced t h a t  t h e  n o i s e  i r r a d i a n c e  

v a r i e s  as 1 / N 2 ,  where N i s  t h e  number of o b j e c t  cells.  F o r  t e n  

o b j e c t  cel ls ,  t h e n ,  

The s i g n a l  power can  be c o n s i d e r e d  as w e l l .  F i r s t  o r d e r  



r e c e i v e s  0.1% o f  t h e  t o t a l  f l u x .  Fol lowing Goodman, ( 4 3 )  w e  can  w r i t e  

Hence, f o r  Pan X and t e n  o b j e c t  c e l l s ,  SNR = 10. F o r  hleached emul- 

s i o n s ,  i s  abou t  f o u r  times g r e a t e r  t h a n  f o r  unbleached emuls ions ,  
I i 

s o  S m  would i n c r e a s e  t o  20. The p receed ing  remarks i n d i c a t e  t h e  

need f o r  a f i n e - g r a i n  f i l m  i n  ZPCI. U n f o r t u n a t e l y ,  ZPCI i s  o f t e n  

used when t o o  l i t t l e  f l u x  is a v a i l a b l e  f o r  p i n h o l e  cameras t o  be 

v i a b l e ,  s o  a s e n s i t i v e ,  c o a r s e - g r a i n  f i l m  i s  o f t e n  chosen.  

S p a t i a l  s h o t  n o i s e  d u e  t o  t h e  quantum n a t u r e  of  t h e  s m r c e  

r a d i a t i o n  i s  i m p o r t a n t  i n  ZPCI. T h i s  d i s c u s s i o n  w i l l  enhance t h e  

f i n d i n g s  of earlier s h o t  n o i s e  s t u d i e s '  5'11) by p o i n t i n g  o u t  t h e  

s i m i l a r i t i e s  and d i f f e r e n c e s  between s h o t  n o i s e  and g r a i n  n o i s e .  

Sho t  n o i s e  i s  g e n e r a l l y  c o n s i d e r e d  t o  be a f f e c t e d  by two major 

f a c t o r s ,  f l u x  e m i t t e d  p e r  s o u r c e  i n f o r m a t i o n  e lement  and zone p l a t e  

a p e r t u r e  s i z e .  The more f l u x  e m i t t e d  p e r  r e s o l u t i o n  ce l l ,  t h e  

lower  t h e  s h o t  n o i s e .  G r a i n  n o i s e  i s  n o t  a f u n c t i o n  of s o u r c e  

s t r e n g t h .  On t h e  o t h e r  hand, t h e  zone p l a t e  a p e r t u r e  s i z e  a f f e c t s  

bo th  g r a i n  n o i s e  and s h o t  n o i s e .  F o r  c o n s t a n t  r e s o l u t i o n ,  i n c r e a s i n g  

t h e  a p e r t u r e  s i z e  d e c r e a s e s  s h o t  n o i s e  because  more f l u x  i s  c o l l e c t e d  

p e r  r e s o l u t i o n  e lement .  But g r a i n  n o i s e  i n c r e a s e s  w i t h  i n c r e a s i n g  

a p e r t u r e  s i z e  because  n o i s e  i r r a d i a n c e  is  i n c r e a s e d .  S i g n a l  power 

i n c r e a s e s  e x a c t l y  as g r a i n  n o i s e  power w i t h  i n c r e a s i n g  a p e r t u r e  s i z e ,  

SNRgrain d o e s  n o t  change w i t h  a p e r t u r e  s i z e .  However, SNR 
s h o t  

i n c r e a s e s  w i t h  i n c r e a s i n g  a p e r t u r e  s i z e .  

P r e v i o u s  t r e a t m e n t s  of s h o t  n o i s e  i m p l i c i t l y  assume a r e l a t i v e l y  

c o n s t a n t  exposure  and c o n s i d e r  d e t e r m i n i s t i c  t r a n s m i t t a n c e  v a r i a t i o n s  



t o  a f f e c t  o n l y  s i g n a l  l e v e l s .  I n  f a c t ,  s h o t  n o i s e  is a f f e c t e d  by 

t h e s e  v a r i a t i o n s  much as g r a i n  n o i s e  is ( e q u a t i o n  [2.37]). The 

random t r a n s m i t t a n c e  v a r i a t i o n  i s  a f u n c t i o n  of t h e  t r a n s m i t t a n c e .  

Thus, as s t a t e d  earlier,  i n f o r m a t i o n  compression is v a l i d  on ly  i n  a 

somewhat more complex form t h a n  i ts o r i g i n a l  c o n s t r u c t i o n .  

S h o t  n o i s e  a l s o  h a s  a d i f f e r e n t  s p a t i a l  f r equency  c o n t e n t  t h a n  

g r a i n  n o i s e .  Gra in  n o i s e  power v a r i e s  i n v e r s e l y  w i t h  t h e  s q u a r e  o f  

t h e  s p a t i a l  f r equency ,  whereas  s h o t  n o i s e  shou ld  be uniform f o r  a l l  

s p a t i a l  f r e q u e n c i e s  below some c u t o f f  v a l u e .  The c u t o f f  v a l u e  is 

undoubtedly  r e l a t e d  t o  t h e  d e t e c t o r  area a f f e c t e d  by exposure  t o  one 

quantum o f  r a d i a t i o n ,  whether  t h e  quantum is a p a r t i c l e  or a photon.  

2.5 I n f o r m a t i o n  and O p t i m i z a t i o n  

T h i s  s e c t i o n  is  a s h o r t  c o n s o l i d a t i o n  of t h e  i d e a s  a l r e a d y  

deve loped .  Wi th in  t h e  framework of  i n f o r m a t i o n ,  it p o s e s  problems 

t h a t  w i l l  be addressed  i n  t h e  c h a p t e r s  on e x p e r i m e n t a t i o n  and opt imi-  

z a t i o n .  

I n  c o n v e n t i o n a l  i n f o r m a t i o n  t h e o r y ,  t h e  concep t  of  i n f o r m a t i o n  

c a p a c i t y  r e f e r s  t o  t h e  maximum amount o f  i n f o r m a t i o n  a channe l  can 

t r a n s f e r .  Noise  is  random d e g r a d a t i o n  o f  t h e  i n f o r m a t i o n  and lowers  

t h e  f i d e l i t y  of  t h e  t r a n s f e r  p r o c e s s .  I n  p r i n c i p l e ,  t h e  encoding 

and decod ing  p r o c e s s e s  c a n  be performed i n  a manner such t h a t  t h e  

error i n  t r a n s m i s s i o n  is a r b i t r a r i l y  small. ( 4 9 )  I n  ZPCI, t h i s  amounts 

t o  r e d u c i n g  s h o t  and g r a i n  n o i s e .  Y e t  it w a s  shown earlier t h a t  t h e  

c o h e r e n t  decod ing  p r o c e s s  r e q u i r e s  a n  encoding s t e p  t h a t  may l e a v e  

some i n f o r m a t i o n  "scrambled" and e f f e c t i v e l y  lost .  The amount of  

l o s t  i n f o r m a t i o n  is dependent  upon t h e  d e g r e e  of n o n l i n e a r i t y .  



I n  o r d e r  t o  f u l l y  e x p l o i t  ZPCI, t h e  u s e r  must e s t a b l i s h  some 

f i g u r e ( s )  of merit d e s c r i b i n g  system behavior.  T h i s  is  d i f f i c u l t  f o r  

ZPCI because both random and d e t e r m i n i s t i c  degrada t ion  depend upon 

o b j e c t  in format ion  con t en t ,  i.e. on o b j e c t  s i z e  and con tour  geometry. 

Thus, u s ing  a p r i o r i  in format ion  about  t h e  o b j e c t ,  t h e  u s e r  can  "tune" 

t h e  system by va ry ing  t o t a l  in format ion  c a p a c i t y  (zone p l a t e  para- 

m e t e r s ) ,  d e t e r m i n i s t i c  deg rada t i on  ( l i n e a r i t y ) ,  and random degrada t ion  

( d e t e c t o r s ) .  I n  a d d i t i o n ,  t h e  decoding process  should i nc lude  some 

means of v e r i f y i n g  image f i d e l i t y .  D i r e c t  measurement of q u a n t i t i e s  

such  a s  SNR would be i d e a l .  

C l e a r l y ,  op t im iza t i on  is  a mu l t i - s t ep  p rocess .  F i r s t ,  t h e  

system must be tuned t o  op t imize  c e r t a i n  (as  y e t  undetermined) 

f i g u r e ( s )  of m e r i t  t h a t  r e l a t e  t o  image f i d e l i t y .  Secondly,  t h e  

system ou tpu t  must be analyzed t o  de te rmine  real image f i d e l i t y .  I t  

i s  advantageous t o  op t imize  i n  t h e  f i r s t  s t e p  what is measured i n  t h e  

second. The nex t  chap t e r  w i l l  i l l u s t r a t e  concep ts  set  f o r t h  i n  t h i s  

c h a p t e r ,  wh i l e  t h e  c h a p t e r  on op t im iza t i on  w i l l  expand t h e  i d e a s  of 

t h i s  s e c t i o n  i n t o  gene ra l  g u i d e l i n e s  f o r  s u c c e s s f u l  u se  of ZPCI. 
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3.1 I ~ t r o d u c t i o n  

The r e s u l t s  of Chapter  II i n d i c a t e  t h a t  ZFCI must be app l ied  

w i t h  d i s c r e t i o n .  The purpose of t h i s  chap t e r  i s  t o  exper imenta l ly  

v e r i f y  t h e  r e s u l t s  of Chapter  II whi l e  shedding more l i g h t  on t h e  

problem of op t im iza t i on  by showing what can be achieved w i t h  ZFCI 

i n  p r a c t i c e .  

The c h a p t e r  begins  w i th  a d e s c r i p t i o n  of t h e  dev i ce s  used f o r  

e n c d i n g  and decoding in format ion .  Then a s h o r t  d i s c o u r s e  concerning 

t h e  v a r i o u s  p o s s i b l e  f i g u r e s  of m e r i t  w i l l  s e r v e  t o  i n t roduce  t h e  

exper iments  performed. A comparison of l i n e a r  and non l i nea r  ZPCI 

i s  presen ted ,  wi th  emphasis p laced  on t h e  r o l e s  of o b j e c t  in format ion  

c o n t e n t  and s e v e r i t y  of n o n l i n e a r i t y .  Then no i s e  is s t u d i e d  as a 

f u n c t i o n  of both d i f f r a c t i o n  e f f i c i e n c y  of t h e  r e c o n s t r u c t i o n  mask 

and o b j e c t  s i z e .  F i n a l l y ,  t h e  exper iments  a r e  summarized i n  o rde r  

t o  f i t  them i n t o  t h e  op t im iza t i on  scheme t h a t  is  t h e  s u b j e c t  of 

Chapter  I v .  

3.2 Image Eva lua t ion  Devices  

Th i s  s e c t i o n  is a d e s c r i p t i o n  of t h e  appa ra tu s  used t o  perform 

t h e  exper iments  i n  ZPCI. A system t h a t  a l l ows  encoding of emiss ions  

from predetermined o b j e c t s  is f i r s t  d i s cus sed .  Then t h e  recons t ruc-  

t i o n  bench is desc r i bed .  

3.2.1 X - ~ a y  Exposure System 

A l l  exposures  were performed by u s ing  a d i f f u s e  x-ray source  t o  

back l i gh t  ( t h rough  a bery l l ium f o i l )  a metal f o i l  complement of t h e  

o b j e c t  of i n t e r e s t  ( F i g u r e  3 .1 ) .  Fo r  example, a uniform d i s k  o b j e c t  



Figu re  3.1 Exposure System Schematic 

Film 



of d i a m e t e r  d can  be s i m u l a t e d  by b a c k l i g h t i n g  a g o l d  f o i l  i n  which 

t h e r e  i s  a h o l e  of  d i a m e t e r  d .  The o b j e c t  t h e n  shadows a F r e s n e l  

zone  p l a t e  o n t o  f i l m .  

The x-ray s o u r c e  employed i s  known as a Henke t u b e ,  a f t e r  its 

i n v e n t o r .  ( 5 0 )  E l e c t r o n s  from a h e a t e d  f i l a m e n t  are a c c e l e r a t e d  i n t o  

a n  anode of s e v e r a l  s q u a r e  c e n t i m e t e r s  area, c r e a t i n g  a broad s o u r c e  

of  x - rays .  The anode m a t e r i a l  d e t e r m i n e s  t h e  photon e n e r g y .  A l l  t h e  

e x p e r i m e n t s  d e s c r i b e d  h e r e  used  a t i t a n i u m  anode,  and t h e  a c c e l e r a t i n g  

v o l t a g e  w a s  v a r i e d  t o  change t h e  r e l a t i v e  s t r e n g t h  of  t h e  v a r i o u s  

e m i s s i o n  l i n e s  (see S e c t i o n  3 . 4 . 1 ) .  

- 6 
The e x p o s u r e  a p p a r a t u s  was o p e r a t e d  i n  a vacuum chamber a t  1 0  

t o  lo-' t o r r  p r e s s u r e .  The Be f i l t e r  s e r v e d  t o  e l i m i n a t e  x - rays  

s o f t  enough t o  be s i g n i f i c a n t l y  d i f f r a c t e d  by t h e  zone p l a t e  w h i l e  

p r o v i d i n g  a l i g h t  t i g h t  envi ronment  f o r  t h e  f i l m .  Exposure  t i m e s  

v a r i e d  f rom one  minute  t o  26 h o u r s ;  l a c k  of  r e l a t i v e  mot ion  between 

o b j e c t  mask, zone p l a t e ,  and f i l m  w a s  ma in ta ined  by mounting a l l  

t h r e e  on r i n g s  which were p r e s s - f i t t e d  i n t o  a b r a s s  t u b e  ( F i g u r e  3 . 2 ) .  

Hence, s y s t e m  geometry c o u l d  be e a s i l y  v a r i e d .  

3.2.2 O p t i c a l  R e c o n s t r u c t i o n  Bench 

The r e c o n s t r u c t i o n  bench i s  shown i n  F i g u r e  3 . 3 .  A H e - N e  laser 

i s  f o c u s s e d  by a 20x microscope  o b j e c t i v e  and s p a t i a l l y  f i l t e r e d  by 

a 15 pm p i n h o l e .  The f i l t e r e d  b e a m  i s  c o l l i m a t e d  by a 31.8 cm f o c a l  

l e n g t h  l e n s  o f  v a r i a b l e  a p e r t u r e  ( f / 9  - f / 2 2 ) .  The c o l l i m a t e d  beam 

t r a n s i l l u m i n a t e s  t h e  r e c o n s t r u c t i o n  mask, which i s  p o s i t i o n e d  a t  t h e  

f r o n t  f o c a l  p l a n e  of  t h e  r e l a y  l e n s .  The r e l a y  l e n s  is i d e n t i c a l  t o  

t h e  c o l l i m a t o r  and r e l a y s  v i r t u a l  images i n t o  t h e  real image f i e l d .  
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- X = Laser wavelength 
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F i g u r e  3 . 3  O p t i c a l  R e c o n s t r u c t i o n  Bench 



The r e a r  f o c a l  p l a n e  of t h e  r e l a y  l e n s  c o n t a i n s  a 100 pm d iamete r  

c i r c u l a r  aluminum d i s k  mounted on a t h i n  g l a s s  s t a l k  of 5 pm d iamete r .  

The d i s k  can be p o s i t i o n e d  t o  block t h e  ( f o c u s s e d )  d.c. l i g h t .  T h i s  

p l a n e  is a l s o  t h e  F o u r i e r  t r a n s f o r m  p l a n e  of t h e  r e c o n s t r u c t i o n  mask. 

S i n c e  t h e  r e c o n s t r u c t e d  images f a l l  a t  d i s t a n c e s  which l i e  a t  

i n t e g r a l  f r a c t i o n s  of t h e  pr imary f o c a l  l e n g t h  from t h e  recons t ruc-  

t i o n  mask, t h e  r e l a y e d  images l i e  a t  i n t e g r a l  m u l t i p l e s  of t h e  

c o n j u g a t e  of t h e  primary f o c a l  l e n g t h .  For  example, f o r  a r e l a y  l e n s  

of f o c a l  l e n g t h  31.8 cm and a ( v i r t u a l )  primary r e c o n s t r u c t e d  f o c a l  

l e n g t h  of 300 cm, by NeLlton9s l a w  t h e  r e l a y e d  (and now r e a l )  c o n j u g a t e  

image l i e s  a d i s t a n c e  f ' - 2 
1 - lens '  f l  = 3.37 cm behind t h e  rear f o c a l  

t h  
p l a n e  of t h e  r e l a y  l e n s .  The ~r- o r d e r  i s  r e c o n s t r u c t e d  a d i s t a n c e  

t h  
f / p  from t h e  mask, s o  t h e  ~r- o r d e r  r e l a y e d  c o n j u g a t e  image l i e s  a 
1 

d i s t a n c e  f ' = pf; behind t h e  r e a r  f o c a l  p lane .  T h i s  p r o p e r t y  a l l o w s  
P 

easy  l o c a t i o n  of t h e  v a r i o u s  o r d e r s  i f  t h e  e x a c t  geometry of t h e  

encoding system is known. A d i s a d v a n t a g e  is t h e  v a r i a t i o n  of magni- 

f i c a t i o n  w i t h  o r d e r  number; c a r e  must be t a k e n  t o  avoid  demagnifying 

beyond t h e  r e s o l u t i o n  of t h e  r e l a y  l e n s .  

The r e c o n s t r u c t e d  images can  be viewed w i t h  a microscope o r  

photographed w i t h  a microscope-camera combination.  I n  a d d i t i o n ,  a 

pinhole-photodiode combinat ion c a n  s c a n  t h e  magnif ied image t o  

p r o v i d e  i r r a d i a n c e  in format ion .  

3 . 3  D i s c u s s i o n  of V a l i d i t y  of v a r i o u s  F i g u r e s  of Merit 

Opt imiza t ion  of any imaging system r e q u i r e s  e v a l u a t i o n  methods. 

The methods t r a d i t i o n a l l y  used f o r  e v a l u a t i n g  d i r e c t  imaging systems 

a r e  n o t  always e f f e c t i v e  i n  c h a r a c t e r i z i n g  coded imaging systems.  



T h i s  s e c t i o n  i s  a d i s c u s s i o n  of  MrF, i ~ p u l s e  r e sponse ,  and edge  

r e s p o n s e ,  and t h e  r o l e  of each  i n  ZPCI sys tem e v a l u a t i o n .  Exper i -  

ments  are s u g g e s t e d  which i l l u s t r a t e  t h e  i n c o n c l u s i v e  n a t u r e  of 

e v a l u a t i o n s  u s i n g  t h e s e  c r i ter ia  and s u g g e s t ,  as i n  C h a p t e r  3I, t h e  

v a l u e  of c o n c e p t s  s u c h  as i n f o r m a t i o n .  

MTF e x e m p l i f i e s  t h e  d i f f i c u l t y  i n  a p p l y i n g  s t a n d a r d  methods i n  

e v a l u a t i n g  ZPCI. T e c h n i c a l l y ,  ZPCI i s  n o t  a l i n e a r  i n c o h e r e n t  sys tem,  

s o  ?FF canno t  be used  f o r  e v a l u a t i o n .  But even i f  t h e  image complex 

a m p l i t u d e  c o u l d  be measured,  t h e  c o n c e p t  of c o n t r a s t  t r a n s f e r  is  

i n a d e q u a t e  because  of t h e  role of o b j e c t  i n f o r m a t i o n  c o n t e n t  i n  

s y s t e m  performance .  O b j e c t  s i z e  d e t e r m i n e s  image i r r a d i a n c e  as  

p o i n t e d  o u t  i n  C h a p t e r  II , s o  t h e  a b s o l u t e  image modu la t ion  a t  a 

g i v e n  s p a t i a l  f r e q u e n c y  w i l l  v a r y  w i t h  o b j e c t  s i ze .  C l e a r l y ,  u s e  

o f  MTF c o u l d  l e a d  t o  e r r o n e o u s  r e s u l t s  i n  e v a l u a t i o n  s t u d i e s .  

Impulse  r e s p o n s e  c a n  l e a d  t o  incomple te  r e s u l t s .  A b s o l u t e  

i r r a d i a n c e  of a s i n g l e  image p o i n t  w i l l  v a r y  w i t h  t h e  i n f o r m a t i o n  

t h a t  o c c u p i e s  t h e  r ema inde r  of t h e  image f i e l d ,  even  though t h e  

i r r a d i a n c e  d i s t r i b u t i o n  around t h e  p o i n t  remains  q u a l i t a t i v e l y  t h e  

same. I n  a similar manner, edge  r e s p o n s e  d o e s  n o t  p r o v i d e  comple te  

i n f o r m a t i o n .  I£ n o n l i n e a r  ZPCI is used,  t h e  s i t u a t i o n  is even  more 

c o m p l i c a t e d .  F o r  example,  t h e  image of a p o i n t  o b j e c t  p r o v i d e s  

l i t t l e  i n f o r m a t i o n  a b o u t  t h e  image of  a two-point  o b j e c t .  

The r o o t  of t h e  f a i l u r e  o f  t h e  t r a d i t i o n a l  e v a l u a t i o n  methods 

is simple: o n l y  a c e r t a i n  amount of  a m p l i t u d e  ( o r  p h a s e )  modula- 

t i o n  is a v a i l a b l e  i n  t h e  r e c o n s t r u c t i o n  mask, and t h i s  modu la t ion  

is d i v i d e d  among t h e  v a r i o u s  image and a r t i f a c t  cells i n  a way t h a t  - 



depends upon o b j e c t  in fo rmat ion  c o n t e n t  and system l i n e a r i t y .  Some 

comparison of t h e  u s e f u l  image in format ion  c o n t e n t  ( n o t  a r t i f a c t s )  

w i t h  o b j e c t  i n f o r m a t i o n  c o n t e n t  would y i e l d  a n  " informat ion f i d e l i t y  

f r a c t i o n "  which could  be h e l p f u l .  A measure of SNs is necessa ry  as 

w e l l ;  t h i s  must account  f o r  t h e  d e c r e a s i n g  d i f f r a c t i o n  e f f i c i e n c y  i n  

t h e  mask a s s o c i a t e d  w i t h  i n c r e a s i n g  o b j e c t  in fo rmat ion  c o n t e n t .  Thus, 

pa ramete rs  such as r e s o l u t i o n  and c o n t r a s t  t r a n s f e r  have meaning i n  

2 x 1 ,  but o n l y  w i t h i n  t h e  more g e n e r a l  framework of i n f o r m a t i o n  and 

n o i s e .  

To i l l u s t r a t e  t h e  e l u s i v e  n a t u r e  of ZPCI c h a r a c t e r i z a t i o n ,  it 

is o n l y  necessa ry  t o  measure some s imple  parameter ,  such as image 

s p o t  energy d i s t r i b u t i o n ,  f o r  two d i f f e r e n t  o b j e c t s .  Though i n  

r e l a t i v e  t e r m s - t h e  parameter  may be t h e  same f o r  t h e  two o b j e c t s ,  

t h e  SNR would i n  f a c t  be q u i t e  d i f f e r e n t .  Measurements i n  t h e  exper i -  

ments t o  fo l low w i l l  conf i rm t h i s  a s s e r t i o n .  

3 . 4  S t u d i e s  of Nonl inear  ZPCI 

T h i s  s e c t i o n  e x p l o r e s  n o n l i n e a r  ZPCI w i t h  c o n c e n t r a t i o n  on  two 

themes. A f t e r  a n  e x p l a n a t i o n  of t h e  method used t o  v a r y  l i n e a r i t y ,  

a  comparison of l i n e a r  and n o n l i n e a r  imaging is p r e s e n t e d  f o r  a 

small o b j e c t  w i t h  marked c o n t o u r s .  Then t h e  r o l e  of o b j e c t  s i z e  i n  

n o n l i n e a r  ZPCI is  i l l u s t r a t e d .  

3.4.1 Fi lm C a l i b r a t i o n  

A s  mentioned i n  S e c t i o n  2.4.4, t h e  s o f t  x-ray response  of 

photograph ic  emuls ions  is compl ica ted ;  t h e  t -E behavior  f o r  mono- 

e n e r g e t i c  x-ray exposures  is n o n l i n e a r .  Also,  knowledge of t h e  t -E  



behavior  a t  s e v e r a l  d i f f e r e n t  x-ray e n e r g i e s  does  n o t  a l low one t o  

p r e d i c t  t h e  t-E behav io r  f o r  a n  exposure  c o n s i s t i n g  of  some known 

mix tu re  of t h o s e  e n e r g i e s .  ( 26' I n  o t h e r  words, add ing  t h e  d e n s i t i e s  

c o n t r i b u t e d  by t h e  "component" exposures  w i l l  n o t  y i e l d  t h e  f i n a l  

d e n s i t y  t h a t  is observed.  F o r  a g i v e n  energy  spect rum,  a complete 

f i l m  c a l i b r a t i o n  must be performed; c o n s i d e r a b l y  more work i s  

n e c e s s a r y  t h a n  f o r  v i s i b l e  l i g h t  c a l i b r a t i o n s ,  i n  which a d d i t i o n  of 

d e n s i t i e s  due t o  component exposures  is v a l i d .  

The exposure  system i n  S e c t i o n  3.2.1 e m i t s  v e r y  "pure1' s p e c t r a  

w i t h  p roper  l o a d i n g  of t h e  anode.  ( 50 )  S p e c t r a  w i t h  g r e a t e r  t h a n  90% 

of  t h e  t o t a l  ene rgy  i n  t h e  Ka l i n e s  a r e  a c h i e v a b l e .  Experiments 

were performed w i t h  a T i  anode (Ka l i n e s  a t  4.5 kev)  and v a r i o u s  

c u r r e n t s  and a c c e l e r a t i n g  v o l t a g e s .  I t  was d i s c o v e r e d  t h a t  RAR 2491 

f i l m  e x h i b i t e d  t-E behav io r  w i t h  l i n e a r i t y  dependent upon a c c e l e r a -  

t i o n  v o l t a g e  ( s e e  F i g u r e  3 . 4 ) .  A t  a n  anode v o l t a g e  of 9 kev, t h e  

t-E behav io r  was n o n l i n e a r ,  w h i l e  l i n e a r i t y  w a s  a c h i e v e d  a t  7 kev f o r  

an  o p t i c a l  d e n s i t y  l e s s  t h a n  1.0.  A c r u d e  t h i r d - o r d e r  approximat ion 

t o  t h e  9 kev c u r v e  i n  F i g u r e  3.4 is 

where E is i n  t h e  r e l a t i v e  s c a l e  of t h e  f i g u r e .  The l i n e a r  r e l a t i o n  

is g iven  by 

t = 0.9 - 0.095 E. i3.21 

Appendix I d e s c r i b e s  f i l m  p r o c e s s i n g  and measurement e s s e n t i a l s .  

F i g u r e  3.4 i n d i c a t e s  t h a t  a c o n t r o l l e d  s t u d y  of n o n l i n e a r i t y  

is  p o s s i b l e .  The n e x t  two s e c t i o n s  are p r e s e n t a t i o n s  of such  work. 
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3.4.2 V a r i a t i o n  o f  Image F i d e l i t y  w i t h  N o n l i n e a r i t y  

I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  of  S e c t i o n  3.4.1 are used  t o  

compare l i n e a r  and  n o n l i n e a r  ZPCI. Image f i d e l i t y  i s  i n v e s t i g a t e d  

f o r  a known o b j e c t  which is imaged w i t h  t h r e e  types of t-E c u r v e s :  

l i n e a r ,  n o n l i n e a r  a b s o r p t i o n ,  and phase .  A s i m p l e  o b j e c t  is used s o  

t h a t  t h e  r e s u l t s  c a n  be e a s i l y  i n t e r p r e t e d .  

The o b j e c t  mask c o n s i s t e d  of  a 1 0  u m  t h i c k  go ld  f o i l  p e r f o r a t e d  

w i t h  t h r e e  s m a l l  l a s e r  d r i l l e d  h o l e s  as shown s c h e m a t i c a l l y  i n  F i g u r e  

3.5a. Average h o l e  d i a m e t e r s  (measured  on a l i g h t  mic roscope)  are 

l i s t e d  i n  t h e  f i g u r e .  The l a s e r  d r i l l i n g  produced i r r e g u l a r  s h a p e s ,  

a t y p i c a l  c r o s s - s e c t i o n  of  which is shown s c h e m a t i c a l l y  i n  F i g u r e  3.5b.  

Two coded images of  t h e  o b j e c t  mask were  r e c o r d e d  i n  t h e  exposure  

sys t em.  The zone  p l a t e  w a s  o f  2.5 urn t h i c k  go ld  and had a n  i n n e r  

zone  d i a m e t e r  o f  400 u m  and  o u t e r  zone w i d t h  o f  16 .3  u m  ( 3 7  z o n e s ) .  

The geometry of  t h e  exposure  was sl = 2 c m ,  s2 = 1 0  c m ,  y i e l d i n g  a 

f i r s t  o r d e r  r e s o l u t i o n  of  j u s t  o v e r  28 urn ( s e e  F i g u r e  2 . 4 ) .  
( 5 1 )  

TWO o f  t h e  d i s k s  i n  t h e  o b j e c t  were s e p a r a t e d  by t h e  r e s o l u t i o n  

d i s t a n c e ,  but  t h e y  were of d i f f e r e n t  r a d i a n c e  due  t o  t h e i r  d i f f e r e n t  

s i z e s ,  s o  t h e y  s h o u l d  n o t l b e  r e s o l v a b l e  i n  f i r s t  o r d e r .  

One shadowgraph was r e c o r d e d  l i n e a r l y  w i t h  a maximum d e n s i t y  of 

1 . 0  (Emax= 6 on t h e  7 kev c u r v e  i n  F i g u r e  3 . 4 ) .  The o t h e r  was non- 

l i n e a r l y  r e c o r d e d  w i t h  a maximum d e n s i t y  of 1 .25  (E = 10 o n  t h e  max 

9 keV c u r v e  i n  F i g u r e  3 . 4 ) .  D i f f r a c t i o n  e f f i c i e n c y  is  p r o p o r t i o n a l  

t o  t h e  s q u a r e  of  t h e  t r a n s m i t t a n c e  modu la t ion ,  s o  t h e  n o n l i n e a r  

r e c o n s t r u c t i o n  s h o u l d  be a b o u t  30% more e f f i c i e n t  t h a n  t h e  l i n e a r  

case; i f  it is assumed t h a t  d i f f r a c t i o n  e f f i c i e n c y  is i n v e r s e l y  



OBJECT USED FOR COMPARISON OF 
"LINEAR" AND NONLINEAR RECONSTRUCTIONS 

a. Schematic diagram of 3-point object 
Hole diameter: 

A-4.3 pm 
B-6.0 pm 
C-7.4 pm 

b. Schematic diagram of 
typical hoie-cross-section. 

Note varying diameter. 

. , , . /, 

Figure 3 . 5  



p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  o r d e r  number, t h e n  t h e  n o n l i n e a r  

c a s e  w i l l  r e c o n s t r u c t  h i g h e r  o r d e r s  t h a n  t h e  l i n e a r  c a s e  o n l y  i f  

e i g h t h  o r d e r  i s  o b t a i n a b l e  i n  t h e  l i n e a r  c a s e .  

The n o n l i n e a r  shadowgraph was con tac t - cop ied  o n t o  Kodak 649-F 

p l a t e ,  and t h e  p l a t e  was deve loped  and b leached as d e s c r i b e d  i n  

Appendix I .  Maximum e f f i c i e n c y  of b leached p l a t e s  o c c u r r e d  f o r  a  

maximum p r e b l e a c h e d  d e n s i t y  o f  a b o u t  two. E q u a t i o n s  (2 .141  and I3.11 

c a n  be combined t o  o b t a i n  a f i f t h  o r  s i x t h  o r d e r  polynomial  f o r  t h e  

649-F p r e b l e a c h e d  t-E f u n c t i o n .  B leach ing  changes  t - E  a c c o r d i n g  t o  

t h e  d i s c u s s i o n  i n  S e c t i o n  2.4.4,  bu t  t h e  c a l c u l a t i o n  w i l l  n o t  be 

g i v e n  h e r e .  I t  s h o u l d  be n o t e d ,  however, t h a t ,  d u e  t o  t h e i r  d i f f e r e n t  

t-E c u r v e s ,  t h e  phase  and n o n l i n e a r  a b s o r p t i o n  r e c o n s t r u c t i o n s  

s h o u l d  n o t  be i d e n t i c a l .  

F i g u r e  3 .6  shows t h e  r e s u l t s  of  t h e  r e c o n s t r u c t i o n s  of  t h e  

t h r e e  coded images .  Note t h a t ,  as p r e d i c t e d ,  d i s k s  A and B o f  

F i g u r e  3.5 are n o t  r e s o l v e d  i n  t h e  f irst  o r d e r  r e c o n s t r u c t i o n s .  

Both a b s o r p t i o n  cases r e c o n s t r u c t  s i x t h  o r d e r ,  s o  t h e  e f f i c i e n c y  

enhancement o f  t h e  n o n l i n e a r  o v e r  t h e  l i n e a r  case i s  n o t  a p p a r e n t .  

The phase  i s  much more e f f i c i e n t  t h a n  t h e  a b s o r p t i o n  c a s e s ,  as 

e x p e c t e d .  A l so ,  t h e  n o n l i n e a r  a b s o r p t i o n  c a s e  s u f f e r s  some obscu- 

r a t i o n ,  p o s s i b l y  d u e  t o  e m u l s i o n  stress e f f e c t s .  T h i s  h y p o t h e s i s  is  

s u p p o r t e d  by t h e  f a c t  t h a t  t h e  phase  r e c o n s t r u c t i o n s ,  which  were 

performed w i t h  t h e  coded image i n  a l i q u i d  g a t e  t o  m i t i g a t e  emuls ion  

r e l i e f  e f f e c t s ,  e x h i b i t  c r i s p  images.  The l i n e a r  case, f r e e  o f  a r t i -  

facts, h a s  s u p e r i o r  image f i d e l i t y ,  w h i l e  t h e  n o n l i n e a r  cases s u f f e r  

f rom d e t e r m i n i s t i c  d e g r a d a t i o n .  I n  a d d i t i o n ,  t h e  p r e s c e n c e  of  - 



Figu re  3.6 Recons t ruc t ions  of "Linearw and Nonlinear Coded Images 

Note t h e  s u p e r i o r  image f i d e l i t y  of  t h e  l i n e a r  r econs t ruc t ions ,  
e s p e c i a l l y  i n  t h i r d  order .  The phase r econs t ruc t ions  are very  
c r i s p  compared t o  t h e  non l inea r  abso rp t ion  images, evidence t h a t  
t h e  l i q u i d  g a t e  improves t h e  r econs t ruc t ion .  Notice a l s o  t h a t  
t h e  phase r econs t ruc t ions  are obtained i n  much h ighe r  o r d e r s  than  
t h e  absorp t ion  r econs t ruc t ions .  
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even-order images and t h e  f a c t  t h a t  s i x t h  o r d e r  is s t r o n g e r  t h a n  

f i f t h  o r d e r  i n  t h e  l i n e a r  c a s e  s u g g e s t  t h a t  F r e s n e l  d i f f r a c t i o n  i n  

t h e  r e c o r d i n g  s t e p  caused r e d i s t r i b u t i o n  of t h e  F o u r i e r  c o e f f i c i e n t s  

of t h e  zone p l a t e  t r a n s m i s s i o n  f u n c t i o n .  

Tab le  3 .1  d i s p l a y s  r e s u l t s  of f l u x  measurements of t h e  t h i r d  

o r d e r  images i n  F i g u r e  3.6. T o t a l  f l u x  of each  d i s k  w a s  measured 

w i t h  a photodiode.  Neg lec t ing  phase  e f f e c t s  i n  t h e  l i n e a r  case, t h e  

s q u a r e  r o o t  of t h e  measured f l u x  f o r  any d i s k  should  be p r o p o r t i o n a l  

t o  t h e  a r e a  of t h e  cor respond ing  h o l e  i n  t h e  o b j e c t  f o i l .  The non- 

l i n e a r  cases shou ld  n o t  be l o y a l .  F i g u r e  3.7 is a graph of t h e  

s q u a r e  r o o t  of  t h e  measured f l u x  - v s  a r e a  of  t h e  cor respond ing  h o l e  

f o r  t h e  t h r e e  c a s e s .  A s  i n d i c a t e d  by t h e  graph,  t h e  l i n e a r  case is 

q u a n t i t a t i v e l y  c o r r e c t ,  w h i l e  t h e  phase  case is t h e  least l o y a l  image. 

The n o n l i n e a r  images s u f f e r  from i r r a d i a n c e  compression,  as 

might be expec ted  from t h e  shape  of  t h e  n o n l i n e a r i t y  i n  F i g u r e  3.4. 

The s t r o n g e r  an o b j e c t  p o i n t ,  t h e  more i t s  cor respond ing  image p o i n t  

i r r a d i a n c e  is "compressed" i n  t h e  n o n l i n e a r  c a s e .  I t  is no  s u r p r i s e  

t h a t  t h e  phase  c a s e  h a s  both  t h e  most prominent a r t i f a c t s  and t h e  

g r e a t e s t  image compression.  Use of e q u a t i o n  [ 3 . 1 ]  w i t h  t h e  n o n l i n e a r  

a b s o r p t i o n  c a s e  r e v e a l s  t h a t  50% of t h e  r e c o n s t r u c t i o n  mask image 

t r a n s m i t t a n c e  c o n t r i b u t e s  t o  a r t i f a c t s ,  w h i l e  46% of t h e  image f l u x  

is  a r t i f a c t  f l u x .  The phase  c a s e  is even worse;  from F i g u r e  3.7 it 

c a n  be shown t h a t  a b o u t  70% of  t h e  image f l u x  is f o c u s s e d  i n t o  t h e  

a r t i f a c t s .  Indeed,  t h e  t o t a l  f l u x  i n  t h e  e i g h t  m o s t  prominent 

a r t i f a c t s  i n  t h e  t h i r d - o r d e r  phase  image w a s  measured t o  be v i r t u a l l y  

i d e n t i c a l  t o  t h e  t o t a l  f l u x  i n  t h e  image p o i n t s .  
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The c a l c u l a t i o n  of e x a c t  a r t i f a c t  s t r e n g t h s  from e q u a t i o n  t2.181 

f a i l s  i n  p r a c t i c e  because of t h e  r e d i s t r i b u t i o n  of t h e  zone p l a t e  

F o u r i e r  c o e f f i c i e n t s  i n  t h e  r e c o r d i n g  s t e p .  I f  t h e  zone p l a t e  t r a n s -  

parency f u n c t i o n  is e x a c t l y  known, such  a c a l c u l a t i o n  would be 

p o s s i b l e .  But it would be advantageous  t o  measure t h e  r e d i s t r i b u t i o n ,  

and t h e  o n l y  e a s y  way t o  d o  s u c h  a t h i n g  r e q u i r e s  a l i n e a r  r ecord ing .  

3.4.3 Role  of Objec t  I n f o r m a t i o n  Conten t  i n  A r t i f a c t  Formation 

The c o n c l u s i o n s  of Chap te r  II i n d i c a t e d  more t h a n  j u s t  t h e  depen- 

dence  of a r t i f a c t  f o r m a t i o n  on t-E n o n l i n e a r i t y .  A r t i f a c t s  were 

found t o  d e c r e a s e  i n  importance  w i t h  i n c r e a s i n g  o b j e c t  s i ze  and t o  

i n c r e a s e  i n  importance  w i t h  i n c r e a s i n g  s p a t i a l  modula t ion of o b j e c t  

emiss ion .  I n  o t h e r  words, o b j e c t  i n f o r m a t i o n  c o n t e n t  s t r o n g l y  

i n f l u e n c e s  d e t e r m i n i s t i c  d e g r a d a t i o n .  Some s imple  exper iments  

i l l u s t r a t i n g  t h i s  i n f l u e n c e  a r e  now d e s c r i b e d .  

3 .4 .3 .1  E f f e c t  of Objec t  S i z e  

The e f f e c t  of o b j e c t  s i z e  can  be s t u d i e d  by comparing t h e  

v a r i o u s  o r d e r s  of r e c o n s t r u c t i o n  of a  s i n g l e  o b j e c t .  F o r  example, 

i n  f i r s t  th rough  f o u r t h  o r d e r s ,  t h e  t h r e e - d i s k  o b j e c t  of F i g u r e  3.5 

r a d i a t e s  from t h r e e  r e s o l u t i o n  c e l l s ,  w h i l e  i n  o r d e r s  h i g h e r  t h a n  

f o u r t h ,  it e f f e c t i v e l y  r a d i a t e s  from more t h a n  t h r e e  r e s o l u t i o n  

c e l l s  ( e . g .  i n  s e v e n t h  o r d e r ,  it r a d i a t e s  from a b o u t  6.8 c e l l s ) .  

Hence, o r d e r s  h i g h e r  t h a n  f o u r t h  shou ld  s u f f e r  less a r t i f a c t  degra -  

d a t i o n  t h a n  f i r s t  through f o u r t h  o r d e r s .  I r r a d i a n c e  measurements 

c o n f i r m  t h i s  i d e a .  V i s u a l  compar ison of t h e  phase  r e c o n s t r u c t i o n s  

i n  F i g u r e  3.6 shows t h a t  a r t i f a ~ t s  t e n d  t o  become less s i g n i f i c a n t  



w i t h  i n c r e a s i n g  o r d e r  number above f o u r t h  o r d e r .  u p  t o  f o u r t h  o r d e r ,  

however, t h e  a r t i f a c t s  are of a p p r o x i m a t e l y  e q u a l  impor tance  i n  a l l  

o r d e r s ,  as e x p e c t e d .  

The d e c r e a s e  i n  a r t i f a c t  s i g n i f i c a n c e  w i t h  i n c r e a s i n g  o r d e r  

number is n o t  c o i n c i d e n t  w i t h  a d e c r e a s e  i n  i r r a d i a n c e  compress ion .  

The r e l a t i v e  f l u x  c o n t r i b u t i o n  a t  any d i s k  is  i n v a r i a n t  w i t h  o r d e r  

number. The number of r a d l a ~ i n g  r e s o l u t i o n  c e l l s  changes  w i t h  o r d e r  

number, and a t  h i g h  o r d e r s ,  i n  which  a l l  d i s k s  are r e s o l v e d ,  t h e  

number of c e l l s  occupied  by a d i s k  is  p r o p o r t i o n a l  t o  t h e  d i s k  a r e a .  

Thus,  each  c e l l  i n  a d i s k  s u f f e r s  t h e  same i r r a d i a n c e  compress ion  

t h a t  t h e  u n r e s o l v e d  d i s k  d o e s  i n  t h e  low o r d e r s .  

3 .4 .3 .2  E f f e c t  o f  O b j e c t  Modula t ion  

The g r e a t e r  t h e  v a r i a t i o n  i n  s t r e n g t h  of t h e  emitters i n  t h e  

o b j e c t ,  t h e  g r e a t e r  t h e  a r t i f a c t  d e g r a d a t i o n .  T h i s  is i l l u s t r a t e d  

by compar ison of F i g u r e s  3 . 6  and 3 .8 .  F i g u r e  3.8a i s  a s c h e m a t i c  

d i ag ram of a d i s k - p a i r  o b j e c t .  The d i s k s ,  of nominal d i a m e t e r s  

25 pm and 45  p m, are s l i g h t l y  e l l i p t i c a l  and are s e p a r a t e d  by 60 p m 

c e n t e r - t o - c e n t e r .  T h i s  o b j e c t  was encoded a t  9 kev as  p r e v i o u s l y  

d e s c r i b e d .  Two r e c o r d i n g s  were  made. The f i r s t  r e s u l t e d  i n  

tmax 
= 0.9 ,  t . = 0.32 ( see F i g u r e  3 . 4  ) . The second w a s  p re -  

mln 

exposed t o  l i g h t  and had t = 0.46,  t = 0.38. F i g u r e  3 .8b  
max m i  n 

is  t h e  f i r s t  o r d e r  r e c o n s t r u c t i o n  of  t h e  f i r s t  r e c o r d i n g  ( A t  = 0.581, 

and F i g u r e  3.8d i s  t h e  r e c o n s t r u c t i o n  of t h e  A t = 0.08 r e c o r d i n g .  

F i g u r e s  3 . 8 ~  and e a r e  p l o t s  of t h e  i r r a d i a n c e  d i s t r i b u t i o n s  a l o n g  

l i n e s  j o i n i n g  t h e  open circles i n  t h e  r e c o n s t r u c t e d  images .  

I n  f i r s t  o r d e r ,  t h e  d i s k - p a i r  o b j e c t  is  o n l y  17% l a r g e r  t h a n  



Figure  3.8 Schematic Diagram and Reconstruct ions of ~ i s k - P a i r  Object 

There is very l i t t l e  d i s c e r n i b l e  d i f f e r ence  between t h e  nonl inear  
and l i n e a r  r econs t ruc t ions  i n  t h i s  f i g u r e .  Th i s  is due t o  t h e  f a c t  
t h a t  t h e r e  is no d i f f e r e n c e  i n  t h e  emission s t r e n g t h s  of t h e  va r ious  
r a d i a t i n g  c e l l s  i n  t h e  ob jec t .  
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t h e  t h r e e - d i s k  o b j e c t ,  which should  r e s u l t  i n  o n l y  a  s m a l l  d i f f e r e n c e  

i n  d e t e r m i n i s t i c  d e g r a d a t i o n .  However, A t  = 0.58 f o r  t h e  d i s k - p a i r  

i n  F i g u r e  3.8b, w h i l e  A t  = 0.66 f o r  t h e  t h r e e - d i s k  o b j e c t ;  t h e  

lower A t  and s l i g h t l y  l a r g e r  s i z e  shou ld  combine t o  y i e l d  a more 

l o y a l  r e c o n s t r u c t i o n  of t h e  d i s k - p a i r .  Y e t  it is sti l l  r e a s o n a b l e  

t o  e x p e c t  some a r t i f  a c t  d e g r a d a t i o n  f o r  t h e  d i s k - p a i r .  F i g u r e s  

3 .8b  and d  e x h i b i t  l i t t l e  i f  any d e g r a d a t i o n ,  though. The r e a s o n  

f o r  t h i s  i s  t h a t  a l l  r a d i a t i n g  r e s o l u t i o n  c e l l s  i n  t h e  d i s k - p a i r  

o b j e c t  emi t  t h e  same amount of f l u x ,  w h i l e  each  r a d i a t i n g  c e l l  of 

t h e  t h r e e - d i s k  o b j e c t  e m i t s  a n  unique amount of f l u x .  Equat ion [2.181 

r e a d i l y  p r e d i c t s  g r e a t e r  image f i d e l i t y  f o r  t h e  d i s k - p a i r .  

A l l  r a d i a t i n g  c e l l s  i n  t h e  d i s k - p a i r  w i l l  e x p e r i e n c e  t h e  same 

i r r a d i a n c e  compression,  and t h e  image f i d e l i t y  is t h e r e f o r e  n o t  

a f f e c t e d .  On t h e  o t h e r  hand, t h e  r a d i a t i n g  c e l l s  i n  t h e  t h r e e - d i s k  

o b j e c t  s u f f e r  v a r y i n g  compress ions ,  as shown is S e c t i o n  3.4.2, and 

image f i d e l i t y  is degraded.  

Comparison of F i g u r e s  3 .8b  and d  s u g g e s t s  f u r t h e r  t h e  depen- 

dence of a r t i f a c t  fo rmat ion  on o b j e c t  modula t ion.  The images were 

r e c o n s t r u c t e d  from coded images w i t h  d i f f e r e n t  e f f e c t i v e  t-E 

c u r v e s ,  y e t  t h e r e  i s  no d i s c e r n i b l e  d i f f e r e n c e  i n  image f i d e l i t y  

( t h e  t-E f u n c t i o n  f o r  t h e  r e c o r d i n g  r e s u l t i n g  i n  t h e  image of 

F i g u r e  3.8d c a n  be expressed  as 

t = 0 .63  - 0.051 E, [ 3.31 

where E v a r i e s  f rom 3.33 t o  4.9 i n  F i g u r e  3 . 4 ) .  T h i s  comparison 

is ana logous  t o  t h e  comparison i n  F i g u r e  3.6 of t h e  l i n e a r  and 

n o n l i n e a r  a b s o r p t i o n  r e c o n s t r u c t i o n s ,  i n  which a d i s t i n c t  d i f f e r e n c e  



i n  image f i d e l i t y  a p p e a r s .  E v i d e n t l y ,  t h e n ,  o b j e c t  modula t ion i s  a 

major  f a c t o r  i n  t h e  d e g r a d a t i o n  of image f i d e l i t y  w i t h  i n c r e a s i n g  

n o n l i n e a r i t y .  

3.5 S t u d i e s  of C r a i n  Noise 

A s  mentioned i n  Chap te r  11 , it may be p o s s i b l e  t o  i n c r e a s e  SNR 

by b leach ing  t h e  coded image. T h i s  s e c t i o n  e x p l o r e s  t h a t  i d e a  i n  a 

t h r e e  s t e p  approach.  F i r s t ,  t h e  g r a i n  n o i s e  d i s t r i b u t i o n s  of un i -  

fo rmly  exposed and developed p l a t e s  a r e  measured t o  e x p l o r e  any 

d i f f e r e n c e  between bleached and unbleached media. Then t h e  S N R  

f o r  a s imple  d i s k  o b j e c t  is e v a l u a t e d  f o r  both  a b s o r p t i o n  and 

phase  r e c o n s t r u c t i o n s .  F i n a l l y ,  t h e  v a r i a t i o n  of SNR w i t h  o b j e c t  

s i z e  i s  i l l u s t r a t e d .  

3 .5 .1  Gra in  Noise  of Uniformly Exposed P l a t e s  

U s u a l l y  t h e  b leached mask i n  Z P C I  w i l l  be a c o n t a c t  copy of 

t h e  a c t u a l  coded image; t h i s  arrangement a l l o w s  f l e x i b i l i t y  i n  

choos ing  both t h e  r e c o r d i n g  medium and t h e  r e c o n s t r u c t i o n  mask. 

X-ray f i l m s  o r  t r a c k  d e t e c t o r s  can be used f o r  encoding,  w h i l e  

h o l o g r a p h i c  media s u i t a b l e  f o r  b leach ing  c a n  serve as r e c o n s t r u c t i o n  

masks. Holographic  media have ex t remely  low s c a t t e r i n g  p r o p e r t i e s  

because  of t h e i r  f i n e  g r a i n ,  (45 '46 '  and s o  t h e  n o i s e  i n  t h e  image 

f i e l d  w i l l  a c t u a l l y  be j u s t  t h a t  t r a n s f e r r e d  from t h e  o r i g i n a l  

r e c o r d i n g  medium t o  t h e  h o l o g r a p h i c  p l a t e  i n  t h e  copying s t e p .  

The problem of i n t e r e s t  h e r e  is t h e  d e t e r m i n a t i o n  of whether  

or n o t  b leach ing  i n t r o d u c e s  a d d i t i o n a l  n o i s e  i n  t h e  medium. Suppose 

t h a t ,  upon b l e a c h i n g ,  t h e  n o i s e  p o w e r  i n c r e a s e s  j u s t  as much as t h e  - 



d i f f r a c t i o n  e f f i c i e n c y .  Then b leach ing  does  n o t  improve SNR. Only 

i f  n o i s e  power i n c r e a s e s  less t h a n  d i f f r a c t i o n  e f f i c i e n c y  is  any th ing  

ga ined  by b leach ing .  

To a d d r e s s  t h e  problem, t h e  fo l lowing  experiment w a s  performed. 

S e v e r a l  K d a k  649-F p l a t e s  were uniformly exposed and developed.  

Each p l a t e  i n  t u r n  w a s  p laced  i n  t h e  exper imenta l  a p p a r a t u s  of F i g u r e  

3.9. The i r r a d i a n c e  w a s  measured i n  t h e  back f o c a l  p l a n e  of t h e  

l e n s  w i t h  a p i n h o l e / d i f f u s e r / p h o t d i d e  s e t u p .  The r e s u l t s  of a 

r e p r e s e n t a t i v e  c a s e  are g i v e n  i n  F i g u r e  3.10. The p l a t e s  were t h e n  

bleached i n  brominated methanol (Appendix I )  and remeasured i n  t h e  

a p p a r a t u s  of F i g .  3.9. F i g u r e  3.10 shows r e s u l t s  of t h e  bleached 

c o u n t e r p a r t  of t h e  unbleached emulsion shown i n  t h e  f i g u r e .  

There  w a s  no d i s c e r n i b l e  d i f f e r e n c e  i n  t h e  n o i s e  power of 

b leached and unbleached p l a t e s .  Only s i g n a l  power ( i . e .  d . c . )  w a s  

d i f f e r e n t .  I n  F i g u r e  3.10, t h e  measured p o i n t s  a r e  connected by 

s t r a i g h t  l i n e s ,  which is  why t h e  two c a s e s  appear  t o  have d i f f e r e n t  

n o i s e  l e v e l s  blow 2.5 cycles/rnm. From t h e  d a t a  o f  F i g u r e  3.10, 

i s  s a f e  t o  i n f e r  t h a t  b leach ing  c a n  i n c r e a s e  SNR. 

3.5.2 SNR f o r  Absorp t ion  and Fhase R e c o n s t r u c t i o n s  of a Disk Objec t  

What f o l l o w s  i l l u s t r a t e s  t h e  i n c r e a s e  i n  SNR a c h i e v a b l e  w i t h  

b leach ing .  A d i s k  o b j e c t  w a s  chosen f o r  t h i s  s t u d y  due t o  t h e  

s i m p l i c i t y  of t h e  a s s o c i a t e d  n o i s e .  The o b j e c t  is shown schemati-  

c a l l y  i n  F i g u r e  3.11a. 

A shadowgram of t h e  o b j e c t  w a s  r ecorded  on RAR 2491 f i l m  a t  

9 kev i n  t h e  exposure  sys tem of  F i g u r e  3.2.  A s  be fore ,  sl = 2 c m ,  

s2 = 1 0  cm, and t h e  zone p l a t e  r e s o l v e d  28 pm i n  f i r s t  o r d e r .  The 
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Figu re  3.10 
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Figure 3.11 Comparison of Absorption and Phase Reconstructions 
of 20 urn Diameter D i s k  Object 

A s  in  Figure 3.6, the phase reconstruction provides higher diffraction 
efficiency than the absorption case, and higher order images are 
thus obtainable. 
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coded image was c o p i e d  o n t o  s e v e r a l  6 4 9 4  p l a t e s ,  which were deve loped  

and b leached  as i n  Appendix I .  T a b l e  3.2 is  a list of t h e  o r i g i n a l  

shadowgram and t h e  p l a t e s ,  t h e i r  p r e b l e a c h e d  and pos t -b leached  

maximum o p t i c a l  d e n s i t i e s ,  a n d  t h e i r  maximum o r d e r s  o f  r e c o n s t r u c t i o n  

( a f t e r  b l e a c h i n g  f o r  t h e  p l a t e s )  f o r  SNR > 1. o i g u r e  3.11b s h w s  

some o f  t h e  images  from t h e  o r i g i n a l  shadowgram and p l a t e  d .  

A s  might  be a n t i c i p a t e d  from s t u d i e s  i n  ho lography ,  t h e  phase  

r e c o n s t r u c t i o n  c a n  be more e f f i c i e n t  t h a n  t h e  a b s o r p t i o n  case. The 

p h a s e  c a s e  peaks  i n  e f f i c i e n c y  f o r  a  p reb leached  d e n s i t y  of  a b o u t  2, 

s imi la r  t o  r e s u l t s  o b t a i n e d  w i t h  o t h e r  h o l o g r a p h i c  p l a t e s  b leached i n  

bromine.  ' 5 2 1  N o t i c e  a l s o  t h e  d i f f e r e n c e  i n  t h e  a p p e a r a n c e s  of  t h e  

l o w e s t  o r d e r  images ;  t h e  l i q u i d  g a t e  used  i n  t h e  phase  case e v i d e n t l y  

p e r m i t s  a c r i s p e r  image. The absence  of  s i d e l o b e s  i n  t h e  h i g h e r  

o r d e r s  is  due  t o  t h e  f a c t  t h a t  t h e  d i s k  is  u n r e s o l v e d  i n  f i r s t  o r d e r ,  

s o  t h e  m a n i f e s t a t i o n s  o f  t h e  c o h e r e n t  decod ing  are s t r o n g e s t  t h e r e .  

A u s e f u l  rule is t o  u s e  a mid-order r e c o n s t r u c t i o n  t o  a v o i d  b o t h  

c o h e r e n t  e f f e c t s  f o r  small, d i s c r e t e  o b j e c t  c e l l s  and n o i s e  l i m i t a -  

t i o n s  i n  t h e  h i g h e s t  o r d e r s .  

The g a i n  i n  SNR f o r  p h a s e  r e c o n s t r u c t i o n s  must  be weighed a g a i n s t  

t h e  i n c r e a s e  i n  d e t e r m i n i s t i c  d e g r a d a t i o n .  I f  the o b j e c t  is con- 

t i n u o u s  w i t h  no marked e m i s s i o n  c o n t o u r s ,  b l e a c h i n g  c a n  be u s e f u l .  

F o r  d i s c r e t e ,  s m a l l  o b j e c t s ,  b l e a c h i n g  may a c t u a l l y  p r o v i d e  a g a i n  

i n  SNR b u t  a loss i n  d e t e r m i n i s t i c  image f i d e l i t y .  The g a i n  i n  SNR 

f o r  b l e a c h i n g  is de te rmined  by t h e  e f f i c i e n c y  of  t h e  o r i g i n a l  m s k  

and t h e  p r o c e s s i n g  of t h e  copy.  The d i f f r a c t i o n  e f f i c i e n c y  c a n  be 

i n c r e a s e d  by as much as a factor o f  f o u r ,  as w a s  i n d i c a t e d  i n  

S e c t i o n  2.4.5.2.  



OPTICAL DENSITIES AND RECONSTRUCTION EFFICIENCIES 

FOR ORIGINAL AND COPY CODED IMAGES 

2491 f i lm o r  I Maximum o p t i c a l  dens i ty  Maximum order 
649-F p l a t e  absorption I phase I , with SNR > 1 

2491 f i l m  
p l a t e  a 
p l a t e  b 
p l a t e  c 
p l a t e  d 
p l a t e  e 

6 
3 (phase) 
5 (phase) 
7 (phase) 
8 (phase) 
6 (phase) 

Table 3.2 



3.5.3 Var i a t ion  of SNR wi th  Object  S i z e  

Equation [2.381 p r e d i c t s  t h a t  t h e  noise  t ransmi t tance  has two 

f a c t o r s ,  one random and one de t e rmin i s t i c .  The d e t e r m i n i s t i c  com- 

ponent t(g) imparts  t o  t h e  noise  t h e  spatial d i s t r i b u t i o n  of t h e  

image. Hence, a no ise  model wi th  a white  s p a t i a l  frequency spectrum 

would p r e d i c t  i d e n t i c a l  SNR f o r  l a r g e  and small ob jec t s ,  whereas it 

is known t h a t  small o b j e c t s  have h igher  SNR than  l a r g e  ones.  The - 
5 f a c t o r  i n  equat ion [2.381, which emphasizes low s p a t i a l  f requencies ,  

enables  t h e  model t o  p r e d i c t  i nc reas ing  SNR f o r  i nc reas ing  high 

s p a t i a l  frequency content  i n  t h e  ob jec t .  Thus, l a r g e  o b j e c t s  s u f f e r  

lower SNR than  smal l  ones. 

F igure  3.12a shows an o b j e c t  s u b s t a n t i a l l y  l a r g e r  t han  those  of 

previous sec t ions .  Imaged under cond i t i ons  i d e n t i c a l  t o  t hose  used 

previously,  t h e  o b j e c t  appeared a s  i n  F igures  3.12b and c. Even t h e  

f i r s t  o rder  r econs t ruc t ion  was u n f a i t h f u l .  Evidently,  t h e  l a r g e r  t h e  

ob jec t ,  t h e  lower t h e  SNR. 

The case  j u s t  presented provides  an i n t e r e s t i n g  example of t h e  

d i f f i c u l t y  involved i n  c a l c u l a t i n g  no i se  based on some average 

spatial frequency. The o b j e c t  con ta ins  both h igh  and low s p a t i a l  

f requencies ,  and from F igu re  3.12 it is c l e a r  t h a t  t h e  low frequen- 

cies a r e  more s t rong ly  a f f e c t e d  by t h e  noise .  I n  t h i s  case ,  t h e  

o b j e c t  frequency spectrum is heav i ly  weighted toward t h e  low 

f requencies ,  and t h e  average frequency is t h u s  f a i r l y  low. On t h e  

o t h e r  hand, an  o b j e c t  wi th  a l a r g e  p o r t i o n  of  high f requencies  w i l l  

have a h igher  average frequency. The images of Figure  3.12 appear  

t o  have s i g n i f i c a n t  high frequency con ten t  due t o  t h e  prescence of 



Figure  3.12 Reconstruct ion of Large Object  

Th i s  ca se  has  low SNR. The g r a i n i n e s s  of t h e  image might be 
mis in t e rp re t ed  as high frequency information,  lead ing  t h e  use r  
t o  be l i eve  t h a t  t h e  image has  s i g n i f i c a n t l y  more d e t e r m i n i s t i c  
degradat ion than  it r e a l l y  does ( s e e  Sec t ion  4.3.2.2). 



RECONSTRUCTION OF LARGE OBJECT 

(a) 0 bject Schematlc . A 170 Am dlameter hole In Au foll 
was covered wlth 2.5 pm thlck NI foll. A 20 ~ m x 3 0  Bm 
hole was drllled In NI foll. Thlo represents a small, 
brlght object on a dlm, dlffuse background. 

(b) First order reconstruction of (a) 

(c) Second order reconstruction of (a) 

Figure 3.12 



noise ,  and t h e  average frequency might be misjudged. It is impor- 

t a n t  t o  have some a p r i o r i  in format ion  about t h e  o b j e c t  i n  o rde r  

t h a t  such c a l c u l a t i o n s  can be made accu ra t e ly .  

3.6 Summary of Experimental Work 

Th i s  chapter  has  confirmed t h e  major r e s u l t s  of Chapter lI . 
Nonlinear ZPCI has  been shown t o  degrade t h e  image i n  a manner 

s t r o n g l y  dependent upon o b j e c t  information con ten t .  Noise has  been 

shown t o  va ry  wi th  o b j e c t  geometry and system l i n e a r i t y ,  wi th  small 

o b j e c t s  and phase r e c o n s t r u c t i o n s  providing h ighes t  SNR. However, 

SNR only i nc ludes  noise ,  and cases of high SM( might a c t u a l l y  have 

low image f i d e l i t y .  For  example, t h e  phase r e c o n s t r u c t i o n s  of F ig .  

3.6 have t h e  h ighes t  SNR i n  t h i s  s tudy ,  bu t  t hey  have t h e  w o r s t  

d e t e r m i n i s t i c  image f i d e l i t y  as w e l l .  

The prescence of two d i s t i n c t  image degrada t ion  mechanisms i n  

ZPCI i s  j u s t  cause  f o r  a r econs ide ra t i on  of f i g u r e s  of m e r i t  necessary 

t o  completely c h a r a c t e r i z e  t h e  system. A s  seen  i n  F igu re  3.8, 

impulse response o r  r e l a t i v e  c o n t r a s t  t r a n s f e r  can be cons t an t  f o r  
3 

the system r e g a r d l e s s  of l i n e a r i t y  o r  o b j e c t  information conten t .  

Y e t  l i n e a r i t y  and information con ten t  are s t r o n g  f a c t o r s  i n  de t e r -  

mining image f i d e l i t y .  Evident ly ,  parameters  such as r e s o l u t i o n  

and c o n t r a s t  t r a n s f e r  sugges t  what can i n  p r i n c i p l e  be achieved 

wi th  ZPCI, whi le  i n  p r a c t i c e  o t h e r  concepts  must be used. The next  

chap te r  add re s se s  p r a c t i c a l  op t imiza t ion .  



CHAPTER IV 

OPTIMIZATION OF ZPCI 



4.1 In t roduc t ion  

Th i s  chap te r  is t h e  f i r s t  p r e s e n t a t i o n  of a formal  procedure 

f o r  opt imizing ZPCI .  Following a  s h o r t  review of Chapters  I1 and 

In, g u i d e l i n e s  f o r  es t imat ing  image degrada t ion  are developed. 

Examples are used t o  i l l u s t r a t e  concepts  and in t roduce  t h e  i s s u e s  

conf ront ing  t h e  ZPCI use r .  Optimizat ion evolves as a  compromise 

between s e v e r a l  i s s u e s .  

4.2 Review of R e s u l t s  

I n  t h i s  s ec t i on ,  f a c t o r s  determining t h e  importance of each 

image degrada t ion  mechanism are reviewed. 

4.2.1 De te rmin i s t i c  Degradation 

De te rmin i s t i c  degrada t ion  is important  f o r  two reasons.  F i r s t ,  

t h e  ZPCI  system is r a r e l y  used i n  s i t u a t i o n s  i n  which t-E is l i n e a r .  

Furthermore, nonl inear  ZPCI can  provide a  s i g n i f i c a n t  i n c r e a s e  i n  

r econs t ruc t ion  e f f i c i e n c y  over  t h e  l i n e a r  case. 

A r t i f a c t  formation depends upon two f a c t o r s :  t h e  exac t  n a t u r e  

of t h e  n o n l i n e a r i t y  and t h e  o b j e c t  in format ion  conten t .  A r t i f a c t  

s t r e n g t h  i n c r e a s e s  with n o n l i n e a r i t y  s t r e n g t h .  For  example, i f  

equa t ion  [3.11 is  t h e  system t-E c h a r a c t e r i s t i c  (w i th  E < l o ) ,  t h e  

quad ra t i c  n o n l i n e a r i t y  can  produce a r t i f a c t s  as s t r o n g  a s  t h e  image 

( f o r  smal l  o b j e c t s ) .  On t h e  o t h e r  hand, i n c r e a s i n g  o b j e c t  s i z e  

r e s u l t s  i n  decreas ing  a r t i f a c t  importance. The informat ion  d i s t r i -  

bu t ion  i n  t h e  o b j e c t  is impor tan t  as wel l ;  d i f f u s e  o b j e c t s  are 

imaged more l o y a l l y  t h a n  o b j e c t s  wi th  h igh  modulation. 



4.2.2 Noise 

Noise is determined by (1) t h e  p r o p e r t i e s  of t h e  d e t e c t o r  i n  

t h e  r e c o r d i n g  s t e p ,  ( 2 )  o b j e c t  emiss ion s t r e n g t h  ( s h o t  n o i s e ) ,  and 

( 3 )  o b j e c t  in fo rmat ion  c o n t e n t .  Fi lm g r a i n  n o i s e  peaks a t  low 

s p a t i a l  f r e q u e n c i e s .  Objec t  in fo rmat ion  c o n t e n t  de te rmines  t h e  

s p a t i a l  f requency  spectrum of t h e  o b j e c t .  Broader o b j e c t s  s u f f e r  

more g r a i n  n o i s e  t h a n  s m a l l  ones .  S h o t  n o i s e  can be a problem i n  

p a r t i c l e  imaging, i n  which low o b j e c t  f l u x  r e s u l t s  n o t  on ly  i n  

h i g h e r  random t r a n s m i t t a n c e  f l u c t u a t i o n  i n  t h e  r e c o n s t r u c t i o n  mask 

b u t  a l s o  i n  l e s s  d i f f r a c t i o n  e f f i c i e n c y .  

4.3 Opt imiza t ion  

I n  t h i s  s e c t i o n ,  p rocedures  f o r  e s t i m a t i n g  image d e g r a d a t i o n  

a r e  developed. I n  t h e  e s t i m a t i o n  of both  a r t i f a c t s  and n o i s e ,  t h e  

uniform o b j e c t  is  t r e a t e d  f i r s t .  The t r e a t m e n t s  a r e  t h e n  extended 

t o  i n c l u d e  more complex o b j e c t s .  F i n a l l y ,  t h e  p r o c e s s  of opt imi-  

z a t i o n  is i l l u s t r a t e d  w i t h  examples. 

4.3.1 E f f i c i e n c y  of a  S i n g l e  In format ion  Element 

An i n f o r m a t i o n  e lement  i s  t h e  s m a l l e s t  amount of i n f o r m a t i o n  

measurable  i n  t h e  o b j e c t .  F o r  N r a d i a t i n g  r e s o l u t i o n  cells i n  

t h e  o b j e c t  and G informat ion e lements  i n  t h e  j* cell ,  t h e  o b j e c t  
j 

c o n t a i n s  
N 

G =  1 G j  i n f o r m a t i o n  e lements .  i4.11 
j =1 

The r e c o r d i n g  s t e p  exposure  c a n  be t h o u g h t  of as c o n s i s t i n g  o f  G 

i n f o r m a t i o n  e lements  r a t h e r  t h a n  N r e s o l u t i o n  cells, w i t h  a l l  

e l e m e n t s  e m i t t i n g  t h e  same amount of f l u x .  Thus, a l l  e lements  



have t h e  same image f i e l d  s t r e n g t h  ( i n  l i n e a r  ZPCI). Some elements 

co inc ide  s p a t i a l l y .  Equation l 2 . 1 0 1  can be r ewr i t t en :  

A l l  q u a n t i t i e s  a r e  def ined as i n  S e c t i o n  2 . 4 . 2 .  Equation l 2 . 7 1  

can be w r i t t e n  as 

where some of t h e  R .  may be co inc ident .  
3 

I t  is r e a d i l y  seen  t h a t  t h e  r e l a t i v e  d i f f r a c t i o n  e f f i c i e n c y  

2  f o r  a s i n g l e  information element is  1 / G  , i f  none of t h e  R coinc ide .  
j 

However, i f  some R 's co inc ide ,  a l l  t h e  in format ion  elements a t  a  
j 

g iven  p o s i t i o n  add coheren t ly  i n  r econs t ruc t ion ,  and t h e  r e l a t i v e  

e f f i c i e n c y  of t h e  ie p i x e l  w i l l  be G ~ / G ~ .  The s i n g l e  information 

element can be considered independently of o t h e r  ( s p a t i a l l y  

co inc iden t )  e lements  only i n  t e r m s  of r econs t ruc t ion  f i e l d  amplitude. 

4 . 3 . 2  Estimation of De te rmin i s t i c  Degradation 

The problem of a c c u r a t e l y  determining a r t i f a c t  s t r e n g t h s  w a s  

a l l uded  t o  b r i e f l y  i n  S e c t i o n  2 . 4 . 5 . 4 .  Since  d e t e r m i n i s t i c  degra- 

d a t i o n  cannot be d i r e c t l y  measured, some e s t ima t ion  cri teria must 

be devised.  Evident ly ,  f i l m  l i n e a r i t y ,  o b j e c t  s i z e ,  and o b j e c t  

modulation must be included i n  t h e  e s t ima t ion  process .  I t  i s  assumed 

he re  t h a t  t h e  a r t i f a c t  d i s t r i b u t i o n  can be found i n  any r econs t ruc t ed  

order ,  much as t h e  image can. H i t h  t h e  p o s s i b l e  except ion  of 

p a r t i c l e  imaging, t h i s  is a s a f e  assumption. Hence, a r t i f a c t  and 

image s t r e n g t h  are compared d i r e c t l y .  



4.3.2.1 A r t i f a c t  D i s t r i b u t i o n  f o r  a Uniform Object 

The uniform o b j e c t  r e p r e s e n t s  t h e  s imples t  c a s e  f o r  e s t ima t ing  

a r t i f a c t  s t r e n g t h s .  For  a uniform o b j e c t  of N r e s o l u t i o n  cells,  

t h e  r a t i o  of t h e  r econs t ruc t ion  d i f f r a c t i o n  e f f i c i e n c y  of a s i n g l e  

k* o rde r  a r t i f a c t  t o  t h a t  of an  image cel l  is  

2 - For t h e  RAR 2491 f i l m  of equa t ion  [ 3 . 11 ,  wi th  N = 20, - 
I 

The t o t a l  image- to-ar t i fac t  r a t i o  is  '11 / r l  = 3.10-3 

The q u a d r a t i c  a r t i f a c t  c o n t r i b u t i o n  a t  a  p o i n t  i n  t h e  image of 

an  extended o b j e c t  can be s p a t i a l l y  averaged over s e v e r a l  a r t i f a c t s  

i f  t h e  o b j e c t  c o n s i s t s  of d i s c r e t e  emi t t i ng  r eg ions  and t h e  emi t t i ng  

r eg ions  a l l  have similar s t r e n g t h s .  I f  t h e  o b j e c t  is  continuous, 

s p a t i a l  averaging is unnecessary, as i n  t h e  case of t h e  uniform 

o b j e c t .  For  a  uniform d i s k  o b j e c t  of r a d i u s  R ,  it i s  easy t o  show 

t h a t  t h e  quad ra t i c  a r t i f a c t  s t r e n g t h  a t  a  po in t  a  d i s t a n c e  d  from 

t h e  c e n t e r  is p ropor t i ona l  t o  R~ cos-'(dm) - d  m. R Fo r  a 

d i s k  covering twenty r e s o l u t i o n  cells,  then,  t h e  a r t i f a c t  i r r a d i a n c e  

can be as much as times t h e  image i r r a d i a n c e  ( t h i s  occurs  a t  

t h e  c e n t e r  of t h e  image). Thus, even i f  t h e  c e n t r a l  r e s o l u t i o n  ce l l  

of t h e  d i s k  is  non-emitting, t h e  a r t i f a c t  i r r a d i a n c e  a t  t h a t  p o i n t  

is n e g l i g i b l e .  

4.3.2.2 A r t i f a c t  D i s t r i b u t i o n  f o r  an  Object  wi th  Contours 

The preceeding d i scus s ion  appears  t o  i n d i c a t e  t h a t  a r t i f a c t s  

a r e  n e g l i g i b l e  compared t o  t h e  image i r r a d i a n c e .  For  extended 

o b j e c t s  wi th  smooth contours ,  t h i s  i s  indeed t h e  case.  Nonlinear  



imaging of o b j e c t s  with s h a r p  contours ,  however, can produce arti- 

f a c t s  which are s i g n i f i c a n t ,  and a method f o r  e s t ima t ing  t h e  s i g n i -  

f i c a n c e  is then  necessary.  Computation of a r t i f a c t  s t r e n g t h  

r e q u i r e s  knowledge of t h e  f i l m  t-E curve, t h e  o b j e c t  spatial and 

spectral d i s t r i b u t i o n s ,  and t h e  propagat ion c h a r a c t e r i s t i c s  of 

r a d i a t i o n  through t h e  record ing  system. I f  t h e  o b j e c t  spatial 

d i s t r i b u t i o n  is no t  known, d e t e r m i n i s t i c  degrada t ion  is d i f f i c u l t  

t o  assess. 

Consider a three-poin t  o b j e c t  recorded wi th  t-E as i n  equa t ion  

[3.11 and exposure no t  exceeding t e n  i n  F igure  3.4. Le t  t h e  worst  

case be invoked, i n  which two of t h e  p o i n t s  produce equa l  exposures 

(E ) and t h e  t h i r d  po in t  produces a weak exposure El ( E l <  E 2 ) .  
2 

I n  o r d e r  f o r  t h e  image of t h e  weak p o i n t  t o  be s t r o n g e r  t han  t h e  

q u a d r a t i c  a r t i f a c t  produced by t h e  non l inea r  i n t e r a c t i o n  of  t h e  two 

s t r o n g e r  exposures,  alE1 > a 2 ~ i /  2. Thus, E2 < 2.41 El. 

I f  E is d i s t r i b u t e d  over  more t han  one r e s o l u t i o n  cel l ,  E 1 2 

must be small/er i n  o rde r  t h a t  t h e  a r t i f a c t s  be smaller than  t h e  

weak areas of t h e  image. Le t  El be d i s t r i b u t e d  evenly wer M cells. 

Then 

Also, s i n c e  2E - 
2 + - Emax , t hen  

Inc reas ing  M r e q u i r e s  dec reas ing  E Fo r  p r a c t i c a l  purposes, 
2 ' 

t h e  weakest nonzero image i r r a d i a n c e  should exceed t h e  s t r o n g e s t  



a r t i f a c t  by some s a f e t y  f a c t o r .  Th i s  can be d i r e c t l y  incorpora ted  

i n t o  equa t ion  [ 4.2 I . 
The c a s e  j u s t  d i scussed  i s  p a r t i c u l a r l y  poor i n  image f i d e l i t y .  

More gene ra l  c a s e s  can be imagined, bu t  t h e  problem of e s t ima t i ng  

image f i d e l i t y  s t i l l  remains.  Es t imat ing  d e t e r m i n i s t i c  image 

f i d e l i t y  f o r  sma l l ,  d i s c r e t e  o b j e c t s  should  no t  be necessa ry  

because t h o s e  o b j e c t s  should always be imaged l i n e a r l y ,  as shown 

i n  S e c t i o n  3.4.2. The d i s c u s s i o n  h e r e  w i l l  c o n c e n t r a t e  on extended 

o b j e c t s  of more t h a n  about  t e n  r a d i a t i n g  cells ,  

R e c a l l  from equa t ion  14.11 t h a t  G is  p r o p o r t i o n a l  t o  t h e  t o t a l  

exposure  i n  t h e  encoding s t e p .  For  N r a d i a t i n g  o b j e c t  cells, t h e  

ave r age  c e l l  c o n t a i n s  i n fo rma t ion  e lements  w i th  a s t anda rd  devia-  

t i o n  o f  U elements ,  where 

and 

Def ine  t h e  mean o b j e c t  v a r i a t i o n ,  V,  as 

V = u / G .  

The a r t i f a c t  ampl i tude  t r a n s m i t t a n c e  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  

4 
of t h e  exposure  v a r i a t i o n ,  s o  a r t i f a c t  i r r a d i a n c e  is p r o p o r t i o n a l  t o  V . 
F u r t h e r ,  t h e  r a t i o  of u 2  ( t h e  v a r i a n c e )  t o  t h e  t o t a l  a r t i f a c t  t r a n s -  

m i t t ance  i s  independent  of N. Th i s  s t r i k i n g  r e s u l t  i n d i c a t e s  t h a t  

2 
a r t i f a c t  deg rada t i on  can be e s t ima t ed  if Z G  ( 1 G j) ', and N are known. 

j ' 
( 1 G ) is e a s i l y  measured du r ing  r e c o n s t r u c t i o n  as t h e  f l u x  

- 



i n  t h e  d.c. term. For  a  l i n e a r  record ing ,  1 G is t h e  t o t a l  image 
3 

f lux. '  For  nonl inear  ZPCI, t h e  "image" f l u x  con ta in s  a r t i f a c t  

c o n t r i b u t i o n s  a s  w e l l  a s  d e s i r e d  image information.  R e m e m b e r  from 

Chapter It t h a t  1 G c o n t a i n s  information about N,  s o  N is found 
j 

i n  t h e  t o t a l  image f l ux ,  but aga in  t h e  presence of a r t i f a c t s  

obscures  t h e  information.  N can a l s o  be found by measuring t h e  

image s i z e .  T h i s  method in t roduces  e r r o r  i n  t h e  va lue  f o r  N because 

a r t i f a c t s  are counted a s  image cells. Measurement of image f l u x  

w i l l  y i e l d  a  low va lue  f o r  N,  whereas measurement of t h e  image s i z e  

y i e l d s  a  h igh  v a l u e  f o r  N .  The average of t h e s e  two va lues  is a 

reasonable  va lue  t o  use  f o r  N.  The fo l lowing  p r e s c r i p t i o n  f o r  

eva lua t ing  a r t i f a c t  s i g n i f i c a n c e  can be used: 

(1) Know t h e  t - E  func t ion  f o r  t h e  f i l m  being used. 

( 2 )  For  a  given coded image, f i n d  t h e  t o t a l  exposure by measuring 

t h e  d.c. f l u x  i n  t h e  r econs t ruc t ion .  

Find tmax and tmin f o r  t h e  coded image. 

( 4 )  Compute t h e  d i f f r a c t i o n  e f f i c i e n c y  N f o r  t h e  l i n e a r  t r a n s -  

mi t tance  component. 

(5) Measure t h e  t o t a l  image f l u x .  T h i s  w i l l  i nc lude  both a r t i f a c t s  

and l o y a l  image c o n t r i b u t i o n s  and w i l l  be l a r g e r  than  t h e  l o y a l  

image f l u x  alone.  

( 6 )  From ( 4 )  and ( S ) ,  compute a v a l u e  f o r  N. T h i s  va lue  w i l l  be 

lower t han  t h e  a c t u a l  va lue .  C a l l  t h i s  va lue  N 1 ' 

(7) Measure t h e  image s i z e  t o  f i n d  N. Th i s  v a l u e  w i l l  be t o o  high.  

1 
C a l l  it N2. Le t  = - ( N1 + N2 ) . 

2  

(8) Compute a. Th i s  c a l c u l a t i o n  w i l l  c o n t a i n  an overes t imated  



2 2 
value fo r  1 G , and can be corrected by multiplying 1 G . by an 

4 3 4 3 
J J 

undefestimated value fo r  N,  namely N can be used a s  a reasonable 1 

estimate of N f o r  the  r e s t  of the  calculation. Hence, 

and 

NOW t ha t  Q and V can be eas i ly  found, a r t i f a c t  f lux  must be 

re la ted t o  these quant i t ies .  Since N > 10, it is safe  t o  use the  

t o t a l  a r t i f a c t  f lux divided by the  image area as  t h e a r t i f a c t  

irradiance.  This approximation is  sa f e s t  when the  object contains 

only smooth contours, but it can still provide reasonable estimates 

f o r  objects with sharp contours. For V = 0, i .e .  f o r  a uniform 

object, a r t i f a c t  degradation can be calculated accurately. For V +  1, 

a r t i f a c t  degradation can be equated t o  the  worst case, i . e .  two 

bright s p o t  :..,ntaining most of the  energy as  described ea r l i e r .  

With these two l imiting values f o r  a r t i f a c t  irradiance,  the  V 
4 

dependence permits a r t i f a c t  strength t o  be calculated f o r  any value 

of a. Since there  is s t i l l  a r t i f a c t  f lux  f o r  V = 0, the  expression 

f o r  the  f lux  w i l l  be of the  form 

where BN = F f o r  the  worst case with N resolution c e l l s .  Minimum 
a 

a r t i f a c t  irradiance occurs a t  v = 0 and is a small value. 

6 is the upper l i m i t  f o r  F (neglecting F J ~ = ~ )  and can be 
N a 

calculated i n  the  following.manner. A l l  radia t ing source c e l l s  - 
(except two) each consist  of one information element. The remainder 



of t h e  in format ion  elements are e q u a l l y  d iv ided  between t h e  o t h e r  

two cells.  Thus, B N  is dependent upon N and G. 

Equation [4.6a] is t h e  most u s e f u l  i n d i c a t o r  of a r t i f a c t  s t r eng th .  

Fo r  example, V = 0 f o r  t h e  two-disk o b j e c t  of F igu re  3.8, wh i l e  f o r  

t h e  o b j e c t  of F igu re  3.5, V = 0.55 ( s t r i c t l y  speaking, n e i t h e r  

o b j e c t  sub tends  enough r e s o l u t i o n  cells i n  f i r s t  o r d e r  t o  be l a r g e  

enough t o  use t h i s  a n a l y s i s ,  bu t  t h e  r e s u l t s  should i n d i c a t e  t h e  

a p p l i c a b i l i t y  of mean ob-ject v a r i a t i o n  t o  a r t i f a c t  e s t i m a t i o n ) .  

Sec t ion  4.3.3 Noise S t r eng th  and Object  S i z e  

SNR w a s  de f ined  i n  Chapter  II . The purpose of t h i s  s h o r t  

s e c t i o n  is t o  o u t l i n e  a s imple procedure f o r  e s t ima t ing  average 

frequency of t h e  image. 

The c a l c u l a t i o n  of average frequency 6 i n  equa t ion  [2.40] 
0 

can be performed by Four i e r  t ransforming t h e  image and l o c a t i n g  t h e  

mean frequency. L e t  F ( 5  ) r e p r e s e n t  t h e  i r r a d i a n c e  of t h e  Four i e r  - 
t ransform of t h e  image. The t o t a l  f l u x  i n  t h e  F o u r i e r  t ransform 

i s  given by 

Le t  1 5 min I be t h e  minimum image frequency ( 1 5 1 i s  determined 
min 

by t h e  maximum e x t e n t  of t h e  image). Le t  1 5-1 be t h e  high 

frequency c u t o f f  of t h e  p ro j ec t ed  zone p l a t e  shadow. Then t h e  mean 

f l u x  per  u n i t  frequency is I = IF / ( 1 5 max I - I 6 mid ) . The mean M 

f requency EOcan be found by t h e  fo l lowing  equat ions:  



It i s  u s e f u l  t o  c a l c u l a t e  t h e  s t a n d a r d  d e v i a t i o n  of t h e  average  

f requency as w e l l  a 

1 

Note h e r e  t h a t  I must be made much l a r g e r  t h a n  u n i t y .  From S e c t i o n  
F 

4.3.2.2, I = G f o r  convenience.  If 0 / iO is  l a r g e ,  t h e n  to h a s  l i t t l e  
F 

meaning, as i n  t h e  c a s e  o f  two p o i n t s  s e p a r a t e d  by a l a r g e  d i s t a n c e .  

S i n c e  f i n d i n g  SNR i n v o l v e s  an e x t r a  t a s k  d u r i n g  r e c o n s t r u c t i o n ,  

image d e g r a d a t i o n  mechanism. A r t i f a c t s  can  be e s t i m a t e d  from 

q u a n t i t i e s  measured i n  t h e  r e c o n s t r u c t i o n .  

4.3.4 Opt imiza t ion  Procedures  

T h i s  s e c t i o n  is  t h e  most impor tan t  one  i n  t h e  t h e s i s  because  

it c o n t a i n s  s p e c i f i c  o p t i m i z a t i o n  p rocedures .  Due t o  o b j e c t  s i z e  

c o n s t r a i n t s ,  t h e  only  p r e v e l a n t  u s e  f o r  Z P C I  i s  i n e r t i a l  confinement 

f u s i o n  ( ICF) ,  i n  which t h e  t y p i c a l  s o u r c e  is of l i m i t e d  s p a t i a l  

e x t e n t  and e m i t s  copious  amounts of h i g h  energy photons  and p a r t i c l e s .  

~ h u s ,  t h e  d i s c u s s i o n  h e r e  w i l l  focus  on  ICF a p p l i c a t i o n s  of  ZPCI .  

The primary tools i n  ZPCI o p t i m i z a t i o n  are shadowgram p r o c e s s i n g  

and t h e  r e c o n s t r u c t i o n  bench. Depending upon t h e  n a t u r e  of  t h e  

i n f o r m a t i o n  d e s i r e d ,  t h e  procedures  f o r  u s i n g  t h e s e  t o o l s  v a r y .  The 

f o l l o w i n g  paragraphs  i l l u s t r a t e  t h e  p rocedures  i n  g e n e r a l  f a s h i o n  

and w i t h  two p r a c t i c a l  examples. 

S e v e r a l  d e c i s i o n s  must be made concerning t h e  imaging a r range-  

ment b e f o r e  encoding c a n  be performed. The r a d i a t i o n  t o  be d e t e c t e d  

d e t e r m i n e s - t h e  r e c o r d i n g  medium, zone p l a t e  m a t e r i a l  and t h i c k n e s s ,  



and f i l t e r ing .  The required nominal l a t e ra l  spa t ia l  resolution 

defines the outer zone width, and the anticipated object s ize  

defines the zone plate size.  For purposes of film calibration, 

the innermost transparent zone should not resolve any object 

structure.  

Linear ZPCI  i s  not always a practical real i ty ,  and much of 

the decoding ef for t  should be devoted t o  determining image f ide l i ty .  

Four constituent procedures are involved. F i r s t ,  a t -E calibration 

for  the encoding detector i s  required. Second, the detector must 

be processed t o  occupy the desired region of the t-E curve. Next, 

comparison diagnostics should be available for corroborating resul t s  

with the zone plate camera. Finally, f ide l i ty  measurements must 

be performed (as  outlined i n  Sections 4.3.2.2 and 4.3.3), and the 

best reconstructed order can be chosen. 

t-E calibration is necessary unless the encoding detector has 

known properties. In ICF,  t-E can vary from shot t o  shot, especially 

for  sof t  x-rays. Track detectors do not require t-E calibration 

because they respond f a i r l y  uniformly from shot t o  shot. Calibra- 

t ion data can be obtained by inserting detectors ( ident ical  t o  the 

encoding detector) a t  various distances from the object and with 

f i l t e r ing  and processing identical t o  tha t  of the encoding detector. 

The calibration exposures should be obtained in  a camera situated 

adjacent t o  the zone plate  camera t o  avoid directional emission 

effects  due t o  phenomena such as plasma opacity. 

The lack of exposure control i n  ICF' can be accomodated by 

controlling fi lm processing. Developer conditions can be altered 



t o  c o n t r o l  t h e  dynamic range of s i l v e r  ha l ide  x-ray de tec tors ,  but 

t -E  l i n e a r i t y  is  not  e a s i l y  con t ro l l ed .  Processing changes should 

be used t o  impart  t o  t h e  coded image t h e  appropr ia te  dens i ty  range. 

Thus, t h e  c a l i b r a t i o n  camera should have two d e t e c t o r s  f o r  each , 

exposure l e v e l ;  one s e t  of d e t e c t o r s  is processed i n  a prescribed 

manner, and t h e  r e s u l t i n g  t -E curve is  used t o  determine what 

processing should be used f o r  t h e  second s e t  of d e t e c t o r s  (and 

t h e  coded image). The second s e t  of d e t e c t o r s  provides the  t - E  

c a l i b r a t i o n  f o r  t h e  coded image. Note t h a t  i f  t h e  width of t h e  

innermost t r anspa ren t  zone i n  t h e  zone p l a t e  is l a r g e r  than t h e  

ob jec t ,  t h e  maximum d e n s i t y  on t h e  shadowgram is known before it 

is processed. 

An a l t e r n a t i v e  c a l i b r a t i o n  method is t h e  f i l m  s t ack  approach 

of Ceglio, (48) i n  which s e v e r a l  f i lms  and appropr ia te  f i l t e r s  a r e  

sandwiched i n  t h e  zone p l a t e  camera. Development of one shadowgram 

provides information about t h e  development requi red  f o r  t h e  remaining 

shadowgrams. Th i s  method does not provide t-E information, but 

it can be used i n  t h e  c a l i b r a t i o n  camera a s  well  a s  t h e  zone p l a t e  

camera t o  provide t -E  information f o r  s eve ra l  s p e c t r a l  channels 

simultaneously. Film s t acks  r equ i re  much labor  and a r e  bes t  kept  

t o  a minimum i f  possible .  

The importance of companion d iagnos t i c s  cannot be overemphasized. 

I n  many cases ,  e s p e c i a l l y  those  of s t rong  d e t e r m i n i s t i c  degradation, 

it is use fu l  t o  know t h e  gross  f e a t u r e s  of t h e  ob jec t  i n  order  t o  

provide a rough check of t h e  image f i d e l i t y  of t h e  ZPCI camera. 

Once t h e  above requirements have been s a t i s f i e d ,  t h e  a c t u a l  



r econs t ruc t ion  can begin. The f i r s t  order  f o c a l  length  should be 

determined a s  i n  F igure  1.2. Then t h e  system of F igure  3.3 can 

be used t o  perform t h e  r econs t ruc t ion  with a l l  o rde r s  a t  predeter-  

mined d i s t ances  from t h e  d.c. block. The procedure of Sec t ion  

4.3.2.2 can then be used t o  determine image f i d e l i t y .  I n  addi t ion ,  

i f  no i se  is  a suspected problem, t h e  procedures of Sec t ion  4.3.3 

can be used. I f  more than  one image order  is obtainable,  t h e  noise  

should not  be t o o  troublesome i n  t h e  lowest order .  

Should t h e  ob jec t  d i s p l a y  minimal s t r u c t u r e ,  higher  r e so lu t ion  

might be des i red .  The coded image can be copied and bleached as 

i n  Appendix I, and t h e  a d d i t i o n a l  image e f f i c i e n c y  of t h e  bleached 

copy can be used t o  ob ta in  higher  order  images than  t h e  o r i g i n a l .  

I n  t h i s  case,  a t -E  curve must be est imated,  and t h e  image infor -  

mation is only  q u a l i t a t i v e .  The increased  r e s o l u t i o n  mi t iga t e s  

a r t i f a c t  formation i n  t h e  higher  orders .  

The image with supe r io r  f i d e l i t y  must be a compromise between 

a r t i f a c t  formation, r e so lu t ion ,  and SNR. Such a compromise depends 

t o  a g r e a t  ex ten t  upon sub jec t ive  i n t e r p r e t a t i o n .  The maximum 

t o l e r a b l e  no i se  l e v e l  should not  be exceeded, but t h e  problem of 

determining noise  is complex, as noted e a r l i e r .  Nonetheless, a t  

some high image order  t h e  no i se  w i l l  become s t ronger  than t h e  image, 

and s o  t y p i c a l l y  a middle order  is t h e  bes t  image. F igure  3.6 

provides a good example of t h e  compromise. 

The opt imiza t ion  procedures ou t l ined  here  have no t  included 

c a l c u l a t i o n s  of information capac i ty  because, as with any image 

eva lua t ion  c r i t e r i o n ,  information capac i ty  v a r i e s  with o b j e c t  



in format ion  content  and system l i n e a r i t y .  Equations such a s  t4.71 

are much more u s e f u l  i n  c a l c u l a t i n g  t h e  impact of non l inea r i t y ,  

o b j e c t  s i z e ,  and zone p l a t e  s i z e .  The most important aspec t  i n  

ZPCI i s  t h e  understanding of  how each v a r i a b l e  i n  t h e  system i s  

r e l a t e d  t o  every o t h e r  va r i ab l e ;  such an understanding r e s u l t s  i n  

prudent a p p l i c a t i o n  of t h e  system. The fol lowing examples provide 

an  overview of t h e  cons idera t ions  necessary i n  applying ZPCI  t o  

t h e  imaging of l a s e r  fu s ion  plasma emissions. 

4.3.4.1 Example: a - p a r t i c l e  ~mag ing  

a - p a r t i c l e  imaging i s  u s e f u l  f o r  diagnosing thermonuclear burn 

c h a r a c t e r i s t i c s  i n  ICF . (I4)  ZPCI i s  i d e a l l y  s u i t e d  t o  a - p a r t i c l e  

imaging f o r  s e v e r a l  reasons. F i r s t ,  t h e  encoding s t e p  i s  very 

nea r ly  i d e a l ;  t h e r e  is  no d i f f r a c t i o n  of t h e  p a r t i c l e s ,  s o  t h e  only 

c o n t r i b u t i o n  t o  imperfect  shadowcasting i s  t h e  s c a t t e r i n g  of p a r t i c l e s  

ob l ique ly  i n c i d e n t  on zone edges. Also, s i n c e  t h e  t r a c k  d e t e c t o r  

is  a binary d e t e c t i o n  medium (Sec t ion  2.4.4), a con tac t  copy of 

t h e  coded image can have c o n t r o l l e d  t-E p rope r t i e s .  F i a n l l y ,  sho t  

no i se  is t h e  dominant image degradat ion,  s o  inc reas ing  t h e  zone p l a t e  

s i z e  can improve SNR. Grain noise  can be minimized by copying t h e  

coded image on to  a f ine-gra in  emulsion. 

Gold zone p l a t e s  about' 6 pm t h i c k  a r e  s u f f i c i e n t  t o  encode 

3.5 MeV a - p a r t i c l e  emissions i n  ICF. Ce l lu lose  n i t r a t e  (CN) can 

be used a s  t h e  de t ec to r .  A f t e r  development, CN can be contac t -  

copied i n  green l i g h t  on to  a f ine -g ra in  emulsion, which then  serves 

as t h e  r econs t ruc t ion  mask. I f  t h e  CN t r a c k  d e n s i t y  is l o w ,  t h e  - 



copy can be made on to  a coarse-grain emulsion, but  g r a i n  no ise  

t h e n  becomes a problem. 

Recons t ruc t ion  of t h e  coded image proceeds i n  t h e  p re sc r ibed  

manner. I t  is u s e f u l  t o  f i r s t  decode a l i n e a r  copy; t h e  prescence 

of even o rde r  r econs t ruc t ions  would i n d i c a t e  imper fec t  shadowcasting. 

L inear  decoding a l lows  q u a n t i t a t i v e  image a n a l y s i s .  I f  even o r d e r s  

are no t  p r e sen t  i n  t h e  l i n e a r  case, a nonl inear  r e c o n s t r u c t i o n  

can then  be performed; i n  t h i s  case, t h e  even o r d e r s  y i e l d  quant i -  

t a t i v e  a r t i f a c t  information,  and t h e  image f i d e l i t y  can be es t imated  

without  t h e  procedures of Sec t ion  4.3.2.2. 

There is evidence t h a t  t h e  a - p a r t i c l e  image is a s e n s i t i v e  

i n d i c a t o r  of implosion symmetry i n  ICF. F igu re  4. la  shows s o f t  

x-ray and a - p a r t i c l e  images from a h ighly  symmetrical implosion 

of a D-T f u s i o n  t a r g e t  performed on t h e  s i x  beam Zeta laser system 

a t  t h e  Un ive r s i t y  of Rochester .  Even wi th  t h e  s p h e r i c a l l y  symmetric 

x-ray emission, t h e  a - p a r t i c l e  image shows evidence of  "spokes," 

i .e .  of t h e  s i x  beam impr in ts .  F igu re  4 . l b  i s  t h e  x-ray image of 

another  implosion wi th  d i f f e r e n t  laser focuss ing  cond i t i ons  than  

those  i n  F igu re  4 . l a .  Such asymmetry would be obvious i n  t h e  

corresponding a - p a r t i c l e  image. I t  is  impera t ive  i n  s i t u a t i o n s  

such as t h e s e  t h a t  t h e  image f i d e l i t y  be s u p e r i o r  i n  o rde r  t o  avoid 

erroneous d a t a  i n t e r p r e t a t i o n .  

4.3.4.2 Example: X-Ray Imaging 

W h i l e a - p a r t i c l e  imaging is p a r t i c u l a r l y  easy  wi th  ZPCI ,  x-ray 

imaging is ve ry  cha l lenging .  The encoding s t e p  w i l l  be degraded by 



Figure  4.1 Images of X q a y  and a - P a r t i c l e  Emissions i n  ICF Studies .  

( a )  X-ray and a - p a r t i c l e  images from a h ighly  symmetrical 
l a se r - fus ion  implosion experiment. The a - p a r t i c l e  image 
shows evidence of t h e  impr in ts  from t h e  s i x  l a s e r  beams 
t h a t  i r r a d i a t e d  t h e  s p h e r i c a l  t a r g e t .  

( b )  X-ray image from a t a r g e t  i r r a d i a t e d  with t h e  l a s e r  beams 
focussed on t h e  s u r f a c e  of t h e  t a r g e t .  Note t h e  modulation 
i n  t h e  image. The a - p a r t i c l e  image from t h e  same t a r g e t  
might e x h i b i t  beam impr in t  e f f e c t s  very c l e a r l y  here,  but  
t h e  p a r t i c l e  f l u x  is s o  low i n  t h i s  type  of experiment t h a t  
it is d i f f i c u l t  t o  o b t a i n  a coded image. 

The photographs i n  ( a )  w i l l  appear i n - J .  Soures,  e t .  a l . ,  "A Review 
of High Density,  Laser Driven Implosion Experiments a t  t h e  Laboratory 
f o r  Laser Energet ics ,"  i n  Laser I n t e r a c t i o n  and Related Plasma 
Phenomena, V. 5, H .  Schwartz, H .  Hora, M. J.  Lubin, and B. Yaakobi 
eds. ,  Plenum Pres s ,  New York, 1961. They a l s o  appeared under t h e  
same t i t l e  i n  LLE t echn ica l  memo #98. A l l  photographs i n  t h i s  
f i g u r e  a r e  reproduced wi th  t h e  permission of t h e  Laboratory f o r  
Laser Energe t ics  of t h e  Univers i ty  of Rochester.  
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F r e s n e l  d i f f r a c t i o n  e f f e c t s  and partial x-ray t r an smi s s ion  through 

zone edges.  Hence, even o r d e r s  w i l l  always be r econs t ruc t ed .  

The o u t e r  zone wid th  must be chosen t o  be l a r g e  enough s o  t h a t  

i t s  F r e s n e l  d i f f r a c t i o n  p a t t e r n  is  no t  wider  t h a n  i t s  shadow. 

F o r  such purposes ,  t h e  l o n g e s t  wavelength t o  be encoded can  be used 

i n  t h e  F r e s n e l  d i f f r a c t i o n  c a l c u l a t i o n  ( f o r  a slit t h e  width of 

t h e  o u t e r  zone and a p o i n t  source  and observ ing  s c r een  pos i t i oned  

as i n  t h e  encoding geometry).  

The t-E curve  f o r  x-rays w i l l  v a ry  s i g n i f i c a n t l y  depending 

upon plasma c o n d i t i o n s  and i n  gene ra l  w i l l  be non l i nea r .  The 

c a l i b r a t i o n  camera of S e c t i o n  4.3.4 is  u s e f u l  i n  t h i s  case. A 

moderate deve loper  such as D-19 should  be used f o r  t h e  i n i t i a l  

t-E c a l i b r a t i o n ,  and subsequent  c a l i b r a t i o n s  c a n  be made w i t h  

o t h e r  deve lope r s  as needed. 

X-ray exposures  o f f e r  l i t t l e  v e r s a t i l i t y  i n  f i l m  process ing  

due t o  t h e  non l i nea r  n a t u r e  o f  t h e  o r i g i n a l  coded image. However, 

when on ly  q u a l i t a t i v e  in format ion  i s  des i r ed ,  b leach ing  can  be 

used t o  i n c r e a s e  SMI. I d e a l l y ,  t h e  o r i g i n a l  coded image should  

be recorded  on a photographic  plate s o  t h e  emulsion can be d i r e c t l y  

bleached. ICF plasmas u s u a l l y  emi t  enough x-rays t h a t  h igh  r e so lu -  

t i o n  plates can  be used. I f  t h e  x-ray f l u x  is low enough t h a t  a 

coarse -gra in  r eco rd ing  medium i s  r equ i r ed ,  t h e n  t h e  coded image 

should  be cop ied  o n t o  a p l a t e  which can  be bleached. 

The op t im iza t i on  s t e p s  of S e c t i o n  4.3.4 should  be fo l lowed  

r i g o r o u s l y  w i th  x-ray images. Some r e l e v a n t  p o i n t s  a r e :  



(1) The innermost t r anspa ren t  zone of t h e  zone p l a t e  should be 

wider t han  t h e  source  ex ten t  f o r  easy measurement of t h e  t o t a l  

exposure, a quan t i t y  of i n t e r e s t  f o r  t h e  opt imiza t ion  r e l a t i o n  

(equat ion  [ 4 . 5 a l ) .  

( 2 )  The t-E c a l i b r a t i o n  y i e lds ,  f o r  a g iven  ob jec t ,  t h e  t o t a l  

image f l u x  expected i n  t h e  recons t ruc t ion .  Any d e v i a t i o n  

from t h i s  va lue  can be a t t r i b u t e d  t o  a r t i f a c t  f l u x .  Note 

t h a t  t h e  f l u x  i n  a l l  o rde r s  must be measured i n  o rde r  t o  

account f o r  t h e  e f f e c t s  of F re sne l  d i f f r a c t i o n  i n  t h e  encoding 

step. 

( 3 )  Image s i z e  can be measured e a s i l y  with an  automated d a t a  

a c q u i s i t i o n  system, such as an o p t i c a l  mult ichannel  ana lyzer .  

The d i scuss ion  he re  should make it c l e a r  t h a t  ZPCI should not  

be used f o r  x-ray imaging un le s s  no o t h e r  d i agnos t i c  provides 

adequate information. I n  ICF, examples of such needs inc lude  

suprathermal x-ray imaging and t h e  h igh  energy t a i l  of t h e  thermal 

x-ray spectrum, both of which are low f l u x  cases ,  poorly s u i t e d  

t o  p inhole  camera imaging o r  graz ing  r e f l e c t i o n  microscopy. 



CHAPTER V 

SUMMARY AND SUGGESTIONS FOR FUTURE I N V E S T I G A T I O N S  



The ob jec t ives  of t h i s  t h e s i s  have been t o  i n v e s t i g a t e  image 

degradat ion mechanisms i n  ZPCI and t o  dev i se  image c h a r a c t e r i z a t i o n  

and opt imiza t ion  procedures. Th i s  chapter  conta ins  a summary of 

t h e  con t r ibu t ions  made and suggest ions f o r  f u t u r e  work i n  zone 

p l a t e  imaging. 

Several  con t r ibu t ions  were made i n  ZPCI  theory.  A simple 

ca t egor i za t ion  scheme of o p t i c a l  coded imaging systems culminated 

i n  an  analogy between ZPCI and mul t ip l e  exposure holography, f a c i l i -  

t a t i n g  t h e  ana lyses  of d e t e r m i n i s t i c  degradat ion and noise. The 

t reatment  of nonl inear  ZPCI w a s  genera l ized  t o  inc lude  phase recon- 

s t r u c t i o n s ,  r a i s i n g  ques t ions  concerning both image e f f i c i e n c y  and 

image degradat ion.  A r t i f a c t  formation w a s  analyzed with and without  

t h e  assumption of pe r fec t  shadowgraphy i n  t h e  encoding. P e r f e c t  

shadowcasting leads  t o  simple image ana lys i s ,  whereas p r a c t i c a l  

use  of ZPCI l eads  t o  a more complicated de te rmin i s t i c  degradat ion 

problem i n  which a r t i f a c t s  are order-independent. F i n a l l y ,  a noise  

model was developed t o  account f o r  e f f e c t s  due t o  mask dens i ty  

v a r i a t i o n s  and ob jec t  s p a t i a l  frequency content .  

Three experimental con t r ibu t ions  were made. The f i r s t  quanti-  

t a t i v e  comparison of l i n e a r  and nonl inear  ZPCI w a s  performed, 

c l a r i f y i n g  t h e  r o l e s  of o b j e c t  information content  and system 

nonl inear i ty .  The f i r s t  experimental s t u d i e s  of g r a i n  noise  

inves t iga t ed  i n  q u a l i t a t i v e  fash ion  t h e  v a r i a t i o n  of SNR with 

both ob jec t  information content  and system non l inea r i ty .  Thick 

zone p l a t e  f a b r i c a t i o n  w a s  improved by t h e  app l i ca t ion  of r e a c t i v e  

s p u t t e r i n g  t o  t h e  process.  



The primary con t r ibu t ion  of t h i s  work was i n  t h e  a rea  of op t i -  

mization, which is  a balance of image degradat ion and image e f f i c i ency .  

Simple, r e l i a b l e  methods f o r  determining image f i d e l i t y  were devised. 

ZPCI can now be appl ied  wi th  confidence. 

Several  a r e a s  deserve f u r t h e r  cons idera t ion  i n  ZPCI. Work i n  

zone p l a t e  f a b r i c a t i o n  should concent ra te  on submicron zone widths . 
with aspec t  r a t i o s  of t e n  o r  higher .  Such zone p l a t e s  would permit 

p a r t i c l e  imaging wi th  submicron r e so lu t ion .  Tai lored  zone p r o f i l e s  

would be bene f i c i a l  i n  x-ray ZPCI t o  boost t h e  e f f i c i e n c i e s  of 

a r b i t r a r y  image orders .  Fabr i ca t ion  of t a i l o r e d  zone p r o f i l e s  is 

a d i f f i c u l t  t a s k  and would r e q u i r e  t h e  use of complicated phenomena 

such as f a c e t i n g  e f f e c t s  i n  i o n  e tch ing  Z 
The most important a r e a  i n  ZPCI  a t  t h e  moment is  automated 

d a t a  acqu i s i t i on ,  which would permit easy es t imat ion  of image 

degradat ion and computerized image enhancement techniques,  Other 

areas of i n t e r e s t  a r e  of f -axis  imaging and q u a n t i t a t i v e  noise 

s t u d i e s .  Off-axis ZPCI e l imina te s  t h e  d.c. recons t ruc t ion  term; 

it can a l s o  be used with s p a t i a l  heterodyning t o  s h i f t  t h e  o b j e c t  

frequency content  i n t o  a reg ion  i n  which noise  is reduced from 

i t s  low frequency peak. Quan t i t a t ive  noise  s t u d i e s  should be 

done with l i n e a r  imaging i n  o rde r  t o  avoid confusion i n  image 

i n t e r p r e t a t i o n ,  
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APPENDIX I 

FILM PROCESSING METHODS 



A Processing of Kodak RAR 2491 ~ i l m  

Develop : 
Stop: 
Rinse : 
Fix: 
Rinse : 
Clear  : 
Rinse: 
~ e - s p o t :  
A i r  Dry 

D-19 6  m i n .  
Indica tor  s t o p  bath 30 sec. 
Running H20 30 sec .  
Rapid Fixer  3 min. 
H 0 2 min. 

2  
Perma Wash 1 min. 
H 0  1 min. 
~ 6 o t o    lo 30 sec.  

A . 1 . 2  Processing of Kodak 649-F P l a t e s  

Develop: 
Stop: 
Rinse: 
Fix: 
Rinse : 
Clear  : 
Rinse : 
De-spot : 
A i r  Dry 

D-19 5  min. 
Indica tor  s t o p  bath 30 sec.  
H20 30 sec.  
Rapid Fixer  5 min. 
H20 2 min. 
Perma Wash 2  rnin. 
H 0  2 min. 
~ i o t o  F l o  30 sec.  

A.  1.3 Bleaching of Kodak 649-F P l a t e s  

After  the  f i n a l  r i n s e  of Sect ion A.1.2, the following s t e p s  

were performed: 

Bleach: ~rominated  methanol (5-10%) u n t i l  c l e a r  
Rinse : Methanol:H20 1:l 
Rinse: Me than01 
Dry: Forced a i r  o r  N2 

A.1.4 Measurement of Optical  Density of Processed F i l m s  

Density of each f i lm  specimen was measured on a  Joyce Loebl 3CS 

microdensitorneter and converted t o  amplitude transmit tance with t h e  

equation t = Uniformly exposed f i lms  and copies of coded 

images were surveyed i n  areas of uniform dens i ty  ( f o r  t h e  copies,  

t hese  a reas  were around the  outs ide  of t h e  coded image). 



APPENDIX I1 

THICK ZONE PLATE FABRICATION 



High energy imaging presents a challenging aperture fabr ica t ion 

problem. Zone p l a t e  and pinhole cameras have l a t e r a l  s p a t i a l  reso- 

lu t ions  proport ional  t o  the  smallest  l a t e r a l  aperture s t ruc tu re .  But 

adequate shadowgraphy contras t  depends upon aperture thickness, so  

the  objective i n  zone p la te  fabr ica t ion is a large thickness-to- 

linewidth r a t i o  (aspect  r a t i o ) .  This sect ion deals  with the  use of 

dry  etching t o  del ineate  aperture pat terns  and the  resu l t an t  f abr i -  

ca t ion  capab i l i t i e s .  (53) 

Gold micro-~resnel  zone p l a t e s  a r e  made by producing a negative 

mold a t  l e a s t  a s  th ick a s  the  desired product, and then e lec t rop la t ing  

gold i n t o  the voids. Usually t h i s  mold is formed photolithographically 

i n  th ick layers of photores is t ,  a s  outlined i n  Figure A.1.  The 

most d i f f i c u l t  s t ep s  a re  2 ,  3, and 4, which w i l l  be termed pat tern  

del ineat ion s teps .  The processing schedule f o r  photores is t  layers  

th icker  than about 15 pm is very demanding. Cia r lo  and Ceglio (54) 

have succeeded i n  del ineat ing pat terns  a s  th ick  as  40 pm i n  photoresist ,  

but many problems a re  i n  evidence. For example, cracks and bubbles 

can occur during U.V. exposure, and r e s i s t  layers can exhibi t  thick- 
.I' 

ness nonunif ormities . ~ h e s e  problems, though imposing, can be 

overcome with proper care  i n  processing, but a more fundamental 

problem is zone tapering, which is due t o  d i f f r ac t i ve  spreading of 

t h e  exposure i l lumination by t he  f i ne  d e t a i l s  i n  the  photomask. The 

maximum aspect r a t i o  achieved by the standard technique is about 

four,  while zone p la tes  with aspect r a t i o s  a s  high a s  t en  would 

prove useful  f o r  imaging experiments. 

To avoid the  problems inherent  i n  th ick  photores is t  processing, 
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r e a c t i v e  s p u t t e r  e t c h i n g  (RSE) ( h a s  been employed t o  d e l i n e a t e  

t h i c k  molds. F i g u r e  A.2 is a schemat ic  of t h e  RSE a p p a r a t u s .  A 

r a d i o  f requency glow d i s c h a r g e  s u s t a i n s  a plasma i n  a g a s  which is 

be ing  pumped through a chamber a t  low p r e s s u r e .  The specimen t o  be 

e t c h e d  is p laced  on t h e  c a t h o d i c  e l e c t r o d e .  The g a s  is chosen s o  

t h a t  it w i l l  chemica l ly  r e a c t  w i t h  t h e  specimen, c r e a t i n g  v o l a t i l e  

r e a c t i o n  p r o d u c t s  which a r e  pumped away by t h e  vacuum system. The 

mechanisms i n  t h e  RSE p r o c e s s  a r e  n o t  complete ly  unders tood,  but  RSE 

is  known t o  be somewhat m a t e r i a l  s p e c i f i c  ( d u e  t o  i ts chemical  n a t u r e )  

and h i g h l y  d i r e c t i o n a l  (presumably due  t o  t h e  a c c e l e r a t i o n  of " r e a c t i v e  

ions"  i n  t h e  d i s c h a r g e )  a s  w e l l .  Organic media can be r e a c t i v e l y  

e t c h e d  i n  a 13.56 MHz oxygen d i s c h a r g e  a t  r a t e s  approaching 250 nm/min., 

w h i l e  oxygen e t c h e s  i n o r g a n i c  media much more s lowly.  ( 5 6 )  

A t h i c k  zone p l a t e  mold can be d e l i n e a t e d  w i t h  RSE a s  shown i n  

F i g u r e  A.3. The t h i c k  polymer a p p l i e d  i n  s t e p  2 is c o a t e d  w i t h  a t h i n  

f i l m  of a n  i n o r g a n i c  m a t e r i a l  w i t h  a low e t c h  r a t e  i n  02 .  A t h i n  

( 5 0 0  nm) p h o t o r e s i s t  f i l m  is  spun o n t o  t h e  t o p  l a y e r ,  and t h e  zone 

p l a t e  p a t t e r n  is  p h o t o l i t h o q r a p h i c a l l y  d e l i n e a t e d  i n t o  t h e  r e s i s t .  

Wet o r  d r y  e t c h i n g  can  be used t o  t r a n s f e r  t h e  zone p l a t e  p a t t e r n  i n t o  

t h e  i n o r g a n i c  m a t e r i a l ,  which s e r v e s  a s  an e t c h  mask i n  t h e  subsequent  

O2 RSE s t e p  ( s t e p  4 ) .  S t e p s  5 through 7 a r e  unchanged from t h e  

o r i g i n a l  p r o c e s s .  

C r u c i a l  t o  t h e  RSE method of p a t t e r n  d e l i n e a t i o n  is  t h e  c h o i c e  

o f  t h e  polymer and mask m a t e r i a l s  such t h a t  t h e  RSE s t e p  w i l l  e t c h  

o n l y  t h e  polymer. The polymer must be c a p a b l e  of be ing  d e p o s i t e d  i n  

t h i c k ,  uniform l a y e r s  and must w i t h s t a n d  t h e  p r o c e s s i n g  s t e p s  which 
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fo l low p a t t e r n  d e l i n e a t i o n ,  i nc lud ing  gold p l a t i n g  and w e t  chemical 

e t ch ing .  I n  add i t i on ,  s i n c e  an i n t e g r a l  e t c h  mask is requi red ,  it 

must be poss ib l e  t o  d e p o s i t  metal  f i l m s  wi th  e x c e l l e n t  adhesion t o  

t h e  polymer. 

To da t e ,  an i d e a l  polymer has  not  been found. Consequently, a 

somewhat d i f f e r e n t  f a b r i c a t i o n  procedure was adopted. A s tandard 

p i ece  of mylar f i l m  of t h e  d e s i r e d  t h i cknes s  ( i n  t h i s  case 50 pm) 

was coated on both s i d e s  wi th  approximately 400 nm of aluminum. One 

s i d e  was then  coa ted  wi th  approximately 200 nm of gold.  The gold 

s u r f a c e  was epoxied t o  a g l a s s  cover  s l i p ,  which o f f e r ed  t h e  suppor t  

necessary  f o r  t h e  subsequent s t e p s .  A t h i n  l aye r  of p o s i t i v e  photo- 

resist was spun on t h e  A 1  s u r f a c e  and exposed through a zone p l a t e  

mask. A f t e r  resist development, t h e  exposed aluminum was chemical ly  

e tched  away, l eav ing  an  i n t e g r a l  A 1  mask on t h e  mylar. The masked 

mylar was t hen  r e a c t i v e l y  e tched  i n  O2 a t  a pa re r  d e n s i t y  of 0.28 

2 
W / c m  , a p re s su re  of 10  mT, and a f lowra t e  of 15 cc/min t o  d e l i n e a t e  

t h e  zone p l a t e  p a t t e r n  i n  t h e  mylar and expose t h e  A 1  a t  t h e  back 

s u r f a c e  of t h e  mold. The backing l a y e r  of A 1  served t o  p r o t e c t  t h e  

Au du r ing  e t ch ing  and w a s  subsequent ly  chemical ly  removed. Gold was 

t h e n  e l e c t r o p l a t e d  i n t o  t h e  mold, and t h e  gold-mylar assembly was 

epoxied t o  a suppor t ing  r i n g .  The f i n a l  s t e p  cons i s t ed  of p l ac ing  

t h e  zone p l a t e  i n  t h e  RSE and e t ch ing  away t h e  mylar. F igu re s  A.4 

and A.5 a r e  scanning e l e c t r o n  micrographs of a mylar mold and a 

gold zone p l a t e  made by t h i s  method. The zone p l a t e  t h i cknes s  is 

40 pm, and t h e  o u t e r  zone width is 15 pm. The r a d i a l  s t r u t s  a r e  

5 pm wide, but t h e i r  t h i cknes se s  a r e  somewhat less t h a n  40 pm due t o  



Figure  A . 4  Scanning Elec t ron  Micrograph of a Mylar Zone P l a t e  Mold. 

The mold was produced by t h e  method described i n  t h e  t e x t .  Note t h e  
v e r t i c a l  s idewa l l s .  The smallest crevices a r e  about f i f t y  microns 
deep and f i v e  microns wide. 





Figure  A.5  Scanning Elec t ron  Micrograph of a Thick Zone P la t e .  

The technique employed t o  f a b r i c a t e  t h i s  zone p l a t e  can be used t o  
c r e a t e  high a spec t  r a t i o  micros t ruc tures  with v i r t u a l l y  a r b i t r a r y  
l inewidths .  





what appecrs  t o  be a dependence of t h e  RSE r a t e  on e i t h e r  (1) e l e c t r i c  

f i e l d  d i s t o r t i o n  e f f e c t s  from t h e  conduct ing mask, ( 5 5 )  o r  ( 2 )  channel  

a s p e c t  r a t i o .  T h i s  e f f e c t  is t h e  s u b j e c t  of c u r r e n t  i n v e s t i g a t i o n  

and is n o t  be l ieved  t o  be a fundamental  o b s t a c l e  t o  t h e  f a b r i c a t i o n  

of  h igh  a s p e c t  r a t i o  m ic ro s t ruc tu r e s .  F i g u r e  A.6 is a micrograph of 

a mold p a t t e r n  i l l u s t r a t i n g  t h e  d e p a r t u r e  of t h e  zone s i d e w a l l s  from 

a p e r f e c t l y  v e r t i c a l  geometry. 

The f a b r i c a t i o n  of h igh  a s p e c t  r a t i o  zone p l a t e s  makes p o s s i b l e  

submicron imaging of 3.5 MeV a - p a r t i c l e  emiss ions  from l a s e r  f u s i o n  

t a r g e t s ,  h igh  r e s o l u t i o n  imaging ( 5  urn) of h igh  energy plasma x-ray 

emi s s ions  (10-100 keV x - r ays ) ,  and even pos s ib ly  submicron imaging 

of s o f t  x-ray emiss ions  (1-10 kev) from t h e  same plasmas.  The work 

o u t l i n e d  he r e  is t h e  f i r s t  s t e p  toward r e a l i z i n g  t hose  goa l s .  



Figure A.6 Photograph I l lus t ra t ing  Nonvertical Sidewalls of a 
Zone Plate Mold. 

In t h i s  photo, the zones are about eight microns wide a t  the top. 
The reason for  the nonvertical nature of the zones is not known a t  
t h i s  time. One possible explanation is the deviation of the etchant 
ion t ra jec tor ies  by e lec t r ic  f i e l d  dis tor t ion due t o  the prescence 
of the metal ( A l )  etch mask. Another explanation is tha t  the 
incoming etchant ions "wander" i n  the channels because they undergo 
abnormally high collision ra tes  there. Such rates  would be caused 
by locally high densities of the vola t i le  reaction products i n  
the vicini ty of a surface being etched. 






