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A S  TRACT 

The reconstruction of pseudoholograms a t  high orders is investi- 

gated for the f i r s t  t i m e .  The purpose of the uork is to demonstrate 

the  potential and the  power of this new technique for obtainhg high 

resolution x-ray images of hploded pel lets  b laser  pellet-coqression 

experiments. Considerable insight, to the high order focusing capa- 

b i l i t y  of zone plates, i s  gained by f irst  s t u a  the analogies between 

zone plates and diffraction gratings, 

The fornal mathematical framework of pseudoholography is  then re- 

derived, telis time including the reconstructians a t  high orders, Gen- 

eralized expressions for  planar and tomgraphic resolution, transverse 

and -1 point spread functions are derived. The theoretical study 

predicts a practical subnicron resolutim. The limitations and pms- 

pects of the technique are discussed, and expressions for  determining 

the effects of diffraction in the recording step of a pseudohologram 

are derived. Unconventional zone plate  designs are introduced and the 

possible hpmement  of the hi& order reconstructions is diecussed. 

The effects of speckle noise in the high order llecmstmctiens 

are stutied. The granularity of the film as well as the serration in- 

troduced in the zone plate  in the manufacturing process are treated. 

Three cquter.programs are used to investigate the transverse and 

axial performance of zone plates  of different designs a t  various orders, - 
and to simulate the recording and reconstmctim of a pseudohologram. 

The dependence of the quality of the high order mcons tmct ion~  cm the 

object dmracteris t ics  is demanstrated. contlP'lllag the y of the  



film and the zone plate  design, we can optimize the quality of the 

high order reconstructions of certain classes of objects. The possi- 

b U t y  of  using different  coded apertures d e n  the reconstrucUan is 

t o  be done digitally i s  discussed. 

An opt ical  simulation of imaging an x-ray source is described, 
. - 

uhich demnstrates the increase of resolution a t  higher orders. An 

extensive experimental study is described f o r  investigating the effects  

of the y of the recorded pseudohologram and of the imperfections i n  

the zone plate  mask on the quality of the recmstmctians a t  high 

orders. The construction of an x-ray zone plate  camera f o r  l a s e r  

p e l l e t  compression measurements i s  described. Results f m  sane 

p e l l e t  compression experiments are ahown denronstrating en increase 

of resolution a t  hi@ orders. A resolution test f o r  the zone plate 

camera is  performed. Bum resolution i n  the f-t order and &p reso- 

lut ion i n  the second order are demonstrated. B e  resolution in the 

t h i r d  order is typically 3 p .  FFnaUy, an optical  s i m h t i o n  of an 

x-ray experinent is described showing the f eas ib i l i t y  of using a me 

&nensional gone plate  coded aperture to spa t ia l ly  resolved spectra. 
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mere are two basic approaches peuidmlography a& is 

frequently called incoherent bo log raw  in the literatum (i1.1 I, 

n.21, 11.31, D.L]). fi m e  approach (described in p.11 a d  11.21) 

an optic61 instrument i s  used to fom two images of every point in the 

obJect. These two images are caherent vith respect t o  each other, 

hence they can forn interfercence fringes m a photographic plate. 

The pseudohologram i s  thus bui l t  up of an incoherent ~uperposition 

of interference fringes originating flrm all the paints of the object, 

In the eecand approach, a i c h  is referred to as coded aperture 

imsging ( t1.51, C1.61, [1.71), each point in the object casts a 

shadow of an aperture (a rme plate, an annular aperture, etc. ) 

onto a piece of f i l m  (eee Fig. 1.1). The pseudohologram in this case 

i s  bui l t  up of an incohemnt superposition of ehadous cast  by all the 

points of the object. 

3-1 both approaches the ob3ect (uhich is  illuminated by an inco- 

herent* source, or is an incoherent source i t s e l f  euch aa a plasma or 

a flame), i s  considered as a collection of point eources which are 

incoherent w i t h  respect t o  each other. Arthemre, in  both methods 

the  pseudohologram i e  sensitive to the distance of the ob3ect from the 

aperture, o r  the appropriate optical ins-t, and therefore depth 

lnfonnation i a  recorded as well a8 i n t ami ty  infomatian. Both 

metho& are two step procedures in which the eeccard crtep, the recon- 

~ t r u c ~ u n  step, zaay be p r f o m d  e i the r  optically o r  digitally. So 

*we w i l l  use the term incoherent source although it ie rigorously a 
non physical ent i ty  
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far, there has not been any practical application using the f i r s t  

method because of the Mtation of being able to record only a anal l  

number of points. An ixpmvenent has been proposed (Rel. [2.2.U] ) 

t o  increase the number of points cansiderably ming, instead of the 

u s u l  tuo beam interferometer, a lensless Pabry Perot interferugnebr. 

Ar the r  investigations should be carried out In order to deternrine 

*ether high quality pseaicholograms can be obtained using this method. 

Since optical elements such aa a bean 8plitter or  a Pabry Perot 

etalon cannot be constructed for  the  x-ray regicm this technique i s  

useless fo r  x-ray investigatioms. 

The second method, on the other hand, Fe not United to the 

visible region; in fact,  it i s  mst usef'ul i n  the x-ray region and 

with nuclear part ic les  *ere no eff icient  imaging instrument exists. 

A useful application of this techn5que is imaging laser  produced 

plasmas. A t  tbe University of Rochester there Fe a large progran 

devoted to the Laser Fusion Feasibili ty Pmdect. The experiments 

reported in t h i s  work were performed dth a four hem ~ d + ~ r g l r s s  

l a se r  system (DEZITA) that  wss i n  operation fo r  four pears f o r  the 

purpose of pmducing hi& mergy density plasmes by canpmssing grs  

f i l l ed  microballoons. On typical shots, the l a s e r  delivemd 7-109 

on the target end the pulse width uss Qpically 30 picoseconds. men 

the intense l a se r  l igh t  hits the glass h e l l  the surface evaporates 

Inmediately and fhe ablated m a t e r i a l  8peeds outward. The associated - 
=action force drives the r m a h d e r  of the shell and the gas fill 

i n w a r d  and causes cmprescrfan. 



In pmposed laser  driven pel le t  cmpl..essim erperiments using a 

multi- multi-Idlojoule laser it i s  anticipated that  the dimension 

of the high temperature compressed core uill be of the order of bm. 

Three types of instruments are now being used to get spatial informa- 

tion on t h e  x-rajr radiation emitted f m  the core in such experiments: 

(a) The pinhole camera 

(b) The x-ray grasing Incidence micmscope 

(c) The Fresnel sone plate. 

(a)  The pinhole camera (Fig. 1.2) is a rtandard diagnostic tool  in 

laser  produced plasma research because it is simple, insensitive to 

a l i p e n t ,  has a large f i e ld  of view, i s  achromatic and relat ively 

inexpensive. The resolution of the pinhole camera is of the order of 

the pinhole diameter. sum seems t o  be the &lest practical diameter. 

For a smaller diameter, in order to employ the pinhole optimally, see 

Tables 1.1 and 1.2, the pinhole would have to be located 80 close to 

the micmballoon tha t  it will interfere u i th  the target  illrrminaticm 

system. Arthenore, for  imaging x-rays, the thiclmess of the fo i l ,  

in id-iich the pinhole is made, has to be of the order of sum and even 

thicker fo r  hard x-rays to b sufficiently opaque. Fbr hi& resolution 

such pinholes are not planar masks; f o r  aurmple bm pinhole in a Sum 

f h i t h e s s  eheet of gold would be a very lang tunnel, ubich will cause 

shadowing and scattering problems. 

(b) (me grasing incidence x-rey microscope is an extremely expensive 

instrument. It employa either two orthogonally oriented cyIladrical 

&rs U. 81 or a system of confocal d a l  ellipsoidal and byper- 
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POINT 

Fig. 1.2 

PINHOLE CAMERA GEOMETRYUR 
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Table 1.1 
' PlNHOL E CAMERA: OPnMlZATION 

(Notation as in Fig. 1.2) 
from ref r2.2.71 

R set by resolution of recording medium, 

magnification 

Typically, M.2 5 so 





boloidal  mir?lors D.91. The resolution of t h i s  spstem seems to be 
0 

W t e d  by surface roughness. For reflecting surfaces with SOA rms 

rou&ness, calculations show that  the resolution i s  about I-2m L.101, 

A practical device I1.101, however, i s  reported to have 3-Sum reso- 

lution. The instmment i s  also limited to wavelengths >d , hence no 
. . 

hard x-ray image or a-particle w e  can be obtained in.this way. The 

graring incidence angle is of the order of lo a t  t h i s  angle the aber- 

rations become so severe that the f i e l d  of view becomes exceedingly 

small anA the alignment becones very diff icul t ,  A aurmnary of different 

x-ray grazhg incidence microscopes i s  given in Table 1,3, 

(c) The rone plate i s  being used in two modes of operation: 1. imagine 

mode and 2. shabugraphy mode. 

1. The imaging mode (see Fig. 1.3). 

The sone plate has been used as a focussing M c e  for  imaging 

stellar x-ray sources [1.111. In Ref, n.121 a description of the use 

of a sone plate as an x-ray lens is given. Cum+ently gone plates are 

made f o r  imaging soft  x-rays with resolution of the order of 0.5pr1 with 

quasi monochromatic radiation U e  synchmtrrm radiation I . !#ey 

can be manufactured by an inbrferomstric technique with extremely high 

number of .ones (1000-2000) and can be corrected fo r  spherical rber- 

ration by using an aspheric wavefrcmt in the in te r femmter  b,l&l , 

I k t h e n o r e ,  ve do not need to meke the rimes cmpletely opaque [I,%], 

becauae the phase shiit introduced by pa&* transparent mstallic 

wnes will always Improve image forming efficiency, We can also blare - 
the smes in an analogous manner b that of a p t i n g , s n d  get hi@ 



Table 1.3 
STATUS OF GRAZING REFLECTION MICROSCOPES --- 

FOCUSING SYSTEM 

ONE MIRROR : 
1. Spherical 

2 Ellipsoidal (Wolter) 

TWO MIRROR : 
1. Kirkpatrick-Baez 

2. Aspherical (Wolter) 

3. Wolter-Schwarzschild 

COMPOUND MIRROR : 
1. 3-Mirror 

LIMITING PRACTICAL PRACTICAL 
ABERRATION RESOLUTION FIELD OF VIEW 

Astigmatism - 
Spherical lop x 40p 

Spherical 3~ 

Coma N.A. 

Field Curvature N.A. 

N.A. N.A. 

N.A. N.A. 

200p 

300p 

N.A. 

N.A. 

N.A. 



Fig. 1.3 

FORMATION OF HIGHER ORDER 
IMAGES WITHAZONEPLATE 

u 



efficiency a t  a specific order. Laser pmduced plasmas anrit a bmad 

spectrum; and since the none plate focal length is inversely propor- 

t ional t o  the focal length (as w i l l  be discussed la ter )  the dispersion 

i s  so great tha t  direct  imaging is impractical. In addition, it is 

no% useful for particles or  hard x-rap, it i a  sensitive to alignment 

and has a limited Meld of *ew. In  spi te  of a fen claims for  im- 

proving the lcesolution in hi&er order imaging fl.Ul, 11.161, it 

wil l  be shown tha t  t h i s  i s  not possible in the imaging mode and the 

resolution is determined by the width of the o u t e m s t  sane, 

2. C d e d  aperture mode. M e n  h.191 was the f i rs t  to use the none 

plate in the coded aperture mode fo r  imaging stellar x-ray aources. 

This technique was then applied to nuclear medicine I1.201 by H. He  

Barrett. Hoi~ever, the l a t t e r  resul ts  were not verg at tract ive because 

t h e  imaged object was too large fo r  the none plate. (The Wt on the 

object sire i s  of the order of the sine of the innermost tone,) Ceglio 

11.211 applied this technique to the investigation of laser  produced 

plasmas, the application of concern t o  us. 

31 our study we have Bnslyred various features of coded aperture 

inaging including the resolving power in higher order reconstructions, 

and the limitations of the method including grain noise in the  film, 

U f r a c t i o n  effects, and fabrication defects L, the .one plate  mask. 

We find tkiat improved resolutian i s  achiemd i n  high order recm- 

s t m t i o n s ,  and tha t  contrary to 8 previous report B.181 dfffraction 

e f fec t s  ere not, i n  principle, the limitation in resolutian *en 

recording a so f t  x-ray spectrum, 

& Table 1.4 a comparison between a l l  the methods revieuetd here 
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is given. 

We will f iFs t  present an analogy between sone plates and gratings. 

Then the coded imaging technique will be snalysed stressing Its 

. potential a t  higher order reconstructFans. Also, the possibili ty 

of using different coded apertures den  the recanstructian i s  t o  be 

done digitally w i l l  be discussed. An optical simulation of imag5ng 

an x-ray source is then described, which dem~nstrates the increase of 

resolution a t  higher orders. The construction of an x-ray sone plate 

ca.nera for  laser  pe l le t  compllession measurements is described. Results 

fmx some pe l l e t  compression experiments azce Awn demnstrating an 

h c r e a s e  of resolution a t  higher orders. The potential of one dimen- 

sional sane pla te  coded aperture Is then discuseed. Rnally, an 

optical simulation of an x-ray experiment is described, ehouing the 

feas ib i l i ty  of applying the idea to spat ial ly resolved spectra. 
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2.1 The analogy between sone plates and diffractfon gratings. 

Cansider the system in Pig. 2.1.1. A spherical wave is diffracted 

by a mask A(&, Y,), Uslng the F'resnel Kirehhoff integral (see Ref, 

[2,1,11 page 382) we can wr i te  the mpUtude a t  any distance 2 fm 

the diffracting aperture. Assuming small angles (less than 300) we 

can neglect the obliquity factor i n  the i n t e r n ,  Also, for  a fixed 

Z the change in l/% and l/r2 w e r  the range of integration i s  negli- 

gible corrpared to the change of the phase, so we replace these tenns 

by the axial values ml and l/k2 of l/q and l/r2 respectively and 

w r i t e  them outside the integml. The ~ U t u d e  G(X2,T2) i s  then: 

&ere rl is the distance between a point an the plane (Io, To) md a 

point on the plane (5, %), r2 is  the distance between a point on the 

plane (Xo, I,) and a point on the plane (5, TI), I is the warn nmber, 

and G i s  a constant. Ehpmding rl and r2 in the erponent we get 

Using planar polar coordinates In each of the W e  planes we have 

Xo = pa cos 8 ;  X1 = H cOS a ;  X2 = [I cos + - 

Yo = pa sin 8; Y1 = H sin a; Yp = u sin + (2 .1 .4 )  



POINT 

MASK 

FILM 

Fb. 2.1.1 
Diffraction of 8 ~ p h e r l ~ l  wave through 8 row Wte. 



where (pa, B), (H,a) and (a,+) are t h e  coordinates in t h e  mask, source 

and film planes respectivelyj a is the apertm radius and p i s  t h e  

fractional radius. Using (2.1,2), (2.1.3), (2,1,&) in (2.1,l) we get: 

Consider the terms that involve angles: 

s i n  x [ n s l n a  + , 
R2 R2 

- 

Lst H& be the object f i e l d  angle Md u/R be the w e  f i e l d  angle. 
2 

Let us change variables: p2 = tj ~ d p  = fdt. 
- 



Until no% the discussion was general and could be appUed to 

gratings as well as t o  Bone plates. We now lindt the discussion to 

rotationally symmetric apertures, i.e. A(P)  i s  rotationally symmetric. 
2 

Then A 1 ( p  ) ~ ( t ) .  Using an identity f o r  Bessel fhcticms 12.121 

1 12" =- i k a  v cos ( B - ~ )  
277 dB = ~ ~ ( b a v ) ,  and considering only the inte- 

6 
gral i n  a. (2.1.5) we get: 

The prime denotes tha t  a l l  the constants were u d t t e d  fron the formula. 

Zq. (2.1.8) i s  t . l ~  most general expression fo r  the f i e l d  diffracted 

from an axialu syrmnetric circuLaF aperture on which a spherical wave 

of radius R i s  incident. 
1 

Consider the intensity on axis when a point source situated on 

axis i s  i l lurinat ing a tone plate. In t h i s  case H-u-0; therefore 

v-0 and Jo(Kpav)-1 and ue get fmn (2.1.8) 

This is-exactly the Fourier transform of the aperture written in  the t- 

domain rather than in the p d o m a i n ,  

We thus see tha t  the on iuds htensitp &stribution of rotstianslly 



aynanetric, two-dimensional, apertures fs cmpletLely analogous to the 

far f i e l d  intensity distribution diffrscted by a one-dimensional 

aperture. Therefom, w result derived i n  one domain can be imme- 

d i a t e b  transferred t o  the  analogous domain. 

We w i l l  consider a special class of rotationally symmetric 

apertures: Fresnel sane p l&ks  and a few of the i r  derivatives, The 

ternFI: Presnel sane plate refers osly to a rrpecial class of apertures 

as s h m  in Fig. 2.1.3. Other general apertures &ich have some 

s b i l a r i t i e s  to  Fresnel sane plates w i l l  simply be called sane plates. 

Since we deal w i t t i  apertures derived from the b s n e l  sane plate, 

1 e t . u ~  clar ify the  notation by f i r s t  considerbe Pig. 2.1.2, A 

cosinusoidal rone plate may be pmhced by recording the interference 

fmn two coherent sources on a d s .  Let A1, A2; 4, 4; 9, R2 be the 

amplitudes, phases, and distances of sources 1 and 2, respectively, 

fmn the screen, and assume that  %/R 
1 

m  A ~ / R ~  = A. Let us use the 

following definitions: u 0 " ; barn Rlo -%0 • - $2; 

x - distance on the screen. A d m  f i g ,  2.1.1 and 2.1.2 we then have 

In Pig, 2.1.3a Eq. (2.1.10) is plotted fo r  four different source phases. 

fhe corzyspanding Presnel m e  plates that are derived hwn them are 
2 

a lso  shm. A l l  plots are i n  the emm coordinate. &ne platerr of t 
type (c )  and (d) are most c w  employed. (e) is ~d a 
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Fig. 2.1.2 
Formation of a zone plate by interference of two spherical 
waves. 



( A )  41-42 = 0 

(D) 4 -d2  = 3 ~ 1 2  

T" 

- 
8 QUADRATIC DISTANCE COORDINATE 

Fig. 2.1.38 
The cosinusoidal zone plates produced by interlerence of two spherical waver and the 
corresponding Fnrne l  zone plates drawn in6domain. Caws A, B, C,D are phase differences41 - 
9, = 0, w, +/n, 3t/2 respectively. For each care (a) represents the cos prrl of eq. (2.1.10). (b) the 
intenlity in  .q. (2.1.10) and (c) the corresponding Frernel zone plate. Caw  C is the porltlve 
Fresnel zone plate. Caw  0 Is the negative Fremel zone plate. 



zone plate and (d) i s  called a negative tone plate. (They differ by 

a phase of n.) In Fig. 2.1.3 b positive sme  plates in ma1 space 

are shown. l k o m  Mg. 2.1.3 a we see tha t  positive %one plates always 

have an odd number of cones (transparent and opaque), The number of 

open zones exceeds by one the number of opaque mnes, The negative 

zone plate has an even number of tones, 

In Table 2.1.1 (1) we list the location of the tone edges ( in  

the 8-coordinate f o r  the four cases in RLg. 2.1.3 a, In ( 2 )  we 

Ust t h e  boundaries of the open erne in each case. Pinally we 

generalize in ( 5 )  these expressions in order to obtain an a p m s s i o n  

fo r  an arbitrary zone plate wid th  and shape. I b m  Table 2.1.1it  i s  

possible to write an expression f r o m  which a l l  the four cases in 

Table 2.1.1 can be derived. The range of 0 tha t  belongs to a e  3 th 

open zone denohd by is : 
3 

1  1  
(2j -$n  + A( - < 9 j -  < ( 2 j  +T)n  + A( ( 2 .1 .11 )  

*ere A +  m q - $ 2  m (0, T ,  n/2, 3n/2) according to f ig.  2.1.3 a. 

In a computer calculatior~ bf the diffracted intensi ty distributions 

from vafious zone plates we find it convenient to define RPm, 

RPODD; R I J m ,  RNClDD t o  be the radii of an even numbered o r  an odd 

numbered cone edge respectively in a poeitive or negative sone plate  

respectively, and EPJl end EPS2 to be the f'rac-al width of the 

sone plates as i n  Fig. 2.1.b b, Q is  the sane p la te  canatant ( L e e  

Q m l,/m), and NZCIJE is the total number of tones, Using these 

definitions and Table 2.1.1 we can write the following results: 

1, Positive none plate  (NZONE odd numberj open center) . 
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where M 0 , . . . , (NzCNE-~)/~ 

2. Negative tone p la te  (NZmE even number; opaque center) 

i! RNODD = [ ( 4 ~ + 3 )  12 - EPSI 1 Q; RNEVEN = I ( 4 ~ 3 ) )  22 + EPS2]iQ ( 2 . 1  ,131 

&em EF51, EPS2 < 0.5 but for a b s n e l  sane plate EPS1 = EPS2 = 0.5. - 
As ar. exanple we calculate (2.1.9) for a positive cone plate. 

Since the equation i s  in the form of a Fonrier tC.ansfom, ue may 

consider the analogous case of the Frsmhofer diff'raction pattern 

of a grating, We derive it explicitly because of mieleading results 

in the literature 2.1.h , [2.1.5], [2.1.6] and t2.1.71. Denote by 

N the h ta l  number of rones (both clear and opaque) P m  (2.1.9) 

we have: 

Using the convolution t h e o m  end the fac t  that 

R e c t  [ t ; q l  e - s Zniut dt  I :in rug 
T U  

-n 



we have: 

k.om (2.1.15 b) and (2.1.5) we get for t k e  ampUtude (neglecting the 

plase factors): 

&sum I$ + (colllnurted U&t) ; A/R1 + E - canstmt. Substituting 

for u fmn (2.1.1;) Into (2.1.15 c) we have the rrtmarkable result: 

l b n  2.1.16 it 5s obvious that all the foc i  have the same peak an-axis 

intensity. h e  locations of the foc i  are found by tak ing the Unrit of 

(2.1.16) as cos(npuf-0, or u(2r+l) '  and by whg (2.1.b) for u K 
the locatiaas wi l l  be found later. Substitutiag for u we get the 

uxat: 

1 i m  5 i n [nqu (N+ l ) ]  I (Nil) -1 
- u + ( 2 ~ + 1 )  1 /2q cOs (nqu) 



mi (2.1.5) and (2.1.7) we nit. the t o t a l  phase f'unction using 3' 
r(N+1) .nd o Q as: - ; + XR20 - - - n~ . Hence successive odd 

2 

order foci  have successive phase changes of n. ( ~ o t  ingluding the 
aL 1 

phase due to distance KR20e ) ham apu (an*lg,  u e  ud qL We 
2 2m2 N 

get,  denotiqg the order number by 7, the locations of the foci: 

Let us  explore mre specific examples of the analogy between rcme 

plates and gratings. 

2.1.1 Sp~ead of the principal orders. 

Eq. (2.1.15 b) i s  the fonmrla fo r  the on-axis intensity of a erne 

plate but it is  also the expression of the intensity i n  the h u n -  

hofer plane of a diffraction grating. The only difference l a  the 
2 

coordinate u. 21 the scme plate case, u a /2?3 *ile i n  the 
1 2 

grating case, u - ( d x / 2 ~ ~  )' &ere I( is the distance on a transverse 
2 q 

1 plane; d is the slit s i r e  ui*; q-. For a given N the spread of 
N 

the principal orders i s  canatant in the u domain. This is true in 

the grating case and also i n  the sone plate case in u doanah. However 

it i s  not t ~ u e  fo r  cone pLake in real c h a i n  uhere, as we go to higher 

orders, the spread an ads gets mallor.  From (2.1.15 b), wing the 

two definitions of u, we get the spread of principal orders (using 

small  angle a p p r o m t  ions ) . 



For r u l e d  gratings: XZ 
A X  - 

N d 

2.1.2 C h m t i c  Resolving Power. 

Both gratings and zone plates can be used as spectrometers. 

While the dispersion In gratings occurs in transverse plane, a cane 

plate can be used as an axial spectrometer. In both c u e s  the 

inportant qt'antity i s  the chromatic resolving power. h 9 m  Ref. 12.1.11 

p.LO6 ( l e t  Y be the  order number) we have for gratings that 

The same calculation for  a zone plate gives 

A A - = 1 
A (N+21 (2n+1) 2 

&ich i s  analogous t o  (2.1.19a). 

2.1.3 Dispersion. 

31 a grating the dispersion along a one-dimensional coordinate 

X is given In Ref. [2.1.11. p.106: 

In a erne plate the dispersion alcmg the optical a x i ~  is: 

Hence, if we want to use the &one plate k? the imaging mode only, 



quasimno&~rorcatic radiation must ?x used. 

2.1.L Illuninacdon uith a Wte Source. 

Assume a t  f i r s t  tha t  the s o m e  i s  planar and perpendicular to 

the optical axis, Spherical wave8 fm U f e m t  points are incident 

on a grating a t  different angles and give rise to grating patterns 

slightly displaced Kith respect t o  each other. Note that t h i s  is 

true either in the Fraunhofer plane or  a t  the image plane of the 

point so'rlrce when a lens i s  used . Thus if the source is inco- 

heren t ' then the diff ractiohl pattern will be a cmvolution - 

of the  skhrce w i t h  the diffraction pattern probced by c o l l i m a k d  

l ight .  The direct analog in a zone plate w i l l  be a longitudinal Une 

source. The convolution i s  exact in l/z coordjnates but i n  z coor- 

dinates the &a1 spread of higher orders will &.rink. A transverse 

eource, however, will be Fmaged to a transverse source as with a lens. 

2.1.5 The Effects of Changing the Zone Shape o r  the Slit Shape. 

For t U s  discussion we will work with the analogy between ampl i -  

tude g ra t iws  and eone plates, 31 f i g .  2.1.b a few exanples of 

different zone plates are shown. We can describe the un-axis intensity 

distributions using the sane procebws as before. Let Ba(t) be the 

individual amputude e l i t  dupa (or the none sh8pe in the r2 dmdn). 

The aperture function of the grating (or the eon8 plat~e) ca,n then be 

n l t t en :  



NZ ONE q/2  -1 

Z qEPS2 qEPS1 
0 (b) 1 c 
q 

2 0 I*, Rect [t; 2, EPS] 
a 
0 (c) 1 
L 
Lu 
V) 

0 , * Rect 11; qEPS] * Rect [t; qEPS] 

t Rect [t; q(1-2EPS)I* Rect [t; qEPS] 

Rect [ t ; q ( l - v ~ , T ) ] ~ e ~ * ' " ~ ~ ' ]  

=+ wVR on] 

G (t) = Ba,(t) C6(t-2nq-q/2)* 
Rect [t-Nql4; qN/2] 
+B%(t) C&t-Znq-q/S). 
Rmt [t-3Nql4; qN/2)] 

t yl + cor (tqn)] 

Fig. 2.1.4 
Amplitude transmission or phase modulation of zone plates (t = 
distance square coordinate), or of amplitude or phase gratings 
(t = real distance coordinate). (a) Fresnel zone plate (positive), 
(b) zone plate with narrow zones, (c) triangular zones, (d) zone 
plate with slanted edges, (e) edges smoothed with a Gaussian 
function, (1) narrow Gaussion zones, (g) zone plate with two 
different zone widths, (h) cosinusoidal zone plate, (i) 
cosinusoidal zone plate recorded with'Y= 2. - 



Neglecting constants and phases, the dSf'ractior. pattern i s ,  therefore: 

G(u) = sin[nqu(~+l)] - 
s i n  [nqu] Ba(u) 

The ga(u) and the corresponding ~ ( u )  are calculated in Table 2.1.2. 

Plere are two methods of nonaalisation. I n  the f i r s t  we normaUze 

the intensity of the diffraction pattern with respect to the eero order. 

This i s  a useful procedure when the anergy diffracted in the zero ordor 

i s  measura3le as in the case of q U t u d e  tone plates i l 1 m j ~ t t d  w i t h  

collimated Ug.!.ht, However the tern order can be eliminated in phase 

gratings, and in the case of zone plates illuninated with a collinated 

beam, the energy i n  the eero order i s  not focussable. In these cases 

we normalize the diffracted intensity with respect t o  the f i r s t  order. 

Examples of a few nonalized expressions are given in Table 2.1.3. 

2.1.6 Conclusions fm the Calculations of the Diff'raction Patterns 

f o r  Gratings and Zone Plates (Fig, 2.1.4 and Table 2.1.2). 

I. The on-axis intensi ty in h i b e r  orders in zane plates, 

depends strongly upon the shape of the indilpidual zones. 

2. It i s  not possible to eliminate the sem order w i t ?  on& an 

amplitude modulation in the grating, The presence of the %em order 

causes background problem both uhan h g l n g  w i t h  tone plates and in 

recons tfuction in pseudaholography. 

3 ff the cone plates have verg sharp edges, as i n  fig. 2.1.L.a, 

the peak on-axis intensity will stay the same a t  all odd orders. If 

the tones are made aafiamr as in Pig, 2.1.b b even nunbered foci 
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appear. Some high even and odd orders may also have a peak intensit? 

col?.espmding t o  the ideal case EPSI0.5 depending an t h e  number EPS 

(see Table 2.1.2.b). 

L. Smoothing of the edges ten& to decrease the efficiency a t  

higher orders. For a triangular sane ahape (Fig. 2.1.L.c, 2.1.L.d) the 

- decrease is  the worst of the examples picked. In case of a Oaussian 

shape, t h e  decrease i s  less  severe (fig. 2,1,L.e, 2,l.L.f). h e r e  

may even be an increase in on-a~ds in tes i ty  a t  h i b e r  orders as may 

be seen by substituting fo r  in Table 2.1.2.kf t h e  value l/k there 

N i s  t\e num3er of zones. 

5. Processing the original recording with y f i  changes the apparent 

. shape of the eones. Therefore, the efficiency a t  higher orders depends 

very much on the type of processing. Pmcessing may alao cause arti- 

fac ts  in pseudoholography as u i l l  be discwsed later m. 

6. Because of the f i n i t e  dynamic range of the recording medium 

it is preferable to use erne plates with n m u  ocmes, (as w i l l  be seen 

l a t e r  on) therefore a tone plate as in fig. 2.1,b.g seems attractive. 

The inner zones are much narrower canpared the i r  usual width. 

This, In addition, will tend to increase the U t  ecattered into 

h i b e r  orders. 

7. If the amp'Litude modulation in the gratdng is an exact 

cor2 m o t i o n  *cos2 4 2 ( l + w 2  ) -en only 0, - +l orders appear 

end in the case of erne plates arly m e  real iocrre d o t s .  



2.1.7 Phase Gratings and Zone Plates. 

fi! this case there are two modes of operation: (1) transmission, 

*em changes in index of refractinn cauee diffraction, and (2)  reflec- 

tion, *ere the reUef structure on the surface causes the diffraction. 

The sinusoidal phase grating was -ed by Ooorbnsn [2.1.2]. 

In Ffg. 2.1.4 a few other examples are l isted, the sinu- 

soidal example has a simple closed form eoluticm, the others are 

ext-ely involved. IlWz [2*1.8] has calculated a general expression 

for  the example 2.1.b d (where the vert ical  a x i s  i s  nou phrase), His 

treatment includes absorption effects as well. He memtimed only 

zone plates but a l l  his results  a;rply equally w e l l  to gratings. Also, 

he assumes wor'rdng mly in trenamission (the analog being transmission 

gratings). 

However, in Ref. [2.1.9] .nd [2.1blq th. efficiency of reflection 

gratings i s  cmsidered with different g m v e  ahspes. 'hese results can 

be applied directly t o  cone plates working in the reflection mode, 

aleaching of pseuQholograms may be a usef'ul technique to enhance 

higher order reconstruction, Also reconstruction in mflection should 

be investigated both w i t h  and without aluminum coating on the pmceased 

pseudohologram. Coating with Ag or A l u i l l  enhance the surface struc- 

turn wbile reconstruction without a coating will take advantage of 

volume effects as well. Using sane plates in reflectian introduces 

new problems such as polarIration effec&, lbese were not tmated 

before because the usual w e  of sate plates was in the transndssian 

mode on-&. This rnode of operation my proede an easier way to 

blaze the pseudahologram to rues hi& efficiency at hi& ordew. 



The main advantage of phase gre thgs  (or zone p l a b s )  over the 

smplltude counterpart is the poss ibUQ of conveniently elirainatlng 

the cem order and hence Increasing the rignal to noise ratio,  both 

in imaging applications as well as with the reconstruction of pseudo- 

holograns. A s  an example, consider a phase grating or  tone p l a t e  of 
-. . 

t h e  type shown in f i g .  2.1.L a. Calnrktlng the %(u) W c h  corns-  

ponds to ia(u)  i n  Ep. (2.1.20) a d  Table 2.1.1, we get: 

This w i l l  detenine the efficiencies a t  all the orders as we have seen 

i n  section 2.1.L. The condition for  &(o)Q is  tha t  (-no Fig. 2.1.L a 

shows this blazed phase grating (when + = n )  in which the eero order i s  
' 

e l i r i n a t e d  and higher order6 are n r o ~  intense on-axis. 

Lq fig. 2.1.5 we see the condition fo r  blazing a transmission zone 

plate for  a specFfic order in analogy with blazed reflecting gratings. 

h practice we nay control the phase modulation by the exposure in the 

case of mconstmrcting a pseudohologrua. Also, by controlling the 

magnification of the pseudohologram we m y  f i n d  the right focal length 

that exactly matches the given modulation to  obtain blazing. 'Ibis 

technique is ccmpletely malogous to gratings and has been used so 

far in tha far infrared regiant3 [2.1.11 a]. A group at  Laurence 

Livermore Laboratow has mcently announced [2,1.11 b] its intex~tim 

fo blacg tone plates for  the  x-ray regim f o r  use in the imaging mode. 



Fb. 2.15 
Blazing of the zone plate occur8 when both the dlff rrcted md the mfnctrd berm8 hrw 
the urn direction, In complete analogy wlth dlffmtion gntlngr. r, I8 the nth ndlurof 
the zone plate. F I8 the f o a l  length when the tone phte I8 blrzrd. I f  nzlr the mfmtlw 
inder of the material of whlch the zone plate I8 made, nz dn 05 dnB 



2.1.8 F l u e s  a t  Higher Orders. 

For the example in Fig. 2.1.4.a we have eeen tha t  the peak an-axis 

intensity i s  the same a t  a l l  the odd numbered foci.At high ordeh we ap- 

proao? closer t o  the zo3e plate and have a larger cone angle of i l l ~ a t i o a .  

This means t h a t  incident collimated U&t wi l l  be focussed t o  a smaller Airy 

disc. If n1 i s  the cone angle a t  the prlnarp focus, mi is the cone 
s, 
A angle a t  focus nmber p .  h e  area of the Airy disc i s  then &ere 
P? 

S1is  the area of the Airg disc a t  the primary focus. Since the peak 

intensi t ies  are equal but the areas are related as l:p2, the nuraber 

2 of scattered photons must also be ~ l a t e d  as 1:p . 
2.1.9 Scattering and Noise in Gratings and Zone Plates. 

We may distinguish between two ldnds of scattering which lead to 

speckle patterns in the reconstsvctian of a pseudohologram and to back- 

ground noise in case of Fmaglng an incoherent source. In the case of 

a pseudohologram uhich i s  recorded on f i l m ,  the film grains will cause 

a speckle pattern when we illuminate w i t h  coherent Ught exactly in 

the saw uay as a ground glass produces speckle when illuminated with 

l a se r  U&t. This can be treated as a Gaussian random process f o r  

which a f a i r l y  large literature exists [2:2.1.123. 

The second source of sca th r ing  is fhe Bone edges which am not 

idea- smooth but are rea l ly  serrated apertures. Utt le  has beem 

done concerning the M f r a c t i o n  pattern of such apertms. (See a 

racent paper Ref. [2.1.1d .) m e  mathemtics becomes exceedingly 

involved-because symmetry is destroyed, and fhe foImallsm emplayed 

before cannot be wed.- 



If we consider one-dimenslanal gratings as a h m  in K g ,  2.1.6, 

the gFain noise contribution can be seen but the serration i s  not 

easi ly visualized. In order to include the semation contribution t o  

the oneaimensionalmodel, we have to consider an ensemble of one- 

dimensional zone plates (or gratings) with grooves that vary randolnly. 

To make such a treatment we let r,-r:+$(r,); rn i s  the radius of 

a certain zone r: i s  the radius of an ideally smooth zone; 6,(rn) i s  

a random variable. In general, if the apertum function fo r  one member 

of the ensexble is Z(t) , and that  f o r  the ideal zone plate is zO(t) then 

we may w r i t e  ~ ( t ) - ~ ' ( t ) + ~ ( t )  *ere E(t) is a randon; process with spaces 

of randoz width. (In two dimensions the problem i s  more complicated 

because m(+) i s  also a h c t i o n  of the angle (Fig, 2.1.7) L e a ,  

r,(m r:*n(rn,+ 1.1 
Consider the one-dimensional case. ~ ( t )  i s  i l lus t ra ted  in Fig. 

2.1.8,~. This i s  a stochastic process w i t h  a few restrictions: 

1. E ( t )  can have only 2 values -1, +1. 2. The spikes have a random 

width lyixg between zero and &. 3. One edge of the hrnction i s  

always located a t  t lnq .  In Plg. 2.1.6.d we see that  this randon 

process can be described as a series  of impulses. Let t j  be the 

soluticm of the equation: 

*ere j-1,2,3, .. . and where ~ ( j , q ) i s  a discmte random process sat is-  



NORMALIZED 
AMPLITUDE 

TRANSMISSION 

' 11 
t 

I 
Fig. 2.1.6 
Grain noise In a zone plate recorded on film or surface roughness fluctuations In a 
reflection diffraction grating. t is the distance square coordinate for a zone plate or the real 
distance coordinate for grating#. 

Fig. 2.1.7 
A representation of a zone plate (only 2 zones) wlth 
the serration introduced i n  the manufacturing 
process. 



f y i n g  - = < 9(j,q) 2 f zind for  evew j 3  ((j3q) i s  a uniformly L - 
distributed random variable in the interval [f; f]* Also kt N ( j )  

be another discrete rancbm process which assunes with probability 

1/2 for  odd or even integral values. W i t h  these definitions the 

. . randoaprocess i n  Fig. 2.1.6 d can bewri t tenas :  

Consider the d i r f r a c t i k  pattern of Z(t) : i (u)  m fO(u) + i (u ) .  

The serration acts t o  plpduce an additive noise. Calculating 

< E ( U ~ ) E ( ~ ) >  and < l l u )  1 2 >  i n  t e r n  of E ( t )  3 s  possible by asswdng 

stationarity. Rw, <3ul)  nu2)> we may also find the p e r  spectrun 

r2.1,~LJ and hence find the characteristics of the scattering on axis 

for  a zone plate, (and on the plane whelle the diffraction i s  observed 

in the case of gratings). Using a one-dimensional nodel means that  

the errors are assumed synrnetric i n  the sane plate. This is, of 

course, not a fully real is t ic  model but it still  gives a feeUng of 

& a t  to  expect. 

The grain noise, cn the other hand, acts as a multiplicative 

noise 80 that  Z(t) m Zo(t) .g(t). kain assuming synrmetrical noise 

we get i (u )  i0(u)G(u). The grain noiae a p c t n m  thus C O D ~ V D ~ V ~ S  

w i t h  the noise f m e  pattern. 

In Pig. 2.1.9 a cornpebon between the g r a m  and %me plate 

cases i s  ehoun. In the grating c u e ,  Pig. 2.1.9.8, the speckle 

pattern is essentially the same a t  a l l  orders because the orders 



Distance square coordinate (for zone plate) 
or distance coordinat. (for grating) 

Fig. 2.1.8 
Modeling the noise introduced by random flucuations in the zone radii or imperfections 
In the straightness of the dlffractlon grating grooves. (a) ZO(t) Is the Ideal Fresnel zone 
plate, (b) z(t) Is the real zone plate, (c)E(t) = Za(t) - Z(t), (d) random process that 
de~cribes the deviation from an ideri zone plate. 



Fig. 2.1.9 
Noise effects. (a) The noise convolves with the diffraction 
pattern in the case of gratings, (b) the noise convolves with 
the on axis intensity distribution in the case of zone plates. 



are equally separated. But in the case of zone plates the orders 

are not equally spaced and the convolved pattern a t  hi&er orders 

must shzddc. Hence the appearance of the speckle pattern changes 

along the &so (This discussion does not say anything about the 

transverse distribution of speckle i n  the different orders. This 

w i l l  be done when Fresnel transformations are considered in a later 

. section.) If we want t o  examine the f a in t e r  high orders it may be 

useful t o  eniploy a converging l igh t  beam rather  than a collimated 

l igh t  bear;. This can reverse the relat ive ~ a l  location of the 

foci, makine t h e  grain noise contributim l e s s  severe. 

The serration contributes background noise. The only way to 

mduce th is  type of noise is to manufacture a be t te r  quality zone 

plate wiV. l ess  serration. 

2.1.10 Aberrations in Zone Plates. 

Third order contributims to the aberration h c t i o n  were 

calculated by Young [2.1.15J. The aberrations a r i se  because of the 

e n o r  introduced i n  the derivation of (2.1.1 ) ,  there the square 

m o t  in the exponent was appm-ted only to first order, 

The first remarkable feature about tone plates in this cmtext 

is tha t  them is no dintortion tern aa wlth a mgular lens since 

the cNef ray does not deviate as it passes fArcn@ the erne plats. 

The secmd interesting feature b that it is  possible to correct f o r  

spherical aberration in the production pmess .  One of the methods 

f o r  msnufacturing zone plates ia bp interfering a plane wavefruit 

and an k e r i c a l  uaveRmt (or  2 @~erical u a v e f m t s  ) . In Ref. 



Il.1I;: a method i s  described, in M c h  an aspheric wavef runt is pro- 

duced and interferes Kittl another spherical wavefront so that the 

correction i s  built into me zone plate. In fact, we can always 

choose radii for  two spherical wawfmnts (Le .  you don't need an 

aspherical wavefront) such Mat by interference will produce the 

required correction. We thus get an optical deoice free of both 

spherical aberration and dlstol- t ia .  Furthemre, if we use the 

zone plate in the inaging mode, ard if it is manufactured in the 

way uhich i s  discussed in an ear l ier  section to enhance higher order 

efficiency, then by shifting an eye piece fm order t o  order we can 

ge t  a z o w  effect uithout 8ny additional element. The last two 

features have not yet been Mly realized but it lrrsy became practical 

ir! the sof t  x-ray reg5sn. 

Higher order recanstructim is hpor tant  in the pseudbholography 

technique. A t  higher orders the F/# i s  smaller, hence the aberrations 

become moxx pronounced. In Ref. [2.1.15] the condition for  5mge 

g u a ~ t y  of b t t e r  than A/L is ~2 < 2F/h; *ere N i s  the n m k r  of zones, 

F i s  the focal length, and. h i s  the wavelength of the reconstructing 

l ight  bean. For f-loan, A ~ O O ~ ,  N<600 acmes. In Flg. 2.1.10 we 

see an explanation fo r  the fac t  that a t  a hi&er order p there are 

effectively PN zones. If  we thMc of reconstmcting a t  the eixth order 

we should not use a sone plate 1115th more than 100 tmes. 

Chromatic aberratian i s  alao dependent on the number of m e s .  

The pinhole camera - the simplest sane plate - is f m e  of lateral color. 



Fig. 2.1.10 
At higher orders, the zones get narrower and the effeclive number of zones gels larger. 



2 ,  Coquter Simulatians. 

In order t o  get a better feeling for  the performance of the 

M o u e  zone plate designs, it is useful to plot the intensity dis- 

trlbution of the l ight  a t  the different foci  as a function of zone 

plate paramekrs such as N(the number of zones), EPS(Me aid* of the 

i n d i v i d u a l  zone: eee Mem 2m1mb.b) and the erne shape (see Fig, 2,L.&lB 

Two kinds of plots are of interest  t o  us: 1, the axial intensity 

distribution and 2, the transverse intensity distribution, 

2.1.11,l Axial Intensity Mstribution. 

2,1,11.1.1, A discussion regarding a camputer prograrr. that  calculates 

the e a l  intensity distribution, 

The axial dis t r ibut im is given by Eg,  (2.1.9) 

If one is mly intexvsted in  plotting th i s  distributicm In the u &main, 

then me can use the Fast Fourier Transform (RT) algorithm to plot  

Gt(u), RLis distribution 58 obsemed in the case of the Fraunhofer 

diffraction from a grating. Bowever, if we are intemsted In the 

tudal intensity distrfbutian from eone plates eo we have to replot 

G(u), scaling the cooniinates in eu& a way as to get  0(2 ) ,  there Z 

ia proportional to l/u, This i s  a subtle problem which it will be 

u s e m  to discuss briefly, 



We first obtain the discrete form of Eq. (2.1.9 a), the Discrete 

Fourier Transf om (DFT ) : 

nm 
~ ( rndu)  = f ~ ( n ~ t )  exp 2 n i  - *  N At 

n= 1 

- Eq. (2-1-9.b) i s  obtained using the follouing definitions: 

TOTD N-1 1 
A t - ;  A u = -  TOTD 

&ere N is the number of samples used, rn and n are integers, and TOTD 

i s  the size of the space in the input plane, (The size of the aperture 

i t se l f  may be only a fractija, of TOTD as w i l l  be discussed later. )  

h . o m  Eq. (2.1.l5), (2.1.9 b) and (2.1.22) we may write ~e Intensity 

distribution I(m3u) as : 

N 
I (rndu) = ESCALE I 1 A(ndt )  exp 2ni 

n= 1 

a 2 2 
*ere ESCliLE = ( -  n E ]  , To f i n d  nuiron ntve use; 

A z N-1 

AL-USCALEot *ere USCBLE - . I(m4u) i s  thus calculated 

by the FET algorithm and can be plotted us* the scaling factors 

ESCPLE and IISCALE. 

However, we rould also ILke h plot  the distributian 5n mal 

space, i ,e. Z space. If Z i s  *e distance in an on a d s  from the 

erne plate and TOTIIX 3~ the extent of Z apace then it F8 useful to 

&fine a quantity by 2- cTOTDO(. We asually choose TOTDX=F *ere F - 
b the prLpvy focal length. Ron (2.l.b), W(Jl2/2A2) for 

NZm 2 
~ o l l l n s t e d  G t .  But a 2 - ( ~ 2 U i ~ ) ~ ~  and Z. Fs therefore, u - - 

2 c 



1 
whem NZmE i s  the number of tones. kt 7 - - , ff  now we -t 

- t 
plot  I(my) we have ta scale A t  = USCALE(Y)  A t  

'5 space i s  merely a scaled version of u space. To get the intensity 
F 

distribution in t e n s  of 2 - CF - we plot  I(m7) as a function of - 
- 
5 

The interpolation of sampled data 18 an important problem in such 

calculations. As  an example suppose that  TOTD i s  the extent of the 

input space, and A i s  the width of the aperture function. The 

TWrD 
sampling interval i s  A - in the input space. Therefore, in 

N - 1  
the transform space the sampling interval will be 6 - 2 or 

X Z TOTD 
6 -- an. hcom t h i s  the total width of the transfom space i s  

'OTD NU TBC)! - (see Prig. 2.1.11 for  a fisualization of these quan- 
TOT3 

t i t i e s ) .  Lf A i s  comparable with TOTD then the corresponding width 

in the Fourier domain w i l l  be very smaU with respect t o  the t o t a l  

spaee size N/?OTD (fig. 2.1.11.B). To exhibit #e pattern we scale 

down the space c o o r d h i t a  and interpolate betweea the values of 

I ( m )  If the acsllng factor is too large m may get erroneous 

results. Tkerefore, if we choose A to be a small *action of TOTD 

then the width in the transform plane will  be large compared with 

the total apace aiee and we will not need to scale and interpolate, 

Emever, to  do that ve will need many more data points so  tha t  a 

canpromise must be made, 

h e  of the interpolation procedures 5.8 the polynordal I n te r -  



TOTD 

TOTD - -kFw 
ITOTD 

Fig. 2.1.1 1 
Relation between the extent of the input function (A) and the 
extent of the output function (8) when using the FFT algorithm to 
compute the Fourier transform of a sampled function. 



polation where we fit a poljnbmial through four success i~e  data 

points, and then calculate from this polynomial the intermediate 

data points (see Ref. [2.l.l?] ). Ihe main plPblem w i t h  this pro- 

cedure i s  tha t  i t  tends to give errplleous results when we scale the 

plots  by a factor larger  than 2. To reduce the e m r  we may f i t  the 

polynonial though more than four data points but uiih greatly 

increased conputing time. 

Another procedure is described in Ref. [2.1.17]. It is based 

on the s a ~ p l i n g  theorem (see Ref. [2 .1.&] ) by which every band 

lircited h c t i o n  can be f i l l y  r e c m t r u c t e d  fm an infinite ser ies  

of s a ~ ? l e d  data values, provided t h a t  the sampUng frequency i s  not 

l e s s  than twice i t s  bandwidth. Here e m r s  ar i se  from the f a c t  t h a t  

we cannot 03- an Fnfinite ser ies  of points. However, it turns 

out t h a t  i f  the parameters are chosen carefully this procedure may 

be be t te r  than the previous one f o r  equivalent c q u t i n g  times. 

A conputer program based on the renarks mentioned above was 

written and is l i s t e d  i n  Ap. 1. 

2.1.11.1.2 Cmclusions fzwn the p l o b  obtained by the c q u t e r  

prograrr.. 

The dis t r ibut ion in the l/z doPnain is the foonillar Raunhofer 

diffract ion pat tern of a grating and re w i l l  not p l a t  it here. 

Hwever, the dist r ibut ion in the  ma1 cpace c is of considerable 

i n t e r e s t  t o  us here. The d i f f e ren t  cases are surrPnarired in Table 

2 . 1  EPS1, EPS2, B1 Md B2 are defined in Pig. 2.1.U. In =go 

2.1.13 a the case of an idealized m a n e l  sone p la t e  i.8 plot ted,  
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Fig. 2.1.12 
Definitions of all the relevant quantities used to represent a zone plate in 
the computer program. (t is the square distance coordinate.) 
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k l y  odd foci  appear and all have exactly the same on mcis intensity 

pmdicted by Eq. (2.1.1'7). In order to show the different orders 

the plot had M be scaled up a t  higher orders, The case 37 zones 

was depicted since this i s  the number of zones in the zone plate 

used in the x-ray experiment. In the f i r s t  order the width of the 

spike i s  quite large: about 3 n .  his Units seriously tbe tomo- 

graphic capability of the system, No at-t was made to calculate 

higher orders than the lkth order, In Pig, 2,1,13.b the case of the 

same tone width but w i t h  slanted edges is plotted. Even orders 

appear but they w e  strongly attenuated. The odd orders are also 

attenuated. The decrease in the width a t  higher orders i s  clearly 

denonstsated enabling higher tomgraphic resolution a t  higher orders. 

Although the effect  of slanted edges is t o  attenuate the higher 

orders we may s t i l l  find orders with appreciable on axis intensity 

in th i s  case. In Fig. 2.1.U two cases w i t h  narmu zones are plotted. 

Ih Fig. 2.1.U a the edges are straibt, uhile in E g .  2.1.lk.b they 

are slanted. C o ~ a r i n g  Fig. 2.l.lk.b w i t h  2.1,13.b we see tha t  *en 

the zones are n m w e r ,  slanted edges do not cause a3 much attenuation 

as with tones a c h  have the ideal  width of a Fresnel rme  plate, 

7kis suggests that  we may be able to design a zone plate *ere high 

orders have s f i l l  an appreciable on a x i s  intensity in spite of tbe 

f ac t  that d i f f rac t im effects are present in the record5ng ntep of 

the pseudohologram. 

In Pig, 2,1,15 the case of ll sonee i s  shm, to demonstrote 

the cf l t ica l  dependence of the KTdth of the orders as Plrnctim of 

the number of manes in the sme plate,  DI t h i s  case the first order 
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extends over 18cm uhile in Fig. 2.1.l.4, w e r  3cm. 

2.1.11.2 Transveme Intensity Distribution. 

For a fixed Z Eq. (2.1.1) gives the transverse intensity distri- 

bution. Using the small angle a p p m m t i o n  (e.g. (2.1.2) and (2.1.3)), 
. . Eq. (2.1.1) can be written as a Presnel transformation. A conputer 

pmgram i s  avaiable to calculate th is  integral (see Ref. [2.1.17]). 

This prograrr, was modified to suit our needs and used to plot  the 

transverse intensity d is t r ibut im as a function of N, EPS, and zone 

shape, The calculation was done for  the case where a plane wave i s  

incident on a zone plate and i s  bm@t to a series of foci. 

The different cases are summarized i n  Table 2.1.5 

2.1.11.2.1 Effect of the zone shape on the intensity distribution 

of the various orders. 

I n  fig. 2.1.16 we plot two w e s :  (a) the ideal Fresnel zone 

plate (EPS - 0.5)~ (b) zone plate with naz,raw zanes. In the case 

(a )  the even orders are very weak, about two orders of magnitude 

weaker than the odd orders. In theory they ehould be zero but 

since we are sampling the aperture wlth f i n i t e  nwlber of points, an 

error is  intxvduced and the even orciers are not identically zero. 

A l l  the odd orders are of equal hei&t as predicted by Eq. (2.1.17). 

The width reduces from about 2 0 0 p  in the f i r s t  order to about 20w 

In the 9th order. In  the case (b) even orders appear and can became 

quite strang. In this case eome hi@r orders are even stronger - 
than the first order (for example, 2nd older and iYfth order). Hence, 



Table 2.1.5: Parameters describing t h e  p l o t s  in s e c t i o n  2.1.11.2 

POS/ 
# NZONE EPSl EPS2 B1 B2 F N F ig .  # NEG Order D i m .  
- - - - - :  --- 
I 37 0.5 0.5 0.5 0.5 150 2048 2.1.16a POS 1-10 2 

2 37 0.3 0.3 0.3 0.3 150 2048 2.1.16b POS 1-10 2 

3 11 0.5 0.5 0.5 0.5 150 2048 2.1.17a POS 3 2 

4 33 0.5 0.5 0.5 0.5 50 2048 2.1.17b POS 1 2 

5 11 0.5 0.5 0.5 0.5 50 2048 2 . 1 . 1 7 ~  POS 1 2 

7 11 0.5 0.5 0.5 0.5 150 6144 2.1.18a POS 1.3,s 1 

3 61 0.5 0.5 0.5 0.5 150 6144 2 . 1 . 1 8 ~  POS 1,3,5 1 

11 37 0.5 0 .5  0.5 0.5 150 6144 2.1.19b NEG 1.3.5 I 

12 61 0.5 0.5 0.5 0..5 150 6144 2 .1 .19~  NEG 1,,3,5 1 



Fig. 2.1.16 - Transverse intensity distribution at various orders 
of light focused by a zone plate. (a) Fresnel zone 
plate (EPS = 0.5), (b) modified zone plate (EPS = 0.3) 
(See Fig. 2.2.12 for notation.) 



Fig. 2.1.16 (cont.) 



Fig. 2.1 . I6 (cont.) 



narrowing the zones has sometimes the effect of blazing the tone plate 

directing more l igh t  to higher orders a t  the eqxnse of lower orders. 

2.1.11.2.2 The effective number of cones incmases a t  higher orders. 

In Fig, 2.1.17.a we plot  the  transverse intensity distribution 

of a zone plate, of 11 zones and lSOcn focal length, a t  the  third 

order. In fig. 2.1.17.b we plot  the transverse intensity distributian 

of a sane plate, of 33 zones and SOcm focal length, a t  the f i r s t  

older. Si-ce the F/# i s  smaller in the l a t t e r  case we get higher 

in'tensity but the shape of the curve and the width of t h e  pattern 

are very similar. There is a l i t t l e  difference in the secmdaq 

lobes. In  the case of 2.1,17.a the Intensity of the s e c o n w  lobes 

does not decrease as f a s t  as in 2.1.17.b. This causes background in 

imaging and in reconstruction a t  high orders of a pseudohologram. 

However, fo r  larger number of zones this effect becomes negligible. 

We thus  see that the effective nunber of zones a t  the third order 

of 2.1.17. a i s  the same as the number of zones a t  the first order of 

2*1.17.b* 

Also it is  interesting to compare the transverse intensi ty 

distribution of a t m e  plate and a lena of comparable f o d  length 

and aperture. From 2.1.17.c and 2.1.17.d we cmclude that the 

efficiency of a ome plate is agpmdmately 12%. ALso the tMrd 

lobe In 2.1.17.c ie higher than the second while in 2.1.17.d the 

intensity of the secondary lobes decrease8 f m t  cis a function of the - 
distance fm the centsr, h i s  again demonetrates tbe problem when 

using a zone p la te  w i t h  small number of smes, i.e.8 the secandarp 

lobes contribute to the background and decrea~e  the a i e a l  to  noiae ratio. 



Fig. 2.1.17 
Transverse intenslty distributions focused by zone plates and a lens. 
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2,1,11.2.3 Cornparism between me-dimensicma1 and two-dimensional 

sane plates, 

In Pig. 2.1,18 fhe transverse intensity distributions of Ught 

focussed by one-dimensional zone plates are shown, By comparing 

F ig .  2.1.18 w i t t ,  2.1.16 and 2.1.17 we conclude that two-dirr.ensiona1 

t o ~ ~ r  plate pseudoha1ograpt;y i s  much more efficient than one-dimensional 

zone plate pseudoholography. P i mt  of a l l  the on duds intensity 

decreases a t  higher orders wZlile fo r  the two-dimensional case it 

does not change. And eecandly, the background problem 1 6  much more 

severe i n  the one-dimensional case. In order to achieve satisfactory 

results, we must use a onedimensional zone p l a t e  with a t  leas t  100 

to 150 zones. In t h e  two-dimensional case, an the other hand, &O 

zones will give wasonably good recmstruction, In Fig, 2.1.19 the 

case of negative one-dimensional cone platR is  i l lustrated,  It can 

be seen that  as long as the object is smaller than the hnennost 

zone then the one-dimensional zane plate is still useful for  pseudo- 

hologra9y. 

If h i a e r  order recon6tructions are needed then the object s ize 

is further limited a s  can be seen in Plg. 2,1.19 a t  DIST - 50 o r  

DIST 0 30, which correepond ta third and fiith orders respectively, 
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Fig. 2.1.1 9 
Transverse intensity distributions of light focused by one 
dimensional negative zone plates. DIST = 150,50,30 correspond 
to the first, third and fifth order foci. (a), (b) and (c)are 12,38 and 
62 zones zone plate cases respectively. 



Fig. 2.1.19 (cont.) 
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2.2 Limitations and Rospects of Pseudoholography. 

The technique was introduced by Men and Young [2.2.2] to astro- 

ionpr, ap~ ,Ued  to nuclear medicine by m t t [ 2 . 2 . 3 ]  and to laser produced 

plasm3 by CegUo 12.2.4 Al?hough a theoretical t r ea tmat  of - pseudohob- 

graphy has already been given (Ref. [2.2.1] and Ref. [ 2 . 2 . 4 )  these 

authors overlooked the reconstmctions a t  higher order foci. For 

certain x-ray imaging appucatbns  the importance of pseudoholography 

re l ies  heavily on the fac t  tha t  a significant increase of resolutior, 

occurs in the higher order reconstructions. It thus seems appro- 

priate  to rederive the relevant relations in pseudoholography, th i s  

time including the high orders as well. 

The main l iz i ta t ion  of t h i s  method i s  the fac t  that  fo r  an 

extended continuous source the signal to noise ra t io  in the reconstruc- 

tion decreases significantly. This disadvantage i s  alleviated sorneuhat 

if t h e  object i s  smaller than the i n n e m s t  zone. Also, it has been 

assumed ( [2.2.1], [2.2.2], L2.2.31, [2.2.15 and references therein) 

tha t  the  shadow casting process can be described s t r i c t l y  by geo.mtri- 

cal optics. In practice the system i s  par t ia l ly  coherent and diffrac- 

tion cannot generally be neglected. These effects w i l l  be included 

in our treabnent of the propagation of the mutual intensity f o r  

describing the coded aperture shadowgraphy technique. This w i l l  

allow us to  discuss enhancement techniques in cases *ere diffraction 

effects contribute to the deterioration of the pseudohologram. 



2.2.1 Pm?agation of the  h t u a l  Intensity. 

Cmsider a plane view of the system. The coordinates are derrcrted 

as  one-dimensional quant i t ies  but they represent two-dimensional 

vectors im sorrie cases ( t h i s  is done to simplify the notation). The Ipcor- 

fiqg of the  shadowgram i s  i l l u s t r a t e d  in Fig. 2.2.1. b m  geometrical 

considerations (based on s imilar i ty  between t r iangles  and proportional 

re la t ionships) ,  the projections of the mask onto *e fib, fron any 

point i n  the source plane gives a magnified version of the mask. 

This i s  i l l u s t r a t e d  in Mg. 2.2.2. 

Let E(a)  be the monochmrttic f i e l d  radiated f m  t2.e point source 

ir, the  p k n e  a and l e t  d!?? be the anglitude transmittance of the 

mask in the plane 5 (?:(E,)  being the in tens i ty  trmsndttance).  Treating 

the one-dimensional drawing f o r  simplicity, we propagate the  spherical  

uave from the plane a to the plane 5 .  After rmltiplying by %he mask 

function we propagate t o  the plane X. Using the Fresnel Kirchhoff 

intcgral  and neglecting the obliquity fac tor  we get 

W . h d  the mask we have: 

We l e t  the  f ie ld  a t  the  plane c propagate to the  plane X. Using the  

b s n  J ~ ~ l h o i f  intap1 once more urd subs t i tu t ing  for E+( E( C) 

f m  (2.2.1) we get: 



SOURCE 
PLANE 

I PSEUDOH~LOGRAM 
MASK PLANE PLANE 

Fig. 2.2.1 
The geometry tor recording a pseudohologrrrn. 



Fig. 2.2.2 
Explanation of how 2 projections from two point sources S, 
S', of the same rporlure produce the same shadows. 
A S'BA-4S_'E1D'; ASBA -ASED but AB is common to both 
cases so DE = D~E' .  



- 0 

Let us use t h e  followinb assumptions: 

(1) r(E,d) r ( t , ~ )  in the deno-ahr change slowly conpared M the 

e ~ m e n t  and can be taken outside the integral, ami written as 

31 and S2 . 
( 2 )  The par&al a p p m m t i o n  i s  valid and for r ( t r a )  and r(6,X) we 

retab, only the f i r s t  order tern,. 

We thm can write (2.2.3) as1 

a X 

E ( X )  = cl]l E(a) M e dad 5 

2 
h e r e  c '  [phase fac t04  - h SlS2, 

We are interested in the inbns i ty  in the plane Xr 

&ere < > denotes ensemble average, 

(2.2.5) i s  a special case of the general mutual Intensity function: 

I )  - ( X X )  Substituting for B(Xl) and E(X2) hrra (2.2.11) 

into (2.2.6) we can find the rule for  the propagation of the mutual - 

intensity in tern of its value at  the source 



~l though  in general r (al,a2) may have a finite width we w i l l  sinpli* 

the d e r i ~ a t i o n  by assuming: 

This i s  a nonphysical assmption even f o r  a black body source (&ere 

the wid*- of the coherence function i s  of the order of the  average 

uavelengtki of radiation emitted f r o m  thi~ source) and it i s  used 

only to f a c i l i t a t e  the  calculation. Using (2.2.b) - (2.2.e) we can 

w r i t e  the in tens i ty  as follows: 

The quantity in the  square brackets i s  the diffract ion pattern of  the 

mask from a point source Q. We are interested i n  the geometrical 

optics lbit which i s  expressed as the  limit 

X + O  or  K + w  (2.2.10) 

In this case the 6tatiomu-y phase method (Ref. [2.2.5]) can be used 

ta evaluate (2.2.9). 'Ihe phase teem is: 



1 - ( + -1. The ten i n  the brackets i n  (2.2.9) i s  vr i t t en  

. . s2 

&ere g(6 )  and 6 i s  a one-dimensional quantity. R o n ;  Ref. 

L2.2.61 we mag approximate (2.2.12) by 

where $ v ( ~ o )  0; ( a ( ~ o )  I 0; ( ' (a )  0; ('(b) C 0 and where ('(co) 

and ,+m(co) are the first  andsecond derivatives uith respect t a t ,  

evaluated wing the leading t e r n  in the expansion fo r  the phase 

(2.2.11). We take the + aign f o r  ('(to) > 0 and the - sign for 

4 m ( ~ o )  < 0. a and b are the boundaries of the aperture. 

The first t e n  in  (2.2.13) describes the geometrical shadou 

w h i l e  -the second term denotes the cmtributions fm diffraction. 

We w i l l  now evaluate the f h t  tern explicitly. 



P r o m  + ' ( co )  0 we get 

Also + " ( E , )  u .  Let us denote the one.Wnansione1 intensity by 3 
and the two-dimensional intensity by 3. ham (2.2.9), (2.2.12) and 

(2.2.13) we have 

2 
In the two-dimensional case the constant outside the integral i s  (F) 

u 
and so, subs t i tu thg for  c c  f m  (2.2,L), we get 

This i s  the result used in Ref. 12,2,1] p. 33. 

This resul t  is often quoted 5n pseudoholography: the intensity 

an the film plane i s  given by the ccmvalution of the source function 

and the mask f'unction. However, the cmdlticm A + 0 I s  usually true 

mTy fo r  nuclear radiation, nuclear p e i c l e s  and veIrg hard x-ray 

radiation. The x-rays emitted fm laser produced plasmas are typi- 

cal ly in the region 1 - 8f and therefore diffraction effects m y  not 

be negligible, Let us now examine the second tern in  (2,2,U). To 



sirnplFfy matkrs the calculation u i l l  be one+ihensional. 

Consider the simple case of a s l i t  on axis as in Mg. 2.2.3. The 

synrmetry in this example allows us to get g(a) = g(-b) *ere a, b are 

V i e  s l i t  boundaries. Also, iram (2.2.11) we get: 

Using the above approximation the second ten In (2.2.13) can be 

written as: 

*ere g(6) - flFj and the factor v ( r ( ~  ,x)  r ( ~ , a  ) uas taken 

ou.tSide the IntRgral aa before. Since $'(a) j 0 and 4 1 ( 4 )  f 0, 

(2.2.18) does not hold at the boundary o f  the geometrical &a&. 

Assuming a - 0 for  simplicity and using (2.2.17) we get 



Let us divide the discussion into the two regions in Pig. 2.2.3. 

Regiori I is the geometrical shadow region and region 11 i s  the i l l u -  

minatRd region. 

' (a> In r eg ion  11, << 1 near t h e  bomdaqy. We thus can neglect 
$'(-a) 

this tern.. Fran (2.2.13) and (2.2.16) using the fac t  that &(a) - g(co) 

near the boundary and that +.(co) - p, we have i n  region II 

Using (2.2.17), a - 0. Substituting for E, fkom (2 .2 .u )  a d  dmoting 

R(X 
I ,  

1 , the intensity in region I1 near the born- 

can bt Atten fram (202.9) 



SOURCE MASK 
PLANE PLANE 

I 

PSEUDOHOLOGRAM 

Fig. 2.2.3 
Notation for stationary phase calculation of the diffraction 
pattern from a slit. 

r ( t ,a) = [([-dl + ~ ~ 2 1 ' ' ~ ;  r ( c., X) = [( t -x12 + S;]% 
In a typical experiment: 

Max {a/<10-2cm; Max { a / <  5 104cm; S, -1 cm; 
S2-16 cm. 

- Fig. 2.2.4 
An approximation for the spectrum of x-rays emitted from 
laser produced plasma. K = wave number, I(K) -= 
normalized intensity distribution. 



*.ere c t , c v  are constants independent of K. 

In region I -he first order of (2.2.13) vanishes i den t i c a l l y  

and we are l e f t  with the second order tern in (2.2.18). We then 

have : 

Ill 2 
I ( x )  = - [1 + B ( X )  + Z B ( X )  cor (T K 

2  

Tile constants and the power of K used in (2.2.21) and in (2.2.22) are 

fo r  the two-dimensional case although the expression (2.2.20) i s  f o r  

*%he one-dimensional case. This is a simpUfication that w i l l  give w 

some indication of the r e a l  case. 

Until now cmly monochromatic l i g b t  was assumed. Tn a real plasma 

the spectrum is very compUcated and contains character is t ic  lines 

as well as a continuous spectrum. Again, ta e i m p l i f y  we assume a 

spectral  distribution as show! in Fig. 2.2.L. Expressions (2.2.21) 

and (22.22) nust be in tegra ted  wer the range [I$ - 1, KO + 61. 

The tenns involving COD function are difficult to integrate and to 



?ut in closed fom. blhile they can be q i t t e n  as an infinite series,  

they are d i f f i c u l t  to  d s u a l i z e .  However, APm (2.2.21) and (2.2.22) 

we see t ha t  integrating the cos hrnction w i l l  tend to smooth out 

t h e  f luctuations so t h a t  the shadow w i l l  be smoother em the typical 

Fresnel diffraction pattern of 8 slit (as in Ref. L2.2.71 f o r  example). 

.' Hence the shaduws cast  by a broadband source will  a p p m x h t e  the 

~ias;! more fa i th fu l ly  than those cases with monoch~zoratic radiation. , 

The expressions (2.2.21) and (2.2.22) could be computed numeri- 

cally. The resul ts  would give us the shape of the recorded zones 

and, by Fourier  Transfom., the efficiency a t  h i a e r  orders could be 

calc-dated, We might then de tenFne  which configuration would s t i l l  

: give ar. ap rec i ab l e  efficiency a t  higher orders. 

A second method wollld be t o  nu~er ica lkv  propagate a ~ h e r i c a ' ,  

wave th,mugkl the mask ta a f i l i i  plane and to coxpute the in tens i ty  

transnittance. We would then numerically reconstruct the pseudnho- 

logram with an i x i d e n t  plane wave and cmpute the Fntensit ies a t  a l l  

orders, We could thus determine the ccmfiguration with which h i a e r  orders 

are s t i l l  use,Eul. Huwever, as will. be explained l a t e r ,  this i s  a very 

difficult calculation because we need to p e r f o n  operations with vec- 

tors  w i t h  much more than 30,000 elements. To simulate the experi- 

mental conditions we would need b a i m d a b  pol~&mlllatic radiation 

in the calculation. This maas repeating the above procedure f o r  

different wavelengths. These procedures must be employed if an 

accurate criterim is  needed for  closing the wid& of the o u t e r n s t  

zone ik a given pseudaholographic cmfiguratian. 

fnetead, we mey develop a rau& rule of thumb for deterndning the 



m a x i , r ,  wavelsngt! which i s  useful in a given setup. F'ra~ the geomt r j  

i l l u s t r a t ed  i n  ng. 2.2.5 we may defiqe a -tit7 AV, 

1 1  &,ore p =  - + - and r i s  the  s l i t  width. Ftwz Ref. [2,2.7] p. 194 
S2 

(LV)' - l.& b an acceptable c r i te r ion  to avoid diffraction so t h a t  

1 1  -1 ,, - - + -- = 1 cn we get f m  (2.2.23) 
s1 s2 

L) 

where r i s  in urn. The cr i te r ion  (2.2.24) i s  more stringent for  

r~cons t ruc t ion  a t  higher orders than i n  the f h t  order. For each 

order 2, kv  must be chosen so t h a t  the  recmstnc'ted intensi ty  a t  

*.is order w i l l  be appreciably larger  than the noise. For th i rd  
2 

ordm reconstructions (AV)  = 15 seems t o  be acceptable by conside*; 
2 

Ref. [2.?.7] p. 194, and so we require A < 1 f o r  t!!ird order recon- 
' 8  

2.2.2 Ei*. Order Fleconstruction of a Pseudohologram, 

Usbg the zone p l a t e  in the coded aperture mode in f i r s t  order 

reconstructior. gives a resolution comparable to t h a t  of the pinhole 

canera, where the p h h o l e  dianekr is approximately equal to the 

uidth of the o u t e m s t  sane. It has been ahown (see Ref. [2.2.4) 

t h a t  f o r  simple objects, there  is a net gain 3n s ipa l  to noise r a t i o  

in the aone plate coded aperture mode. However, this gain is not 

c r i t i c a l  f o r  imaging laser produced plasmas because the x-ray in- 

t ens i ty  i s  so great t h a t  it does not represent an exposure Undta- 



POINT OBSERVING 

SOURCE SCREEN 

Fig. 2.2.5 
Nolrtion for Fre~net propr~rtion crlculrtlon 
through r slit of width r. 

SOURCE CODED 
APERTURE 

FILM 

Fig. 2.2.6 
liiustration of recording depth information with a coded aperture. 

I (a ,  s) = intensity source distribution 
-M ( [ ) = mask function at 
I (x )  = intensity distrlbution in the film piane in no. photons/area 

A poinl closer to the coded aperture (P,) forms a larger shadow than 
that from P,. 



t ion in the pinhole camera. I b t h e n o w ,  as will be discussed 

later, this net  gain i n  pseudbholography decreases as the nmber of 

resolvable elements increases. There is a Umited usefulness to the 

tomographic capabiJity of pseudoholography. Pinally, it is a two- 

s+&p pmcess. It thus seems tha t  in view of the simplicity of the pin- 

hole camera there i s  no paint in using pseudabolography. However, we 

find that a strong 3ustificatian for  using th i s  technique i s  the possi- 

b i l i t y  of achieving a resolution in higher order reconstructions a i c h  

i s  no?. achievable uith other techniques such as the pinhole camera, 

zone plate imaging, or the x-ray microecope. To display th i s  W r -  

tant advantage i t  is, therefore, necessary to rederive a l l  the quan- 

t i t i e s  previously given i n  Ref. p.2.1. for  f i r s t  order reconstructions. 

This will  enable us to calculate the efficiencies and We effects  of noise 

a t  higher orders. 

Consider the system ~ J I  Fig. 2.2.6. In a real situation the problem 

of recording a pseudohologram i s  a threedimensional problem since depth 

wornt ion  i s  registered, too. To simplify the treatment, we assume a 

p l a ~ e  soqs-ce.  fro^: Sq. (2.2.9) we have for  the intensi ty a t  the recording 

film p1a.e (here the coordinates a,c and X are symbolically two-dFw- 

aional) 



where 

1 1 h = S , + f ; X  and d = - .  
=2 

In t k e  case A -t 0, (2.2,26) is given by: 

G(a + dX) = M(a t dX) 

X ( L  ) i s  the intensity transndttmce of the zone plate mask. In the c2 
2 

donain it i s  a pefiodic function, =d therefom ~ ( f  )is a periodic func- 

tion. We can therefore use a Fourier series to express t h i s  hclction. Let 

5 be a nomalized cmrdlnate (La. f - tl /t l  *ere L 1  is the unnomUzed 

coordinate and L i s  the radius of the innermost zone); we can write: 
1 

k t  8=L2; then 

These are the sane integrals we dealt w i t h  in section 2.1, and examples 

are given in Table 2.1,1, and Pig. 2.1.b, We naw substitute (2.2.28) in 

(2.2,25) u s b g  (2.2.15a) to get (for twoaimensicma1 coordinates) 



1 1  *ere 6 is t he  radius of the i n n e m s t  zone, u - - + - , 
1 s1 S2 

c i r c '  E ; ~  + $1 ; 6. is a c i rc le  of radius tN, ~ n d  the coordiimb 

and N i s  .the nwlber of zones. I(x) of (2.2.30) is 

recorded on the film and processed with a certain Y. (The slope of H&D 

curve, see Ref. [2 . 2 -91 . ) The amplitude transmittance of the pseudoholo- 

granl i s  therefore 

reconstructed field is given by the h s n e l  integral  where (2.2.31) 

is the input hction. Let X, be in the reconstruction plane; then: 

Only the case Y -2 dl l  be considered here. For a l l  the other cases 



- -2 + d and the expression in the large brackets in (2.2.32) can be 

written as a pmduct of 

Since the Fresnel transformation of products i s  equal tn the convolution 

of  the transform, Eq. (2.2.32) will be written in the general case as a 

convolution. Rearranging (2.2.32) we can see that the terms conta in ing  

2 
X h i l l  vanish Ff Z has the following f o n :  

mese  are the locations o f  the pth order images. h9m (2.2.32) and (2.2.33) 

after  algebraic manipulations we get  

1 

p S 1  
the integration ovor x is mcognised chsnging-variables to t - - 

+ S; ) 



as the Bessel firnction of order 1. Denoting the integral over X by 

h(ajxr;p) we can thus write: 

(2,2.3&) cal then be written as: 

But @ r z~/?; therefore, f m  (2.2.35) we get the inportant ~ s u l t  fo r  

the point spread function h(a,q,p)  that  it becomes narrower a t  larger 

values of p. (i.e. a t  higher orders). 

It i s  important t o  note *at the present discussim i s  u s e m  only 

i f  contz5butions from other foci can be neglected *en we deal w i t h  

a specific focus. Because the f ield i s  an infinite em as i s  seen i n  

(2.2.3b), t h e  expression for  *e point spread function i n  Eq. (2.2.35) 

i s  only an appmdmation. In a di iferent  derivation (aee Ref. [2.1.18]) 

an expression i s  derived from which it i s  clear tha t  the point spread 

function i s  not a Bessel function. Only in the limit N -t= can we re- 

place it by a Bessel function (or sinc h c t i o n  in case of a one-dimen- 

sional bane  late). In our experiment N - LO and 80 t h i s  approxination 

i s  quite good. 



2.2.3 Transverse and AAal Widths of t h e  P o h t  Spread Amction. 

It is sometimes required to demagnify the pseudohologran, before 

1 reconstruction to get a convenient foca l  length. Let - be the demag- 
m 

nif icat ion in Eq. (2.2.30). I(X) changes to I ( m ) ;  t h i s  Kill change 

2P 
Zp to Z(p, m) 7 . The new expression f o r  the  point spread function 

m 
includinz denagnification is therefore 

Using the fac t  t h a t  the  first zero of the  Bessel Rrnction i s  a t  

ar, a r p e n t  of 3.817 we get: 

fo r  the transverse width when am. 

For- the add width we & ~ 8 m  I(.)-I,&(.) and G-0 so that (2.2.32) 

can be revr i t t en  as: - 



P 1 
h c z c  C- 2 + - m d  tr x2+$ . ~n this egression ji.(x,y ) 

(s1!JS2) A Z  
is a twc-ditlcnslonai q i a r ~ t i t y .  Froa (2.2.39) we have: 

1) so that near The foci  are again at u-0 or Zap. Also  u - - (- - 
x ZP 

- . Hence u - and (2 .2 .39)  C M  be the focus -- - - - 
z; z q u p 2  

The depth e of focus is found using the quarter wave criterion. hwn 



If demagnification i s  introduced then (2.2.30) changes from I(X) to 

f (rnx). Eg.  (2.2.38) will change also yielding a new expression for u: 

and finally: 
- .  

Let 5 be the radius of the o u b m s t  eone; r the width of the 
N 

outemrt  zone, N the number of zones, the radius of the i n n e m s t  5 
zone, and 5 the p r b q y  focal length. We how 

E N  = 2Nr for N > 10 

6: 
Z1 = - A 

Using (2.2.4&), (2.2.33) and (2.2.b3) we obtain the widths of the 

points spread function : 

2.2.b The Transverse Resolution in the m e  Plate Pseudaholographic 

Technique, - 
In the first step of the coded pseudoholography technique, which 

- 



i s  i l lus t ra ted  in fig. 2.2.7, every lminous point i n  the source (i.e., 

in the plasma), casts a s h a h  of a Fresnel zone plate onto a piece of 

photograNic film. In the Becond step, which is il lustrated in Fig, 

2.2.8, the exposure i s  processed, conveniently mduced, and illuminated 

by a cohere~t  beam of l i g h t .  A mconstructed i n i e  is produced a t  a 

series of foci, ? 
P 

In order t o  derive an expression fo r  the definition of the two- 

step pseudoholographic pmcesd, consibr the systen described i n  F igs .  

2.2.7 and 2.3.8. Let T-lZ7 be the f ines t  resolved element i n  the ob- 

ject, S1 the distance f m  the object t o  the mask, which i s  a Fresnel 

zone plate, and S2 the distance from the mask to the f i b ,  

In the f i r s t  step the shadow of the zcme plate i s  cast on the film 

by each p o b t  source, and hence produces two erne plates separated by - 
t l e  distance Tf - AfB1 on the pseudohologram, When the processed 

pseuaoholograz i s  reduced to yield a convenient focal length, the 

separation i s  Tw, as shown in Fig, 2.2.9. In the second step each 

zone plate focuses the reconstruction beam to a series  of foci. If  we 

choose T V o  be such as to cause the corresponding reconstructed point 

sources to be resolved according to the Sparzsow criterion, we have from 

Ref. [2.2.101 that  

*ere A i s  the wavelength of the recanstnrctian beam and Q is the cane 

angle of-the focussed beam a t  the p w  focus, fRt us denote by 5 
N 

and r the radius and the width of the o u t e m s t  Bone, respectively, of 

the original zone plate, We will denote by Et and rt the corresponding 
N 
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Figure 2.2.8 
1 he reconstruction of a pseudohologram. h and h are the first and third order foci respettivrly. 
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COLLIMATED PSEUDOHOLOGRAM RECONSTRUCTION 

LASER BEAM CONTAINING PLANE 

TWO ZONE PLATES 

Flgun 29.9 
Explaitation of the reconstruction step. Each zone plate recorded on the pscudohologr8m focuwr 
the light r t  Its own focal polnt. 



quantities on the recorded pseudohologram, and by % and rn those on 

the reduced pseudahologram. PlPm (2.2.44) we have: 

Also, fron geometrical cunsiaerations i t  can be shown *at 

Denoting t h e  demagnification by l/m, then 

-K f igs .  2.2.7 and 2.2.9 and f r o m  Eq. (2.2.50) we get  

Since for  zoae plates enrployed as a lens i n  the v i s ib le  5 a = m, 
N 

ther. F = $ 1  and, therefore, 

m, (2.2.53) we see that the demagnificatim, l/m, has no effect on 

fhe transverse resolution. 
- 

W o w  consider the mcanstmcticm a t  higher onier foc i .  A t  the pth 
. .  

order focus , 



Hence 

But Q.e distance between the recanstructed points Tm, r e ~ i n s  the same; 

onu the cone angle of the reccmstrmcted bean gets bigger. Therefore, 

h e  o r i  quantity in (2.2.L7) that changes is l/n, Hence: 

This renarkable result means that by going to hikfier orders the definition 

irrproves significantly. The geometry can be arranged so that S2 >>S1, 

and so hit,?-. a practical value for r of a b u t  3vm we get: 

2.2.5 Tomographic Resolution In the b e  P l a t e  Pseudoholographic 

Technique . 
hr,~ Fig. 2.2.10 we obtain the following relationships: 



FILM 

POINT 
SOURCE 

Fig. 2.2.10 
Derivation of the lornographic resolution of the pseudoholographic 
technique. 



For zone plabs :  
2 2  2  

FP = F/P 5;' / p i  F ;  /m p i  (2 .2 .57d)  

Theref ore 

Froc Fig. 2.2.10 F ;  = 
+ S2 

1 
( 2 .2 .57g )  

equating (2.2.57e) and (2.2.572) and fmni (2e20b8) we get: 

The tomgraphic msoluticm increases uith the number of eanes and with 

the order number. 

2.2.6 Efficiency of Reconstructions at Hi&er Orders. 

F m ,  Eq. (2.2.3G) and (2.2.1Sa) the factor that deternines the effi- 

ciency at the different orders ia 

- 
We have w a d y  seen a few examples for H(9) fn the previous sectian in 

s$n .rru ng. 2.1.4. For the case of Hg. 2.l.b C' m <(u) - 
P 4. 



substituting for suq - E  ( 2 ~  + 1) we get 
2 

Hence t h e  ezficiencies ;up equal in a l l  orders in th i s  case. However, 

a s  has been shown i n  section 2.1.8, me f l u x  a t  higher orders goes as 

l/P2 

The efficiency in higher orders is vely sensitive t o  changes in 

the zone shape. h f i g .  2.1.L there are examples &ere the efficiency 

a t  various order i s  not given by E q .  (2.2.60). 

2.2.7 Ihe Effects of Zone Width on the Effective Dynamic Range. 

In Fig. 2.2.11 the effect  of namcowing the zones i s  demnstrated. 

In Fig. 2.2.11 A and B, cosinusoidal zmes allow for  a small nvnber 

of zone ,cystems to be recorded before the film is completely darkened. 

In FSg. 2.2.11 C and D narrow tmes  allow fo r  a much larger number of 

zone systems to be recorded. Hence by narrcrwing the zones the effective 

dynmdc range (or  the number of point sources which can be recorded) in- 

creases. I n  order to be mre quantitative it Is useful to define a qum- 

tity C, the contrast, M c h  is the etsndard deviation of the intensify - 

fluctuations an the recordfng divided by the average intensity. Also It 

is w e M  to c o w  Ccrh for  a wual hologram mde with a refereme bam 



Fig. 2.2.1 1 
(A) c6s28 fringes, 8 = quadratic dislance coordinates, T = transmission, (B) Y = 
dlstance Der~endicular to the 1-0 zone   late: black r t r i~e r  on a hioh contrast 
processed fiim, (C) narrow fringes, (0)  narrow stripes on the procksed film. 



interfering with the U g h ~  scattered from the object, and Cine for  the 

ps eudo!!ologram . 
Let jLnc and Icoh be tix in tens i ty  distributions on the pseudo- 

holograr?. and on the usual holog~un respectively. kt ai and .$i be the 

amplitude a ~ d  the phase, respectively, of t h e  f i e l d  a t  the holograr?. due 

. . .to the point i. It is reasonable ta assume: 

1. Iinc and I,& are stationary and ergodic r a n d o m  processes as 

a k c t i o n  of space coordinates. 

2 s  and (j; a i  and aj; .$i md .$j are Uncomlated f o r  a l l  i + j. 
a; a2u? Gaussiar, distributed random variables with ,err, mean. 

& 

It 2: then possible ta show that 

= l i d 7  

' inc = 1 / 4 7  

*ere h' i s  the nmber of points t o  be recorded. We thus see tha t  b the 

usual holography the signal to noise r a t i o  is independent of the nmber 

of object points. Therefore, holograms of continuous objects can success- 

PAly be recorded, The signal ta noise r a t i o  -h pseudaholography on a e  

other hand i s  limited very s t m n g l y  by N, the M t i n g  number being approx- 

imately 200 (see Ref, t2.2.12 I ) .  Therefore discrete objects will yield a 

bet te r  pseudohologran: than continuous objects. 

Suppose, instead of having cosine shadows, we have vew sharp sha- 

dows of the form of Fabry-Pemt fringes associated with each point. ft 

i s  possible t o  show In  this case ( f o r  a onedinensions1 calculation) 

(Ref. [2.2.131) t h a t  
- 



To get th i s  resul t  i t  was necessary to assume that  the zones have the 

f om*: 

&em w detemines the s h q n e s s  of zone (w - 1 means a triangular erne, 

etc. ) x, i s  the width of the zone, 6 accounts for  the f a c t  that the 

separation between the zones i s  not constant, R i s  the distance between 

t w o  peaks; and AR i s  the width of the peak a t  half  msximum. On the 

average we can write: y / B  = R/,R.  

Using practical nuinbers the increase in signal t o  noise ra t io  in 

3. (2.2.61) may reach one order of magnStudel 

For a two-dimensional calculation Cine i s  pmportional ta tbe 

square of (2.2.61) so that narruuing the zones increases the s i p a l  t o  

noise rat io appreciably. Also, fmm Table 2.1.2 ue can see that  when 

the zones are narrow, efficiencies a t  hi&er orciers increase. Of c o m e  

by naxlPving the zones we l e t  less light thro@ so tha t  a reasonable 

c q m m i s e ,  - tha t  depends on the application, ahould be made in practice. 



2.2.8 Noise. 

In section 2.1.9 the &a1 distdbution of the noise was discussed 

using Fourier transforms. Here the transverse distribution of the 

noise wiU be described a t  the various foci, using b e s n e l  transforms. 

The grair, noise w i l l  be considex-ed as a multiplicative noise and the 

- a '  mask serrations as an additive noise. Let x be a two&ensional mctor,  

~ ( x )  the zone plate fuzction recorded an the film, F(x) the ideal zone 

plate  function, N ~ ( x )  the grain noise function, an& S(x) the serration 

functiori. Ye thus can write: 

If we substitute for  F(x) i t s  Fo-er series  representation in the $ 
domain =d use I ( a )  I,, b ( a )  in (2.2.28), we get fo r  the f i r s t  ten: 

~t z - Zp  t h i s  is reduced ta: 

- 



- 
&ere N (u) F.T. ( 8  ( x )  1. 

g g 
Hence, the  grain noise convolves with the image a t  every focus. 

If % ( f )  i s  the correlation function of the grain noise, the power 

s p e c t m  i s  given (Ref. 12.1.l& p. 3L7 Qs. 10-38) fo r  a linear system 

by: 

uhere SE(u) IT (% (T ) 1 ; h(u, p, a) PT { C i r c  [to;$] } and 

h(xr, p, a )  was defined by Eq. (2.2.35) as the point spread m c t i o n .  

Hence the power s p e c t m  changes a t  higher orders, i.e. the speckles 

&cor?e smaller and smaller because the Bessel function gets nancarer a t  

high orders. If we assume t h a t  the grain noise is a whi te  noise the 

power s p e c t m  is in the same fozm as the intensity point spread fltnction 

(as is seen from (2.2.67). fnimaging, a t h i & e r  orders the image is 

demagnified; therefore the appearance of the speckle w i l l  not change. 

However, in pseudoholography since the recmstsuctad image is not de- 

magnified a t  higher orders the appearance of the speckle pattern (i.8. 

with a m w e r  power spectrum) changes appreciably. Indeed, we observe 



this expelixnta1l.y. The seccmd ten in (2.2.6L) represents an additive 

noise. It i s  in the f o n  of the Fresnel transfonn of the pmchct of two 

frmctims. According to a t h e o m  (analogous to the Fourier Transfon 

Convolutitm Theoren) the Fresnel transfonn of a product of two nvlct ims 

i s  equal to the convolution of the i r  Resnel  t r ans fom.  We m i t e  the 

second ten as: 

FRNI S ( X )  1 * FRNIN  ( x )  1 
9 

*ere 1 denoks the Fresnel transform. Both FRN{ S(X)] and 

FIN i Kg(x) 1 are nonstationary random pmcesses: IRti { S(X) } consists 

of contribu%ims from discrete rings; and N ( X )  is signal dependent. 
g 

Very l i t t l e  has been done in connection with serrated apertures and a 

corrrplete discussion is beyond the scope of this work. Qualitatively 

speaking, the additive nofse as seen thmugt.l a microscope looldng a t  

the reconstsuction of a pseudohologram will appear as  a oompllcated 

speckle pattern consisting of circular structures modulated by r a n d o m  

fluctuations . 
Tne intensity and the c m t a s t  of the speckle pattern does not 

change appreciably when we move fram distance Z from the zone plate to  

2' (see Ref. [2,2.211) a d  so if the efficiency a t  higher order de- 

creases we experience a net decrease in the signal to noise ratio, 

Experimentally, as we observe closer t o  the r m e  plate  than a certain 

distance we see anl.y speckles; no further focusing effects are apprulent. 



2.2.9.1 Quantun Noise Cmsidera t im.  

It has been claimed (ref . [2.2.bl and references therein) t ha t  there 

is a considerable gain in using zone plate pseudnholova@y instead of a 

p3nhols camera by a factor of the ra t io  between the corresponding collec- 

tion SOL? angles. However, we see i n  Ref. [2,2.l.4] tha t  the a&vantage 

in the signal to noise ra t io  for zane plates compared with the pinhole 

caTera decmases as a function of the nwiber of picture elements. In 

fac t  this calculation i s  only fo r  two-dimensicma1 o5jects a l e  in 

rea l i ty  there are contributions recorded f m  a threedjnensiunal volume. 

This w i l l  tend tn decrease the advantage even further. Suppose a pic- 

ture element i s  defined as the area (or volms in case of three-dimen- 

sional object) covered by one point spread function of the system. fn 

the case of laser  pe l l e t  conpression experiments there are a t  l eas t  

1OOO (100 = 10x10 in transverse plane and 10 in axial  directicm) picture 

eleme2ts in the volume. herefore,  there i s  no net  gain over the pinhole 

canera in terms of signal to noise ratio.  EWbhemre, as wil l  be seen 

l a b r  on, there are ar t i fac ts  introduced in  the pseudoholographic tech- 

nique which tend to  hrrther decrease the signal ta noise rat io,  

2.2.9 I.Iethod of Recons tmction. 

We can distinguish between optical, digital and hybrid optical 

and digital reconstructim techniques. 

2.2.9.1 Optical Methods. 
- 



2.2.9.1.1 h e  Direct Reconstruction. 

This method is i l l u s t r a t e d  in f i g .  2.2.8. We can distinguish 

betmen two variants according to uhether opt ical  f i l t e r i n g  i s  used o r  

not. 

la. A collimated l a s e r  beam i s  incident on the pseudahologra,a a s  in 

Fig. 2.2.12a. Every recorded zone p la te  focuses the l i g h t  to a 

ser ies  of foci ,  hence the image is  multiply reconstrmcted. Posi- 

t i ve  or  r e a l  foci  are t o  the rfght of the zone plate  in Fig. 2.2.12a 

and negative or  virtual f o c i  are to the left. 

2he d i r ec t  recons tmct im has the advantage of pemi t t ing  easy in- 

vestigation of the images a t  the various orders. By looking a t  

diffel=nt orders ,ar t i facts  which a r i s e  and which are introduced in 

only sone o r d e ~ ~ i ,  may be ident i f ied ixz.ledietely. This method was 

used in this irork and results are discussed in Chapter 3. 

Ib. FSltez5r.g the pseudohologran, 

The pseudohologram i s  illuminated with a ccmverging beam as  in 

Pig. 2.2.12b. The backgmmd is focussed a t  t he  Fourier plane 

and a D.C. block i s  used. The s i ze  of the D O C .  block i s  very 

c r i t i c a l  because the objects may have low frequency components. 

In Ref, [2.2.151 the same technique i s  appl5ed to off  d - 3  zone 

plates. 

2,2.9.1.2 Optical Comla t ians .  

20, fn m e  method the pseudohobgram is comelatad with the coded 

aperture using an incoherent system as shmm in 2.2.U1 - 
Zb, The eecond method may be perfonned using a coherent system a$ in 
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Fig. 2.2.12 
Methods of optical reconstruction of pseudoholograms. 

(a) Direct reconstruction using collimated light 
(b) Direct reconstruction using converging light hence allowing the filtering out of 

DC. (The pseudohologram can be placed in front of the lens also.) (After [2.2.15]) 
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Fig. 2.2.13 
Optical correlation using incoherent light. By correlrtlng the coded aperture with the 
pseudohologram, the object ir reconslwled. (Afler [22.15]) 
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Fig. 22.14 
Coherent optial system lor reconstwting prcudohdogmmr (Afler (22.151) 



Fig. 2.2.U and discussed in Ref. [ 2.2.161 Figs. 2 and 6. The 

ba8i.s of t h e  correlation method is  the fact that in cases *ere 

diffraction effects are truly negligible (such as in recordings 

w i t h  Y rays, a particles, or very hard x-rays) the  recorded in- 

tensity on the f i lm i s  given by 

as it was derived in Eq. (2.2.15a). By comlat ing  (2.2.68) with 

~ ( x )  we get  

Thus i f  K(x) i s  a nask such that its autocomelatian i s  a sharp 

fvnction then (2.2.70) represents a reconstructicm of  the source 

O(x). This correlation can be perfomed incoherently as in Fig. 

2.2.13 or coherently as in FYg. 2 .2 .u .  Tn t h e  latter case we 

have in the Fourier plane the Fourier transform of (2.2.68) or 

If we can fabricate a filter which i s  the Fourler transform of the 

mask we may put it in the Fourier plane and get: 

Going back to  the image plane we get? 



This technique has inherently less  resolution than the direct  recon- 

struction, because the width of the point spread flrnction is always 

.. * larger  than twice the width of the smallest d e t a i l  in the coded aper- 

ture. (In an annular aperture, as an example, the point spread fmc-  

t ion i s  larger  than twice the width of the annulus. ) Hence t h i s  method 

i s  not  useful fo r  applicatians *ere high resolution is needed. 

2.2.9.1.3 Optical Decmvolutions. 

This method may be the mas+, pramising technique f o r  achieving high 

resolution reconstructions of pseudaho'lograns. fn fac t ,  even pinhole 

camera pictures may be enhanced and improved with this technique, -ch 

i s  i l l u s t r a t ed  in n g .  2.2.15 and discussed in Ref. 12.2.17. Although 

it i s  a simple method canceptually it i s  verg d i f f i c u l t  t o  apply experi- 

mentally. As in (2.2,68) the intensity i s  given by a convolution. How- 

ever, t h i s  time ue do not need to assume tha t  we have on ly  very hard 

radiaticm and we can wri te the cmvolution in a more general form: 

whem0(X) is@venbyr 
2  d € l  (see ( 2 . 2 . 9 ) )  

( I t  was  -ahown in (2.2.U) that O(X) M(X) *en A*,)  Usbig a cohemnt 

opt ical  system, in the Fourier plane, .we get: 
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PRODUCED PLASMA 
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Fig. 2.2.15 
Optical deconvoiution of pseudoholognms. 

(a) recording pseudohologram of a point source wlth spectrum similar to the real 
experiment, (b) amplitude part of the filter, (c) phase part of the filter, and (d) 
reconstruction system (After [2.2.17]) 
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We thus need t o  produce a filter in the form 1/C;(u). Then clearly 

Which gives us the reconstructed obdect in the image plane. 2he main 

problem i s  producing the filter. !&ia problem is cKscussed Ref. 12.2.17 1. 

To apply this technique t o  our case we need an extremely s m a l l  x-ray 

s o w e ,  (These sources my becane available soan as there is now a 

gruwing internst in t h i s  subject, See Ref. [2,2.181.) The meolutian 

wi l l  depend on the  source size. 

Using the same canfiguration as i n  the laser  pe l le t  compmseiaa 

experiment we take a peeudahologrsm of the point e r n e .  We now produce 

,I/G(u) optically, see Fitg. 2.2.15a, b, c and d and put it in the Fader 

plane. We can place the peeudohologram of fhe obJect in the input of a 

coherent system (see Fig. 2.2.158) end observe the recctnstrucbd Lnsge. 

The ultirrLate resolution wi l l  depend on t&e test source size. 

To obtain tartographic resolution we need to produce several Uters 

by slightly changing the aaurce to sme  plate cbtance d t h  each f f l t e r  

For sources with v e q  hard radiaUcm this method ahould resolve 

d e t d b  an the order of *e polnt ecwce adch nrs used to produce the 

fllter* For aof ts r  radiation *ere difi'racUon effects are present tbe - 
IlmiteUaa will be a e  fac t  tha t  the spectxuiu of the point eome is 

significantjy different fran t h a t  of the plawse and BO the charactarbt ic  



diffraction effects will not match exactly nhen perfoning the &con- 

volution. Hawever this effect can be 6hm not to b i t  the usefulness 

of the technique, and we lnay still get h i&er  maolution thm in any 

other method. 

2.2.9.2 Mgltal Reconstmctians. 

Fxcept for  6Fmulation with one-dimensional peeudoholograns W s  

method was not used i n  t h i s  work, Mrect  d ig i t a l  mccmstructim may 

be performed by digitizing the recorded pseudahologram and p e r f o d g  

a Fresnel t r ans fomt ion  on it. This can be done by multiplying each 

data element by the appropriate quadratic phase factor  and then per- 

forming an FFT ta each of the foci. A correlation may be performed by 

&@tau- correlating the empled data with the coded aperture. Another 

way would be to p e r f o n  a Fast Fourier Wensfom (FET) on the digiticed 

data. The filter function may be computed ei ther  bg performing an ITT 

on the coded aperture M c t i o n  itaelf or  an one of its deevatives 

(see Ref, [2.2.161). Af'ter multiplying the f i l t e r  flrnction by the 

computed Fourier Transfom of the object hmctian, an inverse FIT i e  

performed and the recanstmcted image ia obtained, 

While in the d b e c t  method the wdd crpertuzle has to be a sane 

plate,  i n  the correlation method a -e plate i s  not  necesserg and 

annular apertws have been used [2.2.151, It seem that annular 

apertures are sui table f o r  thia method but it remains to be &om 

t h a t  these - tm indeed the most effectdye foxmu. 

Decmvolution is 00 feasible w i t h  any Qpa of coded apexlami, 

Here we digi t ize the pseudohologram of a point e r n e ,  p e d o m  an FPT 



to get 6(u) and form 41i(u) d i g i b l l y .  We take the FPT of the real data 

and multiply by the calculated l&u) and * U y  take the inverse FFT 

to get the recanstrcucted image, u80, one might envision recording the 

data digitally uith an array of x-rsy detectors rather than with x-ray 

. film; then reconstructions may be obtained on b e ,  

2.2.9.3 Hybrcid Digital Optical Recmstmctian, 

For both the comelatian and the d e ~ v o l u t d a n  methods the f i l ter  

may be produced digitally and then used in the Fourier plane of the 

optical system. 

2.2,10 A Campartson of the Resolution a t  Higher Orders Between Imaging 

w i t h  a Zone Plate and the Zone P h t e  Pseudoholographic Technique. 

In Pig, 2.2.16 there i s  a comparison beheen the two methods, In a t  

least two papers published rece~ntly 12.2e191, [2.2.201 it i s  claimed that  

the maolution increases In higher order images fonned w i t h  sane plates. 

That this cannot be txue is seen In Fig, 2,2,16a, A t  higher orders the 

Airy disc becomes mfaller but the  does a b o  by the same factar; 

therefom the resolution in ob;ject space cannot incmase, On the other 

hand In pseudaholograrphy, i l lus t ra ted  In Fig, 2,2,16b, a t  hi&er orders 

the diry disc i s  smaller but tbe image haa exacfily the same sire ( u s h g  

col l imated libt) so there is a net increase of resolutian, fiooldng at  

higher orders limply allows one to observe the mcmt ruc t ed  image wl.th 

a higher- numerical aperkrrs . 



OBJECT ZONE 3rd ORDER 1st ORDER 
PLATE IMAGE IMAGE 

_____t 

INTENSITY 
LASER 
BEAM 
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PLANE 

PSEUDOHOLOGRAM 
CONTAINING 

TWO ZONE PLATES 

1st ORDER 
PLANE 

Fig. 2.2.16 
Comparison between imaging with zone plate at higher orders and reconstruction 
of a pseudohologram. 

(a) TheAiry disc scales with the image 
(b) The image stays the same, theAiry disc becomes smaller 



2.2 .ll CorrPnents an One-Dimensional Zone Plates. 

2.2.11.1 m a 1  Distribution. 

S t a r t i n g  with 4. (2.1.1), using one-dimensional coordinates we can 

derive an equation rd.lich correspds  to the previous two-dimensional case 

Eq. (2.1.9) (see discussion in section 2.1 f o r  notation). 

But 

So the new point spread function in the axla1 dimction is 

s i n  ( n q ~ u )  
nu 

This causes a broadening of cudal Intensi ty d i s t r U ~ ~ t i m  (me  Pig. 2.2.17, 

a camparison between the einc and I./&functlons be- twa foci) and 

therefore increases the back-d and noise. To impxwve this we can 

apodize with the  functlm *(XI  b 1 (uee ng. 2.2.18). lMs wl3l -e 

Eq. (2.1.1) to reduce ta: 



Fig. 2.2.17 
Com~arison between the rinc function m d  the l / f i f u n c t i o n  in the care of one-dimmrional zone plate. 
[I) ,;the the 2 /n& tunctlon. (2) is the sin (14 )  /Wu tunction. 

Fb. 2.2.18 
Apodization of a one-d(mnrlonrl zone pbte In 
order to echieve on axlr lntenrlty dirtrlbuth Mke 
the two-dimensional zone plate. 



- 
2.2.11.2 Transverse Me tflbutian. 

It i s  possible to apply all the derivation i n  eection 2.2.2. 'Ihe 

only difference i s  in Eq. (2.2.35). We get a einc hction end not a 

Bessel function. No- in th ie  derivation was special t o  two dimen- 

sions. We can then write fmn (2.2.36) 

I pt-m 

&ere hf(a,Gp) i s  defined In (2.2.35) d t h  slnc instead of Jl. Heme 

the transveme distr ibutim msembles the two-dimensional curve . 
We viU see in the next chapter that pseudohologra#~y wit21 ane- 

dimensional zme plates  may be useful in 8- investigations of laser 

p e ~ e d  plasmas. 

- 
A canputer pmgrsm waa written and b Usted in Appendix 3, *ere the 

mco&g of a pseudohologram waa simulated. me source h c t L a n  and a e  



mask function m representad by vectors. The number of a vector elamant 

i s  proportdonal to i t s  location. The value of a vector element is the 

intensi ty function-in the case of the source f'unction, and the trans- 

mittance intensity in case of the mask. Qiven the source size, the dis- 

. tance between the source and the zone plate, the distance between the 

mask and the film plane, the outermost zone width, and the number of 

zones, the film size is determined in such a way as to allow a l l  the 

rays from the source through the zone plate mask to fall an the fiLn 

(see Fig. 2.2.19). A ray i s  traced hpn each point in the source to 

a l l  the mask points. The location of point of incidence with the f i lm  

i s  calculated only f o r  those rays which h i t  a clear area and the location 

i s  stomd in a vector In the following uay. Assume, for example, tha t  

a ray h i t s  the film a t  a distance 3mm abwe the optical axis. This  i s  

n o m l i z e d  w i t h  respect t o  the calculated film s ize  to 0.1015 say. 

This number i s  multiplied by the number of points we chose f o r  the film 

vector, This i s  now to the nearest integer the element nwrber. The 

value of this element wil l  be used fa repmsent one photon absorbed in 

this location. The intensity;- increases by the value of 1 f o r  each ray 

hi t t ing  the same cell .  The ays are traced hmn every ob3ect point 

through every point i n  the mask. If a t  a certain point, the mask i e  

maque, the ray i s  not traced further and another rey is traced th- 

anot2er point in the mask. m e r  the pseudohologram Fs recoxded an the 

disc we use the propagation pllagrsm (see Ref. [ 2.2.22 I end listing i n  Ap- 

pendix 2) uhich was modiFied ta s a t  our needs, We read the pseudohologram 

h.asn the disc and calculate the b m e l  intcegrals for several distances 

along the axis. We than p l o t  the transverse intensi* distflbutian at  



LIMITING RAYS I/ 

SOURCE 
VECTOR 

' FILM 
VECTOR 

Fig. 2.2.19 
Determination of the film size for the computer simulation. The 
limiting rays are traced from the edge of the source to the edge of 

-the mask to determine the film size. 



the various foci. The different cases are summarized i n  Table 2.2.1. The 

notaticms are explained in Fig, 2.2.20. r &notes the width of the outer- 

m s  t zone. 

- 2.2.12.1 Connents cin using the pmpagauan program for  the investigatian 

of dif'fractim effects in the recording step of a pseudo hologram^ 

section 2.1.11.2 we have that: 

TBDM = NAZ/TOTD (2 .2 .83 )  

&ere TOTD i s  the width of t&e input space. TBDM i s  the width of the 

output space, N i s  the number of sample points, X i s  the wavelength, 

z i s  the propagation distance. For an x-ray experiment TOTD i s  of the 

order of %, 1 i s  about 102, z i s  about 10 cm, I f  we require that  

4 TDBliI is of the order of 1 cm we get from (2.2.83) that  N >> 3.10 painb. 

Tnis n&r i s  too large fo r  use on the computer, An alternative approach 

would be to calculate the diffracticm effects from the ~ r e s s i a n s  derived 

in section 2.2.1, e,g. (2.2.20) and (2.2.22) using the s t a t i v  phase 

method, BY Fourier transforming the pattern we get the efficiencies a t  

hi&er orders. 

2.2.12.2 Canclusions Rrnr the Canputer Simulations. 

In Pig. 2.2.21 the reconstructions of a simulated pseudchologran of 

two point sources are sham. We note that  both firat and third order 
- 

recanstructions are not sensitdve to ahange in y (the slope of &6D cur~e) .  

The second order however 5.8 extrPrme1.y sensiave to change in Y. B 

theory the errem order reccastructiaols shovld be identically %em, minee 



Table 2.2.1: Parameters of Different Computer Runs 

Cal cul at i ng the Reconstruct ion of a S imulated Pseudohologram 

Zone Plate 

Object  S Width F NZONE POS/NEG y N Fig. # - 
. . 

2 PNTS r 150 37 POS 1 2048 2.2.19 

2 PNTS r 150 37 POS 2 2048 2.2.19 

2 PNTS r 150 37 POS 4 2048 2.2.19 

2F lNSRCS r r / 2  150 37 POS 1 4096 2.2.20a 

2F lNSRCS r r / 2  150 37 POS 2 4096 2.2.20a 

2F lNSRCS r r/2 150 37 POS 4 4096 2.2.20a 

ZFINSRCS r 0 . 8 r  150 100 POS 1 4096 2.2.20b 

2F lNSRCS r 0 . 8 r  150 100 POS 2 4096 2.2.20b 

2 FIN SRCS r 0 .8 r  150 100 POS 4 4096 2.2.20b 
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Fig. 2.2.20 
Notation for the source function used in the computer simulations. (a) Two 
finite point sources, (b) one finite point source. 



we uee a b s n e l  eone plate as a coded ape-. However, *en we llscord 

a pseud&ologram of more than one point source we no h g e r  heme an ideal 

k e s n e l  zone plate. me  interaction between the bm ideal zme plates 

pmduces an wen order mconstructicn. Since the orlgin of the men 

. order reconstruction is an interaction between two patterns, it uiU 

depend on the Y with which the film is processed. 31 Fig.  2.2.21 we 

see tha t  for  Y - 1 the second order mcunstructiaa Is negligible but 

a t  v L i s  of the order of the thiM order ~.ecaastructlon. The object 

i s  not msolved in the secand order fo r  Y - L but we observe sane madu- 

l a t ion  a t  the top of the pattern. 2he intensity a t  the third order recan- 

struction i s  much lower than a t  the f i r s t  order mccmstructlon, but the 

object i s  clearly resolved In  the t h M  order and not in the first order. 

The hi& intensity of seccndarg lobes In the third order reconstruction 

represent a disturbing effect. A way to avoid th i s  problem is to we a 

zone plate  with larger number of zares. The recmnstructim of a pseudo- 

hologram of two f in i t e  sources using 37 and 100 zones zone plates f o r  3 

different y are plotted ln fig, 2.2.22a and 2.2.22b. M.lile in Fig. 2,2.21 

the third order reconstructions were insensitive to Y hem, f o r  finite 

source, the third order i s  verg sensitdve. W i l e  in 2.2.22a the resolution 

seams to decmase a t  hi& Y, In 2.2.22b the resolutian seem to incmase 

a t  high Y, We thus Bee tha t  the process is object dependent and it may 

be possible to find the crptinnnn y f o r  certain of objects. Also 

we see tha t  by wing a zone plate w i *  large number of omes the aecandsrg 

lobes &crease appmciably, 
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FIg. 2.2.21 
Reconstructions of simulated pseudoholograme of two point 
sources. r is the width of the outermost zone. (See Fig. 2.2.20 for 
notation.) 
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3 Fkperimental Investigation. 

3.1 Ilemonstratian of Resolution Xmprooement a t  H i g h  Order Reconstruc- 

tions . 
We have already seen tha t  a t  high order recarstructions, the reso- 

lution improves according t o  Eq. (2.2,56), 

To verify the usefulness of the predicted improvement in  msolution 

Fn the higher order foci,  an optical simulation experiment was performed, 

The recording system i s  ahom i n  Pig. 3.1. A tungsten l igh t  source , 

i l lminated  the diffuser t h r o w  a shutter. A mask with a pair of Imm 

holes separated by 3,lnan between centers was (see Fig. 3.2a) placed in 

ccmtact with the diffuser. A Tkesnel zone plate with &O tones and a 

fib, cassette were free to move on the rail along the optical a s .  

The desired ra t io  s2/s1 was obtained by lwvlng both the srne plate 

and film to the appropriate positions, Using the same mask, bg changing 

s2/s1 we could s b u l a t e  U f e r e n t  separaticms between t h e  tvo holes. hn 

films were tried: hi-X developed in D-76 f o r  6 min., and C a a t r a t  3ro- 

cessing Ortho developed in D-ll  f o r  &,5 xrdn, 

The recorded shadowgram was reduced appmximately 20 times with a 

35m camera f i t t e d  with a SCkrm focal length lens s e t  a t  f/5.6, 'Ihe 

f ines t  de ta i l  was not less  than 5hrn and so the pseudohologram was 

completely =solved by the camere lens, Kodak SO253 hi& meolut im 

film, developed f o r  t,S min, in D-165 a t  a concentraticm of 111, was 

used, The ahadowgram i s  shown in Fig, 3.34. 

The camplete r e m s t r u c t i a n  system is shown in Flg, 3.4. Ihe 
- 

laser  beam was focussed O1mugh a spat ia l  filter, Then it waa co1)i- 
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Figure 3.2 
Two masks used in the optical simulation experiment. 



Figure 3.3 
Shadowgram of the two point sources in Figure 3.2. 

(a) very small separation, (b) Large separation, 
(photographs a & b reduced three times). 



PSEUDOHOLOGRAM 

7 

Figure 3.4 
The reconstruction step. F,, F., etc. are the first, third, etc. order foci. 
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mated by a lens and used to illuminate the demagnified pseudohologram 

A microscope was used to look a t  the reconstructed image. (The dis- 

tance h the zone plate  to the 1st order reconstructed image was 

typically 30 cm). The nicroscope could move along the rail, allowing 

us to observe the different foci. The resul ts  were photographed with 

a Polaroid camera situated behind the eyepiece. 

The improvement in resolution obtained in higher order reconstruc- 

tions i s  demonstrated in Fig. 3.5. For the photographs the recording 

gemetrg (sl = 63.4 on, S2 - 18.9 cm) was chosen so tha t  the recon- 

structed sources were barely resolved in the f i r s b o r d e r  reccmstruc- 

t ion Fig. 3.5a. I n  Fig. 3.52 the f i f th-order  recas t ruc t ion  shows the 

sources clearly resolved. The r a t io  of the hole diameter to the sepa- 

ration between the two holes in the mask i s  equal to tha t  in the recon- 

struction i n  Fig. 3.5~. While fifth-order reccmstruction i s  clearly 

feasible, the background l i g h t  from scattering and other order recon- 

structions w i l l  ultimately limit the highest order reconstruction t h a t  

yields a usef'ul signal to noise ratio.  

For an ideal Fresnel zcme plate  only odd numbered f o c i  exist. 

However, f o r  a pract ical  zone p la te  there are always even numbered 

foc i  due to imperfections in the zone plate, the development process, 

and the shrinkage of the emulsion a f t e r  development. In Fig. 3.5b 

the second order image i s  shown, in which the two point sources are  

resolved. 

3.2 Limitation on the Object Size. 

The m i &  fringes produced by two merlapping zone plates  are 



Figure 3.5 
Experimental results of the optical simulation 
experiment. Figures a, b, and c are reconstructions at 
the first, second and fifth order foci respectively. 



shown i n  fig. 3.6. When the separation exceeds the diameter of 
0 

innermost zone the moire f r inges  are i n  the f o n  of a zone plate. 

The focal length of this zone p la te  can be calculated using the 

derivation i n  Ref. [3.2]. It i s  shown tha t  f o r  T > 25 where T i s  
1' 

the separation between the centers of the  two zone p la tes  and 2c1 i s  

the diameter of the innemost zone, we get m i 4  formed zone p l a t e  
Fozp 

h o s e  focal  length is  given by: Fn = - . In the  reconstruction 
2 

s tep l i g h t  cannot distinguish between r e a l  and m o d  formed zone 

plates  and we get an addit ional reconstrbcted point in the  middle. 

Fozp Since FN = ,, the additional point  w i l l  reconstruct only i n  even 
2 

order reconstructions. This e f f ec t  tends t o  decrease the s igna l  to 

noise r a t i o  in even order reconstructions. It i s  therefore preferable 

to choose a zone p l a t e  witk an innennost zone tha t  i s  la rger  than the 

object. In the  case of p e l l e t  compression experiments the microballoon 

i s  of the order of 7$m. In our x-ray experiments, to be described we 

used a zone p l a t e  with 20&m innemost zone diameter. A t  higher orde'k 

b e  individual zones are  narrower, i.e. each actual  opening in the  zone 

p la te  contains several  zones ( r eca l l  Fig. 2.1.10). The effect ive dia- 

meter of the innennost zone i s  now 2c1/@ where 2c1 i s  the diameter 

of the actual  innemost  zone and p i s  the order number. Therefore in 

order to  avoid spurious points a t  the  2pth order the s i ze  of the  inner- 

most zone must be ib times the s i ze  of the  object. In our case then 

the second order reconstruction will s t i l l  be in the range where no 

a r t i f a c t s  should be noticeable. 
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3.3 Studies of the H i &  Order Reconstructions, 

Although in pxdnciple, the pseudaholographic pmcess i s  a two- 

step process, in practice, the pseudoholographic technique used in 

our optical simulations was a three-step pmcess, as described in Fig. 

3.7. For the purpose of a detailed inv&stigatian of high order re- 

constructions we used the mask of Fig. 3.2b in step 1 of fig. 3.7. 

The pseudohologram was recorded an an 8 x l O m  tzi-x piece of film in 

step 1 of Fig. 3.7. The pseudahologram then reduced in step 2 

in Fig. 3.7. This reduced paeudchologram was recorded an 35 mm type 

Kodak SO-253 film and developed using four different methods: 

, (1) The f i h .  was developed in D-165 a t  a concentration of I t 4  f o r  4 

I&. The Y was in th i s  case about 2 approx5mately. 

;, (2) Thefilmwas deve loped inD-19for6mIn .  They i n t h i s  case 

w a s  4-5 a p p r o ~ t e l y .  P 

(3 )  The center of the pseudohologram obtained in step 1 of Fig. 3.7 ,. 

was blocked wlth a circulm diec. The diameter of this disc was 

1.2 times the diameter of the innennost Bane recorded cn the 

pseudahologram. The pseudohologram with the central block was 
i 

, then reduced in step 2 of Hg. 3.7 and developed in h19 for 6 

. This center block - has a similar effect of a DC black, as 

described in Ref. [ 3.31 . 
(L) In the reductdm step (rtap 2 in Fig. 3.7) the 35 mn film w u ~  

underexposed but was developed for 6 dn. in D-19. This i s  

equivalent t o  developing wlth very luw ye The reduced prerrbo- 
- 

hologram thus obtahed had a verg law cantrsst. 

Zn the reconstruction rtep (atop 3 in Fig. 3.7) we i11wdnabd *e 



ZONE PLATE 
MASK I 

LAMP - I I 

STEP 1 
RECORDING I 

- I I 
I 

PSEUDOHOLOGRAM (1) 

PSEUDOHOLOGRAM (1) 

PSEUDOHOLOGRAM (2) 

STEP 3 
RECONSTRUCTION 

COLLIMATED MICROSCOPE 
LASER 
LIGHT + 

d 
PSEUDOHOLOGRAM (2) 

u 
Figure 3.7 
Pseudoholography as a three stage process. 

1) Recording, 2) reduction of the pseudohologram, 3) 
reconstruction of the reduced pseudohologram. 

- 



reduced pseudohologram with collimated l a se r  l ight .  Pictures of the 

d i f f emnt  order reconstructions were taken using a 35 mn camera bow 

placed a t  a predetermined distance from the microscope ta allow f o r  

the desired magnification. 

It is worth noting t h a t  f o r  the investigation of the effects  of 

y on high order reconstructions we should in  principle take a few 

exposures i n  s tep 1 of Kg. 3.7. Each of these shadowgrams thus 

obtained should be now developed in different  conditions. However, 

it was easier experimentally to record jus t  m e  pseudohologram in 

step 1 of Fig. 3.7, and t o  do a ser ies  of different  exposures i n  s tep 

2 of Fig. 3.7. 

l Analysis of fig. 3.8. 

3.3.1.1 Effects of Imperfections in the Zone Plate  Mask. 

Let us compare the f irst  order reconstructiapl in Fig. 3.8 with the 

object mask, of which the pseudoholograms were made, in Fig. 3.2b. We 

notice tha t  although the object i s  symmetric about a ve r t i ca l  a s  the 

reconstructions are  asymmetric. This may be a t t r ibuted  to imperfections 

in the zone plate  mask i t s e l f .  In Pig. 3.3b we see t h a t  the shadowgram 

i s  not symmetric about a ve r t i ca l  axis.  The righthand side of the 

pseudohologram has a lower contrast than the lefthand side. We thus 

expect tha t  the reconstruction w i l l  sh& some asynmetric features. 

If the contrast  i s  reduced as i n  case 4 i n  section 3.3, there i s  not 

a r e a l  difference between the righthand and lefthand sides and therefore 

the first order r e c m t r u c t i m  is synrmetric in Fig. 3.h. The asyn- 
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mew shows up mainly in the secondarg lobes 5n the f-t and second 

order mcaastructians. A t  higher orders these secmdarg lobes are 

weaker and so the reconstruction of the source looks gymmetfic ss i s  

s h m  in  the 6th and 7th order. 

. 3.3.1.2 Artifacts, 

Probably t h e  most distrubing feature in the mconstructLons in 

Pig. 3.8 i s  the elcistence of ar t i facts ,  whi& appear in all the recon- 

structions. We even can sw #at the success of the d o l e  method de- 

pends on wether  it i s  possible t o  extract information horn the recan- 

structions without being misled by the artifacts.  One way tb avoid 

false interpretation i s  to notice tha t  there i s  no consistency between 

ar t i fac ts  of adjacent orders. This i s  clearly ahoun in Fig. 3.8. For 

example, in case b there is mly one outer r i n g  5n the f i r s t  order 

reconstruction, uhile three outer rings are pmsent in the second order. 

Also,  t h e  third order has a d i f f e m t  appearance than the second order. 

We may then argue  that consistant appearance of a feature horn order to 

order i s  evidence of true object cantemt. The qpearance of new feature 

i n  higher orders which could occur due to impraved x-esolutian, ehould 

be present in successive orders m d  ahould mly represmt subdivision 

of features present in lower orders, 

3,3.1.2,1 Cornpariaon between the Ddd and Wen Order R e c ~ t r u c t i a r s .  

We have seen in section 3.1.1 that spurious points mey be proctuoed 

In the evm foci  &en we mconstmct a pseudohologram *ere the sepa- 

rstion bebeen the cenbra of two cme p l a b  ahadous exceeds tbe diameter 



of the innennost erne. This e f f ec t  is not seen in the reconstructicms 

in Pig. 3.8. The separat im in the case of Pig. 3.8 was of the order 

of 2t1/10 there  2C1 i s  the &meter of the 5 n n e m s t  zone and so m& 

fonned zone plates  ueR not fanned. Hem, however, the odd foci show 

a strange a r t i f a c t  (see ~ / 3  and ~ / 5  in F'ig. 3.8). Uhile in F/2 the 

. . tWb disc source i s  reconstructed a t  ~ / 3  there i s  an inner etructure 

within each disc. This effect disappears a t  higfrer orders. 

3.3.1.3 Effect of y e  

Consider cases a and b in fig. 3.8. The signal to noise r a t i o  

a t  high order r e c o n s t r u c ~ a n s  (8th order and up) i s  appreciably better 

in b. Hence the impo r tan t  conclusion t h a t  by developing the shadow- 

grams with high y high orders are enhanced. Prran caanparing cases a 

and b (10th order and up) we may cunclude t h a t  high Y developed pseu- 

doholograms have l e s s  speckle noise. 

. . l .& Central Block 

The first order reconstruction in case c i s  be t te r  than in cases 

a and b. because it  is mom sgmmetric than these two cases. However, 

h i b e r  order recmstructions are weaker and therefore the usefulness 

of this technique i s  limited. 

3.3.1.5 Reconstxuction a t  Very Bi& Orders. 

Using the hi& contrast pseut3chologmn we f ind that the  original 

object is - not fa i thful ly  reconstructed above 9th order, alth- t he  

&o polnfs seen w e l l  resolved, bstead of ~ e c c m t m c t i n g  two discs - 



we observe two points, It i s  not clear uhy a t  these high o a r s  the 

pseudohologram f a i l s  t o  reccmstmct the area of the disc. 

In case a a t  F/12 we clearly see tha t  the speckle noise i s  fhe 

ma1 l i rmitat icm an the obsellrabillfy of the mconstruction, 

3.3.1.6 Effects of Undemosum,  

We have a h a &  noticed the enhanced symmetry in case d in the 

f i r s t  order, Now consider the second order, Instead of lam points 

we get one central point, In Pfg. 3,9 two rings werlap each ofher, 

These overlapped rings praduce a third r i n g  vith twice the dsnsitp 

as the original ones, T h e ~ f o r e  if the development i e  nonlinear, 

the overlapped region may be enhanced b o  much in canparison with 

the non-overlapped regian. And ao one s e t  of rinm will give r i s e  

to one point in fihe middle Lwtead of bm. 

3 ,  Requirements an the Zone Plate Camera, 

We will now s m a r i z e  the relevant equations and r e q u 6 t s  

fran,previous eectians, 

1. The transverse resolution, Tp, U given by: 

See Ref. [2,2,11] or  Ep. (2,2,56) and related discusaim in section 

2,2.L, To achieve an appreciable efficiency a t  high ordens the zone 

edges have to be verg 6hm.p. Abo In the recording step of shadwgmm 



Figure 3.9 
The overlap of two rings:~ay produce a third ring. 

.. lo. 



djff z i effects should be kept to a ninhur,, 

2, n mgraphic resolution, $, i s  givem b: 

See E ~ J  .2.58) a?d the relating discussion in section 2,2,5. It 

i *fera'Sle to w e  Bone plates with large nunbr of smes 

a n d t .  ~nstructathigherorders .  

3. T* i d  diffraction effects in the recording step of  a shadow- 

gra-. qper liet on the wavelength which i s  emitted frm the 

play J d  be: 

See Ft .2,23) and relating discussion in section 2.2,l.  

he T, ner Wt for the innermost zone radlus is given by: 

uh, .s the innermost sme radius,2d is the object s i z e  

or 52 meter of the plasma and 2p i s  the hi&est  order a t  which 

we a! reconstruct (see dFscussim i n  beetion 3,2), 

5. Ili.. br that the signal to noise ratio will not decrease by more 



t!an the amomt t h a t  i s  predicted by Eq. (3.6) (see Ref. [3.h] page IkO). 

The lover Unit on the thickness of the gold material in which the zone 

plate i s  ma.?ufactured should be: 

. . 
The notation h e n  i s  as follows: t i s  t h e  t h i c h e s s  of the gold material, 

o ; ~ )  i s  the absomtion coefficient of gold a t  a wavelength A ,  f i s  the 

transnission of the parts of t h e  mask tha t  should be completely opaque. 

Let us denote the  s i p a l  to noise r a t io  on the pseudohologram Fn the 

case where the zone pla* i s  made of tntly opaque zones by 1. If t h e  

zones have transmission f then the signal to noise r a t i o  decreases ac- 

cordi7g b t h e  formula: 

(see Ref. [3.f.1] ). 

6. h order t o  avoid spherical aberration (see Ref. [2.1.15] ) the upper 

Unit on the number of zones in the m e  plak  mask is given by: 

F is the fecal length of the sane plate, N is the number of sane8 and 

is the wavelength - o f  the cahe~cent beam used in the mcortstructicm atep. 

For F - h and A = 6 3 d  ue need N < 1781. Hence i n  the fimt order 
- 



mconstruction I J  i s  not a U t h g  factor. However, in the 10th order 

recmstruct im 50 10 cm and now N c 563. Therefore N nay be 

limiting fac$or only a t  high order reconstructions. 

7. Let US denote the aspect r a t io  of a erne by r and define it by 

r = thickness of zone 
width of zone 

In Fig. 3.10 we illustrate a few of the problems that m y  be introduced 

by high aspect r a t io  zones in an x-re3r zone plate fabricated in gold: 
, 

(1) Rays may pass through the gold material partially attenuahd and 

give r i se  to fa lse  infomation. 

(2 )  Ray may be reflected and scattemd fro= the charmel walls in the 

open zcmes. 

(3) The effective bean changes and th is  mey cause diffraction 

effects. 

L e t  us define the F/# of a oone plate by 

S 1  i s  the distance of the zone p h h  from the source, and 2% 

is the diameter of the Bane plate. To minbdee the effects that are 

mentioned above we should have 



Figure 3.10 
Effects of high aspect ratios. 

(1) A ray passes through the wall, (2) rays reflect and scatter 
from the walls, (3) effective beam width gets smaller. 



where t i s  the thickness of the gold material and r i s  the width of the 

outennost zone (see Ref. [3.&1). 

8. me mapification must be such that  the grain size of the x-ray film 

w i l l  be snaller than the smallest magnified detail. If t h e  snal lest  de- 

tail we are inte*sted in is of the order oflvm, and the grain size is 

of the  order of l h n  we thus need a t  l e a s t  a lox magnification, 

3.5 Calculaticra of the Zone P l a t e  Parameters for  X-Ray Pseudoholography 

of Pel let  Conrpressicm Fkperiments. 

Sorne typical spectra mch are emitted fmn campressed microbailoons 

are shown in Ref. t3.51 and t3.61. From these figures we can conclude 

tha t  most of the radiation i s  i n  a region 8 - 3 . 3  with a weaker continuum 

extending to well below l.8. men more powerful lasers  will be used t)re 

spectm. wil l  change and w i l l  contain larger amount of hard x-rays. In 

our case however a Srn th i ches s  was chosen, uhich corresponds to a de- 

crease of 15% in signal to noise ratio according to Eq. (3.5) f o r  a 

wanlslgth of 1.a (sea Tabla 3.1). Since the aspect r a t io  should not 

exceed 1 ( h a m  (3.9) using S1 = 10 ran; 6 - i im) t!cn 
N 
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Accor&?g to  Eq. (3.3) and Ref t2.2.71 diffraction effects wil l  not 

be severe i f  < - 51 am! r - 5un. 

The size of the microballoon i s  typically 80pm and so according to 

Eq. (3.5) we need for  &th order rrconstrueticms ~1 > lKum or 22sPm 

dia~eter i n n e m s t  zone. &om Eq. (2.2.44) we find: 

(1 
- 2 f i  => R = ( ~ ~ / 2 r ) ~  (1l2/101~ 125 . According to Eq. (3.7) 

th i s  i s  acceptable for  lst, 2nd, 3rd, hth an6 5th order reconstructions. 
* 

L? our case we use a hckbee Wears zone plate uMch has 37 zcnes. The 

k n e m s t  zone diameter i s  20Oum. The outermost zane is calculated to be 

8m. Hmever, the actual width is a b u t  1-2un. The openings are thus 

m~ch nurower than the ugected values calculated accol.dlng t o  

f o m d a  for  the zone plate. Pinally the m a w i c a t i o n  was chosen to be 
S +S s2/s1 - 16 and therefo* according to E q .  (3.1) 1 2 : 1 and the =so- 

1.46r 52 
luticm is given by Tp - -. 

P 

3.6 The Construction of the Zone Plate Camera. 

A description of the sane plate camera i s  shown in Fig. 3.1la and 

in Table 3.2. The c a m e l  h m h g  (1) is a U.&t t igh t  box which con- 

tains a six-sided carowel (7). A piece of x-ray film can be nwunted 

on each side of the c a m e l  (9). The carousel can be rotated by a 

sbpper =tor. The stemr motor 3 s  situated inside the camwel. A 
- 

%ckbee Wears, Tnc., St'. Psul, 
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cone aperture (2)  is mounted on the c a m e l  housing. 2he carousel 

housing is mounted on a plate a h p e r  ( 5 ) .  The plate adapter is conn- 

ected h ttulee turning knobs on a vacuum flange (3) bg two telescopic 

joints and a s l l d e v 2 3 ) .  Such a configuration pelmits a three r d s  

motion of the camera head (carousel huuaing). The vacuwn flange i s  

mounted on a v a c m  tank (see a diagram of the tank in Flg, 3.Ub). 

Tns vacum, tank has several parts. Four of these contain f/l.L lenses 

that  focus the laser  beams an the microballoon target. The other ports 

contain various diagnostics instnments. Tfie microballoon targets are 

munted on a special fixture f i c h  places the microballoon a t  the center 

of the tank. To prevent interfering with the target illuninating beams, 

the target munting fixture and the various diagnostics instnanenta, 

the camera aperture size is s e t  t o  be 8 mu. The outer diameter of the 

c w u s e l  housbg i s  set t o  be IkO xum which i s  a b i t  smaller than the 

6" tank por t  dianetzr (I& mm), The zone plate used i n  the experiment 

was mufactured by Buckbee Hears, St. Paul, MI. It is a f ree  standing 

zone plate (see f i g .  3.12(5) and 3.13) made in 5 p m  thick gold fo i l .  The 

zone plate was centered an a 6 nnn in diameter Be disc 25pm thick. The 

Be foil was placed on the cane's t ip,  and aligned in such a way that  the 

center of the zone plate would coincide w i t h  the optical axis ,  A shutter 

release i s  used for  aligning the bone plate camera, 'Ibe shutter release 

c h p  (8) i s  mounted an the carousel housing ( I ) ,  A Lop diameter needle 

i s  glued t o  the t i p  of the pin of the shutter release, The flexible 

cable (4) is connected ta a knob an the vacuum m, To align the 
- 

camera the knob is tuned all *e way and the cable mvee forward un t i l  

the t i p  of the needle reaches the optical suds 8 mu hcom the tone plate, 



Figure 3.1 1 b 
a Diagram of the DELTA tank including the various ports. 



The camera can now be moved with the appnqpriak knobs unt i l  the t i p  of 

the needle coincides with t h e  center of the microballoan. 

3.6.1 Tfie Zone Plate Used in the X-Ray Bqm-iments, 

In Fig. 3.12 we show five zone plate '&ters. l h e  parameters of 
. . 

these zone plates are Listed in Table 3.3. The experiments reported 

here w e r e  done using zone plate 6 in Fig. 3.12. The actual zone plzte 

i s  shown in fig, 3.13. It i s  a f ree  s t a d i n g  zone plate made i n  Sprn 

thick g o l d  fo i l .  Unfortunately, the zone plate was damaged, as can be 

sec-i in fig. 3.13. Another deficiency of th is  zone plate i s  shown in 

Pig. 3.135. The outer acmes are extremely narraw. They are on the 

order of 1-2pm instead of being S.*m wide, as designed by the manu- 

: facturer. This i s  due t6 manufacturing problems. Such n a m  zcmes 

as in Pig. 3 . 3 ~  w i l l  cause diffraction and hence Unit the w e m e s s  

of t h e  zone plate. Also the defects in the zone plate  w i l l  cause arti- 

facts  and lower the sigrral t o  noise ra t io  of the reconstructions. In 

spite of a l l  these difficulties,  it i s  remarkable that we were able to 

g e t  reconstructio~s even a t  third order. 

We note tha t  the i n n e m s t  zone i s  opaque. This w i l l  cawe the 

pseudohologram to have a clear center, When we reconstruct, the recon- 

structed object w i l l  be superimposed an this br i&t  backpound. ,We thus 

have t o  copy the pseudohologram on to another piece of film, We can 

save t h i s  step ei ther  by using a zone plate w i t h  clear center (such as 

#2 in Plg. 3.12) or  by bleaching the pseudohologram. 

In Ikg. 3.U me actual camera is shown. (a) is a general view 

of the camera, In (b) the six-sided camusel 16 shown as well as the 



Figure 3.12 
Zone plate masters (the parameters are given in table 3.3). 
Magnification about 20x. 
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Figure 3.14 
The zone plate camera. (a) General view, (b) the six-sided carousel, (c) the 
alignment pin 



Figure 3.13 
(a) The Buckbee Mears zone plate is glued to a Be foil, to be 
mounted on the zone plate camera. (Magnification is about 
100x.) (b) Combined reflection and transmission picture of the 
outer region of the Buckbee Mears free standing zone plate. The 
narrow opening is a result of fabrication problems. (Magnifi- 
cation is about 500x.) 



conical aperture. The aligning pin i s  shown in (c). 

3.6.2 Sensitivity of the Zone Plate Camera to Misalignnent. 

f i g ,  3.15 i s  used to  i l lus t ra te  the sensitivity of the instrument 

t o  ds~l lgnment .  If the microballoon i s  shifted a distance 6, then *.e 
2 

shadougrm will shift a distance 6 ,  = 6 - . 6 i s  typically not larger 
s1 - 

than l a w  and s2/S1 16. Therefore 6' c 1.h. ?he size of the pseu- - - 
s2 

dohologrw. i s  given by: 2A1 = (ZA+D) - + 2A for  a mask of 1.25mm and 
s1 

s2/s1 = 15; 2' - 2Om. Each side of the m u s e 1  in f i g .  3.11 i s  about 

5 n l ong , t he~ fo re  the zone p la te  camera is  not sensitive to movement 

3.7 The Problem of the Destruction of the Zone Plate by Extremely High 

Intersi t ies  in Laser Fusion Research. 

The eqeriments to be reported In th i s  work we= done on the Delta 

syster: ir the University of Rochester. The energy delirered by th i s  

laser was typically 7 - 10 joules in about 30 - 100 psec. With this 

syster. i s  no problem placing the zone plate  1 cm hPrr, the target. 

Eowever, the proposed CX.lega system, which will have 2fi beams, will 

deliver I& joules in  about 1 nsec. If a rone plate  2 am in diameter 

w i l l  be placed 1 m the target, the mount of enerE incident an 

2 i t  uill probably be 500~/cm which i s  an enonaus amount of energy 

considerhg most of it w i l l  be absoFbed by a 25 - 75pm thick foil of 

Berylliumon which the zone plate i s  deposited. An obvious way t o  o v e r  

come this problem is to work on a single shot basis, namely, to replace 

the zone plate after every shot. h e  fabrication procedure of a zcme 
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plate  can be made eff icient  and relat ively i n v m i v e  so 

tha t  this mde of operat& seems feasible. h o t h e r  solu- 

t ion i s  to place the zone plate  fur ther  away, tdy 10 cm, froni the target. 

This w i l l  force us to use under outennost sones(of the order of 10um) 

and decrease the resolution. W i t h  hard x-ray radiation 5th order recon- 

structions may s t i l l  be feasible so that  2-3pn resolution can be 

achieved. 

Furthermore, if optical deconvolution o r  hybrid opt ical  d ig i ta l  

deconvolut.ion procedures are developed, we should sti l l  get high reso- 

lut iox even Kith the zone plate placed a t  distances larger  than l c m  

fmn tzrget. 

3.8 The Resolution of the System. 

To deterline the resolution of the instrument we used a mesh* of 

Sun square holes separated by 20pm (see Z g .  3.16d). Instead of a 

diffu.se source we placed the mesh as close as  possible to an x-ray 

source. In Fig. 3.17a we seethe configuration used in t h i s  experi- 

ment and how a broad source can be zzsed,as long as  the mesh i s  placed 

close enough t o  the source. We used an x-ray machine uhich enits Iron 

Kd l i ne  radiation and produces a Une source 15 mm by 1 mm. The resul- 

t an t  pseudohologram i s  e h m  i n  Rig. 3.16a. In  sp i t e  of the f a c t  t h a t  

the source ms too narrow i n  one direction and tha t  the radiation was 

too hard f o r  the thickness of the gold material, we were able to 

reconstruct the mesh. In Fig. 3.16b the first order reconstruction is  

shown. The distance between the holes i s  2Opm and the reconstructed 

++The mesh was suppTied by Perforated Products, kc., Newton, Ws. 



FILM 

MESH 

ZONE 
PLATE 

I 
I 

FlLM 
X-RAY 

SOURCE 

Figure 3.17 
Configurations for performing the resolution test. 

(a)-Transmission method, (b) fluorescence method: 
the nickel in mesh fluoresces when x-rays are incident 
on it. 



hole width seem to be about lourn, 8s shown in f i g .  3.16b. Taking 

i n to  account that  the holes are 5pm uide, we may conclude that  the  

llesolution i s  a b u t  Bun in the first o m r .  In Fig. 3.13~ we see 

the  reconstruction a t  the second order. The signal to noise r a t i o  

i s  too low and m s t  of the holes are not reconstructed. tiowever, 2 
. . 

l ines  seen to be beconstc..cted. 

3.9 Experimental Results from Laser P e l l e t  Compression Experiments, 

3.9.1 Ekperimental Detemdnatim of the Mapification of the  b r a .  

In Table 3.L we U s t  the parameters of sever. shots which were 

done on Gelta. The reconstructions are ahown in Fig.  3.19 to fig. 

3.23. In order ta deterndne the magniMcation the dismefer of the 

zone plate and the diameter of the shadrmgmm were measured. In Mg. 

3.18 we show the relationship between the zone plate  diameter, the 

pseud~hologr~ diameter, and the magnification. Lct Dz m d  D be 
PS 

the dikaeters of the zone plate  and the pseudohologram respectively. 

Let's assume tha t  we have a two point source and the two points are 

se?arated by the distance T. h e  distance between the centers of the 

corresponSing zme p h t e  shsdows an t h e  film i s  TI. By measuring D 
PS 

and Dz we get the ratio T'/T. 
Run me 3.18 we have the following relationships. 



(b) 1st ORDER (c) 2nd ORDER 

(a) 

PSEUDOHOLOGRAM 

, , >.".F.. 
9;. 

Figure 3.16 
Resolution test for the zone plate camera. 

(a) Pseudohologram of the mesh, (b) first order reconstruction, 
(c) 2nd order reconstruction, (d) the mesh. Scale 10 pm/div. 
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from (3.10) 

now T I T  = S2/S ,  ( 3 . 1 5 )  

from (3.15) 

hence 

5y m e a s h g  D and Dz we thus find s2/sI. 
PS ' 

The nicm5alloon i s  momted on a glass s W  &ich i s  typically 

70,~n diameter. (See X g .  3.2Lb). When the Laser beams h i t  the micro- 

balloor. we expect the emission to occur from the shell as well as f m m  

the caarrpressed core in the center. On the o*er h d  if the laser 

beam hit the stalk fran opposite sides we ex,petct emission to occur 

anly fm the surface of the stalk. Be  density of the stalk 5s so 

hi& that conpression cannot occur. The a b l k  case i s  therefore suit- 

able for measuring the exact magnification eince we have two hot spots 

in the plasma as is required in 3.18. We thus use the ~.emlts froan 



the s W .  6hot shown i n  Flg. 3.20 (shot #l7735). MeMvlng gS and F we 

get: 

- 
DPS = 2 . 0 5 c m .  EF = 0 . 1  cm, Dz = 0 . 1 2 c m  

2 . 0 5  - 0 .1  - 
Therefore, n =  T 1 / T  = S 1 / S 2  = 0 .12  = 15.25 ( 3 . 9 )  

3-1 most cases we demagnify the pseudohologram; in our case l/m Y2. 
We used a Kirmat camera fit%* w i t h  a Nikon 5$cn f15.3 1,:acmlens. 1 

The error in p 

We estimate the errors as follows: 

Am - - 7% (due to error in setting up the camera) 
rn 

An - 1% d e n  miuctim uitb the e m l a  baa taken p b ,  Therefore - 
n 

A ? -  out rseducum. 
rl 



The reconstructions were done using the same system described in section 

3.9.2 Discussion of the results. 

The increase of resolution in higher orders i s  demonstrated in 

fig. 3.19. 31 the fFrs t  order we distinguish between the shel l  on 

the outside and the core. This i s  consistent w i t h  experimental con- 

figuration shown in Fig. 3.2b. The camera i s  in the plane of the 

four beams and i s  situated a t  45' t o  two of the beams. Therefore, 

the shel l  w i l l  consist of two regions h e r e  the r ight  and l e f t  beams 

h i t  the pellet. The width of the shel l  a t  the first order is about 

8pm. In the second order it i s  only burn and in the third, it is  

2-3m. The f ine  structure shown in the second order i s  cmsis tent  

w i t h  t h a t  i n  the 3rd order. This suggests according t o  previous 

discussion, tha t  this f ine  structure i s  real. %is means tha t  as 

the material compresses i n w a r d ,  it is heated and it emits radiation. 

The actual s ize of the core i s  about 3pm according t o  the third 

order and not about 10pm as  it miat seem from the first  order. The 

gas in this microballoon and its pressure were unknown in  this case. 

In Fig. 3.20 (shot #17692), the case of gold coated microballoon 

i s  s h m .  In th i s  case the energy an target  was high and the pseudo- 

hologram was overexposed. It was not possible t o  reconstruct with 

t h i s  hologram. This pseuddhologram was then bleached. The x-ray film 

is verg thick so tha t  by bleaching we got a white patch due ta the 

scattering in the bleached s i lve r  halide. It was not possible to re- 

construd this pseudal~ologram either. The bleached hologram was then 
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fixed. A l l  the si lver halides were dissolved and we wen? l e f t  with the 

surface rel ief  image on the emulsion. The reconstruction a t  f i r s t  order 

shows the typical shell and core structure. But, a t  the second order 

we see the inner structure. Also, the actual dimension of the shell 

i s  considerably smaller than &at it might appear to be in the f i r s t  

order. The appearance of the inner ring in the second order reconstruc- 

tion in Fig. 3.20 (shot #17692) i s  unusual for this  Hnd of experiment. 

h a typical x-ray pinhole camera photogra?h of an iaploded gas f i l l ed  

glass micmballoon, only shell and core structure is o5served. Since 

in t ? i s  shot we used only 1 mill of Be foil ,  it i s  reasonable to suggest 

that  the emitted soft  x-rays may have been the origin for  th i s  structure. 

In x-ray pinhole camera the f i l t e r s  used are usually -thicker and so the 

photograph represents effects due to harder radiation. Fig. 3.20 (shot 

fl773.5) shows the reconstructions of a stalk irradiated by 4 laser  beams. 

The pseubholograin was previously used to determine the magnif'ication of 

the system. F m  Fig. 3.2C (shot #17735) we can detemdne the thickness 

of the  hot material a t  the surface of the glass with a resolution of 

about km. A t  the third order it is  about 3.sUm. In Fig. 3.21 the 

case of an 8.6 A t  Ne f i l l ed  microballoon i s  shown. The shel l  i s  very 

faint  and the core is very large. A t  the third order some indication 

of sp l i t  core is shown. 

me l a s t  three shots were done on CD2 foam. This is a solid micro- 

balloon specially prepared to have low density. Since there i s  no glass 

shell we do not expect t o  see the usual shell-core structure which i s  

typical of microballoons. 

In Fig. 3.22 we see the reconstruction of 0.195 gr/cc C q  micro- 
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balloon. Indeed the= i s  no shell; only the core i s  seen. The second 

order is consistent i n  i t s  shape with the f i r s t  order. The width of 

the core is about 7 pm. In F'ig. 3.23 the reconstruction of 2 foam targets is 

shown.The same film was used f o r  both shots. Although good reconstruc- 

t ion a t  f irst  order is obtained, a t  the second order we have a r t i f ac t s  

=d interaction between the two holograms. 

3.10 Using 1.3. Zone Plates f o r  Spatially Resolved Spectra of X-Ray 

Self-Lminous Sources. 

The basic idea of hi&. spat ia l  resolution spat ial ly resolved 

spectra is described in Fig. 3.25. It i s  essentially an extension to 

spat ial ly resolved spec+vra using a s l i t  (see Ref. [3.71). The radia- 

tion from the pe l l e t  passes throu& a l inear  zone plate  and it is  diff-  

racted by the crystal. A t  each wavelength a shadowgram of the region i n  

the source emitting t h i s  wavelength i s  recorded. Our pseudohologram i s  

therefore a collection of l inear  pseudoholograns, each of which i s  a t  a 

m f e r e n t  wavelength. It i s  now possible to reconstruct each hologram 

separately t o  get spatialu resolved spectra of the source. Lf higher 

orders are used, it is possible to get high spat ia l  resolution. 

An optical simulation of this technique i s  i l lus t ra ted  in fig. 3.26. 

Here we work i n  transinission rather than in reflection. For a1 o53ect 

we prepared a mask with holes; each hole was covered Kith a color filter. 

This mask was i l luninated through a diffuser. The l i g h t  hun the mask 

is diffracted by the grating a f t e r  passing through the zone p la te  and we 

get a shadowgram, as shown in Fig. 3.27b. ' In the middle *the zero order 

is recorded. A t  the + and - orders, the colors are separated and we can 





LASER BEAMS 

Figure 3.24a 
The zone plate camera is  in the plane of the four illuminating beams. 
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DIMENSIONAL PHOTOGRAPHIC 
COLOR ZONE PLATE 
FILTERS SLI 

PLATE 

Figure 3.26 
Experimental configuration for optical simulation of recording of a pseudohologram of 
spatially resolved spectra. 
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otserve different l inear  p;eudahologranls a t  different waveleng-ths. In 

order to  r e c m e t ~ ~ c t  we haw t o  demasiQ the helogran to get  a coz- 

venient focal lengtl-.. A t  the sane time we woLd E k e  to avoid the 

derizs73ication in t h e  d i x c t i o n  of the wavelength i n f o n a t i m  in 

or l t -  not t o  decrease the spectral  resolviig power. Ve tk.~~ need a 

cy7E-xMcal Lens tha t  wi l l  red-~ce one dinension while keeping the 

ot..~~' di~ezsio? qnc?a?ged. The ouly anmorphic systern tha t  i s  comer- 

c i s l b  availesle has a t  m s t  2,SX reductio~l ca2ability. Since we 

nee2 a t  ?ea:t 61 re+lctim, we had to reduce in two steps, as shown 

ir. fig. 3.Z7c ar~d 3.27d. rXnally, we reduced the pseudohologran bj 

a? aclditla2aL 2X reductLon with a macmlens. This i s  done t9 o b t a i . ~  

a co:ive~Lent focal length f o r  the recons+,ruction. 

However, the quality of the pseudohologra,~ de+zriorates because 

of so !-s.r;r ?hoJuogra?hic processes a ~ d  we expect severe proSlerns in 

t he  reconstruction, 

T'he luconst.ructiono are shown in Fig. 3.28. f i g .  3.28~ i s  the 

o3ject, Fig,  3.28a i s  the first order recoastruction a ~ d  .the spectra 

of t5c. iifferen+U h3les are spa t ia l ly  resolved. In Fig. 3.28b the 2nd 

onier resonstmction is shown. The signal to noise r a t i o  i s  very lo-d 

but L!e  two blue holes are resolved. 

The reconstruction was done using a He-Ne laser  in a configuration 

s in i l a r  t o  tha t  descAbed in fig. 3.7(3). 

To avoid a decrease in signal to naise rat io ,  a s p c i a l  cylindri- 

cal lens was designed and is being bui l t .  This cylindrical lens re- 

duces one direction l.4 times while keeping the other direction m- 

changed. 3e hope tha t  Kith such a lens we w i l l  be able to obtain much 



YELLOW GREEN BLUE RED 

Figure 3.28 
Experimental results of the optical simulation experiment in spatially 
resolved spectroscopy. (a)First order reconstruction, (b) second order 
reconstruction, (c) the original object. 



higher q ~ a l i t y  reconstructions t?an those shown in f ig .  3.28. In 

Hg. 3.29 t h e  possibi l i ty  of obtainjng streaked one-ciimerrsional pseu- 

drhologra~ i s  i l lustrate3.  Instead of using a s l i t  in an x-ray streak 

ca-~cra, we can :Be a o n e ~ e n s i c n a l  zone ?late. One-dimensional 

~ s - . 1 - 1 s o o r a  is t h s  fomeC! on tie fluorescent screm a t  a time to 

say, z ~ d  receded on a piece of f i h .  A t  a later t ine  til, the voltage 

acmss t ? e  p l s t ~ , c  will cause the electmns d t h d  from the gold catbode 

to s k i R  and a different  pseudohologram w i l l  be formed on the fluores- 

cent. snreex. A s  i n  t!!e case of spa t ia l ly  resolved spectroscopy, we can 

now rcdtlce me d i rec t im t o  avoid decreasing the time resolu'Jiox and re- 

CQ- t 3 Y m ~ t .  p 4- T'is tec;.lniq~e should enable one t o  get  in 3rd order remn- 

cone+,r;lctiom, 2-3prn spa t ia l  resolutio?l wl-iile maintaining 'uhc high tem- 

porzl resolution in the  x-ray streak camra. 



FLUORESCENT 

GOLD-COATE D 
PHOTOCATHODE I 1 \ 

LINEAR ZONE 
PLATE 

Figure 3.29 
Experimental configuration for recording a streaked pseudohologram. Linear 
pseudoholograms will appear a1 different locations on the fluorescent screen because 
the electrons are deflected during the emission from the pellet. 
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Summarizing t h e  contFibutions of this work, suggestions f o r  fur- 

ther  analysis and experinentation w i l l  be pointed out, !he potential  

of hi& order pseudoholography using zone plates  for  obtaining high 

resolution x-ray inages has been demonstated, me main resul ts  from 

the s t u e  of the analogies &?ween zone plates and diffraction grat- 

i n g s  a~ t ? e  fo l lowi~~g,  The o n e x i s  intensi ty  of light focused by a 

Fresnel zone plate i s  equal a t  a l l  orders, The on-axis intensi ty  izl 

hi@. orders in zone plates depends strongly upon the shape of the 

individual zone. SmootSling the  zone edges fends to d e c ~ a s e  -3e 

efficiency a t  hi@er orders, Bleaching of pseudoholograntr may be a 

useful kchniq.de to enhance hi& order reconstructions, One of the 

most iqorta~t lirri tations on the ?seud&olographic technique i s  the 

diffraction effects in t h e  recording s tep of the pseudohologram, A 

mug? rule of th-m5 was f o u d  f o r  detern5nine the  geometrical ccn- 

flguratio:: where diffraction effects  are lo la t ive ly  unimportant, B e  

statitmar;. ?base method was used to derive expressions f o r  the dif- 

f r a c t i ~ n  effects ,  These expressions need to  be evaluated numerically 

order to g e t  a =l iable  criterion. Zhis problem should be tackled 

ex?erimentally in order ta find the upper Mt on the wavelength of 

the soft x-ray a d l e t i o n  tha t  i s  still useful in producing e f f i c i en t  

pseudoholograms. The f o n a l  mathematical framevo* of pseudoholography 

i s  rederived t h i s  time including the reconstructions a t  higher orders. 

The theoz.etical stu* predicts prac t ica l  mbaicm msolutian, I h e  

of unconventional &one plate design i s  Init iated in order t6 - 
imprwe the efficiency a t  high order msolut ians . Kore research has 

t o  be done, however, t& obtain rn optimal sane plate design. 



Investigations of the speckle noise a t  hi& oAer r e c w t r u c -  

tions include the film grain and the serration introduced bp nranu- 

facturing processes in the zone plate structure, The grain noise 

could be modeled and e ~ r e s s i o n s  wexw derived. The speckle noise 

- i r t r o h c e d S y  the serration i s  veryhardtomodel  andfurther m- 

so?=c!- s h ~ ~ l d  be done. Computer simulations are  a convenient way to 

investigate Lbe various capabili t ies of various z a e  ;llates. A corn- 

~ u t e r  cock that simulates the propagatiap of an optical field *rough 

a? o$ical system was modified and the 'iransverse -tensity distri- 

butions were c a l d a + , e d  for  various m e  plates,  Two dimensional 

z3ze 7late.s = f c z ~ d  to be much more eff ic ient  for high order re- 

c = n s t r ~ c t i m s  t2zc.x the one dimensional zone plhtes. Illso, a computer 

pmgra. wa: mitten f o r  calculating the in tens i ty  distributions along 

the o';+Yical Wd,ee This pragram can be used t3 desigr a zone plate  

kit&, a ? ? c 5 5 k r r i . e d  order focusing ca?zSility, h third ?mgram 

ms wz-itten fo r  simulating the recording of  a pseudahologram. Ihe 

pro2agation code mentioned above i s  then used to reconstruct the 

recoMe2 pseu&ohologram. Effects of the Y of the fih on the qua l ie  

of the r e c ~ n ~ t 2 u c t i o n  a t  various orders were investigated, The im- 

porta~t conclusion is tha t  bp conlml.U.ng bth the and the sane 

plate desig! we can i m p m e  the quality of the reconstzuctians. A 

detailed study using these programs should be carried an t6 d e B i @  an 

eff ic ient  pseudaholographic process. 

Optical simulation experiments demonstrate .the lncrease of reso- 

lut ion in hi& order recanstsuctians, m e  appearance of &Ifacts in 

the reconstructions depends stsongly ar t h e  y of the developed 



pseudohologran, and a f i & l l t y  t e s t  of the kdmique  is clearly 

warranted. Con3ining results of both ccanputer simulation and experl- 

mental investigation vill probably result in a mre successhil zone 

p1a't-e canera design. Results from son? p e l l e t  conpressim expe,--i- 

merits a~ s?o.rn demonstrati?g an increase of resolution a t  higher 

Tine a n l i c a t i o n  of zone plate  pseu&hologra?hy t o  imagir.~ of iq- 

plodcd pe l le t s  is  by no means the only one. In fact, the baclrili&t- 

hg technique, used in this work f o r  debmninhg the resolution of the 

syjten, may tum out t o  be a useful diagnostic too l  fo r  characteriz- 

ing  nlCticoated micmballcxms, w h e ~  optical  methods are inpractical. 

Also, x-ray micmsco?y with subnicron reso lu t im of backlighted bio- 

lof",:al specimens seems feasible. 


