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Abscmct 
/ 

A cechmique ?~sLiig Tourier t~iirsform zralysis a c l i  is  suttable for measwin@; the specularity 9f solar 
glass zompofients in the ,md a d  s u b m d  is discussed and d-nstrated. A brief mthemt ica l  background as  ' ' r weell a s  i l i u t r a t i v e  q i e s  are  includd. A number of metlxds for  bage andlysis are discussed h l th  partic- (' 

ular  q h a s i s  glven t o  .electronic in teg ta thg  decectors. Typical Fourier plane Ffiage distributions a r e  given 
for  a few c m 3 n  soiar utilization mte r id l s  and detai ls  of the instrument used t o  prcduco tPie images are con- 
sidered. The limitations a n l  capabilit ies of various instruments are outlined along with re'efhods for  -her 
enhamiry the utFl.ity and sensitivity of the technique I ~?troduct  2 ion 

2.. 
L? 7arj s o l s  applicat:ons, particularly those usirg concentrating collectors, the specularity of che 

trarsnisslve o r  reflective collector material can be a significant -eser 1 M t l n g  the cverall  perf0EiQnCe 
~d efficiency of tke systm. The specific xquirernencs for the spctcularity of the collector miterials a re  
systm dependent arai are usually detennkxd by the mgular aperture of the receiver a s  viewed l?mn the coilec- 
:or. 4 

Ln helloscat applications the effective angdar aperture of the receiver could be a s  d l  a s  9.5 r r ; r a d ,  
the ang11ar c5vergence of the sun. Only h&hly specular materidls should be lsed I n  t;?ese a?pucations. In 
ocher systems, juch a s  the augmented f l a t  plate collectors which incoqcrate relatively Large receivers 2nd 
skrt reflector t o  receiver dlstarxes, less  specular m te r i a l s  may be adequate. 

This paper describes how the Touri5r transfoming pmperties of a s-le lens can be used t o  eurixmine the 
scaczerLw ~ W t i o n  o r  speclllarity of these soM collector mterials. It also discusses the p w t i c d l  irrple- 
rentation of the Fourier transfom approach t o  real  measurement i r s t m i n t a t i o n ,  its ~ i c a t i o n s  yd Ilmita- 
t io rs  . 

iNathematicdl achqwund . 
~Ths.'casic ysinci?les for  character izlq the ' s p e p ~ + , t y  of goLu. materials using Fourier Transform tech- 

niques hzve been employed by several Investigators for a mmber of years. A typical ins tmef i t  is  il- 
lust,-ated schefiatically in Fif;ure l. It consists of a llg!!t source, collimation optics, ~0lleCt10n optics, 
a?d.some Mrc! of detector located a t  ar near the inrage plane. 

LIGHT A P E R T U R E  f S C A ~ E R I N C  I + 
SOURCE FOURIER 

COLL 1 MATI PJG SAMPLE COLLECTION IMAGE 
LENS LENS .PLANE 

F a .  1. Typical opticzl Fourier trans,Ponn exvnFraticn k;stnment. 

This type of optical arrmgernent can be described r q t b s t i c d l l y  us- a gene-raiizd system 3gprach. 
T e  l .r . te~ctions due t o  each of the e l e n t s  In 3-e 1 can be repesented in black forn as  shown in FQwo ' 2  3 : U s  f5y.r. ry(r,y; s: ) is ope L . t  w e  9"mction, f (x,y) is an a p e r t m  k t i o n  in the P Sane ,  
g(c ,6) is the t r a i s i o n  d zeflection tlvstion af :he szat ter i rg raterlal under i n w ~ t i g a t i o n , % ~  and P4 
Ere the iezs plyles, ani h(m,n) is the resulting f ie ld  rbnction in the ? plane. 5 mgi%sentLrs the a c t i ~ n  of the Lerses ard the physical propa@.tion of the l ight  as elements ln 2 SerZF- 
di:p.flryacem, the nathwoicol  W y e i s  of th is  syetcm can be sinplified. I n  the notation of A. Varder 

, a l e r s  is equivalent t o  the physical s p c e  nailtipUer as shown in 5quation 1 an3 is detioted by the 
~ t i p l l ~ a t ~ o n  r p h l  0. 
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.. 
Abstract 

A cechmique u s i i i  Fourier crvlsform zrdlysis which is suitable for  measuring the specularity 9f solw 
glass mnpotiencs i n  the m d  arYl sub-mad is discussed and demonstrated. A brier' mtheroatical background a s  
well as i l lus t ra t ive  exanples a re  included. A number of metpads fo r  irrage m i i ~ y s i s  are discussed iuir;h ~ r t i c -  
-akr emphasis given t o  electronic integrating detectors. Typical Fourier plane hag ciistr5butio.0~ a r e  given 

enhancing the  u t i l i t y  and sensi t iv i ty  of the technique. 

'u' 
fo r  a few c o m n  solar iutl l ization materials 2nd de ta i l s  of' the instnrment used t o  prcduce the inages are con- 
sidered. The limit-ztions ad capabi l i t ies  of various ins tnnen t s  are oct:tlined ,dong with ~:.echods for  further 

L%roduct ion 

In m y  solar applications, particularly those u s i ~ g  concerltlrting collectors,  the specularity of the 
crarsmissive o r  ref lect ive  collector material can be a significant -eser limit- the  overall  p e r f o m c e  
ud efficiency of the s y s t a .  The specific ,-equlrmsnts for  the specularity of the collector m t e r i a l s  a re  
s y s t m  dependent and a r e  usually de te lmi rd  by the an@br aperture of the receiver a s  viewed x b l n  the czilec- 
:or. 4 

In heeliostat applications the effective aqdar aperture of the receiver could be a s  d l  a s  9.5 rrirad, 
the angrfiar divergence of the sun. Only highly specula? materials should be used L? t;?ese a?plicatio.%. In 
otner systems, such a s  the  augnented f l a t  g la te  collectors which incorpcrate re la t ively  large receivers 2nd 
skcrt  ref lector  t o  receiver distances, l e s s  specular materials m y  be a d e q u t ~ .  

'Ihis paper describes how the ?ourier transforming properties of a sirnple lens can be used t o  examir-e the 
scattering r b c t i o n  o r  specularity of these solar collector m t e r i a l s .  It also  discusses the pract ical  m l e -  
nentation of the Fourier transform approach t o  ma1 measurement instmnentation, its rynifications ud linita- 
t i o r s  . 

Mathemat i c a l  Fackgmu'1d - 
'rhc- casic princi?les fo r  characterizing the specj&?ity of soiar materials u s b g  Fourier T n n f c r m  tech- 

niques h3.W been employed by several bvest igators  for  a -number of years. A t jrpical Lnstmer;t is  il- 
lilstrated schemtically Fn Fiyre l. It consists of a Ught source, collirretion optics, c o l l ~ ~ t i o n  optics,  
2qd some kld of detector located a t  o r  near the in?a&e plane. 

I 
L l GHT APERTURE f SCATTERING f 

SOURCE 
t 

FOURIER 
COLLIMATING SAMPLE COLLECTION IMAGE 

LENS LENS PLANE 

F2g. 1. Typical o p t i c d  Fourier' +,ransfom e x u n i r a t i ~ n  i r s t n t ? ~ n t .  

WLs type of optical  ammgement can be descfi-bed ra themt ica l ly  us- a generaiized system 3pproach. 
The inte=ctions due t o  each of the e e l a n t s  in ? w e  1 can be r e p s e n t e d  in black f o m  a s  shown in Figur? 
2. In t M s  figure $(x,y; s i )  is the lrrput wive ~ i b c t i o n ,  f(x,y) is a? aper twe function in the P plane, 
g(c,d) is the transnlssion U r  ref lect ion fluxtion of she s c a t t e r ~ g  mterlal under and Pq 
w e  the lens planes, an3 h(m,n) is the  resulting f i e ld  W c t i o n  in the ?   lane. 5 - Ey re3resentirg the action of the lerses  and, the physical propagation of the  light zs elonent,s in a gecer- 
d l i ~ @ ~ s y s t e m ,  the ffith-tical 2pAysis of this systsn can be simplified. In the notation of A. ;Tander 
hgt , a l e r s  is equivalent t o  the  physical space m l t i p l i e r  as s k m  in -tion i a d  is der?ot& by the 
rmiltiplication s--1 0. 
i+ k e p r e d  for  the U.S. Dep-ent of Energy unier Con+,ract 3Y-76-2-06-1830. 



Fig. 2. Interaction representation of instrument sho~m in Figure 1. 

k 2 
~ ( x , y )  = exp [-jrf(x + y2)] (1; 

Ee-re k is the mve number of the l igh t ,  f is the focal l e ~ g t h  of the lens  ard the x a d  y coordinates a r e  cr-  
thojp-al t o  z ,  the opt ica l  axis of the system. Propagation Is equivalent co a physical space convohtion 
which is represented in thLs notation as 2 box,=. 

The notation is applied by defining a canonical function a d  its conjLyaze. Let 

;there s is a reciprocal distance diven a s  e i ther  

!hen describing the interaction with a lens of focal length f ,  o r  

when describing s p a t M  propagation. 
UsL% tFds ratation,  a mthematical representation of each of the eleme.?ts i n  the system depicted in Fig- 

w e  2 can ce writ ten as shown i n  Figure 3. Eere we have assumed chat each element in the opt ica l  system is  
separated by a distance f ,  corresporxiing t o  the focal lengths or' the two ident ica l  lenses. B e  ;milt,iplica- 
t ion  symbols represent the  product of two ele?nents using a c m n  se t  of variables. The c o m l u t i o n  rectan- 
g les  represent the Fntegral of the  prcduct of an input function a d  a W i e d  i )  fbnction. This convolution 
term is writ ten a s  the i rput  variables d ~ u s  the output variables integrated over the input variablss. - . -.. .-- 

A 

f yl (c, dB) h ( rn ,n)c  

-. 

Fig. 3. Generalized system representation of instrument shown 31 F i g x e  2 .  

A A 
fV (k ,J : f )  



Nore expcpllcitly, the equation for  o w  sinple optical  sgscen b e c w s :  

- 
this equation can be simpli-pied by s u b s t i t ~ t h g  the flmctiondl f o m  of 1 rC, in to  the equation, u t i l i z i r g  
the basic s y m ~ t r y  and dgebra ic  properties of these c a m n i c d  fllnctionsY " p a n d  M e w i n g .  Tne resu l t l rg  
expression is: 

In the special case there the  aperture f h c t i o n ,  f (x ,y) ,  has a s d  enough spat ia l  e.xtent t o  be approxi- 
inatEd by a del ta  - k c t i o n  and the input 'mve f k c t i o n ,  $(x,y;sl) L s  a plane wave. The equation sLnplifies 
~ W h e r  to: 

P P  

h(m,n) = &(c,d) exp [ - j l ~ ( c n  + dl) 6c 66 

'3 1 
Sere r is a frmction of the waveletqth of the inc3mirg radiation and the focal l e w h  of the lenses. 

Z~ua t ion  ( 7 )  sbws that luder the conditions of monochrorratic plulewave illumination a d  very small en- 
t m c e  aperture diiiensions ( c o l ~ t e d  sample i l l u i i t l o n )  the intensity dis t r ibut ion a t  the m e  plvle P,- 
is the e.uact Fourier tl-ansrgrm of the trans;nission or  ref lect ion function, g(c ,d), of the ~ m t e r i a l  placed a? 
the sangle plane, P . 

In practice it ndy not be desirable to  implement suff ic ient ly  sna.11 i n  the plane P, t o  use a 
de l t a  f b c t i o n  approxirration. In tNs case i t  is  necessary t o  revert back t o  equation (6). T h E  f l n i t e  Size 
of the  aperture resu l t s  In an intensity d i s t ~ b u t i o n  a t  P that is a comrolution of the mrmUzed  aperture 
:ra.nsmlssion profile,  f (x,y), with the Fourier transform 8f the transmission o r  ref lect ion fluxtion of the 
o ~ l c .  

The deconvol~tion of this iFage intensity d,istribution t o  d e t e m h e  the actual s ~ a t t e ~ n g  h c t i o n  of 'the 
sample m y  be r a t h e ~ ~ a t i c a l l g  complex. Eowever, with a few reasorable assumptions about the  functional fun! 
of g(c the pmblem becomes muageable and the resu l t s  useful. For example, the work perfomed by 
Fe t t i t  zL'yassumes a G+ussisn dis t r ibut ion for  the scatter* fllnction of the r a t e r i a l .  Difrerent i~teriXLs 
can then be cumpared with each other on the basis of a two parameter (peak height uld full width at half  m- 
Imum) best- f i t  approx-cion t o  the Gausslan s c a t t s r h g  distribution. In practice, &t ip ie  dLstriSutions 
m y  a c t u a l l j  be fiecessary t o  best ci-aracterize the rateri&, but the technique works well with a wide variety 
of inaterials . 

Fourier k a g e  

In order t o  i l l u s t r a t e  the basic image properties and the u t i l i t y  of the  Ycurier tl-ansform tech ique  for  
canparing materiais, l e t  us fFrst  examine some well known idealized geometrical configurations ard the* cor- 
respodlng Forier hages.  On the l e f t  h a d  side of Figure 4 are the transmission shadowgraphs of three sim-' 
ple 2atterns, a one-dimensional periodic transmission grsting, a two-dimensiondl periodic screen .gating, 
and a two4imensiora.l periodic screen ydth some midom noise spots superLqmsed. On the r ight  side of the 
figure are the cczrespon3h-g Fourler bnages. Notice particularly the s-yimet~j properties of the tramforms 
c q a r e d  t o  the original objects. 

h+dimensional structures in t.9 m i e  plane resui t  in the Fourier t m f o r m  features d o n g  an &.is O r -  
t h o g o d  t o  the  structure. Periodicity in the sample structure prduces  features zt discrete  locations i n  
the transform plane. S i m U r  fescares can be noted fo r  the two-dime~sional case. Faxiom m i s e  Intmbuced 
i ~ t o  the regular structure causes b l m i n g  of the discrete  features in the Fcmier plane. 

Figure 5 i l l u s t r a t e s  two samples fJhlch a re  mcre nearly representative of the  actual processirg defects 
fowd In mny extruded o r  polished s o b  ~aterids. The shadowgraphs shown zre transparent p las t ic  ra ter-  
idls which k v e  been scratched preferentially along one (Fig. 5a) o r  two (Fig. 5c) Z e s .  '=he r e d t i n 3  
Fourier Fnages agaln r e t a h  the basic symetry of the shadowgmph Lmges but the bdividuzl  spots a re  b b ~ e c i  
due t o  the  ran-periodic n a m e  of the scratches. 



Fig. 4. Transmission sbadowgmphs of three gratings and the i r  c o r r e s p o ~  
Fourler plane inages : a&b) one-dfmensioml periodic tmmLss ion  grating, 
c&d) two4lmensional pericdic transmission grating, e&f) two-dlmensioral 
grating with rardam noise superimposed. 

To f'urther i l lus t ra te  the u t i l l t y  of this technique, Figure 6 sfiows the Fourier transform lrrages of three 
actual mte r l a l s  that have been investigated; a )  float glass, b) an extruded polytet~afluorethylene sheet, 
and c )  a polycarbonate sheet. - The glass is a very specular mter ib l  as evidenced by the slrall amount of 
scatter. The polycarbomte &bits asymnetry in several directions ard is, in gereral, m t  a s  3pecu.la.r as 
the glass. The p l y t e t m f l o u r e t ~ l e n e  &bits strong preferential processirg mks. 

A ~ i ! e  quarrtitative aml perhaps mare u s e m  andlysis can be performed by examhing the image in detail. 
In genezal, the 1-1; b i d e n t  on the Fourier plane is displaced fl"0l! the optical axis by a distance which is 
proportional to  the tangent of the angle through which it is scattered tknes the focal length of the lens. 

Simple geometrical considerations show that: 

r = f tan 4, (8 1 

w h e r e  4 is the angle t-!rough which the l l g ! !  is scattered a t  the material and r is the radial displacenent 
from tdcopt ica l  axis In the Fourier plane. 

Tf-ols it is possible t o  m p  the an@k scattering distribution of the m t e r l a l  e v e n  the measurement sys- 
t e m  geometry and the In$ensity distribution In the Fouler  plane. In terms of the Fourler images shown in 
FiE;ure 6, one can readily ccanpare the relative scattering properties of the materials since the p h o t o m h s  
were taken under the same geometrical and fflumimtion conditions. 



Fig. 5. Shadowgraphs and Fourier inages of 
a&b) one dimensional, c&d) two d h m C a - a ,  

3naPx Analysis 

More detailed information about the distribution of the scattered light and consequently the scattering 
function of the materlal can be obtained by amlyslng the Fow$er image In greater detail. A variety of 
techrdques can be enployed, each with its own advantages and disadvantages. These tcchnlques can be divided 
into three catagwies: 1) ondhens iars l .  sampling, 2) twwtbnengiod sampling ard 3) intelp'ated sampling. 

blhen sampling In one dimension, the intensity distribution along a single line in the Fourier plan? is 
rneasur@) Detection systems that have been used include sllall aperture scanning detectors arxi linear diode 

The resolution of such systems is limited by the f in i t e  size of the aperture or  the dimensions 
of the i;dividual sensitive elements of the array. This technLque provides useful intensity profile infor- 
mation for materials with isotropic scattering distributions, but it may yield misleading results In t i m e  
materials which scatter anisotropicly. Systen akQmerrt is cr i t ica l  since s m l l d i s p l a c ~ ~ ~ ! n t s  of the detec- 
tor  off the optical axls may also @me &leading results. However, -mional techniques do lerd 
themselves to  relatively simple reduction of data into useful ergheering quantities s lme  the data is .pfi 
erdlly m e  eas i ly  interpreted than in  the m e  cmplex ~ n s i o n i d  sampling techniques. 

When sampling in tw dimensions, it is possible t o  measure the spatial variations In intensity In the en- 
tip F n ~ ~ r i w  plane ~llmul.t;am~~sly. ~n i se tmpic  natF?rlsls can ?a =@ charac@x&ed at the expense of added 
data processing. Also the aligrrnent of t w o 4 i n e m i o ~  detectors is usually less c r i t i ca l  than in the one- 
dimensional case since any dfgahglgnt  of the detector off the optical axis only shifts the h~3ge. S e v e d  



types of detectors that have been used icclude: ~n0~0@~.aph ic  fib, t 7 d 0 4 b e n s i o d  diode arrays, a d  Conven- 
t ional -raster scul  vidicons. Photograpi-dc film dlows hign resolution, but requires re la t ively  10% groces- 
sing times a n i  is not adaptable t o  r e a l  t h e  disclay. .The vidicon ard dicde a r r ay  ~ I t h  suitable e lec t rmic  
? r o c e s s m  offer  the prospect of contour mpping the dis t r ibut ion in the Fourier plane i n  t0pograpi-d~ o r  iso- 
icetric f o m t s ,  but they a re  limited in  resolution due t o  the lirnited raster spacing or  pixel s ize  i n  the de- 
tector.  

)hen W j r  specular materials such as gliiss mst be c-cterized on a r e a l - t h e  basis, the above methds 
become d i f f i c u l t  t o  irnplemenc because of the inherent sensi t iv i ty ,  dy~amic range ard resolution l i ~ i t s  of the 
detectors. Under these corditions i n t e g r a t i ~ g  sapling techniques which q l o y  re la t ively  l a r ~ e  area cetec- 
t c r s  a rd  special  apertures i n  the Fourier piane become u s e m .  The primary disadvantage of us- che more 
s e ~ s i t i v e  Wegra t ing  system is the loss  of some or  all information regarding the spat ia l  d is t r ibut ion of the 
scattering ~Ztnction cf the m a t e r i a l .  

Winemus one w-a t1m-3imensional i n t e p - t h g  techniques :have been used thich u t i l i z e  fixed or a a u s t -  
able apertures. One tec,hnique that  is w i c u l m ~  sensit ive for  screening highly specular materials employs 
a beam block on the opt ical  axis  i n  the Fourier p lme an3 a p h o t ~ n n i l t i p l i ~  detector. The pwr!ose of this 
spat ia l  f i i t e r  is t o  increase the effective sensi t iv i ty  of the  detector t o  che scattered l igh t  by d u c h g  
the detected mgrritude of the specular beam. The use of the beam block establishes the minimum scattering 
angle that can be detected; the diameter of the phototube ard its distance f r m  the  Fourier plane o r  the  dia- 
meter of the Fourier trvlsform lens establishes the maxirmrm scatter* angle that can be detected. bJith suit- 
able beam blocks, mterials that scatter i n  the mad a-13 sub-mad range can be eximlned. This  type of device 
is  especially userul a s  a screenbg ard comparison tool  for  Ngh s p e ~ u i z r i t y  materials. 

A practical  Fourier t m f o m  systen was assenblld as shown in Flguii  7 for  the examkntion of hi* ;he- 
uiar i ty  materials. In this application mst of the incident beam is  t r a m i t t e d  -without a l tera t ion while a 
small fraction of the energy is scattered. The resultin@; image in the Fourier plane can then be tho-t of as 
a superposition of these two beam components. The t ranmlss ion of a beam through the solar rraterial is  some- 
:&at different than transmission through a starxiard aperture in that  an aperture modulates only the amplitude' 
of the  beam. ~Materlals, on the other Parxi, will generally nmdulate both the phase and amplitude of the t v -  
mitt ed mve. 

KEPLAR I A N  
HeNe BEAM SAMPLE TRANSFORM FOURIER IMAGE PLANE w ITH 

LASER SOURCE EXPANDER . HOLDER LENS BEAM BLOCK AND P M  TUBE 

?b-.- 7. I l lus t ra t ion  of' pract ica l  opt ical  Fourier transform systun. 

LT the material sample was perfectly planar ard hmgeneous it would not a l t e r  the ramre  of the kern in- 
c i d e a  on the Fourier transform lens. The F m i e r  tmlsform would then be detelmined by the f i n i t e  radliis of 
the m u t  t e r n  ard would be the well-known Bessel b c t i o n  solucion of the d i f - % c t i  l M t e d  spot fo r  a cir- 
cular beam. %t the rraterial alters the beam t o  some extent and the resultLng beam then contains components 
of both tPie unaltered ard the scattered l ight .  The urzltered specular bem inage i s  not related t o  the rate- 
rid ~ m o g e n e i t i e s .  Materials causing sca t t e r  increase the intensity of the Fourier image outside the  dif- 
*act:on pattern from the unaltered beam. 

In an attempt. t o  s e p m t e  the scattered Image from the spec& bean &!age, it is use-f'l t o  examine the 
radia l  dependence of each inage Lin the Fourier image glane. F i r s t ,  consider the di f f ract ion limited spot re- 
sult ing from the(QyecL&rly transmitted beam. The Image intensity at a point P in the Fourier plane as found 
in Brn and bJolf is: 

Kere J is  t i e  f i r s t  order Eessel function, a is the radius of cFrclllar input beam, k is the -mve number ad 
equals12ir/~, ard r is the radius from the optical  axis t o  the obserration point P. 

3,e b c t i o n  of the t o t a l  beam energy passirg w l t h h  a c i r c l e  of radius r is  m e n  by: 

The ?List nt- occurs a t :  f .\ rl,= 1.22= 
Where f is the  focal lewh of the  i e m .  



The second anl third minims occur a t  l.83rl ad 2.66r1 respectively. The power pass- outside r k s  been 
calculated for t'he f i r s t  20 m i ' s  of eqmtion (8) & ;ire plotted in F-e 8 as a ~ , c t i o n  of ( r / r  ). fin 
e.mLnation of the graph sbws that by blocking the c e n t d  portion of the beam a t  the focal point t h e h J o r -  
i t y  of the specuiar ene rg  can be ~ r e v e n t q  ~"ro;n reaching the detector. The part:cular system used i n  th i s  
study employed an e - w e d  collimated 63286 laser source, uxl a Fourier t~-msforming lei-s with a focal lengch 
of 20(3mn and a diameter of S h .  The incident bean was apertured down to agproxhately 580 mils. U s b q  equa- 
t:on ( l o ) ,  one f i n i s  rl = 0.35 f i l s  (8.9 m) . ms value !xis been used t o  sczle the horizontal axis in Fig- 
ure 3 into both Fourier plane radius ad, vdth the aid of ecjjcion (8),  scattering ule;le @sc . The 2ctudi se- 
lection of a beam blcck size w i l l  be a compromise between the desire t o  reduce the specular bea! level and co 
neasure the effects of small angle Scattering. The effects of a circular beam block vdth a 5 m i l  (0.19rm) 
radius in this  system can be detemlned by exanbation of F@ue 8. For these optics less  thul 1.2% of the 
specular beam wil l  reach the detector and 1lh;ht scattered less  tk! 0.65 m d  will  also be blocked. 

A secot-di consideration for the practical optical systm is the bandrddth of the overall systm. TbLs is 
governed by the opticai elements ard rhe detector. For a sample with periodic structure, the scatter- an- 
gle for the beam can be directly relate3 t o  the sample periodicity using diffraction t h e o ~ j .  For a one-dlmen- 
s ioral  grid, the P i s t  order, (snrallest angle), diffracted intensity fiaxinnrm occurs a t  an angle 8 which satis- 
f i es  : + X .sin e = - /h (12 

wnere h i s  the grid spacing. This quat ion can be inve,rted to  determine the g"i2 spacing t.bt corresponds t o  
scecific diffraction W e s .  An experimental system w i l l  have a U t e d  range of scattered angles t k a t  can 
be eetected and resoived. The r~axhnim argle is ~ m ~ e n t l y  determined by the rraxirmrm aperture of the lens or  

the detector. The m e s t  anQe m y  be determined by 
the resolurion of the detector or the size of a beam 
block, i f  one is used. Thls angular acceptance range 
can be used to calculate the detectable range of g i d  
spacings i n  the sanple. Inversion of the grid spacing 
values w i l l  yield the bandwidth lMts i n  the familiar 
spatial frequency units of lines/m. 

Ancther potentiaily Unltirg factor t o  t,he system 
' 

W M d t h  is the diameter of the beam incident cn tne 
sample. The beam diameter represents the largest sur- 
face period (lowest spatial frequency) that can be det- 
m e d  1-m the Fourier transform image. The bean 
diameter wt therefore be considered when the low end 
of the system baralddth i s  evaluated. 

Since the system kas the potential to  measure scat- 
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n t  

P I I  1 I 10 u 11 16 u s ter a t  very mall angles, (1/3 t o  V 2  mill Iradbn), it 
lrmll aro~ur -~m mnenv~mrw is also important t o  evaluate the divergence of the in- 

L - 
0 1.0 2.0 1.0 1.0 9.0 6.0 1.0 put bean to determine its slgnlficance ccinpared t o  the 

A-HUIIU M U O I U l l m l % $  s m l l  scat ter  angles under examinatlor?. The input la- 
1 1.a 0 . 1  an Ifm ser beam Is m e d  using a Kepleriul bean exparder 

S C I ~ U  U Q L ~ ~ ~ ~ I I I ~  ydth spatial f i l t e r ing  (Fi- 9a). The divergeme 
calculation based on the specific experLcental geome- 

Zig. 8. Fractioml power in diffraction t r j  of the beam exparder, (Figure 9b), indicates t k a t  
liinited beam versus a) radius of beam a t  the divergence varies f m  0.17 t o  O.i3 d U r a d i a n s  
Fourier glane nomdized t o  f i r s t  ninioa, depeMUng on the size of the ournut beam that is used. 
0 )  actual ,-adius in  r'owier plane for A userul beam block is  shown in F-e 10. It con- 
633311 1Wit and 20(3mn focal length lens, s i s t s  of a 6 . 2  mil diuneter metallic sphere susperBed 
and c )  act.& scattsring angle in mllli- on a 1 mil dianeter .wire. The sphere Is p o s i t i o ~ ~  
radians. using a precision X-'I-Z tmrlslatizn stage. The sphere 

blocks roughly 98% of the focused dif-*-ction l i i i t e d  
specular lwt, and dl the light scattered by less 

.- - .  
L than .38 mrad. For the system used in this study the 

SPATIAL FILER maximum scatter+- angle detected was 83 rrjlIlmm 
IUUIII PINHOW and the photocat.hcde size of the ,DM tube was t3e 1Mt- 

lng dimension. The lens diameter was large emugh so 
it did not 1Mt the systm b&ddth. 

A.smmqj of the system limitations for an,ghr ac- 
ceptance range ard spit- frequency bardwidth are 
shcwn in Table 1. Values are  shorn for the 3'4 tube 
used tdthoui; a bean block F! the Fourier tzwnsfom 
a lme  and id th  a 6 . M l  beam block. The sys tm dinen- 
sions tkat actually E m i t  the system badw5dth are 
also identW~ed . 

/.-- It is  Lior tan t  t o  note that the s y s t a  is insemi- 
t ive t o  m i s w e n t  of parallel faced samples when 
used i n  the t~ansnission mode. Thls makes s ~ l e  
alignment mn-critical.  For iraterials with parallel 

. . .  faces over the extent or' the optical beam, the input 
;ind output beams wiU p m g w t e  i n  the same Wectlori. 

Fig. 9. Gecmetv of beam expander. If the beam is ;?ot orthogonal t o  the sample's surface, 
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offset sllgM1.y f r an the  input beam but they will both focus at the same locationdin 
they str ike tfE lens a t  the same angle. Samples with non-parallel faces w i l l  give 

r i s e  t o  anqular beam deflections and subsequent deviation at the Fourier plane. 

Fig. 10. F'hotowph of beam block used In eme.rh?nt showing a )  wlre support, and b) enJ. view of block. 

Table 1. Werimental O p t i c a l  Systen Constraints 
FT4 tube (witbut beam block) tube (with 6.2 rnil beam block) 

.4nqular Acceptance hnge (at-) 0 - 83 
a3tia.l  Frequency Pardwidth 0.058 - i31 

(Unes/mn) 
Ilmitlng Factor (Iawg bud edge) Beam diameter 

(Upper edge) PM tube aperture 
Sample Feature Dimensional Range 0.30 - 680 

Bsamblockdiamcte!r 
R4 tube aperture 
0.30 - 65.5 

Conclusions 

h h s t r m e n t  has been assembled and tested to evaluate the scattering pmpertles of optical materials us- 
ing a spatial f i l te r  (circular beam block) in tha Fourier tzansfom plane and an Integrating detect= (FM 
tube). The instnnnent Fas demnstrated sufficiently high sensitivity t o  be useful in the exadration am3 
ranking of glass samples. In fact, the sensitivity of the instrument is sufflLcient to detect Mividual scat- 
ter center resulting frcan dust particles cn the sample surface. A - survey of glass and plastic 
materials l d l c a t e s  that b e t t s r  plastics scatter mre than 50 times the a~)unt .of  light scattered by clean 
@ass. One advantage of this type of ins- for  evaluatins the s p e c M t y  of transolittw merials is 
tkt it is relatively insensitive to sauple dllgnnent. Zhe ins- is especially us- in screerdng or  
ranldnq ngterials based on their intrinsic specularity, but because of the integrating nalxre of the detector, 
it does not provide infomation of the anisotmpy of the scattered light. Therefore it can not be used t o  
deduce the scattering functions for  different materials. 

The lnstnrment deslgn is compact arxl siaple, and should therefore be adaptable t o  the evaluation of specu- 
l a r i ty  In t k e  fleld. The basic systen design is also capable of imreased barrlwidth p e r f m e  by us- a 
l a ze r  beam diameter t o  em ngterlals with larger structure. A similar system is now being constructed 
which Inmrpwtes  a 4 b h  dlawtes beam. 

The authors would llke t o  ackmwledge B. P. Hi3debrard ard F. R. Relch far their helpfbl suggestions and 
contributions. 
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