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S UMMAR Y 

Fo rward -sca t te red   l i gh t   can   p rov ide  a measure o f   p a r t i c l e   d i a m e t e r  when 
the  d iameter  i s  much g r e a t e r   t h a n   t h e   w a v e l e n g t h   o f   r a d i a t i o n .  The l i g h t  
s c a t t e r e d   b y  one o r  more p a r t i c l e s   i n  a t e s t   s e c t i o n  was shown by  exper iment 
and a n a l y s i s   t o   b e   a f f e c t e d   b y   e x t r a n e o u s   l i g h t   f r o m  a  number of  sources. 
Methods o f   m i n i m i z i n g   t h e   e x t r a n e o u s   l i g h t   a r e   p r e s e n t e d   f o r   a p p l i c a t i o n   t o  
inst rument   des ign.  Two t ypes   o f   i ns t rumen t   a re   desc r ibed  and  compared. 

INTRODUCTION 

The performance and p o l l u t a n t   e m i s s i o n   o f  a gas tu rb ine   combustor  i s  
s i g n i f i c a n t l y  dependent   on  the  d iameter   o f   the  fue l   par t ic les  sprayed  f rom 
t h e   f u e l   n o z z l e .  When t h e   p a r t i c l e   d i a m e t e r   i s  much g r e a t e r   t h a n   t h e  wave- 
l e n g t h   o f   r a d i a t i o n ,   t h e   d i a m e t e r   c a n   b e   i n f e r r e d   f r o m   t h e   a n g u l a r   d i s t r i b u -  
t i o n   o f   l i g h t   s c a t t e r e d   i n   t h e   f o r w a r d   d i r e c t i o n   f r o m  a nar row,   co l l imated  
beam. 

Reference 1 shows t h a t  a u s e f u l  measure o f   p a r t i c l e   d i a m e t e r   i s   d e r i v -  
a b l e   f r o m   t h e  shape o f   t h e   c e n t e r   l o b e   o f   t h e   i n t e n s i t y   d i s t r i b u t i o n   o f  
f o r w a r d - s c a t t e r e d   r a d i a t i o n .  The i n t e n s i t y  may be ca lcu la ted   by   the   Fraun-  
h o f e r   d i f f r a c t i o n   f o r m u l a   i n s t e a d  o f  t h e  more exact   Mie  formula.   A l though 
t h e r e   i s  a subs tan t i a l   d i sc repancy  between the  two  formulas i n   t h e   c a l c u l a -  
t i o n   o f   a b s o l u t e   i n t e n s i t y  when the   par t i c le   d iameter   approaches  the  wave- 
l e n g t h  of r a d i a t i o n ,   t h e   a b s o l u t e   v a l u e  o f  i n t e n s i t y   c a n   b e   e l i m i n a t e d   b y  
m e a s u r i n g   t h e   r a t i o  o f  i n t e n s i t i e s  a t  two   f i xed   sca t te r i ng   ang les .  The 
lower limit of   measurab le   par t i c le   d iameter   then becomes o f   t h e   o r d e r   o f   t h e  
wave leng th   o f   t he   rad ia t i on .  The upper limit of   measurab le   pa r t i c l e   d iamete r  
i s   s e t   b y   t h e   i n c r e a s i n g   d i f f i c u l t y   o f   m e a s u r i n g   i n t e n s i t i e s  as the   angu lar  
w i d t h   o f   t h e   c e n t e r   l o b e  becomes s m a l l e r   f o r  a la rger   d iameter .  The method 
was s t u d i e d   i n   r e f e r e n c e  2, and an ins t rument  was b u i l t   ( r e f .  3)  t h a t  meas- 
u r e s   s i n g l e   p a r t i c l e s .   F o r w a r d   s c a t t e r i n g   i n   t h e   c e n t e r   l o b e   i s  shown i n  
references 4 t o  6 t o  determine  the  Sauter mean d i a m e t e r   o f  a p o l y d i s p e r s i o n  
o f   p a r t i c l e s .  

Another  method ( r e f .  7 )  t o  be  considered  measures  the  angles, one f i x e d  
and  one v a r i a b l e ,  where t h e r e   e x i s t s  a f i x e d   r a t i o   o f   t w o   i n t e n s i t i e s .   B o t h  
methods  are  compared h e r e i n   f o r   a p p l i c a t i o n   t o   i n s t r u m e n t   d e s i g n .  The anal- 
y s i s  will assume monochromat ic   rad ia t ion ,   s ince ,   in   p resent -day   p rac t ice ,  a 
l a s e r   i s   i n v a r i a b l y   c h o s e n  as t h e   r a d i a t i o n   s o u r c e .  The pa r t i c l e -d iamete r  
r a n g e   o f   p a r t i c u l a r   i n t e r e s t   i s  10 t o  100 micrometers. The f o l l o w i n g  meas- 
urement   er rors  will be  cons idered,   together   w i th   techn iques   o f   reduc ing   the  
magnitude o f   t h e   e r r o r :  

(1) L i g h t   d i f f r a c t e d   b y   t h e   t e s t   s e c t i o n   a p e r t u r e   u n d e s i r a b l y  adds t o  
t h e   l i g h t   s c a t t e r e d   b y   t h e   p a r t i c l e s   t h e m s e l v e s .   T h i s   u n d e s i r a b l e   l i g h t   c a n  
b e   i n t e r c e p t e d   b y   s p a t i a l   f i l t e r s   o r   r e d u c e d   b y   a p o d i z a t i o n .  

and t h u s   s u p e r i m p o s e s   s p e c k l e   o n   t h e   i n t e n s i t y   p a t t e r n   t h a t   i s  measured. 
I n t e g r a t i o n ,   e i t h e r   t e m p o r a l   o r   s p a t i a l ,   c a n   r e d u c e   t h i s   e f f e c t  on t h e  meas- 
urement. 

( 3 )  R e f r a c t i o n   b y   t u r b u l e n t  gas i n   t h e   t e s t   s e c t i o n   c a n   b r o a d e n   t h e  
image o f  a po in t   source .   Th is   p rob lem  can  be   t rea ted   by   the  same techniques 
t h a t   a r e  used t o   c o r r e c t   f o r  a sou rce   o f   l a rge r   d iamete r .  

( 4 )  E r r o r   o f   i n t e n s i t y  measurement r e s u l t s  i n  p a r t i c l e   s i z i n g   e r r o r  
even when one  measures t h e   r a t i o   o f   i n t e n s i t i e s   a t   t w o   a n g l e s   o f  measurement. 
The s e l e c t i o n   o f  opt imum  angles  can  reduce  the  resul tant   er ror .  

( 2 )  A coherent   laser   source  produces  in ter ference o f  s c a t t e r e d   l i g h t  
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( 5 )  Some e r r o r   i s   i n t r o d u c e d   b y   n e g l e c t i n g   p r o c e s s e s   o t h e r   t h a n   F r a u n -  
h o f e r   d i f f r a c t i o n .  These a d d i t i o n a l   p r o c e s s e s   a r e   i n c l u d e d   i n   t h e   a n a l y s i s  
by  Mie. An i n d i c a t i o n  will b e   g i v e n   o f   t h e   m a g n i t u d e s   o f   t h e   d i f f e r e n c e s  
between  the  two  t reatments.  

SYMBOLS 

A 
A '  
B 
B '  
C 
D 
D32 

f 
F 1  SF2 

G 
H 
I 
J1 
K 
N 
P 
Y 
a 
&A 
e 
x 
T 

t e s t   s e c t i o n   a p e r t u r e  
image  of A 
image p lane a t  f o c a l   l e n g t h  f ( f i g .  4 ( a ) )  
image o f  B 

d i a m e t e r   o f   p a r t i c l e   o r   a p e r t u r e  
Sauter mean d i a m e t e r   o f   p a r t i c l e s  
e r r o r   r a t i o   f a c t o r s  
f o c a l   l e n g t h   o f   o b j e c t i v e   l e n s   ( f i g .   1 )  
i n t e n s i t y   g a i n   f a c t o r   w i t h  many p a r t i c l e s  
i r r a d i a n c e  
l i g h t   i n t e n s i t y  
f i r s t - o r d e r   B e s s e l   f u n c t i o n  
s c a t t e r i n g   c o e f f i c i e n t   o f  one p a r t i c l e  
number o f   p a r t i c l e s  
r a d i a n t  power 
ray displacement a t  f o c a l   l e n g t h  f ( f i g .  1) 
p a r t i c l e   s i z e   p a r a m e t e r ,  r D / x  
d e t e c t o r   a r e a   ( f i g .   1 )  
ray d e v i a t i o n   a n g l e   a t   f o c a l   l e n g t h  f ( f i g .   1 )  
w a v e l e n g t h   o f   r a d i a t i o n  
t r a n s m i s s i o n   f a c t o r   o f   p a r t i c l e s  

0 . 5 7 s / ~  

Subscr ip ts :  

b 1 i g h t  beam 
h v e r t i c a l   a x i s   o f   e l l i p s e  
P p a r t i c l e  
W h o r i z o n t a l   a x i s   o f   e l l i p s e  
0 a t  angle e = 0 
112 a t  h a l f   o f  maximum ampl i tude 
1 a t  smal le r   ang le  e o f  measurement 
2 a t  l a rge r   ang le  e o f  measurement 
3 angle  measured  by  scanning  system  (eq.  (16) ) 

SCATTERING ANALYSIS 

A n g u l a r   D i s t r i b u t i o n   o f   F o r w a r d   S c a t t e r e d   L i g h t  

An o p t i c a l   s y s t e m   ( d e s c r i b e d   i n   r e f s .  4 and 8) f o r  measur ing   the   rad ian t  
f l u x  a t  any   sma l l   ang le   o f   f o rward   sca t te r i ng   i s  shown i n   f i g u r e  1. L i g h t  
f rom a p o i n t   s o u r c e   i s   c o l l i m a t e d   b y  a lens ,   passes   th rough  the   tes t   sec t ion ,  
and i s   t h e n   f o c u s e d   t o  a p o i n t   i n   t h e   f o c a l   p l a n e   b y  an o b j e c t i v e   l e n s .  
L i g h t   s c a t t e r e d  anywhere i n   t h e   t e s t   s e c t i o n  a t  an angle e i n t e r s e c t s  
the   f oca l   p lane  a t  a d i s tance  y f r o m   t h e   f o c a l   p o i n t .  Thus, 
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d o l l i m a t i n g   l e n s  
\ 
\ rObjective lens 

\ rTest section ' r M ', Aperture7 \ 
\ \  I 

c 

Source 

Figure 1. - Optical system. 

f o r  y / f  << 1, where f i s   t h e   l e n s   f o c a l   l e n g t h .  A t  the   foca l   p lane,  a 
d e t e c t o r   w i t h   a r e a  & A  subtends a cone  w i th  apex a t  t h e   l e n s  and w i t h   i t s  
a x i s   i n   d i r e c t i o n  e. The r a d i a n t  power rece ived   by   t he   a rea  s A  de ter -  
m ines   t he   i r rad iance  as H = P / s A ,  power/area. The i n t e n s i t y   i n   d i r e c t i o n  
e i s  I = P f 2 / s A ,  power/s teradian.  Thus, t h e   i n t e n s i t y  and i r r a d i a n c e  
a r e   r e l a t e d   b y   o n l y  a cons tan t  as 

I H = -  

f2 

T h i s   c o n v e r s i o n   i s   u s e f u l  when c a l c u l a t i n g   t h e  power a v a i l a b l e   t o  a d e t e c t o r  
a t  a g i v e n   i n t e n s i t y .  

l i g h t   i n   t h e   c e n t e r   l o b e   i s  due p r i n c i p a l l y   t o   F r a u n h o f e r   d i f f r a c t i o n   r a t h e r  
t h a n   t o   t h e   a d d i t i o n a l   p r o c e s s e s   o f   r e f l e c t i o n  and abso rp t i on   t ha t   a re   i n -  
c l u d e d   i n   M i e ' s   a n a l y s i s .  

U s e f u l   a p p r o x i m a t i o n s   f o r   t h e   i n t e n s i t y   d i s t r i b u t i o n   o f   f o r w a r d -  
s c a t t e r e d   l i g h t   i n   t h e   c e n t e r   l o b e   ( t h e   l o b e   w i t h  maximum i n t e n s i t y  a t  e = 0 )  
a r e   p l o t t e d   i n   f i g u r e  2 .  The o r d i n a t e   i s   t h e   i n t e n s i t y   a t  a s c a t t e r i n g   a n g l e  
e d i v i d e d   b y   t h e   i n t e n s i t y   a t  e = 0, t h e   d i r e c t i o n   o f   t h e   i n c i d e n t   l i g h t .  
The abscissa i s  a beam-spread parameter a8 where t h e   p a r t i c l e   s i z e   p a r a -  
meter i s  

When m e a s u r i n g   p a r t i c l e s   l a r g e r   t h a n  10 micrometers i n  d iameter ,   the 

7lD a = -  x 

w i t h   p a r t i c l e   d i a m e t e r  D and  wavelength x. 
( r e f .  1) as 

The c u r v e   f o r  a monodispersion i s   g i v e n   b y   F r a u n h o f e r   d i f f r a c t i o n  

where J1 i s   t h e   f i r s t - o r d e r   B e s s e l   f u n c t i o n .   F o r  e < 20° ,  s i n  e may 
be rep laced   by  e i n   r a d i a n s .  

mean diameter 032. This   d iameter  i s   t h e   r a t i o   o f   t o t a l   p a r t i c l e  volume t o  
t o t a l   p a r t i c l e   s u r f a c e   a r e a .  The  curves  were  derived i n   r e f e r e n c e s  4 and 5 
us ing   t he   monod ispe rse   f unc t i on   w i th  a w i d e   v a r i e t y   o f   p a r t i c l e - d i a m e t e r  
d i s t r i b u t i o n s   i n   w h i c h   n o   p a r t i c l e s   e x i s t   w i t h  a d iamete r   l a rge r   t han  ap- 
p rox imate ly   ten   t imes  the   Sauter  mean diameter. 

The two   cu rves   f o r  a p o l y d i s p e r s i o n   o f   p a r t i c l e s   a r e  based  on the   Sauter  
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Square of beam spread  parameter, 

Figure 2 - Distr ibut ion of forward-scattered  light.  (Ray  deviation  angle e in 
radians. 1 

The Gaussian curve is  a  good approximation to the other  curves, and  it 
is  a  good  approximation to the curve  found in reference 6 to best  represent 
the intensity  distribution of light  scattered by fuel  spray.  At ae > 3 ,  
all curves in figure 2 agree  with  each  other  within 5 percent of full scale. 

Diffraction  by  Test-Section  Aperture 

The intensity  distribution  described by the  Fraunhofer  diffraction 
equation (4) applies both to the  spray  particles and to the test-section 
aperture. The diffraction by the  aperture is often  ignored  or  not  realized 
to exist. The test  methods used in references 9 and 10 eliminate the effects 
of diffraction by the aperture as  well  as the  effects of other  sources  of 
interfering  light. 

ticle  diameter, the aperture  produces  more  scattered flux than  a small number 
of particles. This  flux  has  a  strong  effect  on the resultant  intensity dis- 
tribution  as  measured. 

Because  the  test-section  aperture  diameter  is  much  greater  than  a  par- 

The Fraunhofer  equation  gives  the  intensity as 
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I(e) =- 
16n 2 

where H is  the  irradiance  of a plane  wave  of  radiation  at  the  aperture. 
The Bessel function J1 has  peak  values,  the  first one beginning at 

ae = 1.84, that  are  closely  approximated  by an asymptotic  formula  (ref. 11): 

Equation (6), with  the  cosine  factor  replaced by unity  (its  maximum  possible 
value),  is substituted in equation (5) to yield  an  approximate  envelope of 
the  intensity  peaks  for ae > 1.84. Along  this  envelope, for ae - > 1.84, 

Figure 3 shows a relative  intensity I(e,D)/I(O,Do) for a circular 
aperture  or  circular  particle  as a function  of  angle e and diameter D 
(Do = 10 000 pm, A = 1 pm). For  clarity,  the  intensity at e and D 
has  been  arbitrarily  divided by the  intensity at e = 0 and D = Do. 
The  curves  are  solid up to  the  point  where  the  principal  lobe  has  its 
minimum; the  dashed  portion  of  the  curves  represents  the  envelopes  of  the 

particle or aperture 
diameter, 0, pm 

I t 

l0-l21 

I 101 

\ 
\ 

. .  
\ 

Ray deviation  angle, 0. deg 
Figure 3. -Envelope of relative-intensity peaks of Fraunhofer diffraction. Wave- 

ray deviation angle 0 - 8. 
length of radiation, A, lmicrometer;  particle  diameter, Ob 10 micrometers a t  
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second  and  higher  lobes,  and  it  is  important  when  considering  the  possible 
effect of aperture  diffraction.  For a @  > 1.84, the intensity  has  been 
computed by equation (7). For ae < 1.84, the  intensity  has been  computed 
by  equation (5). At a8 = 1.84, the  two formulas  yield the same  numerical 
value  within 2 percent. 

urements, one makes  measurements in that  part  of the center  scattering  lobe 
which  corresponds to the knee  of the  curves.  For a single  particle  and a 
circular  aperture, figure 3 shows  that  at  the knee  of the curve  for  a parti- 
cle  the ratio of intensities  due  to the aperture and t o  the  particle  is 
equal to the  ratio of their  respective  diameters. This undesirably  large 
ratio  can  be  reduced by the following: 

(1) A noncircular  aperture  can  reduce  the  radiation  intensity  due to 

(2)  Where  the  particle  density  is  under the experimenter’s  control, 

To determine  particle size solely  from  the  ratio of two  intensity  meas- 

the aperture in one direction. 

many  particles  can  be  added to the  test  section to increase  the  intensity 
due  to  the  particles and to reduce  the  intensity due  to the  aperture. 

light  diffracted from the aperture. 
(3) Image  processing by spatial  filtering  can  reduce  the  intensity of 

Reduction o f  Influence  of Test Section  Aperture 

The intensity of scattered  light  from  the  particles and from  the  aper- 
ture will  be derived to show  how to minimize the aperture-scattered  light. 

Apodization. - A noncircular  aperture  can  redistribute  the  light in- 
tensity so that it is less in some  directions. This modification,  called 
aperture  apodization,  is  treated in reference 12. Apodization  can  also  be 
produced  by  modifying the radial  intensity  distribution  over  the  aperture s o  
that  the  intensity falls off  with  radius.  This  attenuation  is  to  some  degree 
inherent  in  the  light from a laser  source. For  measurement  applications 
this  technique  has  the  disadvantage  of  weighting the scattered  light  from a 
particle  according to its  position in the  field of view. 

Noncircular  apertur-e. - To provide an example  of  aperture  apodization, 
an  elliptical  aperture-i~s  considered. The ellipse  has an  axial  width w 
and an  axial  height h. For  convenience,  define the ratios 

sh 
Oh - x I - -  

The Fraunhofer  equation  for  the  ellipse  gives  the  intensity  along  the w 
axis  as 

where H is  the  irradiance of  a plane  wave  of  radiation at the aperture. 

in equation (9) to  yield an approximate  envelope of  the intensity  peaks  along 
the w axis for awew > 1.84. Along this envelope, for aweW 1. 1.84, 

Equation ( 6 ) ,  with  the  cosine  factor  replaced by unity,  is  substituted 
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Elliptical  apertures of constant  area  have swab constant.  Thus, 
an intensity  reduction in equation (9) exists  only w en the quantity in 
square brackets is  reduced.  Equation (10) with aWah 7 constant thus 
shows that if  an ellipse  has a ratio a / a  = 10 the intensity in the 
w-direction  is  reduced by a factor of l&% and the intensity in the 
h-direction  is  increased  by a factor 1 0 m  relative to the intensity  that 
would  be  produced  by a circular aperture of the same area. An elliptical 
aperture  may  therefore  be  useful  when its shape approximates the spray  cross 
section to be  measured.  However,  when the flux is measured  with an annular 
aperture  at the detector,  there is  no gain to using an elliptical  test- 
section  aperture  unless the annular  aperture  can be  masked so that  radiation 
is  received  principally in two  diagonally  opposite  quadrants.  For  particles 
of nonspherical  shape, using a full  annular  aperture  may  be  desirable in 
order to give an average-diameter  measurement. 

and 14 requires  reimaging the diffraction  image  plane in figure 1, as shown 
in figure 4(a). The test-section  aperture A is  reimaged to A',  and the 
diffraction  image  plane B is  reimaged to B ' .  

focused  at B. Most  of the flux  lies  within the diameter  of the first few 
rings of the Airy  diffraction  pattern  when the optics  are  diffraction 
limited. A stop  at B intercepts  this  flux. The flux  that passed the stop 
was principally the flux  diffracted  near the edge of A where the angle  of 
diffraction  is  greatest. The image of A at A' thus  has the greatest 
intensity at the edge  of A'. The stop at A' is smaller  than  the  diam- 
eter A' and blocks  most  of the diffracted light. Thus, at the final 
image, B '  is an image  of the stop  at B with a very  low  level o irradiance 
surrounding it. Reference 13 showed a reduction to less  than 10- of the 
irradiance at B. The light  diffracted by a particle in the  test  section 
at A is  imaged  at B and  then  reimaged  at B '  with  no  change of irradi- 
ance distribution  except for  a dark spot  that is the image  of the stop at B. 

ing on the irradiance  distributions  with and without  particles. The image 

Spatial  filtering. - Spatial  filtering  as  described in references 13 

Let the spray particles  be  absent. A plane  wave  incident  on A is 

5 

The photographs in figure 4( b) i 1 lustrate the effect  of  spatial  filter- 

Test 
section -, 

1 

F A  diam- -1 -1 F S t o p  Lk StopT1_1 B' 
eter A' diam 

eter 

(a)  Intensity  distribution  along  optical  path  without  particles in test section. 

Figure 4. - Spatial  filter. 
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(b) Diffraction patterns to illustrate spatial filtering. 

Figure 4. - Concluded. 
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p l a n e s   o f   f i g u r e   4 (   a )   a r e  shown. Both  p inholes and do ts   a re   represented .  
The p inho les   p rov ide  a means o f   p r e s e n t i n g   t h e   d i f f r a c t e d   l i g h t   p r o d u c e d   b y  
p a r t i c l e s   w i t h o u t   t h e   p r e s e n c e  o f  d i f f r a c t e d   l i g h t  f r o m  the   ape r tu re .  Where 
s p l i t  images a re  shown, they   rep resen t   t he  same image a t  two d i f f e r e n t  ex- 
posures. The upper image, a t  shor te r   exposure ,   revea ls   more   de ta i l   o f   the  
cen t ra l   l obe .  The lower  image, a t   longer   exposure ,   revea ls  more d e t a i l  of 
the  outer ,   second  lobe.   Par t ic les  were  s imulated  by a photograph on  a g lass  
p l a t e   o f  an a r r a y   o f   h o l e s   i n  a metal  sheet. The holes  were  located a t  ran- 
domly  generated  coordinates.  Pinholes  were  produced  by  photographing a 
f ront- l ighted  metal   sheet  painted  whi te.   Dots  were  produced  by  photographing 
the  sheet  when it was back l igh ted .  The f i n a l  images  on the   photograph ic  
p l a t e  were made about 300 micrometers i n  diameter i n   o r d e r   t o  produce a 
n a r r o w - a n g l e ,   h i g h - i n t e n s i t y   d i f f r a c t i o n   l o b e  and t o   r e d u c e   t h e   e f f e c t   o f  
s c a t t e r i n g   b y   t h e   o p t i c a l   e l e m e n t s   o r ,   i n   t h e   c a s e   o f   d o t s ,   b y   t h e   e m u l s i o n  
o f   t h e   g l a s s   p l a t e .  

inverse,   dots .  The p inho les   g i ve   d i f f rac t i on   m in ima   i n   acco rdance   w i th  
equat ion   (4 ) .  The d o t s   g i v e   t h e  same p a t t e r n ,   b u t  i t  i s  masked b y   t h e  much 
g r e a t e r   i n t e n s i t y   o f   l i g h t  due t o   a p e r t u r e   d i f f r a c t i o n .   T h i s   b e h a v i o r   i s   i n  
agreement w i t h   t h e   g r a p h   o f   f i g u r e  3: t h e   r a t i o   o f   a p e r t u r e   d i a m e t e r   t o   d o t  
d iameter i s  50, and t h e r e   a r e  9 p a r t i c l e s .  The i n t e n s i t y   r a t i o  on t h e  
s l o p i n g   l i n e s   i n   f i g u r e  3 should  be 5 0 / 9  which i s  s u f f i c i e n t  t o  mask t h e  
minima o f   t h e   d i f f r a c t i o n   p a t t e r n  seen i n   t h e   f i r s t  row o f   f i g u r e   4 ( b ) .  

c e p t i n g   t h e   f l u x   d i f f r a c t e d   b y   t h e   a p e r t u r e .   W i t h  no g l a s s   p l a t e   i n   t h e  
t e s t   s e c t i o n ,   t h e   p i c t u r e   i n  row 3 shows t h a t   t h e   a p e r t u r e   d i f f r a c t i o n   i s  
c o n c e n t r a t e d   i n  a narrow zone centered on the   aper tu re  edge.  Lens  defects 
produce some i r r e g u l a r   s p o t s .   I n   r o w  4 the  annular  area  has  been  intercepted 
by a s top  p laced a t  A ' .  The d i f f r a c t i o n   p a t t e r n  a t  6 '  thereby  has much 
l o w e r   i n t e n s i t y .   W i t h   t h e   g l a s s   p l a t e   i n   t h e   t e s t   s e c t i o n ,   t h e   f i f t h  and 
s i x t h  rows show t h e   n i n e   d o t s  and many defects  of   the  emulsion. The d i f -  
f r a c t i o n   p a t t e r n  a t  6 '  i n  row 6, conlpared w i t h  row 1, shows recovery   o f  
t h e   d i f f r a c t i o n  minima, and a comparable i n t e n s i t y   i n   t h e   c e n t e r   d i f f r a c t i o n  
l o b e   i n   w h i c h  measurements  are made. 

Comparing  rows 2 and 5 shows t h e   e f f e c t   o f   t h e   s t o p  a t  B on the  image 
a t  B ' .  The l i g h t   s c a t t e r e d   b y   t h e   o p t i c s  between B and 6 '  appears i n  
row 2 a t  B '  as severa l   ghos t   images.   Th is   sca t te red   l igh t  i s  e l i m i n a t e d  
i n  row 5 by   t he   s top  a t  6. 

Aperture  roughness. - It i s   d e s i r a b l e   t h a t   t h e   a p e r t u r e   h a v e  a smooth 
edge. I f  the   tes t -sec t ion   aper tu re   has  a rough edge, a d d i t i o n a l   s c a t t e r e d  
r a d i a t i o n   i s  produced. The r e s u l t   i s   e x t r a n e o u s   s c a t t e r e d   l i g h t .   S e r r a t e d  
and ragged  aperture edges  were shown i n   r e f e r e n c e  15 t o  produce  undesired 
s c a t t e r e d   l i g h t .  It i s  t h e r e f o r e   a l s o   i m p o r t a n t   t h a t   t h e   t e s t   s e c t i o n   a p e r -  
t u r e   i s   n o t   v i g n e t t e d   b y   p a r t s   o f   t h e   t e s t   s e c t i o n ,  such as t h e  window  frame. 

I n c r e a s i n g   t h e  number o f   p a r t i c l e s .  - The i n t e n s i t y   i s   p r o p o r t i o n a l   t o  
t h e  number o f  p a r t i c l e s .  As t h e  number increases, more o f   t h e   i n c i d e n t   l i g h t  
i s   i n t e r c e p t e d   b y   t h e   p a r t i c l e s ,  and, assuming t h e   p a r t i c l e s   a r e   u n i f o r m l y  
d i s t r i b u t e d   o v e r   t h e   a p e r t u r e ,   t h e   i n t e n s i t y   o f   t h e   a p e r t u r e - d i f f r a c t e d   l i g h t  
i s  r e d u c e d ;   t h u s ,   t h e   t r a n s m i s s i o n   f a c t o r   f o r   t h e   i n c i d e n t   l i g h t  becomes 
smal l   e r  . 
an increase i n   t h e  number o f   p a r t i c l e s  may be  advantageous.  Hodever, i n   t h e  
extreme, m u l t i p l e   s c a t t e r i n g   b y   t h e   p a r t i c l e s   c a n   d i s t o r t   t h e   i n t e n s i t y   p r o -  
f i l e .  To a v o i d   d i s t o r t i o n ,   r e f e r e n c e  4 suggests a t r a n s m i s s i o n   f a c t o r   o f  
n o t   l e s s   t h a n  0.2 fo r   par t i c les   hav ing   20-mic rometer   d iameters .   Smal le r  

The f i r s t  two  rows o f   f i g u r e   4 ( b )  show d i f f r a c t i o n   b y   p i n h o l e s  and t h e i r  

The d i f f r a c t i o n   p a t t e r n  f r o m  t h e   p a r t i c l e s  can  be  recovered  by  inter-  

When t h e  number o f   p a r t i c l e s   i s  under   the   con t ro l   o f   the   exper imenter ,  

9 



p a r t i c l e s   h a v e  a l a r g e r   s c a t t e r   a n g l e  and r e q u i r e  a l a r g e r  limit t o   t h e  
t r a n s m i s s i o n   f a c t o r .  

c a n   i n d i c a t e   t h e   g a i n   i n   i n t e n s i t y  when an  unknown  number N o f   p a r t i c l e s  i s  
present.  I f  N p a r t i c l e s   o f   d i a m e t e r  D a r e   d i s t r i b u t e d   i n  a t e s t  sec- 
t i o n   o f   d i a m e t e r  Db, t h e   t r a n s m i s s i o n   f a E t o r   ( r e f .  8 )  i s  

S i n c e   t h e   t r a n s m i s s i o n   f a c t o r   i s   r e l a t e d   t o   t h e  number o f   p a r t i c l e s ,  i t  

where K i s   t h e   s c a t t e r i n g   c o e f f i c i e n t   o f  a p a r t i c l e ,   e q u a l   t o  2 f o r  a par- 
t i c l e   l a r g e r   t h a n   t h e   w a v e l e n g t h .  When K = 2 ,  t h e   f l u x   i n t e r c e p t e d   b y   t h e  
cross-sect ional   area i s   s c a t t e r e d   b y   r e f l e c t i o n  and r e f r a c t i o n   t h r o u g h   t h e  
p a r t i c l e ,  and an equal amount o f   f l u x   i s   F r a u n h o f e r   d i f f r a c t e d  on pass ing  
o u t s i d e   t h e   p a r t i c l e .  Thus, t h e   d i f f r a c t e d   r a d i a t i o n   f r o m  N p a r t i c l e s   i s  
equal t o  o n e - h a l f   t h e   f l u x  removed f r o m   t h e  beam, which i s  a f r a c t i o n  
[l - T ( N ) ] / ~   o f   t h e   i n c i d e n t   l i g h t .  The g a i n   o v e r   t h e   l i g h t   i n t e n s i t y  
f r o m   o n e   p a r t i c l e   i s   t h u s  

- 
=-$(I - T(N) ]  1 

1 - T(1) 

where T ( 1 )   i s   n e a r   u n i t y  so t h a t   t h e   f i r s t  two  terms o f   t h e   s e r i e s   a p p r o x -  
i m a t i o n   o f  T are  adequate t o   r e p l a c e   t h e   d e n o m i n a t o r   o f   e q u a t i o n   ( 1 2 ) ,  
and K has  been s e t   e q u a l   t o  2. 

t r a n s m i s s i o n   f a c t o r   T ( N ) .  Thus, t h e   o v e r a l l   e f f e c t i v e   g a i n   i n   i n t e n s i t y  
i s   t h e   g a i n   i n   e q u a t i o n   ( 1 2 )   t i m e s   ~ / T ( N ) :  

The i n t e n s i t y   p r o d u c e d   b y   t h e   t e s t   s e c t i o n   a p e r t u r e   i s   r e d u c e d   b y   t h e  

When T = 0.5, t h e   f a c t o r  (1 - T ) / T  = 1. For  example, if T = 0.5, 
t h e  beam diameter i s  1 cm = 10 4 micrometers ,   and  the   par t i c le   d iameter  
i s  100  micrometers, t h   r e   a r e  3500 p a r t i c l e s  and equat ion   (13)   g ives  an i n -  
t e n s i t y   g a i n  G of  10 t . The r e l a t i v e   i n t e n s i t y   d i s t r i b u t i o n   f o r   t h e s e  
c o n d i t i o n s   i s  shown as a d o t t e d   l i n e   i n   f i g u r e  3. A t  p o i n t  Q, t h e   r e l a t i v e  
i n t e n s i t i e s   o f   r a d i a t i o n   f r o m   t h e   p a r t i c l e  and f rom  the   ape r tu re   a re   equa l  
t o  each o the r .  

I n t e r f e r e n c e   o f   S c a t t e r e d   L i g h t  

The c u r v e s   o f   f i g u r e  2 assume t h a t   t h e   l i g h t   f r o m  many p a r t i c l e s   i s   t h e  
sum o f   t h e   l i g h t   f r o m   i n d i v i d u a l   p a r t i c l e s .  The a c t u a l   i n t e n s i t y   i s  depen- 
d e n t   o n   t h e   s p a t i a l   d i s t r i b u t i o n  of t h e   p a r t i c l e s  and t h e   r e s u l t i n g   i n t e r -  
f e r e n c e   o f   l i g h t   s c a t t e r e d   f r o m   s e v e r a l   p a r t i c l e s .   T h i s   i n t e r f e r e n c e   i s  
most  pronounced w i t h  a monod ispers ion   o f  a smal l  number o f   p a r t i c l e s .   F o r  
example,  see f i gu re   4 (b ) ,   row  1. The i n t e r f e r e n c e  when t h e r e   a r e   p a r t i c l e  
a r r a y s   i s   a n a l y z e d   i n   r e f e r e n c e s  16 t o  18. When t h e  number o f   p a r t i c l e s   i s  
l a r g e ,   t h e   e f f e c t   o f   i n t e r f e r e n c e  on t h e   p a t t e r n  becomes n e g l i g i b l e .  How- 
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Equivalent  distance  at  location B. mm 

Figure 5. - Irradiance  distribution  along  axis of image plane, showing 15  repetitive 
sans of moving 50-micrometer diameter particles.  Scanning  aperature.  0.4-milli- 
meter  diameter;  axial stop. 0.4-millimeter  diameter. 

ever,  the  speckle  caused by  laser  light  is  superimposed  on  the  average in- 
tensity  distribution.  This  speckle  is  also  shown in figure 4(b), row 1. 

To illustrate  the  effect  of  speckle,  50-micrometer-diameter  particles 
of latex  were  immersed in water and stirred t o  produce a slowly  changing 
particle  distribution. The intensity  distribution was recorded  along the 
path of a scanning  aperture for a number  of  repetitive  scans. The record, 
in figure 5, shows  that  each  curve  has a substantial  fluctuation  about a 
mean of all curves,  analogous to a record  of  noise  superposed  on a desired 
signal.  It  is  necessary  to  minimize the  noise and to recover  the  signal. 

stances  are  the  following: 
Techniques  that  would  reduce  the  intensity  fluctuation in some  circum- 

(1) Integration  over  the  spectral  bandwidth of  a nonmonochromatic  source 

( 2 )  Integration  over  an  annular  ring 
( 3 )  Integration  over  time,  as  evident  from  figure 5 

Integration (1) is  not  possible  with a laser  source,  which  is  generally 
used  because it can  deliver a much  greater  flux o the  detector  from a smal- 
ler  source  diameter. A helium-neon  laser  has 10 greater  brightness than 
a 2800 K tungsten  lamp  at a center  wavelength of 0.65 micrometer and a band- 
width  of 0.1 micrometer. 

Integration ( 2 )  can  be  done for a small  number  of  rings  as  applied to 
the method of  references 1 to 3. It  is not  feasible for  a scanning  system. 

Integration (3) i s  easily  done by a low-pass  signal  filter for the 
method  of  references 1 to 3. It  is  not  possible  with a simple  scanning 

to sum  independent  monochromatic  intensity  distributions 

s 
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aper tu re  and s i n g l e   d e t e c t o r .  Time i n t e g r a t i o n   c a n   b e  done b y   u s i n g  a 
cha rge -coup led   l i nea r   de tec to r   a r ray   o r  a t e l e v i s i o n  camera.  However, t hese  
d e t e c t o r s   a r e   l i m i t e d   i n  dynamic  range so t h a t  it may be d i f f i c u l t   t o  use 
them when t h e r e   i s  a w i d e   v a r i a t i o n   i n   i n t e n s i t y   o f   r a d i a t i o n   a t   t h e  
de tec tor .  

Gas Densi ty   Gradients  

The c o l l i m a t e d  beam i n   t h e   t e s t   s e c t i o n   i s   r e f r a c t e d  when there   a re   gas  
tempera tu re   g rad ien ts   o r   t u rbu lence .   Th i s   re f rac t i on   b roadens   t he   i r rad iance  
d i s t r i b u t i o n  a t  t h e  image p o i n t   o f   t h e   o b j e c t i v e   l e n s .   P o i n t - i m a g e   b r o a d -  
en ing  by  a tmospher ic   turbulence  has been e x t e n s i v e l y   s t u d i e d   f o r   i t s   e f f e c t  
on   as t ronomica l   t e lescope   reso lu t i on   ( re f .  19). C o r r e c t i o n   f o r   p o i n t - i m a g e  
broadening  caused  by  laboratory   generated  turbulence was s t u d i e d   i n   r e f e r -  
ence 20. These a p p l i c a t i o n s  were  concerned w i t h   t h e   c e n t r a l   p a r t   o f   t h e  
p o i n t  image t h a t   c o n t a i n s   m o s t   o f   t h e   t o t a l   f l u x ;   t h e   l o w - l e v e l   i r r a d i a n c e  
f a r t h e r  away f rom  the   cen te r  was n o t   s i g n i f i c a n t .  

F o r   p a r t i c l e   s i z i n g  where  low- level   i r rad iance i s   s i g n i f i c a n t ,  a t e s t  
was made w i th   ho t -a i r   t u rbu lence   p roduced   by  an e l e c t r i c   h e a t   g u n o t h a t   b l e w  
a i r   a t  a v e l o c i t y   o f  4 meters  per  second and a temperature o f  250 C above 
ambient  over a 3-centimeter-deep t e s t   s e c t i o n .  The r e l a t i v e   i r r a d i a n c e   d i s -  
t r i b u t i o n   f r o m  a p o i n t   s o u r c e   a t  a 0.63-micrometer  wavelength i s  shown i n  
f i g u r e  6 b e f o r e  and a f t e r   t h e   t u r b u l e n c e  was generated. The r e l a t i v e  ir- 

Ray deviation  angle, 8. deg 

Figure 6. -Image irradiance  distribution  with  and 
without  hot-air  turbulence  in test  section. 
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radiance  distribution  without  turbulence  is in agreement  with  figure 3 ,  which 
shows  a  reduction  with the cube of beam  spread  angle e at  large  angles. 
At  small angles  near the maximum  irradiance,  broadening  is  increased in pro- 
portion to the  spread  functions of lens  aberration and detector  aperture 
diameter.  When turbulence is added,  broadening at small angles  is  further 
increased by the presence of the turbulence  spread  function.  At  large 
angles, the irradiance  again  approaches  a  dropoff  with  the cube of the angle. 

The turbulence  also  broadens the irradiance  distribution  caused by  par- 
ticle diffraction. This broadening can be  estimated and corrected for.  For 
example, figure 2 shows  that,  at  a  wavelength of 0.65 micrometer,  a  particle 
with  a  100-micrometer  diameter  has an irradiance  distribution  whose  half- 
maximum  width  occurs  at  a ray deviation  angle 8112 of 0.170'. The experi- 
mental curve for the turbulent  condition in figure 6 shows  that  the  half- 
maximum  occurs at a ray deviation  angle of 0.028'. This represents the 
broadening  that  occurred in this  experiment. The resultant  value of e ~2 
is the square root of the  sum of the  squares  of the two  angles, or 0.17 h , 
which  represents  a  l-percent  error. 

focus of the objective  lens  must  be  increased in diameter to intercept most 
of the  flux  at the broadened  image  point so that  there is  no sharp  increase 
of  radiation  at  the  periphery  of  the  image of the stop. 

To apply  spatial  filtering  with  turbulence  present, the stop  at  the 

Extraneous  Light 

In experiments,  the  scattered  light to be  measured  is  combined  with 
extraneous  light from the instrument  components and from  the  test  section. 
For example,  the  instrument  with  perfect  optics and a  point  source  has the 
collimated  beam  diffracted  by the test  section  aperture. This diffracted 
light  is relatively  stronger  at small scatter  angles, as was shown in fig- 
ure 3. However,  scattering is  also  produced  by  optical  surfaces  that  can 
become  dirty  during  the  course of an experiment.  Test  section  turbulence 
was  shown in figure 6 also to increase the extraneous  light  at small scatter 
angles. 

Response to extraneous  light  was  eliminated in reference 9 by  rneasure- 
rnent with  two  known  concentrations  of  particles,  and in reference 10 with  a 
laser  heterodyne  apparatus  that  responded  only to particles in  motion.  It 
was  shown  that  extraneous  light  was  most  likely to be a  problem  at  small 
scatter angles. Thus, it  is desirable to use  a  measurement  method  that does 
not  require  measurement  of  scattered  light  at  small  angles. The two-angle 
methods  can  have  this  desirable  property. 

Comparison of Fraunhofer  Diffraction and Mie  Theory 

For  particle  sizing,  the  angular  distribution of scattered  light is 
approximated by Fraunhofer  diffraction. An error is caused by the  difference 
from  the  exact  distribution  given by the Mie theory. In reference 21 the 
error for a  monodispersion  with two fixed-angle  measurements  was  determined 
using the method of reference 1.  In reference 22 the  Fraunhofer  equation was 
better  modified to approximate  the  Mie  theory for application to particle 
size  distribution. 

for a  better  understanding of some limits to accuracy and the effect of a 
polydispersion.  Figure 7 shows  a  smoothed curve of the maximum  relative 
intensity  (at e = 0) as  given  by Mie's theory and the width,  28112, at 
one-half the maximum  intensity for water  particles in  air. The relative 

An explicit  comparison of Fraunhofer and Mie  scattering  is  given  herein 
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I 
100 

particle  size  parameter, a 

Figure 7. - Comparison of Fraunhofer  d i f f ract ion  wi th  Mie  formula.  
Refraction  index, 1.33. 

Ray deviation  angle, 0 

Figure 8. - Two-angle measuremen t  

intensity,  as  presented,  is  the  intensity  as  computed by the  Fraunhofer  for- 
mula  divided  by the  intensity  as  computed  by  the  Mie  theory.  The half- 
maximum  width  for  the  Mie  computation  was  determined  by  interpolating  between 
tabulated  values  of  intensity  distribution  with e for each  given a .  
The difference  between  the two curves for e at  half-maximum  is -22 percent 
near a = 10 (approximately  2-pm  particle  diameter  at x = 0.63 pm) and  less 
everywhere  else. A polydispersion  shows  smaller  differences  because  the  Mie 
curves  are  averaged  over  the  diameter  distribution. 
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Figure 9. - Particle  diameter by method 1. Ray deviation  angles, e, - 0.003 
radian, €9 - 0.006 radian:  wavelength of radiation, A, 0.6328  micrometer. 

MEASUREMENT OF SCATTERED LIGHT AT TWO  ANGLES 

D e s c r i p t i o n   o f   t h e  Two Methods 

I n   f i g u r e  8 t h e   l i g h t   s c a t t e r e d   b y   p a r t i c l e s  has i n t e n s i t i e s  10, 11, 
and I2 a t  angles e = 0, e and e . It i s  assumed t h a t   t h e r e   i s   n o  
ex t raneous   l i gh t   p resen t .  Using the   6auss ian   approx imat ion   o f   sca t te r ing  
( f i g .  2) g i v e s   t h e   r a t i o   o f   i n t e n s i t i e s  a t  two  angles  as 

12/11= exp[ - (0 .57nD/~)~(e ;  - e:)] (14) 

1: 

S o l v i n g   f o r   t h e   d i a m e t e r   g i v e s  
2 

D = - ( x / 0 . 5 7 ~ ) ~   1 n ( 1 2 / 1 1 ) / ( e 2  2 - el) 2 (15)  

Equat ion  (15) i s  a b a s i s   f o r   b o t h  methods. 

and I n   t h i s  method, the  -d i -ameter  U -1n equat ion (1 )T obta ined  t rom  the  meas- 
urement o f  12/11. Equat ion ( 1 5 )  i s   p l o t t e d   i n   f i g u r e  9 f o r  a t y p i c a l   s e t   o f  
v a l u e s   o f  q, 02, and A .  Curves  are shown f o r  a monodispersion  by 
F r a u n h o f e r   d i f f r a c t i o n ,  a po l yd i spe rs ion   by   t he   da ta   o f   re fe rence  5, and t h e  
Gaussian  approximation. I n   a l l  cases   the   usab le   range  o f  D is  l i m i t e d   a t  
l a r g e  and s m a l l   v a l u e s   b y   t h e   i n a c c u r a c y   o f   t h e   i n t e n s i t y  measurement. When 
the   d iameter  i s  s m a l l ,   t h e   f i x e d   a n g l e s  e l  and a r e   b o t h   s m a l l e r   t h a n  
they   shou ld   be   to   m in imize   ex t raneous  l igh t .   Th is   i sadvantage  o f   smal l  
angles  can  be  reduced  by  measuring a t  more  than  two  f ixed  angles and then   by  
s e l e c t i n g   t h e  most f a v o r a b l e   p a i r   f o r   c o m p u t a t i o n .  

f ixed  -angle e l  ( r e f .  g. - W i t h   t h i s  method the   d iameter  D i n  equa 10-15) 
depends  on t h e  measurement of 02. I n   t h i s  method, the   scann ing   ang le  i s  
increased  cont inuously   f rom an i n i t i a l   v a l u e  el. I n t e n s i t y  11 i s   f i r s t  

Method 1: Measurements a t   f i x e d   a n g l e s  e2 ( r e f s .  1 t o  3 ) .  - 

7 

Method  2:  Measurement o f  02 a t   c o n s t a n t   i n t e n s i t y   r a t i o   I 2 / I i .  and 

15 



Center of rotation 
of scanning  disk 
(ref. 7) \, 

/ / 

/ 

Scan 

Figure 10. - Off-axis scanning i n  image plane by method 2 

measured a t  a f i x e d   a n g l e  e l ,  and then, as scann ing   con t inues ,   t he   i n tens i t y  
drops u n t i l  i t  reaches a p r e s e t   r a t i o  12/11. A t  t h i s  t ime,   the  angle e2 i s  
measured. 

A scanning  path, as used i n   r e f e r e n c e  7, i s  shown i n   f i g u r e  10. The 
p a t h   i s   o f f   t h e   o p t i c a l   a x i s   b y  a d i s tance  subtending a f i x e d   a n g l e  
e 1  f r o m   t h e   o b j e c t i v e   l e n s .  The measured ang  e e3 has t h e   r e l a t i o n s h i p  fe! 

2 2 2  e 3  = e2 - e1 

S u b s t i t u t i n g   e q u a t i o n  ( 1 6 )  i n  equat ion (15)  g ives  

D 2 = -ln(12/Il)/C 2 2  e 3  

where C = 0.57r/x  and 12 < 11, so t h a t  D depends o n l y  on e3 and i s  
independent  of . Angle e l  i s   u s u a l l y   s e t ,   b y   a d j u s t m e n t   o f   t h e   o f f -  
a x i s   d i s t a n c e   o f  ? he  scanning  path, so as t o   m i n i m i z e   t h e   e f f e c t s   o f   e x t r a -  
neous 1 i ght  . 

Method 2 has t h e   d i s a d v a n t a g e   o f   n o t   i n t e g r a t i n g   t h e   i n t e n s i t y   o v e r  an 
a n n u l a r   r i n g  as may be  done w i t h  method 1. S ince   t he re  i s  a l s o   t h e   d i s -  
advantage t h a t  a r e   n o t  measured  simultaneously,  there i s  a 
f l u c t u a t i o n   i n   t h e   i n t e n s i  y r a t i o  on  successive  scans when I1 and 
I are  changing.  Time  integrat ion  can  be made o f   t h e   p r o c e s s e d   s i g n a l  
t 2 a t  i n d i c a t e s  03. I n  p r a c t i c e ,  a low-pass f i l t e r   t i m e   c o n s t a n t   o f  1 
second i s  adequate t o  produce an adequate ly   s teady   read ing   o f   the   ang le .  

I1 and IZ 

Accuracy o f  t h e  Two Methods 

D i f f e r e n t i a t i n g   e q u a t i o n   ( 1 5 )   g i v e s   t h e   e r r o r   i n  D c a u s e d   b y   e r r o r   i n  
i n t e n s i t y  measurement: 

16 



when e l  and e2 a r e  measured wi th n e g l i b l e   e r r o r .  Because t h e   v a r i o u s  
sources o f  ex t raneous   l i gh t   a re   i ndependen t  o f  I, we assume t h a t   t h e  random 
e r r o r   d I  o f  i 9 t e n s i t y   i s 2 c o n s t a n t  and n o t   d e p e n d y t  on I, and t h a t   t h e  
va r iances   (d I1 )  and (dI2)  are  each  equal  t o  ( d I )  . Then equat ion  (18) can 
be w r i t t e n  as 

dDlD I m o l  = 

Equat ion  (19)  i s   w r i t t e n   f o r  method 1 i n  te rms   o f  D and the   i ns t rumen t  
constants  e l  and e 2  as 

r -1 1 / 2  

where C I 0 . 5 7 ~ / x  and IO i s   t h e   i n t e n s i t y  a t  e = 0. 

constants  e l  and  12/11 as 
Equat ion  (19) i s   w r i t t e n   f o r  method 2 i n  terms o f  D and the   i ns t rumen t  

Equat ion (20) f o r  method 1 i s   p l o t t e d   i n   f i g u r e  11 f o r  e / e l  = 1.5, 2, and 3 
w i t h  el = 0.003; and f o r  e 2 / e 1  = 3 w i t h  el = 0.0015. f he  choice o f  t h e  

E l  4 0 

24 Ray deviation 
angle, 
81. 
deg 
0.003 I 

I " .0015 
Ray deviation 
angle, 82B1 I 

J 
/ 

I 

/ 

/ 

I I I I 
a0 40 60 80 100 120 140  160  180 

Particle  diameter, D, pm 

Figure  11. - Error   ra t io  of method 1 (eq. (20)).  Wavelength of radiation, A, 0.6328 micrometer. 
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Intensity  ratio, 12111 Particle  diameter, D, w n  
la)  Intensity  ratio term. 

(b)  Exponential term. 

Figure 12 - Error  ratio  factors  for  method 2 l eq .  (21)).  Ray deviation  angle, el, 0.003 radian;  wavelength of radiation, A, 0.6328 micrometer: error ratio, 
F1Fz'ldDlDl  /ldUIOl. 

values of 01 and 02/e  depends on the range of particle  diameters  that are 
of principal  interest.  Acceptably  small  inaccuracy in diameter  measurement 
is more  likely  to  be  achieved  where  the  error ratio ~(dD/D)/(dI/Io)~ is 
small. However, figure 11 presents  information  only  on the magnitude of the 
error ratio. There are  also  other  considerations; for example,  the  choice 
of a smaller el  would result in an increase in the amount  of  extraneous 
light and thereby an increase in the  magnitude of dI/IO. 

and the  independent  variable D. Thus, the  error ratio may be  represented as 
the product of two factors, F1 and F - the first dependent  solely on 12!11, 
the second  dependent on D and el. These factors  are plotted separately in 
figure 12. In figure 12(a), the factor F1 has a broad  minimum  when  the 
intensity ratio lies  between 0.2 and 0.6. In figure 12(b), the factor F2 
places an upper 1 imit  on  the  largest  particle  diameter that may  be  measured 
reliably.  At the large-diameter  end, the resultant  error ratio is comparable 
to that of method 1 with e l  = 0.003 and 02/01 = 1.5. At  the  small-diameter 
end, method 2 is  superior. 

determined by the largest  particle  diameter  to  be  measured  reliably. If one 
arbitrarily  chooses el = 0.003 and the criterion that the error  ratio 
be less  than 4, figures 11 and 12 show  that the maximum  particle  diameter 
that may  be  measured  reliably is  as  follows: 

Equation  (21) for method 2 has  the  independent  parameters 12/11 and 01 

For both  methods the largest  acceptable  value  of  angle e l  is usually 

( 1) For  method 1, 
70 vm  if e2/01 = 3 

100 pm if 021 el = 2 
120 pm if e2101 = 1.5 

110 pm if 12/11 = 0.5 
(2) For  method 2, 

A generalization of these  conclusions is derivable from the fact that 
equation (15) is really a statement  about the beam  spread  parameter  sDe/x 
so that in the present  analysis, the product D e  is constant.  Hence, 
under  the  criterion  that the error  ratio  be  less  than 4, it  may  be concluded 
that if Dma8 is the maximum  particle  diameter  that  may  be  measured 
reliably it I S  given by the following: 
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Figure 13. -Zoom lens as part of image  relay optics. 

(1)  For  method 1, 
OlDmax = 0.21 pm i f  e2/e1 = 
e l D m a x  = 0.30 pm i f  €12181 = 
e l D m a x  = 0.36 pm i f  e 2 / e l  = 

(2)  For  method 2, 
elDmax = 0.33 pm i f  12/11 = 

3 
2 
1.5 

0.5 

These r e s u l t s  show t h a t   b o t h  methods  are  comparable i n   t h e i r   c r i t e r i a   f o r  
t h e   l a r g e s t   a c c e p t a b l e   v a l u e   o f  e l .  

I ns t rumen t   w i th  Zoom Lens 

U s i n g   o f  a zoom lens  may s e r v e   t o   a d j u s t   t h e   a n g l e  el t o  be  more 
n e a r l y  optimum f o r  any p a r t i c u l a r   p a r t i c l e   d i a m e t e r .  The t h e o r y  and  de- 
s c r i p t i o n  o f  zoom lenses   a re   g i ven   i n   re fe rences  23 t o  25. Commercial ly 
ava i lab le   lenses   have zoom r a t i o s   o f  3 t o  10. Such a l e n s  added t o   t h e  
i m a g i n g   p o r t i o n   o f   t h e   o p t i c a l   s y s t e m   o f   f i g u r e  4 ( a )  i s  shown i n   f i g u r e  13. 
The zoom l e n s   i s   p o s i t i o n e d   f o r  a r e v e r s e d   d i r e c t i o n   o f   l i g h t ,  so  i t s  image 
p l a n e   i s  a t  t h e   s t o p  B. The zoom l e n s   i r i s  becomes t h e   s t o p  A '  f o r  
s p a t i a l   f i l t e r i n g .   T h i s   i r i s   i s   s t a t i o n a r y   i n   t h e  zoom lens  because  the 
movable  lenses  are t o   t h e   r i g h t  o f  t h e   i r i s .  

The s p a t i a l   f i l t e r   s t o p   a t  B p r e c e d i n g   t h e   r e l a y   o p t i c s   i s   r e q u i r e d  
t o  p r e v e n t   l i g h t   s c a t t e r i n g   b y   t h e  zoom lens.  The s t o p   a t  A '  i s   n o t   r e -  
qu i red ,   bu t  i t  may be   des i rab le .  Then t h e   o n l y   l i g h t   i n c i d e n t  on t h e  zoom 
l e n s  and s c a t t e r e d   b y  i t  i s   t h e   l i g h t   a l r e a d y   s c a t t e r e d   f r o m   p a r t i c l e s .  The 
zoom l e n s   v a r i e s   t h e   e f f e c t i v e   f o c a l   l e n g t h  of t h e   o b j e c t i v e   l e n s  and t h u s  
t h e  image s i z e   a t   t h e   d e t e c t o r .  As a r e s u l t ,   ( 1 )   t h e   a n g l e   o f  measurement 
e l  may b e   s e t   a t  an o p t i m u m   v a l u e   f o r   t h e   p a r t i c l e   s i z e   b e i n g  measured, 
and ( 2 )   t h e   f l u x   r e c e i v e d   b y   t h e   d e t e c t o r   t h a t   o r d i n a r i l y   v a r i e s   w i t h   p a r -  
t i c l e   s i z e  as D-4 will now v a r y  much l e s s   s t r o n g l y   a s  D-2. 

Because t h e   s i z e   o f   t h e   d e t e c t o r   a t  B' i s   f i x e d ,   t h e  zoom l e n s  
v a r i e s   t h e   c o n j u g a t e  image a t  B. The b iggest   acceptable  image  a t  B i s  
equal t o   t h e  zoom l e n s   n o m i n a l   i m a g e   s i z e   a t   i t s   l o n g e s t   f o c a l   l e n g t h .  As 
t h e   f o c a l   l e n g t h   i s   r e d u c e d ,   t h e  image a t  B i s  reduced,  thus  completely 
a v o i d i n g   v i g n e t t i n g   b y   t h e   l e n s  i f  v i g n e t t i n g   i s   z e r o   f o r   t h e   l o n g e s t   f o c a l  
l e n g t h .   V i g n e t t i n g   a t   t h e   l o n g e s t   f o c a l   l e n g t h  may b e   a v o i d e d   b y   l i m i t i n g  
t h e   a p e r t u r e   r a t i o   o f   t h e   l e n s   w i t h   i t s   i r i s .  

I n  general ,   the  commercial  zoom lens   has   more   f lex ib le   per fo rmance  than 
needed i n   t h i s   a p p l i c a t i o n .   S i n c e   i n   t h i s   a p p l i c a t i o n   t h e   o b j e c t   d i s t a n c e  
i s   f i x e d  and t h e   f i e l d   o f   v i e w   i s   s m a l l  and cons tan t ,   ra the r   t han   i nc reas ing  
a s   t h e   f o c a l   l e n g t h   i s   r e d u c e d ,   v i g n e t t i n g  and w ide-ang le   aber ra t ion   a re  
avoided.  Also,  the  use of  monochromatic l i g h t   e l i m i n a t e s   c h r o m a t i c  
aber ra t ion .  
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COMPARISON OF THE TWO METHODS 

The two  methods  are  compared  herein f o r   t h e   f o l l o w i n g   c h a r a c t e r i s t i c s :  

(1) Frequency  response.  Method 1 measures  two i n t e n s i t i e s   s i m u l t a n -  
eous ly  and cont inuously.   Method 2 i s   l i m i t e d   t o   p e r i o d s   t h a t   a r e   l o n g  com- 
Dared t o   t h e   t i m e   o f  a scanning  per iod.  

l i n e a r   o v e r  a l im i ted   d iamete r   range   to   be   capab le   o f   s imp le   s igna l   p roces -  
s i n g ,   w h i c h   g i v e s   t h e   r a t i o  o f  t w o   s i g n a l s   b e f o r e   c o r r e c t i n g   f o r   e x t r a n e o u s  
l i g h t .   C o r r e c t i n g   f o r   e x t r a n e o u s   l i g h t   i s  done b y   s u b t r a c t i n g   r e a d i n g s   a t  
t he   two   ang les   w i th  and wi thout   spray,  and t h e n   c a l c u l a t i n g   t h e   r a t i o .  
Method 2 i s   l i n e a r   o v e r  a la rge   d iameter   range and i s  capable  o f   s imple  s ig-  
n a l   p r o c e s s i n g   b e f o r e   c o r r e c t i n g   f o r   e x t r a n e o u s   l i g h t .   C o r r e c t i n g   f o r   e x -  
t r a n e o u s   l i g h t   i s   n o n l i n e a r .  It i s  done by   computa t ion   o r   by  a graph  using 
read ings   w i th  and wi thout   spray.  

(3) Adjustment o f   i n s t r u m e n t   f o r  optimum  measurement  angle el. 
Method 1 r e q u i r e s   m u l t i p l e   d e t e c t o r s  -or -a-zoom  lens.  Method 2 r e q u i r e s  ad- 
j u s t i n g   t h e   d i s t a n c e  between t h e   o p t i c a l   a x i s  and the   scann ing   pa th ,   o r  a 
zoom lens.  

( 4 )  I n t e g r a t i o n   o f   l a s e r   s p e c k l e  and s p r a y   f l u c t u a t i o n .  Method 1 i s  
b e t t e r  a d a p t e d - e t e c t o r  . Both 
methods  can i n t e g r a t e   t h e   p r o c e s s e d   s i g n a l   w i t h  some l o s s   o f   f r e q u e n c y   r e -  
sponse. 

(2) Real-t ime  output  of  StZaQ-state~input-.  Method 1 i s   s u f f i c i e n t l y  

~ ~- 

Bo th   me thods   have   t he   l im i ta t i ons   se t   by   ape r tu re   d i f f rac t i on ,   i n te r -  
ference, and r e f r a c t i o n   t h a t  were  presented i n   t h e   s e c t i o n   L i g h t   S c a t t e r i n g  
Analys is .  These l i m i t a t i o n s  appear t o   b e  more s i g n i f i c a n t   t h a n   t h e   o t h e r  
di f ferences  between  the  two  types  of   instrument.  

CONCLUSIONS 

The l i g h t   s c a t t e r e d   b y   p a r t i c l e s  was shown t o  be   a f fec ted   by   ex t raneous 
l i g h t   f r o m  a  number o f  causes: 

(1) D i f f r a c t i o n   b y   t h e   t e s t   s e c t i o n   a p e r t u r e  
(2) Speckle  caused  by a 1 aser 1 i gh t   sou rce  
(3) R e f r a c t i o n  due t o  gas d e n s i t y   g r a d i e n t s   i n   t h e   t e s t   s e c t i o n  
( 4 )  Dirty t e s t   s e c t i o n  windows 

Methods t o   m i n i m i z e   t h e   e x t r a n e o u s   l i g h t  were  presented f o r   a p p l i c a t i o n  
t o   i n s t r u m e n t   d e s i g n .   I n   p a r t i c u l a r ,  optimum  values o f   t h e   o p e r a t i n g   p a r a -  
meters  were  determined f o r  two  methods t h a t  compare i n t e n s i t i e s   a t  two  angles 
o f  measurement i n   o r d e r   t o  deduce p a r t i c l e   d i a m e t e r .  

Lewis  Research  Center 
Nat iona l   Aeronaut ics  and  Space Admin i s t ra t i on  
Cleveland,  Ohio  January 12, 1983 
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