
fluidizmg agent; v, veloci ty of osc i l la tory  motion of ball; Vm, maximum velocity;  t, t ime of motion; F r e s ,  
fo rce  of r e s i s t ance ;  Fel ,  e las t ic  force ;  Re, Reynolds number;  Rein, Reynolds number  corresponding to Vm; 
w0, f requency of na tura l  undamped osci l lat ions;  x, d isplacement  f rom equil ibrium position; x0, amplitude of 
osci l la t ions;  k, e las t ic  coefficient ,  N, number  of osci l lat ions af ter  which amplitude of oscil lat ions decreases  
twofold; 6, d imensionless  displacement;  ~, d imensionless  velocity;  Q, d imensionless  pa rame te r ;  T, per iod of 
osci l lat ions;  T, d imensionless  t ime;  r l/2 = 2~N; ~l, 42, in termedia te  values of ~. ;y  = ~2/2; ~, port ion of volume 

�9 ~ t0  

of suspension occupied by sol idphase;  ~ ,poros i ty  of bed; f, coeff icient  of nonspheriei ty;  ~0 =8~.2s5+~._ _.~_ ~t~_~p/a 
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M E T H O D S  O F  E X A M I N I N G  B E A M  D I F F U S I O N  IN AN 

A B S O R B I N G  A N D  S C A T T E R I N G  M A T E R I A L  

S. G.  I i ' y a s o v ,  V.  V.  K r a s n i k o v ,  
a n d  E .  P .  T y u r e v  

UDC 536.3 

An apparatus and method are  p resen ted  for  measur ing  the effective c ro s s  section of a radiat ion 
beam subjec t  to ref lect ion and t r ansmiss ion  by l ayers  of absorbing and scat ter ing mater ia l .  

Recent  methods of measur ing  spec t ra l  cha rac t e r i s t i c s  for  scat ter ing ma te r i a l s  subject  to di rect ional  
i r rad ia t ion  have made it n e c e s s a r y  to make a detai led study of the propagation of a nar row para l le l  radiation 
beam in such a mate r ia l ;  a pa r t i cu la r  fea ture  he re  is that the beam is rapidly t r ans fo rmed  to a purely diffuse 
beam on account of repea ted  scat ter ing at optical nonuniformit ies  [1-4]. The beam c ros s  section inc reases  
considerably ,  and the multiple scat ter ing makes  a ma jo r  contribution to the increase  in c ros s  section. 

A study has been made [2] of the propagation of a nar row beam of light in a turbid medium having a 
highly elongated scat ter ing indicatr ix,  and an analytical  express ion  was der ived for  the effective radius of the 
beam re f  in re la t ion to the optical  thickness.  Results  have been repor ted  [3] on the radial  dependence of the 
flux density af ter  passage  through smal l  Lucite spheres  (the measu remen t s  were  made with the photocell  and 
set of celluloid screens) .  Screens  coated with graphite  had c l ea r  r ings of in ternal  radius up to 6 mm. The 
main disadv~mtage of this method, which introduces an uncor rec ted  e r r o r ,  is that the sensi t ivi ty of the photo- 
ce l l  va r i e s  f rom par t  to part .  On the other  hand, these resu l t s  [3] do define the radial  dependence of the flux 
density. So fa r  as we a re  aware,  no study has been made of the radial  dependence of the flux density for  
re f lec ted  fluxes. 

We have examined this  topic by means  of special  equipment whose ma jo r  components were  an adjustable 
i r i s  diaphragm and a photometr ic  sphere  (Fig. 1). 

The i r i s  diaphragm had blackened meta l  blades of thickness 0.2 mm and allowed us to a l te r  th~ d iameter  
of the back - sca t t e r ed  and t ransmi t t ed  beam f rom 3 to 40 ram. The two fluxes were  m easu red  for  a var ie ty  of 
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Fig. 1. Equipment  for  measu r ing  the radia l  dependence 
of the flux densi ty  for  b a c k - s c a t t e r e d  beam (a) and 
t r a n s m i t t e d  beam (b) f rom a sca t te r ing  ma te r i a l :  1) 
pho tomet r ic  sphere ;  2) spec imen  holder;  3) adjustable  
i r i s  d iaphragm;  4) FEU-62 photomult ipl ier ;  5) s e m i -  
t r a n s p a r e n t  opal g lass ;  6) se t  of s tops;  7) b lack-body 
model ;  8) slide. 

stop d i a m e t e r s  by means  of a pho tomete r  sphere ,  which e l iminated  the zonal nonuniformity in the de tec tor  
response .  

The photomet r ic  sphere  1 of d i am e t e r  200 mm was internal ly  coated with BaSO4, which is  ad i f fuse ly  
sca t t e r ing  m a t e r i a l ;  the sphere  had th ree  holes. A hole of d i ame te r  54 m m  contained the spec imen holder  2, 
which would take spec imens  of d i a m e t e r  30 mm and th ickness  up to 10 ram, The adjustable  i r i s  d iaphragm 
3 was f i t ted within the sphere  c lose  to the su r face  of the specimen.  The de tec tor  for  the range 0.4-1.2 
was an FEU-62 photomul t ip l ier  4, which was se t  up in a hole of d i ame te r  30 ram. The hole in front  of the 
radia t ion de tec tor  was c losed by the s e m i t r a n s p a r e n t  diffusely sca t te r ing  opal g lass  5. The signal f rom the 
de tec tor  pa s sed  to a UF-206 readout  device,  which was capable  of handling cu r r en t s  up to I ~ A .  

The equipment  can work  with any radia t ion source  giving a na r row  para l l e l  beam. We used VSU-2P 
and SF-4A spec t ropho tomete r  m o n o c h r o m a t o r s  to m e a s u r e  the beams  in the range 0.4-1.2 ~ as well as an 
LG-56 l a se r ,  which gave  a na r row pa ra l l e l  beam of d i a m e t e r  2 mm at 0.63 ~. 

The rad ia l  dependence of the b a c k - s c a t t e r e d  flux densi ty was used with the sy s t em shown in Fig. la ;  
the monochromat ic  pa ra l l e l  beams  p a s s e d  through the stop s y s t e m  6 (diameter  3 ram) and the i r i s  d iaphragm 
3 to fal l  on the spec imen;  the b a c k - s c a t t e r e d  flux pa s sed  through the i r i s  d iaphragm and was re f lec ted  
repea ted ly  in the sphe re  to produce  a uni form intensi ty  of i l lumination in the la t ter .  The flux t r ansmi t t ed  by 
the spec imen  was abso rbed  by the b lack-body model  7, which cons is ted  of a sphere  of d i ame te r  100 mm and a 
cyl indr ica l  cone of d i a m e t e r  80 mm and length 150 ram. The inner  su r faces  of the sphere  and cone were  
coated with ma t t  black paint. Also,  ring stops were  p laced  within the sphere  and cone to  i nc r ea se  the abso rp -  

~on. 

The rad ia l  dependence of the t r a n s m i t t e d  flux densi ty was m e a s u r e d  with the equipment of Fig.  lb ;  the 
adjustable  i r i s  d iaphragm was p laced d i rec t ly  by the outer  su r face  of the specimen.  The t r a n s m i t t e d  flux 
pa s sed  to the in tegrat ing sphere  through the hole in the i r i s  diaphragm. The sphere  then r eco rded  the flux 
densi ty t r a n s m i t t e d  by the spec imen  as  a function of stop d iameter .  

The intensi ty  of i l lumination within the sphere  is  constant  at all  points and is  r e la ted  to the incident 
flux F in  by the following fo rmula  [1, 5]: 

Fin Rw (1) 
E 

S (1 - -  ~pRv;)' 
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Fig.  2. B a c k - s c a t t e r e d  and t r a n s m i t t e d  m o n o c h r o m a t i c  f luxes  
(k = 0.63/~) in r e l a t ion  to  ef fec t ive  c r o s s - s e c t i o n  r ad ius :  a) P T F E ,  
v a r i o u s  t h i c k n e s s e s ;  1) 9 m m ;  2) 5; 3) 3.1; b) va r i ous  m a t e r i a l s :  
1) P T E E ,  2.2 ram;  2) VL-548  enamel ,  0.25 ram;  3) pape r ,  75 g /  
m 2, 0.1 mm.  

whe re  qp is  the f r i c t ion  of the s u r f a c e  of the sphere  e f fec t ive ly  involved  in the  mul t ip le  r e f l ec t ions ,  which a l so  
i n c o r p o r a t e s  the r ad ia t ion  a b s o r b e d  by the ho les  and o the r  componen t s :  

n 

i Z (i -- Rz)S i. (2) 
i~l  

Formulas (1) and (2) show that the intensity within the sphere alters not only when the specimen is replaced by 
a reflection standard, but also when the diameter of the iris diaphragm is altered, since, the area Si of the 
specimen (standard) and diaphragm are affected. Therefore, it is necessary to correct for the changes in 
these areas in (1). 

The effects of the stop on the intensity within the sphere can be calculated as follows. The intensity of 
illumination E I at the surface of the sphere for the stop fully open and E 2 (the same with the stop closed)are 
given  by 

e; kw ; ~ =  Rw , (3) 
I -- %R w I -- %R w 

where  

% = 1 - -  1 [(1 - -  Ro) So + (1 - -  Ro)  SD + (1 - -  Ro) Ss + (I - -  Rea )Seal; 
Ssp 

q) ,=  1 - -  1 - / - - [ ( 1 - - R o ) S o + ( 1 - - R D ) S D + ( 1 - - R o ) S ~ + ( 1 - - R e a ) S e a ] ;  
S sp 

l 

S D and S D a r e  the  a r e a s  of the c o m p l e t e l y  open and c o m p l e t e l y  c lo sed  stop. 
in tens i ty  within the sphe re  a re  defined by 

E 1 __ 1--~2Rw (4) 
E z 1 - -  % R  w 

Calcu la t ions  based  on (4) showed that  the in tens i ty  within the sphe re  a l t e r e d  by only 0.8% in m e a s u r e -  
m e n t s  on r e f l ec t ion  f r o m  an M~S-14 s t a n d a r d  fo r  m a x i m a l  change  in the  stop d i a m e t e r  f r o m  3 to  30 ram, which 
was  c o n f i r m e d  by the m e a s u r e m e n t s .  

The  d i s t r ibu t ion  of the b a c k - s c a t t e r e d  f lux dens i ty  o v e r  the s u r f a c e  is d e t e r m i n e d  as  fol lows (Fig. la).  

The  ef fec ts  of the stop a r e a  on the 
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A pa ra l l e l  beam of d i a m e t e r  2 m m  p a s s e s  through the ent rance  hole and s t r i ke s  the specimen;  the init ial  
set t ing of the i r i s  d iaphragm r e p r e s e n t s  a hole of d i ame te r  3 ram. The propor t ion  of the b a c k - s c a t t e r e d  flux 
p a s s e d  by the d iaphragm i n c r e a s e s  with the d iameter .  The intensi ty of i l lumination within the sphere  will in-  
c r e a s e  until  the a r e a  of the stop becomes  equal to the effect ive c r o s s  sect ion of the b a c k - s c a t t e r e d  beam. The 
t r a n s m i t t e d  flux is  abso rbed  comple te ly  by the b lack-body model.  The b a c k - s c a t t e r e d  flux was m e a s u r e d  for  
p r e s e t  va lues  of the stop d i a m e t e r  in the range  3 to 30 ram,  s tep 2 ram. 

The rad ia l  dependence of the flux densi ty on the t r a n s m i t t e d  side was m e a s u r e d  s imi l a r ly ;  the equipment  
was as shown in Fig. lb,  with the adjustable  stop and sphere  used to examine  the t r a n s m i t t e d  intensity. The 
stop is opened up until  the signal  becom es  maximal .  

The re la t ive  flux densi ty  b a c k - s c a t t e r e d  or t r a n s m i t t e d  by an annular  sur face  e lement  A S i = Si-Si_ 1 
between radi i  r i > ri-1 is  given by 

1 [ N I ~ N , _  1 
j i~R.  r~ = _ _  , (5) 

1o \ S I - - S ~ - I }  

where  N i and Ni_ 1 a r e  the s ignals  given by the de tec tor  for  holes  of a r e a  S i and Si_ l, which co r r e spond  to radi i  
of r i and r i_l ,  where  J0 is  the flux densi ty  t r a n s m i t t e d  by a stop of radius  r 0 = 3 ram,  which co r r e sponds  to an 

a r ea  S 0, J0 = N0/S0. 

F igu re  2a shows m e a s u r e m e n t s  on the b a c k - s c a t t e r e d  and t r a n s m i t t e d  f luxes as functions of radius  for  
P T F E  spec imens  of va r ious  th icknesses ;  the effect ive c r o s s  sect ion of the b a c k - s c a t t e r e d  flux is  l a rge ly  in-  
dependent of the th ickness ,  whe reas  the effect ive c r o s s  sect ion of the t r a n s m i t t e d  flux i n c r e a s e s  apprec iably  
with the th ickness .  At a rad ius  of 4 ram,  the d i f ference  between the flux densi t ies  t r ansmi t t ed  by spec imens  
of th ickness  3.1 and 9 ram was 58%. This  ra t io  applied fa i r ly  c lose ly  as the radius  of the stop was va r i ed  for  
P T F E  spec imens  of va r ious  th icknesses .  The d i a m e t e r  of the effective emergen t  flux exceeded 30 m m  for  
spec imens  of th ickness  5 and 9 ram,  while it  was 20 rara fo r  a spec imen  of 3.1 ram. 

F igure  2b shows the densi t ies  of the b a c k - s c a t t e r e d  and t r ansmi t t ed  f luxes in re la t ion  to the stop radius  
for  var ious  m a t e r i a l s ;  it is  c l e a r  that  the effect ive c r o s s  sec t ions  va ry  for  P T F E ,  VL-548 enamel ,  and paper .  
The effect ive d i a m e t e r  for  the b a c k - s c a t t e r e d  beam f r o m  the P T F E  was 14 ram,  while that of the t r ansmi t t ed  
beam was 16 ram. P a p e r  showed r a t h e r  l e s s  broadening of the t r a n s m i t t e d  beam than did VL-548 enamel;  
the d i a m e t e r s  of the b e a m s  in back - s ca t t e r i ng  and t r a n s m i s s i o n  were  in the range  10-12 tara when the incident 
beam had a d i ame te r  d = 2 m m  (from the LG-56 laser) .  

This  equipment a lso  enables  one to examine the effect ive d i ame te r  def for  the b a c k - s c a t t e r e d  and t r a n s -  
mi t ted  b e a m s  for  va r ious  absorbing  and sca t t e r ing  m a t e r i a l s ;  if  clef i s  known, it is poss ib le  to choose a c o r r e c t  
method of m e a s u r i n g  the c h a r a c t e r i s t i c s  of such a m a t e r i a l ,  as well  as the min imum spec imen  s ize ,  the 
d imensions  of the m a j o r  m e a s u r i n g  e lements ,  and the poss ib le  e r r o r s  due to the method ar i s ing  f rom s c a t t e r -  
ing and beam broadening.  

N O T A T I O N  

E, intensi ty  of i l l , ,mlnation at the in te rna l  sur face  of pho tomet r ic  sphere ;  F,  radia t ion flux; r ,  radius;  
! 

d, d iamete r ;  R, ref lec t iv i ty ;  S, a r ea ;  j, r e la t ive  flux density;  Ss, S s, a r e a s  of sur face  of spec imen with stop 
comple te ly  open and with stop c losed down to 3 rnm d iamete r .  Indices:  i, incident; ef, effect ive;  w, wall; o, 
s e m i t r a n s p a r e n t  opal g la s s ;  D, d iaphragm;  s, spec imen;  ea,  ent rance  ape r tu re ;  sp, sphere.  
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