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LIGHT SCATTERING O F  PDLCS WITHOUT A VOLTAGE 
FOR NON-COLLIMATED SYSTEM 
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H i t a c h i  Research Labora tory ,  H i t a c h i ,  L t d .  
1-1, Omika-cho 7-chome, H i t ach i - sh i ,  319-12 Japan 
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School  o f  Mathematics and S t a t i s t i c s ,  
T h e  U n i v e r s i t y  o f  S h e f f i e l d ,  S h e f f i l e d  S 3  7RH, U . K .  

D.A.DUNMUR 
Department o f  C h e m i s t r y ,  
The U n i v e r s i t y  of S h e f f i e l d ,  S h e f f i e l d  S 3  7HF, U . K .  

Abstract We have c a l c u l a t e d  t h e  s c a t t e r i n g  p r o p e r t i e s  of  
a s i n g l e  d r o p l e t  w i t h  uniform and r a d i a l  s t r u c t u r e s  i n  
PDLCs i n  the absence  of a v o l t a g e  f o r  a non-col l imated  
s y s t e m  s u c h  as  a r e a l  PDLC p r o j e c t o r .  I n  these  
c a l c u l a t i o n s ,  w e  have developed  Zumer's r e s u l t  f o r  a 
c o l l i m a t e d  sys tem based on t h e  anomalous d i f f r a c t i o n  
approach.  The s c a t t e r i n g  p r o p e r t i e s  of PDLCs depend n o t  
o n l y  on d r o p l e t  p r o p e r t i e s ,  e.g. r e f r a c t i v e  i n d i c e s ,  
r a d i u s  and d i r e c t o r  c o n f i g u r a t i o n ,  bu t  a l s o  on t h e  f i l m  
t h i c k n e s s  and t h e  number d e n s i t y  of  d r o p l e t s .  Assuming a 
c o n s t a n t  c o n c e n t r a t i o n ,  w e  h a v e  shown t h a t  t h e  
s c a t t e r i n g  p r o p e r t i e s  o f  PDLCs can be d i scussed  i n  terms 
o f  an e f f i c i e n c y  f a c t o r ,  which removes t he  dependence 
on t h i c k n e s s  and number d e n s i t y .  T h e  d i f f e r e n c e s  between 
c o l l i m a t e d  and non-col l imated  s y s t e m s  a r e  d i s c u s s e d  a s  
w e l l  a s  t h e  e f fec ts  o f  r e f r a c t i v e  i n d i c e s ,  d r o p l e t  
r a d i u s  and a n g u l a r  dependence o f  t h e  s c a t t e r i n g .  

I" 

Polymer dispersed l i q u i d  c r y s t a l s  (PDLCs) a re  s u i t a b l e  
f o r  r e a l i s i n g  h i g h  b r i g h t n e s s  d i s p l a y s  because  t h e y  do n o t  
need  any  p o l a r i z e r s ,  u n l i k e  c o n v e n t i o n a l  l i q u i d  c r y s t a l  
d i s p l a y s ,  e.g.  t w i s t e d  n e m a t i c  ( T N )  and  s u p e r  t w i s t e d  

n e m a t i c  ( S T N )  . P D L C s  c o n s i s t  o f  d ispersed d r o p l e t s  
c o n t a i n i n g  l i q u i d  c r y s t a l s  i n  a s u r r o u n d i n g  polymer.  By 
a p p l y i n g  a v o l t a g e ,  t h e y  can be switched from a s c a t t e r i n g  
s ta te  t o  a t r a n s p a r e n t  state,  i .e .  OFF s t a t e  t o  ON s t a t e  and 
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this is especially suitable for projector applications .5-7 

A conventional liquid crystal projector using a TN display 
cannot achieve high brightness as the polarizers absorb more 
than half of the incident light. On the other hand, a 
projector using PDLCs can achieve high brightness by using a 
proper optical system. 

In an ideal PDLC projector, collimated light impinges on 
a PDLC panel and only unscattered light can reach the screen 
(collimated system) . Therefore a strongly scattering OFF 
state becomes so dark that we can obtain a high contrast 
ratio. On the other hand, in a real PDLC projector, non- 
collimated light impinges on the PDLC and part of the 
scattered light reaches the screen as well as some 
unscattered light (non-collimated system) . 5-7 

In PDLCs the difference of refractive indices between 
liquid crystals in a droplet and a surrounding polymer is 
relatively small; e.g. extraordinary and ordinary refractive 
indices of liquid crystals, ne and no are about 1.7 and 1.5 

re;pectively and a refractive index of a surrounding 
polymer, nm is normally chosen to be the same as no. Under 

this condition, there are two relatively simple 
approximations; the Rayleigh-Gans approximation (RGA) 8-10 
for particles smaller than the wavelength of light and the 
anomalous diffraction approach (ADA)8,11,12 for larger 
particles. 

In comparison with ADA, RGA is restricted to a 
relatively small degree of scattering.8 In order to obtain a 
high contrast ratio in a PDLC projector, droplets of size 
corresponding to the ADA region are preferable. It has been 
shown that a single particle model based on A D A l l  can 
qualitatively explain the scattering properties of PDLCs in 
the ON state.12,13 However it has also been reported that 
there are experimental results which cannot be explained by 
a single particle model in the OFF state13 and that multiple 
scattering occurs in the real PDLCs  which contain many 
droplets1$. Nevertheless the scattering properties from many 
droplets should reflect those from a single droplet. We 
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d i s c u s s  t h e  s c a t t e r i n g  p r o p e r t i e s  of PDLCs i n  t h e  OFF s t a t e  
q u a l i t a t i v e l y  us ing  a c a l c u l a t i o n  f o r  a s i n g l e  d r o p l e t  by 
ADA. 

The s c a t t e r i n g  p r o p e r t i e s  of PDLCs depend no t  only on 
d r o p l e t  p r o p e r t i e s ;  e .g .  t h e  r e f r a c t i v e  i n d i c e s ,  t h e  r a d i u s  
and t h e  d i r e c t o r  conf igura t ion ,  b u t  a l s o  on the th i ckness  of 
PDLC l a y e r  and the  number d e n s i t y  of  d r o p l e t s .  W e  exc lude  
t h e  d i s c u s s i o n  of  t h e  dependence on t h i c k n e s s  and number 
d e n s i t y  by assuming a c o n s t a n t  c o n c e n t r a t i o n  of  l i q u i d  
c r y s t a l  and t h e  c o n s i d e r a t i o n  about  an a p p l i e d  v o l t a g e  
dependence. 

I n  t h i s  paper, w e  c a l c u l a t e  t h e  s c a t t e r i n g  p r o p e r t i e s  of 
a s i n g l e  d r o p l e t  with uniform and r a d i a l  s t r u c t u r e s  f o r  the  

non-collimated s y s t e m .  W e  cons ider  t h e  uniform s t r u c t u r e  a s  
an approx ima t ion  of  t h e  b i p o l a r  s t r u c t u r e  which i s  
p r e f e r a b l e  w i t h  a t a n g e n t i a l  s u r f a c e  anchoring. l5 W e  assume 
t h a t  t h e  d i r e c t o r s  i n  t h e  OFF s t a t e  a r e  uniformly o r i e n t e d  
and normal t o  those  i n  t h e  ON state. On t h e  o the r  hand, w i t h  

normal  s u r f a c e  a n c h o r i n g ,  t h e  r a d i a l  s t r u c t u r e  i s  
p r e f e r a b l e .  l5 

I n  t h e s e  c a l c u l a t i o n s ,  w e  u se  s imple e x p r e s s i o n s  f o r  
t h e  s c a t t e r i n g  c ros s  sec t ion  and t h e  d i f f e r e n t i a l  s c a t t e r i n g  
c r o s s  s e c t i o n  o f  t h e  uniform and r a d i a l  s t r u c t u r e  f o r  
c o l l i m a t e d  i n c i d e n t  l i g h t .  They have been g iven  b y  Zumer 
based on the  anomalous d i f f r a c t i o n  approach. l1 We d i s c u s s  
t h e  d i f f e r e n c e  between t h e  co l l ima ted  system and t h e  non- 
co l l ima ted  sys tem and t h e  e f f e c t s  of t h e  r e f r a c t i v e  i n d i c e s  
and t h e  d r o p l e t  r a d i u s .  We a l s o  d i s c u s s  t he  s c a t t e r i n g  
p r o f i l e .  

CY FACTOR FOR NON COLLIMATED SYSTEM - 

Fig .1  shows a schematic  v i e w  of  a t y p i c a l  p r o j e c t o r  s y s t e m  
using PDLCs. L i g h t  emitted from t h e  lamp i s  reflected by t h e  

e l l i p t i c a l  mir ror ,  it then  goes through the  ape r tu re  1, l e n s  
1, PDLC panel,  l e n s  2, aperture 2 and l e n s  3 and reaches the 

s c r e e n .  The PDLC pane l  c o n s i s t s  of  many p i x e l s  i n  which 

proper  v o l t a g e s  a r e  a p p l i e d  t o  t h e  PDLC independent ly  of  
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12647661 S. KOMURA ET AL. 

Screen I 

F I G U R E  1 Schematic  v i e w  of a typical PDLC p r o j e c t o r  

each o t h e r .  W e  can make an  image of  s c a t t e r i n g - t r a n s p a r e n t  
p a t t e r n  on the PDLC panel .  This  image i s  p r o j e c t e d  on t o  t h e  

s c r e e n .  
T h e  e l l i p t i c a l  m i r r o r  converges l i g h t  a t  t h e  a p e r t u r e  1. 

Lens 1 changes t h i s  l i g h t  i n t o  an  almost  c o l l i m a t e d  beam as  
a p e r t u r e  1 i s  i n  t h e  f o c a l  p l ane  of l e n s  1. Lens 2 converges 
t h e  c o l l i m a t e d  l i g h t  a t  a p e r t u r e  2 which is i n  t h e  f o c a l  
p l a n e  o f  l e n s  2 .  I n  t h e  f o l l o w i n g ,  f o r  s i m p l i c i t y  w e  
cons ide r  t h e  case when the  f o c a l  l eng thes  of bo th  l e n s  1 and 
2 are t h e  same. 

Ideal ly ,  t h e  l i g h t  which impinges t h e  PDLC p a n e l  should  
be p e r f e c t l y  c o l l i m a t e d  l i g h t .  I n  t h i s  case, whi le  the  PDLC 

is t r a n s p a r e n t ,  t h e  l i g h t  would converge t o  a p o i n t  on t h e  

a p e r t u r e  2 .  S e t t i n g  a p i n - h o l e  f o r  a p e r t u r e  2 ,  w e  can  
ach ieve  very  high c o n t r a s t  r a t i o  because  scattered l i g h t  i s  
b locked  i n  t h e  OFF s t a t e .  I n  o r d e r  t o  make t h e  c o l l i m a t e d  
l i g h t  b y  l e n s  1, a p e r t u r e  1 s h o u l d  a l s o  be a p i n - h o l e .  
However, t h e  l i g h t  i n t e n s i t y  t r a n s m i t t e d  by t h e  p in-hole  a t  
a p e r t u r e  2,  i .e .  t h e  l i g h t  reaching  the screen ,  becomes v e r y  
s m a l l ,  because  t h e  l i g h t  s o u r c e  of t h e  lamp has  a f i n i t e  
s i z e  and t h e  e l l i p t i c a l  m i r r o r  cannot  converge t h e  l i g h t  t o  
a p o i n t .  

G e n e r a l l y ,  we set a p e r t u r e  1 t o  be of  a f i n i t e  s i z e  
which gives enough sc reen  b r i g h t n e s s  and a p e r t u r e  2 t h e  same 
s i z e  as  a p e r t u r e  1. T h i s  a r rangement  g i v e s  t h e  maximum 
c o n t r a s t  r a t i o  wi thou t  r educ ing  t h e  s c r e e n  b r i g h t n e s s .  I n  
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t h i s  case, p a r t  o f  t h e  scattered l i g h t  reaches  t he  sc reen  as 
w e l l  a s  u n s c a t t e r e d  l i g h t  i n  t h e  OFF s t a t e  so t h a t  t h e  
c o n t r a s t  r a t i o  decreases. The amount of  scattered l i g h t  
r e a c h i n g  t h e  s c r e e n  depends on t h e  f o c a l  l e n g t h  and  t h e  
a p e r t u r e  s i z e ;  g e n e r a l l y ,  t h e  l i g h t  d i f f u s i n g  w i t h i n  less 

t h a n  5 r e a c h e s  t h e  s c r e e n .  W e  have t o  c o n s i d e r  t h e  non- 
co l l ima ted  i n c i d e n t  l i g h t  i n s t e a d  of  t h e  co l l ima ted  i n c i d e n t  
l i g h t  a n d  t h e  scat tered o u t p u t  l i g h t  a s  w e l l  a s  t h e  

u n s c a t t e r e d  output  l i g h t  i n  t h e  non-collimated system u n l i k e  
i n  t h e  c o l l i m a t e d  system. 

When t h e  i n t e n s i t y  of t he  c o l l i m a t e d  i n c i d e n t  l i g h t  I in 

decreases by s c a t t e r i n g  t o  Iout,  t h e  c o l l i m a t e d  l i g h t  go ing  
i n  t h e  same d i r e c t i o n  as  I in,  t h e  t o t a l  s c a t t e r i n g  c r o s s  
s e c t i o n  6 is  d e f i n e d  by,8 

0 = 1 - I,, 1 zin . (1) 

I n  t h e  same way, w e  d e f i n e  t h e  e f f e c t i v e  s c a t t e r i n g  
c r o s s  s e c t i o n ,  ON, f o r  t he  non-col l imated i n c i d e n t  l i g h t ,  

CT, = 1 - F,, / Fi, . (2)  

H e r e  F i n  i s  t h e  t o t a l  i n t e n s i t y  o f  n o n - c o l l i m a t e d  
i n c i d e n t  l i g h t  w i t h i n  a d e f i n e d  cone no. FN i s  t h e  t o t a l  
i n t e n s i t y  of u n s c a t t e r e d  ou tpu t  l i g h t  w i t h i n  no: 

I n  t h e  d i r e c t i o n  a ,  t h e  l i g h t  i n t e n s i t y  I i n ( Q )  
decreases t o  I o u t ( Q )  b y  s c a t t e r i n g .  

Then w e  d e f i n e  a n o t h e r  e f f e c t i v e  s c a t t e r i n g  c r o s s  
s e c t i o n  f o r  scattered ou tpu t  l i g h t ,  

6, = F, I Fi, , ( 5 )  

where , 

Here 1s ( Q , Q ' )  i s  t h e  scattered l i g h t  i n t e n s i t y  i n  t h e  
Q 1  d i r e c t i o n  which r e s u l t s  from the  i n c i d e n t  l i g h t  I i n  ( a )  
i n  t h e  Q d i r e c t i o n .  FS i s  t h e  t o t a l  scat tered l i g h t  
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i n t e n s i t y  w i t h i n  no. Each scattered l i g h t  e lement  i s  caused 

by a l i g h t  component o f  the  non-col l imated  i n c i d e n t  l i g h t  
w i t h i n  no. 

i n t e n s i t y  Fout  as ,  
Using t h e s e  d e f i n i t i o n s ,  w e  can w r i t e  t he  o u t p u t  l i g h t  

Fout  = FN+Fs = F i n  ( l -QN+(Ts)  = F i n  ( l - O e f f )  ( 7a )  

where 

Qeff = QN-Qs. (7b) 

When t h e  v o l t a g e  V i s  applied t o  t h e  PDLC, t h e  free 
energy  d e n s i t y  o f  l i q u i d  c r y s t a l  i n s i d e  a d r o p l e t  f u s i n g  
t h e  one e l a s t i c  c o n s t a n t  approx ima t ion  i s  g i v e n  by  t h e  

fo l lowing  equa t ion ;  4 
1 1 

2 2 
f = -K{ ( V m )  2+ ( V x n )  2}--A&&o (E.n)  2, 

where t h e  u n i t  v e c t o r  n r e p r e s e n t s  t h e  d i r e c t o r  of  l i q u i d  
c r y s t a l s ,  K i s  the  e l a s t i c  c o n s t a n t ,  AE i s  t h e  a n i s o t r o p y  
o f  t he  l i q u i d  c r y s t a l l i n e  d ie lec t r ic  c o n s t a n t ,  EO i s  the  

dielectr ic  c o n s t a n t  of  t h e  a i r  and E i s  t h e  e lectr ic  f ie ld .  
W e  assume t h e  e lec t r ic  f i e l d  E is  c o n s t a n t  i n  t he  PDLC and 
t h e  s t r e n g t h  E i s  g iven  by 

E = V / d .  (9) 

Normal i s ing  by K/R2, w e  o b t a i n  t h e  d i m e n s i o n l e s s  free 
energy  d e n s i t y :  

f /  ( K / R ~ )  

where V=R d e n o t e s  t h e  d i f f e r e n t i a l  o p e r a t o r  i n  t h e  space 
normal i sed  by t h e  d r o p l e t  r a d i u s  R, and W deno tes  t h e  ang le  

between t h e  d i r e c t o r  and t h e  e lectr ic  f i e l d .  

Th i s  e q u a t i o n  shows t h a t  t h e  a p p l i e d  v o l t a g e  dependence 
of  t h e  d i r e c t o r  c o n f i g u r a t i o n  i n  a d r o p l e t  i s  i d e n t i c a l  i f  

R / d  are t h e  same. 
Now w e  c o n s i d e r  t h e  s c a t t e r i n g  p r o p e r t i e s .  The 

s c a t t e r i n g  p r o p e r t i e s  s h o u l d  depend on t h e  p r o d u c t  Q N d ,  8 
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [769]/ 129 

where 0 i s  t h e  s c a t t e r i n g  c r o s s  s e c t i o n ,  N i s  t h e  number 

d e n s i t y  o f  d r o p l e t s  and d i s  t h e  t h i c k n e s s  o f  PDLCs.  N i s  
p r o p o r t i o n a l  t o  R-3 f o r  the  cons t an t  concen t r a t ion  of  l i q u i d  
c r y s t a l  i n  PDLCs and s o  i n t r o d u c i n g  t h e  e f f i c i e n c y  f a c t o r ,  
Q = Q / A R ~ ,  8 

md= (QRR2) ( l / R 3 )  d = Q X  ( d / R )  . (11) 

C o n s i d e r i n g  E q . ( l O ) ,  t h i s  e q u a t i o n  shows t h a t  t h e  
s c a t t e r i n g  p r o p e r t i e s  depend on ly  on Q i f  PDLCs have  t h e  
same applied v o l t a g e  dependence. Therefore  i n  t h e  fo l lowing  
d i s c u s s i o n ,  w e  compare t h e  e f f i c i e n c y  f a c t o r s .  W e  p u t  

where, Q i s  t h e  e f f i c i e n c y  f a c t o r  cor responds  f o r  the  t o t a l  
scattered l i g h t  i n  t h e  c o l l i m a t e d  system, QN the  f a c t o r  f o r  
t h e  t o t a l  scat tered l i g h t  i n  t h e  non-col l imated  system, Qs 
i s  t h e  amount o f  scattered l i g h t  which r e a c h e s  t h e  s c r e e n  
and Qeff t h e  amount of  s c a t t e r e d  l i g h t  which does  n o t  r each  

t h e  s c r e e n .  

W e  assume t h a t  t h e  d r o p l e t  i s  spher ica l  and  t h a t  t h e  

d i r e c t o r  c o n f i g u r a t i o n s  i n  t h e  OFF s t a t e  a re  e i t h e r  t h e  

uni form s t r u c t u r e  w i t h  t h e  d i r e c t o r s  a l i g n e d  p e r p e n d i c u l a r  
t o  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  f i e l d  i . e .  i n  t h e  x-y p l a n e  
(F ig .21 ,  o r  t h e  r a d i a l  s t r u c t u r e .  Also  w e  assume t h a t  t h e  
o r d i n a r y  refractive index o f  l i q u i d  c r y s t a l ,  no, i s  equa l  t o  
t h a t  o f  t h e  s u r r o u n d i n g  polymer,  nm ( no = nm ) .  T h i s  

c o n d i t i o n  leads t o  no s c a t t e r i n g  f o r  t h e  i n c i d e n t  l i g h t  

a l o n g  t he  e lectr ic  f i e l d  E, i . e .  t h e  z -ax i s  i n  Fig.2,  when 
s u f f i c i e n t  v o l t a g e  i s  applied t o  t h e  PDLC. 

A c c o r d i n g  t o  Zumer, w i t h  above  a s s u m p t i o n s ,  t h e  
s c a t t e r i n g  c r o s s  s e c t i o n  o f  t h e  uniform s t r u c t u r e  i s  g iven  

by, l1 
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130/[770] S. KOMURA ET AL. 

Y 

Y' 
L 

FIGURE 2 Schematic presentation of the scattering 
geometry for .a single droplet: (a) the wave vector k 
specified with 8 and 4, the director of the uniform 
structure nu along x-axis, the polarized direction of 
the incident light L specified with ao. (b) the 
incident wave vector k specified with 0 and 4, t h e  
scattered wave vector k' specified with 0 '  and 4 ' .  p 
is the angle between k and nu. 6 is the angle b e t w e e n  k 
and k'. 

d = ~OOCOS~CXOH' (Vet 0)  (13a) 

where a0=xR2 and a0 denotes the polarized direction of the 
incident linear polarized light and the directors (Fig.2a). 
HI and ne are given by,ll 

H' (Ve, 0) = 1 - (2/Ve) sinv, + (2/Ve2) (l-COSVe), (14) 
Ve (PI = 2koRIneff ( P I  -nml = 2koR{neff (PI -nol , (15) 

where 
neff (p) = I (cosp/no) 2+ (sinp/ne) 21-1/2 (16) 

p = cos-1tsinecos@}. (17) 

Here ko=27t/k is the wave number in the air, h is the 
wavelength in the air, ne is the extraordinary refractive 
index of liquid crystals, p is the angle between the wave 
vector k and the director n, 8 and @ define k (Fig.2a). 

If the incident light is perfectly non-polarized light, 
it is represented by the combination of an arbitrary pair of 
orthogonal linear polarized light waves with equal 
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [77 11/13 I 

i n t e n s i t y .  Taking one o f  them a l o n g  the  x ' - a x i s  (ao=O), t h e  

o t h e r  a l o n g  y ' - a x i s  (ao=x/2)  i s  n o t  s c a t t e r e d  by a d r o p l e t  

w i th  the  uniform s t r u c t u r e ,  because it becomes pe rpend icu la r  
t o  t h e  d i r e c t o r s  and  w e  have  assumed no=nm ( F i g . 2 a ) .  

The re fo re ,  u s i n g  Eq. (13a) t h e  s c a t t e r i n g  c r o s s  s e c t i o n  f o r  
t h e  non-polar ized  i n c i d e n t  l i g h t  i s  g iven  by 

O ( k )  = <TOHI ( V e , O ) .  (13b) 

I n  t h e  same way, u s i n g  Zumer 's  e x p r e s s i o n s l l  t h e  

d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  o f  t h e  u n i f o r m  
s t r u c t u r e  f o r  t he  non-polar ized  i n c i d e n t  l i g h t  i s  g iven  by ,  

where 

and 

6 = cos-l{sinesine'cos(~-~i)+cosecoseI}, ( 2 0 )  

and 8 '  and 0' d e f i n e  t h e  wave v e c t o r  o f  t h e  scat tered l i g h t  

k ' ,  6 is  the  a n g l e  between t h e  wave v e c t o r s  of t he  i n c i d e n t  
l i g h t  k and t h e  scattered l i g h t  k '  ( F i g . 2 b ) .  Jo i s  t h e  

Bessel f u n c t i o n  o f  t h e  z e r o t h  o r d e r .  
I n  t h e  same way, b y  u s i n g  Zumer's r e s u l t s , l l  w e  can  

o b t a i n  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  and  d i f f e r e n t i a l  
s c a t t e r i n g  c r o s s  s e c t i o n  of  t h e  r ad ia l  s t r u c t u r e  f o r  t h e  
non-po la r i zed  i n c i d e n t  l i g h t  as fo l lows;  

1 
a(k) = 20,j0(1 - cosA,)ydy 

d (k,k' ) = (koRnm)2 o,(C; + C! + 0: + 0:) 
8x  

w i t h ,  

C, = ~~(Jo(k,J?nmysin6) TJz(%Rn,ysinG))(cosA, - 1)ydy ( 2 4 a )  

Cr, = ~o(Jo(koRn,rsin6) ~J,(koRnmysin6)}sinA,ydy 124b)  
1 
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132/[772] S .  KOMURA ET AL. 

Taking t h e  cone t o  be symmetr ic  a b o u t  t h e  z - a x i s  and 
assuming t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t  I i n ( O , $ )  i s  
c o n s t a n t  regardless of t he  a n g l e  8 and $; i . e .  I i n ( B , $ ) = I o ,  
F i n ,  FN and FS w i t h i n  t he  cone d e f i n e d  by the  a n g l e  80 are  

g iven  by, 

S u b s t i t u t i n g  E q s .  ( 1 3 b ) ,  (18 )  i n t o  ( 2 5 ) ,  t h e n  u s i n g  
E q s .  (12a) - (12c) w i t h  E q s .  (2) and (5 ) ,  w e  o b t a i n  Q, QN and Qs 
of  t h e  uniform s t r u c t u r e ;  

Q = HI ( V e t o )  w i t h  8=0, 

I n  t h e  same way, s u b s t i t u t i n g  Eqs. (21), (22) i n t o  (251, 
t h e n  u s i n g  Eqs. ( 1 2 a ) ,  (12b) and (12c)  w i t h  E q s .  ( 2 )  and (51, 
w e  o b t a i n  Q, QN and Qs of  t h e  rad ia l  s t r u c t u r e ;  

w i t h ,  

I n  t h i s  case, w e  can  r educe  t h e  i n t e g r a l  p rocedure  due 

W e  c a l c u l a t e  t h e  i n t e g r a l  i n  these equa t ions  numer ica l ly  
t o  t h e  symmetry of t h e  rad ia l  s t r u c t u r e .  

by Simpson's  r u l e .  
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [773]/133 

RESULTS 

For  t h e  c a l c u l a t i o n s  w e  have chosen t h e  refract ive i n d i c e s  
no=nm=1.5, and t h e  wavelength h=555nm t o  which human b e i n g s  
are  most s e n s i t i v e .  W e  d e f i n e  v as the f a c t o r  r e p r e s e n t i n g  

t he  refractive index  dependence where 

V = 2koR(ne-n,) = 2koR(ne-nm) . (29)  

F ig .3  and F i g . 4  show Q, Qeff, QN and Qs as a f u n c t i o n  o f  

v f o r  R = 0 . 5 ,  1 . 0 ,  2 . 0 p  and 80'5'. 80 i s  t h e  a n g l e  i n  t h e  

s u r r o u n d i n g  p o l y m e r .  v i s  changed  by c h a n g i n g  t h e  
e x t r a o r d i n a r y  r e f r a c t i v e  index  o f  l i q u i d  c r y s t a l s  ne.  I n  
F ig .3a  and 4a Q, Qeff ,  QN and Qs o f  t h e  uni form s t r u c t u r e  
are c a l c u l a t e d  by E q .  (26). In  F ig .3b  and 4b Q, Qeff,  QN and 
Qs o f  t he  rad ia l  s t r u c t u r e  are c a l c u l a t e d  b y  E q . ( 2 7 ) .  

Fo r  t h e  un i fo rm s t r u c t u r e  Q does  n o t  depend up on R 
w h i l e  V i s  c o n s t a n t .  I t  h a s  t h e  1st maximum(Q=1.59) a t  
v = 4 . 0 9  and t h e  1st minimum(Q=0.77) a t  v=7.63.  Then it 

o s c i l l a t e s  a round Q=1 and t h i s  o s c i l l a t i o n  r e d u c e s  w i t h  
i n c r e a s i n g  V. F i n a l l y  it converges  t o  Q=1. T h e  1st maximum 
i s  larger t h a n  t h e  o t h e r  maxima a t  larger  V .  This  p r o p e r t y  

i s  s imi l a r  t o  t h e  s c a t t e r i n g  from an  i s o t r o p i c  d r o p l e t . 8  
From t h e s e  r e s u l t s ,  ne s h o u l d  be chosen t o  give V = 4 . 0 9  

r e g a r d l e s s  o f  R i n  o r d e r  t o  ach ieve  high c o n t r a s t  r a t i o  i n  
t h e  c o l l i m a t e d  system. 

For  t h e  r ad ia l  s t r u c t u r e  Q shows a s imi l a r  p r o p e r t y  as  
f o r  the  uniform s t r u c t u r e .  However it depends on R and t h e  

p e r i o d  o f  t h e  o s c i l l a t i o n  i s  l o n g e r  t h a n  t h e  u n i f o r m  
s t r u c t u r e .  Although it depends on R, t h e  1st maximum v a l u e  
g iven  a t  about  v=7 i s  a lmost  t h e  same(Q=1.74) regardless o f  

R, and it i s  larger t h a n  t h e  maximum v a l u e  o f  t he  uni form 
s t r u c t u r e .  

T h e  non-co l l ima ted  sys tem d i f fe rs  from t h e  c o l l i m a t e d  

(1) non-co l l ima ted  l i g h t  impinges  on t h e  PDLC p a n e l  
system i n  two ways :  

i n s t e a d  of  c o l l i m a t e d  l i g h t ,  and 
( 2 )  a pa r t  o f  scattered l i g h t  as w e l l  as u n s c a t t e r e d  

l i g h t  r e a c h e s  t h e  s c r e e n .  The d i f f e r e n c e  between Q and QN 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
09

 1
8 

Fe
br

ua
ry

 2
01

3 



134/[774] S. KOMURA ET AL. 

f o r  t h e  uniform s t r u c t u r e  arises from (1) whereas (2 )  causes  
non-zero Qs f o r  b o t h  t h e  uni form and r ad ia l  s t r u c t u r e s .  I n  
t h i s  way, Qef f  f o r  t h e  n o n - c o l l i m a t e d  s y s t e m  s h o u l d  be 

d i f f e r e n t  from Q f o r  t h e  c o l l i m a t e d  system. 
F i g . 3  shows t h a t  Qeff i s  less t h a n  Q and Qeff decreases 

w i t h  i n c r e a s i n g  R. The d i f f e r e n c e  between Qeff and Q are 

d o m i n a n t l y  a t t r i b u t a b l e  t o  d i f f e r e n c e  (1) r a the r  t h a n  
d i f f e r e n c e  ( 2 ) ,  because  Qs i s  r e l a t i v e l y  la rge  w h i l e  the  
d i f f e r e n c e  between Q and QN is  n o t  remarkable even f o r  t he  

uniform s t r u c t u r e  as i s  shown i n  F i g . 4 .  
The maximum v a l u e  o f  Qeff o c c u r s  a t  abou t  V=4(uni form 

s t r u c t u r e )  and v = 7 ( r a d i a l  s t r u c t u r e )  which i s  s imilar  t o  t h e  

maximum v a l u e  of  Q i n  t h e  c o l l i m a t e d  sys tem.  However t h e  
maximum v a l u e  o f  Qeff d e c r e a s e  w i t h  i n c r e a s i n g  R w h i l e  t he  

maximum v a l u e  o f  Q i s  c o n s t a n t  regardless o f  R. T h e  degree 
o f  t h e  decrease w i t h  respect t o  R i n  Qeff of  t h e  r a d i a l  
s t r u c t u r e  i s  smaller t h a n  Qeff o f  t h e  uni form s t r u c t u r e .  R 

s h o u l d  be as  s m a l l  a s  p o s s i b l e  s u b j e c t  t o  V = 4  ( u n i f o r m  
s t r u c t u r e )  o r  v = 7 ( r a d i a l  s t r u c t u r e )  i n  o r d e r  t o  achieve high 

c o n t r a s t  r a t i o  i n  t he  non-co l l ima ted  system, i . e .  a r ea l  
PDLC p r o j e c t o r .  

Around t h e  1st minimum o f  Q, Q e f f  i s  c l o s e  t o  Q 

r e g a r d l e s s  t he  s t r u c t u r e s  (F ig .3 ) ,  i n  o t h e r  words Qs i s  very  
small  compared t o  QN because QN i s  n e a r l y  e q u a l  t o  Q.  A s  QN 

corresponds t o  t h e  t o t a l  scattered l i g h t ,  t h e s e  r e s u l t s  mean 
t h a t  t h e  r a t i o s  o f  t h e  sca t te red  l i g h t  w i t h i n  t h e  cone  
d e f i n e d  by 80 t o  t h e  t o t a l  s c a t t e r e d  l i g h t  are  small around 
the  1st minimum of Q. F ig .5  shows t h a t  Qs/QN has  the  minimum 

a t  the  1st minimum of Q b u t  does n o t  have the maximum around 
t h e  1st maximum o f  Q. 

These p r o p e r t i e s  f o r  Qeff should  reflect the  p r o f i l e  of  

t h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n .  F i g . 6  shows t h e  
i n t e g r a l s  o f  t h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  
no rma l i zed  by t h e  s c a t t e r i n g  c r o s s  s e c t i o n  oc ( 8 0 )  /a a s  a 
f u n c t i o n  of 80 when t h e  c o l l i m a t e d  l i g h t  impinges  a PDLC 

p a n e l  where 
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [775]/135 

cc 
ce 

Q) 
Q 

c, 

0 10 
V 

20 

0 10 20 
V 

FIGURE 3 The efficiency factor in the collimated 
system, Q ,  and the non-collimated system, Qeff, as a 
function of v-2koR(ne-no) for R-0.,5, 1.0, 2 . 0 ~ ”  with 
80=5’, no=nm=1.5 and the wavelength h=555nm: 
(a) uniform structure, (b) radial structure. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
09

 1
8 

Fe
br

ua
ry

 2
01

3 



136/[776] S .  KOMURA ET AL. 

(a) U n  f o r m  S t r u c t u r e  

o R:l .Opm 

cn 
0 

P z 
0 

0 10 
V 

20 

0 10 
V 

20 

FIGURE 4 The e f f i c i e n c y  f ac to r s  i n  t h e  n o n - c o l l i m a t e d  
system, Q, QN a n d  Qs as  a f u n c t j - o n  of v=2koR(n,-no) f o r  
R=0.5 ,  1 .0 ,  2.0pn w i t h  80=5O,  no=nm=1.5  a n d  t h e  w a v e l . e n g t h  
h=555nm:  ( a )  u n i f o r m  s t r u c t u r e ,  ( b )  r a d i a l  s t r u c t u r e .  
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [777]/ 137 
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3) Uni  f o r i n  S t r u c t u r e  
_ _ _ _  Q o R=O.Sprn  
- Qs/QN o R = l . O p m  

n R=2.Oprn 
I P?, 
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20 
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FIGURE 5 The r a t i o  of e f f i c i e n c y  factors ,  Qs/QN, 
as  a f u n c t i o n  of v=2koR(n,-no) f o r  R=0.5,  1.0, 2 . 0 ~  
w i t h  80=5' , n,=n,=l. 5 a n d  t h e  w a v e l e n g t h  h=555nrn: ( a )  
u n i f o r m  s t r u c t u r e ,  ( b )  r a d i a l  s t r u c t u r e .  
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and k is parallel to z-axis. 
Fig.6a and 6b show oc/o as functions o f  80 f o r  the 

uniform structure at values of V which give the 1st maximum 
and the 1st minimum value of Q respectively. In Fig.6a and 
6b, C J '  (k,k') is given by Eq. (18) with 6=8'. Fig.6~ and 6d 
show oc/o as functions of 80 for the radial structure at 
values of V which give the maximum and minimum value of Q 

1.0 

0 \ - 
mo 0 . 5  - 
U 
0 

0.0 

a1 Un, lor. Structure 
1.0 

0 .. - 
ao 0.5 - 

0 
0 

0.0 

0 5 10 15 0 5 I 0  I 5  
go (degrees) go (degrees) 

)Id Radia l  S t ruc ture  

0.5 

0.0 

0 5 10 15 0 5 10 15 
Bo (degrees) €lo (degrees) 

FIGURE 6 The integral of the differential 
scattering GLOSS sections as f u i i c t i o i i s  o€ 00 for 
different radii R = C ) . 5 , 1 . 0 , 2 . O p  with no=n,,,=1.5 and 
the wavelength h-555nm: Fig.6a and 6b show the o c / o  
€OK the uniform structure at values of v which g i v e  
the 1st maximum ( v = 4 . 0 9 )  and the 1st minimum ( v = 7 . 6 3 )  
of Q respectively. Fig.6~ and 6d show the UC/U of 
the radial structure with v which gives the maximum 
and minimum value o f  Q respectively. 
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [779]/ 139 

r e s p e c t i v e l y .  In  F i g . 6 ~  and 6d, Q '  (k,k') i s  given by Eq.  ( 2 2 )  
w i t h  6=8' .  H e r e  dc(80)/d co r re sponds  t o  t h e  r a t i o  o f  t h e  

amount of  the  s c a t t e r e d  l i g h t  i n s i d e  t h e  cone d e f i n e d  by 80 

t o  t h e  t o t a l  scat tered l i g h t  when t h e  c o l l i m a t e d  l i g h t  
impinges a PDLC pane l .  

I n  e a c h  f i g u r e ,  v i s  chosen t o  co r re spond  t o  t h e  1st 

maximum o r  t h e  1st minimum o f  Q .  T h e r e f o r e  t h e  t o t a l  
scattered l i g h t  i s  t h e  same i n  e a c h  f i g u r e ,  i . e .  d i s  

c o n s t a n t ,  regardless of  R because  t h e  1st maximum and the  

1st minimum v a l u e  of  Q a r e  i n v a r i a n t  i n  t h e  u n i f o r m  
s t r u c t u r e  and nea r ly  i n v a r i a n t  even i n  t h e  rad ia l  s t r u c t u r e .  
These f i g u r e  shows t h a t  the  s c a t t e r i n g  p r o f i l e  depends on R 

while  t h e  t o t a l  scattered l i g h t  is  i n v a r i a n t .  With l a r g e r  R, 
dc/O r e a c h e s  1 . 0  a t  smaller 8 0 .  T h i s  means t h a t  t h e  

scattered l i g h t  i s  more concent ra ted  around the  d i r e c t i o n  of 
t h e  i n c i d e n t  l i g h t  f o r  l a rge  R. I n  o t h e r  words,  t h e  
s c a t t e r i n g  i s  "far" f o r  small  R and "near" f o r  large R w h i l e  
t he  t o t a l  scattered l i g h t  i s  c o n s t a n t .  

Comparing F ig .6a .  and 6b  o r  F i g . 6 ~  and 6d ,  w e  c an  see 
t h a t  t h e  s c a t t e r i n g  i s  fa r ther  a t  the 1st minimum of  Q t han  
a t  t h e  1st maximum o f  Q r e g a r d l e s s  of  t he  s t r u c t u r e s .  
R e c o n s i d e r i n g  t h e  r e s u l t s  i n  Fig.5, w e  f i n d  t h a t  t h e  
s c a t t e r i n g  i s  f a r t h e s t  a t  t h e  1st minimum of  Q.  

Comparing F ig .6a  and 6c o r  F ig .6b  and 6d,  w e  c an  see 
t h a t  t h e  s c a t t e r i n g  i s  f a r t h e r  i n  t h e  radial  s t r u c t u r e  than  
i n  t h e  uniform s t r u c t u r e  w i t h  r e s p e c t  t o  t he  same R.  

From t h e  above d i s c u s s i o n ,  w e  c a n  e x p l a i n  t h e  R 
dependence of  Qeff as fo l lows:  Regard less  of  R, t he  maximum 

v a l u e  o f  t h e  t o t a l  scattered l i g h t  i s  t h e  same; i . e .  t h e  
maximum v a l u e  o f  QN i s  t h e  same. However, t h e  s c a t t e r i n g  
becomes " f a r t h e r "  wi th  decreas ing  R. Therefore  Qs,  t he  l i g h t  
scattered w i t h i n  t h e  cone d e f i n e d  b y  80, becomes small and 
Qeff i n c r e a s e s .  

Summarising t h i s  d i s c u s s i o n ,  R shou ld  be as smal l  as 
p o s s i b l e  and v should be about 4(uniform s t r u c t u r e )  o r  about 

7 ( r a d i a l  s t r u c t u r e )  i n  o r d e r  t o  rea l i se  a h igh  c o n t r a s t  
r a t i o .  Small v a l u e s  of R a t  c o n s t a n t  v r e q u i r e  l a r g e  v a l u e s  
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140/[780] S. KOMURA ET AL. 

(a) Ijni f o r m  St ruc tu re  
o An=0.25 
o An=0.20 

0 1 2 

(b) R a d l a l  S t r u c t u r e  
o An=0.25 

An=0.20 * .I- 4 An=O.15 

0 

0 1 
R ( p m )  

2 

FIGURE 7 The radius dependence of the efficiency 
factors in the non-collimated system (Qeff) for different 
An=ne-h,= 0.15, 0 . 2 0 ,  0.25 with no=nm=1.5, the wavelength 
1=555nm: (a) uniform structure, ( b )  radial structure. D
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LIGHT SCATTERING OF PDLCS FOR NON-COLLIMATED SYSTEM [781]/141 

of An=ne-no. However gene ra l ly  An i s  restricted t o  be less 
t h a n  0.25. This  implies R should be 0.7pm f o r  the uniform 
s t r u c t u r e  and 1 . 1 ~  f o r  t h e  r a d i a l  s t r u c t u r e  a s  i s  shown i n  

F i g . 7 .  

CONCLUSIONS 

For  t h e  c o l l i m a t e d  s y s t e m ,  t h e  maximum v a l u e  of  t h e  
e f f i c i e n c y  f a c t o r  i n  t h e  OFF s t a t e ,  Q, i s  t h e  same 
r e g a r d l e s s  of  t h e  d r o p l e t  r a d i u s  R .  F o r  t h e  uni form 
s t r u c t u r e  Q does n o t  depend on R whi le  V=2koR(ne-no) i s  
c o n s t a n t .  I t  becomes a maximum v a l u e  1.59 a t  v=4.09 

r ega rd le s s  of  R. On the o the r  hand, f o r  t h e  r a d i a l  s t r u c t u r e  
Q s l i g h t l y  depends on R while  v is  cons t an t .  However, i t s  

maximum value i s  almost t h e  same rega rd le s s  of R. I t  i s  1 . 7 4  
a t  about V = 7 .  The maximum value  of t h e  r a d i a l  s t r u c t u r e  is  

l a r g e r  t han  t h e  uniform s t r u c t u r e .  
On t h e  o t h e r  hand, f o r  t h e  non-collimated system, t h e  

e f f i c i e n c y  f a c t o r  Qeff becomes a maximum a t  around t h e  value 
of V which g ives  t h e  maximum value of Q. However the maximum 
v a l u e  of  Qef f  i s  less t h a n  t h a t  of Q and it s t r o n g l y  
depends on R. With dec reas ing  R, t h e  maximum va lue  of  Qeff 

i n c r e a s e s .  Therefore ,  i n  a rea l  p r o j e c t o r  i n  which non- 
c o l l i m a t e d  l i g h t  impinges on a PDLC pane l  and s c a t t e r e d  
l i g h t  as w e l l  as u n s c a t t e r e d  l i g h t  reaches  t h e  sc reen ,  w e  
should choose R t o  be a s  smal l  a s  p o s s i b l e  bea r ing  i n  mind 
t h e  r e s t r i c t i o n  of v 4(uni form s t r u c t u r e )  o r  v 7 ( r a d i a l  

s t r u c t u r e ) .  W e  can r e a l i s e  t h e s e  c o n d i t i o n  by choos ing  
R=O .7pn (uniform s t r u c t u r e )  o r  R = l  . lpm ( r a d i a l  s t r u c t u r e )  and 
h=ne-no=0.25 f o r  the  l i g h t  of 555nm wavelength which i s  the 

most s e n s i t i v e  f o r  human beings.  
The d i f f e r e n c e  between Qeff and Q i s  concerned w i t h  t h e  

two d i f f e r e n c e s  o f  t h e  non-col l imated  s y s t e m  from t h e  
c o l l i m a t e d  s y s t e m ;  (1) non-col l imated l i g h t  impinge on a 
PDLC panel  i n s t e a d  of co l l ima ted  l i g h t ,  (2) a p a r t  of  t h e  

scattered l i g h t  as w e l l  a s  t h e  unsca t te red  l i g h t  reaches the  
sc reen .  W e  found t h a t  t he  d i f f e r e n c e  between Qeff and Q i s  
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142/[782] S. KOMURA ET AL. 

mainly attributable to difference (1) rather than difference 
(2) 

The R dependence of Qeff is explained as follows: The 

maximum value of.the intensity of the total scattered light 
is invariant regardless of R if we choose v properly. 

However the scattering profile becomes "farther" with 
decreasing R. This implies that the scattered light in the 
defined cone, i.e. that which reaches the screen, decreases 
while the total scattered light is invariant. Therefore the 
amount of the scattered light which does not reach the 
screen, Qeff, increases. 

As for the scattering profile, we found that the 
scattering becomes "farthest" at the value of v which gives 
the minimum value of the total scattered light in both 
uniform and radial structures. 
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