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Abstract. Enhanced backscattering from a random medium resulting from 
interference is known as weak localisation. In the backscattered light three 
polarisation effects are observed: there is partial retention of polarisation, the 
polarised cone of enhanced backscattering is spatially anisotropic, and a slight 
enhancement is found in the depolarised light component. It  is proved 
experimentally that the three effects are due to lower-order scattering contributions, 
and the effects are explained. A computer simulation of enhanced backscattering 
from a medium containing randomly distributed Rayleigh scatterers confirms this 
interpretation. 

The  phenomenon of enhanced  backscattering  has  been 
known  for  a  long time,  and  various  explanations based 
upon  geometrical optics are possible [l]. Recently, 
interference was proposed as  a new mechanism  for  its 
occurrence [2]. The  present  authors [3] and  also Wolf 
and  Maret [4] found  enhanced  backscattering in their 
search  for  Anderson localisation of light.  Anderson 
localisation is localisation due  to  randomness [ 5 ] .  If the 
mean  free  path Amf in the  random  medium is shorter 
than  some critical  length A,,, the diffusion constant 
vanishes due  to  interference  and we have  (strong) 
localisation.  Until  recently, all studies  concerned  the 
localisation of scalar waves.  Localisation of light is of 
particular  interest because the vector character of elec- 
tromagnetic waves introduces new aspects. 

In order  to  observe  strong localisation, Amf should 
be  extremely  short,  but  even if Amf is not  short  enough 
to  make  the diffusion  constant  vanish, one may still 
see  interference effects: waves travelling the  same light 
path in opposite  directions (figure l(a)) will emerge 
with the  same  phase in the 180" direction. If observed 
at  an angle 8 with  this  direction,  their  relative  phase 
shift will be (2r/A) cos(@ - 8/2)  sin(8/2).  The inset of 
figure l(a) shows the intensity due  to  the  time-reversed 
pair as  a  function of 8. Adding  the  patterns of many 
time-reversed  pairs yields a  constant  'background' with 
a  narrow  cone of enhanced intensity around  the 180" 
direction  (where all interference is constructive). The 
enhanced  backscattering implies an increased prob- 
ability of return  for waves  propagating in the  medium 
and  hence  reduces  the diffusion constant. This 
phenomenon is a  precursor of (strong)  localisation and 

is known  as  weak  localisation.  The  present  paper  deals 
with  manifestations of the  vector wave character in the 
weak  localisation of light. 

The  importance of polarisation  as  a  parameter is 
illustrated in figure l ( b ) .  The incident wave propagates 
in the  direction  perpendicular  to  the  plane of the 
drawing  and is vertically  polarised. The polarisation 
vectors of the waves that  are  backscattered via the 'light 
paths' 1-2-3 and 3-2-1 are P+ and P -  respectively.  It 
is seen  that  the  polarised  components (P+), ,  and (P-), 
are  equal,  whereas  the  depolarised  components ( P + ) -  
and ( P - ) i  are  not.  Thus in the 180" direction there will 
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Figure l .  (a) Pair of time-reversed light paths. Inset: 
interference pattern of a time-reversed pair. (b) Light with 
polarisation vector Pi is incident in the direction 
perpendicular to the plane of the drawing. The components 
of P and P parallel to Pi are equal, whereas the 
perpendicular components are not. 
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Figure 2. Width at 1.5 x background level (0.21 5 pm 
particle background corrected for single scattering), r, as a 
function of Amf: +, 2.02 pm polyvinyltoluene spheres in 
water; 0, 1,091 pm polystyrene spheres in water; 0, 
0.482 pm polystyrene spheres in water; V,  0.21 5 pm 
polystyrene spheres in water, scan ilPi (note the abnormally 
large r values): A, 0.21 5 pm polystyrene spheres in water, 
scan LPi; 0, -0.22 pm TiOp particles in 2-methyl-2,4- 
pentane-diol; full line, = O . ~ , I / ~ J C A , , , ~  (result from rigorous 
theory) [6]. 

be  constructive  interference  (doubled intensity) in the 
polarised  component,  whereas in the  depolarised  com- 
ponent  the  interference  depends  on  the  geometry of 
the light path  and  may  be  anything  from totally  con- 
structive to totally  destructive.  Thus one would  expect 
enhancement  factors slightly lower  than  2  for  the  polar- 
ised component  (the single-scattering  contribution to 
backscattering  has  no  interference  term)  and  near 1 for 
the  depolarised  component.  The  cones of enhanced 
backscattering  are  made  up of contributions of many 
time-reversed  pairs,  all  having  different  geometries  and 
different  values  for  the  displacement r .  Since r scales 
with Amf,  the width of the  cone will relate  to A/Amf, 
where A is the  wavelength of the  light.  Figure  2 shows 
the width at 1.5 X background level of the polarised 
cone  as  a  function of Amf. The inverse  proportionality 
demonstrates  that  the  backscattering  enhancement is 
indeed  a result of interference. 

The relative  importance of the  different  orders of 
scattering  depends  on  the  phase  function of the scat- 
terers, so the  shape of the  cone may depend  on,  for 
example,  particle size:  0.215 pm  sphere  samples,  for 
instance, yield backscattering  cones  that  are  aniso- 
tropic, being broader in one  direction  than  expected 
on  the basis of Amf (figure 2).  Intensity profiles recorded 
for  the  polarised  and  depolarised  components of the 
light backscattered  from  a  thick 9 .6~01% sample of 
0.215 pm polystyrene  spheres in water  are shown in 
figure 3(a).  The lower  curve  corresponds to  the  depo- 
larised  component, while the  upper  and middle  curves 
correspond  to  the  polarised  component  scanned  par- 
allel and  perpendicular  to  the  direction of incident 
polarisation  respectively.  It is seen  that  the  background 
backscattered light is partially  polarised,  the  intensity 
profile  for the  polarised  component is spatially  aniso- 
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Figure 3. (a) Backscatter cones from a thick slab 
(2400 pm) of 9.6 vol% 0.21 5 pm polystyrene spheres in 
water: upper curve, polarised component, scan lipi; middle 
curve, polarised component, scan LPi; lower curve, 
depolarised component (11 and I scans coincide). (b) As 
for (a), but from the 'deep' slab between 60 and 2400pm 
behind the interface of the sample. 

tropic,  and  the  enhancement  factor Ztop/Zbackground is 
somewhat less than  2  for  the polarised  component  and 
slightly larger  than 1 for  the  depolarised  component. 
The  curves  in figure 3(b)  were  obtained by subtracting 
intensity  profiles  recorded  for  a thin  sample  from  those 
of the thick sample.  Thus  the  contributions  from  short 
light paths  that  never  enter  the  'deep'  part of the thick 
sample  cancel out,  and  what  remains is the  contribution 
of light paths long enough  to  have passed  through  this 
deep  part.  Comparing  the  curves associated with long 
light paths, we see  that  the  background polarisation is 
now  almost  completely scrambled,  the intensity profile 
of the  polarised  component is isotropic,  and  no 
enhancement is left in the  depolarised  component.  It 
follows that  the  three  polarisation effects are  due  to 
lower-order  scattering.  Figure 4 shows data cor- 
responding to those of figure 3(a) but  recorded using 
a 1500 pm sample of 9.6  vol%  1.091  pm  spheres.  The 
background  polarisation is nearly  completely 
scrambled,  and  no  spatial  anisotropy is seen in the 
polarised  cone. On  the  other hand  the  enhancement in 
the  depolarised  component is more  pronounced  here. 

A lot of  theoretical  work  has  already  been  done  to 
explain the  shape  and width of the  backscatter  cone, 
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Figure 4. Backscatter cones from a 1500 #pm slab of 
9.6 vol% 1.091 pm polystyrene spheres in water: lower 
curve, depolarised component; middle curve, polarised 
component, scan I Pi; upper curve, polarised component, 
scan 1 1  P,. 

and  much of this  work  concerns  the  isotropic  scattering 
of scalar  waves. A rigorous  theory [ 2 ,  61 and diffusion 
approximations [6-81 have  been  developed.  The  shape 
and  width of the  backscatter  cone  predicted by these 
scalar  theories  agree  quite  accurately with those  found 
experimentally in the  polarised light component for all 
but the smallest scatterers,  but scalar  theory  cannot be 
used to  describe  the  depolarised  component. 

In  other  work  the  vector  character  has  been 
considered.  We  calculated  the  enhancement  factor  for 
the  depolarised  component  for multiple  Rayleigh  scat- 
tering [g], and  a diffusion  theory for  point-dipole scat- 
tering  has  been  developed  [lo] which correctly  predicts 
the  partial  retention of polarisation  and  the  weak 
enhancement in the  depolarised  component,  but not 
the  spatial  anisotropy in the  polarised  cone. 

We will now present  qualitative  explanations in 
terms of the  symmetry of the  phase  functions of the 
scattering  particles  for  the  observed  vector  character 
effects.  Since  these effects  originate  from  low-order 
multiple-scattering  processes, we will discuss them  on 
the basis of properties of the very  lowest-order  pro- 
cesses that  contribute significantly to  the 
backscattering. 

For  the  small-particle case we will assume  Rayleigh 
scattering.  In  this  case  the  second-order  contribution 
to  enhanced  backscattering is larger  than  that of any 
other individual order.  In  a  second-order process there 
is only one plane of scattering  and  therefore  the  inter- 
ference  between  time-reversed waves is constructive in 
both  the  polarised  and  depolarised  components (figure 
5(a)) .  Figure 5(b)  represents  a  part of the air-sample 
interface;  x-polarised light is incident in the z direction. 
The directions of polarisation  and  the  relative  ampli- 
tudes of waves scattered via a first particle  somewhere 
at the  negative z axis and  a  second  particle  somewhere 
behind  the  interface  areas  marked x ,  y  and xy are 
represented by vectors. 

In the Mie  case the  power  scattered by a  particle is 
almost  completely  confined  to  a  cone in the  forward 

Figure 5. (a) Three second-order light paths for Rayleigh 
scattering. (b) Direction and amplitude of the backscattered 
wave in second-order Rayleigh scattering as a function of 
the relative orientation of the scattering particles. 

direction,  the  apex angle 6 of which decreases with 
increasing  size of that  particle. As a consequence, light 
paths including  scattering  angles >8 will contribute 
very little. The very  lowest-order light paths  that  do 
contribute significantly to  the backscattering are  there- 
fore essentially  coplanar  configurations of n/e scat- 
terers (figure 6(a)) .  Figure 6(b)  shows the large- 
scatterer limit for  the  direction of polarisation  and the 
relative  amplitude of a  scattered wave as  a  function  of 
the  relative  orientation of the two  ends of a  lowest- 
order light path. Since  within the  narrow  cone of for- 
ward  scattering  associated with larger  particles  the 
amplitude of the  scattered wave is practically inde- 
pendent of the  angle q between  the incident  polar- 
isation and  the  normal  to  the  plane of scattering,  the 
x ,  y and xy processes  are equally efficient in this  limit. 

From figures 5(b) and 6(b)  the  vector  character 
effects are easily understood. 

(1) The partial  retention of polarisation  found  for 
small-particle  samples  occurs  because in this  case much 
of the original  polarisation  survives  low-order  scat- 
tering  processes.  In  large-particle  samples  even  the 
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Figure 6. (a) Three 'lowest-order' light paths in (large- 
particle) Mie scattering. (b) Direction and amplitude of the 
backscattering wave as a function of the orientation of the 
'shortest' light path in Mie scattering. 
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Figure 7. Simulated  backscatter  cones for multiple 
Rayleigh scattering; attribution of curves as in figure 3. 
Inset: r for  the polarised component as a function of the 
order of scattering; upper  series,  scan lipi;  lower  series, 
scan .LPi; full  line, r = (O.Sd/d,,)(n - l)”’’, where n is  the 
order. 

lowest-order light paths  that  contribute  to  an  important 
extent  completely  scramble  the  polarisation. 

(2) The  spatial  anisotropy  found in the  polarised 
cone of small-particle  samples  results  from  the  cir- 
cumstance  that  the  separation  between  both  ends of 
the  average  polarisation-preserving light path is larger 
in the y direction  than in the x direction. On average, 
the  two-point-source  interference  patterns  that  con- 
stitute  the  cone  are  therefore  broader in the x than in 
the y direction.  In  the  large-particle limit this  ani- 
sotropy  does  not  occur (figure 6(b) ) .  

(3) Enhancement in the  depolarised  component will 
occur if constructive  interference  between  the  depo- 
larised  components of time-reversed  pairs of waves out- 
weighs  destructive  interference.  In  both  the small- and 
large-particle  limits we find that in the  lowest-order 
light paths  the  scattering  centres  are in a  coplanar  con- 
figuration and  therefore  the  polarisation  vectors of the 
time-reversed  waves  are  parallel.  With  increasing  order 
the light paths may  assume  more  arbitrary  shapes,  and 
in the  depolarised  component  destructive  interference 

will become increasingly important, until in the high- 
order limit it balances  constructive  interference. 
Because of the  low-order  contributions,  a  net excess of 
constructive  interference  (and  hence  enhancement) in 
the  depolarised  component will occur in both  the small- 
and  large-particle  limits, in contrast to  the  partial  reten- 
tion of polarisation  and  anisotropy, which only  occur 
in the  small-particle  limit. 

Our  interpretation is confirmed by the results of a 
computer  simulation of enhanced backscattering  from 
a  medium  containing  randomly  distributed  Rayleigh 
scatterers [9]. These  results  are  presented in figure 7 
and show  clearly the  three  vector effects. An analogous 
simulation  for  large-particle  scattering is possible in 
principle  but  would  require an excessive amount of 
computing  time. 
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