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A scattering experiment is described in which the spatial coherence properties of the incident light can be changed. The effect 
of spatial coherence on the angular distribution of the scattered radiation is studied. The results agree with the predictions of a 
recent analysis of this phenomenon [J. Jannson, T. Jannson and E. Wolf, Optics Letters 13 (1988) 1060 ]. 

I. Introduction 

A recent theoretical analysis [1] has shown that 
the angular distribution o f  radiation scattered by a 
deterministic or by a spatially random medium de- 
pends on the degree o f  spatial coherence of  the ra- 
diation incident on the medium. This gives rise to 
the possibility of  discriminating between laser ra- 
diation and other types of  radiation by utilizing the 
differences between their spatial coherence 
properties. 

In this paper, we describe a scattering experiment 
which supports the conclusion of  ref. [ 1 ]. In this ex- 
periment, a scattering medium is illuminated with 
radiation o f  different spatial coherence characteris- 
tics. We find that the angular distribution of  the scat- 
tered light broadens when the degree of  coherence of  
the field incident on the scatterer is reduced. 

In ref. [ 1 ] a three-dimensional scatterer was con- 
sidered whereas we use a planar scatterer. Accord- 
ingly, the theory of  ref. [ 1 ] will first be adapted to 
our case (sec. 2 ). The experiment and the results will 
then be described (sec. 3). 

2. Theory 

A partially coherent field is incident on a planar 
linear scatterer located in the first focal plane o f  a 
converging lens. The (spectral) intensity distribu- 
tion in the second focal plane is observed. We shall 
derive an expression for this intensity distribution, 

within the accuracy of  the paraxial approximation. 
Our derivation parallels that of  ref. [ 1 ] with some 
obvious changes. 

Let W (i) (rl, r2, 09) be the cross spectral density 
[2 ] of  the incident field between two typical points 
with position vectors r~ and r2 in the plane o f  the 
scatterer, at temporal frequency 09. According to the 
theory of  coherence in the space frequency domain 
[3] ,  the cross spectral density can be expressed in 
the form 

w(i)  ( r l ,  r2, 09) 

= ( U ( i ) ( r l ,  09) U(i ) ( r2 ,  09) >~ , ( 1 )  

where the angular brackets, with the subscript 09, de- 
note a statistical average taken over an ensemble 
{U ~i) (r, 09) exp( - i09 t )}  of  frequency-dependent 
monochromat ic  realizations. Let us denote by U(R, 
09) the field at a typical point, whose position vector 
is R, in the back focal plane obtained when a given 
r e a l i z a t i o n  U (i) (r, co) is incident on the scatterer. 
The field U(R, 09) can be evaluated as follows [4],  

U(R, 09)=-i ~f ~ U(i)(r, 09) 

X T(r) exp [ - i(09/cf)r.e] d2r. (2) 

Here f i s  the focal length o f  the lens, c is the speed 
of  light in the medium surrounding the lens and T(r) 
is the transmission function of  the planar scatterer. 
We assume that T(r) is frequency-independent at 
least over the range of  temporal frequencies con- 
tained in the incident field. The cross spectral den- 
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sity of  the field in the back focal plane of  the lens can 
be expressed in a form similar to eq. ( 1 ), viz., 

VV(RbR2.09)=(U*(Rb09) U(R2, 09) )~ ,  (3) 

and can be easily evaluated. On inserting from eqs. 
(2) and (1) into eq. (3),  we find that 

W(RI, R2, 09) 

-- C2f2 H/( i ) ( r l ,  r2, 09) T * ( r l ) T ( r 2 )  

Xexp[-i(09/cf)(~'2.R2-1"1.Rl)] d2rl d2r2 . (4 )  

In particular, the spectral intensity at a point R, say 
l(R, 09), is obtained from eq. (4) by letting 
R~=R2=R. One then obtains for I(R, 09) the 
expression 

o, ff I(R, 09)= W(i)(rl, r2, 09) T*(r, ) T(r2) 

Xexp[--i(09/cf)(r2--rl)'R] d2rl d2r2. (5) 

This is the intensity distribution produced in the back 
focal plane by a deterministic scatterer and is seen 
to depend on the spatial coherence characteristics of  
the illuminating field. Suppose now that the inten- 
sity is averaged over an ensemble o f  scatterers. Eq. 
(5) then becomes 

I(R,  09) = c2 ~ W°)(rl,  r2,09)C(rbr2) 

×exp[--i(09/cf)(r2--rl)'R] d2rl d2r2, (6) 

where 

C(rb r2 )=  ( T * ( r , )  T* (r2) > (7) 

is the correlation function of  the transmission func- 
tion T(r). Here, the average is taken over the en- 
semble of  scatterers. The intensity distribution is 
again seen to depend on the cross-spectral density o f  
the field incident on the scatterer. 

We shall now evaluate eq. (6) for the case in which 
I4 "(~) (r,, r2, 09) and C(r~, r2) have the forms 

W 0 ) ( r l ,  r2, 09) 

=/ ( i ) (09 )  e x p ( r 2 + r 2 ' ] e x p ( - - ( ? ' 1 - r 2 ) 2 ) ,  
4~fl 2 J 2a/2, 

(8) 

,4 ( (n:r2)2  
C(rb r2) = 2Zra~-~T exp 2a 2 j , (9) 

i.e. we assume that the illuminating field across the 
scatterer is a (secondary) gaussian Schell model 
source [ 5,6 ], with frequency-independent variances 

2 of  the intensity and of  the degree of  spatial a 2 and a~ 
coherence, respectively. The correlation function o f  
the scatterer is also assumed to be gaussian with var- 
iance a 2. On inserting from eqs. (8) and (9) into 
eq. (6) we obtain, after some straightforward cal- 
culations, the following expression for the spectral 
intensity at the point R, 

I(R, 09) =/M (09) exp[ --R2/2a2(09) ] , (10) 

where 

81rAIO ) ( 09 ) .2_4_2 ¢u oxu u (11) 
1M(09) = C2f2 2 2 2 2 2 ' • 4al 0" T +40"1  0 "2) (a~aT + 

1 
a2(09) : 209 ~ + 25 + • (12) O" u 

The formula (10) shows that the intensity distri- 
bution in the back focal plane of  the lens is a gaus- 
sian curve. It is seen from eq. ( 1 2) that, for a given 
value o f  aT, the variance a2(09) depends on both al 
and a,. In particular, if we fix the value ofai ,  the var- 
iance a2(09) reaches a min imum for coherent illu- 
mination (a/,-~oo), whereas it diverges in the in- 
coherent limit (autO). 

As far as comparison with the experiment is con- 
cerned, we note that both the maximum value and 
the variance of  I (R,  09) depend on 09. Now, in most 
experiments, one actually integrates I(R, 09) with re- 
spect to 09. Because of  this integration, the measured 
intensity can depend on R through a law which is 
somewhat different from that indicated by eq. ( 1 0). 
However, such an effect can be disregarded if the 
bandwidth of  the radiation used in the experiment 
is sufficiently small. This is the case for our exper- 
iment. Accordingly, we assume that the integrated 
intensity is described, to a good approximation, by 
eqs. ( 1 0 ) - ( 1 2 ) ,  with 09 replaced by the mean fre- 
quency of  the incident radiation. 

3. Experimental results 

The setup used in our experiment is shown sche- 
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Fig. 1. Experimental set-up. Lt, L2, L3" converging lenses; S~, $2: 
scatterers; G: gaussian amplitude filter; TV, PC: television cam- 
era connected to a personal computer. 

matically in fig. 1. A quasi-monochromatic,  spatially 
incoherent source is synthesized by focusing a HeNe 
laser beam through the converging lens L~ on a ro- 
tating disk of  ground glass S~. The glass is finely 
grounded in order to produce a transverse correla- 
tion length comparable to the wavelength of  the in- 
cident radiation. The (secondary)  source obtained 
when the disk rotates can be thought o f  as a spatially 
incoherent one. The intensity distribution across SL 
is a ( two-dimensional)  gaussian function whose 
width can be changed by moving the lens Ll along 
the laser beam axis. The source S~ is placed in the 
front focal plane of  a second converging lens L2. Ac- 
cording to the van Cittert-Zernike theorem [7 ], the 
degree of  spatial coherence at the output o f  L2 is the 
Fourier transform of  the intensity distribution across 
S~ and is, therefore also a gaussian function. We note 
that the lens Le eliminates the quadratic phase factor 
that would otherwise appear in the expression of  the 
degree of  spatial coherence. Close to L2 there is a 
gaussian amplitude filter G. As a consequence, the 
partially coherent field emerging from G has a gaus- 
sian intensity profile and a gaussian degree o f  spatial 
coherence. In this way, we obtain the type of  field 
distribution described by eq. (8).  This part of  the 
apparatus is quite similar to that used in one of  the 
first experiments on gaussian Schell model sources 
(also called Collett-Wolf Schell model sources) [ 8 ]. 

A second rotating glass disk $2 is close to G and 
constitutes the planar scatterer, alluded to in the pre- 
vious section. $2 is made of  the same type of  glass 
that is sometimes used for office doors or windows. 
One of  its surfaces is covered by a myriad of  small 
bumps or tiny hills whose height is about 50 p_m and 

whose base has a diameter of  about 1 mm. When il- 
luminated by a coherent collimated beam, such an 
object scatters radiation in a cone whose angular 
semi-aperture is about 2 degrees. We evaluated nu- 
merically the correlation function C(rl, r2) pertain- 
ing to Sz starting from a set of  measurements of  its 
thickness along several arrays of  points. The results 
showed that the correlation function is approxi- 
mately described by eq. (9),  with a standard devia- 
tion O'v=4 rtm. 

The rotating scatterer $2 is placed in the front focal 
plane of  a third converging lens L3. The intensity dis- 
tribution across the back focal plane is detected by 
a television camera connected to a data acquisition 
board in a personal computer.  

We first measured the time averaged intensity dis- 
tribution along a diameter of  the luminous spot, 
formed in the back focal plane of  the lens L3 (whose 
focal length is 50 m m ) ,  when the rotating scatterer 
$2 is illuminated with coherent collimated radiation. 
This is obtained by removing the ground glass S~ and 
using lenses LI and L2 to expand and collimate the 
laser beam. The diameter of  the expanded and col- 
limated laser beam is about 10 times greater than the 
standard deviation of  the filter G (cq = 4 m m ) ;  con- 
sequently the intensity of  the light illuminating the 
filter is essentially constant all across the region in 
which the transmission function is significantly dif- 
ferent from zero. We assume that the time average 
performed in the measurement with the rotating 
scatterer simulate an average over an ensemble of  
scatterers. The experimental situation is then de- 
scribed by eqs. ( 8 ) and (9),  with aT = 4 p,m, cr~ = 4 
mm and au--,oo. On inserting these values into eq. 
(12) and using the mean wavelength (633 nm)  of  
the red HeNe laser radiation, we find that a =  1.25 
mm. This is in good agreement with the experimen- 
tal results as can be seen from curve (a)  of  fig. 2 
where the intensity measured along a diameter of  the 
spot is plotted. 

Let us next consider the case of  partially coherent 
illumination. The laser spot produced by Ll on the 
ground glass was adjusted until the standard devia- 
tion of  the degree of  coherence obtained on G be- 
came comparable to the one pertaining to $2. The 
chosen value of  or u was 3.2 gm. In this case, the value 
of  cr predicted by eq. (12) is 2 mm. This agrees with 
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Fig. 2. Intensity recorded in the back focal plane of lens L3 along 
the diameter of the scattered spot for aT=4 p.m, crt=4 mm and 
2=633 nm. Curve (a): coherent illumination of $2. Curve (b): 
partially coherent illumination with au= 3.2 ~tm. Arbitrary units 
are used on the vertical axis. 

the  expe r imen t a l  result  shown in cu rve  (b )  o f  fig. 2. 

4. Conclus ions  

in pr inc ip le  be used to d i s c r im ina t e  be tween  laser  ra- 

d ia t ion  and  o the r  types o f  rad ia t ion ,  u t i l iz ing  the  dif-  

ferences  in the i r  spat ial  cohe rence  proper t ies .  We 

p e r f o r m e d  a s imple  e x p e r i m e n t  to con f i rm  this re- 

sult in the case o f  p lana r  scatterers.  T h e  angular  dis- 

t r ibu t ion  o f  rad ia t ion  ob t a ined  when  the cohe rence  

area  o f  the i l l umina t ing  l ight is c o m p a r a b l e  to the 

cor re la t ion  area o f  the sca t te rer  is cons ide rab ly  dif- 
ferent  f r o m  that  p r o d u c e d  by cohe ren t  co l l ima ted  

light. 
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