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Crossover to Strong Intensity Correlation for Microwave Radiation in Random Media
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%'e report measurements of microwave intensity statistics in random configurations of polystyrene
spheres contained in a cylinder with reflecting walls. As the sample thickness increases measurements of
the intensity distribution and the intensity correlation function with frequency shift reveal a crossover
from uncorrelated to correlated photon diffusion.

PACS numbers: 42.20.—y, 78.20.Dj, 78.70.Gq, 84.40.Cb

Microwave experiments oAer wide latitude with which
to probe the universal character of wave propagation.
Here we report measurements of first- and second-order
intensity statistics of microwave radiation in random
conGgurations of polystyrene spheres contained in a cy-
lindrical tube with highly reAecting copper walls. By
conGning the radiation, the probability that a photon
passing through a point within the medium also passes
through another point or returns to the first point is
enhanced. This leads to an enhancement of intensity
correlation which increases further as the sample length,
L, increases. The degree of correlation is exhibited in
the distribution of intensities and in the intensity-
intensity correlation function with incident radiation fre-
quency at a point in the sample.

In the weak scattering limit kl&)1, where k =2tt/k
and I is the transport mean free path, the intensity-
intensity correlation function has been calculated by
Stephen and Cwilich' and by Feng, Kane, Lee, and
Stone. It can bc expressed as an expansion in the pa-
rameter 1/g, where g-6/(e /h) is the dimensionless
conductance. In the absence of inelastic processes g
=Ntl/L, where Wt is the number of transverse input
modes at the excitation frequency. The leading term in
the expansion corresponds to uncorrelated diA'usion and
is directly related to the time-of-Aight distribution of
photons. When g is large this term dominates the local
intensity correlation function. Higher-order terms in-
clude corrections due to correla. tion between diferent
random paths in the medium. Though these corrections
dominate Auctuations in total transmission and conduc-
tance, they have not previously been directly observed in
local statistics. Measurements of optical Auctuations
have been in the regime of large g (& 10 ). In elec-
tronic experi. ments the requirement of subwave1ength
resolution has not been achieved. These restrictions are
overcome in the present micro~ave experiments because
intensity measurements at a point are possible and g can
be made small by the use of reAecting walls to limit the
sample s t1ansvcrsc dimensions.

In the weak scattering li111it, g can be identiGcd with
the Thouless number b (Ref. 7) which is the ratio of the
level width to the level spacing, 6 8E/(dE/dK), for
eigenstates of the Schrodinger equation of a random po-

tential. For classical waves 6 can be deGned using the
correspondence principle as the dimensionless frequency
b 8v/(dv/d%). The level width Bv can be identified
with the half-width, 6'vE, of the Geld-Geld correlation
function. Thus 8 can be determined experimentally
from measurements of intensity Auctuations with fre-
quency and is a natural parameter with which to de-
scribe electromagnetic propagation.

We measure the scale dependence of the average in-
tensity, T(L), the spectral cumulant intensity correlation
function, C (Av;L), and the distribution of intensities,
P(I/&I);L), of the transmitted radiation. The sample
consists of uniform, one-half inch polystyrene spheres
with filling fraction f 0.56. The diameter of the copper
tube is 7.3 cm and the typical wavelength is —1 cm.
The spheres uniformly Gll the tube but are sti.ll loosely
enough packed to move significantly when the tube is
tumbled. The wave is launched from a horn positioned
20 cm in front of the sample. The frequency is set by a
computer-generated voltage and the sample is tumbled
by a computer-controlled motor. The intensity of mi-
crowave radiation is detected at the point of contact of a
w1I'c pI'obc with a Schottky diode. Thc d1odc is mounted
on a plunger which deGnes the sample length. The front
of the plunger is covered with a microwave-absorbing
material to minimize reAection back into the sample.
The time average of intensity at a point as a function of
L„which is measured as the sample is tumbled, is propor-
tional to the conGguration average of transmission versus
thickness. The tumbling can be stopped and the fre-
quency dependence of the transmitted intensity for a
particular conGguration of the sample can be studied by
scanning the microwave frequency. The spectra at a
given thickness are normalized to the average of all the
spectra at that thickness to eliminate thc 1nAuence of the
frequency variations in the instrumenta1 response. A
typical spectrum of intensity Auctuations at I.=30 cm its

shown iin Fig. 1(a). The intensity correlation function iis

computed for each sample conGguraticn and the ensem-
ble average is obtained by averaging the correlation
function for several hundred conGgurations, all with the
same number of scatterers. The points in Fig. 1(b) are
the results obtained for I. 30 cm. The distribution of
intensities is obtained from values of intensity in the
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C'(~ .L) —1»nh(qp&)/stnh(qpL ) 2 (2)

The half-width of the intensity correlation function
4v as determined by Eq. pev . ' 2) de nds on D, L„and L.Vl
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TABLE I. Tabulation of the change of intensity statistics as
L increases and b decreases. Terms are defined in the text.

I. (cm) (I/&I&) hC'/C'

10
20
30
40
60
80

100
140

=0.02
0.08
0.10
0.14
0.15
0.18
0.20
0.24

~ 0.02
+' 0.02
~ 0.02
+ 0.02
+' 0.02
~ 0.02
+ 0.02
~ 0.03

1.0 ~ 0.05
1.0 ~ 0.05
1.0 ~ 0.05

0.95+ 0.05
0.85+ 0.05
0.85 ~ 0.05
0.80 ~ 0.05
0.75 ~ 0.05

=0
~0
=0
=0
0.4 ~ 0.2
1.0+ 0.2
1.3 + 0.2
2. 1 ~ 0.2

668
172
112
87
65
56
52
47

is the value of I/&I) at which P(I/(I)) has its maximum
value, and y 1. The increasing deviation of the cumu-
lant of the measured intensity autocorrelation function,
Cz pt from the predictions of the uncorrelated-photon-
diffusion model in Eq. (2), C„„„is exhibited in the pa-
rameter hC /C (C,„~t

—C„„,)/C„„, evaluated at a fre-
quency shift Av 3kvi.

A natural parameter with which to describe the degree
of correlation in the sample is the number of independent
basis states represented in a wave at frequency v. This is
given by the product of the density of states and the level
width, (dN/dv)bvE, which is the parameter b. The den-
sity of states for waves confined by refiecting side walls
in a medium of cross-sectional area A is dN/dv
-4k AL/ttv. bvE is obtained from Eq. (I) using the ex-
perimental values of D and L,. The calculated values of
6 for our sample are listed in Table I. We find that the
enhancement of correlation as L increases is associated
with the decrease in the value of B. The observation of
strong correlation occurs for large enough values of 8
that D is not significantly renormalized.

The reduced probability of low intensity values may be
associated with the transition from a wave with three-
dimensional to one-dimensional characteristics as L in-
creases. Calculations of local intensity statistics have so
far only been carried out in the regime in which 8 is
large. Therefore, it is not possible at present to make a

detailed comparison with theory.
In conclusion, we have shown that microwave studies

can provide a complete statistical picture of propagation
in random samples. Our results show the increasing
inAuence of intensity correlation upon local intensity
statistics as the dimensionless level width 8 decreases.
These results are not a special case related to the
sample's geometry, L))A 'i . They are universal charac-
teristics which hold for any sample with the same value
of 6.
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