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Non-Gaussian statistics of optical near-fields
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Optical fields in the proximity of random media can be modeled as a superposition of waves with random
phases. We demonstrate that, depending on the experimental geometry, both Gaussian and non-Gaussian
regimes can be established for the statistics of scattered intensity. In a reflection-emission configuration, the
first-order statistics of the scattered light is non-Gaussian and it can be used to retrieve information about the

physical interface.
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The optical near-fields generated in the proximity of ran-
domly inhomogeneous media are usually contributions of
both propagating and evanescent components. Their occur-
rence may be due to either global or local excitation of the
inhomogeneous medium and, in this paper, we will show that
depending upon the type of excitation, different statistical
manifestations of the properties of optical fields are obtained.
When a random interference pattern is produced by overlap-
ping harmonic waves having random phases, the process can
be modeled as a typical two-dimensional (2D) random walk
problem [1]. This concept has described successfully a num-
ber of optical phenomena obeying both Gaussian and non-
Gaussian statistics [1-3]. In the case of quasimonochromatic
radiation, the intensity probability density function is evalu-
ated by considering the stochastic process to be a random
walk in the complex plane. The approach has been used to
describe the formation of the far-field speckles but it can also
be applied in the near-field, where the evanescent field com-
ponents contribute to the statistical properties of the intensity
distribution.

Near-field speckles can be produced as a result of the
global excitation of a random medium. This is the case of the
transmission-collection configuration illustrated in the inset
of Fig. 1 where radiation from a light source propagates
through a random medium and is collected close to the sur-
face by an optical probe. In practice, an Arion laser (A
=488 nm) is used to illuminate an area of 300 X 300 wm on
the bottom surface of an optically thick medium and the
transmitted field is coupled to the cantilevered near-field op-
tical sensor while the tip is scanned along the sample. The
scattered light is detected by a photomultiplier tube operating
in photon counting mode. The near-field scanning optical
microscope (NSOM) [4] allows obtaining simultaneously the
near-field optical images and the corresponding atomic force
microscope (AFM) topographical images. The Al-coated
fused silica fiber tip with an aperture of 150 nm provides the
possibility to scan in constant distance mode.

In the close vicinity of the surface, the tip collects both
propagating and evanescent components of the emitted field.
At a given observation point, the field is a superposition of a
large number of contributions originating from different lo-
cations within the bulk; the amplitude and the phase of the
elementary scattering centers satisfy the requirements of cir-
cular Gaussian statistics. As seen in Fig. 1, this is confirmed
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by the first-order statistics of intensity; the measured prob-
ability density function p(I) obeys a negative exponential
and, therefore, the corresponding optical contrast,
VA= (D), is close to unity. The data analyzed here
correspond to slabs of calcium carbonate and kaolin micro-
particles having a large size distribution, but similar behavior
has been observed for a variety of optically thick random
media. The slabs are compacted and their optical density is
higher than ten, i.e., light propagates at least ten transport
mean free path before being transmitted through the random
medium. The data presented in Fig. 1 are collected on such a
compacted slab with r.m.s roughness of 92 nm. The same
behavior of the intensity distribution was also obtained for
other media having the r.m.s. fluctuations of the surface
height ranging between A/40 and N/2. In the present case,
the strong multiple scattering in the bulk distributes uni-
formly the phases of the elementary scattering centers. Mul-
tiple scattering also increases the number of field contribu-
tions at any examined point, irrespective of the values of the
r.m.s. fluctuations of surface height. In addition, the ampli-
tudes and the phases of the field originating from a large
number of elementary scattering centers are statistically in-
dependent random variables. As a consequence of all these,
the real and imaginary parts of the complex scattered field
obey circular Gaussian statistics and the amplitude of the
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FIG. 1. Transmission-collection configuration for global excita-
tion of a random medium and the corresponding normalized inten-
sity probability density. The inset depicts this mode of operation.
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FIG. 2. Emission-reflection configuration for local excitation of
a random medium and the corresponding normalized intensity prob-
ability density. Experimental results are shown for different average
intensities as indicated. The inset depicts this mode of operation.

resultant field has a Rayleigh distribution [5,6].

A local excitation of a random medium may occur, for
instance, when the medium is illuminated with an NSOM tip
as illustrated in the inset of Fig. 2. In this emission-reflection
configuration, the light is coupled to one end of the fiber and
the radiation emanates from the other end that is tapered
down to a diameter of 100 nm. In the configuration of Fig. 2,
the radiation is coupled onto the medium which contains
subwavelength variations in both the topography and its op-
tical properties, and is then re-emitted in the form of a scat-
tered field.

During the scattering process, some of the evanescent
components are being converted into propagating waves,
which are then detected in the far field by a 50X magnifica-
tion microscope objective (0.45 NA) with a 13.8 mm work-
ing distance and imaged onto an avalanche photodiode
(SPCM-200; EG&G). This collection system determines on
the surface of the sample a collection area of approximately
300 wm?>. As in the previous case, the NSOM probe can be
scanned in constant distance mode and permits obtaining si-
multaneously the AFM topography and the distribution of
intensities.

As opposed to the global excitation case, the intensity
probability density function is not a negative exponential
anymore. Measurements in this configuration were per-
formed on similar slabs of calcium carbonate and kaolin mi-
croparticles which were compacted such that they generate
pores with a size distribution centered at 20 nm as deter-
mined by the mercury porosimetry. The samples are optically
opaque, their thickness is 1 mm and the scattering mean free
path is approximately 100 um. One should notice that the
value of the scattering mean free path is significantly larger
than the 20 wm diameter of the collection area which is de-
termined by the optical system. In all cases examined, the
absorption was negligible.

It is evident that, when the random medium is locally
illuminated by the tip, the resultant intensity statistics has a
non-Gaussian behavior. This regime is generated when, at a
given observation point, the field is the result of the super-
position of a limited number of contributions originating
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from different locations within the random medium. Non-
Gaussian statistics may also be the result of weak scattering,
when the phases of the elementary scattering centers are no
longer uniformly distributed. This happens when the prob-
ability density function of their phases depends on the sur-
face statistics or when there is a certain correlation between
the superposing waves which form the speckle pattern.

In Fig. 2 we present the measured probability density
function p(I) obtained by scanning the surface of a compact
slab having the same r.m.s height fluctuations of 92 nm as
the one in Fig. 1. When examining the data, an interesting
observation can be made. The intensity probability density
function depends on the measured average intensity, which
can be adjusted by changing the incident intensity coupled
into the fiber tip. Such a dependence of the statistical prop-
erties of the scattered field on the excitation level could not
be observed in any of the transmission measurements. The
change of the intensity statistics, when the incident intensity
is increased, is somewhat puzzling because one should not
expect any nonlinear phenomena in the media examined.
This behavior can be explained by realizing that (i) the ra-
diation couples onto the medium away from the tip before
being re-emitted, and (ii) the noise level of the light detection
process imposes an inherent intensity cutoff. As a result,
when the intensity coupled into the medium increases, the
detection system collects radiation from a larger area on the
surface of the medium changing the statistical properties of
the detected radiation, as will be explained in the following.

For all practical proposes, a simple model can be devel-
oped by considering that due to inhomogeneities in the opti-
cal properties, the light is first coupled inside the medium
over a surface of area A, the size of which depends on the
incident intensity. Within this area, N independent elemen-
tary scattering centers are being excited. In a first approxi-
mation, one can further consider that A is proportional with
the incident intensity, and so is N. We can regard these el-
ementary scattering centers as being distributed on the physi-
cal interface of the random medium.

Due to the coupling of radiation onto the medium, the
elementary scattering centers are not excited in phase; the
distribution of their initial phase ; is determined by the local
properties of the medium. For simplicity, one can consider
the probability density of the initial phase of;hese elemen-
tary scattering centers to be a Gaussian (1/y27A6,)~"?exp[
—(6,/2A6,)*] with the r.m.s fluctuations A 6, depending on the
local characteristics of the inhomogeneous medium.

The radiation re-emitted by the N elementary scattering
centers is then collected in the far-field, after accumulating
an additional phase 6,, depending on the distribution of the
surface heights. When the excited regions are larger than the
lateral correlation area of the surface, the surface statistics is
stationary over areas of size A. As the heights of the interface
are Gaussian distributed, so will be the additional phases 0p
of the emitted field. The r.m.s fluctuations of this phase are
determined by the surface roughness, Aﬁp:k(,a, where k, is
the wave number in air and o represents the r.m.s height of
the surface fluctuations. If the phases 6, and 6, are statisti-
cally independent random variables, the distribution of the
total phase of the elementary scattering centers, 0=6,+6,,
is also a Gaussian function with the r.m.s fluctuations being
AG=\AG+AP.
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FIG. 3. Dependence of the optical contrast on the average inten-
sity for different r.m.s. roughness of the surface as indicated. The
symbols represent typical experimental results, while the curves are
the theoretical predictions based on the random walk model of Ref.
[8] evaluated for A;=0.268 rad. The inset shows the optical con-
trast as a function of the number N of elementary scattering centers
for different values of the surface roughness. The crosses denote the
experimental values of the contrast and the corresponding values of
N for an average intensity of 400 kcps which is indicated by the
vertical dotted line in the main figure.

The situation can now be regarded as a coherent superpo-
sition of waves scattered by N independent but identical el-
ementary scattering centers and can be described as a ran-
dom walk in the complex space. The amplitude and the
phases of the field emitted by the elementary scattering cen-
ters are statistically independent random variables. However,
as opposed to the transmission-collection configuration, their
phases are no longer uniformly distributed. The probability
density function of their phases is approximated by a Gauss-
ian distribution with the r.m.s phase fluctuations A@ deter-
mined by both surface (A#,) and subsurface (A#,) properties
of the inhomogeneous medium.

The coherent superposition of the waves forms a speckle
pattern whose intensity statistics depends on their number N
and on their phase distributions [7-9]. For a given phase
distribution, Barakat has shown that the optical contrast can
actually decrease when the number of independent contribu-
tions increases [8]. This is illustrated in the inset of Fig. 3
where the optical contrast of this random interference is
evaluated for different phase distributions of the scattering
centers: Af= \s“’Ab’iZ +A6§. The calculations are for A6,
=0.268 rad and A6,=k,0, each curve corresponding to a sur-
face with a roughness o as indicated. One can notice that, for
a given value of N, the random walk model leads to an in-
crease of the optical contrast with the roughness of the inter-
face; this happens, for instance, along the dotted vertical line
in the inset of Fig. 3.

We would like to emphasize that the same random walk
model can also explain the case when the phases of the el-
ementary scattering centers are uniformly distributed. In this
Gaussian regime, the optical contrast increases with N and
very quickly reaches the saturation value of unity. It is im-
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portant to realize that it is not only the number of the scat-
tering centers which governs the non-Gaussian regime of the
random interference but also the departure of the phase from
being uniformly distributed.

The simple model outlined above makes a good descrip-
tion of the experimental results. Typical values of the mea-
sured optical contrast are shown in Fig. 3 for different sur-
face roughness and for different average intensities, which
were adjusted by modifying the excitation level. The data
were recorded over areas of 5X5 wum situated at the same
distance z from the surface. In order to explain the experi-
mental data, let us consider that the average intensity (/) over
the scanning area is proportional with the incident intensity
or, in other words, with the number of elementary scattering
centers {/)=aN. Note that even if the number N of the el-
ementary scattering centers increases when the excitation
level increases, their phase distribution does not necessarily
change. This is a consequence of the fact that the effective
local properties of the medium are the same irrespective of
the size of the illuminated area.

In Fig. 3, each curve is evaluated using the model previ-
ously outlined for a certain value of the coupling parameter
a and for a Gaussian phase distribution with the width A6
=VA 0l2 +A0ﬁ. In this evaluation, we used (i) A6,=k,o with o
being the measured AFM roughness of the scanned area, and
(ii) A6;=0.268 rad, which was found to best fit all the ex-
perimental data collected on surfaces with different r.m.s.
height fluctuations. This value of A#; should relate to the
local fluctuations of the dielectric constant and is therefore
material dependent. The relation between the initial phase
distribution of the elementary scattering centers and the local
characteristics of the inhomogeneous medium can be estab-
lished based on a microscopic model of the local dielectric
function. For the purpose of our discussion, however, it is
important to realize that the constant value of A#; reflects the
fact that the local optical properties are independent not only
of the size of the illuminated area but also of the surface
roughness. As previously pointed out, the simple model of
the coherent superposition of waves allows for both surface
(A6,) and subsurface (A#,) effects to be accounted for.

The number N of elementary scattering centers can now
be inferred using the fitting procedure illustrated in Fig. 3.
For instance, the crosses in the inset of Fig. 3 indicate the
experimental values of the optical contrast and of the corre-
sponding number N obtained for an average intensity of
400 keps (the vertical dotted line in Fig. 3) and for different
values of the surface roughness.

Using the data analysis presented above, the statistical
properties of the optical radiation can be related to the sta-
tistical properties of the surface. The dependence of the op-
tical contrast on the surface roughness is shown in Fig. 4
where the experimental results correspond to an average in-
tensity of 400 kcps. The curves are the predictions of the
random walk model evaluated for A6,=0.268 rad, Aﬂp:k(,a',
and for the number of elementary scattering centers N esti-
mated from the fitting procedure illustrated in Fig. 3. We
remark that, for relatively smooth surfaces, the non-Gaussian
near-fields have an optical contrast which increases with the
r.m.s roughness of the physical interface. It is also interesting

025602-3

RAPID COMMUNICATIONS



A. APOSTOL AND A. DOGARIU

0.13

0.1
L
£
&
S 009
©
2
=4
o
0.07
/
10

o[nm]

FIG. 4. Dependence of the optical contrast on the surface rough-
ness. The symbols denote the experimental results measured for an
average intensity (/)=400 kcps while the curves represent the pre-
dictions of the random walk model for A#;=0.268 rad and A6,
=k,0.

to note that, when the surface becomes rougher, more inde-
pendent scattering centers tend to contribute to the detected
intensity. However, the intensity distribution is still non-
Gaussian because the phases of the elementary scattering
centers are not uniformly distributed.

In conclusion, we have shown that fluctuating optical
fields in the neighborhood of a random medium can exhibit
either Gaussian or non-Gaussian statistics. Different regimes
are obtained as a result of specific experimental configura-
tions for exciting the highly inhomogeneous media.
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In the situation when a global excitation is applied, such
as in a transmission-collection geometry of an NSOM, the
intensity variations in the near-field satisfy the requirements
of circular Gaussian statistics. The multiple scattering in the
bulk completely randomizes the phases and a large number
of independent scattering centers contribute to the field in
each speckle point. As a result, the intensity probability den-
sity function has a negative exponential dependence, and the
contrast is always close to unity. In this case, when light is
transmitted through or is emitted within a highly scattering
medium, the first-order statistics of intensity cannot be used
to infer information about the surface.

However, when randomly inhomogeneous media are ex-
cited locally, in an emission-reflection geometry, for ex-
ample, we found that the near-field speckle patterns are gov-
erned by non-Gaussian statistics and, consequently, the
optical contrast is significantly smaller than unity. We have
shown that, in practice, the probability density of the scat-
tered intensity depends on the physical properties of the in-
terface and also on the incident light intensity. We have dem-
onstrated that, in this situation, the stochastic properties of
the scattered intensity can be used to determine the statistical
properties of the physical surface.

When the experimental configuration is properly ac-
counted for, a simple model considering the superposition of
waves having random phases can describe both statistical
regimes encountered in the near-field of random media. As
illustrated in this study, understanding the random interfer-
ence phenomena in the near-field could lead to new possi-
bilities for surface and subsurface diagnostics of inhomoge-
neous media.
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