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ABSTRACT

Next generation photonics-based technologies will ultimately rely on novel materials
and devices. For this purpose, phenomena at subwavelength scales are being studied to
advance both fundamental knowledge and experimental capabilities. In this dissertation,
concepts specific to near-field optics and experimental capabilities specific to near-field
microscopy are used to investigate various aspects of the statistical properties of random
electromagnetic fields in the vicinity of optically inhomogeneous media which emit or
scatter radiation. The properties of such fields are being characterized within the frame
of the coherence theory. While successful in describing the far-field properties of optical
fields, the fundamental results of the conventional coherence theory disregard the contri-
bution of short-range evanescent waves. Nonetheless, the specific features of random fields
at subwavelength distances from interfaces of real media are influenced by the presence
of evanescent waves because, in this case, both propagating and nonpropagating compo-
nents contribute to the detectable properties of the radiation. In our studies, we have
fully accounted for both contributions and, as a result, different surface and subsurface

characteristics of inhomogeneous media could be explored.
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We investigated different properties of random optical near-fields which exhibit
either Gaussian or non-Gaussian statistics. We have demonstrated that characteristics
of optical radiation such as first- and second-order statistics of intensity and the spectral
density in the vicinity of random media are all determined by both evanescent waves
contribution and the statistical properties of the physical interface. For instance, we
quantified the subtle differences which exist between the near- and far-field spectra of
radiation and we brought the first experimental evidence that, contrary to the predictions
of the conventional coherence theory, the values of coherence length in the near field
depend on the distance from the interface and, moreover, they can be smaller than the
wavelength of light.

The results included in this dissertation demonstrate that the statistical properties
of the electromagnetic fields which exist in the close proximity of inhomogeneous media
can be used to extract structural information. They also suggest the possibility to adjust
the coherence properties of the emitted radiation by modifying the statistical properties of
the interfaces. Understanding the random interference phenomena in the near-field could
also lead to new possibilities for surface and subsurface diagnostics of inhomogeneous
media. In addition, controlling the statistical properties of radiation at subwavelength
scales should be of paramount importance in the design of miniaturized optical sources,

detectors and sensors.
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CHAPTER ONE: INTRODUCTION

Coherence theory offers the framework for discussing the statistical properties
of random fields [1]. Thermal fields are typical examples of random fields as they are
produced by a large number of uncorrelated radiative desexcitations. On the other
hand, a fully coherent field can acquire a random nature after being scattered by an
inhomogeneous system. The state of coherence of an optical field is measured by the degree
of crosscorrelation of the field at different points in space and/or different times; one can
therefore distinguish between spatial and temporal coherence properties. In what follows,
we will be mostly concerned with the spatial coherence of the light emerging or scattered
from a highly inhomogeneous medium. A typical manifestation of the properties of such
optical fields is their far-field intensity variation, the so-called speckle patterns, which
have been studied in detail [2] in the past. Little is known, however, about the random
field distribution close to the surface of an optically inhomogeneous medium where the
presence of contributions from the evanescent waves can modify the statistical properties
of the field. The importance of evanescent waves was ignored for a long time in optical
and surface physics until the development of scanning near-field optical microscopes. The

goal of this thesis is to elucidate the characteristics of the fluctuating optical fields in



the vicinity of a highly inhomogeneous medium taking into consideration not only the
propagating waves contribution but also the evanescent ones. As will be suggested in the
followings, the study of speckle phenomena in the near field could lead to new possibilities
for surface and subsurface diagnostics of inhomogeneous media. Such intrinsically passive
characterization tools should also be of practical use in biological applications.

Understanding the statistical properties of radiation and the radiative transfer over
length scales smaller than the wavelength will impact the design of efficient coupling into
and out of novel nanostructured materials for compact photonic systems. In addition,
manipulating the coherence properties could lead to the development of new concepts for
robust, integrated sensing techniques with resolution below the propagating light’s wave-
length. The next generation of optical sources and sensors will necessarily be developed
at these dimensions in order to address the ever-increasing demands for miniaturization,
flexibility, and efficiency.

Chapter 1 presents an introduction to the properties of fluctuating optical fields
and their interaction with optically inhomogeneous media. As a result of this interaction,
a random intensity pattern forms inside and outside the medium. When one accounts just
for the propagating waves, the extension of the spatial correlations of the speckle pattern
is limited to the value of the wavelength. However, the study of coherence phenomena
at subwavelength scales requires that the evanescent waves contributions be fully taken
into consideration. Therefore, Chapter 1 also introduces the basic concepts regarding the
optical near-fields, more exactly how they can be produced and detected. Different exper-

imental techniques specific to near-field optics are then briefly discussed. In particular,



various capabilities of a near-field scanning optical microscope (NSOM) are demonstrated
and an example of an imaging application for the study of biological processes is illus-
trated.

The NSOM'’s superresolution capability of detecting simultaneously the topographic
information and the optical signals the are exploited in the next chapters for studying
in detail the statistical properties of radiation scattered by a randomly inhomogeneous
media.

In Chapter 2 a short description of practical situations where scattering media
are globally excited and of the random media under the study are given. The evanescent
waves contribution to the total detected signal and the regime of Gaussian statistics of
intensity fluctuations are experimentally demonstrated.

Chapter 3 is dedicated to the study of the characteristics of second-order correlations
of optical fields in the proximity of a random medium. The work presented in this chapter
proves that the spatial coherence length in the near-field of a random medium depends
on the distance from the physical interface and also on the surface characteristics. It also
brings the first experimental evidence that, at distances smaller that the wavelength of
light, contrary to the predictions of conventional coherence theory, the coherence length
can be smaller than the wavelength of light. Moreover, we shown in this chapter that,
at several wavelengths away from a surface, the spatial extent of the field correlations
relates with the statistical properties the physical interface. The surface of the random
medium can be considered being equivalent with a homogenous, planar, infinite source of

radiation. By taking into consideration the contribution of the evanescent components of



the fields to the cross-spectral density function, we develop a model that quantitatively
describes the experimental results of both Chapter 3 and Chapter 4

Chapter 4 investigates another physical property of random fields in vicinity of
the inhomogeneous media, namely their spectral density. Measuring the subtle differences
between the near- and far-field spectrum of light we will show that the red shift of the
near-field spectra is determined by the distance from the physical interface and by the
coherence of the equivalent source of optical radiation. This particular characteristic of
the near-field spectra of light may be also used to find information about the surface
statistics.

Chapter 5 deals with the situation where the highly scattering medium is locally
excited in a reflection-illumination geometry of an NSOM. We will prove that in this case,
the near-field speckle pattern in the neighborhood of the random medium is governed by
non-Gaussian statistics. Therefore, the optical contrast is significantly smaller than unity
and is dependent on the physical properties of the interface. This practical situation
allows using the first-order intensity statistics for the study of surface and subsurface
properties of the random media.

Finally, the conclusions and a summary of the original contributions of this thesis

will be presented in Chapter 6.



1.1. Fluctuating optical fields

1.1.1 Field correlations in the space-frequency domain

Real electromagnetic fields are fluctuating. Most optical experiments rely on
interference phenomena which, in turn, depend on the correlations that exist between the
light fluctuations. The purpose of this section is to introduce some of the basic concepts
of field correlations in the space-frequency domain which will be lately used to describe
different aspects of the near-field speckle phenomena.

Let us introduce the analytical signal E (r,t) representing the fluctuating optical
field at the space-time point (r,t), and its Fourier representation [1]

+oo

E(r,t) = /E(r,v) - exp(—2mivt)dv. (1)

The cross-spectral density function W (ry,rs,v) of the light at points r; and rs at
frequency v can be defined as the ensemble average over the different realizations of the

fluctuating field

W(ry,re,v)0(v —0') = (E*(r1,v) - E(ra,v")) (2)

where * denotes the complex conjugate and ¢ is the Dirac function.

A basic theorem of stochastic processes called the generalized Wiener-Khintchine
theorem states that, for stationary processes, the cross-spectral density function W (ry, re, v)
of the random process and the mutual coherence function, I'(ry, ro, 7) form a Fourier trans-

form pair:



[(ry,ro,7) = /W(rl,rg,v)exp(—vaT)dv (3)
0

[e.9]

W(ry,re,v) = /F(rl,rg,T)eXp(QW’iUT)dT,

—00

where the mutual coherence function, defined as the ensemble averaged cross-correlation

D(r1,12,7) = <E*(r1,t) - E(rg,t+7)> (4)

is the central quantity of the elementary theory of optical coherence of radiation.
In the special case when r; coincides with ry, the cross spectral density function

becomes the spectral density

S(r,v) = W(r,r,v). (5)

expressing the spectral content of radiation in the point r.
By normalizing W (ry, 2, v), one obtains the expression for the spectral degree of

coherence at frequency v [1]

W(ry,re,v) _ W (ry,re,v)
VW(r1,r,0)/W(rs,1a,0)  1/S(r1,v)4/S(r2,v)

It can be shown that 0 < |u(ry,re,v)| < 1 for any ry,ry and v [1].

(6)

,U’(rla ro, U) =



1.1.2 Field correlations inside and outside a random medium

When optical radiation propagates through a randomly inhomogeneous medium,
the multiple scattering events randomize the directions and the phases of the waves. The
radiation originating from such a system is commonly regarded as spatially incoherent. It
was a long-time belief that multiple scattering washes out all the structural information
and that such a highly inhomogeneous medium would behave as a perfect lambertian
diffuser. The scattered waves interfere with each other and, as a result, a certain random
intensity pattern is formed. The properties of this random pattern can be described using
the definitions presented above.

The interaction between optical waves and random media has been systematically
investigated and it is now well understood that the familiar appearance of speckle patterns
is due to the short-range correlations of the waves transmitted or reflected from the random
medium. The field correlations in the bulk of a random medium at a given frequency as
C(R) = (E(r)" E(r+R)), have been under scrutiny for quite some time [3]. Using
diagrammatic calculations and assuming a constant photon density, Shapiro [3] found
that the optical field at points separated by a distance R in a highly random volume
correlates like

C(R) = [sin (kR) / (kR)] exp (= R/2l), (7)

where [ is the scattering mean free path and & = 27/A. In the weak scattering regime,
kl > 1, the speckle size in the bulk of a multiple scattering medium is of the order of .

Based on radiative transnsfer arguments, Freund [4] finds that the field correlation at the



surface of a random medium is given by:

C(R) = 2[Asin (kR) / (kR) + J, (kR) / (kR)] / (1 + 2A) (8)

with A being a factor of the order of unity. Again, the wavelength of light determines the
size of the field correlations and it is worth mentioning that similar conclusion is reached
when the coherence properties of two-dimensional statistically homogeneous sources are
evaluated [5]. It would appear therefore that the extension of the spatial correlations is
limited to the value of the wavelength. Of course, this treatment does not account for
the existence of significant evanescent contributions to the field distribution at the surface
and, therefore, fails to explain the coherence effects in the near field of a random medium.
First- and second-order statistics of far-field speckle pattern have been extensively inves-
tigated [2]. However, coherence effects at subwavelength scales required evanescent waves
contributions to be accounted for.

An alternative description can be developed which considers the surface of the
random medium as being equivalent to an homogeneous, planar, statistically stationary
source of optical radiation [5]. However, it is important to realize that real scattering
media are bounded by interfaces which are rough on the scale of the wavelength and this
may affect the field correlation in the neighborhood of the surface. The effect of a real
surface can be accounted for by considering an ”effective” planar interface that radiates
an intensity with an angular distribution different from the classical cosine dependence
predicted by the diffusion theory [6]. These approaches will be extensively used in the
following chapters to describe the characteristics of the fluctuating optical fields in the

neighborhood of random media.



In order to explore the coherence properties in the proximity of an interface,
one must measure the field’s local properties by scanning a probe across the surface. So
far, near-field scanning techniques have been used only to investigate different aspects of
electromagnetic fields in close proximity of interfaces aiming primarily at extending the
spatial resolution of various optical microscopies. In this thesis, near-field experimental
techniques will be employed to study specific effects of field correlations in the vicinity
of interfaces. We are going to show how different experimental approaches specific to
near-field optics can be used to determine the relation between the field statistics close to

the surface of a random medium and the statistical properties of its physical interface.

1.2 Optical near fields: existence and detection

The near-field can be considered as the outside extension of the field existing
inside a given medium. Basically, the near-fields follows from the linear, homogeneous
and isotropic properties of the space-time that impose a continuous variation of field
amplitudes and energies across interfaces.

Optical near-fields belong to the class of surface near-fields that can only be
produced by applying an external excitation. The simplest method of producing them is to
illuminate a dielectric interface under conditions of total internal reflection (TIR). In this
configuration, the illuminating field is incident onto the surface at an angle larger that the
critical angle such that the excitation field above the surface becomes an evanescent surface
wave with an amplitude which decays exponentially along the direction perpendicular to
the interface. An evanescent (inhomogeneous) plane wave, as opposed to a propagating
(homogeneous) wave, is a wave whose planes of constant amplitude and constant phase

9



do not coincide, but cross each other at a certain angle. In most cases, the amplitude of
the near-field decays very rapidly along the direction perpendicular to the interface giving
rise to the so-called evanescent wave character of the near-field.

The electric field in a plane z = z, above the highest point of the sample surface
can be represented by its angular spectrum, i.e. the plane-wave expansion

—+00

E(I‘H,t) = /e(k”) . exp(z'kHr” + Z"}/Zo)dkH (9)

where v = (z,9), k| = (kg k), ko = w/c and v = (k2 — ki)"/? is the z component of
the wave vector k, with the determination Re(y) > 0, Im(y) > 0. A temporal dependence
exp(—iwt) is assumed and omitted throughout this section.

In Equation (9), the field is represented as a superposition of plane waves, each
of them having a complex amplitude e(k) and a wave vector k = (k,7). In terms of
Fourier analysis, e(k)) - exp(iyz,) represents the Fourier transform of the field in the plane
z = z,. For low spatial frequencies }ku‘ < k,,7 is real and the exponential is only a
phase factor. The corresponding plane waves are homogeneous, and propagate away from
the surface, in the direction defined by the wave vector k. For high spatial frequencies
}ku} > k,, v is purely imaginary and the exponential term acts as an attenuation factor
exp(— Im(7)z,). The corresponding plane waves are evanescent, propagate along the xy
plane and are attenuated exponentially in the z direction. The decay length along z
is given by 1/Im(y). This can happen, for example, in situations when a dielectric is

illuminated in TIR as already mentioned above, or when the light is emitted through an

10



aperture smaller than the wavelength of light. This last case of light emission through a
very small tip will be discussed in more detail in the next section.

The physics of optical evanescent waves is the central concept used in the near-field
optics (NFO). Because of their evanescence, the inhomogeneous waves cannot be used for
transferring optical information over any appreciable distance. Therefore, they always
have to be used in combination with homogeneous waves in such a way that propagating
waves are converted into evanescent waves or vice versa. Historically, in the optical
domain, the first experiment of near-field detection was reported three centuries ago by
Isaac Newton. He observed for the first time that the total reflection of a light beam on
a dielectric interface could be frustrated by approaching a second glass prism close to the
interface. In this case, the beam intensity seems to be captured by the second material
and decays exponentially when increasing the spacing between the two bodies. This
phenomenon is fully explained by the classical Maxwell electromagnetic theory by applying
standard boundary conditions over the two interacting surfaces. Nowadays, very small
probes are used for local detection of optical near-fields. NFO instrumentation provides
super-resolved images, being probably the most powerful tool available for subwavelength
characterization of optical fields.

Considering the angular spectrum (Equation (9)) as a two-dimensional Fourier
transform in the xy plane, the widths Az and Ay of the field in the direct space and the

widths Ak, and Ak, obey the reciprocity relation

AxAk, > 2m; AyAk, > 2. (10)
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According with this relation and assuming that one is able to detect the evanescent
waves with the angular spectrum corresponding to a purely imaginary value of v, the
widths Ak, and Ak, may become as large as desired (and larger than 2k,). Thus, the
lateral resolution which is described by Az = 2w /Ak, and Ay = 27/Ak, can become very
small. Of course, in practice, this possibility of increasing arbitrarily the lateral resolution
depends on the ability of collecting the light corresponding to imaginary value of . As
we have seen before, this light is contained in the evanescent components of the angular
spectrum and remains bounded to the sample surface. Thus, the widths Ak, and Ak,
that are actually achievable will depend on the distance where the detection is performed.
As we will see in the next section, in practice, the achievable resolution may be limited
not only by the distance between the detector and the surface sample but also by the size

of the detector.

1.3 Experimental techniques

An optical image with a resolution well below the diffraction limit can be obtained
using a sub-wavelength probe which is scanned close to the sample surface. This nanome-
ter size probe can be a light source, a detector or a scatterer [7],[8]. A sub-wavelength
light source or detector can be created by using an aperture significantly smaller than the
diffraction limit [9]-[14]. The concept of the evanescent waves and the resolution limit
introduced in previous section are useful in understanding the ability of the near field
optical techniques to produce superresolution.

Different set-ups working in the near-field have been designed for producing images
with superresolution. The techniques can be roughly divided into two categories. Super-
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resolution may be obtained by detecting the far-field light scattered by a small part of the
sample under very localized illumination: this is the so called Illumination Mode Near-
field Scanning Optical Microscope. Another approach is based on detecting the near field
very close to the surface of the media which is illuminated from the far field. This is the
Collection Mode Near-field Scanning Optical Microscope. Alternatively, a small scatterer
may be introduced in the near-field so that the light scatter by it can be detected in the
far field. This procedure is called Apertureless Near-field Scanning Optical Microscopy.

As illustrated in Figure 1a, the super-resolution capability of the illumination mode
NSOM comes from the high localization of the source. The field exiting the aperture
is localized in a subwavelength area. The closer the tip is, the more important is its
evanescent contribution leading to a more confined illumination. The aperture approaches
a sample containing subwavelength variations in the topography and/or in the optical
properties. This sample scatters the illuminating field and during the scattering process,
some of the evanescent waves are converted into homogeneous waves, which are then
detected in the far field.

In so collection-mode scheme, the light scattered by the sample contain evanescent
components. As illustrated in Figure 1b, these evanescent waves are collected by the tip
of an optical fiber. In fact, the scattering process at the tip realizes the coupling between
the near field and the propagating modes inside the fiber. Once again, evanescent waves
are converted into propagating waves which are then detected in the far field.

In the so-called apertureless technique, depicted in Figure lc, an additional mech-

anism is added to convert evanescent waves into propagating waves. This is preceded
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by scattering on the tip and can work as a "two ways" conversion of homogeneous into
inhomogeneous components of an optical field. A small probe, which can be a metallic
or dielectric sharp tip, scatters the incident light and creates evanescent waves which il-
luminate the sample. The scattering process in the sample converts then a part of these
illuminating evanescent waves into propagating ones, which also contributes to the signal

detected in the far-field.
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Figure 1: a) NSOM in illumination mode of operation; b) NSOM in collection mode of

operation; c) apertureless NSOM

Depending on the specificity of the sample examined, one or another approach is
preferred. In all these modes of operation, the subwavelength resolution is achieved due
to the evanescent waves mediated interaction between the probe and the sample. A good
introduction in the field of near-field microscopy and nano-optics can be found in several

recent reviews [7],[15]-[19].
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The experiments included in this thesis were performed using a near field scanning
optical microscope (Nanonics NSOM-100) which is presented in Figure 2. The instrument
can be used in both illumination and collection modes of operation in order to obtain
simultaneously optical images and the corresponding atomic force microscopy (AFM)
topography [20]. The near field scanning optical microscope (NSOM) fully integrates near-
field optics with atomic force microscopy and scanned probe microscopy with conventional

optical microscopy.

Figure 2: Experimental set-up: NSOM instrument capable of both illumination and col-

lection modes of operation.
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Figure 3: The main element of the NSOM: the Al-coated fused silica fiber tip

The central component in NSOM is a glass optical element (Figure 3) which is
constructed from a single mode optical fiber tapered at one of its ends and coated with
aluminum [21]-[23]. The cantilevered near-field optical sensor provides the possibility
to obtain simultaneous near-field super-resolution optical images as well as high quality
topographical images.

Using standard AFM techniques, the tip of the optical fiber can be brought within
the near-field of a surface that is to be imaged. As the tip scans the surface of the sample,
the light emanating from the tip interacts with the specimen and the scattered light can
then be detected in the far field using a avalanche photodiode (APD). This is so called
illumination mode. Light that is coupled to the fiber is emanated only from the very end
of the taper, through an aperture of 50-200nm in diameter, resulting in maximal fluency
at the surface of the sample [26]. The lack of out-of-focus light is a major difference
between NSOM and lens based optical scanning techniques such as confocal microscopy.

As an alternative to the illumination mode, one can use the so-called collection

mode where the entire specimen to be imaged can be excited by either a laser or a white
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Figure 4: The shear-force feedback mechanism used as a scanning technique is based on
collecting the reflection of a laser beam onto a position sensitive detector (PSD). The
probe is dithered vertically at its resonance frequency. The PSD signal is feed into a
lock in amplifier locked at the tip’s resonance frequency. The tip’s amplitude of vibration
determined by the lock in amplifier is then kept constant by a vertical adjustment of the
sample. This provides constant tip-sample separation while the probe is scanned along

the sample.
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flash lamp. The optical probe is then used as a collection device, capturing the scattered
light on the sample, which then can be detected using a photomultiplier (PMT) or other
low-light detector. Collection mode also provides a low level of out-of-focus light because
the probe only detects light from an extremely small surrounding area.

A shear-force feedback mechanism is used to maintain constant tip height over the
sample throughout the scanning [24],[25]. The fiber tip is dithered vertically as it scans
the surface to be imaged. Constant tip-sample separation is achieved by the vertical
adjustment of the sample to maintain a constant amplitude vibration of the tip. As
illustrated in Figure 4, a laser diode is focused on the tip of the fiber and is reflected onto
a photo detector. As the tip follows the surface of the sample, the laser diode’s reflection
changes accordingly, mapping the sample’s topography.

The appealing characteristics of the NSOM such as the sub-wavelenght resolution
(presented in Section 1.2 and Section 1.3) as well as the simultaneous acquisition of the
3D topography and the optical signal image (illustrated in the present section) make this

technique suitable for a large number of applications.

1.4 Imaging applications using NSOM

Probably the most common application of NSOM is the near-field imaging. In
particular, the ability to obtain extremely high-resolution images without the requirement
of an elaborate sample preparation and without the extremely damaging effects associ-
ated with the electron microscopy makes NSOM particularly appealing for the study of

biological samples.
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1.4.1 NSOM - imaging modalities

As already mentioned in Section 1.3, the near-field scanning optical microscope used
for the present studies fully integrates optical microscopy, confocal microscopy, atomic
force microscopy and near-field optics for a better topographical and optical resolution.
These capabilities are illustrated in the schematic diagram shown in Figure 5. As can
be seen, the design of the instrument also provides the possibility of operation in both
illumination and collection modes suggested in Figures 1.

In the following, we will exemplify the capabilities of this NSOM operating in illu-
mination and collection modes. The instrument spatial resolution and its light detection
efficiency will be demonstrated in different imaging situations involving biological cells
and various dielectric structures. In another example, near-field fluorescence imaging will
be illustrated as a possibility for retrieving information about the proteins distribution on
tumor cell membrane. Using this technique, both surface and subsurface melanoma cell
proteins have been identified.

As a first example we present in Figure 6 a bright-field, optical microscopy image of
A375 human melanoma cells. As indicated by the square in Figure 6, the 50nm aperture
NSOM tip was positioned at the center of the field of view which size is approximately
300x300um. The AFM scanning techniques described above were then used to zoom in
the optical image and to obtain a much better resolved image, which is shown in Figure
7.

In the collection mode of operation, light transmitted or reflected by the sample

is coupled to the near-field optical force sensor. The tip also acts, like in the previous
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Figure 5: Experimental set-up: NSOM instrument integrating optical microscopy, confo-
cal microscopy, atomic force microscopy with near-field optics. The design of the instru-
ment also provides the possibility of operation in both illumination and collection modes.
In illumination mode of operation, an Ar+ Ion Laser (488nm) beam is coupled to one
end of the fiber tip and the radiation is emanated from the other end, tapered down to
diameter of 50 — 200nm. The light interactes with the medium and the scattered field is
detected in far-field by an avalanche photodiode (APD). In collection mode of operation,
the sample is illuminated by the Ar+ Ion Laser beam and the transmitted field is coupled
to the near-field porbe while the scattered light is detected by a PMT operating in photon

counting mode.
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Figure 6: Optical image of the A375 human melanoma cells. The field of view represents

approximative 300x300um.

Figure 7: AFM image of the a center cell of the optical image presented in Figure 6.
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example, as an AFM probe. Examples of both topographical and near-field optical im-
ages obtained in the collection-transmision geometry are shown in Figures 8. The sample
examined was a slab of polystyrene spheres with a diameter of 356nm which were illumi-
nated in transmission by an Ar+ Ion Laser (A = 488nm). The scattered light is detected
by a PMT operating in photon counting mode. The optical image resembles a typical
speckle pattern. Different characteristics of this intensity distribution will be discussed in

detail in Chapter 2 and Chapter 3.

Figure 8: a) Topography of slabs containing polystyrene spheres; b) Near-field intensity

distribution collected over the same area in transmission-collection mode of operation.

As mentioned before, the NSOM operation can also be in an illumination mode.
In this case, as the tip scans the surface of the sample, the light emanating from the tip

aperture interacts with the specimen. The radiation is coupled onto the medium and is
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then reemitted and detected in the far-field. Simultaneously with the detection of the

optical signal, the surface heights distribution is also recorded.

Figure 9: a) Topography of monolayer containing silica spheres; b) Near-field intensity

distribution collected over the same area.

To illustrate this, an example of both topographical and near-field optical images
for a monolayer containing silica spheres of 1500nm diameter is presented in Figures 9.
The radiation is provided by a green laser (A = 532nm) coupled to the fiber tip. The
scattered light is collected by the microscope objective and then detected by an APD
as shown in the schematic of Figure 5. In this situation, when the 100nm aperture tip
scans the sample, the coupling of radiation onto the medium depends of the local slope
of the physical dielectric interface. This, together with possible cross-talking between the
silica spheres, induces a collective response of the dielectric microparticles. For specific

size and arrangement of certain dielectric spheres, the collective modes should depend on
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the relative position of the tip with respect to the sphere surface. These collective modes
of the dielectric structure can explain the intensity variations and the presence of regular

fringes surrounding the microspheres in Figure 9b.
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Figure 10: A375 Melonoma Cells treated with Lipid Membrane Tracer (DIO). a) AFM
topography. b) Near-field fluorescence image. c¢) Fluorescence signal imposed as a color

value to the topography.

A particular case of the illumination mode of operation is the near-field fluorescence
imaging. This is illustrated in Figures 10 where, using appropriate detection filtering
techniques for fluorescence collection, the near-field fluorescence image can be obtained

simultaneously with the AFM topography. The example illustrated in Figure 10b presents
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a biological cell incubated with specific fluorescent dye called DIO. The dye is excited by
488nm line of the Ar+ Ion Laser and the 535nm fluorescence is collected by the APD
after filtering the excitation beam. Because the fluorescence signal and the topography
of the cell are collected simultaneously, one can visualize the exact distribution of the
fluorescence on the sample surface. We present in Figure 10c an example of the near-field
fluorescence signal superimposed as a color value to the three-dimensional topographical
image. This turns out to be a very unique capability of the NSOM operation because it
offers the possibility to determine the spatial distribution of emission with high spatial
resolution.

The traditional approach to study cells fluorescence has been confocal microscopy.
However, being based on the propagation of optical waves, the resolution, in this case,
is limited by the diffraction of light. The resolution of NSOM techniques, on the other
hand, is limited only by the volume interaction between the tip and the sample. Therefore,
they provide the possibility to obtain highly resolved AFM images as well as fluorescence
near-field super-resolution optical images. A comparison between the confocal images and
the NSOM ones is presented in Figures 11 for the topography and in Figures 12 for the
optical images. One can notice that the peripheral micro-extensions (microspikes) shown
in Figures 11 have extremely small features compared with the cell’s dimensions, mea-
suring approximately 500nm wide and 300nm thick, and they can not be resolved using
confocal microscopy, as illustrated in Figure 11a. However, using a sub-wavelength probe
of 50nm, a resolution better than 100nm is easily achieved for the AFM topographies

and a 180nm resolution for the corresponding optical images. The microspikes are very
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well resolved (Figure 11b) and the technique also offers significant advances in detecting

localized proteins (Figure 12b).

Figure 11: Comparison between confocal microscopy and AFM. a) confocal image of
melanoma cells immunolabeled for NF2 and ErB2 (green and red, respectively). Mi-
crospikes extend between adjacent cells as indicated. b) AFM topographical image of a

microspike extending from a globular domain on the surface of a melanoma cell.
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Figure 12: Comparison between the confocal fluorescence imaging (a) and the NSOM

fluorescence imaging (b) for A375 cells treated with DIO.
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1.4.2 Near-field fluorescence imaging of human melanoma cells

Based on the capabilities outlined in the preceding section, near-field scanning
optical microscopy (NSOM) proved a viable approach for studying of different biologi-
cal processes. NSOM provides high-resolution optical images without elaborate sample
preparation and without damaging the sample [27]-[30] and in the following I will present
how this technique helps understanding proteins interactions which are involved in cellular
processes [31]-[33].

In the previous section, it was illustrated how NSOM can detect localized proteins
on A375 human melanoma cells. Using similar NSOM capabilities, we have also imaged
the distribution of two proteins on the melanoma cells: CD54 (ICAM-1) and NF2. The
example is interesting because it demonstrates the identification capability of both surface
(CD54) and subsurface (NF2) melanoma cell proteins.

CDb54, also known as ICAM-1 or intercellular adhesion molecule 1, is an adhe-
sion molecule identified on the surface of various tumor cells. It plays various roles in
mediating the body’s immune response to tumor growth and metastasis. Studies have
identified correlations between CD54 and cytotoxicity [34], adhesion of T-cells to tumor
cells [35], natural killer cell lysis and its relation to tumor necrosis factor (TNF) [36]. It
has been suggested that tumor cells’ weak surface ICAM expression may provide a means
by which melanomas remain undetected by the immune system [37]. The study of CD54
distribution and function, therefore, may be especially pertinent to determining why the

body’s immune system is ineffective at destroying soluble tumors.
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Neurofibromatosis-2 (NF2) is an autosomal dominant disease caused by alterations
in the NF2 gene [38]-[40]. The disorder is characterized by the formation of bilateral
vestibular Schwannomas and cerebral meningiomas [41]. These tumors are believed to
form due to major structural impairments of the gene’s product, Schwannomin (merlin)
[42]-[44]. NF2 has been identified within the substructure of melanoma cells. It is believed
that the NF2 gene in such cells is mutated in a similar way as that of malfunctioning
Schwann cells. The tumors produced by melanoma cells are malignant, whereas the
tumors produced by Schwann cells are benign. By studying NF2, scientists hope to
understand not only the growth signaling pathways of melanoma cells as well as their lack
of contact growth inhibition, but also the difference between merlin produced by impaired
Schwann cells and the merlin produced by melanoma cells.

Materials and Methods. A375 human melanoma cells were cultured in RPMI-1640
supplemented with 10% fetal bovine serum, penicillin and streptomycin. Subconfluent
cultures were harvested with trypsin EDTA washed with PBS without calcium and mag-

nesium and the concentration adjusted appropriately for various experiments.

3»

Harvested A375 cells (approximately 2 x 105 cells/sample) were grown on

glass cover slips for 24 hours. Cells were fixed with paraformaldehyde and incubated with
phosphate buffered saline (PBS). They were then reacted with rabbit anti-human NF2
and with Oregon green conjugated goat anti-rabbit IgG.

Samples conjugated with the fluorophore Oregon green were excited by a 488nm

line of an Ar+ Ion laser. The excitation beam was coupled to the NSOM fiber probe illu-
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minating the sample and the 535nm fluorescence emissions were collected by an avalanche
photodiode (APD). A longpass 515nm filter was used to block the 488nm excitation beam.

Protein distribution on the surface of human melanoma cells. Figure 13a
shows an optical image of human melanoma cells labeled with antibody against CD54
and immunolabeled with Oregon green conjugated secondary antibody. A 50nm aper-
ture optical cantilever was used to scan the central cell, as indicated in Figure 13a.
Figure 13b shows a three dimensional representation of the acquired topography and
the detected fluorescence signal. Because of the high spatial resolution available we

were able to detect small details of antigen’s distribution across the cell membrane.

Figure 13: A 375 human melanoma cells labeled with antibody against CD54 and im-
munolabeled with Oregon green conjugated secondary antibody. (a)optical image; (b)
CDb54 distribution on the surface of the central cell of the optical image. Fluorescence
intensity represented as a color-scale imprinted upon the three-dimensional topography

image.
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The fluorescence image obtained is consistent with the fact that CD54 is an adhesion
molecule found on the surface of various melanoma cells. It is worth mentioning that
such adhesion molecules are not expected to be distributed uniformly across the surface
of the cell as in the case of the lipid tracer presented in Figure 10b. It is evident in Figure
13b that the fluorescence distributed non uniformly and it concentrated along the edges of
the cell. A comparison of NSOM images with previously obtained confocal images further
validate the results.

Protein distribution on the sub-surface of human melanoma cells. While the
first two imaging cases illustrated in Figure 10c and in Figure 13b detected fluorescence
originating on the surface of the cell membrane, NF2 fluorescence is emitted beneath
the membrane surface. In Figure 14 we present the image taken of NF2 distribution
encompassed the entire cell body. Minimal fluorescence signal was detected due to the
small aperture. Moreover, the radiation exiting the aperture is attenuated away from the
tip before reaching the NF2 location, beneath the cell surface. The bright spots indi-
cating elevated light intensity are most likely representative of high NF2 concentrations
surrounding focal adhesions.

In conclusion, this section demonstrates some of the NSOM capabilities in cell
biology. High resolution fluorescence images and 3D topographical data were simultane-
ously acquired for various immunolabeled proteins on the surface and subsurface of human
melanoma cells. The results presented here illustrate the flexibility of NSOM techniques

in retrieving information regarding cell structure and protein distribution.
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Figure 14: NF2 distribution on an A375 human melanoma cell. Fluorescence intensity

represented as a color-scale imprinted upon the three-dimensional topography image

As we have seen, the capability to collect fluorescent radiation at low light levels
and with high spatial resolution allow visualizing protein distribution on the surface and
subsurface of optically inhomogeneous structures such as biological cells.

These proven capabilities of an NSOM instrumentation will be further used in
the next sections to study in detail the coherence characteristics of radiation emitted
by randomly inhomogeneous media. The experimental approaches specific to near-field
optics will be crucial in determining the properties of the detected fields and will permit

exploring subtle effects such as discriminating between the surface and subsurface effects.
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CHAPTER TWO: GAUSSIAN STATISTICS OF LIGHT FLUCTUATIONS

IN THE NEAR-FIELD OF A RANDOM MEDIA

The interaction between optical waves and random inhomogeneous media has been
systematically investigated and it is now well understood that the familiar appearance
of speckle patterns can be described in terms of Gaussian or non-Gaussian statistics of
light fluctuations. Far-field intensity variations have been studied in detail [2],[59]-[61].
However, as we already mentioned in Chapter 1, the presence of the evanescent waves in
the near-field of random media may affect the statistical properties of optical fields. This
determines new aspects of the near-field coherence phenomena which will be discuss in this
chapter. Near-field scanning optical techniques will be employed to study experimentally
the specific effects of field correlations in the vicinity of interfaces.

When light propagates through a medium with microscale fluctuations of the
refractive index, the multiple scattering events randomize the direction and the phase of
the optical radiation. The multiple scattering events in the bulk of the medium and on its
surface may be responsible for a uniform phase distribution of the transmitted field. This,
together with the fact that the amplitudes and the phases of the field originating from

a large number of elementary scattering centers N are statistically independent random
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variables, allows one to consider that the real and imaginary parts of the complex scattered
field obey circular Gaussian statistics. Consequently, the amplitude of the resultant field
has a Rayleigh distribution and the corresponding intensity is exponentially distributed.

This chapter describes the transmission-collection configuration in which near-field
scanning optical microscope (NSOM) can be used to study various aspects of the field
coherence properties in the close vicinity of the random media. These characteristics of
radiation emitted from or transmitted through a highly inhomogeneous media will be
then discussed in detail in Chapter 2 to Chapter 4. A brief description of the random
media under the study is presented in this chapter along with experimental evidence
of evanescent waves contribution to the total detected signal. The analysis of intensity
fluctuations will demonstrate that the radiation properties can be described in the regime

of Gaussian statistics.

2.1 Experimental situations

Situations where the intensity variations in the near-field of highly inhomogeneous
media satisfy the requirements of circular Gaussian statistics can be encountered experi-
mentally when the media is globally excited in so-called transmission-collection geometry.
In this configuration which is illustrated in Figure 15, radiation from a light source propa-
gates through a random medium and is collected at the surface by an NSOM. In practice,
an Ar+ Ion Laser (A = 488nm) or a white LED (for the spectral measurements) are used
to illuminate the random medium and the transmitted field is coupled to the cantilevered
near-field optical force sensor while the tip is scanned along the sample. The scattered
light is detected by a PMT operating in photon counting mode. The near-field scanning
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optical microscope (Nanonics NSOM-100) allows obtaining simultaneously the optical

images and the corresponding AFM topography as explained in the previous section.

.

Figure 15: Transmission-collection experimental configuration. The NSOM probe can be

used to scan in both constant distance (A) and constant height (B) modes.

In the following, we will refer as "near-field” to images collected at distances z
smaller than the wavelength, and as ”far-field” for those distances z of the order of 5-20
wavelengths from the interface. The Al-coated fused silica fiber tip with an aperture of
50 —200nm provides the possibility to scan in constant distance (for the near-field images)
or in constant height mode (for the far-field images).

We measured the first and second-order statistical properties of optical fields near
the surface of various random, highly scattering media which were illuminated in a trans-
mission geometry. Our results refer to physical situations where media with strong volume

randomness are bounded by relatively smooth surface with slowly varying interfaces.
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Figure 16: (a) Topography of compact slabs made of calcium carbonate and kaolin mi-
croparticles; the r.m.s roughness is 200nm. (b) Far-field intensity distribution collected
over the same area at z = 5000nm away from the interface. (c) Near-field intensity

distribution collected over the same area at z = 4bnmaway from the interface.

The data were collected on three different media: (i) compact slabs made of calcium
carbonate and kaolin microparticles (average diameter of 400nm and average refractive
index of 1.46), (ii) slabs containing polystyrene spheres of 356nm diameter, and (iii) VY-
COR porous glass samples with 28% void volume and 4nm average pore size. Their
scattering properties are characterized by the correlation length of the refractive index
fluctuation and by the r.m.s height of the surface which typically range between 100 and
250nm for the microparticles slabs and between 13 and 50nm for the VYCOR glass.
Typical topographical images and their corresponding far- and near-field intensity dis-
tributions are presented in Figures 16, Figures 17 and Figures 18 for the compact slabs
made of calcium carbonate and kaolin microparticles, for the slab containing polystyrene

spheres and for the VYCOR glass sample, respectively. The images presented here are
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obtained using a 150nm aperture tip in the case of the slabs and a 200nm aperture tip

for the VYCOR glass sample.

Figure 17: (a) Topography of slabs containing polystyrene spheres; the r.m.s roughness
is 208nm. (b) Far-field intensity distribution collected over the same area at z = 5000nm
away from the interface. (c) Near-field intensity distribution collected over the same area

at z = 45nm away from the interface.

The AFM images give information about the sample morphology. Statistical
quantities like r.m.s standard deviation of the height fluctuations, local slope standard
deviation and lateral correlation of the surface heights can then be used to characterize the
sample topography. The optical images, on the other hand, are determined by the values
of the optical intensities and permit estimating the coherence properties of optical near-
fields. The following sections will describe the analysis of first and second-order statistical
properties of the fields in the vicinity of random media. Two main characteristics of the

optical near-fields close to the random medium are the contribution of evanescent waves
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and the specific probability density function of intensity fluctuations. They determine all

the statistical properties and will be discussed in Section 2.2. and Section 2.3.

Figure 18: (a) Topography of VYCOR glass sample; the r.m.s roughness is 13.4nm. (b)
Far-field intensity distribution collected over the same area at z = 5000nm away from the
interface. (c) Near-field intensity distribution collected over the same area at z = 20nm

away from the interface.

2.2 Evanescent waves contribution

As shown in Figure 15, the optical radiation is randomized throughout the bulk of
the medium and the directions of the waves reaching the surface together with the topo-
graphical characteristics of the surface determine both propagating and evanescent waves
in the near-field of the medium. In the close vicinity of the surface of such highly random
media, the NSOM probe collects both the homogeneous and inhomogeneous components
of the emitted field. When the intensity recorded is averaged over scanning areas situ-
ated at increasing distances z from the surface the average intensity manifests a negative
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exponential dependence on z, indicating that the detected signal contains a significant
contribution of inhomogeneous components. As expected, this contribution vanishes at
distances z larger than the wavelength of light, where only the homogeneous components
are contributing. For the compact slabs sample made of calcium carbonate and kaolin
microparticles, the ratio (Iyr)/{Irr) between the near- and far-field average intensities
is plotted in Figure 19 as function of the distance z. The experimental data shown in
Figure 19 can be quantitatively described by a model which will be presented in detail in

Chapter 3 and which will fully account for the contribution of evanescent waves.
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Figure 19: Typical example of average intenstity as function of distance z. The experi-
mental ratio of near- and far-field intensity (dots) are fitted with a negative exponential

function as explained in Chapter 3.

2.3 Probability density function of intensity fluctuations

When examining the experimental data, we note that the spatial distribution of the
detected intensity resembles the typical intensity variations present in a classical speckle
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pattern. In a given observation point, the field is a superposition of large number of
contributions originating from different locations within the bulk of the random medium
and one can consider that the amplitude and the phase of the elementary phasors satisfy
the requirements of circular Gaussian statistics. This assumption is confirmed by the
first-order statistics of intensities measured in both near- and far-field.

In any real experiment, the measured first-order statistics of speckle field is affected
by noise. In order to minimize this influence, in our experiments we adjusted the intensity
of the radiation incident on the random medium such that the average intensity of the
near- and far-field speckle patterns were about the same. Typical results of near- and far-
field measurements are presented in Figure 20 where the measured intensity probability
density function p(I) multiplied by the average intensity (I) is plotted in a logaritmic
scale as a function of the normalized point intensity //(I). As can be seen, the measured
intensity probability density function p(/) obeys a negative exponential dependence for
both near- and far-field. Consequently, the optical contrast, 1/ {(I%) — (I >2> /(I) is close
to 1 in all situations. We emphasize that the first-order statistics were determined for
radiation collected above the same region of the surface, the distance z being the only
variable parameter. The data presented in Figure 20 are collected on VYCOR glass
sample with r.m.s roughness of 13nm but the same behavior of intensity distribution
was also obtained for the other samples with the r.m.s. fluctuations of the surface height
ranging between A/40 and A/2. The experimental data clearly shows that the single-point

statistical properties are the same in the both the near- and far-field speckle patterns.
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Figure 20: Normalized intensity probability density function measured in the near-field

(z = 20nm) and in the far-field (z = 5000nm) of the VYCOR glass sample.

The regime of near-field Gaussian statistics is achieved due to the strong multiple
scattering which uniformly distributes the phases of the elementary scattering centers
and increases the number of field contributions in any examined point, irrespective of the
distances z from the physical interface and also, irrespective of the values of the r.m.s.
fluctuations of surface height.

This observation permits examining further the spatial coherence properties in
the vicinity of such interfaces by using just intensity measurements. A quite different
statistical regime of intensity fluctuations is obtained in the so-called NSOM illumination

mode and will be discussed in detail in Chapter 5.
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CHAPTER THREE: SPATIAL COHERENCE PROPERTIES IN THE

VICINITY OF INTERFACES

As demonstrated in the previous chapter, the properties of near-field radiation
emerging from a randomly inhomogeneous medium can be described in terms of Gaussian
statistics of light fluctuations. Moreover, the radiation originating from random media is
commonly regarded as being spatially incoherent. A classical example of such incoherent
source is a thermal one.

The optical coherence theory predicts that the quasi-homogeneous Lambertian
sources of radiation are not completely spatially incoherent; at a given optical frequency w,
the field correlates over regions whose spatial dimensions are of the order of the wavelength
A = 2mc/w [5]. It is important to emphasize that this fundamental result has been
obtained by neglecting the contribution of short-range evanescent waves and it has been
successful in describing the far-field properties of thermal emission.

Recent advances in experimental capabilities and an increasing interest in nanoscale
phenomena have raised new questions regarding the emission of optical radiation and, in
general, the coherence properties in the near-field [45]-[49]. Very recently, it has been sug-

gested that the spatial coherence length of the field close to the surface of a thermal source
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may be either much larger or much smaller than the wavelength of the light depending
on the dominant contribution to the cross-spectral density tensor [46],[50].

This chapter brings the first experimental evidence that, at distances smaller than
the wavelength of light, contrary to the predictions of conventional coherence theory, the
coherence length can be smaller than the wavelength. Moreover, it will be shown that
the coherence length of the emitted field in the near-field depends on both the detailed
structure of the source and the distance from the interface. The present chapter also
demonstrates that, at several wavelengths away from a surface, the spatial coherence
properties of the field can be used to determine the statistical properties of an inhomo-
geneous interface. All these results are obtained using the NSOM capabilities outlined
in Chapter 1, namely the superresolution and the simultaneous acquisition of the 3D
topography together with the optical image. The data analysis is based on the two
main characteristics of the optical near-fields close to the interface of a random medium
which were discussed in Chapter 2, namely the exponentially decaying contribution of

evanescent waves and the specifics of Gaussian statistics regime of optical near-fields.

3.1 Spatial coherence properties as function of distance from the interface

A description of the field distribution can be developed if the surface of the random
medium is considered equivalent to a homogeneous, planar, statistically stationary source
of optical radiation [5]. Using the capabilities of near-field scanning techniques which were
illustrated in Chapter 1, it is also possible to measure coherence effects in the near-field of
the highly inhomogeneous media which are known to produce significant field fluctuations
and a radiant intensity typical to incoherent sources. It is also important to realize that,
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due to the small dimensions of both the scanning area and the probe, the surface of the

sample can be considered to be an infinitely extended source of optical radiation.

3.1.1 Cross-spectral density near the surface of a homogeneous, planar, statistically

stationary source of optical radiation

An homogeneous, planar, statistically stationary source of optical radiation [5],

located at z = 0, is characterized by a cross-spectral density function [51]

W(O)(p1>p27w) = F(0)<p2 - plaw)7 (11)

where p,and p, are two-dimensional position vectors in the plane of the source and w is
the radiation frequency.
The source generates, in the half space z > 0, a field with the cross-spectral density

function given by [51]:

W(ry,ry,w) = k? // F(ksy, ksy,w)etEri=sr2)ds ds, (12)

where F (kSgz, ksy,w) is the two dimensional Fourier transform of cross spectral density at
z=0, F(O)<p1 - p27w)‘
In general, one can decompose the cross spectral density function in low- and

high-frequency components

W(bx, by, z,w) = Whom(0z, 0y, w) + We, (62, 0y, 2, w) (13)
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where the homogeneous component of the cross-spectral density function is:

Whom (62, 6y, w) = k? // F(ksg, ks, w)e*E=betsdv) s ds, (14)
s%—l—sggl

and the inhomogeneous one is evaluated like:

Wey (62, 0y, 2,w) = K // F(ksg, ks, w)e(tkszbetsydy)) o(=2kzy S%J“s%_l)dsxdsy, (15)
s2+s2>1

where r; — 1y = (6z,6y,0) and s = (s,,8,,,/1 —s2 —s2) . It is worth mentioning
that the conventional treatment of the spatial coherence properties of planar sources
has been conducted by neglecting the high-frequency components of the cross-spectral
density function which are associated with the evanescent field near the surface [51].

As can be seen, the coherence function W is practically determined by the spectral

degree of coherence in the source plane at z =0

F(O)(pQ _ plvw>
SOw)

w0 (py — py,w) = (16)

where S (w) = FO(0,w) is the spectrum of the light in the plane of the source. We

consider a Gaussian correlated source with its spectral degree of coherence of the form

H(O)(P2 — py,w) = exp(—(py — P1)2/2‘72)> (17)

where o is the field correlation length in the plane of the source. Straightforward algebra

leads to

k25252

1
Waan (1) = 720*50w) [ pe 5 s(kpr)ap (18)
0
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and

Weo(r, 2,w) = 1k*c2S©® (w)/ pe_k T Jo(kpr)e Ve 1y, (19)
1

where 6x = rcosf, 6y = rsinf and s, = pcos ¢, s, = psin ¢.

Using the results in Eqgs.(13),(18),(19) we calculate the cross-spectral density as a
function of the distance z for different values of the field correlation length ¢ at z = 0. In
Figure 21, the values of the field coherence length o, defined as the 1/e values of the cross
spectral density are plotted as a function of distance z from the surface. The calculations
are for A = 488nm and account for both homogeneous and inhomogeneous contributions.
One can see that the field coherence length increases with the distance z and that larger
values of o, are obtained when the field correlation length in the plane of the source o is

increased.
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Figure 21: Field coherence length o, as a function of distance 2z from the surface calculated
for different values of the source correlation length o as indicated. The calculations

account for both homogeneous and inhomogeneous contributions.
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3.1.2 Spatial coherence at different distances from the interface

From the intensity distributions measured at a given distance z from the inter-
face, the second-order intensity-intensity correlation can be evaluated. As the real and
imaginary parts of the complex scattered field have circular Gaussian statistics, stan-
dard properties of Gaussian random variables can be used to express the field correlation
function in terms of the intensity correlation function [2]. We evaluated numerically the
intensity and the field correlation functions and estimated the average radius of the cross
section area where the intensity/field correlation decreases at 1/e of its maximum. These
values were considered as a measure of the speckle size and, respectively, of the field co-
herence length o,. When estimating the speckle sizes and the field coherence lengths, the
experimental data were corrected for the point spread function of the probe.

The results presented in this section correspond to two different media: the compact
slabs made of calcium carbonate and kaolin microparticles and the VYCOR porous glass
samples. Properties of similar media were described in Section 1 of Chapter 2.

Results of far-field spatial coherence measurements are shown in Figure 22 for the
compact slabs and in Figure 23 for the VYCOR sample. Also shown as insets are typical
far-field intensity distributions. The data were collected for distances z varying from 1250
to 10000nm from the interface. The error bars denote the average over different scanning
measurements at the same location across the sample. As can be seen the spatial coherence
properties do not depend on the distance z from the surface. This is to be expected from
the Equations (13) and (18) when only the contribution from homogeneous components

of the field is considered and when the extension of the source is practically infinite.
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Figure 22: Measured far-field coherence length as a function of the distance z from the

surface for the compact slabs made of calcium carbonate and kaolin microparticles. The

inset shows a typical far-field intensity distribution.
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Figure 23: Measured far-field coherence length as a function of the distance z from the

surface for VYCOR glass sample. The inset shows a typical far-field intensity distribution.
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The experimental values of the coherence length evaluated at a certain distance z
vary within less than 8% with respect to the average. Note that classical measurements of
spatial coherence properties are performed at much larger distances z where the limited
size of the source cannot be ignored. In that case, the size of the coherence area is actually
determined by the extent of the source as implied by the Van Cittert-Zernike’s theorem
[1].

As opposed to the far-field situation, the field coherence length o, measured in
the near-field of a highly inhomogeneous medium has a significant dependence on the
distance z. In addition, we found that o, is always smaller than the far-field saturation
value. This is predicted by our model of optical field radiated by a planar source generating
both propagating and evanescent waves. The near-field values of o, plotted as a function
of distance z are presented in Figure 24 (compact slabs) and in Figure 25 (VYCOR
sample). Also shown with continuous lines are results of the theoretical estimations based
on Eqgs.(13),(18),(19). For the field correlation length in the plane of the source we used
a value of o = 50nm in the case of compact slabs samples and respective o = 10nm in
the case of VYCOR glass sample. As can be seen, a fair agreement is obtained with the
model described before.

We have also estimated the speckle size near the surface of random media. As
expected, the far-field speckle size do not depend on the distance z from the interface
while near-field speckle size has a non trivial dependence on z. We present in Figure 26
the near-field speckle size as a function of the distance z from the surface for the VYCOR

glass sample. Using the results in Egs. (13),(18),(19) and standard properties of Gaussian

49



o [nm]

s
—

P

100

30 50

70 90 110 130
z[nm]

Figure 24: Measured near-field coherence length as a function of the distance z from the

surface for the compact slabs made of calcium carbonate and kaolin microparticles. The

inset shows a typical near-field intensity distribution.

Figure 25: Measured near-field coherence length as a function of the distance z from the

surface for VYCOR glass sample. The inset shows a typical near-field intensity distribu-
tion.
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random variables we have calculated the intensity-intensity correlation function and the
corresponding speckle size. The results of these estimations are shown by the dashed line
in Figure 26. The corresponding average far-field speckle size is 195nm.

Considering that the formation of speckles is governed by Gaussian statistics, the
near- and far-field speckle size were experimentally estimated and their values were ex-
plained by the homogeneous, planar source model. Intensity and field correlation lengths
measured in the far-field, i.e. several wavelengths away from the surface, do not change
when increasing the distance from the interface. In the near-field however, we found that
the intensity and field correlation lengths have a nontrivial dependence on the distance
from the physical interface and, moreover, we have shown that the near field spatial
coherence length can have values smaller than the wavelength of radiation. This is ex-
plained by the fact that coherence properties of random media at subwavelength scales

are determined by both homogeneous and inhomogeneous waves.
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Figure 26: Measured near-field specke size as a function of the distance z from the surface

for VYCOR glass sample. The inset shows a typical near-field intensity distribution.
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As can be seen, the model of a planar source qualitatively describes second-order
statistical properties of the field emitted at the surface of a highly random medium,
providing a direct relationship between the statistical properties of the optical near-field
and the statistical properties of an equivalent planar source of radiation. However, a
relation between the field statistics and the physical properties of the medium would
require the description of the field on a surface that has transverse spatial frequencies. For
this, a full three-dimensional linear scattering treatment is necessary which is a difficult
task when the surface is described only by its statistical properties. In other words,
diffraction effects with both homogeneous and inhomogeneous wave contributions need to
be included. The situation is complicated even more by the fact that the incident field
itself contains both homogeneous and inhomogeneous components making the mapping
between the incident and scattered field a tremendous task. In general, the magnitude of
an evanescent component depends on all three-dimensional spatial Fourier components of
the scattering potential as opposed to one-to-one mapping of between the homogeneous
components of the scattered field and the low-frequency components of the scattering

potential [52].

3.2 "Far-field" spatial coherence properties - relation to interface statistics

At a few wavelengths away from the physical interface of the random medium,
where no evanescent waves are present, a relation between field statistics and the physical
properties of the medium might not require a full 3D linear scattering treatment of the
field. One could imagine again the predictions of the optical coherence theory correspond-
ing to practically infinite source of radiation [5]. However, we would like to emphasize
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that these predictions do not account for detailed surface characteristics. Note also that
classical measurements of spatial coherence properties are usually performed at much
larger distances z where the limited size of the source cannot be ignored and where the
size of the coherence area is actually determined by the extent of the source as mentioned
before [53].

On the other hand, the real scattering media have rough interfaces which may affect
the field correlation in the neighborhood of the surface. As a result, the statistical char-
acteristics of the interface are expected to also influence the spatial coherence properties
of the radiation emitted. In other words, the field coherence properties of the radiation
originating from a bounded random medium should relate to the statistical characteristics
of its interface.

The angular dependence of light which is diffusely transmitted through or emitted
within a random volume-scattering medium (VSM) with absorbing boundaries is well
described by the diffusion theory and it is known to have a cosine distribution [6]. However,
sometimes real scattering media are bounded by interfaces which manifest refractive index
mismatch and, moreover, are rough on the scale of the wavelength. As a result, the
boundary conditions for the radiative transfer equation are modified and the angular
distribution of the intensity J(#) changes. The effect of a real surface can be accounted
for by considering an ”effective” planar interface that radiates an intensity with an angular

distribution different from the classical cosine dependence.
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3.2.1 Cross-spectral density dependence on surface statistics

In this section we are concerned just with the homogenous components of the
cross spectral density function as there are no evanescent waves contributions at a few
wavelengths of light away from the physical interface.

The radiant intensity is directly proportional with the inverse Fourier transform of

the cross-spectral density function in the plane of the source [5]

Jo(s) = K2AF (ks, ks, w) cos? 6, (20)

where A is the source area and 6 is the angle that the vector s makes with the normal
to the source.
It follows from Equations (18)and (20), after changing from Cartesian coordinates

to polar ones, i.e. using Az = rcosp, Ay = rsiny and s, = pcos ¢, s, = psin ¢, that

W(r,w) = %/0 7r/0 J(arccc;s(_z; =) exp(ikrpcos(p — @))pdpde. (21)

This analysis suggests a way to predict the field coherence length o, when the
interface statistics is known. Using Equation (21), the cross spectral density can be
numerically estimated for different distributions of the radiant intensity. Moreover, J(6)
relates to statistical properties at the surface of the sample. In order to obtain the
transmitted light distribution as a function of the scattering angle, one has to develop
a statistical description of the surface. For the surfaces of interest here, the statistical

character of the surface can be simply described by the probability density function of the
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random inclination of the surface normal with respect with z axis (local slope). In many
cases one can also assume that the distribution of the local slopes is Gaussian with zero
mean and has a standard deviation o;.

For highly inhomogeneous media, one can consider that unpolarized light is incident
upon the interface from the dense medium and that the intensity has a cosine angular
distribution. Knowing the probability density for the local slope and using Fresnel’s

coefficients one finds that the radiant intensity J(6) is given by [54]

/2 ny . .My .
J(0) = /_ S(a — arcsin(— sin(6 + «))) T (arcsin(— sin(6 + «))) P(a)da, (22)

/2 n ny
where P(«) is the probability density function of the local slope, ny, n; are the
refraction indices defining the surface, S(z) = cos(z) represents the angular distribution of
the incident intensity, and T'(z) is the depolarized transmittance calculated as the average
of the TE and T'M transmittances. Because we are interested just in the homogeneous
part of the cross spectral density function, the radiation with angles of incidence beyond
the critical angle does not contribute to the outgoing intensity.

The simple model taking into consideration the statistical character of the surface
and the reflective nature of the boundary can explain the change in the angular dependence
of radiant intensity J(#). The procedure allows for both local slope standard deviation
and the refractive index contrast to be accounted for. In this way, the angular distribution
of the emitted intensity is directly related to the statistical properties of the real surface.

In Figure 27, the values of the field coherence length o, defined as the 1/e values

of the cross spectral density, are plotted as a function of o, the standard deviation of the
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local slope. The calculations presented are for A\ = 488nm and account just for the ho-
mogeneous components of the field. Figure 27 represents the numerical evaluations of the
field coherence length o, using the procedure outlined above, when the local slope density
probability distribution is considered to be a Gaussian with zero mean and standard devi-
ation 0. One can see that o, decreases with local slope standard deviation o,. Also, for
large values of o, when the radiant intensity .J(#) tends to a cosine angular distribution,

the values of 0, decrease towards the coherence length for which sin(ko,)/ko, = 1/e.
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Figure 27: Field coherence length o, as a function of the standard deviation o of local
slope. The probability distribution function of the local slopes is a Gaussian function
with zero mean and o, standard deviation. The calculations are for an index of refraction
n = 1.5 and light wavelength A\ = 488nm. The field correlation length is estimated from

1/e values of the cross spectral density function W (r,w).

This result can be easily understood. Rough interfaces have the tendency to

diminish the refractive index contrast between the bulk and the outside, and therefore
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lead to a Lambertian source behavior corresponding to absorbing boundary conditions.
The simple interface model together with the planar source concept explain how the field
coherence properties near the source surface (at distances larger that the wavelength of

light) depend on the statistical properties at the sample interface.

3.2.2 Spatial coherence dependence on the surface local slope

The theoretical predictions of the dependence between the cross spectral density
function and the local slope probability density function have also been examined experi-
mentally. The data were collected on compact slabs made of calcium carbonate and kaolin
microparticles with an average diameter of 400nm and on slabs containing polystyrene
spheres of 356nm diameter. Our results refer to physical situations where media with
strong volume randomness are bounded by relatively smooth surfaces with slowly varying
interfaces. The r.m.s. heights of the surface are typically in the range of \/4 to A/2.
However, the correlation lengths of the scanned surfaces are larger than the wavelength
of light, ranging from 3A/2 to 3.

The intensity distributions are measured by scanning across the sample at a constant
distance z and collecting images over a 5x5 microns area. We evaluated numerically the
field correlation functions and estimated the average radius of the cross section area where
the field correlation decreases at 1/e of its maximum and consider the width of the field
correlation as a measure of the field coherence length. Typical values of the experimental

field coherence length o and of local slope standard deviation o are presented in Figure

28.
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A direct comparison between the experimental data and the theoretical values
of the coherence length O'Zh is also shown in Figure 28. The theoretical values O'Zh were
calculated using the experimental values of the local slope probability density functions
and Equation (21). The local slopes and their standard deviation o, were determined
from the AFM topographical experimental data and the heights were sampled with a
lateral or vertical step which equals the size of the tip. Note that experimental values of
the local slope probability density function used in the calculations labeled by triangles in
Figure 28 can be different from the Gaussian slope distribution with zero mean assumed
in the theoretical results presented as a continuous curve in Figure 28.

A remarkable agreement is obtained with the simple model described here; the
discrepancy between the theoretical and experimental values of the coherence length is less
than 10%. One can conclude that concept of a planar source together with the model for
the angular distribution of the radiant intensity describes qualitatively the second-order
statistical properties of the field emitted close to the surface of a highly random medium.
It also provides a direct relationship between the measurable statistical properties of the
optical field at several wavelengths away from the surface and the statistical properties of
an equivalent planar source of radiation which, in turn, are determined by the physical
properties of the random medium. At a several wavelengths away, the spatial coherence
length of the field does not change anymore as a function of the distance from the interface

as in the case of near-field described in the previous section. However, the spatial extend of

the field coherence function is influenced by the statistical characteristics of the interface.

o8



450 ——m———————————

3

S 400/ = Oy

= L g

I=) ; vV -o," :

S .

o 350 F

o L

= :

£ 300 |

: 3

g :

o 250}

2 3

m 200 [ i M M s 1 s i 2 M L M M a s
0.1 0.2 0.3 0.4

cs[rad]

Figure 28: Field correlation length as a function of the standard deviation o of local
slope : a) field coherence length o*f obtained using a Gaussian distribution with zero mean

and standard deviation o, for the local slope probability distribution function. b) field

th

., obtained using the experimental probability distribution function

coherence length o
for the local slopes of the sample examined. c) coherence length o5 measured for the

same samples. All calculations are for an index of refraction n = 1.5 and light wavelength

A = 488nm.
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These results suggest a number of applications. The morphological details at the
surface of a random medium affect both the angular distribution of the radiant intensity
and the spatial coherence properties of the radiation emitted. Measurements of the an-
gular distribution of far-field intensity require large sample sizes. Because of the natural
sizes of the VSM involved in situations of practical interest, far-field measurements may
need special optical arrangements or they could simply be impossible. The near-field
scanning approach described here can be applied to small-size samples which can still be
considered to be a practically infinite source of radiation. Moreover, contrary to a near-
field constant distance scanning operation, scanning in constant-height mode at microns
away from the surface, permits a non-contact, noninvasive characterization of inhomoge-
neous interfaces. This NSOM collection mode can be considered as an intrinsically passive
optical method for surface characterization which may also be of practical use in some
biological applications.

In conclusion, near-field optical techniques have been used to study coherence
properties of optical fields close to the interface of a random media. At subwavelength
distances, due to the evanescent waves contribution, the extent of the coherence length
is z-dependent and also smaller than the wavelength of light. At a few wavelengths
away from the interface, where just propagating waves are detected, the spatial coherence
properties of the field are z independent and relate to the surface statistics. The small
dimensions of both the probe and the scanning area allow one to consider the random
medium as a homogeneous, planar, infinitely extended source of optical radiation. This

concept provides a good interpretation for the experimental values of the field coherence
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length in the vicinity of the surface. Together with a simple interface model, it can also
describe the dependence of the "far-field" coherence length on the standard deviation of

the local slope.
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CHAPTER FOUR: SPECTRA OF LIGHT CLOSE TO INTERFACES

In the previous chapter it was shown that the spatial extent of the field-field
correlations in the near-field of a random medium dependents on the distance from the
interface and can be even smaller than the wavelength of light. This was explained in
terms of an equivalent source whose cross-spectral density function is influenced by the
contributions arising from evanescent components of the field. Another physical property
of random fields is their spectral density. By definition, as described in Equation (5) the
spectral density is a particular case of the cross-spectral density function. Therefore, as
the spatial coherence properties at subwavelength scales are influenced by the evanescent
waves, one should also expect that the contribution of the evanescent waves would also
determine changes in the near-field spectra of light.

It is now generally recognized that the spectrum of light changes even as a result
of free-space propagation [55]. However, these studies referred to far-field phenomena
and do not account for the contribution of the short-range inhomogeneous components of
emitted radiation. Recently, the evanescent components of the field close to the source
have also been considered theoretically and differences between near- and far-field spectra

of thermal emitted light have been suggested [47, 56].
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4.1 Spectral density in the near field of a homogeneous, planar, statistically stationary

source of optical radiation

So far we have considered the surface of the random medium as being equivalent to
a homogeneous, planar, statistically stationary source of optical radiation. This source,
located at z = 0, generates, in the half space z > 0, a cross-spectral density function
which can be decomposed in low- and high-frequency components as shown in Section 1 of
Chapter 3. It follows from Equation(13) that the spectral density, defined by Equation(5),

can be also calculated anywhere in the half space z > 0

S(2,A) = Shom(A) + Seu(2, A), (23)

where Spom(A) is the homogeneous wave contributions to the spectrum, Se,(z, A) is
the evanescent one, and A is the wavelength of light.

The spectrum S(z,\) is practically determined by the spectrum of light in the
plane of the source S (0)()\) and by the spectral degree of coherence in the source plane at
z =0 [56]. As in the previous chapter, one can consider that the source is characterized
by a Gaussian spectral degree of coherence with the field correlation length ¢ in the
plane of the source. We are referring here to situations where the radiation propagates
a few wavelengths away from the surface of the source. Therefore, one can consider the
source as having a spectrum invariant in propagation [1]. Such sources generate fields
whose normalized far-zone spectra are the same as the normalized source spectra. Then,
o = 6/k, where 6 is a constant and k = 27 /A. Note that such a source, so called scaling

law source, generates in the far zone speckles with sizes that scale with the coherence
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parameter 6, while the spectral density Shom(A) is proportional with the one in the plane
of the source S(¥()\). Using 7 = 0 in Equations (18),(19) one can obtain the homogeneous
and inhomogeneous parts of the near-field spectral density as

1 52/)2
Shom(A) = 7825 (\) / pexp(——L)dp (24)
0

and
2 9

Sen(2,A) = 625V (N) /oopexp(—éTp) exp(—2kzy/p? — 1)dp, (25)
1

Using the results in Equations (23),(24),(25), we calculate the spectral density for
different distances z and for different values of the field correlation length at z = 0. To
illustrate the effect of high-frequency components on the spectrum, we consider a Gaussian
spectral density in the plane of the source, S(¥(\) = exp[—(A—Xg)?/A?], with Ay = 600nm
and A = 80nm. All spectra are normalized by their respective maxima. Figure 29 presents
Sev(2z,A) at z = 100nm and z = 300nm from the plane of the source. The calculations
were carried out by accounting for both homogeneous and inhomogeneous contributions;
the corresponding spectrum S(z, A) at a distance z = 100nm, is also shown in Figure 29.
At 300nm away from the source interface, due to the weak evanescent contribution, the
total spectral density is practically given just by its low-frequency components, i.e. the
total spectrum S(z,\) at z = 300nm coincides with the far-field one, almost overlapping
with S©()). The inset in Figure 29 presents the ratio between the deviation of the
evanescent spectral density with respect to the spectral density in plane of the source and
the width of S(®()), as a function of §. The wavelength shift and the Gaussian width are

estimated where the spectrum decays at 1/e of its maximum. The calculations are for
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6 = 37/10 and for a distance z = 100nm away from the surface of the source. One can see
that the evanescent waves tend to shift the spectrum of light toward larger wavelengths
and that this spectral shift decreases with the coherence parameter 6 in plane of the

source.
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Figure 29: Normalized spectral density for z = 100nm and z = 300nm away from the
surface. The calculations are for 6 = 37/10 and account for both homogeneous and
inhomogeneous contributions. The inset presents the ratio between the deviation of nor-
malized S, (2, A) from the S(©()\) and the width of S(®()\), as a function of the coherence
parameter 6 in plane of the source, for z = 100nm and S (\) = exp[—(\ — \)?/A2?],

with A\g = 600nm and A = 80nm.

4.2 Experimental results

We measured the spectrum of light near the surface of various random, highly
scattering media which were illuminated in a transmission geometry. A white LED is
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used to illuminate the random medium and the transmitted field is coupled to the can-
tilevered near-field optical force sensor with a 500nm aperture, while the scattered light
is detected by a spectrum-analyzer. Measurements were performed at the same height 2
from the sample surface but at different locations on the sample interface. Typically, ten
measurements are averaged to build each near- or far-field spectrum.

The data were collected on two different media: compact slabs made of calcium
carbonate and kaolin microparticles with an average diameter of 400nm and VYCOR
porous glass samples with 28% void volume and 4nm average pore size. Their scattering
properties are characterized by the correlation length of the refractive index fluctuation
and by the r.m.s. height of the surface which typically range between 100 and 250nm
for the microparticles slabs and between 13 and 50nm for the VYCOR glass. The r.m.s.
heights of the samples are determined by scanning in constant distance mode with a
150nm tip aperture. Typical topographical images of the random media described here

and their corresponding roughness are presented in Figures 30.

The homogeneous part of the spectral density, Shom(A), is measured at distances
ranging between 1 and 2.5um away from the physical interface of the sample. In all
cases, we recover the same spectra, irrespective of the distance z from the interface.
The total spectrum of light, S(z, ), is measured in the near-field of the sample where
both homogeneous and inhomogeneous waves contribute and, using Equation(23), the
evanescent part of the spectra is estimated. The experimental noise is subtracted and all
spectra are normalized by their maxima. The near-field spectral densities are measured

at z = 200nm in the case of the calcium carbonate slabs and at z = 130nm for the
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Figure 30: a)Topography and spectra of light of a VYCOR glass sample; the r.m.s rough-
ness is 13.4nm and 6 = 477/50 (b) Topography and the spectra of light of a compact slab
made of calcium carbonate and kaolin microparticles with an average diameter of 400nm;

the r.m.s roughness is 111nm and 6 = 37/10.
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VYCOR glass. The experimental data obtained for calcium carbonate slabs are presented
in Figure 31. They are also compared with the theoretical predictions of Equations(23),
(25), and the results are shown in the same figure. For the case where the correlation
length o in plane of the source is inverse proportional with the wave number, o = §/k,
for & being constant, the homogeneous, planar, statistically stationary source concept of
optical radiation gives a normalized far-field spectrum identical with the one in plane
of the source. This allows us to consider the experimental far-field spectrum of light
as S(O()\) and to theoretically estimate, using Equations (23)-(25), the total near-field

spectral density S(z,\) and its evanescent part Se,(z, A).
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Figure 31: Measured far-(z = 1500nm) and near-field (z = 200nm) normalized spectra
corresponding to the compact slab made of calcium carbonate and kaolin microparticles.

Also shown is the prediction of Eq. (23) for the case of 6 = 37/10.
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The comparison between the experimental and theoretical spectra permits esti-
mating the field coherence in plane of the source given by ¢, which, in turn, is determined
by the physical properties of the random medium. As illustrated in Figures 30, a value
of 6 = 37/10 was obtained for the slabs made of microparticles with an average diameter
of 400nm, while for the VYCOR glass, we estimated 6 = 477 /50. For each sample, the
same value of 4 was obtained by fitting both the total near-field spectrum and just its
evanescent part.

In general, the coherence properties in plane of the random media are characterized
by the correlation length of the refractive index fluctuations and by the r.m.s. height of
the surface topography. Large field correlation lengths of the equivalent planar source
of radiation source correspond to a small roughness of the physical interface, as can
be seen in Figures 30. The homogeneous, planar, statistically stationary source model
described above also predicts a far-field coherence length which is proportional with ¢ and
therefore, is inversely proportional with the surface roughness. This is in full agreement
with measurements of the spatial field correlation near random media interfaces describes
in Section 3 of Chapter 3. These results also demonstrate that the far-field coherence
length decreases when the r.m.s height of the surface of the sample increases.

In this chapter we have shown that based on the same technique of scanning near-
field optical microscopy, subtle differences between near- and far-field spectrum of light
can be measured and quantified. We found that the red shift of the near-field spectra is
controlled by the distance from the interface as well as by the coherence in the plane of the

source. We would like to point out that near-field spectral measurements in the proximity
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of a random medium have an appealing feature: no scanning is required in order to
retrieve information about the coherence properties of the equivalent planar source which
relates to the statistics of the real physical interface. Of course, the same information can
be extracted from the near-field spatial correlation measurements as shown in Chapter 3.
However, in this case, scanning the surface of the scattering medium with a probe with
an appropriate aperture is necessary in order to experimentally estimate the near-field
spectral degree of coherence.

So far, we have seen that the surface of the random media can be described
as a homogeneous, planar, source of optical radiation and that the same interpretation
explains different features of the statistical properties of the fields close to a highly inho-
mogeneous medium. Both the spatial coherence characteristics and the spectrum of light
in the vicinity of a random medium depend on the coherence properties of the equivalent
source of radiation, which in turn, relate to the surface statistics. Therefore, physical
characteristics of inhomogeneous media can be determined by examining various features
of the emitted field. For instance, as illustrated in this section, the modifications of the
near-field spectra depend on the surface roughness. Alternatively, as we have shown in
Section 3 of Chapter 3, the local slope standard deviation of the local surface slope can

be retrieved from the spatial extend of the far-field correlation lengths.
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CHAPTER FIVE: NON-GAUSSIAN STATISTICS OF LIGHT

FLUCTUATION IN THE NEAR-FIELD OF RANDOM MEDIA

When a random interference pattern is produced by overlapping sinusoidal waves
having random phases, the process can be modeled as a typical two-dimensional random
walk problem [2]. It is worth mentioning that the concept of random walk has described
successfully a number of optical phenomena obeying both Gaussian and non-Gaussian sta-
tistics [2],[57],[58]. In the case of quasimonochromatic radiation, the intensity probability
density function is evaluated 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 compo-
nents contribute to the statistical properties of the intensity distribution. Depending upon
the type of excitation which is produced in specific experimental configurations, differ-
ent manifestations of the properties of optical fields in the Gaussian and non-Gaussian
regimes can be obtained in the near-field of a random, inhomogeneous medium.

In previous chapters we discussed in detail situations which resulted from a global
excitation of a random medium. As a consequence, the intensity variations in the near-

field of highly inhomogeneous media satisfied the requirements of circular Gaussian sta-
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tistics. In this case, the intensity probability density function had a negative exponential
dependence and the optical contrast was unity. In the experiments described before, the
intensity distributions were collected using a NSOM microscope in transmission-collection
mode of operation. In this case when light is transmitted through or is emitted within a
highly scattering medium, the first-order statistics of intensity can not be used to infer
information about the surface. However, we proved that in this case the second-order
statistical properties of the optical near-field depend on the statistical properties of an
equivalent planar source of radiation which, in turn, should be determined by the physi-
cal properties of the random medium. Now, if it would be to relate the equivalent source
model to the physical properties of the random medium, one should bear in mind that
the model assumed a planar source and, therefore, the same spectral degree of coherence
in the source plane at z = 0 for both homogeneous and inhomogeneous contributions.
Real scattering media have rough interfaces which may, however, induce different surface
coherence effects for low- and high-frequency components of the cross spectral density
function. A more refined model would require a full three-dimensional treatment of the
field in the neighborhood of the interface.

A different approach can be envisioned in order to use the statistical properties
of the fields not only to determine the characteristics of radiation emanating from ran-
dom systems but also to study various properties of random media. In some practical
applications of local excitation of a random medium, the near-field random interference

pattern in the neighborhood of the interface may be governed by non-Gaussian statistics.
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In this case, the optical contrast is significantly smaller than unity and is dependent on
the physical properties of the interface.

When there is a certain correlation between the superposing waves which form a
speckle pattern, the statistics of resultant field distribution has a non-Gaussian behavior.
A similar situation occurs when the total field is the result of the superposition of a re-
duced number of independent contributions. This regime is generated when, at a given
observation point, the field is not a superposition of a large number of contributions orig-
inating 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 not uniformly distributed anymore and their probability density function depends on

the surface statistics.

5.1 Experimental situations

Optical fields obeying non-Gaussian statistics are a result of a reduced number
of independent contribution and a nonuniform distribution of the phase of elementary
scattering centers. The situation is encountered, for instance, when a random medium is
locally illuminated by the tip of an NSOM as illustrated in Figure 32. In such illumination-
reflection configuration, light is coupled to one end of the fiber and the radiation emanates
from the other end which is tapered down to diameter of 100nm. In the configuration
of Figure 32, the radiation is coupled onto the medium which contains subwavelength
variations in both the topography and its optical properties, and is then re-emitted in the
form of scattered field. During the scattering process, some of the evanescent components
are being converted into homogeneous waves, which are then detected in the far field by
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an avalanche photodiode. As in the previous case, the NSOM probe has the possibility to
scan in constant distance mode and to simultaneously obtain the AFM topography and

the near-field optical images.

Figure 32: Illumination-reflection configuration of NSOM.

A typical topographical image and its corresponding near-field intensity distribution
is presented in Figures 33. The data obtained in the illumination-reflection configuration
illustrated in Figure 32 are collected on slabs of calcium carbonate and kaolin micropar-

ticles with r.m.s roughness ranging between \/40 and \/10.

5.2 Probability density function of intensity fluctuations

It is expected that the evanescent waves in the neighborhood of the physical
interface of a random medium will carry information about structural details smaller than
the wavelength of light. The study of the first-order statistics of intensity fluctuations in
the near-field of random media using an NSOM in illumination-reflection configuration

can reveal these characteristics.
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5.88 um

Figure 33: (a) Topography of compact slabs made of calcium carbonate and kaolin mi-
croparticles; the r.m.s roughness is 22.7nm. (b) Near-field intensity distribution collected

over the same area.
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When examining the near-field intensity distributions, 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 properties of the scattered field on the excitation
level could not be observed in any of the transmission measurements. The change of
the statistics of intensity, i.e. the narrowing of the probability density function when
the incident intensity increases, is somewhat puzzling because one should not expect any
nonlinear phenomena in the media examined. This behavior observed in the illumination-
reflection configuration can be explained by realizing that: (i) the radiation 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 cut-off. As a result, as presented in
Figure 34, when the incident intensity increases, I > I?, the detection system collects
the radiation Iy > I; from a larger area, Ay > A;, on the surface of the medium. Figure
34 also illustrates the coupling of the radiation into the medium.

Figure 35 presents the measured intensity probability density function p(I) mul-
tiplied by the average intensity (I), plotted in a logaritmic scale as a function of the
normalized point intensity I/ (I). The data were collected scanning the same area of the
sample, the average intensity being the only variable parameter. The change in the av-
erage intensity (/) is obtained by adjusting the incident intensity. One can notice that,
as opposed to the previous case of global excitation of the random media which was dis-
cussed in Section 2.3 (see Figure 20), the measured intensities do not obey a negative

exponential anymore. Moreover, their intensity probability density function depends on
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Figure 34: The coupling of the incident intensity I3 > Ionto the media and its re-emision
I, > I;. The detection system collects the re-emitted radiation from an area A; > A;

according with the value of the incident intensity:.

the average measured intensity (I). The corresponding intensity probability density re-
sembles a gamma function while the contrast takes in this case values significantly smaller
than unity:.

Another important experimental observation is worth noting. The intensity prob-
ability density function depends not only on the measured average intensity but also on
the surface roughness. This statement is illustrated in Figure 36, where the measured in-
tensity probability density function p(/) multiplied by the average intensity (1), is plotted
in a logaritmic scale as a function of the normalized point intensity I/ (I) for an average
intensity (I) = 600kcps. One can notice that the behavior of p(I) changes even for sur-
faces with slightly different values of the r.m.s. height fluctuations. A small increase in

the roughness leads to broadening of the intensity distribution.
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Figure 35: Normalized intensity probability density function measured for different aver-

age intensities as indicated.
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Figure 36: Normalized intensity probability density function measured for different r.m.s

height fluctuations of the surface as indicated.
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5.3 Optical contrast

A useful concept for characterizing the random interference pattern is the ratio
between standard deviation of the intensity fluctuations and the average intensity, the so-
called speckle contrast: C' = 1/ (I2) — (I)*/(I) . We will show that, for some specific cases,
the optical contrast of the near-field speckle pattern relates to the statistical properties

of the physical interface.

5.3.1 Random walk concept

The interaction between optical waves and random media has been systematically
investigated and it is now well understood that the familiar appearance of the speckle
patterns can be described in therms of Gaussian and non-Gaussian statistics of light
fluctuations. The coherent superposition of the waves generates a speckle pattern whose
intensity statistics depend on their number N and on their phase distributions [59]-[61].
The statistics of the random waves interference have been studied in details and it has
been shown that, for a given phase distribution, the optical contrast can actually decrease
when the number of independent contribution increases [60]. This model considers the
interference of waves having equal amplitudes. Their phases are statistically independent

random variables, each having a probability distribution of the form:

f0,v) = (2rl(v)) texp(vcos(h)), -t << (26)

= 0, elsewhere
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Figure 37: The phase probability distribution function for different values of v parameter,

as indicatted.

where v is a real nonnegative constant and I,,(v) is the modified Bessel function of order
n. Asillustrated in Figure 37, when v = 0 this expression reduces to the familiar uniform
phase distribution encountered in the speckle patterns obeying the Gaussian statistics.
As v is increases, f(6,v) becomes bell shaped around 6 = 0, reaching for large values of

v the form

£(0,v) = 2rv )V exp(—0%/207Y). (27)

Thus the phase 6 is approximately Gaussian distributed with the variance A§* = v~ 1.
The intensity probability density function and the speckle contrast can be evaluated

analytically for different phase distributions f(6,v) and different number of elementary
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scattering centers N [60]:

OV, ) = YN = DI+ 9:(0)? = 20:(0)* + 2V = D[ + 921 () — 201}
o NI+ (N - D)7

(28)
where ¢1(v) = I1(v)/Io(v) and go(v) = Ir(v)/Io(v). We present in Figure 38 this depen-
dence of the speckle contrast on the number N of scattering centers for different values
of v. Interestingly, one can notice that, for a narrow phase distribution, the optical con-
trast may decrease with N, taking values much smaller than the unity. Moreover, for a
given value of IV, the random walk model predicts an increase of the optical contrast as

the phase distribution broadens. This situation happens, for instance, along the dotted

vertical line in the Figure 38.
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Figure 38: Optical contrast dependence on the number of the scattering centers N for
different values of v parameter, as indicatted. An increase of v corresponds to narrowing

the phase distribution as illustrated in Fig. 37.
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Note that the random phasor model also explains the case when the phases of the
elementary scattering centers are uniformly distributed (v = 0). In this situation, also
illustrated in Figure 38, the optical contrast increases with N and reaches very fast the
saturation value of unity which is characteristic to the Gaussian statistics regime. It is
important to realize that it is not only the number of the scattering centers that governs
the non-Gaussian regime of the random interference but also the departure of the phase

from being uniformly distributed.

5.3.2 Physical situation

For all practical purposes, a simple model can be developed by considering that, due
to inhomogeneities in the optical properties, light is first coupled inside the medium over
a surface of area A, the size of which depends on the incident intensity as shown in Figure
34. Within this area, N independent elementary scattering centers are being excited
which then determine the radiation emitted from the surface. In a first approximation,
one can consider that A is proportional with the incident intensity, and so is N.

We can regard these elementary scattering centers as being distributed on the
physical interface of the random medium. The radiation couples inside the medium and
excites surface and subsurface scattering centers in the corresponding volume V = A - d,
where d is the penetration depth. The effect of the volume scattering is equivalent with
N surface scattering centers distributed on the physical interface of the random medium
which have their initial phases #; randomly distributed. In steady state, due to the

coupling of radiation onto the medium, these elementary scattering centers are not excited
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in phase and the distribution of their initial phase 6; is determined by the local properties

of the medium. For simplicity, one can consider the probability density of the initial phase

of these elementary scattering centers to be a Gaussian \/2—7: . exp(— 2212912) with the r.m.s
fluctuations A#; 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,,, which depends 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 0, of the emitted
field. The r.m.s fluctuations of this phase are determined by the surface roughness, so that
AB,, = koo, where k, is wave number in air and o, represents the the r.m.s height of the
surface fluctuations. If the phases ; and 8, are statistically independent random variables,
the distribution of the total phase of the elementary scattering centers, 6 = 6;+6,, is also a
Gaussian function with the r.m.s fluctuations being A0 = /A#7 + AQ;. The experimental
phase distribution is narrow enough to be considered a Gaussian function with the width
given by Af = v=2, as discussed in the previous section.

The situation can be now regarded as a practical case of a coherent superposition of
waves scattered by N independent but identical elementary scattering centers and can be
described as a random walk in the complex space. The amplitudes and the phases of the
field emitted by the elementary scattering centers are statistically independent random

variables. Moreover, as the elementary scattering centers reemit radiation after reaching

the steady state, the amplitudes of the emitted field can be considered to be all equal
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deterministic constants. However, as opposed to the transmission-collection configuration
discussed in Chapter 3, the phases of the scattered field are not uniformly distributed
anymore. Their probability density function is approximated by a Gaussian distribution
with the r.m.s phase fluctuations Af determined by both surface (A6,) and subsurface

(A#;) properties of the inhomogeneous medium.
5.3.3 Experimental results

The simple model outlined above provides a good description of the experimental
results. Typical values of the measured optical contrast are shown in Figure 39 for different
surface roughness and for different average intensities, which were adjusted by modifying
the excitation level. The data were recorded over areas of 5x5 microns situated at the same
distance z from the surface. In order to explain the experimental data, let us consider
that the average intensity < I > over the scanning area is proportional with the incident
intensity or, in other words, with the number of elementary scattering centers < I >= aN.
Note that even if the number N of the elementary 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 Figure 39, each curve is evaluated using Equation (28) for a certain value of the
coupling parameter o and for a Gaussian phase distribution with the width v=2 = A =
\/ A0 + A2, In this evaluation we used: (i) A, = ko), with o being the measured

AFM roughness of the scanned area and (ii) Ad; = 0.268rad, which was found to best fit
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all the experimental data collected on surfaces with different r.m.s. height fluctuations.
This value of Af; should relate to the local fluctuations of the dielectric constant and it 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 established 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
AB; 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 pointed out before, the
simple model of the coherent superposition of waves allows for both surface (A6,) and

subsurface (Af; ) effects to be accounted for.
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Figure 39: The dependence of the optical contrast on the average intensity for different
r.m.s roughness of the surface as indicated. The symbols represent typical experimental

data and the curves are the theoretical predictions based on the random walk model of

Ref. [60] for Af; = 0.268rad.
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The number N of elementary scattering centers can now be inferred using the fitting
procedure illustrated in Figure 39. For a better illustration, we present in Figure 40, using
Equation (28), the theoretical estimation of the contrast as a function of the number of
the elementary scattering centers N. The figure also points out the experimental values
of the optical contrast and of the corresponding N for an average intensity of 400kcps (the
vertical dotted line in Figure 39) and for different roughness. One can notice that, for a
certain value of N, the random walk model predicts an increase of the optical contrast
with the roughness of the interface (the dotted vertical line in the inset of Figure 40).
Practically, as illustrated by the symbols in Figure 40, one should expect that the rougher
the scanned surface, the larger the number of individual contributions to the measured

intensity.

0.3

optical contrast

Figure 40: Optical contrast as a function of the number N of elementary scattering centers
for different values of the surface roughness. The points are the experimental values of
the contrast and the corresponding values of N for an average intensity of 400kcps as

indicated by the vertical dotted line in Fig. 39.
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An important conclusion follow from the data analysis presented above. The statis-
tical properties of the optical radiation relate to the statistical properties of surface. The
dependence of the optical contrast on the surface roughness is shown in Figure 41 where
the experimental results correspond to an average intensity of 400kcps. The curves are
the predictions of the random walk model evaluated for Af; = 0.268rad, A8, = k.05 and
for the number of elementary scattering centers N estimated from the fitting procedure
illustrated in Figure 39. 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 phys-
ical interface. It is also interesting to note that, when the surface becomes rougher, more
independent 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.
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Figure 41: The dependence of the optical contrast on the surface roughness. The symbols
denote the experimental data measured for an average intensity < I >= 400kcps while

the curves represent the predictions of the theoretical model for Af; = 0.268rad.
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In conclusion, we have shown that, when randomly inhomogeneous media are
excited locally, in an illumination-reflection geometry for example, the near-field speckle
patterns are governed 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 scattered intensity depends on the physical properties of the interface and also on
the incident light intensity. We have demonstrated 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 accounted 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.

The situations discussed in this chapter illustrate another aspect of the coherence
properties of optical radiation in the proximity of random media. We have shown that dif-
ferent statistical properties of optical near-fields result from different exitation-detection
configurations. The results included here are useful not only for understanding the radia-
tion coupling in and out from inhomogeneous media but they could also lead to different

methodologies for characterizing surface and subsurface phenomena.
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CHAPTER SIX: SUMMARY OF ORIGINAL CONTRIBUTIONS AND

CONCLUSIONS

Near-field optics is most of the time discussed in the context of near-field microscopy.
The primary motivation for the development of this field is the use of electromagnetic
fields to obtain imaging superresolution. Recently, an entire class of novel technologies
has emerged which relies on nonpropagating fields for exciting or detecting radiation at
subwavelength scales.

In this thesis, concepts specific to near-field optics and experimental capabilities
specific to near-field microscopy were used to investigate the various aspects of coherence
properties of random electromagnetic fields in vicinity of highly inhomogeneous media.

Optically inhomogeneous media which emit or scatter radiation are typical examples
of real systems that can generate random electromagnetic fields. The properties of these
fields can be characterized only within the frame of the coherence theory. The specific
features of random fields at subwavelength distances from the surface of the real media
are influenced by the presence of evanescent waves because, in this case, both propagating

and nonpropagating components contribute to the detectable properties of the field. In
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our studies, we have fully accounted for both contributions and, as a result, different
surface and subsurface characteristics of the inhomogeneous media could be explained.

Cutting-edge technology in the near-field optical microscopy offers the possibility
to construct optical images with resolution of about \/10 while detecting extremely low
light levels, often in photon-counting mode. In particular, we have shown that, the sub-
wavelength resolution of the near-field scanning optical microscope and its capability to
acquire simultaneously 3D topography and optical intensity images permits studying the
properties of the random optical fields near the surface of real media accounting therefore
for both propagating and evanescent waves and also for subtle surface and subsurface
effects!.

As a result of specific experimental configurations for exciting the highly inho-
mogeneous media, different regimes are obtained for the statistics of the emitted field.
We have demonstrated that fluctuating optical fields in the neighborhood of a random
medium can exhibit either Gaussian or non-Gaussian statistics.

A situation of global excitation is established in a transmission-collection geometry
where the intensity variations in the near-field of a highly inhomogeneous medium satisfy
the requirements of circular Gaussian statistics?. In this case, the multiple scattering in
the bulk completely randomizes the directions and the phases of the waves reaching the
surface and a large number of independent scattering centers contribute to the field in

each detection point. As a result, the intensity probability density function has a negative

L' A. Apostol, J. Biggerstaff, A. Dogariu, K. Olvey, “Near field fluorescence imaging of A375 Human
Melanoma Cells”, OSA Technical Digest, 427, (2002).

2 A. Apostol, A. Dogariu, “First and second-order statistics of optical near fields”, Optics Letters, 29,
235 (2004).
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exponential dependence and the intensity contrast is always close to unity. This happens
at subwavelength scales, in the near-field of random media and also in the "far-field", i.e.
at several wavelengths away from the surface, and permits examining the second order
statistical properties of optical fields in the vicinity of interfaces.

The propagation vectors of the waves at the interface together with the topo-
graphical characteristics of the surface determine both propagating and evanescent waves
in the near-field of the medium. In the close vicinity of the surface, the optical probe
collects both the homogeneous and inhomogeneous components of the emitted field. The
influence of evanescent fields was experimentally demonstrated by the exponential decay
of the measured intensity with the distance z from the physical interface?. As expected,
this contribution vanishes at distances z larger than the wavelength of light, where only
the homogeneous components are contributing.

A description of the near-field distribution can be developed if the surface of the
random medium is considered to be equivalent to a homogeneous, planar, statistically
stationary source of optical radiation. Due to the small dimensions of both the scanning
area and the probe, the surface of the sample can be considered to be an infinitely extended
source of optical radiation. When propagating and evanescent waves contributions are
fully accounted for, the homogeneous planar source model explains both the spectrum of

light? and the spatial coherence properties in the vicinity of the interface?*.

3 A. Apostol, A. Dogariu, “Light spectra in the near-field of random media”, Optics Letters, 29, 920
(2004).

4 A. Apostol, A. Dogariu, "Spatial correlations in the near field of random media", Physical Review
Letters, 91, 093901 (2003).
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One aspect of random optical fields is their spectral density. We experimentally
demonstrated for the first time that differences between near- and "far-field" spectra of
radiation are determined by the high-frequency components of the spectral density that
are associated with the evanescent field near the surface and, therefore, are z-dependent?.
Our results show that the state of coherence in the plane of the source affects the near-field
spectral shift toward larger wavelengths (red shift). On the other hand, the coherence
properties in the plane of an equivalent source situated at the surface of the medium are
determined by the r.m.s. height fluctuations of the interface and, therefore, the near-field
spectrum of light scattered by random media can provide direct information about the
statistical properties of the interface.

Another characteristic of random optical fields is the extent of their spatial corre-
lations. We demonstrated that, at subwavelength scales, where the coherence properties
of optical fields are influenced by both propagating and evanescent waves, contrary to
the predictions of the conventional coherence theory, the field coherence length is z de-
pendent. Moreover, we brought the first experimental evidence that the coherence length
can have values smaller than the wavelength of radiation?. As in the case of the spectral
density, the second order near-field correlations depend on the statistical properties of
an equivalent planar source of radiation which, in turn, are determined by the physical
properties of the random medium. Scanning across the surface with a probe having an
appropriate aperture, one can evaluate the field’s coherence properties which can then be

used to retrieve the characteristics of the medium.

92



It is worth noting that both measurements of the near-field spectra and of the near-
field coherence length could be used to infer properties of the interface. When using the
second order correlations, one has to perform spatially-resolved intensity measurements
and then evaluate the cross-spectral density function. On the other hand, the near-field
spectral measurements do not require scanning; instead, one has to determine the near-
and "far-field" spectral densities.

A direct relationship between the measurable statistical properties of the optical
field and the surface statistics can be established based on the properties of random fields
at a few wavelengths away from the interface, i.e. at distances where the evanescent

waves contributions have died out. We have demonstrated that, while the "far-field"

spatial coherence length does not depend on the distance from the physical interface, its
absolute value relates to the standard deviation of the local slope®. This behavior is quite
different from the one at much larger distances from the interface where the coherence
properties are dominated by the finite size of the scattering media as described by the Van
Cittert Zernike’s theorem. Conventional coherence theory, on the other hand, assumes
infinitely extended sources. Because of the minute dimensions of the probe, the extent
of the source in our case is practically infinite and therefore the coherence properties
are determined by modifications in the intensity angular distribution. The concept of a
homogeneous, planar, infinite source of radiation together with the model for the angular
distribution of the radiant intensity describes quantitatively the second-order statistical

properties of the field emitted at few wavelengths away from the surface of a random

5 A. Apostol, A. Dogariu, "Coherence properties near interfaces of random media", Physical Review
E, 67, 055601(R) (2003).
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medium. Our results elucidated the dependence between the coherence properties in this
range and the interface statistics.

We have seen that in the case when light is transmitted through or is emitted within
a highly scattering medium, the contrast of the intensity fluctuations is always close to
one, independent of the r.m.s height fluctuations of the interface. In this situation, the
first-order statistics of intensity, or in other words the speckle contrast, can not be used
to infer information about the surface. However, when randomly inhomogeneous media
are excited locally, in a illumination-reflection geometry of the near-field microscope for
example, we found that the near-field speckle patterns are governed by non-Gaussian
statistics and, consequently, their optical contrast is significantly smaller than unity. We
have shown experimentally that, the probability density of the scattered intensity depends
on the intensity of the incident light and also on the physical properties of the medium. In
this situation, the corresponding optical contrast can be used to retrieve information about
the surface statistics. We have demonstrated that certain experimental configurations
specific to near-field optics may be needed to reveal structural interface details smaller
than the wavelength of light, allowing also to account for subsurface effects.

Optical fields in the proximity of random media can be modeled as a superposition of
waves with random phases. We have shown that, when the experimental configuration and
the type of excitation are properly accounted for, the random walk concept can describe
the characteristics of both Gaussian and non-Gaussian regimes encountered in the near-
field of random media. In the case of a local excitation of the medium, a simple model

of the coherent superposition of waves allows accounting for both surface and subsurface
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effects. The experimental dependence of the optical contrast on the surface statistics is
also quantitatively explained by the random walk concept and can be used for inferring
the properties of the medium®.

The results included in this thesis prove that the statistical properties of the elec-
tromagnetic fields in the close proximity of inhomogeneous surfaces can be used to obtain
information about the interface statistics. They also suggest the possibility to adjust the
coherence properties of the emitted radiation by modifying the statistical properties of the
surface. As illustrated in this thesis, understanding the random interference phenomena
in the near-field could also lead to new possibilities for surface and subsurface diagnostics
of inhomogeneous media such as, biological cells. In addition, controlling the statistical
properties of radiation at subwavelength scales should be of paramount importance in the

design of miniaturized optical sources, detectors and sensors.

6 A. Apostol, A. Dogariu, “Non-Gaussian statistics of optical near-fields”, Physical Review E (sub-
mitted)
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