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Ilumination method for high resolution imaging
at water surface
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Annularly distributed light is proposed to increase the spatial resolution when observing a water
surface. When light with an annular distribution is used to illuminate the entrance pupil of
an objective lens, an air—water interface can be illuminated with a Bessel beam, which is a focused
beam formed by plane wave components at the same angle. If the optimum size and width of
the annular light and radial polarization are chosen, a microscopic distribution is obtainable from
the reflected light intensity. It is theoretically shown that the reflectance changes with the width
of annular light and this allows to make water surface measurements. In order to clarify the spatial
resolution, the electric field intensity distribution on the focusing plane is also calculated. From
the full width at half maximum of the calculated distribution, it is shown that the annularly
distributed light increases the spatial resolution by increasing the radius of the annular light and
decreasing the wavelength of the light. It is also shown that a spatial resolution of a few hundred
nanometers is achievable.
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1. Introduction

Instrumentation technology for detecting layers, molecules and particles at water
interfaces has been a major concern in basic biophysical and biochemical research
because the distribution and behavior of molecules are strongly related to studies of
functionality of protein molecules [1, 2]. For example, the boundary region of micron
or submicron structures of lipid bilayers [3], which serve as an ideal environment for
analyzing the interactions of protein molecules, influences the behavior of protein
molecules. In order to observe the micron and submicron patterns of molecules, it is
necessary to use instrumentation technology with high sensitivity and high spatial
resolution.

As one of the well-known instruments for molecular analysis on water surface,
the fluorescence microscope is used to observe the distribution of molecules [4—6].
The measurement principle is that fluorescent molecules are used as a sensing probe
and a region labeled with fluorescent molecules emits a signal of fluorescent light
when the probe molecules are illuminated with excitation light. However, undesired
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features are that this is an indirect observation and the fluorescent molecules have
a detrimental influence on the behavior of observed objects [ 7]. Imaging of non-labeled
molecules and direct observation clearly show the more specific behavior of molecules.

The use of infrared reflection absorption spectroscopy (IRRAS) was proposed to
study the orientation and conformation of molecules on the water surface. In this
method, a sample is illuminated with polarized infrared light at an optimal incident
angle. By incorporating a polarization modulation (PM) system into the IRRAS, high-
-quality monolayer spectra can be detected [8]. Although this method exhibits good
potential for water surface measurement, the spatial resolution of PM-IRRAS is only
~12 um [9] because it is dependent on the numerical aperture of the objective lens and
the wavelength of the infrared light. This low resolution limits the observation of
micron and submicron patterns of molecules.

Brewster angle measurement is also a well-known method for analyzing a water
surface [10—12]. The setup typically consists of a source of light and a CCD device
looking though a lens, and the laser illuminates the interface of two different dielectric
media. The relationship between reflectance and incident angle is given by the Fresnel
equations. When two different dielectric media and p-polarized light are assumed,
there is an angle at which light is perfectly transmitted through the interface with no
reflection. This phenomenon has been used as a method for interfacial analysis because
reflected light appears if there exists an interfacial layer with roughness; this is because
the refractive index changes at the interface. The sensitivity based on this is high
enough to detect particles and a monolayer of molecules. The advantages of these
sensors are that nondestructive measurements are possible, with high sensitivity, high
speed, and wide area of observation.

Ellipsometry is another type of reflectometry where the reflected light is measured
as a signal [13—15]. The advantages of these methods are that measurements of
polarization changes are possible, nondestructively, with high sensitivity, high speed,
and wide of area observation. They allow direct and non-label observations and detect
the optical properties of the sample. A commercial sensor basically consists of a source
of light and a photodiode looking through a set of filters. With an appropriate incident
angle and polarization, the light illuminating the interface is reflected and the reflected
light is detected as a signal. The sensing region of both sensors is basically determined
by the illuminated region of laser light. In these sensors, the minimum size of
the illuminated region is normally ~2 um [16].

In achieving a small illuminated region with a size of a few hundred nanometers,
the value of these sensors is increased dramatically; one can use it to analyze a nano-
structured sample located at a water interface and the illumination power of the light
source can be efficiently used by condensing the rays of light. A focused laser beam
is a method of making an illuminated region which is optically diffraction-limited.
However, it is difficult to utilize this to focus the laser beam for the above purposes
for two reasons: i) a focused laser beam is composed of plane waves having different
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incident angles; ii) the direction of polarization changes when the plane wave of
the illuminating light passes through the objective lens because of refracted rays.

In this paper, to achieve focused beam illumination with an appropriate incident
angle and polarization, an illumination system using annularly distributed light is
proposed. An objective lens converts the distribution to a zeroth-order Bessel
beam [17], which is a focused beam formed by plane wave components at the same
angle. Under illumination, a method to control the incident angle and polarization is
also shown. With the proposed illumination system, in order to clarify the spatial
resolution, the electric field intensity distribution of the illumination light in the air
space on the focusing plane is calculated and it is shown that the proposed illumination
system increases the spatial resolution.

2. Calculation model

Figure 1 shows the proposed illumination system used to illuminate with a focused
laser beam composed of plane waves with the same incident angle «. In the system,
annularly distributed light is directed at the entrance pupil plane of an objective lens.
Then the objective lens converts the annular distribution to a Bessel beam, which
is formed by plane wave components with the same incident angle. The focusing
angle o can be changed by controlling the radius of the annularly distributed light.
The angle & can be expressed in terms of the numerical aperture (NA) of the objective
lens:

o = asin( NAJ (1
n

where n; denotes the refractive index of the incident dielectric medium. The radius
can be changed by using a zoom lens and a telecentric system incorporated on the back
side of the objective lens [18].
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3. Results

3.1. Polarization dependence

Choosing p-polarized light is essential for obtaining good sensitivity because
s-polarized light components do not contribute to the image formed in Brewster angle
measurements; this is because s-polarized light components lack illumination power.
In the case of focused beam illumination, a particular polarization is required. This
is because most plane wave components are divided into p- and s-polarization when
the wave passes through the objective lens because of refracted rays. To utilize
the incident light intensity efficiently, and to illuminate with p-polarized light from all
directions, radially polarized light is required [19, 20].

To show the efficacy of radial polarization in interfacial measurements and in
the proposed illumination system, the reflectance is calculated. The calculation method
has been described in [21]. In the calculation, it is assumed that the entrance pupil is
illuminated with light with an annular distribution and with linear and radial
polarizations. The width of the annularly distributed light is assumed to be 0.02.
The radius of the annular light is adjusted to a numerical aperture of 0.79-0.81.
An aperture of 0.80 corresponds to a Brewster angle 65 = atan(1.33). It is also assumed
that the illuminating light is focused at the air (1.00)—water (1.33) interface. Figure 2a
shows the oscillatory nature of the linearly polarized light at the entrance pupil.
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Fig. 2. The reflectance distribution on the exit pupil plane (b and d) using linearly (a) and radially (c)
polarized light with an annular distribution, respectively.
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The amplitude of the electric field E oscillating along the direction of & can be divided
into p- and s-polarized components with ¢. The components of p-polarized light £,
and s-polarized light E, can be expressed as Esing and Ecos¢. The light passing at
angles of @=90° and 270°, and 0° and 180°, is completely p-polarized light and
s-polarized light, respectively. Figure 2b shows the result of the calculation of
reflectance at the exit pupil. At angles corresponding to 90° and 270°, one can see that
the reflectance is reduced compared to the other illuminated regions. Figure 2¢ shows
the oscillating directions of radially polarized light at the entrance pupil. The amplitude
of the electric field £ corresponds to E,. Figure 2d shows the calculated result.

The reflectance calculated at the exit pup11 plane is 2.0x10% times smaller than
that for linearly polarized light. It is evident that by using radially polarized light,
the illumination power can be efficiently used for Brewster angle measurements, and
therefore, the use of radially polarized light is optimal for the proposed illumination
system.

The reflectance depends not only on the polarization but also on the range of
incident angles. In the illumination system, the range is determined by the width
and radius of the annularly distributed light at the entrance pupil. The range 66, =
=6, 6.ner can be expressed in terms of the numerical aperture (NA) of

outer —
the objective lens:

NA NA.
86, = asin (—Oum j — alsin(—mner J )

ny n

where NA, ., and NA ., denote the inner and outer parts of the annularly distributed
light, respectively. Here, the reflectance R, is expressed as a function of the incident
angle, based on the Fresnel equation:

_ )
RO
tan| x — asin|——sinx
Outer n2
R, = = = - | dx )
1nner . I’ll .
tan| x + asin|——sinx
ny

where x and 4 denote the angle and intensity of the incident light, respectively. Figure 3
shows the calculated reflectance as a function of the width of the annular light using
Egs. (2) and (3). In the calculation, a numerical aperture corresponding to the Brewster
angle at the center of the width, and refractive indices n, and n, having values of 1.00
and 1.33 are assumed. The plot shows that the reflectance changes with the width of
the annularly distributed light.
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From the calculated result, it can be theoretically estimated that the reflectance
depends on the width of the annularly distributed light and a width of less than
1.0x 1073 is required to obtain sufficient sensitivity to observe monolayers because
a reflectance of ~1.0x 107° is necessary to detect a lipid monolayer.

3.2. Electric field intensity distribution

The extent of the electric field distribution of a focused laser beam determines
the spatial resolution. The size of the distribution depends on the wave number of
the illuminating light making up the focused beam: the focusing angle and wavelength
of the illuminating light strongly affect the size. To show the positive effect of
the proposed illumination system in increasing the spatial resolution, the electric field
intensity distribution is calculated.

The electric field intensity (/¢ = |Ex|2 + |Ey|2 + |EZ|2) on the focusing plane can be
calculated by superposing plane wave components of £, E), and E,. Figure 4 indicates
the electric field £ corresponding to the line 4 shown in Fig. 2¢ and its components.
In the case of radial polarization, the field £ is composed of p-polarized compo-
nents E, since the field is oscillating in the incident plane. The electric field distribu-
tion of each of the components E,, E|, and E, on the focusing plane can be expressed
in terms of ¢, ¢, and the phase as a function of position exp[—i(k.x + k,y + k. z)]:

E. = Ep cos()cos(@)exp [fi(kxx + kyy + kzz)} 4)
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E, = Epcos(a) sin( @) exp [—i(kxx + kyy + kzz)} ®)]

E, = E,sin(a)exp [—i(kxx +ky+ kzz)] (6)

Figure 5a shows the calculated electric field intensity /¢ distribution in air space.
In the calculation, as illuminating light, annularly distributed light and circularly
distributed light on the entrance pupil plane are assumed, as shown in Figs. 5a and 5g.
Radial polarization and a wavelength of 632.8 nm are assumed as the light source.
Figures 5b—5d and 5h-5j show the electric field intensity for the E,, E|, and E,
components, respectively. The images of (e) and (k) show the electric field intensity
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Fig. 5. Calculated electric field intensity distribution assuming radially polarized light for annularly
distributed light and circularly distributed light illumination. Images (a) and (g) show the illuminated
distribution on the entrance pupil plane. Images (b)—(d) and (h)—(j) are electric field intensity
distributions for components E,, £, and E, respectively. Images (e) and (k) are the intensity distribution
It and plots (f) and (1) are the line profiles corresponding to the white dotted line on images (e) and (k),
respectively. The calculated region shown in images (b)—(e) and (h)—(k) has an area of 1.5 umx> 1.5 um.
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It superimposed with |Ex\2, |Ey|2, and |EZ|2. The plots of (f) and (1) are line profiles
corresponding to the white dotted line on the images of (e) and (k). The full width at
half maximum (FWHM) of the electric field intensity /¢ for each illumination are
350 nm and 820 nm. From the calculated results, one can see that the annularly
distributed light makes the 470 nm field smaller than with circular illumination. This
is because of the difference of ratios between E; and the other components £, and E,.
The E, components make a single peak distribution. On the other hand, the £, and E,,
components make two peaks about the optical axis and this increases the FWHM. In
the case of annularly distributed light, the £, components are dominant. However,
the circularly distributed light covers center parts of the pupil plane, and the light
passing through the center part of the pupil makes E, and E| the dominant fields.
From these results, to obtain high spatial resolution, annularly distributed light with
a sufficiently large radius should be used.

The electric field intensity /¢ distribution is calculated as a function of the size of
annularly distributed light. The width of the annularly distributed light and the wave-
length of the light are assumed to be 0.02NA and 632.8 nm, respectively, in this
calculation. Figure 6a shows the FWHM plots. One can see that the FWHM,
which indicates the spatial resolution, decreases because of the increased extent of
the annularly distributed light (e.g., when NA is assumed to be 0.8, which is
the Brewster angle at the water—air interface, the FWHM is ~350 nm).
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Fig. 6. FWHM plots of electric field intensity /¢ distribution. FWHM plots as a function of NA (a),
FWHM plots as a function of wavelength (b).

Because choosing the wavelength of the light also affects the spatial resolution,
the FWHM is calculated as a function of wavelength. Figure 6b shows the FWHM
curve as a function of wavelength. In the calculation, the extent of the annularly
distributed light is assumed to be 0.8 NA. The FWHM decreases with decreasing
wavelength.

4. Conclusions

An illumination method using annularly distributed light has been proposed to increase
the spatial resolution. It has been theoretically shown that annularly distributed light
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with a radial polarization allows high spatial resolution imaging at air—water inter-
faces. It has been shown that the reflectance depends on the width of the annularly
distributed light at the entrance pupil, and a spatial resolution of the order of a few
hundred nanometers can be achieved by choosing a short wavelength of light and
optimal size of annular light. For the practical verification of the proposed method,
a set of an axicon and a Fourier transform lens can possibly be used as an optical system
to generate annularly distributed light and carry out high-resolution imaging of objects
at air—water interface.
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