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Nonlinear Optical Microscopy with Focal-Spot Engineering
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Fluorescence microscopy has been utilized for imaging biological samples. However, the spatial resolution
is limited by the light diffraction. Recently, several techniques, such as stimulated emission depletion,
two—photon excitation, and saturated excitation (SAX), have been proposed for overcoming this limit, that
is called as super-resolution fluorescence microscopy. In this dissertation, I discussed the development of
another method to exceed the spatial resolution.

In laser—scanning microscopy, a focal spot is used for illumination. The full width at half maximum (FWHM)
of the focal spot determines the spatial resolution. The focal spot can be engineered by annular mask for
narrowing the FWHM in lateral. In detector plane, signal light from an object is focused. A confocal pinhole
can engineer the focal spot for improving resolution in 3 dimensionally. I applied these kinds of engineering
methods of focal spots to super-resolution fluorescence microscopy. The super-resolution technique mainly
relies on the optical responses of fluorescent probes, while focal-spot engineering relies on the optical
instruments. Therefore, the spatial resolution of the super-resolution techniques can be improved from the
side of optical instruments by using focal-spot engineering

A pupil mask is used in two—photon excitation microscopy to improve the spatial resolution. The mask shape
is ring disk, which is determined by two parameters: outer radius and inner radius, normalized by objective
pupil radius. SAX of fluorescence is also used for the resolution improvement. The nonlinear fluorescence
signal is extracted through subtraction of images with two different excitation intensities. In the calculation
of the PSF, the spatial resolution was improved both in lateral and axial when the outer and inner radii are
6/8 and 3/8. The sidelobe by pupil mask was negligible by the 4th-order nonlinearity from the combination
of SAX and two—photon excitation. In observation of fluorescent beads, the resolution improvement of x 1.3
was achieved with the mask and SAX, comparing to the image obtained by conventional two—photon. The proposed
technique was applied to the observation of biological samples

The focal spot was segmented into 9 x 9 pixels in detection by a CCD in two—photon excitation microscopy
Laser scanning on a point object results in 81 images acquired from the pixels. The images have offsets because
each pixel has offset from the center of the focal spot. The FWHM only in the offset direction was narrowed
With reassigning the offsets, the cumulative image is obtained to get narrow FWHM in all directions. I calculated
the PSF of the method. The resolution improvement by segmented detection was almost same as that by confocal
detection. However, the area of the detection is larger than the confocal pinhole. The signal amount obtained
by the segmented detection is more than that by confocal detection, that leads the improvement of
signal-to—noise ratio (SNR). SNR improvement of x 1.3 was achieved in the imaging of fluorescent beads.

The nonlinear scattering from a gold nanoparticle (GNPs) was observed by confocal laser—scanning microscopy.
Using a wavelength at the surface plasmon resonance, a single GNP showed strong scattering. Saturation of
scattering was observed with the excitation intensity of 10° "~ 10° W/cm®. The excitation intensity was temporally
modulated in confocal microscopy for super-resolution imaging. Nonlinearity of scattering intensity due to
the saturation at the peak of excitation intensity in temporal modulation at the center of focus in space
results in the resolution improvement. The FWHM of 1/8 of excitation wavelength was obtained. Reverse saturation
of scattering was also observed with the excitation intensity above 10° W/cm?. The 2nd-order nonlinearity of

the reverse saturation showed the FWHM of 1/4 of excitation wavelength without using temporal modulation.
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