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Discovery of novel light sources creates new scientific research fields. Opening up unexplored wavelength region of the light spectrum has been yearned as
basic technology supporting promotion of scientific advance and industrial development. In Extreme Photonics Research Group, we further pursue the
potential of novel light sources being developed in RIKEN such as intensity soft-x-ray attosecond pulses near-field photons, and tera-hertz light waves.
Using advantages of RIKEN’s research complex covering physics, chemistry, engineering, biology and medical science, applications of these light sources
are also pursued to explore new scientific fields.

1. Intense coherent soft x-ray attosecond pulses
(1) Interaction of intense ultrashort laser pulses with matters
(a) Development of a sub 10-fs intense laser system

It is important to build novel ultrafast and intense laser sources because they can be applied to investigate many sorts of interactions with matters under
the strong light field. In particular, the reduction of pulsewidth into sub 10-fs regime can significantly suppress the ionization of atoms interacting with the
laser field, so that the photon energy of the generated high-harmonic fields from these atoms should be drastically increased by avoiding the disturbance of
the phase matching condition with the ionization. Furthermore, the pulse width of the harmonic field can be shorter than 1 fs. We call this extremely short
bunch of light field an attosecond pulse.

We have started to develop a new laser amplification system having a pulse duration being less than 10 fs (sub-10-fs pulse) last year. One of the
significant issues for the amplification of the sub-10-fs pulse is the spectral narrowing caused by the limit of the bandwidth of the reflectivity of a
high-damage-threshold (HDT) mirror and the spectral shape of the gain in the amplifier medium. Another issue is the compensation of high-order
dispersions in an amplified pulse suffered from the transmitted materials during the amplification. We have solved the former issue by fabricating two
kinds of specially designed optical element; a HDT chirped mirror pair and dielectric filters for the regenerative pulse shaping.

This year, we have developed a chirped pulse amplification (CPA) laser system by using these special optics. The laser system consists of a commercial
Ti:S oscillator having a pulse duration of 7 fs, an Offner type pulse stretcher which lengthens the pulsewidth into ~200 ps, and a spectral phase compensator
with a spatial light modulator, two stages of amplifier chain, and the grating pair compressor. We obtain more than 200nm spectral width of the amplified
pulse from the regenerative amplifier due to the wideband reflectance of the HDT chirped mirrors composing the cavity of the amplifier and an optimized
design of the filter for the regenerative pulse shaping. The output pulse from the regenerative amplifier with an energy of ~70 pJ was further amplified in
the second Ti:sapphire crystal with a multi-pass configuration. We have developed novel folding mirrors with HDT and low dispersion by adopting three
kinds of dielectric materials for this multi-pass amplifier. The resultant energy of the amplified pulse exceeds 30 mJ and the spectral width can nearly reach
200 nm. In spite of the successful amplification of the broadband pulse in the sub 10-fs regime, the spectral shape was not appropriate for suppressing
pedestals arising near the main peak of the pulse. Thus, we have somewhat reduce the spectral width by adjusting the filter in the regenerative amplifier and
compressed the amplified pulse from the multi-pass amplifier with the grating pair compressor. High-order dispersion arising from the optical elements in
the amplifier and the phase modulation originating from the group-velocity-dispersion oscillation of the HDT chirped mirrors were eliminated by the
spectral phase compensator. The resulting pulse width of 12-fs is the shortest in the amplified pulses with the CPA system of Ti:sapphire laser with an
energy of more than 10 mJ. We will improve the dielectric filter for futher shortening of the pulse width in the sub 10-fs regime.

(b). Interferometry of an attosecond pulse train in soft X-ray region

Recent progress of the research for investigating interactions of an intense femtosecond laser field with a matter enables us to generate an intense XUV
light pulse as a harmonic field. We study the distinct features appeared in nonlinear interactions induced with the harmonic fields in order to find the novel
phenomena. In particular, extremely short bunches of the light pulse formed with the Fourier synthesis of harmonic fields, which is so-called attosecond
pulse train (APT), is one of the most interesting research topics in laser science because it can be useful to reveal ultrafast dynamics of matter.

‘We demonstrated the interferometric autocorrelation measurement of an APT by utilizing the two-photon double ionization f nitrogen molecule last year.
The key features of this experiment are (i) observation of the two-photon Coulomb explosion of nitrogen molecule, (ii) the generation of the replica pulses
by spatial split of the measured APT, and (iii) interferometric fringes appearing on the correlation envelope. In particular, the time translation symmetry of
the interferomtric fringes proved the conclusive evidence of the phase-locking of high harmonic fields and manifested the origin of the high-harmonic
generation from an electron.

We recognized the importance of the interference of an APT in time domain from this result, hence, we investigated the full characteristic of the
temporal coherence of the APT this year. The most sginificant issue for the interferometry of the APT is how we make the two replica of the APT to be
interfere, because we cannot use any partial mirrors, which are conventionally used in an interferometer for visible~infrared light field, due to the lack of
transparent substrate materials in the XUV~soft X-ray region. Although the spatial split setup in our autocorrelation measurement of the APT does not
seem, at a glance, to yield linear interference fringes without spatial overlap of two replicas, it is feasible for observing the interference in time domain
owing to the fact that the spatial fringes, which is caused by the superposition of the diffracted two replicas from the boundaries of the beam separator
mirrors, move with the change of delay.

In the experiment, the reflected harmonic fields from the two hamonic separator mirrors go through an aperture with a diameter of 2 mm to eliminate the

undesired portion of the harmonic fields originating from the so-called long-trajectory electrons, and then they are filtered with a thin metal film, the
material of which is chosen so that a relevant range of XUV or soft X-ray light can be observed, to remove the remaining pumping laser field. The spatial
profile and the wavelength of each harmonic field are measured using an XUV/soft X-ray spectrograph placed 1.28 m away from the aperture. We
obtained the temporal interference fringes by extracting the central part of the spatial fringes of each harmonic fields at each delay time with an appropriate
subtraction of noise and the compensation of the intensity fluctuation. We determined that the coherence time of each harmonic field should be within a
range of ~10 fs, which is much shorter than the pulse width of the driving laser field (40 fs), from the measured interference fringes. The Fourier transrom
of each interference trace exhibited the exact spectrum of the harmonic field, the resolution of which was expected to be higher than that of the XUV
spectrograph, because we observed the modulation of the spectrum in detail that could not be found in the the XUV spectrograph. This is, to the best our
knowledge, the first demonstration of Fourier spectroscopy of the XUV~soft X-ray light without using half mirrors.
In addition to the notable result of the Fourier spectroscopy, the fringe traces themselves gave us the significant information concerning the intrinsic
property of the APT electric field. The sum of the interference traces of all the harmonic fields revealed the short bunches of fringes, the width of which
nearly attained the single-cycle period of XUV light, showing the potential to form the single-cycle pulse train at the Fourier limit. We also found that the
phase of the fringe in a bunch was n-flipped to that of the next bunch. These were the pecular characteristics of the APT field and could not be directly
observed without time-domain interferometry.

We will investigate further detail of the APT field under the various conditions with this spectroscopic method.

(c) Interaction of intense ultrashort laser pulses with materials
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Hollow fiber pulse compression is a powerful technique to generate intense sub-10 fs pulses, which are so called few-cycle pulses. We demonstrated that
a pressure-gradient hollow fiber technique enables to broaden the spectrum of intense femtosecond pulses without self-focusing which limits the energy
scaling. In order to further broaden the spectrum with high stability, we improved the beam quality of our Ti:S laser and enhance the coupling efficiency
between the input beam and the hollow fiber using a newly developed beam-lock system. As a result, the beam fluctuation at the fiber entrance was
successfully stabilized within 1 um (rms), resulting in spectral broadening in excess of 300 nm with a pulse energy of 2.7 mJ and an energy stability of
1.1% (rms). After dispersion compensation, the pulse duration was as short as 5.4 fs, which corresponds to two cycles of the optical field. Then, we focused
the beam after pulse compression using an /2.4 off-axis parabolic mirror and found that the beam was focused to a nearly diffraction-limited spot size.
From the spot size of 2.5 um at the waist position, the focused intensity was evaluated to be 5x10'® W/em? which enables one to study laser-matter
interactions in the relativistic regime. Moreover, we started to develop a gas-filled planar waveguide for the generation of few-cycle pulses with an
unprecedented peak power.
(d) Coherent control of two-photon excitation of fluorescent proteins

Modulating the spectral phase of an ultrabroadband laser pulse, we controlled the two-photon fluorescence signals of fluorescent proteins. First we
achieved the selective excitation of EGFP or SeBFP by adaptive control to maximize or minimize the fluorescence intensity ratio of SeBFP/EGFP. The
maximum and minimum ratio of SeBFP : EGFP were § : 1 and 1 : 16, respectively. In the case of a pair of ECFP and Venus, we obtained the fluorescence
intensity ratio of ECFP : Venus to be 2 : 1 and 1 : 12. Moreover, we also achieved the arbitrary intensity ratio ranging from the maximum ratio to the
minimum ratio. These results suggest that the image contrast of a multi-labeled sample can be controlled by modulating the spectral phase of an
ultrabroadband pulse without depending on the concentration of fluorescent proteins in the sample.

(2) Generation and application of intense coherent soft x-ray pulses
(a) High-order harmonic generation

High-order harmonic generation (HHG) using an ultrashort high-peak power laser is a powerful method for generation of extreme-ultraviolet and soft
x-ray light. In previous works, we focused on increasing the output harmonic energy to realize nonlinear optics experiments in soft x-ray region. Thus, we
succeeded the generation of 0.3 pJ soft x-ray radiation at the 27th harmonic (40 eV) in Ar, and 50 nJ at the 59th harmonic (92 eV) in Ne. This year, we have
started to develop a new IR laser system with the aim of extending the harmonic energy to ““water window”~ (280 eV) region. Since the ponderomotive
energy is proportional to not only the linear of the pump laser intensity (I) but also the square of the driving laser wavelength (A2), a longer-wavelength
intense infrared laser allows generating higher-energy harmonic photons.

High-energy IR source is accomplished in two-stage optical parametric amplification (OPA) with type-II BBO crystal. Output energy exceeding 7 mJ
with 60 fs pulse width is achieved at a signal wavelength near 1.4 pm. Total output energy (signal + idler) of 12 mJ is recorded with 30 % conversion
efficiency. To our knowledge these are the highest energy and peak power pulses ever produced 1.2 ~ 2.1 um region by the ultrafast OPA scheme. Using
the developed high-energy 1.4 um OPA pulses, we have performed a proof-of-principle HHG experiment for Xe and Ar. We have successfully generated
the 60 eV harmonics in Xe and the 120 eV harmonics in Ar under the phase-matched conditions, respectively.

(b) XUV nonlinear optics and application of attosecond pulses

High-order harmonic generation (HHG) has been recently recognized as one of the best methods of producing an ultrashort coherent light covering a
wavelength range from the vacuum ultraviolet to the soft X-ray (XUV) region. High-order harmonics (HH) are applied to a variety of applications, e.g.,
ultrafast spectroscopy in the XUV region, solid-state and plasma physics, and microscopy and holography with nanometer resolution. Moreover, HH
sources have successfully opened new research areas, such as attosecond science and nonlinear optics in the XUV region. Thus, HHG in pure gases
pumped with intense ultrashort lasers is widely accepted as a robust method to obtain ultrashort intense coherent radiation in the XUV region.

Physics of HHG in pure gases is now well understood by the so-called three-step model. HHG in mixed gases, however, has not been noticed both
theoretically and experimentally, although it contains profound aspects of HHG. Recently, we have introduced mixed gases as nonlinear media for HHG
for the first time and observed destructive and constructive interference (DI and CI) of harmonics in a mixed gas of He and Ne. We determined the
excursion times of the electron responsible for HHG in the attosecond region by measuring interference modulation due to the difference between the
phase of the harmonics generated in He and Ne gases. By preparing two gases with different ionization potentials, we can measure the individual phases of
harmonics in a robust way because the relative phase takes the simple form, the product of the excursion time and the difference of ionization potentials.
The phases, which the freed electrons accumulate during their different quantum paths, are transferred to the harmonics through the coherent process of
HHG and lead to the interference. Thus, the intensity modulation of the individual harmonics cause by DI and CI, which takes place when the phase
difference Tt and 0 respectively, provides the novel method for observing the attosecond electron dynamics.

(3) Short wavelength and short pulse width laser processing

Femtosecond laser can perform internal modification of transparent materials due to multiphoton absorption. By using this feature, we have developed
the techniques that can form three-dimensional (3D) hollow microstructures and optical waveguides embedded in photosensitive. This year, we applied
these techniques to fabricate biophotonic microchips by integrating microfluidics, microlmses, and optical waveguides in a single glass chip. The
integrated microchip was used for demonstration of photonic biosensing such as fluorescence and absorption measurements, showing several times higher
sensitivity as compared with the nonintegrated nicrochips.

In the meanwhile, recently,much attention is being paid to polymersas substrates of the biophotonic microchips since it is light and highly flexible. In
addition, for some of photonic sensing, use of substrates transparent from deep UV to IR is highly desired. Most of commercially available polymers such
as polymethylmethacrylate (PMMA) and polydimethylsiloxane (PDMS), however, cannot transmit light in deep-UV region shorter than 300 nm.
Amorphous fluoric-polymer called CYTOP developed by Asahi glass Co. Ltd. has the transmission range from 200 nm to 2um. Another advantage of this
polymer is that a refractive index of 1.34 is comparable to that of water, which is very important when observe cells placed in water with the optical
microscope. Therefore, we tried to use CYTOP for manufacture of biophotonic microchips. For selective cell culturing on the CYTOP, F, laser beam was
irradiated to the surface to modify to hydrophilicity. Then, HeLA cells were successfully cultured on the laser irradiated area of CY TOP polymer.
Meanwhile, optical waveguide that can transmit UV light was fabricated inside of the CYTOP by femtosecond laser direct writing. Propagation loss of the
waveguide was evaluated to be 0.5 dB/cm at a wavelength of 355 nm. Thus, combination of F, laser modification and femtosecond laser waveguide
writing would be very attractive for manufacture of biophotonic microchip that can perform observation of the cultured cells selectively stimulated with
UV light.

(4) Genettation and applications of Tera-Hertz wave



(a) Tunable Terahertz-wave Parametric Generation pumped by Microchip Nd:YAG Laser

In recent years, Terahertz (THz) wave sources have received considerable attention for use in many applications. Especially, recent researches using
THz waves, transparency imaging and fingerprint spectra have had an important contribution in the bioengineering or security fields. In this report, we
developed injection-seeded terahertz wave parametric generator pumped by microchip Nd:YAG laser. This is the half palm-sized, LD-pumped
single-mode microchip Nd:YAG laser, delivers 1.3 MW peak power pulses (550 pJ/pulse) with 430 ps pulse width at 100 Hz repetition rate. This THz
wave source generated tunable, narrow-linewidth THz wave with injection seeding by external cavity diode laser (ECDL) for the idler-wave. We observed
maximum output energy of THz wave was about 60 mW (peak) at frequency of 1.9 THz, tunable range from 0.9 to 3 THz, linewidth of less than 10 GHz.
We think that its palm sized (100 x 250 mm), portable source offer good advantages for many applications.
(b) Terahertz-wave absorption in liquids measured using the evanescent field of a silicon waveguide

The range of application is likely to expand even further with the increased availability of many absorption spectra peculiar to specific chemicals, such as
DNA and proteins that can be obtained only from liquid solution. But the high absorption of water poses a problem for the direct measurement of
transmitted spectroscopy for it. In this study, we presented a new method for measuring the optical properties of the liquid sample in the THz region,
relying on the interaction between the samples and the uniformly distributed evanescent wave of the surface layer of silicon rod waveguide with lowest
propagating mode. Compared with the traditional transmitted measurement, the technique that is presented here overcomes the immeasurability of the
optically thick liquid materials, which caused by the strong absorption of the water and the interference between the two sides of the thin cell. We observed
the growth of the concentration of the D-glucose solution and real-time sensing of avidin-biotin binding. While still at the experimental stage, we believe
that it would be a new rapid technique for measurement of other liquid sample like bimolecular in THz region.

2. Real-time Bio-imaging
(1) Development of new laser microscopes for spatio-temporal analysis and visualization of intracellular membrane traffic

Using a newly developed high-speed high-sensitivity laser confocal scanning microscope, we visualized COPII budding sites on the ER membrane.
From live imaging analysis, we suggested the existence of the structure that was equivalent to the ER exit site (ERES) in S. cerevisiae. Moreover, we found
that the localization pattern of the ERES was important for formation of the Golgi cisternae. By using a FRET imaging system, we visualized that the
interaction between Ypt31p and Sec2p was restricted only at the tip of the bud during the bud emerging and the bud growth. We also demonstrated that
Ypt31/32p was not required for Sec4p moving into the bud, but for it accumulating at the bud tip.

(2) Development of a vector system for the expression of photoactivatable IFP in plant cells using Gateway System.

We constructed a series of basic vector systems to express intrinsic fluorescent protein (IFP) in plant cells, especially with a focus on photoactivatable
molecules. For rapid construction and broad application capacity, we utilized Gateway System to make those constructs. We made two lines of destination
vector systems for transient expression in Arabidopsis suspension culture cells and for establishment of transgenic plants. Using this system, we established
several transgenic lines which visualize cytoplasm/nucleus, vacuole, and the Golgi. We also utilized this system to visualize two sperm cells in pollen by
photoactivatable IFP and succeeded in labeling only one sperm cell by photoactivation.

(3) Determination of the direction of a single fluorophore

By employing the TIRF microscope developed during this project, this year we concentrated on elucidation of the DNA segregation mechanism in
bacteria driven by polymerization-and-depolymerization of actin like protein ParM. We discovered that ParM filament dynamics is driven by GTPase not
ATPase, as hitherto believed. (i) Using the TIRF microscope, kinetics of polymerization and depolymerization in the presence of GTP and ATP was studies.
(i1) Monomeric crystal structures of GMPPNP-ParM and GDP-ParM have been obtained. (iii) From X-ray fiber diffraction of highly oriented
GMPPNP-ParM filament, and (iv) the single particle analysis of cryo-EM pictures of isolated GMPPNP-ParM filament, (v) we constructed an atomic
model of the ParM filament (so far the structures are not significantly different from AMPPNP-ParM filament). (vi) Interestingly, we discovered that Nd
free ParM (with the open Nd binding cleft) can not be accommodated in the filament due to steric hindrance. (vii) SAXS experiments under high-pressure
indicated that Nd release from ADP-ParM is much slower than that from GDP-ParM. Altogether, we now know that depolymerization occurs only at one
end of the filament where XDP-ParM resides, and that the end with ADP-ParM can accept fresh ATP-ParM which rescue the filament, while the end with
GDP-ParM cannot. This is consistent with the dynamics of ParM filament in the cell. This work has shed light on the novel mechanism of
polymerization-depolymerization driven dynamics of filamentous proteins. (D.Popp et al., EMBO J. in press)

(4) Observation of lipid membranes by STM

Electrochemical scanning tunneling microscopy (EC-STM) was applied to observe phospholipid layers over thiol-modified gold substrates as a model
biological cell membrane. On a monolayer of 1-octanethiol on Au (111), a synthetic lipid, 1, 2-dihexanoyl-sn-glycero-3-phosphocholine, was introduced
in a neutral 0.05M NH,ClO, buffer solution. The lipid molecules formed a fluidic layer at 0.0V vs. RHE of the substrate electrode potential. By cycling the
electrode potential between +0.2V and -0.2V, the lipid layer reversibly changed over between the fluidic phase and a striped/grainy structure. This
structural change might involve partial decomposition and oligomerization of phospholipids. This method will contribute for molecular biology by
revealing the nanometer-scale structure of cell membrane.

(5) Observation of lipid membranes by AFM, characterization of lipid probes and their applications

Using AFM, we characterized the role of cholesterol on membrane domain (raft) formation. 10-25 mol% cholesterol in the model membrane accelerates
the domain formation whereas 40 mol% cholesterol inhibits raft formation. The binding property of established cholesterol probes, filipin and 6 -toxin, was
studied using AFM. Whereas filipin binds membranes containing 10-40 mol% cholesterol, 0-toxin binds membranes only when cholesterol is more than
40%. Using these properties of cholesterol probes, we showed that high-cholesterol membrane domain plays important roles in cell adhesion and cell
division.

(6) A novel mitotic role of importin 3 and small GTPase Ran

Nucleocytoplasmic transport factors mediate various cellular processes, including nuclear transport, spindle assembly, and nuclear envelope/pore
formation. In this study, we identified human chromokinesin Kid (hKid) as an import cargo of the importin-o/B transport pathway and determined its
nuclear localization signals (NLSs). Upon the loss of its functional NLSs, hKid exhibited reduced interactions with the mitotic chromosomes of living cells.
In digitonin-permeabilized mitotic cells, hKid was bound only to the spindle and not to the chromosomes themselves. Surprisingly, hKid bound to
importin- o/, was efficiently targeted to mitotic chromosomes. The addition of Ran-GDP and an energy source, which generates Ran-GTP locally at
mitotic chromosomes, enhanced the importin-f-mediated chromosome loading of hKid. Our results indicate that the association of importins-$ and -a
with hKid triggers the initial targeting of hKid to mitotic chromosomes and that local Ran-GTP-mediated “cargo-release” promotes the accumulation of
hKid on chromosomes. Thus, this study demonstrates a novel nucleocytoplasmic transport factor-mediated mechanism for targeting proteins to mitotic
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chromosomes.
(7) Interaction of nucleocytoplasmic transport receptor and nuclear pore complexes examined using highly inclined and this beam illumination.

We developed a simple illumination method of fluorescence microscopy for molecular imaging. Illumination by a highly inclined and thin beam
increases image intensity and decreases background intensity, yielding a signal/background ratio about eightfold greater than that of epi-illumination. A
high ratio yielded clear single-molecule images and three-dimensional images using cultured mammalian cells, enabling one to visualize and quantify
molecular dynamics, interactions and kinetics in cells. Using this method, we found that 100-200 molecules of importin b is capable to bind a single
assembled nuclear pore complex with dissociation constant raging from 0.3 +0.2/-0.1nM to 70 +50/-30 nM. A mechanism concerning how importin b can
rapidly transit through NPCs, which provide such high affinity binding sites for this molecule, remains to be elucidated.

(8) Structure analysis of mitotic chromosomes using small angle X-ray scattering analysis

Mitotic chromosomes are essential structures for the faithful transmission of the genetic information at each cell division. However, how the two meters
of DNA that is present in each human cell is packaged into compact mitotic chromosomes (a 10,000-fold shortening) remains largely unknown. To
address this question, at RIKEN SPring-8 we are investigating chromosome structure using small angle X-ray scattering analysis (SAXS), which makes it
possible for us to detect internal regular structures in non-crystal materials in solution.

(9) Single-molecule imaging techniques for analysis of intracellular reactions

Techniques to evaluate multiplicity of the reaction states and non-randomness from single-molecule reaction time series were developed. Multiplicities
can be evaluated using multiple-exponential and stretched exponential functions to describe reaction kinetics. Non-randomness under the presence of
multiplicities requires comparison between non-Markovian functions from experiments and simulations of reaction models. These techniques were
applied for analysis of interactions between EGF receptor and Grb2. To increase the detectability of single-molecule imaging, deconvolution with PSF was
applied for TIR fluorescence microscopy and resulted in improvement of the spatial resolution by a factor of about 30%.

(10) Intracellular single-pair FRET imaging

To image single-pair (sp) FRET inside living cells, technique to detect changes of the fluorescence emission spectrum was developed for eGFP
(donor)-eYFP (acceptor) pair. The optics were optimized and method to calculate FRET efficiency from single-molecule images were conceived. This
technique was successfully applied for detection of conformational changes of cRafl upon activation in living cells.

(11) Spatial and temporal regulation of the condensin complexes in the mitotic and meiotic cell cycles

To understand how two condensin complexes are subjected to differential regulation during the mitotic cell cycle, we study their spatial and temporal
dynamics by using high-resolution imaging techniques in human tissue culture cells. We are also preparing essential tools (e. g., specific antibodies and
fluorescently tagged proteins) to investigate the role of condensin complexes during meiosis using mouse oocytes as a model system. Fruitful outcomes
including real-time imaging are anticipated in the coming year.

(12) Development of compact coherent light sources in the visible region for real-time biological imaging

Ultrashort pulse tunable coherent light source in the ultraviolet-blue region are of importance for real-time biological imaging. Especially, if rapid and
random wavelength tuning of the lasers were realized, their application fields will be extended. In previous works, we demonstrated a rapid and random
wavelength tuning of the ns-pulsed Ti:sapphire laser with acousto-optic tunable filter (AOTF) in the cavity. We also realized the ps-pulse generation with
electronically tuning of laser wavelength only by the cw laser pumping.

In this work, we investigated the mechanism of ultra-short pulse generation of the electronically tuned Ti:sapphire laser. It was found that intensity beats
were stimulated by the summation of frequency shifted radiation in the cavity. The beats of the radiation in the cavity cause Karr effect of the laser crystal.
Finally, we found that short pulse generation was induced by the Karr effect. This result suggests that we can also realize the electronically tuned
Ti:sapphire laser in the 5 region. On the other hand, we also investigate expand of tuning range of laser. By using SHG of the Ti:sapphire laser, tuning
range from 350 to 550 nm was obtained. In this work, we introduced intra-cavity sum frequency mixing with 1.3 mm from the Nd:YAG laser and tunable
radiation from the Ti:sapphire laser. With the laser system, wavelength region was extended to the yellow and red region.

3. Ultrafast manipulation of molecules
(1) Elucidation and control of molecular dynamics in the condensed phase by ultrafast spectroscopy

Ultrafast structural dynamics in a prototypical push-pull molecule, p-nitroaniline, was studied by femtosecond impulsive Raman spectroscopy using
10-fs pulses. A slowly-oscillating beat component was successfully observed, which corresponds to a twisting motion of the nitro group in the excited state.
It was found that the frequency of the twisting motion shows a significant downshift as the charge transfer state is generated. This experimental result
strongly suggested that the C-NO, bond is weakened in the charge transfer process of p-nitroaniline, i. e. the formation of a twisted charge transfer excited
state. Wavepacket dynamics in the MLCT excited state of a copper(I) complex, [Cu(2,9-dimethyl-1,10-phenanthroline),]”, was studied by
wavelength-dispersed ultrafast absorption spectroscopy. It was found that an oscillatory component due to the wavepacket motion appears with a common
phase, irrespective of the observation wavelength. This result suggests that the wavepacket motion is assigned to a non-totally symmetric vibration, which
has the same symmetry as the coordinate of the Jahn-Teller distortion of this complex. Time-resolved fluorescence intensity of S; Cis-stilbene was
measured by femtosecond up-conversion method, and the corresponding S;-Sy fluorescence oscillator strength was evaluated as 0.16. The obtained value
clearly indicated that the S; state is one-photon allowed, which allowed us to finalize the controversy about the assignment of the reactive S; state of
cis-stilbene. Electronic structure of a model compound of the GFP chromophore (HBDI) was investigated by a multiplex two-photon absorption
spectroscopy. It was revealed that the two-photon absorption spectrum of HBDI shows a significant wavelength shift compared to the one-photon
absorption, just as the case of GFP itself. It was concluded that a new excited state with high two-photon absorptivity is located near the strongly
fluorescent state of the anionic form of GFP proteins.
(2) Ultrafast Photoelectron Spectroscopy of Chemical Dynamics in the Gas Phase

A theoretical formulation was developed for the photoelectron angular distribution, in the adapted form for the ultrafast time-resolved photoelectron
imaging and the multichannel quantum defect theory. The rotational wave functions were treated explicitly. The photoelectron angular distribution was
doubly expanded by the state multipoles of the field and the alignment parameters of the molecular axis distributions, with coefficients, b factors, which
contains full information about the photoionization dynamics. From the viewpoint of the molecular frame photoelectron angular distributions, the linearly
independent b factors were identified for the linear and the C; point group symmetry. By the singular value decomposition, we confirmed that there are no
other linearly dependent b factors. Based on the linearly independent b factors, we proposed an efficient experimental scheme for the complete
determination of the photoionization dynamical parameters.

We have developed 10-fs deep-ultraviolet (DUV, 200-300nm) pulse generator. The second harmonic and the fundamental of Ti:sapphire laser pulses



were gently focused into rare gas and frequency conversion occurred in the gas by four-wave mixing process. Since the input pulse had high peak intensity,
filamentation effect occurred, which fact was that the pulse propagated long distance with the focused diameter. As a result, high conversion efficiency with
long interaction length was achieved. The pulses with 20 uJ energy at 260 nm and 4 uJ energy at 200 nm were generated with a 500 uJ pump pulse (400
nm). The generated pulses were compressed by a grating compressor down to 12 fs at 260 nm and 16.5 fs at 200 nm, respectively. In particular, the 200 nm
pulse is the shortest in the world since 200 fs was shortest in the wavelength region so far. Additionally, we have succeeded in generating mid-infrared
(MIR) pulses by using the same scheme. Since gases, whose dispersion is much lower than solids, were used in the frequency conversion scheme, very
broad spectrum (2.5-7 um) was obtained. Thanks to the low dispersion of air in the wavelength region, the pulse width of the generated pulses was
measured as 13 fs without any compressors. The pulse width is also the shortest in the wavelength region. These pulses are useful for fundamental
chemical dynamics research since the DUV pulses are resonant to the lowest excited state of many simple molecules and the MIR pulses are resonant to
the vibration of many molecules.
(3) Photomanipulation behavior of photoresponsive chiral materials

For photomanipulation in axial chirality, we are developing the novel cyclic azo-compounds. We synthesized and characterized 3,3’—cyclic
azo-compounds with efficient transformation of trans-cis photoisomerization to axial chirality of the binaphthyl moiety. In comparison with acyclic
azo-compounds, the cis-trans thermal isomerization was suppressed because of the steric hinderance of the cyclic linkage. Reversible switching behavior
in molecular twisting was obtained by the alternative irradiation of light at 334 nm and 436 nm. The circular dichroism studies indicated dichroic ratios Ae
at 238 nm increased with photoirradiation. On the other hand, Ag decreased with increasing temperature. We have successfully developed novel
3,3’—cyclic azo-compounds with the independent control of molecular twisting by light and heat.

4. Near-field Nanophotonics
(1) Higher sensitivity in near-field Raman spectroscopy

We developed a method to achieve higher sensitivity in near-field Raman spectroscopy by using a gap-mode plasmon excitation. Illuminating a
50nm-thick silver thin film by radially polarized beam can excite focused surface plasmon polaritons, which result in an enhanced electric field. When a
metallic tip is adjusted onto the enhanced electric field, gap-mode plasmon is excited, which can further boost the Raman signals of the molecules at the
gap.
(2) Characterization of nano-scale strain of crystals by near-field Raman spectroscopy

Reflection-mode tip-enhanced Raman scattering (TERS) has the advantage to characterize any samples, particularly opaque, bulk and multilayered
samples. However, the background signal in reflection-mode TERS is huge due to large focus spots associated with objective lens that has long working
distance. Moreover, for a multilayered and bulk sample, the Raman signal from the bulk layer interferes with the Raman signal on a thin surface layer. This
unwanted bulk background signal reduces the sensitivity of the measurement and makes it difficult to get high-contrast TERS image in reflection-mode.
We used Raman tensor analysis to quantify the far-field Raman intensity at different polarization states of the polarizer and analyzer at varying sample
azimuth. The polarizer, analyzer and sample azimuth combination that gives minimum far-field background signals with high contrast in SERS was
utilized in TERS experiment to obtain high contrast near-field Raman signal. Both the field enhancement effect and depolarized detection were considered
to obtain a high signal-to-noise TERS signal. We found out that for Raman active and thin crystalline samples assembled in bulk materials, depolarization
effect outweighs the field enhancement effect in getting high-contrast Raman signal.
(3) Oxdization of silicon cantilever for the near-field Raman characterization of silicon-based semiconductor

‘We propose a novel technique of oxidizing silicon cantilever tips to characterize silicon-based semiconductors by near-field Raman measurements. The
silicon cantilever tip is thermally oxidized before the metal coating to change crystalline silicon into amorphous. This technique is aimed for the
suppression of Raman scattering from the silicon tip itself that may otherwise overwhelm the Raman signal of the target sample. Using the oxidized tip, we
experimentally verified that silicon Raman vibration was completely suppressed.
(4) Two-dimensional nano imaging using metallic nanorod array

Magnification in image transfer using metallic nanorod array has been demonstrated by FDTD (finite-difference time-domain) algorithm. The
magnification is determined by the ratio between array pitch at the entrance and the exit. The nanorod array is arranged in cascade with nanogap to transfer
image with high efficiency and with long distance. Plasmon resonance on individual metallic nanorods at each layer and gap effect between the rods
contribute to the imaging in multi-layered structure. We found that the odd number of layer enables a broadband spectrum transfer without shift of
resonant frequency.
(5) Plasmonic Metamaterials

We fabricated plasmonic metamaterial by using two-photon induced metal-ion reduction method. The metamaterial structure was an array of pairs of
silver nano-rod, and it was fabricated on the quartz substrate. The electro-magnetic properties of the metamaterial was examined by using far-infrared
FT-IR spectroscopy. In the experiment, we have successfully confirmed that the fabricated metamaterial interacted directly with the magnetic component
of the far-infrared waves of 16THz in frequency.
(6) Two-photon reduction for fabricating three-dimensional micro/nano metal structures

We tried to improve the spatial resolution of the two-photon reduction technique which uses a femto-second ultra-short pulse laser as a light source. In
the conventional system, when a high-intensity Ti:Sapphire laser is focused into a silver nitrate aqueous solution, nano-scale silver crystals are created in
the focused laser beam spot. Even after stopping the laser irradiation, the created silver nano-crystals grow and become sub-micron size silver particles.
The size of silver particles determines the final spatial resolution. We tried to decrease the size of the silver crystals by inhibiting their growing process in
order to improve the spatial resolution. We added the surfactant molecules which adhere to the silver surface to silver nitrate aqueous solution. From the
experimental results, we succeeded in realizing 120nm resolution which exceeds the spatial resolution calculated by Rayleigh criterion.
(7) Orientation analysis of single molecules near the metal surface by dipole radiation pattern and fluorescence lifetime measurements

CdSe/ ZnS semiconductor quantum dots (QDs) have high stability and comparable high quantum yield compared with usual organic dye molecules.
Thus, QDs have attracted a great deal of interest, because they can be used as the fluorescent labels for bio-molecules, single photon emitter, gain materials
for laser emissions and so on. The transition dipole moment of CdSe/ ZnS QDs is quite different from that of usual organic fluorescent
molecules. According to the axially symmetric structure of Wurtzite lattice, the excitonic transitions are not allowed along the c-axis (dark axis) of the
lattice. Wurtzite lattice structure results in two-dimensional degeneration for the excitonic transition dipole moment. In order to utilize the QDs for many
kinds of photonic applications, we have to consider the particular 2D degenerated dipole moments, because the quantum yields and decay constants
strongly depend on the position and orientation to the interface. Understanding the radiative decay mechanism for a single 2D dipole, near an interface,
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leads to the growth of the nano-scale photonic applications. In this work, we studied the fluorescence emission pattern and lifetime of single 2D dipole,
placed in front of a dielectric interface, for the purpose of constructing the theoretical model for 2D dipole emissions. We adopt our theoretical concepts to
the experimental results of fluorescence pattern and lifetime of single QDs. Statistical analysis for the lifetimes and emission patterns show a good
agreement with our theoretical calculations. These results can be utilized for the development of nano-photonic applications.



