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Novel nonlinear phenomena caused by interaction of ultrashort intense laser pulses with matters are investigated for
creation of coherent x-ray sources including x-ray lasers and high-order harmonics. Nonlinear optical phenomena in the
soft x-ray region and generation of ultrashort pulses in the region of attosecond seconds are pursued by use of high-order
harmonics. In addition, applications of short wavelength and ultrashort laser pulses to material processing are studied.

1. Interaction of intense ultrashort laser pulses with matters

(1) 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 pd 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.

(2) Interaction of intense ultrashort laser pulses with materials
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 pm (rms), resulting in spectral broadening in excess of 300 nm with a pulse energy of 2.7
md 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 pm
at the waist position, the focused intensity was evaluated to be 5x108 W/cm2, 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.

(3) Reasearch on unstable fragment ions produced by femtosecond laser ablation of solid molecules
By ablating solidified molecules with ultrashort laser pulses, we observe the production of unstable molecular fragment
ions, which have never observed in ablation with laser pulses longer than the phonon coupling time of a molecule. The
characteristics of femtosecond laser ablation (fsLA) have been revealed in the series of experiments for fullerene Ceo
molecule. Observation of the metastable fragment ions in the time-of-flight analysis indicates that the unstable
intermediates are produced just after fsLA of Ceo and they dissociate during their flight.

2. Generation and application of intense coherent soft x-ray pulses
(1) 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 LlJ 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 (/) 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.
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Output energy exceeding 7 md with 60 fs pulse width is achieved at a signal wavelength near 1.4 pm. Total output energy
(signal + idler) of 12 mdJ is recorded with 30 % conversion efficiency. To our knowledge these are the highest energy and
peak power pulses ever produced 1.2 ~ 2.1 pm 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.

(2) 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, (i) 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 p-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.

(3) Development and evaluation of extreme ultraviolet optics
High-order harmonics (HHs) are attractive sources for many applications, because the generation of HHs with
sub-microjoule level energy has been successfully demonstrated around 30-nm. But high reflectance mirror around 30-nm
with high thermal and radiation stability has not been realized yet. The measured reflectivity of SiC/Mg multilayer mirror
is about 45% even immediately after manufacturing though the theoretical reflectivity of the mirror reaches 60% at 30 nm.
The reflectivity of the mirror decreases remarkably by the aged deterioration and the irradiation of HHs. We develop and
evaluate practical multilayer mirrors for a wavelength of around 30-nm. One is B4C/Mo/Si or SiC/Mo/Si multilayer mirror
to avoid aged deterioration by not using Mg. The other is ZrN/Si or NbN/Si multilayer mirror using nitride materials.
Because bulk densities of these nitride materials are high, refractive indices are lowest in materials around 30-nm. As a
result, a potential reflectance of 20% with bandwidth of 10nm based on theoretical calculations can be achieved with only a
few layers. The mirrors will be useful for attoscience. But measured reflectance of these mirrors is less than half of
theoretical one. To clarify the cause that reflectance is low, reflectance measurement was done between 10 nm and 34nm
because of the difference of wavelength dependence of various parameters contributing to reflectance. The upper limit of
the surface roughness of the mirror was calculated from measured reflectivity at 15-nm. We found that this is not a main
factor of low reflectivity but the low density of the compound, which was only about 50-70% of the bulk density. We will
optimize the sputtering conditions for compounds to increase the density of the thin film to 90% of its bulk density to
achieve the high reflectance and broad bandwidth.

3. Nonlinear optical microspectroscopy using ultrabroadband femtosecond laser
(1) Control of two-photon excitation of fluorescence 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 8 : 1
and 1 : 16, respectively. In the case of a pair of ECFP and Venus, we obtained the fluorescence intensity ratio of ECFP :
Venus tobe 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) Nonlinear Fourier-transform spectroscopy

Combining the use of 5-fs ultrabroadband pulse with nonlinear Fourier-transform spectroscopy (FTS) by four-wave
mixing (FWM) signal, we identified the origin of FWM signal. From a theoretical analysis of FWM-FTS, we found that in a
Fourier power spectrum obtained by the Fourier-transform of an interferometric autocorrelation signal, there were
frequency components that indicated the effects of two-photon electronic (TPE) resonance and Raman resonance. By
employing theoretical analysis, we experimentally demonstrated that FWM spectra under TPE resonance and Raman
resonance were obtained from an anthracene powder and an organic solvent, respectively. By using both Raman and TPE
spectra, we expect that the capability to identify molecules will be improved dramatically.

4.Short wavelength and short pulse width laser processing

(1) Fabrication of nano-aquarium for dynamic observation of microorganisms by femtosecond laser
An optical microscopic system with high speed camera is a very common tool for dynamic analysis of aquatic
microorganisms. For high efficiency observation, a microchip that can limit the moving direction of microorganisms has
been urgently required by cell biologists since microorganisms swim with high speed in any directions. For this reason,
nano-aquarium that is a microchip for observation of microorganisms was fabricated by femtosecond laser direct writing
technique which we have developed. The use of the microchip has some advantages over the conventional observation
method using a glass slide or a petri dish, those are, a major reduction of observation time, control of the motion of the
microorganisms and the ability to carry out 3-D observation. This year, we have fabricated a microchip in which a movable
glass needle is integrated for observation of chloroplast assembladge in a diatom called Pleurosira laevis. The microchip
enables us to successfully stimulate only one of the cells of Pleurosira laevis and thereby observe the transmission of the
chloroplast assemblage from the stimulated cell to the adjacent cells. In addition, we have fabricated a planer microchannel
which can confine the moving direction of the cryptomonas, which swims with extremely high speed under certain
conditions, in a psudo-2D space.

(2)Three-dimensional (3D) micro and nano fabrication of GaN by femtosecond laser
Femtosecond laser can perform internal modification of transparent materials due to multiphoton absorption. This feature
has been widely used for three-dimensional microfabrication inside glass. Few works on semiconductirs, however, have
been reported. Therefore, we tried to investigate 3D micro and nano fabrication of wide-bandgap semiconductor GaN using
femtosecond laser in this year. Nanometer scale crater is successfully formed by wet chemicals-assisted fs laser ablation, in
which the laser beam is focused on single-crystal GaN substrates in an HCI acid solution, This method can efficiently
remove the ablation debris due to chemical reaction, resulting in high quality ablation. On the other hand, the two-step
processing method, i.e., irradiation with fs laser in air followed by wet etching, distorts the shape of crater because of the
residual debris. The wet chemicals-assisted fs laser ablation method achieves the resolution as small as approximately
500 nm by using high NA (0.73) objective lens. We have also demonstrated formation of 140-pm-long hollow channels
embedded in single-crystal GaN using this method. 3D micro and nano fabrication technique of GaN has great potential
to be applied for manufacture of photonic crystal devices and of high-functional microchip devices in which microlaser,
microphotodetector, microfluidics, micromechanics, and so on are integrated.

Research subjects

1. Interaction of ultrashort high intensity laser pulses with matters

2. Generation of intense coherent soft x-ray

3. Nonlinear optics in the soft x-ray region

4. Generation and measurement of attosecond pulses

5. Microfabrication by hybrid laser processing with short wavelength and ultrashort laser pulse
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