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RESEARCH ACTIVITIES
Photo-Molecular Science
We study the interaction between molecules and optical fields with its possible applications to active control of molecular 

functionality and reactivity. We also develop novel light sources to promote those studies. Two research facilities, the Laser 

Research Center for Molecular Science and the UVSOR, closely collaborate with the Department.

The core topics of the Department include ultrahigh-precision coherent control of gas- and condensed-phase molecules, 

high-resolution optical microscopy applied to nanomaterials, synchrotron-based spectroscopy of core-excited molecules and 

solid-state materials, vacuum-UV photochemistry, and the development of novel laser- and synchrotron-radiation sources.
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There is much demand for the study of local optical 
properties of molecular assemblies and materials, to understand 
mesoscopic phenomena and/or to construct optoelectronic 
devices in the nanometric scale. Scanning near-field optical 
microscopy (SNOM) is an imaging method that enables spatial 
resolution beyond the diffraction limit of light. Combination of 
this technique with various advanced spectroscopic methods 
may offer a direct probe of dynamical processes in nano-
materials. It may provide essential and basic knowledge for 
analyzing origins of characteristic features and functionalities 
of the nanometric systems. We have constructed apparatuses of 
near-field spectroscopy for excited-state studies of nano
materials, with the feasibilities of nonlinear and time-resolved 
measurements. They enable near-field measurements of two-
photon induced emission and femtosecond transient trans
mission, in addition to conventional transmission, emission, 
and Raman-scattering. Based on these methods, we are investi
gating the characteristic spatiotemporal behaviors of various 
metal-nanoparticle systems and molecular assemblies.

1.  Visualization of Plasmon Wavefunctions 
and Enhanced Optical Fields Induced in 
Metal Nanoparticles

We recently reported that wavefunctions of localized 
plasmon resonances of chemically synthesized metal (Au and 
Ag) nanoparticles are visualized by near-field transmission or 
two-photon excitation measurements.1,2) Figure 1(a) shows a 
typical near-field two-photon excitation image of the longitu
dinal plasmon mode on a Au nanorod, which correspond to the 
square modulus of the plasmon wavefunction. We also visu
alized optical fields in Au nanoparticle assemblies by the near-
field two-photon excitation imaging method, as shown in 
Figure 1(b).1,3) It was revealed for the dimers that highly 
localized optical field is generated at the interstitial sites 
between the particles. In many-particle assemblies, the local
ized fields were especially intensified at the rim parts of the 

assemblies.
We are now extending the studies to metal nanostructures 

manufactured by the electron-beam lithography technique, in 
collaboration with researchers of other institution, or other top-
down fabrication techniques. Unique nano-optical charac
teristics, such as anomalous transmission enhancement through 
metal nanodisks, were found, and characteristic plasmon 
waves were observed for some metal nanostructures. Near-
field properties of nano-void structures, opened on thin gold 
metallic films on glass substrates, have also been characterized, 
and the field distributions in the vicinities of the voids have 
been visualized. In circular void chain structures, we found 
that confined optical fields were generated in the interstitial 
sites between voids. The field distributions were analyzed 
based on the electromagnetic theories and calculations. Special 
attention has been paid for comparison of field distributions of 
complementary nanostructures, nanoparticle assembly and 
nano-void assembly, for instance, in relation to Babinet’s 
principle in optics. Such a study is essential as a basis for 
designing unique optical properties and functions of metal 
nanostructures, and their applications to highly sensitive 
spectroscopic methods and exotic photochemical fields, as 
well as to nanoscale optical waveguids.

Figure 1.  Near-field two-photon excitation images of (a) a Au 

nanorod (diameter 20 nm, length 540 nm), at 780 nm and (b) assem

bled Au spherical nanoparticles (diameter 100 nm).
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Figure 2.  Schematic diagram of near-field photocurrent imaging 

measurement.

2.  Studies of Metal-Nanostructure Modified 
Photovoltaic Cells by Near-Field Excited 
Site-Specific Photocurrent Detection

It has been known that metal nanoparticles and their 
assemblies collect photon energies to give confined and en
hanced optical fields in the vicinities of the particles due to 
plasmon resonances, under suitably arranged conditions. 
Recently, it has been reported by a number of researchers that 
efficiencies of photoenergy conversion systems can be im
proved by the use of noble metal nanostructures. The photo
energy conversion system ranges from wet-type and solid-state 
photo-current conversion cells to photo-chemical conversion 
systems. To reveal the mechanism of the photoenergy con
version process and design more efficient conversion systems, 
studies of detailed nanostructures and site-dependence of 
photoirradiation effects are essential.

We applied SNOM to clarify effects of surface plasmon 
resonance on photo-current conversion in inorganic semi
conductor photovoltaic cells modified with metal nanoparticles, 
where the photocurrent is reported to be enhanced compared 
with unmodified cells based on macroscopic measurements. 
The spatial characteristics of photocurrent for GaAs photo
diodes with gold nanoparticles (nanospheres and nanorods) 
dispersed on the active surfaces were investigated by photo
current imaging using a SNOM (Figure 2). In the case of gold 
nanospheres (diameter 100 nm), near-infrared light irradiation 
(785 nm) gave rise to the enhancement of photocurrent, re
sulted from re-radiation of photons via plasmon resonance on 
the gold nanosphere into the photovoltaic area, while photons 
in shorter wavelengths did not show enhanced photocurrent. In 
the case of gold nanorod, characteristic spatial oscillation of 
photocurrent caused by the longitudinal plasmon mode of the 
rod was observed. We are now analyzing the results obtained 
based on the near-field optical characteristics of the metal 
nanoparticles.

3.  Construction of Apparatuses for 
Nonlinear and Ultrafast Near-Field 
Spectroscopy

In previous studies we achieved ultrafast near-field 
imaging with a time resolution of ~100 fs.2,4) To further extend 
the dynamical studies of plasmons, we are now developing 
basic technologies to achieve near-field time-resolved mea
surements with <20 fs time resolution. We are also constructing 
an apparatus for near-field/far-field microscopic nonlinear 
optical measurements based on the technique of atomic-force 
microscope.

4.  Near-Field Imaging of Organic Molecular 
Assemblies and Hybrid Systems

We are studying nanometric structures and optical prop
erties of organic molecular assemblies such as carbon nano
tubes embedded in sugar polymer chains, LB films of func
tional conjugated molecules, and hybrid systems consist of 
metal nanoparticles and organic functional materials, mainly 
as collaborations with other research groups.

5.  Nonlinear Effects in Optical Trapping

The optical trapping technique has been widely used in 
various areas to manipulate particles, cells, and so forth. The 
principle of trapping is based on the interaction between 
optical electric fields and induced linear polarizations. In the 
course of the studies on behavior of gold nanoparticles under 
pulsed laser fields, we have found a novel phenomenon of 
optical trapping of spherical gold nanoparticles arising from 
nonlinear polarization when we trap the nanoparticles by 
ultrashort near-infrared laser pulses. That is, the stable trap site 
(usually appears in the center of the focused beam) is split into 
two equivalent positions, and the split trap positions are 
aligned along the direction of the incident laser polarization. 
The split distance depends on the trapping-laser power and 
wavelength. We have found that the results were successfully 
interpreted in terms of the nonlinear polarization caused by the 
femtosecond pulses.
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Molecules in gas phase undergo translational, rotational 
and vibrational motions in a random manner, and the total 
molecular system is a statistical ensemble that contains a 
number of molecules in many different states of motions. This 
research group aims to establish methods to manipulate the 
quantum-state distribution pertinent to molecular motions, by 
utilizing the coherent interaction with laser lights. Here lasers 
with ultimate resolution in time and energy domains are 
employed complementally and cooperatively for manipulation 
of molecular motions.

1.  Nonadiabatic Rotational Excitation of 
Molecules by Nonresonant Intense 
Femtosecond Laser Fields

When gaseous molecules are irradiated by an intense 
nonresonant ultrafast laser pulse, rotation of molecules is 
coherently excited via the interaction with the molecular 
anisotropic polarizability, to create a rotational quantum wave 
packet (WP). We has developed a method for exploring such a 
nonadiabatic rotational excitation (NAREX) process in a 
quantum-state resolved manner, and reported rotational-state 
distributions after the impulsive excitation with a fundamental 
output of a femtosecond (fs) Ti:Sapphire laser.1,2) Such a state-
resolved investigation has afforded details concerning the 
excitation process during exposure to laser fields, and in a 
favorable case, full characterization of a rotational WP itself.3) 
In addition, frequency-domain studies can directly assess 
ultrafast control of the rotational-state distribution via the WP 
manipulation.4)

2.  Ultrafast Angular-Momentum Orientation 
by Linearly Polarized Laser Fields5)

The anisotropy of molecular system is represented as a 
non-uniform distribution of projections, M, of angular momen
tum onto a space-fixed (Z) axis. In particular, the system is 
designated as being oriented when the populations for +M and 

–M are different. In previous studies for the realization of 
orientation, circularly polarized radiation had been exclusively 
adopted, because it is regarded as the only way to induce the 
required helical interaction that breaks the right/left-handed 
symmetry around the Z axis. Recently, we show that a pair of 
linearly-polarized intense ultrafast pulses creates molecular 
ensembles with oriented rotational angular momentum in 
ultrafast time scale, when the delay and the mutual polarization 
between the pulses are appropriately arranged. The experi
mental result that demonstrates such an angular momentum 
orientation is shown in Figure 1.

Figure 1.  Excitation spectra of the S1 ← S0 60
1 band of C6H6 after fs 

double-pulse excitation. Blue and red lines correspond to right- and 

left-handed polarized probe pulses, respectively. The middle and lower 

panels are experimental ones for the mutual polarization angle of –π/4 

and π/4, while the upper is simulated one for –π/4.

3.  Coherent Correlation between 
Nonadiabatic Rotational Excitation and 
Angle-Dependent Ionization of NO in 
Intense Laser Fields6)

When the intensity of the nonresonant ultrafast pulse is 
increased, the irradiated molecules are ionized as well as being 
rotationally excited. The coherent correlation between NAREX 
and the strong-field ionization in NO has been studied in the 
state-resolved manner. When the molecule is partly ionized in 
intense laser fields, a hole in the rotational WP of the remain
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ing neutral NO is created by the ionization, whose rate depends 
on the alignment angle of the molecular axis with respect to 
the laser polarization direction. Rotational-state distributions 
of NO are observed and the characteristic feature that the 
population at higher J levels is increased by the ionization is 
identified, as shown in Figure 2. Numerical calculation for 
solving time-dependent Schrödinger equations including the 
effect of the ionization is carried out. The results suggest that 
the molecules aligned perpendicular to the laser polarization 
direction are dominantly ionized at the peak intensity of I0 = 
42 TW/cm2, where the multiphoton ionization is preferred 
rather than the tunneling ionization.

4.  Nonadiabatic Vibrational Excitation of 
Molecular Clusters by Nonresonant Intense 
Femtosecond Laser Fields

Nonadiabatic interactions with a nonresonant ultrafast 
laser field can coherently excite molecular vibration. The 
quantum-state resolved approach with ns probe pulses will 
also contribute to the study of nonadiabatic excitation of 
molecular vibration. The best candidates are van der Waals 
(vdW) clusters, since the librations of constituent molecules in 

vdW clusters have wide amplitudes and such intermolecular 
motions are inherently associated with large modulation of 
polarizability, yielding to strong Raman activities. We have 
indeed observed nonadiabatic vibrational excitation for the 
NO–Ar cluster. After the excitation with an intense fs pulse, 
several hot bands came to appear, as shown in Figure 3.

5.  High-Resolution Laser Spectroscopy of 
Benzene Clusters with He Atoms

Electronic spectra of benzene–(He)1,2 clusters have been 
recorded via two-color resonant two-photon ionization with a 
single-mode ns-pulsed light source, consisting a dye amplifier 
injection-seeded by the CW output from a Ti:Sapphire laser. 
Owing to the narrow band width (~250 MHz) of the laser 
system and the efficient rotational cooling down to 0.3 K by 
implementing a high-pressure pulsed valve, rotational fine 
structures have been fully resolved in the observed spectra, as 
shown in Figure 4. Several vibronic bands associated to 
excitation of intermolecular vibrations have also been observed 
with rotational resolution. Their positions are reasonably 
matched with the prediction based on a high-level ab initio 
calculation.

Figure 4.  High-resolution excitation spectra of the S1 ← S0 60
1 band 

of C6H6–He (top) and C6H6–(He)2 (bottom).
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Figure 2.  Rotational-state distribution of NO recorded after the 

excitation by a fs pulse at low (left) and high (right) intensity.

Figure 3.  Excitation spectra of the A←X (0,0) band of NO–Ar after 

fs pulse excitation.
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Coherent control is based on manipulation of quantum 
phases of wave functions. It is a basic scheme of controlling a 
variety of quantum systems from simple atoms to nano
structures with possible applications to novel quantum tech
nologies such as bond-selective chemistry and quantum com
putation. Coherent control is thus currently one of the principal 
subjects of various fields of science and technology such as 
atomic and molecular physics, solid-state physics, quantum 
electronics, and information science and technology. One 
promising strategy to carry out coherent control is to use 
coherent light to modulate a matter wave with its optical 
phase. We have so far developed a high-precision wave-packet 
interferometry by stabilizing the relative quantum phase of the 
two molecular wave packets generated by a pair of femto
second laser pulses on the attosecond time scale. We will apply 
our high-precision quantum interferometry to gas, liquid, solid, 
and surface systems to explore and control various quantum 
phenomena.

1.  Ultrafast Fourier Transform with a 
Femtosecond Laser Driven Molecule1)

Wave functions of electrically neutral systems can be used 
as information carriers to replace real charges in the present 
Si-based circuit, whose further integration will result in a 
possible disaster where current-leakage is unavoidable with 
insulators thinned to atomic levels. We have experimentally 
demonstrated a new logic gate based on the temporal evolution 
of a wave function. An optically tailored vibrational wave-

packet in the iodine molecule implements 4- and 8-element 
discrete Fourier-transform with arbitrary real and imaginary 
inputs. The evolution time is 145 fs, which is shorter than the 
typical clock period of the current fastest Si-based computers 
by three orders of magnitudes.

Figure 1.  Schematic of the present discrete Fourier transform with an 

example: 1/2 (1, –i, –1, i) → (0, 1, 0, 0). The common transform 

matrices w4 and w4
–1 are operated for any arbitrary inputs and outputs, 

respectively, by the indicated hardware.
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2.  Optical Modification of the Vibrational 
Distribution of the Iodine Molecule2)

We have demonstrated previously that one can read and 
write information in a diatomic molecule as the population 
distribution which referred to as a “population code” [Phys. 
Rev. Lett. 104 (2010) 180501; Phys. Rev. Lett. 96 (2006) 
093002; Phys. Rev. A 76 (2007) 013403]. As a next step to this 
read and write process, modification of the population code is 
necessary to develop logic gates. Here we demonstrate that the 
population code in the iodine molecule can be modified by 
near-infrared femtosecond laser pulses.

Figure 2.  The vibrational distribution of the iodine molecule has been 

modified with a near-infrared femtosecond laser pulse.
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In order to reveal local electronic structures and weak 
intermolecular interactions in molecular solids, liquids, and 
clusters, we are developing and improving several kinds of soft 
X-ray spectroscopic techniques such as XPS, XAS, RAS, 
XES, RXES, and RIXS at UVSOR in-vacuum undulator 
beamlines BL-3U and BL-6U with some international col
laboration programs, and also an original ab initio quantum 
chemical program package GSCF, which is optimized to 
calculation of molecular inner-shell processes.

1.  Inner-Shell Spectroscopy and Exchange 
Interaction of Rydberg Electrons Bound by 
Singly and Doubly Charged Kr and Xe 
Atoms in Small Clusters1)

Surface-site resolved Kr 3d5/2 and Xe 4d5/2 ionized states 
and Kr 3d5/2

–15p and 3d5/2
–16p and Xe 4d5/2

–16p and 4d5/2
–17p 

Rydberg excited states in small van der Waals Kr and Xe 
clusters with a mean size of <N> = 15 are investigated by X-
ray photoelectron spectroscopy (XPS) and X-ray absorption 
spectroscopy (XAS). Furthermore, surface-site resolved Kr 
4s–25p, 4s–26p, and 4s–14p–15p shakeup-like Rydberg states in 
small Kr clusters are investigated by resonant Auger electron 
spectroscopy (RAS). As shown in Figure 1, the exchange 
interaction (EX) of the Rydberg electron with the surrounding 
atoms and the induced polarization (iPL) of the surrounding 
atoms in the singly and doubly ionized atoms are deduced 
from the experimental spectra to analyze different surface site 
contributions in small clusters. The induced polarization and 
exchange repulsion energies are almost proportional to the 
number of the nearest neighbor atoms. The present analysis 
indicates that small Kr and Xe clusters with <N> = 15 have an 
average or mixture structure between the fcc-like cubic and 
icosahedron-like spherical structures.

Figure 1.  The final state in (a) XPS is stabilized by the induced 

polarization in clusters. The final states in (b) XAS and (c) spectator-

like RAS are also stabilized by the induced polarization but are 

destabilized by the exchange interaction of the Rydberg electron with 

the surrounding atoms.

2.  Vibrational Scattering Anisotropy 
Generated by Multichannel Quantum 
Interference in C1s-π* Resonance Auger 
Spectra of Acetylene2)

We measured the Fe 2p X-ray absorption spectra of deca
metBased on angularly and vibrationally resolved electron 
spectroscopy measurements in acetylene, we report the first 
observation of anomalously strong vibrational anisotropy of 
RAS via the C1s-π* excited state with the strong Renner-
Teller effect. We provide a model explaining this new phe
nomenon by three coexisting interference effects: (i) inter
ference between resonant and direct photoionization channels, 
(ii) interference of the scattering channels through the core-
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excited bending states with orthogonal orientation of the 
molecular orbitals, (iii) scattering through two wells of the 
double-well bending mode potential. The interplay of nuclear 
and electronic motions offers in this case a new type of nuclear 
wave packet interferometry sensitive to the anisotropy of 
nuclear dynamics: Whether which-path information is avail
able or not depends on the final vibrational state serving for 
path selection.

3.  Electric Field Effect on Electronic States 
in Organic Thin Films Studied by 
Fluorescence-Yield Soft X-Ray Absorption3)

In order to detect in situ electronic states of organic field 
effect transistor (OFET) in operation, we have utilized X-ray 
absorption spectroscopy (XAS) in the fluorescence yield (FY) 
mode. FY-XAS is a promising bulk-sensitive method for 
detection of inner electronic states of organic devices. To our 
best of knowledge, this is the first successful FY-XAS study on 
characterization of the organic devices under operating con
dition. Poly- and oligo-thiophenes are known to show high p-
type-like performance. We fabricated 17nm-thick α,ω-dihexyl
sexithophene (DH6T) films on the 500 nm-thick SiO2 pre-
covered Si substrates (highly B-doped, 0.5 mm-thick), and 
confirmed clear step-and-terrace morphology on the films by 
atomic force microscope. For the measurements of bias depend
ence, full-covered top-contact 25 nm-thick Au electrode was 
deposited on the DH6T thin films with cooling the substrate 
below 20 °C. The applied retarding bias exceeded –1 kV to 
shut out the photoelectrons excited by not only the fundamental 
X-rays but also the false second-order X-rays generated from 
gratings.

4.  Site-Specific Intermolecular Interaction 
in α-Crystalline Films of Phthalocyanines 
Studied by Soft X-Ray Emission4)

The local electronic structures of crystalline and amor
phous films of zinc phthalocyanine (ZnPc, C32H16N8Zn) and 
metal-free phthalocyanine (H2Pc, C32H18N8) have been studied 
using photon-in-photon-out type resonant X-ray emission 
spectroscopy (RXES) with a novel optical design based on a 
Wolter type I mirror, a transmission grating, and a back-
illuminated charge couples device detector, which enables a 
high light-gathering capability without sacrificing the energy 
resolution. We found a clear crystalline structure dependence 
of the elastic-peak lineshape in RXES. As shown in Figure 2, 
the elastic peak observed for the crystalline films of ZnPc and 
H2Pc shows an asymmetric lineshape with resonant inelastic 
scattering (RIXS) structures, which cannot be observed for the 
amorphous films. The observed structure can be ascribed to the 
interplay of the intermolecular charge transfer excitation and 
the vibronic excitation that accompanies a direct recombination 
emission due to the Raman-active intermolecular interaction in 
crystalline phthalocyanine films.

Figure 2.  C and N Kα RXES and RIXS spectra for the crystalline and 

amorphous ZnPc films. The abscissa is the energy difference between 

emitted and incident photons Δhνout (= hνout – hνin). All the spectra 

are normalized to the elastic peak intensity. The spectra for the 

crystalline and amorphous ZnPc films are shown using solid curves 

(black) and opened circles (red), respectively. The C and N K-edge 

FY-XAS spectra for the crystalline ZnPc film are shown in the right 

panel.

5.  Orientation of n-Alkane in Thin Films on 
Graphite (0001) Studied by Soft X-Ray 
Absorption5)

We observed soft X-ray absorption spectra at the carbon 
K-edge of n-C12H26 films grown on graphite (0001). The C1s-
to-σ*CH+Rydberg resonance directed along the CH bond was 
observed at 286.9 eV for the first layer of the n-C12H26 film on 
graphite. This indicates that the CCC plane of the molecule is 
parallel to the surface (flat-on orientation). As the film thick
ness increases, the C1s-to-σ*CH+Rydberg resonance directed 
perpendicular to the CH bond grows at 288.0 eV, suggesting 
an increase in the number of molecules with the CCC plane 
perpendicular to the surface in a multilayer film.
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As the first topic, we have observed the formation of 
singly- and multiply-charged photoions from gaseous fulle
renes irradiated with synchrotron radiation at hν = 25 to 200 
eV. We thus studied the mechanisms and kinetics of con
secutive C2-release reactions on the basis of (i) the yield 
curves for the fragments C60(70)–2n

z+ (n ≥ 1, z = 1–3) as a 
function of the primary internal energy of the parent C60(70)

z+ 
and (ii) the three dimensional velocity distributions of the 
fragment carbon clusters.

In the second topic we have fabricated dye-sensitized solar 
cells (DSSC) containing ruthenium dye and iodide electrolyte 
and measured their short current and the intensity of the 
transmitted light to estimate the wavelength dependence of the 
incidence photon-to-current conversion efficiency (IPCE) and 
photoabsorbance (ABS) in the range of 300 to 1000 nm. In 
addition, we evaluated the quantum yield (APCE) of DSSCs 
for the electron injection from the excited orbital of Ru dye to 
the conduction band of TiO2 nano particles. Our final goal is to 
develop DSSCs with high performance and long lifetime by 
improving ABS and APCE mainly in the near infrared region.

1.  Feasibility Study on the Mass-Selected 
Velocity Map Imaging of Polyatomic 
Molecules and Fullerenes1)

A photoionization spectrometer for velocity map imaging 
(VMI) has been developed for measuring the scattering distri
bution of fragment ions from polyatomic molecules. The 
spectrometer contains a mass gate and an ion reflector which 
can discriminate ions with a particular mass-to-charge ratio 
m/z. The basic functions and feasibility of these devices were 
tested experimentally and theoretically. First, the photoions 
from Kr and C60 were extracted into a time-of-flight (TOF) 
mass spectrometer by pulsed or continuous electrostatic fields. 
When the pulse-application timing on the mass gate was tuned 
to a specific m/z, the peak of the selected ions alone was 
present on a TOF spectrum. Second, the performance of the 

mass gate in the VMI spectrometer was investigated by the 
computer simulations of the ion trajectories of fragments from 
C60. The initial three-dimensional velocity distribution of C58

+ 
was projected onto the image plane with an energy resolution 
better than 10 meV. The C58

+ image was free from the con
tamination of other ions, e.g. C60

+ and C56
+.

2.  Mass-Analyzed Velocity Map Imaging of 
Thermal Photofragments from C60

2)

The velocity distributions of the fragments produced by 
dissociative photoionization of C60 have been measured in the 
extreme UV region for the first time (see Figure 1), by using a 
flight-time resolved velocity map imaging technique combined 
with a high-temperature molecular beam and synchrotron 
radiation. Values of the average kinetic energy release were 
estimated at 6 different photon energies with respect to five 
reaction steps of sequential C2 ejection, starting from C60

2+ → 
C58

2+ + C2 to C52
2+ → C50

2+ + C2. The translational tempera
tures of the fragment ions were found to be lower than those 
obtained by laser multiphoton absorption of C60. The kinetic 
energies released in the first to fourth steps increase with 
increasing hν and reach 0.35–0.5 eV at hν = 102 eV, reflecting 
statistical redistribution of the excess energy in the transition 
state, whereas that in the fifth step leading to C50

2+ was 
exceptionally small.

3.  Mass-Analyzed Velocity Map Imaging of 
Thermal Photofragments from C70

When C70 fullerenes absorb extreme UV photons of syn
chrotron radiation, primary parent ions undergo stepwise C2 
ejection to produce fragment ions containing even-numbered 
carbon atoms. We have measured (1) the yield curves of the 
C70–2n

2+ fragments (1 ≤ n ≤ 6) from C70 by TOF mass spec
trometry and (2) their translational temperatures by velocity 
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map imaging technique. The yield curve and translational 
temperature showed marked anomalies at n = 5, which may 
arise from exceptional stability of the C60

2+ fragments that have 
an icosahedral structure similarly to isolated C60 fullerene.

4.  Preparation and Evaluation of High 
Efficiency DSSCs3)

The high efficiency DSSCs were fabricated by using a 
screen-printing technique and a wet process. A TiO2 anode 
was immersed for 3 days in the acetonitrile solution of Ru 
complex compound (N719). The mixture of I2, iodide salt, 
acetonitrile, etc. was used as a redox electrolyte. The counter 
electrode was covered with thin platinum film. The I–V 
characteristics of DSSCs were recorded under simulated sun 
light (power density = 100 mW cm–2). The highest overall 
energy conversion efficiency was ca. ~8%. The IPCE was 
calculated from the short current density and radiation power 
density as a function of the wavelength. The IPCE curve 
showed a peak of 0.73 at 535 nm. The performance and long-
term stability of the DSSCs were studied by changing the 
thickness of the TiO2 film, the deposition method of the Pt 
film, and the compositions of the redox electrolyte.

5.  Azo Dyes as Photosensitizers for 
Organic Solar Cells4)

Fabrication and performance tests are reported on DSSCs 
containing azo dyes as photosensitizers. Fundamental prop
erties of the DSSCs were obtained on the energy conversion 

efficiency η, short current and photoabsorbance in the wave
length range of 300 to 800 nm. Various azo dyes were syn
thesized in such a way that the positions and numbers of 
carboxylate and hydroxy groups differ from one dye to another. 
The carboxylate groups are considered to form strong linkages 
with the surface of TiO2 nanoparticles to promote rapid elec
tron injection from dye molecules to the conduction band of 
TiO2. We could demonstrate a remarkable correlation between 
the performance of the DSSCs and the energy level of the 
lowest unoccupied molecular orbital (LUMO) of the azo dye: 
no dye whose LUMO energy is lower than –1.5eV could allow 
us to make DSSCs with η > 0.1% (see Figure 2). This finding 
is consistent with the necessary condition for the DSSC that 
the LUMO level should be higher than the lower bound of the 
conduction band of TiO2.

6.  Transient Fluorescence Spectroscopy of 
DSSCs Using Picosecond Laser

Observation was made on luminescence decay by time-
resolved single photon counting using a picosecond laser ~470 
nm or free electron laser of ~580 nm which operates at a 
repetition rate of 45 or 11.3 MHz, respectively. The apparent 
luminescence lifetime of the DSSC exposed to the air is longer 
than that preserved in vacuum, due to unwanted aggregation of 
the dye molecules at the surface of TiO2 of the former DSSC. 
The kinetics of electron injection will be discussed on the basis 
of the luminescence lifetime of various DSSCs and photo
voltaic electrodes
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Figure 1.  (a-c) y–t maps of the photoions from C60 on which their 

counts are represented as a function of their arrival time t and the y 

coordinate of their incidence position on the PSD. The list-mode data 

at three hν positions are integrated over the whole x range. The y 

coordinate is proportional to the y component of the ion velocity. (d) 

TOF spectra of the photoions at hν = 102 eV obtained by integrating 

the signal counts of (c) over the whole y range.

Figure 2.  Correlation between the experimental data of the short 

current density of DSSCs and the theoretical energy levels of the 

LUMO of the solitary azo dyes.
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Intense laser fields, comparable in magnitude with the 
Coulomb field within atoms and molecules, can be generated 
by focussing high-energy and ultrashort laser pulses. When 
exposed to such a strongly perturbing field, molecules exhibit 
various exotic features that cannot be observed in weak laser 
fields. We are seeking a deeper understanding of the behavior 
of molecules in intense laser fields, to elucidate how molecules 
interact with light, as well as to apply the new features they 
exhibit to the real-time visualization of ultrafast chemical 
reactions and their control. In particular, we focus on the 
following research directions:

(A) Understanding of atomic and molecular dynamics in 
intense laser fields and the control
(B) Ultrafast reaction imaging by laser Coulomb explosion 
imaging
(C) Generation and application of ultrashort soft-X-ray 
pulses by laser high-order harmonics.

1.  Development of Novel Photoelectron–
Photoelectron Coincidence Spectrometer

Molecules in intense laser fields show characteristic reac
tion processes, such as above-threshold dissociation (ATD), 
bond softening/hardening and deformation of the geometrical 
structures. Since these interesting phenomena are all associated 
with rearrangement of the electron distribution by the intense 
laser fields, photoelectrons should provide direct information 
on how these reactions are induced. Here we developed a 
novel electron-electron–ion coincidence spectrometer to detect 
a pair of photoelectrons emitted simultaneously from a single 
molecule to understand the electron correlation dynamics in 
intense laser fields.

The spectrometer is based on a magnetic bottle type 
photoelectron spectrometer (see Figure 1). A strong permanent 
magnet located close to the FEL focus point provides an 
inhomogeneous magnetic field, which serves as a magnetic 
mirror for photoelectrons. The reflected photoelectrons are 
hence guided by the weak magnetic field of a long solenoid 

toward a microchannel plate (MCP) detector placed at the end 
of a 1.5 m flight pass. The high collection efficiency with a 4π-
sr detection angle and the long light pass enables us to detect 
pairs of electrons emitted from a single atom. In order to 
securely identify the counter part ion, a pulsed high voltage is 
applied to the permanent magnet and ion collection electrodes 
to guide the ions to the same MCP detector used for electrons. 
The spectrometer was applied to double ionization of CS2 in 
IR (1.030 µm) intense laser fields, to reveal the ejection of the 
two electrons mostly proceeds sequentially at a field intensity 
of 2.8×1013 W/cm2.

Figure 1.  Schematic of photoelectron coincidence spectrometer 

equipped with collection electrodes for ion detection.

2.  Visualization of Ultrafast Molecular 
Isomerization by Laser Coulomb Explosion 
Imaging

Novel features of molecules in intense laser fields can be 
utilized for new applications. Laser Coulomb explosion imaging 
is one such application, which provide a unique opportunity 
for real-time probing of large-scale structural changes in 
ultrafast chemical reactions. 

Figure 2 shows the Newton diagram of three-body Cou
lomb explosion pathway of formaldehyde, H2CO3+ → H+ + 
H+ + CO+. The diagram observed for the 7 fs case shows a 
clear and dense distribution of the H+ ion, located mostly in 
the first and forth quadrant. The corresponding distribution for 
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the 35 fs case exhibits a significant broadening extending 
towards smaller momentum angle θH–H. This finding shows 
that, when few-cycle intense laser pulses (7 fs) are used, the 
geometrical structure of the molecule is almost frozen along 
the H–C–H bending coordinate during the interaction with the 
laser pulse. On the other hand, significant deformation of the 
geometrical structure both along the C–H stretching and 
H–C–H bending coordinates is observed for the 35 fs laser 
pulses. The origin of the structural change can be understood 
in terms of the nuclear dynamics in the dication states popu
lated in the rising edge of the laser pulse.

Figure 2.  The Newton diagrams of H2CO3+ → H+ + H+ + CO+ in (a) 

7 fs and (b) 35 fs intense laser fields, respectively. The amplitude of 

the linear momentum of the first H+ is normalized to unity and the 

normalized vector is placed on the negative x-axis.

3.  Multiphoton Double Ionization of Ar in 
Intense Extreme Ultraviolet Laser Fields 
Studied by Shot-by-Shot Photoelectron 
Spectroscopy1)

Non-linear optical processes in extreme ultraviolet (EUV) 
and X-ray laser fields have attracted increasing attention after 
the advent of intense ultrashort free electron lasers (FEL), for 
their importance in a variety of applications, such as the 
creation of warm dense matter, optical switching and imaging 
of single bio-molecules. In addition to experiments on bulk 
materials, a number of experimental studies are devoted to 
clarify non-linear responses of isolated atoms, as they serve as 
an ideal benchmark for basic understanding on the non-linear 
EUV process in which both valence and core electrons can 
participate. We demonstrate that the shot-by-shot spectral 
monitoring of SASE FEL pulses and photoelectrons provides a 
clear understanding on the atomic responses to the intense 
EUV field. We have applied this technique to the multi-photon 
multiple ionization of Ar irradiated with SASE FEL pulses of 
mean photon energies around 21 eV. The sequential two-step 
double ionization due to three-photon absorption, (i) Ar + hν 
→ Ar+ + e– and (ii) Ar+ + 2hν → Ar2+ + e–, is unambiguously 
identified as the dominant multiphoton pathway in a laser field 
of ~5 TW/cm2. Moreover, the shot-by-shot monitoring of the 
mean photon energies of the fluctuating FEL spectra clearly 
uncovered the effect of resonances in the sequential double 
ionization.

The Ar2+ 3p–2 structures shown in Figure 3 clearly show 
that both the peak intensities and profiles sensitively depend 
on the photon energy. This observation manifests the presence 

of intermediate resonances in the two-photon ionization of 
Ar2+. In fact, excited Ar+ states of the [3p–2(1D)]3d configura
tion lie close to the photoabsorption from Ar+ 3p–1 as shown in 
Figure 3, and these Ar+* states can generate resonances in the 
two-photon ionization of Ar+. The intensity evolutions are 
dependent on the final Ar2+ levels, which implies that Ar+* 
resonances are not common in the formations of these different 
Ar2+ levels.

Figure 3.  Photoelectron spectra in the range of the Ar2+ 3p–2 peaks, 

derived from a single-shot-basis analysis. In the analysis, the single-

shot photoelectron spectra obtained at three different nominal FEL 

photon energies of 21.0, 21.2 and 21.4 eV were sorted by the mean 

photon energies determined from the Ar+ 3p–1 peak energies, and then 

averaged within narrow photon energy ranges that divide the whole 

photon energy range into 13 segments.

4.  Generation of Laser High-Order 
Harmonics and Application for Ultrafast 
Reaction Probing

Laser high-order harmonics have novel features such as i) 
photon energy higher than several 100 eV, ii) extremely short 
pulse duration in the sub-fs regime, iii) high-quality spatio 
temporal coherence, iv) high photon flux comparable to syn
chrotron radiation and v) simple and precise synchronization 
with other laser light sources. Because of these aspects, the 
laser high-order harmonic pulses are of great interest as a 
potential light source for time-resolved spectroscopy of ultra
fast dynamics that could not be elucidated in real time by 
conventional techniques. Preliminary pump-probe experiments 
on the photodissociation of Br2 show a steep rise (~80 fs) of 
the Br(2P3/2) yields, reflecting a ultrashort pulse duration (<20 
fs) of the 27th harmonic pulses used to probe the Br(2P3/2) 
product. Full characterization of the temporal profile of the 
harmonic pulses and application to the time-resolved photo
electron imaging are in progress.
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This project involves researches and developments on 
synchrotron light source, free electron laser, beam physics and 
their related technologies. Most of these works are performed 
at the UVSOR-II electron storage ring and its injector.

1.  Developments on UVSOR Accelerators

In these years, we have been preparing for a new injection 
method called top-up injection at UVSOR-II, which would 
remove the serious short beam lifetime problem caused by the 
small emittance and the low electron energy.1) In this operation 
scheme, electron beam is re-filled with a short interval, typi
cally one minute, to keep the beam current almost constant.

In 2008, we have started test operation with the top-up 
injection on every Thursday night. Although the users experi
ments are greatly improved by the high and constant beam 
intensity, it was also found that, in some beam-lines, the 
instantaneous electron orbit movement during the injection 
affected the experimental data. We prepared a system to deliver 
beam injection timing signals to the beam-lines that enables 
the users to stop the data acquisition during the injection. We 
have also prepared a feedback system to stabilize the injection 
efficiency. In July 2010, we have started operating the machine 
with the top-up injection fully in the users beam time. A 
typical beam current history in a week is shown in Figure 1.

In spring 2010, we have reconstructed a part of the storage 
ring and the beam transport line to create a new 4 m straight 
section to install a new undulator which would be dedicated 
for light source developments. As shown in Figure 2, the beam 
transport line was extended, the injection pulse magnets, the 
RF cavity and some instruments for beam diagnostics were 
also moved. After the three month reconstruction work, the 
accelerator was successfully re-commissioned on schedule. An 
undulator system is under construction, which will be installed 
in the straight section in spring, 2011.

We are investigating some possibility of further upgrade of 
UVSOR-II as a future plan in near term. It was found that, by 

Figure 1.  Beam current history in the top-up test operation in a week. 

The ring is operated for 12 hours on Tuesday and Wednesday, and 36 

hours from Thursday to Friday in the top-up mode as keeping the 

beam current at 300mA.

Figure 2.  A part of he storage ring and the beam transport line in 

spring 2010, before the reconstruction (left) and after (right). The 

beam transport line was extended and a new 4m straight section was 

created in the ring. The devices colored in blue are bending magnets.
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introducing combined function bending magnets, the beam 
emittance could be reduced by a factor of 2. This upgrade 
would make UVSOR-II the world brightest low energy syn
chrotron light source. Other possibilities on the future plan are 
also under investigation, which include a ultra-low emittance 
storage ring, a linac-based free electron laser or an energy 
recovery linac.

2.  Light Source Developments

A resonator-type free electron laser is operational at 
UVSOR. The wavelength is ranging from 800 nm to 199 nm 
and the average power exceeds 1W in visible and deep UV 
regions. In these years, it is used for users experiments2) and 
for basic researches on free electron laser physics. In the latter, 
coherent photon seeding was successfully demonstrated,3) in 
which a small fraction of the out-coupled laser light was re-
injected to the optical cavity and the laser oscillation was 
drastically stabilized.

By utilizing the free electron laser optical cavity, we have 
developed a system to create micro-density structure on electron 
bunches circulating in the storage ring by using an external 
laser source.4) By controlling the laser pulse shape, we can 
create various density structures such as a short dip structure 
or a periodic structure. In the former case, broadband coherent 
terahertz radiation was produced4). In the latter case, quasi-
monochromatic coherent terahertz radiation was produced.5) 
Such a micro-density structure normally disappears very 
quickly after a few revolutions of the electron bunch in the 
storage ring, which is due to the synchrotron motion. Thus, the 
intense terahertz radiation also stops. To suppress this effect 
and maintain the terahertz radiation for a long period, we tried 
to operate the ring with a small momentum compaction factor. 
It was observed that the terahertz emission lasted for about ten 
revolutions. It was also observed that the THz intensity drasti
cally changed revolution by revolution. This peculiar behavior 
could be explained by the coupling between the longitudinal 
motion and the transverse motion of the electrons.6)

Coherent harmonic generation is a method to produce 
coherent harmonics of laser light by using relativistic electron 
beam. The laser-electron interaction in an undulator produces 
density modulation of a period of the laser wavelength, which 
also contains harmonic components. Such an electron bunch 
radiates coherently at the harmonics of the injected laser. We 
have successfully observed the coherent harmonics of Ti:Sa 
laser in the VUV range, up to 9th harmonic.7)

The coherent radiation experiments using laser is supported 
by the Quantum Beam Technology Program of JST/MEXT. 
Under this support, a part of the storage ring was reconstructed 
as described above and a new undulator will be installed. The 
upgrade of the laser system was completed. Two new beam-
lines dedicated to the coherent lights in the VUV range and in 
the THz range will be constructed.

Laser Compton scattering is a technique to produce a 

quasi-monochromatic X-rays and gamma-rays by using a 
relativistic electron beam and laser. The laser photons are 
Compton back scattered by the high energy electrons and are 
converted to gamma-rays. We have successfully demonstrated 
that the energy of the gamma-rays could be changed con
tinuously by changing the injection angle of the laser. It was 
expected that a femto-second gamma-ray pulses could be 
produced by injecting the laser from the vertical direction to 
the electron beam. The experiment is under going.

3.  Developments of Accelerator 
Technologies

Beam diagnostic systems are important especially during 
the commissioning of a new storage ring or that just after a big 
reconstruction. In collaborating with Synchrotron Radiation 
Research Center in Nagoya University, we have developed a 
turn-by-turn beam position measurement system and a betatron 
tune measurement system. The former was to measure the 
beam position of the electron beam just after the injection. The 
electron orbit of each turn was successfully observed.8) In the 
latter, betatron tunes of the booster synchrotron during the 
acceleration was successfully measured. A suppression of the 
betatron motion due to the non-linear magnetic field was 
successfully observed.9)
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Solids with strong electron–electron interaction, so-called 
strongly correlated electron systems (SCES), have a various 
physical properties, such as non-BCS superconducting, colos
sal magneto-resistance, heavy fermion and so on, which 
cannot be predicted by first-principle band structure calcu
lation. Due to the physical properties, the materials are the 
candidates of the next generation functional materials. We 
investigate the mechanism of the physical properties as well as 
the electronic structure of SCES, especially rare-earth com
pounds, organic superconductors and transition-metal com
pounds, by infrared/THz spectroscopy and angle-resolved 
photoemission spectroscopy based on synchrotron radiation. 
Since experimental techniques using synchrotron radiation are 
evolved rapidly, the development of the synchrotron radiation 
instruments is also one of our research subjects.

1.  SAMRAI: A Variably Polarized Angle-
Resolved Photoemission Beamline in the 
VUV Region at UVSOR-II1)

A novel variably polarized angle-resolved photoemission 
spectroscopy beamline in the vacuum-ultraviolet (VUV) region 
has been installed at the UVSOR-II 750 MeV synchrotron 
light source. The beamline is (shown in Figure 1) equipped 
with a 3 m-long APPLE-II type undulator with horizontally/
vertically linear and right/left circular polarizations, a 10-m 
Wadsworth-type monochromator covering a photon energy 
range of 6–43 eV, and a 200 mm-radius hemispherical photo
electron analyzer with an electron lens of a ±18-degree accept
ance angle. Due to the low emittance of the UVSOR-II storage 
ring, the light source is regarded as an entrance slit and the 
undulator light is directly led to a grating by two plane mirrors 
in the monochromator while maintaining a balance between 
high energy resolution and high photon flux. The energy 
resolving power (hν/Δhν) and photon flux of the monochromator 
are typically 1×104 and 1012 photons/sec, respectively, with a 

Figure 1.  Photograph of the SAMRAI beamline consisting of the 

APPLE-II type undulator (U7), the modified Wadsworth type mono

chromator (M0−S), and the high-resolution photoemission analyzer at 

the focal point. The monochromator, mainly has five optical com

ponents: two plane mirrors (M0 and M1) with water cooling, one set 

of three spherical gratings (G), an exit slit (S), and one toroidal 

refocusing mirror (M3). The spherical gratings with a radius of 10 m 

are located 22 m from the center of the undulator. There is no entrance 

slit. S is located 6.47 m from G. A second branch for a VUV micro

scope end station is planned to be constructed after the plane mirror 

(M2) located between G and S.
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100-μm exit slit. The beamline is used for angle-resolved 
photoemission spectroscopy with an energy resolution of a few 
meV covering the UV-to-VUV energy range.

2.  La-Doped EuO: A Rare-Earth 
Ferromagnetic Semiconductor with the 
Highest Curie Temperature2)

We report the fabrication of single-crystalline La-doped 
EuO thin films with the highest Curie temperature (TC) of 
about 200 K among rare-earth compounds excluding transition 
metals. Due to a first-principle band calculation and an X-ray 
diffraction measurement, the observed increase of TC cannot 
be explained only by the increase of the hybridization intensity 
due to the lattice shrinking and by the increase of the up-spin 
electrons in the Eu 5d state by the electron doping. The 
hybridization between the Eu 4f and donor states due to the 
La-substitution is a possible origin of the increases of TC.

3.  Design of Terahertz Pump–
Photoemission Probe Spectroscopy 
Beamline at UVSOR-II3)

To elucidate the electronic structure relating to physical 
properties of solids by using selective excitations of low 
energy electronic and vibrational structure, a new beamline for 
novel pump-and-probe spectroscopy experiments combining 
terahertz coherent synchrotron radiation (THz-CSR) and 
vacuum-ultraviolet coherent harmonic generation (VUV-CHG) 
is designed. THz-CSR and VUV-CHG are generated from 
same electron bunches in the storage ring interacted with an 
amplitude-modulated pulse laser introduced from the outside 
of the storage ring. The designed schematic top view of the 
THz pump–PES probe beamline, BL1, is depicted in Figure 3. 
The amplitude-modulated Ti:Sa laser pulse (1 kHz, 10 mJ/

pulse) is introduced to the UVSOR-II electron storage ring. 
Then a periodic energy modulation is created on an electron 
bunch at one of two undulators, namely “Modulator,” located 
at the straight section. VUV-CHG is emitted from the modu
lated electron beam at the downstream undulator, namely 
“Radiator.” The modulated electron beam also produces the 
quasi-monochromatic THz-CSR at the bending magnet located 
at the downstream of the undulators. Since both THz-CSR and 
VUV-CHG are monochromatic lights, no monochromator for 
both lights is needed. However, the spectral feature of the 
THz-CSR must be confirmed by a Fourier transform inter
ferometer (FTIR). Both VUV-CHG and THz-CSR are directed 
to the same position on a sample in an ultra-high vacuum 
chamber with a photoelectron analyzer located at the outside 
of the radiation shielding wall. The THz pump–PES probe 
experiment is performed as follows; At first, THz-CSR is 
irradiated to the sample. Just after that, VUV-CHG is irradiated 
to the sample and PES measured with the time delay. The time 
delay between the THz-CSR and VUV-CHG is made by the 
delay line in the optical pass of VUV-CHG. Since the expected 
6-th higher harmonics (~9 eV) is not high photon energy, 
normal incident optics can be used for the delay line.
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Figure 2.  Temperature dependence of the normalized magnetization 

curves (a) and temperature derivative curves of the magnetization as a 

function of temperature (b) for fabricated La-doped EuO and pristine 

EuO thin films with a thickness of 100 nm on a SrTiO3 substrate.

Figure 3.  Schematic top view of the THz pump − photoemission 

(PES) probe spectroscopy beamline, BL1, at UVSOR-II. The light 

sources of PES and THz excitation are the VUV-CHG from “Radiator” 

and the quasi-monochromatic THz-CSR from the bending-magnet, 

respectively. For the THz pump − PES probe experiment, the time 

difference between the THz and VUV lights can be made by the delay 

line.
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The dynamics of the inner-shell photoexcitation, photo
ionization, and subsequent decay processes is much more 
complex, in comparison to outer-shell photo-processes. For 
instance, the inner-shell photoionization is concomitant with 
the excitation and ionization of valence electrons, which reveal 
themselves as shake-up and shake-off satellite structures in the 
corresponding photoelectron spectrum. The one-photon multi-
electron processes, which are entirely due to the electron 
correlation in the system, are known to happen not only in the 
primary inner-shell hole creation processes, but also in their 
relaxation processes. Our research project is focused on 
elucidating the electronic structures and decay dynamics in 
core-excited atoms and molecules, by utilizing various spectro
scopic techniques together with monochromatized synchrotron 
radiation in the soft x-ray region.

1.  PCI Effects in Double Auger Decay 
Probed by Multi-Electron Coincidence 
Spectroscopy

An inner atomic vacancy created by photoionization can 
decay by emission of radiation or by Auger decay. For L 
shells, the Auger decay is generally more probable and can 
occur with emission of one electron (single Auger decay) or of 
a few electrons (multiple Auger decay). The probability of 
multiple Auger decay is usually lower than the probability of 
single Auger decay but can be high enough to allow experi
mental observations. Recent progress in coincidence measure
ments opened the path to a deeper search of the double Auger 
(DA) decays. DA implies that the filling of the inner-shell 
vacancy by an outer electron can cause the ejection of two 
electrons. This process is in its turn divided into the direct 
double Auger decay (DDA) when the two electrons are emitted 
simultaneously and cascade double Auger decay (CDA) when 
the electrons emission occurs in two steps through the creation 
and decay of an intermediate quasi stationary state.

PCI is known as a special kind of electron correlation 
associated to the interaction between the charged particles of a 
resonant process, through the creation and decay of an inter
mediate quasi stationary state. In the case of inner shell 
photoionization, PCI reduces to the interaction of the emitted 
photoelectron with the Auger electrons and with the ion field 
which varies during the Auger decay. PCI in single Auger 
decay following inner-shell photoionization is quite well 
documented both experimentally and theoretically, but PCI in 
the DA processes has been much less studied.

In the present study, we reveal and investigate the PCI 
effects in DA processes, using Ar 2p inner-shell ionization as 
an example.1) We present a systematic investigation of photo
electron spectra measured in coincidence with two Auger 
electrons. The PCI distortion of the photoelectron and Auger 
lines is shown to be important both for DDA and CDA pro
cesses. Our measurements are supported by calculations based 
on an eikonal approach of PCI. The results of calculations are 
in good agreement with the experimental data thus demon
strating the adequacy of the theoretical model to the phe
nomenon considered. The analysis of the experimental and 
theoretical results shows that the photoelectron line shape 
depends both on the variation of the ionic field and on the 
interaction with the slow Auger electron. Moreover since the 
line shapes for DDA and CDA processes are slightly different, 
their analysis allows us to extract properties of the associated 
DA decays.

2.  Doppler Effect in Fragment 
Autoionization Following Core-to-Rydberg 
Excitations

The Doppler effect is known to occur when the source and 
observer are in motion relative to each other, leading to an 
apparent change in the observed frequency of the propagating 
wave. This effect has a wide variety of applications in many 
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fields, relating to the sensing of movement. In the research 
field of molecular physics, the sensing of nuclear motion has 
long been an important issue. Gel’mukhanov and co-workers 
predicted in 19972) that the nuclear motion in ‘ultrafast dis
sociation’ following molecular core-level photoexcitation can 
be probed by the Doppler effect in emitted Auger electron. 
Ultrafast dissociation is a process in which the molecular 
dissociation at the core-excited state precedes the Auger decay 
and then an atomic fragment emits an Auger electron. The 
atomic Auger electron can possess the opposite Doppler shift 
depending on the direction approaching the detector or moving 
away from it.

Figure 1.  Doppler splitting observed in autoionizing electron spectra 

from an atomic nitrogen following the N1s to (a) 3sσ and (b) 3pπ 

Rydberg excitations of N2.

In the current work, it is demonstrated that the Doppler 
effect can be utilized as a new tool to study the molecular 
dynamics at singly-charged ion states produced by resonant 
Auger decay. Special attention is paid to detecting slow 
electrons. In cascade Auger decay, two electrons are ejected 
sequentially with distinct kinetic energies depending on the 
energy levels of the initial, intermediate, and final electronic 
states involved. One of the two emitted electrons is often slow 
(typically less than 5 eV). Singly-charged molecular ion states 
populated by the first electron emission can undergo com
petition between second electron emission and molecular 
dissociation. If one of the dissociating fragments is excited it 
may subsequently autoionize; the autoionizing atomic frag
ment can act as an electron emitter which can show Doppler 
splitting if the kinetic energy of the atomic fragment is suffi
ciently large and the initial photoabsorption anisotropy is 
substantially maintained in the angular distribution of frag
ments. Since anisotropic angular distributions of fragment-ions 
have clearly been observed in core-to-Rydberg excitations for 
simple linear molecules, the core-to-Rydberg excitations can 
be suitable precursors for observing Doppler shifts in the 
second step electron emissions. 

As an example, the polarization dependences of the N*(4d 
2Fe) autoionization peak following the 3sσ and 3pπ Rydberg 
excitations are shown in Figure 1. Clear Doppler profiles are 
observed in the atomic autoionization peaks, which also 

display clear polarization dependences on the symmetries of 
the excited states. It is demonstrated that femtosecond dis
sociation dynamics of singly-charged ion states produced by 
resonant Auger decay can be deduced from the information 
obtained by analysis of the Doppler profiles.

3.  Construction of a New Experimental 
Setup for Gas Phase Electron 
Spectroscopy on BL6U

Parallel to the construction program of BL6U, the installa
tion of a new electron spectrometer for gas phase spectroscopy 
has been initiated. High-resolution electron spectroscopy is a 
powerful tool to investigate electronic structures of atoms and 
molecules, especially when high-resolution electron spectra 
and their polarization dependences are measured as a function 
of photon energy in high-resolution mode. The ability of this 
two dimensional (2D) electron spectroscopy has been demon
strated in our recent work at SPring-8,3) where a special 
attention is paid for detecting slow electrons following core 
excitations.

Figure 2 shows a photograph of the experimental setup, 
which is roughly composed of a vacuum chamber, a rotational 
mechanism, an MBS-A1 analyzer, a gas cell, and a double 
layer mu-metal screen. The analyzer is rotatable around the 
photon beam axis. The vacuum chamber and the rotational 
mechanism have been designed at UVSOR, and fabricated by 
TOYAMA Co., Ltd. The practical utilization of the new experi
mental setup has begun since October 2009.

Figure 2.  A side view of the newly constructed experimental setup for 

gas phase electron spectroscopy on BL6U.
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The artistic optical devices should be compact, reliable, 
efficient and high power light sources. With the approaches of 
domain structures and boundaries engineering, it is possible to 
bring the new interaction in their coherent radiation. The high-
brightness nature of Yb or Nd doped single crystal or ceramic 
microchip lasers can realize efficient nonlinear wavelength 
conversion. In addition, designed nonlinear polarization under 
coherent length level allows us new function, such as the quasi 
phase matching (QPM). The development of “Micro Solid-
State Photonics,” which is based on the micro domain struc
ture and boundary controlled materials, opens new horizon in 
the laser science.

1.  Diode Edge-Pumped, Composite 
Ceramic Nd:YAG/Sm:YAG Microchip Lasers

A diode edge-pump microchip laser has a unique pumping 
scheme for high power operation. Low thermal distorted, high 
power operation is possible. The configuration of the edge-
pumped microchip laser is more flexible than the well-known, 
thin-disk laser because there is no need to keep free space in 
front of the active region for pumping. Then it is possible to 
arrange an optical switching element such as a Cr:YAG satu
rable absorber or a nonlinear material close to the core, and a 
very short laser cavity is possible. Figure 1 shows the sche
matic of the diode edge-pumped Nd:YAG/Sm:YAG composite 
all-ceramic microchip laser (active part). The central cylin
drical core with a 2mm diameter is 1.5at% Nd doped ceramic 
YAG. To suppress the parasitic oscillation in the microchip, 
the core is surrounded by 5at% Sm doped ceramic YAG as an 
absorber at 1064 nm which is often used as an ASE absorber. 
The thickness of the microchip is 0.25 mm and bonded on a 
Cu-W heatsink. In free running operation, the microchip laser 
emitted 30 mJ at an absorbed pump power of 90 mJ using the 
output coupler (OC) with a concave curvature of 1 m and 90% 
reflectivity. In passively Q-switched operation, a pulse energy 
of 1.76 mJ with a pulse width of 1.5 ns was obtained at an 
absorbed pump power of 26 mJ by inserting a Cr:YAG satu
rable absorber with 80% initial transmission into the cavity. 
The cavity length is 6 mm and the repetition rate is 10 Hz.

Figure 1.  Diode edge-pumped Nd:YAG/Sm:YAG composite all-

ceramic microchip laser.

2.  Laser Oscillation of Nd3+-Doped Photo-
Thermo-Refractive Glass under Diode 
Laser Pumping

The laser action of photo-thermo-refractive glass (PTR) 
that was the raw material of volume Bragg grating was demon
strated for the first time by introducing Nd3+. An uncoated Nd:
PTR generated continuous-wave laser output of 124 mW with 
a slope efficiency of 25% by laser diode pumping. Nd:PTR has 
a wide bandwidth of 27.8 nm and 16.0 nm for emission and 
absorption, respectively. This enabled Nd:PTR to perform 
wide bandwidth laser action at 1053.9–1063.3 nm, and to hold 
off the decrease of pump-absorption efficiency below 30% 
even under 3.5-nm shift of pump wavelength from its absorp
tion center.

Figure 2.  Laser performance of 0.8at.% Nd:PTR with output coupling 

of 1% and 3%.
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3.  Development of Anisotropic Transparent 
Ceramics for Laser Media

Trivalent-rare-earth-ion-doped (RE3+-doped) transparent 
ceramic materials have attracted much attention as next-
generation multifunctional, high-power laser gain media because 
they have excellent scalability and flexibility. However, fab
rication of a laser-grade anisotropic (non-cubic) ceramic 
medium by the conventional sintering process is not possible 
because optical scattering occurs at randomly oriented grain 
boundaries. In this research, we developed a RE3+-assisted 
magnetic orientation method and applied it for fabrication of 
ceramic Nd:FAP and Yb:FAP (Ca10(PO4)6F2, hexagonal) that 
have excellent optical properties such as high absorption 
efficiency, high emission cross-section and long emission 
lifetime. We successfully improved the transparency of aniso
tropic ceramics with loss coefficient <1.5 cm–1 by optimization 
of material processing parameters.

Figure 3.  Highly oriented Nd3+ doped fluorapatite transparent 

ceramics (0.5mm thickness) obtained by slip casting under 1.4T 

magnetic field and subsequent sintering process

4.  High Energy Quasi-Phase Matched 
Optical Parametric Oscillation Using Mg-
Doped Congruent LiTaO3 Crystal

We report on high energy optical parametric oscillation of 
118 mJ output with ~70% slope efficiency in 10 ns duration of 
30 Hz operation by using Mg-doped congruent composition 
LiTaO3 (MgLT). The periodically poled MgLT device with 
~30 µm period for quasi-phase matching (QPM) in 5-mm-
thick crystal are prepared. MgLT crystal could become a 
candidate for high-energy and higher durability material of 
QPM device, compared to conventional Mg-doped congruent 
composition LiNbO3.

Figure 4.  Dependence of total OPO output energy and conversion 

efficiency on input pump energy.

5.  Passively Q-Switched Nd:YAG/Cr4+:YAG 
Laser with Performances Controlled a 
Volume Bragg Grating

The large peak emission cross-section of Nd:YAG limits 
the maximum energy of a passively Q-switched Nd:YAG/Cr4+:
YAG laser equipped with a normal output coupler (OCM), 
which typically has a reduced wavelength selectivity. We 
demonstrated a diode end-pumped, high-peak power, passively 
Q-switched Nd:YAG/Cr4+:YAG laser and controlled its per
formances with a volume Bragg grating (VBG). The laser 
pulse energy was increased significantly (by a factor of two or 
more) by elevating Nd:YAG temperature and locking the 
emission wavelength (λem) with the VBG. Furthermore, wave
length λem was tuned by changing the VBG temperature, while 
maintaining ns-order short laser pulses of mJ-level energy.

Figure 5.  Q-switch laser pulse energy versus temperature of Nd:YAG/

Cr4+:YAG crystals. Cr4+:YAG of various initial transmission Ti; output 

coupling mirror with transmission T =  0.70; VBG at 20 °C.
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Speed of ultrafast energy transfer from light to molecules 
(i.e. primary processes of photosynthesis, photoisomerization 
in visual pigments, etc.) is on the order of femtosecond 
(10–15 s). In our laboratory, we develop cutting edge lasers for 
such ultrafast molecular science, namely, femtosecond or 
attosecond (10–18 s) ultrashort pulse lasers.

For example, arbitrary waveform synthesis can be perf
ormed with simultaneous generation of femtosecond light 
pulses in various wavelength regions and superimposition of 
them with precisely controlled phases.

We would like to develop such advanced light control 
technology, which can push forward the research on ultrafast 
photochemical reactions.

I have just joined IMS since February 2010. Currently I 
am setting up my laboratory. In this review article, I introduce 
my previous works in RIKEN where I was working until the 
end of January 2010.

1.  Experimental and Theoretical 
Investigation of a Multicolor Filament1)

Gas media, which are transparent and low dispersion in 
much wider range than solid meida, are useful for frequency 
conversion of femtosecond pulses beyond the wavelength 
region from 0.4 to 2 μm with keeping the pulse width short 
(<30 fs). However, efficient frequency conversion was difficult 
since the nonlinearity of gas media is much smaller than that 
of solid media.

Recently, we have developed nonlinear frequency con
version scheme with the use of self-guiding effect of intense 
ultrashort pulses, namely, filamentation. By gently focusing 
second harmonic (400 nm, ωSHG, 0.5 mJ) and fundamental 
(800 nm, ωFUN, 0.5 mJ) of Ti:Sapphire laser pulses into gases, 
nondegenerate four-wave mixing ωSHG + ωSHG – ωFUN → 
ωfwm and cascading ωfwm + ωSHG – ωFUN → ωcas through 
filamentation occurred and resulted in an efficient frequency 
conversion to 260 nm (ωfwm, 16 μJ) and 200 nm (ωcas, 4 μJ). 
The pressure dependence of the conversion efficiency cannot 
be explained by a one-dimensional model, but calculation of 
multicolor filament by a three-dimensional model was suc

cessful. The simulation result indicates a broad scalability of 
the scheme for frequency conversion of ultrashort pulses.

These two pulses were compressed by grating-based com
pressors sharing the same grating. The pulse widths were 
characterized to be 14 fs (260 nm, 4.7 eV) and 17 fs (200 nm, 
6.3 eV) using a dispersion-free transient-grating frequency-
resolved optical gating (TG-FROG). The results are shown in 
Figure 1. The energies of 260 and 200 nm pulses after the 
compression were 2.5 μJ and 0.5 μJ, respectively.

Figure 1.  The retrieved 260 nm and 200 nm pulses obtained with TG-

FROG. (a) 260 nm; time domain. (b) 200 nm; time domain. (c) 

260 nm; frequency domain. (d) 200 nm; frequency domain. Solid lines 

show intensities and cross dots show phases. Dotted lines in the 

frequency-domain figures are the spectra measured by a spectrometer 

directly.

2.  Time-Resolved Photoelectron Imaging 
of Ultrafast Internal Conversion through 
Conical Intersection in Pyrazine2)

The ultrashort UV pulses generated by using four-wave 
mixing through filamentation were used for time-resolved 
photoelectron imaging spectroscopy. The experimental setup is 
shown in Figure 2. The time resolution of the experiment was 
determined to be 22 fs by cross correlation of the pump and 
probe pulses in situ. By using the pump–probe photoelectron 
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imaging apparatus, a nonadiabatic electronic transition through 
a conical intersection in the benchmark polyatomic molecule 
of pyrazine was studied. The lifetimes of the S2 and S3 states 
of pyrazine were determined to be 22+/–3 fs and 41+/–2 fs, 
respectively, by the global fitting of the time-energy maps of 
photoelectron kinetic energy (PKE) distributions. Quantum 
beat with an approximately 50 fs period was observed after the 
S2 → S1 internal conversion, which was attributed to the totally 
symmetric vibration v6a in S1 (see Figure 3).

Figure 2.  Schematic of the experimental setup.

Figure 3.  Time evolutions of photoelectron intensities at selected 

PKE subsections of pyrazine. The oscillatory features are due to the 

vibrational wave-packet motion along Q6a. The solid lines show the 

results of the global fitting. Fourier power spectra of oscillatory 

components of photoelectron signal intensities after a delay time of 

70 fs are also shown on the right panel.

3.  Spectral Phase Transfer to Ultrashort UV 
Pulses through Four-Wave Mixing3)

It is very meaningful to have ultrashort VUV pulses at 
photoelectron spectroscopy for molecules since deactivation 
processes to the ground state can be explored by a probe pulse 
with high photon energy. Replacing the fundamental pulse in 
the previous scheme to output of a near infrared optical 
parametric amplifier, we attempted to generate pulses with 
shorter wavelength (<200 nm). Second harmonic of Ti:Sapphire 
laser output (400 nm, ωSHG, 0.35 mJ) and near infrared pulses 
(1200 nm, ωNIR, 0.2 mJ) from a noncollinear optical para
metric amplifier were gently focused into neon gas, and 
ultrashort pulses with the center wavelengths of 237 nm 
(ωfwm) and 167 nm (ωcas) were produced by four-wave mixing 
processes, ωSHG + ωSHG – ωNIR → ωfwm and ωfwm + ωSHG – 
ωNIR → ωcas, respectively. The spectra of the generated pulses 
are shown in Figure 4. The energy of the generated 237 nm 

pulse was approximately 1.5 μJ whereas that of the 167 nm 
pulse were estimated to be less than 100 nJ. The reason for the 
lower efficiency than the previous scheme would be mode 
quality of NOPA output and/or phase matching condition of 
the nonlinear mixing. Coherence length of the phase matching 
(1/Δk) is half of the previous four-wave mixing process.

Transfer of spectral phase from the near infrared ultrashort 
pulses to the UV pulses through the four-wave mixing process 
was also demonstrated. Assuming monochromatic second 
harmonic, the even order spectral phase of the near infrared 
pulse is transferred to the UV pulse with the opposite sign, 
whereas the odd order spectral phase is transfered with the 
same sign in principle. We controlled the spectral phase of the 
NIR pulses by prism insertion of a SF10 prism compressor, 
and measured spectral phases of the NIR pulses and the 
generated UV pulses by using FROG. The experimental results 
are shown in Figure 5. The convexities (up or down) of the 
spectral phase at the main part of the spectrum are opposite 
with each other suggesting chirp directions of the pulses are 
opposite with each other. Concerning the TOD, high frequency 
components present larger concavity compared with low 
frequency components in both cases. Therefore, the sign of the 
TOD was kept the same. A positively chirped near infrared 
pulse was used for generating a negatively chirped UV pulse, 
which was compressed down to 25 fs by a magnesium fluoride 
window. In principle, the spectral phase transfer scheme can 
also be applied to the chirp control of the generated VUV 
pulses.

Figure 4.  Typical spectra of (a) UV and (b) VUV pulses generated 

through the four-wave mixing and the cascaded process, respectively.

Figure 5.  Spectral phases of (a) UV and (b) corresponding NIR 

pulses at each prism insertion. Intensity of each pulse is also shown as 

a dashed curve.
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Now it is relatively easy to realize high energy density states with high power lasers. The states would 

have a variety of attractive fields of sciences and technologies such as particle acceleration, laboratory 
astrophysics, and material science, nuclear science including medical applications and laser fusion, which 
is “High Energy Density Science: HEDS.” One of the advantages of the HED states is its energy density, 

which is much higher than that of the solid state matter. He is now exploring high energy density sciences in methods of 
introducing a Plasma Photonics concept to control intense light and high energy charged particles with high energy density 
plasmas. Applying the novel geometry with plasma photonic devices, theoretical approach is being made on nonlinear optics in 
vacuum with super ultra-intense laser light as an extreme condition of the high energy density sciences. As his other important 
topics, he is interested in creation of high pressure condensed matter such as metallic solid hydrogen with high power lasers. 
Freezing of a higher energy density state or metallic Si have been already realized, extending the new scheme to more number of 
materials to have novel materials in hand, which have never seen on the earth.

Visiting Associate Professor
KERA, Satoshi (from Chiba University)

Electronic Structure of π-Conjugated Organic Thin Film by Photoelectron Spectroscopy
To clarify the charge transport and injection mechanism in weakly-interacting organic molecular solids, 

ultraviolet photoelectron spectroscopy (UPS) is considered a conventional and novel powerful technique. 
Hole-vibronic coupling as well as intermolecular energy-band dispersion is important fundamental 
properties to reveal mysterious electric properties of organic molecular solids. Moreover, a quantitative 

analysis of the photoelectron angular distribution in angle-resolved UPS using photoelectron scattering theory gives us 
information on the molecular orbital character as well as bonding nature, leading important aspects on intermolecular and 
molecule-substrate interaction to electronic/spin configuration. Photoemission process related phenomena, e.g. scattering, 
interference and lifetime effect of photogenerated hole on a discrete and delocalized state of molecular orbital, are hot issue.

Visiting Associate Professor
UENO, Kosei (from Hokkaido University)

Nano-Imaging of Photocurrent Generation Locally Enhanced Optical Near-Fields
The development of a high-efficiency solar cell is critical in order to create a future realizing low-

carbon society. To produce a solar cell with high photoelectric conversion efficiency, we need to develop a 
system that responds to wide spectrum of solar light, from visible to near-infrared wavelength. Nano
particles of noble metals exhibit localized surface plasmons (LSPs) associated with enhancement of an 

electromagnetic field due to its localization in nanometric domains at the surface of nanoparticles. Recently, we demonstrated the 
plasmonic photoelectric conversion from visible to near-infrared wavelength without deteriorating photoelectric conversion by 
using electrodes in which gold nanorods are elaborately arrayed on the surface of TiO2 single crystal. IQE measurements allowed 
us to elucidate the photo induced electron transfer from gold nanorods to TiO2 resulting from the excitation of the LSPs is 
nonlinearly induced not only by optical antenna effects but also by electromagnetic field enhancement effects. To study the effect 
in detail, it is important to pursue where the photocurrent generation is locally enhanced at the gold nanoblocks. We are trying to 
measure a high-resolution image of the photocurrent generation using near field light as a local excitation source, which is 
obtained from an optical probe working on a near-field optical microscope.

Visiting Associate Professor
TAKAHASHI, Toshiharu (from Kyoto University)

Development of New Spectroscopic Methods Using THz Coherent Synchrotron Radiation
We are developing new spectroscopic techniques using a brilliant light source in the THz-wave region, 

i.e., coherent synchrotron radiation (CSR) from short bunches of relativistic electrons. One is the technique 
of the scanning near-field transmission and reflection microscopy in the THz-wave region, where the high 
special resolution below the diffraction limit is available. On the other hand, the method of the THz pump–

photoemission probe spectroscopy (PES) is also developing. Since the VUV radiation by the coherent harmonic generation 
(CHG) can be emitted using the laser pulse in UVSOR, the jitter-free pump-probe spectroscopy is possible with the THz-CSR. In 
order to perform these spectroscopic techniques, we are constructing a new CSR beamline in UVSOR.
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