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Fig. 1 Schematics of the potential energy surface and the trajectory
of a nuclear wavepacket.
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Fig. 2 (Color online) Double channel—cut crystal monochromator at EH1 and Be compound refractive lenses (CRL) at
EH2. These X-ray optics are implemented at BL3 of SACLA.
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Fig. 3 (Color online) Schematic layout of SPINETT. (a) The whole view. (b) Components inside the He chamber. The
XFEL and optical pulse trajectories are merged by the prism mirror.
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Fig. 4 (Color online) X-ray intensity monitor for time-resolved X-ray absorption spectroscopy (TR-XAS). (a)
Schematics of the I intensity monitor. (b) Monochromatic XFEL intensity fluctuation at 8.985 keV obtained us-
ing ~1800 shots. (c) Correlation of the fluorescence intensity with respect to incoming monochromatic intensity
for the same shots with (b). The used sample is a [Cu(dmphen),]* (dmphen=2,9-dimethyl-1,10-phenanthro-
line) dissolved in acetonitrile with a concentration of 100 mM. The solution was flowed as a liquid jet through the
injector with an inner diameter of 50 um. The circle and line correspond to the experimental data and the linear
fitting, respectively. (d) The residual error after the linear fitting of (c).
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Fig. 5 (Color online) (a) Time-resolved X-ray absorption spectra

of an aqueous [Fe(III) (C,04)3]3~ solution observed at
different time delays. The excitation wavelength is 268 nm.
(b) Difference spectra between those obtained at positive
delay times and that measured at a delay of —3 ps. Inset:
The zoomed view of the difference spectra. The arrows indi-
cate the probe energies at which the delay time dependences
were measured. (c) The proposed reaction mechanism.
Molecular structures of [Fe (III) (C,04)513~ ] and
[Fe(II)C,0,),]2~ are shown in the left and right sides,
respectively. The structure in the middle corresponds to the
transient species. Fe, C, and O atoms are shown as yellow,
gray, and red circles, respectively.
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Fig. 6 (Color online) Left: W LIII X-ray absorption spectra of WO; nanoparticles dispersed in water. The top cor-
responds to the spectrum of the ground state. Difference spectra recorded at various time delays are shown in the
bottom. The probe energies used for time traces are denoted as A, B, and C. Right: Time dependences of the X—
ray absorption intensities measured at A, B, and C. The black or red lines indicate the fitting of experimental data.
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4.1. [Cu(dmphen),]* §&&D RIS

AWFFETH 72 [Culdmphen),]* $#{A1, mI#EZ %
9% &800 nm fHEICRAFGOFRN B #md720,
Ffl B L FE AN & v o BT CTHEH SN TE L,
[Cu(dmphen),]* gkl Fig. 7 1CR 4 K SISO OHIR T
ICHLT220OYAFIVT o F v F Y VERMFAERL
ICHLAZ L 72 IEU AR OREE 7 L Tl D, ZEEIREE (Sy)
DOXIFRENE Dog IS I N D, Z OFERD A HDE A BT
5 &, @B TEMBE (metal-to-ligand charge
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Fig. 7 (Color online) Schematics of [Cu(dmphen),]*. (a) The
structure of the ground S state. The symmetry is D,4, where
two planar dimethyl-phenanthroline ligands coordinate to
Cu perpendicularly. (b) The structure after the pseudo
Jahn—Teller distortion triggered by photoinduced MLCT ex-
citation. The symmetry is reduced to D, by the flattening of
the dihedral angle between two dimethyl-phenanthroline
ligands.
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Fig. 8 (Color online) Femtosecond dynamics of [ Cu(dmphen),]*. (a) The top presents Cu K-edge X-ray absorption
near edge structure (XANES) spectra of the [ Cu(dmphen),]* ground state (a black line) and the T state (a pur-
ple line) measured at 10 ps after optical laser irradiation. The middle shows the difference spectrum between these
two spectra. The bottom is a zoomed view of the difference spectra measured at 10 ps and 1.4 ps. The blue, red,
green dot lines denote excitation photon energy of 8979.5, 8985.0, and 8986.5 eV, respectively. (b—d) The fem-
tosecond time dependence of the transient XANES signal measured at (b) 8979.5eV, (c) 8985.0¢eV, and (d)
8986.5 eV, respectively. The results of the global fitting analysis are overlaid as gray solid lines on the experimen-
tal data. Each multiexponential function used in the fitting analysis is shown as gray dot lines. The arrows in (b—
d) correspond to the transient signal intensity at 10 ps shown in the middle and bottom of (a).
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Ultrafast science pioneered by X-ray free—
electron laser SACLA

—A nuclear wavepacket captured by
femtosecond X-ray absorption spectroscopy—

Tetsuo KATAYAMA Japan Synchrotron Radiation Research Institute
Kouto 1-1-1, Sayo, Hyogo 679-5198, Japan

Abstract X-ray free—electron laser facility SACLA enables ‘molecular movies’ with the atomic-level high
spatial and temporal resolution and offers unprecedented opportunities for the investigation of
ultrafast dynamics. This capability pushes the frontier of photochemistry using femtosecond opti-
cal laser sources. In this article, | describe the technical and instrumental developments of time—
resolved X-ray absorption spectroscopy and how a nuclear wavepacket of polypyridine copper (1)
complex dissolved in acetonitrile was captured with this X-ray technique. Finally, | discuss the fu-
ture perspectives and potentials of ultrafast X-ray spectroscopies.
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