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Fig. 1 (Color online) Schematic illustration of the experimental
setup for the trHAXPES measurements at SACLA XFEL
facility. DCM: double crystal monochromator, IR: infrared.

Table 1 Typical experimental conditions and XFEL parameters for trHAXPES at SACLA.

Beamline BL3 BL2
Experimental period 2013.4 2013.10 2015.2 2015.4
Energy (keV) 5 8
Pulse width (fs)*2 ~10 <100
Repetition rate (Hz) 10 20 30 30
Pulse energy (uJ/pulse) *® ~185 ~480 ~290 ~105
XFEL
Transmission of attenuator (%) 7.6~100 5.65~100 2.3~28.4 0.04~100
Pulse energy (uJ/pulse) *¢ 0.29~3.85 0.36~6.88 0.027~0.327 0.0021~5.3
Photon intensity (ph/pulse)*d 2.3x108~3.0 x 10° 2.8x108~5.4x 10° 3.4x10"~4.1x108 1.6 X10~4.1 x 10°
Beam diameter (um¢) ~700 ~400 2~3
Energy (eV) 3.10 1.55, 3.10 1.55
Pulse width (fs) ~100 oS ~40 ~40
Pump Repetition rate (Hz) Same as XFEL pulse
Pulse energy (uJ/pulse) 0~340 0~546.2 0~800 0~1100
Beam diameter (um¢) 550(H) x600(V) 700 (H) X 710(V) 1200 (H) % 1000(V) 140 (H) x 190(V)
Au 4s, 4p, 4d, 4f Ti 1s of SrTiO; Si 1s of SiO,/Si Ti 1s of SrTiO,
Measured samples Ti 1s of SrTiO, V 1s of VO, Yb 3ds/, of YbInCu, | Yb 3ds/, of YbInCu,
Ti KLL of SrTiO; O 1Is of VO, Sr 2p;), of SrTiO; Si 1s of SiO,/Si

*a Pulse width which does not include the timing jitter. The temporal jitter in the pump-probe scheme is estimated to be about 250 fs in

RMS.
*b Measured at the upstream of DCM.
*¢ Measured at the downstream of DCM.
*d Estimated value of photons per pulse on the sample.
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Fig. 2 (Color online) Ti Is HAXPES spectra of SrTiO; measured
at SACLA (red solid curve) and BLI9LXU (blue open cir-
cles).
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Fig. 3 (Color online) Evolution of Ti 1s HAXPES spectra of
SrTiO; as a function of the average XFEL pulse energy. Ver-
tical dashed-lines indicate the centroid energies of Ti 1s main
peak measured at 0.36 and 6.88 (uJ/pulse), respectively. By
increasing the XFEL pulse energy, Ti 1s peak position of
each spectrum is observed to shift, up to 4eV, towards
higher kinetic energy.
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Fig. 4 (Left) Evolution of Ti 1s HAXPES spectra of SrTiO; as a
function of the pump pulse energy. The vertical dashed-line
indicates the peak position for a blocked pump beam.
(Right) Spectral shift of Ti 1s and V 1s emissions as a func-
tion of the pump pulse energy in a log-log plot. The closed
circles, gray triangles and open squares are experimental
data from different experimental runs. The lines are fits to
the experimental results. Power law dependences on the
pump pulse energy are indicated.
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Fig. 5 (Left) Evolution of Ti 1s HAXPES spectra of SrTiO; as a
function of pump-probe delay. The vertical dashed-line
shows the peak position for a blocked pump beam (Ey=
3030.97+0.3eV). (Right-upper) Low kinetic energy pho-
toemission spectra of SrTiO; excited by pump laser only. The
gray closed circles indicate that the experimental data are not
reliable below kinetic energy of 20 eV at the used analyzer
pass energy of 100 eV. (Right-lower) Spectral shift of Ti 1s
emission as a function of pump-probe delay. The filled cir-
cles are experimental data. The lines are from different ana-
lytic models. For the ‘extended 2D model’, 68.3% confi-
dence bands are also indicated.
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Fig. 6 (Color online) Simulated (Left) and measured (Right) Ti
1s HAXPES spectra of SrTiO; as a function of the micro-
focused XFEL pulse energy. In each panel, black solid curve
indicates the spectrum obtained without the space-charge
effects. Blue open circles represent the spectrum obtained at
50 times larger pulse energy. Further 5 times larger pulse
energy gives rise to the spectrum shown as red closed trian-
gles.
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Hard X-ray photoelectron spectroscopy
experiment at SACLA ~ towards femtosecond
time-resolved measurement ~

Masaki OURA?, Lars Philip OLOFF'2, Kai ROSSNAGEL"2, Ashish CHAINANI",
Masaharu MATSUNAMI'-3

TRIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan

2Institute of Experimental and Applied Physics, University of Kiel, D-24098 Kiel, Germany

3Toyota Technological Institute, 2-12-1 Hisakata, Tempaku-ku, Nagoya 468-8511, Japan

Abstract Hard X-ray photoelectron spectroscopy (HAXPES) is well known as one of the most powerful
methods to directly study the bulk electronic structure of condensed matter. In order to extend its
capability for investigating transient electronic states on time scale in the femtosecond to sub-
picosecond regime, we have been developing a time-resolved HAXPES (trHAXPES) system since
2010. Recently, we have demonstrated its feasibility at the X-ray free-electron laser (XFEL) facili-
ty, SACLA. As a first major step towards applying HAXPES in the study of ultrafast materials dy-
namics, we report here the results of systematic studies which quantify the dynamics of vacuum
space-charge effects on core-level photoelectron spectra of various materials.
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