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Synopsis We report on nonlinear interaction of solid Fe with intense femtosecond hard x-ray free-electron laser (XFEL)
pulses. The experiment was performed at the CXI end-station of the Linac Coherent Light Source (LCLS) by means of high-
resolution x-ray emission spectroscopy. The focused x-ray beam provided extreme flueh@ghbbtons/X. Two-photon
absorption leading to K-shell hollow atom formation and to single K-shell ionization of solid Fe was investigated.

X-ray free electron laser (XFEL) facilities, with This is the first observation of K-shell double core-
unprecedentedly high peak power densities reachhole creation following sequential photon absorp-
ing ~1G° W/cn?, have paved the way to study non- tion, and two-photon single K-shell ionization for
linear phenomena in the x-ray regime [1-6]. In thismetallic Fe.
work we explored nonlinear interaction of high-
fluence hard x-ray femtosecond pulses with solid Fe 0.04

Single and double K-shell electron ionization pro- I
cesses resulting from two-photon absorption were i H%‘
observed. 003 | —%—

The experiment was carried out at the CXI end-
station of the Linac Coherent Light Source (Menlo
Park, USA) XFEL by means of the high energy res-
olution x-ray emission technique. The XFEL beam
of ~5x10"* x-rays/pulse and pulse energy of 0.6 mJ

was focused on a metallic Fe sample. The ultra: 001 | %

Ratio Ka"/Kat

focused x-ray beam provided extreme fluence of
~10 photons/&. Moving the sample out of the fo-

cus along the beam allowed varying the fluence. 000 L Y
For the Fe k¢ (K* -~ L% and k" (K*- KLY ra- 1.0E+03 1.0E+04 1.0E+05 1.0E+06
diative transitions measurements the bent crysta Photons/A2

von Hamos x-ray spectrometer of PSI [7] installed
at CXl and equipped with the CSPAD detector de-
veloped at SLAC was employed. The K x-ray emis-
sion spectra were CO”epted at photon bea_m ENergIeS inction of x-ray fluence. The data were derived
below the Fe K-shell single- and double-ionization "\ o (K?= KLY to Ka (K™ L7 intensi-
thresho_lds_for_the two-photon smgle_lonlzatlon and ty ratios. The x-ray pulse energy was 7.6 keV and
double ionization processes, respectively. the duration 30 fs.

For illustration, the probability of double K-hole
formationvia sequential absorption of two photons
versus x-ray fluence is shown in figure 1. We ob- [1] L. Younget al 2010Nature 466 56
serve a ~60-fold increase in the production probalg% (BE'gggg(éeta?lzf)ilz%\gy;hizhLeestg51806083002
bility of Fe hollow-atoms as compared to single- : : :
pho>t/on double ionization mediatedpby K-shell e?ec- [4] K. Tamasakiet al 2013Phys. Rev. Lett. 111043001

. . [5] K. Tamasakuet al 2014Nat. Photon. 8 313
tron-electron correlations [8]. The cross-sections forg 11 vonedaet al 2014Nat. Commun. 5 5080

double-K-hole formation and two-photon single K- (7] ;. szlachetket al 2012Rev. Sci. Instrum. 83 103105
shell ionization were derived from the x-ray fluence [8] J. Hoszowskat al 2009Phys. Rev. Lett. 102
dependence of the measured x-ray emission intensp73006

ties. For the two-photon single ionization process a
square dependence of theu Isignal was found.  !g_mailjoanna.hoszowska@unifr.ch

Figure 1. Probability of double K-hole formatiovia
sequential absorption of two photons for Fe as a
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