
F i g u r e 2 . S p a t i a l o v e r l a p 
determination in the PEEM mode 
of the MM using a Chessy test 
sample (a) illuminated by a Hg 
lamp defining the size of the field of 
view, photon footprints of (b) the 
FEL beam and (c) the optical pump 
laser. The red dashed circles mark 
the regions of interest defined by 
the field aperture. Temporal overlap 
determination in the k-imaging 
mode: k-integral intensity of 
conduction-band dynamics of 
WSe2 (d) and W 4f core level (e). 
The true time-zero energy shift is 
marked by A (white circle). The 
large shif t marked by B or 
characteristic long-range space-
charge bipolar features marked 
with C and D are used for the 
sub-50 ps t0 determination 

Time-resolved photoemission with ultrashort pump and probe pulses is an emerging technique with wide application potential. Real-time recording 
of non-equilibrium electronic processes, transient states in chemical reactions or the interplay of electronic and structural dynamics offers 
fascinating opportunities for future research. Combining valence-band and core-level spectroscopy with photoelectron diffraction for electronic, 
chemical and structural analysis requires few 10 fs soft X-ray pulses with some 10 meV spectral resolution, which are currently available at high 
repetition rate free-electron lasers (FELs). We have constructed and optimized a versatile setup (HEXTOF) commissioned at FLASH/PG2, that 
combines FEL capabilities together with a multidimensional recording scheme for time-resolved photoemission techniques: time-resolved 
Momentum Microscopy (trMM), time-resolved X-ray Photoelectron Spectroscopy (trXPS) and time-resolved X-ray Photoelectron Diffraction 
(trXPD). We use a full-field imaging momentum microscope with time-of-flight energy recording as the detector for mapping of 3D band structures 
in (kx, ky, E) parameter space with unprecedented efficiency. Our instrument can image full surface Brillouin zones with up to 7 Å-1 diameter in a 
binding-energy range of several eV, resolving about 2.5x105 data voxels [D. Kutnyakhov et al., Rev. Sci. Instrum. 91, 013109 (2020)]. 
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3-in-1 Combined time-resolved photoelectron spectroscopy 
using a time-of-flight momentum microscope 
at the free-electron laser FLASH. 

Abstract: 

•  A highly efficient end-station for position-, time- and spin-resolved photoelectron spectroscopy measurements has been commissioned at FLASH / DESY. 
•  The HEXTOF set-up is a very versatile instrument, which combines different measurement techniques, such as PEEM, time-resolved Momentum Microscopy, 

time-resolved X-ray Photoelectron Spectroscopy and time-resolved X-ray Photoelectron Diffraction, and thus opens up the possibility to perform the “complete” 
time-resolved PES experiment providing simultaneous time-dependent snapshots of the electronic, magnetic, chemical, and geometric structure. 

•  Pump-probe MM measurements on WSe2 revealed spin-, valley-, and layer-polarized excited state populations upon excitation of the valence. 
•  The relative dynamics of excited-state signal and core levels in the k-integral XPS measurements clearly show a delayed core-hole renormalization due to 

screening by excited quasifree carriers resulting from an excitonic Mott transition.[M. Dendzik et . al, Phys. Rev. Lett. 125, 096401 (2020)]. 
•  The XPD technique is extended to the ultrafast time domain by performing measurements on epitaxial graphene on SiC, as a simple, but highly relevant system. 
•  We demonstrate an experimental energy resolution of 130 meV, a momentum resolution of 0.06 Å-1 and a system response function of 150 fs. 

Conclusions: 

Experimental set-up: 

Figure 1. Simplified overview of the FLASH pulse structure, the PG2 beamline 
with synchronized pump laser (top left) and the experimental setup (middle) 
used to perform momentum-, time- and spin-resolved PES measurements at 
FLASH. The setup includes a straight drift tube for spin-integrated 
measurements and a vertical drift tube for spin-resolved measurements.  

Figure 3. Time-resolved dynamics 
over a broad energy range of the 
photoemission spectrum of WSe2. 
The W 4f and the Se 3d core levels 
lie about 33 eV and 55 eV below the 
Fermi leve l , respect ive ly. (a) 
Momentum-integrated photoemission 
spectrum recorded by the momentum 
microscope with the FEL pulses at 
109.5 eV (3rd harmonic). Time-
r e s o l v e d m e a s u r e m e n t s a r e 
conducted with 775 nm linear s-
polarized optical pulses as pump, 
showing concurrent dynamics in (b) 
the WSe2 conduction band, (c) 
volumetric rendering of the band-
mapping measurement ( t rMM) 
outcome before and after optical 
excitation and (d) Se 3d core level 
doublet (trXPS). (e) trXPD pattern of 
C 1s core level of Graphene on SiC. 

Spatial and temporal overlap: 

Combined trMM, trXPS and trXPD studies: 


