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We present an ultraviolet (UV) - extreme-ultraviolet (XUV) pump-probe beamline with applications 
in ultrafast time-resolved photoelectron spectroscopy. The UV pump pulses, tuneable between 255 
and 285 nm and with µJ-level energy, are generated by frequency up-conversion between ultrashort 
visible/infrared pulses and visible narrow-band pulses. Few-femtosecond XUV probe pulses are 
produced by a high-order harmonic generation source equipped with a state-of-the-art time-delay 
compensated monochromator. Two-colour UV-XUV sidebands are used for a complete in situ 
temporal characterization of the pulses, demonstrating a temporal resolution of better than 20 fs. 
We validate the performances of the beamline through a UV-XUV pump-probe measurement on 
1,3-cyclohexadiene, resolving the ultrashort dynamics of the first conical intersection. This instrument 
opens exciting possibilities for investigating ultrafast UV-induced dynamics of organic molecules in 
ultrashort time scales.

Femtosecond and attosecond spectroscopies intend to follow real-time ultrafast nuclear and electron dynamics 
in atoms, molecules, and solids1. In a time-resolved spectroscopy experiment, the sample is irradiated with an 
ultrashort pump pulse that drives the system out of its equilibrium state. Subsequently, a second pulse, named 
probe pulse, is employed to track the ultrafast processes induced by the pump pulse. The choice of the observable 
(spectral absorption, photoelectrons, photoions…) depends on the information most suitable to unveil the 
mechanism triggered by the pump pulse. One of the most extended schemes is time-resolved photoemission 
spectroscopy (TRPES)2–4, in which the kinetic energy of the ejected photoelectrons is mapped as a function 
of the pump-probe delay. Being sensitive to both vibrational dynamics and electronic configurations, it is well 
suited for the investigation of ultrafast non-adiabatic processes.

In a traditional TRPES setup, a pulse in the visible or ultraviolet (UV) range is used to resonantly excite the 
sample, while a probe pulse, typically lying in the deep UV range, ionizes the photo-excited system. This UV-
UV scheme has been proven to be a powerful technique for disclosing relaxation pathways and non-adiabatic 
dynamics on molecules5. Still, most studies have been conducted with a temporal resolution of about 100  fs 
thus limiting the investigation of the primary steps after photo-excitation. In particular, little is known about 
the mechanisms governing light-matter interactions on organic molecules on time scales of a few tens of 
femtoseconds. These primary events determine the response of the system and are associated with electronic 
transitions that might trigger diverse photochemical processes6–11. The possibility of investigating such 
mechanisms has indeed aroused great interest in the scientific community, which has dedicated many efforts in 
the last few years towards the generation of UV pulses with temporal durations below 10 fs12–17 – a challenging 
task due to the intricate strong spectral dispersion and lack of amplifying materials in this regime.

Furthermore, in the UV-UV TRPES scheme, employing UV probes leads to the generation of low-kinetic 
energy photoelectrons, which are subject to the influence of inelastic scattering and restrict the observation 
window. This calls for probe pulses with photon energies in the extreme-ultraviolet (XUV), which can be 
obtained by high-order harmonic generation (HHG)18,19. In conventional HHG setups, an intense femtosecond 
pulse is focused onto a gas target. When macroscopic phase matching in the gas is ensured, the highly non-linear 
response of the medium leads to the coherent production of XUV radiation, resulting in a train of attosecond 
pulses. For specific applications (including TRPES), selecting a single harmonic from the broad spectrum 
is essential (e.g. avoiding the excitation of numerous ionization channels)20. This selectivity can be achieved 
utilizing spectral filters, monochromators, or time-delay compensated monochromators (TDCM)21,22.
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The combination of ultrashort pump pulses in the UV range with attosecond or few-femtosecond XUV 
probe pulses is therefore a promising tool for investigating and resolving the electronic dynamics on the few-
femtosecond time scale23 and has become an exciting field of research in the last few years. Suzuki and co-workers 
developed TRPES beamlines exploiting UV pulses generated by four-wave mixing or third-harmonic generation 
(THG) and single XUV pulses, which have been successfully employed for measurements of both isolated 
molecules24–26 and liquid jets27,28. The Artemis facility exploits spectrally selected XUV harmonics combined 
with THG or optical parametric amplifiers to investigate molecular dissociations29,30. Titov et al. employed 
near-UV pulses obtained by second-harmonic generation and single XUV probe pulses for investigating 
aminoazobenzenes31. Finally, Woerner’s group recently used UV pump pulses obtained by a THG setup and an 
XUV harmonic to explore the stilbene isomerization32. In all these studies the instrumental response function 
(IRF) ranged from 50 to 180 fs, with the exception of a few recent works reporting IRFs below 30 fs26,33–36.

Here we present the development and application of a UV-XUV time-resolved spectroscopy beamline with 
an IRF better than 20 fs and full spectral tunability. We generate sub-20 fs UV pulses tuneable between 4.35 and 
4.85 eV by a frequency up-conversion scheme. We then combine these UV pulses with sub-10 fs XUV pulses 
spectrally selected between 20 and 45 eV from an HHG source equipped with a TDCM. To the best of our 
knowledge, we demonstrate for the first time the extension of IR-XUV temporal characterization methods based 
on two-colour photo-ionization37,38 to the UV-XUV regime, which allows us to provide a full direct retrieval of 
the pump and probe pulses and precisely determine the IRF of the apparatus. Finally, we show the application 
of the beamline to the study of the ring-opening dynamics of 1,3-cyclohexadiene (CHD), resolving the ultrafast 
dynamics of the first conical intersection passage.

Methods
The scheme of the experimental setup for the UV-XUV beamline is shown in Fig. 1. A fraction of the output 
energy (1.2  mJ) from a Ti: Sa laser system (Astrella, Coherent), which delivers 35-fs pulses at 800  nm and 
operates at 1-kHz repetition rate, is coupled into a 1-m-long hollow core fibre (HCF)39,40 with a core diameter of 
320 μm and filled with neon gas at a constant pressure of 1.8 bar. The accumulated positive dispersion of the pulse 
is overcompensated at the output of the HCF with a battery of chirped mirrors, resulting in slightly negatively 
chirped pulses. The post-compressed IR pulses were temporally characterized using a second-harmonic FROG 
(SH-FROG)41, obtaining IR pulses with a duration of 9.5 fs (full-width half-maximum (FWHM)) and energy of 
0.84 mJ. This IR beam is split into two parts. One part, with 80% of the beam power, is used as input for HHG 
and focused onto a 1-cm-long gas cell filled with argon; an XUV single harmonic is then spectrally selected 
by a TDCM. The latter consists of two equal sections equipped with two toroidal mirrors and two 400 gr/mm 
gratings in the off-plane mount. The first section performs the spectral selection of a single harmonic on the 
intermediate slit, the second section compensates for the pulse-front tilt due to the diffraction. After selection, 
the typical energy of the XUV pulses is of the order of a few tens of pJ. The probe photon energy can be tuned 
from 20 eV (HH13) to 45 eV (HH29) with a total transmission (from the HH source to the sample) higher than 
15% in the 30–50 eV range, and in particular, peaked at 18% at 40 eV. For the experiments reported in this paper, 
we selected the 25th harmonic, with a central energy of ∼39.5 eV and a photon bandwidth of 0.4 eV. A pair of 
fused silica wedges on the IR beam path is used prior to generation to achieve fine-tuning of the dispersion and 
optimization of the HHG process.

Fig. 1.  Scheme of the TRPES beamline. The output of a Ti: Sa laser is post-compressed in a hollow core fiber 
compressor; additional chirped mirrors (CMs) impose a slightly negative chirp. A fraction of the beam, whose 
energy is controlled by a waveplate (WP) and a linear polarizer (LP), is upconverted in a broadband sum 
frequency generation (SFG) scheme with a narrowband second harmonic, resulting in sub-20 fs UV pulses. 
Spherical mirrors (SM) are used for focusing and collimation. The remaining beam is used for HHG. The 
generated harmonics are spectrally selected by a TDCM, composed of two stages consisting of two toroidal 
mirrors (TM) and a grating (G). The delay between the UV pump and the XUV probe pulses is controlled by a 
delay line (DL). Both pulses are focused into the time of flight spectrometer (TOF).
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The remaining portion of the IR beam (150 µJ) is employed for UV generation in a frequency up-conversion 
scheme exploiting the mechanism of indirect phase transfer13. To this end, the IR pulse is mixed with a 
narrowband beam at 400  nm, obtained by frequency-doubling the output of the Ti: Sa system in a 200-µm 
thick Type-I BBO crystal. To prevent self-phase modulation effects and avoid residual non-converted IR/visible 
light, a lossless geometry was chosen. Both beams were focused in a slightly non-collinear configuration using a 
spherical mirror with a focal length of 400 mm onto a free-standing 25-µm Type-I BBO crystal. Precise control 
of the energy of each beam was achieved through variable attenuators, consisting of a linear polarizer and a half-
wave plate, placed along the respective paths. In the BBO plane, the maximum energies of the IR and second-
harmonic (SH) beams reached 40 µJ and 50 µJ, respectively. The sizes (FWHM) of the beams at the interaction 
point were around 500 μm. The temporal overlap was finely adjusted by a delay stage placed along the SH beam 
path. To remove any residual IR and SH beams after the BBO crystal for sum-frequency generation (SFG), we 
spatially isolated the UV signal taking advantage of the noncollinear configuration and employed two dielectric 
mirrors to filter out the remaining IR and SH beams. By slightly changing the phase matching angle, tuneable 
pulses with central wavelengths ranging from 255 to 285 nm (4.85 to 4.35 eV, see Fig. 2(a)) and energies of up 
to 7 µJ were achieved.

A crucial aspect when dealing with UV pulses is the management of the spectral phase. This scheme exploits 
the mechanism of indirect phase transfer42,43, in which the phase of the broadband IR/visible pulse is transferred 
to the UV beam by the SFG process. Fine-tuning can thus be achieved by adding a controlled amount of material 
dispersion to the negatively chirped IR/visible pulses. The temporal characterization of the UV pulses was 
performed with an all-in-vacuum cross-correlation FROG (XFROG) between the UV pulse and an IR gate 
pulse in a difference frequency generation (DFG) scheme. A pick-off mirror, mounted in a motorized stage, 
intercepted the beams before they entered the TOF spectrometer chamber and sent them to the XFROG setup. 
The UV and IR pulses, both vertically polarized, were focused onto a 10-µm thick Type II BBO crystal for 
DFG. To control the delay between the IR and the UV pulses, a piezoelectric stage with a step time of 0.3 fs was 
employed. The spectrum of the generated DFG signal was recorded as a function of the relative delay between 
the two pulses. An example of an XFROG trace, for a pulse centred at 270 nm (4.6 eV), is shown in Fig. 2 (b).

Particular attention was devoted to the retrieval algorithm. The reconstruction of the temporal profile of 
the object pulse (in this case, the UV pulse) from the XFROG traces usually requires a well-characterized gate 
pulse44. Our approach employs instead a blind FROG method based on an extended ptychographic iterative 
engine (ePIE) algorithm, allowing the retrieval of both UV and IR pulses without the necessity of a precisely 
characterized IR reference pulse45–47.

Figure 2(c) shows the retrieved XFROG spectrogram, with an error G = 0.002 (representing the root mean 
square (RMS) difference between traces). A total of 10 reconstructions were performed changing the initial 
guesses. Each reconstruction was obtained after 1000 iterations of the ePIE algorithm. Figure 2(e) shows the 
experimental spectrum (purple shaded area) together with the retrieved spectral phase (black solid line), which 
presents a residual third-order dispersion. The retrieved UV intensity profile is shown in Fig.  2(d), which 
presents a temporal FWHM of 18.9 ± 0.6 fs. The shaded areas (in the retrieved pulse and phase) represent the 
uncertainties obtained with the standard deviation from all the reconstructed traces.

The UV pump and the XUV probe pulses are then non-collinearly focused with a small angle (∼ 1º) into the 
gas target. The photoelectrons generated from the UV-XUV interaction are collected by a time-of-flight (TOF) 
spectrometer (Kaesdorf ToF spectrometer ETF10), allowing the acquisition of the photoelectron spectrum as a 
function of the delay between the two beams. The energy resolution of the TOF spectrometer is ∼250 meV48, 
though it is the XUV bandwidth that ultimately sets an upper limit to the spectral resolution of the experiments. 
The pressure of the target gas jet is carefully regulated, and a chopper is used to switch the UV radiation on 
and off during measurements, enabling the collection of the XUV-only signal. The XUV photon spectrum is 
analysed using an XUV spectrometer located at the end of the beamline.

Results
XUV pump – UV probe in argon: in situ temporal characterization
Pump-probe spectroscopy experiments require a precise characterization of the IRF to extract information on 
the rise and decay times of the different species. In the following, we demonstrate how IR-XUV cross-correlation 
methods can be extended to the UV domain.

A common procedure for the characterization of XUV femtosecond pulses is to combine them with a 
portion of the IR driver in a pump-probe fashion. The resulting spectrogram is composed of main bands (direct 
photoionization signal by the harmonic) and sidebands (cross-correlation signals due to the interaction of the 
XUV with an absorbed/emitted IR photon). In comparison to attosecond pulses, the narrower bandwidth of a 
single harmonic and the associated loss of sub-cycle resolution, reduce the level of information redundancy on 
the trace making it necessary the use of a robust iterative algorithm37. In addition, when dealing with UV pulses, 
the signal-to-noise ratio dramatically drops as the relative intensity of the sideband with respect to the main 
band scales as λ448.

Figure  3 (a) shows the experimental spectrogram obtained by a photoionization cross-correlation 
measurement in argon by mixing the 25th harmonic (∼39.5  eV) with UV pulses at a central wavelength of 
270 nm. The lens parameter of the TOF spectrometer was set to guarantee an optimal detection of the weak 
sideband signal. Due to large signal amplitude difference, this resulted in a distorted main band peak; this energy 
region (21–25 eV) has been thus set to zero in Fig. 3(a). We start by examining the upper sideband (highlighted 
by the dotted lines in Fig. 3(a)). The integrated signal along the electron kinetic energy axis (upper panel in 
Fig.  3(a)) corresponds to the intensity cross-correlation of the two pulses49 and provides the estimated IRF, 
resulting in 20 fs.
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The low signal-to-noise ratio and the lack of information contained in the main band challenge the use 
of the commonly used retrieval algorithms. We have recently introduced a method called simplified trace 
reconstruction in the perturbative regime (STRIPE) for the retrieval of ultrashort XUV pulses, which is 
particularly robust against noise and does not necessitate redundant information50. We applied STRIPE to the 
experimental spectrogram of Fig. 3(a). The reconstructed trace, resulting from 10 independent retrievals with 
different starting parameters, is shown in Fig. 3(b). Panels (c) and (d) show the experimental spectra and the 
retrieved spectral phases for the UV and the XUV pulses, corresponding to temporal durations of 18.5±0.4 fs 
for the UV pulse (Fig. 3(e)) and 5.0±0.1 fs for the XUV pulse (Fig. 3(f)). The reconstructed UV phase agrees 
with that retrieved by the XFROG measurement (Fig. 2(e)) within the error margin. The residual XUV phase is 

Fig. 2.  (a) Tuneable UV spectra. (b) Measured XFROG trace for a central wavelength of 270 nm. (c) 
Retrieved XFROG trace of (b) using an ePIE algorithm. (d) The retrieved intensity profile of the UV pulse 
with a FWHM is 18.9 ± 0.6 fs. (e) Spectrum and phase of the retrieved UV pulse (shaded purple area and 
black lines respectively). The shaded area in the phase represents the standard deviation calculated from 10 
reconstructions with different input parameters.
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attributed to the residual group delay dispersion introduced by the TDCM and is in good agreement with that of 
an independent IR-XUV measurement37.

Similar IRF values were obtained for different UV central wavelengths. Figure 4 reports the upper sideband 
and the corresponding integrated signal for UV central wavelengths of 257 nm (panel a) and 287 nm (panel 
b), entailing an IRF of 20 fs at 257 nm and 16.5 fs at 287 nm. The energy resolution of these measurements was 
estimated to 0.47 eV.

UV pump – XUV probe in cyclohexadiene: resolving its ultrafast excited-state dynamics
We now demonstrate the application of the developed beamline to a TRPES experiment in 1,3-cyclohexadiene 
(CHD), a prototype molecule undergoing a ring-opening after UV excitation which has been widely investigated 
in the literature25,34,51–56. According to the generally accepted description, schematically shown in Fig. 5(a), by 
exciting CHD in the UV the 1B state is populated. In the diabatic model, the ring-opening reaction is thought to 
proceed to the dark 2A state (or the 3A state according to most recent works55), which is accessed by a conical 
intersection. From 2A it subsequently reaches the pericyclic minimum, from which the population can decay 
to the ground state of either CHD or 1,3,5-hexatriene (HT). It must be noticed that the involvement of an 
intermediate state and its nature is still an issue of intense debate25,54–56.

In our experiment, the energy of the pump pulses, with a central wavelength of 270  nm (4.6  eV) and a 
temporal duration of 18.5 fs (corresponding to the measurements shown in Fig. 3(c) and (e)), was adjusted to 450 
nJ. The beam spot at the target was 200 μm (diameter at 1/e2), as measured by a CCD camera calibrated for the 
UV. To probe the dynamics induced, we selected the HH25 (centred at ∼ 39.5 eV and with a temporal duration 
of 5 fs, as shown in Fig. 3 (d) and (f)). The focal spot was estimated to be ∼ 120 μm at 1/e2. The experiment was 
conducted in the gas phase at room temperature. The time delay between the two pulses was controlled by the 
piezoelectric stage, with a delay step of 5 fs. The kinetic energy of the generated photoelectrons was measured by 
the TOF spectrometer as a function of the delay between both pulses, obtaining the photoelectron spectrograms 
in Fig. 5. The UV pump pulse was blocked every 5 delay steps to collect the photoelectron spectrum of the XUV-
only signal to correct any variation in the harmonic signal along the scan.

Fig. 3.  (a) Experimental spectrogram obtained by an XUV pump – UV probe photoelectron measurement 
in argon. The main band has been removed (see text for details). Top: integrated photoelectron signal along 
the kinetic energy axis for the upper sideband in the region highlighted by the dotted lines. (b) Retrieved 
spectrogram using STRIPE. Experimental spectrum (shaded area) and retrieved phase for (c) the UV and 
(d) the XUV pulses and corresponding intensity profiles in the temporal domain (e, f). The grey shaded area 
represents the standard deviation calculated from 10 reconstructions with different input parameters.
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Figure 5(b) shows the average of 4 photoelectron spectrograms in terms of binding energy (i.e., the difference 
between the probe photon energy and the photoelectron kinetic energy measured by the TOF). Two bands 
are clearly distinguished in the spectrogram: one at binding energies between 3.4 and 5.3 eV (labelled as I in 
Fig. 5(b)) and another comprising binding energies between 5.4 and 7 eV (feature II). Recent works25,34 have 
assigned signal I to the photoionization of the excited state to the ground state of the cation. This band exhibits 
a strong blueshift, which is a spectroscopic fingerprint of the delay-dependent behaviour of the potential energy 
surface of the excited state. Signal II shows a more complex structure with a first band peaking at about 6.5 eV, 
and a second delayed signal appearing at slightly lower binding energies. The former has been attributed to 
photoionization of 11B to the ground state of the cation, whereas the second to the transition from 21A (or 3A) to 
the first cationic state25,55. Figure 5(c) shows the temporal profiles of signals I and II and the corresponding fits. 
A decay time of ∼17.5 fs was found for signal I after deconvolution with the IRF. We tentatively assign this time 
constant to the time it takes the wave packet to reach the first conical intersection. Band II is instead fitted by the 
sum of two delayed exponentially modified Gaussian functions, showing decay times of 17.5 fs and 35.4 fs. The 
short time constant coincides with the decay time of band I and we therefore assign it to the arrival time to the 
first conical intersection. The second time constant can instead be attributed to the time required to access the 
second conical intersection, and therefore the relaxation of the system to the electronic ground state.

Fig. 5.  (a) Schematic representation of the decay pathways describing the electrocyclic ring-opening reaction 
of CHD as inferred from different works in literature25,53. Inset: chemical structure of CHD. (b) 2D map of 
photoelectron spectra. (c) Temporal lineouts of the integrated signals (solid lines) labelled as I and II in panel 
(b) and their least-squares fitting (dotted lines).

 

Fig. 4.  Upper sideband obtained by an XUV pump – UV probe photoelectron measurement in argon (top) 
and integrated signals along the kinetic energy axis (bottom) for UV central wavelengths of (a) 257 nm and (b) 
287 nm.
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Discussion
We have described a novel beamline combining UV and XUV pulses for applications in time-resolved 
spectroscopy. Sub-20 fs UV pump pulses, tuneable between 4.35 and 4.85 eV, were generated by a frequency 
up-conversion scheme while sub-10 fs XUV probe pulses were spectrally selected between 20 and 45 eV from an 
HHG source equipped with a TDCM. To the best of our knowledge, we have demonstrated for the first time a full 
in situ temporal characterization of the UV and XUV pulses by extending IR-XUV cross-correlation methods 
to the UV domain. In particular, we have performed a two-colour photo-ionization experiment in argon and 
employed the STRIPE approach to retrieve the information on the pulses. Such measurement has allowed us 
to obtain a precise value of the IRF, demonstrating a temporal resolution below 20 fs at all pump wavelengths.

We have shown the application of the beamline to the study of the ultrafast dynamics of 1,3-cyclohexadiene 
(CHD). The high temporal resolution of our setup has allowed us to properly resolve spectroscopic signals 
characterized by two time constants as short as 17.5 and 35.4  fs. We have tentatively assigned them to the 
passages through the conical intersections. This provides compelling evidence of the capabilities of this setup for 
UV pump – XUV probe measurements in molecules. Our beamline therefore offers a unique platform for the 
future investigation of ultrafast excited-state dynamics triggered by UV light.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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