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REVIEW

Time-resolved experiments on gas-phase atoms and 
molecules with XUV and X-ray free-electron lasers
Daniel Rolles

J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, KS, USA

ABSTRACT
Over the last 20 years, XUV and X-ray free-electron lasers 
have enabled a wide variety of time-resolved experiments 
that have dramatically advanced our understanding of ultra
fast molecular dynamics on atomic length scales and femto
second time scales. This review focuses on experimental 
studies of ultrafast dynamics of atoms and molecules in the 
gas phase, tracing the development of the field from early 
proof-of-principle studies to recent pump-probe experi
ments that elucidate the coupled electronic and nuclear 
dynamics during photochemical reactions with a temporal 
resolution that is now extending into the attosecond domain.

ARTICLE HISTORY 
Received 28 March 2022  
Accepted 27 September 2022 

KEYWORDS 
Free-electron lasers; atomic 
and molecular physics; time- 
resolved; pump-probe

I. Introduction

Free-electron lasers (FELs) are accelerator-based light sources that can 
produce short and intense light pulses over a wide wavelength range from 
microwaves to the extreme ultraviolet (XUV) and X-ray regime [1–17]. This 
has made it possible to extend the thriving field of femtochemistry – 
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pioneered by Nobel Laureate Ahmed Zewail in the near-infrared, visible, 
and ultraviolet wavelength range [18] – to shorter wavelengths that are 
amenable to site- and element-specific spectroscopy applications and 
atomic-resolution imaging experiments. Furthermore, using XUV or 
X-rays for either pump or probe pulse (or both) allows for single-photon 
excitation or ionization, which often simplifies the theoretical description 
considerably as compared to using a multiphoton or strong-field process for 
the pump and/or probe step, as done in many ’traditional’ femtochemistry 
experiments.

In an XUV or X-ray FEL – often also abbreviated as XFEL -, electron 
pulses produced by irradiating a photocathode with short optical or ultra
violet laser pulses (some XFELs also use a thermionic cathode) are acceler
ated to relativistic energies in a linear accelerator. The resulting beam or 
‘train’ of electron bunches, each tens to hundreds of femtoseconds in 
duration, are sent through a strong magnetic field generated by an array 
of magnets with alternating poles called undulator, that forces the electron 
bunches on an oscillating, sinusoidal trajectory. The oscillating relativistic 
electron bunches produce powerful XUV or X-ray pulses known as syn
chrotron radiation. If the undulator is long enough, the electric field of the 
synchrotron radiation interacts with the co-propagating electron bunches, 
causing a (longitudinal) modulation of the electron density in each bunch 
with the same period as the driving light field. The electrons in the resulting 
microbunches continue to emit further XUV or X-ray photons that are 
coherent with the originally emitted radiation, and the consequence is 
a strong amplification of that radiation through a process known as self- 
amplified spontaneous emission (SASE) [1,4,9]. Alternatively, an external 
’seed’ laser field can be overlapped with the electron bunches in the undu
lator, causing the seed pulses to be coherently amplified and thus producing 
intense XUV or X-ray pulses with a much improved temporal coherence as 
compared to those generated by a SASE process [4,6,9]. A combination of 
both schemes, called ‘self-seeding’, uses the monochromatized SASE radia
tion produced in an early part of the undulator to seed the amplification 
process in the latter part of the undulator [19]. In all of these cases, the result 
are strong, femtosecond XUV or X-ray pulses with laser-like characteristics 
that can be focused to a spot size of few micrometers or below, which are 
ideally suited for time-resolved experiments.

In the following, several examples of time-resolved experiments with 
FELs in the field of atomic, molecular and optical (AMO) physics and gas- 
phase physical chemistry are presented. Given the two decades of experi
mental activity in this area, this short review can only highlight a subset of 
the relevant work that has been performed to date. The examples that were 
selected attempt to showcase the historic development of the field: from 
early proof-of-principle experiments that were primarily designed to 
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characterize the FEL pulses and to develop and refine the technical capabil
ities for pump-probe experiments, to more recent studies aimed at elucidat
ing electronic and nuclear dynamics during photochemical reactions, 
including very recent developments that have pushed FEL pump-probe 
experiments into the attosecond regime.

II. Pump-probe schemes

Most time-resolved experiments with FELs are performed in a pump-probe 
scheme using a first pulse (the ‘pump’ pulse) to trigger the reaction of 
interest, and a second pulse (the ‘probe’ pulse) to interrogate the state of 
the system at a series of time delays that can range from hundreds of 
attoseconds to hundreds of picoseconds or more, depending on the time 
constants of the process. Such a pump-probe scenario can be achieved in 
several ways: by splitting the FEL pulse into two pulses whose relative timing 
with respect to each other can be controlled with high precision; by gen
erating two (or more) XUV or X-ray pulses with variable time delay in the 
undulator, either from one or several electron bunches; or by synchronizing 
an external laser source, such as a tabletop (near-)infrared laser, to the FEL 
with high temporal precision and minimum timing jitter. All of these 
experimental schemes are commonly employed, each with their own ben
efits and technical challenges that will briefly be discussed in the following.

A. XUV–XUV and X-Ray–X-Ray pump-probe schemes

Most pump-probe schemes in the ultraviolet (UV), visible, and near- 
infrared (NIR) rely on a beam splitter to split a single laser beam into two 
paths. In each path, the pulses can be manipulated further and their relative 
timing with respect to each other can be adjusted, e.g. via a delay stage, 
before they are recombined in order to be used as pump and probe pulses. 
Common optical beam splitters either use a semitransparent mirror that 
allows a certain fraction of the laser pulse to be transmitted while the other 
part is reflected, or they use a split mirror that cuts the wave front of the 
incoming pulse into two parts that can be used as pump and probe pulses. 
Extending these schemes to the XUV and X-ray domain poses some tech
nological challenges since semitransparent beam splitters are not readily 
available, and most X-ray mirrors need to be used in grazing incidence, i.e. 
at very shallow angles, in order to achieve high reflectivity. This requires 
rather large and cumbersome beam paths in order to achieve wave front 
splitting and adjustable delays. Nevertheless, such grazing-incidence split- 
and-delay setups have been realized both in the XUV [20–22] and X-ray 
range [23]. In the XUV domain, an alternative to grazing-incidence mirrors 
are normal-incidence multilayer mirrors that can also achieve high 
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reflectivity and allow a more compact split-mirror design [24–26], as shown, 
e.g. in Figure 1. However, these multilayer mirrors only have high reflectiv
ity at one (or a few) chosen wavelength(s), thus requiring fabrication and 
installation of a new mirror for each experiment that is performed at 
a different photon energy.

Recently, new schemes for X-ray – X-ray pump-probe experiments have 
emerged based on the generation of two independent X-ray pulses with con
trollable delay by the FEL itself [27–30], as shown in Figure 2. The big advantage 
of these schemes is that they avoid the often quite substantial transmission 
losses caused by the additional mirrors in split-and-delay units, and that 
depending on the exact details of the generation scheme, it is possible to 
produce two pulses with different photon energies, which opens up a new 
class of two-color pump-probe experiments. For example, by tuning the photon 

Figure 1. Schematic of a normal-incidence split-mirror setup for XUV pump-probe experiments. 
The incoming XUV beam is backfocused by an (in-vacuum) normal-incidence multilayer mirror 
that is cut into two halves. One of the halves is movable, e.g. using a piezo stage, such that the 
incoming XUV pulse is split into two pulses with variable delay. The relative intensity of each 
pulse can be adjusted by moving the mirror perpendicular to the beam direction such that 
more or less than half of the beam is reflected by the movable part. Figure taken from [108].

Figure 2. Generation of two-color, few-femtosecond X-ray pulses. A few-femtosecond electron 
bunch, generated, e.g. using a slotted foil (green upside-down triangle), produces a few- 
femtosecond X-ray pulse in the first part of the undulator. A magnetic chicane introduces an 
adjustable delay between the X-ray pulse and the electron bunch, which then loses again at 
a different color in the subsequent part of the undulator section. An alternative approach uses 
two electron bunches produced at the photocathode, each of which loses only in one of the 
two undulator sections. Figure adapted from ([27]).
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energies of the two pulses below and above an inner-shell absorption edge, 
respectively, this scheme enables site-specific pump-probe experiments, where 
the pump and probe pulse are selectively absorbed by two different atoms inside 
the molecule [31]. Similar two-color schemes have been developed for the XUV 
and soft X-ray regime and have been used, e.g. for coherent control experiments 
that take advantage of the longitudinal coherence of the seeded FERMI FEL and 
the ability to generate phase-stable pulse pairs [32–35]. These developments 
may open up exciting new opportunities for nonlinear X-ray optics [36] and 
multidimensional X-ray spectroscopy [37], as briefly discussed in section IV.

B. Pump-probe schemes with synchronized external laser pulses

While using two XUV or X-ray pulses, produced either by splitting a single 
pulse or by generating two pulses in the photocathode or FEL undulator, 
allows pump-probe experiments with minimal temporal jitter that can reach 
few- to sub-femtosecond temporal resolution, a large class of pump-probe 
experiments requires pulses in the ultraviolet, visible, or infrared spectral 
region for manipulating the target, e.g. to excite a specific electronic transi
tion in a neutral atom or molecule (see section III D), or to align an 
ensemble of target molecules via adiabatic or impulsive laser-alignment 
techniques (see section III B). This is typically achieved by synchronizing 
an external laser to the FEL and by spatially and temporally overlapping 
those external laser pulses with the FEL pulses on the target [38], which is 
usually inside a vacuum chamber for most AMO experiments, as shown 
schematically in Figure 3.

The biggest challenge here is the precise synchronization of the external 
laser with the FEL, since the latter usually extends over several hundred 
meters to a few kilometers – from injector laser and photo cathode to the 

Figure 3. Sketch of a typical pump-probe setup combining X-rays and external laser pulses. The 
external laser beam (here: in the UV) is coupled in collinearly to the X-ray beam via a drilled 
mirror. Both beams are focused onto a supersonic molecular beam, and the resulting electrons 
or ions are detected by a time-of-flight or imaging spectrometer. Downstream of the interaction 
region, the arrival time jitter between the FEL and the external laser pulses is recorded by an 
X-ray/optical cross-correlator. Figure adapted from [89].
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experimental end-station – such that even the smallest temperature fluctua
tions will result in temporal drifts of hundreds of femtoseconds or more. 
Sophisticated synchronization and locking schemes have been developed to 
reduce the resulting temporal pulse-to-pulse jitter and longer-terms drifts to 
tens of femtoseconds [15,39–42]. Nevertheless, most of the early pump- 
probe experiments with FELs that relied on external lasers were limited to 
an effective temporal resolution of several hundred femtoseconds.

To overcome these practical limitations, various X-ray/optical cross- 
correlators and bunch arrival monitors have been developed to measure 
the relative arrival-time jitter between the FEL and the external laser pulses 
or another external master clock on a shot-by-shot basis (see Ref [43]. for an 
extensive list of references). This provides the ability to correct for the shot- 
by-shot timing jitter by sorting the external data through post-analysis, 
thereby allowing pump-probe experiments with external lasers with an 
effective synchronization of tens of femtoseconds or better [43,44].

Another scheme for X-ray – optical pump-probe experiments relies on 
externally seeding the FEL and on using the seed laser as an optical pump or 
probe laser, as it is realized, e.g. at the FERMI facility [6]. In this case, the 
intrinsic synchronization between the seed laser and the seeded FEL pulses 
significantly reduces the timing jitter.

Finally, a third alternative that is almost completely free of temporal jitter 
relies on the use of an additional undulator to generate (far-)infrared 
radiation by the same electron bunch that has produced the FEL radiation. 
The radiation from this far-infrared undulator can even be phase-stable 
with respect to the XUV or X-ray pulses, thereby allowing pump-probe 
experiments with extremely high temporal resolution, especially using the 
terahertz streaking technique [45] (see also Figure 5).

III. Femtosecond pump-probe experiments with free-electron lasers

A. Two-color experiments for pulse characterization

Since the temporal profile and pulse duration of FEL pulses produced by 
self-amplified spontaneous emission (SASE) is difficult to predict accurately 
and varies wildly on a shot-by-shot basis [9], one of the objectives of many 
of the early pump-probe experiments with FELs was the temporal charac
terization of the femtosecond XUV and X-ray pulses (see, e.g. Refs. [46–48] 
for early reviews). Often, these experiments were inspired by methods 
developed in the strong-field community for the characterization of femto
second and attosecond XUV pulses produced by high harmonic generation.

A direct and relatively simple way to determine the cross correlation 
between a femtosecond optical (often near-infrared) pulse and the FEL 
pulse – and, thus, the pulse duration of the FEL pulse (assuming the 
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duration of the optical pulse is known) – is by measuring ’sidebands’, or 
two-color Above Threshold Ionization (ATI), in the photoelectron spec
trum of rare-gas atoms, as shown in Figure 4. In the presence of an intense 
NIR laser pulse, the photoelectron produced by the FEL pulse can absorb 
additional NIR photons, which results in several side peaks to the main 
photoline, each spaced one NIR photon apart, similar to an ATI spectrum 
produced by laser-atom interaction in the multiphoton regime. The first 
sideband experiments with FELs were performed at FLASH [47–55] and 
shortly thereafter at LCLS [56], and exemplary results are shown in Figure 4.

A more complete characterization of the FEL pulse, in particular a direct 
measurement of its pulse profile, is possible via streaking measurements, 
again in close analogy to similar experiments performed with HHG [57]. 
Since the FEL pulses are typically longer than one optical cycle of a near- 
infrared laser, mid-IR or THz stretching fields are best suited for such 
experiments. Furthermore, because of the above-mentioned jitter between 
the FEL and external laser pulses, the two are not phase stable (as is usually 

Figure 4. Sidebands in the Xe(5p) photoelectron spectrum recorded at a photon energy of 
90.0 eV as a function of delay between the FEL and 800-nm NIR pulses. The inset shows 
a schematic representation of the two-color ATI process for 5p ionization of atomic Xe. Figure 
adapted from [47].
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the case for HHG streaking experiments), so the experiment needs to also 
determine the phase on a shot-by-shot basis and sort the data accordingly 
[58–61]. A beautiful way to circumvent this problem was developed at 
FLASH, where the electron beam used to generate the XUV pulse in the 
FEL undulator can be sent through an additional undulator that generates 
intense far-infrared/THz pulses that are phase stable with the FEL and can 
be used, e.g. for streaking experiments [45,62,63], as shown in Figure 5

Figure 5. Schematic of the experimental setup for a THz streaking experiment at FLASH (top) 
and the corresponding streaking trace (bottom) recorded as a series of kinetic energy spectra of 
Kr(4p) photoelectrons produced by a 13.5-nm FEL pulse in the presence of an intense THz field. 
The energy shift of the electrons as a function of the delay directly represents the vector 
potential of the THz field. Figure adapted from [45].
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As an alternative to the above techniques for pulse characterization, all of 
which rely on measuring some form of cross correlation with an external 
laser or THz source, several autocorrelation measurements have been per
formed with FEL pulses [21,24,48,64,65]. These require splitting the FEL 
pulse via specialized XUV or X-ray beamsplitters or split and delay units, as 
described in section II A.

B. Experiments on laser-aligned molecules

Inspired by sophisticated methods for laser-aligning gas-phase molecules 
developed in ultrafast laser laboratories around the world (see Ref [66]. for 
a comprehensive review), several experiments have attempted to transfer 
and adapt these methods for FEL experiments and to exploit the additional 
information available through the ensuing measurements in the molecular 

Figure 6. Fragment-ion angular distributions of adiabatically laser-aligned difluoroiodobenzene 
molecules probed by intense 11.6-nm (107 eV photon energy) FEL pulses as well as by strong- 
field ionization with an 800-nm laser pulse. The ion images were recorded with a velocity map 
imaging spectrometer. Figure adapted from [74].
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frame. Many of the early experiments of this type [39,67–69] used an 
impulsive alignment scheme, which allows an experiment on aligned mole
cules under field-free conditions (i.e. in one of the so-called revivals of the 
rotational wavepackets; see Ref [66].) but, in practice, often only provided 
a rather low degree of alignment. Other experiments obtained a higher 
degree of alignment (see Figure 6) by employing an adiabatic alignment 
scheme using nanosecond laser pulses [70–76], albeit at the expense of 
having a strong laser field present during the measurement. This turned 
out to be particularly problematic for experiments aimed at using photo
electron diffraction to probe molecular dynamics [70,72,73] since the strong 
laser field led to a broadening of the photoelectron lines, and it was also 
concluded that ionization or dressing of excited states may alter the mole
cular dynamics of interest [73,77,78].

Other photoelectron diffraction experiments therefore employed impul
sive alignment but suffered from the low degree of alignment that washed 
out most of the diffraction structure [79–81], while more recent experiments 
aimed at investigating molecular-frame photoelectron angular distributions 
employed electron-ion coincidence techniques [82,83] enabled by higher- 
repetition-rate FELs such as the European XFEL. With the projected 
increase of the available XFEL repetition rates by another three orders of 
magnitude at LCLS-II [84], electron-ion coincidence methods are expected 
to become increasingly important and will significantly enhance the infor
mation that can be obtained from time-resolved electron and ion spectro
scopy experiments, as outlined further in section IV.

C. Inner-shell ionization and charge transfer dynamics

By choosing an appropriate photon energy, the site- and element specificity 
of the inner-shell X-ray absorption process can be used to create a highly 
localized (core) hole in a polyatomic molecule. After Auger-Meitner decay 
of the core hole, which leads to two or more holes in the valence shell, this 
positive charge is often still highly localized before it starts spreading over 
the molecule via a charge transfer mechanism [85]. Inner-shell ionization or 
excitation is therefore well suited for initiating intramolecular charge trans
fer that can then be probed in a time-resolved experiment. A sketch of such 
an inner-shell pump-probe experiment studying charge transfer in a CH3 
I molecule is shown in Figure 7. At the photon energy of 1.5 keV employed 
in this experiment [86], photoabsorption occurs almost exclusively on the 
iodine atom via ionization of the I(3d) shell. An Auger-Meitner cascade 
then leads to a multiply charged molecular final state, which breaks up via 
Coulomb explosion after some of the positive charge has been transferred to 
the methyl group. In order to investigate how this charge transfer between 
the iodine atom and the methyl group depends on the distance between 
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Figure 7. Schematic illustration of an NIR-pump–X-ray probe experiment on CH3I investigating 
the distance dependence of intramolecular charge transfer. The bottom panels shows the 
delay- and distance-dependent yield of low-energy iodine ions (see text). Figure adapted from 
[86].
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these two moities, the pump-probe experiment used an additional near- 
infrared laser pulse to dissociate the molecule prior to the arrival of the 
X-ray pulse. Since the dissociation velocity is well known, the time delay 
between the NIR and X-ray pulse is therefore (to good approximation) 
linearly related to the distance between the iodine and the methyl fragment. 
At small delays and, thus, small internuclear distance, some of the positive 
charge created on the iodine atom after X-ray ionization can easily transfer 
to the methyl group (in practice, it is actually one or more electrons from the 
methyl group that transfer to the iodine atom to refill some of the valence 
holes), and the molecule will Coulomb explode. However, if at a later delay, 
the internuclear distance is larger than a certain ’critical distance’, charge 
transfer is no longer possible, and all the positive charge stays localized on 
the iodine atom. In that case, the experiment will detect a highly charged 
iodine ion with small kinetic energy due to the lack of Coulomb explosion. 
The bottom panel of Figure 7 shows the yield of these low-energy iodine 
atoms as a function of delay (bottom axis) and internuclear distance (top 
axis). A step-like increase in the yield can be seen at a certain internuclear 
distance that increases with the iodine charge state, in good agreement with 
the predictions from a classical over-the-barrier charge transfer model, 
shown as upside down triangles.

Similar charge transfer studies were also performed after I(4d) ionization 
[87,88], on UV-dissociated CH3I using both I(3d) [89]and I(4d) ionization 
[90–92], as well as on I2 [93,94], CH2IBr [95,96], and difluoroiodobenzene 
[43,90]. Furthermore, it was recently shown that intramolecular charge 
transfer can also be probed by ultrafast X-ray scattering, as demonstrated 
for the case of N,N’-dimethylpiperazine [97]. Finally, as a direct extension of 
experiments performed with attosecond and few-femtosecond HHG 
sources, ultrafast electronic dynamics in atoms and molecules were recently 
also studied by FEL-based transient absorption experiments [98,99].

D. Photochemistry

Many time-resolved experiments on gas-phase molecules that are con
ducted with FELs fall into the realm of (gas-phase) photochemistry, i.e. 
their goal is to study ultrafast light-induced chemical reactions such as 
photodissociation and isomerization processes. These reactions are often 
induced by photoabsorption into a neutral excited state and may involve 
transition through one or several conical intersections leading to the for
mation of the photoproducts; or they may occur on cationic or di-cationic 
potential energy surfaces and, thus, need to be triggered by photoionization. 
Investigations of light-induced dynamics in neutral molecules almost always 
requires a pump-probe arrangement with a synchronized external laser (see 
section II B), which is often converted into the visible or ultraviolet by non- 
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linear wavelength conversion. Dynamics in ionic states can often also be 
probed by an XUV–XUV or X-ray–X-ray pump-probe scheme, as discussed 
in section II A. Either one of these pump-probe schemes is then combined 
with photoelectron or ion spectroscopy or a photon-in photon-out techni
que such as X-ray absorption, X-ray emission spectroscopy, or X-ray scat
tering in order to detect a time-dependent signal from which information 
about the process of interest can be derived.

Since such gas-phase photochemistry experiments with FELs have experi
enced an explosion in popularity in recent years, only a few examples of the 
different flavors of such experiments will be highlighted in the following, 
and the interested reader is referred to the references for further perusing.

1. Time-resolved ion mass spectrometry and ion imaging
Time-resolved mass spectrometry is a well-established technique for ultra
fast photochemistry studies with table-top laser sources, which is easily 
applicable to FEL experiments. In addition to one of the pump-probe 
schemes discussed in section II, it only requires a simple ion time-of-flight 

Figure 8. Sketch of the isomerization reaction of an acetylene cation created by XUV ionization. 
The bottom panel shows the yield of C+ and CH2

+ fragments detected in coincidence (solid red 
line) after a second XUV pulse ionizes the molecule a second time. The dashed green line is a fit 
of an exponential function to the data, and the dotted blue line shows the yield of C2+ and C2+ 

fragments detected in coincidence (right y axis), which represents an autocorrelation signal. 
Figure adapted from [109].
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spectrometer, which was available in most of the early FEL end-station (see 
Refs. [100,101] for early reviews). However, significantly more information 
on the reaction of interest can be obtained from ion imaging experiments 
that record the kinetic energy and angular distribution (or sometimes also 
the full three-dimensional momentum information) of the emitted frag
ment ions, which, in some cases, are even detected in coincidence. Most of 
the experiments described in section III C were performed using various 
forms of time-resolved ion imaging. Other examples include experiments 
on neon dimers [102], argon clusters [103], and studies of ultrafast electro
nic relaxation [104], molecular dissociation [69,105,106], and isomerization 
reactions, e.g. in cyclohexadiene [107] or acetylene [108–110], as shown in 
Figure 8. In the example shown here, a first XUV pulse was used to ionize 
the acetylene molecule and trigger the isomerization reaction from the 
H-C-C-H to the C-C-H2 geometry. The formation of the latter was probed 
by recording the yield of C+ and CHþ2 fragments detected in coincidence 
after a second XUV pulse ionizes the molecule a second time. Other time- 
resolved ion spectrometry experiments using the XUV – XUV and X-ray – 
X-ray pump-probe schemes described in Section II A include studies on D2 
[111], N2 [24,112], Ne2 [113], XeF2 [31], CH3I [114], fullerenes [115], and 
Xe clusters [116].

While several of the experiments mentioned here were performed in an 
ion-ion coincidence mode, the development of high-repetition-rate FELs 
such as the European XFEL [16] and LCLS-II [84] will dramatically decrease 
the acquisition times required for multi-particle coincidence experiments 
detecting three or more ions [117–119], which makes multi-ion coincidence 
techniques promising candidates for future time-resolved experiments.

2. Time-resolved photoelectron spectroscopy
Similar to time-resolved mass spectrometry, which is discussed right above, 
time-resolved photoelectron spectroscopy (TRPES) is a commonly used 
technique for femtochemistry studies with table-top laser sources [120]. 
Applying TRPES to FELs has several advantages: Using an XUV or X-ray 
FEL pulse for the probe step allows for site- and element-specific probing via 
inner-shell ionization. And when probing via valence ionization, using 
a photon energy above the ionization potential of the target molecule and 
the possible photoproducts makes it possible to follow the molecular 
dynamics not just in the electronically excited state but also subsequent 
dynamics on the electronic ground state, which cannot be ionized by 
a single-photon absorption in the visible or UV domain. In principle, both 
of these advantages also apply to TRPES with HHG sources, but the lower 
photon flux of most HHG sources often poses a practical challenge for gas- 
phase TRPES studies, both for valence photoelectron spectroscopy but 
especially for inner-shell photoelectron spectroscopy. A drawback and 
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direct consequence of the high pulse energies at FEL sources, however, is the 
need to (often severely) attenuate the pulses in order to minimize multi
photon ionization and, in particular, to minimize broadening of the electron 
spectra due to space charge effects (i.e. to avoid the simultaneous generation 
of too many electrons in the interaction region, which would lead to 
substantial spectral broadening). Nevertheless, the acceptable count rates 
of several tens to hundreds of electrons per shot still exceeds by far the count 
rates that can be achieved in typical HHG-based experiments, thus giving 
the FEL experiments a clear edge over HHG experiments performed at 
comparable repetition rates.

Examples for time-resolved inner-shell photoelectron spectroscopy 
experiments with FELs include studies of the UV-induced dissociation of 
Fe(CO)5 [121] and CH3I [91], measurements of excited-state chemical shifts 
[122], the photoelectron diffraction experiments mentioned in section III B, 
as well as time-resolved Auger electron spectroscopy [123] and X-ray 
absorption measurements [124], as shown in Figure 9. Here, the electronic 
and nuclear dynamics of the nucleobasis thymine after UV excitation were 
probed locally via inner-shell ionization and subsequent Auger-Meitner 
decay of a highly localized core hole on the oxygen atom. The time- 
dependent Auger-Meitner spectrum shows an immediate blue shift right 
after photoexcitation (see region I in the right panel of Figure 9), that is 
interpreted as a signature of a C-O bond stretch upon photoexcitation on 
a timescale faster than the instrument response function. On a longer time 

Figure 9. Sketch of the UV-pump soft-X-ray-probe scheme applied to thymine (left). The 
electronic and nuclear dynamics induced by UV photoabsorption, which excites the molecule 
to the ππ� state, are probed by measuring the Auger-Meitner spectrum following oxygen 1s 
core-shell ionization in a magnetic bottle electron spectrometer. The panel on the right shows 
the difference between the Auger-Meitner spectrum with and without UV excitation as 
a function of pump-probe delay. Figure adapted from ([123]).
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scale, a red shift of the spectrum into region III is observed and attributed to 
population transfer from the ππ� to the nπ� state with a time constant of 
approximately 200 fs.

In contrast to the site-selective probing by soft X-ray core ionization in 
Figure 9, Figure 10 shows an example of FEL-based valence-shell TRPES. 
Here, the electronic relaxation and ring-opening dynamics of gas-phase 
thiophenone following UV excitation are probed by monitoring the change 
of the outer-valence spectrum, as shown in the sketch on the left-hand side 
of Figure 10. Photoemission from the electronically excited reactant mole
cule R* in the S2 state leads to a photoelectron signal that is upshifted in 
kinetic energy with respect to the reactant molecule in the S0 ground state. 
During the electronic decay through the S1 state, which is coupled to large- 
scale nuclear motion along the C-S ring-opening coordinate, the photoelec
tron intensity shifts gradually towards lower kinetic energy. It eventually 
reaches a new steady state corresponding to photoemission from the vibra
tionally hot ring-opened products P and P’ in their electronic ground states. 
This transient upshift of the photoelectron spectrum towards higher kinetic 
energy (i.e. lower binding energy), along with a depletion of the signal from 
ground-state thiophenone (red circles in the bottom panel) right at zero 
time delay, followed by a sweep of the photoelectron intensity towards 
higher binding energy is also seen in the experimental data shown on the 

Figure 10. Sketch of a UV-pump XUV-probe TRPES experiment on thiophenone (see text). The 
panel on the right shows the photoelectron spectrum in terms of binding energy (BE), cut right 
below the outermost-valence level, as a function of pump-probe delay, along with line-outs of 
the time-dependent photoelectron signal in the BE regions corresponding to ground-state 
thiophenone (red), photoproducts (green), and thiophenone in the S2 excited state (blue). 
Figure adapted from ([125]).
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right-hand side of Figure 10. The associated time scales are in good agree
ment with ab initio molecular dynamics calculations [125].

A few years prior to the experiment shown in Figure 10, a similar valence- 
shell TRPES study was performed on UV-excited acetylacetone, probing the 
coupled electronic and nuclear dynamics on a time scale of several hundred 
femtosecond to tens of picoseconds [126]. Both of these experiments were 
done with a seeded FEL [6], which provides a much narrower spectral 
bandwidth than other FEL facilities that are based on SASE. This is parti
cularly crucial for photoelectron spectroscopy since the photon energy 
bandwidth (and photon energy jitter), which are typically on the order of 
0.5% to 1% for SASE FELs, directly affect the spectral resolution of the 
measurement. However, a new type of correlation analysis dubbed ’spectral 
domain ghost imaging’ was shown to alleviate this limitation, thus opening 
the door for high-resolution photoelectron spectroscopy also with SASE- 
based FELs [127–129]. The method requires a simultaneous high-resolution 
measurement of the fluctuating XUV or X-ray spectrum for each FEL pulse 
along with recording the shot-by-shot photoelectron spectrum and uses the 
statistical correlation between the two to achieve sub-bandwidth spectral 
resolution in the photoelectron spectrum.

3. Ultrafast X-ray scattering
Even though ultrafast X-ray scattering and coherent diffractive imaging on 
solids, liquids, nanocrystals, nanoparticles, and clusters [130–133] have 
been hallmarks of XUV and X-ray FELs since their inception, the applica
tion of these techniques to gas-phase photochemistry applications is 

Figure 11. Schematic of a gas-phase ultrafast X-ray scattering experiment on 
N-methylmorpholine (NMM). The molecules interact with the UV-pump pulse and the hard- 
X-ray probe pulse in a windowless gas cell inside a vacuum chamber, and the time-resolved 
scattering images are recorded with a large-area X-ray imaging detector. The insets show 
difference images of the scattering patterns at several time delays. Figure taken from ([136]).
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a relatively new addition to the portfolio of time-resolved FEL experiments. 
While some initial X-ray scattering experiments were performed on laser- 
aligned molecules in supersonic molecular beams [71,76], the vast majority 
of time-resolved experiments use much denser targets in a gas cell to achieve 
the signal levels required for ultrafast high-resolution X-ray scattering 
[134–138].

The molecular systems studied with ultrafast X-ray scattering to date 
range from diatomics such as vibrationally excited and dissociating I2 
[135,138] to organic ring molecules such as cyclohexadiene [134,137,139] 
and other organic molecules with close to 20 atoms or more, such as N,N’- 
dimethylpiperazine [97] and N-methylmorpholine [136], as shown in 
Figure 11. In these most recent experiments, bond distances were deter
mined with 0.01-Ångström precision, and different product geometries as 
well as signatures of coherent vibrational motion and charge transfer were 
identified [97,136].

IV. Future perspectives

While time-resolved experiments with FELs have made tremendous pro
gress over the last two decades, exciting new opportunities continue to arise 
as the capabilities of the FEL sources continue to evolve [140,141]. For 
example, the demonstration of attosecond soft and hard X-ray pulses at 
LCLS [60,142,143] and single-spike SASE operation in the XUV [62] will 
enable new experiments studying ultrafast electron and hole dynamics, 
which have, so far, been primarily conducted with HHG sources. Indeed, 
recent experiments at FLASH and LCLS used X-rays to create and monitor 
correlated electron dynamics in inner-shell ionized argon atoms [65], elec
tronic wave packets in an amino acid glycine [144], electron hole dynamics 
in isopropanol [145]; and electronic population transfer via impulsive 
stimulated X-ray Raman scattering with attosecond soft-X-ray pulses 
[146]. Attosecond X-ray pulses were also used to clock the emission of 
Auger-Meitner electrons in neon [61] and to probe attosecond coherent 
electron motion during Auger-Meitner decay in nitric oxide [147]. Along 
with new schemes for generating phase-stable XUV and X-ray pulse pairs 
[32–36], these developments may enable the application of coherent (multi
dimensional) spectroscopy at FELs for dynamic studies in the gas phase, as 
suggested, e.g. in pioneering theoretical work by Mukamel and coworkers 
[37,148,149]. It can thus be expected that phase-sensitive spectroscopy 
applications making use of the temporal coherence properties provided by 
advanced FEL schemes will soon become an important tool for dynamic 
studies focusing on decoherence processes, entanglement and related phe
nomena such as quantum state tomography.
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Furthermore, as the repetition rates of new FEL facilities are increasing 
by one to four orders of magnitude compared to the ’first-generation’ FELs 
that operated with tens to a few hundreds of pulses per second (gas-phase 
pump-probe experiments at the European XFEL are now routinely per
formed with approximately 1000 pulses per second; and the currently 
ongoing upgrade to a superconducting accelerator at LCLS combined 
with an upgrade of the pump-probe lasers will soon enable time- 
resolved experiments with 30 to 100 kHz and eventually with up to 
1 MHz), the required acquisition times for pump-probe experiments will 
decrease enormously, enabling more systematic explorations, e.g. of the 
dependence of atomic and molecular dynamics on the pump-pulse para
meters. It also promises to be a game-changing advance for notoriously 
‘repetition-rate hungry’ multi-particle coincidence experiments and other 
‘multi-messenger’ approaches. Indeed, only very few electron-ion coinci
dence experiments, for example, have been performed with FELs to date 
[82,83,150,151]. The increased repetition rates combined with dedicated 
multi-particle coincidence end-station such as the reaction microscope at 
the SQS instrument at the European XFEL or the DREAM end-station at 
the TMO instrument at LCLS will finally make this powerful method 
a viable option for time-resolved experiments. It will also enable time- 
resolved Coulomb explosion imaging experiments performed in a multi- 
particle coincidence mode [117–119,152,153], as briefly mentioned in 
section III D 1. While the full 1-MHz repetition rate of LCLS-II might 
be challenging for ion-time-of-flight-based experiments since it only 
allows for a 1-microsecond detection window between subsequent X-ray 
pulses, thus severely limiting the achievable mass and momentum resolu
tion, a 100-kHz repetition rate – corresponding to a 10-microsecond 
detection window – will most likely be ideal for these experiments.

In addition to the advances on the accelerator and X-ray side, another 
important development for pump-probe experiments is the push to provide 
more flexible wavelengths and shorter pulse durations for the external pump 
laser pulse. Combined with the need for higher repetition rates to match 
those of the FEL sources, this poses a formidable challenge for conventional 
laser technology and has therefore continuously risen in the R&D priorities 
at FEL facilities. Indeed, several recent experiments, most of them still 
unpublished to date, have used pump-pulses in the visible or UV produced 
by an OPA or few-cycle NIR pulses produced in a hollow-core fiber com
pressor. Some experiments have even been performed combining high 
harmonic generation with FELs [154,155]. All of these developments pro
mise a bright future and exciting years ahead for FEL-based experiments 
exploring electronic and nuclear dynamics in gas-phase atoms and 
molecules.
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