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The Alvra experimental station at the Swiss X-ray free-electron laser, SwissFEL,

investigates ultrafast dynamics in chemical and biological systems using X-ray

scattering and spectroscopy techniques. A key feature of Alvra is its unique

capability to perform time-resolved X-ray emission and resonant inelastic X-ray

scattering in the tender X-ray regime, currently not available at other XFEL

endstations, combined with simultaneous access to X-ray absorption spectro-

scopy and X-ray solution scattering. Together with sub-35 fs time resolution

enabled by advanced timing diagnostics, this positions Alvra as a versatile

instrument for ultrafast chemical dynamics in the liquid phase. Here we cover

the various technical aspects of the beamline and experimental station, and

present some examples of experimental results measured during the first years

of SwissFEL commissioning and user operation.

1. Introduction

Time-resolved X-ray spectroscopy and scattering are invalu-

able techniques for the study of chemical dynamics, enabling

the direct visualization of structural and electronic changes

during photoactivated chemical reactions and biological

processes (Li et al., 2017; Consani et al., 2014; Scholes et al.,

2017; Chen et al., 1997; Wernet et al., 2015; Öström et al., 2015;

Mara et al., 2017; Kjaer et al., 2018). In the last 15 years, since

the advent of X-ray free-electron lasers (XFELs), pulses of

unprecedented peak brightness and ultrashort duration across

a large range of photon energies have made it possible to

observe ultrafast processes with previously inaccessible

temporal resolution when employing X-rays. After the

successful proof-of-principle experiments at third-generation

synchrotron light sources (Huse et al., 2011; Vankó et al., 2006;

Vankó et al., 2013; Saes et al., 2003), photon-hungry techniques

such as K�, K� and valence-to-core (VtC) X-ray emission

spectroscopy (XES) and resonant inelastic X-ray scattering

(RIXS) have also been extended into the time domain and are

now routine measurements at XFELs.

These rapid developments have paved the way for the

comprehensive understanding of ultrafast processes, such as

spin crossover (SCO) dynamics (Bressler et al., 2009; Auböck

& Chergui, 2015), intramolecular charge and energy transfer,

excited state structural deformations, among others, in both

model systems and complex chemical species in solution

(Bressler et al., 2009; Lemke et al., 2013; Huse et al., 2011; Yong

et al., 2021; Gaffney, 2021). For instance, Zhang et al. (Zhang et

al., 2014) used time-resolved K� XES to observe SCO

dynamics in a model iron complex, providing direct evidence
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of the interplay between electronic and structural changes

during the photoinduced transition from a low spin (LS) state

to a high spin (HS) state, thus establishing a benchmark for the

identification of high-spin intermediates.

Combining techniques, such as X-ray absorption spectro-

scopy (XAS) and XES, has also proven to be a powerful

approach to elucidate the details of dynamics in chemical and

biologically relevant systems (Dell’Angela et al., 2013; Kunnus

et al., 2016). At the Alvra endstation, this was employed in

the study of cytochrome C, where ultrafast XAS and XES

experiments have demonstrated that photoexcitation of the

ferric form of the protein induces a cascade through excited

spin states of iron, leading to doming of the heme plane

(Bacellar et al., 2020; Bacellar et al., 2023), challenging

previous assumptions about electronic relaxation in ferric

hemes (Mara et al., 2017). Photo-triggered chemical reactions

in the electronic ground state have also been closely followed

with X-ray spectroscopy techniques. Recent studies also

performed at Alvra have used ultrafast XAS and RIXS to

track charge-transfer interactions during alkane C–H activa-

tion by a rhodium complex, revealing how alkane-to-metal

donation and metal-to-alkane back-donation influence

complex stability and bond cleavage (Jay et al., 2023; Banerjee

et al., 2024; Lim et al., 2025).

The limits of what is achievable in terms of signal-to-noise

ratio (SNR) and time resolution are constantly evolving. To

fully benefit from the unique beam properties of XFELs,

specialized beamlines have developed around specific scien-

tific and technical needs. Within this landscape, SwissFEL

came into user operation in 2019 (Prat et al., 2020; Milne et al.,

2017a). SwissFEL currently operates two branches: the hard

X-ray branch, Aramis, with three experimental stations

(Alvra, Bernina and Cristallina), and the soft X-ray branch,

Athos, with two (Furka and Maloja). This paper describes the

cylindrical liquid jet capabilities and future developments at

the Alvra experimental station, which is focused on ultrafast

chemistry and biology experiments using X-ray techniques.

We first cover a brief overview of the facility, beamline

components, and photon diagnostics elements. We also

provide details on the experimental station sample environ-

ments, detector, and the various auxiliary pieces of hardware

available for user experiments at Alvra. Finally, we give

representative examples of measurements performed at the

experimental station, thereby demonstrating the different

experimental configurations available.

2. The SwissFEL facility

The SwissFEL XFEL facility is located at the Paul Scherrer

Institute (PSI), the Swiss national laboratory center for large-

scale user facilities. It is the latest accelerator-based facility to

come into operation at PSI and is one of the most recent

XFELs to come into user operation. The linear accelerator of

SwissFEL generated its first XFEL radiation in November

2017. After one year of commissioning and pilot phase

experiments, Aramis started user operation in January 2019.

To date, it has completed over 100 user experiments distrib-

uted across its three experimental stations. In 2021, the Athos

branch was opened to the user community and began opera-

tion with two experimental stations, with a third under

commissioning at the time of publication.

2.1. X-ray source

The key features of SwissFEL are its stability, compactness

and consequent reduced building and operation costs (Prat et

al., 2020). The three-stage copper linear accelerator of

SwissFEL consists of an S-band photo-injector and three C-

band booster sections that increase the electron energy up to a

maximum of 5.8 GeV at a nominal electron bunch charge of

200 pC. Peak currents of almost 3 kA are reached by

compressing the bunch charge with a two-stage magnetic

bunch compressor (BC) located after the injector (BC1) and

after the first linac (BC2).

The design of the machine allows for the acceleration of two

electron bunches within the radiofrequency (RF) pulse dura-

tion of 23 ns. These two bunches can be sent to the two

branches of the accelerator using a fast electron kicker,

simultaneously driving two XFELs operated in self-amplified

spontaneous emission (SASE) mode at 100 Hz: the hard X-ray

Aramis undulator (0.1–0.7 nm, corresponding to about 1.8–

13 keV) at 5.8 GeV and the soft X-ray Athos undulator (0.65–

5 nm, i.e. 0.26–1.9 keV) at 3.0 GeV.

The Aramis branch utilizes variable-gap in-vacuum undu-

lators, which feature the shortest period (15 mm) among all

XFEL facilities, to generate linearly, horizontally polarized

X-rays with a bandwidth � 0.2% for any photon energy over

the entire 2–12.4 keV energy range in normal SASE mode. A

special mode of operation, delivering large bandwidth pulses

with a spectral width up to 3.5% bandwidth, has also recently

been demonstrated (Reiche et al., 2023; Nass et al., 2021;

Fadini et al., 2020; Juranić et al., 2024).

Electron beam arrival moninors (BAMs) are installed along

the electron accelerator. The most relevant ones are located

just after each BC and at the end of the undulator line, with

the purpose of providing shot-to-shot electron bunch arrival

time information with an accuracy of the order of a few

femtoseconds (Löhl et al., 2010). In addition, a post-undulator

passive wakefield streaker is used to measure the single-shot

temporal profile of both the electron and the XFEL pulses

with femtosecond resolution (Bettoni et al., 2016; Dijkstal et

al., 2022). This approach consists of streaking the electron

beam using the wakefields of a corrugated structure and

represents an alternative approach to the more established

method of using an X-band (�12 GHz) RF transverse

deflector (TD) for streaking (Ding et al., 2011; Behrens et al.,

2014). Compared with the TD method, passive streaking

offers inherent stability against arrival-time jitter and requires

simpler, more cost-effective hardware.

2.2. X-ray optics and diagnostics

Fig. 1 shows a schematic layout of the Alvra instrument and

beamline, part of the Aramis hard X-ray branch. It illustrates

the main X-ray optics and diagnostic elements employed to

beamlines
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steer and characterize the XFEL beam from the undulators to

the experimental station (Follath et al., 2016).

Immediately following the Aramis undulator section and

the electron beam dump, a high-transmission ionization

chamber (gas monitor) passively measures the intensity and

pointing of the SwissFEL pulses in a single-shot manner. If

properly calibrated, this gas monitor can operate over the

entire energy range of the XFEL and can quantify the abso-

lute X-ray intensity for each pulse with an accuracy of about

10% (Juranić et al., 2018).

The last device installed in the accelerator tunnel is a single

shot X-ray spectrometer (PSSS). This device measures the

single shot spectra of the XFEL for photon energies over the

range of 4–13 keV, with a resolution �E/E = (2–5) � 10� 5

over a bandwidth of 0.5% (Rehanek et al., 2017). It utilizes

a thin diamond transmission grating to diffract light into

multiple orders in the horizontal plane (David et al., 2021).

The first-order diffracted beam is dispersed by a bent Si crystal

onto a Ce:YAG scintillator and imaged by a fast frame imaging

camera.

The XFEL beam mode and size can be measured along the

beamline with a series of Photon Profile Monitors (PPRMs),

based on Ce:YAG scintillators imaged by a camera. These

PPRMs are are largely destructive and are therefore used

predominantly during the machine setup and alignment to

check the beam mode and trajectory. Three sets of slits located

at various distances from the end of the undulator line (44, 104

and 120 m, respectively) define the default X-ray trajectory.

The XFEL pulse position and intensity can be measured non-

destructively with intensity and position monitors [photon

beam position sensors (PBPSs) (Tono et al., 2011)] placed at

various locations along the beamline. These devices provide

an online diagnostic and can be used as feedback sensors to

correct long-term pointing and intensity drifts.

Solid state attenuators (based on silicon and diamond

filters) can be used to reduce the XFEL intensity. A first

attenuator unit is located just after the gas monitor on the part

of the beamline shared between the three Aramis instruments.

A second unit is placed in each of the experimental hutches a

few meters before the sample interaction point.

The Aramis optical beamline design enables efficient

switching of the XFEL beam between the three experimental

stations Alvra, Bernina and Cristallina. The Alvra beamline

propagates on the left in the horizontal direction from the

straight trajectory defined by the Aramis undulators. Two

consecutive offset mirrors deflect the beam horizontally for a

total deflection of about 6 mrad (3 mrad from each mirror).

In order to increase the reflectivity over the full Aramis

photon energy range and beyond, the mirrors are coated with

low-Z (10 nm B4C on top of 36 nm SiC) and mid-Z (15 nm

B4C on top of 20 nm Mo) bi-layers. At a deflection angle of

3 mrad, these coatings extend the X-ray reflectivity cutoff

relative to bare Si from approximately 10–13 keV to almost

20 keV.

A double-crystal monochromator (DCM) can be inserted

into the X-ray beam path to filter monochromatic light at a

chosen wavelength, out of the full SASE XFEL spectrum. The

DCM has three pairs of crystals mounted on a common Bragg

rotation stage covering a range of incidence angles between 5�

and 80�. With the standard set of Si(111) crystals, a resolving

power E/�E ’ 10000 (relative bandwidth � 0.01%) is

achieved over the entire Aramis photon energy range. An

additional pair of high energy resolution crystals Si(311) can

be used to increase the resolving power to E/�E ’ 40000

(relative bandwidth 0.003%). Alternatively, a set of InSb(111)

crystal pair can be used for high photon throughput at the cost

of lower resolving power E/�E ’ 3000 (relative bandwidth

0.04%). Fig. 2 compares the transmission through the DCM

beamlines
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Figure 1
Schematic layout of the Aramis Alvra beamline. The X-ray optics consists of a set of offset mirrors, a double-crystal monochromator (DCM) and a pair
of focusing (KB) mirrors. The XFEL beam trajectory is defined by multiple aperture sets positioned along the beamline. The beam profile and size can be
monitored at several locations using PPRMs based on Ce:YAG scintillators. The incident X-ray flux is controlled using solid-state diamond and silicon
attenuators. Single-shot XFEL pulse position and intensity are measured non-destructively in the accelerator tunnel using a gas-based ionization monitor
and at various points along the beamline using photon beam position sensors (PBPSs) relying on X-ray back-scattering from thin solid targets. Reduced
repetition rates or user-defined XFEL pulse sequences can be selected using a pulse picker.



when pairs of Si(111) or InSb(111) crystals are used. Fig. 2(a)

demonstrates the expected four-fold increase in flux. The

lower energy resolution for the higher transmission crystal

pair can be seen in Fig. 2(b) where X-ray absorption near-edge

structure (XANES) spectra measured using each pair of

crystals for the reference sample sodium thiosulfate Na2S2O3

at the S K-edge are compared. The width of the white-line

peak at 2470.5 eV is approximately 20% broader when the

InSb(111) pair of crystals are used.

The DCM geometry with translation perpendicular to the

second crystal surface enables an adjustable beam offset up to

32 mm. A set of additional vertical offset mirrors is used to

align the trajectory of the monochromatic beam with that of

the full SASE pink beam. In the tender X-ray regime, these

mirrors – which have part of their surface left as uncoated

silicon – can also be used as harmonic rejection mirrors

(HRM).

An X-ray pulse picker is installed in the beamline down-

stream of the HRM. This device is designed to selectively

transmit specific XFEL pulses at a frequency lower than the

standard 100 Hz SwissFEL repetition rate, or according to a

user-defined pulse sequence. In addition to this continuous,

‘low-frequency’ mode, the pulse picker can also operate in a

‘burst’ mode, in which one or more XFEL pulses are trans-

mitted on demand.

The last X-ray optical element before the sample interac-

tion chamber is a pair of bendable Kirkpatrick–Baez (KB)

focusing mirrors (Kirkpatrick & Baez, 1948) located at 1.4 m

(horizontal axis) and 2.2 m (vertical axis) upstream of the

nominal sample interaction point.

The KB mirrors enable achromatic focusing of the XFEL

beam with high transmission across the entire Aramis energy

range, thanks to their operation at grazing incidence angles.

These angles can be set to achieve a total deflection between 8

and 12 mrad. At the primary sample interaction point, the

XFEL spot size can be independently adjusted in the hori-

zontal and vertical directions, with achieved beam sizes

ranging from 1 mm (tightest focus achieved at 12 keV photon

energy) up to �800 mm (collimated beam).

3. The Alvra instrument

3.1. Alvra Prime and Alvra Flex

The Alvra instrument consists of two endstations designed

for time-resolved X-ray scattering and spectroscopy experi-

ments: Alvra Prime and Alvra Flex. Alvra Prime operates

under vacuum, helium or nitrogen atmosphere and is

equipped with a large 2D 16M JUNGFRAU (Mozzanica et al.,

2018) scattering detector. Additionally, it incorporates a short-

radius (25 cm) four-crystal X-ray emission spectrometer

assembled in a cylindrical von Hamos geometry (Szlachetko

et al., 2012), which images emission photons onto a 4.5M

JUNGFRAU detector (see Fig. 3). The spectrometer is

equipped with a set of interchangeable diffraction crystals that

can be installed on both Prime and Flex and are selected

according to the target photon energy, covering the full

Aramis energy range (Milne et al., 2017b).

The Prime chamber is mounted on a motorized rail that

enables movement perpendicular to the XFEL beam. This

allows the 16M detector to be positioned in two distinct

scattering geometries [Fig. 3(b)]: one in which the XFEL beam

is aligned with the center of the detector and a second in which

the beam is shifted towards the left edge of the JUNGFRAU

16M detector by 12.5 cm. The former configuration allows

fully symmetric scattering measurements, with an upper limit

of momentum transfer, q, of approximately 7 Å� 1 at 13 keV.

The latter configuration enables access to higher values (q ’

8 Å� 1 at 13 keV), albeit with a radial profile asymmetric in

the horizontal direction. Moreover, such an arrangement is

compatible with a wide range of Bragg angles accessible in the

von Hamos emission spectrometer and enables simultaneous

experiments combining both X-ray scattering and emission

measurements.

Two additional small chambers are installed along the

beamline before and after the Prime chamber, see Fig. 3. They

contain a series of solid targets used for a spectral encoder

time tool (Bionta et al., 2011; Bionta et al., 2014; Harmand et

al., 2013). These devices enable single-shot, non-destructive

measurements of the difference in arrival time between the

beamlines
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Figure 2
(a) Averaged SASE spectrum measured after the DCM aligned with Si(111) (orange solid line) and InSb(111) (blue solid line) crystal pairs, showing the
fourfold increased transmission. (b) XANES ground state spectra of the reference sample sodium thiosulfate (Na2S2O3) measured at the sulfur K-edge:
the use of the lower resolution InSb(111) crystal pair broadens by about 20% some of the spectroscopic features.



experimental laser and the X-ray pulses, described in detail in

Section 3.2.3.

At the interaction region, different types of sample injectors

can be installed, including some specifically designed for serial

femtosecond crystallography (SFX) sample delivery, such as

a high viscosity extruder (HVE) (Weierstall et al., 2014). A

recirculating liquid jet system is used for the delivery of

solutions and other liquid samples, including nanoparticle

suspensions at both the Prime and Flex endstations. Cylind-

rical jets of varying thicknesses (15, 25, 50, 75, 100 and 200 mm)

as well as thin (�30 mm) and thick (�100 mm) flat-sheet

jets are available and a drop-on-demand system is under

commissioning at the time of publication. When using the

cylindrical or flat-sheet jets, samples are pumped through the

nozzle using a combination of high-performance liquid chro-

matography (HPLC) or syringe pumps (depending on the

application) at average flow rates of 0.5–3.0 ml min� 1.

Samples are then collected in a Teflon catcher tube and

pumped back into their reservoir using peristaltic pumps. This

system can be completely closed to the atmosphere, enabling

the handling of oxygen- and water-sensitive samples. Most

experiments make use of the cylindrical liquid jets and can be

run with sample aliquots of 20–30 ml. However, for specific

applications these jets can be run with volumes as low as 5 ml.

A mobile UV-Vis spectrometer loop is also available to

monitor the sample constitution in real time during the

experiments.

The Alvra Flex endstation is located downstream of Prime.

It features a motorized table and supports the installation of

user-supplied experimental chambers. Flex is equipped with a

versatile X-ray emission spectrometer that can be configured

in both vertical and horizontal geometries. The spectrometer

employs up to three bent diffraction crystals to achieve a large

solid-angle acceptance and can cover Bragg angles in a range

from approximately 40� to 85�. The emitted radiation can be

recorded on a 0.5M JUNGFRAU ‘stripsel’ detector, which

offers a reduced pixel size of 25 mm � 225 mm along the

dispersion direction, enabling enhanced energy resolution.

3.2. Experimental laser capabilities and timing diagnostics

To initiate the photochemistry or photoinduced biological

processes under study at the Alvra Prime or Flex endstation,

an experimental laser system providing femtosecond pump

pulses with wavelengths tunable from the UV to the near IR

(240 nm to 2600 nm) is available. This laser system also

generates the probe source for spectral encoding timing

diagnostics employed to correct for instantaneous jitter and

slow drift observed between the Aramis hard X-ray pulses and

the experimental laser pump pulses at the interaction region.

3.2.1. The experimental laser system

The experimental laser for the Alvra endstation comprises a

Ti:sapphire-based system from Coherent Inc. A regenerative

amplifier (Legend Elite) seeded by a Ti:sapphire oscillator

(Vitara) is further amplified in two Ti:sapphire amplifier stages

to provide upwards of 20 mJ pulses having a central wave-

length of 800 nm, a bandwidth of 40 nm (FWHM), and a pulse

duration of 35 fs (FWHM) upon optimal compression, with a

repetition rate of 100 Hz. As 800 nm is not a wavelength

broadly useful for initiation of most photochemical reactions,

different options for conversion to other wavelengths are

available at the endstation.

3.2.2. Frequency conversion options from the fundamental

Chromophores of all types are under study at the Alvra

endstation, see Fig. 4, and as such multiple options for

frequency conversion from the near-IR fundamental are

needed depending on the pump pulse parameters of interest.

For experiments where a direct harmonic of the fundamental

is sufficient, second and third harmonic generation (to 400 nm

and 266 nm, respectively) are readily available through

nonlinear conversion of the fundamental in BBO crystals.

More commonly, however, a commercial optical parametric

amplifier (HE TOPAS; Light Conversion, UAB) is employed,

offering tunable pulses with central wavelengths between

240 nm and 2.6 mm. These pulses are typically not compressed,

beamlines
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Figure 3
Isometric (a) and top (b) view of the Alvra Prime endstation, equipped with two JUNGFRAU 2D detectors for scattering and emission experiments.



and as a result of material dispersion through conventional

optics [e.g. a variable optical density (OD) filter for attenua-

tion, appropriate wave plates for polarization control, cut-off

filters to remove residual fundamental light if needed, a lens

for focusing the pump at the interaction region, and the

window to enter the Alvra prime chamber] the pulse durations

of the harmonics or the optical parametric amplifier (OPA) at

the sample position are typically �100 fs FWHM. For the

conventional focusing conditions in the Alvra Prime chamber

(generally having FWHM diameters of 40–150 mm, depending

on the experiment requirements), �10 mJ of pump photons

are delivered to the interaction region which is readily avail-

able from either the harmonics or the OPA.

For scenarios where higher temporal resolution is needed,

multiple options are under development based on spectral

broadening of the fundamental (Xie et al., 2021) or second

harmonic (Xie et al., 2024), or a home-built noncollinear

optical parametric amplifier for ultrashort pulses tunable in

the visible (Johnson et al., 2011). These sources are

compressed via chirped mirrors (specific for each wavelength

range) to between 10 and 15 fs (FHWM) at the interaction

region. Owing to the challenges associated with pulse

compression and the high peak powers which result, these

sources may not be suitable for all experiments and are

available under special circumstances.

3.2.3. Timing diagnostics

All of the pulsed laser systems at SwissFEL are locked to a

master oscillator reference via phase-locked loops. The master

oscillator reference shows an integrated phase stability of

�10 fs when measured between 10 Hz and 10 MHz. The

slaved oscillators at the electron gun and experiment ends of

the facility have �15 fs and �25 fs integrated phase noise,

respectively. Owing to this intrinsic jitter of each of the pulsed

laser sources at SwissFEL, and to the spontaneous nature of

the SASE process to generate X-ray radiation in the undulator

line of Aramis, the arrival time between the experimental laser

and the X-rays has an intrinsic shot-to-shot uncertainty which

must be measured independently to achieve the best possible

temporal resolution. This is done either before and/or after

the interaction region via spectral encoding (Harmand et al.,

2013). The dedicated spectral encoding devices consist of thin

solid targets (typically 5 mm thick silicon nitride membranes,

or 20–30 mm thick YAG crystals) which, upon excitation by the

Aramis hard X-rays, exhibit a transient reflectivity change. A

chirped white light supercontinuum pulse generated in a

sapphire substrate acts as the arrival time probe, encoding in

the transmitted spectrum the relative arrival time as a drop in

intensity at a particular wavelength, as measured by a grating

spectrometer. Through calibration of the temporal profile of

the chirped supercontinuum probe, accurate arrival time

information with �2 fs resolution is possible. This value

represents the maximum accuracy with which arrival times can

be inferred by the time tool and should not be interpreted as

the overall temporal resolution achievable in an experiment.

Fig. 5 shows a plot of the typical jitter between the optical laser

and X-rays beams (12 keV pink X-ray photons, using a 20 mm

YAG target in the downstream spectral encoding chamber),

showing a normal distribution with a �30 fs r.m.s. deviation

on 1000 shots.

Equally important to the instantaneous jitter between the

X-rays and optical beam, slow drift arising due to atmospheric

changes (predominantly through changes in ambient air

pressure, but relative humidity and temperature can also play

a role) results in non-trivial changes in the optical path length

and index of refraction for the experimental laser pulses,

leading to timing drifts on the order of 100 fs on hours-to-days

timescales. To mitigate these effects, a feedback system

monitors the output of the spectral encoding timing diag-

nostics and translates a mechanical delay stage on the

fundamental beam, keeping the arrival time fixed within the

beamlines
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Figure 4
Representative selection of molecular and biological chromophores studied at the Alvra endstation at SwissFEL. Shown among others are heme and
retinal proteins, organometallic complexes, metal centered photocatalysts and photosensitizers. The vertical lines indicate approximate absorption
maxima, highlighting how the various chromophores exhibit light absorption and photo-activity across a broad range of wavelengths spanning from the
ultraviolet to near-infrared spectral range.



instantaneous jitter window. As a low repetition rate XFEL,

photon-hungry experimental methods at SwissFEL require

long acquisition times to achieve sufficient SNR, and thus the

use of feedback on the arrival time information from the

timing diagnostics is crucial to realize high temporal resolution

of the ultrafast processes of interest.

The Alvra beamline is equipped with two spectral encoder

time tools, located before and after the Prime experimental

station, see Fig. 3. Depending on the constraints of the

experimental setup, either the upstream, the downstream or

both devices are inserted into the beam path and put in

operation. It has been demonstrated that they can provide

signal levels good enough to reliably correct slow drifts and

extract instantaneous jitters over the entire photon energy

range of the Aramis branch, either with the pink or mono-

chromatic beam.

3.3. Techniques and data examples

In this section we will present some of the experimental

results obtained at the Alvra endstation during the early years

of SwissFEL’s commissioning and operation. We will limit

the discussion to the endstation capabilities for liquid sample

delivery, employing time-resolved X-ray spectroscopy (XAS

and XES, RIXS) and X-ray solution scattering (XSS). Serial

femtosecond crystallography, despite also being a commonly

used technique at Alvra (Skopintsev et al., 2020; Mous et al.,

2022; Wranik et al., 2023; Gruhl et al., 2023; Christou et al.,

2023; Cellini et al., 2024; Barends et al., 2024), is beyond the

scope of this paper and will be described separately in a future

publication.

3.3.1. X-ray absorption spectroscopy

XAS is an element-specific and local bonding-sensitive

technique that determines the partial density of the unoccu-

pied states of the target system (Yano & Yachandra, 2009). As

such, XAS has become one of the most fundamental techni-

ques used to measure atomic-scale structures with angstrom

precision, even in amorphous media like liquids.

XANES refers to the region of the XAS spectrum near an

element’s absorption edge, where the largest variations in the

X-ray absorption coefficient and consequently intense, narrow

resonances are found. When performed in a time-resolved

manner, tr-XANES gives insight into the dynamical changes

of both structural and electronic configurations in various

chemical and biological systems like solvated ions, active

centers in proteins and metal based molecular species

(Gawelda et al., 2007; Chen et al., 2007; Lemke et al., 2013;

Bacellar et al., 2020).

The Fe metal center complex [Fe(1,10-phenanthroline)3]2+

[Fe2+(phen)3] belongs to the last category and is known to be

one of the systems that exhibits an SCO mechanism (Kaba-

nova et al., 2024). SCO is a phenomenon for which the spin

state of the metal complex changes due to an external exci-

tation, which could be provided by a change of temperature,

pressure or induced by a laser pulse. As reported extensively

in the literature (Hauser, 2004; Bressler et al., 2009; Cannizzo

et al., 2010; Auböck & Chergui, 2015; Lemke et al., 2017),

the photoexcitation of such systems induces the population

of an electronic metal-to-ligand charge transfer (MLCT) state,

which decays to an HS state within a few hundred femtose-

conds, from which the system relaxes back to the ground state

after several hundreds of picoseconds. The population of the

HS state is accompanied by the formation of a coherent

vibrational wave packet, which is encoded in the transient

XANES spectra as a series of damped oscillations with a

characteristic period of hundreds of femtoseconds.

We performed a pump–probe experiment using ultrashort

optical laser pulses as the pump and X-ray pulses as the probe.

The former pulses were generated by the home-built non-

collinear optical parametric amplifier (NOPA) with a pulse

duration of approximately 8 fs (FWHM), measured with a

transient-grating frequency-resolved optical gating (TG-

FROG) setup (Sweetser et al., 1997). The X-rays were

produced upstream of the undulators by tilting the electron

beam using a passive wakefield device (Lutman et al., 2016)

and characterized downstream of the undulators (Dijkstal

et al., 2022). The estimated X-ray pulse duration was 12 fs

(FWHM) and pulse energies of approximately 500 mJ per

pulse. Under these conditions, we collected the time-resolved

XANES signal of a 20 mM aqueous solution of Fe2+(phen)3

delivered to the interaction point with a 25 mm diameter

cylindrical liquid jet. The X-ray spot size was approximately

25 mm � 25 mm (FWHM), while the optical laser measured

38 mm� 38 mm (FWHM). The optical excitation spectrum was

centered around 532 nm, close to the absorption peak of the

MLCT band, and the pulse energy was set to 0.5 mJ per pulse,

which was measured to be below the onset of a nonlinear

signal response. The overall instrument response function

(IRF), determined with a cross-correlation measurement on a

2 mm thick SiN target, was approximately 35 fs FWHM, which

was sufficient to resolve the ultrafast response of the sample.

Two large area silicon avalanche photodiodes (APDs) with

dimensions of 10 mm � 10 mm (Excelitas Technologies

C30703FH-200) were used to collect the emitted X-rays in

total fluorescence yield (TFY) mode. They were placed

approximately 10 mm away on both sides of the liquid jet at

90� with respect to the incoming X-ray beam in order to

optimize the collection efficiency of fluorescence radiation

whilst minimizing the contribution of elastically scattered

photons. The active surface of both detectors was shielded

with one foil of Mn (6 mm thick) acting as Z� 1 filter and

beamlines

J. Synchrotron Rad. (2026). 33 Claudio Cirelli et al. � Liquid jet capabilities for ultrafast chemistry at SwissFEL 7 of 17

Figure 5
Arrival time jitter between the optical laser and 12 keV XFEL photon
pulses as measured on a 20 mm YAG target by the downstream spectral
encoder time tool. An ensemble of 1000 shots shows a normal distribution
with standard deviation � ’ 30 fs.



another one of Al (6 mm thick). Using these filters, the

detection of elastic scattering radiation from the jet can be

further minimized, whilst most of the fluorescence from the Fe

atom is preserved. Furthermore, the presence of metal filters

inhibits the spurious detection of the pump visible light at

the cost of a slightly reduced transmitted fluorescence. The

applied biases to the detectors were tuned to � 310 V and

� 290 V, respectively, such that the APDs were working in the

optimal linear gain regime, whilst avoiding saturation. The

signals were then processed by an analog-to-digital converter

(ADC, Keysight) where the waveforms were integrated and

the backgrounds subtracted on a single-shot basis, returning

a scalar value for the non-normalized single-shot detected

fluorescence, F0.

Because of the energy jitter of the SwissFEL accelerator

and the stochastic intensity variations of the SASE-based

XFEL pulses, the shot-to-shot intensity fluctuations of the

monochromatic beam are usually of the order of 100%. Such

large intensity fluctuations of the monochromatic beam

require the normalization of the single-shot fluorescence yield

F = F0 /I0, where I0 is the intensity of the XFEL pulse,

measured with one of the non-destructive intensity monitors

(PBPS) positioned after the DCM.

Figs. 6 and 7 show the results of a XANES measurement

performed at the Alvra endstation on a sample of Fe2+(phen)3.

The photon energy axis was calibrated using the DCM readout

rather than a reference sample. The DCM calibration was

carried out across the full Aramis energy range by measuring

the transmission through a series of metal filters.

The data acquisition was performed with SwissFEL running

at the standard repetition rate of 100 Hz. Every second pump

laser was blocked to generate a sequence of alternating ‘on’

(both laser and XFEL pulses reaching the sample) and ‘off’

(only XFEL pulses reaching the sample) shots. The odd–even

ordering of this sequence was periodically swapped to prevent

the pumped shots from being always coupled to the FEL

pulses of the same parity. This approach minimizes systematic

errors associated with the fundamental frequency of the power

grid. For each pair of fluorescence signals with and without

laser, F0, on and F0, off, respectively, the normalized fluores-

cence signals Fon and Foff were calculated using the correlated

I0 of the XFEL pulse: Fon = F0, on /I0, on and Foff = F0, off /I0, off.

The diode positions, shielding and biases were optimized to

obtain the highest Pearson correlation coefficient, R, between

the fluorescence F0 and the XFEL intensity I0. The differential

absorbance was calculated as �A = � log10ðFon=FoffÞ after

filtering for the most well correlated shots. For the data shown

in Fig. 6 values of R > 0.99 were obtained for both subsets of

Fon and Foff. Shots within the 70th percentile were averaged to

calculate �A.

The transient absorption spectra shown in Fig. 6(a) were

collected tuning the DCM to a set of 37 energies distributed

between 7108 and 7126 eV in steps of 0.5 eV. For any specific

energy set on the DCM, the Aramis undulator gaps were also

varied in order to be able to scan an energy range larger than

the SASE XFEL spectrum and achieve a uniform X-ray flux

reaching the sample across the whole photon energy range. At

the same time, the optical laser delay stage was run continu-

ously with a speed of about 30–40 mm s� 1 (corresponding

to �2 fs per shot at 100 Hz), between two set points corre-

sponding to a nominal delay between pump and probe of

between � 500 fs (pump after FEL) and 1000 fs (pump before

FEL). The stage position was tagged for each shot and the

final delay axis of Fig. 6 was reconstructed by adjusting the

delay value with the arrival time information provided by the

time tool positioned on the back of the Prime chamber. The

transient XANES data are generated by averaging ten repe-

titions of the 2D scans, recorded in a total time of 6 h, resulting

in a total of approximately 1.75 million on/off pairs. The

single-shot data are distributed along the time axis according

to the readout of the delay stage encoder position corrected

by the time tool arrival time. Data belonging to the same delay

bin of time width equal to 10 fs were subsequently averaged.

The kinetic trace shown in Fig. 6(b) is the average of three

scans measured with the DCM aligned at an energy of

7119.5 eV. For each scan, the delay stage was moved between

� 750 and 2000 fs in 25 fs steps (110 steps) and 1000 shots per

step were collected, with the same alternating ‘on/off’ illumi-

beamlines
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Figure 6
Time-resolved XANES measurement of aqueous Fe2+(phen)3. Panel (a) shows the differential absorbance measured across the Fe K-edge (7108 to
7126 eV in 0.5 eV step size) for relative delays between the laser pump and the X-ray probe in the range � 500 to 1000 fs. Panel (b) shows a time scan of
the relative absorption change at an X-ray energy of 7119.5 eV, marked as a dashed line in panel (a). The fit (green solid line) returns a sample response
of about 110 fs, in agreement with an LS–HS transition measured for similar systems (Lemke et al., 2017).



nation scheme as used above. The data shown in Fig. 6(b) were

collected in about 70 min of continuous data collection. A fit

of the rise time of the XANES kinetic trace [green solid trace

in Fig. 6(b)] returns a value of approximately 110 fs, which is

consistent with the LS–HS transition measured for similar

systems (Lemke et al., 2017).

In the transient absorption plot of Fig. 6(a), for photon

energies between 7118 and 7122 eV, it is possible to distinguish

the negative feature attributed to the excitation of the system

into the MLCT state. This is followed by oscillations repre-

senting the coherent vibrational wave packet dynamics in the

HS state, with the characteristic period of �280 fs (120 cm� 1)

(see also Fig. 7). The same features are observed in the kinetic

trace measured at a single energy displayed in Fig. 6(b). A

subtraction of the fit curve from the data returns the residuals

shown on the left side of Fig. 7. The power spectrum of these

residuals data reveals the period of the coherent oscillations

which are attributed to the a1g ligand breathing mode in-phase

with the Fe—N bond stretching (Lemke et al., 2017).

3.3.2. X-ray emission spectroscopy

XES is an element-specific method to probe the partially

occupied electronic structure of materials. XES is a comple-

mentary technique to XAS and provides information on the

electronic structure, in particular local charge and spin

density. In recent years, time-resolved XES has developed as

one of the most useful tools to probe both the electronic

structural changes and dynamics of molecules and materials

(Urch, 1971; Meisel et al., 1989; De Groot, 2001; Bhargava et

al., 2018).

XES employs an analyzer crystal to disperse scattered or

fluorescence X-ray photons on a pixel detector a high energy

resolution limited by the core-hole lifetime of the system

under investigation. For measurements with XFEL radiation,

the incident photon energy can be tuned either off-resonance

(non-resonant XES, generally performed employing the entire

XFEL SASE spectrum) or on-resonance with an absorption

edge (resonant XES, also known as RIXS, typically achieved

using a monochromatic beam). In the current section we show

data for time-resolved non-resonant XES, while in Section

3.3.3 we present time-resolved RIXS data measured with

tender X-ray incident radiation (photon energy ’ 3000 eV).

Non-resonant time-resolved X-ray emission (tr-XES) data

collected on an aqueous solution of Fe2+(phen)3 are shown in

Fig. 8. The 10 mM solution was delivered to the interaction

region with a 100 mm diameter cylindrical liquid jet. X-ray

fluorescence photons from the valence-to-core Rh transition

(2p4d Rh L�1 and Rh L�2, 15 emission lines) generated by the

absorption of the SASE pink beam centered at 11 keV (0.2%

bandwidth) were collected using a von Hamos X-ray emission

spectrometer installed in Prime. The spectrometer employed

two pairs of short focal length (radius of curvature of 250 mm)

cylindrically bent segmented crystals aligned to simulta-

neously collect radiation from Fe 2p–1s K� [crystal cut Si(331),

Bragg angle’ 51�] and Fe 3p–1s K� [crystal cut Si(531), Bragg

angle ’ 73�] emission lines and focus them onto the 4.5M

JUNGFRAU detector.

The sample was excited with �70 fs pump laser pulses with

a central wavelength of 535 nm, close to the absorption peak

of the MLCT band. The excitation pulse energy was set to 4 mJ

per pulse, as was measured to be below the onset of any

nonlinear effects.

For each collected single-shot JUNGFRAU image, we

performed a pixel dependent dark current (pedestal)

subtraction and a gain correction provided by a calibrated

map. Due to the low efficiency of the von Hamos spectrometer

and the consequent low photon yield, all the pixels of the

JUNGFRAU detector were operating in the high gain mode.

High and low intensity thresholds were applied to reduce the

noise originating both from inelastic scattering directly hitting

the detector without fulfilling the Bragg scattering geometry

and from hot pixel readings. After careful optimization, values

of 3 keV and 15 keV were chosen for the low and high

threshold values, respectively. The low threshold value was set

to be low enough to preserve counts from rare events for

which a K� XES photon falls in between two adjacent pixels,

while the high threshold value imposed a limit for a maximum

detection of two photons per pixel per shot.

Regions of interest around the Fe K� and K� emission lines

were cropped from the 2D calibrated images and an integra-

tion along the non-dispersive axis returned the fluorescence

lines emission spectra, shown in Figs. 8(a) and 8(b). During the

measurement, fluorescence images were collected continu-

ously following a regime of six pumped shots followed by one

un-pumped shot, with the dark shot coupled alternately to odd

beamlines
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Figure 7
The left panel shows the residuals between the fit and the experimental data shown in Fig. 6(b). The right panel presents the power spectrum of the
residuals calculated via fast Fourier transform (FFT), revealing damped oscillations at 120 cm� 1 (280 fs), in agreement with previously reported values
for similar systems (Lemke et al., 2017).



and even XFEL pulses, thus mitigating systematic errors

associated with the power grid’s fundamental frequency. The

time scans shown in Figs. 8(c) and 8(d) were performed

varying the pump–probe delay in steps between � 1 and 5 ps,

recording 2000 shots per step. The 2D K� and K� fluorescence

difference spectra are the result of 19 averaged time scans,

collected over approximately 4.5 h, with the delay axis

corrected and reconstructed using the time tool arrival time

information. The emission energy axis was calibrated by

comparing the measured emission line shapes with tabulated

ones from reference samples.

Fig. 9 shows the laser induced effect on the K�1 and K� line

shapes. The experimental data (blue solid circles with error

bars) are extracted from the fit of the K�1 (a) and K� (b) XES

data, performed using an asymmetric pseudo-Voigt function

as described by Bacellar et al. (2020). The line width change

and peak shift, for K�1 and K�, respectively, returned by the fit

are plotted as a function of the pump–probe delay after

averaging all the pumped shots. To validate this method, we

verified that no change in the line width and peak position is

observed if the averaged dark shots (without laser excitation)

are analyzed. The dashed orange lines are the fits to the data

obtained by a bi-exponential decay function with an IRF

limited rise time.

As for the XANES presented previously, the total temporal

resolution of the experiment results from the convolution of

the optical and X-ray pulse durations, the group velocity

mismatch between the X-ray and optical pulses in the sample

beamlines
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Figure 9
Panel (a) shows the K�1 line width extracted from an asymmetric Voigt fit at 6405 keV. Panel (b) shows the K� line shift derived from an asymmetric
Voigt fit at 7059 keV. The orange dashed traces represent the fits to the data, obtained using a function with a rise limited by the IRF and a bi-exponential
decay. The fits return time constants of about 600 and 800 ps for K�1 and K�, respectively.

Figure 8
Averaged spectra of the Fe K�1, 2 (a) and K� (b) lines for a 10 mM aqueous solution of Fe2+(phen)3. Spectra with laser are shown as blue solid lines,
without laser as orange solid lines, and their difference measured at 5 ps delay as green solid lines. Time-resolved two-dimensional K�1, 2 (c) and K� (d)
fluorescence difference spectra for delay values between � 1 and +5 ps.



and the error in the arrival time measurement from the time

tool. For the presented data, the convolution of these terms

would predict an IRF of approximately 120 fs, which is in

agreement with the width of a cross-correlation measurement

run on a solid YAG target. In the data analysis of the emission

data from Fe2+(phen)3, the instrumental response function

and time zero (coincident arrival of the X-ray and optical

pulses) are left as fit parameters.

The rise time extracted from the K� kinetic traces is

330 � 40 fs, while for K�1 it is 175 � 25 fs. Although on a

similar time scale, both values are larger than the IRF deter-

mined separately, suggesting a contribution of an intermediate

excited state. Furthermore, the slower rise time measured on

the K� line with respect to K�1 may be due to competing

intersystem crossing and structural dynamics, as suggested by

Canton et al. (2023). The XES kinetic traces demonstrate that

efficient LS to HS state switching takes place on a sub-pico-

second timescale. The recovery to LS (ground) state happens

on a much longer timescale. The exponential fits applied to

both K�1 and K� kinetic data show a long-lived excited state,

the HS, with decay constants in the order of 700 ps, in

agreement with the value reported in the literature (Kabanova

et al., 2024).

3.3.3. Tender X-ray spectroscopy

The tender X-ray range, generally referring to photons with

an energy between 2 and 5 keV, is of particular interest at the

Aramis branch. SwissFEL is among the first XFELs capable of

reaching this energy range. While XAS measurements in the

tender range can also be performed at the South Korean

XFEL facility PAL-XFEL (Kim et al., 2022), to date Alvra

remains the only endstation worldwide equipped with an

emission spectrometer that permits detection of tender X-ray

emission, where K-edges of light elements as well as L-edges

of 4d transition metals lie. As such, Alvra is the only endsta-

tion that can perform RIXS or simultaneous XAS and XES

experiments in the tender X-ray photon energy range

(Banerjee et al., 2024; Jay et al., 2023; Lim et al., 2025; Garratt

et al., 2025).

Fig. 10 shows RIXS and XANES spectra acquired for a

cyclopentadienyl rhodium carbonyl complex CpRh(CO)2

diluted in decane and octane, respectively, probed at the Rh

L3-edge, located at a photon energy of �3005 eV (Banerjee et

al., 2024; Jay et al., 2023).

The 20 mM solution was delivered to the interaction point

with a 75 mm diameter cylindrical liquid jet. After a series of

air-purging and He-refilling cycles, the Prime chamber was

kept at 500 mbar He atmosphere to minimize X-ray scattering

and increase transmission. Using the Si(111) crystals in the

Alvra DCM, the photon energy was tuned across the Rh L3-

edge, between 2995 eV and 3015 eV. Time-resolved RIXS and

XANES data were collected by optically exciting the sample

with a 266 nm laser pulse and then probing the sample with

X-rays. The laser was blocked every second pulse, giving

consecutive laser-on/laser-off shots. The X-ray fluorescence

emerging from the sample was collected with an APD placed

on the right side of the liquid jet at an angle of 90� with respect

to the incident X-ray beam. The X-ray fluorescence was

simultaneously dispersed by a pair of short focal length (radius

of curvature of 250 mm) cylindrically bent Si(111) segmented

crystals installed in the von Hamos XES spectrometer located

on the left side of the liquid jet. Fig. 10(a) presents the RIXS

data as two-dimensional (2D) plots of incident energy versus

energy transfer. Note that these 2D plots show steady-state

data (i.e. data from laser-off shots only).

The elastic scattering peak position and width were used

to calibrate the energy axis of the von Hamos spectrometer

and to estimate its energy resolution, respectively. The latter

was determined to be �0.8 eV at an incident energy of

2995 eV.

The data treatment was previously presented in Section

3.3.2 for the XES data of Fe2+(phen)3. The single-shot

JUNGFRAU images were corrected by subtracting a back-

beamlines
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Figure 10
(a) Comparison between measured (left panel) and calculated (right panel) 2D steady-state VtC-RIXS plane measured on a 20 mM concentrated
solution of CpRh(CO)2 dissolved in decane. (b) Transient difference XANES of CpRh(CO)2 and Rh(acac)2 dissolved in octane, measured at the Rh L3-
edge at a pump–probe delay of 10 ps. The measured data for both samples (dark blue and black) are compared with calculated traces (light blue and
gray). Adapted from Banerjee et al. (2024) and from Jay et al. (2023).



ground (pedestal) and applying a pixel-based gain map.

Subsequently, the measured pixel signals were converted to

photon energy in units of keV. Low and high energy thresh-

olds (2.0 and 10.0 keV, respectively) were applied to each pixel

to minimize noise and eliminate hot pixels counts.

The 2D RIXS plot shown in Fig. 10(a) was obtained by

averaging 24 energy scans, each of them containing 51 energy

values equally distributed between 2995 and 3015 eV. For each

energy step, 350 laser-off shots were recorded. The total

number of shots used to generate the 2D RIXS plot was

therefore approximately 425000 and was acquired in about

2.5 h. For the XANES data of Fig. 10(b), we adopted the same

acquisition scheme as for the RIXS data. The dataset of

CpRh(CO)2 [light blue line in Fig. 10(b)] is the result of an

average of nine consecutive scans, for a total of �160000

shots. This dataset was recorded in about 55 min. Fig. 10(b)

shows also the differential spectrum for another complex,

namely Rh(acac)(CO)2 dissolved in octane (dark blue line).

Due to the higher absorption coefficient and photolysis yield,

the spectra for Rh(acac)(CO)2 required the acquisition of

fewer shots than CpRh(CO)2 to reach the same signal-to-noise

ratio. Only two scans were averaged for the dataset shown in

Fig. 10(b), which was recorded in approximately 12 min.

3.3.4. X-ray solution scattering

XSS is an elastic scattering technique that involves the

interaction of X-rays with a sample in a liquid state (Ihee et al.,

2010; Borfecchia et al., 2013; Kjær et al., 2019). The analysis of

the scattered X-rays can reveal information about the size,

shape and arrangement of the solute molecules, as well as

details of their interactions with the solvent molecules.

Time-resolved XSS captures the dynamics of molecules and

their structural changes in real time. This method is particu-

larly useful for studying rapid processes, such as protein

folding, conformational changes and biochemical reactions. A

short optical laser pulse (pump) excites the sample under

study, while a subsequent X-ray pulse probes the dynamics at

different time delays between the pump and the probe. The

pump beam excites only a small portion of the sample and it is

the difference in the scattered intensity as a function of scat-

tering angle for data collected from sample with and without

the laser excitation that contains the relevant signal. This

differential intensity can be decomposed into three compo-

nents: the solute term, the solvent term and a cross term

(encompassing solute–solvent interactions, also referred to as

the ‘cage term’) (Borfecchia et al., 2013; Ihee et al., 2010; Kong

et al., 2010; Kjær et al., 2019; Cammarata et al., 2006; Haldrup

et al., 2010),

�Sðq; tÞ ¼ �Sðq; tÞsolute þ�Sðq; tÞsolvent þ�Sðq; tÞcage: ð1Þ

The detected scattering signals are sensitive to all the species

present in the solute and solvent. Usually, the information is

extracted by comparing the experimental data with signals

obtained by scattering models calculated using the 3D atomic

coordinates for the ground and excited states of the chemical

species involved. The �S(q, t)solvent term has to be reliably

removed to obtain the true signal from the solute; however,

since the solvent signal is often dominant, this correction has

to be made carefully. The solvent term is very sensitive to the

thermodynamic properties of the solvent, such as temperature,

density and pressure, which change during and after laser

excitation due to energy transfer from the solute to the solvent

molecules. Generally, the solvent response can be described as

a linear combination of two independent thermodynamical

parameters like temperature T and density �,

�Sðq; tÞsolvent ¼
@S

@T

� �

�

�TðtÞ þ
@S

@�

� �

T

��ðtÞ: ð2Þ

It can be shown that after fast vibrational cooling of the

initially excited molecules – which happens within the first few

tens of picoseconds – the deposited energy is transferred to

the bulk solvent, and the solvent response can be described

purely in terms of hydrodynamic variables such as tempera-

ture, pressure and density (Kjær et al., 2013). Therefore, the

partial derivatives of equation (2) can be obtained by

measuring data at ‘late’ time delays. In particular, when the

X-ray probe is delayed by 100 ps relative to the laser excita-

tion pump pulse, the scattering data correspond essentially to

ð@S=@TÞ� multiplied by the early stage of heating happening at

constant volume. Thus, the contribution of the second term of

equation (2) can be neglected. The second term ð@S=@�ÞT
becomes relevant at even later time delays and can be

retrieved by measuring scattering data collected 1 ms after

laser excitation, when the solvent is still hot but its tempera-

ture has lowered from the ‘equilibrium’ temperature reached

at 100 ps due to expansion. Once the solvent heat term is

calculated with this procedure, the remaining contributions of

the solute and solute–solvent terms can be extracted from the

time-resolved XSS (tr-XSS) measurements.

In tr-XSS experiments performed at the Alvra Prime

endstation, the sample is delivered via a cylindrical liquid jet

and the scattering images are recorded on the JUNGFRAU

16M detector positioned approximately 10 cm downstream

from the sample–X-ray interaction region. The tr-XSS data

are collected in a sequence with several consecutive ‘light’

shots (with sample excited by pump laser pulses) interleaved

by one ‘dark’ shot (without pump laser). The standard illu-

mination scheme employed at Alvra alternates one dark shot

after six light shots, such that the dark shot is alternately

coupled to odd and even XFEL pulses. This helps to mitigate

systematic errors coming from the fundamental frequency of

the power grid.

After calibrating the detector geometry using diffraction

data from LaB6 powder as reference sample, the scattering

images are azimuthally integrated to return the 1D scattering

signal S(q, t). A running average of six dark images Slaser-off

is subtracted from each light image Slaser-on such that a single-

shot differential signal �S(q, t) = S(q, t)laser-on � S(q, t)laser-off

can be calculated.

An example of such a measurement is shown in Fig. 11(a).

A 10 mM solution of Fe2+(phen)3 was delivered to the inter-

action region through a 100 mm diameter cylindrical liquid jet.
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The sample was excited by �30 fs pump laser pulses at a

wavelength of 400 nm, with a pulse energy of 5 mJ per pulse

and spot size of �35 mm � 35 mm. The system dynamics were

probed using 8.7 keV SASE XFEL pulses with pulse energies

of approximately 800 mJ per pulse. The 2D plot represented

here was recorded over approximately 3.5 h and is the result

of an average of 15 consecutive scans, taken from a total of

�980k shots distributed over 46 delay values unevenly spaced

between � 400 fs and 12.5 ps.

As already introduced in the previous sections, the

dynamics of aqueous Fe2+(phen)3 can be described as an

excitation of the system from the singlet ground state into an

MLCT excited state that decays rapidly (<1 ps) into a very

long lived metal-centered quintet excited state (5T2).

The tr-XSS data presented in Fig. 11 can be used to confirm

these results and complement them with additional informa-

tion about the solvent and solute–solvent dynamics. A large

contribution to the data shown in Fig. 11(a) is given by the

solvent heating, which can calculated using equation (2). As

described above, the term (@S/@�)T can be safely neglected for

time delays on the picosecond time scale. On the other hand,

the term (@S/@T)� can be derived by measuring scattering data

with enhanced statistics at time delays between 100 and 200 ps

and can be used to fit the data. The central panel of Fig. 11

shows the result of the best fit returned when calculating

the solvent term for each individual delay step with �T(t) left

as a free parameter. Fig. 12(a) shows the delay dependence of

the fit parameters �T(t), with an equilibrium solvent

temperature increase of about 3.5� reached with a time

constant of �6 ps.

The differential scattering signal remaining after subtrac-

tion of the solvent term is shown in Fig. 11(c) and is due to the

solute and cross (solute–solvent) terms. Structural information

of the solute molecule and the rearrangement of the solvent

around it can be extracted from these data by computing the

time-dependent scattering contributions from excited state

structures obtained by model calculations like density func-

tional theory (DFT). However, even in absence of these model

calculations, we can extract preliminary information about the

solute specific dynamics by integrating the signal within a

region of q within 0.4 and 0.8 Å� 1.

The negative feature visible in this range of low q values is

consistent with Fe—N bond length elongation (Kjaer et al.,

2019). The integrated signal shown in Fig. 12(b) shows also

clear evidence of coherent oscillations damped within the first

picosecond, with a period of �300 fs, which is in excellent

beamlines
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Figure 11
Time-resolved difference XSS signals generated by 10 mM solution of Fe2+(phen)3 in water photoexcited at 400 nm. The panel on the left shows the
measured difference scattering signal �S(q, t) as a function of pump–probe delay t. The central panel shows the results of the fit run considering only the
solvent heating term �S(q, t)solvent presented in equation (2) of the text. The right-hand panel shows the residuals obtained by subtracting the solvent
heating contribution from the experimental data.

Figure 12
Solvent and solute responses extracted from the time-resolved XSS measurements shown in Fig. 11. The left panel shows the solvent temperature rise as
retrieved from the fit. The right panel shows the time-resolved signal for low q range, integrated between 0.4 and 0.8 Å� 1. For time delays shorter than
1 ps, the integrated data show coherent oscillations with a period of �300 fs, in agreement with the XANES data shown in Figs. 6 and 7.



agreement with the XANES data presented in Section 3.3.1

(see Fig. 7).

4. Conclusions

This paper demonstrates the capabilities of the Alvra

experimental station, which was designed to probe ultrafast

structural and electronic dynamics in chemical and biological

systems at SwissFEL. Exploiting the use of complementary

techniques such as X-ray scattering and spectroscopy, Alvra

provides a versatile platform for investigating fundamental

processes on femtosecond timescales. During the commis-

sioning phase and first years of user operation, several tech-

nical developments have been implemented, including

diagnostics for single-shot pulse intensity, position and spec-

trum as well as improvements to sample delivery, timing tools

and detection systems. These improvements have contributed

to the generation of a reliable and flexible experimental

environment which supports a broad range of scientific

applications.

We have reported representative results, focusing on data

collected using the cylindrical liquid jet in Alvra Prime. These

results highlight the performance and scientific potential of

the endstation. These studies showcase the ability of Alvra to

capture transient structural intermediates, follow ultrafast

chemical reactions, and resolve subtle electronic changes in

complex samples, demonstrating that the Alvra experimental

station at SwissFEL is one of the world-leading endstations for

ultrafast sciences. In addition to its broad experimental flex-

ibility, Alvra distinguishes itself among other XFEL endsta-

tions through several unique capabilities. These include access

to time-resolved spectroscopies, the tender X-ray regime,

enabling studies of light elements and 4d transition metal L-

edges, as well as the possibility to combine multiple spectro-

scopic and scattering techniques within a single experiment.

These capabilities, together with the demonstrated high

temporal resolution and optimized sample environments for

liquid-phase chemistry, establish Alvra at the same time as a

unique and complementary instrument to other XFEL

endstations worldwide, particularly for studies of ultrafast

chemical and biological dynamics in solution.
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Ihee, H. (2006). J. Chem. Phys. 124, 124504.

Cannizzo, A., Milne, C., Consani, C., Gawelda, W., Bressler, C., van
Mourik, F. & Chergui, M. (2010). Coord. Chem. Rev. 254, 2677–
2686.
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Juranić, P., Cirelli, C., Mamyrbayev, T., Uemura, Y., Vila–Comamala,
J., Lima, F. A., Bacellar, C., Johnson, P. J. M., Prat, E., Reiche, S.,
Wach, A., Bykova, I., Kahraman, A., Kabanova, V., Milne, C. &
David, C. (2024). Small Methods 8, 2301328.
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Instrum. 83, 103105.

Tono, K., Kudo, T., Yabashi, M., Tachibana, T., Feng, Y., Fritz, D.,
Hastings, J. & Ishikawa, T. (2011). Rev. Sci. Instrum. 82, 023108.

Urch, D. (1971). Q. Rev. Chem. Soc. 25, 343–364.
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