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Few-femtosecond soft X-ray transient absorption
spectroscopy with tuneable DUV-Vis pump pulses
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Achieving few-femtosecond resolution for a pump-probe
experiment is crucial to measuring the fastest electron dynam-
ics and for creating superpositions of valence states in quantum
systems. However, traditional UV-Vis pump pulses cannot
achieve few-fs durations and usually operate at fixed wave-
lengths. Here, we present, to our knowledge, an unprecedented
temporal resolution and pump tuneability for UV-Vis-pumped
soft X-ray transient absorption spectroscopy. We have com-
bined few-fs deep-UV to visible tuneable pump pulses from
resonant dispersive wave emission in hollow capillary fiber
with attosecond soft X-ray probe pulses from high harmonic
generation. We achieve sub-5-fs time resolution, sub-fs
interferometric stability, and continuous tuneability of the
pump pulses from 230 to 700 nm. We demonstrate that the
pump can initiate an ultrafast photochemical reaction and
that the dynamics at different atomic sites can be resolved
simultaneously. These capabilities will allow studies of the
fastest electronic dynamics in a large range of photochemical,
photobiological and photovoltaic reactions.
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Electronic coherences in photochemical reactions, which may
determine reaction outcomes, decay on the timescale of 1-10 fs,
and the fastest nuclear motion is on a similar timescale [1]. Time-
resolved X-ray absorption spectroscopy (TR-XAS) is a powerful
tool for studying some of these fastest processes in nature [2]. It
has allowed the probing of nuclear and electronic dynamics of
molecules on the femtosecond timescale in multiple phases of mat-
ter [3-6]. High harmonic generation (HHG) provides an excellent
source of broadband attosecond pulses from the extreme ultravio-
let into soft X-rays (SXRs) with pulse durations on the scale of tens
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to hundreds of attoseconds [7,8]. To probe photochemical reac-
tions on the ultrafast timescale, the attosecond X-ray probe mustbe
preceded by a pump pulse to initiate the electronic dynamics. This
is typically a single photon in the ultraviolet-visible (UV-Vis) range
[3] or multiple low-energy photons in multiphoton or strong field
ionization pump regimes [9].

Producing intense few-fs UV pulses by frequency upconversion
is highly challenging due to the limited phase-matching bandwidth
and the low conversion efficiency for short pulses. The wavelength
is also set by the fundamental wavelength of the available femtosec-
ond lasers; therefore experiments are limited to photochemical
systems that can be pumped by these harmonics. Almost every
material and even air begin to be absorbent in this region, and at the
same time propagation introduces a lot of dispersion, making the
generation, transport, and characterization of ultrashort UV pulses
extremely challenging. On the other hand, as almost all molecules
resonantly absorb radiation in the UV and/or visible, generating
pump pulses in this part of the optical spectrum has huge potential
for probing excited state electronic dynamics while not ionizing
the molecule or material. Recent studies have demonstrated the
generation of tuneable, intense, sub-10-fs pulses in the UV-Vis
with broadband sum-frequency generation (SFG) [10], achro-
matic second harmonic generation [11], or with hollow capillary
fibers (HCFs) using non-linear mode mixing [12] or cross-phase
modulation [13]. While promising, these methods only provide
limited tuneability and/or limited pulse energy.

Infrared strong-field ionization pump pulses are usually shorter
than single-photon UV-Vis pumps in TR-XAS setups [14,15].
The strong-field regime, however, induces AC Stark distortions of
the atomic spectrum, can lead to additional multiphoton channels,
and suffers from being less representative of natural photochemical
processes that are more typically induced by a single photon. It
should be noted that ionization-initiated electron dynamics on the
attosecond timescale have been measured [16], but this required
pumping with attosecond X-ray pulses in an X-ray free-electron-
laser facility (XFEL). When coupled with optical pumps, XFELs
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Fig. 1.

Schematic diagram of the experimental setup for TR-XAS. uJ-level few-fs tuneable pump pulses are produced via resonant dispersive wave emis-

sion in an HCF with the few-cycle signal. Attosecond soft X-ray probe pulses are produced via high harmonic generation with the few-cycle idler. Diff.: dif-

ferential, achro. HWP: achromatic half-wave plate, ID: inner diameter.

suffer from synchronization jitter, preventing measurements in
neutral matter with few-fs resolution.

It is clear that to improve upon the capabilities of TR-XAS sys-
tems, higher-energy, UV-Vis tuneable, few-fs pulses are required.
Technology to achieve this was recently realized by the generation
of resonant dispersive wave (RDW) emission in gas-filled capillary
fibers [17]. The energy scalability of the soliton self-compression
and RDW processes have been demonstrated with the help of
larger core capillaries. The RDW process in HCF can generate
widely tuneable few-fs pulses with an energy exceeding the micro-
joule level [17,18]. RDW emission is therefore a revolutionary
new way to pump photochemical systems that overcome many
limitations of traditional pumping regimes.

Here, we present a table-top setup that combines isolated
attosecond SXR probe pulses from HHG with few-fs UV-Vis tune-
able pump pulses from RDW emission to study a large range of
photochemical systems with, to the best of our knowledge, unprec-
edented tuneability and time resolution for UV-Vis-pumped
TR-XAS. We present the system capabilities in detail and its
capacity to pump and probe an ultrafast photochemical reaction.

The laser system consists of a 1-kHz Ti:Sapphire chirped pulse
amplifier (CPA) (KM Labs & Crunchtec) pumping a high-energy
optical parametric amplifier (OPA) (HE-TOPAS). Both the idler
and signal are spectrally broadened in HCFs and compressed to
reach the few-cycle regime (Fig. 1).

The probe pulses are generated via HHG from the idler pulses.
This attosecond probe beamline has been previously presented in
detail in [4,19-21]. The passively carrier-envelope phase stable
idler pulses (1.75 pm) are broadened in a stretcched HCF and then
compressed to 10.8 fs (1.8 optical cycle, Fig. 2). The pulses enter a
vacuum chamber, traverse a delay line with 300 as delay precision,
and are then focused on a needle gas cell backed with 2.5 bar of
neon, reaching an intensity of ~2.5 PW/cm? and experiencing
strong self-compression [20]. After passing through a 100-nm-
thick titanium filter, used to remove the infrared driving pulse,
the generated HHG beam is reimaged on the sample target with
a gold-coated toroidal mirror. The transmitted HHG spectrum
is then analyzed with a flac-field X-ray spectrometer. The probe
spectrum, extending in the water-window region, covers simul-
taneously multiple atomic edges [Fig. 2(c)]. We have confirmed,
with a carrier-envelope-phase scan, that an isolated pulse is gen-
erated through ionization gating [20]. Moreover multiple groups
have now reported isolated pulse durations between 43 and 322
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Fig. 2. (a) Temporal profile of the few-cycle idler pulses used to drive

the HHG process. Inset: idler beam profile. (b) Reconstructed, simu-
lated, and measured idler spectrum with reconstructed spectral phase.
(c) Typical soft X-ray probe spectrum generated with neon, extending in
the water-window region, detected by the spectrometer camera (blue) and
absorption spectrum of gas-phase dimethyl disulfide (DMDS, green).
The sulfur L edges and carbon K edge are simultaneously resolved, and the
energy of other atomic edges is labeled.

as in [7,8,22] with similar setups and infrared driving pulses. We
can thus confidently assume a sub-femtosecond duration for the
isolated probe pulse.

The pump pulses are generated via a two-stage HCF system
using the signal pulses. The signal pulses from the OPA (1.45 pm)
enter a stretched HCEF filled with an increasing gradient pressure of
argon. The pulses are then compressed to 10 fs [2.1 optical cycles,
Fig. 3(a)] with reflections off a chirped mirror complementary pair.
The pulses pass through an attenuator consisting of an achromatic
half-wave plate and a silicon plate at Brewster’s angle and are then
focused into a second HCE

The pump pulses are generated in the second HCF via an
RDW process. In traditional HCF spectral broadening, non-linear
processes, most notably self-phase modulation, dominate and
dispersion is only provided post-broadening by chirped mirrors
and/or bulk compressors. However, when a shorter pulse is guided
through a sufficiently long gas-filled HCE the higher intensity
and larger dispersion induced by the waveguide causes dispersive
effects within the fiber, and when both processes are balanced,
the pulse experiences soliton self-compression. Upon extreme
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Fig. 3. (a) Temporal profile of the few-cycle signal pulses used to drive
the RDW process. Left inset: SHG-FROG trace. Right inset: signal beam
profile. (b) Reconstructed, simulated, and measured signal spectrum with
reconstructed spectral phase. (¢) Normalized measured spectra showing
the continuous tuneability of the RDW emission from 230 to 700 nm
(0.8-7.2 bars of argon). (d) Color photographs of the RDW far-field
mode on white paper at different gas pressures; UV beams are visible
due to the fluorescence of white paper, the latter appearing black here.
(e) Simulated pulse propagation in the HCE with the RDW emission
labelled. (f) Measured RDW pulse energy at different central wavelengths.
(g) Simulated RDW pulse duration at the fiber output at different central
wavelengths with Fourier-transform-limited (FTL) duration.

self-compression, soliton fission occurs and an RDW is emitted in
the UV-Vis region [17].

We used the Luna.jl code [23] to simulate the pulse propagation
in the HCF and design our setup. Following these simulations, we
built a 30-cm-long RDW stretched hollow capillary fiber with an
inner diameter of 180 pm filled with argon. Dispersion in argon
is higher compared to neon or helium allowing us to work at a
lower gas pressure, thus reducing drastically the vacuum pumping
requirement at the fiber exit. The counterpart is the lower ioniza-
tion potential of argon, which limits the input intensity due to a
plasma formation and thus clamps the RDW conversion efficiency
[24]. Contrary to the first fiber, where the entrance cell is evacu-
ated to prevent plasma formation, here the gas is injected into the
entrance cell and the exit is directly in vacuum in order to produce
shorter pulses [25]. This setup is able to produce widely tuneable
RDW pulses, with several microjoules of energy, reaching the
gigawatt peak power level (Fig. 3). The accessible RDW tuneability
range (230-700 nm) is dictated by the wavelength of the driver
(1.45 pum) [17]. The experimental results are in good agreement
with our simulations; see Supplement 1. The continuous tun-
ability of the RDW pulses is easily achieved by modifying the gas
pressure with a regulator and the input energy with the attenuator.

The pulses exiting the fiber in vacuum are then transported to
the target. The beam is collimated using a spherical UV-enhanced
aluminium (UV-Al) mirror (Layertec 124315) and is reflected off
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Fig. 4. (a) Measured intensity autocorrelation (AC) of the DUV
pump pulse after propagation (with errorbars and sech” fit) and simulated
AC from the simulated pulse temporal profile (offset). Deconvolution
factor: dr = 1.545. (b) Attosecond interferometric stability of the setup
measured on the target with type II SFG between the chirped DUV and
the idler pulses.

four high-reflectivity (HR) broadband mirrors with low group-
delay dispersion (GDD) (Edmund Optics 11-735), to avoid any
large temporal distortion of the ultrashort pulses. The purpose
of these mirrors is to separate the RDW pulse from the infrared
driving field (~10% reflectivity per mirror in the infrared). We
choose to operate at 270 nm as very few broadband HR low-
GDD dichroic mirrors are yet commercially available. Thus the
tuneability of the RDW pulses on the target requires a change of
the beamline mirrors. The optics to separate the RDW from the
driving field is the bottleneck of this technique [26]. We plan to
overcome this issue with custom ultra-broadband mirrors. The use
of silicon plates at Brewster’s angle is another technique to separate
the RDW emission but is only viable in the deep-UV (DUV)
range and the losses are very high (>75%) [27]. After removing the
unconverted infrared component, the DUV pulses go through an
ultrathin CaF, plate to compensate for the small negative GDD
accumulated during the pulse propagation. The pump beam is
then focused in vacuum and recombined with the probe using a
D-shaped mirror in a quasi-collinear 2f-2f configuration using the
toroidal mirror to reimage the pump focal spot on the target.

While these few-fs RDW pulses are now well characterized at
the fiber output [27,28], keeping their ultrashort duration and
energy during transport on the target remains challenging [24,26].
Here, we measured the pump pulse duration on the target, in
vacuum, with an all-reflective intensity autocorrelator [29] using a
wavelength-independent and dispersion-free photosensitive asym-
metric nanogap detector with a non-linearity close to two [30].
The Al/Au nanogaps were fabricated by adhesion-lithography
[31] (see Supplement 1). Matching the simulations including
pulse propagation, Fig. 4(a) presents the 4.9-fs full width at half
maximum (FWHM) pump pulse duration measured on the target.
By using custom ultra-low GDD dichroic mirrors, we plan to
achieve sub-4-fs pump pulses on the target (see Supplement 1).
In our few-fs pump/attosecond probe setup, the time-resolution
of the system is defined by the pump pulse duration, here sub-
5 fs at 270 nm. The duration of pump pulses produced at higher
wavelengths should remain below 7 fs on the target with standard
dichroic mirrors (see Supplement 1) and can be shortened with
custom optics.

With a measured energy of 1.9 uJ, a focal spot diameter of
104 pm at 1/e? and an FWHM pulse duration of 4.9 fs, the pump
peak intensity, on the target at 270 nm central wavelength, can
reach up to 8 TW/cm? (peak fluence: 45 mJ/cm?).

The interferometric stability of an ultrafast pump/probe
setup is crucial to ensure a few-femtosecond resolution over a
time-resolved experimental scan that can take a few hours. The
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interferometric stability of our system has been measured with a
non-linear interaction between the DUV pump pulses and the
idler pulses [Fig. 4(b)]. We used type II SFG in a thin beta barium
borate crystal placed at the interaction point. The generated signal
at ~230 nm allows us to find the temporal overlap between the
two pulses. Moreover, by inducing some chirp in the DUV beam,
we are able to find a relation between the centroid wavelength
of the SFG signal and the relative delay between the pulses (see
Supplement 1). By recording the centroid wavelength of the SFG
signal, we are able to extract the interferometric stability of our
setup. We measured a sub-femtosecond stability (standard devi-
ation: 0.780 fs) over 80 min without any active interferometric
stabilization, during a standard workday. This is confirmed by the
fact that our stage position for which we have a temporal overlap is
usually unchanged from day to day.

The target chamber can hold different types of samples: solid
films [4], ultrathin liquid jets [32,33], or vapor phase samples.
For our first experiment using RDW pump pulses, we chose to
use dimethyl disulfide (DMDS) in vapor phase to test our setup
with an experiment previously presented in [3]. Since UV excita-
tion induces photodissociation in DMDS, a long-lived step-like
decrease in absorption is observed in the sulfur L, 3 pre-edge
features due to the breaking of the S-S bond. The well-defined
ultrafast signal allowed us to confirm the pump/probe overlap.
Crucially, this confirms that RDW pulses are capable of initiating
photochemical dynamics and have sufficient intensity to pump
an observable absorption change (AA) for TR-XAS experiments.
The results are shown in Fig. 5 and agree with reported values
[3]. Future studies will present much finer scans resolving faster
electronic dynamics at different atomic edges. See Supplement 1
foradditional results at the carbon K edge.

These new capacities for TR-XAS will allow studies of the
fastest electronic motions in a large range of small molecules and
photoactive polymers [34]. The creation of superpositions of
valence electronic states with the broadband few-fs pump pulses
promises control over photochemical reactions, opening the way to
attochemistry studies [35].
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