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ABSTRACT

We describe a beamline where few-femtosecond ultraviolet (UV) pulses are generated and synchronized to few-cycle near-infrared (NIR) and
extreme ultraviolet (XUV) attosecond pulses. The UV light is obtained via third-harmonic generation in argon or neon gas when focusing a
phase-stabilized NIR driving field inside a glass cell that was designed to support high pressures for enhanced conversion efficiency. A recir-
culation system allows reducing the large gas consumption required for the nonlinear process. Isolated attosecond pulses are generated using
the polarization gating technique, and the photon spectrometer employed to characterize the XUV radiation consists of a new design based on
the combination of a spherical varied-line-space grating and a cylindrical mirror. This design allows for compactness while providing a long
entrance arm for integrating different experimental chambers. The entire interferometer is built under vacuum to prevent both absorption of
the XUV light and dispersion of the UV pulses, and it is actively stabilized to ensure an attosecond delay stability during experiments. This
table-top source has been realized with the aim of investigating UV-induced electron dynamics in neutral states of bio-relevant molecules,
but it also offers the possibility to implement a manifold of novel time-resolved experiments based on photo-ionization/excitation of gaseous
and liquid targets by ultraviolet radiation. UV pump-XUV probe measurements in ethyl-iodide showcase the capabilities of the attosecond
beamline.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190889

I. INTRODUCTION investigation of electron dynamics in matter.” In HHG, focusing an
intense femtosecond (fs) laser pulse onto a gas target enables an
The advent of attosecond (1 as = 107'® s) light sources based electron to escape the atomic potential, gain substantial pondero-
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on high-order harmonic generation (HHG)"” represented a break- motive energy, and recombine with the parent ion within a single
through for ultrafast laser spectroscopy and paved the way for the cycle of the driving electric field. The recombination produces an
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attosecond light pulse in the extreme ultraviolet (XUV) or soft x-ray
spectral domains, offering the shortest probe pulse to date. Typically,
attosecond pulses are combined with near-infrared (NIR) pulses in
a pump-probe configuration for time-resolved measurements, and
attosecond beamlines are specifically designed for experiments in
the gas phase,"'' aqueous solutions,'> or with a particular inter-
est for the solid state.” *’ In fact, the realization of XUV-pump
XUV-probe schemes,”"* although allowing for the highest tempo-
ral resolution, still presents several technological challenges mostly
due to the limited photon flux of the XUV light sources.

When HHG is driven by few-cycle 800 nm pulses, the available
photon energies for an experiment usually span in the 15-100 eV
range and can further be extended depending on the generation
parameters. Because these photon energies are above the ion-
ization potential of most molecules, the use of attosecond XUV
pump pulses inevitably leads to the ionization of the system under
study. However, many processes playing key roles in biology and
chemistry are triggered by photoexcitation of neutral molecules,
especially in the ultraviolet (UV) spectral region between 190 and
350 nm. For instance, the absorption of UV photons in nucleic
acid bases can initiate molecular dynamics occurring on timescales
from few-femtosecond to several nanoseconds.” ™ Since the elec-
tron dynamics that evolve on a much faster timescale can play a
major role in UV-induced photochemistry, a promising probing
scheme should combine attosecond XUV probe pulses with few-fs
and ultrabroadband ultraviolet pump pulses.”* >

In this article, we present a beamline for STeering Attosec-
ond electRon dynamics in biomolecules with UV-XUV LIGHT
pulses (STARLIGHT). It combines isolated attosecond pulses (IAPs)
and the previously reported few-femtosecond UV pulses,”” aim-
ing at time-resolved experiments based on the photoexcitation of
molecular targets by ultraviolet radiation with an unprecedented
temporal resolution. Alternatively, also few-optical-cycle NIR pulses
can also be combined with the attosecond XUV or the few-fs UV
pulses, allowing for a remarkable flexibility of possible pump-probe
schemes. The beamline is intended to be used for studying UV-
induced electron dynamics in neutral bio-relevant molecules probed
by XUV ionization. These experiments will follow recent investiga-
tions of molecular dynamics in amino acids and nucleobases that
provided insights into the charge migration process and the ultrafast
photo-fragmentation dynamics.”’" An overview of the beamline
is presented in Sec. II followed by a description of the UV pulse
generation setup in Sec. III. Section IV describes the generation
and characterization of the isolated attosecond pulses as well as
a new design of a compact XUV photon spectrometer. Section V
reports the passive and active stabilization of the beamline required
to reach an attosecond delay stability. Section VI provides an exam-
ple of an application using the UV pump-XUV probe scheme for
time-resolved mass spectrometry.

Il. BEAMLINE OVERVIEW

The beamline is seeded with 1.25-mJ, 1-kHz, 5-fs NIR
pulses, obtained by hollow-core-fiber compression®” of a tita-
nium:sapphire laser (Femtopower, SpectraPhysics). In addition, the
carrier-envelope phase (CEP) of the laser pulses is actively stabi-
lized, as a main ingredient to generate isolated attosecond pulses, as
shown in Sec. V. Figure 1 depicts the optical setup of the beamline.

ARTICLE pubs.aip.org/aip/rsi

In chamber 1, the seeding pulses are split by a 1-mm thin beamsplit-
ter to create the pump-probe arms. 70% of the incoming beam is
reflected by the beamsplitter (path A) and used for HHG, as shown
in Sec. IV B. In this arm, isolated attosecond pulses are obtained
by using the polarization gating (PG) technique,’® while the resid-
ual NIR light co-propagating with the attosecond pulses is filtered
out using metallic filters. The light transmitted by the beamsplitter
(30% of the seeding energy) is sent onto a flat metallic mirror (M in
chamber 1) that is mounted on a closed-loop linear positioner. By
translating M, two arms can be alternatively seeded, i.e., path B or
path C. In path B, the few-cycle NIR pulses are recombined with the
XUV pulses in chamber 3 through a 3.5-mm diameter drilled mirror,
and both arms are focused into the interaction region by a 150 x 20
x 15 mm?® gold-coated toroidal mirror (TM) that is mounted in
chamber 4. This XUV-NIR scheme allows, for example, the attosec-
ond pulses to be characterized by using the attosecond streak camera
method.”"*

In path C, instead, the NIR pulses are exploited for the gen-
eration of few-cycle UV pulses, as shown in Sec. I11. The broadband
UV pulses are produced in gas via third-harmonic generation (THG,
chamber 6) and separated from the residual NIR in chamber 5 using
a superpolished silicon mirror at Brewster angle. With this approach,
~40% of the UV radiation is preserved while the NIR is attenuated
by more than three orders of magnitude. In this chamber, a mirror
placed on a linear positioner can be used to extract the UV beam for
spectral and power measurements.

The beam is recombined with the XUV line in chamber 4
by using a narrow-angle noncollinear geometry (<1°). A mirror
mounted on a linear positioner before the exit of chamber 4 can
be used to extract the beams. This allows the foci at the inter-
action region to be imaged and the beams to be spatially and
temporally overlapped by using a CCD camera. Wedge pairs are
placed in both paths B and C to control the dispersion and the
carrier-envelope phase. Delay lines are also integrated to synchro-
nize the pump-probe interferometer arms. The pump-probe delay
is controlled with attosecond precision by using piezo-based lin-
ear positioners (PiezoSystem Jena). An XUV photon spectrometer
is placed behind the interaction region to monitor the spectral prop-
erties of the XUV radiation while running experiments, as shown in
Sec. IV A.

lll. GENERATION OF FEW-FEMTOSECOND UV PULSES
A. Third-harmonic generation in gas

After the first demonstration of second harmonic generation
(SHG) employing laser pulses,” THG has been deeply investigated
as a next step toward developing nonlinear optics and producing
ultraviolet radiation. In crystals, cascaded schemes starting with
SHG followed by sum frequency generation are generally employed
rather than direct THG due to the increased conversion efficien-
cies, up to 80%, provided by birefringent phase-matching."’""’
Using gases as nonlinear media, other techniques, such as spec-
tral broadening via self-phase modulation or cross-phase modula-
tion in gas-filled hollow-core fibers,"”** four-wave mixing through
filamentation,”** or direct frequency tripling,””*" "’ have also been
demonstrated. Self-compressed and spectrally tunable ultraviolet
pulses were also recently reported, exploiting resonant disper-
sive wave (RDW) emission’’ ”” or four-wave mixing™ in hollow-
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FIG. 1. Top view of the beamline. The NIR beam is divided in chamber 1 using a beamsplitter (BS). The reflected beam in path A undergoes a polarization gating (PG) for
high-harmonic generation (HHG). The transmitted NIR can either be used as is via path B or sent into path C for third-harmonic generation (THG) by adding or removing a
mirror placed on a motorized stage (M). A pulsed valved is used in chamber 2 where the NIR beam is focused for HHG. Chamber 3 is used to recombine paths A and B
using a drilled mirror (DM). THG occurs in chamber 6, and the ultraviolet light is separated from the fundamental field in chamber 5 using a silicon mirror (SM) at Brewster
angle. In this chamber, the UV light can be extracted for characterization (energy and spectrum). All paths merge in chamber 4 where the XUV and NIR beams are focused
into the interaction region by a toroidal mirror (TM). To ensure a spatial overlap at the interaction region along the light propagation axis, a curved mirror (F) in path B is used
to create an intermediate focus for which the distance to TM matches the distance between the HHG focus position and TM in path A. The UV beam is focused using an
aluminum mirror and sent into the interaction region in a noncollinear geometry. A mirror placed just before the output of the chamber (not shown) can be translated to extract
the beams for spatial imaging. The entire interferometer is actively stabilized for attosecond delay stability. Adapted with permission from V. Wanie, “Probing and controlling
few-femtosecond dynamics with ultrashort laser pulses: from gases to solids,” Ph.D. dissertation (Université du Quebec, 2020).

capillary fibers. The choice of nonlinear media depends on the
desired pulse energy and duration. The large bandwidth required to
support few-femtosecond UV pulses prevents the use of nonlinear
crystals due to limited phase-matching bandwidths and the strong
dispersion they impart to the pulse along propagation. For this
reason, gas-based UV generation methods are typically favorable
to produce ultrabroad bandwidths due to their quasi-dispersion-
free properties, however, at the cost of providing lower conversion
efficiencies.

Figure 2 shows a glass cell that has been designed to support
high gas pressures. It allows us to reach an increased density of
emitters in order to compensate for the lower conversion efficiency
of gases. Starting from a 20 x 5 mm? fused-silica slab, a portion
is reduced to 3-mm width (top half in Fig. 2(a)). The reduced
portion contains a 3-mm long channel for laser propagation, micro-
machined using Femtosecond Laser Irradiation followed by Chem-
ical Etching (FLICE).”* On the upper large surface parallel to this
channel, a hole is made to hold a 3-mm diameter metallic tube with
Swagelok fittings used for injecting the gas. The central cell consists
of a 3-mm long cylindrical channel with a progressively reduced dia-
meter from 600 ym down to 400 ym at the extremities to confine the
gas in a restricted volume during THG and limit the outflow. The
cell is integrated into a differential pumping system, as shown in
Sec. 111 B, making the THG setup compatible with a high-vacuum
environment.

Figure 3 shows a comparison of UV generation performances
between argon and neon gases when focusing the 5-fs NIR pulses
into the glass cell. Using a driving intensity of 4.6 x10'* W cm ™,
a broad spectrum is achieved with 1 bar of argon (purple line),

resulting in a 1.9 fs Fourier transform limit (TL) duration. A pulse

FIG. 2. (a) Image of the 20 x 5 mm? fused silica cell used for THG. The white arrow
indicates the gas flow direction. (b) Enlarged view of the coupling region. The laser
is focused into a 400 ym aperture and propagates along a 3-mm gas-filled chan-
nel micro-machined using the FLICE technigue. Reproduced with permission from
V. Wanie, “Probing and controlling few-femtosecond dynamics with ultrashort laser
pulses: from gases to solids,” Ph.D. dissertation (Université du Quebec, 2020).
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FIG. 3. UV spectra generated in 1 bar of Ar (purple line) and 10 bars of Ne (orange
line) using the same NIR pulse intensity, respectively, supporting TL of 1.9 and
2.1 fs. The green line indicates the spectrum corresponding to the highest pulse
energy obtained in neon by tuning the UV generation parameters, resulting in a
1.9 fs TL duration.

energy of 150 nJ at the generation point was measured by using
an optometer (Gigahertz-Optik: ISD-5P-SiUV) and considering the
propagation loss of our optical setup. Increasing the NIR intensity or
gas pressure results in a lower conversion efficiency due to the ion-
ization of the target. This can be circumvented by using neon with
a larger ionization potential (21.6 eV). In this case, we can increase
the pressure as high as 10 bars with the same driving NIR inten-
sity (orange line). A slightly narrower spectrum is obtained with a
TL of 2.1 fs (orange line), however, with a higher pulse energy of
175 nJ. By optimizing the generation parameters, 260 nJ/pulse for a
TL of 1.9 fs was obtained using 5 bar of neon and an NIR intensity of
2.3 x10° Wem™ (green line). Moreover, we recently achieved pulse
energies up to 0.8 yJ by integrating the entire differential-pumping
scheme described in Sec. III B within the microfluidic glass chip,
leading to both higher gas confinement for THG and better resid-
ual gas extraction efficiency.” This new design will be incorporated
into our attosecond beamline in the near future.

B. Differential pumping and recirculation system

In order to ensure high vacuum in chamber 6, the glass cell
is placed into a differential pumping system made of three sub-
chambers, as shown in Fig. 4. The cell is mounted in the central
section, and the gas for THG is evacuated toward the lateral sub-
chambers through 0.8-mm diameter apertures. The apertures are
realized on thin plates that can be easily mounted at the interface
between the lateral sub-chambers and the central section. Similar
plates are also mounted at the interface between the lateral sub-
chambers and the main vacuum chamber. Furthermore, the central
section is connected to the wall of chamber 6 through a bellow and
pumped by a roots pump (55 m?/h) that collects most of the outflow-
ing gas. In a similar manner, the lateral sub-chambers are evacuated
by a second roots pump that is also used as a backing pump for the
turbomolecular pump of chamber 6. To further improve the over-
all vacuum in the beamline, small-diameter apertures are also fixed
at the interface between chamber 6 and chamber 1 and between
chamber 6 and chamber 5, as supplementary differential pumping
elements. Although the gas load is spatially confined by the above-
mentioned scheme, the local gas consumption is extremely high
(2 bar L/min), making the entire setup hardly sustainable and poten-
tially really expensive. To overcome this limitation, the THG setup

ARTICLE pubs.aip.org/aip/rsi
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FIG. 4. Differential pumping setup and gas recirculation system. A manual valve
(1) allows us to control with precision the gas flow injected into the THG cell
residing in the central part of a differential pumping arrangement made of three
sub-chambers. A roots pump (2) collects the residual gas coming from the central
subunit while a second one (3) collects the remaining gas flowing into the later
sub-chambers. The latter pump is also used for backing the turbomolecular pump
of the main chamber where a 10~* mbar vacuum level can be preserved when
using argon. A diaphragm pump (4) is next used for compression and the gas is
stocked into a 2-| tank (5). The compressed gas from the tank can be sent back
into the THG cell using the manual valve (1). A number of valves and pressure
gauges are used to operate and monitor the system performances. Reproduced
with permission from V. Wanie, “Probing and controlling few-femtosecond dynam-
ics with ultrashort laser pulses: from gases to solids,” Ph.D. dissertation (Université
du Quebec, 2020).

has been equipped with a gas recirculation circuit, also shown in
Fig. 4.

The exhausts of the roots pumps are connected to a diaphragm
pump via 6-mm Swagelok connections. The gas collected from the
pumps exhausts is compressed into a 2-1 tank to a pressure of up to
7 bars. Check valves are placed upstream and downstream of the
tank to guarantee the right flow direction. The compressed gas is
then sent back to the UV generation cell. In order to test the perfor-
mances of the recirculation system, the argon pressure was measured
with a residual gas analyzer (RGA) placed in chamber 5 and moni-
tored as a function of time. The gas bottle was closed so that the
filled tank was the only supply source. The result is shown by the
blue curve in Fig. 5.

Over the 3-h measurement, 96% of the initial gas pressure is
preserved. The pressure measured at the tank (3 bars) and at the
roots pump exhausts (0.52 bar) remained constant over the entire
period. We note that no degradation in the ultraviolet spectrum nor
pulse energy is observed down to this level of purity. The excellent
efficiency of the system would allow an operation over 37 h with a
consumption of only 11 of gas in the tank. Without recirculation,
instead, the same gas consumption (1 1) is reached after 1.5 min,
with a consumption rate of 2 bar 1/min. For comparison, a similar
measurement was done by including in the recirculation system only
the sub-chambers of the THG setup, i.e., excluding the residual gas
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FIG. 5. Argon recirculation performances. After 3 h (blue curve), 96% of the ini-
tial argon pressure is detected by a residual gas analyzer when the full recycling
scheme is employed. When the gas collected from the turbomolecular pump of
chamber 6 is not recycled (half recycling, purple curve), the efficiency goes down
to 66% in 40 min. Adapted with permission from V. Wanie, “Probing and control-
ling few-femtosecond dynamics with ultrashort laser pulses: from gases to solids,”
Ph.D. dissertation (Université du Quebec, 2020).

pumped out by the turbomolecular pump of chamber 6. The result
is reported in Fig. 5 (purple curve). This “half recycling” scheme
shows larger losses, with the initial argon pressure reduced to 66%
after only 40 min. During this period of time, the tank pressure
dropped from 3.1 to 1.5 bars and the exhaust pressure dropped from
0.52 to 0.34 bars. However, although requiring a continuous refill
of the tank, the gas consumption in the “half recycling” scheme is
still significantly reduced compared to not using any recirculation
system at all.

IV. XUV GENERATION AND DETECTION

The NIR laser pulses propagating along path A (see Fig. 1) are
focused by a f = =700 mm silver mirror into a 6-mm channel filled
with gas for HHG. The gas target is delivered into the interaction by
a water-cooled pulsed valve (Attotech), which is triggered at 1 kHz
repetition rate and synchronized with the laser. The opening time
of the valve is typically adjusted from 120 to 150 us with a back-
ing pressure between 1 and 2 bars. Argon, krypton, and xenon are
alternatively used for HHG, depending on the desired XUV spec-
tral range. To optimize the alignment of the laser through the gas
target, the valve is mounted on a structure with four motorized posi-
tioners, consisting of three translations and one rotation (Physik
Instruments). Figure 6 shows a typical XUV spectrum generated
in krypton and measured with a customized photon spectrometer
described in Sec. IV A.

A. XUV photon spectrometer

We report here an innovative design of an XUV spectrome-
ter for the spectral characterization of HHG pulses in the 15-50 eV
range. In a prototypical spectrometer, the incoming light is spec-
trally dispersed by a grating and imaged in the Fourier space on
a photodetector. The higher the groove density of the grating, the
higher the spectral resolution of the spectrometer. In order to fur-
ther increase the spectral resolution of the instrument, an entrance
slit is usually employed to spatially confine the light source to
be imaged. Although narrow slit apertures allow for high spec-
tral resolution, they also limit the amount of photons reaching the
detector.

ARTICLE pubs.aip.org/aip/rsi
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FIG. 6. High-harmonic generation in krypton with ~ 800 uJ, 5-fs pulses at 800 nm.
(@) Raw image showing the spatial profile of the harmonics. (b) Correspond-
ing spatially integrated signal with the calibrated axis. Harmonics 11-21 are
observed. Reproduced with permission from V. Wanie, “Probing and controlling

few-femtosecond dynamics with ultrashort laser pulses: from gases to solids,”
Ph.D. dissertation (Université du Quebec, 2020).

Common spectrometers for XUV light consist of a grazing-
incidence mirror focusing the light source onto a slit placed at a
fixed distance from a spherical varied-line-space (SVLS) grating.
The SVLS provides the so-called “flat-field” property, where all
the spectral components are focused onto the same plane rather
than on a cylindrical surface as for equal line-space gratings.”® This
allows the acquisition of XUV spectra using a two-dimensional
detector.

Usually, the XUV light generated by HHG is refocused by a
grazing-incidence toroidal mirror onto the target under study, i.e.,
into the interaction point where experiments occur. If the toroidal
mirror works with a 1:1 refocusing magnification factor, the XUV
focus at the interaction point presents minimal aberrations, allow-
ing it to be directly used as the source point for the spectrometer.
This configuration shows several advantages. First, the XUV spec-
trometer can be mounted directly behind the experimental chamber
for simultaneous diagnostics. Second, the small size and quality of
the XUV focus make the use of an entrance slit unnecessary, which
maximizes the photon flux entering the spectrometer.”’

In our beamline, a 1-m focal-length toroidal mirror is used to
refocus the HHG light source into the interaction point for exper-
iments. Such a long focusing arm is chosen to be compatible with
large-footprint experimental setups. However, the entrance arm of
the XUV spectrometer (specified by the grating) is much shorter,
i.e., only 350 mm. As a common solution to overcome this limita-
tion and realize a long entrance-arm spectrometer, a second toroidal
mirror that is a replica of the first one can be mounted behind the
experimental chamber. It collects the XUV light from the interaction
region and refocuses it, again with a 1:1 magnification factor, into
the source point of the grating. This configuration usually requires
that the second toroidal mirror and the grating are mounted in sepa-
rate vacuum chambers, significantly increasing the overall footprint
of the XUV spectrometer. As an alternative solution, a retractable
spherical mirror can be placed before the first toroidal mirror, i.e.,
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the one that focuses the XUV light into the experimental chamber.
This spherical mirror can either be used to steer the beam toward
an XUV spectrometer, or it can be retracted for the beam to reach
the toroidal and the experimental interaction point.'”” The main
disadvantage of this method is that the XUV spectrum cannot be
monitored while running experiments.

In order to improve the compactness of our XUV spectrometer
while keeping a long entrance arm, we combined an SVLS grating
(Hitachi) with a convex (divergent) cylindrical mirror at a grazing
incidence angle (Fig. 7). The gold-coated grating has a 5649 mm
radius of curvature, a blaze angle 0f 3.7°, and a central groove density
of 600 lines/mm. The gold-coated cylindrical mirror is used to create
a virtual image of the XUV focus at the source point of the grat-
ing while keeping a relatively long entrance arm of 750 mm. Then,
the grating provides a flat spectral plane at a distance of 469 mm,
where the detector is mounted. The detector consists of a 40-mm-
diameter microchannel plate (MCP) and a P43 phosphor screen
(Photek), and it is placed on a translation stage to span the spec-
tral plane. Typically, a translation of 10 mm is sufficient to acquire a
spectrum spanning from 15 to 50 eV in two images. Since the cylin-
drical mirror does not focus along the sagittal (vertical) plane, the
spatial profile of the harmonics can also be monitored along the
vertical axis and used to measure the XUV divergence. The images
produced by the phosphor screen are recorded by a CMOS camera
(Hamamatsu). To further reduce the footprint of the instrument, a
50 x 50 mm? silver mirror is mounted at 45°, enabling the image to
be recorded perpendicularly to the MCP detector, i.e., by mounting
the CMOS camera vertically. The total length of the spectrometer is
about 80 cm.
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FIG. 7. Scheme of the XUV photon spectrometer (top view). 75 cm away from
the source, a cylindrical mirror in combination with a spherical grating images the
XUV radiation onto a microchannel plate (MCP) amplifier followed by a phosphor
screen. The image is collected by a mirror placed at 45° and sent to a CMOS
camera. Due to the restricted area of the MCP, the detector is translated along the
spectral axis to acquire the full spectrum. The length of the spectrometer is about
80 cm. Reproduced with permission from V. Wanie, “Probing and controlling few-
femtosecond dynamics with ultrashort laser pulses: from gases to solids,” Ph.D.
dissertation (Université du Quebec, 2020).
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B. Generation of isolated attosecond pulses

Isolated attosecond pulses (IAPs) are obtained using the polar-
ization gating (PG) technique. In this method, a combination of
two birefringent glass plates, i.e., a retarder plate and a 1/4 plate,
is used to reshape the polarization of the driving electric field.*° The
resulting pulses show a narrow gate of linear polarization across the
envelope peak while being circularly polarized on the rising and the
trailing edges. Since HHG is efficient only for a linearly polarized
driving field,”® attosecond pulses are generated only within the lin-
ear polarization gate. If the gate is narrower than a driving optical
cycle and the CEP (V) is equal to k= 7/2 (with k=1,3,5,...), an
IAP is produced through PG.

CEP (7 units)
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FIG. 8. (a) XUV spectrum of HHG in krypton as a function of the carrier—envelope
phase of the NIR driving field when the polarization gating technique is applied.
Each 77/2 dephasing of the CEP transforms the continuous spectrum characteristic
of an isolated pulse into a harmonic comb and vice versa. (b) Spectral cuts for
CEP values ¥ = 7 and , corresponding to the horizontal dashed lines displayed
in (a). Reproduced with permission from V. Wanie, “Probing and controlling few-
femtosecond dynamics with ultrashort laser pulses: from gases to solids,” Ph.D.
dissertation (Université du Quebec, 2020).
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In the case of the 5-fs NIR pulses used to seed the beam-
line, the above-mentioned conditions are obtained by combining
a 193 ym-thick quartz retarder plate and an air-spaced, broadband
A/4 waveplate (B-Halle). Figure 8 shows the XUV spectra obtained
by HHG in krypton as a function of the CEP of the driving pulse.
The CEP was controlled by a motorized glass wedge translated in a
direction perpendicular to the laser propagation axis. For ¥ = 7/2
and 37/2, continuous XUV spectra are generated [see Fig. 8(b),
blue curve], corresponding to an IAP. Instead, for ¥ = 7 and 27,
the condition to produce an IAP is expected to be lost, and the
XUV spectrum is strongly modulated [see Fig. 8(b), orange curve],
corresponding to a train composed of mainly two pulses. This con-
figuration provides XUV IAPs with a duration of 300 as*’ and 100 pJ
energy per pulse. The pulse energy can reach the nanojoule range if
the ionization gating approach is employed’””” instead of the polar-
ization gating, and the intensity is estimated to be between 10° and
10° W/cm? depending on the gating method.”*”

V. PUMP-PROBE DELAY STABILIZATION

To ensure an attosecond delay stability during experiments, the
relative path between the pump and the probe arms must be kept
constant within a few nanometers. In this context, sources of high-
and low-frequency noise, such as vibrations from the vacuum pumps
and temperature-driven effects, must be identified, and the effect on
the delay must be compensated by exploiting both passive and active
stabilization schemes. In long (several meters) interferometers,
the effect of such noise sources, especially low-frequency drifts, may
be particularly harmful.

The interferometer arms of our beamline are about 5.75 m
long. To passively stabilize the beamline, all vacuum chambers are
mounted on an external frame made of aluminum profiles. The
frame is decoupled from the optical table and carries vibrations from
the turbomolecular pumps to the floor. The structure is also used to
support gas panels, electronic control units, and cables that are nec-
essary to operate the beamline while being potential sources of noise.
Inside the chambers, the breadboards on which the optical com-
ponents stand are connected to a single optical table (TMC) using
internal posts. Each post is vacuum-sealed by a surrounding CF40
bellow to damp any residual vibrations coming from the chambers.
The flat surface at the bottom extremity of the bellow is welded to
the post on the vacuum side, while the air side is used for clamping
on the optical table.

The active stabilization is obtained by using a continuous
wave (CW) laser that co-propagates with the main laser along the
pump-probe interferometer. Since the silicon mirror mounted in
path C (see Sec. II) strongly reduces any NIR spectral components,
a standard 633 nm helium-neon laser is not a suitable option to be
used as a CW stabilization laser. Therefore, a frequency-stabilized
diode laser with a wavelength of 473 nm (Hiibner Photonics) was
employed.® At the end of the interferometer, the CW laser is
extracted, and the interference pattern produced by the two recom-
bined paths is recorded on a CCD camera operating at 12.5 Hz.
A narrow-bandpass interference filter centered at 470 nm (Thor-
labs) is used to filter out the co-propagating NIR light. In order
to set the active stabilization, the interference pattern is Fourier
transformed, and the main spatial frequency component is extracted
together with the correspondent phase. Since any spatial jitter or
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FIG. 9. Beamline stability measurement over 11 h. (a) Calculated in-loop RMS of
the phase error using @ moving window containing 1000 points (1.4 min). The RMS
over the entire measurement is 51 mrad, corresponding to a delay stability of 13 as.
(b) Comparison between the corrected drift (black curve) over the acquisition time
and the room temperature variation (red curve). Reproduced with permission from
V. Wanie, “Probing and controlling few-femtosecond dynamics with ultrashort laser
pulses: from gases to solids,” Ph.D. dissertation (Université du Quebec, 2020).

drift in the pump-probe interferometer is directly imprinted in the
value of the above-mentioned phase, the active stabilization aims
to keep the phase constant with the lowest deviation. To do this, a
proportional-integral (PI)-based feedback loop is used to act on a
piezoelectric positioner, with the purpose of compensating for any
phase variation.”” We note that the same positioner is used to set the
pump-probe delay during experiments.

Figure 9 reports the stability of the beamline during 11 hours
of active stabilization. Shown in Fig. 9(a) is the moving root mean
square (RMS) of the phase error over the entire scan, employing a
sliding window containing 1000 data points (1.4 minutes). For each
translation of the window, the previous 500 points are conserved. An
in-loop RMS of 51 mrad on the phase error is obtained over the full
measurement, corresponding to a 13 as delay stability. Moreover, we
investigated the main sources of slow drifts in the interferometric
delay. In this context, Fig. 9(b) shows a clear correlation between
the room temperature (red dotted curve) and the drift corrected by
the active stabilization over 11 h (black solid line). In particular, it
is evident that already small temperature variations of about 0.6 °C
reflect into delay drifts of several femtoseconds.

VI. UV PUMP-XUV PROBE MEASUREMENTS

In addition to Sec. III, the properties of the UV pulses
delivered by the setup and a first demonstration of few-fs UV
pump-NIR probe measurements have also been discussed in pre-
vious studies.””*' Here, we briefly report on the capabilities of the
beamline for UV pump-XUYV probe experiments.

The UV and XUV pulses are focused in the center of a reflec-
tron type time-of-flight mass spectrometer using the noncollinear
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geometry described in Sec. II. Ethyl-iodide (C;HsI 98%, Sigma-
Aldrich) has been injected through a skimmer in the interaction
region by producing vapor at room temperature, resulting in a pres-
sure in the interaction chamber of 5.3 x 107 mbar. Ethyl-iodide
was chosen as a benchmark sample since alkyl iodides possess
high cross sections in the deep ultraviolet and have been widely
investigated.”* ** Figure 10(a) reports the spectrum of the UV pulses
(left) and XUV pulses (right) used in the experiment. The UV radia-
tion was centered at a photon energy of 4.5 eV, witha TL of 2.2 fsand
a pulse energy of 50 nJ. The XUV radiation was generated in kryp-
ton, as reported in Sec. IV, and covers the energy region between
17 and 43 eV. Figure 10 (b-c) shows the measured ion yields as a
function of the UV-XUV time delay for the selected fragmentation
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FIG. 10. Time-resolved measurements in ethyl-iodide using the UV and XUV spec-
tra shown in (a), normalized individually. The beamline was driven by near-infrared
pulses with 4.8 fs duration. The temporal evolution of the ion yields is shown for
fragment ions C,H;™ with 26 u (b) and CHZ with 29 u (c) as blue-dotted lines. For
each delay, the signal was normalized by the total ion yield. Each curve was fitted
using an exponentially modified Gaussian distribution (red lines).
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products C;Hj (b) and CH3 (c). For both fragments, the contrast
of the ion yield between negative and positive delays is in the order of
2%. The curves were fitted using an exponentially modified Gaussian
distribution, resulting in a standard deviation (o) of 5.88 + 1.22 fs
for the C;H; fragment and 5.90 + 1.14 fs for the C;HZ fragment.
We note that we also extract a relative delay of 6.72 + 0.93 fs between
the two fragments, which is a signature of the ultrafast molecular
dynamics captured in our measurement. A more detailed interpre-
tation of the UV-induced fragmentation dynamics of ethyl-iodide
will be described in a forthcoming publication.

With a clear signature of a time-dependent interaction between
the UV and XUV pulses, these measurements demonstrate the fea-
sibility of UV pump-XUV probe experiments using our attosecond
beamline.

Vil. SUMMARY

We presented here a novel pump-probe beamline combining
XUV-isolated attosecond pulses, few-femtosecond UV pulses, and
few-cycle NIR pulses. We showed that the beamline is suitable for
a new class of UV-based experiments. Furthermore, the innovative
gas recirculation system that was developed allows for the realiza-
tion of high-statistics, long-acquisition-time experiments, in which
the gas consumption for the UV generation is minimized and kept
sustainable. This method is likely to be extremely beneficial for other
purposes, such as the operation of gas-filled hollow—core fibers or
the generation of XUV and soft x-rays through HHG, for which high
gas pressures are required in situ."”®’ A stricter control of the gas
purity will be required to preserve the conversion efficiency of the
latter highly nonlinear process. A new design of a compact XUV
spectrometer was also described, based on the combination of an
SLVS grating and a cylindrical mirror. While keeping an extremely
compact footprint, it provides a long entrance arm that is suitable
for the installation of large detection systems and sample sources
such as two-sided spectrometers.®® These will particularly benefit
the investigation of large molecular systems, allowing for covariance
measurements that can be used to access simultaneously nuclear and
electronic degrees of freedom.”” The STARLIGHT beamline pro-
vides a unique setup for the future investigation of UV-induced
electron dynamics in biochemically relevant molecules with tem-
poral resolution from a few femtoseconds down to a few hundred
attoseconds.”!
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