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Understanding and controlling the structure and function of liquid interfaces is
a constant challenge in biology, nanoscience and nanotechnology, with appli-
cations ranging from molecular electronics to controlled drug release. X-ray
reflectivity and grazing incidence diffraction provide invaluable probes for
studying the atomic scale structure at liquid-air interfaces. The new time-
resolved laser system at the LISA liquid diffractometer situated at beamline PO8
at the PETRA III synchrotron radiation source in Hamburg provides a laser
pump with X-ray probe. The femtosecond laser combined with the LISA
diffractometer allows unique opportunities to investigate photo-induced struc-
tural changes at liquid interfaces on the pico- and nanosecond time scales with
pump-probe techniques. A time resolution of 38 ps has been achieved and
verified with Bi. First experiments include laser-induced effects on salt solutions
and liquid mercury surfaces with static and varied time scales measurements
showing the proof of concept for investigations at liquid surfaces.

1. Introduction

In nature, liquid interfaces are widespread and play a key role
in diverse processes including biological function, chemical
processing and environmental science (Schlossman, 2002;
Jonge & Ross, 2011; Hyman et al., 2014; Eisenthal, 1996).
Understanding and controlling the structure and function of
liquid interfaces are constant challenges in environment
science, biology and nanoscience with applications ranging
from solar thermal cells to biological membranes. Despite
intensive research, many aspects are still open. The local order
and dynamics of liquids undergo significant changes near
liquid interfaces, leading to a variety of phenomena including
changes in charge distribution and chemical composition close
to the interface (Miller et al., 1995) and can result in atomic
or molecular layering (Elsen et al, 2010; Luo et al., 2013).
Computer simulations (Kessler et al., 2015) and experimental
investigations with optical spectroscopy methods (Miranda &
Shen, 1999; Ni & Skinner, 2015) and electron spectroscopy
(Benjamin, 2006) have also shown that the structure and
dynamics of the fluid in the near-interface region deviate
significantly from the collective behaviour in the bulk. These
studies contribute to understanding important natural and
technological processes, e.g. electron transfer, heterogeneous
catalytic reactions and biomolecular processes.

While spectroscopic studies of ultrafast dynamics at liquid
interfaces (Tamarat er al., 2000) provide insight into the
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behaviour of individual molecules such as vibrations, rotations
or electronic states, X-ray scattering techniques provide an
invaluable probe to determine the interface structure
(Pershan & Schlossman, 2012). In particular, X-ray reflectivity
(XRR) and grazing incidence diffraction (GID) are central to
understanding the interfacial structure at liquid interfaces
(Haddad er al., 2018) including layering of metallic liquids
(Pershan & Schlossman, 2012; Elsen et al., 2013) and the
structural phase behaviour of organic Langmuir films on liquid
sub-phases (Kraack et al., 2003; Stefaniu et al., 2014). Among
other methods, they also provided insight into the equilibrium
dynamics of liquid surfaces, including capillary wave beha-
viour (Runge et al., 2016). Clear deviations from the classical
capillary wave theory on short length scales observed in
various studies (Fradin et al., 2000; Elsen et al., 2010) can be
partially explained by molecular dynamic simulations (Sega &
Dellago, 2017) and are still the subject of current research
(Nguyen & Tran, 2018; Seo et al., 2018; Zhang et al., 2021a).
Pump-probe studies of bulk water following the high-to-low
density transition in amorphous ice could determine pico-
second dynamics separating the anisotropic scattering decay
with a time scale of 160 fs from the delayed temperature
increase on the picosecond time scale (Perakis et al., 2017,
Ladd-Parada er al, 2022). Simulations and spectroscopic
studies of liquid interfaces and liquid jets indicate that the
dynamics for orientation-relaxation, diffusion, solvation and
intermolecular energy transfer are influenced by the presence
of the interface (Jungwirth & Tobias, 2006; Petersen & Sayk-
ally, 2006; Dallari et al., 2021; Fu et al., 2009; Biasin et al., 2021;
Kim et al., 2020; Onufriev & Izadi, 2018).

Highly topical ultrafast dynamic studies by pump-probe
X-ray scattering on solids such as spin-crossover crystals
(Collet et al., 2012), gas phase molecules (Yong et al., 2021)
and bulk liquids such as solvated Co(II) compounds (Biasin et
al., 2016) or molecular-level water dynamics (Kim et al., 2020)
demonstrating femtosecond to picosecond responses are
already well established. A number of beamlines at synchro-
trons allow pump-probe measurements but focus on solid
samples or transmission in liquid geometries, for example at
the European Synchrotron Radiation Source (Wulff et al.,
2003), SPring-8 (Fukuyama et al., 2008), the Advanced Photon
Source (March et al., 2011), BESSY II (Navirian et al., 2012),
Soleil (Laulhé et al., 2013), KIT Light Source (Issenmann et
al., 2013), Beijing Synchrotron Radiation Facility (Wang et al.,
2017), MAX IV Laboratory (Enquist er al, 2018), Elettra-
Sincrotrone Trieste (Burian et al, 2020) and Stanford
Synchrotron Radiation Lightsource (Reinhard et al., 2023),
among others. There are also a large number of setups at free-
electron laser facilities focusing on similar topics on even
faster time scales.

However, analogous studies at liquid surfaces and interfaces
have not yet been reported despite increasing interest.
Ultrafast surface-sensitive X-ray scattering experiments could
provide new data relevant to understanding the dynamics of
these interfaces, for example on the redistribution of the
capillary wave spectrum upon thermal excitation or on the
relaxation of local interfacial order at nanosecond or pico-

second time scales. Such measurements could also contribute
to the understanding of the non-equilibrium dynamics of
Langmuir films, which have been rarely studied so far (Hobley
et al., 2008; Chandran et al., 2015). However, such studies are
highly demanding and pose new challenges, as compared with
established pump-probe studies of bulk materials or solid
surface. In particular, fluidic surfaces may be deformed or
mechanically excited under laser irradiation, specifically for
irradiation by high power pulses. While true time-resolved
measurements on the picosecond time scale are the holy grail
of such studies, even time-averaged data obtained by
conventional surface X-ray scattering may provide interesting
insights into the effects of pulsed laser excitation, as illustrated
recently in studies of the laser annealing of metallic glasses
(Antonowicz et al., 2021).

Here we describe first steps towards the implementation of
time-resolved laser excitation studies at fluidic interfaces. We
first report on instrumental developments at the Liquid
Interface Scattering Apparatus (LISA) (Murphy ez al., 2014)
at beamline P08 (Seeck et al., 2012) of the PETRA III
synchrotron source, which provides a useful platform for
investigating structural properties at liquid surfaces. The
addition of an optical-pump/X-ray-probe facility at POS,
described in this paper, allows experiments on laser-induced
phenomena at liquid interfaces at LISA and in other systems
at the six-circle Kohzu diffractometer. We then provide results
of first experiments on salt solutions and liquid metals by this
setup, focusing on the ‘static’, i.e. time-averaged, scattering
signals observed during laser irradiation.

2. LISA at P08

The high-resolution beamline P08 at PETRA III (Seeck et al.,
2012) offers a wide range of possible experimental setups
suitable for experiments on liquid-liquid and liquid—vapour
interfaces at the LISA diffractometer (Pattadar et al., 2021;
Haddad et al., 2018; Sartori et al, 2022) or the Langmuir
Grazing Incidence Diffraction setup (Shen er al., 2022) and
experiments at the multifunctional six-circle diffractometer
from Kohzu Precision, Kawasaki, Japan (Fadaly et al., 2020;
Zhang et al., 2021b; AlHassan et al., 2020). The beamline is
situated on the high-beta section at the PETRA III third-
generation synchrotron radiation source providing a highly
monochromatic low divergent X-ray beam. The X-ray beam,
delivered by an undulator followed by a double crystal and a
large offset monochromator, has photon energies ranging
from 5.4 to 29.4 keV with an energy resolution between
AE/E =8 x 107° and 6 x 107°. The beamline offers various
focusing options resulting in different beam sizes, energy
resolution and beam divergence. A detailed description has
been given by Seeck ef al. (2012). For typical LISA operation,
the beam is moderately focused resulting in a beam size of
300 pm x 500 pm with a divergence of 11 prad x 20 prad at
18 keV. Furthermore, slits are used to cut down the beam size
to 100 pum x 400 pm.

PETRA III provides X-ray bunches with a repetition rate
of 52 MHz and a beam current dependent bunch length of
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~100 ps full width at half-maximum (FWHM) (Balewski et al.,
2011) in the 40-bunch mode also known as the timing mode.
This results in a gap of 192 ns between each bunch.

LISA operates in reflection geometry and tilts the X-ray
beam onto the sample without requiring the sample to be
moved which is convenient for investigating liquid interfaces
(Fig. 1). LISA consists of three vibration decoupled elements:
the double crystal deflector (DCD), the sample stage and the
detector stage. The DCD consists of Ge (111) and Ge (220)
crystals. By rotating the pair of asymmetric crystals around the
incoming X-ray beam axis the angle of incidence is changed
without sample movement. The angular resolution for all
subcomponents is a minimum of one order of magnitude
below the PETRA III beam divergence, which therefore
determines the resolution together with the detector setup.
For the timing measurements, we used an X-spectrum Lambda
750k GaAs detector with 55 um pixel size at a distance of up
to 1.2 m from the sample. These detectors allow gated data
acquisition with respect to the PETRA III bunch clock (see
Section 3.1) and thus enable ultrafast scattering experiments.
In addition, both single image and ‘burst mode’ measure-
ments, i.e. a fast series of images, are available for single and
multiple pulse laser shots.

The diffractometer and its components are operated by the
control system Sardana/TANGO. The detector images are
stored in NeXus file format along with other relevant beam-
line data in a separate ascii file in the storage system.

a)

Detector

DCD

b)

Figure 1

Schematic of the LISA and laser setup installed at POS. (a) The laser and
X-ray beam paths at the LISA instrument via the double crystal deflector
(DCD) is indicated in red and the X-ray in black. (b) Schematic drawing
of the liquid cell used at the beamline.

3. Laser setup and parameters

Within the work described here, LISA was equipped with a
femtosecond pulsed laser system in a separate laser hutch
below the P08 control hutch. A combination of manual and
motor-controlled mirrors guides the laser beam from the laser
hutch to the sample (Fig. 1). A block diagram of the pump-
probe setup is shown in Fig. 2. The laser system consists of a
Pharos femtosecond laser from Light Conversion with a
fundamental wavelength of 1030 nm and maximum output
power of 15 W. The laser pulse length ranges from 251 fs up to
12 ps with frequency ranging from 100 kHz up to 1041 kHz.
This results in pulse energies from 14 pJ to 150 pJ. With an
externally controllable Pockels cell at the output of the laser
unit, it is also possible to remotely control the repetition rate
of the final output to produce integer subharmonics of the
maximum set frequency or reduce the pulse energy further.
The Pharos laser may be used directly to deliver a wave-
length of 1030 nm or to pump one of the additional Light
Conversion modules, namely the higher harmonic generator
known as the Hiro module or the optical parametric amplifier
Orpheus to provide alternative wavelengths. In our setup,
the Hiro module is optimized to generate the second, third
and fourth harmonic with optimized efficiency with input
frequency of 130 kHz and pulse length of 251 fs. The Orpheus
can generate a wide wavelength range from 210 to 2600 nm
at 1041 kHz and 251 fs but provides a lower power. Typical
output powers are listed in the supporting information.
Motorized wavelength-dependent mirror stages direct the
beam to the LISA experimental station, as indicated in Fig. 1,
via a shielded laser path with a total length of up to 10 m. The
laser beam impinges on the sample from above at an angle of
30° with respect to the axis normal to the sample surface in
order to free the space directly above the sample cell, which is
often used for a micro-focus camera system to monitor the
sample state. Nevertheless, an option for hitting the sample
perpendicular to its surface with the laser beam also exists.
The linear polarized laser light can be shifted either hori-
zontally or vertically. Breadboards along the laser beam path
are installed at every mirror box to allow the installation of
additional equipment including lenses, beam shaping devices
etc. Additionally, there is a laser path to the Kohzu diffract-
ometer also present in the PO8 experimental hutch, making the
laser also available for user experiments at this diffractometer.

3.1. Synchronization

The laser oscillator is synchronized to a single bunch at the
PETRA III synchrotron via phase-locked-loop (PLL) elec-
tronics as shown in Fig. 2. RRE-Synchro Repetition Rate
Stabilization electronics (Menlo Systems, 2014) are used to
phase lock the laser oscillator to the sixth subharmonic of the
499.6655 MHz RF PETRA-III master clock (Klute et al., 2011)
signal (further referred to as 500 MHz in this article). A Menlo
Systems DDS120 direct digital synthesizer (Menlo Systems,
2009) acts as a phase shifter to realize a relative time shift
between the laser pulse and the selected X-ray bunch. The
timing electronics was purchased together with the laser
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Figure 2

Schematic of the laser-pump/X-ray-probe setup at PO PETRA III. The laser system is synchronized and shifted in time via a phase locked loop (PLL)
with the PETRA III master clock. By using gated detectors (Lambda, Pilatus) and monitors (APD-avalanche photodiode) gated with the PETRA III
bunch clock, the probed X-ray pulse can be selected and measured. Laser components are illustrated in red and timing components in blue.

system. The details of synchronization electronics, PLL and
DDS120 are described elsewhere (Schlie, 2013; Menlo
Systems, 2009, 2014). As outlined in the references above, in
our setup the 500 MHz PETRA III signal is frequency
doubled and mixed with a 20 MHz low noise reference to
provide a band-pass filtered 980 MHz signal which serves as a
reference for the phase distortion (PD) unit. The oscillator
repetition rate is detected with an optical fibre coupled photon
detector providing a 1 GHz signal. This 1 GHz signal is mixed
and band-pass filtered with the 980 MHz reference resulting in
a 20 MHz signal with a specific phase error. By mixing the
resulting 20 MHz signal with a phase adjustable 20 MHz signal
from the DDS120 synthesizer the final overall phase error is
generated. The Pharos laser cavity length is adapted to correct
the phase error via two piezoelectric actuators driven by the
RRE-Synchro. By adjusting the phase of the DDS120
synthesizer the laser can be phase shifted with respect to the
master clock and hence to the X-ray pulse. According to the
manufacturer specification, the minimum attainable phase
shift is 0.05° corresponding to 142 fs. Using this approach, a
time delay ranging from —10 ns to +10 ns, with a resolution of
142 fs could be achieved.

Our setup allows the laser to be operated at different
frequencies which are the subharmonics of the PETRA III
frequency. An electronically gated detector after the sample
and multiple up line monitors allow extraction of the chosen
X-ray bunch or multiple X-ray bunches associated with each
laser pulse depending on the detector gate width and
frequency. This facilitates variation of the X-ray pulse
frequency and width. The X-spectrum Lambda 750k has been
implemented as the gated detector. The detector gating signal
is provided by the PETRA III bunch clock and is generated
from the 500 MHz RF signal. Depending on the frequency of

the laser, the gating signal is provided by an appropriate raster
from the bunch clock. The gating signal is then prepared
individually for each detector and monitor. The gating signal
is also integrated into the beamline control system and
measurement timing, before providing it to the detector. An
avalanche photodiode (APD) from FMB Oxford Instruments
operated in gating mode is used as a monitor for the
normalization of the time-resolved data. The SCA output
signal from APD ACE electronics (FMB-Oxford) is processed
together with the gating signal in a constant fraction discri-
minator (Ortec 939 QUAD CFD) to extract the gated inten-
sity of the X-ray bunch. Fig. 3 shows the PETRA III bunch
structure measured with different detectors in the 40 bunch
mode. In blue, the gated signal of the APD is shown, while the
red signal shows the Lambda detector. Both detectors were
gated to a 130 kHz bunch clock signal with a gate width of

T LA R L L S S B L B S B R R |
o
- of n N ?
ool B b AW, iy TR
~ SR RS T S S
AU S U B I T A U
Ca00F % o % b Vo % 1
> - Lo S *’3
-'::‘7, l‘w o ¢ P
c o Ny $1 "lk“ ¥
faol MWW M
— 1 1 1 ] 1 1 'l :
o Vo Vo Pl
L b b Lo
O_I .h. p e .H.. 1 .‘. 1]
-400 —-200 0 200 400
Figure 3 time (ns)

The bunch clock pattern as measured by the GaAs Lambda Detector
(red) and the APD (blue) measured at LISA for a 130 kHz gating signal
with a 128 ns width. PETRA III was operating in the 40 bunch timing
mode.
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128 ns, selecting one X-ray bunch from 40. By shifting the
bunch clock signal the X-ray bunches were rastered to check
the bunch structure and to ensure that a single X-ray bunch is
selected at the centre of the gating window. For the attained
jitter for the signal measured by the Lambda of roughly 50 ns,
centring on the selected bunch ensures that only the chosen
bunch is detected and reduces the signal contribution from
neighbouring bunches to a negligible level. The X-ray bunches
could be resolved nicely by the gated APD with a delay of
fewer than 16 ns between high (gated X-ray bunch) and low
(gating between two bunches). Unlike the APD signal, the
measured minimum signal never reaches 0 counts for the
Lambda as the time resolution is less well resolved. However,
the centres of maxima and minima match well with those of
the APD, confirming the timing overlap between the Lambda
and APD. It was not possible to further shorten the gate width
as otherwise the full intensity of the bunch could not be
measured. Using this method, a maximum time delay of 80 ps
is achievable.

By jumping between the X-ray bunches, which are sepa-
rated by 192 ns, it was possible to extend the time delay and
hence the available time range up to 7.68 pus. The latter
corresponds to the periodicity of all 40 bunches in the ring
with 192 ns time separation and is achieved by shifting the
bunch clock signal and thus the detector gating in time.
Obviously, the time resolution in this mode is fixed at 192 ns.
A time delay of microseconds to milliseconds was achieved
by controlling the Pharos Pockels cell with an additional
synchronized electronics.

3.2. Spatial and temporal overlap

The spatial overlap of the laser and X-ray beam spots at the
sample position is confirmed by a photodiode. A fast photo-
diode (AXUVHS6; Opto Diode Corp.) with an active area of
0.0008 mm? and a rise time of 50 ps is connected via a 100 kQ
resistor and an amplifier (Mini-Circuits, ZFL-2500VH+) to an
oscilloscope (Waverunner 640Zi) with a maximum sample rate

of 40 GS s~ '. The diode is placed in the X-ray beam at the
sample position directly at the pivot point of the LISA
diffractometer. The diode is sensitive to both the X-rays and
laser signals. Once the X-ray beam is detected on the diode,
the laser beam is moved via the motorized mirror before the
sample to maximize the laser signal on the oscilloscope. This
confirms the spatial overlap. The temporal overlap between
the signals is illustrated in Fig. 4, which shows such oscillo-
scope data during this procedure. The light red signal shows a
reference signal from a photodiode directly at the laser output.
The black line is the detector gating signal received from the
PETRA III bunch clock. It allows separation of the individual
X-ray bunches. The blue line indicates the photodiode signal
of the X-ray bunches at the sample position. The red signal
originates from the laser signal at the sample position. To
achieve temporal overlap the laser pulse is shifted via the laser
phase shifter until the laser and X-ray signals overlap on the
oscilloscope (Af = 0). Depending on the laser pulse parameter
this method allows the pulse positions to be matched with an
accuracy of 10 ps to 50 ps. A more precise adjustment is
achieved by measuring the laser-induced thermal expansion
along a lattice plane of a bismuth (111) thin film sample with a
typical response on a time scale of picoseconds, as described
later. After temporal alignment of the pulses the time delay
between the triggered edge of the bunch clock signal and the
laser reference (At,.s, shown in Fig. 4) coming from one of the
photodiodes in the Pharos laser unit is noted. This value is
observed throughout the experiment as it is considered to be a
confirmation of the timing overlap. Since the bunch clock
is fed by the PETRA III RF signal, any possible relative
temporal shift of the X-ray pulse caused by any unforeseen
reasons such as beam dump also affects the bunch clock signal
and results in a deviation of the time delay from the noted
value. In addition, deviations can also originate from the
temporal movement of the laser (caused by, for example, a
jump introduced by the timing electronics). For all of these
reasons, occasional realignment of the temporal overlap is
deemed necessary if At.; changes at At = 0.

Laser reference

0.1-1.0 MHz
PLL <«<—>| Laser
RF @500 MHz I b
Laser pump :
0.1-1.0 MHz :
; : Lt
X-ray probe ! : Do : ' :
5.2 MHz b o b
n | R U N O S |
N 0 P ' : H
@ Detector gate
RF @500 MHz 0.13, 1.0 MHz l

Bunch clock

Figure 4

An oscilloscope trace showing the detector gate signal generated from the bunch clock (black), the laser reference signal (light red) produced by one of
the photodiodes in the Pharos laser unit, the X-ray bunch (blue) and laser signal (red) from the photodiode at the sample position.
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4. Picosecond temporal resolution determined by
bismuth lattice response

To benchmark the setup, characterize the temporal resolution
and precisely check the temporal overlap, the thermal lattice
expansion of the bismuth thin film was measured. This is
reported to occur in the picosecond time scale (Laulhé et al.,
2013; Esmail et al., 2013; Bugayev & Elsayed-Ali, 2019). A
(111) orientated bismuth layer with a thickness of about 80 nm
was prepared by evaporation on an Si(001) wafer. The thermal
expansion of the Bi (111) Bragg peak following the excitation
by a single laser pulse was measured using the pump-probe
setup. A 1030 nm laser pulse with 12 ps (FWHM) pulse length,
31.2 pJ pulse energy and a diameter of 6.6 mm (1/¢?) resulting
in a fluence of 182.4 uJ cm™ 2 was chosen as the optical pump,
followed by an 18 keV X-ray pulse as the probe, with variable
time delay Ar between the laser and the X-ray pulses. Fig. 5
shows the relative peak position of the Bi (111) peak, obtained
by fitting the two-dimensional detector images with a Gaus-
sian profile, for a range of time delays between pump and
probe pulses. Two example detector images before and after a
laser pulse are shown in Fig. 5(b). For this experiment the
temporal shift of the synchronized laser pulse was achieved by
shifting the phase-locked loop as described above. A clear
shift of 0.8 x 107> A™! of the bismuth (111) Bragg peak is
observed. The standard deviation was determined to be 0ya
=38 &£ 6 ps by a fit of a cumulative distribution function (blue
line) to the measured data (black dots) and represents the
total time resolution of the setup. The resolution is determined
by the time of lattice expansion of the bismuth sample, the
pulse length of the X-ray and laser pulse, as well by the jitter
between them introduced by the synchronization electronics.
Assuming a Gaussian shaped laser and X-ray pulses and a
Gaussian jitter contribution, the resulting convolution has
been assumed as a Gaussian. Thus, the standard deviations are
the sum of the squares. Since the length of the laser pulse
Olaser = 5.1 ps and the jitter of the synchronization electronics
Ojitter < 2 ps only contribute in the sub-picosecond regime, the
resolution is primarily determined by the X-ray pulse length
and the time of the lattice expansion. To estimate the time

a) —_——— T ————

08 -' b) . " ° ;
[ 0.5 F o® |
—~ 0.6 F ]
7 04f -500 0 500
=) [
g 0.2 ,-_ ,l'.O...on'l ,
i 0 1]
0.0F — ]
PP MU PR SR TR S
-03 -0.2 -0.1 0.0 0.1 0.2
Figure 5 timedelay (ns)

0.3

scale of the bismuth lattice expansion we have evaluated
previously published data. A similar experiment (Laulhé ez al.,
2013) reports an initial shift of the Bragg peak below 80 ps,
which we estimated to be o,yice < 17 ps from their data. Other
data taken by electron diffraction methods (Esmail et al., 2013;
Bugayev & Elsayed-Ali, 2019) report even shorter time scales
with Opace < 6 ps. In all cases the contribution to our reso-
lution is below 3 ps and within our errors. This suggests that
the X-ray pulse length is the main factor limiting our resolu-
tion. The measured resolution of oy, = 38 £ 6 ps is in
accordance with the PETRA III pulse length design value of
40 ps (Balewski et al, 2011) and is slightly shorter than
previous measured values of 47 ps for the used bunch energy
of 2.5 mA (Balewski ef al., 2011). The inset of Fig. 5(a) shows
the measurement over a wide range of time delays, covering
a range of 1 ps, by scanning the X-ray bunches around the
bunch overlapping with the laser pulse as described above. In
this case, the gating signal coming from the bunch clock was
delayed in steps of +192 ns to move to the adjacent bunches.
Also, an additional time delay of ~30 ps was introduced
between the laser and X-ray pulses during this scan in order to
achieve a visible thermal effect at the X-ray bunch considered
as time zero. The lattice expansion was observed to return to 0
already in the X-ray bunch next to the time zero bunch,
indicating a decay of the thermal expansion within 192 ns. This
procedure further ensures that the correct bunch, which is
associated with a laser pulse, is selected out of the 40 bunches
in the adjustment of the gating setup.

5. First static measurements and laser influence on
liquid surfaces

To illustrate the performance and potential science cases for
the new laser-pump/X-ray-robe setup on liquid—vapour
interfaces we performed first prototype experiments on
liquids. In liquid salt solutions the specific ion species can
cause very different phenomena despite similar electron
structure, such as ClI~ or Br™. In the field of atmospheric
physics (Rhew et al., 2000; Oum et al., 1998; Nepolian et al.,

After laser
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Before laser
d) pulse e)
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1250+ + 41+t {1t 4
3 1200 F 4+ 4 For 1 F £
- b
2 1150 f + - - ]
p oy \
3 1100 F ¥ 4 F¥ 1t ‘
1050 F + 41 ++ {1t
1000 ' '
0 200 400 O 200 400
Ydet (pixel) Ydet (pixel)

(a) Bi (111) Bragg peak shift (black dots) and fit (blue line). The red curve is the derivative (in arbitrary units) of the fit. Inset (b) shows the response on a
1000 ns and (c) on a 2 ns time scales. The bismuth sample was excited by a 1030 nm, 12 ps laser pulse with a fluence of 182.4 uJ cm 2. Raw detector
images are shown in (d) before and (e) after the laser pulse with the integrated intensity profiles before (blue) and after (orange) shown in (f).
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2021), and also in other areas of technical applications (Chin et
al., 2001; Meng et al., 2022), exposure of salt solutions to
radiation plays an important role. The type and energy of
radiation have different influences on their properties. Speci-
fically, UV radiation plays a major role here, as it is emitted by
the sun and absorbed in the atmosphere, as well as often used
in technical processes. Previous studies showed that UV irra-
diation can excite photoelectrons in water and salt solutions,
resulting in solvated electrons (Sauer et al., 2004). Therefore,
first experiments on liquid surfaces were carried out at the
interface of a water-based salt solution and vapour, using a
258 nm UV laser for the electronic excitation and X-ray
reflectivity (XRR) to investigate the influence of laser pulse
irradiation on the liquid interface structure. In addition,
experiments were performed from a mercury—vapour inter-
face to study heat-induced structural changes induced by the
laser at 1030 nm. These measurements aimed at obtaining
preliminary data for future ultrafast studies of the non-equi-
librium dynamics of solvated electrons and capillary waves at
liquid interfaces using the XRR technique.

The cell used for the studies of water and aqueous salt
solutions consists of a water-cooled Teflon Kel-F trough of
dimensions 40 mm x 90 mm surrounded by an aluminium
housing to achieve a controlled N, atmosphere. The cell has a
quartz glass plate of 1 mm thickness on the top and two X-ray
Kapton windows to allow simultaneous illumination by laser
and X-rays as illustrated in Fig. 1(b). The thin bottom
(0.5 mm) and low height (2 mm) of the trough ensures a good
heat transport to the copper base plate, which can be cooled
by a JULABO chiller and/or an additional Peltier. A sche-
matic drawing of the liquid cell is shown in Fig. 1(b) and in
Fig. S3 of the supporting information. The cell used for the
mercury experiments was an ultra-high vacuum compatible
stainless steel (SS) chamber and is shown in Fig. S2. The cell
consists of an inner cell with a diameter of 50 mm and a depth
of 5 mm and a quartz window at the top for the laser. The laser
window also serves as a viewport for an optical microscope
(Basler ACE acA1600-20gm with OPTEM Fusion motorized
Zoom system 12.5:1) to monitor the sample state. A mercury
reservoir, viewport, scraper, gas inlet and outlet and turbo-
molecular pump equipped with a vacuum gauge are connected
to the cell through the high vacuum ports. The cylindrical
reservoir made of SS contains approximately 20 ml of mercury
and is connected via a SS rod extended up to the inner cell.
The mercury surface has been tested to remain flat over more
than 25 mm at the centre which is sufficient for X-ray reflec-
tivity measurements. The scraper made of an Mo plate is
mounted on a rotatable bellow to remove any unwanted oxide
layer deposited on the mercury surface. To reduce the oxygen
partial pressure, the cell is evacuated and backfilled with an
N,-H, (96:4) mixture for three cycles and finally filled in with
H, gas. A small flow of H, is also maintained throughout the
experiment to keep the sample clean for a longer period. The
cell is operated in the temperature range between —2 and 3°C
by water flow using a JULABO chiller connected to the base
plate of the inner cell. Mercury (99.999+ %) and Nal (99.99%)
were purchased from Sigma Aldrich. The salt was baked for

more than 12 h at temperatures above 300°C to eliminate any
possible organic contamination and moistures. The solutions
of different salt concentrations were prepared with 18 MQ2
Milli-Q water (Elga Purelab Ultra Analytic, 18 MQ cm ™).

5.1. Laser excitation of Nal solution

The influence of the UV laser on a 0.5 M Nal salt-solution—
vapour interface was investigated by XRR. The solution was
stored in the dark until laser excitation. To electronically
excite the sample, it was illuminated with a 258 nm laser beam
with 251 fs (FWHM) pulse length and a Gaussian beam shape
with a diameter of 15.3 mm (1/e”), delivering a fluence of
5.4 uJ cm ™2 The X-ray beam size was set at 100 um vertical
times 200 pm horizontal at the sample position. The angles of
incidence and reflection were set to 0.94° so the specular
reflected-ray beam at a ¢, position of 0.3 A~" was monitored.
The size of the X-ray footprint on the sample surface was
~4.7 mm (1/¢?) along the X-ray direction which was one-third
of the laser spot size and the two spots had a good spatial
overlap. The shape of the specular reflected X-ray beam
observed on the Lambda detector along the ¢, (vertical
component of the wave transfer vector) and g (horizontal
component) direction was investigated before the laser exci-
tation [Fig. 6(a)]. Here, a well defined Gaussian shaped profile
is observed along the g, direction as expected. During laser
excitation we observe a strong broadening of the reflected
X-ray beam along the ¢, direction [Fig. 6(b)] when a good
overlap between X-ray and laser beams is achieved. Reducing
or increasing the overlap of the X-ray and laser beams causes
beam movement of the reflected X-ray beam along the
detector. Fig. 6(c) shows the effect of off-setting the laser
beam from the centre to the FWHM of the intensity along the
sample surface parallel to the incoming X-ray beam to reduce
the spatial overlap. Under these conditions, the X-ray beam is
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Detector images of the specular reflected beam from a 0.5 M Nal water
solution (a) without laser, (b) with 258 nm and 2.7 uJ cm ™ laser irra-
diation and good spatial overlap between the laser and X-ray beam and
(c) with laser irradiation but imperfect spatial overlap between laser and
X-ray beam. (d) Specular reflected beam from a 3 M Nal solution with a
laser fluence of 107 puJ cm 2.
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hitting the edge of the laser excited surface area. As a result,
the reflected X-ray beam moved 13 pixels or 0.011 Al
(around 4%) along the ¢, direction and pronounced asym-
metry of the Gaussian shaped X-ray beam is observed because
of the misalignment between the X-ray and laser beam.
Choosing a higher laser power causes strong peak splitting as
shown in Fig. 6(d) for a 3 M Nal solution illuminated with a

laser fluence of 107 pJ cm 2.

5.2. Laser induced deformation of the liquid surface

To better understand this sample behaviour when exposed
to the laser beam, scans of the surface profile were carried out.
Both the sample and X-ray beam were held fixed and the laser
spot was scanned along and perpendicular to the X-ray beam
direction with a pair of motorized mirrors, as schematically
illustrated in Fig. 7(a). These measurements were performed
for the Nal and other samples with varying laser configuration.
The results are shown in Fig. 7(b), where the vertical X-ray
peak position on the detector Ax is plotted against the laser
beam position Ay (with Ay = 0 corresponding to the optimal
overlap between laser and X-ray beam) and the right-hand
axis shows the surface slope error. An anti-symmetrical shift
of Ax is observed, most likely coming from a change in the
local height and tilt of the sample. This can originate from a
dip, bump or standing wave on the liquid surface, as illustrated
in Fig. 7(a). Such a laser-induced deformation of the liquid
surface may be induced by several effects, including thermal
expansion, evaporation, ablation, photon pressure, local
changes in surface tension or, most likely, a mixture of several
of these. To enable reproducible measurements at the liquid
interface, these deflections were investigated in more detail
and stable settings were identified. A change in the surface
profile results in variations of the reflection angle as a function
of the lateral position of the beam on the sample and,
consequently, causes X-ray beam movement on the detector.
From a careful evaluation of the deflection, the surface profile
can be determined. Using the local gradient to calculate the
incident angle o for a Gaussian shaped protrusion on a flat
surface, the relative movement of the reflected X-ray beam on
the detector Ax can be calculated by

B N i { [ (x > XO)z} }
o = tan Aexp|— )
dx 202 (1)
Ax >~ sin(«) d,

where d is the distance between the detector and the sample
position. By fitting the Gaussian parameters amplitude A,
position x, and sigma o to our measured data the shape of the
surface disturbance can be estimated.

The calculated fits (solid line) along with the measured data
(black dots) are shown in Fig. 7(b) and all parameter are listed
in Table 1. The phenomena could be observed not only for the
Nal solution interface excited with a 258 nm laser beam but
also from many other liquid samples tested. However, as
shown in Fig. 7, no effect was observed on the pure water
surface with the same laser parameter as employed for the Nal

Table 1
Laser parameter and fit values of the Gaussian shaped laser induced
surface deflection.

Laser Diameter
wavelength Laser diameter Laser fluence (1/e%) Amplitude
Sample  (nm) (1/* )(mm) (I cm?) (mm)  (um)

Mercury 1030 6.6 450.6 14.8 5.5
Water 1030 6.6 89.2 8.7 —4.5
Nal 0.5 M 258 153 54 22.4 22
Water 258 15.3 5.4 0

sample (258 nm, 5.4 pJ cm?), where a surface slope error of
0.016 % 0.002° was observed.

Deformation of the sample surface was also found upon
purely thermal excitation by infrared laser light. This is illu-
strated in Fig. 7 for the case of liquid mercury under H, gas
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Figure 7
Movement of the specular reflected X-ray beam while scanning along the
surface deflection induced by the laser beam profile for mercury, water
and 0.5 M Nal solution with different laser properties. The measurements
were taken at the g, position 0.3 A~! Data are shown as symbols and
lines indicate best fits of the sample surface profile (Table 1). The dashed
line indicates the position for the X-ray specular peak on the detector
without laser irradiation. The individual curves are offset with respect to
each other for clarity.
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and for pure water under nitrogen atmosphere. Here the Hg
and water sample were excited with a 1030 nm laser beam with
a fluence of 450.6 and 89.2 uJ cm ™2, respectively, and a laser
spot size of 6.6 mm (1/¢*). The X-ray beam parameters were
the same as described in Section 5.1. In both cases we could
observe a Gaussian shaped surface displacement with a
surface slope error of 0.060 £ 0.001° and 0.070 £ 0.001° for
Hg and water, respectively. Surprisingly, the direction of the
surface deflection on mercury was opposite to that on water.
This indicates a thermal expansion leading to a bump on the
mercury surface, while on water a dip is formed indicating that
other additional effects are decisive. To further determine the
effect on the water and mercury surface, some calculations
regarding absorption photon pressure and thermal expansion
were carried out, as detailed in the supporting information.
The observed dip could be due to the evaporation of a small
liquid volume in the area of the laser spot. However, even by
assuming full absorption of the laser energy by the liquid, the
time needed to evaporate the water from the bump would be
more than one order of magnitude larger than the observed
time for the formation of the dip, which is less than 1s (see
below). Also, the estimated depression of the surface by the
photon pressure is orders of magnitudes below the observed
effect. A further explanation could be a local change of the
surface tension, which would lead to a similar phenomenon to
the Marangoni effect. Since the surface tension would only
change in the region of the laser illumination, an equilibrium
with a complicated fluid dynamic would form. Further inves-
tigations are in progress, including alternative approaches as
described by Jeng et al. (1998).

To further clarify the influence of the laser on the liquid
surface profile, we performed for 0.5 M Nal solution more
detailed studies of the evolution of the signal on the time scale
of seconds after switching the laser irradiation on and off
again. Such studies are an important prerequisite for XRR
under optical excitation and pump-probe measurements,
because curved surfaces may influence the measured signal
and distort the results. Measurements on curved surfaces are
possible but require careful data treatment (Festersen et al.,
2018; Konovalov et al., 2022). In the present case, we have the
added complication of confirming the correct spatial overlap
between laser and X-rays for the case of a liquid sample. Fig. 8
shows the intensity changes of a 0.5 M Nal solution upon laser
excitation with a 258 nm laser beam with a diameter of
153 mm and a fluence of 5.4 pJcm 2 at three different
overlap positions between laser and X-rays. The measure-
ments were taken at the maxima [Figs. 8(a) and 8(b)], middle
inflection point [Figs. 8(c) and 8(d)] and minima [Figs. 8(e) and
8(f)] along the trajectory shown in Fig. 7. Similar effects are
seen for 3 M Nal solution illuminated with a laser fluence of
107 puJ em ™2, as shown in Fig. S7.

Despite various deviations of the reflected beam position,
an increase in the intensity of roughly 20% can be observed in
all three cases upon starting laser excitation (vertical green
line). These observations indicate that the measured X-ray
signal is independent of the surface profile. To investigate
whether the measured increase in intensity is attributable to

excitation of the Nal solution, the same experiment was
carried out on pure water [Figs. 8(g) and 8(%)]. In agreement
with Fig. 7, neither a change in the specular reflected beam nor
a change in the intensity was observed for water at ¢, =
0.3 A~!. Sauer et al. (2004) and Marin et al. (2019) showed
absorption for iodine and no absorption for hydroxide at
248 nm. Based on their results, we expect a higher absorption
from iodine as compared with hydroxide in the water sample
at 258 nm. This higher absorption could explain the intensity
increase. If the absorbed energy is converted to heat, it would
increase the capillary wave roughness giving a reduction in the
specular reflected intensity. Since an intensity increase is
observed, other effects are dominant here. Ion segregation at
the Nal solution’s surface as predicted by Jungwirth & Tobias
(2006) could explain the increase in intensity. Furthermore, it
has been shown that via photoexcitation of inorganic anions,
such as iodide, free hydrated electrons are generated (Sauer et
al., 2004; Twata et al., 1993; Lian et al., 2006). These hydrated
electrons most likely change the surface structure and influ-
ence the iodine at the interface (i.e. enrichment). Further
investigations and simulations are required to clarify this.
During these experiments an ageing of the iodine sample was
observed. These ageing effects have already been described by
Rahn (1993), Yeo & Choi (2009) and Marin et al. (2019). The
ageing is caused, among other processes, by the formation of
triiodide, noticeable as yellowish discolouration on the sample
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Nal: the specular reflected beam position on the detector (left) and
specular reflected intensity (right) at g, =0.3 A~'fora 0.5 M Nal solution
at different laser/X-ray overlap positions, maxima (a, b), middle turning
points (c, d) and minima (e, f), along the trajectory shown in Fig. 7(b).
(g, h) Corresponding data for water. A 258 nm laser beam with a
diameter of 15.3 mm and a fluence of 5.4 pJ cm ™ was used. The laser was
switched on at t = 0 s (green line) and switched off at 1 = 10 s (red line).
Measurements are averaged over 1 s.
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surface. This occurrence influenced and diminished the
observed effects by altering the chemical composition at the
liquid surface. Nevertheless, reproducible measurements were
possible within 20 minutes to hours depending on the amount
of laser excitation and sample concentration. The sample was
exchanged upon discolouration.

5.3. Surface structure of photoexcited water and Nal solution

To determine the influence of the photoexcitation on the
microscopic surface structure, X-ray reflectivity measurements
were performed. Fig. 9 shows the obtained XRR for the 0.5 M
Nal solution and water with and without laser excitation at
258 nm. As indicated by the time scans in Fig. 8, an increase in
the reflected intensity for the Nal solution upon irradiation
is observed. Fitting the XRR curve with a simple roughness
model without layering as described by Braslau ef al. (1985)
and Pershan & Schlossman (2012) indicates that the roughness
decreased from 2.49 +0.02 A to 2.40 + 0.02 A during laser
irradiation. In contrast, the water XRR exhibits an increase in
roughness from 2.41 +0.02 A to 2.74 £ 0.02 A. Even if the
changes are small, these results indicate an opposite effect for
the two samples. The increase in the water roughness can be
explained by an increase in the (local) temperature due to
absorption or a small distortion of the water surface due to the
laser. This increase in roughness could not be found in the
previously shown intensity transients [Fig. 8(/)], which may be
explained by the low influence of roughness on the XRR at
the low ¢, values of 0.3 A~!. The reduced roughness seen for
the Nal solution indicates interesting changes in the surface
structure. Temperature-induced increases in capillary rough-
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Figure 9

Static XRR measurements with the reflected intensity normalized by the
Fresnel intensity (R/R;) and the associated fits are shown for water and
0.5 M Nal solution with (red) and without (black) laser excitation. A
258 nm laser beam with a diameter of 15.3 mm and a fluence of 5.4 puJ
cm™2 was used to continuously illuminate the sample.

ness do not seem to play an overriding role or may be over-
compensated by other effects. The reduced roughness could
hint at an increase in the surface tension, which could be
introduced by an increased salt concentration at the surface
due to laser excitation. This would be in accordance with
theoretical studies (Jungwirth & Tobias, 2006).

Investigation of electronic and thermal excitations effects
on nanosecond to sub-nanosecond time scale pump-probe
measurements on Nal solutions were observed but not in a
reproducible manner. Sub-nanosecond effects could only be
observed in some first scans on fresh Nal solutions, most likely
due to sample ageing. Such measurements require very long
counting times since the signal is very low in timing mode as
only one X-ray bunch from 40 is used as described above in
Section 3.1. Thus, though counter-intuitive, the total exposure
of the solution to the laser is much longer for measurements
on faster time scales resulting in sample ageing. The laser
exposure for a typical pump—probe measurement can take up
to 10 min in comparison with ‘burst mode’ measurements
where it can be reduced to 10 s. To solve this issue of repro-
ducibility, a flow cell is in development. In the case of liquid
mercury, highly reproducible pump-probe data could be
collected on the sub-nanosecond time scale (a dedicated
publication is in progress to describe this complex system).

6. Conclusion

The LISA diffractometer at PETRA III has been upgraded
with a laser-pump-X-ray-probe providing the possibility of a
time resolution in the range of the X-ray length of oy, =38 &
6 ps. Though further tests are required on liquid interfaces,
this time scale was confirmed by measuring the thermal
expansion of the solid Bi (111) Bragg peak following the
excitation by a laser pulse.

The LISA setup is tailored to investigate liquid interfaces.
Significant experimental issues could be overcome to describe
the laser induced deformation of the liquid surface. Laser
induced changes of the shape of liquid interfaces are investi-
gated and modelled, as a prerequisite for optimized experi-
mental studies on liquids. It is also shown that laser light can
have a measurable influence on liquid surfaces and that
reproducible experiments are possible currently on longer
time scales. Preliminary X-ray reflectivity measurements on an
Nal solution interface illustrate that UV-laser excitation can
induce non-thermal effects that can be investigated with the
new setup. Another issue is laser beam damage of liquid
solutions which combined with weak scattering hampered
reproducibility on the shortest time scales. Further tests with a
flow cell are required to counter this problem.

The laser setup is also available for studies of other solid
and liquid systems at the Kohzu diffractometer at the P08
beamline. Despite encountering experimental challenges and
solution degradation, this set-up sets the foundation for
further exploration of effects across all temporal domains at
liquid surfaces including liquid metals. The presented work
will pave the way for time-resolved investigations of surface
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structural dynamics at liquid interfaces down to picosecond
time scales.

7. Related literature

The following references, not cited in the main body of the
paper, have been cited in the supporting information: Johnson
& Christy (1972); Weber (2018).
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