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Abstract

The photodissociation dynamics of UV excited CS, are investigated using time-resolved
Auger—-Meitner (AM) spectroscopy. AM decay is initiated by inner-shell ionisation with a
femtosecond duration x-ray (179.9 eV) probe generated by the FERMI free electron laser. The
time-delayed x-ray probe removes an electron from the S(2p) orbital leading to secondary
emission of a high energy electron through AM decay. We monitor the electron kinetic energy
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of the AM emission as a function of pump-probe delay and observe time-dependent changes in
the spectrum that correlate with the formation of bound, excited-state CS, molecules at early
times, and CS + S fragments on the picosecond timescale. The results are analysed based on a
simplified kinetic scheme that provides a time constant for dissociation of approximately 1.2 ps,
in agreement with previous time-resolved x-ray photoelectron spectroscopy measurements

(Gabalski, et al 2023 J. Phys. Chem. Lett. 14 7126-7133).

Keywords: Auger spectroscopy, free electron lasers, time-resolved x-ray spectroscopy

1. Introduction

The photodissociation dynamics of CS, involve competing
internal conversion (IC) and intersystem crossing (ISC) pro-
cesses, that are coupled to structural changes that result in the
molecule bending and asymmetrically stretching. The overall
dynamics lead to the formation of ground state CS and atomic
S in either the ground (3P) or spin-orbit excited ('D) state
(Hemley et al 1983, Waller and Hepburn 1987, Mank et al
1996, Farmanara et al 1999, Townsend et al 2006, Bisgaard
et al 2009, Hockett et al 2011, Brouard et al 2012). This com-
plex interplay of nuclear and electronic degrees of freedom
means that the photodissociation dynamics of CS, stand as
a benchmark system for the study of complex photochemical
processes in a structurally simple system, leading to its posi-
tion as a molecule of choice when testing and developing new
experimental probes (Bisgaard et al 2009, Horio et al 2013,
2017, Spesyvtsev et al 2015, Smith et al 2018, Karashima et al
2021, Warne et al 2021, Gabalski et al 2022, 2023, Razmus
et al 2022, Unwin et al 2023).

The static investigation of molecules at the core, by means
of x-ray photoelectron spectroscopy (XPS) and Auger spec-
troscopy, with synchrotron radiation is a well-established
field of research, capable of providing detailed informa-
tion (Ankerhold er al 1997, Bolognesi et al 2009, Hedin
et al 2009, Sekushin et al 2012, Hikosaka et al 2014). With
the advent of free electron laser (FEL) technology and the
accessibility of femtosecond duration X-ray pulses, measure-
ments have sought to exploit the element specificity of X-ray
probes to explore the sensitivity of more strongly bound (core)
electrons to photochemical change. Of most relevance to the
present study are recent experiments that use time-resolved
XPS probes that either measure the primary photoemission
(BrauB e er al 2018, Mayer et al 2022, Gabalski et al 2023)
or secondary processes such as Auger—Meitner (AM) emis-
sion (McFarland et al 2014, Lever et al 2020, Wolf et al 2021)
to probe photochemical change.

Schematic representations of both XPS and AM processes
are provided in figure 1 and can be described as follows. In
the electronic ground state (top left panel), x-ray ionisation
removes a core electron and leaves the molecule in an unstable
electronic configuration. Subsequent relaxation leads to an
electron in a higher lying orbital making a transition to fill the
core vacancy, with the excess energy taken away through the
emission of a secondary electron with a typical timescale of a
few femtoseconds. Radiative processes like fluorescence are
generally competing with AM processes but are very weak

at the specific sulfur L-subshells considered in this manu-
script, and thus neglected in this representation (Krause 1979).
Figure 1 shows one of many AM transitions that are possible,
leading to an often complex spectrum that shows sensitivity to
both core and valence electronic structure. In the time-resolved
variant (bottom panel), UV excitation leads to a change in the
valence electronic structure such that, following X-ray ionisa-
tion, the subsequent AM decay process may also differ from
those in the unexcited molecule. Following the initial excit-
ation, the electronic and geometric structure of the molecule
evolves over time, within tens or hundreds of femtoseconds,
leading to changes in the observed AM spectrum. A poten-
tial advantage of time-resolved AM spectroscopy (TR-AMS)
methods is that the energy of the AM emission is controlled
by the molecular electronic structure and is independent of the
ionising photon energy.

Previous TR-AMS measurements have been used to study
the non-adiabatic processes involved in the photochemical
relaxation of thymine (McFarland er al 2014) and two-
thiouracil (Lever et al 2020). Analysis of the electron peak
intensities, and the way in which the peaks shift with pump-
probe delay were interpreted in terms of electronic and geo-
metric structure changes. Electronic structure changes in
thymine led to new bands appearing in the oxygen K-edge
AM spectrum, while C-S bond extensions occurring in two-
thiouracil led to characteristic shifts in the S(2p) AM spectrum
with subsequent electronic state changes leading to shifts in
the band positions over much longer timescales. We note that
AM processes can also be initiated by non-ionising transitions
from core to unoccupied valence states. In the resonant case,
the potential advantage of the emission being independent of
the x-ray energy is lost. However, the location of the reson-
ant transition can provide extra information about the char-
acter of the valence hole created upon UV excitation (Wolf
et al 2021). In recent resonant TR-AMS experiments of thym-
ine (Wolf et al 2021), measurements were able to identify the
evolving character of the excited thymine molecule, character-
ising the ISC between singlet and triplet w7 states.

Returning to the study of CS,, a recent time-resolved XPS
(TR-XPS) measurement investigated the UV driven photo-
dissociation reactions of CS, (Gabalski et al 2023). The meas-
urements were performed at the sulfur 2p edge and showed
large shifts in the photoelectron bands associated with the
excited states and dissociation products. The relatively broad
effective bandwidth of the SASE (self-amplified spontaneous
emission) FEL output however limited the attainable spectral
resolution. Herein we report on a complementary TR-AMS
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Figure 1. Schematic representation of the AM process in both
ground (top) and UV excited (bottom) states. In both the electronic
ground and the UV excited states, x-ray ionisation removes a core
electron leaving the molecular ion in an unstable electronic
configuration. Subsequent relaxation leads to a transition of an
electron in a higher lying orbital filling the core hole, with the
excess energy taken away through the emission of an AM electron.
As the valence structures of the ground and UV excited molecules
are different, the measured electron kinetic energies in the AM
spectrum will reflect the change in the valence electronic structure.

study to examine the time-dependent changes in the AM emis-
sion following ionisation of the S(2p) orbital of UV excited
CS,. In the experiments, the absorption of a 6.2eV (200 nm)
photon electronically excites CS, leading to C-S bond fis-
sion and the eventual formation of CS and S fragments. The
UV excited molecule is ionised through the absorption of
a 179.9eV photon to remove a S(2p) electron, resulting in
AM emission. Time-dependent changes in the AM spectrum
allow us to monitor the changes in electronic character asso-
ciated with excitation and dissociation of CS, following UV
excitation.

2. Experimental details

The experiment has been performed at the low density matter
(LDM) beamline (Svetina et al 2015) of the seeded FEL

FERMI (Allaria et al 2015) in Trieste (Italy). The basic lay-
out of the endstation described in Lyamayev et al (2013) does
not include the magnetic bottle electron spectrometer (MBES),
which became available as a later upgrade (Squibb ez al 2018)
and was the configuration of choice in the present experiment,
with the axis of the MBES oriented vertically. A retardation
voltage was applied to the time-of-flight tube to slow down
the AM electrons and thus improve the spectral resolution.
The retardation voltage was 100V which effectively rejects
any electrons with an energy lower than 100eV and reduces
the energy of all electrons above this energy by 100eV. All
of the plots presented in the manuscript have been corrected
for this retardation voltage and therefore represent the kin-
etic energy of the electron following photoionisation which is
100 eV higher than the energy measured.

The pump laser setup is based on the availability of IR
pulses from the Titanium-Sapphire (Ti:Sa) laser that drives
the FERMI seed system (Cinquegrana et al 2021); the pulses
are sent to an optical table attached to the endstation where
they are further conditioned (intensity, polarisation, focus
translation, delay, harmonic upconversion). The basic lay-
out of this system (conventionally: SLU, Seed Laser for
Users) is described in Finetti et al (2017); it has been
meanwhile upgraded to include fourth harmonic genera-
tion (via sequential second-harmonic generation and sum-
frequency generation) with the following parameters: central
wavelength 199.72 nm; bandwidth 0.86 nm (FWHM); pulse
duration 160fs (FWHM); 50Hz repetition rate (optionally
downsampled). Up to 5 uJ of light can be generated, greatly
exceeding the needs of the experiment (measurements were
done at 0.2 uJ, by reducing the intensity of the input IR).
The absorption spectrum of CS, measured by Hemley er al
(1983) suggests that the transitions excited by the SLU origin-
ate mainly from the vibrationally unexcited ground state, but
with a small contribution from the level having one quantum
of the bending mode. The upper levels populated will con-
tain several quanta in the symmetric stretching and/or bending
vibrational modes.

The FEL probe pulse is generated in the FEL-2
machine (Allaria et al 2013), set to produce harmonic 12
of a 248 nm seed in the first stage, and harmonic 3 of the res-
ulting 20.67 nm pulse (6.89 nm) in the second stage; metal foil
filters are available along the photon transport line to alter the
balance of the two pulses, in particular to abate the first-stage
pulse. The FEL pulse duration was estimated to be about 30 fs.
Long-term stable overlap is maintained by active trajectory
feedback systems. The SLU repetition rate was set to 25 Hz,
which is half of the FEL repetition rate. This allows alternate
FEL-only spectra and FEL + SLU spectra to be recorded in
order to generate differential spectra in post acquisition ana-
lysis. The temporal (#() and spatial overlap between the FEL
and SLU pulses was determined through two-colour ionisa-
tion of helium. The first stage radiation of the FEL was tuned
to 52.22nm to excite the 1 s> — 1s4p transition which was
subsequently ionised by the SLU pulse.

A mixture of 0.14 bar CS; in 2 bar helium was expanded
into vacuum with a commercial pulsed Valve (Parker Series 9,
orifice aperture 250 um) operated at the FEL repetition rate,
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50Hz, and nominal opening time 110 us in the endstation’s
source chamber; a supersonic jet is formed along the hori-
zontal long axis of the endstation, and passes through a conical
skimmer (Beam Dynamics model 76.2, 3 mm diameter) into a
differential pumping chamber, where it is further defined by
a fixed-diameter iris (1.5 mm) and a set of piezoelectrically-
operated vertical slits (Piezosystem Jena PZS 3) before enter-
ing the detector chamber. In the detector chamber the molecu-
lar beam perpendicularly crosses the FEL beam, the latter
propagating along the horizontal short axis of the endsta-
tion. The SLU beam is sent into the detector chamber quasi-
collinearly with the FEL (4° downward tilt).

A calibration of the spectrometer was achieved by changing
the FEL photon energy and measuring the position of carrier
gas (He) photoelectron peak. Photoelectron spectra of helium
were measured at photon energies of 30, 55, 60 and 179.95 eV,
without filters and for different retardation voltages.

For all of the experimental data presented the pump polar-
isation is perpendicular to the FEL probe polarisation, and
the FEL polarisation is perpendicular to the MBES time-of-
flight axis. Measurements with parallel pump and probe polar-
isations were also made and these showed identical time-
dependent changes but with overall lower statistics.

3. Results and discussion

In figure 2 we plot the spectrum obtained from ionisation
of ground state CS, with a FEL photon energy of 179.9eV
(6.89 nm) and bandwidth of 280 meV FWHM. The spectrum
contains peaks due to ionisation of the valence orbitals at kin-
etic energies between 160 and 170eV, and peaks due to AM
decay at kinetic energies between 125 and 144 eV. The ionisa-
tion energies of the S ZP% and ZP% states in CS; are 169.81
and 171.08 eV (Hedin ef al 2009). Thus the kinetic energy of
the electrons associated with the ionisation of the S(2p) orbital
are approximately 10eV. Such low energy electrons are rejec-
ted by the spectrometer due to the 100 V retardation field used
to improve the energy resolution of the high kinetic energy
AM electrons. Measurements of the time-resolved XPS have
also been performed and will be reported as part of a future
manuscript.

The AM spectrum measured is comparable to the high-
resolution work of Hedin ef al (2009) who recorded a similar
spectrum using synchrotron radiation at 173.04 eV. Our spec-
trometer resolving power of AE/E ~ 50 (corresponding to a
kinetic energy resolution of 0.7 eV, after retardation) is com-
parable to, or slightly higher than, the separation between the
Auger peaks, resulting in the broad bands observed in both the
valence and AM regions of the spectrum. We therefore do not
provide a detailed analysis of the peaks, and refer the reader to
the work of Hedin ez al (2009) for a more detailed discussion
of the underlying transitions.

In figure 3 we present differential time-resolved photoelec-
tron spectra encompassing the high kinetic energy valence
photoelectrons, collected at the same time as the AM spectra
presented later. The spectra are obtained by alternating pump-
on and pump-off shots and plotting the aggregated difference

350 Auger-Meitner electrons

300

2

w
(=}

Intensity / Arb units

Helium

50

Valence electrons

130 140 . 150 160 170
Kinetic energy / eV

Figure 2. Electron spectrum of CS; obtained following ionisation
with a 179.9 eV photon. Regions of the spectrum are labelled to
highlight the processes responsible for the peaks observed. Between
160 and 170 eV we observe features associated with direct
ionisation of the valence electronic states of CS,, between 125 and
144 eV we observe peaks associated with the AM electrons emitted
following ionisation from the S(2p) orbital. The peak at 155¢eV is
due to ionisation of the helium carrier gas.
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Figure 3. Differential time-resolved valence photoelectron
spectrum of CS; following 200 nm excitation and 179.9eV

(6.89 nm) ionisation. The following delay intervals were covered:
[-500fs, +500 fs] in steps of 25 fs, [+600 fs, +800fs] in steps of
100 fs, [4+1800 fs, +3800 fs] in steps of 1 ps”. These non-uniform
delay steps are represented on a uniform vertical scale.

while scanning the relative pump-probe delay with variable
step sizes up to 3.8 ps. The dynamics are mapped with 25 fs
step size up to 500 fs and with a geometrically increasing step
size from 500 fs to 3800 fs.

The difference map shows an enhanced intensity at short
pump-probe delays at kinetic energies between 171.5eV
and 176eV. This intensity is associated with electronically
excited states of CS,. A further enhancement is observed at
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Figure 4. Integrated intensity over the electron kinetic energy range
171.5-175.6 eV (data points) and the associated fit to equation (2)
(solid line). The data point errors represent twice the standard
deviation confidence interval obtained through a bootstrap analysis
of the integrated photoelectron yields.

large pump-probe delays at kinetic energies between 165 and
168 eV. This intensity is due to dissociation products. These
observations are in line with previous valence shell photoelec-
tron spectroscopy measurements (Smith ez a/ 2018, Karashima
et al 2021). The high kinetic energy of the presented measure-
ment limits the spectral resolution such that a detailed analysis
of the signal is not performed here. We can however use this
signal to obtain an internal calibration of time-zero and of the
instrument response function.

In figure 4 we plot the integrated photoelectron intensity
in the kinetic energy range between 171.5 and 176 eV, asso-
ciated with the electronically excited states of the bound CS,
molecule. The data are fit to a Gaussian instrument response
function convoluted with an exponential decay. The retrieved
parameters provide a standard deviation of the Gaussian,
0=96.1+11.1fs, and an exponential time-constant, 1/\ =
486.1 +76.1fs. These values are in accord with estimations
obtained following off-line characterisation of the optical
pulse duration, and they are also consistent with the excited
state lifetime obtained in previous experiments (Smith et al
2018, Karashima et al 2021). In addition, the fit provides a
calibrated time zero which is used in all plots presented in the
manuscript. While we do observe the dissociation products at
long time delays between 165 and 168 eV, subsequent fits of
the integrated region were unsuccessful due to high levels of
noise in delays prior to 500 fs. We therefore do not present a
data fit of the dissociation product rise in the valence photo-
electron region.

The differential AM spectra measured at pump-probe
delays between —500 and 2000fs are shown in figure 5.
Around time-zero we observe a transient increase in the intens-
ity between 140 and 148 eV and a depletion between 137 and
140eV. The region above 144 eV is at a kinetic energy that is
higher than seen in the ground state AM spectrum, see figure 2.
The general shape of the early time difference AM spectrum
therefore suggests the overall AM spectrum has shifted to
slightly higher kinetic energies.

At delays >500fs the character of the signal is reversed,
with an increase in intensity centred around 137eV, and

4
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Figure 5. Differential time-resolved Auger—Meitner map of CS,
following 200 nm excitation and 179.9 eV (6.89 nm) core ionisation.
The delay is the time difference between the SLU and the FEL
pulse, with negative delays indicating the FEL arriving before the
SLU. The following delay intervals were covered: [-500 fs, +500 fs]
in steps of 25 fs, [+600 fs, +-800 fs] in steps of 100 fs, [+1800 fs,
43800 fs] in steps of 1 ps”. These non-uniform delay steps are
represented on a uniform vertical scale.

a depletion centred at approximately 142eV. The spectrum
appears not to change further after delays of approximately
1 ps indicating that this relates to the final products of the dis-
sociation reaction. The time dependent changes in the spec-
trum can be more clearly seen in figures 6(a)—(c) where we plot
the average differential spectrum obtained over specific pump-
probe delay ranges. A representative negative time (probe
arrives before pump) range is plotted in panel ¢ to provide
a representation of the baseline noise level obtained in the
measurements. This is compared to the average differential
spectrum obtained at early (0—400 fs, b) and late (0.8-3.8 ps,
a) pump-probe delays. Based on previously reported reaction
timescales (Townsend et al 2006, Bisgaard et al 2009, Smith
et al 2018, Karashima ef al 2021) the early time spectrum
should be predominantly composed of contributions relating
to population in the excited states of bound CS,, (b), while
the late time spectrum will be dominated by contributions
from the dissociation products, (a). The spectra show that,
in line with our earlier discussion, at early times there is an
increase in the higher electron kinetic energy region of the AM
spectrum associated with the formation of the electronically
excited states with what appears to be the formation of two
peaks at 141 eV and 145 eV, figure 6(b). At late times this con-
tribution depletes, and we observe an increase in intensity at
lower electron kinetic energy associated with the formation of
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Figure 6. Delay integrated and FEL-only-background subtracted AM spectra. In (a)—(c) the full background is subtracted, which is
equivalent to summing over the delay ranges plotted in figure 5. In (d)—(f) the background subtraction is scaled to account for the excited
state population. This removes the effect of the ground state depletion and provides an approximate measure of the AM spectrum associated
with the ground state of CS; (f), the excited states of bound CS; (e) and the dissociation products (d). The integrated delay ranges are —600
to —200fs (c) and (f), 0 to 400 fs (b) and (e) and 0.8 to 4 ps (a) and (d). The shaded regions around the data in panels d—f represent the 3%
uncertainty in the excited state population which is used to define the scaling for the background subtraction. The teal and yellow energy
regions highlighted show the energy ranges used in the preparation of figure 7.

dissociation products, figure 6(a). The shape of the difference
spectrum is however heavily impacted by the overlap with the
ground state signal which will also deplete as a consequence
of the initial excitation step.

To extract the AM spectrum associated with the integ-
rated delays and remove the impact of the ground state back-
ground depletion, we perform a scaled background subtraction
of the SLU-FEL spectra which is presented in figures 6(d)—
(f). The scaled background subtraction is achieved by sub-
tracting a proportion of the FEL only background from the
SLU plus FEL spectrum. The appropriate scaling is obtained
via analysis of the depletion seen in the valence region of
the spectrum as previously demonstrated in Warne et al
(2021). This method provided a scaling factor of 0.88 =+
0.03 indicating an excited state population of approxim-
ately 12 4+ 3%. The spectra obtained from the scaled sub-
traction are plotted in figures 6(d)—(f) which are integrated
over the same time ranges as plots a—c. The shaded region
around each spectrum (figures 6(d)—(f)) provides a measure
of the error associated with the 3% uncertainty in the excited
state population used in defining the background scaling
factor.

The signal seen in the early time background subtracted
spectrum, figure 6(b), can therefore be rationalised based on
the scaled subtraction data. Relative to the ground state spec-
trum, figure 6(f), the spectrum associated with the excited
state, figure 6(e), is skewed and shifted towards higher kin-
etic energies. From a qualitative picture of the AM decay
this might be expected. UV excitation reduces the binding
energy of the valence electrons, leading to a higher kin-
etic energy upon release via AM decay. In an attempt to
quantify the energy shift we note that the point at which the

intensity reaches half its maximum value on the higher kinetic
energy wing of the peak has increased by approximately 1 eV
upon UV excitation. We highlight here that this is simply a
qualitative comparison as the excited spectrum has a long tail
that extends to much higher kinetic energies. The shift leads
to intensity on the blue edge of the ground state peak at ener-
gies above 145 eV, and a reduction in intensity at the red edge,
around 139 eV. The double peaked structure seen in the ground
state appears washed out in the excited state, presumably due
to the many different electronic states that are populated over
the time range integrated, and the subsequent increase in the
number of AM transitions that will contribute to the measured
spectrum. We have attempted to sum over smaller time ranges
to see if we can isolate any spectral changes associated with
the initially excited states and those populated via IC and ISC
processes, but this leads to no apparent change in the spec-
trum beyond degrading the overall statistics. The peaks seen in
the background subtracted spectrum plotted in figure 6(b) are
therefore a consequence of the difference in shape of the sig-
nals associated with the ground state depletion and the excited
state enhancement.

At longer delays, the asymptotic spectrum, figure 6(d),
skews to the red (compared to the ground and excited state
spectra). The previous enhancement seen at the very highest
kinetic energies disappears and there is a general reduction
in intensity between 140 and 145eV. At kinetic energies
below 140eV the intensity is enhanced suggesting the effect-
ive binding energy for the release of the AM electrons is
higher for the reaction products than in the ground and excited
states. This is consistent with the known increase in ionisa-
tion potential for the CS and S fragments produced. The lack
of discernible peaks in the spectrum means we are unable to
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differentiate or isolate peaks associated with any of the frag-
ments individually.

The time-dependent shifts in the spectrum therefore char-
acterise the evolving populations of the ground and excited
states, as well as those of the dissociation products formed.
Due to the broad peaks obtained in the experiments that are
associated with multiple overlapping transitions, we cannot
differentiate the character of the excited states or fragments.
We therefore chose to describe the time dependent signals
using the following simplified kinetic scheme where, due to
the limited ability to spectrally resolve individual compon-
ents, we consider all electronically excited states of bound CS,
together:

CS, 220, ¢St A5, €S +8.

Absorption of a 200 nm photon leads to population trans-
fer to an electronically excited state (CS5). The temporal pro-
file of the excitation is characterised by the pump and probe
pulse cross-correlation which are imprinted into the spec-
trum as overlapping depletion of the ground state spectrum,
and enhancement of the excited state spectrum. Decay of the
excited state signal then occurs with an exponential time con-
stant, Ags, with the associated formation of the dissociation
products. Populations of the three separable states for such a
model can be expressed mathematically assuming a Gaussian
cross-correlation and first order dissociation kinetics. As we
perform the fits on the background subtracted data the three
components related to the intensity change observed in the
spectrum are associated with CS, ground state depletion, /gsp,
bound but electronically excited CS,, Igs, and the CS and S
dissociation products formed, Ipp, such that

At
I =—-Ap|1—erf—— 1
GSD 0 ( ﬁa) (1

oAgs)’ At — o2\
Iis = Ao~ desArgl) (lerf<\/gaES>> )

At _ (o2es)*
Ipp = A [(1erfﬂa> e Al

G

where A, denotes the amplitude, o defines the laser cross-
correlation, At is the pump-probe delay, and Agg is the rate
constant associated with decay out of the excited states and
formation of the dissociation products.

Two regions at either end of the background subtracted
AM spectrum are fit based on these equations as they contain
maximal contribution from the excited state (143 to 147.5¢eV)
or the dissociation products (137 to 138.5eV) with minimal
contributions from the other components. For clarity, the two

— 143-147.5eV

| N ALY NUNLAES SRR N T ‘
-05 0.0 0.5 1.0 1.5 2.0 2.5 3.0

— 137-1385eV

0.5 1

Intensity / Arb units

0.0
—0.54
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Delay / ps

Figure 7. Integrated intensity over the electron kinetic energy range
143-147.5eV (Top) and 137-138.5eV (Bottom) and associated fits
to equations (4) and 5, respectively. The data point errors represent

twice the standard deviation confidence interval obtained through a

bootstrap analysis of the integrated photoelectron yields.

energy regions are highlighted in figure 6. The equations fit to
these two regions are

l143—147.5¢v = Igs + Igsp 4

I137-138.5ev = Igs + Ipp + Isp.- (5)

For I143_147.5cv the contribution from the dissociation
products is minimal and has no impact on the fit, we there-
fore exclude it here. For the 1137133 5¢v all three components
play a role and are included.

The integrated photoelectron yield across these two energy
bands and fits to equations (4) and (5) are plotted in figure 7.
The fits use the laser cross-correlation and time zero obtained
from the valence measurements, providing a o of 96.1 +
11.11s. This leaves the amplitude A, and rate constant, Ags,
as the only free parameters in the fit. Both regions are fit inde-
pendently and return time constants (1/Ags) values of 1.3 &
0.2ps, and 1.2 4 0.5 ps for I143—147.5ev and I137_138.5ev fits,
respectively.

As we know, there are two dissociation pathways related to
the formation of S('D) and S(*P), the simplified kinetic model
means the time constant obtained from the fits represents an
average dissociation time for the excited states populated. This
would include the various singlet and triplet states populated
via the various IC and ISC processes that occur. The timescales
measured for product formation show strong similarities to the
XPS measurements of Gabalski ef al (2023) where a time con-
stant of 1.2 ps was reported. Both measurements are unable
to differentiate the two channels, and as such this timescale
provides an effective weighted average of the two pathways.

At earlier times the signal is dominated by the bound
excited states of CS,. The energy shift appears much larger
than that seen in the direct XPS spectrum due to the involve-
ment of the valence states in this secondary ionisation pro-
cess via AM decay. While this provides details of the excited
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state lifetime, the complex overlapping nature of the spectrum
means it is challenging to extract finer details of the excited
state character. The limited spectral resolution attainable with
such a spectrometer results in the observed bands being com-
posed of multiple overlapping AM transitions. The resolving
power can be improved by means of multi-resolution spec-
trometers (Viefhaus et al 2013, Walter et al 2021) at the cost
of a drastic reduction in the collection efficiency. The ability
to decompose such a spectrum into its constituent parts for a
more detailed analysis remains a challenge to experiment and
theory alike.

4. Summary

The photodissociation dynamics of CS; have been investig-
ated using time-resolved AM spectroscopy at the seeded FEL
FERMI in Trieste. The AM spectrum shows time-dependent
shifts that correlate with the expected binding energies of the
outer valence electron emitted as part of the AM decay such
that we observe higher electron kinetic energies for electron-
ically excited states of CS,, and lower electron kinetic energy
for those associated with the CS and S products. How much
of the increase in electron kinetic energy associated with the
excited states is due to geometric changes (the bending and
stretching of the CS bond that leads to a change in the local
electronic environment of the S atom) as opposed to electronic
(changes in valence character) is currently unknown. At this
point it is useful to compare the current results to those pre-
viously obtained in the study of two-thiouracil by Lever et al
(2020). While two-thiouracil is a structurally more complex
system, the dynamics are dominated by a single reaction path-
way such that the experiments could resolve the systematic
shift in peak positions associated with coherent motion out
of the Franck—Condon region. In the present work, despite
the narrow bandwidth of the FERMI FEL radiation, multiple
electronically excited states are populated and the electronic
energy levels involved are less easily defined. Thus the range
of configurations and AM transitions complicate the spectrum
and we do not resolve these changes as clearly.

The experimental capabilities should improve with the
development of higher repetition rate FELs in combination
with high resolution spectrometers. Systematic studies, by
means of TR-AMS while changing the pump wavelength
across the barrier to linearity of the excited state, can
potentially give information about the different vibrational
levels populated and the corresponding change in the nuc-
lear motion of the excited molecular system. In addition TR-
AMS, because of its particular sensitivity to reflect the elec-
tronic valence structure, can be used in combination with mul-
tiphoton or higher photon energy pump pulses to access higher
lying valence or Rydberg states.

Time-resolved XPS and AMS are emerging as pump and
probe techniques able to investigate the electronic and geo-
metrical structure of molecules. In general TR-XPS is more
demanding in terms of photon stability and spectral purity, but

has the advantage of accessing information from an element-
specific peak in a region of the photoelectron spectrum that
is less congested as compared to TR-AMS. This is particu-
larly beneficial when chemical energy shifts are concerned.
On the other hand TR-AMS is well suited for SASE FELs
because of its relative insensitivity (at least out of resonances)
to the spectral purity of the ionizing radiation. Moreover the
increasing use of coincidence techniques at FELs (Kastirke
et al 2020) is attractive because the information about the two
electrons ejected can be collected simultaneously (Hikosaka
et al 2014). On the theoretical side, the next bottleneck is in
developing accurate time-dependent theories that could quant-
itatively model the expected spectrum for detailed analysis.
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