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We present the results from a detailed study of the fragmentation dynamics of CS%Jr and CS;*, formed in intense fem-
tosecond soft X-ray pulses above the sulfur 2p edge, primarily through single core photoionization from the S 2p site,
and subsequent Auger-Meitner decay(s). By combining three-dimensional velocity map imaging with covariance anal-
ysis, we determine the relative momenta of the ions produced in each two- and three-body fragmentation channel, at
significantly higher ion count rates than conventional coincidence measurements. We shed new light on the wide range
of fragmentation channels observed from the CS; dication and trication, including channels that involve ionization-
induced bond formation and fragmentations producing undetected neutral cofragments. In the latter case, a ‘native
frames’ approach is used to isolate contributions from concerted and sequential fragmentations and extract dynamical
information about each step of a concerted fragmentation process. While dications often fragment sequentially, the
trication is dominated by concerted fragmentation. The main trication fragmentation channel into ST+ C*+ ST can
be well-approximated by classical Coulombic simulations of the ground-state geometry distribution, reflecting both the
nature of the trication potential energy surface and the rapid multiple ionization prior to substantial structural dynamics.
This study demonstrates ways in which fundamental insights into the fragmentation dynamics of polycations follow-
ing X-ray ionization may be extracted, as will beneficial to future studies that employ time-resolved X-ray Coulomb
explosion imaging to study ultrafast photochemistry.



I. INTRODUCTION

The interaction between X-ray photons and molecules is of
critical importance in a range of contexts, such as in under-
standing radiation damage in biological matter! or the evo-
lution of chemical species in astrophysical environments?.
X-ray interactions with matter are also extensively used
as probes of molecular structure, for instance through
spectroscopic® or diffractive imaging techniques*.  Im-
portantly, X-ray light interacts with core orbitals within
molecules, enabling localized and site-selective spectroscopic
probing®. The development of X-ray free-electron lasers
(FELs) has enabled the extensions of such techniques to the
ultrafast regime>. This has led to recent demonstrations of X-
ray probing of ultrafast processes, such as photochemical re-
actions, in some cases yielding dynamical insights that could
not be gleaned from traditional optical spectroscopies’® .

In many cases, the application of these emerging experi-
mental techniques requires a detailed understanding of the dy-
namics initiated by X-ray photoabsorption. Of particular rel-
evance to the current work is the technique of time-resolved
X-ray induced Coulomb explosion imaging, in which a short
X-ray pulse is used to produce and rapidly fragment a molecu-
lar polycation®!'. From the relative momentum distributions
of the resultant fragment ions, structural information about
photoexcited species can be determined. Typically, the analy-
sis of such Coulomb explosion imaging experiments assumes
a concerted fragmentation process, which is driven primarily
by Coulombic forces!?. Our understanding of when such ap-
proximations are valid, and how fragmentation occurs in poly-
cations, is greatly informed by ion imaging studies in which
the relative momenta of the different ions produced in a given
fragmentation can be determined.

As a simple polyatomic molecule, the ionization and frag-
mentation dynamics of CS; have been studied extensively. In
past work, multiple ionization has been induced in a range
of regimes, such as: electron impact ionization'?; heavy ion
impact!4; strong-field ionization'>~!3 and single-photon inner-
shell excitation from, or ionization of, core orbitals'®23. This
work has explored vast regions of parameter space, spanning
total charge states from +1 to +10, and consequently a large
number of fragmentation channels. One key aspect of the dy-
namics explored in prior work is the coexistance of sequen-
tial and concerted fragmentation pathways, which has been
interrogated in detail'®23, In the current work, we refer to
two-step fragmentations via a long-lived intermediate (rela-
tive to its rotational timescale) as ‘sequential’, while fragmen-
tations in which all bonds are broken simultaneously as ‘con-
certed’. Fragmentations in between these two extremes are
termed ‘asynchronous’?*.

In general, while concerted fragmentations seem to domi-
nate the dynamics of CS;Jr polycations, sequential fragmen-
tation can be a significant pathway for low charge states (e.g.
n =231 or 42). As CS%+ dications are known to undergo
three-body fragmentations'??1>| one might expect a similar
competition between sequential and concerted breakup, but

this has not yet been explored in detail.

In this work, multiple ionization and fragmentation of CS,
is initiated by intense femtosecond soft X-ray pulses produced
by the FLASH FEL?, just above the S 2p ionization edge. Us-
ing three-dimensional velocity map imaging (VMI) and co-
variance analysi526, we can isolate signals from individual
fragmentation channels, with total charges ranging from +2 to
+10. This approach enables us to determine the relative mo-
menta of the ions produced in each fragmentation channel in
the high-count-rate regime (~85 ions per shot). In the present
work, we solely focus on the fragmentation dynamics of CS%+
and CS3*, which can be formed by a single S 2p photoion-
ization. The fragmentation dynamics of higher total charge
states, formed by multiple photoabsorption events within the
pulse, will be explored in a separate publication?’. We ob-
serve a range of two- and three-body fragmentation channels,
including those which have been largely neglected in previous
work. This includes a channel which involves rearrangement
and bond formation within the dication to yield molecular S5
and atomic C*. For dications especially, the three-body frag-
mentation dynamics are shown to be rich and complex, and
are characterized by the coexistence of sequential and con-
certed channels. Using recently developed native frames anal-
ysis techniques?®?%-30 we can interrogate these channels in
great detail, clarifying aspects of their dynamics. Trications
are found to undergo predominantly three-body fragmenta-
tion, primarily into ST+ C*+ ST, although channels which
yield asymmetric charge distributions are also observed. The
momentum distribution arising from the ST+ C*+ S channel
agrees relatively well with classical Coulombic simulations of
the ground-state geometry, indicating that core ionization and
Auger-Meitner (AM) decays rapidly populate the unstable tri-
cation before substantial structural dynamics.

Il. METHODS
A. Experimental Setup

Experiments were performed at the Free-electron LASer in
Hamburg (FLASH), using the CAMP@FLASH instrument?!
at beamline BL1°. The CAMP@FLASH instrument, which
comprises a dual-sided velocity map imaging spectrometer,
was previously described in detail>'. The experimental setup
for the work described here is the same as our recent pub-
lications on time-resolved measurements of the dynamics of
CS, induced by 200 nm photoexcitation'®32. In order to per-
form these pump-probe experiments using the FLASH1 opti-
cal laser, the FEL was operated in ‘single bunch mode’, cor-
responding to a repetition rate of 10 Hz.

Neat CS; was delivered as a continuous supersonic molecu-
lar beam into the center of the CAMP VMI spectrometer. The
molecular beam was crossed by soft X-ray pulses produced
by FLASH. The resultant cations and electrons were velocity-
mapped to detectors at opposite ends of the spectrometer, each
of which consists of two stacked micro-channel plates (MCPs)
and a P47 phosphor screen. The electron imaging data are not



considered in this work. The flashes of light produced by ion
impacts on the MCP/phosphor screen on the ion side of the
spectrometer were recorded using a Timepix3 camera (Ams-
terdam Scientific Instruments)*3-**. Importantly, the camera’s
256 x 256-pixel sensor can also record the time of arrival and
time over threshold of each event with a 1.56 ns and 25 ns res-
olution, respectively>>3>. From these data, we can determine
the corresponding time-of-flight (i.e. the timing of a detector
event with respect to the FEL pulse). The temporal and spatial
resolution of the Timepix data was improved via centroiding,
as described previously by Bromberger ef al.>*. The x and y
detector positions for each identified event, together with the
time of flight, were used to determine the three-dimensional
momentum of each detected ion. Contributions to these mo-
menta arising from the initial velocity of the molecular beam
were subtracted. Calibration to absolute momenta was per-
formed using ion trajectory simulations in SIMION 8.13.

The intense soft X-ray pulses produced by FLASH had a
central photon energy of approximately 180 eV, lying above
the S 2p edge of CS,3” at around 170eV. The average
pulse energy measured by the FLASH Gas Monitor Detec-
tor (GMD)3® for the data analyzed here was 54 wJ. Taking
into account the estimated losses from transmission along the
beamline, this corresponds to 23 pJ in the interaction region
of the spectrometer. As detailed shortly, the shot-to-shot pulse
energy measured by the GMD was included in the data anal-
ysis procedure. The duration of the intense soft X-ray pulses
was estimated to be approximately 90 fs, based on the electron
bunch charge, photon spectra, and transverse deflecting cavity
(‘LOLA’) measurements>®. The X-rays were focused into the
interaction region using a pair of Kirkpatrick-Baez mirrors,
achieving an estimated focal spot size of 10 um3!. Combin-
ing the estimated on-target pulse energy, duration, and spot
size gives a peak intensity of ~6x10'* Wem™2, assuming a
Gaussian spot.

The analyzed data were recorded during a UV (~200 nm)
— X-ray pump-probe experiment'®32. To obtain best statis-
tics from the available dataset for analyzing the X-ray induced
fragmentation, while avoiding including any UV pump — X-
ray probe signal, the dataset used for the analysis herein was
chosen to include both “X-ray only” data, and pump-probe
data'®3? for which the X-rays arrive ‘early’ (at least 100 fs
prior to the UV). As shown in the Supplementary Material
(SM Fig. S3), the weak (~0.2 wJ) UV pulse alone produces
predominantly bound CS;r ions, with a small contribution of
low kinetic energy CS™ and ST ions from dissociative ion-
ization. These low energy ions do not contribute to any co-
variance signals, as they originate from a monocation and so
not from the correlated production of multiple fragment ions.
To assess the possible role of any UV post-ionization of frag-
ments produced by the X-ray ionization, we compare the mo-
mentum distributions and intensities of all fragment ions in
“X-ray only” data and the “X-ray early” data with the UV
pulse present (SM Figs. S3 and S4). The extreme similarity
of data taken under these conditions suggests negligible con-
tribution of UV post-ionization of fragments produced in the
interaction with the X-ray pulse, and so the data analyzed re-

flects the outcome of the CS;, sample interacting solely with
the X-rays.. The total dataset analyzed comprises ~320,000
shots and ~27,000,000 ion events, corresponding to slightly
over 8 hours of data acquisition at 10 Hz.

B. Data Analysis and Simulations

1. Covariance Calculations

Dy J A0

_“‘2

FIG. 1. Demonstration of the three-fold covariance imaging method-
ology. The left hand image shows the (ST, C™, ST) covariance, plot-
ted in the Newton frame described in the main text. The constituent
terms used to calculate this three-fold covariance image are also each
displayed.

The correlated momenta of the ions in a given dissociation
are sensitive probes of the underlying fragmentation dynam-
ics. Typically in ion imaging experiments, these physically
meaningful correlations are extracted by performing exper-
iments under ‘coincidence conditions’, where ions detected
from the same laser shot can be assumed to come from the
same molecule. In this regime, count rates are typically lim-
ited to the order of 0.1 to a few ions per shot. As count rates
are raised, the relative contribution of ‘false coincidences’, i.e.
uncorrelated signals arising from ionization of multiple parent
molecules in a single laser shot, increases. This issue is partic-
ularly severe when detection efficiencies are limited, as is the
case for ion detection with MCP detectors**#!. In the present
work, we acquire data at far higher count rates (~85 ions
per shot) than those employed in coincidence experiments,
and extract correlated information using covariance analysis.
We have recently demonstrated and applied this methodology
in several three-dimensional VMI experiments10'29’42‘44, and
demonstrated the ability to extract high quality correlated ion
momentum distributions with substantially reduced data ac-

quisition times?®.

Covariance is a measure of the linear correlation between
variables. Conceptually, covariance analysis, as applied in the
current work, can be thought of as a procedure to subtract ex-
pected ‘false coincidence’ contributions from a given coinci-
dence image. In the present work, two-*>¢ and three-fold*>#’
covariances between recorded ion momenta are calculated us-



ing the PyCorrCPI Python package*®, which takes advantage
of recently suggested computational optimizations* and sup-
ports a flexible and customizable range of ways to represent
the correlated momenta. The procedure of computing a three-
fold covariance momentum map is illustrated in Fig. 1, as is
the equation defining a three-fold covariance. In this example,
the correlated momentum distribution between three ions (ST,
C*, S*) is represented as a Newton plot. Here, for each set of
coincident ions, the x axis is defined by the bisector of the two
S* momenta, and the relative momenta of all ions are plotted
in the xy plane, such that each ion’s z momentum is zero.

For a complete dissociation channel, such as breakup into
S*+C"+ ST, in which the momenta of all product species are
recorded and correlated, the signal-to-noise of the covariance
map can be improved by using momentum conservation*>#4,
Here, we filter on coincident ions whose summed momenta is
almost equal to that of the neutral molecule prior to laser inter-
action. Specifically, only sets of ions whose absolute summed
momenta are less than 30 atomic units (a.u.) in each dimen-
sion are considered. Enforcing this momentum conservation
constraint strongly reduces the relative contribution from false
coincidences, as true coincidences must meet this momentum
conservation criteria. Unsurprisingly, under the measurement
conditions of a very high number of events per laser shot em-
ployed, the three-fold coincidence map (the ‘<(ABC)’ term) in
Fig. 1 is heavily dominated by false coincidences, even with
momentum conservation applied. This is demonstrated by the
similarity of the ‘(ABC)’ covariance image to the other maps
shown in Fig. 1. The covariance analysis routine is there-
fore crucial to subtract false coincidence contributions to re-
veal the true correlated ion momenta which are used to probe
the Coulomb explosion dynamics. We emphasize, however,
that the covariance analysis can be applied without such fil-
tering, as is used extensively in the current work to study the
dynamics of three-body fragmentation channels that yield a
neutral fragment.

Fluctuating experimental conditions can adversely affect
covariance mapping**#1-3°_ For instance, fluctuations in laser
intensity, which affect the overall count rate, serve to correlate
all ion species’!32. This is particularly the case with Self Am-
plified Spontaneous Emission (SASE) FELs, which are char-
acterized by large amplitude shot-to-shot fluctuations in the
total pulse energy. In the present work, this is taken into ac-
count using a contingent covariance analysis procedure®3>4,
The total dataset was binned by the single-shot pulse energy
recorded by the FLASH GMD, and covariances were com-
puted separately for each pulse energy bin, and then averaged.
For this analysis, data for estimated on-target pulse energies
between 15.3 and 28.1 uJ were considered, and separated into
15 bins with equal statistics

2. Coulomb Explosion Simulations

To aid in the interpretation of the experimental data, a range
of classical Coulomb explosion simulations were performed,
primarily using the PyCESim Python package™. In short, unit

charges are placed in positions that reflect a given molecule
geometry. The forces acting upon these point charges are de-
termined using Coulomb’s law, and their classical trajectories
are simulated by numerically solving the resultant second-
order differential equations for a series of time points. Non-
linear time steps were employed, to allow accurate simulation
at early times (in 0.5 fs steps) out to very long times (500 ps),
to ensure asymptotic momenta are captured. Sequential frag-
mentations can be treated by a two-step simulation. In the
first step, the metastable diatomic intermediate is treated as a
single point charge, and in the second step it dissociates into
two species. The dissociation vector of the secondary frag-
mentation is determined by rotating the diatom in the plane of
the molecule, by an angle determined by the secondary dis-
sociation time (sampled considering a specified exponential
lifetime) and a classical rotational period. For the Coulomb
Explosion simulations presented in Fig. 5, the initial distri-
butions of atomic positions and momenta were accounted for
through harmonic Wigner sampling®®-%, as implemented in
the PyCESim package® and described in detail in the SM
(Section S2).
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FIG. 2. Time-of-flight covariance map for CS, ionized in intense
soft X-ray pulses at ~180 eV. Labeled one-dimensional ion time-of-
flight spectra are projected on the x and y axes. Signal at times-of-
flight greater than 6.5 ps (indicated by dashed grey lines) have been
multiplied by a factor of 20, to improve the visibility of the weak
(ST, Ct) feature.

11l.  RESULTS AND DISCUSSIONS
A. Observed fragmentation channels

Figure 2 shows the time-of-flight contingent covariance
map*3* for CS, subject to intense soft X-ray free-electron
laser pulses. This covariance map allows us to identify and
isolate pairs of ions produced in the same fragmentation chan-
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nel, and which are therefore positively correlated. Immedi-
ately, a broad range of Coulomb explosion channels can be
identified, originating from multiple total charge states of CSa,
which fragment predominantly into atomic ions. A detailed
discussion of the branching ratios between the different chan-
nels considered in the current work is presented in Section
[ID.

In Fig. 2, signals from two-body Coulomb explosions ap-
pear as sharp lines, with negative gradients. This arises sim-
ply due to momentum conservation. If one of the two ions
produced in the fragmentation has a shorter time-of-flight (be-
cause its initial velocity points towards the detector), then the
other ion must have a longer time-of-flight (because its ini-
tial velocity points away from the detector). By far the most
intense two-body feature corresponds to the two-body frag-
mentation of the CS* dication into CS* and S*.

We highlight here the presence of some additional two-
body fragmentation channels observed in the covariance map.
Firstly, there is a weak signal corresponding to the other pos-
sible two-body fragmentation channel of the molecular dica-
tion, into S;r + C*. Based on the total covariance signal, and
assuming equal detection efficiencies for the relevant ions, we
estimate that this channel constitutes ~0.3% of two-body di-
cation fragmentations. Despite the wealth of previous work on
the ionization and fragmentation of CS», there has been rela-
tively little attention given to this channel, which requires sub-
stantial geometric rearrangement and bond formation within
the molecular dication. However, there have been several
recent studies into the analogous process in the closely re-
lated OCS molecule, i.e. dication fragmentation into SO+
Ct39-61 1n CS,, the S3+ C* channel was observed in a coin-
cidence imaging study by Lavollée?® using synchrotron radia-
tion around the S 2p ionization threshold. However, the chan-
nel was not observed in previous or subsequent work cover-
ing similar photon energies'®?'. We note that work by Eland
and coworkers using Hell radiation (48.8 eV) studied the S;r +
C* channel, using electron-ion-photon (produced from flu-
orescence) coincidence techniques. This joint experimental-
theoretical study suggested that the S;r + C* formation occurs
from electronically excited CS%Jr with sufficient internal en-
ergy in the bending mode®?. Secondly, weak features arising
from two-body fragmentation of the trication into either S>*+
CS* or ST+ CS** can be identified. The total kinetic energy
release (KER) distributions associated with these processes,
extracted through covariance analysis, will be discussed in the
following.

Signals arising from three-body fragmentations necessar-
ily yield more diffuse features in the time-of-flight covariance
map, as the two correlated ions no longer have opposite mo-
menta of equal magnitude. However, given the near-linear
geometry of CS, prior to explosion, the majority of a con-
certed explosion’s KER is partitioned into S" ions, which are
emitted at relative recoil angles close to 180 degrees. Conse-
quently, S"*, S"* correlations appear as diffuse features with
negative slopes in Fig. 2. C"*, S"* correlations appear as
more ‘rounded’ islands, due to the relative recoil angles close

to 90 degrees. The observation of multiply charged atomic
ions correlated with one another (including, for instance, the
S+, S** pair) indicates the ability of high total charge states
to be reached under our experimental conditions. The photon
energy employed lies ~10 eV above the S 2p binding energy
of CS,. Ionizing from this core site has a large cross-section
(for instance, the absorption cross-section just above the 2p
threshold in Ar is ~4 MBarn®?), and a single S 2p ionization
event deposits one, two or three total charges on the molecule,
with polycation formation involving AM decay(s). Previous
measurements at around 180 eV photon energy suggest that
CS%+ is the predominant charge state following single pho-
ton absorption (~70-75%), with C82+ and CS%Jr each having
~10-15% branching ratios'*%* As the S 2p binding energy
is expected to increase substantially in the resultant polyca-
tion, we expect that populating the highest total charge states
observed in our experiment must involve further (inner-) va-
lence ionizations. In the present manuscript, we focus solely
on channels originating from the dication or trication. We
conclude that under our experimental conditions, both dica-
tion and trication formation occur predominantly by a single
S 2p ionization followed by one (dication) or two (trication)
AM decay(s). A significant contribution to trication formation
by valence ionization of dications produced from S 2p ioniza-
tion and AM decay is excluded based on a power-dependence
analysis which is presented in the SM (Section S9).. As noted
earlier, data relating to higher charge states, formed through
multiple photoabsorption events, will be presented in a sepa-
rate publication®’.

B. Two-body Fragmentation Dynamics
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FIG. 3. Kinetic energy release (KER) distributions extracted through
covariance analysis for the observed two-body fragmentation chan-
nels. Predicted KERs using Coulomb’s law for two charges separated
at distances related to the equilibrium bond distances for CS; are in-
dicated by the black (dication) and gray (trication) arrows. The mean
of each KER distribution is marked with colored vertical lines.

Using covariance analysis, the total KER distributions
for each observed two-body fragmentation channel were ex-
tracted, and are plotted in Fig. 3. These are compared with



predictions from Coulomb’s law for two charges separated by
one and two times the equilibrium C-S bond distance, rcs. It
can be seen that the two channels originating from the molec-
ular dication have broadly similar distributions, peaking at
around 5 eV, close to that predicted for two single charges
repelling from a distance of 2rcg. The rearrangement chan-
nel, Sj + Ct, however, peaks at slightly lower values, with a
less pronounced tail toward higher KERs. The observed KER
distributions are similar to those previously reported for the
S* + CS™ channel prompted by electron impact ionization by
Wang et al.'3, albeit peaking at slightly higher energies. The
mean KER for the ST+ CS™ channel, 6.00 eV, agrees rather
well with that reported by Saha et al. using synchrotron ra-
diation with a 171 eV photon energy®'. Saha et al. reported
mean KERs of 5.0, 5.8 and 6.4 eV for fragmentations formed
in conjunction with AM electrons in different kinetic energy
regions. As mentioned previously, Lavollée observed the S;’ +
C* channel following excitation around the S 2p ionization
threshold?. Their measured KER distribution peaked at very
similar energies to the St+ CS™ channel, with the SJ+ C*
channel exhibiting a slightly narrower KER distribution, in
agreement with our results. We do, however, note that their
KER distributions peak at slightly lower values (~4.5 eV),
and that they observe a low energy shoulder at 1 eV for the
Sz++ C* channel, which is absent in the current work, and
may have arisen from false coincidences.

The potential energy curves of the CS%Jr dication have been
previously computed and examined by Hochlaf e al.%. As
implied by the observation of CS%Jr in the time-of-flight spec-
trum (at ~5.55us, see Fig. 2), the ground state of the dication
is stable. There are, however, multiple low-lying electronic
states whose vertical population would result in a KER of
around 5 eV. In the theoretical work of Hochlaf et al.%, only
dissociation to the ST+ CS™ products was considered. Future
theoretical work considering the possible paths to formation
of Sz++ C* would be of great interest®?.

The shapes of the KER distributions for the pair of two-
body trication fragmentation channels again agree well with
those reported by Wang ef al.'3, with our KERs being again
slightly higher than those reported previously. The two chan-
nels peak at similar KERs (~9 eV), slightly lower than that
predicted by Coulomb’s law for a separation of 2rcs. How-
ever, the two channels exhibit very different KER distribu-
tions, with the S>*+ CS* channel exhibiting a very broad
tail up to high KERs, as well as a small shoulder at lower
KERs. Lavollée observed qualitatively similar KER distri-
butions for the two-body trication fragmentation channels?°,
although both the high KER tail and low KER shoulder in
the ST+ CS™* channel are less prominent than in the current
data. This low KER shoulder overlaps with the KER distri-
butions of the dication fragmentations. Speculatively, the low
KER signal observed could arise from a dication fragmenta-
tion which leads the S* fragment in some highly excited au-
toionizing state, leading ultimately to S?>* once the separation
from the CS™ is large. The very broad KER distribution of
the S**+ CS™* channel is intriguing and may point to the pop-
ulation of a broad range of excited electronic states of CS3"

which correlate to this dissociation limit.

C. Three-body Fragmentation Dynamics

The ST+ CT+ St Channel
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FIG. 4. a) Experimental Newton plot for the (S*, C*, ST) chan-
nel. Weak features in the C* momentum distribution, appearing as
a roughly vertical line, are highlighted with an arrow. b) Simulated
Newton plot for the (ST, C*, ST) channel, for a fully sequential
dissociation, as described in the text. ¢) Simulated Newton plot for
the (ST, C™, S™) channel, for a fast sequential/asynchronous disso-
ciation, as described in the text. d) Experimental (S**, CT, $21)
Newton plot, as example signal for a fragmentation of a higher total
charge state.

Figure 4a) shows the covariant Newton plot for the (ST,
C*, S™) channel, which is computed by enforcing momen-
tum conservation (see discussion in Section IIB 1). Here the
x axis is defined by the bisector of the two ST momenta, and
the ion momenta are plotted within the xy plane. The primary
feature shows S™ ions recoiling at close to 180 degrees from
each other, with the C* emitted with relatively low momenta
at close to 90 degrees. Compared to previous work study-
ing CS; in intense laser fields!®!'8, one significant difference
is the lack of a signal clearly assignable to a sequential frag-
mentation. Such a channel would produce arcing features in
the Newton plot, due to the lack of angular correlation be-
tween the recoil vectors of the first and second steps. In pre-
vious work employing strong-field ionization, such a chan-
nel made a significant contribution. For instance, in the work
of Hishikawa et al.'® (800 nm, 60 fs, 0.36 x 101> Wem™2),
17% of ST+ CT+ ST dissociations were determined to oc-
cur through sequential breakup via a CS*>* intermediate. Syn-
chrotron radiation studies by Guillemin et al.?>* employing
S 1s core ionization have examined the interplay between con-
certed and sequential breakup from ng+ to yield S>T+ CT+
ST, again via a CS?* intermediate. This sequential dissoci-
ation was found to be responsible for 7% of the coincidence



counts in this channel.

Figure 4b) shows a classical Coulomb explosion simulation
for such a sequential fragmentation. In this simulation, the ini-
tial dissociation into CS>* + S¥ is treated as two classically
repelling point charges. For each simulation, a time at which
the secondary CS?>* fragmentation occurs is sampled based
on an exponential lifetime of the intermediate. The first step
of the simulation is run until this time, after which the C and
S atoms are rotated by an angle determined by the ratio be-
tween the time of the secondary dissociation and a rotational
period of the CS**. A classical simulation of the secondary
fragmentation is then launched from this geometry, retaining
the atomic velocities of the initial simulation. In the SM Fig.
S7, we show a sequence of Newton plots for different input
parameters to the simulation. For the plot shown in Fig. 4b),
a lifetime much greater than that of the rotational period was
chosen (i.e. a truly sequential fragmentation), leading to the
extensive arcing features in the Newton plot.

Weak features partially resembling that expected for a se-
quential fragmentation are visible, particularly in the form of
“fins” on the main C* feature, with greater | p, | in the Newton
frame. These features do not fully extend around the Newton
plot, as would be expected for a completely sequential pro-
cess. This signal is difficult to see without a non-linear color
scale, such as that employed in Fig. 4, and its magnitude is
close to that of the noise in the experimental covariance im-
age. However, these signals may be explained by a fast se-
quential, or asynchronous, breakup. This is explored in panel
¢), which repeats the sequential simulation but now assumes
a much shorter CS>* lifetime. For the data shown in panel
¢) a lifetime of 50 fs and a rotational period of 400 fs was
assumed. Qualitatively, this does resemble the weak experi-
mental signals identified. As for why no clear signal associ-
ated with long-lived sequential fragmentation is identified, it
is difficult to say conclusively whether this is because the tri-
cation is populated in a different way from previous work (S
2p ionization as opposed to strong-field ionization'®), or due
to a lack of sufficient signal-to-noise in this covariance image.
In the SM, we present additional representations of the (S*+
ST+ C™) covariance (Figs. S5 and S6), which again show
no clear indications for a truly sequential breakup. For frag-
mentations originating from higher charge states, no features
clearly assignable to asynchronous breakup can be identified
in the Newton plots, as in the example (S**, C*, S2T) case
shown in Fig. 4d).

Figure 5a) shows the experimental (ST, C*, ST) three-fold
covariance as a function of the total KER and the recoil an-
gle between the two ST ions, B(S™, ST). This is compared
with simulated data assuming the instantaneous charge-up and
classical repulsion of an ensemble of CS; molecules, with
starting atomic ion positions and velocities sampled from a
Wigner distribution (as described in detail in the SM Section
S2). To further enable comparison between the two, panels c)
and d) present projections over the 3 and KER axes, respec-
tively. It can be seen that the mean KER of the ST + C* +
S* explosion is well reproduced by the simulation. However,
the simulation predicts a very narrow KER distribution, while
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FIG. 5. a) Experimental and b) simulated (ST, C*, ST) covari-
ance signals as a function of 8 (ST, S™), the relative recoil angle
of the two ST ions, and the total KER. Panels ¢) and d) compare one-
dimensional KER and f distributions from the experiment (blue) and
simulation (red).

that observed experimentally is much broader (~10 eV full
width at half maximum). This can be related to several factors
not included in the simple simulations, such as deviations of
the relevant trication potential from a purely Coulombic po-
tential, participation of multiple electronic states in the frag-
mentation, nuclear dynamics on the cation and dication states
and the potential role of charge transfer processes. The agree-
ment in the breadth of the B distribution is much better, al-
beit with the experimental distribution slightly broadened and
shifted to more acute angles relative to the simulation. Still,
this comparison indicates that the recoil angular distribution
is largely accounted for by Wigner sampling the spread of
initial atomic positions and momenta, particularly along the
degenerate bending modes. This implies that bending motion
initiated by X-ray ionization prior to dissociation is fairly min-
imal, in direct contrast to previous experimental results in in-
tense NIR fields, where substantial bending en route to disso-
ciation was observed, leading to more acute recoil angles!>17.

2. The St+C+S*t and ST+ Ct+S Channels

Our experiment is also sensitive to three-body fragmenta-
tions which yield a neutral fragment. For the CS%+ dication
this generates either ST+ C + ST or ST+ C™+ S, and both
channels are observed. Much of the past work on CS; has
neglected these channels, although they are fairly prominent
dication fragmentation channels. This may be because these
channels are more challenging to analyze in traditional coin-
cidence experiments. Due to the undetected neutral fragment
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FIG. 6. Two-fold (St, ST) covariance (a) to c)), and three-fold (ST,
CT, S1) covariance (d) to f)). Correlations are shown between: the
total KER, the recoil angle between the two ST atoms and the S*
ions and the third fragment. In the two-fold covariance, this momen-
tum is inferred from momentum conservation, while in the three-fold
case it is measured, and solely arises from C" ions. In panel c), sig-
nal is only plotted for total KERs less than 14 eV, to isolate signal
from the dication fragmentation channel, which is highlighted with a
white box in other panels. As discussed in the main text, such signal
is absent in the three-fold covariance.

with non-zero momentum, contributions from false coinci-
dences cannot be filtered out by enforcing momentum conser-
vation constraints. Therefore, coincidence measurements in-
volving neutral fragments need to be carried out at even lower
count rates, to ensure that false coincidences can be neglected.
Both channels were studied by Lablanquie et al., induced by
single-photon double ionization in the vacuum ultraviolet>,
however, the mechanistic insights, such as whether dissocia-
tion occurs via a concerted or sequential pathway, were lim-
ited due to the inability to record (relative) three dimensional
ion momenta. Eland also studied these dissociation pathways
following single-photon vacuum ultraviolet double ionization
using Hell radiation®® and coincidence time-of-flight mass
spectrometry. Based on the slopes of coincident ion pairs
(for both CS; and the closely related OCS), for the ST + C*
+ S fragmentation channel, Eland could not distinguish be-

tween a concerted mechanism, and a sequential fragmenta-
tion involving a very low KER CS™ breakup into C + S*. A
conclusive assignment could also not be made for the ST +
C + ST channel, with Eland stating that on the basis of the
data, a sequential fragmentation seemed unlikely, but could
not be eliminated. Saha et al. studied these channels in more
detail following 171 eV photoabsorption, and reported rela-
tive ion momenta of the species involved>'. From an analy-
sis based on Newton plots and Dalitz plots, they concluded
that fragmentation was concerted in both channels, with ST+
C*+ S predominantly originating from bent and asymmetri-
cally stretched configurations, with the ST+ C + S* fragmen-
tation occurring from any geometry. Plots of our covariance
data in the same Dalitz plot representation used in this prior
work are shown in the SM (Fig. S13). As discussed shortly,
our native frames analysis leads to a different interpretation
for the mechanism underlying the S*+ C + ST channel. This
analysis points to the coexistence of sequential and concerted
fragmentation mechanisms for this channel.

Two-fold covariance analysis allows these fragmentation
channels with a neutral cofragment to be studied without con-
tamination from false coincidences. Figures 6a)-c) present a
two-fold (ST, ST) covariance analysis. Here, the momentum
of the third, undetected fragment (which may be a neutral C
or charged C"" ion) is defined as the negative of the sum of
the two ST ions, such that the total momentum of the three
particles is zero. The intensity is then plotted as a function
of the total KER (including the KER of the inferred third par-
ticle), the angle between the two ST momenta and the angle
between the ST and C%"* momenta. Two prominent features
are observed. The first occurs with a KER of ~20-30 eV
and a well-defined angle between the ST and CY/7+ of around
100°. This arises from the three-body Coulomb explosion of
the trication into ST+ CT+ S™.

A second channel with a significantly lower KER of ~6—
14 eV is also seen, and is highlighted. This arises from frag-
mentations of the dication to produce ST+ C + S*. This can
be confirmed by comparing to the analogous three-fold (S+,
C*, S*) covariance, shown in Fig. 6 panels d)-f), in which
this island of signal is absent. A carefully-weighted subtrac-
tion of the three-fold covariant KER distribution from that of
the two-fold covariance can extract the KER distribution as-
sociated with the dication fragmentation feature, showing that
the higher-energy dication fragmentations do overlap in KER
with lower-energy trication fragmentations (Fig. 10). In the
current analysis we focus on the range of KERs for which the
two distributions do not overlap.

For the ST+ C + ST channel, the two ST ions are emitted
at close to 180 degrees from one another, whereas the angle
between ST and C can take a wide range of angles, with the
highest intensity localized around 100 degrees, similar to the
maximum in the ST+ C*+ ST Coulomb explosion. In prin-
ciple, this three-body dication fragmentation can arise from
either a concerted fragmentation or a sequential process via a
CS™ intermediate. The observation of a broad (ST, C) dis-
tribution with a peak in intensity close to that of the concerted
trication fragmentation may indicate that both pathways con-
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To explore the contributions from sequential and concerted
dissociation pathways further, we turn to a native frames anal-
ysis, as recently applied in a number of studies into three-body
fragmentation dynamics?8-3067-68  Put simply, this method
involves analyzing the two steps of a sequential fragmenta-
tion in different coordinate frames, native to each fragmen-
tation step. This can allow the clear distinction between se-
quential and concerted fragmentation, and enable extraction
of physical properties such as the KER distributions associ-
ated with each step of a sequential breakup. This analysis,
which is described in detail in the SM Section S3, yields the
KERs associated with the primary and secondary fragmenta-
tions, KERcg: s+ and KER(q. as well as the angle between

the two dissociation vectors, ¢+ o+ .
CS1.S;

For a truly sequential fragmentation (where the lifetime of
the CS™ intermediate is much longer than its rotational life-
time), we would expect the signal to appear uniformly dis-
tributed over Gcsﬁ,sf (i.e. there is no correlation between the
direction of the primary and secondary dissociation events),
and for the KERs to be independent of GCSH,S;“ Furthermore,

we should expect that KERCSI+I_SI+ is significantly greater than
KERCSI+I, as the former KER is associated with a Coulomb ex-

plosion of a dication, and the latter a dissociation of a mono-
cation.

Figure 7 displays the (ST, ST) covariance as a function of
these native frame quantities. The signal is plotted for total
KERs of less than 12 eV, to isolate signal from the ST+ C™+
S* channel. Firstly, in panel a), covariance is plotted as a
function of KERCSI+I and 9C51+1~51+' The most intense signal is

found with a broad range of KER and GCSH.,SIJ’ 2 120°, which

we will return to shortly. In addition to this, there is a fea-
ture with very low KERCS;I, marked with a green rectangle,

that appears to span all angles (although it heavily overlaps
other features at larger QCSI?S;). As mentioned above, this

is expected for a sequential fragmentation, in which the dis-
sociation vector of the secondary fragmentation is isotropic
with respect to the initial dissociation velocity. Panel b)
presents covariance as a function of KERCS{;,S{“ and Gcsf;,sff’
for KERCSI+I < 1 eV, to isolate sequential fragmentation sig-
nal. Again, as expected, KERCSH,SI* spans all ecsﬁ.si’ and
the KER distribution is independent of GCSH,SI*‘ From these
covariances, we can extract the KER distributions associated
with the two steps of the sequential fragmentation, as shown
in panel c¢). This was done by summing over the appropri-
ate axis for ecsﬁ,sfr < 60°. It is interesting to note that the

KER associated with the initial fragmentation step into ST+
CS™ peaks at around 7-8 eV. This is significantly higher than
that observed for the CST+ ST channel, which peaks close to
5 eV (see Fig. 3). This observation, which is consistent with
the KER distribution reported by Saha et al.?!, suggests that
it is the higher KER CS™+ S™ fragmentations which produce
sufficiently energetic CS™ ions to undergo this secondary dis-
sociation.
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FIG. 7. Native frame covariance analysis for the (ST, S™) ion pair.
Panels a) and b) plot experimental covariance intensity as a func-
tion of GCSH‘,SI* and KERCSH (a) and KERCSH,S? (b). In b), signal
is displayed only for KERCS& < 1 eV. Panel ¢) displays the KER
distributions extracted from the data shown in panels a) and b) by in-
tegrating over 0 < GCSIY,ST < 60°. Panels d) and e) display the output
of sequential fragmentation simulations plotted in the same manners
as a) and b), respectively. In panels a) and d), regions of interest are
marked according to their assigned predominant origin (discussed
in detail in the main text): sequential fragmentation in which SI+ is
correctly assigned (green), sequential fragmentation in which SI+ is
misassigned (cyan) and concerted fragmentation (white).

Our assignment of this sequential fragmentation can be sup-
ported by simple simulations. Here, the KER distributions as-
sociated with the primary and secondary fragmentations were
extracted from the experimental data shown in Figure 7c) by
fitting the distributions to a skewed normal distribution. The
KER distributions associated with each step were then ran-
domly sampled. The dissociation vector of the secondary CS™
fragmentation was randomly rotated around the fragmentation
plane, and the final momenta of each particle computed. Pan-
els d) and e) show simulated data processed in an analogous
way to the experimental data. As expected, agreement with
the experiment is strong, within the experimental signal-to-
noise. In the simulation, an island of signal is seen to span
a range of KERCSH for Gcsﬁ,sﬁ < 120°, as indicated with a



cyan ellipse in Fig. 7. This arises because in the data analy-
sis, SfL and SI+I are not distinguished, and so in 50% of cases,
the ‘wrong’ S™ ion is assigned as SI*67. In the simulation, the
two ST ions can be distinguished, and if this is done, this sig-
nal is absent, as shown in the SM (Fig. S8) and as discussed
previously in the literature®”.

The simulated data shown in 7d) for a purely sequential
fragmentation fails to capture the intense experimental signal
that spans ecsﬁ s+ > 120° and KERCSH ~0—4 eV, highlighted

by the white ellipse in Fig. 7 . This signal is assigned to (near)
concerted fragmentation into ST+ C + ST, This assignment is
supported by native frames analysis of simple simulations of
the concerted fragmentation, as shown in the SM (Fig. S9).
An accurate modeling of this concerted breakup would ide-
ally involve trajectory calculations on the relevant electronic
states of the CS%+ dication, which is out of the scope of the
current work. The approximate total KER distributions for
this process, as well as recoil angle distributions, can be seen
by comparing the covariances shown in Fig. 6 to the anal-
ogous analysis for the sequential fragmentation simulations.
This is done in SM Fig. S11. It can be seen that the KER dis-
tribution associated with the concerted fragmentation spans
slightly higher energies than that of the sequential dissocia-
tion. Similar to the concerted trication breakup into ST+ C*+
ST, the ST and C recoil at around 100° from one another.

The other possible three-body dication fragmentation chan-
nel, which produces ST+ CT+ S, can be studied by consid-
ering correlations between C™ and S™ ions, as shown in Fig.
8. Once more, signal can be identified in the < 14 eV KER
region which is absent in the three-fold (S*, C™, S™) covari-
ance, and can therefore be assigned to this three-body dication
fragmentation channel. Once more, there is however some
overlap in the KER distributions from the dication and trica-
tion fragmentations, as discussed shortly in relation to Fig.
10. The dication fragmentation signal is associated with ST,
St recoil angles close to 180°, while the ST, CT recoil angle
spans a range of angles >100°. As shown in the SM Fig. S12,
performing native frames covariance analysis on this feature
suggests that the fragmentation does not occur truly sequen-
tially via a long-lived intermediate. Instead, the broad range
of S*, C* recoil angles can be understood in terms of nuclear
motion of the CS%+ dication prior to dissociation and/or an
asynchronous nature to the breakup, as previously suggested
by Saha et al.?!.

3. The S**+C+S™T and S**+ C*+S Channels

Dissociations of CS%+ trications that yield neutral frag-
ments and an asymmetric distribution of charges among
atomic fragments are also possible. Again, these have re-
ceived limited attention in ion imaging studies, but have been
observed with coincidence time-of-flight techniques. Us-
ing 180 eV synchrotron radiation, Eland et al. reported
that trications fragmenting into the S>*+ C*+ S and S?>*+
C + ST channels had branching ratios of 24% and 29%,
respectively®. Contrastingly, only the latter channel was ob-
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FIG. 8. Two-fold (ST, C*) covariance (a) to c)), and three-fold (ST,
CT, S1) covariance (d) to f)). Correlations are shown between: the
total KER, the recoil angle between the two S"* atoms and the S*
ion and the C*. In the two-fold covariance, the momentum of the
third ion (S™1) is inferred from momentum conservation, while in
the three-fold case it is measured, and solely arises from S™ ions.
In panel c), signal is only plotted for total KERs less than 14 eV,
to isolate signal from the dication fragmentation channel, which is
highlighted with a white box in other panels. As discussed in the
main text, such signal is absent in the three-fold covariance.

served at 180 eV by Ankerhold et al.'®, occurring for roughly
13% of triple ionizations. These channels can be studied us-
ing correlations between ST and C* ions, and between S**
and ST ions, respectively.

Fig. 9 shows 8 KER representations of the (S*>*, S*) two-
fold covariances, alongside the (S**, C*, ST) three-fold co-
variance represented in the same manner. The signal with rela-
tively low KER (~10-24 eV) which is present in the two-fold
covariance but absent in the three-fold covariance, can be as-
signed to the S>T+ C + ST product channel. Compared to the
ST+ C + S™ signal in Figure 6, this signal is more localized in
B (SE/H+ ), suggesting a greater relative contribution from
concerted breakups. This can be confirmed by performing an
analogous native frame analysis to that described previously
and presented in Fig. S15 of the SM.

A sequential fragmentation yielding S>*+ C + S* could po-
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FIG. 9. Two-fold (S2*, S*) covariance, experimental (a) to c)),
and three-fold (S2+, CT, S*) covariance (d) to f)). Correlations are
shown between: the total KER, the (S2*, S*) recoil angle and the
recoil angle between the S>t ion and the third body. In the two-
fold covariance, this particle’s momentum is inferred from momen-
tum conservation, whilst in the three-fold case, the C* momentum is
recorded directly. In panel c), signal is only plotted for total KERs
less than 24 eV, to isolate signal from the trication fragmentation
channel, which is highlighted with a white box in other panels. As
discussed in the main text, such signal is absent in the three-fold co-
variance.

tentially occur via two pathways. In the first pathway, CS;+
Coulomb explodes into S*>* and CS*, with the latter disso-
ciating into C + S™ at later times. In the other pathway,
CS%Jr would Coulomb explode into ST and CS?*, which sub-
sequently dissociates into C + ST, While such a charge-
asymmetric dissociation may be unfavorable for the dication,
such processes are possible®. Figure S15 in the SM presents
native frame covariances for each of these possible scenarios
(i.e. fragmentation via CS* or CS?*). If a sequential path-
way were in operation, one would expect features that span all
angles at a constant KER. We would also expect that the pri-
mary dissociation would have a relatively large KER as it cor-
responds to a Coulomb explosion between two charged ions,
while the secondary dissociation would have a much lower
KER. No such signal is observed in either case, and the sig-
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nal is instead localized to a particular range of angles. We
therefore conclude that this channel is dominated by concerted
fragmentation.

We also observe signal arising from fragmentation of the
parent trication into S**+ C*+ S, revealed by comparing two-
fold (S2*, C*) covariances to three-fold (S**, C*, S*) co-
variances (shown in the SM Fig. S14. Native frames analysis
again suggests that this channel proceeds in a concerted man-
ner, rather than sequentially via some long-lived intermediate
(SM Fig. S16).

D. Branching Ratios for Dication and Trication
Fragmentation Channels

As the total covariance signal associated with a channel is
proportional to the frequency with which that specific frag-
mentation pathway occurs>*, we can assign relative branching
ratios for the observed dication and trication fragmentation
pathways. Comparison of the intensity of a two-fold covari-
ance to a three-fold covariance can be challenging because
the signal intensity associated with the three-fold covariance
is lowered by the finite detection efficiency of the third ion.
For the three-body fragmentation channels, we therefore esti-
mate the total covariance signal associated with each channel
by using a scaled subtraction of the contributing three-fold
covariances to decompose the two-fold KER distribution and
extract the contribution from each contributing fragmentation
channel. In addition to providing a reliable branching ratio de-
termination, this allows the extraction of these KERs, which
are otherwise overlapped by three-charge fragmentation chan-
nels. This KER decomposition process is shown in Fig 10.

These branching ratios are given in Table I and are com-
pared to literature measurements at 180 eV. Note that here
we are not considering any channels which only produce one
charged fragment (e.g., CS; into S** + C + S). The co-
variance signal for a pair of ions also depends on the de-
tection efficiencies of each ion, but for the current analy-
sis we will assume an equal detection efficiency of all ions.
Based on the scaling factors used for subtracting the three-
fold covariance KER distributions in Fig. 10, we do not
see evidence for a large variation in the detection efficiency
across these ions (which lie in the ~15-25% range). We do
note that this variation in detection efficiency will introduce
some systematic uncertainty in the extracted branching ra-
tios. Likewise, these branching ratios will have some (gen-
erally smaller) statistical uncertainty that could be in prin-
ciple be estimated by bootstrapping or knifejacking during
the covariance calculations?®*. As a result of the very high
count rate employed in the current work, computing a given
covariance is rather computationally-demanding and so these
schemes would require significant computation time and have
not been performed. However, a lack of quantitative statisti-
cal uncertainty analysis does not preclude the current analysis,
which focuses on the general relative frequency of fragmenta-
tion channels.

Turning firstly to the dication fragmentation, we can see
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FIG. 10. Extracting the KER distributions for dication and trica-
tion fragmentation channels which yield a neutral atomic product,
for channels: ST+ C+ St (a), ST+ CT+ S (b), S2T+ C + ST (¢) and
SZ+t4+ CT+ S (d). This is done by taking the KER distribution for the
relevant two-fold covariance (blue solid lines), and subtracting scaled
three-fold covariances (red and green solid lines), to isolate signal as-
sociated with the channel of interest (dashed magenta lines). These
subtracted KER distributions are then integrated over to determine
total covariance signals and therefore branching ratios.

that in our analysis, the three major breakup channels occur
with fairly similar propensity, with ST+ C + S being the
most common (40%). The rearrangement channel to yield
S2++ CT is very minor, and accounts for only ~0.1% of double
ionization Coulomb explosion signal. Although Ankerhold
et al. observed the same three major channels, and all were
fairly prominent, they assigned the two-body ST+ CS™ chan-
nel as the dominant channel'®. As the authors of both papers
mention!?%*, there are various systematic errors in quantita-
tively assigning these branching ratios, such as the assump-
tion of equal detection efficiency of all events. In time-of-
flight mass spectrometry measurements, which do not directly
record the three-dimensional momentum vector of each ion,
decomposing overlapping channels can also be challenging,
and it is difficult to account accurately for the dependence of
ion collection efficiency on ion kinetic energy.

Based on our analysis, trications are dominated by the
three-body fragmentation into ST+ CT+ ST (64%), with the
second most prominent channel being S>T+ C + ST (20%).
This is in reasonable agreement with the work of Ankerhold
et al.'?, although the authors did not observe any further chan-
nels. In our data, the two two-body trication fragmentations
are both rather rare, with S+ CS™ (1.8%) being favored over
ST+ CS2* (1.2%). The S**+ CT+ S channel (14%) is less
common than the S>T+ C + S* channel, but still fairly promi-

Dication

Channel Covariance |Ratio | Ratio!? | Ratio®*
ST+ C+ST [1.92 40% [23.8% |-
ST+Ct+S |[1.47 31% |19.2% |-
St+cst 1.40 29% [56.9% |-

Sz++ ct 0.00599 0.1% |- -
Trication

ST+CT+ST[1.68 64% [86.7% [29.4%
S+ C+ST1(0.517 20% |13.3% |31.6%
ST+ CS2t  10.0319 1.2% |- 5.4%
ST+ CST  ]0.0466 1.8% |- 7.5%
ST+ CT+S [0.365 14% |- 26.1%
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TABLE 1. Channel-resolved covariances and branching ratios for
fragmentation channels of CS%+ and CS%Jr which produce two or
more charged species. Values are compared to literature reports at
180 eV recorded with synchrotron radiation by Ankerhold et al. and
Eland et al.'®%*. The values from these literature works have been
scaled to reflect branching ratios solely for channels which produced
two or more charged species. Data reproduced from J. Chem. Phys.
132, 103211 (2010) with the permission of AIP Publishing. Data
reproduced from Chem. Phys. 220, 393 (1997). Copyright 1997,
Elsevier.

nent. Compared to the results of Eland ef al.%, our relative
ordering of the channels is quite consistent, with the excep-
tion that in our measurements the ST+ C*+ ST channel is far
more common. Our results also imply that the two-body chan-
nels, as well as the S>*+ C*+ S channel, are significantly less
common than previously reported.

IV. CONCLUSION AND OUTLOOK

We have studied the complex and multi-channel fragmenta-
tion dynamics of CS, following photoabsorption of femtosec-
ond X-ray pulses just above the S 2p edge, produced by the
FLASH FEL. Using three-dimensional velocity-map imaging
and covariance analysis techniques, we extract correlated mo-
mentum distributions for a number of fragmentation channels
originating from the CS; dication and trication, which are pri-
marily populated following a single S 2p photoionization and
subsequent AM decay(s). Data are collected in a regime of
many detected ions per shot (~85) and low repetition rate
(10 Hz), conditions under which traditional coincidence anal-
ysis is unsuitable.

Our results provide substantial new insights into the frag-
mentation dynamics of CS%+ and CS%*. Using covariance
analysis techniques, we separately interrogate 8 different frag-
mentation channels, extracting their KERs, ion recoil angles
and estimated branching ratios. The observed fragmentations
include an intriguing dication fragmentation involving rear-
rangement and bond formation to yield C* and S;“ , whose
presence had been previously disputed!®-2!. The minor two-
body fragmentation channels of the trication, producing S*+
CS?* and S**+ CS™ are found to exhibit very different KER
distributions. The very broad distribution associated with the
latter channel may indicate population of a broad range of tri-



cation electronic states that correlate to this dissociation limit.

Using recently developed native frames analysis
techniques”®3°, we examine the dynamics of three-body
fragmentations which yield a neutral fragment. These
channels had largely evaded detailed examination in previous
work?!. Our results demonstrate the coexistence of sequential
and concerted pathways for the ST+ C + S channel. For the
sequential fragmentation channel, this data analysis scheme
allows us to extract the KER distribution associated with both
the primary and secondary dissociation. Interestingly, for this
sequential channel, the KER of the primary fragmentation
into CS™+ S™ is higher than that observed for two-body dica-
tion breakups in which the CS™ does not undergo secondary
dissociation. Contrastingly, the ST+ C*+ S channel is found
to occur through concerted and asynchronous pathways, with
no clear signature of a sequential fragmentation. The trication
fragmentations that yield a neutral atomic product (S**+ C*+
S and S>T+ C + ST) similarly do not show signs of sequential
breakup.

The dominant breakup channel for the CS%+ trication is
complete Coulomb explosion into ST+ CT+ ST. The mean
KER and the overall recoil angle distribution associated with
this channel agree rather well with those predicted by clas-
sical point charge simulations for the equilibrium geome-
try, accounting for zero point motion and geometry spread.
This is attributed to the ability for inner-shell ionization to
rapidly populate the CS%Jr trication. Dynamics on intermedi-
ate charge states are minimal and field-driven dynamics are
avoided, in contrast to previous studies of CS, ionized in in-
tense NIR fields!”. Although exhibiting some indications of
asynchronicity in the breakup, this channel is dominated by
swift, concerted fragmentation.

The FLASH facility where these experiments were per-
formed is currently undergoing technical upgrades that will
further expand the scope of the methodology employed in
the present work for probing the structure and ultrafast dy-
namics of isolated molecules’’. A new high-repetition rate
pump-probe laser will allow for pump-probe experiments at
average repetition rates of ~1kHz. The greater volume of
data recorded in a given experiment will enable the extension
of advanced covariance (and cumulant**-%7!) mapping tech-
niques to study fragmentations of more complex molecules
undergoing a range of photoinduced dynamics, particularly in
time-resolved Coulomb explosion imaging experiments'!-72.
Experiments performed at higher repetition-rates will also
allow for the correlation of fragment ions with simultane-
ously detected AM electrons®"-737#, offering rich new infor-
mation by allowing the exploration of the relationship be-
tween photofragmentation mechanism and the electronic state
and internal excitation of the molecular polycation. In par-
allel, the improved spectral purity that will be brought about
through seeding the FEL will allow for more-precise resonant
X-ray excitations and/or high-resolution photoelectron spec-
troscopy. Correlating the recorded photoelectron spectra with
ion imaging data recorded simultaneously can enable the de-
termination of channel-resolved photoelectron spectra’>, po-
tentially in the recoil- or molecular-frame’®, sensitive probes
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of molecular structure and dynamics’’.

SUPPLEMENTARY MATERIAL

The Supplementary Materials provide raw ion imaging
data, details of Wigner sampling and native frame analysis,
demonstrate the negligible influence of 200 nm UV pulses on
the experimental results, present covariance and Dalitz plots
for key channels, and list mean kinetic energy releases for all
pathways.
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