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FIG. S1. Ion time-of-flight (ToF) spectrum observed following X-ray ionization of CSa. The ion
species analyzed in the main manuscript are labeled. Detector-plane images for each ion, obtained
by integrating the Timepix3 camera data over the shaded ToF ranges, are also displayed. These

ion images are plotted on separate colorscales.

S1. RAW ION IMAGING DATA

Figures S1 and S2 show representations of the ‘raw’ ion imaging data recorded by the
Timepix3 camera, following hit finding and centroiding but prior to any covariance analysis.
Figure S1 displays the ion time-of-flight (ToF) spectrum, as well as the detector-plane ion
images for the ions that are analyzed in the current work, which are obtained by integrating
the three-dimensional Timepix3 camera data over the ToF regions indicated. Figure S2
represents the same data as two-dimensional histograms (colloquially known as ‘fish plots’)
of a) ToF and detector x position b) ToF and detector y position. We note that these plots
show that the CS?** ion overlaps heavily with background signal, primarily from ionization

of background water in the chamber along the propagation axis of the X-ray beam (the x
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axis of the detector), which leads to ‘lines’ in both the detector-plane images and the fish
plots. Such signal is effectively removed in the covariance analysis and so does not present

issues to the analysis presented in the main manuscript.
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FIG. S2. Two-dimensional histograms of the Timepix3 camera VMI data, binned in a) ToF and
detector z position b) ToF and detector y position. Data is plotted on a logarithmic colorscale, as

indicated.

S2. WIGNER SAMPLING FOR COULOMB EXPLOSION SIMULATIONS

For the Coulomb explosion simulations shown in Figure 5, harmonic Wigner sampling was
used to approximate the initial spread of atomic positions and momenta prior to Coulomb
explosion. For this, the displacement and momentum along each normal mode were in-
dependently sampled [1-3]. For each simulation initial condition, the displacement @) and
momentum P along a normal mode were randomly selected by sampling from the Wigner

function. For a given P and (), the unitless Wigner function is then evaluated as:

W(Q, P.n) = (=1)"Ln(2R*)e (1)
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where R? = Q? + P2, L,, is the nth Laguerre polynomial, and n is the vibrational quantum
in the mode, which can be sampled from a Boltzmann distribution for a temperature 7. As
L, = 1, the above expression simplifies considerably if only considering the case of T=0,
where population is exclusively in n = 0. In practice, this sampling occurs by randomly
selecting a value for P and @), as well as a number m uniformly distributed between 0 and
1. If W > m, then the initial condition is selected. The dimensionless coordinates are then
transferred into real ones and added to the initial three-dimensional position and velocity

vector for each atom (in atomic units):

Qi
S

i 2)

r(x,y,2) =r(z,y,2) +

'U(.Z',y, Z) :U(l',y,Z)—i-Pi wzl (3)

This is then repeated for each normal mode i in the molecule. In CS,, there are four such
modes: the symmetric stretch (wg, = 658cm™1), the asymmetric stretch (w,s = 1535cm™1)

and the doubly degenerate bend (w, = 397cm™!) [4].

S3. NATIVE FRAME ANALYSIS

As described in the main manuscript, native frames analysis [5, 6] is used to distinguish
between sequential and concerted fragmentations, and to extract physical parameters related
to any sequential dissociation channels. Here, we describe this analysis in detail, using the
ST+ C+ St channel as an example. If this fragmentation occurred sequentially, it would
involve an initial fragmentation into ST+ CS™, followed by secondary breakup of CS* into
C+ ST. We can define a conjugate momentum corresponding to the initial fragmentation

into CSf{+S; as:

mcs m

S
Psf — ESQ(PS;I +Pc) (4)

Pcs+

+ pu—
II’SI

mcs,

where S{ and Sj; distinguish the sulfur ions emitted from the first and second steps of the
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sequential fragmentation. A conjugated momentum associated with the secondary fragmen-

tation of CS™ can be similarly defined as:

Psi;  pc
Pcs;, = Hes ( m;I - m_C> (5)

where pcg is the reduced mass of CS*. The KER associated with each step can be calculated

from these conjugate momenta:

Pes: s+
KER08+ S+ - ik
1 1 2NCS,S

Similarly, we can compute the angle between the two dissociation vectors as:

903;,

_ Pcst -Pcst st
Sii’ = COS 1 ( 11 I1°~1 (8)

|PCSI+I | lpcsﬁ,sf |

S4. INFLUENCE OF 200 NM LASER

As mentioned in the main text, the data analyzed in the current work was taken from
a 200 nm pump — X-ray probe study [7, 8]. As the present work is concerned solely with
dynamics induced by the X-ray pulse, data was filtered by pump-probe delay to select data
where pump-probe delays of less than -100 fs (i.e. where the X-ray pulse precedes the UV
pulse by at least 100 fs). Consequently, in the selected data, X-ray ionization only occurs

on unpumped molecules.

Figures S3 and S4 show example time-of-flight spectra and selected ion momentum dis-
tributions for: X-ray only, 200 nm-only, and 200 nm + X-ray (delays less than -100 fs, i.e.
X-ray early). Firstly, it can be seen that the primary ion produced by the 200 nm pulse is
the CSJ parent. It should be noted that as CS; ions are produced with very low velocity,
mapping to a small central region of the detector, this signal is prone to saturation. A small

quantity of low momentum S* and CS™ ions are also produced from dissociative ionization,
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FIG. S3. Comparison of time-of-flight spectra for: X-ray only (blue), 200 nm only (orange), and X-
ray + 200 nm (X-ray early) (green). Each spectrum is normalized to the total number of acquisition

cycles (laser/FEL shots).

with no evidence of Coulomb explosion. The post-ionization of fragments produced by X-ray
ionization is seen as extremely unlikely due to the low intensity of the 200 nm pulse, which is
able to two-photon ionize CS; primarily due to the extremely large absorption cross-section
of neutral CS, at 200 nm (several hundred Mbarn [9]). The similarity of the time-of-flight
and ion momentum distributions for X-ray only and 200 nm + X-ray (X-ray early) data
supports this claim, and thus the validity of using the 200 nm + X-ray (X-ray early) data

in the present work.

S5. THE S*+ C*+ ST CHANNEL

Figures S5 and S6 show alternative representations of the (S, C*, S*) three-fold covari-
ance. The first of these, S5, is a ‘Dalitz’ plot [10], as is frequently used to kinematically
analyze fragmentation processes, including in previous work on CS, [11, 12] and the closely-
related CO4 [13-16]. For a more detailed discussion of Dalitz plots, and their interpretation
in the context of triatomic fragmentation dynamics, the reader is directed to these past
studies. In the present work, to construct a covariance Dalitz plot, covariance intensity is

histogrammed according to the following x and y coordinates:
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FIG. S4. Comparison of ion momentum distributions (in atomic units) for: X-ray only (blue),
200 nm only (orange) and X-ray + 200 nm (X-ray early) (green). Each momentum distribution is

normalized to the total number of acquisition cycles (laser/FEL shots).

_ KBy —KEg,

V3KER
KEqg+ 1
- _ - 1
Y= KER 3 (10)

where KEST, KES;, KEc+ and KER are the KE of the first ST ion, the KE of the second
ST ion, the KE of the C* ion and the total KER, respectively. In this case, the two S*
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FIG. S5. Dalitz plot representation of the (ST, C*, S*) three-fold covariance.

ions are indistinguishable and so the distribution is symmetric about 0 in z. Qualitatively,
the Dalitz plot is very similar in appearance to that reported by Wang et al. [11] from a
study using electron impact ionization. The localization of intensity in this representation
arises from the dominance of concerted fragmentation, while the extent of the feature in
y represents the importance of fragmentation of bent geometries, in which the C* ion can
receive considerable KE. The main discrepancy between the Dalitz plot shown in Fig. S5 and
that reported by by Wang et al. [11] is the lack in the current work of weak signal associated
with sequential fragmentation, which manifests as signal distributed along diagonal lines. As
discussed in the main text, this may be due to sequential fragmentation being less prominent
under our experimental conditions and/or not being observable above the noise floor of our

measurement.

The lack of sequential fragmentation in the St+ C*+ S* channel in our data is further
corroborated by native frames analysis, which was described in some detail in the main
manuscript and in Section S3 of this Supplementary Material. Figure S6 shows the three-
fold (ST, CT, ST) covariance in the analogous native frame representation to that used in Fig.
7 of the main manuscript (for the ST+ C+ ST channel). Signal is relatively well-localized
in 0, as expected for a concerted breakup. There is no discernible signal spanning a wide
range of 6 angles, as would be expected for a sequential fragmentation via a long-lived CS3

intermediate.

Figure 4 presented example simulations for ‘asynchronous’ and ‘sequential’ breakups into
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FIG. S6. Three-fold (S*, C*, ST) native frame covariance analysis.

ST+ Ct+ S*. These were produced by classically simulating a two-step Coulomb explosion,
in which CS3" firstly fragments into St and CS?*, with the latter then exploding at a later
time. In this modeling, the dissociation lifetime, 7, and the rotational period 7z, of the CS?*
may be varied. Figure S7 compares the simulated Newton plots for a range of parameters for
these values. These are compared to the equivalent plot assuming a completely concerted

fragmentation of a Wigner sampled pool of geometries, shown in panel a).

S6. THE ST+C+StTAND S*+C*™+S CHANNELS

As discussed in the main manuscript, the native frames analysis for the ST+ C+ S*
channel is complicated somewhat by the fact that the two ST ions cannot be distinguished
in our analysis, although for a sequential fragmentation the two are distinct (with one being
emitted in each step of the sequential fragmentation). The misassignment of S;” and Sf}
leads to signal in Fig. 7 spanning a wide range of KERCS; focussed at ecsg,s;r close to 180
degrees. This can be confirmed in the analysis of the sequential fragmentation simulations
where, unlike in the experiment, we can unambigiously distinguish the two ST ions. This is
shown in Fig. S8. Panels a) and b) show the same native frames analysis as in Fig. 7 in the
main manuscript while panels ¢) and d) show the same analysis in which the two ST ions
are distinguished, and correctly assigned to S;” and Sj;. As can be seen, in this case only
the signal with low KERCSﬁ spanning all GCSH,ST remains, confirming that this signal comes

from sequential fragmentations in which S;” and Sj; are correctly assigned.
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FIG. S7. Newton plot representations of the relative ion momenta from different simulations of
the ST+ C*+ ST channel. Panel a) corresponds to simulation for concerted fragmentation of a
Wigner-sampled pool of initial atomic positions and momenta, whilst panels b) to h) correspond
to sequential /asynchronous simulations with different parameters, as labeled and discussed in the

text.
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FIG. S8. Native frame analaysis for the sequential simulations of the ST 4+ C + ST channel. In
panels a) and b), the two ST are not distinguished in the analysis (as in analysis of the experimental

data), while in panels c¢) and d), only the correct assignment of S;” and Sj} is made.

In the experimental native frames analysis of the ST+ C+ S* channel, there is also an
excess of signal at low (~0-3 eV) KERGSI+I with ecsg,sf >~120°, which is not reproduced in
the simulations of the sequential fragmentation. This signal can be assigned to concerted
fragmentations. To support this, we performed a simple simulation of concerted fragmen-
tation into the ST+ C+ ST channel. Here, a ground-state distribution of atomic positions
and momenta was sampled from a Wigner distribution, and a prompt, classical Coulomb
explosion was simulated in which the two S atoms had a charge of +1, while the C atom
had a charge of +0.1. Figure S9b) shows the outputs from this simulation plotted in the
native frame, compared to the equivalent plot from experimental data in panel a). It can be

seen that qualitatively, the concerted simulation spans the same region as the previously-
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FIG. S9. Comparison of (S*, S*) native frames covariance analysis of a) the experimental data

and b) the simple simulation of a concerted ST+ C+ ST fragmentation.

identified experimental signal, particularly in terms of the range of QCS;E’SI% It is unsurprising
that this simple simulation, in which the C atom is given a fixed charge of +0.1, substan-
tially underestimates the span of the true KER distribution associated with concerted ST+
C+ St fragmentation. Much like the case of the ST+ C*+ ST discussed in the main text
(Fig. 5), multiple factors not included in this simple modeling broaden the kinetic energy

distribution of this feature.

Figures S10 and S11 compare the output of the experimental (ST, S*) two-fold covariance
in the S-KER representations (used in Fig. 6 of the main manuscript) to that produced
by the sequential and concerted simulations of the ST+C+S* fragmentation. While both
channels produce signal with a 5 (ST, ST) close to 180°, the 8 (ST, C) distribution is rather
different in the two cases. The concerted fragmentation produces a 8 (ST, C) of around 100
°, while the signal from sequential fragmentation is concentrated towards both smaller and

greater values of 5 (ST, C).

In order to explore the role of sequential fragmentation in the St+ C*T+ S channel, we
again turn to native frames analysis of the (ST, CT) covariance. Results are shown in Figure
S12. Unlike the ST+ C+ S* case, there are now two possible sequential fragmentation
pathways that can contribute. A neutral S may be emitted in the primary dissociation to

yield CS** which then dissociates on a longer timescale. Alternatively, a ST ion is initially
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FIG. S10. Comparison between the S-KER representations of the a)-c) experimental (ST, ST)

covariance and the d)-f) simulated (ST, ST) covariance for concerted fragmentation.

eliminated to produce a CST™ which then undergoes secondary fragmentation. However,
when the data is analyzed in the native frame for either sequential fragmentation scenario,
we do not observe a feature that uniformly spans all angles, and so we do not believe that

sequential fragmentation by a long-lived intermediate contributes significantly to the ST+
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FIG. S11. Comparison between the S-KER representations of the a)-c) experimental (ST, ST)

covariance and the d)-f) simulated (ST, ST) covariance for sequential fragmentation.

Ct+ S channel.

Figure S13 shows the two-fold (S*, S*) and (ST, C*) covariances represented as Dalitz

plots, as described above. In both cases, only events with a total KER of less than 14 eV

S15



0 60 120 180 0 60 120 180
Ocsz+, sp+ | ° Ocs;,sp /

FIG. S12. Native frame (S*, C*) covariance analysis, for total KERs of less than 12 eV, to isolate
S*t+ C*+ S signal. Panels a) and b) assume a CS?* intermediate, whilst panels ¢) and d) assume

a CST intermediate, as discussed in the text.

were plotted, to reject signal from three-body ST+ CT+4 ST fragmentation. In the case of
the (S*, CT), the two sulfurs can be distinguished, as one is detected as an S* ion (S;), while
the momentum of the other is determined through momentum conservation, and assumed to
be neutral (S2). Immediately, rather different signals are observed to that associated with
the ST+ C*+ ST channel (Fig. S5). These plots may also be compared with analogous
plots determined from coincidence analysis following S 2p ionization reported by Saha et al.
[12] (in particular, as shown in Fig. 6 of Saha et al., which separates events based on total

KER in a similar way to our current analysis).

S7. THE S?>*+ C+ STAND S?*+ C* +S CHANNELS

Figure S14 compares the two-fold (S**, C*) and three-fold (S*T, C*, C*) covariances.

Low KER signal which is highlighted by the box in panels a) and b) is present in the former
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FIG. S13. Dalitz plot representations of the (S*, S*) (a) and (S*, C*) (b) covariances. In both
cases, events with a total KER of less than 14 eV are analysed, to remove contributions from the

ST+ Ct+ ST channel.
but not the latter, and thus is assigned to trication Coulomb explosion into S?*+ CT+ S.

For both the three-body fragmentation channels originating from the trication which
yield a neutral fragment (i.e. S**+ C+ St and S*'+ CT+ S), native frames analysis of
the relevant two-fold covariances was used to assess the role of sequential fragmentation.
Figure S15 presents results from this analysis for the S>+ C+ ST channel, using (S*, ST)
covariance analysis. Here, only fragmentations with a total KER of less than 24 eV were
included, to avoid contribution of fragmentation from CS;*. If such a fragmentation were
to occur sequential, it could in principle occur through either CS* or CS?* intermediates,
formed through the primary ejection of S** or ST, respectively. Native frames analysis was
performed for both these possibilities, with the assumption of a CS™ intermediate plotted in
panels a)-b) and a CS?*" intermediate plotted in panels c)-d). In both cases, however, there
are no features that span all relative angles between the primary and secondary dissociations.
As such, we conclude that sequential dissociation via a long-lived CS* or CS?* intermediate

does not significantly contribute to the S>*+ C+ S* channel.

Figure S16 presents results from the analogous analysis for the S**+ C*+ S channel, from
(S**, CT) covariance analysis. For completeness, the analysis was repeated for the different
possible sequential pathways contributing to this channel: via a CS** intermediate or a CS™

intermediate. Although the signal-to-noise ratio for these covariances is rather poor, again
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FIG. S14. Two-fold (S**, C*) covariance, experimental (a) to c)), and three-fold (S**, C*, S*)
covariance (d) to f)). Correlations are shown between: the total KER, the (S?*, S™*) recoil angle
and (S?T, CT) recoil angle. In the two-fold covariance, the momentum of the third particle (S"") is
inferred from momentum conservation, whilst in the three-fold case, the ST 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 text, such signal is absent in the three-fold covariance.
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FIG. S15. Native frame (S**, S*) covariance analysis, for total KERs of less than 24 eV, to isolate
S**4 C+ ST signal. Panels a) and b) assume a CS™ intermediate, whilst panels ¢) and d) assume

a CS?T intermediate, as discussed in the text.

we can identify no signal consistent with fragmentation via a long-lived intermediate, and

conclude that this is not a major contributing pathway.
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S**4 CT+ S signal. Panels a) and b) assume a CS** intermediate, whilst panels ¢) and d) assume

a CST intermediate, as discussed in the text.

S8. MEAN KER FOR OBSERVED FRAGMENTATION CHANNELS

From the analysis presented in Section IIID of the main manuscript, mean KERs for
three-body fragmentation channels with a neutral product fragment can be estimated. Mean
KERs for the observed two-body fragmentation channels and the ST+ C*+ S* channel can
be directly extracted from the relevant two- and three-fold covariances. The mean KERs

extracted for each fragmentation channel analyzed in the current work are summarized in

Table S1.
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Dication

Channel Mean KER (eV)
ST+ C+ St 12.2
ST+ C*t+ S 14.4
ST+ CS*T 6.00
Sy+ Ct 5.46
Trication

ST+ Ct4 S* 24.9
S+ C+ St 20.8
St+ Cs?F 10.2
S*r+ CS* 11.9
S*+ Ct+ S 23.4

TABLE S1. Mean KER extracted for each analyzed fragmentation channel.

S9. POWER DEPENDENCE OF COVARIANCE SIGNALS
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FIG. S17. Power dependence of the two-fold (CS™, ST) covariance. a) Total covariance intensity
as a function of the mean X-ray pulse energy within each contingent bin. b) Log-log plot of the
logarithm of covariance intensity verses the logarithm of X-ray pulse energy. A linear fit (red line)
to these data, alongside the extracted gradient, m, is shown. In both a) and b), the pulse energy

region used in the main data analysis throughout the manuscript is highlighted in green.

To further examine the possible role of multiphoton processes in the fragmentation pro-

cesses studied, additional analysis exploring the power-dependence of the observed covari-
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ance signals was performed. This was done using the single-shot measurements of the
incident X-ray pulse energies from the FLASH Gas Monitor Detector (GMD)[17]. As for all
covariances present throughout the work, covariances were calculated in a contingent man-
ner, by binning the data by incident pulse energy in equal-statistic bins. For the analysis
presented in this section, contingent covariance analysis was performed with an increased
number of contingent bins (40) over a greater range of incident pulse energies (4.3 uJ to

38.3 1uJ).

Figure S17 presents such analysis for the two-fold (CS™, S*) covariance, which can be
assumed produced following single-photon S 2p photoionization and subsequent AM decay.
The total covariance, which is proportional to the number of CS* + S* fragmentation events
detected per shot, increases with incident X-ray pulse energy, as expected. As highlighted
in the log-log plot shown in panel b), the power dependence of the signal is not linear, with
a gradient in the log-log plot of 0.37 4+ 0.01. This indicates a significant saturation of this

single-photon channel under the present experimental conditions.
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FIG. S18. Power dependence of the three-fold (ST, C*, ST) covariance. a) Total covariance
intensity as a function of the mean X-ray pulse energy within each contingent bin. b) Log-log plot
of the logarithm of covariance intensity verses the logarithm of X-ray pulse energy. A linear fit
(red line) to these data, alongside the extracted gradient, m, is shown. In both a) and b), the pulse

energy region used in the main data analysis throughout the manuscript is highlighted in green.

Figure S18 presents the analogous analysis for the trication ST + C* + ST fragmenta-
tion channel, from the three-fold (ST, C*, S*) covariance. While here the data is slightly

less clear, owing to the lower signal-to-noise ratio of the three-fold covariance, qualitatively

S22



similar power dependence is seen. A gradient in the log-log plot of 0.46 4+ 0.07 is extracted.
While this is slightly higher than that observed for the dication channel, it is difficult to
conclude the statistical significance of this. From this analysis, however, we can be confi-
dent that both these channels are dominated by single-photon interactions (in the trication
channel, a S 2p photoionization followed by two AM decays). While we cannot conclusively
rule out contributions from a two-photon interaction to trication production (i.e. valence
ionization of CS3" dications formed by a single S 2p ionization), it does not appear to be a

major contribution to the channel.
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FIG. S19. Power dependence of the three-fold (52, C*, S?T) covariance. a) Total covariance
intensity as a function of the mean X-ray pulse energy within each contingent bin. b) Log-log plot
of the logarithm of covariance intensity verses the logarithm of X-ray pulse energy. A linear fit
(red line) to these data, alongside the extracted gradient, m, is shown. In both a) and b), the pulse

energy region used in the main data analysis throughout the manuscript is highlighted in green.

To confirm that a distinct power dependence would be observed for channels which arise
predominantly from the absorption of more than one X-ray photons, we repeated the analysis
for the S** + C* + S?* channel, which cannot be produced from a single S 2p core ionization
and subsequent AM decays. As mentioned in the main manuscript, this channel is one of
a number channels originating from higher charge states that are not analyzed in detail
in the present study. This power-dependence analysis is presented in Figure S19. Here, a
rather distinct power dependence is observed, with the covariance intensity signal clearly
scaling with a higher polynomial of the X-ray pulse energy than for the dication and trication

channels. This is confirmed by the extracted gradient from the log-log plot, which for this
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channel is 1.21 4= 0.06.
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