
1



Imaging Three-Dimensional Molecular Structure and Dynamics with Multiparticle Covariance

and Cumulant Coulomb Explosion Analysis

Chuan Cheng,† Yoshiaki Kumagai,‡ Kiyonobu Nagaya,¶ Tatsuo Gejo,§ James Harries,∥ Michael

Burt,⊥,# Mark Brouard,⊥ Avijit Duley,@ Paul Hockett,△ Joseph W. McManus,⊥ Russell S. Minns,∇

Subhendu Mondal,†† Shigeki Owada,‡‡ Weronika Razmus,∇ Daniel Rolles,@ Takahiro Sato,§§ Henry J.

Thompson,∇ Anbu Venkatachalam,@ Emily M. Warne,⊥ Tiffany Walmsley,⊥ Mana Yagi,§ Philip

Bucksbaum,† Felix Allum,†,∥∥ and Ruaridh Forbes∗,§§

†PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California, 94025, USA

‡Department of Physics, Nara Women’s University, Nara 630-8506, Japan

¶Department of Physics, Kyoto University, Kyoto, 606-8502, Japan

§Graduate School of Material Science, University of Hyogo, Kouto 3-2-1, Kamigori-cho, Ako-gun,

Hyogo 678-1297, Japan

∥QST, SPring-8, Kouto 1-1-1, Sayo, Hyogo, 679-5148, Japan

⊥Chemistry Research Laboratory, Department of Chemistry, University of Oxford, Oxford, OX1

3TA, UK

#Department of Chemistry, Trent University, 1600 West Bank Drive, Peterborough, K9L 0G2,

ON, Canada

@J.R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan,

Kansas, 66506, USA

△National Research Council of Canada, Ottawa, ON K1A 0R6, Canada

∇School of Chemistry and Chemical Engineering, University of Southampton, Highfield,

Southampton, SO17 1BJ, UK

††Department of Applied Science and Humanities, Haldia Institute of Technology, Haldia - 721657,

India

‡‡RIKEN SPring-8 Center, Sayo, Hyogo, 679-5148, Japan

¶¶Japan Synchrotron Radiation Research Institute, Hyogo, 679-5198, Japan

§§LCLS, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

∥∥Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

⊥⊥Department of Chemistry, University of California, Davis, CA 95616, USA

E-mail: ruforbes@ucdavis.edu

2



Abstract

Coulomb explosion imaging (CEI) provides a direct means of imaging molecular

geometry by correlating fragment ion momenta following fragmentation of a molec-

ular polycation. Here, we demonstrate the use of three-body covariance and four-

body cumulant analysis to extract three-dimensional structural information from the

X-ray–induced Coulomb explosion of tert-butyl iodide (C4H9I). Site-selective ioniza-

tion at the iodine 4d edge with intense femtosecond soft X-ray pulses from an X-ray

Free-Electron Laser (XFEL) enables rapid charge buildup and molecular breakup. By

correlating ionic fragments in the molecular-frame, we isolate complete dissociation

channels and reveal subtle structural changes, such as umbrella-type motion of the

branched alkyl chain, during the ionization process. Comparison with point-charge

simulations of the Coulomb explosion shows close agreement, validating the approach.

These results establish covariance/cumulant mapping as a powerful strategy for imaging

complex three-dimensional (3D) molecular structures, and point the way toward time-

resolved CEI using both XFEL and tabletop sources for capturing ultrafast structural

dynamics.
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1 Introduction

Structural rearrangements that occur on the femtosecond timescale play a central role in

molecular photochemistry, underpinning processes from vision to light harvesting in photo-

synthesis.1,2 Tracking these changes in real time to reveal new mechanistic information is a

long-standing challenge, requiring tools that can resolve changes in molecular structure on

the ultrafast timescale. While time-resolved diffraction techniques, such as electron and X-

ray scattering, provide atomically resolved snapshots,3,4 Coulomb explosion imaging (CEI)

has emerged as a powerful and complementary approach.5–9

CEI captures structural dynamics by ionizing a molecule into a high charge state, leading

to rapid Coulomb-driven fragmentation. The relative momenta of the fragments produced

reflect the geometry at the time of the explosion. The ability to initiate Coulomb explosion

with femtosecond laser pulses allows observation of transient molecular structures during ul-

trafast dynamics.10,11 In recent years, such pump-probe CEI measurements have investigated

a range of photochemistry, including photodissociation,8,12,13 ring-opening,14 roaming6 and

isomerization.15 In contrast to diffraction-based methods, CEI is inherently sensitive to light

atoms such as hydrogen and can access higher-order nuclear correlations beyond pair distri-

butions.7,9,16 Moreover, CEI effectively images molecules on a molecule-by-molecule basis.

The single-molecule nature of CEI was recently exploited by Richard et al. to study corre-

lated ground-state structural fluctuations in an ensemble of molecules of 2-iodopyridine.17

CEI’s high sensitivity has similarly been exploited to image very dilute species, such as

weakly bound van der Waals clusters.18–20

Although many CEI experiments use intense near-infrared (NIR) pulses to trigger strong-

field ionization (SFI),5,10 recently, X-ray free-electron lasers (XFELs) have opened a new

regime for CEI, enabling inner-shell (multiple) photoionization followed by Auger-Meitner

decay to rapidly reach high charge states with minimal nuclear distortion.7,21,22 Compared

to SFI-based CEI, this approach mitigates some—but not all—effects associated with field-
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driven dynamics (nuclear motion during ionization, sequential charge buildup, coordinate-

dependent ionization rates, field-induced dynamics etc.5,23–28) and thus provides an alterna-

tive pathway to the molecular structure at the moment of ionization by a more faithful map-

ping of initial geometry to final momenta. Nevertheless, XFEL-driven ionization introduces

its own complexities, including rapid multi-step Auger cascades and multi-site ionization,29

which can blur this mapping.

As molecular size increases, a greater total charge must be deposited to drive a full

breakup into atomic ions: while three charges may suffice for a triatomic molecule, consid-

erably higher charge states are required for larger systems such as the 14-atom tert-butyl

iodide (the molecule studied in the current work). Achieving these conditions is far more

feasible with XFEL-driven inner-shell ionization, where rapid Auger-Meitner cascades can

populate high charge states efficiently. In contrast, SFI rates decrease exponentially as ion-

ization potential increases,30 making it challenging to reach high charge states, given the

stepwise increase in ionization potential with each successive electron removed. Particularly

given ongoing developments in high repetition-rate XFELs, X-ray induced CEI holds great

promise for future studies of ultrafast photochemistry in the gas phase.8,31–33

Extending CEI to larger molecules remains a key challenge. To date, most studies have

focused on small molecular systems such as triatomics5,8,19,25,28 or rigid (often planar) poly-

atomics,7,17,34 where complete fragmentation pathways can be cleanly identified. In flexi-

ble hydrocarbons or substituted systems, however, the combinatorial growth of dissociation

channels and reduced detection efficiency for multiple ion coincidences makes it difficult

to isolate complete Coulomb explosions.16 Progress on these challenges is being made on

several fronts, including the development of higher-efficiency detectors,35 the advent of high-

repetition-rate light sources,15,36–38 and advanced data analysis strategies with more differen-

tial observables39–44 capable of extracting genuine structurally informative correlations from

noisy, incomplete datasets — the latter being a focus of the present work.

Covariance and cumulant mapping have emerged as powerful tools within CEI.39–43,45,46

5



These statistical analysis methods allow the extraction of correlations among sets of frag-

ments, while mitigating the deleterious effects of ‘false coincidences’ — contributions from

separate molecules ionized in the same laser shot that become increasingly prevalent when

recording data in a high count-rate regime. In this work, we apply higher-order covari-

ance/cumulant analysis to XFEL-induced CEI of tert-butyl iodide (C4H9I), a prototypi-

cal flexible substituted hydrocarbon. We show that three-body correlations provide clean

molecular-frame maps of fragment momenta from complete Coulomb explosion events, while

four-body cumulants confirm these correlations despite the reduced statistics arising from

limited detection efficiencies. Comparison with point-charge CEI simulations reveals subtle

umbrella-type carbon motions during the dissociation, demonstrating both the structural

sensitivity of this method and its ability to capture dynamics occurring during the explosion

itself. The current results establish covariance/cumulant mapping as a powerful strategy for

imaging complex and 3D polyatomic molecules, and lay the foundation for high-throughput

time-resolved CEI at next-generation high-repetition-rate XFELs.

2 Results

As described in the Methods, site-selective ionization of tert-butyl iodide (C4H9I) at the

iodine 4d edge with intense femtosecond soft X-ray pulses from SPring-8 Angstrom Compact

free-electron LAser (SACLA) XFEL produced rapid multiple ionization and Coulomb explo-

sion. The experimental arrangement is shown schematically in Figure 1. The focused FEL

pulses intersect a molecular beam of tert-butyl iodide within a velocity map imaging spec-

trometer equipped with a delay-line detector. From the recorded hit positions and arrival

times, the full 3D fragment momenta were reconstructed. Due to the 60 Hz repetition rate of

SACLA, and in order to acquire meaningful statistics within the timeframe of the beamtime,

the experiment was carried out at high event rates, with many ions detected per shot (mean:

7.3). This is key in allowing for meaningful multi-particle correlations to be extracted under

these low repetition-rate conditions, but, as discussed in detail shortly, necessarily leads to
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Figure 1: Schematic of the experiment, showing the interaction of a molecular beam of
tert-butyl iodide with an intense soft X-ray femtosecond laser pulse. The resultant ions are
velocity-mapped to a time- and position-sensitive detector, allowing for the determination
of the 3D momentum vector of each detected ion. The right panel shows the ToF-ToF
(converted to m/q, i.e. mass-to-charge ratio) covariance map which contains dissociation
information about different dissociation channels. The observed ion mass spectrum (plotted
on a logarithmic intensity scale) is presented above - with particular atomic ions of interest
labelled.

high levels of false coincidences that preclude the use of traditional coincidence analysis.

The rich fragmentation dynamics of this molecule after soft X-ray ionization is highlighted

in the time-of-flight (ToF) covariance plot shown in Figure 1, where numerous correlated ion

pairs arise from the many accessible dissociation pathways. This combinatorial growth of

channels illustrates the challenge of extending CEI beyond small molecules, and motivates the

use of higher-order covariance and cumulant mapping to disentangle complete breakups (i.e.

into atomic ions) from overlapping or incomplete explosions (i.e. yielding larger molecular

and/or neutral fragments). In the following, we focus on high charge state (e.g. (I2+ +

C+ + C+)) and near-complete atomization channels, where the momentum correlations are

most directly connected to the underlying equilibrium geometry, enabling imaging of the

molecular structure.

By correlating the 3D momenta of three (or four) fragments using covariance and cu-

mulant mapping, the fragmentation dynamics can be analyzed in the molecular-frame.40,41
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Figure 2 shows the correlated momentum distributions for the three-body breakup channel

(I2+, C+, C+) in the molecular-frame for experiment (panel (a)) and simulation (panel (b)).

In this representation, the I2+ momentum is aligned along the +px axis (purple arrow),

while one of the carbon fragments (C+, herein denoted as the ‘reference’) is placed in the

px-py plane (py > 0, pz = 0). These choices define the I-C axis, and a reference plane, in

the molecular-frame. The recoil distribution of both carbon ions are then plotted in this

frame, revealing correlations that reflect the original displacement of the atoms in the neu-

tral geometry. In Figure 2, these correlated momentum distributions are represented both

as a 3D density plot and are projected as contour plots on each 2D plane. The observed

isolated signals, in both experiment and simulation, can immediately be related to each orig-

inal carbon atom shown in the adjacent molecular structure. If the reference C+ ion used

to define the plane in a given coincidence originates from a terminal carbon (these carbons

are symmetric to each other), this choice of molecular-frame effectively fixes the molecular

orientation to that shown in Figure 2. This reference carbon, pointing to the right in the

page (black arrow), has zero z momentum, and a substantial positive y momentum. The two

carbon atoms lying above/below the x/y plane yield C+ with substantial positive/negative z

momentum, whilst the central carbon atom yields C+ ions with negative momentum in the

x dimension and y/z momenta close to zero due to recoil against I2+ and equal forces from

recoil with three terminal carbons. In the case where the central C atom is used as reference

C+, the relationship between molecular-frame momenta and initial molecular orientation is

more complex. This choice leads to molecular-frame signals that are diffuse and broadly

distributed. This could be excluded by filtering on a coincidence-by-coincidence basis on the

relative recoil angle between the I+ ion and the reference C+ used to define the frame.

In the simulations presented in Figure 2(b), a pool of initial geometries was generated

from the molecule’s equilibrium structure using Gaussian blurring (convolving the position

of each atom with a 3D Gaussian with σ=0.1Å) to sample a pool of molecular structures.

For comparison, analogous simulations were performed instead using harmonic Wigner sam-
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Figure 2: Comparison between the 3D molecular-frame C+ momentum distribution (in
atomic units of momentum, a.u.) from a (I2+, C+, C+) correlation extracted from the
experimental data (a) and simple simulation (b). The resulting distributions are shown
together with contour projections onto each Cartesian plane. The I2+ momentum (purple
arrow) and reference C+ momentum (black arrow) are used to define the frame.

pling (assuming a vibrational temperature of 298 K) to generate a pool of initial molecular

structures. Generally, the results of these two sets of simulations were qualitatively similar

for the representation of relative momenta used in Figure 2 (and throughout the work), and

one sampling method does not significantly better reproduce the experimentally observed

width (or mean position) of specific features in the correlated momentum patterns. As such,

we conclude that the deviations between the experimental data and simple simulations do

not primarily originate from how the initial molecular geometry is sampled.

The general agreement between the output of classical point charge simulations of the

Coulomb explosion and the experimental correlated momenta help confirm a strong mapping

of initial molecular structure to final correlated momenta. In these point-charge simulations,

charges are assigned to the atomic positions of the neutral equilibrium geometry, providing

a simple but effective model for the Coulomb explosion. For the (I2+, C+, C+) channel,

the two undetected carbon atoms were treated as singly charged in the simulation, while

the hydrogens were not explicitly included to simplify the model; full simulations incorpo-
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rating H+ fragments are provided in the Supplementary Information (SI). While we note

that recent work has demonstrated the promise of using H+ to extract structural informa-

tion in CEI experiments,9 in the present experiment, H+ ions were not efficiently detected

due to a strong overlapping stray-light background. As such, our discussion focuses on the

detected heavy atoms. Comparison of the simulated molecular-frame momentum distribu-

tions with those observed experimentally closely reproduce the measured features across all

three projection planes (i.e. in the px-pz plane etc). The agreement between experiment and

simulation in Figure 2 indicates that the point-charge model captures much of the essential

Coulomb explosion dynamics despite the inherent simplicity of the modeling, which assumes

instantaneous ionization to a single charge state and classical motion governed by purely

classical Coulombic forces. Possible causes of observed deviations between simulation and

experiment beyond these assumptions include effects of molecular geometry sampling in the

simulation and the possible contribution of incomplete fragmentations to the experimental

data, as we will now discuss in turn.

The generally strong agreement between the experimental data and these simulations

suggests that, under the conditions of intense XFEL-based multiple ionization, a three-

ion correlation is sufficient to predominantly select out ‘complete’ Coulomb explosions into

atomic ions, which provide the most comprehensive structural information. To further as-

sess the role of partial Coulomb explosions in the experimental (I2+, C+, C+) correlation, we

compared this to the (I2+, C+, C+, C+) four-fold correlation extracted with cumulant anal-

ysis.41,47 As shown in Figure 3, the four-body case is significantly noisier. As the number of

ionic fragments produced in coincidence increases, the likelihood of capturing all correlated

fragments decreases due to the limited efficiency of the detector, typically around 25% for

each ionic fragment. Improved efficiencies (up to 90%) could be achieved with funnel-type

MCPs35 and higher absolute acceleration fields.48 In addition, the computational demands of

higher-order covariance and cumulant analysis grow rapidly, making four-body correlations

inherently more challenging.47 Consequently, the four-body correlation exhibits substantially
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Figure 3: Comparison of the molecular-frame C+ momentum distributions extracted from
(a) a three-body covariance, (I2+, C+, C+) and (b) a four-body cumulant (I2+,C+, C+,
C+). These are represented as described in relation to Figure 2. Additional one-dimensional
projections of the three-fold covariance (blue) and four-fold cumulant (red) are presented
along (c) px, (d) py, (e) py with each normalized to their own respective maximum value. The
similarity between the two correlations indicate that both capture signal from predominantly
the same molecular breakup pathway (i.e., total charge state).
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higher noise level than the three-body case, and stricter constraints — such as restricting the

angle between the I2+ momentum and the reference C+ to 90–135◦ — to isolate meaningful

signals above the noise.

Despite these limitations, the three two-dimensional projections (Figure 3 (c-e)) of both

correlations show close agreement, and the C+ one-dimensional projections along the molecular-

frame axes are nearly identical. The only distinction is that the noise level is two to three

times higher for the four-body correlation, consistent with the expected 25% detection ef-

ficiency. On this basis, we conclude that the three-body covariance can be safely treated

as representative of the full (I2+, C+, C+, C+, C+) breakup. Attempts to compute the

five-fold cumulant produced even poorer statistics, reinforcing that the three-body analysis

provides the most reliable pathway for structural interpretation in this system. A more

detailed exploration of five-fold correlations is beyond the scope of the present work. We

also note that recent XFEL-induced CEI work employing lower count rates and coincident

analysis at a higher-repetition rate XFEL demonstrated that three-fold atomic ion coinci-

dences were suitable for extracting signal from complete Coulomb explosion channels, with

higher-fold coincidences (up to an 8 particle correlation) yielding qualitatively similar, but

noisier, results.7

Further causes of deviations between the simulated and experimental correlated mo-

menta include the assumptions made in the modeling that the potentials governing the

Coulomb explosion are purely Coulombic, and that the final charge state is populated in-

stantly. CEI is known to provide the most reliable structural information when probing high

parent ion charge states, where the dynamics are dominated by Coulombic repulsion (i.e.,

contributions from bonding are lessened49) and the mapping from initial geometry to final

fragment momenta is more direct.50 In Figure 4, we compare the molecular-frame momen-

tum distributions from the (I2+, C+, C+), (I3+, C+, C+), (I4+, C+, C+), and (I4+, C2+,

C+; where C2+ is the reference Cm+) covariances (black) with point-charge simulations of a

Gaussian-blurred pool of geometries around the equilibrium structure (red). It can be firstly
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Figure 4: Comparison between experimentally obtained molecular-frame Cn+ momentum
distributions (black shaded region) from 3-body correlations: (a)/(e) (I2+, C+, C+), (b)/(f)
(I3+, C+, C+), (c)/(f) (I4+, C+, C+) and (d)/(h) (I4+, C2+, C+, where C2+ is the reference)
in the px–py ((a) to (d)) and px–pz planes ((e) to (h)). Molecular-frame Cn+ momentum
distributions from point-charge Coulomb explosion simulations with a Gaussian blurring
around the equilibrium geometry (red region), single bent geometry (blue squares), single
bent and stretched geometry (green stars) are also plotted in each projection. The mean
geometries used in each simulation are also shown in the plots and described in more detail
in the main text.
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seen that, as expected, with increasing charges the absolute momenta of the ions increases.

Consequently, the distinct islands of signal become increasingly separated for Coulomb ex-

plosions from higher total parent charge states. The general shapes of the experimental

molecular-frame momentum distributions are reproduced by the classical point-charge sim-

ulations (red). However, systematic discrepancies are observed. For instance, the px of the

signal arising from the terminal carbons are more positive (less negative) in experiment than

in simulation (see Figure 4 (a)-(d)). One possible explanation for these differences between

the simulation and experiment is nuclear motion occurring during the ionization process,

which would break the assumption made in the simulation of an instantaneous Coulomb

explosion.29

If we are only concerned with the heavy atoms, and preserve the three-fold rotational

symmetry, we can consider motion along three coordinates: C—I stretching, I—C—C um-

brella motion and C—C stretching. We therefore performed additional Coulomb explosion

simulations using geometry-distorted structures to emulate motion along these coordinates

during charge build-up. This approach preserves the simplicity of a fixed-geometry instan-

taneous explosion model. A single-point simulation with the I–C–C angle decreased by 20◦

from equilibrium is shown as a blue square in each panel. In panel (a), this bent geome-

try yields significantly better agreement with the experiment, supporting the importance of

bending motion in CEI. However, as we progress from (a) to (c), the mismatch in the px

distribution becomes more pronounced, and by panel (d) the improvement is negligible, indi-

cating that bending alone is insufficient. To achieve closer agreement with the experimental

data, we introduced an additional structural change by extending all the C–C bond length

to 1.75× its equilibrium value while maintaining the 20◦ bend. The chosen bond extension

is not arbitrary. It was determined empirically to yield the best match to the experimental

patterns in panel (a). While this configuration provides a physically plausible and quantita-

tively improved description, we note that alternative geometries could, in principle, produce

similar momentum signatures; thus, the extracted structure should be viewed as represen-
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tative rather than unique.51 Nonetheless, the agreement diminishes at higher charge states,

suggesting that the degree of geometry distortion required to capture the finer details of the

momentum-frame momentum distributions is charge-state dependent.

Two factors may explain the discrepancies observed. First, at lower charge states, un-

derlying potential energy surfaces are known to exhibit marked deviations from Coulombic

behavior, particularly at short bond lengths where bonding interactions still remain.49,52 Sec-

ond, the finite duration of the X-ray pulse means that charge is built up sequentially during

ionization, so different charge states are reached at different times.22,53 During this charging

window, nuclei can begin to move, particularly the hydrogens, whose dynamics are very fast,

and even carbon motion cannot be considered frozen on tens-of-femtoseconds timescales.

Recent work using ∼10 fs FEL pulses has already suggested that shorter X-ray pulses sub-

stantially improve the structural fidelity of CEI,7,9 and further reduction of pulse duration

will likely be key to recovering more accurate molecular geometries in larger systems. More

advanced simulation of X-ray ionization, Auger-Meitner decay and charge motion during the

charge up process can also help understand the structures retrieved from CEI analysis and

the dynamics of the X-ray induced Coulomb explosion itself.22,54–56

The omission of hydrogen atoms in the simulations suggests that they are not essential

to reproduce the main features of the heavy ion momenta distributions following Coulomb

explosion. When included, their primary effect is to slightly reduce the absolute momenta

of the heavier fragments (see SI for further details). This behavior reflects the fact that,

once the molecule is highly charged, protons escape much more rapidly than carbons and

thus have little influence on the final momenta of the heavier ions. This is compounded by

the fact that Coulombic repulsions from H+ ions impart little impulse on heavier ions due

to the light mass of H+. However, when a large number of hydrogens are present, their

collective Coulomb field can measurably modify the momentum partitioning among heavy

fragments.57 A complete understanding of the molecular breakup would require measuring

the proton momenta as well. In practice, hydrogen fragments are difficult to detect in the
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current FEL setup due to a strong scattered light background early in the ToF window. This

effect makes assessing their roles challenging experimentally in the present work.

We have demonstrated that multiparticle covariance and cumulant mapping provide a

robust method for extracting 3D structural information from Coulomb explosion imaging of

flexible polyatomic molecules. Using tert-butyl iodide as a benchmark system, we showed

that three-body covariance maps yield clear molecular-frame recoil patterns, while four-

body cumulants validate these correlations, despite reduced statistics. Comparison with

point-charge simulations revealed subtle umbrella-type carbon motions prior to dissociation,

underscoring the sensitivity of the method to structural rearrangements that occur during

ionization. In future work, these dynamics could be minimized by employing shorter X-

ray pulses, and a systematic exploration of the influence of pulse properties on Coulomb

explosion images will be an important direction.

Overall, our results highlight the power of covariance-based analysis to overcome the lim-

itations of coincidence detection in complex systems, enabling meaningful structural insights

even at the relatively low 60 Hz repetition rate of SACLA. This approach will scale natu-

rally with the advent of high-repetition-rate XFELs, where vastly improved statistics will

permit systematic studies of fragmentation pathways and the influence of pulse duration and

intensity on Coulomb explosion dynamics. Beyond visualizing static structure, covariance

and cumulant mapping opens the door to time-resolved studies of ultrafast structural dy-

namics in larger or weakly bound molecular systems, establishing a pathway toward routine

single-molecule structural imaging on femtosecond timescales.

Methods

Experiments were performed at the soft X-ray beamline (BL1) of SACLA, Japan, deliv-

ering ∼30 fs XUV pulses at 100 eV photon energy (12.4 nm) with a 60 Hz repetition rate.58

The horizontally polarized FEL pulses were attenuated using a 1µm Zr filter, resulting in

an estimated on-target pulse energy of 2.3 µJ. The XUV beam was focused to a ∼10 µm
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spot (1/e2), corresponding to an intensity of 7.6 × 1013 W/cm2. The focused XUV pulses

intersected a pulsed molecular beam of neat tert-butyl iodide (C4H9I) inside a velocity map

imaging (VMI) ion spectrometer, which has been previously described.59–61 Ionization oc-

curred site-selectively at the iodine 4d edge, given the very large I 4d photoabsorption cross

section at the chosen photon energy (∼20-30Mb62,63). Ionic fragments were extracted and

detected using a dual microchannel plate with hexanode delay line detector, enabling full

3D ion momentum reconstruction.

The experimental data analyzed in the present work was recorded during a pump-probe

experiment, which also used a ∼121 µJ 800 nm femtosecond laser pulse, generated from

the output of the SACLA Ti:Sapphire pump-probe laser. While the pump-probe delay-

dependent experiments will be reported in a separate publication, the present work averaged

data over all pump-probe delays (covering delays in which either the X-ray or NIR pulse

arrived first). As explored in more detail in the SI, the ion momentum correlations analyzed

in the present work are expected to originate almost entirely from X-ray ionization of the

molecule without influence of the NIR laser. This is supported by comparisons to data

recorded irradiating tert-butyl-iodide with the X-ray pulses only. There were 1,973,610

shots collected in total (about 9-10 hours of data acquisition).

To extract structural information from the measured ion momenta, we employed covari-

ance and cumulant mapping techniques.40–42,47 In high-count-rate FEL experiments, con-

ventional coincidence analysis is impractical due to false coincidences and limited detection

efficiency. At the current repetition rate (60 Hz), reducing the total count rate to decrease

the contribution from false coincidences would result in a very low total data volume. In-

stead, covariance analysis provides a statistical measure of correlated fragment emission by

evaluating deviations of ion counts from their mean values on a shot-to-shot basis. Using full

3D momentum distributions from the VMI spectrometer, we computed three-body covari-

ances and four-body cumulants from the full 3D momentum distributions obtained with the

VMI spectrometer, enabling us to distinguish genuine multi-particle breakups from uncor-
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related background. This approach provides access to molecular-frame correlation patterns

and allows recovery of 3D structural signatures even in complex polyatomic fragmentations.

The details of the computation of these covariances/cumulants has been described in detail

previously,40,41,47 and used the PyCorrCPI Python package.64 This package enables the cal-

culation of three- and four-fold correlations using recently-developed approaches to improve

the efficiency in estimating terms in each covariance/cumulant expression47 and supports

different representations of the extracted correlated 3D ion momentum distributions.

The classical Coulomb explosion simulations were performed using the PyCESim Python

package.65 In short, atomic ions were placed at the corresponding atomic coordinates from an

initial molecular structure. Treating the atomic ions as point charges and using Coulomb’s

law allowed the forces between the ions to be defined, and their trajectories propagated

by numerically solving Newton’s equations. Simulations were then typically repeated for a

pool of initial starting geometries, which were sampled either from a series of 3D Gaussian

functions centered at each atomic position or using harmonic Wigner sampling, as described

in the main text. The output of these simulations, asymptotic 3D momenta for each ion, were

then transformed into the molecular-frame on an explosion-by-explosion basis. Finally, in

order to better compare the resultant 3D relative momentum distributions to those recorded

experimentally, which are affected by the spectrometer’s finite momentum resolution, the

resultant covariant/cumulant histogram (which is represented here with 6 a.u. momentum

bins) was convolved in 3D. This convolution was performed with a 3x3 cube, with value of

1 in the center voxel, 1/3 at the faces of the cube, 1/9 at the edges and 1/27 at the corners.
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