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Coulomb explosion imaging of small polyatomic molecules with ultrashort x-ray pulses
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Ultrashort x-ray pulses from free-electron lasers can efficiently charge up and trigger the full fragmentation of
molecules. By coincident detection of up to five ions resulting from rapid Coulomb explosion of highly charged
iodomethane, we show that the full three-dimensional equilibrium geometry of this prototypical polyatomic
system can be determined from the measured ion momenta with the help of a charge buildup model. Supported
by simulations of how the ion momenta would reflect specific changes in molecular bond lengths and angles, we
demonstrate that Coulomb-explosion imaging with ultrashort x-ray pulses is a promising technique for recording
movies of multidimensional nuclear wave packets, including hydrogen motions.
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I. INTRODUCTION

Novel methods for gas-phase molecular imaging offer the
capability of directly probing the position of each atom in
an ultrafast reaction, thus pushing our “vision limits” towards
sub-Angstrém spatial resolution, and a response time of a few
femtoseconds. The past decade has witnessed key steps in this
direction with the implementation of several complementary
imaging techniques based on photon or electron scattering.
X-ray diffraction, conventionally applied for imaging crys-
tallized structures, was demonstrated to be able to make
snapshots of ensembles of laser-aligned molecules with in-
tense pulses generated by x-ray free-electron lasers (XFELs)
[1]. Moreover, this technique was used to produce a “molecu-
lar movie” of a prototypical ring-opening reaction [2], as well
as to image coherent vibrational wave packets in diatomic
[3] and more complex [4] molecules. In parallel, diffraction
with short electron pulses [5] was employed to reconstruct

“xiangli@slac.stanford.edu
frudenko@phys.ksu.edu
*rebecca.boll @xfel.eu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2022/4(1)/013029(10) 013029-1

equilibrium molecular geometries [6]. With a temporal reso-
lution approaching 100 fs [7], it enabled direct visualization
of vibrational motions [8], the dynamics in the vicinity of
a conical intersection [9], and a ring-opening reaction [10].
To utilize electron diffraction with even finer (potentially
sub-10-fs) temporal resolution, alternative techniques based
on “self-imaging” of a molecule with its own photoelectrons
[11-15] or Auger electrons [16] have been demonstrated.

A different technique, not based on photon or electron
scattering, is Coulomb-explosion imaging (CEI). It was first
demonstrated by sending swift ionic molecules through a thin
solid film, which stripped off all valence electrons and re-
sulted in rapid fragmentation [17]. The resulting ion momenta
were recorded on a position-sensitive detector and contain
information on the molecular structure. More recently, CEIL
was often realized through photoionization, induced by either
intense laser pulses [18-22] or x-ray pulses [23-26]. One key
motivation to use light pulses to trigger Coulomb explosion is
to apply this technique as a probe in time-resolved measure-
ments. However, the full molecular geometry could only be
studied mainly for molecules with few atoms [19,22,27,28].
For larger systems, CEI experiments were typically restricted
to addressing a specific geometry-related question, such as
following signatures of hydrogen migration [20,21,23,29], or
distinguishing between isomers [24,26] or enantiomers [30].
One major limitation for applying CEI to larger molecules is
that a molecule is often only partially fragmented after the
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photoionization [20,21,24,26]. Nevertheless, even for cases
where a full fragmentation was achieved, and all fragments
could be detected in coincidence [23,30,31], the full quan-
titative three-dimensional (3D) molecular geometry was not
revealed, mainly because of the complexity of the multi-
ple ionization process and due to non-negligible geometry
changes during the time required to reach the final state.
Intense femtosecond XFEL pulses can charge up
molecules very efficiently via sequential multiphoton ioniza-
tion [32-35]. Here, we demonstrate how the use of intense
XFEL pulses, combined with a coincident ion momentum
imaging setup and an appropriate data representation scheme,
can reveal the complete 3D geometry of iodomethane (CH3I),
a prototypical system for ultrafast photochemistry. With the
help of a simple charge buildup model, we show that the
retrieval of bond lengths and angles of the molecule can
be achieved through an optimization approach, so long as the
charge-up process is well characterized. Furthermore, by sim-
ulating how the ion momenta would reflect specific changes
in molecular geometry, we demonstrate that CEI employing
ultrashort XFEL pulses is a promising technique for recording
“movies” of multidimensional nuclear wave packets.

II. RESULTS

The experiment was carried out using a COLTRIMS (cold
target recoil ion momentum spectroscopy) reaction micro-
scope [36,37] that is part of the Small Quantum Systems
(SQS) scientific instrument of the European XFEL [38]. CH31
molecules in a dilute gas jet were ionized by x-ray pulses
with a photon energy of 2 keV, a pulse duration of ~25 fs
(estimated from the electron bunch length), a pulse energy
of 0.8 mJ, and a focal spot diameter of ~1.4 pum (full
width at half maximum). After sequential multiphoton ioniza-
tion, Auger decays and intramolecular charge redistribution
[32-35], the molecule fragments into [I"*, C"*, k x H*].

The yield of carbon and iodine ions detected in coincidence
is plotted in Fig. 1(a), where m ranges from 1 to 30 and n from
1 to 5. Figure 1(b) displays the average number k of hydro-
gen ions for each of the fragmentation pairs [I"*, C"*] with
m < 10. It is calculated assuming momentum conservation:
—Pi = Pcy + k x Py, where Py, Pcy, and Py, are the re-
spective momenta of iodine, carbon, and hydrogen ions along
the x axis (parallel to the iodine ion emission direction). The
number of hydrogen ions saturates at 3 for iodine charge states
above I°*, implying a full explosion of the CH;I molecule.

For the CEI analysis, we choose the channel [I°F, C37,
3 x H*] as an example, but the same procedure can be ap-
plied to any full-fragmentation channel. Three other cases are
displayed in Appendix C, Fig. 6. The events are identified by
the coincident detection of at least two H™, together with I°F
and C*>*. Figure 2 shows the 3D molecular-frame momen-
tum distribution of the fragment ions. The iodine and carbon
ions essentially show a back-to-back emission while the three
distinct spatial maxima at lower absolute momenta can be
visually assigned to the individual hydrogen ions. The assign-
ment of the color coding in Fig. 2 was not done visually, but
was achieved by applying the k-means clustering algorithm
[39—41], in order to develop a generally applicable method
for identifying the individual atoms automatically, suitable
for molecules containing more than one atom of the same
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FIG. 1. Fragmentation of CH;I molecules after ionization by
2-keV, 0.8-mJ x-ray pulses. (a) Charge state distribution of carbon
and iodine ions recorded in coincidence. (b) Average number k of
hydrogen ions produced from the fragmentation of a CH;I molecule
for carbon and iodine ion pairs [I"*, C"*] with m < 10. k is calcu-
lated by momentum conservation of the measured momenta (shown
in Appendix C, Fig. 5), assuming that neutral H do not receive any
momentum. The dashed line is an exponential fit to guide the eye.

type. When using the current data representation scheme, the
atomic species are identified by their mass-over-charge ratio,
and the number of atoms of each species is identified by the
clustering algorithm. It is remarkable that under coincidence
conditions and upon complete fragmentation of the molecules,
no prior knowledge is required on the type and number of the
atoms forming the molecule. This imaging technique is thus
capable of identifying and imaging unknown molecules, and
is suitable for imaging the full geometry of transients during
ultrafast reactions. Although we have not tested its limitations,
we expect our method to run into difficulties with molecules
containing several tens of atoms, because the multiple co-
incidence detection for such large molecules can become
prohibitive even with high-repetition-rate light sources.

The centroids of the ion momentum distributions in Fig. 2
after outlier removal (see Appendix B) are shown in Fig. 3
as spheres, with the steel-blue arrows indicating the momen-
tum directions. The arrows for iodine and carbon are almost
parallel to the x axis. The hydrogen ion centroids are evenly
distributed along the golden circle, and the angles between
the projections of the three hydrogen ion arrows on the y-z
plane are 116° &+ 8°, 121° +9°, and 123° £ 7°, respectively.
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FIG. 2. Molecular-frame momentum distributions of the ions in the fragmentation channel [I°* (purple), C** (cyan), 3 x H* (red, green
and blue)]. The coordinate frame is chosen such that the I°* momentum lies along the x axis, and the z axis is defined such that the momentum
sum of the carbon ion and the red hydrogen ion lies in the x-z plane with z > 0. Also shown are the projections on the three perpendicular

planes.

Based on these measurements, the distribution of the three
cluster centroids of the hydrogen ions can be regarded as
having a cylindrical symmetry, in agreement with the known
equilibrium geometry of iodomethane.

After having determined the cylindrical symmetry of the
molecule, additional knowledge of the [-C—H bond angle and
the C-I and C-H bond lengths is sufficient for a complete
characterization of the molecular geometry. In order to obtain
those, the data are compared to classical Coulomb-explosion
simulations. In Fig. 3, the hollow tetrahedrons are the simu-
lated momenta, assuming that the molecule is instantaneously
charged up at the equilibrium geometry [42]. A reasonably
good match is achieved, suggesting that the XFEL pulses
charge up the molecules so efficiently that the process can
be approximated as almost instantaneous. However, a close
inspection of Fig. 3 reveals that the magnitudes of the simu-
lated momenta are consistently larger than their experimental
counterparts. This slight mismatch is due to the fact that the
charge buildup process takes a finite time, during which the
fragmentation already starts to set in, resulting in smaller
fragment momenta. The charge evolution is determined by
the competition between sequential ionization, deexcitation,
and charge redistribution, taking place on the timescale of the
XFEL pulse length [35,43,44]. As calculated by ab initio mod-

eling with the Monte Carlo method [35,43,45,46], the average
charge evolution can be modeled by the error function Erf (x).
To incorporate this process into the Coulomb-explosion sim-
ulation, the time-dependent charge Qx(¢) on an atom X is
simulated according to

Erf (223 — 3) + 1

Ox(t) = (0 — O%) + 0%, (1)

2

where X =1, C, or H; Q{( is the final fragment charge
measured in the experiment; QY is the initial fragment
charge, or the amount of charge which can be considered as
instantaneously obtained; and tx is the constant quantifying
the timescale over which the remaining charge (Qf( - 0))
is acquired. To find the values of Q% and tx which best
describe the charge-up process, we minimize the metric
M(Qi, ©, O, tc, Q). t) using the differential evolution
global optimization algorithm [47,48], with the metric given
by

M = (PE" — Po)’ + 3x (P — Pu)’

+3x (BT — PuL), )
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FIG. 3. Comparison between the experimental and simulated molecular-frame momenta of the ions in the fragmentation channel [I°*
(purple), C3* (cyan), 3 x H* (red, green and blue)]. The spheres are the centroids of the experimental distributions in Fig. 2 after outlier
removal, with the three hydrogen spheres evenly distributed along the golden circle. The momentum directions are shown by the steel-blue
arrows. Tetrahedrons and cubes are the simulated momenta based on the instantaneous charge-up model and the charge buildup model,
respectively. The three hydrogen ion centroids are evenly distributed around the golden circle which is centered around and perpendicular
to the x axis. Also shown are the projections on the three perpendicular planes.

where Pc, and Py, are the average carbon and hydrogen
ion momenta along the x axis, Py is the average hydrogen
ion momentum along the outward direction perpendicular
to the x axis, and the momenta with superscript “sim” are
from the Coulomb-explosion simulation which depends on
the parameters Q% and tx of the charge buildup model. The
optimized parameters Q% and tx are summarized in Appendix
C, Table I, with the optimized charge-up time 7y being ~10
fs. The corresponding simulated molecular-frame momenta
are plotted as hollow cubes in Fig. 3, which overlap almost
perfectly with the ones measured in the experiment.

If the charge buildup process is well characterized, it is
possible to retrieve the molecular geometry from the measured
momenta in Fig. 3. As a first attempt for such a retrieval,
we use Eq. (1) with the optimized parameters Q% and Ty
for the charge buildup model. To retrieve the values of the
C-I and C-H bond lengths (Ic_; and Ic_y) and the I-C-H
angle (£;_c_y), we take an optimization approach, with the
same metric as in Eq. (2), which is now a function of Ic_j,
lc—y, and Zj_c_y. When applying (very relaxed) boundary
conditions of 0.1-10 A for the two bond lengths and 50°—150°
for the angle, the optimization is found to converge to the

expected values for the CH3I molecule at equilibrium [42],
withlc_; =2.1402A, lc.y=11+04 A, and Z_c_y =
107° &+ 3°. In future studies, the charge buildup process by
XFEL pulses could be characterized either by independent
measurements or by ab initio simulations, which can then be
used in conjunction with the current optimization procedure
to retrieve the molecular geometry.

III. DISCUSSION

Up to this point, we have demonstrated how CEI can be
used to determine the 3D molecular geometry, including all
bond lengths and angles. In the following, we demonstrate
that multidimensional nuclear motions are clearly reflected in
the calculated 3D molecular-frame ion momenta, suggesting
that our approach can also be applied to direct spatiotem-
poral imaging of multidimensional nuclear motions in a
pump-probe experiment. Although the example is on imaging
molecular vibrations, the technique can similarly be applied
to imaging other dynamics involving nuclear motions, such as
those in roaming reactions [29].
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FIG. 4. Simulated change of molecular-frame momentum of the fragmentation channel [I°* (purple), C** (cyan), 3 x H™ (red, green, and
blue)] as a function of the changes in the C—I bond length and the [-C—H angle. (a) Simulated molecular-frame momentum for five different
initial C-I bond lengths changed relative to the equilibrium value 12 ; by + 25% in steps of 12.5% [C-I “stretch” mode (v3)]. The smaller
the percentage change, the larger and more transparent are the data symbols. (b) Percentage change of the fragment average momentum as a
function of the C-I bond length percentage change, relative to the equilibrium. (c) Simulated molecular-frame momentum for five different
initial I-C-H angles changed relative to the equilibrium value £ . ,; by & 25% in steps of 12.5% [CH; “umbrella” mode (v,)]. The larger
the percentage change, the larger and more transparent are the data symbols. (d) Percentage change of the fragment average momentum as a
function of the [-C—H angle percentage change, relative to the equilibrium.

In CH3I molecules, vibrational wave-packet dynamics
along the C-I “stretch” (v3) [49,50] and the CH3 “umbrella”
(v2) modes [49] have been observed after infrared excita-
tion. We investigate how the molecular-frame momentum
changes when the C-I bond length or the I-C—H angle
are varied + 25% in steps of 12.5%. For each geometry,
a simulation procedure similar to the one used to produce
the calculations in Fig. 3 is carried out. Since the C-I
stretch and the CH; umbrella modes correspond to only
small displacements of each atom from the equilibrium ge-
ometry and the charge buildup process is not expected to
vary dramatically due to such motions, the time constant tx
for the vibration simulation is assumed to be identical to
that of the equilibrium geometry. The respective centroids
of the five fragment clusters are calculated and plotted in
Figs. 4(a) and 4(c) for the stretch and umbrella motions, re-
spectively. The trajectory traced out by the iodine and carbon
ion centroids in Fig. 4(a) reflects the C-I stretch motion,
whereas the change of the hydrogen ion centroids in Fig. 4(c)
reflects the CH3 umbrella motion. The relative changes in
the momentum of the different ion fragments are plotted
in Figs. 4(b) and 4(d). They show that nuclear vibrations

along different modes induce different kinds of changes,
of up to several tens of atomic units in the fragment ion
momenta, which can be well resolved by the COLTRIMS
reaction microscope. Such signature changes in momentum
space can, therefore, be used to decompose the overall nu-
clear dynamics observed by CEI into different vibrational
components.

Our work shows that Coulomb-explosion imaging using
ultrashort, intense XFEL pulses in combination with a 3D data
representation in momentum space is a promising technique
for imaging the structures of polyatomic molecules as well as
multidimensional nuclear wave-packet dynamics. With future
upgrades on XFEL repetition rate, the time required to take
a “molecular snapshot” like Fig. 3 has the potential to be
reduced to seconds, thus shortening the total acquisition time
needed for making “molecular movies” and therefore dramat-
ically increasing our capability of looking into the molecular
world.

Data recorded for the experiment at the European XFEL
are available at [51]. Requests for materials should be ad-
dressed to the authors.
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APPENDIX A: EXPERIMENT AND DATA ANALYSIS

The experiment was performed at the Small Quantum Sys-
tems (SQS) instrument of the European XFEL. The x-ray
pulses with 25-fs duration (estimated from the electron bunch
length), 2-keV photon energy, and 0.8-mJ pulse energy were
focused by a pair of Kirkpatrick-Baez mirrors to the center of
the COLTRIMS reaction microscope [36,37] which is avail-
able as a user endstation at SQS, where it interacted with
the CH3I molecule delivered by a supersonic gas jet. The
ion fragments from this interaction were then guided by a
homogeneous electric field to a time- and position-sensitive
120-mm microchannel plate equipped with a delay-line anode
(RoentDek HEX100). The wave forms from the detector are
amplified, digitized, and saved to disk. The signal arrival
times are identified from the saved wave forms by a software
“constant fraction discriminator.” From the identified times,
the position (x, y) and the time ¢ of each detector hit are recon-
structed. With the hit information, spectrometer geometry, and
voltage settings, the ion fragment momentum acquired from
the interaction is calculated with Newton’s equations. In order
to calibrate the experimental setup, a short run was taken with
N, molecules under the same experimental conditions. The
calibration was completed by matching the distribution of the
kinetic energy release from the N /N7 breakup channel with
the published N, data [52,53]. From these laboratory-frame
momenta, the molecular-frame momenta are obtained and dis-
played in the form of Fig. 2. To be suitable for the retrieval of
the molecular structure, the coincidence channel must satisfy
two conditions. One is that it should be a full-fragmentation
channel for a full reconstruction of the molecular geometry.
Figure 1(b) shows the number of ejected protons for each
[I™+, C"*] ion pair, which saturates at 3 for iodine charge
states above 54-. Therefore, we regard all channels with iodine
charge states of 5+ and higher as fully fragmented. The sec-
ond condition is that the amount of events per channel needs
to be abundant for obtaining a meaningful result and the yield
decreases with increasing charge state above I** as shown in
Fig. 1(a). We found that, in the present dataset, this limited
the retrieval to the channels with iodine ion charge states
up to 104. Combining these two conditions, the channels
with iodine charge states between 64 and 10+ can, there-

fore, be selected for retrieval. Apart from [I°F, C3*, 3 x H¥]
discussed in the main text, three more channels, [I°t, CZt,
3 x Ht], [I’t, C3*, 3 x HT], and [I'°F, C3+, 3 x H*], which
fulfill these conditions, are shown in Fig. 6 of Appendix C.

APPENDIX B: 3D MOLECULAR-FRAME MOMENTUM
DISTRIBUTION, THE RELATED ALGORITHMS,
AND SIMULATIONS

For each event with the selected fragmentation pattern,
three (I°*, C3*, and H™ for Fig. 2) of the ions are used for
fixing the molecular frame, and then the remaining arbitrary
number of ions detected in the same event are plotted in that
frame. Since the detection efficiency for each ion in a reaction
microscope is less than 1 [54] and detecting all five ions in
coincidence is unlikely, the current way of data representation,
together with the efficient full fragmentation by XFEL pulses,
is the key to be able to produce momentum plots such as
Fig. 2, with the required total number of shots decreased by
3 to 4 orders of magnitude. In addition, no normalization with
respect to the iodine ion momentum is applied. This makes
the current representation more sensitive to reflect changes
in the molecular geometry. The outlier removal from the raw
molecular-frame momentum distribution was completed via
the “elliptic-envelope” algorithm [55]. It fits a robust covari-
ance estimate (ellipse) to the data and identifies the data points
far away from the fit shape as outliers. The k-means algorithm
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procedures as the ones to produce Fig. 2 are applied for plotting the momentum distributions (a), (b), and (c) on the left column. For
the corresponding centroids plotted in panels (d), (e), and (f), circles are the experimental data. Triangles are the simulated momenta based on
the instantaneous charge-up model. Open circles are the simulated momenta using the charge buildup model. The parameters of the model are
obtained by optimization procedures explained in the main text and summarized in Table .

[39,40] used for grouping the H' ions aims to categorize the
data points into k clusters. It starts with k-cluster centroids
from an initial guess (here, k = 3 was chosen based on
the existence of 3 maxima of the hydrogen ion momentum
distribution in Fig. 2), assigns each data point to a cluster
whose centroid is the closest to that data point, recalculates the
updated cluster centroids, and repeats the assignment and re-
calculation steps until convergence is achieved. The Coulomb
explosion of the molecule is simulated with the help of
the eighth-order Runge-Kutta method. For the instantaneous
charge-up model, the explosion starts at the initial molecular
geometry when the fragments have already gained their final
charges. For the charge buildup model, the fragment charge is
updated at each integration step according to Eq. (1). During

the differential evolution optimization, the metric evaluation
for each iteration requires a complete Coulomb-explosion
simulation with the temporary model parameters of that op-
timization step. The simulation does not include the relative
momentum of the atoms prior to the arrival of the probe
pulse, because the momentum due to the Coulomb explosion
induced by the probe pulse is the dominant contribution.
For example, during the vibrational motion in the A state of
CH3I™", the C-I bond distance changes on the scale of 1 a.u.
with a period of 113 fs [50], which corresponds to an initial
momentum value of ~2 a.u. (~0.3% of the magnitude of
the carbon or iodine ion momentum gained from Coulomb
explosion). Since the value of the initial momentum is close
to the momentum resolution of our measurement (~3 a.u.),
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TABLE 1. The optimized charge buildup model parameters Q
and tx for four different fragmentation channels: [I°*, C**, 3 x H*],
[I7+, C3*, 3 x HY], [I°F, C3*, 3 x H*], and [1'%F, C3*+, 3 x H*]. The
optimizations are performed with the differential evolution algorithm
[47.48].

Fragmentation channel Ion fragment 0 (au) Tx (fs)
[16+, C?*, 3 x HT] 1%+ 1.80 29.17
c 1.27 14.22
H* 0.78 1.72
[+, C**, 3 x H] I+ 2.71 16.77
c3 1.63 10.90
Ht 0.15 5.10
[1°F, C**, 3 x H] P+ 2.53 11.93
c3+ 2.19 10.46
HT 0.47 3.40
[110+, C3*, 3 x Ht] 1o+ 2.30 12.20
c3 0.25 6.13
Ht 0.31 2.72

neglecting this contribution only increases the error in the
retrieval by approximately a factor of ~1.2 based on the above
estimate.

APPENDIX C: ION FRAGMENT MOMENTUM
IN DIFFERENT FRAGMENTATION CHANNELS
AND OPTIMIZED PARAMETERS OF THE
CHARGE BUILDUP MODEL

Figure 5 displays the average momenta in the molecular
frame for different fragmentation channels, which are used
to calculate the average number of hydrogen ions shown in
Fig. 1(b). The molecular-frame momenta of the ions in three
more fragmentation channels: [I*, C**, 3 x H*], [I"+, C**,
3 x H*], and [1'%F, C**, 3 x HT] are plotted in Fig. 6. The
parameters of the charge buildup model optimized by the
differential evolution algorithm for the three fragmentation
channels as well as [I°t, C3*+, 3 x H*] are summarized in
Table 1.
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