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X-ray free-electron lasers enable the investigation of the structure
and dynamics of diverse systems, including atoms, molecules,
nanocrystals and single bioparticles, under extreme conditions'~’.
Many imaging applications that target biological systems and
complex materials use hard X-ray pulses with extremely high peak
intensities (exceeding 10?° watts per square centimetre)™>*. However,
fundamental investigations have focused mainly on the individual
response of atoms and small molecules using soft X-rays with
much lower intensities®"'”. Studies with intense X-ray pulses have
shown that irradiated atoms reach a very high degree of ionization,
owing to multiphoton absorption®!%!>18 which in a heteronuclear
molecular system occurs predominantly locally on a heavy atom
(provided that the absorption cross-section of the heavy atom is
considerably larger than those of its neighbours) and is followed
by efficient redistribution of the induced charge!*171%2°, In serial
femtosecond crystallography of biological objects—an application
of X-ray free-electron lasers that greatly enhances our ability to
determine protein structure’>—the ionization of heavy atoms
increases the local radiation damage that is seen in the diffraction
patterns of these objects*!*?> and has been suggested as a way of
phasing the diffraction data>*?%. On the basis of experiments
using either soft or less-intense hard X-rays!*!%25, it is thought
that the induced charge and associated radiation damage of atoms
in polyatomic molecules can be inferred from the charge that is
induced in an isolated atom under otherwise comparable irradiation
conditions. Here we show that the femtosecond response of small
polyatomic molecules that contain one heavy atom to ultra-intense
(with intensities approaching 10?° watts per square centimetre),
hard (with photon energies of 8.3 kiloelectronvolts) X-ray pulses
is qualitatively different: our experimental and modelling results
establish that, under these conditions, the ionization of a molecule
is considerably enhanced compared to that of an individual heavy
atom with the same absorption cross-section. This enhancement is
driven by ultrafast charge transfer within the molecule, which refills
the core holes that are created in the heavy atom, providing further
targets for inner-shell ionization and resulting in the emission
of more than 50 electrons during the X-ray pulse. Our results
demonstrate that efficient modelling of X-ray-driven processes in
complex systems at ultrahigh intensities is feasible.

In our experiments (see Methods for details), we exposed isolated
xenon atoms and gas-phase iodomethane (CH;I) and iodoben-
zene (CgHsI) molecules to pulses generated at the Linac Coherent

Light Source (LCLS) with photon energies of 8.3keV and intensities
exceeding 10 W cm~2, and measured the yields and kinetic energies
of the ionic fragments that were created. The accompanying first-
principles theoretical study uses the XMOLECULE toolkit?®, extended
to include ab initio photoionization cross-sections and decay rates”, to
calculate the same set of observables for the case of iodomethane under
the given experimental conditions, and to predict the time-dependent
evolution of fragment charges and the molecular geometry.

Figure la displays the measured distributions of the charge state
of iodine ions that were emitted from CH3I and CgH;sI molecules at
the maximum available pulse energy and the results for xenon atoms
under the same experimental conditions. Each X-ray pulse had a
duration of less than 30 fs (full-width at half-maximum, FWHM)
and an average pulse shape as shown in Extended Data Fig. 1. Xenon
and iodine have a very similar absorption cross-sections at 8.3keV
(0.056 Mb and 0.052 Mb, respectively®®; 1 Mb=10"'8cm?). Figure la
demonstrates that xenon atoms can reach a very high level of ioniza-
tion (48+), which is limited by the last ionic state that can be ionized
by one 8.3-keV photon?®. Almost the same charge state (47+) can be
observed for the iodine ions from CH;I molecules. This similarity is
in contrast to previous observations in the soft X-ray domain'#-17 and
to results at 5.5keV (refs 18, 19), from which the measured charge
of an isolated heavy atom was found to be considerably larger than
for a similar atom embedded in a molecule. The highest charge state
of carbon we observe in this experiment is C*" (see Extended Data
Fig. 2). The absence of higher charge states of carbon is due to the
fact that (multiphoton) absorption by the carbon atom is negligible
because of its low cross-section at this photon energy, such that
the high charge states stem exclusively from charge transfer'®!”.
Applying a semi-classical over-the-barrier charge-transfer model,
which has previously been discussed in the context of multiphoton
ionization of CH;I in the soft X-ray domain'®!7, we find that only the
four valence electrons can be removed from the carbon atom.

To determine the total charge of the CH3I molecule, we present in Fig. 1b
the yield of iodine and carbon ions that were detected in coincidence
for an experiment with slightly reduced intensity. It can clearly be seen
from Fig. 1b that the highest iodine charge states (starting from 1?°")
are always detected in coincidence with C** ions. Because a hydrogen
atom cannot remain neutral in the vicinity of highly charged iodine and
carbon ions, we deduce that the maximal total charge of the molecule
amounts to 54+ (I¥* 4 C*" + 3H™), which considerably exceeds the
highest charge state that we observed for an isolated xenon atom (48+).
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Figure 1 | Experimental charge-state distributions. a, Charge-state
distributions of iodine ions emitted from CHj;I (black squares) and

CgHsI (blue triangles) molecules upon irradiation by 8.3-keV pulses

with an average pulse energy of 1.1 m]J. Red circles show the charge-state
distribution obtained from atomic xenon under the same conditions. The
data are accumulated over 287,400 shots for CH3I, 212,880 shots for C¢H;sI
and 372,600 shots for xenon. The curves are normalized to have an integral

To shed light on the mechanism of this enhanced molecular
ionization, we present in Fig. 2a a comparison of the results of a
theoretical analysis of the multiple X-ray ionization of CH3I using the
XMOLECULE toolkit?. Figure 2a displays the calculated charge-state
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charge of 1. The error bars reflect the uncertainty of the data (1s.d.) due to
the finite counting statistics. The CHsI and C¢HsI molecules are sketched
above the plot, with the iodine atom highlighted in purple, carbon atoms
in grey and hydrogen atoms in white. b, Yield of carbon and iodine ion
pairs detected in coincidence after CH;l ionization by pulses with the
same parameters as in a but with the pulse energy reduced to 0.4 mJ.

The data are accumulated over 1,242,850 shots.

distribution of iodine ions and the total charge of the molecule. The
results of the calculation are averaged over the spatial distribution of
the pulse intensity so that they can be compared to the experimental
data for iodine ions. The theoretical predictions agree reasonably well
with the outcome of the experiment, indicating that our theoretical
model adequately describes the essential mechanisms of CH;I ioni-
zation in ultra-intense hard X-ray pulses. The calculations also show
that the total charge of the molecule for high charge states is shifted
by 7 with respect to the charge-state distribution for iodine, in good
agreement with the experimental finding that C*' and 3H™" ions are
produced when the molecule is highly ionized. To understand the
fluence dependence of the molecular ionization process, we present in
Fig. 2b the average total charge state of the CH;I molecule calculated
as a function of the fluence (without focal volume averaging) and the
prediction of an independent-atom model. The results show that for
low fluences (at which earlier experiments'4-1%2> have been conducted)
the total charge state is equivalent to the case of a system of isolated
atoms (which, in turn, is nearly identical to that of the heavy atom),
whereas molecular effects considerably enhance the level of ionization
at higher fluences.

This enhancement can be qualitatively understood by recurrent
charge redistribution upon multiphoton X-ray absorption, as sketched
in Fig. 2c. At 8.3keV, photoabsorption occurs predominantly in the
2s and 2p shells of iodine, and the subsequent Auger decay of these
L-shell vacancies is followed by a cascade of further Auger processes
that creates a high charge that is initially localized at the iodine site.

Figure 2 | Enhanced ionization of the molecule. a, Calculated (blue)

and measured (black) charge-state distribution of iodine ions from

CH3;I molecules. The pulse parameters are the same as for Fig. 1a. The
experimental data are accumulated over 287,400 shots. The calculated total
charge of the molecule is shown in red. The error bars reflect the statistical
uncertainty of the data (1s.d.). The CH;I molecule is sketched above the
plot, with atoms coloured as in Fig. 1a. b, Average total molecular charge
as a function of fluence calculated for CH;I molecules (red) and within

the independent-atom model (black). The fluence values corresponding

to Fig. 1a and b are marked with red and blue bars, respectively. The error
bars show the standard error of the mean. ¢, Illustration of the CREXIM
mechanism. In the molecule (upper row), the repeated ionization (blue
and orange arrows) of the iodine atom drives electrons from the methyl
group to the iodine (orange shading), such that there are more electrons
available for ionization compared to independent atoms (lower row). The
darkness of the shading of the atoms indicates the number of electrons that
remain in the atoms.
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Direct photoabsorption by the carbon or hydrogen atoms is negligible,
owing to very small cross-sections. The created charge imbalance drives
a rearrangement of electrons from the methyl group towards the iodine
atom, refilling the created holes and thus lowering the charge of the
latter. For each ionization step, this charge rearrangement occurs on a
subfemtosecond timescale and so is much faster than the overall ioni-
zation dynamics, such that the electrons can be considered to rearrange
instantaneously. For single-photon absorption, the total molecular
charge remains essentially the same after this rearrangement, with
only a slight enhancement due to the new relaxation channels that are
possible in a molecular environment?. In the high-fluence regime,
however, other X-ray photons are likely to be absorbed by the heavy
atom, cycling through this charge redistribution process multiple times.
At the peak intensities reached in our experiment, the iodine fragment
sequentially absorbs more than 20 X-ray photons, and the total charge
of the molecule is mainly limited by the number of electrons that
are available from the molecular environment to fill the vacancies that
are created at the iodine site.

We predict that this charge-rearrangement-enhanced X-ray ioniza-
tion of molecules (CREXIM), which we report here for CH;I, plays an
important part in the quantitative understanding of radiation damage
of polyatomic systems irradiated by very intense X-ray pulses, and
will be even more pronounced for larger systems. A first indication is
given by our experimental results for iodobenzene molecules shown
in Fig. 1a, for which we observe the charging of a heavy fragment to a
degree comparable to the case of isolated atoms despite the presence
of a benzene ring, which can provide numerous additional electrons as
compared to the case of CH;l. This is very different from the outcome
of previous experiments with iodouracil molecules under less intense
hard X-rays?, in which the highest iodine charge state detected from
the molecule was I*", compared to Xe!®" that was produced under
similar experimental conditions from isolated xenon atoms'®. Even
though we cannot unambiguously determine the total molecular
charge for C¢H;l, the measured distribution of light ionic fragments,
which is dominated by CHT, CT, C**, C*" and H™ ions, indicates that,
on average, they carry more than 10 charges in total. Therefore, we
conclude that for the highest intensities, for which the iodine charge
state reaches I*°*, the total charge of C¢Hsl exceeds the value of 54+
reached for CHjl.

For a small molecular system such as CH3], the theoretical model
described here enables detailed analysis of the evolving electronic
structure that is interweaved with nuclear dynamics. To further test
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Figure 3 | Kinetic energies of the iodine ions. Measured (black) and
calculated (red, green) mean values of the kinetic-energy distribution
(KED) of iodine ions from CHj3lI are shown as a function of their charge
state. The pulse parameters are the same as for Fig. 1a. The experimental
data are accumulated over 287,400 shots. For the calculation, green
triangles represent the results obtained using a Gaussian pulse shape
with a FWHM of 30 fs, whereas red circles depict the values obtained
using the measured pulse profile. The error bars show the standard error
of the mean. The blue line depicts the energies that are expected for
instantaneous ionization.

the predictive power of the model, we compare the measured and cal-
culated kinetic energies for iodine ions in Fig. 3. The kinetic energies of
the fragments are sensitive to the detailed fragmentation dynamics and,
in particular, set boundary conditions for the times and internuclear
separations at which the ionic charges are formed. The kinetic energies
that are expected for an instantaneous ionization to a given final charge
state are also plotted, which substantially overestimate the measured
values because the charging does not happen instantaneously. Our
analysis shows that the kinetic-energy distribution (KED) is sensitive
to the temporal pulse shape used for the calculations, so the experimen-
tally determined temporal profile of the X-ray pulse®® (see Methods
and Extended Data Fig. 1) needs to be taken into account. As can be
seen from Fig. 3, calculations for Gaussian pulses do not match the
experimental values, especially for the highest charge states. In contrast,
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Figure 4 | Simulated evolution of molecular geometry and charge
distribution. a, Snapshots of molecular charges and nuclear positions at
different times t before and after the peak of the X-ray pulse (t=0) for an
exemplary trajectory. The atoms are coloured as in Fig. 2c. Contour lines
of the electron density are shown as shaded grey areas. The internuclear

separations in the right-most panel are not to scale. b, Time-dependent
average partial charge of different fragments and total charge. ¢, Time-
dependent average carbon-iodine distance. The shaded grey areas in b and
¢ depict the temporal envelope of a Gaussian pulse with a 30-fs FWHM.

A fluence of 5 x 10'? photons per jum? is used.
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the mean values of the calculated KEDs that were obtained using the
measured pulse profile agree well with the experimental values.

The above results demonstrate that our first-principles theoretical
model can quantitatively describe the main trends in the fragmentation
of a small polyatomic molecule exposed to an ultra-intense hard X-ray
pulse. This model can be used to predict the time-dependent evolution
of the charge distribution directly and the molecular geometry in a frag-
menting molecule, as illustrated in Fig. 4. Figure 4a displays a few snap-
shots of such a ‘molecular movie, revealing the way in which the CH3lI
molecule is charged up to 54-+. With a larger pool of electrons available
for charge rearrangement, we expect a stronger CREXIM effect, unless
the atoms involved in the charge rearrangement are quickly separated
by dissociation. Figure 4b, c demonstrates that the final charge states for
all four light fragments are reached at relatively small C-I distances well
before the maximum of the X-ray pulse. This suggests that CREXIM is
not much affected by nuclear motions in this case, which is consistent
with a weak dependence of the calculated total molecular charge on
the nuclear dynamics (see Extended Data Fig. 3). This result further
supports our prediction that for larger polyatomic systems the CREXIM
effect plays an even more important part than for CH;l.

The experimental and theoretical results presented here pro-
vide a detailed picture of the response of a small polyatomic mole-
cule to a femtosecond hard X-ray pulse at peak intensities as high as
2 x 10" W cm™2. They clearly establish that the interaction of ultra-
intense, hard X-rays with molecules is fundamentally different from the
interaction with isolated atoms, and can be understood and described
only when accounting for molecular charge rearrangements that greatly
enhance the degree of ionization and overall X-ray absorption when
heavy elements are present. Even though more than 50 electrons can
be emitted from a molecule within a few tens of femtoseconds, the
ionization process can still be quantitatively described by an intuitive
sequential model that involves a series of single-photon absorption
steps. This opens up a way for efficient modelling of X-ray-driven pro-
cesses in complex systems at ultra-high intensities, including a quantita-
tive description of local radiation damage that occurs on the timescale
of the X-ray pulse duration and will therefore need to be accounted for
when interpreting coherent diffractive imaging data.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Experimental set-up. The experiment was performed at the Coherent X-ray
Imaging (CXI) beamline®! of the LCLS free-electron laser (FEL) facility at SLAC,
operated at a 120-Hz repetition rate with a photon energy of 8.3keV. A sketch
of the experimental set-up is shown in Extended Data Fig. 4. Using a pair of
Kirkpatrick-Baez mirrors, the LCLS X-ray beam was focused in the centre of the
CXI vacuum chamber, where it crossed a collimated pulsed beam of cold atoms
or molecules. For the iodomethane and iodobenzene measurements, the sample
reservoir containing the liquid sample was at room temperature, and helium at a
backing pressure of 4 bar was used as the carrier gas. The ionic fragments produced
by the interaction of the X-rays with the target gas were guided by a constant homo-
geneous electric field of 405V cm™! onto a time- and position-sensitive 80-mm
microchannel plate (MCP) detector equipped with a delay-line anode. The MCP
and delay-line signal traces were recorded for each FEL shot with an Acgiris DC282
digitizer. Each ion hit was identified in the post-analysis using a software version
of a constant-fraction discriminator such that the effect of pulse height variations
due to varying MCP efficiency for different ionic charge states was negligible.
Extended Data Fig. 2 displays the yield of ionic fragments from the break-up of
the CH3I molecules, corresponding to the data in Fig. 1a, measured as a function
of the ion time-of-flight (TOF) and hit position on the detector. From these TOFs
and hit positions, the three-dimensional momentum vectors of the detected
ions were calculated. All of the iodine ions created and all of the carbon ions
up to a kinetic energy of 110 eV were detected. As can be seen from Extended
Data Fig. 2, the faster carbon ions can be lost if emitted at large angle towards the
spectrometer axis.

At the highest intensity used in the experiment, coincident detection of ionic
fragments was prevented by a large number of particles hitting the detector;
therefore, for the coincidence measurement (Fig. 1b), the intensity had to be
reduced to about 35% of its maximum value.

Because the X-ray pulse energies at LCLS are measured by gas detectors located
upstream of the beamline optics, these values do not include the transmission
losses in the beamline and so have to be corrected to calculate the actual X-ray
fluence in the interaction region. For this purpose, we performed calibration
measurements on argon atoms, as described below. All of the X-ray pulse energies
quoted in the text are the pulse energies in the interaction region (‘on target’) that
were calculated from the measured gas monitor detector values using a beamline
transmission of 32% (determined from these calibration measurements).
Determining the X-ray fluence, and spatial and temporal X-ray beam profiles.
To determine the X-ray fluence on target and the spatial beam profile in the
experiment, which are necessary quantities for the theoretical modelling, the
charge-state distribution of argon atoms was measured under the same experi-
mental conditions as used for the measurements on xenon, CH3I and C¢Hsl. The
calibration procedure is similar to that described in the supplementary material
of ref. 18. The fluence distribution function is fitted to provide good agreement
between theoretical and experimental charge-state distributions of the argon atom.
For a photon energy of 8.3keV, we achieve the best fit to the experimental data
on argon when assuming a beamline transmission of 32% and a double-Gaussian
spatial distribution (similar to that determined previously®?), with a focal spot size
of 0.35pum X 0.3 um and a ratio of peak fluences and widths of the two Gaussians
of 0.16 and 2.5, respectively. In Extended Data Fig. 5 we show the experimental
charge-state distributions for argon compared to the ion yields calculated using
the above parameters. Extended Data Fig. 6 depicts the corresponding fluence
distribution function, which is then used to calculate the charge-state distribution
and the kinetic energies of the fragments that are compared with the experimental
data for CHsl in Figs 2a and 3, respectively.

The temporal profile of the X-ray pulses at LCLS was measured shot by shot
using the X-band transverse deflecting cavity (XTCAV; see ref. 30 for details). In
Extended Data Fig. 1 we show the experimental pulse shape averaged over 369
X-ray pulses for a nominal pulse duration of 30 fs (FWHM), as measured in the
experiment with the same X-ray beam parameters. The measured pulse shape
has a distinct bimodal structure that differs substantially from a Gaussian-shaped
pulse with a FWHM of 30fs.

Theoretical modelling. The ionization and fragmentation dynamics of a CH;I
molecule under irradiation with ultra-intense X-rays are investigated using the
newly developed toolkit, XMOLECULE?*¥. To describe the multiphoton, multiple
ionization dynamics, it solves a set of coupled rate equations with calculated
cross-sections and rates?”. In the course of multiphoton ionization at the given
photon energy and fluence, all but the electrons in the K-shell of iodine can be
ionized. The number of electronic configurations with 0, 1 or 2 electrons in the
relevant molecular orbitals in CH;I exceeds 2 x 10'. To handle this large number
of coupled rate equations for even a fixed molecular geometry, a kinetic Monte
Carlo approach is imperative'>!%, To describe nuclear motions, the nuclei are
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propagated classically during each kinetic Monte Carlo trajectory, with molecular
forces, rates and cross-sections?” calculated on the fly from a given electronic con-
figuration and molecular geometry.

The electronic structure is calculated on the basis of the Hartree-Fock-Slater
model using numerical atomic basis functions. For each electron configuration and
molecular geometry that is visited in a kinetic Monte Carlo trajectory, molecular
orbitals are re-optimized to account for the adaptation of the electronic structure
after each ionization step. Numerical basis functions consisting of a minimal set
plus additional 6s and 6p basis functions on iodine are used. These basis func-
tions are obtained using an atomic calculation conducted using XATOM?® and are
adapted for the corresponding atomic core hole configurations. This procedure
accounts for the effects of molecular charge rearrangement: molecular orbitals and
basis functions are relaxed instantaneously for every respective electronic configu-
ration such that, during sequential ionization steps, partial charges in the molecule
may shift from one atom to another.

For all calculations, the initial geometry was taken from ref. 33 and initial
velocities were assumed to be zero. The calculations were performed with a
photon energy of 8.3keV and at 14 fluence points ranging from 1 x 10'! photons
per pm? to 5 x 10'2 photons per um? and for various temporal pulse profiles. For
each fluence point, about 200 Monte Carlo trajectories were sufficient to obtain
converged charge-state distributions. To make a direct comparison with the LCLS
experiment, we used the charge-state distribution for argon to determine the
fluence distribution function of the X-ray beam, as described above.

To study the effect of nuclear dynamics on the total molecular charge, we also

performed simulations with fixed nuclei. As can be seen from Extended Data
Fig. 3, the average charge of the molecule shows only a weak dependence on
nuclear dynamics, indicating that for such small systems the final charge state
that is achieved is mainly determined by the electronic structure of the molecule,
which defines the course of charge rearrangement in the early stages of the multiple
ionization process.
Width of the measured and calculated KEDs of the ions. The experimental and
calculated kinetic energies for each fragment ion have a rather broad distribution,
which is only partially described by the mean kinetic energy shown in Fig. 3.
To further test the limits of our modelling of the ionization and fragmentation
dynamics, we compared the widths of the experimental and calculated KEDs,
expressed in terms of standard deviations. In Extended Data Fig. 7 we show the
mean and standard deviation of the measured kinetic energy releases compared
with the calculated values. As can be seen, the variance of the calculated KED is
much smaller than that of the measured KED. This discrepancy might originate
from various effects that are disregarded in our modelling.

(1) There are some fluctuations in the X-ray pulse energy, which could cause
fluctuations in the resulting kinetic energies of the fragments. However, calcu-
lations with different pulse energies show that fluctuations in pulse energy have
very little effect on the KED. The pulse energy fluctuations are therefore unlikely
to cause such a large variance in the kinetic energies.

(2) The X-ray pulses at LCLS are produced by self-amplified spontaneous
emission (SASE) and have a spiky structure, rather than the smooth pulse shape
indicated by the averaged XTCAV measurement. By performing calculations with
randomly sampled pulse spikes, we verified that the spikiness has no effect on the
calculated ion yields or on the means and standard deviations of the KED.

(3) The initial conditions in our calculation do not reflect the Wigner distri-
bution of the vibrational ground state of the molecule. Small distortions in the
initial molecule geometry due to fluctuations in the vibrational ground state may
give rise to a broader KED. To test this idea, we used an instantaneous ionization
model, in which the fragments are charged up immediately and the fragmentation
happens according to classical propagation of the atoms in the electrostatic field of
the charged particles, to estimate the kinetic energy release for various molecular
geometries. In the instantaneous model, only variations along the C-I stretch mode
have meaningful consequences on the kinetic energy release of iodine. By varying
the initial C-1 bond length (approximately 2.1 A) by 40.04 A—the standard
deviation of the Wigner distribution along the C-I stretch mode as derived from
vibrational mode analysis—we obtain a standard deviation of the KED of less
than 2%. The large width observed in the experimental distribution is therefore
far beyond this estimated fluctuation caused by the Wigner distribution of the
vibrational ground state of the molecule.

(4) For the calculation of electronic transition rates, we computed decay rates
and cross-sections for electronic configurations that are an average over multiple
states with different spin configurations. However, the decay rates for different spin
configurations can vary markedly and so, depending on the spin configuration,
faster or slower charging up of the molecular fragments than the average value
used in our theoretical model may occur. To test how much this could influence the
calculated KED, we performed a calculation in which we varied all of the Auger
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decay rates multiplied by a random, Gaussian-distributed factor with a mean of
1 and a variance of 1 (negative Auger decay rates were set to zero). Using this
calculation, we obtained a noticeably broader KED (by about 50%). From these
considerations, we speculate that spin characteristics in the decay cascades are the
dominant effect that may lead to a broader KED for the iodine fragments.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.

31.
32.
33.

Boutet, S. & Williams, G. J. The Coherent X-ray Imaging (CXI) instrument at the
Linac Coherent Light Source (LCLS). New J. Phys. 12, 035024 (2010).

Murphy, B. F. et al. Femtosecond X-ray-induced explosion of Ceg at extreme
intensity. Nat. Commun. 5, 4281 (2014).

Johnson, R. D. Il (ed.) NIST Computational Chemistry Comparison and
Benchmark Database, Release 17b. NIST Standard Reference Database Number
101, http://cccbdb.nist.gov/ (National Institute of Standards and Technology,
2015).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://cccbdb.nist.gov/

LETTER

I T T T T

eiperime}ltal pulsle ——
Gaussian pulse (30 fs FWHM) ———

Intensity (arb. unit)

t(fs)
Extended Data Figure 1 | Experimental temporal profile of the X-ray deflecting cavity (XTCAV), compared to a Gaussian-shaped model pulse
pulse. Averaged experimental X-ray pulse shape (blue), obtained by (red). The error bars reflect the standard deviations.

averaging 369 single-pulse measurements using the X-band transverse
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Extended Data Figure 2 | Experimental ion yield of CH;I after
photoionization with ultra-intense LCLS pulses at a photon energy of
8.3keV. a, Ion yield (colour scale) plotted as a function of the measured
TOF and hit (X) position on the detector. In addition to the mass-to-
charge ratio, this spectrum also shows the scaled momentum distribution

of each fragment projected onto the x-z plane, which can be seen as the
spread in the measured TOF and position peak for each ion species. The
LCLS pulse parameters are the same as for Fig. 1a. The experimental data
are accumulated over 287,400 LCLS shots. b, Same as a, but zoomed into
the region of short TOFs, that is, high charge states.
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Extended Data Figure 3 | Effect of nuclear dynamics on the total
molecular charge. Calculated average total molecular charge of the CH;l
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nuclear positions (dashed red line), and within the independent atom
model (solid black line), each as a function of the X-ray fluence.
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hit position of each ion, its three-dimensional momentum vector can be
linearly polarized, focused X-ray beam intersects a cold molecular beam calculated. The size and shape of the X-ray focus was determined from a

inside an ion spectrometer that measures all three components of the ion calibration measurement of the charge-state yield of argon, as described in
momentum vectors. Ions are extracted by a constant electric field onto a Methods.
position- and time-sensitive charged particle detector. From the TOF and

Extended Data Figure 4 | Sketch of the experimental set-up. The
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Extended Data Figure 5 | Charge-state distribution of argon. The accumulated over 52,200 LCLS shots. The calculations assume a
purple and green lines show the experimental and theoretical charge-state ~ beamline transmission of 32% and were averaged over a focal spot size of
distributions, respectively, of argon atoms at a photon energy of 8.3 keV 0.35pm x 0.3 pm assuming a double-Gaussian spatial distribution. The
(‘Ar@8.3keV’) and a pulse energy of 3.5 mJ measured at the gas monitor ratio of peak fluences and widths of the two Gaussians were chosen to be
detector (upstream from beamline optics). The experimental data are 0.16 and 2.5, respectively, to best fit the experimental data.
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Extended Data Figure 6 | Fluence distribution function obtained from the argon calibration. The peak fluence is 4.13 x 10'? photons per pm?. The
vertical axis shows how often each fluence value occurs in the interaction volume.
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Extended Data Figure 7 | Comparison of the measured and calculated shown in Extended Data Fig. 1 was assumed. Note that the vertical bars
KEDs for a CH3I molecule. Means and standard deviations (STDs) depict the measured (black) or calculated (red) standard deviations

of the experimental KEDs of the iodine fragments compared to their (that is, the width) of the KEDs, not the standard error of the mean
calculated values. The LCLS pulse parameters are the same as for as in Fig. 3. The blue line depicts the energies that are expected for

Fig. 1a. The experimental data are accumulated over 287,400 LCLS shots. instantaneous ionization.

For the calculation, the experimentally determined X-ray pulse shape
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