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Ionization by XFEL radiation produces
distinct structure in liquid water

Check for updates
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Ilme Schlichting 6 , Adrian P. Mancuso 1,8,9, Zoltan Jurek4,5 & Beata Ziaja2,4

In the warm dense matter (WDM) regime, where condensed, gas, and plasma phases coexist, matter
frequently exhibits unusual properties that cannot be described by contemporary theory. Experiments
reporting phenomena in WDM are therefore of interest to advance our physical understanding of this
regime, which is found in dwarf stars, giant planets, and fusion ignition experiments. Using 7.1 keV
X-ray free electron laser radiation (nominally 5×105J/cm2), we produced and probed transientWDM in
liquid water. Wide-angle X-ray scattering (WAXS) from the probe reveals a new ~9 Å structure that
forms within 75 fs. By 100 fs, the WAXS peak corresponding to this new structure is of comparable
magnitude to the ambient water peak, which is attenuated. Simulations suggest that the experiment
probes a superposition of two regimes. In the first, fluences expected at the focus severely ionize the
water, whichbecomeseffectively transparent to theprobe. In the second, out-of-focuspump radiation
produces O1+ and O2+ ions, which rearrange due to Coulombic repulsion over 10 s of fs. Our
simulations account for a decrease in ambient water signal and an increase in low-angle X-ray
scattering but not the experimentally observed 9 Å feature, presenting a new challenge for theory.

The theoretical description of matter is challenging at densities and tem-
peratureswhere condensed, gas, andplasmaphases coexist1,2.Often referred
to as warmdensematter (WDM), these states are characterized by densities
between 10-2 and 104 g/cm3 and temperatures on the order of 103–107K
(0.1–1000 eV), as found in browndwarf stars, the cores of giant planets such
as Jupiter, and in the early stages of fusion ignition. This regime presents a
challenge for theory because many disparate energetic contributions are
relevant in this state, precluding simplifying approximations. For instance,
the thermal energies of electrons and ions are typically comparable to the
Coulombic potential energy of interparticle interactions1,2. Therefore, to
inspire and validate predictive models of this state of matter, new experi-
mental results reporting unexpected phenomena are extremely valuable.

Our understanding ofWDMhas been greatly advanced by laboratory-
based studies. Generating matter under extreme conditions on Earth is
possible in large part thanks to laser facilities. High-intensity lasers are
capable of reaching the peak powers necessary to produce the requisite
temperatures and pressures in samples of interest1,3. Radiation from X-ray
free electron lasers (XFELs), for instance, has been used to both create and
probe WDM. Specifically, XFELs have been employed to investigate

nanoscopic diamonds4,5 created through shock compression, produce high-
density plasmas in silver6, and study high-temperature high-pressure
melting of aluminum7, all of which involve transitions through WDM
states8. Further, XFELs have been used to create and characterize highly
ionized states of water under WDM conditions9. A detailed understanding
of the behavior of water is particularly important for two reasons. First, due
to its significance on Earth and anomalous properties, the structure of water
has been extensively studied, both under ambient and extreme
conditions10–13. Any new information about the structure of water can be
placed in this context, driving toward a complete description of the water
pressure-temperaturephasediagram. Second,water is either adirect topic of
study or an integral component – e.g. a solvent or carrier medium – of the
sample in many experiments, including experiments performed at XFELs.
Understanding the perturbative, damaging effects of XFEL radiation on
water is necessary to properly design and interpret these experiments.

The aforementioned XFEL study on highly ionized water9 was part of
an experiment aimed at establishing whether or not specific radiation
damage can be observed in protein crystals containing clusters of high-Z
atoms14. To this end, data from water and protein microcrystals,
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respectively, were collected using short (25 fs) and unusually long (75 fs)
XFEL pulses, with the latter chosen to maximize radiation damage effects.
Damage induced by the XFEL pulse was observed, but the resulting
dynamicswere integratedover the duration of the pulse, preventing analysis
of the temporal evolution of the damage process.

Therefore, we performed follow-upX-ray pumpX-ray probe studies at
the Linac Coherent Light Source (LCLS) XFEL, allowing us to generate
highly ionized states in both proteins and water and probe the resulting
atomic structures15. Herewe describe ourmeasurements onwater, revealing
that after exposure to a 7.1 keV X-ray pulse with a nominal fluence on the
order of 5 × 105 J/cm2, a previously undescribed structure of highly ionized
water is formed. It is characterized by a peak in the wide-angle X-ray
scattering (WAXS) profile at q = 0.7 Å-1, corresponding to structural order
at length scales of approximately 9 Å, i.e., significantly longer than the 2.8 Å
and 4.5 Åoxygen-oxygendistances of thefirst and second solvation shells in
liquid water under ambient conditions16. We performed molecular-
dynamics simulations, which predict that under these conditions the
water sample is highly ionized, with twoqualitatively distinct regimes. In the
first regime, the high intensities found at the center of the X-ray focus are
sufficient to strip nearly all electrons from the sample. In the second lower-
intensity regime, outside the focal center, the irradiationproduces singly and
doubly ionized oxygen atoms and the atomic structure rearranges sig-
nificantly. The simulations, however, cannot account for the 9 Å structure
observed, highlighting a gap in our theoretical toolbox or understanding.

Results
X-ray pump X-ray probe experiments reveal structural changes

in highly ionized water

To explore XFEL-induced radiation damage in protein crystals, we per-
formed a two-color X-ray pump X-ray probe experiment at the Coherent
X-ray Imaging (CXI)17 endstation of the LCLS. During that experiment, we
also investigated the effect of X-rays on liquid water, injected into the XFEL
interaction region in the form of a ~5 µm continuously flowing column.

Per shot, the LCLS delivered ~1mJ of X-ray energy which was split
roughly equally between the pump and probe pulses, each approximately
15 fs in duration. To achieve high power densities, these pulses were focused
with KB mirrors to a nominal 0.2 µm FWHM, corresponding to
3.5 × 1012 photons/µm2 or an average power density of 2.7 × 1019W/cm2.
Due to aberration, the focus is non-Gaussian in character, complicating the
modeling of the intensity distribution. The focus contains a central spot of
high intensity accompaniedby “wings” that illuminate a larger total area but
with only a fraction of the pulse fluence18 (“Methods” section).

To separate the scattering patterns of the pump and probe, their
photon energies were tuned to lie above and below the iron K-absorption
edge (7.11 keV), respectively. A thin iron foil was placed in front of the
detector, absorbing the pump but allowing the probe pulse to propagate15,19

to aCSPADarea detector20 (Supplementary Fig. 1 in ref. 15). The time delay
between the pump and probe was tuned to between 20 and 110 fs. Due to
significant jitter, the actual times as determined by the XTCAV
diagnostic21,22 covered a continuous range from 0 to >110 fs. In addition, we
collected single-pulse (probe-only) data as a reference. As the precision of
the pulse arrival time measurements from the XTCAV is significantly less
than the 15 fs pulse duration, we estimate the time resolution of our mea-
surements to be 21 fs based on the convolution of two 15 fs pulses.

Visual inspection of the resulting 2D detector images show clear and
drastic changes in the scattering signal with increasing pump–probe time
delays: the water ring signal decreases and appears to migrate closer to the
beam stop (Fig. 1a, b). This initial impression is supported by rigorous
analysis of the data (Fig. 1c, “Methods” section).With increasing time delay
between the pump and probe pulse, we observe a significant decrease of the
ambientwater peak at q = 2.1 Å-1 and the appearance of increased scattering
between q = 0.7 and 1.5 Å-1, which begins as a raised shoulder of the ambient
water peak but resolves into a distinct new peak at q = 0.7 Å-1 by 100 fs (the
momentum transferq = (4π sin θ)/λ, where 2θ is the scattering angle and λ is
the wavelength of the incident X-ray beam). This new peak is broad,

spanning from q = 0.5–0.9 Å-1, implying a new short-range order in the
sample. The characteristic length scale of 2π/q = 9Å is distinct from any
known structure ofwater, leadingus to assign this observation to a structural
rearrangement of the ionized water sample. The relative magnitude of this
peak increases as a function of pumppulse intensity, while themagnitude of
the ambient water peak decreases (Fig. 1d, e). The newly formed structural
arrangement persists until the end of our observation window at 110 fs
pump–probe delay.

Molecular dynamics simulations of the XFEL-water interaction

establish two ionization regimes as a function of fluence

To explain the origin and nature of the new structural arrangement we
observed, we performed a set of calculations with the simulation tool
XMDYN,amolecular-dynamics-based (MD) andMonte-Carlo-based code
for modeling X-ray driven dynamics in complex systems15,23–25. XMDYN
uses atomic cross-sections calculated on-the-fly by the ab-inito code
XATOM to capture X-ray atomic physics23,26,27. Our simulations modeled
photoionization, Auger and fluorescence decays of core holes, and electron
collisional ionization within X-ray irradiated water. Three-body recombi-
nation was not included, as it does not contribute significantly at <100 fs
timescales.

While chemical bonds may be modeled by XMDYN using classical
force fields24,28 to mitigate computational cost, we proceeded under the
assumption that chemical bonds can be neglected in our simulations. This
assumption is valid if the ions move significantly less than a bond length
before a majority of atoms are ionized at least once. After this point, Cou-
lomb forces dominate the interparticle forces, and chemical bonds can be
ignored.We established the time it takes to reach this fully ionized condition
as a function of simulated X-ray fluence, discussed below. The XMDYN
model therefore captures Coulomb interactions between charged particles
but does not treat interactions between neutral atoms or between neutral
atoms and ions.

As it was prohibitively expensive to simulate all atoms and electrons in
the irradiated 0.2 µm FWHM section of a 5 μm diameter water jet, we
restricted the simulations to cubic volumes with an edge length of 47 Å and
employed periodic boundary conditions29,30. This box size was selected to
ensure a statistically relevant number of photoionization events in each
simulation and mitigate periodic boundary artifacts, following tests with
cubes with edge lengths of 30, 47, and 60 Å (“Methods” section, Supple-
mentary Fig. 1, Supplementary Table 1). For the simulations, time zero is
defined as the temporal center (peak power) of the Gaussian pump pulse.

As in our previous X-ray pump X-ray probe investigation on protein
nanocrystals15, we performed simulations atmultiple fluences to both hedge
against absolute uncertainty in the focal spot intensity and provide infor-
mation on the ionizationdynamicswithin thewater jet at different distances
from the X-ray focus center. The X-ray focus size was characterized by
imprints, which have limited precision (“Methods” section). Further, the
X-ray focus doesnot have an idealGaussian spatial profile.A significant part
of the pulse energy is deposited in the “wings” of the focused beam. Since the
water jet is much larger than the focused X-ray beam, these out-of-focus
regions contribute appreciably to the scattering signal but were pumped
with a much lower fluence than the center of the focus. Therefore, we
simulated irradiation by X-ray pulses with fluence values ranging from 1%
to 100% of the nominal experimental value (Supplementary Fig. 2).

We employed this fluence titration to test the validity of our model,
which assumes that covalent bonds and intermolecular forces can be con-
sidered negligible. This assumption is only valid if the sample is highly
ionized, such that Coulombic interactions dominate. At 1% of the nominal
experimentalfluence, only 25%of the simulatedoxygen atoms are ionized at
least once by 110 fs. In this time, the O1+ ions move 3.1 Å on average, more
than 3 times the O–H bond length in ambient water. Therefore, we expect
covalent bonds would have a strong influence on the results, and their
neglect is not justified.At 2.5%fluence, the average displacement ofO1+ ions
reaches 1 Å, the typical O–H bond length, about 50 fs after pump
pulse irradiation. At this time, 25% of atoms are neutral, and bonds are still
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expected to influence the dynamics. By 10% of the nominal fluence, how-
ever, covalent bonds are expected to play a negligible role, as there are no
neutral atoms left at the end of the 15 fs FWHMpump pulse, at which time
the ions are displacedby<1 Å.Moreover, in a simulated cubewith 47 Åedge
length, 10% fluence irradiation yields 48 primary photoionization events, a
large enough number that we expect this simulation to be representative of
the bulk. Therefore, we conclude that our model assumptions are valid for
fluences of 10% and larger.

Inspecting the results of this fluence titration between 10% and
100%of the nominal fluence reveals two qualitatively different regimes of
ionization dynamics, with the first spanning from 10% up to ~20% and
the second appearing at >20% of the nominal experimental fluence. Both
regimes are expected to contribute to the measured experimental signal,
which is produced from a superposition of scattering from the high-
fluence focal center and weaker beam wings (Fig. 2a). Given the diffi-
culties in characterizing the experimental focus and uncertainty in the
experimental fluence (“Methods” section), we do not make quantitative
predictions of the experimental signals using the simulations but employ
these two qualitative regimes predicted by XMDYN to gain insight into
the states of matter generated and corresponding scattering signals we
would expect. We find that the 100% and 10% fluence simulations are
good representative examples of the two qualitative fluence regimes, and
these simulations are presented in detail in the main text; additional
simulations are presented in Supplementary Fig 2.

Distinct ionization mechanisms at high and low pump pulse

intensity result in specific scattering curves

The two fluence regimes are characterized by distinct dynamics and
scattering curves. At high fluence (100%), a significant fraction of ions
are generated by primary photoionization (Fig. 2b). Approximately
15% of the atoms in the sample are ionized at least once through a direct
interaction with the pump photons. Subsequent Auger decays and
secondary electron impact ionization create highly charged states,
ultimately resulting in a sample consisting primarily of O5+ and O6+

ions (Fig. 2f). While primary ionization is prevalent, secondary ioni-
zation still plays a dominant role, as on average a single photoionization
event results in 25 secondary ionizations. At high fluence, the ampli-
tude of the scattering curve I(q) decreases dramatically at all scattering
angles but remains essentially unchanged in shape (Fig. 2h). The water
sample becomes strongly ionized, and as the majority of bound elec-
trons are stripped from their associated atomic nuclei the oxygen form
factors are attenuated, as observed by Inoue et al.31 and reported
previously9.

At 10% fluence, only 1.5% of atoms in the sample undergo primary
photoionization by the pump.Under this weaker irradiation, secondary
ionization cascades play a more significant role (Fig. 2c). On average, a
single photoionization is followed by 144 secondary ionization events.
The highest charge states reached are O1+ to O3+, with electrons ejected
primarily from the valence shell by electron impact events (Fig. 2g). As

Fig. 1 | X-ray pump X-ray probe experiments reveal a new structural change in

ionized water. aX-ray probe-only data show a single diffraction ring corresponding
to the unperturbed structure of liquid water, while b X-ray pump X-ray probe data
(100 fs delay) show a distinct new diffraction ring at low scattering angles corre-
sponding to a previously undescribed structural change. Both images show an
average of 10 pulses from the LCLS captured on the CSPAD detector, a standard
visualization used during online monitoring of running experiments. Colors show
the per-pixel intensity in analog to digital units (ADU). c The new structure forms
within ~75 fs and is characterized by a peak in I(q) at q = 0.7 Å-1 (upward arrow).We

observe concurrent attenuation of the ambient water peak at q = 2.05 Å-1 (downward
arrow). Curves were normalized by total scattering intensity for the q-range shown
(0.37–2.52 Å-1, see “Methods” section). Sorting of the pump pulses by fluence reveals
this response is fluence-dependent (“Methods” section). d As a function of pump
fluence, the ambient water peak height decreases, while e the intensity of the new
peak increases concomitantly. For (d) and (e), I(q) curves were normalized as pre-
viously described; peak heights are relative. An expanded version of (d) and (e)
including error bars is shown in Supplementary Fig. 8, raw data used to generate the
plots can be found in Supplementary Data 1.
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in the high-fluence case, the scattered intensity I(q) shows a marked
decrease in the ambient water peak as a function of time. However, in
contrast to the high-fluence regime, this is accompanied by an increase
in scattering intensity at lower scattering angles (q < 1.7 Å-1, Fig. 2i). By
~70 fs, I(q) is nearly flat as a function of q. This “white” curve suggests
structure on many length scales, with no characteristic inter-ion or
inter-electron separation. The predicted decrease in the ambient water
peak with a simultaneous increase in scattered intensity at low q-values
is consistent with the experimental data. However, although the
simulations show an increase in scattering signal at low scattering
angles, they do not show the emerging peak at q = 0.7 Å-1 observed in
the experiment. The simulations conducted between 1% and 10%
nominal fluence also fail to produce a peak at low q (Supplementary
Fig. 1). However, this could be expected as the validity of our model is
restricted in this fluence regime.

After ~20 fs, simulations predict the irradiated water sample in both
the 100% and 10% fluence simulations enters the WDM regime (Fig. 3,
Supplementary Figs. 3 and 4). The kinetic electron temperatures stabilize
at ~19 eV under 10% fluence irradiation and ~120 eV at 100% fluence,
with free electron number densities on the order of 1023 cm-3. By contrast,
the kinetic temperature of the pumped oxygen ions is 0.4 eV at 10%
fluence case and 2 eV at 100% fluence at 20 fs i.e., far below the respective
electronic temperatures. The ion temperatures in both the high and low
fluence simulations continue to rise as a function of pump–probe time
delay. By the end of the simulations at 110 fs, the X-rays have generated
unthermalized WDM, in which the electron-ion system is still far from
equilibrium.

Ion dynamics account for changes in the scattering curve at 10%

fluence

The pump-induced ionization of the water sample has two consequences
that result in changes to the scattered X-ray intensity: the atomic form
factors32,33 decrease and, over time, the spatial arrangement of the oxygen
and hydrogen ions (resulting from ionized water molecules) changes.
Importantly, our simulations enable us to predict the impact on the X-ray
scattering caused by these effects and separate them from one another.

This allowed us to distinguish between two possible mechanisms for
the changes in I(q) observed at 10% fluence in simulation. In one model,
specific patterns of ionization could occur, producing a structure in the
sample that is reflected in the scattering curve. Alternatively, atomic rear-
rangements induced byCoulomb forces following ionization could produce
a new structure. Combinations of these effects are also possible. To distin-
guish between these possibilities, we computed X-ray scattering curves with
(i) atomic displacements accounted for but using neutral O+0 form factors
for all atoms; (ii) only form factor changes, with ions fixed in their initial
positions; (iii) both atomic displacements and form factor changes. The
results are shown in Fig. 4 for water irradiated with 10% and 100% nominal
fluence, respectively, at a 110 fs pump–probe delay. The scattering from
unirradiated water is shown for comparison.

This analysis shows that in the case of 10% fluence, ionmotions are the
primary contributor to the change in the shape of the scattering curve.
Ionization results in a “randomization” of the original hydrogen-bonded
structure, with charges created non-uniformly throughout the irradiated
volume. Following ionization, Coulomb forces induce atomic motion that
further disrupts the ambient water structure. The more highly charged O2+
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Fig. 2 | Varying the pump fluence leads to qualitatively different ionization

processes inXMDYN simulations. aThe final signal is a superposition of scattering
from the intense focus andmore weakly irradiated out-of-focus “wings” of the XFEL
beam. These regions were characterized by simulations conducted at pump fluences
of 100% and 10%of the nominal experimental value, respectively. b In simulations of
the high pump fluence regime, 15% of atoms undergo primary photoionization,
typically followed by Auger decay. Secondary ionization is significant, with each
primary event generating 25 secondary ions through valence shell impact events.
d, f These ionization events rapidly result in an average oxygen ion charge state of
>5+ and the production of oxygen ions with up to 6+ charge. c At lower pump
fluence, primary ionization is greatly reduced, affecting only 1.5% of all atoms.
Because the surrounding atoms still have most of their bound electrons, the cross-
section for secondary impact ionization is significantly higher than in regime (b),

with 144 secondaries generated per primary photoionization. e, g This produces
significant quantities of O2+ ions and an average oxygen charge state of approxi-
mately 2+. The final observed scatter is expected to contain contributions from both
regimes. h Upon high fluence irradiation, the water scattering (b) is effectively
bleached due to the ionization of scattering electrons and shows no new structure.
i Under less intense irradiation in regime (c), the low-q scatter is predicted to
rise while the ambient water peak is attenuated, similar to what is observed
experimentally. No distinct new peak at low-q matching the experimental obser-
vation (Fig. 1c) is observed, however. (b) and (c) are illustrations only and are
not quantitative. Time zero corresponds to the temporal center (peak power) of
the Gaussian pump pulse. Data used to generate plots can be found in Supple-
mentary Data 2 (charge states and species) and Supplementary Data 3
(scattering curves).
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ions undergo larger displacements than O1+ ions, moving on average 7.0 Å
and 5.6 Å, respectively, within the first 110 fs of the simulation. By contrast,
at 100% fluence, the pump radiation causes a very strong reduction of
atomic form factors, significantly decreasing the scattering from regions
irradiatedwith themaximal pulsefluence (Fig. 4). This is theprimary reason

for the predicted changes in I(q); atomic displacements have little effect in
this case.

Discussion
In our time-resolved X-ray pump X-ray probe solution scattering experi-
ment on liquid water, we observe fluence- and time-dependent changes of
the scattering curves compared to those of undamaged water. Specifically,
themagnitudeof the ambientwater peakdecreases, andanewdistinct low-q
feature appears at longer pump–probe time delays, corresponding to a
previously undescribed feature of highly ionized water.

The XFEL pulse contains an intense center of the focused beam sur-
rounded by a much weaker and larger halo or “wings”. Both contribute to
the observed scattering. Simulations of the experiment suggest this signal,
integratedovermanypumpfluences, canbe characterizedby twoqualitative
regimes. At the highest power densities, the majority of bound electrons are
stripped from the water molecules, and the resulting scattered intensity of
the probe is greatly reduced, bleaching the signal. At low (fluences ≤ 20% of
the nominal maximum, Supplementary Fig. 2) the sample is less strongly
ionized and the ions in these regions re-order over ~75 fs into a new con-
figuration, disrupting the spatial correlations present inneutralwater.While
our simulations do predict an increase in low-q scattering intensity caused
by structural rearrangements, they do not reproduce a distinct new peak at
q = 0.7 Å-1.

Both our experimental and simulation findings differ from the ones
described in aprevious study of highly ionizedwater conducted at the LCLS9.
In that study, solution scattering data from XFEL pulses of 25 and 75 fs
duration, integrated over the entire pulse, were compared to each other and
to data of presumably undamaged water collected at a synchrotron
beamline9. UponXFEL irradiation, the ambientwater peak shifted to slightly
lower scattering angles. For long pulses, the peak broadened. As these
changes are qualitatively different fromwhatwe observe, we sought points of
comparison that might explain why the structural change we report was not
observed in that experiment. First, the ionizationdynamics that occur during
continuous irradiation and during pulsed irradiation followed by a reaction
period differ, and the observed signal is distinct due to the temporal inte-
gration over the single long pulse (Supplementary Fig. 5). Second, the peak of
the low-q feature we report was outside the range of scattering angles
reported in ref. 9, which reports scattering from q = 0.96 Å-1 to 2.6 Å-1

(using our convention). Unnormalized versions of the I(q) curves from ref. 9
do show a small rise in scattered intensity at the smallest q-values measured
(Kenneth Beyerlein, personal communication), consistent with our obser-
vations reported here. Third, the nominal fluence employed in the previous
experiment9 was estimated to be 12.3 × 1012 ph/μm2 (6.86 keV photon
energy, >106 J/cm2), a few times higher than we estimated for the current

Fig. 4 | Ion motion accounts for the change in the shape of I(q) at 10% fluence,

while the 100%fluence case is dominated by a reduction in form factor amplitude

due to ionization. Simulations of I(q) accounting for the effects of changes in atomic
form factor (green), ion displacement (orange), or both (red) reveal that at a 10%
fluence, ion displacement is the primary effect driving changes in the shape of I(q),
while b at 100% fluence, ion motion plays a minor role. By contrast, changes in the
form factors due to severe ionization are the primary effect resulting in the observed
attenuation of I(q). The predicted scattering for simulated undamaged water (blue)
is shown as a reference. Data used to generate plots can be found in Supplemen-
tary Data 5.

Fig. 3 | Simulations predict a nonequilibrium state in the warm dense matter

regime. aAfter exposure to the X-ray pump significant number of free electrons,with a
density on the order of 1023 cm-3, are generated (ρelectron). Shown are simulations for
pump pulses with both 10% (blue) and 100% (orange) of the nominal experimental
fluence, along with the temporal profile of the pump (black dashed line, height arbi-
trary).bThekinetic energyof theelectron subsystemstabilizeswithin thedurationof the
pump. Shown is the kinetic energy as a temperature,Telectron, where 2

3 kT ¼ 1
2mv2
� �

; the
electrons stabilize at energies of approximately 20 eV and 75 eV for the 10% and 100%
fluence pumps respectively. The large spikes at short timescales originate from the fact
that only a few, high-energy free electrons contribute to the average at short timescales.
Insert is the samedata, rescaled to show the values at long timedelaysmoreclearly. cThe
ion subsystem heats continuously after irradiation by the pump. At 20 fs delay, the
kinetic temperatures of the ions are approximately 0.4 eV and 2 eV for the 10% and
100% fluence cases, significantly lower than the electron subsystem. These temperatures
continue to increase for theduration of the simulation, up to 110 fs after the pump.Data
used to generate plots can be found in Supplementary Data 4.
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experiment (“Methods” section), though theaveragepulsepowers are similar
(3 × 1019W/cm2 here vs. 5.4 × 1019W/cm2 and 1.8 × 1019W/cm2 for the 25 fs
and 75 fs pulses in ref. 9, respectively). The actual power densities employed
in the two experiments may have differed significantly from these nominal
values due to inherent limitations on the ability to reproducibly achieve
optimal focus at CXI (see “Methods” section). Therefore, while both
experiments report X-ray solution scattering from highly ionized water, key
differences in the experimental parameters result in qualitatively different
findings.

The most prominent difference with previous work is our observation
of adistinct low-qpeak that emergesat pump–probe timedelays≥75 fs.This
feature is reminiscent of a low-q peak detected in solutions of Mg2+, Al3+,
Ni2+, and Fe3+ ions in water34–36. At concentrations on the order of one
molar, the tight hydration shells around these ions minimize the inter-ion
distance and result in a large density contrast in elastic scattering data36.
Sinceour simulationspredict ionizationof essentially all oxygenatomsupon
exposure of thewater sample to 10%of the nominalfluence, it is conceivable
that our low-q peak originates from water exposed to even lower X-ray
fluences, for instance, farther outside the focus. The lower fluence in these
regions could produce oxygen ions at concentrations on the order of one
molar solvated by undamaged water. A computational analysis in this flu-
ence regime is complicated by the fact that no existing singlemodel of liquid
water can simultaneously accurately account for all the fluence regimes of
interest, from 106 J/cm2 to <104 J/cm2. Given the unforeseeable failure of
high-fluence models to account for the observed peak at q = 0.7 Å-1, simu-
lations that can also capture the physics effective at lower fluence may
produce a qualitative understanding of the origins of this structure.

The significant perturbation of liquid water we observed has strong
implications for other experiments that rely on the assumption that anXFEL
pulse is effectively non-perturbative. This pertains in particular to experi-
ments involving the interaction of two subsequentXFELpulseswith a single
sample. This includes X-ray photon correlation spectroscopy (XPCS)
experiments, an X-ray probe X-ray probe technique, for which water has
been a sample of interest37–42 (see Supplementary Table 2 for details). An
underlying assumption of these experiments is that any probed structural
changes are due to dynamics of interest, not perturbations induced by the
firstX-raypulse.Another example is experimentswhere thefirstX-raypulse
is used to photoreduce the sample, an approach that has been used at
synchrotron sources43 and is being discussed for XFEL applications. Our
results show that the structure of even neatwater is strongly perturbedwhen
the absorbed dose results in the formation of a significant number of ions
and enough time passes to allow the reordering of their solvation shells.
Thus, two-XFEL-pulse experiments that aim for unperturbedmeasurement
conditions should check parameters affecting the dose (photon energy, here
7.11 keV; fluence, here nominally ~1011 photons/µm2) and thus number of
generated ions as well as the time delay between pump and probe pulse.

While the dangers of high fluence (and thus dose) to the integrity of
samples studied at synchrotrons are well known, our study suggests that at
XFELs due to the high dose rate even “low” fluences may disrupt the
structure of water. This damage is only observable when the generated ion
concentrations are in themolar range and sufficient time has passed for the
sample structure to rearrange (here ≥75 fs). Our study does not allow us to
give an experimentally derived estimate for a “safe” fluence/dose below
which this structural rearrangement is negligible; follow-up studies are
needed to do so. However, the previously discussed studies of solutions of
divalent and trivalent cations show that molar concentrations of ions are
sufficient to significantly rearrange the structure of water34–36 and produce a
scattering peak at low q similar to the one we observe. Our simulations
predict that the concentration of O2+ would reach molar concentrations
within 110 fs after exposure to a pulse with only 1% of our nominal fluence
(3.5 × 1010 photons/µm2 or an average intensity of 2.7 × 1017W/cm2). Since
this X-ray intensity is quite low for a standard XFEL experiment, it is highly
advisable for two-pulse XFEL studies to perform a fluence titration, mon-
itoringWAXS signals with delays ~100 fs and longer. These measurements
can establish the unperturbed regime and ensure thematerial under study is

the expected one. Our results demonstrate that such unexpected states of
matter can be readily generated by the high peak powers of XFEL radiation,
presenting both challenges and opportunities for experiments with
XFEL light.

Conclusions
Using an X-ray pump X-ray probe experimental setup, we report an
unexpected structural change in ionized water under WDM conditions,
furthering our understanding of the properties of this important liquid. Our
key experimental observations are the attenuationof the ambientwaterpeak
and the formation of a new low-q peak at ~75 fs after ionizing pump irra-
diation, corresponding to apreviously unobserved structural rearrangement
of ionized water. Our study shows that even low fluence XFEL irradiation
(here, 3.5 × 1010 photons/µm2 at 7.11 keV) can cause significant changes in
the water structure for time delays exceeding 75 fs and predict that this also
occurs at much lower fluences. Because water plays a role in many XFEL-
based experiments where X-ray-induced perturbations may interfere with
the interpretation of the primary scientific aim of the study, this is essential
information for the design and interpretation of such experiments.

Simulations predict that due to the non-uniformity of the beam focus,
two different regimes of ionizedwater are generated. In the focal center, the
sample can be highly ionized and as a result, becomes effectively transparent
to the probe. By contrast, in areas illuminated by the less intensewings of the
XFEL beam, the structure of water changes producing a change in the
observed scattering curve. This model is able to describe the attenuation of
the ambient water peak and a rise in low-q scattering but fails to account for
the new order at q = 0.7 Å-1.

Our simulations include an accurate representation of physics in effect
at the relatively high fluences that were expected to dominate the experi-
mental scattering signal. The failure of these simulations to predict a peak at
q = 0.7 Å-1 forces us to consider the sample irradiated at lower fluence as the
potential origin of this observation. Modeling these lower fluences requires
the inclusion of chemical effects, that were not treated in our simulations.
Therefore, ab initio molecular dynamics adapted to account for X-ray
irradiation of liquid water, or another simulation technique that includes
chemical effects, may be able to complement our high-fluence simulations
and explain the qualitative origins of the observed low-q peak. The obser-
vation of peaks at similar scattering angles in solutions of divalent and
trivalent cations suggests that this feature may be due to the generation and
subsequent solvation of oxygen ions. This remains to be proven, however,
and a microscopic description of the structure of the distinct structural
rearrangement we report remains an open challenge for theory that, if
solved, can advance our understanding of water under extreme conditions.

Methods
Experiment

The experiment was performed in the nanofocus chamber of the Coherent
X-ray Imaging (CXI) instrument17 at the Linac Coherent Light Source
(LCLS) in February 2015 (proposal LG07/LE70). In between injections of
protein nanocrystals (results were reported previously15) we introduced
water into the XFEL beam in a ~5 µm cylindrical liquid column using a gas
dynamic virtual (GDVN) nozzle injector44. The presence of neat water,
uncontaminated by crystalmother liquor,was confirmedbymonitoring the
back pressure in the injection system. After changing from a high-viscosity
protein crystal buffer to a neat water sample, the backing pressure dropped
from between 1500 and 1600 PSI to between 800 and 850 PSI, where it
stabilizes once the protein sample in the fluid system has been entirely
displaced by water. An additional 60+ seconds of water wash was per-
formed after this pressure stabilization to ensure a pure water sample.
Dedicated periods of data collection on neat water show no evidence of
contamination by protein or protein buffers (Supplementary Fig. 6). The
position of the sample jet was continuously adjusted to maximize the hit
rate. To follow the time-dependent X-ray-induced dynamics, an X-ray
pumpX-ray probe schemewas used19 as shown in Supplementary Fig. 1a in
ref. 15. Two ~15 fs X-ray pulses were produced using the double-pulse
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operating mode at the LCLS45, with the pulses delayed by 0–120 fs in time
with respect to one another. The pump pulse was tuned ~40 eV above the
iron K-edge at 7.11 keV, while the probe pulse was ~40 eV below the
edge15,19. Instabilities in the FEL (Supplementary Fig. 7) generated jitter in
pump–probe delay, which was monitored by the XTCAV21,22, and in the
pulse energies, which were monitored by the a diffractive spectrometer in
the LCLS Front-End Enclosure (FEE)46. Both the XTCAV and FEE spec-
trometerprovide information on a single-shot basis. An iron foilwas used to
calibrate the FEE spectrometer; an energy sweep enabled us to precisely
locate the FeK-edge for later analysis. A 25 µmFe foil placed downstreamof
the sample effectively blocked scattering from the pump pulse but allowed
the probe to propagate to a Cornell-SLAC pixel array detector (CSPAD)20

~70mm downstream of the interaction region. As a control, we also took
data without the pump pulse, providing an unperturbed reference signal.

The data was collected in two shifts of 24 and 36 h, respectively. At the
beginning of each shift, the X-ray focus was optimized using imprints, a
method by which the beam profile is deduced from the size of a vaporized
area on a thin gold film hit by the beam at various intensity levels47. The
diameter of the X-ray focus was determined to be ~0.2 µm FWHM.With a
beamline transmission of ~45% the power density at the interaction region
was nominally 2.7 × 1019W/cm2 (corresponding to 3.5 × 1012 photons/µm2

per single pulse). This estimate provides an upper bound; the actual power
density was likely lower.

Ronchi shearing interferometry performed in a separate experiment
after ours showed that the CXI focus consists of a central focal region with
strong “wings” that contain 10%–50% of the intensity of the central spot at
optimal focus18. However, as discussed in the supplementary information of
ref. 15, significant uncertainties in the actual focus used in our experiment
exist. The imprint method employed during the experiment47, while state of
the art at the time,provides inherently limitedprecision in the ability to align
the beamline optics and achieve optimal focus. Any imperfect alignment of
the KB mirrors, aberrations of the mirror surfaces, misalignment of the
water jet with the focal plane, or jitter in the spatial trajectory of the XFEL
pulses will all produce a less tight focus than is theoretically achievable.
Finally, thermal ormechanical drift during data collection and uncertainties
in the transmission of the beamline contribute to our overall uncertainty in
the absolute fluence values in the focus. Therefore, we report nominal flu-
ence values representing our best estimates but acknowledge that due to
experimental realities, these values provide an upper bound on the actual
fluences that were effective during the experiment. The same considerations
concerning the flux density applied to the previous experiment analyzed by
Beyerlein et al.9.

Data analysis

X-ray images captured on the CSPAD were processed using psana48 and
custom Python code (https://github.com/tjlane/cxig0715). After dark sub-
traction, gain correction, and pixel masking, images were averaged over the
azimuthal angle into 500 radial bins, with Δq ≈ 0.00745 Å-1 per bin, to
produce I(q) curves for each X-ray pump/probe event. FEL pulses are
generated from a stochastic process, causing jitter in the per-pulse photon
energy, arrival time, and spatial trajectory of each shot. Therefore, images
were sorted to ensure they met specific experimental criteria before inclu-
sion in downstream analysis. Specifically, images were analyzed only if the
XFEL intersected the liquid jet, producing a liquid I(q) trace with no
identifiable protein crystal Bragg peaks as judged by a custom peak-finding
algorithm (hitfinding). Further, imageswere rejected if the pumpandprobe
pulses were not fully above and below the iron K-edge, as monitored by the
FEE spectrometer46. For retained shots, relative X-ray pump/probe arrival
times were determined by the XTCAV instrument21,22 and sorted into 10 fs
bins from 0–10 fs to 100–110 fs. Data in these bins were normalized per-
pulse by the total measured intensity in the probe as measured by the FEE
spectrometer and averaged to produce the presented I(q) traces.

The final traces showed up to twofold variation in total intensity from
timepoint to timepoint. This was attributed to imperfectly corrected var-
iation in integrated pulse energy, as any change in pump–probe delay

required reconfiguration of the LCLS operating mode. In the absence of
accurate diagnostics to correct for this variation, we normalized our
experimental curves by the total scattered intensity,

Inorm½q� ¼ I½q�=
X

q

I½q�

where the sumspans discrete bins covering theq-range from0.37 to 2.52 Å-1,
the extent of the presented data.

Simulation

Initialization of the water simulation. XMDYN simulations were
initialized from short classical simulations performed with NAMD249.
Briefly, a cubic box with periodic boundary conditions was filled with
water modeled by the TIP4P force field using VMD50. NVT equilibration
was performed at 300 K using a Langevin thermostat. Temperatures were
monitored, and once converged, the final atomic positions were used as
the initial condition for XMDYN simulations.

XMDYN simulations of XFEL-water interaction. XMDYN23,24 simula-
tions were performed tomodel the dynamics of the system under intense
X-ray irradiation, including the processes of photoionization, Auger and
fluorescence decays of core holes, and electron collisional ionization. The
system was treated using periodic boundary conditions. An X-ray pump
pulse of 7.11 keV photons with a Gaussian temporal profile (15 fs
FWHM)was introduced in a spatially uniform fashion across the sample.
Fluence levels ranged from 1% to 100% of the nominal experimental
value of 3.5 × 1012 photons/µm2. Simulations were begun 30 fs before the
peak of the X-ray pulse and propagated to 110 fs after this peak. We
conducted simulations with and without a probe pulse and for various
box sizes, as detailed below.

Optimization of the periodic box size. Periodic boundary conditions
can introduce artifacts in the diffraction signal at low q-values, close to the
reciprocal of the box size. Therefore, we tested different box sizes to
balance computational expense with the accessible q-range. Supple-
mentary Fig. 1 shows the behavior of azimuthally averaged diffraction
signal at 10% and 100%nominalfluence for cubic boxeswith edge lengths
of 30 Å, 47 Å, and 60 Å, corresponding to q = 0.21 Å-1, 0.13 Å-1, and
0.10 Å-1. The diffraction signal was calculated at the time point of the
probe pulse maximum. As a low q (long-range) artifact was observed for
the 30 Å box size, but not the others, we selected a 47 Å box for future
simulations.

Computation of diffraction intensity I(q). I(q) was computed by sum-
ming the scattering from all particles in the simulation,

I q; tð Þ /
X

k

f k q; t
� �

e�iq�Rk tð Þ

�

�

�

�

�

�

�

�

�

�

2

where atomic scattering form factor, fk(q,t), for each atomic configuration,
was computed by the XATOMcode23,26,27. Here, t represents the timestep of
the simulation, and Rk(t) is the position of particle k. Reciprocal lattice
vectors qwere sampled randomly in the reciprocal space and then averaged
in annular bins.

Simulated effect of the probe on the structure of pumped water. We
performed simulations to understand the impact of the probe pulse on
the evolution of the sample.We tested fluences of 10%, 50%, and 100% of
the nominal experimental fluence and observed only small effects of the
probe pulse on the molecular dynamics and resulting I(q) curves. The
probe interacts with a system that has already been strongly ionized by
the pump and therefore has a severely attenuated effect on the sample
compared to the pump pulse, which interacts with neutral water.
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Consequently, we assumed that the perturbative effect of the probe was
negligible and did not simulate all pump–probe delay scenarios explicitly
but analyzed the temporal evolution of pump-only simulations. This
reduced the number of computationally expensive simulations sub-
stantially, as we did not simulate each pump–probe delay separately.

Data availability
Raw diffraction data analyzed in this study are available via CXIDBwith ID
228 [https://doi.org/10.11577/2406286]. Processed data, specifically I(q)
traces for every X-ray pulse along with per-pulse metadata, as well as raw
trajectories from the simulations described, are viaZenodo [https://doi.org/
10.5281/zenodo.12804645]. Further, all data presented in the Figures are
provided as Supplementary Data1–5 associated with this manuscript.

Code availability
Code employed to analyze diffraction data andmake all figures available via
Zenodo https://doi.org/10.5281/zenodo.13293885.

Received: 11 March 2024; Accepted: 5 August 2024;

References
1. Riley, D.Warm Dense Matter. IOP Series in Plasma Physics (IOP

Publishing Ltd, 2021).
2. Dornheim, T. et al. Electronic density response of warmdensematter.

Phys. Plasmas 30, 032705 (2023).
3. Falk, K. Experimental methods for warmdensematter research.High.

Power Laser Sci. 6, e59 (2018).
4. Kraus, D. et al. Nanosecond formation of diamond and lonsdaleite by

shock compression of graphite. Nat. Commun. 7, 10970 (2016).
5. Kraus,D.etal.Formationofdiamonds in laser-compressedhydrocarbons

at planetary interior conditions. Nat. Astron. 1, 606–611 (2017).
6. Lévy, A. et al. The creation of large-volume, gradient-free warm dense

matterwithanx-ray free-electron laser.Phys.Plasmas22, 030703 (2015).
7. Fletcher, L. B. et al. Ultrabright X-ray laser scattering for dynamic

warm dense matter physics. Nat. Photonics 9, 274–279 (2015).
8. Valenza,R. A. &Seidler, G. T.Warmdensecrystallography.Phys.Rev.

B 93, 1–7 (2016).
9. Beyerlein, K. R. et al. Ultrafast nonthermal heatingofwater initiatedby an

X-ray Free-Electron Laser. Proc. Natl Acad. Sci. USA 115, 5652–5657
(2018).

10. Sellberg, J. A. et al. Ultrafast X-ray probing of water structure below the
homogeneous ice nucleation temperature.Nature 510, 381–384 (2014).

11. Nilsson, A. & Pettersson, L. G. M. The structural origin of anomalous
properties of liquid water. Nat. Commun. 6, 8998 (2015).

12. Millot, M. et al. Nanosecond X-ray diffraction of shock-compressed
superionic water ice. Nature 569, 251–255 (2019).

13. Kim, K. H. et al. Experimental observation of the liquid-liquid transition in
bulk supercooled water under pressure. Science 370, 978–982 (2020).

14. Nass, K. et al. Indications of radiation damage in ferredoxin
microcrystals using high-intensity X-FEL beams. J. Synchrotron
Radiat. 22, 225–238 (2015).

15. Nass, K. et al. Structural dynamics in proteins induced by and probed
with X-ray free-electron laser pulses. Nat. Commun. 11, 1814 (2020).

16. Amann-Winkel, K. et al. X-ray and neutron scattering of water.Chem.

Rev. 116, 7570–7589 (2016).
17. Liang, M. N. et al. The coherent X-ray imaging instrument at the Linac

Coherent Light Source. J. Synchrotron Radiat. 22, 514–519 (2015).
18. Nagler, B. et al. Focal spot and wavefront sensing of an X-ray free

electron laser using Ronchi shearing interferometry. Sci. Rep. 7,
13698 (2017).

19. Ferguson, K. R. et al. Transient lattice contraction in the solid-to-
plasma transition. Sci. Adv. 2, e1500837 (2016).

20. Blaj, G. et al. X-ray detectors at the Linac Coherent Light Source. J.
Synchrotron Radiat. 22, 577–583 (2015).

21. Ding, Y. et al. Femtosecond x-ray pulse temporal characterization in
free-electron lasers using a transverse deflector.Phys. Rev. ST Accel.

Beams 14, 120701 (2011).
22. Behrens, C. et al. Few-femtosecond time-resolved measurements of

X-ray free-electron lasers. Nat. Commun. 5, 3762 (2014).
23. Jurek, Z., Son, S. K., Ziaja, B. &Santra, R. XMDYNandXATOM: versatile

simulation tools for quantitative modeling of X-ray free-electron laser
induced dynamics of matter. J. Appl. Cryst. 49, 1048–1056 (2016).

24. Murphy, B. F. et al. Femtosecond X-ray-induced explosion of C60 at
extreme intensity. Nat. Commun. 5, 4281 (2014).

25. Tachibana, T. et al. Nanoplasma formation by high intensity hard
X-rays. Sci. Rep. 5, 10977 (2015).

26. Son, S. K., Young, I. D. & Santra, R. Impact of hollow-atom formation on
coherentx-rayscatteringathigh intensity.Phys.Rev.A83, 069906 (2011).

27. Son, S. K. & Santra, R. Monte Carlo calculation of ion, electron, and
photon spectra of xenon atoms in x-ray free-electron laser pulses.
Phys. Rev. A 85, 063415 (2012).

28. Kumagai, Y. et al. Radiation-inducedchemical dynamics inAr clusters
exposed to strong X-ray pulses. Phys. Rev. Lett. 120, 223201 (2018).

29. Abdullah, M. M., Jurek, Z., Son, S. K. & Santra, R. Calculation of x-ray
scattering patterns from nanocrystals at high x-ray intensity. Struct.
Dyn. 3, 054101 (2016).

30. Abdullah, M. M., Anurag, J. Z., Son, S. K. & Santra, R. Molecular-
dynamicsapproach for studying the nonequilibriumbehavior of x-ray-
heated solid-density matter. Phys. Rev. E 96, 023205 (2017).

31. Inoue, I. et al. Femtosecond reduction of atomic scattering factors
triggered by intense X-ray pulse. Phys. Rev. Lett. 131, 163201 (2023).

32. Hau-Riege, S. P. X-ray atomic scattering factors of low-Z ions with a
core hole. Phys. Rev. A 76, 042511 (2007).

33. Abdullah,M.M.,Son,S.K., Jurek, Z.&Santra,R.Towards the theoretical
limitations of X-ray nanocrystallography at high intensity: the validity of
the effective-form-factor description. IUCrJ 5, 699–705 (2018).

34. Neilson,G.W., Howe,R. A. &Enderby, J. E. Thequasi-lattice structure in
concentrated aqueous solutions.Chem. Phys. Lett. 33, 284–285 (1975).

35. Caminiti, R. & Magini, M. Small-angle maxima and cation-cation
distances. Differences between iron nitrate and perchlorate solutions.
Chem. Phys. Lett. 54, 600–602 (1978).

36. Waluyo, I. et al. The structure of water in the hydration shell of cations
from x-ray Raman and small angle x-ray scattering measurements. J.
Chem. Phys. 134, 064513 (2011).

37. Perakis, F. et al. Coherent X-rays reveal the influence of cage effects
on ultrafast water dynamics. Nat. Commun. 9, 1917 (2018).

38. Roseker, W. et al. Towards ultrafast dynamics with split-pulse X-ray
photon correlation spectroscopy at free electron laser sources. Nat.
Commun. 9, 1704 (2018).

39. Lehmkuhler, F. et al. Emergence of anomalous dynamics in soft
matter probed at the European XFEL. Proc. Nat. Acad. Sci. USA 117,
24110–24116 (2020).

40. Shinohara, Y. et al. Split-pulse X-ray photon correlation spectroscopy
with seeded X-rays from X-ray laser to study atomic-level dynamics.
Nat. Commun. 11, 6213 (2020).

41. Zarkadoula,E.,Shinohara,Y.&Egami, T.X-ray free-electron laser heating
of water at picosecond time scale. Phys. Rev. Res. 4, 013022 (2022).

42. Reiser, M. et al. Resolving molecular diffusion and aggregation of
antibody proteins with megahertz X-ray free-electron laser pulses.
Nat. Commun. 13, 5528 (2022).

43. Schlichting, I. et al. The catalytic pathway of cytochrome P450cam at
atomic resolution. Science 287, 1615–1622 (2000).

44. Weierstall, U., Spence, J. C. & Doak, R. B. Injector for scattering
measurements on fully solvated biospecies. Rev. Sci. Instrum. 83,
035108 (2012).

45. Marinelli, A. et al. High-intensity double-pulse X-ray free-electron
laser. Nat. Commun. 6, 6369 (2015).

46. Rich, D. et al. The LCLS variable-energy hard X-ray single-shot
spectrometer. J. Synchrotron Radiat. 23, 3–9 (2016).

https://doi.org/10.1038/s42005-024-01768-6 Article

Communications Physics |           (2024) 7:281 8



47. Chalupsky, J. et al. Imprinting a focused X-ray laser beam tomeasure
its full spatial characteristics. Phys. Rev. Appl. 4, 014004 (2015).

48. Damiani, D. et al. Linac Coherent Light Source data analysis using
psana. J. Appl. Cryst. 49, 672–679 (2016).

49. Phillips, J. C. et al. Scalable molecular dynamics on CPU and GPU
architectures with NAMD. J. Chem. Phys. 153, 044130 (2020).

50. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33–38 (1996).

Acknowledgements
I.S. thanksA. Kozlov andH.Quiney for their contributions at the early stages
of theproject.Wethank theHeidelbergFELgroupand theLCLSCXI teamfor
collecting the water data in February 2015. We thank A. Nilsson, F. Perakis,
and K. Beyerlein for stimulating discussions, and M. Robinson for critical
feedback on an early draft. The authors are grateful to W. Roseker, who
assisted with the review of XFEL-based XPCS experiments reported in the
Supplementary Information. A.P.M. and B.Z. gratefully acknowledge the
funding received from the R & D grant of the European XFEL, with the con-
tribution of IFJ PAN in Krakow. T.J.L. was supported by a Helmholtz Young
Investigator Group (YIG) award. Z.J. acknowledges support from DESY
(Germany), a member of the Helmholtz Association HGF. We acknowledge
financial support obtained from the Cluster of Excellence ‘Advanced Ima-
gingofMatter’of theDeutscheForschungsgemeinschaft (DFG) -EXC2056-
project ID 390715994 and the Max Planck Society. Use of the Linac
Coherent Light Source (LCLS), SLAC National Accelerator Laboratory, is
supported by the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences under Contract No. DE-AC02-76SF00515. Parts of
the sample injector used at LCLS for this research were funded by the
National Institutes of Health, P41GM103393, formerly P41RR001209.

Author contributions
S.B. conceived theexperimentwhichwasdesignedandcoordinatedbyS.B.
and I.S.; A.G. performed online analysis and the initial offline data analysis;
T.J.L. performed the final data analysis; Z.J., A.P.M., M.S., and B.Z.
developed the XMDYN-based modeling strategy; M.S. performed the
XMDYN calculations; Z.J. and B.Z. supervised the calculations. All authors
discussed the results and contributed to themanuscript. The initial versions
of the manuscript were written by T.J.L., I.S., and B.Z.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42005-024-01768-6.

Correspondence and requests for materials should be addressed to
Thomas J. Lane, Ilme Schlichting or Beata Ziaja.

Peer review informationCommunications Physics thanks the anonymous
reviewers for their contribution to the peer review of this work. A peer review
file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42005-024-01768-6 Article

Communications Physics |           (2024) 7:281 9


