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Abstract. We carried out experimental and theoretical investigation of the response of a
complex molecule, &, to intense x-ray photon beam from a free-electron-laser. We show
good agreement between the modelling and the experiment. Our model, which can be scaled
well to larger systems, reveals femotosecond molecular dynamics details, at the level of atomic
resolution, which are inaccessible directly by our experiments. Our results illustrate the variety
of physical and chemical processes in the interaction between large molecules and intense x-
ray pulses, including photoelectric effect, secondary ionization, recombination and inter-atomic
Auger decays. The understanding of these processes has a broad impact on research that
implements intense x-ray pulses.

1. Introduction

The recent development of intense photon sources in the x-ray regime and femtosecond time scale,
allows the understanding of the fundamental response of atoms and molecules to these photon beams
underpining a broad range of research, that includes biology and chemical sciences [1]. While the
investigations of the behavior of atoms and small molecules exposed to the extreme condition set by
the intensity of free electron lasers (FELs) have just been launched, the exploration of larger
molecules is even more nascent due to the complexity of the molecular structures and the interaction
processes.

We carried out experimental and theoretical investigation on the photon interaction of a midsize
molecule, Go, using x-ray pulses from the Linac Coherenet Light Source (LCLS) FEL. The
experiment was performed at various photon beam parameters. Our theoretical model was validated
based on the good agreement between the experimental and the simulation results in terms of
molecular and atomic ion yields and fragment atomic kinetic energies. Our model presents various
dynamical molecular ionization processes that are absent in atomic scenario. It reveals with atomic
resolutions, the evolution of the molecular electronic and nuclear structure, i.e., the explosion of the
molecule, and the evolution of the ionization stages and internal potentials during and after the
photon-interaction. We show that the contribution of several effects, such as secondary ionization,
recombination and molecular chemical bonds, are very important in comparison to atomic scenario
and modeling with inclusion of selected molecular effects [2].
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The dominant ionization mechanism for atoms and molecules irradiated by intense x-ray photon
beams is sequential ionization - multiple sequential core-level ionization followed by subsequent
Auger decay, which has been observed in atoms [3] as well as in small molecules [4]. For a large
system such aseb, many electrons are generated via photoionization, Auger decays and secondary
ionization. Some of them leave the system, leading to a highly charged positive ion that may trap other
ejected electrons. Chemical bonds of various strength between carbon atoms also play a role in
determining the ionization and fragmentation pathways, adding complexity to the photon-interaction
dynamics and hence, adding difficulties in predicting the final outcomes. All these processes which
occur at femtosecond time scales contribute to the experimental observation, but, in the current
experiment, the detailed dynamical information is lost, because we used a single pulse and the pulse
duration is comparable to the time scale of the dynamical processes themselves. However, with a
model validated by direct comparison with experimental quantities, we are able to take snapshots of
the dynamics and therefore, gain insights into the evolution of the system, i.e. what the contribution of
the various processes is.

2. Experiment and theor etical model

The experiment was performed at the atomic, molecular and optical physics (AMO) hutch of the Linac
Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory using the High Field
Physics instrument [5]. The x-ray beam was focused to achieve a peak focal intensity—of 10
10* W/cn? and crossed a collimated molecular beamgfn@lecules from a resistively heated oven

at the focus. A magnetic bottle spectrometer was used for kinetic energy (KE) resolved ion time-of-
flight spectroscopy with high collection efficiency, even at several hundred eV ion KE.

In the last decade, several theoretical models have been developed to study the evolution of samples
irradiated by x-ray FEL pulses [6]. For simulation of large systems under these extreme conditions
which are likely to end up in highly excited states, fully quantum mechanical methods are numerically
not feasible today. In the current work, we developed a molecular dynamics (MD) model, where we
utilized the XMDYN [7] tool to model finite samples irradiated by high intensity x-ray pulses. In our
model, we used an atomistic description ef €ombined with a molecular dynamics treatment of the
real space dynamics. The electronic configurations of the individual atoms/ions were tracked and
utilized. Cross sections and rates for photoionization, fluorescent and Auger relaxation processes were
calculated by the XATOM toolkit [7] and the Monte Carlo algorithm was implemented to describe
these stochastic events. Within the model, electrons and ions are treated using classical mechanics. The
fullerene-specific classical Brenner force field accounted for the chemical bonds between atoms, and
the Coulomb forces for the interaction between the charged particles. The real-space evolution of the
system was obtained by numerically solving the Newton equations.

For a direct comparison of experiment and theory, the actual x-ray FEL pulse properties at the
interaction region must be known. Calibrations revealed that the x-ray FEL parameters can differ from
the nominal values provided by LCLS, e.g. the actual pulse duration is 50-60% of the nominal value
as also indicated by earlier work [3]. Our calibrations indicated that for the nominal pulse durations of
7, 20, 60, and 150 fs full width at half maximum recorded with the experimental data, actual pulse
durations of 4, 13, 30, and 90 fs respectively are more appropriate. We use throughout this paper the
‘actual’ calibrated pulse durations, and we refer to these as short (4 fs), intermediate (13, 30 fs), and
long pulses (90 fs).
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3. Results and discussion

3.1. Comparison between experimental results and simulations — validation of a model for
understanding the dynamics of large systems under extreme conditions

We measured both molecular ions of various charges and atomic ions from 1+ to up to 6+ as the
outcome of the ionization by the LCLS x-ray pulses at 485 eV and 600 eV. The atomic C ions are part
of the final products subsequent to the various molecular processes the effect of which was imprinted
in the ion yields and KE. The FEL beam has a spatially non-homogeneous intensity distribution.
According to modelling full atomic fragmentation happens at the highest intensities, while molecular
fragments originate from lower fluence regions. Therefore the atomic species are our main focus in the
comparison between the modeling and the experiment. We note, however, that low charge state atomic
ions, in particular €, are also formed at lower fluences. The atomic charge state distributions change
when varying the x-ray beam parameters, such as the pulse energy and the pulse duration. Figure 1
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Figure 2. (a) Experimental charge state distribu
Figure 1. (a) Experimental integral signals of atomic C ion fragments at various pulse ene
molecular peaks at two pulse duration. The pt and the same (long) pulse duration. Theotph
energy is 600 eV; the pulse energy is 0.61mJ. The Cenergy is 485 eV. (b) Calculated charge :
peak is out of scale in the currguitts. (b) Calculatior distribution. Figure imdapted from [8]. Experimen
using parameters that model best the measureme data were obtained by diaiesummation of the sign:
intermediate pulse duration. The figuredapted fror by x-ray shots of particular pulse energies as sl
[8]. in the legend. For each charge state, frarn left tc
right correspond to energies from low to high.
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shows experimental (upper panel) and simulated (bottom panel) yields of various molecular ions (and
atomic C ion) at two different pulse durations. Though there are similar trends in the experimental
and theoretical data, the appearing discrepancy indicates that there is still challenge for theory to
capture fragmentation dynamics in this region. On the other hand our model successfully reproduces
the observed atomic charge state distribution at various x-ray beam parameters, as seen in figure 2.
Figure 2 shows experimental results (upper panel) and simulation results (bottom panel) of atomic
carbon ion yields for all charge states at different pulse energies. The simulation of the pulse energy
dependence of the ion yields for various charge states matches qualitatively the experimental data.

We also compare the atomic ion KE from simulations to the experimental data. Figure 3 shows the
comparison between the model and experimental KE of atomic C ions generated at the high fluence
part of the x-ray pulse (except that @as produced at low fluence). Measured ion KE distributions
show good agreement with the calculations in both mean ion energy and RMS energy spread for short
and intermediate pulse durations at near constant x-ray fluence. Agreements between experiments and
the simulation in various aspects validate our MD model.
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Figure 3. Fragment ion kinetic energy versus charge state. Experimental data (wide rectangles) and c:
(narrow rectangles) are displayed for short and intermediate duration pulses. Mean ion kinetic enet
charge state is indicated by lines (expenthend circles (simulation) at the center of each rectangle,
RMS kinetic energy width is indicated by the height of each rectangle. Pulse energy in simulation i
compared to experimental data taken at 320 pJ (short pulses) and 300 pJ (intermediate pulsgsje The f
adapted from [2].

3.2. Evolution of expandings€&moleucule irridiated by intense x-ray pulses

With our MD model, we simulated the electronic and nuclear dynamic evolution of expanding C
molecules irradiated by LCLS, as shown in figure 4. Early in the x-ray laser pulse, due to
photoionization and Auger electron emission, high energy electrons appear that can escape, leaving
behind a highly chargeds&€ion accumulating Coulomb potential energy (figure 1(a}). Sfarts to

explode due to the increasing ion repulsion, and substantial atomic displacement (~10 A) occurs
within the first tens of femtoseconds (figure 4(b)(c)). As the ionic potential increases, later on during
the pulse, some of the photo- and Auger electrons, together with slow electrons generated via
secondary ionizations, are trapped by the increasing ionic potential, forming a nanoplasma
surrounding and penetrating the remnant of the buckyball, while electrons that could escape are
already at large distances (figure 4(c)). The electron nanoplasma expands with the carbon ions and a
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fraction of it evaporates within nanoseconds, while others recombine forming the final detectable ionic
charge states (figure 4(d)(e)).
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Figure 4. Simulated real space snapshots of the time evolution ef m@ecule irradiated at the center of
focus of the xay free electron laser pulse. Spatial distribution of carbon atoms (solid dark colar sphe
electrons (solid light color spheresje shown as a function of time at fine spatial scale (a, b) and ex
spatial scale (c, d, e). The centre of the pulse is att = 0 fs and the photon energy is 600 eV with &
duration and 0.6 mJ pulse energy. The figure is adapted from [8].

We tracked the time evolution of the average radiusspfa@d of the charge per C atom. Figure 5
shows the average radius of the system and the KE per atom as a function of time. At all pulse
fluences used in the simulations, within the first 100 femtoseconds, the fragment ions reach their
asymptotic velocity having converted most of the accumulated potential energy into kinetic energy. At
higher fluences, it takes less time to reach the asymptotic velocity.
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Figure 5. Calculated average molecular radiusda)l KE per atom (b) as a function of time at different |
fluences. The photon energy used is 485 eV and the pulse duration used is 90 fs (long pulses). The
expand from an initial average radius of 355 pm. Fluence above 3606 groduces full atomic fragmentatior
our calculations. Time zero corresponds to the center of the pulse. The figure is adapted from [2, 8].

3.3. Atomic vs molecular scenario — demonstrating molecular ionization mechanisms

To show the molecular effects that influence the properties of the atomic ions resultingsfrom C
ionization and fragmentation, we compare the theoretical results regarding atomic charge states using
the ionization of atomic C and the ionization ab.Grigure 6 shows the atomic ion yields obtained

from the ionization of atomic C and for moleculap Gsing the MD model. With the atomic model,

the ion yields present an alternation pattern in the intensities between odd and even charges states till
the Auger decay is not possible due to lack of valence electron at charge larger than 3. This is seen in
experiments with atoms [3] where interatomic Auger decay is absent and is resultant from the
photoionization and Auger event sequence that removes two electrons at a time. For molecules, this
pattern breaks down, since molecular ions can fragment following various fragmentation pathways
and interatomic Auger decay can occur as well. For example, dissociationfiandeads to 2 C

ions. According to the results of the molecular model, we see a monotonic decrease of ion yields for
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higher charge stages with the highest abundancé im Guge contrast with the result from the atomic
model.

As mentioned above, the discrepancy between the results from the atomic and molecular models is
partially due to electrons’ redistribution during dissociation and ending up in different atoms. There
are other mechanisms that are absent in atomic ionization that contribute to the final outcomes. Beside
the photoionization and Auger relaxation, secondary ionization and electron recombination events take
part in changing the charge states, as indicated in figure 7. We have calculated the number of
ionization events associated with various ionization mechanisms using an atomic and a molecular
model for long and short pulse durations (figure 7). In the case of a single C atom, since only
photoionization and Auger decay contribute to ionization, as seen in figure 7(a), the final charge
number equals to the total ionization event number. In the molecular model (figure 7(b)), a significant
number of secondary ionization events occur. This increase of ionization events by secondary
ionization is traded off to a certain degree by its resultant suppression of Auger decay, since the two
mechanisms both involve valence electrons and therefore compete with each other (in figure 7 the
overall suppression of Auger and photoionization events is seen for x-ray fluence over 1060 J cm
and can also be attributed to the deletion of core electrons by very intense x-ray pulses). As a result,
with a similar number of photonization events, the total number of ionization events remains similar in
both models. A dramatic deviation of the molecular model from the atomic one is that the final
average atomic ion charge is 1-2 charges less than the average number of ionization per atom,
indicating the occurrence of electron recombination that further suppresses ionization. For the short
pulse, photoionization is suppressed similarly in both models due to core-electron depletion. However,
in a molecule, with a short pulse a stronger attractive potential of the atomic ions can be built up that
enhances electron trapping, and thus enhances recombination. Consequently, application of short pulse
has a stronger effect in the suppression of ionization in molecules than in atoms, as indicated by the
larger difference in the final charge number at short and at long pulses in the molecular model
compared to the atomic model (figure 7). With all of the above, we conclude thadftiheChigh
charge suppression in the ion yields is due to electron trapping followed by recombination.
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Figure 6. Theoretical ion yields for a single carbon atom aeg Eor this calculation the pulse duration was 30

fs, and the pulse energy was 345 pJ. The volume integrated signals were calculated using pulse parameters from
the experiment. The huge discrepancy in theadd C* yields is a direct consequence of atomic Auger (that
produces € from a neutral atom) and molecular Auger effect (that produces thimi@s from neutral ones in

Ce0), respectively. The figure is adapted from [2].

3.4. Contributions of various molecular effects in the interactions@iEh intense x-rays
In addition to the various molecular dynamical processes that play distinct roles in the ionization
progression, there are other molecular effects that influence the ionization, such as chemical bonds.
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With our approach of adding and removing particular molecular effects in the model, we are able to
determine the relative contributions of each molecular component to the final ionic outcomes. Figure 8
shows the comparison of fractional ion yields from the experiment and from the modelling with
selected molecular effects included. The different degrees of discrepancy between the simulation at
various conditions and the experimental data show the importance of various molecular effects in the
photon interaction with . The comparison clearly shows that i) all molecular effects are needed for
the best agreement, ii) the failure of a model without any molecular effect, and iii) the importance of
secondary ionization even for a midsize molecule @s As seen in figure 8, the inclusion of the
secondary ionization leads to the most significant improvement of the model to match the
experimental data. Although secondary ionization has been previously reported in the case of very
large Xe VdW clusters [9] and solid aluminium [10] our investigation, to the best of our knowledge,
reveals for the first time significant collisional ionizatiaithin a single moleculexposed to intense
X-rays.

——ph, long pulse

----- ph, short pulse

au, long pulse
----- au, short pulse
si, long pulse

si, short pulse

all events, long pulse

----- all events, short pulse
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Figure 7. Comparison of atomic and molecular absorption versus volume integrated x-ray pulse peak fluence.
Number of ionization events and final charge states per atom for (a) single carbon agdatbdigy and short

pulse duration are shown as a function of fluence. Abbreviations: ph: photoionizations, au: Auger events, si:
secondary ionization events, all: the sum of all ionization eventg; fihal charge state, after recombinations in

the Go case. For the single carbon case there is no secondary ionization, and the “all’saridcti@ves
overlap. The figure is adapted from [2].

Intuitively, one would expect that completely neglecting molecular bonds will always result in
larger KEs, because we remove attractive binding energy from the system (iRotbas€ it is
approximately —430 eV). However, according to our model for the high fluence, long pulse cases,
neglecting the molecular bonds can in fact have the opposite effect, as shown in figure 9(a). Without
bonds the molecular ions can start expanding very early during the pulse with less chance to build up a
concentrated high charge and in this way resulting in reduced ion KE. However, under certain
conditions neglect of bonds can be reasonable. When the ionization is so fast the atoms have no
chance to move before the bonds are broken, as in the case of short pulse and high fluence, the
influence of the chemical bonds reduces. As shown in figure 9 for the 4 fs pulse duration case,
bondless modelling yields practically the same KEs and ion yields in this regime (short pulse and high
fluence), indicating that the simplification of neglecting chemical bonds in radiation damage
calculations is adequate for fast ionization by x-ray beam of very high intensity.
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Figure 8. Importance of molecular effects reflected by the discrepancy between ion yields from experiment and
from different modeling scenarios. Atomic ion yields were extracted using a model without any molecular
phenomena and with an increasing number of effects until reaching the final model. Data are for the intermediate
pulse duration case. Experimental data error bars are one standard deviation; modeling error bars are one
standard deviation using Poisson statistics. Tteyield is near the experimental detection limit (inset). The
figure is adapted from [2].
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Figure 9. Modelled kinetic energy and ion charge state of atomic fragments feggias@ function of fluence.

The difference (a) between average atomic kinetic energies obtained from the model without bonds and that
obtained from the full modeK(EpPondiess model. K Ffull modeh gre shown for two pulse durations. Atomic ion yields

(b) show agreement between the two models in the short pulse, high fluence case (in this example: photon
energy is 485 eV, pulse duration 4 fs, fluence is 550-3 cirhe figure is adapted from [2].

4. Conclusion

The photo-absorption of x-rays from an FEL by a strongly bonded molecule such displays

complex dynamics driven by various physical and chemical phenomena. With a model combining
classical MD and quantum methods, we are able to investigate molecular dynamical processes and the
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time evolution of the molecular system. Our model was validated by good agreement between the
experimental data and the simulation results. We find that various molecular mechanisms, such as
secondary ionization, electron recombination and chemical bonds, play significant roles in
determining the final products. The finding of these various contributions to the ionization dynamics
can be used to manipulate and control a molecular system by tuning appropriately the x-ray beam
parameters. Our model provides a tool to gain insight into molecular dynamics under extreme
conditions resultant from the interaction with intense FEL pulses and can be extended and used for
larger molecules such as bio-systems.
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