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ABSTRACT

Understanding the ultrafast dynamics of matter under extreme conditions is relevant for structural studies and
plasma physics with X-ray lasers. We used the pulses from free-electron lasers (FLASH in Hamburg and LCLS
in Stanford) to trigger X-ray induced explosions in atomic atoms (Xe) and molecular clusters (CH4 and CD4).
The explosion dynamics depends on cluster size and the intensity of the X-ray pulse, and a transition from
Coulomb explosion to hydrodynamic expansion is expected with increasing size and increasing pulse intensity.
In methane clusters experiments at FLASH, the time-of-flight spectrometry shows the appearance of molecular
adducts which are the result of molecular recombination between ions and molecules. The recombination depends
on the cluster size and the expansion mechanism and becomes significant in larger clusters. In Xenon cluster
experiments at the LCLS, measurements of the ion charge states in clusters suggest a formation of Xe nanoplasma
which expands hydrodynamically. The dominance of low charge states of Xe is due to three-body recombination
processes involving electron and Xe ions, and it depends on the X-ray intensity and nanoplasma formation.

Keywords: X-ray free electron lasers, atomic and molecular clusters, nanoplasma formation, non–local thermo-
dynamics equilibrium

1. INTRODUCTION

X-ray free-electron lasers (XFELs) have opened new and exciting branches of research in all natural sciences,
from physics to biology. The Free-electron LASer in Hamburg (FLASH)1 in Hamburg and the Linac Coherent
Light Source (LCLS)2 in Stanford offer an unprecedented insight into the interaction of extremely strong X-ray
fields with matter. Very intense and ultra-short X-ray pulses have been used to study ultrafast dynamics in a
variety of samples, ranging from free atoms,3 atomic clusters,4–7 solid targets,8–10 and biological structures.11–14

Atomic and molecular clusters are very versatile samples. Their size can be adjusted to bridge the gap between
molecular and bulk matter, and their atomic composition can be kept simple. Moreover, ionization pathways
can be determined in these systems as there is no hidden energy dissipation into the surrounding media. This
makes them ideal targets for investigations of ionization and ion acceleration dynamics when the sample reacts to
intense and short laser pulses. Understanding the ultrafast dynamics at high fields has important consequences
for the field of coherent diffractive imaging,15 as well as plasma physics and fusion.16,17
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the sample or propagate through it and cause further ionizations, in a process dependent on the electron energy
and the size of the sample.18 As the positive charge of the sample increases at later stages of the exposure, even
the fast electrons can be trapped due to the increased positive potential.19 At small sample sizes, the explosion is
dominated by the repulsion of positive ions left behind by the fast electrons. If most of the electrons are trapped,
due to a larger sample size or longer photon wavelength, then the Coulomb interaction is partially screened and
the explosion is slowed down. As a net neutral core is formed, the expansion is driven by thermal processes due
to the growing electron pressure20,21 and the sample is destroyed from the outside toward the center.22,23 Larger
samples are confined for longer than smaller samples. A transition from Coulomb explosion to a hydrodynamic
expansion is expected with increasing sample size.24

We have performed several experiments at FLASH and LCLS to characterize the fragmentation of clusters
with varying atomic composition, cluster size, laser wavelength, and pulse intensity. At FLASH, we have used
intense soft X-rays (92 eV energy) to trigger the explosions of CH4 and CD4 clusters.25 Our results showed
that the explosion dynamics depends on the clusters size and indicate a transition from Coulomb explosion to
a hydrodynamic expansion with increasing cluster size. At LCLS, we have have irradiated Xenon clusters with
femtosecond X-rays (850 eV energy).26 The results show the formation of Xenon nanoplasma in the intense
X-ray pulses, which expands through hydrodynamic expansion. In both cases, the sample fragmentation is
accompanied by recombination processes which provide a handle on the understanding of plasma formation and
expansion. These results on recombination and the insight on cluster fragmentation are reviewed below in more
detail, with emphasis on the plasma dynamics and recombination processes.

2. EXPERIMENTS

The experiments on molecular clusters were performed at the BL2 beamline at FLASH. Clusters of methane
(CH4) and fully deuterated methane (CD4) were produced by supersonic expansion of gas through a conical
nozzle and were then transported into the experimental interaction region where they were intersected by 15
fs long soft X-ray laser pulses. The laser wavelength was fixed to 13.5 nm wavelength which corresponds to a
photon energy of 92 eV. The focal spot diameter was measured to be 20 µm at FWHM, and the pulse energy
ranging from 10-70 µJ. The intensity of the laser is variable from shot-to-shot due to the stochastic nature of the
lasing process. These give an effective pulse intensity in the range of 1013 –1015 W/cm2 with a mean of 5×1014

W/cm2 (given a beamline transmission of about 64%).27

Depending on the temperature T and pressure p and the geometry of the source nozzle (the effective diameter
is denoted d) during cluster production, the mean number of molecules in a cluster 〈N〉 can be estimated by
employing Hagena’s empirical formula.28,29

Γ =
Kpd0.85

T 2.2875
, 〈N〉 =

{
38.4( Γ

1000 )1.64 350 < Γ < 1800 ,
33( Γ

1000 )2.35 1800 < Γ .

Γ is the Hagena parameter and K is a gas specific sublimation constant. For methane, this is taken to be
2360. Variations in the temperature of the nozzle (160 K < T < 200 K) and in the gas pressure (1.8 bar < p <
18 bar) can be used to control the cluster size. The obtained clusters could be varied in size from 1,000 molecule
up to 250,000 molecules per cluster. These sizes correspond to radii between 2.46 nm to 15.5 nm, considering
spherical clusters at liquid methane density.

The experimental interaction region is located between the plates of a time of flight (TOF) detector. Clusters
illuminated by the X-ray pulses will disintegrate into ionized fragments due to the high energy deposition of the
soft X-ray pulses. Positively charged ions are then accelerated by the positively charged repeller plate towards
a negatively charged multi-channel plate (MCP) detector located at the end of the TOF’s field-free drift tube
(Figure 1). They impact onto the MCP and their arrival times are recorded resulting in typical time of flight
spectra.

To study the effects of the size dependence in the methane clusters, we have analyzed the spectra produced
by the X-ray laser with an energy of 43±1µJ, corresponding to an intensity on the sample of 5×1014 W/cm2.
All spectra in this intensity bin have been averaged.

The cluster response to an intense X-ray field depends on the wavelength and intensity of the field, and on
the cluster size. For a fixed wavelength, the electrons ejected from atoms in photoionization process can escape
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Figure 1. Clusters are produced through supersonic expansion of gas and travel to the interaction region located between
the plates of an ion time of flight (TOF) spectrometer. After passing a skimmer which aims to reduce the background,
the clusters are exposed to femtosecond X-ray pulses (92 eV at FLASH and 850 eV at LCLS). With given voltages on the
TOF plates (V1, V2), positively charged ions are accelerated towards the field-free drift tube of the TOF spectrometer
and are detected by a multi-channel plate (MCP) detector.

The experiments on atomic clusters were conducted at the Atomic and Molecular Optical beamline (AMO)
at the LCLS. Clusters of xenon were produced similar to above, through a mechanism of super-sonic expansion
of Xe gas through a conical nozzle with 100 µm diameter and a 15◦ cone angle. A gas pressure of 8.2 bars at 300
K was expanded through the nozzle, and produced clusters with a statistical size distribution around the mean
cluster size of 〈N〉=11,000 atoms (approximately 5.5 nm radius). In the formula above, the K parameter for Xe
is taken to be 5550.

We studied explosions of the Xenon clusters with X-ray laser pulses of 850 eV photons (wavelength 1.45 nm)
and with a pulse length of 150 fs. The X-rays were focused to a spot of 2 µm2 area and had an average energy
of 1.1 mJ per laser pulse, with a maximum of 2 mJ. Using gas attenuators, we have controlled the intensity in
the interaction region over a range from 4× 1014 W/cm2 up to 6× 1016 W/cm2.

To study the ions generated by the interaction of the X-ray pulses and the clusters, we employed a McLaren-
type of TOF spectrometer and an MCP detector, similar to the one described above. The obtained spectra have
been averaged over several thousands of single-shot LCLS pulses, thereby effectively integrating over the cluster
sizes in the statistical distribution and, at fixed laser intensity, the range of intensities on the sample resulting
from the shape of the focus (assumed to be Gaussian).

3. RESULTS

A qualitative analysis of the mass spectra from the methane experiment at FLASH (Figure 2) reveals significant
features that show a size dependency in the fragmentation of the clusters. Shown in the figure are several
spectra of molecular and clustered methane molecules, selected for an average intensity of 5 × 1014 W/cm2.
The molecular spectrum exhibits a weak hydrogen (H+) signal at m/q=1 and includes peaks of single methane
fragments (CH+

n ), with no signs of higher molecular adducts. The insert shows a zoom into the m/q region
between 12 and 18, with an atomic signal for singly charged carbon C+ as well as peaks for CH+

n with n ranging
from 1 to 4. A small signal from background water in the experimental chamber can be seen at n=17-18, which
is also seen when the nozzle source is closed. There are no other signs of ions or fragments with higher m/q.
The spectrum for a cluster size of 〈N〉=20,000 molecules shows an increase in the overall ion yield, which keeps
growing with larger clusters, as seen for a cluster size of 〈N〉=100,000 molecules. With increasing cluster size,
the spectra show a further increase in the yield of single ion species H+ and C+.
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Figure 2. Mass over charge spectra from molecular methane and methane clusters of different sizes irradiated by a 15 fs
long FLASH pulse, energy 92 eV, with a fixed intensity of 5 × 1014W/cm2 . From top to bottom, the spectra for CH4

molecules, and average clusters sizes of 〈N〉=20,000 molecules and 〈N〉=100,000 molecules. The inset shows a zoom into
the region corresponding to CH+

n adducts from 12 to 18. The spectra show an overall increase of H+ and C+ ions and
the emergence of the CH+

5 and higher adducts in the region C2H
+
n in the cluster spectra, which reach a maximum yield

at 〈N〉=20,000. Figure adapted from.25

The most prominent feature of the methane spectra is the observation of the protonated methane CH+
5

30

and other additional adducts at higher m/q values C2H+
n , n=3..9. These are only observed in the spectra from

clusters and give the first indication of molecular recombination during cluster fragmentation. The signal from
these fragments grows with increasing cluster size from 1,000 to 20,000 molecules. At large cluster sizes, the
yield from these fragments decreases (100,000 shown in Figure 2) and provide the first indication that molecular
recombination is a size-dependent effect and that different expansion mechanisms could dominate at different
cluster sizes (Coulomb explosion vs. hydrodynamic expansion).

The same observations were made in the experiments on deuterated methane CD4,25 which exhibit the same
overall increase of the total ion yield and the D+ and C+ ions with increasing cluster size. We have observed the
appearance of similar molecular adducts CD+

5 and C2D+
n , which show the same behavior with increasing cluster

size (yield reaches a maximum for cluster sizes of 20,000 molecules).

We have simulated the interaction of methane clusters with the FLASH pulse using a non – local thermody-
namic equilibrium plasma code called Cretin.31,32 This code follows the ion population dynamics and plasma
dynamics during and after the pulse, and takes into account radiation transfer, thermal conduction, and electron
impact ionization. It also includes electron-ion thermalization and electron-ion recombination. The simulations
show that after thermalization, the electron temperature reaches 4 eV and there is an average ionization of 0.5
per carbon atom, for FLASH parameters 5×1014 W/cm2, 15 fs pulses, 92 eV photons. The plasma environment
is confined for a longer time with increasing sample size. Simulations on the hydrodynamic expansion of such
plasma show a burning rate of 0.01 nm/fs, a rate which is consistent with the previous experimental observations
at FLASH on nanosized polystyrene spheres.33 A simulation of the expansion dynamics is shown in Figure 3,
which follows the density of the plasma as it expands. The interior of the sample is kept together for a longer
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Figure 3. Simulation of a hydrodynamic expansion in a large methane cluster using a non – local thermodynamic equi-
librium plasma code, CRETIN. The experimental parameters at FLASH are used: 15 fs soft X-ray pulses, 92 eV energy,
5× 1014 W/cm2 intensity. The density of the cluster is shown during a 1 ps simulation and the outer layers of the cluster
burn off in a pressure-driven expansion and the sample reduces its size by 10 nm in 1 ps. This indicates that large clusters
will take longer to expand and additional recombination processes can take place.

time, and this allows additional process to take place on longer time scales.

Although Cretin cannot account for bond formation and molecular recombinations which take place on
longer time scales, we propose that the formation of the molecular adducts CH+

5 and C2H+
n proceeds through

molecular recombination between the ions and molecules trapped in the core. The decrease in the yield of such
adducts with increasing cluster size is connected to the lifetime of the cluster, which is longer for larger clusters.
This increases the probability for collisional processes to take place and more decay channels, like dissociation
or neutralization, will become accessible.

The experimental results from the xenon experiments at the LCLS (Figure 4) show similar features of recom-
bination process in a plasma environment compared to the FLASH experiment. The atomic spectrum displayed
at the top shows the ion charge-state spectra for Xenon atoms irradiated with a high intensity laser 5.6 × 1016

W/cm2, 850 eV photon energy and 150 long pulses. High charge states of xenon up to Xe+26 dominate the
atomic spectrum, while low charge states are almost completely absent. This feature is easily explained by the
sequential ionization of the Xe atoms due to the high x-ray fluence, which can ionize the Xe ions all the way
up to Xe+26 (reaching Xe+27 requires an ionization of 1440 eV). The notable low signal at low charge states,
Xe+,Xe+2, Xe+3 is believed to be due to the Auger relaxation processes that follow the initial photoionization,
and results in the emission of 3 or 4 additional electrons.

The dominant signal in the spectra for xenon clusters (Figure 4 bottom) comes from low ionization charge
states of xenon, from Xe+ to Xe+6 (approximately 80% of the entire yield). Figure 4 shows the spectra for
cluster of fixed size (〈N〉=11,000 atoms) with varying LCLS pulse intensities spanning 2 orders of magnitude
between 5.6 × 1014 W/cm2 and 4.5 × 1016 W/cm2. The abundance of low charge states at all these intensities
can be understood from the formation of a Xe nanoplasma in the illuminated cluster which allows for three-body
recombination during the hydrodynamic expansion of the plasma.

In the clusters, the photoionization and subsequent secondary ionization processes are still the main mecha-
nisms for X-ray absorption and ionization. This is seen in the case of the the highest intensity 4.5× 1016 W/cm2

when charge states of xenon up to Xe+26, similar to the atomic case, are obtained in a cluster environment. In
the clusters, however, the photoelectrons and the Auger-electrons are trapped and will proceed to thermalize
and heat the cluster. The outer layer is expelled rapidly in a Coulomb explosion, while the inner cluster core
expands hydrodynamically on a longer time scale, allowing ion-electron recombination processes to take place.
Measurements of the kinetic energy of Xe ions and electrons fit well with simulations of a hydrodynamic expan-
sion of a plasma with an electron temperature of 125 eV, assuming an average ionization state of +5 per Xenon
atom.26
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Figure 4. Time of flight spectra from Xenon atoms (top) and xenon clusters with a fixed size 〈N〉=11,000 (bottom),
irradiated with single pulses at the LCLS. Pulse length 150 fs, photon energy 850 eV, varying pulse intensities. High
charge states of xenon dominate the atomic spectrum reaching ionizations up to Xe+26. No Xe+ is visible in the atomic
spectrum, and appears only in the cluster spectra. Higher charge states are obtained in clusters at higher intensities.
Figure adapted from.26

Calculations with a simple rate-equation model,34 which compute the charge states from the photoioniza-
tion cross sections and Auger-emissions, collisional ionization and three-body recombination (between two low
energetic electrons and one ion), describe quite well the observed charge states in the experiment.26 At the
same time, our simulations with the non – local thermodynamics plasma code also agree with the experimental
findings, predicting an electron temperature of 160 eV (following a Maxwellian distribution) for the case of the
highest intensity 5.6 × 1016 W/cm2 and electron densities above 1023 cm−3 in the plasma core. This supports
further the proposed mechanism of three body recombination in the plasma environment following illumination.

4. SUMMARY

We have observed the explosion of large methane and xenon clusters irradiated by intense laser pulses in several
experiments at FLASH (92 eV) and LCLS (850 eV). Fragmentation of these clusters proceeds by ejecting the
outer charge layers, which is then followed by a hydrodynamic expansion driven by electron pressure. Such an
environment facilitates recombination and leads to the production of molecular adducts or ion charge states which
are not observed outside the cluster environment: CH5 molecules and higher adducts occur through molecular
recombination and dominant Xe+ charge states are the result of three-body recombination. These processes are
dependent on the life-time of the expanding plasma core.
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