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�������� Intense laser induced plasma dynamics in sub-micron scale 
helium droplets are monitored by femtosecond time-resolved X-ray coherent 
diffractive imaging. Anisotropic surface softening and strongly anisotropic 
shrinking of the plasma core are observed. 
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Laser induced plasmas generated in sub-micron sized atomic clusters have long been used 

as finite, replenishing model systems to study the complex correlated electronic and nuclear 
dynamics of highly ionized systems. A simplified overview of the plasma evolution is 
generally described by a three-step model [1]. First, the atoms in the cluster are strong-field 
ionized during the leading edge of an intense laser pulse. This is followed by the formation 
of a nanoplasma due electrons being trapped in the collective Coulomb potential of the 
positive nuclei. Finally, the cluster expands via hydrodynamic expansion, Coulomb 
explosion, or a combination of both processes depending on the average mass and charge 
state of the cluster. A variety of spectroscopy and imaging experiments as well as simulations 
have confirmed fundamental aspects of this picture but also provided evidence for more 
complex dynamics, such as surface melting effects [2,3] and anisotropic ion and electron 
kinetic energy emissions [4-6], rather than uniform cluster expansion. A complete, real-time 
picture of the cluster dynamics upon nanoplasma formation is still outstanding. Here, we 
monitor the entire evolution of nanoplasmas form by exposing helium droplets to a strong 
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NIR laser field from the onset of anisotropic surface softening to the strongly anisotropic 
droplet disintegration. 
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Helium droplets with average diameters of ≈600 nm are generated by expansion of high 

pressures (20 bar) of He gas through a cold (4.7 K) 5 μm wide nozzle. In the interaction 
region, the droplet beam is intercepted by a femtosecond NIR laser beam (wavelength 
λ= 800 nm, pulse width τ ≈ 40 fs, focal size 2ω ≈ 75 μm) at intensities of ≈4x1015 W/cm2, 
leading to strong-field ionization of He atoms and subsequent nanoplasma formation and 
cluster disintegration. The dynamics are monitored by recording single-particle X-ray 
diffraction patterns, each generated by the interaction of a single LCLS X-ray pulse 
(λ= 2.07 nm, τ ≈ 100 fs, 2ω ≈ 5-10 μm) with a single ionized droplet at NIR-pump/X-ray-
probe delays between -20 and 100 ps. A single-shot NIR/X-ray cross-correlator is used to 
measure the relative pump-probe delay with a precision of ≈24 fs (FWHM). Small angle (37-
140 mrad) X-ray scattering patterns are detected using a two-panel pnCCD X-ray camera 
positioned perpendicular to the X-ray/NIR beams 360 mm downstream of the interaction 
region. Signals from scattered NIR light are suppressed by leaving large (28 mm) vertical 

Fig. 1. a) Representative X-ray diffraction patterns for three pump-probe time delays Δt at a 
constant NIR polarization (red arrows). b) Representative images (top) and orientation 
distribution (bottom) of elliptical diffraction patterns at a NIR-pump / X-ray-probe delay of 
2.1 ps. Patterns are recorded for NIR polarization angles of ±45° as indicated by the red double 
arrows. c) Artistic representations of droplets at various stages of the nanoplasma evolution 
show relative core sizes and aspect ratios to scale. The extent and anisotropy of the surface 
regions has been exaggerated for improved clarity. 
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gaps between the detector panels and the laser beam axis and by mounting 220 nm thick Al 
foils to the front of the panels. The polarization angle of the linearly polarized NIR light is 
controlled using a λ/2 waveplate. 

Representative single-shot diffraction patterns corresponding to a variety of time delays 
between the NIR pump pulse and the X-ray probe pulse are shown in Fig. 1a, in which a 
substantial change in the shape and ring spacing of the images as a function of time delay 
and, in particular, a strong correlation between the laser polarization axis and the pattern 
orientations are readily apparent. The CDI images can be fit to simulated X-ray diffraction 
patterns of biaxial spheroids from which we obtain the transient droplet sizes, surface widths 
and orientation angles. The droplets consistently exhibit shorter core radii (Fig. 1b) and larger 
surface widths parallel to the NIR polarization, up to their complete disintegration for Δt >20 
ps. 

Anisotropic surface softening is observed within tens of femtoseconds after exposure to 
the NIR pulse and continues over ≈300  fs, after which the anisotropic surface profile 
stabilizes with a ≈30% larger extension along the laser polarization axis compared to the 
perpendicular direction (not shown). The saturation of the surface width is contrasted by an 
increase in anisotropic material loss that is twice as pronounced along the laser polarization 
axis, resulting in significantly distorted plasma shapes with aspect ratios of ≈1.5 and beyond. 
Fig.1c shows an artistic representation of the nanoplasma evolution. 

The results are interpreted using a numerical simulation of the ejection dynamics of atoms 
from the plasma within an anisotropic nanoplasma evaporation model, supported by angle-
resolved ion kinetic energy distributions that are recorded in coincidence with the X-ray 
diffraction patterns. The simulation captures key aspects of the observed plasma shape 
evolution very well, in particular, the saturation of surface softening within hundreds of 
femtoseconds and the continued anisotropic melting of the core proceeding on picosecond 
timescales. This study provides a connection between these newly observed dynamics in 
large nanoplasmas approaching micron scales and previous studies [1-3] on much smaller 
systems. 
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