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Free-electron lasers like FLASH have triggered a wide range of experiments for studying  many-
particle dynamics, electronic properties [1] as well as structure growth [2] in clusters. In particular, 
owing to their finite, easily scalable size and their simple electronic structure rare-gas clusters serve 
as ideal prototypical models and provide the link between atomic and bulk systems. FEL excitation 
can  transform the  clusters  into  a  short-lived  dense  nanoplasma.  Therefore  studies  on  rare-gas 
clusters  contribute  substantially  to  our  understanding  of  the  physical  processes  to  reveal  the 
response of matter under extreme irradiation conditions. By measuring expelled electrons, ions and 
scattered  photons  in  addition  to  using  a  pump-probe  scheme  [3]  the  processes  proceeding  on 
different time scales are accessible.

 Figure 1: Streaked kinetic energy spectra of 2p electrons from Ne atoms.

In our  most  recent  beamtime  at  FLASH we have  applied  the  THz  field  driven  streak  camera 
approach introduced in [4] in order to access the time scales for frustration of direct photoemission 
and for emission of secondary nanoplasma electrons. Therefore we have used 92 eV FEL pulses and 
radiation from the THz-undulator at BL3. By varying the time delay between soft-X-ray and THz 
pulses series of photoelectron spectra (streaking spectrograms) have been obtained. Figure 1 shows 
a  streaking  spectrogram obtained  in  atomic  gas  target.  From these  spectra  a  ~125  fs  FWHM 
duration of the FEL pulse and a linear frequency chirp of ~8 meV/fs (i.e. linear evolution of carrier 
frequency) has been determined using the approach described in [4]. At present we are analyzing 
spectra  obtained upon ionization  of  Xe clusters  to  reconstruct  the  temporal  distribution  of  the 
electron photoemission. In particular, we are looking for the possible relative delays in the electron 
photoemission of different paths of electron kinetic energy spectra and how these delays depend on 
the cluster size. 

Within a tandem set-up a second experiment has been located upstream to the streaking experiment, 
in  order  to  study  the  morphology  of  single  nano-particles  in  dependence  on  their  chemical 
composition and the development of their structure during cluster growth. Therefore, we applied 
coincident  ion time-of-flight  spectroscopy and coherent  diffractive imaging technique on single 
particles. The scattering patterns reveal the size, structure and optical properties of the clusters [1] 



while ion spectra give information about the development of ionization and relaxation. The power 
of this approach has recently been demonstrated at LCLS [5] where unexpectedly high charge-states 
in  large clusters  indicating  for  less  efficient  recombination  at  high X-ray intensities  have been 
observed. 

In the present experiment rare-gas, water and metal clusters were studied as target objects. While 
rare-gas and water clusters were produced in supersonic expansion technique, the metal clusters 
were generated in a magnetron sputtering source [6]. Three scattering patterns from single clusters 
of xenon, water and silver are shown in Figure 2 (a, b,c), respectively. The geometric configuration 
and cluster morphology depends strongly on the cluster size and the cluster constituents. As xenon 
and argon clusters freeze early in the growth process they often exhibit a hailstone like shape. This 
is  also  indicative  for  an  important  role  of  coagulation  in  cluster  formation.  Water  clusters  in 
contrast show mostly concentric ring patterns resulting from spherical liquid droplets. First images 
obtained  from  silver  clusters  exhibit  four-,  five-  and  sixfold  symmetry  arising  from  different 
orientations of the icosahedral, truncated octahedral and decahedral shaped clusters with respect to 
the FEL beam.

 Figure 1: Scattering pattern of a single xenon (a) , water (b) and silver cluster (c).

To summarise, in the recent experimental run we have addressed the questions how the electronic 
structure of nano-samples is changing during the interaction with the intense soft-X-ray pulse and 
studied the morphology of single particle in dependence of its chemical composition. The tandem 
configuration  has  allowed  most  effective  use  of  the  beamtime.  The  results  contribute  to  our 
understanding of dynamics of matter under intense irradiation conditions as well as to the nano-
structure growth processes and will help to develop strategies to control radiation damage in the 
imaging experiments.
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