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Introduction


A detailed knowledge of electronic states in atoms, molecules, nano-particles and bulk matter is essential for modern technological applications.   On a much more fundamental level of knowledge, the nature of particles and fields reveals itself on the interactions between radiation and matter.   These obvious facts underline the effort to develop light sources of suitable properties.


The FLASH VUV free-electron-laser (FEL) presently available at Deutschen Elektronen Synchrotron DESY (Hamburg, Germany) is a unique facility providing soft X-ray photons in short pulses of extremely high peak power.   This laser works on the principle of Self-Amplified Spontaneous Emission (SASE) [1] and needs no mirrors, opening the way to similar sources capable of operation in the hard X-ray spectral range.


Following our studies of rare gas clusters in the FLASH FEL at (FEL=95 nm [2], we now report on recent results obtained at (FEL=32 nm.


It is confirmed that energy absorption by clusters is much more efficient in the VUV spectral range than in the visible or infrared.   Upon illumination with a single FEL pulse of peak power density up to 3x1013 W/cm2, the clusters break apart, producing fragments with a high degree of ionization  (Xe8+ [2] and Ar4+ [3] at (FEL=95 nm; Ar3+ at (FEL=32 nm).   By way of comparison, in the pioneer experiments made with IR light pulses, fragmentation of Xe clusters was reported [4] to happen at peak power densities 1016 W/cm2, almost three orders of magnitude higher than in our experiments.   This means that energy absorption leading to fragmentation of clusters is much more efficient in the VUV than in the IR spectral range.

We recorded high quality photo-electron spectra.   Both photo-electron and ion+ spectra show that, at high peak power density, the fragments have a wide distribution of kinetic energies, suggesting a complex dynamics for the fragmentation process.   Fluorescence seems to help the relaxation of the highly excited clusters.

We also show that it is possible to record, with high signal to noise ratio, small angle soft X-ray scattering patterns (SAXS) from a single FEL pulse by very large clusters.   This establishes the possibility in principle, of individual molecule imaging with a single pulse, because the imaging data are created long before the fragmentation sets in.

Experimental

The FEL operating parameters are given in Table I.   In short, the source operated at (FEL=32 nm with ((/((0.005, providing a maximum peak power density of 3x1013 W/cm2 in a spot with about 50 (m diameter.   Pulse length was 25 fsec, in pulse trains with a programmable number of pulses, at a repetition rate of 10 Hz.   We used only one pulse per train.     It is inherent in the SASE process that the time profile and peak intensity vary from pulse to pulse.   The interaction of each FEL pulse with our sample is treated as a complete experiment, where we record the incident pulse energy as given by several independent monitors, and the output of our TOF spectrometers or image detector.

The sample is a pulsed jet of rare gas clusters prepared using standard techniques [5].  Such cluster sources produce a log-normal distribution of cluster sizes with a most probable number N of atoms per cluster and a width ((0.5.   The number N depends only on a so-called condensation parameter     (* = (k p d0.85 T-2.2875)    [6],  where k is a constant characteristic of each rare gas, p is the stagnation pressure, d is the effective nozzle diameter and T is the temperature.  For Ar, at p=5 bar, d=100 (m, T=300 K we get N=103.   For the largest Ar clusters, we used p=5 bar, a conical nozzle with  d ( 2 mm, T=100 K. 

It was estimated that in the intersection between cluster beam and focused light beam (“interaction volume”), in the case of very large Ar clusters (cluster radius ≈ 30 nm), we might have about 100 clusters contributing to the recorded signal.

Base pressure in the experimental chamber was 1x10-8 mbar and residual gases were only H and H2O.

Positive ions or photo-electrons were collected by a TOF spectrometer, whose axis was orthogonal to the FEL polarization.    The detector was a bi-polar commercial device (MCP electron multiplier followed by fluorescent screen and photo-multiplier tube optimized for fast operation).   The analog output from this detector, and also from monitors of incident pulse energy, were digitized at a typical rate of 2 GHz by either a LeCroy sampling oscilloscope or an Acqiris sampling system, and stored on disk for off-line analysis.

For the SAXS experiments, the image detector was a large channel plate (75 mm diameter) followed by a fluorescent screen, both in UHV, plus a CCD camera installed on the outside of a vacuum view-port to record the visible light image produced by the fluorescent screen. High voltage electrodes were placed close to the interaction volume in order to prevent ions and electrons from reaching the channel plate.

Data analysis of the TOF output consisted of sorting the single FEL pulse experiments recorded with the Acqiris system into bins covering a narrow incident energy range, and then averaging the data in each bin.   This is necessary because many effects are deemed to result from non-linear processes.   However, we also used some data recorded by the LeCroy; post-processing and transfer rate are severely limited, but acquisition is straightforward and it possible to visualize the recorded signals during data gathering.

We emphasize that the SAXS data shown in this report were obtained with a single FEL pulse.     A more extensive discussion of the SAXS data, including the shot-to-shot variation of the scattering signal is still under way.   At this point, we can however observe that since the process involved in the SAXS phenomenon is linear, and since the scattered light signal is found to be way above the noise level, we expect only very small shot-to-shot variation in the angular profiles obtained from FEL pulses of comparable total energy.

Results and Discussion
Figure 1 shows a TOF spectrum of Argon clusters (N(1000) at high peak power density.   It was checked independently that our cluster source did in fact deliver clusters of the expected size, and that at high incident peak power none survived and no large fragments remained either.   The spectrum shows some residual dimers, trimers and tetramers, but more interesting are the multiply ionized atoms Ar++ and Ar+++, appearing with amplitude larger than any polyatomic fragments.   At lower incident intensity, we see no Ar+++, very little Ar++ and lots of singly ionized polyatomic fragments with many atoms.

A more detailed analysis shows that at highest incident intensity the fragments have a broad distribution of kinetic energy.

Energy absorption by the clusters is found to be more efficient in the VUV than in the visible or infrared spectral ranges.   However, we observed a significant reduction in efficiency for energy absorption on going from (FEL=95 nm [2, 3]  to (FEL=32 nm.   A detailed model for the process is still evolving, but we note that calculated single-atom photo-absorption cross-sections themselves already depend strongly on photon frequency (and on the nature of the calculation).   For instance, the software XOP 2.0 [7] gives (Ar((=95 nm) = 60 Mbarn, (Ar((=32 nm) = 3.3 Mbarn  [8]; (Xe((=95 nm) = 50 Mbarn, (Xe((=32 nm) = 2.5 Mbarn  [9].   Reference [9] also comments on the influence of the state of aggregation.   It is observed that, generally speaking, it is only at photon energies higher than 50 eV (hence higher than the photon energies we have used so far) that the cross-sections can be expected to be atom-like.   This notwithstanding, we have shown experimentally [3] that for Argon clusters illuminated with the strongest FEL pulses at (FEL=95 nm, electronic valence states play a negligible role.

The current model for the dynamics of radiant energy absorption by the cluster with subsequent explosion is as follows:

(1)  Inner ionization: most Ar atoms are singly ionized by 1-photon absorption.   Notice that since the Argon ionization potential is IPAr=15.76 eV, single photo-ionization is allowed in the presence of photons with ((FEL=38 eV  ((FEL=32 nm).

(2)  Electron heating: the quasi-free electron cloud in the cluster gains energy from the radiant field by Inverse Brehmsstrahlung (IBS) in the presence of the Ar+ ions [10,11,12].   The electron energy-gain rate in IBS is ( ((8/3 and is expected to be less at (=32 nm than at (=95 nm.    Heating by IBS is much less efficient at 32 nm, and in fact deemed to be of minor importance compared to 95 nm.  

(3)  Outer ionization: electrons with kinetic energy up to 22.2 eV, the limit given by the ionization potential of Ar, escape, leaving behind a positively charged Ar core.   This would indicate an electron dynamics somewhat different from that observed at 95 nm [13].

(4)  Expansion and fragmentation of the core.

The time scale for each of these steps is the subject of several recent theoretical simulations [14, 15], but our SAXS results (see below) prove experimentally that fragmentation starts only after the FEL pulse itself is gone.

Figure 2a shows the e-TOF distribution (dN/dt) of photo-electrons coming out from Ar clusters at high incident FEL intensity.   We see two peaks.   The one at shorter flight time is attributed to scattered light reaching the MCP detector.   Its tail is consistent with long lived fluorescent decay of the highly excited cluster.   The leading edge position of the larger, delayed peak is consistent with the expected flight time for electrons with a kinetic energy  E = ((FEL(IPAr = 22.2 eV.   There is also a low energy tail, with fine structure that depends on the incident intensity and cluster size.   A preliminary interpretation of this fine structure relates it to the emission of successive photo-electrons, leaving behind a positive core whose attractive Coulomb field is growing as more electrons leave the excited cluster.

Figure 2b shows the kinetic energy distribution (dN/dE) for the relevant subset of the same data.   As opposed to our previous data [13] gathered at (FEL=95 nm, the spectra at (FEL=32 nm are quite free of background and noise.   On comparison with figures 1 and 2 of Ref [13], we notice that the high energy tail attributed to “hot” electrons produced in the thermalization process is now absent.

The open squares in Figure 3 show experimental points for SAXS ((FEL=32 nm) produced by large Argon clusters (N=3x106 Ar atoms, cluster radius Rmp=32 nm, as given by the condensation parameter (*).   The detection system is shown in Figure 4.   The angular range ((60o) is limited by the size of the MCP available. We have no data in the ((10o) range because the MCP had a central hole designed to prevent saturation of the detector due to the direct incoming photon beam.   The solid line is a theoretical fitting to the angular pattern expected for an ensemble of homogeneous spheres following a log-normal distribution with Rmp=32 nm and (=0.7.   Regarding the theory used for the fitting, let us observe that scattering from a homogeneous sphere is exactly described by Mie theory [16], but its results depend on unwieldy sums of spherical Bessel functions; also, this theory is not easily extended to other shapes of the scattering body.   Guinier has given an approximate scalar theory [17] applicable to homogeneous bodies of any shape.   In protein crystallography work, a general scalar theory [18] applicable to arbitrary collections of point scatterers is frequently invoked.   We have checked that for homogeneous spheres all three approaches give the same angular pattern.   We have therefore used the Guinier scalar approximation because it is the simplest.

The agreement between theory and experiment is very good, and indicates that (i) SAXS with the hard X-ray photons expected to be available from FEL´s in the near future provides a direct measurement of nano-particle size;  (ii) in spite of their very weak van der Waals binding, the highly excited clusters stay “whole” during the duration of the FEL pulse, and, most important, (iii) imaging of single molecules using a single laser shot seems feasible, in so far as the intensity of the scattered light from a single FEL pulse is found to be above noise level and the experimental hardware/software has been shown to accept the extremely high data rates required.

On the other hand, although our images are from single laser shots, they are not from single particles.   Rather, these patterns are averages from about 100 approximately spherical nanoparticles within a lognormal size distribution, with random shapes and orientations, simultaneously present in the focal region of the FEL light beam.

We should also observe that SAXS from an ensemble of identical but randomly oriented particles is not very sensitive to particle shape and gives no information on atomic arrangement or nuclear excursions on a scale finer than (FEL.

In order to fulfill the ambitious goal [19] of structural determination for single nanoparticles it would seem that: (i) shorter wavelengths and higher light intensities are needed; (ii) a single fresh copy from a large store of identical nanoparticles must be delivered to the focal region for each FEL shot.  


Perspectives for future work

Let us mention on-going extensions of the work described above, related to the technologically important effort of structural determination of single nanoparticles [19].

The presence of a small amount of 3rd harmonic in the output of the FEL allows us to contemplate “two-color pump&probe” experiments designed to elucidate the evolution in time of the excited clusters.   Considerable effort has already been dedicated to the specification of suitable optical components for this experiment [20,21,22].


Theoretical modeling of atom/cluster dynamics under fsec soft X-ray illumination is under way; we used Boltzmann´s coupled equations to describe the evolution of electron and positive ions in an excited cluster [15], and solved numerically the complete Schrödinger equation for (very small) atoms under soft X-ray intense pulses [23]. 


Conclusion and acknowledgements


The soft X-ray output of the FLASH FEL at DESY ((FEL=32 nm, peak power densities of up to 3x1013 W/cm2) was successfully used to perform photo-fragmentation, photo-electron spectroscopy and SAXS on Argon clusters from a variety of sizes.

The clusters undergo Coulomb explosion at VUV light intensities several orders of magnitude smaller than reported for excitation with IR lasers; fragments with high kinetic energy and high degree of ionization are observed, further indications of very efficient energy absorption in the soft X-ray spectral range.

The Argon photo-electron spectra at (FEL=32 nm differ from the spectra previously recorded at (FEL=95 nm [13].   In addition to much better signal to noise (attributable to substantial improvement on the experimental conditions) the spectra seem to indicate distinct dynamics of the excited clusters at these two wavelengths.

SAXS patterns recorded from large Argon clusters using a single FEL shot could be fitted to available theories, leading to estimates of cluster size in excellent agreement with the classical Hagena´s cluster size scaling laws [6].   This shows that the clusters undergo negligible expansion during the time (about 25 fsec) the FEL pulse lasts.
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Table I – Description of the light beam at the sample

Wavelength





(FEL

32
nm

Typical energy per FEL pulse


EFEL

10
(J

Typical FEL pulse length



(FEL

25
fsec

Typical peak power




PFEL

0.4
GW

Number of pulses in train



Ntrain

(7200

Spacing in train




(ttrain

110
nsec

Maximum train repetition rate


ftrain

10
Hz

Diameter of focal spot



(focus

50
(m

Maximum peak power density in focal plane
Ifocus

3x1013 
W/cm2
Figure captions

Figure 1 – Time of flight distribution (dN/dt)  for  positive  fragments  of  Argon  clusters (5 bar, room temperature) at high peak power density.

Figure 2a – Time of flight distribution (dN/dt)  for  photo-electrons  from  Argon clusters (10 bar, room temperature) at high peak power density.

Figure 2b – Kinetic energy distribution (dN/dE)  for photo-electrons from Argon clusters (10 bar, room temperature) at high peak power density,  derived from Figure 2a.

We used  E(½me(L/t)2,   Ethreshold(½me(L/tthreshold)2= ((FEL(IPAr=22.2 eV.   L is the length of the e- -TOF drift tube.  t=traw-t0, where traw is the raw time in the horizontal scale of Figure 2a, tthreshold=t1-t0, and t1 t0 are the time positions of the leading edge for the “delayed” and “prompt” peaks respectively in Figure 2a.   Then one finds dN/dE ( t3 dN/dt.

Figure 3 – SAXS angular profile; Argon clusters with nominal radius Rcluster=32 nm (as given by Hagena´s scaling law [6]) illuminated with FEL light at (=32 nm.

Figure 4 – Apparatus used in recording the SAXS images.

