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The investigation of Warm Dense Matter (WDM) is one of the grand challenges of contemporary
physics [1, 2]. WDM is a plasma state characterized by moderate-to-strong inter-particle coupling
which takes place at free electron temperatures of several eV and free electron densities around
solid density [1]. It is present in many physical environments, such as planetary interiors [3],
gravitationally collapsing protostellar disks, laser matter interaction and particularly during the
implosion of an inertial confinement fusion capsule [4].
We investigate ultrafast (fs) electron dynamics in a liquid hydrogen sample, isochorically and volu-
metrically heated to a moderately coupled plasma state using 91.8 eV FLASH radiation [5]. During
the ∼40 fs heating process, a fraction of the radiation is Thomson scattered. The scattered radia-
tion is recorded spectrally using a specially designed spectrograph [6]. The spectral structure is
dominated by two inelastically scattered peaks, the plasmons, from collective Thomson scatter-
ing. From their photon energy shift with respect to the incident radiation we can determine the
plasma free electron density. The free electron temperature can be inferred from the intensity ratio
of the two peaks via detailed balance. To determine these plasma parameters we fit the recorded
spectrum with simulations (fig. 1) and obtain a free electron temperature and density of 13 eV and
2.8× 1020 cm−3, respectively. Furthermore, the measurements show that the hydrogen plasma has
been driven to a non-thermal state with an ion temperature below 0.1 eV [5].
We have simulated [5, 7] the evolution of the electron kinetic energy distribution during and after
the FEL irradiation and have compare these density and temperature trajectories with our measure-
ments (fig. 2). In the simulation we can study the influence of different cross sections for impact
ionization, which is the dominant mechanism on this time scale. We used the National Institute of
Standards and Technology database for molecular hydrogen bases on the Binary Encounter Bethe
(BEB) model as well as a classical expression based on free electron collisions. The models de-
viate up to a factor of four in the relevant electron energy range. Simulations with the classical
model yield results which match our measurement significantly better than BEB (fig. 2). A pos-
sible interpretation is that the atomic structure (as treated in BEB) does not play a significant role
in the context of dense plasmas where, due to screening and correlation effects, high lying atomic
states are removed and the electron interaction is more properly described with a classical ionic
background.
This is an important step towards the investigation of strongly coupled plasmas which are within
reach of current and future light sources such as LCLS and the European XFEL.
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Figure 1: Experimental spectrum integrated over 4500 pulses (red circles) and the best fit of a calculated
spectrum with ne = 2.8 × 1020 cm−3 and Te = 13 eV (solid blue line). Comparison to fits with variation
in density (left graph), 5.6 × 1020 cm−3 (dashed green) and 1.4 × 1020 cm−3 (dash-dotted brown), and in
temperature (right graph), 20 eV (dash-dotted brown) and 5 eV (dashed green), are shown.
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Figure 2: Measurements (colored circles) compared to the simulated evolution of the target’s free electron
density and temperature using different impact ionization cross sections: classical electron-electron collisons
(solid red, 15µJ) and the BEB model (15µJ dashed blue, 60µJ dotted green). The pulse energy in the
experiment was 15µJ. The FEL full width half maximum duration is indicated in gray scale.
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