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Introduction

WDM regime covers the condensed matter regime categorized by a wide range of electron
temperatures, 1-100 eV, and pressures from ambient to many Mbar, covering ionized fluids
at the confluence of condensed matter physics, plasma physics and dense liquids [1].
Currently, most of laser-generated plasmas go through WDM state at some point. Hence,
experimental measurements and numerical simulation data provide a useful tool to
distinguish between stopping power models of the WDM, which are highly uncertain [2].
However, precise measurements of plasma conditions and energy loss in WDM are still hard
to achieve. In this work, calculations performed with the hydrodynamic code MULTI-fs [3]
and with our stopping power model, as well as other models, will be carried out in a simulated
experiment. The hydrodynamic simulation results are used to calculate the stopping power

of the WDM electrons by means of theoretical models.

Hydrodynamic simulations
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simulated experiment. Simulation setup Figure 1: Electron temperature as a function of depth at

different expansion times.

parameters apply for the two main actors
involved in the experiment: laser and target specifications. Simulation results are presented
in this section, more precisely. Electron temperature, mass density, ionization degree,
coupling and reduced temperature curves are shown. In Fig. 1 electron temperature vs plasma
areal density curves are represented. It is evidenced that the later the time is selected, the

lower the electron temperature is, as the target begins to cool down with time. Greater
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temperatures occur at the left part of the target as it is the zone where the laser hits, producing

steep gradients at early times.

Stopping power model

This section describes the stopping power model used in this work. The stopping power
calculations are based on the plasma parameters previously simulated and, they are necessary
for the estimation of the projectile energy loss in the plasma. The total stopping power of

partially ionized matter can be estimated from the contributions of free and bound electrons

[4, 5].
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where Z,, is the effective charge state of the projectile [6, 7, 8], q is the plasma ionization, v,
is the projectile velocity, n; is the ion density of the plasma and L., L. are the free and bound
stopping numbers respectively. The free electron density can be calculated as ng= n; q. The

free electronic contribution is calculated by the dielectric formalism [9, 10].

Bound electrons

For a wide range of conditions, including WDM, the plasma is not fully ionized and bound
electrons need to be considered for stopping power calculations. Only few models include
bound electron contribution explicitly, our present model and other previous simple models.
Our present model SLPA [11] relies on two assumptions. The first one is the shellwise
consideration, which describes the stopping power of projectiles within each n/ sub-shell of
target bound electrons independently, where » and / are the principal and azimuthal quantum
numbers, respectively. The second assumption, LPA, extends the dielectric formalism to deal
with atomic bound electrons as a free-electron gas of local density. The electron density of
the shell, pui(r), and the binding energy are the only inputs for SLPA. For atoms, they can be
obtained from the Hartree-Fock wave functions. The combination of both assumptions is
what is called SLPA.

Fig. 2 shows the bound electron stopping power contribution of these models for a carbon
plasma at T =20 eV and ionization q = 2.31. SRIM [12] results for the solid case (T =0, q =
0) is also plotted for comparison. The LSS in Mehlhorn model diverges very quickly for light
projectiles and target atoms and is valid only in an approximate range of proton energy Ep <

0.03 MeV. To avoid this divergence, a cutoff has been imposed producing the sharp peak in
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the union with the Bethe stopping. While the agreement at high energies is fairly good, at
low energies, there are severe discrepancies between these models. This regime is still not
completely understood, and the variety of considerations made in this region result in large
discrepancies observed between models. Different approximations of the ionization potential
would have only a small effect on the stopping power. As the SLPA model is the most
complete model for the treatment of bound electrons stooping among those here considered,

it will be used for the total stopping power and energy loss calculations in next section.

Energy loss results

Usually, the experiments give energy loss data more than stopping power values, then it is
interesting to calculate the energy loss from the last stopping power models. It is not trivial
as the WDM changes its density, temperature, and ionization with time. Then, the energy
loss will be calculated for each instant of time in Fig. 3. In this figure, the solid case is a case
with constant conditions that serves as a reference. In the case of WDM, the free and bound
results are time varying due to the time evolution of the target conditions. We will use only
our present stopping model and the T-Matrix model for the energy loss calculations, though
the same procedure can be done for the other stopping models.

For the WDM case, the energy loss is clearly higher than that for the solid case, this effect is
known as enhanced stopping power. Notice that the energy loss grows with time in WDM.
At early times, both temperature and ionization present high values. Despite the high
ionization, the high temperatures cause a significant reduction of the free contribution to the
stopping power [13]. As the plasma begins to expand, temperature and ionization decrease.
This lower temperature makes the free electron contribution be higher, despite the
diminishing of the ionization. As ionization diminishes slowly with time, the bound
contribution increases slowly too. Then, the main reason for the overall increase of the total

energy loss is the effect of lower temperatures in the free electron stopping power, see Fig.3.

Conclusions

As can be seen from the stopping graph Fig. 2 it is needed an experiment with energies closer
to the Bragg peak to establish a clear distinction between WDM models. With the present
models a total energy loss of up to a 100% above the solid case has been estimated for carbon

WDM at initial proton energy of 0.1 MeV, as it is shown in Fig. 3.
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Figure 3 Energy loss of protons when passing

Figure 2: Comparison of bound electron stopping power
through carbon WDM described in Fig. 1.

models for a carbon WDM

It must be emphasized that in this work, the stopping power has been calculated with much
more precision than in any previous works thanks to the detailed results from the
hydrodynamic code for each instant of time and position. This work could be used in a future
to design an experiment to distinguish definitively between different possible theoretical

models of the stopping power of WDM at Bragg peak projectile energies.
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