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•   Describe the research frontier and importance of the scientific challenge. 

Studying charged-particle stopping in dense plasmas is relevant to fundamental plasma physics and to 
the potential realization of laboratory-scale thermonuclear fusion. Dense plasmas in the warm-dense 
matter (WDM) regime, approximately solid density and tens of eV temperature, are of great interest as a 
probe of stopping-power theories, with broader physics relevance to nonequilibrium statistical mechanics 
[1], dense plasma transport properties [2–4], and bound-free transitions in WDM plasmas [5]. Accurate 
theory for bound-free transitions is required to interpret data obtained with common laser-plasma 
diagnostics including Thomson scattering [6] and opacity-based areal density techniques [7].  

 
In inertial confinement fusion (ICF), spherical implosion heats and compresses a small volume of fuel 

to, in principle, spark a runaway thermonuclear burn wave [8–10]. This burn wave propagates via fusion-
produced energetic α particle self-heating. Understanding the transport of these α’s in plasmas at extreme 
conditions is required to accurately model ignition experiments at the National Ignition Facility (NIF) 
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[11], where significant α self-heating has recently been achieved [12]. Charged-particle transport in and 
heating of dense plasmas is also highly relevant to alternative particle-beam-driven inertial fusion designs 
such as heavy-ion fusion [13] and proton fast ignition [14,15].  

 
The stopping of energetic charged particles has been studied in cold (room-temperature) material for 

a century [16]; there, the energetic particle loses energy to bound electrons, for which theoretical models 
[17,18] are fit to a significant experimental database [19]. In a plasma, an energetic particle 
simultaneously interacts with a large number of particles via the Coulomb force, over a volume with 
dimensions given by the screening length (Debye- Hückel or Thomas-Fermi). Typically the stopping is 
treated as either a summation of two-body (binary) collisions [20–22], or a dielectric (density) response 
[22–25].  
 
•   Describe the approach to advancing the frontier and indicate if new research tools or capabilities 

are required.  
 

Prior work has measured charged-particle stopping powers in low-density plasmas at various 
conditions [26-31]. This work is a critical test of transport theories in ‘classical’ plasmas, but rigorous 
tests of stopping theory in dense plasma are needed. Experiments at Titan have probed relevant 
conditions, but with large uncertainties [32]. Recent experimental work on the OMEGA laser facility has 
obtained high-quality data for stopping power in the warm-dense-matter (WDM) regime for the first 
time[33]. In those experiments, x-ray isochoric heating was used to generate a Be plasma at Te = 32 eV 
and ne = 3 × 1023 1/cm3. Simultaneously, a thin-glass exploding-pusher implosion was used as a source of 
charged particles[27], in particular the 14.7 MeV protons from the D3He reaction. Example data for cold 
and heated Be subject targets are shown in Fig. 1, showing excellent data quality.  
 

These plasmas can be understood by the dimensionless parameters for degeneracy (θ) and coupling 
(Γe): 
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where θ is the ratio of the thermal to Fermi energy (EF), and Γe is the ratio of the electron interparticle 
Coulomb potential energy to average kinetic energy (kBTe+EF), where a=[3/(4πne)]1/3 is the Wigner-Seitz 
radius. At the OMEGA experimental conditions, θ ≈ 2 and Γe ≈ 0.3, indicating moderate degeneracy and 
coupling. The parameter space for the degeneracy and coupling versus electron density and temperature is 
shown in Fig. 2, with the OMEGA work and prior experiments marked.  
 

The fundamental challenge to advancing the frontier in this field is to develop platforms for both 
generating dense plasmas of interest, which are uniform and quiescent, and charged-particle sources for 
probing the plasma. We expect that engagement with the HED community, and use of several facilities, 
will lead to complementary platforms for probing this physics. At the OMEGA laser, experiments using 
radiatively-heated WDM[33] and implosions [31] have begun. These platforms can be used to probe 
additional materials and conditions. On the NIF, a team is developing platforms using shocked planar 
targets to create WDM plasmas at higher densities (more degenerate and strongly-coupled than OMEGA). 
A D3He proton source is also being developed[34]. Experimental platforms probing stopping power using 
fusion-generated particles to probe a high-ρR implosion[35], or using reaction-in-flight charged particles 
in a cryogenic layered implosion[36], are also being developed for OMEGA and the NIF. Finally, 
concepts for the Trident facility are being explored, which could use fully-ionized heavy-ion beams, 
generated with the short-pulse laser, to explore both stopping power and recombination rates in WDM 
plasma. This approach aims to use each facilities’ strength to explore various regions of the parameter 
space, for both target and projectile conditions. 
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•   Describe the impact of this research on plasma science and related disciplines and any potential for 
societal benefit. 

 
Energy transport in dense plasma is a fundamental challenge, both theoretically and experimentally. 

Modern high-energy-density plasma facilities provide a new opportunity for rigorous experimental 
validation of these theories. Charged-particle stopping is directly applicable to the transport of particles in 
these plasmas. More broadly, it provides a unique experimental test of general collisional transport, as 
these theoretical models are applicable to other critical quantities like the thermal and electrical 
conductivities in dense plasma. 
 

This research has a direct and immediate impact upon the present effort to achieve break-even inertial 
fusion implosions in the laboratory. In an inertially-confined plasma, the fusion alpha self-heating must 
overcome energy loss mechanisms to ‘bootstrap-heat’ the plasma. The heating rate depends on the 
transport of the DT fusion alpha particles, while the energy loss mechanisms depend on energy transport 
phenomena like the thermal conductivity and electron-ion equilibration rate. As igniting implosion 
designs depend implicitly on theories for these quantities, validating the theories is critical to increasing 
our confidence in the implosion designs. Alternatively, if the transport physics is different than expected, 
alternate implosion designs may be found with better performance than current experiments.  
 

These dense plasmas studied in this work are also relevant to the cosmos. With HEDP facilities we can 
study plasmas at conditions equivalent to stellar interiors, novae, or the universe during the big bang. 
Astrophysical understanding of these systems relies upon models of their interior behavior, which is not 
directly observable. By increasing our understanding of dense plasma physics, the communities’ 
confidence in these models will be likewise increased. 
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Fig 1: Parameter space, showing contours of constant degeneracy (θ, black) and coupling (Γe, magenta) 
as functions of electron density and temperature. Previous experiments[26–31] are shown in the blue 
points (blue shaded region for Ref. 31), and this work is shown by the red points. A typical range for 

WDM (ne = 1022 −1024 1/cm3, Te = 1−100 eV) is shown by the green shaded box, while typical 
parameters for the ICF hot spot (HS) and dense fuel (DF) are shown by green points.  

 

 
Fig 2: Proton spectral data from OMEGA for a heated (warm) Be target (shot 72018, red) and an 
undriven (cold) Be target (shot 72026, blue). For each shot, the proton source spectrum (black) is 

measured directly by 3 detectors.  
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