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Experimental studies of charged-particle stopping in weakly to moderately coupled plasmas

Over the last few decades, charged-particle stopping in weakly to strongly coupled plasmas has been
the subject of extensive analytical and numerical studies [1-13]. Although numerous efforts have been
made to theoretically describe the behavior of charged-particle stopping in ICF-relevant plasmas, no
rigorous experimental validation of these theories and models exists. Our recent experimental work,
described below, makes possible the first quantitative experimental assessment of the characteristics
of charged-particle stopping in WDM, with T" of ~30%, and around the Bragg peak in weakly
coupled plasmas (I'~0.1-5%).

Experimental studies of ion stopping in plasmas can focus on measurements of dE/dx of ions in
partially ionized Warm Dense Matter and dE/dx of charged fusion products leaving ICF implosions to
characterize ion stopping around the Bragg peak. Resulting data would be used to validate and
differentiate various plasma-stopping-power theories, which will be very important both for ICF
and for basic science. In particular, arriving at an understanding of alpha-particle stopping near the
Bragg peak in dense and degenerate plasmas is crucial for ICF hot-spot ignition [3], where the range of
DT-o must be matched to the hot-spot pR for efficient bootstrap heating.

a) Research using the Warm Dense Matter (WDM) platform

MIT has developed a platform at OMEGA for studying charged-particle stopping power in WDM
plasmas (see Fig. 1). As charged-particle stopping in partially ionized and microscopically
inhomogeneous WDM plasmas is very challenging to describe theoretically [2], this type of platform is
ideal for validating various plasma stopping-power formalisms. Using this platform, we have conducted
preliminary measurements of charged-particle stopping in WDM plasmas. As shown schematically in
Fig. 1, 30 OMEGA beams illuminated the outside of a Ag-coated cylinder. This generated Ag L-shell
emission that radiatively heated an inner cylinder of Be to WDM conditions — solid density and tens of
eV in temperature (I'~30%) [14]. A D°He-gas-filled exploding pusher was used as a charged-particle
source [15], and the produced D*He-protons were observed to exhibit different stopping in the warm
(heated) and cold beryllium cases. This platform can be used for the following research.

1. Studying dE/dx in partially ionized plasmas: Most theories of charged-particle stopping in partially
ionized plasmas treat the free-electron and bound-electron contributions separately. In our first set of
stopping power studies of partially ionized WDM, Be?* was used. The two remaining bound electrons
significantly contributed to the total stopping power (~1/3 of the total), making this measurement a
sensitive probe of partial-ionization effects. We would take our studies of charged-particle stopping in
partially ionized WDM to the next level by changing the material in the target to alter the bound electron
configuration. Li and C will be used as target materials, since the former will have a mixture of H-like
and He-like states at achievable temperatures, and the latter will have primarily He-like ions at a higher
nuclear charge than Be. These data will be the best available for understanding charged-particle stopping
in partially-ionized material. To diagnose plasma conditions in these experiments, x-ray Thomson
scattering and x-ray absorption spectroscopy of a dopant would be used.

2. Studying dE/dx with degenerate electrons: The WDM dE/dx platform will be modified to probe the
physics of degenerate electron stopping, which is essential for understanding alpha transport in degenerate
cold fuel. The effect of density (degeneracy) can be directly probed by using pure C cylinders of varying
density but constant pL. Low-density foams of C (~50mg/cc), graphite (~2.1g/cc), and possibly diamond
(~3.5g/cc) will be used as target materials. The Fermi pressure, proportional to n*3, would change by a
factor of 2.3 between graphite and diamond. Once again, X-ray Thomson scattering or absorption
spectroscopy will be used to measure the electron temperature, with the platform designed for uniform
temperature and varying density.

3. Studying dE/dx with slow test particles: Using low-density foams to generate WDM with a T" of about
10% will allow the use of lower-energy test particles. In particular, we would use DD-tritons, D*He-




alphas, and DD-protons to probe the stopping power in WDM for test-particle velocities down to vi~2vy, .
Plasma stopping power in this regime where the test particle velocity is comparable to the thermal
electron velocity is critical to hot-spot ignition designs. By using slower test particles, the shape of the
stopping-power curve closer to the Bragg peak will be studied. This experiment will be analogous to the
proposed stopping power studies using the ICF implosions discussed in the next section.

b) Research using the ICF implosion platform

Plasma-stopping-power experiments were conducted at OMEGA using an ICF-implosion
platform [16]. In these experiments, the energy loss of four charged fusion products were used to
study the characteristics of charged-particle stopping around the Bragg peak for weakly-coupled
plasmas with a I" in the range of 0.1-5%. The reactions we studied are

D+D — t(1.01MeV) +p (3.02MeV) (1)
D + He — *He (3.71MeV) + p (14.63MeV). 2)

Measured energy loss of these four charged particles is illustrated in Fig. 2 for a low-temperature
implosion and for a high-temperature implosion, both generating a similar pR. As shown, the DD-tritons,
DD-protons and D*He-alphas display significantly larger energy loss in the low-temperature case than in
the high-temperature case. This is caused by the fact that v; (the ion velocity) ~ vy, (the electron thermal
velocity) for the DD-tritons, D*He-alphas and DD-protons, which thus probe the Bragg peak in the low-
temperature case, while v; << vy, in the high-temperature case. The D®He-protons, on the other hand,
exhibit a similar energy loss in these two cases, which is explained by their higher velocity. A
parameterization of the classical stopping power [11] and Brown-Preston-Singleton (BPS) [5] formalism was
used to model the energy-loss data. The solid (dashed) curves are the BPS (MD) modeled fits to the data.
These curves were obtained by integrating the plasma-stopping power functions over an assumed T, and
pR, which were adjusted until best fits to the data were obtained. The plasma conditions inferred from the
fits are shown in each figure, clearly indicating that the plasma-stopping-power function depends strongly
on T;, Te and pR (or ny). It is also clear from these data that the ions and electrons have not equilibrated
during burn and that T, and T; are quite different.

In those experiments, T, and n, could not be measured. In proposed experiments, T(r,t), ne(r,t) and
also pR will be measured accurately at various plasma conditions using x-ray techniques [12] and
spectrometry of secondary neutrons [17] to fully constrain and differentiate the various plasma stopping
power theories.

Comprehensive charged-particle stopping data around the Bragg peak (vi~Vvy,) will be obtained using
the ICF implosion platform and used to validate and differentiate various plasma-stopping-power theories
that have been central to the discussion in the literature [1-13]. To achieve this, implosions of thin glass-
capsules (~3um thick) filled with argon-doped DHe gas will be used to generate weakly-coupled plasmas
with a T in the range of 0.1-1%, at which the various plasma-stopping-power theories differ
substantially around the Bragg peak. Spatially and temporally resolved x-ray spectroscopy of the argon
emission [18-19] and secondary neutron measurements will be used to determine T¢(r,t), ne(r,t) and fuel
pR, which will fully constrain the electron component of the plasma-stopping-power modeling.

We will also explore charged-particle stopping power for progressively higher T" values (1% — 5%).
Implosions of 4-7 um thick CH- and glass-capsules filled with D*He gas are planned to be used. The
measurements require the Multiple Nuclear Burn History Diagnostic currently being developed by MIT,
and also the complete set of charged-particle spectrometers routinely used at OMEGA. Te(r,t), ne(r,t) and
pR of the fuel will be measured once again using spatially and temporally resolved x-ray spectroscopy of
the argon emission from the fuel and spectrometry of secondary neutrons . X-ray absorption spectroscopy
of a titanium dopant in the CH shell will also be made to diagnose the electron density and temperature in
the remaining shell [20].
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FIG. 1. Experimental geometry for the
charged-particle dE/dx measurements in
WDM that were made at OMEGA with a
plasma-coupling parameter of around
30%. Future experiments will explore
alternative materials such as Li, LiH, and
C in the place of Be in this configuration.
This would also require alternative x-ray
sources such as Al, Si, or Ti in place of
Ag.
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FIG. 2. Measured and modeled charged-
particle stopping (-4Ei/Z? versus Ei/A;) for
(a) a low-T; experiment, and (b) a high-T;
experiment (similar pR). The solid (dashed)
curve represents the BPS (MD) stopping-
power modeling. In future experiments,
Te(r,t) and ng(r,t) and pR will be measured
accurately at various plasma conditions to
fully constrain and differentiate the various
plasma stopping power formalisms. From
left to right, the four data points are for 1-
MeV t, 3.7-MeV a, 3-MeV p, and 15-MeV

p.




