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ilar to the solar convection base. The measured frequency-resolved iron opacity, published in the journal
Nature [7], was discovered to be 30–400% higher than the detailed opacity model predictions. If correct, the
higher-than-predicted measured opacity accounts for approximately one half the opacity increase needed to
resolve the solar opacity problem. Perhaps more importantly, the model-data discrepancy implies that we
must revise our understanding for the behavior of atoms in HED plasma. Our current goal is understanding
and resolving this discrepancy. More broadly, our ability to make absolute predictions for stellar ages and
abundances is not founded on experimental confirmation. The impact of our work goes beyond the sun,
since understanding all main sequence stars—most of the stars in the sky—depends critically on the same
opacities. This motivates extending the present work to additional elements and to the extreme conditions
corresponding to deep inside stellar interiors.

2.2.1 Scientific Motivation

Stellar models use opacity, equation of state, nuclear reaction rates, and elemental abundances as in-
put to calculate quantities such as the internal spatial density and temperature profiles, the convection zone
boundary (CZB) location, the neutrino emission, the radius, and luminosity. A schematic diagram of the
solar interior is shown in Fig. 2a and a plot of solar model predictions [8] for the temperature and density
profiles is shown in Fig. 2b. Our sun is the best studied star, and it provides the most detailed observational
constraints on stellar models. In particular, helioseismic observations provide remarkably precise informa-
tion, including the sound speed profile, surface helium abundance, and CZB location. In the 1990s, solar
models [9, 10] using the best available solar abundance estimates and opacities achieved excellent agree-
ment with essentially all solar observations. Refined abundance estimates were published beginning in 1999
[11] that significantly reduced the abundance of several mid-Z elements, spoiling the agreement that had
previously existed. Model predictions of the density profile now differ by approximately 15% from values
inferred from helioseismology [12, 13]. In addition, predictions for the location of the boundary between the
radiation and convection zones differ by 10–30� from the helioseismology value [12–16]. It was quickly
recognized that the previous agreement could be mostly restored if the true opacity were arbitrarily assumed
to be larger than model predictions. This situation is known as the “Solar problem”.

Fig. 2.— Cut-away diagram of the solar interior (a). Tem-
perature and density profiles in the sun (b), as calculated in
Bahcall et al. [8]. The boundary between the radiation and
convection zones is indicated.

Iron was selected for initial Z exper-
iments because it’s relatively large number
of bound electrons make the opacity more
complex, and therefore more uncertain. In
addition, iron remains an important opacity
source even at the higher temperatures that ex-
ist closer to the stellar core. It is impractical
to perform experiments at the entire range of
Te/ne values and for all the elements that are
important for the stellar interior. Instead, ac-
curate opacities must rely on experiments to
test the physics that are the foundation for opacity models: charge state distribution, whether term struc-
ture and fine structure need to be included, the range of principal quantum numbers considered, the extent
transitions can be bundled in unresolved transition arrays, multiply-excited states, inclusion of the multi-
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