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X-Ray Spectral Imaging Probes
How Sun-Like Plasma Blocks

Light

Temporal measurements in conditions similar to those in the Sun rebut a

leading hypothesis for why models and experiments disagree on how

much light iron absorbs.

By Eyal Kroupp and Tal Queller

nderstanding how light interacts with matter inside

stars is crucial for predicting stars’ evolution, structure,

and energy output. A key factor in this process is
opacity—the degree to which a material absorbs radiation.
Recent experimental findings have challenged long-standing
models, showing that iron, a major contributor to stellar
opacity, absorbs more light than expected. This discrepancy
has profound implications for our understanding of the Sun and
of other stars. Over the past two decades, three groundbreaking
studies [1-3] have taken major steps toward resolving this
mystery, using advanced laboratory experiments to measure
iron’s opacity under extreme conditions similar to those of the
Sun’s interior. However, the discrepancy remained, with
researchers hypothesizing that it came from systematic errors
from temporal gradients in plasma properties. Now Guillaume
Loisel, James Bailey, and their colleagues at Sandia National
Laboratories in New Mexico present the first temporal evolution
measurements of iron’s opacity using a novel fast-time-resolved
x-ray detector [4]. The measurements show that temporal
gradients do not resolve the model-data discrepancy. Instead,
the researchers argue, the models themselves require revision.

The structure and evolution of a star depends on how the
nuclear energy that is generated in the star’s center gets
transported to the star’s surface. Photons are a primary
energy-transfer mechanism, and the opacity of a material
characterizes how transparent it is to photons. How these
photons are absorbed by the stellar material is strongly
influenced by atomic transitions involving bound-bound and

bound-free electron transitions—and atoms with more bound
electrons tend to be more absorbent. Thus, a star’s opacity
depends on its heavy-element abundance.

The heavy elementiron is particularly important for
astrophysical opacity, even though the fractional-mass content
of iron in stellar plasmas is only about 107° [5]. Iron retains its
bound electrons at the extreme temperatures of stellar
interiors, and thus researchers think its contribution to the
overall opacity is critical in resolving the discrepancy between
solar models and helioseismology data [6]. The agreement
could be mostly restored if the opacity contributed by some
heavy elements, like iron, was larger than predicted by opacity
models.

For stellar interiors, the disagreement between opacity models
and experiments started with a 2015 study that provided the
first direct experimental evidence that iron’s opacity at stellar
conditions is up to 400% higher than theoretical models predict
[2]. To determine whether the discrepancy was unique to iron,
the same researchers extended their opacity measurements to
chromium and nickel, similarly heavy elements [3]. The findings
made clear that atomic physics inside stars is rich: Some
discrepancies between model and data persisted across all
three elements, some were unique to chromium and iron, and
some appeared only in iron.

The new work by Loisel, Bailey, and colleagues introduces a
new technique to the problem [4]. Experiments at the Z Pulsed
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Figure 1: With a surface temperature of 5800 K, the Sun should
normally emit no x rays and so should look completely dark on an
x-ray image. While large portions are indeed dark, small, very
bright regions are also quite conspicuous. X-ray bright regions
indicate heating to temperatures in excess of 2 million degrees
kelvin. At the bottom of the image, absorption spectra of a
stellar-like plasma targeted with an x-ray pulse vary significantly
over a few-nanosecond period, indicating the material’s varying
opacity to photons over time.

Credit: (top) UCAR/Data courtesy Yohkoh Science Team; (bottom)
G. P. Loisel et al. [4]; adapted by APS/A. Stonebraker

Power facility (or “Z machine”) at Sandia National Laboratories
infer opacity by heating a thin sample with an x-ray source. The
spectrally resolved transmission is measured with
spectrometers that view the x-ray source through the iron
sample. X-ray spectrometers, coupled to state-of-the-art fast
X-ray cameras, are used to measure the temperature and
density changes in a plasma as a function of time.

The measured plasma conditions, measured x-ray time history,
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and modeled opacities together showed that temporal
gradients do not resolve the model-data discrepancy. This
finding reenforces the idea that opacity models themselves,
rather than measurement techniques, need refinement. Atomic
physics models thus need to be refined to account for the
missing opacity.

These findings have far-reaching implications for astrophysics.
Ifiron’s opacity is indeed higher than expected, then opacities
used in stellar models need revision. This change could affect
our understanding of the Sun’s energy-transport processes and
the lifetime of stars. The elemental composition and opacities
of the Sun are often assumed for other cosmic plasmas.
Consequently, revisions in these properties of hot, dense matter
could have profound implications for astrophysics. Further
experiments are needed to confirm these results under an even
wider range of conditions and to identify the difference
between iron and other elements for which the models hold.
Other high-energy-density physics facilities, such as those that
employ laser-driven experiments, could provide this
independent verification. Ultimately, such studies will bring us
closer to solving a long-standing mystery in stellar physics,
improving our ability to model not only the Sun but also stars
across the Universe.
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