
 

Experiments shed light on pressure-driven
ionization in giant planets and stars
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Scientists have conducted laboratory experiments at the National Ignition
Facility at Lawrence Livermore National Laboratory that generated the extreme
compressions necessary for pressure-driven ionization. Credit: Greg
Stewart/SLAC National Accelerator Laboratory; inset by
Jan Vorberger/Helmholtz-Zentrum Dresden-Rossendorf

Scientists have conducted laboratory experiments at Lawrence
Livermore National Laboratory (LLNL) that provide new insights on the
complex process of pressure-driven ionization in giant planets and stars.
Their research, published today in Nature, unveils the material properties
and behavior of matter under extreme compression, offering important
implications for astrophysics and nuclear fusion research.
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"If you can recreate conditions that occur in a stellar object, then you
can actually find out what's going on inside of it," said collaborator
Siegfried Glenzer, director of the High Energy Density Division at the
Department of Energy's SLAC National Accelerator Laboratory. "It's
like putting a thermometer into the star and measuring how hot it is and
what these conditions do to the atoms inside the material. It can teach us
new ways to manipulate matter for fusion energy sources."

The international research team used the world's largest and most
energetic laser, the National Ignition Facility (NIF), to generate the 
extreme conditions necessary for pressure-driven ionization. By
employing 184 laser beams, the team heated the inside of a cavity,
converting the laser energy into X-rays that heated a 2 mm diameter
beryllium shell placed in the center. As the outside of the shell rapidly
expanded due to the heating, the inside accelerated inwards reaching
temperatures around two million kelvins and pressures up to three billion
atmospheres, creating a tiny piece of matter, as found in dwarf stars, for
a few nanoseconds in the laboratory.

  
 

2/5

https://phys.org/tags/extreme+conditions/
https://phys.org/tags/laser+beams/


 

  

Radiation hydrodynamic simulations. Results of one-dimensional radiation-
hydrodynamic simulations using the HYDRA code illustrating the implosion
dynamics of the beryllium shell. These simulations are tuned to reproduce the
observed timing of radiography experiment N160801-001-999. (a) Simulation
results for the evolution of the mass density and (b) a zoom-in for the behaviour
close to stagnation. Panels (c) and (d) show radial profiles of mass density and
temperature for different times near stagnation, respectively. Credit: Nature
(2023). DOI: 10.1038/s41586-023-05996-8
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The highly compressed beryllium sample, up to 30 times its ambient
solid density, was probed with X-rays to figure out its density,
temperature, and electron structure. The findings revealed that,
following strong heating and compression, at least three out of four
electrons in beryllium transitioned into conducting states. Additionally,
the study uncovered unexpectedly weak elastic scattering, indicating
reduced localization, or freeing up, of the remaining electron.

Matter in the interior of giant planets and some relatively cool stars is
highly compressed by the weight of the layers above. At such high
pressures, generated by high compression, the proximity of atomic
nuclei leads to interactions between electronic bound states of
neighboring ions and ultimately to their complete ionization. While
ionization in burning stars is primarily determined by temperature,
pressure-driven ionization dominates in cooler objects.

Despite its importance for the structure and evolution of celestial
objects, pressure ionization as a pathway to highly ionized matter is not
well understood theoretically. Moreover, the extreme states of matter
required are very difficult to create and study in the laboratory, said
LLNL physicist Tilo Döppner, who led the project.

"By recreating extreme conditions similar to those inside giant planets
and stars, we were able to observe changes in material properties and
electron structure that are not captured by current models," Döppner
said. "Our work opens new avenues for studying and modeling the
behavior of matter under extreme compression. The ionization in dense
plasmas is a key parameter as it affects the equation of state,
thermodynamic properties, and radiation transport through opacity."

The research also has significant implications for inertial confinement
fusion experiments at NIF, where X-ray absorption and compressibility
are key parameters for optimizing high performance fusion experiments.
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A comprehensive understanding of pressure- and temperature-driven 
ionization is essential for modeling compressed materials and ultimately
for developing an abundant, carbon-free energy source by means of laser-
driven nuclear fusion, Döppner said.

"The unique capabilities at the National Ignition Facility are unrivaled.
There is only one place on Earth where we can create the extreme
compressions of planetary cores and stellar interiors in the laboratory,
and study and observe them, and that's on the world's largest and most
energetic laser," said Bruce Remington, NIF Discovery Science program
leader. "Building on the foundation of previous research at NIF, this
work is expanding the frontiers of laboratory astrophysics."

  More information: T. Döppner et al, Observing the onset of pressure-
driven K-shell delocalization, Nature (2023). DOI:
10.1038/s41586-023-05996-8
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