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

The theoretical description and computer modeling of atomic processes giving rise to radiative 
emission is essential for the development of a basic understanding of the dynamics of energetic electron 
and ion beam interactions and of astrophysical and laboratory plasmas. For extreme non-equilibrium 
plasma conditions, particular interest has been concentrated on the effects of directed electron and ion 
collisions and of anisotropic electric and magnetic field distribution. In the kinetic-theory description, it is 
necessary to systematically treat excitation, de-excitation, ionization, and recombination in electron and 
ion encounters with partially ionized atomic systems, including the indirect contributions from processes 
involving autoionizing resonances. These elementary collisional and electromagnetic processes provide 
the basic mechanisms for particle and photon transport mechanisms in the radiation-hydrodynamics 
description of plasmas. From the spectral perspective, the analysis of atomic radiative emission can reveal 
detailed information on the physical properties in the plasma environment, such as non-equilibrium 
electron and charge-state distributions as well as electric and magnetic field distributions.  
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•   Describe the approach to advancing the frontier and indicate if new research tools or capabilities 
are required.  

 
We emphasize the need for the development of a reduced-density-matrix formulation to provide a 

fundamental microscopic description of atomic electromagnetic processes in the presence of 
environmental (collisional and radiative) relaxation and decoherence interactions. The central objective is 
a description of atomic electromagnetic processes, in which both bound-state and autoionization-
resonance phenomena can be treated on an equal footing. The time-domain (equation-of-motion) and 
frequency-domain (resolvent-operator) formulations of the reduced-density-matrix approach must be 
developed in a unified and self-consistent manner. This is necessary for the ultimate goal of a systematic 
and self-consistent treatment of non-equilibrium (possibly coherent) atomic-state kinetics and high-
resolution (possibly overlapping) spectral-line shapes. We are lead to propose the introduction of a 
generalized collisional-radiative atomic-state kinetics model based on the reduced-density-matrix 
formulation. It will be emphasized that the full atomic data needs for the precise computer modeling of 
extreme non-equilibrium plasma environments extend beyond the conventional radiative-transition-
probability and collisional-cross-section data sets. The implementation of this generalized collisional-
radiative model in radiation-hydrodynamics codes, together with the vastly increased data requirements, 
presents a significant challenge in the realistic computer modeling of complex plasma behavior. 
 
 
 
•   Describe the impact of this research on plasma science and related disciplines and any potential for 

societal benefit. 
 

The investigation of atomic radiative processes in plasmas has important applications to the 
fundamental understanding of astrophysical phenomena and to controlled fusion research, both by 
magnetic confinement and by inertial confinement devices. In addition, atomic processes can play and 
important role in the diagnostics and dynamics of electron and ion beam interactions.  
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