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ABSTRACT

The electronic structure and the energy spectra of multielectron atoms in laser plasmas are

examined by the Debye shielding model. The effect of the plasma environment on the

electrons bound in an atom is taken into account by introducing the screened Coulomb-type

potentials into the electronic Hamiltonian of an atom in place of the standard nuclear

attraction and electron repulsion potentials. The capabilities of this new Hamiltonian are

demonstrated for He and Li in laser plasmas.

1 Introduction

Recent advances in ultrahigh power laser light sources has enabled us to generate a new

type of plasma called laser plasma [1,2] in which the particle density could be as large as 1022

~ 1025 cm'3. It can be expected that the electronic structure of atoms in such an extremely

high-density plasma could be largely perturbed owing to the Coulomb interaction among the

charged particles in the plasma. Indeed, it has been reported recently that the emission lines

from several atomic species in laser plasmas exhibited substantial red shifts as large as 3.7 eV

[3,4].

One of the promising approaches to calculate electronic structure of atoms in such a high

density plasma may be to focus on a single atom inside the plasma and simulate the

surrounding plasma environment by introducing an effective interaction among charged

particles [5,6]. By introducing an effective potential into an ̂ -electron atomic Hamiltonian,

the electronic structure of an atom could be evaluated in a mean-field approximation. In the

present report, in order to derive the electronic structure of atoms in a laser plasma we
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introduce a new model Hamiltonian based on the Debye-Htlckel theory [5,7,8].

2 The Debye-shielding model

In the classical theory of plasmas developed by Debye and Hiickel, the interaction

potential between two charged particles in a plasma is expressed by a Yukawa-type potential

[5],

-exp(- / i | r f l - r j ) , (1)

where ra and rb represent the spatial coordinates of the particles A and B, and Za and

Zb denote their charges. By comparing Eq. (1) with a Coulombic potential, it is understood

that a plasma effect is incorporated into a shielding parameter /J describing the shape of the

long range potential. The shielding parameter // in the exponential decay factor is given as

(2)

as a function of the temperature T and the particle density n of the plasma. In typical laser

plasma conditions, T~ 1 keV and n ~ 1022 cm'3, the p parameter takes a value of the order of

10'1 in atomic unit.

By introducing the Yukawa-type nuclear attraction and electron repulsion potentials, the

electronic Hamiltonian for an ̂ -electron atom in a plasma is thus given in atomic unit as

H 1

r'~rj

expi- (3)

A standard quantum chemical program is modified so that it could treat the Yukawa-type

one-electron and two-electron potentials introduced in Eq. (3). The total electronic energy

and wavefunction of the system are calculated as the eigenvalue and eigenvector of the

configuration interaction (CI) matrix of the Hamiltonian (3). A full CI and a multi-reference

CI are adopted for He and Li, respectively.

88



A basis set needs to be designed carefully to describe a system in which the electrons are

bound by a non-Coulombic potential. In the present study a large spherical Gaussian basis

set consisting of s-, p-, and d-type functions is constructed using a universal basis set

approach [9]. The optimal basis set is optimized so that a convergence of the electronic

energies is achieved.

The total electronic energies of the low-lying states of He and Li are calculated in the

range of 0.0 < /J < 0.15. It is found in both cases of He and Li that the electronic energy

increases for all the electronic states as the // parameter increases, while the relative energy

measured from the electronic ground state decreases largely. This means that a substantial

red shift is expected for the transition peaks in the emission spectra of atoms in a plasma.

This interprets well the previous experimental reports on multiply charged atoms in laser

plasmas [3,4].
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