
Physics Letters A 338 (2005) 338–344

www.elsevier.com/locate/pla

Wannier threshold law for two-electron escape in dense
high-temperature plasmas

Myoung-Jae Leea, Young-Dae Jungb,∗

a Department of Physics, Hanyang University, Seoul 133-791, South Korea
b Department of Applied Physics, Hanyang University, Ansan, Kyunggi-Do 426-791, South Korea

Received 29 December 2004; received in revised form 1 February 2005; accepted 21 February 2005

Available online 11 March 2005

Communicated by F. Porcelli

Abstract

The quantum-mechanical and plasma screening effects on the Wannier ionization threshold law for the two-electron escape
into the continuum is investigated in dense high-temperature plasmas. An effective pseudopotential model is applied to describe
particle interactions in dense high-temperature plasmas. The screened renormalized electron charge is obtained as a function of
the thermal de Broglie wavelength, Debye length, and charge of the residual ion. The screened threshold exponent of the double
ionization cross section is also obtained by using the effective screened chargeZeff. It is found that the quantum-mechanical
effect increases the renormalized electron charge, especially, in the short distance region. It is also found that the screened
Wannier exponent increases due to the quantum-mechanical effect, especially, when the de Broglie wavelength is comparable
to the Bohr radius. In dense high-temperature plasmas, the quantum-mechanical effect is found to be more significant than the
plasma screening effect.
 2005 Elsevier B.V. All rights reserved.

PACS: 52.20.-j

The atomic ionization process[1–7] is a subject of a special attention in many areas of physics such as as-
trophysics, atomic physics, chemical physics, and plasma physics since this process is extremely sensitive to the
details of atomic structure and the correlation effects between atomic electrons. Especially, the double ionization
process[8–10] has received considerable attention in order to investigate the long range electron–electron cor-
relation since the universal threshold law[11] for the two-electron escape was obtained by using the classical
treatments. Recently, atomic processes in plasmas[12,13]have been of great interest since collision and radiation
processes are known to be quite useful for plasma diagnostics. The plasmas described by the Debye–Hückel model
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are called ideal plasmas since the average energy of interaction between particles is small compared to the average
kinetic energy of a particle[14]. Recently, the importance of study of various properties of dense plasmas such
the interiors of the astrophysical compact objects has considerably increased. This is a result of common interest
in investigations of astrophysical plasmas such as the interiors of the compact objects such as white dwarfs and
neutron stars, which are the products of the final stages of stellar evolution. The density of charged particles in
such astrophysical compact objects is about 1019–1026 cm−3 and the temperature is about 105–107 K. It is quite
obvious that the properties of matter existing under such dense plasmas differ radically from the properties of a
classical plasma. In dense high-temperature plasmas, the interaction potential is known to be different from the
Debye–Hückel type because of strong collective effects and quantum-mechanical effects of diffraction and sym-
metry on a level with plasma polarization effects[15–17]. Then, the two-electron escape into the continuum in
dense high-temperature plasmas is different from that in a classical plasma. Thus, in this Letter we investigate
quantum-mechanical and plasma screening effects on the Wannier ionization threshold law for the double electron
escape into the continuum in dense high-temperature plasmas by using the classical treatments with the screened
effective charge since the theoretical atomic spectroscopy is essential in the study of plasma parameters. An ef-
fective pseudopotential model taking into account both quantum-mechanical effects and plasma screening effects
is applied to describe the electron–electron and electron–residual-ion interaction potentials in semiclassical dense
high-temperature plasmas. The screened renormalized electron charge due to the quantum-mechanical and plasma
screening effects is obtained as a function of the thermal de Broglie wavelength, Debye length, and charge of the
residual ion. The screened threshold exponent of the double ionization cross section is also discussed by using the
effective charge analogy.

Recently, an integro-differential equation for the effective potential of the particle interaction of semiclassical
plasmas taking into account both quantum-mechanical effects of diffraction and symmetry and plasma screening
effects was obtained on the basis of a sequential solution of the chain of Bogolyubov equations[18,19] for the
equilibrium distribution functions of particles in dense high-temperature plasmas and an analytic expression for
the pseudopotential[16] of the particle interaction was also obtained. Using the pseudopotential model suggested
by Arkhipov et al.[16] taking into account quantum-mechanical effects and plasma screening effects, the potential
Vα–β(r) of plasma particle interaction in dense high-temperature plasmas for small de Broglie wavelengths can be
represented by

(1)Vα–β(r) = eαeβ

r

(
e−r/rD − e−r/λαβ

) + δαeδβekBT (ln 2)e−r2/(λ2
eeπ ln 2),

whereeα is the electric charge of the particleα, rD is the Debye length,λαβ = h̄/(2πµαβkBT )1/2 is the thermal
de Broglie wavelength of the interacting pairα–β, µαβ = mαmβ/(mα + mβ) is the reduced mass,mα is the mass
of the particleα, δαe is the Kronecker delta,kB is the Boltzmann constant, andT is the plasma temperature. In the
absence of the quantum-mechanical effects(λαβ,λee → 0), it can be found that the pseudopotentialVα–β(r) goes
over into the classical Debye–Hückel potentialVDH(r) → (eαeβ/r)e−r/rD . In dense high-temperature plasmas, the
classical equation of the motion for the two electrons(r1, r2) in the field of the residual ion would be obtained by
the forceF(ra) on the electron atra :

(2)F(ra) = −
[

∂

∂ra

Ve–i (ra) + ∂

∂ra

Ve–e
(|ra − rb|

)]
,

where(a, b) = (1,2) or (a, b) = (2,1), Ve–i (ra) andVe–e(|ra −rb|) are, respectively, the electron–ion and electron–
electron interaction potentials:

(3)Ve–i (ra) = −Ze2

ra

(
e−ra/rD − e−ra/λei

)
,

here,Z is the charge of the residual ion,

(4)Ve–e
(|ra − rb|

) = e2

|ra − rb|
(
e−|ra−rb|/rD − e−|ra−rb|/λee

) + δeeδeekBT (ln 2)e−|ra−rb|2/(λ2
eeπ ln 2).
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