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The quantum and plasma screening effects on the Wannier threshold law for the
double-electron ionization are investigated in strongly coupled semiclassical plasmas.
The renormalized electron charge and Wannier exponent are obtained by considering
the equation of motion in the Wannier configuration with the screened pseudopotential
model as functions of the de Broglie wave length, Debye length, and charge of the
residual ion. It is shown that the renormalized electron charge significantly increases
with an increase of the de Broglie wave length, especially, for small radial distances. It
is also shown that the quantum effects enhance the Wannier exponent for the double-
electron ionization. In addition, the quantum effect on the Wannier threshold law is
found to be more important than the plasma screening effect in strongly coupled

semiclassical plasmas.
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After Wannier’s seminal work® on the ionization threshold law in 1953, the double-
electron escape”® from an atom or ion has received considerable attention because the
investigation of the long-range radial electron-electron correlations has played an
important role in many areas of physics. In addition, recently the electron ionization
processes”” in plasmas such as the electron-impact ionization and photoionization have
received much attention since these processes provide useful information on various
plasma parameters as well as knowledge about the dynamics and structure of atomic
systems. It has been shown that the screened particle interaction in weakly coupled
plasmas would be characterized mostly by the standard Debye-Hiickel model.®® In
these weakly coupled, the average energy of interaction between plasma particles is
known to be smaller than the average kinetic energy of a particle in plasmas. However,
it is obvious that the physical processes in such strongly coupled plasmas would be
quite different from those in weakly coupled classical plasmas. Moreover, the interest
in strongly coupled plasmas has remarkably increased due to recent investigations on
various physical properties of astrophysical compact objects and laser induced inertial
confinement fusion plasmas. In addition, it has been shown that the interaction
potential in strongly coupled semiclassical plasmas would not be represented by the
conventional Debye-Hiickel model because of nonideal particle interactions due to
collective and quantum effects.'>** However, the behavior of the Wannier threshold
law for the double-electron ionization in strongly coupled semiclassical plasmas has not
been specifically investigated as yet. Thus, in this paper we investigate the quantum
and plasma screening effects on the Wannier threshold law for the double-electron
escape from the ion in strongly coupled semiclassical plasmas. The screened
renormalized electron is obtained by using the screened pseudopotential model*® taking
into account the quantum and correlation effects as a function of the de Broglie wave
length, Debye length, and charge of the residual ion. Furthermore, the quantum and
plasma screening effects on the Wannier exponent for the double-electron ionization is
obtained by considering the screened effective charge of the residual ion in strongly
coupled semiclassical plasmas.

The force equation for a system of two electrons (r;,r,) in the field of the ion with

nuclear charge Ze is represented by



F(R) = = [Vy () 4V, (5] @
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where F(r,) is the force acting on the electron at the position r,, V,(r;) and V(r,,r,)

are, respectively, the electron-ion and electron-electron interaction potentials.

Recently, the useful analytic effective pseudopotential®

of the particle interactions in
strongly coupled semiclassical plasmas has been obtained on the basis of the dielectric
response function formalism taking into account the correlation between the Boltzmann
factor and quantum mechanical Slater sum. Using the effective pseudopotential

model," the screened electron-ion V,(r,) and electron-electron V., (r,,r,) interaction

potentials in strongly coupled semiclassical plasmas would be obtained by

Vo (r) = —ﬁ%[exp(% (o)1) =exp (B, (Ao )E) ], )
e’ 1
Vee(r11r2) = m |r -r |[exp(p\ee(ﬂ’ee’rD)|rl_r2|)_eXp(Bee(2’ee’rD)|rl_r2|)j| '
®

where A ,(=h/\2zu,kT) and u,, are, respectively, the thermal de Broglie
wavelength and reduced mass of the & — # pair, kg is the Boltzmann constant, T is the
plasma temperature, and the screening parameters A, and B, , are given by

A =(A-\1-422,1r3)1(22;,) and BZ,=(1+\1-44;,/r5)/(222,) .  After some

mathematical manipulations, the equation of motion of the electron at r, in strongly

coupled semiclassical plasmas is then written as
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where m, is the electron mass and rlz(z|r1—r2|) is the interelectronic distance. In the

Wannier mode >

the ejected two electrons would be placed at equal radial distances
from the residual ion and also in opposite directions with respect to the residual ion in
the ridge of the potential surface. Hence, the equation of motion in the Wannier

configuration [r,(= r)=-r,] for the double-electron escape from the ion becomes

d’r  Z.(r,A,r,,Z)| 0
= e V.(r _ 5
dt? m, or, (1) r ©)

where Z (r,4,r,,Z) represents the renormalized electron charge at the radial distance r

in strongly coupled semiclassical plasmas:

_ in(r’/&ro)
Z,(r,A,r,,2)=-1+ 7 —f(r,/l,rD)' (6)



Here, n(r,4,r;)/&(r,A,ry) term shows the correction due to the quantum and
screening effects on the renormalized electron charge, and 7(r,4,r;) and &(r,4,ry)

are, respectively,
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where A(=h/./zm_k,T) is the thermal de Broglie wavelength of the electron-electron

pair. According to the Wannier’s configuration of ridge propagation,® the escaping two
electrons move independently with the screened renormalized electron charge

Z,(r,A,ry,Z) in the field of the residual ion with the effective change
Zg(r,A,15,2)[=—2,(r,A,15,2)Z] in strongly coupled semiclassical plasmas. If the
guantum effects are absent (1—0) in the plasma, the screening parameters are turned
out to be A,—>1/ry, A,—1/ry, B, >, and B, >, so that the renormalized
electron charge becomes Z!(r,ry,Z)=-1+(e""™ /4Z)(+2r/r,)/(L+r /1), i.e., the

case of the weakly coupled plasma.”® From Eq. (6), we can show that the individual



effective screened electron charge is given by Z, ——-1+(1/4Z) for the case of the free
target atom or ion, i.e., A—0 and ry »>co. In addition, the radial electron correlation
effect on the renormalized electron charge would be neglected with increasing Z so that
the effective charge becomes Z, — —1. According to Wannier’s work, it has been
shown that the energy (E) dependence of the cross section (o) near the ionization
threshold | for a free atom or ion with nuclear charge Ze is represented by a power law
ouxc(E-1)" , where ¢(Z){=(1/4)[(100Z-9)/(4Z-1)]"*-1/4} is the Wannier
exponent™** for the double-electron ionization. For a pure Coulomb case, the solution
of Eq. (5) is known as roct®®.** However, for the pseudopotential case in plasmas it is

expected that the screened effective charge provides the detailed information on the
properties of plasmas as well as the ionization mechanism. Hence, in strongly coupled

semiclassical plasmas, however, the effective charge “Z-1/4" of the residual ion
would be replaced by the screened effective charge Z  (r, 4,r,,Z) due to the influence

of the quantum and screening effects. Therefore, the screened Wannier exponent

function &(r, 4,r,,Z) in strongly coupled semiclassical plasmas becomes

LA Z) = 1{[1002 +16-257(r, 4,1,) 1 (r, 4, rD)T2 1} 9)
4 AZ-n(r,4,1p)/&(r4,1)

The range of radial distances of importance for the Hamiltonian matrix element for the

atomic ionization process is known as r~a, ,'® i.e., the distance between the escaping
electron and residual ion is comparable to the Bohr radius, where a,(=a,/Z) is the
Bohr radius of the hydrogenic ion with nuclear charge Ze, and a,(=#4%/me?) is the

Bohr radius of the hydrogen atom. Thus, the screened Wannier exponent near the
ionization threshold for the double-electron escape from the target ion with nuclear

charge Ze in strongly coupled semiclassical plasmas is then obtained by the relation

CR D=(( A2, ]
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where A(=1/a,) is the scaled de Broglie wavelength and T, (=r, /a,) is the scaled

Debye length. From Eqg. (10), it can be also shown that the Wannier exponent
decreases with an increase of the charge number Z.
Figure 1 represents the three-dimensional plot of the renormalized electron charge

Z, for the double-electron escape from the ion in strongly coupled semiclassical

plasmas as a function of the scaled de Broglie wavelength 4 and scaled radial distance

r(=r/a,). Asitis seen, the renormalized electron charge significantly increases with

an increase of the de Broglie wavelength, especially, for small radial distances. Figure

2 shows the renormalized electron charge Z, as a function of the scaled radial distance

T for various values of the de Broglie wavelength. From this figure, it is found that the
quantum effects on the renormalized electron charge decreases with increasing the
radial distance beyond the Debye radius. Figure 3 represents the three-dimensional

figure of the Wannier exponent £ as a function of the scaled Debye length T, and

scaled de Broglie wavelength 1. As it is seen, the quantum effects enhance the
Wannier exponent for the double-electron ionization. It is also found that the quantum
effect on the Wannier threshold law is more important than the plasma screening effect
in strongly coupled semiclassical plasmas since the reaction zone is placed inside of the
Debye sphere. Hence, the threshold cross sections for the double-electron escape from
the ion in strongly coupled semiclassical plasmas is expected to be smaller than those
in classical plasmas since the screened Wannier exponent can be written as

C[=éInc/oIn(E—-1)]. Hence, we have found that the quantum effect plays an

important role on the Wannier threshold law for the double-electron ionization in
strongly coupled semiclassical plasmas. These results would provide useful
information on the quantum and plasma screening effects on the threshold behavior of

the double-electron escape from the ion in strongly coupled semiclassical plasmas.
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FIGURE CAPTIONS

FIG. 1 The three-dimensional plot of the renormalized electron charge Z, as a

function of the scaled de Broglie wavelength A and scaled distance ¥ when Z =2 and

T,=20.

FIG. 2 The renormalized electron charge Z, as a function of the scaled distance T
when Z=2 and T, =30. The solid line represents the case of A =1. The dashed line

represents the case of 2 =4. The dotted line represents the case of 1=6.

FIG. 3 The three-dimensional plot of the Wannier exponent £ as a function of the

scaled Debye length T, and scaled de Broglie wavelength 1 when Z=2.
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