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The quantum diffraction and plasma screening effects on the occurrence time for the collision process 
are investigated in two-component non-ideal plasmas. The micropotential model taking into account the 
quantum diffraction and screening with the eikonal analysis is employed to derive the occurrence time as 
functions of the collision energy, density parameter, Debye length, de Broglie wavelength, and scattering 
angle. It is shown that the occurrence time for forward scattering directions decreases the tendency 
of time-advance with increasing scattering angle and de Broglie wavelength. However, it is found that 
the occurrence time shows the oscillatory time-advance and time-retarded behaviors with increasing 
scattering angle. It is found that the plasma screening effect enhances the tendency of time-advance 
on the occurrence time for forward scattering regions. It is also shown the quantum diffraction effect 
suppresses the occurrence time advance for forward scattering angles. In addition, it is shown that the 
occurrence time advance decreases with an increase of the collision energy.

© 2015 Elsevier B.V. All rights reserved.

The atomic collision processes [1–11] such as the elastic colli-
sion, electron-impact excitation and ionization, and electron cap-
ture have received considerable interests in astrophysics, atomic 
physics, and plasma physics since the collision processes provide 
useful information on the collision mechanisms as well as the sur-
rounding physical environments including the collision system. It is 
shown that the time-development of the atomic collision process 
has the physical characteristics of the energy dependence since the 
phase shift contains the physical information of the collision pro-
cess [1,4]. In addition, the occurrence time characterizing the time 
of emergence of the moving wave packet has been investigated 
by Suzuki [12,13] for the quantum collision process. Recently, the 
angular and energy dependences [14–18] of the occurrence scatter-
ing time for the atomic collisions has been extensively explored in 
order to obtain the useful information on the plasma parameters 
as well as the scattering mechanism in plasmas since the occur-
rence time advance would be used for plasma diagnostics and the 
description of nonideal correlation effects in various plasmas. The 
atomic collision and radiation processes have been actively inves-
tigated by using the effective potentials based on the Yukawa-type 
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Debye–Hückel model [6,19] and the ion-sphere model [20], respec-
tively, in weakly coupled and strongly coupled plasmas. Recent 
years, the physical characteristics and properties of dense plas-
mas have been of great interests since the dense non-ideal plasma 
can be found in various astrophysical and laboratory environments 
such as astrophysical compact objects, intense laser-plasma ex-
periments, nano-wires, quantum dots, and semiconductor devices 
[21–28]. In non-ideal plasmas [21–23], however, it is shown that 
the effective interaction potential and the electron pair-correlation 
function would not be properly represented by the Debye–Hückel
theory owing to the influence of quantum and collective correla-
tion effects. Hence, it is expected that the occurrence times for 
the elastic electron–ion collision in non-ideal plasmas can be quite 
different from those in weakly coupled plasmas due to the quan-
tum diffraction [28] and plasma screening effects. However, the 
influence of quantum diffraction and plasma screening on the oc-
currence time in non-ideal plasmas has not been investigated as 
yet. Thus, in this paper, we research the quantum diffraction and 
plasma screening effects on the occurrence time for the collision 
process in two-component non-ideal plasmas.

The Hamilton–Jacobi equation [29] for the stationary nonrela-
tivistic Schrödinger equation would be represented by

[∇ SHJ(r)]2

2μ
− ih̄

2μ
∇2 SHJ(r) + V (r) = E, (1)
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since the eikonal wave function ψEik(r) can be written as ψEik(r) ∝
exp[i SHJ(r)/h̄], where SHJ(r) is the Hamilton–Jacobi phase func-
tion, r is the position vector of the electron, μ is the reduced 
mass of the collision system, V (r) is the interaction potential, E
(= h̄2k2

i /2μ = μv2
i /2) is the collision energy, h̄ is the rationalized 

Planck constant, k is the wave number, and vi is the relative col-
lision velocity. In the cylindrical coordinate system with r = ξ + z, 
i.e., the straight-line trajectory, where ξ is the impact parameter, z
is the longitudinal variable vector normal to the momentum trans-
fer q (≡ ki − k f ), ki and k f are, respectively, the incident and 
final wave vectors, the normalized eikonal wave function solution 
ψEik(r) with the eikonal constraint [30] such as |V (r)|/E < 1 would 
be then given by

ψEik(r) ∼= 1

(2π)3/2
exp

[
iki · r − iμ

h̄2ki

z∫
−∞

dz′V
(
ξ , z′)], (2)

since the Hamilton–Jacobi phase function SHJ(z) can be repre-
sented by

SHJ(z)/h̄ ∼= kz − μ

h̄2ki

z∫
−∞

dz′V
(
ξ , z′), (3)

when |h̄∇2 SHJ(r)| << |[∇ SHJ(r)]2|, where |V (r)| is a typical
strength of the interaction potential. The eikonal scattering am-
plitude fEik(ki, k f ) would be then expressed by

fEik(ki,k f ) = −iki

∞∫
0

dξξ J0(ξq)
{

exp
[
iχEik(ξ,ki)

] − 1
}

= ∣∣ fEik(ki,k f )
∣∣ exp

[
iηEik(ki,k f )

]
, (4)

where J0(ξq) is the zeroth-order Bessel function, ηEik(ki, k f ) is the 
argument of the scattering amplitude, and the total eikonal scat-
tering phase shift χEik(ξ, ki) would be expressed by the following 
form based on the series expansion technique [31]:

χEik(ξ,ki) = −
∑

l

1

(l + 1)!
(

μ

h̄2

)l+1 1

k

(
ξ

k2

∂

∂ξ
− ∂

∂ki

1

ki

)l

×
∞∫

−∞
dzV l+1(ξ, z). (5)

In atomic collisions, it is essential to obtain the scattering am-
plitude fEik(ki, k f ) in order to investigate the physical character-
istics of the correlation phenomena in scattering dynamics since 
the scattering process can be reduced to the physical investiga-
tion of the scattering amplitude. It is shown that the occurrence 
time [12,13] τOT(θ, k) for the elastic collision can be obtained by 
the first-derivative of the argument of the scattering amplitude 
ηEik(ki, k f ) with respect to the initial wave number |ki |, when the 
collision center of the free wave packet of the projectile reaches 
the origin r = 0 at t = 0,

τOT(θ,k) = μ

h̄k

[
∂ηEik(ki,k f )

∂|ki|
]∣∣∣∣|ki |=|k f |=k

, (6)

where θ is the angle between the incident and final wave vectors 
and the elastic collision condition is obtained by |ki | = |k f | ≡ k.

Very recently, Ramazanov, Moldabekov, Gabdullin, and Is-
magambetova [28] has obtained an extremely useful analytic ex-
pression of the effective interaction potential V RMGI(r) between 
plasma particles eα and eβ in non-ideal plasmas taking into ac-
count the quantum diffraction, plasma screening and symmetric 

effects, where α and β are types of plasma particles. Based on 
the RMGI-micropotential model [28], the effective interaction po-
tential V RMGI(r) between the electron (e) and the ion (i) with 
nuclear charge Ze in dense non-ideal plasmas including the quan-
tum diffraction and plasma screening effects is repressed as

V RMGI(r)

= −Ze2

r

[
1 − tanh

( √
2λ2

ei

a2 + br2

)
exp

[
−tanh

( √
2λ2

ei

a2 + br2

)]]

× [
1 − exp(−r/λei)

] − δiekB T ln

[
1 − 1

2
exp

(−r2/λ2
ee

)]
,

(7)

where λαβ [= h̄/(4πμαβkB T )1/2] is the de Broglie wave length for 
the reduced mass μαβ [= mαmβ/(mα + mβ)], mα is the mass of 
the particle α, kB is the Boltzmann constant, T is the plasma tem-
perature, a is the average distance between particles, b = 0.033, 
and δαβ is the Kronecker delta. It would be understood that the 
symmetric term has no contribution to the electron–ion interaction 
in non-ideal plasmas since the term proportional to the Kronecker 
delta in Eq. (7) stands for the influence of symmetric case. If we 
set λ2

αβ/a2 << 1 [28] without the density effects in the quan-
tum diffraction term in Eq. (6), the interaction potential would be 
then V D(r) = −(Ze2/r)[1 − exp(−r/λei)], which is the case of the 
general Deutch-potential [32] without the symmetric effect in non-
ideal plasmas. From Eqs. (5) and (7), the scaled first-order eikonal 
scattering phase shift χ̄Eik(k̄i, ̄λD , ̄λ, ̄ξ, β) (= k̄iχEik/2) for the elas-
tic electron–ion collision in dense non-ideal plasmas including the 
quantum diffraction and plasma screening effects is given by the 
following integral with the upper-limit λ̄D :

χ̄Eik(k̄i, λ̄D , λ̄, ξ̄ , β)

=
λ̄D∫

0

dz̄
1√

ξ̄2 + z̄2

[
1 − tanh

( √
2λ̄2

κ2 + b(ξ̄2 + z̄2)

)

× exp

[
−tanh

( √
2λ̄2

κ2 + b(ξ̄2 + z̄2)

)]]

× [
1 − exp

(−√
ξ̄2 + z̄2/λ̄

)]
, (8)

where k̄i (≡ kiaZ ) is the scaled wave number, aZ (= a0/Z ) is 
the Bohr radius of the hydrogenic ion with nuclear charge Ze, 
a0 (= h̄2/mee2) is the Bohr radius of the hydrogen atom, me
is the electron mass, ξ̄ (≡ ξ/aZ ) is the scaled impact param-
eter, λ̄D (≡ λD/aZ ) is the scaled Debye length in units of aZ , 
λ̄ [≡ λie/aZ = (h̄/aZ )/(4πμiekB T )1/2] is the scaled de Broglie wave 
length for the electron–ion system, κ (≡ a/aZ ) is the scaled den-
sity parameter, and z̄ ≡ z/aZ . In the range of the eikonal analysis, 
the complex eikonal scattering amplitude fEik(|k̄i |, |k̄ f |, θ) can be 
expanded as a power series in the potential strength:

fEik
(|k̄i|, |k̄ f |, θ

) = f R
(|k̄i|, |k̄ f |, θ

) + i f I
(|k̄i |i, |k̄ f |, θ

)
, (9)

where |k̄i| ≡ |ki |aZ , |k̄ f | ≡ |k f |aZ , f R(|k̄i|, |k̄ f |, θ) and f I (|k̄i |i,
|k̄ f |, θ) are the real and imaginary parts of the complex scatter-
ing amplitude, respectively,

f R
(|k̄i|, |k̄ f |, θ

) = 2aZ

λ̄D∫
0

dξ̄ ξ̄ J0(ξ̄ q̄)χ̄Eik(k̄i, λ̄D , λ̄, ξ̄ , β), (10)

f I
(|k̄i |, |k̄ f |, θ

) = 2aZ

k̄i

λ̄D∫
0

dξ̄ ξ̄ J0(ξ̄ q̄)χ̄2
Eik(k̄i, λ̄D , λ̄, ξ̄ , β), (11)
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