
Dynamic Screening Effects on Collisional Orientation Phenomena in
Nonideal Plasmas
Hwa-Min Kima and Young-Dae Jungb

a Department of Electronics Engineering, Catholic University of Daegu, Hayang, Gyongsan,
Gyungbuk 712-702, South Korea

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

Reprint requests to Y.-D. J.; E-mail: ydjung@hanyang.ac.kr

Z. Naturforsch. 62a, 698 – 702 (2007); received May 14, 2007

Dynamic screening effects on orientation phenomena of 1s → 2p±1 excitations in nonideal plas-
mas are investigated. A semiclassical method is employed to describe the motion of the projectile
electron in order to investigate the variation of the orientation parameter as a function of the impact
parameter, projectile energy, thermal energy, and Debye length. The result shows that the preference
for the 1s → 2p−1 transition significantly decreases with increasing projectile energy. It is found that
the dynamic screening effect increases with increasing impact parameter and also with increasing
projectile energy. It is also found that the 1s → 2p−1 preference decreases with increasing thermal
energy.
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The electron-ion collision process [1 – 4] has been
of great interest since this process has been widely
used in many areas of physics, such as astrophysics, at-
mospheric physics, atomic physics, collision physics,
molecular physics, and plasma physics. A recent ex-
perimental investigation shows the possibility of the
detection of radiative transitions from the p±1 (m =
±1) excited states to the ground state [5]. The atomic
orientation phenomena have been investigated, since
these phenomena provide detailed information on the
mechanism of the collisional excitations of the target
system [6 – 8]. Recently, the plasma diagnostics using
various atomic collision processes [9 – 12] in plasmas
have paved new ways to investigate plasma parameters.
The plasma described by the Debye-Hückel potential
is classified as the ideal plasma, since the average in-
teraction energy between charged particles is smaller
than the average kinetic energy of a particle [13]. How-
ever, the correlation effects caused by simultaneous in-
teraction of many charged particles have to be taken
into account if the plasma density increases. Then,
the interaction potential would not be represented by
the ordinary Debye model due to the strong collec-
tive effects of nonideal particle interactions [14 – 16].
In addition, for electron-ion collisions in plasmas, the
static Debye screening formula would not be reliable
when the velocity of the plasma electron is compa-
rable to or smaller than the velocity of the projectile
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electron, since the projectile polarizes the surround-
ing plasma electrons. Under these circumstances, the
dynamic motion of the plasma electrons has to be
taken into account in order to properly investigate the
plasma screening effects on the collision process in
plasmas. Then, the electron-ion collisional excitation
process in nonideal plasmas would be different from
those described by the static Debye-Hückel interac-
tion potential. Thus, in this paper we investigate the
dynamic plasma screening effects on the orientation
phenomena in the electron-ion collisional excitation
processes in nonideal plasmas. The modified Debye-
Hückel form of the effective interaction potential [16],
taking into account the dynamic screening, is applied
to represent electron-ion interactions in nonideal plas-
mas. The semiclassical method [17] is employed to
investigate the orientation parameter for the direct
1s → 2p±1 excitations as a function of the impact pa-
rameter, projectile energy, thermal energy, and Debye
length.

In the first-order semiclassical approximation, the
excitation cross-section [17] from an unperturbed
atomic state |n〉[≡ Ψnlm(r)] to an excited state |n′〉[≡
Ψn′l′m′(r)] is given by

σn′,n = 2π
∫

bdb|Tn′,n(b)|2, (1)

where b is the impact parameter and Tn′,n(b) is the tran-
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sition amplitude:

Tn′n = − i
h̄

∫ ∞

−∞
dt eiωn′ ,nt〈n′|Hint|n〉, (2)

where ωn′,n = (En′ −En)/h̄, En′ and En are the ener-
gies of the atomic states |n′〉 and |n〉, respectively, and
Hint is the interaction Hamiltonian between the projec-
tile and the target system. The semiclassical method
has a strong appeal in aiding the physical intuition and
is mathematically more tractable than fully quantum
mechanical treatments. The semiclassical straight-line
trajectory approximation is known to be valid for high
collision energies [18, 19]. It is known that the semi-
classical cross-section is identical with the quantum
mechanical Born cross-section with a finite cutoff in
the momentum transfer [19]. Since the impact param-
eter is conjugate to the momentum transfer, the depen-
dence of the transition probability on the impact pa-
rameter in the semiclassical method contains the same
physics seen in the dependence of the generalized os-
cillator strength on the momentum transfer in the Born
approximation [20]. A detailed discussion of the gener-
alized oscillator strength in the first-order plane-wave
Born approximation has been given by Iwai, Shima-
mura, and Watanabe [21].

Recently, the simple analytic form [16] of the mod-
ified Debye potential including the dynamic screening
effects in nonideal plasmas has been obtained by an
approach based on the dynamically screened ladder ap-
proximation. Using this effective potential model, the
dynamic interaction Hamiltonian between the projec-
tile electron and the hydrogenic target ion with nuclear
charge Ze is given by

Hint(r′,r,v) = −Ze2

r′
exp[−r′/r0(v)]

+
e2

|r′ − r| exp[−|r′ − r|/r0(v)],
(3)

where r′ and r are, respectively, the positions of the
projectile electron and the bound electron of the target
ion, r0(v) [= rD(1+v2/v2

th)
1/2] is the modified screen-

ing length, rD the Debye length, v the velocity of the

projectile electron, vth (=
√

kBT/m) the thermal ve-
locity, kB the Boltzmann constant, T the plasma tem-
perature, and m the electron mass. The idea of this
effective screening length was obtained to produce
the correct asymptotic results for the stopping power
by Zwicknagel, Toepffer, and Reinhard [22]. The ve-
locity dependence of the plasma screening length
in (3) would be understood when the projectile ve-
locity is smaller than the electron thermal velocity,
since the dynamic plasma screening turns out to be
the static plasma screening, i. e., r0(v) → rD. How-
ever, when the projectile velocity is greater than the
thermal velocity, the interaction potential is almost un-
shielded, i. e., the dynamic screening length is greater
than the Debye length. In the absence of the dy-
namic screening, the interaction Hamiltonian goes over
into the nonspherical Debye-Hückel form [HDH →
−(Ze2/r′)e−r′/rD + (e2/|r′ − r|)e−|r′−r|/rD ] with the
static screening length rD.

For inelastic atomic collisions, the electron-nucleus
interaction term in (3) does not contribute to the Hamil-
tonian matrix elements Hn′,n due to orthogonality of
the initial and final states of the target system, i. e.,
〈n′|n〉 = δn′nδl′lδm′m. Using the addition theorem with
the spherical harmonics Ylm, the modified Helmholtz
operator Green’s function [23] would be expressed as

exp[−|r′ − r|/r0(v)]
|r′ − r|/r0(v)

=

4π
∞

∑
l=0

l

∑
m=−l

il(r</r0(v))kl(r>/r0(v))Ylm(r̂)Y ∗
lm(r̂′),

(4)

where il and kl are spherical modified Bessel func-
tions and r< (r>) is the smaller (larger) of r and r′.
Here, we assume that the projectile electron is moving
on a straight-line trajectory in the natural coordinate
frame [6], in which the axis of the quantization z is
chosen perpendicular to the collision plane. Then, the
position of the projectile electron can be expressed as
a function of time t and the impact parameter b, i. e.,
r′(t) = vtx̂ + bŷ. After some manipulations using the
hydrogenic wave functions [17], the Hamiltonian ma-
trix elements H2p±1,1s for the direct 1s → 2p±1 excita-
tions are found to be

H2p±1,1s ≡ 〈2p±1|Hint(r′,r, Ē)|1s〉

= ∓ (6e2/aZ)
[9/4−aD(Ē)]3

v̄t ∓ ib̄
r̄′(v̄, b̄)

{(
1

r̄′(v̄, b̄)
+

aD(Ē)
r̄′(v̄, b̄)

)
e−aD(Ē)r̄′(v̄,b̄)

−
[

1
r̄′(v̄, b̄)

+
3

2r̄′(v̄, b̄)
+

9
8
− a2

D(Ē)
2

+
(

27
64

− 8a2
D(Ē)
3

+
a4

D(Ē)
12

)
r̄′(v̄, b̄)

]
e−3r̄′(v̄,b̄)/2

}
,

(5)
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where Ē (≡ mv2/2Z2Ry) is the scaled projectile en-
ergy, Ry (= me4/2h̄2 ≈ 13.6 eV) is the Rydberg con-
stant, aZ (= a0/Z) is the Bohr radius of the hydrogen
ion with nuclear charge Ze, a0 (= h̄2/me2) is the Bohr
radius of the hydrogen atom, aD(Ē)[≡ aZ/r0(v)] =
aD(1 + Ē/Ēth)−1/2, aD (≡ aZ/rD) is the scaled recip-
rocal Debye length, Ēth (≡ kBT/2Z2Ry) is the scaled
thermal energy, v̄ ≡ v/aZ, b̄ (≡ b/aZ) is the scaled im-
pact parameter, and r̄′(v̄, b̄)(≡ r′/aZ) = [(v̄t)2 + b̄2]1/2.
The investigation of various physical properties of the

collision cross-section is essential in theoretical atomic
spectroscopy, since one of the most important parame-
ters in collision physics is the cross-section. The scaled
1s → 2p±1 excitation cross-sections for the electron-
ion collisions in a nonideal plasmas, including the dy-
namic screening in units of πa2

0, are obtained as

Z4σ±1/πa2
0 =

∫
b̄db̄|T̄±1(b̄, Ē, Ēth,aD)|2, (6)

where the scaled transition probabilities T̄±1 are found
to be

|T̄±1(b̄, Ē, Ēth,aD)|2 =
(217/310)

Ē[9/4−a2
D(1 + Ē/Ēth)−1]6

∣∣∣∣
∫ ∞

0
dτ

[
τ sin

(
3τ

8Ē1/2

)
∓ b̄cos

(
3τ

8b̄1/2

)]

·
{(

1
(τ2 + b̄2)3/2 +

aD(1 + Ē/Ēth)−1/2

(τ2 + b̄2)

)
exp

[
−aD(1 + Ē/Ēth)−1/2(τ2 + b̄2)1/2

]

−
[

1
(τ2 + b̄2)3/2 +

3
2(τ2 + b̄2)

+
(

9
8
− a2

D(1 + Ē/Ēth)−1

2

)
1

(τ2 + b̄2)1/2

+
(

27
64

− 8a2
D(1 + Ē/Ēth)−1

3
+

a4
D(1 + Ē/Ēth)−2

12

)]
exp

[
−3(τ2 + b̄2)3/2/2

]}∣∣∣∣
2

,

(7)

where τ (≡ v̄t) is the dimensionless time. In the natu-
ral frame, the orientation parameter for the 1s → 2p±1
excitations is defined as

L⊥(b̄, Ē, Ēth,aD) =

|T̄+1(b̄, Ē, Ēth,aD)|2 −|T̄−1(b̄, Ē, Ēth,aD)|2
|T̄+1(b̄, Ē, Ēth,aD)|2 + |T̄−1(b̄, Ē, Ēth,aD)|2
≡ w+1 −w−1,

(8)

where |T̄+1|2 and |T̄−1|2 are the scaled tran-
sition probabilities for the 1s → 2p+1 and
1s → 2p−1 excitations, respectively, and w±1
[≡ (πa2

0b̄/Z4)|T̄±1|2/∑i=±1 dσi/db̄] are weighting
factors with ∑i=±1 wi = 1. The orientation parameter
L⊥ is the measure of the expectation value of the
angular momentum transfer to the bound electron in
the target ion due to the direct 1s → 2p±1 collisional
excitations. In addition, the orientation parameter is re-
lated to the number of coincidences for the right-hand
circularly polarized (RCP) photons and the left-hand
circularly polarized (LCP) photons emitting due to the
radiative decay from the 2p+1 and 2p−1 excited states
to the ground state, since the line intensity ratios are
directly related to the excitation rates. There have been
experimental evidences [5, 8] for detecting the relative
number of coincidences for RCP and LCP photons due
to atom-ion collisional excitations. It is known that the

spectroscopic investigations of the radiation emitted
from various plasmas have contributed to establishing
quantum mechanics [24]. In the future, we may detect
and resolve the relative number of RCP and LCP
photons due to the 1s → 2p±1 electron-ion excitation
in nonideal plasmas, since the temperature dependence
of the ratio of RCP to LCP photons including the
dynamic screening is expected to be very different
from the no screening and static screening cases.
Therefore it would be expected that the orientation
parameter atomic collisions in plasmas can be used as
a tool for plasma diagnostics, since the temperature
and density dependence of the relative number of
coincidences for RCP and LCP photons is determined
by the dynamically screened orientation parameter
L⊥(b̄, Ē, Ēth,aD).

In order to adequately investigate the dynamic
plasma screening effects on the orientation parame-
ter for the direct 1s → 2p±1 electron-ion excitations
in nonideal plasmas we choose Ē > 7, since the semi-
classical straight-line trajectory analysis is known to
be valid for high projectile energies [18, 19]. The dy-
namically screened interaction would be important in
dense laboratory and dense astrophysical plasmas. In
these circumstances, the ranges of the electron num-
ber density and temperatures are known to be around
1020 – 1023 cm−3 and 106 – 108 K, respectively, and
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Fig. 1. Surface plot of the orientation parameter (L⊥) as a
function of the scaled impact parameter (b̄) and the scaled
thermal energy (Ēth), when Ē = 10 and aD = 0.1.

Fig. 2. The orientation parameter (L⊥) as a function of the
scaled impact parameter (b̄), when Ē = 10 and aD = 0.1. The
solid line is the case of Ēth = 2, i. e., γ(= aD/ZĒth) = 0.05 for
Z = 1. The dotted line is the case of Ēth = 10 and γ = 0.01.
The dashed line is the case of Ēth = 50 and γ = 0.002.

then the Debye length rD is known to be greater than
the Bohr radius, so that the range of the nonideal
coupling plasma parameter γ (= e2/rDkBT ) would be
γ ≤ 1. Figure 1 shows the surface plot of the orienta-
tion parameter L⊥ as a function of the scaled impact
parameter (b̄) and scaled thermal energy (Ēth). It is
found that the probability of populating the 2p−1 ex-
cited state dominates the probability of populating the
2p+1 excited state in planar collisions due to a propen-
sity rule. The minimum phenomena [25], which corre-
spond to the complete 1s → 2p−1 excitations, are also
found in small parameter domains in nonideal plasmas
including the dynamic screening. These minimum phe-
nomena are quite similar to the Cooper zeros [26] in
the photoabsorption process. Figure 2 represents the
orientation parameter as a function of the scaled im-

Fig. 3. The orientation parameter (L⊥) as a function of the
scaled impact parameter (b̄), when Ēth = 5, aD = 0.1, and
γ(= aD/ZĒth) = 0.02 for Z = 1. The solid line is the case of
Ē = 10, the dotted line is the case of Ē = 20, and the dashed
line is the case of Ē = 40.

Fig. 4. Surface plot of the ratio (LD,⊥/LS,⊥) of the orientation
parameter including the dynamic screening to that including
the static screening as a function of the impact parameter (b̄)
and projectile energy (Ē), when Ēth = 10, aD = 0.1, and γ(=
aD/ZĒth) = 0.01 for Z = 1.

pact parameter for various values of the thermal en-
ergy. It is interesting to note that the preference for the
1s → 2p−1 transition significantly decreases with in-
creasing thermal energy for a given projectile energy.
Figure 3 shows the orientation parameter for various
values of the projectile energy. It should be noted that
the preference for the 1s → 2p−1 transition decreases
with increasing projectile energy for a given thermal
energy. In addition, Fig. 4 shows the surface plot of
the ratio of the orientation parameter including the dy-
namic screening to that including the static screening
as a function of the impact parameter and projectile en-
ergy. It is also found that the dynamic plasma screen-
ing effect on the orientation parameter increases with
increasing impact parameter, i. e., distant collisions. In
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addition, the dynamic screening effect is found to in-
crease with increasing projectile energy.

These results provide useful information concerning
the dynamic plasma screening effects on the atomic
excitation processes in nonideal plasmas.

Acknowledgements

The authors gratefully acknowledge Professor
W. Hong for enlightening discussions and useful

comments. One of the authors (Y.-D. J.) is also very
grateful to Dr. S. L. O’Dell for useful discussions and
warm hospitality while visiting the NASA/Marshall
Space Flight Center. The authors would like to thank
the anonymous referees for suggesting improvements
to this text. This research was supported by the
Catholic University of Daegu.

[1] I. I. Sobel’man, L. A. Vainshtein, and E. A. Yukov, Ex-
citation of Atoms and Broadening of Spectral Lines,
2nd ed., Springer-Verlag, Berlin 1995.

[2] V. P. Shevelko and H. Tawara, Atomic Multielectron
Processes, Springer-Verlag, Berlin 1998.

[3] S. P. Khare, Introduction to the Theory of Collisions
of Electrons with Atoms and Molecules, Kluwer, New
York 2002.

[4] R. J. Gould, Electromagnetic Processes, Princeton Uni-
versity Press, Princeton 2006.

[5] N. Andersen, D. Dowek, A. Dubois, J. P. Hansen, and
S. E. Nielsen, Phys. Scr. 42, 266 (1990).

[6] J. P. Hansen and J. M. Hansteen, J. Phys. B 25, L183
(1992).

[7] N. A. Cherepkov, Adv. Atom. Mol. Phys. 34, 207
(1994).

[8] N. Andersen and K. Bartschat, Polarization, Align-
ment, and Orientation in Atomic Collisions, Springer-
Verlag, Berlin 2001.

[9] G. A. Kobzev, I. T. Iakubov, and M. M. Popovich,
Transport and Optical Properties of Nonideal Plasma,
Plenum, New York 1995.

[10] C.-G. Kim and Y.-D. Jung, Plasma Phys. Control. Fu-
sion 46, 1493 (2004).

[11] D. Salzmann, Atomic Physics in Hot Plasmas, Oxford
University Press, New York 1998.

[12] H. F. Beyer and V. P. Shevelko, Introduction to the
Physics of Highly Charged Ions, Institute of Physics
Publishing, Bristol 2003.

[13] D. Zubarev, V. Morozov, and G. Röpke, Statistical Me-
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