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Abstract. Orientation phenomena for direct 1s → 2p±1 excitations in electron–
hydrogenic-ion collisions are investigated in a classical nonideal plasma. An effective
pseudopotential model taking into account plasma-screening and collective effects
is applied to describe the interaction potential in a nonideal plasma. The orientation
parameter for direct 1s → 2p±1 excitations in a nonideal plasma is obtained as
a function of the impact parameter, the nonideal-plasma parameter, the Debye
length, and the projectile energy. The result shows that the nonideal effect reduces
the propensity of the 1s→ 2p−1 transition. It is also found that the nonideal effect
on the orientation parameter increases with increasing projectile energy.

1. Introduction
Electron–ion collisions (Janev et al. 1985; Jung 1995a; Kobzev et al. 1995; Bala-
shov et al. 2000) in plasmas have been extensively investigated in recent years,
since these processes can be used for plasma diagnostics. Orientation and align-
ment phenomena in electron–atom and electron–ion collisions have been actively
studied, since these phenomena provide detailed information on the mechanism
of collisional excitation of target atoms and ions (McDowell and Coleman 1970).
An experimental investigation has shown the possibility of the detection of ra-
diative transitions from the excited p±1(m = ±1) states to the 1s ground state
(Andersen et al. 1990). Orientation phenomena in plasmas could provide detailed
information about plasma parameters. Recently, orientation phenomena for s–p
electron–ion excitations in weakly coupled plasmas (Jung 1995b; Jung and Cho
1995) have been investigated using the nonspherical Debye–Hückel model poten-
tial. The Debye–Hückel potential describes the properties of a low-density plasma
and corresponds to a pair-correlation approximation. A plasma described by the
Debye–Hückel model is called an ideal plasma, since the average energy of inter-
action between particles is small compared with the average kinetic energy of a
particle. However, multiparticle correlation effects caused by simultaneous interac-
tion of many particles should be taken into account with increasing plasma density.
Then, it is necessary to take into account not only short-range collective effects
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but also long-range effects in the case of a plasma with a moderate density and
temperature. In this case, the interaction potential cannot be described by the
Debye–Hückel model owing to the strong collective effects of nonideal particle
interaction (Baimbetov et al. 1995; Arkhipov and Davletov 1998; Arkhipov et al.
2000a, b). Thus, orientation phenomena for electron–ion excitations in a nonideal
plasma will be different from those in an ideal plasma. Therefore, in this paper,
we investigate plasma-screening and collective effects on orientation phenomena
for the 1s → 2p±1 transitions of the hydrogenic-ion target in a classical nonideal
plasma. A pseudopotential model including plasma-screening and collective effects
is applied to describe the interaction potential between the projectile electron and
the target ion in a nonideal plasma. We use the semiclassical straight-line trajectory
method (Janev et al. 1985) to describe the motion of the high-energy projectile elec-
tron and to visualize the plasma-screening and collective effects on the orientation
parameter. The orientation parameter for direct 1s→ 2p±1 excitations is obtained
as a function of the impact parameter, the nonideal-plasma parameter, the Debye
length, and the energy of the projectile electron.

In Sec. 2, we derive a closed form of the semiclassical transition amplitude for
direct 1s→ 2p±1 excitations in electron–hydrogenic-ion collisions in a nonideal
plasma using the pseudopotential model including plasma-screening and collec-
tive effects with the semiclassical path approximation. In Sec. 3, we obtain the
orientation parameter for direct 1s→ 2p±1 excitations as a function of the impact
parameter, the nonideal-plasma parameter, the Debye length, and the projectile
energy. We also investigate plasma-screening and collective effects on the orien-
tation parameter and the propensity rule with changing nonideal-plasma parame-
ter. Finally, in Sec. 4, a summary and discussion are given.

2. Transition amplitude
From the first-order semiclassical approximation, the cross-section (Jung 1993) for
excitation from an unperturbed atomic state |n〉 (≡ Ψnlm(r)) to an excited state
|n′〉 (≡ Ψn′l′m′(r)) is given by

σn′,n =
∫
d2b |Tn′,n(b)|2, (1)

where b is the impact parameter and Tn′,n(b) is the transition amplitude,

Tn′,n = − i
~

∫ ∞
−∞

dt eiωn′,nt〈n′|V (R, r)|n〉, (2)

where ωn′,n (≡ (En′ − En)/~) is the transition frequency, and En and En′ are the
energies of atomic states n and n′, respectively. Here, V (R, r) is the interaction
potential between the projectile electron and the target ion, and R and r are, re-
spectively, the positions of the projectile electron and a bound electron in the target
system. This semiclassical impact-parameter method has a strong appeal in aiding
physical intuition, since calculations based on this method are mathematically more
tractable than fully quantum-mechanical treatments.

In Baimbetov et al. (1995), an integro-differential equation for the effective po-
tential of the particle interaction, taking into account the simultaneous correlations
of many particles, was obtained on the basis of a sequential solution of the chain
of Bogolyubov equations for the equilibrium distribution function of particles of a

https://doi.org/10.1017/S0022377801001611 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377801001611


Orientation phenomena for collisional excitations in a nonideal plasma 185

classical nonideal plasma, and an analytical expression for the pseudopotential of
the particle interaction in a nonideal plasma was also obtained by application of the
spline approximation. For the sake of simplicity, we assume that the target is the
hydrogenic ion with nuclear charge Z. The interaction potential V (R, r) between
the electron and the target ion in a nonideal plasma using the pseudopotential,
taking into account plasma-screening and collective effects, can be obtained as

V (R, r) = −Ze
2

R
e−R/Λ 1 + 1

2γf (R/Λ)
1 + c(γ)

+
e2

|R− r|e
−|R−r|/Λ 1 + 1

2γf (|R− r|/Λ)
1 + c(γ)

, (3)

where Λ is the Debye length, γ (≡ e2/ΛkTe) is the nonideal-plasma parameter,
f (x/Λ) = 1

5 (e−
√
γx/Λ − 1)(1 − e−2x/Λ), c(γ) ≈ 0.456γ − 0.108γ2 is the correlation

coefficient, and Te is the electron temperature. When γ → 0, i.e., for a weakly
nonideal plasma, the pseudopotential (3) goes over to the nonspherical Debye–
Hückel interaction potential:

VDH (R, r)→ −Ze
2

R
e−R/Λ +

e2

|R− r|e
−|R−r|/Λ.

For inelastic scattering (n � n′), the projectile-electron–target-nucleus inter-
action term (the first term in (3)) does not contribute to the transition amplitude
Tn′,n only to the orthogonality of the initial and final states of the target system,
i.e., 〈n′|n〉 = δn′,nδl′,lδm′,m. Thus, the transition-matrix element is then

〈n′|V (R, r)|n〉 = e2

〈
n′
∣∣∣∣∣e−|R−r|/Λ

|R− r|
1 + 1

2γf (|R− r|/Λ)
1 + c(γ)

∣∣∣∣∣n
〉
, (4a)

≡ e2V̄n′,n. (4b)

Then, for 1s→ 2p±1 excitations, the transition-matrix elements V̄2p±1,1s, are given
by

V̄2p±1,1s =
∫
d3r Ψ∗2p±1

(r)
e−|R−r|/Λ

|R− r|
1 + 1

2γf (|R− r|/Λ)
1 + c(γ)

Ψ1s(r). (5)

Since the nonspherical electron–electron interaction term (e−α|R−r|/|R− r|) has the
form of the modified Helmholtz operator Green function, it can be expanded us-
ing the addition theorem with spherical harmonics Ylm. For large R, the modified
Helmholtz operator Green function can be represented as

e−α|R−r|

|R− r|
∼= 4πα

∞∑
l=0

l∑
m=−l

kl(αR)il(αr)Y ∗lm(R̂)Ylm(r̂), (6)

where kl(αR) and il(αr) are the spherical modified Bessel functions (Arfken and
Weber 2000) in Rayleigh’s representation:

kl(x) = (−1)lxl
(

1
x

d

dx

)l
e−x

x
, (7)

il(x) = xl
(

1
x

d

dx

)l sinhx
x

. (8)
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Then, the 1s→ 2p±1 transition-matrix elements are obtained as follows:

V̄2p±1,1s =

√
4π

1 + c(γ)
Y ∗1±1(R̂)

Λ

×
{
k1

(
R

Λ

)∫ R

0
r2 dr R2p(r)i1

( r
Λ

)
R1s(r)

+
γ

5

[
(
√
γ + 1)k1

(√
γ + 1
Λ

R

)∫ R

0
r2 dr R2p(r)i1

(√
γ + 1
Λ

R

)
R1s(r)

−(
√
γ + 3)k1

(√
γ + 3
Λ

R

)∫ R

0
r2 dr R2p(r)i1

(√
γ + 3
Λ

R

)
R1s(r)

−k1

(
R

Λ

)∫ R

0
r2 dr R2p(r)i1

(
R

Λ

)
R1s(r)

+3k1

(
3
Λ
R

)∫ R

0
r2 dr R2p(r)i1

(
3
Λ
R

)
R1s(r)

]}
, (9)

where R1s(r) and R2p(r) are the radial 1s and 2p atomic wave functions (Bethe and
Salpeter 1957), respectively:

R1s(r) = 2a−3/2
Z e−r/aZ , (10)

R2p(r) =
1

2
√

6
a
−5/2
Z re−r/2aZ ; (11)

here aZ(≡ a0/Z = ~2/Zme2) is the Bohr radius of the hydrogenic ion with nuclear
charge Z. After some algebra, the 1s → 2p±1 transition matrix elements are then
found to be

V̄2p±1,1s =
4
√

6π
1 + c(γ)

Y ∗1±1(R̂)
aZ

{
1(

9
4 − a2

Λ

)3

(
1
R̄2

+
aΛ

R̄

)
e−aΛR̄

+
γ

5

[
1[

9
4 − (

√
γ + 1)2a2

Λ

]3 [ 1
R̄2

+
(
√
γ + 1)aΛ

R̄

]
e−(
√
γ+1)aΛR̄

− 1[
9
4 − (

√
γ + 3)2a2

Λ

]3 [ 1
R̄2

+
(
√
γ + 3)aΛ

R̄

]
e−(
√
γ+3)aΛR̄

− 1(
9
4 − a2

Λ

)3

(
1
R̄2

+
aΛ

R̄

)
e−aΛR̄

+
1(

9
4 − 9a2

Λ

)3

(
1
R̄2

+
3aΛ

R̄

)
e−3aΛR̄

]}
, (12)

where aΛ(≡ aZ/Λ) is the scaled reciprocal Debye length and R̄ ≡ R/aZ . To describe
the motion of the high-energy projectile electron, we assume that it is moving on
a straight-line trajectory in the so-called natural coordinate frame (Jung and Cho
1995) in which the axis of quantization z is chosen perpendicular to the collision
plane. Then, the position of the projectile electron can be written as a function of
time t and the impact parameter b:

R(t) = vtx̂ + bŷ, (13)
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where v is the velocity of the projectile electron. Here, t = 0 is arbitrarily chosen
as the instant at which the projectile electron makes its closest approach to the
target ion. Under these circumstances, in the 1s → 2p excitation, a conservation
law prohibits the 1s→ 2p0 (m = 0) transition; only the m = ±1 substates (2p±1) of
the 2p level are possible. In this natural coordinate frame, i.e., the collision plane
(the (x, y) plane) perpendicular to the quantization axis (the z axis), the spherical
harmonic Y ∗1±1(R̂) is represented as

Y ∗1±1(R̂) = ∓
√

3
8π

(v̄t∓ ib̄)
R̄

, (14)

where v̄ ≡ v/aZ and b̄ (≡ b/aZ) is the scaled impact parameter. Then, the 1s→ 2p±1

transition amplitudes T2p±1,1s are found to be

T2p±1,1s = T2p±1,1s(b̄, aΛ, γ, Ē)

= ∓ 12
1 + c(γ)

e2

~v

∫ ∞
0

dτ (τ sin βτ ∓ b̄ cos βτ )

×
{

1(
9
4 − a2

Λ

)3

[
1

(τ 2 + b̄2)3/2
+

aΛ

τ 2 + b̄2

]
e−aΛ(τ 2+b2)1/2

+
γ

5

[
1[

9
4 − (

√
γ + 1)2a2

Λ

]3 [ 1
(τ 2 + b̄2)3/2

+
(
√
γ + 1)aΛ

τ 2 + b̄2

]
e−(
√
γ+1)aΛ(τ 2+b̄2)1/2

− 1[
9
4 − (

√
γ + 3)2a2

Λ

]3 [ 1
(τ 2 + b̄2)3/2

+
(
√
γ + 3)aΛ

τ 2 + b̄2

]
e−(
√
γ+3)aΛ(τ 2+b̄2)1/2

− 1(
9
4 − a2

Λ

)3

[
1

(τ 2 + b̄2)3/2
+

aΛ

τ 2 + b̄2

]
e−aΛ(τ 2+b̄2)1/2

+
1

( 9
4 − 9a2

Λ)3

[
1

(τ 2 + b̄2)3/2
+

3aΛ

τ 2 + b̄2

]
e−3aΛ(τ 2+b̄2)1/2

]}
, (15)

where τ (≡ vt/aZ) is the dimensionless time, β (≡ ω2p±1,1saZ/v) = 3/8
√
Ē,

Ē (≡ mv2/2Z2Ry) is the scaled kinetic energy of the incident electron, and
Ry(= me4/2~2 ≈ 13.6 eV) is the Rydberg constant.

3. Orientation parameter
The orientation parameter for the 1s→ 2p±1 excitations is defined as

L⊥(b̄, aΛ, γ, Ē) =
|T2p+1,1s(b̄, aΛ, γ, Ē)|2 − |T2p−1,1s(b̄, aΛ, γ, Ē)|2
|T2p+1,1s(b̄, aΛ, γ, Ē)|2 + |T2p−1,1s(b̄, aΛ, γ, Ē)|2 , (16)

where |T2p±1,1s(b̄, aΛ, γ, Ē)|2 are the 1s → 2p±1 transition amplitudes. This quan-
tity L⊥(b̄, aΛ, γ, Ē) is a measure of the expectation value of the orbital angular
momentum transferred to the bound electron in the target ion owing to the direct
1s → 2p±1 excitations. Since the line-intensity ratios are directly related to the
1s → 2p±1 excitation rates, the orientation parameter is connected to the rela-
tive number of coincidences for RHC (right-hand circularly polarized) and LHC
(left-hand circularly polarized) photons emitted owing to radiative decay from the
excited 2p−1 and 2p+1 states to the ground 1s state. Then, the nonideal-plasma
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Figure 1. The orientation parameter L⊥(b̄, aΛ, γ, Ē) for aΛ = 0.1 as a function of the scaled
impact parameter b̄ (= b/aZ ): ——, γ = 0 (ideal case); – – –, γ = 0.1 (weakly nonideal case);
· · · · · · · · ·, γ = 1 (strongly nonideal case); (a) Ē = 9; (b) Ē = 81.

effects due to the properties of the plasma change the relative number of coinci-
dences for RHC and LHC photons. Thus, orientation phenomena could be exploited
as a plasma diagnostic.

In order to explicitly investigate plasma-screening and collective effects on the
orientation parameter and the propensity rule for direct electron–ion excitations,
we consider a hydrogenic-ion target with aΛ = 0.1. Here, we consider ideal, weakly,
and strongly nonideal cases: γ = 0, γ = 0.1, and γ = 1, and two cases of projectile
energies: Ē = 9 and Ē = 81, since the semiclassical straight-line trajectory method
is known to be valid for high projectile energies Ē > 7 (Bethe and Jackiw 1986).
Figure 1 shows the orientation parameter L⊥(b̄, aΛ, γ, Ē) for direct 1s → 2p±1 ex-
citations as a function of the impact parameter, the nonideal-plasma parameter,
the Debye length, and the energy of the projectile electron. Because of the propen-
sity rule, the probability of populating the 2p−1 state dominates the probability of
populating the 2p+1 state in planar collisions. The result shows that the nonideal
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effect significantly reduces the propensity of the 1s→ 2p−1 transition. It is found
that the nonideal effect, i.e., the collective effect, on the orientation parameter in-
creases with increasing projectile energy. It is also found that the propensity of the
1s→ 2p−1 transition is significantly suppressed with increasing energy of the pro-
jectile electron. Thus, the variation of the propensity of the 1s → 2p−1 excitation
due to the nonideal effect could be used in plasma diagnostics to determine the
nonideality of a plasma.

4. Summary and discussion
In this paper, we have investigated plasma-screening and collective effects on orien-
tation phenomena for direct electron–hydrogenic-ion collisions in a classical non-
ideal plasma. An effective pseudopotential model taking into account plasma-
screening and collective effects was applied to describe the projectile–target
interaction potential in a nonideal plasma. The semiclassical straight-line trajec-
tory method was applied to describe the motion of the projectile electron, and
the target-wave system was represented by quantum-mechanical wave functions.
The orientation parameter L⊥ for direct 1s → 2p±1 excitations was obtained as a
function of the scaled impact parameter b̄, the nonideal-plasma parameter γ, the
scaled reciprocal Debye length aΛ, and the scaled projectile energy Ē. The result
shows that the probability of populating the 2p−1 state dominates the probabil-
ity of populating the 2p+1 state in planar collisions. It should be noted that the
nonideal effect, i.e., the collective effect, reduces the propensity of the 1s → 2p−1

transition. It was also found that the nonideal effect on the orientation parameter
increases with increasing energy of the projectile electron. These results provide
a general description of orientation phenomena for s–p excitations in a classical
nonideal plasma.
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