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Polarization spectroscopy of He+(nl) produced in collisions of He2+ with H in Debye plasmas
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Polarization spectroscopy of He+(nl) ion produced in He2+-H(1s) collisions in a Debye plasma is studied by
the two-center atomic orbital close-coupling (TC-AOCC) method in the energy range 1–200 keV/u. The atomic
orbitals and electron binding energies of atomic states are calculated within the Debye-Hückel approximation
of the screened Coulomb potential and used in the AOCC dynamics formalism to calculate the magnetic
substate-selective electron-capture cross sections. It is demonstrated that the screening of Coulomb interactions
affects the entire collision dynamics and the magnitude and energy behavior of m-state-selective cross sections.
The changes in magnetic substate-selective electron-capture cross sections when the interaction screening varies
introduce dramatic changes in the polarization spectroscopy with respect to the unscreened interaction case. The
magnetic substate-selective electron-capture cross sections, as well as the polarization degrees for the 2p 2P3/2–
1s 2S1/2,3p 2P3/2–2s 2S1/2,3d 2D5/2–2p 2P3/2, and 3d 2D3/2–2p 2P1/2 transitions in the He+ ion produced in this
collision system, are presented and discussed for a number of representative screening parameter values.
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I. INTRODUCTION

Electron capture by highly charged ions from neutral atoms
and molecules has attracted much attention because of its wide
applications in diverse fields of current interests. In this kind
of process, the captured electron usually populates the excited
states of the projectile ions that decay by line radiation. Due to
the well-defined incident direction of the projectile, the emitted
line may be polarized. The measurement of the polarization
degree and angular distribution of emitted radiation are the
only methods for observing the alignment of the final state
produced by the electron capture which is determined by
the population distribution of its magnetic substates. The
information about the magnetic substate population allows one
to probe the collision dynamics on a more fundamental level.
Numerous experimental [1–8] and theoretical [9,10] studies
have been devoted to the determination of photon polarization
degree in collisions of multicharged ions with atoms and
molecules. However, in the environment of hot dense plasmas,
the Coulomb interaction between charged particles is screened
which obviously affects the dynamics of atomic collision
processes. Atomic collision processes in hot, dense plasmas
play a crucial role in determining the radiation and transport
properties of such plasmas and, therefore, have been subject to
continuous interest during the last several decades. However,
the studies involving heavy-particle collision processes in hot,
dense plasmas are relatively scarce. The results of these studies
are reviewed in [11–13]. Quite recently, we have performed
extensive studies of the collision dynamics between hydrogen
atom and fully stripped ions H+ [14], He2+ [15,16], and
O8+ [17] in Debye plasmas by employing the two-center
atomic orbital close-coupling (TC-AOCC) method. In all the
previously mentioned studies, however, the polarization degree
of the radiation from excited capture states has not been
investigated.

In the present work, we shall study the polarization degree
of the 2p 2P3/2–1s 2S1/2, 3p 2P3/2–2s 2S1/2, 3d 2D5/2–2p 2P3/2,

and 3d 2D3/2–2p 2P1/2 transitions in He+ ion produced in
He2+-H collisions in a Debye plasma in the energy range
1–200 keV/u. The interaction between the active electron and
H+ and He2+ will be described by the Debye-Hückel potential,

V (r) = −Z

r
e−r/rd , (1)

with Z = 1 and Z = 2, respectively.
The Debye screening length rd is related to the

plasma electron temperature (Te) and density (ne) by rd =
(kBTe/4πe2ne)1/2, where kB is the Boltzmann constant.
The Debye potential is a good representation of the ef-
fective two-body electron-ion interaction as long as the
Coulomb coupling parameter � = e2/(akBTe) and plasma
nonideality parameter γ = e2/(rdkBTe) satisfy the conditions
� � 1,γ � 1, where a = [3/(4πne)]1/3 is the average in-
terparticle distance. There is a wide class of laboratory and
astrophysical plasmas in which these conditions are fulfilled
(Debye plasmas).

We note that in the central-symmetric potential (1) the
electron energy levels Enlm are not degenerate in the orbital
angular momentum quantum number l, but they still remain
degenerate in the magnetic quantum number m [18]. Another
important property of the potential (1) is that for any finite
value of Debye length rd it supports only a finite number of
bound states. This implies that with decreasing rd the energy
Enl of a bound nlm state decreases and enters in the continuum
at certain critical screening length rnl

d,c. For a given value of
n, the energies of the states with higher l decrease faster
and enter the continuum at larger rnl

d,c (see, e.g., [14–17]).
Obviously, both the decrease of energies of the bound states
with decreasing rd and the reduction of their total number
when rd decreases affect the collision dynamics.

The capture dynamics in the studied He2+ + H collision
system will be described by the semiclassical TC-AOCC
method, used also in our previous work on ion-atom inelastic
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processes in Debye plasmas [14–17]. In the expansion basis,
we shall include all states with n � 7 centered on He+ and all
states with n � 3 centered on H. In the energy range considered
in our study, the TC-AOCC method should provide an adequate
description of collision dynamics due to the large size of the
expansion basis.

The paper is organized as follows. In Sec. II we briefly
outline the theoretical method used in the calculations of
cross sections and polarization degree. In Sec. III we present
the results of our calculations for different values of screen-
ing length rd and analyze the effects of the screening on
the polarization degree. Finally, in Sec. IV we give our
conclusions.

Atomic units will be used in the remaining part of this
article, unless otherwise explicitly indicated.

II. THEORETICAL METHOD

A. Two-center atomic orbital close-coupling method

The application of the TC-AOCC method to an ion-atom
collision system requires determination of single-center elec-
tronic states over which the total scattering wave function is
expanded and used in a time-dependent Schrödinger equation
to generate the coupled equations for the state amplitudes [19].
For determining the stationary bound electronic states with
the potential (1) centered on the target (Z = 1) and on the
projectile (Z = 2), we have used the variational method with
the even-tempered trial functions [20],

χklm(�r; rd ) = Nl(ξk(rd ))rle−ξk (rd )rYlm(�̂r)ξk(rd ) = αβk,

k = 1,2, . . . ,N, (2)

where Nl(ξk) is a normalization constant, Ylm(�̂r) are the
spherical harmonics, and α and β are variational parameters,
determined by minimization of the energy for each value of
rd . The atomic states φnlm(�r; rd ) are then obtained as the linear
combination,

φnlm(�r; rd ) =
∑

k

cnkχklm(�r; rd ), (3)

where the coefficients cnk are determined by diagonalization of
the single-center Hamiltonian. This diagonalization yields the
energies Enl(rd ) of the atomic states in the screened Coulomb
potential (1). In the collision energy range considered in the
present paper (1–200 keV/u), the straight-line approximation
for the relative nuclear motion, R(t) = �b + �vt (b is the impact
parameter and v is the collision velocity), can be safely
adopted. Expanding the total electron wave function 	(�r,t)
in terms of the bound atomic orbitals (3), multiplied by plane
wave electron translational factors (ETFs),

	(�r,t) =
∑

i

ai(t)φ
A
i (�r,t ; rd ) +

∑
j

bj (t)φB
j (�r,t ; rd ), (4)

and inserting it in the time-dependent Schrödinger equation
(H − i ∂

∂t
)	 = 0, where H = − 1

2∇2
r + VA(rA) + VB(rB), and

VA,B(rA,B) are the electron interactions with the target proton
and projectile ion He2+ of the form (1), one obtains the first-

order coupled equations for the amplitude ai(t) and bj (t),

i(Ȧ + SḂ) = HA + KB, (5a)

i(Ḃ + S†Ȧ) = K̄A + H̄B, (5b)

where A and B are the vectors of the amplitudes ai (i = 1, 2, . . . ,
NA) and bj ( j = 1, 2, . . . , NB), respectively. S is the overlap
matrix (S† is its transposed form), H and H̄ are the direct
coupling matrices, and K and K̄ are the electron exchange
matrices. The system of equations (5) is to be solved under the
initial conditions,

ai(−∞) = δ1i ,bj (−∞) = 0. (6)

After solving the system of coupled equations (5),
the cross section for 1 → j electron-capture transition is
calculated as

σcx,j = 2π

∫ ∞

0
|bj (+∞)|2bdb. (7)

The sum of σcx,j over j gives the corresponding total
electron-capture cross section.

B. Degree of polarization

Taking the ion beam direction as the quantization axis, the
degree of polarization of the radiation from an upper |i〉 to a
lower |f 〉 level is defined as

P = I// − I⊥
I// + I⊥

, (8)

where I// and I⊥ are the photon intensities with the electric
vector parallel and perpendicular to the ion beam direction,
respectively. P can be expressed as a function of the alignment
parameter A0 by [21]

P = I// − I⊥
I// + I⊥

= 3h(ji,jf )A0(ji)

4 + h(ji,jf )A0(ji)
, (9)

where

h(ji,jf ) = (−1)ji−jf

{
ji

1

ji

1

2

jf

} {
ji

1

ji

1

2

ji

}−1

, (10)

and ji and jf are the total angular momenta of the initial
and final state in the radiative transition, respectively. In the
collision frame, the alignment parameter A0 has the following
form [21]:

A0(j ) =
∑

mj

{
3m2

j − j (j + 1)
}
σjmj

j (j + 1)
∑

mj σjmj

. (11)

Here σjmj
is the population of the ( j, mj ) substate, which

can be expressed in terms of the population of the (l, m)
substate, σlm, using the Clebsch-Gordan coefficients,

σjmj
= 1

2

∑
ml+ms=mj

|〈lsmlms |jmj 〉|2σlm. (12)

Due to the cylindrical symmetry about the beam axis, σlm =
σl−m. Inserting (10)–(12) into (9), the resulting polarization
degrees for the 2p 2P3/2–1s 2S1/2, 3p 2P3/2–2s 2S1/2, 3d 2D3/2–2p
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2P1/2, 3d 2D5/2–2p 2P3/2, and 3d 2D3/2–2p 2P3/2 transitions are
obtained as

P = 3σ̃3/2,1/2 − 3σ̃3/2,3/2

5σ̃3/2,1/2 + 3σ̃3/2,3/2
= 6σ (3p0) − 3σ (3p1)

10σ (3p0) + 7σ (3p1)
, (13)

P = 3σ̃3/2,1/2 − 3σ̃3/2,3/2

5σ̃3/2,1/2 + 3σ̃3/2,3/2
= 6σ (3d0) + 3σ (3d1) − 6σ (3d2)

10σ (3d0) + 9σ (3d1) + 6σ (3d2)
,

(14)

P = σ̃5/2,3/2 + 4σ̃5/2,1/2 − 5σ̃5/2,5/2

5σ̃5/2,5/2 + 7σ̃5/2,3/2 + 8σ̃5/2,1/2

= 6σ (3d0) + 3σ (3d1) − 6σ (3d2)

12σ (3d0) + 11σ (3d1) + 8σ (3d2)
, (15)

P = 3σ̃3/2,1/2 − 3σ̃3/2,3/2

4σ̃3/2,3/2 + 6σ̃3/2,1/2

= 6σ (3d0) + 3σ (3d1) − 6σ (3d2)

12σ (3d0) + 11σ (3d1) + 8σ (3d2)
, (16)

where σ̃3/2,1/2 = σ3/2,+1/2 + σ3/2,−1/2, σ̃3/2,3/2 = σ3/2,+3/2 +
σ3/2,−3/2, σ̃5/2,3/2 = σ5/2,+3/2 + σ5/2,−3/2, σ̃5/2,1/2 =
σ5/2,+1/2 + σ5/2,−1/2, σ̃5/2,5/2 = σ5/2,+5/2 + σ5/2,−5/2, and
σ (2p1) = σ (2p−1) + σ (2p+1), σ (3d1) = σ (3d−1) + σ (3d+1),
σ (3d2) = σ (3d−2) + σ (3d+2). Equation (13) combines the
expressions for P for both 2p 2P3/2–1s 2S1/2 and 3p 2P3/2–2s
2S1/2 transitions. Because the cross sections for capture to the
n � 3 states are much smaller than that of the n = 2 states
in the entire energy range considered, the corresponding
cascade contributions to n = 2 state populations can safely
be neglected. A similar argument holds for the populations
of n = 3 states. The populations of excited states are, thus,
directly proportional to the electron-capture cross sections.

We note that the polarization degrees for the 3d 2D5/2–
2p 2P3/2 and 3d 2D3/2–2p 2P3/2 transitions are the same, as
indicated by the identity of Eqs. (15) and (16).

III. RESULTS FOR THE m-SELECTIVE CROSS SECTIONS
AND POLARIZATION DEGREES

A. 2p 2P3/2–1s 2S1/2 transition

As mentioned in Sec. II A, in solving the coupled-
channel equations (5) all n � 7 states centered on He+ and
all n � 3 states centered on H have been used in the expansion
basis. We first check the sufficiency of adopted basis from the
point of view of reliability of calculated cross sections for the
case of unscreened Coulomb interaction. As expected from
the analysis and calculations performed in Ref. [22], even the
more restricted basis (n � 4 states on He+ and n � 3 states
on H) provides an acceptable description of electron-capture
dynamics for this collision system in the unscreened case. The
cross sections for electron capture to the 1s, 2s, and 2p states
of He+ ion in the zero-screening case are shown in Fig. 1 and
compared with the results of previous TC-AOCC calculations
of Ref. [22] (denoted by crosses). It can be seen that the present
calculations coincide with those of Ref. [22] in the overlapping
energy range. The cross sections for capture to the higher nl
states also have the same level of mutual agreement. We note,
however, that for the case of screened Coulomb interaction the
convergence of results appears to be somewhat slower, which
prompted us to use a larger basis on He+.

FIG. 1. Cross sections for electron capture to 1s, 2s, and 2p states
of He+; the crosses are the results of Ref. [22].

In Fig. 2 we present the energy dependence of magnetic
substate-selective cross sections for electron capture to 2p0

[panel (a)] and 2p1 [panel (b)] states of the He+ ion for the
unscreened case and screened cases with rd = 12, 8, 6, and 4a0.

FIG. 2. (Color online) Cross sections for electron capture to 2p0

(a) and 2p1 (b) states of He+ ion for the unscreened case and screened
cases with rd = 12, 8, 6, and 4a0.
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As discussed in Ref. [15], the 2p electron-capture channel is the
dominant channel for this collision system also in the screened
case. The m-partial cross sections for the 2p state have similar
energy behavior in the considered energy range when rd varies.
With decreasing rd , the cross sections for capture to 2p0 and
2p1 also decrease. This behavior of m-partial cross sections
is a direct consequence of the decrease of electron exchange
matrix elements with decreasing rd [15]. It is important to
note in these figures that in the low-energy region (below
∼12 keV/u) the relative decrease of the σ (2p0) cross section
with decreasing the energy is faster than that for σ (2p1). In
contrast to this, in the energy region above ∼10–12 keV/u the
relative decrease of the σ (2p1) cross section with increasing
the energy is faster than that for σ (2p0), but the decrease
of both partial cross sections with decreasing rd is much
less pronounced than in the region below ∼10–12 keV/u.
It is also worth noting that while the energy position of the
maximum of σ (2p0) cross section does not change markedly
with varying rd , that for the σ (2p1) cross section increases
when rd decreases. As mentioned earlier, the differences in
the rd behavior of the σ (2p0,1) cross sections are related to the
differences in the corresponding coupling matrix elements.
The different energy and rd behavior of the σ (2p0,1) cross
sections below and above ∼10–12 keV/u will, according to
Eq. (13), obviously be reflected in the E and rd behavior of the
polarization degree.

In Fig. 3 we present the energy behavior of the polarization
degree for the 2p 2P3/2–1s 2S1/2 transition in the He+ ion
produced in He2+-H collisions for the unscreened case and
screened cases with rd = 12, 8, 6, and 4a0. As mentioned
earlier, in this collision system the 2l capture states are the
dominantly populated ones (due to their energy quasiresonance
with the initial state) in the considered energy range so that
the radiative cascade contributions from the higher nl states
can be neglected. It can be seen from this figure that in the
zero-screening case, the polarization degree shows a mild
maximum in the energy region 2–4 keV/u, similarly as in
the case of N4+(3p 2P3/2–3s 2S1/2) produced in N5+-He and

FIG. 3. (Color online) Degree of polarization of the line corre-
sponding to the 2p 2P3/2–1s 2S1/2 transition in He+ as a function of
projectile energy for the unscreened case and screened cases with
rd = 12, 8, 6, and 4a0.

N5+-H2 collisions, which has been experimentally observed
in Ref. [8] and theoretically analyzed in Ref. [9]. As we
see from Fig. 3, in the case of a considerable interaction
screening (rd � 12a0), this maximum disappears. The po-
larization degree in the screened case in Fig. 3 exhibits
two prominent features: (i) it monotonically increases with
increasing energy in the considered energy range, and (ii)
for energies below ∼6 keV/u it decreases with decreasing
rd , while for energies above ∼6 keV/u it increases with
decreasing rd . The first feature is a result of the fact that
the cross section σ (2p0) is larger than σ (2p1) in the entire
energy range considered for all considered values of rd (see
Fig. 2), while the second feature is a result from the interchange
of the rate of relative decrease of σ (2p0) and σ (2p1) at
∼10–12 keV/u with decreasing rd , as discussed earlier. This E
and rd behavior of the polarization degree P for this transition
follows directly from Eq. (13): the strong decrease of P with
decreasing rd below ∼6 keV/u (especially below ∼2 keV/u)
reflects the similarly strong decrease of σ (2p0) in the region
below ∼12 keV/u [see Fig. 2(a)], while the more gradual
increase of P with decreasing rd in the energy region above
∼6 keV/u is a consequence of the similar increase of the
difference σ (2p0)-σ (2p1) in the region above ∼12 keV/u
[compare Figs. 2(a) and 2(b)]. We note that the increase
of P with increasing energy in the high-energy region is a
consequence of the fact that the cross section for capture to
a nlm state decreases faster with increasing energy when m
increases (see, e.g., [23,24]). The increase of P with increasing
energy is, however, limited and in the present case its limiting
value is 0.6, as it follows from Eq. (13). It is worth noting
that the values of the polarization degree for rd = 4a0 become
negative for E ∼ 1 keV/u.

B. 3p 2P3/2–2s 2S1/2 transition

The energy dependences of 3p0 and 3p1 state-selective
cross sections for the unscreened case and for the screened
cases with rd = 12a0, 8a0, and 6a0 are shown in Figs. 4(a) and
4(b), respectively. We note that for rd = 4a0, the 3pm states
of He+ are already in the continuum. As observed in Fig. 4,
the σ (3p0,1) partial cross sections for both the unscreened and
screened cases have a quite different energy behavior than the
σ (2p0,1) cross sections and are about an order of magnitude
smaller (see Fig. 2). These differences in the σ (3p0,1) and
σ (2p0,1) cross sections are understandable if one takes into
account the energy quasiresonance of the initial H(1s) state
with the final He+(2p) state (that holds even in the screened
case down to very small Debye lengths), which in the case of
the He+(3p) state is destroyed. The increased reaction energy
defect in the case of capture to 3p0,1 states shifts the maxima
of the σ (3p0,1) cross sections to ∼25–30 keV/u [as opposed to
∼10–12 keV/u for σ (2p0,1); see Figs. 2 and 4]. In addition, the
dynamics involved in the capture to 3p0,1 states produces new
secondary cross-section maxima in the σ (3p0,1) cross sections
in the energy region ∼3–5 keV/u (for both the unscreened and
screened cases). In the case of σ (3p0) these secondary maxima
are relatively small but in the case of σ (3p1) they become
comparable with the high-energy maxima. It is interesting to
note in Figs. 4(a) and 4(b) that while the values of low-energy
maxima of σ (3p0) cross sections in the screened cases are
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FIG. 4. (Color online) Cross sections for electron capture to 3p0

(a) and 3p1 (b) states of He+ in the He2+-H collision.

larger than that for the unscreened case (without showing
a clear regularity of increase with decreasing rd ), those of
the σ (3p1) cross sections are smaller than the one for the
unscreened case and decrease with decreasing rd . A detailed
analysis of the mutual couplings between the He+(n = 2),
H(n = 2), and He+(n = 3) states has revealed that the
population of He+(3p1) at low collision energies is dominated
by the H(2s0)-He+(3p1) coupling which decreases with
decreasing rd . In a molecular picture of the collision dynamics
this would correspond to the rotational 3pσ -3pπ coupling in
the united atom region. Within the same dynamical picture,
the He+(3p1) state in the receding stage of the collision
becomes subject to a Stark mixing with the state He+(3p0)
due to the electric field of the H+ ion. This reduces the
population of the He+(3p1) state, but leads to an increase of
the population of the He+(3p0) asymptotic state in the same
energy region, as observed in Fig. 4(a).

The degree of polarization of the emission line correspond-
ing to the 3p 2P3/2–2s 2S1/2 transition in He+ is shown in
Fig. 5 as a function of the projectile energy for the unscreened
case and for interaction screening with rd = 12, 8, and 6a0.
As expected on the basis of the difference of the m-selective
capture cross sections σ (2p0,1) and σ (3p0,1) (cf. Figs. 2
and 4), both the energy and rd dependences of the polarization

FIG. 5. (Color online) Polarization degree of the line correspond-
ing to the 3p 2P3/2–2s 2S1/2 transition in He+ as a function of projectile
energy for the unscreened case and screened cases with rd = 12, 8,
and 6a0.

degree for the 3p 2P3/2–2s 2S1/2 transition are considerably
different from those for the 2p 2P3/2–1s 2S1/2 transition,
particularly in the low-energy region (compare Figs. 3
and 5). With decreasing rd , the polarization degree P in
Fig. 5 increases with respect to the unscreened case in the
entire energy range considered (except for the region below
∼1.5 keV/u). This increase of P is much more pronounced in
the energy region below ∼10 keV/u than at higher energies,
where it tends to diminish with increasing the energy. The
reduced sensitivity of P on rd in the energy region above
∼10 keV/u reflects the comparable degree of relative decrease
of the σ (3p0) and σ (3p1) cross sections for energies above
∼25 keV when rd varies (see Fig. 4). Physically, this is a
result of the increased role of momentum transfer mechanism
(and not the reaction energy defect) in the electron-capture
dynamics and the predominance of the capture to the m = 0
state within the lm manifold at high energies [23,24]. It is also
worth noting that the polarization degree for this transition
becomes negative in the energy region below ∼10 keV/u,
the change of its sign appearing at energies decreasing with
decreasing rd . All the E and rd variations of the polarization
degree, observed in Fig. 5, obviously follow directly from the
corresponding variations of the σ (3p0,1) cross sections and
their combination in the expression (13) for P.

We have specifically investigated the role of cascade
contributions from the n = 4,5 states to the population of
3p0.1 states. We have found that even at the high energies
(E = 100, 200 keV/u) these contributions change the value of
P by less than 1%.

C. 3d 2D3/2–2p 2P1/2 and 3d 2D5/2–2p 2P3/2 transitions

The energy dependences of the cross sections for electron
capture to the 3d0, 3d1, and 3d2 states of He+ ion for the
unscreened case and for interaction screening with rd = 12a0,
8a0, and 6a0 are shown in panels (a)–(c) of Fig. 6, respectively.
Like in the case of electron capture to 3pm states, the cross
sections for capture to 3dm states are an order of magnitude
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FIG. 6. (Color online) Cross sections for electron capture to 3d0

(a), 3d1 (b), and 3d2 (c) states of He+ in the He2+-H collision.

smaller than those for capture to 2pm states for the same
reasons as those discussed in connection with the smallness
of 3pm cross sections (see previous subsection). The energy
and rd behavior of the σ (3d0,1,2) cross sections observed
in Figs. 6(a)–6(c) differ considerably when m changes. The
σ (3d0) cross section for the unscreened case has a maximum
at ∼8 keV/u; above this energy the cross section first decreases
slowly, exhibits a small increase in the range ∼12–15 keV/u,

and then attains its typical high-energy decrease. For energies
below its maximum this cross section drops steeply and has
a small secondary maximum at ∼2 keV/u. The σ (3d0) cross
sections for the screened cases exhibit oscillatory structures in
the energy range (roughly) ∼5–30 keV/u; above and below
the oscillatory domain they decrease. The maxima of these
structures move toward the lower energies when rd decreases
and this is the main reason for the increase of the cross
section with decreasing rd , observed in the low-energy region.
A small secondary maximum at ∼2 keV/u appears also in
the cross sections for the screened cases. It should be noted
in Fig. 6(a) that in the energy range where the oscillatory
structures of the σ (3d0) cross sections in the screened cases
appear their decrease with decreasing rd is very strong. At
energies above this energy range, the decrease of σ (3d0) with
decreasing rd is much slower. [The apparent larger σ (3d0)
cross section for rd = 12a0 than that for the unscreened case
in the region above ∼30 keV/u is a result of the insufficiently
large expansion basis on He+ in this case.] The σ (3d1)
cross sections in Fig. 6(b) show a significantly different E
and rd behavior than that for σ (3d0): on both sides of the
central cross-section maxima (occurring in the energy range
∼6–12 keV/u) additional secondary maxima are observed.
The positions of high-energy secondary maxima are all in the
region of E ∼ 25 keV/u, while those of the low-energy maxima
are distributed between E ∼ 6 keV/u (for the unscreened case)
and E ∼ 2.5 keV/u (for rd = 6a0). It should be noted in
Fig. 6(b) that while in the energy regions above the energy
positions of the central cross-section maxima the σ (3d1) cross
section decreases with decreasing rd , its rd behavior below
these energies becomes irregular. This is mainly due to the
shifts of the central and low-energy peaks in the cross sections
toward the lower energies when rd decreases. The shift of the
cross-section structure toward lower energies both in σ (3d0)
and σ (3d1) in the energy region below E ∼ 15 keV/u with
decreasing rd is related to a large extent to the decrease of
the energy defect between the final and initial states in the
capture process when rd decreases [14–17]. The cross sections
σ (3d2) shown in Fig. 6(c) show roughly a similar E and rd

behavior like the σ (3d1) cross sections in Fig. 6(b) except
that the high-energy (E ∼ 25 keV/u) cross-section maxima in
the screened cases are now much smaller and, in the energy
region below E ∼ 3 keV/u, the cross section shows a regular
decrease with decreasing rd . It is worth noting that the σ (3d2)
cross sections are about a factor of two smaller than the
corresponding σ (3d1) cross sections, a result routed in the fact
that (in the molecular picture of collision dynamics) the lπ→lδ
rotational coupling in the united atom region is significantly
weaker than the lσ→lπ rotational coupling. The diversity of
the E and rd behavior of the σ (3d0,1,2) cross sections in the
considered E and rd ranges indicates the complexity of the
capture dynamics leading to the population of 3d0,1,2 states.

Figure 7 shows the energy behavior of the polarization
degree of the lines corresponding to the 3d 2D3/2–2p 2P1/2

[panel (a)] and 3d 2D5/2–2p 2P3/2 [panel (b)] transitions in He+
for the unscreened case and for the screened cases with rd =
12a0, 8a0, and 6a0. As mentioned in Sec. II B, the polarization
degree of the 3d 2D3/2–2p 2P3/2 transition is the same as that
for the 3d 2D5/2–2p 2P3/2 transition. It is surprising to see in
Figs. 7(a) and 7(b) that the calculated polarization degrees for
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FIG. 7. (Color online) Degree of polarization of the lines corre-
sponding to 3d 2D3/2–2p 2P1/2 (a) and 3d 2D5/2–2p 2P3/2 (b) transitions
in He+ as a function of projectile energy for the unscreened case and
for screened cases with rd = 12, 8, and 6a0.

the 3d 2D3/2–2p 2P1/2 and 3d 2D5/2–2p 2P3/2 transitions exhibit
a very similar energy behavior in both the unscreened and
screened cases, despite the variety of E and rd behavior of the
3dm capture cross sections observed in Figs. 6(a)–6(c). The
magnitude of the polarization degree for the 3d 2D3/2–2p 2P1/2

transition is, however, considerably larger than that for the
2D5/2–2p 2P3/2 transition. It is worth nothing that in the entire
energy region considered, the polarization degree increases
with decreasing rd and that, except for rd = 6a0, it becomes
negative at low energies for both transitions. We further note
that, according to Eqs. (14) and (15), the high-energy limits of
P for the 3d 2D3/2–2p 2P1/2 and 3d 2D5/2–2p 2P3/2 transitions
are 0.6 and 0.5, respectively.

IV. CONCLUSIONS

In the present work we have investigated the polarization
spectroscopy of the He+(nl) ion produced in He2+-H(1s)
collisions in a Debye plasma. The collision dynamics in the
energy range 1–200 keV/u was described by the semiclassical

TC-AOCC method. The AO expansion basis used in the
present study included all n � 7 states on He+ and all n � 3
states on the H atom and was found to be well convergent even
for the weak capture channels in the energy range considered.
We have calculated the state-selective 2p0,1, 3p0,1, and 3d0,1,2

electron-capture cross sections for the unscreened case and for
the screened cases with Debye lengths rd = 12, 8, 6a0 (and
rd = 4a0 for 2p0,1) required to calculate the polarization degree
of the radiation corresponding to the transitions 2p 2P3/2–1s
2S1/2, 3p 2P3/2–2s 2S1/2, 3d 2D5/2–2p 2P3/2, and 3d 2D3/2–2p
2P1/2 in He+ [cf. Eqs. (13)–(16)]. Due to the large difference
between the nlm cross sections for n = 2 and n = 3, and
(to a lesser extent) between those for n = 3 and n = 4, the
radiative cascade contributions to the population of the upper
state in the previously mentioned transitions were considered
as negligible.

The m-selective capture cross sections, displayed in Figs. 2,
4, and 6, were found to be rather sensitive to the strength
of interaction screening: while in the intermediate and high-
energy region the interaction screening results in a decrease
of the cross section, in the low-energy region the effect of the
screening may lead also to its increase. Significant variations of
m-selective cross sections have been observed in their energy
dependence as well, particularly in the low-energy region. As
demonstrated in our previous work for the unscreened case [9]
(see also [25]), the energy behavior of the m-selective cross
section is dominantly affected by the rotational coupling in the
united atom region and by the Stark mixing of lm states (within
a given n manifold) at large internuclear distances by the field
of residual ion. These mechanisms of redistribution of the
m-state populations in the course of the collision remain
basically the same when the interaction is screened. As Figs. 2,
4, and 6 demonstrate, the interaction screening introduces
significant changes in the collision dynamics by affecting the
electron binding energies and couplings between the states (the
moduli of both of which decrease with increasing the strength
of the screening).

The polarization degree P of the emitted light for the
considered transitions exhibits a similar sensitivity to the
strength of the screening, particularly at the low collision
energies. For energies below E ∼ 6 keV/u, the polariza-
tion degree for the 2p 2P3/2–1s 2S1/2 transition decreases
with increasing the screening, while for the higher energies
it increases (cf. Fig. 3). For all other studied transitions, P
increases with increasing the screening in the entire energy
range considered (except for the small energy region around
E ∼ 12 keV/u in the case of the 3p 2P3/2–2s 2S1/2 transition;
see Fig. 5). It should be noted that while the differences in P
for different values of the screening are quite significant in the
low-energy region (below E ∼ 4 keV/u for 2p 2P3/2–1s 2S1/2

and below E ∼ 10 keV/u for the other transitions), they become
relatively small at the high energies. The weak high-energy
sensitivity of P to the interaction screening results from two
facts: the increased role of the momentum transfer mechanism
in electron-capture dynamics and the predominance of the
capture to the m = 0 state at high energies. This later
circumstance defines the high-energy limit of P [cf. Eqs. (13)–
(16)] having the values of 0.6 for 2p 2P3/2–1s 2S1/2, 3p 2P3/2–2s
2S1/2 and 3d 2D3/2–2p 2P1/2 transitions and 0.5 for the 3d
2D5/2–2p 2P3/2 transition, respectively. We finally note that,
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except for the 2p 2P3/2–1s 2S1/2 transition with rd � 6a0 and
3d 2D5/2–2p 2P3/2 and 3d 2D3/2–2p 2P1/2 transitions for rd =
6a0, the polarization degree becomes negative at low collision
energies.
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