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Debye-screening effects on the electron-impact excitation (EIE) processes for the dipole-allowed transition 1s2 1S —
1s2p 'P in He-like Al''* and Fe?** jons are investigated using the fully relativistic distorted-wave methods with the
Debye—Hiickel (DH) model potential. Debye-screening effects on the continuum-bound (CB) interaction and target ion are
discussed, both of which result in reduction of EIE cross sections. This reduction due to screening on the CB interaction
is dominant. The non-spherical and spherical DH potentials are adopted for considering the screening effect on the CB
interaction. It is found that the spherical DH potential could significantly overestimate the influence of plasma screening

on EIE cross sections for multielectron He-like ions.

Keywords: Debye plasmas, electron-impact excitation, Debye—Hiickel model potential, He-like Al''* and
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1. Introduction

Electron-impact excitation (EIE) processes in various
plasmas have been subject to continued interest due to
their potential application. For example, EIE cross sec-
tions are required for calculating the spectral line intensities
and especially level populations of nonlocal-thermodynamic-
equilibrium (NLTE) plasmas.!"?! Line emissions from the
excited states produced by the EIE process provide valu-
able information on plasma parameters such as temperature
and density.3#! Theoretical studies on electron—ion collision
processes are needed to consider screening effects due to
plasma environments, covering both weakly and strongly cou-
pled plasmas. The electron—ion interaction in the strongly
coupled plasmas is often described by the ion-sphere model
potential.>8] For weakly coupled (or Debye) plasmas, the
Debye-Hiickel (DH) potential!®'?l of an ion of positive
charge Z which interacts with an electron is given by

Vi = e (1), M

where D = (kg T, /4me®n,)'/? is the Debye screening length, 7,
and n. are the electron temperature and density, respectively,
and kg is the Boltzmann constant. It is noted that when the
Coulomb coupling parameter I = ¢? /akpT, < 1 the Debye-
screening potential (1) is valid, where @ = (3 /47n.)"/3 is the
average distance between particles.
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When a continuum electron interacts with ions that are
immersed in Debye plasmas, two types of DH potentials!!>!3!
are employed to describe the interaction between the contin-
uum electron and bound electron of the target ion, referred
to as the continuum-bound (CB) interaction for simplicity, in
an electron—ion collision. The first one is a non-spherical DH
(NSDH) potential!?!

V(ri,r) = ;exp (_7'1—7“2>7 @)
|T] — ’I"2| D
which includes the screening on both the continuum electron
and bound electron of the target ion. In Eq. (2), r; and r; are
the coordinates of the bound electron and continuum electron,
respectively. It is noted that this NSDH potential has also been
adopted for positron—ion collision in Debye plasmas. 141!

In contrast to the NSDH potential of Eq. (2), the screened
CB interaction is expressed by the spherical DH (SDH)
potential[!?]

1 |72

V(ry,r) = mexp (_D) . 3
Due to its spherical symmetry, the SDH potential is well suited
to atomic calculations. Therefore, a significant number of
theoretical studies have also been devoted to electron- and
proton-impact excitation processes based on the SDH poten-
tial. The first attempt at using the SDH model was made
by Hatton er al.!'®! for the study of inelastic scattering of
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H-like ions in a dense plasma. Later, the Debye-screened
impact cross sections were calculated for H-like ions by us-
ing the Born approximation and close-coupling methods,!”!
semiclassical impact-parameter formalism!!”! and relativis-
tic distorted-wave (RDW) method,!!8! as well as for He-like
ions by using the RDW method.!*->!1 Moreover, the Debye-
screening effect on the electron-impact ionization of H-like

47+ jons has been stud-

ions[??l and multielectron Ne** and Au
ied with the SDH potential.[>3]

Yoon and Jung!!® have performed a comparison of the
Debye-screened behavior between the SDH and NSDH poten-
tials for the EIE process of H-like ions. They suggested that
the NSDH model is physically more reliable, but only calcu-
lated the transition probabilities. To the best of our knowl-
edge, such comparisons have not yet been performed for the
EIE cross sections of multielectron ions. Therefore, the mo-
tivation of the present study is to present a detailed analysis
and comparison of cross sections between NSDH and SDH
model potentials that are used to describe the Debye-screened
CB interaction for the EIE of multielectron ions.

Apart from the plasma screening on the CB interaction,
plasma screening imposed on the target ion will also affect
the EIE cross sections. Zhang et al.1?*-?6] studied the Debye-
screening effect on low-energy electron—-H scattering using
the R-matrix method with pseudostates. Zammit et al.[?’-%°]
also calculated the excitation and ionization cross sections of
electron—H/He-atom collisions in Debye plasmas by the con-
vergent close-coupling (CCC) method. They have naturally
included the Debye screening on the target ion when the DH
potentials for the electron—electron and electron—nucleus in-
teractions are adopted in the (N + 1)-electron Hamiltonian, but
the influence of the Debye screening imposed on the target ion
on the cross sections has not been discussed. Therefore, the
influence of the Debye screening imposed on the target ion on
the EIE cross section are investigated in the present work.

We shall restrict our discussions to the simplest multielec-
tron system of He-like ions such as Al and Fe?*t, but it can
be extended to other complex ions straightforwardly. Specif-
ically, the dipole-allowed transition 1s> 'S — 1s2p 'P is dis-
cussed, as this line of atomic systems embedded in plasmas is
often investigated to test various models that have been devel-
oped to describe the plasma screening effects. 311 To obtain
the EIE cross sections, we performed fully relativistic multi-
configuration Dirac—-Fock (MCDF) and RDW calculations.

2. Theoretical methods

We briefly present the RDW method for calculating the
EIE cross sections (please refer to Refs. [32—34] for more de-
tails). The EIE cross section o;s from initial state ‘i’ to fi-
nal state ‘f” is expressed in terms of the collision strength Qj¢

as [33]

T
kTgi-Qiﬁ @

1

Oif =

where g; is the statistical weight of the initial state, and k; is
the kinetic momentum of the incident continuum electron. The

collision strength is given by!33]
N+1 2
Qij=2Y (2 +1) Y, W|Zf\wf , )
Jr K, K¢ r<q Tpq

where k; and k¢ are the initial and final relativistic quantum
numbers for the continuum electron, respectively. ¥ repre-
sents the antisymmetric wavefunctions for the total (N + 1)-
electron system with total angular momentum Jt, which con-
sists of the incident (or scattered) continuum electron and the
bound target wavefunction.

In the practical RDW calculations, the Coulomb potential
between electrons is expanded in the partial-wave form, which

is given by
1(cosB). (6)

Vg = *—Z 1+1

where rpq = |1 —

= max(rp,rq), r< = min(rp,rq), and
Py are the Legendre polynomials. The SDH potential of the
CB interaction is modified as?3!

1
Vpg = — exp ( ) Z ﬁ exp < ) P;(cosB), (7)

pq

and the NSDH one is written as!3%

_ b “Tpq
Yra = rpqexp< D )
:,72 21 +1)j (”<>h“(”>>P,(cos9) (8)

where j; and h;l)

are the spherical Bessel and Hankel func-
tions of the first kind with complex arguments, respectively.
As D — oo, equations (7) and (8) reduce to the unscreened
Eq. (6).

In Egs. (4) and (5), the bound target wavefunctions are
obtained by means of the MCDF method, in which the atomic
state wavefunction is represented as a linear combination of
configuration state wavefunctions.!*®! In order to include the
plasma-screening effect on the target ion (changes of target
wavefunctions due to Debye screening), the MCDF calcula-
tions were performed by the GRASP2K program 7! with some
modifications,?>! in which the DH potential is incorporated
into the relativistic Hamiltonian. The MCDF method includ-
ing the Debye-screening effect has been described in detail by
Xie et al.3>! as well as Saha and Fritzsche.!*¥! The distorted-
wave wavefunctions of the continuum electron are obtained by
solving the coupled Dirac equations numerically.**! The nu-
merical procedures are accomplished by using the component
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COWF of RATIP,[*! in which the two-body Coulomb poten-
tial (6) has been modified by replacement with the screened
ones (7) and (8) for the SDH and NSDH potentials, respec-
tively. Moreover, the Debye-screened electron—nucleus poten-
tial is considered as Vyu(r) = —(Z/r)exp(—r/D). In addi-
tion, the asymptotic continuum wavefunctions are determined
numerically for the boundary conditions, based on the WKB
method. 4%

3. Results and discussion

The Yukawa-type screened potential (1) has been often
utilized for the theoretical studies of atomic structures and col-
lision dynamics in weakly coupled plasmas, but Chang and
Fang!*! pointed out that the Debye-screening length should
be longer than the average size of a free atom, as the mean
radius of the 2p orbital in an N°* ion was estimated to be
~ 0.4 a.u. (atomic units). Moreover, the DH potential sup-
ports only a finite number of bound states, which results in
a migration of the bound state into the continuum when D
is less than the critical screening length.[*?! According to the
work of Xie et al.,!3! the critical screening length was deter-
mined to be 0.93 a.u. for the state 1s2p 'P in a He-like C**
ion. Therefore, the range of the screening length was chosen
as from 1 a.u. to oo so that the 1s2p 'P in AI''* and Fe*** ions
is still the bound state. Due to weak electron correlations in
the present cases of highly charged He-like ions, the single-
configuration approximation is employed.

3.1. Test of numerical methods

In order to verify the numerical methods and comput-
ing codes, the present EIE cross sections for the transition
Is — 2p in an Ne®" ion are compared with the distorted-
wave calculations'??! for D = 3 a.u. with the SDH potential
in Fig. 1, and a good agreement is obtained. As a check of
our numerical methods, which includes the Debye screening
on both the target ions and the CB interaction with NSDH
potential, our RDW results are compared with the 110-state
CCC calculations?®! for the transition 1s> 'S — 1s2p !P in
He in Fig. 2. It is noted that our purpose is not to discuss the
accuracy of the RDW method for calculating the EIE cross
section of a neutral He atom, but to characterize the plasma-
screening effect. It is found that at the high incident electron
energy of 800 eV, both of the present unscreened and screened
(D =10 a.u.) calculations nearly agree with the CCC calcula-
tions, which supports the reliability of our theoretical method
and codes used to include Debye-screening effects on EIE pro-
cesses.

3.2. Transition energy and oscillator strength

Table 1 shows the Debye-screening effect on the transi-
tion energy and oscillator strength for the dipole-allowed tran-

sition 1s> 'S — 1s2p 'P in AI'3* and Fe?** ions. Generally,
when the screening length D is sufficiently greater than the
radius of the ions, the influence of the Debye screening can
be neglected. For the case of D — oo, the present transition
energy agrees well with the NIST value!*’! with differences
of 0.09% and 0.11% for Al'>** and Fe?** ions, respectively.
Moreover, the relative differences between our unscreened os-
cillator strengths and the NIST datal*}! are determined to be
5.37% and 0.57% for Al'3* and Fe?** ions, respectively. This
indicates the reliability of the single-configuration approxima-
tion employed in the present calculations. As expected, when
the screening length D is comparable to the radius of ions, the
Debye-screening effect strongly affects the atomic properties.
Thus, in Table 1 the screening effect makes significant reduc-
tions in the transition energy and oscillator strength when D
is smaller than about 5 a.u., while the screening effect is very
small for the case of D > 10 a.u.

20
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g ® This work (D=3 a.u.)
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Fig. 1. Comparison of the present unscreened and screened EIE cross sec-
tions for the transition 1s — 2p of Ne?*t ion with those of the distorted-wave
(DW) calculations by Pindzola et al.?3! The screened results for D = 3 a.u.
consider the bound-continuum interaction by the SDH potential.
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Fig. 2. Comparison of the present unscreened and screened EIE cross sec-
tions for the transition 1s> 'S — 1s2p 'P in He with those of the 110-state
CCC calculations by Zammit e al.”?®! The screened results for D = 10 a.u.
consider the plasma screening on both the target ion and interaction between
the continuum electron and bound electron with the NSDH potential.
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Table 1. Transition energy (eV) and oscillator strength for the transition 1s> 'S — 1s2p 'P in AI'3* and Fe*** ions for screening length D (a.u.).

A+ Fe24+
D
Transition energy Oscillator strength (10~ 1) Transition energy Oscillator strength

1596.85 7.053 6707.49 6.954
” 1598.29* 7.45% 6700.42° 7.04%
100 1596.85 7.053 6707.48 6.954
50 1596.84 7.053 6707.47 6.954
15 1596.64 7.049 6707.27 6.954
12.5 1596.55 7.048 6707.18 6.953
1 1596.38 7.045 6707.01 6.953
8 1596.11 7.040 6706.74 6.952
5 1594.97 7.021 6705.60 6.947
2.5 1589.58 6.931 6700.07 6.927
1.25 1569.50 6.602 6678.83 6.849
1 1555.24 6.369 6663.42 6.793

aUnscreened values from NIST. [43]

3.3. Cross section

Next, we investigate the Debye-screening effect on the
EIE cross sections for the transition 1s?> 'S — 1s2p P in
He-like Al''* and Fe’** ions. In Fig. 3, the variations of
the EIE cross section at incident energies of 3000 eV and
15000 eV are illustrated for AI''* and Fe?** ions, respec-
tively, with SDH and NSDH potentials. The variation Ao is
defined as the difference between the cross section with the
pure Coulomb interaction and that with the Debye-screened
case, i.e., Ac = 6(D — ) — (D > 0). As shown in Fig. 3,
since Ao is always positive, the Debye-screening effect de-
creases the EIE cross sections. Moreover, the Ac becomes
more obvious with decreasing D. It is noted that variations
Ao of the SDH potential are dramatically greater than those of
the NSDH potential, except that the Debye screening is weak
in the large-D cases. Thus, the SDH model can significantly
overestimate the Debye-screening effects.

When the Debye-screening effect on the target ion is
considered, the EIE cross sections decrease further, which is
demonstrated in Fig. 3. However, for about D > 5 a.u., the
variations of the EIE cross section are almost the same as in
the case in which the Debye screening on the target ion is not
included. This indicates that the screening imposed on the tar-
get ion has negligible contributions to the EIE cross section
when the plasma screening is too weak to affect the target ions
for cases of D > 5 a.u.

We define the ratio

o cTion(D)
~ 0we(D)’

where O;on (D) and . (D) represent the contributions from the

®)

Debye screening on the target ion and CB interaction, respec-
tively, for reducing the EIE cross section. Here, the screened
CB interaction is described by the NSDH model. In Fig. 4,
since the ratio R is always less than one for all the screen-
ing length, the screening on the CB interaction is dominant

for affecting (reducing) the EIE cross sections for the transi-
tion 1s> 'S — 1s2p 'P in Al''* and Fe?*" ions at the incident
energies of 3000 eV and 15000 eV, respectively. Moreover,
as the screening length decreases, the influence of the Debye
screening on the target ion increases (the ratio R increases). As
shown in Fig. 4, in the case of D =1 a.u., R ~ 0.24 and 0.18 for
Al and FeZ4+ ions, respectively; hence, it indicates that the
influences of screening on the target ion should be included for
strong plasma screening. On the other hand, for the screening
length D = 10 a.u., the ratio is estimated to be R ~ 0.05 and
0.03 for the Al''* and Fe>** cases, respectively, which im-
plies that the reductions of the EIE cross sections are almost
determined by the screening on the CB interaction. This also
results in the fact that the influences of screening on the tar-
get ion are negligible for sufficiently weak screening strength,
which will be demonstrated further in Fig. 5.

In Fig. 5, the screened (D = 10 a.u.) and unscreened EIE
cross sections are shown for the transition 1s> 'S — 1s2p 'P
in He-like Al''* ions at different incident energies. In the
process of the electron—ion collision, the cross sections at the
threshold are finite since the long-range Coulomb interaction
has contributions to the large separation between the contin-
uum electron and target ion. Thus, the EIE cross sections at
the threshold should be more significantly reduced due to the
short-range character of the DH potential with the exponen-
tial screening factor [see Eq. (1)]. However, in Fig. 5 the re-
ductions of the EIE cross section due to the SDH potential
are basically the same for incident energy ranging from the
threshold to high energy. For the NSDH potential, it clearly
demonstrates that the reductions of the cross section at the
threshold are indeed larger than those at high energies. Hence,
the NSDH potential could reasonably describe the Debye-
screening effects on the EIE process in Debye plasmas, as
expected since this potential results in a reasonable changing
behavior of the cross section with incident energy.
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Fig. 3. Variation of the EIE cross section, Ac = (D — «) — ¢(D > 0), for
the transition 1s> 'S — 1s2p 'Pin Al''* (a) and Fe*** (b) ions, respectively.
SHD and NSDH [see Egs. (2)—(3) and text] indicate that the CB interaction
is described by the SDH and NSDH potentials, respectively. NSDH with
screened target ion means that Debye screening on the target ion is included
as well.

—— AI''* (incident energy of 3000 eV)
Fe?'* (incident energy of 15000 eV)

1000
D (a.u.)

Fig. 4. Ratio R [see Eq. (9) and text] for the transition 1s2 1S — 1s2p 'Pin
A and Fe?* ions, respectively.

Moreover, as mentioned above, in Fig. 3 the ratio Rat
the incident electron energy of 3000 eV is shown for a He-
like A1 ion, which is estimated to be ~ 0.05 for the case
of D = 10 a.u., indicating that the screening on the target
ion results in negligible reductions of the cross sections com-
pared to the screening on the CB interaction. As illustrated in
Fig. 5, this is also true for the energy range from threshold to
10000 eV, since there are no significant differences between
the cross sections with and without inclusions of the screening
on the target ion for D = 10 a.u.

In Fig. 6, the EIE cross sections are displayed for the
dipole-allowed transition 1s> 'S — 1s2p 'P in He-like Al'!*
and Fe?** ions with D = oo, 5, 2, and 1 a.u. For the unscreened
EIE cross sections, our results agree with the available theo-
retical calculations by Kieffer ef al.,**! Hakel et al.*! and

Zhang et al.®¥) The EIE cross sections are decreased due to
Debye-screening effects, which become distinct with decreas-
ing D. For example, at the incident energy of 3400 eV, the EIE
cross section is reduced by about 13.4%, 30.2%, and 50.9%
for D=5, 2, and 1 a.u., respectively, for He-like Al''* jons.
Moreover, the screening effect decreases the cross section by
about 3.1%, 7.8%, and 15.6% for D =5, 2, and 1 a.u., respec-
tively, near the threshold of 7500 eV for He-like Fe>** ions.
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5 L
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4.5-....| ......... [ I [ I
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Fig. 5. Unscreened (black line) and screened (D = 10 a.u.) EIE cross sec-
tions for the transition 1s> 'S — 1s2p 'P in Al''* jons. SHD and NSDH
[see Egs. (2)—(3) and text] indicate that the CB interaction is described by
the SDH and NSDH potentials, respectively. NSDH with screened target ion
means that Debye screening on the target ion is included as well.
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Fig. 6. EIE cross sections for the transition 1s? 'S — 1s2p 'P in Al''* (a)
and Fe24* (b) ions with the screening length D = o0, 5, 2, and 1 a.u. Present
unscreened cross sections are compared with the available RDW results by
Kieffer er al.,[**) Zhang ez al.,**! and Hakel et al.!*)

4. Conclusion

We have studied the EIE processes for the dipole-allowed
transition 1s> 'S — 1s2p 'P in He-like AI''* and Fe?**
ions embedded in weakly coupled (Debye) plasmas using the
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MCDF and RDW methods with the DH potential. In order to
account for the Debye-screening effect on the CB interaction
in the EIE process, two model potentials (SDH and NSDH) are
employed, which result in reductions of the EIE cross section.
However, the reduced magnitude of the EIE cross sections for
the SDH potential is far greater than that for the NSDH poten-
tial. Therefore, the well-suited SDH potential obviously over-
estimates the Debye-screening effects on the EIE processes for
multielectron He-like ions. Moreover, the Debye-screening
effect on the target ion also decreases the EIE cross sections.
Our results reveal that the influence of the screening on the
CB interaction is dominant for the reduction of the EIE cross
section, while the screening on the target ion could contribute
to reducing the cross sections further as the screening strength
increases. However, for cases of sufficiently weak screening
strength, the contributions of the screening on the target ion
are negligible.

Finally, the EIE cross sections are presented with the
inclusion of the Debye-screening effect on both the target
It is found that the Debye-
screening effects obviously reduce the EIE cross sections,

ion and the CB interaction.

which clearly indicates that atomic processes are perturbed in
a non-negligible way in plasmas. Therefore, it is highly desir-
able to investigate environmental effects on plasma kinetics,
as well as on absorption and emission spectra.
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