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Electron-impact excitation of the 3s3p 1Po state of Mg-like ions(S4+, Ar6+, and Ca8+) from their ground
state is studied theoretically using theR-matrix method with 31 target states. Results are reported in the range
of low incident electron energies for the total and differential cross sections of this excitation process as well
as for the polarization fraction and the Stokes parametersP1, P2, andP3 of the photons emitted on the decay
of the excited 3s3p 1Po state to the ground state. The agreement between experiment and the present results is
good. We obtain a polarization fraction of about 35% at low incident electron energies in these ions.
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I. INTRODUCTION

Electron-impact excitation processes in ions are of special
importance in hot plasmas such as solar corona and fusion
plasmas. Their studies are also now a subject of laboratory
experiment[1]. In recent years, due to developments in the
experimental technology, measurements have been made
[2–8] of the total cross section(TCS) and differential cross
section(DCS) for Mg-like ions, which are of interest to theo-
rists for comparison with theoretical calculations.

For electron-impact excitation in the S4+, Ar6+, and Ca8+

ions, various theoretical and experimental TCS results have
been reported. Dufton and Kingston[9] have presented col-
lision strengths of S4+ for the 3s3p 1,3Po excitation using the
R-matrix method with eight target states. In 1993, Griffinet
al. [10] calculated the TCS of Ar6+ for the three transitions
3s2 1Se→3s3p 1,3Po and 3s3p 3Po→3s3p 1Po using the
R-matrix method with eight target states. The TCS for the
3s3p 1,3Po excitation in Ar6+ has been measured by Chunget
al. [3]. Wallbanket al. [8] have measured the TCS of S4+ for
the 3s3p 1,3Po excitation.

For the DCS, there are only a few previous reports. Grif-
fin et al. [10] calculated the DCS of Ar6+ for the 3s2 1Se

→3s3p 1Po transition using theR-matrix method with a
simple two-state calculation at energies 1.05 and 2.00 times
the threshold excitation energy. Jalabertet al. [2] measured
the DCS of Ar6+ for the 3s2 1Se→3s3p 1Po transition at 27.5,
42.2, and 100 eV.

Recently there has been extensive interest in studying the
electron-impact excitation of atoms and ions using the
electron-photon coincidence technique. In this technique, the
polarization of the radiation emitted by the atoms and ions
after the electron-impact excitation is detected in coincidence
with the scattered electrons. This yields detailed information
about the dynamics of the electron-excitation process. In the
case of electron-impact excitation to aP state, the light emit-
ted on decay of the excitedP state in one direction is fully
described by three Stokes parameters, the two linear polar-
izationsP1 and P2, and the circular polarizationP3 [11]. In

noncoincidence experiments, where the radiation emitted af-
ter deexcitation of the excitedP states is measured without
detecting the scattered electrons, the cross sections of the
magnetic substate excitations and the polarization fraction
[12] can also be obtained. Such a technique provides detailed
information that cannot be obtained from the TCS derived by
averaging over the initial magnetic substates and summing
over the final magnetic substates. Such magnetic substate
excitation data are needed in plasma applications[13].

In a recent paper[14], Kai et al. presented a study of
electron-impact excitation of the 3s3p 1Po state in Si2+, and
reported the TCS, DCS, and Stokes parametersP1, P2, and
P3 using theR-matrix method with 28 target states. Those
TCS calculations were in very good agreement with the
available experimental data in the low-energy region. The
Stokes parameterP3 at small angles was also found to have
positive values at low energies, while theP3 for the neutral
atom has negative values for similar excitation of aP state.
The aim of the present paper is to extend theR-matrix cal-
culation to other Mg-like ions, in this case S4+, Ar6+, and
Ca8+, in order to obtain theoretical TCS, DCS, polarization
fraction, and Stokes parameters for the 3s3p 1Po excitation at
low incident energies, and to compare them with the avail-
able experimental TCS and DCS data. The atomic number
sZd dependence in these results is also investigated, and the
feature of positiveP3 at small scattering angles as seen for
Si2+ is confirmed for other Mg-like ions. Although no experi-
mental data are available for the polarization fraction and
Stokes parameters of electron-impact excitation for these
Mg-like ions, the present calculations are expected to be
valuable in guiding future experiments.

II. THEORETICAL CALCULATIONS

A. Wave functions

Configuration-interaction expansions were used to repre-
sent the S4+, Ar6+, and Ca8+ target ions, considering the
configuration-interaction expansions involving the 77LS
terms as listed in Table I. The 1s, 2s, 2p, and 3s orbitals
used in this work are the Hartree-Fock wave functions given
by Clementi and Roetti [15] for the ground state*Electronic address: shinobu@miyazaki-u.ac.jp
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1s22s22p63s2 1Se. The 3p, 3d, 4s, and 4p orbitals are opti-
mized on the energies of the 3s3p 1Po, 3s3d 1De, 3s4s 1Se,
and 3s4p 1Po states, respectively, using theCIV3 atomic

structure program of Hibbert[16]. The 4̄d, 4̄f, and 5̄s
pseudo-orbitals are also determined by optimizing on the en-
ergies of the s3s2+3p2+3s4sd 1Se, 3s3d 1De, and s3s3p
+3p3d+3s4pd 1Po states, respectively, using

4̄d2 1Se, 4̄f2 1De, ands3p5̄s+4p5̄sd 1Po states.
Table II compares the present excitation energies of

S4+, Ar6+, and Ca8+ for the 3s3p 1Po states with other theo-
retical results[9,10,17] and experimental data from the Na-
tional Institute of Standards and Technology(NIST) website
[18]. The present results are in agreement with the experi-
mental data and other theoretical results. The length and ve-
locity forms of the oscillator strength are presented in Table
III. Again, the agreement between the present values and
other theoretical and experimental results is good.

B. R-matrix calculation

Three R-matrix calculations were carried out: RM12,
RM24, and RM31. Here the number after the letters “RM”
indicates the number of coupled target states in the calcula-
tion, as listed in Table IV for S4+, Ar6+, and Ca8+. The cal-
culations are performed using the computer program of Ber-
rington et al. [19]. The total wave function of the electron +
the target ion(with N electrons) system in a sphere with the
radiusra is expanded as

Ck = Ao
i j

cijkF̄iuij + o
j

djkx j , s1d

whereA is the antisymmetrization operator,F̄i are channel
functions representing the target state coupled with the angu-
lar and spin functions of the incident electron,x j are the
sN+1d-electron functions constructed from the bound orbit-
als used for theN-electron target states, anduij are the con-
tinuum orbitals describing the motion of the scattered elec-
tron. The coefficientscijk anddjk in Eq. (1) are obtained by
diagonalizing the total Hamiltonian of the whole system
within the finite space of the inner region. In the RM31 cal-
culation, theR matrix is calculated on the boundary of a
sphere of radiussrad 10.6, 8.4, and 7.6 a.u. for S4+, Ar6+, and
Ca8+, respectively. A total of 20 continuum orbitals are in-
cluded for each angular symmetry in order to achieve good
convergence in the incident energy range considered. The
calculation is carried out for all the partial waves with total
angular momentumL=0 up to 16. Forr . ra, the set of
coupled differential equations is solved using the asymptotic
codeSTGF of Berringtonet al. [20] for the scattering wave
functions, which, after matching to theR matrix on the
boundary, yields the transitionsTd matrix. Partial-wave con-

TABLE I. Configurations for each target symmetry used in the presentR-matrix calculations.

Symmetry Configuration

1Se
3s2,3p2,3d2,3s4s,3p4p,3d4̄d,4s2,4p2, 4̄d2, 4̄f2,3s5̄s,4s5̄s

3Se
3s4s,3p4p,3d4̄d,3s5̄s,4s5̄s

1,3Po
3s3p,3p3d,3s4p,3p4s,3p4̄d,3d4p,3d4̄f ,3p5̄s,4s4p,4p4̄d, 4̄d4̄f ,4p5̄s

1De
3s3d,3p2,3d2,3s4̄d,3p4p,3p4̄f ,3d4s,3d4̄d,3d5̄d,4s4̄d,4p2,4p4̄f , 4̄d2, 4̄f2

3De
3s3d,3s4̄d,3p4p,3p4̄f ,3d4s,3d4̄d,3d5̄s,4s4̄d,4p4̄f

1,3Fo
3p3d,3s4̄f

3Pe
3p2,3d2,3p4p,3d4̄d,4p2, 4̄d2, 4̄f2

1,3Do 3p3d

TABLE II. Excitation energies(in eV) for the 3s3p 1Po state.

Theory

Target Present Other Experiment[18]

S4+ 15.85 15.91a 15.76

Ar6+ 21.21 21.20b 21.17

Ca8+ 26.46 27.07c 26.59

aDufton and Kingston[9].
bGriffin et al. [10].
cTayal [17].

TABLE III. Oscillator strengths for the 3s2 1Se→3s3p 1Po tran-
sition for S4+,Ar6+, and Ca8+.

Theory

Present result Other

Target Length Velocity Length Velocity Experiment

S4+ 1.449 1.428 1.440a 1.46±0.15b

1.46±0.08c

1.46d

Ar6+ 1.240 1.218 1.236e 1.226e

Ca8+ 1.083 1.060 1.078e 1.065e

aAlmarazet al. [32].
bWieseet al. [29].
cReistadet al. [30].
dJoelssonet al. [31].
eTayal [17].
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tributions for L.17 in the calculation of the TCS are esti-
mated by a top-up procedure using a geometric series, while
for the contributions in the calculations of the DCS, the po-
larization fraction and Stokes parameters are estimated if
necessary by extrapolating theT matrices to obtain those for
L.17.

Using the T matrix, the scattering amplitude with the
Fano and Racah phase convention for excitation from an
initial stateNi to a final stateNf in an electron-ion collision is
given by

fsNi:LiMiPiMsi
msi

M → Nf:LfMfP fMsf
msf

Md

= i o
l i l fLSP

p1/2

skikfd1/2s2l i + 1d1/2eissl i
+sl f

d

3kLil iMi0uLMlkLMuLfl fMfmfl

3 kSi
1
2Msi

msi
uSMslkSMsuSf

1
2Msf

msfl
3Tlil f

LSPsNi → NfdYl fmf
sud, s2d

where

sl i
= argGsl i + 1 + ihid, hi = z/ki ,

sl f
= argGsl f + 1 + ih fd, h f = z/kf ,

z= − sZ − Nd. s3d

Here,L is the total angular momentum,M is the z compo-
nent of total angular momentum,P is the total parity,l i is the
incident electron angular momentum,l f is the scattering elec-
tron angular momentum,mf is thez component of the scat-
tering electron angular momentum,msi

is thez component of
the incident electron spin momentum,msf

is thez component
of the scattered electron spin momentum,ki is the incident
electron wave number, andkf is the scattered electron wave
number. TheNi andNf states of the target are characterized
by their orbital angular momentaLi andLf with components
Mi and Mf along thez axis, spin momentaSi and Sf with
z-axis componentsMsi

andMsf
, and paritiesPi andP f.

C. Cross sections

The DCS for the 3s2 1Se→3s3p 1Po transition at a fixed
scattering angleu is given by

s = s0 + 2s1, s4d

where

sMf
=

kf

2kis2Li + 1ds2Si + 1d o
MiMsi

Msf
mfmsi

msf

ufsNi → Nfdu2.

s5d

Here,sMf
sMf =0,1d is the DCS for the excitation of mag-

netic sublevelMf of the 3s3p 1Po state.
The TCS is given by

Q = Q0 + 2Q1, s6d

where

QMf
= 2pE

0

p

sMf
sinu du. s7d

Here,QMf
sMf =0,1d is the TCS for the excitation of mag-

netic sublevelMf of the 3s3p 1Po state.

D. Polarization fraction and Stokes parameters

The incident electrons are assumed to travel in the posi-
tive z direction to be scattered through an angleu in the xz
plane. The polarization fraction for radiation emitted in they
direction without detecting the scattered electron is then de-
fined by

P =
I i − I'

I i + I'

, s8d

whereI i sI'd is the intensity of photons with electric vectors
parallel (perpendicular) to the beam direction. For radiation
from the 3s3p 1Po→3s2 1Se line of Mg-like ions, we have
[12]

TABLE IV. Target states used in the variousR-matrix calculations for S4+ and Ar6+. For Ca8+,3d2 was
included instead of 3p4p, and 3d4s instead of 3s4d.

Symmetry RM12 RM24 RM31

1Se 3s2,3p2,3s4s 3s2,3p2,3s4s 3s2,3p2,3s4s,3p4p,3s5̄s
3Se 3s4s 3s4s 3s4s,3p4p,3s5̄s
1Po 3s3p,3s4p 3s3p,3s4p,3p4s,3p3d 3s3p,3s4p,3p4s,3p3d
3Po 3s3p,3s4p 3s3p,3s4p,3p4s,3p3d 3s3p,3s4p,3p4s,3p3d
1De 3p2,3s3d 3p2,3s3d,3s4̄d 3p2,3s3d,3s4̄d,3p4p
3De 3s3d 3s3d,3s4̄d 3s3d,3s4̄d,3p4p

1,3Fo
3p3d,3s4̄f 3p3d,3s4̄f

3Pe 3p2 3p2 3p2,3p4p
1,3Do 3p3d 3p3d
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P =
Q0 − Q1

Q0 + Q1
. s9d

The Stokes parametersPi si =1–3d depend on the scattering
anglesu. These scattered electrons are detected in coinci-
dence with photons emitted in they direction by the subse-
quent decay[11]. The linear polarizationsP1 and P2 and
circular polarizationP3 are defined by

P1 =
Is0 ° d − Is90 ° d
Is0 ° d + Is90 ° d

, s10d

P2 =
Is45 ° d − Is135 °d
Is45 ° d + Is135 °d

, s11d

and

P3 =
IsRHCd − IsLHCd
IsRHCd + IsLHCd

, s12d

whereIsad is the intensity of light with the polarization de-
tector in thea direction with respect to the incident electron
direction, andIsRHCd and IsLHCd are the intensities of the
right-handed and left-handed circularly polarized light com-
ponents.

The Stokes parametersPi si =1–3d can be expressed as
given below in terms of state multipoles of the electron-
impact excited state(i.e., P states of the ions) which are
related to the scattering amplitude or theT matrix. In gen-
eral, for photon decay in the transitionLf →Lj, we can write
the following [21]:

P1 =
1

I
H 1 1 2

Lf Lf Lj
JSÎ3

2
G2sLfdkTsLfd20

+ l

− G2sLfdkTsLfd22
+ lD , s13d

P2 = −
2

I
H 1 1 2

Lf Lf Lj
JG2sLfdkTsLfd21

+ l, s14d

and

P3 =
2i

I
H 1 1 1

Lf Lf Lj
JG1sLfdkTsLfd11

+ l, s15d

where

I =
2s− 1dLj+Lf

3Î2Lf + 1
G0sLfdkTsLfd00

+ l + H 1 1 2

Lf Lf Lj
J

3 SG2sLfd
Î6

kTsLfd20
+ l + G2sLfdkTsLfd22

+ lD . s16d

The fine-structure depolarization coefficientGKsLfd can
be written as

GKsLfd =
1

s2Sf + 1doJ

s2J + 1d2HLf J S

J Lf K
J . s17d

Here, J=Lf +Sf is the total angular momentum quantum
number of the atom. TheGKsLfd is normalized such that

G0sLfd=1 for all Lf. Since we are considering excitation to
the 1P states only, all theGKsLfd values are unity. The value
of Lj corresponds to the total angular momentum quantum
number of the state to which the excited atoms in the1Po

state decay. The state multipoles are defined by

kTsLfdKQ
+ l = o

Mf8Mf

s− 1dLf−MfkLLMf8 − MfuKQlkfMf8
fMf

l,

s18d

kfMf8
fMf

l =
kf

2kis2Si + 1d o
msi

msf
Msi

Msf

fsNi → Nf8dfsNi → Nfd* ,

s19d

where 0øKø2Lf and −KøQøK. Here,kTsLfd00
+ l is a mea-

sure of the overall population of the atomic state, and
kTsLfd1Q

+ l and kTsLfd2Q
+ l describe the orientation and align-

ment of the excited target ion.

III. RESULTS AND DISCUSSION

A. Cross sections

In the calculation of the TCS for the 3s2 1Se→3s3p 1Po

transition in S4+, Ar6+, and Ca8+ using theR-matrix method,

FIG. 1. (a) Total cross sections for the 3s2 1Se→3s3p 1Po

transition from threshold to 20 eV in S4+. Theory:—, RM31 results;
- - -, RM24 results;…… , RM12 results;- . -, Dufton and Kingston
[9]. Experiment:P, Wallbanket al. [8]. (b) Cross sections of RM31
results for the 3s2 1Se→3s3p 1Po transition from threshold to 30 eV
in S4+:—, Q; - - -, Q0; …… , Q1.
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the excited state energies were adjusted using observed en-
ergies[18] to allow the present results to be compared with
experimental results. Figure 1(a) shows the TCS results for
the 3s2 1Se→3s3p 1Po transition in S4+ in the RM12, RM24,
and RM31 calculations. The eight-stateR-matrix calculation
of Dufton and Kingston[9] and the experimental results of
Wallbanket al. [8] are also shown in the figure. The differ-

FIG. 2. (a) Total cross sections for the 3s2 1Se→3s3p 1Po

transition from threshold to 25 eV in Ar6+. Theory:—, RM31 re-
sults; - - -, RM24 results;…… , RM12 results; - . -, Griffin et al.
[10]. Experiment:P, Chunget al. [3]. (b) Cross sections of RM31
results for the 3s2 1Se→3s3p 1Po transition from threshold to 42 eV
in Ar6+:—, Q; - - -, Q0; …… , Q1.

FIG. 3. Cross sections of RM31 results for the 3s2 1Se

→3s3p 1Po transition from threshold to 50 eV in Ca8+:—, Q; - - -,
Q0; …… , Q1.

FIG. 4. Differential cross sections and Stokes parameters for the
3s2 1Se→3s3p 1Po transition in S4+. (a) Differential cross
sections:—, 15.8 eV; - - -, 16.4 eV;…… , 17.0 eV.(b) Same as for
(a) but Stokes parameterP1. (c) Same as for(a) but Stokes param-
eterP2. (d) Same as for(a) but Stokes parameterP3.
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ence between RM24 and RM31 calculations is in general
smaller than the difference between RM12 and RM24 calcu-
lations, indicating an apparent convergence with respect to
the number of target states included in the calculations. Con-
sequently, the RM31 calculation is considered the most reli-
able. On comparing the results in the figure, theR-matrix
results of Dufton and Kingston[9] are generally larger than
the present results. The agreement between the present re-
sults and the experimental results of Wallbanket al. [8],
where the resonance contributes significantly to the cross
section near threshold, is extremely good in the energy re-
gion up to about 16.3 eV. However, the present results are
slightly higher at 16.5 and 16.7 eV. Figure 1(b) shows the
present TCS,Q0, andQ1 results for S4+ in the RM31 calcu-
lation from threshold to 30 eV.

Figure 2(a) presents the TCS for the 3s2 1Se→3s3p 1Po

transition in Ar6+ in the RM12, RM24, and RM31 calcula-

tions for comparison with the eight-stateR-matrix calcula-
tion of Griffin et al. [10] and the experimental results of
Chung et al. [3]. All the theoretical results are reasonably
consistent with the available experimental data at all energies
represented by the experimental data. Figure 2(b) shows the
TCS,Q0, andQ1 results for the target of Ar6+ from threshold
to 42 eV.

As no theoretical or experimental data are available for
the 3s2 1Se→3s3p 1Po transition in Ca8+, only the RM31 re-
sults for Ca8+ (TCS,Q0, andQ1) are shown in Fig. 3 for the
energy range from threshold to 50 eV. All the results for Ca8+

exhibit similar behavior to that of S4+ and Ar6+.

B. Differential cross section and Stokes parameters

In the previous report[14] for Si2+, the nature of the
variation in the Stokes parametersPi si =1–3d was found to

FIG. 5. Differential cross sections and Stokes parameters for the 3s2 1Se→3s3p 1Po transition in Ar6+. (a1) Differential cross sections:—,
21.2 eV; - - -, 21.6 eV;…… , 22.0 eV.(a2) Differential cross sections at 27.5 eV. Theory:—, RM31 results. Experiment:P, Jalabertet al.
[2]. (a3) Differential cross sections at 42.2 eV. Theory:—, RM31 results; - . -, Griffin et al. [10]. Experiment:P, Jalabertet al. [2]. (b) Same
as for (a) but Stokes parameterP1. (c) Same as for(a) but Stokes parameterP2. (d) Same as for(a) but Stokes parameterP3.
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change dramatically with energy in the resonance region, yet
to remain very stable in the nonresonance region. The DCS
and Stokes parameters for S4+,Ar6+, and Ca8+ in the RM31
calculation are shown here for the nonresonance region at
low incidence energy. Figure 4(a) shows the DCS as a func-
tion of scattering angle for the 3s2 1Se→3s3p 1Po transition
in S4+ at incident energies of 15.8, 16.4, and 17.0 eV. The
DCS of Ar6+ is shown in Fig. 5(a1) at 21.2, 21.6, and 22.0
eV. The present results at 27.5 and 42.2 eV are compared
with the experimental results of Jalabertet al. [2] in Figs.
5(a2) and(a3). The simple two-state calculations of Griffinet
al. [10] are also compared in Fig. 5(a3). As can be seen in
both figures, the present results are in good agreement with
the experiments.

Figure 6(a) shows the DCS of Ca8+ at 28.3, 28.7, and 30.0
eV. Although the values of the DCS for S4+ increase slowly
at 15.8, 16.4, and 17.0 eV with increasing scattering angle,
the values of the DCS for Ca8+ increase rapidly(near 70°) at
28.3, 28.7, and 30 eV. For S4+, Ar6+, and Ca8+, backward
scattering is dominant in the 3s2 1Se→3s3p 1Po transition at
low incidence energies, proportional to the increasing ionic
charge. This was also reported by Nakazakiet al. [22] for the
3s 2Se→3p 2Po transition in Na-like ions.

Figures 4(b)–4(d), 5(b)–5(d), and 6(b)–6(d) show the
Stokes parameters(P1,P2, andP3) as a function of scattering
angle for S4+, Ar6+, and Ca8+. The results for the Stokes
parameterP3 in Figs. 4(d), 5(d), and 6(d) are the same as
those for Si2+, as shown in the previous report[14]. P3,
which represents the circular polarization, is equivalent to
−L', the angular momentum transfer to the excited state of
the target. According to the propensity rule ofL' ,L' is posi-
tive at small scattering angles(i.e., P3 is negative) in
electron-atom collisions. Thus, it should be noted that the
Stokes parameterP3 at small angles is positive in the Mg-
like ions.

C. Polarization fraction

The emission line from the1Po→1Se transition in neutral
atoms is predicted to be 100% linearly polarized at threshold
[12]. Polarization fractions have been studied both experi-

FIG. 6. Differential cross sections and Stokes parameters for the
3s2 1Se→3s3p 1Po transition in Ca8+. (a) Differential cross
sections:—, 28.3 eV; ---, 28.7 eV;……, 30.0 eV.(b) Same as for(a)
but Stokes parameterP1. (c) Same as for(a) but Stokes parameter
P2. (d) Same as for(a) but Stokes parameterP3.

FIG. 7. Polarization fractions of the 3s3p 1Po→3s2 1Se line of
the Mg-like ions, as a function ofX (the incident energy in thresh-
old units):—, S4+; ---, Ar6+; ……, Ca8+.
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mentally and theoretically for electron–He-like-ion collisions
[23–28]. The low-charge He-like ions are polarized about
60% near threshold. Figure 7 shows the polarization frac-
tions as a function of incident-electron energy for the
3s3p 1Po→3s2 1Se line of the Mg-like ions S4+, Ar6+ and
Ca8+. The resulting polarization fraction for Mg-like ions is
polarized about 35% atX=1–2, where X is the incidence
energy in threshold units. The polarization fraction is almost
independent of nuclear charge. However, the behavior of the
polarization fractions of the 3s3p 1Po→3s2 1Se line in the
Mg-like ions is very different from that of the 1s2p 1Po

→1s2 1Se line in He-like ions.

IV. CONCLUSIONS

The total cross sections, differential cross sections, Stokes
parameters, and polarization fractions were calculated using

the R-matrix method with 31 target states(RM31) for the
3s2 1Se→3s3p 1Po transition of S4+, Ar6+, and Ca8+ in the
low-energy region. The present results are in very good
agreement with the experiment results of Wallbanket al. [8]
for the TCS near threshold. Backward scattering was found
to be dominant for the DCS at low incidence energy, propor-
tional to increasing ionic charge. The Stokes parameterP3 at
small angles has positive values at low energies for the ex-
citation in S4+, Ar6+, and Ca8+. The resulting polarization
fraction for Mg-like ions gives polarization of about 35% at
X=1–2.
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