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Electron-impact excitation of the 3s3p P° state of Mg-like ions: S, Ar%*, and Ca*
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Electron-impact excitation of thes3p 'P° state of Mg-like iong(S**, Ar®*, and C&") from their ground
state is studied theoretically using tRematrix 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 paramd&ers?,, andP5 of the photons emitted on the decay
of the excited 33p P° 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 noncoincidence experiments, where the radiation emitted af-

Electron-impact excitation brocesses in ions are of s E!Ciatdler deexcitation of the exciteB states is measured without
X p P etecting the scattered electrons, the cross sections of the

IT;sor:ggc'?'r:girhgttuzliizrgarlz ercoh nez)swsgliijg% rgtngf ?;gol;:ts(')%agnetic substate excitations and the polarization fraction
P : ) f/lZ] can also be obtained. Such a technique provides detailed

experiment(1]. In recent years, due to developments in thei formation that cannot be obtained from the TCS derived by
experimental technology, measurements have been ma(ié

. : . Veraging over the initial magnetic substates and summing
[2—-8] of the total cross sectioffCS) and differential cross . . :
section(DCS) for Mg-like ions, which are of interest to theo- over the final magnetic substates. Such magnetic substate

! . ) . : excitation data are needed in plasma applicat{d3.
rists for comparison with theoretical calculations. In a recent papefld], Kai et al. presented a study of
¥ o 6+ N , .

. For elgctron |mpa9t excitation |n'thé‘*s Ar®", and C4 electron-impact excitation of thes3p 'P° state in Si*, and
ions, various theoretical and experimental TCS results havFeported the TCS, DCS, and Stokes parame®etsP,, and

H _ I} [} dEQ 21
pgen reported. Durfton and ngsltggl hav_e p.resenFed col P5 using theR-matrix method with 28 target states. Those
lision strengths of & for the 33p *°P° excitation using the

. . i TCS calculations were in very good agreement with the
R-matrix method with eight target states. In 1993, G.n. available experimental data in the low-energy region. The
al. [10] calculated the TCS of At for the three transitions

1 1,30 30 1m0 . Stokes parametd?; at small angles was also found to have
321"~ 3s3p t¥P° and 33p°P°—3s3p 'P° using the o . :
R-matrix method with eight target states. The TCS for theposmve values at low energies, while tRg for the neutral
33p 13p0 axcitation in AP* has been measured by Ch atom has negative values for similar excitation d? state.

The aim of the present paper is to extend Bienatrix cal-
al. [3]. Wlalslb?nkejc al.[8] have measured the TCS of Sor culation to other Mg-like ions, in this casé"'S Arf*, and
the 33p ~°P° excitation.

For the DCS, there are only a few previous reports Grif-Ca8+i in order to obtain theoretical TCS,lDCS, polgrization
fin et al. [10] c,alculated the DCS of AF for the 3521§ fract_lon_, and Stoke§ parameters for the33"P° excitation at
393 1po transition using. theR-matri thod with low incident energies, and to compare them with the avail-

. P ng matrix. method with & gp|e experimental TCS and DCS data. The atomic number
simple two-state (_:alqulatlon at energies 1.05 and 2.00 tlme(sz) dependence in these results is also investigated, and the
the threshold excitation energy. Jalabettal. [2] measured

. feature of positiveP; at small scattering angles as seen for
+ 1 1po 3
zhzezDgﬁdog_ég ef\o/r the 3*'S"— 3s3p *P* transition at 27.5, Si?* is confirmed for other Mg-like ions. Although no experi-

Recently there has been extensive interest in studvin thmental data are available for the polarization fraction and
ecently theré nas been extensive interest in studying e, oo parameters of electron-impact excitation for these
electron-impact excitation of atoms and ions using th

S . ; . eI\/Ig—like ions, the present calculations are expected to be
electron-photon coincidence technique. In this technique, thsaluable in guiding future experiments.

polarization of the radiation emitted by the atoms and ions
after the electron-impact excitation is detected in coincidence

with the scattereq electrons. This yleld§ dgtalled information Il THEORETICAL CALCULATIONS
about the dynamics of the electron-excitation process. In the
case of electron-impact excitation tdPestate, the light emit- A. Wave functions

ted on decay of the excited state in one directioq is fully Configuration-interaction expansions were used to repre-
described by three Stokes parameters, the two linear polagant the & Ar®* and C&* target ions, considering the

izations P, and P, and the circular polarizatioRs [11]. I ondguration-interaction expansions involving the €8
terms as listed in Table |. Thesl2s, 2p, and 3 orbitals
used in this work are the Hartree-Fock wave functions given
*Electronic address: shinobu@miyazaki-u.ac.jp by Clementi and Roetti[15] for the ground state
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TABLE |. Configurations for each target symmetry used in the preRematrix calculations.

Symmetry Configuration

s 32, 3p2, 3d2, 3s4s, 3p4p, 3d4d, 452, 4p?, 42, 4F2, 3s5s, 4s5s

’s 3s4s, 3p4p, 3d4d, 3s5s, 4s5s

1:3po 3s3p, 3p3d, 354p, 3pds, 3p4d, 3d4p, 3d4f, 3p5s, 4s4p, 4pad, 4d4f , 4p5s

‘D¢ 3s3d, 3p?, 3d?, 3s4d, 3p4p, 3p4f, 3d4s, 3d4d, 3d5d, 4s4d , 4p?, 4paf , Ad?, 4F2

*pe 3s3d, 354d, 3p4p, 3p4f, 3dds, 3d4d, 3d5s, 4s4d , 4paf

130 3p3d, 34f

%pe 3p2,3d2, 3pdp, 3d4d, 4p2, 4d?, 412

L3po 3p3d

1s22s22p®3s2 1%, The 3, 3d, 4s, and $ orbitals are opti- W= A oy +Z dix;. 1)

1] J

mized on the energies of thesZ P°, 3s3d 'D®, 3s4s'S’,

and 34p'P° states, respectively, using thevs atomic _

structure program of Hibberf16]. The 4, 4f, and % WhereA is the antisymmetrization operatap; are channel
pseudo-orbitals are also determined by optimizing on the enfinctions representing the target state coupled with the angu-
ergies of the (3s2+3p?+3s4s) 1S*, 3s3d 'D®, and (3s3p  lar and spin functions of the incident electrog, are the
+3p3d-+3s4p) LP° states, respectively, using (N+1)-electron functions constructed from the bound orbit-

olce 712 1lme — 10 als used for théN-electron target states, amg are the con-
Ad”"S", 4f*°D", and(3p5s+4pSs) P state;s._ . inuum orbitals describing the motion of the scattered elec-
Table 1l compares the present excitation energies o

ron. The coefficients;;, andd;, in Eq. (1) are obtained b
S*, Ar®* and C&* for the 33p !P° states with other theo- ik j In EQ. (1) y

. _ diagonalizing the total Hamiltonian of the whole system
retical result§9,10,17 and experimental data from the Na-

ional , f dard q hnol bsi within the finite space of the inner region. In the RM31 cal-
tional Institute of Standards and Technold@¥ST) website o, ation, theR matrix is calculated on the boundary of a

[18]. The present results are 'in agreement with the eXPelignhere of radiuér,) 10.6, 8.4, and 7.6 a.u. fol'§ Ar®*, and
mental data and other theoretical results. The length and v #*, respectively. A total of 20 continuum orbitals are in-

:ﬂc'z fo_rmsthof the oscnlattorbsirengthtﬁre presentted Im Tablecluded for each angular symmetry in order to achieve good
- Again, the agreement between the present values an((Elonvergence in the incident energy range considered. The
other theoretical and experimental results is good.

calculation is carried out for all the partial waves with total
angular momentunL=0 up to 16. Forr>r,, the set of
coupled differential equations is solved using the asymptotic
code sTGF of Berringtonet al. [20] for the scattering wave
functions, which, after matching to thR matrix on the
boundary, yields the transitiofT) matrix. Partial-wave con-

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 &, Ar®* and C&". The cal- TABLE Ill. Oscillator strengths for the & 'S°— 3s3p 1P tran-
culations are performed using the computer program of Bersition for S',Ar®", and C&".
ringtonet al.[19]. The total wave function of the electron +
the target ionwith N electron$ system in a sphere with the Theory
radiusr, is expanded as

Present result Other

TABLE Il. Excitation energiesin eV) for the 33p 1P° state. Target Length Velocity Length Velocity Experiment

s 1.449 1.428 1.440 1.46+0.18
Theory 1.46£0.08
Target Present Other Experimgis] 1.46
; Arb* 1.240 1.218 1236 1.226¢
st 15.85 15.01 15.76 c#* 1083 1060 1078 1.065
Aré* 21.21 21.28 21.17 = 5
Ce 26.46 27.09 26.59 Almarazet al. [32]
B\Wieseet al. [29].
¥Dufton and Kingstor{9]. ‘Reistadet al. [30].
bGriffin et al. [10]. 430elssoret al. [31].
“Tayal [17]. *Tayal [17].
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TABLE IV. Target states used in the varioBsmatrix calculations for & and APf*. For C&*,3d? was
included instead of 34p, and 3l4s instead of 34d.

Symmetry RM12 RM24 RM31

e 3s2,3p?,3s4s 3s2,3p?,3s4s 382, 3p2, 34s, 3pAp, 355
s 3s4s 3s4s 3s4s, 3p4p, 3s5s

1po 3s3p, 3s4p 3s3p, 34p, 3p4s, 3p3d 3s3p, 3s4p, 3p4s, 3p3d
3po 3s3p, 3s4p 3s3p, 34p, 3p4s, 3p3d 3s3p, 3s4p, 3p4s, 3p3d
'pe 3p?,3s3d 3p2,3s3d, 3s4d 3p2,3s3d, 354d, 3p4p
*p° 3s3d 3s3d, 3s4d 3s3d, 3s4d, 3pdp

Lo 3p3d, 354 3p3d, 3s4f

3pe 2 2 2

P 3p 3p 3p<, 3pdp
L3po 3p3d 3p3d
tributions forL>17 in the calculation of the TCS are esti- C. Cross sections

mated by a top-up procedure using a geometric series, while The DCS for the & 15°— 3s3p 'P° transition at a fixed
for the contributions in the calculations of the DCS, the po sfcatterlng angl@ is given by

larization fraction and Stokes parameters are estimated
necessary by extrapolating tiiematrices to obtain those for 0= 0y+ 207, (4)
L>17.

Using the T matrix, the scattering amplitude with the where
Fano and Racah phase convention for excitation from an

;s:lrl] s;;teNi to a final stateN; in an electron-ion collision is ow, = oL +k1f)(2 D F(N, — Np)[2.
il2L S+1) MiMg Mg mmemg,
F(N:LiMITMg MM — Ni:LeMTTMg mg M) (5)
=i S ' (21, + 1)) Here, oy, (M¢=0,1) is the DCS for the excitation of mag-

LS (kikp) 2/ netic sublever of the 33p 1P° state.

(Ll M O|LMY(L MLl {Mmy) The TCS Is given by

X (S3Msmg |SM)(SMS3Ms ms ) Q=Qo+2Qy, (6)

X (N = ND Y m (6), (29  where
where Qu, = zquw ow,Sin 6de. (7)

0

o =argl'(li+1+im), »n=27k,
Here, Qu, (M¢=0,1) is the TCS for the excitation of mag-
1
o =argl i+ 1 +in), =2k, netic sublever of the 33p “P° state.

D. Polarization fraction and Stokes parameters
z=—-(Z-N). ©)]

The incident electrons are assumed to travel in the posi-
Here, L is the total angular momentund) is thez compo- tive z direction to be scattered through an anglin the xz
nent of total angular momenturti, is the total parity; isthe  plane. The polarization fraction for radiation emitted in the
incident electron angular momentumis the scattering elec- direction without detecting the scattered electron is then de-
tron angular momentuny is the z component of the scat- fined by
tering electron angular momentum,, is thez component of
the incident electron spin momentum is thez component p= =1
of the scattered electron spin momentuinis the incident - L+,
electron wave number, arlq is the scattered electron wave
number. The; andN; states of the target are characterizedwherel (1) is the intensity of photons with electric vectors
by their orbital angular momenta andL; with components parallel (perpendicularto the beam direction. For radiation
M, and M; along thez axis, spin moment& and S with  from the 33p 'P°— 35?1 line of Mg-like ions, we have
z-axis component#ls andMs, and paritiedI; andIl;. [12]

(8
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Q-Q; Go(Ls)=1 for all L;. Since we are considering excitation to
= m- 9 the 1P states only, all th&,(L;) values are unity. The value
of L; corresponds to the total angular momentum quantum
The Stokes parameteR; (i=1-3 depend on the scattering number of the state to which the excited atoms in tRE
angles¢. These scattered electrons are detected in coincistate decay. The state multipoles are defined by
dence with photons emitted in thedirection by the subse-

quent decay[11]. The linear polarizationg®; and P, and Tk = 2 (=D ™MLLM{ - M¢|KQXfw; ).
circular polarizationP; are defined by M{ My
_1(0°)-1(90°) 10 (18)
17 10°)+1(90°) K
(fyfm) = > f(Ni— NpF(N — N)”,
_1(45°)-1(135°) an 2K(28 + L mym g,
27 1(45°) +1(135°)" (19)
and where O=sK<2L; and K< Q=K. Here(T(L)gy is a mea-
I(RHC) - I(LHC) sure of the overall population of the atomic state, and

(12 <T(Lf)’1'Q> and (T(Lf)§Q> describe the orientation and align-
ment of the excited target ion.

7 |(RHC) + I(LHC)’
where!(a) is th_e mt_ensn;_/ of light with the _pol_anzatlon de- . RESULTS AND DISCUSSION
tector in thea direction with respect to the incident electron

direction, andl(RHC) andI(LHC) are the intensities of the A. Cross sections

right-handed and left-handed circularly polarized light com- | the calculation of the TCS for thes3'S*— 3s3p 1P°

ponents. . transition in $*, Ar®*, and C&"* using theR-matrix method,
The Stokes parametef (i=1-3 can be expressed as
given below in terms of state multipoles of the electron- 10 . . : :

impact excited statgi.e., P states of the ionswhich are
related to the scattering amplitude or thematrix. In gen-
eral, for photon decay in the transitiba— L;, we can write
the following [21]:

11 1 2| [3 :
P1= I_{ Ly Lf L }( \/;GZ(LfXT(Lf)Z&

]

TCS(107® em?/sr)

- GZ(Lf)<T(Lf)£2>) , (13

211 1 2 +
Pz——l_{l_f L, Lj}Gz(Lf)<T(|—f)21>v (14)

2001 1 1 .
PB_T{Lf Ly '—j}Gl(Lf)<T(Lf)11>’ (15)

and

where

2(—1)L;+LfG LT(L )+0>+{1 1 2}
3oL +1 PO L L

i
(Gz( 1)
V6

Cross section(10™'® cm?/sr)
O« N WHE OOy ®

(T(Lp)50 + Ga(Lo(T(L f)22>) (16)

16 18 20 22 24 26 28 30

The fine-structure depolarization coefficie@i(L;) can Incident energy (eV)
be written as

FIG. 1. (a) Total cross sections for thes%lSeHSSSp po
Gu(L,) = E (23 S 17) transition from threshold to 20 eV in*S Theory:—, RM31 results;
KA (25r 15 J Ly K - - -, RM24 results;..... , RM12 results;- . -, Dufton and Kingston

[9]. Experiment:®, Wallbanket al. [8]. (b) Cross sections of RM31
Here, J=L;+$ is the total angular momentum quantum results for the 8 *°— 3s3p 1P° transition from threshold to 30 eV
number of the atom. Th&y(Ls) is normalized such that in S**—, Q;---, Qg ...... , Q1.
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Cross section(1 o'é cm2/sr)
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FIG. 2. (a) Total cross sections for thes3'S°— 3s3p 1P°
transition from threshold to 25 eV in Af. Theory:—, RM31 re-
sults - - -, RM24 results;...... , RM12 results- . -, Griffin et al.
[10]. Experiment:®, Chunget al. [3]. (b) Cross sections of RM31
results for the 8 *S*— 3s3p *P° transition from threshold to 42 eV
in Arf*— Q;--- Qg ...... , Q.

the excited state energies were adjusted using observed en-
ergies[18] to allow the present results to be compared with
experimental results. Figurga shows the TCS results for
the 32 1$°— 3s3p !P° transition in $* in the RM12, RM24,

and RM31 calculations. The eight-sta&ematrix calculation

of Dufton and Kingstor{9] and the experimental results of
Wallbanket al. [8] are also shown in the figure. The differ-
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4 . . : . & 05
% 35 g
o ©
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© Q
© 25 0
T £ .05
g 2 s
B 15 Z
[ 1 - 1 L 1 1 s
g 05 | 0 20 40 60 80 100 120 140 160 180
o .o Scattering angle
30 35 40 45 50
Incident energy (eV) FIG. 4. Differential cross sections and Stokes parameters for the
3218°.3s3pP° transition in $*. (a) Differential cross
FIG. 3. Cross sections of RM31 results for thes?5s® sections:—, 15.8 e\ - -, 16.4 eV;...... , 17.0 eV.(b) Same as for
— 3s3p PP transition from threshold to 50 eV in €a—, Q; - - -, (a) but Stokes parametét;. (c) Same as fofa) but Stokes param-
Qo -oee » Q1. eter P,. (d) Same as forfa) but Stokes parametét,.
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FIG. 5. Differential cross sections and Stokes parameters forshs3— 3s3p 1P transition in AP*. (al) Differential cross sections:—,
21.2e\---,216¢€V,...... , 22.0 eV.(a2) Differential cross sections at 27.5 eV. Theory:—, RM31 results. Experin@nialaberet al.
[2]. (a3) Differential cross sections at 42.2 eV. Theory:—, RM31 resdlts, Griffin et al.[10]. Experiment:®, Jalaberet al. [2]. (b) Same
as for(a) but Stokes parametd?;. (c) Same as fo(a) but Stokes parameté?,. (d) Same as fo(a) but Stokes parametd?s.

ence between RM24 and RM31 calculations is in generalions for comparison with the eight-staRmatrix calcula-
smaller than the difference between RM12 and RM24 calcution of Griffin et al. [10] and the experimental results of
lations, indicating an apparent convergence with respect t€hunget al. [3]. All the theoretical results are reasonably
the number of target states included in the calculations. Coreonsistent with the available experimental data at all energies
sequently, the RM31 calculation is considered the most relirepresented by the experimental data. Figut® ghows the
able. On comparing the results in the figure, Renatrix  TCS,Q,, andQ, results for the target of At from threshold
results of Dufton and Kingstof9] are generally larger than to 42 eV.
the present results. The agreement between the present re-As no theoretical or experimental data are available for
sults and the experimental results of Wallbagikal. [8],  the 32 'S°— 3s3p 'P° transition in C&*, only the RM31 re-
where the resonance contributes significantly to the crossults for C&* (TCS, Q,, andQ,) are shown in Fig. 3 for the
section near threshold, is extremely good in the energy reenergy range from threshold to 50 eV. All the results fofCa
gion up to about 16.3 eV. However, the present results arexhibit similar behavior to that of%S and AF*.
slightly higher at 16.5 and 16.7 eV. Figurgébl shows the
present TCSQ,, andQ; results for $* in the RM31 calcu-
lation from threshold to 30 eV.

Figure 2a) presents the TCS for thes®'S"— 3s3p 1P° In the previous reporf14] for Si?*, the nature of the
transition in AF* in the RM12, RM24, and RM31 calcula- Vvariation in the Stokes paramete?s(i=1-3) was found to

B. Differential cross section and Stokes parameters

062705-6
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"g 0.1 g ey |
o .5 50
P E;' 40
§ 0.01 5 30
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Incident energy (x)
- i FIG. 7. Polarization fractions of thes3p *P°— 3s? 'S’ line of
et the Mg-like ions, as a function of (the incident energy in thresh-
@ 05r% i AN ] old unitg:—, S -, Aré*; ... , C&,
g o ‘ . change dramatically with energy in the resonance region, yet
% 3 ! 3 to remain very stable in the nonresonance region. The DCS
2 o5l | / ] and Stokes parameters fof*SAré*, and C&* in the RM31
a)‘? “, calculation are shown here for the nonresonance region at
(b) low incidence energy. Figure(@ shows the DCS as a func-
_1 ' 1 L 1 L s i i

tion of scattering angle for thes3'S®— 3s3p 1P° transition

in S** at incident energies of 15.8, 16.4, and 17.0 eV. The
DCS of Af* is shown in Fig. fal) 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 Jalabett al. [2] in Figs.
5(a2) and(a3). The simple two-state calculations of Grif

al. [10] are also compared in Fig(&3). As can be seen in
both figures, the present results are in good agreement with
the experiments.

Figure Ga) shows the DCS of (%4 at 28.3, 28.7, and 30.0
eV. Although the values of the DCS for*Sincrease slowly
at 15.8, 16.4, and 17.0 eV with increasing scattering angle,
the values of the DCS for Gaincrease rapidlynear 705 at
4 L2 L 28.3, 28.7, and 30 eV. For*§ Ar®*, and C&*, backward

0 20 40 60 80 100 120 140 160 180 scattering is dominant in thes3'S*— 3s3p !P° transition at

Scattering angle low incidence energies, proportional to the increasing ionic
charge. This was also reported by Nakazskal.[22] for the
1 3s2S°— 3p ?P° transition in Na-like ions.

Figures 4b)-4(d), 5b)-5d), and &b)-6(d) show the
Stokes paramete(®,, P,, andP3) as a function of scattering
angle for $*, Ar®*, and C&*. The results for the Stokes
parameterP; in Figs. 4d), 5(d), and &d) are the same as
those for Si*, as shown in the previous repait4]. Ps,
which represents the circular polarization, is equivalent to
-L ,, the angular momentum transfer to the excited state of
the target. According to the propensity rulelof,L | is posi-
tive at small scattering angle§.e., P; is negative in

0 20 40 60 80 100 120 140 160 180
Scattering angle

Stokes parameter P,

0.5

Stokes parameter P,
©
a

-1 electron-atom collisions. Thus, it should be noted that the

0 20 40 60 80 100 120 140 160 180 Stokes parameteP; at small angles is positive in the Mg-
Scattering angle like ions.

FIG. 6. Differential cross sections and Stokes parameters for the

C. Polarization fraction
3218°,3s3pP° transition in CA&". (a) Differential cross

sections:—, 28.3 eV, ---, 28.7 eV,...., 30.0 eV.(b) Same as fofa) The emission line from th&P°— 'S° transition in neutral
but Stokes parametd?;. (c) Same as fofa) but Stokes parameter atoms is predicted to be 100% linearly polarized at threshold
P,. (d) Same as fofa) but Stokes parametéts. [12]. Polarization fractions have been studied both experi-
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mentally and theoretically for electron—He-like-ion collisions the R-matrix method with 31 target stat¢RM31) for the
[23-29. The low-charge He-like ions are polarized about3s?'S*— 3s3p !P° transition of $*, Ar®*, and C&* in the
60% near threshold. Figure 7 shows the polarization fraclow-energy region. The present results are in very good
tions as a function of incident-electron energy for theagreement with the experiment results of Wallbahlal. [8]
3s3p !P°— 321" line of the Mg-like ions &*, Ar®* and  for the TCS near threshold. Backward scattering was found
C&*. The resulting polarization fraction for Mg-like ions is to be dominant for the DCS at low incidence energy, propor-
polarized about 35% aX=1-2, where X is the incidence tional to increasing ionic charge. The Stokes paramejeat
energy in threshold units. The polarization fraction is almostsmall angles has positive values at low energies for the ex-
independent of nuclear charge. However, the behavior of theitation in $*, Ar*, and C&*. The resulting polarization
polarization fractions of the Bp*P°—3s?1<° line in the  fraction for Mg-like ions gives polarization of about 35% at
Mg-like ions is very different from that of thes2pP®  X=1-2.

— 15?1 line in He-like ions.
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