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Effects of LS term dependence in He-like ions
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In this paper, we report on the effects b term dependence on radiative rates and electron-impact
excitation cross sections in He-like ions. In particular, we examine the variation ofptloebtal between the
1s2p ®P and 1s2p P terms in Li*, C**, F'*, and Md®". We find that for transitions between the2p P,
level and the ground state, term dependence causes a variation in both the radiative rate and the excitation cross
section at nearly the twenty percent level; however, by*Vghis variation is less than five percent.
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In almost all close-coupling calculations of electron- partial correction. Second, both electron-impact excitation
impact excitation, a unique set of orthonornmed” orbitals  and ionization in He-like ions are now being studied using
must be used to represent all the atomic states of the targetdvanced close-coupling techniques such asRhmatrix
However, there are a number of situations where, within avith pseudostattRMPS method. For example, Browet al.
given configuration, there is significant variation in certain[6] completed an RMPS calculation onLin which they
radial orbitals from one.S term to another. For example, included in their close-coupling expansion spectroscopic
this term dependence is often quite pronouncedpnp®d,  States througm=3 plus 34 pseudostates to represent the
andd®f configurationg1,2]. A classic case is thes2p con-  high Rydberg states and the continuum. They attributed the
figuration in neutral Be, where the average radius of the 2 difference be_tween their results a_md the eqult_er 19-state re-
orbital associated with théP term is 2.9 a.u., while the Sults T Berrington and Nakazak#] for excitation to the
average radius of thepRorbital for the 'P term is 5.0 a.u. 1s2p “P term to coupling to the CO”“F‘““.”‘- Howeyer, we
[1]. These effects are due to unusually large exchang ould now argue that a large part of this c_jn‘ference is due to
, ) .tThe additional term dependence included in the RMPS calcu-
interactions—thus they become much less pronounced tions throuah confiquration interaction betwees2d 1P
nsn'p, np°n’d, andnd®n’f configurations, ifn’ is much 1 g 9 o p

. 5 9 ) . and the"P pseudostatel$]. As we shall show, it is not due
!arger tham, ormnsnp np nd, andnd_ nf configurations to coupling to the continuum since it can be incorporated
in intermediate and high-charge-state ions. _ . through the addition of a single pseudostate, which is not

In this paper we will focus on thesPp configuration in i cjyded in the close-coupling expansion but only in the
He-like ions. We initiated this study after performing an ex- configuration-interaction expansion of the target.
tensive set oR-matrix close-coupling calculations of excita-  \we have made three calculations of electron-impact exci-
tion cross sections and configuration-interaction calculationgation cross sections and radiative rates for each ion. How-
of radiative rates in MY"* [3]. In this ion, we found that ever, because of the limited number of states included in
term-dependent effects were negligible but wondered abouhese calculations they should be considered only model cal-
how important they might be in lower charge-state He-likeculations designed specifically to investigate the importance
ions. In general, one would not expect term dependence to hsf term dependence in these ions. All radial wave functions
very important in 2p configurations because of the large were determined using Frose Fischer's Hartree-Fock pro-
separation between thesland 2p orbitals and the corre- grams[7] and all scattering calculations were performed us-
sponding reduction in the exchange interacti{dd. Even ing a modified version of th@MATRIX | atomic scattering
though the variation of the 2 orbital between the’P and  packagd8].
1P terms in He-like ions is indeed small compared to the In all electron-impact excitation calculations, we included
example of the P orbital in neutral Be given above, as we only the 1s? 'S, 1s2s 3S, 1s2s S, 1s2p 3P, and 1s2p
shall see, it is large enough to have a pronounced effect oAP terms in the close-couplin¢CC) expansion. These cal-
the electron-impact excitation and the radiative transition beeulations differed only in the orbitals and the configuration-
tween the $2p P, level and the ground state for the lower interaction (Cl) expansions used to describe the target. In
charged species. order to remove any resonances attached to terms included in

This is important for two primary reasons. In close-the Cl expansion, but not the CC expansion, we used the
coupling calculations of electron-impact excitation in thesepseudostate elimination method of Gorczyetaal. [9]. Fi-
ions, Isn/” configurations withn up to 4 are typically in- nally we determined cross sections between individual levels
cluded in the description of the tardef]. Some of the term- using the intermediate-coupling frame transformati@+T)
dependence in the@orbital will then be included through method[10]. It is based on the use of quantum-defect theory
configuration interaction of €2p P with both 1s3p P  to generate unphysicdf matrices inLS coupling. These
and 1s4p 1P. However, as we shall see, this provides only aunphysicalK matrices are then transformed to intermediate

1050-2947/2000/63)/0147024)/$15.00 63014702-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW A 63 014702

TABLE I. Electric dipole radiative ratesA) for the 1s2p %P;—1s? 1S, and the k2p P;—1s? 1S,
transitions for Li", C**, F'", and Md°", calculated using: the CA basis set, the CACI basis set, and the TD
basis set in comparison to the results of relativistic many-body th@@BT) calculations.

CA CACI TD RMBT?
Transition A, (H2) A; (H2) A, (Hz) A, (H2)
Li*
(1s2p °P;— 15 1Sy) 1.61x 104 1.63x 10 1.66x 10 1.79x 10
(1s2p P;—1s? 1Sp) 3.02x 10% 2.80x 10%° 2.52x10% 2.56x 10
C4+
(1s2p 3P;—1s? 1Sp) 2.66x 10 2.68x< 10’ 2.70x 10/ 2.83x 10’
(1s2p P;—1s? 1Sp) 9.72< 10" 9.38x 10" 8.93x 101 8.86x 101
F7+
(1s2p 3P;—1s? 1)) 1.74x 10° 1.75x 10° 1.77x10° 1.83x10°
(1s2p *P;—1s% 'Sy) 5.93x 10 5.80x 10 5.63x 10'2 5.57x 10%
Mglo+
(1s2p 3P;—1s? 1Sy) 3.21x 10% 3.23x 10 3.26x10% 3.38x 10%
(1s2p P;—1s? 1Sp) 2.04x 10" 2.01x 108 1.97x 10" 1.95x 103

aJohnsoret al.[12].

coupling using term-coupling coefficients; finally, the physi- Cl calculation that included the five even levels of the CA

cal K matrices are determined from the unphysikamatri-  basis and the 12 odd levels arising from the2f, 1s3p,
ces and level energies using standard quantum-defect theomnd 1s4p configurations.
In all calculations,JIT partial waves fromJ=0.5 to J The third basis set included an exact treatment of term

=18.5 were included and then topped up as follows: thejependence in thepRorbital. The & and 2 orbitals were
dipole transitions were topped-up using a method originallyfirst determined from a Hartree-Fock calculation on the
described by Burged4d.1] for LS coupling and implemented 1s2p 3P term and the 8 orbital was generated from a
here in intermediate coupling; the nondipole transitions wergs AHE calculation on the 42s configuration. We corrected

topped-up assuming a geometric serieg.in o .=
PP P 929 the 1s orbital in the 1s? ground state using as3pseudo-

For our first basis set, we generated tisead 2o orbitals . . )
from a configuration-average Hartree-FA@AHF) calcula- orbital as described above. Finally we corrected tipeo?-

tion on the k2p configuration and the L orbital from a  bital for term-dependence by generating @ @eudo-orbital
CAHF calculation on $2s configuration. We then corrected from an MCHF calculation that included thes2p *P and
the 1s orbital in the 1s? ground configuration by performing 1s3p P terms and in which the energy of thes2p P
a multiconfiguration Hartree-FockMCHF) calculation in  term was minimized by varying only thep3rbital. We refer
which we minimized the energy of thesi 'S term by vary- o this as a term-dependef¥tD) target basis. The radiative
ing the 3 pseudo-orbital in a MCHF expansion that in- rates for this basis were determined from a Breit-Pauli ClI
cluded the 2 1S, 1s2s 'S, and 1s3s !Sterms. We referto  calculation that included the five even levels arising from the
this as our configuration-averag€A) basis; it does not in- 1s?, 1s2s, and 1s3s configurations and the eight odd levels
clude any term dependence in thp 2rbital. The radiative arising from the $2p and the 1;§p configurations.
rates for the CA basis were then determined from a Breit- The radiative rates for thesPp 3P;—1s? 1S, and 1s2p
Pauli Cl calculation that included the five even levels arisinglp, — 1s? 1S, transitions, calculated in the length gauge us-
from the 1s?, 1s2s, and 1s3s configurations and the four ing the three basis sets described above are presented in
odd levels arising from thesRp configuration. Table I. As can be seen, the variation between the results of
Our second basis set was the same as that describedir three calculations is small for thesdp 3P, —1s? 1S,
above, except that we added the levels associated with theansition for all stages of ionization. However, term depen-
1s3p and 1s4p configurations, for which the 8 and 40  dence causes a much larger variation between the radiative
orbitals were also determined from CAHF calculations.rates for the $2p *P,—1s? S, transition. The difference
Through configuration interaction between the terms of thébetween the rates determined using the CA and TD basis in
1s2p configuration and the terms of thes3p and 1s4p Li* is nearly 17%; however, as one would expect, it de-
configurations, this basis set includes a partial correction focreases with ionization stage and is less than 4% if%Mg
term dependence in thep2rbital, as would be the case in a Furthermore, we see by comparing the results of the CACI
much larger close-coupling calculation that included thecalculations with the other two that less than 50% of the
1s3/ and 1s4/ configurations in both the CC and ClI ex- correction of the CA basis for term dependence is provided
pansions. We refer to this as our configuration-average witlpy the configuration interaction ofs2p P with 1s3p P
configuration-interactiofCACI) target basis. The radiative and 1s4p P. In this table, we also show the radiative rates
rates for the CACI basis were determined from a Breit-Paulfor these ions as determined from the much more sophisti-
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FIG. 1. Electron-impact excitation cross sections for the8 1 FIG. 2. Electron-impact excitation cross sections for tt 1

15,—1s2p 3P, transition in Li", C**, F'*, and Md®". Dashed  'Sy,—1s2p P, transition in Li*, C**, F'*, and Md¢®". Dashed
lines, calculated using the CA basis; dot-dashed lines, calculatelihes, calculated using the CA basis; dot-dashed lines, calculated
using the CACI basis; solid lines calculated using the TD basis. using the CACI basis; solid lines calculated using the TD basis.

0+ ;
cated relativistic many-body theofRMBT) calculations of ~about 4% for Mg°". We also notice that the CACI calcula-
Johnsoret al.[12]. In light of the simplicity of the TD basis, tions account for less than 50% of the reduction in the cross
it is surprising that the radiative rates from our term- S€ction due to term _dependence. . .
dependent calculation are as close as they are to the RMBT, These re_sults |nd|ca'ge t_hat any close-coupling calculations
results of electron-impact excitation in the lower charge states of

Similar results are found in the electron-impact excitationHe_Iike lons, that do not include a large number of pseu-
cross sections shown in Fig. 1 for the?11S,—1s2p P, dostates in the CC expansion, should explicitly include in the

o A . Cl expansion those pseudostates that are needed to correct
excitation and in Fig. 2 for thesf 1S;—1s2p P, transi- : 1
. . : | f h P levels. Th ff
tion. The spikes in the€ 'S,— 1s2p 3P, cross sections at or term dependence in thestp eve's ese eflects

will be most important for excitation tosPp P;, but will

threshold are due to resonances attached to #2p 1'P; : : : 10
. : rsi maller ree in the excitesihp ~P; levels.
level. With the exception of Ui, the three calculated cross persist to a smaller degree in the exciteshp °P, levels

. . e Furthermore, in order to properly assess the effects of cou-
21 3 ’

sections fqr the §° "5,—1s2p °P, transition a}rre_dlfflcult pling to the continuum on excitation cross sections to the

to distinguish on the scale of the graphs; for Lithe TD

. . 1snp P, levels, RMPS calculations for low charge state
0,
resultzdgfers from tf;,‘e CA result by about 8% at the p_eak "NHe-like ions should be compared to smaller close-coupling
the 1s* “*Sy— 1s2p °P; honresonant cross section, while for

g ey ifr by s tan 2% at snrgy st below hece i 8% LU 1 e O exoaroln o poes
narrow resonance at threshold. However, the differences b‘Fe'veIs
tween the calculated cross sections for té8 1S,—1s2p '
P, excitation are much more substantial. The difference This work was supported by the U.S. Department of En-
between the CA and TD cross section for Lis about 18%  ergy under Contract Nos. DE-FG05-96ER54367 with Rollins
and it gradually decreases as a function of ionization stage tGollege and DE-FG05-96ER54348 with Auburn University.
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