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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 ofLS term dependence on radiative rates and electron-impact
excitation cross sections in He-like ions. In particular, we examine the variation of the 2p orbital between the
1s2p 3P and 1s2p 1P terms in Li1, C41, F71, and Mg101. We find that for transitions between the 1s2p 1P1

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 Mg101 this variation is less than five percent.
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In almost all close-coupling calculations of electro
impact excitation, a unique set of orthonormalnl orbitals
must be used to represent all the atomic states of the ta
However, there are a number of situations where, withi
given configuration, there is significant variation in certa
radial orbitals from oneLS term to another. For example
this term dependence is often quite pronounced insp, p5d,
andd9f configurations@1,2#. A classic case is the 2s2p con-
figuration in neutral Be, where the average radius of thep
orbital associated with the3P term is 2.9 a.u., while the
average radius of the 2p orbital for the 1P term is 5.0 a.u.
@1#. These effects are due to unusually large excha
interactions—thus they become much less pronounced
nsn8p, np5n8d, and nd9n8 f configurations, ifn8 is much
larger thann, or in nsnp, np5nd, andnd9n f configurations
in intermediate and high-charge-state ions.

In this paper we will focus on the 1s2p configuration in
He-like ions. We initiated this study after performing an e
tensive set ofR-matrix close-coupling calculations of excita
tion cross sections and configuration-interaction calculati
of radiative rates in Mg101 @3#. In this ion, we found that
term-dependent effects were negligible but wondered ab
how important they might be in lower charge-state He-l
ions. In general, one would not expect term dependence t
very important in 1s2p configurations because of the larg
separation between the 1s and 2p orbitals and the corre
sponding reduction in the exchange interaction@1#. Even
though the variation of the 2p orbital between the3P and
1P terms in He-like ions is indeed small compared to t
example of the 2p orbital in neutral Be given above, as w
shall see, it is large enough to have a pronounced effec
the electron-impact excitation and the radiative transition
tween the 1s2p 1P1 level and the ground state for the low
charged species.

This is important for two primary reasons. In clos
coupling calculations of electron-impact excitation in the
ions, 1snl configurations withn up to 4 are typically in-
cluded in the description of the target@4#. Some of the term-
dependence in the 2p orbital will then be included through
configuration interaction of 1s2p 1P with both 1s3p 1P
and 1s4p 1P. However, as we shall see, this provides only
1050-2947/2000/63~1!/014702~4!/$15.00 63 0147
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partial correction. Second, both electron-impact excitat
and ionization in He-like ions are now being studied usi
advanced close-coupling techniques such as theR matrix
with pseudostate~RMPS! method. For example, Brownet al.
@6# completed an RMPS calculation on Li1 in which they
included in their close-coupling expansion spectrosco
states throughn53 plus 34 pseudostates to represent
high Rydberg states and the continuum. They attributed
difference between their results and the earlier 19-state
sults of Berrington and Nakazaki@4# for excitation to the
1s2p 1P term to coupling to the continuum. However, w
would now argue that a large part of this difference is due
the additional term dependence included in the RMPS ca
lations through configuration interaction between 1s2p 1P
and the1P pseudostates@5#. As we shall show, it is not due
to coupling to the continuum since it can be incorpora
through the addition of a single pseudostate, which is
included in the close-coupling expansion but only in t
configuration-interaction expansion of the target.

We have made three calculations of electron-impact e
tation cross sections and radiative rates for each ion. H
ever, because of the limited number of states included
these calculations they should be considered only model
culations designed specifically to investigate the importa
of term dependence in these ions. All radial wave functio
were determined using Frose Fischer’s Hartree-Fock p
grams@7# and all scattering calculations were performed u
ing a modified version of theRMATRIX I atomic scattering
package@8#.

In all electron-impact excitation calculations, we includ
only the 1s2 1S, 1s2s 3S, 1s2s 1S, 1s2p 3P, and 1s2p
1P terms in the close-coupling~CC! expansion. These cal
culations differed only in the orbitals and the configuratio
interaction ~CI! expansions used to describe the target.
order to remove any resonances attached to terms include
the CI expansion, but not the CC expansion, we used
pseudostate elimination method of Gorczycaet al. @9#. Fi-
nally we determined cross sections between individual lev
using the intermediate-coupling frame transformation~ICFT!
method@10#. It is based on the use of quantum-defect theo
to generate unphysicalK matrices inLS coupling. These
unphysicalK matrices are then transformed to intermedia
©2000 The American Physical Society02-1
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TABLE I. Electric dipole radiative rates (Ar) for the 1s2p 3P1→1s2 1S0 and the 1s2p 1P1→1s2 1S0

transitions for Li1, C41, F71, and Mg101, calculated using: the CA basis set, the CACI basis set, and the
basis set in comparison to the results of relativistic many-body theory~RMBT! calculations.

CA CACI TD RMBTa

Transition Ar ~Hz! Ar ~Hz! Ar ~Hz! Ar ~Hz!

Li1

(1s2p 3P1→1s2 1S0) 1.613104 1.633104 1.663104 1.793104

(1s2p 1P1→1s2 1S0) 3.0231010 2.8031010 2.5231010 2.5631010

C41

(1s2p 3P1→1s2 1S0) 2.663107 2.683107 2.703107 2.833107

(1s2p 1P1→1s2 1S0) 9.7231011 9.3831011 8.9331011 8.8631011

F71

(1s2p 3P1→1s2 1S0) 1.743109 1.753109 1.773109 1.833109

(1s2p 1P1→1s2 1S0) 5.9331012 5.8031012 5.6331012 5.5731012

Mg101

(1s2p 3P1→1s2 1S0) 3.2131010 3.2331010 3.2631010 3.3831010

(1s2p 1P1→1s2 1S0) 2.0431013 2.0131013 1.9731013 1.9531013

aJohnsonet al. @12#.
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coupling using term-coupling coefficients; finally, the phy
cal K matrices are determined from the unphysicalK matri-
ces and level energies using standard quantum-defect th
In all calculations,JP partial waves fromJ50.5 to J
518.5 were included and then topped up as follows:
dipole transitions were topped-up using a method origina
described by Burgess@11# for LS coupling and implemented
here in intermediate coupling; the nondipole transitions w
topped-up assuming a geometric series inJ.

For our first basis set, we generated the 1s and 2p orbitals
from a configuration-average Hartree-Fock~CAHF! calcula-
tion on the 1s2p configuration and the 2s orbital from a
CAHF calculation on 1s2s configuration. We then correcte
the 1s orbital in the 1s2 ground configuration by performing
a multiconfiguration Hartree-Fock~MCHF! calculation in
which we minimized the energy of the 1s2 1S term by vary-
ing the 3̄s pseudo-orbital in a MCHF expansion that i
cluded the 1s2 1S, 1s2s 1S, and 1s3̄s 1S terms. We refer to
this as our configuration-average~CA! basis; it does not in-
clude any term dependence in the 2p orbital. The radiative
rates for the CA basis were then determined from a Br
Pauli CI calculation that included the five even levels aris
from the 1s2, 1s2s, and 1s3̄s configurations and the fou
odd levels arising from the 1s2p configuration.

Our second basis set was the same as that desc
above, except that we added the levels associated with
1s3p and 1s4p configurations, for which the 3p and 4p
orbitals were also determined from CAHF calculation
Through configuration interaction between the terms of
1s2p configuration and the terms of the 1s3p and 1s4p
configurations, this basis set includes a partial correction
term dependence in the 2p orbital, as would be the case in
much larger close-coupling calculation that included
1s3l and 1s4l configurations in both the CC and CI ex
pansions. We refer to this as our configuration-average w
configuration-interaction~CACI! target basis. The radiativ
rates for the CACI basis were determined from a Breit-Pa
01470
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CI calculation that included the five even levels of the C
basis and the 12 odd levels arising from the 1s2p, 1s3p,
and 1s4p configurations.

The third basis set included an exact treatment of te
dependence in the 2p orbital. The 1s and 2p orbitals were
first determined from a Hartree-Fock calculation on t
1s2p 3P term and the 2s orbital was generated from
CAHF calculation on the 1s2s configuration. We corrected

the 1s orbital in the 1s2 ground state using a 3s̄ pseudo-
orbital as described above. Finally we corrected the 2p or-
bital for term-dependence by generating a 3p̄ pseudo-orbital
from an MCHF calculation that included the 1s2p 1P and
1s3̄p 1P terms and in which the energy of the 1s2p 1P

term was minimized by varying only the 3p̄ orbital. We refer
to this as a term-dependent~TD! target basis. The radiative
rates for this basis were determined from a Breit-Pauli
calculation that included the five even levels arising from
1s2, 1s2s, and 1s3̄s configurations and the eight odd leve
arising from the 1s2p and the 1s3̄p configurations.

The radiative rates for the 1s2p 3P1→1s2 1S0 and 1s2p
1P1→1s2 1S0 transitions, calculated in the length gauge u
ing the three basis sets described above are presente
Table I. As can be seen, the variation between the result
our three calculations is small for the 1s2p 3P1→1s2 1S0
transition for all stages of ionization. However, term depe
dence causes a much larger variation between the radia
rates for the 1s2p 1P1→1s2 1S0 transition. The difference
between the rates determined using the CA and TD bas
Li1 is nearly 17%; however, as one would expect, it d
creases with ionization stage and is less than 4% in Mg101.
Furthermore, we see by comparing the results of the CA
calculations with the other two that less than 50% of t
correction of the CA basis for term dependence is provid
by the configuration interaction of 1s2p 1P with 1s3p 1P
and 1s4p 1P. In this table, we also show the radiative rat
for these ions as determined from the much more soph
2-2
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cated relativistic many-body theory~RMBT! calculations of
Johnsonet al. @12#. In light of the simplicity of the TD basis
it is surprising that the radiative rates from our term
dependent calculation are as close as they are to the RM
results.

Similar results are found in the electron-impact excitat
cross sections shown in Fig. 1 for the 1s2 1S0→1s2p 3P1
excitation and in Fig. 2 for the 1s2 1S0→1s2p 1P1 transi-
tion. The spikes in the 1s2 1S0→1s2p 3P1 cross sections a
threshold are due to resonances attached to the 1s2p 1P1
level. With the exception of Li1, the three calculated cros
sections for the 1s2 1S0→1s2p 3P1 transition are difficult
to distinguish on the scale of the graphs; for Li1, the TD
result differs from the CA result by about 8% at the peak
the 1s2 1S0→1s2p 3P1 nonresonant cross section, while f
Mg101 they differ by less than 2% at energy just below t
narrow resonance at threshold. However, the differences
tween the calculated cross sections for the 1s2 1S0→1s2p
1P1 excitation are much more substantial. The differen
between the CA and TD cross section for Li1 is about 18%
and it gradually decreases as a function of ionization stag

FIG. 1. Electron-impact excitation cross sections for the 1s2

1S0→1s2p 3P1 transition in Li1, C41, F71, and Mg101. Dashed
lines, calculated using the CA basis; dot-dashed lines, calcul
using the CACI basis; solid lines calculated using the TD basis
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about 4% for Mg101. We also notice that the CACI calcula
tions account for less than 50% of the reduction in the cr
section due to term dependence.

These results indicate that any close-coupling calculati
of electron-impact excitation in the lower charge states
He-like ions, that do not include a large number of pse
dostates in the CC expansion, should explicitly include in
CI expansion those pseudostates that are needed to co
for term dependence in the 1snp 1P levels. These effects
will be most important for excitation to 1s2p 1P1, but will
persist to a smaller degree in the excited 1snp 1P1 levels.
Furthermore, in order to properly assess the effects of c
pling to the continuum on excitation cross sections to
1snp 1P1 levels, RMPS calculations for low charge sta
He-like ions should be compared to smaller close-coupl
calculations that include in the CI expansion those ps
dostates needed to correct for term dependence in the1P1
levels.

This work was supported by the U.S. Department of E
ergy under Contract Nos. DE-FG05-96ER54367 with Roll
College and DE-FG05-96ER54348 with Auburn Universi
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FIG. 2. Electron-impact excitation cross sections for the 1s2

1S0→1s2p 1P1 transition in Li1, C41, F71, and Mg101. Dashed
lines, calculated using the CA basis; dot-dashed lines, calcul
using the CACI basis; solid lines calculated using the TD basis
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