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Electron-impact excitation of lithium
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The results oR-matrix with pseudostatd®RMPS and time-dependent close-coupliifPpCC) calculations
of electron-impact excitation in Li are presented. We included 55 terms in the RMPS close-coupling expansion,
of which nine are spectroscopic and 46 are pseudostates. The two-electron radial wave functions generated
from earlier TDCC calculations for ionization from the ground state of Li by Colgiaal. [Phys. Rev. A63,
062709(2001)] are employed to determine the TDCC excitation cross sections. The RMPS and TDCC cross
sections for transitions fromsf2s to 1s?2p, 1s?3l, and 1s?4l are compared to each other and to cross
sections determined from o&®matrix calculation without pseudostates, the convergent close-coupling calcu-
lations presented by Schweinzsdral.[At. Data Nucl. Data Table®2, 239(1999], the coupled-channel optical
calculations of Brayet al. [Phys. Rev. A47, 1101 (1993], and experimental measurements. These results
indicate that coupling to the target continuum has a significant effect on electron-impact excitation in this atom;
this increases with the principal quantum number of the excited term, and is large for transitiasfdlto 1
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I. INTRODUCTION 1s?2p, 15?31, and 15?4l excited terms. We have also per-
formed a 14-stat& matrix calculation without pseudostates.
The development of advanced close-coupling method8y comparing our TDCC and RMPS results with those ob-
has made it possible to include the effects of coupling to thdained from this latter calculation, we are able to determine
target continuum on electron-impact excitation. This is illus-the magnitude of the effects of coupling to the target con-
trated by work on the Li-like ions Be[1] and B [2], using  tinuum on these cross sections.
both the convergent close-couplit@CC method[3] and The remainder of this paper is organized as follows. In the
the R-matrix with pseudostatd®MPS method[4], and C* next section, we discuss the theoretical methods used for
and G* [5], using the RMPS method. One can also treatooth the time-independent close-coupling calculatiowish
these effects by employing the time-dependent closeand without pseudostatesnd the time-dependent close-
coupling(TDCC) method[6] that, along with the RMPS and coupling calculations. In Sec. lll, we compare our RMPS
CCC methods, has been used extensively to study electrognd TDCC results with each other and with results from the
impact ionization. presenfR-matrix calculation without pseudostates, the earlier
Close-coupling calculations of electron-impact excitationCCC and CCO results, and experimental measurements. Fi-
of Li have been performed by Burke and Tay[@f and by  nally, in Sec. IV, we summarize our findings.
Moores|[8]. However, the first attempt to include the effects
of coupling to the target continuum on electron-impact exci-
tation in this atom was made by Bragt al. [9] using the Il. DESCRIPTION OF THE THEORETICAL METHODS
coupled-channel optica(CCO method. More recently,
electron-impact excitation data generated for Li from a 45- o .
state CCC calculation were included in a published data base We began our time-independent close-coupling calcula-
for inelastic collisions with Li by Schweinzeet al. [10],  tions by performing a 14-terrR-matrix calculation that in-
where fits to the CCC cross sections are provided. Theréluded 1°2s, 1s°2p, 1s”3s, 1s°3p, 1s3d, 1s%4s,
have also been experimental measurements of electrodS-4p, 15°4d, 1s°4f, 1s’6s, 1s°5p, 1s”5d, 1s5f, and
impact excitation in Li. Williamset al. [11] measured the 15°5g. The 1s and 2 orbitals were determined from a
individual cross sections for excitation ta?2p and 1s?3s  Hartree-Fock(HF) calculation on $°2s, while all othernl
and the total cross sections for excitation &3p+ 1s3d orbitals were determined from frozen-core HF calculations
and 1s?4p+1s?4d+1s?4f. In addition, Vukovic etal. on 1s’nl. o .
[12] made improved measurements of the cross section for Our 55-state RMPS calculation included 55 terms in the
excitation to K22p. close-coupling expansion; nine of these were spectroscopic,
In an earlier paper, we applied the TDCC method to thea_nd the remaining 46 were pseudostates_used to represent the
electron-impact ionization of Li to determine singly differen- high Rydberg states and the target continuum. The spectro-
tial and total cross sections, as well as the spin asymmetr§Copic terms were identical tosi2s through 1s%4f de-
parametef13]. In this paper, we report on the application of scribed above. Thesfnl pseudostates were determined us-
the RMPS and the TDCC methods to study electron-impacing the following procedure. We first generated a set of
excitation of neutral Li from the 4%2s ground term to the nonorthogonal Laguerre orbitals of the form

A. R-matrix method
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using the progranAUTOSTRUCTURE[14]. In this equation,
L2 3 (\r) denotes the Laguerre polynomial aht, is a

normalization constant. These Laguerre orbitals were the
orthogonalized to the HF spectroscopic orbitals and to eac
other. The screening parametersallow one to adjust the

energy of the pseudostates as well as the radial extent of t : : :
pseudo-orbitals. In these calculations, we adjusted thg.xchange term was adjusted so that the single particle ener-

screening parameters so that the ionization limit for Li wasd'eS for each angular momentum were in good agreement

roughly midway between two term energies of the SaméNlth the experimental term energies. A pseudopotential was

symmetry. Not only has this procedure been found to enused to generate astrbi.taI in order to eliminate the inngr
hance the accuracy of RMPS calculations of electron-impadtode of the wave function and avoid problems associated
ionization, it also provides a reasonably accurate represent¥(ith core superelastic scatterif@9]. With the exception of
tion of the highly excited bound states by the set of pseudothe missing node, thesZpseudo-orbital is very similar to the
orbitals [5]. The screening parameters for Li webg,s 2s orbital found from a Hartree-Fock calculation for the
=1.253,\np=1.06, N n,q=1.00, A 1= 0.985, andh ,g=1.12. 1s%2s ground term of lithium.

With this choice of orbitals, the difference between the The total wave functior{/LS(Fl,Fzyt) for the valence and
excitation cross sections determined from the 14-stat@ontinuum electrons is expanded in coupled spherical har-
R-matrix calculation and from the 55-state RMPS calculationmonics,
should provide a measure of the effect of coupling to the
target continuunfand the high Rydberg staje§he reasons
for this are twofold. First of all, by Brillouin’s theoreifi5],

thereVD(r) andVy(r) are the direct Hartree and local ex-
hange potentials, respectivelyjs the nuclear charge of the
arget, and atomic units are used throughout. These potentials

Huere calculated using theslorbital, and a parameter in the

Ph?z(rl,rzat)

g : WES(ry,ry,t) =,
there can be no mixing among the physical states or between 112 T Mo
the physical states and the pseudostates included in the
RMPS basis set, since the physical states were generated PP - -
from HF calculations on eachsinl 2l term. Thus the first Xm%z Crnymy0Y13my (1) Yi,my(12), (3)

nine terms in the 14-stat® matrix and the 55-state RMPS
basis set are identical. Secondly, through configuration inter-

. . . wherelL andS are the total orbital and spin angular momen-
action with the higher pseudostates, the#3l pseudostates P g

id i tat f 851 physical tum of the system;lg,l,) are the angular momenta for the
provide a very accurate representation ol physica target valence and initial scattered electrons, and, later, the
states included in the 14-stafRematrix basis set.

. ; . excited valence(or ejected and final scattered electrons;
The asymptotic part of thB-matrix calculations was per- » ) g

> , . llgly
formed using the unpublished prograsTer, which was Yim(f) is @ spherical harmonic; an@ °7 is a Clebsch-
originally written by Seaton for scattering from iorisee  Gordan coefficient. At a timé=0 before the collision, the
Berrington et al. [16]), but has been modified by Badnell two-electron radial wave functiorﬁf'li(rl,rz,t) are given
[17] so that it may be applied to scattering from neutral at-+y, antisymmetrized or symmetrized spatial products of the

oms. Al LSH symmetries up td. =20 were mc_luded in the 2s orbital and an incoming radial wave packet. The time
close-coupling calculations. The cross sections were the

topped up using methods described by Badeedl.[18]. In Bropagatlon is governed by the time-dependent Sfinger

equation which takes the form
order to resolve the resonance structures, we employed an

energy mesh of 2.2710 “ Ry through the energy of the s
=5 states; for the higher energies, we employed an energy.r?P|l|2(r1,r2.t)
i

mesh of 7.4 107 % Ry. T:T|1|2(f1,rz)Phi(rl,fz,t)
B. Time-dependent close-coupling method + Z, U|L1|2,|1|é(rl'rZ)Pleé(rl’rZ’t)’
The time-dependent close-coupling theory used to deter- Il2

mine ionization from the ground term of lithium is discussed (4)
in our earlier papef13]. The same two-electron coupled
radial wave functions employed in that ionization calculation _ o .
were employed here. We will now outline the main points ofwhere T, (r1,12) contains kinetic energy, centrifugal bar-
the theory as it pertains to the determination of excitatiorfier, nuclear, direct Hartree, and local exchange operators;
cross sections from the ground term of lithium. and Ull-llz,lilé(rl’rZ) couples the variousl{l,) scattering

First the 15 ground state of Li was caI%Iated in the channels. At a timé=T following the collision, the partial
Hartree-Fock approximation. A set of boumd and con-  excitation cross section from thesZyround term to a par-
tinuumkl radial orbitals were then obtained by diagonaliza-ticular nl excited term for each value df may be deter-
tion of the one-dimensional Hamiltonian given by mined using
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where g, is the probability of finding one electron ina S (51 x Q\Q ]
bound statepMm(F) and the other one in the continuum. This 3 A
> o = R ® 1
probability is found by projecting the two-electron radial ¢ ) O Q‘Q—Q
wave functions directly onto products of bound and con- 0.0 : R B X XXX
tinuum states. 0.4 ‘ ;

A time-independent distorted-way®W) method[20] is x X 2s-3d
also employed to calculate electron-impact excitation crose‘\@ 0.3 « x .
sections for Li. The&K matrix is constructed from a first-order _° X
scattering amplitude involving Coulomb matrix elements of "= 0.2 [ /@,@ﬂs\ x ]
bound and continuum orbitals. A nonunitariz&d matrix E x X S 4 x
given by T=2iK and a unitarizedT matrix given by T 2 04 F « X, SNX .
=2iK/(1—iK) are both used to obtain excitation cross sec- © 00 \x\x\x\
tions. The effect of unitarization on the cross section is an 00 . X
indication of the strength of coupling between the bound 6 2 4 6 8 L 0 12 14 16 18
states.

The time-dependent close-coupling and time-independent FIG. 1. Partial cross sections for the-2 3s and Z— 3d tran-
distorted-wave calculations were carried out at incident ensitions in Li at an energy of 15.0 eV as a function lof Open
ergies of 10.0, 15.0, 20.0, and 25.4 eV. The DW calculationgircles, TDCC results; crosses, UDW results; dashed lines, cubic
were easily extended o=50; however, because of the rap- spline fit to the TDCC values o&(L) from L=2 (for the 2
idly increasing number of coupled channels, the TDCC cal—3s transition and L=3 (for the 2s—3d transition up to L
culations were limited td. =6, although for an incident en- =10 and the UDW values af(L) for the higher values of.
ergy of 15.0 eV they were extended lte=10. . o

For electron-impact ionization of atoms and their positiveR-matrix calculation is higher than both the 55-state RMPS
ions in the ground State, the TDCC and DW partia' Wave-CaICUIat.ionS and the TDCCfOI’ all trar}sitio-ns.. While it is
cross sections have been generally found to be in good agrelféresting to note that, at this intermediate _|nC|dent _electron
ment by L=6. However, for electron-impact excitation of €nergy, some of the DW and UDW calculations are in good
ground-state lithium the rate df convergence between the @greement with nonperturbative TDCC and 55-state RMPS
TDCC and DW calculations is more problematic. For ex-Calculations, the fact that there is no consistency in this
ample, plots of the TDCC and unitarized distorted-waveagreement leads us to conclude that both the DW and UDW

(UDW) cross sections as a functionlofire presented in Fig. Fesults are unreliable for this neutral system. The difference
1 for the x—3s and X—3d transitions at 15.0 eV. For Inthe DW and UDW calculations is indicative of the strong
both excitations a cubic spline fit joins the ldws10 TDCC ~ coupling in this problem, which can only be described accu-
results with the high. =15 UDW results. For —nstran-  'ately by a close-coupling formalism. _

sitions the two methods are in agreementlby 6 and a We show comparisons of the cross section for ttee 2
simple UDW top-up forL=7 to L=50 may be employed. —2P transition determined from the present 14-state
For 2s—np transitions the partial cross sections haveRrmatrix calculation, our 55-state RMPS calculation, the
peaked and started to come togethelLby6, but are not yet present TDCC calculation, the results from fits to the CCC
in agreement. For these transitions a cubic Splir)e fit allows TABLE I. Comparison of excitation cross sections for Li at 15.0
an accurate top-up. Fors2»nd and Z—nf transitions the V incident electron energy in units of 18 cm?. DW, nonunita-

partial cross sections have peaked and started to converge ﬁyed distorted-wave calculation; UDW, unitarized distorted-wave

fL_=1”0, but are not yet in agree_lr‘ilﬁnt. Aga'g.thedc_?gléép“ne alculation; TDCC, time-dependent close-coupling calculation;
it allows an accurate top-up. us, combine an M(14), 14-state R-matrix calculation; RMP&5), 55-state

UDW total cross sections may be generated fer-hisand  p matrix with pseudostates calculation.
2s—np transitions at all four incident energies, bus 2
—nd and Z—nf transition cross sections may be reliably Transiion Dw  UDW TDCC RM14) RMPS55)
determined only at 15.0 eV incident energy.

2s—2p 51.988 38.952 35.893 37.150 34.240

2s—3s 1.955 1.183 0.864 1.318 0.823

lll. RESULTS 2s—3p 0.619 1.075 0.517 1.023 0.573

Cross sections for the electron-impact excitation of the 2s—3d 2,210 2.478 1.864 2.630 1.799
ground state of Li are presented in Table | at an incident 2s—4s  0.397 0.312 0.181 0.329 0.160
electron energy of 15.0 eV. We compare results from DW, 2s—4p 0.156 0.374 0.121 0.335 0.130
UDW, TDCC, 14-stateRr-matrix, and 55-state RMPS calcu- 2s—-4d 0.660 1.002  0.503 0.914 0.465
lations. It is clear that the TDCC and 55-state RMPS calcu- 25,4+ 0.072 0.161 0.145 0.207 0.170

lations are in good agreement for all transitions. The 14-state
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FIG. 2. Total electron-impact excitation cross sections for the ~FIG. 3. Total electron-impact excitation cross sections for the
2s—2p and 25— 3s transitions in Li. Solid curves, present 14-state 25—3p and %—3d transitions in Li. Solid curves, present 14-
R-matrix calculation; dashed curves, present 55-state RMPS calc§fate Rmatrix calculation; dashed curves, present 55-state RMPS
lation; open circles, present TDCC calculation; dot-dashed curvegalculation; open circles, present TDCC calculation; dot-dashed
from fits to the CCC calculations given by Schweine¢rl. [10]; curves, from fits to the CCC calculations given by Schweireal.
crosses, CCO calculation of Brat al. [9]; upward triangles, ex- [10]; crosses, CCO calculation of Brag al. [9].
perimental measurements of Willianet al. [11]; downward tri-
angles, experimental results of Wasic et al.[12]. CCC calculations indicate that the effects of the target con-

tinuum on excitation to 423s are getting larger in the inter-
calculations by Schweinzeat al.[10], the earlier CCO cal- mediate energy range. The measurements of Williatre.
culations[9], and the measurements of Williares al. [11] ~ appear to be too large, but they also have a relatively large
and Vukovic et al. [12] in the upper portion of Fig. 2. As uncertainty.
can be seen, the RMPS, TDCC, CCC, and CCO cross sec- Similar results are also found for thes23p and
tions are all in excellent agreement. Furthermore, the 14=3d transitions shown in Fig. 3. However, here the relative
stateR-matrix cross section is only slightly above the otherdifferences between the CCO and the RMPS and CCC re-
three at energies greater than about 10 eV. Finally, the me&ults at 10.0 eV for both transitions are somewhat smaller
surements of Williamset al. are above all calculations, but than in the case of thes2-3s transition. As one would
the uncertainties are so large that it is impossible to draw angxpect, the effects of coupling to the target continuum are
conclusions from this; on the other hand, the measurementgcreasing with increasing principal quantum number of the
of Vuskovic et al. have much smaller uncertainties and agreeexcited state, and it appears that this may not be accurately
well with the calculated cross sections. This all seems tdepresented by the CCO method. We also note that the
confirm the accuracy of the earlier CCC and CCO calculaRMPS and CCC results are in excellent agreement for the
tions for this transition. In addition, the small difference be-2s— 3p transition but that the CCC cross section is slightly
tween the results of the 14-sta&Rematrix calculation and the larger than the RMPS cross section for tree-23d transition
RMPS, TDCC, and CCC calculations indicates that the efin the energy range between 10 and 20 eV. There are no
fects of the target continuum on excitation t&?2p are rela-  experimental measurements for individual transitions to the
tively small, and a calculation that includes only coupling 15?3l terms; however, Williamst al. [11] have measured
between bound states is perfectly adequate for this transitiothe total cross section tosi3p+1s?3d, and comparisons

In the bottom half of Fig. 2, we show a similar compari- with these measurements will be discussed shortly.
son for the 2— 3s excitation, except that there are no mea- The calculated cross sections to the?4l terms are
surements by Vievic et al. [12] for this transition. The shown in Figs. 4 and 5. Here again, the RMPS and TDCC
TDCC, RMPS, and CCC cross sections are again in excelleriesults agree well, although as discussed in the last section
agreement. Although the CCO cross section is in good agreave have calculated TDCC cross sections for tee-2id and
ment with the RMPS and CCC cross sections at 5.4 eV an@s—4f transitions at 15.0 eV only. We do notice that the
20.0 eV, it is about 50% higher than the RMPS cross sectiof DCC results are somewhat above the RMPS results for the
at 10.0 eV. Furthermore, the much larger differences betweefs— 4s transition at 10 and 15 eV. Nevertheless, in light of
the 14-statdR-matrix calculation and the RMPS, TDCC, and the very different nature of these two types of calculation,
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FIG. 4. Total electron-impact excitation cross sections for the
2s—4s and Z—4p transitions in Li. Solid curves, present 14-state
R-matrix calculation; dashed curves, present 55-state RMPS calcu-
lation; open circles, present TDCC calculation; dot-dashed curve
from fits to the CCC calculations given by Schweineemal. [10];
crosses, coupled channel optical calculation of Bzal. [9].
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TABLE Il. Comparison of excitation cross sections for Li in
units of 10 %6 cn? at three incident energies. For each transition:
first row, 14-stateR-matrix; second row, 55-state RMPS; third row,
from fits to the CCC calculations given by Schweine¢ml. [10];
fourth row, CCO calculations of Bragt al.[9]; fifth row, measure-
ments of Williamset al. [11]; sixth row (2s—2p only), measure-
ments of Vukovic et al. [12].

Final terms) 5.4 eV 10.0 eV 20.0 eV
1s?2p 38.4 38.6 34.3
38.0 37.4 31.3
38.8 38,5 31.2
38.1 37.2 30.5

49.0£17.0 44.6:15.0 31.6-:125
38.1£5.6 31.x48

1s?3s 1.04 1.51 1.10
0.94 0.83 0.76
1.18 0.94 0.80
0.90 1.26 0.80

1.90+0.67 1.16:0.39
1s?3p+1s5?3d 2.83 4.36 2.94
3.18 2.72 2.04
3.03 2.76 2.13
2.52 3.22 2.25

S 3.00+1.04 2.76:0.95
1s?4p+ 1s24d+ 1s24f 1.10 2.11 1.07
1.12 0.88 0.64
0.98 1.13 0.72
1.41 1.50 0.86

0.34+0.11 0.50:0.17

the overall good agreement between the TDCC and RMPS
results tends to support the accuracy of both methods. How-
ever, we see that with the exception of the24d transition
the CCC cross sections are higher than those obtained from
the present RMPS calculation. This is especially true for the
2s—4f transition, where the CCC result is even higher than
the 14-stateR-matrix results above 12.3 eV, this is totally
unexpected since the 14-stdematrix calculation includes
no coupling to the target continuum. The sizable differences
between the 14-stat@&matrix cross sections and those cal-
culated with either the TDCC or RMPS method indicate the
large effects that coupling to the target continuum have on
transitions to these more highly excited states. Furthermore,
it is now quite clear that the CCO method does a poor job of
including these effects. This is especially true of the 2
—4d transition, where the CCO results are in relatively
good agreement with the 14-stdematrix calculation.

Again, there are no experimental measurements of the
cross sections for individual transitions to the terms of
1s241; however there is a measurement of the total cross

: 2 2 2 e

FIG. 5. Total electron-impact excitation cross sections for theS€Ctions to $°4p+1s°4d+1s°4f by Williams et al. [11].
2s—4d and 2 4f transitions in Li. Solid curves, present 14-state Primarily because of the existence of these total cross-section
R-matrix calculation; dashed curves, present 55-state RMPS calcuieasurements for transitions te=3 andn=4, we provide
lation; open circles, present TDCC calculation; dot-dashed curvesanother comparison of the calculated and measured cross

from fits to the CCC calculations given by Schweine¢ral. [10];
crosses, coupled channel optical calculation of Beagl. [9].

sections in Table Il. There we give values for cross sections
determined from the 14-state-matrix, RMPS, CCC, and
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CCO calculations along with the experimental cross sections The RMPS and TDCC results are in relatively good
at three incident energies. For the total cross section tagreement with the results of earlier CCC calculations for
1s?3p+ 1s23d, the measurements are somewhat high commost transitions. However, the CCC cross sections are no-
pared to the RMPS results, while for the total cross section téiceably higher than the RMPS and TDCC results for excita-
1s?4p+ 1s?4d+ 1s?4f the measurements are low. However, tion to the 1s?4s, 1s?4p, and 1s?4f terms; this is especially
with the exception of the transitions to=4 at 10.0 eV, the true for the ®?4f term. Based on other comparisons be-
differences in the measured and RMPS calculated total crogaieen the RMPS and CCC methods, this was not expected.
sections ton=3 and 4 are within the experimental uncer- Finally, we have seen that the CCO method does not accu-
tainty. Clearly, new experiments are now needed to deterately include the effects of coupling to the target continuum.

mine the cross sections for transitions to individoa 3 and There have not been any measurements of the cross sec-
n=4 terms. tions for these transitions in Li since the measurement for the
2s—2p transition by Vugovic et al. [12] in 1982. The ear-
IV. SUMMARY lier measurements of Williamet al. [11] have relatively

) ) large uncertainties and do not appear to be sufficiently accu-

We have performed time-dependent close-coupling calcurate to confirm or refute the results of the present theoretical

lations and time-independeRtmatrix with pseudostattza cal- study. Thus, cross-section measurements for excitation to in-
culations of electron-impact excitation from thes“2s  {ividualn=3 andn=4 terms in Li are needed.

ground term to the €2p, 1s23l, and 1s?4l terms in neutral

Li. The TDCC and RMPS results are in good agreement and
this tends to support the accuracy of both methods. Compari-
son of these calculations with a 14-st&natrix calculation
with no pseudostates demonstrates that the effects of the tar- This work was supported in part by U.S. DOE Grant No.
get continuum on electron-impact excitation are relativelyDE-FG02-96-ER54367 with Rollins College, U.S. DOE
small for the 23— 2p transition, but grow for the - 3| Grant No. DE-FG05-96-ER543428 with Auburn University,
transitions, and become quite large for the—24l transi- and a subcontract with Los Alamos National Laboratory. The
tions. These results are quite similar to those found for theomputational work was carried out on a workstation cluster
Li-like ions Be" [1], B>" [2], C**, and G* [5], although at the Department of Physics at Auburn University and on
continuum coupling effects decrease gradually with increasvarious computers at the National Energy Research Super-

ACKNOWLEDGMENTS

ing charge state. computer Center at Oakland, CA.
[1] K. Bartschat and I. Bray, J. Phys. 8, L109 (1997). [11] W. Williams, S. Trajmar, and D. Bozinis, J. Phys.9B 1529
[2] P.J. Marchalant, K. Bartschat, and I. Bray, J. Phy80BL435 (1976.
(1997). [12] L. Vuskovic, S. Trajmar, and D.F. Register, J. Physl® 2517
[3] I. Bray and A.T. Stelbovics, Phys. Rev. Le®9, 53 (1992. (1982.
[4] K. Bartschat, E.T. Hudson, M.P. Scott, P.G. Burke, and V.M.[13] J. Colgan, M.S. Pindzola, D.M. Mitnik, and D.C. Griffin, Phys.
Burke, J. Phys. B9, 115(1996. Rev. A63, 062709(2001.
[5] D.C. Griffin, N.R. Badnell, and M.S. Pindzola, J. Phys38 [14] N.R. Badnell, J. Phys. B9, 3827(1986.
1013(2000. [15] L. Brillouin, J. Phys. Radiun8, 373(1932.
[6] M.S. Pindzola and F. Robicheaux, Phys. Rev54 2142 [16] K.A. Berrington, P.G. Burke, K. Butler, M.J. Seaton, P.J. Sto-
(1996. rey, K.T. Taylor, and Yu Yan, J. Phys. B0, 6379(1987).
[7] P.G. Burke and A.J. Taylor, J. Phys.ZB869 (1969. [17] N.R. Badnell, J. Phys. B2, 5583(1999.
[8] D.L. Moores, J. Phys. B9, 1843(1986. [18] N.R. Badnell, M.S. Pindzola, I. Bray, and D.C. Griffin, J. Phys.
[9] I. Bray, D.V. Fursa, and I.E. McCarthy, Phys. Rev4A 1101 B 32, 911(1999.
(1993. [19] M.S. Pindzola, F. Robicheaux, N.R. Badnell, and T.W. Gorc-

[10] W. Schweinzer, R. Brandenburg, I. Bray, R. Hoekstra, F. Au- zyca, Phys. Rev. A6, 1994(1997).
mayr, R.K. Janev, and H.P. Winter, At. Data Nucl. Data Tables[20] J.A. Shaw, M.S. Pindzola, N.R. Badnell, and D.C. Griffin,
72, 239(1999. Phys. Rev. A58, 2920(1998.

032718-6



