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Electron-impact excitation cross sections and Maxwellian-averaged rate coefficients are calculated from the
ground 31”7 “F to the first 317 *P and the second® 2G excited terms in C&" in close coupling with 8 and
27 terms; much larger transition arrays were first explored in a distorted-wave approximation. Both transitions
are important elements of the emission spectrum of type la supernovae. We find that the two excitations are
dominated by autoionizing resonances attached to higher-lying excited terms idthad$4s, 3d®4p, and
3d%d configurations. Thosd S terms that are strongly excited from the ground’3'F, as found by
distorted-wave calculations, are included in a laRyenatrix calculation using asymptotics based on multi-
channel quantum defect theoffs1050-2947@8)06510-X]

PACS numbd(s): 34.80.Kw

I. INTRODUCTION —3d’ %G excitations. In previous worf4,5] on the isoelec-
tronic Fe" atomic ion, resonances attached to th#f4p
The electron-impact excitation and radiative rates of Co configuration were found to make strong contributions to the
and CS™ in low-temperature plasmas are needed to calculatexcitation cross sections among ths terms of the 8" and
the populations of these ions for the observed spectra of a8d®4s configurations. In the present work, we find that reso-
trophysical plasmas. The evolution of the spectrum of type lanances attached to thel®%/ (/'=0,1,2) configurations all
supernovae with time shows features that can be attributed tmake strong contributions to the excitation cross sections
the low ionization stages of cobdlt]. Atomic structure cal- among theL S terms of the 8’ configuration of Cé". We
culations are generally difficult for these ions because of thaote also related work on Ni[6] and NF* [7], which makes
manyL S terms arising from oped-shell configurations. The use of theRMATRX I code[8].
terms of the two lowest-energy configurations for*Care The remainder of this paper is organized in the following
interleaved, i.e., terms from one configuration alternate withmanner. In Sec. |l we carry out a series of configuration-
the terms from the other configuration, so even getting thewerage and.S term explicit distorted-wave calculations to
order of these energy levels would require an elaborateletermine the strongest excitations from the groudd %
configuration-interaction calculation involving hundreds of of Co?*. In Sec. Il we carry out a series &-matrix close-
terms. The terms of the two lowest-energy configurations otoupling calculations involving excitation strength ordered
Co*" are, in contrast, almost completely separd®d], so it
is relatively easy to get the order of the lowest-energy levels 200

and their spacing to moderate accuracy with a much smaller “‘E A
calculation. However, accurate calculations of the energy S 60 | E
levels are still difficult. e !
In this paper we carry out a series of distorted-wave and 8 !
close-coupling calculations for the electron-impact excitation c 120 |- !
cross sections and rate coefficients of the two lowest-energy .g ;
transitions in Cé". The ground configuration of Gb is 3d’ S 80 ;
and contains, from lowest to highest energy, eight teffs (73] :
4p, %G, 2P, 2D, 2H, °F, and?D. The main radiative lines @ 40 | !
seen in the supernova spectrum arise from the forbidden o 1 .
transitions @7 *P—3d” F and 3’ °G—3d’ ‘F [1]. o TR R v

The excited 8°4/ (/'=0,1,2,3) configurations contain an 0 10 20 30 40 50
additional 324LS terms, but the lowedt S terms begin 7.0

eV above the groundd® “F and are thus not impc?rtant at Energy (eV)

the low thermal electron temperatur@s1-2.0 eV charac- FIG. 1. Configuration-average distorted-wave cross sections for
teristic of type la supernovae. However, the autoionizingCco®*. Solid line: 3’—3d%s excitation, dashed line: &&
resonances attached to these excited configurations can sig-3d®4p excitation, dashed-dotted line:d3—3d®4d excitation,
nificantly enhance the & “F—3d’ “P and 3’ *F  and dashed—double-dotted lined’3-3d%4f excitation.
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TABLE I. Distorted-wave cross sections for thd34F—3d’ 25*L and A" “F—3d%4/ (£=0,1,2¥5" 1L excitations in C&". There
are a total of 203 excitations, of which we list the 54 cross sections with magnitudes greater thd0 £dcn?.

Threshold Threshold Threshold Threshold
energy Cross section energy cross section
Index Configuration Term (ev) (1078 cnm?)  Index Configuration  Term ev) (10718 cn?)
1 3d’ “p 2.07 198.30 10 3d% 4p 2G° 17.45 1.33
2 3d”’ ge 2.35 233.01 11 3d® 4p 4Fo° 17.51 2.37
3 3d’ %p 2.81 49.49 12 3d% 4p 210 17.56 1.86
4 3d’ D 3.02 79.98 13 3d% 4p 4pe 17.71 1.30
5 3d’ H 3.27 164.77 14 3d% 4p 4pe 17.85 13.65
6 3d’ ’F 5.23 35.63 15 3d% 4p 4Ge 17.92 10.41
7 3d” D 7.82 12.99 16 3d% 4p 4Ge 17.99 3.78
1 3d® 4s 5D 7.44 14.48 17 3d% 4p 2Ho 18.03 1.10
2 3d® 4s ‘D 9.08 16.62 18 3d% 4p 4Ho 18.11 2.29
3 3d® 4s “H 10.69 10.53 19 3d% 4p 4Fo 18.17 16.37
4 3d® 4s 4p 11.03 2.74 1 3d® 4d °F 22.15 3.05
5 3d® 4s 4F 11.13 4.15 2 3d® 4d °D 22.36 2.15
6 3d® 4s ‘G 11.46 7.85 3 3d® 4d 5p 22.47 1.12
7 3d® 4s 2H 11.67 2.69 4 3d® 4d 5G 22.50 3.57
8 3d® 4s ’F 12.11 1.05 5 3d®4d ‘D 22.73 1.69
9 3d® 4s G 12.44 2.00 6 3d®4d iG 22.81 2.83
10 3d8 4s ‘D 12.54 1.18 7 3d®4d 4F 23.11 8.27
11 3d® 4s 4F 15.68 1.43 8 3d®4d 4 25.32 1.71
1 3d® 4p 5pe 13.59 7.04 9 3d° 4d “H 25.36 1.08
2 3d® 4p 6o 14.28 7.56 10 3d° 4d 4 25.39 1.27
3 3d® 4p 6po 14.66 2.74 11 3d® 4d M= 26.06 1.17
4 3d® 4p 4pe 15.08 22.41 12 3d® 4d “H 26.16 1.22
5 3d® 4p 4Fo 15.11 13.81 13 3d6 4d 4 26.20 1.21
6 3d® 4p 4po 15.62 1.58 14 3d 4d 4F 27.24 1.05
7 3d 4p iGe 17.14 13.90 15 3d® 4d 4F 28.73 29.93
8 3d® 4p 410 17.16 3.64 16 3d® 4d 4F 30.37 1.46
9 3d 4p 4Ho 17.18 2.55 17 3d% 4d 4F 31.13 5.23

subsets of the 204.S terms available in the & and amining the distorted-wave calculations we hope to identify
3d%4/ (/'=0,1,2) configurations of Gd. Extensive use is thoseLS terms in the 8°4/ (/=0,1,2,3)configurations
made of the pseudoresonance removal procedure developédhich are strongly coupled to thed8 *F groundLS term.

by Gorczycaet al. [9], since only selected terms from each ~ We begin with distorted-wave calculations for excitations
configuration are included in the close-coupling expansionbetween the ground and first four excited configurations
We employ an asymptotic coupled equations method base®f Co™". In Fig. 1 we present cross sections for the
on multichannel quantum defect thedd0,11 to map out 3d’—3d%4/ (/=0,1,2,3) excitations calculated in a
resonance structures in the threshold region for e 4=  configuration-average distorted-wave approximatidre].
—.3d” 4P and 17 4F—3d” 2G excitations. The cross sec- 1he bound-state orbitals are calculated in a configuration-

tions are then integrated over a Maxwellian energy distripu@Verage Hartree-Fock approximation using Cowan’s atomic

tion to yield rate coefficients. We conclude in Sec. IV with a Wave-function code13]. Since the radial orbitals do not
brief summary of the present work. vary over a configuration, an algebraic average over all states

of an initial configuration and an algebraic sum over all
states of a final configuration reduces the cross-section ex-
Il. DISTORTED-WAVE CALCULATIONS pression to a quite simple form. Thus, for example, a
o o . ) o i configuration-average distorted-wave cross section involving
The guiding principle in this section is that a series ofihe 8| S terms of the 87 initial configuration and the 128
distorted-wave excitation calculations may help us choosg s terms of the 8°4f final configuration can be calculated
theLS terms needed to make an accurBtenatrix calcula-  quite quickly in practice. From Fig. 1, we see that excitations
tion for the A’ *F—3d’ P and G transitions in C6".  to the 3®4/ (/=0,1,2) configurations are much larger
The LS terms associated with thed®/ (/'=0,1,2,3) con-  than the excitation to thed$4f configuration. Thus, we drop
figurations may have a strong affect on the low-lying excita-the manyL S terms associated with thed®4f configuration
tions of interest through the autoionizing resonances attacheak possible “sources” of resonances that may strongly affect
to them. In such a complex ion as €owe cannot yet in- the 3’ “F—3d’ *P and G excitation cross sections of
clude all the 324_S terms in a brute force manner. By ex- interest in C8".
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TABLE I1l. Eigenenergies and configuration-term label of the
eigenstates for the eight-tefRymatrix calculation. There are a total
of 44 eigenstates from the atomic structure calculation. 150 -
Theoretical Experimental —
energy energy(2] 5
Index Configuration  Term (eV) (eV) g 100
1 3d’ 4 0.00 0.00 5
2 3d’ “p 2.12 1.91 9
3 3d’ e 2.32 2.15 S sl
4 3d’ 2p 2.79 2.53
5 3d’ p 3.00 2.92
6 3d’ H 3.26 2.86
7 3d’ F 5.26 4.61 0 T
8 3d’ D 7.87 6.98 Energy (V)

FIG. 2. Eight-term R-matrix cross section for the d3 *F

74 tation i +
We next carried out distorted-wave calculations for exci—_’?’(JI P excitation in C8".

tations between thed “F groundLS term and the remain- . . . .

ing LS terms in the 87 configuration and all the S terms in pound-gtate wave functions mcludgd conflfa_gur?tlon-
the %4/ (/'=0,1,2) configurations of G6. In Table |we ~ Mteraction among ghe 44.S terms in the °3d’,
present all of the 8’ *F—3d7,3d%/ (/=0,1,2) 2S*1L 3p°3d°4s, and "3d _gven-parlty %onfégurzatmns_. In previ-
excitations calculated in a configuration-interactidu ous work[16], the ad.dltlon of the p°3d 43. c_onflguratu_)n
distorted-wave approximation that have cross sections witt@S shown to have little effect on the excitation energies. In

magnitudes greater than 1.00 Mb (1.0 Mb.0x 108 ci?). able Il we list the eigenenergies and the configuration-term

The bound-state orbitals are calculated in a configurationl-abel of the eigenstates for tfie-matrix calculation. Thus,

average Hartree-Fock approximation using Froese Fischert]@qe clc;se-couplmg expansion mcludes_ all eiglf terms of
atomic wave function codgl4]. The distorted-wave cross the 30" ground configuration. As seenin Table ll, the ove_raII
sections are calculated using an extensively modified versioF}]gre‘?ment betweqn theory anod expenme nt for thh%g nergies of
of the Belfast atomi®k-matrix codeg15]. Briefly, the STG1 tz € elghtLStgrms IS at the 10/9 level, W.'th only t and

and STG2 codes are used ibS mode to generate H terms switched in th? relative ordgrlng. 34
configuration-interactiomN-electron bound-state wave func- Th7e 4e|ght-termR-m$t£|x cros7s zsecnons.f_or theds “F

tions and N+ 1)-electron scattering algebra. A code named_’3d .P a}nd the &' °F—>3d" °G tr_ansmons are pre-
STGDW then calculates nonunitarizetdS distorted-wave senteq n F'g? 2 and 3 Any nonphysmal p_seudoresonances
cross sections. From Table |, we see that the two large ssoclated with the eigenstates mclgded In rN_welectron
excitations from the 8’ “F ground term are to thedS *P ound-state wave function, but not included in the close-
first excited and @’ 2G second excited terms. All theS coupling expansion, are removed using the transformation

terms in the ground configuration have relatively large exci-mamx method of Gorczycat al. [9]. The angular momen-

tation cross sections. The strongest excitation cross sectioﬁlém of the (N-+1)-electron system was taken up lie=11,
in the 2d°4s configuration belong to théD, D, and *H enough to ensure the convergence of these quadrupole and

. : . . spin forbidden transitions. The background excitation cross
t?/g] 4n[1)%'fn§§,ofh;ni?z%%s;;l:ntgeéiﬁeps?Svr;:illgeu[ﬁg?grggls?r;g :ﬁe section at threshold for thed3 *F—3d’ *P quadrupole
3d®4d configuration belong to théF symmetry. Although
in principle we also need an estimate of the coupling of the
3d’ P and 3’ 2G terms to the highet.S terms in the 150 |
3d%4/ ('=0,1,2) configurations, we will use just the
distorted-wave calculations described above to help us
choose thd.S terms needed to make an accurBenatrix
calculation for C8".

-18

Cross Section (10" cm®)

-
i=3
(=]

lll. R-MATRIX CALCULATIONS

o
o

A. Close-coupling expansion involving eight. S terms

We first carried out arR-matrix calculation involving
eightL S terms in the close-coupling expansion. An orthogo-
nal set of bound-state orbitals are calculated in a ‘
configuration-average Hartree-Fock approximation using Tz
Froese Fischer's atomic wave-function cod&4]. The
R-matrix cross sections are calculated using an extensively FIG. 3. Eight-term R-matrix cross section for the d3 “F
modified version of the Belfast cod¢$5]. The N-electron  —3d” 2G excitation in C8".

Energy {eV}
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' TABLE IllIl. Eigenenergies and configuration-term label of the
250 |- - eigenstates for the 27-terRrmatrix calculation. There are a total of
216 eigenstates from the atomic structure calculation.
o 1 Theoretical Experimental
m% Index Configuration  Term  Energy energy[2]
o ] 1 3d’ “F 0.00 0.00
3 2 3d’ P 2.07 1.91
g 100 1 3 3d’ G 2.35 2.15
5 4 3d’ 2p 2.81 2.53
ol | 5 3d’ p 3.01 2.92
6 3d’ H 3.27 2.86
! MWLJM 7 3d’ 2F 5.23 4.61
% 1T 2 3 T4Ts 6 7 8 9 10 1 12 8 3d® 4s °D 7.44
Energy (eV) 9 3d’ D 7.82 6.98
6 4
FIG. 4. Twenty-seven-termR-matrix cross section for the 10 3d6 4s 4D 9.08
3d” “F—3d” *P excitation in C8". 11 3d” 4s H 10.69
12 3d8 4s iF 11.13
13 3d® 4p 4po 15.08

transition is around 30 Mb, in sharp contrast to the 198 Mb

6 4o
predicted by distorted-wave theory in Table I. The back- 14 3d64p 4F 1511
ground cross section at threshold for thé’3*F —3d” °G 15 3d6 4s 4 Fo 15.68
spin-changing transition is around 20 Mb, more than an or- 16 3d6 4p 460 17.14
der of magnitude smaller than the distorted-wave prediction 1 3d6 4p 4Fo 17.51
of 233 Mb. Obviously, there are strong coupling effects 18 3d6 4p D 17.71
among the eight S terms in the eigenfunction expansion. At 19 3d” 4p D® 17.85
this point, we repeated the distorted-wave calculations, in- 20 3d° 4p ‘Ge 17.92
cluding unitarization among the I8S terms of the 8" con- 21 3d° 4p “Fo 18.17
figuration, and found a substantial decrease in the cross- 22 3d® 4d “F 23.11
section predictions. This serves as a further indication of 23 3d® 4d F 25.53
strong coupling effects. From Figs. 2 and 3, we see that both 24 3d° 4d ‘F 25.87
excitations are dominated by strong autoionizing resonances 25 3d° 4d ‘F 26.06
in the threshold region. Since the electron-impact excitation 26 3d° 4d 4F 27.24
Maxwellian rate coefficients are needed at temperatures 27 3d® 4d 4F 28.73

ranging from 0.1 to 2.0 eV, the near threshold resonance:
will play a major role in determining the size of those rates.
interaction among the 148.S terms in the $°3d’,
B. Close-coupling expansion involving 21.S terms 3p®3d®4s, 3p®3d®4d, and P*3d°® even-parity configura-
tions and term mixing among the 6BS terms in the
3p®3d®4p odd-parity configuration. In Table Ill we list the

We next carried out aR-matrix calculation involving 27
LS terms in the close-coupling expansion. TNeelectron
bound-state wave functions included configuration-

»50 10° -
50 - 4
@
5
200 @ 0
- 10 L
< &
e S
2 150 | 1 ‘g
-é = 10™"
&
@ 100 1
<] s
6] 1
i
10" 1 s s s
50 - b 0.0 0.5 1.0 15 2.0
MU Temperature (eV)
0 ‘ ‘ e BMM FIG. 6. Maxwellian-averaged excitation rate coefficients for
7 10 11 1

0 1 2 3 4 5 2

Energy (6V) Co** from R-matrix calculations. The transitiondd “F—3d’ P
is in heavy lines: solid for 27 terms, dashed for eight terms. The
FIG. 5. Twenty-seven-termR-matrix cross section for the transition 317 “F—3d’ 2G is in light lines: solid or dashed as
3d’ *F—3d” 2G excitation in C8". above.
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eigenenergies and the configuration-term label of the eigerB-term calculation was extended to higher energy by fitting
states for theR-matrix calculation. Guided by thé.S  to an analytic form above the highest thresholds. The 27-
distorted-wave calculations of Sec. Il, we chose theL® term calculation was continued on a coarse mesh spacing of
terms in the close-coupling expansion to include all elght 0.007 eV until 30 eV. This was sufficiently high in energy
terms of the 8’ ground configuration, the 1DS terms as- that the effect on the nondipole excitation rates in the range
sociated with the strongest3—3d%4/ (/=0,1,2) excita- 0.1 to 2.0 eV was negligible. THR-matrix rate coefficients
tions, and nine moré S terms of the same symmetry as the for the 3d” “F—3d’ P and 3’ *F—3d’ G transitions
strongest 18. are presented in Fig. 6. The additional resonance structures
The 27-term R-matrix cross sections for thedd “F  found in the largeR-matrix calculation are found to strongly
—3d’ *P and 3’ “F—3d’ G transitions are presented enhance both excitation rate coefficients in the temperature
in Figs. 4 and 5. Any pseudoresonances that may be attach&ainge from 0.1 to 2.0 eV.
to eigenstates in thBl-electron bound-state wave function,
but not included in the close-coupling expansion, are re-
moved using the transformation matrix methf@]. The
computational time needed for the 27-teRamatrix calcu-

lations was considerably shortened through the use of a new \we have calculated.S resolved electron-impact cross
version of the asymptotic coupled equations code namegections for C&" and used these to obtain excitation rates
STGF[17,18. Basically, unphysicaK matrices are calculated peeded for supernovae modeling. The opkshell makes
on a coarse energy mesh and multichannel quantum defegiese calculations difficult. The atomic structure is hard to
theory (MQDT) is used to determine the physiddlmatri-  getermine accurately and resonant enhancement of the cross
ces, and thus the cross sections, on a fine energy Mésh  sections is large. To address this problem we used distorted-
Interpolation of the unphysicd{ matrix and calculation of \yave calculations to find thoseS terms that should have
the MQDT transformation is much faster than direct calcu-particularly strong resonance enhancements and included
lation at each energy point. For a system like’Gowith  these in the close-coupling expansion while eliminating pos-
many resonances in the threshold region, the new STGF cadiple pseudoresonances. This general procedure can be ap-
culations are an order of magnitude faster. Comparing Fig. Bjied to other atomic ions and should give improved esti-
from the 8-term calculation and Fig. 4 from the 27-term cal-mates of cross sections and rate coefficients. The use of
culation, we see that the excitation cross section at thresholghyltichannel quantum-defect theory in the asymptotic code
for the 3" *F—3d’ *P quadrupole transition has been allowed for rapid calculation of the cross sections compared
strongly enhanced by the additional resonance structurag the usual methods. A term coupling plus frame transfor-
found in the largerR-matrix calculation. A comparison of mation calculation can be performed in the same manner and
Figs. 3 and 5 shows that the cross section for tdé &  this may be done in the future. The excitation rate coeffi-
—3d’ °G spin-changing transition has also been stronglycients from this calculation will become part of the database
enhanced by additional autoionizing resonances. at the Controlled Fusion Atomic Data Center at Oak Ridge
National Laboratory.

IV. CONCLUSIONS
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