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Relativistic calculations for FexxXill : Atomic structure
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Relativistic multiconfiguration Dirac-Fock theory was applied in calculating the atomic structurexsiiFe
These calculations are needed in solar-flare spectra and laboratory plasma modeling and diagnostics, as well as
the relativistic distorted-wave calculation of electron impact excitation. FoixHie relativistic effects begin to
show a more or less significant influence on the radial wave function and atomic structure in contrast to a
lower-Z Be-like ion. In the present calculation, a large-scale configuration expansion was used in describing
the target states. These results are extensively compared with those of nonrelativistic and other calculations.
Large differences are found in these comparisons. Comparisons with experimental and observed values, wher-
ever available, are also made. Because more relativistic effects and correlation effects are caught than before,
the present results should be more accurate and rel{&@1€©50-2947®8)03608-7

PACS numbds): 31.25-v, 02.70—c, 31.30.Jv

I. INTRODUCTION II. THEORY

A te atomic data f b . £i Standard MCDF theory can be found in a review paper by
ceurate atomic data tor Il are becoming ot In- Grant[7]. Here, we only restate some main points to estab-
creasing interest in identifying the solar spectra. In addltlonlish convention and concept. The whole many-body system

accurate atomic structure is one of the most important input, yascribed by4PC, which is constructed from the one-body
factors for improving the present stage of electron impachrac HamiltonianH® and the two-body Coulomb interac-
excitation calculations. To get accurate atomic structuregp, HamiltonianH (i N=1ri—r||

relativistic and correlation effects must be appropriately de-

scribed. Relativistic effect begins to demonstrate great influ- . D Coi

ence on the atomic structure for Keil in contrast to lower H :Ei H (')+i2<j H=(L D), (2.9
Z Be-like ions. The electron undergoes relativistic interac-

tion with the target nucleus and other bound electrons, sucyhere HP(i)=ca;-p;+(8—1)c?+ Ve, C~137.036 is

as spin-orbit,.spin-spin, and spir?-oth.er-[())crbit.interactions, etcﬁight speed in a.u;.},ﬁ are the usual Dirac matrices, avid,

The use of Dirac-Coulomb Hamiltonid#™ will adequately  js'the nuclear potential, modeled as a spherically symmetric
describe these relativistic interactiofi$,2]. The GRASF distribution of nuclear charggs], for which nuclear volume
code[3] based on multiconfiguration Dirac-FOdMCDF)  effect is considered. The transverse photon interaction is
theory was used in the present calculations. We shall onlgdded to the two-body operator. It is perturbatively calcu-
consider excitations df-shell electrons in contrast to a pre- |ated after the radial orbitals have been solved. Generalized
vious investigation which was mainly concerned with exci-Breit interaction in Coulomb gauge for a photon propagator
tations of aK-shell electron to study satellite transitiojs§.  in the context of a QED picture is

Hence our MCDF configuration-expansi¢@E) basis set is

quite different from that in Refl4]. To catch as much cor- 5 e e expierp) . o

relation effect as possible, 133-level MCDF CE is used to HY(1.2= (a1 @) Mo (a1 Va)
describe the target states. The resulting atomic structure is ]

compared with that from 20-level MCDF CE in the present (¥ )eXp(lwflz)—l 22
calculation and that from 20-level or 46-level nonrelativistic 2 t2 wry, '

CE by Bhatia and Masal®,6]. Where possible, comparisons
with other theoretical and experimental values are also madevherew is the wave number of the virtual photon exchanged
Because we used MCDF theory which caught more correlabetween the two electrons. The vacuum polarization poten-
tion and relativistic effects, the present results should béial of Fullerton and Rinkef9] is calculated via perturbation-
more accurate and reliable. theory (i.e., added to the matrix elements of the Dirac-
A brief review of the theory underlying our method is Coulomb Hamiltonian prior to diagonalizing the resulting
given in Sec. Il. In Sec. Il the atomic structure calculation matrix). The self-energy is estimated by interpolation of the
and results are presented. First, the level designations arsgreened hydrogenic self-enerp}0,11. With the addition
mixing coefficients of the first 46 levels are listed and ana-of a transverse photon interaction, the mixing coefficients
lyzed and some previous confusions are rectified. Then, thmay be somewhat changed. We will discuss this important
energy levels and wavelengths in the present calculation angoint further in the next section.
compared with other calculations and available experimental Atomic orbitals are taken to be four-component spinors.
data. Finally, oscillator strengths are presented for transitionslulticonfiguration self-consistent-fieldSCH calculations
from a level in the first 20 levels to one in the first 46 levels.are based on the Dirac-Coulomb Hamiltonian. In MCDF CE

1050-2947/98/5@)/1070(12)/$15.00 PRA 58 1070 © 1998 The American Physical Society



PRA 58 RELATIVISTIC CALCULAT

theory, the atomic-ion state functiot&SF’s) ¥, are a lin-
ear combination of configuration state functiq@SF's &,

sharing common values of parify and total angular mo-
mentumJ,

N4

I

:E Cp.vq)uv

o

(2.3

where c,, are the mixing coefficients. In(extendeg
optimal-level or(E)OL calculation mode of MCDF theory in

GRASP code, the generalized occupation numﬁéa) for
orbital a is given by[1,12,13

q(a)=2 d,q,(a), (2.4)

(A)

(B)

The K-shell core is omitted for brevity.
The atomic structure codeRrRASP which is based on

MCDF theory and intermediate coupling is applied to the

present relativistic bound states calculatioBgAsP is based

2s?,252p,2p?,2s3l (I=s,p,d):

(A)+2p3l (I=s,p,d)+2s4l,2p4l (1=s,
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where

+
Vi'“'CMVi
3i(23;+1)

Ei(ZJle)C

d,=

(2.5

In (extendegtaverage-level o E)AL calculational mode,
from the closure of the mixing coefficients, nameR(2J;

t _

+1)cvi#cwi—(2\]ﬂ+ 1)5/“’i’ Eq. (2.5 reduces to
d - 2),+1 08
KU3(23+1)° 2.6

In order to investigate the influence of the target states by
different configuration descriptions, two calculation modes
were used, namely,

12 terms or 20 levels;

p,d,f)+313l" (I,I'=s,p,d): 133 levels.

0.9782s%(1/2,1/20)+0.1562p?(3/2,3/20)

+0.1402p?(1/2,1/20). (3.2

on a SCF algorithm adapted from procedures developed ar@nly the first 46 configuration state functions and their MC's

extensively used by Fischdfi4]. Extensive testings have

are listed in the table. For each ASF level index, the entries

revealed that great gains have been made in numerical stirthe first row pertain tgj coupling and in the second row

bility, efficiency, and accuracy, whe@rRASP is compared

to the correspondinfy S-coupling quantities. Only the largest

with its predecessors. All the present atomic structure datéhree MC’s for each ASF in each calculation mode are pre-
can be obtained from therASF code including bound-state sented provided they are greater than 1%, unless the other
orbitals, angular coefficients, wavelengths, oscillatorMC's are greater than 5%, in which case more than three
strengths or transition probabilities, and other required radiaMC’'s may be presented. The MC'’s change greatly from cal-
functions. All these can be transformed into the new hybridculation mode(A) to (B), so that some new configurations
grid using a well-tested cubic spline interpolation in order toappearing in modé¢B) but not included in mod€A) have

use them for the calculation of electron impact excitationstrong CI with those of modéA). Therefore, to obtain accu-
(EIE) in a contemporary paper of ouf&5]. rate calculations, mod@) is necessary. When we look into
the MC in mode(B), we find that the first 46 CSF bases are
the most important in catching Cl correlation. However,
those configurations not included in the first 46 bases also
have some significant influence on the MC in calculating the
first 46 ASF. Generally, MC can be changed by a few per-
cent. For example, in ASF number 44 the MC of
2p3p(3/2,3/2)0 orlS, is 4.4% inLS coupling and 4% irjj
coupling. Generalized Breit interaction can alter the MC by

tk;z?eedd 'ZSSFE ?hclzllei’r’ea?éverilvlenn -I;r?bilﬁclégjrrle’ ézeerentr(')erzelf'perturbation theory. In some cases it is especially important
The indices of the entriesgin “CSF basis set9 are thggsame .ato include the generalized Breit Hamiltonian in @.2) in

; . the CI calculation as this may cause the MC to change by a
those of the corresponding ASF levels for convenience. Th

. . . : Few percent. For example, when the generalized Breit Hamil-
numberk in x|k) is the CSF basis number instead of the ASF; Cnian is not added, the ASF 30 is expanded by

level number. For example, in the first row containing ASF
level 1 252 (1/2,1/2)0, the mixing coefficientéMC) from
calculation mod€A) are given as

Ill. ATOMIC STRUCTURE CALCULATIONS
AND RESULTS

A. Designations and mixing coefficients

The level designations in bothS coupling andjj cou-
pling and mixing coefficients in the two CE modes men-

0.69032) +0.65731) +0.29630) — 0.04729). (3.3

0.97§1)+0.15410) +0.1449). (3.1 In contrast, when the generalized Breit Hamiltonian is in-

cluded, it is expanded by

Since CSF indices 10 and 9 correspond p3(3/2,3/2)0 and

2p?(1/2,1/2)0, Eq(3.1) is equivalent to 0.71132)+0.62831)+0.30930) — 0.05129). (3.4
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TABLE I. Level definitions in bothLS coupling andjj coupling for the lowest 46 states of Krii are given in increasing energy order.
The fully occupied subshell is omitted for brevity. Mixing coefficients@.01) in both coupling schemes for each ASF are also presented
in the two CE modes, respectively. Where there are more than three MC’s greater than 1%, only the three largest MC's are presented, unless

the other MC’s are greater than 5%. The first-row entries of each level index aje ¢oupling and the second f&uS coupling. (1, j,)J
denotegj coupling of electrons 1 and 2 with total angular momentim

ASF Mixing coefficient CSF
index Level Mode(A) Mode (B) basis set
1 2¢? (1/2,1/2)0 0.97R)+0.15610)+0.14Q9) 0.9781)+0.15610)+0.1399) 1 25> (1/2,1/2)0
s 0.9781)+0.20810) + 0.0249) 0.9781)+0.20710) +0.0249) s,
2 2s2p  (1/2,1/2)0 1.00(5) 1.0005)—0.01316)—0.01124) 2 2s2p  (1/2,3/2)2
P, 1.0005) 1.0005)—0.01316)+0.01124) p,
3 (1/2,1/2)1 0.891B)— 0.4444) 0.8973)—0.4434)—0.01114) 3 (1/2,1/2)1
P, 0.9883)+0.1544) 0.9873)+0.1574)—0.01314) 3P,
4 (1/2,3/2)2 1.00[2) 1.0002)—0.01213)+0.01121) 4 (1/2,3/2)1
P, 1.0042) 1.0002)—0.01413)+0.01121) p,
5 (1/2,3/2)1 0.898!) +0.4443) 0.8974)+0.4413)—0.01845) 5 (1/2,1/2)0
P, 0.9884)—0.1543) 0.9874)—0.1573)—0.02345) %P,
6 2p%  (1/2,1/2)0 0.92/)—0.36510)—0.0741) 0.9289)—0.36410)—0.0741) 6  2p?  (1/2,3/2)2
3P, 0.9699)+0.23810)—0.0741) 0.9689)+0.23910)—0.0741) p,
7 (1/2,3/2)1 1.00(B) 1.0008)—0.01830)—0.01331) 7 (3/2,3/2)2
3P, 1.0008) 1.0008) — 0.02130) D,
8 (1/2,312)2 0.91{®)+0.4157) 0.9106)+0.4137)—0.01526) 8 (1/2,3/2)1
sp, 0.8646)—0.5047) 0.8636)—0.5097)—0.01827) °p,
9 (3/2,3/2)2 0.91[7)—0.4146)+0.01219) 0.9147)—0.4136)—0.02128) 9 (1/2,1/2)0
D, 0.8647)+0.5046)+0.01619) 0.8637)+0.5056)—0.02128) 3P,
10 (3/2,3/2)0 0.918.0)+0.3459)—0.1961) 0.91810)+0.3449)—0.1981) 10 (3/2,3/2)0
s, 0.94910)—0.2449)—0.1961) 0.94810)—0.2449)—0.1951) s,
11 2s3s  (1/2,1/2)1 1.00(L1) 0.99111)+0.07930)+0.07332) 11 2s3s  (1/2,1/2)1
—0.07031)
s, 1.00011) 0.99111)+0.13331)—0.00932) 33,
12 (1/2,1/2)0  1.0002+0.0111)—0.01410)  0.98912)+0.12734)+0.11833) 12 (1/2,1/2)0
s, 1.00012)—0.01310)+0.0141)  0.98912)+0.17334)+0.02433) sy
13 2s3p  (1/2,1/2)1 0.96[714) — 0.25615) 0.98214)—0.13923)+0.08422) 13  2s3p  (1/2,3/2)2
+0.06743)+0.06144)
Sp, 0.93714)+0.34815) 0.78614)+0.59¢15)— 0.16(23) °p,
+0.07143)+0.05944)
14 (1/2,1/2)0 1.00@.6) 0.99416)+0.08346)+0.06524) 14 (1/2,1/2)1
3P, 1.00016) 0.99416) +0.08346) — 0.06524) %P,
15 (1/2,3/2)1 0.96/15) + 0.25614) 0.96115+0.21022)—0.14323) 15 (1/2,3/2)1
—0.06614)
p, 0.93715)—0.34914) 0.74715)—0.60914)— 0.23423) Py
+0.08922) + 0.06445)
16 (1/2,312)2 1.00a3) 0.99413)+0.07440)+0.05942) 16 (1/2,1/2)0
3p, 1.00013) 0.99413) +0.09941) — 0.05021) P,
17 2s3d  (1/2,3/2)12 1.00[20) 0.98920)+0.13229)+0.04430) 17 2s3d  (1/2,5/2)3
D, 1.00420) 0.98920)—0.14329)—0.02032) D,
18 (1/2,3/2)2 0.8148)—0.57419) 0.81118)—0.57319—0.08926) 18 (1/2,3/2)2
-0.07927)
D, 0.99718)+0.07419) 0.99018)—0.11926)+ 0.07019) °D,
19 (1/2,5/2)3 1.00@7) 0.99517)—0.09625) 19 (1/2,5/2)2
D, 1.000917) 0.995317)—0.09625) D,
20 (1/2,5/2)2  0.8149)+0.57318)+0.0196)  0.80§19+0.57418)+0.09426) 20 (1/2,3/2)1
—0.05927)—0.05428)
p, 0.99719)—0.07418)—0.0147)  0.98919)—0.12128)—0.06618) °D,
21 2p3s  (1/2,1/2)0  0.99R4)—0.07346)—0.05916) 21 2p3s  (3/2,1/2)2
3P, 0.99924) +0.07346) + 0.05916) sp,
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TABLE I. (Continued.
ASF Mixing coefficient CSF
index Level Mode(B) basis set
22 (1/2,1/2)1 0.9522) +0.22623) — 0.17515) + 0.04944) — 0.04714) 22 (1/2,1/2)1
p, 0.90922) - 0.36623)— 0.17(15) + 0.07944) + 0.06314) °p,
23 2p3p (1/2,1/2)1 0.98829)—0.12920) +0.07732) 23 (3/2,1/2)1
D, 0.81929) +0.53432) — 0.16131) + 0.12920) p,
24 2p3s (3/2,1/2)2 0.99(21)+0.11740) +0.05742) 24 (1/2,1/2)0
p, 0.99021) +0.13141)+0.03713) 3P,
25 (3/2,1/2)1 0.95/23)+0.19415)—0.18622)+0.141 14) 25 2p3p (3/2,3/2)3
P, 0.88423)+0.39722) +0.23915) 3D,
26 2p3p (1/2,312)2 0.91R6)+0.37727)—0.11919) + 0.05618) + 0.05928) 26 (1/2,312)2
°D, 0.91426)—0.27928)+0.26927)+ 0.11418)— 0.05319) °D,
27 (1/2,3/2)1 0.94/30) — 0.23§31) — 0.20032) — 0.07611) — 0.05520) 27 (3/2,1/2)2
p, 0.52732)—0.51631)— 0.50030) — 0.44329) P,
+0.07611)—0.05920)
28 (1/2,1/2)0 0.95@3) —0.28034) —0.07512) 28 (3/2,3/2)2
P, 0.94333)+0.32334)—0.07512) D,
29 2p3d (1/2,3/2)2 0.99/B9) —0.05941) +0.04742) 29 (1/2,1/2)1
°F, 0.87939)+0.44142)+0.13840) — 0.08441) D,
30 2p3p (3/2,3/2)1 0.71[132) + 0.62831) + 0.30930) — 0.05129) 30 (1/2,3/2)1
%P, 0.66230) +0.61432) — 0.33429) + 0.26931) 3P,
31 2p3p (3/2,3/2)3 0.99R5) +0.09617) 31 (3/2,1/2)1
3D, 0.99525) +0.09617) 33,
32 2p3d (1/2,5/2)3 0.92886) +0.37437)+0.04138) 32 (3/2,3/2)1
SF, 0.88536) +0.37437)—0.27738) p,
33 2p3d (1/2,5/2)2 0.95p40) —0.22942) — 0.13§41) —0.10221) — 0.066 13) 33 (1/2,1/2)0
D, 0.57142)—0.55441)+0.53140) — 0.26338) 3P,
+0.10221)+0.06613)
34 2p3p (3/2,1/2)1 0.73[B1) — 0.66932) + 0.09811) + 0.05130) 34 (3/2,3/2)0
35, 0.78631)—0.55730) + 0.24732) — 0.09411) 15,
35 (3/2,1/2)2 0.8627) —0.37628) —0.33226) + 0.066 18) 35 2p3d (3/2,5/2)4
p, 0.79427)—0.47228)—0.37926) — 0.06319) °F,
36 2p3d (1/2,3/2)1 0.96[%3) —0.20145) — 0.13644) — 0.057 14) 36 (1/2,5/2)3
3D, 0.83443) + 0.40944) + 0.36745) °F,
37 2p3p (3/2,3/2)2 0.92(28) +0.32427) — 0.18426) + 0.06619) + 0.063 18) 37 (3/2,3/2)3
p, 0.82628)+0.54527)+0.09926) + 0.09119) D,
38 2p3d (312,512)4 1.00{B5) 38 (3/2,5/2)3
°F, 1.00035) F,
39 (312,312)2 0.7881) + 0.56342) + 0.24340) 39 (1/2,312)2
D, 0.65942)+0.56440) —0.39139) + 0.309441) °F,
40 (3/2,3/2)3 0.69@8) —0.67637)+0.24236) 40 (1/2,5/2)2
3D, 0.87937)—0.43636) — 0.20838) °D,
41 (3/2,5/2)2 0.78812) —0.59641) + 0.09040) — 0.07321) 41 (3/2,3/2)2
—0.06913)—0.06939)
°p, 0.75141)— 0.61440)+0.20842) — 0.07321) sp,
—0.06913)+0.06639)
42 (3/2,3/2)1 0.95914) — 0.25345) + 0.07643) — 0.06§ 14) 42 (3/2,5/2)2
p, 0.86944) —0.47343)+ 0.09745)—0.07114)— 0.06122) D,
43 (3/2,3/2)0 0.99416) — 0.08716) + 0.06724) 43 (1/2,3/2)1
%Py 0.99446) —0.08716) —0.06724) 5D,
44 2p3p (3/2,3/2)0 0.95{B4) +0.26933) —0.15212) 44 (3/2,3/2)1
1s, 0.92934) —0.334233)—0.15312) 3P,
45 2p3d (3/2,5/2)3 0.71B8) +0.63437)— 0.28736) 45 (3/2,5/2)1
I, 0.93738)+0.30337)+ 0.16936) P,
46 (3/2,5/2)1 0.94/5) + 0.23244) + 0.22743)— 0.06915) 46 (3/2,3/2)0
p, 0.92045)— 0.28443)— 0.25444) — 0.07415) P,
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TABLE II. Calculated generalized occupation numbE(a) in the two modes from therASF code.p™
meanspy,, P meanspsp,, etc.

Mode 1s 2s 2p~ 2p 3s 3p~ 3p 3d™ 3d

(A) 2.0000 0.7846 0.2885 0.3885 0.1077 0.1077 0.1077 0.1077  0.1077

(B) 2.0000 0.2315 0.2321 0.3715 0.1182 0.1182 0.1755 0.1755 0.1892
4s 4p~ 4p 4d~ 4d 4f~ 4f

(B) 0.0448 0.0448 0.0597 0.0597 0.0597 0.0597 0.0597

The level designations are assigned according to the majatetermining the distorted potentials in the ROélativistic
contribution of MC in CSF bases of a certain ASF. However distorted-wavg calculation[12,13 of electron impact exci-
more often than not, a certain CSF basis may actually contation (EIE) in the subsequent accompanying pap#s|.
tribute dominantly to more than one ASF level, while someThey are kept fixed. Equivalently, the frozen target approxi-
other SCF bases do not contribute dominantly to any energshation was to be used, in the EIE calculation.

level. For example, ij coupling of the present calculation,

CSF basis number 38 makes a major contribution to both

ASF levels 40 and 45. Levels 40 and 45 are strongly mixed; B. Energy levels and wavelengths

hence the designations are ambiguous. Both the CI effect and
the relativistic or intermediate-coupling effects can result in
level crossing along the Be-like isoelectronic sequence. |

In Table Il we compare the values of the resonance tran-
ition energies obtained by different CE modes in the present

our calculation, these two effects on the dominant contripy@lculation and those calculated by others. Also, various ob-

tion of MC are found to oppose each other. The dominanf€rved energy levels are given for comparison, which were
contribution of MC for Z3p P, and 23p 3P, levels are obtained from solar flare spectra or laboratory measurements

inverted between ® and Alx from the order specified by such as tokamak spectrum._ The entries labeled _“MCDF” in
Hund’s rule, which is obeyed in Be The inversion is mostly each of the present calculational modes are obtained from the
the result of the Cl 83px 2p3sx 2p3d. Also, configuration ~MCDF theory described in Sec. Il with the effect of a finite
2s2p partly participates in this CI. In Pexiil, Hund's rule is ~ huclear size in a Fermi charge distribution but without the
again obeyed due to the sufficiently large relativistic effecthigher-order relativistic corrections. The entries labeled
canceling the CI effect. To avoid the so-called level-crossingMCDF *” are obtained from the same way except that
designation, we calculated the MC in Be-like highion  higher-order relativistic effects due to retardation, relativistic
(e.g.,Z=92), in which nearly purgj coupling is expected. generalized Breit interaction, and QED corrections from self-
So we can assign the lower of levels 40 and 45 to be CSEnergy and vacuum polarization are now included. The en-
number 37, namely, 23d(3/2,3/2)3, and the higher level to tries labeled “BM” were obtained by Bhatia and Masfi]
be CSF number 38, namelyp3d(3/2,5/2)3. Similarly, in  using thesuPERSTRUCTUREEOde[20—-22, in which interme-
LS coupling, CSF number 42 makes a major contribution todiate coupling was included. The first ten entries labeled
both ASF levels 33 and 39 and these two levels are strongl{yNF” were obtained by Norrington and Graf23] using the
coupled together. We calculated the MC in Be-like Idwon  earlier version of th&RrAsP code[1] with only the configu-
(e.g.,Z=6), in which nearly purd_S coupling is expected. rations in then=2 complex included, while the remaining
Then we can assign level 33 to be CSF number 42, namel36 entries were calculated by FawcEt] using the well-
2p3d 'D,, and level 39 to be@3d °D,. Itis interestingto known Cowan’s codg24], which is a nonrelativistic Cl
note that our designations for levels 3 and 39 are the same atomic structure code including relativistic corrections. The
those of Sampsont al. [16] and Fawcetf17] but different  entries labeled “Expt. 1” are experimental values taken
from those of Bromaget al. [18] and Sampsoet al.[19]. from Ref.[23] and those labeled “Expt. 2" are experimental

It should be noted in Table | that from the leading contri- or observed values from solar-flare spectra taken from Refs.
bution of the CSF basis for each energy level, we cannot saj18,25-2§. The entries labeled “Edie’ were recom-
whetherjj coupling orLS coupling is better, and for some mended by Edle [29] obtained by polynomials fitting ac-
levels neitherjj coupling norLS coupling is appropriate cording to the experimental and/or observed results. Gener-
since there is no nearly pure CSF contribution. So, theylly, among all the theoretical values, the entries in
should be described by intermediate coupling. This indicate§s MCDF *”* of mode (B) agree best with experimental or
that both Cl(correlation effegtand relativistic effect should observed values. The discrepancies between these
be properly considered for Beiii thus making the structure ‘‘MCDF*"" and experimental or observed values are gener-
calculation of Fexxil very complicated. ally less than 1%. This indicates that in the=3 andn=4

In Table Il the generalized occupation numbers for eaclcomplexes, the CI effects, relativistic effe@ising Dirac-
orbital calculated from Eq$2.4)—(2.6) are presented, which Coulomb Hamiltoniajy and higher-order relativistic correc-
are closely related to the MC aforementioned. These genetions are all important for obtaining accurate energy levels
alized occupation numbers, which are physically more reafor Fexxiil . The results calculated by Fawckt] in the last
sonable than previous fictitious occupation numbérse 36 entries of “NF” are very irregular. Some of them agree
Ref. [13] for more detailed discussiopsare to be used in well with the present results, while some do not, such as
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TABLE Ill. Comparison of energy leveléin cm™!) between the two modes of the present MCDF
calculations and other theoretical and observed values. The meaning for each entry is explained in the text.

Level Mode(A) Mode (B)

index MCDF MCDF MCDF MCDF BM NF Expt. 1 Expt. 2 Edla
1 0 0 0 0 0 0 0 0 0

2 348440 349628 347810 349025 348190 349400 350059 348101
3 381555 380793 380746 380020 380485 380565 381553 3791@r9161
4 477075 472896 476462 472284 471927 472525 472195 471851
5 771476 768798 763869 761099 758914 766508 752791 73280052621
6 959812 960308 960348 960967 956966 960521 956681 9562W@56026
7 1032657 1030311 1033333 1031103 1027837 1031521 1029436 16274007141
8 1081755 1076174 1082272 1076763 1076089 1076952 1071794 16719071713
9 1218419 1211487 1218682 1211582 1209888 1213463 12046004466
10 1439537 1436579 1438685 1435672 1430417 1437655 14229622761
11 8925027 8918843 8912187 8905951 8920252 8900502 8891200

12 9004048 8998327 8981279 8975389 8991251 8966092

13 9091459 9085467 9079248 9073123 9088907 9076338 9076000

14 9085576 9080129 9079237 9073750 9089225 9074713

15 9144468 9137230 9112148 9104894 9118856 9109392 9197500

16 9122707 9115624 9116023 9108931 9121415 9108578

17 9211192 9203443 9204436 9196540 9213074 9199961 9181100

18 9215195 9206954 9209384 9201030 9217883 9204060 9181100

19 9222128 9213632 9217180 9208594 9225493 9210899

20 9289514 9281377 9281561 9273523 9289548 9269536 9292900

21 9351765 9346279 9356190

22 9370290 9364267 9372445

23 9462609 9456913 9462098

24 9481972 9471735 9476946

25 9530246 9520567 9520650

26 9530657 9523214 9524452

27 9531934 9525031 9526381

28 9553713 9548349 9544992

29 9588156 9580787 9598044

30 9627419 9617362 9614405

31 9634607 9623064 9621128

32 9632304 9623946 9638137

33 9644550 9636534 9645954

34 9652353 9641986 9638305

35 9654849 9644633 9638870

36 9664082 9656035 9661659

37 9719326 9708440 9698123

38 9728270 9715815 9728772

39 9738271 9726499 9733762

40 9764164 9751733 9755728

41 9783869 9771640 9773594

42 9784807 9772988 9774266

43 9787287 9776732 9776875

44 9799367 9790190 9772804

45 9846732 9834048 9828606

46 9856403 9844999 9836446

3 rom Ref.[25].
bFrom Ref.[26].
‘From Ref.[27].
9From Ref.[28].
®From Ref.[18].
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TABLE IV. Multiplet separations betweefP; and P, in configurations 82p, 2s3p, 2p3s, and 23d.
The meaning for each entry is the same as that in Table III.

Mode (A) Mode (B)
Configuration ~MCDF MCDE MCDF MCDF BM NF Expt. 1 Expt.2 Edia
2s2p 389921 388005 383123 381079 378429 385943 371238 373700 373460
2s3p 53009 51763 32900 31771 29949 32240 31500
2p3s 159956 156300 148205
2p3d 71596 72011 62180

levels 13, 32, 33, in which the CI effects are very strong.“NF.” For the two pairs of levels, 13 and 14, 31 and 32, in
Some designations in Rdfl7] are confusing. “MCDF” and ‘““MCDF *’’ of mode (B), it is the higher-
Energy levels 15 and 16 are inverted in mdée but not  order relativistic effects that yield the correct energy order. It
so in mode(B) because it caught more correlation energy. Inis interesting to note that the energy order of levels 13 and 14
comparison, these levels are inverted in “NF” but not so inin “BM” and levels 31 and 32 in “NF” are also correct
“BM.” So, the results of “BM" are better than those of even though higher-order relativistic effects were not in-

TABLE V. Comparisons of the wavelengtti;m A) of the x-ray lines for Fexil between the present
calculations[by modes(A) and (B)] and various other theoretical results and/or laboratory or observed
values, as explained in the text.

Present Experiment
Transition Mode(A) Mode (B) BM Sampson [18,2§ FRH
1-13 11.007 11.022 11.00 11.015 11.018 11.018
1-15 10.944 10.983 10.97 10.967 10.980 10.979
2-11 11.670 11.686 11.67
2-17 11.295 11.303 11.28 11.293 11.298 11.298
3-11 11.712 11.729 11.71
3-17 11.334 11.342 11.32 11.341 11.361 11.33
3-18 11.330 11.337 11.32 11.333 11.325 11.333
3-26 10.937 10.925 10.935 10.934
4-11 11.840 11.857 11.84 11.870
4-17 11.454 11.462 11.44 11.485
4-18 11.449 11.456 11.43 11.480 11.44
4-19 11.441 11.446 11.42 11.466 11.442 11.440
4-31 10.928 10.916 10.927 10.927
4-34 10.905 10.895 10.83
4-35 10.902 10.895 10.903 10.903
5-12 12.151 12.174 12.15
5-20 11.747 11.748 11.72 11.769 11.737 11.737
5-37 11.177 11.164 11.166
6-36 11.501 11.504 11.519 11.49
7-33 11.621 11.650 11.614 11.612
7-39 11.500 11.507 11.493 11.492
7-41 11.441 11.438 11.44
7-42 11.439 11.440 11.44
7-43 11.434 11.437 11.44
8-32 11.700 11.746 11.692 11.690
8-40 11.527 11.541 11.525 11.517
8-41 11.501 11.512 11.500 11.49
8-42 11.499 11.514 11.49
8-45 11.419 11.410 11.422
9-41 11.682 11.725 11.668
9-45 11.598 11.620 11.594 11.594
10-46 11.892 11.935 11.898 11.898

8 rom Ref.[28].
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TABLE VI. Electric dipole oscillator strengthsgf) and transition probabilitiesA in s™1) between levels in thea=2 complex. The
various data sources are explained in the text.

gf A

Present Present

Transition Mode(A) Mode (B) BM Zhang Mode(A) Mode (B) BM NS Glass

1-3 1.440—3]% 151G-3] 157-3] 1500-3] 4.643+7] 4.850+7] 4.84+7] 5.014+7] 5.45+7]
5 1.563—-1] 1.553—1] 1.56—1] 1.567—1] 2.053+10] 2.00Q+10] 2.00+10] 1.974+10] 1.984+10]
2-7 6.420—2] 6.345-2] 6.39-2] 6.440-2] 6.614+9] 6.563+9] 6.5+9] 6.437+9] 6.617+9]
3-6 5.537—-2] 5.474-2] 55(0-2] 5550-2] 1.240+10] 1.237+10] 1.24+10] 1.225+10] 1.234+10]
7 4.467-2] 4.414-2] 443-2] 4.470-2] 4.191+9] 4.16Q0+9] 4.13+9] 4.097+9] 4.203+9]
8 8.370—2] 8.31G—-2] 8.3§-2] 8.490-2] 5.400+9] 5.387+9] 5.39+9] 5.206+9] 5.397+9]
9 5.302—3] 5.03§—-3] 4.99-3] 4.800-3] 4.87§+8] 4.645+8] 4.59+8] 4.840+8]
10 2.424—4] 2.379-4] 2.37—4] 1.807+8] 1.76§+8] 1.70+8] 1.864+8]
4-7 6.469—2] 6.394—2] 6.49-2] 6.500—2] 4.469+9] 4.439+9] 4.46+9] 4.454+9] 4.521+9]
8 1.577-1] 1.555—-1] 1.59-1] 1.584—1] 7.659+9] 7.58Q+9] 7.79+9] 7.504+9] 7.567+9]
9 6.675-2] 6.629—2] 6.51-2] 6.750—2] 4.85+9] 4.834+9] 4.73+9] 4.733+9]
5-6 7.906—4] 7.65§-4] 7.87-4] 9.000—4] 1.934+7] 2.041+7] 2.0+7] 2.250+7]
7 4.183-4] 4.41G-4] 4.4§-4] 3.000-4] 6.361+6] 7.149+6] 7.17+6] 7.574+6]
8 2.573-2] 2.633—-2] 2.64-2] 2.670—-2] 3.244+8] 3.501+8] 3.54+8] 3.617+8]
9 1.615—-1] 1.637—1] 1.671—1] 1.677—1] 4.224+9] 4.419+9] 4.54+9] 4.353+9] 4.56+9]
10 1.084—1] 1.04§-1] 1.0§-1] 1.080—1] 3.225+10] 3.181+10] 3.17+10] 3.037+10] 3.12+10]

@Notation used in this and subsequent tables, e.g., 1-430=1.440< 10" 3.

cluded in their respective calculations. The accuracy of enwith a few tens of configuration bases in the nonrelativistic
ergy levels obtained in mode) provides confidence that frame. Some of the relativistic effects were perturbatively
the accurate atomic structure so obtained may be used in thiecluded. The codes used were a modified version of the
following EIE calculation. code described in Ref20] and the codecivs [34], respec-

In Table IV we investigate the multiplet separations be-tively. ) _
tween 3P, and !P; to illustrate the strong CI and relativistic ~ Oscillator strengths are gauge-dependent in the real cal-
effects in configurations €2p,2s3p,2p3s, and 23d. As  culation due to the approximate wave function obtained. In
expected the multiplet separations calculated by “M¢DF  the present calculation, tigef values for each transition have

in mode (B) agree well with the experimental or observed P€en calculated in two gauge forms, i.e., Coulomb gauge
values. which in the nonrelativistic limit corresponds to the velocity

The wavelengths of the x-ray lines for e are pre- form and Babushkin gauge which in the nonrelativistic limit
sented in Table V. The higher-order relativistic effects arecorresponds to the length forf85]. However, it is well ac-
included in both modegA) and (B) in the present calcula- cepted that the inaccuracy in the velocity form for a given
tions. The entries labeled “Sampson” were obtained bytruncation scheme is larger than that in the length form.
Sampsoret al.[19] using the CI with target ion wave func- Hence, onlygf in Babushkin gauge form are listed in the
tions composed of antisymmetrical sums of products of nontable. In general, thgf or A values for transitions within the
relativistic hydrogen-ion wave function. The entries labeledn=2 complex obtained by the various theoretical results are
[18,28 are observed or experimental values from REf§]  in good agreement with dlscrgpanmes of less than a few per-
and[28], while those of FRH are spectroscopic observation£€nt. Only in very weak transitions such as 5-6 and 5-7 are
of solar flareg30]. Once again, our modé) values agree the discrepancies anomalously large. So, the orbitals for con-
best with the experiment results mostly with discrepancies ofigurations in then=2 complex may be properly calculated
less than 0.01 A. This is more evidence indicating the higt?y Ia" methods mentioned above.

reliability of our atomic structure calculations. n Table VI, the weighted electric dipole oscillator
strengths §f) between levels in th@=2 andn=3 com-

plexes are listed. Great differences are found among different
methods. Strong Cl as well as relativistic interactions may be

The weighted electric dipole oscillator strengtlgf and  responsible for these large differences. To show an example,
the radiative transition probabilitie@\] for the allowed tran- we analyze the strong ClI of configurations
sitions within then=2 complex are listed in Table VI. The 2s2p,2s3p,2p3s, and 23d with odd parity andJ=1 in
entries labeled “Zhang” are thgf values calculated by mode (B), namely, the 9 CSF bases with basis numbers
Zhang and SampsdB1] using the MCDF method in Dirac- 3,4,14,15,22,23,43,44,45. The corresponding 9 ASF level
Fock-Slater(DFS) approximation but only configurations in numbers with the largest contributions from these CSF bases
then=2 complex were included in their procedure. The en-are 3,5,13,15,22,25,36,42,46. The 9 CSF bases are assigned
tries labeled NS and “Glass” as given in Ref82] and[33], indices 1-9, respectively, in the matrix elementsHff¢
respectively, were obtained in an elaborate Cl calculatiorgiven by

C. Oscillator strengths and radiative transition probabilities
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TABLE VII. Electric dipole oscillator strengthsg(f) between levels in the=2 andn=3 complexes. The various data sources are
explained in the text.

Present
Transition Mode(A) Mode (B) BM Sampson Transition Modé) Sampson Transition Mod@) Sampson
1-13 8.80p—2] 2.679-1] 244-1] 24-1] 1-22  1.290-2] 7-43  3.16p—1] 3.3-1]
15 5965—-1] 4.110—1] 4.0§d-1] 4.7-1] 25 2.198-2] 46 1.429-2]
2-11 1.82p—2] 2.649-2] 2.13-2] 36 5.810— 3] 8-22  8.968—2]
17 6.614—1] 7.563-1] 7.20-1] 8.1 —1] 42 2.336—4] 24 2.015—-1]
3-11 5477-2] 7.935-2] 6.67—2] 46 1.9372-2] 25 7.497-3]
12 8.392—-4] 2.626—4] 8.94-5] 2-23  5.53p-2] 29 1.679—1]
17 4.857—1] 5.545-1] 533-1] 59-1] 27 1.734-1] 32 9.869—1] 9.9-1]
18 1.486+0] 1.664+0] 1.60d+0] 1.71+0] 30 2.261—2] 33 1.633—1]
20 1.660—2] 9.91§-3] 8.84-3] 34 1.846—3] 36 1.165-2]
4-11 9.87p—2] 1.37§-1] 1.30-1] 3-23  1.138-1] 39 2.194-1]
17 3.354—2] 3.723-2] 3.69-2] 26 3.702-1] 4.3-1] 40 3.199+0] 3.30+0]
18 4.993-1] 5.525-1] 543-1] 57-1] 27 5.201—2] 41 1.118+0] 1.14+0]
19 2.804+0] 3.07§+0] 3.04+0] 3.2q+0] 28 1.139—1] 42 3.371-1] 34-1]
20 2.592-3] 2.206-3] 1.79-3] 30 1.039—-1] 45 3.138—-1] 4.4-1]
5-11 1.70p—3] 1.874-3] 1.84-3] 34 4.826—3] 46 1.181-3]
12 447%-2] 3.131-2] 251-2] 35 2.399-2] 9-22  1.231-4]
17 1.241-2] 1.155-2] 1.10-2] 37 2.007-2] 24 5.508—2]
18 7.533—-3] 1.165-2] 1.24-2] 44 3.406— 3] 25 1.545—1]
20 2.034+0] 1.693+0] 1.60+0] 1.63+0] 4-23  2.388-5] 29 8.530—2]
6—13 7.448—-4] 6.049-4] 7.37-4] 26 1.035—2] 32 2.997-2]
15 3.817-3] 7.467—4] 1.04-3] 27 3.746—3] 33 1.950-1]
7-13 8.68f—6] 5.951—-4] 4.99-4] 30 2.926—2] 36 2.406—3]
14 1.10T-5] 1.013-3] 9.84—4] 31 556T—1] 6.4—1] 39 2.486—1]
15 1.953-6] 7.49§-5] 9.97-5] 34 2.991-1] 2.9-1] 40 2.395-1]
16 1.955-5] 3.311-3] 3.94-3] 35 4207-1] 4.6-1] 41 7.543-1] 8.14-1]
8-13 3.11B-5] 7.326-3] 6.94-3] 37 1.012—1] 42 9.459 2]
15 5.950—4] 4.254-3] 3.87—3] 5-23  8.70B-2] 45 4.852+0] 5.03+0]
16 4553—-5] 4.767—3] 5.6 —3] 26 3.754-2] 46 6.330—-2]
9-13 2.898—4] 5.07G-3] 4.74-3] 27 9.143-2] 10-22  2.30p—3]
15 1.529—-3] 1.753-2] 1.79-2] 28 4.757-3] 25 6.877+0]
16 1.558—5] 1.007-3] 9.83-4] 30 1.986—1] 36 2.163-2]
10-13 4.227-3] 9.264—4] 9.00—4] 34 2.746- 2] 42 1.127-2]
15 3.008—2] 3.86—4] 4.79—4] 35 1.941-1] 46 1.286+0] 1.24+0]
11-13 1.27p—1] 8.199-2] 8.83-2] 37 6.389—1] 7.0-1] | 11-21 1.77B-2]
14 4676—2] 4.30f-2] 4.51-2] 44 1.129-1] 22 4.873-2]
15 2.351-2] 5.546-2] 5.49-2] 6-22  6.374—2] 24 1.108—1]
16 2.885—1] 2.637—1] 2.69-1] 25 2.159—3] 25 1.048—-2]
12-13 9.10p—3] 2.22§-2] 2.20-2] 36 1.271+0] 1.33+0] 29 7.514-5]
15 1.064—1] 4.723-2] 4.94-2] 42 2.24%—3] 33 1.94%—-3]
13-17 2.96B—2] 1.70-2] 1.8§-2] 46 2.409-2] 36 1.949—4]
18 9.717-2] 6.297-2] 6.79-2] 7-21  5.911-2] 39 3.328—4]
20 1.854—-2] 6.197—-2] 6.01—2] 22 3.519-2] 41 1.208-13
14-17 4.71p-2] 3.816—-2] 4.04-2] 24 1.157—-1] 42 5.327—4]
15-17 2.298—3] 8.55§-3] 8.7 3] 25 7.199- 3] 43 1.744— 4]
18 4.365-3] 2.21§-2] 2.19-2] 29 2.506—2] 46 8.847 5]
20 1515-1] 1.076-1] 1.19-1] 33 1.294+0] 1.33+0] | 12-22  2.26B-2]
16-17 1.68p—3] 1.354-3] 1.47-3] 36 2.753—1] 25 1.173-1]
18 2.601-2] 2.147-2] 2.33-2] 39 1.078+0] 1.11+0] 36 2.427-4]
19 1.579—1] 1.340-1] 1.44-1] 41 1.976—1] 2.7-1] 42 1.976—7]
20 2.967-4] 1.234—4] 9.51-5] 42 6.929—-1] 7.4-1] 46 1.311-3]




PRA 58 RELATIVISTIC CALCULATIONS FOR Fexxiii: ... 1079

TABLE VII. (Continued.

Transition Mode(B) Sampson Transition Mod) Sampson Transition Mode) Sampson
13-23 6.45p— 2] 16-31 1.824—1] 42 2.877-2]
26 3.025-2] 34 7.983—3] 45 7.446— 4]
27 7.403—3] 35 2.861—2] 46 9.500— 3]
28 1.517—-2] 37 3.750—-2] 19-24 5.47p—3]
30 1.579—-2] 17-21 9.13B—4] 29 6.896—6]
34 1.435-2] 22 5.587 4] 32 4.814-2]
35 7.130-2] 24 3.510-5] 33 7.014-2]
37 2.665—3] 25 1.56%5—4] 38 1.166—1]
44 7.572—-4] 29 1.568—2] 39 3.635—-2]
14-23 2.11p-2] 33 1.356—7] 40 1.091-1]
27 4.477-3] 36 2.231-2] 41 3.717-2]
30 2.247 2] 39 2.737-2] 45 2.554—2]
34 3.056—-2] 41 2.009—2] 20-22 6.93B—4]
15-23 4.32p— 3] 42 7.002-2] 24 6.823—-5]
26 1.886—2] 43 3.333—-2] 25 4.050-3]
27 3.841-2] 46 1.100 3] 29 1.604—2]
28 5.472-3] 18-22 1.506— 3] 32 3.27%5-3]
30 3.606—2] 24 7.880—4] 33 3.586—2]
34 4506 2] 25 4.947 4] 36 7.358—3]
35 1.099—2] 29 1.614-2] 39 4.963—-2]
37 2.483-2] 32 2.294-2] 40 1.082—3]
44 1.403-2] 33 7.514—3] 41 8.561—3]
16-23 1.40p-6] 36 5.081—2] 42 3.248—-4]
26 5.010-2] 39 1.239-2] 45 7.629-2]
27 4.151-2] 40 7.160—2] 46 9.139-2]
30 2.454-2] 41 9.635—2]
HE bC_ =(i|HPC|j >5J 3 Sp. Py (3.5  were an additional 12 CSF bases out of basis numbers 47—

133 which have more or less some contributions to this CI.

wherei andj are the CSF bases participating in the CI. ForThe matrix # °¢ formed by its elements in Eq3.5) have
reasons of mathematical expediency, although all the corP?=81 matrix elements in thg -coupled CSF bases. After
figurations up to them=4 complex are included in this CI diagonalizing™ P€, we get mixing coefficients matrig for
calculation, those CSF numbers 47-133 which may also pathe above-mentioned 9 ASF levels from the secular equation
ticipate in this Cl are excluded in the following analyses.(HP¢—EIl)C=0, 1 being the unit matrix. The elements,
Indeed, from our computed MQot listed in Table ), there  of C are shown in the following equation:

" 0.897 —-0.442 —-0.011 0.005 0.011 0.004 —0.005 —0.006 0.0029
0.441 0.897 -0.006 —0.012 0.010 -0.017 -0.012 —0.005 —-0.018
0.012 -0.001 0.982 0.028 0.081 —0.139 0.067 0.061 0.001
—0.003 0.010 —0.066 0.961 0.210 —-0.143 0.020 —0.020 0.075

o= —0.013 —0.003 —0.047 —0.175 0.954 0.226 0.038 0.049 —0.042 ‘ 3.6

0.008 0.019 0.141 0.194 —-0.186 0.951 0.019 0.029 —0.033

0.007 0.005 -0.057 —0.005 —0.039 —0.020 0.967 —-0.136 —0.201

0.006 —0.002 —0.068 0.038 —0.049 —-0.047 0.076 0.959 -0.252

0.010 0.017 -0.023 —-0.069 —0.002 0.038 0.227 0.232 0.941
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From the elements @, we could find the reason why thye VIl) if H® was not added, but the resultagtf was

for some transitions related to these levels are greatlp.124x 10 2, representing a change of less than 10% from
changed(or even enhanced or reduced by orders of magnithe value of 2.26Xx 10~ 2 whenH® was added. This may be
tude when different computational methods are used. Inmainly due to cancellation effects, as mentioned earlier. In

MCDF theory,gf for this case is given bj1] addition, other factors in E¢3.7) may also contribute to this
result.
9 2
gifijc| 2 cl,ci(illOMj)] 3.7 IV. SUMMARY
nv

The MCDF theory has been used to obtain the atomic
where the subscripis | refer to ASF level indices, and, v structure for Fexxill . Large scale CSF bases including con-

refer to CSF basis indices, a@f?) is a multipole radiative ~figurations in then=2-4 complexes have been performed in
field operator with rank 1. The additional CI from higher- configuration expansion to accurately calculate the first 46
order configurations included in modB) but not included ~€nergy levels, and the wavelengths and oscillator strengths
in mode (A) may jointly contribute negative or additive ef- for transitions between them. These accurate data are needed
fects to thegf value of a given transition. As illustrations, for the identifications of solar-flare spectra and the modeling
we will inspect transitions 6—15 and 9-15. In the former©f high-temperature plasmas such as those in x-ray laser and
transition thegf value is reduced by about 20 times from astrophysical research. Also, these data together with the cal-
mode (A) to mode (B); whereas in the latter case tiug culated orbital wave functions, angular coefficients, and the
value is enhanced by about 10 times. The CI combination{€oretical generalized occupation numbers are needed for
from other transitions with larggf values{such as transition e calculation of electron impact excitation for ¥l in a
6-36 (f=1.271)] jointly result in a cancellation effect on CcONtemporary paper of ours. _

thegf of 6-15 so that its modéB) value of 7.46X 10~ is The mixing coefficients for the first 46 levels are
much less that its modéA) value of 3.81X 1073, On the comprehensively investigated in 133-level CE of the
other hand, because of additive effects of other transitionMCDF frame. A typical example of the strong mixing

with large gf the gf value of a certain transition may be 10f 1evels with J=1 and odd parity in configurations
immensely enhanced. An example of such transitions i€S2P,283p,2p3s,2p3d is analyzed and insight knowledge

9-15 whose modéB) gf value of 1.75X 10~ 2 is an order has been acquired. Both the configyration interaction de-
of magnitude greater than its mod@) gf value of _scrlbed by MCDF and t_he fully relativistic effect have large
1.529< 10" 3. Although the MC of ASF 15 from CSF num- influences on the atomic structure of ¥ail . Indeed, these
ber 23, 44, and 45, etc. are small, i€ values for transi- two effects are coupled together and cannot be clearly sepa-
tions 9-25, 9-42, and 9-46 (1.3480 %, 9.453<10 2, rated. The influences of these two effects on energy Ievel;,
and 6.330<’10‘2 ,respectively are order; of magnitude Wgyelengthg, .and oscillator stren_g'ths are analyzed in detail.
larger than th@f’value of 1.52 10-2 for transition 9—15. Mixing coefficients are key quantities needed for the related

Hence these additional transitions involved have large inﬂu_a_m_alyses. In addltlo_n o orbital wave f_unct|0n, both the_ Te'_a'
ences on the resultagtf value of transition 9—15. tivistic and correlation effects and higher-order relativistic

. . - . corrections are reflected in the MC values. Small MC
The generalized Breit Hamiltoniad® in Eq. (2.2) results S
in small changes of MG@ia first-order perturbation theory changes due to the CI effect and/or relativistic effect of the

which can in turn significantly influence the fingf or tran- config_urations in then=3 aqdn=4 complexe_s may have_
sition probabilities. Referring to the example mentioned ir|great influence on the atomic structure especially in relation

Egs. (3.3 and (3.4), the first four major MC of ASF level to their transition probabilities. Furthermore, we have dem-

numbers 30, 34, 27, 2@orresponding to CSF bases 32, 31 onstrated that the generalized Breit Hamiltonian has signifi-
30, 29 chan’ged, by,3 0%. 4 g% 4 i% 8.5%. when c:allcu’-cant influence on the oscillator strengths even though its in-
lated respectively from Eq3.3) and Eq.(3.4). While these fluence on the MC may be minor. So, to obtain accurate

changes of MC are all less than 10%, the resulighnvalues git:rrzécarsdt;%cture, generalized Breit Hamiltonian cannot be

Tf‘%’od;;n%evf;::gj gg;; Ilzcl)r_szt,iIseztig(s)uixsr:né?ggrgftﬁgs[non Our results reveal some significant differences compared
159 : 9" with those from previous nonrelativistic and relativistic cal-

nitude less than that of transition 4—3¢f&2.991x10 1), . L
. ; culations. Considering the present elaborate and accurate cal-
Also, its MC value of 0.657 for CSF 3devel 34 is nearly culations, these new atomic data should enable a more ob-

the same as that of 0.690 for CSF @&vel 30. So, accord- jective reexamination of the Be&in lines expected in

ing to Eq.(3.7), thegf for 4—30 should change by about . )
10X 2 4.6%—92%. When we recalculated thgf for this laboratory experiments and solar-flare spectra.

transition withoutH® the result was 1.34610 3, which is
smaller by 37% compared with the value 1.84B0 3 cal-
culated withHB, thus demonstrating the importance of in-  The authors are indebted to Professor I. P. Grant and Dr.
cluding HB. The situation is the same for the transition 13—P. Marketos for providing us with therasP code. We are
30, whosegf values were 1.57910 2 and 2.47(x 10 2 also grateful to the Singapore National Supercomputing Re-
when calculated with and without®. However, when we search CenteiNSRQ for their facilities and valuable advice
inspect transition 2—30, according to the same analysis, then the Cray T94 supercomputer. One of the autlicr&.X.)

gf values should change by about X.Zx 4.4%=67% (the = acknowledges financial support from the National University
gf value of transition 2—27 is 7.7 times that of 2—30 in Tableof Singapore.
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