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Effect of positive-energy orbitals on the photoionization cross sections and oscillator strengths
of He and divalent atoms
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The effect of the positive-energy continuum orbitals to the photoionization and bound-bound transitions in

He and Mg-like divalent Al ion is estimated quantitatively in a B-spline-based configuration-interaction
calculation. Our calculation has also shown that the theoretical uncertainty in radiative lifetimes measured in

terms of the difference between the length and velocity results, due to the use of a parametrized long-range
dipole core-polarization potential, is approximately 1—3 % for the Mg-like divalent Al+ ion.

PACS nuinber(s): 31.25.Jf, 32.80.Fb, 31.25.Eb, 32.70.Cs

I. INTRODUCTION

Recent applications of the B-spline-based configuration-
interaction (BSCI) approach [1,2] to two-electron and diva-
lent atoms have successfully extended the configuration-
interaction (CI) basis functions beyond the products of two
negative-energy one-electron bound orbitals (i.e., BB type)
used in the earlier truncated diagonalization method. In par-
ticular, Chang and Wang [3] have shown that the basis func-
tion involving at least one positive-energy continuum orbital,
such as a product of two continuum orbitals (i.e., CC type) or
one bound and one continuum orbital (i.e. , BC type), con-
tributes significantly to the electron affinity of the 'S ground
state of H . Similar interactions also noticeably affect the
oscillator strength for the transition from the 'S ground state
of H to the lowest 'P Feshbach resonance below the n =2
threshold. In an eigenchannel R-matrix calculation, a similar
effect in Ba photoabsorption has also been examined by
Bartschat and Greene [4].

One of the purposes of this paper is to extend our BSCI
study on the effect of positive-energy continuum orbitals
from H to He and other divalent atoms. In Secs. II and III,
by using initial- and final-state wave functions calculated in
three different combinations of basis functions, we system-
atically examine the convergence of the length and velocity
results of the nonresonant photoionization cross sections be-
low the lowest doubly excited 'P resonance and the oscilla-
tor strengths of the bound-bound transitions of the He atom.
Specifically, we include in the BSCI basis (i) the BB type of
functions only (i.e., a BB calculation), (ii) both BB and BC
type of functions (i.e., a BC calculation), and (iii) all BB,
BC, and CC type of functions (i.e., a CC calculation) For.
He nonresonant photoionization cross sections, the length-
velocity difference can be as high as 5—6% in a BC-BC
calculation, which employs initial- and final-state wave func-
tions both obtained in a BC calculation. For the oscillator
strengths, the length and velocity results agree to 1—2% or
better (i.e., two to three digits) in a BC-BC calculation. Fur-
ther improvement in length-velocity agreement to 0.1—0.2 %
or better (i.e., three to four digits) is reached typically in a
CC-CC calculation, which employs initial- and final-state
wave functions both obtained in a CC calculation. In addi-
tion to the length-velocity agreement, our theoretical results

TABLE I. The He 1s '5—ylsep 'P nonresonant photoionization cross
sections cr (in Mb) at selected photoelectron energy k from BC-BC, CC-
BC, and CC-CC calculations. The top and bottom rows represent the
length and velocity results, respectively.
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BC-BC

7.435
7.484
7.233
7.329
6.341
6.702
5.641
5.892
5.035
5.172
4.526
4.571
4.069
4.065
3.667
3.636
3.320
3.269
3.016
2.953
2.751
2.679
2.519
2.440
2.312
2.231
2.129
2.047
1.967
1.886
1.824
1.746
1.701
1.626
1.603
1.530
1.598
1.527

CC-BC

7.345
7.268
7.165
7.088
6.373
6.298
5.681
5.609
5.071
5.010
4.557
4.489
4.099
4.036
3.696
3.641
3.348
3.297
3.043
2.996
2.777
2.731
2.544
2.497
2.335
2.291
2.151
2.109
1.988
1.948
1.844
1.806
1.720
1.685
1.620
1.587
1.611
1.580

CC-CC

7.403
7.401
7.219
7.217
6.412
6.410
5.707
5.704
5.085
5.090
4.563
4.556
4.097
4.092
3.689
3.689
3.336
3.337
3.027
3.029
2.759
2.758
2.523
2.520
2.313
2.310
2.128
2.125
1.963
1.961
1.819
1.817
1.694
1.693
1.594
1.593
1.582
1.582

Expt. [7]

7.40

7.21

6.40

5.70

5.10

4.57

4.09

3.68

3.32

2.72

2.48

2.28

2.10

1.94

1.77

1.67

1.61

1.56

are also in excellent agreement with the most accurate theo-
retical and experimental results.

For a divalent system, the effect due to the intrashell core
excitation and intershell core-valence interactions are ap-
proximately accounted for in the BSCI calculation by a pa-
rametrized long-range core-polarization potential and a
short-range model potential [2,5].The theoretical uncertainty
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FIG. 1. Percentage difference 5 between length and velocity
results for the He 1s 'S~lsep 'P nonresonant photoionization
from BC-BC, CC-BC, and CC-CC calculations.

in such a calculation is due to the combined use of the pa-
rametrized model potential and a truncated BSCI basis. Since
our He calculation has already shown that the uncertainty in
a CC-CC calculation for a two-electron system without an
inner shell core is substantially smaller than 1%, the uncer-
tainty in a BSCI CC-CC calculation for a divalent system
can be attributed entirely to the use of the parametrized
model potential. In Sec. IV, we examine in detail the varia-
tion of the length-velocity agreement in bound-bound oscil-

lator strengths, using BB-BB,BB-BC, BC-BC, BC-CC, and
CC-CC calculations for a Mg-like divalent Al+ ion. The cal-
culated transition probabilities for the allowed dipole transi-
tions involving bound excited ' 5, ' P, ' D, and ' F se-
ries are also presented.

The computational procedures in a BSCI calculation for
the photoionization cross sections and the oscillator strengths
for the bound-bound transitions are outlined in detail else-
where [1,2,6]. Typically, up to approximately 6000 basis
functions are included in a CC calculation for a bound state.
For the photoionization, a larger B-spline basis (e.g. , with a
total number of 120 splines or larger) is required to represent
the outgoing photoelectron. The size of the BSCI basis in a
CC calculation could be as large as 8000 to 9000. The diago-
nalization of the real symmetric Hamiltonian matrix is car-
ried out with a modified two-step Davidson procedure [2]
that can be performed with a maximum memory requirement
of approximately half the size of the matrix.

II. He NONRESONANT PHOTOIONIZATION

In Table I, the cross sections cr (in Mb) at selected pho-
toelectron energies from BC-BC, CC-BC, and CC-CC calcu-
lations for He nonresonant 1s 'S~ lsd 'P photoioniza-
tion below the lowest doubly excited 'P resonance are
listed. Figure 1 summarizes the agreement between the
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TABLE II. The ' S~' P nonresonant photoionization cross sections o.

(in a[v]=aX10' Mb) from He 1sn(2, 3)s ' S states at selected wave-

lengths X (in A). The length and velocity results agree to better than

0.2%. Only length results are listed.

1s2s 'S k 1s3s 'S X 1s2s S k 1s3s S

3000 8.707[+0] 6800
2800 7.833[+0] 6300
2600 6.966[+0] 5800
2400 6.112[+0] 5300
2200 5.277[+0] 4800
2000 4.471[+0] 4300
1800 3.701[+0] 3800
1600 2.976[+0] 3300
1400 2.306[+0] 2800
1200 1.700[+0] 2300
1000 1.171[+0] 1800
800 7.247[—1] 1300
600 3.734[—1] 900
400 1.155[—1] 600

400

1.252[+ 1]
1.107[+1]
9.654[+0]
8.293[+0]
6.990[+0]
5.761[+0]
4.616[+0]
3.565[+0]
2.621[+0]
1.797[+0]
1.108[+0]
5.685[—1]
2.576[—1]
1.002[—1]
2.957[—2]

2500 5.289[+0]
2300 4.859[+0]
2150 4,505[+0]
2000 4.127[+0]
1850 3.731[+0]
1700 3.321[+0]
1550 2.902[+0]
1400 2.480[+0]
1250 2.064[+0]
1100 1.661[+0]
950 1.279[+0]
800 9.292[—1]
650 6.226[—1]
500 3.723[—1]
350 2.315[—1]

6100 7.295[+0]
5700 6.712[+0]
5300 6.122[+0]
4900 5.522[+0]
4500 4.913[+0]
4100 4.303[+0]
3700 3.698[+0]
3300 3.105[+0]
2900 2.530[+0]
2500 1.984[+0]
2100 1.474[+0]
1700 1.014[+0]
1300 6.178[—1]
900 3.024[—1]
500 9.172[—2]

TABLE III. The ' P~' S nonresonant photoionization cross sections o.

(in a [v] = a X 10' Mb) from He 1 sn (2,3)p ' P states at selected wave-

lengths X (in A). The length and velocity results agree to better than

0.15%. Only Length results are listed.

1s2p 'P k 1s3p 'P X 1s2p P P 1s3p P

length and velocity results. Whereas the agreement is close
to 1% or better near the threshold in a BC-BC calculation, as
energy increases, the velocity result is approximately 5—6 %
higher than the length result at lower energy and close to 4%
smaller than the length result at higher energy. The length-
velocity difference is reduced substantially when the BC cal-
culation for the initial state is replaced by a CC calculation
(see the CC-BC results). The length-velocity agreement im-
proves to approximately 0.1% in the CC-CC calculation as
the calculated photoionization cross sections converge to the
recently measured absolute photoabsorption cross sections
by Samson et al. [7]. We should also note that the length
results from the BC-BC calculation are within 1% of the
converged cross sections from the CC-CC calculation. The
quality of the continuum wave function is also illustrated by
the calculated scattering phase shifts 8' shown in Fig. 2. Our

3500 1.039[+1] 7500
3250 8.424[+0] 7000
3000 6.497[+0] 6500
2750 4.875[+0] 6000
2500 3.548[+0] 5500
2250 2.483[+0] 5000
2000 1.654[+0] 4500
1750 1.032[+0] 4000
1500 5.891[—1] 3500
1250 2.952[—1] 3000
1000 1.198[—1] 2500
750 3.165[—2] 2000
600 8.285[—3] 1500
500 1.235[—3] 1000

600

1.776[+1]
1.550[+1]
1.309[+1]
1.062[+ 1]
8.415[+0]
6.490[+0]
4.846[+0]
3.470[+0]
2.358[+0]
1.491[+0]
8.501[—1]
4. 164[—1]
1.566[—1]
3.387[—2]
2.453[—3]

3300 1.316[+1] 7200
3250 1.269[+ 1] 7000
3000 1.027[+ 1] 6500
2750 7.981[+0] 6000
2500 6.045[+0] 5500
2250 4.436[+0] 5000
2000 3.129[+0] 4500
1750 2.100[+0] 4000
1500 1.319[+0] 3500
1250 7.572[—1] 3000
1000 3.814[—1] 2500
750 1.565[—1] 2000
600 7.825[—2] 1500
450 3.231[—2] 1000
360 1.681[—2] 750

500

2.002[+ 1]
1.902[+ 1]
1.65 1[+1]
1.375[+1]
1.118[+1]
8.885[+0]
6.857[+0]
5.103[+0]
3.627[+0]
2.426[+0]
1.489[+0]
8.082[—1]
3.588[—1]
1.101[—1j
4.657[—2]
1.364[—2]

results are in excellent agreement with the 20-state close-
coupling results by Oza [g]. Also, as expected, the values of
6/m at zero energy approach the observed quantum defect p, .

In Tables II—IV, we tabulate the theoretical nonresonant
photoionization cross sections at selected wavelengths from
a few excited 1snl ' I. states of He. The overall length-
velocity agreement is approximately 0.1—0.2%, except at
shorter wavelengths where the cross sections are a few or-
ders of magnitude smaller. Our calculated photoionization
cross sections from the bound excited states are generally in
agreement with the earlier close-coupling results of Jacobs

0.36

0.32

f 028 x
0

0.24

0.20

0.09

1S& 'l S - 1 S2P ~ P0

& - Length
x - Velocity

TABLE IV. The ' P~' D nonresonant photoionization cross sections o.

iin a[t]=aX10' Mb} from He 1sn(2, 3ip ' P states at selected wave-

lengths P (in A). The length and velocity results agree to better than 0.1%
at longer wavelengths. At shorter wavelengths, where the cross section is
a few orders of magnitude smaller, the length-velocity difference can be
as high as 1%. Only length results are listed.

k 1s2p 'P X 1s3p 'P k 1s2p P P 1s3p P

3500 8.575[—1] 7500
3250 7.207[—1] 7000
3000 5.965[—1] 6500
2750 4.847[—1] 6000
2500 3.853[—1] 5500
2250 2.982[—1] 5000
2000 2.231[—1] 4500
1750 1.600[—1] 4000
1500 1.083[—1] 3500
1250 6.797[—2] 3000
1000 3.833[—2] 2500
750 1.853[—2] 2000
600 1.108[—2] 1SOO

500 7.982[-3] 1000
600

2.236[+0]
1.901[+0]
1.594[+0]
1.317[+0]
1.069[+0]
8.495[—1]
6.573[—1]
4.922[—1]
3.535[—1]
2.401[—1]
1.5»[—1]
8.496[—2]
3,993[—2]
1.365[—2]
3.837[-3]

3300 9.450[—1] 7200 2 467[+0]
3250 9.119[—1] 7000 2.310[+0]
3000 7.561[—1] 6500 1.941[+0]
2750 6.159[—1] 6000 1.607[+0]
2500 4.912[—1] 5500 1.308[+0]
2250 3.816[—1] 5000 1.042[+0]
2000 2.867[—1] 4500 8.097[—1]
1750 2.064[—1] 4000 6.093[—1]
1500 1.402[ —1] 3500 4.402[ —1]
1250 8.769[ —2] 3000 3.013[ —1]
1000 4.844[

—2] 2500 1.912[ —1]
750 2.173[—2] 2000 1.085[—1]
600 1.125[—2] 1500 5.130[—2]
450 4.507[—3] 1000 1.708[—2]
360 2.000[—3] 750 7.524[—3]

500 2.188[—3]
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0.028

0.024
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FIG. 3. Variation of theoretical oscillator strengths f for He
1s '5 to 1snp 'P transitions from BB-BB,BB-BC, BC-BC, CC-
BC, and CC-CC calculations.
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FIG. 4. Variation of theoretical oscillator strengths f for selected transitions in He from BB-BB,BB-BC, BC-BC, CC-BC, and CC-CC
calculations.

[9], although the difference between the length and velocity
results in the present calculation is substantially smaller. In
addition to the earlier measurement by Stebbings et al. [10],
a recent photoionization measurement from excited He at-
oms is now in progress, using a combined synchronized
synchrotron-laser light source in a time-resolved pump-probe
experiment [11].

III. He OSCILLATOR STRENGTHS

The positive-energy-orbital effect to the He 1 s 'S
~1snp P transitions is illustrated in Fig. 3 in terms of a

series of calculated oscillator strengths both in length and
velocity approximations from BB-BB,BB-BC,BC-BC, CC-
BC, and CC-CC calculations. The large variation from
BB-BBto BB-BCcalculations strongly suggests a significant
presence of positive-energy orbitals in the bound excited-
state wave function. A less prominent but still noticeable
change in the oscillator strengths between the BB-BC and
BC-BC calculations suggests that the positive-energy-orbital
effect is also significant for the ground state.

The positive-energy-orbital effects to the 1sn I ' L~ ls m(l +1)' (l.+ 1) bound-bound transitions are illus-
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f 19
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I I
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FIG. 5. Variation of theoretical oscillator strengths f for selected transitions in Mg-like Al from BB-BB,BB-BC,BC-BC, CC-BC, and
CC-CC calculations.
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TABLE V. Calculated transition energies EF (in 10 cm ') and transition probabilities A (in 10 sec ' or a[v]=a
X 10' 10 sec ', if applicable) for allowed dipole emissions from selected ' S states in Al+. Only length results are
listed. The theoretical transition energies are in close agreement with the observed data (not listed) in Ref. [17].

Transition Transition

3s6s 'S-+3s3p 'P

-+3s4p 'P
—+3s5p 'P

3s5s 'S-+3s3p 'P
—+3s4p 'P

3p 'S—+3s3p 'P

~3s4p 'P

3s4s 'S~3s3p 'P

72.632

25.848

6.913

61.194

14.410

51.755

4.971

35.122

0.583

0.426

0,305

1.307

1.000

1.051[+1]
0.922[—5]
3.408

3s7s S~3$3p P
—+3s4p P
—+3s5p P
—+3s6p P

3s6s S~3$3p P
~3s4p P
—+3s5p P

3sSs S~3$3p P
~3s4p P

3s4s S~3$3p P

101.829

33.170

12.829

3.502

95.541

26.883

6.542

83.410

14.751

54.557

0.648

0.233

0.138

0.120

1.171

0.437

0.319

2.491

1.109

7.570

trated in Fig. 4. Whereas this effect remains significant for
transitions involving ' 5 and ' P bound excited states, its
influence on the ' D and ' F bound excited states appears
to be somewhat smaller. In addition, our calculation suggests
that a BC-BC calculation is already suNcient to generate
oscillator strengths with an accuracy of approximately
1—2 % or better. Our theoretical oscillator strengths from the
CC-CC calculation agree with some of the most accurate
earlier theoretical results [11—13] to three to four digits. A
detailed tabulation and comparison of the existing theoretical
and experimental oscillator strengths were given recently by
Chen [14].

IV. BOUND-BOUND TRANSITIONS IN Al+

Similar to an earlier calculation [15], we have included a
parametrized long-range core-polarization potential

V (r j = ——
4 (1 —exp[ —(rl ro) ])

in the present calculation, where ro is a cut-off parameter and
a=0.265 a.u. is the theoretical static dipole polarizability
[16].The variations of the length-velocity difference in os-
cillator strength from a BB-BB to a CC-CC calculation for

TABLE VI. Calculated transition energies bF (in 10 cm ') and transition probabilities A (in 10 sec ' or a[v]
=a X 10' 10 sec ', if applicable) for allowed dipole emissions from selected ' P states in Al+. Only length results are
listed. The theoretical transition energies are in close agreement with the observed data (not listed) from Ref. [17].

Transition Transition

3s7p 'P ~3$ 'S
~3$4$ 'S

3 ''S
—+3$5s 'S
~3$6$ 'S
-+3p 'D
—+3$3d 'D
—+3s4d 'D
—+3sSd 'D

~3$6d 'D

3s6p 'P ~3$ 'S
~3$4$ 'S
~3p' 'S
—+3sSs 'S
~3$6$ 'S

2 1D

3s3d 'D
~3$4d 'D
—+3s5d 'D

3sSp 'P +3$ 'S
~3s4$ 'S

2 lS

-+3sSs 'S
2 1D

~3$3d 'D
—+3s4d 'D

140.292
44.652
28.018
18.579
7.141

55.273
29.649
14.981
5.955
0.609

135.290
39.650
23.016
13.578
2.139

50.271
24.647
9.979
0.9S4

126.237
30.597
13.963
4.525

41.218
15.594
0.927

6.269
3.O27[+1]
0.811
1.434
0.213
4.029[+1]
1.042[+ 1]
2.203
0.436
0.157
5.984
1.942[+ 1]
0.485
0.480
1.8SO

4.053[+1]
1.157[+1]
2.015
0.275
3.304
7.414
0.215
6.855
4.602[+ 1]
1.526[+1]
0.949[—1]

3s4p 'P

3s3p 'P
3s7p P

3s6p P

3s5p P

3s4p P

~3$' 'S
~3$4$ 'S
~3p 'D

s2

~3s4s S
~3s5s S
~3s6s S
~3s7s S
—+3s3d D
—+3s4d D
~3$5d D
—+3s6d D
~3s4s S
—+3s5s S
—+3s6s S
~3s3d D
—+3s4d D
—+3s5d D
~3s4s S
—+3sSs S
~3s3d D
~3$4d D
—+3s4d S
~3$3d D

107.303
11.663
22.284
60.519
48.854
20.001
7.870
1.582

44.633
18.624
7.269
1.271

43.770
14.917
2.785

39.549
13.540
2.185

34.442
5.590

30.222
4.213

14.101
9.881

5.079
3.111[+1]
6.3O7[+ 1]
1.486[+3]
2.514
0.230[—3]
0.132
1.432
0.102
0.484
0.399
1.156
0.960
0.231
3.744
0.514
1.026
2.573
1.143[—2]
1.210[+1]
1.866
6.313
5.545[+1]
1.581[+lj
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TABLE VII. Calculated transition energies d.E (in 10 cm ') and transition probabilities A (in 10 sec ' or a[t]
=a X 10' 10 sec ', if applicable) for allowed dipole emissions from selected ' D states in Al+. Only length results are
listed. The theoretical transition energies are in close agreement with the observed data (not listed) from Ref. [17].

Transition Transition

3s6d 'D

3s5d 'D

3s4d 'D

3s3d 'D

2 ]D

~3$3p 'P
—+3s4p 'P
—+3$5p 'P
—+3s6p 'P
—+3s4f 'F
—+3s5f 'F
~3$6f 'F
—+3$3p 'P
—+3s4p 'P
—+3s5p 'P
~3$4f 'F
—+3s5f 'F
~3$3p 'P
—+3$4p 'P
—+3s4f 'F
~3$3p 'P
—+3$4p 'P
~3$3p 'P

79.164
32.380
13.445
4.393

15.861
5.637
0.064

73.818
27.034

8.099
10.515
0.291

64.792
18.008
1.489

50.125
3.340

24.500

1.017[+1]
1.077
1.161
0.921
0.216[—1]
0.569[—1]
0.155[—4]
2.373[+1]
3.230
2.646
0.387[—I]
0.559[—3]
6.704[+ 1]
9.263
0.179[—1]
1.388[+2]
0.674[—1]
0.398[—1]

3d7d D

3s6d D

3s5d D

3s4d D

3s3d D

—+3d3p P
—+3s4p P
~3$5p P
~3s6p P
—y3s7p P
~3s4f F
—+3s5f F
~3s6f F
—y3p3d F
~3s3p P
~3s4p P
~3s5p P
—+3s6p P
—+3s4f F
—+3s5f F
~3$6f
—+3$3p
~3s4p P
~3s5p P
~3s4f F
—y3$3p
—+3s4p P
~3$3p

105.693
37.035
16.694
7.367
2.283

19.005
9.017
4.036
1.443

102.140
33.481
13.140
3.813

15.451
5.463
0.482

96.142
27.483
7.142
9.453

84.787
16.128
58.778

0.869
0.277
0.383
0.342
0.380
0.449[—I]
0.486[—1]
0.503[—2]
0.816[—I]
1.758
0.728
0.851
0.935
0.914[—1]
0.109
0.381[—2]
4.363
2.308
2.809
0.232
1.550[+1]
1.147[+1]
1.243[+2]

selected bound-bound transitions in the Al+ ion are shown in
Fig. 5. For most of the transitions, the length-velocity agree-
ment improves from a BB-BB calculation to a BC-BC cal-
culation, suggesting that the positive-energy-orbital effect re-
mains significant for a divalent system. Unlike in He atom,
the length-velocity agreements in oscillator strengths for the
Al+ ion are not improved significantly from a BC-BC calcu-
lation to a CC-CC calculation. This can be attributed directly
to the use of parametrized model potential. For transitions

with an oscillator strength greater than 0.01, the length-
velocity agreement generally stays at a level of approxi-
mately 1—2% or better. In contrast, the length-velocity dif-
ference for a transition with an oscillator strength
significantly smaller than 0.01 could easily exceed 10%. For
transitions involving 3s 'S and 3p 'S states, the length-
velocity differences are relatively large, suggesting also that
the parametrized model potential is inadequate to account for
the intrashell core excitation and intershell core-valence in-

TABLE VIII. Calculated transition energies AE (in 10 cm ') and transition probabilities A (in 10 sec ' or a[v]
=a X 10' 10 sec ', if applicable) for allowed dipole emissions from selected ' F states in Al+. Only length resUlts are
listed. The theoretical transition energies are in close agreement with the observed data (not listed) from Ref. [17].

Transition Transition

3$7f F~3p D
—y3$3d 'D
~3$4d ]D
—+3$5d 'D

336d 'D

3s6f 'F 3p 'D
~3$3d 'D
~3$4d 'D
—+3s5d 'D

3s5f 'F—+3p 'D
~3$3d 'D
~3$4d 'D

3$4f lF~3p2 lD

3s4d 'D

57.964
32.340
17.672
8.646
3.300

54.599
28.975
14.308
5.282

49.027
23.403

8.735
38.803
13.178

5.734
0.902
0.343
0.620
0.460
8.677
0.578
0.990
1.228
1.409[+1]
0.270[—1]
3.414
2.476[+ 1]
5.187

3s7f F~3s3d D
—+3s4d D
~3s5d D
—+3s6d D
—+3s7d D

3p3d F—&3s3d D
—+3s4d D
~3s5d D
—y3s6d D

3s6f F—+3s3d D
—y3s4d D
—+3s5d D

3s5f F—+3s3d D
~3s4d D
—+3s5d D

3s4f F+3$3d D
—+3s4d -D

47.789
21.780
10.425
4.427
0.873

45.473
19.464
8.109
2.111

42.880
16.871
5.516

37.899
11.890
0.535

27.911
1.902

1.699[+1]
1.099
0.241
0.339[—1]
0.559[—1]
2.638[+I]
0.254
0.111[—1]
0.264
5.410
1.035
1.145
2.465
4.196
0.249[—2]
2.325[+1]
0.351I —1]
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TABLE IX. The radiative lifetimes r (in 10 sec) for selected excited
states of Al+.

State

354s S
2 IS

3sSs 'S
3s6s 'S
3s3p 'P
3s4p 'P
3s5p 'P
3s6p 'P
3s7p 'P

2 ID

3s3d 'D

3s4d 'D

3s5d 'D

3s6d 'D

+length

0.293
0.095
0.433
0.761
0.067
1.007
1.263
1.211
1.081

251.26
0.072
0.131
0.337
0.746

+ve loc ity

0.298
0.094
0.439
0.771
0.068
1.000
1.244
1.203
1.083

833.33
0.073
0.131
0.333
0.732

State

3s4s S
3s5s S
3s6s S
3s7s S
3s4p P
3s5p 3P

3s6p P
3s7p P

3s3d D
3s4d D
3s5d D
3$6d D
3s7d D

+length

0.132
0.278
0.519
0.878
1.403
4.928

11.052
16.079

0.080
0.371
1.030
2.234
4.113

+velocity

0.134
0.281
0.525
0.888
1.396
4.853

10.827
15.843

0.079
0.361
0.995
2.151
3.953

teractions for states that are dominated by strong mixing be-
tween 3s and 3p configurations.

Instead of a detailed tabulation of the oscillator strengths,
we have listed in Tables V—VIII the transition probabilities

A& and the transition energies AFf, of selected bound-bound
transitions from an upper state ~f) to a lower state ~i) The.
calculated transition energies are in close agreement with the

observed data (not listed) from Ref. [17]. The transition
probability A~, given in units of ns (i.e., 10 sec '), is
related to the transition energy AFf, in Ry units and the os-
cillatory strength f', f for an emission from ~f) to ~i) by [18]

The radiative lifetime r& of an excited state f) can be evalu-
ated readily from the sum of the listed transition probabilities

A& for all allowed emissions from state f) to lower states

~i ). Table IX summarizes the radiative lifetimes derived from
the transition probabilities tabulated in Tables V—VIII. They
are in general slightly smaller than the ones from our earlier
limited BC-BC calculation [15]. Except for the long-lived
3p 'D state, our calculated length and velocity results gen-
erally agree to 1—3% or better. For the 3p 'D state, the
radiative lifetimes in length and velocity approximations are
1.97X 10 sec and 8.27X 10 sec, respectively, from our
earlier BC-BC calculation [15].In the present CC-CC calcu-
lation, this difference remains large although it has improved
slightly over the earlier results. A summary of other earlier
observed and calculated data is given in [15].
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