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Energy levels, wavelengths, transition rates, oscillator strengths, and lifetimes between the 2s22p? 3Py, 2s22p? 3P,
and 252p3 35S, levels of ions in the carbon-like (C-like) isoelectronic sequence (nuclear charges Z = 7-92) are calculated
in the valence and core-valence limits using the multiconfiguration Dirac—Fock method. The Breit interaction, quantum
electrodynamics (QED), and finite nuclear mass effects are taken into account in subsequent relativistic configuration-
interaction calculations. The calculated energies and transition rates are compared with the critically evaluated experimental
values and other recent calculated results. Our calculated data are in good agreement with these data.
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1. Introduction

Intercombination or spin-forbidden transitions are due to
the deviation from the pure LS coupling. Due to their wide ex-
istence, at least for low-Z atoms, as a consequence of the sub-
tle relativistic spin—orbit interaction, the agreement between
theoretical and experimental results is an important measure
of our understanding of atomic structure and interactions. In
addition, intercombination transitions are of great interest in
plasma diagnostics, for example, astrophysics and tokamak
studies.!!=3

Many theoretical and experimental investigations of the
spectra of carbon-like (C-like) ions have been performed pre-
viously. Tribert et al.'*>! measured the level lifetime of N*
252p° 3S; and transition rates of O>*, F3*, and S!°* in C-
like ions by a heavy-ion storage ring, respectively. Feld-
man and Bhatia calculated theoretical-transition wavelengths
and energy levels of Fe XXI-Kr XXXL®! Ne V,I"l and Ca
XV using the Superstructure code. Fawcett!®! presented
oscillator strengths and energy levels for allowed n = 2-2
and n = 2-3 transitions in C-like ions between F IV and Ni
XXIII based on calculations using the HFR code of Cowan.
Zou et al.''" calculated the 1s22s?2p>~1s%2s2p> and 1s? 2s?
2p>—1s%2p* transitions of C-like cobalt using the relativis-

tic configuration interaction (RCI) computation program.!!'!]

12.13] ysed the relativistic distorted wave

Zhang and Sampson!
method to obtain values for a large number of states. Aggar-
wal et al.l"*"16 obtained the rates between low-lying states

for a number of ions from F IV to Ar XIII using CIV3 code.
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Griffin!!'”l and Bandnell!'®! carried out a series of R-matrix
close-coupling calculations of electron-impact excitations in
the C-like Ne V and Fe XXI. Yuan et al.!"! calculated the
transition probabilities of the 2s2p® >S,-2s%2p? 3Py, inter-
combination transitions in N II, and found a strong influence
of relaxation effects on the transition probabilities. Fischer
and Tachiev!?"! calculated energy levels and transition rates
for low-lying states for ions up to Al VIII using multicon-
figuration Breit—Pauli wavefunctions. Energy levels, radia-
tive transition probabilities, and autoionization rates for C-like
oxygen (O?") including 1s*2s*2pnl, 1s*2s2pnl, and 1s*2p>nl
(n =2-8, [ = 6-n— 1) states were calculated by Safronova
et al.’>!] with the Hartree—Fock relativistic method (Cowan
code). Shen et al.!??! reported some transition probabilities of
N II for 2p4f—2p3d and 2s2p?3d—2s2p>3p by using a semiclas-
sical method. The wavelength and transition probabilities for
electric-dipole allowed (E1) and forbidden (E2, M1, and M2)
transitions among 4f and low-lying configurations for N II by
using the relativistic multi-configuration Dirac—-Fock (MCDF)
method were also reported by Shen et al.!?*! Transitions in
C-like Xe LVI had been calculated by Aggarwal et al.**

Yang et al.?3)

performed relativistic distorted-wave calcula-
tion to determine the rate coefficients of N II in different cor-
relation models. The theoretical energy levels, fine-structure
separations, specific mass shift parameters, isotope shifts, hy-
perfine interaction constants, Landé gJ/-factors, and transition
probabilities were reported by Jonsson and Bierori(?%! for the

2522p2—232p3 transition arrays in N II, O III, F IV, Ne V, and
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Ti XVII, using the MCDHF method. Jonsson?’! extended
the work of himself and Bieron, and researched the states of
the 2s%2p?, 2s2p>, and 2p* configurations for C-like ions be-
tween F IV and Ni XXIII. In their calculation, a fully rela-
tivistic GRASP code had been adopted. Zhang er al.*®! stud-
ied KLL dielectronic recombination (DR) processes of highly
charged He-like to O-like xenon ions systematically by using
MCDF method. The electric dipole (E1) oscillator strengths
of lines in O III between some singlet and triplet levels had
been calculated by Ates et al.'>” using the weakest bound
electron potential model theory and the quantum defect orbital
theory. In their calculation, both multiplet and fine-structure
transitions were studied. However, systematic calculations
of the 2s22p2 3P1)2—232p3 5 S, intercombination transitions for
the C-like sequence are still rarely reported, especially for
from Kr3%* to U8+, Therefore, wide ranges of transition data
for C-like ions, which can provide useful parameters for the
diagnosis of various plasmas, are needed.

Our calculations are motivated by the requirement of ac-
curate fine-structure data in a variety of scientific applications,
explaining the existing results and making further predictions.
In this paper, we present our calculations of energy levels,
wavelengths, transition rates, the oscillator strength, and the
lifetime of N*— UB%* in the framework of the RCI regime
using MCDF wavefunctions. The Breit interaction, quantum
electrodynamics (QED) and nuclear mass corrections are fully
considered. At the same time, we also investigate the influence
of the core-valence correlation, ?” which is rarely considered
explicitly in other calculations for the C-like isoelectronic se-
quence.

2. Theory and method

The extended optimal level (EOL) version of the MCDF
method is used to calculate the transitions. The MCDF method
has been widely discussed elsewhere,3!*?1 hence, we only
give a brief outline in this paper.

2.1. MCDF method

In the MCDF method,?3! the configuration state func-
tions (CSFs) are antisymmetrized linear combinations of prod-
ucts of Dirac spinors. A linear combination of these CSFs is
then used in the construction of atomic state function (ASF) ¥
with the same J and parity P

Y(v) =Y e (%), (1)

where 7, required to define the CSF uniquely, can repre-
sent all properties, such as orbital occupation numbers, the
coupling, seniority numbers, etc. Configuration mixing co-
efficients ¢, are obtained through the diagonalization of the
Dirac—Coulomb Hamiltonian. Configuration state functions

&, which are eigenfunctions of J?, J;, and P, are constructed
as linear combinations of Slater determinants. In the restricted
Dirac—Fock model, Slater determinants are products of one-
electron Dirac orbitals

o) e

Here, n is the principal quantum number, k and m are the rela-

P (r)=

r

tivistic angular quantum number and its z component, respec-
tively, Kk = +(j+1/2) for [ = j+1/2, with [ and j being the
orbital and total angular momenta of the electron, P, and Q,
are the large and small component one-electron radial wave-
functions, and ), (7) is the spinor spherical harmonic in the
Isj coupling scheme

Xim (F) = Xxm (8,0,0)
= Z Im—m 1m l1 im
- o~ S2 ) 2.}
X Ylmfmx (&‘P) g'ns (6)7 (3)

where (Im —mg(1/2)m;|l(1/2) jm) is a Clebsch-Gordan coef-
ficient, ¥j,—m, (0, 9) is a spherical harmonic, and &, (o) is a

spinor basis function.

The radial functions P, (r) and Q, (r) are numerically
represented on a logarithmic grid and orthonormal within each
K symmetry

/0 Py (7 Pare (1) + Qi (F) Qe (D] dr = 8. (4)

In the multiconfiguration self-consistent field procedure,
both the radial functions and the expansion coefficients
for the configuration state functions are optimized for self-
consistency.

2.2. The Dirac-Coulomb Hamiltonian

All the dominant interactions in an N-electron atom or ion
are included in the Dirac—Coulomb Hamiltonian

R N N-1 N 1
A=Y a+Y Y |fn-#" )
i=1 i=1 j=i+l1

The first term
3
A=cY [cupi+(B—1)c*+ Voue (7)] (©6)

is the one-body contribution for an electron as its kinetic en-
ergy and interaction with the nucleus (the rest energy has
been subtracted out). The nuclear potential, Ve (7), takes the
Coulomb form —Z/r (here, denotes the atomic number of the
system) when nuclear volume effects are ignored. The Dirac
matrices, ¢; and f in the standard representation are

o 0 g; .
al< o; 0 >7 1*172737

1 0
ﬁ=(0 _1>, @
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where o; are the usual Pauli matrices. The two-body instanta-
neous Coulomb interactions between the electrons contribute
the second term of Eq. (5). High-order QED modifications to
Egs. (5) and (6) due to the transverse photon interaction and
the QED are treated via the perturbation theory. The matrix
of the Hamiltonian (5) with respect to a basis of CSFs plays a
central role in all relativistic atomic structure calculations.

2.3. Relativistic configuration interaction (RCI)

RCI calculations, which use the correlated MCDF wave-
functions and include Breit interaction and quantum electro-
dynamic effects, can be performed when the radial orbitals are
obtained. Here, only the expansions of CSFs are determined.
This is achieved by digitalizing the Hamiltonian matrix. In
this implementation of RCI program, an iterative Davidson
method is used together with a sparse matrix representation
for the large expansion.

In RCI calculations, the lowest-order correction to the
Coulomb interaction between two electrons, labeled i and j,
due to the exchange of a single transverse photon, is given by

HTrans = _Z
i<j
% COS((OI'J'RU):| 7

2R..
a)in,j

[ai.aj + (e Vi) (e V)

ij
@®)

where the photon frequency @;; is the difference between the
diagonal Lagrange multipliers and associates with the orbitals.

N
SE SE
Hrr = Z qr ((1) EnaKa7
a=1

eff
Za
(Zeff)4 taka \ ¢
SE — a Zeff
Maka 33 P, (a > ,
¢
0,

The Z° that used to roughly correct for electron screen-
ing is at best an expedient intended for inner shells where the
orbitals are most likely to be nearly hydrogenic. It is likely to
be decreasing as n increases.

Next in order of importance is the vacuum polarization
correction. To the lowest order, this is the short-range modifi-
cation of the nuclear field due to screening by virtual electron-
positron pairs. Expressions for the second- and fourth-order
perturbation potentials that take finite nuclear size into account
have been given in the literature.*8] Only diagonal contribu-
tions

0 =Y @) [0 (B, )+ G, () D)
a=1

from these potentials have been included in this version of

In general, diagonal Lagrange multipliers are approximate
electron removal energies only when the orbitals are spectro-
scopic and singly occupied. Thus, it is difficult to know how
well the code can determine the full transverse photon inter-
action when the correlation orbitals are present. In the long-
wavelength limit (@ — 0), this reduces to the well-known
Breit interaction.

2.4. Quantum electrodynamics (QED) correction

The inclusion of interactions due to fluctuations in the
electron—positron and electromagnetic fields produces the ra-
diative corrections of QED. There are two major components
in the QED correction. 34

Self-energy is the dominant QED correction to the energy
which arises from the lowest-order modification to an elec-
tron’s interaction with the quantized ambient electromagnetic
field (including the field due to nucleus and other atomic elec-
trons). In terms of the function Fj (Z/c) that varies slowly
with respect to its argument, the self-energy in hydrogen-like

(5)

where tabulations of Fy (Z/c) for the 1s, 2s, 2p; /5, and 2p3 >

systems is given by

ESE Z\ _ z
nK c

) i

©))

states in these one-electron systems are given in Refs. [35]-
[37]. In GRASPVU, a rough estimate of the self-energy is
obtained by setting

for 1s,2s,2p; 5, and 2p3/, orbitals,

10
for ns,npy >, and nps, orbitals, (10)
other.
\
GRASPVU package.

2.5. Calculation method

2.5.1. Multiconfiguration expansion

We calculate different correlation effects in a systemati-
cal manner. The correlation energy is defined as the energy
difference between the exact solution of the Dirac equation
and the Dirac—Fock (DF) solution. Therefore, the contribu-
tion from the correlation effect can be defined as the energy
difference between the solution including the particular cor-
relation under investigation and the DF solution. In order to
classify the different kinds of correlation effects, the electrons

in an atom can be divided into two types: valence electrons
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and core electrons. Thus, the correlation effect between the
valence electrons is defined as valence correlation (VV), and
the correlation effect between the valence electrons and core
electrons is defined as core-valence correlation (CV). In the
MCDF approach, the correlation is represented by different
constraints on the generation of the CSFs included in Eq. (1).
In the VV manner, we keep core electrons fixed in all CSFs.
However, in the CV manner, we allow one of the core electrons
to be active to generate the CSFs.

The construction of the atomic state functions by system-
atical expansion of the orbitals in the active space were dis-
cussed in some earlier studies./?%23 In our calculations, we
use the active space approach to identify different configura-
tions when we generate the CSFs. The active set is a set of or-
bitals including all orbitals except those common to all CSFs,
and it defines the CSFs included in the ASF. In this method,
the electrons from the occupied orbitals are excited to the un-
occupied orbitals in the active set (AS). We increase the active
space in a systematical way to make sure that the convergences
of the atomic parameters are under consideration.

For C-like ions, the ground state and the first excited state
configurations are 1s22s22p® 3Py and 1s22s?2p® 3P;. Conse-
quently, we first include valance—valance correlation by keep-
ing the core 1s> closed and the same in all calculations. The
AS is

AS; = {2s,2p}. (12)

Then, we extend the active set as follows:

AS; = AS) + {3s,3p,3d}, (13)
AS3 = AS, + {4s,4p, 4d, 4f}, (14)
AS4 = AS3 + {5s,5p, 5d, 5, 5¢}. (15)

Similarly, to investigate the effect of the core-valence corre-
lation defined above, we perform calculations including the
core-valance correlation from the 1s shell, by including CSFs

which only have one electron in the 1s shell.

2.5.2. Calculation process

We first generate Dirac—Fock wavefunctions in the ex-
tended optimal level (EOL) scheme for the initial doubly
excited 2s?2p? and final 2s2p® configurations. In the EOL
method, the radial functions and the mixing coefficients are
determined by optimizing the energy functional, which is the
weighted sum of the energy values corresponding to a set of
(2j+1) eigenstates.

We then consider limited expansions, generate CSFs from

the reference configurations with relativistic subshells, and use

these optimized CSFs to evaluate the transition parameters. As
this procedure leads to more optimal wavefunctions than DF
functions, all our investigations on the effects of correlation
and higher-order corrections are carried out with respect to
CSF data. Then, we expand the active space by considering
the first layer of the set with n = 3 and / = 0 to two-virtual
shells and optimize the orbital functions while 1s orbital is
fixed. Thus, by gradually expanding the size of the active
space, the convergence of the observable is obtained.

To ensure the numerical stability and reduce the process-
ing time, during each layer by layer expansion of the virtual
orbitals only the newly added orbitals are optimized while the
previously generated orbitals are kept frozen. The optimized
orbitals thus generated are used in the evaluation of MCDF
energies and rates. In the subsequent RCI calculations, we
recalculate the mixing coefficients with a frozen radial set.
As the ASFs of initial and final states consisted of CSFs built
from different orthonormal sets, they are first transformed to

become bi-orthonormal in the transition rate calculations.

3. Results and discussion

3.1. Energy levels

The numerical values of the energy levels obtained by the
MCDF method are presented in Tables 1-3, which show the
energies for 2s22p? 3P172 and 2s2p> 3S, levels along C-like
isoelectronic sequence up to U8+, For simplicity, 1s is dis-
regarded as every configuration contains it.

Tables 1-3 show very good agreement between our re-
sult and the past experimental data. Figure 1 shows that the
MCDHEF results are the most accurate. The maximum differ-
ence between the results of MCDHF and experiment is less
than 1.5%, which can be understood on the basis that the
MCDHF method includes a more complete treatment of rel-
ativistic effects. CV results of this work are closer to the
MCDHEF results, compared with the experimental results; the
maximum deviation is 3%. However, the deviations of re-
sults obtained by using CIV3 and SS are up to 10% and 13%,
respectively. The CIV3, and SS results are almost equal to
each other. It is interesting to see how well the results from
four quite different methods (MCDHF, MCDF, CIV3, and SS)
agree with each other. From Fig. 1, we can see that the accu-
racy of our results improves with the increase of Z, and from
Mn'®*, our method seems to produce the most accurate re-
sults available. This emphasizes that our method is credible in
high-Z case. Since these four results were performed indepen-

dently, it gives an extra reliability of our results.
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Table 1. Energy (in cm™!) for 2s?2p? 3P, for different ions in the carbon like (C-like) isoelectronic sequence: present VV and CV
calculation results, experimental and theoretical results.

Z A% [&Y NISTPIT MCDHF26-27] CIv3IIs.1e] SSTo-8T GRASP
7 47 49 49 49

8 111 114 113 114

9 224 227 226 227 219

10 407 412 411 411 400 416
11 689 696 698 695 680

12 1066 1075 1107 1112 1087

13 1647 1658 1710 1709 1667

14 2460 2473 2545 2540 2482

15 3574 3590 3692 3676 3587

16 5075 5094 5208 5203 5083

17 7065 7087 7240 7221 7053

18 9666 9691 9853 9854 9850

19 13019 13048 13235 13242

20 17287 17319 17559 17547 17663
21 22649 22685 22959 22949

22 29605 29647 29658 29646

23 37806 37852 37960 37850

24 47741 47791 47811 47788

25 59647 59702 59850 59696

26 73770 73831 73851 73820 73851
27 90365 90433 90730 90415

28 109693 109768 109770 109741 109390
29 132024 132107 132120

30 157634 157726 157700 157712
31 186807 186910 186890

32 219839 219953 219880 219896
33 257032 257159

34 298702 208842 298728
35 345175 345331

36 396790 396962 396820 396767
37 453899 454089

38 516869 517078 517290

39 586080 586310

40 661929 662182

41 744828 745104

42 835206 835508

43 933509 933838

44 1040201 1040558

45 1155764 1156151

46 1280699 1281105

47 1415528 1415981

48 1560791 1561283

49 1717053 1717578

50 1884897 1885461

51 2064931 2065536

52 2257786 2258433

53 2464120 2464812

54 2684612 2685350 2678069
55 2919970 2920760

56 3170930 3171770

57 3438260 3439150

58 3723700 3722760

59 4025240 4026240

60 4346560 4347630

63 5432740 5433990

64 5838740 5840070

65 6268440 6269830

66 6722900 6724370

67 7203280 7204830

72 10036800 10038800

73 10699300 10701300

74 11397000 11399200

76 12904700 12907100

79 15473100 15475800

82 18455500 18458600

84 20702600 20706000

85 21911000 21914500

88 25907100 25911100

90 28910100 28914500

92 32214900 32219600
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Table 2. Energy (in cm™!) for 2s?2p? 3P, for different ions in the carbon like (C-like) isoelectronic sequence: present VV and CV
calculation results, experimental and theoretical results.

Z vV CV NISTP MCDHE6:27] Crv3t.1el SSTo-8] GRASPPA
7 127 131 131 129

8 301 307 306 305

9 606 616 614 613 592

10 1098 1112 1110 1109 1079 1139
11 1841 1860 1859 1855 1810

12 2887 2910 2924 2928 2952

13 4360 4389 4420 4414 4333

14 6342 6377 6414 6411 6303

15 8942 8984 9045 9027 8885

16 12280 12329 12388 12383 12202

17 16488 16543 16629 16610 16377

18 21702 21765 21841 21845 21839

19 28066 28136 28225 28230

20 35725 35801 35923 35911 36123
21 44824 44906 45026 45030

22 55678 55766 55730 55732

23 68108 68201 68190 68160

24 82416 82513 82458 82464

25 98763 98864 98650 98806

26 117328 117434 117354 117364 117257
27 138310 138421 138250 138338

28 161933 162049 161922 161951 161190
29 188439 188561 188430

30 218092 218222 218054 218049
31 251172 251311 251620

32 287973 288122 287736 287924
33 328804 328965

34 373986 374160 374035
35 423851 424039

36 478746 478950 478200 479066
37 1053765 1054389

38 1184407 1185082 1185600

39 1327544 1328272

40 1483965 1484748

41 1654493 1655334

42 1839984 1840886

43 2041329 2042296

44 2259458 2260491

45 2495335 2496438

46 2749963 2751118

47 3024388 3025642

48 3319694 3321038

49 3637008 3638427

50 3977504 3979010

51 4342401 4343997

52 4732960 4734652

53 5150506 5152296

54 5596396 5598290 5585471
55 6072057 6074058

56 6578961 6581072

57 7118646 7120874

58 7692707 7695055

59 8302800 8305273

60 8950646 8953249

63 11139005 11142027

64 11956525 11959697

65 12821523 12824850

66 13736168 13739657

67 14702753 14706409

72 20401232 20405816

73 21732865 21737654

74 23135305 23140307

76 26165492 26170941

79 31326315 31332493

82 37318263 37325249

84 41832589 41840160

85 44260088 44267966

88 52287660 52296524

90 58320530 58330112

92 64959800 64970153
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Table 3. Energy (in cm™!) for 2s2p® S, for different ions in the carbon like (C-like) isoelectronic sequence: present VV and CV
calculation results, experimental and theoretical results.

Z vV CV NISTET MCDHFZ6:271 CIv3I15.10] SSTO-8T GRASPP
7 46553 46173 46785 46430

8 60157 59734 60325 60023

9 74062 73594 74195 73979 71924

10 88292 87782 88400 88177 85918 76661
11 102918 102375 103362 102796 100334

12 118008 117438 118100 117899 106200

13 133740 133148 133840 133627 130817

14 150233 149624 150770 150120 147163

15 167652 167029 167740 167541 164416

16 186179 185545 186251 186065 182791

17 206021 205379 206100 205925 202457

18 227403 226756 225918 227327 227378

19 250575 249923 250640 250521

20 275799 275145 275900 275770 264749
21 303357 302702 301400 303357

22 333800 333145 333600 333563

23 366938 366283 366870 366700

24 403295 402642 403268 403040

25 443159 442508 443060 442890

26 486807 486158 486950 486521 486955
27 534493 533848 534760 534186

28 586455 585813 586890 586120 585620
29 642893 642253

30 703989 703351 690079
31 769884 769249

32 840710 840075 826902
33 916577 915942

34 997593 996957 983898
35 1083890 1083250

36 1175600 1174960 1161970
37 1272956 1272311

38 1376188 1375538 1368900

39 1485583 1484928

40 1601491 1600833

41 1724312 1723650

42 1854471 1853805

43 1992442 1991773

44 2138712 2138042

45 2293813 2293142

46 2458279 2457606

47 2632689 2632019

48 2817609 2816919

49 3013665 3013000

50 3221471 3220810

51 3441691 3441035

52 3674955 3674304

53 3922069 3921425

54 4183613 4182977 4183779
55 4460410 4459790

56 4753190 4752570

57 5062790 5062180

58 5389440 5390040

59 5735780 5735190

60 6100840 6100270

63 7321670 7321140

64 7773710 7773200

65 8250200 8249710

66 8752080 8751600

67 9280660 9280200

72 12366700 12366400

73 13082100 13081800

74 13833700 13833400

76 15451800 15451600

79 18193000 18192800

82 21356500 21356400

84 23730000 23730000

85 25003100 25003100

88 29194800 29194800

90 32332900 32333000

92 35774600 35774700
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Fig. 1. (color online) Differences between the available theoretical and
experimental values and our results: (a) 2522p2 3Py, (b) 2s22p2 3p,, and

3.2. Wavelengths, oscillator strengths, and transition rates

Our results for wavelengths, oscillator strengths, transi-
tion rates in C-like isoelectronic sequence are presented in Ta-
bles 4 and 5 for the 2s>2p® 3P;— 2s2p® S, and 2s?2p? 3P)—
2s52p> S, electric dipoles (E1) transitions. In these tables, the
wavelength and transition rates are tabulated for VV and CV
calculations, the A-values obtained in the Babushkin (length)
gauge.
(Iength) and Coulomb (velocity) gauges are given. The results

The oscillator strengths obtained in the Babushkin

obtained by these two formalisms for all transitions consid-
ered in the present work coincide with each other, except for
the cases of Z = 7—12 for which the discrepancies are larger.
This can be explained easily by the fact that these transitions
are affected by cancellation effects in the computation process.

Our calculated wavelengths are also compared with a few
available experimental data from National Institute of Stan-
dards and Technology (NIST). Figure 2 shows the relative
wavelength differences AA between our MCDF calculations
and the NIST data. It is clear that, for some transitions, these
experimental data deviate from the predicted trend along the
sequence. We cannot tell the difference between theoretical
and experimental wavelengths? increases or decreases with
Z with the help of these few data. However, we find good
agreement with the NIST data, with relative differences rang-

(c) 252p* 5. ing from 0% to 4.5% for these transitions.
Table 4. Wavelengths A, transition probabilities A, and oscillator strengths f of 2s22p> 3P;-2s2p? 3S,.
p A/nm Als™! fIs71
NISTEI A% CV NISTP! VvV [&Y NISTP! S S,

7 213.9 215.0 2168 5.15x10! 4.32x10! 3.09%10! 5.90%x10°8 2.51x10~7 1.63x10°°
8 166.1 166.5 167.7 2.20%10? 2.07x10? 1.84x10% 1.52x1077 3.88x1077 1.20x10°¢
9 135.4 136.3 7.57x10% 7.11x10% 9.90x1077 2.22x107°
10 113.7 113.8 114.5 2.28x10° 2.20x103 2.16x107° 3.98x10°°
11 98.5 97.8 98.4 5.95%103 5.98x103 5.82x103 1.41x107° 422x107° 6.86x107°
12 85.5 85.5 85.9 1.38x10* 1.36x10* 7.50%10~6 1.11x107
13 75.7 75.7 76.1 3.00x10* 3.02x10* 2.97x10* 4.30x107° 1.29%1073 1.79%1075
14 67.5 67.7 68.0 6.19%10* 6.19%10* 6.10x10* 7.04%x107° 2.11x1073 2.79%x1073
15 61.0 61.2 1.21x10° 1.19%x10° 3.34x1073 425%107°
16 552 55.2 55.4 2.33%10° 2.25%10° 2.23%10° 1.78x107 5.13x1073 6.33x1073
17 50.3 50.4 4.08x10° 4.03%x10° 7.69%1073 9.25%x1073
18 459 46.1 7.18x10° 7.10x10° 1.13x10~4 1.33x10~4
19 42.1 422 1.23%x10° 1.22x10° 1.63x10~4 1.89x10~4
20 38.7 38.8 2.08x10° 2.07x10° 2.33%x1074 2.66x10~4
21 35.9 35.6 35.7 3.50%x10° 3.46x10° 3.43%10° 1.10x1074 3.28x1074  3.69x10*
22 32.9 32.9 33.0 6.00x10° 5.70x10° 5.66x100 1.60x107%  4.60x107*  5.14x107*
23 304 304 30.5 9.10x10° 9.20x10° 9.13x10° 2.10x1074 6.35x107%  7.02x107*
24 28.1 28.1 28.2 1.50%x107 1.47x107 1.46x107 3.00x10~* 8.67x10~* 9.51x10~*
25 26.1 26.1 26.1 2.40%107 2.31x107 2.30%107 4.10x10~* 1.17x1073 1.28x1073
26 242 242 243 3.60x 107 3.60x 107 3.58x107 5.30%x1074 1.58x1073 1.71x1073
27 22.5 225 22.6 5.60x107  5.53x107  5.50x107 7.10x107%  2.10x1073  2.26x1073
28 21.0 21.0 21.0 8.50x107  8.39x107  8.35x10’ 9.30x107*  2.76x1073  2.96x1073
29 19.6 19.6 1.25%x108 1.25%x108 3.60x1073 3.84x1073
30 18.3 18.3 1.84x108 1.84x108 4.62x1073 4.92x1073
31 17.2 17.2 2.66x108 2.65%108 5.86x1073 6.23%x1073
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Table 4. (Continued).

2 A/nm Als7T fIs7T
NISTT vV CV NISTPI vV CV NISTPI S, S,
32 16.1 16.1 3.77x108 3.75x108 7.32x1073 7.75%1073
33 152 152 5.23%108 5.20%x108 8.98x1073 9.49%1073
34 143 14.3 7.05%108 7.03%x108 1.08x1072 1.14x1072
35 13.5 13.6 9.31x108 9.28x108 1.28%x1072 1.35x1072
36 12.8 12.9 1.20x10° 1.19x10° 1.48x1072 1.56x1072
37 122 122 1.51x10° 1.50%x10° 1.77x1072 1.68x1072
38 11.7 11.6 11.7 1.83%x10° 1.85x10° 1.84x10° 6.30%x1073 1.98x1072 1.88x1072
39 11.1 11.1 2.23%10° 2.22%10° 2.18x1072 2.06x1072
40 10.6 10.7 2.63%10° 2.62x10° 2.35%1072 2.23%x1072
41 10.2 10.2 3.04x10° 3.03x10° 2.51x1072 2.37%x1072
42 9.8 9.8 3.48x10° 3.46x10° 2.65x1072  2.50x1072
43 9.4 9.5 3.92x10° 3.90x10° 2.78x1072 2.61x1072
44 9.1 9.1 4.36x10° 4.34%10° 2.88x1072 2.70x1072
45 8.8 8.8 4.81x10° 4.79%10° 2.96x1072 2.78x1072
46 8.5 8.5 5.26x10° 5.23%x10° 3.03x1072 2.83%x1072
47 8.2 8.2 5.70x10° 5.68x10° 3.08x1072  2.88x1072
48 8.0 8.0 6.15%10° 6.12x10° 3.32x1072 2.92x1072
49 7.7 7.7 6.59x10° 6.57x10° 3.16x1072 2.93%x1072
50 7.5 7.5 7.04%10° 7.01x10° 3.18x1072 2.95%1072
51 73 7.3 7.48%10° 7.45%10° 3.19x1072 2.95%x1072
52 7.1 7.1 7.92%10° 7.89%10° 3.20x1072 2.95%1072
53 6.9 6.9 8.36x10° 8.33x10° 3.20x1072 2.94%1072
54 6.7 6.7 8.81x10° 8.77x10° 3.19x1072  2.93x10°2
55 6.5 6.5 9.25%10° 9.21x10° 2.92%1072 3.19%x1072
56 6.3 6.3 9.70x10° 9.66x10° 2.90x1072 3.18x1072
57 6.2 6.2 1.02x10'0 1.01x10'0 2.88x1072 3.17x1072
58 6.0 6.0 1.06x10'0 1.06x10'0 2.85%1072 3.16x1072
59 5.9 5.9 1.11x10'0 1.10x10'0 2.83x1072  3.14x1072
60 5.7 5.7 1.15%10'0 1.15%x10'0 2.80x1072 3.12x1072
63 53 53 1.30x 1010 1.29%10'0 2.72x1072 3.06x1072
64 5.2 5.2 1.35%1010 1.34x10'0 2.69%1072 3.04x1072
65 5.1 5.1 1.40x10'0 1.39x10'0 2.66x1072 3.02x1072
66 4.9 4.9 1.45%10'0 1.44%10'0 2.63x1072  3.00x1072
67 4.8 438 1.50% 1010 1.49%10'0 2.60x1072 2.98x1072
72 43 43 1.78x1010 1.77x10'0 2.45x1072 2.87x1072
73 42 42 1.84%10'0 1.83x10'0 2.43%1072 2.85%1072
74 4.1 4.1 1.89x10'0 1.90x10'0 2.40x1072 2.83%x1072
76 3.9 3.9 2.03x1010  2.02x10'0 235x1072  2.78x1072
79 3.7 3.7 2.23%10'0 2.22x10'0 2.25%1072 2.72%x1072
82 35 3.5 2.46x100  2.43x10'0 2.17x1072 2.67x1072
84 33 3.3 2.60%10'0 2.58%10'0 2.12x1072 2.63%x1072
85 32 3.2 2.68x1010 2.66x10'0 2.09%1072 2.61x1072
88 3.0 3.1 2.91x1010  2.89x10!0 201x1072  2.55%x1072
90 2.9 2.9 3.06x10'0 3.05x10'0 1.95%x1072 2.51x1072
92 2.8 2.8 3.22x1010 3.20x 1010 1.90x 1072 2.48x1072
Table 5. Wavelengths A, transition probabilities A and oscillator strengths f of 2s>2p® 3P,—2s2p> 3S,.
7 A/mm Als7! fIs71
NISTBY VvV CV NISTP! VvV [6Y NISTPT S S,
7 214.2 2154 2172 1.27x10% 1.04x10% 7.09%10! 8.72x1078 1.09%x10~7 6.21x10~7
8 166.6 167.1 168.3 5.48x10? 5.10x10%  4.46x10% 2.28%x1077 9.48x1077 3.16x10°°
9 136.1 137.0 1.90x10% 1.77x10% 2.49%10°6 5.87x10°°
10 114.6 1147 1154 5.73x103 5.49%103 5.48x1076 1.05x1075
11 98.5 98.9 99.5 1.48x10* 1.49%10* 1.45%10* 2.15%107° 1.07x1073 1.80x107
12 86.8 86.9 87.3 3.51x10* 3.43%10* 1.96x1073 3.00x1073
13 713 71.3 71.7 7.17x10*  745x10*  7.31x10% 6.42x107° 3301075 4.73x107°
14 69.3 69.5 69.8 1.43%10° 1.47x10° 1.45%10° 1.03x107 5.29%107° 7.21%x1073
15 63.0 63.3 2.75%10° 2.71x10° 8.12x1073 1.06x10~4
16 57.5 57.5 577 491x10° 4.89x10° 4.82x10° 244x1073 1.20x1074 1.53x10~4
17 52.8 53.0 8.34x10° 8.23x10° 1.73x10~4 2.14x10~4
18 49.0 48.6 48.8 1.37x10° 1.36x10° 2.42x1074 2.93%x1074
19 449 45.1 2.20%10° 2.17%10° 3.31x1074 3.93x10~*
20 417 41.8 3.42x10° 3.38x10° 442x10~4 5.18x10~4
21 39.0 38.7 38.8 5.40x10° 5.20x10° 5.14x100 1.20x10~* 5.80x107*  6.70x10~*
22 36.0 36.0 36.1 8.30%10° 7.72x10° 7.64x10° 1.60x10~* 7.44x10~% 8.47x10~*
23 335 33.5 33.6 1.20%x107 1.13x107 1.12x107 2.00x1074 9.45x10~4 1.06x1073
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Table 5. (Continued).

2 A/mm Als™! f1s7!
NISTB A% CV NISTP?! VvV CV NISTP! S S,
24 312 31.2 312 1.70x107 1.63x107 1.62x107 2.50%x10~4 1.18x1073 1.32x1073
25 29.0 29.0 29.1 2.50x 107 2.32x107 2.30x107 3.20x107* 1.46x1073 1.62x1073
26 27.1 27.1 27.1 3.50% 107 3.28x107 3.25%107 3.80x10~* 1.80x1073 1.97x1073
27 252 252 253 4.80%x107 4.58x107 4.54%107 4.60x10~* 2.18x1073 2.38x1073
28 23.5 23.6 23.6 6.60x%107 6.34%107 6.30x107 5.50x10~* 2.63%x1073 2.86x1073
29 22.0 22.0 8.72x107 8.66x107 3.15x1073 3.41x1073
30 206 206 1.19%108 1.18x108 3.76x1073  4.05x1073
31 19.3 19.3 1.60x108 1.60x108 446x1073 4.78x1073
32 18.1 18.1 2.14x108 2.13%x108 5.24%x1073 5.61x1073
33 17.0 17.0 2.83x108 2.81x108 6.12x1073 6.53%x1073
34 16.0 16.1 3.68x108 3.66x 108 7.07x1073 7.53%x1073
35 152 152 4.71x108 4.69%108 8.09x1073 8.61x1073
36 14.4 14.4 5.94%108 5.91x108 9.15x1073 9.72x1073
37 456 459 7.36x108 7.33%x108 5.2x107% 4.56x10~%
38 54.6 52.1 52.5 2.00x10° 1.93x10° 1.87x10° 1.00x107%  4.56x107*  3.87x107*
39 63.3 63.8 1.08x10° 1.07x10° 3.70x10~4 3.06x10~4
40 85.1 86.1 1.28x10° 1.27x10° 2.76x1074 2.16x1074
44 82.8 81.7 2.21%10° 2.20x10° 1.43%x1074 1.77x10~4
45 496 492 2.47%10° 2.46%10° 2.45%x10~4 2.75%x10~4
46 343 34.1 2.74%10° 2.73%10° 3.44x1074  3.69x10°*
47 255 25.4 3.02%10° 3.01x10° 4.40x10~* 4.61x10~*
48 19.9 19.8 3.31x10° 3.30x10° 5.07x1074 5.51x1074
49 16.0 16.0 3.61x10° 3.60x10° 6.22x107%  6.36x10°*
50 132 132 3.92%10° 3.90x10° 7.08x10~% 7.19%x10~4
51 11.1 11.1 4.23%10° 421%x10° 791x1074 7.99%x10~4
52 9.5 9.4 4.55%x10° 4.53%10° 8.71x10~* 8.77x10~*
53 8.1 8.1 4.88x10° 4.86x10° 9.49%x10~* 9.51x10~*
54 7.1 7.1 5.22x10° 5.20%x10° 1.02x1073 1.02x1073
55 6.2 6.2 3.81x108 3.80x 108 1.10x1073 1.09%x1073
56 5.5 5.5 5.19%108 5.18x108 1.17x1073 1.16x1073
57 4.9 49 6.96x108 6.95x108 1.24x1073 1.23x1073
58 43 43 9.20x 108 9.18x108 1.30x1073 1.29%1073
59 3.9 3.9 1.20x10° 1.20x10° 1.37x1073 1.36x1073
60 35 3.5 1.55x10° 1.54%10° 1.43%x1073 1.42%1073
63 2.6 2.6 3.12x10° 3.12x10° 1.62x1073 1.60x1073
64 24 2.4 3.89%10° 3.88x10° 1.68x1073 1.66x1073
65 22 22 4.81x10° 4.79%10° 1.74x1073 1.72x1073
66 2.0 2.0 5.90%10° 5.88x10° 1.79%1073 1.77x1073
67 1.8 1.8 7.21x10° 7.18x10° 1.85x1073 1.83x1073
72 1.2 1.2 1.82x10'0 1.81x10'0 2.13%x1073 2.10x1073
73 1.2 1.2 2.16x1010 2.16x10'0 2.19x1073 2.16x1073
74 1.1 1.1 2.56x10'0 2.55%10'0 2.24x1073 2.21x1073
76 0.9 0.9 3.56x1010 3.55%1010 2.35%x1073 2.32x1073
79 0.8 0.8 5.72x1010  571x10'0 2.51x1073 2.48x1073
82 0.6 0.6 9.00x10'0 8.97x10'0 2.68x1073 2.64x1073
84 0.6 0.6 1.20x 10! 1.20x 10! 2.79%1073 2.75%x1073
85 0.5 0.5 1.39% 101 1.39x 10" 2.84x1073 2.80x1073
88 0.4 0.4 2.12x 10! 2.12x 101 3.02x1073 2.97x1073
90 0.3 0.4 2.80x 10! 2.79x10' 3.14x1073 3.09%x1073
92 0.3 0.3 3.67x10! 3.66x 101 3.27x1073 3.22%1073
. 0.02
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Fig. 2. (color online) The relative wavelength differences AA between our MCDF calculations and the NIST data along the C-like isoelectronic
sequence: (a) 2522p2 3P1—252p3 5S, and (b) 2522p2 3P2—252p3 5S,.
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3.3. Lifetimes

The radiative lifetime 7; of an excited state k is the time
during which the number of excited particles decreases to 1/e
time (e &~ 2.7183) of its original value, due to spontaneous
transition to low-lying states. The radiative lifetime 7 is de-
fined as

~1
T = (ZAik> ; (16)
i<k
where Aj, denotes the transition rates of all possible decay
channels including forbidden and intercombination channels.
It is known that theoretical energies may not be accurate
enough. Hence, theoretical emission rates increasing with >
are often adjusted by replacing theoretical transition energies
with empirical ones. The transition rates from Z =7 to Z =92
are shown in Table 6. The theory provides us the computed
transition rates

Ay = A(25%2p? 3Py —2s2p° 7SY)

and
Ay = A(28%2p? 3Py — 252p* SY),

while the measurable and interesting property for diagnostics
is the lifetime
1

T=——. 17
A1 +A an

To some extent, the transition rates of present calcu-
lations are smaller than the accurate experimental measure-
ments. Therefore, the lifetime obtained in our work is larger
than the accurate experimental one. However, our calculated

results will be closer to the experimental values with the in-
crease of Z.

Table 6. Lifetimes (in s) for the 2s22p> 3P;—2s2p® >S, and 25>2p? 3 P,—
232p3 58, electric dipole (E1) intercombination transitions in C-like
ions.

39
z A 1 A2 Tthis work Texp 1391 Tother

7 3.09x10' 7.09x10' 9.82x1073 5.60x1073 5.88x107314
8 1.84x10% 4.46x10* 1.59%x1073 1.30x1073 1.25x10730]
9 7.11x10% 1.77x10® 4.03x1074

10 220x10° 5.49x10° 1.30x10~*

11 5.82x10° 1.45x10* 4.92x107° 4.82x107°

12 1.36x10* 3.43x10* 2.09x107

13 2.97x10* 7.31x10* 9.73x107° 9.83x10°°

14 6.10x10* 1.45x10° 4.85x107° 4.88x107°

15 1.19x10° 2.71x10° 2.56x107°

16 223x10° 4.82x10° 1.42x107° 1.38x107°

17 4.03x10° 823x10° 8.16x1077

18 7.10x10° 1.36x10° 4.83x1077

19 1.22x10° 2.17x10° 2.95x10~7

Table 6. (Continued).

z

Ay

A

39
Tthis work Texp (391

Tother

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
63
64
65
66
67
72
73
74
76
79
82
84
85
88
90
92

3.58x107
5.50x 107
8.35x 107
1.25x108
1.84x108
2.65%108
3.75x 108
5.20%108
7.03%108
9.28%108
1.19%x10°
1.50x10°
1.84%10°
2.22%10°
2.62x10°
3.03x10°
3.46x10°
3.90x10°
4.34%10°
4.79%10°
5.23%x10°
5.68x10°
6.12x10°
6.57x10°
7.01x10°
7.45%10°
7.89%10°
8.33x10°
8.77x10°
9.21x10°
9.66x10°
1.01x10'0
1.06x10'0
1.10x10'0
1.15%x10'0
1.29%10'0
1.34x10%0
1.39x10'0
1.44%10'0
1.49%10'0
1.77x10'0
1.83x10'0
1.90x10'0
2.02x10'0
2.22x10'0
2.43%10%0
2.58x10'0
2.66x10'0
2.89%1010
3.05%10'0
3.20%10'0

3.25%107
4.54x107
6.30%107
8.66x 107
1.18x108
1.60x108
2.13%x108
2.81x108
3.66x108
4.69%108
5.91x108
7.33%x108
1.87x10°
1.07x10°
1.27x10°
1.48%10°
1.71x10°
1.95%10°
2.20%10°
2.46%10°
2.73%x10°
3.01x10°
3.30x10°
3.60x10°
3.90x10°
421%x10°
4.53%x10°
4.86x10°
5.20%x10°
3.80x 108
5.18x108
6.95x108
9.18x108
1.20%10°
1.54%x10°
3.12x10°
3.88x10°
4.79%10°
5.88x10°
7.18x10°
1.81x10'0
2.16x10'0
2.55%1010
3.55%1010
5.71x10'0
8.97x10'0
1.20x 10"
1.39x 10!
2.12x 101
2.79% 101
3.66x10'!

1.46x107%  1.41x1078
9.96x107°  9.62x107°
6.83x107°  6.62x107°
4.73%107°
3.31x107°
2.35%x107?
1.70x107°
1.25%x107°
9.35%x10~10
7.16x10710
5.61x10710
4.48x10710
5.43%x10710 546x10710
3.04x10710
2.57%x10710
2.22x10710
1.93x10°10
1.71x10710
1.53x10°10
1.38x10°10
1.26x10°10
1.15x10°10
1.06x10710
9.83% 107!
9.17x10~11
8.58x 10!
8.05x10~ !
7.58%10~11
7.16x10711
1.04x10710
9.83%10~ 1!
9.26x10711
8.68x 10!
8.20x 10~
7.67x10711
6.24x107!1
5.79% 10711
5.35%x10711
4.93x10° 11
4.53%x10°11
2.79%10711
2.51x1071!
2.25%10711
1.80x10~ 1
1.26x10° 11
8.77x10712
6.86x10712
6.04x10712
4.15x10712
3.23%x10712
2.51x10712

7.01x 107111241

4. Conclusion

20
21
22
23
24
25

2.07x10°
3.43x10°
5.66x10°
9.13x10°
1.46x107
2.30% 107

3.38x10°
5.14x100
7.64%10°
1.12x107
1.62x107
2.30% 107

1.83x1077
1.17x1077
7.52%x10°8
492x10°8
3.25x10°8
2.17x1078

1.12x1077
6.99%1078
4.74%x10°8
3.13x1078
2.04x1078

We have performed systematical MCDF and RCI calcu-
lations of 2s%2p? 3P172—252p3 3S, intercombination transition
parameters in the C-like isoelectronic sequence (from Z =7
to Z = 92). Optimal orbital sets were used for the initial- and
final-state functions. The calculations take valence and core-

073202-11
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valence correlations into account by configuration expansions
based on orbital sets with principal quantum numbers n = 3,
4, and 5 and quantum numbers [ =0, 1, 2, 3, 4, and 5. Our
results for the energies, wavelengths, and transition rates are
compared with the earlier available data. The transition wave-
lengths of the C-like ions carried out in this work are in good
agreement with the available experimental and theoretical re-
sults. Since a large number of CSFs have been generated, the
Breit interaction and QED have been considered in this calcu-
lation. We believe that these results will be useful in analyzing
the existing experimental data and planning new experiments.
It is also clear that these kinds of transitions need further work,
especially experimental work, to distinguish different calcula-
tion methods and devote their usages to plasma diagnostics.
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