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Transition rates, oscillator strengths, and line strengths are calculated for the 49 possible electric-dipole
transitions between the eight even-parity2p? states and the seven odd-paritg®2p and 2p° states in
boronlike ions with nuclear charges ranging frats 6 to 100. Relativistic many-body perturbation theory
(MBPT), including the Breit interaction, is used to evaluate retaf@edhatrix elements in length and velocity
forms. The calculations start from &4 Dirac-Fock potential. First-order MBPT is used to obtain intermediate
coupling coefficients and second-order MBPT is used to calculate transition matrix elements. Contributions
from negative-energy states are included in the second-&rderatrix elements to ensure gauge independence
of transition amplitudes. The transition energies used in the calculation of oscillator strengths and transition
rates are from second-order MBPT. Transition rates, line strengths, and oscillator strengths are compared with
critically evaluated experimental values and with results from other recent calculations. Lifetimes of the five
possible odd-parity upper levels and the five possible even-parity upper levels are giZenGerl00. Trends
of the transition rates as functions Bfare illustrated graphically for selected transitions.
[S1050-294{@9)06808-0

PACS numbses): 32.70.Cs, 31.25.Eb, 31.25.Jf, 31.30.Jv

I. INTRODUCTION tion energies used in the calculation of oscillator strengths
and transition rates are obtained from second-order MBPT.
Many theoretical studies of transitions in B-like ions have The present data, which are in fair agreement with criti-
been made during the past 30-40 years, especially fo¢ally evaluated data for low- ions, increase in accuracy
electric-dipole transitions within the=2 complex of states. With increasingZ. Our data are in good agreement with
Transition rates and oscillator strengths for B-like ions havématrix calculationd27] for low Z and in fair agreement
been calculated usirigrexpansiorf1-5|, configuration inter- ~ With MCDF calculationg32] for high Z. Our predicted life-
action (Cl) [6-15, multiconfiguration Hartree-Fock UMes agree with all available experimental values to within
(MCHF) [16—29, R-matrix [26,27, model potential[28— one or two times the estimated experimental errors. We be_—
31], and multiconfiguration Dirac-FockMCDF) [32—34 lieve that the present data are more accurate than other avail-

methods. A correspondingly large number of experimentaﬁple e>_<per|me>ntal or theoretical data for intermediate and
studies of the lifetimes ofi=2 states have been made using igh-Z ions, =10.
beam foil techniques. Most of these investigations concerned
low-Z ions: Ne* [35—47, O3* [40,43—45, F** [46], N&®* Il. METHOD
[47-49, and N&" [50]. Lifetime measurements for the  The evaluation of the first- and second-order reduced di-
high-Z ions SP* [51,52, P'%* [53], S"* [54,55, and CF**  pole matrix elementg™® andz® for boronlike ions follows
[56-58 have also been reported. A critical data compilationthe pattern of the corresponding calculation for berylliumlike
based on available theoretical and experimental sources wisns given in Ref[66]. We use the second-order one- and
given by Wiese, Fuhr, and Detef589] for B-like carbon, two-particle matrix elements for berylliumlike ions calcu-
nitrogen, and oxygen. Critical data compilations for high- lated in[66], but recoupled as described in the Appendix, to
boronlike ions are given if60—635. obtain the contributions from first- and second-order pertur-
In the present paper, relativistic many-body perturbatiorbation theory; the reader is referred[@6] for a discussion
theory (MBPT) is used to determine matrix elements, oscil-of how the basic one- and two-particle matrix elements were
lator strengths, and transition rates for all allowed and forevaluated. It should be noted that the uncoupled one- and
bidden electric-dipole transitions within time=2 complex of  two-particle matrix elements calculated [i66] are the only
states in boronlike ions with nuclear charges ranging frondata needed in the present second-order MBPT calculation.
Z=6 to 100. Retarded; matrix elements are evaluated in This is in contrast to calculations of the second-order energy
both length and velocity forms. These calculations start fronE(?) for systems with three valence electrons, where addi-
a 1s? Dirac-Fock potential. First-order perturbation theory istional three-particle diagrams must be evalug@&d.
used to obtain intermediate coupling coefficients and second- The model space for the=2 complex in boronlike ions
order MBPT is used to determine transition matrix elementshas seven odd-parity states and eight even-parity states.
Contributions from negative-energy states are included in th&hese states are summarized in Table |, where pptand
second-ordelE; matrix elements to ensure agreement be-LS designations are given. When starting calculations from
tween length-form and velocity-form amplitudes. The transi-relativistic Dirac-Fock wave functions, it is natural to use the
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TABLE |. Possible three-particle states in the=2 complex.

Even-parity states

Odd-parity states

J jj coupling LS coupling J jj coupling LS coupling
1/2 2p122Pp1/4 0]2sy) 2s2p? “P 1/2 251122514 012p1j2 2s%2p P
1/2 2p122P3d 11281 2s2p? ’S 1/2 2p322P34 0]2p12 2p® %P
1/2 2p322P34 0]2s1 2s2p? 2P
3/2 2p122p3d 1]251 2s2p? “P 3/2 251122514 0]2p32 2s2p P
3/2 2p122P3d 2]2512 2s2p? ?D 3/2 2p122Pp1/4 0]2p3p2 2p3“s
3/2 2p302p3d 2]2512 2s2p? ?P 3/2 2p302p34d 2]2p 12 2p® D
3/2 2P3122P34 0]2p3y2 2p® %P
5/2 2p122P3id 2128y 2s2p? “P 5/2 2p322P34 2]12p12 2p® D
5/2 2p322P3id 2128y 2s2p? ?D

jj designations for uncoupled transition and energy matriforms only in the fourth or fifth digits. These—V differ-
elements; however, neithgj nor LS coupling describes ences arise because we start our MBPT calculations using a
physical states properly, except for unique states such amonlocal Dirac-FocKDF) potential. If we were to replace the

2p* D= 2p322P3/d 2]12p 1/ 5/2].

In Table I, we list values ofincoupledfirst- and second-
order dipole matrix elementg") and zZ(?), together with
derivative termsP(9®™) for B-like iron, Z=26. For simplic-

DF potential by a local potential, tHe-V differences would

disappear completely.
It should be emphasized that we include negative energy
state (NES) contributions to sums over intermediate states.

ity, we only list values for the six possible transitions be-Ignoring these NES contributions leads to small changes in

tween even- and odd-parity three-particle states itl/2.

the L-form matrix elements but substantial changes in some

The derivative terms shown in Table Il arise because transief the V-form matrix elements, with a consequent loss of
tion amplitudes depend on energy, and the transition energyauge independence. We find that negative energy states
changes order-by-order in MBPT calculations. Both lengthcontribute from 1% to 3% to the-form matrix elements for
and velocity forms are given for the matrix elements. We carB-like iron shown in Table 1ll. The NES contributions to

see that the first-order matrix eleme#{s’ andz{! differ by

V-form matrix elements become larger for sma|l espe-

10-20 %; theL -V differences between second-order matrix cially for transitions withAS=1, where they can contribute

elements are much larger as seen by compaﬂﬁ@ and

Zﬁ,z). Physical two-particle states are linear combinations of
uncoupled three-particle stategwu) in the model space;
correspondingly, transition amplitudes between physical
states are linear combinations of the uncoupled transition In Table IV, we compare our results for transition rates
matrix elements such as those given in Table IIl. The exparA(s™ 1), oscillator strength$, and line strength$ (a.u) of
sion coefficients and energies are obtained by diagonalizingS-allowed transitions in K" with recommended data from

the effective Hamiltonian as discussed [Bi7]. In the last

as much as 30%.

Ill. RESULTS AND DISCUSSION

the National Institute for Standards and Technolfgg]. In

paragraph of the Appendix, we give a detailed explanation ofiew of the gauge independence discussed above, our results
how the uncoupled matrix elements listed in Table Il areare presented i form only. Uncertainties in the recom-
combined to give coupled matrix elements between physicahended values given ifb9] were estimated to be less than
10% based on comparisons with experimental results from

states.

In Table Ill, we present values @bupledreduced matrix
elements in lengtlh. and velocityV forms for the six 1/2-1/2

lifetime and emission measurements. The agreement be-
tween theoretical-form andV-form theoretical results was

transitions considered in Table Il. Although we use analso used if59] as an indicator of accuracy. Our theoretical
intermediate-coupling scheme, it is nevertheless conveniemesults are seen to agree with the recommended data for the
to label the physical states using th8 scheme. We see that low-Z ion N> at the 10-30 % level. Since the present tran-

the coupled matrix elements in Table Il differ lnandV

sition data are obtained using a single method foiZadind

TABLE II. Uncoupled reduced matrix elements in lengtiand velocityV forms for 1/2-1/2 transitions in FéL. Notation: 0= 2ps,,

2p* =2pyy.

vW[J;5]u(J) v'w/[35Ju'(3") z! zy z{? z{y) P{er Py
2s25[0]2p* (1/2) 2p* 2p*[0]2s(1/2) 0.172296 0.188645 0.002029 0.153062 0.172301 0.000011
2s25[0]2p* (1/2) 2p*2p[1]2s(1/2) 0.200524 0.214544 0.003836 0.071886 0.200513-0.000022
2s2s[0]2p* (1/2) 2p2p[0]2s(1/2) 0.000000 0.000000 —0.001756 0.053360 0.000000 0.000000
2p2p[0]2p* (1/2) 2p* 2p*[0]2s(1/2) 0.000000 0.000000 0.001756 —0.053360 0.000000 0.000000
2p2p[0]2p* (1/2) 2p*2p[1]2s(1/2)  —0.141792 —0.151705 0.001296 —0.107793 —0.141784 0.000015
2p2p[0]2p* (1/2) 2p2p[0]2s(1/2) 0.172296 0.188645 0.000884 0.051734 0.172301 0.000011
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TABLE lIl. Coupled reduced matrix elements in lendthand velocityV forms for Fe 2%,

VWU(ZS+1LJ) V’W’U,(ZS,+1L3;) L V
2522p(2Py) 252p?(*Py) 0.032485 0.032482
2522p(?Pyp) 252p%(%Sy) 0.241795 0.241863
2522p(2Py) 252p?(2P ) 0.051049 0.051056
2p3(?Py) 252p?(*Py) 0.011294 0.011292
2p3(?Pyp) 252p?(%Sy)0) —0.078174 —0.078150
2p3(2Pyp) 252p?(%Py) —0.227479 —0.227330

are expected to improve in accuracy with increasthgve

expect that our data for high will also be reliable.
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transitions rates from each level to all possible lower levels,
can be found in Table | of the E-PAPS fil69]. Contribu-

In Table V, we present theoretical transition data for alltions of different decay channels forp22Dg, and
49 transitions in two higlZ ions, F€ 2! and Xé°". The data  2p® Dy, levels are shown in Figs. 1 and 2. We see that
for Fe" 2! agree with the recommended values from Re4]
to better than 10% fok S-allowed transitions and to 10— rates forZ up to 25. Contributions fronk S-forbidden tran-
30 % for LS-forbidden transitions. We expect our values tositions compete with strongest allowed rates for higher val-
be more accurate than the data fr¢#] for both allowed
and forbidden transitions, since Coulomb and Breit correlameasurements for ions witA=7-10 in Table VI andZ
tion corrections are included in our calculations as well as=14-17 in Table VII. In both ranges &, our theoretical

retardation.

Results of the present calculations for lifetimegps) of
five even-parity 82p? levels and five odd-parity (& levels
in B-like ions with Z=6-100, obtained by summing,

LS-allowed transitions give the largest contribution to the

ues ofZ. Our lifetime data are compared with experimental

lifetimes agree with measured lifetimes to within one or two
times the experimental error limits.

It is of some interest to consider theoretical rafgsfor

2s?2p 2P;—2s2p? 2S,,, and X22p 2P;—2s2p? 2Py, tran-

TABLE IV. Transition energiesE (cm 1), wavelengthsh (A), line strengthsS (a.u), oscillator strengthd, and ratesA (s™1) in
N2* (Z=7). The superscript designates recommended data friB8]. The number in brackets represents the power of 10.

Down level Upper level E \ A Al f fr S g
2522p(2Py) 2s2p?(%S,,) 131688  759.37  8.28] 9.548] 7.19-2] 837-2] 357-1] 4.21-1]
2522p(?P3p) 2s2p?(%S;,) 131512 760.39 1.45] 1.619] 7.00-2] 810-2] 7.01-1] 8.19-1]
2522p(?Py) 2s2p?(?Py,) 144248 69325 2.96] 3.849] 213-1] 270-1] 9.73-1] 1.22
2522p(Pyp) 2s2p?(°Py,) 144363 692.70  7.48] 9.6948] 1.01-1] 1.3§-1] 4.8§-1] 6.11-1]
2522p(?P3yp) 2s2p%(°Py,) 144071 69410  1.49] 1.999] 5.40-2] 6.8§-2] 493-1] 6.29-1]
2522p(?P3yp) 2s2p?(?Py,) 144186  693.55  3.79] 4.549] 269-1] 3.20-1] 2.44 2.89
2522p(?Pyp) 2s2p?(®Dg,) 100019  999.81  3.98] 4.148] 1.19-1] 123-1] 7.79-1] 8.040-1]
2522p(?Pyp) 252p?(°Dgyyp) 99842  1001.58 7.17] 847171 117-2] 1.20-2] 154-1] 157-1]
2522p(?Pyp) 252p?(?Dg)p) 99836  1001.64 4.18] 4.9718] 1.10-1] 1.04-1] 1.40 1.43
252p?(*Py) 2p3(*Syp) 129151 77429 7.58B] 8.198] 1.3-1] 14-1] 6.994-1] 7.49-1]
252p?(*Pgy) 2p3(*Syp) 129089  774.66  1.59] 1.649] 1.3-1] 1.44-1] 1.38 1.48
252p?(*Psyp) 2p3(*Syp) 129001  775.19 2.36] 2.449] 1.34-1] 1.44-1] 2.08 2.23
252p%(°Dgy) 2p3(°Dyp) 101498 98524 9.8] 8.848] 1.39-1] 1.271-1] 1.81 1.64
252p%(°Dgy) 2p%(?Dg)) 101487  985.34  7.17] 6.647] 157-2] 1.44-2] 2.03-1] 1.84-1]
252p%(°Dsgyn) 2p3(°Dyp) 101504  985.18  1.08] 1.048] 1.09-2] 9.74-3] 204-1] 1.89-1]
252p?(°Dsgy) 2p3(°Dg)) 101493 98529  9.98] 9.248] 1.45-1] 1.33-1] 2.82 2.57
252p?(?Dyy) 2p3(2P ) 129265  773.60 1.99] 2.349] 869-2] 1.09-1] 8.8§-1] 1.06
252p?(?Dyy) 2p3(2Pgp) 129271 77357 1.98] 2368 1.79-2] 211-2] 1.79-1] 215-1]
252p?(?Dg)p) 2p3(?P3)) 129277 77353  1.718] 2.099] 1.04-1] 1.29-1] 1.59 1.91
252p?(%Sy0) 2p3(?Py)) 97596  1024.64 2.48] 2.448] 459-2] 3.7§-2] 3.071-1] 2.49-1]
252p?(%S,)0) 2p3(?P5)) 97602 102457 2.98] 2578] 9.31-2] 7.80-2] 6.29-1] 5.14-1]
252p%(?Pyy) 2p3(P ) 85036 117597 5.98] 5.8718] 1.23-1] 1.29-1] 949-1] 9.59-1]
252p%(?Pyy) 2p3(*P3p) 85042  1175.88 1.48] 1.448] 599-2] 5.99-2] 464-1] 4.63-1]
252p%(?Pyy) 2p3(%P ) 84921 117756 2.98] 2.898] 3.04—-2] 3.04-2] 471-1] 4.74-1]
252p%(?Pyy) 2p3(%Pgp) 84927 117748 7.38] 7.298] 153-1] 153-1] 2.37 2.39
252p%(2Pyy) 2p3(°Dyp) 57269  1746.14 1.38] 1.248] 129-1] 1.17-1] 1.44 1.34
252p?(?Pg) 2p3(?Dgyyp) 57154 174966 2.69] 24471 123-2] 1.14-2] 289-1] 2.69-1]
252p?(?Pgy) 2p3(°Dsyp) 57143 174999 1.68] 1518] 1.17-1] 1.04-1] 2.59 2.40
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TABLE V. Wavelengths\ (A), line strength$S (a.u), oscillator strength§ and transition probabilities (s™1) for Fe" 2t and Xe"*°. The
number in brackets represents the power of 10.

Fet?! (z=26) Xet4® (Z=54)
Lower level Upper level N S f A N S f A

2522p(?Py) 2s2p?(*Py,) 24719  1.0p—3] 6.49-4] 7.017] 7599  3.96—3] 7.91-3] 9.199]
2522p(®Pyp) 2s2p%(*Py) 21729 3.6p—5] 259-5] 1.806] 2626 1.1B—4] 6.54-4] 3.149]
2522p(?Pgp) 2s2p?(“Py,) 34931  5.3p—4] 1.14-4] 1.247] 6353 2.29-4] 54§-4] 4.538]
2522p(?P3) 2s2p?(*Py,) 29244  3.41-4] 884-5] 6.916] 108.89 9.31-4] 6.49-4] 3.698]
2522p(?P3p) 2s2p?(*Ps,) 25312 2.9B-3] 8.79-4] 6.097] 85.22  7.47-3] 6.69-3] 4.079]
2522p(?Py) 2s2p?(®S,,)  117.19 58p—2] 7.59-2] 3.69410] 22.38 9.59—-3] 6.51-2] 8.6711]
2522p(?P3yp) 2s2p%(®S;;)  136.05 5.07-5] 2.83-5] 2.047] 6333 2.08-3] 249-3] 8299]
2522p(?Pyp) 2s2p?(®Py,) 10223 26[0-3] 3.87-3] 2.479] 13.44  6.06—7] 6.84-6] 2548]
2522p(Pyyp) 2s2p?(®Py,)  100.82  1.2p—2] 1.87-2] 6.139] 13.43  8.80—5] 9.95-4] 1.8410]
2522p(?P3) 2s2p?(®Py,) 11629  5.4B-2] 3.39-2] 3.3010] 21.99 7.58-3] 26Q-2] 7.17111]
2522p(?P3p) 2s2p?(?Py,) 11447  1.2p—1] 8.39-2] 4.210] 21.95 258-2] 87§-2] 1.2112]
2522p (P4 2s2p?(°Dgy,)  135.87 5.1f-2] 5.79-2] 1.0410] 2239  1.5p-2] 1.03-1] 6.8711]
2s22p (%P3 2s2p?(°Dy,)  161.88 3.6p—4] 1.71-4] 4397] 6341 278-3] 337-3] 5519]
2522p(?Pgp) 2s2p?(®Dg,)  156.09  6.6p—2] 3.20-2] 58§9] 2529 7.2f-3] 2194-2] 1.5711]

252p?(*Py) 2p3(*S3p) 11752 3.1p—2] 4.07-2] 9.899] 2193 1.084-2] 7.21-2] 5.0411]
252p?(*Pgy) 2p3(*S3p) 125.75 5.78-2] 3.4-2] 1.4410] 4837 3.28—3] 5.19-3] 1.4710]
252p?(*Psyp) 2p3(*Syp) 13475 89p-2] 3.39-2] 1.8410] 55.18 1.44-2] 1.39-2] 4.3310]
252p?(“Pyy) 2p3(?Dgp) 100.94 358-5] 5.3§-5] 1.747] 13.90 7.86—5] 859-4] 1.4§10]
252p?(*P3y) 2p3(°Dyy) 106.95 4.2p—3] 3.09-3] 1.799] 21.27 1.08—2] 3.84-2] 5.6411]
252p?(*Pgy) 2p3(°Ds)y) 10359 1.2p—4] 9.49-5] 3.997] 2058 2.66—4] 9.81-4] 1.0310]
252p?(*Psyp) 2p3(?Dyp) 113.39 3.9p-4] 1.74-4] 1.398] 2249  15p—3] 3.49-3] 6.9010]
252p?(*Psyp) 2p3(°Dsyp) 109.62 6.4B—3] 299-3] 1.669] 21.71  1.50—2] 3.50-2] 4.9511]
252p%(*Pyp) 2p3(3Py) 85.88  1.28—4] 2.2d-4] 2.048] 13.05 1.71-6] 1.99-5] 7.798]
252p?(*Py) 2p3(°P3)) 81.81 3.76—6] 6.9§—6] 3.476] 9.66 564—9] 8.87—-8] 3.146]
252p?(*Pgy) 2p3(?Py)) 90.20 3.2p—5] 2.74-5] 4.497] 19.35  7.20—-5] 2.83-4] 1.0110Q]
252p?(*Pgy) 2p3(?P3)) 85.71  3.3—4] 294-4] 2.618] 12.73  1.71-5] 1.03-4] 4.199]
252p?(*Ps)p) 2p3(?P3p) 89.80 1.79—4] 1.00-4] 1.298] 13.16  2.79—-6] 1.01-5] 6.198]
252p%(°Dgy) 2p3(*S3p) 19250 1.48-3] 5.69-4] 1.048] 70.98 6.056—-3] 6.49-3] 8.579]
252p%(°Dsgyn) 2p3(*S3p) 201.39 1.37—-4] 3.49-5] 8516] 103.26 1.5—4] 1.13-4] 4.717]
252p?(?Dg)) 2p3(°Dyy) 151.69 5.0p—2] 257-2] 7.299] 2473  1.99—-3] 6.14-3] 6.6710]
252p?(?Dy)p) 2p3(°Ds)p) 145.02 2.9p—2] 1594-2] 3.249] 23.80 1.72-2] 5.49-2] 4.3011]
252p?(?Dg)p) 2p3(°Dyp) 157.16  3.4B—2] 1.19-2] 4.539] 60.02 9.24-3] 7.79-3] 2.1410]
252p?(?Dg)p) 2p3(°Dsyp) 150.01 1.20—-1] 4.09-2] 1.2110] 54.82 1.07—2] 9.91-3] 2.2410]
2s2p?(?Dyy) 2p3(%Pyy) 120.06  4.68-2] 2.94-2] 274100 2217 9.56-3] 3.2§-2] 8.8411]
252p?(?Dg)p) 2p3(°P3)) 112.24 1.3B—2] 9.00-3] 4.719] 1390 8.68-5] 4.79-4] 1.6910Q]
252p?(?Dg)) 2p3(°P3)) 11521  4.0f—-2] 1.79-2] 13101 20.75 6.27-3] 153-2] 3.5911]
252p?(%Sy0) 2p3(*Syp) 248.65 2.8p—-3] 1.77-3] 9.297] 71.08 588—3] 1.2d-2] 8.299]
252p?(%S,0) 2p3(°Dyp) 18453 7.5p—2] 6.201-2] 6.099] 2474  1.11-2] 6.80-2] 3.711]
252p%(%Sy) 2p3(%Py) 139.74 6.11-3] 6.64—-3] 2.219] 2218 391-3] 269-2] 3.6311]
252p?(%Sy0) 2p3(°P3)) 129.26  1.5p—2] 1.87-2] 3.799] 1390 6.36—5] 6.94-4] 1.2410]
252p?(%Py) 2p3(*S3p) 360.60 8.6p—4] 3.63-4] 93(06] 6400 1.70—4] 8.09-4] 1.648]
252p?(?Pgy) 2p3(*S3p) 379.35 2.8p-3] 560-4] 2597] 63.66 53p—-4] 6.43-4] 1.049]
252p?(%Pyy) 2p3(?Py)) 169.27 5.17-2] 4.64-2] 1.0910] 6497 6.68—3] 1.5§-2] 2.4710]
252p%(?Py) 2p3(%P3p) 154.14 1.1B-2] 1.14-2] 1.639] 2367 569-3] 369-2] 2.1711]
252p?(%P3y) 2p3(°Py) 173.29 1.0B—2] 4.71-3] 2.099] 65.33  49p-5] 5.74-5] 1.798]
252p?(%Pg) 2p3(?P3)) 157.46  1.41-1] 6.84—2] 1.8310] 2372 2.76—2] 8.83-2] 1.0912]
252p?(%Py) 2p3(?Dyp) 239.77 2.1p-2] 1.34-2] 7.798] 9328 466-5] 7.5§-5] 2.917]
252p?(?Pgy) 2p3(°Dyp) 24791 151-3] 4.63-4] 4.497] 94.02 2.06—3] 1.66d-3] 1.299]
252p%(°P3y) 2p3(?Dg) 23058 1.1p—1] 3.771-2] 3.199] 81.84 1.17-2] 1.09-2] 7.299]

sitions forJ=1/2 and 3/2. The branching rati,,/A,, for  and 2Py, levels was discussed by Dankwort and Trefftz in
the former transition is equal to 2 in theS-coupling limit, as  [20,21. The model space for even-parity states with1/2

is the ratioAq,,/ Az, for the latter transition. Deviation of includes three states: P2,,2P 14 012S1)5,
either ratio from 2 indicates the presence of relativi&@in-  2p42p3d 112512, and 32p39 0]1254/,. The strong mix-
orbit) effects. The spin-orbit interaction for thes2p? 2S,,,  ing of 2p;,,2p3d 11251/, and 23,2p3J 0]2s,, states was
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FIG. 1. Rates for 82p°—2p°® 2D, transitions as functions a. FIG. 2. Rates for 82p?—2p? 2D, transitions as functions a

discussed in Ref433] and[67]. In Fig. 3, we compare the resent calculations provide a natural way to interpolate be-
experimental data frorf68] with our theoretical values. The tyeen correlated nonrelativistic calculations at iBand un-
trend of the experiments follows the theoretical predictions;orrelated relativistic calculations at high

fairly well, but there are substantial deviations from the  The general trends of thHedependence of transition rates
theory, especially foZ=15. It should be noted that the data are jllustrated for the transitions from the fiveZb? levels
given in[68] provided the first systematic study of line in- htq two 2522p levels in B-like ions in Figs. 4, 5, and 6. We
tensity ratios and served as a probe of intermediate couplingyserve strong deviations froirS coupling in all of these

in the B-like system. _ - figures. For example, the ratio of transition rates
Comparison of our calculations of transition rates and 03‘2522p 2P1/2—252P2 2D3,2 and 2322p 2P3,2—252p2 2D3,2 is

cillator strengths withR-matrix calculations from Ref.27]  regicted to be 5 i S coupling. From Fig. 6, this prediction

and with MCDF calculations frorfi32] for nineLS-allowed 5 seen to be valid faz<10. This and other differences with

transitions in ions withz=9, 18, and 26 can be found in predictions based on puleS coupling can be observed in

Table 11 of the E-PAPS filg69]. For the lowZ ion, our  ihege figures. The sharp features n&ar25 in Fig. 4 and
calculations agree fairly well with thB-matrix calculations, >_og in Fig. 6 are the results of a level crossings.

which include correlation, but they disagree substantially
with the uncorrelated MCDF calculations. ASincreases,
the present calculations deviate more and more from the non-
relativistic R-matrix calculations, which assume putes
coupling. However, with increasing, the agreement be- We have presented a systematic second-order relativistic
tween our calculations and the MCDF calculations improvesMBPT study of reduced matrix elements, oscillator
illustrating the diminishing importance of correlation wizh  strengths, and transition rates fos-2p electric dipole tran-
and the increasing importance of relativistic effects. Thesitions in boronlike ions with nuclear chargésanging from

IV. CONCLUSION

TABLE VI. Comparison of theoretical and experimental lifetinmes) for B-like ions withZ=7-10.

zZ=7 Z=8 Z=9 Z=10

Level Present Expt. Present Expt. Present Expl’? Present Expt

252p?(2P) 0.225 0.26-0.06¢ 0.167 0.1580.007 0.132 0.11%0.05 0.109 0.1320.005
2s2p?(29) 0.411 0.32-0.06¢ 0.303 0.2%0.02 0.240 0.2150.02 0.198 0.2180.010
2s2p?(?D) 2.12 2.09-0.08¢ 1.49 1.64-0.08 1.13 1.250.10 0.910 0.9580.025
2p3(*9) 0.221 0.26-0.05¢ 0.168 0.198:0.008 0.135 0.1180.01 0.112 0.126:0.008
2p3(°D) 0.814 0.97-0.03° 0.566 0.630.02 0.430 0.4160.03 0.344 0.3580.014
2p3(°D) 0.58+0.03 0.317%0.014
2p(3P) 0.321 0.450.1¢ 0.229 0.246:0.009 0.176 0.1480.01 0.143 0.1470.012
2p3(?P) 0.227+0.011 0.141%0.012

8Pinningtonet al. [44].

bKnystautaset al. [46].

Clrwin, Livingston, and Kernahaf48].
dBengtssoret al. [42).

Berry et al.[36].
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TABLE VII. Comparison of theoretical and experimental lifetimgs) for B-like ions withZ=14-17.

Z=14 z=15 Z=16 z=17

Level Present Expf. Present Exptk? Present Expt. Present Expt.
252p%(2Pyy) 63.7 58+5 57.6 556 52.6 81¢ 48.6 58-6
252p?(%Pg) 62.5 585 56.2 50.6 8f 45.9

252p?(%Sy,0) 112 1008 99.2 88.0 77.9 8h 8
252p?(?Dgyp) 469 490+ 30 409 42530 359 38@50° 317 330-30
252p?(?Dg)p) 505 490+ 30 450 405 410 368

2p3(*S3p) 66.3 59+ 5 59.3 53.6 5a:10°© 48.7 535
2p3(°Dyp) 183 17510 162 145 138:10° 130

2p3(?Dsy) 182 175+ 10 161 143 196 128 120+10
2p3(°Py) 77.4 78:5 68.8 734 61.6 55.5

2p3(°P3) 78.2 785 69.6 62.4 56.2 556

#Trabert and Heckmanfb3].

bTrabert, Heckmann, and von Buttlas1].
‘Foresteret al.[57].

dpegget al. [54].

®Trabert and Heckmanfb5].

6 to 100. Our retardef; matrix elements included correla- lations provide basic theoretical input amplitudes for calcu-
tion corrections from Coulomb and Breit interactions; con-lations of reduced matrix elements, oscillator strengths, and
tributions from negative energy states were also included ttransition rates in four-valence atomic systems.

ensure gauge independence. Both length and velocity forms

of the matrix elements were evaluated and small differences,

caused by the nonlocality of the starting HF potential, were ACKNOWLEDGMENTS

f_ound bet\/\(een the two forms. Second-ord_er MBPT t_ranS|- The work of W.R.J. was supported in part by National
tion energies were used in our evaluation of oscillator

” : Science Foundation Grant No. PHY-95-13179. U.L.S. ac-
strengths and transition rates. These calculations were co

pared with other calculations and with available experimenr‘-[lmvvl(adges partial support by Grant No. B336454 from

tal data. ForZ=10, we believe that the present theoretical Lawrence Livermore National Laboratory. A.E.L. was sup-

. ; rted in part by the U.S. Department of Energy, Office of
data are more accurate than other theoretical or experimentgl . . N ; .
i . S asic Energy Sciences, Division of Chemical Sciences,
data for transitions betweam=2 states in B-like ions. We

hope that these results will be useful in analyzing older exBrant No. DE-FG02-92ER14283.

periments and planning new ones. Additionally, these calcu-

. . . . . . . . APPENDIX
2 r . .
The model space state vector for an ion with three valence
S L electrons outside a closed core can be representg@l7as
5
<1 — .
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* exp x =
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Z10" ¢ -
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FIG. 3. Branching ratios: upper panélg,/A,,, for transitions Nuclear charge Z
2s?2p 2P;-2s2p? 2S,,; lower panel, A,/ Ag, for transitions
2s%2p 2P;-2s2p? ?Py,. The experimental ratios are from Ref.  FIG. 4. Rates for 82p 2Py, 3-252p? 2S;), transitions as

[68]. functions ofZ.
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FIG. 5. Rates for 82p 2Py, 3,7-252p? 2Py, 5 transitions as
functions ofZ.

Wo(viwq[Jq5]u; IM)

=2 2 (VWIK{)(K7u[K)

vWUu 7
K12

Xvalwwluul(JIZl 121‘])a aT aT|O> (Al)

where we use the notatida ={J; ,M;}. Here|0) is the state
vector for the core (4%, in our casg The quantity
(K1K,|K3) is a Clebsch-Gordan coefficient:

J J 3
My M, —Mj;
(A2)

(KiKo|Kg)=(— 1)J1J2+M3\/[~]3](

with [J]=2J+1. The quantityCWlWWluul(le,J’1’2,J) is a
symmetry coefficient defined if67],

CVVlWW1UU1(J127J;21J)
= N(V1W1[312]U1){ 8(u,u1) 6(J12,97) Py, (VV 1, Wwy)

— | Uy W, J1,
+6(u,vy)Pyr (vuy,wwy) V[ J12][ J15] {V 33 J
1 12

+ (= 1) 25 (U, wa) Py (v, W)

u n
xJ[Jlﬂ[Jzz]| Lo ”H,

A3
wy J I (A3)

whereN(v,w4[J12]uy) is a normalization constant and
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functions ofZ.

Ple(Vlwl ,VW) = 5v1v5wlw+ ( - 1)jv+jW+J+15le5ulw-
(A4)

Using this representation, it is possible to express contribu-
tions in three-electron systems of first- and second-order
MBPT diagrams in terms of the contributions of these dia-
grams to two-electroifberylliumlike) ions:

Z 2 (v (J1p)ugd = vowp(J1)upd')

EE

VWva

202 (ywl,—v'w' Il

noom

12212

XS (‘le‘JTZv‘JJ )valwwluul(‘]lz J1’27‘J)

XCv’vzw’wzuuz(Jib ,1”2"]’): (AS)
where
' ' j+I+3+1 7 J yo1
§(J12012,99")=(-1) 12 V[J][J]J, Joo i
12 Y12 ]
(A6)
and
ZO2D(ywI—v'w' 3 ) =ZO(vwI—v'w'J")
+Z(RPA (ywI—v'w’'J")
+2zCoMywI—v'w'd"). (A7)

In the above equatiorZ!) is the uncoupled first-ordeE,;
matrix element for a two-electron system, whid€”® and
Z(" are random-phase approximation and correlation con-
tributions to the uncoupled second-order matrix element for
two-electron systems. The calculation of these matrix ele-
ments, which include contributions from the Coulomb and
Breit interactions, was described previously{ 6].
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The second-order reduced matrix element of the derivagiven in terms of the uncoupled three-particle matrix ele-

tive term is given by ments discussed in the previous paragraphs by
2V vw(J1)ud—v'w' (I)u’J’] QU+ —F)
=a[EQ)—ES ] L | i
X PEEN W (I ud-v'w (Ju'd'], (A8 TEl-EL 2,2, CilvwuChiviwu’)
whereE({!) is the first-order correction to the energy amd XAl émmu— €y 12 Dvw (1) ud—v'W (J1)u'd' ]

is the fine-structure constant. The quanB/®™) in Eq. (A8)
can be written in terms of its counterpaR(®V)(vwJ

—v'w’J") in a two-electron system as > P(derv)[VW(le)uJ_V/W/(JiZ)U;J/]}_ (A10)
P(derv)[Vlwl(le)UlJ_V2W2(312)U2~]']

| F
+[E1_ El_ GVWU+ €V’W'U’]

Here e, = €,+ €4+ €, is the lowest-order energf}; with
>3 > P(eem) yw Jl,—v'w' 37, A=Forl is the first-o_rder energy, which is givgn as T
eigenvalue of the first-order effective Hamiltonian; and
C)(vwu) with A\=F or | is the first-order coupling coeffi-

1
"2

VWU /! A A1
AP YT

XS (3120712,93") Cov wwyuu, (912,972,9) cient, which is given as the eigenvector belongingEtp.
o Using these formulas, we transform the uncoupled matrix
XCyrvwrwpuu (J12:912,3"). (A9)  elements between symmetrizgdstates given in Table Il to

intermediate coupled matrix elements between physical
Coupled three-particle matrix elemer@s'*2)(1 —F) are  states given in Table IIl.
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