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Energies, transition probabilities, and lifetimes are calculated r Qates in Ca-like ions with nuclear
chargesZ ranging from 22 to 100. Relativistic many-body perturbation thedBPT), including the Breit
interaction, is used to evaluate retarddtll and E2 matrix elements. The calculations start from a
1s?25?2p®3s?3p® Dirac-Fock potential. First-order perturbation theory is used to obtain intermediate coupling
coefficients and second-order MBPT is used to determine matrix elements. Contributions from negative-energy
states are included in the second-ordiét and E2 matrix elements. The resulting transition energies and
lifetimes are compared with experimental values and with results from other recent calculations.
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. INTRODUCTION nine 3d? levels °F;, !D,, °P;, G, and 1S, in Fé*
) 5 ) using radial wave functions obtained from a combination of
~Levels in the @ ground-state multiplet along the cal- screened hydrogenic and scaled Thomas-Fermi potentials.
cium isoelectronic sequence have been observed experimeparametric studies of thed? ground configuration in highly-
tally for ions with nuclear chargg=22. In three NIST pub-  ¢harged ions were presented by Wyattal. in Ref. [10],
lications, energy levels of the d3 configuration were \here the parameters needed for an accurate interpretation of
reported for 'I_'?*-Mn5+ (4], '_:96+'N'8+ (2], and Cd* [3l.  the a2 configuration within the framework of the Slater-
These energies were obtained by classifying the spectr@@ondon theory were determined using a generalized least-
lines associated with electric-dipole transitions from low-gquares technique. The intermediate coupling eigenvalues
lying excited odd configurations g83d°, 3p°3d4p, and  and eigenfunctions obtained in REL0] were used to calcu-
3p°®3d4f to the ground-state configuratiop®d?. late M1 transition probabilities within the & multiplet in
Magnetic-dipole transitions betweeiff; and °F; levels  co’+, Ni8*, G2+, Sé4*, zr?%, Mo??*, and A¢™*. More
of the 3d® configuration for F&*-Ni®*, Zr*®", and M&*"  recent calculations oM1 and E2 transition probabilities
were identified by Edle in Ref.[4]. Forbidden lines were \ere given by Bienontet al.[11] for the ions T#* to Agt™
also observed in several nebulae and hot stars. Among thesging three different computer programs: (#&R) code of
the slow nova RR Telescopii was investigated by Thackerayowan[7], the Multiconfiguration Dirac-FockvmcpF) code
[5], who gave accurate spectroscopic data collected duringf Grantet al.[12], and the cOdSUPERSTRUCTURESST) of
the period 1951-1973. A detailed analysis of the 3orbid-  Ejssneret al. [13], in the version due to Nussbaumer and
den transitions in F& was given by Ekberg in Ref6],  Storey[14]. These three different methods of taking configu-
where wavelengths and intensities of the 17 forbidden tranration interaction into account were compared in Réfl]
sitions within the @? multiplet were predicted and com- with respect to their ability to predict energy levels and tran-
pared with Thackeray’s line list. Thed3 level structure in  sition probabilities within the 82 configuration. Two con-
Fe" was interpreted theoretically in Reff6] and energy figurations 41> and 4f? were added to theiFr calculations
parameters, determined from least-squares fits to the ol addition to the nine configurations @3, 3s4s, 3d4d,
served levels, were compared with Hartree-Fock calculads?, 4p?, 4s4d, 4p4f, 3d5s, and 315d) used in thevcDr
tions. Ekberg also calculated magnetic dip@WLl) and elec- calculations of Ref[11]. The HFR method was found to be
tric quadrupolgE2) transition probabilities using the Cowan well-suited to low and medium ionization stages whilepr
code [7]. Altogether, Ekberd6] identified 11 stellar lines method was judged superior for highly-charged ions where
from Thackeray's line list as forbidden transitions within relativistic effects become importahfil]. These conclu-
3d? ground-state multiplet in & . sions, of course, depend on the choice of configurations.
One of the first calculations of thed3 energy levels and In the present paper, relativistic many-body perturbation
forbidden transition probabilities within thed3 configura-  theory (MBPT), including the Breit interaction, is used to
tion was presented by Warner and Kirkpatri@ who de-  evaluate retardelfl 1 andE2 matrix elements. Second-order
rived empirical Slater parameters from a study of energyMBPT using a Dirac-Fock basis allows one to consider cor-
levels in the isoelectronic sequencé TiNi®". Energy ma- relation effects directly by summing over virtual states. This
trices were constructed using the Cowan code and linenethod has been used recently to obtain accurate excitation
strengths foM 1 andE2 radiation were evaluated in R¢8&] energies and transition rates in Be-liké5—-20, B-like
using scaled Thomas-Fermi wave functions. NussbaumdR1,22), and in Mg-like[23] ions for a wide range oZ. Our
and Storey[9] also calculated wavelengths amd1, E2  calculations start from asf2s?2p®3s23p® Dirac-Fock po-
transition probabilities for the 27 transitions between thetential. First-order MBPT is used to obtain intermediate cou-
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TABLE |. Possible states in thedd multiplet.

jj coupling LS coupling jj coupling LS coupling jj coupling LS coupling
3d3/23d3(0) 3d? 3P, 3d323d3(2) 3d? °F, 3d323ds5/x(3) 3d? °F,
3ds/23ds/(0) 3d*'s, 3d323d5/2(2) 3d*'D, 3d323d5/2(4) 3d?°F,
3d3/23d5(1) 3d? 3P, 3ds/23ds/(2) 3d” °P, 3ds/23ds5/(4) 3d*'G,

pling coefficients and second-order MBPT is used to deter- B. Excitation energy

mine matrix elements. The transition energies used in the petails of the theoretical method used to evaluate second-

calculation of transition rates are evaluated using Seconddrder energies for Ca-like ions have been presented previ-
order MBPT. Contributions from negative-energy states arg, gy in Ref.[15] for Be-like ions and will not be repeated
included in second-ordév1 andE2 matrix elements. EXCi- here The energy calculations are illustrated in Table I,

tation energies, transition probabilities, and lifetimes argynere we list contributions to the energies of thi? Jevels
evaluated for all states in thed3 ground-state multiplet for relative to the £22522p®3s23p® core and energies relative
Ca-like ions with nuclear charge&sfrom 22 to 100. to the A2 3F, level in F&'® from zeroth- plus first-order

Coulomb and Breit energ®* V=@ +EM+ B and
from the second-order Coulomb energ{?). We also give
the total theoretical enerdy™®. As can be seen, the second-
order contribution is about 3% of the total energy but is from

ions with two valence electrons is used here to obtaint0% 0 30% of the excitation energy. This table shows

second-order energies and to evaluate first- and second-ordgfar!y the importance of including second-order contribu-

. . . . g . i _ (2) _
transition matrix elements in Ca-like ions. Differences be-UoNS: In Fig. 2, we show th&-dependence of thE*’ cor

tween the present calculations and previous MBPT calculal€ctions given in Table II. As can be seen from this figure,

tions for Be-like and Mg-like ions are primarily due to the the second-order enerdj;lzjlslowly increases witlZ and is
model space (83d’ instead of 221" or 3I3I') and the N the range 6-1810" cm .

Dirac-Fock potential ($°2s?2p®3s?3p°® instead of ¥ or
1s22522p®). These differences lead to lengthier numerical
calculations.

Il. THEORETICAL TECHNIQUE
The MBPT formalism developed previoudl§5-23 for

C. Electric quadrupole transitions

We designate the first-order quadrupole matrix element
by Z(!), the Coulomb correction to the second-order matrix
element byZ®, and the second-order Breit correction by
B(). A detailed discussion of the first-order quadrupole ma-

The model space for thedd complex in Ca-like ions trix element is given in Appendix A. The evaluation Bf?)
consists of nine even-parity states. These states are sumnapd B?) for Ca-like ions follows the pattern of the corre-
rized in Table | where botfj andLS designations are given. sponding calculation for Be-like ions given in R¢L9].

When starting calculations from relativistic Dirac-Fock wave The quadrupole matrix elements are calculated in both
functions, it is natural to usg designations for uncoupled length(L) and velocity(V) forms. The differences betweén
transition and energy matrix elements; however, neither ~ and vV forms, are illustrated for the uncoupled
LS-coupling describephysical states properly, except for 3d3;3d3(0)—3d3,3d5(2) matrix element in Fig. 3. In the
the two single-configuration statesi3,3ds(1)=3d?3P,  Coulomb approximation, the first-order matrix elemeft)

and 313/23(15/2(3)53(12 3F3.

A. Model space

Strong mixing between @&;,3ds5(J) and 3s3ds5(J) 700 | @A/
states withJ=2 or 4 leads to rapid variations within the s
Grotrian energy diagram. The variation of thel?3levels 600 - ° o
from Z=22 to Z= 27 was shown by Ekber®]; however, it
was not evident from Ref6] that the'D, level could cross ig 00T
the 3F, and 3P, levels. These level crossings are shown in S 400 L
Fig. 1 where energies relative to ti€, state are shown as &
functions ofZ. It is seen that leveldD, and 3P cross for T 300 - 'G,
Z=38-39, levels'G, and P, cross forz=42-43, and % *Porz N
levels D, and 3F, cross forZ=50-52. The energy dia- 200 ¢ Do
gram changes drastically in the intenvaE 38—52. In this 100 - e (3d,,)0)
interval neitherjj or LS coupling describephysicalstates. *, T Ot 5 0 o
For smallZ (Z=22-38), it is reasonable to use th& cou- 010 — 30 50 70 90

pling scheme, while for higlZ (2>52), the jj coupling
scheme is preferable. Both designations are shown in Fig. 1:
LS for low Z andjj for high Z.

Nuclear charge Z

FIG. 1. Z-dependence of thed? energy levels.
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TABLE Il. Energy of 3d? states in Ca-like F& (cm™1). Notation:ECT V=g + M) + B,

Level g(0+1) E®) (o) g(0+1) g Elton
Absolute values Relative to the ground state
°F, —2167903 —-67912 —2235815 0 0 0
°F, —2167003 - 67767 —2234771 900 144 1044
°F, —2165886 — 67604 —2233490 2018 308 2325
D, —2145951 —72810 —2218761 21952 —4898 17054
P, —2142507 —73372 —2215879 25396 —5460 19936
3P, —2142182 —73309 —2215491 25721 —5397 20324
3P2 —2141524 —73151 — 2214675 26379 —5240 21140
G, —2134356 —73319 —2207675 33547 —5407 28140
1s, —2086112 —83637 —2169750 81791 —15726 66065

is proportional 122, the second-order matrix elemefi®) is ~ Hamiltonian as discussed in R¢L5]. The first-order expan-

proportional 123, and the second-order Breit matrix elementsion coefficientC}(vw) is the A th eigenvector of the first-

B is proportional 1Z (see Ref[18]). TheseZ dependen-  order effective Hamiltonian, anB} is the corresponding ei-

cies apply to second-order matrix eleme@$’ and B)  genvalue. In the present calculation, both Coulomb and Breit

calculated in length form only. interactions are included in the first-order effective Hamil-
The contribution of the second-order matrix elemefffd  tonian. The coupled transition amplitude between ke

and B is much larger inV form as can be seen by com- initial eigenstate, which has angular momentdpand the

paring the upper and lower panels in Fig. 3. The difference$th final state, which has angular momentdfmis given by
betweenL andV forms shown in Fig. 3 are compensated by

“derivative” terms P(®"), |t should be noted, tha(@™) in
V form almost equalZ™ in V form; whereasP(®™ in L
form is about two times larger tha#f®) in L form. The cusp
in the L-form matrix elemen®Z(® in the lower panel of Fig.
3 (absolute values are shown in the figuiecaused by can-
cellation of random-phase approximatiRPA) Z(RPA) and
correlationZ(¢°™ diagrams, each of which is a smooth func- | this equation
tion of nuclear chargé&. '
Physical two-particle states are linear combinations of un-
coupled two-particle states)) in a model space having
fixed values of angular momentum and parity; consequently,
the transition amplitudes between physical states are linear
combinations of the uncoupled transition matrix elements
such as those shown in Fig. 3. The expansion coefficients

T[I-F]=>, > Clow)Cl(v'w")

VW !
XATA+ 2 pw(d)—v'w' (J3")]

+T(derv)[UW(J)_v/W/(Jr)]}_ (21)

TE2Ipw(d) —v'w' (3]
=[ew— €rw 1ZE Dow(I)—v' W' (3")]
+B@[ow(d)—v'w'(I)]],

. . . . . 10
and energies are obtained by diagonalizing the effective o' 7\\\ 30,30, (0)-30,,30,,(2) .
0 N -
AN velocity form  —— 2%
- 107"
! - -2
g = 10 ~—— N
vg qE_) 10_3 T T
~ i Tt
[ 2 0
5 Z
2 3 10
o S,
g § 10
c

- 5 107
c
8 -4
® 10
n

-10 107

20 40 60 80 100 120
Nuclear charge Z Nuclear charge Z
FIG. 2. Z-dependence of the second-order energy for thé 3 FIG. 3. Uncoupled matrix element for d3,3ds,(0)

energy levels. —3ds,3ds5(2) calculated in length and velocity forms.
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TV yw(d)—v'w' (J")] TABLE Ill. Breakdown of theE2 coupled reduced matrix ele-
ment in length () and velocity ¥) forms for the
=[E'1—Ef—evw+ ev,WI]P(de”’)[vW(J)—v’W’(J’)], 3d3,3ds5(3)-3d5,3ds(1)  transition in  M3?". Notation:
-|-(1+2):(Z(1+2)Jr B)&yw—€prw ], T(derv)— P(derv)[EI —Ef—¢
(22) VW v'w 1 1 VW
+e ]
where €,,,= €, + €, and Z(1*2)=z1)4 7(RPAL Z(com  yg. : _ :
ing these formulas and numerical results for uncoupled re- (@ Coulomb potential (b) Dirac-Fock potential
duced matrix elements, we transform from uncoupled re- L v L v
duced matrix elements to intermediate coupled reducegi+2) 0 —0.0259635 0 —0.0348475
matrix elements between physical states. TV 0,0519270 —0.0259635 —0.0709159 —0.0354578
A qualitative difference between tHe2 transitions stud- ¢ —0.0519270 —0.0519270 —0.0709159 —0.0703053

ied here and th&1l transitions studied previously in Refs.
[18,19 is thatE2 transitions can occur between states with
vw=yv'w’ while the correspondingl transitions are for-
bidden. In such cases

forms. We see that the first-order results and second-order
results are identical in the two forms to the six digits quoted.

TA+2w(d)—vw(d’)]=0, This is true independently for the Coulomb and Breit inter-
actions. We do not obtain precise agreement betvweand
TV yw(J)—ow(J')] V forms for the(nonloca) Dirac-Fock(DF) potential given

in the last two columns of the table; however, differences are
=[E}—EfIP™ vw(J)—vw(J")]. (2.9  expected in the DF case since gauge independence is assured
only for local potentials. For our example, the-V differ-
It was already mentioned that the valueR{f*™ in length  ence inT for the DF case is about 0.9%.
form is larger by a factor of 2 than the value Bf'*") in Let us now show that the transitions3°F ,-3d? °F ; and
velocity form. As a result, there are huge differences be3d? 'G,-3d? 3F, in Mo??" are gauge independent. For these
tween transition amplitudes calculated in length and velocityransitions, the final state =F3d? 3F ;=3d;,3ds,(3) is a
forms. These differences are compensated by the velocityingle-configuration state in any coupling scheme and only
form of the second-order diagrazi*®™ discussed in Appen-  the initial states are mixed. Using theSJ] designation for
dix B: coupled state$,=3d?°%F,, 1,=3d?'G,, and[jjJ] desig-
, nations for uncoupled statesd3,3ds, (4) and 3s,3ds),
ZEow(3) —vw(J")] (4), we can rewriteT[l,—F] (k distinguishes the two pos-
1 sible initial statepsin the following way:
= 5[E'l— EF P pw(J) —ow(3")], (2.9

where T[1—F1=C{ T D[ 3d3,3ds(4) — F]
P yw(J)—vw(J')] + T 3dg/3ds/(4) — F1}
I 1+2)r 242 _
J J 2 +CHTI2[3dE(4)—F]
=3I’ (—1)Jv+iw{z vv) —1)3[_ }
I (vo)t lo Jo w + T(deM3d2 (4) — F1}. (2.7)
(3 ¥ 2
+Z(ww)(—1)? { o ” (2.9 . _ . . .
Jw Jw o We list the individual contributions to this transition for

) » o Ca-like Mo in Table IV. Results are given for Coulomb and
A_s_ a resulti we qbtam an additional contribution to the tranpg potentials. It should be noted, that thels33ds,(4)
sition amplitude in velocity form: —3d3,3dg(3) transition is treated in the same way as the
142 _ , 3d3,3d55(3) — 3d33d5,(1) transition [see Egs.(2.3—
T 2Low(d) —ow(3")] (2.95)]. In order to avoid divergence in the numerical calcu-
=[E,—EFIP{ yw(J)—vw(J')]. (2.6 lations of 2 in Egs. (2.4), we setw=10"" instead of
zero. As can be seen from Table IV, we obtain complete
The above contribution completely compensates the differagreement between the results calculated i@and Vv forms
ence between transition amplitudes calculated in length anfibr the Coulomb potential and 1-4% disagreement between
velocity forms for vwJ)-vw(J') transitions. Let us confirm L andV results in the DF potential. In a Coulomb potential,
this conclusion for the transitiond3,,3ds;, (3)-3d33ds,  even the first-order matrix elements are identical in the two
(1). In this example, both initial and final states are single-forms for uncoupled matrix elements.
configuration states in any coupling scheme. In Table Ill, we In Fig. 4, we plot the relative difference between line
present a breakdown of the contributions for this transition instrengths calculated in length forng() and velocity form
Ca-like molybdenum. In the first two columns, we compare(S,)) starting from the DF potential. Thedependence of the
results obtained with docal) Coulomb potential ir. andV  ratios (S, —Sy)/S, are shown for transitions betweerd®
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TABLE IV. Contributions to theE2 coupled reduced matrix
elements in length and velocityV forms for the 31 °F ,-3d? °F,
and 32 1G,-3d?3F; transitions in M8?". Coulomb potential:
E\'~ EF=0.016 854 059, E|>-EF = 0.49 634 965, Dirac-Fock po-
tential: E}-Ef=0.109942 927,E-EF=0.393 706 546, coupled
initial states:l;=3d?3F,, |,=3d?'G,, uncoupled initial states:
(1) dydsd 4], (2) d3,f4], final state: 8% °F 3=d,ds/] 3].

L L \Y \Y
Coulomb potential
TA+2)(1) 0 0.0105128—0.0003958  0.0020645
T (1)  0.0002652 —0.0174613  0.0001326-0.0087303
ch —0.4716450 —0.8817885 —0.4716450 —0.8817885
T2y 0 0.0105128—0.0003958  0.0020645
T@M(2)  0.0078087 —0.0008177  0.0039043-0.0004088
c'2 —0.8817885  0.4716450-0.8817885 0.4716450
T(I-F) 0.0060020 —0.0231293  0.0060020-0.0231293
Dirac-Fock potential

TA2(1) 0 0.0056585 —0.0003759  0.0053814
T (1)  0.0034686 —0.0044301  0.0017445-0.0022199
ch —0.6437434 —0.7652415 —0.6437434 —0.7652415
T2 0 0.0056585—0.0003759  0.0053814
TV (2)  0.0124210 0.0149155 0.0062469
c' —0.7652415  0.6437434-0.7652415 0.6437434
T(I-F) —0.0031729 0.0037393-0.0033003 0.0037829

levels: 3F,-3P,, 3F,-3P;, and °F;-3P;. As can be seen
from the figure, the ratios change slowly withand are in
the range 1-10%.

D. Magnetic dipole transitions

We evaluateM 1 amplitudes and line strengths for mag- X )
Sresults for fine-structure intervals of th¥ term are com-

netic dipole transitions in Ca-like ions with nuclear charge
Z=125, 30, 40, 60, 80, and 100. We find tHa® forbidden
transitions withAS=1 and AL=2 become allowed irjj
coupling. The 3F,-3P, transition has the smallest line
strength among the transitions considered; ttésforbidden
transition remains forbidden in th¢ coupling scheme.

(S,-S\)/S, (%)

60 80 100

Nuclear charge Z

0
20 40

FIG. 4. Z-dependence of the ratiG(—S,)/S,_ in % for transi-
tions between &2 levels.
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Negative-energy corrections M 1-amplitudes have been
recently studied for Be-like ions in Ref20]. The leading
term for transitions inside thed3 configuration is of order 1
and arises from the nonrelativistic allowed lowest-order tran-
sition. The relative contribution of negative-energy states to
the uncoupled magnetic dipole amplitude scalesadg.
Consequently, negative energies states contribute less than
1% for transitions between levels ofd3 states. Negative-
energy contributions are more important for transitions be-
tween different configurations withn=1 [20].

Ill. RESULTS AND COMPARISONS

We calculated energies of the ninel;3d;.(J) excited
states for Ca-like ions with nuclear charges ranging fiom
=22-100. Reduced matrix elements, transition amplitudes,
and transition rates are also determined for all 25 allowed
and forbidden electric quadrupole and 14 allowed and for-
bidden magnetic dipole transitions for each ion.

A. Energy levels

In Table V we present energies (cf) of states in thel?
multiplet relative to the®F, ground state. Comparisons of

0.0074742n g0 energies with other theoretical and experimental data

are too voluminous to include here but are available as
supplementary data in Rg24]. In Table | of Ref.[24], the
energies of C¥", F€*, and NP* are compared with theo-
retical values from Refl11]; the MBPT values are found to
agree much better with experimental data. In Table Il of Ref.
[24], the MBPT results for 82 excitation energies are com-
pared to recommended data from Ré¢fs-3|, experimental
measurements froff25], and predicted results reported by
Wyart et al. [10]. Agreement to about 0.01-1% is obtained
for most cases. In Table Il of Ref24], the present MBPT

pared with recommended data from Rdf$] and[2] and
found to be in good agreement. It should be mentioned that
there are some measurements of fine-structure intervals of
the 3F term in Refs[4] and[26]. It was proposed by Wyart

et al. [10], that the line 3319.8 A measured by Suckewer
et al.in Ref.[26] should be identified with théP,-3P, line

in Mo?2*. Our result for this line is 3357 A.

B. M1 and E2 transition rates

Z dependence ofE2 and M1 transition rates for
3d?LSJ3d%L’S'J’ lines in Ca-like ions is shown in Figs.
5-8. In Figs. 5 and 6, we present tB2 andM 1 transition
rates for 312 3P and &2 3F multiplets. It should be noted
that the energy differenceSE for the 3P,-3P;, 3P;-3P,,
and °F;-3F, transitions are proportional ta®Z*, but AE
for the °F,-°F; transition is proportionaZ even for highZ
ions. All transitions shown in Figs. 5 and 6 dt& allowed
transitions. The line strengths f&2 transitions are propor-
tional Z~*, whereas line strengths fdvi1 transitions are
almost independent of. Taking into account th& depen-
dence of the line strengths and the relatiéi€=SAE® and
AM1sSAES, we obtain the followingZ dependence foA
values;
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TABLE V. MBPT energies (cm?) of 3d? levels relative to®F, ground state.

z °Fs *F4 'D, *Py Py P, 'G, 'S
22 192 439 7473 9771 9840 9961 13021 29715
23 328 746 10184 12609 12727 12 945 17 230 40271
24 510 1151 12 569 15160 15344 15701 21020 49442
25 745 1671 14 833 17578 17 850 18 402 24619 57936
26 1044 2325 17 054 19936 20324 21140 28140 66 065
27 1419 3136 19275 22275 22811 23976 31650 74000
28 1882 4125 21523 24621 25344 26 963 35198 81851
29 2447 5318 23820 26992 27952 30144 38822 89 697
30 3130 6739 26186 29402 30657 33562 42 556 97 601
31 3947 8416 28641 31863 33482 37 258 46 435 105620
32 4916 10378 31205 34 384 36 450 41275 50490 113804
33 6056 12 653 33902 36972 39584 45 654 54755 122 203
34 7390 15271 36 754 39634 42907 50440 59 266 130867
35 8939 18264 39787 42 376 46 444 55679 64 060 139 847
36 10725 21662 43027 45200 50220 61417 69177 149 195
37 12776 25495 46 502 48110 54262 67 704 74661 158 966
38 15115 29794 50240 51105 58595 74591 80559 169216
39 17770 34586 54272 54187 63249 82130 86 922 180006
40 20769 393898 58 628 57 353 68 253 90 377 93806 191 398
41 24142 45754 63 340 60601 73635 99 387 101272 203 456
42 27917 52175 68 440 63927 79 427 109 219 109 385 216 247
43 32125 59180 73962 67 327 85660 119931 118216 229839
44 36 797 66 784 79940 70795 92 365 131587 127 845 244 303
45 41967 74998 86 407 74 326 99576 144 247 138351 259713
46 47 666 83833 93398 77914 107 326 157978 149823 276 141
47 53928 93298 100950 81553 115649 172 845 162 352 293663
- 10"t
| R s 103 i S e ka-’
o—o 8 _ 3, o~ -—ae 3 _ 3,
&=—a QE:— SE I\"?,-' o' | ——a a:zz_ sllzj J
i oo st_ SFA 1 $
§ 107°
e
= 10°
S
g 102
Sq0°
107° : :
20 40 60 80 100 20 40 60 80 100
Nuclear charge Z Nuclear charge Z

FIG. 5. Transition probabilities fofP;— 3P, and 3F;— °F,
electric quadrupole lines as functions &f

FIG. 6. Transition probabilities fofP;— 3P, and °F;— 3F,,

magnetic dipole lines as functions @f
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ey
o

_4

[y
(=]

20 40 60 80
Nuclear charge Z

100

FIG. 7. Transition probabilities foL. S allowed and forbidden
electric quadrupole lines as functions &f

AE2(3p,—3p ) «c716  AE2(3F,— 3F,)xZ16,
AR (PFg— *Fp)=Z,

AMl(spJ_ 3PJ,)OCZlZ, AM1(3F2_ 3F3)0<212,

AMI3F 3= 3F )= Z8,

As can be seen from Figs. 5 and 6, valueé\bf are smaller

than values oAM? by three to four orders of magnitude. The

PHYSICAL REVIEW A63 032518

-

o
[

.

M1 transition probabilities (s™)
>

10°
107
107
10°°
20 40 60 80 100
Nuclear charge Z

FIG. 8. Transition probabilities for magnetic dipole lines as
functions ofZ.

dependence oAM?! is Z!8 As can be seen from Fig. 8, the
value of AM! for the 3F,-3P; transition changes by 15 or-
ders of magnitude fronZ=22 to Z=100. The transitions
between®F and 3P terms areL S allowed in the case of

electric quadrupole transitions. These transitions are shown

in the lower panel of Fig. 7. Tha®? value of the®F,-3P,
transition changes by three orders of magnitude fréam
=22 toZ=100.

In Table VI, we present line strengtlfs for magnetic

E2 and M1 rates for transitions between different termsdipole lines in Ca-like ions with nuclear chargés- 25, 30,

(LS-L'S') are presented in Figs. 7 and 8. There ard_i%0

40, 60, 80, and 100. Although theSevalues are obtained in

allowedM1 transitions except transitions inside of a multip- the intermediate coupling scheme, bdtB and jj designa-

let. The M1 transitions shown in Fig. 8 areS forbidden
transitions:AL=2 (lower panel andAS=1 (upper panel
EigenvectorsC} or C| [Eq. (2.1)] are <a?Z® in this case.
Taking into account thakE for these transitions areZ, we
obtain AMoc 7% With increasingz, AE is ««?Z* and theZ

tions are given in the table. As can be sek8, forbidden
transitions withAS=1 andAL =2 with very smallS values
for Z=25 and 30 become allowed ifj coupling. The
3F,-3P, transition has the smalleStvalue among the tran-
sitions shown in Table VI. Thi& S forbidden transition re-

TABLE VI. Line strengthsSfor M1 transitions.

[LS] z=25 Z=30 Z=40 Z=60 Z=80 Z=100 [iil
°p, is, 7.3 —4] 6.14 — 3] 6.74—2] 4.21-1] 6.31—1] 7.09-1] 3d*3d(1) 3d3d(0)
P, °p, 2.040] 1.990] 1.930] 1.5q0] 1.340] 1.240] 3d*3d*(0) 3d*3d(1)
F, 5p, 1.24-6] 8.0 —5] 4.5 -3] 5.27-2] 8.79-2] 1.07—1] 3d*3d*(2) 3d*3d(1)
D, 3p, 5.93 -2] 3.27-1] 8.79-1] 1.190] 1.240] 1.240] 3d*3d(2) 3d*3d(1)
3P, 3p, 2.440] 2.170] 1.670] 1.250] 1.150] 1.170] 3d*3d(1) 3d3d(2)
%F, D, 3.41-3] 2.47-2] 2.00—-1] 8.6 —1] 1.170] 1.260] 3d*3d*(2) 3d*3d(2)
°F, 3p, 3.04-5] 1.0 - 3] 8.57—3] 3.5 —3] 6.6 —4] 1.59 —4] 3d*3d*(2) 3d3d(2)
p, 3p, 1.74-1] 8.59 —1] 1.810] 2.290] 2.370] 2.370] 3d*3d(2) 3d3d(2)
3F, D, 6.84 —3] 459 -2] 3.0 —1] 1.1q0] 1.440] 1.670] 3d*3d(3) 3d*3d(2)
SF, °p, 1.17 - 4] 4.40-3] 7.41-2] 2.97-1] 3.94 1] 4.30—1] 3d*3d(3) 3d3d(2)
°F, SF, 6.640] 6.610] 6.270] 5.290] 4.790] 4.510] 3d*3d*(2) 3d*3d(3)
SF, °F, 6.740] 6.790] 6.5700] 3.190] 1.870] 1.540] 3d*3d(3) 3d*3d(4)
3k, G, 1.3 - 3] 1.27-2] 2.29-1] 3.570] 4.8(0] 5.030] 3d*3d(3) 3d3d(4)
3k, G, 2.3 —3] 2.1 -2] 3.79-1] 2.790] 2.270] 1.940] 3d*3d(4) 3d3d(4)
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TABLE VII. Lifetimes in seconds of 82 levels in Ca-like ions.

z s *, D, *Py P, 3P, ', 'S,

26 3.42+1] 2.3+1] 2.510+0] 1.14+1] 8.76+0] 5.07+0] 2.84+0] 4.34 2]
28 5.84+0] 4.39+0] 5.97—1] 7.46+0] 4.34+0] 1.27+0] 6.47—1] 2.30—2]
32 3.37-1] 3.09-1] 6.97—2] 3.79+0] 9.17—1] 8.87—2] 6.57—2] 5.29 — 3]
36 3.26—-2] 3.83-2] 1.34 2] 2.00+0] 1.53 —1] 1.0 —2] 1.07—2] 1.14 3]
42 1.93-3] 3.6 -3] 1.6 — 3] 8.20—1] 9.2q — 3] 7.93-4] 1.09 — 3] 1.59 —4]
47 2.87—4] 9.5 —4] 3.57—4] 4.27-1] 1.0 — 3] 1.3 —4] 1.99 —4] 3.7G - 5]
54 2.99-5] 3.33-4] 4.9 -5] 2.07-1] 8.54 —5] 1.7 —5] 2.13-5] 6.69 — 6]
62 3.61-6] 1.94 —4] 6.90 — 6] 1.17—1] 8.14 — 6] 2.37-6] 2.6 —6] 1.21—6]
74 2.71-7] 1.13—4] 5.63—7] 5.99 — 2] 5.04 —7] 1.94-7] 2.09 7] 1.29-7]
83 5.37-8] 6.9 —5] 1.14-7] 4.2q 2] 9.13 - 8] 3.94 - 8] 4.10 - 8] 2.99 8]
92 1.26—8] 2.99 5] 2.79-8] 3.19-2] 2.06 — 8] 9.5 —9] 9.83-9] 7.73-9]

mains forbidden also in thg coupling scheme. The second- — 'D,). Contributions ofE2 channels are very small for all
order contribution alone is responsible for the nonz&ro Z. The electric quadrupole transition is important for the life-
value of the 3l3,3d3, (2)-3ds,,3ds), (2) transition. time of the 312 'S, level. As can be seen from Fig. 9, the
In Table IV of the supplementary data @], MBPT  contribution ofAF?(*D,— 1S;) is dominant for smalZ. For
results forE2 andM 1 transitions probabilities betweer3 smallz, AE2(3|:2'3_ 3p,) give the main contributions in the
levels are compared with results recently presented by Bififetime of the 32 3P, level. Only AF2(3F,— 3P,) contrib-

emont et al. [11]. Differences range from 1% to 70% and e into the lifetime of the & 3p, level. Magnetic dipole
decrease ag increases. transitions give dominant contribution in the lifetime of the

3d?3F,,, 'G,, and 3P, levels.
C. Lifetimes in Ca-like ions

In Table VII, a subset of our MPBT data is presented for V. CONCLUSION
the nine 212 levels of Ca-like ions. The difference in the
lifetimes of the individual multiplet levels increases wheén
increases.

Contributions of different channels to the lifetimes of the

In summary, we present a systematic second-order rela-
tivistic MBPT study of energies, reduced matrix elements,
line strengths, and transition rates for allowed and forbidden
3d21D,, and 32 1S, levels are shown in Fig. 9. The curves electric quadrupole and magnetic dipole transitions within
represent the ratios of individual transition probabilities  he 3d° multiplet for Ca-like ions with nuclear charges rang-

to the sum of all transition probabilities,A, for the level  ing from Z=22to 100. The retarded dipole matrix elements
considered. It is seen from Fig. 9, that the largest contribuinclude correlation corrections from Coulomb and Breit in-

tion to the lifetime of the 82D, level is from AMY(3F, , teractions. Contributions from negative-energy states were
also included in the second-order matrix elements. Both

1.0 length and velocity forms of the electric quadrupole matrix
0.8 1 elements were evaluated, and small differences, caused by
' the nonlocality of the starting DF potential, were found be-
0.6 1 tween the two forms. Second-order MBPT transition ener-
0.4 i gies were used to evaluate transition rates.
o 02 1
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Z§ v 1wy () —v,wa(31)]
=VIT2 X S%0aws ow) S (vaw,0' W)
ow
X(_1)2+jw+ju’|jJ ?], j2

o Jw v

} Zz(U /W) 5UW’ y
(A1)

where[J]=2J+1. The quantityS’(v,w; ,ow) is a symme-
try coefficient defined by

Sy (v,wy,0W)
= Dy By o Bt (— DIt s, 6T,
(A2)
where #,,, iS @ normalization factor given by

1
Tow™= | 12 forw=v.

forw#v

The electric quadrupole matrix elemens(vw), which

includes retardation, is given in velocity and length forms by

Johnsoret al. [27] where length form

157> [
Zz(vW)=<KU||Cz||KW>Ef0 df(lz(kr)[Gv(r)Gw(r)

K, —

+Fv<r>FW<r>]+js<kr>[ =[G, (NF (1)

+ Fu(r)Gw(r)]+[Gv(r)Fw(r)_Fv(r)Gw(r)]})a
(A3)

where velocity form

15 (= jo(Kkr)
ZZ(UW):<KU||C2||KW>PJO dry2 kr

[G,(r)Fw(r)

w

Ky, — K ) 3.
—F(NGu()] -~ [_J3(kr)+ﬁjz(kf)}

><[Gv(r)FW(r)+Fv(r)GW(r)]]- (A4)

Second-order contributions t&1 reduced matrix ele-
ments are written out in Ref18]. It is only necessary to

replace the quantitieg,,, in Ref.[18] by Z,(uw) Egs.(A3)

and(A4), to obtain the corresponding second-order contribu-
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Z(derv)[vW(J)_v /WI(JI)]
= a (ER—ES, )P uw(d) —u'w' (3')],
(AS5)

1
whereE(%),

by Egs.(2.8)—(2.10 of Ref.[15]. The quantityP(®") intro-
duced above is given by

P 13w, (J) — v Wo(J')]

=\ 1Y 2 S(vwy,ow)S (vw,,0'W')

oW !
!

o d 1
X(_1)1+]W+JU/ ) ) Z(Zderv)(vrw) 5vw’ ,

Jur jW Ju

(A6)

where length form
15 (=
200 0w) = (ol k) 5 [ “artziatkn —njsteny
X[Go (1) Gu(1) + Fo(1)Fu(1)]

15 (= . i
+<KU||C2|KW>FJO dr[(kr)ja(kr)—4js(kr)]

Ky~ Ky
X[ 3 [Gu(DFW(N) +F,(NGw(r)]

+[Gu(f)FW(r)—Fu(f)Gw(f)]), (A7)

where velocity form

15 (= jo(kr
zg"e”><vw>=<xvllcz||f<w>—Zf dr”—213<kr>+212(k )}
ksJo r

X[Gv(r)FW(r)_ Fv(r)Gw(r)]
— Ky

3

Ky

3
—(kr)ja(kr)+ja(kr)+ sz(kr)}

><[Gv(r)FW(r)+Fv(r)GW(r)]]- (A8)

APPENDIX B: VELOCITY FORM OF THE E2 MATRIX
ELEMENT

The second-order correlation contribution 2 matrix

tions to E2 reduced matrix elements. The reduced matrixelementZ(¢°™ for transition between two statesv(J) and

element for the derivative term is given by

v'w’(J") is[19]

032518-9
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U. I. SAFRONOVA, W. R. JOHNSON, D. KATO, AND S. OHTANI PHYSICAL REVIEW /&3 032518

Z(Corr)[vlwl(J)_UZWZ(J/)]: ‘]][‘],]2 2 SJ(vlwl,UW)SJ’(vzwz,U’W/)Ek (—1)2+k

ARV
.S zz<iv>xk(v'w'wi>{_J y 'ZH'ji Tu J’](_l)J+,-W+J-W,
T | eten—ey—ew Ui Jo dwliv Jw K
Z(v' DX (iw'ow) [37 3 L) [§i Jw I o
2 DXwW )|. o }|’ b ](—wvﬂv'. (B1)
etey—e,—€y i o dw)liw Jv K

In the above equations, the indexlenotes an arbitrary core The nonrelativistic limit for the velocity form of electric
or excited state. In the sum occurring in the first term of Eq.quadrupole matrix elemer,(vw) is

(B1), statesi for which (iw) is in the model space of final

states {'w') are excluded, while in the second term, states B

for which (iw") is in the model space of initial statesw) Z0 (vw) = MZ(UW);

are excluded. We us¥,(abcd) to denote a two-particle w

(CoulombtBreit) interaction:

_ F 2
Xy(abcd) = (al|Cl|c) (bl [Clld)Ry(abed) . (B2) Zlow) <“””C2”"W>Jod”P“(”PW(”‘ (B6)

The quantitiesCy are normalized spherical harmonics and ) ) . o) )
Rq(abcd) are Slater integrals. To include correlation correc-It is evident, that using this expression @1°°™, we obtain

tions from the Breit interaction, the Coulomb matrix elementin the nonrelativistic limit the following expression for this
X (abcd) must be modified according to the rule: diagram in velocity form

X (abcd)— X, (abcd)+ M (abcd)+ Ny (abcd). 83) ZCM pw(J) —ow(J')]

ic radial i i 1 o

The magnetic radial integraM, andN, are defined by Egs. = D T = 1)t

(A4) and (A5) in Ref.[28]. SVII(-1)
In the case whem,w,=uv,w,, we obtain

J J 2
Z(vv)(—l)J[j . ]

v Jo Jw

XYy (Wowo) =Y 5(owow) ]+ Z(ww)(— 1)
ZCmpw(d)—ovw(Jd’)]

J J 2
o Z.(i Xr. . .}[YJ,(vaW)—YJ(Wva)]}. (B7)
= V[J][J,](_1)1+Jv+lw 2 52( :)YJV(val) Jw Jw v
izv €7 €y
J J 2 Z,(vi) Using the definition for first-order energy correction, Eg.
S (—1)7"14+ > p— Y;(iwow) (2.10 [15], we obtain the final expression for the contribu-
i JoJw P S tion of the correlation diagram calculated in velocity form:
332 Zy(iw)
_ J+1 H
X ji jv JW}( 1) +I;N €— €y YJ’(UWUI) Z(CO“’)[UW(J)_UW(J/)]
J oy 2 , Zo(Wi 1 ,
x{o }<—1>J > 2 ) = = [E}~ELIPC™uw(3) —vw(3")], (B8)
Ji Jw Jo i#w €~ €y
J J 2 ,
X1, .. ](—1)J “}, (B4)  Where
loodw o
where PV yw(J)—ow(J")]
. ja jp J . L S J 2
Y (abcd) =D, (—1)ibtictk X (abcd){. (—1)° =V J(=1)2 ™ Z(vu) (1) .
3 Ja o k Jo Jo dw
Ja b J MR J 2
+X(abdo{ . . (B5) +Z(ww) (=17 ] (B9)
Je Jd K Jw Jw I
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