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Calculation of lifetimes of low-lying odd-parity levels of Sm

S. G. Porsev
Petersburg Nuclear Physics Institute, Gatchina 188350, Russia

~Received 25 February 1997!

Ab initio calculations ofE1 transition amplitudes from low-lying odd-parity levels9GJ (J50 – 4) and9FJ

(J51,2) levels to the even-parity states7FJ (J50 – 5), 9HJ (J51 – 5), and9DJ (J52,3) were performed
using the configuration-interaction method. Using the results obtained for theseE1 amplitudes, the oscillator
strengths and probabilities of the corresponding transitions were calculated. The estimates of the lifetimes of
the odd-parity states are also presented.@S1050-2947~97!06410-X#

PACS number~s!: 31.10.1z, 32.30.2r, 32.70.Cs, 32.70.Jz
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I. INTRODUCTION

In recent years the existence of parity nonconservatio
heavy atoms has become well established@1,2#. Effects due
to parity nonconservation can be substantially enhance
rare-earth atoms since these are heavy and have close e
levels of opposite parity. Both circumstances are known
lead to an enhancement of parity-nonconserving effects.
marium has a very dense spectrum of levels@3#. For this
reason it is not difficult to find pairs of levels of opposi
parity separated by a small energy interval that are con
nient for a parity-nonconservation search@4–8#.

It is clear that theoretical predictions of the magnitude
the effect are very important in choosing a particular syst
for an experiment. Among the parameters of importance
parity violation experiments are theE1 amplitudes of tran-
sitions between opposite-parity levels. Unfortunately,
cause of the complexity of the samarium spectrum, the se
empirical calculations ofE1 amplitudes carried out so fa
@9–11# agree poorly with experimental data@12–18#.

In this work we performab initio calculations ofE1 tran-
sition amplitudes from low-lying odd-parity levels9GJ ~total
angular momentJ50 – 4! and 9FJ (J51,2) levels to the
states 7FJ (J50 – 5), 9HJ (J51 – 5), and 9DJ (J52,3)
using the configuration-interaction~CI! method. Using the
results obtained for theseE1 amplitudes, we calculate th
oscillator strengths and probabilities of the correspond
transitions. The estimates of the lifetimes of the odd-pa
states are also presented.

II. METHOD OF CALCULATION

Samarium has nuclear chargeZ562. There are severa
isotopes of Sm with mass numbersA5144– 154 and among
them there are two odd neutron number isotopes~A5147
and 149! with nuclear spinI 57/2. The principal configura-
tion of the ground-state term (7FJ) is 4f 66s2. The other
levels considered in this work are even-parity levels9HJ and
9DJ (4 f 65d6s) and the lowest odd-parity levels9GJ and
9FJ (4 f 66s6p) ~see Fig. 1!.

For the calculation we used the widely known CI metho
Alternatively, we can use the multiconfiguration Hartre
Fock method~see the correspondingGRASP code described
elsewhere@19#!.

In the first stage of the calculation we constructed o
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electron wave functions using a Hartree-Fock-Dirac~HFD!
code written by Brattsev, Deineka, and Tupitsyn@20# with
subsequent modification by Tupitsyn~in particular, the finite
nuclear size was accounted for!. One-electron wave func
tions were constructed in the following way. The HFD equ
tions were solved self-consistently for 1s2,...,4f 6, 6s2 elec-
trons. The orbitals obtained were frozen and the 5d orbital
was found from the HFD equation for the configuratio
4 f 66s5d. Further, the 6p shell was added. The electro
from the 5d shell was moved to the 6p shell, all orbitals
were frozen again, and the 6p orbital was found from the
HFD equation for the configuration 4f 66s6p. In this way,
HFD orbitals 1s,...,6s, 5d, and 6p were obtained. The vir-
tual orbitalsnl andn8l 8 ~wheren57,8, l 5s,p, andn856,
l 85d! were constructed fromn21 l andn821 l 8 orbitals,
correspondingly, by multiplication of the latter byr and sub-
sequent orthogonalization with all other orbitals. In this w
6d, 7s, and 7p orbitals were constructed from the HFD 5d,
6s, and 6p orbitals, correspondingly. After that 8s and 8p
orbitals were constructed from 7s and 7p orbitals in an
analogous fashion. This method of construction of virtu
orbitals has been applied previously to calculations in Bi a
Yb @21,22#. ~A detailed description of this approach is give
in @21#.! In this way, the basis set consisting of HFD an
virtual orbitals was formed.

In the next step, the CI was included. In this stage
electrons were divided into two groups: the core electro

FIG. 1. Scheme of the low-lying odd-parity and even-parity le
els.
3535 © 1997 The American Physical Society



3536 56S. G. PORSEV
TABLE I. Energies andg factors of the low-lying levels in Sm~one-configuration approximation and including the CI!. The multiplet
splittings are indicated in parentheses.

Level

E (cm21)
One-configuration

calculation

E (cm21)
CI

calculation
E (cm21)
Expt. @3#

g factor
One-configuration

calculation

g factor
CI

calculation
g factor
Expt. @3#

7F0 0 0 0
7F1 285 285 293 1.498 99 1.498 98 1.498 39
7F2 811 810 812 1.498 59 1.498 59 1.497 79
7F3 1524 1523 1490 1.498 23 1.498 22 1.497 07
7F4 2377 2376 2273 1.497 60 1.497 60 1.496 25
7F5 3332 3331 3125 1.496 93 1.496 92 1.495 32
7F6 4361 4361 4021 1.496 15 1.496 14 1.494 17

9H1 7650 12 737 10 801 20.977 20.979 20.98
9H2 7877 ~227! 12 693 ~226! 11 045 ~224! 0.676 0.673 0.67
9H3 8215 ~565! 13 300 ~563! 11 406 ~605! 1.089 1.086 1.08
9H4 8658 ~1008! 13 744 ~1007! 11 877 ~1076! 1.254 1.251 1.25
9H5 9200 ~1550! 14 288 ~1551! 12 445 ~1644! 1.336 1.334 1.33
9D2 9343 14 589 12 313 2.602 2.605 2.56
9D3 9676 14 970 12 847 2.048 2.053 2.05

9G0 7236 11 339 13 796
9G1 7437 ~201! 11 533 ~194! 13 999 ~203! 1.501 1.501 1.50
9G2 7820 ~584! 11 906 ~567! 14 380 ~584! 1.502 1.502 1.50
9G3 8363 ~1127! 12 442 ~1103! 14 916 ~1120! 1.501 1.501 1.49
9F1 8393 12 674 14 864 3.225 3.164 3.10
9F2 8500 12 551 15 040 2.505 2.542 2.365
9G4 9047 ~1811! 13 120 ~1781! 15 579 ~1783! 1.500 1.500 1.500

TABLE II. Reduced matrix elementsu^7FJir i9LJ8&u/a0 (L8[G,F), a0 is Bohr’s radius. Upper numbers,
4 f 6(6s6p15d6p)→4 f 6(6s216p2); medium numbers, 4f 6(6s6p15d6p)→4 f 66s2; lower numbers,
4 f 66s6p→4 f 66s2.

F\L8 9G0
9G1

9G2
9G3

9G4
9F1

9F2

0.168 0.270
7F0 0.233 0.355

0.131 0.197

0.095 0.004 0.277 0.302 0.182
7F1 0.135 0.007 0.381 0.398 0.244

0.082 0.011 0.211 0.243 0.149

0.091 0.009 0.360 0.151 0.225
7F2 0.131 0.015 0.494 0.197 0.303

0.083 0.025 0.268 0.133 0.198

0.068 0.008 0.417 0.116
7F3 0.100 0.016 0.572 0.155

0.065 0.030 0.306 0.113

0.044 0.005
7F4 0.068 0.013

0.045 0.030

0.025
7F5 0.040

0.026
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TABLE III. Reduced matrix elementsu^9LJir i9LJ8&u/a0 ~L[H,D; L8[G,F!. Upper numbers, transition
4 f 6(6s6p15d6p)→4 f 6(5d6s16d6s); medium numbers, transition 4f 6(6s6p15d6p)→4 f 65d6s; lower
numbers, transition 4f 66s6p→4 f 65d6s.

L\L8 9G0
9G1

9G2
9G3

9G4
9F1

9F2

1.931 2.041 0.874 0.038 0.042
9H1 2.394 2.530 1.084 0.052 0.054

2.953 3.121 1.340 0.084 0.062

2.646 2.529 1.016 0.055 0.123
9H2 3.285 3.136 1.260 0.080 0.161

4.063 3.878 1.565 0.129 0.185

3.357 2.806 0.993 0.163
9H3 4.174 3.481 1.236 0.213

5.181 4.313 1.543 0.243

4.053 2.918
9H4 5.047 3.626

6.284 4.501

4.735
9H5 5.906

7.370

0.224 0.369 0.166 1.887 2.664
9D2 0.269 0.466 0.187 2.230 3.143

0.354 0.625 0.278 2.818 3.887

0.220 0.507 0.197 2.475
9D3 0.250 0.657 0.221 2.867

0.390 0.896 0.381 3.449
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and the valence electrons. We define the core
@1s2,...,5s2,5p6#, leaving eight electrons in the valenc
field. Several additional configurations were added to
principal configurations of all three terms. For the groun
state term (7FJ), as well as for the low-lying odd-parity
levels ~see below!, the configurations obtained by~i! one-
and two-electron excitations of 6s and 6p electrons to 5d,
6p, 7s, and 7p shells;~ii ! one-electron excitations of 6s and
6p electrons to 6d, 8s, and 8p shells; and~iii ! excitation of
the f electron to 5d and 6p shells were taken into accoun
Thus the following configurations were included for the7FJ
term:

4 f 6~6s216s5d16s7s16s6d16s8s15d216p217s2

17p216p7p15d7s)14 f 5~6s26p16s5d6p!.

It proved to be very important to take into account the co
figuration 4f 66p2. The admixture of the latter to the princ
pal configuration 4f 66s2 is found to be at the level of 7% in
probability. This is important from the point of view of th
location of energy levels of the ground-state term with
spect to those of the other terms. Comparing columns 2
3 in Table I, we see that the7FJ term proved to be
4000 cm21 deeper in energy when the CI was included th
in the single-configuration case. Mostly this was due to
admixture of the 4f 66p2 configuration. In addition, there is
strong one-electron transition (6p→6s) from the 4f 66p2

configuration to the principal configuration 4f 66s6p of odd-
s

e
-

-

-
nd

n
e

parity levels. This admixture has a significant contribution
the magnitudes of the9G(9D)→7F E1 amplitudes~see
Table II!.

In contrast, accounting for thef -shell excitations~e.g.,
including configurations 4f 56s26p and 4f 56s5d6p! hardly
influences the results at all. In fact, it confirms the conclus
arrived at in@11# that due to the weak electrostatic intera
tion between the deep-lying 4f electrons and external 6s and
6p electrons, the open 4f 6 shell may be treated as the cor
the quantum state of which does not change during a tra
tion.

For the low-lying odd-parity levels of the9GJ term (J
50 – 4) and the9FJ (J51,2) levels the following configu-
rations were considered:

4 f 6~6s6p15d6p17s6p16d6p18s6p16s7p16s8p

17s7p15d7p)14 f 5~6s6p216s25d16s5d2!.

In this case one can note a rather large~of the order of 4%!
admixture of the 4f 65d6p configuration. Taking into ac-
count that there is one-electron transition 4f 65d6p
→4 f 65d6s, the essential contribution to the9G→9H(9D)
E1 transition amplitudes caused by this admixture appe
reasonable~see Table III!.

For the levels of another even multiplet9HJ (J51 – 5)
and levels9DJ (J52,3) the following configurations were
taken into account: one-electron excitations of 6s and 5d
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electrons to 5d, 6d, and 7s shells; excitations of 6s and 5d
electrons to the 6p shell; and excitation of thef electron to
6s and 6p shells:

4 f 6~5d6s16d6s15d7s15d6d15d216s7s16p2!

14 f 5~6s26p16s5d6p!.

Here we accounted for a smaller number of configurati
than in the two previous cases for the following reasons.~i!
Each added nonrelativistic configuration originates a la
number of determinants. For instance, we were obliged
omit the configuration 4f 55d26p that gives about 45 000
determinants.~ii ! The amplitudes9G→9H that give signifi-
cant contributions to lifetimes of low-lying odd-parity leve
are rather large (;1 a.u.). For this reason the account f
excitations to high-lying shells~such as 8s and 8p! is of less
importance for them than, e.g., for amplitudes9G→7F.

For the 9G→9H transitions, it was important to accoun
for the configuration 4f 66d6s. It gives 2% admixture to the
main configuration 4f 65d6s. In addition, there is a rathe
strong one-electronE1 transition from 6d to 6p. The con-
tribution to the9G→9H E1 transition amplitudes due to th
4 f 66d6s configuration is approximately 20%~see Table III!.

In Tables II and III we illustrate the importance of a
mixed configurations mentioned above~namely, 4f 66p2 to
4 f 66s2 for the 7F term, 4f 66d6s to 4f 65d6s for the 9H
term, and 4f 65d6p to 4f 66s6p for the 9G term! for calcu-
lations of E1 amplitudes 9LJ→7FJ (L5G,F) and
9LJ→9LJ8 (L85H,D). The results obtained for reduced m
trix elementsu^7FJir i9LJ8&u, defined according to

^J8M 8udquJM&5~21!J82M8S J8
2M 8

1
q

J
M D ^J8idiJ&,

are presented in Table II. The results for the following thr
cases are reflected:~i! The one-configuration approxima
tion, e.g., 4f 66s6p→4 f 66s2 ~lower numbers in each entry!;
~ii ! 4 f 6(6s6p15d6p)→4 f 66s2 ~middle numbers!; and~iii !
4 f 6(6s6p15d6p)→4 f 6(6s216p2) ~upper numbers!.

Analyzing results of Table II, we see that each add
configuration changes the reduced matrix elements at lea
a 25% level. But for the majority of transitions the corr
sponding contributions toE1 amplitudes from 4f 65d6p and
4 f 66p2 configurations have opposite sign and partially ca
cel each other. A curious observation is that the transiti
9GJ→7FJ8 , for which J1J8 is an even number, are exce
tions from this rule. For them the two contributions me
tioned add. Since the corresponding matrix elements
small (<0.03 a.u.), all of them change by several factors

In an analogous fashion, the reduced matrix eleme
u^9LJir i9LJ8&u ~L5G,F; L85H,D) are given in Table III
for the following cases: ~i! The one-configuration approxi
mation, e.g., 4f 66s6p→4 f 65d6s ~lower numbers in each
entry!; ~ii ! 4 f 6(6s6p15d6p)→4 f 65d6s ~middle numbers!;
and ~iii ! 4 f 6(6s6p15d6p)→4 f 6(5d6s16d6s) ~upper
numbers!. For these transitions~in contrast with the previous
case! contributions from both configurations added have
same sign, leading to a reduction of the correspondingE1
amplitudes at least at a 50% level.
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III. RESULTS AND DISCUSSION

The energy spectrum andg factors obtained for the low-
lying levels in the single-configuration approximation a
including the configuration interaction are presented in Ta
I. In Table I results are presented only for five low-lying9H
levels and for five low-lying9G levels. Other levels of these
multiplets were not calculated for the following reason. Du
ing the calculations we needed to find eigenvalues and eig
vectors of energy matrices of size up to 90 000 construc
in the space of determinants. Of course, these matrices
too large to be solved efficiently using standard methods
direct diagonalization. In addition, they are usually spa
~that is, they have many zero elements!. A rapidly conver-
gent method that allows one to find a few lower eigenvalu
and eigenvectors of such matrices was developed by Da
son in @23#. A detailed description of this method can b
found elsewhere@24#. Using Davidson’s procedure signifi
cantly modified and adopted for our purposes by Kozlov a
Mitrushchenkov, we could reliably calculate several lo
lying levels for each term.

Comparing calculated level energies with the experim
tal ones~see Table I!, we see that the multiplet splitting o
the ground term7F is reproduced with accuracy better tha
8%. Of course, such a coincidence between experimental
calculated energies is not as good as, e.g., in compar
with Ref. @25#, where the energies of the ground-state7F
term were reproduced with an accuracy of 0.1%. The auth
of @25# assumed that the ratios of the Slater integralsF4 /F2
andF6 /F2 ~see@26#! were those of a 4f hydrogenic eigen-
function. With this assumption it was possible to express
elements of the energy matrix in terms of the radial integ
F2 and spin-orbit coupling constantj, which were found
semiempirically. It is important to note that the 0.1% agre
ment was achieved without accounting for spin-spin, sp
other-orbit, and configuration interactions. Comparing c
umns 2 and 3 of Table I, we see that taking into account
configuration interaction did not change the multiplet sp
ting of the ground-state term. It agrees well with the resu
of Ref. @25#.

The multiplet splitting of the other even-parity term9HJ
is also reproduced at the 8% level, while the multiplet sp
ting of the odd-parity multiplet9GJ is reproduced even mor
accurately~better than 5%!. Even-parity levels9D2 and 9D3
as well as odd-parity levels9F1 and 9F2 were not repro-
duced as well. It is not surprising because, in accorda
with @3#, the main configuration 4f 65d6s contributes to9D2
and 9D3 at the 85% level~in probability! and, correspond-
ingly, admixture of other configurations is rather larg
Hence some configurations that are not important forE1
amplitudes~but are important for energies of levels! might
be neglected by us. A similar explanation holds for9F1 and
9F2 odd-parity levels, for which the main configuratio
4 f 66s6p contributes even less (<57%).

As it was noted in@25#, the attempt to use 4f hydrogenic
eigenfunction for calculations of Slater integrals for the hig
lying levels ~other than levels of the ground-state term! did
not allow the precision to be anywhere near that of
ground-state term. Thus, taking into account that our m
motivation here is to calculateE1 amplitudes, the accurac
achieved in this approach for level energies for all three m
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TABLE IV. Reduced matrix elementsu^7FJir i9LJ8&u/a0 and u^9LJir i9LJ8&u/a0 ~L[H,D; L8[G,F! ~in-
cluding the configuration interaction!.

L\L8 9G0
9G1

9G2
9G3

9G4
9F1

9F2

7F0 0.221 0.361
7F1 0.143 0.027 0.345 0.451 0.230
7F2 0.146 0.055 0.432 0.251 0.304
7F3 0.117 0.068 0.484 0.175
7F4 0.083 0.068
7F5 0.051

9H1 1.948 2.063 0.885 0.026 0.053
9H2 2.666 2.555 1.030 0.040 0.158
9H3 3.375 2.839 1.011 0.210
9H4 4.077 2.961
9H5 4.772
9D2 0.204 0.364 0.171 1.787 2.642
9D3 0.160 0.470 0.189 2.746
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tiplets can be considered adequate.
Comparing experimental and calculatedg values ~see

Table I!, we see that, excluding9F1 , 9F2 , and 9D2 levels,
they coincide up to the third decimal place. The genera
good agreement between experimental and calculatedg val-
ues seems natural for two reasons.~i! The g values can be
calculated in a simple manner.~For instance, one does no
need to calculate radial integrals.! ~ii ! The configuration in-
teraction weakly influencesg values. In fact,g values ob-
tained in the one-configuration approximation hardly dif
from the final values at all~compare columns 5 and 6 i
Table I!. Forg values of the ground-state term we display s
decimal places for the sake of a convenient comparison
for the discrepancy between experimental and calculateg
values for9F1 , 9F2 , and 9D2 levels, the reason is the sam
as for discrepancies of energies: Some important config
tions were not taken into account for these levels.

The calculated reducedE1 matrix elements of the
9LJ→9LJ8 ~L5G,F; L85H,D! and 9LJ→7FJ transitions
are presented in Tables II–IV. Note that in the calculatio
of E1 amplitudes both the length gauge and velocity ga
can be used. During these calculations only the former
used. This is because the expression for a matrix eleme
the E1 transition written in the velocity gauge includes t
difference of energies between levels under considerat
Thus, if an energy interval is calculated incorrectly, the c
responding matrix element also will be incorrect. As se
from Table I, the intervals between the ground-state te
(7F) and the two other terms~ 9H and 9G!, as well as those
between9H and 9G terms themselves, were not reproduc
well. For instance, the9G term was calculated to be lower i
energy than the9H term. For this reason, it was meaningle
to use the velocity gauge.

The values presented in Tables II–IV are easily und
stood starting fromLS coupling. E1 transitions9GJ→9HJ
and 9FJ→9DJ are allowed inLS coupling since the tota
spin S does not change anduDLu51 ~L is the total orbital
angular momentum!. Therefore, the correspondingE1 am-
plitudes are of the order of 1 a.u., as expected. As for
9GJ→7FJ , 9GJ→9DJ , 9FJ→7FJ , and 9FJ→9HJ transi-
tions, they should be suppressed inLS coupling because on
y

r

s

a-

s
e
s
of

n.
-
n

r-

e

of the selection rules~uDLu<1 or DS50! is not fulfilled for
them. Although the samarium spectrum generally canno
satisfactorily described inLS coupling ~as illustrated by the
poor agreement of oscillator strengths calculated in@11,12#
with the experimental data@12,14#!, the selection rules forL
andS ~uDLu51, DS50! work rather well for the terms con
sidered here.

From the analysis of the results given in Tables II–IV,
is seen that the magnitudes ofE1 amplitudes are strongly
influenced by the configuration interaction. The amplitud
calculated including the CI differ by 30–60 % compared
those obtained in the one-configuration approximation. T
differences are even more significant for small amplitud
~by small ones we mean the amplitudes of the order
1022 a.u.!. For the transitions9GJ→9HJ this is mostly
caused by the admixture of 4f 65d6p to 4f 66s6p for the 9G
term and by the admixture of 4f 66d6s to 4f 65d6s for the
9H term. To some extent, this explains why the results
tained by semiempirical methods~which do not take into
account the configuration interaction! agree poorly with ex-
perimental data.

Let us now discuss the accuracy of the results presente
Table IV. Unfortunately, the accuracy is not high, especia
for the small amplitudes. In practice, in the calculations
the reduced matrix elements we tried to account for confi
rations that give contributions as small as 1023 a.u. How-
ever, as we saw, the configurations obtained by excitatio
5s and 5p electrons also gave contributions to the cor
spondingE1 amplitudes of the order of 1023 a.u.

Unfortunately, it is extremely difficult in the framewor
of the CI method to take into account the core polarization
well as electron excitations for high-lying levels. This is b
cause each new additional nonrelativistic configurat
~which originates several relativistic ones! strongly increases
the number of determinants one needs to take into accou
the construction of the energy matrix.

On the other hand, convergence of our procedure is ra
rapid. Namely, accounting for one-electron excitations tos
and 7p shells~and to the 6d shell for the9HJ term! contrib-
utes to theE1 amplitudes at a level of 1022 a.u., while ac-
counting for configurations obtained by one-electron exc
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TABLE V. Oscillator strengths (2104 f) for E1 transitions from odd-parity to even-parity levels.~The
configuration interaction is taken into account.! Upper numbers, present calculations; lower numbers, exp
mental results@12,14#.
-
iv

n
cc
%
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ast
tions to 8s and 8p shells contributes to theseE1 amplitudes
at a level of 1023 a.u. In spite of this, for the small ampli
tudes (<0.1 a.u.) we can comment only about the qualitat
agreement with the experimental data~see Table V and the
discussion below!. The situation for the largeE1 amplitudes
;1 a.u., especially for transitions9GJ→9HJ , is more pre-
dictable. Comparing the results of Tables III~upper num-
bers! and IV, we see that the corresponding matrix eleme
changed only by several percent. We can estimate the a
racy of the matrix elements mentioned on the level 10–15

Using the results obtained for reduced matrix element
is easy to calculate oscillator strengths of the correspond
transitions@27#. In relativistic unitsc5\51 ~c is the speed
of light!

f ~gJ→g8J8!52
2m

3

v

2J11
u^gJir ig8J8&u2, ~1!

whereg,g8 are sets of quantum numbers defining the init
and final states,m is the electron mass, andv5(EgJ
2Eg8J8). Note that we use the experimental values of
energies.

The calculated oscillator strengths together with the av
able experimental data are given in Table V. The experim
tal values for relative oscillator strengths were taken fr
@12#. Then using the calibration coefficient given in@14# they
e

ts
u-
.

it
g

l

e

l-
n-

were converted to absolute oscillator strengthsf (9LJ→7FJ)
(L5G,F) and after that recalculated in a trivial way to o
cillator strengthsf (7FJ→9LJ). ~To the best of our knowl-
edge, there are no experimental oscillator strengths data
other transitions.!

A comparison of the calculated oscillator strengths w
the experimental ones shows reasonable agreement with
factor of 1.5–3.~The good coincidence between the calc
lated and the experimental oscillator strength for t
9F1→7F1 transition, as well as the discrepancy 4.5 times
that of the 9G3→7F3 transition, can be treated as rath
accidental.! The main reason for such a difference, as alrea
mentioned, is the possibility to account for an admixture
only a few of the most important configurations in the c
culation.

From calculatedE1 amplitudes, it is possible to estima
the lifetimes of the odd-parity9GJ and 9FJ levels since we
have calculated amplitudes of the main decay channel
these states. Note that it is important to include9GJ→7FJ
E1 amplitudes in spite of the fact that the latter are at le
several times smaller than the9GJ→9HJ ones. This is be-
cause the transition rate is

W~gJ→g8J8!5
4a

3

v3

2J11
u^gJir ig8J8&u2 ~2!
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TABLE VI. ProbabilitiesW (103 sec21) for E1 transitions from odd-parity levels to even-parity leve
The configuration interaction is taken into account.
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~wherea51/137 is the fine-structure constant! and the small
magnitudes of the9GJ→7FJ E1 amplitudes are compen
sated for by the large magnitude ofv3 since the energy
interval between the9GJ and 7FJ terms is approximately
four times greater than that between the9GJ and 9HJ terms.

From the experimental point of view it is often importa
to know the transitions probabilities from a given state. S
stituting the results obtained for reduced matrix eleme
~see Table IV! in Eq. ~2!, it is easy to calculate the corre
sponding probabilities. The results for9GJ (J50 – 4) and
9FJ (J51,2) levels are presented in Table VI.

The lifetimet of a level is the inverse of the total trans
tion rate. After simple calculations we obtain

t~9G0!53.231026 sec,

t~9G1!52.931026 sec,

t~9G2!52.631026 sec,

t~9G3!52.431026 sec,

t~9G4!52.431026 sec,

t~9F1!51.231026 sec,

t~9F2!53.431026 sec.

The accuracy of the calculated lifetimes is determined
the accuracy of the corresponding reduced matrix elem
discussed above. The lifetimes of the9G3 and 9G4 levels are
slightly overestimated because we did not account for
transitions9G3→9D4 and 9G4→9DJ (J54,5). But, as seen
from Table IV, the amplitudes9GJ→9DJ are approximately
one order of magnitude smaller than9GJ→9HJ . For this
reason their contributions to the corresponding lifetimes
-
ts

y
ts

e

re

small. The resultt(9G1)52.931026 sec is in good agree
ment with the estimate~2 msec! made by Budker and
DeMille @8#.

IV. CONCLUSION

Calculations ofE1 transition amplitudes from the low
lying odd-parity levels to the levels of two low-lying even
parity terms in samarium were carried out in the framewo
of the configuration-interaction method. The following co
clusions can be drawn from these calculations.

~a! It is necessary to take into account the configurat
interaction because it substantially affects theE1 amplitudes.
The configuration-interaction method gives much bet
agreement between calculated and experimental oscill
strengths for Sm than semiempirical methods, but furt
improvement of the calculations is still desirable. Unfort
nately, it is hardly possible to achieve an improveme
within the frame of the configuration-interaction method,
some other approaches should be developed.

~b! Configurations obtained byf -shell excitations, as wel
as the core excitations, can be neglected in the first appr
mation.

~c! The selection rulesDS50 and uDLu51 work rather
well for the given terms.
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