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Abstract. The difficulty associated with an accurate determination of transition rates for forbidden lines
in lowly ionized heavy elements is illustrated in the case of Nd II. We have investigated the radiative decay
of the low-lying metastable levels in Nd* including the two levels 4f*(°1)5d GKH/Q and 4f*(°1)5d 6113/2.
In these two particular cases, using different theoretical approaches, we find that the decay is dominated
by the M1 channels but that the E2 contributions are of the same order of magnitude. These levels have
also been studied experimentally by lifetime measurements with the heavy ion storage ring CRYRING of
Stockholm University. The difficulties encountered when performing such experiments are underlined and

discussed.

PACS. 31.25.-v Electron correlation calculations for atoms and molecules —39.10.4+j Atomic and molecular

beam sources and techniques

1 Introduction

Neodymium (Z = 60) is present in the solar system in the
form of seven stable and nine short-lived isotopes and iso-
mers. In stellar nucleosynthesis, 12Nd (27%) is a pure s
process product, 3Nd (12%), 1*4Nd (24%), 1*°Nd (8%)
and 5Nd (17%) are produced by either the r or the s
process and “8Nd (6%) and 5°Nd (6%) are both gener-
ated by pure r process. In astrophysics, Nd* transitions
have been identified in many types of stars including e.g.
the Ap stars of the Cr-Eu-Sr subgroup [1], Bp stars of
the Si subgroup [2], Am stars [3], Ba stars where large
overabundances of this element are observed [4] and the
sun [5,6]. Besides the interest of investigating Nd lines in
relation with the determination of the chemical compo-
sition of the astrophysical objects, Nd is also important
in cosmochronology because it can be used as a nuclear
chronometer [7].

The metastable states play a particular role in this con-
text because they correspond to low energy levels which
are generally easily populated in stellar atmospheres and
because they are able to emit strong lines in low-density
media where they appear as diagnostic tools for tempera-
ture and density determinations in the plasmas.

The investigation of the radiative properties of the
heavy elements, particularly those of lanthanide group, is
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a very complex task both theoretically and experimentally.
The recent recording, with the Hubble Space Telescope, of
a large number of astrophysical spectra, characterized by
a high resolution and a high signal-to-noise ratio, has put
forward the need of a huge amount of accurate atomic
data for their interpretation (see e.g. [8]). Theoretically,
the difficulty to calculate accurately the atomic structures
of these heavy elements is related to the necessity to con-
sider simultaneously, in the models, relativity and correla-
tion effects, most of the spectra of the group being strongly
perturbed. An additional difficulty results from the struc-
tural complexity associated with the progressive filling,
from La to Lu, of the 4 f shell. As a result, the calculated
lifetimes (or transition probabilities) are depending, in a
very sensitive way, upon the mixing occurring among the
different configurations.

In the present paper, 3 different independent theo-
retical approaches are used for calculating lifetimes of
low-lying metastable states in the 4f%6s and 4 f*5d even
configurations of Nd II. These methods have been success-
ful, in a recent past, for predicting radiative quantities for
many rare-carth (RE) ions (see e.g. the references quoted
in [9,10] and the database DREAM [11]).

We have also performed extensive experimental inves-
tigations by the Laser Probing Technique (LPT) in the
ion storage ring CRYRING at Stockholm University. This
method has successfully been utilized for a large num-
ber of metastable levels in different elements (see e.g the
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review article [12]). In this context it can be noted that the
method has been used to determine lifetimes of metastable
levels in two other rare earth elements, La II [13] and Eu
IT [14]. The studies of Nd*, however, turned out to be very
difficult and it was hard to maintain stable conditions long
enough to enable accurate determination of the lifetimes.

2 Previous work

The identified configurations in NdT are 4f%6s, 4f*5d
and 4f35d6p for the even parity and 4f35d%, 4f35d6s
and 4f%6p for the odd parity [15]. A revised interpreta-
tion of the spectrum of Nd II is due to Blaise et al. [16].
Below 8010 cm™! [16], the even levels can decay only
through M1 and E2 channels while, above that limit, in
some cases, E1 contributions corresponding to infrared
4f45d — 4f35d? transitions can eventually contribute to
the decays. In such cases, the determination of the life-
times of the metastable states requires the evaluation of
the contributions arising from both the allowed and the
forbidden transitions.

In Nd II, the radiative parameters are still rather
poorly known even for the allowed transitions. Among
the early contributions to the E1 transition rates, we must
mention the arc measurements of Corliss and Bozman [17]
and the branching fraction (BF) measurements of Maier
and Whaling [5] who were able to deduce oscillator
strengths from previous lifetime measurements [18].

Solar investigations of neodymium motivated addi-
tional measurements by Ward et al. [19,20] who used the
laser-ion beam technique, and deduced oscillator strengths
of some E1 Nd II lines from a combination of the BF's de-
duced from arc spectra [17,21] or measured by Maier and
Whaling [5].

The lifetime compilation of Blagoev and
Komarovskii [22] contains 11 lifetime values origi-
nating from delayed-coincidence measurements [23].
Additional measurements of radiative lifetimes in Nd II
have been carried out by Pinciuc et al. [24] (35 levels)
using the collinear beam-laser method, by Lu et al. [25]
and Shi et al. [26] who concentrated on the odd level at
23537 ecm~! (J = 9/2) using the time-resolved collinear
fast-beam laser approach. Recent measurements in the
same ion were undertaken by Scholl et al. [27] using two
variants of the beam-laser method and by Xu et al. [2§]
who used a time-resolved laser-induced fluorescence
technique for 24 levels of Nd II in the energy range
2050032500 cm 1.

To the best of our knowledge, there are no published
lifetime values for metastable states of Nd II and no the-
oretical or experimental transition probabilities are avail-
able so far for forbidden lines (M1 or E2 transitions) in
this ion.

3 Calculations

The choice of a theoretical method for calculating tran-
sition probabilities in the lanthanides is complicated, in
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the case of ab initio approaches, by the strong collapse of
the 4 f orbital occurring in lanthanum and observed along
the whole group (see e.g. [9]) and by the huge number
of levels arising from the configurations involving an open
4f shell. Configuration interaction (CI) and relativistic ef-
fects, which are expected to be important in such heavy
atoms or ions, must be considered simultaneously in the
calculations.

Basically, this choice relies on partly relativistic meth-
ods based on the Schrodinger equation (like the HFR
method [29]) or on fully relativistic techniques like the
multiconfigurational Dirac-Fock or MCDF method) which
are expected to be a priori adequate. The MCDF method
should be more accurate than the HFR one for heavy
ions but is more computer time consuming. Fewer conver-
gence problems, however, do occur when using the HFR
approach than the MCDF one.

In the present work, three independent theoretical
methods were considered for the calculations and, from
their comparisons, it was possible to assess their reliabil-
ity (see hereafter). M1 and E2 transition rates were esti-
mated for lines depopulating the first 29 Nd II metastable
even-parity levels situated between 513.322 (J = 9/2) and
10337.097 (J = 13/2) cm~ !,

The pseudo-relativistic Hartree-Fock (HFR) method
was the first approach considered [29] with two differ-
ent physical models. In the first one [HFR(A)], only the
4f45d and 4 f*65s configurations were explicitly included in
the calculations and the radial parameters were optimized
using a well-established least-squares fitting procedure of
the Hamiltonian eigenvalues to the experimental level en-
ergies [15,16]. The fitted parameters, not reproduced here,
are available upon request to the authors. In the second
one [HFR(B)], the set of interacting configurations was
considerably extended by including single and double ex-
citations from the 4 f45d and 4 f*6s configurations of inter-
est, i.e. by considering also 4f35d6p, 4f36s6p, 4f25d*6s,
4f25d6s? and 4 f25d>. No fitting procedure was attempted
in the HFR(B) calculation.

In the second approach, the purely relativistic mul-
ticonfigurational Dirac-Fock (MCDF) method was used
with the GRASP92 code as developed by Parpia et al. [30].

Eight GRASP92 calculations have been carried out. In
the first one, the 1160 interacting relativistic configuration
state functions (CSF) belonging to the 4f%5d and 4f%6s
non relativistic configurations were considered in the
framework of the Extended Average Level (EAL) option.
It helped us in isolating the main decay branches of the
first 29 low-lying even metastable levels. The others con-
sisted in considering the interactions amongst the follow-
ing non-relativistic configurations: 4f45d, 4f%6s, 4f47s,
4f46d, 4f35d6p, 4f36s6p, 4f35d5f, 4f36s5f, 4f36p6d,
4f36pTs, 4f25d%6s, 4f%5d5f2, 4f%6s5f2, 4f%5d6s®> and
4f25d3. In order to maintain the Hamiltonian matrix size
tractable to our computer, we limited each calculation to
only 3 symmetries (pairs of total angular momentum, J,
and parity, 7). Each calculation was performed in 3 steps.
The first step was common to all the calculations and con-
sisted in considering the 32 CSF with J = 7/2 belonging
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to the ground configuration 4 f*6s and optimizing the core
orbitals (1s — 5p) along with the 4f and 6s orbitals mini-
mizing the ground level within the framework of the Op-
timal Level (OL) option.

In what follows, specific details concerning the second
and third steps of each calculation are given. For the pur-
pose of getting the lifetimes of the levels at 513.322 cm !
(J = 9/2), 1470.097 cm~! (J = 11/2), 1650.199 cm~*
(J = 9/2), 3066.750 cm~! (J = 11/2), 4437.558 cm~!
(J 11/2), 6005.271 cm~! (J = 9/2), 6931.800 cm~*
(J = 11/2), 7524.740 cm~! (J = 7/2), 8420.321 cm™*
(J =9/2), 9198.395 cm~! (J = 7/2) and 9357.906 cm~!
(J = 11/2), the second step of the second calculation con-
sisted in including the interactions amongst the configura-
tions with J = 7/2,9/2,11/2 with occupied 4f, 63, 6p and
5d orbitals. The latters were optimized minimizing an en-
ergy functional built with the 10 lowest eigenvalues using
the Extended Optimal Level (EOL) option. All the other
orbitals were kept frozen to the values of the first step. The
number of CSF was 2651. In the third step, the configu-
ration interaction (CI) expansion was extended to the re-
maining configurations listed above keeping the constraint
on the value of J. This generated 10362 CSF. The 6d,
7s and 5f orbitals were optimized, keeping all the others
frozen to the values of the preceding step, by minimizing
the 15 lowest eigenvalues within the framework of the EOL
option. A third calculation was focused on the lifetimes of
the levels at 2585.453 cm™! (J = 13/2), 5487.657 cm ™!
(J = 13/2) and 7950.070 cm~! (J = 13/2). The second
and the third steps were similar to the ones of the sec-
ond calculation except that J =9/2,11/2,13/2 and, con-
sequently, the numbers of CSF were 2283 in the second
step and 9314 in the third step. In the fourth calculation,
the lifetimes of the levels at 3801.917 ecm~! (J = 15/2),
at 6637.411 ecm™! (J = 15/2) and at 9042.743 cm~!
(J = 15/2) were considered. Here again both steps were
similar to the ones of the second calculation with the fol-
lowing differences: J = 11/2,13/2,15/2; the numbers of
CSF were 1770 and 7645 in the second and the third steps,
respectively; the energy functionals were built with the
15 lowest eigenvalues in both steps. In order to obtain
the lifetimes of the levels at 5085.619 cm™! (J = 17/2),
5985.571 cm~! (J = 15/2), 7868.896 cm~! (J = 17/2)
and 10194.786 cm~! (J = 17/2), both steps of the fifth
calculation were carried out similarly to the second calcu-
lation except that here J = 13/2,15/2,17/2; the numbers
of CSF were 1241 in the second step and 5761 in the third
step, and the energy functionals were built with the 15
lowest eigenvalues in both steps. The sixth calculation was
dedicated to the lifetimes of the level at 9166.209 cm ™!
(J = 19/2). Both steps were again similar to the ones
of the second calculation but with J = 15/2,17/2,19/2;
the numbers of CSF were 772 and 3963 in the second
and the third steps, respectively; in both steps, the en-
ergy functional was built with the 10 lowest eigenval-
ues. In the seventh calculation, the lifetime of the level
at 8796.378 cm~! (J = 5/2) was considered. Both steps
were similar again to the ones of the second calculation but
with J =5/2,7/2,9/2; the numbers of CSF were 2768 and
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10464 in the second and the third steps, respectively, and
the energy functionals were constructed from the 10 lowest
eigenvalues in both steps. Finally, the eighth calculation
was focused on the lifetime of the level at 8716.462 cm ™!
(J = 3/2). In this case, J = 3/2,5/2,7/2 and the numbers
of CSF were 2538 and 9375 in the second and the third
steps, respectively; in both steps, the energy functional
was built with the 5 lowest eigenvalues.

The levels at 9674.844 cm™! (J = 5/2), 9877.173 cm™*
(J =9/2),9908.650 cm™! (J = 7/2), and 10337.097 cm~*
(J = 13/2) have their main decay branches involving more
than 3 symmetries and therefore the A-values and life-
times were derived from the first calculation.

All the calculations were performed in both gauges
(Babushkin and Coulomb) for each E2 transition. Even
with several thousands of CSF, the agreement between
the two gauges was still unsatisfying for some weak tran-
sitions (differences reaching sometimes a factor of 2 or
more). This is not surprising for such a complex atomic
structure. In Table 1, the GRASP92 A-values and life-
times are given in the Babushkin gauge for comparison
with both HFR calculations that were carried out in the
length gauge.

The third theoretical method used was the one imple-
mented in the AUTOSTRUCTURE (AST) program, an
extension by Badnell [31,32] of the code SUPERSTRUC-
TURE [33], which computes the atomic structure within
a statistical Thomas-Fermi-Dirac potential V(A\y;) [34]
where the \,,; scaling parameters are optimized variation-
ally by minimizing a weighted sum of the LS term energies.
Unfortunately, in that case, when including both 4f45d
and 4f46s, we were unable to reproduce in a satisfying
way the energy difference between these two configura-
tions even when trying different variational optimization
approaches. Indeed, when considering both configurations
together, it was found that all energy levels within the
4f45d configuration were situated about 10000 cm™! too
high. This shift was clearly too large to be reduced by
using semi-empirical corrections. It was also verified that
the inclusion of additional configurations with 3 or 2 elec-
trons in the 4f subshell did not improve upon the situa-
tion. Consequently, only the 4f45d configuration was in-
cluded in the model in order to be able to compute at
least the M1 contributions within this configuration. Semi-
empirical term energy corrections (TEC) were considered
in order to reduce as much as possible the discrepancies
between theoretical and experimental energy levels.

Calculated transition probabilities (Ag;, in s7!) and
radiative lifetimes, as obtained with the HFR and
GRASP92 calculations, are listed in Table 1. When look-
ing at this table, we can observe a good agreement be-
tween the results obtained using the two different theoret-
ical approaches. It is interesting to note that HFR(A) and
HFR/(B) results are very close indicating that the explicit
consideration of additional even parities has a marginal
effect on the lifetime values. Large discrepancies between
HFR and GRASP results are only observed for the level
at 1650 cm ™!,
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Table 1. Calculated lifetimes for low-lying even metastable levels in Nd II and the corresponding decay rates.

Upper level Lower level Type Agi(s™)
Energy® (cm™) Designation ~ Energy® (cm™?) Designation HFR(A)® HFR(B)° GRASP?
513.322 4£*(°1)6s °1g o 0.000  4f*(°1)6s °I7 /o M1 0.0082 0.0086 0.0095
T= 121.4s 116.1s  105.4 s
1470.097  4f*(°I)6s °L1y )0 513.322  4f*(°1)6s °ly/n M1 0.0797 0.0817 0.0858
T= 12.6 s 12.2 s 11.7 s
1650.199 FA°D6s Ty o 0.000 4f1(°1)6s 179 M1 0.1010 0.0866 0.0588
513.322  4f*(°1)6s °Ig/» M1 0.0019 0.0017 0.0013
T= 9.7 s 11.3 s 16.6 s
2585.453  4f*(°1)6s L 3/o 1470.097 FAC1)6s °1i1 /0 M1 0.1321 0.1336 0.1369
T = 7.6 s 7.5s 7.3 s
3066.750  4f*(°1)6s 11,2 513.322 (D65 °To s M1 0.0097 0.0105 0.0145
1470.097 4 f4(5 )65 1110 M1 0.0027 0.0024 0.0019
1650.199 FA°D6s o), M1 0.1542 0.1492 0.1414
T = 6.0 s 6.1 s 6.3 s
3801.917  4f*(°I)6s °Lis)o 2585.453  Af*(°1)6s Li3)0 M1 0.1400 0.1406 0.1427
T = 7.1s 7.1s 7.0s
4437.558  4f*(°1)5d °Ly1 2 0.000  4f*(°I)6s °I7 /o E2 0.0063 0.0062 0.0054
513.322  4f*(°1)6s ®Ig/o E2 0.0003 0.0004 0.0003
T= 150.7s 152.1s 175.6 s
4512481  4f*(°T)6s 1132 1470.097 4 f4(5I)63 Ti1/2 M1 0.0026 0.0027 0.0046
2585.453  4f*(°1)6s 6113 /2 M1 0.0023 0.0020 0.0028
3066.750 4 f4( 1)6s 1112 M1 0.1650 0.1629 0.1570
T = 5.8 s 5.9 s 6.1s
5085.619  4f*(°1)6s °Li7/o 3801.917  4f*(°1)6s °Lys)o M1 0.0944 0.0950 0.0960
T= 10.6 s 10.5 s 10.4 s
5487.657  4f*(°T)5d °Li3» 513.322  4f*(°1)6s Ig o E2 0.0080 0.0081 0.0080
4437.558  4f*(°1)5d L1 2 M1 0.0921 0.0914 0.0918
T = 9.9 s 9.9 s 10.0 s
5985.571  4f*(°1)6s 1152 3801.917 4f4( 1)6s 115/2 M1 - - 0.0008
3801.917  4f*(°1)6s °Iy5)2 M1 0.0012 0.0011 0.0009
4512.481 4f4( 1)6s *Ii3/2 M1 0.1106 0.1094 0.1084
5085.619  4f*(°1)6s I,7/o M1 0.0021 0.0019 0.0015
T = 8.8 s 8.8 s 9.0 s
6005.271  4f*(°1)5d °Ky - 0.000  4f*(°T)6s 17/2 E2 0.0247 0.0254 0.0231
513.322  4f*(°1 )63 Io,2 E2 0.0032 0.0036 0.0028
4437.558  4f*(°)5d °Ly12  M14+E2 0.0012 0.0011 0.0010
T= 34.2 s 33.2 s 37.0 s
6637.411  4f*(°1)5d °Lis» 1470.097  4f*(°1)6s °I11 /2 E2 0.0109 0.0109 0.0101
5487.657  4f*(°1)5d °Li3/» M1 0.1669 0.1663 0.1672
T = 5.6 s 5.6 s 6.0 s
6931.800 4f*(°I)5d °Ky1 /o 0.000  4f7(°L)6s °I7 /o E2 0.0055 0.0057 0.0055
513.322 4f4(51)6s Iy/o E2 0.0221 0.0225 0.0238
1470.097  4f*(°1)6s °111 /2 E2 0.0036 0.0041 0.0032
1650.199 f4(51)6s Io/2 E2 0.0029 0.0027 0.0014
4437558  4f*(°1)5d le M1 0.0022 0.0021 0.0018
6005.271  4f*(°T)5d “Kg o M1 0.0640 0.0637 0.0641
T = 9.9 s 9.9 s 10.0 s
7524.740 fA(°1)5d °1; /o 0.000  4f*(°T)6s °I7/, E2 0.0637 0.0620 0.0667
513.322 4f (°I)6s °Iy  MI1+E2 0.0196 0.0217 0.0146
6005.271  4f*(°1)5d °Kg s M1 0.0018 0.0013 0.0015
T= 11.7 s 11.7 s 12.0 s
7868.896  4f*(°I)5d °Li7/o 2585.453  4f*(°I)6s °Li3/0 E2 0.0137 0.0135 0.0124
6637.411  4f*(°1)5d %Ly5/o M1 0.2061 0.2056 0.2055
T = 4.5 s 4.6 s 4.6 s
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Table 1. Continued.
Upper level Lower level Type Agi(s™)
Energy® (cm™) Designation  Energy® (cm™") Designation HFR(A)® HFR(B)° GRASP“
7950.070  4f*(°1)5d °Kyz/2 513.322 4f*(°1)6s °Ig o E2 0.0092 0.0097 0.0094
1470.097  4f*(°1)6s °111 /0 E2 0.0259 0.0264 0.0256
2585.453  4f*(°I)6s ®13/2 E2 0.0029 0.0034 0.0027
5487.657  4f*(°1)5d ®Lis)» M1 0.0026 0.0023 0.0022
6931.800  4f*(°1)5d °Ky1 /2 M1 0.1150 0.1143 0.1152
T = 6.3 s 6.3 s 6.4 s
8420.321  4f*(°1)5d °ly s 0.000 4f1(°1)6s 1o E2 0.0235 0.0243 0.0249
513.322 4f*(°1)6s °Ig o E2 0.0484 0.0473 0.0573
1470.097  Af*(°I)6s L1y /o E2 0.0175 0.0197 0.0146
1650.199 411 (°1)6s “Ig/s  M1+E2 0.0084 0.0079 0.0042
6005.271  4f*(°T1)5d °Ko)» M1 0.0034 0.0027 0.0028
7524.740 4f*(°1)5d °17 5 M1 0.0568 0.0561 0.0585
T = 6.3 s 6.3 s 6.1s
8716.462  4f*(°I)5d °Gs)o 0.000 4f*(°1)6s 172 E2 0.1960 0.2000 0.1884
T = 5.1s 5.0 s 5.3 s
8796.378  4f*(°1)5d °Gs s 0.000 4f1(°1)6s 1o E2 0.0182 0.0180 0.0502
513.322 4f*(°1)6s °Ig o E2 0.1380 0.1222 0.1071
T = 6.4s 7.1s 6.3 s
9042.743  4f*(°1)5d K52 1470.097  4f*(°1)6s 1110 E2 0.0112 0.0120 0.0107
2585.453  4f*(°I)6s °13/2 E2 0.0301 0.0299 0.0279
3801.917  4f*(°I)6s °1;5,2 E2 0.0019 0.0022 0.0018
6637.411  4f*(°1)5d ®Lys)- M1 0.0022 0.0018 0.0017
7950.070  4f*(°1)5d °Kiz/» M1 0.1394 0.1394 0.1402
T = 5.4 s 5.4 s 5.5 s
9166.209  4f*(°T)5d ®Lig s 3801.917  4f*(°1)6s °Ly5,2 E2 0.0163 0.0161 0.0143
7868.896  4f*(°1)5d °Li7/o M1 0.1935 0.1930 0.1935
T = 4.8 s 4.8 s 4.8 s
9198.395  4f*(°1)5d °Gro 0.000 4f*(°1)6s 172 E2 0.0333 0.0702 0.0190
513.322 4f*(°1)6s °Ig /o E2 0.0801 0.0931 0.0723
1470.097  4f*(°1)6s 1110 E2 0.0447 0.0007 0.0519
1650.199 4f*(°1)6s “Ig/s  M1+E2 0.0023 0.0179 0.0011
7524.740 4f*(°1)5d °17 5 M1 0.0055 0.0084 0.0007
T = 5.9 s 5.2s 6.9 s
9357.906  4f*(°I)5d 1,12 0.000 4f*(°1)6s °1; /2 E2 0.0021 0.0023 0.0020
513.322 414 (°1)6s 1o /o E2 0.0352 0.0377 0.0366
1470.097  Af*(°1)6s L1y /o E2 0.0578 0.0564 0.0596
2585.453  4f*(°1)6s Ly3/2 E2 0.0117 0.0132 0.0119
3066.750  4f*(°1)6s 1112 E2 0.0034 0.0032 0.0019
6931.800  4f*(°1)5d °Kyy /2 M1 0.0040 0.0027 0.0036
8420.321 4f*(°1)5d °ly - M1 0.0867 0.0858 0.0886
T = 4.9 s 4.9 s 5.2s
9674.844  4f*(°I)5d °Hs - 0.000 4f1(°1)6s I /o E2 0.2800 0.2900 0.2468
513.322 4f*(°1)6s °Ig o E2 0.0223 0.0468 0.0697
1650.199 4f*(°1)6s “Tg /o E2 0.0096 0.0008 0.0159
8716.462  4f*(°1)5d °Gy» M1 0.0087 0.0482 0.0004
8796.378  4f*(°1)5d °Gs)» M1 0.0021 0.0081 -
T = 3.1s 2.5 s 3.0 s
9877.173 4f*(°1)5d 79,2 0.000 4f1(°1)6s I /o E2 0.0077 0.0149 0.0035
513.322 4f*(°1)6s °lg/s  M1+E2 0.0614 0.0913 0.0381
1470.097  Af*(°1)6s L1y /o E2 0.0777 0.0723 0.0795
1650.199 411 (°1)6s “Ig/s  M1+E2 0.0013 0.0048 0.0017
2585.453  4f*(°I)6s °13/2 E2 0.0184 0.0005 0.0350
3066.750  4f*(°1)6s 1112 E2 0.0017 0.0061 0.0015
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Table 1. Continued.

Upper level Lower level Type Agi(s™)
Energy® (cm™1) Designation ~ Energy® (cm™') Designation HFR(A)® HFR(B)° GRASP?
6005271  4f*(°I)5d °Kg 2 M1 0.0056 0.0139 0.0011
6931.800  4f*(°1)5d °Ky1 /o M1 0.0012 0.0026 -
9198.395  4f*(°1)5d °Gr 2 M1 0.0229 0.0195 0.0262
T= 5.0 s 4.4 s 5.3 s
9908.650 4f*(°1)5d 772 0.000 FA(°1)6s °17 5 E2 0.0584 0.0113 0.0268
513.322 4 f4(5I)6s ®To/2 E2 0.0629 0.0021 0.0264
1470.097  4f*(°T)6s L1y /2 E2 0.0947 0.1537 0.0990
1650.199 4f*(°1)6s 1o /2 E2 0.0066 0.0043 0.0931
7524.740 4£*(°1)5d °17 5 M1 0.0008 0.0037 0.0001
8420.321 4f*(°1)5d °ly 2 M1 0.0042 0.0001 0.0037
8796.378  4f*(°1)5d °Gs s M1 0.0304 0.1165 0.0159
9198.395  4f*(°1)5d °Gyo M1 0.0030 0.0012 0.0032
T= 3.8 s 3.6s 3.7s
10194.786  4f*(°1)5d K72 2585.453 4f4( I)6s 6113/2 E2 0.0099 0.0111 0.0092
3801.917  4f*(°1)6s °L;5/o E2 0.0329 0.0333 0.0308
9042.743  4f*(°1)5d K52 M1 0.1300 0.1300 0.1308
T= 5.7s 5.7 s 5.8 s
10337.097  4f*(°1)5d °1,3,2 513.322 e 1)65 %o /2 E2 0.0046 0.0047 0.0037
1470.097 4 f4(51)6s Liijo E2 0.0364 0.0401 0.0426
2585.453  4f*(°1)6s “L,3/s E2 0.0651 0.0641 0.0774
3801.917 4f4( 1)6s °Iy5/2 E2 0.0067 0.0076 0.0077
7950.070  4f*(°1)5d °Ki3/2 M1 0.0035 0.0022 0.0033
9357.906  4f*(°1)5d 1,10 M1 0.0964 0.0971 0.0977
T= 4.6 s 4.6 s 4.3 s

@ The level values are taken from Martin et al. [15]. ® HFR(A): Relativistic Hartree-Fock calculations including the 4f*5d
and 4f*6s configurations. © HFR(B): Relativistic Hartree-Fock calculations including the 4f*5d, 4f%6s, 4f35d6p, 4f>6s6p,
4f*5d%6s,4f>5d6s> and 4f25d° configurations. ¢ GRASP: see the text.

The AST transition probabilities (A, in s™1) as ob-
tained for the two levels considered experimentally (see
further) are not reported in Table 1. The values were
0.0025 and 0.0634 s~! for the two M1 transitions emit-
ted from the level at 6931.800 cm™' to the levels at
4437.558 and 6005.271 cm™! and 0.008, 0.0023, 0.0961
s~! for the three transitions depopulating the level at
10337.097 cm~! to those situated at 6931.800, 7950.070
and 9357.906 cm~!. They agree well with the GRASP re-
sults.

Some of the even-parity levels considered in the present
work are located above odd-parity levels belonging to the
4f35d? configuration (i.e. those situated at 8009.810 cm~?
and 10091.380 cm~') or to the 4f35d6s configuration
(those at 10054.195 and 10091.360 cm™!) and, conse-
quently, electric dipole transitions (E1) could play a role
in the radiative decay of high even levels reported in Table
1. In fact, the even levels situated at 9357.906 (J = 11/2)
and 10337.097 cm™1(J = 13/2) can give rise to E1 tran-
sitions to the odd-level situated at 8009.810 cm~!. For
those allowed transitions, it was verified that the decay
rates were negligible when compared to the ones calcu-
lated for the M1 and E2 channels. Indeed, a simple HFR
calculation, including the 4f46s, 4f*5d and 4f35d? con-
figurations showed that the corresponding E1 transition
probabilities should be of the order of 107% s~ which

is five orders of magnitude smaller than the forbidden
transition decay rates. For the levels at 9042.743 and
10194.786 cm ™!, it was verified that the far infrared de-
cay transitions play also a negligible role in the present
context.

4 Experimental work

Natural radiative lifetimes of metastable states may range
from milliseconds up to years. Under ordinary vacuum
conditions that can be obtained in the laboratory, the fre-
quency of collisions with neighbouring atoms or molecules
is high compared to the radiative decay rates of the
forbidden transitions and the levels will primarily be de-
populated by collisions. Besides this complication, it is
also necessary to store the ions for a time sufficiently
long to observe the decay. We have developed a laser
probing technique (LPT) [12,36] at the ion storage ring
CRYRING [35] at the Manne Siegbahn Laboratory of
Stockholm University where the present measurements
were performed.

Long lifetimes mean very low decay rate and, conse-
quently, the emission from natural radiative decay will be
extremely weak and passive observation would be very
difficult. In the LPT, an allowed transition from the
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Fig. 1. Schematic level diagram showing the laser transitions
and the observed fluorescence used in measurements of life-
times of three different metastable levels.

metastable level to an upper level is induced by a laser
(Fig. 1). The upper level will decay promptly (in nanosec-
onds) and this fluorescence is proportional to the popu-
lation of the metastable level. With laser excitation per-
formed in front of a photodetector, the fluorescence can
be recorded with very high efficiency. Collinear laser ex-
citation, in addition, also offers high spectral resolution
permitting studies of ions with complex spectra as e.g.
Fe II [37] and also hyperfine resolved studies [38,39]. The
method has so far been used to measure lifetimes up to
28 s [40].

The measurements made at CRYRING have been
widely discussed in recent review papers [12,41] and a de-
tailed discussion will not be repeated here. We shall only
briefly describe the specificities of the experiment carried
out in the case of Nd II.

Singly charged Nd ions were produced in a low-voltage,
hot cathode ion source from neodymium chloride and were
accelerated by a voltage of 40 kV. The ion beam was mass-
separated in a 90° bending magnet, where *2Nd* ions
were selected and injected into the storage ring, in which
the ions were trapped by twelve dipole magnets and a
number of focusing quadrupoles. The stored ion current in
the present experiment was a few hundreds of nA. A small
fraction of the stored beam consisted of ions in metastable
levels that were populated in the ion source. There were
severe difficulties in maintaining a stable discharge in the
ion source and, consequently, it was hard to keep a stable
ion beam in the ring. Also the fraction of metastable level
population extracted from the source sometimes fluctu-
ated and caused problems.

The ions were stored at a base pressure less than
10~ torr. For singly charged ions at a beam energy of
40 keV, the primary process responsible for the ion loss is
neutralization by collisions with the rest gas. This process
limited the lifetime of the stored ion beam to about one
minute. The decay was monitored with a BaF5 scintilla-
tor detector and a photomultiplier positioned after one of
the dipole magnets monitoring neutralized particles. Ion
beam current decay curves were also recorded by a mul-
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tichannel plate detector for neutralized ions placed after
another bending magnet.

In order to determine the radiative lifetime of a
metastable level it is necessary to account for other pro-
cesses, mainly collisional effects, that influence the pop-
ulation of the level. Collisions with the residual gas may
both excite, deexcite and neutralize the stored ions. We
have developed methods to account for these effects as
described in [12,41], for instance. Such effects are usually
small but necessary to correct for.

LPT is a sequential method. Only one point on the
decay curve can be measured for a specific injection pulse
of ions into the storage ring. A new injection is needed
for every new point. Therefore it is important to monitor
the intensity of each injection pulse. It is also necessary to
monitor the metastable fraction and the efficiency of the
laser excitation. Such normalization curves are recorded
together with the decay curve of the metastable level [12],
see Figure 2. In the present case the instabilities seem
to have been too severe to handle completely with this
method since decay curves for a certain level did not re-
produce well even if they had been corrected by the nor-
malization curves. Such problems have not been met be-
fore. Afterwards we have tried to make sensible judgments
of which data could be trusted. The spread between differ-
ent measurements were in this case often much larger than
the statistical uncertainty of a single curve. Due to these
problems we are not confident on the results and the re-
sults should in this case more be regarded as a qualitative
check of the calculations.

5 Results and discussion

The two sets of HFR results reported in Table 1 indicate
however that the present lifetimes are not very sensitive to
the configuration sets considered in the models. It is ex-
pected also that adding additional configurations would
affect more the E2 contributions than the M1 channels.
As these E2 channels are not the dominant ones, includ-
ing additional configuration interaction (prevented in the
present work by the computer limits) would probably have
a marginal effect on the calculated lifetime values. The ef-
fect of higher order contributions (M2, E3, M3, ...) was
found to be negligible.

In addition, the agreement between the results ob-
tained by two different independent theoretical methods
(HFR and GRASP), this agreement being also confirmed
by the M1 transition probabilities calculated using the
AST method, is an argument in favour of the present re-
sults.

The experimental lifetimes, as deduced in the
present work for the two levels 4f4(°1)5d 6K11/2 and
4f*(°1)5d Sly5,5 at 6931.800 and 10337.097 cm™' (see
Fig. 3), were 23.0 and 8.4 s but, as stated above, they
must be considered only as indicative of the true values.
In Figure 4 we show a measurement of the lifetime of the
SKq /2 levels that supports the calculated very long lifetime
(34 s) of this level.
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Fig. 2. Different examples of normalization curves obtained in the measurement of a lifetime curve. The left column shows
particle normalization curves that reflect the number of stored ions for different ion injections. The right column shows fluo-
rescence normalization for different ion injections. This signal reflects the number of ions in the metastable state. The curves
are connected pair wise, i.e. for a constant metastable fraction of injected ions the ratio between the left and the right curve
should be constant. The upper curve is an example of a measurement of the %I;5 /2 recorded at base pressure. Here both particle
intensity and metastable fraction are stable during the measurement and normalization gives minor contributions in the analysis.
This is a typical situation for our previous experiment utilizing LPT. In the second row, which is another measurement of the
same level, both particle and metastable intensities drop strongly during the measurement and the normalization is important.
The last row is a measurement of the °K;; /2 at base pressure. Here the conditions are unstable and the peculiar situation arises
where the two curves do not follow each other, indicating that the conditions in the ion source are not stable enough to keep
the metastable fraction constant. In this case normalization is important.
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Fig. 3. A lifetime curve obtained in a measurement of the
51,5 /2 level in Nd IT at raised pressure in the ring. The plotted
data has been normalized and corrected for repopulation. This
is one of the best measurements in Nd II as regards statistics
and stability in the measurement conditions.
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Fig. 4. Raw data of two separate measurements of the 6K9/2
level. Due to lack of repopulation measurements no lifetime
value could be extracted but the lifetime is obviously consistent
with the calculated value of 34 s.
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