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We have calculated relativistic energies, Landé factors, and lifetimes for some excited levels outside the
core [Xe] in neutral ytterbium (Yb I, Z = 70) using two configuration interaction methods (multiconfiguration
Hartree—Fock method within the framework of Breit—Pauli relativistic corrections developed by Fischer, and
Cowan’s relativistic Hartree-Fock method). Results obtained have been compared with other calculations and

experiments.

PACS: 31.15.ag, 31.15.aj, 31.15.V—, 31.30.-i

1. Introduction

The neutral and lowly ionized lanthanides (Z = 57-71)
are characterized by the progressive filling of the 4 f sub-
shell of their electronic configurations. They possess the
common feature of a xenon structure with addition of two
or three outer electrons [1]. The basic spectroscopic char-
acteristics of an atomic system are levels’ location (the
energies) and the lifetimes (decay probabilities). There
is an increasing need of atomic data (wavelengths, tran-
sition probabilities, lifetimes, hyperfine structure con-
stants, isotope shift data, the Landé factors) for the rare-
-earth elements and ions. Unfortunately, present knowl-
edge of these characteristics, in particular for heavy-
-atomic systems, is rather insufficient. Such is the case
for the rare earths in general [2].

Ytterbium is an even-Z rare-earth element (Z =
70) with seven natural isotopes, i.e. '®Yb (0.13%),
170Yh (3.04%), 1"1YDb (14.28%), 12YDb (21.83%), 73Yb
(16.13%), ™Yb (31.83%), and 17°YDb (12.76%). It has
a fully filled 4f subshell. The main part of its spectrum
looks like a two-electron spectrum; having 4 f146s2 15, as
the ground state.

Theoretical knowledge of lanthanides was presented by
Cowan [3]. The first spectrum of ytterbium was stud-
ied by King [4]. Meggers and co-workers studied atomic
spectra of rare-earth elements, and reported wavelengths
and relative intensities of 1668 lines and estimated inten-
sities of 1791 lines of Yb I [5-7]. Camus and co-workers
measured 73 absorption lines in the ultraviolet region
and obtained the even-parity states with J = 0 and
J = 2 belonging to the series 4f'46sns (n = 13-62) 1S,
4f46snd (n = 11-64) Dy and 4f46snd (n = 11-21)
3Dy [8, 9]. Also, Wyart and Camus extended the analy-
sis and identified some new levels of Yb I [10]. Spector
identified the energy levels of 4f'35d6s% and 4f'365%6p
configurations [11]. Mansfield and Baig photographed
the 5p-subshell spectrum of Yb I [12]. Maeda et al. stud-
ied optical-microwave double-resonance spectroscopy of
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highly excited Rydberg states of ytterbium [13]. Yi and
co-workers investigated autoionizing states of ytterbium
atom [14, 15]. Baig et al. reported innershell and double
excitation spectrum of ytterbium involving the 4f and
6s subshells [16]. Ali and co-workers presented data on
the even-parity autoionizing resonances, and two-colour
three-photon excitation of the 6snf *F; and 6snp ‘P,
3P 2 Rydberg’s states of Yb I[17, 18]. The Rydberg and
autoionizing states of neutral ytterbium were also stud-
ied by Xu et al. [19]. Griesmann et al. presented pho-
toionization cross-sections of doubly excited resonances
in ytterbium [20]. Wu and co-workers measured some
new energy levels belonging to the 4 f146snp 3P o series,
and investigated sixteen autoionizing levels of Yb [21, 22.
Aymar and co-workers presented theoretical analysis of
highly excited levels of Yb, and investigated high-lying
odd-parity levels Yb I by the method of selective three-
-step laser spectroscopy [23, 24]. The interchannel inter-
action between single excitation from 4f14 and double
excitation from 6s2 in Yb I was reported by Baig and
Connerade [25]. Eliav et al. calculated transition ener-
gies of ytterbium using the relativistic coupled-cluster
method [26].

Radiative lifetimes of ytterbium have been studied by
many authors. Rambow and Schearer measured the ra-
diative lifetimes of some levels of Yb I [27]. Baumann
and co-workers determined g; factors and lifetimes of
the excited states 6s6p PP and 6s6p 3PP of ytterbium,
and performed lifetimes and g; values in the D-states
of the 4f146s6d configuration [28-30]. Also, they de-
termined radiative lifetimes and g; factors of low-lying
even-parity levels in the Yb I spectrum, and measured ra-
diative lifetimes in the even parity 6snd 1Dy (n = 6-13)
and 6sns 1Sy (n = 8-14) level series of neutral Yb
[31, 32]. Guo et al. measured lifetimes of the Rydberg
levels in the perturbed 6snp 2P» series of Yb I [33]. In
addition, the lifetimes of 21 excited states in atomic Yb
were measured by Bowers et al. [34]. Radiative lifetimes
of levels of Yb I were compiled and analyzed by Bla-
goev and Komarovskii [35]. Doidge presented discus-
sions concerning the lifetimes for the resonance transi-
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tions in Yb I [36]. Bai and Mossberg performed lifetime
studies involving the 6s6p >PP and 6s7s 1Sy transition
of atomic Yb [37]. Fang et al. measured radiative life-
times of the Rydberg states of ytterbium for 6sns 1S
and 6snd Dy (n = 21-27) [38]. Liu and Wang evalu-
ated the lifetimes for the perturbed 6snd Dy (n = 8-40)
and 6snd 3Dy (n = 10-26) Rydberg levels of Yb I [39].
Natural radiative lifetimes of ytterbium in the 6snd ‘D,
(n = 10-29) and 6snd Dy (n = 10-20) Rydberg se-
quences were measured by Jiang et al. [40]. They pre-
sented natural radiative lifetimes of ytterbium in the
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6sns 1Sy (n = 12-22) Rydberg sequence of Yb [41].
Budick and Snir presented lifetimes of the two excited
electronic states for ytterbium [42]. Jiang and Larsson
studied perturbations in the np 3P Rydberg sequences
and lifetime measurements of Yb I [43]. Migdalek and
Baylis presented energies and oscillator strength for the
spin-allowed 652 1S,—6s6p 1Py transition in neutral yt-
terbium [44]. Later, they reported multiconfiguration
Dirac-Fock (MCDF) calculations of lifetimes for the low-
-lying levels of neutral ytterbium [45]. A list of energy
levels for excited levels was compiled and presented by
Sansonetti and Martin [46], and can be found on the
NIST web site [47].

. . . . TABLE I
Configurations considered in MCHF-+BP and HFR calculations.
Levels Configurations
A \ B \ c \ D
For MCHF+BP calculations:
even-parity 414652, 4f145d6s, 414652, 4f"5dns, 4f'ns?,  4f'5dns, as in B calculation
41542, 4 6p?, 4f6snd (n = 6-9), 4f"%np? (n = 6-9),
4f6sns (n = 7, 8), 4f6sns (n = 7792, 4f145d%,  4f6snd
4f6snd (n =6, 7) 4 6p?, 41542, (n =6, 7), 4f**6sng
4f"5dnd (n = 6782, (n = 5-7), 4f'*ns5g
4f'*5d5g,  4f'*5¢°, (n=17,8), 4f"*6p5f,

4f6sng (n = 5-7),
Afttepsf, Aft5fp,

Af145f7p, Af1*6sns,
4f 6pnp (n = 7-9),

4f15f2 4f"sns,  4f"Tpnp
(n =8,9), 4f'*8s9s,
411 8p9p
odd-parity 4f%6snp (n = 6, 7), as in A calculation 4f*6snp (n = 6-9), 4f%6snp (n = 6-9),
4f6snf (n = 5,6), 4f"6snf (n = 5-9), 4f"6snf (n = 5, 6),
4f15f5¢ 4f*5dnp (n =6, 7) Afh7s5f, Af'6phg,
Af**5f5g, 4f"6pns,
4f"*7snp (n = 7-9),
4f'%pns, 4f48snp
(n =8, 9), 4f*8p9s,
4f14959p
For HFR calculations:
even-parity 41652, 4f5d6s, 41652, 4f'5d6s, 41652, 4f1365%6p 4114652, 4f145d6s,
aft6p?,  4f'6snd | 4f'6p?, 41542, 411365%6p,
(n=6,7), 4f*6s7s 4f6snd (n = 6-14), 4f135d6s6p

odd-parity

4f%6snp (n

4f*6sns (n = 7-11)

4f%6snp (n

4f'6s6p, 4f135d6s>

4f16s6p, 4f'35d6s2,

6, 7),
4f*6snf (n )
4f1*5d6p

5, 6), 4f6snf (n
4f145d6p

The aim of this work is to carry out the relativis-
tic energies, Landé factors, and lifetimes for 4f!46s2
4f145d6s, 4f136s%6p, 4f%6sns (n = 7, 8), 4f'*6snd
(n = 6, 7), 4f"6p?, 4f145d%, 4f"6snp (n = 6-8),
4f135d6s%, 4f*6snf (n = 5, 6) and 4f145d6p excited
levels outside the core [Xe| in Yb I (Z = 70). The ground
of neutral ytterbium is 652 1S of closed shell formed by
the 4f14 electrons. We have selected various configura-

, 4f135d%6s

tion sets according to valence correlation for correlation
effects. In addition, we have considered core—valence cor-
relation in Hartree-Fock relativistic (HFR) calculation.
Four various configuration sets outside the core [Xe] in
neutral ytterbium are represented by A, B, C, and D
for MCHF+BP and HFR calculations and presented in
Table 1.
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The calculations have been carried out using the mul-
ticonfiguration Hartree-Fock (MCHF) code [48] in the
framework of the Breit—Pauli corrections developed by
Fischer and HFR code [49] developed by Cowan. We re-
ported various atomic structure calculations such as tran-
sition energies, hyperfine structure, lifetimes, and elec-
tric dipole transitions for some rare-earth elements (La I,
La II, Lu I and Ac I) [50-56].

2. Calculation methods: MCHF
and HFR methods

In this work, the calculations have been performed us-
ing the MCHF method [57] and the HFR method [3].
The information about these methods can be found from
Ref. [57] and Ref. [3]. We will here introduce these meth-
ods, briefly.

In the MCHF approximation, Hamiltonian is used for
obtaining the best radial functions for the set of non-
-relativistic energies of the interacting terms. The wave
function is approximated by a linear combination of or-
thonormal configuration state functions. In this method,
the relativistic effects are considered in the framework
of the Breit—Pauli Hamiltonian. This Hamiltonian is a
first-order perturbation correction to the non-relativistic
Hamiltonian and includes non-relativistic Hamiltonian
plus relativistic shift operator including mass correction,
one- and two-body Darwin terms, spin—spin contact term
and orbit—orbit term, and the fine structure operator in-
cluding the spin—orbit, spin—other orbit, and spin—spin
terms. Therefore, the Breit—Pauli wave functions are ob-

tained as a linear combination of the form
M

U(yIM) = ¢ ®(viLiSiTM), (1)
i=1

where ¢(yLSJM) are LSJ coupled configuration state
functions (CSFs). Also, ; and ¢; represent configurations
and mixing coeflicients of configurations, respectively.
The mixing (or expansion) coefficients ¢; are obtained by
diagonalizing the Breit—Pauli Hamiltonian. The radial
functions building the CSFs are taken from a previous
non-relativistic MCHF calculation and only the expan-
sion coefficients are optimized.

In HFR method [3], Hamiltonian includes spin—
orbit interaction besides nuclear—electron and electron—
electron interactions.  This method calculates one-
-electron radial wave functions for each of any number
of specified electron configurations, using the Hartree—
Fock or any of several more approximate methods. There
was obtained the center-of-gravity energy of each con-
figuration, and those radial Coulomb and spin—orbit in-
tegrals required to calculate the energy levels for the
configuration. After the wave functions have been ob-
tained, they are used to calculate the configuration in-
teraction Coulomb integrals between each pair of inter-
acting configurations. Then, it is set up energy matrices
for each possible value of J and diagonalized each matrix
to get eigenvalues (energy levels) and eigenvectors. In
this method, relativistic corrections have limited calcula-

tions to the mass-velocity and Darwin corrections, taking
as relativistic correction to total binding energy.

The Landé g factor of an atomic level is related to the
energy shift of the sublevels having magnetic number M
by
where B is the magnetic field intensity and pg is the
Bohr magneton. In pure LS coupling, the g-factor can
be taken given by formula (8) in [58]. The Landé factors
for energy levels are a valuable aid in the analysis of
a spectrum. These factors which are a measure of the
magnetic sensitivity of atomic levels can be calculated
using the code developed by Jonsson and Gustafsson [58]
according to MCHF wave functions. In HFR method,
Landé factors have been calculated using wave functions
obtained from HFR calculation.

Most experiments yield the lifetime of the upper level
because of easy measuring. In this case the sum over mul-
tipole transitions to all lower lying levels must be taken.
The lifetime, 7.,/ ;, of upper level (v'J’) is

! 3
T S s A ITAT) )

In the formula (3), A™ is the transition rate (or proba-
bility) for emission from the upper level to the lower level
in the form

AT (T )
Sﬂ'k /J/7 J
= 2C) [a (By g — By y)2F (Z]J/ EEAN
where C, = (2k + 1)(k + 1)/k[(2k + D!]?, and
STk (4" J",~4J), k and g denote line strength, rank of a
spherical tensor operator and statistical weight of the up-
per level, namely g; = 2J' +1, respectively. If each mul-

tipole is described by transition operator Og (k) (a spheri-
cal operator of rank k and parity ), the line strength can
be written as the summation over M, M’ of the expected

values of operator O *).

3. Results and discussion

In this work, we have calculated the relativistic ener-
gies, Landé factors, and radiative lifetimes for some ex-
cited levels in Yb I (Z = 70) using MCHF+BP [48] and
HFR [49] codes. In MCHF+BP calculation, four various
calculations have been performed to obtain configuration
state functions (CSFs) according to valence—valence cor-
relation.

The configuration sets selected for investigating corre-
lation effects are given in Table I. Correlation effects in
atoms can often be classified as valence-valence, core—
valence and core—core contributions. Generally, these
contributions can be evaluated by multiconfiguration
techniques. As introduced by Migdalek and Baylis [44],
especially for oscillator strength calculations, only the
first two contributions are usually important, in particu-
lar valence—valence correlation although the core—valence
correlation in many electron atoms is important. How-
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ever, excitations from core to valence produce too many
configurations.

In Table I, the configuration sets are selected according
to increasing number of configurations. We tried to per-
form the various correlations (core—core and core—valence
correlation) other than valence—valence correlation. But,
these type configurations occur resulting in large config-
uration state function expansions due to open core and
valence subshells and cause the optimization problems.
Therefore we have often restricted our calculations with
valence—valence correlation. Only in HFR calculation, we
have considered core—valence correlation (in C' and D)
besides valence—valence correlation (in A and B). In C
calculation we have only taken one configuration excited
from core besides the ground and first excited levels. In D
calculation 4f145d6s valence and one configuration ex-
cited from valence have added those in C calculation.
That is, we have not selected more configurations excited
from core and valence together because of the optimiza-
tion constraints and computer limits.

Electron correlation effects and relativistic effects play
an important role in the spectra of heavy elements. Thus
we have to consider these effects for lanthanides. How-
ever, it is very difficult to calculate the electron corre-
lation for these atoms because of their complex struc-
ture. In addition, it may be needed to take highly excited
levels of these type atoms. Therefore this has provided
useful information for understanding correlation effect.
But, in this case the computer constraints occur. There-
fore, we varied some parameter values increasingly in the
MCHF atomic-structure package (maximum number of
eigenpairs, maximum number of configuration state func-
tions, maximum number of terms and maximum number
of coeflicients) so that the calculations for the config-
urations above can reasonably be made. In the atomic
structure calculation and accurate prediction of radiative
atomic properties for heavy atom such as Yb I, complex
configuration interaction and relativistic effects must be
considered simultaneously. But some constraints related
to method and available computer limitations occur.

In this work, the relativistic energies (cm~1) relative to
the 4f'46s2 1S ground state and the Landé factors have
been calculated for configuration sets denoted by A, B,
C and D. In Table II, 4114652, 4f'45d6s, 4f'365%6p,
4f¥6sns (n = 7, 8), 4f46snd (n = 6, 7), 4f146p?,
4f145d% 4f146snp (n = 6-8), 4f135d6s%, 4f*6snf (n =
5, 6) and 4f'5d6p excited levels of neutral ytterbium
(Yb I) are presented to facilitate comparison with these
levels in the literature. We have also calculated Landé
factors for these levels using the Zeeman program devel-
oped by Jonsson and Gustafsson [58]. This code has used
MCHF wave functions. References for other comparison
values are typed below the table with a superscript lower-
case letter. Only odd-parity states in tables are indicated
by the superscript “°”.

The MCHF-+BP calculations obtained by the MCHF
atomic-structure package [48] are performed with vari-
ous configuration sets displayed in Table I. Table II dis-

plays relativistic energies and Landé factors. When en-
ergies obtained from MCHF calculations are compared
with others, the agreement is usually good except some
highly excited levels. D and B calculations for 4 f145d6s
level and D calculation for 4f'46s7p level agree with
other works. For 4f146p? and 4f'6s6d levels the results
from A calculation are better than B, C and D. The re-
sults obtained from C' are good, especially for 4f146s7s
and 4f146s8s. For the energies of odd-parity levels the
results from C calculation (for 4f'*6s6p, 4f'46s6f, and
4f145d6p) agree with others. A and B calculations also
agree for some levels. The Landé factors are also in
agreement with others. It is noted that the MCHF+BP
calculations are performed according to valence—valence
correlation. It will be probably correct to consider the
configurations including excitations from core. But, as
mentioned above, it was not possible because of the op-
timizing constraints for all orbitals in these configura-
tions. Our results obtained within the framework of the
MCHF+BP approximation can be improved when the
configurations including more unfilled d and f subshells
and the excited from 4f' are considered. But a huge
number of levels arise from these configurations, making
the analysis of the ytterbium spectra extremely complex
and time consuming such as in other lanthanide atoms.

We have studied with four various configuration sets
again for considering correlation effects in the HFR cal-
culations performed using Cowan’s computer code [49].
These configuration sets are also given in Table I. This
approach, although based on the Schrodinger equation,
includes the relativistic effects like the mass—velocity cor-
rections and the Darwin contribution besides spin—orbit
effect. In this calculation, the calculated eigenvalues of
the Hamiltonian were optimized to the observed energy
levels via a least-squares fitting procedure using the avail-
able experimental energy levels. In fact, all the levels
taken from the NBS compilation (NIST) were included
in the fitting procedure. The scaling factors of the Slater
parameters (F* and G*) and of configuration interaction
integrals (R"), not optimized in the least-squares fitting,
were chosen equal to 0.75, while the spin—orbit param-
eters were left at their ab initio values. This low value
of the scaling factors has been suggested by Cowan for
neutral heavy elements [3].

The agreement between our energies and the Landé
factors (in column represented by HFR in Table II) ob-
tained according to A, B, C' and D configuration sets
and other works is very good. Here, C and D con-
figuration sets include the configuration excited from
4114 (4£1365%6p, 4f135d6s6p, 4f135d6s?, and 4f35d%6s)
for considering core—valence correlation contribution.
These configurations have not been taken together with
the configurations in A and B. In this case Cowan’s
code has been not executed. In the D calculation,
therefore, we have considered only 4f*5d6s valence and
4f135d6s6p core configurations, and 4 f'35d%6s core con-
figuration besides those in C' calculation for even- and
odd-parity, respectively.
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Energies, E, and Landé factors for some excited levels in Yb I. TABLE II
Levels E [cm™}] Landé factors
This work Other This work Other
Configuration Term MCHF-+BP [ HFR works MCHF-+BP HFR works
For even-parity:
4f14652 1S, 0.004:8.¢.D 0.004:P 0.00¢
0.03%,0.001¢ —1°
4f™5d6s 3D, 24094.774 24489.3904 | 24489.102% | 0.4994-5.C.D | 9.4994:5:D | ¢ 50t
23740.085°P | 24484.6495 24489°
28871.97¢ 24489.5867
3Dy 24505.974 24751.6144 | 24751.948% 1.1474 1.1644 8D | 116
24171.815°P | 24752.4498 24751° 1.1505-P 1.164°
28973.71¢ 24751.1197 1.142¢
3Ds 25860.314 25271.096" | 25270.902% | 1.3344:5.C.D | 1 3344,8.D | 1 347
25499.965°P | 25275.5018 25270° 1.333%
29374.42¢ 25271.2957°
4f'5d6s Dy 26984.494 27677.7004 | 27677.665% 1.0204 1.0034B:P | 1.01°
26841.475P | 27636.4038 27654° 1.0178:P 1.003°
29633.76¢ 27677.700° 1.026¢
4P (Fg5)65%6p1 /2 | (7/2,1/2)3 - 32028.422¢ | 32065.282% - 1.266¢ 1.23%
32100.3097 31957° 1.254P 1.262°
(7/2, 1/2)4 32346.703° | 32273.597°¢ 1.062¢°P 1.064°
32169.573° 32279°
4f1%657s 35, 57664.654 32694.7004 | 32694.692¢ | 2.0024:5:¢:P | 200248 | 2.,01%°
40022.965°P | 32694.7138 32695° 2.00°
32594.31¢
4f16s7s 15, 59389.894 34350.700” | 34350.65%
43110.065°P | 34349.7258 34350°
34038.53¢
4f'3(°F7,,)65%6ps ;2 | (7/2, 3/2)s - 35039.281¢ | 35178.78° — 1.209°P 1.200°
35163.035"° 35172°
(7/2, 3/2)2 - 35210.312° | 35196.98% - 1.060¢ 1.05%
35397.304° 35199° 1.059° 1.059°
(7/2, 3/2)3 - 35826.279¢ | 35807.52% - 1.080¢ 1.08%
35778.076° 35741° 1.093P 1.085°
(7/2, 3/2)4 — 36199.503° | 36060.98° - 1.202¢ 1.199°
35977.204° 36041° 1.201°
4f'656d 3Dy 46870.044 39807.524” | 39808.72% | 0.4994B:C.D | 49948 | 0,50
47446.685°P | 39807.0565 39795°
51420.55¢
3D, 46870.064 39839.3744 | 39838.04% | 1.1674 5P 1.1434 1.16%
47446.685°P | 39838.7328 39833° 1.1428 1.151°
51421.52¢ 1.163¢
3Ds 46870.094 39965.9984 | 39966.09% | 1.33445.C:D | 133448 1.33%
47446.685°0 | 39967.8098 39952° 1.333%
51422.53¢ 1.354°¢
4f1%656d Dy 46877.794 40061.204" | 40061.51¢ | 1.00°5:¢:P 1.0244 1.03%
47452.238:P | 40057.1098 40094° 1.0255 1.016°
51460.07¢ 1.020°
4f1658s 35, 47835.384 41615.099% | 41615.04% | 2.0024°5:P 2.0028 2.02¢
58195.515° 41602° 2.001¢ 2.00°
54228.50¢ 2.01°¢
4146585 LS 47843.594 41919.3598% | 41939.90°
58900.125-P 41955°
60105.46¢
4f'3(°Fg,,)65%6p1,2 | (5/2, 1/2)s - 42253.692¢ | 42413.58¢ - 0.797¢ 0.801°
42079.7257 42471° 0.814P
(5/2, 1/2)2 — 42521.983¢ | 42531.87¢ - 0.973¢ 1.01¢
42361.895° 42578° 0.953P 0.976°
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TABLE 1II (cont.)

Levels E [cm™!] Landé factors
This work Other This work Other
Configuration Term MCHF-+BP HFR works MCHF-+BP HFR works
4fl4ep? 3P, 43519.964 | 42511.300° | 42436.91¢
44243.378:P | 42559.7558 42429°
3py 44864.274 | 43835.2004 | 43805.42¢ 1.5014 5P 1.5014 8 | 1.47°
45487.645P | 43534.9138 43823° 1.510°
3Py 46380.964 | 44540.5994 | 44760.37% | 1.4734:P1.4697 1.3354 | 1.34¢
46912.305P | 44393.0238 44716° 1.4128 | 1.336°
4f146p? 1D, 51313.314 | 46531.6014 | 47821.78%7 | 0.98440.9865'" 1.1544 | 1.04%7
51411.6052°P | 46780.665° 1.0278
4fY6p? 1S, 56804.454 | 48324.0004 483320
56732.095°P | 48382.64058
4f14657d 3Dy 52760.91°4 | 44312.9894 | 44311.38¢ 0.4984 B.¢. D 0.49948 | 0.500°
56843.285° | 44439.608° 44316° 0.508°¢
56267.91¢
3Dy 52761.134 | 44313.8114 | 44313.05* | 1.16741.164%%P | 1.1054 | 1.131°
56837.055° P | 44441.3008 44365° 1.1638 | 1.079°
56311.72¢
3Dg 52761.494 | 44373.0074 | 44380.82% 1.3344.8.¢.D 1.3344:8 | 1329
56831.76%° 0 | 44444.968° 44386° 1.333°
56355.86¢ 1.338°¢
4fY6s7d 1Dy 52994.074 | 44372.7934 | 44357.60% 0.9904 1.0744 | 1.10¢
57051.985:P | 44454.197F 44298° 1.0178:P 1.0528 | 1.080°
56038.55¢ 1.002¢ 1.111°
412 (’FS)5)65%6pss2 | (5/2, 3/2)1 - 44624.702€ | 44834.61° - 0.499¢ | 0.66
44662.257° 44797° 0.561° | 0.610°
(5/2, 3/2)4 - 45378.796€ | 45497.62°% - 1.037¢ | 1.033°
45118.924° 45578° 1.036°
(5/2, 3/2)2 — 45854.916¢ | 45913.86% - 0.800¢ | 0.826°
45619.503° 45939° 0.8307
(5/2, 3/2)3 - 46195.710¢ 46262° - 1.024¢ | 1.167°
45915.7957 1.037P
4542 3Py 53431.274 | 48528.7735 | 47634.41%7 0.7204 0.666° -
53410.635°P 0.7138:P
57675.25¢ 0.666¢
3Ky 54260.26“ | 48528.773F | 47860.28%7 1.0834 5,6 D 1.084% | 1.0297
54258.235:P
57988.50¢
SFy 55599.914 | 48528.7735 - 1.2484 1.2518 -
55579.345:P 1.2478.P
58390.82¢ 1.249¢
4542 Gy 63161.05”* | 52118.913° — 1.0024:¢ 1.0008 -
61382.835:P 1.0145-P
62909.94¢
4f14542 3Py 61975.96" | 52405.055° -
61232.575:P
66154.92¢
3py 62496.214 | 52476.490° — 1.5014 1.5015 -
62085.045-P 1.5045-P
66312.61¢ 1.500¢
3Py 63107.80" | 52914.805° - 1.4754 1.4945 -
62423.095°P 1.3795:P
66643.02¢ 1.478¢
4514542 D, 67568.86" | 56903.452° - 1.0244 1.0065 -
64824.875:D 1.0878:P
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TABLE II (cont.)

Levels E [cm™} Landé factors
This work Other This work Other
Configuration Term MCHF-+BP [ HFR works MCHF-+BP HFR works
For odd-parity:
4f656p 3pe 18087.444 | 17320.693" | 17288.439%
18730.438 | 17287.3028 17312°
17262.64¢ | 17310.632¢
18850.70P | 17313.665°
3pyp 18174.604 | 17954.2094 | 17992.007 | 1.50145-P 1.4904°B 1.49282°
18817.598 | 17917.3978 17962° 1.499¢ 1.492¢ 1.490°
17567.98° | 17963.859¢ 1.491P
18883.84° | 17959.3457
3pg 18356.544 | 19710.4984 | 19710.388% | 1.50145:C:D | 15014 B:C:D | 1.50%:b
18999.528 | 19663.6007 19716°
18248.59¢ | 19715.408¢
18951.41P | 19717.191°
4f656p 1pe 24613.974 | 25069.4004 | 25068.222¢ | 1.0004 5. P 1.0114°8 1.035%
25256.96° | 25163.800° 25075 1.065¢ 1.052°
26667.25¢ | 25063.101¢ 1.0507
24474.23° | 25033.3997
4f'3(°F3,5)5ds/268% | (T/2, 3/2)3 23341.506 | 23188.518% 1.468¢ 1.45%
23392.9757 23229° 1.462° 1.463°
(7/2, 3/2)8 - 25851.108 | 25859.682% - 1.021¢ 1.04°
25757.722° 25847 1.023P 1.022°
(7/2, 3/2)3 - 27562.712€ | 27445.638% - 1.199¢ 1.22%
27330.304° 27349° 1.213° 1.215°
(7/2, 3/2) - 28217.685¢ | 28184.512° - 1.163¢ 1.14°
28136.414° 28128° 1.135° 1.139°
4P (PF2)5)5ds5 2657 | (T/2, 5/2)8 - 26980.996 | 27314.919¢ - 1.167¢°P 1.16*
27130.014° 27348° 1.167°
(7/2, 5/2)3 - 28583.678 | 28195.960% - 1.015¢ 1.02%Y
28454.612° 28185° 1.023°
(7/2,5/2)8 - 28873.201¢ | 28857.014% - 1.215¢ 1.2635%
28870.2997 28852° 1.222P 1.242°
(7/2, 5/2)% — 29814.776 | 29774.958% - 1.063¢ 1.09%
29908.595 " 29788° 1.0917 1.087°
(7/2, 5/2)3 - 29854.112¢ | 30207.380* - 1.114¢ 1.08*
30020.8867 30215° 1.102° 1.101°
(7/2,5/2)8 - 30510.125¢ | 30524.714% - 1.175¢ 1.18°
30545.6797 30621° 1.174P 1.174°
4f'3(°Fy,5)5ds5 /268> | (5/2, 5/2)§ - 34574.884¢ -
34824.1087
(5/2, 5/2)% - 36272.824¢ - - 0.830<P -
36026.986°
(5/2, 5/2)8 - 37223.407¢ - - 1.109¢ -
37349.998° 1.102P
(5/2, 5/2)3 - 37651.594¢ - - 0.893¢ -
37314.3887 0.919°
(5/2, 5/2)8 - 38207.585¢ - - 1.038¢ -
38293.284° 1.0370
(5/2, 5/2)8 - 39384.583¢ - - 0.954¢ -
39216.304° 0.8987
413 (%F52)5d3 2657 | (5/2, 3/2)% - 38855.484¢ - - 0.620¢ -
38550.804 " 0.636°
(5/2, 3/2)8 - 39281.239¢ - - 0.958¢ -
39249.622° 0.930P
(5/2, 3/2)8 - 40406.723¢ - - 0.900¢ -
40422.239P 0.9557
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TABLE II (cont.)

Levels E [cm™} Landé factors
This work Other This work Other
Configuration Term MCHF-+BP HFR works MCHF-+BP HFR works
(5/2, 3/2)% - 41120.079¢ - - 1.044¢°P -
41059.367°
4f%6s7p 3pg 41425.374 | 38071.5994 | 38090.71%
42068.36% | 38064.690° | 38073°
39035.66°
3pp 41425.464 | 38204.9024 | 38174.17% | 1.5014 5P 1.4954 | 1.14°
42068.45% | 38198.0147 | 38199° 1.4978 | 1.468°
39035.66°
3pg 41425.644 | 38551.6994 | 38551.93% | 1.50145:-P | 1.5014:F | 1.50%°
42068.627 | 38526.996° | 38543°
39035.66°
4f1%6s7p tpe 41663.454 | 40567.4004 | 40563.97¢ | 1.0004:5:P 1.0054 | 1.01°
42306.447 | 40833.500% | 40561° 1.004% | 1.001°
39045.720
414655 f SRy 37628.694 | 43510.4884 | 43433.85% | 0.6664 5P | 0.68545 | 0.68%
38271.68° | 43579.2108 | 43419° 0.678°
38159.197
SFe 37628.714 | 43137.729” | 43292° 1.0834:5.P 1.0614 | 1.057°
38271.70° | 43284.9218 1.08358
38159.22°
SFp 37628.734 | 43282.5984 | 43326° 1.25148:P | 1.9514:8 | 1.250°
38271.728 | 43330.2738
38159.277
4f146s5f Fy 37648.714 | 43356.7844 | 43271° 1.0004-8-P 1.0354 | 1.029°
38291.715 | 43439.2008 1.0018
38189.29°
4f146s8p 3pg 46387.38 | 43298.721F | 43614.27%
45073.77P
3pe 46387.37° | 43303.3717 | 43659.38% | 1.49991.5017 | 1.498% | 1.48¢
45074.607
Py 46387.48° | 43319.9077 | 43805.69° 1.501°:P 1.494% | 1.49°
45076.29°
4f146s8p tpp 46392.17¢ | 43751.1008 | 44017.60% | 1.001¢1.000° | 1.004F 1.00%
45620.30°
414656 f 3Ry 47110.44°4 | 45915.5304 | 45956.27% | 0.666 5P 0.674” | 0.72%
47753.438 | 45887.198% | 45942° 0.667¢ 0.675% | 0.682°
44519.06¢
47630.87°
SFe 47111.814 | 45944.7614 |  45942° | 1.0834B:C:D | 1.0794 | 1.084°
47754.808 | 45925.3085 1.0778
44525.71¢
47632.23P
SFy 47113.684 | 46162.6074 | 46035° | 1.25145:CP | 125148 | 1.214°
47756.678 | 46046.9935
44550.67¢
47634.07°
414656 f g 47992.204 | 45739.8024 | 45852 | 1.0004°5-<P | 1.0094 | 1.001°
48635.19% | 45866.1995 1.0108
44430.22¢
48492.697
4f'*5d6p 3Fg 41693.28C | 42827.8054 | 42720° 0.685¢ 0.6954 | 0.748°
43003.0052 0.6848
5Fy 42385.60° | 44262.307" | 44415° 1.084¢ 1.080" | 1.093°
44387.5915 1.0835
Spy 43153.30¢ | 45623.2054 | 45725° 1.251¢ 1.25148 | 1.237°
45482.1017
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TABLE 1I (cont.)

Levels E [em™!] Landé factors
This work Other This work Other
Configuration | Term | MCHF+BP HFR works | MCHF-+BP HFR works
4f5d6p 3pg | 49529.97C | 46840.7654 | 48359° 1.462¢ 1.1284 1.074°
47279.0265 1.0818
3pp | 49353.89€ | 47642.2174 | 47847° 1.456¢ 1.1424 1.373%
45891.9045 1.38458
SPS | 49288.53° | 47438.1954 | 47690°
45848.693°
4f*5d6p DS | 43618.83C | 44980.7044 | 45158° 0.982¢ 1.1994 0.992°
45356.0995 1.0518
4f5d6p 3D? | 48458.61¢ | 46090.1914 | 46281° 0.544¢ 0.8634 1.00°
46214.2038 0.7878
5D | 48776.95C | 47883.4254 | 47028° 1.203¢ 1.2844 1.113°
46821.49258 1.29458
3Dy | 49357.19 | 47761.9724 | 48167° 1.320¢ 1.2794 1.286°
47681.7015 1.2548
4f'%5d6p 1Fe | 53428.16C | 49417.3157 - 1.002¢ 1.0424 .
50600.2007 1.0065
4f*5d6p 1pe | 64216.12¢ | 55353.600” | 55396° 1.000¢ 0.9984 0.973%
55754.8008 1.0018

2Ref. [47], ®Ref. [10], “Ref. [31]

The radiative lifetimes for some excited levels in Yb I. TABLE IT1
Levels Lifetimes [ns]
Configuration Term This work (HFR) Other works
A B [ C [ D [ E Experimental [ Theoretical
For even-parity:
4f145d6s 3D, 247.0 246.0 - 202.0 | 227.0 380(30)“ -
3Dy 306.0 | 301.0 - 243.0 | 277.0 460(30)® -
3Ds 480.0 | 461.0 - 379.0 | 429.0 - -
4f'5d6s 1Dy 10500.0 | 12400.0 4360.0 | 10700.0 | 6700(500)®
4f1%6s7s 35, 16.0 15.3 - - 13.1 15.9(19)° 21°
12.5(1.5)¢
4f16s7s S0 31.4 37.1 - - 37.1 45.8(1.0)¢ -
4f13(2F;/2)6326p1/2 (7/2,1/2)3 - - 376.0 | 871.0 - - -
(7/2,1/2)4 - - 537.0 | 1220.0 - - -
4f*2(’Fg,,)65%6ps 2 | (T/2,3/2)s - - 247.0 | 556.0 - - -
(7/2, 3/2)2 - - 279.0 | 526.0 - 1120(50)° -
(7/2, 3/2)3 - - 317.0 | 756.0 - - -
(7/2, 3/2)a - - 305.0 | 776.0 - — -
4P (’FS);)65%6p1/2 | (5/2,1/2)3 - - 626.0 | 1360.0 - - -
(5/2, 1/2)2 - - 512.0 | 986.0 - - -
413 (’FS,,)65%6ps/2 | (5/2, 3/2)1 - - 227.0 | 573.0 - - -
(5/2, 3/2)4 - - 309.0 | 792.0 - - -
(5/2, 3/2)2 - - 334.0 | 804.0 - - -
(5/2, 3/2)s3 - - 375.0 | 856.0 - - -
4f656d 3D, 60.0 39.8 - - 28.8 22.7(7)%¢ 12°
3D, 54.2 40.5 - - 30.0 24.2(12)%¢ 24°
3D3 89.1 55.2 - - 38.6 23.4(11)° 35°
30.8(60)°
4f'46s6d D, 44.6 52.5 - - 43.4 35.2(10)%¢ 11°
4146585 35, 32.0 34.4 34.3(42)° 85°
46585 S0 - 42.6 - - 18.9 37.9(42)° 143°
4f6p? 3P 3.76 3.97 - - 4.15 - -
3P 3.13 3.64 - - 3.34 15(1)¢ -
3Py 3.91 4.43 - - 3.39 - -
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TABLE III (cont.)

Levels Lifetimes [ns]
Configuration Term This work (HFR) Other works
A B C D E Experimental | Theoretical
4f6p? 1Dy 4.51 | 6.53 - - 5.92 21.8(0.9)F 28.69
4f146p? 1S, 10.9 | 5.48 - - 3.51 25.3(3.8)F -
27.5(16)"
4f6s7d Dy 45.2 | 24.1 - - 74.6 49.8(20)° 38°
4f'6s7d 3D, 32.8 | 61.8 - - 49.0 38.4(17)° 34°
3D, 37.1 | 57.0 - - 53.9 66.5(36)° 63°
3Ds 40.1 | 80.7 - B 63.1 43.1(12)° 93°
4f14542 3P, - 7.21 - - 4.60 - -
3P - 7.28 - - 4.45 - -
3Py 5.67 4.03
41542 D, - 5.54 - - 1.82 - -
4542 S0 - 2.76 - - ]0.629 - -
For odd-parity:
4f6s6p 3pp 366.9 | 374.7 | 419.1 | 396.2 | 323.6 850(50)° 12947
850(80)°
820(20)°
827(40)"
760(80)"
4f146s6p tpp 3.303 | 2.989 | 6.088 | 4.872 | 2.881 5.8(0.8)°¢ 4.787
5.12(0.12)"
5.50(0.25)"
4f*P(’Fg)5)5d5 2657 | (7/2, 5/2)F - —~ | 3.806 |5.266 | - 15(1)¢ -
14.4(0.4)*
4f1P(’FS);)5ds 265 | (5/2,5/2)5 | -~ — | 4.655 | 7.198 | - B -
4fl46s7p 3pg 58.09 | 64.71 - - 83.90 - -
spp 54.54 | 61.34 | — - | 77.74 120(30)® -
3pg 47.92 | 55.55 | - — | 69.09 - -
4f6s7p tpp 29.28 | 27.81 | - - | 25.15 9.8(0.6)° -
9.32(0.6)°
4f45dep 3Fg 40.58 | 51.71 - — 16.89 68(9)* -
3F9 10.86 | 10.31 | — - 10.28 22(7)¢ -
39 33.70 | 18.17 | — - | 7.881 - -
45145d6p 3pe 5.031 | 11.17 | - - 5.757 - -
3pp 5.323 | 12.11 6.851
3py 10.04 | 11.37 | - - | 11.76 - -
4f5d6p DS 7.551 | 8.707 | — - 9.768 25(20)° -
4f45d6p 5D¢ 6.509 | 10.80 - - 14.01 - -
3Dy 5.735 | 8.191 | — - | 7.085 - -
3Dy 6.531 | 8.619 | — - | 9.214 - -
4f145d6p 'Ry 5.978 | 8.309 10.07
4f5d6p tpp 0.716 | 1.820 - - 5.551 - -
4f6s5f R 41.82 | 45.96 | - - ]38.20 62(9) -
4f16s5f 3Fy 11.84 | 11.37 | — - | 2355 26(7) -
SR 180.8 | 93.92 | — ~ | 59.86 88(10)“ -
32 52.18 | 57.59 | — — | 49.14 - -
414656 f SF9 38.36 | 35.38 | — — | 47.60 53(9)® -
5Fy 29.33 | 36.87 | - ~ | 40.89 - -
3EY 8.585 | 14.59 | — — | 8229 - -
4f146s6f R 226.0 | 99.73 - - 78.05 - -
4f1%6s8p 3pg - 89.20 - - 141.9 - -
spp ~ | 93.06| - - | 1205 140(20)® -
3pg - | 1096 | - — | 99.84 140(20)® -
4f6s8p tpp - 18036 | - - | 82.32 50(20)°
47(4)°
39.1(3.5)" -

@Ref. [34], "Ref. [31], °Ref. [35], Ref. [37], “Ref. [30], { Ref. [32], YRef. [39],

hRef. [41], ‘Ref. [27], IRef. [45], PRef. [29], 'Ref. [42]
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In addition, we have presented some lifetimes results
from HFR calculation. Again, we have studied with con-
figuration sets displayed in Table I for A, B, C' and D
calculations. We have also taken into account 4f!46s2,
4f145d6s, 4f16p?, 4f145d%, 4f46snd (n = 6-20),
4f¥%6sns (n = 7-12), 4f46sng (n = 58), 4f"6snp
(n = 6-20), 4f6snf (n = 5-18) and 4f'*5d6p config-
urations outside the core [Xe| represented by E. This
set includes also the configurations with g orbitals. The
energy and the Landé factor results are rather the same
as results from A and B calculations. But, the lifetime
results are somewhat different. We have, therefore, also
presented the lifetime results obtained from F calculation
in Table III. In this calculation, the scaling factors, not
optimized in the least-squares fitting, were chosen equal
to 0.85. The lifetimes (in ns) for 4f145d6s, 4f26s%6p,
4f46sns (n = 7, 8), 4f"6snd (n = 6, 7), 4f*6p?
and 4f'45d? even-parity levels of 4f'6snp (n = 6-8),
4f135d65%, 4f146snf (n = 5, 6), and 4f145d6p odd-parity
levels of Yb are given and compared with the literature
in Table ITI. This table contains the lifetime calculations
according to the formula (3) for these levels consider-
ing all possible transitions to lower levels. As seen from
Table III, the lifetime results obtained from our calcu-
lations are in agreement with others, generally. Only
the lifetimes of 4f13(2F7°/2)6526p3/2, 4f146s6p 3PP and
some highly excited levels are somewhat poor. But it is
noted that there is no agreement between experimental
[27, 29, 35, 34, 42| and other theoretical [45] results for
first excited 4f146s6p 3PP level. In our calculations, it
was seen that, among admixing configurations, the most
contribution for the wave function of this level is 1.9%
from 4f146s6p 'P° and 1.6% from 4f5d6p 2P°, 1.9%
from 4f146s6p 1P° and 1.4% from 4f5d6p 3P°, 1.7%
from 4f146s6p 1P° and 0.1% 4f135d(3°F)6s% 1P°, 1.9%
from 4f'46s6p P° and 0.1% from 4f'35d2(1G)6s *P°,
and 2.4% from 4 f146s6p 1P° and 0.4% from 4 f**5d6p 3P°
in A, B, C, D, and FE calculations, respectively. The
energy for this level agrees with others. When the core—
valence contribution on the levels is investigated, the life-
time value for 4f146s6p 1P? is in agreement with other.
But the lifetimes agreement of 4f13(2F$/2)5d5/2652 (7/2,
5/2)$ and 4f'6s7p 3P° is somewhat good. Also, in E
calculation including 5g orbital, the agreement for highly
excited levels is good, especially 4f46snf3FS (n =5, 6)
and 4f'46snp *PP, (n =7, 8). For even-parity according
to this calculation the agreement is good. An agreement
except for some levels is seen when our results are com-
pared with other works. The lifetimes of some levels will
probably be improved because more configurations in-
clude levels excited from core. This case is restricted by
computer limitations.

4. Conclusion

The main purpose of this paper was to perform
MCHF+BP and HFR calculations for obtaining a de-
scription of the Yb I spectrum. We have here reported

new data including valence—valence and core—valence cor-
relation (only in HFR calculation) effects and relativistic
corrections in Yb I. We have also presented the Landé fac-
tors of the energy levels. The Landé factor is a measure
of the magnetic sensitivity of atomic level. It is known
that the experimental values for Landé factors of rare-
-earth elements are far from being complete. Somewhat
poor agreement between theory and experiment which is
showed for some of the levels calculated in the present
work requires further consideration. The energy data
and Landé factors presented for Yb I in this work can be
useful to investigations for some radiative parameters.
It is known that the experiments are extremely expen-
sive and difficult and the theoretical methods need huge
computing facilities or along time to be worked out for
a heavy element such as ytterbium. Consequently, we
hope that our results obtained using MCHF and HFR
methods will be useful for the other works in the future
for Yb I spectrum.
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