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The atomic properties of Pm-like ions were comprehensively studied using relativistic atomic codes. Excitation
energies of the 4 f Ynl (with nl = Ss, 6s, 5p, 6p, 5d, 6d, and 5 f) states in Pm-like ions with nuclear charge
Z ranging from 74 to 100 are evaluated within the framework of relativistic many-body theory (RMBPT).
First- and second-order Coulomb energies and first- and second-order Breit corrections to the energies are
calculated. Two alternative treatments of the Breit interaction are investigated. In the first approach we omit
Breit contributions to the Dirac-Fock potential and evaluate Coulomb and Breit-Coulomb corrections through
second order perturbatively. In the second approach were included both Coulomb and Breit contributions on
the same footing via the Breit-Dirac-Fock potential and then treat the residual Breit and Coulomb interactions
perturbatively. The results obtained from the two approaches are compared and discussed. The important question
of what is the ground state in Pm-like ions was answered. Properties of the 4 f-core-excited states are evaluated
using the multiconfiguration relativistic Hebrew University Lawrence Livermore atomic code (HULLAC code)
and the Hartree-Fock-relativistic method (COWAN code). We evaluate excitation energies and transition rates in
Pm-like ions with nuclear charge Z ranging from 74 to 92. Our large scale calculations include the following set
of configurations: 4 f145s, 4 f145p, 4 f135s52, 4 f135p%, 4 f3555p, 4 f1255%5p, 4 12555 p?, and 4 f125p3. Trends
of excitation energies as function of Z are shown graphically for selected states. Excitation energies, transition
rates, and lifetimes in Pm-like tungsten are evaluated with additional inclusion of the 4 f!'5525p?, 4 f11555p3,
4 £195525p3, and 4 f1°5s5p* configurations. This represents an unusual example of an atomic system where
the even-parity complex [4f'455 +4f13555p +4f12555p> + 4 f1555p3 + 4 £19555p*] and the odd-parity
complex [4f45p + 413552+ 4f125525p + 4 f115525p2 + 4 £195525p%] include so different configurations.
Wavelengths of the 4 £145s 25, -4 £ 45 p 2P, transition obtained by the COWAN, HULLAC, and RMBPT codes are
compared with other theoretical results and available measurements.
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I. INTRODUCTION

Achieving an accurate description of complex correlations
in atomic and molecular structure is of fundamental impor-
tance and one of the goals of current atomic physics research.
Ions with an open 4 f shell are prime examples of highly
correlated systems, and an accurate representation of their
structure is a largely unsolved problem. In fact, even the
important question “at what ionic state is 4 f'*5s the ground
state of Pm-like ions, i.e., of ions with 61 remaining electrons?”
has long remained unanswered. However, correct knowledge
of atomic systems with an open 4 f shell is of high importance,
as recently demonstrated in the development of a frequency
standard based on the 4 f 1365 configuration in ytterbium with
69 remaining electrons [1], or in the development of a sensitive
indicator for measuring the variation of o based on similar
configurations, but with 5s valence electrons in Pm-like or
Nd-like iridium [2].

The first theoretical prediction of the 4f 1456 29, 2"
4f145p 2P1/2 and 41455 251/2-4f145p 2P3/2 wavelengths
and the 4 f#5p 2Py, and 4 f'*5p ?P5, lifetimes in Pm-like
ions was presented by Curtis and Ellis [3]. The Hartree-Fock
(HF) calculations showed that in Pm-like W3+, Tr!6+ Ap!8+,
Pb2!*, and U3t the dominant resonance lines were the
5s-5p doublets in the range A = 100400 A. Theodosiou
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and Raftopoulos [4] performed a fully relativistic calculation,
using the Dirac-Fock approximation (DF) to evaluate energies
of the 4.]“141/111‘ (l’llj = 5S1/2, 5[71/2, 5]73/2, 5d3/2, 5d5/2, 4.}“5/2,
and 4 f7)2) levels for Pm-like W3+, Ir'6* Au!®*, Pb?!*, and
U3 ions. A small difference was found for the wavelengths of
the 5s-5p transitions and the 4 f45p %P3 /2 lifetimes between
their DF results [4] and the HF results [3]. Theodosiou and
Raftopoulos [4] answered the question, discussed in Ref. [3],
at what ionic state 4 1455 is the ground state of Pm-like ions
by predicting that this will happen first for Ir!6+.

Twenty five years later, the large set of the 4 f-core-
excited states (413552, 4f135p%, 4£13555p, 4 £125525p,
4112555p%, 4 125 p*) was used by Vilkas et al. [5] to evaluate
wavelengths and lifetimes in Pm-like ions. It was found
that the 4 £ 1455 25, s2 level is the ground state from Z =78
onwards (Pt'”*), i.e., one charge higher than it was thought
to be in [4]. Numerical values for the excitation energies
and lifetimes obtained by the multireference Mgller-Plesset
(MR-MP) approach were presented [5] in the case of Pm-
like W3+ jon. Kramida and Shirai [6] confirmed that the
413552 2, /2 level is the ground state of Pm-like W1+ jon.
It was also found that the first excited state 4 f 552 %F5, was
separated from the ground state by approximately 18 000 cm™!
[6]. In his review [7], Kramida estimated the accuracy
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of theoretical calculations [5] and experimental measurements
[8,9] of the 4f'45s 28,,,-4f145p 2Py, and 4f'45s 28, )»-
4f145p 2P, /2 transitions, and he noted the importance of
including two additional configurations (4f''5s25p? and
4 f195525p3) in the calculations presented by Vilkas et al.
[5]. If the configurations 4 f!15525p? and 4 f1°5525p> were
not included in the calculations in [5], it would affect the
calculated energies of odd-parity levels that were predicted by
Kramida [7].

In the present work we have employed several relativistic
atomic codes to study Pm-like ions. We report results of ab
initio calculation of the excitation energies in Pm-like ions us-
ing the relativistic many-body perturbation theory (RMBPT).
We consider these ions as systems with a closed [Kr]4d 104 f 14
core and one electron above the core as [Kr]4d'%4 f 1451 states.
We use a complete set of DF wave functions on a nonlinear
grid generated using B splines [10] constrained to a spherical
cavity. The basis set consists of 50 splines of order 9 for each
value of the relativistic angular quantum number «.

Properties of the 4 f-core-excited states are evaluated
using the multiconfiguration relativistic Hebrew University
Lawrence Livermore atomic code (HULLAC code) and the
Hartree-Fock-relativistic method (COWAN code). We evaluate
excitation energies and transition rates in Pm-like ions with
nuclear charge Z ranging from 74 to 92. Our large scale
calculations include the following set of configurations:
413552, 4fB35p2, 4f3555p, 4£125525p, 4 f12555p?, and
4 f 125 p3 .

We present excitation energies, transition rates, and life-
times for the specific case of Pm-like tungsten. This emphasis
is derived from the prospect that tungsten will be abundant
in the plasmas generated by the ITER (Latin, “the way”)
tokamak, which is currently under construction in France, as
well as in many present-day plasma devices that have started
to experiment with “ITER-like” plasma-facing components,
which often include tungsten. This renewed experimental
interest in tungsten spectroscopy is illustrated by many recent
publications [11-25]. For example, an interpretation of the
spectral emission in the 20 nm region from tungsten ions was
recently presented by Suzuki ef al. [13,14]. These extreme
ultraviolet spectra were produced in the large helical device at
the National Institute for Fusion Science. A quasicontinuum
spectral feature arising from an unresolved transition array was
observed around 20 nm in plasmas with temperatures below
1 keV. Atomic structure calculations for tungsten ions with
open 5p, 5s, and 4 f subshells (W/*-W?7*) were needed to
interpret the observed feature.

We show that in the case of W!3* jon, the energies of
the 4 f115525p? and 4 £'°55%5p3 are distributed inside the
interval between the 4 f'45s 25 2 and 4f 45p 2P, ener-
gies. This is an example of a very unusual atomic system,
in which the even-parity complex [4f'*5s +4f13555p +
4112555p% + 4 f11555p3 + 4 £19555p*] and the odd-parity
complex [4f'45p +4f135s% + 4 f125525p + 4 f115525p% +
4 £195525 p*] include grossly different configurations. Such an
unusual atomic system was not investigated before. We present
synthetic spectra for the [4 f45s + 4 f135s5p + 4 f12555p?]
< [4f1%5p + 4 £1355% + 4 £125525 p] transitions in both Pm-
like W'3* and Pm-like Au'3+.
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II. ENERGIES AND WAVELENGTHS WITH INCLUSION
OF THE 4 f'nl STATES IN Pm-LIKE IONS

The excitation energies of the 4 f'*nl (with nl = 5s, 6s,
5p, 6p, 5d, 6d, and 5 f) states in Pm-like ions with nuclear
charge Z ranging from 74 to 100 are evaluated within the
framework of relativistic many-body theory (RMBPT). At
first we decided to exploit the single-double all-order (SD)
method that was used previously [26,27] for Au-like and
Fr-like ions. We found that a convergence problem affected
the SD method for calculations of energies in Pm-like W'3+
ion. This convergence problem is due to an unstable 4 f'4 core
because of the large contribution of 4 f-core excitations. As
a result we decided to limit our study of atomic properties
of the excited 4 f'nl states in Pm-like ions to applying the
second-order RMBPT approximation.

The calculations are carried out using a basis set of Dirac-
Fock (DF) orbitals. The orbitals used in the present calculations
are obtained as linear combinations of B splines. These
B-spline basis orbitals are determined using the method
described in Ref. [10]. We employ 50 B splines of order 9 for
each single-particle angular momentum state, and we include
all orbitals with orbital angular momentum / < 8 in our basis
set.

In Table I we illustrate the relative size of various
contributions for energies of the 4 f 1451 (with nl = 5s, 6s,
5p, 6p, 5d, 6d, and 5 f) states using the example of Pm-like
W!3*_ First- and second-order Coulomb energies and first- and
second-order Breit corrections to energies are calculated. Two
alternative treatments of the Breit interaction are investigated.

The first-order and second-order Breit corrections B and
B®@ given in columns 4 and 5 of Table I are obtained with the
Dirac-Fock potential when the Breit contributions are omitted.
We evaluate Coulomb and Breit-Coulomb corrections through
the second order perturbatively. The alternative treatments
include both Coulomb and Breit contributions to the Breit-
Dirac-Fock potential and then treatment of the residual Breit
and Coulomb interactions perturbatively. In this approximation
the first-order Breit corrections B! is equal to zero. The value
of the second-order Breit corrections B B® given in column 10
of Table I is smaller than the value of B® (column 5) since the
RPA diagram was removed from the B® correction (see for
details Sect. IIT of Ref. [28]). A very small difference (less than
0.01%) in the E® evaluated in the Dirac-Fock potential or in
the Breit-Dirac-Fock potential (compare the E® and the E*®
values given in columns 3 and 8 of Table I) is found. The
largest difference between the two approximations is in the
Breit correction as well as in the DF and BDF (EPP) E(BDE)
energies.

The wavelengths of the 4455 %S ,-4 f45p 2Py, and
4f145s 251/2—4f145p 2P3/2 transition in Pm-like ions with
Z =74-100 are listed in Table II. The wavelengths given
in columns “RMBPT” and “RMBPTB” are calculated in
the second-order approximation with a Dirac-Fock (DF)
and Breit-Dirac-Fock (BDF) potentials, respectively. The
difference between two results is about 0.01%-0.03% for the
4 fl1455 251/2—4f145p 2P1/2 transition and 0.02%-0.07% for
the 4 1455 25} /-4 f 145 p *P5, transition.

In column “Theory” of Table II we present the results
obtained by the multireference Mgller-Plesset (MR-MP)
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TABLE I. Energies (in cm™") calculated with a Dirac-Fock (DF) or a Breit-Dirac-Fock (BDF) potential for Pm-like W'**. Zeroth-order
energies E®P and E®PP second-order Coulomb energies E® and E®P, first-order B and second-order Breit-Coulomb (B® and BB®)
corrections, and Lamb shift corrections E} g are listed separately, followed by the total energies (Effﬁ =E®) + E@ 4+ BD 4 B® 4 E;g and
EZP — E®BDH { E2 4 BB® 4 E|). The value of the infinite mass Rydberg constant used to convert numerical data from a.u. to cm™! is
Ry = 10973.7316.

nlj EDP E® BM B® Eis Et(f‘) [ (BDF) E@B) BB® Et(;B)

5812 —2 440 665 —28939 3093 —2549 1052 —2 468 007 —2438 708 —28918 -52 —2 466 628
S5pip -2 172710 —27298 3901 —2269 -30 —2 198 406 —2169 811 —27215 —57 —2197 113
S5p3p —2 060 939 —24 527 2626 —1975 41 —2084 775 —2059 194 —24 463 —42 —2 083 658
5ds)» —1651209 —19011 1593 —1583 0 —1670 209 —1650343 —18 959 -25 —1669 327
5ds), —1632523 —18 298 1248 —1566 0 —1651 138 —1632 000 —18 262 —31 —1650292
5fsp —1181 195 —10726 565 —1108 0 —1192 464 —1181 133 —10707 —11 —1191 851
Sfin —1177 521 —10 567 442 —1123 0 —1 188 768 —1177 593 —10 555 —15 —1188 163
651/ —1333312 —15056 1153 —876 287 —1347 805 —1332 567 —14 997 —24 —1347 302
6p12 —1219 385 —12 365 1527 —826 —-12 —1231 060 —1218240 —12 320 =27 —1230598
6p3)2 —1174 510 —11038 1066 —760 10 —1 185231 —1173799 —11010 -21 —1184 820
6ds), —991 835 —8773 713 —683 0 —1000 578 —991 447 —8714 —14 —1000 175
6ds)> —983 417 —8291 559 —682 0 —991 831 —983 185 —7 843 —17 —991 045

TABLE II. Wavelengths (in A) of the 4 £ 455 25, ,-4 f'45p 2P, ; and 4 £ 455 28, ;-4 f 145 p 2P3  transitions in Pm-like ions. The wavelengths
given in columns “RMBPT” and “RMBPTB” are calculated in the second-order approximation with a Dirac-Fock (DF) and Breit-Dirac-Fock
(BDF) potentials, respectively. The Hartree-Fock relativistic method implemented in the COWAN code was used to evaluate the wavelengths listed
in column COWAN. Our results are compared with theoretical results obtained by the MR-MP approach (column “Theory”) and experimental
(column “Expt.”) values presented by Vilkas et al. [5].

Z RMBPT RMBPTB COWAN Theory Expt. RMBPT RMBPTB COWAN Theory Expt.
4 £1455 %S, -4 £ 145 p 2Py 5 transition 4 £1455 %S, ;-4 f1*5 p 2Py, transition
74 370.92 371.04 367.95 369.45 365.3 260.94 261.12 260.83 261.06 258.2
75 351.56 351.65 349.56 350.22 242.73 242.88 242.80 237.82
76 334.24 334.32 331.78 333.26 226.38 226.52 225.21 221.42
77 318.50 318.56 323.20 320.78 211.55 211.66 212.82 212.94
78 304.08 304.12 304.62 305.16 198.01 198.11 198.39 199.26
79 290.81 290.84 291.15 291.53 289. 185.61 185.70 185.66 186.95 184.
80 278.57 278.59 278.86 279.12 174.22 174.30 174.01 174.69
81 267.22 267.23 267.53 267.68 163.72 163.79 163.30 164.12
82 256.68 256.68 257.00 257.07 154.02 154.08 153.41 154.36 153.0
83 246.86 246.86 247.19 145.04 145.10 144.24
84 237.69 237.68 136.71 136.76
85 229.12 229.11 229.51 128.98 129.02 127.86
86 221.10 221.08 221.45 121.77 121.81 120.51
87 213.54 213.52 213.83 115.05 115.09 113.64
88 206.43 206.40 206.60 108.77 108.80 107.22
89 199.72 199.69 102.90 102.93
90 193.41 193.37 193.49 97.40 97.43 95.62
91 187.41 187.37 92.24 92.26
92 181.77 181.73 181.66 181.36 175.4 87.40 87.43 85.44 87.44
93 176.39 176.34 82.85 82.87
94 171.32 171.31 78.58 78.60
95 166.47 166.46 74.55 74.57
96 161.88 161.88 70.75 70.77
97 157.50 157.49 67.17 67.19
98 153.36 153.35 63.80 63.81
99 149.41 149.40 60.61 60.63
100 145.65 145.64 57.60 57.61
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FIG. 1. (Color online) Z dependence of the scaled 4 f*nl LSJ energy levels in Pm-like ions.

approach [5]. The difference between our RMBPT and the
MR-MP results for the 4 f'45s %S -4 f145p 2P5, transition
is larger than for the 41455 2S1,-4 f145p 2Py, transition
(0.2%-2.2% and 0.2%—0.7%, respectively).

To explore the cause of such a disagreement, we car-
ried out additional calculations for the wavelengths of
Pm-like ions with Z = 74-92 using the Hartree-Fock-
relativistic method (COWAN code [29]). The following set of
configurations was used: 4f'4nl (with nl =S5s, 6s, 5p,
6p, 5d, 6d, and 5 f). The core-excited 4 £ 13552, 4 f13555p,
4f13555d, 4f13555f, 4fB5p%, 4f35p5d, 4f125525p,
4£125525d, 4 f125525 f, 4 £12555p?, 4 f12555d?, 4 12555 2,
4f12555p5d, 4 f125s5p5 f, and 4 125 p3 configurations were
also included in the even- and odd-parity complexes. The
results of our calculations are incorporated in Table II in
column “COWAN.” It should be noted that the scaling of
electrostatic integrals in the COWAN code allows us to correct
for correlation effects. In many systems it leads to a good
agreement with experimental energies. We used the same
scaling factor (0.85) for all electrostatic integrals. The 0.85
scaling factor was introduced by Fawcett et al. [30]. These
authors explained that the 0.85 factor was found empirically
to obtain results in good agreement with experiment.

The results given in columns RMBPT and COWAN of
Table II are in excellent agreement (0.04%—0.18%) for the
41455 28, ,-4f145p 2Py 5 transition except for the results
for the ions with Z = 74-77, where the difference is 0.5%—
1.5%. The largest difference (2.2%) for the 4 f!*5s S p-
4f'5p %P3, transition is found for the ion with Z =92,
while the RMBPT and MR-MP wavelengths are in excellent
agreement (0.05%) for Pm-like uranium.

The 4 f*nl LSJ energies, relative to the 4 £ 1455 25 /, state,
divided by (Z — 60)?, are shown in Fig. 1. In this figure Z was
decreased by 60 to provide a better presentation of the scaled
energy. The scaled 4 f*nl LSJ energy is a smooth function of
Z for entire interval of Z = 74-100, but exhibits irregularities
for the 4 f'45d 2Ds, state at Z = 82. These irregularities
are caused by exceptionally small energy denominators in
the expression for the second-order correlation energy (see

for details Ref. [27]). The smallest value of energies are for
the 4 f145p 2Py level (curve 1 in the left panel of Fig. 1).
The largest value of energies are for the 4 £146d 2 Ds ) level
(curve 5 in the right panel of Fig. 1). Only one curve 1
(45 f ?Fs); level) on the right panel of Fig. 1 crosses the
curve 3 (4 f*6p 2Py, level) around Z = 77 and the curve 2
(4 f146s %S )5 level) around Z = 83.

III. ENERGIES OF THE 4 f-CORE-EXCITED STATES IN
Pm-LIKE IONS

Energies of the 4 f-core-excited states are evaluated using
the Hartree-Fock-relativistic method (COWAN code). We obtain
our large scale calculations including the following set of con-
figurations: 4 f145s, 4 f145p, 413552, 4 £135p%, 4£13555p,
41125525p, 4 f12555p?, and 4 £ 125 p3.

In Fig. 2 we display excitation energies in Pm-like ions
for the 4 f 1455 25, /> (curve 1), 4 f13552 2F (curves 2 and 3),
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FIG. 2. (Color online) Z dependence of the 4 5/ LSJ and
4 £13552 LSJ energy levels in Pm-like ions.
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FIG. 3. (Color online) Z dependence of the scaled 4 f!35s5p LSJ, 4 f'25525p LSJ, and 4 f'2555p LSJ energy levels in Pm-like ions.

and 4 f1*5p 2P; (curves 4 and 5) levels. This figure indicates
that the ground state for the Pm-like W!3*, Re!**, Os!*,
and Ir'®" is the 4 f1355% 2F;), core-excited state (curve 2).
The first excited state 4 f 3552 2Fs/, was separated from the
ground state by 18 600, 20 800, 23 300, and 25 900 cm~! in
the W3+, Re'**, Os!>*, and Ir'®* ions, respectively. The
excitation energy of the 4 f'#5s %S, state is almost equal
(28400 cm™") to the energy of the 4 f'35s2 ?Fs, level for
the Pm-like Ir'®t ion. For the next Pm-like ion (Pt'’*), the
4f 145625, /2 state became the ground state and continues to be
the ground state for higher Z. Curve 4 describing the energy
of the 4 f'45p 2Py, level smoothly varies from 461 800 cm ™
for Z = 74 up to 550 500 cm~! for Z = 92 with a minimum at
Z = 178. Curves 2 and 3 describing the 4 £ 13552 °F; energies
cross curve 4 around Z = 83. Curve 5 describing the energy
of the 4 f145p 2Py 5 level crosses the curves 2 and 3 around
Z =90.

A limited number of 4 f135s5p LSJ, 4f125s25p LSJ,
and 4 f12555p* LSJ energy levels is illustrated in Fig. 3. For
better presentation we again display the excitation energies
divided by (Z — 60)>. The left panel of Fig. 3 displays the
scaled energy levels due to configurations 4 f'35s5p LSJ
and 4 f125s25p LSJ. Curves 1 and 2, describing energies
of the 4 £125525p G112 and 4 f125525p 2K 13,2 levels, cross
curves 3, 4, and 5, describing energies of the 4 f135s5p LSJ
levels with LSJ = *Dyp, Dy 2, and *Fs s, respectively. The
difference in energies near the crossing points becomes very
small (1%-3% of the total energy). The difference between
the energies of the 4f125525p 2K13/2 and 4 f35s5p 4D1/2
levels at Z = 79 is equal to 800 cm™!; that corresponds to
0.12% of the 613900 and 613 100cm ~' energies of these
levels, respectively. To the best of our knowledge, crossing of
levels attributed to configurations with a different number of
4 f electrons (4 f135s5p LSJ and 4 £ 125525 p LSJ) was never
discussed in a publication before.

The distribution of energy levels of the 4f'3555p and
4f12555p% configurations is illustrated in the right panel
of Fig. 3. From this figure it is evident that the energies
of the 4f'2555p> LSJ levels are larger than the energies

of the 4 f13555p LSJ levels. Only two crossings take place
between the 4 f!25s5p? 6Gl3/2 and 4f35s5p LSJ with
LSJ =*Gy1pand? Dy at Z = 74 and Z = 77, respectively.
The energy difference between the 4 f'25s5p? °G3/, and
4£13555p 2Ds)5, described by the curves 3 and 2 is equal
to 5700 cm™!; that corresponds to 1.2% of these respected
energies of 479 500 and 485200 cm™~.

IV. ENERGIES AND LIFETIMES IN THE
Pm-LIKE W3+ ION

In Tables III and IV the energies, lifetimes, and sums of
radiative decays of the excited levels in Pm-like W'3* jon
are displayed. Energies are given relative to the 4 f 13552 2F;
ground state. In Table III we list the results obtained for the
even-parity 4 f145s 251/2, 4f13555p LSJ, 4f1255s5p> LSJ,
4 f1555p3 LSJ, and 4 £19555p* LSJ states. The results for
the odd-parity 4 f'45p 2P;, 4 f135p LSJ, 4 f'25525p LSJ,
4f125p3 LSJ, 4f"5525p% LSJ, and 4£'°55s25p3 LSJ
states are given in Table IV. Our large-scale calculations
of atomic properties are based on the previously mentioned
code developed by COWAN, which uses a quasirelativistic
Hartree-Fock method with superposition of configurations
(COWAN code) [29,31]. With almost 4000 levels per parity,
the total number of radiative transitions is millions. To reduce
the computational load, we neglected transitions with small
probabilities, gA, < 103 s~! (the strongest transitions, as will
be shown below, have A, on the order of 10'* s~1). Even with
this restriction, the resulting list of radiative transitions within
the Pm-like W'3* ion includes about 532 000 transitions.

We reorganize this file by order of energies to evaluate the
sum of radiative decays £ A, and lifetime values as ﬁ =T

for the 7815 levels from the 4f'45s, 4f'45p, 413552,
4fB555p, 4fB5p2, 4f125525p, 4f125s5p2, 4f125p3,
4f15525p%, 4f15s5p3, 4f195525p3, and 4 f19555p*
configurations. We only considered electric dipole transitions
and did not evaluate lifetimes for metastable levels, such as
the 4 £ 13552 2F5 5 level.
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TABLE III. Energies (cm™!), lifetimes (107!° s), and sums of radiative decays Y. A, (s~!) for even parity levels in Pm-like W'3* jon.
Energies are given relative to the 4 f135s2 2F, », ground state. We use intermediate and level (>0*!Ly) 25T L ; designation. The upper indices

are used in the COWAN code to differentiate between atomic terms.

Level Energy Lifetime S A, Level Energy Lifetime > A,
103 cm™! 10710 s7! 103 cm™! 10710 5!
4 f1455 configuration 4 f12555p? configuration

) 251/2 197.100 63010 1.59[05] CH) 6G13/2 325.410 2.325 4.30[09]

4 f13555p configuration CH) 6H11/2 332.679 2.260 4.43[09]
(F) 4D7/2 234.175 100.6 9.94[07] CF) 6D9/2 334.414 2.312 4.33[09]
(F) 4D7/2 249.219 5.203 1.92[09] 6 4H7/2 339.330 2.208 4.53[09]
CF)*Gs), 251.344 8.934 1.12[09] CH) 51y, 347.331 2336 4.28[09]
(F) 4G9/2 251.793 3.729 2.68[09] CF) 6G3/2 351.791 2.363 4.23[09]
(F) 4G5/2 257.575 4.801 2.08[09] CF) 6G5/2 352.166 2.592 3.86[09]
(F)2D%, 271.559 4797 2.09[09] CH)2HY 352,618 1.925 5.19[09]
(F) ZG‘;/Z 273.150 3.574 2.80[09] CH) 6[7/2 353.459 2.310 4.33[09]
(F) 4F3/2 274.677 3.428 2.92[09] G 4G9/2 359.149 2.109 4.74[09]
(’F) ‘G, 12 343.567 290.5 3.44[07] CF) 2F7d/2 362.061 2.035 4.91[09]
CF) ‘D3, 350.154 91280 1.10[05] CF) ‘Gl 363.176 2.038 4.91[09]
(F) 4D3/2 350.154 80.98 1.24[08] (G) 4H7/2 374.890 2.122 4.71[09]
(F) 4D5/2 352.562 11.06 9.04[08] GP) 6P5/2 377.746 2.147 4.66[09]
(F) 4F7/2 355.728 23.45 4.26[08] CF) 6G3/2 378.361 2.207 4.53[09]
CF) 4F9/2 355.870 35.56 2.81[08] CH) 419“/2 379.226 1.986 5.04[09]
(F) 4D1/2 355.938 264.4 3.78[07] épP) 6D1/2 380.634 2.478 4.04[09]
CF) *Fy 367.178 19.77 5.06[08] (D) s 387.288 2.166 4.62[09]
(F) ZG‘QI/2 368.935 24.07 4.16[08] (D %K, 12 387.468 2.140 4.67[09]
(F) 4F5/2 374.366 30.60 3.27[08] CP) 6D3/2 388.081 2.277 4.39[09]
CF) ;)5 375.741 13.12 7.62[08] ('D) *Fs)» 397.891 2.176 4.59[09]
CF)2D?, 404.927 0.153 6.55[10] (P) D9, 400.282 1.815 5.51[09]
(F) ZGgﬂ 405.923 0.148 6.73[10] CH) 6H15/2 404.877 19.12 5.23[08]
(F) 2F7b/2 415.586 0.138 7.23[10] épP) 2D§/2 404917 1.878 5.32[09]
(F) 2D§/2 420.946 0.153 6.52[10] CF) (’G“/z 416.157 10.86 9.21[08]
CF) ZGQ/Z 425.595 0.191 5.24[10] CF) 6D9/2 418.963 11.85 8.44[08]
CF) 2Fsb/2 435.197 0.138 7.25[10] CH) 6G9/2 422.620 9.354 1.07[09]

4 f11555p3 configuration 4 £19555p* configuration
N 8119/2 541.575 2.050 4.88[09] €)) 8K21/2 844.523 0.385 2.60[10]
1)1y 548.184 1.054 9.49[09] 1) Lo, 851.511 0383 2.61[10]
¢n 8115/2 553.025 1.634 6.12[09] @) 8117/2 857.098 0.373 2.68[10]
@) 8113/2 558.002 1.216 8.23[09] @) 8115/2 862.724 0.366 2.73[10]
¢D ¥ 562.606 0.568 1.76[10] O *Hys 868.789 0.416 2.40[10]
(4F) 8F13/2 566.711 1.761 5.68[09] @) 8K19/2 870.004 0.348 2.88[10]
W) 819/2 567.044 1.716 5.83[09] @) 8115/2 870.245 0.375 2.66[10]
CH)*HE, 568.720 1.605 6.23[09] CD ¥ K1 870.381 0.360 2.78[10]
@) 6]{’7/2 568.927 1.375 7.27[09] @) 8113/2 873.324 0.646 1.55[10]
@) 817/2 569.424 0.938 1.07[10] CF) 8G15/2 875.505 0.373 2.68[10]

Most of the odd-parity 4f'25s5p LSJ levels are
metastable. The energies of the 69 levels of the odd-
parity 4 f125s25p LSJ states are distributed in the region
between 68400 and 312600 cm™'. Only the 4 f'45s 2§ »-
4f125s25p(lD) 2P1/2 and 4f145s 251/2—4f125S25p(lS) 2P3/2
electric-dipole transitions contribute to the lifetime of the
41125525p('D) 2P1/2 and 4 f125525p(1S) 2P3/2 levels, respec-
tively. The lifetime of these two levels are given in the right
column of Table IV. The above mentioned transitions are
the two-electron 4 f2-5s5p transitions with transition rates
A, equal to 1.22 x 10° and 3.83 x 10° s~!. We already
mentioned that the COWAN code we used displays transitions
with gA, > 10° s~!. This is why we did not find out the other
two electron 4 f2-5s5 p transitions with gA, < 10° s~!. Those

two electron transitions have nonzero A, values due to small
mixing inside the even-parity 4 f!45s 4+ 4 f12555p? complex
as well as the odd-parity 4 f125s25p + 4 f'45p complex.

The same mixing inside the even-parity and odd-
parity complexes is responsible for the nonzero value
of the lifetime of the 4f'45s %S, level. The A,
values for the 4f'25525p(F) 4F3/2-4f145s 2S1/2 and
4 125525 p('D) 2D3/2-4f1453 2S1/2 transitions are equal to
0.979 x 10° and 0.608 x 103 s~!, respectively. That gives us
the values of the £ A, and lifetime for the 4 f 455 25, , level
listed in the left column of Table III.

The next odd-parity 4 f ' 5525 p> LSJ levels are distributed
in the region between 184 600 and 639 200 cm~!'. The
lifetimes of the 15 4 115525 p% LSJ low-lying levels (among
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TABLE V. Energies (cm™), lifetimes (107! and 1073 s), and sums of radiative decays > A, (s~!) for odd-parity levels in Pm-like W!3*
ion. Energies are given relative to the 4 13552 2F; , ground state. We use intermediate and level (*%*!Ly) 2t L ; designation. The upper indices

are used in the COWAN code to differentiate between atomic terms.

Level Energy Lifetime > A, Level Energy Lifetime > A,
10 cm™! 10710 57! 103 cm™! 10735 s
4 f45p configuration 4 f125525p configuration
(1$) 2Py, 467.041 0.740 1.35[10] ('D) 2P, 5 271.041 0.818 1.22[05]
(1S) 2P3 ) 577.405 0.267 3.75[10] (19) %P5 5 312.559 0.261 3.83[05]
4 f135p? configuration 4 f115525p? configuration
CP) *Fy 547.893 0.270 3.70[10] CF) ‘G, 333.010 1.382 7.24[04]
(P)Gsp 569.101 0.265 3.77[10] (*S) *Ds )2 334.256 5.676 1.76[04]
CP) *Fo 640.812 0.163 6.15[10] (4F) 4F7b/2 341.924 7.692 1.30[04]
épP) 2F5/2 646.441 0.160 6.26[10] (“F) 2F7/2 345.314 0.464 2.16[05]
(P) Gy 652.129 0.155 6.46[10] (‘G) 5F1 )2 347.602 0.861 1.16[05]
CP) *F3)y 653.571 0.173 5.77[10] (*G) 4Gg/2 348.172 4.537 2.20[04]
('D)*Hyy 2 655.801 0.220 4.55[10] (*D)*Pls), 349.051 5.698 1.76[04]
('D)2Ds)» 658.983 0.203 4.92[10] (F) *Hy), 351.159 5571 1.80[04]
('D) 2Py 660.027 0.201 4.97(10] (*F) *Hy > 352.651 2.632 3.80[04]
('D) *F; 662.596 0.192 5.22[10] (‘G) *Hy 2 353.239 5.188 1.93[04]
('D) %G 664.983 0.180 5.55[10] (F) *F2, 356.303 1.950 5.13[04]
CP) 4G7/2 667.338 0.159 6.27[10] VD) 4Kf’1/2 358.040 7.130 1.40[04]
(P)Gsp 670.902 0.158 6.35[10] (‘G) 4H7”/2 359.910 5.626 1.78[04]
('D) Py 672.732 0.214 4.67[10] (‘G) %G3)2 360.155 3.162 3.16[04]
('D) *Hy» 675.352 0.207 4.84[10] (‘G) 4F9b/2 362.176 1.779 5.62[04]
4 f125p3 configuration 4 £195525p3 configuration
CH) 1t , 760.147 0.118 8.48[10] CD s 470.871 2.636 3.79[04]
CH) 4H1“1/ 766.303 0.122 8.17[10] @) 4H1b3/2 477.519 4.447 2.25[04]
CH) ng/z 767.703 0.125 8.00[10] Ch 81sp 482.486 7.820 1.28[04]
CH) 4H13/2 771.067 0.222 4.50[10] )] 8113/2 483.544 4.031 2.48[04]
CF) *Fo 772.274 0.124 8.06[10] Ch 81 486.033 4.213 2.37[04]
CH) 4G’7’/2 775.579 0.131 7.66[10] CF) 6'G’]’3/2 487.372 4.118 2.43[04]
(G) ZFS}’/2 776.984 0.119 8.38[10] Cn 81y 491.019 1.719 5.82[04]
CF) Fi1 0 777.247 0.119 8.42[10] 1)Ky s 493551 0.933 1.07[05]
CH) 4G’7’/2 781.944 0.122 8.22[10] Ch 13 494.533 3.772 2.65[04]
CH) 411}’3/2 782.954 0.136 7.34[10] ChH 8, 495.722 1.678 5.96[04]
CF) 6F5/2 786.667 0.121 8.29[10] @) Z‘Hll’l/2 496.470 1.419 7.05[04]
CH) *Hy)» 787.211 0.119 8.37[10] Cn¥Is 497.554 3.812 2.62[04]
CF) °F;) 790.322 0.121 8.26[10] CF) 6Gll’l/z 499.146 1.742 5.74[04]
CH) %Hy1 790.777 0.118 8.48[10] CF) 8Fs) 499.676 3.423 2.92[04]
CF) 5F; 5 792.827 0.118 8.46[10] O K 501.864 2.189 4.57(04]

590 levels) displayed in the right column of Table IV are
obtained mostly from the 4 f135s5p L'S'J'-4 f115525p> LSJ
transitions. Those transitions are again two-electron 4 f2-5s5p
transitions. We can see from the right column of Table IV that
the lifetimes of these levels is about 1073 s.

The odd-parity 4f'05s25p3 LSJ levels (about 2900
levels) are distributed in the region between 463 100 and
1028 000 cm™~". The same two-electron 4 f2-555 p transitions
are responsible for the lifetime values of the odd-parity
4f195525p3 LSJ levels. Energies, lifetimes, and sums of
radiative decays for the 15 low-lying levels are displayed in
the right column of Table IV.

The dominant contribution in the lifetime of the 4 f 45 p 2P,
levels is from the 4f'45s 251,,-4f'%5p 2P, transitions.
Results are displayed in the left column of Table IV. The
contribution of the 4 f35s5p LSJ-4f'#5p 2P, transitions
is less than 1% in the 4 f'45p 2P; lifetime. The A, values

of the 4f125s5p% LSJ-4f'5p 2P, transition is less than
4f1455 25, p-4f 145p 2P, transitions by five orders of magni-
tude. Such a large contribution by the 4 f 1455 2S1/2-4f145p ’p,;
transitions to the 4 £ 145 p 2P lifetimes is due to the importance
of the 5s5-5 p one-electron dipole transition compared with the
5s-4f one-electron octupole or the 5s5p-4f* two-electron
transition.

The 5s5-5 p one-electron dipole transition gives the dominant
contribution to the lifetimes of the even-parity 4 f135s5p LSJ,
4f12555p% LSJ, 4f''55s5p> LSJ, and 4f1°5s5p* LSJ
states. In Table III we list energies, lifetimes, and sum of
radiative decays in Pm-like W'3* ion for the low-lying levels
of these configurations.

The 4f35s5p L'S'J'-4f35p% LSJ transitions are the
dominant transitions in the determination of the 4 f135p? LSJ
lifetime values. Results for the 15 levels are listed in
the left column of Table IV. In order to determine the
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lifetime of the 4 f'25p> LSJ lifetime, we consider 67510
transitions, including the 4 f'25s5p% L'S'J/-4f125p° LSJ
and 4 f''5s5p3 L'S'J’-4f'25p> LSJ transitions. Energies,
lifetimes, and sum of radiative decays for the 154 f125p3 LSJ
low-lying levels are presented the left column of Table IV.

We have tried to compare our lifetimes values listed
in Tables III and IV with lifetime values given by Vilkas
et al. [5]. Unfortunately, only occupation numbers were given
for labeling levels instead of configurations and terms as
are usually used for the identification of levels. Only three
levels were identified as 4 f'*5s 25,5, 4f'45p 2Py, and
4 £'45p 2S5 . However, values of the energy and lifetime were
presented only for the 4 1455 25| /; level. We find a substantial
difference in energies (197 100 vs 177 727 cm™!) and lifetimes
(0.630 x 1072 vs 1.165 x 1077 s). It is rather strange to find
such large difference in the energy of the 4 f145s 25, 12 level
since there is less than 1% disagreement in the wavelengths of
the 4f145S 251/2—4f145p 2P1/2 and 4f]45S 251/2-4f]45p 2P3/2
transitions (Table II).

V. WAVELENGTHS AND TRANSITIONS IN Pm-LIKE W3+
AND Au'®+ IONS

In Table V we display a short list of transitions from
the ground state in Pm-like W!** and Au'8* ions. We
choose these ions as an example to illustrate our results for
the Pm-like sequence because they have a different ground
state; the 4 f13552 2F; ), level for ions with Z = 74-77, and
the 4 f1455 28, /5 level for ions with Z = 78-100. To check the
accuracy of our calculations, we evaluated radiative transition
rates and wavelengths in Pm-like W'3* and Au'®* ions using
the COWAN and HULLAC codes. About 430 energy levels are
found for the set of six 4 f145s, 4 f145p, 4 f13552, 4 f13555p,
4£125525p, and 4 f'2555p? configurations. There are 180
transitions from the 4 f135s2 2F; /2 level in Pm-like W1+ jon
and only 18 transitions from the 4 f 1455 25, /, level in Pm-like
Au'¥* ion.

In Table V we list wavelengths and weighted tran-
sition rates for the 4f'35s2 2F7/2-4f135s5p LSJ and
4 f13552 2F7/2—4f125s5p2 LSJ transitions in the Pm-like
W+ jon, as well as for the 4 f145s 2§ -4 f145p LSJ and
411455 2S1/2-4f125s25p LSJ transitions in Pm-like Au'8*
ion. In the left column of Table V we use the designations of
levels used in the COWAN code: configuration, intermediate,
and level (>%*!Ly) 25+!1L; designation. The upper indices
are used in the COWAN code to differentiate between atomic
terms. The labeling of a level is chosen by the largest mixing
coefficient in a given complex with fixed J and parity. In
the HULLAC code, a level’s name has 12 characters, the first
four are the name of the parent nonrelativistic configuration
given in the input file, the next two digits represent the specific
relativistic subconfiguration, the next four represent part of the
recoupling scheme used, and the last two are the twice the total
J value of the level. The level’s name is unique, i.e., for the
same definition of configuration the same level name will be
used in the final result.

A comparison of the wavelength values given in
columns COWAN and HULLAC of Table V demonstrates
good agreement (0.2%-1.0%) for most transitions; ex-
ceptions are the 4f'45s 2),,-4f125525p (P) *Dy;» and
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FIG. 4. (Color online) Synthetic spectra (red) for the [4 f!45s +
4f13555p +4f12555p%] < [4f45p + 4 £1355% + 4 f125525 p] tran-
sitions in Pm-like W!3* (top) and Pm-like Au'®* (bottom). A re-
solving power R = E/AE = 400 is assumed to produce a Gaussian
profile (blue).

4 f1455 2S1/2-4f125s25p CP) 2P1/2 transitions where the
difference is about 1.9%. The difference in the weighted
transition rates gA, displayed in columns COWAN and HUL-
LAC of Table V is about 2%-20% for most transitions;
exceptions are the 4 f'45s 25 ,-4 f1255?5p ('S) ?P)» and
41455 281 ,,-4f1?55*5p (°P) *Py), transitions where the
difference is about 30%. These transitions are the 4 f2-5s5p
two-electron transitions with nonzero values of gA, only due
to mixing inside of their complexes.

Synthetic spectra for the Pm-like W!3* jon and the
Pm-like Au'®* ion are presented in the upper and lower
panels, respectively, of Fig. 4. It was assumed that spectral
lines have intensities proportional to the associated radia-
tive transition probabilities. All lines are convolved with a
Gaussian profile. Both spectra include about 2000 transitions
between even-parity [4 f145s + 4 f13555p + 4 f12555p?] and
odd-parity [4f'45p + 4 f135s% + 4 125525 p] complexes.

Specifically, the spectrum of Pm-like W'3* covers the
spectral region between 150 and 440 A, but only the part
of the spectrum between 210 and 265 A is displayed in the
upper half of Fig 4. Lines with a small A, value less than 10
(in units of 10? s~!) were omitted. The most intense peaks at
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TABLE V. Wavelengths (X in A) and weighted transition rates (gA, in 1/s) for transitions from the 4 13552 2F, /2 ground state in Pm-like
W!3+ and for transitions from the 4 f 55 25, , ground state in Pm-like Au'®* ions evaluated by the COWAN and HULLAC codes.

Wavelengths (A in A)
COWAN

Level

COWAN HULLAC

Level
HULLAC

Transition rates (gA, in 1/s)
COWAN HULLAC

4£1355% 2F; -4 f13555p LSJ transitions in Pm-like W'** jon

4£13555p(F) *Ds)a 402.084 403.040
4f555pCF) G4, 271.361 272.130
4£3555p(F) *Fs 267.402 267.413

1.48[10] 1.79[10] f13sp 0303..07
3.59[09] 4.18[09] f13sp 0008..09
1.38[09] 1.28[09] f13sp 0004..05

4£13552 2F; »-4 f12555p2 LSJ transitions in Pm-like W'+ jon

412555 p2 (1G) *Fs 220.495 223.289
4f12555p% CH) *Fs 214.114 218.466
41'2555p> CF) °F4, 210.105 210.977
4£12555p CP) Dy ) 205.109 207.079
412555p% CH) *HY), 192.033 191.837
4£12555p (P) 2Fy ), 185.109 184.707
41125s5p> (\G) ), 167.316 168.920
412555p2 CH) ‘G, 155.915 155.497
4f125s5p> CF) D%, 154.937 156.738
41'2555p> CF) *F%, 153.391 152.338
41'2555p> CF) °FY, 151.677 150.612
41125s5p% (1) 2Hy), 145.059 143.086

4145528, ,-4 f145p LSJ transitions in Pm-like Au'®* ion

4fl45P (IS) 2Pl/z
47*5p (1) 2P3

291.148
185.663

290.587
186.974

4.42[08] 5.06[08] F125p2 0409..05
1.24[09] 1.47[09] F12s5p2 041n..05
1.70[08] 1.80[08] F125p2 0400..07
3.14[08] 2.83[08] f12sp2 050¢..07
2.92[08] 3.00[08] f125p2 041i..09
3.93[07] 4.06[07] f125p2 0300..07
9.86[06] 8.16[06] F125p2 000;..05
1.01[08] 1.06[08] f125p2 011e..09
3.72[06] 3.67[06] f125p2 010%..05
4.01[07] 4.70[07] f12sp2 010i..07
1.54[07] 1.33[07] f12sp2 000i..05
2.08[08] 2.25[08] F125p2 0115..09
4.08[10] 3.78[10] £145p 0101..01
3.15[11] 2.89[11] £145p 0001..03

411455 28, ,-4 f125525p LSJ transitions in Pm-like Au'®* jon

4£125525p (°P) *D1 163.824 166.883
4£125525p (1) 2Py 2 143.132 144.090
41125525p (°P) ?P1 2 123.071 125.318
4£125525p (1S) 2P3)» 109.978 110.541

9.72[07) 9.38[07] £1252p 0501..01
5.89[08] 4.09[08] £1252p 0301..01
9.33[06] 7.28[06] F1252p 0104..01
1.79[09] 1.66[09] £1252p 0001..03

about 227 and 233 A are formed by 4 125525 p-4 12555 p>
transitions with A, values about 110 (in units of 10° s=!). The
line created by the 4 f 455 25, p-4f 145p 2Py /2 transition with
A =260.83 A is separated from the bulk of the emission in
the region between 230 and 245 A. The line created by the
4 f1455 28 -4 f145p 2Py )5 transition with A = 349.56 A is in
a region of weak lines and is not shown in the figure.

The spectrum of Pm-like Au'®* is shown in the bottom
panel of Fig. 4, and it looks similar to the beam-foil spectrum
of Au at an ion-beam energy of 20 MeV displayed in Fig. 3
of Ref. [5]. The main peak is at 170 A. The line created by
the 4 f1455 281 )2-4 f145p 2P, transition with A = 185.66 A
is separated from the bulk of the emission, while the authors
of Ref. [5] put this line inside. There are other small peaks
shown in Fig. 3 of Ref. [5] that displays the calculated
line due to the 4f'5s 25,,-4f'45p 2Py, transition. We
do not show the 4f145s 25,,,-4f145p 2Py, transition at
A =291.15 A, which is located in a region of weak lines.
The 4 f145s 25, p-4f 1455 2P, /2 transition has an intensity of
20 (in units of 10° s~1), while the main peak intensity is larger
than 220 (in units of 10° s~!). The intense peaks at about 165
and 179 A are formed by 4 125525 p-4 £ 12555 p transitions.

A comparison of the spectra in Fig. 4 shows remarkable
similarities: Both spectra are dominated by a main peak and
contain various intense lines separated from the bulk emission,
and both spectra display a second area of emission albeit
with small intensity. Both spectra are mainly formed by the
4 f125525p-4 £12555 p? transitions. A smaller fraction of lines

is due to the 4 f135s52-4 13555 p transitions, and two lines are
from the 4 £ 455-4 £ 145 p transitions.

VI. CONCLUSION AND UNCERTAINTY ESTIMATES

We studied previously the properties of 4 f-core-excited
states in Refs. [32-36], however, we never investigated
the properties of systems with a different number of
4 f"-core-excited states, such as 4 f145s, 4 f145p, 4 f13552,
4f13555p,4 1125525 p, and 4 £ 2555 p>. Even the 4 £ 15525 p2,
4112555p3,4 £105525p3, 4 £19555 p* configurations in the case
of Pm-like W!3* were included in our considerations

To study the properties of Pm-like ions we use the RMBPT
code, the COWAN code, and the HULLAC code. We used
these codes previously [32-36] to check the accuracy of our
calculations. We did not succeed to use the high-accuracy
all-order code to evaluate the properties of the 4 f 14nl states as
we succeeded in the case the 4 £ 145 p®nl states of Tm-like W+
[32]. Our failure to use the all-order code for the 4 f %l states
in Pm-like ions is due to the nonstability of the 4 f1* core state.
However, we implemented two versions of the second-order
RMBPT with Dirac-Fock (DF) and Breit-Dirac-Fock (BDF)
potentials to evaluate the energies and wavelengths 4 f!4nl
states in Pm-like ions.

The energies of the excited 4 f “nl states and wavelengths
of the 4 f'45s 28, p-4f 145p 2P, transitions were presented
in Tables I and II, respectively. The second-order correlation
contributions listed in Table I for 4 f'#nl states in Pm-like
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W are equal to 0.8%—1.1%. The difference in the 4 f'4nl
RMBPT energies (Ef§3 and E§§F ) calculated with the DF and
BDF potentials differs by 0.01%.

The results given in column Theory of Table II are the
only theoretical results published previously for the Pm-like
ions [5]; which were obtained using the MR-MP approach.
The comparison of the wavelengths using our two versions of
the RMBPT codes and the MR-MP approach presented in
Table II shows a 0.2%-2.2% disagreement for the
4f145s 251/2-4.)“4517 2P1/2 transition and a 0.2%-0.7%
disagreement for the 4 f 455 25, p-4f 1455 2P3/2 transition.
Results in column COWAN of Table II are evaluated using
the COWAN code, which included the 4 f'%nl excited states
as well the 4 f13-%="55%5p" core-excited states. The results
given in columns RMBPT and COWAN of Table II are in
excellent agreement (0.04%-0.18%) for the 4f'45s S )p-
4f'45p 2Py, transition, except the results for the ions with
Z = 74-77 where the difference is 0.5%—1.5%. The largest
difference (2.2%) for the 4 f 1455 %S jp-4 f 145 p 2Py, transition
is found for the ion with Z = 92, while the RMBPT and
MR-MP wavelengths are in excellent agreement (0.05%) for
Pm-like uranium. Despite the good agreement among the
theoretical results, some disagreement with experimental data
was observed. In fact, the disagreement between theory and
measurement was already noted earlier and it was doubted
whether the line identification was correct [5]. This doubt
was reiterated in [37]. Our calculations reinforce that there
is a significant difference with the experimental values,
which creates further doubt that the line identifications in the
measurements are correct.

The COWAN and HULLAC codes were used to determine
the uncertainties in wavelengths and weighted transition rates

PHYSICAL REVIEW A 88, 032512 (2013)

for transitions between the 4 f-core-excited states in Pm-like
W3+ and transition between the 4 f 455 2g, /2 state and the
4 f-core-excited states in Pm-like Au'8*. The comparison
of the wavelengths given in columns COWAN and HULLAC
of Table V shows good agreement (0.2%—1.0%) for most of
transitions except for two transitions, which differ by about
1.9%. The difference in the weighted transition rates displayed
in columns COWAN and HULLAC of Table V is about 2%—-20%
for most of transitions except for transitions with smallest gA,
values.

Energies, lifetimes, and sums of radiative decays for
the low-lying states in Pm-like W!3* ion are tabulated in
Tables III and IV. To find out the uncertainties in energies and
lifetimes of the results given in these tables, we ran additional
calculations using a smaller basis set without including
the 4 f115525p? + 4 f11555p3 and 4 195525 p3 + 4 10555 p°.
The contribution of these states for the energies and lifetime of
the 4 f145s,4 f145p, 4 13552 4 f135p2, 4 125525, 4 F125p3,
and 4 f12555p? states is not large. The difference in energies
was about 0.1%-1%, while the difference in lifetimes was
about 1%-5%.

These atomic data are particulary important for fusion
research where tungsten is produced in low ionization stages.
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