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a b s t r a c t 

In order to compute the Hf VI radiative rates and estimate their accuracy, a multiplaform approach has 

been adopted to calculate the oscillator strengths and transition probabilities for the 185 E1 transitions in 

Hf VI as classified in 2014 by Ryabtsev et al. (Phys Scr 2014;89:11502). It consisted of three independent 

atomic structure models; one based on the semi-empirical HFR method and two based on the ab initio 

MCDHF method. It was found that most of the Hf VI atomic states are strongly mixed with purity less 

than 50 %. This causes the computed rates to be highly model-sensitive with uncertainties of more than 

100 % for most of the weak lines with line strength S < 1 a.u. For the strong E1 transitions with S ≥ 1 a.u., 

their accuracies range between a few percents and ∼ 40 % . Finally, we recommend our HFR rates except 

for the two lines at 223.172 Å and at 231.451 Å where the transition rates of Ryabtsev et al. should be 

used instead , although their uncertainties are greater than 50 % . It is due to strong cancellation effects 

affecting our calculation for these two transitions. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Hafnium ( Z = 72 ) is an element that could be employed in

lasma-facing materials in Tokamaks [1,2] and is also produced in 

eutron-induced transmutation of tungsten ( Z = 74 ) and its alloys 

hat will compose the divertors in these fusion reactors [3] . As a 

onsequence, their sputtering may generate ionic impurities of all 

ossible charge states in the deuterium-tritium plasma. These im- 

urities could contribute to radiation losses in controlled nuclear 

usion devices. The radiative properties of these ions have there- 

ore potential important applications in this field. 

To our knowledge, few studies have been dedicated to the 

f VI spectrum. In 2012, Ryabtsev et al. [4] classified the Hf VI 

s 2 5p 

6 4f 13 − 5s 2 5p 

5 4f 13 6s transitions in spectra recorded in the 

ltraviolet (UV) range 145 − 350 Å using a low-inductive vac- 

um spark source and a grazing-incidence vacuum spectrograph. 

 few years later, they analysed the UV spectra recorded by two 

igh-resolution vacuum spectrographs, one in the region 190 −
50 Å using the Institute of Spectroscopy Troisk grating spec- 

rograph and the other in the spectral range 300 − 500 Å using 

he Meudon Observatory grating spectrograph [5] . They classified 

85 Hf VI lines as transitions from the excited even-parity config- 

rations 5s 2 5p 

6 4f 12 5d , 5s 2 5p 

6 4f 12 6d , 5s 2 5p 

5 4f 13 5d , 5s 2 5p 

5 4f 13 6s ,

s 2 5p 

4 4f 14 5d , 5s 2 5p 

4 4f 14 6s and 5s5p 

6 4f 14 to the two low-lying
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dd-parity configurations 5s 2 5p 

6 4f 13 and 5s 2 5p 

5 4f 14 , and found 

37 even-parity fine-structure levels. 

Following our previous work on erbium-like Lu IV, Hf V and 

a VI [6] , a multiplatform approach has been adopted to deter- 

ine the transition probabilities of electric dipole (E1) lines in 

f VI and evaluate their accuracy. It consisted of using the semi- 

mpirical Hartree–Fock with relativistic corrections method (HFR) 

7] and the ab initio multiconfiguration Dirac–Hartree–Fock with 

ubsequent relativistic configuration-interaction method (MCDHF–

CI) [8] . 

. Methods Used and Calculations 

In order to determine the radiative parameters in Hf VI, we 

ave performed three independent calculations. One was based on 

he semi-empirical HFR method [7] that relies on the availability of 

xperimental energy levels while the other two were purely ab ini- 

io and were both based on the MCDHF method [8] . In the subse- 

uent subsections, we provide the details of three atomic structure 

omputations carried out in this work. 

.1. The Semi-Empirical HFR Method 

In this method, the total multielectronic wavefunction of sym- 

etry with parity �, total angular quantum number J, and corre- 

ponding total magnetic quantum number M J , �(γ�JM J ) , is de- 

eloped on a basis of LSJ -coupled configuration state functions, 

https://doi.org/10.1016/j.jqsrt.2023.108529
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2023.108529&domain=pdf
mailto:patrick.palmeri@umons.ac.be
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Fig. 1. Comparison of HFR energy levels with respect to experiment [5] . The energy difference is plotted versus the experimental energy. The root mean square of the 

differences is equal to 423 cm 

−1 . Black dashed line: straight line of equality. 
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(α�LSJM J ) , where L and S are respectively the total orbital and 

otal spin quantum numbers: (
γ�JM J 

)
= 

∑ 

α

c αγ �
(
α�LSJM J 

)
(1) 

here c αγ are matrix elements of the representation where γ and 

respectively refer to a particular total wavefunction and LSJ- 

oupled basis function. 

The latter are built on Slater determinants of one-electron or- 

itals: 

n�m 

( r, θ, ϕ ) = 

P n� (r) 

r 
Y lm 

( θ, ϕ ) (2) 

here Y �m 

are the spherical harmonics, and P n� are the radial parts 

f the orbitals that are solutions of the radial integro-differential 

FR equations solved separately for each multielectronic configu- 

ation considered in the expansion given by Eq. (1) [7] . 

In this calculation, the total wavefunctions were built by 

uperpositions of the following electronic configurations within 

he framework of the configuration interaction (CI) approach: 

s 2 5p 

6 4f 13 + 5s 2 5p 

6 4f 12 (6p + 7p + 5f + 6f + 7f) + 5s 2 5p 

5 4f 14 +

s 2 5p 

4 4f 14 (6p + 7p + 5f + 6f + 7f) + 5s5p 

5 4f 14 (5d + 6s) in the odd

arity, and 5s 2 5p 

6 4f 12 (5d + 6d + 7d + 6s + 7s) + 5s 2 5p 

5 4f 13 (5d +

d + 7d + 6s + 7s) + 5s5p 

6 4f 14 + 5s5p 

5 4f 14 (6p + 5f) + 5s 2 5p 

4 4f 14 (5d

 6d + 7d + 6s + 7s) in the even parity. In order to include the ef-

ects of distant configurations, all the Slater radial integrals of the 

ultielectronic Hamiltonian were first scaled down by 0.85 accord- 

ng to a well-established practice [7] . The wavefunctions were fur- 

her improved by adjusting some radial parameters of the Hamilto- 

ian, i.e those characterizing the interactions within and between 

nown configurations, so as to mininize the differences between 

he eigenvalues and the experimental level energies of Ryabtsev 

t al. [5] . They are reported in Table 1 . The average deviations be-

ween the experimental and calculated energy levels in the fitting 

rocedure were 0 cm 

−1 for the odd parity and 430 cm 

−1 for the 

ven parity. 

.2. The Ab Initio MCDHF Method 

The present ab initio calculations were focused on the elec- 

ric dipole transitions starting from the two odd-parity levels 

ith symmetries J � = 5 / 2 o , 7 / 2 o of the ground configuration, i.e.
2 
s 2 5p 

6 4f 13 , and from the two excited odd-parity levels with sym- 

etries J � = 1 / 2 o , 3 / 2 o belonging to the configuration 5s 2 5p 

5 4f 14 

nd ending on the 137 even-parity levels with symmetries J � = 

 / 2 e − 9 / 2 e belonging to the configurations 5s 2 5p 

6 4f 12 (5d , 6d) ,

s 2 5p 

5 4f 13 (5d , 6s) , 5s 2 5p 

4 4f 14 (5d , 6s) and 5s5p 

6 4f 14 classified by

yabtsev et al. [5] . They were based on the MCDHF method as 

mplemented in the latest version of the GRASP package, namely 

RASP2018 [8] , where atomic state functions (ASF) of a symmetry 

ith parity �, total angular quantum J, and its corresponding total 

agnetic quantum number M J , i.e. �(γ�JM J ) , are represented on 

 basis of configuration state functions (CSFs), �(α�JM J ) , (
γ�JM J 

)
= 

∑ 

α

c αγ �
(
α�JM J 

)
(3) 

here c αγ are matrix elements of the representation, in which γ
nd α respectively refer to a particular ASF and CSF. 

The CSFs are in turn built on jj -coupled N-electron Slater deter- 

inants of monoelectronic spin-orbitals, φnκm 

(r, θ, ϕ) : 

�(α�JM J ) = 

∑ 

m 1 ···m N 

〈 κ1 m 1 · · ·κN m N | (κ1 · · ·κN ) A ; X, JM J 〉 

× 1 √ 

N! 

∣∣∣∣∣∣
φn 1 κ1 m 1 

(r 1 , θ1 , ϕ 1 ) · · · φn N κN m N 
(r 1 , θ1 , ϕ 1 ) 

. . . 
. . . 

. . . 
φn 1 κ1 m 1 

(r N , θN , ϕ N ) · · · φn N κN m N 
(r N , θN , ϕ N ) 

∣∣∣∣∣∣ (4) 

here the angular coefficients 〈 κ1 m 1 · · ·κN m N | (κ1 · · ·κN ) A ; X, JM J 〉 
re the generalized Clebsch-Gordan coefficients as defined in [9] . 

The spin-orbitals are given by: 

nκm 

(r, θ, ϕ) = 

1 

r 

(
P nκ (r) χκm 

(θ, ϕ) 
iQ nκ (r) χκm 

(θ, ϕ) 

)
(5) 

here χκm 

are the spinor spherical harmonics, and P nκ and Q nκ

re respectively the large and the small radial components that are 

olutions of the radial integro-differential MCDHF equations [9] . In 

q. (5) , the relativistic quantum number κ is defined by: 

= ±
(

j + 

1 

2 

)
(6) 

here κ = −( j + 1 / 2) a , with a fixed according to: 

 = j − 1 

a ; a = ±1 (7) 

2 
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Table 1 

Radial parameters (in cm 

−1 ) adopted in the HFR model. 

Configuration Parameter Ab initio Fitted Unc. Ratio Remark a 

Odd Parity 

4f 13 E a v 9 379 9 304 0 / 

ζ4 f 3 910 3 860 0 0.99 

5p 5 4f 14 E a v 144 722 122 947 0 / 

ζ5 p 44 366 43 377 0 0.98 

5p 4 4f 14 6p E a v 603 097 / / / F 

5p 4 4f 14 7p E a v 747 678 / / / F 

5p 4 4f 14 5f E a v 698 581 / / / F 

5p 4 4f 14 6f E a v 790 741 / / / F 

5p 4 4f 14 7f E a v 839 774 / / / F 

5s5p 5 4f 14 5d E a v 750 601 / / / F 

5s5p 5 4f 14 6s E a v 821 762 / / / F 

4f 12 6p E a v 398 203 / / / F 

4f 12 7p E a v 547 186 / / / F 

4f 12 5f E a v 497 446 / / / F 

4f 12 6f E a v 591 157 / / / F 

4f 12 7f E a v 641 024 / / / F 

Even Parity 

4f 12 5d E a v 242 100 253 718 136 / 

F 2 (4 f 4 f ) 169 487 134 724 1 175 0.80 R1 

F 4 (4 f 4 f ) 107 320 98 429 3 222 0.92 R2 

F 6 (4 f 4 f ) 77 495 74 509 3 299 0.96 R3 

α / 14.5 15 / R4 

β / -309 678 / R5 

γ / -541 760 / R6 

ζ4 f 4 084 3 936 35 0.96 R7 

ζ5 d 3 341 3 283 83 0.98 R8 

F 2 (4 f 5 d) 41 113 33 380 965 0.81 R9 

F 4 (4 f 5 d) 19 700 15 995 462 0.81 R9 

G 1 (4 f 5 d) 15 084 12 207 431 0.81 R10 

G 3 (4 f 5 d) 13 666 11 059 391 0.81 R10 

G 5 (4 f 5 d) 10 797 8 738 309 0.81 R10 

4f 12 6d E a v 497 311 508 595 123 / 

F 2 (4 f 4 f ) 170 072 135 196 1 179 0.80 R1 

F 4 (4 f 4 f ) 107 723 98 801 3 234 0.92 R2 

F 6 (4 f 4 f ) 77 795 74 801 3 312 0.96 R3 

α / 14.5 15 / R4 

β / -309 678 / R5 

γ / -541 760 / R6 

ζ4 f 4 096 3 949 35 0.96 R7 

ζ6 d 880 865 22 0.98 R8 

F 2 (4 f 6 d) 10 244 8 317 240 0.81 R9 

F 4 (4 f 6 d) 4 465 3 626 105 0.81 R9 

G 1 (4 f 6 d) 3 012 2 438 86 0.81 R10 

G 3 (4 f 6 d) 2 999 2 444 86 0.82 R10 

G 5 (4 f 6 d) 2 450 1 997 70 0.82 R10 

4f 12 7d E a v 592 905 / / / F 

4f 12 6s E a v 323 531 / / / F 

4f 12 7s E a v 514 961 / / / F 

5p 5 4f 13 5d E a v 335 112 335 399 139 / 

ζ5 p 46 768 46 349 106 0.99 R11 

ζ4 f 3 926 3 810 34 0.97 R7 

ζ5 d 3 127 3 071 77 0.98 R8 

F 2 (4 f 5 p) 65 743 48 272 1 282 0.73 R12 

F 2 (4 f 5 d) 40 193 32 206 931 0.80 R9 

F 4 (4 f 5 d) 19 319 15 479 447 0.80 R9 

F 2 (5 p5 d) 72 028 61 487 1 461 0.85 R13 

G 2 (4 f 5 p) 29 055 22 939 1 068 0.79 R14 

G 4 (4 f 5 p) 23 478 18 535 863 0.79 R14 

G 1 (4 f 5 d) 15 377 12 155 429 0.79 R10 

G 3 (4 f 5 d) 13 668 10 804 382 0.79 R10 

G 5 (4 f 5 d) 10 729 8 481 300 0.79 R10 

G 1 (5 p5 d) 86 223 60 294 460 0.70 R15 

G 3 (5 p5 d) 53 937 37 719 288 0.70 R15 

5p 5 4f 13 6d E a v 580 255 / / / F 

5p 5 4f 13 7d E a v 674 301 / / / F 

5p 5 4f 13 6s E a v 480 664 406 406 116 / 

ζ5 p 47 755 47 327 108 0.99 R11 

ζ4 f 3 934 3 819 34 0.97 R7 

F 2 (4 f 5 p) 66 454 48 795 1 295 0.73 R12 

G 2 (4 f 5 p) 29 289 23 122 1 076 0.79 R14 

G 4 (4 f 5 p) 23 728 18 732 872 0.79 R14 

G 3 (4 f 6 s ) 4 660 4 387 1 821 0.94 

G 1 (5 p6 s ) 9 597 9 004 681 0.94 R16 

( continued on next page ) 
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Table 1 ( continued ) 

Configuration Parameter Ab initio Fitted Unc. Ratio Remark a 

5p 5 4f 13 6s E a v 408 162 / / / F 

5p 5 4f 13 7s E a v 596 817 / / / F 

5s5p 6 4f 14 E a v 441 391 / / / F 

5s5p 6 4f 13 6p E a v 894 190 / / / F 

5s5p 6 4f 13 5f E a v 989 789 / / / F 

5p 4 4f 14 5d E a v 464 345 455 999 252 / 

F 2 (5 p5 p) 89 426 71 236 1 793 0.80 R17 

ζ5 p 45 099 44 693 102 0.99 R11 

ζ5 d 2 935 2 882 72 0.98 R8 

F 2 (5 p5 d) 70 482 60 166 1 429 0.85 R13 

G 1 (5 p5 d) 84 039 58 764 448 0.70 R15 

G 3 (5 p5 d) 52 546 36 743 280 0.70 R15 

5p 4 4f 14 6d E a v 700 115 / / / F 

5p 4 4f 14 7d E a v 792 791 / / / F 

5p 4 4f 14 6s E a v 529 824 518 642 264 / 

F 2 (5 p5 p) 90 140 71 804 1 807 0.80 R17 

ζ5 p 46 044 45 631 104 0.99 R11 

G 1 (5 p6 s ) 9 618 9 023 683 0.94 R16 

5p 4 4f 14 7s E a v 715 751 / / / F 

4f 12 5d − 5p 5 4f 13 5d R 2 (5 p4 f, 4 f 4 f ) -9 453 -7 326 462 0.78 R18 

R 4 (5 p4 f, 4 f 4 f ) -2 559 -1 983 125 0.78 R18 

R 2 (5 p5 p, 4 f 5 p) -39 662 -30 737 1 936 0.78 R18 

R 2 (5 p5 d , 4 f 5 d ) -29 360 -22 753 1 433 0.78 R18 

R 4 (5 p5 d , 4 f 5 d ) -18 828 -14 591 919 0.78 R18 

R 1 (5 p5 d , 5 d 4 f ) -26 380 -20 444 1 288 0.78 R18 

R 3 (5 p5 d , 5 d 4 f ) -19 128 -14 824 934 0.78 R18 

4f 12 5d − 5p 4 4f 14 5d R 2 (5 p5 p, 4 f 4 f ) 29 861 29 525 890 0.99 R19 

R 4 (5 p5 p, 4 f 4 f ) 23 915 23 646 676 0.99 R19 

5p 5 4f 13 5d − 5p 4 4f 14 5d R 2 (4 f 5 p, 4 f 4 f ) -11 441 -5 614 624 0.49 R20 

R 4 (4 f 5 p, 4 f 4 f ) -3 959 -1 943 216 0.49 R20 

R 2 (5 p5 p, 4 f 5 p) -40 669 -19 957 2 220 0.49 R20 

R 2 (5 p5 d , 4 f 5 d ) -29 854 -14 650 1 629 0.49 R20 

R 4 (5 p5 d , 4 f 5 d ) -19 073 -9 360 1 041 0.49 R20 

R 1 (5 p5 d , 5 d 4 f ) -27 153 -13 325 1 482 0.49 R20 

R 3 (5 p5 d , 5 d 4 f ) -19 461 -9 550 1 062 0.49 R20 

a Parameters marked with the same R n (with n = 1 − 20 ) have their variation linked together by their corresponding 

HFR ratios keeping fixed during the fitting procedure. Those marked with F have been fixed. 
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here � is the non-relativistic orbital quantum number. 

In the expansions represented in Eq. (3) , the CSFs are gener- 

ted from a set of configurations called multireference (MR) that 

ncludes the targeted or spectroscopic configurations and others 

hat strongly interact with the latter, in which electrons from the 

ccupied (spin-)orbitals of the MR are excited to an active set 

f (spin-)orbitals (AS). In what follows, the AS will be denoted 

y a set of n max � , where n max refers to the maximum princi-

al quantum number of the spin-orbital for a fixed value of the 

on-relativistic orbital quantum number � of an excited electronic 

ubshell. 

.2.1. MCDHF-RCI-A 

In the first MCDHF-RCI calculation, the following spectro- 

copic configurations were considered in the MR: 5s 2 5p 

6 4f 13 , 

s 2 5p 

5 4f 14 with symmetries J � = 1 / 2 o − 7 / 2 o ; 5s 2 5p 

6 4f 12 (5d , 6d) ,

s 2 5p 

5 4f 13 (5d , 6s) , 5s 2 5p 

4 4f 14 (5d , 6s) and 5s5p 

6 4f 14 with symme-

ries J � = 1 / 2 e − 9 / 2 e . The AS was 6s6p6d6f. All single and dou-

le electron excitations from the occupied orbitals except the core 

ubshells up to the 4d orbital which were kept closed were con- 

idered to build a basis of 4 126 144 CSFs. The latter has been fur-

her reduced to 3 545 069 CSFs by deleting the ones that weakly 

nteract with the CSFs of the MR through the Dirac-Coulomnb- 

reit (DCB) Hamiltonian [8] . The orbitals were obtained in sepa- 

ate Dirac–Hartree–Fock Extended Average Level (EAL) [8,9] self- 

onsistent-field (SCF) optimizations on a single configuration as 

ollows: all the core orbitals, meaning 1s to 4d, along with the 

s, 5p and 4f valence orbitals were optimized on the ground 

onfiguration 5s 2 5p 

6 4f 13 ; for the others, each n� orbital of the 
4 
S were optimized on a configuration of the corresponding type 

s 2 5p 

6 4f 12 n� . In the relativistic configuration interaction (RCI) pro- 

edure, the Dirac-Coulomb-Breit Hamiltonian with the addition of 

uantum electrodynamics (QED) terms such as the self-energy (SE) 

nd vacuum polarization (VP) interactions has been diagonalized 

n the 3 545 069 CSFs basis in order to determine the correspond- 

ng eigenvalues and eigenvectors. 

.2.2. MCDHF-RCI-B 

We have followed a different strategy in this second ab initio 

alculation. More specifically, the same MR as in our MCDHF-RCI- 

 calculation was ret ained, but the AS was here 7s6p7d5f with 

ne correlation shell per � symmetry, and a different optimiza- 

ion scheme was chosen. It was carried out in three steps. In the 

rst step, the core orbitals along with the 5s, 5p and 4f orbitals 

ere optimized on the ground configuration using an EAL proce- 

ure similar to our preceding ab initio calculation. The second step 

onsisted of a MCDHF Extended Optimize Level (EOL) [8] SCF opti- 

ization of all the other spectroscopic orbitals, namely 6s, 5d and 

d, on all the 333 levels of the MR keeping the orbitals of the pre-

ious step frozen. In the last step, the CSFs basis was extended to 

 261 592 CSFs by considering all the single and double excitations 

rom the occupied 5s, 5p, 5d, 6s, 6d and 4f orbitals to the AS and

y keeping only the CSFs that interact significatively with the 333 

SFs of the MR through the DCB hamiltonian. The correlation or- 

itals, i.e. 7s, 6p, 7d and 5f, were then optimized on the 333 levels 

f the MR during a MCHDF EOL SCF procedure. Finally, a RCI calcu- 

ation was carried out on the 3 261 592 CSFs basis where the QED 

nteractions were added to the DCB hamiltonian. 
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Fig. 2. Comparison of MCDHF-RCI-A energy levels with respect to experiment [5] . The energy difference is plotted versus the experimental energy. The root mean square of 

the differences is equal to 10 392 cm 

−1 . Black dashed line: straight line of equality. 

Fig. 3. Comparison of MCDHF-RCI-B energy levels with respect to experiment [5] . The energy difference is plotted versus the experimental energy. The root mean square of 

the differences is equal to 6 977 cm 

−1 . Black dashed line: straight line of equality. 
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. Results 

In Table 2 , our three sets of computed level energies, namely 

FR, MCDHF-RCI-A and MCDHF-RCI-B, are compared to the experi- 

ental values of Ryabtsev et al. [5] . For the purpose of conciseness 

s we focus on the transition rates, the many unobserved even- 

arity levels that are located between the observed ones are not 

hown. Also reported in this table are the LS -coupling composi- 

ions as computed in our HFR model showing the first three ma- 

or components. As one can see, most of the levels are strongly 

ixed with a purity less or equal to 50 %. For the purpose of clar-

ty, we have plotted in Figs. 1–3 the difference between the level 

nergy calculated in our three independent models and the one 

etermined experimentally by Ryabtsev et al. [5] as function of the 

atter. The root mean squares (RMS) of these differences were re- 

pectively: 423 cm 

−1 for our HFR model ( Fig. 1 ); 10 392 cm 

−1 for

ur MCDHF-RCI-A model ( Fig. 2 ); 6 977 cm 

−1 for our MCDHF-RCI- 

 model ( Fig. 3 ). As expected, our semi-empirical HFR model re- 

roduces the experimental energy spectrum better, as it was fitted 
5 
o mininize these energy differences. Regarding our ab initio cal- 

ulations, one can also clearly notice that our MCDHF-RCI-B level 

nergies reproduce the experiment much better than our MCDHF- 

CI-A model, probably due to a better representation of the corre- 

ation effects through a more adequate choice of orbitals, meaning 

he use of correlation orbitals correcting the spectroscopic ones. 

The transition probabilities, gA , oscillator strengths in the log- 

rithmic scale, log g f , with their corresponding uncertainty indi- 

ators, namely the cancellation factor (CF) as defined by Cowan 

7] for the HFR method and the uncertainty indicator dT as de- 

ned by Ekman et al. [10] for the MCDHF method, as computed 

n our three independent models are reported in Table 3 for the 

85 E1 transitions observed in the spectral range 193 Å < λ < 474 
˚
 by Ryabtsev et al. [5] . Our ab initio gA - and log g f -values, i.e.

hose computed in both our MCDHF models, have been rescaled 

sing the experimental wavelengths [5] . The corresponding tran- 

ition probabilities as calculated by Ryabtsev et al. [5] using the 

ame HFR method but with more limited CI expansions are also 

resented for comparison. The latter have been used as refer- 
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Table 2 

Comparison between the present calculated and the available experimental energy levels in Hf VI. 

i E exp 
a E HFR 

b E RCI−A 
c E RCI−B 

d J LS Composition e 

(cm 

−1 ) (cm 

−1 ) (cm 

−1 ) (cm 

−1 ) 

1 0 0 0 0 7/2 100% 4f 13 2 F o 

2 13513.6 13514 13292 13270 5/2 100% 4f 13 2 F o 

3 97710 97710 132600 123123 3/2 100% 5p 5 4f 14 2 P o 

4 162465 162465 197296 188295 1/2 100% 5p 5 4f 14 2 P o 

5 224555 224849 227338 222833 7/2 36% 4f 12 5d ( 3 H) 4 F + 21% 4f 12 5d ( 3 F) 4 F + 10% 4f 12 5d ( 4 F) 4 D 

6 229066 229272 232783 228471 9/2 25% 4f 12 5d ( 3 F) 4 G + 15% 4f 12 5d ( 3 F) 2 G + 15% 4f 12 5d ( 1 G) 2 H 

7 230797 230878 234091 229598 7/2 34% 4f 12 5d ( 3 H) 4 F + 17% 4f 12 5d ( 3 H) 4 G + 16% 4f 12 5d ( 3 F) 4 D 

8 231679 232150 235312 230753 9/2 44% 4f 12 5d ( 3 H) 4 G + 15% 4f 12 5d ( 3 F) 4 F + 13% 4f 12 5d (3H) 4 H 

9 234488 234658 238214 233524 7/2 62% 4f 12 5d ( 3 H) 2 F + 10% 4f 12 5d ( 3 H) 4 G + 8% 4f 12 5d ( 3 F) 4 G 

10 238045 238129 242036 237383 7/2 31% 4f 12 5d ( 3 F) 4 D + 19% 4f 12 5d ( 1 G) 2 G + 8% 4f 12 5d ( 3 H) 4 H 

11 238197 238143 242311 237462 9/2 36% 4f 12 5d ( 3 H) 2 G + 13% 4f 12 5d ( 3 H) 4 H + 12% 4f 12 5d ( 3 F) 2 G 

12 240254 239809 243881 239052 7/2 26% 4f 12 5d ( 3 F) 4 G + 17% 4f 12 5d ( 3 F) 4 H + 15% 4f 12 5d ( 3 H) 4 F 

13 242344 242545 246563 241664 9/2 29% 4f 12 5d ( 3 H) 4 I + 14% 4f 12 5d ( 3 H) 2 G + 13% 4f 12 5d ( 1 G) 2 H 

14 242914 242961 247014 241958 7/2 35% 4f 12 5d ( 3 H) 4 G + 19% 4f 12 5d ( 3 F) 4 G + 12% 4f 12 5d ( 3 F) 4 D 

15 243466 243570 247936 242979 5/2 32% 4f 12 5d ( 3 H) 2 F + 17% 4f 12 5d ( 3 F) 4 D + 15% 4f 12 5d ( 3 H) 4 F 

16 243553 243445 247867 242947 9/2 21% 4f 12 5d ( 3 H) 2 H + 15 4f 12 5d ( 3 F) 2 G + 12% 4f 12 5d ( 3 F) 4 H 

17 244753 244895 249937 244842 7/2 32% 4f 12 5d ( 3 F) 4 H + 20% 4f 12 5d ( 3 F) 2 F + 9% 4f 12 5d ( 1 D) 2 G 

18 246387 246234 251482 246470 5/2 34% 4f 12 5d ( 3 F) 2 D + 33% 4f 12 5d ( 3 F) 4 F + 9% 4f 12 5d ( 3 H) 4 F 

19 247755 247587 252878 247989 7/2 23% 4f 12 5d ( 3 F) 4 F + 13% 4f 12 5d ( 3 F) 2 F + 12% 4f 12 5d ( 3 F) 4 G 

20 247805 247814 252257 247272 5/2 34% 4f 12 5d ( 3 H) 4 G + 26% 4f 12 5d ( 3 F) 4 P + 11% 4f 12 5d ( 1 G) 2 D 

21 248405 248318 240093 235343 3/2 39% 4f 12 5d ( 3 H) 4 F + 33% 4f 12 5d ( 3 F) 2 P + 13% 4f 12 5d ( 3 F) 2 D 

22 249722 249597 254275 249341 9/2 22% 4f 12 5d ( 3 F) 4 F + 15% 4f 12 5d ( 3 H) 2 H + 13% 4f 12 5d ( 3 H) 4 I 

23 250546 250380 255927 250961 7/2 43% 4f 12 5d ( 3 F) 2 G + 12% 4f 12 5d ( 1 D) 2 F + 9% 4f 12 5d ( 3 H) 4 H 

24 251975 251860 257405 252366 7/2 28% 4f 12 5d ( 3 F) 2 F + 24% 4f 12 5d ( 3 F) 4 F + 10% 4f 12 5d ( 3 H) 2 G 

25 252130 252171 257316 252154 9/2 35% 4f 12 5d ( 3 F) 2 H + 19% 4f 12 5d ( 3 F) 4 G + 14% 4f 12 5d ( 3 F) 2 G 

26 253134 253367 258393 253489 7/2 27% 4f 12 5d ( 1 G) 2 F + 15% 4f 12 5d ( 3 H) 4 H + 15% 4f 12 5d ( 3 F) 4 H 

27 253530 253530 244641 252577 3/2 24% 4f 12 5d ( 3 F) 4 F + 18% 4f 12 5d ( 3 F) 2 D + 16% 4f 12 5d ( 3 F) 4 D 

28 254671 254690 260754 255653 5/2 37% 4f 12 5d ( 3 F) 2 D + 14% 4f 12 5d ( 3 F) 2 F + 12 4f 12 5d ( 3 F) 4 G 

29 255057 255047 260100 254841 9/2 24% 4f 12 5d ( 3 H) 4 I + 23% 4f 12 5d ( 1 G) 2 G + 16% 4f 12 5d ( 1 G) 2 H 

30 256978 256904 262561 257450 7/2 25% 4f 12 5d ( 3 H) 2 G + 20% 4f 12 5d ( 1 G) 2 G + 12% 4f 12 5d ( 1 G) 2 F 

31 257206 256945 261628 256436 5/2 43% 4f 12 5d ( 1 G) 2 D + 24% 4f 12 5d ( 3 H) 2 F + 9% 4f 12 5d ( 3 H) 4 F 

32 259130 259457 265822 260365 5/2 15% 4f 12 5d ( 3 P) 4 D + 14% 4f 12 5d ( 1 G) 2 F + 12% 4f 12 5d ( 3 F) 2 D 

33 260097 260100 265186 259937 7/2 21% 4f 12 5d ( 3 H) 4 H + 15% 4f 12 5d ( 1 G) 2 F + 13% 4f 12 5d ( 1 D) 2 G 

34 262079 262153 267297 261985 9/2 19% 4f 12 5d ( 1 I) 2 G + 18% 4f 12 5d ( 1 G) 2 G + 16% 4f 12 5d ( 3 H) 4 H 

35 262729 262457 253201 264865 3/2 37% 4f 12 5d ( 3 F) 2 D + 20% 4f 12 5d ( 3 P) 4 D + 17% 4f 12 5d ( 1 G) 2 D 

36 263211 263171 271088 265456 7/2 23% 4f 12 5d ( 3 P) 4 D + 11% 4f 12 5d ( 3 P) 4 F + 9% 4f 12 5d ( 3 F) 2 G 

37 263904 263909 271024 265964 5/2 28% 4f 12 5d ( 1 G) 2 F + 25% 4f 12 5d ( 3 F) 2 F + 12% 4f 12 5d ( 3 H) 2 F 

38 266584 266374 273109 268086 9/2 66% 4f 12 5d ( 1 I) 2 G + 9% 4f 12 5d ( 1 G) 2 G + 5% 4f 12 5d ( 1 I) 2 H 

39 269387 269478 277391 271816 5/2 25% 4f 12 5d ( 3 P) 4 D + 20% 4f 12 5d ( 1 D) 2 F + 9% 4f 12 5d ( 3 F) 4 D 

40 271883 272071 282146 276102 3/2 37% 4f 12 5d ( 3 P) 4 F + 13% 4f 12 5d ( 3 P) 2 D + 12% 4f 12 5d ( 3 P) 4 P 

41 273155 273179 278585 274919 7/2 78% 4f 12 5d ( 1 I) 2 G + 10% 4f 12 5d ( 3 H) 2 G + 3% 5p 5 4f 13 5d ( 3 D) 2 G 

42 273199 272978 282203 276490 5/2 22% 4f 12 5d ( 1 D) 2 D + 22% 4f 12 5d ( 3 P) 2 D + 21% 4f 12 5d ( 3 P) 4 D 

43 273871 273995 284266 277975 3/2 39% 4f 12 5d ( 3 P) 4 F + 21% 4f 12 5d ( 3 P) 4 P + 12% 4f 12 5d ( 3 P) 4 D 

44 274853 274637 285160 278750 5/2 45% 4f 12 5d ( 3 P) 4 F + 18% 4f 12 5d ( 3 P) 2 F + 16% 4f 12 5d ( 1 D) 2 D 

45 278751 278645 288645 282577 5/2 43% 4f 12 5d ( 3 P) 2 D + 18% 4f 12 5d ( 3 P) 4 F + 11% 4f 12 5d ( 1 D) 2 F 

46 280302 280280 291262 284569 3/2 30% 4f 12 5d ( 3 P) 2 P + 23% 4f 12 5d ( 3 P) 4 P + 18% 4f 12 5d ( 1 D) 2 P 

47 282873 282786 293677 287196 3/2 40% 4f 12 5d ( 3 P) 2 D + 24% 4f 12 5d ( 3 P) 2 P + 8% 4f 12 5d ( 3 P) 4 P 

48 299053 299193 297349 297967 9/2 25% 5p 5 4f 13 5d ( 1 F) 2 H + 19% 5p 5 4f 13 5d ( 3 F) 4 F + 10% 5p 5 4f 13 5d ( 1 F) 2 G 

49 307683 308197 303626 308385 7/2 24% 5p 5 4f 13 5d ( 3 G) 2 F + 18% 5p 5 4f 14 5d ( 1 D) 2 G + 16% 5p 5 4f 13 5d ( 3 F) 4 H 

50 310567 310678 311852 312414 5/2 34% 5p 5 4f 13 5d ( 1 D) 2 F + 11% 5p 5 4f 13 5d ( 3 D) 4 F + 9% 5p 5 4f 13 5d ( 1 D) 2 D 

51 315701 315235 315184 316209 7/2 28% 5p 5 4f 13 5d ( 1 G) 2 F + 16% 5p 5 4f 13 5d ( 3 G) 2 F + 15% 5p 5 4f 13 5d ( 3 G) 4 F 

52 319492 318896 321069 321244 7/2 40% 4f 12 6s ( 3 F) 4 F + 19% 4f 12 6s ( 3 F) 2 F + 12% 5p 5 4f 13 5d ( 1 D) 2 F 

53 321759 322458 322322 323055 5/2 14% 5p 5 4f 13 5d ( 1 G) 2 F + 11% 4f 12 6s ( 3 F) 2 F + 9% 5p 5 4f 13 5d ( 3 F) 2 D 

54 323415 323846 323840 324384 7/2 22% 5p 5 4f 13 5d ( 1 G) 2 G + 14% 5p 5 4f 13 5d ( 3 D) 2 G + 10% 5p 5 4f 13 5d ( 3 F) 4 H 

55 330247 330865 347717 341457 5/2 22% 5p 5 4f 13 5d ( 3 D) 2 F + 17% 5p 5 4f 13 5d ( 3 D) 4 D + 15% 5p 5 4f 13 5d ( 3 D) 4 F 

56 331970 333873 331677 333162 5/2 45% 4f 12 5d ( 1 S) 2 D + 9% 5p 5 4f 13 5d ( 3 G) 2 D + 6% 5p 5 4f 13 5d ( 3 F) 4 P 

57 332759 332635 334034 334378 9/2 17% 5p 5 4f 13 5d ( 1 G) 2 G + 15% 5p 5 4f 13 5d ( 3 G) 2 H + 11% 5p 5 4f 13 5d ( 3 G) 4 G 

58 337874 337841 340823 341507 9/2 23% 5p 5 4f 13 5d ( 1 G) 2 H + 21% 5p 5 4f 13 5d ( 3 D) 4 G + 10% 5p 5 4f 13 5d ( 3 G) 4 G 

59 338413 338402 337441 336837 5/2 41% 4f 12 5d ( 1 S) 2 D + 12% 5p 5 4f 13 5d ( 3 G) 2 D + 8% 5p 5 4f 13 5d ( 3 F) 4 P 

60 340838 340584 344509 344974 7/2 15% 5p 5 4f 13 5d ( 3 D) 4 F + 11% 5p 5 4f 13 5d ( 3 G) 4 G + 9% 5p 5 4f 13 5d ( 3 D) 4 G 

61 349222 349444 351066 351538 3/2 18% 5p 5 4f 13 5d ( 3 G) 4 F + 15% 4f 12 6s ( 3 P) 4 P + 14% 5p 5 4f 13 5d ( 3 G) 4 D 

62 350718 350570 353563 354192 7/2 24% 5p 5 4f 13 5d ( 3 G) 4 H + 14% 5p 5 4f 13 5d ( 1 G) 2 G + 12% 5p 5 4f 13 5d ( 3 F) 4 H 

63 353977 353865 357120 357554 5/2 29% 5p54f 13 5d ( 3 G) 4 G + 11% 5p 5 4f 13 5d ( 1 G) 2 F + 10% 5p 5 4f 13 5d ( 3 D) 2 F 

64 364979 364830 364347 365601 5/2 22% 5p 5 4f 13 5d ( 3 D) 4 D + 19% 5p 5 4f 13 5d ( 3 D) 4 P + 8% 5p 5 4f 13 5d ( 1 G) 2 D 

65 371386 371587 368420 370166 7/2 32% 5p 5 4f 13 6s ( 1 F) 2 F + 23% 5p 5 4f 13 6s ( 3 F) 4 F + 18% 5p 5 4f 13 6s ( 3 D) 4 D 

66 371732 371401 368207 370197 9/2 59% 5p 5 4f 13 6s ( 3 F) 4 F + 11% 5p 5 4f 13 6s ( 3 G) 4 G + 7% 5p 5 4f 13 5d ( 3 G) 4 I 

67 372126 372358 369598 371467 5/2 45% 5p 5 4f 13 6s ( 1 F) 2 F + 14% 5p 5 4f 13 6s ( 3 D) 2 D + 9% 5p 5 4f 13 6s ( 3 D) 4 D 

68 374123 374111 370529 374364 9/2 43% 5p 5 4f 13 5d ( 3 G) 4 I + 19% 5p 5 4f 13 5d ( 1 F) 2 H + 8% 5p 5 4f 13 5d ( 3 G) 2 H 

69 374257 374396 373378 374535 3/2 28% 5p 5 4f 13 5d ( 1 G) 2 D + 22% 5p 5 4f 13 5d ( 3 G) 4 D + 22% 5p 5 4f 13 5d ( 3 F) 2 P 

70 375213 375603 372690 374986 7/2 41% 5p 5 4f 13 6s ( 3 F) 2 F + 24% 5p 5 4f 13 6s ( 1 F) 2 F + 11% 5p 5 4f 13 6s ( 3 G) 4 G 

71 376952 376276 376028 377441 5/2 26% 5p 5 4f 13 5d ( 1 G) 2 F + 12% 5p 5 4f 13 5d ( 3 G) 2 F + 12% 5p 5 4f 13 6s ( 1 F) 2 F 

72 378129 378056 376385 378715 9/2 69% 5p 5 4f 13 6s ( 3 G) 2 G + 21% 5p 5 4f 13 6s ( 3 G) 4 G + 6% 5p 5 4f 13 6s ( 3 F) 4 F 

73 379318 379537 379248 380439 7/2 20% 5p 5 4f 13 5d ( 3 D) 4 D + 17% 5p 5 4f 13 5d ( 3 D) 2 F + 11% 5p 5 4f 13 5d ( 3 F) 4 D 

( continued on next page ) 
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Table 2 ( continued ) 

i E exp 
a E HFR 

b E RCI−A 
c E RCI−B 

d J LS Composition e 

(cm 

−1 ) (cm 

−1 ) (cm 

−1 ) (cm 

−1 ) 

74 381941 382424 381155 384366 5/2 20% 5p 5 4f 13 5d ( 3 G) 2 F + 16% 5p 5 4f 13 5d ( 1 D) 2 F + 9% 5p 5 4f 13 5d ( 3 F) 4 G 

75 383918 383108 384165 385299 7/2 23% 5p 5 4f 13 5d ( 3 G) 2 G + 11% 5p 5 4f 13 5d ( 3 D) 2 F + 11% 5p 5 4f 13 6s ( 3 F) 4 F 

76 384016 383874 380586 382358 7/2 25% 5p 5 4f 13 6s ( 3 F) 4 F + 15% 5p 5 4f 13 6s ( 3 F) 2 F + 12% 5p 5 4f 13 5d ( 3 G) 4 H 

77 384138 383901 383288 384871 3/2 44% 5p 5 4f 13 6s ( 1 D) 2 D + 12% 5p 5 4f 13 6s ( 3 F) 4 F + 12% 5p 5 4f 13 6s ( 3 D) 4 D 

78 384190 384026 383419 382831 5/2 45% 5p 5 4f 13 6s ( 3 F) 4 F + 9% 5p 5 4f 13 6s ( 3 G) 4 G + 8% 5p 5 4f 13 5d ( 3 G) 4 G 

79 386218 386003 385211 387297 5/2 49% 5p 5 4f 13 6s ( 1 D) 2 D + 28% 5p 5 4f 13 6s ( 3 D) 4 D + 8% 5p 5 4f 13 6s ( 3 F) 2 F 

80 387070 387177 386380 387624 9/2 21% 5p 5 4f 13 5d ( 1 D) 2 G + 17% 5p 5 4f 13 5d ( 3 G) 4 H + 15% 5p 5 4f 13 5d ( 3 G) 2 H 

81 387844 387646 386447 388013 5/2 26% 5p 5 4f 13 5d ( 3 G) 4 G + 21% 5p 5 4f 13 5d ( 3 G) 4 F + 8% 5p 5 4f 13 5d ( 3 G) 2 F 

82 389487 389566 387103 389530 3/2 34% 5p 5 4f 13 6s ( 3 F) 4 F + 14% 5p 5 4f 13 6s ( 3 D) 4 D + 12% 5p 5 4f 13 5d ( 3 F) 2 D 

83 389800 390250 389626 390924 7/2 26% 5p 5 4f 13 5d ( 3 G) 4 G + 21% 5p 5 4f 13 5d ( 3 G) 4 H + 19% 5p 5 4f 13 5d ( 3 G) 2 G 

84 390811 390537 409515 402034 5/2 28% 5p 4 4f 14 5d ( 3 P) 4 d + 26% 5p 5 4f 13 6s ( 3 F) 2 F + 7% 5p 5 4f 13 6s ( 3 D) 4 D 

85 391459 391128 388775 390857 5/2 27% 5p 4 4f 14 5d ( 3 P) 4 d + 19% 5p 5 4f 13 6s ( 3 F) 2 F + 18% 5p 5 4f 13 6s ( 3 D) 4 D 

86 393577 393930 394920 395765 9/2 36% 5p 5 4f 13 6s ( 1 G) 2 G + 30% 5p 5 4f 13 6s ( 3 G) 4 G + 13% 5p 5 4f 13 6s ( 3 G) 2 G 

87 396329 396335 395094 397287 7/2 45% 5p 5 4f 13 6s ( 1 G) 2 G + 30% 5p 5 4f 13 6s ( 3 G) 4 G + 22% 5p 5 4f 13 6s ( 3 G) 2 G 

88 397227 397210 396371 398350 3/2 63% 5p 5 4f 13 6s ( 3 D) 2 D + 32% 5p 5 4f 13 6s ( 3 D) 4 D + 3% 5p 5 4f 13 6s ( 3 F) 4 F 

89 397520 397563 397780 397791 7/2 30% 5p 5 4f 13 5d ( 1 D) 2 F + 10% 5p 5 4f 13 5d ( 3 F) 2 G + 7% 5p 4 4f 14 5d ( 3 P) 4 F 

90 403691 403980 412855 416153 7/2 46% 5p 4 4f 14 5d ( 3 P) 2 F + 24% 5p 4 4f 14 5d ( 1 D) 2 G + 9% 5p 4 4f 14 5d ( 3 P) 4 D 

91 406238 406053 418349 418572 9/2 29% 5p 5 4f 13 5d ( 3 D) 2 G + 18% 5p 5 4f 13 5d ( 3 F) 2 G + 11% 5p 5 4f 13 5d ( 3 G) 2 G 

92 406678 406222 419083 418928 5/2 32% 5p 5 4f 13 5d ( 3 G) 2 D + 21% 5p 5 4f 13 5d ( 1 G) 2 D + 13% 5p 5 4f 13 5d ( 3 F) 2 D 

93 409150 408949 421968 421114 7/2 19% 5p 5 4f 13 5d ( 3 G) 2 F + 16% 5p 5 4f 13 5d ( 3 F) 2 F + 14% 5p 5 4f 13 5d ( 1 G) 2 F 

94 419313 420069 431991 431742 3/2 57% 5p 5 4f 13 5d ( 3 G) 2 D + 8% 5p 5 4f 13 5d ( 1 F) 2 D + 5% 5p 5 4f 13 5d ( 3 G) 4 F 

95 419694 419204 432560 431815 7/2 20% 5p 5 4f 13 5d ( 1 D) 2 G + 16% 5p 5 4f 13 5d ( 3 D) 2 G + 16% 5p 5 4f 13 5d ( 3 G) 2 G 

96 421300 421458 434453 433387 5/2 28% 5p 5 4f 13 5d ( 3 G) 2 F + 15% 5p 5 4f 13 5d ( 3 F) 2 F + 13% 5p 5 4f 13 5d ( 1 D) 2 F 

97 432418 431902 453650 444549 3/2 34% 5p 4 4f 14 5d ( 3 P) 4 F + 14% 5p 4 4f 14 5d ( 3 P) 2 P + 13% 5p 4 4f 14 5d ( 1 S) 2 D 

98 434200 433608 456382 447162 5/2 45% 5p 4 4f 14 5d ( 3 P) 4 F + 17% 5p 4 4f 14 5d ( 1 S) 2 D + 13% 5p 4 4f 14 5d ( 1 D) 2 F 

99 447031 446790 444864 447269 7/2 56% 5p 5 4f 13 6s ( 3 D) 4 D + 22% 5p 5 4f 13 6s ( 3 F) 4 F + 10% 5p 5 4f 13 6s ( 1 F) 2 F 

100 449146 449292 447095 450050 5/2 50% 5p 5 4f 13 6s ( 3 D) 2 D + 14% 5p 5 4f 13 6s ( 3 F) 4 F + 14% 5p 5 4f 13 6s ( 3 D) 4 D 

101 450652 449812 448559 451165 7/2 38% 5p 5 4f 13 6s ( 1 G) 2 G + 21% 5p 5 4f 13 6s ( 3 F) 2 F + 19% 5p 5 4f 13 6s ( 3 G) 4 G 

102 451286 450502 449286 452008 9/2 45% 5p 5 4f 13 6s ( 1 G) 2 G + 25% 5p 5 4f 13 6s ( 3 G) 4 G + 18% 5p 5 4f 13 6s ( 3 F) 4 F 

103 457469 457251 454533 457081 5/2 72% 5p 5 4f 13 6s ( 3 G) 4 G + 17% 5p 5 4f 13 6s ( 1 F) 2 F + 5% 5p 5 4f 13 6s ( 3 F) 4 F 

104 459085 460781 461910 463502 5/2 23% 5p 4 4f 14 6s ( 3 P) 4 P + 22% 5p 5 4f 13 6s ( 1 D) 2 D + 17% 5p 5 4f 13 6s ( 3 F) 2 F 

105 459331 459345 456491 459191 7/2 50% 5p 5 4f 13 6s ( 3 G) 2 G + 28% 5p 5 4f 13 6s ( 3 G) 4 G + 15% 5p 5 4f 13 6s ( 1 F) 2 F 

106 460814 462504 462835 464427 3/2 31% 5p 5 4f 13 6s ( 1 D) 2 D + 27% 5p 5 4f 13 6s ( 3 F) 4 F + 13% 5p 5 4f 13 6s ( 3 D) 2 D 

107 468123 467656 487714 479175 5/2 29% 5p 4 4f 14 5d ( 3 P) 4 F + 19% 5p 4 4f 14 5d ( 3 P) 2 D + 17% 5p 4 4f 14 5d ( 1 D) 2 F 

108 468781 468858 485554 477539 5/2 46% 5p 4 4f 14 6s ( 3 P) 4 P + 16% 5p 5 4f 13 6s ( 1 D) 2 D + 9% 5p 4 4f 14 5d ( 3 P) 2 F 

109 469845 469943 491987 483513 7/2 61% 5p 4 4f 14 5d ( 1 D) 2 G + 20% 5p 4 4f 14 5d ( 3 P) 2 F + 9% 5p 4 4f 14 5d ( 1 D) 2 F 

110 473165 473873 492693 484327 5/2 46% 5p 4 4f 14 5d ( 3 P) 2 F + 22% 5p 4 4f 14 5d ( 3 P) 4 P + 12% 5p 4 4f 14 5d ( 1 D) 2 F 

111 475834 475130 492571 484815 3/2 47% 5p 4 4f 14 6s ( 3 P) 2 P + 15% 5p 4 4f 14 6s ( 1 D) 2 D + 14% 5p 4 4f 14 6s ( 3 P) 4 P 

112 485146 485184 488716 484583 7/2 52% 4f 12 6d ( 3 H) 2 F + 34% 4f 12 6d ( 3 H) 4 F + 5% 4f 12 6d ( 3 H) 4 G 

113 485920 485976 489493 485383 9/2 53% 4f 12 6d ( 3 H) 2 G + 22% 4f 12 6d ( 3 H) 4 G + 12% 4f 12 6d ( 3 H) 4 F 

114 489733 490043 509124 500777 1/2 49% 5p 4 4f 14 6s ( 1 S) 2 S + 37% 5p 4 4f 14 6s ( 3 P) 4 P + 12% 5p 4 4f 14 6s ( 3 P) 2 P 

115 491814 492390 508432 492548 5/2 23% 4f 12 6d ( 3 F) 2 D + 21% 4f 12 6d ( 3 F) 4 P + 20% 4f 12 6d ( 1 G) 2 F 

116 492346 492663 496930 492551 7/2 27% 4f 12 6d ( 3 F) 4 D + 20% 4f 12 6d ( 3 F) 2 F + 14% 4f 12 6d ( 3 H) 4 G 

117 494964 495066 499183 494739 7/2 37% 4f 12 6d ( 3 H) 4 F + 35% 4f 12 6d ( 3 H) 2 F + 10% 4f 12 6d ( 3 H) 4 G 

118 495551 495490 473361 478824 3/2 40% 5p 4 4f 14 5d ( 1 D) 2 P + 25% 5p 4 4f 14 5d ( 3 P) 2 P + 15% 5p 4 4f 14 5d ( 3 P) 4 F 

119 495766 495855 499808 495271 9/2 37% 4f 12 6d ( 3 H) 2 G + 29% 4f 12 6d ( 3 H) 4 H + 24% 4f 12 6d ( 3 H) 4 G 

120 496936 496695 500949 496226 5/2 60% 4f 12 6d ( 3 H) 4 F + 21% 4f 12 6d ( 3 H) 2 F + 14% 4f 12 6d ( 3 H) 4 G 

121 497613 497436 501637 496960 7/2 36% 4f 12 6d ( 3 H) 4 G + 22% 4f 12 6d ( 3 H) 2 G + 20% 4f 12 6d ( 3 H) 4 F 

122 500007 499590 529801 495330 5/2 45% 5p 4 4f 14 5d ( 3 P) 2 D + 20% 5p 4 4f 14 5d ( 1 D) 2 F + 17% 5p 4 4f 14 5d ( 1 D) 2 D 

123 503041 503060 508545 503679 7/2 42% 4f 12 6d ( 3 F) 4 G + 22% 4f 12 6d ( 3 F) 2 F + 6% 4f 12 6d ( 3 H) 2 G 

124 503556 503380 507787 503556 5/2 28% 4f 12 6d ( 3 H) 4 G + 22% 4f 12 6d ( 3 F) 4 P + 11% 4f 12 6d ( 3 H) 4 F 

125 503742 503679 507801 502986 7/2 21% 4f 12 6d ( 3 F) 2 G + 15% 4f 12 6d ( 3 H) 4 H + 15% 4f 12 6d ( 3 F) 4 H 

126 505071 505064 511264 506419 7/2 32% 4f 12 6d ( 3 F) 2 G + 17% 4f 12 6d ( 1 D) 2 F + 15% 4f 12 6d ( 3 F) 4 H 

127 505303 505068 510972 505982 5/2 47% 4f 12 6d ( 3 F) 4 D + 12% 4f 12 6d ( 3 F) 2 D + 10% 4f 12 6d ( 3 F) 4 P 

128 506081 506194 512503 502942 5/2 52% 4f 12 6d ( 3 F) 2 F + 14% 4f 12 6d ( 1 D) 2 D + 12% 4f 12 6d ( 3 F) 4 G 

129 506479 506163 511344 506398 3/2 53% 4f 12 6d ( 3 F) 2 D + 20% 4f 12 6d ( 3 F) 4 F + 9% 4f 12 6d ( 1 D) 2 P 

130 509331 511015 536668 534589 1/2 36% 5p44f 14 5d ( 1 D) 2 P + 22% 5p 4 4f 14 5d ( 3 P) 2 P + 16% 5p 4 4f 14 5d ( 1 D) 2 S 

131 513175 513164 523629 532131 3/2 46% 5p 4 4f 14 5d ( 1 D) 2 D + 26% 5p 4 4f 14 5d ( 3 P) 2 D + 7% 5p 4 4f 14 5d ( 3 P) 4 F 

132 514227 514267 519282 514309 7/2 31% 4f 12 6d ( 1 G) 2 F + 24% 4f 12 6d ( 3 H) 2 G + 19% 4f 12 6d ( 1 G) 2 G 

133 514840 514158 505150 514160 5/2 50% 4f 12 6d ( 1 G) 2 D + 26% 4f 12 6d ( 3 H) 2 F + 15% 4f 12 6d ( 3 H) 4 F 

134 515580 515562 496756 507677 5/2 53% 4f 12 6d ( 1 G) 2 F + 27% 4f 12 6d ( 3 H) 4 G + 8% 4f 12 6d ( 3 F) 2 D 

135 519474 519869 528209 522661 5/2 24% 4f 12 6d ( 1 D) 2 F + 22% 4f 12 6d ( 3 P) 4 D + 12% 4f 12 6d ( 3 F) 4 G 

136 529766 529750 540221 534091 3/2 44% 4f 12 6d ( 3 P) 4 F + 24% 4f 12 6d ( 3 P) 4 D + 10% 4f 12 6d ( 3 P) 2 P 

137 530043 530166 538303 532971 7/2 97% 4f 12 6d ( 1 I) 2 G + 1% 4f 12 6d ( 3 H) 2 G + 1% 4f 12 6d ( 3 H) 2 F 

138 531254 531044 562526 557941 1/2 33% 5p 4 4f 14 5d ( 1 D) 2 S + 18% 5p 4 4f 14 5d ( 3 P) 2 P + 16% 5s5p 6 4f 14 ( 1 S) 2 S 

139 535527 535698 551400 543498 1/2 45% 5p 4 4f 14 6s ( 3 P) 2 P + 19% 5p 4 4f 14 6s ( 3 P) 4 P + 14% 4f 12 6d ( 3 P) 4 P 

140 545795 544849 563835 556021 5/2 71% 5p 4 4f 14 6s ( 1 D) 2 D + 19% 5p 4 4f 14 6s ( 3 P) 4 P + 2% 5p 4 4f 14 5d ( 1 S) 2 D 

141 566157 566296 594432 587629 3/2 37% 5p 4 4f 14 5d ( 1 S) 2 D + 27% 5p 4 4f 14 5d ( 3 P) 2 D + 13% 5p 4 4f 14 5d ( 3 P) 2 P 

a Experimental values from Ryabtsev et al. [5] ; 
b Our HFR calculation; 
c Our MCDHF-RCI-A calculation, the transition rates are given in the Babushkin gauge; 
d Our MCDHF-RCI-B calculation, the transition rates are given in the Babushkin gauge; 
e Our HFR calculation. At most, only the first three major components are given. 
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Table 3 

Comparison between the present calculated and the literature transition rates in Hf VI. 

HFR c RCI-A d RCI-B e RYA f 

λa i b k b gA log g f CF g Unc. h gA i log g f i dT j Unc. h gA i log g f i dT j Unc. h gA 

( ̊A) (s −1 ) (s −1 ) (s −1 ) (s −1 ) 

193.600 2 137 4.12E + 10 -0.64 0.34 E 3.07E + 10 -0.76 0.06 E 5.04E + 10 -0.55 0.03 E 4.96E + 10 

197.644 2 135 9.39E + 09 -1.26 0.19 E 7.34E + 09 -1.37 0.06 E 1.22E + 10 -1.15 0.09 E 1.39E + 10 

197.901 1 127 6.60E + 09 -1.41 0.16 E 2.46E + 09 -1.84 0.09 E 2.70E + 09 -1.80 0.12 E 8.80E + 09 

197.992 1 126 1.55E + 10 -1.04 0.27 E 1.32E + 10 -1.11 0.03 E 2.28E + 10 -0.87 0.08 E 2.55E + 10 

198.520 1 125 8.77E + 09 -1.29 0.30 E 1.16E + 09 -2.16 0.07 E 1.50E + 09 -2.05 0.07 E 1.49E + 10 

198.791 1 123 2.32E + 10 -0.86 0.27 E 1.91E + 10 -0.95 0.08 E 2.31E + 10 -0.86 0.12 E 2.34E + 10 

199.177 2 134 3.27E + 10 -0.71 0.33 E 1.84E + 08 -2.96 0.01 E 1.18E + 10 -1.15 0.08 E 4.49E + 10 

199.471 2 133 1.69E + 10 -1.00 0.30 E 4.99E + 09 -1.53 0.09 E 1.76E + 10 -0.98 0.09 E 1.76E + 10 

199.715 2 132 2.60E + 10 -0.81 0.28 E 2.29E + 10 -0.86 0.07 E 3.30E + 10 -0.70 0.07 E 3.26E + 10 

201.235 1 120 1.76E + 09 -1.97 0.21 E 1.66E + 09 -2.00 0.03 E 2.82E + 09 -1.77 0.10 E 2.00E + 09 

201.708 1 119 2.79E + 10 -0.77 0.32 E 2.56E + 10 -0.81 0.08 E 3.80E + 10 -0.63 0.07 E 3.58E + 10 

202.035 1 117 4.19E + 10 -0.59 0.32 E 4.20E + 10 -0.59 0.05 E 5.97E + 10 -0.44 0.09 E 5.36E + 10 

202.854 2 129 1.24E + 10 -1.12 0.29 E 8.45E + 08 -2.28 0.01 E 1.29E + 09 -2.10 0.11 E 1.49E + 10 

203.018 2 128 1.42E + 10 -1.06 0.16 E 9.04E + 09 -1.25 0.04 E 5.02E + 09 -1.51 0.09 E 1.74E + 10 

203.109 1 116 1.61E + 10 -1.00 0.21 E 8.13E + 09 -1.30 0.02 E 5.59E + 09 -1.46 0.10 E 1.69E + 10 

203.330 1 115 1.40E + 10 -1.06 0.25 E 1.30E + 09 -2.09 0.01 E 1.61E + 10 -1.00 0.12 E 1.64E + 10 

203.981 2 125 7.20E + 09 -1.35 0.17 E 1.01E + 10 -1.20 0.05 E 1.51E + 10 -1.03 0.07 E 1.01E + 10 

204.064 2 124 1.08E + 10 -1.17 0.26 E 3.77E + 09 -1.63 0.01 E 1.09E + 10 -1.17 0.10 E 1.30E + 10 

205.795 1 113 4.28E + 10 -0.57 0.35 E 3.83E + 10 -0.61 0.05 E 4.97E + 10 -0.50 0.08 E 5.26E + 10 

206.119 1 112 2.96E + 10 -0.73 0.22 E 2.67E + 10 -0.77 0.04 E 3.41E + 10 -0.66 0.09 E 3.50E + 10 

206.569 2 121 1.26E + 10 -1.09 0.28 E 1.29E + 10 -1.08 0.05 E 1.65E + 10 -0.98 0.08 E 1.66E + 10 

206.857 2 120 9.13E + 09 -1.23 0.21 E 8.70E + 09 -1.25 0.04 E 1.07E + 10 -1.16 0.09 E 1.08E + 10 

212.034 2 112 3.94E + 09 -1.58 0.17 E 3.41E + 09 -1.64 0.06 E 8.80E + 09 -1.23 0.08 E 5.00E + 09 

213.323 1 108 3.96E + 08 -2.57 0.01 E 1.05E + 08 -3.14 0.01 E 3.32E + 08 -2.64 0.20 E 6.00E + 08 

216.302 2 111 1.15E + 10 -1.09 0.67 E 7.71E + 08 -2.27 0.01 E 2.45E + 09 -1.76 0.05 E 1.55E + 10 

219.139 2 109 4.48E + 09 -1.49 0.15 E 8.47E + 09 -1.21 0.07 E 1.18E + 10 -1.07 0.01 E 1.24E + 10 

219.648 2 108 1.57E + 10 -0.95 0.59 E 3.62E + 08 -2.58 0.01 E 1.67E + 09 -1.92 0.04 E 1.72E + 10 

221.589 1 102 1.91E + 11 0.15 0.89 D + 8.51E + 10 -0.20 0.02 E 8.75E + 10 -0.19 0.02 E 1.97E + 11 

221.898 1 101 7.85E + 10 -0.24 0.56 D 1.61E + 10 -0.92 0.00 E 1.89E + 10 -0.86 0.07 E 7.68E + 10 

222.645 1 100 1.19E + 11 -0.06 0.75 D + 5.52E + 10 -0.39 0.03 E 4.41E + 10 -0.48 0.00 E 1.19E + 11 

223.172 3 140 5.13E + 08 -2.41 0.05 E 2.55E + 08 -2.72 0.94 E 3.20E + 10 -0.62 0.06 E 6.13E + 10 

223.566 2 106 7.18E + 10 -0.27 0.91 D 4.14E + 10 -0.51 0.03 E 2.15E + 10 -0.79 0.03 E 6.80E + 10 

223.698 1 99 3.00E + 10 -0.65 0.82 E 8.30E + 09 -1.21 0.00 E 1.07E + 10 -1.10 0.08 E 3.36E + 10 

224.307 2 105 1.44E + 11 0.04 0.80 D + 5.63E + 10 -0.37 0.03 E 5.79E + 10 -0.36 0.02 E 1.45E + 11 

224.431 2 104 4.71E + 10 -0.45 0.65 E 1.47E + 10 -0.95 0.01 E 1.63E + 10 -0.91 0.05 E 4.69E + 10 

225.248 2 103 2.24E + 10 -0.77 0.70 E 5.69E + 09 -1.36 0.00 E 6.80E + 09 -1.29 0.10 E 2.07E + 10 

228.763 2 101 2.87E + 09 -1.65 0.01 E 4.17E + 09 -1.49 0.02 E 4.78E + 09 -1.43 0.11 E 4.40E + 09 

230.656 3 138 8.23E + 10 -0.18 0.09 D + 4.84E + 09 -1.41 0.08 E 3.50E + 10 -0.55 0.24 E 1.07E + 11 

231.451 3 136 1.59E + 07 -3.89 0.03 E 7.75E + 08 -2.21 0.23 E 7.82E + 08 -2.20 0.04 E 4.91E + 10 

237.360 1 96 1.37E + 09 -1.94 0.00 E 1.73E + 09 -1.84 0.10 E 1.02E + 09 -2.07 0.07 E 9.00E + 08 

238.271 1 95 5.14E + 09 -1.36 0.01 E 3.07E + 09 -1.58 0.21 E 1.21E + 09 -1.99 0.30 E 5.50E + 09 

240.701 3 131 1.80E + 11 0.19 0.44 C 4.49E + 11 0.59 0.15 E 2.43E + 11 0.33 0.07 E 1.80E + 11 

242.940 3 130 4.30E + 11 0.58 0.66 C + 3.36E + 11 0.47 0.16 E 3.92E + 11 0.54 0.13 D + 4.66E + 11 

244.411 1 93 1.88E + 12 1.23 0.84 C + 1.66E + 12 1.17 0.11 C 1.66E + 12 1.17 0.12 C + 1.91E + 12 

245.223 2 96 1.42E + 12 1.11 0.83 C + 1.25E + 12 1.05 0.11 C 1.24E + 12 1.05 0.12 C + 1.43E + 12 

245.898 1 92 1.46E + 12 1.12 0.86 C + 1.32E + 12 1.08 0.11 C 1.32E + 12 1.08 0.13 C + 1.49E + 12 

246.161 1 91 2.33E + 12 1.33 0.86 C + 2.01E + 12 1.26 0.08 C 2.04E + 12 1.27 0.09 C + 2.31E + 12 

246.194 2 95 1.87E + 12 1.23 0.85 C + 1.44E + 12 1.12 0.08 D + 1.61E + 12 1.16 0.10 C + 1.87E + 12 

246.427 2 94 9.56E + 11 0.94 0.85 C + 8.32E + 11 0.88 0.11 D + 8.52E + 11 0.89 0.13 D + 9.67E + 11 

247.714 4 141 6.41E + 11 0.77 0.76 C + 6.13E + 11 0.75 0.14 D + 3.84E + 11 0.55 0.08 E 6.66E + 11 

248.573 3 122 1.13E + 12 1.02 0.77 C + 9.47E + 11 0.94 0.15 D + 2.10E + 10 -0.71 0.10 E 1.20E + 12 

251.357 3 118 5.39E + 11 0.71 0.68 C + 1.77E + 09 -1.77 0.07 E 5.90E + 09 -1.25 0.24 E 5.36E + 11 

251.559 1 89 1.94E + 10 -0.74 0.06 E 5.25E + 09 -1.30 0.10 E 2.81E + 09 -1.57 0.18 E 2.26E + 10 

252.315 1 87 3.76E + 09 -1.45 0.17 E 6.35E + 09 -1.22 0.05 E 7.57E + 09 -1.14 0.03 E 1.90E + 09 

252.755 2 93 6.23E + 09 -1.22 0.02 E 6.27E + 09 -1.22 0.01 E 1.90E + 09 -1.74 0.06 E 7.30E + 09 

253.740 3 115 5.64E + 06 -4.27 0.00 E 1.40E + 06 -4.87 0.41 E 4.36E + 07 -3.38 0.71 E 3.00E + 08 

254.080 1 86 6.36E + 08 -2.21 0.00 E 2.45E + 08 -2.62 0.21 E 1.57E + 08 -2.82 0.29 E 1.30E + 09 

254.343 2 92 1.15E + 09 -1.95 0.00 E 2.20E + 09 -1.67 0.07 E 1.68E + 09 -1.79 0.15 E 9.00E + 08 

255.455 1 85 1.32E + 09 -1.89 0.02 E 4.00E + 09 -1.41 0.04 E 3.19E + 09 -1.51 0.07 E 1.20E + 09 

256.294 2 90 2.45E + 10 -0.62 0.24 E 9.13E + 09 -1.05 0.10 E 6.50E + 10 -0.19 0.11 E 4.06E + 10 

257.835 1 81 2.48E + 09 -1.61 0.02 E 7.62E + 09 -1.12 0.05 E 1.64E + 10 -0.79 0.06 E 2.40E + 09 

258.351 1 80 8.72E + 09 -1.06 0.02 E 2.37E + 09 -1.63 0.15 E 2.33E + 09 -1.63 0.19 E 9.40E + 09 

258.922 1 79 5.26E + 10 -0.28 0.45 D 4.51E + 10 -0.34 0.04 E 3.73E + 10 -0.43 0.04 E 5.09E + 10 

260.288 1 78 7.26E + 09 -1.13 0.08 E 6.94E + 09 -1.15 0.10 E 9.60E + 07 -3.01 0.13 E 6.60E + 09 

260.413 k 1 76 1.85E + 09 -1.73 0.01 E 1.56E + 10 -0.80 0.06 E 1.47E + 10 -0.83 0.05 E 3.30E + 09 

260.413 k 2 89 1.33E + 10 -0.87 0.03 E 7.03E + 07 -3.15 0.33 E 4.19E + 09 -1.37 0.01 E 4.16E + 10 

260.472 1 75 8.05E + 09 -1.09 0.01 E 3.59E + 08 -2.44 0.14 E 2.66E + 08 -2.57 0.19 E 5.90E + 09 

260.611 2 88 5.20E + 10 -0.28 0.51 D 5.02E + 10 -0.29 0.05 E 5.23E + 10 -0.27 0.05 E 5.22E + 10 

261.223 2 87 9.95E + 10 0.01 0.56 D + 1.07E + 11 0.04 0.04 E 9.70E + 10 0.00 0.04 E 7.59E + 10 

261.820 1 74 3.69E + 09 -1.42 0.01 E 2.32E + 09 -1.62 0.01 E 7.32E + 09 -1.12 0.11 E 4.70E + 09 

263.632 1 73 3.48E + 09 -1.44 0.01 E 2.40E + 09 -1.60 0.14 E 2.81E + 09 -1.53 0.12 E 3.60E + 09 

( continued on next page ) 
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Table 3 ( continued ) 

HFR c RCI-A d RCI-B e RYA f 

λa i b k b gA log g f CF g Unc. h gA i log g f i dT j Unc. h gA i log g f i dT j Unc. h gA 

( ̊A) (s −1 ) (s −1 ) (s −1 ) (s −1 ) 

264.460 k 1 72 1.51E + 11 0.20 0.61 C 1.58E + 11 0.22 0.04 E 1.51E + 11 0.20 0.02 E 1.50E + 11 

264.460 k 3 111 1.01E + 11 0.03 0.34 D + 1.16E + 11 0.09 0.04 E 9.46E + 10 0.00 0.05 E 8.78E + 10 

264.588 2 85 1.22E + 10 -0.89 0.10 E 6.59E + 10 -0.16 0.04 E 6.78E + 10 -0.15 0.00 E 2.07E + 10 

265.043 2 84 6.61E + 10 -0.16 0.41 D + 7.67E + 09 -1.09 0.09 E 4.60E + 09 -1.32 0.11 E 6.56E + 10 

265.286 1 71 2.79E + 10 -0.53 0.08 E 1.70E + 10 -0.75 0.11 E 1.73E + 10 -0.74 0.12 E 2.68E + 10 

265.755 2 83 1.42E + 10 -0.82 0.03 E 1.09E + 10 -0.94 0.07 E 1.04E + 10 -0.96 0.07 E 1.46E + 10 

265.976 2 82 2.35E + 09 -1.60 0.01 E 1.23E + 10 -0.88 0.07 E 5.05E + 09 -1.27 0.01 E 3.90E + 09 

266.344 3 110 3.09E + 10 -0.49 0.77 E 2.90E + 10 -0.51 0.11 E 3.04E + 10 -0.49 0.06 E 3.87E + 10 

266.513 1 70 1.30E + 11 0.14 0.72 C 1.52E + 11 0.21 0.04 E 1.37E + 11 0.16 0.00 E 1.28E + 11 

267.144 2 81 1.55E + 10 -0.78 0.04 E 7.58E + 09 -1.09 0.04 E 4.89E + 09 -1.28 0.04 E 1.52E + 10 

267.292 1 68 6.83E + 09 -1.14 0.02 E 1.16E + 10 -0.91 0.09 E 1.30E + 10 -0.86 0.11 E 7.00E + 09 

268.052 4 139 8.88E + 10 -0.02 0.74 E 2.85E + 08 -2.51 0.53 E 2.87E + 08 -2.51 0.74 E 1.65E + 11 

268.309 2 79 4.57E + 09 -1.31 0.07 E 2.12E + 10 -0.64 0.05 E 1.94E + 10 -0.68 0.02 E 3.70E + 09 

268.721 1 67 6.59E + 09 -1.15 0.04 E 1.56E + 10 -0.77 0.03 E 1.36E + 10 -0.83 0.03 E 7.40E + 09 

269.011 1 66 1.04E + 10 -0.95 0.25 E 1.85E + 09 -1.70 0.06 E 4.11E + 08 -2.35 0.06 E 1.19E + 10 

269.257 1 65 1.27E + 09 -1.86 0.01 E 1.55E + 09 -1.77 0.14 E 1.74E + 09 -1.72 0.04 E 2.20E + 09 

269.777 2 78 2.21E + 10 -0.62 0.22 E 4.02E + 10 -0.36 0.07 E 5.11E + 07 -3.25 0.65 E 1.74E + 10 

269.815 2 77 9.60E + 08 -1.98 0.01 E 9.56E + 08 -1.98 0.01 E 1.84E + 09 -1.70 0.14 E 1.50E + 09 

269.903 2 76 4.72E + 09 -1.29 0.01 E 1.10E + 10 -0.92 0.02 E 7.04E + 09 -1.11 0.01 E 6.20E + 09 

269.969 3 107 6.15E + 10 -0.17 0.12 D + 2.76E + 10 -0.52 0.11 E 2.74E + 10 -0.52 0.06 E 6.86E + 10 

271.159 4 138 2.63E + 11 0.46 0.52 C + 2.95E + 11 0.51 0.12 D 3.73E + 11 0.61 0.12 D 2.54E + 11 

271.425 2 74 1.63E + 10 -0.75 0.03 E 2.20E + 09 -1.61 0.02 E 3.42E + 10 -0.42 0.07 E 1.60E + 10 

272.257 4 136 6.73E + 06 -4.13 0.01 E 7.52E + 08 -2.08 0.05 E 4.35E + 08 -2.32 0.00 E 5.00E + 08 

273.369 2 73 3.44E + 09 -1.42 0.01 E 2.13E + 09 -1.62 0.09 E 2.20E + 09 -1.61 0.10 E 3.30E + 09 

273.988 1 64 1.25E + 10 -0.85 0.03 E 8.73E + 09 -1.01 0.17 E 8.42E + 09 -1.02 0.18 E 1.15E + 10 

275.402 3 106 1.68E + 10 -0.72 0.49 E 4.31E + 09 -1.31 0.02 E 1.96E + 09 -1.65 0.02 E 2.02E + 10 

276.475 2 70 1.78E + 09 -1.69 0.05 E 2.23E + 09 -1.59 0.06 E 1.97E + 09 -1.65 0.04 E 5.82E + 09 

277.205 2 69 1.73E + 10 -0.70 0.10 E 1.54E + 10 -0.75 0.17 E 1.49E + 10 -0.77 0.19 E 1.75E + 10 

278.857 2 67 3.62E + 09 -1.38 0.01 E 4.28E + 09 -1.30 0.12 E 3.98E + 09 -1.33 0.05 E 3.90E + 09 

279.434 2 65 6.28E + 08 -2.13 0.01 E 7.22E + 08 -2.07 0.02 E 3.49E + 08 -2.39 0.13 E 7.00E + 08 

285.131 k 1 62 2.51E + 10 -0.51 0.13 E 2.16E + 10 -0.58 0.13 E 2.11E + 10 -0.59 0.15 E 2.49E + 10 

285.131 k 4 131 2.26E + 11 0.44 0.35 C + 4.34E + 10 -0.28 0.12 E 1.15E + 11 0.15 0.08 E 2.41E + 11 

288.297 4 130 2.19E + 10 -0.57 0.05 E 6.11E + 08 -2.12 0.32 E 1.41E + 10 -0.76 0.01 E 1.45E + 10 

293.396 1 60 3.30E + 11 0.63 0.71 C + 1.96E + 11 0.40 0.10 E 2.13E + 11 0.44 0.13 D 3.28E + 11 

293.717 2 63 2.46E + 11 0.50 0.71 C + 1.41E + 11 0.26 0.11 E 1.51E + 11 0.29 0.14 E 2.42E + 11 

295.494 1 59 1.15E + 11 0.18 0.33 E 1.26E + 11 0.22 0.10 E 9.16E + 10 0.08 0.11 E 1.78E + 11 

295.968 1 58 3.46E + 11 0.66 0.87 C + 2.17E + 11 0.45 0.08 E 2.26E + 11 0.47 0.10 E 3.50E + 11 

296.556 2 62 2.92E + 11 0.59 0.53 C + 1.73E + 11 0.36 0.08 E 1.84E + 11 0.39 0.10 E 2.91E + 11 

297.186 3 98 1.88E + 11 0.40 0.81 C + 1.31E + 11 0.24 0.12 E 1.23E + 11 0.21 0.08 E 2.06E + 11 

297.878 2 61 1.15E + 11 0.18 0.81 C 6.94E + 10 -0.03 0.12 E 7.95E + 10 0.02 0.14 E 1.36E + 11 

298.768 3 97 1.03E + 11 0.14 0.47 C 6.69E + 10 -0.05 0.12 E 6.73E + 10 -0.05 0.10 E 1.03E + 11 

300.518 1 57 4.26E + 10 -0.24 0.12 E 2.23E + 10 -0.52 0.10 E 2.36E + 10 -0.50 0.10 E 6.27E + 09 

305.506 2 60 1.71E + 10 -0.62 0.07 E 1.71E + 10 -0.62 0.07 E 1.63E + 10 -0.64 0.09 E 1.76E + 10 

307.790 2 59 1.21E + 08 -2.76 0.00 E 4.53E + 07 -3.19 0.39 E 1.43E + 08 -2.69 0.08 E 2.00E + 08 

309.036 3 96 1.30E + 09 -1.73 0.09 E 4.61E + 08 -2.18 0.18 E 1.24E + 09 -1.75 0.14 E 2.20E + 09 

310.789 1 53 3.73E + 09 -1.27 0.01 E 1.97E + 09 -1.55 0.11 E 1.71E + 09 -1.61 0.13 E 3.80E + 09 

312.997 1 52 5.11E + 09 -1.12 0.06 E 3.68E + 09 -1.27 0.06 E 7.08E + 09 -0.98 0.07 E 9.20E + 09 

316.757 1 51 1.64E + 09 -1.61 0.00 E 1.29E + 09 -1.71 0.14 E 2.63E + 08 -2.40 0.07 E 2.20E + 09 

321.995 1 50 3.65E + 09 -1.25 0.05 E 2.65E + 09 -1.38 0.09 E 2.67E + 09 -1.38 0.13 E 3.50E + 09 

322.683 2 54 4.01E + 09 -1.21 0.01 E 2.68E + 09 -1.38 0.11 E 2.59E + 09 -1.39 0.13 E 3.40E + 09 

324.420 2 53 6.71E + 07 -2.98 0.00 E 1.55E + 08 -2.61 0.13 E 1.98E + 08 -2.50 0.16 E 1.00E + 08 

325.014 1 49 1.48E + 09 -1.63 0.00 E 5.06E + 07 -3.10 0.13 E 1.32E + 09 -1.68 0.06 E 1.80E + 09 

330.920 2 51 1.09E + 09 -1.74 0.02 E 9.90E + 08 -1.79 0.10 E 6.04E + 08 -2.00 0.19 E 9.00E + 08 

334.389 1 48 1.13E + 09 -1.72 0.00 E 3.35E + 08 -2.25 0.05 E 3.51E + 08 -2.23 0.16 E 1.00E + 09 

336.636 2 50 1.24E + 08 -2.68 0.00 E 4.24E + 08 -2.14 0.07 E 4.09E + 08 -2.16 0.07 E 2.00E + 08 

339.937 2 49 1.69E + 08 -2.54 0.00 E 1.63E + 08 -2.55 0.06 E 2.97E + 08 -2.29 0.28 E 2.00E + 08 

358.746 1 45 7.13E + 08 -1.86 0.01 E 1.29E + 08 -2.60 0.28 E 3.32E + 08 -2.19 0.10 E 1.00E + 08 

366.035 1 42 1.44E + 09 -1.54 0.02 E 2.65E + 08 -2.27 0.22 E 4.97E + 08 -2.00 0.01 E 3.00E + 08 

371.215 1 39 1.04E + 09 -1.67 0.03 E 3.77E + 08 -2.11 0.25 E 5.13E + 08 -1.97 0.01 E 3.10E + 08 

371.251 2 47 1.99E + 09 -1.39 0.05 E 4.14E + 08 -2.07 0.20 E 9.45E + 08 -1.71 0.03 E 5.70E + 08 

374.829 2 46 1.33E + 09 -1.55 0.05 E 3.68E + 08 -2.11 0.17 E 2.91E + 08 -2.21 0.11 E 4.40E + 08 

375.116 1 38 6.31E + 09 -0.88 0.04 E 2.66E + 09 -1.25 0.13 E 3.27E + 09 -1.16 0.30 E 2.11E + 09 

377.017 2 45 1.48E + 08 -2.50 0.01 E 1.76E + 07 -3.43 0.14 E 8.42E + 07 -2.75 0.31 E 2.00E + 07 

378.926 1 37 1.70E + 09 -1.44 0.04 E 7.07E + 08 -1.82 0.04 E 8.74E + 08 -1.73 0.21 E 6.40E + 08 

381.565 1 34 3.12E + 09 -1.17 0.05 E 9.34E + 08 -1.69 0.16 E 1.11E + 09 -1.62 0.34 E 1.22E + 09 

382.644 2 44 9.55E + 08 -1.68 0.07 E 2.69E + 07 -3.23 0.25 E 8.17E + 07 -2.75 0.29 E 4.30E + 08 

384.088 2 43 1.61E + 08 -2.45 0.02 E 3.78E + 06 -4.08 0.11 E 1.48E + 07 -3.48 0.23 E 5.00E + 07 

384.473 1 33 7.63E + 08 -1.77 0.02 E 1.65E + 08 -2.44 0.11 E 3.22E + 08 -2.15 0.30 E 2.90E + 08 

385.080 2 42 2.98E + 09 -1.18 0.09 E 1.27E + 09 -1.55 0.11 E 1.62E + 09 -1.44 0.25 E 1.37E + 09 

385.146 2 41 9.80E + 09 -0.66 0.05 E 1.84E + 09 -1.39 0.10 E 4.58E + 09 -0.99 0.29 E 3.85E + 09 

385.906 1 32 1.02E + 09 -1.64 0.02 E 7.70E + 07 -2.76 0.12 E 1.14E + 08 -2.60 0.15 E 3.40E + 08 

387.043 2 40 1.41E + 09 -1.50 0.05 E 4.72E + 08 -1.97 0.08 E 5.44E + 08 -1.91 0.16 E 5.00E + 08 

( continued on next page ) 
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Table 3 ( continued ) 

HFR c RCI-A d RCI-B e RYA f 

λa i b k b gA log g f CF g Unc. h gA i log g f i dT j Unc. h gA i log g f i dT j Unc. h gA 

( ̊A) (s −1 ) (s −1 ) (s −1 ) (s −1 ) 

389.138 1 30 2.57E + 09 -1.23 0.04 E 2.03E + 09 -1.34 0.17 E 2.65E + 09 -1.22 0.32 E 1.19E + 09 

390.818 2 39 5.38E + 08 -1.91 0.03 E 2.62E + 08 -2.22 0.01 E 1.63E + 08 -2.43 0.14 E 4.00E + 08 

392.069 1 29 8.85E + 08 -1.69 0.08 E 2.56E + 08 -2.23 0.08 E 2.68E + 08 -2.21 0.32 E 3.60E + 08 

392.664 1 28 3.97E + 09 -1.04 0.06 E 1.84E + 09 -1.37 0.09 E 1.79E + 09 -1.38 0.14 E 1.63E + 09 

395.047 1 26 2.08E + 09 -1.31 0.06 E 1.24E + 09 -1.54 0.12 E 2.08E + 09 -1.31 0.29 E 1.34E + 09 

396.621 1 25 1.68E + 08 -2.40 0.02 E 9.30E + 07 -2.66 0.04 E 9.94E + 07 -2.63 0.24 E 1.10E + 08 

396.865 1 24 6.31E + 09 -0.83 0.11 E 3.50E + 09 -1.08 0.14 E 3.02E + 09 -1.15 0.31 E 2.51E + 09 

399.128 1 23 6.64E + 09 -0.80 0.11 E 2.07E + 09 -1.31 0.13 E 1.51E + 09 -1.44 0.31 E 3.01E + 09 

399.377 2 37 1.19E + 10 -0.55 0.09 E 5.22E + 09 -0.90 0.15 E 5.56E + 09 -0.88 0.32 E 5.35E + 09 

400.446 1 22 6.73E + 08 -1.79 0.10 E 4.61E + 08 -1.96 0.13 E 4.31E + 08 -1.98 0.34 E 2.70E + 08 

400.485 2 36 4.06E + 08 -2.01 0.03 E 8.28E + 07 -2.70 0.16 E 1.11E + 08 -2.57 0.31 E 1.70E + 08 

401.260 2 35 1.75E + 09 -1.37 0.04 E 1.42E + 08 -2.47 0.08 E 3.97E + 08 -2.02 0.21 E 5.60E + 08 

403.544 1 20 4.35E + 08 -1.97 0.04 E 1.91E + 08 -2.33 0.05 E 2.32E + 08 -2.25 0.24 E 1.20E + 08 

403.625 1 19 4.52E + 09 -0.96 0.08 E 1.87E + 09 -1.34 0.19 E 1.67E + 09 -1.39 0.36 E 2.15E + 09 

405.868 1 18 1.32E + 09 -1.49 0.04 E 3.26E + 08 -2.09 0.07 E 2.95E + 08 -2.14 0.30 E 5.10E + 08 

408.576 1 17 2.25E + 08 -2.25 0.01 E 8.58E + 06 -3.67 0.11 E 2.01E + 07 -3.30 0.36 E 1.00E + 08 

410.354 2 31 2.22E + 09 -1.25 0.07 E 6.30E + 08 -1.80 0.20 E 5.59E + 08 -1.85 0.38 E 3.60E + 08 

410.589 1 16 3.03E + 08 -2.12 0.01 E 2.37E + 07 -3.22 0.13 E 3.46E + 07 -3.06 0.04 E 2.00E + 08 

410.739 k 1 15 4.57E + 08 -1.94 0.03 E 2.26E + 08 -2.24 0.03 E 2.39E + 08 -2.22 0.21 E 2.70E + 08 

410.739 k 2 30 3.97E + 09 -1.00 0.06 E 1.68E + 09 -1.37 0.14 E 1.55E + 09 -1.41 0.35 E 1.69E + 09 

412.636 1 13 2.52E + 09 -1.19 0.08 E 1.31E + 09 -1.48 0.11 E 1.22E + 09 -1.51 0.34 E 9.70E + 08 

416.227 1 12 4.52E + 08 -1.93 0.03 E 1.09E + 08 -2.55 0.19 E 9.81E + 07 -2.59 0.37 E 1.30E + 08 

416.639 2 27 3.26E + 08 -2.07 0.03 E 4.64E + 06 -3.92 0.05 E 5.75E + 06 -3.83 0.23 E 1.40E + 08 

419.820 1 11 4.21E + 09 -0.95 0.07 E 2.06E + 09 -1.26 0.12 E 1.89E + 09 -1.30 0.35 E 1.89E + 09 

420.089 1 10 1.19E + 09 -1.50 0.08 E 8.00E + 08 -1.67 0.08 E 6.00E + 08 -1.80 0.30 E 5.80E + 08 

421.885 2 23 7.39E + 08 -1.71 0.02 E 4.51E + 08 -1.92 0.12 E 4.15E + 08 -1.96 0.36 E 3.90E + 08 

425.728 2 21 2.55E + 08 -2.16 0.03 E 3.78E + 04 -5.99 0.99 E 1.47E + 05 -5.40 0.96 E 1.00E + 08 

426.460 1 9 2.08E + 09 -1.25 0.03 E 1.04E + 09 -1.55 0.20 E 9.92E + 08 -1.57 0.40 E 1.00E + 09 

426.819 2 20 7.91E + 08 -1.67 0.06 E 3.17E + 08 -2.06 0.15 E 2.49E + 08 -2.17 0.36 E 3.70E + 08 

429.417 2 18 3.81E + 07 -2.98 0.00 E 1.29E + 08 -2.45 0.04 E 1.50E + 08 -2.38 0.26 E 3.00E + 07 

431.631 1 8 8.73E + 08 -1.62 0.07 E 3.19E + 08 -2.05 0.06 E 2.44E + 08 -2.17 0.34 E 4.00E + 08 

432.452 2 17 1.81E + 08 -2.30 0.01 E 1.18E + 08 -2.48 0.11 E 1.05E + 08 -2.53 0.35 E 9.00E + 07 

433.282 1 7 8.08E + 07 -2.64 0.01 E 4.96E + 07 -2.86 0.15 E 2.52E + 07 -3.15 0.03 E 6.00E + 07 

434.872 2 15 6.25E + 08 -1.75 0.02 E 3.26E + 08 -2.03 0.18 E 3.03E + 08 -2.07 0.39 E 3.20E + 08 

435.920 2 14 3.23E + 08 -2.04 0.03 E 7.33E + 07 -2.68 0.05 E 6.97E + 07 -2.70 0.31 E 1.40E + 08 

436.555 1 6 4.08E + 08 -1.94 0.04 E 4.08E + 08 -1.93 0.08 E 3.79E + 08 -1.97 0.34 E 2.30E + 08 

441.032 2 12 2.68E + 08 -2.11 0.05 E 2.02E + 08 -2.23 0.08 E 1.78E + 08 -2.28 0.35 E 1.20E + 08 

445.324 1 5 2.23E + 08 -2.18 0.01 E 1.56E + 08 -2.33 0.13 E 1.27E + 08 -2.42 0.38 E 1.20E + 08 

445.373 2 10 1.96E + 08 -2.24 0.01 E 1.41E + 08 -2.38 0.05 E 1.23E + 08 -2.44 0.30 E 1.00E + 08 

452.543 2 9 1.51E + 08 -2.33 0.02 E 9.60E + 07 -2.53 0.09 E 9.02E + 07 -2.56 0.36 E 8.00E + 07 

473.842 2 5 4.45E + 07 -2.83 0.01 E 2.53E + 07 -3.07 0.02 E 2.03E + 07 -3.17 0.29 E 2.00E + 07 

a Experimental values from Ryabtsev et al. [5] ; 
b Lower and upper level indices, respectively i and k , given in the first column of Table 2 . 
c Our HFR calculation; 
d Our MCDHF-RCI-A calculation; 
e Our MCDHF-RCI-B calculation; 
f Hartree–Fock calculation of Ryabtsev et al. [5] ; 
g Cancellation factor as defined in Cowan [7] ; 
h Uncertainty indicator as defined by NIST [11] , here C+ ≤ 18%, C ≤ 25%, D+ ≤ 40%, D ≤ 50%, E > 50%, evaluated with respect to the gA -values of Ryabtsev et al. [5] using 

the methodology described by Kramida [12] ; 
i Given in the Babushkin gauge; 
j Uncertainty indicator as defined in Ekman et al. [10] ; 
k Doubly classified in Ryabtsev et al. [5] . 
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itivity. 

Concerning the strongest transitions(with S ≥ 1 a.u.), the aver- 
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Fig. 4. Comparison of our HFR transition probabilities, gA HFR , with respect to the values calculated by Ryabtsev et al. [5] , gA RYA . The ratio, gA HFR /gA RYA , is plotted versus our 

HFR line strength, S HFR , both in logarithmic scale. Black dashed line: straight line of equality. The average and the standard deviation of the ratios is respectively equal to 

0.97 and 0.08 for a sample restricted to the strongest lines, i.e. S HFR ≥ 1 a.u. This plot is used to evaluate the uncertainty indicator as defined in NIST [11] on our HFR rates 

following the procedure described by Kramida [12] . 

Fig. 5. Comparison of our MCDHF-RCI-A transition probabilities corrected with the experimental wavelengths [5] , gA RCI−A , with respect to the values calculated by Ryabtsev 

et al. [5] , gA RYA . The ratio, gA RCI −A /gA RYA , is plotted versus our RCI-A line strength, S RCI−A , both in logarithmic scale. Black dashed line: straight line of equality. The average 

and the standard deviation of the ratios is respectively equal to 0.93 and 0.41 for a sample restricted to the strongest lines, i.e. S RCI−A ≥ 1 a.u. This plot is used to evaluate 

the uncertainty indicator as defined in NIST [11] on our MCDHF-RCI-A rates following the procedure described by Kramida [12] . 
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Fig. 6. Comparison of our MCDHF-RCI-B transition probabilities corrected with the experimental wavelengths [5] , gA RCI−B , with respect to the values calculated by Ryabtsev 

et al. [5] , gA RYA . The ratio, gA RCI −B /gA RYA , is plotted versus our RCI-B line strength, S RCI−B , both in logarithmic scale. Black dashed line: straight line of equality. The average 

and the standard deviation of the ratios is respectively equal to 0.81 and 0.26 for a sample restricted to the strongest lines, i.e. S RCI−B ≥ 1 a.u. This plot is used to evaluate 

the uncertainty indicator as defined in NIST [11] on our MCDHF-RCI-B rates following the procedure described by Kramida [12] . 
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