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Abstract

Background The electronic transitions between two fine levels depend on the transition probability. The transition
probability depends on spectral line strength and oscillator strength. The oscillator strength depends on the number
of oscillators and their energies. In this research, we will find the oscillator strengths of hyperfine multiplets of the Tan-
talum atom. The oscillator strength of hyperfine multiplet investigation aims to enhance our understanding of Tanta-
lum’s spectral characteristics. This work provides valuable information in the spectroscopy of material, atomic/molecu-

lar, and astrophysics.

strengths of the hyperfine multiplets.

Result Fourier transform spectra from ultraviolet to far infrared regions have been obtained from TUGRAZ. Fourier
transform spectra give the most reliable position of the wavelength of hyperfine multiplets. The Fourier transform
spectra of Tantalum contain thousands of Tantalum | and Il spectral lines. Each spectral line can be characterized by its
upper and lower levels and corresponding angular momenta and hyperfine constants. These properties of the spec-
tral lines were collected from the literature. Hyperfine multiplets for each fine structure were calculated, and they
revealed their spectroscopic behavior with high precision.

Conclusion In this study, Tantalum’s hyperfine multiplet oscillator strength was calculated using advanced com-
putational techniques to address its atomic structure. The fine structure “gf” values were obtained from literature,
and intensities of the multiplets were determined. They combined with the gf values to calculate the oscillator

Keywords Transition probability, Oscillator strength, Fourier transform spectra, Hyperfine multiplet

1 Background

Tantalum, element 73 in the periodic table, is a rare,
thick, blue-gray metal recognized for its high corrosion
resistance. Named after the Greek legendary charac-
ter Tantalus, it has a high melting point of 3017 °C and
remarkable conductivity, making it important in a variety
of sectors [1]. Tantalum atoms’ hyperfine structure dis-
plays magnificent aspects in their atomic spectral lines as

*Correspondence:

Shafig Ur Rehman

shafigrehman5472@gmail.com

! Department of Physics, University of Karachi, Karachi, Pakistan

2 Department of Applied Chemistry and Chemical Technology, University
of Karachi, Karachi, Pakistan

@ Springer Open

a result of interactions between the magnetic moments
of their nuclei and electrons. This phenomenon pro-
duces extra splitting of spectral lines, resulting in several
closely spaced lines rather than single ones [2]. Tanta-
lum’s hyperfine structure is important for understanding
atomic behavior and is especially useful in spectroscopy
and atomic physics studies. Scientists can learn about
Tantalum atoms’ intrinsic dynamics and structure by
examining hyperfine splitting.

Knowledge of Tantalum’s hyperfine structure has
benefits in a variety of industries, including quantum
computers and atomic clocks. Hyperfine structure com-
prehension enables precise measurements of atomic
transitions, which is critical for the development of accu-
rate timekeeping devices and sophisticated computer
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technologies [3, 4]. In spectroscopy, oscillator strength
is a metric that quantifies the chance of a transition
between two energy levels within a molecule or atom
while interacting with electromagnetic radiation, such as
light. It represents the transition’s capacity to absorb or
emit light, with larger values suggesting greater probabil-
ity. Oscillator strength, represented by a dimensionless
number ranging from 0 to 1, aids understanding of the
intensity of absorption or emission lines in spectra. It is
determined by parameters such as the energy difference
between states and the transition probability, which pro-
vide information on atomic and molecular characteristics
[5].

In 1933, two groups, McMillan et al. and Gisolf et al,
started the investigation of the hyperfine structure of the Ta
atom [6, 7]. In the same year, Kiess investigated Ta’s spec-
trum in detail. They classified 1890 lines out of 2629 lines
of Ta [8]. Schmidt determined the quadrupole moment of
the atomic nucleus of 181Ta [9]; Klinkenberg et al. inves-
tigated the Zeeman splitting of Ta I lines in the region
2500-8500A and gave many classifications of Ta I lines [10].
Berg et al. continued their investigation of the Ta I spec-
trum. They also found few ground-state levels and many
high-odd levels [11]. Kamei studied the hyperfine struc-
ture of the spectrum of Ta I employing a hollow cathode
discharge tube and a Fabry—Perot etalon and determined
the quadrupole moments of Ta'®! [12]. Bouazza considered
previously available data to interpret even, odd, and multi-
configurational fine structure and eigenvector percentage
of levels the first time. The single electron has parame-
ters determined for 181 Ta II for the least configuration
by comparing ab initio calculations [13]. Windholz et al.
determined energy values of 216 even and 290 odd parities
of Ta I with uncertainties below 0.010 per centimeter and
evaluated hfs constants of all found levels by wave number
calibrated Fourier transform spectrum, extending from the
UV-region (211 nm) to the infrared region (4.6 pm), and
the wave numbers of altogether 3249 spectral lines were
calculated with a global fit procedure [14]. Stephanie et al.
detected the diatomic molecule Tantalum hydride (TaH)
and its isotopologue Tantalum deuteride (TaD) for the first
time by laser excitation spectroscopy. Two red-degraded
bands, one arising from TaH at 636 nm and from TaD at
635 nm, have been recorded by intermodulated fluores-
cence spectroscopy, and rotational analysis shows that
both bands are Q=2 «2 in character, with well-resolved
Q-doubling in the upper state of TaH [15]. Arcimowicz
et al. presented the complex parametric studies of the fine-
and hyperfine structure of Ta I up to second-order per-
turbation theory, considering the closed shell-open shell
effects on excitations for the system of 47 even configura-
tions [16]. Uddin et al. discovered 14 new energy levels of
Ta Il in a high-resolution Fourier transform spectrum from
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72,000 to 81,000 cm™Y; even levels were found between 0
and 44,000 cm™!. Through these data, nearly 100 spectral
lines of Ta II are classified [17]. Windholz investigated the
spectra for improved energy levels in Ta II, Pr II, and La
II with large values of nuclear magnetic dipole moment
and quadrupole moment to determine the center of grav-
ity of spectral lines from resolved hfs [18]. Stachowska et al.
presented a parametric study of the (fs) and (hfs) for even
parity configurations of ionized (Ta II) using improved
experimental data for 88 levels. A multi-configuration fit-
ting procedure was performed for 47 configurations con-
sidering second-order perturbation theory, including the
effects of closed-to-open shell excitations. The fs and hfs
parameters, gJ-Landé factors, magnetic dipole, and electric
quadrupole hyperfine structure constants A and B were
calculated [19]. Bouchard et al. first analyzed the molecular
beam study of TaN. They provided essential measurement
support for P- and T-violation, dipole moment, branch-
ing fractions, transition lifetimes, and spin—orbit splitting
of some states using dispersed laser-induced fluorescence
technique [20]. Khan et al. investigated the emission spec-
tra of Tantalum under the environment of different gases at
various pressures using a LIBS spectrometer. The different
parameters, such as emission intensity, excitation tempera-
ture, and electron number density of Ta plasma, have been
evaluated as a function of pressure for various gases [21].
Althiyabi et al. computed energies, wavelengths, transition
probabilities, weighted oscillator strengths of electric/mag-
netic dipole, electric/magnetic quadrupole, and lifetimes of
the lowest 178 levels belonging to the (n=3-6,1=0-5) con-
figurations in Be-like hafnium and Tantalum ions using the
GRASP2018 code through the multi-configuration Dirac—
Hartree—Fock (MCDHF) method with the Breit interac-
tion and quantum electrodynamics (QED) corrections [22].
Guthohrlein et al. determined magnetic hyperfine interac-
tion constants A and electric quadrupole interaction con-
stants B of 14 levels with even parity and 23 levels with odd
parity using saturated optogalvanic laser spectroscopy [23].
Mocnik et al. determined the magnetic hyperfine interac-
tion constants A and the electric quadrupole interaction
constants B of 25 even parity levels and 32 odd parity lev-
els by investigated the hyperfine structure of 41 Ta I lines.
Respectively, they also found that certain Ta I levels indi-
cated in Moore, Ch., Atomic energy levels, Vol. III, National
Building Stand. (U.S.) Circ. No. 467, Washington, D.C.:
U.S. GPO 1949 is nonexistent [24]. Brage et al. calculated
oscillator strengths and hyperfine structure splitting for a
set of transitions in Ta I and Ta II and found less than 10%
uncertainty for hyperfine structure constants, which is pre-
dicted for oscillator strengths ranges from about 5 to 20%
[25]. In 2000, Messnarz et al. investigated 200 lines of the
neutral Tantalum atom using Doppler limited laser spec-
troscopy and computed the magnetic hyperfine interaction
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constants A and the electric quadrupole interaction con-
stants B of levels 8 with even parity and levels 81 with odd
parity. Additionally, 11 new levels of odd parity and 24 new
levels of even parity were discovered [26]. In 2002, Eriks-
son et al. utilized Ta spectra emitted from a hollow cath-
ode with a Fourier transform spectrometer and determine
the center-of-gravity wavelengths for 199 lines and the
hyperfine constants for 38 even and 97 odd levels of Ta II
by analyzing the observed hyperfine patterns [27]. Deelen
experimentally measured the hyperfine constant for 95 lev-
els in neutral scandium using nonlinear least square fitting.
Of those, 52 are reported for the first time. Furthermore,
oscillator strength has been calculated for 590 hyperfine
transitions [28]. Fu et al. used data from the Fourier trans-
form spectrometer at the US National Solar Observatory
and determined the hyperfine constant A for 36 levels of
Co-I and 61 levels of Co-II [29]. Kaleem et al. estimated the
hyperfine structural constant (A) of 95 odd and 104 even
levels of the configurations 3d2(4p + 5p +4s+ 5s+4d), 3d4s
(4p+5p+5s+6s+4d+5d), 3d3, 3d4p2, and 4s2(4p +4d) of
Sc-1 using Fourier transform spectra [30].

2 Method

This research aims to find the oscillator strength of the
hyperfine multiplet of Ta I. Hyperfine structures (hf) act
as a fingerprint for element identification. It arises due
to the interaction of electrons and the nucleus. The two
most important interactions are magnetic dipole and
electric quadrupole interactions. The former split the
fine level’s structure, and the latter shifted the split lines.
Magnetic dipole interaction occurs due to the interac-
tion between the magnetic field of electrons and nuclear
spin. The quadrupole interaction occurs due to the elec-
trons’ electric field at the nucleus’s site. The hyperfine
splitting is of the order of 0.001 to 1 cm™'. The energy
contributions due to magnetic dipole (E,) and electric
quadrupole (E) interactions are given in Egs. (1) and (2),
respectively.

E,=— (1)

Eq =

B[3C(C+1D) -2AUd+DJ(+1)
4 Jgej—-1@2l-1) @
where C=F(F+1)—-I0+1)—-JJ+1), I ], A, and
B are nuclear spin, the angular momentum of fine level,
magnetic dipole hf constant, and electric quadrupole
hf constant, respectively. The expression for magnetic
potential energy in the form of hyperfine constant A is
written as:
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A
Evnag—pot = E[F(F +D)—-JU+D+II+1D] (3)

Here, F is the total angular momentum of the atom,
obtained by coupling nuclear spin and total electronic
angular momenta. The energy of the hyperfine level was
estimated by combining Egs. (2), (3) and (4) as:

_ . AC 3C(C+DH—-4UI+1JJ+D
By =B+ + 8T —1)(2J — 1) B

(4)

The wave number (¢) is determined by the energy differ-

ence between the upper and lower levels. The fine structure

gf value is multiplied by the normalized relative intensity,

and a hyperfine oscillator strength gfj,s value is obtained.
Mathematically, this can be written as

QF, + DQE,+1) [ ], E, I
FyJu 1 (5)

ghf QC Tiotal

The term in the curly bracket gives the correspond-
ing relative intensity of each hf component. One adds all
relative intensities together and normalizes this so that
the total intensity of all hfs components is 1, which is the
Wigner 6j symbol.

3 Result
See Tables 1,2, 3,4, 5,6,7,8,9 and 10.

3.1 Discussion

The oscillator strength of the hyperfine structure was cal-
culated using magnetic dipole (£,,) and electric quadrupole
(Eq) constants. Oscillator strength (log gfs) was derived
for 658 hyperfine transitions. Tables 1, 2, 3,4, 5, 6,7, 8,9
and 10 give details of the work. In each table, the first and
third columns give the energies of the upper and lower
levels. The second and fourth columns give the total quan-
tum number “F” values of upper and lower levels, respec-
tively. Each table’s fifth, sixth, and seventh columns give the
wavenumbers of the transition, intensities, and oscillator
strengths of the hyperfine multiplets, respectively. Hyper-
fine constants were taken from the [3], and the intensity
and position of hyperfine multiplets were calculated using
Egs. (3) and (4). Finally, using Eq. (5), the hyperfine multi-
plets were calculated.

4 Conclusion

In this study, we have calculated the oscillator strengths
of hyperfine multiplets of the Tantalum atom. The
hyperfine splitting of transition from 10 upper levels
was examined. The levels are 30,664.684, 31,428.092,
31,500.99, 31,553.88, 34,001.2, 34,078.46, 34,094.69,
34,799.73, 35,876.55, and 37,561.29. There are 4, 9, 2, 2,
6, 4, 4, 8, 3, and 7 transition of these levels, respectively.
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Table 1 Oscillator strength, intensities, and wave number of hyperfine transitions as upper energy level “30664.684"

Upper level Lower level Wave number (cm~")  Intensity Log hf gh

Energy (cm™") F Energy (cm™) F

30664.684 1 0 1 30664.51 3.750 —3.8352
1 2 30664.45 8.750 — 34845
2 1 30664.64 8750 — 34845
2 2 30664.58 0.231 —4.7351
2 3 30664.52 11.852 —3.3562
3 2 30664.75 11.852 —3.3562
3 3 30664.68 7.940 —3.5254
3 4 30664.64 9.375 — 34555
4 3 30664.84 9.375 — 34555
4 4 30664.80 28.125 —2.9867

30664.684 1 2010.134 0 28654.38 2778 —-3.8075
1 1 28654.36 5.833 —3.5001
1 2 28654.33 3.889 - 3.6694
2 1 28654.49 2.500 —3.8502
2 2 2865446 8333 —3.3494
2 3 28654.42 10.000 —3.2718
3 2 28654.62 1.667 —-40111
3 3 28654.58 8.750 —3.3286
3 4 28654.54 18.750 —3.0026
4 3 28654.74 0.694 —43331
4 4 28654.70 6.250 —3471
4 5 28654.66 30.556 —2.7922

30664.684 1 6068.956 0 24595.59 2.778 —2.9920
1 1 24595.56 5.833 —26720
1 2 24595.52 3.889 —2.8471
2 1 24595.69 2.500 —3.0373
2 2 24595.65 8333 -25177
2 3 24595.60 10.000 — 24388
3 2 24595.81 1.667 —-3.2110
3 3 24595.76 8750 — 24966
3 4 24595.71 18.750 —2.1664
4 3 2459592 0.694 —35815
4 4 24595.87 6.250 —2.6422
4 5 24595.83 30.556 —1.9545

30664.684 1 11243.656 1 19420.93 3.750 —3.2875
1 2 19420.88 8.750 —29243
2 1 19421.06 8.750 —2.9243
2 2 19421.01 0.231 —4.3848
2 3 19420.90 11.852 —2.7935
3 2 19421.17 11.852 —2.7935
3 3 19421.07 7.940 —2.9662
3 4 19420.88 9.375 —2.8946
4 3 19421.23 9.375 —2.8946
4 4 19421.04 28.125 — 24198
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Table 2 Oscillator strength, intensities, and wave number of hyperfine transitions as upper energy level “31428.092"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

31428.092 0 0 1 3142823 2.778 —2.5049
1 1 3142822 5.833 —2.1834
1 2 31428.16 2.500 —2.5505
2 1 3142821 3.889 —2.3592
2 2 31428.15 8333 —2.0287
2 3 31428.08 1.667 — 27258
3 2 31428.14 10.000 —1.949%
3 3 3142807 8.750 —2.0075
3 4 31428.03 0.694 —3.1028
4 3 3142807 18.750 - 16768
4 4 31428.03 6.250 —2.1535
5 4 31428.04 30.556 —1.4648

31428.092 0 2010.134 1 29418.08 2.778 —2.8830
1 0 29418.09 2778 —2.8830
1 1 29418.07 0476 —3.6331
1 2 29418.04 5.079 —2.6224
2 1 29418.06 5079 — 26224
2 2 29418.03 2.381 —2.9494
2 3 29417.98 6.429 — 25204
3 2 29418.01 6429 —2.5204
3 3 29417.97 6.667 —2.5047
3 4 2941793 6.349 —25258
4 3 29417.97 6.349 —2.5258
4 4 29417.92 14.286 —2.1744
4 5 29417.89 4365 — 26879
5 4 29417.94 4.365 —2.6879
5 5 29417.90 26.190 -19115

31428.092 0 3963.922 1 27464.28 2.778 —4.3393
1 0 27464.28 2.778 —4.3393
1 1 27464.27 0476 —4.7922
1 2 27464.24 5.079 —4.1224
2 1 27464.26 5.079 —4.1224
2 2 27464.23 2.381 —4.3907
2 3 27464.19 6.429 —4.0324
3 2 27464.22 6429 —4.0324
3 3 27464.18 6.667 —-4.0183
3 4 27464.14 6.349 —4.0372
4 3 2746418 6.349 —4.0372
4 4 27464.14 14.286 -37121
4 5 2746411 4365 —4.1789
5 4 27464.15 4.365 -4.1789
5 5 27464.12 26.190 —34592
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Table 2 (continued)

Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
31428.092 0 6068.956 1 25359.28 2778 —4.1329
1 0 25359.30 2778 —4.1329
1 1 25359.27 0476 —4.6797
1 2 25359.23 5.079 —3.8984
2 1 25359.26 5.079 —3.8984
2 25359.22 2.381 —4.1901
2 3 25359.16 6.429 —3.8034
3 2 25359.21 6.429 —3.8034
3 3 25359.15 6.667 —3.7885
3 4 25359.10 6.349 —3.8084
4 3 25359.15 6.349 —3.8084
4 4 25359.09 14.286 - 34720
4 5 25359.06 4.365 —3.9586
5 4 25359.11 4.365 —3.9586
5 5 25359.07 26.190 —3.2147
31428.092 0 9705.35 1 21722.87 2778 — 34829
1 1 21722.86 2.976 — 34538
1 2 21722.85 5357 —3.2041
2 1 21722.85 0496 —4.1742
2 2 21722.84 4464 —3.2819
2 3 21722.82 8.929 —2.9850
3 2 21722.83 0.595 - 4.1060
3 3 21722.81 5.208 —3.2161
3 4 21722.77 13.641 —2.8024
4 3 21722.80 0.446 - 42128
4 4 2172277 4911 —3.2412
4 5 2172271 19.643 —2.6449
5 4 21722.78 0.198 — 44844
5 5 2172272 3.274 —-34135
5 6 21722.64 27.083 - 25059
31428.092 0 9975.837 1 21452.74 2778 —45278
1 1 2145273 2976 - 45077
1 2 2145265 5357 — 43194
2 1 21452.72 0496 —4.8693
2 2 21452.64 4.464 —4.3809
2 3 2145251 8.929 —4.1354
3 2 2145262 0.595 —4.8473
3 3 2145250 5.208 —4.3291
3 4 2145234 13.641 —3.9724
4 3 2145250 0446 —4.8807
4 4 2145234 4911 —4.3491
4 5 2145213 19.643 —3.8266
5 4 2145235 0.198 —4.9429
5 5 2145215 3.274 — 44792
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Table 2 (continued)

Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
5 6 21451.90 27.083 —3.6952
31428.092 0 10950.262 1 20477.99 2778 —3.7605
1 1 20477.98 5833 — 34516
1 2 20477.92 2500 —3.8035
2 1 2047797 3.889 —3.6216
2 2 2047791 8333 —3.3004
2 3 20477.83 1.667 —3.9660
3 2 20477.90 10.000 —3.2227
3 3 20477.82 8.750 —3.2796
3 4 20477.74 0.694 —4.2934
4 3 20477.81 18.750 — 29531
4 4 20477.74 6.250 — 34225
5 4 20477.75 30.556 —2.7425
31428092 0 11243.656 1 20184.65 2778 — 44940
1 1 20184.64 5.833 —4.2492
1 2 20184.59 2.500 —4.5249
2 1 20184.63 3.889 —4.3884
2 2 20184.58 8333 —-4.1181
2 3 2018447 1.667 — 46338
3 2 20184.57 10.000 —4.0485
3 3 20184.46 8.750 —4.0996
3 4 20184.27 0.694 —4.8092
4 3 20184.45 18.750 —3.7988
4 4 20184.26 6.250 —4.2244
5 4 20184.28 30.556 —3.5974
31428.092 0 24546.202 1 6882.00 2778 — 44374
1 0 6882.00 2.778 — 44374
1 1 6881.99 0476 —4.8372
1 2 6881.96 5.079 —4.2328
2 1 6881.98 5.079 —4.2328
2 2 6881.95 2381 — 44849
2 3 6881.91 6.429 —4.1463
3 2 6881.94 6.429 —4.1463
3 3 6881.90 6.667 —4.1327
3 4 6881.86 6.349 -4.1510
4 3 6881.90 6.349 —4.1510
4 4 6881.86 14.286 —3.8344
4 5 6881.83 4.365 —4.2866
5 4 6881.87 4.365 —4.2866
5 5 6881.84 26.190 —3.5848
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Table 3 Oscillator strength, intensities, and wave number of hyperfine transitions as upper energy level “31500.99"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

31500.99 1 6049.43 2 25452.09 6.250 —3.3053
2 2 25452.07 1.929 —3.7966
2 3 25451.98 8.488 —3.1747
3 2 25452.03 0.154 —4.6580
3 3 25451.95 2971 - 36187
3 4 25451.83 11458 —3.0460
4 3 254519 0.208 —4.5822
4 4 2545178 3.375 —3.5655
4 5 25451.63 15.167 —2.9254
5 4 25451.72 0.167 —4.6395
5 5 2545157 3.090 —3.6024
5 6 2545139 19.660 —-28136
6 5 254515 0.077 —4.7962
6 6 2545132 2.006 —3.7806
6 7 25451.12 25.000 —2.7098

31500.99 1 6068.96 0 2543231 2778 —3.9734
1 1 2543228 2976 —3.9462
1 2 25432.24 0.496 —4.5654
2 1 25432.26 5357 —3.7083
2 2 2543222 4464 —3.7831
2 3 2543216 0.595 - 45137
3 2 25432.18 8.929 — 34954
3 3 2543213 5.208 -3.7199
3 4 25432.07 0.446 —4.5938
4 3 25432.08 13.641 —33161
4 4 25432.03 4911 —3.7441
4 5 25431.99 0.198 —4.7726
5 4 25431.96 19.643 —3.1605
5 5 2543193 3274 —3.9083
6 5 25431.86 27.083 —3.0227

Table 4 Oscillator strength intensities and wave number of hyperfine transitions as upper energy level “31553.88"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

31553.88 2 925345 2 2230041 6.790 —4.1085
2 3 22300.40 1.543 —4.5946
3 2 22300.44 1.543 —4.5946
3 3 2230043 7.699 —4.0605
3 4 22300.41 2424 —4.4654
4 3 2230047 2424 — 44654
4 4 22300.45 9.818 —3.9658
4 5 22300.42 2.758 — 44251
5 4 2230049 2.758 — 44251
5 5 22300.45 13.062 —3.8520
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Table 4 (continued)

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F
5 6 2230040 2514 — 44542
6 5 22300.49 2514 — 44542
6 6 22300.44 17.529 —3.7321
6 7 22300.35 1.623 —4.5811
7 6 2230047 1.623 —4.5811
7 7 22300.39 23377 —-36130

31553.88 2 9975.84 1 2157840 6.250 - 29700
2 2 2157831 1.929 - 34716
2 3 2157819 0.154 — 44412
3 2 2157834 8488 —2.8382
3 3 2157822 2971 —3.2886
3 4 21578.06 0.208 —4.3431
4 3 2157825 11458 —2.7087
4 4 21578.09 3.375 —3.2342
4 5 21577.89 0.167 - 44168
5 4 2157813 15.167 —2.5874
5 5 2157793 3.090 -3.2719
5 6 21577.68 0.077 —4.6363
6 5 21577.96 19.660 — 24751
6 6 21577.72 2.006 — 34551
7 6 21577.76 25.000 - 23710

Table 5 Oscillator strength intensities and wave number of hyperfine transitions as upper energy level “34001.20"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

34001.20 1 0.00 1 34001.23 3.750 —2.0555
1 2 34001.17 8.750 —1.6878
2 1 34001.29 8.750 —1.6878
2 2 34001.23 0.231 —-3.2576
2 3 34001.16 11.852 —1.5561
3 2 34001.27 11.852 —1.5561
3 3 34001.21 7.940 —1.7300
3 4 34001.17 9.375 - 16578
4 3 34001.22 9.375 —1.6578
4 4 34001.18 28.125 —1.1808

34001.20 1 2010.13 0 31991.10 2778 —2.3553
1 1 31991.08 5.833 —2.0336
1 2 31991.05 3.889 —2.2095
2 1 31991.13 2.500 —24010
2 2 31991.10 8333 —-1.8789
2 3 31991.06 10.000 - 1.7997
3 2 31991.15 1.667 —2.5765
3 3 31991.11 8.750 —1.8577
3 4 31991.07 18.750 —1.5269
4 3 31991.12 0.694 —2.9544
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Table 5 (continued)

Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
4 4 31991.07 6.250 —2.0037
4 5 31991.04 30.556 —1.3148
34001.20 1 6068.96 0 27932.31 2778 —3.3465
1 1 27932.28 5.833 —3.0294
1 2 27932.24 3.889 —3.2032
2 1 27932.34 2.500 —3.3912
2 2 27932.29 8.333 —2.8759
2 3 27932.24 10.000 —2.7973
3 2 27932.34 1.667 —3.5620
3 3 27932.29 8.750 —2.8549
3 4 27932.23 18.750 —2.5255
4 3 27932.30 0.694 —3.9206
4 4 27932.24 6.250 —2.9998
4 5 27932.21 30.556 —23140
34001.20 1 10950.26 1 23051.00 3.750 —3.8259
1 2 2305093 8.750 — 34748
2 1 23051.05 8.750 — 34748
2 2 23050.98 0.231 —4.7305
2 3 23050.90 11.852 —3.3465
3 2 23051.03 11.852 —3.3465
3 3 23050.95 7.940 —3.5157
3 4 23050.88 9.375 — 34457
4 3 23050.96 9.375 — 34457
4 4 23050.89 28.125 —29768
34001.20 1 24546.20 0 9455.01 2.778 —2.6543
1 1 9455.00 5.833 —23331
1 2 9454.97 3.889 —2.5088
2 1 9455.05 2.500 —2.6999
2 2 9455.03 8.333 —2.1785
2 3 9454.99 10.000 —2.0995
3 2 9455.07 1.667 —2.8749
3 3 9455.04 8.750 — 21574
3 4 9455.00 18.750 - 1.8267
4 3 9455.05 0.694 —3.2506
4 4 9455.01 6.250 —2.3032
4 5 9454.98 30.556 - 16147
34001.20 1 17224.46 0 16776.72 2.778 —3.5216
1 1 16776.72 5833 —3.2070
1 2 16776.73 3.889 —3.379
2 1 16776.78 2.500 —3.5658
2 2 16776.78 8333 —3.0542
2 3 16776.76 10.000 - 29759
3 2 16776.83 1.667 —3.7340
3 3 16776.81 8.750 —3.0333
3 4 16776.77 18.750 —2.7048
4 3 16776.82 0.694 —4.0824
4 4 16776.78 6.250 —3.1775
4 5 16776.68 30.556 — 24936
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Table 6 Oscillator strength intensities and wave number of hyperfine transitions as upper energy level “34078.46"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

34078.46 0 0.00 1 34078.24 2.778 - 1.9959
1 1 34078.28 5833 -1.6739
1 2 34078.22 2.500 —2.0416
2 1 34078.36 3.889 - 1.8499
2 2 34078.29 8333 -15190
2 3 34078.23 1.667 - 22174
3 2 3407841 10.000 - 14399
3 3 34078.34 8.750 - 14979
3 4 34078.30 0.694 —2.5966
4 3 3407849 18.750 —-1.1669
4 4 34078.45 6.250 - 1.6439
5 4 34078.63 30.556 —0.9549

34078.46 0 2010.13 1 32068.09 2.778 —2.8929
1 0 32068.14 2.778 —2.8929
1 1 32068.13 0476 —3.6427
1 2 32068.10 5.079 — 26323
2 1 32068.20 5.079 —26323
2 2 32068.17 2.381 —2.9593
2 3 32068.13 6.429 — 25304
3 2 32068.28 6.429 — 25304
3 3 32068.24 6.667 - 25147
3 4 32068.20 6.349 —25358
4 3 32068.39 6.349 —2.5358
4 4 3206835 14.286 —2.1844
4 5 3206831 4.365 —26978
5 4 3206853 4.365 —2.6978
5 5 32068.50 26.190 -19215

34078.46 0 1179215 1 22286.06 2.778 —3.8075
1 1 22286.10 5833 —3.5001
1 2 22286.07 2.500 —3.8502
2 1 22286.17 3.889 —3.6694
2 2 22286.14 8.333 — 33494
2 3 22286.09 1.667 40111
3 2 22286.25 10.000 —3.2718
3 3 22286.21 8.750 —3.3286
3 4 22286.14 0.694 —4.3331
4 3 22286.35 18.750 —-3.0026
4 4 22286.29 6.250 -3471
5 4 22286.48 30.556 —2.7922

3407846 0 1722446 1 16853.73 2778 — 34343
1 0 16853.77 2.778 — 34343
1 1 16853.77 0476 —4.1466
1 2 16853.77 5.079 -3.1776
2 1 16853.85 5.079 -3.1776
2 2 16853.85 2381 —3.4993
2 3 16853.83 6.429 —3.0767
3 2 16853.96 6.429 —-3.0767
3 3 16853.95 6.667 —3.0611
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Table 6 (continued)

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F
3 4 16853.90 6.349 —3.0820
4 3 16854.09 6.349 —3.0820
4 4 16854.05 14.286 —2.7327
4 5 16853.95 4.365 —3.2424
5 4 16854.23 4.365 —3.2424
5 5 16854.13 26.190 — 24706

Table 7 Oscillator strength intensities and wave number of hyperfine transitions as upper energy level “34094.69"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

34094.69 1 2010.13 0 32084.18 2778 -3.3172
1 1 32084.16 2976 —3.2878
1 2 32084.13 0496 —4.0258
2 1 32084.24 5357 —3.0363
2 2 32084.21 4464 -3.1146
2 3 32084.17 0.595 —3.9543
3 2 32084.34 8.929 —28164
3 3 32084.30 5.208 —3.0484
3 4 32084.25 0.446 —4.0664
4 3 32084.47 13.641 —26333
4 4 32084.43 4911 - 3.0737
4 5 32084.39 0.198 — 4359
5 4 32084.65 19.643 — 24755
5 5 32084.62 3.274 —3.2472
6 5 32084.90 27.083 — 23364

34094.69 1 3963.92 0 30130.37 2.778 —2.6543
1 1 30130.36 2976 — 26245
1 2 30130.33 0496 —3.3936
2 1 3013044 5357 —2.3700
2 2 3013041 4.464 — 24490
2 3 30130.38 0.595 —3.3162
3 2 30130.54 8.929 —2.1486
3 3 30130.51 5.208 —2.3823
3 4 3013047 0.446 — 34382
4 3 3013068 13.641 —1.9648
4 4 30130.64 4911 — 24077
4 5 3013061 0.198 —3.7757
5 4 3013087 19.643 — 1.8065
5 5 30130.84 3274 —2.5833
6 5 30131.12 27.083 - 1.6671

34094.69 1 10690.42 1 23403.87 4018 —3.0313
1 2 23403.87 2.232 —3.2829
2 1 23403.95 2232 —3.2829
2 2 23403.95 4.657 —2.9678
2 3 23403.94 3527 —3.0872
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Table 7 (continued)

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F
3 2 23404.08 3.527 —3.0872
3 3 23404.07 6.964 —2.7944
3 4 23404.04 4.092 —3.0234
4 3 23404.24 4092 —3.0234
4 4 23404.22 10.848 —2.6029
4 5 2340416 3.810 —3.0542
5 4 2340444 3810 —3.0542
5 5 23404.38 16.599 — 24188
5 6 23404.28 2.508 —3.2332
6 5 23404.66 2.508 —3.2332
6 6 23404.56 24576 —2.2487

34094.69 1 13351.55 1 20743.11 4018 — 24049
1 2 20743.01 2232 —2.6593
2 1 20743.19 2.232 —2.6593
2 2 20743.10 4.657 —2.3409
2 3 20742.96 3.527 — 24613
3 2 20743.22 3.527 — 24613
3 3 20743.09 6.964 —2.1665
3 4 2074292 4.092 —2.3970
4 3 20743.26 4.092 - 23970
4 4 20743.09 10.848 —1.9742
4 5 2074292 3.810 — 24280
5 4 2074332 3.810 — 24280
5 5 20743.14 16.599 —1.7896
5 6 2074297 2.508 —2.6090
6 5 2074342 2508 —2.6090
6 6 2074325 24576 -1.6193

Table 8 Oscillator strength intensities and wave number of hyperfine transitions as upper energy level “34799.73"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

34799.73 1 2010.13 0 32789.56 2778 —2.7240
1 1 32789.54 5833 — 24030
1 2 32789.51 3.889 —25785
2 1 32789.60 2.500 —2.7695
2 2 32789.57 8.333 —2.2484
2 3 32789.53 10.000 —2.1694
3 2 32789.66 1.667 —2.9443
3 3 32789.62 8.750 —22273
3 4 32789.57 18.750 - 1.8967
4 3 32789.72 0.694 -33192
4 4 32789.67 6.250 - 23731
4 5 32789.64 30.556 —1.6847
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Table 8 (continued)

Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
34799.73 1 3963.92 0 30835.76 2.778 —2.5049
1 1 30835.74 5.833 —2.1834
1 2 30835.72 3.889 —2.3592
2 1 30835.80 2.500 —2.5505
2 2 30835.78 8333 —2.0287
2 3 30835.74 10.000 —1.9496
3 2 30835.86 1.667 —2.7258
3 3 30835.82 8.750 —2.0075
3 4 30835.79 18.750 - 16768
4 3 3083592 0.694 —3.1028
4 4 30835.89 6.250 —2.1535
4 5 30835.86 30.556 — 14648
34799.73 1 5621.12 1 2917852 3.750 — 34437
1 2 2917849 8.750 —3.0827
2 1 29178.58 8.750 —3.0827
2 2 2917855 0.231 —4.5003
2 3 29178.51 11.852 —2.9523
3 2 29178.63 11.852 —29523
3 3 29178.60 7.940 —3.1244
3 4 2917858 9.375 —3.0531
4 3 29178.70 9.375 —3.0531
4 4 2917868 28.125 —2.5793
34799.73 1 11243.66 1 23556.12 3.750 —3.9549
1 2 23556.06 8.750 —3.6099
2 1 23556.18 8.750 —3.6099
2 2 23556.12 0.231 —4.7897
2 3 23556.02 11.852 — 34828
3 2 23556.21 11.852 — 34828
3 3 23556.10 7.940 —3.6503
3 4 2355591 9.375 —3.5811
4 3 23556.20 9.375 —3.5811
4 4 23556.01 28.125 -3.1152
34799.73 1 12234.77 1 22565.02 3.750 —3.0906
1 2 22564.94 8.750 —2.7257
1 22565.08 8.750 —2.7257
2 2 22565.00 0.231 —4.2256
2 3 22564.88 11.852 —2.5945
3 2 22565.08 11.852 —2.5945
3 3 22564.96 7.940 —2.7676
3 4 22564.82 9.375 - 26959
4 3 22565.06 9375 —2.6959
4 4 22564.92 28.125 — 22202
34799.73 1 17224.46 0 17575.18 2.778 —2.8730
1 1 17575.19 5.833 —2.5525
1 2 17575.19 3.889 — 27278
2 1 17575.25 2.500 —29184
2 2 17575.25 8333 —2.3981
2 3 17575.24 10.000 —23191
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Table 8 (continued)

Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
3 2 1757533 1.667 —3.0927
3 3 1757532 8.750 —23770
3 4 17575.27 18.750 —2.0465
4 3 1757542 0.694 — 34655
4 4 1757537 6.250 —2.5227
4 5 1757527 30.556 —1.8346
34799.73 1 6068.96 0 28730.77 2.778 —29821
1 1 28730.75 5.833 —2.6621
1 2 28730.70 3.889 —28372
2 1 28730.81 2.500 —-3.0274
2 2 28730.76 8333 —25078
2 3 28730.71 10.000 — 24288
3 2 28730.85 1.667 —-3.2012
3 3 28730.79 8.750 — 24867
3 4 28730.74 18.750 —2.1564
4 3 28730.89 0.694 —-35718
4 4 28730.84 6.250 — 26323
4 5 28730.81 30.556 —1.9445
34799.73 1 1722446 0 1757518 2778 -3.0217
1 1 1757519 5.833 —2.7019
1 2 17575.19 3.889 —2.8769
2 1 17575.25 2.500 —3.0670
2 2 1757525 8.333 —2.5476
2 3 1757524 10.000 — 24687
3 2 1757533 1.667 —3.2405
3 3 1757532 8.750 —2.5265
3 4 1757527 18.750 —2.1963
4 3 1757542 0.694 —36103
4 4 1757537 6.250 —26721
4 5 1757527 30.556 —1.9845

Table 9 Oscillator strength intensities and wave number of hyperfine transitions as upper energy level “35876.55"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

35876.55 2 925345 2 26622.62 6.790 —2.7656
2 3 26622.61 1.543 —3.4005
3 2 26622.73 1.543 — 34005
3 3 26622.73 7.699 —-27113
3 4 26622.71 2424 —3.2083
4 3 26622.89 2424 —3.2083
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Table 11 (continued)

Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
4 4 26622.87 9.818 —2.6062
4 5 26622.84 2.758 —3.1532
5 4 26623.08 2.758 —3.1532
5 5 26623.04 13.062 — 24827
5 6 26622.99 2514 —3.1928
6 5 26623.30 2514 —3.1928
6 6 26623.25 17.529 —2.3553
6 7 26623.16 1.623 —33791
7 6 26623.56 1.623 —3.3791
7 7 26623.48 23377 —2.2305
35876.55 2 9975.84 1 25900.60 6.250 —2.8411
2 2 25900.52 1.929 —3.3449
2 3 2590040 0.154 —4.3434
3 2 25900.64 8.488 —2.7090
3 3 25900.51 2.971 —3.1608
3 4 25900.35 0.208 —4.2386
4 3 25900.67 11458 —25792
4 4 25900.51 3375 —3.1061
4 5 25900.31 0.167 43171
5 4 25900.72 15.167 — 24579
5 5 25900.52 3.090 —3.1440
5 6 25900.27 0.077 - 45579
6 5 25900.78 19.660 —2.3454
6 6 25900.53 2.006 —3.3283
7 6 25900.85 25.000 — 22413
35876.55 2 21381.05 1 14494.82 6.250 - 1.3440
2 2 14494.84 1.929 —1.8544
2 3 14494.87 0.154 — 29477
3 2 14494.96 8.488 1211
3 3 14494.99 2971 — 1.6669
3 4 14495.03 0.208 —28184
4 3 1449515 11.458 - 1.0808
4 4 14495.19 3.375 -16115
4 5 14495.24 0.167 —29146
5 4 14495.40 15.167 —0.9591
5 5 14495.44 3.090 —1.6499
5 6 14495.49 0.077 —3.2449
6 5 14495.70 19.660 —0.8464
6 6 14495.75 2.006 - 1.8373
7 6 14496.06 25.000 —0.7420
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Table 10 Oscillator strength, intensities, and wave number of hyperfine transitions as upper energy level “37561.29"

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F

37561.29 1 3963.92 0 33597.25 2.778 —2.2755
1 1 33597.24 2976 —2.2456
1 2 33597.21 0496 -3.0199
2 1 33597.27 5357 - 1.9906
2 2 33597.24 4464 - 2.0697
2 3 33597.21 0.595 —2.9415
3 2 33597.30 8.929 —-1.7690
3 3 33597.26 5.208 —2.0029
3 4 33597.23 0.446 —3.0652
4 3 33597.34 13.641 —1.5850
4 4 33597.30 4911 —2.0284
4 5 33597.27 0.198 -3411
5 4 33597.40 19.643 — 14267
5 5 33597.37 3274 —2.2043
6 5 3359749 27.083 —1.2872

37561.29 1 925345 2 28307.71 6.250 — 22533
2 2 28307.75 1.929 —2.7621
2 3 28307.74 8.488 —2.1206
3 2 28307.80 0.154 —-3.8311
3 3 28307.80 2971 — 25755
3 4 28307.78 11458 - 1.9905
4 3 28307.87 0.208 —3.7085
4 4 28307.85 3.375 - 25203
4 5 28307.82 15.167 — 1.8688
5 4 28307.95 0.167 —3.7999
5 5 28307.92 3.090 —2.5585
5 6 28307.86 19.660 —1.7562
6 5 28308.03 0.077 -4.1036
6 6 28307.98 2.006 —2.7452
6 7 28307.89 25.000 -16519

37561.29 1 10690.42 1 26870.75 4018 —3.5888
1 2 26870.75 2232 —-3.8308
2 1 26870.78 2232 —3.8308
2 2 26870.78 4.657 —3.5270
2 3 26870.77 3.527 —3.6430
3 2 26870.84 3.527 —3.6430
3 3 26870.83 6.964 —-33572
3 4 26870.80 4.092 —3.5812
4 3 26870.90 4.092 —3.5812
4 4 26870.87 10.848 —-3.1682
4 5 26870.82 3.810 -36110
5 4 26870.97 3810 -36110
5 5 2687091 16.599 — 29857
5 6 26870.81 2,508 —3.7835
6 5 26871.03 2.508 —3.7835
6 6 26870.93 24.576 —2.8166

37561.29 1 13351.55 1 24209.99 4018 —1.9856
1 2 24209.89 2.232 —2.2405
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Table 10 (continued)
Upper level Lower level Wave number Intensity Log hf gh
Energy F Energy F
2 1 24210.02 2232 —2.2405
2 2 24209.93 4.657 - 19215
2 3 24209.79 3.527 —2.0421
3 2 24209.98 3.527 —2.0421
3 3 24209.84 6.964 - 1.7469
3 4 24209.68 4.092 -19776
4 3 24209.92 4.092 - 19776
4 4 24209.75 10.848 —1.5545
4 5 24209.57 3.810 —2.0087
5 4 24209.85 3.810 —2.0087
5 5 24209.67 16.599 —-1.3698
5 6 24209.50 2.508 —2.1900
6 5 24209.79 2.508 —2.1900
6 6 24209.62 24.576 —1.1994
37561.29 1 15391.02 2 2217017 6.250 - 26522
2 2 22170.20 1.929 —3.1584
2 3 2217019 8.488 — 25198
3 2 22170.26 0.154 —4.1887
3 3 22170.25 2971 —-29730
3 4 2217023 11458 —2.3898
4 3 2217032 0.208 —4.0761
4 4 2217030 3.375 —29181
4 5 22170.26 15.167 — 22683
5 4 2217039 0.167 —4.1603
5 5 2217036 3.090 —2.9562
5 6 22170.29 19.660 —2.1558
6 5 2217047 0.077 — 44274
6 6 2217041 2.006 —3.1416
6 7 2217031 25.000 —-20516
37561.29 1 17224.46 0 20336.68 2778 —3.5602
1 1 20336.68 2976 —35313
1 2 20336.68 0496 —4.2413
2 1 20336.72 5357 —3.2827
2 2 20336.72 4464 —-3.3602
2 3 20336.71 0.595 -4.1749
3 2 20336.77 8.929 —3.0642
3 3 20336.76 5.208 —3.2947
3 4 20336.71 0.446 —4.2787
4 3 20336.83 13.641 —-28818
4 4 20336.79 4911 -3.3197
4 5 20336.69 0.198 — 45384
5 4 20336.88 19.643 —2.7245
5 5 20336.78 3274 —34913
6 5 20336.90 27.083 —2.5856
37561.29 1 22761.28 0 14799.91 2.778 —2.5448
1 1 14799.89 2.976 — 25149
1 2 14799.87 0.496 —3.2860
2 1 14799.93 5357 — 22603
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Table 10 (continued)

Page 19 of 20

Upper level Lower level Wave number Intensity Log hf gh

Energy F Energy F
2 2 14799.90 4464 —2.3393
2 3 14799.87 0.595 —3.2082
3 2 14799.96 8929 —2.0387
3 3 14799.92 5.208 —22725
3 4 14799.87 0446 —3.3308
4 3 14799.99 13.641 —1.8548
4 4 14799.95 4911 —2.2980
4 5 14799.89 0.198 -3.6716
5 4 14800.04 19.643 - 1.6966
5 5 14799.99 3274 — 24737
6 5 14800.11 27.083 - 1.5571

Altogether, 658 hyperfine multiplets are calculated. The
data not only provide crucial insights into the complex
behavior of Tantalum atoms but also serve as valuable
data for advancing studies on transition probabilities and
lifetimes.
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