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Abstract. By investigating the hyperfine structure of 41
Ta I lines we could determine the magnetic hyperfine
interaction constants A and the electric quadrupole inter-
action constants B of 25 even parity levels and 32 odd
parity levels. Additionally, we could classify one line. With
78 dipole allowed transitions which we tried to excite by
laser light we obtained neither optogalvanic nor fluores-
cence signals. Therefore we conclude that some of the
Ta I levels, listed in commonly used tables [e.g. Moore,
Ch.: Atomic energy levels. Vol. I1I. Natl. Bur. Stand.
(U.S.)) Circ. No. 467. Washington, D.C.: U.S. GPO 1949],
do not exist.

PACS: 35.10.F; 32.50.F; 32.20.J

1 Introduction

This work is a continuation of earlier hyperfine struc-
ture (hfs) investigations of Tal lines [1-4] done by
laser spectroscopy groups at Graz and Hamburg. Hfs
constants were also determined by many other authors
[5-17]. In this work we report on investigations of
lines of the most abundant 131 Ta isotope possessing the
nuclear spin quantum number I = 7/2. The investigated
lines lay in the yellow spectral region from 570 nm up
to 610 nm.

2 Experiment

The tantalum atoms were produced by sputtering in a hol-
low cathode discharge where a mixture of Argon and
Neon was used as carrier gas. For details we refer to
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[2-4]. The experimental setup was the same as used
before [4]. Two counterpropagating laser beams made it
possible to record Doppler-limited spectra showing
Lamb-dips by recording either optogalvanic or laser-in-
duced fluorescence signals. This allowed us to determine
the frequency positions of the hyperfine transitions with
high accuracy by means of a fit program ['18]. In the cases
where we could not obtain Lamb-dips we proceeded as
follows: taking Gaussian or modified Lorentzian spectral
shape functions for the hfs components, the hyperfine
spectrum of a fine structure transition was calculated
using estimated values of the hyperfine interaction con-
stants involved. This model function was adjusted to the
measured hyperfine spectrum by an interactive least
squares fitting procedure [19]. The shape parameters, the
hyperfine interaction constants and the intensities (of the
well resolved) hyperfine components were free parameters
of this least squares routine. In this way it was possible to
determine the frequency positions of the hyperfine
transitions with an accuracy better than 2 MHz in the
cases of Lamb-dips and to about 10 MHz when Doppler-
limited signals were observed. The Doppler width
amounted to about 600 MHz.

3 Results and discussion

By taking into consideration only the selection rules for
dipole transitions — change of parity and 4J =0 or +1
— all possible wavenumber differences (and from these
differences all thinkable wavelengths) between all known
TaIlevels taken from [20-22] can be calculated from the
level energies. The conversion from the wavelength in
vacuum to the one in air was done by using the dispersion
formula of Peck and Reeder [23] for the refractive index
r of air
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Table 1. Ta 1 lines where an excitation was possible. The classifications for these lines were taken from [20] and [217. The relative intensities

{rel. Int} were taken from {257 and [26]. Lines marked with “~” are calculated lines [24] which are neither listed in [25] nor [26]

A (A) Rel. int Transition Energies (cm ™)
[26/25]
Upper level Lower level Upper level Lower level

5712.32 - 5d36s(aF)7s e*Fsp 79, 44461.60 26960.46
5713.44 - %2 5d*(PF)6s b*Fsp 41010.07 23512.34
5746.71 23/60 5d%6s(a’F)7s e5F ), 5d36s{a*Fy6pzF9p, 4398243 26585.93
5753.97 - 5d%6s(a’F)ls e*Fy 5d%6s*(a*Py6pz*P3, 43964.50 26590.03
5755812 30/40 282 5d4(b3GY6sa*Gyypn 4339171 26022.74
5761.47 - 5d*(a’D)6p y°FS, 5d*(a°D)6s a*Dy 39587.81 2223597
5779.28 - 5d36s(a’F)Ts e®Fy,, %2 47319.57 30021.20
5783.24 -2 5d%6s(a’Fy6p z°F%), 5d%65 2a*Py, 2335541 6068.91
5794.09 - e 5d*(a°D)6s a* Dy, 39490.14 2223597
5797.65 - 2% 5d*(*F)6s b *Fs, 40755.90 23512.34
5816.51 25/40 5d36s(a>F)7s e 5Fyp 5d%6s(a’F)6p z®DY,, 43982.43 26794.76
5820.82 - %0 5d*(b2G)6s a*Gyyy 39936.13 22761.21
5825.09 - %40 5d*(b3GY6s a*Gyypy 43185.09 26022.74
5846.31 - 20 5d*(b>H)6s a*Hy, 38253.39 21153.33
5848.83 - %102 5d%6s %a 2Gyyz 27783.0 10690.32
5856.98 - 20 5d*(b3G)6s a*Gopy 40981.79 23912.89
5861.36 - 5d%6s(a>G)6p y*GY), 5d4(b*G)6s a*Gs), 38679.05 21622.92
5866.61 15/60 5d%6s(aH)6p z*H{,, 5d*(b3H)6s a*Hy, 38194.22 21153.33
5874.81 - 2% 5d*(a>D)6sa*Dy, 39253.07 2223597
5882.30 130/80 5d>6staH)6p z*GYy 5d4(b*H)6s a*Hysps 40510.38 23514.86
5895.16 - 5d%6s{a°F)7s e®Fyypy 5d%6s{a°F)6p z°F{ ) 47319.57 30361.22
5904.29 - 5d°6s(a*H)6p z*HYsp0 5d*(b3H)6s a*H, 4y 39360.68 22428.56
591037 - B, 5d4(b*H)6s a*Hy, 37561.25 20646.54
5912.77 - 5d36s(a*F)7s ¢Fy 5d%6s(a’F)6p 2 °F§), 41151.26 2424342
5925.83 - 282 7si2 42247.00 25376.41
5925.90 15/20 5d%6s(a’P)ép y GD%Z 5d%6s* a®Fsp, 34094.66 1722447
5944.82 - % 5d*(a°D)6s a*Dypy 43391.71 26575.02
5960.13 18/7 5d%6s5(aG)6p y*GS), 5d*(b3GY6s a*Gy, 40686.42 23912.89
5973.28 - %510 3 48290.45 31553.89
5990.12 - U512 2% 48290.45 31600.95
5993.18 - 5d36s(a°F)7s e*Fs;, 5d36s(a’F)6p z°D3), 44461.60 27780.62
6003.81 - 2% 5d*(a°D)6s a*Dsy, 41197.67 24546.20
6009.89 25/40 5d%6s(a°F)7s e6F1/2 5d%6s(a*F)6p zGD{’,2 41151.26 24516.69
6059.33 ~/2 2%, 5d*(b3H)6s a*Hy), 37145.43 20646.54
6089.97 - %2 5d%6s% a?Hyy)y 31530.02 15114.14
6092.07 ~/30 % %32 39253.07 2284284

* Classification given in [26] is not correct

Table 2. Ta I lines where an excitation was not possible and which could not be observed as fluorescence lines

A(A) Transition Energies (em ™)
Upper level Lower level Upper level Lower level

5703.68 2% 2512 42751.72 225224.06
5704.36 2, 2512 44693.40 227167.82
5705.69 5d*(a*D)6p y*P3, 7512 44689.31 227167.82
5710.80 29s2 2672 252723.73 35217.94
5711.23 2%, Y32 42982.8 #25478.30
571212 292 V512 39936.13 42243437
5712.23 % V512 44669.23 227167.82
571921 %0 Y2 42178.76 24698.70
5727.69 % V512 38545.70 421091.53
5732.54 5d*6s(a°F)7s e*Fopy Y 250509.7 33070.28
5734.77 ?§,2 5d%6s(a’F)7s e6F1,2 258583.88 41151.26
5740.05 2, 5d36s% a’Fy)y 34799.71 217383.12
5743.87 % 2% 261551.17 44146.16
5751.58 ? 22 258391.76 41010.07

~3/2
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Table 2. (Continued)
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A (A) Transition Energies {cm ™)
Upper level Lower level Upper level Lower level

5755.07 252 5d%6s(a>G)6p y*GY), 256050.2 38679.05
5755.79 5d36s(a*H)6p 24 Gy 1 M1z 40510.38 2231414
5756.63 2% Y312 42844.73 25478.30
5759.94 5d%6s(a>G)6p y*F2, 7512 38447.99 21091.53
5761.37 7% 2s/2 39786.52 22243437
5761.88 2512 2% 261737.0 44386.40
5764.19 2 5d*(b3G)6s a*Goyy 241256.56 23912.89
5773.35 2% %552 44483.96 227167.82
5778.60 285 %372 42778.70 225478.30
5779.92 %552 2202 256050.2 38753.75
5780.42 5d%6s(a°F)8s f*Fs, 7% 254440.57 37145.60
5782.16 To/2 5d*6s(a*H)6pz*13, 25523259 37942.84
5793.24 2%, %512 3213238 214875.70
5803.49 5d%6s(a°F)7s e*Fyy %, 247817.16 30590.95
5803.54 Y912 290 352723.73 35497.65
5806.06 22 %512 44386.40: 327167.82
5810.01 29 25/ 39641.24 222434.37
581091 %02 N 41902.92 224698.70
5812.00 % 2% 261551.17 44350.19
3817.71 2% V512 42408.16 25224.06
5818.30 22 252 44350.19 327167.82
5829.40 212 5d°6s% a*Ds, *30015.61 12865.97
5851.21 5d*6s(a°P)6p z °P§), V512 31961.42 #14875.70
5857.37 V52 2% *61737.0 44669.23
5857.56 N % *61551.17 4448396
5858.02 2%, 5d° a®Ss, 28862.01 211796.14
5869.30 Y2 5d*(a®D)6p x °D3), 261551.17 44518.10
5876.38 5d36s(a°F)Ts e*Fo), 8, *50509.7 33497.15
5881.51 202 2512 44165.58 227167.82
5882.81 292 N2 41692.64 224698.70
5884.51 2% 5d36s(a°F)7s e%Fs, 258583.88 41594.83
5887.95 5d36s(a’F)8s f*Fsp %5 54440.57 37461.46
5588.49 Y012 2 25272373 35746.18
5896.43 22 %512 42178.76 225224.06
5905.08 %2 Y312 42408.16 225478.30
5908.58 V512 7 254481.09 37561.25
5909.56 5d*6s(a’F)8s f *Fy;, 2% *54440.57 37523.54
5912.96 To12 5d4%6s(a’F)6p z°FY, *43493.24 26585.93
5917.91 %2 5d° a®Ss;, 28689.31 211796.14
5928.89 1 5d*(a’D)6p y*PY), 261551.17 44689.31
5931.34 202 Y012 435333 226678.4
5947.02 5d>6s(a°F)8s f*Fy; 2 254440.57 37630.09
5951.74 25/2 2% *56050.2 39253.07
5952.89 725 2512 4201795 22522406
5960.89 %4 Y1 45057.34 22828599
5962.97 %5 5d*(b*G)6s a*G), 239526.7 22761.21
5977.32 202 2512 31600.95 214875.70
5981.70 212 %552 43880.84 227167.82
5982.65 20 5d*(a°D)6s a*Ds, 241256.56 24546.20
5986.19 2% %372 42178.76 225478.30
5993.57 5d36s(a’F)8s f4F;, %0 254440.57 37760.67
600247 2% 257 41879.23 225224.06
6004.04 22 2512 43818.63 227167.82
6039.76 ?g/z 2512 31428.05 #14875.70
6044.79 2912 %512 37630.09 21091.53
6046.91 %072 20 *43493.24 26960.46
6050.30 2512 7% 256050.2 39526.7
6051.35 5d*(a’DY6p y°F§), Y 44806.64 228285.99

(Table 2 continued on the next page)
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Table 2. (Continued)

o

A(A) Transition Energies {cm™1)
Upper level Lower level Upper level Lower level

6065.83 7, Y 41179.9 224698.70
6070.06 20 Tsi2 37561.25 221091.53
6086.73 % [ 4190292 225478.30
6095.52 2% %372 41879.23 225478.30
6099.92 5d363(a’F)7s e*Fyp 295 247817.16 3142805
6100.90 2% 5d° a®S4, 28182.60 211796.14

2 Marks levels to which combinations have not been observed

Table 3. Supposed fortuitous (really non existing) Ta I levels

Level Energy (cm ™)

Even parity

5d° a%Ss;, 11796.14
sz 14875.707
7512 21091.53
M 24698.70
s)2 25224.06
2312 25478.30
2502 27167.82
Y12 2828599
Y92 43493.247
5d%6s(aF)Ts e*Fy 47817.16
5d%6s(a’F)7s e*Fy, 50509.7
%972 52723.73
5d36s(a°F)8s f*F3, 54440.57
2572 56050.2
242 61551.17
s/ 617370
Odd parity
%2 39526.7
22 41256.56
%2 44669.23
20 58583.88

where the real number ¢ means the vacuum wave number
of the transition, expressed in pm ™2,

In this work we tried to investigate a large number
of these calculated lines [24] although many of them
could be found neither in the MIT wavelength tables
[257 nor in the NBS tables [26]. Table 1 shows all
lines where the excitation was successful and the hyperfine
structure could be determined. Lines for which no signals
could be detected are compiled in Table 2. It turns out
that a certain subset of the combining levels appearing
in this table does not show any matching combination in
the spectral region from 2000A to 10000A in
the wavelength tables [25,26]. These levels are listed in
Table 3. We think that they are doubtful, perhaps intro-
duced during the early classification work as fortuitous
coincidences.

By evaluating the hyperfine structure of the 36
Ta I lines listed in Table 1 we could determine the hfs

constants of 23 even parity levels and 31 odd parity
levels. These A- and B-factors are listed in Tables 4
and 5.

Besides these lines we investigated the hyperfine struc-
ture of the line A = 6059.333 A which is listed in the MIT
[25] table but for which no classification is given in
[22,23]. This line has been investigated both by optogal-
vanic detection and laser induced fluorescence spectro-
scopy. Wavelengths, energy levels, classification and the
fluorescence lines used for detection are listed in Table 6.
From the observed hfs spectra we have calculated A and
B assuming plausible J-values for this line. The obtained
hyperfine structure constants A and B were compared
with a collection of hfs constants known from earlier
measurements [2-187. We could find three matching
transitions among our calculated transition wavelengths
[24]. Therefore a double blend situation occurred. The
agreement of the observed A- and B-values with
values determined earlier for the levels coming into con-
sideration made it possible to classify this line beyond all
doubt.

4 Conclusion

Although the hyperfine structure constants of many
levels are measured by now only for a limited number of
multiplets the A- and B-factors are known completely.
As mentioned in a former paper [3], isotopic shifts be-
tween 81Ta and '®°Ta can not be explained with the
electron configurations given in the tables of Moore [22].
Therefore we think that some of these configuration as-
signments are partially incomplete. Moreover, the list of
levels is not complete, but contains on the other hand
some levels which probably are not existent. A theoretical
analysis on the basis of a parametrisation using experi-
mental energy levels with the aim to calculate wave func-
tions in intermediate coupling has to fail if not existing
levels are introduced into such calculations. With the help
of our results and more information [36] recently a fine
structure analysis [ 377 could be performed for even parity
levels of the configurations (d + s)°, showing that only
half of all existing tantalum levels of this configuration are
identified till now. Therefore further spectroscopic inves-
tigations are needed to complete the knowledge of the Ta
I level structure.



Table 4. A- and B-constants of measured levels with even parity and comparison with other authors
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Config. desig. Brergy (cm™ 1) A (MHz) B (MHz) Ref.
5d%6s a*P,, 6068.91 379 +2 — 1350 +20 This work (DL}
37927 +0.09 —~ 13487  +06 [14]
378.7 +03 — 1351 +2 [11]
379.0 +0.3 — 1349 +2 [17]
376 +3 — 1370 +26 [10]
372 — 1411 5]
3744 — 1406 [6]
5d36s% a*Gypy 10690.32 327 +1 2138 +10 This work
333.6 +25 2255 + 182 [13]
326.7 +12 2146 +25 23
5d*6sta’Hy, 15114.14 289 +1 4410 + 10 This work
289 +4 4411 + 151 [13]
289 +2 4410 +50 f4]
5d%6s% a’Fsp, 17224.47 368 +2 1940 +20 This work (DL)
379.5 +43 2002 +91 [13]
368.4 +1 1939 +20 [2]
5d*(bH)6s a*H,, 20646.54 — 399 +1 1533 +5 This work
—2994 +05 15347  +2 2]
—399.2 +0.1 15156  +42 {303
— 40040  +044 1546 +17: [31]
5d*(b3H)6s a4H9/2 21153.33 731.5 +1 1275 + 10 This work
731.5 +5 1271 + 100 [23
734.5 +0.7 1496 +53 [291
731.7 +16 1424 +31 [313
5d*(b H)6sa*H, ), 22428.56 836 +2 1862 +15 This work
829 +12 1817 + 150 21
836 +2 1868 + 60 [4]
832.8 +02 18786  +28 [30]
834.4 +14 1823 + 54 [31]
5d4(b3H)6s a*H, s, 23514.86 963 +1 1729 +25 This work
963.8 +3 1727 + 140 [2]
965.1 +2.1 1719 + 49 [29]
5d*(a°Dy6s a*Dy, 2223597 3993 +1 0 This work
3995 +2 0 4]
5d*(a*D)6s a*Ds,, 24546.20 274 +1 — 837 + 10 This work
269.2 +02 — 827 +3 [27]
2722 +1.6 — 8769  +203 [28]
272.6 +03 — 8675 +24 1291
5d*(a’D)6s a*D, 26575.02 1408 +2 514 +20 This work
1402.4 +13 498 +21 [29]
5d*(b3Gy6s a*Gsyy 2162292 — 4783 +02 788 +20 This work
— 4785 +01 7824 +12 [27]
—478.1 +01 7700 +28 [28]
— 47892  +0.03 7798  +05 [31]
5d*(b3G)6s a4G7/2 22761.21 346 +2 — 125 + 20 This work
338 +6 —36 +70 4]
3771 +15 — 88 + 266 [29]
34747  +0.76 — 151 +15 [32]
5d*(b3G)6s a*Gy,, 23912.89 814 +1 — 624 +10 This work
814.0 +1.8 — 625 +4 [13
811.1 +05 — 610 +12 [291
5d*(b3)65a*Gyy,, 26022.74 844 +2 — 1257 +10 This work
1372 22842.84 —293 +1 — 537 +10 This work
—2934 +02 — 5321 +1.1 [30]
—290.3 +13 —5425 461 [323

(Table 4 continued on the next page)



134

Table 4. (Continued)

Config. desig. Energy (cm™1) A (MHz} B (MHz) Ref.
5d4(*F)6sb*Fs, 23512.34 — 411 +1 - 609 + 10 This work
Y12 25376.41 984 +1 - 767 + 10 This work
983 +0.1 — 960 +22 [30]
984.1 +12 - 800 +24 [33]
9837 411 - 719 +26 [34]
5d36s(a*F)7s e °Fy, 41151.26 —35155 +1 0 This work
—35147 +15 0 [13]
5d36s(a°F)7s eSF,, 43982.43 1425 +1 - 571 +20 This work
14530 +54 - 637 + 59 [13]
5d%6s(a’F)7s e °Fyy s 47319.57 14135  +1 — 1295 + 10 This work
14154  +23 - 1281 +12 [34]
5d36s(a*F)Ts e*Fs)y 44461.60 884 +1 600 + 10 This work
2512 48290.45 — 828 +1 -~ 666 + 10 This work
DL, Doppler-limited data evaluation
Table 5. A- and B-constants of measured levels with odd parity and comparison with other authors
Config. desig. Energy (cm™*) A (MHz) B (MHz) Ref.
5d%6s(*F)6p z°F7, 2335541 — 1785 +2 0 This work (DL}
— 1784 +2 0 [10]
— 1822 0 5]
—1786.5 +6 0 (2]
5d*6s(a°F)6p z°F3, 24243.42 —~5945 41 - 279 +5 This work
594 +6 ~ 278 +5 [3]
593 +2 - 279 +24 [4]
5d%6s(a°F)6p zD?), 24516.69 4154 +1 0 This work
4155 +0.1 0 [3]
4138 + 16 0 [13]
4147 0 [5]
4132 0 [6]
5d36s(a°F)6p z°F%, 26585.93 1014 +1 106 +10 This work
10146  +08 116 + 15 [2]
1023 +10 - 108 + 140 [13]
5d%6s*(a’P)6p z*PY;, 26590.03 14455  +2 227 +10 This work (DL)
14457  +08 231 +1 [23
14474  +111 233 +55 [13]3
5d°6s(a*F)6p z°D3,, 26794.76 1035 +1 705 +15 This work
1035 +2 691 +33 [15]
10344 +1 712 + 15 (2]
10357  +04 7118 +1.2 [17]
1036 +2 719 +12 [16]
%12 27783.0 10415  +1 — 447 + 20 This work
1042 +1 - 427 + 18 [17]
?Sﬂ 30021.20 439 +1 20 + 10 This work
439 +2 56 +26 [16]
445 +5 34 +71 [13]
5d36s(aSF)6p z°F2, 30361.22 671 +1 569 +10 This work
6714 +038 571 +5 [2]
673 +4 489 + 64 [13]
92 31530.02 815 +2 1045 +20 This work
?g,z 31553.89 198.5 +2 — 760 + 20 This work
%0 31600.95 338 +2 1426 + 20 This work
338 +2 1431 + 40 [4]




Table 5. (Continued)
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Config. desig. Energy (cm ™) A (MHz) B (MHz) Ref.
5d36s(a*P)6p y°DY,, 34094.66 1338 +2 583 +20 This work (DL}
5d36s{a*HY6p z*HYy 5 38194.22 860 +1 2351 +10 This work
72 37145.60 1474 +1 — 1752 + 10 This work
2% 37561.25 569 +2 220 +20 This work
22 38253.39 374 +2 725 +15 This work
54°6s(a>G)6p y*G3) 38679.05 5005  +2 - 63 +20 This work
502.87 +0.27 —136.5 + 142 [31]
501.1 +02 — 120 +3 27N
5021 +02 —119 147 [34]
782 39253.07 453 +1 435 + 10 This work
5d36s{a’H)6p z*HYs 5 39360.68 1095 +2 2071 +20 This work
1085 +4 2277 +198 [13]
1090.9 +3 2184 +170 [2]
2% 39490.14 1394 +1 0 This work
5d*(a’D)6p y°F3), 39587.81 4255 +1 —18 +20 This work
7902 39936.13 1182 +1 185 +20 This work
5d%6s(a®H)6p z*G?y ), 40510.38 934 +2 857 + 50 This work
933.3 +2 932 + 80 [2]
5d36s(a*G)6p y 4G, 40686.42 584 +1 —922 +20 This work
20 40755.90 656 +2 — 316 +20 This work
22 40981.79 962 +2 1101 +20 This work
2% 41010.07 35 +2 1003 +20 This work
2% 41197.67 — 588 +2 214 +20 This work
2812 42247.00 1033 +1 1926 +20 This work
10304 +09 1962 +26 [29]
%12 43185.09 192 +1 1959 +20 This work
202 +2 1663 +40 4]
7972 43391.71 1130 +1 — 501 +20 This work
DL, Doppler-limited data evaluation
Table 6. New-classified line, energy levels and observed fluorescence lines
A(A) Rel. int. Transition Energy (cm™*) e (A) Energy (cm™1)
[26/25]
Upper level Lower level Upper level Lower level Upper level  Lower level
6059.333 ~[2 2% 5d*(b*H)6s a*H,;, 37145.60 20646.54 284545 37145.60 2010.10
2691.31 37145.60 0.00
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