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. All spectra were taken with the Kitt
_'Peak National Observatory Fourier transform
spectrometer (FTS) which has been briefly
described earlier.! :Several precautions
were taken to decreaser the effects of
continuous backbody radiation and
atmospheric . absorption in the infrared. A
"see-through" hollow cathode (Figure 1) was
used so that the relatively hot cathode
walls would not be seen by the FTS. This

. required. careful alignment of the cathode
hole with the FTS aperture. One calcium
fluoride window was purposely tipped with
‘respect- to the optic axis so that .no
possible reflection of the cathode wall
~could enter the FTS. The exit window was
also slightly wedged (0. 509 to oprevent

'interference effects between front and back
surfaces. A dry- -N> purged tube was placed
between the exit window and the FTS
entrance aperture to decrease absorption by
atmospheric water bands. The spectrometer
was evacuated to eliminate absorption in
the FTS tank.

cathode
possible,

The hollow
constructed, where

(Figure 1) was
of - standard

Varian high-vacuum parts and was based on
an unpublished design.? The wuranium or
thorium cathode insert (5/8" 1long, 0.25"
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the amount of unwanted glow discharge that
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were 317 ma at 2.2 torr for thorium and 169 ma at 4.2 torr for uranium. After a initial
warmup period of about one hour, these lamps are stable for many hours of operation. A4
high resolution spectrum of each lamp took about one hour and was the summation of eignt
scans of the interferometer.
i

l Results and Discussion

Line 1lists from the FTé data for U and Th were generated by conventional methods.
Absolute wavenumber accuracy was about 0.001 em™! and relative intensity accuracy was
about 5%. Approximately 46000 and 11500 lines were found in the infrared region for
thorium and uranium, respectivdly. Lines were classified by using the known 1levels for
uranium? and thorium.“ About 2300 were classified to Th I, about 500 to Th II and about 50
to Th III. Assignments for upbnium are not yet complete. A sample logarithmic intensity
plot for thorium is shown in Figure 2. The argon emission lines are readily distingushed -
by their broader linewidth. ‘The ringing on the edges of the other strong lines is due to
insufficient spectrometer resolution to completely resolve the much sharper thorium lines.
This ringing can be partially removed by smoothing, but with some 1loss of resolution.
Table 1 is the line listing corresponding to Figure 2.

There has been little prior work in this area. Published work on thorium has listed
some lines to about 3 um.5'6 Morillon’ listed at reduced resolution 300 uranium 1lines 1in
the 2.3 to 3.4 um region, but without many assignments. A recent line list® does cover
many of the infrared uranium lines in the present study. Unpublished work on the wuranium
infrared transitions are also contained in two theses,?'10 which were analysed in a later
publication.!!

Complete thorium and uranium infrared atlases similar to our earlier works3:'* will be
issued when this work i1s complete. FExtensions into the far infrared region (to 20 um), a

»
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Figure 2, Sample high resolution spectrum of thorium. All lines are due to Th I or
II except for the marked argon carrier gas lines.
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Table 1. Sample line list for spectrum of thorium shown in Figure 2. For each line is

listed the vacuum wavenumber, the air wavelength, and the relative 1intensity. Following
‘the wavenumber are comments of wide (W), blend (BL), or questionable measurement (D or ?).

For assigned thorium lines, the ion stage (neutral = I and singly ionized = II) and the
even and odd levels and corresponding J are given.

Wavelength Wavenumber 1Int. Ion Even J 0dd J Wavelength Wavenumber Int. Ion Even J 0dd J
15373,1471  6503.0720 0.16 1 32551 3 26048 4 15264.3487  6549.4233 49 10 18431 3 24981 3
15372.2803  6503.4387 0.19 T 33564 3 27061 2 15260.1517  6551.2246 26 1 5563 1 12114 2
15364.8828  6506.5698 0.45 I 28845 4 22338 3 15257.5458  6552,3435 .07
15357.0940  6509.8698 0.09 15254 .3280  6553,7257 .08
15355.6872  6510.4662 5.36 I 14226 0 20737 1 15252.8222  6554.3727 .20 .
15353.1288 6511.5511 9.17 15246.1074  6557.2594 .23 1 31326 4 24769 3
15349.2464 6513.1981 13.2 15244.1911  6558,08377? .06 -

15348.5159  6513.5081 0.33 152542.2316  6558.9268 .13
15345.8265 6514.6496 0.09 I 27591- 5 . 21077 5 15241.7789  6559.1216 .31 I 13250 5/2 6691 13/2

15342,.8654 6515.9069 0.10 15240.2517  6559.7789 II 4113 S5/2 10673 5/2

—
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15342.3514  6516.1252 0.37 1 19532 4 26048 4 | 15239.2866 6560.1943 73 I 13962 1 20522 2
15336.7582  6518.5016 0.10 T 17398 3 23916 & | 15230.5477 6563.9584 16 10 36297 4 29733 5
15334.0882 6519.6366 0.13 | 15230.0326 6564.1804 .98
15329.3462  6521.6534 17.3 | 15226.6828  6565.6245 N8
15320.1259  6525.5783 0.10 I " 16351 O 22877 1 | 15226.1401  6565.8585 .4 1T 33831 4 27266 4
15319.8691  6525.6877 0.12 ’ . { 15220.0948  6568.4664 08 1 37085 4 30517 4
15318.9423  6526.0825 0.07 } 15218.6757 6569.0789 .32 I 33564 3 26995 3
15317.8189  6526.5611 0.98 II 4146 7/2 10673 5/2 | 15218.5580 6569.1297p .20 T 33214 5 26645 S5
15315.9345  6527.3641 4,00 II 8018 3/2 14545 5/2 | 15215.5272 6570.4382WD .13
15315.6717  6527.4761 . 0.60 'II 10379 9/2 16906 7/2 | 15215.2237 6570.5693 .12
15309.8170  6529.9723% 0.21 I 24664 3 - 31194 4 | 15215.0303 6570.6528 0.15 I 29684 5 23113 4
15307.2896 6531.0505 12.5 1 24032 & 17501 5 | 15214.2238  6571.0011 0.25 II 27257 7/2 20686 5/2
15301.8793  6533,3597 59.9 [ 15212.5667 6571.7169 0.14 1 33831 4 27260 3
15301.2310 6533.6365D 0.13 ‘1 33721 2 40254 3 1 15203.6232  6575.5827 0.10 1 30758 2 24182 2
15299.9594  6534,1795 0.37 1T 31095 2 24561 3 t 15203.3415  6575.7045 0.11 I 36428 2 29853 2
15297.6452  6535.1680 0.10 T 28273 2 21738 2 | 15199.5008 6577.3661 0.06
15296.2975 . 6535.7438 0.17 1 31715, 6 25180 7 | 15196.9470  6578.4714 0.07 I 32963 5 26384 4
15295.6518 . 6536.,0197 0,09 I 19273 2 25809 1 1 15195.2943  6579.1869 0.12 T 23990 2 17411 3
15295.1084  6536.2519 .. 0.09 1 35216 5 28680 4 1 15190.7735  6581,1449 1.43 1 26796 3 20216 3
15293.0232  6537.1431 0.25 II' 27526 9/2 20989 9/2 | 15190.3548  6581.3263 0.39 T 13962 1 20543 0
15292.4976- 6537.3678 - 0,74 I 29552 6 23015 5 | 15188.8556 6581.9759 10.1 11 17727 11/2 24309 11/2
15291.8281  6537.6540 0.09 I 28679 2 22141 ) 1 15186.2161 6583.1199 0.07 1 35633 4 29050 5
- 15291.4469  6537.8170 1.74 13 04 6537 4 | 15180.3233  A585.6753 0.07 I 36297 4 29711 5
15291.2116  6537.9176 0.59 1 19713 3 13175 & ! 15177.7268  6586.8019 0.51
15288.9248  6538.8955 1,52 II 8605 5/2 15144 3/2 [ 15177,0121 A587,1121 0.07 T 32396 2 25809 1
15285.3260  6540.4350 .0.25 | 15173.1510 6588.7R83D 0.06
15284 .3015 - 6540.8734 0.11 I 29418 2 22877 1t | 15172.6914  6588,9879 54.1
15282.0364 . 6541.8429 0.36 I 9804 5 16346 4 | 15172.0508 6589.2661WD  0.07
15280.9684 -6542,3001 0.46 II 18118 3/2 11576 3/2 | 15171.4063 . 6589,5460 0.20 T 29097 1 22508 2
15278.2543  6543.4623 0.26 I. 28882 2 22338 3 | 15169.5044 6590,3722BL 0.06 II 24381 7/2 30972 5/2
15277.9436  6543,5954 0.09 I 30964 3 24421 3 | 15168.8532 6£590.6551 0.13 1 38261 5 31671 &
15276.7807  6544.0935 . 0.08 . | 15167.1724  6591,3855 0.17 T 33099 3 26508 3
15274.7248  6544,9743 0.26 : | 15163.9872 6592.7700 6.07
15274.1652  6545.2141 - 0.08 I 38261 5 31716 5 | 15163.5861 6592.9444 0.09 .
15273.3261  6545,5737". 0.82 I 23769 1 17224 2 1 15158,2261 ~ 6595.2757 . 0.21 T 25405 4 18809 4
15266 .4473 6548,5230 1.66 1II 13248 9/2 6700 9/2 ) 15157.3337 6595.6640 0.12 1 24664 3 18069 3
'15265.2596  6549,0325 0.08 I 31429 1 24880 1 { 15156.7610 6595.9132 0.1 I 2893% 3 22338 3

region as;yef_uninvestigated‘for uranium and thorium, will require additional measures,
such as liquid nitrogen cooling, to further reduce blackbody background radiation.

Acknowledgments

We wish to thank J. W. Brault and R. Hubbard for operating the FTS during these
measurements and to the Kitt Peak National Observatory for allowing us to use this
instrument. This work was done under the auspices of the U.S. Department of Energy.

References

1. J. W, Brault, "Rapid Scan High Resolution Fourier Transform Spectrometer
for the Visible," J. Opt. Soc. Am., 66, 1081 (1976).
2. B, Warner and R. A. Keller, private communication.



ot

-

4

g Sy
eaac,

380~

§
{

3. B. A. Palmer, R. A. Keller and R. Engleman, "An Atlas of Uranium Emission
Intensities in a Hollow Cathode Discharge." Los Alamos National Laboratory -
report LA-8251-MS (1980).

4, B, A. Palmer and R. Engleman, "Atlas of the Thoriuqupectrum,"

Los Alamos National Laboratory report, LA-9615 (1983). | v

5. R. Zalubas, "Energy Levels, Classified Lines, and Zeeman Effect of
Neutral Thorium," J. Research NBS, 204, 221 (1976). J

6. R, Zalubas and C. H. Corllss, "Energy Levels and Classified Lines in
the Second Spectrum of Thorium (Th II)," J. Research NBS, 784, 163
(1974).

7. C. Morrillon, "Etude des spectres d'emission de q}émarlum, du Neodyme et
de 1'Uranium entre 2,3 et 4,1 um avec un spectrometre'a grilles,"
Spectrochem. Acta, g§§ 513 (1970).

8. J. G. Conway, E. F. Worden, J. W. Brault, R. P.JHubbard, and J. J.
Wagner, "Classified Lines of the First and Second Spectrum of Uranium
between 1817 and 5500 Wavenumbers (5 5 to 1.8 Microns)," submitted for
publication.

9. J. Verges, Thesis, Orsay (1969).

10. F. Guyon, Thesis, Orsay (1972).

11. F. Guyon, J. Blaise, and J. F, Wyart, "Etude Parametrique des
Configurations Impaires Profondes dans les Spectres de L'Uranium UI et UII,"
J. de Phys., 35, 929 (1974).



