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The prese nt staLe of t Ile a nalysis of the first spectrum o f t horium (Th I) is cliscuHsed 
b rieAy . E\'c n fi nd odd levels are listed in t ables 1 and 2. The low even levels [01'111. te rms 
a risin g f rom t he co nfi gurat ions 6d2 782 and 6d3 78. The Th I stalldal'd wavelengths th"t 
fit into t ile kn own level arrays a re presented in table 3. 

1. Introduction 

vVork Oil t horium spectra was starLod a t t he 
Jational Burcau of Standards by C. C . Kicss as 

earl:\" as ] 926 . His dala an' inducled in lhe prescnt 
work, but h:we Hever b een publis hed separately. 

In 1955 itwBs decided to obLi),ill a ncw dcscripli on 
and anal.\"sis of t il e Th I sp eeLrum at t his Burcau , 
because electroricless lamps werc avai lable [ ]]1 The 
descriptioll of th c lho rium spectra will be publishcci 
soon , and win includc all ac("ount of t ile cxperimental 
procedures as wcll as thc h istor.," Oftlt3 t horium 
spectra . ' \'hel'ofor(' , onl:,>" t he work pertainin g to the 
analvsis oJ Th I win be m ontiomd h('re. 

hI 1946 Ph . Sehuurmans [2] published a li s t of t he 
Th I levels whielt 110 JJ ad discov('l'ccl . Five of his 
evcn l evels (0 .00, 2 69.]8, 556:3.1 5, 6362.:39 , and 
7502.25), a lld 2:3 of llis ocldlcvels are confirmed by 
tllc pr('sell t a,ll a lvsis. H e indica ted , also, that 
6d2 782 3F 2 is t he ground state of Th 1. His work was 
bascd Oil Zeeman data for 48 ' l'll I lines b)" Li eI' [3], 
and thc list of Th I waveleng ths by Freel [4] . 

2. Procedure 

The new descrip tion of thorium spectra contains 
16,000 lines between 2000 and 11500 A. About 
1,000 Zeeman patterns have been observed and 
m casured , of which 400 are sufficiently well resolved 
for the detcrmination of g-values. rrhe chief difficulty 
in sceuring ThI Zceman data is that the lines are 
heavily masked b)T sLrollg T luI patterns. rfherefore , 
two seLs of plat t's had to be measured, one of strong 
and t he othcr of wcak CxpOS Ul' es, in order to r esolve 
a grefl,ter number of Th 1 p aUcrlls. 

In Lhe cou rse of t he anal ysis, Zeeman data from 
th e Massaehuset ts Institute of Technology b ecam e 
available [5] fOl' about two dozen addi t ional lincs. 
Th I a nd rfh II lin es have be('n separa ted by using 
t he followin g criteria: (a) rela tivc intensiti('s in tubo 
and spark exposures, (b) relative intensities of nand 
p components of un1'csolved Zeeman patterns as 

I Figures in brackets indicate the li terature references at the end of t his paper. 

comparee[ wilh a no-ficlcl exposure , (e) 1'esolvcd 
Zccman patterns, and (d) classi.fied lincs of Thn [6] . 
In this \Va:,>T 12,000 lines have b ('cn aUributeel to '1'h1. 

The vacuunl wavc nllmbcrs W('1'C calculated on an 
clcctroni c computer by usill g E CUOll 'S formula . The 
analysis has been substanti ally spc cdC'Cl up b)" t hc u se 
of t he computer. Boz.m an and Coleman [7] have 
written thc eodes with whi ch lh e lc \T('ls wcro searched 
by the computer from known inte l'\rals. 

3 . Results 

Table 1 contain s th c even cnergy lovcls s ta rLin g 
wi.th 6(ZZ 782 3F2 as t hc ground s ta te 7.e ro . rr'hc columns 
of this t.ablc read as follows: ( I) electron confi gum
lion of tile tc rm ; (2) designa tion of the term ; 
(3) t h(' inn cr q uanlum Humber or J-valu e of th e levcl ; 
(4) valuc of the a lomi e cllcrgy level in cm - I ; (5) 
fJ-valu e as observed ; (6) th eore tical L ando g-value in 
LS-co uplin g. The (,]c('[l'On config urations and k rm 
assignments of evcn levcls appcar to b e fairly 
definite , and ag r('e we ll wilh prel iminary t heoretical 
calculaLioll s of 'rrecs [8]. 

rCable 2 contains tilc kllown odd levels and h as 
the following columl ls: (1) inner quantum Humber J , 
(2) value of energy level, alld (3) observed g-valu3. 
Doubtfullevcls or those t hat do not have confirma
tion from Zeeman data a re 110 L illelu ded in t his tabl e. 

The g-values of even ]cvels a rcthc m eans from 5 
to 40 determina tions, t hose for odel levels h ave from 1 
to 6 determinat ions. Th e g-v[l,lucs given to t hree 
decimal places a re derived from 10 or more 
observations. 

By compftrison with the iOllization potOlltial s. of 
ncig hboring clem ents, on e can exp ec t t b e ionizatiOn 
potenlial of rfh I to b e b etween 4 and 5.5 ev. In oreler 
to cstablish levels of configurations 6])2 7s ns and 
6d3ns with a higher n -value, infrared lines b cyoncl 
tbe photographic r egion must be observed. 

Only a little more than half of the stronger line 
a re accountod for at present. The remaining lines, 
and abou t 100 well r esolved Zeem an pattcl'l1s 
indicate that there should exist another system of 
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t('rms which is probably connected with the known 
levels by a small number of intercombinations. This 
idea is supported by the existence of two sets of terms 
in Thn [6]. The work on the '1'hl analysis will be 
continued in this laboratory. 

test the accuracy of the values of energy levels, they 
are given in table 3 for 1'h I. 

This investigation could not have been carried on 
without the help of my associates in the Spectroscopy 
Section. C. C. Kiess initiated the program, con
tributed his wavelength measurements, and has 
supervised the work throughout. C. H . Corliss and 
W. R. Bozman furnished the electrodeless tubes. 
rrhe use of the digital computer for the analysis has 
been made possible by the help of W. R. Bozman 
and C. D . Coleman . R. E. Trees has assisted greatly 
with theoretical interpretation. It is a pleasure to 
express my appreciation of the very generous 
assistance they have all provided. 

4 . Secondary Standards 

Simultaneously with this work, interferometric 
measurements of thorium secondary standards have 
been made by Meggers and Stanley [9] . They have 
published interferometric wavelengths for 222 tho
rium lines of whi ch 46 are classified as Th II and 
107 are now classified as Th 1. Because these lines 

T AB LE 1. Even energy levels of T h J 

I 

I 

Config. D esign J Level Obs . g LS. g Con fig . D es ign 

6d' 78' a 3F 2 O. 00 0.7+1 0.667 6d3 (4 F ) 7s a 5F 
3 2869. 26 1. 074 1. 083 
4 496 1. 66 1. 212 1. 250 

6cZ3(4P) 7s aS P 
a 3P 0 2558. 06 O. 00 010 

J :38f)5. 'l7 1. 477 1. 500 
2 :3687.99 1. 256 1. 500 

6d3 (2 G) 7 s a 3G 
a 11) 2 7280. 13 1. J89 1. 000 

a 'G 'l 8111. 00 1. 08 1.000 
6d3 (2 D )7s a 31) 

6c/3 (' F ) 7 s o 5F 1 556:3. l-l O. 062 O. 000 
2 6:362. 40 1. 01-J 1. 000 6d3 (2H )7s a 3H 
3 7502. 29 1. 253 1. 250 

TABLE 2. Odd energy levels of Th I 

J LeveJ Obs. 9 J Level Obs. 9 

2 14032. 10 1. 15 2 20922. 13 1. 16 
3 15166. 90 1. 06 4 21120.45 ( 1. 03 ) 
2 16217.48 1. 10 3 21165. 10 1. 31 
3 16671. 35 0.18) 2 21252. 62 O. 67 
2 17224. 30 1. 07 4 21539. 59 1. 19 

1 17354.64 O. 51 1 21668. 96 1. 56 
3 17411. 22 1. 12 2 21738. 04 (0. 53 ) 
2 17847.10 1. 17 3 22141. 61 1. 10 
4 18053. 64 ---- - - - --- -- - 2 22248. 95 1. 13 
3 18069. 10 1. 16 3 22339. 00 1. 01 

0 18382. 82 O. 00 1 22396.82 1. 54 
1 18614. 33 1. 41 2 22508. 06 1. 38 
4 18809. 92 ------ -- --- -- 3 22669. 90 1. 22 
3 18930. 29 O. 99 3 22855. 30 1. 09 
2 J 9039. 15 1.11 1 22877. 51 O. 64 

3 19503. 15 1. 10 1 23049. 46 1. 42 
2 19516.98 1. 37 2 23093. 98 1. 32 
1 19817.17 1. 57 1 23481. 37 O. 85 
4 J9948.43 ( 1. 29 ) 3 23521. 06 1. 08 
3 20214. 93 1. 17 2 23603. 52 1. 39 

1 20423.50 1. 42 4 23655. 16 ( 1. 20 ) 
2 205 22. 72 O. 84 1 2374l. 07 (0. 71 ) 
4 20566. 69 -- - -------- -- 2 23752. 67 1.11 
0 20724. 37 O. 00 2 24182.41 ( 1. 27) 
J 20737. 28 1. 42 4 24202. 57 1. 39 
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J Level Obs. g LS. g 

4 8800. 25 1.310 1. 350 
5 9804 . 8 J 1. 366 1.400 

J ] 160 1. 03 2. 4] 2. 500 
2 11802. 94 l. 721 1. 833 
3 12847. 97 1. 39 1. 667 

3 13088.57 1. 04 O. 750 
4 13297. 42 O. 98 1. 050 
5 14204. 30 1. 13 1. 200 

1 ] 3962.50 0. 76 O. 500 

4 15493. 23 O. 02 O. 800 

J Level Obs. g 

2 24307. 75 1. 51 
2 24381. 34 1. 25 
3 2442 1. 08 --------- -- -
3 24561. 65 1. 20 
5 24701. 06 1. 15 

3 24769. 72 1. 15 
1 24838. 92 O. 76 
3 24981. 10 1. 07 
3 25321. 95 1. 35 
4 25355. 60 O. 98 

3 25442. 69 1. 10 
1 25526. 26 1. 08 
2 25703. 40 1. 03 
1 25809. 30 1. 59 
4 25877. 52 ( 1. 07 ) 

3 26036. 36 (0. 96 ) 
4 26048. 54 1. 13 
3 26096. 98 -- -- ------ --
2 26113. 27 O. 99 
1 26287. 05 O. 72 

2 26363. 11 1. 02 
4 26384. 94 ( 1. 07 ) 
3 26508. 03 1. 08 
4 26790. 43 1. 14 
3 26878. 16 O. 88 

I 
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TABLE 2. Odd energy levels of Th I- Continued 

J Le vel Obs . g J Level Obs. g J Level Obs. !] 

3 26995. 78 1. 18 3 29686. 37 1. 27 1 33161. 80 ( 1. 32) 
2 27 061. 40 ( 0. 94 ) 3 29744. 52 1. 06 4 33270. 59 ( 1. 16) 
1 27087. 99 ( 1. 14) 2 33297. 13 ( 1. 23 ) 
3 27260. 17 1. 12 2 29853. 14 O. 92 3 3359] . 20 1. 00 
4 27266. 03 1. 12 3 30017. 10 1. 15 

3 30255.45 1. 12 3 33800. 68 1. 16 
3 27317.39 ( 1. 07 ) 1 30281. 04 (1. 48) 5 33844. 96 1. 10 
3 27670. 95 1. 26 4 30517.42 1. 46 4 33956. 93 ------------
2 27674. 33 1. 09 4 3400 l. 33 1. 04 
2 27784.37 O. 85 2 30553.29 1. 05 2 34371. 82 (1. 32) 
5 27852. 75 1. 26 1 30723. 82 1. 07 

3 30761. 72 1. 21 1 34590. 97 ( 1. 48 ) 
4 27948. 61 1. 28 2 30813. 00 0.93 3 34704. 42 ( 1. 13) 
1 28024. 69 1. 03 1 30928.73 O. 99 5 35081. 03 ( 1. 08 ) 
2 28347. 55 ( 1. 55) 4 35J31. 22 1. 26 
1 28372. 69 1. 79 3 30990. 52 1. 07 5 35273. 95 1.J8 
2 28513. 32 ( 1. 10) 3 31283. 12 1. 13 

3 31523. 96 1.11 4 35351. 44 ( 1. 27 ) 2 31599. 36 1. 18 3 28589. 29 1. 17 1 31712. 73 1. 16 2 35533. 34 O. 83 
1 28649. 15 1.11 4 36062. 87 1.11 
3 28676. 29 1. 02 3 31780.87 1. ] 7 2 36189.01 ( 1. 98 ) 
3 28884. 97 1. 17 2 31870. 08 O. 93 5 36275. 19 1. 00 
2 28917. 96 O. 95 4 31953. 46 1. 06 

1 32080.39 0.80 1 3636J.49 1.11 
4 28932. 65 1. 09 3 32197. 12 1. 13 4 36382. 66 ( 1. 07) 
5 29050. 77 1. 14 5 36837. 96 1. 18 
1 29157. 10 O. 89 3 32285. 23 ( 1. 09) 3 36871. 99 -- -- ---- ----
3 29157. 88 1. 17 4 32439. 05 ( 1. 20) 5 37008. 75 1. 12 
1 29197. 33 1. 16 2 32575. 41 O. 78 

1 32665. 59 (0. 83 ) 2 37149. 18 J.05 
2 29252. 82 1. 00 4 32862.51 (1. 16) 4 37605. 80 1. 09 
2 29419. 25 1. 78 3 38216. 95 ----- ------ -
1 29640. 28 0.98 3 33043. 35 1. 15 3 39611. 56 ( 1. 25 ) 

TABLE 3. Classified standards oj Th 1 

Wave- R ela- Wave- R ela- Wave- R ela-
length tive Classification lcngth tive CIa s ifi cll,tion length tivc Classifica t ion 
in air inten- in air inten- in air inten-

s ity sity sity 

-
A A A 

6943.6112 600 a ' F,- 2420. 6049.0510 100 a 3P2- 20213 5431. 1116 300 a ' F2- 24763 
6829. 0355 150 a ' F3- 22143 6037. 6978 140 a 3P I- 20421 5417.4856 200 a 3P2- 2214j 
6756. 4528 250 a 3Po- 17351 6007. 0725 180 a 51",- 25443 5386. 6109 300 a 3F,- 23523 
6727. 4585 200 a ' F I- 20421 5975. 0656 250 a 61"2-2309:; 5343. 5813 500 a 3P,- 22391 
6678. 7076 30 a lD2- 22242 5973. 6651 250 a 3P 2- 20421 5326. 9755 400 (£ lG,- 26873 

6662. 2694 250 a ' F3- 22502 5938. 8255 140 a 51"1- 22391 5258. 3609 300 a 3P I- 22871 
6591. 4849 100 a 3F2- 15163 5885. 7017 120 a 51"5-2679. 5231. 1596 900 a 3Po- 21661 
6588. 5398 200 a 3P,- 19032 5804. 1414 300 a 31"2- 1722:; 5158. 6041 700 a 31"3- 22242 
6554. 1605 100 a 3F,- 2021. 5789. 6439 200 a 5F3- 24763 5002. 0968 400 a 3F3- 22853 
6531. 3423 400 a 'F2- 21661 5760.5510 600 a 31"2- 17351 4894. 9546 350 a 3F2- 20421 

6490. 7378 J20 a 5F,- 2420. 5725. 3887 250 a 51"5- 2726. 4878. 733 200 a 3Po- 23041 
6413. 6152 200 a 3G,- 28883 5615. 3202 350 a 3P I- 2166! 4865. 4769 350 a 3G.- 33845 
6411. 8996 250 a · F3- 2309:; 5587. 0265 500 a 31",- 22853 4840. 8426 400 a 31"3- 23523 
6342. 8600 300 a 5F,- 24563 5579. 3585 300 a 5F I- 2348! 4789. 3867 300 a 3P,- 24563 
6257. 4237 100 a · F 2- 22333 5573. 3538 350 a lG.- 2604. 4766. 6001 200 a 3P I- 2483! 

6224. 5275 100 a 3F3- 18933 5558. 3426 400 a lG,- 26093 4703. 9897 500 a 3F,- 2125!l 
6207. 2205 160 a ' F I- 21661 5548.1761 300 a 51"2- 24382 4686. 1944 1200 a 31"3- 2420, 
6191. 9054 100 a ·F ,- 2250:; 5539. 2615 400 a 51"5-27855 4668.1720 700 a 5F3- 28912 
6182. 6219 400 a 31"3- 19032 5509. 9937 300 a 5F5- 2794. 4663. 2021 200 a 3F3- 243011 
6151. 9932 120 a 5F3- 2375i 5499. 2552 250 a 3Po- 2073! 4595. 4198 600 a 3P 2- 2544° 
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TABLE 3. Classified standards of Th I- Continued 

Wave- R ela- 'Wave- R ela-
length t ive Classification length t ive 
in a ir inten- in air inten-

ity sity 

A A 

4555. 813 500 a 3P[- 25801 4043. 3945 800 
4493. 3335 1200 a 3F2- 22242 4036. 0475 1800 
4482. 1694 300 a 3F,- 27264 4012. 4950 2000 
4458. 0018 600 a 3P2- 2611 2 
4408. 8828 600 a 3P2- 26362 3923. 7993 400 

3869. 6635 600 
4378. 1768 500 a 3F3- 25702 3839. 6941 2500 
4374. 1244 600 a 3F2- 22853 3828. 3845 3200 
4315. 2544 400 a 3F3- 26033 3803.0750 4000 
4257.4959 700 a 3F2- 23481 
4235.4635 600 a 3];'2-23602 3771. 3703 1500 

3762. 9345 1200 
4208. 8907 3000 a 3F2- 23752 3727. 9022 800 
4193.0165 900 a 'G4- 3195. 3719. 4345 3000 
4158.5351 800 a 5F5-33845 3700. 9780 300 
4U5.7587 800 a 5F1- 29852 
4100. 3412 1100 a 3F2- 24382 3692. 5661 1200 

3682. 4861 1000 
4067.4507 400 a 3F3- 27442 3669. 9687 750 
4059. 2525 1000 a 51"2- 30993 3656. 6936 1000 

5 . References 
[1] C. C. Eiess, R . Zalubas, Spectroscopy Symposium at 

Argonne National Laboratory (1956); J . Opt. Soc. Am. 
49,512 (1959). 

[2) I'll . Schuul"lnans, DissertaLiol1 , Amsterdam (1946). 
[3) J . N. Lie r, Disser tation Univ ., Amsterdam (1939). 
[4) M. S. Fred , Astrophys. J. 87, :176 (1938). 
[5) See G. VV. Charles, A compilation of data on some spectra 

of t horium, ORNL- 2319 (1958). 
[6) J . R. McNally, Jr., G. R H arrison , a nd n. B . P ark, 

J . Opt. Soc. Am. 32, 334 (1942) ; J . R . ~fcNall .v, Jr. , 
J. Opt. Soc. Am. 35, 390 (1945) . 

'Wave- Rela-
Classification Jength t ive Classification 

in a ir inten-
s ity 

A 

a 3F,-2968~ 3642. 2487 2200 a 3F ,- 27442 
a 3F,-2476:; 
a 3F3-27782 3622. 7951 800 a 31',- 31283 

3612. 427 ] 1400 a 3F,- 27672 
a 3F3- 28342 3598. 1196 2000 a 3F,-27782 
a 5F 2- 32193 3584. 1753 800 a 3F3- 3076:; 
a 3F ,- 2603:; 3576. 5573 1000 a [G,- 3606. 
a 3F ,- 2611 2 3567. 2635 ]200 a 3F,- 28021 a 3F ,- 26281 354.4.0176 1500 a 5F,- 3700s 
a 3F ,- 2650§ 35 ]8. 4033 1000 a 3F 3- 31283 
a 3P 2- 3025§ 3451. 7019 900 a 31',- 32651 
a 3F3- 29683 3442. 5785 800 a 3F ,- 3400. 

a 3F,-2687§ 3405. 5575 1400 a 3P 2- 33043 
a 5F1- 32572 3396. 7273 1400 a 31'[- 33292 

3380.8595 900 a 3F 3- 3243' 
a 31'2-30763 3330. 4765 1800 a 3F,- 300l § 
a 3F 3- 300]§ 3309. 3650 800 a 3F,- 30202 
a [G,- 3535. 
a 3F3- 30202 3304.2381 3000 a 3:F,-::S025§ 

.. 

[7] vV. R. Bozman a nd C. D. Coleman, J . Opt. Soc. Am. 
49, 511 (1959). 

[8] R . E. Trees, Private communication, unpublished ma
teria l (1959). 

[9] vV. F. Meggers and R . W. Stan le.v, J . R esearch ~BS 6l , 
95 (1958) RP2891. 

WASHI~G'l'O~, D. C. (Paper 63A3- 22) 

278 


	jresv63An3p_275
	jresv63An3p_276
	jresv63An3p_277
	jresv63An3p_278

