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T h e  I n f r a r e d  E m i s s i o n  S p e c t r a  o f  U r a n i u m  a n d  T h o r i u m  

B. A .  P a l m e r ,  M .  V .  P h i l l i p s ,  a n d  R .  E n g l e m a n ,  J r .  

Los Alamos  N a t i o n a l  L a b o r a t o r y , C h e m i s t r y  D i v i s i o n  
Los Alamos, N e w  Mexico 87545 

A b s t r a c t  

T h e  r e g i o n  b e t w e e n  1 a n d  5.5 pm h a s  b e e n  o b s e r v e d  w i t h  a 
h i g h - r e s o l u t i o n  F o u r i e r  t r a n s f o r m  s p e c t r o m e t e r .  S e e - t h r o u g h  h o l l o w  
c a t h o d e  l a m p s  w i t h  c a l c i u m  F l u o r i d e  w i n d o w s  were o p e r a t e d  a t  h i g h  
c u r r e n t ,  S p e c i a l  p r e c a u t i o n s  were r e q u i r e d  t o  m i n i m i z e  i n t e r f e r e n c e  
b y  b l a c k b o d y  r a d i a t i o n  from t h e  h o t  c a t h o d e .  O b s e r v e  l i n e s  were 
m e a s u r e d  t o  a n  a b s o l u t e  a c c u r a c y  o f  a b o u t  0.001 em-' a n d  a b o u t  5 %  
r e l a t i v e  i n t e n s i t y  a c c u r a c y .  T h e  a r g o n  c a r r i e r  g a s  l i n e s  were r e a d i l y  
d i s t i n g u i s h e d  b y  t h e i r  much w i d e r  D o p p l e r - b r o a d e n e d  l i n e w i d t h s .  Many 
l i n e s  were a s s i g n e d  t o  n e u t r a l  o r  s i n g l y - i o n i z e d  t h o r i u m  o n  t h e  b a s i s  
o f  p r e d i c t e d  t r a n s i t i o n  r a v e n u m b e r s  c a l c u l a t e d  from a c c u r a t e  l e v e l  
l i s t s .  Mowever ,  many l i n e s  r e m a i n  t o  b e  a s s i g n e d .  T h i s  new s p e c t r a l  
d a t a  c o n n e c t s  t o ,  a n d  e x t e n d s  s i m i l a r ,  s p e c t r a l  i n f o r m a t i o n  g i v e n  i n  
o u r  u r a n i u m  a n d  t h o r i u m  a t l a s e s  w h i c h  c o v e r  t h e  u l t r a v i o l e t  a n d  
v i s i b l e  r e g i o n s .  

4 1 1  s p e c t r a  were t a k e n  w i t h  t h e  K i t t  
P e a k  N a t i o n a l  O b s e r v a t o r y  F o u r i e r  t r a n s f o r m  
s p e c t r o m e t e r  ( F T S )  w h i c h  h a s  b e e n  b r i e f l y  
d e s c r i b e d  e a r l i e r . '  S e v e r a l  p r e c a u t i o n s  
were t a k e n  t o  d e c r e a s e  t h e  e f f e c t s  o f  
c o n t i n u o u s  b a c k b o d y  r a d i a t i o n  a n d  
a t m o s p h e r i c  a b s o r p t i o n  i n  t h e  i n f r a r e d .  A 
" s e e - t h r o u g h "  h o l l o w  c a t h o d e  ( F i g u r e  1 )  was 
u s e d  s o  t h a t  t h e  r e l a t i v e l y  h o t  c a t h o d e  
w a l l s  w o u l d  n o t  b e  s e e n  b y  t h e  FTS. T h i s  
r e q u i r e d  c a r e f u l  a l i g n m e n t  o f  t h e  c a t h o d e  
h o l e  w i t h  t h e  FTS a p e r t u r e .  One  c a l c i u m  
f l u o r i d e  window was p u r p o s e l y  t i p p e d  w i t h  
r e s p e c t  t o  t h e  o p t i c  a x i s  s o  t h a t  no 
p o s s i b l e  r e f l e c t i o n  o f  t h e  c a t h o d e  w a l l  
c o u l d  e n t e r  t h e  FTS. T h e  e x i t  window was 
a l s o  s l i g h t l y  wedged  ( 0 . 5 O )  t o  p r e v e n t  
i n t e r f e r e n c e  e f f e c t s  b e t w e e n  f r o n t  a n d  b a c k  
s u r f a c e s .  A d ry -N2  p u r g e d  t u b e  was p l a c e d  
b e t w e e n  t h e  e x i t  window a n d  t h e  FTS 
e n t r a n c e  a p e r t u r e  t o  d e c r e a s e  a b s o r p t i o n  b y  
a t m o s p h e r i c  water b a n d s .  T h e  s p e c t r o m e t e r  
was  e v a c u a t e d  t o  e l i m i n a t e  a b s o r p t i o n  i n  
t h e  FTS t a n k .  

T h e  h o l l o w  c a t h o d e  ( F i g u r e  1 )  was 
c o n s t r u c t e d ,  w h e r e  p o s s i b l e ,  o f  s t a n d a r d  
V a r i a n  h i g h - v a c u u m  p a r t s  a n d  was b a s e d  on 
a n  u n p u b l i s h e d  d e s i g n . 2  T h e  u r a n i u m  o r  
t h o r i u m  c a t h o d e  i n s e r t  ( 5 / 8 "  l o n g ,  0.25" 
0 . d .  w i t h  0.035" w a l l )  w a s  p r e s s e d  i n t o  
t h e  d e m o u n t a b l e  c o p p e r  b l o c k .  T h e  q u a r t z  
t u b e  e n c l o s i n g  t h e  c o p p e r  c a t h o d e  r e d u c e d  
t h e  a m o u n t  o f  u n w a n t e d  g l o w  d i s c h a r g e  t h a t  
was  n o t  i n s i d e  t h e  c a t h o d e  h o l e .  O p e r a t i n g  
c o n d i t i o n s  w i t h  s l o w l y  f l o w i n g  a r g o n  g a s  

F i g u r e  1 .  Hollow c a t h o d e  l a m p .  1 )  
S t a n d a r d  2.75" D i a m e t e r  V a r i a n  Cross .  2 )  
D e m o u n t a b l e  c o p p e r  c a t h o d e  b l o c k .  3 )  
U r a n i u m  o r  t h o r i u m  i n s e r t .  4) Q u a r t z  
s h i e l d .  5 )  Anode  r o d .  6 )  Ceramic s e a l  a n d  
i n s u l a t o r .  7 )  C a l c i u m  f l u o r i d e  w i n d o w s .  
8 )  A r g o n  i n l e t  a n d  o u t l e t .  9 )  C o o l i n g  
w a t e r  i n l e t  a n d  o u t l e t .  



' were 3 1 7  ma a t  2.2 t o r r  f o r  t h o r i u m  a n d  1 6 9  ma a t  4.2 t o r r  f o r  u r a n i u m .  After a i n i t i a l  
warmup p e r i o d  o f  a b o u t  o n e  h o u r ,  t h e s e  l a m p s  a r e  s t a b l e  f o r  many h o u r s  o f  o p e r a t i o n .  4 
h i g h  r e s o l u t i o n  s p e c t r u m  o f  e a c h  l a m p  t o o k  a b o u t  o n e  h o u r  a n d  was  t h e  s u m m a t i o n  o f  e i a n t  
s c a n s  o f  t h e  i n t e r f e r o m e t e r .  

R e s u l t s  and D i s c u s s i o n  

L i n e  l i s t s  from t h e  F T j  d a t a  f o r  U a n d  Th were g e n e r a t e d  b y  c o n v e n t i o n a l  m e t h o d s .  
A b s o l u t e  wavenumber  a c c u r a c y  was  a b o u t  0 . 0 0 1  cm-' a n d  r e l a t i v e  i n t e n s i t y  a c c u r a c y  w a s  
a b o u t  5%. A p p r o x i m a t e l y  46010 a n d  1 1 5 0 0  l i n e s  were f o u n d  i n  t h e  i n f r a r e d  r e g i o n  f o r  
t h o r i u m  a n d  u r a n i u m ,  r e s p e c t i v d l y .  L i n e s  were c l a s s i f i e d  b y  u s i n g  t h e  known l e v e l s  f o r  
u r a n i u m 3  a n d  t h o r i u m . 4  A b o u t  2 : O O  were c l a s s i f i e d  t o  Th I ,  a b o u t  500 t o  Th I1 a n d  a b o u t  50 
t o  Th 111. A s s i g n m e n t s  f o r  u7"enium a r e  n o t  y e t  c o m p l e t e .  A s a m p l e  l o g a r i t h m i c  i n t e n s i t y  
p l o t  f o r  t h o r i u m  is  s h o w n  i ; i  F i g u r e  2. T h e  a r g o n  e m i s s i o n  l i n e s  a r e  r e a d i l y  d i s t i n g u s h e d  - 
b y  t h e i r  b r o a d e r  l i n e w i d t h .  ' T h e  r i n g i n g  on t h e  e d g e s  o f  t h e  o t h e r  s t r o n g  l i n e s  i s  d u e  t o  
i n s u f f i c i e n t  s p e c t r o m e t e r  r e s o l u t i o n  t o  c o m p l e t e l y  r e s o l v e  t h e  much s h a r p e r  t h o r i u m  l i n e s .  
T h i s  r i n g i n g  c a n  b e  p a r t i a l l y  r e m o v e d  b y  s m o o t h i n g ,  b u t  w i t h  some l o s s  o f  r e s o l u t i o n .  
T a b l e  1 is t h e  l i n e  l i s t i n g  c o r r e s p o n d i n g  t o  F i g u r e  2. 

T h e r e  h a s  b e e n  l i t t l e  p r i o r  w o r k  in t h i s  a r e a .  P u b l i s h e d  w o r k  on t h o r i u m  h a s  l i s t e d  
some l i n e s  t o  a b o u t  3 M o r i l l o n '  l i s t e d  a t  r e d u c e d  r e s o l u t i o n  300 u r a n i u m  l i n e s  i n  
t h e  2 .3  t o  3 . 4  pm r e g i o n ,  b u t  w i t h o u t  many a s s i g n m e n t s .  A r e c e n t  l i n e  l i s t 8  d o e s  c o v e r  
many o f  t h e  i n f r a r e d  u r a n i u m  l i n e s  i n  t h e  p r e s e n t  s t u d y .  U n p u b l i s h e d  w o r k  on t h e  u r a n i u m  
i n f r a r e d  t r a n s i t i o n s  a r e  a l s o  c o n t a i n e d  i n  two t h e s e s , g , 1 0  w h i c h  were a n a l y s e d  i n  a l a t e r  
p u b l i c a t i o n . l l  

C o m p l e t e  t h o r i u m  a n d  u r a n i u m  i n f r a r e d  a t l a s e s  s i m i l a r  t o  o u r  e a r l i e r  w o r k s 3 " +  w i l l  b e  
i s s u e d  when t h i s  w o r k  i s  c o m p l e t e .  E x t e n s i o n s  i n t o  t h e  f a r  i n f r a r e d  r e g i o n  ( t o  2 0  p m ) ,  a 
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F i g u r e  2.  S a m p l e  h i g h  r e s o l u t i o n  s p e c t r u m  o f  t h o r i u m .  A l l  l i n e s  a r e  d u e  t o  Th I o r  
I1 e x c e p t  f o r  t h e  m a r k e d  a r g o n  c a r r i e r  g a s  l i n e s .  



T a b l e  1 .  S a m p l e  l i n e  l i s t  f o r  s p e c t r u m  o f  t h o r i u m  shown  i n  F i g u r  2. For  e a c h  l i n e  i s  
l i s t e d  t h e  vacuum w a v e n u m b e r ,  t h e  a i r  w a v e l e n g t h ,  a n d  t h e  r e l a t i v e  i n t e n s i t y .  F o l l o w i n g  
t h e  wavenumber  a r e  c o m m e n t s  o f  w i d e  (W), b l e n d  ( B L ) ,  o r  q u e s t i o n a b l e  m e a s u r e m e n t  (D o r  ? ) .  
For  a s s i g n e d  t h o r i u m  l i n e s ,  t h e  i o n  s t a g e  ( n e u t r a l  = I a n d  s i n g l y  i o n i z e d  = 11) a n d  t h e  
e v e n  a n d  o d d  l e v e l s  a n d  c o r r e s p o n d i n g  J a r e  g i v e n .  

Wavelength 

15373.1671 
15372.2803 
15366.8828 
15357.0960 
15355.6872 
15353.1288 
15369.2464 
15348 3159 
15365.8265 
15362 .E656 
15342.3516 
15336.7582 
15334.0882 
15329.3462 
15320 .I259 
15319.8691 
15318.9623 
15317.8189 
15315.9365 
15315.6717 
15309.81 70 
15307.2896 
15301 .a793 
15301.2310 
15299.9596 
15297.6652 
15296.2975 
15295.6518 
15295 .I084 
15293.0232 
15292.6976 
15291 .8281 
15291 A469 
15291.2116 
15288.9268 
15285.3260 
15284.3015 
15282.0366 
15280.9684 
15278.2563 
15277.9436 
15276.7807 
15276.7268 
15274.1652 
15273.3261 
15266.4473 
15265.2596 

Wavenumber 

6503.0720 
6503 A387 
6506 3698 
6509.8698 
6510.6662 
6511.5511 
6513.1981 
65 13.508 1 
6516.6696 
6515.9069 
6516 .I252 
6518.5016 
6519.6366 
6521.6534 
6525.5783 
6525.6877 
6526.0825 
6526 3 6 1  1 
6527.3661 
6527.4761 
6529.9723 
6531.0505 
6533.3597 
6533.63651) 
6536.1795 
6535.1680 
6535.7438 
6536.0197 
6536.2519 
6537.1631 
6537 3 7 8  
6537.6560 
6537.8170 
6537.9176 
6538.8955 
6560.6350 
6560.8734 
6561.8429 
6562.3001 
6543.4623 
6543.5956 
6566.0935 
6566.9763 
6545.2161 
6545.5737 
6568.5230 
6569.0325 

Int. Ion Even J 

0.16 I 32551 3 
0.19 I 33564 3 
0.65 I 28845 6 
0.09 
5.36 I 16226 0 
9.17 
13.2 
0.33 
0.09 I 27591 5 
n.in 
0.37 I 19532 6 
0.10 I 17398 3 
0.13 

0.10 I 16351 0 
0.12 
0.07 
0.98 11 4146 7/2 
6.00 I1 8018 312 
0.60 I1 10379 9/2 
0.21 I 26664 3 
12.5 I 26032 6 
59.9 
0.13 I 33721 2 
0.37 I 31095 2 
0.10 I 28273 2 
0.17 I 31715 6 
0.09 I 19273 2 
0.09 I 35216 5 
0 .25  I1 27526 912 
0.74 I 29552 6 
0.09 I 28679 2 
1.76 13 0 4  

1.52 I1 8605 5 / 2  
0.25 
0.11 I 29618 2 
0.36 I 9804 5 
0.66 11 l8 l lR 3 /2  
0.26 I 28882 2 

0.08 
0.26 
0.08 I 38261 5 
0.82 I 23769 I 
1.66 I1 13268 9/2 
0.08 I 31429 1 

17.3 

n.59 I 19713 3 

0.09 I 30966 3 

Odd 

26068 
27061 
22338 

20737 

21077 

26068 
23916 

22877 

10673 
16545 
16906 
31 194 
17501 

40254 
26561 
21738 
25180 
25809 
28680 
20989 
23015 
22141 
6537 
13175 
15166 

22877 
16346 
11576 
22338 
26421 

31716 
17226 
6700 
26880 

J 

6 
2 
3 

1 

5 

4 
6 

1 

5 /2 
5 I2 
7 /2 
4 
5 

3 
3 
2 
7 
1 
6 
9 I2 

5 
3 
6 
4 
3 12 

I 
6 

312 
3 
3 

5 
2 
9/2 
I 

I Wavelength 
I 
I 15266.3687 
I 15260.1517 
I 15257.5658 
I 15254.3280 
I 15252.8222 
I 15246.1076 
I 15264.1911 
I 15262.2316 
I 15261.7789 

I 15239.2866 
I 15230.5477 
I 15230.0326 
I 15226.6828 
1 15226.1601 

I 15218.6757 
I 15218.5580 
I 15215.5272 
I 15215.2237 
I 15215.0303 
I 15214.2238 
I 15212.5667 
I 15203.6232 
I 15203.3615 
I 15199.5008 
I 15196.9670 
I 15195.2943 
I 15190.7735 
I 15190.3548 
I 15188.8556 
1 15186.2161 
I 15180.3233 
I 15177.7268 
I 15177.0121 
I 15173.1510 
I 15172.6914 

I 15240.2517 

I 15zz0.094~ 

I 15172.n508 
I 15171.4063 
I 15169.5046 
I 15168.8532 
I 15167.1724 
I 15163.9872 
I 15163.5861 
I 15158.2261 
1 15157.3337 
I 15156.7610 

Wavenumber 

6569 A233 
6551.2246 
6552.3635 
6553.7257 
6554.3727 
6557.2594 
6558.0837? 
6558.9268 
6559.1216 

6560.1943 
6563.9584 
6566.1804 
6565 A265 

656R.6664 

6559.7789 

6565.~5~5 

6569.0789 
6569.12971) 
6570.63R2WD 
6570.5693 
6570.6528 

6571.7169 
6575.5827 
6575.7045 
6577.3661 
6578.4716 
6579.1869 
6581.1449 
6581.3263 
6581.9759 
6583.1 199 
6585.6753 
6586 A019 
6587.1121 
6588.7883D 
6588 .9879 
6589.266 1 Wl 

6590.37228L 
6590.6551 
6591.3855 

6592 .%64 
6595.2757 . 
6595.6640 
6595.9132 

6571 .no11 

6589.546n 

6592.7700 

Int . 
0.69 
0.26 
0.07 
0.08 
0.20 
0.23 
0.06 
0.13 
0.31 
13.0 
1.73 
0.16 
0.98 

0.16 

0.32 

0.13 
0.12 
0.15 
0.25 
0.16 
0.10 
0.11 
0 .Ob 
0.07 
0.12 
I .43 
0.39 

0.07 
0.07 
0.51 
0.07 

0.m 

o .an 
0.20 

10.1 

n .06 

n .n7 
o.2n 
n .n6 

0.17 

56.1 

0.13 

0.07 
0.09 
0.21 
0.12 
0.61 

I on 

1 
I 

I 

I1 
I1 
I 
I 

I 
I 
I 
I 

I 
I1 
I 
I 
I 

I 
I 
I 
I 
I1 
I 
I 

I 

I 
I1 
I 
I 

I 
I 
I 

Even 

18431 
5563 

31326 

13250 
6113 
13962 
36297 

33831 
37085 
33564 
33214 

29684 
27257 
33831 
30758 
36628 

32963 
23990 
26796 
13962 
17727 
35633 
36297 

32396 

29n97 
263R1 
38261 
33099 

25405 
24664 
28936 

J 

3 
1 

6 

512 
5 12 

1 
6 

6 
6 
3 
5 

5 
7 I2 

4 
2 
2 

5 
2 
3 
1 

1112 
4 
6 

2 

1 
7 I 2  
5 
3 

4 
3 
3 

Odd J 

24981 3 
12114 2 

26769 3 

6691 312 
10673 5 1 2  
20522 2 
29733 5 

27266 4 

26995 3 
26665 5 

30517 4 

23113 4 
20686 5 / 2  
27260 3 
24182 2 
29853 2 

26384 6 
17611 3 
20216 3 
20563 0 
24309 11/2 

29711 5 

25809 1 

29050 5 

zz5nu 2 

2650~ 3 

30972 512 
31671 6 

18809 4 
18069 3 
22338 3 
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