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In the rare t4ct60 isotopic molecule the so far unobserved 1-2 band belonging 
to the .~ngstrSm (B t ~+ - AtII) system has been photographed under high resolution 
by conventional spectroscopy. After the rotational analysis of the band the rotational 
constants B~ and D~ of both combined levels and the ~o band origin have been calculated. 
A combined analysis of the bands belonging to the AngstrSm, Herzberg and EtII - Atl-I 
systems made it possible to perform a precise relative spectroscopic characterization of the 
v = 1 ]evel of the Bt~ + state and the v = 0 levels in the Bt~ + , Ct~ + and EII] Rydberg 
states in the t4Ct60 molecule. Numerous rotational perturbations observed in AtII state 
in this molecule have been identi¡ 

I n t r o d u c t i o n  

The investigations of isotopic molecules make it possible to obtain additional 
information about  the most abundant natural molecule and to verify the data  con- 
cerning this molecule and at the same time they enlarge the spectroscopic infor- 
mation about the spectrum and energetic structure of the isotopic molecule being 
investigated. In the case of the currently investigated carbon monoxide molecule, in 
addition to the 12C160 ordinary molecule the analyses have included the molecules 
created a s a  result of the combination of the 12C, 13C and 14C with the tSO, 170 
and 180 isotopes. A number of carbon monoxide isotopic molecules have been iden- 
tified in the solar spectrum [1,2] and in the spectra of different cosmic objects [3,4]. 
However, the basic information about the spectra and the energetic structure of CO 
isotopic molecules has been derived from the laboratory investigations. The spec- 
troscopic studies of the 14C160 rare isotopic molecule originated in the microwave 
region of the spectrum and concerned exclusively the lowest molecular levels [5]. 
Subsequently, these studies have been extended to include the vibrational-rotational 
structure in the ground electronic state [6-8]. The initial investigations including 
the excited electronic states were preliminary and fragmentary [9,10]. Further and 
more complete studies of the spectra and energetic structure included the following 
E I I I  - AII I  [11], Herzberg ( e l e  + - AIII )  [12], c3II - a3II [13], E I I I  - B1E + �91 
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C1~ + - BIE + [14] as well as the/~ngstrSm (BI~ + - A~II) [15] band systems. The 
fundamental investigations of the/~ngstrSm system in 14C160 performed by Domin 
et al [15], have included the most intense bands belonging to the 0 - v" (where 
v" = 0 - 5) and 1 - v" (v" = 0, 1, 5 and 6) progressions. The objective of the 
present work, which extends the previous observations of the/~ngstrSm system, is 
the so far unobserved 1-2 band, belonging to the weaker bands of this system. On 
the basis of the results derived from the analysis of this band and on the basis of the 
complex analysis of the bands of the ]kngstrSm, Herzberg and E - A systems, new 
and more precise information has been obtained about the structure of the excited 
rovibronic levels of the 14C160 molecule. 

Expe r imen ta l  detai ls  

The source of the 1-2 band lines of the/~ngstrSm system was a water-cooled 
Geissler-type tube, the same as in the earlier investigations of this system [15]. The 
tube was filled with gaseous carbon monoxide enriched with radiocarbon 14C of 
59.3 mCi/mmol activity. The pressure in the lamp was about 0.3 kPa. The lamp 
was supplied by a 5 kV A.C. generator, the mean current was about 25 mA. The 
spectrum was photographed in the 5-th order of the 2-meter plane-grating Ebert 
spectrograph PGS-2, equipped with a 651 grooves/mm grating (total number of 
grooves was 45600) blazed at 1.0 pm. The theoretical resolving power was about 
225 000 and reciprocal linear dispersion was about 0.085 nm/mm. The exposure 
time on ORWO WO1 plate was 2 h. As a calibration spectrum the Th standard 
lines [16] obtained from several overlapped orders of spectrum and emitted from a 
hollow-cathode type tube were employed. The relative positions of the lines were 
measured repeatedly with an accuracy of about 0.5-1.0 pm by using an Abb› 
type comparator. The standard deviation of the least-squares fit, by fourth order 
polynomials, for about 20 c�91 lines was 3.5.10 -3 cm -1. The precision of the 
wavenumbers of molecular lines is, however, considerably smaller and is estimated 
to be 0.010- 0.020 cm -1, excluding lines marked by ah asterisk. Table I presents 
the observed wavenumbers of lines of the 1-2 band and their rotational assignments. 

Calculat ion  and  results  

A. Rotationai analysis and constants 

The rotational analysis of the band and the identification of lines were per- 
formed by using the eaxlier information about the upper Bl~+(v - 1) level [15] 
and the lower AlII(v = 2) level [11,12,15] of this transition and by using traditional 
spectroscopic methods. 

The Bo and D~ constants for both levels have been determined by means 
of the combinational method -A2F(J) rotational term differences. By making 
use of the procedure discussed previously in detail [17], the constants listed in 
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T a b l e  I 
Observed wavenumbers (in cm - l )  and 

rotational assignments of the 1-2 band lines 
of the Angstr6m system of 14C1eO 

J a(J) Q(J) P(J) 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1 21345.103" 
2 21357.083* 346.550 
3 362.522 348.522 21338.053* 
4 368.860 351.183 337.141 
5 375.539 354.561 336.904* 
6 383.306 358.552 337.358 
7 391.548" 363.294 338.470 
8 21400.350 368.392 340.304 

409.862 374.529 342.767 
420.070 381.229 345.937 
430.995 388.564 349.777 
442.524 396.599* 354.247 
454.724 21405.261 359.446 
467.556 414.617 365.266 
481.132" 424.669 371.786 
495.361 435.353 378.966* 

21510.243* 446.734 386.837 
458.758 395.363 
471.545 
484.975* 

* Denotes blended line not used in the evaluation 
of molecular constants 

Tab le  I I  
Rotational constants (in cm - I  ) of the B 1 E q" (v -- I) 

and AIII(v = 2) levels in 14CleO molecule a 

This work Earlier resuIts 

a I 1.76708(30) 1.76698(39) b 
a t E +  

D I �9 106 6.81(67) 7.337(67) b 

AtII  

B2 1.43328(26) 

D2.106 7.43(46) 

1.43102(62) b 
1.43336(30) c 
1.43313(25) d 

3.59(80) b 
8.64(61) c 
8.15(42) d 

a Values in parentheses denote one standard deviation 
in units of the last quoted digit 

b After Domin et al [15] 
c After Kr and Rzeszut [11] 
d After K~pa [12] 

T a b l e  II  h a v e  b e e n  d e t e r m i n e d .  By c o m b i n i n g  t h e  l ines  o f  t h e  c u r r e n t l y  f o u n d  1-2  
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Tab le  I I I  
Molecular constants (in cm - 1 )  of the B~V, + (v = 1) level 

relative to the B1E+(v = 0), C t E + ( v  = 0) and EtH(v  = 0) levels 
in the 14 CleO molecule a 

x = B I : C + ( , ,  = o)  z = C l E + ( , ~  = o)  x = E l r I ( , ,  = o)  
[15] [12] [11] 

-1998.037(12) 
GZ(0 ) -  GB(1) 3003.632(10) 4016.152(13) 

--1998.038(12) b 
23.28(15) 36.794(95) c 

(B£ - B Ÿ  10 la 19.46(13) 
22.92(75) b 26.43(19) d 

-I .13(28) c 
(D£ - D1B) - 106 -0.933(35) -0.211(32) 

--2.30(60) d 

Values in parentheses denote one standard devintion in units of the 
last quoted digit 

b After Domin et al [15] 
c For  t h e  e ,  A-component 
d For the ] ,  A-component 

band with corresponding lines of the 0-2 bands belonging to the /~ngstrSm [15], 
Herzberg [12] and E~II - AIII [11] systems, according to the formulas introduced 
by Jenkins and McKellar [18] the precise values of differences of parameters of the 
rovibronic structure of the BlE+(v = 1) and BIE+(v = 0), CIE+(v -- 0) as well as 
ElII(v  = 0) levels in the 14C160 molecule have been derived and listed in Table III. 

B. Band origin and isolope shifls 

The band origin of the 1-2 band has been calculated by means of gQ(J), 
gPR(J) and g-f-ti(J) Kov• functions [19]. By using this method already described 
in detail in our earlier work [12], the following value has been calculated: 

vo(l - 2) = 21343.0784- 0.025 cm - I .  

By making use of the above constant and of the analogous value of the 1-2 band 
origin for the 12C160 molecule [20], we have calculated the isotope shift of the 1-2 
b a n d  or igin:  

~x~0(1  - 2)  = ~ 0 ( 1 4 c x 6 o )  - ~ 0 ( x 2 c 1 6 o ) ,  

Av0(1 - 2) = 22.118 4- 0.033 cm -1. 

By means of a similar procedure, and on the basis of the currently determined value 
of the AG1/2 vibrational quantum in the B1E + state and by using analogous value 
for the ~2C160 molecule [20], ah isotope shift of the A(AG1/2) vibrational quantum 
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listed in Table IV has been calculated. The predicted isotope shifts of the band ori- 
gin and the vibrational quantum can be calculated by means of the Dunham isotope 
relations [18] and vibrational constants for both combined states. The confronta- 
tion of the observed and calculated isotope shifts derived from different vibrational 
constants is presented also in Table IV. The comparison of the determined values 
also allows to appreciate the quality of the already known vibrational constants of 
the B l E  + [20-22] and Ai I I  [23-25] states and to est imate their electronic isotope 
effect [26]. 

Table IV 
Observed and calculated isotope slª (in cm -i ) for the 
vibrational quantum AGI. in the BI~ % state and 1-2 

2 

band origin of the .~ngstr~Jm system in C140 lea 

Observed Calculated 

84.182(55) After [20] 
A(AG B) 84.135(26) b 83.716 After [22] 

85.693 After [21] 

21.058 B s ta te  aster [20] and A aSter [25] 
Ate0(1 -- 2) 22.118(33) c 20.990 B state aster [20] and A aster [24] 

21.337 B state aster [22] a n d a  aster [24] 

a Values in parentheses denote one standard deviation in units of the la.st quoted digit 
b From this work, Domin et al [15] and Kqpa and Rytel [20] results 
c From this work and K~pa and Rytel [20] resuIts 

C. Perturbations of the A iii state 

The numerous and extensive per turbat ions of the AsII s tate  in the 12Ci60 
molecule have already been repeatedly described and analysed [24-29]. The most 
comprehensive and the most exhaustive analysis of the A state perturbations has 
been performed for the v = 0 level [30]. 

Much less information is available for the isotope CO molecules. However, 
there haz been no information so lar concerning the per turbat ions for the A state 
in the 14C160 molecule. 

The analyses of perturbations in the isotope molecules can be a source of 
additional information about  the nearby electronic states interacting with the A 
state and at the same t ime they allow to verify the already known perturbat ions and 
quality of the molecular constants of all interacting states in the 12CID0 molecule. 
The present analysis of perturbat ions of the Ai I I  state in the i 4 c l e o  molecule has 
been performed in the aspect of the confrontation of the perturbations observed 
and predicted on the basis of the previous analyses of the A state  in the 12C160 
molecule. The analysis of perturbat ions observed in i4CXeO has been performed by 
using our current results and all the observations macle so far, including the bands 
of the ~ngs t r6m [15], Herzberg [12] and E i I I  - A i I I  [11] systems performed in our 
laboratory. 
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T a b l e  V 
Observed and calculated pe r tu rba t ions  of the AtI'I s ta te  

of the 14C160 molecule 

A l n ( v )  

M a x i m u m  per tu rba t ion  ( J )  
of the  A-doub]Jng component :  Per turb ing  s ta te  

I e 
obs. cal. obs. cal. triplet vibrational 

component level 

5-6 5 F(1) 
8-9  8 F(2) e 3 r . - ( v  = 1) 

10-11 11 F(3) 

14 14 F(1) 
18 18 F(2) d3A(v = 4) 

22 22 F(3) 

25 F(1) 
28 F(2) 

31 F(3) 

Remarks:  The  e-pari ty sublevels resul t ing f rom P a n d / t  lines were 
observed f rom the B - A sys tem bands  up  to J --- 19 and  f rom the 
C - A sy s t em  up  to J = 20; whereas ] -pa r i t y  (from Q lines) were 
observed f rom the B - A bands  up  to J = 18 and from the C - A 
bands  up  to J = 20. 

al3E+ (v = 9) 

31 31 DIA(v = 1) 
35-36 IlE-(v = 2) 

41 F(1) 
44 F(2) e 3 E - ( v  = 3) 

47 F(3) 
Remarks:  The  e-levels were observed f rom the B - A bands  up  to 
J = 18, f rom the C - A bands  up  to J = 29 and f rom the E - A bands  
up  to J = 18; whereas ]-levels, f rom the B -  A bands  up  to J = 19, 
f rom the C - A bands  up  to J = 27 and  f rom the E - A bands  up  to 
J = 18 were observed. 

8-9  9 ir  E -  (t~ = 3) 

24-25 25 F0) 
29-30 28 F(2) eaS?- (v = 4) 

31 F(3) 

30-31 30-31 F(1) 
34-35 34-35 F(2) dSA(v = 7) 
38-39 38-39 F(3) 

32 F(1) 
35 F(2) a'SE+(v = 12) 

38 F(3) 

Remarks:  The  e-levels were observed f rom the B - A bands  up  to 
J -- 29, f rom the C - A bands  up  to J -- 31 and f rom the E - A bands  
up  to J -- 20; whereas the Ÿ f rom the B - A bands  u p  to J = 23, 
f rom the  C - A bands  up  to J -- 27 and  f rom the E - A bands  up  to 
J -- 18 were observed. 
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"13able V(cont inued)  

325 

Atn(v) 

Maxi m um  pe r tu rba t ion  ( J )  
of  the A-doubling component :  Per tu rb ing  s ta te  

] e 
obs. cal. obs. cal. tr iplet  vibrat ional  

component  level 

6 6 F(1) 
lo 10 F(2) d3a(v = S) 
14 14 F(3)  

10-11 10 F(1) 
13-14 13 F(2)  a ' a E + ( v  = 13) 

16-17 16 F(3)  

37 37 D*A(v = 4) 

42 Ii~-(v = 5) 
Remarks :  The e-levels were observed f rom the  B - A bands  u p  to 
3 = 23, f rom the C -  A bands  up  to J = 33, whereas  the / - levels  
f rom the B - A bands  up  to J = 22 and  f rom the C - A bands  up  to 
J = 31 were observed. 

4 -5  12 4-5 12 

24 24 

31-32 
35-36 
39-40 

31-32 F(1) 
35-36 F(2) 
39-40 F(3) 

34 F(1) 
F(2) 

40 F(3) 

F(1) 

37 

35 

D* a ( u  = 5) 

I* E-  (v = 6) 

d3~(,~ = lO) 

es~.-(u = 7) 

38 F(2) al3E + (v = 15) 
41 F(3)  

Remarks :  The e-levels were observed from the B - A bands  up  to 
J = 23, and  from the C - A bands  up  to J = 31, whereas  the /- leve]s 
f rom the B - A bands  up  to J = 23 and f rom the C - A bands  u p  to 
J = 31 were observed. 

13 F(1) 
16 F(2) ~3~-(~ = 6) 

19 F(3) 

18-19 17-18 F(1)  
21-22 20-21 F(2) a ' aE  + (v = 16) 

23-24 F(3)  

22-23 22-23 F ( I )  
26-27 26-27 F(2) daA(v = 11) 
30-31 30-31 F(3) 

40-41 40-41 DIA(v = 7) 
Remaxks:  The e-levels were observed f rom the  B - A bands  u p  to 
J = 24, and  f rom the C - A bands  up  to J = 26, whereas  the ]-levels 
f rom the  B - A bands  up  to J = 25 and  f rom the C - A bands  u p  to 
J = 26 were observed. 
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Table V(continued) 

Maximum perturbation (J) 
of the A-doubling component: Perturbing state 

AIII(v) l e 
obs. ca]. obs. ca]. triplet vibrational 

component level 

21-22 21-22 DtA(v = 8) 

31 ir E-  (v = 9) 

37 F(1) 
40 F(2) a'S~..+(v = 18) 

43 F(3) 

40 F(1) 
43 F(2) esE-(v = 10) 

46 F(3) 
Remarks: The e- and ]-levels were observed only from the B - A 
bands both up to J = 18. 

22 F(1) 
25 F(2) 

28 F(3) 

26 F(1) 
7 29 F(2) eaE-(v = 11) 

32 F(3) 

31-32 31-32 F(1) 
35-36 35-36 F(2) 
39-40 39-40 F(3) 

Remarks: No observations of the rotational structure at this 
vibrational level. 

a'3~+(v = 19) 

d3A(v = 14) 

The identification and classification of the observed perturbations have been 
performed by employing the f~(J) and g~(J), where z = Q, P R  and P R  functions 
introduced by Kov�91 [19]. The analysis of the course of these functions calculated 
by using the lines of the respective branches and bands allows to localize (J)  and 
identify the perturbing state. The predicted perturbations of the AIII  state by 
nearby [ l E - ,  DI A, e3~ - ,  d3A and a~3~ + electronic states in the 14C160 molecule 

have been calculated by means of the rovibronic term-crossing method. The re- 
spective calculations were performed for the A state in the range of v = 0 - 7 �91 
J = 1 - 45 levels by using the rovibronic structure constants for the A, I ,  e, d and 
a ~ states calculated by Field [24] and by means of the constants for the D state 
calculated by Kittrell and Garetz [31] �91 recalculated from the 12C160 molecule 
for the 14C160 molecule by means of standard isotope relations. Table V presents 
the comparison of the perturbations observed and predicted for both A-doubling 
components of the AxII state in the 14C160 molecule. 
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