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Th e emi ssion sp ectr um of the ¡A ngstr �om system ( B
1 Ï +

! A
1 Î ) of

1 3 C 1 6 O w as recor ded and ana lysed by classica l photographica l spectroscopy .
U nder high resolution and w ith a precisio n estimated to be 0.010{0. 020 cm 1

the bands 1{2 , 1{ 7, and 0{ 6 were recorded for the Ùrst time and the 0{1,
0{2, 1{1, and 1{ 5 bands w ere rephotographed and reexaminated. A fter the
rotational analysis of the bands the follow ing constants w ere calculated :

(1) the rotational constants B , D for the B
1 Ï + and A

1 Î states ; (2) the
equili bri um constants B ; ˜ , D , and Ù for the B

1 Ï + state; ( 3) the ¡ 0 band
origins. A combined analysis of the currently observed ¡A ngstr�om bands and
the previousl y observed H erzberg ( C 1 Ï +

! A 1 Î ) and the ( E 1 Î ! A 1 Î )

bands made it possibl e to p erform a precise relative characteristic of the
B

1 Ï +
( v = 0 and 1), C

1 Ï +
( v = 0) and E

1 Î ( v = 0) Rydb erg levels in
13 C 16 O. N umerous rotational perturbations observed in the A 1 Î state were
conf ronted w ith the p erturbation s predicted from the theoretical calcula -

tions.

PAC S numb ers: 33.20.K f

1. I n t rod uct io n

It is wel l kno wn tha t the carbon m onoxi de m olecule is, af ter H , the most
abunda nt molecul e in the uni verse. Its occurrence has been documented in the at-
m ospheres of pl anets, in com et ta i ls, solar and stel lar atm ospheres and interstel lar
space. Theref ore a preci se kno wl edge of the spectrum , the energeti c structure and
m olecular consta nts is of cruci al importa nce in astro physi cs, but i t is also im por-
ta nt in other discipl ines such as chemical physi cs, envi ronm enta l investi gatio ns etc.
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The studi es of the CO m olecule perform ed in the last two decades were focussed
m ainly on highly excited electronic states of thi s m olecule, incl udi ng the B 1 Ï +

state. The inv estigati ons of the B 1 Ï + R ydb erg state can be perform ed thro ugh the
analyses of the fol lowi ng tra nsiti ons: the HopÙeldÀ Bi rge ( B 1 Ï +

$ X 1 Ï + ) band
system , the ¡Ang str �om ( B Ï A Î system and the B Ï d Â tra nsi ti on
and the Am iot { Ronci n{ Verges E Î B Ï and C Ï B Ï system s and
the recentl y observed new tra nsiti ons between highl y excited W Î ; K Ï ; L Î

and n 10 of the s; p; d , and f R ydb erg states, and the B Ï as a lower
state.

The studi es of the B Ï state in C O isoto pic molecule were ini ti ated
by McCul loh and Glockler [1] and D ouglas and M l ler [2 ] who perf orm ed under
low resoluti on f ragm enta ry observati ons and analyses of selected ¡Ang str�om bands.
Co mprehensi ve m easurements made under hi gh resoluti on and a rota ti onal anal -
ysis of the bands of thi s system were perform ed by R ytel [3]. Ja nj i± et al . [4]
compl eted these investigati ons and analyses by weaker 1{ 4, 1{ 5, and 1{ 6 bands
belonging to the 1 v pro gression of the ¡Ang str�om system . The observati ons and
analyses of the B Ï X Ï system in C O were ini ti ated in paper [5], and
considerably extended and enri ched in [6]. The Fouri er tra nsform record of the
C Ï B Ï (0{ 0) band in the four CO isoto pom ers also includi ng C O
wa s perf orm ed by Ronci n et al. [7].

In thi s wo rk we present three so far unobserved 1{ 2, 1{ 7, and 0{ 6 bands
as well as the reexam inati ons of the 0{ 1, 0{ 2, 1{ 1, and 1{ 5 bands belonging to
the B Ï A Î system in C O. The objecti ve of thi s study was to obta in
m ore com plete and m ore preci se spectroscopic inf orm ati on about the B Ï pre-
di ssociated state al lowing to calcul ate a m ore precise value of the Ùrst dissocia ti on
l im it [8] and to extend the inform ati on about the nearby exci ted electro nic states
in the C O m olecule.

The emission spectrum of the ¡Ang str�om system bands wa s exci ted in water-
-cooled Geissler-typ e tub e Ùlled wi th carb on monoxide enri ched wi th carb on |

C, conta ini ng about a concentra ti on of the C isotope. The pressure in the
tub e was about 0.1 kPa duri ng the exposure of the 1{ 1, 1{ 2, 1{ 5, and 1{ 7 bands
and was about 0.5 kPa duri ng the recordi ng of the 0{ 1, 0{ 2, and 0{ 6 bands. The
tub e was operated at about 5{ 7 kV and 50 m A AC. The emission spectra were
photo graphed in the 4th, 5th and 6th orders of a 2 m pl ane grati ng Eb ert spec-
tro graph (PG S-2). The grati ng wi th 651 grooves/ m m for a to ta l of 45600 grooves
is blazed at 1.0 ñ m . The observed resolvi ng power wa s near to the theoreti cal
value whi ch changes f rom about 180000 to 273000, and the recipro cal l inear di s-
persion changed from 0.072 to 0.088 nm / mm . The exposure ti m e on ORWO W P-1
and W T- 2 spectra l pl ates changes from 1 h for the stro ngest 0{ 1 and 0{ 2 bands
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T AB LE I

Statistical details of the analysed ¡A ngstr�om (B
1 Ï +

À A
1 Î ) bands of 13 C16 O .

Band Remar ks Band head Band origin Total numb er J ¥ È
3

[cm 1 ] [cm 1 ] of lines [cm 1 ]

0{1 reanal. 20704. 46 20711. 067(12) 116 40 6.64

20712. 48(2)

0{2 reanal. 19289.54 19295. 516(11) 111 39 9.13

19297. 02(2)

0{6 Ùrst obs. 13954. 64 13960. 591(51) 70 26 29.2

1{1 reanal. 22741. 24 22748. 185(19) 56 20 7.88

22749. 75(3)

1{2 Ùrst obs. 21326. 33 21332. 810(10) 57 20 9.97

1{5 reanal. 17277. 64 17282. 658(11) 55 19 9.99

:

1{7 Ùrst obs. 14743. 72 14747. 9535(64) 54 19 14.6

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

digit. Standard deviations of individ ual band Ùts. A fter Rytel [3]. A fter Janj i ±
et al. [4] . V alues calculated w ith included B

2 terms of the A state.

to 12 h for the 0{ 6 and 1{ 7 bands. As a cal ibrati on spectrum the Th standard
l ines [9] obta ined from several overl apped orders of spectrum and emi tted from a
hol low-catho de typ e tub e were used. The relati ve positi on of the l ines was mea-
sured using an auto m ati c com parato r bui l t in our laborato ry . The l ine positi ons
on the plate were contro l led interf erometri cal ly and the l ine pro Ùles were scanned
photo electri cal ly. The positi ons of the centre of the lines were calcul ated usi ng a
nonl inear least squares pro cedure and assuming a Gaussian pro Ùle of the l ines. The
typi cal standard devi ati on of the least squares Ùt by Ùfth or sixth orders polynom i-
als for about 50 cal ibrati on l ines was about (3{ 4) cm . The preci sion of the
wa ve numb ers of m olecular l ines is, however, considered to be 0.010{ 0.020 cm ,
excludi ng the blended l ines. The stati stical inf orm ati on about the 0{ 1, 0{ 2, 0{ 6,
1{ 1, 1{ 2, 1{ 5, and 1{ 7 bands analysed in thi s work is col lected in T abl e I and the
exp erimenta l wa ve num bers can be obta ined on request from the autho rs.

The vi brati onal identi Ùcati on of the recorded for the Ùrst ti m e bands and
a prel im inary J -num bering of the rota ti onal l ines fol lowed from already kno wn
inf orm ati on about the B Ï state [3, 6] and the A Î state [3]. The Ùnal analysis
of the bands and reducti on of the spectrum to m olecular consta nts have been
perform ed in several stages, by m eans of a few metho ds and using the wel l -known
Ha mi l to nians for both states involved in thi s tra nsi ti on: for the upp er B Ï state



444 R. K²p a, U . Domi n, K. Porada

h H i = T v + B v J ( J + 1 ) À D v J 2 (J + 1 ) ;

and for the lower A Î state, and i ts both Ê -components

H T B J J D J J ;

where T i s ro ta ti onlessenergy calcul ated wi th respect to the lowest rovi bra ti onal
level in the X Ï ground state. In order to determ ine the B and D ro ta ti onal
constants for the v and 1 levels of the B Ï state, in the Ùrst stage of the
calculati ons a m etho d was used al lowi ng to separate the inform ati on concerni ng
onl y the upp er levels in the observed tra nsiti ons, a pro cedure pro posed by Curl and
D ane [10] and W atson [11]. Thi s m etho d has beenchosen consideri ng the convi cti on
tha t the v and 1 levels in the B Ï state were so far considered as regular
ones, whereas the occurrenc e of num erous and extensi ve rotati onal perturba ti ons
wa s conÙrmed in the A Î lower state. The Ùnal constant values for the B Ï

state were calcul ated usi ng stepwi se m erged least squares Ùtti ngs of bands of the
0 v and 1 v progressions as described in papers [12, 13]. On the basis of the
determ ined B ; B and D and D values, the B ; ˜ , D , and Ù , equi l ibri um
rota ti onal constants have beencalculated for the levels near to the minimum of the
potenti al curve for the B state in C O. The resul ts are presented in T able I I.

TABLE I I

Ï

The calcul ati on of the B and D ro ta ti onal constants of the A Î state as
wel l as the ¡ v v ) band ori gins was based on the careful ly selected band l ines
wi th negl ig ibl e ẽ ects of the perturba ti onal intera cti ons. By using a calcul ati on
based on the least squares m etho d and wi th Ùxed consta nt values for the v

and 1 levels of the B Ï state there were calcul ated the B and D e˜ecti ve
rota ti onal constants for the v , 2, 5, 6, and 7 levels of the A Î state, whi ch
were col lected in T able I I I.
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TABLE I I I

E˜ective rotational constants
(in cm À 1

) of the 1 Î state levels
of 13 C 16 O .

10

= 1 1. 511540(49) 6.623(35)

= 2 1. 489876(54) 6.125(51)

= 5 1. 424995(49) 7.80(14)

= 6 1.40050(28) 5.56(34)

= 7 1. 380473(82) 8.50(21)

V alues of constants of not deper-
turb ed levels. V alues in parenthe-
ses denote one standard deviation
in units of the last quoted digit.

By com bining the l ines of the currentl y analysed bands of the ¡Ang str�om
system wi th the corresp ondi ng l ines of the earl ier analysed bands of the Herzb erg

C Ï A Î [14] and E Î A Î [15] systems, accordi ng to the classical
Jenki ns and McKel lar relati ons [16] preci se di ˜erences of the ro vi broni c structure
parameters of the E Î v ; C Ï v and B Ï v ; , R ydb erg levels
in C O were calcul ated. The resul ts were collected in Table IV.

TABLE IV

Molecular constants (in cm 1 ) of the 1 Ï +
( = 0 1) levels relative to

1 Ï + ( = 0) and 1 Î ( = 0) levels of 13 C 16 O .

= 1 Ï + ( = 1) = 1 Ï + ( = 0) = 1 Î ( = 0)

2037.2531(28) 5002.2319(20) 6014.8354(56)

0 ( 0) 2037 32 5002.204(12)

2037.320(9)

0
( 1) 2964.9227(29) 3977.5652(57)

( 0 ) 10 2 2.4466(37) 0.4022(17) {1. 5536(57)

2.467(5) {0. 439(36)

( 1 ) 10
2

2 0415(35) {3. 9666(53)

2 8507(60)

( 0 ) 10
7 1. 89(86) 4.46(29) {0. 98(21)

9 43(38)

( 1 ) 10
7 5.87(85) 5.24(15)

13 6(18)

Values in parentheses denote one standard deviation in units of the last

quoted digit. A fter Eidelsb erg et al. [6]. A fter Roncin et al. [7] . A fter Ry-
tel [3]. V alues for the and parity of the Ê - doubli ng sublevels of the 1 Î

state, resp ectively .
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4. P er tu r bat io ns of t h e A 1 Î st at e

T able V presents the com pari son of the perturba ti ons observed and predi cted
for both Ê -doubl ing components of the A 1 Î state in the 1 3 C1 6 O m olecule.

It is kno wn tha t the A 1 Î state of the CO m olecule belongs to the most
extensi vel y and m ost intensi vely perturb ed states am ong diato m ic m olecules. In
the region of 60000 cm À 1 in addi ti on to the A 1 Î state, Ùve other ( I 1 Ï À ; D 1 Â ;

e 3 Ï ; a Ï and d Â ) electro nic states are located. Theref ore in each vi bra ti onal

TABLE V
Î

Ê

Î

Ï

Â

Ï

Ï

Â

Ï

Ï

Ï

Ï

Ï
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T ABLE V (cont. )

Maximum p erturbation ( J ) Perturbing state

of the Ê -doubling comp onent:

A 1 Î ( v ) f e triplet vibrationa l

obs. calc. obs. calc. comp onent level

13{14 12{13 13{14 12{13 F (1)

17{18 16{17 17{18 16{17 F (2) d 3 Â ( v = 8)

21{22 20{21 21{22 20{21 F (3)

3 20{21 20{21 F (1)

23{24 23{24 F (2) a
3 Ï +

( v = 13)

26{27 26{27 F (3)

34 35 34 35 D
1 Â ( v = 4)

41{42 I 1 Ï ( v = 5)

4{5 5{6 4{5 5{6 D 1 Â ( v = 5)

24 23{24 I
1 Ï ( v = 6)

34{35 34 F (1)

37 37 F (2) e
3 Ï ( v = 7)

40 F (3)

4 39 F (1)

42 F (2) a
3 Ï +

( v = 15)

45 F (3)

39 39 F (1)

43 43 F (2) d 3 Â ( v = 10)

47 47 F (3)

13{14 13{14 F (1)

16{17 16{17 F (2) e3 Ï ( v = 8)

19{20 19{20 F (3)

23{24 25 F (1)

5 26{27 28 F (2) a
3 Ï +

( v = 16)

29{30 31 F (3)

25{26 25{26 25{26 25{26 F (1)

29{30 29{30 29{30 29{30 F (2) d
3 Â ( v = 11)

33{34 33{34 33{34 33{34 F (3)

38{39 38{39 38{39 38{39 D
1 Â ( v = 7)

< 1 < 1 < 1 < 1 F (3) d
3 Â ( v = 12)

17{18 19{20 17{18 19{20 D
1 Â ( v = 8)

30 31 I
1 Ï ( v = 9)

6 37 F (1)

40 F (2) a
3 Ï +

( v = 18)

43 F (3)
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T ABLE V (co nt. )

Maximum p erturbation ( J ) Perturbing state

of the Ê -doubling comp onent:

A
1 Î ( v ) f e triplet vibratio nal

obs. calc. obs. calc. comp onent level

40 F (1)

6 43 F (2) e
3 Ï À

( v = 10)

46 F (3)

26 F (1)

29 F (2) e
3 Ï À

( v = 11)

32 F (3)

27{28 F (1)

7 30{31 F (2) a 0 3 Ï + ( v = 19)

33{34 F (3)

33 33 F (1)

37 37 F (2) d
3 Â i ( v = 14)

41 41 F (3)

15{16 15{16 F (1)

19{20 19{20 F (2) d
3 Â i ( v = 15)

23{24 23{24 F (3)

8 22{23 22{23 D
1 Â ( v = 11)

34{35 I
1 Ï À

( v = 12)

40 F (1)

43 F (2) a
0 3 Ï +

( v = 20)

46 F (3)

13{14 I
1 Ï À

( v = 13)

27{28 F (1)

30{31 F (2) a 0 3 Ï + ( v = 22)

33{34 F (3)

32{33 F (1)

9 35{36 F (2) e
3 Ï ( v = 14)

38{39 F (3)

40 40 D
1 Â ( v = 13)

38{39 38{39 F (1)

42{43 42{43 F (2) d
3 Â ( v = 17)

46{47 46{47 F (3)

6{7 F (1)

10 9{10 F (2) a
3 Ï +

( v = 23)

12{13 F (3)
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T ABLE V (co nt. )

Maximum p erturbation ( J ) Perturbing state

of the Ê -doubling comp onent:

A 1 Î ( v ) f e triplet vibratio nal

obs. calc. obs. calc. comp onent level

14{15 F (1)

17{18 F (2) e 3 Ï ( v = 15)

20{21 F (3)

24{25 24{25 D
1 Â ( v = 14)

25{26 25{26 F (1)

10 29{30 29{30 F (2) d 3 Â ( v = 18)

33{34 33{34 F (3)

36{37 I 1 Ï ( v = 15)

38{39 F (1)

41{42 F (2) a 3 Ï + ( v = 24)

44{45 F (3)

level of the A state there are observed the perturba ti ons of the rota ti onal struc-
ture. Identi Ùcati on analyses and deperturba ti on calcul ati ons in C O have also
been perform ed repeatedl y by Le Fl och et al . [17]. The perturba ti on analyses of
the A Î state in isotopi c m olecules can pro vi de addi ti onal inform ati on about in-
tera cti ng states and they also al low to veri f y the al ready known perturba ti ons and
the energeti c structure constants in the C O m olecule. The present analysis of
perturba ti ons of the A Î state in the C O m olecule has been perf orm ed in
the aspect of the conf ronta ti on of the perturba ti ons observed and predi cted on
the basis of the theo reti cal calcul ati ons. The identi Ùcati on and classiÙcati on of the
observed perturba ti ons have been perf orm ed by employi ng the f J and g J

where x Q ; P R and P R f uncti ons intro duced by Ko vacs [18]. The analysis
of the course of these functi ons calcul ated by using the l ines of the respective
bra nches and bands al lows to local ize (J ) and identi f y the perturbi ng state. In
thi s way there were also analysed both the bands currentl y recorded and ear-
l ier analysed bands belonging to the ¡Ang str�om [3, 4], Herzberg [14] as wel l as
the E Î A Î [15] systems in C O. The predi cted perturba ti ons for both
Ê -doubl ing com ponents in the region of the v 10 and J 40 levels were
calculated by using rovi bronic term crossing di agrams of the A Î and nearby
I Ï ; D Â ; e Ï ; a Ï , and d Â states. The respect ive calcul ati ons were per-
form ed by maki ng use of the rovi bro nic structure constants for the A; I ; e; a ,
and d states obta ined by Fi eld [19] and by m eans of the constants for the D state
deri ved by Ki ttrel l and Garetz [20] and recalculated for the C O molecule by
m eans of standard isotope relati ons.
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5. D iscu ssion an d co ncl usion

In addi ti on to the analysis of the observed for the Ùrst ti m ethe 1{ 2, 1{ 7, and
0{ 6 bands the present work gives new observati ons and reexaminati ons of the 0{ 1,
0{ 2, 1{ 1, and 1{ 5 bands belonging to the B 1 Ï +

! A 1 Î system in 1 3 C1 6 O. The
appl ied hi gh resoluti on and high preci sion of the measurements al lowed to preci se
and extend the inf orm ati on, especially about the B 1 Ï + state. The perform ed
observati ons and analyses also conÙrmed the occurrence of predi ssociati on of the
B 1 Ï + state in the 1 3 C 1 6 O molecule for the v and J levels as well
as for the v and J levels [6]. Al so the appl icati on of the Jenki ns and
McKel lar procedure for the intra system analysis of the ¡Ang str�om system bands as
wel l as f or the analysis of the ¡Ang str�om and Herzberg and E Î A Î system
bands, whi ch is a m etho d eliminating the e˜ects of the A Î state perturba ti ons,
al lowed to determ ine precisely the di ˜erences of the ro vi broni c constants for the
B Ï v and 1) and C Ï v and E Î v Rydb erg levels in the

C O m olecule. The careful analysis of the distri buti on of the B Ï state term s
also conÙrm ed the occurrence of the earl ier suggested [4] ro ta ti onal perturba ti on
in the v level reachi ng a m axi mum of F J F J : cm for
J . The analysis of the extensi ve A Î state perturba ti ons revealed tha t in the
range of the observed vi bra ti onal and rota ti onal levels there is a ful l agreement of
perturba ti ons observed in the C O m olecule and the perturba ti ons predi cted
on the basis of the analyses and data concerni ng the C O molecule.
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