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Franck-Condon Factors to High Quantum Numbers VI: 
Cz Band Systems 

R. W. Nicholls 1 

(M ay 10, 1965) 

F r an ck-Condon fac tor arrays hav e been co mputed numerically ::tnd arc displ ayed to 
highest known vibrat ion al qu ant um numbers for t h e following Cz band systems: 

Frey ma rk 
Mullik en 
Fox-Herzberg : 

(e l 1;1i - bl U ,,) 
(d '1;t - x '1;t) 
(B3fl g - X '3II u ) 

(c ' IT g- b'IT u) 
(A3JJ g _ X'3JJ u ) 

(b1rI u - x l1;t ) 
(1\'31;; - x'an u) 

D esla ndrcs-d' Azambuj a: 
~:hva.n 
Phill ips 
Ba llik-Ramsay 

1. Introduction 

In each of a numb er of previous papers, Franck­
Condon factor arrays have been presen ted , molecule 
by molecule, for each of its common and important 
band systems: N 2, Nt [Nicholls 1961, 1962a]; 
CO+ [Nicholls 1962b]; CN [Nicholls 1964a]; NO 
[Nicholls 1964 b]; O2 [Nicholls 1965] . In this paper 
Franck-Cond on factor arrays are displayed for all 
important band systems of Cz. 

The C2 molecule has important applications to 
astrophysics in the emission spectra from comets and 
in the absorp tion sp ectra from cool stars. It also 
has importan t applications to hydrocarbon com­
bustion [Gaydon 1957]. There is thus a continuing 
demand for reliable transition probability data for 
varioLls C2 band systems. To this end, for example, 
Hagan [1963] has r ecently made measurements on 
the absolu te oscillator streng th of th e (0,0) band of 
the Swan sys tem. (See Mentall and Nicholls [1965].) 

The band systems of C2 are listed with descriptive 
comments in table 1, and the transitions from which 
they arise are indicated on the simplified energy-level 
diagram of figure 1. 

The discovery by Ballik and Ramsay [1959 , 
1960] that the true ground state of gaseous C2 was 
x1l;i (the lowest state of the Phillips and Mulliken 
systems), rather than X 3IT u (the lowest state of the 
Swan system now d esignated X/3ITu) as had pre­
vioLlsly been assumed , has clarified our picture of the 
disposition of levels. The situation has been dis­
cussed in great detail by Ballik and Ramsay [1963a, 
b] and their designations of states are employ ed in 

I Visiting Professor, De partm ent of Ae ronau tics and Astronau tics, Stanford 
University, on leave from tht) University of 'V estern Ontario, now in D epart­
ment of PhySicS, York University, 'roronto . 

this paper. Perturbations in the A /3l; i; s tate led 
them to locate x1l;i 610 cm- 1 below X/3IT. P er­
turbations in the bIll" s tate suggest the presence 
of the A"3~;; state hom which no radiative transi­
tions have yet been found. 

T ABL1c 1. Band systems oJ CZ 

Frcymark 
(el~; -bi ll .) 

Mulliken 
(dl~;; -XI~~) 

Fox·Hcrzberg 
( 13 3U,-x'an . ) 

Banel s.vSLcm 

D cslandres-d' Azam buju 
(c l rr ,-b I L1 . ) 

Swann 
(A3II,-X'3L1 .) 

Phillips 
(b l II. -XI~~) 

Balli k-R am say 
(A'3:l:; -X'311 .) 

References 
[I] Freym ark (1951) . 
[21 L andsverk (1939) . 
13 Phillips (1949) . 
14J H erzberg and Su tton (1940). 
[5] Johnson (1927) . 

I \\" a velength lleference 
ra nge (A) 

2072-2217 [l J 

2313- 2415 12J 

237S- 32S3 [3J 

339S-4102 [4J 

4365-7853 [5. 6, 7J 

7715-12091 [S,9J 

11726-24745 [10] 

[61 Phillips (1948b). 
l7 H erzberg (1946). 
IS] Ph ill ips (l 94Sa]. 
19 Ballik and R a msay (1963b) . 

[10 Ba lli k and Ramsay (1963a). 

2. Me thod 

The straightforward method of computer calcula­
t ion described in the first p aper of this series [Nicholls 
1961] was used to evaluate the arrays, and the cal­
culations were performed at the Computation 
Center of The National Bureau of Standards. 
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FIG U RE 1. Pm·tial energy level diagmm fOT C2 • 

TABLE 2. Basic data 

State w.(cm-l) Wex,(cm-1) T. (A) 

Xl.'Zt _______ __ 1854.71 13.34 1. 24253 
blII --- - ---- 1608. 35 12.078 1.3184 
elII ---- ----- 1809. 1 15.81 1. 2552 
d1);t _________ 1829.57 13.97 1. 2378 

el 1;;---.------ 1671.5 40. 02 1. 2517 
X'3IIu _______ 1641. 35 11. 69 1. 3119 
A /3);; ________ 1470.45 11.19 1. 36928 
A ' II, ________ 1788. 22 16.44 1. 2660 
B ' II, __ ______ 1106.56 39.26 1. 5350 

I'A =6.00194 

References 
[1] Ballik and Ramsay (1963b) . 
[2] Wall ace (1962). 

Vmall: Reference 

5 [1,2] 
8 [1,2] 
6 [1,2] 
5 [1,2] 

[1,2] 
13 [1,2] 

4 [1,2] 
13 [1,2] 
4 [1,2] 

Input data were w., WeX., l' e, Vmax for both states and 
J.LA for the molecules. The notation is conventional 
[Herzberg 1950]. The Morse model was adopted 
for molecular potentials and the computer program 
provided for all needed vibrational wave functions 
and their overlap integral squares, the Franck-

Condon factors. The Morse potential is admittedly 
an empirical expedient, but the range of vibrational 
quantum numbers involved in most of the systems 
is low enough to justify its use. (See sec. 4. dis­
cussion .) The input data used in the calculations 
are summarized in table 2. Ballik and Ramsay's 
summary [1963b] of C2 data and Wallace's [1962] 
compilations were used. 

3. Results 

Franck-Condon factor arrays are displayed in 
tables 3 through 9 for the band systems listed in 
table 1. The Condon loci [Nicholls 1963, Murty 
1964] are indicated on th e tables by setting the en tries 
for bands which lie on local maxima of the Franck­
Condon factor surface in bold faced type. The 
negative number in each entry is the power of ten 
by which it is multiplied . 

4. Discussion 

The Condon loci of tables 3 through 9 agree well 
with the v' -v" positions of the commonly excited 
bands of each system [Pearse and Gaydon 1963, 
Wallace 1962], which is some justification of the 
adequacy of the potential model employed . In 
view of t.he importa nce of Cz spectra to com bustion 
studies some preliminary, limited (v' +v"::; 6) tables 
of Franck-Condon factors for C2 systems of com­
bustion importance were computed some years 
ago (Nicholls, Fraser, find Jarmain [1959]) by the 
approximate method of Fraser and Jarmain [1953]. 
The Mulliken, Deslandres-d'Azambuja, Phillips, 
Fox-Herzberg, and Swan systems of C2 were treated 
as well as 14 band systems of other molecules. 
Basic data for these calculations were taken from 
Herzberg's [1950] compilation . A comparison be­
tween the entries of the limited approximate tables 
and those of this paper indicates that for the C 2 

band systems treated the Franck-Condon factors 
were acceptable. 

TABLE 4. Fmnck-Condon factors to high vibmtional quantum 
n umbel'S for the C, Mulliken (dl~t_ Xl~t) system 

~ 
V/~ 0 1 2 3 4 S 

0 9.9659- 1 3.2059-3 1. 9741-4 7,8375-6 4, 0407- 7 2.4151- 8 
1 3.3154- 3 9. 9055- 1 5.5525-3 5. 5311-4 2.8989-5 1. 8715-6 
2 9.7176-5 5.9451- 3 9.8573- 1 7. 1390-3 L 0339-3 6.6972- 5 
3 3.6867- 7 3.0045-4 7.9164-3 9.8199- 1 8.0604-3 1. 6118-3 
4 2.5241- 9 1. 8533- 6 6.1685-4 9.2615-3 9.7925-1 8.4085- 3 
5 6.2444-10 7.9781- 9 5. 7079- 6 1. 0510- 3 L 0019-2 9,7737- 1 

TABLE 3. FTanck-Condon factors to high vibmtional quantum numbeTS for the C2 FreymaTk (el~t- bl rr u) system 

............ v" 
~'~ 0 1 2 2 3 4 I 5 7 8 

0 5.4103- 1 2- 8232- 1 1. 1692-1 5.1251-2 1. 3171-2 3. 8774-3 1.0618- 3 2. 7011-4 6.3191- 5 
1 4. 0075-1 1.1998-1 2) 0714- 1 l.517()-1 7.4629-2 3.0305-2 1. 0731- 2 3.4182- 3 9-8891-4 
2 5. 7777- 2 4.9616- 1 2.6730-2 1.1897- 1 1. 4131- 1 8. 8599-2 4.3451-2 1.7778-2 6. 3965-3 
3 3.1770- 5 9.9375-2 5.3176- 1 1. 0371-2 6.2267- 2 1.2075-1 8.8321-2 5.0463-2 2. 3012- 2 
4 3.9811- 4 6. 7389-4 1. 0731- 1 5.682()-1 1. 3962- 2 2.8781-2 1.0542- 1 8. 0092-2 5.2524-2 
5 3.1007- 6 1. 3714-3 7.5584-3 7.9011-2 6.0274- 1 3.5530-2 8. 9253- 3 1. 0131- 1 6.7123- 2 
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TABLE 5. Franck-Condon factors to high vibrational quantum numbers for the C, Fox-Herzberg B3IT.-X' 3ITu 

>'V11 0 1 2 3 4 5 6 7 8 

"----
0 J. 4369- 3 1. 2826-2 5. 101 2- 2 1. 2046-1 1. 9023- 1 2. 1504- 1 1. 8236-1 1. 2034- 1 6.3754- 2 
1 4.9 176-3 3.3567- 2 9.2494-2 1. 2742- 1 8. 1493- 2 9.9 149- 3 1. 0509-2 9.7844-2 1.6238- 1 
2 9.7331 - 3 5. 1224- 2 9.5733- 2 6.5454-2 3.5013- 3 3.0368- 2 9.1015- 2 6.3191- 2 3. 9953- 3 
3 1. 4669-2 6.0055-2 7.3803- 2 1. 6848-2 1. 1130-2 6.5229-2 3.9538- 2 2.8033-4 5.0808- 2 
4 1. 8718-2 6.0202- 2 4.6509-2 4.6442-4 3. 4636-2 4. 5646- 2 1. 0560-, 3.4079-3 5. n14-2 

;=:; v" 9 10 11 12 
I 

13 

"----
0 2.7861 - 2 1. 0281- 2 3. 2669-3 9.0834-4 2.2386-4 
1 1. 5926- 1 1. 1155- 1 6.0802-2 2.7111- 2 1. 0217-2 
2 2.5140-8 1. 0327-1 1.4992- 1 1. 3578- 1 9.0583- 2 
3 8.1780-2 3.0748-2 8. 0493-4 4.9589- 2 1. 1695-1 
4 8.2749-3 1. 7440-2 7.1192- 2 5.6860-2 6.7070-3 

TABLE 6. Franck-Condon factors to high vibrational quantum numbers for the C2 Deslandres-D'A zambuja (c 'TT.-bIITu) system 

""'" v' '-...... v" 0 1 2 3 4 5 6 7 8 

"----
0 5.5083- 1 3.02 17- 1 1.0619- 1 3.0532- 2 7. 8455-3 1. 8797- 3 4.2980-4 9.5066-5 2.0502- 5 
1 3.5613- 1 9.4332-2 2.64 13- 1 1. 7509- 1 7.4478-2 2. 541 2-2 7.6113- 3 2.0945- 3 5. '1340-4 
2 8. 4095-2 3.9457- 1 1.1158-4 1. 5034-1 1. 8469- 1 1.1138- 1 4.8806-2 1. 7821-2 5.7893- , 
3 8.6154- 3 1. 8062-1 3. 1377- 1 3.3201-2 5.8565- 2 1. 537 1- 1 1. 3025- 1 7. 1957-2 3. 1497-2 
4 3.4244- 4 2.6977-2 2.5951- 1 2.0869-1 8. 8989-2 J. 0906-2 1. 0660-1 1. 2!)67- 1 8.9610- 2 
5 2.6811- 6 1.3440-3 5.3 123- 2 3. 1208- 1 1.1889-1 1. 2873- 1 1. 8475-4 6.1353-2 1. 1405- 1 
6 1. 6219-8 1. 0619-5 3.1685-3 8.4248- 2 3. 3965- 1 5. 6088- 2 1. 4428-1 1. 1745-2 2. 7417-2 

TABLE 7. Franck-Condon factors to high vibrational quantum numbers 10/' the C, Swan 
(A3n. - X3ITu) system 

"----~v" 
v' "----

0 1 2 3 4 5 6 7 8 

0 7.352 1- 1 2.1299- 1 4. 3116-2 7.3685-3 1.1 290-3 1. 5815-4 2. 0200-5 2. 2948- 6 2.1734- 7 
1 2.3964- 1 3. 6359-1 2.7839-1 9. 1572- 2 2.1685- 2 4.2612- 3 7.3256-4 I. 11 90-4 1. 5012- 5 
2 2. 4459-2 3.6141- 1 1. 6196-1 2.707 1- 1 1. 2956-1 3.9873-2 9.6382-3 1. 9745-3 3 .. ,267-4 , 6.0678-4 5. 9842- 2 4.1392- 1 6.0271-2 2.3192- 1 1. 5271- 1 5. 8058- 2 1. 6942- 2 4.0459-3 
4 5.511 5-7 2.li73-3 9. 84i2-2 4.2756- 1 1. 53 11- 2 1.844 1- 1 1. 6203- 1 7.5545- 2 2.5514- 2 
5 2.1740-7 3.8862- 7 4.1610-3 1. 3623- 1 4.2108-1 9. 1898-4 1. 3917-1 I. 6060-1 8.9045- 2 
6 7.0147- 11 1. 2358- 6 2.5079-7 6. 2936-3 1. 7109-1 4.0579-1 1. 6223- 3 1. 0079- 1 1. 5182- 1 
7 1. 7848-10 2.5007- 10 3.9227-6 8.2977- 6 8.2031- 3 2. (l'219-1 3. 8838- 1 8.5489-3 7.0408-2 
8 1. 7883- 12 1. 2537- 9 1. 0832-8 9.0464-6 4.4554-5 9.5676-3 2.2925-1 3.7272- 1 1. 6832- 2 
9 7.9470-14 2.9973- 11 4.4814-9 8. 8068-8 1. 6657- 5 1. 4280-4 1. 0150-2 2.5226-1 3.6094-1 

10 I. 5722- 14 3.0887-13 2.2908- 10 1. 0365-8 4.0284-7 2.545\-5 3. 4883-4 9.8199-3 2.7118- 1 
11 9.7273-16 1. 6637-13 7.7563- 14 1.1066-9 1. 5973-8 1. 3269-6 3.2488-5 7. 1409-4 8.5784-3 
12 3. 7499-17 6. 1945-15 8.8470-13 2. 8168-12 3.8682- 9 1. 4030-8 3.4847- 6 3.3780-5 1. 2845-3 
13 6.4868-17 1. 0561-17 7.1793- 14 3.0065-12 5.3820-11 1. 0471-8 2.1434-9 7.6779- 6 2.6234-5 

"----"----" v' ~ 9 10 11 12 13 

0 1. 4327-8 2.7418- 10 6. 1829-11 9. 5247- 11 4. 727{}-11 
1 1. 6850-6 1. 3762-7 4. 6135-9 2.1048-10 7. 1365-10 
2 5.4844- 5 7.1641- 6 7.0484-7 3. 5017-8 1. 3613- 10 
3 8.3043-4 1. 4746-4 2.2083- 5 2.5601-6 1.7185-7 
4 6.9828-3 1. 6239-3 3.2521-4 5.5135- 5 7.3985-6 
5 3.4578- 2 1. 0697-2 2. 7859-3 6.2263-4 1.1823-4 
6 9.8547- 2 4.3405-2 1. 5005-2 4.3333- 3 1. 0711- 3 
7 1. 3872-1 1. 0408-1 5.1409-2 1. 9666-2 6.2441- 3 
8 4.7539-2 1. 2363- 1 1. 0609-1 5.8187- 2 2. 4423- 2 
9 2.3983- 2 3.0999-2 1.0821- 1 1. 0519-1 6.3516-2 

10 3.5422-1 2.8884- 2 1. 9451-2 9.3517-2 1.0208-1 
11 2. 8592- 1 3.531{}-1 3.1186-2 1.165{}-2 8. 0171-2 
12 6.5773- 3 2.9617- 1 3.5807-1 3.0960-2 6.5757-3 
13 2.0843-3 4. 1424-3 3.0144- 1 3.6907- 1 2.8508-2 
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TABLE 8. Franck-Condon factors to high vibrational quantum 
numbers /01' the C 2 Philli ps ( bl11u- Xl~t) S ystem 

"-
X 0 1 2 3 4 5 
v' 

0 4.1236- 1 3.9817- 1 1. 5473- 1 3.1090-2 3.4503- 3 2. 0875-4 
1 3.3170-1 5.6587- 3 2.8886- 1 2.70(;9- 1 8. 8395-2 1. 3623- 2 
2 1. 6205-1 1. 7295-1 5.7561-2 1. 1534-1 3.0149- 1 1. 5525-1 
3 6.2841- 2 2.0003- 1 3.2573-2 1. 4270- 1 1. 7246-2 2. 6322-1 
4 2. 14 19- 2 1. 2565- 1 1. 3937- 1 1. 0154-3 1. 5715-1 2.5365-3 
5 6. 7.059-3 5.9704-2 1. 4573- 1 5. 9413-2 3.5622- 2 1. 59 15-1 
6 2. 0320-3 2.4250-2 9.5558-2 1. 2165-1 9.7757- 3 8.0346-2 
7 5.9395-4 8.9460-3 4. 9267- 2 1.1252-1 7. 5289-2 1. 2709- 3 
8 1. 7089-4 3.1039- 3 2. 1997-2 7.3567- 2 1. 0548- 1 3.1284-2 
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