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Abstract 

Franck-Condon overlap integrals have been calculated which 

predict \'lithin experimental error the ip.tensity dfstribution of 

th.e sixty measured lines in the visible fluorescence spectrum of 

molecular iodine, B3rr + (v 1 ==15., 16 or 26) -+-X 1 ~ + (v"=O to 69). 
0 u 0 g 

Rydberg-Klein-Rees potentials were ~sed for both electronic states., 

and exact vibrational eigenfunctions were obtained by direct 

numerical solution of the radial ·schrodinger. equation~ including 
( 

vibration-ro~ation interaction. The electronic transition moment 

was assumed to be independent of internuclear distance. Overlap 

integrals derived in the same way for MOrse potentials fail to 

give even qualitative agreement.with experiment for lines with 

v">lO. Because of the rapid oscillation of the vibrational wave

functions for h1gwV'• and v", a shift in the potential of only 

0.002 A is found to alter appreciably the calculated intensity 

distribution; thus the agreement obtained provides a very severe 

test of the RKR potentials and.the.Franck-Condon principle. The 

radiative lifetime of the B state has also been calculated from 

the absolute intensity of a single line and the integrated intensity 

of the band system., and the results compare favorably with .dipec-t.-

lifetime measurements. 

* Support received from the u. s. Atomic Energy Commission is 
gratefUlly acknowledged. 

tNational Science Foundation Predoctoral Fellow, i961-63. Present 
address: Department of Chemistry, Harval'"d University, Cambridge., 
Massachusetts. · 



\ .. 
Franck~Condon factors, computed to as high vibrational 

quantum numbers v' and v" as are consistent with spectroscopic 

data~ are or' importance for every major molecular band s'ystem., 

since they enter"into the calculation of radiative lifetimes, 

vibrational tempel"'atures.. and kinetics of ene:::•gy transfer~ among 

other applications. Although the Franck-Condon Principle is 

knO\'ln to account· for the main features -of the vibrational intensity 

¢i1stribution in an electronic transition, there have'been 

rela~ively few quantitative comparisons between theory and exper-

' iment. In large part this is aue to the difficulty of ob~aining 

··reliable intensity data and the.labor involved in performing a "' 

realistic numerical calculation from theory. 
. . 

T}).e B3II +. - xf.t + elect:roqic transition1 of· I 2, extending 
0 u . 0 g . 

from 5000 A in the visible to about 13,000 K in the infra-red, 
. . 

is one of the most extensively studied band systems of' molecular 

spectroscopy •. The resonance spectrum., which may be excited by 

.any of' several atomic lines, 2 cons~~ts of a long series of 

f'·luorescence doublets.. in which the intensity fluctuates 

irregularly from. line to line .•. The intensity fluctuations arise 

pr~arily from the overlap of the wavefunct!ons characterizing 

the V:ibrational levels of the upper and lower electronic states. 

For high vibrational levels ... thelwavefunctions are rapidly 
. . . . . I . . 
var;y:ing oscillatory functions w:lithin the range of the classically 

. . : . , I . . 
allowed motion •.. The overlap iite~rals thus depend critic ally 

on the phase relation of the initial and .final ~1avef'unct1ons. 

This specifically non-classical effect 11as been called "internal 

· diffraction"· by Condon. 3 F.oJ the v' = 151 16 and 26 .. fluorescence 

I 
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series of I~, for which, SO line intensities have been measured~ 
J ( 

the interna~ diffraction patterns are quite complex. For no \ 
'i 
" other molecular system does data exist for transitions .at such : 

high vibrational·quantum numbers. 
. 4 

Previous calculations of Franck-Condon factors have made 

use of a wide variety of analytic potential functions and 

approximations which allow relatively easy evaluation of the 

~verlap integrals. The results~ particularly for the iodine 

spectrum, have usually been disheartening, except for transitions 

involving small vibrational quantum·numbers (v'~ v" ~ lO). In 
.. 

·this paper a calculation based on exact vibrational wavefunctions 

derived from Rydberg-Klein-Rees potentials is described and the 

predic~ed internal diffraction patterns for the iodine resonance 

series are ~hown to,be at least as accurate as the intensity 

measurements over the full range or'vibrational qua~tum numbers • 

THEORY 

. The intensity emitted in the line v',J' +v",J" in an 
. ' ' ' 4 

electronic transition is given by 

v'J' 4 · J' , , 4 · 2 
JYnJti= (6471' /3)(SJ"Nv'J'/(2J +l)]cv [f-~v'J'~e(r)tv"J"dr] (l) 

where s~~. is the rotational line! strength given by the Honl-
; 

London
5 

formula, Nv'J' is the p~pulation of the initial state, 
·I, 
I 

.v is the frequency in wave numbtrs of the. line., and tvJ is the 

rotational-vibrational wavefunction characterizing the (v,J) 

state. The. function !!e(r) 1n
1
Eq. (1) is called the electronic 

transition moment. and is givJn by 

/ 



. 
~e(r) = f 'W~(qe.,r) Me(qe,J:>) t~(qe,r) dqe (2) 

in which qe designates the electronic coordinates, te an 

electronic wavefunct1on, and ~ is that part of_ the electric 

dipole transition moment which depends only on the coordinates 

of the electronso 

.. 

No explicit evaluation of Eq. (2) has yet been made for a 

many-electron molecule. However,· it· appears reasonable to 

s~pposa that ~e(r) will be a slowly varying function of r over 

the small range of r in which the vibrational wavefunctions have 

appreciable value. By replacing ~e(r) in Eq. (2) by an average 
I 

or effective value, Re' it may be taken outside the integral to 

give 

I .. 
V 

1 
J 

1 
( 4/ ) ( J 

1 
·;· ( ! ) ] 4:-2 (/ ) 2 ( ) JVuJn = ~4'11" 3 SJ"Nv'J' 2Jj+l cv Re tv'J'VtvnJudr 3 

where the sQUare ~t the ove.rlap /integral, (J tv 1 J 1 VI v "J .. dr) 
2

, 1s 

known as the Franck-Condon factor. 
·; 

. I 

vfuen dealing with each v~rational band as a whole it is 
• I 

customary also to neglect the/ effects of rotation!"'Vibration 

interaction. Summation. over a.11 lines of the band leads to 

(4) 

· \there now the frequency v characterizes the band as a whole (it 

is usually taken as the band origin) and the wavefunctions are 

those for the rotationless (J = 0) vibrational states. The 
I 

assumed separation of rotation and vibration is usually a good 

approximation, 6 but it .. · should be noted that the calculations 
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made irt this paper ~o not make thia.assumption. Instead relat~¥~ 
·.": ~ ' 

·.i 

intensities 'are oalculateddirectly from Eq. (3) by numerical '· 

methods. 

We proce .. e'd now to the straightforward evaluation of Eq. (3). 

Potential curves· for the upper and ·lower electronic states will 

be determined from spectroscopic .data by the RKR method. These 

will be used in riumerically.solving the radial Schrodinger 

equation for each rotational-vibrational level. The eigenfunctions 

so obtained will then be used to evaluate the overlap integrals. 
. I . 

The final·result, with the Zrequ~ncy factor v4 taken into 
' I 

account, will be ·presented as relative intensities for the 
I 

v' = 15, 16 and 26 fluorescence/series of the B -.x transition 
. I 

in iodine. Following some brief remarks on the individual steps 
I 

·in ~his p~oQedure~ a detailed/comparison 

with experiment .will be manej 

of the calculations 

I 
I 

CONSTRUCTION OF PO?.ENTIALS 

In the Rydberg-Klein-Rees method7,~ the potential function 

is derived from experimental vibrational an~ rotational spectro

scopic ter.m·values without imposing any assumed analytic form 
.. 

on the potential. The method determines the classical turning 
. I 

points r+ and r_ for a vibrational level of energy U from the 

expression 

(5) 

where f and g are given by 
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I' 
f(U) =- • h 

172 
J . (U.-E{I,K.) ]'"'1/ 2 di 

2w( 2tL) 0 ·. . 

' and 
-·~ 

; 

(7,) 

'· 

Here E(I,K) iS the sum of the· vibrational and rotational ene1 .. g~es . 

for any level up to U; I = h(v.+l) i~ the action variable aris,ing 

from the quantization of the ·radial·momentum; x. = J(J+l)h 2 /aw 2 ~ 

comes from the quantization o:f' the angular momentum for a 

molecule of' reduced raaas J...L; .and I= I' ·'L'Jhen E=U. The variable 

of integration l: 1s. not r·estricted to discret·e values and the 

integrals in Eqs. (6) and (7) are to be evaluated forK = 0 to 
I . . 

construct 'the .effective potentia~ function for the non-rotating 

(J= o) molecule. · 1 . ·. • . 

. . J . 
The principal difficulty of' the RKR mathod is the accurate 

. . I . . 
evaluation o:f' the integrals appearing in Eqs. (6) and (7) for 

which the 

If E(I,K) 

that Eqs,. 

. . I 
integrand is singular at the.upper limit of integration. 

is a quadratic f'ung·fion of I and x., Rees 9 hka sho\lm · 
I 

(6) and (7) can be e.xactly expressed in closed form. 

But this restriction on the form·or E(I,K) is usually too severe 
' . 

to repl"'esent the ·energy levels 'over the whole range of the 

potential. Vanderslice and coworkers10 have improved upon the 

Rees treatment by using a series of quadratics over the range 

of the potential so that a'best least squares choice of the 
_ . .' .. ;*,· _;·_. :.,~.~_:. : I 

spectroscopic parameters m1 , ·mxi, Bi:~ a
1 

is used for each 

vibrational level. Recently J~rmain 1 ~ has used the approach of 

direot numerical integration of ~qs. (6) and (7) on an IBM 650. 
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-~ 

An analytic., approximation to [U-E(I, ~) ]""112 

·overcome the difficulty at the upper limit. 

was employed to ~" 

Kasper12 has f'urtJ~r 
':,{,) 

investigated this method, discarding enti~ely the use of an 

analytic. approx:tination and .adding refinements ·in accuracy made i 

possible through the use of an IBM 7090. 

Table I shows a test of the variant RKR procedures of 
I 

Vandersli:ce and Kasper. Potential functions were const·ructed by 
I 

each method using the same set pf 

values and then each function Jas 
. I 

. •• I 
solution of the radial Schrodinger 

I. 

observed spectroscopic term 

employed in turn in a numerical 

equation. Since the results 

1 I 
derived from his program agre·e with the observed term values 

within Verma •a error of meaf!·kement, Kasper' a procedure was 
i . 

adopted. 

As an .additional check on the accuracy of' the RKR procedure, 

,,.,.,,\···'~-:·the wavef'unctions generated by numerical solution of the radial 

equation were used to compute t~e expectation values of (l/r2) 

and hence Bv values. For the first thirty vibrational levels 

tested» the Bv values calculated in this way differed at most by'·. 
. I 

lxlo-6 cm_1. !'rom the input Bv value's derived .from Verma's 

reported rotational constants. · The observed Bv values are not 

known to this accuracy» but these .tests show that the accuracy 

of the RKR method f'or I 2 is limited o!llY ·by the uncert·ainties 

in the spectroscopic d~ta. These tests also serve as a useful 

check on the method tor numerical solution of the radial equation. 

,/ 

·/ 
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Table I: Comparison of calculated and observed 

G(v) values for ground state of r 2• 

Observeda a(v) 

em 
... 1 

107 0 08 
320.39 

I. 532.44 
. ~· 7 43. 24 

952.90 
116 e40 

. 1368.60 
1574.40 
1778.95 
1982.13 
2184 .. 06 
2384.74 
2584.04 
2782 .. 09 
2978.82 
3174.18 
3368e24 
3560.97 
3752.28 
3942.24 
4130 .. 71 
4317.78 
4503 .. 49 
4687.70 
4870.44 
5051.78 
5231.63 
5409.91 
5586.69 
5761.92 

G(v)calc·. - G(v)obs. 
Kasper RKR 

-0.01 
-0.02 

0.01 
0.02 

-,0. 02 
-fO. 07 
,~o. 06 
I 0. 02 
·-o. 01 

I
I 0.,01 
-OsOl 

. -0.06 
... 0.02 
•Oo02 

· -o. o4 
-0.03 
-o.os 
-0.07 
-0.06 
-0.07 
-0.02 

·-o.o1 
-0.05 
-0.04 
-0.01 
-0.05 
-0.09 
-0.07 
-o.· 04 · 
-0.05 

. G(v >calc. - G(v >obs. 
Vanderslice RKR 

3.34 
3.96 
0.44 

-2.93 
-:3.47 
-2,72 
-1.25 

o. 72 
2.81 
4.73 
6.24 
7.03 
7.32 
7.26 
7.23 
7.66 
8.46 
9.50 

10.64 
11.44 
11.82. 
11 .. 80 
11.45 
11.12 . 
11.02 
11.08 
11.38 
11.92 
12.49 
13.00 

aFrom reference 13. 
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Potential Curve for the X State 

Verma13 :has given a thorough analysis of several ultra

violet resonance series which he had followed nearly to.the 
\ 

· • dissociation limit. From his values of ha(v) and Bv we have 

constructed the turning points.f~r the first 70 vibrational 

levels of the ground electronic state. Some of the turning 

points are given in Table I~. I 

' Thepotential function emp~oyed in our calculations is 

I 
obtained by connecting the. tu~rting points with a smooth curve 

' . 

. generated· by seventh order Lagrangian 1nterpolation. 14 To 
I I 

esti1nate the potential outside the central region derived from 
• I 

. I 

Verma's data.; repulsive and ,attractive segments are smoothly 

joined to the central po~tion~ 
I 

In these regions (which, as 

shown la~er; do not contribute noticeably in the intensity 

calculation) the potential is assumed to have the .form· 
',. : 

and 

. I 12. 
vrep = a r + b (a) 

(9) 

where the ttt1o constan,ts were determined from the last RKR turning 

points r± for v" = ~a and 69. Finally the rotational contribution 

is addec;l to the non-rotating potential V(r) to give the effective 

radial potential U(r,J) 

U(r,J) = V(r) + J(J+l)h
2

. 
. . 87T2j.Lr2 

appropriate to the/.nfolecule with rotational quantum number J. 

/ 

,/ 
/ 
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Tab-le II.. Results or calculations for the potential 

\:energy curvea ~ol the ground state of I 2 

(J = 0 rdtational state) .. 

.Turning Points . Turning Points 

r _(K) r +(ft.) v r . ..(K) l"+(K) 

2.6178 2. 71'(5 33 2.3587 3.2575 
-- 2. 5850 2.7580 35 2.3521 3.2846 

2.5634 2.7873 37 2.3459 3.3120 
2&5464 2.8120 39 2.3400 3.3399 
2.5321 2.8340 . 41 2.3343 3.3686 
2.5197 2.8542 43 2.3290 3.3978 
2. 5086 : 2.8731 45 2.3240 ·- 3.4277 
2.4984 .2. 8911 - 47 2~3193 3.4586 
2.4805 .' 2. 9248 49 . 2. 3149 3. 4905 
2.4650- 2e9564 51 2e3108' 3.5236 
2.4511 2.9864 53 2.3069 3.5583 
2.4386 s. 0154 55 2.3033 3.5946 
2.4271 3.0434 57 2.3000 3.6328 
2.4165 3 .• _0709 59 2. 2970 3 .. 6730 
z·. 4067 · 3.0980 61 2.2942 3~7155 

2.3974 3.1247 63 2.2919 3.7606 
2.3888 3.1512 .. 65 2.2899 . 3. 8088 
2.3806 3~1777 67. 2.2882 3.8605 
2.372S 3~2042 68 2.2875 3 .. 8877 
2.3656 3 .. 2307 

_./ 
' 69 2.2869 3.9160 

,_/ 

aThe values of the constants in. Eqs. (a) and (9) are: 
' 8 

a = _5. 88lxl0 ; 
/ 

4 
b = -3. Ol2xl0 i a' a 

c:l 1.529xlQ 1 bt = 8.507. 

';._ 
; 

, ____ .. ----__..l.t..-.--· 
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Potential CUrve for the B State 

Although the molecular constants of the ground state have ,, 
'· 

been repe.atedly remeasured by diff'ere~t investigators, kno\'lled$~ 

of the upperi_state is not nearly so extensive. nor precise. It 

is based almo'st solely on the pioneering experimental work of 

Mecke15 who first measured the iodine absorption band heads in · 

the region 5000 K to 7900 K. By relating Wood's16 fluorescence 

series (v' ~ 26) to the iodine absorption spectrum, Loornis17 

re-analysed:Mecke's data and established ·the correct vibrational 
. . ' 

numbering. :The vibrational energy levels can be represented, 

Within the ~ncerj;a:intyof 0.5 cm~ 1 in Macke's measurements 1 .... by: , . 

, G(v) = w~(v+.~)"'"IDex~(v+~) 2 +roey~(v+·~) 3 
, . 

' (11) 

where.~e have adopted
18 

the values w~ = 127,35 cm-1,· roex~ = 
0.76 cm-l and IDeY~ = -0.0033 cm~l for the vibrational parameters. 

The rotational analysis, ·however,. which is summarize-a ·r~ 

. Table· III, is less satisfactory. Only the first two terms 

have been determined in the expansion of the rotational.constant 

''D. B I . I ( + 1) ' ( . 1) 2 . .... I ( 1 )3 ' 
J,Jv = e - 0 e v 2 + 'Y e v + 2 + 0 e v + 2 + • • · (12) 

and the uncertainty in these values is considel .. able. Meclce 

studied the individual lines of four band~ (4,7), (4,8), (5,7) 

and. (5, 8) which lie in the red. From the difference between-. 

corresponding lines, Loomis determ~n~d the rotational constants 

from Mecke's data. Loomis also determined the rotational constant 

of the 29th vibrational level from analysing plates ... of. the iodine 

absor~tion spectrum produced by the Mercury green line. From 

~ .. 
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~~ 

Tabl~ III. Rotational parameters for the B state. 

Source , 
I (10 Bv· (om-1 ) a' (om-1 ) re e e 

:Macke a 5.022 0.02909 0.00015 

Loom1sb 3.016 0.02920 0.00017 

Values used0 
3~022 0 .. 02909 . o. 00017 

aReferenoe 15. Mecke only determined a~. The 

values give~ for r~ and B~ are based on his a~. 

· bRef'erence/{7. . The a:~ shown. is a \'leigh ted mean of 

a~= Oa000l75 cm-l for the difference of.the 

(5,7)-(4~7) band lines and a~ = Oe000156 cm·l for 

the _(s,a) ... (4;8) band lines. Loomis gives r~ = 
.3.01 K for the internuclear distance but the value 

r~ = 3e0l6 ft., based on his value of B~, is 

connnonly cited in the literature in lieu of a more-- _ ____.,_. . ..:.. 

precise measurement. From analysing new plates by 

Wood and Klingaman of the absorption spectrum, 

Ioomis determined B29 = 0.023368 t 0.000005 cm-lo 

He had planned to carry out a more definite 

analysis of the rotational constants of the B 

3tat~ but this was never published. 

0 With ~· = •l.Oxl0-6 cm-1 estimated from Loomis' e .. . 
value·or B2s• 
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this value, we have estimated~· = -1.~~10- 6 
cm-

1 
, e However, it 

; 

,i 
, . . 

is doubtful ¥hether Loomis made centrifugal distortion corrections 
} 

in evaluat1nf!i B2g• _Furthermore, it is possible that 

\iould be requ~red to represent the Bv valu~s through 
I 

level, and 5~ ca!'lnot be calculated without additional 

If' the rotational constants determined by Loomis 

I -~-

a 5 term .. 
e ':' 

the 29th 

data.' 

are used 

to obtain· the upper state potential, the calculated intensity 

distribution gives reasonable agreement19 with experiment for 

only the lower v" members (up to about v" = 18). Instead \'1e have 

used the values of' Be1 ' a' and~· given in Table III to cons~uct-e e 

the .turning points for the upper state shown in Table IV. The 

only change from Loomis is in the valu~ of B~, which has been 

adjusted to shift the upper state potential curve to the left by 

about. 0. 006 ..If.. This· char1ge could be achieved equally as well 

in a number of'_other ways for these high vibrational levels, such 

as small corrections in values of a~ c:>r ~~- and the inclusion of a 

· 5~ term. But these rotational C?Onstants lie within the bounds 

of the experi~mental uncertainty (r~ = 3.016 ± 0.010 ~) and give 

excellent agreement with the observed intensity distribution. 

The errors introduced into the RKR turning points by 

inaccurate rotational constants are rather small for the lower 

vibrational levels. but rapidly build ~P· For the higher vibra

tional levels, the potential energy fu~~ is quite sensitive 

to the l"otational constants. The width of the potential curve 

r+ - r_ = 2f(V), given by Eq. (6), depends on th~ibrational 
----. constants alone. ·However, the slant of the central axis of the 

potential curve, i.e., how much each pair of turning points are 
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10 

12 

14 

Table IV. Results of oaloulations for the potential 

energy ourve~ of the B state of·I2 

(J = 0 rotational· state). 

·--·_...u,_...-

Turning Points Turning Points 

r (l) r+ (Jt) v r- (}{) r+ (Jt) -
2.9609 3.0904 16 2. 7503 3.5701 

2 .. 9203 3.1457 18 2.7393 3.6206 

2.8942 3.1868 20 2e7292 3.6717 

2e8741 3.2222 22 . 2. 7199 3.7239 

2.8575 3.2543 24 2.7111 3.7774 

2.8432 3.2843 26 2.7026· 3.8326 

2.8307 3.3129 28 2.6944 3.8898 

2.8092 3.3672 30 2 .. 6863 3.9494 

2.7913 3 .. 4192 32 2.6781 4.0118 

2.7759 3.4699 ··~ . 2. 6697 4.0776 

2.7624 . 3.5201 2.6654 . 4.1119 
....... 

a . 
The values of the constants in Eqs. (a) and~9) are: 

a • 4.ll7xlo 8 ~ b = -4.293xlo3; a' = -1. ~15x10 8 #'----b~ 6.590. 
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displa~·ed ~o the left or right of r e' is mainly determined by~' 

the rotatio'nal constants e Fol" high vibrational levels"' 'Y e" fqr 

example., pl~ys a significant role as can be seen from Table v,, 
'l 

whi~h gives \:the turning points for the v' = 26 level fqr different 

values of 'Ye" . Table V shows that the tu1?ning points are shifred 

linearly to ~he right with increasingly negative 'Ye· A 15% error 

in 'Ye will produce an uncertainty of ±0.005 K in the turning 

points of the v' = 26 level. Such a shift will be shown to alter 

i 
markedly the intensity pattern.. The same error in.meye would be 

unnoticed.·· ·Consequently accurate rotational constants are of 

importance for relative intensity calculations. 

COMPUTATION OF THE VIBRATI~AL WAVEFUNCTIONS 

Once the potential is_ constructe~he vib~~tional wave• 
' . "-.._ 

functions appropr~ate to this potential are obtained by solving 
~ 

the. radial Schrodinger equation~ Recently Cooley2
-0 ..... ~ described 

a rapid and accurate numerical method·for this purpose which has 

been reviewed in detail elsewhere. 21 Briefly, the one-dimensional 

second order differe.nt1~l.. ~quation 

d
2, 
Vlv'J 

----:o:2--- + (E,J ~ U(r$J)] Vtvj = 0 (13) 
dr 

is replaced by an equivalent finite difference equation. This 

is iteratively solved for the eigenvalue EvJ of the total energy 

and the wavefunction tvJ oy employing a NUmerov22 ~ethod of 

integration, together with a second-order iteration-variation 

procedure due to LOwd1n. 23 In Eq. (13) U(r,J) is the ~ffective 
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·Table v. Sensitivity of turning points 

to y' for v' = 26. e 

. . ... 6 
-l.OxlO 

-1.2 

-1.4 
' 

-1.6 

3.8326 

3.8374 

' 3. ~4'22' 
I 

: 3 •. 8470' 
I 

/ 
I. 

I 

r (ft) ... 

2.7026 

2.7074 

2. 7122 ' 

2. 72~{0 

, ', 

.. 

I 
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potenti'al function Qf Eq. (10), including the rotational 

contribution, ~ength is measured in. Bohr l"adii a
0

, and the unit: 

·of' energy is equivalent to h Nc/8?r2cagi-L · = o. 948844: cm-1, where · 

N
0 

is Avogadro.• a number (physical scale) and l..t. ·1s the reduced 

mass in.Aston units. 

Cooley has made available a SHARE program embodying these 

procedures for the IBM 704 •. This has.been made compatible with 

the IBM 7090 and some useful modifications have been added. 21 

24· Additional tests of ·this program have been conducted by Cashion 
I 

WhO finds. that it l"equ1l'~0S 0. 4 seconds to compute the e1gen-

. function at 1000 points and to correct the trial eigenvalue for 
I 

the next iteration* furthenaore, relatively few (often less than 
. . / 

four:) iterations are required in order to obtain eight~figure 
' . 

I . . . . \ : 

c.onstancy in the eigenvalue; even for an initial t·rial energy 

several percent in error. · / . : 
I 

The evaluation of the overlap integrals is accomplished 

by Simpson's rule between the J.±mits l. 500 K to 6. 450 ft. in steps 

of 0.0025 K. This method of: integration as well as the 
' 

reliability of the wavefunctions were checked by halving the step 

size, changing the limits of integration and comparing the 

computed expectation value of <1/r2) with the exact expression 
I 

for the Morse potential. ~1ese tests show that integrals of 

these numerical wavefunctions are, accurate beyond five significant 

figures. 

Figure l shows the vibrational wavefUnctions obtained by 

this method for the v' .= 26 level of the upper sta~e and the 

v" = 10 and 25 levels of the ground state ·of ! 2• The sensitivity 

of the overlap integrals to the relative location of the potential 
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. curves may be illustrated with these wavefunctions. ·As v 15 

.. 

increases, t~e wide11ing of the po.tential rnalces room for new loops 

in the wave~ction at about the same rate as they appear; thus 

for v" S: 20, the length of a loop remains almost corist.ant at 

about o.os K. The corresponding length for the v' = 26 level of 

the upper state is 0.04 l. 

for v 1 = 26, v" = 25 will 

narrow interval AX, which 

The value of the overlap integral 
. . \ . 

be determined almost entirely by the 

con~ains abou~5 nodes of.the upper 

state and 17 nodes' of the lower. For the two wa~functions to 
--.... 

be less than a quarter 1,-Javelength out or step with each .. _o~~er .. 

the wavetunctions and hence the turning points of the potential 

·curves must be known to better than. o. 01 JL · 

COMPARISON OF CALCULATED AND OBSERVED 

lNTE~SITY DISTRIBUTION 

Relative intensity measurements for the B-X transition of 

I 2 are available for· only three v" band progressions: the v' = 
15 and v' = 16 fluorescence series excited by the Sodium D lines;and 

the v• = 26 fluorescence series excited by the Mercury green 

line. If the light source is highly monochromatic, ·it produces 

resonant absorption into a definite rotational-vibrational level 

of the B state. The subsequent fluorescence to the different 

rotational-vibrational levels of the ground state produces a 

long series of closely spaced P and R doubletso 

During· the. first· quarter· of the century R. w. Woo·d~s·· carried 

out an extensive study of the v' = 26, J' = 34 series. which he 

was able to measure out to the 28th member• \'/. Lenz25 examined 
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~~.· . ./·!: 
~~ a reproduction of Wood's plates and roughly estimated the 

relative intensity of the first 20 members.. 0. Oldenberg.- 26 

using specially sensitized plat~s·, extended the observed series· 

to · the 38th ~ember at 8835 K., the up~~iln1 t ot: hi a plate 

sensitivity. Unfortunately» .Oldenberg 1 a measurements do not 

overlap with the portion of the series analyzed~y Lenz. Also,. 
· ................ ~......_ 

·because of intensity limitations, Oldenberg had.to use---a broad 

green line and low dispersion and consequently his measurements 

include·aome contribution from transitions which originate in 

excited levels other than v' = 26~ J' = 34. Neither Lenz nor 

Oldenberg appear to have corrected for variation of film sensi

tivity with wavelength, and their intensity data are vi~ual 

estimates of plate blackening. Recently, Arnot and McDowe1127 

have rephotographed the first 19 members of the series, using 

narrow line excitation, and have determined the .peak heights from 

densitometer tracings. Also, Rank28 has remeasured the position 

of the v" = 1 to 13 and v 11 = 29 to 39 members; although Rank did 

not make intensity measurements.? the lines missing from his lis~c 

serve to identify transitions of negligible intensity. 

' 
Table VI. compares the experimental results for the v' = 26 

fluorescence series with those .calculated from both the ~KR and 
/ 

the Morse potentials. Despite the considerable discrepancies and 

uncertainties in. the experimental inte~ity estimates, the location 

of the maxima and minima in the internal diffracti,)n pattern is 

· well established, and thus offers a severe test of the calculated 

intensities. If anything within SO% is regarded as within the 

bounds of experimental error, both the RIOt and Morse calculations 



· Table VI .. Calculated and observed relative intensities for the 

v' = 26., J' = 34 fluorescence series of 12 • 

.,_ Observed Observed Calculated Calculated Observed Calculated Calculated 
v" Lenza Arnot and RKRb Morseb v" b ·Morseb 

McDowell Oldenberg RKR ---

0 10 10.0 10.00 7 .,84. 20 e lo41 0.10 
1 9 3.7 9 .. 59 10.00 21'· of 0.01 1.63 
2 1C 0.0 0.04 0 .. 28 22 9 1 .. 36 -0~01 

3 9 3.2 5.10 4.82 23 2 . 0.20 1.54 
4 3 0.9 2.16 2.-53 24 3 0.82 ·o.o2 
5 ac ?d 1.33 1.43 25 9 o. 72 1.38 
6 8 2.2 3 .. 55 3.61 26 0 0.21 0.10 
7 2C 0.2 0.02 Ool5 27 10 1 .. 06 1 .. 18 

f 

8 9 2.5 3.16 3.48 28 1 o.oo 0.24: ~ 

9 oc 0.1 0.45 0.05 29 ·g 0.92 0.94 
t::) 

I 

10 8 1.9 1 .. 82 2.79 30 9 0.28 0.41 
11 3 1.0 1 .. 46 -0.42 31 oc 0.42 0.69 

/ 12 2C 0.6 0.56 1.97 32 10 o. 70 0.60 
13 7 1.7 2.1-o 0.88 33 1C 0.04 . 0.44 
1.4 0 0.0 0.01 1.24 34 9 0.81 0.79 I 
15 7 1.7 1.97 1". 26 . 35 5 0.09 0.22 
16 0 0.2 0 .. 26 0.69 36 2 0.51 0~94: 

17 2 1.2 1.23 1.51 37 2 0 .. 44- 0.06 
18 1 1.0 0.92 0.32 38 c 0.11 1. 02/ 
19 or ••• 0 .. 41 1~63 39 e 0.67 o .. oo 

" 
. (footnotes follow) 

' 
I 

' 
I 

', 
' 

.. 
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Table VI. Footnotes 

aNote that the normalization used by Lenz is not related to that of Oldenberg. 

bBoth the P(35) and R(35) doublet intensities were evaluated from Eq .. (3). Since they 

do_ not differ from eacb other by more than 2%., their average normalized to-the 26'~0" 

transition is reported above. The RKR potentials used are given in Tables II and IV; 

the ~torse potential parameters a~e r; = 2. 6666 }{, cn; = 214,. 52 em -l and D~ = 12554. 6 

cm-1 for the X state and r~ = 3 .. 022 A, ro~ = 127.35 cm-l and D~ = 4507.0 cm-l for the 

B state. 

0 Indicated as very· weak by Rank, reference 28. 

dT'.ae observation ot tfiis. line is made difficult by overlapping \'lith the yellow Mercury 

line at 5790 JL 

· eThe line has been observed but no intensity estimate has been made • 

.f Indicated as very weak by tvood, reference 16. 

.. ., •.. t•;. ,. , .. ,_. #¥ • 
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are satisfactory up to v" = 10. At higher v 11 the RKR results 

continue to follow the experimental intensity fluctuations 

~lhereas· abovd v" = 11 the Morse results fall nin and out ... of-step. !' 
l 

Various choices of the Morse para."Ueters were tried with similar~ 

results. 29 Figure 2 shows an example in which r~ has been 

adjus.ted, within the uncertainty indicated in Table III; again 

the ~7orse results fall "out of 'step" by vrt = 11. The most 

satist'actory procedure, which gave results that paralleled the 

RKR results u.p to v" = 15, 111as obtained by adjusting the Morse 

potential for the B .state to fit the RKR potential near the 

·v• = 26 leve1. 30 

The sensitivity of the Franclc-Condon factors to changes 

.. 

in the potential function is illustrated in Fig. 3, which compares 

several calculated intensity patter;1s obtained by displacing 
.. 

the RKR potential curve for the B .state by increments of A(r~-r~) = 

0.002 A, with the ground'state ,curve fixed in position. Only 

when the relative location of the potential aurves is correct 

within displacements· of this order will the calculated intensity 

pattern m~tch the observed one over a wide range of Y1b~at1onal 

quantum numbers. 

Brown has recently carried/out a very careful study of 

the fi~st ten members of. the v•/ = 15, P(ll4) and v' = 16, P(45) · 

· fluorescence series. 31· His r~sulta are compared with the. RKR 

calculations in Table~ VII an~ VIII. Brown measured the 
. . I 

intensities photometrically and made corre.otions t'or the vari-

ation in photomultiplie.t" response with wavelength. For the 

measurements considered in Table VII1 he estimated the 
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expel"'imental uncel"'tainty as ±30% for v" > 3,~~ and even higher 
t • . ,i..'-

for the line's \'lith v" < 3, which are subject to self-absorption., 

Nevertheless~ the agreement between the calculated and experi

mental 1ntens1itiea is quite satisfactory. In a second set of 

measurements at tenfold lower pressure of iodine (30 microns),~~ 

Brown evaluated the self ... absorptio·n col .. reotions experimentally 

and deter.mined·intensity ratios for a few lines with an estimated 

accuracy of ·±1()%. These ratios. are in excellent· agreement \'lith 

the calculated values» as shotm in. Table VIII. 

Thus, we find in Tables VI ... VIII that> 'li-lithin the experi

mental uncertainty;.present in the spectroscopic constants and 
/ 

the relative intensity measurements,~~ the relative intensity 

pattern calculated from RKR potentials matches the eA~erimental . . 

intensity for the sixty lines of the B-X transitions measured to 

date. It is also found that 7 additional lines: (v' ,v") = 

(26~~2),~~ (26 1 7), (26.,9) 6 (26,12) 1 (26 1 31), (26,33), and (26,38~-r-

indicated as missing by Rank are indeed predicted to have 

negligible intensity. 

Table IX gives the calculated relative intensities i'or all 

transitions or appreciable intensity in the v' = 15, 16 and 26 

i'luorescence series. Table IX sho111s that the primary means of 

depopulating the (v• 3J
1

) level of the uppe.r state is by trans-

. itions to the first few vibJ:•ational levels of the ground .!3tate •.. 

However~ the fluorescence series extends far into the infra-red 

with appreciable intensity •. and a weal-cer secondary maxima in the 

intensity pattern is predicted to occur around v" = 51 and 52 

for the v' =' 15 and v• = 16 fluorescence series and around 

. I 

I 
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Table VI~.· Calculated and observed l"elative intensities 

for the v' = 15 and v' = 16 fluorescence· series of I 2• 

aNot reported. 

, bMasked by scattered sod~am light. 

0Scaled arbitrarily. 
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Table VIII. Comparison of intensity ratios. 

Line Intensity 
Ratio 

(15-3)/(15-2) 

(16-0)/(16 ... 1) 

(16-~)/(16-1) 

.-.. . ...; ~ 

.,,·. ''t• 

.. ' 

, .. , 

'·•' ., 

: ~ .. 
c, 

···\· 

'. ,; 

,: ' 

E..~erimenta.l 

Brown 

·o. 7T ± o.1s 

0 •. 22 :!: .0. 04 
·\ o. 76 ± o;,ls 

•'· ., ' 

.. ,. 

.- .. 

\t' 

-:·. 

~ 

• •• > 

· .. 

.. ;· 

Calculated 
RKR 

o. 76 

0.21 

0.79 

·~··.· 
.~·· 

·,'. 

·-·----~-

.+ ' 

-( ,· 
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Table IX. Summary of calculated relative-intensities for the v 1 = 15,- 16 and 26 

fluorescence series~ All int.ensities have been scaled to ten. The 

. c·alculated values reported for the v' = 26 progression are an 

average of _the P(35) and R(33) doublet intensities. 

v" v'=l5 v'=16 v'=2G v" v'=15 · v'=16 v'=26 v" v'=l5 v'=l6 v'=26 
P(114) P(45) J'=34 P(ll4}' P(45) J 1=34 P(ll4) P(45) -- J 1 ~34. 

0 0.89 1.31 10.00 24 1.01 0 .. 04 0.82 48 0 .. 03 0.68 0 .. 18 
1 4.96 6 .. 23 9.59 25 Os04 1.31 o .. 72 49 Oo83 . 0 .. 03 0.47 
2 10.00 10.00 Oe04 26 1 .. 33 -0 .. 68 0 .. 21 50 1 .. 69 0.36 o.oo 
s 7.58 4.88 SolO 27 o.so 0.13 1.06 51 1.69 1.,29 0 .. 47 
4 o.s8 0 .. 01 2ol6 28. 0.06 1.23 .0.00 52 LOS 1.64 0.17 
5 2.09 4.00 1.33 29 1.20 0.46 .0 .. 92 53 0.47 1.22 0 .. 19 

·s 5.31 3.8'3 3.55 30 0.71 0.19 Os28 54 0.14 0~59 0.46 
1 1.15 0.01 0.02 31 Oo05 1.,12 0.42 55 0.03 0.20 0,00 
8 1.08 2.97 3.16 . 32. 1.05 0.35 0 .. 10 56 a 0.05 0 .. 49 ! 

9 3.93 2 .. 55 0.45 33 0.71 0.20 0.04 57 -0 .. 01 0 .. 20 
N 
(.]1 

10 o .. ao 0 .. 04 1.82 34 o. 01 1.02 0~81 58 a 0~18 l 

11 1.05 2. 76 1 .. 46 35 0.,87 0.33 0 .. 09 59 ~ .. 60 
12 3.10 1.45 0956 36 0.80 0.15 0.51 60 ·/ 0 .. 01 
13 0.38 0,;30 2.10 37 0.01 0 .. 93 0.44 61 ;- 0.57 
14 1.22 2 .. 52 0.01 38 0.63 0.40 0.11 62 I - 0. 62 
15 2o42 0.63 1.97 39 0.94 0 .. 07 0.67 63 0.01 
16 0.11 o. "(l 0.26 40 0.11 o.-82 0.19 64 1.22 
17 1.39 2 .. 08 1.23 41 0.31 0.56 0~51 65 

I 
2.04 

18 1.83 0.16 0.92 42 1.01 o.oo 0.28 66 I 1.13 
19 0.01 1908 0.41 43. 0.48· 0.62 0.15 67 / 0~25 

20 1.46 la54 1.41 44 0.01 0.81 0.54 68 I 0 .. 02 
21 1.35 o.oo 0.01 45 0.73 o.oo 0.10 69 I a 
22 0.01 '1. 28 1.36 46 le08 0 .. 25 0.49 
23 1.43 1'.04 0.20 47 0.36 0.95 0.20. 
--·-
a 

Negligible intensities for higher members of progJ:~ession. 
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v" = 65 for the v• = 26 f'luqreacence series. A calculation of 
. ' 

the radiative lifetime of the v•· = 15~ 16 and 26 level baaed on 

Appendix. 

' 
DISCUSSION 

The Rydberg-Klein-Rees potential functions~ properly 

evaluated, have been shown to reproduce accurately the observed 

spectroscopic tel~ values (Table I) ~nd to give Franck-Condon 

. ··overlap integrals which~ within experimental error~ account for 
t -:."" .~ ....... 

the observed internal· diffraction pattern. of the B-X transition · ··· 

of' I 2 (Tables VI-VIII) over a wide range of vibrational quantum . , .. 
I 

·numbers. T'.ne agreement found for this ·extreme case encourages 

the application of' th~se exact numerical methods to other 

··molecular band system~. 32 Unfortunately, for many examples of 

interest, the available spectroscopic data is not sufficient 

... , 

to enable· accurate RKR potentials to be constructed1 especially 
. . 

for excited electronic states. In particular, it is necessary 

to have accurat~ rotational constants in order to determine the 

relative position of the potential curves as the overlap integrals 

are very sensitiv~ {~·this (Table V and Fig. 3). In the absence 

of the requisite data1 recourse must be had to analytic approx

~ations, and it is reassur~ng to find that overlap integrals 

_computed from Morse potentials closely simulate the RKR results 

for' low vibrational quantu.'!l numbers. 
- ___ __..:c,__. 

Since our calculations, based on Eqs. (3) and (13), have 

tal{en into account the centrifugal distortion of the pot.ential 

j. 
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due to rotation,~ · \'le may examine the contribution from this effect, 

wh;1ch has been ignored in previou-s calculations of Franck-Condon . 

tactol"D., It is found that the use of Eq. (4),~ which neglects 

vibration-rotation interaction~ gives intensities in error by .. 

·about ±1 Ofo for J 1 = 34 :~ and by ±20% .for J • = 113; furthermore, 

the error does not show a systematic trend but varies irreguia~ly 

from line to line. If' the rotational contribution is neglected., 

a systematic error is introduced into the calculated lifetime 

for the upper state (see the Appendix), although an error of 

10-20% is well' wlth.in the experiment.al uncertainty of most 

ititenaity measurements. 

Equation (3).~ on which this analysis is based., assumes the 

Born-Oppenheimer approximation for the separability o.f electronic 

and nuclear.motion, and the adequacy of a constant electronic 

transition moment Re independent or.r over the entire v" pro-
' 

gression of a fluorescence serie~. The validity or this last 
. i 

assu.'llption is a niatter of so111e ~portance since the sUJn rules 
. I . 

or ruolecular spectroscop!# !'rom;wh:Lch (among other consequences) 
' •f • • 

. radiative lifetimes are deduced, strictly obta:'l.n only tor a. 
I 
I constant average . Re-o , 

I 

I. . 
Recently it. has been pos'sible to 

I 
calculate exact'ly the 

variation o.f Re (r} \'Jith l" for .the one-electron molecules u; by 
33 . . ~4 

Bates et al and HeH++ by Arthurs et al. 0 Both these molecules 

have only one bound state (l:P~ tor H; and 2:P:=cr for HeH++) and 
i 

the strength of transitions to repulsive electronic states have 

been determined over a wide.range of r. 
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For H~- the .calculations refer to stror~ly allowed transitions 

and the oscillator strength [proportional to R!(r)] is found to 

be quite con~tant~ varying by no more than 15% from its mean 

. I. 

valu~ over ai,range of l ft. centered about the r~ of the bound 

state. · A siuh.lar calculation, for HeH++ likewise gives a slo~trly 
,, 

I 

,. 

-~
.. ~ 

varying oscillatol" strength for the strongly allo\tled transitions :->-

but a rapidly varying o.scillator strength which changes by as 

much as a. factor of ten f'or the vteakly allot·led charge transfer 

.1:· :~-· · t:t~ansitions. It is not clear whethexo these results can be 
'.-

generalized for many-electron_molecules. 

· .. -~. _· r ~; .. _ - M.llliken35 ha·s suggested a reiatively rapid variation of' 
•• 1 .... '> 

-:-

,·. 

',t· ' 

' ' 
'. ~-

. ; 

.,·., ... 

-Re (r )' f'or the charge· transf'et>. ty.pe B~X transitions of the halogen,s ~ . 

since it is .forbidden fox- separ~ted ~toms.and enhanced by case c 

coupling in. the·unite.d a~om ·l~to ·· Us~~pproximate calculat_ions 

for chlorine and bromine r~ported by Mulliken's~aboratory~ 
- '----- . 

Stafforct
36 

.has estimated a charige .in R~(r) by no n1~-----thal}_a 

· · ;!;'actor of' two to four ·over the extremes of the iodine absorption 

spectrum. It may be noted» hov.rever.f that the same moleculru;

orbital treatment applied to H~ or HeH++ leads to predicted 

· vari~tion of Re (r) whic~ are considel"ably too rapid. 336 34 

37' Fraser has suggested that observed intensities be used 

to determine the functional form of Re(r)~ by.means of "the r

centroid method. rr This employs the app~·oximation 38 [ t'ihich is exact 

tor a linear variation of Re(r)]: 

(14) 
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·where rv 'v")~ called the r-centroid, is a weighted value of r 

encountered 'in the v' ~ v'r transition, and is defined by 

(15) 

From Eq. used to determine 

the variation of Re(rv'v") with rv'vn from the relation 
"--.,.., 

'· ',,'--------
---- (16) 

._using calculated values of the r-centroids and Franck-Condon 

factors involved in each transition. 

The r-centroid method has been applied to many molecular 

4 band systems. Since it ascribes all discrepancies between the 

~ .. calculated and observed intensities to the variation of 

.. · .... 

Re (r vI vII) w~ ~h r vI v rr" it should be emphasized that the results 

can only be valid if both the experimental intensity and the 

calculated Franck-Condon ~actors are highly accurate • 

·· the uncertainties are. such that there is· no possibility to assess 
.. 

·.·the variation of the electronic transition moment with inter-

. ·nuclear distancee·. 
•• , .,_ • ~ 1 

' ~- . · .. 

. :.-.. f ... 
. • 1-·:. 

. ...... 

/ 

< .. ,· 

&.. ~ -··· 
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APPENDIX 

Radiative LTf'etime for I 2 Fluorescence 

The raQiative lifetime of a rotational-vibrational level 

(v',J') of the upper state is defined as 
' ·, 
i 

[ 
v'J']-1 

,.v' J' = :z Av"J" . 
6 VII J'' , . 

v'J' where Av"J" is the probt;bility of spontaneous emission per 

(17) 

second from the level ( v' , J 1 
) to the level ( v u, J 11

) and the sum 

is taken over all levels of the ground state for which the 

transition is allowed.. Once relative int~nsities are known,· the 

radiative lifetime may be calculated .from measurement of either 

· 'the absolute· intensity of a single line or the 'integrated 
'•'"I • ' "( .,~~: • 

'"; ;·,.·~:·:,: . intensity of the entire band system. 

.. . .. 
~<·; . 

. ·:··,I I 

The fluorescence intensity of a spectral line (in.units 

of energy emitted per second) is proportional to the transition 

·probability or spontaneous emission A~;,~;, and the rrequency or 
l J' . . 

the transition v~nJn (in wave numbers). If relative intensities 

. :are· ~vailable and A;:,g·;, has be.en determined by an absolute 

. . . . * * 
. . ·.intensity measurement for t.he v'J' ~ v J transition, the .. 

lifetime or the (v' ,J') level is simply given by 

., . (18) 

provided that -certain vibrational and rotational sum rules of 

.molecular spectroscopy are applicaqle. 39 . Using the relative . 



,, ,•,. 

-----...._ 
... intensities listed in Table IX and. Einstein A coefficients·-· .. ' 

reported by ,various ltlOl"ker.s, we have calculated lifetimes for , .. 

; ~ _· ( ., :" · the v' = 15, ~. 16, and 26 vibrational levels and the results are 
~· ;::~·; i~.~- -~ . 

given in Table X. 

. '. 

Total band absorption measurements provide another means 

of estimating the __ radiative lifetime, although the theoretical 
., . 

basis of this formulation is more open to question. It may be 

. .. . shown 40 that. the absorption data can' be related to the lifetime 

.·, '·-. 

by the follorring equation 

(19) 

.ltJhere e~ is. the'· deo·adio' molar ~xtiriction coefficient and vr and 

_ _1J a are the· frequencies of f.luorescence and absorption in wave 
' ' 

nmnberse Tne mean fluorescence fr~quency factor appropriate' to 

the entire. band system is obtained from the expression 

"/ 

\. . . ... ~; 
(20) 

. · .. ,\ 

by use of the rel~tive intensity data found in Table IX. For 

the v' = 26 level the calculated mean fluorescence wavelength 

.. 
. . is 'sss7 A. This result is 15% higher than the estimate given in 

· .. reference 43.. Lifetimes based on the 8867 1t value and the 
·'o:• 

· .; · 'extinction coefficient measurements ·of Rabinowitch and \vood41 
.. .., 

'· 

·· .. for a pressure broadened spectrum and those of Sulzer and 

' 42 
Wieland on superheated I 2 vapor are also given in Table x. 

Recently the lifetime of the v' = 26 level has been directly 

measured by Brewer, Berg, and Rosenblatt43 who obtained a value 



"!· ~ ~ 

' _; ' • ' .... \ '~ r:· . 

:Lr 44 rur:,;xh·Yetwt~.,..~·...--..;... ................. .......,; ................................. ......_...;;,...,..,__,.,. 

' .. ·. 

. . ~ .... 

., 
". .. .. 

;·. ' 

~-

or (7~2±l.O)x.lo- 7 seconds by using a phase fluol .. ome~;;;-- It is 

seen that this ·reported lifetime lies betueen the lifetime. 

calculated from the absolute line intensity and that from the 

integrated band absorption. In view of the large uncertainties 
t ...... . 

' . -~ : 

\: 

---.' 

·.;possible in absolute intensity measurements and the· approx:til').a.tions 

·made in Eqs. (18) and (19)., the calculated lifetimes are 1n 

. satisfactory agreement with the .direct observation. 

The lifetime may be related to the electronic transition 

moment· by 

(21) 

l:ihere the ·lifetime of the (v'J') level of the upper state is 

· seen to depend on .v 1 (and very slight~y on J 1
) only through the 

';· 

' 

·cube of .. the _frequency factor. · Consequently one would expect the. 
-

lifetime fol .. the v• = 15 and v 1 = 16 levels to be. about 20% i:J:::. :ter 

than the lifetime of the v 1 = 26 le,vel, pz>ovided Re·(r) does not . 

vary appreciably from transition to·transition. This trend to 

k:~g:~·:;, · lifetimes is. qualitatively t, rne out by Tabla X .. 

. No direct lifetimes for the v' = 15 o:r v' = 16 levels have · 
·. ~- . -~ . \ ... 

.' " .. '{'-. 

,· 
:,. 

~. . 
, .. 

:· .; .. 
yet been determined. 'The source of the discrepancy between 

. lifetimes calculated from absolute line intensity or band 

.' · ·: · abso:x>ption data, as well as the possibility of assessing the . . ' . . 
:-. .· 

validity of the rotational and vibrational sum rules must await .. 
. . 

' •.' ,.· . -
. the further comparison of calculated lifetimes, based on accurate 

Franck-Condon factors, and observed lifetimes, determined by direct 

measurements. 
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Figu~e Captions 

Po;tential energy curv·es and examples o£ wavefunctions 
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Corzwarison bet-v1een calculated and observed relative 

int~nsities for the v' = 26 fluorescence series. The 
' 

Morse· parameters used are the same as given below 

T~ble VI exc~pt for r~ = Sa0l6·A. · 

Fig. 3. ·. T11e variation of the internal diffraction pattern. with 

shift in the potential. The parameter A measures the 

change of r~ .>i!l< r~ for the ~wo potentials. 
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A. Makes any warranty or representation, expressed or 

implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 

report, or that the use of any information, appa

ratus, method, or process disclosed in this report 

may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 

or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 

Commission" includes any employee or contractor of the Com

mission, or employee of such contractor, to the extent that 

such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 

to, any information pursuant to his employment or contract 

with the Commission, or his employment with such contractor. 


