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Franck-Condon factors have been calculated for five electronic band systems
of Ny: C3L-Bl, BII~A432,*, 432,7~X1Z,*, all,- X', and (IL-X'Z,". Ryd-
berg-Klein-Rees potentials were constructed for these electronic states, and
exact vibrational wave functions were obtained by direct numerical solution
of the radial Schrédinger equation. Calculated relative band intensities are
compared with experimental data. In addition, radiative lifetimes are calcu-
lated from absolute absorption data for two of these band systems. Various
proposals concerning the variation of the electronic transition dipole moment
I, (F) with internuclear distance are discussed, and it is suggested that [2.(F) is
likely to vary most for forbidden transitions.

INTRODUCTION

In recent years much work has been devoted to the caleulation of IFranck-
Condon factors for electronic band systems.! Many of these caleulations have
employed Morse curves to represent the potentials of the upper and lower elec-
tronic states. However, this procedure has been shown to be often unreliabie,
cspecially for high vibrational quantum numbers (2).

This paper reports the caleulation of I'ranck-Condon factors for five elee-
tronic band systems of N, using a previously described procedure (2) based
upon Rydberg—-Klein-Rees (RKR) potentials. These potentials are constructed
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error. From these potentials the vibrational wave functions (and hence the
Franck-Condon factors), are then obtained by numerically solving the radial
Schrodinger equation.

We have chosen to study N» not only because of its great astrophysical interest,
but also because it is one of the few molecules for which very accurate spec-
iroscopic termi values for several electronic states are available. Vollowing a

* National Science Foundation Predoctoral Fellow 1961-64. Present address: Joint
Institute for Laboratory Astrophysics, Boulder, Colorado.

t Senior Undergraduate Research Tutorial.

! An extensive review is given by Nicholls and Stewart (7).
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118 ZARE, LARSSON, AND BERG

brief review of the numerical procedure, we shall present calculated arrays of
Franck~Condon factors for the Second Positive (C' 3I1,—B *I,), First Positive
(B M~-A 32,*%), Vegard-Kaplan (4 3T, X '2,+), Lyman-Birge-Hopfield
(a M,~X 'Z,*) and Tanaka (C *,~X 'T,*) band systems and potential energy
curves for the X, A, B, C, and a states of N,. A critical comparison of observed
and calculated intensities is given and various proposals concerning the varia-
tion of the electronic transitlon moment with internuclear distance are discussed.
It is pointed out that the evidence available for other systems as well as for N,
suggests that the variation is generally small for strong transitions and may be
large for weakly allowed transitions. Finally the utility of accurate Franck—Con-
don factors is illustrated by calculating radiative lifetimes for some of the ex-
cited states of No.

NUMERICAL PROCEDURE

The Franck—Condon factor ¢,,» associated with the (v', v”) band is defined
by the square of the vibrational overlap integral

ytpr = [f ’x/v’ lpp" di”] y (1)

where ¢, and ¢,» are the upper and lower state vibrational wave functions which
satisfy the radial Schrodinger equation

(d/dr?) + By — Ul = 0 )

for the potential U(i) with vibrational energy eigenvalue E, . To a first approxi-
mation, the integrated band intensity (energy/sec) of the (', »”) transition in
emission is related to the Franck—Condon factor ¢,..» by

vy = KN 'R 2q. . ()

Here K is a constant involving units and geometry, N, is the population of the
upper state, » is the frequency characteristic of the (v/, v”) band (usually taken
as the band origin) and R, is the average electronic transition moment assumed
to be a constant or a slowly varying function of the internuclear distance.

Among the terms in Eq. (3) which control the intensity distribution in an
electronic band system, the Franck—Condan factor usually exerts the dominant
influence. The vibrational overlap integral is an extremely sensitive funetion of
the relative phase of the two oscillatory vibrational wave functions, and the
Franck-Condon factor may vary irregularly, often by more than three orders
of magnitude, from band to band.

POTENTIAL ENERGY CURVES

The accuracy of the vibrational wave functions used to compute the Franck—
Condon factors depends critically upon the accuracy of the potentials employed.
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In the Rydberg(3)-Klein(4)-Rees(5) procedure, the potential is constructed
from the observed vibrational and rotational spectroscopic term values rather
than Uy uu‘pOSIIlg an aﬂa,lytic form on the pOtt'nuau The turniug pOiiltS Iy and
_ for the vibrational level of energy U are derived from semiclassical expressions
by evaluating numerically the Klein action integrals. This procedure has been
described fully elsewhere (2). To extend the wings of the potential curve beyond
the range covered by the spectroscopic data we join repulsive and attractive

egments of the form

€7}

View = @/ + b (4)
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where the zero of energy refers to separated atoms. The four constants appearing
in Egs. (4) and (5) are determined from the last two turning points r, on either
extreme of the central region so that the repulsive and attractive segments are
smoothly joined to the potential. These extrapolated portions of the potential
give only minor contributions to the I‘ranck-Condon factors for the highest
observed levels, but are required to carry through the numerical procedures (2).

Tables I-V give the RKR potential curves * for the X, 4, B, (") and o states
of N.o. The vibrational levels are labelled by the quantity / = v 4 1,, which
is the action variable for the linear momentum appearing in the Klein action
integrals. The source of spectroscopic data used has been summauzed below
each table. Whenever possible we have employed the repor

&
rather than spectroscopic constants to generate the turning points.

Once the potential is constructed, vibrational wave functions are obtained by
solving Eq. (2), the radial Schrédinger equation. We use a program due to Cooley
(7), modified for our purposes (8), which replaces the one-dimensional second-
order differential equation by an equivalent finite difference equa‘rlon This is

itarativaly anlved for the aigenvaliie K v tha o £ M
iterativelry 801vea 1or the eigenvarue i, ana the wav

anlaving

ve tunction ty, l)y empioying
a Numerov (9) method of integration, together with a second-order iteration-
variation procedure due to Lowdin (70). This procedure has been reviewed in
detail elsewhere (8, 11).

A comparison of the ca]culated and observed energy levels E, shows that the
RKT
to

method lphvnd uces the known vibrational enerev snacings of the molecule
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a high degree of accuracy, the average difference hetween the observed and

2 Potential curves have been constructed previously for some of the electronic states
of N: by Vanderslice, Mason, and Lippincott (6) and by Jain (6) using analytic approxi-
mations to the Klein action integrals. However, the errors introduced by this procedure

result in correspondingly large uncertainties in the Franck-Condon factors (see Reference
2
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TABLE I
PorenTiAL ENERGY CURVE® FOR THE X 12,7 STATEP oF N, (J = 0 RoTATIONAL STATE)

I=v+ 13 U(r) cm™ r_(A) (&)
0.0 0.00 1.0976
0.5 1161.22 1.0557 1.1469
1.5 3462.39 1.0260 1.1847
2.5 5735.00 1.0077 1.2137
3.5 7978.97 0.9934 1.2384
4.5 10 194.23 0.9816 1.2609
5.5 12 380.70 0.9715 1.2819
6.5 14 538.32 0.9626 1.3020
7.5 16 667.00 0.9546 1.3211
8.5 18 766.67 0.9472 1.3397
9.5 20 837.26 0.9405 1.3577
10.5 22 878.69 0.9342 1.3755
11.5 24 890.89 0.9284 1.3929
12.5 26 873.79 0.9229 1.4102
13.5 28 827.30 0.9178 1.4273
14.5 30 751.36 0.9130 1.4443
15.5 32 645.89 0.9085 1.4612
16.5 34 510.82 0.9042 1.4781
17.5 36.346.07 0.9002 1.4951
18.5 38 151.57 0.8963 1.5121
19.5 39 927.24 0.8927 1.5291
20.5 41 673.01 0.8891 1.5462

= The values of the constants in Egs. (4) and (5) are: a = 9.1917 X 108, b = —7.4669 X
104 0’ = —2.2609 X 105, b’ = 4.1523
cale

b

b The potential was ¢
The G(») values were caleu
Phys. 34, 780 (1956). The B, data was as follows: By and B,-B, are from P. G. Wilkinson,
Astrophys. J. 126, 1 (1957); B, is from B. Stoicheff, Can. J. Phys. 32, 630 (1954); BB

are from the work of Lofthus as recaleulated by Wilkinson; and By;—Bsy are from Lofthus’

constants.

ulated from the combined spectroscopic data of several authors.
ilated from the vibrational constants of A. Lofthus, Can. J.

ated viprational constanis LOILNUS,

calculated G(v) values being about 1.5 wave numbers for the potential energy
curves of N; given in Tables I-V. The difference between the observed and cal-
culated AG(v) values is much less. As a further check on the accuracy of the
RKR procedure, as well as a test of the vibrational wave functions, the B, values
for each vibrational level are calculated by computing the expectation value of
(1/r*). The observed and calculated B, values are also found to be in close agree-
ment, the average difference being five parts in ten thousand or less.?

The evaluation of the overlap integrals is accomplished by Simpson’s rule
using steps of 0.001 & between the limits 0.500 and 2.200 A for each band system

3 The potential curves which most aceurately reproduce the input G(v) and B, data are
those for the A32,* and B3, states. Those potential curves for which only a few states
are known (aTi, or (°1L,), or those states (X'Z,7) where we musit combine spectroscopic
data from different sources tend to be less accurate.
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TABLE II

121

Porentisr ENErey CURVE® FOR THE A 3%F STATE® oF Ny (J = 0 ROTATIONAL STATE)

I =413

oo

PO R W = OO
r L O

Nolie IR BeN
v o U O Dt

U(r) cm™

0.00
726.73
2159.63
3564.93
4942.33
6291.93
7613.73
8907.23
10 172.43
11 409.13
12 616.83

r_f';:\)

ro (A)

L2328
.1980
L1759

1589

1430
1332
1230
L1137
1035
.0981

1.2865

1
1
1
1
1
1.
1
1
1
1

2 The values of the constants in Eqs. (4) and (5) are: « = 4.8066 X 104, b =
104 o’ = —1.4243 X 105, b’ = 4.4262.
b The potential was calculated from the G(v) and B, data of G. H. Dieke and D. F. Hecath,
Johns Hopkins Spectroscopic Report No. 17, The Johns Hopkins University, Baltimore,

Maryland (December, 1959).

3481
.3992
4378
AT15
.5025

5319

.5602
5877
L6148
418

—3.1506 X

1.2125

L2694
.3159
.3509
L3813
4091
4353
. 4605
4849
. 5088
.5323
. 5550
.5788

TABLE III
PoreEnTiaL ENERGY CURVE® FOR THE B 3, STATEY oF N» (J = 0 ROTATIONAL STATE)

I =v+1; U(r) em™! r_ (A)
0.0 0.00

0.5 816.92 1.1627

1.5 2523.32 1.1298

2.5 4170.72 1.1089

3.5 5789.02 1.0929

1.5 7378.52 1.0796

3.5 8938.72 1.0683

6.5 10 469.82 1.0583

7.5 11 971.62 1.0494

8.5 13 444.02 1.0414

9.5 14 886.72 1.0341

10.5 16 299.82 1.0273

11.5 17 682.92 1.0210

12.5 19 036.22 1.0153

kbt b b ek e bk et bl et el e e

6019

« The values of the constants in Egs. (1) and (5) are:
104 @’ = —1.7368 X 105, b’ = 4.6678.
b Same source for spectroscopic data as Table II.

a = 2.4830 X 104, b = —3.9951 X

of Ny. The Franck-Condon factor arrays found in this manner* are presented in
Tables VI-X for the Second Positive, First Positive, Vegard-Kaplan (VIX),
Lyman-Birge-Hopfield (LBH) and Tanaka band systems, respectively. The

+ All computer programs described in this paper have heen documented and are avail

able in a report by Zare (12).
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TABLE 1V
PorexTianL ENERcY CURVE? FOR THE C 311, STATEP oF N: (J = 0 ROTATIONAL STATE)
I=0v+415 Ulr) cm™ r_ (R) ro (&)
0.0 0.00 1.1485
0.5 1016.66 1.1030 1.2005
1.5 3010.96 1.0730 1.2438
2.5 4951.62 1.0540 1.2771
3.5 6825.46 1.0396 1.3076
1.5 8606.49 1.0282 1.3389

# The values of the constants in Eqs. (4) and (5) are: ¢ = 2.0125 X 104, b = —7.8672 X
10%; ¢’ = —9.0066 X 104, b’ = 1.1569.
b Same source for spectroscopic data as Table II.

TABLE V
PorenTiAL ENERGY CURVE® FOR THE ¢ UI; STaTE® 0F N3 (J = 0 RoTaTioNaL STATE)

I=v+14 Ulr) em™ r_ (A) ry (A)
0.0 0.00 1.2208
0.5 843.57 1.1707 1.2777
1.5 2509.91 1.1378 1.3244
2.5 4148.53 1.1169 1.3594
3.5 5759.43 1.1007 1.3898
4.5 7342.61 1.0874 1.4176
5.5 8898.06 1.0760 1.4437
6.5 10 425.80 1.0659 1.4686

a The values of the constants in ¥qs. (4) and (5) are: a = 3.0769 X 104 b = —4.2125 X
10%; @’ = —9.2171 X 104, b’ = 3.1171.

b The potential was constructed from spectroscopie constants given by P. GG. Wilkinson
Astrophys. J. 126, 1 (1957).

negative number in each entry is the power of ten by which the entry has to be
multiplied (e.g., 1.23 —4 stands for 1.23 X 10—4). All Franck-Condon factors
are rounded to three figures. We have varied the input for these calculations
taking into account the errors inherent in the numerical methods and the un-
certainty present in the spectroscopic data. The strongest transitions (gu,» ~
10~1) are constant to one part in the last figure, the weaker transitions (gu.» ~
1073) are uncertain to five parts in the last figure, and the weakest transitions
(gorwr ~ 107°%) are only accurate to one or two significant figures. This illustrates
the increasing sensitivity of the Franck-Condon factor to the shape of the po-
tential when severe cancellation oceurs in the caleulation of the overlap integrals.

Another possible source of error in the application of these calculated Franck-
Condon factors is the neglect of rotation-vibration interaction in summing
over all the lines of a band in deriving Eq. (3). The Franck—Condon factors given
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in Tables VI-X are calculated from rotationless (J = 0) potentials and strictly
obtain for the real or hypothetical Q(O) line of the band. If the population of
PR Fim medtationaal 1aioal A PN P axra

each lUilu‘iuuuug rotational level of the upper electronic state is a;va.ila.uu", the
rotation-vibration interaction may be taken into account exactly. In the ab-
sence of this information it is customary to neglect the effects of rotation-vibra-
tion interaction. The calculations (2) for I. indicate that this approximation
may introduce a 5 to 10% error in calculations which employ these Franck-
Condon factors as effective Franck-Condon factors for integrated band in-

tensities.

e

COMPARINON OF CALCULATED AND OBSERVED RELATIVE

Although many molecular spectra have been carefully assigned and analyzed,
there have been relatively few studies whose sole purpose has been to record
relative intensities. This is in part owing to the difficulty of accurate intensity
measurements. Most modern intensity work is done with photoelectric de-

S.
ich have the advantace aver nhotooranhie nlates of wider rance of
5, WIICH nave tNne aavaniage ever pnotograpnle piates ol wiger range of

linear response. In either case, one must calibrate against a standard light source
1o correct for variation of sensitivity with frequency. Even when a photocell is
used, the overlapping of bands and blending of rotational structure by the spec-
trometer produce an error which may be different for each band studied. Pro-
cedures have been developed to account for overlapping (73), but the limited
precision of intensity mieasurements suggests caution in the use of results and
the need to include spectrometer tracings in articles reporting experimental
data whenever serious overlapping is encountered.

We present in Tables XI-XIV observed relative band intensities and those

e

TABLE VI
France-CoxpoN FacTors FOR THE N» SEconp Positive (C 31,-B 31;) BAND SysTEM
5 2’ 0 1 2 3 4
1] $.856 —1 3.88 —1 1.834 1 2.16 —2 1.16 =3
1 3.31 —-1 2.29 -2 3.35 —1 2.52 —1 5.66 —2
2 1.45 —1 2.12 —1 2.30 —2 2.04 —1 3.26 -1
3 1.9+ =2 2.02 -1 .91 —2 8.81 ~2 1.13 =1
4 1.45 -2 1.09 —1 1.69 —1 6.56 —3 1.16 —1
5 3.87 —3 4.43 -2 1.41 —1 1.02 —1 2.45 —3
[ 9.68 —4 1.52 -2 7.72 -2 1.37 —1 1.70 -2
7 2.31 —¢4 4.68 —3 3.32 —2 9.03 —2 1.09 —1
8 5.36 —5 1.33 =3 1.23 —¢ 5.26 —2 1.04 -1
9 1.21 -5 3.57 —4 4.12 -3 2.31 -2 6.67 —2
10 2.61 —6 9.15 =5 1.27 -3 8.95 -3 3.40 -2
11 5.23 -7 2.25 —5 3.69 —4 3.16 —3 1.56 =2
12 9.10 -8 5.22 —6 1.03 —4 1.03 -3 5.97 —3
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TABLE VII

Franck-ConpoN FacTors voR THE N. FirsT Posimive (B 3MI,~4 3T,t) Banp SysTEM

”v’ 0 1 2 3 4 5 6

v

0 4.06 -1 4.01 -1 1.58 —1 3.17 =2 3.47 -3 2.01 —4 572 -6
1 3.27 -1 3.71 -3 2.85 —1 2.77 -1 9.18 -2 1.41 -2 1.07 -3
2 1.64 —1 1.59 —1 6.59 —2 1.05 -1 3.06 —1 1.63 —1 3.41 ~2
3 6.67 —2 1.83 —1 2.25 =2 1.50 -1 1.11 -2 2.59 —1 2.26 -1
4 2.44 -2 1.29 -1 1.22 -1 +.67 —3 1.53 -1 6.94 -3 1.76 ~1
5 8.38 —3 6.57 —2 1.39 -1 1.09 -2 4.94 -2 1.00 -1 5.05 -2
6 2.80 -3 2.92 =2 9.94 —2 1.03 -1 2.04 =3 9.29 ~2 4.02 -2
7 9.26 —4 1.20 -2 5.66 —2 1.08 -1 5.13 -2 8.81 -3 1.04 —1
8 3.07 —4 4.73 -3 2.83 -2 7.88 =2 8.85 -2 1.22 -2 3.92 -2
9 1.03 —4 1.83 —3 1.31 —2 4.78 -2 8.58 ~2 5.37 -2 +.73 -5
”v’ 7 8 9 10 1 12

2

0 8.81 —8 8.28 —11 5.50 —10 1.42 —10 5.38 —12 6.27 —11

1 3.7 -5 5.14 -7 8.52 —10 1.56 -9 1.80 —10 1.71 —10

2 3.26 —3 1.35 —4 1.86 —6 1.59 -9 1.06 —9 4.29 —10

3 6.36 —2 7.50 =3 3.64 —4 544 -6 6.79 -9 1.09 —11

4 2.68 —1 1.01 -1 1.45 -2 8§.19 —4 1.41 =5 2.84 —8

5 9.30 -2 2.83 —1 1.43 -1 2.50 ~2 1.63 -3 3.20 =5

6 9.90 —2 3.20 -2 2.71 —1 1.86 —1 3.94 -2 2.96 —3

7 5.00 —3 1.26 —1 2.8 ~3 2.37 -1 2.26 —1 5.79 -2

8 8.29 -2 2.75 -3 1.24 —-1 3.86 —3 1.88 —1 2.60 —1

9 6.71 -2 4.68 —2 2.43 -2 9.80 -2 2.61 —2 1.35 -1

calculated from Eq. (3), assuming a constant B2, for the Second Positive, First
Positive, LBH, and VK band systems. Experimental intensities reported in
Tables X1, XII, and XIV were obtained photoelectrically. However, intensity
data for the LBH system (Table XIII) are plate-blackenings reported by Birge
and Hopfield (74), and are thus much less precise.

Within their accuracy, the experimental data of Tyte (15)% for the Second
Positive system are in excellent agreement with the calculated intensities (Table
XTI). Tyte reports a variation of intensities in a v” progression with changes in
discharge operating current; relative intensities of the strongest bands of the
same v»” progression change by as much as 30 %. When the discharge current is

5 Based on intensity measurements taken under forty different experimental conditions,
Tyte suggested that some of the Morse Franck-Condon factors may be suspect: the v’
for the (1-2), (2-1), (2-3), (3-2), (4-2), (4-3), (4-6) bands being too low; the ¢0” for the (1-6),
(2-2), (3-8), (4-9) bands being too high. In each ease the Franck-Condon factors calculated
from RKR potentials (Table XI) differ from those found from Morse potentials (Reference
35) in the direction Tyte indicated.
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TABLE VIII

Franck-ConpoN FacTors FOR THE N: VEGArD-KapPLaN (4 32,7-X 1Z,*) BanDp SysTEM

St
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12
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22
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.06

.06
09
48

.10

43

.35

6.97
3.04
2.95

0 1 2
06 —3 5.55 —3 1.57 -2
41 -3 3.27 =2 6.65 —2
34 -2 8.88 —2 1.15 -1
29 -2 1.33 —1 8.12 —2
44 —1 1.09 -1 09.45 -3
89 —1 3.67 ~2 1.7977 =2
92 -1 8.43 —5 8.13 -2
55 —1 4.26 =2 7.92 -2
02 —1 1.17 —1 1.76 =2
47 =2 1.53 —1 6.62 —3
46 -2 1.32 -1 7.06 -2
22 -3 8.48 —2 1.33 ~1
89 —3 4.23 —2 1.36 -1
51 —4 1.68 —2 9.49 ~2
62 —4 5.36 —3 4.90 —2
94 —5 1.38 =3 1.94 2
50 -6 2.92 -4 6.04 =3
41 -7 5.02 =5 1.49 -3
55 -8 6.87 —6 2.95 —4
89 —9 747 =7 4.57 =5
.87 —10 6.38 —8 5.44 -6
5 6 7
93 -2 8.38 —2 9.21 =2
35 =2 5.57 —2 2,78 -2
73 -3 1.92 -3 1.90 -2
44 —2 5.52 -2 1.64 =2
16 —2 1.45 -2 1.60 —+4
23 —4 1.88 —2 +.41 -2
10 -2 4.70 -2 1.23 -2
21 -2 8.71 —4 1.90 —2
30 -5 3.71 -2 4.04 -2
56 —2 3.70 -2 8.28 —6
73 =2 5.09 —4 4.04 -2
16 —4 4.74 -2 2,72 =2
87 —2 3.89 -2 1.04 -3
29 -2 1.50 —4 5.23 =2
35 ~2 4.83 -2 2.56 —2
59 —3 6.63 —2 4.83 —3
08 —2 1.14 =2 6.13 -2
31 -1 1.53 -2 5.25 =2
22 -1 9.26 -2 1.39 —3
28 -2 1.36 ~1 3.78 =2
.06 —2 1.08 —1 1.18 —1
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TABLE IX

Franck-ConpoN FacTORs FOR THE N2 LyMaN-BIRGE-HOPFIELD
(a T1,~X '=,7) BanD SYSTEM

) d 0 1 2 3 4 5 6
v
0 4.43 -2 1.18 —1 1.73 -1 1.85 -1 1.60 -1 1.20 -1 8.08 —2
1 1.51 -1 1.90 —1 9.44 -2 1.15 -2 6.67 —3 4.75 —2 8.52 —2
2 2.50 -1 802 —2 3.30 -3 7.51 -2 962 -2 470 —2 494 -3
3 2.53 —1 5.8 —4 1.08 —1 6.81 —2 4.43 —4 3.47 -2 7.32 =2
4 1.73 -1 9.22 -2 8.41 -2 4.39 -3 7.8 -2 551 —2 2.37 -3
5 8.61 —2 1.91 —1 3.19 —4 9.76 —2 347 —2 980 —3 6.39 -2
6 3.22 -2 1.76 —1 7.30 -2 6.18 —2 205 -2 7.84 —2 1.24 -2
7 9.17 -3  9.93 -2 1.73 -1 1.17 -3 9.90 -2 5.16 —3 4.47 -2
8 1.99 -3  3.87 -2 1.60 —1 9.17 -2 2.93 -2 5.50 —2 5.01 —2
9 3.37 —4 1.10 -2 8.76 —2 1.71 -1 1.64 —2 817 -2 5.19 -3
10 4.75 -5 2.33 -3 3.23 —2 1.38 —1 1.25 -1 3.08 -3 8.54 —2
11 5.64 —6 3.82 —4 8.50 —3 6.71 —2 1.66 —1 5.56 -2 4.09 -2
12 3.93 -7 490 -5 1.65 -3 2.19 —2 1.09 —1 1.55 —1 7.44 -3
13 872 -9 429 -6 237 -4 503 -3 445 -2 1.46 -1 1.09 —1
14 2.46 -9 1.85 =7 2.43 =5 8.35 —4 1.22 -2 7.55 -2 1.63 —1
15 5.58 —10 1.80 —8 1.62 -6 9.8 -5 2.34 -3 2.50 -2 1.11 -1
16 2.66 —10 6.22 -9 1.17 -7 7.93 —6 3.17 —4 562 -3 4.52 -2
17 2.8 —11 5.41 —10 1.31 -8 5.57 —7 3.09 -5 8.94 —+ 1.22 -2
18 4.25 —11  3.25 —10 5.71 —10 6.06 —8 2.71 —6 1.08 —4 2.35 -3
19 1.42 —10 4.8 —10 8.40 ~15 1.68 -9 3.47 —7 1.27 —5 3.66 —4
20 3.40 —11 1.24 —13 1.66 -9 6.11 —10 4.10 -8 2.03 —6 5.69 —5
TABLE X
Franck~CoNDON FacTors For THE Ny Tanaka (€ 3L~X 1Z,7) Banp Sysrtem
7 0 1 2 3 4
T”
0 5.59 —1 3.03 -1 1.01 -1 2.76 -2 7.16 -3
1 3.36 -1 8.73 =2 2.71 -1 1.82 —1 7.88 -2
2 9.03 —2 3.64 —1 1.82 ~3 1.30 —1 1.82 —1
3 1.33 -2 1.95 -1 2.44 —1 7.11 -2 2.42 -2
4 1.12 -3 4.47 -2 2.67 ~1 9.92 -2 1.48 —1
5 6.28 —5 581 -3 9.52 ~2 2.80 —1 §.47 —3
6 6.12 —6 5.13 —4 1.80 -2 1.58 —~1 2.19 -1
7 6.77 —7 1.90 -5 2.27 -3 $.32 -2 2.13 -1
8 4.83 -9 5.17 -6 2.79 —4 8§.06 —3 8.76 —2
9 1.44 —10 1.48 -7 4.21 -5 1.39 —3 2.40 -2
10 1.68 —8 9.72 -8 4.41 —6 2.59 —4 5.66 —3
11 1.64 —10 5.80 —8 6.62 —7 3.78 =5 1.26 -3
12 2.93 -9 1.38 —8 1.22 —7 3.95 —6 2.15 —4
13 1.09 —11 1.97 -9 3.58 —8 3.37 =7 2.44 -5
14 1.34 -9 3.67 -9 7.52 —10 1.43 —8 2.62 —6
15 1.37 —10 7.14 —1 1.71 -8 9.60 —9 2.00 —7
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TABLE XI

CoMPARISON OF CALCULATED AND OBSERVED* RELATIVE BAND INTENSITIES (ENERGY /NE()

THE SNeconp Positive (O 311,~RB A1) SystEM. THE First ENTRY 18 CALCULATED
FOR THE SECOND rOSITIVE (U iy 1ly) SYSTEM. 1HE MIRST IWNTRY I8 CALCULATED,

THE SEcoNp ENTRY 18 OBSERVED. IN KacH ¢” ProGrEssion, THE EntriEs Have
BeEN ScALED To TEN. ALL Brank Carcunarep ENTRIES ARE 0.00

o 0 1 2 3 1
0 10.00 10.00 $.91 1.04 0.05
10.00 10.00 1.91

1 5.78 0.48 10.00 10.00 10
5.99 0.47 10.00 10.00

> 1.99 3.50 0. 50 .64 10.00

1.63 3.67 0.77 7.91 10.00

3 0.53 2.65 1.34 2.34 2.85

0.57 2.92 1.83 345 2.30

1 0.12 1.12 2,62 0.11 2.30

0.1: 1.30 3.08 2.55

5 0.02 0.35 1.73 1.75 .01
13 1.87

B 0.09 0.74 1.88 0.64

0.01 1.24 0.62

7 0.02 0.25 1.07 1.19

0.32 1.29 1.490

5 0.07 0.44 0.90

0.47 1.20

9 0.02 0.15 0.45

0.36

« Reference 152

raised the rotational structure of each band may be altered, resulting in different
recorded intensity measurements depending on the resolution of the spectrom-
eter. In addition, the Nyt Tirst Negative (B *Z,7—X *Z,*) system is known to
overlap the Ns Second Positive system (15),5 but without spectrometer tracings
we cannot speculate further about the nature of this variation. In Table XI we
have used only the relative band intensities reported by Tyte at lowest operating
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TABLE XII
ComMPARISON OF CALCULATED AND OBSERVED® RELATIVE Banp INTENsITIES (ENERGY/SEC)
ForR THE FiIrsT PosiTive (B 3,~A4 32,%) SysteM. THE FirsT ENTRY Is CALCULATED;
THE SECOND ENTRY 1s OBSERVED. IN EacH »” ProcrEssioN, THE ExTRIES HAavE
BeEN ScaLep To TEN. ALL Brank Carcuratep ENTRIES ARE 0.00

v 0 (
1 2 3 4 5 6 7 8 9 10 1 | 12
o’ ’ | i
0 110.00 (10.00 | 8.84 | 1.73 ' 0.25 | 0.02 /
10.00 |10.00 | 8.34 | 1.70 | |

1 ]4.24]0.05 10.00 |10.00 | 4.48 | 1.15 | 0.10
4.34 10.00 |10.00 | 3.84 | 1.24 | 0.23

2 11.01)1.25)1.38)2.42/10.00 | 9.25 | 2.14 | 0.24 | 0.01
1.54 | 2.07 | 2.48 | 3.66 |10.00 | 8.54 | 2.03 | 0.33

3 /0.17 1 0.75 ] 0.26 | 2.09 | 0.24 ]10.00 |10.00 | 3.33 | 0.50 | 0.03
1.36 | 1.18 | 3.25 | 1.09 |10.00 |10.00 | 3.04 | 0.72

4 10.020.22]0.73]0.042.01]0.18 | 5.36 |10.00 | 4.96 | 1.00 | 0.08
1.23

0.78 | 1.46 | 1.22 | 2.89 6.61 110.00 | 4.73
5 0.04 | 0.38]0.17 ] 0.38 | 1.61 | 1.02 | 2.41 ]10.00 ; 7.26 | 1.81 | 0.13
0.94 | 1.16 3.05 | 2.45 | 3.18 {10.00 | 6.86 | 1.95

6 0.11 ] 0.21 ) 0.01 | 0.90 ] 0.52 | 1.74 | 0.80 10.00 |10.00 | 2.33] 0.20

1.20 3.28 10.00 | 9.95 | 2.17
7 0.0210.090.11 | 0.05 ] 0.84 | 0.06 | 2.15 | 0.08 | 9.33 |10.00] 2.95
10.00 |10.00} 3.08
8 0.02 | 0.08 { 0.04 | 0.18 | 0.60 | 0.03 | 2.26 | 0.11 | 6.17|10.00
) 6.24/10.00
9 | ‘ . 0.03 | 0.07 | 0.00 | 0.29 | 0.34 l 0.30 | 1.96 | 0.62] 3.89

& Reference 18.

current. We note that these are in reasonable agreement with the unpublished
work of Wallace (16).5

In the First Positive system (Table XII) experimental intensities for the strong
bands which lie on and near the (0-0) sequence are in good agreement with cal-
culations. This agreement is also confirmed by comparing the calculated in-
tensities with the careful photographic measurements of Elliott and Cameron

¢ We would like to thank Dr. Wallace for making available to us his intensity data
worksheets.



TABLE XIIl

CoMPARISON OF CALCULATED AND OBSERVED® RELATIVE BAND INTENSITIES (ENERGY s NEC)
FOR THE LyMaN-Bir¢eE-HorFIELD (@ M~X 'Z,7) SysTeEM. THE Firsr ENTRY 1%
CALCULATED; THE SECOND ENTRY 18 OBSERVED. IN EicH ¢” PROGRESSION, THE
EnxtriES HavE BEEN ScALED 170 TEN. ALL BLANK CALCULATED ENTRIES

ARre 0.00
R 0 1 2 3 4 5 §
0 2.33 7.12 10.0 10.0 10.0 10.0 10.0
6 7 10 10 10 10 10
1 6.92 10.0 4.78 0.55 0.37 3.50 9.35
8 9 7 3 8 10
2 10.0 3.68 0.15 3.15 +4.68 3.06 0.18
10 6 2 5 8 4
3 8.76 0.02 4.20 2.50 0.02 1.99 64.29
10 b 6 b 2 7
4 5.17 3.20 2.84 0.14 2.93 2.78 0.18
9 7 6 0 5 8 b
5 2.22 5.73 0.01 2.73 1.13 0.43 426
6 10 b 5 5 2 5
6 0.71 4.54 1.85 1.50 0.59 3.03 (.72
3 8 5 5 6 b
7 0.17 2.20 3.77 0.03 2.45 0.17 2.28
6 7 1 h 0
8 0.03 0.73 3.01 1.67 0.63 1.61 2.24
2 6 4 b 2
9 0.18 1.41 2.67 0.30 2.08 0.20
0 5 1 h
10 0.03 0.44 1.85 1.99 0.07 28K
1 5 7 b
11 0.10 0.77 2.27 1.05 1.19
2 7 (4 2
12 0.02 0.21 1.27 2.51 0.1
1 3 2 b
13 0.04 0.44 2.02 2.36
14 0.01 0.10 0.89 3.01
15 0.02 0.25 1.75
16 0.05 0.61
17 0.01 0.14
18 0.02

= Reference 14.
b Reported ‘“‘missing’ by Reference 14.

129
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TABLE XIV

CoMPARISON OF CALCULATED AND OBSERVED* RELATIVE BAND INTENSITIES (QUANTUM/SEC)
FOR THE VEGARD-KapLAN (A 32,"-X 1Z,%) SysTEM. THE First ENTRY 1s CALCULATED;
THE SECOND ENTRY 18 OBSERVED. ALL ENTRIES IN EacH »” PrRogrEssioN Have
BrEN Scarep 10 TEN

7 =10 =1

0 0.12 0.64

1 0.83 3.30

2 2.85 7.77

3 6.08 10.00

4 9.01 7.02

3.69 1.79

5 10.00 2.03

7.64 1.52

6 8.57 0.00
10.00

7 5.78 1.67

3 3.13 3.83

7.24

9 1.38 4.13

10.00

10 0.50 2.93

8.62

s Reference 21.

(17) for the strong Av = 3, 4, and 5 sequences. However, large deviations are
present for the weak bands in the experimental data of Turner and Nicholis
(18). The First Positive system is known to overlap itself as well as to be over-
lapped by the N, (B’ 3Z,/—X 'Z,*) band system (79). In the absence of a spec-
trometer tracing we cannot estimate the effect of overlapping. However, the
greatest disagreement occurs for the weak bands in the lower left hand corner of
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Table XII. We note that these were observed in the wavelength region 10 000-
16 000 A, where dispersion of the pr isn spectrometer used by Turner and Nicholls
is rapidly decreasing: 580 A/mm at 10 000 A and 920 &/mm at 16 000 A.

Comparison of observed and calculated relative intensities for the LBH sys-
tem (Table XII1) shows that the visual estimates of Birge and Hopfield (1)
follow the trend of the calculated band intensities, although the experimental
data are too poor to allow more than a qualitative comparison. Similarly for the
('-X band system, Tanaka (20) reports absorption intensities for the (0-0),
(1-0) and (2-0) bands from photographic plate-blackenings which are in the
ratio 4:3:2, respectively. The corresponding caleulated absorption intensities
from the Franck—Condon factors given in Table X are 5.6:3.0:1.0 on an arbi-
trary relative scale. In the absence of more accurate and extensive intensity
data, the present agreement for the LBH and Tanaka band systems must be
considered good.

For the VK band system (Table XIV), however, there is a significant disagree-
ment between the calculated band intensities and the photoelectrically measured
intensities of Carleton and Papaliolios (21). Although accurate intensity measurc-
ments for the VIK system are complicated by the weak emission of the long-lived
4 3=, % state of N;, the recent intensity work of Zipf (22) reported to one-figure
precision agrees mth the more precise data of Carleton and Papaliolios and thus
seetns to confirm the latter. Moreover, the plate-blackenings reported by Bernard
(23) for transitions from »’ = 0 and 1 of the A state to higher vibrational levels
of the ground state show an increasing disparity between the observed and
calculated relative intensities. Thus, within the combined experimental and
calculational uncertainties, there is no way to reconcile the observed band in-
tensities for the VIU system with those caleulated from Ee. (3).

VARTATION OF THE ELECTRONIC TRANSITION MOMENT

Once reliable intensity measurements are available 1t is possible in principle
to improve upon Eq. (3) by determining the variation of the square of the elee-
tronic transition moment K 2(7,.,~) in a Taylor series expansion in powers of the
r-centroid 7..,» . The r-centroid method, proposed by I‘raser (24), has been re-
viewed before (1, 2). Briefly, the r-centroid is a weighted value of the internuclear
distance encountered in the (', »”) band. It is defined by

= f%: e dr/ f Yor Y A7,

Observed band intensities (quanta/sec) may be used to determine the variation
of R2(#) with 7 from the relation

R2(Fyu) = Iope JIKN ov¥q,0] (6)
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Fie. 1. Variation of the square of the electronic transition depole moment with inter-
nuclear distance for the Second Positive band system of N,. Relative ordinate scales for
all »” progressions are independent. Points lying off scale are indicated by arrows.

using calculated values of r-centroids and Franck—Condon factors involved in
each transition. Equation (6) may be shown to be exact for a linear variation.

The r-centroid method has been applied to a large number of molecular band
systems.” Since it ascribes all discrepancies between the calculated and observed
relative intensities to variation of the electronic transition moment, the results
can only be valid if both the experimental intensity and calculated Franck-—
Condon factors are highly accurate.

In the past, significant variation of R2(7) has been reported, a factor of two
to four over the Second Positive system (15, 26)% and a factor of ten over the
First Positive system (27). However, a large part of this variation was due to

7 Reference to over twenty such band systems are found in Reference 25.
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F1g. 2. Variation of the square of the electronic transition dipole moment with inter-
nuclear distance for the First Positive band system of N,. Relative ordinate scales for all
¢" progressions are independent; progressions are grouped together for convenience only.
Points lving off scale are indicated by arrows.

the sizeable errors caused by the use of Morse IFranck-Condon factors in Eq.
(6). Plots of R2(7) against 7 for separate v” progressions of these two band sys-
tems, Figs. 1 and 2, show considerable scatter, and we cannot smoothly join the
variation of R2(F) found in one v” band progression to another. Thus we cannot
determine any significant variation of R 2(7) for these band systems outside the
combined sources of calculational and experimental error.

However, for the VI system there is a regular deviation between the experi-
mental and calculated intensities beyond any reasonable uncertainties in the data.
From Eq. (6) RA(F) has been determined and its variation is shown in I'ig. 3 to
be linear; the data for the @ = 0 and »' = 1 progressions have been fitted to-
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F1a. 3 Variation of the square of the electronic transition dipole moment with inter-
nuclear distanee for the Vegard-Kaplan band system of N..

gether. The lack of scatter of the points in Fig. 3 reflects the excellence of the
Franck—Condon factors and may also be taken to indicate high precision in the
experimental data. In the range of r-centroid from 1.25 X to 137°A R 2A(F)
changes over an order of magnitude, approaching zero at the lower observed
limit. Although R2(7) must remain a positive quantity, the electronic transition
dipole moment R .(7) may change sign. The extrapolation of R2(7) into the region
of small 7 may be obtained by reflecting the experimental curve as indicated by
the dashed line of Fig. 3. When the less quantitative photographic data of
Bernard (23) are included in Tig. 3, R2(F) may be shown to be steeply rising
for7 > 140 A in agreement with Fig. 3, but with a somewhat different slope.

RADIATIVE LIFETIMES

The distribution of intensity within an electronic band system given by the
TFranck—Condon factors is essential to calculations of radiative transition proba-
bilities (4) or lifetimes (+) from absorption data. The following relation is
used (28):

3
A= 1/r ~ 2880 X 10~ ZlZ;er dva (7)
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where e is the molar decadic extinction coefficient, ¢; and ¢, are the effective
multiplicities of the lower and upper electronic states (see following discussion),
and v is the frequency in wave numbers of absorption (v,) or emission (v.). In
two cases lifetimes calculated from absorption data can be compared with those
measured directly 1n emission.

Watanabe, Zelikoff and Inn (29) give approximate peak extinction coefficients
for 11 bands, of observed width 5 A or less, for the LBH system in ahsorption
from »” = 0. The observed intensities are in rough agreement with those shown
in Table XI1I so that we might expect a reasonable value for the total absorption
intensity. Assuming each band to be rectangular with peak extinetion height and
5A width, the sum 2 e Avq is 1773, By taking a maximum bandwidth of 5 A~
255 em™ the caleulated lifetime should be a minimum value. The average
absorption frequency is at the (3-0) band, 7.39 X 10% cu? and {»3) from ¢’ = 3
ix 2.39 X 10" em—3. The lifetime for the a 'II,(v = 3)~X 1=,* is calculated to be
1.2 X 10~ sec. This compares favorably with the measurement 7 = 1.7 £ 0.3
X 107 sece obtained directly in emission by decay of a molecular beam (30). Our
caleulation thus serves to confirm that more accurate value; also, the disagrec-
ment is in the direction anticipated.

Wilkinson and Mulliken (31, 32) have surveyed the N, spectrum in absorp-
tion, presenting minimal optical paths (meter-atmospheres) required for the
appearance of five band systems arising from the ground state, including the
VIX and LBH transitions. The optical paths are inversely proportional to the
respective extinetion coefficients. If it is assumed that all measured bands have
the same width, Eqy. (7) gives the functional form for the calculation of radiative
lifetime of the VK transition from the known r of the LBH system (30). Since
single bands were compared, their Iranck—Condon factors must also be included.
Table XV summarizes the pertinent data. The multiplicity factor ¢g:/g. can be
taken from the symmetry designations of the combining states provided that
the rotational structure is not well resolved in the absorption spectrum. Ior the
VIX system, Wilkinson’s text and microphotometer tracing (3/) indicate that
the four branches overlap.® We must also take into account the variation of
R (7) shown in Fig. 3. However, there is no experimental data for the variation
of R 2(7) in the region of the r-centroid for the (9, 0) band, 7 = 1.105 A, so that
no correction to the Franck—-Condon factor was made. This procedure is only
reasonable if RB.A(F) varies somewhat as indicated by the dashed line in Fig. 3.

The calculated lifetime, 7 = 0.1 sec may be compared to the measurement of
1 sec obtained recently by Zipf (22) who observed the radiative decay directly.
Zipf’s result agrees with the previous work of Carleton and Oldenberg (33) who
report 7 = 2.0 £ 0.9 sec; the uncertainty in this earlier result largely reflects

* Similarly for the LBH system we have taken the value of g;/g, as 15, corresponding
to the full multiplicity of each state, since the maximum extinction measurements of Ref-
erence 29 were made at low dispersion and probably at the bandhead, where rotational
structure is blended.
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TABLE XV
CALCULATION OF RADIATIVE LIFETIME OF THE A 32,7 (¢' = 0) STATE OF N; FROM ABSORPTION
Dara, AFTER WILKINSON AND MULLIKEN (31, 32)

Relative
. . optical (vajav (vtav T
Transition (mlejtiztr}}at- (cm™) (cm™) Qurorr i/ 8u (sec)
mospheres)
a T-X =
(3-0) 0.025 7.39 X 10¢ 2.39 X 10* 0.185 13 1.7 X 10¢
A 3Z-X 13,7
9-0) 4 6.16 X 10* 4.11 X 1013 0.090 ig 1.0 X 107t

the uncertainty of the lifetime of the First Positive system since the ratio of
the lifetimes of the First Positive to the VK system was determined. The com-
parison of 0.1 to 1 sec indicates no better than an order-of-magnitude accuracy
for the technique of rapid survey of transition probabilities in absorption (31, 32).

1t is of interest to note that radiative lifetimes are known, with varying ac-
curacy, for seven electronic band systems in N : five connecting with the ground
state (81, 32), and the First Positive (33) and Second Positive (34) systems. These
account for a good deal of the total intensity of all known N, transitions in the
visible and near uv. Thus the radiative behavior of many of the upper states of
Ns may be described from an overall viewpoint, as well as in the detailed picture
provided by the Franck-Condon factors.

DISCUSSION

The comparison of Franck—Condon factors calculated from Rydberg—Klein-
Rees potentials for the major band systems of N. with those calculated from
Morse potentials (35) shows that the latter often differ by as much as 20 % for
the strongest transitions (g,.,» 2 0.1) and by as much as 40 % for the less intense
but significant transitions (g,,» = 0.01). This result warrants caution in the use
of Morse Franck-Condon factors, even for low vibrational quantum numbers.

In particular previous determinations of the variation of the electronic transi-
tion dipole moment with internuclear distance are open to re-examination. When
we consider the uncertainties present in relative intensity measurements and
take into account the errors introduced by inexact Franck—Condon factors we
find that R2(F) appears to be constant over the range of 7 for the First and
Second Positive systems of N3 (see Figs. 1 and 2). This is to be contrasted with
the report of variation by a factor of ten for the First Positive (27), and a varia-
tion by a factor of two to four for the Second Positive system (15, 26).° A survey
of caleulations of R2(7) for band systems of other molecules’ shows that varia-
tions by a factor of two to four are commonly reported. We stress that these
conclusions are only valid provided that the intensity data and the calculated
Franck—Condon factors used are free from uncertainties of this magnitude.
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For the Vegard-Kaplan system, however, we find (Iig. 3) an abnormally
large? variation of R.2(F), over a factor of ten, lying far outside the combined
sources of error. Ahb(jl‘l‘lpr have beeil made to eXplalu this variation and puuu t
the variation of R2(7) for other cases. Carleton and Papaliolios (21) have noticed
that a large change of equilibrium internuclear distance of the combining states
is associated with the large variation of R2(F) in the VI system; this is elearly
a neecessary requirement to have an appreciable spread in 7, but it is not suffi-
clent to pr ‘oduce a change In R ’(H 9 Bates (%O\ has suggested that R 2(F) should

1t a( Nallge ML I DA VS S BUaROsttl

vary more strongly with 7 for perpendicular band systems (AA = :tl) than for
parallel band systems (AA = 0) where the electron cloud is believed to change
less drastically. While Nicholls” has presented some evidence to substantiate
this effect, further comparisons of parallel and perpendicular transitions using
acceurate I'ranck—Condon factors are necessary to establish this point. Mulliken
(40) and Mulliken and Rieke (47) have proposed that the variation of the clec-
tronie transition dipole moment might be related to the behavior of the transi-
tion in the united atom and separated atom limits. Thus for the B~X transitions
of the halogens, they expected a significant variation of R (7)) since the transi-
tion is forbidden for the separated atoms but enhanced by case ¢ coupling in the
united atom limit. However, the radiative lifetime (r = 7.2 & 1.0 X 107 sec) of
I.(B e+ ~X 'Z,7 measuled directly in emlwon (42) at an effective internuclear
distance corresponding nearly to »,” = 3.02 A agrees (2) within a factor of ‘.u'o
with ‘rh(* results of absolute absorption measurenients corresponding to " =
267 AT inally we note that in the one instance where the variation of the radia-
tive lifetime in emission was studied for different excited vibrational levels
Bennett and Dalby (43) report for CO+(A II- X 22+) that r varies from 2.1
2.8 X 10~ sec as »” decreases from 5 to 1 in accordance with the changing fro-
quency of emission, assuming a constant electronie transition dipole momeut.
Exact calculations (44, 45) have been done for the onc-electron nwolecules
Hs+ and HeH*+ which have one bound state each. Transition probabilities vary
smoothly in all cases, but we have noted (2) that the variation of R *(7) is greatesi
for the weaker transitions. A careful review of the available data!”% indicates
that R2(F) 1s likely to be constant within about a factor of two for “allowed”
electrie dipole transitions (r ~ 10-5-10* sec) and is likely to be more strongly

* The only variation of R.2(7) which we could find larger than that of the VK system
was that for the Schumann-Runge bands of O:(B3%,” — X3%,7) reported by Hébert and
Nicholls (36) who indicate a change by a factor of 25 between 7 = 1.44 A to 7 = 176 \.
This result is particularly interesting not only because of the magnitude of the variation
but also the large separation of the equilibrium internuclear distances of the two combin-
ing states (Ar = 0.4 A). However, Jarmain (37) has recalculated Franck-Condon factors
for four of the strongest bands using RKR potentials and finds that the Morse Franck-
Condon factors ean deviate by as much as 30%;. Moreover, the recent reviews by Krindach,
Nobolev, and Tunitskii (88) and Marr (38) indicate that the maximum variation for this
band system is very smali, a factor of two at the most, within the incertainties of the data.
which show considerable scatter.
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variable for “weak’’ electric dipole transitions (r > 10-% sec) over the range of
r centrmd corresponding to significant band intensities. This hypothesis is also

n aereement with all the results vresented above on intensities of the clectronic
ll. 6 Awiw) lllc ll/ YYLULL Guil V11T 1Lwoulud lJlUD\;lllUu AUV LU UL lllLUlLDl UVICOD WUl ULID CiTL ll\JlL A\
band systems of N; and indicates one direction for new experimental work.

We are greatly indebted to Professor Dudley Herschbach for his continuing encourage -
ment and assistance. We also wish to thank Professor W. A. Klemperer, Mr. W. R. Brennen,
Mr. C. Papaliolios, and Professor N. P. Carleton for their lively and useful discussions. The
Harvard Computation Center kindly made available computer time.
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