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PREFACE 

In order to calculate the radiation and radar properties of the 

natural ionosphere, and of nuclear fireballs and missile trails, the 

properties of heated or excited air eure needed. These properties 

depend upon the different electronic states and electronic transitions 

vhich can occur in air molecules. Existing knowledge of such states 

is summarized in the present Memorandum, and theoretical predictions 

added where the experimental evidence is still incomplete. These 

results should be useful to scientists working on the basic physics 

of the ionosphere, airglow, and aurora; on the thermal radiation and 

ionization from nuclear bursts; and on missile detection and dis- 

crimination. 

This Memorandum has been published in the Journal of Quantita- 

tive Spectroscopy and Radiative Transfer. Vol. 5, No. 2, p. 369 (1965). 
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SUMMAEY 

Potentiell energy curves for the observed electronic states of N , 
+      +      + 
Nl, NO, NO, 0 and 0 have been calculated from published spectro- 

scopic data by a numerical modification of the Rydberg-Klein method. 

Potential energy curves for a number of predicted but unobserved 

states of these molecules, and of the ground states of N" (unstable), 

NO" and 0', have been estimated with the help of simple theoretical 

considerations, published quantum-mechanical calculations, and indirect 

experimental evidence. The results are presented graphically. 

r TF - 
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I.    INTRODUCnON 

Curves of the potential energy versus intemuclear distance form 

a convenient way of displaying the energy levels of diatomic molecules. 

In addition, they permit the ready application of the Pranck-Condon 

principle to radiative transitions, electron-molecule collisions, pre- 

dissociations, etc.    Such curves for atmospheric molecules and molecular 

ions are helpful in determining the thermodynamic properties and radia- 

tion and reaction rates of heated or excited air. 

Conventionally, potential-energy curves are fit by the simple 

Morse functions/  '^     although it has long been realized that this 

fmntion often gives a poor fit at intemuclear distances somewhat 

greater than the equilibrium distance.    Recently, Vanderslice, Mason 

and Maisch^' have modified a method due to Rydberg,   L' Klein,  " and 

Rees^      to permit numerical calculation of accurate potential curves 

over the range for which spectrosccpic data i'.'e available.    Vanderslice, 

et al., applied their method to many of the lower states of N0, NO and 
""^7-9) 2 

Op.     In the present work, a simpler numerical modification of the 

Rydberg-Klein method (not requiring the quadratic-fitting of Rees) was 

derived and applied to these same states and others, including the 

known states of the molecular ions. 

As a check, a series recently derived by Jarmain   for computing 

potential curves from the conventional "spectroscopic constants'* was 

also applied to these states. Although Jarmain made numerical calcula- 

tions   only for the lowest parts of potential curves, suspecting that 

his series was inaccurate for higher portions, results using his series 

were found to agree very well with Rydberg-Klein results up to about 

two-thirds of the dissociation energy for each state, as long as the 

spectroscopic constants used fit the observed energy levels this high. 

However, in many cases the published spectroscopic constants had to be 

modified to obtain such a fit. 

FOr predicted but unobserved electronic states, or observed states 

above the highest observed energy level, recourse must be made to theo- 

retical considerations or to indirect experimental evidence. In the 
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present work an attempt has been made to use all available information 

in drawing the curves for these states: published data on perturbations, 

predissociation»:, and excitation energies; published quantum-mechanical 

calculations; simple molecular-orbital principles relating unknown states 
(2) (12) 

to similar known states;      and rules determining the (atomic) dis- 
(2)(13) 

sociation limits of the various molecular states. 

In the present report the basic data and methods are discussed only 

briefly, and the results are presented graphically. Future reports will 

discuss the data and methods more fully, and will present the results 

numerically, including revised spectroscopic constants for some of the 

states. It is also hoped that, as results of spectroscopic investiga- 

tions currently underway at other laboratories become available, a 

considerable extension of the present work will be possible. 
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II,    CALCUIATION OF POTEr]TIAI.-ENERGY  CURVES 
FROM SPECTR06COPIC DATA 

Rydbert:        and Klein        express the two internuclear distances, 
* 

r.  and r ,   corresponding to a given potential energy    of a diatomic 

molecule as 

rl'   r2    =    (r2 + f/s)2 * f ' (1) 

where f and g are the parti?!, derivatives of an integral S, which is 

a function of the energy and ant:^ilar momentum of the molecule.    However, 

it is more convenient to introduce explicitly the rotational and vibra- 

tional quantum numbers J and v,  and to express the potential energy U 

in spectroscopic units of cm" .    With these modifications,  and usin^; 
(2) standard spectroscopic notation,        Rydbere's integral becomes 

S(U,j)    =    iLvJE    P      Tu -T(v',j)"yJ dv'   , (2) 

where TCv'.J)   is  the  term value  (energy of a given v',  J  level) 
and  the upper limit v satisfies T(v,J) = U.    Since the Rydberg-Klein 

method is a semi classical procedure,  the quantum numbers J and v must 

be treated as continuous. 

The partial derivatives f and g may now be expressed explicitly 

in terms of the conventional spectroscopic constants.    For the rota- 

tionless  (j = 0) state one obtains  f and z in terms of the vibrational 

levels G(v) and rotational constants  B : 

f(v)    =    ^   rill        =     f      TGCV) - G(v')l"2dv'   , 

(3) 

Actually, this is eui "effective" potential energy for rotation 
and vibration of the molecule; it includes both the electrostatic 
potential energy of the electrons and nuclei and the kinetic energy 
of the electrons. 

f 
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g (v) = 

(4) 

since U = T(v,o) = G(v) + con tant, and [or~~+l)J = B • v 
Using the 

~=0 

experimental va.lues of G( v) and B , the quanti ties f and e; 
v 

can be 

evaluated directly by numerical quadrature, except for two minor dif

ficulties. 

The first diff culty i~ that the integrands have integrable singu

lar! ties at the upper limit. Several methods could be us ed to overcome 

this difficulty; the method 1used here was to write the integrand in 
_1_ -~ ) _ 

Eq. (3) as (v-v') 2 (G- G ,) / (v-v') 2 and to fit the numerator of this 
v v 

expression between v' = v-3/2 and v' = v by a quadratic in v-v' wh i ch 

fits exactly at v-1, v--~ and v . This part of the integral can t en 

be e\~uated in terms of the G' s , wi thout specific reference o the 

coefficients of the quadratic fit: 

v _J. 
r (G- G ,) dv' 
.lv-3/2 v v 

= Jb75 [( G - G )-t 
v v-1 

where G(v) is written G f or convenience . The expres s i on f or the v 
integral in Eq. (4) is similar except that t he t hree terms on the 

. ight hand side have efidi t i ona.l f actors of B 
1

• B 1J and B , 
v- · V4! v 

respectively. 

'lbe second dif ficulty is that the G( v) and B va.lues must be 
v 

( 5 ) 

extrapolated to v = -~ (vhich corresponds to the minimum or equilibrium 

point on the potential curve), and usually interpolated for nonintegral 

values of v to get accurate va.lues for f and g. However, this does not 

present a ignifieant complication. Experience has shown the great 

desirability of plotting the available experimental G( v) and B values 
v 

and draving the best smooth curves through the data. In most cases, 



-5- 

the deviations of the points from the smooth curves are  due to 

experimental inaccuracy, as often indicated by the differences 

between results of different investigators, or between the results 

of the same investigator's measurements on different bands. 

Occasionally, real deviations from a smooth curve are found. 

These are due to the "perturbations" which occur when a vibrational 

level of one electronic state happens to fall close to that of 

another state of the same symmetry and multiplicity. Perturbations 

which affect a group of consecutive vibrational levels smoothly will 

not prevent the drawing of smooth G(v) and B curves, nor the calcu- 

lating of corresponding potential-energy curves, even though the 

curves may have unusual shapes. Perturbations involving isolated 

vibrational levels cannot be accurately handled by the Rydberg-Klein 

method; however, such perturbed electronic states cannot really be 

represented precisely by potential-energy curves. If the requirement 

of smoothness is relaxed, many different potential curves would give 

the same (rotationless) vibrational levels, but no curve would give 

all the rotational levels properly, because the degree of perturbation 

depends upon the v and J values individually and not just on the 

potential energy. In such cases, it is probably best to calculate 

"unperturbed" potential energy curves by ignoring the perturbed 

energy levels, so that smoothed G(v) and B curves should again be 

used. 

After smoothed G(v) and B curves are drawn, it is easy to read 

them at integral and half-integral values of v, or even closer if 

desired (or to use some interpolation scheme), and then apply Simpson's 

rule together with Eq. (5) to evaluate the integrals in Eq. (3) and ('+). 

This method is less laborious than the quadratic-fitting method of 
(3) Vanderslice, Mason and Maisch. 

In the present work, experimental values of B and the vibrational- 
v + 

level differences, AG, for the various electronic states of N , N , 0. 

were plotted on a large scale. Smooth "best value" curves were drawn, 

taking into account the self-consistency and quoted accuracy of each 

investigator's work. When fewer B than AG values were available, the 

B curves were extrapolated smoothly over the experimental AG range. 

r ' 
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Values of G(v) and B were then read fron the curves at v = -^, 0, 1, 

2,  ... and fed into a Fortran program which first calculated G(v) at 

half-integral v values by quadratic interpolation and B by linear inter- 

polation. Next, the values r and r were calculated for vibrational 

levels from v «= 1 to the highest observed level, usinc Eqs. (i) to (5). 

The  same program also calculated r. and r for as many integral or non- 

integral values of v as desired using input spectroscopic constants 

(»_> u) * . u)_y_» «) zo> B , cr . Yo^ and Jannain's series^   for f and g. 

The r   and r values calculated by the two methods agreed within 0.ÜO01 A 

up to about half the dissociation energy of each state, and within 

0.0003 X up to about two-thirds of the dissociation energy, as long 

as the spectroscopic constants used fit the input G(v) and B values 

this far. 

The potential energies calculated in the present work here were 

also canpared where possible with the Rydberg-Klein-Rees calculations 
(T-9) (11) of Vanderslice et al.,    and with the calculations by Jarnain 

using his series, although neither of these investigators included 

as many electronic states as are treated here. The present values of 

r. and r generally agreed within 0.003 Ä with those of the previous 

investigators, except where the latter used older or less-accurate 

spectroscopic data. 

Frequently, many higher vibrational levels of a state have been 

observed for which no rotational analysis has been carried out. In 

such cases, the Rydberg-Klein and Jarmain results may give potential 

curves which unrealistically double back or have an inflection point 

at small internuclear distances, due to inaccuracies in extrapolating 

B values. Fortunately, the curve is usually so steep in this region 

that a direct extrapolation of the r values can be made with good 

accuracy. Since, by Eqs. (l) and (3), the difference r - r. depends 

only on the vibrational intervals, the rp values can then be determined 

with the help of the Rydberg-KLein or Jaimain results. 
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III. ESTIMATION OF UNOBSERVED OR INCOMPLETELY OBSERVED STATES 

The seneral theoretical principles used for estimating the energy 

levels of diatomic molecules from their electron configurations have 
(12) been discussed in detail in Mulliken's classical review, while a 

(2) shorter account may be found in the book by Herzberg. The accuracy 

of thess estimates depends considerably upon the availability of 

experimental values for related electronic states of the same or 

similar molecules.    Because of the great experimental progress made 

in the last few years,  considerably better estimates for the remaining 

unobserved states can now be made.    Revised estimates for nitrogen 

were made a few years ago by Mulliken, but already seme of his 

values have been superseded by later data. 

Another source of energy-level   information  is  the quantum- 

mechanical   treatment of molecules from basic  principles.     However, 

even  the most elaborate  calculations carried out  so  far,   such as 

two recent  self-consistent-field calculations  for various electronic 

states of nitrogen,       '^    '   give values which  are often  in error  by 

more  than 1  eV,   although  the relative positions of  similar  states 

may  be determined with greater accuracy.    Moreover,   the published 

calculations apply primarily  to  the well-known  states,   omitting most 

of  the predicted but unobserved  states. 

The above remarks apply to small and moderate intemuclear 

distances.    At somewhat larger intemuclear distances, both rough 

estimation and more-accurate calculation usually become more difficult 

because simple molecular-orbital configurations became poor approxima- 

tions to the actual states.    Recently a few workers have treated 

several states of present interest at large intemuclear distances 

using the valence-bond approximation.    Although,  as indicated specific- 

ally in Section V,  some of these results have been used here for lack 

of anything better, they should be viewed with caution.    Not only do 

they involve numerical approximations (mentioned in the original 

papers), they also neglect interactions between electronic configura- 

tions and ignore the possibility that the separated "valence-bond atoms" 
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do not coincide with ground-state atoms.    Mulllken has recently 

shown that, at least In one particular case, neither of these omissions 

Is Justified. 

Indirect experlmentt 1 evidence on some molecular statt. can be 

obtained fron perturbations, predissoclatlons and electron-Impact data. 
(2) The principles of the first two phenomena are diseussed by Herzberg, 

(IT) 
while the last is treated by Craggs and Massey.    Where such data 

were used in the present work, details are given below in Section V. 
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IV. DETERMINATION OF DISSOCIATION LIMITS 

As the intemuclear distance is increased, the potential energy 

of a diatomic molecule or molecular ion approaches the energy of the 

separated atoms or atomic ions. The ground electronic states of  most 

molecules dissociate into atoms in their ground state. The energy 

difference, measured from the v = 0 level of the molecule, is knovm as 

the dissociation energy of the molecule. By a variety of methods 

the dissociation energy of nitrogen has been determined to be 78,717 

± i*-0 cm' (or 9.759 ± 0.005 eV, using the latest conversion factor^ ^') 

and that of oxygen^20^ to be 1+1,260 ± 15 cm'1 (5.115 ± 0.002 eV). 

Kiese values may be combined with the thermochemical value of 21, U6 

± 0,0k  kcal/mole (7506 ± ll*- cm' ) for the heat of formation of nitric 

oocide^21' at 0OK to obtain a value of 52,^83 ± kO  cm"1 (6.507 ± 0.005 eV) 

for the dissociation energy of nitric oxide. 

Having thus obtained values for the lowest dissociation limits of 

the molecules, one may readily calculate the energies of the higher 

limits (corresponding to diysociation into excited atoms or ions) by 
(22) adding the energies of atomic excitation or ionization given by Moore. 

In the present work the multiplet (spin-orbit) splitting of the atomic 

and molecular states has been neglected, and a weighted average over 

the individual levels used. The total splitting does not exceed 0.02 eV 

in the cases considered. The only needed atomic energy levels not given 

by Moore are those of the negative ions N' and 0'. These were determined 

from the electron affinities of -0.27 ± 0.11 eV calculated by Clementi and 

McLean^ ' for N, and 1.465 ± 0.005 eV measured by Branscomb et al.  ^ for 0. 

The remaining problem is to determine which dissociation limit 

applies to each electronic state of the molecule. The number and types 

of molecular states which can be formed from each pair of atomic states 
(2)(12) 

cam be determined from well-established theoretical principles. 
(2)l25) 

If the "noncrossing rule      is rigorous the correlation of molecular 

states with dissociation limits is simple: each state goes to the lowest 

available limit not pre-empted by a lower state of the sane type. 
2 + 

However, it is known that som«! states (such as NO A E ) have potential 

• V 
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curves which tend to approach a higher dissociation limit before 

(presumably) turning down to a lower limit. Such behavior is well 

established for Rydberg states (states ha vine one electron in an 

outer orbital): the lower portions of their potential curves have 

the same shape as that of the corresponding molecular-ion core. 

A few other cases of curves with potential maxima or other peculiari- 

ties are also known. These peculiarities are generally understandable 

theoretically as the result of a change in electronic configuration 

as the intemuclear distance goes from small to large values, but no 

simple theory is available to predict the curve shape at moderately 

large intemuclear distances in any detail. 

In the present work a few curves have been drawn with potential 

maxima, based on experimental evidence or published valence-bond 

calculations, but curves for all other states have simply been extra- 

polated smoothly and monotonically to the lowest permissible disso- 

ciation limit. 

-^ •^v^1*^ 
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V.     RESULTS AND DISCUSSION 

The  calculated  and  estimated potential   energy   curves  for  nitrogen, 

nitric oxide and oxygen are presented   in Figs.   1,   2,   and  3,   respectively. 

Less-accurate portions of  the  curves are   shown dashed or dotted.     Observed 

vibrational   levels are  indicated by   short horizontal   lines  extending  in- 

ward  from  the potential  curves.     In  all   cases  the   zero of energy   is taken 

to be   that of  the v =  0  level  of the  ground-state  neutral  molecule. 

Observed   transitions  among  the  electronic   states  shown   in   the   figures are 

listed Table   1,   while Tables 2,3,   and U  give   the probable molecular- 

orbital   electron  configurations of   the   states  (except  states   shown only 

by  short  broken  curves near   the dissociation  limits).     The  data and 

methods used   to  obtain  the potential   curves will   be discussed  briefly 

below. 

THE UNSTABLE N     ION 

According  to molecular-orbital   theory,   the ground  state of  the N„ 

molecule has  closed outer electronic   shells,   so  that  its  electron affinity 

should be negative and  the ground   state of N„   should  be unstable against 

disintegration  into N +e.    In agreement with  this   theory,   the N9   ion has 

never  been   identified  in mass-spectrographic   investigations.     However, 

the electron-scattering  experiments of Schulz      '   in nitrogen  can  be 

interpreted  as  indicating  the   temporary  formation of an N     state having 

a lifetime at  least  as long as a  vibrational  period  (i.e.,   ^ 10 sec). 

Hence,   the potential   curve for  such  a  state may have  some physical   sig- 

nificance. 
2 

The predicted  ground  state of N„   is    ft >  with a potential   curve 
8 + 

similar   to   the   ground  states of  the   isoelectronic NO and  0^  molecules, 

and a dissociation  limit about 0.3  eV above  the lowest dissociation 

limit of N.,   due  to  the negative electron affinity of  the nitrogen 
(23) 

atom. The minimum of  the N„  curve  should  thus He  2  or  3  eV above 

that of N9,  which agrees reasonably well with Schulz's value of  1.6 eV 

for  the  inelastic   thresholc. The N„   curve  in Fig.   1   is drawn with 

a shape  similar  to  those of NO and 0-,   a depth based on Schulz's data, 

and a minimum at  1.18 Ä,   consistent with the  isoelectronic series 
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r (O ) = 1.12 S, r (NO) = 1,15 ^» This value for r also yields 

Franck-Condon factors which peak at v = 2 (2.1 eV), consistent with 

the peak found by Schulz. 

No potential curves are shown for excited states of N since such 

states are probably so short-lived that their curves would have no 

real significance. 

THE N MOLECULE 
2  

Potential curves for the well-known lower states of N , in the 

region of their observed vibrational levels, have been calculated 

using the numerical Rydberg-Klein method described in Section II. 

The required G(v) sind B values were taken from the literature, which 

has recently been summarized by Wallace.    In addition to the 

references cited by Wallace, some recent work of Tanaka, Ogawa and 
(29) 

Jursa    was used.  The present Rydberg-Klein results agree within 

0.003 A with the less-complete results of Vanderslice, Mason and 

Lippincott^  except for differences of up to 0.022 A in the A v 

state and up to 0.005 A in the C H  state due to use of newer 
u 

spectroscopic  data. 
1 + 

In Fig.   1   the  long-range "tail"  of  the X    £    curve and  all  of 
7 + 8 

the  repulsive    v    curve are  taken  from  the valence-bond calculations 
(30)     u 

of Meador, which appear to  be more accurate  than  those  of Vander- 

slice, Mason and Lippincott. The  loosely-bound    £    curve  is  taken 
(31) 8 

from Carroll, who put  together  the  indirect experimental   evidence. 
3 

The predicted  but  still  unobserved     A    state  is placed  by molecular- 
/■l/\/-lC\ " 'l-i- "X       * 

orbital calculations  '^   halfway between the A T    and the B'  £ 
(32) U U 

states.  KentyN ' has presented arguments for an excited state of N. 

7C 

The probability  of electron energy  loss by  the process N~(v" = 0) 
+  e -. N (v1)   - N„(v"  > 0) +  e  is proportional   to q(l   -  q) ,   where q = 
q(v,,0)   is  the  relevant Franck-Condon  factor  (square of  the vibrational 
overlap  integral),   and  the sum rule has  been used  to write   the probability 
of  the  second   step  as  (1  -  q).     As v'   is varied,   the  total  probability 
has a maximum where  .,  has a maximum,   as  long as q < 0.5, which holds here. 
Approximate Franck-Condon  f3ctors may  be readily obtained  by  the use of 
Bates'   tables.C27) 
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between 7«9 and 8.3 eV and a lifetime of 1 - 2 sec, and suggested that 

this is the A state. However, this energy  is significantly higher 
u _ _ 

than that predicted for the A state, and any A levels this high 

shoxild have a lifetime much shorter than 1 sec due to radiative tran- 

siticffis to the B n state. Moreover, King and GatzWJ have presented 

alternative explanations of Kenty's experimental data. 

The dashed curve labelled n on Fig. 1 corresponds to Carroll's 

curve for the state which predissociates the C n state, and which 

Büttenbender and Herzberg^-5  suggested was also a n state. However, 

if this suggestion were correct it would be very surprising that bands 

connecting this state with B H have not been observed and that strong 
S 5 

perturbations of the C ""n levels do not occur. A n state is predicted 

theoretically       in this energy region, and provides a more plausible 

explanation for the observed predissociation. 
/  \ 5    5 + 

According to Fig. 1 the (0,0) band of the n - v    transition 
(of) "   "S 

should lie at about fOOO A. Lof thus   has observed an emission band 

at 6895.5 A between unidentified states having rotational constants 

about like those expected for these quintet states. However, since 

the observed band had only single branches, such an identification 

would require the niultiplet splitting of the " state to be very 

small, which appears to disagree with theoretical expectations and 

with details of the observed C H predissociation. This question 

needs further study. 
(37) Hepner and Herman have observed new nitrogen bands in the 

5        5 infrared lead-sulfide region,  and suggested a    71 -   T! interpretation. 

However,  their data indicate two states less than 1 eV apart and each 

having a dissociation energy greater than 1 eV,  so they can hardly be 

the quintet states considered here.    For a different possible interpre- 

tation of the Hepner-Herman bands,   see the N    quartet discussion, below. 
3 The Rydberg-Klein calculations for the C n state give a curve 

which starts to bend over above the v = 2 level. For this reason, and 
3 

to satisfy the noncrossing rule, the curves of this state and the C n 
(31+) state recently analysed by Carroll   have been joined into a single 

7. Jn curve  with a double minimum, similar to some H curves recently 
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discovered by Davidson.  ' The so-called v = 5 level of the C state 

and v = 1 level of the C state   are not shown on Fig. 1 because 

they may belong either to the combined C - C states (lying above the 

hump that separates the two states) or to a y   state or another Jn 

state, both of which can be predicted theoretically to lie within one 

or two eV of this energy. 

For the E ^V,   state, only approximate (band-head) values of G(o) 
G (28) 

and G(l) are available, and no rotational constants.     However, 
(1^) Mulllken's Interpretationv ■J/  of this state as the lowest Rydberg 

state seems firmly founded, and consequently the lower portion of 
+  2 + 

the curve can be obtained simply by moving the N X ^ curves downward 
/ 2 +     + 1 +     g     v 
(compare, for example, the NO A S and NO X ^ curves, Fig. 2). At 

some distance above Its minimum, the curve probably turns over and 
3 + ^020 

Joins a nearly-flat £ curve coming from the S + D dissociation 
S (39) 

limit, as indicated in Fig. 1. Very recently Joshi    appears to have 
3 +   3 + 

found E £ -. Ar bands originating from v=2to5» If this discovery 

is confirmed, it means that the E curve must rise considerably higher 

them shown In Fig, 1 before turning over and descending to the dis- 

sociation limit. 

Figure 1 includes a curve for the b' E state even though the 

levels above v = 3 are Irregular and may possibly belong to a different 

state. The lowest possible dissociation limit for the b' state is 

T) + *T? at 15.75 eV. However, a state of the same type, j £. , is 

known to lie about O.35 eV below the b' state. :>M' Although only 

one vibrational level of this state has been observed, its measured 

rotational constant makes it virtually impossible to Join its curve 

into the b' curve to give a single curve with a double minimum (as 

was done with the C and C states). Consequently, by the noncrossing 

rule, the J state will preenqpt. the lowest dissociation limit, and b' 
4 o    k 

will go to the next lowest, S + 3s P, at 20.09 eV. At intermediate 

intemuclear distances, however, the b' curve will probably behave as 

if it were approaching the N+(3P) + N^3?) dissociation limit at 
(l3) 

2k.6  eV.    This is borne out by the way that an extrapolation of 

the Rydberg-Klein portion of the curve goes smoothly into a simple 

Coulomb N + N* curve, as shown in Fig. 1. 
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"In addition to b' 7. , a large number of other states of N above 
(l? 28 ho) 

12  eV have been observed,      '   and Mulliken has sketched curves 

for some of them (see Wilkinson   ). In most cases, however, only a 

few vibrational levels have been observed, and the vibrational numbering 

is uncertain. In fact, tue recent preliminary investigation of Carroll 
lh2) 

and Mahon-Smith   using various isotopes shows that some of the 

"different" states are probably different vibrational levels of the 

same stete. Because of such uncertainties, these highly-excited states 

of N hare been omitted from the present work. 

In addition to the N states discussed above, a large number of 

repulsive or slightly-attractive states are associated with the dis- 

sociation limits S0 + 2D0, S0 + 2P0, 2D0 + 2D0, and higher limits 

not shown on Fig. 1. The courses which the curves for these states 

follow at moderate intemuclear distances a^e not known; hence, only 

short portions at large intemuclear distances are shown on the figures. 

Because of uncertainties and lack of space, these curves are generally 

not labeled, and fewer curves are drawr than rnust actually occur. 

(The number of molecular states going to the four IT + N dissociation 

limits shown on Fig. 1 are, starting with the lowest, k,  12, 8 and 30, 

respectively.) 

Some information on such states can be deduced from perturbations 

and predissociations of the higher known states of N . For example, a 

slightly-repulsive T state connected with the S + D dissociation 

limit probably predissociates several singlet states, and indirectly the 

b' r state, at around 13 eV. -^    However, until further spectro- 

scopic work (especially with isotopes) locates the higher observed N 

states more accurately, it is difficult to deduce much about the curves 

of the predissociating states. 

If the dissociative recombination of N9 is as rapid as claimed by 
(43) 

Kasner, Rogers and Biondi,    one or more repulsive singlet or triplet 
+  2 +     (44) 

N0 curves should pass near the bottom of the N0 X T.    curve    (electron- 
2 r 2    g v 

ion recombination to a quintet or septet state is spin-forbidden) ,  Such 
4 0  4 o 

a repulsive curve does not go to the S + S dissociation limit, and 

probably not to the S + D limit, since the corresponding triplet 

molecular states probably lie too low.  There are several singlet and triplet states 
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belonging to the 3° + T*0 and u0  + u   limits which cotü.d reasonably 

lie in the right region, but it does not seem possible at present to 

reach a more definite conclusion. It should also be mentioned that 

the recombination-rate measurements could be in error due to impurities, 

ion clustering, or lack of electron thermal izat a on, especially since 
(1+5) the results appear to be contradicted by auroral observations    and 

by the failure to observe N atoms in N bombarded with electrons of 

energy between 10 and 2h  eV   (any repulsive N states produced by 

electron-ion recombination should also be produced by electron bom- 

bardment of N ). 

THE TL ION 

Potential curves for the observed states of N , including the 
2 

recently-discovered D n state, have been calculated using the 
g 

numerical Rydberg-Klein method described in Section II. The required 

spectroscqpic data were taken from the references cited by Wallace, 
(UT-UQ) 

plus additional papers by Janin and coworkers      and by Tanaka 

and coworkers.        The energies of the N states relative to that 

of ground-state N were obtained from the Worley-Jenkins Rydberg 

series/ '  '  ' The results for the D n curve agree within 0.002 A 
£    (51) 2 + 

with the results of Namioka, Yoshino, and Tanaka,   while the B £ 

curve agrees reasonably well with that obtained by Grandmontagne and 
(52 

Eidov  ' using the original Rydberg-KLein graphical method.  (The 

unusual shape of the B v curve was explained plausibly by Douglas -^ 
2 + 

as due to interaction with the C T    state; however, Douglas gives a 

scieraatic potential curve of incorrect shape.) No previous work is 

available for comparison with the present calculations for the 
2+2       2 + 

X E , A n and C r curves, 
o 2 
For the A n state only the vibrational levels up to v = 9 have 

2 + 
been observed directly, but from perturbations in the B £ state Janin, 

(U9) ^ 
d'Incan and Marchand   have determined the position of levels up to 

v = 28. These values, when combined with an extrapolation of the inner 
2 

branch of the A    n    curve, permit determination of the outer branch to 

a relatively high energy. 
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The N X, A, B and D curves in Pig. 1 vere smoothly extrapolated 

to their diacociation limit ( 3 + "T) with some help from a valence- 

bond relation between the y,  and H states derived by Knof, Mason, and 
(51+) 

Vanderslice.     Curves for the predicted quartet and sextet states 

coinc to the same dissociation limit were then obtained, at large inter- 

nuclear distances, by uce of valence-bond relations between these states 
i5k) 

and the observed doublet states. 

The behavior of these states, and others correspondinc to higher 

dissociation limits, at small internuclear distances can be estimated 

from molecular-orbital theory. Mullikan   predicted that two of the 
+ 

N- quartet states would be stable, but, partly on the basis of the 
p 

valence-bond calculations and on the stability of the new D n state, 
rr 

the writer believes that several others are also stable.    The lowest 
h + il^) h k - 

quartet state should be   ^ ,   at 21 or 22 eV,v  ■J' with a    A    anfl a   E 

state lying about 1 and 2 eV above it,  respectively (like the N 
3+3 3 - 2 

AI,     A    and B'     £    states;   see Table  2). 
u'       u u -1- 

Some   information on N9   states can  be deduced   from  electron- 

bombardment  experiments.     In   bombardment of nitrogen  at not-too-low 

pressures,   several workers have observed  the production of N   ,   probably 
+* +* + 

by  the  reactions N    +  e -. N9    + 2e,  N9    + N«  -> N    + N,  with a threshold 

of about  21.04 eV. 6erm&k and Herman^    '   found  that  the variation 

of  the   ion current with electron  energy  (between  21  and  350 eV)   corres- 

N9   i: 
(55) 

ponds  to  a  forbidden  transition,       '   such as  the production of N-  in a 

quartet   state.     Shortly above  the  threshold,   at 21.9  eV,  Curran 
4 

noted  that  the  ion current rises  sharply.     For this reason,   the    A 

state   is  shown at 21.9 eV  in Fig.   1.     If  these Lvo energies correspond 

to  the  lowest vibrational  levels of  the  two quartet  states,   the Franck- 

Condon  factors  for  the  (0,0)   transitions from the  ground  state of N 

are evidently  fairly  large,   so  the r    values of  t  e quartet  state are 

fairly   small  as  shown on Fig.   1.     However,   such si .all   r    values  seem 

unlikely  for  this molecular-orbital  configuration  (Table 2),   so perhaps 

these  states lie  lower and have larger r    values,   so  that  the  first 

observed  transitions are  (1,0)   or  (2,0).     The situation  is   also complicated 

by possible  resonances   with  the  energy  levels of N-. 

Curran^ also  indicated  a  third  threshold  at  22.6 eV,   but his 

experimental points actually   show a rather  smooth variation of  ion 

current   in  this region,  which could be caused by  contributions  from 
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4 - 
successively higher vibrational   levels.     Accordingly,   the    Z    state 

has been placed  slightly higher   in Fig.   1,   following   theoretical 

expectation. 

f Above   these  three quartet   states  should  lie  three   similar doublet 
2+2 2   - 

states of   the   same  configuration:     C    Z  ,     A  ,   and    £     (Table 2),     The 
? 4 u u u 

shape of  the C    £    curve,  however,   is different  from  that of  the other 
u 2 + 2 + 

five  curves,   because of "interaction"   between   the B    T.    and C    £ 
(53) U U 

states. More precisely,   at  small   internuclear distances  the electron 

configuration of the C  state  is   similar  to  that of  the other five  states; 

at  slightly  larger distances  the  configuration  shifts   toward one with a 

missing 2s  electron; while at  still   larger distances,   approaching  the 

dissociation  limit,   another  shift must occur   if  the  noncrossing rule 

is obeyed.     Thus,   it  is not  surprising  that  the extrapolated portion 

of  the C  curve   shows a potential maximum  (actually,   the maximum might 

be  considerably higher  than  shown   in Fig.   1). 
2  - 

An upper  limit  for  the position of  the    E    state   is placed  by  its 
2 +    u (57) 2 

perturbation of  the v =  3  level   of  the C    £    state. The    A    state 
2   - u u 

should  lie   somewhat  below  the     £     state;  probably  its  higher  levels 
U (57) perturb  the v =  2  and  6 levels of  the C  state. The curves  for 

these  two  doublet  states have been drawn with r    values estimated from 
e 

their electron  configuration.     The values are not consistent with 

those    used  for  the quartet  states of  the  same  configuration;  perhaps 

the curves  for  the quartet  states  are  incorrect,   as discussed above. 

Figure  1  also  shows approximate  curves for  three  other N9  quartet 
4        4 4 + states,     H   ,     n  ,   and    £  ,   that  are probably  slightly   stable,   based on 

8  (54y 8 

valence-bond and molecular-orbital  considerations   (Table 2),  plus 
4 2 + 

the evidence  that  the    L    state predissociates  the C    £    state  at 
,  (57) U ^ v =  3. 

A study of  the N_  curves  in Fig.   1   indicates  the possible occurrence 

of  several  permitted  band  systems which have not yet  been  identified  in 
2 2+4 4+4        4- 

spectroscopic   studies,   specifically,   D    n    -»B    £;     n    -» (  £ ,     A,     £); 
2-2 2+ 2 8 u gu'u'u7' 

and  ( Z  ,     A  ,   C    £ )   -. D    H  •     It  is  tempting  to  try   to correlate  these 

with  some  of  the observed but unidentified band  systems of nitrogen. 
4 4 - 

Some  time  ago,  when  the writer  believed  that  the    A    and    £    states 
4 u u 

were considerably higher and  the     n    state considerably  lower  than 

now  indicated,   he  suggested  in private communications   that Gaydon's 
.(28) (40)   „,.,,.  „„,4.        4      or4      ^ 

g ^ "g 
However,  with  the revised positions,   this  interpretation  is no  longer 

green  systems could  be a     A    -    n    or    XL  -•    11     transition. 

'   . 
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reasonable,   and  the   stronger quartet bands  should   lie   in   the   infrared. 
(37) It   is possible   that   the Hepner-Herman   infrared   bandsv represent   the 

+ 44+ 22 N-     .[    -*    Z    transition.     Gayden's  green  bands   fit   the     A    - D 2       g u u g 
transition quite well  using only   the  levels v"   > 6,   but  it would  be 

very  strange  that bands  going  to  the v"  = 0  to  5  levels are not observed 

in   the blue  spectral  region.     The vibrational   intervals of  the upper   state 

of Herman's near-infrared  system agree very well with those of  the 

D    n    state,  but the levels of the lower state do not agree with 
0 2 2 + either the A    n    or the  B   v   levels (or any combination of the two). 

Moreover,  the bands are degraded the wrong way for such transitions. 

Even after considerable study,  the writer has found no very convincing 
+ 

arguments for making new K    identifications. 

THE it* ION 

Although states of the N  ion are too high to be shown in Fig. 1 

(the lowest lies at about h2  eV), they have been observed in mass 

spectrometers, and one electronic transition has been observed spectro- 

scopically.    Hurley    has calculated potential energy curves for 

seven of the more-stable electronic states, with the help of data from 

isoelectronic neutral molecules. Although all of the states are 
+   + 

unstable against dissociation into N + N , many of them have potential 

maxima (at intermediate internuclear distances) sufficiently high to 

give them lifetimes of many seconds. For further details of the 
(59) potential curves, the reader is referred to the paper by Hurley. 

THE NO ION 

(60) 
Since this negative ion has been observed in mass spectrometers, 

and existence of a raetastable state is quite unlikely theoretically, 

its ground state is probably stable (i.e., has a positive electron 

affinity). It should be similar to the X T.    state of the isoelectronic 

0 molecule, with a dissociation energy of about 5 eV. Its dissociation 

limit lies 5.0*1- eV above the ground state of NO (see Section IV), so 

its minimum probably lies only a fraction of a volt below that of the 
2 -   "^ - 

NO X n state. The JO X "V curve in Fig. ; 

using the corresponding 0 curve as a guide. 

2 -  3 - 
NO X n state. The JO X v curve in Fig. 2 has been drawn accordingly. 
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Predicted repulsive NO states goinc to the lowest dissociation 

limit are also indicated on Fig. 2, but not extended very far. Probably 
3 

the n state is the intermediate state involved in the production of 

N + 0 vhen NO is bombarded by electrons, so that its curve at smaller 

intemuclear distances corresponds to the curve deduced by Cloutier and 

Schiff    from electron-impact data. 

THE NO MOLECULE 

Spectroscopic data vised to calculate Rydberg-Klein curves for the 

observed states of NO were obtained from the references listed by 

Wallace,    with the addition of work by Thompson and Green, 

Miescher,    and Huber and Miescher.    The results agree with the 

less-complete results of Vanderslice, Mason, and Maisch   to within 

0.00k  Ä. 

Although transitions involving the predicted quartet states of 

NO have not been identified with certainty by fine-structure analysis, 

it is highly probable that the near-infrared bands observed by Ogawa 
(66) h - k 

and Brook and Kaplan   represent the b 71 -♦ a n transition. If 

the two states have about the same r values as the corresponding 

states of 0 (see Fig, 3)* the relative intensities of the bands 

(insofar as they can be estimated from the published papers) agree 

with theory, provided that Brook and Kaplan's vibrational numbering 
h - / 

for the £ state is increased by one. (The unobserved bands corres- 

ponding to v' = 0 will then lie mostly in the little-investigated 

region beyond 11,000 A.) When the energy of the n state is derived 

from the M bands (a H - X n) of NO in a frozen argon matrix, 

and the two quartet curves are drawn by analogy with the corresponding 
+ k 

0- curves, they intersect at about the n dissociation limit, which 
2 . h - , 

lies slightly above the v = 4 level of the r state (see Fig. 2). 

The failure to observe bands originating from v > 4 can thus be easily 
k - h 

explained as due to predissociation of the r state by the n state. 

At large intemuclear distances, curves for all the NO states 

going to the lowest dissociation limit of NO were obtained from the 

valenoe-bond calculations of Meador,   which appear to be more 
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(Pi) 
accurate than those of Vanderslice, MeiGon, and.  Maisch.    These 

calculations do not yield a loosely-bound state, such as postulated 

by Barth, Schade, and Kaplan )  to explain details of the nitric- 

oxide afterglow. However, the arguments of the latter are not con- 
2 +     2 

elusive because the radiative lifetimes of the A v,   and B n states 

are about tvo orders of magnitude longer than they assumed, since the 

f-values for the y and 9 bands are quite small. 
2 + 

It has often been suggested that the y curve going to the 

lowest dissociation limit should be nearly flat, in order to explain, 

by predissoclation, the failure to observe emission from the higher 
2      2 

vibrations! levels of the B H and C n states. However, the weakness 

of the predissoclation (no line broadening is observed in absorption   ), 
(71) 

and certain features of afterglow emission,    are much better explained 
k 

as a predissoclation by the a fl state. Moreover, quantum-mechanical 
(72) 2 + 

calculationsx   put the lowest non-Rydberg r state 2 or 3 eV higher, 
2 + 

where it could intersect the M £ curve and explain the observed 

diffuseness ^ of the v = 2 level of this state. Such a non-Rydberg 

T    curve would cross the A r,D £,£ £,H T ,  and M £ Rydberg 

curves. By the noncrossing rule, electronic interactions will prevent 

such crossings, but if the interaction parameter is small the curves 

will look almost as if they cross, as shown in Fig. 2. A molecule in 
2 + 

the M £ , v = 2, level can still predissociate by following the 

repulsive £ curve(s), "Jumping across" the small gaps because of a 

breakdown of the Bom-pppenheimer approximation (which approximation 

implies that a molecule must follow a particular potential curve based 

on an electronic energy independent of the relative velocity of the 
2 + 

nuclei). The same repulsive £ curve is probably followed when an 

NO ion dissociatively re combines with an electron. 
(28)(7^) 2 + Tanaka and Sal "■>-"  j^ye claimed to observe A £ levels up 

2 + to v = 15, and D £ levels up to v = 11. This observation is incon- 

sistent with the A and D curves shown in Fig. 2. However, Tanaka and 

Sal did not make a fine structure analysis, and it seems likely that 
2 + 

they were observing levels of the higher £ states (E, H, M, etc.) 

Instead. 
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Frcjm the underlying absorption continuum of NO, Marmo    has 
2 + 

deduced a repulsive portion of a r curve in the 9 to 10 eV region 

and extrapolated it to the lowest dissociation limit of NO. However, 

his curve seems too high to explain the observed diffuseness of 
2 + 

M T1 , v - 2. More likely it belongs to the second lowest non-Rydberg 
2 + 2 0^ 2 + 
v    state, which goes to the D + "T dissociation limit. This y 

state, which is expected from molecular-orbital considerations (Table 3) to be 

loosely bound, fits in reasonably well with Marmo's curve, as shown 

in Fig. 2. 
2      2 

In agreement with the noncrossing rule, the B n and C n states 

of NO are shown to share a single potential curve with a double minimum. 

Before this curve can be regarded as established, however, 

it should be demonstrated that the irregularly-spaced ("perturbed") 

higher levels of these states agree with the eigenvalues for this 

single curve. 
2 

A stable f state is predicted for NO, though it has never been 
(12) 2 

observed. Mulliken    placed it slightly below the B n state, 

probably because, among states of the same molecular-orbital configu- 

ration and multiplicity (Table 3) , those with the largest angular rr.cnnentum 

usually lie lowest.  However, this particular configuration includes 
2 

three n states, and it seems not unreasonable that interactions could 

cause the lowest of these (i.e., B ü) to lie considerably below the 
2 (75) 
$. This would explain why Huber, Huber, and Miescher   have not 

2   2 
found B7 fs -*   f bands, even after looking carefully for them. 

(Transitions between the $ state and almost all other NO states are 
2 

forbidden.) The $ curve on Fig. 2 has been drawn accordingly. 
2      2 - 

The B' A and G £ curves shown on Fig. 2 were calculated from 
(63) 

published data   and extrapolated raonotonically to their dissociation 
(76) 

limit. However, Loftus and Miescher   have very recently observed 

several additional vibrational levels of these states, and these 

levels tend toward limits higher than the D + P dissociation limit. 

Accordingly, the B' and G curves in Fig. 2 should probably be shown 

with potential maxima at around 2 A. 
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Short sections of other molecular curves going to the five lowest 

dissociation limits of NO are shown in Fig. 2. However, only a few 

of the 18 curves going to the 1) + nP limit, and the 12 curves going 

to the p + ^P limit, are indicated. It is interesting to note that 

the limits involving 0( ü) and 0( S) (the upper states of the red and 

green airglow lines) correspond only to quartet states, so that pro- 

duction of such excited oxygen atoms by dissociative recombination of 
+ 

NO or photo-dissociation of NO is spin-forbidden, except at consider- 

ably higher energies, corresponding to dissociation limits not shown 

on Fig. 2. 
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THE NO"1" ION 

The potential curves for the X £ and A n states of NO shovm 

in Fig. 2 pre based on Rydberg-Klein calculations, using published 
(28)(T7) 

spectroscopic data,       with smooth extrapolations to the disso- 

ciation limits.  Since rotational data are available only for five 

of the levels of the X state and tvo of the levels of the A state, 

the upper portions of these curves are somewhat uncertain. 

No bands connecting othe.' states of NO have been analysed. 
(■jp.) 

However, Huber    has recently reinvestigated Tanaka's three Rydberg 

series in NO, which converge to three excited states of NO .  Huber 

gives fairly convincing arguments for believing that the lowest of 

these series limits, at lk.22  eV, corresponds to a v   state. The 
o        o 

second,  at 16.56 eV,   could be a    n or a    A state,  but probably the 
3 + 

latter,  since transitions between it and the    T,   state have not been 
3 + 3 

observed.    The    T   and    A curves in Fig. 2 are based on these series 

limits,  together with knowledge of the number of vibrational levels 

observed in the  Rydberg series, which enables estimation of the r 

values  (using   the Franck-Condon principle).     However,   one would predict 

considerably  larger  r    values from  the  electron configuration   (Table 3;  also 
3 - e 

cf.   the    £    state,   discussed  below).     This discrepancy  could   be  explained   if 

all   the observed Rydberg  series correspond  to  excited vibrational   levels. 
3 + 3 If  true,   the    £    and     A curves  in Fig.   2   should be  adji sted  downward  and   to   the  right, 

Tanaka's highest Rydberg limit,   at 18.33 eV,  corresponds to the 
1 (7P,") 

observed A    n state. Data for this limit, when combined with 

data from the A -. X bands,  give an accurate value for the  ionization 

energy of NO:     7^,7^6 ± kO cm-1 = 9.26? ± .005 eV.^ ^ 
+ 3 In addition to these NO    states/  a    f! state should lie somewhat 

1 3        3 + below the A    n state.    It is quite surprising that    n -. "T;    bands of 
.V 

NO' have never been identified, since the corresponding bands in the 

isoelectronic molecules N (first positive bands) and CO (Asundi bands) 

are prominent in nitrogen and carbon monoxide discharges.  However, 

Zapesochny, et al«    mention "a band of NO (electronic transition 

unknown, X = U38O 8)", with no further details. The ^fl curve in Fig. 2 
3   3 + has been somewhat arbitrarily drawn as if this band were the n - T. 

(0,0) transition. Although this assumption may be wrong, the TI 

position indicated is unlikely to be in error by more than an electron 
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volt. The r value has been chosen so that no particular vibrational e 
level ic likely to stand out in a Rydbcrg series, thus explaining the 

failure of Tanaka and Iluber to pick out such a series. 
1 (77) 

Fron perturbations of the A n state Miescher    deduced the 
3 - ^ - energy and rotational constant of one level of a £ state. The T. 

curve in Fig. 2 is drawn under the assumption that this level is the 

lowest vlbrational level, although it could be a higher level; thus, 
3 - 1-1 

the £ curve could lie somewhat lower. Similar V    and ^ curves (see 
o _ 

have been added above the £ , by analogy with N (Fig. l) and CO. 
5 +    7 + 2 

The y and £ curves have also been copied from N , and short portions 

of some of the curves going to the second dissociation limit have been 

indicated. 

THE no4""1" ION 

Although this metastable ion has not been identified by optical 

spectroscopy, it has been observed in mass spectrometers, with an 
(59) appearance potential in NO of about ^0 eV.    Theoretical curves 

(59^ for three of its electronic states have been obtained ty Hurley,  ' 

they are too high to be shown in Fig. 2. 

THE 0 ION 

That 0_ is stable i.j.3 been known for a long time, but quantitative 

estimates of its stabi3.ity have differed considerably. Recently, Phelps 

and Pack       measured electron attachment and detachment rates in 

oxygen, from which they calculated an electron affinity of O.hh  ± 0.02 eV. 

Later, Curran   obtained a lower limit of O.58 eV, based on the appear- 

ance potential of o" in electron-bombarded 0 . The disagreement could 

be due to production of vibrationally excited 0" by Phelps and Pack 

(although their results were unchanged even after the 0o ions collided 

5 x 10 times with 0 molecules), or to some unknown source of error 

in their work or in that of Curran. Since theoretical considerations 

suggest a still smaller value (~ 0.2 eV) for the electron affinity, 

the value of O.hh  eV represents a reasonable corapromise which probably 

lies within 0.2 eV of the true value. 
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The electron affinity gives the energy of the ground state of 0 , 

which theory shows most be a n state.       X-ray data on KCL 
ß   - 0 crystals show that the r value of 0 is about 1.30 A, while the fluor- 

escence spectrum of 0 dispersed in alkali halide crystals gives a 
(85)      2 

vibrational spacing of about O.lU eV.    The X n curve in Fig. 3 

has been drawn accordingly. 

It has been suggested that the lowest excited state of 0 is a 
4 -      (8A) Rydberg £ state.     However, such a state probably does not exist 

because the Rydberg orbital is not bound.     Accordingly, such a 

curve has not been included in Fig. 3. 

Excited non-Rydberg states of 0 have been discussed by Massey, 

but a comparison with recent quantura-niechanical calculations for the 

isoelectronic F ion,       and with data on excited states of 0 , ^' 
2 4 -   2 2 

shows that the   £ and A states probably lie considerably higher 
u 2 +     2 

than Massey suggests, while a E and a n state lie below then. 
e  (85) ^ 

The 0_ fluorescence observed by Rolfe   very likely corresponds to 

the ^n _ X FI transition; this interpretation puts the n state 

about 3.65 eV above the ground state of 0 . A portion of the n 

curve is sketched on Fig. 3« Others of the twenty-four 0 states 

going to the lowest dissociation limit are merely indicated by a 
k - 2 - few short, dotted curves. Two of these states, T and r , may be 

formed by the simple addition of an electron to the ground state of 

0 ; hence, the well-known electron-bombardment reaction, 0 + e -• 0 +0, 

probably takes place via these repulsive states. 

THE 0 MOLECULE 

Rydberg-Klein curves for the observed states of 0 were calculated 

using spectroscopic data from the references listed by Wallace. 

The results agree with the less-complete resuV~ of Vanderslice, Mason, 

and Maisch   to within 0.002 A except for three states: for the c r' 

state their results appear to contain a numerical error; for the B -'v 

- 
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ctate dirfcrencec up to 0.005 A occur due to the present writer's 

.omoothinc of the irregular observed R values; and  for the A and B 

states differences up to 0.0^1 A occur for the highest vibrational 

levels (near the dissociation limit) due to the sensitivity of the 

results in this region to small variations in method and input data. 

In Fig. 3 the right-hand portions of nost of the eighteen 0 

curves goinr; to the lowest dissociation limit ( P + P) have been 

taken from the valence-bond calcxilations of Vanderslice, Mason, and 
(9)       3   1     1 + Maisch.   but the fl ,  f! and T    curves have been lowered because 

g   g     S 
these states will interact with other low-energy electronic configura- 

3 
tions not considered in the simple valence-bond treatment. The n 

3 -^ curve has been extended to intersect the left branch of the 3 r 
U 

curve at v = h,  in order to explain the predissociation results of 

Carroll.    The upper portion of the left branch of the B -V" curve 
(88) 

has been taken from the work of Evans and Gchexnayder,    cased on 

the variation with wavelength of the Schumann-Runge absorption continuum. 
1     1 + 

Curves for two high-energy 0 states,  A and f , have been 

sketched in Fig. 3 by assuming that their energies, above that of the 
3 - 

B ^ state, vary smoothly with internuclear distance from the values 

(2.8 and 5»^ eV, respectively) calculated by Itoh and Ohno   quantun- 

mechanically at 1.207 A, to the known values (2.0 and k.2  eV) at the 

dissociation limits. 

The many other 0 states going to the higher dissociation limits 

are indicated in Fig. 3 hy a few short, dashed curves. 

In ultraviolet absorption spectroscopy a number of excited states 

of 0 above 9*6 eV have been obser/ed,    but no identifications or 

rotational analyses have been made. These states are probably rll 

Rydberg states, containing an outer electron loosely bound to an 0 
3 2 

core. The lowest Rydberg state is expected to be a n state at about 
S 

8 eV; it wculd not be observed in absorption because ti^ansitions 

between it and the ground state are forbidden. Its curve may well 
3 

have a peculiar shape because of interaction with the Tl curve coming 

from the lowest dissociation limit. Because of this and other com- 

plications, no curves for Rydberg states have been included in Fig. 3, 
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THE oj ION 

Rydberg-Klein calculations were nade for the four well-known 

states of 0 using spectroscopic data from the vor1: referenced by 
(28) (90) (91) 

Wallace    and recent papers by Weniger   and Le Blanc.    The 

energies of these states relative to 0 are fixed by Watanabe and 
(92) 2 

Marno's photoionization threshold    and Tanaka and Takanine's first 
(93) Rydberg series.     The approximate valence-bond relations of Knof, 

i5h) 
Mason, and Vanderslice   were ased to assist m extrapolation of 

the X, a, and A curves to their dissociation limit, as well as to 

estimate the outer portion of all other curves going to the lowest 

dissociation limit. The results are show, in Fig. 3« 

By the simple removal of one va]ence-shell electron (Table 4) from the 

ground state of 0    precisely five states of 0„ can be formed:  the well-knowi. 
2 - 

X, a, A and b states, and a not-yet-identified v state analogous 
G 

to the G state of NO (see Fig. 2).  It is quite probable that the 
2 - 

T,    state corresponds to the Unit of Tanaka and Takartiine's second 
S (93) Rydberg series,    since the appearance, energy, and vibrational 

spacing all agree with predictions. The curve for this state is 

shown xccordingly in Fig, 3« 

Two other stable 0 states in this region can be predicted; 
op 
A and $ (cf. NO, Fig. 2). Estimates of their pocition are 
G     u 

presented in Fig. 3« 

Removal of one 2a   electron from the ground state of 0„ should 
1+ -    2 - 

produce two stable ctates:  c v    and r . The former hac recently 
(01)^ ^ 

been identified by Le Blanc    as the upper state of Hopfield's 

emission bands, and very recently Codling   has diGcovered Rydberc 

series converging to its two lowest vibrational levels.  The corres- 

ponding doublet state is as yet unobserved; it probably lies 1 or 2 eV 

above the quartet state. 

THE 0+*  ION 

Although this metastablc ion has not been identified by optical 

spectroscopy, it has been observed in mass spectrometers, with an 



•29- 

(95) 
appearance   potential   in CL  of  about   36 eV. 

for  eight of   its  electronic   states  have  been obtained   by  Hurley; 

they are   too high   to   be   shown   in Fig.   3. 

Theoretical   curves 
(59) 
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Table  1 

OBSERVED TRANSITIONS AMONG THE ELECTRONIC STATES SHOWN IN FIGS.  1,   2,   and 3, 

Permitted Transitions Forbidden Transitions 

Nitrogen 

N„     B ^ A 

N       C -.  B 

N«     C- B 

N^    E -. A 

N2 
B^ B 

b'^ X 

A ^ X 

B - X 

N^    C - X 

1L    D -. A 

NO A ^ X (v bands) 

NO B r- X (9 bands) 

NO C ^ X (fi bands) 

NO D J? X (c bands) 

NO B'tf X (p' bands) 

NO E r X (y' bands) 

First positive bands) N      A r^ X    (Vegard-Kaplan bands) 

Second positive bands) N      a ^ X    (Lyraan-Birge-Hopfield 

Goldstein-Kaplan bands) 

v bands) 

Y bands) 

•**. 
Birge-Hopfield bands    ) 

Meinel bands) 

First negative bands) 

Second negative bands) 

Janin-d'Incan bands) 

bands) 

N  B'^ X (Wilkinson-Ogawa- 
Tanaka I bands) 

N  a'^ X (Wilkinson-Ogawa- 
Tanaka II bands) 

N  C - X (Tanaka bands) 

Nitric Oxide 

NO a - X (M bands) 
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Table 1 (continued) 

NO F, G, K, M, S^ X (Lagerquist-Miescher bands) 

NO H, H'-X (Huber-Miosclier bands) 

NO b - a (Ogawa bands) 

NO C - A (Heath band) 

NO D -A (Feast bands) 

NO F - A (Duffieux-Grillet-Feast bands) 

NO H, H'-* A (Tanaka-Miescher bands) 

NO B'- B (Tanaka-Ogawa bands) 

NO H, H', F -« C (Feast-Lagerquist-Miescher bands) 

NO E, H, H'-. D (Feast-Heath bands) 

NO A - X (Mieseher-Baer bands) 

Oxygen 

0  B := X (Schumann-Runge bands) 

02 C 

-♦ X (Second negative bands) 

— a (First negative bands) 

-♦ b (Hopfield's emission bands) 0  c - 

32 
a - X [infrared atmospheric 

bands) 

02 
b •-* X [AtmosDherlc bands) 

02 
A ^ X [Herzberg bands) 

02 
c - X [Herzberg II bands) 

02 
c ^x ( ,Herzberg III bands) 

02 
b - a < .Noxon band) 

02 
A - b  ( Broida-Gaydon bands) 

For several N and NO band systems having no commonly-accepted 

names, names are suggested here, based on priority of discovery and 
analysis, and avoidance of duplication. 

Both b - X and bV X bands are usually denoted Eirge-Hop field 

bands'20'^0' after their discoverers, although in Fig. 196 of Herzberg'2' 

the b'r? X bands are called Worley bands. 
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Table  2 

MOLECULAR-ORBITAL   ELECTRON  CONFIGURATIONS  OF NITROGEN 

Molec. State 
Electron Configuration* 
In 3a In 3- Other 
_u g a y  

Molec.   State 
Electron  Configuration* 
ITT    3-     In     3-    Other 
 y g s y  

x i    o 

xlr+ 
8 

4 2 0 0 

A  V 
u 

3 2 1 0 

\ 
3 2 1 0 

B3-: 
g 

4 1 1 0 

V\ 3 2 1 0 

-X 3 2 1 
i 0 

*\ 
4 1 1 0 

1 
w    A u 

3 2 1 0 

2 2 2 0 

2 1 2 1 

c3-/ 
u 

4 2 1 C   -20 
u 

5„ 
u 

3 1 2 0 

E V 
g 

4 1 0 0    3sa 

c,3n 
' u 

3 1 2 0 

-K 3 2 1 0 

X  V 
g 

A2'. 
u 

B2! 

SJ 

\ u 

4. 
2 

g 
2 + [3 
"u 14 

2A 3 u 
4„ fl 

-u b 
4 + n 

I      3 
u 

"u   13 

1      0      0 

2 

0 

1 
2 

1 

2 

0 

2 
0 

0 

Ü 

1    1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

u 

The valence-shel1 orbitals are listed here in the usual order 
of their binding energies, for internuclear distances less than about 
1.4 A.     For  larger distances,   however,   the  3c    orbital   is usually more 

g 2 2 
tightly  bound  than  the  In    orbital.     All   states   include  (lc )   (la ) 

2 2 U N     g'   N    u' 
(2a )   (2a )     electrons,   except  that  states marked  -2a    have only one 
^     g'    x    u u 
2a    electron, 

u 
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Table 3 

MOLECULAR-ORBITAL ELECTRON CONFIGURATIONS FOR NITRIC OXIDE 

Molec. State 
3g In 3^ Other 

Molec. State 
3a ITT 

1        '^K' l 

ITT* 3o* Other 

NO" X V 2 4 2 0 NO K 2
n 2 4 0 0 4pTT 

3n \1 4 
4 

1 
3 

1 
0 

M V 2 4 0 0 5pa 

NO x\ 2 4 1 0 
2v+ 

2 

I2 
2 

4 

3 

0 

0 

1 

a\ 2 3 2 0 
L ll 4 2 0 

AV 2 4 0 0 3sa 
S ¥ 2 4 0 0 5sa 

B2n r 
2 3 2 0 N0+ X V 2 4 0 0 

bV 1 4 2 0 a V 2 3 0 

c2r. 2 4 0 0 3pTT 3A 2 3 0 

DV 2 4 0 0 4pa 
3n 1 4 0 

2
E

+ 
fl 
12 

4 
4 

2 
0 

0 
1 

A 
1n 1 4 0 

\+ 
r2 
ll 

3 
3 

1 
3 

1 
0 

3E- 2 3 0 

\ 
2 3 2 0 1r- 2 3 0 

v\ 1 4 2 0 \ 2 3 0 

EV 2 4 0 0 4SCT 
5r+ 2 2 2 0 

F2A 2 4 0 0 3d 6 V 1 2 2 1 

GV 1 4 2 0 V 2 3 1 0 

HV 4 0 0 4da V 2 2 2 0 

H'2n 2 4 0 0 4dn 

The valence-shell orbitals are listed here in the usual order 
of their binding energies for nitric oxide.  All states include (lo) 

(la*) (2a) (2o*)  electrons.  For Rydberg orbitals a semi-united-atorn 
notation is used (R.S. Mulliken, to be published), which is more 
appropriate than the separated-atom notation used by Huber and Miescher. (64) 
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Table 4 

MOLECULAR-ORBITAL  ELECTRON CONFIGURATIONS  FOR OXYGEN 

w   , _ Electron Configur." ..   , „ Electron Configuration* 
Molec.   State     0       ,        ,        , Molec.   State     -       ,        ,        0       „_. 

3a    Irr    In    3c                                                    3a     In    In    3T    Other 
 S u      B u g      u      g      u  

0, x   n 
g 

2 4 3 0 

2nu 
2 3 4 0 

3 - 
2 4 2 0 

1 
a    A 

g 
2 

2 

4 

4 

2 

2 

0 

0 

=\ 
2 3 3 0 

*3< 
2 3 3 0 

u 
2 3 3 0 

\ 
1 4 3 0 

1 4 3 0 

\ 
2 4 1 1 

U 
2 4 1 1 

2 

2 

3 

3 

2 

3 

1 

0 

1 
2 3 3 0 

1< 
2 3 3 0 

0 x 'n 
■ g 

2 4 1 0 

a4" 
u 

2 3 2 0 

A2n u 
2 3 2 0 

bV 
g 

1 4 2 0 

X 
1 4 2 0 

2 3 1 1 

g 
2 2 3 0 

\ 
1 4 2 0 

X 1 4 2 0 

21 
"u 

2 3 2 0 

cV 2 4 2 0 0    -2c 

The  footnote  to Table  2  also applies here,   except  that  for 
oxygen   the  3a    orbital  usually  lies  below  the  In    orbital   so   it 

has  been  listed  first. 
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