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C H A P T E R I 

I N T R O D U C T I O N 

G e n e r a l 

N e a r l y h a l f a c e n t u r y a g o M i c h a e l P o l a n y i o b s e r v e d s t r o n g 

f l u o r e s c e n c e f r o m a l k a l i m e t a l v a p o r w h e n i t w a s m i x e d w i t h h a l o g e n 

g a s . T o a c c o u n t f o r t h e e x c i t a t i o n o f t h e m e t a l a t o m s , h e p r o p o s e d 

t h e r e a c t i o n m e c h a n i s m : ^ 

M + X 2 — » M X * + X ( l a ) 

X + M 2 —-> M X * + M ( l b ) 

M + M X * MX + M ( l c ) 

M * * _ y M + h v , ( I d ) 

w h e r e M a n d MX r e p r e s e n t t h e e l e c t r o n i c a l l y e x c i t e d m e t a l a t o m a n d 

t h e v i b r a t i o n a l l y e x c i t e d a l k a l i h a l i d e m o l e c u l e , r e s p e c t i v e l y . T h i s 

m e c h a n i s m f o r r e a c t i o n ( 1 ) w a s n o v e l i n t h a t l a r g e f r a c t i o n s o f t h e 

r e a c t i o n h e a t s p r o d u c e d i n t h e h i g h l y e x o t h e r m i c s t e p s ( l a ) a n d ( l b ) w e r e 

r e q u i r e d t o be r e t a i n e d i n t h e f o r m o f v i b r a t i o n a l e x c i t a t i o n o f t h e 

p r o d u c t h a l i d e . I n s u c h f o r m , t h e e n e r g y c o u l d b e e f f i c i e n t l y t r a n s ­

f e r r e d t o e l e c t r o n i c e x c i t a t i o n o f t h e m e t a l v i a ( l c ) , w h i c h w o u l d 

o t h e r w i s e b e h i g h l y e n d o t h e r m i c a t r o o m t e m p e r a t u r e . 

A m o r e r e c e n t s t u d y ^ o f r e a c t i o n ( 1 ) i n a t a n d e m m o l e c u l a r beam 

e x p e r i m e n t h a s c o n f i r m e d t h e r o l e o f v i b r a t i o n a l e x c i t a t i o n i n a c h e m i ­

c a l r e a c t i o n . F o r m a t i o n a n d r e a c t i o n o f e x c i t e d s p e c i e s , h o w e v e r , i s 
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n o t l i m i t e d t o o n l y n e u t r a l - n e u t r a l i n t e r a c t i o n s . T h e r a t e s o f e n d o -

t h e r m i c i o n - m o l e c u l e r e a c t i o n s h a v e a l s o b e e n s h o w n t o be s t r o n g l y 

o 4 

i n f l u e n c e d b y t h e i n t e r n a l e n e r g y s t a t e o f e i t h e r t h e i o n i c o r n e u t r a l 

r e a c t a n t . D i f f e r e n c e s i n t h e r e a c t i o n r a t e s o f e x c i t e d a n d g r o u n d s t a t e 

a t o m s o r m o l e c u l e s i s o f c o n s i d e r a b l e i m p o r t a n c e i n t h e a c c u r a t e s i m u ­

l a t i o n o f a c o m p l e x r e a c t i o n s y s t e m , s u c h a s t h e u p p e r a t m o s p h e r e , i n 

w h i c h t h e i n t e r n a l e n e r g y c o n t e n t o f t h e r e a c t a n t s i s s u b j e c t t o t e m p o r a l 

4 5 

v a r i a t i o n s . ' F u r t h e r m o r e , t h e c o u p l e d n a t u r e o f t h e r e a c t i o n s i n s u c h 

a s y s t e m n e c e s s i t a t e s an e x p l i c i t k n o w l e d g e o f t h e i n t e r n a l s t a t e s i n 

w h i c h t h e r e a c t i o n p r o d u c t s a r e f o r m e d . Q u a n t i t a t i v e i n f o r m a t i o n c o n ­

c e r n i n g t h e r o l e o f e x c i t e d s p e c i e s i n g a s - p h a s e r e a c t i o n s , h o w e v e r , i s 

fi 7 

r e m a r k a b l y l i m i t e d . * I t i s t h e p u r p o s e o f t h i s d i s s e r t a t i o n t o i n v e s ­

t i g a t e t h e p r o d u c t i o n a n d r e a c t i o n o f e x c i t e d s p e c i e s i n t w o t y p e s o f 

g a s - p h a s e r e a c t i o n s : c h a r g e - t r a n s f e r r e a c t i o n s o f i o n s w i t h m o l e c u l e s 

a n d r e a c t i o n s o f a m e t a s t a b l e a t o m w i t h a d i a t o m i c g a s . 

C h a r g e - T r a n s f e r R e a c t i o n s 

P e r h a p s t h e m o s t b a s i c p r o c e s s i n w h i c h t o i n v e s t i g a t e t h e 

r o l e o f i n t e r n a l e n e r g y i n a r e a c t i o n i n v o l v e s t h e t r a n s f e r o f an e l e c -
8 - 1 0 

t r o n b e t w e e n a n e u t r a l m o l e c u l e a n d an i o n . C o n s i d e r t h e m o l e c u l e 

c h a r g e - t r a n s f e r r e a c t i o n : 

A £ ( i , v ^ ) + B 2 ( j , v » ) - > A 2 ( k , v " ) + B g t f . V ) , (2) 

i n w h i c h t h e d i a t o m i c m o l e c u l a r i o n A 2 h a v i n g e l e c t r o n i c a n d v i b r a ­

t i o n a l c o o r d i n a t e s ( i » v

0 ) a n d a g i v e n k i n e t i c e n e r g y , i n t e r a c t s w i t h 

t h e n e u t r a l d i a t o m i c m o l e c u l e B 9 ( j , v " ) w h i c h i s a t r e s t i n t h e l a b o r a t o r y 
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frame of reference. During the interaction, an electron is transferred from the molecule to the ion forming a product ion B̂ff.v') and product neutral A2(k,v"). The transfer of the electron characteristically takes place at separations of the reactants which are large with respect to their molecular dimensions. Consequently, little momentum is trans­ferred during the exchange and the product molecule retains essen­tially all the initial kinetic energy of the reactant A* ion. If the reaction occurs at a sufficiently high relative velocity, it is possible to produce electronically or vibrationally excited products. The mag­nitude of the interconversion of translational and internal energy in the charge-transfer reaction is expressed in terms of an energy defect, AE, representing the difference between the total internal energy of the products and that of the reactants. Those elastic processes, which involve no net change of internal energy (AE = 0), are referred to as resonant charge-transfer reactions, whereas nonresonant charge-transfer reactions (AE f 0) produce products having internal states different from those of the reactants. If the energy defect of a nonresonant process is small with respect to the relative velocity of the interaction, it is termed near-resonant. It is advantageous to further separate charge-transfer reactions into categories on the basis of the mechanism governing transfer of the electron.̂  When A* and B̂  in reaction (2) represent a molecular ion and its parent neutral molecule (A = B), the potential field acting on the active electron is symmetric about the midpoint of the line joining the centers of mass of At and B9, and the electron is described by a linear 
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combination of gerade and ungerade eigenfunctions of (A^B^)"1". During the 

encounter, changes in the relative phase of these eigenfunctions are 

brought about by the time-dependent variation of the electrostatic inter­

action caused by the classical relative motion of the two centers of mass. 

This permits the electron to transfer. I f the wavefunctions describing 

the ionic and neutral species are considered separable into electronic 

and nuclear parts using the Born-Oppenheimer approximation, vibrational 

transitions are permitted during the electron exchange without disturbing 

the symmetry of the electrostatic interaction. This process is termed a 

symmetric charge-transfer reaction. 

For the case in which A^ and B^ represent two different molecular 

species (A / B) or in which the electronic states of the separated reac-

tants and products are not the same (i + I or j + k ) , the reaction is 

termed asymmetric. Such an interaction requires an electronic transi­

tion between the states described by the eigenfunctions of the reactant 

A* - B^ and product B* - A^ systems. 

Experimentally, the difference between the electron transfer 

mechanisms of symmetric and asymmetric charge-transfer reactions is mani­

fested in the kinetic energy dependence of the cross section for each 
8 ++ process. These differences can be i l lustrated by the atomic Ar - Ar 

system in which both symmetric and asymmetric reaction channels are 

accessible. The cross sections for the charge-transfer reactions of 

this system have been measured over a range of incident A r + + kinetic 

energies of 2.0 to 8.0 keV and are discussed in Chapter V. The cross sec­

tion for the symmetric (resonant) channel, 



5 

Ar + Ar Ar + Ar AE = 0 , (3) 

is found to increase approximately 50 per cent as the kinetic energy 

is reduced from 8 keV to 2 keV. In contrast, the cross section for the 

asymmetric (nonresonant) channel, 

A r + + + Ar Ar + + Ar + AE = 12 eV, (4) 

is considerably smaller than that of the symmetric channel and decreases 

by approximately 70 per cent over the same range of kinetic energies. 

This decrease in the cross section for the asymmetric channel as the 

relative velocity of the interaction is reduced, is a consequence of 

the electronic transition required for the electron transfer. 

A similar behavior of the total cross section for molecular 

asymmetric charge-transfer reactions may not necessarily be observed 

at all incident ion kinetic energies. As a result of the large number 

of internal degrees of freedom present in a molecular reaction, numerous 

near-resonant product channels are accessible through the excitation or 

de-excitation of the electronic and vibrational states of the molecule. 

Consider the asymmetric charge-transfer reaction of 0* - Ar, which is 

presented in Chapter IV. When the reactant 0* ion is in i t ia l ly in i ts 

ground electronic state, the reaction: 

0+(X 2n g, v^) + Ar - * 0 2 (X 32', v") + A r + , (5) 

is nonresonant (AE ~ 4 eV), and i ts cross section is observed to 

decrease as the kinetic energy of the incident ion is reduced from 3 

keV to 0.7 keV. However, when the incident ot ion is in i ts f i r s t 
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excited electronic state, the charge-transfer reaction: 

0 £ ( a \ , v^) + Ar - > 0 2 ( x 3 2 " , v ") + Ar + , (6) 

is near-resonant with one particular channel having an energy defect 

of only 0.00018 eV. The cross section for this process is signif icantly 

larger than that of reaction (5) and increases as the kinetic energy of 

the incident ion is decreased. The behavior of the asymmetric near-

resonant charge-transfer channel is similar to that of a symmetric resonant 

reaction at these relatively high kinetic energies. In the limit of low 

velocity, however, the cross sections for both reactions (5) and (6) must 

approach zero, regardless of the magnitude of the energy defect . 1 1 

Resonant as well as near-resonant and non-resonant channels 

exist in symmetric molecular charge-transfer reactions. At a given 

kinetic energy, the relative contribution of the elastic and inelastic 

processes to the total charge-transfer cross section is governed by the 

magnitude of the energy defect and the vibrational overlap between the 

corresponding reactant and product states. A multistate impact parameter 

model can be utilized to describe the influence of reactant vibrational 

state on the symmetric charge-transfer reaction and to predict the final 

vibrational states of the products. Such a model is applied to the N 2 - N^ 

C0 + - CO, 0£ - 0 2 , and N0+ - NO systems in Chapters I I and I I I . The 

charge-transfer cross sections computed using the multistate model are 

compared with the total cross sections for these systems as a function of 

both ini t ia l reactant state and incident kinetic energy. 

Metastable Reactions 

The relaxation of an electronically excited atom by a diatomic 
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molecule at thermal energy can proceed through a number of product 

channels: 7 

A* + XY - > A + XY+ + e" (7) 

A + X + + Y + e" (8) 

—* AX + + Y + e" (9) 

AXY+ + e" (10) 

_ > A + XY* , (11) 

where the asterisk denotes internal excitation of the neutral species. 

The dynamics of reactions (7) - (10) can be established through mass 

and velocity analysis of the charged products. The study of reaction 

(11), in which the electronic energy of the atom is converted into 

internal excitation of the diatomic molecule, is inherently more d i f f i ­

cult since charged species are not produced. In principle, the parti­

tioning of the excitation energy of the atom among the electronic, 

vibrational, and rotational states of the molecule can be determined 

from spectroscopic analysis of spontaneous radiative emission from these 

states. Recent use of time-resolved spectroscopy in a flowing afterglow 

has permitted the identif ication 1 of the rotational and vibrational 

distributions of molecular electronic states produced in the reaction, 

prior to their col l isional deactivation. However, the relatively high 

pressures which must be maintained in the flow stream in order to achieve 

an adequate concentration of reactants, as well as the walls of the 

vacuum system i tse l f , l imit such investigations to states having short 

radiative lifetimes. 

Because of the limitations on obtaining a complete experimental 
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product state identification, the possibility of using a statistical phase space description of reaction (11) to compute product state dis­tributions was investigated. Such a model assumes that the interaction of the reactants results in the formation of an intermediate complex, 
A* + XY _> (AXY)* , (12) in which the internal energy of both reactants is distributed among all the internal degrees of freedom of the complex. Product state formation occurs through a decomposition of the complex governed by the constraints of conservation of energy and angular momentum. The probability that a product will be formed in a given electronic, vibrational, or rotational state is determined by that state's fraction of the total available phase space. The application of the statistical phase space model to the reaction of Ar( P2 q) atoms with ground nitrogen molecules is con­sidered in Chapter VI. The computed vibrational and rotational distribu­tions expected for the excitation of into the Ĉiu and B̂Hg states by the metastable argon are compared with recent experimental observations. 
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CHAPTER I I 

MOLECULAR CHARGE TRANSFER: EXPERIMENTAL AND THEORETICAL 

INVESTIGATION OF THE ROLE OF INCIDENT-ION VIBRATIONAL 

STATES IN N£ - N 2 AND CO+ - CO COLLISIONS 

Chapter I I was published in the Journal of Chemical Physics, 

Volume 59, pages 5494 to 5510, 15 November, 1973. This article 

appears as Appendix I I of this dissertation and also as Reference 18. 
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CHAPTER I I I 

MOLECULAR CHARGE TRANSFER I I : EXPERIMENTAL AND THEORETICAL 

INVESTIGATION OF THE ROLE OF INCIDENT-ION VIBRATIONAL 

STATES IN 0+ - 0 2 AND N0 + - NO COLLISIONS 

INTRODUCTION 

THE RELATIVELY HIGH ABUNDANCE OF o£ AND N0 + IONS IN THE EQUATORIAL 

l ?-l 5 

IONOSPHERE HAS BEEN VERIFIED BY MEASUREMENTS10 USING ROCKET-BORNE MASS 

SPECTROMETERS. INVESTIGATIONS OF THE SUBSEQUENT CHARGE-TRANSFER REACTIONS 

ARE IMPORTANT NOT ONLY TO THE DETAILED UNDERSTANDING^'1^ OF THE IONOSPHERE 

BUT ALSO TO THE DEVELOPMENT OF THEORETICAL MODELS OF MOLECULAR COLLISIONS 

IN GENERAL. EXPERIMENTAL EXAMINATION OF THE 0+ - 0^ AND N0 + - NO COLLI­

SION SYSTEMS PROVIDES AN OPPORTUNITY TO CRITICALLY EVALUATE THE THEORETICAL 

MULTISTATE IMPACT PARAMETER DESCRIPTION OF CHARGE TRANSFER AND ITS COR-
18 

RESPONDING LOW VELOCITY LIMIT. A PREVIOUS STUDY OF THESE TWO THEORETI­

CAL TREATMENTS WAS CARRIED OUT FOR N^ - N 2 AND C0 + - CO CHARGE-TRANSFER 

REACTIONS WHERE: A) THE SIMILARITY OF FUNDAMENTAL VIBRATIONAL FREQUENCIES 

IN BOTH THE IONIC AND NEUTRAL SPECIES RESULTED IN A GROUPING OF NEARLY 

DEGENERATE ENERGY DEFECTS FOR THE DIFFERENT VIBRATIONAL PRODUCT CHANNELS 

INTO VARIOUS "BANDS" SEPARATED BY APPROXIMATELY ONE VIBRATIONAL QUANTA; 

AND B) THE REACTION CHANNELS WITH LARGEST VIBRATIONAL OVERLAPS WERE THOSE 

ASSOCIATED WITH THE NEAR-RESONANT BAND. AS A CONSEQUENCE OF THE ABOVE 

CHARACTERISTICS, CONVERGENCE OF THE COMPUTED CROSS SECTIONS WAS ATTAINED 

BY INCLUDING ONLY A MINIMAL NUMBER OF PRODUCT CHANNELS IN THE WAVEFUNCTION 
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expansion. I t was also shown that because of the existence of a d is ­

tinct near-resonant band with large vibrational overlaps, the low 
19 

velocity approximation of Bates and Reid could be successfully 

applied over a wide range of ion kinetic energies. 

The present 0^ - 0̂  and N0+ - NO systems are inherently differ­

ent from those studied previously^ in that: a) the dissimilar vibrational 

frequencies of the ion and neutral preclude the dist inct grouping of di f ­

ferent vibrational reaction channels into energy bands; and b) the magni­

tudes of vibrational overlaps for different channels is more evenly 

distributed over reaction pathways that have a wide range of energy 

defects. These features suggest that a larger number of nonresonant chan­

nels need be considered in order to obtain convergence of the calculated 

cross sections and that application of the low velocity approximation may 

be restricted to a more limited range of incident kinetic energies. The 

effectiveness of each theoretical approach is to be gauged by comparison 

with cross sections measured as a function of ion kinetic energy and reac­

tant ion vibrational state. 

Theory 

The multistate impact parameter treatment of the symmetric charge-

transfer process 

A2(Y> + VV5
 ~* A 2 ( v f M ) + A 2 ( v f ' 5 ( 1 3 ) 

18 19 

has been previously developed ' and need only be briefly outlined. In 

(13), the incident molecular ion in vibrational level v ' captures an elec­

tron from the molecular target, in i t ia l ly in vibrational level v ." , to 
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f o r m a n e u t r a l m o l e c u l e i n v i b r a t i o n a l s t a t e v " w i t h t h e n e u t r a l 

t a r g e t c o n v e r t e d t o an i o n i n v i b r a t i o n a l s t a t e v ^ * . O n l y t h e g r o u n d 

e l e c t r o n i c s t a t e o f e a c h s p e c i e s i s c o n s i d e r e d t o be i n v o l v e d a t l o w 

i m p a c t e n e r g i e s a n d t h e r o t a t i o n a l s t a t e s o f e a c h d i a t o m i c a r e a s s u m e d 

u n c h a n g e d . T h e w a v e f u n c t i o n ¥ ( t ) f o r t h e i n t e r n a l m o t i o n s , d e n o t e d by 

r , i s e x p a n d e d a s 

¥ ( t ) « I I a £ ( t ) „ ° ( r ) e x p ( - i E ° n t ) , ( 1 4 ) 

a = D , X n 

w h e r e <p£ a r e m o l e c u l a r e i g e n f u n c t i o n s ( w i t h e l e c t r o n i c , v i b r a t i o n a l , 

a n d r o t a t i o n a l p a r t s ) o f t h e u n p e r t u r b e d H a m i l t o n i a n f o r t h e i s o l a t e d 

m o l e c u l a r s y s t e m s A * a n d k > a t i n f i n i t e c e n t e r - o f - m a s s s e p a r a t i o n R w i t h 

e i g e n e n e r g i e s E ° . T h e i n d e x n l a b e l l i n g c e r t a i n q u a n t i t i e s d e n o t e s t h a t 

t h e a s s o c i a t e d q u a n t i t i e s r e f e r t o e i t h e r d i r e c t c h a n n e l s D , w h e r e n o 

c h a r g e t r a n s f e r o c c u r s , o r t o t h e e x c h a n g e c h a n n e l s X . T h e o u t e r s u m m a ­

t i o n i s o v e r a l l D a n d X c h a n n e l s . B y i n s e r t i n g ( 1 4 ) i n t o t h e a p p r o p r i a t e 

t i m e - d e p e n d e n t S c h r o d i n g e r e q u a t i o n f o r t h e i n t e r n a l c o o r d i n a t e s , a n d b y 

w o r k i n g t o l o w e s t - o r d e r t o t w o - c e n t e r o n e - e l e c t r o n o v e r l a p s , t h e c h a r g e -

t r a n s f e r c r o s s s e c t i o n i s g i v e n b y t h e f o l l o w i n g e x p r e s s i o n , 

Q * f = 2 * j'lc* ( r , - ) ! 2 p d P , ( 1 5 ) 

0 

i n t e r m s o f t h e t r a n s i t i o n a m p l i t u d e s C ° ( p , t ) = a ^ ( t ) e x p i o ( t ) , w h e r e 

m i s a c e r t a i n p h a s e f a c t o r w h i c h n e e d n o t be s p e c i f i e d s i n c e t h e p r o b a ­

b i l i t i e s |Ĉ 12 = | a ^ | 2 r e m a i n u n a f f e c t e d . T h e t r a n s i t i o n a m p l i t u d e s a r e 

t h e s o l u t i o n s , f o r a g i v e n i m p a c t p a r a m e t e r p , o f t h e s e t o f f i r s t - o r d e r 

c o u p l e d d i f f e r e n t i a l e q u a t i o n s , 
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( r , t ) = V ( R ) £ P ^ C ^ ( r , t ) e x P [i(Ej - E m ) t ] ^ = 1 , 2 N , ( 1 6 ) 

m=l 

s u b j e c t t o t h e b o u n d a r y c o n d i t i o n t h a t o n l y t h e d i r e c t c h a n n e l i is o c c u -

D X 
p i e d i n i t i a l l y , i . e . C ( p , - ° 0 = ^ , C m ( p , - o n ) = 0 . W h e n r. d e n o t e s X , o~ 

in ( 1 6 ) d e n o t e s D a n d v i c e - v e r s a . T h e m a t r i x e l e m e n t s P 0 a r e e q u a l t o 
< m 

F(v 'v " ) F ( v ' v . " ) , w h e r e F ( v . ' v ") is t h e v i b r a t i o n a l o v e r l a p f o r t h e 
I m m { i n 

(v_.') - A ( v ^ " ) t r a n s i t i o n . T h e m a x i m u m n u m b e r o f s t a t e s i n c l u d e d in 

D X 

t h e a b o v e s e t o f e q u a t i o n s is 2 N . T h e e n e r g y d i f f e r e n c e E^ - E ^ b e t w e e n 

t h e f'th d i r e c t , A + ( v ^ ' ) + A ( v ^ 1 ) , a n d t h e VTH e x c h a n g e , A 2 ( v ^ " ) + 

A 2 ( v | ' ) , c h a n n e l s in ( 1 3 ) d e p e n d s o n l y on t h e i n i t i a l r o t a t i o n a l s t a t e s 

o f A ^ a n d A * a n d is n e g l i g i b l e s u c h t h a t = EJJ = E ^ . T h e e x c i t a t i o n 

d e f e c t b e t w e e n v i b r a t i o n a l c h a n n e l s / a n d m is t h e r e f o r e w r i t t e n as E„ - E , 
I m 

It is i m p o r t a n t t o n o t e t h a t n o t all 0 * - 0 ^ e l e c t r o n c a p t u r e c o l ­

l i s i o n s i n v o l v i n g s p e c i e s in t h e i r g r o u n d e l e c t r o n i c s t a t e s a r e s y m m e t ­

rical r e s o n a n c e c h a r g e - t r a n s f e r p r o c e s s e s . F o r h o m o n u c l e a r s y s t e m s , 

s y m m e t r i c a l r e s o n a n c e c h a r a c t e r i s t i c s o n l y o c c u r in t h o s e c o l l i s i o n s f o r 

w h i c h t h e a x e s o f t h e ion and t h e n e u t r a l m o l e c u l e a r e p a r a l l e l . W e 

a s s u m e , h o w e v e r , t h a t t h e e l e c t r o n i c a l l y i n t e g r a t e d i n t e r a c t i o n V ( R ) 

r e s p o n s i b l e f o r c h a r g e t r a n s f e r is o r i e n t a t i o n i n d e p e n d e n t a n d is t h e r e f o r e 

r e l a t e d t o t h e s p l i t t i n g b e t w e e n t h e g e r a d e and u n g e r a d e e i g e n e n e r g i e s o f 

t h e m o l e c u l a r c o m p l e x by 

V ( R ) = 1/2 [e (R) - e u ( R ) ] . ( 1 7 ) 

F r o m a k n o w l e d g e o f t h e M o r s e f u n c t i o n 

e ( R ) = D e { e x p [ - 2 p ( R - R e ) ] -2 e x p [ - p ( R - R e ) ]} , ( 1 8 ) 

S a t o h a s p r o p o s e d t h a t t h e u n g e r a d e e n e r g y c a n b e a p p r o x i m a t e d by 



14 
«u(R) = h De{exp[-2f(R-Re)] + 2[exp -p(R-Re)]}, (19) where Re is the internuclear distance corresponding to the potential minimum of depth Dg and p is a constant controlled by the shape of the potential. For the ion-molecule systems under consideration, the inter­action energy of the symmetric (gerade) stationary state is determined by curvefitting (6) to the potential 
VLJ4(R) = 4e[(d/R)12 - (d/R)6] - Ge2/2R4 (20) 

in which the Lennard-Jones parameters e and d, together with the polari-Pi pp zability, o, are known. Yang and Conway" have presented convincing evidence that V̂ĵ(R) reproduces their observed data on the 0l> - 0̂  ion-molecule interaction. Values of the Morse parameters derived for the 0̂  system from (8) are P = 1.7010 5H , R = 3.3322 ft, and Dp = 0.079505 eV. The N0+ - NO interaction is also assumed to be spherically symmetric. The charge-transfer reactions for this system can therefore be considered symmetrical resonance with the total electronic angular momentum compo­nent A = 1 along the N0(n) internuclear axis unchanged. The values of the Morse parameters derived for the (NO)* system from Equation (8) are p = 1.6605 8"1, Re = 3.3865 8, and Dg = 0.078081 eV. The variation of the splitting with distance R is expressed in terms of these parameters by the relation 
e g - r u = 1/2 De exp [-2p(R-Re)]-3Deexp [-f(R-Re)], R > R* (21) 
=0, R < R* 

where the cutoff at R* = RQ - In 6/p is imposed because of the (unphysical) 
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change of sign in e - e . 3 g u 
Knowledge of the gerade potential is mainly determined by the 

behavior of the ion-molecule interaction at intermediate and large R. 
The overall reliability of this potential can be assessed by comparing 
its short-range behavior with the repulsive potentials derived from 
scattering experiments of the neutral-neutral species. Such a compari­
son is made in Figures 1 and 2 for the 0* - 0̂  and N0+ - NO interac­
tions, respectively. The solid curves in these figures represent e 
and as a function of intermolecular separation, while the solid 
circles are those repulsive potentials derived from high energy neu­
tral-neutral scattering experiments.23 The dotted curves displayed in 
these figures represent the R dependence of the stationary state gerade-
ungerade splittings (e - e ) which are to be used in the present compu-
tation of total charge-transfer cross sections. 

Calculations 
Full Multistate Treatment 

The solution of the coupled differential equations (16) describing 
the processes 

o^(x2ng,vo') + o2(x3r,vo"=o) -o2(xV,v") + o+tx^v) (22) 
and 

N0+(xV,vQ') + N0(X2nr,vo"=0) - N0(X2nr,v") + N0+(xV,v') (23) 
involves knowledge of the vibrational overlaps, F(vnv ), and energy 

•C m 
defects for transitions between initial states of the reactant and 
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Figure 1. Interaction Potential Energy for oi - 0 o Col l is ions. 



Figure 2. Interaction Potential Energy for NO - NO Col l is ions. 
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f i n a l s t a t e p r o d u c t c h a n n e l s . A c c u r a t e F r a n c k - C o n d o n f a c t o r s a n d s u f ­

f i c i e n t s p e c t r o s c o p i c d a t a o n t h e o x y g e n a n d n i t r i c o x i d e s y s t e m s 2 4 

p e r m i t e v a l u a t i o n o f t h e o v e r l a p s a n d e n e r g y d e f e c t s , s o m e o f w h i c h a r e 

d i s p l a y e d i n T a b l e s 1 a n d 2 . T h e m a g n i t u d e s o f t h e v i b r a t i o n a l o v e r ­

l a p s a n d e n e r g y d e f e c t s a r e o b s e r v e d t o be h o m o g e n e o u s l y d i s t r i b u t e d 

o v e r a l a r g e n u m b e r o f p r o d u c t c h a n n e l s . T h i s c h a r a c t e r i s t i c i s i n 

l ft + + 
s h a r p c o n t r a s t w i t h t h a t p r e v i o u s l y n o t e d 1 f o r t h e N£ - a n d CO - CO 

s y s t e m s i n w h i c h t h e l a r g e s t v i b r a t i o n a l o v e r l a p s o c c u r r e d i n t h e r e s o ­

n a n t and n e a r - r e s o n a n t p r o d u c t c h a n n e l s . T h i s c a u s e s a s i g n i f i c a n t 

i n c r e a s e i n t h e d i f f i c u l t y o f o b t a i n i n g c o n v e r g e n t m u l t i s t a t e t o t a l 

c r o s s s e c t i o n s . 

T h e t r a n s i t i o n a m p l i t u d e s , C * ( p , t e ) , a r e c a l c u l a t e d a s a f u n c t i o n 

o f i m p a c t p a r a m e t e r , p , b y s o l v i n g t h e c o u p l e d e q u a t i o n s ( 1 6 ) n u m e r i c a l l y 

b y t h e A d a m s - M o u l t o n m e t h o d . T h e t r a n s i t i o n p r o b a b i l i t i e s | C * ( p , < ^ ) l i n 

( 1 5 ) a r e t h e n i n t e g r a t e d o v e r i m p a c t p a r a m e t e r b y S i m p s o n ' s r u l e t o 

o b t a i n t h e p a r t i a l c h a r g e - t r a n s f e r c r o s s s e c t i o n s f o r t h e p r o d u c t i o n 

o f s p e c i f i c f i n a l s t a t e s o f t h e i o n a n d n e u t r a l f o r g i v e n i n i t i a l s t a t e s 

o f t h e r e a c t a n t s . T h e t o t a l c r o s s s e c t i o n s a r e t h e n o b t a i n e d b y s u m m i n g 

t h e p a r t i a l c r o s s s e c t i o n s o f a l l p o s s i b l e p r o d u c t s t a t e s . 

T h e p a r t i a l c r o s s s e c t i o n s f o r c h a r g e t r a n s f e r t o a v a r i e t y o f 

f i n a l p r o d u c t s t a t e s a r e d i s p l a y e d i n F i g u r e 3 a s a f u n c t i o n o f i o n k i n e t i c 

e n e r g y f o r r e a c t i o n s b e t w e e n 0 2 ( X ^ ^ ' = 0 , 2 , 4 ) i n c i d e n t i o n s a n d g r o u n d 

s t a t e o x y g e n m o l e c u l e s . F o r t h e 0 2 ( X 2 F i g , v o ' = 0 ) i n c i d e n t s t a t e s h o w n i n 

F i g u r e 3 A , t h e r e s o n a n t c h a n n e l ( v ' , v ' ' | v " , v ' ) = ( 0 , 0 1 0 , 0 ) c l e a r l y c o n -
o 0 

t r i b u t e s m o s t t o t h e t o t a l c h a r g e - t r a n s f e r c r o s s s e c t i o n a t t h e l o w e r 

v e l o c i t i e s . T h e s m a l l p a r t i a l c r o s s s e c t i o n s f o r t h e n o n r e s o n a n t c h a n n e l s 



i — i i i i i i i i i i i i i i i i i i i i i i r 

10 20 30 a 40 (KINETIC ENERGY (eV)) Figure 3. Partial Multistate Cross Sections as a Function of 0 Kinetic Energy. The Numbers (v", v') Designate the Final Vibrational States of the Neutral and Ionic Products. 
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at low ion kinetic energies arise from the comparatively large energy 

defects that these channels have with respect to the (0,0|0,0) reso­

nant channel (c . f . Table 1). At low energies, a large energy defect 

"introduces osci l lat ions in the exponential terms of (16), thereby 

causing a reduction in the partial cross section for the associated 

product channel. The two inelastic product channels closest to reso­

nance, (0,0|1,0) and (0,0|0,1), have relatively large energy defects 

~0.2 eV and their contribution to the total cross section is two orders 

of magnitude less than that of the resonant channel, in spite of their 

somewhat larger vibrational overlaps. Since the difference between the 

energy defects in these two channels is small, the relative magnitudes 

of their cross sections in the limit of low velocities is primarily 

controlled by their respective overlaps. At high velocity, the charge-

transfer cross section is largely independent of the different energy 

defects with the result that both the (0,0(1,0) and (0,0|0,1) nonreso­

nant cross sections exceed that for the resonant (0,0|0,0) channel, 

which has the smallest vibrational overlap. 

In Figure 3B, partial charge-transfer cross sections for the reac­

tions of O^X^l , v Q ' = 2 ) are shown. Two reaction channels, (2 ,0 j l , l ) and 

(2,012,0) have energy defects within 0.08 eV of the resonant (2,0 |0,2) 

channel and at the lower velocit ies, their relative contribution to the 

total cross section is larger than was observed in Figure 3A for non­

resonant channels. However, these channels do not dominate the total 

cross section because their overlaps are small compared to that of the 

resonant channel. At higher kinetic energies, the relative contribution 

arising from each channel is mainly determined by relative vibrational 
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overlap. Figure 3C illustrates the case of reactant O ^ X T I ,vq'=4) ions in which three product channels, (4,0|1,3), (4,0 15,0), and (4,012,2), have energy defects within only 0.06 eV of the resonant (4,0 |0,4) channel. The overlaps for these three channels are an order of magni­tude greater than that of the resonant channel (c.f. Table 1). As can be seen from Figure 3C, the combination of small energy defect and large overlap associated with these channels is responsible for their significant contribution to the total cross section at the higher kinetic energies. The major contribution of nonresonant product channels in the 02 - 0̂  system is indicative of the number of product channels that must be included in the solution of Equations (16) to obtain convergent total charge-transfer cross sections. The effect of including progres­sively more product states to compute total cross sections is shown in Table 3 for the reaction of ground state ions at two incident kinetic Table 3. Effect of Nonresonant Product Channels on the Total Charge-Transfer Cross Section (8̂) for the Reactions 

g,vo'=o) + °2(x3z; ;-,v "=o) -*o0(xV,v") + o*(x2n ,v') 
go' 2 g 2 g Number of Product Channels Ion Energy 733 eV 2210 eV 2 12 30 40 50 

2.619 6.252 7.070 7.074 
0.884 3.696 4.627 4.841 4.896 
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energies. As many as 50 product states must be considered before con­

vergence of the cross section is approached, a situation which is to be 

compared with the corresponding calculations for N^ - N 2 and CO - CO 

where energetics and overlaps favored the resonant channel and only 12 

product states were required for convergence of the multistate charge-

transfer cross sections. 

Charge-transfer cross sections computed for the reactions of 

N0 + ( X ^ £ + , v o ' =0 ,2 ,4 ) ions with ground state NO molecules to form products 

in specific vibrational states are displayed in Figure 4 as a function of 

reactant ion kinetic energy. The qualitative behavior of these partial 

cross sections is essentially that exhibited by the 0* - 0^ because the 

variations of vibrational overlaps and energy defects are similar for 

both systems. The s l ight ly larger energy defects for nonresonant reac­

tion channels in the N0+ - NO system, however, is manifested by the 

reduced importance of these channels at low impact energies. Also, the 

impact energy at which the nonresonant channels begin to cause s i g n i f i ­

cant contribution to the total cross section becomes somewhat increased. 

The relative magnitudes of the partial cross sections for the resonant 

and nonresonant charge-transfer channels at the higher incident ion 

kinetic energies re-emphasizes the increase in influence of the vibra­

tional overlap of each channel at these energies, with a corresponding 

reduction in the importance of energy defect. The effect of increasing 

the number of product states considered in solving the coupled equations 

(16) on the N0+ - NO total charge-transfer cross section is i l lustrated 

in Table 4 for the case of both reactants in the ground vibrational 

state. 
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10 2 0 3 0 ^ 4 0 5 0 

(Kl N E T I C E N E R G Y (eV)) 2 

F i g u r e 4. P a r t i a l M u l t i s t a t e C r o s s S e c t i o n s as a F u n c t i o n o f N 0 + 

K i n e t i c E n e r g y . T h e N u m b e r s ( v " , v ' ) D e s i g n a t e t h e 
Final V i b r a t i o n a l S t a t e s o f t h e N e u t r a l and I o n i c 
P r o d u c t s . 
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Table 4. Effect of Nonresonant Product Channels on the Total Charge-Transfer Cross Section (ft2) for the Reactions N0+(X12+,V/x'=0) + N0(X2H,V ''=0) -> N0(X2rir, V " ) + N0+(xV, v') r' o Number of Ion Energy 

Product Channels 733 eV 2210 eV 2 1.900 0.638 12 4.711 2.489 20 5.093 3.016 30 5.224 3.395 40 5.220 3.497 50 3.524 
Low Velocity Limit 
In the limit of low velocities, only channels with vanishing energy defect contribute to the charge-transfer cross sections, with the result that Ê  - Ê  in (16) can be neglected to give 

K ° B * ̂  (r,t) = V(R) I Plm C°m (r,t), I = 1,2 B , (24) 
m=l where B is the number of resonant or near-resonant channels. It has been shown̂8^9 that these equations can be uncoupled by diagonalizing the overlap matrix, P = [P. ], and solved exactly to give 

B ON n Qx (i-£) = Ir Y X2 f psin2{̂-D exp(pR ) x 
u in <J e e 

-̂maxtp ,R*) 
n=l o 

[6exp(-fR)-exp(pR )exp(-2pR)]R(R2-P2)"'idR\dp, 
the total cross section for charge transfer from initial states 
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i ( v ^ . ' ,v_.") to all near-resonant final states B. The eigenvalues, 
n = [H ], and associated eigenvectors, y = [y.-J, of the overlap n in 

matrix £ are defined by the similarity transformation 
n=y_1Py=yPy. (26) 

For the case of p > R*, the integral over R is evaluated in terms of 
modified Bessel functions (X) so that the argument of the sine in 
(13) becomes 

£n. PDe exp(fRe)[6K1(pP)-exp(PRe)K1(2Pr)] (27) 
The above eigenvectors and eigenvalues of the overlap matrix P are 
obtained by the Jacobi method. The integrals in (25) over R for p R* 
and over p are evaluated numerically by Simpson's rule. These total 
charge-transfer cross sections were close to those calculated from the 
exact multistate equations (16) over a wide range of kinetic energies 

+ + 18 
for the N2 - N2 and CO - CO systems when the reactant ions were ini­
tially in the first several vibrational levels. The band structure of 
the energy defects in these systems allowed a natural separation of the 
resonant or near-resonant channels B from nonresonant product channels. 
Due to the distribution of the energy defects in the 02 - 02 and N0+ - NO 
systems; however, a priori selection of the near-resonant channels to be 
included in the summation of (24) is less definitive. For low velocity 
limit calculations in the oxygen and nitric oxide systems, those product 
channels having energy defects within 0.082 eV and 0.1 eV of resonance 
are chosen as degenerate. The validity of such a choice is dependent 
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upon the degree of coupling among the product channels which, as was 

shown in Figures 3 and 4, varies with both reactant ion state and 

kinetic energy. However, the cross sections computed via the low 

velocity approximation are insensitive to the inclusion of other chan­

nels having energy defects in s l ight excess of the 0.083 eV and 0.1 eV 

l imits . Total charge-transfer cross sections calculated using the full 

multistate treatment (M) and the low velocity limit (LVL) are presented 

in Tables 5 and 6 for reactions (22) and (23), respectively. Figures 5 

Table 5. Total Charge-Transfer Cross Sections 

Calculated for the Reactions 

O ^ W 5 + ° 2 ( x 3V v o ' , = 0 ) +°2(x3Vv") + o£ C x 2 n g ' V , ) 

Ion Energy 

0 METHOD* 49 eV 156 eV 400 eV 733 eV 2210 eV 

0 LVL 26.93 11.12 4.69 2.62 0.88 
M 27.36 13.97 9.34 7.07 4.90 

1 LVL 30.07 27.35 15.83 9.73 3.55 
M 32.12 25.66 16.77 12.36 7.33 

2 LVL 22.68 23.17 13.84 8.57 3.15 
M 27.46 21.80 15.43 13.06 7.61 

3 LVL 33.41 25.50 13.35 7.95 2.83 
M 25.44 23.56 15.23 12.17 7.06 

4 LVL 28.72 18.43 9.32 5.51 1.95 
M 21.10 19.64 13.36 12.03 6.79 

Method LVL refers to the low velocity limit where only product 
channels within 0.082 eV of energy resonance are included and are assumed 
to be degenerate. Method M refers to the multistate treatment in which 
full account is taken of near-resonant and nonresonant product channels. 
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Table 6. Total Charge-Transfer Cross Sections (ft2) Calculated for the Reactions 
N 0 + ( X V , V Q ' ) + N0(X2ry,vO"=0) - NG(X 2n v " ) + N 0 + ( X 1 ^ + , v ' ) 

Ion Energy 
'0' METHOD* 49 eV 156 eV 400 eV 733 eV 2210 eV 
0 LVL 21. .90 8. ,32 3. .43 1 .90 0 . 6 4 M 23. .37 10. ,51 6, .57 5 . 2 2 3 . 5 2 

1 LVL 29. .52 24. ,84 13. .67 8 . 2 7 2 . 9 8 

M 33. .60 23. ,57 14. .59 1 0 . 3 7 5 . 8 9 

2 LVL 24. .78 20 . ,33 12. .60 7 . 9 6 2 . 9 8 

M 33. .15 21 . ,50 14. .37 1 1 . 0 4 6 . 1 9 

3 LVL 33. .43 26. .32 14. .01 8 . 3 8 3 . 0 0 

M 23. .19 19. .39 12. .60 10 .51 5 . 8 4 

4 LVL 30. .89 20 . ,86 10. ,85 6 . 4 7 2 . 3 0 

M 17. ,20 13. 38 10. ,42 9 . 7 0 5 . 7 8 

Method LVL refers to the low velocity limit where only product channels within 0.1 eV of energy resonance are included and are assumed to be degenerate. Method M refers to the multistate treatment in which full account is taken of near-resonant and nonresonant product channels. 
and 6 illustrate the energy variation of the total charge-transfer cross sections for reactions (22) and (23) in which the reactant 
o£(X2n ) and N 0 + ( X 1 Z + ) ions are initially in vibrational levels v 0 ' = 0 , 2 , 4 . The solid curves represent (convergent) total cross sections obtained from solution of the multistate equations (15) and (16) in which explicit account is taken of the energy defects and all possible couplings between product channels. The dotted curves represent the total cross sections computed in the low velocity limit (25) - (27) for which only near-resonant 
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2 0 3 0 ,/ 4 0 5 0 
(KINETIC ENERGY (EV)) 

FIGURE 5. TOTAL CHARGE-TRANSFER CROSS SECTIONS FOR THREE REACTANT 
0« VIBRATIONAL STATES COMPUTED USING MULTISTATE 
TREATMENT (SOLID CURVES) AND THE LOW VELOCITY 
APPROXIMATION (DASHED CURVES). 
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J i i t_i i - i - 1 - I - 1 — t - i - i 

' ̂ \ N0+(X'z,u:=4) + NOr(X2n,u>o)— |\|0° _ 

i i i i i i i i i i i i i i i i i i i i i i i i i i 10 20 30 4̂0 50 
(Kl NETIC ENERGY (eV) )8 

Figure 6. Total Charge-Transfer Cross Sections for Three Reactant NO Vibrational States Computed using Multistate Treatment (Solid Curves) and the Low Velocity Approximation (Dashed Curves). 
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channels are considered and their energy defects neglected. As observed 

in C0 + - CO and N* - systems, the cross sections computed in the low 

velocity limit approach those for the full multistate treatment at low 

kinetic energies except for the case of highly excited incident ions. 

Similarly, at higher energies the low velocity approximation under­

estimates the total cross section due to the neglect of the higher 

inelastic channels which become increasingly important both for in­

creased incident energy and higher vibrational state of the incident 

ion. Due to the stronger coupling with the nonresonant product chan­

nels this underestimate is more severe for the 0* - 0̂  and N0+ - NO 
18 

reactions than for the systems previously investigated. 

Experimental Analysis 

The preceeding computations carried out on the oxygen and 

ni tr ic oxide systems enable us to examine the influence of energetics 

and overlaps in the charge-transfer process and further test the multi-

state model by comparing the theoretical cross sections with those meas­

ured in laboratory investigations. The effect of reactant ion vibra­

tional energy on the charge-transfer reaction can be examined experi­

mentally for the case of both the oxygen and nitr ic oxide reactions 

since ionization of the neutral molecules by low energy electron impact 

produces ions with broad vibrational distributions. The relative abun­

dance of each vibrational level in the reactant ion beam can be changed 

in a controlled manner by varying the energy of the ionizing electron 

beam. 

1 R 

A previously described 1 0 t ime-of-f l ight apparatus has been 

used to monitor the neutral products from charge-transfer reactions. 
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Ionizing electrons emitted from a thorium oxide filament were acceler­

ated to form a beam spatial ly confined by an external collimating magnet. 

The kinetic energy of the electron beam was variable from 2 to 100 eV 

with a ful1-width-half-maximum energy distribution of approximately 0.3 

to 0.5 eV. The absolute energy of the beam, calibrated relative to the 

rare gas ionization potentials, was reproducible to within ±0.15 eV. 

Reactant ions produced in the electron impact process are pulsed out of 

the source, accelerated to the desired kinetic energy, and focused into 

a field-free dr i f t region in which charge-transfer reactions occur. 

Neutral gas pressures in this col l is ion region were sufficiently low to 

insure that reactions take place only through bimolecular encounters. 

Separation of the fast neutral products of the charge-transfer reactions 

from the unreacted primary ion beam was accomplished by the use of a 

grid assembly placed directly in front of the detector. A deceleration 

voltage placed on this grid assembly gave the ionic species a longer 

arrival time than the fast neutral products of the same mass, permit­

ting the flux of each species to be monitored by gating the output of 

the electron multiplier detector with respect to the ion formation pulse. 

The gate pulses were sufficiently narrow to insure products from the 

competing dissociative channels 2 ^'^ were not similarly detected. 

In order to compare charge-transfer cross sections computed for 

discrete reactant ion states with measured total cross sections, the 

state composition of the reactant ion beam must be established as a 

function of the ionizing electron energy. The formation of 0^ in the 

ground X2n.g, and excited a 4 n n , A^n^, b 4 Z~, B̂ z"" states is clearly 
g g 

?7-32 
observed in photoelectron spectroscopy as well as electron impact 
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33~36 

EXPERIMENTS IN WHICH SPECTRAL TECHNIQUES ARE USED TO MONITOR 

SPONTANEOUS RADIATIVE PROCESSES FROM THE EXCITED STATES. THE RADIATIVE 

LIFETIMES OF THE A 2N , B 42~, AND B 2^" STATES ARE SUFFICIENTLY S H O R T 2 4 , 3 6 

" G G 
FOR SPONTANEOUS DECAY TO OCCUR PRIOR TO THE IONS UNDERGOING REACTION IN 

24 

OUR EXPERIMENT. FRANCK-CONDON FACTORS FOR THESE TRANSITIONS INDICATE 

THE VIBRATIONAL DISTRIBUTION OF THE LONG-LIVED O ^ F A 4 ^ ) STATE IS VERY 

BROAD DUE TO ITS MODE OF PRODUCTION IN DIRECT IONIZATION PROCESSES AS 

WELL AS BY RADIATIVE B 42" A 4n TRANSITIONS. MOREOVER, THE PERCENTAGE 
9 ^ 

OF THE A^N STATE IONS IN AN ot ION BEAM FORMED AT ELECTRON IMPACT ENER-
U ^ 

GIES ABOVE APPROXIMATELY 20 EV IS LARGE. 5 THUS, AN ATTEMPT TO COM­

PUTE THE TOTAL CHARGE-TRANSFER CROSS SECTION FOR AN ION BEAM FORMED AT 

ELECTRON ENERGIES ABOVE THE IONIZATION THRESHOLD OF THE A4N STATE 
U 

REQUIRES, AS A MINIMUM, EXPLICIT KNOWLEDGE OF CROSS SECTIONS FOR THE 

ADDITIONAL PROCESSES 
0J(A 4 n ,V ' ) + O J X V , V " = 0 ) ^ 0 ? ( X V , V") + O + F A V - V ' ) . ( 2 8 ) 

D U 0 ^ G 0 C Y £ U 

THE SMALLER VIBRATIONAL SPACING OF THE A 4N STATE AND THE BROADER DISTRIBU-

TION OF VIBRATIONAL OVERLAPS BETWEEN IT AND THE X Z STATE INDICATE A 
G 

STRONGER DEGREE OF COUPLING IS TO BE EXPECTED AMONG THE PRODUCT CHANNELS 

THAN WAS OBSERVED IN REACTION ( 2 2 ) . PRELIMINARY CALCULATIONS OF THE 

MULTISTATE CHARGE-TRANSFER CROSS SECTION FOR REACTION (28) WITH THE REAC­

TANT ION IN ITS GROUND VIBRATIONAL STATE REFLECT THE STRONG COUPLING AMONG 

THE PRODUCT CHANNELS AND SUGGEST CONSIDERABLY MORE THAN 50 STATES MUST 

BE INCLUDED IN THE CALCULATION TO ACHIEVE CONVERGENCE; AN INVESTMENT OF 

COMPUTER TIME NOT JUSTIFIED IN THE ABSENCE OF A RELIABLE INTERACTION 

POTENTIAL FOR THE EXCITED SPECIES. WE THEREFORE LIMIT OUR COMPARISON 
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between theory and experiment to ion beams formed at electron ener­

gies below the ionization potential of the O^a 4 !^ ) state. The rela-

tive vibrational populations of 0 2(X^n g) ions formed by direct ionizing 
18 

transitions from the ground state neutral molecule are estimated as 

a function of ionizing electron energy from the appropriate Franck-

Condon f a c t o r s . 2 4 E l e c t r o n 3 9 " 4 1 and p h o t o n 3 0 " 3 2 , 4 2 ' 4 4 impact studies 

of oxygen, however, have observed signif icant quantities of O ^ X 2 ^ ) 

state ions formed in autoionizing transitions from Rydberg states of 

the neutral molecule4^ at excitation energies above 12.3 eV. Retarding 

potential photoelectron spectra 4 4 of the major autoionizing transitions 

in the region of 12.3 to 13.2 eV have recently identified the vibra-

tional levels of the (^(XTI ) state populated in these processes. The 

reactant 0* ion beam vibrational level population distribution at each 

ionizing electron energy thus represents contributions from both direct 

and autoionizing transit ions. 

Theoretical studies 4 ^ of the N0+ ion have predicted a large number 

of low energy excited states, many of which have been observed in the 

photoelectron s p e c t r u m 4 7 , 4 8 of the molecule. Examination of radiative 

emission from N0+ ion beams produced by electron impact has identified 
1 49 50 ^ 5T 

formation of the A n ' and b n excited states. The lifetime of the 
1 ^2 

A n state is sufficiently short (56 nsec) to insure complete radiative 

cascade to the ground X^2+ state prior to the ions leaving the source 

region of our apparatus. Ions formed in the long-lived (160 ^sec)^ 1 

b 3 n state remain as a component of the reactant beam. A comparison of 

the estimate for the b 3 n state ionization cross sec t ion 4 9 to the total 

ionization cross section^ 3 for N0+ indicates this state represents only 
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a small percentage of the total population of long-lived N0+ excited 

s ta tes^ '^5 f o r m e d by high energy electron impact. The scarcity of 

spectroscopic data on the excited states of N0+ discourages a quanti­

tative estimate of ion beam state composition for electron impact 

energies above approximately 15 eV. The vibrational levels of 

N0 +(X^£ +) populated in direct ionizing transitions from the ground 
18 

state molecule are calculated from the corresponding Franck-Condon 
OA 

factors. Weak autoionizing transitions from molecular Rydberg states 

are observed in the region of the N0 +(X^£ +) threshold in both photon^6 

57 

and electron impact ionization studies. Perturbation of the vibra­

tional distribution produced by direct ionizing transitions by these 
processes, however, is insignif icant. More intense autoionization is 

58 59 

observed in the photoionization spectrum ' of NO at excitation ener­

gies above approximately 11 eV. A number of molecular Rydberg s ta tes 4 ^ ' 

have been assigned from these spectra, but overall identification of the 

autoionizing transitions is largely incomplete. Consequently, we l imit 

our estimate of the N0 + (X 1 £ + ) vibrational state composition to electron 

impact energies between threshold at 10.6 eV. 

Comparison Between Theory and Experiment 

The kinetic energy dependence of the total charge-transfer cross 

sections for reaction (22), weighted to reflect the vibrational state 

distribution of an 02(X*n ) reactant ion beam formed by 13 eV electron 

impact ionization, is shown in Figure 7. Cross sections computed using 

the low velocity approximation (24) and the full multistate equations 

(16) are denoted by circles and squares, respectively. " The figure 
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indicates an approximate exponential relationship between the square 

root of the total cross section and the velocity of impact. The major 

change of slope in the region of 200 eV exhibited by the cross sections 

in the low velocity approximation is attributed to the neglect of 

important inelastic contributions at the higher kinetic energies arising 

from the nonresonant product channels. In order to assess the role of 

the interaction potential in determining the kinetic energy region over 

which the low velocity approximation is applicable, the above calcula­

tions were repeated by using different molecular parameters for the 

gerade-ungerade sp l i t t ing . The results computed with an interaction 

potential for the - N 2 system (represented by the dashed curve in 

Figure 1), but using the 0^ - 0^ overlaps and energy defects, are given 

by the dashed curve in Figure 7. Comparison of these two curves in 

Figure 7 demonstrates quite markedly the apparent insensit ivity of the 

cross section to changes in the interaction potential. In Figure 8, the 

variation of the total charge-transfer cross sections with kinetic energy 

is shown for the N0+ - NO reaction (23), weighted for a reactant 

N0 +(X^2 +) vibrational level distribution characteristic of 11 eV elec­

tron impact ionization. Because nonresonant channels with favorable 

vibrational overlaps and relatively large energy defects are neglected 

in the low velocity approximation, these cross sections (circles) 

diverge from the multistate values (squares) at incident ion kinetic 

energies above approximately 200 eV. 

In order to examine the abi l i ty of the multistate model to 

describe the role that reactant ion vibrational energy plays in these 

processes, the vibrational state distribution of the incident ion beam 
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was systematically varied by changing the electron energy from threshold 

to 90 eV and the charge-transfer process measured. The 0^ - 0^ cross 

sections at incident kinetic energies of 1175, 733, and 400 eV are 

shown in Figures 9A, B, and C respectively. The cross sections measured at 

90 eV electron impact have been normalized to 100 in this figure. At 

each reactant ion kinetic energy, the experimental total charge-transfer 

cross sections increase sharply as the ionizing electron energy is in­

creased above the v

o ' = 0 threshold. As the electron energy is raised, the 

fraction of the reactant 0* beam in the higher vibrational levels is 

increased with a corresponding increase in the measured cross sections, 

as expected from the data shown in Table 5. The theoretical multistate 

cross sections for (22) with V q * = 0-4 are weighted according to the 

vibrational population of the incident ion beam at the various electron 

energies and are given as the sol id lines in Figure 9. Lack of 

information about the autoionizing states of oxygen above 13.2 eV does not 

permit direct comparison between theory and experiment at the higher 

electron energies. Moreover, at electron energies above 16.1 eV, the 

0^ ions can be formed in the long-lived a^n^ state. The decrease observed 

in these total cross sections as the electron energy is increased above 

16 eV in the 400 eV incident kinetic energy data, Figure 9C, demonstrates 

the increasing p o p u l a t i o n 3 7 , 3 8 of O^^V l o n s w h i c h ^ a v e r e s t i v e l y 

small charge-transfer cross sections at low kinetic energies. At higher 

kinetic energies, the contribution from nonresonant channels with favor­

able overlaps in reaction (28) approaches that for ground state ions 
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with the result that the relative cross sections are almost constant 

for electron energies above 16 eV. Quantitative examination of the 

multistate model at these higher electron energies has not been ful ly 

pursued since prohibitively long computer times would be required to 

obtain convergent cross sections for each vibrational level of the 

°2^ a^ nu' r e a c t a n t "ions. However, for electron energies between thresh­

old and 13.2 eV, where comparisons can be made, the vibrational depen­

dence of the total charge-transfer cross sections predicted by the 

multistate model is ful ly consistent with experimental measurements. A 

similar examination of the effect of vibrational energy on N0+ - NO 

charge-transfer reactions is shown in Figure 10 where the relative 

cross sections are found to be increasing functions of ionizing elec­

tron energy throughout the 400 - 1175 eV range of ion kinetic energy. 

This behavior is reproduced in the theoretical electron energy depen-

dence, given by the sol id l ines , which are computed using the NO (X I ) 

vibrational distribution and the multistate cross sections of Table 6. 

The difference exhibited by the curves in Figures 9C and 10C can be 

attributed to the presence of long-lived electronically excited states 

of NO which are expected to have large vibrational overlap wi th NOtX 2 ^) 

in resonant and near-resonant channels. 

Total experimental and theoretical charge-transfer cross sections 

for these systems are displayed in Figures 11 and 12 as a function of 

incident ion kinetic energy. In these f igures, the sol id and dotted 

curves are computed from the full multistate treatment (16) and the low 

velocity approximation (24), respectively, and have each been weighted 

according to the reactant 0*(X2ri ) and N0 + (X 1 z + ) vibrational distributions 
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Figure 1 1 . Comparison Between Theoretical and Experimental Charge-Transfer Cross 
Sections as a Function of Ion Kinetic Energy. ro 
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characteristic of 13 and 11 eV electron impact ionization. The dashed 

curves are the experimental cross sections measured using reactant 

ion beams formed by 13 eV and 11 eV electron impact ionization. An 

absolute basis for these cross sections was established by calibrating 

our measurements at 90 eV electron impact to the data of Ref. 60, who 

also used high energy electrons to form their reactant ion beam. The 

estimated uncertainty in the accuracy of these cross sections is rep­

resented by the error bars in each figure. The absolute cross sections 

for the N0+ - NO system are subject to large uncertainty caused by var­

iations in the excited state composition of the reactant ion beam with 

source gas pressure encountered by Ref. 60 during measurement of the 

absolute cross sections for this system, but not observed at the rela­

tively low (4 x 10"^ torr) source pressures used in the present experi­

ment. At incident ion kinetic energies below approximately 1 keV, total 

charge-transfer cross sections computed from the multistate equations 

are in agreement with the experimental data. However, at higher kinetic 

energies the present multistate model appears to increasingly underestimate 

the total cross section, a behavior consistent with the neglect of elec-
25 26 

tronically excited and dissociative ' channels in the current theoreti­

cal framework. 

Conclusion 

The agreement between the present theoretical and experimental 

cross sections, when compared as a function of either incident ion 

vibrational state or incident ion kinetic energy, is satisfactory. This 

is interpreted as a meaningful indicator of the overall re l iabi l i ty of 

the present model of the charge-transfer process. 
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CHAPTER IV 

PARTICIPATION OF INCIDENT ION INTERNAL ENERGY IN 

MOLECULAR 0+ - AR CHARGE-TRANSFER COLLISIONS 

Chapter IV was published in Chemical Physics Letters, Volume 

24, pages 431 to 436, 1 February 1974. This article appears as 

Appendix I I I of this dissertation. 
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CHAPTER V 

COMPETITION BETWEEN DOUBLE AND SINGLE ELECTRON TRANSFER 

IN 2-8 KEV A R + + - AR COLLISIONS 

Chapter V was published in the Journal of Chemical Physics, 

ume 57, pages 3569 to 3570, 15 October 1972. This article appears 

Appendix IV of this dissertation. 
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CHAPTER VI 

PRODUCT INTERNAL STATE DISTRIBUTIONS FROM 

INTERACTIONS OF METASTABLE AR WITH N 2 

Chapter VI was published in the Journal of Chemical Physics, 

Volume 57, pages 4111 to 4115, 15 November 1972. This article appears 

as Appendix V of this dissertation. 
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CHAPTER VI I 

CONCLUSIONS 

A time-of-fl ight technique was utilized to measure relative 

total charge-transfer cross sections as a function of reactant ion 

kinetic energy and ionizing electron energy for the systems N 2 - N 2 , 

C0 + - CO, 0 2 - 0 2 , and N0+ - NO. Variations in the total cross sec­

tion of as much as 35 per cent were observed when the energy of the 

electron beam used to form the reactant ions decreased from 90 eV to 

the ionization threshold. Such variations are partially due to the 

presence of ions in long-lived excited electronic states in the reactant 

ion beam. However, most of the variation occurred near the ionization 

threshold and is attributed to a dependence of the charge-transfer cross 

section on reactant ion vibrational state. 

A multistate impact parameter treatment has been applied to the 

examination of charge transfer between the above ions occupying various 

vibrational levels and ground state neutral molecules. The resulting 

f irst-order coupled equations were solved numerically and convergence 

of the calculated cross sections was achieved by systematic introduc­

tion of additional states to the wavefunction expansion for the total 

system. Partial cross sections were computed for the formation of 

product ions and neutral molecules in discrete vibrational states. At 

high energy (~ 2 keV) the relative contribution of each product channel 

to the total cross section was found to be primarily determined by the 

relative magnitudes of the vibrational overlap between the reactant 
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states and the individual product states. At lower incident kinetic energies, the magnitude of the energy defect was also found to strongly influence the relative contribution of the product channels. Compari­son was made between the experimental and theoretical cross sections by weighting the multistate cross sections according to the vibrational distribution present in the reactant ion beam formed at a given elec­tron energy. The experimental and theoretical total charge-transfer cross sections was found to be in general accord with respect to varia­tions in both ionizing electron energy and reactant ion kinetic energy. The asymmetric 0* - Ar charge-transfer reactions were studied at kinetic energies of 700 eV to 3 keV. The total cross sections were resolved into discrete contributions attributed to 0„(X n ) and 

2 g 0o(a4n ) ions in the reactant ion beam. The 0i(X2n ) - Ar cross sec-L u 2 g tions exhibited distinctly nonresonant behavior over the kinetic energy range investigated and were insensitive to the vibrational state of the reactant ions. The 0*(a4rO - Ar cross sections exhibited a resonant-like behavior over the same range of kinetic energies. The cross sec­tions for both reactions were fully consistent with semiquantitative theoretical considerations. A similar resonant/nonresonant dependence on incident velocity was exhibited by the double and single charge-transfer channels of the Ar++ - Ar reaction. The total cross sections for each of these channels was measured over a kinetic energy range of 2 - 8 keV. The present meas­urements were consistent, within experimental uncertainty, with those of other investigators made at lower and higher Ar++ kinetic energies. Internal energy state distributions of the products from reactions 
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OF METASTABLE AR( Q) ATOMS WITH GROUND STATE NITROGEN MOLECULES 
WERE COMPUTED FROM A STATISTICAL PHASE SPACE TREATMENT OF THE INTER­
ACTIONS. THE THEORETICAL ROTATIONAL AND VIBRATIONAL DISTRIBUTIONS 
WERE COMPARED WITH THOSE MEASURED IN RECENT SPECTROSCOPIC EXPERIMENTS 
INVOLVING METASTABLE AR ATOMS. THOSE DISTRIBUTIONS COMPUTED FOR THE 
^(C3^) CHANNELS WERE IN QUALITATIVE ACCORD WITH THE EXPERIMENTAL 
DISTRIBUTIONS. HOWEVER, THE VIBRATIONAL DISTRIBUTION CALCULATED FOR 
THE PRODUCTION OF ̂ (B3^) MOLECULES WAS CONSIDERABLY BROADER THAN 
THAT MEASURED EXPERIMENTALLY. SUCH DISAGREEMENT BETWEEN THE PREDICTIONS 
OF THE PHASE SPACE MODEL AND EXPERIMENTAL MEASUREMENTS HAS BEEN OBSERVED 
FOR HIGHLY EXOTHERMIC PRODUCT CHANNELS IN A NUMBER OF REACTION SYSTEMS 
AND INDICATES THAT THESE CHANNELS MAY NOT BE POPULATED STATISTICALLY. 
ON THE OTHER HAND, APPLICATION OF THE STATISTICAL MODEL TO SLIGHTLY 
EXOTHERMIC REACTION CHANNELS IS GENERALLY RELIABLE. 
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SELECTED OVERLAPS AND ENERGETICS 
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Table 1. Overlap Integrals and Energy Defects 

for the Charge-Transfer Reactions 

0o(x2n„,V) 2 g o ' + 0 2 ( x 3 V Y ) -*0 2 ( X 32f,v' ') + 0+(x2n , v 
2 g 

') 

i II 

V V 0 » 0 

v" , V' 0,0 1,0 2,0 3,0 4,0 

0,0 . 1 8 8 4 * .2621 . 2 3 3 8 .1521 . 0 7 4 9 
. 0 0 0 0 - . 2 3 2 0 - . 4 6 0 0 - . 6 8 4 1 - . 9 0 4 0 

1,0 - . 2 2 6 0 - . 1 2 3 8 .0921 . 2 2 1 4 . 2 1 0 4 1,0 
. 1 9 3 0 - . 0 3 9 1 - . 2 6 7 0 - . 4 9 1 1 - . 7 1 1 0 

0,1 .2621 . 3 6 4 5 . 3 2 5 2 . 2 1 1 5 .1041 0,1 
. 2 3 2 0 . 0 0 0 0 - . 2 2 8 0 - . 4 5 2 1 - . 6 7 2 0 

2,0 . 2 0 7 8 - . 0 3 1 9 - . 1 7 6 8 - . 0 5 3 7 . 1 4 6 5 2,0 
. 3 8 3 0 . 1 5 1 0 - . 0 7 7 0 - . 3 0 1 1 - . 5 2 1 0 

1,1 - . 1 3 4 3 - . 1 7 2 2 .1281 . 3 0 7 9 . 2 9 2 6 1,1 
. 4 2 5 0 . 1 9 3 0 - . 0 3 5 0 - . 2 5 9 1 - . 4 7 9 0 

0,2 . 2 3 3 8 . 3 2 5 2 .2901 . 1 8 8 7 . 0 9 2 9 0,2 
. 4 6 0 0 . 2 2 8 0 . 0 0 0 0 - . 2 2 4 1 - . 4 4 4 0 

3,0 - . 1 6 7 9 . 1 2 5 8 . 0 9 9 3 - . 1 1 8 3 - . 1 3 4 0 3,0 
.5701 .3381 .1101 - . 1 1 4 0 - . 3 3 3 9 

2,1 . 2 8 9 0 - . 0 4 4 3 - . 2 4 5 9 - . 0 7 4 7 . 2 0 3 7 2,1 
. 6 1 5 0 . 3 8 3 0 . 1 5 5 0 - . 0 6 9 1 - . 2 8 9 0 

1,2 - . 2 8 0 4 - . 1 5 3 7 . 1 1 4 3 . 2 7 4 7 .2611 
. 6 5 3 0 . 4 2 1 0 . 1 9 3 0 - . 0 3 1 1 - . 2 5 1 0 

0,3 .1521 . 2 1 1 5 . 1 8 8 7 . 1 2 2 7 . 0 6 0 4 
.6841 .4521 .2241 . 0 0 0 0 - . 2 1 9 9 

4,0 . 1 2 5 5 - . 1 5 8 8 . 0 1 1 3 . 1 4 3 5 - . 0 2 9 9 4,0 
. 7 5 4 4 . 5 2 2 4 . 2 9 4 4 . 0 7 0 3 - . 1 4 9 6 

3,1 - . 2 3 3 5 . 1 7 5 0 .1381 - . 1 6 4 5 - . 1 8 6 3 
. 8 0 2 2 . 5 7 0 2 . 3 4 2 2 .1181 - . 1 0 1 8 

2 , 2 . 2 5 7 8 - . 0 3 9 5 - . 2 1 9 4 - . 0 6 6 6 . 1 8 1 8 2 , 2 
. 8 4 3 0 . 6 1 1 0 . 3 8 3 0 . 1 5 8 9 - . 0 6 1 0 
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Table 1. (Continued) 

• ii 
o , o 

0,0 1,0 2,0 3,0 4,0 

1,3 -.1824 -.0999 .0743 .1787 .1698 
.8770 .6450 .4170 .1929 -.0270 

0,4 .0749 .1041 .0929 .0604 .0298 
.9040 .6720 .4440 .2199 .0000 

5,0 -.0893 .1532 -.0918 -.0753 .1252 
.9359 .7039 .4759 .2518 .0319 

4,1 .1746 -.2208 .0157 .1995 -.0415 
.9865 .7545 .5265 .3024 .0825 

3,2 -.2083 .1561 .1232 -.1568 -.1662 
1.0302 .7982 .5702 .3461 .1262 

2,3 .1677 -.0257 -.1427 -.0433 .1182 
1.0670 .8350 .6070 .3829 .1630 

1,4 -.0898 -.0492 .0366 .0880 .0836 
1.0970 .8650 .6370 .4129 .1930 

6,0 .0614 -.1299 .1301 -.0378 -.1178 
1.1146 .8826 .6546 .4305 .2106 

0,5 .0280 .0389 .0347 .0226 .0111 
1.1200 .8880 .6600 .4359 .2160 

*The upper number in each set is the overlap P. . = F ( v o ' , v " ) # 

F ( V , v "') between the indicated reactant and product vibrational states. 
The lower number is the corresponding energy defect expressed in units 
of electron vol ts . 
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Table 2. Overlap Integrals and Energy Defects for the Charge-Transfer Reactions 

NO+(X12+, v o') + N0(x2n̂,vo"=o) ->N0(x2nr,v") + NO+(X12:+,V1) 
I It v v 0 » 0 

0,0 1,0 2,0 3,0 4,0 
0,0 .1618* .2312 .2184 .1564 .0894 .0000 -.2907 -.5773 -.8598 -1.1383 1,0 -.2048 -.1320 .0484 .1781 .1979 .2326 -.0581 -.3447 -.6272 -.9057 0,1 .2312 -.1886 .0692 .2544 .2827 .2907 .0000 -.2866 -.5691 -.8476 2,0 .1956 -.0079 -.1576 -.0881 .0805 2,0 .4617 .1710 -.1156 -.3981 -.6766 1,1 -.2927 -.1886 .0692 .2544 .2827 .5233 .2326 -.0540 -.3365 -.6150 0,2 .2184 .3121 .2948 .2112 .1206 0,2 .5773 .2866 .0000 -.2825 -.5610 3,0 -.1619 .1044 .1115 -.0774 -.1426 .6873 .3966 .1100 -.1725 -.4509 2,1 .2794 -.0113 -.2252 -.1259 .1150 2,1 .7524 .4617 .1751 -.1074 -.3859 1,2 -.2765 -.1782 .0654 .2403 .2671 .8099 .5192 .2326 -.0499 -.3284 0,3 .1564 .2235 .2112 .1512 .0864 .8598 .5691 .2825 .0000 -.2784 4,0 .1228 -.1453 -.0125 .1345 .0187 4,0 .9095 .6188 .3322 .0497 -.2287 3,1 -.2313 .1491 .1593 -.1106 -.2038 .9780 .6873 .4007 .1182 -.1602 
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Table 2. (Continued) 

v ' v " o » o 

V " , V ' 0,0 1,0 2,0 3,0 4,0 

2,2 .2639 -.0107 -.2127 -.1189 .1086 
1.0390 .7483 .4617 .1792 -.0993 

1,3 -.1980 -.1276 .0468 .1721 .1913 
1.0924 .8017 .5151 .2326 -.0459 

5,0 -.0879 .1464 -.0708 -.0918 .0939 
1.1283 .8376 .5510 .2684 -.0100 

0,4 .0894 .1277 .1206 .0864 .0494 
1.1383 .8476 .5610 .2784 .0000 

4,1 .1755 -.2076 -.0179 .1922 .0268 
1.2002 .9095 .6229 .3404 .0619 

3,2 -.2185 .1409 .1504 -.1045 -.1925 
1.2646 .9739 .6873 .4048 .1264 

2,3 .1891 -.0076 -.1524 -.0852 .0778 2,3 
1.3215 1.0308 .7442 .4617 .1832 

6,0 .0604 -.1269 .1167 .0123 -.1184 
1.3436 1.0529 .7663 .4838 .2053 

1,4 -.1131 -.0729 .0268 .0983 .1093 1,4 
1.3709 1.0802 .7936 .5110 .2326 

0,5 .0416 .0595 .0562 .0403 .0230 
1.4126 1.1219 .8353 .5528 .2744 

The upper number in each set is the overlap = F(v ' v") • 
F(v',v ") between the indicated reactant and product vibrational states. 
The lower number is the corresponding energy defect expressed in units 
of electron vol ts . 
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APPENDIX I I 

MOLECULAR CHARGE TRANSFER: EXPERIMENTAL AND THEORETICAL 

INVESTIGATION OF THE ROLE OF INCIDENT-ION VIBRATIONAL STATES IN 

N+ - N 2 AND C0 + - CO COLLISIONS 

This appendix is the reprint of an article published in the 

Journal of Chemical Physics, Volume 59, pages 5494 to 5510, 15 November, 

1973. 
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T H E J O U R N A L OK C 1 I K M I C A L P H Y S I C S V O L U M E 59, N U M B K K 10 15 N O V K M B E H 1973 

Molecular charge transfer: Experimental and theoretical investigation of the role of 
incident-ion vibrational states in N J - N 2 and C O + - C O collisions 

M. R. Flannery, P. C. Cosby, and T. F. Moran 
Georgia Institute of Technology, Atlanta, Georgia 30332 

(Received 1 August 1973) 

The effect of reactant-ion vibrational energy on total charge-transfer cross sections has been examined 
for 0.03-2.20 keV N2~N2 and C O + - C O collisions. A multistate impact parameter treatment was 
applied to the examination of charge transfer between the above ions occupying various vibrational 
levels and ground-state neutral molecules. The resulting first-order coupled equations were solved 
numerically, and convergence of the calculated cross sections was achieved by systematic introduction of 
additional states to the wavefunction expansion for the total system. The calculated cross sections were 
weighted according to the vibrational distribution present in the laboratory reactant-ion beam formed by 
electron impact and the results compared with experiment in which we employed time-of-flight 
techniques to measure the forward-scattered neutral N 2 and CO products. Reactant-ion vibrational state 
distributions were varied by changing the ionizing electron beam energy in a controlled electron-impact 
mass spectrometer ion source. The vibrational state population of the reactant-ion beam was estimated 
from absolute excitation cross sections spectroscopically measured for electron-impact ionization of the 
above molecules, the squares of the overlap integrals of the respective ground and excited ionized states 
(where needed), and total electron-impact cross sections for molecular ion formation. The major 
contribution to the charge-transfer cross sections arises from those reaction channels with large 
vibrational overlaps and small energy defects with respect to the initial channel. Multistate cross 
sections for those channels involving near-reasonant states with favorable vibrational overlaps are found 
to be closely approximated by the low-velocity limit proposed by Bates and Reid. Measured cross 
sections and their dependence on reactant-ion vibrational state distributions are correctly predicted by 
the multistate model below approximately 1.5 keV ion kinetic energy. There are, however, indications 
that competitive, inelastic, electron-transfer processes tend to occur at higher kinetic energies. 

I. INTRODUCTION 

Experimental measurement and theoretical de­
scriptions of charge-transfer reactions involving 
atomic species have generated widespread interest 
during the past decade, largely because detailed 
knowledge of such reactions is required for the in­
terpretation of various phenomena occurring in 
planetary atmospheres and for the basic develop­
ment of collision theory. There have been com­
paratively few theoretical investigations of the 
charge-transfer processes involving molecular 
species simply because of the difficulty associated 
with a proper theoretical account of couplings be­
tween the large number of internal degrees of free­
dom during the molecular interactions. Recently, 
however, Bates and R e i d 1 have formulated the 
f irst detailed (and tractable) theoretical description 
of molecular charge transfer in which specific ac­
count is taken of the important couplings not ac­
knowledged by the usual two-state t r e a t m e n t . 2 , 3 

Their inclusion of vibrational overlaps and energy 
defects for the different reaction channels in the 
H 2 - H 2 collision system resulted not only in a pre­
dicted variation of total charge-transfer cross sec ­
tion with vibrational level of the reactant ion, but 
also in total cross sections consistent with avail­
able experimental measurements. A knowledge of 
the variation of cross section with reactant-ion in­

ternal energy content is particularly important 
when comparing independent measurements of to­
tal charge-transfer cross sections. Experimental 
cross sections have been observed to change with 
ion-source conditions, suggesting that reactant-ion 
internal energy is at least partially responsible 
for a lack of agreement when comparing cross sec ­
tions determined in different laboratories. Reac­
tions of noble-gas ions with N 2 have been measured 4 

for ion beams produced in both radio-frequency 
and electron-impact ion sources. Significant dif­
ferences between cross sections obtained using the 
two different sources were observed as the ion 
beam kinetic energy was lowered from 80 to 10 
keV and have been attributed to a greater number 
of metastable ions produced in the rf source. By 
varying the electron energy in a controlled e lec­
tron-impact ion source, several investigations 5" 1 1 

have attempted to assay the ion beam composition 
and examine quantitatively the effect of atomic ion 
electronic excitation energy on the charge-transfer 
mechanism. 

Corresponding studies involving diatomic ions 
present further complications since vibrational as 
well as electronic excitation energy may be pres ­
ent in the reactant-ion b e a m 1 1 " 1 3 and this can af­
fect the measured cross s e c t i o n s . 3 ' 1 4 , 1 5 The N 2 

and C O systems have been chosen for study in this 
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work since it is possible to control the electronic and vibrational distributions of the reactant-ion beam. Also, the vibrational overlaps and energy defects for these systems are particularly favor­able for a detailed examination of the applicability and convergence of the multistate impact parame­ter description in molecular charge-transfer inter­actions. 
II. THEORY 

A. Theoretical Treatments of Charge Transfer The impact parameter description16 of charge transfer between an ion B+ and a neutral A is based on the assumption that changes in the internal de­grees of freedom of each collision partner are brought about by time-dependent terms generated by the classical relative motion of the two centers of mass separated by R = R(/) at time T. The terms responsible for this change depend on the particu­lar eigenfunction expansion adopted for ̂(T), the wavefunction describing the variation of the inter­nal degrees of freedom with time. Three expan­sions described below in (a)-(c) are commonly in­voked. (a) When * is expanded in terms of a complete set of eigenfunctions 0„(r, T) describing the isolated systems B+ and A (at infinite center-of-mass sepa­ration) with composite internal coordinates denoted by r, transitions are primarily achieved via the matrix element <0f I V(r,R) I <PF), the instanta­neous electrostatic interaction V between B+ and A at separation R, averaged over the initial (direct) state 0f and the final (exchange) state 0* of the isolated systems at infinite R. This "atomic" mod­el A is suitable for high impact speeds V. (b) When * is expanded in terms of the complete set of eigenfunctions x„(r, R,£) for the molecular complex AB+ formed at a fixed R, transitions (be­tween spherically symmetric atomic states) essen­tially occur via the matrix element (xt- I VR I X/). This "molecular" model M is used, when possible, for slow collisions, and is the basis of what is gen­erally called the perturbed stationary state or PSS method. Both models result in a set of first-order cou­pled differential equations which must be solved for the transition amplitudes at various impact param­eters p in order to evaluate the cross sections. Equations identical to those obtained from the above impact-parameter methods can also be derived from a stationary-state description of the collision event in which the relative motion is treated by the JWKB approximation.17 (c) When the charge-transfer process is reso­nant and symmetric [i.e., A*(I) + A(J)~A(J) + A*(i)l, then a modification to model M is required. The 

potential field in which the active electron moves is now symmetric with respect to the midpoint of R, hence * is expanded in terms of the gerade and ungerade eigenfunctions x̂,u(r, R) for each elec­tronic state of the quasimolecular complex formed. The coefficients of these linear combinations large­ly remain unaffected in slow collisions,18 but the relative phase R\ arising from differences in the associated eigenenergies e,̂u(R) changes with R, thereby allowing charge transfer to occur. The process as described by this treatment does not proceed via an electronic transition.19 The probability for symmetrical resonance charge transfer as determined from a two-state {G, U) molecular M treatment (in which the coupled equations can be solved exactly) is P£(p) = sin277(p) (la) with the relative phase F] given by 
V = V - 1 / f l " [EG(R) - EU(R)] DZ, (lb) where EG and eu are the exact gerade and ungerade eigenenergies for the molecular complex. In (lb), a straight-line trajectory E = P + VT is assumed, the incident speed V is along the Z axis, the Z compo­nent of R being Z- VT, and V remains unchanged over all p and Z. The charge-transfer cross sec­tion is therefore 
Q X = 2TT F~ SIN2R](P)PDP . (lc) The application of the atomic model A to such a collision does, however, involve an electronic transition. The two-state2 atomic model A, at low incident speeds when the change in translational motion of the active electron can be neglected, yields 
P£(p) = sinV1 f" V(R)DZ (2a) for the change-transfer probability for resonance collisions where 

(1-|<0?|0?>| 8MR)=«0?| VD\4>F> -<0̂|0/)><0f \ V D \ 4 > F ) ) (2b) = «0f I V X j 0*> - <0f | 0*> <0* | V X I 0*» , (2c) with 0f (rj) and 0/(r2) denoting the initial and final wavefunctions (with r2 = R + ri) for the active elec­tron attached to the target A+ and projectile B+ ion­ic cores, respectively. The electrostatic interac­tions in the incident direct (D) channel (B + -A) is VD and the final exchange X channel (A+-B) is VX. The LCAO approximation to the exact molecular splitting eu in (lb) yields 2V(R) in (2b), identi­cally, 19 thereby establishing the equivalence between the cross sections derived from both the atomic model and the LCAO approximation to M for sym­metrically resonant charge transfer. The above 
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E Q U A T I O N S A P P L Y O N L Y TO S Y M M E T R I C A L L Y R E S O N A N T 

P R O C E S S E S W H E N T H E D I A G O N A L D I S T O R T I O N T E R M S 

< 0 F I VD I <f>f> A N D I V x I <$) A R E E Q U A L . T H E A P ­

P L I C A T I O N OF ( 1 ) A N D ( 2 ) TO A C C I D E N T A L R E S O N A N C E P R O ­

C E S S E S ( W H I C H I N V O L V E I O N S OF U N L I K E G A S E S W H E N T H E 

E N E R G Y B A L A N C E I S E I T H E R C L O S E O R A C C I D E N T A L L Y E X ­

A C T ) I S A N I N C O R R E C T P R O C E D U R E , 1 9 S I N C E T H E A B O V E 

D I S T O R T I O N T E R M S A R E I N G E N E R A L NOT E Q U A L , T H E R E B Y 

P R E V E N T I N G A N E X A C T S O L U T I O N TO T H E T W O - C O U P L E D 

E Q U A T I O N S . M C C A R R O L L , 2 0 U S I N G M O D E L A F O R H + ( L S ) 

S Y M M E T R I C A L L Y R E S O N A N T C O L L I S I O N S , O B T A I N E D S A T I S ­

F A C T O R Y A G R E E M E N T W I T H F E R G U S O N 2 1 W H O U S E D A C C U ­

R A T E M O L E C U L A R W A V E F U N C T I O N S , T H E M O R E A T T R A C T I V E 

A P P R O A C H AT LOW I N C I D E N T S P E E D S . F O R R E S O N A N T 

C H A R G E T R A N S F E R I N T H E H +

2 - H 2 A N D N 2 I N N 2 C O L L I ­

S I O N S S Y S T E M S , G U R N E E A N D M A G E E 2 C A L C U L A T E D T H E 

T W O - S T A T E C R O S S S E C T I O N . 

Q * = C PxAp)pdp ( 3 ) 

U S I N G C E R T A I N S I M P L I F Y I N G A S S U M P T I O N S C O N C E R N I N G 

T H E M A T R I X E L E M E N T S I N ( 2 B ) . 

B A T E S A N D R E I D 1 R E C E N T L Y G E N E R A L I Z E D T H I S T W O -

S T A T E T R E A T M E N T S O A S TO I N C L U D E N O N R E S O N A N T C H A N ­

N E L S , P R E S E N T I N G A D E T A I L E D T H E O R E T I C A L A C C O U N T OF 

T H E P R O C E S S E S , 

H 2 ( X 2 S ; , „ ; ) + H 2 ( X 1 S ; , I , ; ' ) 

- H ^ S ; , v'/) + H +

2 ( X 2 L • , v'f), ( 4 ) 

I N W H I C H T H E I N C I D E N T M O L E C U L A R I O N H 2 , I N V I B R A ­

T I O N A L L E V E L v{, C A P T U R E S A N E L E C T R O N F R O M T H E M O ­

L E C U L A R H 2 T A R G E T , I N I T I A L L Y I N V I B R A T I O N A L L E V E L v{ , 

TO F O R M A N E U T R A L M O L E C U L E I N V I B R A T I O N A L S T A T E vf 

W I T H T H E N E U T R A L T A R G E T C O N V E R T E D TO A N I O N I N V I B R A ­

T I O N A L S T A T E v f . O N L Y T H E G R O U N D E L E C T R O N I C S T A T E S 

OF H | A N D H 2 W E R E C O N S I D E R E D TO B E I N V O L V E D I N ( 4 ) 

AT LOW I M P A C T E N E R G I E S A N D T H E R O T A T I O N A L S T A T E S OF 

E A C H P A I R OF P R O T O N S W E R E A S S U M E D U N C H A N G E D . T H E 

W A V E F U N C T I O N F O R T H E I N T E R N A L M O T I O N S , D E N O T E D 

B Y R , I S E X P A N D E D A S 

* ( * ) = £ £ < ( * ) 0 ? ( R ) E X P ( - ( 5 ) 

W H E R E 0 " A R E M O L E C U L A R E I G E N F U N C T I O N S ( W I T H E L E C ­

T R O N I C , V I B R A T I O N A L , A N D R O T A T I O N A L P A R T S ) OF T H E U N ­

P E R T U R B E D H A M I L T O N I A N FOR T H E I S O L A T E D M O L E C U ­

L A R S Y S T E M S , H 2 A N D H 2 , AT I N F I N I T E C E N T E R - O F - M A S S 

S E P A R A T I O N R W I T H E I G E N E N E R G I E S E%. T H E I N D E X a 

L A B E L I N G C E R T A I N Q U A N T I T I E S D E N O T E S THAT T H E A S S O C I ­

A T E D Q U A N T I T I E S R E F E R TO E I T H E R D I R E C T C H A N N E L S D , 

W H E R E N O C H A R G E - T R A N S F E R O C C U R S , O R TO T H E E X ­

C H A N G E C H A N N E L S X. T H E O U T E R S U M M A T I O N I S O V E R 

ALL D A N D X C H A N N E L S . B Y I N S E R T I N G ( 5 ) INTO T H E A P ­

P R O P R I A T E T I M E - D E P E N D E N T S C H R O D I N G E R E Q U A T I O N FOR 

T H E I N T E R N A L C O O R D I N A T E S A N D B Y W O R K I N G TO L O W E S T 

O R D E R I N T W O - C E N T E R O N E - E L E C T R O N O V E R L A P S , B A T E S 

A N D R E I D 1 O B T A I N E D T H E C H A R G E - T R A N S F E R C R O S S S E C ­

T I O N 

Q f f = 2 i r / " | C* ( p , ° o ) \2PDP ( 6 ) 

I N T E R M S OF T H E T R A N S I T I O N A M P L I T U D E S C " ( p , t ) = a " ( t ) 

X E X P Z " 0 ( / ) , W H E R E 0 I S A C E R T A I N P H A S E F A C T O R W H I C H 

N E E D NOT B E S P E C I F I E D S I N C E T H E P R O B A B I L I T I E S I I 2 

= I I 2 R E M A I N U N A F F E C T E D . T H E T R A N S I T I O N A M P L I ­

T U D E S A R E T H E S O L U T I O N S , F O R A G I V E N I M P A C T P A R A M ­

E T E R p, OF T H E S E T OF F I R S T - O R D E R C O U P L E D D I F F E R E N ­

T IAL E Q U A T I O N S , 

N 

i ( d C t t

l / * t ) = V ( R ) E v t m C * ( p , t ) 

M = L 

X E X P [ I ( E , - E j t ] , 1 = 1 , 2 , • • • , N 

( 7 ) 

S U B J E C T TO T H E B O U N D A R Y C O N D I T I O N THAT O N L Y T H E D I ­

R E C T C H A N N E L i I S O C C U P I E D I N I T I A L L Y , I . E . , C % ( p , - ° ° ) 

= 6 M I > C m ( P > - ° ° ) = 0 . W H E N a D E N O T E S X , « I N ( 7 ) D E ­

N O T E S D A N D V I C E V E R S A . T H E M A T R I X E L E M E N T S P , M 

A R E E Q U A L TO E(vtvm ) F{v'mv"), W H E R E F(viVn ) I S T H E 

V I B R A T I O N A L O V E R L A P F O R T H E H 2 ( ^ ' ) - H 2 ( ^ " ) T R A N S I ­

T I O N . I N T H I S D E S C R I P T I O N , C H A R G E T R A N S F E R O C C U R S 

B Y C O U P L I N G O N L Y W I T H D C H A N N E L S W H I C H I N T U R N A R E 

C O U P L E D O N L Y W I T H X C H A N N E L S . T H E M A X I M U M N U M ­

B E R OF S T A T E S I N C L U D E D I N T H E A B O V E S E T OF E Q U A T I O N S 

I S 2N. T H E E X C I T A T I O N D E F E C T B E T W E E N V I B R A T I O N A L 

C H A N N E L S I A N D m I S Ef - E ^ . T H E D I F F E R E N C E E% 

- E * D E P E N D S O N L Y O N T H E I N I T I A L R O T A T I O N A L S T A T E S 

J A A N D J B OF H 2 A N D H 2 A N D I S N E G L I G I B L E S U C H THAT 

E % = E * = £ „ . T H E E L E C T R O N I C A L L Y I N T E G R A T E D I N T E R A C ­

T I O N P O T E N T I A L V(R) , A S S U M E D TO B E S P H E R I C A L L Y S Y M ­

M E T R I C , I S G I V E N B Y T H E R I G H T - H A N D S I D E OF E I T H E R 

( 2 B ) O R I T S E Q U I V A L E N T ( 2 C ) F O R A S Y M M E T R I C C O L L I S I O N . 

T H E E L E C T R O N I C W A V E F U N C T I O N S FOR T H E H 2 - H 2 I S O ­

L A T E D S Y S T E M S W E R E T A K E N TO B E T H E S I M P L E P R O D U C T S 

0 F = A(12)5(3) A N D 0 * = A ( 2 ) 5 ( 1 3 ) W H E R E A A N D B A R E 

E L E C T R O N I C S P A T I A L F U N C T I O N S , W I T H T H E N U M B E R OF A R ­

G U M E N T S D E N O T I N G T H E N U M B E R OF E L E C T R O N S A T T A C H E D 

TO E A C H P R O T O N P A I R , A N D 1 D E N O T I N G T H E A C T I V E E L E C ­

T R O N . F O R M O R E C O M P L E X S Y S T E M S , T H E D I R E C T E V A L ­

U A T I O N OF V(R) F R O M ( 2 A ) I S D I F F I C U L T A N D I M P R A C T I C A L . 

T H E R E C O G N I T I O N , H O W E V E R , THAT V(R) I S T H E L C M O 

A P P R O X I M A T I O N TO e g - E„ I N ( L B ) I N T R O D U C E S C O N S I D ­

E R A B L E S I M P L I F I C A T I O N O N L Y I F T H E G E R A D E - U N G E R A D E 

S P L I T T I N G OF T H E M O L E C U L A R C O M P L E X ( I N I T S G R O U N D 

E L E C T R O N I C S T A T E ) C A N B E O T H E R W I S E D E T E R M I N E D . A L ­

S O T H E O V E R L A P M A T R I X P = [ P , M ] A N D T H E E X C I T A T I O N 

D E F E C T S E l - E m B E T W E E N ALL T H E N C H A N N E L S I N C L U D E D 

I N (7) M U S T B E K N O W N B E F O R E T H E C R O S S S E C T I O N S ( 6 ) 

C A N B E E V A L U A T E D . 

B . INTERACTION POTENTIALS 

T H E V I B R A T I O N A L A N D R O T A T I O N A L P E R I O D S OF E A C H 

M O L E C U L A R S P E C I E S , N 2 A N D C O , A R E T V L B ~ 2 X 1 0 " 1 4 

S E C . A N D T R O T ~ 2 X L 0 " 1 2 S E C , R E S P E C T I V E L Y . T H E 

D U R A T I O N OF T H E I O N - M O L E C U L E I S ~2.4(R/V) 

X L O " 1 7 S E C . , W H E R E ^ ( A T O M I C U N I T S ) I S T H E I N C I D E N T 

S P E E D OF T H E I O N A N D / J ( A T O M I C U N I T S ) I S T H E E F F E C T I V E 

R A D I U S ( D E P E N D I N G O N v ) OF A C H A R G E - T R A N S F E R C O L L I -

file:///2pdp
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sion. The range of incident speeds 7 X 10" 3 < v < 6 
X 10" 2 pertinent to the present measurements in­
volves ( large)radii in the range 1 0 > # > 5 resulting 
in corresponding collision t imes in the range 4 
X TO-14 > T ^ H > 2 X l O - 1 5 . Hence, T ^ , « T R O T and r c o l l 

< r T l b such that the collision is finished before the 
molecular axis of the colliding species can rotate 
or vibrate. In the low-velocity limit > r T l b , so 
that the individual oscil lators are strongly coupled, 
thereby ensuring efficient energy transfer, which 
results in vibrational relaxation, such that ¥ u is 
unity. The effective ion-molecule interaction is 
V(R) averaged over all vibrational and rotational 
motions to give V(R). Since V(R) is assumed 
spherically symmetric , V= V(R). 

In the low-velocity limit, resonant collisions 
with E{ = Ef dominate, and a two-state approxima­
tion involving only C f and C f in (7), with Pu = 1 , 
is valid. These equations can be solved exactly to 
give 

Qx = 2*1' p s in 2 [(2/ ? ;) f* V(R) dZ]. (8) 

In this limit, when changes in translational mo­
tion of the active electron can be neglected, the 
L C M O approximation to € f - € u in the molecular 
model M and the expression for 2V(R), obtained 
originally from the expansion (5), are equivalent 
(by analogy with Bates and L y n n 1 9 for the atomic 
case) . Hence, cross sections given by (1) and (8) 
are identical, such that 

l f a ) = £ ( € , ( * ) -ejR)], (9) 

i. e . , the gerade-ungerade splitting yields the m o ­
lecular interaction V(R) - V(R). 

Two methods can be adopted for this determina­
tion. The first method is an extension of Firsov's 
method (proposed by Bates and R e i d 1 ) , and the 
second method is based essentially on the prescrip­
tion of S a t o . 2 2 Bates and Reid used the first meth­
od for H 2 - H 2 . This approach involved the exact 
prolate spheroidal wavefunction for H*> and single-
center orbital expansion of H 2 . The application of 
a s imi lar approach to N 2 and C O is prohibitively 
difficult, since accurate wavefunctions for these 
multielectron diatomic species are generally un­
available and would require much computational 
labor. Even with such knowledge, the reliability 
of the calculated V(R) would remain uncertain. 

Fortunately, S a t o 2 2 has provided a method for 
estimating the ungerade potential from a knowledge 
of the gerade potential. Given the Morse function, 2 3 

eg(R) = De{exp[ - 2p(R - Re)] - 2 exp[ - p(R- fle)]}, 
(10) 

Sato proposed that the ungerade energy is deter­
mined by 

eu(R) = ^ e { e x p [ - 2${R-Re)\+2exp[- p(R- Re)}} , 

(11) 
where Re is the internuclear distance correspond­
ing to the potential minimum of depth De, and /3 is 
a constant controlled by the shape of the potential. 
Porter and K a r p l u s 2 4 have shown that the Sato po­
tentials are in harmony with those computed from 
the highly accurate H 2 wavefunctions of Kotos and 
Roothaan. 2 5 For the ion-molecule systems under 
consideration, the interaction energy (10) of the 
symmetric (gerade) stationary state is determined 
from the interaction potential, 

* W * ) = 4€[(D//J)12 - {d/R) 61 - aez/2R4, (12) 

by using the Lennard-Jones parameters € and d, 
together with the polarizability, a, whose values 
have been compiled by Hirschfelder et al.26 Yang 
and Conway 2 7 have presented convincing evidence 
that this 1 2 - 6 - 4 potential reproduces their ob­
served data on the 0 2 - 0 2 ion-molecule interac­
tion. The function £g(R) is curve fitted to F L J 4 ( / 2 ) 
in the neighborhood of the potential minimum and 
for larger R, thereby permitting the explicit eval­
uation of D,, Re, and (3 for each system. Values 
of the Morse parameters derived for the N4 sy s ­
tem from this procedure are (3= 1. 5903 A" 1 , R0 

= 3. 5262 A , and De = 0 . 0 6 9 1 7 e V . Corresponding 
values for (CO)2 are 1. 6008 A" 1 , 3. 4730 A, and 
0. 08104 eV, respectively. The variation of the 
stationary state splitting with distance R is given 
by the relation 

eg - €u = \De exp[ - 2$(R - Re)] 

-3Deexp[- $(R-Re)}, R>R* 

= 0, R<R*. (13) 

The cutoff at R* = Re - ln6//3 is imposed because the 
change of sign in € r - € t t at that point is unphysical. 
Since the main contributions to charge-transfer 
cross sections at low impact energies arise from 
intermediate and distant encounters ( 5 - 1 0 a. u . ) , 
any error resulting from the cutoff, which occurs 
at smal l R, is minimized. W e have used the above 
approach to determine the £ g - €„ splitting for the 
H 2 - H 2 system from large values of R down to ap­
proximately 3OQ and find accord with the computa­
tion of Bates and R e i d 1 who adopted the more elab­
orate method. 

The knowledge of eg for the N4 and ( C O ) 2 s y s ­
tems is mainly determined by the behavior of the 
ion-molecule interaction at intermediate and large 
R. The over-al l reliability can be assessed by 
comparing the short-range behavior with the re ­
pulsive potentials derived from scattering experi­
ments of the neutral-neutral species . Such a com­
parison is made in Figs . 1 and 2 for the N|-N 2 and 
C O * - C O interactions. The solid curves in these 
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D I S T A N C E ( A ) 

F IG . 1. Interaction potential energy [V(R) ̂  D E + 0.1 
eV] for N*. f N 2 collisions as a function of distance between 
the centers of the collision partners. The £g and £u curves 
are given by the solid lines while the dashed curves are 
the t curves experimentally determined lor the cor re ­
sponding neutral systems, Ref. 28. The dotted curve 
represents the t' f difference as a function of distance. 

figures represent eg and e u as a function of inter-
molecular separation, while the dashed lines are 
those repulsive potentials derived from high-ener­
gy neutral-neutral scattering exper iments . 2 8 The 
dotted curves displayed in these figures represent 
the R dependences of the stationary-state gerade-
ungerade splitting €.g — € u which are to be used in 
our present computations of total charge-transfer 
cross sections. 

C. Energetics and Overlaps 

Computation of cross sections from the coupled 
differential equations (7) requires knowledge of the 
overlaps and energetics of all possible initial and 
final states of the reaction. Vibrational overlaps 
F(V V ) for the transitions between diatomic ions 
X Y * (U ) and neutral X Y (U = 0) molecules are tab­
ulated in the l i terature 2 9 ' 3 0 ; however, overlaps in­
volving excited states of the neutral species are al­
so required but not generally available. W e have 
computed the necessary overlaps with a Morse an-
harmonic oscil lator d e s c r i p t i o n 1 3 , 3 0 of the wave-
functions for the higher vibrational levels of the 
neutral and ionic species. Spectroscopic constants 
necessary for the construction of these wavefunc-
tions were taken from existing c o m p i l a t i o n s . 2 3 , 3 1 , 3 2 

The Franck-Condon factors obtained using these 
wavefunctions are consistent with those from the 
RKR treatment 2 9 of ground state molecules with 

excited states of the ion. The overlaps we have 
used as input data in the coupled equations are 
shown in Table I for a representative sample of the 
important channels in the N 2 system. A s imilar 
display of overlaps for the C O + system is shown in 
Table II. As indicated in each of these tables, the 
largest overlaps occur for ground-state ions with 
ground-state molecules, but for reactions of vibra-
tionally excited ions, the overlaps with the corre ­
sponding level of the neutral are dominant, i. e. , 
when UQ = U and UQ = U the overlaps are large. 

The excitation defects of various reaction chan­
nels (ET -EM) were computed from spectroscopic 
energy l e v e l s 2 3 , 3 1 , 3 2 of the ionic and neutral spe­
cies. These excitation defects are shown in Tables 
I and II for the N 2 and CO systems where it is to be 
noted that the defects tend to occur in groups or 
"bands" separated by approximately one vibration­
al quantum of energy. Within a given band, the en­
ergy defects are almost identical. Hence, one could 
consider the channels within a given energy band 
to be nearly degenerate. For example, the 
(1 ,01 0 , 1 ) and (1 ,01 1 ,0 ) channels in Table I are 
separated only by 0 . 0 1 9 eV. These channels are 
designated as the 0 band for the N 2 ( X 2 £ * , V'Q = D -
N 2 ( X l S * , V0'---0) reaction. The ( 1 , 0 I 0, 2) and 
(1 ,0 1 1 ,1 ) channels are termed the + 1 band while 
the ( 1 , 0 I 0 , 0 ) channel is denoted as the - 1 band 
for the aforementioned system of reactants. 

D I S T A N C E ( A ) 

F I G . 2. Interaction potential energy [V(R) + D G + 0.1 
eV] for CO* + CO collisions as a function of distance be­
tween the centers of the collision partners. The £g and 
£u curves are given by the solid lines while the dashed 
curve is that determined experimentally for the c o r r e ­
sponding neutral system, Ref. 28. The dotted curve rep­
resents the £u — £g difference as a function of distance. 



T A B L E I. Energetics and overlap integrals for charge-transfer reactions N^U' 2 ! * , v'0) - N 2 ( X 1 Z * , =0) — NjjCX'z*, v") + N + (X 2 Z* , v'). 

Energy deficit 
of reaction 

Energy deficit 
of reaction 

vi v'o' v" v' Band (eV) vi' v" v' Band (eV) 

0 0 0 0 9.05-1 0 0.000 1 0 2 3 -7.24-3 4 1.101 
0 1 -2.84-1 1 0.270 3 2 6.78-3 1.121 
1 0 2.92-1 0.289 4 1 -4.28-3 1.134 
0 2 7.32-2 2 0.535 5 0 1.64-3 1.139 
1 1 -9.17-2 0.558 
2 0 4.71-2 0.574 2 0 0 2 5.92-3 0 0.000 
0 3 -1.77-2 3 0.797 1 1 -1.13-1 0.023 
1 2 2.15-2 0.824 2 0 7.48-1 0.039 
2 1 -1.48-2 0.844 0 3 -1.43-3 1 0.262 
3 0 6.42-3 0.856 1 2 -2.91-2 0.289 
0 4 4.53-3 4 1.054 2 1 -2.35-1 0.309 
1 3 -5.20-3 1.086 3 0 4.43-1 0.321 
2 2 3.81-3 1.109 0 1 -2.30-2 -1 -0.266 
3 1 -2.02-3 1.126 1 0 -3.59-1 -0.246 
4 0 6.69-4 1.134 0 

0 
0 
4 

7.32-2 
3.66-4 

- 2 
2 

-0.535 
0.519 

1 0 0 1 8.93-2 0 0.000 1 3 7.02-3 0.550 
1 0 8.32-1 0.019 2 2 6.05-2 0.574 
0 2 -2.30-2 1 0.266 3 1 -1.39-1 0.590 
1 1 -2.61-1 0.289 4 0 1.21-1 0.599 
2 0 3.70-1 0.305 0 5 -1.10-4 3 0.772 
0 0 -2.83-1 - 1 -0.270 1 4 -1.80-3 0.80S 
0 3 5.55-3 2 0.527 2 3 -1.46-2 0.836 
1 2 6.73-2 0.554 3 2 8.66-3 0.856 
2 1 -1.16-1 0.574 4 1 -3.58-2 0.869 
3 0 8.37-2 0.586 5 0 7.18-3 0.874 
0 4 -1.42-3 3 0.784 0 6 2.30-5 4 1.021 
1 3 -1.63-2 0.816 1 5 5.40-4 1.061 
2 2 2.99-2 0.840 2 4 3.75-3 1.093 
3 1 -2.63-2 0.856 3 3 -8.67-3 1.117 
4 0 1.36-2 0.864 4 2 9.78-3 1.134 
0 5 4.27-4 4 1.038 5 1 -2.26-3 1.143 
1 4 4.17-3 1.073 6 0 3.09-3 1.145 

ro 



TABLE P. Energetics and overlap integrals for charge-transfer reactions C O + { X 2 Z , * , v&) + C O ( X x E * , j.fj' = 0) •— CO0^1*̂, v " ) + CO*(X2I*, v'). Energy deficit Energy deficit of reaction of reaction 
v " Band (eV) i'6 v'o' v " V' Band (eV) 0 0 9.62-1 0 0.000 l 0 2 3 3.52-4 4 1.058 0 1 1.90-1 1 0.271 3 2 6.89-4 1.054 1 0 -1.82-1 0.266 4 1 -2.99-3 1.043 0 2 1.05-2 2 0.538 5 0 3.36-3 1.025 1 1 -3.61-2 0.536 2 0 3.85-2 0.528 2 0 0 2 1.14-4 0 0.000 0 3 -1.38-3 3 0.801 1 1 5.06-2 -0.001 1 2 -1.99-3 0.803 2 0 8.99-1 -0.010 2 1 7.60-3 0.799 0 3 -1.51-5 1 0.263 3 0 -7.93-3 0.787 1 2 2.79-3 0.266 0 4 -2.03-5 4 1.060 2 1 1.78-1 0.261 1 3 2.62-4 1.067 3 0 -2.84-1 0.250 2 2 4.18-4 1.066 0 1 2.07-3 -1 -0.267 3 1 -1.57-3 1.058 1 0 2.56-1 -0.272 4 0 1.57-3 1.043 0 0 1.05-2 -2 -0.538 0 4 -2.21-7 2 0.523 0 1 3.76-2 0 0.000 1 3 -3.68-4 0.529 1 0 9.29-1 -0.005 2 2 9.80-3 0.528 0 2 2.08-3 1 0.267 3 1 -5.63-2 0.520 1 1 1.84-1 0.266 4 0 8.52-2 0.505 2 0 -2.45-1 0.257 0 5 2.22-7 3 0.778 0 0 1.90-1 -1 -0.271 1 4 -5.40-6 0.788 0 3 -2.73-4 2 0.530 2 3 -1.29-3 0.791 1 2 1.01-2 0.533 3 2 -3.10-3 0.787 2 1 -4.85-2 0.528 4 1 1.69-2 0.776 3 0 6.33-2 0.517 5 0 -2.29-2 0.758 0 4 -4.01-6 3 0.790 0 6 -2.29-2 4 1.030 1 3 -1.34-3 0.796 1 5 5.41-6 1.044 2 2 -2.68-3 0.795 2 2 1.90-5 1.051 3 1 1.25-2 0.787 3 3 4.10-4 1.051 4 0 -1.51-2 0.772 4 2 9.27-4 1.043 0 5 4.02-6 4 1.045 5 1 -4.52-3 1.029 1 4 -1.96-5 1.055 6 0 5.60-3 1.008 
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D. Evaluation of Charge-Transfer Cross Sections 
The following three procedures for calculating 

charge-transfer cross sections are adopted in this 
paper: (a) the resonant two-state treatment, (b) 
a low-velocity treatment proposed by Bates and 
R e i d 1 which accounts for couplings to O-band prod­
uct states, and (c) the full multistate treatment 1 in 
which complete account is taken of couplings and 
excitation defects to all product channels. In each 
of these three descriptions probability is conserved 
for the forward and reverse transitions and de­
tailed balance between the probabilities PIF-PFI is 
satisfied at all impact parameters. 

/. Procedures 

(a) Two-state treatment. For the case of reso­

nant collisions at low incident speeds when the 
product band contains only one set of vibrational 
states ( u , u ) , S i two-state treatment can be used. 
Given the target molecule initially in the u0 = 0 
state, the two-state treatment is applicable only to 
the reaction, 

X Y + (i/J = 0) + XY(i /J'=0 ) -XY( i /" = 0) + X Y + ( i / = 0) , 
(14) 

where X Y denotes either N 2 or CO. Hence, with 
V(R) given by (9) and (13), the coupled equations 
(7) can be solved exactly to give the charge-trans­
fer cross section ( lc ) in which f] is expressed in 
terms of the potential parameters , 

V(p) = (P00/2v)De exp(&Re)/ " + [6 exp( - # 2 ) 
J max <&,R ) 

- exp(0RE) exp( - 2/3/2)1 R(RZ - p 2 ) " 1 / 2 dR . (15) 

For the case of p>R*, Eq. (15) permits an analyt­
ical solution in terms of modified Besse l functions, 

flip) = (Poo/2") pDe e x p O R^e*! Op) 

-exp(/3i? e )tfi(2/3p)]. (16) 

The integrals over R in (15) when p < R* and over 
p in ( lc ) are evaluated numerically to obtain the 
charge-transfer cross section. 

(b) Low-velocity approximation. For collisions 

of the type 

X Y + (v'0) + X Y ( 0 - X Y ( i / ' ) + X Y + (v) (17) 

in which the reactant ion is in a vibrationally ex­
cited state and more than one set of near-resonant 
product states exist, the two-state description is 
inadequate. Bates and Reid 1 have explored this 
eventuality in the limit of velocities sufficiently 
low that the exponential terms in (7) may be ne­
glected for those excitation defects corresponding 
to transitions into bands greater than 0. The sum­
mation in (7) is then taken over the 0-band final 
states, B in number, all of which are assumed to 
be degenerate. Thus (7) reduces to 

i(dC?/dt)--V(R)E P l m C « ( p , / ) , 1-1,2, ,B, 
m»l 

(18) 
a set of equations which can be solved exactly, to 
give 

QXU-B) = 2TIIJ XZ
IN f"p sin 2 (Wjv) C V(R)dZ dp, 

(19) 
the total cross section for charge transfer from 
initial channel i(u{ v{ ) to all final states B in the 
resonant 0 band. The square (orthonormal) matrix 
X= [XIN] diagonalizes the square matrix P= [P^l, 
such that the product diagonal matrix II = [n„ J is 
given by the similarity transformation, 

n = X" 1PX = XPX. (20) 

The eigenvalues n„ and the associated eigenvectors 
XIN are readily evaluated by the Jacobi method, for 
which standard matrix inversion subroutines are 
available. One notes that when V(R) is given by 
(13), Eq. (15) is identical to the argument of the 
sine in (19) if P 0 0 is replaced by the appropriate 
eigenvalues ri n. 

(c) A s the impact energy is increased, various 
nonresonant, vibrationally excited channels become 
increasingly important, i .e . , states other than those 
belonging to the 0 band must be included in the set 
of coupled equations (7). These additional channels 
have of course increasingly large energy defects 
relative to the incident channel; hence it is not 
permissible to regard these extra states as being 
degenerate with the initial state. Thus, the Bates 
and Reid low-velocity limit is no longer appropriate 
and the set of coupled differential equations must 
therefore be solved numerically. The maximum 
number of states to be included in the summation 
in (7) obviously depends on the behavior of the en­
ergy defects and vibrational overlaps as higher 
states are included, and can be gauged by examin­
ing the convergence of the computed cross sections 
with the addition of these channels. 

2. N\-N2 Calculations 

The transition probabilities, P{J = I C* I2, as a 
function of impact parameter are calculated by 
solving the multistate equations (7) numerically by 
means of the Adams-Moulton method. Some rep­
resentative probabilities, P{J, are shown explicit­
ly in Fig. 3 for the initial reactant state (UQ = 0, 
VQ = 0) at the smallest and largest values of inci­
dent-ion kinetic energy studied in this paper. Ex­
amination of the curves reveals the more salient 
features exhibited by charge-transfer collisions in 
general. 

For example, 

(a) The number of oscillations in PTJ increases 
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with decreasing energy and at the lowest energy, 
PU tends to oscillate between 0 and 1 . This is a 
direct manifestation of the sin2r? behavior of in 
Eqs. ( la) and (2a) of the two-state treatment which 
becomes valid at low incident-ion energies for this 
particular case. 

(b) The main contribution to the total cross sec­
tion arises from more distant encounters as the 
impact energy is reduced. 

(c) The resonant channel ( 0 , 0 I 0 , 0 ) is dominant 
at each energy. The contributions from channels 
( 0 , 0 I 0 , 1 ) (dashed line) and ( 0 , 0 I 1 , 0 ) (dotted line) 
of band 1 are small and almost equal as shown in 
this figure. This is a result of overlaps which are 
small and almost equal. The relative contributions 
of these channels to the total cross section, how­
ever, increase with higher impact energies. 

Charge-transfer cross sections QX were ob­
tained by inserting the transition probabilities into 
(6), which was numerically intergrated using Simp­
son's rule with a built-in accuracy parameter. The 
calculated cross sections for the processes , 

N +
2 ( X 2 E UI) + U" = O ) - N J K ^ S s „ . . ) 

+ N5 ( x a z ; , s „ ) f ( 2 1 ) 
are given in Table III for incident-ion kinetic ener­
gies of 733 and 2 2 1 0 eV. The summations Sv..>v. 
are over all vibrational levels within the designated 

bands of interest. For y 0 = 0 , convergence is ob­
tained by including all the 1 2 states in the 0 , 1 , and 
2 bands. The addition of the 3 band requires the 
solution of 2 0 coupled differential equations, but 
results in essentially no change in the computed 
cross sections. For = the 12 - s t a t e calculation 
also yields convergence which, as expected, is 
reached more rapidly at the lower incident speed. 
In the case of U0- 1 , the effect of coupling only to 
those states in a designated band which have rela­
tively large vibrational overlaps is examined. Such 
a selection of only the larger vibrational overlaps 
within a band is represented by the prefix M in 
Table HI. Cross sections so determined do not dif­
fer significantly from those obtained by coupling 
with all the vibrational levels in the various bands. 
For UQ = 2 and f 0 = 3 , the calculations were per­
formed by coupling only with those states having the 
largest overlaps in bands 0 , ± 1 and in bands 0 , ± 1 , 
± 2 . Although not much difference is observed by 
the inclusion of the ± M 2 bands, the effect of the 
neighboring ± M l bands on either side of the near-
resonant 0 band is significant. For UQ- 4 - 6 , cou­
pling to the bands ± M 1 , ± M 2 is important, partic­
ularly at the highest impact velocity. The incident-
ion beam in the experiment weights strongly the 
low vibrational levels at even the highest energies 
of electron-impact formation, e . g . , 58%, 1 1 % , and 

T A B L E III. T O T A L C R O S S S E C T I O N S ( S Q U A R E A N G S T R O M S ) 
F O R C H A R G E - T R A N S F E R R E A C T I O N S , N^IX2^, Y' 0) » N 2 ( X 1 2 * , V'/ 
- 0 ) — N%(XLZ*, V") + N 2

+ ( X 2 s ; , V'), F R O M A M U L T I S T A T E T R E A T ­
M E N T . 

L*'0 

N U M B E R 
O F 

S T A T E S 
B A N D 

D E S I G N A T I O N 
I O N 

7 3 3 E V 
E N E R G Y 

2 2 1 0 E V 

0 2 0 3 2 . 4 4 2 1 4 . 7 0 2 
6 0 , + L 3 1 . 4 7 1 1 5 . 8 0 1 

1 2 0 , + L , + 2 3 1 . 3 8 1 1 5 . 8 0 8 
2 0 0 , + L , + 2 , + 3 3 1 . 3 8 1 1 5 . 8 0 8 

1 4 0 2 9 . 0 6 7 1 2 . 7 6 5 
1 2 0 , ± 1 2 7 . 8 5 0 1 4 . 8 9 7 
1 6 0 , ± M 1 , + M 2 2 8 . 9 8 7 1 5 . 0 3 8 
2 0 0 , ± L , + 2 2 7 . 7 2 2 1 4 . 8 9 8 

2 6 0 2 4 . 6 5 4 1 0 . 5 7 2 
1 4 M 0 , ± M 1 2 6 . 6 6 8 1 3 . 7 3 3 
2 0 M 0 , ± M L , ± M 2 2 6 . 6 8 0 1 3 . 9 2 5 

3 8 0 1 9 . 8 5 0 8 . 4 5 0 
1 2 M 0 , ± M 1 2 3 . 6 9 9 1 2 . 7 2 2 
1 8 M 0 , ± M 1 , ± M 2 2 3 . 9 0 8 1 2 . 8 1 8 

4 1 0 0 1 5 . 0 3 3 6 . 4 6 3 
2 0 M 0 , ± M 1 , ± M 2 2 1 . 1 7 3 1 1 . 8 0 1 

5 1 2 0 1 0 . 6 1 2 4 . 6 9 1 
1 8 M 0 , ± M 1 , ± M 2 1 9 . 1 4 6 1 0 . 9 0 4 

6 1 4 0 6 . 8 9 1 3 . 1 9 2 
2 0 M 0 , ± M L , ± M 2 1 7 . 9 4 1 1 0 . 1 5 6 

0 . 6 

0.4 
> 0 . 2 
H -
• o.o 
55 
< 
C O 
O 1.0 
cc 
a-o.s 

0 . 6 

0.4 
0 . 2 
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T A B L E IV. Total cross sections calculated from the Bates and Keid low-velocity limit 
and I'rom the multistate impact parameter treatment of N*>(x'l^g, r')) • ( A 7 ' r ' o ' - 0) 

Ion energy 

Method* 32 eV 156 eV 400 eV 733 eV 1175 eV 2210 eV 

0 A 45.10 36. 24 41. 30 32. 88 24.41 14.87 
B 45.56 36. 02 41. 08 32.44 24.21 14.70 
C 45.40 36. 73 38. 70 31. 38 15.81 

1 A 41.43 38. 30 39. 10 29. 70 21.59 12.94 
B 38.54 35. 72 37. 91 29.07 21.23 12.77 
C 39.63 35. 79 36. 73 27.72 14. 90 

2 A 38.92 39. 93 35. 80 25. 83 18.38 10.80 
B 30.30 32. 28 33. 02 24.65 17.78 10.57 
C 33. 54 35. 03 26.68 13.92 

3 A 37.23 39.99 31. 49 21.72 15.11 8.76 
B 23.95 25.49 26. 75 19.85 14.26 8.45 
C 30.07 31. 67 23.91 12.82 

4 A 36.76 37.86 26. 45 17.52 11.97 6.84 
B 21.76 17. 62 19.93 15.03 10.86 6.46 
C 25. 28 27. 37 21.17 11.80 

5 A 37.28 33. 37 21. 01 13.44 9.04 5.10 
B 18.92 10. 72 13. 56 10.61 7.80 4.69 
C 20.72 24. 23 19.15 10.90 

6 A 36.34 26. 99 15. 60 9.70 6.43 3.59 
B 11.90 6. 05 8. 29 6. 89 5.19 3.19 
0 17. 7G 22. 29 17.94 10.16 

''Method A refers to the low-velocity limit where only states within 0.123 eV of energy 
resonance arc included and are assumed to be degenerate. Method 13 is the multistate treat­
ment where only states within 0.123 eV of energy resonance are included with explicit ac­
count being taken of the energy deficits. Method C is multistate treatment where full account 
is taken of all states in the 0, J 1, and =L2 bands. The symbols S„. „<< denote that we have 
taken the sum of the individual contributions within the designated bands. 

4% of the beam in i t ia l ly occupies the VQ = 0, 1, and 
2 states when fo rmed at 90 eV . Convergence in the 
calculated c r o s s sect ions was v e r i f i e d fo r these 
v ibra t iona l l e v e l s . A n y e r r o r resul t ing f rom a 
possib le lack of convergence fo r states v0 ? 4 is 
there fore min imized by the appropr iate weighting 
of these h igher v ibra t iona l leve ls in the beam when 
compar ing theory wi th exper iment . 

In T a b l e I V are d isp layed c h a r g e - t r a n s f e r c r o s s 
sect ions calculated at f i ve ion- impact energ ies . 
Method C r e f e r s to the multistate treatment (7) in 
wh ich fu l l account is taken of al l states ( typ ica l ly 
20 states) wi th large over lap in the 0, ±1, ±2 
bands. C r o s s sect ions computed f r o m (19), the 
l o w - v e l o c i t y l im i t of Bates and R e i d , are presented 
as method A . The two-state treatment ( l c ) , is of 
course ident ical with method A only when VQ = 0, 
since fo r this in i t ia l state the 0 band includes only 
one f inal state. In o r d e r to examine the assump­
t ion of method A that al l states in the 0 band are 
degenerate, we have p e r f o r m e d the fu l l mult istate 
calculat ion (7) fo r this band in which the nonzero 

exci tat ion defects of the near - resonant channels are 
exp l i c i t l y acknowledged (Method B ) . A compar ison 
between rows A and B revea ls that this assumption 
is indeed va l id fo r the low u0 states at al l energ ies , 
but that f o r uQ > 3 s igni f icant e r r o r s are in t roduced, 
p a r t i c u l a r l y at the lower impact energies and f o r 
the higher L>'0. The compar ison between r o w s B 
and C is a manifestat ion of the importance of c o u ­
pl ing to the neighboring four bands, espec ia l ly at 
the h igher impact energ ies . 

T h e o r e t i c a l data avai lable f o r compar ison wi th 
the present calculat ions are those due to Gurnee 
and M a g e e 2 who c a r r i e d out a two-state treatment 
(2a) f o r the resonant p r o c e s s , 

N +

2 ( ^ , = 0) + N 2 ( ^ , / = 0 ) ^ N 0 ( / / = 0) + N 2 ( i / / = 0 ) , (22) 

in which they d i r e c t l y evaluated only the f i r s t t e r m 
on the r igh t -hand side of (2b) by using S la te r - type 
nodeless wavefunct ions to obtain a c r o s s sect ion of 
48 A 2 f o r the c h a r g e - t r a n s f e r p r o c e s s at 400 e V 
inc ident - ion energy . The present two-state c a l c u ­
lat ions ( l c ) using the ful l potential (13) y ie ld 41.1 
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A 2 . This relatively close agreement suggests that 
the charge-transfer cross sections are not espe­
cially sensitive to the particular form of the inter­
action adopted. 

In an effort to examine the change in QX when it 
is assumed that both collision partners do not vi­
brate appreciably during a long-lived encounter 
(see Sec. II. B), we have carried out the two-state 
calculation in the opposite situation in which the 
vibrational modes have sufficient time to relax, 
thereby ensuring P 0 0 = 1. This procedure yields 
QX of 49. 7 A at 32 eV ion energy, to be compared 
with the value of 4 5 . 1 A 2 calculated when vibration­
al relaxation is not permitted and P 0 0 is computed 
from isolated molecular vibrational wavefunctions. 

J. CO+-CO Calculations 

Similar calculations were carried out for the 
process , 

co+(x 2s+,^ 0

/) + co(x 1s + ,^ / / = o) -co(x 1 s + ^ / / ) 

+ C O + ( X 2 S V ' ) . (23) 

The multistate cross sections obtained by coupling 
all states with large overlap in the 0, ± 1 , ± 2 bands 
are presented in Table V, together with those 
cross sections calculated from the low-velocity 

T A B L E V . T O T A L C R O S S S E C T I O N S C A L C U L A T E D F R O M T H E 
B A T E S A N D R E I D L O W - V E L O C I T Y L I M I T A N D F R O M T H E M U L T I S T A T E 
I M P A C T P A R A M E T E R T R E A T M E N T O F C O * ( X 2 2 * , V'Q) + C O C X 1 ! * , v'0' 
--••0) - C O T F 1 ! * , ^ ^ CO*(X2Z,*,Sv.). 

ION E N E R G Y 
R'. M E T H O D " IR><> C V 4 0 0 O V 7 3 3 E V 1 9 1 0 E V 
{) A 3 3 . 3 8 4 0 . 5 5 3 8 . 3 6 2 2 . 0 9 

C 3 2 . 90 3 8 . 8 1 3 6 . 7 8 2 2 . 8 0 
1 A 3 3 . 3 4 4 0 . 8 0 3 7 . 3 9 2 1 . 5 2 

c 3 3 . 4 0 3 9 . 4 0 3 6 . 1 9 2 2 . 2 0 
2 A 3 3 . 5 0 4 0 . S7 3 6 . 4 2 2 0 . 4 7 

C 3 3 . 4 3 4 1 . 3 7 3 G . 4 4 2 2 . 05 
\'j A 3 3 . 7 9 4 0 . 7 9 3 5 . 4 7 1 9 . 5 4 

C 33. 52 4 1 . 6 8 35. 9 0 2 1 . 0 5 
4 A 3 4 . 15 4 0 . G2 3 4 . 5 8 1 8 . 7 2 

C 33. 85 4 1 . 6 0 3 5 . 2 8 2 1 . 3 1 
5 A 3 4 . 5 0 4 0 . 4 2 3 3 . 7 8 1 8 . 0 0 

C 34. 1 7 4 1 . 4 0 3 4 . 6 9 2 1 . 0 1 
6 A 3 4 . 8 9 4 0 . 1 5 3 3 . 0 4 1 7 . 4 0 

C 3 4 . 4 8 4 1 . 1 5 3 4 . 1 8 2 0 . 7 6 
7 A 3 5 . 2 4 3 9 . 8 8 3 2 . 4 0 1 6 . 8 9 

C 3 4 . 7 9 4 0 . 8 8 3 3 . 7 4 2 0 . 5 0 
8 A 3 5 . 5 4 3 9 . 0 2 3 1 . 8 6 1 6 . 4 8 

C 3 5 . 1 4 4 0 . 6 0 3 3 . 4 0 2 0 . 3 8 
9 A 3 5 . 7 7 3 9 . 4 0 3 1 . 4 3 1 0 . 1 5 

C 3 5 . 3 7 4 0 . 4 0 3 3 . 1 3 2 0 . 2 6 
1 0 A 3 5 . 9 3 3 9 . 2 6 3 1 . 1 3 1 5 . 9 1 

C 3 5 . 7 2 4 0 . 2 4 3 2 . 9 0 2 0 . 1 9 
A M E T H O D A R E F E R S TO T H E L O W - V E L O C I T Y L I M I T W H E R E ALL 

P R O D U C T S T A T E S Sv<y W I T H I N 0 . 1 0 2 E V O F E N E R G Y R E S O N A N C E 
A R E I N C L U D E D A N D A R E A S S U M E D T O B E D E G E N E R A T E . M E T H O D 
C IS T H E M U L T I S T A T E T R E A T M E N T W H E R E FULL A C C O U N T I S T A K E N 
O F ALL S T A T E S I N T H E 0 , ± 1 , A N D ± 2 B A N D S . 

limit (19). In general, the multistate treatment 
entailed the solution of 20 coupled differential equa­
tions. A comparison of rows A and C in Table V 
indicates that the cross sections given by the low 
velocity limit are in close accord with those ob­
tained from the full multistate treatment except at 
the highest incident energies and at high v0. Such 
agreement, particularly at the low energies of im­
pact and high v'0, is in marked contrast to that ex­
hibited in the N 2 - N 2 system. This difference in 
behavior is a direct manifestation of the individual 
characteristics of the vibrational overlaps in the 
two systems. For a given magnitude of energy 
deficit, those channels having the largest overlap 
make the greatest contributions to the charge-trans­
fer cross section. In the low-velocity approxima­
tion, only those channels in the 0 band can contrib­
ute to the cross section, hence the larger the over­
laps occurring in the 0 band relative to all other 
bands, the better the expected agreement between 
the low-velocity approximation and the complete 
multistate treatment. In the C O * - C O system, vi­
brational overlaps for product channels in the 0 
band are very much larger than those for product 
channels in bands ± 1 and ± 2, even for large values 
of u'0. On the other hand, product channels over­
laps in the N 2 - N 2 system are more evenly distrib­
uted over channels in bands 0, ± 1 , ± 2 for the high­
er values of vQ. 

III. E X P E R I M E N T A L A N A L Y S I S 

The apparatus used in this work was a t ime-of-
flight (TOF) mass spectrometer with a gated elec­
tron multiplier which was used to monitor neutral 
products from the charge-transfer reactions. A 
more complete description of the experimental ar ­
rangement has been given 3 3 ; however an outline of 
the experiment is appropriate. Reactant ions were 
produced in a controlled electron-impact ion 
source and newly formed ions drawn into the ac­
celeration region where they are all given the same 
kinetic energy. Ionizing electrons were emitted 
from a directly heated thorium oxide filament. The 
electron energy was variable from 2 to 100 eV with 
the electron beam spatially confined by an external 
collimating magnet. The absolute energy of the 
electron beam was calibrated from observed rare 
gas ionization potentials. High-purity gases were 
admitted through fine-needle control valves into the 
source and drift tube (collision) sections of the ap­
paratus. Neutral gas pressures in the collision 
region were measured using a calibrated ionization 
gauge attached to the drift tube with sufficient m e ­
chanical baffles to prevent stray ions produced in 
the gauge from diffusing into the collision region. 

A fully accelerated, focused primary-ion beam 
enters the main drift region of the TOF spectrom-
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eter where time resolution of different velocity ion 
groups takes place. A s ions proceed through this 
region, it is possible for charge-transfer reactions 
to occur. The separation of fast neutral products 
resulting from reactions of primary ions with mol ­
ecules and atoms in the flight tube was accom­
plished using a grid assembly placed immediately 
in front of the electron multiplier. A deceleration 
voltage applied to this assembly gives, ionic species 
longer arrival time than neutral reaction products 
having the same mass . Charge-transfer reactions 
(17) occurring at large impact parameters give 
rise to fast neutral X Y ° ( ^ ) species that can be 
separated from the unscattered reactant ions by 
decelerating the ions after passage through the col­
lision region. Neutral gas pressures in the colli­
sion region used in this investigation were in the 
10 " 6 torr range, s imilar to those used previously, 3 3 

and were sufficiently low to ensure that the neutral 
reaction products were formed in single bimolecu-
lar collisions. Peak shapes of the neutral X Y ° 
products were approximately symmetrical indicat­
ing that the majority of the charge-transfer prod­
ucts possessed a velocity approximating that of the 
incident ions. Small energy loss processes corre ­
sponding to vibrational excitation accompanying the 
electron transfer mechanism could not be clearly 
distinguished from the resonant processes via 
time-of-flight analysis due to loss of the inherent 
instrument resolut ion 3 4 associated with allowing 
reactions to occur throughout the spectrometer 
drift tube. For reactions occurring over the dis­
tance (I), the ratio of neutral product to incident 
ion beam flux, is/ip, is equal to Cla, where C is 
the target gas concentration and a is the reaction 
cross section. This equality holds provided the 
collection efficiencies of ionic and neutral particles 
are identical. W e have determined the variation 
of secondary electron emission of the electron 
multiplier cathode with X Y * kinetic energy and find 
it to be approximately equal for velocity X Y ° and 
X Y * species , a result in agreement with previous 
invest igat ions. 3 5 The effect of ion internal energy 
content on the multiplier sensitivity was determined 
by comparing molecular ionization efficiency 
curves measured with the multiplier to those using 
a Faraday cup detector. A s the energy of the ion­
izing electrons is increased from threshold to 100 
eV, the internal energy content of many X Y * mole ­
cules is increased, however multiplier sensitivity 
is not visibly changed by ion internal energy 
throughout the ion velocity range employed in these 
measurements . At constant C , the ratio is/ip pro­
vides a measurement of reaction cross section as 
the reactant-ion internal state distribution is 
changed by varying the energy of the electron beam. 
At the ionization threshold only the lowest vibra­
tional level of the reactant-ion beam is populated. 

By increasing the ionizing electron energy we s e ­
lectively populate higher levels of the ion beam in 
order to observe their effect on the total charge-
transfer cross section. 

The molecular ion internal energy state distribu­
tion produced by electron-impact ionization of neu­
tral diatomics can be estimated from data existing 
in the literature. Total cross sections for molecu­
lar ion formation as a function of electron energy 
are obtained by subtracting the cross sections for 
dissociative ionization 3 6 from the electron-impact 
cross sections for total ion production 3 7 at each 
electron energy. The initial vibrational state com­
position of excited molecular ion states formed has 
been estimated from spectroscopic measurements 
of optical emissions from these states. Relative 
cross sections for electron-impact excitation 
of the N*,CB2S*U, v')-Nl(XzXg, v ) bands are nor­
malized to the absolute cross section for the (0, 0) 
first negative transitions measured by Borst and 
Z ip f . 3 8 C r o s s sections for electron impact forma­
tion of N 2 ( A 2 I I U , v) have been taken from the work 
of Holland and M a i e r . 3 9 Although there is evidence 
for the existence of other excited N 2 states, their 
population in the beam due to the electron-impact 
process is s m a l l , 4 0 ' 4 1 hence we have neglected 
them in this calculation. The initial vibrational 
population of the ground-state ions formed as a re ­
sult of direct ionization processes can be estimated 
within the framework of the Born-Oppenheirner ap­
proximation. The transition probability from vi ­
brational level v of electronic state i of a diatom­
ic molecule to a vibrational level v of electronic 
state j of the ion is given b y 4 2 

FK v . . ,JV. = K{eE - I. P. ) | R f j (R.,„.) | 2 | dR \ 2 , 

(24) 
where ip^» and tyv> are the vibrational wavefunctions 
corresponding to states iv" and j v', respectively, 
and (eE - 1 . P . ) is the electron energy in_excess of 
the excitation threshold. The term i?fj the 

R centroid for the transition, has a much slower 
variation with internuclear distance than the vibra­
tional overlap integral. Hence, relative vibration­
al populations are primarily determined by the 
square of the overlap integral. Sufficient spectro­
scopic information e x i s t s 2 3 , 3 1 ' 4 3 on the NgCJ^Z*) 
molecule and the X, A , and B states of the N*. ion 
to permit accurate vibrational wavefunctions to be 
constructed 2 9 and the respective vibrational over­
lap integrals evaluated 2 9 for N 2 - N 2 ionizing trans­
itions. 

The initial vibrational distribution of the 
N*,(AT2E*) state is perturbed by radiative transitions 
from excited ionic states occurring within the 9. 6 -
14. 2 Msec flight times of the ions in our apparatus. 
The lifetimes 4 4 , 4 5 of N * j ( B 2 s ; , v') state ions with 
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I.Or O < 0.8 ̂ 3 ; 
Q_ 
O0.6-Q_ 

N: 
CO' 1 0.4 20 40 60 80 100 

ELECTRON ENERGY (eV) FIG. 4. Population of reactant N̂CX2*̂, »"0=0) ions as a function of ionizing electron energy is given by the dot­ted curve. The population of CO+(Ar2£+, i/0 = 0) ions as a function of ionizing electron energy is given by the dashed curve. respect to B~X radiative transitions are on the or­
der of 60 nsec, consequently all N*.(.B 2E*) ions 
formed in the electron impact ionization of nitrogen 
undergo radiative t r a n s i t i o n s 3 8 , 4 6 ~ 4 8 to the N ^ X 2 ^ ; ) 
state within the source region of our apparatus. 
The lifetime, T , of the N*.(A2nu) state formed by 
electron bombardment of nitrogen has been f o u n d 3 9 , 4 9 

to approximate 10 jjsec with respect to spontaneous 
A - X transitions. A s these ions drift down the 
flight tube, A ~X transitions occur exponentially 
with distance, e x p ( - t/r), where r has been taken 3 9 

to be 15. 5, 1 3 . 7 , 12. 2, 1 1 . 0 , 9 . 9 , 9 . 1 , 8 . 4 Msec 
for v' = 0-6, respectively. W e note that these low­
er levels are the ones most strongly populated in 
the electron-impact ionization process; hence a 
fraction of the AZUU state ions entering the drift 
tube will emerge from the collision region in the 
same state. The presence of this smal l fraction 
of undecayed A 2 I 1 M state ions in the reactant-ion 
beam formed in high-energy electron impact should 
be considered when computing total charge-trans­
fer cross sections in the simulation of laboratory 
measurements. Two possible reaction paths are 
available to these ions in the transfer of charge: 

(a) the reaction channels where secondary ions are 
formed in the X 2 2 * state and (b) the channels where 
secondary ions are formed in the A2nu state. Anal­
ys is of the vibrational overlaps for both reaction 
paths indicates reaction via path (b) is an order of 
magnitude more favorable than via path (a), yet 
even the overlaps for product channels formed via 
(b) are significantly smaller than those encountered 
for the reaction of ground-state ions. A s a result, 
the contribution to the total charge-transfer cross 
section due to AZ\ ions is much smal ler than the 
population of this state in the reactant-ion beam, 
however for completeness, we have considered 
contributions of these reactions in subsequent com­
parisons between theory and experiment. 

Perturbation of the N ^ X 2 ! ) * ) state vibrational 
distribution from A — X radiative transitions prior 
to reaction was computed using tabulated spectro­
scopic da ta . 3 9 The net vibrational distribution of 
N*>(X 2 2*) ions is obtained from direct ionizing. 
Franck-Condon transitions to this level and spon­
taneous radiative transitions from the A2n U and 
BZZ*U states. 3°'39-44-5° T n e f r a c t i o n of our reactant-
ion beam occupying the N*.(X 2 2*i;o = 0) level is 
shown as the dotted line in Fig. 4 as a function of 
ionizing electron energy. 

The CO* reactant-ion state distribution is est i ­
mated in the same manner as that outlined for ni­
trogen. Spectroscopic constants 3 2 and vibrational 
over laps 2 9 from CO(AT 1S*, v" = 0) to the X, A, and 
B states of the ion have been taken from the l itera­
t u r e . 2 9 , 3 2 Vibrational overlaps from higher vibra­
tional levels of the neutral not available in the lit­
erature have been computed using a Morse anhar-
monic oscillator rout ine . 1 3 The fraction of molec­
ular ions produced in the electron impact ionization 
of CO(AT1S + , v = 0 ) molecules was estimated from 
total electron-impact ionization cross sec t ion 3 7 

corrected for the fraction of ionization processes 
that lead to dissociat ion. 3 6 Absolute cross sections 
for production of AZU{ and £ 2 E * states of CO* by 
100 eV electron-impact ionization were taken from 
the compilation of Aarts and De H e e r 5 1 and the 
variation of these cross sections with electron en­
ergy from 100 eV to threshold were taken from r e ­
cent spectroscopic investigations. 3 9 , 5 2 The life­
times of CO*(A2nj) vibrational levels have been 
measured by a number of workers (see the tabula-

"< 60 o 
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CO 

N: N; 

40 \ GL CO 20> CO O i 
cr 
STS 
10 20 30 40 50 (KINETIC ENERGY (eV))' FIG. 5. Comparison between theoretical and experi­mental total charge-transfer cross sections for N*> + N2 reactions as a function of the square root of ion kinetic energy. The closed circles are the experimental data of Gustafsson and Lindholm, Ref. 55, while the solid line represents the data of Stebbings, Turner, and Smith, Ref. 54.. The dashed curve is the computed cross sec­tion using the multistate treatment while the cross sec­tions computed from the low-velocity approximation are given by the dotted curve. 
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tion of Holland and M a i e r 3 9 ) to be approximately 2 
Msec. The lifetimes of the C O + ( £ 2 Z + ) levels ap­
proximate 45 nsec. 5 3 , 4 4 These lifetimes are suf­
ficiently short to ensure that most of the excited 
ion states formed in the electron-impact process 
undergo radiative transitions to the CO*(XZZ*, 
states prior to reaction in the collision region of 
our experimental apparatus. The small fraction 
of AZU{ ions that remains as reactant in our ion 
beam has been used to weight the charge-transfer 
cross sections we have computed for this state. 
The percentage of CO*(XZZ*, U'0 = 0) ions in the re ­
actant-ion beam as the ionizing electron energy is 
varied from threshold to 90 eV and is shown as the 
dashed line in Fig. 4 . 

IV. COMPARISON BETWEEN THEORY AND EXPERIMENT 

The kinetic energy dependences of computed and 
experimental total charge-transfer cross sections 
are compared in Fig. 5 for the N 2 system. The 
solid line in this figure is the data of Stebbings ET 
AL. , 5 4 while the filled circles are the experimental 
data of Gustafsson and Lindholm. 5 5 Cross sections 
computed using the multistate treatment (7) are 
shown by the dashed line and cross sections from 
the low velocity approximation (19) are given by the 
dotted line. The computed cross sections in this 
figure have been weighted for a reactant-ion vibra­
tional distribution that is characteristic of 70 eV 
electron-impact ionization in order to match exper­
imental conditions. There is good agreement be ­
tween theory and experiment at the lower ion kinet­
ic energies. The divergence observed to occur at 
the higher ion kinetic energies will be discussed 
later. It is to be noted that throughout the 0. 1 5 -
2. 2 keV kinetic energy range, the multistate treat-
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F I G . 6. Comparison between theoretical and experi ­
mental total charge-transfer cross sections for C O * + CO 
reactions as a function of the square root of ion kinetic 
energy. The filled circles are the experimental data of 
Ref. 55. The dashed curve is the computed cross sec­
tion using the multistate treatment while the cross sec­
tion computed from the low-velocity approximation is 
given by the dotted curve. 

5 z o 
i— o 
LU 
CO 
CO 
CO 

o 
cr 
O 

60 

40 I 

20-

N; ' Nc N2 

0 10 20 30 40 50 
(KINETIC ENERGY (eV))" 

F I G . 7. Comparison between theoretical and experi ­
mental total charge-transfer cross sections for Ng + N^ 
reactions as a function of the square root of ion kinetic 
energy. The solid line is the corss-section data of Ut -
terback and Mil ler, Ref. 35, measured for a reactant N£ 
beam produced by 22 e V ionizing electron energy. The 
dashed curve is the cross section computed using the 
multistate treatment with a reactant-ion vibrational dis­
tribution characteristic of 22 eV electron impact. The 
dotted curve is the corresponding cross section computed 
with the low-velocity approximation. 

ment is in slightly better agreement with experi­
ment than is the low-velocity approximation. 

A s imilar comparison for the CO system between 
the experimental measurements of Gustafsson and 
Lindhom 5 5 (filled circles) and total charge-transfer 
cross sections computed with the multistate treat­
ment (dashed line) and the low-velocity approxima­
tion (dotted line) is displayed in Fig. 6. Here also, 
the computed cross sections have been weighted 
for a reactant-ion vibrational distribution charac­
teristic of 70 eV electron-impact ionization. Un­
dulations which occur in the computed cross sec­
tions below approximately 80 eV ion kinetic energy 
have been suppressed for the sake of clarity in this 
figure. The agreement between the theoretical 
predictions and measured cross sections is good, 
expecially at the lower incident-ion energies. A l ­
most exact agreement is obtained between the 
cross sections calculated in the multistate treat­
ment and in the low-velocity approximation. A s 
explained in Sec. II. D , such coincidence is a di­
rect result of the large overlaps in the 0-band re ­
action channels. 

Accord between the computed and experimental 
cross sections in Figs. 5 and 6 is encouraging. 
Such agreement could be fortuitous, however, since 
errors arising from the theoretical model may 
conveniently compensate any possible errors in the 
computed ion beam vibrational state distribution 
when comparing theory with experiment. This 
point is tested by examining the N 2 - N 2 charge-
transfer cross sections measured by Utterback and 
M i l l e r 3 5 with a reactant N 2 ion beam produced by 
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FIG. 8. RELATIVE CROSS SECTIONS FOR N2 + N2 CHARGE-
TRANSFER REACTIONS AS A FUNCTION OF IONIZING ELECTRON EN­
ERGY FOR DIFFERENT N 2 INITIAL KINETIC ENERGIES. FILLED CIR­
CLES ARE OUR EXPERIMENTAL POINTS WHILE UNFILLED CIRCLES 
ARE THE DATA OF REF. 56. T H E DASHED CURVE REPRESENTS 
THE RELATIVE TOTAL CROSS SECTIONS CALCULATED USING THE 
MULTISTATE MODEL. AX-ROWS INDICATE THRESHOLDS FOR VARI­
OUS N + ELECTRONIC STATES. 

gy. The unfilled circles in this figure are the data 
obtained by McGowan and K e r w i n 5 6 at approximate­
ly the same reactant-ion kinetic energy as our 
measurement. There is good agreement between 
our results using time-of-flight analysis and those 
of Ref. 56 who employed a magnetic mass spec­
trometer. The cross sections measured for 90 
eV electron-impact have been normalized to a val­
ue of 100 at each ion kinetic energy. The cross 
sections obtained by lowering the electron energy 
are presented relative to the 90 eV values in order 
to directly reflect their percentage increase as the 
lower vibrational state components in the ion beam 
are enriched. We have computed the vibrational 
state distribution of the reactant- ion beam at each 
electron energy and have used these distributions 
to weight the multistate reaction cross sections 
for each vibrational state in order to reproduce the 
variation in experimental conditions. These total 
cross sections, the dashed line in Fig. 8, are nor­
malized to 100 for a 90 eV distribution in order to 
facilitate comparison with our data. The model 
predicts correctly the general shape and magnitude 
of the cross sections, although the quantitative fit 
is poor in the neighborhood of 35 eV. In this inter­
mediate electron energy region it is possible that 
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22 eV electron-impact ionization. The comparison 
in Fig. 7 between these experimental cross sec­
tions and those computed for a reactant-ion beam 
vibrational distribution characteristic of the 22 eV 
electron-impact provides a check on the goodness 
of the internal state distributions used in the com­
parisons of theory with experiment. W e note in 
this figure that both the experimental and theoreti­
cal cross sections are larger than those for the 70 
eV data presented in Fig. 5. 

A more detailed probe into the effect of reactant-
ion vibrational state on the charge-transfer pro­
cess has been carried out by systematically chang­
ing the state distribution of our reactant-ion beam 
while observing the charge-transfer reaction. This 
is done conveniently by changing the ionizing elec­
tron energy between 90 eV and the ionization 
thresholds of the respective molecules in a con­
trolled electron-impact ion source and measuring 
the charge-transfer cross sections at each electron 
energy. Experimental data thus obtained are pre­
sented as the closed circles in Fig. 8 for three 
representative values of reactant-ion kinetic ener­

GY 
v— 
O 
LJ 
CO 

20' 

115 

; 110 

105 

L00_, 

125 

120-

115 1 

NO <-

105 R 

!00R 

K.E.II75EV 

C O ' - C O — • > C O : C O ' 

K.E 7 3 3 E V 

10 2 0 30 40 
E L E C T R O N 

50 60 70 
E N E R G Y (EV) 

FIG. 9. RELATIVE CROSS SECTIONS FOR C O * + C O C H A R G E -
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effects arising from higher electronic states 
could perturb our computed reactant-ion distribu­
tions and thus lead to the 8% disparity between the 
computed and experimental cross sections. The 
progressively smal ler variation in the relative 
cros s section as the kinetic energy of the ions is 
increased is not manifested by the theoretical mod­
el since the computed relative cross sections r e ­
main invariant over this kinetic energy range. This 
is not surprising since we have not considered oth­
er reaction channels in the theoretical model which 
may strongly compete with charge transfer and 
which are known to be important at the higher ki ­
netic energies. 5 6 , 5 7 Good agreement between the 
model and experimental observation is achieved 
below approximately 1. 2 keV. For example, one 
can combine the data in Fig. 5 and relative cross 
sections in Fig. 8 to obtain experimental (0, OlO, 0) 
total charge-transfer cross sections of 31. 4 and 
2 1 . 6 A 2 at 733 and 1175 eV kinetic energies which 
are comparable to the computed multistate values 
of 3 1 . 4 and 2 4 . 2 A 2 . 

The corresponding variation of the relative 
charge-transfer cross section with ionizing e lec­
tron energy for the C O + - C O system is shown in 
Fig. 9. The experimental measurements are rep­
resented by the filled circles in this figure while 
the relative cross sections computed from the mul­
tistate model are given by the dashed line. A s was 
observed in the N*, -N 2 reaction, the computed 
cross-sect ion variation with electron energy is ap­
proximately constant for each of the three ion ki­
netic energies and reflects the experimental data 
in Fig. 9. In general, the theoretical description 
of the C O * - C O charge-transfer reactions is in ac­
cord with laboratory measurements. 
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APPENDIX I I I 

PARTICIPATION OF INCIDENT ION INTERNAL ENERGY IN 

MOLECULAR 0 + - AR CHARGE-TRANSFER COLLISIONS 
2 

This appendix is the reprint of an article published in Chemical 

Physics Letters, Volume 24, pages 431 to 436, 1 February 1974. 
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P A R T I C I P A T I O N O F I N C I D E N T I O N I N T E R N A L E N E R G Y 

I N M O L E C U L A R O ^ - A R C H A R G E - T R A N S F E R C O L L I S I O N S 

P.C. COSBY, T.F. MORAN, J.V. HORNSTEIN and M.R. FLANNERY 
Georgia Institute of Technology, Atlanta, Georgia 30332, USA 

R E C E I V E D 2 5 OCTOBER 1 9 7 3 

The O 2 - Ar charge-transfer reactions have been investigated for both the X 2 H g and a 4 Il u states of O 2 in the ki­
netic energy range of 0.7 to 3.0 keV. Exhibited resonant and non-resonant behavior of the cross sections is consistent 
with theoretical predictions. 

C H A R G E - T R A N S F E R P R O C E S S E S I N V O L V I N G E X C I T E D I O N S 

W I T H NEUTRAL S P E C I E S H A V E R E C E I V E D SCANT A T T E N T I O N LARGE­

LY B E C A U S E O F THE DIFF ICULTIES A S S O C I A T E D W I T H THE P R O ­

D U C T I O N O F W E L L - D E F I N E D , E X C I T E D - S T A T E I O N B E A M S A N D 

THE QUANTITAT IVE A S S E S S M E N T O F THEIR STATE D I S T R I B U T I O N . 

T H E LACK O F AN ACCURATE D E T E R M I N A T I O N O F T H E E X C I T E D -

STATE C O M P O N E N T I N I N D I V I D U A L R E A C T A N T - I O N B E A M S R E N ­

DERS IT DIFFICULT TO M A K E M E A N I N G F U L C O M P A R I S O N S O F 

THEORETICAL CHARGE-TRANSFER CROSS S E C T I O N S W I T H M U C H OF 

THE E X I S T I N G O B S E R V A T I O N A L DATA I N THE LITERATURE. M E A S ­

U R E D CHARGE-TRANSFER CROSS S E C T I O N S I N V O L V I N G COLLIS IONS 

O F A T O M I C I O N S W I T H N 2 M O L E C U L E S H A V E B E E N S H O W N TO 

VARY W I T H THE E X C I T E D - S T A T E C O M P O N E N T O F THE REACTANT-

I O N B E A M . T H I S E X C I T E D - S T A T E D I S T R I B U T I O N D E P E N D S O N 

THE E X P E R I M E N T A L O P E R A T I N G P A R A M E T E R S I N E I T H E R R A D I O -

F R E Q U E N C Y [ 1 ] OR E L E C T R O N - I M P A C T [ 2 - 5 ] S O U R C E S . 

T H E O 7 I O N H A S B E E N C H O S E N FOR S T U D Y I N THIS W O R K 

B E C A U S E A LARGE FRACTION O F THE 0 * I O N S F O R M E D I N ELEC­

T R O N - I M P A C T I O N I Z A T I O N P O P U L A T E THE L O N G - L I V E D A 4 I I 

E X C I T E D STATE A N D S U F F I C I E N T S P E C T R O S C O P I C I N F O R M A T I O N 

I S AVAILABLE [ 6 ] S O AS TO P E R M I T Q U A N T I T A T I V E A S S E S S M E N T 

O F THE INTERNAL STATE D I S T R I B U T I O N O F THIS R E A C T A N T - I O N 

B E A M . I N ORDER TO E X A M I N E C O M P E T I T I O N B E T W E E N G R O U N D -

A N D E X C I T E D - S T A T E R E A C T I O N C H A N N E L S , A R G O N W A S C H O S E N 

AS THE NEUTRAL TARGET S I N C E CHARGE TRANSFER I S E N D O T H E R -

M I C I N THE P R O C E S S 

O J ( X 2 I I G > Y ( ' ) ) + A R ( L S ( ) ) 

- 0 § ( X 3 ^ , Y " ) + A R + ( 2 P V , O R 2 P , / 2 ) 

O N L Y F R O M DQ > 1 5 O F THE X 2 I L G STATE W H E R E V I B R A T I O N ­

AL O V E R L A P S ARE S M A L L , W H I L E NEAR E N E R G Y B A L A N C E W I T H 

FAVORABLE OVERLAP E X I S T S I N THE P R O C E S S 

O J ( A 4 I I U > Y I ) + A R ( L S 0 ) 

- 0 § ( X 3 I G , v") + A R + ( 2 P 3 / 2 OR 2 P 1 / 2 ) , ( L B ) 

FOR ALL V IBRATIONAL STATES O F THE I O N . T H E E X C I T A T I O N D E ­

FECTS FOR A R E P R E S E N T A T I V E S A M P L E O F T H E C H A N N E L S I N ­

V O L V I N G D IFFERENT REACTANT V IBRATIONAL LEVELS ARE G I V E N 

I N TABLE 1 TOGETHER W I T H V I B R A T I O N A L O V E R L A P S B E T W E E N 

INITIAL A N D FINAL STATES O F T H E D I A T O M I C . 

T H E 0 2 INTERNAL STATE D I S T R I B U T I O N P R O D U C E D B Y D I ­

RECT 9 0 E V E L E C T R O N - I M P A C T I O N I Z A T I O N INITIALLY [ 6 — 1 4 ] 

C O N S I S T S O F I O N S I N THE X 2 I L G , A 4 I L U , A 2 I I U , B 4 H ~ A N D 

D I S S O C I A T I V E [ 1 5 ] B 2 D ~ STATES. T H E L I F E T I M E S [ 6 , 1 4 ] O F 

THE A 2 I I U A N D B 4 X ~ STATES ARE SUFFIC IENTLY SHORT W I T H 

RESPECT TO THE R E S I D E N C E T I M E O F I O N S I N OUR S O U R C E RE­

G I O N SO AS TO E N S U R E D E C A Y INTO THE X 2 I I G A N D A 4 I I U 

STATES PRIOR TO C O L L I S I O N . T H E A 4 I I U STATE I S S P I N F O R B I D ­

D E N TO U N D E R G O A RADIATIVE TRANSIT ION TO THE G R O U N D 

STATE [ 1 6 , 1 7 ] , T H U S THE B E A M I S C O M P O S E D O F 

0 2 ( X 2 I L G ) A N D 07(A 4n u) I O N S . M E A S U R E D C H A R G E - T R A N S ­

FER CROSS S E C T I O N S FOR R E A C T I O N ( 1 ) M U S T B E RESOLVED I N ­

TO TWO C O M P O N E N T S [ 4 ] : 

;90 = / o a + ( 1 - / ) o . ( 2 ) 

( L A ) 

W H E R E / I S THE FRACTION O F THE R E A C T A N T - I O N B E A M I N THE 

A 4 1 I U STATE W H I L E A X A N D A A ARE THE CHARGE-TRANSFER CROSS 

4 3 1 
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V O L U M E 2 4 , N U M B E R 3 C H E M I C A L P H Y S I C S L E T T E R S 1 F E B R U A R Y 1 9 7 4 

T;IHK- I 
1 IH'R)',L'TIRX A N D O V E R L A P S LOR RHARGI'-TRANSFER R E A C T I O N S 0 2 ( X II G, U Y J A L L U , u'()) •* A R ( S 0 ) • 0 2 ( X I", v") + A R V L ' I / 2 3/2) 

E N E R G Y D E F E C T S E „ M ( E V ) I O N 3 V . -

X ^ I I G , U Q = 0 

N E U T R A L X 2; 
VIBRATIONAL LEVEL 

0 . 4 3 4 
- 0 . 5 2 1 
0 . 4 7 9 

- 0 . 3 8 7 

P3/2 

- 3 . 6 8 8 
- 3 . 8 8 7 
^ 1 . 0 8 9 
^ 1 . 2 9 3 

PL / 2 

- 3 . 8 6 5 
^ 1 . 0 6 4 
^ 1 . 2 6 6 
^ 1 . 4 7 1 

X IIG, U Q-1 0 . 6 0 4 
- 0 . 2 8 5 
- 0 . 0 7 3 
0 . 2 9 0 

- 3 . 4 4 7 
- 3 . 6 4 6 
- 3 . 8 4 8 
^ 1 . 0 5 3 

- 3 . 6 2 5 
- 3 . 8 2 4 
^ 1 . 0 2 6 
^ 1 . 2 3 1 

A I I U , UFJ=0 

2 
3 
4 
5 
6 
7 
8 
9 

1 0 

0 . 0 9 8 
0 . 2 3 2 
0 . 3 7 1 
0 . 4 6 4 
0 . 4 8 0 
0 . 4 2 3 
0 . 3 2 4 
0 . 2 1 8 
0 . 1 3 0 
0 . 0 6 9 
0 . 0 3 2 

0 . 3 4 4 5 
0 . 1 4 5 6 

- 0 . 0 5 6 4 
- 0 . 2 6 1 3 
- 0 . 4 6 9 4 
- 0 . 6 8 0 5 
- 0 . 8 9 4 8 
- 1 . 1 1 2 1 
- 1 . 3 3 2 6 
- 1 . 5 5 6 3 
- 1 . 7 8 3 0 

0 . 1 6 6 9 
- 0 . 0 3 2 0 
- 0 . 2 3 3 9 
- 0 . 4 3 8 9 
- 0 . 6 4 6 9 
- 0 . 8 5 8 1 
- 1 . 0 7 2 3 
- 1 . 2 8 9 7 
- 1 . 5 1 0 2 
- 1 . 7 3 3 8 
- 1 . 9 6 0 6 

A I I U , U 0 = L 0 
1 
2 
3 
4 
5 

6 

7 
8 
9 

1 0 

- 0 . 1 8 8 
- 0 . 3 5 1 
- 0 . 3 9 8 
- 0 . 2 7 2 

- 0 . 0 2 5 

0 . 2 2 9 
0 . 3 8 9 
0 . 4 2 3 
0 . 3 5 9 
0 . 2 5 5 
0 . 1 5 5 

S E C T I O N S FOR R E A C T I O N S ( 1 A ) A N D ( L B ) , R E S P E C T I V E L Y . 

T H E A P P A R A T U S [ 1 8 , 1 9 ] U S E D TO M E A S U R E THE CROSS 

S E C T I O N S C O N S I S T E D O F A T I M E - O F - F L I G H T M A S S S P E C T R O M E ­

TER C O U P L E D W I T H A CONTROLLED E L E C T R O N - I M P A C T I O N I Z A ­

T I O N S O U R C E A N D G A T E D ELECTRON M U L T I P L I E R D E T E C T O R . G A S 

P R E S S U R E S I N T H E COLLIS ION R E G I O N W E R E M O N I T O R E D B Y A 

C A L I B R A T E D I O N I Z A T I O N G A U G E A N D W E R E SUFF IC IENTLY L O W 

TO E N S U R E THE R E A C T I O N P R O C E E D E D T H R O U G H S INGLE B I N A R Y 

E N C O U N T E R S . T H E CROSS S E C T I O N S M E A S U R E D FOR R E A C T I O N 

( 1 ) W H E R E THE 0 $ I O N S ARE F O R M E D B Y 9 0 E V ELECTRON-

I M P A C T W E R E C A L I B R A T E D B Y M E A S U R E M E N T O F THE R E S O ­

N A N T R E A C T I O N 

0 . 4 7 5 4 
0 . 2 7 6 5 

0 . 0 7 4 6 

- 0 . 1 3 0 4 
- 0 . 3 3 8 4 
- 0 . 5 4 9 6 
- 0 . 7 6 3 8 
- 0 . 9 8 1 2 
- 1 . 2 0 1 7 
- 1 . 4 2 5 3 
- 1 . 6 5 2 1 

0$+ 02-03 + 0$, 

0 . 2 9 7 9 
0 . 0 9 8 9 

- 0 . 1 0 3 0 
- 0 . 3 0 7 0 
- 0 . 5 1 6 0 
- 0 . 7 2 7 1 
- 0 . 9 4 1 4 
- 1 . 1 5 8 7 
- 1 . 1 3 7 9 
- 1 . 6 0 2 9 
- 1 . 8 2 9 7 

( 3 ) 

W H I C H H A S B E E N P R E V I O U S L Y I N V E S T I G A T E D [ 2 0 ] U S I N G C O M ­

P A T I B L E S O U R C E C O N D I T I O N S . T H E R E L A T I O N S H I P B E T W E E N 

THESE CROSS S E C T I O N S AT A G I V E N R E A C T A N T - I O N K I N E T I C E N ­

ERGY I S : 

° A r = a ( (4) 
A R 

W H E R E / I S THE I N T E N S I T Y O F THE P R O D U C T O 2 F O R M E D I N 

THE CHARGE-TRANSFER R E A C T I O N , / P I S THE I N T E N S I T Y O F THE 

4 3 2 



7 7 

V O L U M E 2 4 , N U M B E R 3 C H E M I C A L P H Y S I C S L E T T E R S 1 FEBRUARY 1 9 7 4 

140 -

20 O ; + A R 

G 5 

0.5 1.0 1.5 2.0 2.5 3.0 

K I N E T I C E N E R G Y (KEV) 

F IG . 1 . CHARGE-TRANSFER CROSS SECTIONS FOR 0 2 ( X 2 R I G ) + AR REAC­

TIONS AS A FUNCTION OF LABORATORY ION KINETIC ENERGY ARE SHOWN 

AS THE SQUARES. T H E TRIANGLES ARE THE CORRESPONDING C < 2 ( A 4 N U ) 

REACTIONS, WHILE THE CIRCLES ARE THE TOTAL CHARGE-TRANSFER CROSS 

SECTIONS MEASURED AT 9 0 E V IONIZING ELECTRON ENERGY. 

I N C I D E N T 0\ B E A M , A N D PqJP/^ I S T H E RATIO O F THE TAR­

GET GAS P R E S S U R E S . 

T H E CIRCLES I N FIG.L R E P R E S E N T THE K I N E T I C - E N E R G Y D E ­

P E N D E N C E M E A S U R E D FOR T H E O ^ — A R CROSS S E C T I O N W H E N 

THE 0~2 I S F O R M E D AT 9 0 E V E L E C T R O N - I M P A C T . T H E VARIA­

T I O N O F CHARGE-TRANSFER CROSS S E C T I O N S W I T H I O N I Z I N G E L E C ­

TRON E N E R G Y I S S H O W N I N F I G . 2 . T H E S Q U A R E S C O R R E S P O N D 

TO THE CROSS S E C T I O N AT 1 9 1 0 E V I O N K I N E T I C E N E R G Y W H I L E 

THE D O T T E D A N D D A S H E D C U R V E S R E P R E S E N T THE C O R R E S P O N D ­

I N G ELECTRON E N E R G Y D E P E N D E N C E FOR I N C I D E N T - I O N K I N E T ­

I C E N E R G I E S O F 7 3 3 A N D 2 9 4 4 E V , R E S P E C T I V E L Y . E A C H O F 

THESE C U R V E S A P P R O A C H E S A M I N I M U M AT A P P R O X I M A T E L Y 

1 6 E V , THE THRESHOLD FOR F O R M A T I O N O F THE C > 2 ( A 4 N U ) 

STATE. B E L O W 1 5 E V , E L E C T R O N - I M P A C T I O N I Z A T I O N P R O ­

D U C E S O 2 ( X 2 N G , Y 0 ) I O N S I N S I G N I F I C A N T C O N C E N T R A T I O N S 

ONLY FOR v'q < 6 . T H E UNIVERSALLY LARGE E N E R G Y D E F E C T S 

FOR T H E S E STATES I N R E A C T I O N ( L A ) ARE C O N S I S T E N T W I T H THE 

M E A S U R E M E N T O F G R O U N D - S T A T E CROSS S E C T I O N W H I C H , W I T H ­

I N E X P E R I M E N T A L ERROR, I S I N D E P E N D E N T O F v'q. A U T O I O N ­

I Z I N G P R O C E S S E S [ 2 1 , 2 2 ] O C C U R R I N G AT ELECTRON E N E R G I E S 

B E L O W 2 0 E V G I V E RISE TO T H E P R O D U C T I O N O F 0 2 ( X 2 N ) 

I O N S I N H I G H L Y V IBRATIONALLY E X C I T E D STATES [ 2 3 - 2 9 ] FOR 

W H I C H N E A R - R E S O N A N T CHARGE-TRANSFER C H A N N E L S E X I S T . T H E 

P R E S E N C E O F T H E S E STATES I N THE B E A M A B O V E 1 5 E V ELEC­

TRON E N E R G Y M A Y B E I N D I C A T E D B Y T H E I N C R E A S I N G L Y D I F ­

FUSE NATURE O F THE A A THRESHOLD AT T H E H I G H E R I N C I D E N T -

I O N K I N E T I C E N E R G I E S . T H E K I N E T I C - E N E R G Y D E P E N D E N C E O F 

THE CROSS S E C T I O N FOR R E A C T I O N ( L A ) , S H O W N A S THE S Q U A R E S 

G 120- 0 O T A R 

u 
LU CO 
CO 
CO 
O cc u 

100' 

8 0 

60 

40 

A T - ' 

20^ X 

I C T " 

K I N E T I C E N E R G Y 

2 9 4 4 EV 

1910 EV • • 

733 EV 

2 0 3 0 40 50 60 

E L E C T R O N E N E R G Y ( E V ) 
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F I G . 2 . RELATIVE O 2 + AR CHARGE-TRANSFER CROSS SECTIONS M E A S ­

URED AS A FUNCTION OF IONIZING ELECTRON ENERGY. T H E DASHED 

LINE, SQUARES AND DOTTED LINE REPRESENT DATA OBTAINED AT 2 9 4 4 , 

1 9 1 0 , AND 7 3 3 E V LABORATORY ION KINETIC ENERGY, RESPECTIVELY. 

I N F I G . L , I S CHARACTERISTIC O F A N O N - R E S O N A N T P R O C E S S . 

T H E FRACTION O F 0 2 ( A 4 N U ) I N T H E I O N B E A M P R O D U C E D 

B Y E L E C T R O N - I M P A C T I O N I Z A T I O N C A N B E E S T I M A T E D F R O M 

E X I S T I N G S P E C T R O S C O P I C DATA [ 7 - 1 7 , 3 0 , 3 1 ] U S I N G A 

M E T H O D P R E V I O U S L Y O U T L I N E D [ 1 9 ] . W E F I N D THAT FOR 9 0 

E V ELECTRONS, 5 1 P E R C E N T O F THE I O N B E A M C O N S I S T S O F 

0 2 ( A 4 N U ) I O N S AT T H E T I M E O F R E A C T I O N , A V A L U E S O M E ­

W H A T H I G H E R T H A N THAT M E A S U R E D I N REF. [ 4 ] U S I N G A N 

A T T E N U A T I O N T E C H N I Q U E . T H E CROSS S E C T I O N FOR R E A C T I O N 

( L B ) C A N THEREFORE B E D E T E R M I N E D U S I N G E Q . ( 2 ) A N D I S 

P R E S E N T E D AS A F U N C T I O N O F I N C I D E N T - I O N K I N E T I C E N E R G Y 

B Y THE TRIANGLES I N F I G . L . 

T H E GENERAL B E H A V I O R D I S P L A Y E D I N F IG.L FOR T H E CROSS 

S E C T I O N S FOR ( L A ) A N D ( L B ) I S I N K E E P I N G W I T H THE FOLLOW­

I N G THEORETICAL A R G U M E N T S . I N THE L O W I M P A C T - V E L O C I T Y 

R E G I O N , A TWO-STATE I M P A C T - P A R A M E T E R D E S C R I P T I O N O F T H E 

COLLIS ION I S A D E Q U A T E [ 1 9 ] , I . E . , THE W A V E F U N C T I O N FOR 

THE TOTAL S Y S T E M D U R I N G THE COLLIS ION C A N B E E X P A N D E D 

( W I T H ALL Q U A N T I T I E S I N A T O M I C U N I T S ) AS 

*0V,*A * O ) = ^ ( M J E X P O - I F F J O 

+ a2(t)4>Xexp(-iE*t), ( 5 ) 
W H E R E 

0„D(/?A,r/O=/>>ol/?A)yyM(^A)M;(ra)^(rb), (6) 

4 3 3 
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being a product of undistorted 0* and Ar internal func­
tions, represents the eigenfunction for the isolated 
(02-Ar) system at infinite separation R and where 

(*A >'i) = ^ " L R A )YjM(*K W'a+1 ̂ / +(Vl ) (7) 

is the corresponding eigenfunction for (0 2-Ar +) well 
after the electron-capture collision. The internuclear 
distance of the diatomic species is R A , and P + and P 
denote the vibrational wavefunctions for 0 2 in state 
V'Q and 0 2 in state v", respectively. The electronic tran­
sition causes no change in the rotation of the oxygen 
nuclei, leaving the rotational wavefunction YJM(RA) 

for the diatomic ion in state (J, M ) unaffected. The 
electronic motions are described by M \ andMk for the 
molecular ion in electronic state / and neutral in state 
k with composite electronic coordinates denoted by 
ra and r a + ] , respectively, while X \ and Xj are the cor­
responding electronic wavefunctions for the atomic ion 
in state / and neutral in state /. In the initial (or direct 
D) channel, the internal energy is 

= erot(A) +
 ^b(v'o)

 +
 <w<02) + e / < A r ) ^ 

and the internal energy in the final (or exchange X) 
channel is 

**n
 = W A )

 + evib(̂") +
 ^ ( 0 2 ) + C,(Ar+), (9) 

where e,(X) denotes the energy of X in electronic state 
/' and the rotational and vibrational energies are e r o t 

and Cyjt,, respectively. The energy defects e m n = 

£*-£^are shown in table 1 for the various initial and 
final channels. The time-dependent Schrodinger equa­
tion is 

= [HD + V D ] ^ = [Hx + V x ] V = id^/dt, (10) 

where 9C is the total hamiltonian for the systems at time 
t //D,X a r e hamiltonians for the isolated systems at 
t -> + °°, and F D' X are the (time-dependent) prior and 
post electrostatic interactions. By substituting (5)-(7) 
into (10) the following equation 

= al(<px
l\V» l0J> exP(iem„0 + a 2 <0* I V x |0* ) 

(H) 

is obtained for the transition amplitude a2(t) = a2(p,Z). 

The impact parameter isp and a rectilinear trajectory is 
assumed such that Z - v t where v is the incident speed. 
The companion equation foraj can also be written 
down. 

Neglecting the electronic overlap <0J Î0*>, assuming 
that a^t) = <5;l in the right-hand side of eq. (1 1) and sub­
stituting (6) and (7) in (11), the transition probability 
for electron capture reduces to 

\a2(p,<~)\2 =(\(P\P+)\2/v2) 

X | / VMN(R)exp[i(Ex
l-E^)Z/v]dZ\2, (12) 

— oo 

where the matrix element V M N { R ) = (MX+ I V D \M+X), 

the prior electrostatic interaction averaged over the ini­
tial and final electronic wavefunctions, is assumed to be 
independent of/?A, and hence Vmn is dependent only 
on R, the position of Ar relative to the diatomic center 
of mass. The total cross section for charge transfer is 

QX(v) = 2n / l* 2(poo)|2pdp. (13) 

0 

Eqs. (12) and (13) demonstrate that Q x is a function 
of both the energy defect and the vibrational overlaps, 
as expected. Fig.3 illustrates the magnitude of the vibra­
tional overlap between each initial and final state of the 
diatomic together with the energy defects for reaction 
channels accessible via reaction path (lb) in which V'Q, 
v" < 10. Fig.3 demonstrates that essentially every ini­
tial vibrational level of the a 4 IIU state has at least one 
channel where energy defects are minimal and overlaps 
are significant. The resonant character displayed for the 
a 4H u state cross section suggests the strong role these 
near-resonant channels play in charge-transfer reactions. 
The following general characteristics can be deduced 
from (12). 

(i) For (lb) the oxygen ion is initially in the a 4n u 

state and the energy defects, E x - E ® , are very small 
compared with those in (la) when the initial state is 
X2Ilg. The larger defects cause rapid oscillation in the 
integrand of (12), such that cancellation occurs, there­
by reducing Q ^ . For reaction (lb), and E ^ are com­
paratively close and no severe cancellation is evident. 
Moreover, the vibrational overlaps \(P+\P)\ in (12) are 
larger for the near-resonant channels of (lb), and so 



79 

Volume 24, number 3 CHEMICAL PHYSICS LETTERS 1 February 1974 

- 0*(X3Zfl,,") + A r + 

A€(eV) 
-4 0 2 0 

-4 0 

-4 0 

f.' - 0 12 3 

Fig.3. The variation of energy defect and magnitude of the vibrational overlap integral with 0 2 (X 3 E~, v") product vibrational lev­
el for different 0 2 ( a 4 I I u , v'0) reactant vibrational levels when the argon ion is formed in the 2P3/2 state. The shaded areas accent 
product channels within 0.1 eV of thermoneutrality. Corresponding values for formation of Ar + ( 2 P , / 2 ) requires translation of the 
curves by -0.178 eV along the energy axis. 

4 3 5 
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> Q x - The interaction matrix elements Vmn for 
the a and X molecular states, which dissociate to the 
same products 0(3P) + 0 +( 4S), are expected to be sim­
ilar. 

(ii) As the impact speed (v < lau) decreases, the 
more rapid oscillations cause the integral in (12) for re­
action (la) to decrease more rapidly than v~ such that 
<2x decreases. 

(iii) For the a state, Z;'̂  = + A with A small. The 
v2 variation, therefore, controls , which increases, 
until at sufficiently low velocities the exp(iAZ/v) term 
takes effect, thereby causing the cross section to reach 
a maximum and then to fall off rapidly to zero as v -> 0. 
The experiment was not performed at the low incident 
speeds where the maximum would be expected. 

(iv) In the above first-order treatment, contributions 
arising from transitions to all higher vibrational levels 
are ignored. However, with increasing speed many lev­
els which are close (cf. fig.3) become populated and 
hence a multistate impact-parameter description is es­
sential. It has already been shown [19| that such a pro­
cedure preserves the basic characteristics of Qfl as noted 
above, but does increase the total cross section at the 
higher incident speeds and causes a fall-off much slow­
er than the v - 2 dependence predicted by (12). 

In conclusion, experimental observations and the 
above theoretical model display that favorable vibra­
tional overlaps and small energy defects must occur 
simultaneously in order that the charge-transfer cross 
section exhibit resonant behavior. 
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APPENDIX IV 

COMPETITION BETWEEN DOUBLE AND SINGLE ELECTRON TRANSFER 

IN 2-8 KEV A R + + - AR COLLISIONS 

This appendix is the reprint of an article published in the 

Journal of Chemical Physics, Volume 57, pages 3569 to 3570, 15 October, 

1972. 
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COMPETITION BETWEEN DOUBLE AND SINGLE ELECTRON TRANSFER IN 2 - 8 KEV A R + + - A R COLLISIONS 

P . C . COSBY AND T . F . MORAN 
School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 

(Received 30 June 1972) 

Studies of bimolecular reactions between doubly 
charged atomic ions and neutral atoms have shown 
that is is possible for either one or two electrons to be 
transferred to the incident ion,1-3 Cross sections for 
the transfer of two electrons in symmetric rare gas 

ion-atom systems are comparatively large ( ~ 5 A 2) at 
low kinetic energies and decrease with reactant ion 
velocity,4 whereas single electron capture cross sections 
generally increase as a function of velocity.5 Measure­
ments of single electron transfer probabilities have 
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2 . o <c b'.c ab 
REACTANT Ar" K INET IC E N E R G Y (keV) 

FIG. 1. CROSS SECTION AS A FUNCTION OF A R 2 + KINETIC ENERGY. 
T H E SOLID POINTS I N THE UPPER PORTION OF THIS FIGURE REFER TO THOSE 
MEASURED FOR REACTION ( 1 ) WHILE THOSE ON THE LOWER PORTION 
REFER TO THOSE FOR REACTION ( 2 ) . T H E LABELED SOLID A N D DASHED 
LINES ARE PREVIOUS MEASUREMENTS OF REACTIONS ( 1 ) AND ( 2 ) , 
RESPECTIVELY, ( F S ARE THOSE OF R E F . 1 , H H THOSE OF R E F . 2, M K 
THOSE OF R E F . 3 , AND H K ARE THOSE OF R E F . 5 ) . 

been used6 to gain information on the pseudocrossing 
of adiabatic potential energy curves7-10 and the role of 
energy balance11 and symmetry12 in determining product 
exit channels. In order to examine the competition 
between the single and double electron transfer proc­
esses, we have used a time-of-flight (TOF) technique 
to measure cross sections for the two reaction channels 

ArHAr* 20/02 (1) 
/ 

Ar 2 ++Ar 
\ 
Ar++Ar+ 20/11 (2) 

over a range of kinetic energies where there is a lack of 
experimental data. Measurements were made using a 
TOF spectrometer with a separate grid assembly placed 
at the end of the flight tube directly in front of the 
multiplier region.13 In the absence of accelerating or 
retarding voltages placed on this grid assembly, the 
primary Ar24' formed via electron impact, ionization in 
the source region is observed as a discrete peak with a 
m / q of 20. Ions emerging from the source quickly 
achieve full acceleration and proceed down the drift 
tube where ion-molecule interactions can occur. The 
fast products of charge exchange Reactions (1) and 
(2) occurring in this drift region of the spectrometer 
also appear at mass 20 since the ion-atom interactions 
leading to fast Ar° and Ar + products have approxi­
mately the same flight times as the primary Ar 2 + ions. 
Application of a retarding voltage on the aforemen­
tioned grid assembly resolves the single peak into three 
components. The main Ar 2 + primary ion peak shifts 
to a higher apparent mass than that of the Ar + reac­
tion product, while the flight time of fast Ar° produced 
by charge transfer reaction in the drift tube is un­
affected by the retarding field. Measured arrival times 
of the primary and the two smaller secondary peaks 
are in agreement with those computed13 from the ap­

plied voltages and drift distances in the spectrometer 
and lead to identification of the secondary peaks as 
products of Reactions (1) and (2). A check of the Ar° 
assignment was obtained by placing a strong external 
magnetic field across the collector end of the flight 
tube region, preventing both the primary Ar 2 + and 
product Ar + from reaching the detector but allowing 
Ar° produced in Reaction (1) to be collected. A pres­
sure study of the separated mass 20 region peaks show 
the Ar° and Ar + product peaks result from single bi-
molecular collisions over the 10-6-10-5 torr pressure 
range. Ionization efficiency curves and ionization po­
tentials measured for Ar + and Ar° products are iden­
tical to those of Ar 2 +, identifying this doubly charged 
ion as the primary ion precursor in (1) and (2). Argon 
gas pressure in the collision region was monitored with 
a calibrated ionization gauge. Variation of the second­
ary electron emission coefficient14-16 of the electron 
multiplier cathode with product kinetic energy was 
determined with the aid of the well-documented17,18 

resonant Ar+-Ar single electron transfer reaction. 
Cross sections measured for Reactions (1) and (2) 

as a function of kinetic energy are displayed in Fig. 1 
along with those obtained by other investigators. Our 
experiments indicate the predominance of double elec­
tron transfer processes below 8 keV with the cross sec­
tion for Ar° extrapolating to the data of Ref. 3. The cross 
section for single electron transfer measured between 
6 and 8 keV is somewhat higher than previously re­
ported. This may be expected since the present tech­
nique has the advantage of including contributions 
from fast Ar + products inelastically scattered in the 
ion-atom interactions. 
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PRODUCT INTERNAL STATE DISTRIBUTIONS FROM INTERACTIONS OF METASTABLE AR WITH N 2 * 

P . C . C O S B Y A N D T . F . M O R A N 

School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 

(RECEIVED 3 0 M A Y 1 9 7 2 ) 

INTERNAL ENERGY STATE DISTRIBUTIONS OF THE PRODUCTS FROM REACTIONS OF METASTABLE Ar(3P%w0) A T O M S WITH 

~Ni(X 1'ZB

+) MOLECULES HAVE BEEN COMPUTED FROM A STATISTICAL PHASE SPACE TREATMENT OF THE INTERACTIONS. 

CALCULATED ROTATIONAL AND VIBRATIONAL DISTRIBUTIONS HAVE BEEN COMPARED WITH THOSE MEASURED IN RECENT 

SPECTROSCOPIC EXPERIMENTS INVOLVING METASTABLE A R A T O M S . F O R STRONGLY EXOTHERMIC REACTIONS PRODUCING 

N 2 ( J 5 3n„, v', J') MOLECULES, THE COMPUTED VIBRATIONAL DISTRIBUTION IS SIGNIFICANTLY BROADER THAN THAT 

MEASURED EXPERIMENTALLY. T H E CORRESPONDING VIBRATIONAL AND ROTATIONAL DISTRIBUTIONS CALCULATED FOR SLIGHTLY 

EXOTHERMIC N 2 ( C 3n„, v', J') CHANNELS ARE IN QUALITATIVE ACCORD WITH EXPERIMENTAL DISTRIBUTIONS; HOWEVER, 

SOME FEATURES PRESENT IN THE EXPERIMENTAL PRODUCT DISTRIBUTIONS ARE NOT REPRODUCED B Y THE STATISTICAL 

MODEL. 

I N T R O D U C T I O N 

I N T E R A C T I O N S B E T W E E N A M E T A S T A B L E A T O M A N D A 

D I A T O M I C M O L E C U L E L E A D I N G TO I O N I Z A T I O N OF T H E TARGET 

M O L E C U L E ( P E N N I N G I O N I Z A T I O N ) H A V E B E E N E X T E N S I V E L Y 

S T U D I E D . 1 T H E E M P H A S I S O N T H I S R E A C T I O N C H A N N E L H A S 

B E E N I N P A R T D U E TO T H E C O M P A R A T I V E E A S E W I T H W H I C H 

T H E C H A R G E D P R O D U C T S OF T H I S R E A C T I O N C H A N N E L C A N B E 

Q U A N T I T A T I V E L Y I D E N T I F I E D . C O M P L I M E N T A R Y TO T H E E X ­

P E R I M E N T A L A D V A N C E S I N T H I S A R E A , THEORETICAL T R E A T M E N T S 2 

H A V E B E E N D E V E L O P E D TO D E S C R I B E P E N N I N G I O N I Z A T I O N 

P R O C E S S . P R O D U C T I O N V I B R A T I O N A L S T A T E D I S T R I B U T I O N S 

M E A S U R E D 3 FOR SEVERAL R E A C T I O N S ARE F O U N D TO A G R E E W I T H 

T H O S E P R E D I C T E D F R O M A P P L I C A T I O N OF T H E F R A N C K -

C O N D O N P R I N C I P L E ; H O W E V E R , E X C E P T I O N S 4 H A V E B E E N 

N O T E D . A L T E R N A T E R E A C T I O N C H A N N E L S , I N W H I C H T H E E X C I T A ­

T I O N E N E R G Y OF T H E M E T A S T A B L E A T O M IS P A R T I T I O N E D 

A M O N G T H E E N E R G Y S T A T E S OF S T A B L E D I A T O M I C P R O D U C T 

M O L E C U L E S , A R E N O T A S WELL C H A R A C T E R I Z E D D U E TO A S S O C I ­

A T E D E X P E R I M E N T A L DIFFICULTIES. R E C E N T E X P E R I M E N T A L 

A D V A N C E S 5 - 7 H A V E B E E N M A D E I N T H I S A R E A W I T H T H E A I D 

OF FLOW S Y S T E M S C O U P L E D TO S P E C T R O S C O P I C I N S T R U M E N T A ­

T I O N C A P A B L E OF A N A L Y Z I N G R A D I A T I O N F R O M S P O N T A N E O U S 

D E C A Y O F E X C I T E D N E U T R A L S P R O D U C E D V I A C H E M I C A L 

I N T E R A C T I O N S I N V O L V I N G M E T A S T A B L E A T O M S . S E T S E R A N D 

S T E D M A N 6 , 7 H A V E D E T E R M I N E D P R O D U C T INTERNAL S T A T E 

D I S T R I B U T I O N S F R O M T H E R A D I A T I V E T R A N S I T I O N S OF N 2 

E X C I T E D B Y M E T A S T A B L E A R G O N A T O M S ( 3 / * 2 , O ) I N A D I S ­

C H A R G E - F L O W S Y S T E M . T H E R E A C T I O N S I N V E S T I G A T E D W E R E 

A R E J P 2 , O ) + N 2 ( X 1 V ^ = 0 , Y ) - > N 2 * ( U ' , 7 ' ) 4 - A R ( 1 5 O ) . 

( 1 ) 

A N A L Y S E S 6 - 8 OF T H E N 2 * FIRST A N D S E C O N D P O S I T I V E E M I S S I O N S 

I N D I C A T E THAT T H E P O P U L A T I O N D I S T R I B U T I O N S OF T H E L O W E R 

V I B R A T I O N A L LEVELS I N B O T H T H E N 2 ( C 3 I I U ) A N D N 2 ( 5 mo) 

S T A T E S DIFFER F R O M T H O S E E X P E C T E D FOR F R A N C K - C O N D O N 

T Y P E E X C I T A T I O N P R O C E S S E S . I N A D D I T I O N , A N O N E Q U I L I B -

R I U M ROTATIONAL P O P U L A T I O N I N T H E N 2 ( C 3 L T U , I / = 0 ) 

S T A T E W A S O B S E R V E D . 7 8 T H E P O S S I B I L I T Y OF A M E C H A N I S M 

I N V O L V I N G A R N 2 * C O M P L E X F O R M A T I O N H A S B E E N P R O ­

P O S E D , 7 S U G G E S T I N G T H E A P P L I C A B I L I T Y O F T H E STATISTICAL 

P H A S E S P A C E M O D E L 9 T O T H E C O M P U T A T I O N OF P R O D U C T 

INTERNAL E N E R G Y D I S T R I B U T I O N S . T H I S M O D E L H A S B E E N 

A P P L I E D TO A N U M B E R OF I O N - M O L E C U L E R E A C T I O N S 1 0 A N D 

T H E P R O D U C T S T A T E D I S T R I B U T I O N S E S T I M A T E D F R O M T H E 

STATISTICAL T R E A T M E N T C O M P A R E F A V O R A B L Y W I T H T H O S E 

M E A S U R E D FOR T H E R M O N E U T R A L O R SLIGHTLY E X O T H E R M I C 

R E A C T I O N S . 1 0 8 T H E P R E S E N T S T U D Y A P P L I E S T H E STATISTICAL 

M O D E L TO THE D E S C R I P T I O N OF E N E R G Y TRANSFER P R O C E S S E S 

T H A T O C C U R W H E N ELECTRONICALLY E X C I T E D A T O M S R E A C T 

W I T H NEUTRAL M O L E C U L E S . 

C A L C U L A T I O N S 

T H E CROSS S E C T I O N FOR T H E F O R M A T I O N OF P R O D U C T S T A T E 

i I N V I B R A T I O N A L LEVEL I / A N D R O T A T I O N A L LEVEL J' F R O M 

R E A C T A N T S H A V I N G A RELATIVE T R A N S L A T I O N A L E N E R G Y 

£ T R A N S IS G I V E N B Y T H E E Q U A T I O N 1 0 0 

TRANS* P i ( v ' , J ' \ E t , K ) b d b , (2) 

W H E R E Pi(v', J' \ E t , K) IS T H A T F R A C T I O N OF T H E TOTAL 

P H A S E S P A C E FOR A S Y S T E M W I T H TOTAL E N E R G Y E t A N D TOTAL 

A N G U L A R M O M E N T U M K W H I C H IS A C C E S S I B L E TO P R O D U C T 

S T A T E i I N LEVELS v A N D J ' . A D E S C R I P T I O N O F T H E M E T H O D S 

W E H A V E U S E D I N C O M P U T I N G T H E S E R E A C T I O N C R O S S S E C T I O N S 

H A S B E E N P R E V I O U S L Y P R E S E N T E D . 9 B , 9 O ' 1 0 G I N T E R A C T I O N OF 

R E A C T A N T P A R T N E R S A N D S E P A R A T I O N OF R E A C T I O N P R O D U C T S 

W A S A S S U M E D TO O C C U R U N D E R T H E I N F L U E N C E OF T H E EF­

F E C T I V E P O T E N T I A L 1 1 , 1 2 

« I « 2 

(al/Niyi^{ai/N2yi\ 

(3) 
W H E R E L IS T H E ORBITAL A N G U L A R M O M E N T U M OF T H E 

COLLISION, n IS ITS R E D U C E D M A S S , « I , N I , A N D A 2 , N 2 

R E P R E S E N T T H E P O L A R I Z A B I L I T Y A N D N U M B E R OF OUTER-SHELL 

ELECTRONS OF T H E A T O M A N D D I A T O M I C M O L E C U L E R E S P E C -
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FIG. 1. Comparison of the relative vibrational level popula­tions of the N2(C*nM) state formed in the reaction Ar*(3P2 o)+ N,(XlV, u = 0, /)->Ar(15o)-r-N2(C3nu, v'). The open squares represent the experimental data of Ref. 6 while the closed circles are the vibrational populations, summed over which are calculated using the statistical model. The solid curve represents the Franck-Condon factors of Ref. 20 for the transition N,(A'->C). 

TIVELY, m e IS THE ELECTRON REST MASS, AND e IS THE ELE­
MENTARY CHARGE. THE POLARIZABILITIES OF THE EXCITED AND 
GROUND STATE AR ATOMS WERE TAKEN AS 48.4 A3 AND 
1.64 A3 FROM THE WORK OF POLLACK el al.13 AND THE TABU­
LATION OF DALGARNO.14 A POLARIZABILITY OF 1.76 A3 WAS 
USED IN THE CASE OF N 2. 1 5 THE VALUES OF OTHER POTENTIAL 
PARAMETERS USED IN THE PHASE SPACE COMPUTATIONS ARE 
LISTED IN TABLE I FOR THE VARIOUS ELECTRONIC STATES OF 
NITROGEN. 

IN ORDER TO COMPARE THE RESULTS OF THE STATISTICAL 
PHASE SPACE MODEL WITH EXPERIMENTAL MEASUREMENTS 
OBTAINED FROM REACTIONS CARRIED OUT AT MODERATELY 
HIGH PRESSURES, WE HAVE ASSUMED THE ENERGY OF REACTANT 
SPECIES TO BE EQUILIBRATED AT THE TEMPERATURE OF THE 
SURROUNDINGS. ACCORDINGLY, CROSS SECTIONS OBTAINED 
FROM EQ. (2) HAVE BEEN AVERAGED OVER THE REACTANT'S 
KINETIC AND ROTATIONAL ENERGY DISTRIBUTIONS TO OBTAIN 
THE SPECIFIC RATE CONSTANT16 IN EACH OF THE CHANNELS 

ki,„'.j'=Qj-1 £ / / ( Z / + D exp(-Ej/kT) O T M ) - 1 " 

X ( 2/*Zr" f '*i(E*m, v',J') 

X£tran3 EXP(— Etrlka3/kT)dE trans (4) 

WHERE fj IS THE DEGENERACY OF THE REACTANT ENERGY LEVEL 
AND Qj IS THE PARTITION FUNCTION. VALUES OF INITIAL 
iV 2(X%+ V=0, J ) ROTATIONAL LEVELS FROM J = 0 TO 

20 WERE CONSIDERED IN THE EVALUATION OF (4) AND INTE­
GRATION OF THE CROSS SECTIONS OVER THE MAXWELLIAN 
DISTRIBUTION FROM 0.0 TO 2().0kT WAS PERFORMED USING A 
74 POINT NUMERICAL TECHNIQUE.17 THE RELATIVE POPU­
LATION, NiiV>j>, OF PRODUCTS FORMED IN LEVEL v, J' OF 
CHANNEL i IS TAKEN TO BE PROPORTIONAL TO THE SPECIFIC RATE 
CONSTANT FOR THE FORMATION OF THAT QUANTUM STATE. 
CONSIDERATION OF THE INFLUENCE OF POSSIBLE SPIN STATES 
OF METASTABLE AR* REACTANTS MUST ALSO BE INCORPORATED 
INTO THE COMPUTATIONAL FRAMEWORK WHEN COMPARING 
THE PREDICTIONS OF THE STATISTICAL MODEL WITH EXPERI­
MENTAL RESULTS OBTAINED USING DISCHARGE6 TECHNIQUES. 
METASTABLE ARGON ATOMS MAY BE FORMED IN EITHER THE 
zP-i OR 3P 0 SPIN STATES BY A LOW-POWER, HOLLOW DIS­
CHARGE.6,7 THE ENERGY DIFFERENCE BETWEEN THESE STATES18 

IS SUFFICIENT TO ALTER THE CALCULATED INTERNAL ENERGY DIS­
TRIBUTIONS OF THE PRODUCTS. CONSEQUENTLY, Ni,v>j< 

HAVE BEEN COMPUTED FOR REACTIONS INVOLVING BOTH THE 
3 P 2 AND 3Po SPIN STATES OF AR AND COMBINED ACCORDING 
TO THE STATISTICAL WEIGHT19 OF EACH REACTANT STATE: 

Ni.v>.j> = hlSNi.„.,j.(*P2)+Ni,V',j.(*Po)'], (5) 

TO GIVE AN AVERAGED PROBABILITY FOR THE FORMATION OF 
STATE v , J' IN CHANNEL i. 

FOURTEEN POSSIBLE REACTIVE CHANNELS AND FOUR DIS­
SOCIATIVE CHANNELS WERE CONSIDERED IN THIS CALCULATION: 

Av*(3P2,3P0) + N 2 (X %+, v=0, J) 

-+AR*(3/J

2) + N 2 (X %+, v', J') +0.000/0.175 EV (6) 

-+AR*(3A) + N 2 ( X %+, v', J') +0.175/0.000 EV (7) 

-+AR( 1 S 0 )+N 2 (X%+, v',J') +11.548/11.723 EV (8) 

-•AROSO) + -V2(,4 32M+ v', J') + 5.383/5.558 EV (9) 

-^AR(%)+N 2(I? 3ND, v', /')+4.195/4.370 EV (10) 

->AR(%)+N 2( 3AM, v',J') +4.05/4.22 EV (11) 

->AR(1.S<,)+N2(£'32LR, v', J') +3.386/3.561 EV (12) 

-^AR( 15 0)+N 2(A / v', J') +3.244/3.419 EV (13) 

-^AR( 15 0)+N 2(A 1N {„ v', J') +3.000/3.175 EV (14) 

->AR( 15 0)+N 2(W 1A„, V', J') + 2.659/2.834 EV (15) 

->AR(150) + N 2 ( % + v',J') +1.93/2.10 EV (16) 

-^AR(150) + N 2(C 3N U , v',J') +0.516/0.691 EV (17) 

-^AR( 15 0)+N 2( JE%+, U',/')-0.326/-0.151 EV (18) 

->AR( 1 5 0 )+N 2 (C / 3 N U ,U',7 , )-0.546/-0.371 EV (19) 

-> AR (^ 0) + N (4S0) + N (4S0) (20) 

->AR(^0) + N(45O) + N ( 2 A ) (21) 

-+AR( 1SO)+N( 45 0)+N( 2

JP 0) (22) 

->AR(150) + N ( 2 A ) + N ( 2 A ) . (23) 
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Table I. Spectroscopic parameters of molecular nitrogen. 

"«b ««x«b *.b «.b 

State" (cm-1) (cm"1) (cm"1) (cm"1) (A) (eV) 

X %+ 2359.6 14.46 2.010 0.0187 1.094 9.756 
A 82 u+ 1460.4 13.89 1.440 0.013 1.293 3.591 
B m t t 1734.1 14.47 1.638 0.018 1.212 4.790 

3A U 1490.° d 1.45° d 1.28" 4.64-= 
B' 3 2 u " 1517.7" 11.0" 1.467* d 1.281" 5.170 
a' *2," 1530.25" 12.075" 1.4799* 0.01657* 1.270" 6.219" 
a m g 1694.20' 13.949' 1.6169' 0.01793' 1.215' 5.975' 
w 1AU 1560.1 11.9 1.498" 0.0166" 1.263" 5.634 

>2/ 12.-= d 0.94« d 1.6° 0.14° 
c m u 2035.1 17.08 1.826 0.019 1.148 1.111 
E % + 2184.5 d 1.92 d 1.12" 0.61h 

c/8n. 1395." d 1.05 d 1.51h 0.12h 

» A. Lofthus, "The Molecular Spectrum of Nitrogen," Spectry. Rept. 2, Dept. Phys., Univ. Oslo, Blindern, Norway, 1960. 
b G. Herzberg, Molecular Spectra and Molecular Structure I. Spectra of Diatomic Molecules (Van Nostrand, Princeton, N. J., 1950). 
0 R. S. Mulliken, in Threshold of Space, The Proceedings of the Conference on Chemical Aeronomy, edited by M. Zelikoff (Pergamon, 

New York, 1957), p. 169. 
d For the purpose of this calculation, the values of these parameters are assumed to be zero. 
• S. G. Tilford, P. G. Wilkinson, and J. T. Vanderslice, Astrophys. J. 141, 427 (1965). 
' J. T. Vanderslice, S. G. Tilford, and P. G. Wilkinson, Astrophys. J. 141, 395 (1965). 
* Estimated from rt. 
h R. F. Gilmore, J. Quant. Spectry. Radiative Transfer 5, 369 (1965). 

were compiled from the spectroscopic constants listed 
in Table I and used in the statistical model for the 
reaction channels (6)-(23). 

R E S U L T S A N D D I S C U S S I O N 

The relative vibrational populations, Nv>, for the 
N2(C3LTU, v') state formed via channel (17) have been 
calculated using the statistical formalism and are pre­
sented as the solid circles in Fig. 1. As seen in this 
figure the computed vibrational population does not 
drop off with vibrational quantum number as rapidly 
as the experimental data of Stedman and Setser,6 

which are displayed as the open squares. Franck-
Condon factors20 for the transition N 2(X % + , u=0)-> 
N 2(C 3II U, i/)> scaled to unity, are represented in this 
figure as a solid line. The coincidence for this particular 
reaction of the population distribution calculated from 
the phase-space theory and that predicted for Franck-
Condon type transitions is purely fortuitous since the 
overlaps of vibrational wave functions for the isolated 
ground and excited state molecules are not considered 
within the framework of the statistical model. 
Further examination of the applicability of the phase 

space treatment to energy conversion processes in the 
interaction of neutral atoms and molecules is pre­
sented in Fig. 2 for the same reaction channel (17). 
In this figure, the relative rotational populations 
computed for the ground vibrational level of the 
N 2(C 3n 0) state are presented as the solid circles. 

The values of the exothermicity of each channel refer 
to the product molecule in its ground vibrational and 
rotational level, considering Ar*(3P2) and Ar*(aP0), 

in turn, as the reactant metastable specie. Vibrational 
and rotational energy levels of the product molecule 

0 10 20 30 40 50 
J' 

Fig. 2. Relative rotational level populations for the ground 
vibrational state of N'i(C3]I„) formed in the reaction Ar*(3/\. 0) + 
N 2 ( A r i V , v = 0, J)-+Ar(lS0)+Ni(C3nu, v' = 0, J'). The open 
squares and closed triangles represent the experimental data of 
Refs. 7 and 8, respectively. The corresponding population distribu­
tion calculated for the statistical model is presented as the closed 
circles. 
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IA \ • \ o, 

N,10"2 n \ 
1 1 \ -

10'3 \ 9 ~ 

10'4 \ # -

~L .... 1 1 ... 1 .... 1 .... 1 1 ... I~ 
10'4 0 5 10 15 20 25 V Fig. 3. Relative vibrational level populations of the N2(B 3nB) state formed in the reaction ArVA.o) +N2(AT l2g+, v-=0, /)-» ArOSo)-t-Nz(B*n0, v'). The open squares represent the experi­mental data of Ref. 6 while the closed circles represent the cal­culated vibrational distribution summed over J'. Franck-Condon factors of Ref. 20 for the Nz(X—*B) transition are presented as the solid curve. The dashed line represents the change in the calculated populations when N2(C3nu) —>Ni(B3n„) radiative decay is considered. The corresponding rotational data of Ref. 7, obtained in a flowing discharge, are presented as open squares. The results of Kassal and Fishburne8 for this same reaction channel are given as the triangles. Agreement between these two groups is approached in that the maximum in the rotational population distribution at J' = 17 of Ref. 7 is in reasonable accord with the local maximum of Ref. 8 at 7' = 21. These latter workers used a different type of experimental apparatus in which a high energy electron beam was used to pro­duce the metastable Ar* reactant. We note that whereas the distribution computed using the statistical treatment roughly approximates the experimental data, the calculated distribution is broader than these experiments indicate with a maximum near J' — 33. Comparisons between the experimental data and phase space computation shown in Figs. 1 and 2 for the production of vibrationally and rotationally excited N2(C3II„) molecules show the model is qualitatively correct in describing the relative product internal state distributions of this slightly exothermic reaction, although quantitative agreement is lacking. A further examination of the applicability of the statistical model to strongly exothermic reactions can be made in the case of reactions producing N2(/53LT(/) in which there is more than 4 eV to be partitioned among the various degrees of freedom in the products. The relative vibrational populations predicted by the 

phase space theory for formation of this state via channel (10) are presented as solid circles in Fig. 3 while the data of Ref. 6 are represented by open squares. Franck-Condon factors20 for the N2(X1Xa

+, u=0)—•N2(/i 3n0, v) transitions are given by the solid line. It is noted that the phase-space model predicts a larger fraction of the products to be in high vibra­tional states than would be expected if channel (10) were dominated by a Franck-Condon type excitation process and does not reproduce the large population densities measured for the lower N2(#3II„) vibrational levels. Stedman and Setser6 have examined the pos­sibility of N2(C—>£) spontaneous radiative transitions as a dominant mechanism contributing to the over­population of the lower N2(/53nff) vibrational levels. We have considered the extent to which this mechanism might apply by weighting the calculated vibrational populations for the N2 (C3IIU) state with the Franck-Condon factors21 for N2 (C—•£) transitions and adding them to the calculated vibrational populations for the N2 (Z?3LT0) state. The effect of including the radiative mechanism on the calculated relative vibrational populations of the N2 (B3Ilg) state is represented by the dashed line in Fig. 3. Although consideration of the radiative cascade does lead to a slight enhancement of population in the lower vibrational levels, we find, as did Ref. 7, that N2 (C—radiative transitions do not significantly perturb the vibrational distribution of the N2 (B 3n„) state. The statistical phase space model predicts a total cross section on the order of 7 A2 for thermal reactions producing the N2(B3U0) state while that for the corresponding reaction forming the N2(C3n„) state is 0.15 A2. Setser et al.7 have measured the C/B state ratio to be approximately 0.13, whereas 
1.0 0.9 0.8 
o.7 ; 

0.6 
N,,Q5 ; 0.4 . 0.3 . Q2 . 0.1 . Q-Oi I I., 1 21 41 61 81 101 J' Fig. 4. Calculated relative rotational population distribution for the N20#3nfl, v' = 0) state formed in the reaction Ar*(3P2,0) + N2(Xl2B+, v = Q, 7)-.Ar(15o)-(-N2(Z?3nff) v' = 0, /')• Only the odd rotational levels are shown. 
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the present calculations indicate a value of 0.02. The 
larger computed cross sections for N 2 ( f l 3 II 0 ) formation 
relative to that of the N 2 (C 3 I1~ U ) state is not surprising 
in view of the larger exothermicity of the N 2 ( # 3 L T e ) 
reaction which tends to statistically favor this reaction 
channel. The inability of the statistical model to cor­
rectly predict the cross sections for forming products 
in energetically accessible electronic states has been 
documented. 1 0 f W o n g 9 K has recently noted a failure of 
the phase space model in predicting the vibrational 
distribution of products from the reaction of CI with 
H I . The rotational phase space distribution of 
N 2 ( />' ; i H„) products from the strongly exothermic 
(4 .195/4 .370 eV) channel (10) is presented in Fig. 4 
for the v' — () level. In this reaction channel there is a 
lack of experimental data with which to compare the 
computed distribution. The lifetime of the N 2 ( £ 3 I I ( / ) 
electronic state is sufficiently long ( 7 X 1 0 - 6 sec) for 
rotational relaxaiion to occur in a flowing discharge 
experiment prior to spectroscopic observation of the 

transition. Population of high rotational levels 
in the phase space model is consistent with the large 
amount of available energy in this reaction channel. 

Previous comparisons of the statistical model with 
measured internal state distributions of products from 
rare gas ion-No interactions1 0^1 0*5 , 2 2 have indicated devi­
ations between experiment and theory in the case of 
moderately or strongly exothermic reactions and 
agreement for thermoneutral or slightly exothermic 
interactions. The analogous A r * - N 2 case examined here 
exhibits a similar trend. The redistribution of energy 
into product internal degrees of freedom does not occur 
statistically for the strongly exothermic N 2 ( / $ 3II„) 
channel, whereas product internal state distributions 
are in qualitative agreement with experiment, for the 
slightly exothermic N 2 ( C 3 n „ ) channel of reaction. 

* Acknowledgment is made to the National Science Foundation 
for partial support of this research. 
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