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Expressions for the interaction between covalent (A+B) and inonic ( A - +  B +) terms in their 
pseudo-crossing point are obtained. Illustrating calculations are done for the excitation of K (as ~ zp) 
by Nz. 
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. 

In collisions of atoms and molecules the probabilities of different processes 
with electron transfer are often determined by exchange interaction between 
ionic and covalent terms at their pseudo-crossing point [-1]. Examples are charge 
transfer between negative and positive ions [1] and vibrational transitions in 
the quenching of alkali metals by N2 (see Refs. [-2, 3] and the works cited there). 

Consider the process 

A-  + B+--+A+ B (1) 

Let the action range O of the effective interaction V A between the active electron 
and the particle A is small compared with the interatomic distance R. Here two 
cases are possible, a) A-  is a stable ion with electron affinity E , =  ez/21. Then 
pseudo-crossing of terms takes place at Ro ~- R, = (I B - E,)- 1 (1B is the ionization 
potential of B and we assume that 1B > E,) ,  that is A is in the classically forbidden 
region for the valence electron of B. b) A-  is a quasistationary state with corre- 
sponding resonance energy E. = k2/2. Under the influence of the ion B + this 
ionic state becomes stable (when R < E~- 1) and when R o -~ R, = (I B + E,)- ~ (i.e. A 
is in the inner region of B) pseudo-crossing of covalent and ionic terms takes 
place. 

The first case was considered in the works [4-6]. In Ref. [-4] h-representation 
for VA was used and by means of Coulomb Green's function the level splitting 
of hydrogen atom at large distances (Ro >> IB- 1, E~- 1) was investigated. The result 
of Ref. [5] is valid only if m = 0 and (I  B - E,) / IB ~ 1. The result of Ref. [6] is not 
correct (e.g. the coefficient Co in [-6] tends to infinity at the crossing point). Some 
particular situations belonging to the second case were studied in Refs. [-2, 3, 7, 8]. 

a Unless otherwise specified, atomic units are used. 
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In Ref. I-9] the general formula for the splitting A E of adiabatic terms at the 
pseudo-crossing point has been obtained 

AE ~_ 2 A U/( I -ISABI 2) (2) 

(3) 

where SQ is the spere surface (in the coordinate space of the active electron) of 
the radius Q around the atom A, ~PA and ~PB are unperturbed electronic wave 
functions, SAB is their overlap integral. 

Consider first the one-electron approximation. Then ~pB=zB(r')Y~M, 
lp A = ZA(r ) y A ,  where ZB is the radial function of the valence electron with distance 
r' from B, XA is the radial function of the ion A- ,  YffM and Y/~ are the corre- 
sponding spherical harmonics (the quantization is referred to interatomic axis 
AB). When r > Q in the first case we have 

ZA = ~ -  kL(~r) (4) 

ZB = ZB(Ra) exp (fir cos 0) (5) 

and in the second case we have 

1 [sincSOjf,(k,r) + coscSO nL(knr)] (6) 

ZB =Z0 cos(k, r .  cosO)-~- Z1 sin(k, r-cosO) (7) 

where C is the constant which determines the asymptotic behaviour of ZA, F, 
is the width of quasi-stationary state, j~, n~, k~ and further i~ are modified spherical 
Bessel functions multiplied by their arguments, r and 0 are the coordinates of 
the electron of with respect to A, 6 o is the "potential" scattering phase, Z0 = zB(R,), 

ZI = k -  1 dzB(Rn) In the quasiclassical approximation fl2/2 =- I B - R~ 1, k2/2 
dr' 

= R~-1_ ia and fl coincides with a and k coincides with k,. The expression (6) 
corresponds to the normalization of ~A to unity in the action region of V A [t0]. 

When calculating A U it is convenient to transfer the functions of B to the 
new center A. This transformation is given by the formula (8) below which is 
not difficult to obtain using the properties of spherical functions [11, 12] 

cos(k �9 r .  cos0) pLM(B) --~ QLM ~ (-- 1) l (4 /+ 2M + 1) PM+M(A)j21+M(kr), 
l=o (8) 

o f )  

sin(k, r .  cos0) Pff(B) ~ QLM ~ (-- 1); (4 /+  2M + 3) p~l+M+l(A)j2z+M+l(kr 
l=O 

where pM is associated Legendre polynomial (here it is supposed that M => 0), 
QLM = (L + M)! [M!(L  - M)! (2kRo) M kr]-  1. 
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As a result we have 

A U =- IJ(L, L, M)I 6~u 

where J does not change if M ~  - M  and when M > 0 

7Z 
J = ~ -  C zB(R~) T(L, L, M) 

for the first case and 

(9) 

(lO) 

j=l cos: (LL.) if L- - .+2 .  
(11) 

V k~. ] . 2  Z~, if L = M + 2 n + I ,  n = 0 , 1 , 2 , . . .  

for the second case, 

T ( L , L , M ) =  [(2L + 1)(2L + 1)(L + M)!(L + M)!] 1/a 
(L - M) ! (L - m)! - [M ! (2nRo) u]  - ~ 

and x stands for e or k. (depending on the case considered). 
As it was noted above the first case was considered in Refi [4] where 6-po- 

tential for V a was used. This approximation is valid if (in our definitions) a0 ~ 1 
and L = 0. The first two terms of series of A U were obtained using 1/R~ as a small 
parameter and one can see an additional condition of the application of the 
method [4]: (1--fl0) 2 (2flaRa)-l~ 1, flO=(2IB) 1/2. The approach under con- 
sideration makes it possible to study the more general case and in the suppo- 
sitions of Ref. [4] gives the exact expression for A U. 

. 

Let the outer shells of B and A- contain several equivalent electrons with 
orbital quantum numbers l B and l-. Then for the construction of many-electron 
wave functions one should use the coefficients of fractional parentage (see e.g. 
Ref. 1-13]). If the states of the particles under discussion are described b y  the 
following quantum numbers - A: L A, ML n, S A, Msn; B: L B, ML B, S a, MB; B+: L + , 
M [ ,  S +, Ms + ; A-  : L - ,  M{,  S- ,  Ms-- then one can obtain 

where 

W -  [(2LB + 1)(2SB+ l ) (2L-  + 1)(2S- + 1)] ~/2 ~-SBL~ ~_S-L- ~JS+L+ ~.IsALA 

.(. : ) ( .  l- "1 M [  mB M~ M~ m-  M [  ' 

m B = M~ - M § I ~ = M~ - M~-, rn- = M E ~ MAL, # -  = M s - - M s  A, GsL~g is the 

corresponding coefficient of fractional parentage, C : :) is the 3j-symbol. 

In the case when spin-orbital interaction can be neglected, total spin and its 
z-component (S c, M} for the state A + B and S i, M~ for the state A - + B +) may be 
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considered good quantum numbers for the quasi-molecule AB. Then 

A U = W s A  S c _ J ( l  ~, 1- ,  5r.Br~- (~ScSiSU~Mis (13) 

It should be noted that if the quantization of the orbital momentum of A- 
is referred not to the axis AB but to some other axis n (where ~ is the angle be- 
rween the axes) then Kroneker symbols 5#M and 5mB,~- in (9, 12, 13)should be 
replaced by the absolute values of the rotational matrix elements [D}~(~)[ and 
D~t~) (~)l (the expressions for them are given in Ref. [14]). 

. 

In particular the excitation of K(zs~2P)  by N2 is now considered. Experi- 
mental study of the scattering of slow electrons by N2 [ 15] has shown the existance 
of quasistationary N2 states. A mechanism of N2 formation has been investigated 
in theoretical [16, 17] and experimental [,-18] works. It has been shown that 
the N f  ion is formed in the 2II o electronic state and that this quasi-stationary 
state is ensured by a centrifugal barrier with L = 2. The dynamics of the K-Nz 
collision have been investigated in Refs. [-2, 3]. For the excitation cross section 
a e one can obtain the following expression 

~ 7zR-~--2~ i Pe(E,) dE, (14) 
E Eo 

where E is the relative kinetic energy, R, is the pseudo-crossing point of covalent 
(2S) and ionic terms, E0 is the threshold energy which is equal to the excitation 

6e( ,~z)  ~ x 
O 
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Fig. 1. Cross sections for excitation of K by N 2 as a function of relative velocity. Theory: - - ;  experi- 
ment:  �9 Ref. [21], �9 Ref. [22], • Ref. [23]. Measurements  are normalised to absolute calculations 
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energy of K, Pe is the excitation probability, Er is the radial kinetic energy at the 
pseudo-crossing point. For this calculation we use Y, = 0.2 eV, the wave function 
as given in Ref. [19], 6~ .p.  k,2/105 [20] where p is the polarizability of N2. 
Then we obtain for the interaction between different covalent and ionic states 
(see Ref. [3]): [A Us[ 2 "~ 4a0-4 cos2O sin 2 9, [A U o ]  2 ~--- 5.71o-, cos2~ sin2,9, [A Ux + 12 
~- 0.3410-4 (1 - 2cos 2 9)z, IA U(  12 -~ 0.341o-4 cos2 ~9 and R s = 5.7, R 1 --- 6.8, R 0 = 7.5, 
R~ and Ro are the pseudo-crossing points of final covalent (z17 and 2Z) and ionic 
terms. In Fig. 1 the calculated a e is compared with the experimental data from 
Refs. [21-23] where ae has been measured in relative units. 

It is to be emphasized that the possibility of the intermediate inonic state 
formation should be taken into account when considering the collisions of atoms 
with the weakly bound electrons with molecules which are able to form temporary 
negative ions (e.g. H 2, N2, CO [-18]). 

In conclusion the author expresses his gratitude to Prof. E. E. Nikitin for the discussion of this work. 
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