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An exactly solvable model is constructed for the description of the processes that take place when a slow 
electron collides with a diatomic molecule (vibrational excitation, associative detachment, and dissociative 
attachment). As a particular model of the variant, the case of an antibonding (virtual) state of an intermediate 
state is considered, and a term of this state is parametrized in a very simple manner. The vibrational excitation 
and dissociative attachment are calculated for a system corresponding to the HCl molecule. The results are in 
good qualitative agreement with experiment. 

PACS numbers: 34.80.G~ 

1. Vibrational excitation of diatomic molecules plays 
an essential role in the kinetics of a low-temperature 
gas-discharge plasma. Experimental investigation of 
this process i s  frequently very complicated.' In par- 
ticular, great difficulties a re  encountered in the study 
of hydrogen halide molecules because of their chemical 
activity. Particular interest in this molecules was 
arousedby experiments2 in which sharp threshold peaks 
were observed in the vibrational-excitation cross sec- 

characterize the interaction of the nuclei in a neutral 
molecule. The electron is described by the variable r 
and interacts with the molecule through a long-range 
potential V(r) that is independent of the variable R, and 
a separable potential that depends on this variable; 

~ ~ = - ~ l , a ~ l a t + v ( r ) .  

The functions q( r )  and V(r) will be assumed real and 
spherically symmetrical. 

tions. These singularities were attributed in the first 
In the immobile-nuclei approximation, the system (1) studies to  the long-range interaction of the molecule 

and the electron, an interaction determined by the elec- has a continuous spectrum (with respect to the elec- 

t r ic  properties of the molecule. However, observation tron coordinate) with end point 

of similar singularities also in the cross sections for uo ( R )  =1(1+1) /2MRa+MoaRz12 (2 
vibrational excitation of the symmetric molecules SF6 

and a bound state (as R-- -1. The bound-state term i s  and CHI (Ref. 3) has led to  a new explanation based on 
determined by the set of equations the concept of the virtual intermediate state4 analogous 

to  the known compound state of the N, molecule. The 
term of the molecular ion HC1- was calculated by the 
stabilization m e t h ~ d . ~  The result of that study can be 
treated6 as indirect evidence of the virtual character 
of the HC1' complex. The process e +HF was also 
calculated and the results agreed qualitatively with ex- 
periment.' The last cited references considered elec- 
tron scattering by the charge distribution in the HF 
molecule, and the intermediate HF' state was not in- 
vestigated. 

The problem of theoretically investigating the singu- 
larities of vibrational excitations via a virtual inter- 
mediate state was discussed in Refs. 11-14. The most 
advanced is the investigation of an exactly solvable 
m0de1'~"~ in which a parabolic approximation is as- 
sumed for the potential well of the molecule, as  well 

At a certain Ri the function &(R,) = O  and the term T ( R )  
crosses the boundary of the continuous spectrum Uo(R). 
It will be shown below that all the physical character- 
istics of the system are determined by the term T and 
do not depend explicitly on the "bare" constants 0 ,  Ro, 
qo(r), and V(r). 

The proposed model satisfies the following three re- 
quirements: 

1) the quantum character of the nuclear motion is ex- 
plicitly taken into account; 

2) the character of the term that goes off to the con- 
tinuous spectrum remains sufficiently arbitrary; 

a s  a separable approximation for the description of the 
3) all the channels of the process can be calculated 

states of the discrete and continuous spectra. simultaneously and without any additional approxima- - - 

We propose in this paper a model that permits an ex- tions, including the dissociative-attachment and as- 
analysis of the role of the intermediate antibonding sociative-detachment reactions. 
(virtual) state in vibrational excitation processes. This 

Only one exactly solvable model satisfying the first model is similar to the one proposed and i s  
requirement was proposed p r e v i o u ~ l ~ , ' ~  but the term in specified by the Hamiltonian (in atomic units) 
that model was taken to be practically single-valued and 

1 a2 - M d R Z  1(1+1) was not realistic enough. 
H = - - - + H a + - + -  

2M aRZ 2 2MR2 
+p(RZ-RaZ)Iq)(cpl .  (1) 

2. We seek the solution of the eigenfunction problem 
Here R i s  the distance between nuclei, M is the reduced 
mass of the nuclei, and 2 and w are parameters that H I Y ( R ) ) = E I Y ( R ) ) ,  I Y ( 0 ) ) = 0 ,  (4) 
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in the form of the ser ies  we can get rid in (12) of the parameter 8: 

where 

X. ( R )  = ( M o ) " [ 2 n ! / r  (n+l+=/,)1 exp ( - R Z / 2 )  L,'+'"(R2), 

R=R(Mo)'".  

T o  determine the vectors I c d  we have the following 
system of equations: 

We consider first the process of inelastic scattering 
of an electron having an energy 6 and a wave vector q 
by a molecule in an initial vibrational state no, E = E 

+ E,. This process is described by a solution of (6) in 
the form 

where 

E,=E-E., (Ro-e) 1 5 q ) ~ ,  
I 5.)-eiq'+f (8) e'('lr, 8= (q, r) , 

(Ti(€)  - (Ho-e*iO) -I, 

f(8) is the amplitude of the potential scattering for the 
Hamiltonian Ho. Substitution of (7) in (6) leads to the 
recurrence relations (RR) 

It is convenient t o  introduce the sequence 

which satisfies the RR 

and depends thus only on the t e rm T(R). The solution of 
(10) can be easily obtained with a computer by substi- 
tuting the correct boundary conditions. These condi- 
tions depend on the formulation of the problem and will 
be discussed below. For the time being we shall show 
that from the known solution of (10) we can determine 
the cross  sections for the inelastic processes. 

Let us find the number of electrons having an energy 
E ,  and passing per unit time through a sphere of suffi- 
ciently large radius, in a state 

We have 

We obtain thus for the cross  section of the vibrational 
transition no- n 

Taking into account the connection (9) between a, and b ,  

4n 
a,,.,, =7(Mo)21mRZ(e , ) Im RZ(e,)  Ib,la. 

k, 
(1 3) 

The c ross  section Ow, ,,,, of the elastic transition is cal- 
culated similarly, but in the course of the calculation 
which must take into account the interference between the 
electrons scattered by the potential field V ( r )  and the 
electrons elastically scattered a s  the result of the ac- 
tion of the resonant mechanism. 

3. We turn now to  the RR (10). A unique determina- 
tion of 4, from this system of equations is possible only 
if two additional conditions a r e  imposed. The first hi 
= 0, is implied in the formulation of the problem. The 
second condition is connected with the asymptotic be- 
havior of b,, a s  n - w. Next, to  investigate the inf lu- 
ence of the virtual intermediate state, we specify the 
model more concretely, putting 

With decreasing internuclear distance R,  the roots of 
Eq. (14) move in the k plane along the imaginary axis 
towards each other, and at Ri = (RZ0 + k v ~ w ~ a ! ) ' ~  the 
branch corresponding to the bound state a s  R -- 
crosses  the boundary of the continuous spectrum and 
goes over to the unphysical energy sheet. At R =Ro the 
two roots of (14) meet at the point =-ikO, move a- 
part ,  and form the well known "cross" of the potential- 
scattering theory. We note that Eq. (14) can be obtained 
from (3) at 

V ( r )  =O, cp ( r )  =(kal2n)" exp ( -kor ) ,  p=Moza/2. (15) 

In the case under discussion, the RR (10) have a s  n - .o two independent solutions with asymptotics 

b,*-n-" exp (;ti (rzcp+6n'"+y In n ) )  [ l+O (n-") ] ; 
cos p= l - l la ,  ( ~ 1 0 ,  6=2'"ko/(2tz-I)'"; (16) 

y= [~R,'-E-k~'/(2~-1)]/2(2a-l)'~. 

If a! < 1/2, one solution increases exponentially with in- 
creasing n and i t s  presence in b ,  makes (5) meaning- 
less. Therefore at a! < 1/2 it is necessary to require 
that the solution of (10) decrease a s  n - w. If, however, 
a! > 1/2, the two independent solutions of (10) decrease 
slowly a s  n-- w and it becomes necessary to  investi- 
gate the problem in greater detail. As shown in the Ap- 
pendix, a slow decrease of b ,  corresponds to a de- 
crease  of the term T(R) a s  R -  w ,  i.e., it is due to a 
new channel that appears in the system, namely the 
dissociative- attachment (associative- detachment) chan- 
nel. The following connection exists between the asym- 
ptotic form of the solution of (10) a s  n- w: 

and the asymptotic wave function of the system a s  R - 00:  

where I !V*) describe the quasiclassical motion, a s  R - w,  of the system in the bound state: 

I Y , ( R ) ) = [ ) % ] - I h [ 2 ~ ( . E - T ( ~ ) )  ] - ' ( ( P I E + ( ~ ( R ) ) I + - ' K *  
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(the functions 1 @*) are normalized to a unit flux with 
respect to the nuclear coordinate and to one particle 
with respect to  the electron coordinate). The corre- 
spondence between the coefficients B, and A, is estab- 
lished in the Appendix: 

Thus, if we consider inelastic scattering of an elec- 
tron having an energy & by a molecule in the state no, 
then a s  R -  the wave function of the system should 
contain only the outgoing wave I *+). It is necessary 
therefore to  require for this problem that B+ =O. This 
is in fact the second boundary condition for (101. If, 
however, the associative- detac hment process is con- 
sidered, we have as  R - = 

and it must be assumed in place of (7) that 

We have then for the coefficients a, the following RR: 

@.=MoR2(e.) a",. (22) 

Comparing the behavior of the solution of the RR (22) 
at large n with (19), we obtain the coefficients B, and 
determine the elastic-scattering probability: 

For the associative-detachment cross section with 
formation of a molecule in a vibrational state n we have 

4. The model described above was used for a system 
similar to e + HC1. The model parameters were chosen 
with allowance for the calculation of the HC1- term5 and 
for the data on dissociative attachment.15 The results 
of our calculations are shown in Figs. 1 and 2 and in 
Table I, which give the parameters a, 1 ,  and Ro of the 
model and the characteristics of the term of the bound 
state, viz., the point of its departure to the continuous 
spectrum Rl, the energy El at this point, reckoned 
from the ground vibrational state of the molecule, the 
position R,,, of the maximum of the term, and the val- 
ue of the energy at this maximum, reckoned from the 
ground vibrational state of the molecule. The values of 
El and Em,, cannot be determined very accurately from 

F I G .  2 .  Probability IA, 1' (in arbitrary units) of dissociative 
attachment to the first and ground vibrational levels vs the 
electron energy. The parameters corresponding to the curves 
are listed in Table I. The circles show the experimental data 
of Ref. 15. 

the numerical calculation of Ref. 5, which yields El 
= 0.6 eV and Em,,= 0.65 eV. Comparison of the calcu- 
lation results with the experimental data and with the 
calculation results of Ref. 13 suggests that, the rough 
initial approximation (14) notwithstanding, the model 
yields relatively good results. 

APPENDIX 

Let us establish the connection between the asymp- 
totic form (1 7) of the solution of the RR (10) and the 
asymptotic wave function I @@I) as  R-  - [ ~ q .  (18)). 
We consider the expression (p I @(R)) ,  the series (5) 
for which contains, by virtue of the slow decrease of a, 
as  n- =, a quadratically nonintegrable term. It is easy 
to verify that to determine the asymptotic form of the 
considered expression it suffices to investigate the 
asymptotic behavior of the series - 

u+(R) = z ~ . + x . ( R ) .  ( A l l  

Since the e r ror  of (16) i s  such that allowance for it in 
( A l )  replaces u* by a quadratically integrable function, 
the principal term of the asymptotic form of u* i s  de- 
termined by the series 

u+ ( R )  -exp ( -RZ/2)  a'+' n* exp ( i ~ n + i b n ' ~ )  L,'+"(Ra), 
"-0 

This series can be summed with the aid of the integral 
representations 

'+" 
exp (i6n") = - 5 r ( s )  (-i6)-Bn-"2 ds, 

2ni 

6 ,  at. un. 

TABLE I. 

FIG. 1. Cross section for vibrational excitation of the ground 
vibrational state of a molecule vs the electron energy. The 
parameters corresponding to the curves are listed in Table I. 
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and the formula 

In the upshot we obtain 

This asymptotic form must be compared with the asym- 
ptotic form of (19). The comparison leads indeed to 
Eq. (20). 
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