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Charge exchange of molecular ions on molecules is discussed in the framework of the theory of 
sudden perturbations, which permits one to take into account over a wide range of kinetic energies 
of the collision and in simple analytical form the influence of the vibrational structure of the 
colliding particles on the probability of charge exchange. The results of the analytical calculations 
are compared with numerical calculations for the simplest molecules H z  + H,. 

PACS numbers: 34.70. + e 

1. In this work we investigate the charge exchange of a 
diatomic molecular ion on a neutral molecule with 
allowance for transitions between vibrational states in the 
molecular ion (v,-+v;) and in the molecule (v-+vl) in the 
charge-exchange process: 

ABf (v,) +CD (u) -AB (v') +CD+ (v,') +AE. (1) 
Here 

where I, and I, are the binding energies of the outer electron 
respectively in the molecules AB and CD which are in their 
vibrational ground states (v = v' = 0); wy , w,f and wy , w; 
are the vibrational quanta in the molecule and molecular ion 
respectively before and after charge exchange; v and v' are 
the vibrational quantum numbers before and after charge 
exchange. Here and everywhere below we use the atomic 
system of units: e = f i  = me = 1. 

The theory of charge exchange of an electron in colli- 
sion of structureless atomic particles, developed on the basis 
of the asymptotic method, permits simple analytic expres- 
sions to be obtained for the probability of charge exchange of 
an ion on an atom and permits calculation of the cross sec- 
tion for such processes with an accuracy exceeding the accu- 
racy of present-day experiments. However, generalization of 
this theory to molecular particles encounters significant dif- 
ficulties due to the fact that transfer of the electron is accom- 
panied by changes in the vibrational structure of the collid- 
ing molecules. Allowance for the motion of the nuclei in the 
molecular particles complicates the investigation of the 
charge-exchange process, since reaction (1) becomes sub- 
stantially single-channel. Numerical integration of the cum- 
bersome system of equation~l-~ which describes the dynam- 
ics of the system (1) is rather complicated and laborious1 
even for such a simple system as H z  + Hz. In the work of 
Evseev, Radtsig, and Smirnov6 an analysis was carried out 
for the first time, in the framework of the asymptotic theory, 
of the various mechanisms of transitions between nuclear 
states of the particles in the charge exchange of a molecular 
ion on the molecule proper, which permitted establishment 
of those regions of collision energy E where it is possible to 
find analytic solutions of the system of equations describing 
the resonant charge-exchange process. Ivanov and Koz- 
hushner7 have attempted to take into account the influence 

of vibrational and rotational degrees of freedom of the nuclei 
of the molecules on the electronic motion in the process of a 
sub-barrier transition from one atomic core to the other, by 
means of the nonstationary asymptotic method.' However, 
the nonadiabatic representation used in the article for the 
wave function of the molecular system before and after 
charge exchange is justified only in the far asymptotic region 
of the electron distribution, which makes practically no con- 
tribution to charge exchange. 

In the present article we propose a mechanism for the 
charge-exchange reaction with allowance for the vibrational 
motion, which permits analytic expressions for the partial 
probabilities and charge-exchange cross sections to be ob- 
tained over a wide range of collision energies as a function of 
the vibrational states of the molecular particles before and 
after charge exchange. 

2. For simplification of the calculations we shall assume 
that the trajectories of the centers of gravity of the colliding 
particles are rectilinear, i.e., R = (p2 + v2t 2)1'2, wherep is 
the impact parameter, v is the relative velocity of the colli- 
sion, and R and t are respectively the distance between the 
centers of gravity of the molecular particles and the time of 
the collision. 

We shall further assume that, as in the case of charge 
exchange of an electron on atomic particles, the energy of the 
exchange interaction Ae, (R) which determines the frequency 
of the transfer of the electron from the molecule to the mo- 
lecular ion depends exponentially on the distance R: 

A e, ( R )  =A exp ( - y R ) ,  

where y2/2 is the binding energy of the electron in the mole- 
cule. In this case charge exchange takes place in a narrow 
region of variation of the distances between the molecules 
AR near the distance of closest approach between the centers 
of molecules, which is equal top. In this small region AR the 
dynamics of the motion of the centers of gravity of the mo- 
lecular particles is described by the equation 

Thus, the motion of a material point without 
allowances for the forces of interaction between the ion and 
the molecule is determined only by the centrifugal accelera- 
tion v2/p near the turning point. Here the size of the effective 
region of charge exchange is AR - l/y, and the value of the 
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characteristic time of the collision in charge exchange is de- 
termined from Eq. (2) as 

At- (2ply)"u-'. (3)  

Note that allowance for the forces of interaction or the effect 
of curvature of the trajectories of the colliding particles on 
the probability of the process (1) leads to the following equa- 
tion of motion in a potential U =  a/Rn near the turning 
point R, : 

where R, is the distance of closest approach of the centers of 
gravity of the colliding particles and E is the kinetic energy 
of the collision. 

From comparison of Eqs. (2) and (4) we find that inclu- 
sion of the trajectory curvature involves the formal substitu- 
tion 

Therefore without loss of generality we can assume9 for sim- 
plification of the calculations that the trajectory of the mo- 
tion of the colliding particles is rectilinear, and then make 
the substitution (5) in the final results. This permits the limit- 
ing values of the collision kinetic energy at which the quasi- 
classical impact-parameter method is still applicable to be 
reduced to energies of the order of tenths of an electron volt. 

The upper limit of the collision kinetic energies consid- 
ered here is determined by the inequality 

v < v o = ~ T ,  
where u, is the velocity of the electron in the molecule and I i s  
the binding energy of this electron. In this case we can as- 
sume that the electron velocity in the molecule before and 
after charge exchange is determined only by its binding ener- 
gy, and the contribution of the translational motion of the 
centers of gravity of the molecular particles can be neglected. 

3. In the zeroth Born-Oppenheimer approximation we 
shall represent the wave functions of the system (1) before 
and after charge exchange in the form of the product of the 
electronic and nuclear wave functions, and the total Hamil- 
tonian of the system will be written in the form of the sum 

A h 

whereH,, is the Hamiltonian of the electrons andH,,,, is the 
nuclear Hamiltonian. 

The main parameter determining the probability of vi- 
brational excitation of molecules is the Massey parameter: 

where w is the characteristic energy of a transition in the 
vibrational spectra of the molecular particles and At is the 
characteristic time of charge exchange determined by the 
expression (3). 

We shall consider two limiting cases in which fvib < 1 
and f vib 1. 

Iffvib > 1, transitions between vibrational states during 
the time of the collision are adiabatically unlikely and can be 
neglected. Consequently for a collision velocity 

there are no transitions between translational and vibration- 
al motions. However, as the result ofjumping of the electron 
from one center to the other, the Hamiltonian describing the 
vibrational motion of the nuclei in the molecules changes, 
and this change occurs with the frequency of the electronic 
transitions, i.e., suddenly with respect to the nuclear motion. 

In this case the wave functions of the vibrational motion 
of the nuclei in the initial channel of the reaction do not 
succeed in changing, but we can no longer consider them to 
be stationary. Therefore in the final channel of the charge 
exchange (1) in the shaking approximation the wave func- 
tions of the vibrational motion must be represented in the 
form of an expansion 

where Sik are the overlap integrals between the vibrational 
wave functions of the nuclei in the initial and final channels. 
Thus, the wave function which describes the state of the sys- 
tem of colliding particles as a function of time before and 
after charge exchange should have the form 

'4 ( t )  =c. ( t )x i0  (v)x.+ (vdcp. 
xexp {-i (I,-o,Ou-oz+v,) t )  +cz ( t )  cpz exp (-iZzt) 

Here x (u), X: (u') and x ,+ (u,), xz+ (dl) are the vibrational 
wave functions of the neutral molecules and molecular ions, 
p, and p, are the wave functions of the electron centered 
respectively either in the molecule CD or in the molecule 
AB, and c,(t ) and c2(t) are the probability amplitudes for 
transition of the electron from one molecule to the other in 
the collision process. 

Substituting the expansion (6) into the nonstationary 
Schrodinger equation 

and neglecting' terms of order (p , (p2) ,  we obtain a system 
of equations for c, and c,: 

xexp (-ioz'urt) , (7) 

A i~2=Cie"l - 
2 exp {i (O~+V~'+O~OU')  t), 

h 

where x = I, - I, - wy v - w ,+ u, and A /2 = (p l  lHel 1p2) 
is the energy of the exchange interaction. 
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If the conditionl,, > 1 is satisfied, then the exponential 
terms in the system of equations (7), which are under the 
summation sign, cannot be neglected. In this case the main 
contribution to the solution of the system of (7) is from its 
"resonance" terms, for which the following equality is satis- 
fied: 

Leaving in the system of equations (7) only these terms, we 
obtain 

i t l = 1 / 2 c 2 1 ~ ~ ~ ~ ~ ~ 1 2 ~ ~ d : , ~ ~ 2 ~ e l  (R, 01, 02), 
ii2=i/2c1Ae~ (R, 01, 02) . 

From the expansion (6) it is evident that the probability 
of charge exchange is 

w(v+vl, V ~ - ~ V ~ ~ ) = I S ~ ; ~ , ~ I ~ I S ~ ~ ~ , I ~ I C ~ ( ~ + - )  1 2 .  (8) 

It is easy to show that the expression (8) can be reduced to the 
form 

W(u+v', ul+ul') = IEz(t+m) 12, 
where ?, is determined from the system of equations 

Thus, in the case in which transitions between vibra- 
tional states are adiabatically unlikely, i.e., when lvib > 1, 
the equations (8a) which describe the reaction (1) are identi- 
cal to the equations for c, and c, in the case of resonant 
charge exchange of molecular particles, which was consid- 
ered in Ref. 6. 

In the case in which lvib g 1, transitions between vibra- 
tional states as the result of the motion of the colliding parti- 
cles are not unlikely. Here one can assume that transitions 
between vibrational states occur suddenly, so that the expan- 
sion (6) is justified and reaction (1) is described by the system 
of equations (7). However, in the case in which lVib g 1 the 
oscillating factors can be taken outside the summation sign 
in (7) and, taking into account that 

we can transform the system of equations (7) to the form 

iC1=1/2c2Ae~ (R, O,, 02)e-i'bf, cl(t+--)=I, 

where 

Here the probability of charge exchange is determined by the 
formula 

where c, is the solution of the system of equations (9). 
We shall find the solution of the system (9) by the meth- 

od developed in Ref. 10. For yp) 1 we obtain 

where 

p is the impact parameter, N, and N, are the numbers of 
electrons in the outer shells of the molecules CD and AB, 
OI(O2) is the angle between the axis of the molecule (molecu- 
lar ion) and the direction joining the selected centers of the 
particles, and B (O,, 6,) is coeficient taking into account the 
angular distribution of the valence electron relative to the 
axis of the molecule. 

4. Thus, we have two limiting cases with respect to the 
vibrational transitions: 

In the first case when lvib > 1 it is necessary to take into 
account only resonance terms, for which 

This corresponds to formation of the ion and molecule only 
in those vibrational states v; and u' which are detrmined 
from Eq. (1 1). Here the system of equations (7) reduces to the 
two equations (8a) which correspond to resonant charge ex- 
change, and the cross section for charge exchange turns out 
to be6 

o='lznRoY(Bi, 821, 

In the second case, in which lvib < 1, the cross section is 
determined by Eqs. (9a) and (10) and by the integral 

o=2n 7 w (p) p dp. (13) 

Substituting the expressions (9a) and (10) into (13), we obtain 

where p = xo(v, v', v,, v; ,)/yv and 0, is the phase which is 
determined by Eq. (10). 

Let us analyze the analytic expressions (12) and (14) ob- 
tained for the cross section for charge exchange (1) with par- 
ticipation of molecular particles. 

In the region of the collision energy E where the follow- 
ing inequality is satisfied: 
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Eq. (12) for the charge-exchange cross section coincides with 
the cross section obtained in this energy region in Ref. 6. 
Here re is the distance between the nuclei in the molecule 
and E,, is the characteristic rotational energy. In this case 
the distribution in the final vibrational states v' and u ;  is 
determined by Eq. (1 1). 

In the energy region 

0 2 0 n l y c E t 1 0 4  eV 

the expression for the partial cross sections (14) gives a more 
complicated distribution in the final vibrational states v' and 
v ;  , which differs from the cross sections obtained in Ref. 6 in 
this same region of collision energy. The point is that the 
expression for the cross sections in Ref. 6 corresponds to the 
total charge-exchange cross section summed over all possi- 
ble final vibrational states, which does not provide the possi- 
bility of obtaining information on the vibrational spectra of 
the molecular particles after charge exchange (1). However, 
the total cross-section values 

obtained from Eq. (14) should coincide with the values ob- 
tained in Ref. 6 (see Fig. 1). 

Note that Eq. (14) provides the possibiliy of finding the 
velocities u,,, at which the partial cross sections for reaction 
(1) take on the values 

where 

5. The expression for the energy of the exchange inter- 
action of the molecular ion and the molecule, A ,  which en- 
ters into the system of equations (7), in the framework of the 
asymptotic theory where ~ I R )  I, was obained in Ref. 1 1. If 

the electron binding energies I, and I, in the molecules CD 
and AB do not differ too greatly, then he asymptotic method 
can be used also to find the energy of the exchange interac- 
tion of the various molecular particles considered in our 
work. In the region of electron coordinate which makes the 
main contribution to the exchange interaction potential A 
and which is located far from the ionic core the wave func- 
tion of the valence electron can be written in the form 

cp ( r ,  0 )  -A ( 0 )  ri'7-'e-7', (16) 
where r is the distance from the chosen center of the molecu- 
lar particle, 8 is the angle between the radius vector of the 
electron and the axis of the molecule, and y = (y, + y2)/2; 
here y, = GI, ,  y, = m, where I, and I, are the binding 
energies of the electron in the molecules CD and AB. 

Representing the wave function of the valence electron 
in the form (16), i.e., as a one-center function with a separat- 
ed angular dependence, we can reduce the problem of deter- 
mining the energy of the exchange interaction of electrons in 
the system (7) to the atomic case. The specific properties of 
the charge-exchange of molecular particles appears here in 
the angular dependence of the electron wave function (16). 
Since in the asymptotic theory of charge exchange the poten- 
tial of the exchange interaction is determined by the overlap 
of the electron wave functions (16) in the coordinate region 
far from both molecular cores, where the magnitude of the 
asymptotic coefficient A (8 ) can be considered constant, the 
desired quantity A (R ) will be given, by analogy with the case 
of transition of an electron from an atom to an atomic ion, by 

A ( R )  =Re-'"cp, ( R / 2 )  c p z  ( - R / 2 ) ,  
where R is the distance between the centers of the molecular 
particles undergoing charge exchange and p,,, ( + R /2) are 
the values of the wave function (16) of the electron in the 
corresponding molecule at the center of the interval R. US- 
ing the rules of addition of the spin angular momenta of the 
molecule S and of the molecular ion s into the total spin of 
the system (IF, we eventually obtain an expression for the 
energy of the exchange interaction in the system (1) under 
discussion as follows": 

A (R,  8 )=B(Oi ,  0 2 )  [ N , N , ( 2 S l + l )  (2S2+1)  1'" 

\ 
\ 

zo - 

- FIG. 1.  Charge exchange H: + H,: the dashed curves are 
from the present work, the dot-dash curves are from Ref. 17, 
the dotted curve is from Ref. 1, curve 1 is from Ref. 20, curve 

10 - 2 is from Ref. 2 1,  curve 3 is from Ref. 18, curve 4 is from Ref. 
19, and the open circles are from Ref. 22. 

- /.' '. . ___--- - ' -- - I I I 

7 I0 100 1000 10000 E, eV 
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FIG. 2. Partial cross sections for the reaction H: + H, with u ,  = u = 0, I00 1000 I0000 E, eV 

u' = 0, and u ;  = 1: the dashed curve is from Ref. 1, and the solid curve is 
from the present work. FIG. 4. Charge exchange Ar+ + H7: the solid curve is from the Dresent 

work, the circies are from Ref. 12, .are from Ref. 14, the hollow &ares 
are from Ref. 15, A are from Ref. 16, and are from Ref. 23. 

If electrons in u or .rr states take part in charge exchange, 

6 . ~ 0  (I-lml)! 
B.=3Ai (0,) A, (0,) ( 1  - --) cor B 

2 (~i-lml)!(2~)~mi ' 

where A, (8,) is the asymptotic coefficient of the wave func- 
tion (16), m and M are respectively the projections of the 
orbital angular momentum of the valence electron undergo- 
ing the transition and of the orbital angular momentum of 
the molecule on the axis joint the nuclei, and 19 is the angle 
between the axes of the molecules. 

A detailed analysis of the role of rotational transitions 
and inclusion of the angular dependence A (R,8 ) in this case 
has been made in Ref. 6. However, we shall consider the 
region of rather fast collisions in which during the character- 
istic time of interaction of the particles the axis of the mole- 
cule does not rotate appreciably, i.e., in which we have the 
inequality 

where E is the collision energy of the particles in the center- 
of-mass system and R, is the distance between the centers of 
mass of the molecular particles at which charge exchange 
effectively occurs. In this case the main contribution to tke 
charge-exchange cross section is from the angles 8, and 0,; 
the procedure for finding these angles is given in detail in 
Ref. 6. 

6. The correctness of our model assumptions, which 
permit us to obtain analytic expressions for the particle cross 

sections for the charge exchange (1) and to determine the 
distribution of the final products of the reaction (1) in their 
vibrational states, is confirmed by comparison of the results 
(12) and (14) with similar numerical calculations carried out 
in Ref. 1 for the very simple system 

Hz+ (v,) +Hz (v) +Hz (v') +Hz+' (v,') . (17) 

In order to illustrate the possibilities of the analytic cal- 
culations which have been presented, we give here a com- 
parison of the numerical calculation of Bates et al.' with our 
calculations for two channels of the reaction (17): 1) 
u l  = v = 0, v' = 0, and v ;  = 1 (Fig. 2); 2) v, = v = 0, v' = 0, 
and v ;  = 2 (Fig. 3). Exactly the same agreement with the 
numerical calculations of Ref. 1 occurs for all other channels 
of the charge-exchange reaction. The results of the theoreti- 
cal calculations of various authors in comparison with ex- 
perimental data for the total cross sections for the charge 
exchange (17) are given in Fig. 1. 

In Fig. 4 we give the experimentally measured total 
cross sections for nonresonant charge e ~ c h a n g e ' ~ - ' ~ . ~ ~  

Arf+H2 ( v )  +Ar+ Hz+ (v') + AE (v, v') . 
They are compared with the results of our calculations on 
the basis of Eqs. (12), (14), and (1 5). Here a greater discrepan- 
cy is observed between theory and experiment, which is ap- 
parently due to inaccuracy of the experiment since the cross 
sections measured by different authors in the same region of 
collision kinetic energy have large discrepancies. 
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