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Original scientific paper An estimation of the long range contributions is· m.ade to vibrational energy trans­fer in ion-diatomic molecule collisions in the energy region of a few hundred eV� Th� calculations are based on the linearly for,ce�· harmonic oscillator tµeory and assume that vibrational excitation takes place tlirough the linear dependence of the polarizability of the diatom on the 'vibrational coordinate. When the. diatomic molecule possesses a permanent dipole · moment a 
I 

similar linear dependence is assumed for the dipole moment. The results of the rµethod are compared to theexperimental findings for Li: + N 2 and Li+· + CO· collisions at the energy re-gion of a few hundred eV. 
1. Introduction

Several studies have been made recently on vibrational excitation. induced in ion-molecule collisions, for ion energies . ranging from a few e V up to a few hundred eV. Most of these studies have been concentrated in the low energy region and the differential cross sections have been · ma41ly examined. Analysis of the classical scattering in this region has provided interesdng informations about how certain properties of the interaction p'otential influence the transition probabilities and their angular distribution. . Similar studies have been carried out at the intermediate energy range 102-103 eV where the process is characterized by the small energy defect compared to the ion velocity. Such investigations' provide additional information about the 
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absolute total cross sections of these processes, which are not easily determined from differential cross section measurements. At the energy range of a few hundred eV integral cross sections may be easily determined since the scattered ions are concentrated in a very narrow angle. Herrero and Doering 1 > measured the for­ward component of the total cross section for vibrational excitation ofH2 by proton impact from 100 to 1500 eV and they obtained very large values of the order of 1 o- 16 an 2 for the excitation of the first vibrational level. Also broad maximawere observed in the variation of the cross section with increasing ion velocity. For energies above 100 eV they found that the peak intensity of the ion energy loss spectra is a rapidly decreasing function of the deflection angle. Kabayashi et al. studied the vibrational excitation of CO, C02, N202> and N03> by Li+ impact from 70 to 1500 e V and they found that excitation takes place in strongly for­ward scattering above 400 eV. The angular distribution of the inelastically scattered Li+ ions associated with the excitation of the v = l level of CO was found todecrease rapidly to zero at an angle of 0.4 degrees for an ion energy of 4 14 eV. Finally differ�tial cross sections were obtained by Lebehot and Cambargue4> for the vibrational excitation ofH2, induced in collisions with He+ at 510 eV. Thedifferential cross section was found to be a rapidly decreasing function of the labo­ratory scattering angle, in the range 0.0 to 1.0 degrees. The scattering pattern is naturally quite different for such differences in the incident ion energy. Usually in the range below 100 eV the integral cross section increases monotonically with increasing ion velocity. As the ion energy is further increased a broad maximum is observed and then a slow decrease with increasing energy. Such behaviour indicates an exponential type dependence of the excitation probability on the collision energy, which may be calculated from the linearly forced harmonic oscillator model 5 
-

7>. This model describes quantitatively cor­rectly the exchange of energy between the translational and vibrational degrees of freedoµi in collisions of an atom with a harmonic oscillator and its great value lies on the fact that its solution is exact. Thus it has found wide applicability in numerous collision processes where the final distribution of vibrational states on a single potential energy surface is studied and as such it has been also used to explain vibrational excitation in ion-molecule collisions with good success. Among the recent applications is the DECENT model suggested by Giese and Gentry to explain vibrational excitation in collisions of ff+ with H2, HD and D2 s>. Also Kruger and Shinke9> have used it fot ff+ + H2 systems, Ellenbroek and Toennis 10> for ion-spherical top molecules and I wamatsu et al. for ion-polar molecule systems 11 >. In the present study a simple, phenomenological theory is developed within the framework of the impact parameter approximation 1 2> based on the linearly forced harmonic oscillator model. The model explains fairly well the total cross sections for vibrational excitation, observed in collisions of ions with simple mole­cules at moderate energies. Because at these energies vibrational excitation occurs mainly in strongly forward scattering where the large impact parameter collisions consist the most important contribution to the total cross section, we assume that the long range, electrostatic type interaction between the ion and the molecule is the main mechanism by which vibrational excitation is invoked. This assumption is not unreasonable since generally, small angle vibrational inelastic scattering of molecules by ions is attributed to long range electrostatic forces 12> whereas wide angle scattering is produced primarily by the short range interactions. The method 
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is applied to the inelastic scattering of N 2 and CO by Li+ impact and the results are compared with the available experimental data. 
2. Theory

We consider the collision of a structureless ion with a diatomic molecule in the process 
A + + BC(v = 0)-+ A + + BC(v = 1, 2, ... ). (1) Fig. 1 shows a diagramatic representation of the coordinate system of such a col­lision. 

z 

X 

y

Fig. 1. Diagram showing the coordinate system of the ion-diatom collisions. 
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The model is based on the following assumptions and approximations: (1) The rotational motion of the molecule is neglected during the collision, i.e.,the sudden approximation is adopted.(2) The impact parameter approximation is used in which the trajectory is takento be linear with constant velocity and impact parameter b.(3) The interaction potential of an ion and a molecule is modelled by the polari­zation potential expressed in terms of the isotropic part of the polarizability ofthe molecule and used with an appropriate cut-off parameter. When the diatomicmolecule possesses a permanent dipole moment the charge-dipole potential isadded.( 4) Molecular vibration is assumed to be harmonic. We accept that excitation·takes place through the linear dependence of the polarizability on the vibrationalcoordinate. Similar dependence is added for the permanent dipole moment in thecase of polar molecules.According the assumptions mentioned above the interaction potential between an ion and a nonpolar molecule is approximated by the long range ion-induceddipole potential V (r) = - q2a/2r4 where q is the chargej on the ion, a is thepolarizability of the molecule and r is the distance between the ion and the center of mass of the molecule. Letting the polarizability be expanded as 
a (x) = a0 + a' x + ... (2) where x represents the displacement of the oscillator from the equilibrium po­sition, the polarization interaction becomes 

V (r, x) = - q2 a (x)/2r4• (3) In general the Hamiltonian of the colliding partners the diatomic molecule BC and the ion A + may be written in the form 7> 
HA+ -Bc = HBc + TA+ -Bc + V(r, x) (4) where H sc is the Hamiltonian of the isolated molecule BC; TA+ _ BC is therelative kinetic energy of the system; and V (r, x) is the potential responsible for the interaction between A + and BC. On the assumption that x is small, V (r, x) may be approximated to sufficient accuracy by the first two terms in the expansion 

where 
and 
4. 

V (r, x) = W (r) - x F (r) (5) 

W (r) = V (0, r) = - q2 a0/2r4 (6) 

F (r) = - [aV(r, x)] = q• a'/2r4. ax x=O 
(7) 
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With this approximation Eq. ( 4) is transformed into 

(8) 
This is exactly the problem of an ideal harmonic oscillator subject to an external
time-dependent force. The time dependence of the force may be established through
the time dependence of the trajectory r (t). In the impact parameter approximation
the straight line trajectory r (t) is obtained by 

r (t) = (b2 + v2 t2)l/2. (9) 

The transition probability for going from state v = 0 to a state v = n is given by 7> 

Pon = (en/nI) exp (- e) (10) 

where e. is the average number of vibrational quanta transferred to the oscillator.
e is given by 

e = ( l/21;.rom) I (
°

F (t) exp (irot) dt j 2 (11) 
-oo 

where wand mare the angular frequency and reduced mass of the oscillator, resp·ec­
tively. It corresponds exactly to the classical result for the energy transmitted to
the system during all time 13 > 

00 

L1E = (1/2 m) I f F (t) exp (iwt) dt I 2. (12)
-oo 

Having calculated the transition probability Pon from Eq. ( 10), the total cross section
may be obtained from 

00 

O'on (v) = 2n f Pon (b, v) b db (13) 
bo 

where b0 is appropriately chosen cut-off parameter. 

When the diatomic molecule BC possesses a permanent dipole moment the
ion-dipole interaction may be treated in a similar manner. The permanent dipole
moment is expanded as 

µ (x) = µ0 + µ' x + ...

The total interaction V (r, x) takes the form 

V (r, x) = - q2 a (x)/2r4 
- qµ (x) cos{} (t)/r2, 

and the time dependent external force becomes 

F (t) = q2 a'/2r4 (t) - qµ' cos{} (t)/r2 (t).
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Here the potential involves the anisotropic factor of cos{} (t), where {} (t) is the angle between the dipole axis and the distance of the ion from the center of mass of the molecule. It depends both on the time and the initial orientation ({}o, rp) of the dipole axis with respect to the velocity of the incident ion. Analyzing {} (t) Eq. ( 16) becomes 
F (t) = q2 a' /2r4 (t) + q µ' vt cos {}0/r3 (t) + q µ' b sin 10 cos rp/r3 (t). (17)By substituting into Eq. (11) e is determined and then the transition probability and the total cross section may be calculated in principle from Eqs. (10) and (13), respectively. A weak point of the theory that must be carefully examined is the choice of the cut-off parameter b0 • From the physical consideration of the problem b0 must correspond roughly to the region where the long range attractive potential beco­mes invalid and the potential energy function is entirely dominated by the strong, short range, repulsive forces. It is therefore a reasonable assumption to take b0 to be the hard-sphere collision diameter. An analogous assumption was made by Sharma and Brau 2 2> in their approximate calculation of vibrational energy transfer in N2 -C02 mixtures, where they expressed the transition probability in terms ofthe hard-sphere collision diameter. For the Li+ - N2 and Li+ - CO systems the short range part of the potential is well known and thus estimation of this parameter is fairly trivial. 

3. Applz°cations

(1) lon-nonpolar molecule systemsEq. (7) allows one to treat Eq. (11) analytically and the result is
n2 q4 a'2 ( rob) 2e = ----- 1 + - e-2.wb/v32 Ii ro m v2 b6 v . 

The total cross section for the v = 0 to v = 1 transition is found to be 
- �� ( J,i3 q4 

a'2 00 ,i3 q4 a'2 ) O'o1 - 96 Ii ro mv3 b� + 64 h. ro mv2 b3 e 

(18) 

(19) 
Specific application to Li+ - N 2 systems requires the value of the polarizability derivative which is taken 1.33 x 10- 1 6 cm2 according the values cited in the literature 14• 1 5 >. Very important is the choice of the cut-off parameter b0 • From the ah initio calculations of Staemmler16 • 1 7> and the experimental studies of Kita et al. 1 8> b0 is estimated to be around 0.22 nm. In Fig. 2 O'Qt is plotted vs. theion energy for this value of the cut-off parameter. In the experimental studies of Kobayashi et al. the cross section for the 0-+ 1 excitation was measured and found of the order of 1 o- 1 8 cm 2• Therefore the choice made is not unreasonable and the calculated integral cross section as shown in Fig. 2 is of the same order. 
6 FIZIKA 18 (1986) 1, 1-11 
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Fig. 2. Total cross section for 0-+1 excitation of N2 by Li+ as a function of �e io1:1 energy. 

(2) Ion-polar molecule systems

For the ion-polar interaction e is found to be

e = n q a I + � e-20Jb/o 
2 4 ,2 ( b) 

32 liwv2 b 6 'lJ 

2µ' 2 q2 a,2
+ Ii 4 <Eisin2 D0 cos2 <p K; (wb/v) + cos2 D0 K� (wb/v)> (20)wmv 

since the cross terms on taking the orientation average vanish. Tl:ie brackets indi­
cate appropriate average over the orientation angles {}, <p and K1 (x), K0 (x) are 
modified Bessel functions. With this result for e Eq. (13) cannot be evaluated 
exactly in analytical form. Estimation though of the cross section er O 1 may. .be made 
by considering the asymptotic expansion of modified Bessel function 19• 2 0> up to
desired accuracy: 

"i -� { µ - 1 (µ - 1) (µ - 9) 
}

K., (x),..., (n/2x) e 1 + ---rx- + 21 (S x)2 + ...
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where µ = 4.,,2 • The dipole moment derivative µ' was taken from approximate dipole moment functions for the X1 � + state of CO, calculated for several confi­guration wave functions and fitted to a four term power series expansion 2 1>. Thus the value of 1.04 x 10- 1 9 C was used. The results are shown in Fig. 3 where a0 1  is plotted against the incident ion energy, for the same value 0.22 nm of the cut-off parameter and they are compared to the experimental data. We see that the agreement is fairly good and the magnitude of the cross section is predicted with a fair degree of accuracy . 
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Fig. 3. Total cross section for O -+  1 excitation of CO by Li+ impact as a function of the ion 
energy. The crosses represent experimental points and they are read from graph (see Ref. 2). Preliminary comparison of the results with a more rigorous approach 2 3> using a long range potential energy function by fitting the ab initio surfaces, shows that despite its simple form the model provides a useful estimate of the vibrational energy transfer process. 

·4. Discussion and· comparison with other theorz'es

The present approach attempts to estimate integral cross sections for the ion-molecule vibrational �citation process based on the assumption that the vibra­tionally · inelastic · scattering arises mainly from grazing collisions. This assumption �eans · that the forward component of the vibrational total cross section consists the major part · of it, leading· to the conclusion that wide angle scattering at this energy 'arising from small impact parameter collisions leads to other channels such as elastic scattering or charge transfer processes. Indeed, this is what is found experimentally. As mentioned before the angular distribution of the scattered ions with energy loss associated with the vibrational excitation process was found to be confined in a very narrow region around the distribution of the primary beam 8 FIZIKA 18 (1986) 1, 1-11 
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Also the transition probability for similar processes e. g. the He+ - H2 system
was examined as a function of the impact parameter4>. What was found is that
this probability rises from zero for a certain value of the impact parameter and
increases with increasing b until it reaches a maximum. Then it starts to decline
with further increase in b. This decline in the very large impact parameter region
is natural since very distant collisions must have no effect, keeping the cross section
from becoming infinite. What is interesting though is that the transition probability
increases with increasing b in the range of impact parameters of practical interest
for the process under consideration. 

It is instructive to examine from the physical point of view how this beha­
viour results. At the region of very large impact parameters the relationship between
the vibrational motion x (t) and the force function F (t) may be easily seen. As
the force builds up, the diatomic molecule begins to strech reaching a maximum
extention at some time A after the force has peaked. Then since the maximum 
excursion in x occurs before the driving force decays to zero at some later time B, 
between times A and B the force opposes the vibrational motion, leaving the mole­
cule somewhat less excited than it would have been if the force has terminated
abruptly at time A. At impact parameters around the maximum of the transition
probability the driving force acts essentially over the same period of time as before

· but has a magnitude consider!1bly larger than in the previous case as indicated
by Eqs. (7 ) and (9). The value of x reaches a larger maximum value and thus the ma­
ximum excurtion occurs later i11 time after the acting force has decayed to zero. The
distortion suffered by the oscillator at a time A remains uneffected and results in
greater vibrational excitation. Finally we come to collisions at small impact pa­
rameters which result in very little vibrational excitation despite the strong dri­
ving force. Initially the stretching force and the consequent positive acceleration
in x are greater than in the large impact parameters cases. In this case though the
ion is determined to pass eventually close enough . to the nearest nucleus of the
molecule and will encounter the repulsive wall of the potential. The driving force
becomes negative for a brief time and exercises a. strong compressing effect on the
oscillator. These effects combine to stop the motion of x abruptly. The second
positive branch of the forcing function acts to remove almost exactly the vibrational
energy deposited in the molecule by the first branch. As a result we have the pro­
duction of small excitation energy in the collision products because of partial can­
cellation of strong, counterparting forces. 

We would like to compare the results of the present method to the predictions
of other theories which try to explain the behaviour of these particular systems.
Kobayashi et al. 2> have used the first Born approximation to explain their expe­
rimental findings. Our results are pretty close to their predictions. 

The present method is also close to the model presented by I wamatsu et al. 1 1  >.
In their work they calculate the transition probability from the Poisson distribution

Pon = ( la l 2n/n ! ) exp (- l a l 2), (22) 

where a is obtained from 

a = ( 1/ih ) f° V (R (t)) exp (iro t ) dt (23) 
-oo 
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and the quantity V (R (t)) is defined in the equation 
1 (nl V (Q, R (t))I n - 1 ) = n2 V (R (t)). (23) 

V (Q, R (t)) is the ion-dipole interaction potential and Q the vibrational coordinate. This method is directly associated to the spetroscopic transition matrix elements of the permanent dipole moment by which vibrational transitions take place. In contrast to this procedure we have applied the linearly forced harmonic oscillator theory to ion-molecule collisions for both polar and nonpolar molecules and our results are in good agreement with theirs in the case of polar molecules. In swnmary we may say that the theory presented seems to provide a useful phenomenological estimation of the long range contributions to vibrational exci­tation induced in ion-molecule collisions. 
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DOPRINOS DUGO-DOSEZNIH SILA VIBRACIJSKIM POBUDENJIMA U 
SUDARil\AA ION-MOLEKULA KOD SREDNJIH ENERGIJA 
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Originalni znanstveni rad 

Nacinjena je ocjena doprinosa dugo-doseznih sila na vibracijske prijelaze u sudarima 
ion-dvoatomska molekula u energijskom rasponu od nekoliko stotina eV. Rezul­
tati su usporedeni s eksperimentalnim mjerenjima za Li+ + N2 i Li+ + CO
sudare, u istom energijskom intervalu. 
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