On the limit of the vibrational sudden approximation for H^++H_2 collisions

L. F. Errea, A. Macías,^† L. Méndez,^‡ I. Rabadán, and A. Riera Departamento de Química, Universidad Autónoma de Madrid, 28049 Madrid, Spain.

Laboratorio Asociado al CIEMAT de Física Atómica y Molecular en Plasmas de Fusión.

(Dated: July 5, 2001) Vibronic close-coupling calculations of charge transfer and H2 vibrational excitation total cross sections in H^++H2(^1Σ^+_g , ν = 0) collisions are presented and compared with experimental data in the energy range 50 eV< E < 2 keV. It is shown that the sudden approximation for vibration is inappropriate for this system at low velocities, where the dominant mechanism involves transitions between quasidegenerate vibronic levels. PACS numbers: 34.

Ion-diatom collisions have been studied using two different approaches depending on the energy range of interest. At sufficiently high velocities, one can use a similar treatment to that of ion-atom collisions [1], which employs rectilinear trajectories for the ion-molecule relative motion and some kind of sudden approximation for target rotation and vibration (see Refs. [2, 3]). The basis of the former approximation is explained in detail e.g. in Ref. [4], and its accuracy has been checked for ion-atom collisions [5]: by comparing with quantal transition probabilities, it was shown that trajectory effects are in general unimportant for impact velocities v > 0.03 a.u. (E > 225 eV/amu), and that straight lines can be employed at lower velocities when only total cross sections are required (see also Ref. [6]). In addition, high v calculations are often based on the Franck- Condon (FC) approximation, whose accuracy has been analyzed in detail in Refs. [7] by comparison with the more general vibrational sudden approach (SEIKON) [8]. In this SEIKON method, one uses rectilinear trajectories and the ro-vibrational component of the collision wavefunction is taken to be identical to the initial one; the electronic part is expanded in terms of a set of wavefunctions of the triatomic system, leading to the electronic transition amplitudes, which are then employed to evaluate vibrationally resolved orientation averaged transition probabilities and cross sections.

On the other hand, at low v a different approach is often employed, based on the so-called infinite order sudden approximation (IOSA); this method (see [9] and references therein) employs a quantal treatment with both energy and centrifugal sudden approximations, so that the rotational motion of the diatom is frozen and the ro-

†Also at Instituto de Estructura de la Materia CSIC, Serrano 113 bis, 28006 Madrid, Spain.

‡Electronic address: L.Mendez@uam.es

tational couplings are eliminated. A semiclassical treatment with the ion-diatomic motion treated classically, and the sudden approximation for the diatomic rotation has been compared with IOSA in Ref. [10] for H^++O_2 collisions. The trajectory surface hopping method (TSH) [11], has also been used at low v, where the nuclei follow classical trajectories, defined by the potential energy surfaces, and non-adiabatic transitions take place when a trajectory reaches an avoided intersection region between the energy surfaces, with a probability defined by the Landau-Zener [12] model.

The present article focuses on the benchmark system of H^++H_2 collisions, to determine the low v limit of SEIKON and FC approaches for these collisions. In doing so, we shall show a change of mechanism as v decreases, which explains the success of different approximations in describing these reactions.

Previous work on H^++H_2 collisions include TSH calculations of charge transfer cross sections at low velocities (E ≤ 30 eV) [13, 14]. Baer et al. [15] have employed the IOSA method with diatomic in molecules (DIM) wavefunctions [16], to study charge transfer and H_2 vibrational excitation, and have compared their results with experimental differential cross sections [13]. Both these calculations [13, 15] and experiments [13] yielded partial cross sections for population of H^+_2 vibrational states with a remarkable deviation with respect to the FC distribution. Besides, it was suggested [13] that the charge transfer process takes place through a resonant mechanism. At higher energies, Kimura [17] carried out an approximate vibronic close-coupling calculation of total charge transfer cross section; this work employed DIM electronic wavefunctions, and used the FC approximation to evaluate the coupling matrix elements in the vibronic basis. Shingal and Lin [18] evaluated charge transfer transition probabilities from an unitarized coherent sum of transition amplitudes for two independent H^+- H processes, obtained using a two-center atomic basis. Elizaga et al. [19] carried out a FC treatment of charge transfer with a model potential description of the H_2 electronic structure, and the independent particle model to calculate two-electron transition probabilities; this work reported results of molecular and one-center atomic (including pseudostates) calculations. Similar model potential and FC approximations have been employed in classical calculations [20] of charge transfer and ionization total cross sections.

A more refined calculation [22] referred to the stateto-state reaction

H^+ + H_2(^1Σ^+_g , ν = 0) → H(1s) + H^+_2 (^2Σ^+_g , ν^′) (1)

and the isotopically modified species D_2, DT, T_2. This work used the SEIKON treatment in the energy range 50 eV≤ E ≤ 6.25 keV, and ab initio techniques [23] to evaluate the molecular data. The vibronic part of the collisional wavefunction was of the form:

Ψ = ψ(r_1, r_2, ρ, t)χ_{10}(ρ) (2)

where r_1, r_2 are the electronic coordinates, ρ the H-H internuclear vector and χ_{10}(ρ) is the wavefunction of the H_2 vibrational ground state. We found that, at the highest energies in this interval (E ≥ 2 keV), total and partial vibrational cross sections agreed with the FC ones. The SEIKON total charge transfer cross section agreed with experiment [21] down to E ≃ 200 eV and, at lower energies (50 eV< E < 200 eV), there are significant deviations between experiment and theory. To analyze the reason for this disagreement, the first question is which of the two basic approximations employed in the SEIKON treatment (the use of linear trajectories or of the sudden approach) is too poor. We first checked that the former is unlikely: an indication of the validity of the eikonal approximation at those energies is the good agreement (similar to that found for ion-atom collisions in Refs. [5] and [6]) between quantal and semiclassical cross sections at FC level. In Ref. [22] we also showed that the total cross section for charge transfer from H_2 in its first excited vibrational state (ν = 1) is, at low energies (≃ 50 eV), one order of magnitude larger than that from the ground state (ν = 0), which led to a tentative explanation of the disagreement with the experiment in terms of a previous formation of H_2 (ν = 1) during the collision. Another result of Ref. [22] is the large total cross section for the H_2 vibrational excitation reaction:

H^+ + H_2(^1Σ^+_g , ν = 0) → H^+ + H_2(^1Σ^+_g , ν ≠ 0) (3)

for which there is not experimental counterpart. As pointed out in [24], this result suggest the inadequacy of the collisional wavefunction employed in the vibrational sudden approximation (see Eq. (2)), whose vibrational component is identical to χ_{10}.

In the present work, we have employed, instead of the wavefunction of Eq. (2), a close-coupling vibronic expansion of the form

Ψ = D(r_1, r_2, t) [ ϕ_1 ∑ ν a_{1ν} (t)χ_{1ν} exp [∫_t 0 H_{1ν} dt^′ ] +

FIG. 1: Cross sections for H^++H_2 collisions. Lines, present results with model indicated in the figure. Solid lines and symbols: charge transfer (Eq. 1); dashed lines: vibrational excitation (Eq. 3). ×, [17] multiplied by 2 following author’s suggestion. Experiments: •, [21]; ◇, [28]; ◯, [29]; ⋆, [30].

+ ϕ_2 ∑ ν^′ a_{2ν}′ (t)χ_{2ν}′ exp [∫_t 0 H_{2ν}′ dt^′ ]] (4) where D(r, t) is a common translation factor [25] of the form proposed in Ref. [26]; ϕ_{1,2}, the lowest two adiabatic electronic states of H^+_3 and χ_{1ν} , χ_{2ν}′ are respectively H_2 and H^+_2 vibrational functions; H_{iν} are the expectation values for the vibronic functions ϕ_iχ_{iν} , of the Hamiltonian excluding the kinetic energy term for ion-diatomic internuclear vector. In practice, we have obtained ϕ_{1,2} by employing a full configuration interaction procedure in a Gaussian basis set, whose accuracy was checked by comparing the asymptotic energies with the experimental values and the ground state electronic energy with the accurate potential surface of Ref. [27] (differences are smaller than 10^{−3}a.u.). The dynamical coupling matrix elements were calculated numerically as explained in Ref. [23]. We have included in expansion (4) 14 vibrational states for each electronic state.

Our total cross sections for charge transfer and excitation are plotted in Fig. 1 and show a good agreement with the experimental values for charge transfer of Ref. [21], and a corresponding discrepancy with respect to the SEIKON ones for E < 200 eV. A smaller difference between calculated cross sections is obtained for reaction (3). These results point out to a limitation of the sudden vibrational approximation for this system and confirms

FIG. 2: (a) Time evolution of the populations of the vibronic states for a trajectory with b = 2.0 a.u and v = 0.05 a.u. (E = 62.5 eV). (b) Time evolution of the populations of the vibronic states for a trajectory with b = 2.0 a.u and v = 0.20 a.u. (E = 1 keV)

the accuracy of the experimental measurements, without invoking a contamination of the primary beam with H_2(ν=1).

To further analyze the results of Fig. 1, we have studied the mechanism of the charge transfer process. In this respect, in the semiclassical treatment one can follow the population of the vibronic states during the trajectory, as illustrated in Fig. 2, where we have plotted the time evolution of the populations |a_{1,2ν} |^2 (the “history” of the collision) for a representative trajectory with impact parameter b = 2.0 a.u. at two velocities: v = 0.05 a.u. (E = 62.5 eV) and v = 0.2 a.u. (E = 1 keV). The mechanism at low v (Fig. 2a) involves excitation to channels ϕ_1χ_{1ν} , followed by transitions in the outgoing part of the collision from these excited states (mainly from χ_{14}) to ϕ_2χ_{20}. The populations of states ϕ_2χ_{2ν}′ (ν^′ > 0) are very small and are not included in the figure. In fact, this mechanism is essentially that suggested by Niedner et al [13] to explain the experimental results at E = 30 eV, where the charge transfer process takes place through a (quasi)resonant process involving states ϕ_1χ_{14} and ϕ_2χ_{20}, which are quasidegenerate for R ≥ 6.0 a.u. (see Fig. 3). It is important to note that the failure of the SEIKON treatment at low v is a consequence of its inability to describe the abovementioned resonant mechanism for charge transfer. More explicitly, in the SEIKON approach the populations of the vibrational levels are obtained by projecting the sudden wavefunction ψ(r_1, r_2, ρ, t)χ_{10}(ρ) of Eq. (2) onto the exit channels ϕ_2(r_1, r_2, ρ)χ_{2ν} , and the relative energies of

FIG. 3: Hamiltonian expectation values H_{nν} (see Eq. (4)). Full lines, H_{1ν} , dashed lines H_{2ν} .

the vibronic levels do not play any role in this procedure. Moreover, a modification of the sudden approximation of (2), where χ_0 is substituted by a linear combination of H_2 vibrational functions χ_{1ν} , improves the description of H_2 vibrational excitation, but is not able to describe the resonant mechanism of the charge transfer.

A completely different mechanism takes place at high energies, as illustrated in Fig. 2b for E = 1 keV, where we have plotted the sum of populations of the exit channels of reactions (1) and (3) to simplify the figure. The main difference with respect the low-v case is that charge transfer states are now populated directly from the entrance channel, with transitions at Z ≃ 5.0 a.u.. This means that transitions occur when the system is well described by the initial state vibrational wavefunction, which explains the good agreement, at this energy range, between the SEIKON calculation and experiment.

To sum up, this contribution to the understanding of the low-v limit of the vibrational sudden approximation has focused on the benchmark case of H^++H_2 collisions, using ab initio molecular data. For this case, we have found out that the eikonal treatment is accurate for integral cross sections down to v ≃ 0.1 a.u., and that for v > 0.1 a.u the sudden vibrational approximation holds; finally, for v > 0.3 a.u., the FC treatment gives reasonable results. Furthermore, we have shown that these conclusions are closely related to the collisional mechanism: at low v, a resonant process is at work through transitions at a crossing between a vibronic state of the entrance electronic channel and a transfer state, whereas at higher v, the vibrational distribution of the capture channels can be obtained through a sudden treatment after the capture process. As far as we know, this is the first explicit study of the low-v limit of the sudden vibrational approach, which is far simpler than close-coupling treatments. Accordingly, similar analysis for other systems should be useful.

This work has been partially supported by DGICYT projects BFM2000-0025 and FTN2000-0911. IR acknowledges financial support by the Spanish MCyT. We thank Dr. Prosmiti for providing us with the numerical values of the H^+_3 ground potential energy surface.

REFERENCES

[1] M. Kimura and N. F. Lane, Adv. At. Mol. Phys 26, 80 (1990).

[2] V. Sidis, Adv. At. Mol. Phys 26, 161 (1990). [3] E. A. Gislason, G. Parlant, and M. Sizun, in State-Selected and State to State Ion-Molecule Reaction Dynamics. Advances in Chemical Physics Vol LXXXII, Edited by Michael Baer and Cheuk-Yiu Ng (John Wiley & Sons, Inc., 1992).

[4] B. H. Bransden and M. H. C. McDowell, Charge Exchange and the Theory of Ion-Atom Collisions (Oxford: Clarendon, 1992).

[5] L. F. Errea, C. Harel, H. Jouin, L. Méndez, B. Pons, and A. Riera, J. Phys. B: At. Mol. Opt. Phys. 31, 3527 (1998).

[6] L. F. Errea, J. D. Gorfinkiel, C. Harel, H. Jouin, A. Macías, L. Méndez, B. Pons, and A. Riera, J. Phys. B: At. Mol. Opt. Phys. 32, L673 (1999).

[7] D. Elizaga, L. F. Errea, A. Macías, L. Méndez, A. Riera, and A. Rojas, J. Phys. B: At. Mol. Opt. Phys. 32, L697 (1999); L. F. Errea, J. D. Gorfinkiel, A. Macías, L. Méndez, and A. Riera, J. Phys. B: At. Mol. Opt. Phys. 32, 1705 (1999); L. F. Errea, A. Macías, L. Méndez, I. Rabadán, and A. Riera, J. Phys. B: At. Mol. Opt. Phys. 33, L615 (2000).

[8] L. F. Errea, J. D. Gorfinkiel, A. Macías, L. Méndez, and A. Riera, J. Phys. B: At. Mol. Opt. Phys. 30, 3855 (1997).

[9] M. Baer, in State-Selected and State to State Ion- Molecule Reaction Dynamics. Advances in Chemical Physics Vol LXXXII, Edited by Michael Baer and Cheuk-Yiu Ng ((John Wiley & Sons, Inc.), 1992).

[10] M. Sizun, D. Grimbert, V. Sidis, and M. Baer, J.

Chem. Phys. 96, 307 (1992).

[11] J. C. Tully and R. K. Preston, J. Chem. Phys. 55, 562 (1971).

[12] L. D. Landau, Pys. Z. Sowetjetunion 2, 46 (1932);

C. Zener, Proc. R. Soc. London Ser. A 137, 696 (1932).

[13] G. Niedner, M. Noll, J. P. Toennies, and C. Schlier, J. Chem. Phys. 87, 2685 (1987).

[14] A. Ichihara, O. Iwamoto, and R. Janev, J. Phys. B:

At. Mol. Opt. Phys. 33, 4747 (2000); A. Ichihara, T. Shirai, and K. Yokoyama, J. Chem. Phys. 105, 1857 (1996).

[15] M. Baer, G. Niedner-Schatteburg, and J. P. Toennies, J. Chem. Phys. 91, 4169 (1989).

[16] F. O. Ellison, J. Am. Chem. Soc. 85, 3540 (1963). [17] M. Kimura, Phys. Rev. A 32, 802 (1985). [18] R. Shingal and C. D. Lin, Phys. Rev. A 40, 1302 (1989); R. Shingal and C. D. Lin, J. Phys. B: At. Mol. Opt. Phys. 22, L659 (1989).

[19] D. Elizaga, L. F. Errea, J. D. Gorfinkiel, L. Méndez, A. Macías, A. Riera, A. Rojas, O. J. Kroneisen, T. Kirchner, H. J. Lüdde, A. Henne, and R. M. Dreizler, J. Phys. B: At. Mol. Opt. Phys. 32, 857 (1999).

[20] C. Illescas and A. Riera, Phys. Rev. A A60, 4546 (1999); C. Illescas and A. Riera, J. Phys. B: At. Mol. Opt. Phys. 31, 2777 (1998); L. Meng, C. O. Reinhold, and R. E. Olson, Phys. Rev. A 40, 3637 (1989).

[21] M. W. Gealy and B. Van Zyl, Phys. Rev. A 36, 3091 (1987).

[22] D. Elizaga, L. F. Errea, J. D. Gorfinkiel, A. Macías, L. Méndez, A. Riera, and A. Rojas, J. Phys. B: At. Mol. Opt. Phys. 33, 2037 (2000).

[23] J. F. Castillo, L. F. Errea, A. Macías, L. Méndez, and A. Riera, J. Chem. Phys. 103, 2113 (1995).

[24] L. F. Errea, A. Macías, L. Méndez, I. Rabadán, and A. Riera, Physica Scripta T92, 202 (2001).

[25] S. B. Schneiderman and A. Russek, Phys. Rev. 181, 311 (1969).

[26] L. F. Errea, L. Méndez, and A. Riera, J. Phys. B:

At. Mol. Opt. Phys. 15, 101 (1982).

[27] R. Prosmiti, O. L. Polyansky, and J. Tennyson, Chem. Phys. Lett. 273, 107 (1997).

[28] C. J. Abbe and P. Adolf, Bull. Soc. Chim. Fr. 6, 11212 (1964).

[29] S. E. Chambers, Report No 4CRL-14214 (1965). [30] Y. S. Gordeev and N. M. Pranov, Zh. Tekh. Fiz. 34, 857 (1964).