Scattering of rotating molecules through an aperture: a simple quantum mechanical model

Piroska Démétér,l’ Péter Foldi,! Mihaly G. Benedict,! Bruce W. Shore,? and Wolfgang P Schleich®

! Department of Theoretical Physics, University of Szeged, H-6720 Szeged, Hungary
2618 Escondido Circle, Livermore, CA 94550, USA
SInstitut fiir Quantenphysik Universitit Ulm, Albert-Einstein-Allee 11, D-89069 Ulm, Germany

Scattering of a quantum particle with internal structure
is fundamentally different from that of a point particle. We
consider a two-dimensional model of a rotating diatomic
molecule traveling through a small aperture in a thin but
impenetrable screen. The centre-of-mass is constrained to
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FIG. 1. Geometry of the symmetric rotor.

move along the symmetry axis of the aperture, resulting in
entanglement between the position and the orientation an-
gle of the rotating object. We turn this geometrical model
into a two-dimensional stationary scattering problem by re-
quiring that the energy eigenfunction should vanish for clas-
sically forbidden rotor orientations (Figure |2| gray region).
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FIG. 2. The two-dimensional Interaction region Z resulting from
the constraints. Shape and size is determined by the aperture-to-
length ratio and mass distribution of the rotor. The artificial 5 box
containing 7 connects to leads of free traveling modes.

Far away from the Interaction region Z we have well de-
fined ¢,, rotational mode functions in the leads. The sta-
tionary wavefunction for each mode has asymptotic forms:
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For non-rotating incident particles of low energy we ob-
tain results by means of analytical approximations [[1I].
Starting from a suitable ansatz, we decouple the transla-
tional and rotational motions thereby obtaining a set of one-

dimensional Schrédinger equations for the hindered trans-
lation with effective potentials. These effective potentials
can be further approximated by a fictitious harmonic oscil-
lator, eigenenergies of which provide us with a good quali-
tative picture of the possible resonances in transmission.
To verify our approximative result and to reach the full
scope of the scattering problem, we use a method relying on
the Green’s function that solves the problem in a numerically
exact way [2]]. We make the problem finite by partitioning
the Hilbert space into “Left lead + Box + Right lead” as
indicated in Figure|2|and incorporate the effect of the leads
in the domain of the Box by a self-energy correction X [3[]:

GP(e)=[e1-HP —%(e)] (1)

The S matrix and the wavefunction restricted to the Box
can be calculated from G?. Additional quantities like the
density-of-states N'(¢) and the local density-of-states help us
to determine energies where resonance effects may occur.
We show that for incident waves of odd angular symmetry
quasi-bound states appear for specific values of the parame-
ters describing the geometrical situation. [2]]
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FIG. 3. Transmission as function of energy in case of e 1//7 |
"non-rotataing" incident wave compared to the DOS showing the
possible resonance energies. The first resonance appears at the
ground state energy of the fictitious oscillator.
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