Spontaneous Four-Wave Mixing of de Broglie Waves: Beyond Optics
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We investigate the atom-optical analog of degenerate four-wave mixing of photons by colliding
two Bose-Einstein condensates (BECs) of metastable helium and measuring the resulting mo-
mentum distribution of the scattered atoms with a time and space resolved detector [1, 2]. For
the case of photons, phase matching conditions completely define the final state of the system,
and in the case of two colliding BECs, simple analogy implies a spherical momentum distribution
of scattered atoms. We find, however, that the final momenta of the scattered atoms instead lie
on an ellipsoid whose radii are smaller than the initial collision momentum. Numerical and analyt-
ical calculations agree well with the measurements, and reveal the interplay between many-body
effects, mean-field interaction, and the anisotropy of the source condensate.

In Fig. 1 we show the schematic diagram of the collision geometry
in the center-of-mass frame in which we denote the collision axis as
Z. The two disks represent the colliding condensates in momentum
space. The sphere represents the halo of scattered atoms. The ax-
ial direction of the initial, cigar-shaped condensate is along X. We
analyze the experimental and theoretical data in the XY -plane. In
Fig. 2 (a) we show a slice of the experimentally detected scattering
halo in the XY -plane that reveals its annular structure; in Fig. 2 (b)
we show the respective theoretical result obtained from the first-
principles simulations using the positive-P method.

Fig. 2 (c) shows the comparison of the experimental (black) and theoretical (red) data for the
peak radius of the scattering halo on the equatorial plane versus the azimuthal angle ¢; as we
see the results agree within ~ 2% of accuracy. We have also analyzed the problem using a
stochastic implementation of the Bogoliubov approach, which allows us to identify and illustrate
the contributions of various mean-field interaction effects in the scattering process.

Fig. 1. Schematic diagram
of the collision geometry.
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Fig. 2. (&) Momentum space density n(kx, ky) (in arb. units) of the experimentally observed scattering halo
on the equatorial plane; (b) Same as in (a) but from the positive-P simulation after 70 us collision time, in
units of 10~ m3. (c) Peak radius versus the azimuthal angle ¢.
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