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Abstract

We study the quantum reflection of ultracold antihydrogen atoms bouncing on the surface
of a liquid helium bulk. The Casimir-Polder potential and quantum reflection are calculated
and compared to the same quantities for other bulks. Antihydrogen can be protected from
annihilation for as long as 1.3 s on a bulk of liquid “He, and 1.7 s for liquid *He. These
large lifetimes open interesting perspectives for spectroscopic measurements of the free fall
acceleration of antihydrogen.
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1 Introduction

Quantum reflection is a non classical phenomenon which appears when a quantum matter
wave approaches a rapidly varying attractive potential. Instead of accelerating towards the
surface, the quantum particle has a probability to be reflected. This process has been studied
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Fig. 1 Representation of the ) A
quantum reflection process for an

antihydrogen atom falling onto a

helium bulk

He

theoretically for the van der Waals potential since the early days of quantum mechanics [1-
4]. It was first observed experimentally for H and He atoms [5-7] and then for ultracold
atoms or molecules on solid surfaces [8—11].

In the last years quantum reflection has been studied also for antimatter [12—14] since
it should play a key role in experiments with antihydrogen atoms [15-17]. It was shown
that the free fall acceleration of antihydrogen can in principle be evaluated accurately
[18] through spectroscopic studies of the quantum levitational states [19, 20] of atoms
trapped by quantum reflection and gravity [21, 22]. Following uncertainty principle of quan-
tum mechanics, such spectroscopic measurements should have a better accuracy for larger
lifetime of antihydrogen in the trap.

We calculate quantum reflection of antihydrogen above a liquid helium bulk and show
that the lifetime of antihydrogen reaches values as high as 1.3 s for a bulk of liquid *He and
1.7 s for a bulk of liquid *He.

2 Casimir-Polder potential

We study quantum reflection for an antihydrogen atom of mass m falling onto a liquid
helium bulk (see Fig. 1).

The atom is sensitive to the Casimir-Polder (CP) potential and to the free fall acceleration
2. We focus our attention on the quantum reflection in the CP potential,! as the latter is
effective at distances z much smaller than the length scale £, associated with quantum
effects in the gravity field £, = (h%/2m2g)1/3 ~ 5.87 um. Note that we suppose g = g in
all numerical evaluations.

The CP potential is evaluated at zero temperature as the following function of the distance
z of the atom to the liquid helium surface [23]
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The dynamic polarizability «(w) of the antihydrogen atom is supposed to be the same
as for the hydrogen atom. The reflection amplitudes ), are calculated for polarizations p
by combining the Fresnel amplitudes at interfaces and propagation in the helium bulk. The
optical properties of “He are described with a sufficient accuracy by a model dielectric
constant with three resonances [24, 25].

IThe full problem of combined effects of the CP and gravity potentials is treated in [18].
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Fig.2 CP potentials V (z) normalized by the potential Vi (z) ~ —Cy4/z* calculated for a perfect mirror at
large distances. Distances z are normalized by the wavelength 14 ~ 121nm of the 1S—2P antihydrogen
transition. The full lines correspond, from bottom to top, to bulks of 3He (light blue), ‘He (dark blue), silica
(red), silicon (green) and gold (yellow)

It follows that quantum reflection occurs closer to the material surface where the CP
potential is much steeper, which explains the large quantum reflection probability found
below, with reflection even larger for 3He than for *He [25]. In both cases we use an effective
dielectric constant and disregard the role played by excitations in the helium like ripplons.
The latter is well justified at temperatures below 100 mK [26], the temperature range where
results obtained in the following are accurate.

3 Quantum reflection

The calculations show a very low value of the CP potential (Fig. 2), as explained by the fact
that liquid helium is almost transparent for the electromagnetic field. We now discuss the
consequence of this fact in terms of large quantum reflection from liquid helium bulks.

To this aim, we solve the Schrodinger equation for the antihydrogen falling into the CP
potential [15] above the liquid helium bulk. We then obtain the reflection amplitude r as the
ratio of the outgoing wave to the incoming one far from the bulk. The quantum reflection
probability is the squared modulus of this amplitude R = |r|2. The results are shown in
Fig. 3 with larger and larger probability obtained for the weaker and weaker potentials of
Fig. 1. In particular, quantum reflection for atoms falling from a height z and thus having a
given energy E = mgh is much larger on a liquid helium bulk than on the other materials
studied here.

We extract from the reflection amplitude the scattering length a = —,’(i if:gllg,

k — 0. For quantum reflection on a liquid “He bulk, one finds for example a =
— (34.983 4 44.837i) ap. The imaginary part b = —Im(a) of this scattering length deter-
mines the mean lifetime t for atoms bouncing above the bulk [18]: T = Wzb' In Table 1,
we compare this values obtained for t from the quantum reflection propabilities drawn on

Fig. 3 and also for porous silica studied in [16].
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Fig. 3 Quantum reflection probability as a function of the free fall height of the atom #, that is also of its

energy E = mgh. The full lines correspond, from top to bottom, to bulks of *He (light blue), “He (dark
blue), silica (red), silicon (green) and gold (yellow)

Table 1 Lifetime 7 of

antihydrogen in seconds above Material 7 [s] Ny
various material surfaces and

number N; of semi-classical perfectly reflective 0.11 33
bounces for an atom in the first silica bulk 0.22 66

quantum gravitational state for

different bulk materials and for porous silica (95% porosity) 094 282
porous silica (see [16] for the liquid * He bulk 1.35 405
latter case) liquid 3 He bulk 1.71 514

We also give the values for the number N; of semi-classical bounces for an atom in
the first quantum levitation state. The numbers show that liquid helium is a much better
reflector for antihydrogen matter waves than the other materials which have been studied
up to now. The much larger lifetime, that is also the much larger number of bounces before
annihilation, implies that it should be possible to trap antimatter for long enough to improve
significantly the spectroscopy measurements discussed in [18].

4 Conclusion

In this letter we found theoretically a high reflection probability for antihydrogen atoms
falling down onto liquid helium bulk.

The long lifetime obtained for antimatter above a liquid helium bulk can have very inter-
esting applications for new spectroscopic tests of the equivalence principle for antihydrogen
atoms.

In a free fall time experiment, we can make use of the possibility of bounces to select first
gravitational states and then reduce the uncertainty by shaping vertical velocity distribution
[17,27,28]. Another possibility is to perform spectroscopic measurements of these quantum
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gravitation states for example by using an oscillating magnetic field [28], from which the
gravitational acceleration can be extracted [18].

The influence of the finite thickness of a liquid helium film to the quantum reflection
and to the variant scattering length is studied in [25].
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