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Summary

In this thesis we study dipole-dipole interactions between Rydberg atoms, in connection
with feasibility studies of a quantum computer [46, 65]. We have built an experimental
setup that allows us to control some important parameters of the dipole-dipole interaction
between Rydberg atoms. The use of Rydberg atoms enables us to use relatively low-
tech solutions, since these type of atoms have strongly enlarged properties. We excite
laser-cooled ground-state atoms at 83(7) µK to Rydberg states with two tightly focused
lasers, such that two separate elongated volumes of cold Rydberg atoms are created with
a diameter of 15 µm. The Rydberg atoms in the two different volumes, typically 30 atoms
per volume with principal quantum numbers between 40 and 50, interact with each other
over distances of tens of micrometers. The interaction results in a change of the quantum
state of the atoms, which occurs in several microseconds, and this state change is what
we measure. The experiments described in this thesis are not yet real qubit operations,
however, they provide us with more insight in the Rydberg interactions and they show
which technological challenges will have to be overcome.

To be able to measure state-changing dipole-dipole interactions between atoms in
(multiple) separated volumes like proposed in [81], a detection system is needed that re-
veals the state of the atoms as well as their position. We succeeded in making and testing
such a detection system, which combined the techniques of state-selective field ionization
[35] and time-of-flight. The system enables us to measure the atom’s position with an ac-
curacy that ranges from 6 to 40 µm over a length of 300 µm and to simultaneously detect
the state of the atom with a selectivity of 20:1 between n=53 and 54.

However, in the experiments that followed, we did not need this twofold detection sys-
tem, since we used a transition with four states involved and only two separate volumes;
so this interaction can be probed solely with state-selective field ionization. Specifically,
we used the transition

41d + 49s↔ 42p + 49p, (8.1)

which we found after extensive calculations on the energy levels of a large number of
Rydberg states in an electric field. The transition is resonant at a very low electric field,
0.4 V/cm, and the transition dipole moments between 41d and 42p and between 49s and
49p are both very large, approximately 1000 a.u. (2500 Debye).

With two cylinder-like volumes of Rydberg atoms, one volume with atoms in the 41d
state and the other with atoms in the 49s state, we measure the amount of 49p atoms
present after a certain interaction time, as a signature of the dipole-dipole interaction. In a
first experiment, we varied the static electric field, the spatial separation between the vol-
umes and the interaction time. We observed, for the first time, dipole-dipole interactions
between atoms in separated volumes, and at distances that are enormous, up to 50 µm.
All data are well understood and supported by well-fitting many-body simulations. For
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short times or large distances the data fitted the scaling law of the transition probability
P ∝ t2/d5 for infinitely thin and long cylinders at a distance d, as opposed to the case of
two point particles, where P∝ t2/d6.

In the following experiments we added a time-dependent electric field to the system,
to explore more properties of the dipole-interacting atoms and to investigate the tunability
and switchability of the dipole-dipole interaction. The transition eq. 8.1 is not only reso-
nant for a static electric field of 0.4 V/cm, but also for several different combinations of
specific frequencies, amplitudes and offsets of a radio-frequency field. In such cases, one
or multiple RF-photons are absorbed or stimulatively emitted by the two-atom system,
when undergoing the dipole transition.

In the RF experiments we observe transitions with up to about 10 photons involved.
Secondly, having increased the parameter space, we could perform more extensive spec-
troscopy on the two-atom energy levels, with the resonances being 10 mV/cm (1.3 MHz).
The involved states all have a purely quadratic Stark shift in the studied field regime,
which results in a significant AC-Stark shift of the resonances. The exact positions of
the resonances as well as the oscillatory behavior in the coupling strength are well re-
produced with Floquet calculations. The coupling strength is given by the generalized
Bessel function, which reflects our intuition in the classical limit: the energy values that
occur the most in the oscillating field correspond to the resonances with the strongest cou-
pling strength, apart from an oscillatory behavior. The oscillatory behavior is explained in
terms of Stückelberg oscillations, which are due to interference between the two interact-
ing two-atom states. In this view we can proof coherence for at least several RF periods,
which is 0.6 µs.


