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Abstract

We report on the experimental realization of a novel quantum metrology scheme based on motional Fock
states in a trapped ion system. By measuring the overlap between a Fock state and the displaced Fock
state, a displacement resolution below the standard quantum limit (SQL) independent of the displacement
direction is possible. We demonstrate that this Fock-state metrology scheme can be employed to measure
small forces as well as trapping frequencies with a resolution below the SQL. Among other applications,
non-destructive state detection of molecular ions can benefit from this technique.

Advances in the ability to control quantum systems together with the suppression of classical noise originating
from technical imperfections, has led to the emergence of sensors that are limited in their performance by
quantum noise. For more than thirty years it has been known that certain types of non-classical states can
reduce the effect of quantum noise and thus enhance the sensitivity of measurement devices beyond the classical
limit [1]. Taking advantage of this sub-SQL sensitivity requires not only the preparation of the non-classical
state with high fidelity, but also the prevention of signal loss in the entire measurement protocol. This has been
achieved e.g. with squeezed states and Schrodinger-cat or NOON states in interferometric settings with photons
and atoms. A common restriction of these types of non-classical states is the need for control over the relative
phase between the state creation and the measurement interaction. In a phase-space picture, squeezing along
the displacement direction enhances the sensitivity for amplitude measurements, but weakens the sensitivity for
phase evolution measurements. Here we present sub-SQL measurements of amplitude and phase evolution of the
motional state of a trapped ion using the same motional Fock state [2]. This is enabled by the implementation
of a novel measurement scheme that allows direct detection of individual Fock state populations. We realize a
displacement or force sensor by varying the amplitude of the ion’s oscillation while the phase is kept constant.
By using the same motional quantum state in a different protocol, the Fock state is displaced with a fixed
amplitude in a Ramsey-like interferometry sequence to measure the phase evolution of the ion’s oscillation.
This implements a measurement of the oscillation frequency of the ion in the trap. Furthermore, we show
that Fock states are optimal for sensing displacements for which the phase between creation and measurement
interaction is unknown [2].

Besides applications in the measurement of small optical and electrical forces, this scheme could improve
non-destructive state detection of a molecular ion using quantum logic techniques [3, 4].
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