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Abstract: The precision with which the position of a shadow can be measured is classically
limited by shot-noise. We achieve sub-shot-noise position sensitivity by jointly detecting
correlated photons with a simple split-detector scheme.
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1. Introduction

The relative displacement of an object can be optically measured by determining the position of its shadow, as in the
case of microelectromechanical gravimeters [1]. The precision of this measurement ultimately depends on the ability
to precisely count the photons on either side of the shadow. However, even in the case of a perfect and noiseless
detector, the Poissonian nature of the photon-number fluctuations associated with the employed light source poses a
limit to the attainable position sensitivity: shot-noise is the ultimate limit to schemes that attempt to optically determine
the position of an object [?]. There are a series of strategies that can be used to suppress the error associated to
photon-number fluctuations. An approach that is less technically involved than schemes based on squeezed states and
homodyne detection is the use of intensity correlated beams produced from spontaneous parametric downconversion
(SPDC) [?, 3]. These experiments exploit the quantum correlations between downconverted photons, for which in
the degenerate case, a pair of signal and idler photons are produced from a twice as energetic pump photon. The
downconverted photon-pairs are found to be position correlated where they originate in the crystal (i.e. in the image
plane of the crystal), and are found to be position anticorrelated in the far-field of the crystal.

2. Experiment

The noise associated to the position measurement of a shadow was reduced below the shot-noise limit, using correlated
photons that were detected by an electron-multiplying CCD (EMCCD) camera. The employed experimental setup is
shown in Figure 1 (a). By introducing a neutral density filter either before or after the crystal the spatial character of
the source was switched from correlated to uncorrelated.

Fig. 1. (a) Experimental setup. A 355nm pumped non-linear crystal (Beta Barium Borate, type-I)
produces 710nm correlated photons, which are intercepted by a shadow-casting wire, placed in the
Fourier plane of the crystal. The shadow of the wire is re-imaged onto the camera, here employed as
a split-detector; (b) Schematic of a typical frame from the EMCCD camera. The EMCCD camera
is employed as a split-detector returning two signals A and B, which correspond to the total number
of photons detected over the two halves of a central region of interest. Relative displacements of the
shadow from its central position cause signals A and B to change.
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3. Results and conclusions

The signals of the two halves of the detector (A and B) shown in Figure 1 (b) were subtracted to return the position
of the shadow. The noise associated to the position measurement of the shadow was calculated using the degree of
correlation [4], which is defined as the normalised variance of the residual difference of the detected photons over
the two halves of the split-detector Var(A�B)/ < N >, where N = A+B is the total number of detected photons in
a frame and <> indicates a temporally averaged value obtained from a statistically significant number of recorded
frames.

We experimentally demonstrated a maximum noise suppression in the estimation of the position of a shadow of
⇡ 18% with respect to the experimental measurement, corresponding to a noise suppression that is ⇡ 11% better than
the theoretical shot-noise limit. This amount was found to be dependent on the total quantum efficiency of our system.
Our approach to quantum-enhanced position measurement effectively addresses the EMCCD as a split-detector, paving
the way to real-world applications of quantum-enhanced position measurement, for which less expensive detectors,
such as high-responsivity/low-noise split-photodiodes, are sought to enable wide-spread use [1].

Fig. 2. Noise suppression in the position measurement of a shadow. The normalised variance
of the residual difference of the detected photons was recorded at the optimal detection light-level
of ⇡ 0.2 photons per pixel per frame. Our scheme allows to suppress noise both with respect to
uncorrelated light (red squares) and the shot-noise limit (black solid line).

4. Funding Information

E.T. acknowledges the financial support from the EPSRC Centre for Doctoral Training in Intelligent Sensing and

Measurement (EP/L016753/1). M.P.E. acknowledges financial support from EPSRC QuantIC (EP/M01326X/1) and
ERC TWISTS (192382). P.A.M. acknowledges the support from the European Union Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie (706410).

References

1. R. P. Middlemiss, A. Samarelli, D. J. Paul, J. Hough, S. Rowan, and G. D. Hammond, “Measurement of the
Earth tides with a MEMS gravimeter,” Nature 531, 614–617 (2016).

2. V. Giovannetti, S. Lloyd, and L. Maccone, “Quantum-Enhanced Measurements: Beating the Standard Quantum
Limit,” Science 306, 1330–1336 (2016).

3. J.-L. Blanchet, F. Devaux, L. Furfaro, and E. Lantz, “Measurement of Sub-Shot-Noise Correlations of Spatial
Fluctuations in the Photon-Counting Regime,” Phys. Rev. Lett. 101, 233604 (2008).

4. G. Brida, M. Genovese, and I. Ruo Berchera, “Experimental realization of sub-shot-noise quantum imaging,”
Nat. Photonics 4, 227–230 (2010).


