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Fig. 1. The number distribution of Bose-Einstein con-
densate for the ground state solution of the Hamilto-
nian (1), N = 100. The lines I, II, III, IV, V present
different number distribution corresponding to the pa-
rameters N/A = 21.15 (effective repulsive coupling),
x =0 (no effective coupling), N/A = —1.02, —1.1,

—1.8 (effective attractive coupling), respectively.
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Fig. 2. The individual spin variances and mean spin (Jx) versus the parameter N/A for N = 100, for the
ground state solution of the Hamiltonian (1). We find that (a) the sum of spin variances A2Jx + A2Jy is
minimized by a critical value of effective attractive coupling N/A = —1.02, and (b) the sum of spin variance
A2 Jﬁ( + A2J% is minimized by a critical value of effective repulsive coupling N/A = 21.15. After phase
shifting and beam splitter operations, A2 Jg( + A2 J% becomes a PQS state with a strongly reduced variance
in the internal interferometer spin operators, A2Jx + A2Jy. Three-dimensional plots of uncertainties for

PQS are shown on the right side, respectively.
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Fig. 3. The comparison between the coefficient dis-
tribution of Bose-Einstein condensate ground state
which gives the minimum of A? J) and the ideal pla-
nar squeezed state. For the effective attractive case
N/A = —1.02 (wider wave packet), the coeflicient dis-
tribution for the ground state (solid) coincides with the
ideal planar squeezed state (dashed) exactly. For the
effective repulsive case N/A = 21.15 (narrower wave
packet), the coefficient distribution for the ground
state (solid) nearly coincides with the planar squeezed
state (dashed).
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Fig. 4. The measured phase uncertainty A¢ for N = 100.
Phase sensitivity is better than shot noise level if A¢ <
1/v/N. Optimum sensitivity is at ¢ = +m/2 and is deter-
mined by the spin-squeezing parameter A¢ = £/ V/N. The
solid curve corresponds to the critical value of N/A =
21.15 for the effective repulsive regime, which gives the
critical value of Epqg = Cy/J at ¢ = m/24m/4 and hence
gives the phase sensitivity A¢ o J~2/3. Increasing N/A
to 103 (dashed) and 10* (dotted) improves the optimum
phase uncertainty, however the useful region of phase an-
gles becomes narrower. For detecting an unknown phase
using only two orthogonal measurements, the sensitivity

over the quiet quadrant ¢ = 1/2 £ /4 becomes relevant.
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SPECIAL ISSUE — Quantum metrology and control
Planar quantum squeezing and atom interferometry”
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Abstract

Reduction of quantum noise in one spin component is a significant tool for enhancing the sensitivities of interfer-
ometers and atomic clocks. It has been recently implemented for ultra-cold atomic Bose-Einstein condensate (BEC)
interferometer. This type of quantum noise reduction reduces the measurement noise near some predetermined phase.
However, if the phase is completely unknown prior to measurement, then it is not known which phase quadrature should
be in a squeezed state. We introduce a novel planar squeezing uncertainty relation for spin variance in a plane, and
analyze how to obtain such a planar quantum squeezed (PQS) state by using a double-well single component BEC,
through the use of local nonlinear S-wave scattering interaction between trapped atoms. Here, we consider the PQS that
is generated by using two hyperfine states in a two components BEC system, which is useful for quantum metrology. By
comparison with the case of two spatial wells, the Hamiltonian parameters can be controlled in a more efficient way. The
spin component can be measured by detecting the occupation number difference between the two internal modes, while
one needs to observe a spatial interference pattern in the double well BEC case. This is the major difference between
the internal and external cases. Another difference is that one can use the Rabi frequency {2 instead of the Josephson
parameters to switch the Hamiltonian parameters through using a diabatic technique. Therefore the coupling could be
switched off or on to study the different evolutions. PQS simultaneously reduces the quantum noises of two orthogonal
spin projections below the standard quantum limit, while increases the noise in the third dimension. This allows the
improvement in phase measurement at any phase-angle. PQS states that reductions of fluctuations everywhere in a plane
have potential utility in “one-shot” phase measurement, where iterative or repeated measurement strategies cannot be
utilized. The improved interferometric phase measurements and planar uncertainty relations are useful for detecting the

entanglement in mesoscopic system between two distinguished modes regardless of the third component.

Keywords: Bose-Einstein condensate, spin squeezing, entanglement, atom interferometry
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