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Fig. 2. Representation of a few collective spin states on
the generalized Bloch sphere: (a) Coherent spin state,
the average spin of every particle points at the same di-
rection, the quantum projection noise is isotropic; (b)
squeezed spin state, quantum projection noise along
one direction is smaller than that of the coherent spin
state with the same atom number, at the expense of
enhanced quantum noise along the orthogonal (con-
jugate) direction; (c) twin-Fock state or spin-1/2 bal-
anced Dicke state, made up of indistinguishable bosons
equally distributed in two orthogonal modes (exactly
half (N/2) in each mode), its spin direction lies in
the equatorial plane, but is completely indeterminate

along the azimuthal direction.
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Fig. 3. (a) Generation of twin-Fock states using spin-
mixing dynamics in spinor BEC; (b) illustrating corre-
lated populations in the +1 components generated by
spin-exchange collisions. The measured particle num-
bers in m, = +1 (red) and m, = —1 (blue, taken
as negative) show large fluctuations in different exper-
iment runs, but their difference in any run is always

near zero. Figure adapted from Ref. [30].
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Fig. 4. (a) The ground state of a spin-1 BEC is deter-
mined by the relative strength between the quadratic
Zeeman shift (q) of individual atoms and the spin-
exchange interaction strength (c2) between them. It
can exhibit P, BA and TF phases. (b) The spin-
resolved absorption images of the atoms that show the
evolution of the spin state populations when g is swept

linearly over time across the phase transitions.
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SPECIAL TOPIC — Physics in precise measurements

Generation of twin-Fock states for precision
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Abstract

The highest precision achievable for a two-mode (two-path) classical interferometer is bounded by 1/v/N (with N
being the number of particles participating in the measurement process). This bound is called the classical limit or the
standard quantum limit. It is possible to beat this limit by introducing quantum entanglement among the particles
such that quantum projection noise from different particles cancels out. Twin-Fock state is one type of such entangled
states. It is made up of indistinguishable bosons equally distributed in two orthogonal modes (exactly half (N/2) in each
mode). In the past, either through optical spontaneous parametric-down-conversion or through quantum-gate operations
on trapped ions, twin-Fock states consisting of no more than 10 photons or ions have been realized. In recent years, twin-
Fock states made up of a few thousand atoms have been generated using spin-mixing dynamics in spinor Bose-Einstein
condensates (BECs). However, these twin-Fock states exhibit huge fluctuation in particle numbers, thereby limiting
their potential applications. We recently generated twin-Fock states of about 11000 atoms in a deterministic manner
by driving a spin-1 BEC through quantum critical points (QCPs) slowly. Even though substantial excitations occur
while crossing the QCP regions during the drive, this method is capable of generating highly entangled twin-Fock states
because of the very different structures of the system’s low-lying eigenstates across the QCPs. The samples we prepare
feature a number squeezing of 10.7 = 0.6 decibels and a normalized collective spin length of 0.99 & 0.01. Together, they
infer a minimum entanglement cluster (or entanglement breadth) of 910 atoms. This article introduces the background

and advancement of this research.
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