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Large atomic ensembles are used to average quantum noise and enable more precise 
atomic sensors and tests of fundamental physics.  We demonstrate a collective quantum 
nondemolition measurement scheme that preserves coherence, and allows the conditional 
preparation of spin-squeezed states 
with 3.4(6) dB of enhanced 
spectroscopic sensitivity below the 
standard quantum limit for a coherent 
spin state.   Critically, this is achieved 
in a large ensemble of N = 7x105  87Rb 
atoms, demonstrating that the method 
scales to the large atomic ensemble 
sizes used in state of the art atomic 
inertial sensors, optical lattice clocks, 
and primary frequency standards.  
Further, this work emphasizes the 
critical role of the collective 
cooperativity parameter of cavity 
QED (equivalent to optical depth for 
free space experiments) for achieving 
coherence preserving quantum non-
demolition measurements. 

 

Fig. 1 Quantum mechanics imposes uncertainty on where a 
collection of N pseudo-spin ½ atoms point in space.  This 
uncertainty is visualized as a classical probability distribution 
for the position of the tip of the collective spin vector, whose 
length is  J=N/2. The uncertainty in the projection along the z-
axis Jz is conditionally reduced via a series of coherence 
preserving population measurements.  The prepared spin-
squeezed state is verified with a second measurement. 

	  
Fig. 2 (a) The collective pseudo-spin ½ system is composed of the clock states of 87Rb.  (b)  The measurement 
of the number of atoms in 
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↑  is converted into a frequency measurement by resonantly coupling the atoms in 
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↑  to a TEM00 mode of a low finesse F= 710 optical cavity and measuring the collective vacuum Rabi 
splitting that appears in the transmission and reflection spectrum.  Here, 2g is the single particle vacuum Rabi 
frequency.  (c) Each measurement of the collective spin projection Jz undergoes quantum fluctuations from 
one iteration of the experiment to the next, but the fluctuations of the two measurements Jz1 and Jz2 are 
correlated.  From the degree of correlation we infer a single measurement precision 4.9(6) dB below the 
quantum projection noise level.  (d)  A single sub-projection noise level measurement of Jz does not destroy 
the coherence between the spin states.  The open circles are the measurement of the initial contrast of 97(1)%.  
The solid circles are the contrast measurement of 82(2)% after the first measurement Jz1.  Accounting for this 
loss of signal, the net gain in signal to noise for quantum phase estimation is 3.4(6) dB below the standard 
quantum limit for a coherent spin state. 

 

Quantum mechanics imposes uncertainty on where a collection of N pseudo-spin ½ atoms point in space.  This 
uncertainty is visualized as a classical probability distribution for the position of the tip of the collective spin 
vector, whose length is  J=N/2. The uncertainty in the projection along the z-axis is conditionally reduced via 
a series of coherence preserving population measurements.  The prepared spin-squeezed state is verified with a 
second measurement. 
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