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Canonical quantum variables for light X,P — can be well measured
by homodyne detection or by polarization rotation

X=L(@+a), P=_(@ -4 [XP|-i
OoXoP >1/2
Coherent state (or vacuum)
SX?=5P°=1/2
C:b Squeezed state
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Two-mode squeezed (EPR)
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measure
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this talk have Gaussian

Wigner functions XtoX or PxoP




Measurement of canonical variables
via Stokes operators - polarization

S, measurement
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What about quantum state
measurement of atoms?



Ensemble of N polarized atoms = a giant spin
“spin up”

Two levels:
Zeeman splitting,
or hyperfine splitting,
or- optical transition

“spin down"
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P=1J,

Uncorrelated atoms:
Var(J,)=Var(J,)=4N

Projection noise



Nomtrivial problems of quantum Measurement

! Quantum noise of the initial
state of atoms

Quantum measurement changes
the state: back action noise of
the meter (light)

The meter (light) has its own quantum noise
which adds to the measurement error



Ent anglemert assisted magnetometry
via optimal quantum measurement
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Detection of tiny oscillating magnetic fields

Spin dynamics
top view

Minimal quantum noise

N,
&2

é J, = yBee N,AT,

Bias magnetic field Yy — Gyromagnetic constant

Larmor frequency €) T2 — Transverse spin coherence time



Atomic levels and geometry of experiment
Cesium ground state




Room Temperature Spins

s &

1012 atoms
Cesium

Harmonic oscillator

in the ground state
Alkene-based

coating. T, = 40msec

Perspectively up to
_many seconds

99.5% optical
pumping




Atomic magnetometer — simplified quantum theory
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Quantum back action of probe light on atoms:
calcellation via entanglement of two ensembles

i~
=

;zgz Q, e T Q,
— F
F_

i
A
&/

L:> -/




Calcellation of measurement back action with two cells
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Off-resonant interaction S
for realistic atoms w, A Double A

and polarized light “butterfly”

e abh — L.

mF = F F-l F-Z F'3

H = ;(léTBT + ;(ZéBT +he. =k(P.P, +M

]_4a24/ Tensor polarizability

2

Vector polarizability

Quantum Nondemolition Interaction limit < tensor term—0:

1.For spin %2

2.For alkali atoms, if A >> HF of excited state and the
Interaction time is not too long



Tdeal read out of the atomic state:
atom-light state swap plus squeezing of the probe light
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W. Wasilewski et al,
Optics Express 17, 14444-14457 (2009)
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Swap of state from atoms to light provides
the best quantum measurement of atomic state

éin e 7/swap _|_ \/1 e 27/5wap (J )

Optimized temporal modes for the swap operation

é: _ 6 3 ?\8 Projection noise
— S B, 2 limited
Cs probe detuning 850nm — [
Depends only on detuning for
a given transition
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Magnetic field sensitivity with 1.5*1012 atoms

0.42-107°T //Hz

State-of-the-art cell magnetometer
with 107% K atoms
Lee at al, Appl. Phys.Lett. 2006

0.24-10°T //Hz

100-fold improvement
In sensitivity per atom

B, =36-10"°Tesla=3.6-10""G



B. Julsgaard, A. Kozhekin and EP, Nature, 413, 400 (2001)

Entanglement
of two

macroscopic
objects.

Var(J,,+J,,)/23, +Var(J,,+J,,)/23, <1

Cawv be areated by o measuwrement

A 1012 sping ivveach ensemble
Spins which are “more paraIIeI” than that
X

are entangled




Magnetometry beyond the projection noise limit

Entanglement by QND measuwrement

I

Entangling RF field Measuring
pulse pulse

5(jzl+jzz)2 +5(jy1+jy2)2

1.3-3, <23,

5()21+)22)2+5(I31+I32)2 =1.3<2



EPR entanglement
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Appel et al, =

PNAS — Proceedings X B
of the National Academy (@SEEEERPE |\
of Science (2009) / : | 2

106:10960-10965

Frequency of atomic
transition as
 standard of time



Two-level atomv of av clock as v quasi-spivv

Wy, = 9,192,631,770|Hz

13,0, |=i9, = LN
Uncorrelated atoms:

Var(JZ):Var(Jy):%N

Projection noise

F=4

mg =0 Cs
clock levels:
hyperfine
F-3 ground states

mF =0 '

Measurable
atomic operator

J,=3N (/34,4 _/33,3
:%(Nﬁf_ N3)




Rouwmsey method - v way to- determine w,,




Spin squeezed state of atomic ensemble
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Spin squeezed state
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Coherent spin state:
PROJECTION NOISE
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Measurement of the population
difference

2> + ‘]_>)N N independent atoms



Metrologically relevant spin squeezing = entanglement

_ (‘,,,Zi...lk...>+‘---1i---2k'">)

Angular uncertainty of
the spin defines 7
metrological significance
Wineland et al 1992

$ Entangled atoms
Uncorrelated atoms
ﬂ (coherent spin state)
Var(p) < N
S _ 2 2
Sp=N"? Var(JZ)<(JX') /N:%N(JX'/JX)

Entangled state cannot be written

as a product of individual atom states



Atomic clock with spin squeezed a‘roms
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Quantum Nondemolition Measurement (QND) and Spin Squeezing

A measurement changes the measured state
standard QM textbook

An ideal QND measurement [)2 : IS] =1

1. Conserves one quantum variable (operator P) ‘ 2>
2. Channels the backaction of the measurement 1 W12
into the conjugate variable X 5B ‘ >
H~PP

3. Yields information about the P

.
o N

X =+ H.X |~P,

h

Our goal — measure the population difference in a QND way to

generate a spin squeezed state
Proposal by Kuzmich, Bigelow, Mandel in 1999.




QND of atomic population difference

Balanced photocurrent: Atomic signal
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Probe shot noise
In canonical variables:
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Interferometry on a pencil-shaped
atomic sample
(dipole trapped Cs atoms
T= 100 microK, 200.000 atoms)





Interferometer measured phase shift around balanced position: -

shift (rad)

Phase

QND measurement of atomic population difference
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Monochromatic versus bichromatic QND measurement

D. Oblak, J. Appel, M. Saffman, EP
PRA 2009

Maximal spin squeezing
SCClles as 1/\/8 CESIUM LEVEL SCHEME
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Step 1.
coherent spin state preparation

Me -6 -4 -3 -2 -1 0 +1 +2 +3 +4 *5|:|-5A

Me =4 -3 -2 -1 0 +1 42 +3 +4 =
62P3/2 “““““““ F 4‘

me 3 -2 -1 0 +1 +2 +3 F'=3

Mme 2 -1 0 +1 +2 F|=2

Linear Poll
~ 80%
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STEPS 2 and 3: generation and verification of spin squeezed state

via QND measurement
state optical
preparation M.V probe pulses repump N, probe

i

projection squeezed

noise nhoise
First probe pulse: )
LW i, B Best guess fo-<
L L A second

Outcome: XI(_l) measurement



Experimental parameters

l l Up to 2*10° atoms probed

|

55 microns 80 microns

Resonant optical depth up to 30
Optimal decoherence parameter n=0.2
Optimal photon number per QND 2*107

Expected projection noise reduction about 6 dB
State lifetime ~ 0.2 msec



Determination of QND-induced decoherence n

Two probe pulses

isjbility reduction
is (1-n)

Mormalised population in F=4 ©
after echo sequence

1 i 1 1 i L 1 1
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=10 =100 o 00 200

Time t, after m pulse [+1500 ps]



Spin squeezing and entanglement
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Var(J )/J

Multiparticle entanglement of an atom clock
0.5

Mul'riplar'ﬁcle |
entanglement P

of a spin squeezed D
state L
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Our result
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0.1

Serensen, Mglmer, PRL 2001
Sanders et al



Conclustons

Quantum state engineering
and measurement allows for i
unprecedented precision of sensing %" ___

Sub-femtotesla magnetometry with |
1012 entangled atoms

Entanglement assisted
cold atom clock

Entanglement assisted metrology and
sensing is a part of Quantum Information
Science
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