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Mode (1,1)

‘\H Macroscopic objects in quantum regime




Collective excitations and canonical variables for:
Light modes
Ensembles of polarized atoms (spins)

Solid state oscillators

K. Hammerer, A. Segrensen, E.P. Reviews of Modern Physics, April 2010
arXiv:0807.3358



Continuous variable quantum systems

X105 (1) = X sin(wt) + P cos(wt)

Mechanical Lﬂght

Mode (1,1) Mode (1,2)
P
‘\ \[\\ . NS R
Mode (2,1) Mo dc(z 2) i Vi~ A ',/
D
isvr D
X - position quadrature 5 A .
A~ . P - spin
P - Amplitude projections

P - momentum quadrature



Canonical quantum variables for light:
*E.-m. field 1s described by two noncommuting
variables: amplitude and phase quadratures, X and P

~o»

'E oc X cos(at) + Psin(ar)
WA
VRVERVERV.




Uncertainty relation for field operators.
Coherent and Squeezed States

o W
|X,P|=i = 6Xo6P>1/2 O
Eox X cos(a)t)+Psm(a)t) X .
\‘_’J lVJ w l‘;‘“ Squeezed state
SX°<1/2

Coherent state (or vacuum)

5X*=06P*=1/2
Two-mode squeezed (EPR)

S(X,-X,)+6(PR+P) <2



Polarization homodyning - measurement of X (or P)

=1[(A+a) (A+a)—(A—a)' (A-a)]=
L A(a” +Cl)=%AXCOSQt

Stokes operators
[52»53] = 51
ST
S, =— AP
""mmij_olar'izing
WO /4 splitter 450/-450

o A
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/ Polarizing Quantum field a -> X,P
.~ ., cube




Benchmark I: quantum noise of Coherent State of Light — VarX, P oc N
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*Photodetectors with
g.e.>99% and dark
noise << shot noise of
light

1 Mach-Zehnder or polarization
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*Stabilization of phase
and amplitude noise
of light down to the
SQL = shot noise
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Probe pulse area variance [V']
Free
(e
1

.
O,

¢ 0 100 107
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Einstein-Podolsky-Rosen (EPR) entanglement 1935

2 particles entangled { AL A A A
in position/momentum

/\ o

1 2

Vo \
N N

X, —X,=L 151 Pz:O

‘Minimal uncertainty state

2 2
\of both particles: 5X1,2 — 6P1,2 — 1/2 ]

Simon (2000); Duan, Giedke, Cirac, Zoller (2000)
Necessary and sufficient condition for entanglement

Var(X —X,)+Var(P+F) <2




Canonical collective variables and quantum states
for ensemble of 2-level spins (atoms ..)

Cesium szjij: iJ [)A(,}A)] —
6P/,




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

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

“spin down"

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

Projection noise



Basic interactions:
Quantum Nondemolition - QND
Two-mode entanglement

Beam splitter/Swap operations

K. Hammerer, A. Segrensen, E.P. Reviews of Modern Physics, April 2010
arXiv:0807.3358



Light-Atoms interface
Light-Atoms Entanglement Light-to-Atoms mapping (memory)

o >< Y
a.:
m it A
H=ya'b" +he. ﬁ.’_ﬁ H = yab' +he.
Innsbruck Caltech, Harvard,

GIT, Copenhagen, He|delberg Aarhus, Caltech, Harvard, GIT

.

& ..-’ Resonant EIT:
Faraday = double Harvard, Caltech,
A interaction= Tokyo, Heidelberg,

4wave mixing Georgia Tech

wo ab

H = )(PGF&TZST -I-}(BSCAIZ;T +hc= \/EZ]SL]S/D if Xpar = Xss

Rochester. Copenhaagen. Caltech. Kvoto. Arisona...



At T g Can be circularly
oms & B polarized g, OT O_
and light
- general off-resonant Or linearly
interaction 4 é\ polarized 0, + 0_)/

Mg = F F-1 F-2 F-3

H = ;(I&TIST +;(2&15Jr +he. =k(P,P, +%

_ «— Tensor polarizabilit
52:;(1 12_1402 p izability

~
X T X a4 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



Short mnteraction time =) QND

Spherical

4. Spin chicken
= 2
QND "Z
Interaction
Mg = 4 3

H = i;(&TZ;T + i;(le;T +hc.= \/EQ(}A’L}A’A



QND measurement and H o« PP,
spin squeezing  (Joaos

Probe phase shift
In/c\!uced by atoms

4X, =H HX, | = X" S|P,

dt

X7 = X' +4=(N, - N,)

8J2, =Y4(N;— N,)? < N Hont

Example:
Xm 4 kP atom clock levels




QND measurement and
Spin squeezing
Xy = X7+ (N, - N,)

A ]z — %(Nl_Nz)

Gaussian
distribution

width = %\/ﬁ/ \j\F

k2 Nd

77:1+K‘2 :1+\/3




Benchmark II: quantum noise of Coherent Spin State —Var {J 2.y

}OCN

Tomography of a coherent spin state (uncorrelated spins) -

- thermal atoms in a cell 1
4 A —6
1+ N 2 ~ 10/.
1 s
Var(XA ) — Var(PA ) — e /: . .‘
_ 08} 2 i
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§ o6f ey
*Shot noise limited " =t
detection of light  oal >
PLUS 7
0.2+ e ¢
-Stabilization of the A
atomic noise down to
the projection noise % 1 " 3 . : : ;
faraday angle [’] A
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Hspin —

Spin — light coupling rate

K —
= — AspinXlight XL out — XL in T KPA
14
Atomic Optical tl.'ansi_tion Spontaneou
crossection Natural linewidth Emission
probability
2
O O
K-~ — N, 7/2nph =d,n~1+3
A AA
Beam Atorr;)‘ Photon * _
crossection MUMPET number Optical

depth



Coherent state -> %\/ N

a

C-out __ \rin 4+ K,ﬁin ~ ot i '
light light atoms XL :XL +W(N1_N2)

FOM for light-atoms quantum interface - optical depth

AZ Probe depumping
2 a B _ parameter
k* = ApS )y 2 V Tpulse =S, Tpulse = spontaneous emission:
n<<l

a,= o,y?/A? optical depth of the atomic sample (absorption coefficient)
SA= SpY?/A? saturation parameter — the ratio of the Rabi frequency to
spontaneous decay rate y

1 probability of spontaneous emission caused by probe pulse




Physics of QND interaction between ensemble and light:
1. Polarization rotation of light
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(955,

Polarizing
#_. cube
qin
Polarization SOW S\’;”’ + aSlj — @ — Sz | ol j
zZ

of light 4 Sl A4 A



Atomic magnetometer — simplified quantum theory

A N L 4

Sl y .

‘o S,(0)

J
!
S

Bry=B, cos(£2t)

S =at. st eos ook action of light

j% =aJ S sin Q¢

S =S v a gl
[ olh I E - I
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Physics of quantum backaction:
Dynamic Stark shift of atoms

-~ 7

oF :
&'\QJ o
R\ ' Quantum field
S / .
( = 7
/Polar'izing 2 O a
7 e X0 = X"+ kP,
/ Y
. A A . A jln O F A
A:l‘;;‘l’llc JM=J"+al Sy > ¢= Jy + A S,

rotation X



PSD (SN)

Quflntum noise of ll}easurement of .spln b = J ot o0t — ]yrot sin Ot
oscillator: probe noise and backaction A

S, a

Spins
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QQ,?,ZD Xspin ~J _fo%(t) + Back action noise
Spin state s PPy {Sin G

Pyyin ~ J,7(t) + Back action noise

spin
Cooperativit Succeptibilit

Priout = —Pr1,in + Spin state + I'sxsXp1,in
Shot noise of light Back action of light



Nemtrivial 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



Atomic levels and geometry of experiment
Cesium ground state

B =b,.cos(2, ¢




Sensor: collective spin of 102 - 10" Room T

To generate a long-lived collective
spin wave:

 Light-spin interaction without
"which atom” information

« Spin protecting coating of cell
walls prevents collisional

decoherence
life time of

a spin state ~0.01 — 1 sec at room
temperature




Sensor: vapor of room temperature atoms in spin protected
environment




Micro cell with anti-relaxation
coating

7

Solid Caesium /

drop

Anti-relaxation
coating
Micro hole \T:
Atomic — .
Caesium /

Micro channel —/

Wall-to-wall flight time = 1 pus



Optics
Express
2010

High quality anti-relaxation coating material for
alkali atom vapor cells

M. V. Balabas'®". K. Jensen', W. Wasilewski', H. Krauter', L. S. Madsen',
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Polarized alkali vapor with minute-long transverse spin-relaxation time

*Department of Physics, University of California at Berkeley, Berkeley, California 94720-7500
“Nuclear Sctence Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720

M. V. Balabas,! T. Karaulanov,? M. P. Ledbetter.? * and D. Budker®?
'8, I. Vavilov State Optical Institute, St. Petersburg, 19903 Russia

(Dated: May 11, 2010)



Summary

Collective excitations and canonical variables for
ensembles of polarized atoms (spins)

Basic interactions:
QND, two-mode entanglement and swap operations

Quantum limited and entanglement assisted
magnetometry
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