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Classical Ramsey interferometry

#® Photons: Mach-Zehnder interferometer

in

beamsplitter
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Classical Ramsey interferometry

#® Photons: Mach-Zehnder interferometer #® Atoms: Ramsey interferometer
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What is the precision limit
for interferometry?




Collective spins and interferometry

O Interferometry: N atoms in two modes — N elementary spin 1/2
A N
00 JZ — Z 5-Z(k)
1 2 """ N """ collective spin
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Collective spins and interferometry

@ Interferometry: N atoms in two modes — N elementary spin 1/2
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J =35
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Collective spins and interferometry

@ Interferometry: N atoms in two modes — N elementary spin 1/2

N s
J =35

collective spin

> Heisenberg uncertainty relation AJZ AJZ > (J,)?/4 g

7 Two-mode Bose-Einstein condensate: N Bosons in two modes

Schwinger spin representation:

J, = (b'a+a'h)/2
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Collective spins and interferometry

© Interferometry: N atoms in two modes — N elementary spin 1/2

Z ~ (F)

coIIectlve spin

> Heisenberg uncertainty relation A.J? AJy2 > (Jz)? /4

7 Two-mode Bose-Einstein condensate: N Bosons in two modes

Schwinger spin representation:

J, = (b'a+a'h)/2 N>1 X COS@ oo
R o . a — /nge'Pe <
— -~ ~ ()
J, = (b'a—a'b)/2 - \/n_bewb> X smO & (
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Collective spins and interferometry

O Interferometry:

> Heisenberg uncertainty relation A.J? AJy2

7z Two-mode Bose-Einstein condensate:

Schwinger spin representation:

N atoms in two modes — N elementary spin 1/2

Z ~ (F)

coIIectlve spin
> (Jz)?/4

N Bosons in two modes

Jy = (na —m)/2

J. = (bTa+a'b)/2 N > 1 x cos(ip) <
7 2 A S Sa=alny
Sy = (bT B b)/ 29 ; o > X sin@ G \ 7y~ Ysin(e)
A A b= \/n_be o I = Heos(p) sl
J, = (b'b—a'a)/2 —(np — 1a) /2 Q\)@“ \e/
QQQ)Q\:\(;‘?’Q&
N
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#® linear interferometer
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#® linear interferometer

coherent spin state
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“Classical” interferometric precision limit

#® linear interferometer

coherent spin state
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“Classical” interferometric precision limit

#® linear interferometer

coherent spin state
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interferometric precision limit

#® linear interferometer

coherent spin state

for a “classical”
coherent spin state

VN/2 1

- \_.
7 phase precision:

N/2 ¢

population difference J,
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AJ,

relative phase @

Christian Gross

Complex Quantum Systems, Uni Heidelberg

Sonntag, 13. Juni 2010



III .

“Classical” interferometric precision limit

® linear interferometer — / \

for a “classical”
coherent spin state

VN /2 1
coherent spin state

7 phase precision:

N 2 )
= N/2 ;
)
O
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g AJ,
]
=
o ‘
c - ~
.9 1
) —
& Ap = —
8_ . 90 vV N
o . "
Q. - - - standard quantum limit
. ] ! _ J
IN/2 B e 1 )
—TT 0 T
relative phase atomic clock: Santarelli et al., PRL 82, 4619 (1999)
magnetic field sensing: Budker & Romalis, Nat. Phys. 3, 227 (2007)
Christian Gross Complex Quantum Systems, Uni Heidelberg

Sonntag, 13. Juni 2010



Outline

7 A nonlinear atom interferometer

- phase precision beyond the “classical” limit -
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Spin squeezing and nonlinear interferometry

#® Nonlinear interferometer
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Spin squeezing and nonlinear interferometry

#® Nonlinear interferometer

N phase squeezed state
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Spin squeezing and nonlinear interferometry

#® Nonlinear interferometer

~ top view
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Spin squeezing and nonlinear interferometry

#® Nonlinear interferometer

~ top view

phase squeezed state
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Spin squeezing and nonlinear interferometry

#® Nonlinear interferometer

~ top view

phase squeezed state
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g 7 phase precision with
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. _ Wineland et al., PRA 50, 67 (1994)
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Experiments with
Bose-Einstein condensates...




Optical trapping of Rb BEC’s in two internal states

© Rubidium hyperfine manifold
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Optical trapping of Rb BEC’s in two internal states

© Rubidium hyperfine manifold O optical trapping in six-well lattice
|b) = [2,—1) i“ti.r.f.‘?_r.e..r.‘ﬁ?.!??“er”
main dipole trap beam
\&/ \ /
la) = |1,1) optical lattice beams
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Optical trapping of Rb BEC’s in two internal states

© Rubidium hyperfine manifold O optical trapping in six-well lattice
by = |2, —1) in'ii_r_fq_rg_r_m_c_:_g_pgttern

main dipole trap beam - .

\/

optical lattice beams

~ =

O High resolution state selective detection

YWV BEC of
(®)—_ 400 atoms

R ) o
I S D
b)
[a) ‘
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Optical trapping of Rb BEC’s in two internal states

© Rubidium hyperfine manifold O optical trapping in six-well lattice
by = |2, —1) inti_r_f_q_rg_r_m_c_:_g_pgttern

main dipole trap beam - .

\/

optical lattice beams

~ =

© High resolution state selective detection =~ © 2-Photon microwave + radio-frequency coupling

Vv ywwYY BEC of

(#)—__400 atoms ‘/W

b)
= Rabi oscillations
|a)
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Optical trapping of Rb BEC’s in two internal states

Christian Gross
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Nonlinear interferometer for Bose-Einstein condensates

® Non-linear interferometric sequence

uuuuuuuuuuuu
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Nonlinear interferometer for Bose-Einstein condensates

® Non-linear interferometric sequence

J.
J\\ 5 | . |evolution 2
Iy

2us
input readout

200 WWWO\WMJ
AOACY

—

o

o
L
e

7 direct comparison:
linear vs nonlinear
interferometer

H§>{ [@% ‘: aad |
_<>, ".o

linear nonlinear -
°® o!o
-200 WWWW&WW‘@W

-180 -90 0 90 180
relative phase ¢ (°)

atom number difference J,
o

o
o
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Nonlinear interferometer for Bose-Einstein condensates

® Non-linear interferometric sequence

J.
J\J/ \ evolution 2
Jy

2us
input readout
_

-

200

—

o

o
L
e

7 direct comparison:
linear vs nonlinear
interferometer

-100 f

atom number difference J,
o

linear nonlinear

-200 [ 4

\ i ’A\ ) \ o . \ \ - .
| UN ’ i
-100 | 1
-180 -90 0 90 180 -20
. relative phase » (°) P relative phase ¢ (°) J
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Nonlinear interferometer for Bose-Einstein condensates

® Non-linear interferometric sequence

F;

J\;,V \ evolution 2
J.
2us ; /

input readout
100

200

—

o

o
L
e

7 direct comparison:
linear vs nonlinear
interferometer

atom number difference J,
o

—
o
o

linear  nonlinear Raw data.

-200 P No noise subtracted.

' -100 | ]
-180 -90 0 90 180 -20 ' 6 ' 20
relative phase ¢ (°) relative phase # (°) J
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Nonlinear interferometer for Bose-Einstein condensates

® Non-linear interferometric sequence

T
J\;,V | |evolution 2
A

2us e "\
input readout ) T T T
100 | -
: ideal “classical”
. 1. | h.measurement
200 } SRR |
CAL i
& 0% N J.r ]l i
; SR
‘ ; AN
, : 100} . . N\
7 direct comparison: -
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o
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Nonlinear interferometer for Bose-Einstein condensates

® Non-linear interferometric sequence

F
l” i \ evolution
J,

A
“«
2us 4 /f =N
T T T

input readout
100 |

|II

ideal “classica
.| N.measurement

200

—
o
o
L
9
e

7 direct comparison:
linear vs nonlinear
interferometer

uéj>r ™
L5

linear nonlinear

atom number difference J,
o

—
o
o

-200 [ 4 — A —

| 100 | ]
-180 -90 0 90 180 -20 ' 6 ' 20
relative phase ¢ (°) relative phase # (°) J

I(b phase precision 15% higher than for an ideal linear interferometer]

see also: Louchet-Chauvet et al., arXiv:0912.3895v2 (2010)
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7 The nonlinear beamsplitter

- Noise tomography reveals spin squeezing -

- Detection of a large entangled state -
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The nonlinear beamsplitter =

O Spin squeezing via “one axis twisting”

7 rotation around J,

Christian Gross Complex Quantum Systems, Uni Heidelberg

Sonntag, 13. Juni 2010



The nonlinear beamsplitter

O Spin squeezing via “one axis twisting”

e ————...

7 rotation around J, 7 non-linear - J; dependent -
rotation around J,
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The nonlinear beamsplitter

O Spin squeezing via “one axis twisting”

e,

e lhmmsiite e

7 rotation around J, 7 non-linear - J; dependent -
rotation around J,
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J.

The nonlinear beamsplitter

O Spin squeezing via “one axis twisting”

output:
T phase
squeezed
F state
7 rotation around J, 7 non-linear - J; dependent - 7 rotation around the center
rotation around J, of the spin state (Jx)
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The nonlinear beamsplitter

I
S J, y .

gy

O Spin squeezing via “one axis twisting”

ceme TR m—— .

7 rotation around J, P non-linear - J; dependent -

/7 rotation around J,

Interaction ' needed!

Christian Gross

output:
phase

squeezed
state

H=-QJ,

7 rotation around the center
of the spin state (Jx)
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The nonlinear beamsplitter

J.

O Spin squeezing via “one axis twisting”

output:
T phase
squeezed
F state
H =xJ; 18 = =0l
7 rotation around J, 7 non-linear - J; dependent - 7 rotation around the center

/ rotation around J; of the spin state (J,)

Interaction ' needed!

X X Qgq + App — 204p

for fully mixed sample
(single spatial mode approximation)
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The nonlinear beamsplitter

I
J\ - '

J.

O Spin squeezing via “one axis twisting”

7 rotation around J,

Interaction ' needed!

X X Qgq + App — 204p

for fully mixed sample
(single spatial mode approximation)

Christian Gross

| 7 non-linear - J; dependent -

/7 rotation around J,

output:
T phase
squeezed
[ state
H=xJ; H=-QJ,

7 rotation around the center
of the spin state (Jx)

6 = [2,-1)

87Rubidium

Q

®®
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Interaction tuning

© Interaction tuning - a narrow interspecies Feshbach resonance

150

1b) = I2,-1)

Awﬁj 7 tuning of the interspecies scattering length

fga?“""@ > increase of the nonlinearity X

9 9.05 9.1 9.15 9.2
magnetic field (G)

100

scattering length ay;, (aB)

50
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Interaction tuning

© Interaction tuning - a narrow interspecies Feshbach resonance

150

> 7 tuning of the interspecies scattering length
100 @,Mj

1b) = I2,-1)

7 increase of the nonlinearity X

scattering length ay;, (aB)

s .
%3 .. : :
A 7 miscible regime accessible

50
9 9.05 9.1 9.15 9.2

magnetic field (G)
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Interaction tuning

© Interaction tuning - a narrow interspecies Feshbach resonance

150

> 7 tuning of the interspecies scattering length
100 @,MJ

1b) = I2,-1)

7 increase of the nonlinearity X

scattering length ay;, (aB)

s .
"3 .. : :
A 7 miscible regime accessible

50
9 9.05 9.1 9.15 9.2

magnetic field (G)

O Increased nonlinearity but also higher loss rate

loss rate

/7'_1%10HZ

expected loss during
experimental sequence:

10— 15%

lossrate (Hz)

9.04 9.08 9.12 9.16
magnetic field (GQ)
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Interaction tuning

© Interaction tuning - a narrow interspecies Feshbach resonance

1b) = I2,-1)

scattering length ay;, (aB)

150
D
100 @.—M’j
@

.

50

L

4 =

9 9.05 9.1 9.15 9.2
magnetic field (G)

O Increased nonlinearity but also higher loss rate

lossrate (Hz)

|

9.04 9.08 9.12
magnetic field (GQ)

9.16

Christian Gross

loss rate
1 ~ 10Hz

expected loss during

experimental sequence:

10— 15%

7 tuning of the interspecies scattering length

7 increase of the nonlinearity X

7 miscible regime accessible

0.5

nonlinearity x (Hz)
o

-0.25

0.25 X.

D

> effective nonlinearity
at B=9.13G

Y = 0.063 Hz

9

9.05 9.1

9.15 9.2 ——

magnetic field (G)
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Noise tomography

O Mapping of the noise ellipse

Christian Gross
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Noise tomography

O Mapping of the noise ellipse

Christian Gross

Jz

number squeezing ¢2, (dB)

12 n T
o
()
[
6 | o
0
one axis
@ . L.
sl / tWISl'.Ing
2 prediction
12 b : : : :
90 180 270 360

rotation angle a. (°)
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Noise tomography

O Mapping of the noise ellipse

o
S | e
J. ?
N | 23 i ¢ §
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5 2
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g |
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E o | rotation angle o (°)
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¥ prediction "
180
| rotation angle a (°) 4
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Noise tomography

Mapping of the noise ellipse
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twisting
\/ prediction

number squeezing ¢2, (dB)

90 180 270 360 7 Best inferred spin fluctuation
- rotation angle a (°) 4 reduction:

= —8.2dB
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Noise tomography

O Mapping of the noise ellipse

RRET T I

» coherence in two-
mode approximation:

| 2(J)
N

= (0.986

Christian Gross

one axis

twisting
\/ prediction

180 270 360
rotation angle a. (°)

number squeezing ¢, (dB)

o

1
w

1
(0))

1
(]

7 Best inferred spin fluctuation
reduction:

| _ 4AAJ.
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Noise tomography

O Mapping of the noise ellipse

o

1
w

1
(0))

number squeezing ¢, (dB)

1
(]

et

one axis

twisting
L/ prediction

» coherence in two-
mode approximation:

e o
| Wa) — 0.986 :

0 180 270 360 7 Best inferred spin fluctuation
. rotation angle a. (°) - red LICtiOn .
. . .9 NAJ® 0.9 o _ aAg, |
7 spin squeezing: ifs = T — —825,,dB LgN = === = —8.2dB

cold thermal atoms: Appel et al., PNAS 106, 10960 (2009) Cold thermal atoms + cavity: Leroux et al., PRL 104 073602 (2010)

BEC on atomchip: Riedel et al., Nature 464, 1170 (2010)
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Two mode approximation?

O Ramsey fringe with the squeezed state after the non-linear beamsplitter:
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Two mode approximation?

O Ramsey fringe with the squeezed state after the non-linear beamsplitter:
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Two mode approximation?

O Ramsey fringe with the squeezed state after the non-linear beamsplitter:

normalized population imbalance

7 fitted visibility:

| _2 l ' '
i Y = 1.00 &+ 0.02 ~ phaseo (@)

~

Christian Gross Complex Quantum Systems, Uni Heidelberg

confirms the two mode value of 0.986
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Depth of entanglement

O Many body entanglement: P F Z Pipp,@pp @ Qppr®:++® P{CV
k

non-separable!
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Depth of entanglement

O Many body entanglement: o F E P R0 ® - QPP @ ® p]kv
k
non-separable!
O Possible entanglement witness: §% <1 implies entanglement
Sgrensen et al., Nature 409, 63 (2001)
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Depth of entanglement

© Many body entanglement: p F Z P;QTO,IC QPR ® p@@ e ® pp

k

non-separable!
O Possible entanglement witness: §§ <1 implies entanglement
Sgrensen et al., Nature 409, 63 (2001)

. . 1.m m—+1 N
O Depth of entanglement: P = Z Plog )@ pr Q@ ® py

k

7 block size of the largest non-separable part: m
Sgrensen & Mglmer, PRL 86, 4431 (2001)
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Depth of entanglement

O Many body entanglement: o F E P;QTO,IC R R ® p@@ e p]kv
k
non-separable!
O Possible entanglement witness: §§ <1 implies entanglement
Sgrensen et al., Nature 409, 63 (2001)
O Depth of entanglement: P = g P ,1€ MR p}fr K- & pfﬂv
k
7 block size of the largest non-separable part: m
1 .
o A Sgrensen & Mglmer, PRL 86, 4431 (2001)

7 ‘ 20

e | \ » separability implies a limit for the minimal spin

0 80 | fluctuations for a given coherence

2 0.5 0 170 |

2 0.95 1

8 ,,,,,,,,,,,,,,,,,,,,,,,,

=

= 1

0 -
0 0.5 1

coherence (cos(y))
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Depth of entanglement

© Many body entanglement: o F Z P@]IC & pi R ® p@@ 200 (Y] p]kv

k

non-separable!
O Possible entanglement witness: §§ < 1 implies entanglement
Sgrensen et al., Nature 409, 63 (2001)

. . 1.m m—+1 N
O Depth of entanglement: p = Z Plog )@ pr Q@ ® py

k

7 block size of the largest non-separable part: m

o N Sgrensen & Mglmer, PRL 86, 4431 (2001)

» separability implies a limit for the minimal spin
fluctuations for a given coherence

number squeezing &%,
o
(6}

- 170 elementary spins (atoms) non-separable!
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coherence (cos(p))
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