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Outline

Ultracold atoms on atom chips
« basic principles
« experimental setup

Chip-based atomic clocks and interferometers
« BEC interferometer with internal-state labeling

P. Bohi et al., Nature Physics 5, 592 (2009).

Spin-squeezing and multi-particle entanglement

e \%/ « control of collisions in state-dependent potential

« spin-squeezing on the clock transition
« Wigner function reconstruction
« experimental test of multi-particle entanglement

M. F. Riedel et al.,
Nature 464, 1170 (2010).
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Atom chips

atoms are trapped in

Basic principle: the wire trap ) )
B-field minimum

Zeeman interaction

Z, H; = —u-B
Z)
» [ > . . .
‘ + | - Wire field gradient
. | ‘ .
| ()B /I() ]
wire 9z 2w 22
magnetic field homogeneous trap (2D)
of wire field
By.2
D BO
W|re+BO

'% / N

high trap frequencies: up to 1 MHz
small atom-surface distance: <1 um possible
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State of the art: multi-layer atom chips

We gratefully
acknowledge the
Kotthaus group at CeNS,
LMU Munich for
cleanroom access
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Compact glass cell vacuum chamber

water cooling
i

L

copper block

wire connectors

atom chip with
mirror surface

base pressure
in glass cell:

3 x 10719 mbar
atT=300K

(trap lifetime x5 s
with dispenser on)

Rb dispenser ..
to ion pump
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Production of Bose-Einstein condensates

BEC sequence:

e mirror-MOT

e optical molasses

e optical pumping
e magnetic trap
e transport atoms

e evaporative cooling
to BEC

all inside the same
glass cell

pressure:
3 x 101 mbar

experimental
cycle: 10 s
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Production of Bose-Einstein condensates

BEC sequence:

e mirror-MOT

e optical molasses

e optical pumping

e transport atoms

e evaporative cooling
to BEC

all inside the same
glass cell

pressure:
3 x 101 mbar

experimental
cycle: 10 s
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Absorption imaging

image shadow cast by
atoms onto CCD camera

CCD camera
detection beam

absorption image
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Portable atom-chip setups

QUANTUS project D. Anderson’s group, Boulder

A. Vogel et al., D. M. Farkas et al., arXiv:0912.0533 (2009).
Appl. Phys. B 84, 663 (2006).

Computer
UHV cell
Lasers
Data
Acquisition
Atom Chip
Drivers
Laser
Electronics Coil Drivers
XY Meterstick

Key components
commercially available:

‘IO ColdQuanta www.coldquanta.com
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Outline

Ultracold atoms on atom chips
« basic principles
« experimental setup

Chip-based atomic clocks and interferometers
- state-dependent coherent splitting of a BEC

P. Bohi et al., Nature Physics 5, 592 (2009).

Spin-squeezing and multi-particle entanglement

« spin-squeezing on the clock transition
« Wigner function reconstruction
« experimental test of multi-particle entanglement

e \%/ « control of collisions in state-dependent potential

M. F. Riedel et al.,

Nature 464, 1170 (2010).
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Clock states of 3/Rb in a magnetic trap

rf . Qubit / clock states of 87Rb
F=2 — 1) = [F=2,me=+1) e both magnetically trappable
mw e nearly identical potentials
o 0) = |F=1,m.=-1) o coherence lifetime > 5 s possible
F=1 —_— (chip-based clock, thermal atoms)

e limitation: 2-body loss in |2,1>
(long lifetime only at low density)

Rabi oscillations on the
two-photon transition

e atom number N = 1000

e image both states in one shot
— normalize to total N

(No-N1)/N

e observed contrast C = 0.98

0 200 400 600 800 1000
pulse duration [us]
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Detection system F=2
(4.5 ms TOF)

detection noise: & N
+10 atoms r.m.s.
for N =1000

Ramp (30 ms) to relaxed detection trap (36 Hz/114 Hz),
200 pm from chip, Bo=3.0 G

Resonant absorption imaging, pulse: 40 pys, 1 = 0.8 Is,
cloud size 15x20 pm?2, ODmax = 1-2
‘camera QE=0.9, spatial resolution 4 pm

S - T T
L qlw TNERELR SIS A A o o .t
. . Y

¥ Sl SN A
g & S TR 34 o YN e y Y T ey PR

F=1
(6.1 ms TOF)
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Chip-based atomic clock

Proof-of-principle experiment: P. Treutlein et al., PRL 92, 203005 (2004).

F=2 ; _
Ramsey sequence atom # N1 Hz A Tr=1s
/2 /2 } ‘ thermal atoms
T AN .
l : >I it / . frequency stability
> time (Allan deviation):
— 17x10" @ 1s

= <= f{requency

Af

Dedicated precision experiment:
P. Rosenbusch/J. Reichel, Observatoire/SYRTE/LKB, Paris
C. Deutsch et al., arXiv:1003.5925 (2010).

goal: stability 10" @ 1 s

*104- 10° atoms

.thermalatomSQrBEC (l]: T Thgl J i 8 T LTV Y L~ LI UL W N B A BN RS R
-magnetlc ShIE|dI.ng Z o6f
e improved detection & oal

- % e .
CompaCtCIOCke.g.for ::(?;F LA L L L L 1 4 1111111111A111111111111111111111111111-
satellite navigation 0 1 2 3 4 5

Ty (s)
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A trapped-atom interferometer on a chip

microwave
potential

/2

)

time

|1>! - 10)

/

_ -@-
F=2 A
microwave mter_nal st_ate
: manipulation
potential
—@-
F=1 —

* movie shows in-situ images of BEC
with 350 atoms during splitting

- detect both states (F=1 and F=2)

P. Bohi et al., Nature Physics 5, 592 (2009).
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A trapped-atom interferometer on a chip

microwave Ramsey fringes  in-situ images
potential

1.0
0.5
0.0
0.5

-1.0

01 02 03 04 05
Tr [Mms]

time
P. Bohi et al., Nature Physics 5, 592 (2009).
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A trapped-atom interferometer on a chip

microwave Ramsey fringes  in-situ images
potential

1.0

0.5
10 + v Y Y
01 02 03 04 05
Tr [ms]
10
05 F .
11) 10) oor ?
-1.0

40 41 42 43 44

\&/

time
P. Bohi et al., Nature Physics 5, 592 (2009).
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A trapped-atom interferometer on a chip PG

microwave Ramsey fringes  in-situ images
potential

1.0

01 02 03 04 05
Tr [Mms]

10—

ool 3 e
Wm oo BNt

'10 T T T ‘
40 41 42 43 44
/2

'10 vvvvvvvv
82 83 84 85 86

time
P. Bohi et al., Nature Physics 5, 592 (2009).
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Outline

Atom chips
* basic principles
« experimental setup

Chip-based atomic clocks and interferometers
- state-dependent coherent splitting of a BEC

P. Bohi et al., Nature Physics 5, 592 (2009).

Spin-squeezing and multi-particle entanglement
« control of collisions in state-dependent potential
« spin-squeezing on the clock transition
« Wigner function reconstruction
« experimental test of multi-particle entanglement

M. F. Riedel et al.,
Nature 464, 1170 (2010).
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Two-component BEC as a collective spin

BEC internal state: collective spin

—0—|1) - - N
N x = S:ZSi, S=— SZ:%(Nl_No)
—0—|0) i=1 2 1)
Z
Coherent spin state (product state):
W)~ (j0)+[1))™", N,=N,=N/2 _
= [s)=N/2, AS =AS, =N /2 2 Y
AS.
10)
S_ A Ramsey fringes
Quantum projection \
noise in a Ramsey AS,
interferometer
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Spin squeezing and entanglement generation mpalnsm

Spin squeezing/ 5
entanglement through H=yS§;
nonlinear dynamics

S
Kitagawa, Ueda (1993) . y # S, y

0
Serensen, Duan, Cirac, time
Zoller (2001) AS, evolution ASg in
Sinatra, Castin (2000,

“one-axis twisting”

2008, 2009)
E =1 & <1

Squeezing/entanglement parameter (Wineland, 1994):

28 (AS . )2 if &2<1 = e useful resource for interferometry
2 = o beyond standard quantum limit
<Sx> e atoms entangled

to determine €, measure: ¢ minimum fluctuations AS, .
e mean spin (Ramsey contrast) <Sx>

recent experiments: Oberthaler (BEC, double well 2008, int. state 2010)
Polzik, Vuletic (thermal atoms, int. state 2008/09/10), ...
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Control nonlinearity by wave-function engineering 5 85

:’lc\?vr:-l:rt:)r:;:rrlr:lodel) H = 55Z +QRS¢ +)(SZ2 nonlinearity due to collisions

% - aOO J|¢O |4 dr3 + all J.|¢1 |4 dr3 o 2aOl J|¢O |2 |¢1 |2 dl"3

(simplification: BEC mode functions ¢o,¢; independent of No, N+)

x=0
but for 83’Rb: agp~a;;~ag = ¥ =0
no convenient Feshbach resonance in magnetic trap

O

0o 04

0o

‘ use state-dependent potential to control
interactions via wave function overlap

x>0 (turn nonlinearity on for well-defined time, avoid oversqueezing)

Y. Li, P. Treutlein, J. Reichel, A. Sinatra, Eur. Phys. J. B 68, 365 (2009).

related idea for BEC in TOF: U. Poulsen and K. Mglmer, PRA 65, 033613 (2002).
related ideas for QIP with single atoms: T. Calarco et al., PRA 61, 022304 (2002).
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Experimental sequence for spin squeezing

/2 QrT=06, phase ¢

VY- A@L vy
V)
x>0
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Experimental sequence for spin squeezing mpolhim

/2 QrT=06, phase ¢

power of microwave near-field _
time

>0

measure KSX>
25 (AS i )2 (Ramsey contrast)
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Experimental sequence for spin squeezing mpolhim

/2 QrT=06, phase ¢

power of microwave near-field _
time
x>0

measure KSX>
25 (AS i )2 (Ramsey contrast)
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Experimental sequence for spin squeezing mpolhim

/2 QrT=06, phase ¢

power of microwave near-field _
time

x=0 x>0

measure KSX>
25 (AS i )2 (Ramsey contrast)
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Experimental sequence for spin squeezing mpolhim

/2 QrT=06, phase ¢

power of microwave near-field _
time

x=0 x>0

measure KSX>
25 (AS i )2 (Ramsey contrast)
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Experimental sequence for spin squeezing mpolhim

/2 QrT=06, phase ¢

VY- Wy vy
\
x>0

X=0 x=0

measure KSX>
25 (AS i )2 (Ramsey contrast)
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Experimental sequence for spin squeezing mpolhim

/2 QrT=06, phase ¢

VY- Wy vy
\
x>0

X=0 x=0

measure KSX>
25 (AS i )2 (Ramsey contrast)
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Contrast of Ramsey fringes

with splitting (x>0, squeezing) without splitting (x=0, reference)
1.0 ' ' , — 10 . — . .
M - . T ' T ‘a‘ T "‘ T F
sk A A A O R
20 AU A B A N A 700 N Wk Y A
z 051 | T |'| - fo |7 z 054 | [ [ ‘| ' o9 ‘]
= f = . |
E |‘| ’, 1. ,'I "‘ ,‘, || S .| ; | ‘! q' I' l' I' ‘
é \ 'l l‘ ', | ‘. * 'E' ’l * 'l | | * |
5 0.0 4 k J \ |m \ , *‘ « 0.0+ * | | * + [
2 | - \ | . , | 2 I | ' l "
E ll ’l '|l ,I ‘. |g l'i E | l‘ # ,I |. ,l ll ,1 |
(2 \ .,! ‘ | f = | | " ® [
-g .. ;" b., ,‘" ‘ll ™ ; l 2 l“ 'l L‘ *’ ‘\ I’ |I |+
£ . v -/ | VR VA T A V.
1.0 : : : : 1.0 1" B S A
120 12.1 122 123 124 125 13.0 131 132 133 134 135

Ramsey time (ms) Ramsey time (ms)

« Ramsey contrast C =0.88 + 0.03 Ramsey contrast C =0.96 + 0.01

11,1> trap lifetime ~ 4 s

12,1> trap lifetime ~ 200 ms

superposition ~ 250 ms
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Experimental sequence for spin squeezing mpalnim

/2

Qrt=0, phase ¢

power of microwave near-field .
ime

s
N

f

State tomography:
measure ASe
(projection noise)
after turning for
several angles O
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Experimental sequence for spin squeezing mpalnim

/2

Qrt=0, phase ¢

power of microwave near-field .
ime

s
N

t

State tomography:
measure ASe
(projection noise)
after turning for
several angles O
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Experimental sequence for spin squeezing mpalnim

/2

Qrt=0, phase ¢

power of microwave near-field .
ime

s
N

f

State tomography:
measure ASe
(projection noise)
after turning for
several angles O
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Experimental sequence for spin squeezing
/2 QrT=06, phase ¢

A@L vy
A Y
x>0

State tomography:
oy (ASe | )2 measure ASg
£ = = (projection noise)
(S.) after turning for
several angles O
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Experimental sequence for spin squeezing mpalnim

/2

s
N

Qrt=0, phase ¢

power of microwave near-field .
ime

State tomography:
measure ASe
(projection noise)
after turning for
several angles O
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Experimental sequence for spin squeezing mpalnim

/2

s
N

Qrt=0, phase ¢

power of microwave near-field .
ime

State tomography:
measure ASe
(projection noise)
after turning for
several angles O
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Experimental sequence for spin squeezing
/2 QrT=06, phase ¢

A@L vy
A Y
x>0

State tomography:
oy (ASe | )2 measure ASg
£ = = (projection noise)
(S.) after turning for
several angles O
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Experimental sequence for spin squeezing mpalnim

/2

Qrt=0, phase ¢

power of microwave near-field .
ime

s
N
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State tomography:
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(projection noise)
after turning for
several angles O
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Experimental sequence for spin squeezing mpalnim

/2

Qrt=0, phase ¢

power of microwave near-field .
ime

s
N

t

State tomography:
measure ASe
(projection noise)
after turning for
several angles O
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Spin squeezing: data

'@; LMU
MPQlnsm

standard quantum limit

)
O ?
N=1250 — 6 -
~ ¢
S~
= :
~ 0
w :
q 3 ’
6 -
-9 -
12
—
90 45 O
statistics:
370 shots per
datapoint

; — ;
45 90 135 180 225 270 315 360

turning angle O (degrees)
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Spin squeezing: data

o)
2 EI $ 3
N = 1250 6 T ¥ 5 °
fo o) S
j 3 E? % [} 2
Z, § 5o _
~— 0 ] reference standard quantum limit
aq 37 2 . j !-'j Var(S,) reduced
- by -3.7 + 0.4 dB
6 0 -.—.:‘l;# y
9 { |squeezing — >ut ] §2=-25+0.6 dB
- ' L = entanglement
12 -10 0 10 20 L )
1 AN LA RN LA LA L B B
90 45 O 45 90 135 180 225 270 315 360
statistics: _
370 shots per turning angle O (degrees)
datapoint
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Marginals of the Wigner function

Z 120 T - ; - T - - - : - - - -

100 - NN ,

6 80 - N i

o P

o -p WA
.....

 — _
o ;l 20 - / S R S s i 10,
‘ " ‘ Y i s s
; . O-xzi'-ﬁ A SaiTatatel et tes e OTeTatee! (FeSatata L iniates, 5
-_— O -60 -40 -20 0 20
1 - S-(S)
‘ 4 r 4

_1(5' 0 ' 1'0 ' 20 Quantum state tomography

0 [degrees]
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Quantum state reconstruction

Wigner function - obtained by inverse Radon transform

l + oo <+ oo x
W(a,ai,s)=— ) __ f_” j; w(x,8) explsn?/8+in(x —a,cosd —a;sin0)] | n|dxdndeé .

4r?
50 x 107
N 25 + o T T— ' e —— 10
N O L ST N e .
-25 ..................................... 5 Sz:ai
-50 . | | | | | | | 0 S =o
-250 -200 -150 -100 -50 O 50 100 150 200 250
S
Z y

local approximation of Bloch sphere by plane
limited resolution due to

Y e finite angular resolution
e finite resolution in atom number (imaging noise)

- e limited amount of data for histograms

Tuesday, June 8, 2010



Simulation: Li Yun and A. Sinatra, ENS Paris

Yun Li et al., 20
EPJB 68, 365 (2009).

. ] £ 107
Spatial evolution ]
of the two states S o0.0-
(o, d1 for No=N1=N/2) ’é

O 104 |
microwave
power T
'20 I< v ] v ] >'

Ramsey contrast 0 5 10 15
(theory vs. experiment) time (ms)

1.0

0.5 1

0.0 -

C ) 7‘-, Nrel

-0.5 4 ' —— calc. contrast C
—— calc. density overlap A
Ramsey oscillations

v v v I v r v ] v
0 5 10 15 20 25 30
T (ms)

-1.0

-
—
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Spin squeezing: data + theory

Theory includes

dynamics + losses

+ technical noise
(A =8°r.m.s.,
fluct. detuning)

12 - 10 0 10 20 “ Ref: A = 3° .m.s. .

— 1 ' — 1 1 - T 717 '
90 45 0 45 90 135 180 225 270 315 360

turning angle O (degrees)
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Depth of entanglement in the squeezed BEC

Separable state

. (1) ) (N) ) A. Sorensen et al.,
of N atoms: p= ;Pk"k Qo ®@...Qp, = >1 0 409, 63 (2001).

How large are the clusters of

0.5 | | | |
A. Sgrensen and £ =1
K. Mglmer, PRL
4 ' )
- 0 86, 4431 (2001). S [
N /
< 03 F depth of  n=1 /
~ entanglement - /
Iz — our data
~F 02 | ’
2 ° A = clusters of = 4
Y entangled particles
0.1 7 11,/ —
e /./'/ 221
(L = |

0O 02 04 06 08 1
(S )/(N/2)
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Outlook mpalnsm

e improve squeezing (decrease technical noise)

e study scaling with atom number and temperature

P. Rosenbusch/J. Reichel,

e use squeezed states in atomic clock on a chip Observatoire, Paris

(relax magnetic trap after squeezing to turn off
nonlinearity: squeezing survives for ~ 0.6 s in presence
of loss and residual phase diffusion)

e characterize multi-particle entanglement A. Smerzi et al., Trento
(quantum Fisher information...)

e entanglement of several BECs through collisions

e QIP with single atoms on atom chips

T. Calarco et al., 0> 0> — 0> 0>
PRA 61, 022304 (2002).

: 0)|1) = 0)[1)
P. Treutlein et al.,
PRA 94, 022312 (2006). 1)|0) = [1)|0)
P. Treutlein et al., 1)[1) = e?|1)|1)

Fortschr. Phys. 54, 702 (2006).
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