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Complexity: for N > 30 — 40, ab-initio calculations impossible!!
Size of Hilbert space ~2" too large

One idea (Feynman 1982): engineer quantum systems in the lab.
Measure to find properties you can’t calculate!



Applications of quantum state engineering
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Rydberg atoms (alkali case)

A

continuum
] Rydberg
e- states

n > 1

Energy

Johannes Rydberg
1854-1919

Alkali atoms (Rb, Cs) = hydrogenoid |n,l,j, m)

13.6
En,l = T 5 eV
T

Screening effect of electronic core: n* =n — ¢

Quantum defect: 0;>3 =~ 0
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Properties of Rydberg atoms

~ 100 nm
o
Bohr model: size ~ n?ag

1. Large dipole elements between (n,1) and (n’,1 1)

d = (n,1|D|n,') =~ n%eay for n~n’

Ex:n=50= 3000 x d(H,0) !

2. Large polarizability ot ~ n” = large AC & DC Stark shift

3. Long lifetime 7 ~ n’=n> 60, T> 100 pus
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Interaction between Rydberg atoms
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Interaction between Rydberg atoms

/ d-cAi—cAl-AcAi-A)
%% o (A ds =34 D)(da )

Two atom basis: {|n, 1) @ |n/,1")}

4 E
R3 Cs
P { Aln) 2 A
ns,ns

2
Van der Waals: % <A = AF,.. ~ i (@) — &

Scaling: Cj o< n'!

Cs

Cs
Resonant regime: A= AF, ~+—
S N R



Tuning the interaction: Forster resonance

Tune A(n): Stark shift

ns,ns

Ex: for 8’Rb resonance 59d;,, + 59d;,, <> 57p, , + 61f; ,



Tuning the interaction: Forster resonance

ns,ns

g8 >



Interaction between “real” Rydberg atoms

Ex: 8Rb atoms in 62d;,

n =62
100 —

"] 162Ds/2,62Ds2)

1 |62D5/3, 62D3/2)
7 IGOF;/Z, 64P; /z)
1 |60F%2,64P; s3)

(MHz)

E 0 . 6205 3,620y 5)

& | 160Ds/2,6654 2)

3

A sl | :

193 g§ 10 12 L
Interatomic distance R (um) (L. Béguin)

Rydberg interaction: 10! x ground state + switchable
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"Early” experiments and the “need” for cold atoms

The “dense Rydberg gas”  J-M Raimond, J. Phys. B 14, L655 (1981)

Broadenmg of excitation

Dense o
e o B e @> o o

W,

kgT << Interaction energy = T < 1 mK = cold atoms

Many body in “frozen gas”  Mourachko, PRL 80, 253 (1998)

P p D
o0 ;%% %0
pP @ s 8@ PP @ . . ey g
®e®e o %%.. —ee%e Diffusion of excitation faster
° : :
®o0, %00, % e, than motion = correlations
c between all atoms

p+p<>s+s

p+tS<>sS+p
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Rydberg blockade and collective excitation
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Rydberg blockade and collective excitation

0———0 E L Ce
A B Uvaw = 76
................ |77)
E oy
+ ) gr), rg)
e
9) >|99)

R

If hAv < U,qw : no excitation of |77) = BLOCKADE

D. Jaksch, et al., PRL 85, 2208 (2000)
M. D. Lukin, et al., PRL 87, 037901 (2001)
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Rydberg blockade and collective excitation

O < >0
A R B =6

|77)
E 5

1

) = —2(|T9> + |g7))

>|99)

Collective oscillation between |gg9) and |¥) with coupling Q+v/2

(99|Da + Dplv) =v2d  with d = (g|Dalr) = (g|Dp|r)



Blockade sphere and N-atom collective excitation

Only one atom excited within a sphere of “blockade” radius R,
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Blockade sphere and N-atom collective excitation

Only one atom excited within a sphere of “blockade” radius R,

A P
2Rb | . .. L AP
Cs hAL Y Y6
hAy = —& = Ry, =
g Ry ’ ( Cs )




Blockade sphere and N-atom collective excitation

Only one atom excited within a sphere of “blockade” radius R,

2Rb |‘0..0

Coherent excitation: Ar = ()

Ex: 62d;,, Q/2n=1MHz=>R,=10 um



Blockade sphere and N-atom collective excitation

Only one atom excited within a sphere of “blockade” radius R,

A AP
ZRb { .o LI
1/6
> BA Cs hAv
YIRS T TG
Coherent excitation: Av = ()

Ex: 62d;,, Q/2n=1MHz=>R,=10 um
N atoms within the blockade sphere = collective oscillation

Qv N
999...9) 9he) = Z 99...75.



Outline

3. Observation of the Rydberg blockade and collective
excitation for 2 atoms



Microscopic optical dipole trap
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Microscopic optical dipole trap

Non-resonant atom-laser interaction
= light-shift l T
9)

Dipole trap light

High
NA lens
Size ~ 1 um Dichroic
Volume ~ 1 um3 mirror

Depth = 1 mK = laser cooled atoms



Microscopic optical dipole trap

Non-resonant atom-laser interaction
=> light-shift ! T
9)

Resonant laser Dipole trap light

Y o
g ;;‘ NAI,eVr\:iw (]%

WV.\/\/\/\/\,»MN\NV>

,\,\,\,\,\,\,.,/\/WVV\I'>

g 1,%,1‘ o Fluorescence
' ‘ Dichroic photon counter,

camera
Laser - cooled atoms Schlosser et al,, Nature 411, 1024 (2001)
T ~ 100 uK Sortais et al., PRA 75, 013406 (2007)

mirror




Loading the trap with individual atoms

Loading rate
Cooling lasers

Light-assisted loss in the trap

Loss ~ 1/ trap size

Prevents 2 trapped atoms when loss >> loading



Count/ 10 ms

—

S

S
T

80f
60F
40f
20F

(e
T

Trapping a single (cold) atom

Fluorescence @ 780 nm induced by the cooling lasers

rt ~

9..5 1(;.0 1(;.5 11I.O 11..5
Time (s)

Schlosser et al., Nature 411, 1024 (2001); Sortais et al., PRA 75, 013406 (2007)
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60F
40f
20F
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T

Trapping a single (cold) atom

Fluorescence @ 780 nm induced by the cooling lasers

9..5 1(;.0 1(;.5 11I.O 11..5
Time (s)

NON deterministic single-atom source

Schlosser et al., Nature 411, 1024 (2001); Sortais et al., PRA 75, 013406 (2007)




Coherent excitation of atoms to Rydberg state (ex: 3’Rb)

nL —g— |7)

475 nm QB

5P /2 A
795 nm QR

551/2 —e— |g)

2-photon excitation: {) =

OrOp
2\




Coherent excitation of atoms to Rydberg state (ex: 3’Rb)

Or 2
nL —g— ) 2-photon excitation: Q = —— 8
0 2A
475 nm B
"""""" Ot Ot
5P A Prepare: cos —|g) + sin —|r)
795 nm QR 2 2

551/2 —e— |g)




Coherent excitation of atoms to Rydberg state (ex: 3’Rb)

nL —g— |7)

475 nm QB

Result of a single
measurement:

) OR |r)

=> must repeat to
calculate P, (x 100)

QrOp
2-photon excitation: ) =
P XCi oA
Ot Ot
Prepare: cos > lg) + sin > )




Coherent excitation of atoms to Rydberg state (ex: 3’Rb)

nL —g— |7)

475 nm QB

Result of a single
measurement:

) OR |r)

=> must repeat to
calculate P, (x 100)

2-photon excitation: {) =

91

Prepare: cos > 19)

7)

Qrp
2A

Y1
+ sin —- )

Q/27 = 0.9 MHz

58d,,

—
500

—
1000

—
1500

Duration of Rydberg excitation (ns)

' I
2000



Demonstration of the Rydberg blockade: U. Wisconsin

Addressable excitation

9) 9)
O < >0
A 10pm B

E. Urban et al., Nat. Phys. 5, 110 (2009)



Demonstration of the Rydberg blockade: U. Wisconsin

Addressable excitation

Oscillation of atom B

O No control atom
® With control atom

E. Urban et al., Nat. Phys. 5, 110 (2009)



Demonstration of the Rydberg blockade: U. Wisconsin

Addressable excitation
Oscillation of atom B

006 X /
A 10 um B Q- /
'\\‘ /,
0.4 \ /}/
. 90ds,, ./
i HI’ O No control atom
[ L @ With control atom
O %5 0 5 20 25

Excitation of atom B conditionned by the state of atom A
= Demonstration of C-NOT gate and entanglement

Isenhower et al., PRL 104, 010503 (2010)



Rydberg blockade and collective excitation: Institut d’Optique

474 nm

Excitation probability

Gaétan et al.,
Nat. Phys. 5, 115 (2009)

795 nm

Exc. proba atom A only
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500 1000 1500 2000
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Rydberg blockade and collective excitation: Institut d’Optique

474 nm

Excitation probability

Gaétan et al.,
Nat. Phys. 5, 115 (2009)

Exc. proba atom A only

Exc. proba atom A& B
795 nm

BLOCKADE

RN
o
1

o
oo
1

o
(0}
|

o
SN
l

o
N
|

o
o
1

58d,,

° ° °
PP ) o’.‘.o"ooo‘ 09° 0% 00%00%,0 0 %°
LI T T T T T T T T T T

| ' I ' ' I
500 1000 1500
Duration of Rydberg excitation (ns)

' |
2000



Rydberg blockade and collective excitation: Institut d’Optique

Exc. proba atom A only
Exc. proba atom A & B

735 nm Exc. proba atom AORB
1.0 \/_
474 nm "y Freg. ratip=1.41 ~
. 08-
T_(_%
S 0.6+
§ 0.4
3
0.2- 58d3/2
0.0— 00.‘ °% ‘o'.'000°.0°’ o‘oo'oo'.o ° ‘o'

Gaétan et al.,
Nat. Phys. 5, 115 (2009) O 500 1000 1500 2000

Duration of Rydberg excitation (ns)



Rydberg blockade and collective excitation: Institut d’Optique

795 nm 1

ﬁ(lrm +1g7))

1.0- /
474 nm . Freg. ratip=1.41 ~ \/_

_ 0.8-

%

2 0.6-

:
0.2- 58d3/2
0.0+e ,_fo °%° o"ooo"o" o‘oo‘oo'.o ° 0.0

l9g) ) 0 500 1000 1500 2000

Duration of Rydberg excitation (ns)



From full blockade to partial blockade...

Non-addressable excitation

EA
Ce
Uvaw = 76 Van der Waals

0 regime
R




From full blockade to partial blockade...

Non-addressable excitation

—a Van der Waals
regime
A éj 77)
R 1
2 & 5 (Irg) + lgr)
199)
> h{) ~ 06/R6

Partial blockade: dynamics involves €2 and U,

(1)) = a(t)|gg) + ﬂ(t)%(lrm 1 lgr) + 7 (0)lrr)



From full blockade to partial blockade...

Non-addressable excitation

6 Van der Waals
A 6) o regime
R 1
L&D Z5ra) + lam)
> 199) o
V=Q=1MHz

rr

Schrodinger’s equation:

time (us)



From independent atoms to blockade (62d,,)

R (um) Py + Py, P,
6 4 T - | | |

15 +r

0 27 47
Pulse area Qt Pulse area Qt

on

811



Measurement of the Van der Waals energy between 2 atoms

53D3 62Ds/z* + 82D;,

10F " . ';
5 * 4

S - :

|UvdW|/h (MHZ)

: ~ e

[ |1

3 4 5 6 7 8 910 20
R (pm)

0.1



Measurement of the Van der Waals energy between 2 atoms

53Dy,  62D;, 82D,

10¢ +++ ':

A R

|Uvaw |/h (MHz)
X
U
o

34 5 6 7 8 910 20
R (pm)



Measurement of the Van der Waals energy between 2 atoms

IUvdW|/h (MHZ)

0.1 S ——
3 4 5 6 7 8 910 20

R (pm)
Theory curves: direct diagonalization (dipole-dipole interaction)

No adjustable parameter!
Béguin et al., Phys. Rev. Lett. 110 263201 (2013)
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4. Rydberg blockade in cold atomic ensembles



Rydberg blockade in cold atomic cloud: the U. Connecticut exp'.
D. Tong et al., PRL 93, 063001 (2004)

nL

297 nm
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Pulsed, incoherent
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Rydberg blockade in cold atomic cloud: the U. Connecticut exp'.

D. Tong et al., PRL 93, 063001 (2004)
9

nL

297 nm

5s

MOT excitation fraction (%)

Pulsed, incoherent
laser excitation of a MOT
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80p
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Rydberg blockade in cold atomic cloud: the U. Connecticut exp'.

D. Tong et al., PRL 93, 063001 (2004)

nL

297 nm

5s

Pulsed, incoherent
laser excitation of a MOT
= expect N 4 oc Intensity

MOT excitation fraction (%)

1.0

yd

30p _~
0.5 -~

/ 5 o
80p

e
0.0- . .
| 8.00 0.01 0.02 0.03 .~

30p

. 1.0

0.5

0.0

0.00  0.01

0.02 003

0.1

Irradiance, scaled to n=30 (MW/cm2)

T
0.2

T
0.3

0.4

Increase n = increase C,
=> increase R,

max
NRyq &

A

Volume

A R%
3




Rydberg blockade in dense cold atomic cloud: the Stuttgart expt.

Use a dense ultracold cloud of 8/Rb + coherent 2-ph. excitation

10}

N

M
>
[

h B => reach saturation

N, (10%)

H. Heidemann et al.,
PRL 99, 163601 (2007)

0 10 20
excitation time (us)



Rydberg blockade in dense cold atomic cloud: the Stuttgart expt.

Use a dense ultracold cloud of 8/Rb + coherent 2-ph. excitation

10} )
8| . .
— : => reach saturation
S 6 " '
V[I
Z 4 H. Heidemann et al.,
2f PRL 99, 163601 (2007)
0 10 20
excitation time (us)
2Ry,
—>
(]
e o ( ( (
Inhomogeneous Y.
D . ® e ®0 2% % 06 o
distribution of N ' e®e / 7ne® * 1 " o
o2 e o o.‘:‘\’_o/ W™
® o . ,//o A "\I .'oo"o
* . ° e® o © "\?_,/



Rydberg blockade in dense cold atomic cloud: the Stuttgart expt.

Use a dense ultracold cloud of 8/Rb + coherent 2-ph. excitation

10| )
8t Y i ) .
— : => reach saturation
2 6f ) '
VII
Z 4 H. Heidemann et al.,
2t PRL 99, 163601 (2007)
) R
0 10 20
excitation time (us)
2Ry,
E E 8
e o ] ] (] o
Inhomogeneous R, U
® /g O 0 «® ‘%" 06 o —~ bF
distribution of N \e%e/ J7ee? *70 " o
® o\ %y @ 0l % o, Z
¢ ® ° .. e® © (] \\?—,/ 2
0.0
. 9 Qo*/Nt ol 0 - 0.04 0.08
Npryd(t) = C'y sin 0 10 20

(N} => Incoherent behavior ~ excftation time(us)



Collective Rabi oscillations in ensemble

Y.O. Dudin et al., Nat. Phys. 8, 790 (2012)

Excitation volume <R3

102s, R, = 15 um

d
2 L
° ¢
x o
c - a If .
of Expect:
© 2f 0 05 10 15
x L
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=) 05 10 s
2
a : 2r @ (rad) . 0
4l IS
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- 05 10 15 C o
x 2 X
a € (rad)
%0 o5 10 15 % ' 200 ' 800
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Optical lattices

1D 2D
Eoeikx Eoe—ikx
) <=

I(z) = 2E5(1 + cos 2kz)

Single site resolution (< 1 um)
l Fluorescence image of
e

individual atoms
&~

Plane of atoms

-

16 um

Bakr et al., Nature 462, 74 (2009)
Sherson et al., Nature 467, 68 (2010)



17.6 um

Spatial observation of the blockade (MPQ, Garching)

P. Schauss et al., Nature 491, 87 (2012)
i 500 nm

Position resolved detection

a b c

o N A O ™

o = N W A

C
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17.6 um

Spatial observation of the blockade (MPQ, Garching)

P. Schauss et al., Nature 491, 87 (2012)

i 500 nm
Position resolved detection
a b c
80 tg
o - R 40 EZ;
‘ g Correlation function
‘:;. & 6 % a T T T T T
. 3 ant *'ir i - 4 ‘;i
.
. ?",_;3;'" ‘*& &‘ 3 %
e wE g
. ] o))
¥ --‘;;jét‘gu E3 15§
" lELw| e s || 2
».6'5“:'5'1:.;.' £
. B {::B.:i.;-.:: ) A 0'5 %1

Distance, r (um)
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5. Application of Rydberg blockade in quantum optics



A dream for a “quantum internet”

J.H. Kimble (2005)

Interconnect Q. processor and
Q. memory using photons




A dream for a “quantum internet”

J.H. Kimble (2005)

Interconnect Q. processor and
Q. memory using photons

Requirements: 1. Single photon on demand
2. Photon storage
3. Photonic gate

target . N> Interaction
l
control \WWNW” M/TV[VW between photons!



Single-photon source and photon storage

D. Maxwell, et al., PRL 110, 103001 (2013)




Single-photon source and photon storage

—-——
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D. Maxwell, et al., PRL 110, 103001 (2013)




Single-photon source and photon storage

-

S _m—_——

Momentum conservation: k;;, = kg

D. Maxwell, et al., PRL 110, 103001 (2013)



Single-photon source and photon storage
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D. Maxwell, et al., PRL 110, 103001 (2013)



Single-photon source and photon storage

MW C ) )
) kr N

S _m—_——

Momentum conservation: k;;, = kg

Photon storage using microwave

il e

D. Maxwell, et al., PRL 110, 103001 (2013)




Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)
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Atomic cloud
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Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)
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Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)

)
control
)
probe
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Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)

7)

control
e)
probe 1?11’@
\g> Atomic cloud
——

EIT + Rydberg blockade: T controlled by 1 ph.!
(PP "

control

e)

probe

9) —— |9)



Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)
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control
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EIT + Rydberg blockade: T controlled by 1 ph.! -
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Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)
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Non-linearity at the single-photon level

Electromagnetically Induced Transparency (EIT)
)
control

probe
9)

Atomic cloud

EIT + Rydberg blockade: T controlled by 1 ph.!

control
probe

2 is scattered



Non-linearity at the single-photon level

Probe + Control T. Peyronel et al.,
Nature 488, 57 (2012).

Atomic sample

Photodiode B

.

Photodiode A

06§, No control;
!

! p

0.31

Transmission

Strong control

-20 -10 0 10 20
Probe detuning (MHz)



Non-linearity at the single-photon level

Probe + Control 2f{b
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Non-linearity at the single-photon level
2Ry

Probe + Control
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Non-linearity at the single-photon level
2Ry

Probe + Control

\ . 1
Photodiode B A W %’ 4
\\ [ ) //

—_— -

R
lﬂ Prevents 2" ph. during: 7, ~ b
Ug

Photodiode A

Atomic sample

Photon—-photon separation, vt (m)
Photon ordering!

1.6

g®r)

Mechanism for photonic gate
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Conclusion on interacting Rydberg gases

Playground for semi-classical arguments (Bohr model)
Basic demonstrations OK

Quantum information Simulation of condensed matter
Systems

Improve fidelity Spin systems, new phases with

tailored interactions...

Back to “old” ideas: couple to solid state systems (surface, cavity)

Large a to
probe surface field,
electrometry

Hogan, PRL 108 063004 (2012)



THANK YOU!




Rydberg blockade in dense cold atomic cloud: the Stuttgart expt.

Check scaling laws

Expect rate of Rydberg production R o Q+/(N) with (N) o< ngg

Find: Qy/27= 210 kHz ™7 Ngo= 7x1013 at/cm® —T—
10} ............ /*ﬁ : _ : :

g I E—-—-& 2 : .
- S ¥ 3 R 7’2,0 4991 1
g - @ . ® /@_/- : g gO
.(B' - L~ =
EE || I /E.EI/Q ¢ ) : Eﬁg -9 L

L ' 5 n_,= 3x1013 at/cm3

¥ ¢ QO/ZJ’IF 42 kHz g:0 I /

1 10 100 50 100 200

o (10'2 em™3) Q, (kHz)
max 1 1/2 . 0.38
x {2y’ ~ and find:

Also, expect: Ng,q X R_%

H. Heidemann et al., PRL 99, 163601 (2007)



Demonstration of a C-NOT gate: U. Wisconsin

Use the conditionnal logic of blockade

) —p )

AFE D. Jacksch et al., PRL 85, 2208 (2000)

Sequence:
‘1> |1> J'IJA—ZJ'CB—J'EA

control target



Demonstration of a C-NOT gate: U. Wisconsin
Use the conditionnal logic of blockade

) —p )

AFE D. Jacksch et al., PRL 85, 2208 (2000)

Sequence:
‘1> |1> J'ISA—ZJ'EB—J'EA

control target

Table of truth:

11 — 10
10 — 11
01 — 01
00 — 00



Demonstration of a C-NOT gate: U. Wisconsin

Use the conditionnal logic of blockade

) S—p )

AFE D. Jacksch et al., PRL 85, 2208 (2000)
Sequence:
1) 1) Tp — 2705 = Ty
0) 0)
control target
Table of truth: B) o SEePRmn g b) g ASCNOT oo
11 — 10
10 — 11
01 — 01 j00>"<_ jo0>*
OO — OO outp“ljt> A|1l§>"'-.“ |10~> output |16">"7-,. ",.-'—]{6:0-“1)
~101> input |11> 00> [01> input

-~ 3 =
111> _-~T00>

Isenhower et al., PRL 104, 010503 (2010)



From full blockade to partial blockade...

Non-addressable excitation

—a Van der Waals
regime

>199)

Blockade regime: P, = 0 and P, oscillates V2 faster



