


Dipole-dipole

interactions with cold
Rydberg atoms

Frozen Rydberg gas
or dipole gas



'_ -
Resonant collisions (Cs: n< 42)
by adding a small electric field 2 x E(np;,,) = E(ns) + E((n+1)s)

A
Resonant Rydberg-Rydberg atom collisions .

(T.F. Gallagher et al., PR.L. 40, 1362 (1981) with Na) ~ |"™""

(n-1)d
NPas2
2

Resonant transfer of internal energy n < 42 —
Cs [NPas] + Cs [Np3] —> Cs [ns] + Cs [(n+1)s]

ENERGY

W

Long-range dipole-dipole interaction:

W:ﬁl'ﬁz_3(ﬁ1°r)(ﬁ2'r)zﬂ1ﬂ2 ;;
e r P

Characterized by huge Rydberg dipole moments

(ns|u |np) ~ (ns| 4 |(n—1)p) ~ n*a.u. i ¢

Characteristic time: 7. = 9; W.z. ~1 A\ ] b
V
1011 B ~
Impact parameter: b ~ , [Z22 )
V
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'_
Resonant collisions in an atomic beam
(10 ns pulsed excitation and hot atoms)

e o A:np,,|m|=1/2+np,,|m/=1/2 > ns+(n+1)s
>3 ginp Iml=1/2+np,, m|=3/2—>ns+(n+1)s
X 5 C:np,,|m=3/2+np,,|m=3/2—>ns+(n+1)s

C

Electric field selective
detection of ns level

T =300 K, v~=300m/s

W Huge impact parameter: b, ~ 1 um
M Long collision time: 7. ~ 10 ns

The width depends of the velocity

Ion yield from 24s Rydberg state

76 80 84 88 92
Electric field [V/cm]
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"
Dipole-dipole interaction between cold

Rydberg atoms (Férsters resonances)
(10 ns pulsed excitation)

m Large impact parameter (40 um) comparable to the
size of the volume (300um): many-body effects?

m No collision!

Approximation of frozen Rydberg gas:

small displacement (100 nm) of the atoms in 1ys compared
to the average distance of two atoms (5-50 um).

but « too long » collisionnal time (500 ys) compared to the
life time (~ a few 10 us).
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Experimental set-up: Cs (Rb) magneto-optical trap (T ~ 20-200 uK)
Cs(Rb) : 6(5)ps, thvy ->ns,p ord; density ~ 10 "~19 cm™
ﬂ Excitation: pulsed dye-laser
(A ~ 520 nm, 10 Hz)

6pP: | A =

65 S XR

DYE LASER PULSE HIGH FIELD PULSE

10 Hz
+ STATIC FIELD

NTEGRATOR
GATE

AR

SIGNAL

Selective detection

by electric-field 1onization

(&= : 21 . Seemwm o pectroscopy & 6
_ 1amics




" J
Dipole-dipole interactions in a frozen Rydberg gaz
Electric field [V/cm)] 23 ps/z(‘mj‘ — 1/2) + 23 p3/2(‘mj‘ — 1/2)

795 80.0 805 81.0 815

| - — 235+ 24s
Population Transfer ~ 10-15 %

Interaction between the closest

g neighbors leads to a too small
H width: W, ~ 222 < 1.5 MHz
& AB
S| 120 The frozen Rydberg gas cannot be
s explained in the framework of two-
é‘ 70 MHz 0 em body effects

4x10° em” - Many-body effects in a frozen Rydberg, 1. .Mourachko, D.

30 MHz ) . . ]
Comparat, F . de Tomasi,, A. Fioretti, P. Nosbaum, V. Akulin et

P. Pillet, Phys. Rev. Lett., 80, 253 (1998)
- Resonant dipole-dipole energy transfer in a

-400 - -200 0 200 400 nearly frozen Rydberg gas, W.R. Anderson, J.R. Veale, and T.F.
Detuning [MHz] Gallagher, Phys. Rev. Lett., 80, 249 (1998)
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5 = . 7 2 s v
[
Many-body effects et o Ll
© A G
Interplay with a two-body effect and many- op . - °p s
body phenomena il
Elementary processes: /
I - Resonant transfer of internal energy P e o e é
Csa [np;,] + Csp [nps))] s 2 : s ®
—>Cs, [ns] + Csy [(n+1)s] %ﬁi s M ol E
(resonant for a given electric field) . A PN e °
II - Migration of the reaction products . @g ©® p °P oS P
Csc [np;,] + Cs, [ns] —> Cs. [ns] + Cs, [np,,] R -
Csp [Py ,] + Csg [(n+1)s] /
—> Csp [(n+1)s] + Csy [np,),]
(no sensitive to the electric field) - s’ - ’
Mourachko et al., PRA 70, 031401 (2004) i - s e
g 9 g 2.0
Importance of the “fluctuations” o o °° T p?ﬁ? .
in the Rydberg density of pairs of close atoms°p oS @D °p P © g
¢ %
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Rb (Virginia)
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Electric Field (V/cm)

FIG. 1. Energy levels of Rb in an electric field showing
two energy transter resonances of Eq. (1)
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The 25852 + 3352 — 24p 1 + 34 psypn resonances

at 300 pK observed i the MOT at four densities. 0.19N,
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The mset shows the widith of the

observed resonances vs relative density.



Control of many-body intercations

M33s34p= 126 a.U.
H34s34p=930 a.u.

Hoss04p=492 aA.U.

Microvawe:
117 GHz
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my=32
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.-"" o 'm,’-ET —— 3 pun
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[on Signal from 34p Rydberg State [arb. units]
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How to test the coherence

T Ramsey scheme
I —T —
— e
t t
Time

FIG. 4. Timing diagram for the Ramsey double field pulse and
subsequent field ionization pulse. F=0-30 ns and =30 ns.



The migration of the reaction product has been tested by T.F. Gallagher
(Charlottesville, Virginia) through a Ramsey experiment

Rb: 25s +33s -> 24p + 34p (Stark tuned, 34p selectively detected)
Rb: 25s + 24p -> 24p +25s and 33s + 34s -> 34s + 33s (always resonant)

Charlottesville: W.R. Anderson et al., PRAG5, 063404 (2002)

signal
50ns pulses base
r 10vDC blackbod
1100 - 36Vpulses Y 6 - T T -
1000 | '_w b
H'l' \
900 - n T T
—_ A
) I
= S 41 I
cC 700 = ¢ -L
5 = e 1ol
_E' 600 m!:”‘h |w ‘ WM ’E‘ m I,I nw I ,|‘ |.. ﬁmplltude 155.0359 £5.54619 "(-6 I ¢
B J \{‘ ’ ! ! wecay 39.31287 250222 tC I i _L
< s00f Freq 010789 +0.00027 - ; I L
B 100 Lot mstttoetiissiensirgo ] | P8S€  0.57412 £0.03071 S T J
5 SR T Bage 902.20238+1.16347 o 4 )
» 300 L baseline= 40093975 § O T T +L I
L blackbody 34p= 588.14832 7 -1 I A T =
200 fluctuation= 49.4% i * + T 1
100 e
X ] | |
0 L 1 " | A 1 N 1 L 1 ) 0 _L. J-'
0 10 20 30 40 50 o ' ' roor T T
U x 0 2x 0 3x 0 4x 0" 5x 0

Rydberg density ‘cm®)



"
Why cold Rydberg atoms?

m Crucial role of cold collisions in a cold atomic
sample: losses, photoassociation, evaporative
cooling, sympathetic cooling, Feshbach
resonance, three-body collisions...

Long time interaction!

m Rydberg atoms: huge electric dipole, long-range
Interactions,... Two-body collisions.

m Cold Rydberg atoms: What new?
Frozen Rydberg gas, many-body effects...
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- Cs Magneto-Optical Trap (MOT) (" Excitation scheme (with cw

Ti:Sa Laser lasers)
nps;, ——— Rydberg Atoms

Ti:Sa laser (300ns)

@750-830nm
7S4™=
Laser diode
@1470nm
6p;2
MOT lasers
@852nm
\_ 651, .
Selective field ionization
Laser Diode 0,33339
N % 0,26664 — P
n >
-30 On -3r Trapping laser O 0,19998
O
__Off | Off Laser 1470nm = 043338
» | - m
Off N T LOff Ti:Sa laser =4
300ns D 0,06666
> 0,0000
Time 00 02 04 06 08 10 12 14 16

Time (us)
—



300
119p3/2

- =

S

% 200 x1_,19p 1

< : —__0V/cm

% - ——1V/cm

= 120s

> :

' :

Ui e hapnolsaanng N o ity por Tty e A st s g
12862,70 12862,75
. q
Frequency of Ti:Sa (cm )

Need to compensate spurious electric field better as F<<1 mV/cm
A aser — OMHZ
No ion during the 300 ns excitation (repetition rate 80 Hz)



ipole Blockade
-resolution excit

The cold Rydberg atoms have the properties
of both cold atoms and Rydberg atoms

Frozen Rydberg gases (no motion) at the frontier of the solid state physics




Stark-Rydberg manifold states
have permanant dipole (High I)

3
H:_En(nl_nZ) 9/umax ~i5n2

n=n,—n,+|ml+1
p and d strongly Stark-coupled

>
(@)
bl
Q)
<
(v
> F
A
(n+1)s,,,
Jén /(n'l)dslz
1 = npaE
NSy,
;‘/
Cs
7Sy
>
0 . _
ceCULriC TI&lo

H= U singd , p ~n’(au.) >
W,| -

tan(é’) y An /9 ) Wn :_ludsz

Inp, F >~cos(6’j‘np>—sm( j\(n I)d)

Dipole inaduced by e

N =30 H,x — 3500 Debye ;

n =100 WM, .x — 38000 Debye



Ipole-dipole interaction between two
atoms

Dipole blockade of the excitation / Conditionnal excitation

—



Nombre d'atomes de Rydberg

Distance R

SR TETI

[9)—e=|g) —— |g) — |9)
B' A B
—Sioviom| | s . °
2 1o 2 YOp No blockade
4000+ E : E o8] |
> 08k 21\
2000 g o4 \ 3 T x\{'\
% 02 E 02; 1
ool — s
0,0 03 0.6 09 1.2 00 03 06 09 12 15 18 21 24
T A R i et F (Vo) tg®
40 30 20 <10 0 10 20 30 40
Désaccord a résonance (MHz) 50, 70 and P32
Dipole blockade in an atomic sample
Spectraly broadband excitation: band of levels \W ‘
Limitation of the high-resolution excitation Recall:tan(@):—”

Role of the nearest neighbor A, /2



Dipole-dipole interaction

FOrster resonance

—



H=H +Z Hy+Heu)

H; = Zthaklakl ; Hyi =hay, ; Heai = _E';i

(2,0
E= IZ ak,é. exp( ik.X; )+ h.c.

zi=z:+;;;;:=<zml>z,>< =Ll s 2 =(a)

Master equation in Born-Markov approximation (interaction representation)

& IS ([wn o], 2o ) X[ Eao (-0 ()

J#I1

Ej electric dipole field creared by | in |

=y 1 XI —+ ;(>| ¥ i ij —+ —+ |k Ik X
EJ k2 J /Lll X_Je 3& Xj.ﬂi ILlI L__z ekO 1j
47rg X Xi X X X xIJ X;




Master equation = 5 ([ﬁr—’o-(t)l—ero-(t)w)

__Z([r r,o( } )| —2ro(t)r] )+%Z[H§:{j)a‘7(t)]

j#i j#i

We have the terms of cooperative spontaneous emission (superradiance) and
those cooresponding to dipole-dipole interaction (H ;")

Hé;’j) zlui'uj{(13cosz QJ)XI _(1+cos2 ‘9.1) ké}

3
47e, i 2 X;

We have the classical term of dipole-dipole interaction

+ another term a priori much smaller when kX; <<1

w, ~1/2n’) au. ; k' =A=21/2z=115um (n=20), 390 (n=230), 930 (n = 40),
1.8mm (n=50), 3 (n=60), 7.5 (n=80), 14.5 (n=100)



rster reso

Dipole-dipole coupling




Resonant Rydberg-Rydberg I~ E; V.7, ~ fath B N

atom collisions (T.F. Gallagher et \ Vv
al.,, PR.L. 40, 1362 (1981) with Na Vv
Impact parameter b ~ p/vt/2 ~ 1 = QZA)—» --------------------------------------------
um at T — 500 K) A\ I b
Cs [np;),] + Cs [npg,] —> Cs [ns] + Cs v
[(n+1)s] B
/uA’/uB y 3(/UA'nAB )(/UB-nAB )
. 5 |
RAB (n-1)d . S
NPas2

ENERGY

(ns, (n+1)s Ny, [nps NP, ) -

< ‘IUA np3/2><(n+1)5‘ﬂ8 np3/2> n
R’ R’

1\

Eﬁ”ﬁ ' y - = ' " ) ) ) ~
r OIrSLEr resonances

n=60 R=1pm Vg ~ 14 GHz
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Foster resonances - dipole dipole interaction

Resonance at F,
Cs: 2 Enp(FO) - + E(n+1)s (FO)

®oyv, 09
np~np «—> Q(n+1)s
o O O O

nps/ + NP3/, — ns + (n+l)s

>

E +1 (F)
—(— (n )i (n+1)s Aﬂ'l)d5/2>‘(n_l)d5/2>
X

>

’g (n-1)ds, 5

() O

= o S nx42

= 3/2

© X Enp(F) g ............................................ ns>‘ (n+1)S>

# — _EU' \ ns>‘ (n -|-1)S>
: o :
: > nps, >‘ np3/2>
L - S
0

FRET (Forster resonance energy transfer)



" A
Excitation of a pair of atoms
at a Forster resonance

>

>
(@)
©
-
)
£
o
@
2 |
= I
I
Fo
Dipole-dipole interaction
U Mg —3(/1A.HAB)(,UB nAB)
Vg =

L/(n-l)d> e

Two-atorn energy

[£)=(| pp) £[ss7))/v2

W |+)
) T\

F

|7s)|7s)



" S
Dipole blockade of the high-resolution

Rydberg excrtation (36p 3/2)

Vogt et al. PRL 97 083003 (2006)

1,01

o
(o)
| '

Number of Rydberg atoms
s 3
() ()
2.2 2. 2.

Frequency detuning (MHz)

o
(00)
| '

Number of Rydberg atoms
(normalized)

ZVddl

+)

1 2 3 4 5
Static electric field (V/cm) - T\

0,71




" S
Demonstration of the dipole blockade
300ns cw laser excitation

Rydberg atoms excited at Forster resonance

Dipole blockade

wn
e
S 40001
]
>
; O

1,0 1 36p3/2 ﬁ
Y
‘5 20004 f
o
e
o

0,9- <
|
\ 0 5 0 5 10

Ti:Sa frequency detuning(MHz)

0,8

Normalized Tot. Numb. of Rydberg atoms

0,7

Electric Field (V/cm)
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Dipole blockade from 25 to 42p

A ~W =R . ~4um

40, 38, 36 n=25
1
S ioolle s . -
= b ﬁv*#; ~ N mq""
= *4 3 % * |
E 09597 > . E "o ul
Tﬂ' r I' . [ ™ | I.l
T 090 , '. L . . =
N ] v Y, V4R 3? L | X ~
g 0,85 4 | ."‘ v?Y M h;
5o80d 1Y ?z T
< ] \Y ®
E‘ 0,757 - X ,
4 ¥
T 0704 ¢ .y
T T T T T T T T T FA T T T T
o 0 1 2 3 4 43 44 45

Electric Field (Viem™)
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2 \b §3
: —Rydberg Ak N [+) g
DlpOIg bIOCkC(de P32 =gt |f k uﬁ
o, 8S) )
¢ |) Lo |PP)
78412 y — ' =
o5 )
6psle— "
. - 6s 00 |7s)|7s)
Dipole blockade at Forster g =
resonance 38 2 -
P32  som0-
§ 400
Transfer p —> s state g @
1 E 4000 4 200 %
+ — + (n+ 5 £
NP3, + NPgp —> NS + (N+1)s E
% 3000 L0
Few lons (<1%) — no e 00 35
broadening of the lines. 75‘_
Number of ions increases at 2 01 111 ﬁ/
the right of the resonance ~ ~— __ §/§
g ] /2'5l i i i i l . ,
— afttractive force 00 05 10 20 25 30 35
Electrlc Fleld (V/cm)
32
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Properties of dipole

blockade




" S
Dipole blockade and saturation of

the excitation
due to the "short" lifetime of 7s level

1200 36p3;
‘g f__.f"' - —
o T —
“,. " m
% 8000 - / . - E _
% ;". L E,I-.ﬂucn:l . o
E P’././ E-1i1|:||:||:| o /J:;“"'ﬁ
T
E 40004 ¢ 2 :5,',.#'
= ird g
z o
a 2

0 10 20 30 40 20 60 70
TiSa Power (mW)
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Density effect in the blockade 36p,,,

Density of 7s level S0, /

D =2810°cm™? -

Density of 7s level, D/3 g _/

6 _f")
8000 - ] — ,
TN Ti:Sa
2 ey 1 10 ' 14 mW
5 8 P(Ti:Sa) (mW) /
™ £ 6000 - _
o & Maximum of
2 3 blockade (~30%)
- Q
> -
¥ 5 4000
5w | No blockade
g LE Too small densit
E © 2000 + Decrease of blockade
2 Saturation of the excitation
0 - Broadening
2000 4000 6000 8000

Number of Rydberg atoms out of resonance
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I
Resonance in field

10 times larger than laser ones.
Similar as pulsed excitation: Many-body effects

Field (M/cm) 41 p3/2
o 0.|37 —0.52 I0.§3 . 0.?4 . 0'|83 . 0.90 .

- 3000 Rydberg
g 5 atoms
5 20s. 5000
= _E .

:é: 0.8 -

0O =20 40 60 80 100 120
Frequency (MHz)
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Conclusion and

frontiers




) =(r.0)g.r))/V2
7, 7)
> |AFE
@ >
g . |g& T): |T: Q’> IIIJ+>,,-"‘. |‘I'—>
§ Ef———p—
O
= 0
= V2Q
19, 9)
U__
i 19, 9)

(a) (b)

Dipole blockade at FOrster resonance

The case of two atoms: conditionnal excitation (a) or collective excitation (b)




Collective excitation

In the dipole
blockade regime




CCD

APD

APD




Detecting and “heralding" two single trapped atoms

Dipole trap 1
lens .~ Atom A

—
=
M— <

| Vacuum

\ 0 10 zu?n . (mS?o 40 50
CCD
2ium

~. Atom B

Dipole trap 2

flurorescence B (cps/ms)
- N w

1 | |

1
%

fluorescence A (cps/ms)
D
|

T
0 10 20 30 40 50
times (sec)




Experimental protocol

1. Trap 2 atoms in 2 tweezers and optically pump them
2. Excite the two atoms
3. Measure if they are still trapped after the excitation

Repeat 100 times



Experimental protocol

1. Trap 2 atoms in 2 tweezers and optically pump them
2. Excite the two atoms
3. Measure if they are still trapped after the excitation

Repeat 100 times

Atom A :[0l/1]0]1]lo]lo|o] 1] 1, ..
Atom B :|0//1,/ 1} 1/|0)|0,1,1)0, ..

Extract P to excite no Rydberg's
P of exciting two Rydberg's simultaneously
P to excite only one Rydberg



Excitation of two atoms at R = 18 um

© O © -
IN o o0 o
| | | |

T(\DNo atom excitation probability
V)
]

©
o
|

Atom A without B
- / Atom B without A

50 100 150 200 250 300 350 400
Duration of the excitation (ns)

Single atom Rabi oscillation
between ground and Rydberg state



Excitation of two atoms at R = 18 um

-
o
]

Probability to excite A
x probability to excite B

'\ _
- \ ,

© O ©
IS o o0
| | |

T(\DNo atom excitation probability
V)

]

»

74 . 2

©
o
|

| | | | | | | |
0 50 100 150 200 250 300 350 400

Duration of the excitation (ns)



Excitation of two atoms at R = 18 um

-
o
]

Probability to excite A
x probability to excite B

©
o0
|

o
N
]

Two atom excﬂatlog probability
o))
]
7
|
=~
*
y = -
.\)

O
N
|

©
o
|

| | | | | | | |
0 50 100 \ 150 200 250 300 350 400

Dura\jon of the excitation (ns)

Measured probability to excite the two atoms



Excitation of two atoms at R = 18 um

The atoms are « independent »

Probability to excite A
x probability to excite B

-
o
]

©
o0
|

o
N
]

Two atom excﬂatlog probability
o
) P
S
' (]
*
|
.\)

O
N
|

©
o
|

0 50 100 \ 150 200 250 300 350 400
Dura\jon of the excitation (ns)

Measured probability to excite the two atoms



Excitation of two atoms at R = 3.6 um

109 Atom A without B
Atom B without A

© © ©
IN o o0
| | |

Excitation probability

©
N
|

0.0 -

0 50 100 150 200 250 300 350
Duration of the excitation (ns)



Excitation of two atoms at R = 3.6 um

1.0

© © ©
IN o o0
| | |

Excitation probability

©
N
|

0.0 -

Probability to excite A
x probability to excite B

50

100 150 200 250 300
Duration of the excitation (ns)



Excitation of two atoms at R = 3.6 um

1.0

© © ©
IN o o0
| | |

Excitation probability

©
N
|

0.0 -

Probability to excite 2 atoms
at the same time

50 100 150 200 250 300 350
Duration of the excitation (ns)



« Blockade » range

Two atoms excited to 58 d3/2;58d 3/2)
158d3,, : My = 3/2) A=y IR 160p1/2; 561 5/2)

Blockade stops when

rr
d?
g.r Q=21 x 7 MHz

= Rmax = 8 um




Excitation of two atoms at R = 3.6 um

Probability to excite 2 atoms

107 at the same time

0.8
%" BLOCKADE
£06 -
2— '\___\
= \
504 7 =
’ \

0.2 " B

m " s
. N
0.0 - |

0 50 100 150 200 250 300 350
Duration of the excitation (ns)

« Observation of collective excitation of two individual atoms in the Rydberg
blockade regime », A. Gaétan, Y. Miroshnychenko, T. Wilk, A. Chotia, M. Viteau,
D. Comparat, P. Pillet, A. Browaeys, and P. Grangier, Nature Physics 5, 115 (2009).



Excitation probability

Excitation probability

' — T T T T T T T T
40 80 120 160 200 240 280 320

Duration of the excitation (ns)
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Rb : Forster résonance (58d,,,, 58d,,,) et (60p,,, 56f;,)

p G w)=(r.g)=|g.r)/V2
{ 1 |f!>
= 9 F AL ”.7) |AE
Oy 2E g S -
D V2o T
5 |4 >
s | W) )
T b7
=
= V20
D__
19, 9)

(b)



" A
Collective excitation: Alpha Gaétan, Yevhen Miroshnychenko,

TatjanaWilk, Amodsen Chotia, Matthieu Viteau, Daniel Comparat,
Pierre Pillet, Antoine Browaeys and Philippe Grangier

1.0 -
Nature Physics 5 115 (2009) R=3.6um

£ 0.8-
- 1.39+/-0.03 O
S 06-
-l
c
S 0.4- .
© _
82
X 0.2-

0.0 -

—
0 40 80 120 160 200 240 280 320
Duration of the excitation (ns)
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To prepare a quantum bit

A
58ds, F=3
s* 474.4 nm

------ 400 MHz

oDy 4 —— F=2

s*+s7, 795 nm
D1
—_— F=2
9S4/ —_—




" e
SCalab|e q uantu m gate PRL 85, 2208 (2000)

r

11 1) 11 1)
01) Phase 10 1)
0 0 110) ‘ |10)
1T — — 1 10 0) -|00)
A B
T - excitation on A
27 - excitation on B Blockade

7t - excitation on A

* Requires « adressability ». Very fast gate
* Can (easily ?) be turned into a CNOT gate

Work in progress... (U. Wisconsin, Institut d’'Optique)



Foster resonance: Collisions,

Landau-Zener transitions, or
Interactions




"
Experiments
with a Na supersonic beam

ITAMP Rydberg2009

PFI electric field

o _k _.
o o 3 2
' b5 a2

4 6 8 10
Time after excitation [us]

P1

IR beam

P2 P3 P4

Long-range interactions

<v>=1900 m/s
T‘rr'ans - 1 K

Excitation
3s ->4p3,, -> NS

Foster resonance
ns+ns -> np+(n-1)p
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Rydberg atom pair level energy [cm]

Landau-Zener

transitions at Foster

resonance
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Long-range interactions



0,16 = ] .
I 0.2 at degeneracy field (1.8 v/cm)
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ITAMP Rydberg2009 Long-range interactions
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Perspectives and conclusion

m A very rich physics

Penning ionization, control of the
interatomic forces, evolution towards an
ultracold plasmas, highly correlated
plasmas...

m Application of dipole blockade for quantum
gates : P. Gangrier, A. Browaeys et al.
entanglement of two atoms with a fidelity
of 75 %

m Landau-Zener transitions: selection of
pairs, few-body effects

m Stark-Rydberg decelerator of supersonic
beams

ITAMP Rydberg2009 Long-range interactions



tier between cold Rydbe
and ultracold p

Limit of the frozen Rydberg gas picture
Dipole forces

Penning ionization
nl+ nl->nl" +ion + e (N'<<n)




Number of lons

Dipole-dipole collisions (after 10us)

m Excitation of np,, at zero field (F = 0V/cm)
van der Waals or second order dipole-dipole coupling

Penning
ionization Formation of a plasma
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From 40p to 43p: Spectacular gzz -
change in the behavior of the E
Rydberg gas 8 0ol
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Viteau et al. PRA 78 040704(R) (2008)
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to the formation of an ultracold plasma
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Spontaneous evolution of a Rydberg atomic gas
into an ultracold plasma
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3) Expansion
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Plasma parameters
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Correlated plasmas I'>1

White dwarfs: Braun dwarfs:

T~107 K, n~104 m-3: T-10% K n~lb30 3 Laser plasmas (ps):

I, ~300 -0 ’ T~10*K, n~103° m-3
I'~20

[>172 Coulomb crystal

I'>1 Ultra-cold plasmas

Non neutral plasma n ~n~1016 m-3 ,
]

Coulomb clster EBIT) T~T~100 pK




Perspectives and conclusion

m A very rich physics: cold Rydberg atoms as
quantum simulators, cold Rydberg matter?

Penning ionization, control of the interatomic
forces, evolution towards an ultracold plasmas,
highly correlated plasmas..., heating processes

m  Application of dipole blockade for quantum gates
: P. Gangrier, A. Browaeys et al. entanglement
of two atoms with a fidelity of 75 % (quantum
engineering)

Rydberg photoassociation of cold atoms
Landau-Zener transitions: few-body effects
Stark-Rydberg decelerator of supersonic beams

Rydberg excitation of quantum gases
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Cold Rydberg atoms /
Ultracold plasmas

Thibault Vogt
Matiniau Viteau
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Nicolas Saquet 5

Anng Cournol Collaboration on ultracold plasmas with
Jerdbme Beugnon Thomas F. Gallagher, University of Virginia
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pair of atoms in the dipole blockade regime
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The end

Thank you for your attention



Dipole blockade of the

Rydberg excitation

Application: quantum
information



" S
Dipole blockade and quantum information

m Rydberg atoms, nl/, are giant atoms (n? a.u.) T T
and have huge polazaribilities S

m Two atoms: Long-range dipole-dipole A B
Interaction shifts the Rydberg energy
from its isolated value 1 1

m and prevents the excitation of the second
atom in narrow bandwidth excitation: 0 0

Dipole blockade

m Application for scalable quantum logic gates

Phase Gate 1) © pulse atom A
Jaksch et al., PRL 85 0)®[0) > +0)®|0) 2) 2m pulse atom B
2208 (2000) [}} 524 |1> 3 _‘ [}} R |1> 3) m pulse atom A
100> 100> 100> 100>
Lukin et al., PRL 87 1> ® ‘ D} _}“1> @ | 0} I(l)(1)> |IO{10> -|I(§)> -|(1)(1)>
> > > - >
e s LV (T N T Y
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Dipole Blockade in a mesoscopic Rydberg n/ensemble?

In zero electric field, no permanant electric dipole:
no interaction? no blockade?

By adding an electric field, Rydberg atoms acquire a
permanant dipole: control of dipole blockade

FOrster resonances: to control and to have a strong
dipole-dipole interaction

Need high-resolution laser excitation (Av,).
Need to have motionless atoms: cold atoms
Av, ~ W zlulluz/R3

To avoid the line-broadening due to saturation
To limit the ionization processes

Evolution toward an ultracold plasma (Robison et al., PRL85, 1408 (2000)) LAC-
Charlottesville.
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Cold Rydberg atoms

at a Forster resonance
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Experimental setup
Cs vapor loaded MOT

Diode laser

Selective ionization
by pulsed electric field

DYE LASER PULSE HIGH FIELD PULSE

F=4
F=3
F=2

=3

ION
SIGNAL

STATIC FIELD
NTEGRATOR
G ATE

4———*-"
5

Pulsed

Ti:Sa laser

or cw excitation

GRC 2006 Electronic Spectroscop



" S
High-resolution laser-excitation
of an ensemble of Rydberg atoms

n =25-130 300
119
NP2y Rydberg p3/2
slates 8 a
2 200
Cw Ti:Sa | g 119,
w li.5a laser, -
Bandwith <« 1 MHz g —— 0V/cem
| -
o 100
?EHE % 120s
Laser diode @& n>:’
SP 14?{} Fiim
32 "‘ ) O Xt et ens ity Aok S O Dbt AR
MOT lasers 12862,70 12862,75

@852 nm Frequency of Ti:Sa (cm™)

Resolution limited by the lifetime of 7s level: 56.5 ns:
Av, =5 —6 MHz. Duration of the excitation: t =300 ns
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" J
Cold collisions between cold Rydberg

atoms and ionization (in zero field)
(excitation duration 10 wus)

Cs(np,,,) +Cs(np,,,) > Cs* +Cs(n'l")

'
N <<nN

1400 - 10us
pood 30
| 40
wo0d 4 41
—v— 42
800 43

Number of lons (arbitrary units)
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Dipole gas / Rydberg a’romlc gas

m Quasi-resonance
2 x E(np) ~ E(ns) + E((n+1)s)
Second order dipole-dipole coupling

W2 '
V ~ — avecW~M;

AB
=(np|u|ns) , u'=(np|u|(n+1)s)
A=2Enp—(E +E.)

(n+1)s

ss’
or pp
R

>

m N <42:2xE(np) > E(ns) + E((n+1)s), which corresponds to a weak
repulsive force between close Rydberg atoms. The slow ionization
is the result of blackbody radiation (ionization, BR assisted

collisions)

m n>42: 2x E(np) <E(ns) + E((n+1)s), which corresponds to an
attractive force leading to Penning ionization, then to the evolution

of an ultracold plasma (not the subjet) ~

Dipole gas.

Cs(np,,,) +Cs(np;,,) > Cs" +Cs(n'l") n'<<n

GRC 2006 Electronic Spectroscopy & Dynamics
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"
New schemes:
Dipole blockade controled by electric field

Dipole-dipole interaction due p - d mixing

1 Ous =
2000 + :::8\25V/cm etz /
{ 200pS (7s: 1/3) T

A QV
I/

15007 0.25V/cm
2 —
|
e -
2. 1000~ //// o
m b / / /A
500 - / / /A\A/ \A
f o / /A
Atk
0 T T T T T T T |
0 50 100 150 200 250
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" A
Conclusion

Examples of dipole — dipole interaction

Demonstration of the dipole blockade for Forster resonances

T. Vogt, M. Viteau, J. Zhao, A. Chotia, D. Comparat and P. Pillet, PRL 97,
083003 (2006)

Quantum gate: collaboration with the group of Philippe Grangier
A singly excited collective state

Rydberg photoassociation (trilobite state)...

Development of a Stark decelerator for Rydberg atoms or
molecules (Nicolas Vanhaecke, Christian Jungen,... LAC)

GRC 2006 Electronic Spectroscopy & Dynamics
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