Correlated Dynamics of Rydberg atoms J

Cristiano Simonelli
Universita di Pisa

5 giugno 2015

Cristiano Simonelli (UniPi) Correlated Dynamics of Rydberg atoms 5 giugno 2015 1/52



Outline

@ Introduction of correlated systems: a simple game
@ Experimental realization with Rydberg atoms

© Implementing the rules of the game

@ Conclusions
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Correlation in Nature

Correlated systems:
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@ superconductors
@ 1D electron systems

o superfluid-MOTT
insulators

Correlation creates new and unexpected behaviour
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A simple game

Setup:
e two different states (es. Red and Grey ) -
@ sometimes the pieces change the state ( Random )
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A simple game
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we can introduce rules to change the state
@ constraint — "you can't flip to Red if the neighbour is Red"
e facilitation — "you can only flip to Red if the neighbour is Red"
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Correlation in atomic physics

.‘—r’ replaced by |1) and |J)

Excitation rate per unit volume

dn
-

) N

and number of excitations

tex
N:// dtdV
v Jo

atoms
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Correlation in atomic physics
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Where do the correlations arise?

Excitations distribution p(ri, ra, .., rk, ..., ry) determines the dynamics.

F = F((S,p(rl, Ry ly ..oy rN))

r(5,p)
As in the game, we have:

@ no rules — uncorrelated dynamics ’ N
e facilitation — correlated dynamics

@ constraint — anti-correlated dynamics

Mandel Q Parameter (1979) Q = w — 1

@ @ =0 — Poisson Distribution
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How do we implement such a system?

Key features:

@ controllable

(17
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How do we implement such a system?

Key features:
@ controllable

@ strongly interacting

—_—
—
. /.,(
S —

Cold gas of Rydberg Atoms!
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General proprieties

||Co|dll
@ kinetic energy < interaction energy

"Rydberg atoms" ( our pieces )
@ atoms excited to high principal quantum number (n > 20) state
@ strong Interactions Uygw = “fiﬁr‘ﬁ ( Co ~ n't)

3

@ long lifetime 7 ~ n

Cristiano Simonelli (UniPi) Correlated Dynamics of Rydberg atoms 5 giugno 2015 22 / 52



-
Rydberg Atoms Excitation Scheme

We describe the dynamic in terms of an excitation rate 'y (v >> 71)

r Q? 1
k= _— :
C. \1/6
-3 ()
lg> . L
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How to realize the rules of the games

T
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rﬁ\ !
|

2Er —————S——%+ AR
A |
\

Er ng),gr
|
|
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0 o r [0 rae r
|
5=0 : 5£0

Two different processes and two important length scales

@ on resonance — blockade radius ry,

o off resonance — facilitation radius re,.

Cristiano Simonelli (UniPi) Correlated Dynamics of Rydberg atoms 5 giugno 2015 24 / 52



How to realize the rules of the games

! Co
& : S5 .. | Two different processes and Two important
! length scales

@ on resonance — blockade radius r,

|

|

Toert™ £ Sl ' e off resonance — facilitation radius re,c
| 5#0

e anti-correlated dynamic for - /. :
0 = 0 — kinetic constraint - V..

Ariye.

e correlated dynamic for § > 0 —
facilitation process
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Kinetic Constraint

<N>/Nigy
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Kinetic Constraint
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Kinetic Constraint
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Kinetic Constraint

"you can't flip to Red if the neighbour is Red"
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Facilitation process

"you can only flip to Red if the neighbour is Red"

Interactions compensate the detuning at ree

Y 1 . Q2
PYJ—]‘—I_R]Q[A_ZJ';&I( M:WP an

Facilitation leads to an Avalanche excitation process
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1D avalanche simple Model

'Arfac-

"intuitive idea" — To step forward the
important parameter is N = n(x, y, z) - Vfac

Basic HP of the 1D model - '%.‘;—sifwi'* )~
o P(0) = e=<N> 4 i
e P, =1— P(0) is the step T o o2
forward probability il L orown

@ the number of steps determines
the number of the excitations
<N >
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Experimental Counts Distributions

texe = 100us for different N = n(x,y,z) - Ve

Changing n(x, y, z)

Changing Vg
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Experimental Counts Distributions

texe = 100us for different N = n(x,y,z) - Ve

Changing n(x, y, z)
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|
Triggering the avalanche

Very common system: water.

o liquid water — ice

@ temperature

@ nucleation center
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Nucleation is the first step in the formation of a new structure via
self-assembly.
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-
Triggering the avalanche

Very common system: water.

o liquid water — ice
@ temperature

@ nucleation center

25

Nucleation is the first step in the formation of a new structure via
self-assembly.

Can we do the same?
Yes we can!
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-
Triggering the avalanche

On Resonance Pulse
Avalanche needs an initial excitation .
to begin — Seed '

2| o ]
Toceq= 45 15 o227
10 o . .
, @ short On resonance excitation
r ’ o ===
’ e e ) pulse — seed/seeds
I 2 . - i .
v e P @ pulse duration = < N >eeq

@ pulse starting point <> avalanche
] starting point

I ¢
140
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-
Triggering the avalanche

Off Resonance
Avalanche needs an initial excitation =

to begin — Seed - L

The avalanche grows in the sample

T T T
2| o 1 ]
Toceq= 45 15 o227
10 o . .
, @ short On resonance excitation
r ’ o ===
’ z o --7d pulse — seed/seeds
Aol 2 . - i .
v e P @ pulse duration — < N >eeq
, s
' &8 1 @ pulse starting point <> avalanche
4 91 . o
d g 1 starting point
ou';"xo’lo il T O I IR N
20 40 60 80 100 120 140
Time (ps)
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-
Triggering the avalanche

Off Resonance
Avalanche needs an initial excitation | e |
to begin — Seed
The avalanche grows in the sample

Seed

T T T
2| o 1 e ]
Tooed= 45 1| o227
101 ~ -7 . )
@ short On resonance excitation
L 0 o]
’ o .--"8 pulse — seed/seeds
A L e , - 4 R
v P @ pulse duration = < N > e
, Lo o
' &8 1 @ pulse starting point <> avalanche
A 91 . o
w8 g 1 starting point
0\/\,/‘1’0/0 T I I I [

L n n n PR N
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-
Triggering the avalanche

. e . . Off Resonance
Avalanche needs an initial excitation ~ feser |
to begin — Seed Lo
The avalanche grows in the sample

Seed

T T T
oo Tl ]
Teeq= 45 15| /',/r"
L'y - - - -
@ short On resonance excitation
L 0 I
’ o -4 pulse — seed/seeds
v r 1 @ pulse duration — < N > eeq
,0 0
T i 1 @ pulse starting point <+ avalanche
3 9% 9 0
2 g (/9;’ 8 starting point
0lodre P I | T I NI
20 40 60 80 100 120 140
Time (ps)
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Conclusion:
@ Correlation creates new and unexpected behaviour
e Rydberg atoms provide a flexible platform
@ Induce or block the excitations
@ qualitative difference in the statistics
What's next?
@ other correlations of Rydberg atoms
@ van der Waals interaction effect

@ Quantum Computation and Simulation
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thanks for your attention!
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N
The Bimodal Model

lonsTheoNew
QtheoNew

11epuey ©

Hp Bimodal Model ol

o <N >=1P(0) + p2(1 - P(0)) 2

o P(0) = e~ <N>seed "

0 < N >4eg=0—>< N>= g °f
T=5ps N T=10ps| .4 7=20ps|

<N >and Q

distribution

Cristiano Simonelli (UniPi) Correlated Dynamics of Rydberg atoms

@ Bimodal model well approximates

5 giugno 2015

@ Signature of the avalanche in the counts
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Rydberg Atoms Excitation Scheme

Two photons excitation scheme

7051 —— T E— R>"" e g, ~ 1GHz avoid population of
******* i — ) the intermediate level 6P3 5

o generalized Rabi frequency

/Q Q2
551/2 |g> Q == 5 —IR_Blu + (52

Blu

We describe the dynamic in terms of an excitation rate 'y (v >> v1)

- ) 1, G
YL+ R2[A =30, ri“ia_lﬁp A:Rﬁ—yi’ R— a(fi’yi)(l/())
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Measuring the Van der Waal's force effect

e A @ Excited Atoms have potential
H— e energy
S @ Atoms cloud expands
5#0
How do we detect the cloud expansion? J
g\channeltmn o . . . .
y Lroo
L Grid X o ¥
3 o Excite '
T | e Evolve
L IV o Detect

Field Plates
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interaction strength
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