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Squeezing with Rydberg blockade

Squeezing
Example: harmonic oscillator

Hamiltonian:

H =
p2

2m
+

1
2
mω2x2

Coherent states: saturate uncertainty relation

∆x =

√
~

2mω

∆p =

√
~mω

2

∆x∆p =
~
2
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Squeezing
Example: harmonic oscillator
Coherent states: saturate uncertainty relation
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Squeezing with Rydberg blockade

Squeezing
Example: harmonic oscillator
Creation and annihilation operators:

x =

√
~

2mω
(a+ a†)

p = −i
√

~mω
2

(a− a†)

[x , p] = i~
[a, a†] = 1

H = ~
(
a†a+

1
2

)
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Squeezing with Rydberg blockade

Squeezing
Example: harmonic oscillator Squeezed coherent states: can also
saturate uncertainty relation, but, e.g.:

∆x <

√
~

2mω

∆p >

√
~mω

2

∆x∆p =
~
2
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p

∆ p
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Squeezing with Rydberg blockade

Squeezing
Example: harmonic oscillator
Squeezed coherent states: saturate uncertainty relation

Obrázek: Noise squeezing [G. Breitenbach dissertation, 1998]
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Spin squeezing
Example: two-level atoms
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b

8 / 39



Squeezing with Rydberg blockade

Spin squeezing
Example: two-level atoms
Single-atom operators:

Sx =
1
2

(|a〉〈b|+ |b〉〈a|),

Sy =
i
2

(−|a〉〈b|+ |b〉〈a|),

Sz =
1
2

(|a〉〈a| − |b〉〈b|).
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Squeezing with Rydberg blockade

Spin squeezing
Example: two-level atoms
Many atoms:

~J =
∑
k

~Sk

Jx =
1
2

(a†b + ab†),

Jy =
i
2

(a†b − ab†),

Jz =
1
2

(a†a− b†b),

[a, a†] = [b, b†] = 1

[Jx , Jy ] = −iJz
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Spin squeezing
Example: many two-level atoms
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Squeezing with Rydberg blockade

Spin squeezing
Many two-level atoms
Poincare sphere
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Spin squeezing
Many two-level atoms
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Squeezing with Rydberg blockade

Spin squeezing
Gross et al., Nature 464, 1165 (2010)

∼ 103 atoms squeezed by ∼ 5 dB in ∼ 10 ms

14 / 39



Squeezing with Rydberg blockade

Spin squeezing
Gross et al., Nature 464, 1165 (2010)

∼ 103 atoms squeezed by ∼ 5 dB in ∼ 10 ms
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Spin squeezing
Riedel et al., Nature 464, 1170 (2010)

∼ 103 atoms squeezed by ∼ 5 dB in ∼ 10 ms
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Spin squeezing
Riedel et al., Nature 464, 1170 (2010)

∼ 103 atoms squeezed by ∼ 5 dB in ∼ 10 ms
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Squeezing with Rydberg blockade

Rydberg atom
Excited atom with large principal number n

size ∼ n2 (∼ 0.3 µm for n ≈ 80)

lifetime ∼ n3–n4.5 (∼ 600 µs for n ≈ 80)

r

E
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Rydberg atom
Rydberg blockade: resonance transitions
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Rydberg atom
Rydberg blockade: resonance transitions

Gaetan et al., Nature Physics 5, 115 (2009)
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Squeezing with Rydberg blockade

Jaynes - Cummings model
A single two-level atom and a single-mode quantum field

HJC = ga+σ− + g∗aσ+

σ+ = |b〉〈a|
σ− = |a〉〈b|

Photon generation and atom deexcitation

Photon absorption and atom excitation
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Squeezing with Rydberg blockade

Jaynes - Cummings model
A single two-level atom and a single-mode quantum field
Squeezing of the field

G. Banacloche, PRL 65, 3385 (1990); picture from JMO 40, 2361
(1993).
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Squeezing with Rydberg blockade

Jaynes - Cummings model
A single two-level atom and a single-mode quantum field
Schrödinger cat generation

23 / 39



Squeezing with Rydberg blockade

Jaynes - Cummings model
A single two-level atom and a single-mode quantum field
Schrödinger cat generation
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Spin squeezing and Schrödinger cat generation in atomic samples
with Rydberg blockade
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T. Opatrný and K. Mølmer, PRA 86, 023845 (2012)
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Squeezing with Rydberg blockade

Hamiltonian

HJC1 = Ω1aσ
(1)
+ + Ω∗1a

†σ
(1)
−

HJC2 = Ω2bσ
(2)
+ + Ω∗2b

†σ
(2)
−

Initialize the state

Act with the Hamiltonian

Rotate the state
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Results
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Results
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Squeezing with Rydberg blockade

Adiabatic squeezing: Hamiltonian eigenstates

|ψ(na,nb)
+,+ 〉 =

1
2

(|na, nb, 0, 0〉+ |na − 1, nb, 1, 0〉

+ |na, nb − 1, 0, 1〉+ |na − 1, nb − 1, 1, 1〉) ,

|ψ(na,nb)
+,− 〉 =

1
2

(|na, nb, 0, 0〉+ |na − 1, nb, 1, 0〉

− |na, nb − 1, 0, 1〉 − |na − 1, nb − 1, 1, 1〉) ,

|ψ(na,nb)
−,+ 〉 =

1
2

(|na, nb, 0, 0〉 − |na − 1, nb, 1, 0〉

+ |na, nb − 1, 0, 1〉 − |na − 1, nb − 1, 1, 1〉) ,

|ψ(na,nb)
−,− 〉 =

1
2

(|na, nb, 0, 0〉 − |na − 1, nb, 1, 0〉

− |na, nb − 1, 0, 1〉+ |na − 1, nb − 1, 1, 1〉) ,
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Squeezing with Rydberg blockade

Adiabatic squeezing: Eigenenergies

E (na,nb)
+,+ = ΩJC (

√
na +

√
nb) ,

E (na,nb)
+,− = ΩJC (

√
na −

√
nb) ,

E (na,nb)
−,+ = ΩJC (−

√
na +

√
nb) ,

E (na,nb)
−,− = ΩJC (−

√
na −

√
nb) .
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Squeezing with Rydberg blockade

Adiabatic squeezing: Combine Hamiltonian

H = uHJC + (1− u)Jx
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Squeezing with Rydberg blockade

Adiabatic squeezing
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Squeezing with Rydberg blockade

Adiabatic squeezing
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Squeezing with Rydberg blockade

Adiabatic squeezing
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Squeezing with Rydberg blockade

Schrödinger cat generation
Hamiltonian HJC1 with Ω1 = Ω∗1 = ΩJC switch on for

τ =


π

ΩJC

√
N
2 for N even

π
ΩJC

√
N−1
2 for N odd

.
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Squeezing with Rydberg blockade

Schrödinger cat generation
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Squeezing with Rydberg blockade

Schrödinger cat generation

0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

p(n  )a

��
��
��

��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��

�
�
�

�
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��

��
��
��

������
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

na

37 / 39



Squeezing with Rydberg blockade

Summary

Squeezing and spin squeezing, consequences for metrology

Rydberg blockade: strong nonlinearity in atom-field interaction

Jaynes - Cummings model, can generate squeezing or Schrödinger
cat states

Atomic samples with driven transitions to Rydberg states: combine
several JC interactions

Dynamic and adiabatic squeezing, Schrödinger cat states in atomic
samples
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Squeezing with Rydberg blockade

Thanks for your attention!
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