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High principal quantum number

n ≫ 1 (H-like)
r

g

Energy Er = − Ry
n∗2

effective PQN n∗ = n− δl (δl quantum defect)

0a2n
+ −

Easily polarizable

Huge dipole moments ℘ ∼ n2ea0

Gallagher, Rydberg Atoms (Cambridge 1994)
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Dipole-Dipole Interactions

D =
℘1 · ℘2

R3
− 3

(℘1 ·R)(℘2 ·R)

R5
∝ n4

⇒ Resonant DDI

D12

D12
1

2

2a

r

b

r

1

D = 1
R3

[

℘1+℘2− + ℘1−℘2+ + ℘1z℘2z(1− 3 cos2 θ)

− 3
2
sin2 θ(℘1+℘2+ + ℘1+℘2− + ℘1−℘2+ + ℘1−℘2−)

− 3√
2
sin θ cos θ(℘1+℘2z + ℘1−℘2z + ℘1z℘2+ + ℘1z℘2−)
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12∆

RDDI (Förster process)

D12 ≡ D(R) ∝ ℘br℘ar

R3 ∝ n4

ωrb − ωar = δ ≫ D

(δ ∝ n−3)

⇒ |r1〉 |r2〉 9 |a1,2〉 |b2,1〉: Non-Resonant DDI (Adiabatic elim. |a1,2〉 |b2,1〉)

⇒ Energy shift of |r1〉 |r2〉 (2nd-order in D/δ)

VvdW = ~σ̂1
rr∆12σ̂

2
rr

∆12 ≡ ∆̄(R) = 2
|D(R)|2

δ
= C6

R6 ∝ n11 — vdWI strength

Saffman, Walker, Mølmer, RMP 82, 2313 (2010)
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Fleischhauer, Imamoglu, Marangos, RMP 77, 633 (2005)
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Pulse propagation in EIT medium
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Fleischhauer, Lukin, PRL 84, 5094 (2000); PRA 65, 022314 (2002)
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Fleischhauer, Lukin, PRL 84, 5094 (2000); PRA 65, 022314 (2002)

Photons are converted to atomic |r〉 excitations (cosΘ ≪ 1) and

propagate with slow (variable) group velocity vg(t) = c cos2 Θ(t) ≪ c:

(∂t + vg∂z)Ψ̂ = 0 ⇒ Ψ̂(z, t) = Ψ̂(z −
∫ t

0
vg(t

′)dt′, 0)
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Giant cross-phase modulation:

Photonic phase gate

Friedler, Petrosyan, Fleischhauer, Kurizki, PRA 72, 043803 (2005)

Shahmoon, Kurizki, Fleischhauer, Petrosyan PRA 83, 033806 (2011) FOP-2017, 21/9/17 – p. 11/20
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Static Estez ⇒ Stark eigenstates |rj〉 with SDMs ℘rez = 3
2nqea0ez

Ej → Ψ̂j = cosΘÊj − sinΘ
√
Nσ̂grj (j = 1, 2) propagate with ±vg = c cos2 Θ

Atomic components of Ψ̂i interact via Static DDI ⇒ induces XPM

VDD = ~ρ2
∫∫

d3r d3r′σ̂rr(r)D(r− r
′)σ̂rr(r

′)

D(r− r
′) = C

1− 3 cos2 θ

|r− r
′|3 with C =

℘rl℘rl′

4πǫ0~

Resonant DDI (state mixing) is suppressed for q = n− 1, m = 0
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(∂t + vg∂z)Ψ̂j(z, t) = −i sin2 ΘŜ(z, t)Ψ̂j(z, t) 〈Ŝ(z)〉 < δω ≃
|Ωd|2
γe

Ŝ(z, t) = 1
L

∫ L
0 D(z − z′) sin2 Θ[Î1(z′, t) + Î2(z′, t)]dz′ Îj ≡ Ψ̂†

jΨ̂j

D(z − z′) = 1
(πw2)2

∫

d2r⊥
∫

d2r′⊥e−(r2⊥+r′2⊥ )/w2
D(r− r

′)
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F12(z1, z2, t) = 〈0| Ψ̂1(z1, t)Ψ̂2(z2, t) |Φin〉

= f1(z1 − vt)f2(z2 + vt)eiφ(z1,z2,t)

φ(z1, z2, t) = − sin4 Θ
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0dt
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dt′Ŝ(z∓vg(t−t′),t′) Ψ̂j(z ∓ vgt, 0)

Input state: two single photons [t = 0, z1 = 0 & z2 = L]

|Φin〉 = |11〉 |12〉 [ |1j〉 = 1
L

∫

dzfj(z)Ψ̂
†
j(z) |0〉]

Output state: [t = L/vg , z1 = L & z2 = 0]

|Φout〉 = eiφ |11〉 |12〉
φ(L, 0, L/v) = − sin4 Θ

vg

∫ L
0 dz′D(2z′ − L) = C

vgw2

Phase shift φ = π [spatially uniform!]

⇒ Universal CPHASE gate between SPh pulses Ê1 & Ê2
|x〉1 |y〉2 → (−1)xy |x〉1 |y〉2 (x, y ∈ [0, 1])
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Dissipative photonic interactions

Gorshkov et al., PRL 107, 133602 (2011); Peyronel et al., Nature 488, 57 (2012)

Pritchard et al., PRL 105, 193603 (2010); Petrosyan et al., PRL 107, 213601 (2011)

Ates et al. PRA 83, 041802(R) (2011); Sevincli et al. PRL 107, 153001 (2011)

Baur et al. PRL 112, 073901 (2014); Gorniaczyk et al. PRL 113, 053601 (2014) FOP-2017, 21/9/17 – p. 14/20
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′) = C6
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′|6

level shift of |r〉
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1D (w < db) propagation ∂zE = i ω
2cχE with susceptibility
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if (z − z′) > db (EIT)

i
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γe−i∆ if (z − z′) ≤ db (2LA)
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Stored in |R〉 (photonic) excitation blocks the transmission of probe field

⇒ photons are (conditionally) absorbed in the blockade region by ǫ ≃ e−ODb

with ODb = 4σ0ρ̄db > 1
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Ê

D
Ω

s

c

gv  z( )
(   )z,t

c∆
as

η

One or more spin atoms

play the role of Ωd

via exchange interaction

D(z) σ̂re(z)⊗ σ̂−

D(z) =
C3Ωc/∆c

|zez−rj |3

Each probe photon in the medium attempts to create atomic |r〉 excitation

with simultaneous flip of one spin atom |u〉 → |d〉 [Ĵ− ≡
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⇒ DEIT exists for np ≤ ns ≡ 2J photons [“spin” state |J, J − np〉]

⇒ (np−ns) photons are absorbed by resonant 2LA medium: OD= 2σ0ρ̄L > 1
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group velocity @ ∆ ≃ −δ

v̂g(z) ≃ c
|D(z)|2Ĵ+Ĵ−

η2N
⇒ v

(np+1)
g (z) = c

|D(z)|2
η2N

(ns − np)(np + 1)
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Reviews:

Murray & Pohl, Adv. Atom. Mol. Opt. Phys. 65, 321 (2016)

Firstenberg, Adams, Hofferberth, J. Phys. B 49, 152003 (2016)
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