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Light-matter interaction 

Collective light scattering in cold atom ensembles

Igor Ferrier-Barbut
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Collective light scattering in cold atoms

Do N atoms respond differently w.r.t a single atom?

• Absorption or fluorescence imaging. 
• Optical clocks: shift of the resonance?  

Experimental bias? 
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Collective light scattering in cold atoms

Do N atoms respond differently w.r.t a single atom?

• Absorption or fluorescence imaging. 
• Optical clocks: shift of the resonance?  

Experimental bias? 

• One-photon nonlinearities 
• Quantum memories 
• Improve clock accuracy? 

Collective enhancement ==> quantum technologies 

Basic, many-body problem (driven dissipative)
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Laser-cooled atoms

Typical atomic linewidth for alkalis: MHzΓ/2π ∼
f
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Typical Doppler broadening: ,   HzΔω = kΔv ΔωD/2π ∼ 104 − 105

Typical collision rate:   10 kHz: no dephasing≲
f
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Laser-cooled atoms

Typical atomic linewidth for alkalis: MHzΓ/2π ∼
f

Temperature T~ 1 - 100 µK

Typical Doppler broadening: ,   HzΔω = kΔv ΔωD/2π ∼ 104 − 105

Typical collision rate:   10 kHz: no dephasing≲
f

No inhomogeneous broadening : atoms are identicalΓ ≫ Δω

ℏω0

Γ

ℏω0

Γℏω0

Γ
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Single two-level atom in free space

Δ

p

Light scattering

ℏω0

Γ0

Scattered power vs detuning 

t

p
Scattered power vs time 

p(Δ) ∝
Γ
2

s
1 + s + (2Δ/Γ0)2

p(t) ∝ e−Γ0 t
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Single atom in free space

ℏω0

Γ0

Collective light scattering

N-atom collective response

t

p
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Outline

Lecture 1: Quantum optics of single atoms

Lecture 2: Collective light scattering by N atoms kL

Lecture 3: Many-body quantum optics

1 

2 

N

0 

N-1

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩

N 

N(N-1) Superradiance

Subradiance

Δ

p
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The atomic dipole

Nucleus

Electron
-

+Classical dipole

Quantized electronic motion ̂d = q ̂r

|n′ , l′ , m′ l⟩

|n, l, ml⟩

⟨n′ , l′ , m′ l | D̂ |n, l, ml⟩Dipole elements: 

σ+πσ−

0

-1 0 1
D̂ = ∑

i

q ̂ri
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Spontaneous emission

Fermi’s golden rule Γ =
2π
ℏ

|⟨g,1k | D̂ ⋅ Ê |e,0⟩ |2 ρ(ℏω0)

Γ =
ω3

0

3πℏε0c3
|deg |2 |deg |2 = |⟨e | D̂ |g⟩ |2

Atoms and field are entangled: |ψ⟩ = α |e,0⟩ + ∑
k

βk |g,1k⟩

ρat = α2 |e⟩⟨e | + β2 |g⟩⟨g | ⟨D̂⟩ = 0 during spontaneous emission

Description of the atomic systems tracing out the field: Master equation
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Optical Bloch equations

·ρee = −
iΩ
2

(ρeg − ρge) − Γρee

·ρeg = −
iΩ
2

(ρee − ρgg) −
Γ
2

ρeg + iΔ ρeg

·ρ =
1
iℏ [H, ρ] + L(ρ)Master equation

Δ

Γ

Ω

Rabi oscillations
Excited state fraction Dipole
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Optical Bloch equations

Δ

Γ

Ω

Steady-state solutions: ρee =
1
2

2Ω2/Γ2

1 + 2Ω2/Γ2 + 4Δ2/Γ2

ρeg = i
Ω
2

Γ/2 + iΔ
Γ2/4 + Ω2/2 + Δ2

s = I/Isat =
2Ω2

Γ2

Isat =
2π2ℏΓc

3λ3

-4 -2 0 2 4
-1.0

-0.5

0.0

0.5

1.0

Δ/Γ

R
e(
ρ e
g)

-4 -2 0 2 4
0.0
0.2
0.4
0.6
0.8
1.0

Δ/Γ

Im
(ρ
eg
)
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Dipole radiation

Classical dipole field

Ez =
⟨d⟩k3

4πε0
eikr [

sin2 θ
kr

+ (3 cos2 θ − 1)(
1

(kr)3
− i

1
(kr)2

)]

⟨d⟩ = degρeg =
6πε0

k3
iE0

Weak driving: classical dipole
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Dipole radiation

Classical dipole field

Ez =
⟨d⟩k3

4πε0
eikr [

sin2 θ
kr

+ (3 cos2 θ − 1)(
1

(kr)3
− i

1
(kr)2

)]

⟨d⟩ = degρeg =
6πε0

k3
iE0

Weak driving: classical dipole

Two-level atom

̂E+(r) =
k3

ε0
G(r − rat) ̂σ− ̂σ−

̂E+(r)
I = ⟨ ̂E−(r) ̂E+(r)⟩

*see many-atom case



12Wineland, Itano, & Bergquist, Opt Lett 12, 389 (1987).

Single atom absorption



13

Single atom absorption

Tey et al., Nat Phys 4, 924–927 (2008).
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Resonance fluorescence

First order coherence g(1)(τ) = lim
t→∞

⟨E−(t)E+(t + τ)⟩

Interference between the field at  and t t + τ

Resonance spectrum S(ω) = ∫
∞

0
g(1)e−iωτdτ
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Resonance fluorescence

First order coherence g(1)(τ) = lim
t→∞

⟨E−(t)E+(t + τ)⟩

Interference between the field at  and t t + τ

Resonance spectrum

Weak drive 
Ω < Γ

S(ω) = ∫
∞

0
g(1)e−iωτdτ



14

Resonance fluorescence

First order coherence g(1)(τ) = lim
t→∞

⟨E−(t)E+(t + τ)⟩

Interference between the field at  and t t + τ

Resonance spectrum

Strong drive 
Ω ≫ Γ

S(ω) = ∫
∞

0
g(1)e−iωτdτ
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Resonance Fluorescence

Grove, Wu & Ezekiel. Phys. Rev. A 15, 227(1977).
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Resonance Fluorescence

Ng, Chow & Kurtsiefer,  Phys. Rev. A 106, 063719 (2022). 
Original expt: Aspect, Roger, Reynaud, Dalibard & Cohen-Tannoudji, Phys Rev Lett 45, 617 (1980).
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Resonance Fluorescence

Ng, Chow & Kurtsiefer,  Phys. Rev. A 106, 063719 (2022). 
Original expt: Aspect, Roger, Reynaud, Dalibard & Cohen-Tannoudji, Phys Rev Lett 45, 617 (1980).
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Prasad et al.. Nat. Photonics 14, 719 (2020).

 with large optical depthg(2)(0)

Optical depth is narrow in frequency: does not absorb the sidebands
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Outline

Lecture 1: Quantum optics of single atoms

Lecture 2: Collective light scattering by N atoms kL

Lecture 3: Many-body quantum optics
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Single atom in free space

ℏω0

Γ0

Collective light scattering

N-atom spontaneous emission

t

p
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Resonant dipole dipole interaction
Two dipoles interact with light: resonant dipole-dipole interaction −d*2 ⋅ E1

θ

r

d1

d2

E1
z =

d1k3

4πε0
eikr [

sin2 θ
kr

+ (3 cos2 θ − 1)(
1

(kr)3
− i

1
(kr)2

)]
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Resonant dipole dipole interaction
Two dipoles interact with light: resonant dipole-dipole interaction −d*2 ⋅ E1

Vdd(r, θ) = −
3ℏΓ

4
eikr [

sin2 θ
kr

+ (3 cos2 θ − 1)(
1

(kr)3
− i

1
(kr)2

)] θ

r

d1

d2
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Resonant dipole dipole interaction
Two dipoles interact with light: resonant dipole-dipole interaction −d*2 ⋅ E1

Vdd(r, θ) = −
3ℏΓ

4
eikr [

sin2 θ
kr

+ (3 cos2 θ − 1)(
1

(kr)3
− i

1
(kr)2

)]

·dn = (iΔ −
Γ
2

)dn − i
Ω
2

+ i ∑
m≠n

d*mVdd(rm − rn)

Coupled equations

ω± = Δ ± Re[Vdd]
Γ12 = Γ ± 2 Im[Vdd]

Two modes

0 5 10 15
0.0

0.5

1.0

1.5

2.0

kr
Γ ±

θ

r

d1

d2
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Resonant dipole dipole interaction

ω± = Δ ± Re[Vdd]Γ12 = Γ ± 2 Im[Vdd]

0 5 10 15
-2

-1

0

1

2

kr

E ±
/Γ

0 5 10 15
0.0

0.5

1.0

1.5

2.0

kr

Γ ±
/Γ

In-phase mode: constructive interference 
Out-of-phase mode: destructive interference 

−d*2 ⋅ E1 ∼ − d*2 ⋅ d1

Divergence of shift with 1/(kr)3

Classical case: 

Quantum case: ̂d = deg ̂σ− Vdd ̂σ+
2 σ−

1Flip-flop interaction



23

2 atoms and 1 cavity mode

Flip-flop interaction : Vdd = −
g2

Δ
( |eg⟩⟨ge | + ( |ge⟩⟨eg | )

Cavity atom coupling = g

Far-detuned cavity  ( )Δ > g Δ ≪ ω0

|gg,1⟩

|eg,0⟩ |ge,0⟩

g gΔ

E/ℏ

Adiabatic elimination of |gg,1⟩

Ĥ = ∑
i

g( ̂a ̂σ+
i + ̂a† ̂σ−

i ) + Δ∑
i

|ei⟩⟨ei |
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2 atoms and 1 cavity mode
Flip-flop interaction : 

Majer et al.. Nature 449, 443 (2007).

Vdd = −
g2

Δ
( |eg⟩⟨ge | + ( |ge⟩⟨eg | )

Original expt. with Rydberg atoms: Hagley et al. Phys. Rev. Lett. 79, 1 (1997) 

Superconducting qubits and microwave cavity
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2-atom spontaneous emission
Collective decay I(R) = ⟨ ̂E−(R) ̂E+(R)⟩

1
2 R

Detector
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2-atom spontaneous emission
Collective decay I(R) = ⟨ ̂E−(R) ̂E+(R)⟩

1
2

̂E+(R) ∝ ∑
n

G(R − rn, ω0) ̂σ−
n

̂σ−
n = |gn ⟩⟨ en |

Far field Green’s function

G(x, ω0) ∼
eik0x

4π k0xR
Detector
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2-atom spontaneous emission
Collective decay I(R) = ⟨ ̂E−(R) ̂E+(R)⟩

1
2

̂E+(R) ∝ ∑
n

G(R − rn, ω0) ̂σ−
n

̂σ−
n = |gn ⟩⟨ en |

Far field Green’s function

G(x, ω0) ∼
eik0x

4π k0xR
Detector

Far field intensity in direction k = k0
̂k I(k) = I1(k)[⟨ ̂e1⟩ + ⟨ ̂e2⟩ + ei k⋅(r2−r1)⟨ ̂σ+

2 ̂σ−
1 ⟩ + cc]
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2-atom spontaneous emission
I(k) = I1(k)[⟨ ̂e1⟩ + ⟨ ̂e2⟩ + ei k⋅(r2−r1)⟨ ̂σ+

2 ̂σ−
1 ⟩ + cc]
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2 excitations: |ee ⟩

Γee = 2 Γ0

I(k) = 2I1(k)

2-atom spontaneous emission
I(k) = I1(k)[⟨ ̂e1⟩ + ⟨ ̂e2⟩ + ei k⋅(r2−r1)⟨ ̂σ+

2 ̂σ−
1 ⟩ + cc]
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2 excitations: |ee ⟩

Γee = 2 Γ0

I(k) = 2I1(k)

⟨ ± | ̂σ+
2 ̂σ−

1 | ± ⟩ = ± 1
2

I±(k) = I1(k)[1 ± cos(k ⋅ (r2 − r1))]
1 excitation: )| ± ⟩ = ( |eg ⟩ ± |ge⟩)/ 2

Γ± = Γ0(1 + 2ImVdd(r))

Faraway atoms Γ± ∼ Γ0(1 ± 3
2

sin(k0r)/k0r)

Integrate:

2-atom spontaneous emission

|gg ⟩

|ee ⟩

| + ⟩

Γ+ Γ−

Γ−Γ+

| − ⟩

I(k) = I1(k)[⟨ ̂e1⟩ + ⟨ ̂e2⟩ + ei k⋅(r2−r1)⟨ ̂σ+
2 ̂σ−

1 ⟩ + cc]
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Γ± ∼ Γ0(1 ± 3
2

sin(k0r)
k0r

)

|gg ⟩

|ee ⟩

| + ⟩

Γ+ Γ−

Γ−Γ+

| − ⟩

2-atom spontaneous emission
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Γ± ∼ Γ0(1 ± 3
2

sin(k0r)
k0r

)

|gg ⟩

|ee ⟩

| + ⟩

Γ+ Γ−

Γ−Γ+

| − ⟩

2-atom spontaneous emission

DeVoe & Brewer Phys Rev Lett 76, 2049 (1996).

2 ions at variable distance
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Γ± ∼ Γ0(1 ± 3
2

sin(k0r)
k0r

)

|gg ⟩

|ee ⟩

| + ⟩

Γ+ Γ−

Γ−Γ+

| − ⟩

2-atom spontaneous emission

DeVoe & Brewer Phys Rev Lett 76, 2049 (1996).

2 ions at variable distance
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Master equation

·ρ = −
i
ℏ [H, ρ] + L(ρ)

H = H0 + ∑
nm

Vnm ̂σ+
n ̂σ−

m

L(ρ) =
1
2 ∑

nm

Γnm(2 ̂σ−
mρ ̂σ+

n − ρ ̂σ+
n ̂σ−

m − ̂σ+
n ̂σ−

mρ)

Vnm = Re[Vdd(rnm)]

Γnm = 2 Im[Vdd(rnm)]

Equation valid under the Born-Markov approximation

Ignore correlations between field and atoms (free space) 
Ignore propagation time  typical evolution time L/c ≪ 1/Γ
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Detector

Emission from N weakly excited atoms
I(R) = ⟨ ̂E−(R) ̂E+(R)⟩ ̂E+(R) ∝

N

∑
n=1

G(R − rn, ω0) ̂σ−
n

IN(k) = I1(k)∑
n

⟨ ̂en⟩ + ∑
m≠n

ei k⋅(rm−rn)⟨ ̂σ+
m ̂σ−

n ⟩

kL
R ∥ k
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Detector

Emission from N weakly excited atoms
I(R) = ⟨ ̂E−(R) ̂E+(R)⟩ ̂E+(R) ∝

N

∑
n=1

G(R − rn, ω0) ̂σ−
n

IN(k) = I1(k)∑
n

⟨ ̂en⟩ + ∑
m≠n

ei k⋅(rm−rn)⟨ ̂σ+
m ̂σ−

n ⟩

kL

Laser propagating along  excites each atom to:kL |ψn ⟩ ∝ ( |gn ⟩ + ε eikL⋅rn |en ⟩) |ψ ⟩ = Π⊗n |ψn ⟩

R ∥ k
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Detector

Emission from N weakly excited atoms
I(R) = ⟨ ̂E−(R) ̂E+(R)⟩ ̂E+(R) ∝

N

∑
n=1

G(R − rn, ω0) ̂σ−
n

IN(k) = I1(k)∑
n

⟨ ̂en⟩ + ∑
m≠n

ei k⋅(rm−rn)⟨ ̂σ+
m ̂σ−

n ⟩

kL

Laser propagating along  excites each atom to:kL |ψn ⟩ ∝ ( |gn ⟩ + ε eikL⋅rn |en ⟩) |ψ ⟩ = Π⊗n |ψn ⟩

Weak excitation ( )ε ≪ 1 ⟨ ̂σ+
m ̂σ−

n ⟩ = ε2eikL⋅(rn−rm)⟨ ̂en⟩ = ε2 IN(k) = ε2I1(k) N + ∑
m≠n

ei (k−kL)⋅(rm−rn)

R ∥ k
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Emission from N weakly excited atoms

IN(k) ∝
I1(k)

N
N + ∑

m≠n

ei (k−kL)⋅(rm−rn)
R ∥ kkL

IN(k) ∝ NI1(k) + N2I1(k)
1
N ∑

m≠n

ei (k−kL)⋅rm

2

= S(k − kL)=       Iincoh(k) + Icoop(k)

Structure factor

sin2 θ
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Emission from N weakly excited atoms

IN(k) ∝
I1(k)

N
N + ∑

m≠n

ei (k−kL)⋅(rm−rn)
R ∥ kkL

IN(k) ∝ NI1(k) + N2I1(k)
1
N ∑

m≠n

ei (k−kL)⋅rm

2

= S(k − kL)=       Iincoh(k) + Icoop(k)

Structure factor

sin2 θ

Defines the cooperativity μ μ =
Pcoop

Pincoh
μ =

∫ dΩ I1(k) |S(k − kL) |2

∫ dΩ I1(k)
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Emission from N weakly excited atoms

IN(k) ∝
I1(k)

N
N + ∑

m≠n

ei (k−kL)⋅(rm−rn)
R ∥ kkL

IN(k) ∝ NI1(k) + N2I1(k)
1
N ∑

m≠n

ei (k−kL)⋅rm

2

= S(k − kL)=       Iincoh(k) + Icoop(k)

Structure factor

ΓN = Γ0(1 + μN)Collective initial scattering rate

sin2 θ

Defines the cooperativity μ μ =
Pcoop

Pincoh
μ =

∫ dΩ I1(k) |S(k − kL) |2

∫ dΩ I1(k)
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Cooperativity

Gross & Haroche, Physics Reports 93, 301 (1982). 
Allen & Eberly, Optical resonance and two-level atoms, Courier Corp. (1987)

μ =
Pcoop

N P1

Icoop(k̂)

       I(k) = Iincoh(k) + Icoop(k)

∼
ΔΩ
4π ΔΩ

Cooperative scattering 
in solid angle 
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Smal subwavelength clouds

Cooperativity μ =
N2 ∫ dΩ I1(k) |S(k − kL) |2

N ∫ dΩ I1(k)

σr < λ

σz

“Classical” superradiance

μ ∼
ΔΩ
4π

∼
λ

2πσz

Couples to one diffraction mode set by cloud dimensions

Couping set by the optical depth in the direction of excitation
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Smal subwavelength clouds

Cooperativity μ =
N2 ∫ dΩ I1(k) |S(k − kL) |2

N ∫ dΩ I1(k)

μN = OD =
3 N

k2
0 σ2Cloud σ ≫ λ0 optical depth

σr < λ

σz

“Classical” superradiance

μ ∼
ΔΩ
4π

∼
λ

2πσz

Couples to one diffraction mode set by cloud dimensions

Couping set by the optical depth in the direction of excitation



from: Nature 580, 602 (2020)
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Analogies

Clouds Clouds in cavity WQED

Diffraction 
pattern Cavity mode Waveguide mode

μ N N 4g2/κγ

from arXiv: 2211.08940 (2022)

N β = N Γ1D/Γ′ 

Collective mode

N-atom 
cooperativity
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Classical (“single-photon”) superradiance
Roof. et al., Phys Rev Lett 117, 073003 (2016).Mark Havey, ODU 

On-axis detector

kL

Araújo et al., Phys Rev Lett 117, 073002 (2016).
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Classical (“single-photon”) superradiance
Roof. et al., Phys Rev Lett 117, 073003 (2016).Mark Havey, ODU 

On-axis detector

kL

Araújo et al., Phys Rev Lett 117, 073002 (2016).
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Quantum memory efficiency

|0⟩ |1⟩

ControlProbe

|0⟩|1⟩
Spin wave

Writing Retrieval

|1⟩

|e⟩ |e⟩

|ψ ⟩ ∝ Π⊗n( |0n ⟩ + ε eikp⋅rn |en ⟩)

Total emission 
Cooperative emission

Γ0(1 + OD)
Γ0OD

η =
OD

1 + OD

μN = OD

Efficiency of retrieval: 

|0⟩
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Quantum memory efficiency

η =
OD

1 + OD
Efficiency of retrieval: 

Retrieval

|1⟩

|e⟩

Simon et al., Phys. Rev. Lett. 98, 183601 (2007).

Additional 
dephasings

|ψ ⟩ ∝ Π⊗n( |0n ⟩ + ε eikp⋅rn |en ⟩)

|0⟩
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Atom arrays

Manzoni et al. New J Phys 20, 083048 (2018).

Equivalent with Bragg: diffraction orders
At subwavelength spacing: can switch all orders off

Rui et al. Nature 583, 369 (2020).
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Outline

Lecture 1: Quantum optics of single atoms

Lecture 2: Collective light scattering by N atoms kL

Lecture 3: Many-body quantum optics

1 

2 

N

0 

N-1

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩

N 

N(N-1) Superradiance

Subradiance

Δ

p
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Master equation

·ρ = −
i
ℏ [H, ρ] + L(ρ)

H = H0 + ∑
nm

Vnm ̂σ+
n ̂σ−

m

L(ρ) =
1
2 ∑

nm

Γnm(2 ̂σ−
mρ ̂σ+

n − ρ ̂σ+
n ̂σ−

m − ̂σ+
n ̂σ−

mρ)

Vnm = Re[Vdd(rnm)]

Γnm = 2 Im[Vdd(rnm)]

Equation valid under the Born-Markov approximation

Ignore correlations between field and atoms (free space) 
Ignore propagation time  typical evolution time L/c ≪ 1/Γ
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R. H. Dicke, Phys. Rev. 93, 99 (1954).

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

Dicke superradiance

≪ λ0

N states

N(N-1) states

Total 2N states
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R. H. Dicke, Phys. Rev. 93, 99 (1954).

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

Subradiant states

|1 ⟩

|2 ⟩

|N − 1 ⟩

Dicke superradiance

≪ λ0

N states

N(N-1) states

Total 2N states
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R. H. Dicke, Phys. Rev. 93, 99 (1954).

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

Subradiant states

|1 ⟩

|2 ⟩

|N − 1 ⟩

Dicke superradiance

≪ λ0

N states

N(N-1) states

Total 2N states

|n ⟩ ∝ ( ̂S+)n |0 ⟩ ̂S+ =
N

∑
i=1

̂S+
i

Dicke states |n ⟩ = |J, m ⟩ J =
N
2

, m = n − J

H =
Ω
2 ( ̂S− + ̂S+) L(ρ) =

Γ
2 (2 ̂S−ρ ̂S+ − ̂S+ ̂S−ρ − ρ ̂S+ ̂S−)
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Dicke superradiance

R. H. Dicke, Phys. Rev. 93, 99 (1954). I(R) = ⟨ ̂E−(R) ̂E+(R)⟩ ̂E+(R) ∝
N

∑
n=1

G(R − rn, ω0) ̂σ−
n

I = I1⟨ ̂S+ ̂S−⟩

⟨n − 1 | ̂S− |n⟩ = n(−n + N + 1)

ΓN = Γ0⟨ ̂S+ ̂S−⟩

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩
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Dicke superradiance

R. H. Dicke, Phys. Rev. 93, 99 (1954). I(R) = ⟨ ̂E−(R) ̂E+(R)⟩ ̂E+(R) ∝
N

∑
n=1

G(R − rn, ω0) ̂σ−
n

I = I1⟨ ̂S+ ̂S−⟩

⟨n − 1 | ̂S− |n⟩ = n(−n + N + 1)

ΓN = Γ0⟨ ̂S+ ̂S−⟩

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩

ΓN = Γ0 n(N − n + 1)

Reaches maximum for , with |n ⟩ = |N/2 ⟩ ΓN ≃ N2Γ0/4

in state |n ⟩



42

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

Dicke superradiance

ΓN = Γ0 n(N − n + 1) in state |n ⟩

Gross & Haroche, Physics Reports 93, 301 (1982).

Peak power ∝ N2

Starting from fully excited state: pulse of light

|1 ⟩

|2 ⟩

Superradiance induces correlations during decay

⟨ ̂σ+
i ̂σ−

j ⟩ = 0

⟨ ̂σ+
i ̂σ−

j ⟩ ≃
1
4

⟨ ̂σ+
i ̂σ−

j ⟩ = 0

Despite  at all times ⟨ ̂σ−
i ⟩ = ⟨ ̂S−⟩/N = 0
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Dicke superradiance

Extended clouds (size ): dynamics governed by effective atom number≫ λ0

Gross & Haroche, Physics Reports 93, 301 (1982). 
Allen & Eberly, Optical resonance and two-level atoms, Courier Corp. (1987)

N → Ñ = μ N

Dicke case:

General case:

μ = 1

μ =
Pcoop

N P1
Icoop(k̂)

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩
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Dicke superradiance

Extended clouds (size ): dynamics governed by effective atom number≫ λ0

Gross & Haroche, Physics Reports 93, 301 (1982). 
Allen & Eberly, Optical resonance and two-level atoms, Courier Corp. (1987)

N → Ñ = μ N

Dicke case:

General case:

μ = 1

μ =
Pcoop

N P1
Icoop(k̂)

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

| Ñ ⟩

| Ñ − 1 ⟩
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Dicke superradiance, first observations
Skribanowitz et al., Phys Rev Lett 30, 309–312 (1973). 
Gross et al., Phys Rev Lett 36, 1035–1038 (1976).

Multilevel molecules of atoms, pumped via auxiliary transition
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 0.5 σr = λ0

0.5 - 15 σz = λ0

87Rb
F = 2, mF = ±2

F’ = 3, mF = ±3

D2 transition,  nm,  
 MHz,  ns

λ0 = 780
Γ0 = 2π × 6 τ0 ≃ 25

Dicke superradiance, recent experiments

σr < λ0 → μ ∼
1

k0σz

Modern tools: dense clouds of 2-level atoms, resonantly driven
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Dense clouds of 2-level atoms

Axial fluorescence

⃗B

Radial fluorescence

APD

Observations

Single photon detection (NA=0.45) 
Along two directions 

APD
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Rabi oscillations

N = 600
OBEs
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1

2

Time (ns)

C
ou
nt
s(
a.
u.
)Record axial fluorescence 

Very good fit with optical Bloch equations 

Independent atoms

Low atom number
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Rabi oscillations

N = 600
OBEs

0 50 100 150 200 250

1

2

Time (ns)

C
ou
nt
s(
a.
u.
)Record axial fluorescence 

Very good fit with optical Bloch equations 

Independent atoms

 - time, 85 % in π |e ⟩

 ρ = ( |e ⟩⟨ e | + |g ⟩⟨ g |
2 )

⊗N

Decay ∝ e−Γ0t

Low atom number
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Dicke superradiance

ex
ci
ta
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n
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am
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.) - pulse (12 ns, s = 85) 

Increasing atom number 

Axial fluorescence

π

G. Ferioli et al., Phys. Rev. Lett. 127, 243602 (2021)
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Dicke superradiance

 - pulse (12 ns, s = 85) 

Increasing atom number 

Axial fluorescence

π

G. Ferioli et al., Phys. Rev. Lett. 127, 243602 (2021)
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Dicke superradiance

 - pulse (12 ns, s = 85) 

Increasing atom number 

Axial fluorescence

π

Superradiant flash

G. Ferioli et al., Phys. Rev. Lett. 127, 243602 (2021)
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Dicke superradiance

Liedl et al., Phys. Rev. X 14, 011020 (2024)
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Dicke superradiance

Liedl et al., Phys. Rev. X 14, 011020 (2024)
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|1 ⟩

|2 ⟩

|0 ⟩ = |ggg⋯g⟩

|N ⟩ = |eee⋯e⟩

|N − 1 ⟩

Dicke symmetric conditions + classical drive

Dicke + drive
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· ̂ρ =
i
ℏ [ ̂ρ, Ĥ] +

Γ0

2 (2 ̂S− ̂ρ ̂S+ − ̂S+ ̂S− ̂ρ − ̂ρ ̂S+ ̂S−)

Ĥ =
ℏΩD

2
( ̂S+ + ̂S−)

|1 ⟩

|2 ⟩

|0 ⟩ = |ggg⋯g⟩

|N ⟩ = |eee⋯e⟩

|N − 1 ⟩

⟨n − 1 | ̂S− |n⟩ = n(−n + N + 1)
ΩD N

ΩD 2(N − 1)

Dicke symmetric conditions + classical drive

Dicke + drive
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· ̂ρ = i
ΩD

2 ( ̂ρ ̂S+ + ̂ρ ̂S− − ̂S+ ̂ρ − ̂S− ̂ρ) +
Γ0

2 (2 ̂S− ̂ρ ̂S+ − ̂S+ ̂S− ̂ρ − ̂ρ ̂S+ ̂S−)

Dicke + drive
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· ̂ρ = i
ΩD

2 ( ̂ρ ̂S+ + ̂ρ ̂S− − ̂S+ ̂ρ − ̂S− ̂ρ) +
Γ0

2 (2 ̂S− ̂ρ ̂S+ − ̂S+ ̂S− ̂ρ − ̂ρ ̂S+ ̂S−)

Effective Rabi frequency: Ωeff = ΩD + iΓ0 ⟨ ̂S−⟩

Screening by collective dipole 

Dicke + drive
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· ̂ρ = i
ΩD

2 ( ̂ρ ̂S+ + ̂ρ ̂S− − ̂S+ ̂ρ − ̂S− ̂ρ) +
Γ0

2 (2 ̂S− ̂ρ ̂S+ − ̂S+ ̂S− ̂ρ − ̂ρ ̂S+ ̂S−)

Effective Rabi frequency: Ωeff = ΩD + iΓ0 ⟨ ̂S−⟩

Screening by collective dipole 

2ΩD/Γ0N

2Ωeff

Γ0N

D. F. Walls, J. Phys. B At. Mol. Phys. 13, 2001 (1973).

Maximum achievable dipole: ⟨ ̂S−⟩ ≃ iN/2

Recover Rabi oscillations for ΩD > NΓ0/2

Scaling with β = 2ΩD/Γ0N

Dicke + drive

Existence of a non-equilibrium phase transition
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Somech & Shahmoon PRX Quantum 5, 010349 (2024).

Dicke + drive

· ̂ρ = i
ΩD

2 ( ̂ρ ̂S+ + ̂ρ ̂S− − ̂S+ ̂ρ − ̂S− ̂ρ) +
Γ0

2 (2 ̂S− ̂ρ ̂S+ − ̂S+ ̂S− ̂ρ − ̂ρ ̂S+ ̂S−)

Collective spontaneous emission induces squeezing
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The Dicke ladder with drive

In dense microscopic clouds, mean-field dynamics same as Dicke + drive

G. Ferioli et al., Nat. Phys. 18, 1345 (2023)

kL
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The Dicke ladder with drive

Song et al., arXiv:2408.11086 (2024)

Realization in a cavity QED system (Sr on the intercombination line)
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R. H. Dicke, Phys. Rev. 93, 99 (1954).

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩

Subradiance

N states

N(N-1) states

Subradiant states
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R. H. Dicke, Phys. Rev. 93, 99 (1954).

1 exc.

2 exc.

N exc.

0 exc.

N-1 exc.

|1 ⟩

|2 ⟩

|0 ⟩ = |gg⋯g⟩

|N ⟩ = |ee⋯e⟩

|N − 1 ⟩

Subradiance

N states

N(N-1) states

Subradiant states

Break Dicke symmetry 
Finite-size effects, dipole-dipole interactions :  Access to subradiant states  

Classical regime
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Icoop(k̂)

Subradiance
Laser pulse: mostly populates superradiant levels 
But long pulse to steady state solution, overlaps with subradiant states

t

log p

Fast decay of superradiant excitations, followed by slow decay

Very few observations

2 atoms (ions or dimer)

Pavolini et al., Phys Rev Lett 54, 1917 (1985).

DeVoe & Brewer Phys Rev Lett 76, 2049 (1996). 
Hettich et al. Science 298, 385 (2002). 
Takasu et al., Phys Rev Lett 108, 173002 (2012). 
McGuyer et al., Nat Phys 11, 32–36 (2015).
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Subradiance with N atoms

Guerin, Araujo &. Kaiser, Phys Rev Lett 116, 083601 (2016).

Extended samples in MOTs

Observed scaling with optical depth

Das, Lemberger & Yavuz Phys Rev A 102, 043708 (2020).
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Subradiance in dense samples
Small dense samples ( )σr < λ0, σz ∼ 10λ0

G. Ferioli et al., Phys. Rev. X 11, 021031 (2021).
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Low atom number:  
Single lifetime exponential decay
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Subradiance in dense samples
Small dense samples ( )σr < λ0, σz ∼ 10λ0

G. Ferioli et al., Phys. Rev. X 11, 021031 (2021).

Low atom number:  
Single lifetime exponential decay
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OBEs
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Storage and release in subradiance
Motivation for subradiance: photon storage

G. Ferioli et al., Phys. Rev. X 11, 021031 (2021).
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Storage and release in subradiance
Motivation for subradiance: photon storage

Position-dependent light shift (trap) 
Atoms no longer resonant with each other

Δ2

G. Ferioli et al., Phys. Rev. X 11, 021031 (2021).


