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Introduction
• Conventional laser = optical cavity + gain medium(inverted emitters)

• Most minimal gain medium (single atom)

• Macroscopic optical resonator Æ limiting the frequency stability of laser 
• @ Bad cavity regime Æ solved
• Properties of emitted light governed by gain medium rather than the resonator

• Removing mirror cavity at all

• Atoms take roles of gain medium and resonator

• In principle, the size of system can be reduced to laser subwavelength scale

• Properties are from atomic medium
• Narrower linewidth than single emitter (collective behavior)
• Longer coherence time of output field
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Theoretical model

• Ring geometry of N identical two-level atoms with interatomic distance of 
d (≲ 𝜆0 : subwavelength scale)

• All transition dipoles are chosen pointing at z direction
• An additional gain atom at the center of the ring
• Pump the gain atom incoherently at a rate 𝝂
• Spontaneous emission rate Γ0

N identical 2-lvl

𝑔

𝑒

𝜔0
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Theoretical model
• Atomic ring as a resonator coupled to center atom as a gain medium
• Hamiltonian in the interaction picture

Ω𝑖𝑗: collective coupling rate
• Γ𝑖𝑗 : Collective spontaneous emission rate 
• Incoherent pumping of the central atom
• Master equation :

• Output intensity

ሶ𝜌 = 𝑖 𝜌, 𝐻 + ℒΓ 𝜌 + ℒ𝜈 𝜌

𝐻 = ෍
𝑖,𝑗:𝑖≠𝑗

Ω𝑖𝑗𝜎𝑖+𝜎𝑗−

ℒ𝜈 𝜌 =
𝜈
2 2𝜎𝑝+𝜌𝜎𝑝− − 𝜎𝑝−𝜎𝑝+𝜌 − 𝜌𝜎𝑝−𝜎𝑝+

ℒΓ 𝜌 =෍
𝑖,𝑗

Γ𝑖𝑗
2 2𝜎𝑖−𝜌𝜎𝑗+ − 𝜎𝑖+𝜎𝑗−𝜌 − 𝜌𝜎𝑖+𝜎𝑗−

𝐼 𝒓 = 𝑬+ 𝒓 𝑬− 𝒓

Photon input
from pump

Photon output
to bath
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Theoretical model
• Steady state intensity

𝑁 = 11, 𝑑 =
𝜆0
5 , 𝜈 = 0.1Γ0
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Continuous collective emission
• Symmetric excitation state

• Predominant eigenstates : symmetric single excitation state

Ψ𝑠𝑦𝑚 =
1
𝑁
෍
𝑗=1

𝑁

𝜎𝑗+ 𝑔 ⊗𝑁

Ψ𝑖 = 𝑎𝑖 𝑔 ⊗𝑁 ⊗ 𝑒 + 𝑏𝑖 Ψ𝑠𝑦𝑚 ⊗ 𝑔 for 𝑖 ∈ 1,2

𝑁 = 5
𝑑 = 𝜆0/2
𝜈 = Γ0/2
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Continuous collective emission
• Assuming only the symmetric state in the ring is populated

• Compare to Jaynes-Cummings Hamiltonian

𝐻𝑠𝑦𝑚 = Ω𝑠𝑦𝑚𝜎𝑠𝑦𝑚+ 𝜎𝑠𝑦𝑚− + 𝑁Ω𝑝 𝜎𝑠𝑦𝑚+ 𝜎𝑝− + 𝐻. 𝑐.

Ω𝑠𝑦𝑚 = σ𝑗=2
𝑁 Ω1𝑗 : dipole energy shift of the symmetric state

𝜎𝑠𝑦𝑚− ≡ 𝑔 ⊗𝑁 Ψ𝑠𝑦𝑚 ⊗ 𝕀𝑝 : symmetric subspace lowering Op.

𝐻𝐽𝐶 = ℏ𝜔𝑐𝑎†𝑎 + ℏ𝜔𝑎
𝜎𝑧
2 +

ℏΩ
2 𝑎𝜎+ + 𝐻. 𝑐.

Ring atoms are taking the role of resonator
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Continuous collective emission
• For case of no dissipative coupling (Γ𝑝 = 0)

• Define cooperativity : 𝐶 ≡ 𝑁𝛀𝐩𝟐

Γ0𝚪𝐬𝐲𝐦

ℒ 𝜌 = ℒ𝜈 𝜌 + ℒ0 𝜌 + ℒ𝑠𝑦𝑚 𝜌

ℒ0 𝜌 =
Γ0
2

2𝜎𝑝−𝜌𝜎𝑝+ − 𝜎𝑝+𝜎𝑝−𝜌 − 𝜌𝜎𝑝+𝜎𝑝−

ℒ𝑠𝑦𝑚 𝜌 =
Γ𝑠𝑦𝑚
2 2𝜎𝑠𝑦𝑚− 𝜌𝜎𝑠𝑦𝑚+ − 𝜎𝑠𝑦𝑚+ 𝜎𝑠𝑦𝑚− 𝜌 − 𝜌𝜎𝑠𝑦𝑚+ 𝜎𝑠𝑦𝑚−
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Continuous collective emission
• Dissipative coupling of between central gain atom and outer ring atoms
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Photon statistics and spectral properties
• Intensity correlation function :

• Light emission :

• Linewidth from 𝑔 1 𝜏 :

𝑔 2 0 =
σ𝑖𝑗𝑘𝑙 𝜎𝑖+𝜎𝑗+𝜎𝑘−𝜎𝑙−

σ𝑚𝑛 𝜎𝑚+𝜎𝑛− 2

𝐼𝑂𝑈𝑇 ≡෍
𝑖𝑗
Γ𝑖𝑗 𝜎𝑖+𝜎𝑗−

𝑔 1 𝜏 ≡෍
𝑖,𝑗
𝜎𝑖+ 𝜏 𝜎𝑗−

Lorentzian shape
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Thresholdless behavior
• Investigate output light as a function of the pump strength of the gain atom

𝑁 = 5
𝑑 = 𝜆0/2
𝜈 = Γ0/2
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Conclusion
• Designed minimal, subwavelength sized laser

• By analogy to the Jaynes-Cumming model, the outer ring atoms take on the role of 
a high-Q cavity with the central atom providing for gain 

• Under suitable condition, the laser produces coherence light source

• In the limit of single excitation with collective subradiant state, it behaves like 
thresholdless laser

• No principal lower physical limits on the size of the system so that very high 
density arrays of such lasers on a surface are possible
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Supple.
• Truncating the Hilbert space at low excitation
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Supple.
• Ring atomic cavity
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