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Finite group velocity & low loss
via strong interaction between Rydberg atoms
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Experimental setup

EIT-configuration
of  𝑅𝑏)*

𝜆 = 780nm

𝜔 = 4.5µm

Control field
	𝜆 = 479nm

𝑟8 = 20µm
𝑂𝐷8 ≅ 5

For suppressing 
dissipative effect

Δ ≥ 3Γ
30MHz

10MHz



Experimental setup

EIT-configuration
of  𝑅𝑏)*

𝜆 = 780nm

𝜔 = 4.5µm

Control field
	𝜆 = 479nm

𝑟8 = 20µm
𝑂𝐷8 ≅ 5

For suppressing 
dissipative effect

Δ ≥ 3Γ

Input	photon	rate	:	0.5µsGH

Slope	
0.4 ±0.07 	rad M µs



The quantum dynamics of 
interacting photons (𝑔 O 	&	𝜙 O )
Ψ
= 0 + ∫ 𝑑𝑡HΨH 𝑡H 𝑡H + ∫ 𝑑𝑡H𝑑𝑡WΨH 𝑡H, 𝑡W 𝑡H, 𝑡W + ∫ 𝑑𝑡H𝑑𝑡W𝑑𝑡YΨH 𝑡H, 𝑡W, 𝑡Y 𝑡H, 𝑡W, 𝑡Y

𝑡H,⋯ , 𝑡O = H
O!
𝑎] 𝑡H ⋯𝑎] 𝑡O 0 , N : number of photons

𝑎] 𝑡 : photon creation operator of the time bin mode ‘t’

𝑔 W 𝑡H, 𝑡W =
ΨW 𝑡H, 𝑡W Y

ΨH 𝑡H W ΨH 𝑡W W 𝑔 Y 𝑡H, 𝑡W, 𝑡Y =
ΨY 𝑡H, 𝑡W, 𝑡Y W

ΨH 𝑡H W ΨH 𝑡W W ΨH 𝑡Y W

Phase of the N-photon wave function, 𝜙̂ O 	

ΨO : N-photon wave function

𝜙̂ H 𝑡H = Arg ΨH 𝑡H 	
𝜙̂ W 𝑡H, 𝑡W = Arg ΨH 𝑡H, 𝑡W 	

𝜙 Y 𝑡H, 𝑡W, 𝑡Y = Arg ΨH 𝑡H, 𝑡W, 𝑡Y 	

The correlation function

Considering the state containing up to the three photon



Three-photon correlation function 
Three-photon bunching

Two-photon bunching

𝑔 Y 𝑡, 𝑡, 𝑡 + 𝜏

𝑔 W 𝑡, 𝑡 + 𝜏

𝜏Yb = 0.16	µs

𝜏Wb = 0.32	µs

Calculated decay constant

Approx.	twofold	smaller	decay	length	of	the	𝑔 Y

𝜏Y = 0.14 2 	µs

𝜏W = 0.31 6 	µs

𝑇 = 0	µs 𝑇 = 0.2	µs 𝑇 = 1.8	µs

𝑇 ≡ 𝑡H − 𝑡W

• The	decay	length	is	closely	related	to	
the	force	acting	between	the	photons	



Three-photon phase (Φ Y )

The interaction between a photon and a dimer is stronger 
than that between two photons

Φ Y = 𝑡, 𝑡, 𝑡 + 𝜏

Φ W = 𝑡, 𝑡 + 𝜏

Larger phase 
shift



Summary
u They have shown that three-photon bounded state, or quantum photonic soliton, in a 

way of measuring 𝑔 Y and 𝜙 Y .

u Comparing to two-photon case(photonic dimer), three-photon case(photonic trimer) 
much more likely to attract the other photon to be bounded together.

u Increasing interacting medium length with larger 𝜏, it would retain only the solitonic
bound-state component by means of quantum destructive interference.

u With improved detection efficiency and data-acquisition rate, larger photonic 
molecules could be observed.

u With the probe beam engineering, the system con be extended to 2,3D.
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Effective field theory (EFT)
1D slow-light Hamiltonian density

ℋ = −Ψj] 𝑖ℏ𝑣n
𝜕
𝜕p
+
ℏW

2𝑚
𝜕W

𝜕pW
Ψj −

ℏW

𝑚𝑎Ψ
j]WΨjW

𝑚 = − ℏrst

)uvwt
: effective photon mass

𝑣n : group velocity

𝑎 : scattering length

Ωb : control laser Rabi frequency

Δ	: one-photon detuning

For weak interaction,

𝑎 ≈ 15.28
1
𝑂𝐷8

Δ
Γ

W
𝑟8

(𝑎 ≫ 𝑟8 → 𝑎 ≳ 10	𝑟8)



Effective field theory (EFT)

𝑔 Y 𝑡H, 𝑡W, 𝑡Y ∝ 𝑒
G ��G�t
�/(Wvw)𝑒

G �tG��
�/(Wvw)𝑒

G ��G��
�/(Wvw) 𝑔 W 𝑡H, 𝑡W ∝ 𝑒

G ��G�t
�/(Wvw)

𝑔 Y 𝑡, 𝑡, 𝑡 + 𝜏 ∝ 𝑒
GW �
�/(Wvw)

half width wave packet 
for the same experimental condition
0.32	µs & 0.16	µs

The dimer & trimer binding energy (estimated)

𝐸W = −
ℏW

𝑚𝑎W = ℎ×0.2	MHz

𝐸Y = 4𝐸W

The phase ratio  (𝜙 Y /𝜙 W ) is expected to be 4, independent of the atom-light detuning(Δ)

The photon correlation function



EFT and experimental result

𝑟 > 2𝑟8

2𝑟8 > 𝑟 > 𝑟8 𝑟 < 𝑟8

Repulsive effect for 
saturation of the 
Rydberg blockade

Interaction potential between two photons

fully saturated medium

bound state in long medium

dispersionless Kerr medium



FIG. S4: Rate dependent corrections within the EFT

FIG. S3: Comparison between EFT and simulations



TABLE S2: Comparison of phase ratio between EFT, simulations and 
experimental data.

TABLE S1: Comparison of phase ratio between EFT and simulations. 


