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SUPPLEMENTARY NOTE 1: PHOTON PROPAGATION IN THE PRESENCE OF A RYDBERG
EXCITATION

For the sake of simplicity we explain our general method explicitly considering the |50S1/2, 48S1/2〉 pair state
and angle θ = 0 between the interatomic axis and the quantization axis. Our model system is a one-dimensional
gas of atoms, whose electronic levels are given in Fig. 1(b) in the main text. The photon field Ê(z) resonantly
couples the groundstate |g〉 with the excited state |e〉, while 2Ω denotes the Rabi frequency of the control laser
field coupling the |e〉 state with the Rydberg state |S(s)〉. Following Ref. [1–3], we introduce operators P̂ †(z) and
Ŝ†(z) which generate the atomic excitations into the |e〉 and |S(s)〉 states, respectively, at position z. In addition,
comparing to Ref. [1–3] we include a more complex atomic level structure of the source and the gate excitations by
defining P̂†(z), Ẑ†(z) and B̂†(z) which create excitations into |P (s)〉, |S(g)〉 and |P (g)〉 states, respectively. All the
operators Ô(z) ∈ {Ê(z) , P̂ (z) , Ŝ(z) , P̂(z) , Ẑ(z) , B̂(z)} are bosonic and satisfy the equal time commutation relation,
[Ô(z), Ô†(z′)] = δ(z − z′).

The microscopic Hamiltonian describing the propagation consists of three parts: Ĥ = Ĥp + Ĥap + Ĥa. The first
term describes the photon propagation in the medium and is defined as

Ĥp = −ic
∫
dzÊ†(z)∂zÊ(z), (1)

with the speed of light in vacuum c, and we set ~ = 1 throughout this work. The atom-photon coupling is described
by

Ĥap =

∫
dz

[
gÊ(z)P̂ †(z) +ΩŜ†(z)P̂ (z) + gP̂ (z)Ê†(z) +ΩP̂ †(z)Ŝ(z)

− iγP̂ †(z)P̂ (z)− iγsŜ†(z)Ŝ(z)− iγpP̂†(z)P̂(z)

]
, (2)

where 2γ is the decay rate of the e-level, while g is the collective coupling of the photons to the matter. The interaction
between Rydberg levels is described by

Ĥa =

∫
dz′
∫
dz

[
P̂†(z)B†(z′)V (z − z′)Ẑ(z′)Ŝ(z) +

∆D

2
P̂†(z)B̂†(z′)B̂(z′)P̂(z) + H.c.

]
, (3)

where V (z) = C3/z
3 is the dipolar interaction potential and ∆D the Förster defect. Note, that for the experimental

parameters C3 � C ′3 and therefore it is sufficient to include in the interaction Hamiltonian only the C3/z
3 coupling

term. In addition, it follows that hopping of excitations is quenched, and therefore the |S(g)〉 excitation is at a
fixed position. Then, the description of a single photon propagation requires four components of the wave function:
EZ(z, t), PZ(z, t), SZ(z, t) and PB(z, t), which denote the probability of finding the source excitation in E , |e〉 , |S(s)〉
or |P (s)〉 state at position z and the gate excitation in |S(g)〉 or |P (g)〉 state at the position zj . The Schrödinger
equation reduces to

∂tEZ(z, t) = −c∂zEZ(z, t)− igPZ(z, t), (4)

∂tPZ(z, t) = −γPZ(z, t)− igEZ(z, t)− iΩSZ(z, t), (5)

∂tSZ(z, t) = −γsSZ(z, t)− iVj(z)PB(z, t)− iΩPZ(z, t), (6)

∂tPB(z, t) = −γpPB(z, t)− iVj(z)SZ(z, t)− i∆DPB(z, t), (7)
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where Vj(z) = V (z−zj). We solve the above set of coupled equations (4-7) via Fourier transform in time, which leads
to the equation for the photon field:−ic∂r − g2

(
V jef (r)− ω − iγs

)
−iγω + (γ − iω)γs − ω2 +Ω2 − V jef (r)(ω + iγ)

− ω

 EZ(r, ω) = 0, (8)

with

V jef (r) =
C2

3

∆D − ω − iγp
1

(r − rj)6
. (9)

In the limit of γs, γp � Ω, γ, these expressions simplify to the equations (3) and (4) from the main part of the
manuscript.

The equation for the E-field can be generalized to the second pair of states |66S1/2, 64S1/2〉 by redefining the

expression for V jef (r) to

V jef (r) =
∑
α

C2
3,α

∆α
D − ω − iγp

1

(r − rj)6
(10)

where we sum over all relevant pairs of states α, which for θ = 0 are

α ∈ {|65P1/2,mJ = 1/2, 64P3/2,mJ = 1/2〉 , |65P1/2,mJ = −1/2, 64P3/2,mJ = 3/2〉 ,
|65P3/2,mJ = 1/2, 64P1/2,mJ = 1/2〉 , |65P3/2,mJ = 3/2, 64P1/2,mJ = −1/2〉}.
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