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We experimentally and theoretically investigate the scattering of a photonic quantum field from
another stored in a strongly interacting atomic Rydberg ensemble. Considering the many-body
limit of this problem, we derive an exact solution to the scattering-induced spatial decoherence of
multiple stored photons, allowing for a rigorous understanding of the underlying dissipative quantum
dynamics. Combined with our experiments, this analysis reveals a correlated coherence-protection
process in which the scattering from one excitation can shield all others from spatial decoherence.
We discuss how this effect can be used to manipulate light at the quantum level, providing a robust
mechanism for single-photon subtraction, and experimentally demonstrate this capability.

Dissipation in quantum many-body systems can pro-
vide a powerful resource for realising and harnessing a
wide variety of complex emergent phenomena [1]. This
notion has since enabled new concepts and strategies
in dissipative quantum computation [2], simulation [3]
and many-body physics [4, 5]. Quantum optics sys-
tems present natural settings for such physics since they
are intrinsically driven and dissipative in nature. Here,
the interplay between coherent driving, photon propa-
gation and dissipation can give rise to a broad range of
non-equilibrium phenomena [6, 7]. In combination with
strong optical nonlinearities at the quantum level [8–24],
this is now opening up a new frontier in strongly corre-
lated non-equilibrium physics with photons [25–29]. In
this direction, electromagnetically induced transparency
(EIT) [30] in atomic Rydberg ensembles [31] has emerged
as one of the most promising approaches [32–35] for
achieving strong, and often dissipative, photon-photon
interactions.

The nonlinearity in such systems arises from the Ry-
dberg blockade [36] that prevents EIT for nearby pho-
tons, yielding strong nonlinear dispersion [23] or dissi-
pation [22, 37]. This mechanism has been successfully
employed for few-body applications, such as all-optical
switches [38–41] and two-photon phase gates [42], where
in both cases an initially stored gate photon controls
the state of a subsequently passing source photon. On
the other hand, a deeper understanding of many-body
dynamics in these systems still presents an outstanding
and formidable challenge to both theory and experiment.
While the formation of three-body photon bound states
has been studied [43] and reported [44] very recently, the
observational signatures for the transition to many-body
behaviour have remained elusive.

In this work, we undertake such an extension of pre-
vious two-body applications [38–41] to multiple gate and

source photons. Our experiments performed in this
many-body regime indeed reveal clear deviations from
previous theories [45, 46] for single gate-photon states.
Remarkably, it is possible to derive a closed solution of
the general many-body problem that accounts for the
interplay of coherent photon propagation, strong atom-
atom interactions and dissipative processes in an exact
fashion. The new theory provides an excellent descrip-
tion of our experiments and reveals a correlated decoher-
ence protection mechanism, where source photon scat-
tering off one gate excitation shields all others behind it
from spatial decoherence. Studying this back-action on
the stored excitations, we show how it can be exploited
to subtract a single photon from the retrieved gate field,
and provide an experimental demonstration of this capa-
bility. In this way, the role of the source and gate fields
are reversed, where the source field is now used to ma-
nipulate the stored gate field.

The basic idea and setup are illustrated in Fig. 1(a-c).
Initially, a multi-photon gate field is stored [47–49] as a
collective spin wave in the Rydberg state |c〉 of an atomic
ensemble to yield a system of ng stored excitations. This
is achieved via Rydberg EIT with a properly timed gate-
photon pulse and control field with Rabi frequency Ωg
as shown in Fig. 1(c). Subsequently, a second source
field containing ns photons is sent through the medium
under EIT conditions with a different Rydberg state |s〉.
The strong van der Waals interaction between |s〉 and
|c〉 results in a spatially dependant level shift Vz,z′ =
C6/|z− z′|6 of |s〉, where z and z′ are the positions of |s〉
and |c〉 respectively. This exposes the propagating source
photons to a dissipative two-level medium of extent 2zb
surrounding each gate excitation. Here zb denotes the
blockade radius [50] within which the formation of a dark
state polariton is blocked. The effective optical depth of
this exposed medium is ∼ 4db, where 2db is the optical
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FIG. 1. (color online) (a) Schematics of the basic setting in which Rydberg spin wave excitations (blue) stored in an ultracold
gas interact with secondary Rydberg polaritons formed by propagating photons (red), whose interaction-induced scattering
causes decoherence of the stored spin waves. The underlying level scheme through which the initial gate (blue) and secondary
source (red) photons are coupled to their respective Rydberg states |c〉 and |s〉 is shown in panel (b). Panel (c) shows the
experimental pulse sequence for a complete cycle of storage, interaction and retrieval stages. The blue and red curves show the
gate and source field envelopes respectively, where the light and dark traces indicate the incident and transmitted intensities.
The grey curves show the control field envelopes (not to scale). Panel (d) shows the density matrix ρ5(x, r, y, r) of two stored
gate excitations after scattering 5 source photons and illustrates the correlated nature of the associated decoherence process.

depth per blockade radius. For large values of db nearly
all incoming source photons are scattered in the blockade
region such that this setup can function as an efficient
optical switch [38–41].

This scattering however does not leave the gate pho-
tons unaffected. Each source photon scattered off a
blockade sphere carries information about the position
of the Rydberg excitation that is causing the blockade
[46]. The associated coherence loss from such projective
spatial measurements typically leads to strong localiza-
tion of the original spin wave state, thereby inhibiting its
subsequent retrieval.

Formulating the described system in second quantisa-
tion, we introduce the bosonic operator Ê†(z, t) for the
creation of a source photon at position z and time t, and
similarly P̂ †(z, t), Ŝ†(z, t) and Ĉ†(z, t) for the creation of
collective atomic excitations in the states |p〉, |s〉 and |c〉,
respectively [see Fig. 1(b)]. To describe the many-body
decoherence dynamics of the stored excitations, we define
the operator ρ̂(~xng

, ~yng
, t) =

∏ng

i=1 Ĉ
†(xi, t)

∏ng

i=1 Ĉ(yi, t)
which characterises the spatial coherence between dif-
ferent configurations ~xng

≡ x1, x2, · · · , xng
and ~yng

≡
y1, y2, · · · , yng

of the stored excitations. The dynamics
of this operator is governed by the following equation of
motion,

∂tρ̂(~xng
, ~yng

, t) = i

∫ L

0

dz

[∑
k

Vz,xk
−
∑
k

Vz,yk

]
× Ŝ†(z, t)ρ̂(~xng

, ~yng
, t)Ŝ(z, t).

(1)

Here, we assume low-intensity source and gate fields and
neglect the source-source and gate-gate interactions. To

calculate the spin wave decoherence predicted by Eq.
(1), we start from the initial system state |Ψng,ns〉 of
ng stored gate excitations and ns incident source pho-
tons. The elements of the stored spin wave density ma-
trix can then be defined according to ρns(~xng , ~yng , t) =
〈Ψng,ns |ρ̂(~xng , ~yng , t)|Ψng,ns〉. Solving the dynamics of
ρns(~xng , ~yng , t) according to Eq. (1) to zeroth order in
the source field bandwidth, the final state of the stored
gate excitations ρns

(~xng
, ~yng

) = ρns
(~xng

, ~yng
, t→∞) af-

ter the passage of all source photons can be calculated
as

ρns(~xng , ~yng ) =
[
Φng (~xng , ~yng )

]ns
ρ0(~xng , ~yng ), (2)

where ρ0(~xng , ~yng ) is the initial state, and the quantity
Φng (~xng , ~yng ) is given by

Φng (~xng , ~yng ) = 1 +
db
zb

∫ L

0

dz

∑
k Vz,xk

−
∑
k Vz,yk

(i+
∑
k Vz,xk

) (i−
∑
k Vz,yk)

× exp

(
db
zb

∫ z

0

dz′
[ ∑

k Vz′,yk
i−
∑
k Vz′,yk

−
∑
k Vz′,xk

i+
∑
k Vz′,xk

])
.

(3)

where Vz,z′ = γVz,z′/Ω
2 is the rescaled interaction poten-

tial, and γ is the decay rate of |p〉. A detailed derivation
of this expression is presented in [51].

The emergence of correlated decoherence can be read-
ily understood by considering a dilute system of gate
excitations, where the contribution from spatial con-
figurations with overlapping blockade radii can be ne-
glected. Initially, the incoming source photons interact
with the first gate excitation located closest to the inci-
dent medium boundary. As described above, the asso-
ciated projective measurement of its position drastically
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degrades its retrieval. However, in the strong scatter-
ing limit, it also causes near complete extinction of the
source field such that all subsequent gate excitations are
shielded from photon scattering, leaving their spatial co-
herence unaffected.

To reveal this effect from our solution, Eq. (2),
consider the simplest situation of two gate excitations,
now stored in the same spatial mode. The quantity
ρns(x, r, y, r) in this case characterises how the local den-
sity component of one gate excitation, at a position r, af-
fects the spatial coherence between x and y of the other
excitation. In Fig. 1(d), we plot ρns(x, r, y, r) for various
values of r. Indeed, one finds that source photon scat-
tering leads to almost complete decoherence, rendering
ρns

(x, r, y, r) largely diagonal for x, y < r. For x, y > r,
on the other hand, the coherence of one gate excitation
with respect to x and y is preserved by scattering from
the other excitation at position r.

We can gain further insight into the decoherence dy-
namics for multiple gate excitations in the limit of db �
1. In this case, the quantity Φng

(~xng
, ~yng

) characterising
the final density matrix in Eq. (2) reduces to [51]

Φng (~xng , ~yng )
db→∞≈ Φ1(xmin, ymin), (4)

where xmin = min
{
~xng

}
and ymin = min

{
~yng

}
are the

coherence coordinates of the first excitation. This result
indeed shows that only the first excitation particpates in
the scattering dynamics. Since Φ1(xmin, ymin 6= xmin) =
0 for db → ∞, this explicitly shows that the coherence
of this first excitation is vanishing. At the same time,
it demonstrates that the photon scattering from its local
density preserves the coherence of all other excitations,
since Φ1(xmin, ymin = xmin) = 1.

As described above, the efficiency of gate photon re-
trieval is directly affected by scattering induced spin wave
decoherence. While this inhibits the retrieval of a single
gate excitation [46], the many-body decoherence protec-
tion between multiple gate excitations offers enhanced
retrieval efficiencies, relative to the case of a single ex-
citation. Here we derive a simplified description of gate
photon retrieval from the full many-body density matrix
ρns

(~xng
, ~yng

) in Eq. (2), by assuming that scattering off
one gate excitation leaves the mode shape, and thus re-
trieval efficiency, of all other excitations unaffected. Con-
sidering coherent gate and source fields containing an
average number of photons αg and αs respectively, we
calculate the retrieval efficiency of each gate excitation
sequentially from its reduced density matrix. The total
retrieval efficiency η can then be written as [51]

η = ηR
e−αg

αg

∞∑
ng=1

(αg)
ng

ng!

ng∑
k=1

e−αsp(1−p)(k−1)

(5)

where p ≈ 1− exp[−4db] is the source photon scattering
probability per gate excitation, and ηR denotes the re-
trieval efficiency in the absence of interactions between
source and gate excitations. The second summand in Eq.

(5) is proportional to the probability of retrieving the kth

excitation in a given Fock state component of the stored
field. From this it is clear that in the strong scattering
limit (p ∼ 1), the retrieval of the first excitation (k = 1)
is supressed, while the the retrieval of all later excitations
(k > 1) largely unaffected. The retrieval efficiency thus
provides a well suited and accessible experimental probe
of the many-body decoherence in the system.
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FIG. 2. (color online) Normalised retrieval efficiency as a
function of the number, ᾱs, of scattered source photons for
different indicated numbers, αg, of stored gate excitations.
The theoretical prediction of Eq. (5) (solid lines) is fitted to
the experimental data (dots) with a common scattering prob-
ability of p = 0.5 (errors bars showing SEM are smaller than
the dots). Retrieval efficiencies are on the order of ηR ∼ 0.2
for all measured data. The dashed lines indicate the expected
scaling without decoherence protection.

Our experiments start by trapping ∼ 9 × 104 87Rb
atoms into an optical dipole trap which yields a cigar
shaped cloud at 4µK with 1/e radial and axial radii of
13µm and 42µm, respectively. All atoms are first op-
tically pumped into the |g〉 = |5S1/2, F = 2,mF = 2〉
state. Gate photons are coupled to the Rydberg state
|c〉 = |68S1/2,mJ = 1/2〉 via EIT by applying a weak
780nm probe field which drives the transition between |g〉
and the intermediate |p〉 = |5P3/2, F = 3,mF = 3〉 state.
A strong counter propagating 480nm control field drives
the transition between |p〉 and |c〉 with a Rabi frequency
Ωg on two-photon resonance to establish EIT. We store
gate photons in the cloud by turning off Ωg while the gate
photon pulse propagates through the cloud. The gener-
ated number of Rydberg excitations can be measured by
standard field ionisation detection from which we deter-
mine αg. Using a source photon pulse with an average
number of αs photons, we can probe the stored gate
excitations optically by monitoring the source-photon
transmission. In this case EIT is provided by another
control laser that couples the intermediate state to the
|s〉 = |66S1/2,mJ = 1/2〉 Rydberg state. Following their
interaction with the source photons, the gate photons are
read out by turning Ωg back on after a total storage time
of 4µs. A typical complete pulse sequence is shown in
Fig. 1(c).

In Fig. 2 we show the retrieval efficiency as a func-
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tion of the number, ᾱs, of gate-scattered source photons,
which we determine from the transmission in the ab-
sence and presence of the gate excitations. If the photon-
photon interactions would decohere all gate excitations,
the retrieval efficiency would scale as ηR exp[−ᾱs/αg]
which simply reflects the vacuum component of the
source-photon pulse [46]. While this simple relation
yields a good description for small αg and ᾱs, we observe
significantly higher retrieval efficiencies for larger photon
numbers. Indeed, this can be traced back to the multi-
photon protection mechanism introduced in this work,
as further evidenced by the remarkably good agreement
with the theoretical prediction of Eq. (5).

0.0 0.5 1.0 1.5 2.0 2.5
αg

0.0
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FIG. 3. (color online) Number, ᾱg, of retrieved gate photons
as a function of the number, αg, of initially stored excitations
for different incident source photon numbers, αs. The mea-
surements (dots) agree well with the prediction of Eq. (5)
(solid lines) for the same value of p as in Fig. 2. The black
dashed line shows the prediction of Eq. (5) for p = 1 and large
source field intensity αs � 1, which are the ideal conditions
for single-photon subtraction.

As the scattering probability approaches unity, only
the first gate excitation participates in the decoherence
dynamics. This in turn enables a robust mechanism for
single-photon subtraction, since the inability to retrieve
the decohered excitation effectively removes a single pho-
ton from the initial gate field upon retrieval. Fig. 3 shows
the number, ᾱg, of retrieved gate photons as a function
of the number of stored gate excitations. Note that the
number of subtracted photons can still exceed unity due
to the imperfect scattering conditions, p < 1, in the ex-
periment. In this case, the first gate excitation does not
completely extinguish the source field which can there-
fore decohere additional gate photons. For the source
field intensities considered in Fig. 3, the measured trans-
mitted intensity is linear indicating that self-interactions
between source photons have a neglible effect.

To analyse the optimal operation of the photon sub-
tractor, we define the probability F that exactly one pho-
ton is decohered by source photon scattering. Using the
theory outlined above, we obtain [51]

F = e−αg

1 +

∞∑
ng=1

(αg)
ng

ng!
P1(ng, αs)

 , (6)

where P1(ng, αs) is the probability that the source field
decoheres exactly one of the ng stored excitations in a
given stored Fock state component. Upon maximizing
Eq. (6) with respect to αs we obtain the optimal sub-
traction efficiency Fopt. We plot Fopt in Fig. 4, and
compare this to the corresponding performance of an al-
ternative subtraction mechanism recently demonstrated
in Ref. [52]. Such alternative schemes utilize quantum
emitters whose absorption can be saturated by a single
photon, e.g., through strong photon-coupling to a sin-
gle atom [16] or by exploiting the Rydberg blockade in
atomic ensembles [52, 53].
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FIG. 4. (color online) Single-photon subtraction efficiency,
Fopt, for an coherent gate field whith an average number of
photons αg = 2. The blue line shows the optimal efficiency of
the current mechanism based on single-photon decoherence
for perfect storage and retrieval, while the red dashed line
shows the corresponding performance of photon subtraction
by saturable absorption [52].

To draw this comparison, we have calculated the opti-
mal subtraction efficiency of the approach demonstrated
in Ref. [52]. The details of this calculation are out-
lined in [51]. Here one employs Rydberg state dephasing
with a rate Γ for efficient single-photon absorption with
probability p. Working with a small ensemble, the pro-
duced Rydberg excitation then blocks the storage of sub-
sequent photons and renders the medium largely trans-
parent with a small residual absorption. While this strat-
egy benefits from the growing single-photon absorption
efficiency with increasing input power [52], its fidelity
is ultimately limited by the challenging requirement of
maximizing p at low residual photon absorption. In the
present case, the scattering probability p exponentially
approaches unity with increasing db which simultane-
ously enhances the protection of all other photons from
decoherence, and thereby improves the overall subtractor
performance. Instead, the overall performance is limited
by the finite storage and retrieval efficiency [51]. While
the current experiment has not been optimized with re-
spect to storage and retrieval, we note that recent mea-
surements have reported combined efficiencies in excess
of 95% [54]. Approaching this limit in Rydberg media
would require longer clouds with higher optical depth and
shorter storage times to minimize dephasing effects [55],
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combined with optimisation of the storage and retrieval
protocol [46–48].

In summary, we have investigated the dissipative quan-
tum dynamics of multiple photons in a strongly interact-
ing Rydberg ensemble. Considering the specific situa-
tion of stored Rydberg spin waves interacting with prop-
agating Rydberg-polaritons, we derived an exact solution
to this general many-body problem, which reveals corre-
lated spin wave dynamics and a mutual decoherence pro-
tection mechanism between multiple stored excitations.
Our experiments clearly demonstrate this effect and sug-
gest how it can be exploited to manipulating light at the
quantum level. In particular we showed how the discov-
ered effect can provide a robust mechanism for realizing a
single-photon subtractor. Its current overall performance
is limited by the efficiency for light storage and retrieval.
Improving this capability and better understanding as-
sociated Rydberg-state effects [44, 56–59] will thus be

central to future work, and is vital to a number of re-
cent experiments [38–42, 44, 60] based on light storage
and subsequent photon interactions. Our measurements
and developed theory of multi-photon decoherence effects
provide valuabe insights for such applications [38–42] and
future studies of strongly interacting Rydberg-polariton
systems beyond the few photon limit.
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