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Rydberg-mediated quantum optics is a useful route toward deterministic quantum information
processing based on single photons and quantum networks, but is bottlenecked by the fast motional
dephasing of Rydberg atoms. Here, we propose and experimentally demonstrate suppressing the
motional dephasing by creating an a priori unknown but correct phase to each Rydberg atom in an
atomic ensemble. The phase created is exactly proportional to the unknown velocity of the thermal
motion, resulting in a condition as if no thermal motion occurs to the Rydberg atom upon the
retrieval of the signal photon. Our experiments, though hampered by the noise of lasers and the
environment, demonstrate more than one order of magnitude enhancement of the coherence time.
The feasibility of realizing long-lived storage of single photons in strongly interacting Rydberg media
sheds new light on Rydberg-mediated quantum nonlinear optics.

Maintaining the coherence in quantum systems is in-
teresting in both fundamental physics [1, 2] and quantum
information processing [3–8]. In particular, suppressing
the dephasing caused by thermal fluctuations in quan-
tum systems can potentially enable functional quantum
devices [9]. Techniques to reduce motional dephasing of
quantum superpositions include spin echo [10, 11] and
bang-bang [12–15]. A collective quantum superposition
state known as a Rydberg polariton [16] is potentially
important in the context of single photon sources [17–
19], optical transistor [20–22], all-optical quantum gates
[23, 24] and fast read-out of quantum information [25].
However, progress in Rydberg polariton quantum tech-
nology has been hindered by fast motional dephasing on
which no effective methods exist for undoing it.

For Rydberg polariton, by writing a single photon into
an ultracold atomic gas, one obtains the collective state

|S1⟩ =
1√
N

N∑
j=1

eikzj(0)|gg · · · r(j)1 ggg⟩, (1)

where k is the effective wavevector of the excitation
lasers, zj(0) is the initial position of atom j, |g⟩ denotes
an atom in the ground state and |r(j)1 ⟩ denotes that atom-
j is in an excited state |r1⟩. Owing to their utility in
quantum technology [26], we shall assume that |r1⟩ is
a highly-excited Rydberg state, and refers to this col-
lective state as the Rydberg W state (RWS). If atoms
were frozen in space, then at an arbitrary time t > 0, a
coherent retrieval of the signal photon can be realized.
Unfortunately, each atom j in the gas undergoes random
thermal motion, so that the actual location zj(t) is no
longer equal to zj(0). Consequently, the phase in the

collective state to kzj(0), does not match the required
phase k(zj(0) + vjt) needed to read out the photon at a
time t > 0 [see the free-decay illustration of Fig. 1(a)].
This leads to a degradation of the read-out efficiency at
time t [see the blue curve of Fig. 1(b) or section II of
the Supplemental Material (SM) [27] for more details].
If there were an analogous dynamical decoupling proto-
col as spin echo [10] or quantum bang-bang [12–15], i.e.,
if one were able to devise a similar control sequence to
let each of the atoms reverse its specific velocity, then
it would be possible to have the atoms return to their
original position at a certain time. In other words, if
we were able to have zj(t) = zj(0) at a certain ‘echo’
time t > 0, then we could recover a coherence revival,
and thereby quench the motion-induced dephasing. Un-
fortunately, there is no global control sequence that can
reverse the real-space thermal motion of each atom. Con-
sequently, motional dephasing of RWS has proved to be
a major stumbling block for the advancement of RWS-
based quantum technology, and it looks extremely diffi-
cult to remove it [28]. Protocols have been proposed
to reduce motional dephasing . For example, in [29],
a scheme that relies on a small value of k was demon-
strated. However, this is challenging to implement for
RWSs because the wavevector is large. A scheme to re-
move phases linear in the atomic velocity was proposed
in [30]. However, we still need a scheme to create the
desired linear phases.

Here, we develop and implement a novel protocol,
π−wait−π, that can overcome these challenges. Instead
of returning a dephased quantum superposition back to
its original state as in [10, 12–15], we correct the phase er-
ror by creating an a priori unknown phase that is appro-
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FIG. 1. Suppression of the motional dephasing. The upper panel of (a) shows that upon loading the photon, the Rydberg
wavefunction in each atom has a certain color representing the z-dependent phase corresponding to its initial position zj(0).
No phase change occurs to the atomic state, but the position of the atoms changes due to their thermal motion, as indicated
by the arrows. For a free decay, at a later time, the phase of each Rydberg atom does not match the desired phase, resulting in
the dephasing of RWS. The associated loss of retrieval efficiency is shown by the blue curve in (b). For the π−wait−π protocol
the phase of the Rydberg atom is changed via state mapping. The lower panel in (a) shows the time sequence of the protocol.
After a storage time ts determined by an optimal wait time tw = topt, the phase of each atom is exactly equal to the desired
value resulting in high efficiency read-out of the photon, shown as the red curve in (b), where the drop of the efficiency is nearly
only from the Rydberg-state decay. For (b) the parameters used in our experiments are shown below Eq. S16.

priate at the onset of retrieval. This is distinct from the
previous proposal that removes the velocity-dependent
phase [30]. The comparison between our approach and
previous dynamical decoupling theory is highlighted in
section I of the SM. In particular, we devise a scheme to
exploit the phase of external control lasers, as displayed
in Fig. 1(a). The protocol is illustrated as follows: (i) The
random atomic motion of atom j with velocity vj causes
a spurious phase on the Rydberg state component that
produces an error at the time of retrieval, ts. Dephasing
occurs because of the different vjts for each atom. To
remove the spurious phase, we use a state mapping be-
tween nearby Rydberg states in the RWS so as to imprint
a phase that should exactly cancel the spurious phase. To
achieve this for each atom j, we apply a π pulse to map

|r(j)1 ⟩ to |r(j)2 ⟩, converting the RWS in Eq. (1) to |S2⟩.
This imprints a phase change ϕ1 = −π/2 − krvjπ/2Ωr

on the Rydberg component in each atom, where kr is the
wavevector of the rephasing laser; for brevity, hereafter
zj(0) in Eq. (1) is absorbed in the definition of the initial
state. (ii) We then let the atoms move freely for an ‘opti-
mal’ wait time, topt. The atom j moves a distance vjtopt,
but its internal state remains, so the RWS at the end of
the wait, |S3⟩, shown in Fig. 1(a), is the same as |S2⟩. (iii)
Subsequently, we apply a second π pulse to restore the
Rydberg state back to |r1⟩, during which another phase
change ϕ2 = −π/2+krvjπ/(2Ωr)+krvj(topt+π/Ωr) ap-
pears in the Rydberg component for each atom. Hence
the net effect of the two π pulses is a phase change
ϕ = ϕ1 + ϕ2 = krvj(topt + π/Ωr) − π. With an op-
timal wait duration topt = kts/kr − π/Ωr, we have

ϕ = kvjts − π, where the phase −π applies to all atoms
and therefore is trivial. (iv) Finally, we retrieve the signal
at time t = ts such that the phase imprinted on atom j
is the desired one since vjts is exactly the distance atom
j travels from t = 0 to t = ts. In other words, it is as
if the RWS just forms upon the retrieval of the signal
photon, and the motional dephasing disappears, leaving
Rydberg-state decay as the only dephasing channel. The
theoretical rephasing effect with parameters used in our
experiments is shown by the red curve in Fig. 1(b), where
the decrease of the retrieval efficiency is from the radia-
tion decay of Rydberg states. See Section III of the SM
for details.

The protocol depends on the condition that the light
shifts of the rephasing lasers are larger than the Doppler
detuning, Ωr ≫ kv [30]. For typical experimental pa-
rameters pertaining to a laser-cooled atomic ensemble at
40 µK this condition is satisfied even at modest laser
powers with Ωr ∼ 2π × 1 MHz. It is also crucial that
vj remains constant for each atom j during the process
for otherwise the created phase ϕ can’t compensate the
spurious phase. In practice, vj can change because of
acceleration due to gravity, the trapping potential, and
collision between atoms, but these effects are negligible
in our case [31].

In the case of a RWS, our novel phase correction
scheme has two particular strengths: (i) It preserves
the Rydberg character of the RWS throughout such that
properties such as strong interaction and Rydberg block-
ade are maintained. This means that there is negligible
probability to create more than one Rydberg excitation



3

FIG. 2. Experimental realization. (a) Schematic of the exper-
imental setup and relevant energy levels. The signal photon
is stored in a Rydberg state |r1⟩ in the form of RWS in a
cold atomic ensemble using Rydberg EIT. The fields denoted
by Rabi frequency Ω1 (852 nm) and Ω2 (509 nm) resonantly
couple the two-photon transition |g⟩ → |r1⟩ via the interme-
diate state |e⟩. Two rephasing lasers (Ω3 and Ω4) drive the
transition between |r1⟩ and |r2⟩ via |e⟩ with a large detuning
∆. (b) The intensity measured during the complete sequence:
Writing, Storage (ts) and Read-out.

that could lead to extra many-body dephasing [17]; (ii)
It works using an optimal laser configuration, i.e., when
the signal and coupling lasers counter-propagate in the
ladder-type configuration so that the smallest k appears
in the RWS. In this case, the residual motional dephas-
ing during the loading and retrieval stage, which, unfor-
tunately, can’t be removed, is minimal.

The experimental setup and time sequence are shown
in Fig. 2(a) and bottom of Fig. 1(a), respectively. A
quasi-one dimensional ensemble of Cs atoms was cap-
tured by an optical dipole trap created by a 1064 nm
laser with the 1/e2 waist w1 = 4.3 µm. A signal pulse
(Ω1) of duration 650 ns with a mean photon number
of about 1.0 is focused into the ensemble with a 1/e2

waist of wp = 2.5 µm. The signal photon is resonant
with the transition |g⟩ = |6S1/2, F = 4,mF = 4⟩ →
|e⟩ = |6P3/2, F

′ = 5,mF ′ = 5⟩. A strong coupling laser
(Ω2) with a beam waist wc = 8.5 µm drives the transi-
tion |e⟩ → |r1⟩ = |65S1/2⟩. The signal photon is con-
verted into an RWS via the coupling laser. The signal
and coupling lasers have opposite circular polarizations
and counter-propagate through the atomic ensemble. To
store the signal photon, the intensity of the coupling laser
is ramped down to zero before the signal laser is switched
off. Due to the Rydberg blockade, only one polariton
can be stored [26, 32]. During the storage time ts, we
implement the π−wait−π scheme shown in Fig. 1(a) via
a pair of Raman (rephasing) lasers (Ω3 and Ω4) to drive
the transition |r1⟩ ↔ |r2⟩ = |70S1/2⟩ via |e⟩ with a de-
tuning ∆ = 2π× 335 MHz. Note that the two rephasing
lasers counter-propagate and the Ω3 field co-propagates
with the coupling laser [see section III of the SM]. At the
end of the storage of duration ts, we read out the RWS
and the retrieved photon is detected by a single-photon

detector. Figure 2(b) shows the measured transmission
of the signal laser during the sequence.

FIG. 3. Long-time storage based on the π−wait−π proto-
col. (a) Comparison of photon retrieval signals for free decay
(circles) and π−wait−π protocol (hollow squares). The solid
squares present the corrected retrieval signal by taking the
decreasing of OD into account with the fitting line in (b).
The solid lines are the corresponding fittings. All data at
storage time ts are normalized to the first data point of the
π−wait−π protocol at ts = 2.79 µs. The error bars show the
standard deviation of three independent measurements. In-
set: Statistical distribution of retrieval photon counts for free
decay (blue area) and the π−wait−π protocol (red area) at
storage time of 4 µs. (b) Measurements of OD for different
storage times and the fitting curve with a Gaussian function.

To experimentally verify the validity of our theory,
we measure the number of retrieval photons, integrated
over the retrieval time window, as a function of stor-
age time ts. The data are normalized to the first data
point of the π−wait−π protocol, shown in Fig. 3(a). The
wait time tw between the two π pulses is equal to a ts-
dependent optimal duration topt, and the effective Rabi
frequency of rephasing lasers is Ωr = 2π × 1 MHz with
Ω3(4) = 2π× 21(32) MHz. The retrieval photon counts
are almost absent with a storage time beyond 4 µs (cir-
cles) for the free decay case, while shoot up dramati-
cally with the π−wait−π protocol (hollow squares), re-
sulting in a survival time approaching about 20 µs. The
solid lines are fittings with A1 + B1 exp−(ts/τ1)

2 and
A2+B2 exp−(ts/τ2) for the free decay and the π−wait−π
protocol, yielding τ1 = 3.29 µs and τ2 = 7.06 µs, respec-
tively. The inset of Fig. 3(a) shows the statistical dis-
tribution of individual retrieval signals with free decay
(blue area) and the π−wait−π protocol (red area) for a
storage time ts = 4 µs.
In contrast to the theoretical prediction of Fig. 1(b),

the retrieval photon counts in Fig. 3(a) tend to decrease
fast with longer ts, which is attributed to the decrease of
optical depth (OD). To examine this, we measured the
OD of the cold gas, shown with blue triangles in Fig. 3(b),
displaying the rapid decrease with longer ts. Considering
that the atomic density distribution, the atomic velocity
distribution and the beam profiles are all Gaussian, we
can fit the OD with a Gaussian function [33], shown as
the solid line in Fig. 3(b). The drop of OD may be due
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to that the atoms get lost during the long storage time,
i.e., a large portion of the atoms in the cloud expand to
regions that are no longer covered by the retrieval cou-
pling laser. Armed with this understanding, we analyzed
the influence of atom loss on the retrieval efficiency [see
section V of the SM], and found that if we correct for the
loss of OD, the retrieval efficiency would be much larger,
as shown by the solid squares in Fig. 3(a). The fitting
to the calibrated data with A3 + B3 exp−(ts/τ3) yields
τ3 = 37.08 µs. Besides atom loss, laser noise also ham-
pers the applicability of the protocol [see section IV of
the SM].

The suppression of the dephasing of RWS hinges on
that the wait time should be equal to the optimal value
topt. To understand this, we examine the number of the
retrieval photons as a function of tw with a fixed storage
time ts = 7 µs, shown by the squares in Fig. 4. Using
the π−wait−π protocol, the retrieval efficiency can still
be large with moderate deviation of tw from its optimal
value topt. As a reference, we also present the data with-
out using our protocol. The solid curve is the theoretical
retrieval efficiency [see section III of the SM] by varying
tw around topt, which shows that the efficiency should be
maximal when tw = topt. The agreement between exper-
iment and theory indicates that the observed coherence
enhancement of RWS indeed follows the physical picture
outlined in Fig. 1.

FIG. 4. Normalized retrieval photon counts as a function of
wait time tw with fixed ts = 7 µs for π−wait−π protocol
(squares) and free decay (circles). The error bars show the
standard deviation of three independent measurements. The
solid curve presents the theoretical retrieval efficiency which
indicates the existence of an optimal wait time topt = 0.91 µs.

Besides the correct choice of the wait time, an equally
important factor in our method is the directions of the
rephasing lasers. In Fig. S3 of the SM, we present the
verification of the directions of the rephasing laser by
reversing the directions of the two rephasing laser beams.

In summary, we have experimentally demonstrated a
state mapping protocol that cancels the motional dephas-
ing of a quantum superposition state. Our theory shows
that for no atom loss, and minimal laser or electromag-

netic noise, and if Ωr ≫ krv, the motional dephasing will
be completely suppressed. In this case, Rydberg-state de-
cay remains as the only error channel. The experimental
results show an enhancement of the coherence time by
one to two orders of magnitude depending on the storage
time. Nevertheless, the fact that with an experimen-
tal setup highly burdened by laser noise and potential
noise of residual fields, the novel protocol can still signif-
icantly enhance the coherence of the W state shows that
it is possible to use state mapping to quench thermal-
motion induced dephasing in atomic and molecular sys-
tems. The demonstrated long-lived Rydberg excitation
in cold atomic gas shows the feasibility to entangle two
single photons separated by tens of microns via weak van
der Waals interactions between RWS [26, 34, 35], and
thereby provides an alternative route toward quantum
networks based on single photons.
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