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We use a microwave field to control the quantum state of optical photons stored in a cold atomic cloud.

The photons are stored in highly excited collective states (Rydberg polaritons) enabling both fast qubit

rotations and control of photon-photon interactions. Through the collective read-out of these pseudospin

rotations it is shown that the microwave field modifies the long-range interactions between polaritons.

This technique provides a powerful interface between the microwave and optical domains, with

applications in quantum simulations of spin liquids, quantum metrology and quantum networks.
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The future success of quantum technologies will depend
on the ability to integrate components of different systems.
Strongly interacting systems, such as ions [1,2] or super-
conductors [3] are ideal for processing, large ensembles for
memory [4], and optical photons for communication [5].
However, interfacing these components remains a chal-
lenge. For example, although cavity QED in the microwave
domain, using Rydberg atoms [6] or superconducting cir-
cuits [7], provides efficient coupling between photons and
static qubits, microwave photons are not ideal for quantum
communication due to the blackbody background. For this
reason, quantum interfaces that combine different func-
tions of a network are desirable.

Here we demonstrate a system that allows processing of
optical photons using microwave fields [8]. We store opti-
cal photons in highly excited collective states (Rydberg
polaritons) of a cold atomic ensemble using electromag-
netically induced transparency (EIT) [9,10]. Because of the
strong dipole-dipole interaction between Rydberg excita-
tions only one excitation is allowed within a volume known
as the blockade sphere. Consequently, an ensemble smaller
than the blockade sphere produces an efficient single pho-
ton source [11]. Similarly, Rydberg EIT [12] gives rise to
giant optical nonlinearities [13,14] that can be exploited to
modify light at the single photon level [15]. Herewe exploit
Rydberg EIT to write a bounded number of photons into a
cold atomic ensemble. Subsequently, we perform quantum
state control of the stored photons using a microwave field
resonant with a close-lying Rydberg state. We show that the
microwave field modifies the long-range interactions
between the stored photons providing a key step toward
the realization of an all-optical analog of neutral atom
quantum gates based on dipole blockade [16,17].

A schematic of the experiment is shown in Fig. 1.
Further details are given in the Supplemental Material
[18]. An optical dipole trap confines an ellipsoidal
atomic cloud containing up to 100 atoms. The approximate
axial and radial dimensions of the atomic cloud are

wz ¼ 30 �m and wr ¼ 2:8 �m, where w denotes the
standard deviation of the density distribution. The
signal photons, resonant with the 5s 2S1=2ðF ¼ 2Þ !
5p 2P3=2ðF ¼ 3Þ transition in 87Rb at 780.2 nm [see

Fig. 1(a)], propagate along z. The signal beam is focused
to a 1=e2 radius of 1:2� 0:1 �m at the centre of the atomic
ensemble. A counterpropagating control beam with wave-
length 480 nm couples the signal transition to a highly
excited Rydberg state with principal quantum number
n ¼ 60. The control beam is focused to a 1=e2 radius of
17:9� 0:3 �m. The peak value of the control and signal
beamRabi frequencies are�c=2� ¼ 3 MHz and�s=2� ¼
1:2 MHz, respectively.
In Fig. 2(a) we illustrate the photon storage and

retrieval process. The signal pulse is stored by reducing
the intensity of the control field over a time of 100 ns. At
this time optical photons from the signal field are stored as
Rydberg polaritons. A microwave pulse then couples the
initial Rydberg state to a neighboring Rydberg state [see
Fig. 1(a)]. After the desired storage time, the control field
is turned back on to read out the polariton field. This cycle
is repeated every 6 �s. The retrieved signal is typically
around 200 ns long, which is determined by the control
field switching time. The corresponding bandwidth of the
storage process, �s, is 1:34� 0:04 MHz (FWHM). We
note that the storage efficiency is far from optimized.
Efficiencies approaching 100% are in principle feasible
by mode-matching to the time-reversed single-photon
emission process [19]. The signal pulse contains approxi-
mately 10 photons on average. There is a peak probability
of roughly 4% of retrieving a photon per store-and-retrieve
experiment. This value has been corrected for the detection
efficiency which is approximately 18%. It is not possible
for us to distinguish between the storage efficiency and
retrieval efficiency, although the storage efficiency is
probably limited by the optical depth of the atomic cloud
which is typically around 1.
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Let us first consider the situation where no microwave
field is applied during the storage interval. Dipole blockade
limits the number of excitations that can be written
into the sample. The dipole-dipole interaction between
Rydberg atoms requires that the polaritons are separated

by a distance R � Ro ¼ ðC6=@�EITÞ1=6 [20], known as the
‘‘blockade radius’’ for optical excitation, where C6 is the
van der Waals coefficient that scales as n11 and �EIT is
the EIT linewidth. For our experimental parameters, the
EITwidth is�EIT=2� ¼ 1 MHz and the blockade radius is

Ro � 7 �m. Dipole blockade leads to antibunching in the
read out pulse as demonstrated in Ref. [11]. To observe this
photon blockade effect, we perform a Hanbury Brown–
Twiss coincidence measurement on the retrieved photons
[see Fig. 1(b)]. The photon coincidences characterized by

the second-order correlation gð2Þð�Þ is plotted in Fig. 2(b).
There is a peak every 6 �s corresponding to the repetition
rate of the experiment. In the absence of photon interac-
tions, the height of the peaks is expected to be unity
indicating no bunching or antibunching (in practice,

FIG. 1 (color online). Schematic of the experiment. (a) The atomic level scheme used to interface optical photons to the microwave
field. (b) Optical photons are stored as Rydberg polaritons in a cold atomic ensemble. Subsequently, the internal states of the polaritons
and their interactions are controlled using a microwave field. Finally, the modified optical field is read out and detected using time-
resolved single photon counters arranged in a Hanbury Brown-Twiss configuration.

FIG. 2 (color online). Photon storage and retrieval: (a) The photon storage process begins at t ¼ 0 when the control field (blue) is
turned off. The signal pulse (red), which has a total duration (not shown) of 1:1 �s, turns off approximately 200 ns later. After a storage
time of roughly 900 ns the control field is turned back on to read out the polariton field. During the storage interval a microwave pulse
can be used to couple the polariton to a neighboring Rydberg state. The retrieved signal (closed circles) appears as a peak with a
FWHM of 120� 20 ns. The background signal without atoms (open circles) is shown for reference. A black band highlights the time
window taken as the retrieved signal. The relative heights of pulses are not to scale. (b) The normalized second-order correlation
function gð2Þ of the retrieved signal, binned over the entire retrieved pulse, as a function of the time delay � between the two detectors.
The suppression at � ¼ 0 is a signature of dipole blockade during the polariton write process. Note that no microwave coupling has
been applied in this case.
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variation in storage efficiency throughout an experimental
run leads to a level 1:088� 0:003). In contrast, the proba-

bility of coincidences within each pulse gives gð2Þð0Þ ¼
0:68� 0:04. This partial suppression of gð2Þð0Þ is consis-
tent with a sample that is longer than the blockade radius as
shown in Fig. 1(b). The nonzero background signal appar-

ent in Fig. 2(a) degrades the measured contrast of gð2Þ [21],
suggesting that gð2Þð0Þ is about 0.06 lower than observed.

Each photon is stored in the collective polariton state

jsi ¼ 1ffiffiffiffi
N

p XN
j¼1

ei�j jsji; (1)

where jsji ¼ j0102 � � � sj � � � 0Ni, and N is the number of

atoms per blockade sphere [20]. The phase factors are

given by �j ¼ ~k � ~rj, where k is the effective wave vector

of the spin wave, and rj is the position of atom j. The phase

of each term in the superposition ensures that the read-out
emits a photon into the same spatial mode as the input.
The lifetime of this phase-matched polariton is limited
to roughly 2 �s by motional dephasing [11]. If atomic
motion were reduced by additional cooling, the decoher-
ence time would be ultimately limited by Rydberg lifetime
which scales as n3. For 60s1=2 the Rydberg lifetime is of

order 100 �s.
We now consider the case where a microwave field is

applied during the storage interval [see Fig. 2(a)]. Coherent
control of the stored photon is performed using a resonant
microwave field to couple the initial collective state jsi to a
collective state

jpi ¼ 1ffiffiffiffi
N

p XN
j¼1

ei�j jpji; (2)

where p denotes an np Rydberg excitation. The states jsi
and jpi form a two-level basis for collective encoding
of the stored photon [19]. As the dipole moment for the
ns ! np transition scales as n2, the figure of merit for
single qubit rotations (Rabi frequency � dephasing time)
scales as n5. For n ¼ 60, of order 1000 qubit rotations
within the decoherence time are possible. In this collective
basis, both the Rabi oscillation frequency and the dephas-
ing rate are independent of the atom number N (in contrast
to the transition from the ground state j01 � � � 0Ni to the

collective state jsi, where the Rabi frequency scales as ffiffiffiffi
N

p
[22]). This is important, as it allows us to observe the high
contrast oscillations over many cycles even for a nonde-
terministically loaded sample.
We study Rabi oscillations for n ¼ 60 polaritons

coupled to a microwave field resonant with the 60s1=2 !
59p3=2 transition at 18.5 GHz. As the read out state is jsi,
the retrieved signal oscillates between a maximum when
the polariton state is jsi and a minimum when the polariton
state is jpi. In Fig. 3 we plot the retrieved photon signal as a
function of the rotation angle, � ¼ ��t. The microwave

pulse duration is fixed so the microwave Rabi frequency
�� increases from left to right in Fig. 3. Counterintuitively,

the Rabi oscillations revive for large �.
To understand these unusual dynamics, consider the

pairwise dipole-dipole interaction between the cycling
Rydberg polaritons [18]. The microwave coupling between

FIG. 3 (color online). Controlling the interaction between Rydberg polaritons. (a) The retrieved signal, normalized to the case where
no microwave coupling is applied, is plotted as a function of the microwave Rabi frequency, ��. The microwave pulse duration is

fixed at 300 ns. The dynamics depend on the ratio between the Rabi coupling and the dipole-dipole interaction��=Vdd—the condition

�� ¼ Vdd is indicated by the dashed line. For �� < Vdd (left-hand side), resonant energy exchange between polaritons dominates

over Rabi oscillations. For�� > Vdd, Rabi oscillations dominate and the exchange process is suppressed as the strong driving lifts the

degeneracy between the dipole–dipole coupled states. The solid line is a phenomenological fit using the characteristic form for
N -particle Rabi oscillations coupled to a single optical read out mode, P ¼ ½cos2ð��t=2Þ�N . This function is combined with a tanh

envelope, and an exponential decay at low microwave Rabi frequencies. From the fit we obtain N ¼ 2:70� 0:16. Inset: Spin model
of the dynamics. The dipole-dipole interaction (circles between atoms) favors excitation exchange between out-of-phase atomic spins
(straight arrows) whereas strong microwave driving (circles around atoms) favors in-phase oscillations and suppresses the exchange
process. (b) Higher resolution data of Rabi oscillations in the strong driving regime. The line is a similar fit to Fig. 3(a), with
N ¼ 3:0� 0:2. The microwave pulse duration is 150 ns.
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jsi and jpi induces resonant dipole-dipole interactions
between polariton modes with an interaction energy
Vdd ¼ d2=ð4��0R3

oÞ, where Ro is the correlation length
associated with the 60s blockade process. The microwave
field thus introduces a second blockade scale [23,24] with a

characteristic size R� ¼ ðC3=@��Þ1=3, where C3 is the

resonant dipole-dipole interaction coefficient and �� is

the Rabi frequency of the microwave transition. By varying
�� we can tune the ratio R�=Ro. For the range of Rabi

frequencies shown in Fig. 3(a) we change between a
regime where �� < Vdd on the left-hand side and

�� > Vdd on the right-hand side.

For �� < Vdd, the resonant dipole-dipole interaction

associated with the microwave transition dominates. In
this case, the blockade sphere associated with the micro-
wave transition is larger than the blockade sphere associ-
ated with the formation of the 60s polaritons, R� > Ro. As

the resonant dipole-dipole interaction is an exchange pro-
cess [25,26], this regime is dominated by excitations hop-
ping, leading to loss or dephasing of the polariton read-out
[27]. Consequently, the retrieved photon signal is sup-
pressed and fits to an exponential decay. In this dephasing
regime one may expect only a single excitation to survive
and hence strong antibunching in the retrieved photon
signal [27]. This effect was not observable in the current
experiment, as the background signal apparent in Fig. 2(a)
contributes a larger fraction of the retrieved signal in the
dephasing regime. The data in Fig. 3 was also acquired
under less well-optimized conditions, where the back-
ground signal was up to 50% of the signal corresponding
to the peaks of the suppressed Rabi oscillations.

For �� > Vdd strong driving forces the dipoles to oscil-

late in phase, which suppresses the out-of-phase exchange
interaction. In this case, where the microwave blockade
radius is smaller than the optical blockade, R� < Ro, the

exchange or hopping term is reduced to V2
dd=��.

Consequently, the spin wave dephasing is reduced and
the Rabi oscillations reappear. This recovery in the Rabi
oscillations is a direct signature of the spatial correlations
between Rydberg polaritons, and occurs when the micro-
wave Rabi frequency is sufficient to overcome the polariton-
polariton blockade. We note in passing that Lamor
dephasing of the spin wave [28] is not expected to have a
significant effect on the dynamics of the system, since�� is

in general much larger than the Lamor frequency.
Significantly, N -particle correlations in the read out

give rise to enhanced sensitivity to the rotation angle �,
which could be exploited in quantum metrology applica-
tions [29]. The retrieval probability,

P ¼
�
cos2

�
�

2

��
N
; (3)

is given by applying a Wigner rotation matrix to the
collective Dicke state of N spins [18]. This many-body

character of the collective read-out is clearly visible in

Fig. 3(b). If we fit to ½cos2ð��t=2Þ�N allowingN to float

we obtain N ¼ 3:0� 0:2. This is consistent with the
number of blockade spheres in our ensemble, given the
60s blockade radius and the geometry of the atomic cloud
[see Fig. 1(b)].
In conclusion, we have demonstrated control over

the quantum state of Rydberg polaritons using a micro-
wave field. By tuning the strength of the microwave field
we have shown that the interaction between neighboring
polaritons can be varied. This effect was observed in Rabi
oscillations of the polariton state, which exhibit a many-
body character consistent with N ¼ 3 Rydberg excita-
tions. The ability to control the quantum state of Rydberg
polaritons opens some interesting prospects for advances in
quantum information and quantum simulation of strongly
correlated systems. For example, the competition between
resonant energy exchange (hopping) and localisation is
reminiscent of the Jaynes-Cummings-Hubbard model
[18,30]. In addition, Rydberg polaritons provide a powerful
platform for studying strongly coupled atom–light inter-
actions without a cavity, quantum simulation of spin
liquids [31], and quantum metrology using Dicke states
[29]. The ability to control the interactions between polar-
itons using microwave fields allows a second blockade
scale to be established. This provides a viable route
towards fully deterministic photonic phase gates using
single photons [15], or to generate nonclassical states of
light from classical input fields [32]. It is also an ideal
system to study resonant energy transfer [25]. Finally,
Rydberg polaritons provide a convenient interface between
quantum systems that operate in the microwave and optical
domains, such as circuit QED [7] and atomic ensembles,
respectively. Rydberg polaritons act as a source of quantum
light, that can be coupled to on-chip [33] microwave
resonators which in turn interface to solid state qubits
[7,8], forming a complete architecture for transmitting,
storing and processing quantum information.
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[1] F. Schmidt-Kaler, H. Häffner, M. Riebe, S. Gulde, G. P. T.
Lancaster, T. Deuschle, C. Becher, C. F. Roos, J. Eschner,
and R. Blatt, Nature (London) 422, 408 (2003).

[2] D. Leibfried et al., Nature (London) 422, 412 (2003).
[3] L. DiCarlo et al., Nature (London) 460, 240 (2009).
[4] M. Steger, K. Saeedi, M. L.W. Thewalt, J. J. L. Morton,

H. Riemann, N.V. Abrosimov, P. Becker, and H.-J. Pohl,
Science 336, 1280 (2012).

[5] R. Ursin et al., Nat. Phys. 3, 481 (2007).
[6] J.M. Raimond, M. Brune, and S. Haroche, Rev. Mod.

Phys. 73, 565 (2001).
[7] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-S.

Huang, J. Majer, S. Kumar, S.M. Girvin, and R. J.
Schoelkopf, Nature (London) 431, 162 (2004).

[8] D. Petrosyan and M. Fleischhauer, Phys. Rev. Lett. 100,
170501 (2008).

[9] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev.
Mod. Phys. 77, 633 (2005).

[10] M. Fleischhauer and M.D. Lukin, Phys. Rev. Lett. 84,
5094 (2000).

[11] Y. O. Dudin and A. Kuzmich, Science 336, 887 (2012).
[12] A. K. Mohapatra, T. R. Jackson, and C. S. Adams, Phys.

Rev. Lett. 98, 113003 (2007).
[13] J. D. Pritchard, D. Maxwell, A. Gauguet, K. J. Weatherill,

M. P. A. Jones, and C. S. Adams, Phys. Rev. Lett. 105,
193603 (2010).

[14] V. Parigi, E. Bimbard, J. Stanojevic, A. J. Hilliard,
F. Nogrette, R. Tualle-Brouri, A. Ourjoumtsev, and
P. Grangier, Phys. Rev. Lett. 109, 233602 (2012).

[15] T. Peyronel, O. Firstenberg, Q.-Y. Liang, S. Hofferberth,
A. V. Gorshkov, T. Pohl, M.D. Lukin, and V. Vuletić,
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