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We experimentally demonstrate storage and on-demand release of phase-sensitive, photon-number
superposition states of the form αj0i þ βeiθj1i for an optical quantized oscillator mode. For this purpose,
we newly developed a phase-probing mechanism compatible with a storage system composed of two
concatenated optical cavities, which was previously employed for storage of phase-insensitive single-
photon states [Phys. Rev. X 3, 041028 (2013)]. This is the first demonstration of all-optically storing highly
nonclassical and phase-sensitive quantum states of light. The strong nonclassicality of the states after
storage becomes manifest as a negative region in the corresponding Wigner function shifted away from the
origin in phase space. This negativity is otherwise, without the phase information of the memory system,
unobtainable. While our scheme includes the possibility of optical storage, on-demand release and
synchronization of arbitrary single-rail qubit states, it is not limited to such states. In fact, our technique is
extendible to more general phase-sensitive states such as multiphoton superposition or entangled states, and
thus it represents a significant step toward advanced optical quantum information processing, where highly
nonclassical states are utilized as resources.
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Optical quantum states are indispensable as flying
quantum information carriers, and furthermore, they can
serve as sufficient resources for universal and fault-tolerant
quantum computing. Prominent examples of photonic
quantum information processing are the Knill-Laflamme-
Milburn scheme [1], based on discrete variables and photon
detections, and the Gottesman-Kitaev-Preskill scheme
[2,3], based on continuous variables and homodyne detec-
tions. In these applications, the on-demand release of
optical states from quantum memories is necessary.
More specifically, a frequently executed process like gate
teleportation [4,5], by which a probabilistically induced
nonlinearity can be efficiently incorporated into a quantum
protocol [6], relies, to a certain extent, on an on-demand
release from quantum memories in order to synchronize the
probabilistically generated auxiliary resource states.
Even though many experiments with quantum memo-

ries have been performed for a couple of decades [7],
only recently were optical single-photon states with high
purity, having a negative region in the Wigner function,
stored and released on demand [8,9]. Storage of highly
pure single-photon states was demonstrated there with
two different memory systems, one based on concatenated
cavities [8] and the other based on atomic ensembles [9].
The cavity systems were then used for synchronization
of two photons showing Hong-Ou-Mandel interfer-
ence [10].

The above high-purity memories are, in principle,
capable of storing arbitrary quantum states of a harmonic
oscillator

P∞
n¼0 cnjni, where photon-number eigenstates

jni form an orthonormal basis. However, for the successful
demonstration of such a universal quantum memory, one
technical challenge has remained: the phase synchroniza-
tion between the internal memory fields and the external
fields to be exploited via subsequent processors or meas-
urement devices. For this purpose, phase-probing beams
must be coupled to the complicated memory system,
effectively having a narrow linewidth, in a stable fashion.
Fock states jni, including a single-photon state j1i, and
their incoherent mixtures, are phase-insensitive states and
thus highly pure single-photon states were stored already in
previous demonstrations without tracking the optical phase
inside the memory. However, many important resource
states are coherent superpositions of Fock states, such as
cubic phase states (i.e., the ancillae for the Gottesman-
Kitaev-Preskill scheme), superpositions of coherent states
[11], and entangled states in the case of two or more modes.
Therefore, the introduction of a phase reference to the
memory system is crucial.
In this Letter, we demonstrate storage and controlled

release of general phase-sensitive superpositions of vacuum
and one-photon states c0j0i þ c1j1i (c0, c1 ∈ C) for a
single optical mode, i.e., an, in principle, arbitrary single-
rail qubit. We introduce coherent beams as a phase

PHYSICAL REVIEW LETTERS 123, 113603 (2019)

0031-9007=19=123(11)=113603(6) 113603-1 © 2019 American Physical Society

https://orcid.org/0000-0001-5344-4949
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.123.113603&domain=pdf&date_stamp=2019-09-12
https://doi.org/10.1103/PhysRevX.3.041028
https://doi.org/10.1103/PhysRevLett.123.113603
https://doi.org/10.1103/PhysRevLett.123.113603
https://doi.org/10.1103/PhysRevLett.123.113603
https://doi.org/10.1103/PhysRevLett.123.113603


reference to the concatenated cavity system [8,10], by
which the memory-cavity frequency is further stabilized
and also the optical phases of the external systems are
locked. As a result, we demonstrate for the first time
all-optical storage of phase-sensitive quantum states with a
negative region of the Wigner function shifted from the
origin in phase space. This negative region originates from
the off-diagonal elements j0ih1j, j1ih0j of the density
matrix and it is strictly no longer obtainable without phase
synchronization between the memory and external systems.
The negative region is preserved for a storage time of up to
about 200 ns, but the genuine non-Gaussianity (any non-
Gaussian features indescribable by incoherently mixing
Gaussian states) is kept for even longer, namely for about
400 ns [12]. Beyond storage of arbitrary single-rail (single-
mode) qubits, even more importantly, our phase-preserving
memory scheme is further applicable to arbitrary optical
quantum states jψi ¼ P

ncnjni, and paves the way for the
synchronization of phase-sensitive states, which is funda-
mentally important for both optical quantum computing
[19,20] and quantum communication [21].
The creation of highly pure non-Gaussian states typically

requires strong nonlinearities, which is still difficult to
obtain deterministically at present. Therefore, we resort to
probabilistic schemes, where photon detections herald
successful events. We start from two-mode squeezed
vacuum states jΨi ∝ P

n≥0ðtanh γÞnjnisjnii obtained by
parametric down-conversion, where signal (s) and idler
(i) fields are entangled. Then we perform measurements on
the idler field. If the idler field is subject to a photon counter
and the measurement outcome is one photon, the signal
field is projected onto a single-photon state. A more general
measurement on the idler field, introducing auxiliary
coherent beams, in principle enables one to project the
signal field onto arbitrary states of a single mode [13,14], as
well as certain classes of multimode states [22]. However,
the times of successful events in the heralding scheme are
random. Memory systems are powerful, because they give
timing controllability to probabilistically prepared states.
The concept of our memory system to store and release

general superposition states is shown in Fig. 1. Parametric
down-conversion occurs inside a memory cavity, where the
signal and idler fields are separated in frequency by the free
spectral range of the memory cavity [8]. The shutter at the
output of the memory is actually another cavity, which can
transmit either the signal or the idler via the resonance
condition. Initially, the shutter cavity transmits the idler
field, whereas the signal field is not transmitted. By
performing general measurements on the emerging idler
field, the signal field inside the memory cavity is projected
onto various states. Whenever the created signal state
should be available for further processing and exploitation,
it can be released at a controlled timing by shifting the
resonance of the shutter cavity. The resonance shift is done

by utilizing an electro-optic modulator (EOM) contained
inside the shutter cavity.
Figure 2 shows our experimental setup. It is based on a

previous, phase-untrackable system employed for storage
of single-photon states [8,10]. In order to add an optical
phase reference to the memory system, we inject coherent
beams that we refer to as probe beams into the memory
cavity for both the signal and idler fields. The probe beams
are utilized as follows. First, the memory-cavity resonance
frequency is further stabilized by using the cavity trans-
mission fringe of the signal probe beam. Next, the relative
phase among the signal and idler probe beams and the
pump beam is locked by monitoring their phase-sensitive
parametric amplification. Finally, the transmitted probe
beams are employed for feedback control of the optical
phases outside the concatenated cavities. This includes the
auxiliary coherent beam that is combined with the idler
field to create superpositions and a local oscillator (LO)
beam at the signal frequency for homodyne characteriza-
tion. However, these probe beams should not be present
when superposition states are created, because they destroy
the heralding and homodyne signals. Therefore, the probe
beams are periodically chopped by using acousto-optic
modulators (AOMs), and the superposition states are
created when the probe beams are absent. We switch the
system between the feedback-control phase and the state-
creation phase with a period of 200 ms, during which 50 ms
are utilized for the state creation. The duty cycle is smaller
than that of the previous experiments without the probe
beams [8,10], because we have to wait for the decay of the
probe beams inside the memory cavity.

Creation
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Signal

Homodyne detection
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FIG. 1. Conceptual diagram of creation, storage, and on-
demand release of phase-sensitive quantum states. The memory
and shutter are implemented by concatenated cavities.
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The auxiliary coherent beam at the idler frequency
determines the created superposition state αj0i þ βeiθj1i.
The amplitudes α and β as well as the phase θ are
independently adjustable by changing the amplitude and
the phase of the auxiliary coherent beam [13–15]. An
avalanche photodiode (APD) heralds the superposition
state, and after a predetermined storage time controlled
by a field-programmable gate array, the signal state is
released. A typical photon-detection rate for creation of
ðj0i þ eiθj1iÞ= ffiffiffi

2
p

is about 1500 counts per second, among
which fake clicks caused by stray light are estimated to be
about 50 counts per second. For simplicity, some beams for
controlling the optical systems are omitted from the figure.
More details of the methods are given in the Supplemental
Material (SM) [12].
One thing to note here is that the resonance frequency of

the memory cavity is detuned by about 300 kHz from the
frequency of the LO for homodyne characterization. This
detuning is for the purpose of avoiding unexpected photons
stored by the memory, which originate from scattering of
the LO (probably backscattering at the photodiodes of the
homodyne detector). Such a scattering rate is very low, but
we emphasize that even scattered light at the single-photon
level disturbs the experiment if it couples to the memory
cavity. Thanks to the detuning, the effects of the LO
scattering are almost entirely removed. The signal states
characterized by the homodyne detection are in a rotational
frame and evolve temporally at an angular velocity of about
2π × 300 kHz. This will be seen later in the experimental
results as phase shifts of the quantum state during storage.
In order to achieve such an effective detuning, the signal
probe beam is actually detuned by 200 kHz from the LO.
Details on this technique can be found in the SM [12]. We
also note that this detuning is not necessary if we could use
a sufficiently good optical isolator, by which the scattered
LO is removed [23].

We first show the phase-sensitive quadrature distribution
of ðj0i þ eiθj1iÞ= ffiffiffi

2
p

obtained by the homodyne detection
in Fig. 3. Figure 3(a) shows the experimental quadrature
distribution with immediate release after heralding, while
Fig. 3(b) shows the theoretical distribution with an ideal
pure state ðj0i þ j1iÞ= ffiffiffi

2
p

. The experimental quadrature
distribution is obtained by repeating the sequence of
storage and release 5000 times at each of the measurement
phases from 0° to 350° at an interval of 10°. The horizontal
axis corresponds to the measurement phase, while the
vertical axis corresponds to the quadrature value obtained
from the homodyne signal. The experimental distribution
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FIG. 2. Experimental setup. The light source is a continuous-wave (cw) Ti:sapphire laser operating at 860 nm. Optical frequencies of
beams are distinguished by colors: Red (gray), orange (light gray), and blue (dark gray) stand for signal, idler, and pump frequencies,
respectively, while small detuning is not indicated by colors. Black lines stand for electronic signal lines. Here, SHG denotes a second
harmonic generator, PPKTP a periodically poled KTiOPO4 crystal.
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FIG. 3. Quadrature distributions of ðj0i þ j1iÞ= ffiffiffi
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shows the phase-sensitive nature of the quantum states
similar to the theoretically predicted distribution. This
distribution contains sufficient information to reconstruct
the density matrix and the Wigner function [24].
Next, we implemented various storage times for

ðj0i þ j1iÞ= ffiffiffi
2

p
estimating the released quantum state for

each case. The experimental results are shown in Fig. 4.
The storage times are 0, 100, 200, 300, and 400 ns from left
to right.
The first row shows the quadrature distributions, where

measurement phases are 0°, 30°, 60°, 90°, 120°, and 150°,
and the number of points is 20 000 for each measurement
phase. Even for the case of 400 ns storage time, the phase-
sensitive nature of the memorized states clearly remains.
The distribution shifts horizontally depending on the
storage time, which is explained by the 300 kHz detuning
explained above. From the quadrature distributions, the
density matrices and the Wigner functions are estimated.
The second row shows the reconstructed density matri-

ces, where the absolute value is taken for each matrix
element. The matrix elements of the subspace up to one
photon are colored in red (gray). Multiphoton components,

colored in light blue (light gray), are very small (less than
5%). We can see that the off-diagonal elements are nicely
preserved during the storage, though some portion of the
single-photon component j1ih1j is converted to a vacuum
component j0ih0j mainly due to intracavity losses (about
0.2% for each round-trip of 1.5 m). The phase shifts of the
off-diagonal elements due to the detuning are not visible,
because the absolute value is taken for each element. In the
SM, real and imaginary parts of the density matrices are
separately plotted, so that one can see the phase shifts
during storage [12]. We also discuss in the SM the amount
of phase fluctuations estimated from the density matrices
[12]. In the analysis, we divide imperfections into optical
losses and phase fluctuations, which leads to estimated
fluctuations from 20° to 35°. We did not find a clear
tendency towards worse dephasing during storage.
The third and fourth rows are the Wigner functions seen

from the top and the side. Seen from the top, the state
rotates with an angle proportional to the storage time.
Again, this rotation corresponds to the 300 kHz detuning
mentioned above. Seen from the side, the negative region of
Wigner function clearly remains with a storage time of
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100 ns, and it is still visible with a storage time of 200 ns.
The negative region is not at the origin, unlike for the
previous single-photon case [8], and therefore this neg-
ativity exhibits nonclassicality that cannot be preserved
without the phase information of the quantum state.
Moreover, even with longer storage times where the
negativity is lost, the Wigner function still satisfies a
criterion of genuine non-Gaussianity (i.e., the distribution
cannot be produced by a classical mixture of Gaussian
states) [16], which we discuss in more detail in the SM [12].
We also confirmed that the parameters α, β, θ of the

superposition αj0i þ βeiθj1i are controllable in the state-
preparation stage. Experimental results with other states,
such as ðj0i − ij1iÞ= ffiffiffi

2
p

and ðj0i þ ffiffiffi
2

p j1iÞ= ffiffiffi
3

p
, are shown

in the SM [12] and these are consistent with the above
results.
In conclusion, we experimentally demonstrated creation,

storage, and on-demand release of phase-sensitive optical
quantum states like αj0i þ βeiθj1i by employing a con-
catenated cavity system. We succeeded in storing quantum
states with a negative region in the Wigner function shifted
away from the phase-space origin—a feature only possible
with a phase-trackable memory system. Generally, the
phase-tracking mechanism is very important for a memory
system, because many quantum features such as quantum
entanglement are lost without the phase information. Our
demonstration paves the way for future demonstrations of
storing various quantum states such as Schrödinger cat
states, cubic phase states, and so forth. The event rate will
increase if we use superconductive single-photon detectors
[25] or photon-number resolving detectors with transition-
edge sensor [26], which have higher quantum efficiencies.
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