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Highly nonclassical quantum states of light, characterized by Wigner functions with negative values,

have been all-optically created so far only in a heralded fashion. In this case, the desired output emerges

rarely and randomly from a quantum-state generator. An important example is the heralded production of

high-purity single-photon states, typically based on some nonlinear optical interaction. In contrast,

on-demand single-photon sources are also reported, exploiting the quantized level structure of matter

systems. These sources, however, lead to highly impure output states, composed mostly of vacuum. While

such impure states may still exhibit certain single-photon-like features such as antibunching, they are not

nonclassical enough for advanced quantum-information processing. On the other hand, the intrinsic

randomness of pure, heralded states can be circumvented by first storing and then releasing them on

demand. Here, we propose such a controlled release, and we experimentally demonstrate it for heralded

single photons. We employ two optical cavities, where the photons are both created and stored inside one

cavity and finally released through a dynamical tuning of the other cavity. We demonstrate storage times

of up to 300 ns while keeping the single-photon purity around 50% after storage. Our experiment is the

first demonstration of a negative Wigner function at the output of an on-demand photon source or a

quantum memory. In principle, our storage system is compatible with all kinds of nonclassical states,

including those known to be essential for many advanced quantum-information protocols.
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I. INTRODUCTION

Representing flying quantum information, photons are
ideally suited for communication between the stations of a
quantum network [1,2]. Among various photonic quantum
states, single-photon states are the most fundamental,
exhibiting a very pronounced negativity of the Wigner
function at the origin in phase space. In principle, single-
photon-based qubits would allow for scalable quantum
computation based on linear-optical circuits, auxiliary
quantum states of single and many photons, and photon
counters [3,4]. However, nonclassical states beyond
single photons such as superpositions of coherent states,
exhibiting new forms of Wigner-function negativity, are
also expected to be useful for future advanced quantum-
information processing [5–12]. One possible strategy to
prepare such nonclassical field states is to exploit cavity
quantum electrodynamics [13,14] based on a sufficiently
strong coupling between single atoms and microwave fields.
In an all-optical setting, however, quantum states with a
negative Wigner function beyond single photons have been
produced solely in a heralded fashion, for instance, using

photon-subtraction techniques [15–17]. Here, we propose
and experimentally demonstrate an all-optical, heralded
creation, storage, and controlled release of nonclassical
single-photon states. Moreover, our scheme achieves all
these steps by means of a system that can be potentially
generalized to accomplish the same tasks for nonclassical
states beyond single photons. Most importantly, in our pro-
tocol, there is no need to couple a heralded photon into
the cavity; the single-photon state is directly produced inside
the cavity, and hence coupling inefficiencies for a fragile
nonclassical state can be completely avoided.
Single-photon sources are often divided into two types

[18], where one corresponds to transitions in electronic
energy levels accompanied by a photon emission, and the
other is implemented by probabilistically generating
photon pairs and detecting one photon and thus heralding
another one. The first type of source allows for an on-
demand emission of photons, which has been demonstrated
with various matter systems [18,19], such as trapped atoms,
defects in diamonds, and semiconductor quantum dots.
However, these systems typically share a common disad-
vantage, namely, a very low efficiency for collecting the
emitted photons in a specific single spatial mode, and so it
remains unclear whether a photon emission has actually
happened until the photon is detected [19]. So far, only the
class of heralded sources offers high fidelity and flexibility,
although at the expense of their intrinsic randomness.
The photon pairs of the heralded sources are typi-

cally produced via an optical nonlinearity, namely, either
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parametric down-conversion [20] or four-wave mixing
[21]. Since these optical nonlinearities only require a
perturbative coupling between light and matter, heralded
photons can be emitted in a well-defined mode with good
purity and optical coherence. As a consequence, a negative
Wigner function has been observed so far onlywith this type
of source [22,23]. Moreover, measuring parts of a nonlinear
optical resource state also allows for the heralded prepara-
tion of quantum states beyond single photons or qubits
[6–10]. Finally, in contrast to the highly restrictive wave-
lengths of existing on-demand sources, basically deter-
mined by the corresponding energy levels of matter, the
heralded approach allows for a broader range of wave-
lengths, in particular, including the telecom wavelength
[24]. Owing to these advantages, the most advanced
quantum-information experiments have been demonstrated
with such heralded schemes [8–12]. On the negative side,
however, since those events when a photon is heralded are
totally random and uncontrollable, the probability for
creating many such heralded photons simultaneously, as
required, for instance, in linear-optical quantum computa-
tion [3,4], drops exponentially with the number of pho-
tons—unless efficient quantum memories are available.

Therefore, a possible solution to overcome the intrinsic
randomness of the heralded schemes is to store a heralded
state until it is required [25]. Indeed, single photons were
stored in matter systems in previous experiments [26–28].
However, by introducing such buffer memories, some of
the disadvantages of matter systems again emerge, such as
low photon purity and limited tunability of the optical
wavelength (although the memory efficiencies are actually
improving [29]). As a remedy, several all-optical experi-
ments have been reported; however, none of them demon-
strated high purity [30–34]. Moreover, each had their own
additional disadvantages: When the optical delay lines
were combined with optical switches, only discrete delays
were possible [31]; when the dynamical control of the Q
factor of a photonic-crystal nanocavity was successful, the
memory time scale was still only subnanoseconds [32–34].
In any case, it appears generally inefficient to first create
flying photons and then couple them with stationary mem-
ories. In fact, using atomic ensemble memories, Duan et al.
proposed a scalable quantum repeater with linear optics by
smartly unifying the heralding and storage (write-in) pro-
cesses [35,36]. Our scheme relies upon a similar one-step
mechanism, however, in an all-optical fashion, where a
heralded photon is created and automatically stored in an
optical cavity. After a storage time of up to 0:2 �s, the
photon is then released in a controllable fashion and its
quantum state reconstructed by homodyne tomography,
thus verifying the negativity of the outgoing quantum state.
Note that the emission of the single photon is effectively on
demand for a time window of approximately 0:1 �s after a
random photon-heralding event that occurs, on average,
every 3 ms. In order to promote our system to a real

on-demand single-photon source, the storage time would
have to be increased at least up to this duration of approxi-
mately 1 ms, or, alternatively, the photon-generation rate
would have to be increased at least up to approximately
1 MHz.
Our scheme for the storage and controlled release of

heralded quantum states is based on concatenating two
cavities. Although the scheme is experimentally demon-
strated for the case of heralded single photons, again, we
would like to point out that one of the conceptual innova-
tions here is that our system is potentially extendible to
nonclassical states beyond single photons. As a result, we
have succeeded for the first time in acquiring, effectively
on demand (see above), a quantum feature as strong as the
negativity of the Wigner function. This feature is essen-
tially different from the more conventional single-photon
character of antibunching [18], which is immune to linear-
optical losses and hence valid even for sources with very
low purity. The Wigner-function negativity rules out any
description in terms of a classical phase-space distribution
and thus is important in quantum computing [5]. Moreover,
we stress that our system is much more general than a
simple photon gun. It is, rather, an all-optical unification of
a (potentially continuous-variable, high-dimensional) en-
tanglement generator and a quantum memory. In fact, our
heralding mechanism can produce quantum states of light
more general than single photons [8–10], and all such
states can potentially be stored in our system. In principle,
our system may function as a universal quantum memory,
where optical, flying quantum information of arbitrary
dimension is written into the memory via unconditional
continuous-variable quantum teleportation [11,12] and
later recalled on demand.

II. WORKING PRINCIPLE

A schematic of our experimental setup with a diagram
in the optical frequency domain is shown in Fig. 1. Inside
a nondegenerate optical parametric oscillator (NOPO) op-
erating far below threshold, signal and idler photons are
probabilistically created and simultaneously appear in dif-
ferent longitudinal modes. We place a shutter cavity (SC)
at the exit of the NOPO. Then, a photon inside the NOPO
passes through the SC only when it is resonant with the SC,
while otherwise it remains inside the NOPO. Therefore, the
NOPO concurrently works as a memory cavity (MC). The
switch for releasing a photon is quickly realized by shifting
the resonance frequency of the SC using an electro-optic
modulator (EOM). At first, we set the SC resonant to
an idler photon. Any idler photon immediately escapes
from the concatenated cavities and is then sent to a photon
detector to herald the presence of its partner signal
photon inside theMC [Figs. 1(a) and 1(b)]. After the photon
creation succeeds, the signal photon can be released by
switching the SC whenever wanted [Figs. 1(c) and 1(d)].
Note that an extension of this technique to multiphoton,
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phase-sensitive states appears to be remarkably straight-
forward [8–10]. Multiple clicks of the photon detector
would project the intracavity signal state onto a multi-
photon state, and, unlike previous demonstrations without
memory [8–10], these clicks would not have to occur
simultaneously. Further note that the switching EOM,
which is often lossy, is placed outside the MC. This con-
figuration is another reason for the high purity here com-
pared to a previous scheme based on an optical delay loop
that contained the switching EOM inside the loop [31].

On a more fundamental level, that intuitive explanation
for the high output purity relies on the physics of general
coupled systems. More specifically, we may define the
damping ratio of the coupled cavities to determine whether
they are overdamped or underdamped, which is eventually
reflected by the pulse shape of the released single photons.
Although this observation is certainly of great interest, it is
not directly related to the main experimental achievement
to be reported here, which is rather the controlled timing
for releasing high-purity single photons. Therefore, we
choose to leave the above issue for future works.

Moreover, note that, experimentally, there are actually
many longitudinal modes in the NOPO besides the desired
signal and idler modes. The real photon detectors are
equally sensitive to the photons created in these unused
modes. Therefore, in the experiment, we need some fre-
quency filters in order to select only the desired idler mode
before the photon detection. Additional optical cavities in
the idler line, as illustrated in Fig. 1, can serve this purpose.

The experimental parameters used in our demonstra-
tion are described in the following section and in the
Supplemental Material [37].

III. EXPERIMENTAL RESULTS AND METHODS

The output quantum states are characterized by optical
homodyne detection. Homodyne detection employs inter-
ference with a strong local-oscillator light beam, and hence
it indicates the photons’ coherence and their tunability
to some specific wavelength. This situation is in strong
contrast to the situation in single-photon verification by
antibunching, for which quantum coherence is confirmed
by the Hong-Ou-Mandel effect and thus two single-photon
creations are necessary [38].
The experimental results are shown in Fig. 2, arranged in

an array of rows and columns. The storage time is set to 0,
100, 200, and 300 ns in addition to the intrinsic delay of
about 150 ns after the occurrence of the heralding signal,
corresponding to columns from left to right.
First, we focus on the leftmost column, corresponding to

the intrinsic delay. Figure 2(a) shows the temporal shape of
the wave-packet envelope c ðtÞ of the released flying pho-
tons, which is estimated from the raw data of homodyne
detection [39] (details can be found in the Supplemental
Material [37]). The horizontal axis is a relative time, where
0 ns corresponds to the events of the idler-photon detec-
tion. After opening the shutter at about 150 ns, the wave-
packet amplitude suddenly increases and rapidly goes to
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zero, which represents the emission of the photon. The
photon pulse width is about 50 ns. In fact, it can be inferred
from the experimental parameters that the photon wave
packet exhibits damped oscillations (corresponding to
underdamping). The damped oscillation is experimentally
indicated by the overshoot of the temporal shape down to
negative values. Before the photon emission, there are
already nonzero values from around �50 ns, showing
preleakage. In Fig. 2(b), the quadrature samples and their
histogram corresponding to the envelope function c ðtÞ are
presented. There is a dip at the center of the histogram,
which is a characteristic of a single-photon state [22,23].
By performing maximum-likelihood estimation on the
quadrature distribution [40], we obtain theWigner function
[Fig. 2(c)] and the photon-number distribution [Fig. 2(d)],
where a dip with a negative value of�0:054 for theWigner
function occurs at the phase-space origin as a result of a

58:2% fraction for the single-photon component. Among a
total of about 40% photon losses, those coming from the
shutter cavity are estimated to be about 15%.
Next, we look at the other panels to see whether the

photon wave packet alters its shape and position for longer
storages. As shown in Fig. 2(a), the emission times are
correctly shifted. However, the shape of the wave packet is
independent of the storage time, except for the preleakage.
These facts together indicate the success of our demonstra-
tion. The single-photon components are estimated as 54:6%,
53:1%, and 49:7%, for 100, 200, and 300 ns, respectively.
Although longer storage renders the Wigner function posi-
tive, the single photons may still be useful, depending on
applications, owing to small multiphoton components [41].
All our results are combined in Fig. 3 for an easy com-

parison between the envelope function c ðtÞ [Fig. 3(a)], its
absolute square jc ðtÞj2 [Fig. 3(b)], and the single-photon
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component [Fig. 3(c)]. The probability density for the pres-
ence of a photon at time t is proportional to the absolute
square jc ðtÞj2. From Fig. 3(b), we can infer that the con-
tribution of the preleakage is very small. The lifetime of the
photon storage is of the order of 1 �s, as can be seen from
the fitting curve in Fig. 3(c), which is comparable with the
lifetimes of some ensemble memories [29]. In principle,
this lifetime can be further extended by decreasing the
intracavity losses. In the following, wewill now summarize
our experimental methods.

A. Procedure

Our setup is shown in Fig. 1. The source laser is a
continuous-wave Ti:sapphire laser with a wavelength of
860 nm. A part of the laser output is frequency doubled to
430 nm, which is used as a pump beam for the NOPO. Two
longitudinal modes of the NOPO at 860 nm, separated by a
free spectrum range (FSR), are used as the signal and idler.
A single longitudinal mode (idler) is selected by filter cav-
ities, and a photon detection projects the twin mode (signal)
onto a single-photon state. After some predetermined

waiting time, a high voltage of 721 V is applied to the
EOM to release the signal photon. It is experimentally
essential to avoid above-threshold oscillation at the unused
longitudinal modes of the NOPO. The photon-generation
rate is about 300 per second with a NOPO pumping power
of 3 mW. We want to emphasize that there is a lot of
potential for increasing this rate by optimizing the experi-
mental elements such as the filter cavities. The power of
the optical local oscillator (LO) is 18 mW, which produces
an optical shot noise about 20 dB above the detector’s
electronic noise.

B. Cavity configuration

The bow-tie-shaped MC contains a periodically poled
KTiOPO4 (PPKTP) crystal as a nonlinear medium to
operate as a NOPO; it has a round-trip length of 1.4 m
(corresponding to the FSR of 2:2� 102 MHz), where the
round-trip optical loss is 0:2%–0:3%. These values deter-
mine the photon lifetime. The SC contains a RbTiOPO4

(RTP) EOM for the resonant-frequency shift; it has a round-
trip length of 0.7 m, where the round-trip optical loss is 3%.
The coupler reflectivity between theMC and the SC is 97%,
while that between the SC and the external field is 83%.

C. Verification

While the homodyne detection is a phase-sensitive mea-
surement, the single-photon state is a phase-insensitive
state. This phase insensitivity is confirmed by the invari-
ance of the quadrature distribution with the scanned and
unscanned phases of the local oscillator. Note that even if
there was some phase sensitivity in the released photonic
states, becoming manifest in the off-diagonal elements of
the photon-number-basis density matrix, it could basically
be removed by randomizing the phase of the released wave
packets. The photon envelope c ðtÞ is determined by the
principal-component analysis [37,39]. Each quadrature
sample is obtained by a weighted integral of the continuous
homodyne data xðtÞ as

R
xðtÞc ðtÞdt. We assume phase

insensitivity when the maximum-likelihood estimation is
performed on the quadrature distribution to obtain the
photon-number distribution [40]. When we replace the
idler beam by an uncorrelated light beam before the photon
detection, the observed signal state is almost a zero-photon
state, which ensures that the original signal field is indeed
conditionally obtained via the idler detection.
Further information on the experimental methods can be

found in the Supplemental Material [37].

IV. CONCLUSION AND DISCUSSION

In conclusion, we proposed and experimentally demon-
strated the insertion of a quickly tunable cavity at the exit
of a NOPO, effectively serving as a kind of quantum mem-
ory. After a heralded creation, storage, and on-demand
release of single photons with this system, the output states
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FIG. 3. Experimental dependencies on the storage time.
(a) Estimated wave-packet envelopes of the released photons.
The storage times are 0, 100, 200, and 300 ns, in addition to the
intrinsic 150 ns. (b) Absolute square of the envelopes in (a),
proportional to the photon probability density with respect to
time. (c) Decay of the single-photon component with respect to
the storage time, including the intrinsic delay of 150 ns. The red
curves represent the experimental values of 58:2%, 54:6%,
53:1%, and 49:7%, with error bars of �0:5%. The error is
roughly estimated by the bootstrap method [46]. The blue,
exponential fitting curve PðtÞ ¼ Pð0Þ expð�t=�Þ, where Pð0Þ ¼
62:6% and � ¼ 1:98 �s.
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exhibited strong nonclassicality, as became manifest
through their negative Wigner functions. Our device works
at normal temperature and pressure. In order to function as
an on-demand single-photon source, the gap between the
photon production rate and the storage time in our system
would have to be closed (about 3–4 orders of magnitude).

Our scheme is compatible with hybrid quantum optical
experiments, where photon and homodyne detections are
employed at the same time, like quantum teleportation
[11,12], quantum-information processing [6,7,42], and en-
tanglement distillation [43,44]. Many advanced quantum
demonstrations are possible with our system in the future,
e.g., the storage and release of multiphoton and/or phase-
sensitive states of light [8–10], the controlled interference
ofmany photons simultaneously released from independent
memories [3,4,38], and the deterministic transfer of arbi-
trary quantum optical states into the memories via uncondi-
tional continuous-variable quantum teleportation [11,12].

In order to meet the requirements on the quantum nodes
for storing quantum information in a standard quantum
repeater (approximately 0:01–1 s for approximately
1000 km, depending on the final fidelities), our all-optical
system would have to be further improved, since memory
times of 0:1–1 �s appear to be insufficient for long-
distance quantum communication. Although an increase
in lifetime up to the order of seconds, like in nuclear-spin
memories, appears unfeasible for our scheme, there is no
fundamental reason that prevents our system from achiev-
ing those lifetimes currently obtainablewith atomic gases at
room temperature or with single electronic spins (approxi-
matelyms), again corresponding to an improvement of 3–4
orders of magnitude compared to the present experimental
demonstration. Experimentally, the most obvious and
promising approach to longer lifetimes would be to use
longer optical cavities while reducing losses. Moreover,
some of the most recent and advanced proposals for imple-
menting a quantum repeater, which include multiplexing
and deterministic quantum error correction, have much
less-demanding quantum-memory requirements [45].
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[44] J. Fiurášek, Distillation and Purification of Symmetric
Entangled Gaussian States, Phys. Rev. A 82, 042331
(2010).

[45] W. J. Munro, A.M. Stephens, S. J. Devitt, K. A. Harrison,
and K. Nemoto, Quantum Communication without the
Necessity of Quantum Memories, Nat. Photonics 6, 777
(2012).

[46] B. Efron and R. J. Tibshirani, An Introduction to the
Bootstrap (Chapman and Hall, New York, 1994).

CREATION, STORAGE, AND ON-DEMAND RELEASE OF . . . PHYS. REV. X 3, 041028 (2013)

041028-7

http://dx.doi.org/10.1103/PhysRevLett.87.050402
http://dx.doi.org/10.1103/PhysRevLett.87.050402
http://dx.doi.org/10.1364/OE.15.007940
http://dx.doi.org/10.1088/1367-2630/6/1/163
http://dx.doi.org/10.1140/epjd/e2010-00103-y
http://dx.doi.org/10.1038/nature04327
http://dx.doi.org/10.1038/nature04315
http://dx.doi.org/10.1038/nature09997
http://dx.doi.org/10.1038/nature09081
http://dx.doi.org/10.1038/nature09081
http://dx.doi.org/10.1038/nphoton.2009.231
http://dx.doi.org/10.1103/PhysRevA.66.042303
http://dx.doi.org/10.1038/nphys600
http://dx.doi.org/10.1038/nphys600
http://dx.doi.org/10.1038/nmat1994
http://dx.doi.org/10.1364/OE.18.003014
http://dx.doi.org/10.1364/OE.18.003014
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1103/RevModPhys.83.33
http://link.aps.org/supplemental/10.1103/PhysRevX.3.041028
http://link.aps.org/supplemental/10.1103/PhysRevX.3.041028
http://dx.doi.org/10.1103/PhysRevLett.103.053601
http://dx.doi.org/10.1103/PhysRevLett.103.053601
http://dx.doi.org/10.1002/wics.101
http://dx.doi.org/10.1103/PhysRevA.57.5013
http://dx.doi.org/10.1103/PhysRevA.57.5013
http://dx.doi.org/10.1103/PhysRevLett.106.200401
http://arXiv.org/abs/1209.2804
http://dx.doi.org/10.1038/nphoton.2010.1
http://dx.doi.org/10.1103/PhysRevA.82.042331
http://dx.doi.org/10.1103/PhysRevA.82.042331
http://dx.doi.org/10.1038/nphoton.2012.243
http://dx.doi.org/10.1038/nphoton.2012.243

