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Phase Locking between Two All-Optical Quantum Memories
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Optical approaches to quantum computation require the creation of multimode photonic quantum states
in a controlled fashion. Here we experimentally demonstrate phase locking of two all-optical quantum
memories, based on a concatenated cavity system with phase reference beams, for the time-controlled
release of two-mode entangled single-photon states. The release time for each mode can be independently
determined. The generated states are characterized by two-mode optical homodyne tomography.
Entanglement and nonclassicality are preserved for release-time differences up to 400 ns, confirmed
by logarithmic negativities and Wigner-function negativities, respectively.
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Optical quantum information processing based on con-
tinuous variables, where quantum information is encoded
in traveling electromagnetic field modes, is one of the
most promising approaches to efficient, practical quantum
computation [1]. In particular, the generation of scal-
able continuous-variable cluster states (CVCSs)—highly
entangled multimode Gaussian states—was demonstrated
recently in a time-domain multiplexing scheme [2-5].
Moreover, an experiment was recently reported in which
100 Gaussian gate operations were executed via such a
temporal resource state at a high clock rate [6]. The
remaining challenge toward universal fault-tolerant quan-
tum computation including quantum error correction is to
incorporate non-Gaussian states into the time-multiplexed
CVCS. A promising implementation for fault-tolerant
universal quantum computation has been proposed [7],
where non-Gaussian quantum states, such as cubic-phase
states [8] and Gottesman-Kitaev-Preskill states [9], are
injected into the time-multiplexed CVCS. However, the
bottleneck here is that currently such non-Gaussian states
can be only probabilistically generated in a heralding
fashion. As a possible remedy, optical quantum-state
sources with phase-locked quantum memories can be
employed to temporarily store and eventually release the
optical wave packets (WPs) at appropriate times (¢4, 5, ...),
as illustrated in Fig. 1.

Although storage of a single-photon state, which is one
of the fundamental nonclassical states of light, has already
been demonstrated in various ways [10-13] and some of
these schemes can be exploited as an on-demand quantum-
state resource [12,13], the state verification is typically
done by coincidence measurements in these experiments.
Only in recent years, nonclassical optical states were kept
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in a quantum memory to an extent that allowed one to
preserve the negative values of the states’ Wigner functions
[14-17]. Here the negativity of the Wigner function
determined by homodyne tomography indicates strong
nonclassicality, which, however, is easily degraded by loss
or phase fluctuations. Most notably, a novel all-optical
concatenated cavity system (CCS) composed of a memory
and a shutter cavity may serve as an elementary tool,
especially for CVCS-based universal quantum computa-
tion, because of the system’s low-loss configuration for
various wavelength regimes. A single CCS was shown to
store a nonclassical single-photon state, preserving its
Wigner-function negativity [16]. Subsequently, two
CCSs were utilized in order to synchronize the release
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FIG. 1. Possible concept for fault-tolerant universal quantum
computation based on a time-multiplexed CVCS as proposed in
Ref. [7], where the WPs of Gaussian states are entangled with
each other. In this figure, the lines between WPs denote
entanglement links. WPs of quantum states of light, which are
generated by phase-locked nonclassical, non-Gaussian state
sources, are injected into the CVCS in a controlled fashion at
certain times ¢t = t{,1,, ....
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of two single photons and to create an entangled Hong-
Ou-Mandel state verified by full homodyne tomography
[18]. More recently, the CCS was extended to store and
release a non-Gaussian, phase-sensitive, single-mode
superposition state by introducing phase probe beams into
the CCS [17]. The ultimate next step toward applications
such as CVCS quantum computing is now to synchronize
multiple phase-sensitive memories by introducing a phase-
locking mechanism between them and to release the stored
WPs independently in a time-controlled fashion.

Here, we demonstrate phase locking between two timing
controllable phase-sensitive memories. This enables us to
release, in a controlled fashion, single-photon two-mode
entangled states created inside the memories by a heralding
mechanism. More specifically, we create quasi-on-demand
optical quantum states such as a|0)|1), + Be®®|1),]0),,
where «, #,0 € R, |n) represents an n-photon state (here
n =0, 1), and the subscripts 1 and 2 denote mode numbers.
The system can tailor the parameters (a, f, 0), in principle,
arbitrarily and it can independently control the release
times (¢, t,) for the two optical modes. Here in the main
text, we focus on the simplest symmetric § = 0 case,
(a,p,0) = (l/ﬂ, 1//2, 0), for which we confirmed that
the two modes maintain their quantum coherence and
nonclassicality during storage times of up to 400 ns.
Some additional experimental results with a different
choice of parameters for the released two-mode quantum
states such as (1/\/§, \/2/3,7), (1/\/5, 1/v2, z), and
(1/v/2,1/+/2,57/6), including different emission timings,
are presented in the Supplemental Material [19]. The phase-
controlled synchronization among multimode quantum
systems as demonstrated here can be directly utilized for
fault-tolerant large-scale quantum computation with
CVCSs as proposed in Ref. [7]. In our experiment, the
two-mode states have fixed photon number one, similar to a
one-photon two-mode qubit state (so-called dual-rail
qubit). In other words, our experiment can be probably
considered the first all-optical demonstration for a quasi-
on-demand generation of an arbitrary dual-rail qubit. Note
that similar demonstrations were made before based on
solid-state and atom quantum memories [22,23]. However,
we stress that this particular manifestation of our Letter
highlights only a narrow aspect of our system, which can be
more generally applied to higher photon and mode numbers
as required in CVCS quantum computation. As for higher
photon numbers, it is already theoretically known that we
can directly generate arbitrary two-mode states with a fixed
photon number, >N ¢, y_,|n){|N — n),, where ¢;; € C
[24]. This corresponds to encoding a single spin of arbitrary
size into two optical field modes [25]. The resulting larger
Hilbert spaces may then also contain bosonic error cor-
rection codes, for example, a(|4);]0), +[0),|4),)/v2 +
B|2),]2), adapted for protection against photon loss [26].
By adding more photons or modes, NOON states for
quantum-enhanced metrology [27,28] or again for quantum

error correction [29] may be producible in a controlled way.
To our knowledge, this is the first demonstration of
phase-locking multimode optical quantum systems with
time-controlled memories, verified by two-mode optical
homodyne tomography.

Let us explain how to generate the two-mode quantum
states @|0),]1), + pe®|1),]0), by means of two nondegen-
erate optical parametric oscillators (NOPOs), linear optics,
and single-photon detection. The (unnormalized) initial
four-mode state |yiiia) generated from the two NOPOs
can be written as

(s8] [s]
[Winitial) = Z qi'ln)s Ini);, ® Z gy’ |na) g lna);. (1)
n;=0

n,=0

where s, i represent “signal” and “idler” modes, and ¢, ,
include the pump amplitudes for the NOPOs. The idler
modes from the two NOPOs are combined at a beam
splitter. When a single photon is detected at one of the
outputs of the BS, the signal fields are projected onto a two-
mode entangled state |y),

i <0|,-2 (1 |0i1,i2 (18> Bs) [Winitia1)
= tgsq2|0), 1), + resqi|1)s,10)s,
x a|0), [1),, + pe?(1),10),, = |y), (2)

where 01‘,.1'2(1135’ rgs) is a BS operator acting on modes i,
and i,. The parameters tgg,rgs € C are transmission
and reflection coefficients of the BS, respectively, satisfy-
ing |tgs|> + |rgs|* = 1. Finally, the parameters (a,f,0)
in Eq. (2) are determined by tgg5, rgs, and gq,.
Note that the state projection via single-photon detection
at one output port of the BS is expressed by
i, (0], (1 1% i1.i,(tBs, rps) under a weak-pumping condition
(|g12] < 1), while the detector employed in the experiment
was an avalanche photodiode (APD). This method can be
extended to the generation of two-mode states with higher
photon numbers [24]. Note that, in the following, we omit
the subscripts for simplicity.

Figure 2 shows how to combine the above heralding
method with the CCSs and how to control the release
times of the two-mode-state WPs. Nondegenerate para-
metric down-conversion occurs inside each memory cavity
(memory 1, 2). The shutters in the CCSs are concatenated
shutter cavities (SCs) transmitting either the signal or
the idler for suitably tuned resonance frequencies. At the
beginning, the SCs are only open for the idlers, thus the
signals are stored in each memory [Fig. 2(a)]. The emitted
idlers are combined at the BS with phase §. When an idler
photon is detected, the resulting state |y) emerges in the
memory cavities [Fig. 2(b)]. Each shutter is opened after
appropriate waiting times (#,,7,) by shifting each SC’s
resonance frequency correspondingly; then the signal WPs
are released independently [Fig. 2(c)]. Because the two
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FIG. 2. Conceptual diagram of release timing control by two quantum memories. (a) Generation of entanglement between signal (red)
and idler (orange) modes in each memory cavity [Eq. (1)]. Only the idler modes are released. (b) Idler detection and projection [Eq. (2)].
Arbitrary entangled states can be generated by tuning the beam splitting ratio (gs, rgs) and the phase between two phase references from
each memory (0). (c) Quasi-on-demand release of the entangled state by opening the shutters for the signal modes independently (¢, #,).

memories are phase locked via the idler probe beams, the
output two-mode state can keep its phase relation, although
the releases of the two WPs will typically happen at
different times.

The experimental apparatus is illustrated in Fig. 3 and
further details can be found in the Supplemental Material
[19]. We select the signal and the idler fields to be separated
in frequency by the free spectral range (FSR) of the
memory cavities, which corresponds to 214 MHz (or
0.5-pm wavelength difference). In order to separate the
signal and the idler fields, which are collinearly emitted
from the same output coupler of each SC, frequency
separating cavities are employed. Then, the idler modes
are combined at a BS for setting the superposition para-
meters (a, #, 8). The average power in each probe beam is
approximately 2 mW. One of the BS output fields is guided
toward an APD through cascaded filtering cavities to

eliminate unwanted light. The probe beams for the idler
and the signal are injected into the memory cavities, while
the optical frequency of the idler probe is up-shifted
with the corresponding acousto-optic frequency shifter
(AOFS-2) by 214 MHz, which corresponds to the FSR
of the memory cavity. To probe the phase of the signal and
the idler fields in the CCSs, the phase relation among the
pump, signal probe, and idler probe beams are locked via
phase-sensitive parametric amplification. These probe
beams are used for phase locking the idler beams at the
BS and for the signal-homodyne measurements. The probe
beams are essential for the phase-sensitive memories, but
they should be absent during storage and release of the
signal quantum states, because strong probe beams would
disturb the heralding and homodyne signals. Optical
switches based on acousto-optic modulators (AOS 1, 2)
with periods of 200 us are used as a beam chopper. More
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FIG. 3.

Experimental apparatus. The light source is a 860 nm continuous-wave (cw) Ti:Sapphire laser. Red and orange lines stand for

the signal and idler beams, respectively. Blue lines represent the pump beams. Black lines stand for electric signals. Memory, memory
cavity based on NOPO with a cavity length of 1.4m; SC, shutter cavity with a length of 0.7m; SHG, second harmonic generation to
generate the pump beams (430 nm); PPKTP, periodically poled KTiOPO, crystal (type-0); AOFSs, acousto-optic frequency shifters;
AOSs, acousto-optic switches; BS, beam splitter for setting superposition parameters (a, f3).
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details on the measurement sequence can be found in [19].
As long as the probe beams are on, the system locks the
cavities and the phase relations. Storage and release of the
quantum states as well as homodyne measurements are
done when the probe beams are off.

In the main text, we refer to a BS with a reflectivity of
50% and a phase § = 0. In the Supplemental Material [19],
we show results with other BSs and we lock to various
phases corresponding to different two-mode quantum
states. In order for each memory’s counts to be the same,
the pump powers into the memory cavities are suitably
adjusted (approximately 2 mW each). The average herald-
ing rate of each CCS was set to 200 counts per second (cps)
and the residual count rate by stray light is at a 10 cps level.
After receiving the heralding signal and predetermined
waiting times (¢, f,), a timing controller based on a field-
programmable gate array sends trigger signals to open the
SCs. Each shutter is opened by applying a high voltage
(900 V) to an electro-optic modulator (EOM), which
corresponds to a resonance frequency shift of 214 MHz.
The opening duration of each shutter is set to be 500 ns,
which is sufficiently longer than the WP size. The released
signal fields are measured by two optical homodyne
detectors. Note that the resonance frequency of the memory
cavities is detuned (300 kHz) from the frequency of the
local oscillator (LO) beams to suppress the occurrence of
unwanted photons stored by the memory, which is
caused by the scattering of the strong LO beams. This
detuning leads to a rotation of the released quantum states
for t; #1, [19].

We performed balanced optical homodyne measure-
ments for the signal fields around the heralding signals

t,=0ns,t,=400 ns
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Il 1 Il
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o
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o
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(b) E(pag) = 040

at various LOs’ phases ¢, ¢,, where 3000 pairs of wave-
forms for each of 49 homodyne bases (¢;,p,) were
acquired by an oscilloscope. The LOs’ phases were
stabilized via the heterodyne beat notes between the signal
probe and the LO beams.

In a preliminary experiment, the envelopes of the signal
WPs for the single-photon states were determined by
homodyne measurements [16,20,21]. The envelopes of
the released WP amplitudes for different emission times
are shown in Fig. 4(a). The emission times are correctly
shifted and the shape of the envelopes is independent of the
storage times. The idler-photon detection event corre-
sponds to O ns [Fig. 2(b)]. The occurring gap of about
40 ns between t = 0 and the rising edges of the envelopes
when t; = t, = 0 is due to a latency of the electronics. Any
nonzero positive values before the photon emissions
correspond to leakage of the memories, but the contribution
of this leakage can be ignored [16].

As a final result, we stored and released two-mode
entangled states to infer their density matrices. The density
matrices for the WPs in Fig. 4(a) are shown in Fig. 4(b).
The off-diagonal terms |0, 1)(1, 0| and |1,0)(0, 1| indicate
the presence of entanglement. The diagonal and the off-
diagonal terms decrease at the same rate. This means that
the system preserves the phase information even though
small intracavity losses degrade the quantum states during
their storage. Figures 4(a) and 4(b) give evidence that the
CCSs are indeed sufficiently phase locked and that the
memories release entangled states in the various target WPs
preserving their phase relations. The storage times are
1.42 pus (CCS 1) and 1.29 us (CCS 2). The logarithmic
negativities E(p4p) = log, Hf’iﬁ” are calculated and
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FIG. 4. Experimental results. (a) Experimentally determined envelopes of the released WP amplitudes from CCS-1 (red traces) and
CCS-2 (blue traces). The idler-photon detection event corresponds to O ns. (b) Absolute values of density matrix elements with
experimentally determined logarithmic negativities. (¢) Calculated cross sections of the Wigner function W(X, P, X, P) with the values
at the origin. The emission times (¢, #,) are (0, 0), (0, 400), (200, 200), and (400, 400) ns from the left to the right columns.
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presented in Fig. 4(b) to confirm the entanglement [30-32],
where || -|| and -7# represent the trace norm and partial
transpose, respectively. Here, the calculation of the loga-
rithmic negativity is done in the renormalized subspace
spanned by {|0,0),]0,1),[1,0),|1,1)} [19]. A nonzero
value of the logarithmic negativity indicates that the state is
entangled, which is still observable in our experiment even
when f#; =1, =400 ns. Two-mode Wigner functions
W(xy, p1, X2, py) are calculated from the density matrices
to confirm that our system is able to preserve strong
nonclassicality. The cross sections W(X, P, X, P) and the
values at the phase-space origin (W,) are shown in
Fig. 4(c). The negative values around the origin indicate
that our CCSs can store and release fragile, nonclassical
states for emission times (0,0),(0,400),(200,200) ns. Even
though the negativities of the Wigner function can be easily
degraded, our system successfully preserves them. The
standard deviations of the phase fluctuation range from 25°
to 30°, which are estimated from the reconstructed density
matrices. Such a relatively large fluctuation can also be
caused by the pump power fluctuation or the phase noise of
the laser and not only by the phase locking. The above
values are considered as upper limits of the actual phase
fluctuations. A detailed discussion on this aspect can be
found in [19].

In conclusion, we experimentally demonstrated the
coherent synchronization and hence the quasi-on-demand
release of two-mode quantum states of light by means of
two time-controlled, all-optical, phase-locked memories.
For practical quantum computation as proposed in Ref. [7],
the storage time must be longer than the inverse of the
generation rate. In this case, this means the required storage
time is on the order of milliseconds, which is a factor of
1000 longer than the value realized in our experiment.
However, multiple CCSs can be synchronized and multi-
plexed based on our proposed method to mitigate this
condition. Also, improving the rate by modifying the CCS
as well as employing photon-number resolving detectors
under a strong pump condition are possible remedies. Via
full control over the phase relation of the two memories, the
release times of the signal modes can be independently
adjusted to keep the entanglement and the nonclassicality
of the optical quantum states. We experimentally prepared a
representative set of single-photon dual-rail qubit states
quasi-on-demand. Our scheme is also directly applicable to
the controlled creation of optical states with more modes
and more photons including logical qubits of bosonic
quantum error correction codes with a fixed photon number
sufficiently exceeding 1. Since the exploitation of optical
quantum states with nonzero photon-number variance
depends, in particular, on the reliable manipulation of their
relative phases, our scheme also provides a fundamental
solution for this broader class of applications. Therefore,
ultimately, it is applicable to optical measurement-based,
fault-tolerant universal quantum information processing.
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