PHYSICAL REVIEW LETTERS 131, 040601 (2023)

Time-Domain Universal Linear-Optical Operations for
Universal Quantum Information Processing

Kazuma Yonezu®, Yutaro Enomoto®, Takato Yoshida®, and Shuntaro Takeda :
Department of Applied Physics, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

® (Received 27 December 2022; accepted 23 June 2023; published 25 July 2023)

We demonstrate universal and programmable three-mode linear-optical operations in the time domain by
realizing a scalable dual-loop optical circuit suitable for universal quantum information processing (QIP).
The programmability, validity, and deterministic operation of our circuit are demonstrated by performing
nine different three-mode operations on squeezed-state pulses, fully characterizing the outputs with
variable measurements, and confirming their entanglement. Our circuit can be scaled up just by making the
outer loop longer and also extended to universal quantum computers by incorporating feed forward

systems. Thus, our work paves the way to large-scale universal optical QIP.
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Optics has been crucial in implementing various quantum
information processing (QIP), such as quantum computing
[1,2], quantum networking [3], and quantum simulation [4].
A core technology for universal optical QIP in both qubits
and continuous variables is linear-optical operations, which
linearly transform creation operators of photons [5]. Such
operations are implementable only with linear optics and can
create entanglement between optical modes [6], thereby
providing core processing functions. These functions realize
universal QIP, namely, an arbitrary unitary operation for
either continuous-variable or qubit schemes, when com-
bined with appropriate quantum light sources, detectors, and
feed forward systems [1,2]. Even without the feed forward,
linear-optical operations allow for implementing nonuni-
versal QIP, such as boson sampling [7,8] and quantum
walk [9,10].

Much effort has been devoted to scaling up universal
linear-optical operations toward large-scale universal quan-
tum processors. Thus far, universal linear-optical opera-
tions have been implemented up to 20 modes by developing
multimode linear interferometers on programmable pho-
tonic chips [11-14]. In such implementations, one optical
path represents one mode, and spatial arrays of phase
shifters (PSs) and beam splitters (BSs) perform the desired
operations. In this path encoding, increasing the number of
modes requires quadratically growing numbers of BSs and
PSs. This makes the interferometer larger and makes the
stabilization, calibration, and control of all the interfero-
metric points more difficult, possibly limiting scalability.

A more scalable option to realize large-scale linear-
optical operations is to use temporal encoding, where a
large number of modes can be defined as sequential optical
pulses on a single optical path [2]. High scalability of
the temporal encoding has already been shown in recent
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optical demonstrations of quantum supremacy [15], scal-
able entanglement generation [16—-19], and multimode
multistep quantum gates [20-22]. The temporal encoding
is also advantageous for scaling up universal linear-optical
operations by adopting a dual-loop optical circuit proposed
in Ref. [23]. Moreover, such a dual-loop architecture is
extendable to universal QIP by appropriately incorporating
feed forward systems [24,25]. Thus far, such architectures
have been partly adopted to scale up specific nonuniversal
QIP tasks, such as boson sampling [8] and quantum walk
[10]. However, these experiments were designed for
specific sampling tasks and are insufficient for universal
QIP. More specifically, the linear-optical operations in these
experiments were not universal due to the lack of complete
dynamic controllability of the loops. Moreover, the loops
were not phase stabilized, eliminating the coherence
between optical pulses inside and outside the loops. In
addition, these experiments only postselect the output to
evaluate the sampling tasks and did not confirm the
deterministic operation of even the most basic function
(e.g., entanglement generation) of the linear-optical oper-
ations for universal QIP.

Here, we demonstrate universal and programmable
three-mode linear-optical operations in the time domain
by realizing a scalable dual-loop optical circuit suitable for
universal QIP. Our dual-loop circuit achieves universal
linear-optical operations by completing all the function-
alities in the original proposal [23], including a variable
beam splitter (VBS), a variable phase shifter (VPS), and
fully phase-stabilized dual loops. We evaluate the perfor-
mance of our circuit by using a squeezed light source and a
homodyne detector with a programmable measurement
basis. The programmability, validity, and deterministic
operation of our circuit are demonstrated by performing
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Dual-loop circuit for universal linear-optical operations in the temporal encoding. (a) Conceptual schematic. (b) Experimental

setup. See text for details. OPO, optical parametric oscillator; PBS, polarizing beam splitter; QWP, quarter-wave plate; EOM, electro-

optic modulator; LO, local oscillator.

nine different three-mode operations on squeezed-state
pulses, fully characterizing their output states via homo-
dyne detection, and confirming their entanglement. These
results together show the applicability of our circuit to
arbitrary input states in both qubit and continuous-variable
regimes, leading to universal QIP. In fact, the extension of
our circuit to a universal quantum processor is straightfor-
wardly possible by incorporating the feed forward system
already realized in the previous work [22]. Note that our
circuit is designed for various QIP and can process
externally injected input states and export the output states;
the previously demonstrated one-way quantum computing
circuit [21] was designed for computational purposes and
internally prepared input states and returned only calcu-
lation results instead of output quantum states. Further-
more, our dual-loop circuit can be straightforwardly scaled
up just by making the outer loop longer and storing more
modes in the loop. Thus, our work paves the way to large-
scale universal QIP in the time domain.

Working principle of the dual-loop circuit—In the
typical path encoding, universal N-mode linear-optical ope-
rations can be performed by spatial arrays of BSs and PSs
[26]. In the temporal encoding, the same operations can be
done by the dual-loop circuit in Fig. 1(a) [23]. The working
principle of the dual-loop circuit is as follows. First, N

(a)

sequential pulsed optical modes with time interval 7 are
injected and stored in the dual-loop circuit via optical
switches (switches 1, 2). Here, N — 1 modes are stored in
the outer loop whose round-trip time is (N — 1)z, while the
remaining mode is stored in the inner loop whose round-
trip time is 7. The inner loop includes a VBS with
transmissivity 7'(¢) and a VPS with phase 6(f), where ¢
denotes time. This inner loop repeatedly performs two-
mode BS interactions between the pulsed modes in the
inner and outer loops while dynamically changing 7'(¢) and
0(t) for each pulse. It can be shown that such operations
enable an arbitrary linear-optical operation between the N
modes [27]. After the desired operations, switch 2 sequen-
tially exports the output modes. This dual-loop circuit is
highly scalable since it can process an arbitrary number of
modes with a constant number of optical components, just
by making the outer loop appropriately long. Furthermore,
operations are fully programmable since they are deter-
mined by the electric control sequence of 7(¢) and 6(¢).
Figure 2 exemplifies a more concrete sequence to
perform an arbitrary linear-optical operation for N =3
modes, which we adopt in our experiment. Figure 2(a)
illustrates one of the possible configurations to perform an
arbitrary three-mode linear-optical operation in the path
encoding. The same operation can be done in the dual-loop
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FIG. 2. Dynamics of the dual-loop circuit for universal three-mode linear-optical operations. (a) One of the possible configurations to
perform universal three-mode linear-optical operations in the path encoding. The sides of the BSs that invert the phase of the reflected
modes are colored light blue. A phase shift of 180° is added to make the circuit completely equivalent to our dual-loop circuit [27].
(b)-(e) Dynamics of the dual-loop circuit to perform universal three-mode operations in the temporal encoding. Subsequently, the
transmissivity of the VBS is kept at 1 and the VPS adds phase shift 6,, 85, and 6, to each mode. (f) Temporal control sequence for the

dual-loop circuit.
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circuit as shown in Figs. 2(b)-2(e) based on the control
sequence in Fig. 2(f). A more general procedure to per-
form N-mode linear-optical operations is shown in the
Supplemental Material [27].

Experimental setup.—We develop the dual-loop circuit
with N = 3 that can perform universal and programmable
three-mode linear-optical quantum operations, as shown in
Fig. 1(b) [27]. Our setup achieves all the functionalities in
the original proposal of the dual-loop circuit [23]. In our
setup, we choose the time interval of 7 = 66 ns and the

corresponding inner and outer loop lengths of 19.8 m (7)
and 39.6 m [(N — 1)z], respectively. Both the inner and
outer loops are phase locked. Two switches, one VPS and
one VBS, are incorporated in the loops and synchronously
controlled every 7 = 66 ns. The adjustable range of VPS
phase shift and VBS transmissivity covers the entire range
required for universality from O to 2z and from O to 1,
respectively. To evaluate the performance of the operations
in the dual-loop circuit, three-mode squeezed-state pulses
are injected and each output pulse is measured by a
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Representative results of three-mode linear operations in the dual-loop circuit: (a) operation 1, (b) operation 3-i, (¢) operation 4-i.

) denotes the mean value and & = (37, pi, &3, 3. &3, p3)"-

The vacuum variance is setto 1 (7 = 2). Note that the phase-inverting side of one of the three BSs is flipped in (c), since the phase-inverting
side of the VBS is flipped when T < 0.5 [17]. See text for details of each column.

040601-3



PHYSICAL REVIEW LETTERS 131, 040601 (2023)

homodyne detector (HD) with a variable measurement
basis & cos ¢(t) + p sin (), where & and p are the quad-
rature operators of the light field and ¢ is called a
homodyne angle. Our control sequence is based on
Figs. 2(b)-2(f), but the final unimportant local phase shifts
(64,05,0) in the VPS are omitted and equivalently
performed by shifting the measurement bases at the HD.
This reduces the number of round-trips of optical pulses in
the loops and thus minimizes the optical loss during the
operations.

Experimental results.—As a demonstration of program-
mable multimode linear-optical operations in the time
domain, we perform nine different three-mode operations
on the input p-squeezed-state pulses using our dual-loop
circuit. It is known that appropriate linear operations can
transform such squeezed states into various multimode
continuous-variable entangled states [6,17]. Thus, our
overall system can also be regarded as a general multimode
continuous-variable photonic entanglement synthesizer
[17]. We mainly adopt such operations for the demonstra-
tion and quantitatively evaluate the covariance matrices of
the output states to verify the validity of the operations.
Note that the covariance matrices fully characterize the
output states, which are always Gaussian states with zero-
mean quadratures in this experiment. In addition, we
evaluate the degree of entanglement of the generated
entangled states to show that the operations are performed
in the quantum regime.

As shown in Fig. 2, three-mode linear operations are
composed of three two-mode BS interactions. First, we run

our dual-loop circuit in the simplest setting, where all these
BS interactions are switched off by always setting the VBS
transmissivity to 1 (operation 1). The equivalent circuit in
the path encoding is shown in the left panel of Fig. 3(a).
This operation only rearranges the order of the input modes
and thus each output mode becomes a p-squeezed state.
The experimental output covariance matrix is shown in the
middle panel of Fig. 3(a). As expected, it shows (anti)
squeezed variances in the p (x) quadratures for all modes,
while not showing correlation between these modes. The
theoretical covariance matrix including estimated optical
losses [27] is also plotted in the right panel of Fig. 3(a),
which reasonably well agrees with the experimental one.
As can be seen from the covariance matrix, the output
modes are slightly asymmetric. This is because, in our
sequence, the squeezed state coming to mode 1 suffers from
an extra round-trip loss in the outer loop compared to the
other modes.

Next, we perform three-mode linear-optical operations
that generate various continuous-variable entangled states.
In particular, we choose eight different operations and
generate four types of entangled states: Einstein-Podolsky-
Rosen (EPR) states [28] generated by switching on one
BS interaction (operations 2-i, ii, iii), Greenberger-Horne-
Zeilinger (GHZ) states [29] generated by switching on two
BS interactions (operations 3-i, ii, iii), and two shapes of
cluster states [30] generated by switching on all three BS
interactions (operations 4-i, ii). Figures 3(b) and 3(c) are the
representative results for operations 3 and 4, showing the
equivalent path-encoding circuits and the output covariance

TABLE I. Fidelities and inseparability parameters for the output modes of various three-mode linear operations. See text for details.
Operation Output state Fidelity (I) Fidelity (II) Inseparability parameter
1 Individual squeezed vacuum ~ 0.992+£0.002  0.949 £ 0.003
states (1, 2, and 3)
2-i EPR state (1 and 3), 0.958 £0.007  0.894 £0.006  ([A(X — &35)]%) + ([A(P; + p3)]?) = 2.38 £ 0.05
Squeezed vacuum state 2)
2-ii EPR state (2 and 3), 0.966 +0.008  0.907 £0.008  ([A(%5 — &3)]?) + ([A(P5 + p3)]?) = 2.09 £0.03
squeezed vacuum state (1)
2-iii EPR state (1 and 2), 0.965+£0.004  0.896 £0.005  ([A(R; — &5)]?) + ([A(P7 + P3)]?) = 2.56 +0.03
squeezed vacuum state (3)
3-i GHZ state (1, 2, and 3) 0.947 £0.012  0.896 £0.009  ([A(R7 — &5)]2) + ([A(D; + P35 + P3)]?) = 2.91 £0.06
([A(R5 = %5)]%) + ([A(p7 + P + p3)]?) = 2.89 +£0.06
3-ii GHZ state (1, 2, and 3) 0.896 +0.007  0.816 £0.006  ([A(R7 — &5)]?) + ([A(D7 + P35 + P3)]?) = 3.39 £0.04
([A(%; = %5)]%) + ([A(p7 + P + p3)]?) = 3.09£0.04
3-iii GHZ state (1, 2, and 3) 0.888 +£0.008  0.826 +0.007  ([A(&7 — &5)]?) + ([A(P7 + ps + P35)]*) = 3.29 +0.05
([A(%s = %3)P) + ([A(P1 + b3 + P3)]?) = 3.24 £0.07
4-i Triangle cluster state 0.909 £0.019  0.863+0.015  ([A(p1 — &5 — 23)]*) + ([A(p5 — &1 — 25)]?) = 3.21 £0.05
(1,2, and 3) ([A(Ps = 31 = 35)]%) + ([A(P3 — 21 — %3)]?) = 3.80 £ 0.04
4-ii Linear cluster state 0.976 £0.007  0.920+0.008  ([A(p1 — %3)]?) + ([A(P; — 21 — &5)]*) = 2.77 £0.05
(1, 2, and 3) ([A(ps — %3)) + ([A(P3 — &1 — %3)]%) =2.75+0.04
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matrices. As opposed to operation 1, the experimental
covariance matrices show nonzero off-diagonal elements
for all cases, which implies that some of the modes are
entangled. In addition, the experimental covariance matri-
ces agree well with the theoretical ones, demonstrating that
the dual-loop circuit performs the three-mode operations as
expected. The covariance matrices of all the other oper-
ations are summarized in the Supplemental Material [27].

Finally, we quantitatively evaluate the performance of all
the above nine operations. We calculate and summarize the
fidelities [fidelity (I)] between the experimental output
quantum states and the theoretical ones including losses
in Table I. All the operations show reasonably high
fidelities of ~0.9 or above. The deviations between the
experimental and theoretical results can be attributed to the
unwanted phase drift or fluctuation in the loops, as well as
the deviation between the estimated losses and the actual
ones. Note that the fidelities [fidelity (II)] between the
experimental output states and ideal theoretical ones with-
out including loop losses are also summarized in Table I.
We also assess inseparability parameters for the generated
entangled states to quantify the degree of entanglement. For
all the cases except for operation 1, the sufficient condition
for full inseparability is that the inseparability parameter is
below 4 (7 =2) [31]. As summarized in Table I, all the
measured inseparability parameters satisfy this condition,
indicating that all these operations are properly performed
in the quantum regime. Here the inseparability parameters
are slightly worse than the corresponding values in our
previous single-loop experiment [17], due to the additional
loss introduced by the extra round-trip in the outer loop.
Note that all these operations in our dual-loop circuit are
performed without any changes to the hardware configu-
ration. Thus, these results demonstrate the validity, pro-
grammability, and deterministic operation of our dual-loop
circuit that is universal for three-mode linear-optical
operations.

Discussion.—In conclusion, we developed a scalable
dual-loop circuit with complete dynamic controllability to
perform universal three-mode linear-optical operations in
the time domain. We showed its applicability to universal
QIP in the continuous-variable regime. Furthermore, since
our circuit can deal with any input state including qubits, it
is also applicable to the qubit regime. The number of
processable modes can be scaled up by several orders of
magnitude, either by using a kilometer-long optical fiber
for a stable and longer outer loop with comparable losses or
by using broader-bandwidth light sources and electronics to
shorten the time interval of pulses [2]. Furthermore, our
dual-loop circuit can be integrated with other quantum light
sources pumped by either continuous-wave or pulsed
lasers. This work is extendable to loop-based universal
optical quantum computers by incorporating feed forward
systems [24,25], and it is thus a crucial step toward large-
scale universal optical QIP.

The authors thank Akira Furusawa for providing
space for the experiment. This work was partly supported
by JSPS KAKENHI Grants No. 20HO01833 and
No. 21K18593, MEXT Leading Initiative for Excellent
Young Researchers, Toray Science Foundation (19-6006),
and the Canon Foundation.

Note added.—We have recently become aware of a work
[32] in which a loop circuit with a different configuration
performed universal linear-optical operations in the time
domain. However, in the same way as the previous works
[8,10], this work was designed for a specific nonuniversal
task (Gaussian boson sampling) and sampled the output at a
fixed measurement basis without characterizing the oper-
ations themselves.
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