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We present a scheme for linear optical quantum computing using time-bin-encoded qubits in a single
spatial mode. We show methods for single-qubit operations and heralded controlled-phase (CPHASE) gates,
providing a sufficient set of operations for universal quantum computing with the Knill-Laflamme-Milburn
[Nature (London) 409, 46 (2001)] scheme. Our protocol is suited to currently available photonic devices and
ideally allows arbitrary numbers of qubits to be encoded in the same spatial mode, demonstrating the
potential for time-frequency modes to dramatically increase the quantum information capacity of fixed

spatial resources. As a test of our scheme, we demonstrate the first entirely single spatial mode imple-
mentation of a two-qubit quantum gate and show its operation with an average fidelity of 0.84 = 0.07.
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Introduction.—Linear optics provides a promising plat-
form for universal quantum computing [1-3]. Although
logical gates can only be implemented probabilistically,
Knill, Laflamme, and Milburn (KLM) have shown that
they can be rendered deterministic by making use of ancil-
lary resources, measurements, and feed-forward [1].
However, the overhead is large, and this presents one of
the most significant challenges to the scalability of all
proposed linear-optical quantum computing (LOQC)
implementations [2,3]. To date, demonstrations of experi-
mental schemes have mainly adopted spatial degrees of
freedom for the manipulation of quantum states [2-9].
Consequently, scalable implementations of even few-qubit
protocols in LOQC demand many spatial modes and com-
plex routing networks with active switches, necessary to
implement feed-forward [10].

Modern telecommunication suggests a promising alter-
native or complement to spatial schemes in its extensive
use of time-frequency encodings. The same approach for
quantum information and communication protocols natu-
rally provides access to high dimensional Hilbert spaces
[11-13] while maintaining a compact device design, and
can leverage the existing classical communications tech-
nology base. Additionally, time-frequency encodings
benefit from a relative insensitivity to inhomogeneities in
transmission mediums [12,14]. These advantages have
been recognized in works exploring the preparation of
time-frequency entangled states [15-18], including their
use in the violation of Bell inequalities [19,20], quantum
key distribution [21], teleportation [22], and continuous-
variable cluster states [23].

Quantum computing based on time-frequency encoding
has received comparatively little attention, but has become
increasingly feasible with the advent of fast switchable
integrated phase controllers [24,25]. This was highlighted
by a recent classical simulation of a quantum random walk
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based on a time-bin encoding and fast polarization switch-
ing [26]. Previous studies have explored unitary operations
for time [27,28] and frequency encodings [29], but these
implementations have relied on conversion from time-
frequency to multiple spatial modes for manipulation.

Here, we present a concept for linear optical quantum
computing using time-bin-encoded qubits and only a single
spatial mode. Time bins provide a practical solution for the
manipulation and detection of time-frequency modes with
current technology. We outline methods that provide a
sufficient set of operations to allow for universal quantum
computing with the KLM scheme. In order to illustrate our
scheme, we demonstrate, experimentally, the first imple-
mentation of a two-qubit quantum gate in a single spatial
mode and show its high fidelity of operation.

Scheme.—We consider a string of time-bin-encoded
qubits in a single spatial mode. The polarization degree
of freedom is used to define a “register” polarization, in
which qubits are stored and transmitted, and a ““process-
ing” polarization in which specific time bins are briefly
manipulated. After each processing stage, all qubits are
returned to the register polarization to ensure that a high
degree of coherence is maintained between the time bins
during further transmission.

Five basic operations are needed for our implementa-
tion, as shown in Fig. 1: a polarization rotation moves a
time bin between register and processing polarizations; a
displacement operation moves a time bin in the processing
polarization forward and backward relative to time bins in
the register polarization; a phase shift adds a specified
phase between two polarizations; a polarization coupling
operation is a partial polarization rotation between two
orthogonally polarized time bins; and finally, a readout
operation measures the number of photons in a specified
bin. With the exception of readout, each of these operations
are equivalent to a relative phase shift between appropriate

© 2013 American Physical Society
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FIG. 1 (color online). (a) Complete set of basic operations
necessary for the manipulation of a string of time bins in a
single spatial mode. States are initially temporally encoded in
the register polarization, shown as vertical. The first operation
rotates a time bin to the horizontal processing polarization in
order to enable subsequent manipulations as required. After
manipulation, the time bins are rotated back into the register
polarization in order to protect against dephasing. (b) Operations
sufficient for arbitrary single-qubit operations. For brevity, the
final displacement and rotation are implicit in the last line.
(c) The minimal set of elements required to implement these
single-qubit operations.

choices of polarization axes. However, it is convenient to
consider them separately here for clarity.

Using this set of manipulations, we show in Fig. 1 how to
perform arbitrary single-qubit operations. The operation uses
a polarization coupling, equivalent to a variable beam-
splitter between the two polarizations, and two relative phase
shifts applied to one polarization. It is well known that this is
sufficient for local operations on a single qubit [30].

In Fig. 2, we provide a sequence of operations to per-
form a time-bin-heralded KLM controlled-PHASE (CPHASE)
gate [4,31] using two ancilla photons, sufficient to realize
the entire KLM scheme in combination with single-qubit
operations [1]. This can be trivially combined with local
operations to perform a heralded controlled-NOT gate. The
proposed scheme could be implemented using four of the
sets of the elements in Fig. 1. Alternatively, since each
stage of the operation returns the qubits to a single mode
and polarization, the string could simply be sent through
the same processing elements four times. In this way, the
simple set of elements shown could be used to enact
arbitrary multigate operations. We observe that our scheme
is equally relevant to cluster state computing [2], as it also
allows the implementation of type-I and type-II fusion

operations [32], suggesting that its utility may extend
beyond circuit based quantum computing protocols.

Our scheme is well suited to exploit the readily acces-
sible high dimensionality and robustness of time-frequency
modes to environmental dephasing noise. Fast switchable
elements can enact different transformations on multiple
time bins in a single pass, potentially allowing a substantial
reduction in the required number of physical circuit ele-
ments. These advantages suggest that this scheme would
naturally complement near-deterministic single photon
sources [13,33], for which significant challenges exist in
building many identical sources. In this case, a single
repetitive source would prepare the computational resource
state: a string of otherwise indistinguishable single photons
in pure quantum states consisting of multiple time bins of a
single spatial mode. Our scheme then circumvents the
complexity and spatial requirements involved in convert-
ing many temporally encoded photons into a spatial encod-
ing. Further, combining temporal and spatial degrees of
freedom may enable a significant increase in information
capacity [34].

Implementation.—Here, we elaborate on a specific prac-
tical implementation of our scheme and discuss its feasi-
bility within the current state of the art. As mentioned
above, the basic logical operations are equivalent to a
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FIG. 2 (color online). (a) Scheme for heralded KLM CPHASE
gate using two ancilla photons. Note that these ancilla photons
are not encoded as qubits, and each occupies a single time bin.
Displacement and rotation operations are omitted for brevity.
The numbers on detectors represent the number of photons
detected in order to herald successful gate operation. This set
of operations could be enacted by four sets of the elements
shown in Fig. 1(c), along with appropriate readout elements.
(b) Equivalent spatial scheme. Lone numbers represent input
ancilla photons.
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relative optical path length difference between a suitable
choice of polarization axes. The appropriate experimental
approach to generating these path length differences will
depend on the specific time-bin structure that is used, as the
bandwidth of different photon sources, and, thus, the time-
bin duration, can differ by several orders of magnitude
[35]. Here, we will consider time bins with sub-ps duration;
these are suitable for heralded single photons from sponta-
neous parametric down-conversion pumped by a pulsed
laser. Bin-to-bin delay is set by the pump-pulse repetition
period, which has been reduced below 10 ps in a number of
systems [36-38].

Polarization rotation and polarization coupling opera-
tions require a programmable birefringent element that
independently manipulates each time bin. The switching
time for this element must be less than the delay between
consecutive time bins. A suitable integrated optical switch
based on cross-phase modulation in a fiber has demon-
strated a switching window of 10 ps [24]. As cross-phase
modulation is polarization sensitive, this technique could
be adapted to create fast-switched birefringent elements.

The detector time resolution does not constrain the bin-
to-bin delay since switching allows arbitrary time-bin
components to be moved to the processing polarization
or even to a separate readout spatial mode for detection.
Therefore, readout can be achieved with standard photon-
number resolving detectors, including spatially [39,40] and
temporally multiplexed [41,42] single-photon detectors as
well as transition edge sensors [43,44].

For a displacement operation, a simple approach is to
use a birefringent element that effects a polarization-
dependent path length difference equal to integer multiples
of the time-bin separation. A few-cm length of calcite
would achieve a displacement of 10 ps. Alternatively, a
delay loop could be used, coupled to the main mode by a
Mach-Zehnder interferometer. A 7 phase shift created in
this interferometer for only one polarization would couple
that polarization into the delay line. The controllable phase
shift could then be set to keep this polarization in the delay
loop for an arbitrary integer number of loops, delaying it
with respect to the primary set of time bins. A 3 mm delay
line, possibly implemented on an integrated photonic chip,
would create a 10 ps displacement. Although the scheme is
no longer entirely single spatial mode with the use of a
delay line, the arbitrary number of delay steps it allows
may be desirable for faster processing. Finally, in the near
future, it should be possible to use a quantum memory to
reorder time bins arbitrarily, as demonstrated with classical
pulses in a warm-vapor gradient echo memory [45]. This
could provide a significant reduction in the number of
individual operations needed.

Experiment.—In order to demonstrate the feasibility of
our scheme, we have built an entirely single-spatial-mode
postselected CPHASE gate for time-encoded qubits [46]. Our
gate is equivalent in principle to previous implementations
[6,47] that use spatial encoding, often along with a second
degree of freedom such as polarization. Preceding the gate is

a polarization-to-time conversion stage, and following it a
time-to-polarization conversion stage allows for measure-
ment. The experimental layout is shown in Fig. 3. At the
core of our experiment, a single-spatial-mode gate is
enacted. In this proof-of-principle experiment, we have
replaced birefringent switches with passive beam splitters
and a second spatial mode, as this allows us to readily
incorporate two-mode analogs of single-spatial-mode
single-qubit rotations and displacement operations (Fig. 1).

Two spontaneous parametric down-conversion (SPDC)
pair sources are used to provide two heralded pure single
photons [48]. Initially, one qubit is encoded in the
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FIG. 3 (color online). (a) Concept for a single-spatial-mode
CPHASE gate with preceding state-preparation and following
measurement stages. The photons are spectrally degenerate, and
are color coded here for clarity. (b) Schematic of the associated
experimental layout. Wave plates are used to encode polarization
states for both the target photon (green) and the control photon
(red). The target photon is delayed with respect to the control
photon, and both are coupled into unbalanced interferometers for
conversion of polarization encoding to time encoding. The pho-
tons are then combined into a single spatial mode in which a two-
qubit gate is implemented using a half-wave plate. Conversion
back to polarization-encoding states again uses unbalanced inter-
ferometers. Finally, polarization tomography is carried out using
four avalanche-photodiode (APD) detectors. (c) Actual experi-
mental implementation. Two SPDC sources provide heralded
single photons for the experiment, which proceeds as described
above, except that a single unbalanced interferometer is used
instead of the four separate unbalanced interferometers for con-
version between polarization-encoding and time-encoding. BS-
beam splitter; PBS-polarizing beam splitter.
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polarization of each photon. The qubits are then converted to
a time basis using an unbalanced interferometer, producing
two orthogonally polarized photons in a common spatial
mode. One of the photons is delayed so that its first time bin
coincides with the second time bin of the other photon. The
gate operation is implemented by using a half wave plate to
couple the polarizations, resulting in Hong-Ou-Mandel in-
terference [49] between the two coincident time bins and
allowing a postselected nonlinear interaction.

To characterize the two-photon operation of our gate, we
initially input a control photon with a horizontal (H) or
vertical (V) polarization and a target photon with an anti-
diagonal (A) or diagonal (D) polarization. For these inputs,
the CPHASE gate should swap the target photon polarization
between A and D if the control photon is V polarized. The
measured gate outcomes are shown in Fig. 4, where the
control and target photons are measured in the H-V and
A-D bases, respectively. For these bases, we define a
classical fidelity measure [50]

Fo = %[P(HAIHA) + P(HD|HD)
+ P(VD|VA) + P(VAlVD)], (1)

where, for example, P(VA|VD) represents the conditional
probability of measuring outputs V and A given input V
and D for the control and target photons, respectively. We
measure a classical fidelity of Fpy, = 0.84 = 0.03.
Changing the photon inputs to the control A-D and target
H-V bases and also measuring in these bases, equivalent to
transforming the bases by a Hadamard operation, allows us
to measure a complementary fidelity F',y. For this latter
case, we measure a similar fidelity F,y = 0.84 = 0.02.

Following [50], we use these fidelity measures to bound
the quantum process fidelity. The resulting bound of the
gate process fidelity Fprocess

Fap + Fpp — 1= Fprocess = Min[FAH; FHA] (2)

is calculated to be 0.68 = 0.04 = F e = 0.84 + 0.02,
comparable to other optical two-qubit gate implementa-
tions [6,51].

An alternative measure of our gate fidelity demonstrates
its nonclassical operation. For this, we consider an addi-
tional choice of bases with both inputs in the A-D basis,
and both outputs in the R-L (right-left) basis. We measure
the classical fidelity for this operation to be F,, = 0.85 =
0.06. As shown in [52], since this measure, along with F4
and F .y, are all greater than 2/3, the gate operation must
be nonclassical. Our gate exceeds this criterion with 99.8%
confidence.

The gate fidelity is limited by the spatial mode
overlap of our photons. Because of the long path length
in the time-to-polarization converter, this overlap is
sensitive to the slight changes in alignment caused by
temperature variations and vibrations. This path length is
necessary to achieve a delay between consecutive time
bins that is resolvable by the coincidence counting
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FIG. 4 (color online). Two-qubit output state measurements:
(a) Input H-V and A-D bases for control and target photons,
respectively, output H-V and A-D bases. The measured classical
fidelity for this operation is Fpy, = 0.84 = 0.03. (b) Input A-D
and H-V bases, output A-D and H-V bases, resulting in Fuy =
0.84 = 0.02. (c) Input A-D bases for both photons, output R-L
bases for both photons, resulting in F,, = 0.85 = 0.06.
Theoretical ideal outputs are shown for comparison.

electronics and detectors [46]. We modeled this effect by
calculating the ideal gate operation on partially distin-

guishable input photons in the states |¢) and a|y) +

V1 — a?| W ising )» Tespectively, and found that & = 0.91
minimized the L1 distance between the results and theo-
retical predictions.

Conclusions.—We have presented a scheme for linear
optical quantum computing using time-bin-encoded qubits
in a single spatial mode. We have shown how to implement
arbitrary single-qubit operations and a heralded CPHASE
gate as required for universal quantum computing in the
KLM scheme. In support of this concept, we have demon-
strated a novel post-selected single-spatial-mode two-qubit
CPHASE gate. We measured an average classical gate fidel-
ity of 0.84 = 0.07 across three different bases, confirming
its nonclassical operation.
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Development).
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