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We demonstrate photonic quantum circuits that operate at the stringent levels that will be required
for future quantum information science and technology. These circuits are fabricated from
silica-on-silicon waveguides forming directional couplers and interferometers. While our focus is on
the operation of quantum circuits, to test this operation required construction of a photon source that
produced near-identical pairs of photons. We show nonclassical interference with two photons and
a two-photon entangling logic gate that operate with near-unit fidelity. These results are a significant
step toward large-scale operation of photonic quantum circuits. © 2010 American Institute of
Physics. �doi:10.1063/1.3497087�

Quantum information science1 is not only a fundamental
scientific endeavor but promises profound new technologies
in communication,2 information processing,3,4 and ultrapre-
cise measurement.5 However, as with their classical counter-
parts, these quantum technologies must be robust to imper-
fections in their components and to the effects of
environmental noise. For example, in the case of universal
quantum computing, current estimates6–9 of the maximum
error rate per gate �EPG� range from a few percent to 10−4.
Meeting these rigorous EPG requirements is a major chal-
lenge, owing to the fragility of quantum systems, and has
thus far only been achieved in ion traps.10

Encoding quantum information in photons is promising
for fast transmission, low intrinsic noise �or decoherence�
and ease of implementing one-photon operations.11 Conse-
quently photons are the information carrier of choice for
quantum communication.2 Realizing the two-photon interac-
tions required for the majority of quantum information pro-
tocols is more challenging, however, they can be achieved
using only single photon sources, detectors and linear optical
circuits,12 and much progress toward this goal has been
made.13 Integrated photonics—waveguide circuits litho-
graphically patterned on-chip—holds great promise for min-
iaturizing and scaling quantum logic circuits,14–16 and high
fidelity single-qubit operations have already been
demonstrated.17 However, the crucial two-qubit operations
required for more general quantum information protocols
have yet to be demonstrated at high fidelity levels.

Here we demonstrate integrated photonic devices that
exhibit near-unit fidelity quantum interference and two-
photon entangling logic operation: we observe a quantum
interference or Hong Ou Mandel dip18 with a minimum
which reaches the ideal value, and a two-photon controlled-
NOT �CNOT� gate with a ‘logical basis fidelity’ of F
=0.969�0.002 and similarity S=0.993�0.002, taking into
account the deviation in the fabricated reflectivities of the
directional couplers. Although our focus is on the operation
of the circuits, and not single photon sources or detectors,
observation of this high-fidelity operation relied on a photon
source producing near-identical pairs of photons. These re-

sults show that photonic quantum circuits can perform at the
high fidelities required for future quantum technologies, and
are likely to find application in fundamental scientific inves-
tigations where such high performance operation is required
to observe uniquely quantum mechanical effects.

Quantum states are inherently fragile: typically, physical
systems must be very small and very cold to exhibit the
quantum phenomena of superposition and entanglement that
lie at the heart of quantum information science and technol-
ogy. Even in these extreme regimes, the state of a quantum
system degrades due to unwanted interactions with its
environment—decoherence—and imperfect operations on
them—i.e., initialization, logic gates and measurement. This
situation is exacerbated by the fact that quantum information
is inherently analog in nature, precluding the ‘latching’ used
in digital logic.

Fortunately, errors can be encoded against by using
quantum error correction,19,20 whose complexity arises from
the fact that directly measuring quantum systems disturbs
them �which rules out naive majority error correcting codes
for example� leading to the need for complicated entangled
states of several particles to encode single logical states. The
threshold theorem says that if the noise is below some
threshold an arbitrarily long quantum computation can be
realized;21 any architecture that can work below this EPG
threshold is said to be “fault tolerant,” for the given error
model. There are two broad classes of errors: locatable—
essentially qubit erasure, caused by loss or gate failures; and
unlocatable—bit flips etc. Locatable errors are easier to fix
and hence have a higher threshold; here we address the more
stringent thresholds corresponding to unlocatable errors.
Even in cases where full error correction is not required,
such as in quantum communication protocols, high-fidelity
operation of fundamental building blocks is crucial to high
performance operation of the given protocol.

In contrast to most systems—where fast coupling to the
environment dominates—the major sources of error in pho-
tonic approaches to quantum information science and tech-
nology are photon loss, including source and detector ineffi-
ciency; unstable one-photon �“classical”� interference, due to
unstable phases �or path lengths� in optical circuits; and im-
perfect quantum interference, due to mode matching.22a�Electronic mail: jeremy.obrien@bristol.ac.uk.
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Progress toward high efficiency single photon sources23 and
detectors24 is impressive; and integrated photonics holds
great promise for miniaturizing and scaling high-
performance photonic quantum circuits.14–17,25 While high
fidelity single qubit operations have been demonstrated in
this architecture,17 two photon logic gate operation, includ-
ing quantum interference, below relevant EPG thresholds has
not yet been demonstrated.

In photonic quantum circuits, photons are guided via to-
tal internal reflection due to a small refractive index contrast
between the core of the waveguide and the surrounding clad-
ding in the same way as a single mode optical fiber.
Waveguides are brought within several micrometers to real-
ize directional couplers whose reflectivity � can be con-
trolled via the waveguide separation or length of the cou-
pling region �we use length�. The major factors determining
the performance of such a device are photon loss �typically
�0.1 dB /cm�; the quality of quantum interference18 at di-
rectional couplers; and the quality of classical interference in
interferometers formed by two or more directional couplers.

Quantum interference18 occurs when two photons simul-
taneously arrive at each input of a beamsplitter or directional
coupler; ideally, for �=0.5 there is zero probability for one
photon to be found in each output, since the photons exit in
a superposition of both being in each output: �11�→ ��20�
− �02�� /	2. This phenomenon arises due to destructive quan-
tum interference of the two indistinguishable two-photon
probability amplitudes—both photons reflected and both
photons transmitted. Quantum interference lies at the heart of
photonic quantum technologies: logic gates,26–29 quantum
filters,30,31 Bell state analyzers,32 etc. The degree of this in-
terference is quantified by the visibility V= �Cclass

−Cquant� /Cclass, where Cclass is the classical rate of detecting
one photon in each output—experimentally measured by de-
liberately introducing a time delay such that the photons do
not arrive simultaneously—and Cquant is the experimentally
measured rate for zero delay.

Quantum interference also occurs when ��0.5 with
Videal= �2��1−��� / �1−2�+2�2�. An experimentally mea-
sured visibility Vmeas�Videal arises due to any distinguishing
information between the two two-photon amplitudes, includ-
ing differences in the photons’ polarization, spatial, spectral
or temporal modes, or mixture in any degree of freedom.
Since Vmeas is limited by distinguishability it is critical that
the photon source used to test a circuit produce photons that
are highly indistinguishable. Here we used a type-I sponta-
neous parametric down-conversion �SPDC� source �see Fig.
2 in Ref. 33�.

We measured the rate of detecting a single photon at
each output of an �=0.5267�0.0004 directional coupler as
a function of the arrival time of the photons—plotted as
black data, with the red fit, in Fig. 1. The visibility of this fit
is V=0.949�0.004. To correctly determine the degree of
quantum interference in our devices we measured the rate of
detection of two photons that were created in two separate
pairs �blue line�. Such events arise due to the relatively long
�5 ns� detection window.34 This rate was experimentally de-
termined by measuring twofold detections with a difference
in arrival time of � 5 ns, so as to detect only photons gen-
erated in separate pairs.33 The green line shows the minimum
for perfect quantum interference in an �=0.5267�0.0004
coupler, given the measured rate of different pair events. The

quantum interference visibility taking this rate into account
is Vmeas=0.995�0.004 which corresponds to a relative vis-
ibility of Vrel
Vmeas /Videal=1.001�0.004%. This directional
coupler, therefore, shows ideal quantum interference, to
within small error bars.

In addition to this high-fidelity quantum interference,
general quantum photonic circuits consist of quantum inter-
ferometers coupled to classical interferometers operating at
the single photon level. The CNOT gate �Fig. 1 in Ref. 33�
is, therefore, an ideal benchmarking device as it contains all
the elements of generalized circuits, and its performance,
therefore, shows what can be achieved for such circuits. A
control and target qubit are each encoded by a single photon
in two waveguides. The gate operates via inducing a phase
shift on the target photon conditional on the control photon
being in the �1� waveguide. This gate is designed to work
with probability 1/9—the presence of only one photon in the
control and one photon in the target signals success of the
gate.26–29 The circuit’s performance is quantified35 by the
“truth table” taking into account the rate of detecting photons

(a) (b)

FIG. 2. �Color online� High-fidelity CNOT logic gate operation: �a� The
experimentally measured truth table. �b� The ideal truth table for the mea-
sured device taking into account the measured �’s of the couplers, which
differed slightly from the designed values given in Fig. 1 in Ref. 33.
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FIG. 1. �Color online� High fidelity quantum interference in a waveguide
directional coupler. The measured rate of detecting a photon at each output
of a directional coupler is plotted as a function of the delay between the
arrival of the photons at the coupler. The fit is a Gaussian with a linear term
to account for the small decoupling as one arm of the source is translated to
change the delay. All error bars, arising from Poissonian counting statistics
overlap the fit. The FWHM of 249.4 �m is as expected for the 2 nm inter-
ference filters used. The blue line shows the measured rate of accidental
counts at the dip minimum position �with dashed error bars�. The green line
shows the count rate expected at the center of the dip for the measured
reflectivity �=0.5267�0.0004.
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from different pairs, as described above. The truth table is
obtained by inputing each of the four computational basis
states �00�, �01�, �10�, �11� and measuring the probability to
obtain each of these computational basis states at the output.
Figure 2�a� shows the truth table for the experimentally mea-
sured CNOT gate. The device has an average correct output
probability or “logical basis fidelity” of F=0.969�0.002
with CNOT operation. The measured �’s of our device dif-
fered slightly from the designed values shown in Fig. 1 in
Ref. 33: We measured the “1/2” couplers to be �
=0.442�0.001 and �=0.452�0.001, and the “1/3” coupler
in the control part of the circuit to be �=0.3078�0.0009; we
are not able to directly measure the reflectivities of the two
lower “1/3” couplers because they are embedded in the
circuit.36 Figure 2�b� shows the ideal operation expected for
these � values, assuming all “1/3” couplers are �=0.3078.
To quantify the overlap between the ideal I and measured
M operation we use the similarity S= ��i,j=1

4 	Ii,jMi,j�2 / 16,

which is a generalization of the average fidelity based on the
�classical� fidelity between probability distributions,37–39 and
obtain S=0.993�0.002. If we allow a �1% variation in the
�’s for the lower “1/3” couplers, which is a large range given
the data, we still obtain S�99%; the worst case is 98.9%.

The results presented here demonstrate that photonic
quantum circuits can operate with very high fidelities: worst
case operation of the devices described here is in the
10−2–10−3 range. All linear optical quantum circuits are
composed of the quantum and classical interferometers dem-
onstrated here; we can, therefore, expect the same perfor-
mance levels from general circuits fabricated in this way. We
stress that here we have been concerned with the perfor-
mance of the photonic quantum circuits themselves, although
quantifying this performance required construction of a spec-
trally tuned SPDC pair photon source. Requirements for
single photon source and detector efficiencies are promising,
showing that the fault tolerance threshold considering only
photon loss is at least 1/3.40 A key challenge for on-demand
single photon sources will be to produce photonic qubits
with a high degree of indistinguishability, as demonstrated
here and verified by quantum interference. Combined with
the results presented here, high-efficiency sources and detec-
tors will enable fault tolerant quantum circuit operation
across the spectrum of photonic quantum information sci-
ence and technology applications.
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