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Generating quantum entanglement is not only an important scientific endeavor, but will be essential to
realizing quantum-enhanced technologies, in particular, quantum-enhanced measurements with precision
beyond classical limits. We investigate the heralded generation of multiphoton entanglement for quantum
metrology using a reconfigurable integrated waveguide device in which projective measurement of
auxiliary photons heralds the generation of path-entangled states. We use four and six-photon inputs,
to analyze the heralding process of two- and four-photon NOON states—a superposition of N photons in
two paths, capable of enabling phase supersensitive measurements at the Heisenberg limit. Realistic
devices will include imperfections; as part of the heralded state preparation, we demonstrate phase
superresolution within our chip with a state that is more robust to photon loss.
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Quantum entanglement is understood to lie at the heart
of proposed quantum technologies [1-3]. Entangling inter-
actions between photons can be achieved using only linear
optical circuits, additional photons, and photon detection
[4,5] where a particular detection event heralds the success
of a given process. In this way it is possible to generate
multiphoton entangled states and indeed to efficiently per-
form universal, fault tolerant quantum computing [4].
There have been several examples of heralding two-photon
[6-10] and four-photon [11] polarization entanglement for
quantum information processing applications. In the con-
text of quantum metrology, however, generating path-
number entangled states (including “NOON” states) is a
particularly important example where an N-photon en-
tangled state is heralded from >N input photons
and several schemes for doing this have been proposed
[12—-14]. Here we use an integrated waveguide device to
implement a scalable scheme for heralding path-entangled
states of up to four photons, including ones which are
robust to losses. This scheme scales to arbitrary N [15].

Subwavelength sensitivity makes optical interferometry
one of the most powerful precision measurement tools
available to modern science and technology [16], with
applications from microscopy to gravity wave detection
[17,18]. However, the use of classical states of light limits
the phase precision Aé of such measurements to the shot
noise, or standard quantum limit (SQL): A@ =1/ VN,
where N is the average number of sensing photons passing
through the measurement apparatus. Quantum states of
light—entangled states of photon number across the two
paths of an interferometer for example—enable precision
better than the SQL [3]. Quantum metrology promises to
be of critical importance for applications where properties
of the measured sample are altered by the sensing process:
by using entangled light, the same level of precision in
measurement can be achieved by exposing the sample to
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fewer photons. Conversely, for the same disturbance of the
sample (i.e., the number of photons it is exposed to) more
information can be extracted.

Entangled states of M + N photons across two optical
modes x and y of the form

1
2

can be used to increase the frequency of interference
fringes by a factor of [N — M| and to increase precision.
The canonical example is the NOON state (M = 0), which
enables the ultimate precision Af = 1/N—the Heisenberg
limit [19]. While NOON states are fragile with respect to
photon loss, other linear superpositions of photon number
entanglement can beat the SQL in interferometers with
loss: states with M # N are optimal for balanced loss
[20]. Realistic application of these entangled states, how-
ever, demands a scalable and practical means of generating
large |N :: M) states.

Multiphoton interference has been observed with post-
selection of three- [21], four- [22,23], and five-photon [24]
states. To take advantage of the benefits of quantum
metrology—whereby more information can be extracted
for the same light intensity (photon flux through the sam-
ple) as a classical measurement—requires a scheme where
the postselection probability is sufficiently high [25]. To
obtain the maximum precision, however, postselection
should be avoided, requiring either a deterministic or a
heralded [12-15] method for generating high fidelity,
large photon number [N :: M), states. In general, this
requires auxiliary photons and photon detection [4,15]. A
heralding scheme to generate NOON state of polarization
entangled photons has been demonstrated for up to three
photons [26]. It is important to note that a heralding signal
enables gating with an optical switch to expose the sample
only to photons in the state |N :: M)¢,; the rate of

xXy?

IN = M2, = —=(IN),IM), + e"*|M),IN),) (1)
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production is given by the heralding probability but does
not affect sensitivity.

For many precision measurement applications it is also
important that the entangled state be encoded in two spatial
modes (rather than polarization modes). Stability required
for such encoding can be readily achieved in compact
integrated quantum photonic devices [27], as demonstrated
by two- [28,29] and four-photon [28] interference. While it
is relatively straightforward to convert polarization entan-
glement to path entanglement in the bulk optical architec-
ture, conversion is not so straightforward in the integrated
optical architecture which, with the integration of photon
sources and detectors, is of critical importance in bringing
practical quantum technologies out of the research lab and
into application.

The silica-on-silicon waveguide circuit shown in
Fig. 1(a) is capable of heralding the two- and four-photon
NOON states |2 :: 0)9 and |4 :: 0)T,, as well as the four-
photon state |3 :: 1)2 «» dependent upon the input state and
the setting of the internal phase ¢, as we now explain. The
circuit consists of directional couplers DC;_,, equivalent
to beam splitters with lithographically defined reflectivity
7, used to couple photons between optical modes and for
quantum interference [27]. The resistive heating element
controls the relative optical phase ¢ inside the device.
The state |2 :: O)?’k can be generated by inputting four
frequency degenerate photons, via polarization maintain-
ing fiber (PMF), in the (unentangled) path encoded state
[2),12),. Quantum interference at the first directional
coupler DC;—designed to have a reflectivity n = 0.5—
generates a superposition of the components |4>e|0>f,
12),12), and |0),[4),. After DC; and DC, this state evolves
to a superposition across the four modes i, g, &, and /.
However, only the component |2),]2) ¢ gives rise to terms
that include |1);|1),. Detecting one and only one photon in
each of these two heralding modes therefore projects
the quantum state across modes g and A to [1)[1),.
Quantum interference [30] at the final directional coupler
DC, yields the two-photon state |2 :: 0)2 «- Provided DC;

and DC, are n = 0.5, the intrinsic heralding success rate,
i.e., the probability of detecting |1);|1); and thereby her-
alding |2 :: 0)9, is 1/16 (Ref. [12], see Supplemental
Material [31]).
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FIG. 1 (color online). Heralding multiphoton path-entangled
states in a photonic chip. The waveguide circuit with coupling
reflectivities DC,, = 1/2, DC3 4 = 1/3.

For a low loss regime and in the absence of higher-
photon number terms, the heralding of the |1);|1); compo-
nent eliminates the lower order input state |1),]1),. We
note that the requirements of heralding states for quantum
metrology are more relaxed than for quantum computation
or cryptography. A false heralded event of the vacuum state
(due, for example, to a lower order input state |1),]1),)
would be detrimental for any computation. In contrast,
when low photon flux is the main requirement (exposure
of a measured sample to radiation is to be kept to a
minimum), a false heralding event of a vacuum state will
not expose the sample to radiation.

The four-photon states |3 :: 1};‘{2 and |4 1 0)7, are
heralded in a similar manner: On inputting the state
[3),13). of six frequency degenerate photons into the
chip, nonclassical interference at DC; yields a coherent
superposition of the components [6),[0);, [4).12)/, [2).14),
and [0),]6);. On detecting one photon in each of the two
modes i and / (again via DC; and DC,) projects the state
into a superposition state |3 :: 1)5,?,51. With the phase set to
¢ = 0, the state returns to |3 :: 1)2 . after quantum inter-

ference at DC,. With the phase set to ¢ = /2, however,
quantum interference at DC, yields the four-photon
NOON state |4 :: 0)7,. For n = 0.5 for both DC; and

DC,, the success rate of heralding |4 :: O)}Tk at the output

is 3/64 (Ref. [12], see Supplemental Material [31]).
Detection of the state [4);]0);, for example, leads to an
interference fringe as a function of ¢, with resolution
double that of classical light, providing an important means
of testing the required quantum coherence within the opti-
cal circuit with respect to the heralding scheme.

Four- and six-photon input states were generated using a
bulk optical 785 nm, type-I pulsed down-conversion source
(see Supplemental Material [31]) and coupled into the chip
using polarization maintaining fiber. Detection of multiple
photon states at the output of the chip in the same optical
mode is accomplished nondeterministically using cascaded
nonnumber resolving, optical fiber-coupled single-photon
counting modules (SPCM, see Supplemental Material
[31]). The heralding process is tested with the assumption
of conservation of photon number at all of the outputs of
the device coupled to the SPCM detection scheme; using
number resolving detectors at outputs i and /, together with
a deterministic photon source, would herald the generated
entanglement without the need for counting all photons at
the output of the device.

The phase instability of states leaving outputs j and k
into a fiber or bulk optical circuit prevents a standard
tomographic approach to reconstruct the density matrix
of the state outside the chip. Development for an integrated
optical quantum metrology device will incorporate the
heralding circuit in one monolithic chip with all necessary
components, including forming a waveguide interferome-
ter for measuring unknown phase [28]. To analyze the
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isolated circuit, we have employed a series of steps to test
the coherence and measure the relative photon number of
the output state of the chip: (i) Temporal coherence of the
multiphoton input states were verified with a generalized
Hong-Ou-Mandel experiment to observe quantum interfer-
ence of the state [2),[2). incident on a 50% reflectivity
beam splitter—we observed V = 34 = 4% visibility inter-
ference in detecting two photons in each output of the
beam splitter which, compared to the ideal V = 1/3 visi-
bility, indicates temporal coherence of the multiphoton
states generated in the photon source [23]; (ii) photon
number statistics were measured at the outputs j and k
(equivalent to the diagonal of the density matrix) using
nondeterministic number resolving detection with optical
fiber splitters; (iii) the output state was then interfered on a
second beam splitter using a directional coupler inside the
chip, via an inherently phase-stable fiber Sagnac loop.
The photon number statistics measured from the her-
alded two-photon NOON state at outputs j and k is plotted

in Fig. 2(a). fidelity (F =

> 1[ p;jp}) between the measured probability distribution

(p™) of photon statistics and the expected distribution (p€)
for the ideal state |2 :: 0)2 . (also plotted) is F; = 0.95 =
0.01. For A = 785 nm operation, the reflectivities of DC;
and DC, are measured to be 7 = 0.542 and 0.530, respec-
tively. Using these measured reflectivities, and assuming
otherwise perfect quantum interference, the expected out-
put state was simulated; the fidelity between the photon
number distribution of this simulated state and the
experimental results is Fy, = 0.96 = 0.01, leaving the dis-
crepancy with perfect fidelity attributed to six- and higher-
photon number terms from the down-conversion process
and residual distinguishability of photons and not the
device itself.

Probability-theoretic
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FIG. 2  (color online). Heralded [|20) + |02) state.

(a) Measurement of photon statistics of the heralded two-photon
NOON state. (b) Testing coherence of the heralded two-photon
NOON state by measuring the photon statistics after nonclassical
interference at DC, via a fiber Sagnac loop. Both distributions
are normalized using single-photon detection rates to account for
relative detector scheme, source, and waveguide coupling effi-
ciencies. Error bars are given the standard deviation of detected
events, assuming Poissonian statistics.

To test the coherence of the output of the circuit we
formed a Sagnac loop by joining two optical fibers coupled
to modes j and k (see Supplemental Material [31]). This
configuration results in quantum interference at DC, in the
reverse direction and is equivalent to interference at a
separate beam splitter with zero relative optical phase of
the two paths, fixed by the inherently stable Sagnac inter-
ferometer. By coupling detectors to waveguides a and d,
the photon statistics of the quantum state returning through
the chip after DC, at g and & can be measured, with an
intrinsic loss due to DC; 4. The fidelity between the mea-
sured distribution of photon statistics [Fig. 2(b)] and the
one expected from a perfect |2 :: O}? . state interfering at
directional coupler DC, is F; = 0.90 % 0.03. (Taking into
account only the measured reflectivities of DC; and DC,
the simulated detection rates agree with the experimental
measurements with fidelity F; = 0.97 = 0.03.) Together
with the temporal coherence of the input and the high
fidelity of the output state in the diagonal basis, this dem-
onstrates coherence of the |2 :: 0), / state.

Although Fig. 2(b) demonstrates coherence of the output
state, the four-photon process that generates it does not rely
on phase stability within the interferometer structure of the
device. In contrast, heralding the |4 :: 0)2 . state from the

six-photon input state |3),|3). requires coherent generation
of the state |3 :: 1)2 , within the interferometer. To test this
coherence we injected the state |3),|3). into the chip and
sequentially set the phase to the four values ¢ = 7/2, ,
37/2, 2m. On detection of the six-photon state
[1);14);10),|1);, we observed the sampled interference
pattern plotted in Fig. 3(b) which demonstrates twofold
superresolution compared to the single-photon interference
pattern plotted in Fig. 3(a), and coherence of the state
|3 :: 1)7 , for subsequent generation of the |4 :: 0)7; state.
The small number of data points does not allow fitting to a
sinusoidal fringe. Note that |3 :: 1>2,h is maximally en-
tangled and is reported to be more robust to balanced loss,
than the four-photon NOON state [20].

Figure 4 shows the photon statistics of the |4 :: 0)2 X
state that results from the quantum interference of the state
13 :: 1};22 at DC,. We fixed the phase within the chip to
¢ = /2 and again injected the six-photon state |3),|3).
into the chip. Six photons were detected in all possible
four-photon combinations on outputs j and k, together with
a single photon in each of the heralding modes i and /. The
fidelity between the resulting distribution of photon statis-
tics and the distribution expected from measuring the ideal
state |4 2 0)9, is F; = 0.89 = 0.04. Taking into account
the measured reflectivities of DC; and DC,, the simulated
statistics agree with experimental measurements with a
fidelity F, = 0.93 = 0.04. The remaining discrepancy is
attributed to a degree of distinguishability of the input
photons—Ileading to imperfect quantum interference—
and eight- and higher-photon number states from the
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FIG. 3 (color online). Superresolution with a heralded four-
photon entangled state. (a) Single-photon fringes from inputting
light into waveguide » and varying the phase ¢, displaying the
expected pattern arising from classical interference pattern with
period 27r. Black circles and blue diamonds, respectively, rep-
resent the normalized single photons count rate detected at
output j and k. (b) The increased resolution interference pattern
of manipulating ¢ of the state |3 :: 1>ff with period 7. The four
data points represent six-photon count rates integrated over four
days and normalized using single-photon count rates to account
for coupling efficiency over time. Coincidence rates arising from
higher-photon number terms or otherwise were not subtracted
from the data. Error bars are given the standard deviation of
detected events, assuming Poissonian statistics. Blue sinusoidal
plot of near unit contrast is plotted as a guide.

pulsed down-conversion process that leads to different
terms in the output state, allowing false heralded events:
the eight-photon input |4),|4). can give rise to the term
%IZ),»IS :: 2);-,7,{2|1>, in the output state which in our
experiment would be interpreted as a heralded “|2);[2),”
event (see Supplemental Material [31]).

The heralded generation of path entanglement will be
crucial to the practical application of quantum metrology;
the schemes presented here are scalable to arbitrary large
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FIG. 4 (color online). Heralded generation of the |40) + [04)
state. The distribution of photon statistics from measuring a
heralded four-photon NOON state. The sixfold detection rates
are normalized by single-photon detection rates to account for
relative source, coupling, and detection scheme efficiencies.
Error bars are given the standard deviation of detected events,
assuming Poissonian statistics.

entangled states [13,15]. States that are robust to loss will
be particularly important. The integrated waveguide archi-
tecture delivers the high stability and compact implemen-
tation required for real world applications. In particular,
integrated variable beam splitters [28] will allow optimi-
zation of quantum state engineering in the presence of loss
[20,32]. The ongoing development of efficient number
resolving detectors and deterministic photon sources such
as single emitters or multiplexed down-conversion
schemes [33], shows promise for practical quantum met-
rology and other photonic quantum technologies when
combined with circuits such as that described here. Real
time quantum metrology requires high repetition rate
(bright) sources of many photons. Future development
will also require integration of fast feedforward—using,
for example, electro-optic materials—with the circuit dem-
onstrated here to permit only intended quantum metrology
states to interact with measured samples. This will likely
form a building block for scalable generation of arbitrarily
large entangled states [15,34].
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