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Abstract: Optical N00N states are N-photon path entangled states with important applications in
quantum metrology. However, their use was limited till now owing to the difficulties of generating
them in an efficient and robust manner. Here we propose and experimentally demonstrate two
new simple, compact and robust schemes to generate path entangled N00N states with N = 2
that emerge directly from the nonlinear interaction. The first scheme is based on shaping the
pump beam, and the second scheme is based on modulating the nonlinear coefficient of the
crystal. These new methods exhibit high coincidence count rates for the detection of a N00N
state, reaching record value of 2× 105 coincidences per second. We observe super-resolution by
measuring the second order correlation on the generated N= 2 state in an interferometric setup,
showing the distinct fringe periodicity at half of the optical wavelength. Our findings may pave
the way towards scalable and efficient sources for super-resolved quantum metrology applications
and for the generation of bright squeezed vacuum states.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Efficient and reliable sources of entangled states are crucial in quantum information technologies
[1]. Examples include studies of nonlocality [2], quantum computation [3,4], simulation [5,6],
communication [7], and quantum metrology [8–12]. The realization of many of these applications
requires the generation of N00N states [13–16], which are entangled states with N particles
of the form |ψ⟩ = (|N⟩|0⟩ + |0⟩|N⟩)/

√
2. It is known [17] that in an interferometer, the N00N

states improve the phase sensitivity by a factor of N compared to coherent states. Quantum
metrology [18], super-resolved interferometry [19], lithography [20], quantum imaging [21]
and quantum error correction [22] are all examples in which N00N states are beneficial due
to the improved sensitivity. This super-resolution enables to improve the resolving power of
interferometers beyond the standard quantum limit. Unfortunately, these states are not easily
realized. Path entangled N00N states with N = 2 can be obtained via spontaneous parametric
down conversion (SPDC) [23] process, where a pump photon splits into two identical daughter
photons that propagate in two different modes, followed by a Hong-Ou-Mandel interference.
The SPDC process itself is either non-collinear, and hence limited in efficiency, or collinear
but requires additional components and degrees of freedom to separate the signal and the idler
photons. The two identical photons must be carefully selected from the SPDC spectrum and
then impinge simultaneously on a beam splitter; thus, it is necessary to ensure that the two paths
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have exactly the same optical length. These schemes have been realized in free space [24–29] as
well as in integrated photonics platforms [30,31] to generate path entanglement or polarization
entanglement N00N states.

Here we propose two new ways to generate a path entangled N00N state with N = 2, i.e.
|ψ⟩ = (|2⟩|0⟩ + |0⟩|2⟩)/

√
2, in a compact, robust, and efficient manner either by shaping the

pump beam; or by structuring the nonlinear coefficient of the crystal. The two experimental
setups are presented in Fig. 1(a)) and (b)). Both methods enable the generation of these states
directly from the nonlinear interaction without the need for any additional optical elements.

Fig. 1. Experimental setup for the characterization of the 2-photon N00N state (a) by pump
shaping and (b) by a custom nonlinear V shaped crystal. (c) and (d) show the 2D poling
design and the momentum conservation scheme of the SPDC processes relative to setups (a)
and (b) respectively. The right part in (d) is a microscope image of the crystal top facet after
selective etching.

The first approach is based on pump shaping. We illuminate the nonlinear crystal with two
beams from the same laser source, as shown in Fig. 1(a)). In this case, the crystal itself is a
standard periodically poled crystal, readily available in many current SPDC setups. This setup



Research Article Vol. 30, No. 12 / 6 Jun 2022 / Optics Express 21537

has been previously investigated [24–27] to produce polarization-entangled states, rather than
path entangled N00N states.

The second approach is based on crystal shaping. The use of shaped crystals, based on
two-dimensional periodic modulation of the nonlinear coefficient for N00N state generation, has
been previously investigated [28,29], but suffered from unwanted generation of photons from
parasitic quasi phase matching (QPM) orders [28] and from relatively low generation rates [29].
Our new design is based on two tilted gratings forming a V shape, as shown in Fig. 1(d)). This
design utilizes first order QPM with a one-dimensional poling pattern in each one of the chosen
directions, therefore resulting with higher performance than the previous demonstrations.

The SPDC field emanating from the crystal facet splits into two well-defined modes, making
them easy to collect. Further, due to the conservation of momentum, they are emitted in
pairs, in either of the modes, which constitutes the desired N00N state. This unique property
simultaneously overcomes the need to spatially filter the desired entangled pair from the rim of
the phase-matching cone as well as the precise interference on a balanced beam-splitter, usually
required for the N00N state generation. Thus, the process is highly efficient as well as uses a
minimal number of optical components. To characterize the super-resolution properties of the
N00N states in our setup, the pair production is followed by an interference stage. The signature
of the generated N= 2 N00N state is an interference pattern with half the period relative to that
of a classical state of light with the same wavelength.

We demonstrate our schemes with parametric down conversion from 532 nm to 1064 nm,
but the same concept can be used at other wavelengths, by changing the poling periods in the
periodically poled crystals. In both setups, a single longitudinal mode 532nm laser (ALPHALAS
MONOPOWER-532-100-SM) with CW power up to 100mW and ∼300m coherence length, was
used as a pump source. A 532nm line filter with an extinction ratio of 70dB and transmission of
∼60%, filtered the pump laser output to prevent seeding the SPDC by the residual 1064nm power
of the laser. The laser beam was focused to a ∼300µm spot diameter at the middle of the nonlinear
crystal (NLC). In both setups, the two down-converted photons are emitted simultaneously and
enter with equal probability into one of two possible pathways, where the difference between the
two paths is kept below 1 mm. Thus, the photons form an entangled biphoton state

|ψ⟩2002 =
(|2⟩|0⟩ + |0⟩|2⟩)

√
2

=
((a†)2 + (b†)2)|0⟩|0⟩

2
, (1)

where a† and b† are the photon creation operators on the two paths.
For the pump beam shaping configuration, the focused 532nm beam is split into two equal

beams using a beam splitter and three folding mirrors. The two beams are then directed into
the NLC with ∼1.6° angular separation inside the crystal, while maintaining the same optical
length. The angular separation between the two beams allows us to easily swap from one setup
to the other with minimal adjustment of the alignment. The NLC is a standard, 20 mm long
PPKTP crystal with poling period of Λ = 9µm, anti-reflection coated for 1064/532 nm, kept at a
temperature of 36 0.05°C. The equal pump splitting ensures that the two down-converted photons
will have equal probabilities to be emitted into the two different directions, so the |ψ⟩2002 state of
Eq. (1) is directly generated.

For the NLC shaping configuration, we use a 13mm-long periodically poled Mg-doped
stoichiometric lithium tantalate (PPMgSLT) crystal kept at 31.5 0.05°C. The poling structure
was a 2D V-shaped grating, which was fabricated by us using the electric-field poling method
[32]. As described in the phase matching scheme in Fig. 1(d), the two adjacent regions of the
structure phase match the emission of the down-converted photons in two separate directions.
The effective periodicity of the V-shaped poling is Λeff = Λ/cosδ = 7.94µm, where the opening
half angle of the V structure is ξ = 90o − δ = 66o. For this design the phase matching condition
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requires:
Λ =

2πsin δ
[(ksiganl + kidler)sin θ]

, (2)

δ =

[︃
(ksiganl + kidler)sin θ

(kpump − (ksiganl + kidler)cos θ)

]︃
, (3)

where 2θ = 1.6o is the separation angle that we chose between the two emission paths.
By pumping the NLC exactly along the boundary between the two regions, the down-converted

photons have equal probability to be simultaneously emitted into one of the above possible
directions, hence the process generates the desired N= 2 N00N state of Eq. (1). The equal
probability results from the equal spatial overlap between the Gaussian pump beam and the two
poled regions in the crystal. The advantage of this configuration relative to the previous one is
that the pump beam travels on-axis, i.e. at a different direction with respect to the two paths of the
down-converted photons, and as such it can be spatially filtered with high extinction. However,
such a spatial beam splitting may cause diffraction loss and mode mismatch in the NLC that
reduces the SPDC efficiency.

To demonstrate the super-resolution behavior of the generated N00N state, it was coupled into
an interference setup. The creation operators, a′† and b′†, after the unitary transformation by the
phase-shifter and beam-splitter become [33]: a′† = (eiφa† + ib†)/

√
2 and b′† = (ieiφa† + b†)/

√
2.

Hence, by substituting a† and b† in terms of a′† and b′†, and using Eq. (1), the final state is:

|ψ⟩2002 =
1
4
[(e−iφa′† − ie−iφb′†)

2
+ (−ia′† + b′†)

2
]|0⟩|0⟩

= sin ϕ
|2⟩|0⟩ + |0⟩|2⟩

√
2

+ cosϕ|1⟩|1⟩.
(4)

When a coincidence measurement is performed on the state of Eq. (4), only the |1⟩|1⟩ term
is post-selected, which has an amplitude of cos(ϕ) and hence probability of cos2(ϕ). The
corresponding coincidence rate oscillates as cos2(ϕ), hence has a maximum every phase shift
ϕ = q · π (where q is an integer). This is the signature of super resolution, as the path difference
between adjacent maxima oscillates at half the photon wavelength.

The down-converted photons in both configurations are filtered by either a 3 nm or 1 nm
bandwidth line filter centered at 1064 nm and are then coupled to the two inputs of a single mode
(SM) polarization-maintaining 50:50 fiber coupler/splitter. The down-converted photons’ waist
was matched to the SM fiber mode size for optimal coupling. The detection was performed
using two superconducting nanowire single-photon detectors with an efficiency of 68% (Single
Quantum Eos). The detectors are followed by an electronic time-tagging system (Swabian Time
Tagger 20) to identify the time correlated single photon measurements. The tagging system
counts coincidence events on the two different arms occurring within less than 1ns. The two
arms have identical components and equal length. A rotating uncoated 0.19mm thick glass plate
positioned at around 45° with respect to the optical axis is placed in one of the arms to control
the relative phase between the two arms. Finally, the resulting change in the coincidence count
rate is measured as a function of the phase shifter angle. The whole system is enclosed in a
covered casing to avoid external disturbances.

The SPDC process of both the setups has been first studied with numerical simulations. Some
approaches have been proposed to simulate the SPDC process [34–37]. The method we used in
our study is based on solving the Heisenberg equations of motion for the electric field operators,
that evolve under the SPDC Hamiltonian, and its details can be found in [36,37]. The simulations
post-select one specific frequency from the emitted field, hence the process studied is strictly
degenerate. Figures 2(a) and 2(b) show the results of the photo-detection probability in the
far field of the crystal in the crossed-beam setup and the structured crystal case, respectively.
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Two spots are clearly visible, confirming the advantages of our design, allowing for a selective,
directed emission of photon pairs, with nearly no additional unwanted emissions. This in contrast
to the conventional typical conical emission pattern of the SPDC signal. For the V-shaped
configuration we experimentally verify that the emission directions are as predicted by the poling
design. The inset in Fig. 2(b) shows an experimental 2D angular mapping of the pump and
SPDC beams emerging from the NLC. This was done by raster scanning the output far-fields
of the residual pump and the SPDC beams, using single mode optical fiber coupled to a single
photon detector (Single Quantum). As can be seen, the two 1064nm beams deviate from the
pump direction by ∼ 0.8deg (the angles refer to propagation inside the crystal), as was designed
and predicted by the simulation. Figures 2(c) and 2(d) are the simulated second order correlation
measurements, g(2) over the x-axis for y = 0 of both photon angles in the far-field (the x-axis is
defined as the axis connecting the centers of the two far-field spots). Indeed, in both cases the
simulation predicts that our schemes produce the desired N00N states. The simulated coincidence
signals show peaks only when both photons are detected at the same far-field angle, while having
the same angular spread as that of the far-field intensity spots in Figs. 2(a)-(b). Figure 2(d) also
shows a faint circle, which is due to correlations between non-collinear parasitic signal and idler
photons which are emitted on two different paths rather than in one. The wavevector scheme is
shown in the inset of Fig. 2(d). This effect does not occur for the shaped-pump scheme.

Fig. 2. Simulated far-field intensity distributions of the SPDC signal for the shaped pump
(a) and V-patterned crystal (b) schemes, demonstrating emission into two distinct modes
in the far-field. Simulated two-photon correlations, g(2), along the x-axis angle (the axis
connecting the two far-field modes) for the shaped pump beam (c) and shaped crystal (d)
schemes, respectively. The simulations predict the expected bunching of the two photons in
either of the two modes, and nearly no additional emission to other directions. The inset in
(b) is a raster scan image qualitatively showing the output far field from the V-shaped crystal.
Pump residual field is artificially colored in blue and the SPDC emission in red. The inset in
(d) shows the wavevector scheme for the process responsible for the faint ring (see text).
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The coincidence measurement results for the pump shaping configuration are presented in
Fig. 3(a) for 0.6mW, 6mW and 60mW nominal pump powers (measured after the 532nm line
filter) with a 1nm bandpass filter at 1064nm. The dots are the measured coincidence counts and
the solid line is their fit to a squared cosine function. As can be seen in the figure, the linear ratio
between the pump power and maximum rate of coincidence counts is maintained, in accordance
with the linear response of the SPDC process. As shown in Fig. 3(a), we measured a coincidence
rate of >200kHz which, normalized to the power, gives 4.2 kHz/mW. This rate constitutes a
1-5 orders of magnitude higher detection rate with respect to previous reported coincidence
rates of path entangled N00N states [13,14,16,28,29,33]. These results were achieved with a
count rate of ∼1.6× 106 Hz on one detector and ∼2.7× 106 Hz on the second detector, hence
the average collection efficiency is 12.5%. As expected, the interference patterns show maxima
when the phase difference between the arms is a multiple of π instead of multiple of 2π as in
classical interference. It can also be observed how the visibility slightly deteriorates by increasing
the power: The values we measured are 0.88, 0.81, 0.79 for 0.6, 6 and 60 mW pump power,
respectively. We note that the fringe visibility is directly related to the degree of entanglement of
the two-photon state [38,39].

Fig. 3. (a) Coincidence measurements for the pump shaping setup. Measurements were
acquired at different pump powers, 60 mW (top), 6 mW (middle) and 0.6 mW (bottom),
with an interference filter of 1 nm. (b) Comparison between filtering the down converted
photons by 3nm and 1nm band pass filters (top and bottom plots respectively) for 0.6mW
pump power. (c) Interference results when the phase shift precedes the NLC on one of the
pump arms, for 0.6mW pump power and 1nm bandpass filter. In all the plots, blue dots are
the experimental mean values, and the error bars represent the standard deviation of the
measured data. The red lines correspond to fits with a squared cosine function.

Figure 3(b) shows a comparison between filtering the down-converted photons by 1 nm and
3 nm band pass filters for 0.6 mW pump power. The comparison was done at a low pump power
because when we attempted to use the full pump power of 60 mW with the 3 nm filter, the count
rate was so high that it saturated the detectors. As can be seen, the use of the wider interference
filter increases the number of coincidences but also slightly decreases the fringe visibility, from
∼0.86 to ∼0.82. The change in visibility with the different filters should not be attributed to their
bandwidth since the two-photons coherence length [33] is much longer than the coherence length
defined by the filter bandwidth. The non-perfect visibility at all cases is mainly due to imperfect
coupling to the fibers, that includes more than one spatial mode. Photons from different modes
can be therefore detected, leading to parasitic coincidences.

It is interesting to note that for the pump shaping configuration, the glass plate could also
induce the phase shift by placing it before the NLC, in one of the pump arms. The phase shift in
the plate is ∆∅ = ∆L(θ) · 2πn/λ (n is refractive index, ∆L(θ) is the angle-dependent optical path
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in the plate, and λ is the wavelength) hence the phase shift of the pump is twice the phase shift of
the down-converted photons. Consequently, when the plate is located in the path of the pump
beam the phase shift is twice relative to the case where the plate is located on the path of the
SPDC photons. However, in a phase-matched degenerate down-conversion process, assuming the
un-depleted pump approximation, the phase relation is: φpump + 2φSPDC = Const [40]. Hence,
shifting the phase of the single photon 532nm beam before the NLC, is equivalent to shifting the
biphotons 1064nm beam after the NLC. The results of this case are presented in Fig. 3(c) for a
0.6mW pump power and 1nm bandpass filter. As seen in the figure, the oscillating pattern in the
coincidence counts also has maxima every π phase shift.

Figures 4 presents the experimental results for the patterned crystal configuration. The
interference data for a pump power of 60mW are presented in Figs. 4(a) and 4(b), for the cases
of 3nm bandwidth line filter and 1nm line filter, respectively. As expected, the results show a
periodic oscillating dependence on the relative phase shift, and the period of the coincidence
is twice faster with respect to the expected period of classical light interference. Note that for
the V-shaped crystal, the maximum number of coincidences with 60mW pump power is of the
same order of magnitude as fothe pump shape configuration. However, in the latter case, with a
much lower pump power of 0.6mW. This is probably due to the non-collinear phase matching
scheme that decreases the overlap between the pump and signal modes, and hence decreases the
efficiency and may even impair the mode-matching to the SM fiber. In addition, the V-shaped
crystal is 1.5 times shorter and its facets did not have anti-reflection coating. These effects can
explain the lower efficiency. The fringe visibility of the 3nm data is about 0.67 while that of the
1nm data is about 0.71.

Fig. 4. (a) Coincidence rate for the V-shaped patterned crystal setup. The emission is
filtered by a 3nm band pass filter and, in (b) by 1nm band pass filter. In both plots, blue dots
and error bars are the experimental mean values and standard deviations respectively, and
the red line is a fit to a squared cosine function.

To conclude, two schemes to directly generate path entangled N00N states were presented.
Both setups enable to control the spatial properties of SPDC photons, to simplify the setup
by generating the state directly from the crystal and to improve the brightness compared to
previous schemes [28,29]. As theoretically expected, both setups show an interference pattern
with de Broglie wavelength of λ/2 which is consistent with super-resolution measurements. Our
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record-high rate of N00N state coincidences suggests that these sources can be useful tools
for quantum metrology applications. The direct generation concept we introduced here can be
further extended to measure 4-photon N00N states, to generate bright squeezed vacuum [41],
to generate multimode N00N state [42] either by shaping the pump or the crystal poling and to
control spectral and polarization properties of the down-converted photons.
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