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ABSTRACT

Quantum metrology leverages quantum correlations for enhanced parameter estimation. Recently, structured light enabled increased resolu-
tion and sensitivity in quantum metrology systems. However, lossy and complex setups impacting photon flux hinder true quantum advantage
while using high dimensional structured light. We introduce a straightforward mechanical rotation quantum sensing mechanism, employing
high-dimensional structured light and use it with a high-flux (45000 coincidence counts per second) NOON state source with N = 2. The
system utilizes two opposite spiral phase plates with topological charge of up to £ = 16 that converts mechanical rotation into wavefront phase
shifts and exhibit a 16-fold enhanced super-resolution and 25-fold enhanced sensitivity between different topological charges, while retaining
the acquisition times, and with negligible change in coincidence count. Furthermore, the high efficiency together with the high photon flux
enables detection of mechanical angular acceleration in real-time. Our approach paves the way for highly sensitive quantum measurements,

applicable to various interferometric schemes.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0231506

I. INTRODUCTION

Quantum metrology is a promising avenue in the second quan-
tum revolution, where outperforming classical metrology systems
is a key goal.! This enhanced performance is characterized by an
improvement in resolution, as well as improved sensitivity, that
can approach the Heisenberg uncertainty limit, which scales as 1/N
instead of 1/ /N for classical sensors, where N is the number of pho-
tons. Within the field of quantum metrology, two main resources are
pursued: continuous variables squeezed states and discrete photon
number NOON states." While the potential of quantum metrology
using these resources is known,” a major challenge that needs to
be addressed for wide usage of these systems is the low photon flux
that is eventually used for detection. In quantum metrology systems,
maintaining a low photon number is crucial. For example, some
atomic systems can be depolarized due to the probe photon flux.” In
addition, biological samples can also be sensitive to the probe bright-
ness, destructing or altering biological systems behavior.”” However,
low brightness sources and lossy systems deeply degrade quantum
imaging and sensing applications due to the long acquisition times of
the measuring devices.” Conversely, it is equally essential to achieve

APL Photon. 9, 106116 (2024); doi: 10.1063/5.0231506
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high resolution in real time, which requires high-flux photon sources
and efficient setups. Hence, the goal is to achieve the maximal pho-
ton flux possible (that is dictated by the system efficiency and source)
while considering sample damage limitations. However, complex
setups usually have unavoidable losses that prevent high flux quan-
tum light® from fulfilling their full potential in addition to their large
footprint.”

Recently, structured light” has been increasingly used to achieve
better sensitivity in classical and quantum sensing schemes owing to
its high dimensional nature, among them is optical rotation sensing.
Optical rotation metrology is used for inertial navigation systems or
for monitoring rotation in cryogenic environments’ among other
applications. Structured light envisioned'”'' and enabled rotation
sensing using twisted NOON states,” polarization photonic gears,'?
and squeezed light."”'* However, these studies faced challenges due
to either inherent lossy systems that impeded the full potential of
quantum light, lacked the measurement of mechanical rotation,
or were degraded while increasing the dimensions of structured
light. Therefore, the combination of structured and quantum light
still faces major challenges due to complex and lossy systems, hin-
dering true quantum advantage. A detailed comparison between

9, 106116-1

GE:62:.} ¥20Z J8qWBAON 80


https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0231506
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0231506
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0231506&domain=pdf&date_stamp=2024-October-23
https://doi.org/10.1063/5.0231506
https://orcid.org/0000-0003-4809-140X
https://orcid.org/0009-0000-1450-9914
https://orcid.org/0000-0001-6486-7285
mailto:ady@tauex.tau.ac.il
https://doi.org/10.1063/5.0231506

different quantum sensing schemes using structured light is given
in the supplementary material.

In our study, we sense rotations utilizing a new concept that
we name wavefront photonic gears and quantum light. As the
quantum light source we use robust and high brightness source for
directly generating NOON states with N = 2.° Our demonstration
manages to address all the above-mentioned issues of combining
quantum structured light: The rotation sensing mechanism uses
very few elements with relatively low loss even for high-dimensional
structured light, and its seamless integration is especially appeal-
ing for quantum light, which often poses significant challenges
due to its low light levels. In addition, we address the dynamic
challenges of real mechanical movements, allowing full 360° range
of motion. These improvements are demonstrated through direct
measurements of mechanical rotations and angular acceleration,
maintaining coincidence count and visibility, thereby highlighting
the real-world utility of our approach.

Using two spiral phase plates with opposite orientation, i.e.,
with topological charge of ¢ and -/, respectively, we convert
mechanical rotations of a motor to wavefront phase shifts, hence
allowing us to use interference to sense rotations, with ¢-fold
improvement in the angular resolution. Spiral phase plates are
typically aligned so that the beam passes through the center of
the plate, e.g., to convert a Gaussian beam to a Laguerre-Gaussian

beam.'” However, the region near the singularity of the plate may
distort the beam and scatter part of it, owing to fabrication limi-
tations. For the rotation sensing application that we present here,
we overcome this limitation by sending the beam at some distance
from the center of the spiral phase plate. By employing the NOON
state source and coincidence detection in this system, we obtain
an additional N-fold improvement in resolution. Hence, as will be
shown in the following, the angular resolution scales as N x £ and
the sensitivity increases with £.

In addition to super-resolved rotation sensing, our high bright-
ness source combined with wavefront photonic gears allows us to
measure fast rotations (reaching 10 deg/s) and angular acceleration
(here measured at 1 deg/s*), which is a significant challenge in other,
low efficiency schemes. With further reductions of both losses, as
well as drift and improvements in detection efficiency, this scheme
may enable us to approach unconditional violation of the shot noise
limit for all the detected photons in the system.'*'”

Il. THEORETICAL MODEL

Let us analyze the performance of the setup shown in Fig. 1.
Upon impinging a spiral phase plate (SPP), the Gaussian beam (¥o)
acquires a phase ¢, (Fig. 1),

FIG. 1. Conceptual illustration of wavefront photonic gears and experimental setup. (a) A collimated Gaussian mode with a constant phase (I) passes through a spiral phase
plate with topological number ¢ = 1, accumulating a phase distribution (1l). After a short propagation distance, the beam passes through a shifted reciprocal phase distribution
(1), hence increasing the overall constant phase to 7 in this example (IV). (b) Experimental setup. Pump shaping enables the generation of a two-photon path entangled
NOON state immediately after the nonlinear crystal. Next, the setup includes an MZI with two oppositely oriented SPPs, one of which is mounted on a rotation stage. After
interfering at the beam splitter (BS), coincidence detectors record data for measuring coincidence count. The blue particles represent photons with no wavefront phase shift;
the multi-colored particles represent structured photons, after the first SPP; and the yellow particles represent an example of 7-shifted wavefront photons for the £ = 1 case.
(c) Experimental figure of the wavefront photonic gears apparatus. The first SPP is mounted on a rotation motor and the second, flipped, SPP is mounted without a motor.

An alignment procedure for the apparatus appears in the supplementary material.
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arctan (Z )é, x,y € Yo,
x

¢1(X>)’) = (1)

0, otherwise.

After impinging the second flipped SPP, the beam acquires the
following phase ¢,:

—arctan (Z)é +00, xyeV¥,
x

$2(x,y) = )

0, otherwise

where ¥ is a Gaussian beam with phase ¢, that is displaced from
the second SPP singularity. 6 is the rotation angle that we wish to
measure, and ¢ is the SPP topological charge. Hence, after two SPPs,
the output beam W, satisfies, classically,

phase(¥2(x)) = phase(Wo(x)) + 6L (3)

Namely, at a given setting of the spiral phase plates, the output
beam acquires a constant 6¢ phase. Therefore, the two SPPs serve
as a wavefront photonic gear, converting mechanical rotation to flat
phase delay, which is dependent on the topological charge of the
SPP. We assume that the second SPP is in the near field of ¥;.
Our scheme differs from other photonic gears implementations'*'*
by eliminating the need for polarization handling. This feature
enhances its versatility, enabling to improve the sensitivity in various
interferometric configurations.

We now turn to analyze how wavefront photonic gears can be
enhanced by quantum entanglement, here analyzed for the case of
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NOON states with N = 2 that will be denoted 2002. According to
Eq.(3), a single arm of a Mach-Zehnder interferometer (MZI) accu-
mulates a phase of 6. Hence, after rotation of a single SPP in a
single arm of the path entangled 2002 state, the state accumulates
20¢ according to

i20¢

[¥) =124, 05) + €[00, 25), (4)

where a and b denote the two arms of the interferometer. By mixing
the output of the two arms using a 50:50 beam splitter, the final state
before the detectors is®

W)zooz = sin (6¢) M

+ cos (60)|1)]1). (5)

Hence, by rotating one of the SPPs and measuring the coin-
cidence (i.e., the |1)|1) state), the signal oscillates N x £ times for
360° rotation (in our specific case 2 x £), thus exhibiting super-
resolution. This occurs because the probability of detection equals to
cos*(0¢) = M, resulting in a detection peak every
200 = 2 x g x m radians where ¢ is an integer.

Following Refs. 7 and 11, this sets the following bound on the
uncertainty (Heisenberg limit):

(AM) 1

Ag= ol -~
%‘ VMNY

(6)

where M is the measurement operator M = X2, [w);(y/|;, represent-
ing M independent N-photon NOON states, which saturates the
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FIG. 2. Coincidence counts vs rotation angle plots for £ = 1 and £ = 16. Both the figures demonstrate that the detected signals exhibit super resolution. In the case of
£ = 16, the coincidence count oscillates 16 times more over a 360° rotation than in the £ = 1 scenario (and both oscillate twice times more than the classical case). Each
data point comprises 20 measurements taken from 20 different rotation experiments; all aligned using cross-correlation analysis. The shaded yellow area corresponds to

the segment where the signal with £ = 16 performs two oscillations, for comparison.
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quantum Cramer-Rao bound.* Hence, it is of interest to use quan-
tum entanglement and push the sensitivity further using the 1/N
scaling, whereas the shot noise limited error scales as 1/v/N. Impor-
tantly, in our work, we benefit from all three multiplicative in the
denominator in Eq. (6) in a manner that pushes the sensitivity in
real-life scenarios. We use N = 2 using a bright NOON state source,
hence increasing M. In addition, we increase the topological charge
number and avoid aperture limitations, resulting in a negligible
coincidence pair loss (the coincidence rate dropped by 4.8% percent,
from 44.9 k/s with £ = 1 to 42.7 k/s with ¢ = 16, as shown in Fig. 2).
The observed change could be smaller as we bring the SPP plates
closer together. This is supported by simulations provided in the
supplementary material, which showcase the potential of wavefront
photonic gears with a minimal trade-off between higher topolog-
ical charges and coincidence counts compared to other methods.
These simulations estimate the beam modal change when passing
through wavefront photonic gears and the expected influence of
higher topological charge numbers on that change (see Table S2 in
the supplementary material).

lll. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The quantum source
is a bright NOON state source that consists of a continuous wave
532.25 nm laser with output power of 75 mW after the residual
pump filter, a beam splitter, and a 2 cm PPKTP crystal poled for
type-0 interaction® held inside an oven with a temperature of 36 °C.
It is followed by a Mach-Zhender interferometer that utilizes the
wavefront photonic gears mechanism, consisting of two opposite
SPPs, where the first one is mounted on a mechanical rotation stage.

(a) €:1G

The two SPPs are positioned such that the beam passes roughly
2 mm from the singularity point at the center of the SPPs. The two
SPPs are located 5 cm from one another. The two NOON state paths
are then coupled to two 1064 nm single mode polarization main-
taining fiber and interfere inside a 50:50 fiber beam splitter. Then,
photons from the two arms are detected using two (SNSPDs) super-
conducting nanowire single photon detectors (Single Quantum Eos)
with 81% and 86% efficiency.

IV. ROTATION MEASUREMENT

We measured the coincidence at different angles for £ = 1 and
£ = 16, that were attached to a mechanical motor and were equally
spaced. We analyzed the data using a weighted least squares fit,
where each point was weighted by the reciprocal of the measured
variance, from a set of 20 repeated measurements’ (that allows us to
capture the inherent noise of the system). The resulting fitted curve
is as follows:”

é[l—cos(ﬂ—Nf@—C)]+B, (7)
2 180

where A is the amplitude of the cosine curve, B is the offset, and
C is the parameter specifying the initial rotation point. Thus, the
expression [m] provides an estimation of the curve’s visibility,
as determined by the fit. Mechanical rotation displacement causes
increased drift in the detected signal. Therefore, each of the 20 mea-
surements commenced from a distinct relative phase between the
two arms. To tackle this issue, we employed a cross-correlation anal-
ysis to identify the relative phase (“C”) of each measurement. Then,
we aligned each measurement correctly with the desired starting
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FIG. 3. Angular uncertainty for two cases: £ = 1in red and £ = 16 in blue. The dashed curves are calculated from Eq. (8) while taking into account Poissonian errors for
AM(0), as determined from Eq. (7). The crosses represent experimentally determined precision values calculated using Eq. (8), where for this case, AM(0) signifies the
standard deviation of a single rotation measurement. The shaded area corresponds to the same uncertainty values, for comparison.
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FIG. 4. Interferometer stabilization with photonic gears. The blue curve demon-
strates stable coincidence counts due to the use of a PID controller. The controller
successfully stabilized the interferometer on different phase (coincidence) values.
The green curve shows unstable coincidence counts, illustrating the ongoing drift
of the interferometer without stabilization.

point on the curve. (See the supplementary material for details on
the cross-correlation analysis.)

Figure 2 shows the results of two experiments, one with £ =1
and the other with ¢ = 16 with an acquisition time of 0.1 s and a
coincidence window of 0.5 ns, normalized to coincidence per sec-
ond. Clearly, the coincidence count exhibits super resolution due
to quantum correlations, where in £ = 1, the detected pairs oscillate
twice in a 360° rotation and in ¢ = 16, the coincidence count oscillate
32 times (here, we show almost two oscillations in 20.8°). For each
of these measurements, the visibility values are (95.7%) and (97.6%)
respectively.

Coincidence [a.u]
e o ©
ESN (o)) oo

o
(N

Time [s]

We compute the angular uncertainty using the following
equation:”

AM(6)
AO = , ®)
’glg(fo sm(lé\éf(Q—C))

where AM(6) represents the standard deviation for each measure-
ment angle, calculated from 20 measurements. The angular preci-
sion results are shown in Fig. 3 for £ =1 and ¢ = 16. The lowest
uncertainty for £ =1 (£ = 16) is 2.28° (0.09°) degrees. At the oscil-
lation peaks, where the cosine derivative is zero, the rotation angle
becomes unmeasurable, leading to increased uncertainty, as shown
in Fig. 3.

Importantly, by utilizing larger values of ¢, we obtained a 25-
fold experimental uncertainty reduction associated with £ = 16 com-
pared to our baseline measurements at £ = 1, without changing the
acquisition time and the number of coincidence counts. This aligns
with our simulations presented in the supplementary material. Com-
pared to the regular method of passing through the center, avoiding
the manufacturing defects improve the visibility and coincidence
count significantly for £ = 1. For £ = 16, passing through the center
decreases the signal to zero (see the supplementary material).

Increasing ¢ allows us to approach the Poissonian error regime,
which coincides with the shot noise limit, as shown in Fig. 3. In
particular, for ¢ =1, the minimal uncertainty is 4.5 higher than
the Poissonian errors regime. Conversely, for £ = 16, our measure-
ments are 2.2 higher than the Poissonian errors regime, which is
attributed to the decreased mechanical rotation for detecting a single
oscillation. The gap between the expected and desired results is pri-
marily due to discrepancies arising from changes in coupling due to
mechanical rotation, and interferometer drift during extended mea-
surements using a physical motor. This gap can be mitigated using

(b)

Coincidence [a.u]

Time [s]

FIG. 5. Acceleration measurements. Experimental (circles) and least square fitting function (continuous curves) for a rotating motor under constant acceleration (1 deg/s?)
over a 10-s duration. Two distinct topological charges, £ = 1 and £ = 16, were employed. Acceleration measurements were extracted from the fitted curves.
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a specially built mechanical rotor that will have less effect on the
stability of the interferometer and active interferometer stabilizers.

In the analysis above, we considered only the coincidentally
detected photons, but the single count rate for both detectors are
roughly 500 000 and 490 000, compared to 45 000 coincidence detec-
tions per second. To reach unconditional violation of the shot noise
limit with two photon NOON states, the system efficiency and vis-
ibility must satisfy 5" V2N > 1, where # is the Klyshko efficiency
(here measured as 9%) and V is the visibility."” Assuming near
unity detection efficiency,'” we need to increase the coupling effi-
ciency, which constitutes the main loss mechanism, by a factor of 7
from 10% to 71% (for example, using objective lenses and alignment
stages with tilt and rotation). We note that even though uncondi-
tional violation of the shot noise limit was not achieved, a quantum
enhancement (super resolution) is clearly present and helps accu-
rately measure angular acceleration, as shown in the following. In
addition, having the phase shift in the signal and idler wavelengths
is beneficial due to material dispersion,'” challenging fabrication in
shorter wavelengths, and limited transparency in the ultra violet for
fused silica.

V. INTERFEROMETER STABILIZER

Photonic gears demonstrate multiple functionalities, includ-
ing use as an interferometer stabilizer. To test this, we employed
a PID controller to stabilize the interferometer at different phases.
In the first measurement, the motor maintained the interferometer
at various phases (constant coincidence counts) for 200 s each before
moving to the next phase, using a PID feedback loop from a time
tagger. In a subsequent measurement, we did not rotate the motor,
allowing us to observe the drift in coincidence counts without sta-
bilization. The blue curve (“With PID”) in Fig. 4 shows stable
coincidence counts at different angles due to the PID controller,
while the green curve (“Without PID”) shows unstable coincidence
counts, highlighting the ongoing drift without stabilization.

VI. ACCELERATION MEASUREMENT

Notably, using our high-brightness scheme and wavefront pho-
tonic gears, we are not limited to slowly varying angular displace-
ment but can measure fast rotations and angular acceleration, using
structured quantum light. Here, we measured the acceleration of a
rotating motor using an acquisition time of 0.01 s. The motor was
subjected to a constant acceleration of 1 deg/s® and the measurement
was limited to T = 10 s. The measurements were executed using our
wavefront photonic gear sensor, employing two distinct topological
charges, ¢ = 1 and ¢ = 16. To estimate the given rotation, we fitted a
chirp function to the detected coincidence pair count (Fig. 5),

é|:1—cos(90+7T—I\ww()t+§z‘2)]+3, 9)
2 180 2

Ne(wi—w) . . .
where k = % is the acceleration parameter that we wish

to measure, from which the angular acceleration can be extracted.
Here, %’:wo( 1y is the initial (final) angular frequency and 6 is
the initial phase. Using least squares fit for ¢ = 1, we registered

an acceleration of 1.51 deg/s” squared, which is quite far from the

APL Photon. 9, 106116 (2024); doi: 10.1063/5.0231506
© Author(s) 2024

nominal angular acceleration of 1 deg/s’ squared. However, for
¢ = 16, we obtained a measurement of 1.015° + 0.021° deg/sz. For
£ =1, the 10 s measurement duration proved inadequate for achiev-
ing a precise fit. This limitation arises due to the numerous potential
fitting functions applicable in such circumstances. Therefore, the
enhanced super-resolution provided by higher ¢ values and photon
numbers N contributes to shorter measurement time and improved
accuracy.

VII. CONCLUSIONS

We demonstrated a new rotation sensing mechanism that uses
quantum light and just two spiral phase plates. The small footprint
of wavefront photonic gears makes it highly suitable for real-life
scenarios. This scheme does not need any additional beam manip-
ulation with respect to other MZI: the two phase plates are on-axis
and merely put inside an already established MZI scheme. Remark-
ably, there is no decrease in visibility and only a negligible reduction
in the detected pair rate is measured when using different topolog-
ical charges of the SPPs. Hence, we envision that the concept of
wavefront photonic gears can be used with much higher topological
charge SPPs or even spiral phase mirrors’’ without major compli-
cations, such as degrading beam quality. The reason is that usually,
SPPs are manufactured with an unavoidable singularity point that is
usually neglected for large beams. Moreover, high spatial frequencies
near the SPP’s singularity contribute to diffraction at sharper angles.
However, our system successfully eliminates these constraints, oper-
ating in close proximity to the singularity. The two phase plates can
be positioned adjacent to each other, which reduces footprint and
may mitigate the diffraction effects of higher topological charges.
Interestingly, while we do not use SPPs in a conventional manner,
the quantum light complexity and, therefore, its structure’’ changes
between the two SPPs. This allows us to have a metrological equiv-
alence to other quantum structured light schemes, which are based
on free space modes. The high brightness of our source, together
with the system efficiency, allowed us to use it for measuring angu-
lar acceleration and fast angular rotations that may help measure the
rotation angle at any given angle using real-time feedback control.””
In addition to the demonstration of mechanical rotation sensing,
our demonstration also improved the bright NOON state source
visibility® to near unity. This marks our scheme as a prime candi-
date for multi-photon sensing schemes along with structured light,
increasing the resolution using higher order photon pairs events.
The concept of wavefront photonic gears is not limited to quan-
tum light and can be also used with classical light, by simply using
two phase plates and conventional interferometers. In addition, the
sensitivity may be increased by repeatedly passing through various
locations on the same SPP, mimicking the advantages of multi-pass
sensing schemes.” Finally, one can generalize our scheme to sense
linear displacement in the same manner'® or to combine squeezed
light with wavefront photonic gears.”

SUPPLEMENTARY MATERIAL

Additional data tables, extended experimental details, and
supplementary figures are available in the supplementary material.
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This supplementary material provides in-depth information sup-
porting the findings of this study.
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