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Interaction-free, single-pixel quantum
imaging with undetected photons

February 2 2023, by Thamarasee Jeewandara
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Conceptual scheme and setup of interaction-free, single-pixel quantum imaging
with undetected photons. (a) Classical imaging. Classical imaging requires a light
source that emits light, which in turn interacts with the object of interest; a
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detector with spatial resolution directly detects light scattered from the object.
(b) In our imaging scheme, all the above conditions are alleviated, which means
imaging can be realized without direct interaction, direct detection, and a charge-
coupled device (CCD) camera. (¢) Conceptual diagram. Our imaging protocol is
realized by integrating two interferometers based on the induced coherence (IC)
and the interaction-free measurement (IFM) with the single-pixel imaging (SPI).
(d) Experimental setup. A folded version of panel (c) realizes IC. The double-
pass spontaneous parametric down-conversion processes correspond to source-1
and source-2 in panel (c). The IFM is realized with a single-photon Michelson
interferometer. The object is placed into arm ® of the IFM. Vac denotes the
vacuum port of the IFM module. The idler photon is filtered out by dichroic
mirror DM3 and remains undetected throughout the entire imaging process. The
circled numbers represent different arms of the interferometer. 0 and ¢
represent the phase of the signal photon and the relative phase of the IFM. We
also perform interaction-free quantum imaging with an intensified CCD (ICCD)
camera (shown in inset f of panel d), instead of using SPI (shown in inset e of
panel d). IC induced coherence, IFM interaction-free measurement, SPI single-
pixel imaging, SLM spatial light modulator, DM dichroic mirror, NC nonlinear
crystal, BS beam splitter, R reflector, SPD single-photon detector. Credit: npj
Quantum Information (2023). DOI: 10.1038/s41534-022-00673-6

To capture an image of an object, a photographer typically requires a
source of light interacting and scattering away from that object of
interest, and a method to detect the light being scattered away from that
object, as well as a detector with spatial resolution. These ingredients of
photography are limiting in biological/sensitive specimen imaging
however, due to the absence of photon-starved detection capabilities that
can damage the specimen during interactions.

In a new report published in npj Quantum Information, Yiquan Yang and
a research team in physics and solid-state microstructures in China
proposed and experimentally realized a quantum imaging protocol that
alleviated all three requirements. They accomplished this by embedding
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a single-photon Michelson interferometer into a nonlinear interferometer
by harnessing single-pixel imaging methods. The work showed
interaction-free, single-pixel quantum imaging of a structured object
with undetected photons.

The research pushes the boundaries of quantum imaging to a point where
no interactions were required between the object and photons to pave a
new path to characterize delicate samples with single-pixel imaging at
silicon-detection wavelengths.

The new quantum imaging protocol

In recent decades, quantum physicists have developed several imaging
protocols based on quantum technology that have expanded the
applications of optical imaging. Examples include ghost imaging,
quantum imaging with undetected photons and interaction-free
measurements. For instance, during quantum ghost imaging, researchers
must correlate entangled photon pairs for two-photon coincident
measurements. This can be realized with classical intensity-fluctuation
correlations.

In contrast to modern digital photography, single-pixel imaging uses a
sequence of masks to interrogate the scene alongside correlated intensity
measurements of a single-pixel detector. In this work, Yang and
colleagues sought to develop and demonstrate a quantum imaging
protocol, which alleviated the needs of typical imaging.

They accomplished this by combining interaction-free measurements
(IFM), single-pixel imaging (SPI) and an induced coherence
interferometer. These first-in-study research outcomes highlight
quantum imaging capabilities where the illuminating photon and
detected photon do not interact with the object. As a result, this novel
imaging protocol can characterize fragile or photon-sensitive systems,
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including biological tissues and quantum states of atomic ensembles. The
scientists used economic, low-noise and high-efficiency single photon
detectors for long-wavelength, interaction-free imaging.
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(a) By adjusting the phase 6 of the signal photons, we obtain the residual
interference of the signal photon in the absence of the object with a visibility of
11.3 £ 1.9%. b) When the object is present, the idler photon performs a
successful IFM and induces the interference of the signal photon. The
experimental visibility is 22.3 + 1.8%. The relative phase 0 can be tuned by
adjusting optical path difference of two arms in the nonlinear interferometer
with motorized translation stages mounted on the mirrors R1. ¢) Counting
histogram of the signal photon fitted by two Gaussian distributions. The width of
each bin is 20 counts per second. The mean counts per second for sensing the
presence (purple) and absence (blue) of the object are about 3,500 and 2,950,
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respectively. By setting a threshold (vertical black dash line), we clearly
distinguish whether the object is present or not. d) The confidence of the sensing
is obtained by integrating the two Gaussian distributions shown in panel (c); a
confidence level above 99.93% at the 3.4-sigma threshold is obtained. Error bars
in panels (a and b) indicate two standard errors of the mean. Credit: npj Quantum
Information (2023). DOI: 10.1038/s41534-022-00673-6

The experimental method

Yang and colleagues developed an experimental setup containing three
main parts, which included the induced coherence interferometer, the
interaction-free measurement interferometer, and the single pixel
imaging module. They used a lithium niobate crystal as the nonlinear
crystal and included a variety of dichroic mirrors to separate and
combine frequency non-degenerate photons. The entire experimental
setup enabled the formation of the quantum interferometer facilitated by
induced coherence. During the experiment, the team generated an idler
photon from the forward spontaneous parametric down-conversion
process reflected by the dichroic mirror and injected into the interaction-
free measurement module realized by a Michelson interferometer.

Since a single photon is indivisible due to its particle property and cannot
split on a beam splitter, the idler photons that returned to the induced
coherence interferometer were unlikely to have propagated through an
interaction-free measurement module and therefore unlikely to have
interacted with the object. The scientists accomplished single-pixel
imaging with the signal photon in the single-pixel imaging module by
reconstructing the multi-pixel image by interrogating that image with
spatially resolved masks to simultaneously record and correlate the
intensity with a single pixel detector. The team mathematically described
the image as I = P. T., where I represented the pixelated image, while P
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was a set of masks and T a collection of correlated photon counts of the
corresponding mask set.
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Interaction-free quantum imaging result of the 'NJU' characters with undetected
photons. In the presence of the plate in arm ® of the interaction-free
measurement module, two images are obtained with ICCD at phase setting
(0=m,p=0 ) and (0=0,p=m). The difference between these two images is shown
above. The signal photon inside the three characters has higher visibility than in
outside regions. The three characters 'N', 'J' and 'U"' are measured independently.
The length of the scale bar (white colour) in the figure is 200 um. Credit: npj
Quantum Information (2023). DOI: 10.1038/s41534-022-00673-6

Quantum sensing

During the first step of the experiment, the team realized interaction-
free quantum sensing with undetected photons by inserting an opaque
object into the interaction-free measurement module. The visibility of
the module was high in the absence of the object; this imperfection
allowed the idler photon to return to the induced coherence
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interferometer with a low probability. Ideally, the visibility of signal
interference was expected to be zero. In practice, the researchers used
the maximum fitted counts of the induced coherence interference to
denote successful detection of the object with interaction-free
measurements and obtained the average counts to denote the absence of
the object. The single counts of the signal photon thus provided a
method to decide if or not the object was present in the interaction-free
measurement module without interacting with it.
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Interaction-free, single-pixel quantum imaging result of the 'NJU' plate with
undetected photons. The three characters 'N', 'J', and 'U' are measured
independently with the single-pixel imaging technique. Note that in our
experiment, the micromirror of the SLM is rotated 45° at a mount. The edge of
SLM can be vaguely seen at the upper left corner of the image. We rotate the
reconstructed images by 45° to obtain the above images. The background noise
in the signal-photon counts results in some speckles in the reconstructed images.
Because of the structural difference of characters and limited detection area of
the fiber-coupled detector, the visual result of character 'N' is less prominent
than 'J' and 'U". The length of the scale bar (white colour) in the figure is 500
um. Credit: npj Quantum Information (2023). DOLI:
10.1038/s41534-022-00673-6
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Quantum imaging

The team then realized interaction-free imaging with undetected
photons. To accomplish this, they used an intensified CCD camera to
image a partially structured object in the form of a 3D printed logo of
the Nanjing University. In this instance, regions on the logo with
characters were transparent, while complementary regions were opaque.
The character and remaining regions corresponded to the
absence/presence of the object and to different interference visibilities.
The scientists used the methods presented herein to perform interaction-
free imaging with undetected photons on a CCD camera to ultimately
obtain a reconstructed image of the 3D printed NJU logo.

Zone I

Zone II

Ilustration of the imaging plate. It can be divided into opaque Zone I and
transparent Zone II. Here we only use the character 'N' to illustrate the imaging
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plate. Other characters follow the same rules. Credit: npj Quantum Information
(2023). DOI: 10.1038/s41534-022-00673-6

Outlook

In this way, Yiquan Yang and colleagues demonstrated interaction-free,
single-pixel quantum imaging with undetected photons in a
fundamentally different manner to typical digital imaging. The scientists
harnessed the wave-particle duality of single photons to perform
interaction-free imaging with probe photons. During the experiments,
based on the induced coherence, the image information carried by the
idler photons did not interact with the object and were transferred to the
signal photons. The team reconstructed the image of an object of interest
via a sequence of signal-photon counts that were detected by a visible
single-photon detector without spatial resolution. The illuminating
photon and the probe photon did not interact physically with the object,
thereby pushing the capabilities of quantum imaging beyond the typical
1maging processes.

This method will benefit life scientists and physicists alike to probe and
image sensitive biological specimen and nanomaterials. The team
envision this outcome will stimulate wider research interests across multi-
disciplinary fields.

More information: Yiquan Yang et al, Interaction-free, single-pixel

quantum imaging with undetected photons, npj Quantum Information
(2023). DOI: 10.1038/541534-022-00673-6

Barreto Lemos et al, Quantum imaging with undetected photons, Nature
(2014). DOI: 10.1038/nature13586
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