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Fig. 1. Spatiotemporal correlation properties of entangled photon pair: (a) Schematic of entangled photon pair generation by pump-

ing a second-order nonlinear crystal with a single-wavelength laser; (b) schematic of coincidence counting of entangled photons;

(c) correlation imaging of entangled photon pairs captured by a cameral'”l, the left and right images show simultaneous imaging of
the signal and idler beams at different camera positions; (d) characterization of spatial correlation and momentum anti-correlation

of entangled photon pairs!'l.
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Fig. 2. Three detection schemes for spectral imaging using entangled photon pairs: (a) Temporal correlation imaging with a pair of
single photon detectors; (b) herald imaging, where a single-photon detector triggers camera exposure upon recording an entangled

photon event; (c¢) spatial correlation imaging, where two cameras capture the spatial mode distribution of entangled photon pairs,
and imaging is achieved by computing its correlation features.
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Fig. 3. Applications of quantum microscopy based on correlation detection: (a) Sub-shot-noise imagingl*!l; (b) enhanced spatial res-
olution and sectioning performance with entangled photons®’; (c) quantum imaging distillation/, the upper panel shows the direct
intensity detection result, while the lower panel displays the quantum image based on correlation measurement; (d) bright-field and
dark-field imaging using entangled photonsP!; (e) three-dimensional imaging of zebrafish using entangled photons®); (f) cell ima-

ging by entangled photons?!, the lower panel is the line profile indicated by the arrows in the upper panel.
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Fig. 4. Quantum imaging based on HOM interference: (a) Experimental setup of HOM interference experiment (top) and schematic
of the HOM dip (bottom)!*!; (b) ultrafast time-resolved characterization of organic dye using HOM interference, showing a meas-

ured dephasing time of 102 fs!*¥}; (c) HOM interference microscopy for sample thickness characterization®.
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Fig. 5. Imaging and spectroscopy with undetected photon based on quantum induced coherence: (a) Experimental setup of quantum
induced coherence imaging using a two-crystal configuration; (b) imaging results with compact QIUP imaging system!"!, the sample
is fly’s wing; (c) single-crystal configuration for quantum induced coherence imaging; (d) mid-infrared spectrum (red curve) based
on quantum induced coherence using non-degenerative entangled light (the signal photon in visible range, while the idler is in mid-

infrared); the dashed line represents mid-infrared spectrum measured by classical a spectroscope, the sample is a polystyrene film.
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Fig. 6. Nonlinear optical applications based on entangled photon pair: (a) Energy level transition diagram for two-photon fluores-
cence excitation in fluorescent molecules (top), and comparison between entangled and classical light sources (bottom); (b) power
dependence of second-harmonic generation (SHG) enhancement using classical light (dashed lines) and entangled photon pairs (sol-

id line)['%%); (¢) comparison between two-photon fluorescence imaging with entanglement enhancement (left) and classical light (right)®7;

(d) comparison between time-resolved stimulated Raman spectroscopy with entangled photons and classical light (bottom)!
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Fig. 7. Quantum atomic force microscopy enabled by squeezed light: (a) Experimental setup for a squeezed light enhanced atomic
force microscopel®); (b) energy transition diagram of four-wave mixing in rubidium for generating two-mode squeezed light;
(c) minimum detectable displacement of squeezed light enhanced atomic force microscope considering back action noise (dashed
line) for various squeezing levels, the purple, black, brown, gray line correspond to 0, 4, 13, 26 dB of squeezing; (d) comparison of

cantilever displacement signals measured with squeezed light (red) and coherent light (blue), showing significant signal-to-noise ra-

tio improvement with squeezed light120,
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Fig. 8. Squeezed-light-enhanced refractive index sensing based on a plasmonic metasurfacel'?”: (a) Schematic of the experimental
setup; (b) refractive index modulation signals detected with squeezed light (red) and coherent light (blue); (c) sensitivity character-
ization by squeezed light and coherent light. Here, the noise floor for squeezed light measurement (ii) is below the shot-noise level of

the coherent light measurement (i).
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Fig. 9. Squeezed light enhanced nonlinear optical imaging: (a) Schematics of quantum enhanced stimulated Raman scattering (QE-
SRS) microscope based on single-mode picosecond squeezed light!'*7; (b) multi-spectral imaging of single yeast cells with QE-SRS
microscope; (c) schematic of a quantum enhanced stimulated Brillouin scattering (SBS) microscope based on two-mode continuous-

wave squeezed light!3?); (d) SBS imaging of 4 T1 breast cancer cell, squeezed-light image (top), coherent-light image (bottom).
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SPECIAL TOPIC—Principles and applications of quantum optics
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Abstract

Advances in spectroscopic measurement and imaging technologies have become key tools in life sciences
and materials science. However, for samples with weak optical responses, such as low-dimensional materials and
living cells, high-power excitation light often introduces significant classical noise and causes non-negligible
photodamage, thereby limiting the achievable signal-to-noise ratio (SNR) and the application scope. In this
context, nonclassical light sources with unique quantum properties, such as entangled light and squeezed light,
provide a promising route to surpass classical limits in SNR. This review focuses on the field of quantum-
enhanced spectroscopy and imaging, and systematically reviews recent progress based on two important types of
quantum light sources: entangled light and squeezed light. Owing to quantum correlations between photons,
entangled light exhibits remarkable robustness against noise in applications such as correlation imaging,
undetected-photon imaging, and ultrafast interferometric measurements. In contrast, squeezed light improves
detection sensitivity and SNR by reducing quantum noise in the optical field, enabling enhanced performance in
displacement sensing, plasmonic detection, and nonlinear microscopic imaging. Furthermore, this article
systematically discusses the unique advantages of quantum light sources in improving SNR, reducing
photodamage, enhancing temporal resolution, and increasing nonlinear conversion efficiency. It also analyzes key
challenges that currently limit the practical implementation of quantum imaging technologies, including the low
brightness of quantum light sources and large system losses. Finally, we discuss the future directions in this
field.
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