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Fig. 1. Experimental Setup of random dynamic mask-based power-law light field modulation and high-order degree of coherence. PL

is pulsed laser, NDF is neutral density filter, HWP is half-wave plate, PBS is polarizing beam splitter (with a splitting ratio of

3000:1, where the p-polarized light is the transmitted optical path, the s-polarized light is the reflected optical path), PM is the

power meter, BE is beam expander, DMD is digital micromirror device, AD is aperture diaphragm, M is mirror, NBF is narrow-

band filter, SPDA is single-photon detection array, and TDC is time-to-digital converter.
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Fig. 2. Numerical verification of the theoretical mechanism: (a) Theoretical probability distribution curves of the power-law distri-

bution, Poisson distribution, and Bose-Einstein distribution under the condition of average photon number (n) = 5.00; (b) the

second-order degree of coherence corresponding to o = 3.5.
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Fig. 3. Performance of single-photon detection array at different bit depths: (a) Dark count rate (DCR)-exposure time curves;

(b) signal-to-noise ratio (SNR)-exposure time results figure; (c) dynamic range (DR)-exposure time result graph.
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Fig. 4. (a)—(c) Photon number probability distribution diagrams and their Poisson fitting curves for different average photon num-

bers under an exposure time of 5 ps; (d) photon number probability distribution diagrams for different exposure times (5, 10, 20,

30 ps) under the same experimental conditions.
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Fig. 5. Results of power-law photon statistical distribution characteristics of the optical field after loading a dynamic random mask:

(a)—(d) Photon number distribution of the optical field when the random mask is loaded, along with its power-law fitting curves and

Bose-Einstein fitting curves; (e)—(h) photon number distribution of the optical field in the double logarithmic coordinate correspond-

ing to panels (a)—(d).
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Fig. 6. Comparison of the second-order coherence of the coherent light field modulated by no modulation, Hadamard mask and ran-

dom mask: (a) The curve of the average second-order coherence of the light field with the average number of photons under the

three modulations; (b) the curves of the maximum second-order coherence of the light field varying with exposure time under three

modulations; (c¢) the curves of the average second-order coherence of the light field in the imaging area varying with exposure time

under three modulations; (d) a two-dimensional distribution graph of the second-order coherence varying with integration time and

modulation frequency when a random mask is loaded.
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Fig. 8. Comparison of imaging quality indicators under different mask modulation and imaging resolutions Each subfigure compares
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SPECIAL TOPIC — Principles and applications of quantum optics

Quantum statistical properties of power-law light field
based on random dynamic mask modulation”
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Abstract

The quantum statistical properties of optical fields are core parameters that characterize the intrinsic
physical properties of light sources, among which the second-order degree of coherence ¢ (0) serves as a key
criterion for distinguishing between different types of light such as thermal light and coherent light, and thus
holds significant theoretical and practical value. The quantum correlation characteristics inherent in these
properties provide crucial physical support for advanced fields including quantum spectroscopy and quantum
imaging. Particularly in correlation imaging, this technique exhibits irreplaceable potential for complex scene
detection, owing to its strong resistance to scattering interference and exceptional capability for high-resolution
imaging under weak-light conditions. However, existing technologies are still constrained by several critical
limitations, including the limited stability of highly coherent light sources, insufficient manipulation speed and
control over light intensity, a lack of synergy between coherent control and mode customization, poor
adaptability to low-light conditions, and lagging capabilities in the analysis of high-order coherence control.

In response to the aforementioned issues, in this study a single-photon detection array (SPDA) is used as
the core detection device and two schemes are proposed for enhancing the second-order coherence of a light
field: an innovative approach based on random dynamic mask modulation and a comparative scheme using a
Hadamard mask. By spatially modulating a coherent light field with initial second-order coherence of 1, a light
beam exhibiting both strong correlations and power-law statistical properties is successfully generated.

Throughout the investigation, the photon statistical distribution and second-order coherence characteristics of
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China (Grant No. 202405002).
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the modulated light are systematically examined, with emphasis on analyzing the influence of key parameters
such as exposure time and mask modulation frequency. Meanwhile, the enhancement effect of this modulation
technique on single-photon correlation imaging performance is also experimentally validated.

Experimental results demonstrate that the proposed scheme achieves significant effectiveness in both light
field manipulation and imaging optimization. Regarding the control of photon statistical property, the proposed
method enables efficient manipulation of light fields with average photon numbers ranging from 102 to 10%. The
photon number statistics of the modulated light field strictly follow a discrete power-law distribution, and its
distribution curve exhibits a clear linear relationship within a specific interval in double logarithmic coordinates.
This finding provides critical support for quantitatively analyzing the quantum statistical properties in highly
coherent light fields. Regarding the enhancement of second-order coherence and optimization of imaging
performance, under a short exposure condition (5 ps), the random dynamic mask can raise the second-order
coherence of the initial coherent light field to 98.6667, with an average photon number per pixel of only 0.0076.
In comparison, the Hadamard mask can increase this value to 47.2899, corresponding to an average photon
number per pixel of 0.0137. Further experimental validation confirms that the ¢ correlation imaging scheme
based on the second-order coherence significantly outperforms the traditional frame stacking approach in all
performance metrics. According to the proposed scheme, only 20 frames are required to achieve substantial
improvement in imaging quality. Specifically, compared with traditional frame stacking methods, loading
random dynamic masks can improve the following performance: peak signal-to-noise ratio (PSNR) by 20.98 dB,
structural similarity (SSIM) by 0.84, contrast (CTRS) by 73.97, and sharpness (ACU) by 34.01 relative to the
initial value.

In summary, the modulation and imaging scheme proposed in this study can effectively optimize the
performance of single-photon detection array under conditions of low photon flux and short exposure, providing
a feasible approach for high-quality imaging in low-light scenarios. Meanwhile, experimental results fully
demonstrate the core role of high-coherence light fields in promoting the performance of single-photon
correlation imaging, which has important reference value for the practical application of quantum imaging

technology.

Keywords: single-photon detection array, power-law photon number distribution, second-order degree of

coherence, correlation imaging
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