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Abstract: Compared with conventional Gaussian speckle fields, speckles generated by a perfect optical
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vortex (POV) exhibit distinctive characteristics in light-field propagation, speckle size, and the optical mem-
ory effect. However, the annular intensity distribution produces a donut-shaped structure, leading to degrad-
ed imaging quality, reduced measurement accuracy, and increased difficulty in data analysis. To address this
limitation, an optical system was designed to enhance the illumination uniformity of POV speckle fields. Us-
ing the POV speckle field as the light source, a highly uniform Kohler illumination system was designed in
ZEMAX. Key parameters, including the radius of curvature and lens spacing, were systematically optimized
by minimizing the merit function. The system consisted of a three-element collecting mirror and a cemented
doublet condenser. The collecting mirror was comparatively optimized using crown glass H-ZK9A and flint
glass ZF2, whereas the condenser was constructed with commercial Thorlabs lenses. Under single-wave-
length conditions in sequential mode, the illumination uniformity of both systems exceeded 96% , with the
ZF2-based design reaching 98. 9%. In non-sequential mode, in which physical scattering and phase modula-
tion were introduced, the system uniformity remained above 90%. Under multi-wavelength conditions,
both systems maintained stable illumination uniformity across the visible spectrum in sequential and non-se-
quential modes, demonstrating their suitability for broadband illumination. In terms of microscopic statistical
properties, the speckle contrast at the image plane approached 1, and the simulated characteristic size of the
spatial autocorrelation showed strong agreement with the theoretical value. Further experiments demonstrat-
ed that a dynamic POV speckle field could be stably generated. The measured illumination uniformity ob-
tained from the horizontal and vertical profiles, as well as from the central rectangular region, exceeded
86% , confirming the effectiveness and feasibility of the design. The experimental values were slightly lower
than the simulation results, mainly owing to physical factors such as alignment errors, SLM zero-order
light, and environmental noise. Uniform POV speckle illumination was successfully achieved in this study.
The macroscopic annular intensity distribution was eliminated while the microscopic statistical properties
were well preserved. This approach provides an effective strategy for optimizing specially structured light
systems and offers potential applications in precision imaging and information processing.
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Fig.1 Principle schematic of Kshler illumination
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Tab.1 Optimization results of collecting mirror

Radius of curvature R/mm

Back focal length BFL/mm Effective focal

Collecting mirror

Original Optimized Original Optimized length f/mm
H-ZK9A 23.27 29. 697 53. 207 83. 299 30. 466
7F2 25.23 27.931 53. 246 60. 294 27.829
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Tab.3 Comparison of illumination uniformity for single-wavelength under different illumination methods
o E i/ E.u/ E./ RMSE/
System  Illumination method B o B Uu/% .,
(mWem *)  (mWeem *)  (mWeem °) (mWeem )
horizontal 26.149 8. 307 12.693 65.45 4.481
H-ZK9A  Critical illumination
vertical 26.313 8.257 12. 640 65. 33 4.727
) o horizontal 7.316 5.795 6.358 91.14 0.321
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vertical 7.060 5. 891 6.416 91.83 0.263
o o horizontal 27.355 10. 011 16. 929 59.13 4.084
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Fig. 7 Simulation results of multi-wavelength ZF2 system
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Tab.4 Results of multi-wavelength uniformity

Wavelength/
System & in w  U/Y% RMSE
pm
H-ZK9A 0.450 0.954 0.986 96.7 0.011
0.532 0.952 0.986 96.5 0.011
0.635 0.954 0.987 96.7 0.010
7F2 0.450 0.981 0.992 98.8 0.005
0.532 0.967 0.977 99.0 0.006
0.635 0.981 0.991 99.0 0.005
Maximum field:2.000 0 millimeters
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Fig.9 Multi-wavelength simulation results for H-ZK9A system in non-sequential mode
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Fig. 10 Multi-wavelength simulation results for ZF 2 system in non-sequential mode
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Illumination method Direction E. E. E. Uniformity/ % RMSE
Horizontal 56. 00 21.00 38. 27 54. 87 6.58
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Horizontal 104. 00 81.00 94.11 86.07 3.26
Kohler illumination Vertical 104. 00 82.00 94. 50 86. 77 3. 20
Rectangular region 108. 00 83. 00 95.10 87.27 2.70
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