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Fig. 1 The principle of adaptive optics for aberration compensation

(a) The plane wave is incident on a Cassegrain telescope and form a focus. (b) The incident light is scattered by atmosphere and form multi-foci due to

aberration. (c) The incident wave propagates through the gas and weakly scattered. Then the micromachined membrane deformable mirror is used for

aberration compensation.
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(b)

Fig. 2 The physical model of scattering medium

(a) The light is incident on the front face of scattering media and propagates through the scattering medium. The wavefront of the transmitted light is

destroyed and the phase of the incident light changes sharply. (b) The wavefront of the incident light is modulated by spatial light modulator and forms a

sharp focus after propagating through the scattering media.
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Fig. 3 Illustration to show the principles used in the single segment to focus scattered light

(a) Procedure of phase modulation of SSA. (b) Procedure of phase modulation of CSA. “M” stands for the modulation processing in which the

segment modulate its optical phase from 0 to 27r; “0” means to keep the phase on this segment as the same with the incident wave; “B”

set this segment the optimized phase to bring the brightest focal point.
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Fig. 4 Principle used in the four-element division method to focus scattered light

(a~e)Procedure of phase modulation of 4 segments. (f~j) Procedure of phase modulation of 16 segments. “M” means to modulate this segments

cycling from 0 to 27r; “0” represents to keep this part the same with the original wave; “B” means to set this segment the brightest phase of elder

generation; “b” to set this segment the brightest phase of filial generation.
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Fig. 5 Optical scheme of the apparatus
A 632.8 nm He-Ne laser beam is expanded and reflected off a Holoeye liquid crystal SLM. The SLM is imaged onto the exit pupil of the objective. The
shaped wavefront is focused on the strongly scattering sample (ground glass) and a CCD camera images the transmitted intensity pattern by another

microscope objective. M: Mirror; O,, O, and O;: Microscope objectives; L;, L, and L;: Lenses; BS: 50% non-polarizing beam splitter; SLM: Spatial light

modulator; S: Sample; CCD: Charged couple device.
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Table 1 Comparison of focusing effect with different types of pixels of SLM and different set-up method

. Intensification factor of
Method of experiment .
the first experiment

Intensification factor of

the second experiment

Intensification factor of  Intensification factor of

the third experiment the fourth experiment

1. Initiation 1

1 1 1

2. 2x2 of first modulation 3.4186 4.7942 4.2422 2.0534
3. 2x2 with a optimized area (neighbor) 3.1028 4.8353 4.3678 2.2631
4. 2x2 with a optimized area (diagonal) 2.9252 4.6124 44123 2.2474
5. 2x2 with 2 optimized areas 5.3795 5.3127 5.9994 5.7546
6. 2x2 with 3 optimized areas 6.4451 5.8656 6.3759 6.9566
7. 4x4 with an optimized area (neighbor) 9.9318 10.5828 9.7334 8.5091
8. 4x4 with an optimized area (diagonal) 9.7226 10.6833 10.04 8.0161
9. 4x4 with 2 optimized areas 11.0744 12.9334 13.8903 9.4442
10. 4x4 with 3 optimized areas 11.4627 14.5155 15.1197 9.8121
11. 8x8 with 4 optimized areas 14.3046 17.9901 18.2379 11.621
12. 8x8 with 8 optimized areas 17.0196 18.6085 19.823 12.4344
13. 8x8 with 15 optimized areas 18.3584 20.214 22.1371 13.9159
@ ®) © € @©
M| O M D M | B M| B
0 0 D | D D | B B | D B | B

Fig. 6 Procedure of the study of the interference between segment to segment

(a) 2x2 of first modulation. (b) 2x2 with a optimized area (neighbor). (c) 2x2 with a optimized area (diagonal). (d) 2x2 with 2 optimized areas. (¢) 2x2

with 3 optimized areas. “M” to cycle the phase of this segment from 0 to 27 and find optimal phase. “B” to set this segment the optimized phase of

elder generation. “D” to set this segment the inferior phase of elder generation. “0” to set this segment the same phase with incident wavefront.
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Fig. 7 Comparison of focusing enhancement and
interaction between the segments with different types
of pixels of SLM and different set-up method
after standardization and averaging
The number of segments are 4, 8, 16 and 64, respectively. The methods
of the experiment correspond to the methods in Table 1 and discuss the
influence of different interference effect of the same number of
segments. The enhancement is normalized and the experimental

uncertainty is of the order of the error bars with 4 times of experiment.
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Fig. 8 Images of 8x8 pixels of SLM observed on CCD and the phase boards of SLM
(a) The result of no phase modulation. (b) The phase board of SLM of Figure (a). (c) The result modulated according to the procedure which has four

optimized areas of 8x8 pixels of SLM. (d) The phase board of SLM of Figure (c). (¢) The result modulated according to the procedure which has eight

optimized areas of 8x8 pixels of SLM. (f) The phase board of SLM of Figure (e). (g) The result modulated according to the procedure of 8x8 pixels of
SLM which all other areas are optimized. (h) The phase board of SLM of Figure (g).
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Fig. 9 The focusing results of 1024 and 4096 segments
(a) The origin speckle pattern. (b) The focusing results of 1024 segments. (c¢) The optimal phase distribution corresponding to Figure 9(b). (d) The origin

speckle pattern. (¢) The focusing results of 4096 segments. (f) The optimal phase distribution corresponding to Figure 9(e).
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Fig. 10 Comparison of the experimental enhancement with respect to measurement times when segment number N=4096

(a) Stepwise sequential algorithm. (b) Continuous sequential algorithm. (c) Four-element division algorithm.
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Fig. 11 The optimized phase distribution and transmission images by wavefront shaping
(a) The phase distribution of plane wave. (b) The transmission image through the sample with plane waves. (¢) The modulated phase distribution using
stepwise sequential algorithm (after iteration of four times). (d) The focusing on CCD using stepwise sequential algorithm. (¢) The modulated phase
distribution using continuous sequential algorithm (after four time iterations). (f) The focusing on CCD using continuous sequential algorithm. (g) The

modulated phase distribution using four-element division algorithm. (h) The focusing on CCD using four-element division algorithm.
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Fig. 12 The number of phase in different phase ranges
of the optimized phase distributions from the stepwise
sequential algorithm (SSA), continuous sequential algorithm
(CSA), and four-element division algorithm (FEDA)

The abscissa is serial number of phase interval, which 1 means 0~0.1r,

2 means 0.1~0.27r, 3 means 0.2~0.3,..., 20 means 1.9~21r.
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Fig. 13 The schematic of scattering using ground glass and turbid media
(a) The light propagates through ground glass. (b) The light propagates through turbid media.
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Fig. 14 The measured output intensity and calculated noise

(a) The output intensity as a function of measurement time. (b) The noise intensity as a function of measurement time.
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A Spatial Phase Modulation Method of Rapid Convergence for
Focusing Coherent Light Through Scattering Media*

FANG Long-Jie, ZHANG Xi-Cheng, ZHANG Cheng, ZUO Hao-Yi, ZHU Jian-Hua, GAO Fu-Hua, PANG Lin™
(College of Physical Science and Technology, Sichuan University, Chengdu 610064, China)

Abstract

A method of focusing strongly scattered light through turbid media based on spatial light wavefront

modulation was proposed in the field of biophysical imaging. The content and procedure of this new method was

detailed described. The strict optical theory indicates that the focusing result is better if the effect of interference is

considered more intensely. The experiment also indicates this phenomenon. In addition, the experiment reveals

that under the same conditions, the more the number of pixels controlled on spatial light modulator, the better the

focusing result is. This new method has higher signal-to-noise ratio than other methods. The result of focusing and

the phase board uploaded on spatial light modulator are displayed in the paper. At the same time, the convergence

rate of focusing is much faster than other methods. That is mainly because our method has considered interference

and the focusing result is the superposition of all pixels modulated on spatial light modulator. Therefore, we think

that it will provide a new idea for the research of biophysics imaging.
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