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This paper proposes a new Zernike modal gray map reconstruction algorithm used in the nematic liquid crystal

adaptive optics system. Firstly, the new modal algorithm is described. Secondly, a single loop correction experiment

was conducted, and it showed that the modal method has a higher precision in gray map reconstruction than the widely

used slope method. Finally, the contrast close-loop correction experiment was conducted to correct static aberration in

the laboratory. The experimental results showed that the average peak to valley (PV) and root mean square (RMS) of

the wavefront corrected by mode method were reduced from 2.501λ (λ = 633 nm) and 0.610λ to 0.0334λ and 0.00845λ,

respectively. The corrected PV and RMS were much smaller than those of 0.173λ and 0.048λ by slope method. The

Strehl ratio and modulation transfer function of the system corrected by mode method were much closer to diffraction

limit than with slope method. These results indicate that the mode method can take good advantage of the large

number of pixels of the liquid crystal corrector to realize high correction precision.
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1. Introduction

The adaptive optics system (AOS) can sharpen

an image through actively compensating wavefront

aberration, and has been widely used in astronomical

observation and retinal imaging.[1−6] The wavefront

corrector (WFC) is a key element of the AOS. Uni-

versally, deformable mirrors (DMs) are used for this

purpose. When a unit voltage is applied to one ac-

tuator on DM, the surface deformation produced by

this activated actuator is called the actuator’s influ-

ence function. In a DM AOS, the influence function

is usually the slope response measured from the wave-

front sensor (WFS), due to the fact that only some

elements of the influence function around the actua-

tor’s position have non-zero slope values. The slope

method in DM AOS is more direct and flexible.[7]

A nematic liquid crystal (NLC) corrector WFC is

an alternative selection for AOS due to its high reso-

lution, high response speed, low cost, reliability, low

power consumption, low price and lack of moving me-

chanical components.[8−10] It has millions of pixels,

which makes it possible to use phase-wrapping tech-

nique to increase modulation depth and also to ac-

quire high correction precision. Also, because of the

corrector’s large number of pixels, it is impossible to

apply a unit voltage on each of the pixels to mea-

sure influence function. So, a gray map of a certain

Zernike mode is used to drive all pixels of the cor-

rector for influence function measurement. In most

current NLC AOSs, the slope method is used.[11−13]

It is clear that nearly all elements of the influence

function have non-zero slope values, which may limit

the correction precision of the NLC AOS. The peak

to valley (PV) and root mean square (RMS) of the

wavefront corrected by this kind of system reduced

from aberrations of several wavelengths to 0.1λ–0.2λ

and 0.05λ–0.1λ, respectively.[11,13] It has a long way

to go to reach high precision correction, especially for

the open-loop correction which demands a very high

correction accuracy.[14] In addition, after the correc-

tion with slope method, we found that the Zernike

polynomial coefficients of the residual wavefront did

not fluctuate around zero, and different Zernike co-
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efficients fluctuated around a different fixed non-zero

value. This would decrease the correction precision,

and must be avoided. In all, it is very important to

improve the control algorithms of the AOS to get high

correction precision.

In this paper, we first introduce the measurement

of influence function and the gray map reconstruction

algorithm of the NLC AOS using slope method, and

analyse the precision in Section 2. In Section 3 we pro-

pose a new mode algorithm which is special for NLC

AOS to measure influence function and reconstruct

the gray map, which gets nearly perfect results. Fi-

nally, in Section 4 an experiment of a static wavefront

correction was conducted in the laboratory. The PV

and RMS of the residual wavefront corrected by mode

method is only ten percent of that corrected by slope

method. The system with the new algorithm becomes

closer to the diffraction limit, and the image quality

improves obviously.

2. Gray map reconstruction by

slope method

In order to correct distortions precisely, a kino-

form calculated with high precision called a gray map

must be obtained. The reconstruction of a gray map

needs aberrations measured by WFS and influence

matrix which is constructed by repeating the influ-

ence function measurement on all effective Zernike

modes. Most currently used NLC AOS are using the

slope method to measure the influence matrix and

distortions,[9,11−13] and we call this kind of system

the slope based nematic-liquid-crystal adaptive opti-

cal system (SNLC AOS). Next, we introduce the gray

map reconstruction algorithm.

2.1.Algorithm

The gray map applied on NLC WFC is repre-

sented by Zernike polynomial coefficients aj (0 ≤ j ≤
M) in reconstruction procedure. The wavefront is cal-

culated according to the following equation

Φ =
M∑
j=1

ajZj , (1)

where Zj is the j-th Zernike polynomial.[15] After the

wavefront Φ is quantified by 2π, the gray map is ob-

tained. The relationship of gray map coefficients A,

influence matrix C and slope distortion vector K is

described below
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, CA = K, (2)

where N is the number of lenslets of Shack–Hartmann

WFS (SH WFS), M is the total Zernike mode num-

ber (usually it takes the value of 35), ki,x and ki,y

represent the slopes of the i-th lenslets of WFS in x

and y directions, respectively. Before correction, the

influence matrix C has to be measured according to

the following procedure: first, the gray map of each

Zernike mode with an appropriate coefficient is ap-

plied on NLC WFC. Second, the slopes of wavefront

modulated by the NLC WFC are measured, normal-

ized and recorded. Third, the above two steps are re-

peated for each Zernike mode to obtain the influence

matrix. After that, a pseudo-inverse of the influence

matrix C+ called the control matrix can be calculated.
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During WFC, the gray map coefficients A are obtained

according to the following equation:

A = C+K. (3)

Then the gray map for correction can be calculated

from A through Eq. (1).

2.2.Precision of the gray map recon-

struction based on slope method

We conducted a close-loop correction experiment

for static distortion using SNLC AOS. The results are

shown in Fig. 1. Figures 1(a) and 1(b) show Zernike

mode coefficients of tilt and defocus mode, respec-

tively. They show that the distortions decreased grad-

ually in the first several loops, and then balanced on

a fixed value. Different Zernike coefficients fluctuated

around a different fixed non-zero value.

Fig. 1. The dynamic variation of the 1st Zernike coeffi-

cient (a) and the 4th Zernike coefficient (b) of the residual

wavefront using slope method in LC AOS (λ = 633 nm).

In order to find out the reason why the SNLC

AOS yields an abnormal residual error, a single loop

correction experiment was conducted. First, after

the influence matrix was acquired, the gray map of

each Zernike mode with a unit coefficient was sent to

NLC WFC, and the slope of the wavefront yielded

by the NLC WFC was detected by a WFS. Second,

the Zernike coefficients of the reconstructed gray map

were calculated by Eq. (3). Figure 2 gives the recon-

structed gray map coefficients after applying the gray

map of the 19th or 28th Zernike mode on NLC WFC.

In ideal conditions, the gray map coefficients recon-

structed from Eq. (3) are the same as the ones that

are applied on the WFC. But the fact is that the re-

constructed coefficients are not exactly the same as

the ones applied on the NLC WFC. In Fig. 3(a) the

19th term of the reconstructed coefficient has a little

difference from 1, and other terms that must be zeros

have different values. After applying a different gray

map of another Zernike mode (not the 19th) on NLC

WFC, the reconstructed gray map coefficient profile is

nearly the same as that in Fig. 3(a). This gives a good

answer to the fact that the residual error does not fluc-

tuate around zero. It proves that the slope method

borrowed from DM AOS to reconstruct the gray map

has larger than expected error. So the mode method

to reconstruct the gray map is under consideration,

and we call this kind of system the mode based NLC

AOS (MNLC AOS).

Fig. 2. The Zernike coefficients of the reconstructed gray

map by slope method after the gray map of the 19th

Zernike mode (a) or 28th Zernike mode (b) were applied

on NLC WFC.
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3. Gray map reconstruction by mode method

In NLC AOS, the influence function is measured by applying a gray map of a certain Zernike mode on NLC

WFC. So it is more reasonable to use mode method to describe the influence function and aberrations.

The influence function measurement of the mode method is similar to that of the slope method. The only

difference is that a Zernike coefficient vector is measured and recorded for every Zernike mode. For an aberration

which has a series of coefficients dj (1 ≤ j ≤ M), the reconstructed gray map coefficients cj (1 ≤ j ≤ M) can

be calculated by 

c1
...
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...

cM


=



b1,1 · · · b1,j · · · b1,M
...

. . .
...

bi,1 bi,j bi,M
...

. . .
...
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−1 

d1
...
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...

dM


, C = B−1D, (4)

where bi,j is the mode influence matrix element of the i-th Zernike coefficient for the j-th Zernike mode.

The single loop correction experiment was also conducted by using MNLC AOS. The gray map coefficients

reconstructed from Eq. (4) are nearly the same as the coefficients of the gray map applied on NLC WFC as

shown in Figs. 3(a) and 3(b) by dot lines. For instance, using the MNLC AOS, when the gray map of the 19th

Zernike mode was applied on NLC WFC, we found that the 19th reconstructed Zernike coefficient is equal to

1, and others are all zero as shown in Fig. 3(a) by the dotted line, which is more accurate than that using the

SNLC AOS as shown in Fig. 3(a) by the star marker line. The results of all M Zernike modes prove that the

mode method for the reconstructed gray map is more accurate than that of the slope method in the NLC AOS.

Fig. 3. The reconstructed gray map coefficients using SNLC AOS (star points) or using MNLC AOS (small

dot point) after the gray map of the 19th (a) or the 28th (b) Zernike mode were applied on the NLC WFC.

4. Contrast experiment using SNLC AOS and MNLC AOS

In order to compare the correction effects of the SNLC AOS and MNLC AOS, an experiment of a static

WFC was conducted in the laboratory. The NLC WFC used in the experiment has 512×512 pixels, a 200-Hz

frame rate, and a 1λ (λ = 633 nm) phase modulation depth. The SH WFS has 415 effective lenslets with a

hexagonal arrangement, a 3-mm aperture, and a 500-Hz frame rate. The CCD for imaging the fibre bundle has

a 34-Hz frame rate, and 512×512 pixels with a pixel size of 15 µm. The host computer has a CPU of Intel Core

2 2.66 GHz with 2 GB DDR2 memory.

The experimental setup is shown in Fig. 4. A white light from the fibre bundle passes through a 633-nm

narrow-band (about 10 nm) coloured filter and a polarizer to become a near monochromic p polarized light.

After collimating by the lens L1 with a focal length of 300 mm and reflecting by the mirror M1, the light goes
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into the NLC WFC. The modulated light is reflected by the NLC WFC along the incident direction. When

it meets the beam splitter, it is separated from the incident light. After it goes through a quarter-wave plate,

it becomes circularly polarized light. The polarisation beam splitter separates the incident circularly polarized

light into s and p polarized light. The s polarized light is collimated by the lens L2 with a focal length of 100

mm, and goes to the SH WFS being used to detect the aberrations. The p polarized light is reflected by a

mirror M2, and goes to the CCD camera being used to image the fibre bundle.

Fig. 4. The setup of NLC AOS.

Fig. 5. The aberration wavefront and the image of the fibre bundle: (a), (b) before correction; (c), (d) after the

correction of SNLC AOS; (e), (f) after the correction of MNLC AOS.
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Before correction, PV and RMS of the wavefront

were 2.501λ (λ = 633 nm) and 0.610λ, respectively,

as shown in Fig. 5(a). The image of the fibre bun-

dle is shown in Fig. 5(b). The main aberration of

the wavefront was defocused, and the image of the fi-

bre bundle was very obscure. After the correction of

SNLC AOS, the results were shown in Figs. 5(c) and

5(d). The PV and RMS of the residual wavefront were

down to 0.173λ and 0.048λ, respectively. The wave-

front became flat and the image became clearer than

that before correction. The core of the fibre could be

resolved. However, the wavefront still had a relatively

big error, and the core of the fibre bundle was still

blurry. So the MNLC AOS was used to correct the

same wavefront aberration. The results were shown

in Figs. 5(e) and 5(f). In this case, the PV and RMS

of the residual wavefront were down to 0.0334λ and

0.00845λ, which were nearly one order of magnitude

smaller than the ones using SNLC AOS. The wave-

front became flatter, and one could hardly find any

fluctuation. The contrast of the image was improved

and the core of the fibre bundle could also clearly be

resolved.

It can be seen from Fig. 6 that, after the correc-

tion of SNLC AOS and MNLC AOS, the average RMS

of the wavefront changes from 0.610λ to 0.048λ and

0.008λ, respectively. It is obvious that the correction

precision of the mode method is higher than that of

slope method.

In order to evaluate the image quality of SNLC

AOS and MNLC AOS quantitatively, the point spread

function (PSF) and the modulation transfer function

(MTF) are given in Figs. 7 and 8, respectively.

Fig. 6. The dynamic RMS of the residual wavefront after

the correction of SNLC AOS (0.05λ) and after the correc-

tion of MNLC AOS (0.008λ).

Before correction, the Strehl ratio (SR) was 7.4%.

After correction, the SR was up to 93.3% and 99.8%

using the SNLC AOS and MNLC AOS, respectively.

This is the reason why the image quality with mode

method is better. The MTF curves are shown in Fig. 7

before or after WFC. Before correction, it can be seen

that the MTF curves of the system have a long dis-

tance from the diffraction limit, which suggests that

the system has a big aberration. After the correction

of SNLC AOS, the difference was smaller (Fig. 7(b)).

In Fig. 8(c), we show the MTF curves of the sys-

tem after correction of MNLC AOS. As can be seen,

the match of MTF with diffraction limit was good.

The difficulty in identifying the two lines in each plot

of Fig. 8(c) indicates the high precision of the mode

method in NLC AOS.

Fig. 7. The PSF (a) before correction; (b) after correction of SNLC AOS; (c) after correction of MNLC AOS. The SRs

are 7.39%, 93.24% and 99.80%, respectively.

The residual error of each Zernike mode was analysed. In Fig. 9, we show the dynamic variation of the 1st

and 4th Zernike coefficients of residual wavefront. It can be seen that the 1st or the 4th Zernike coefficient of the
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residual wavefront corrected by MNLC AOS fluctuated around zero, which is consistent with the expected ideal

condition. The result also shows that all of the M Zernike coefficients of the residual wavefront corrected by

MNLC AOS fluctuated around zero, which again proves that the gray map reconstruction with mode method

is more accurate and suitable for NLC AOS.

Fig. 8. The MTF in x and y directions: (a) before correction; (b) after correction of SNLC AOS; (c) after

correction of MNLC AOS.
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Fig. 9. The dynamic variation of the 1st Zernike coefficient (a) or the 4th Zernike coefficient (b) of the residual

wavefront using mode method or slope method in NLC AOS.

5. Conclusion

We demonstrated that aberration correction with mode method has high precision in NLC AOS. Firstly,

it was found that the Zernike coefficients of the residual wavefront corrected by slope method in LCAOS do

not fluctuate around zero, but with the mode method they do. Secondly, the single loop correction experiment

showed that the mode method has a smaller error in gray map reconstruction than the slope method.

Finally, the contrast close-loop correction experiment using the slope method and mode method was con-

ducted to correct static aberration in the laboratory. It was shown that the PV and RMS of the residual

wavefront corrected by mode method were nearly one order of magnitude smaller than the ones corrected by

slope method. The SR was up to 99.8% through mode method from 7.4%, which was much higher than 93.2%

reached through slope method from 7.4%. The MTF was nearly the same as the diffraction limit using mode

method, which was much better than the ones using slope method. So we highly recommend the mode method

for a reconstructed gray map to correct aberrations in LCAOS.
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