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In order to analyze the performance of phase retrieval wavefront sensor (PRWS), an experimental based
on the PRWS method has been built. In this paper, we utilize liquid crystal space light modulator (LC-SLM)
to produce single aberration and random aberration, and validate the ability of PRWS measurement for

any aberrations. Mathematic model of phase retrieval measurement is constructed based on the diffrac-

Keywords:

Phase retrieval

Wavefront sensor

ZYGO interferometer

Liquid crystal space light modulator
Zernike

tion theory, and solved using gradient based optimization algorithm. Experimental results demonstrate
that good agreement is obtained among the errors distribution, PV value and RMS value of ZYGO inter-
ferometer. The measurement precision of wavefront is 3/1000 wavelength RMS. Therefore, the feasibility
and accuracy of the proposed method can be confirmed.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

Dynamic detection of the mirror surface in the optical
processing of the reign of real-time detection and optical system
alignment and the use of medium wave aberration of the process
is difficult to complete traditional optical inspection equipment
[1-3]. PRWS technology [4-8] based on the focal plane image infor-
mation wavefront solver in the focal plane wavefront detection
technology, whose principle is given by sampling a number of
the defocus images [9-14]; solve the optical system wavefront by
Fourier optical methods. System hardware is simple, free from the
environment (especially the vibration) influence of optical compo-
nents and systems for dynamic detection [7,15], real-time display of
measurements, which has good application prospects in the field
of the optical processing, system alignment, active optics, adapt
optics, etc.

This paper, introduces the principle of PRWS, builds the exper-
imental of the measurement method based on PRWS, and uses
a LC-SLM produce single and random aberration to verify the
detection capabilities of various aberrations of PRWS. Comparing
the PRWS measurement result with ZYGO interferometer [16-21]
measurement result, we can see that in the face shape error
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distribution, erroneous peak valley value (PV) and on root-mean-
square value (RMS), all of them have a high degree of consistency.
Wavefront measurement accuracy achieves about 3/1000 wave-
length RMS; it illustrates that the feasibility and the accuracy of the
measurement method of PR, which provides a data basis for the
subsequent study on the detection system based on PRWS. This
paper is organized as follows: the theory of PRWS is presented in
Section 2, the measurement experiment of comparing PRWS and
ZYGO interferometer in Section 3 and the summary in Section 4.

2. The principles of PRWS

Phase retrieval (PR) system is the wavefront detector of a focal
plane waves; a laser spot light on the object plane is a target des-
ignated from the focal plane image acquisition, use the acquired
image, the defocus of the corresponding image, known pupil size
and shape to reverse solve the aberration of the optical system [22].
The structure of the PR system is shown in Fig. 1.

Assuming that the aperture of a measured optical system is D,
the focal length is Z, the center wavelength of the laser light source
is A, whose pupil constraint function is |f{(x)|, the generalized pupil
function for focus plane is

f) = [f(x)l exp[iO(x)] (1)

where 6 is wavefront distortion and can be obtained with
Zernike polynomial fitting: 0(x)=2nan2n(x). the real number oy,
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Fig. 1. Schematic of optical path of PR.

represents the first nth terms of polynomial coefficients, Z, indi-
cates the first nth terms of Zernike polynomials basement.

For linear optical system, when the generalized pupil f{x) whose
defocus is § in the plane, the impulse response function F(u) is

F(u) = |F(u)| exp[iy(u)] = F{f(x) exple(x, §)]) (2)

where x is the coordinates of the pupil domain, u is the coordinates
of the image domain, both of them are two-dimensional vector
field coordinates. v is the phase part of the impulse response, F is
two-dimensional Fourier transform, &(x,8) is wavefront aberration
caused by defocus 8 in the position x.

For a PR system, |f{x)| of Eq.(1)is the priori conditions of a known
optical system, corresponds to the size and shape of the pupil. |f{u)|?
is the image collected by CCD where the defocus is §. Therefore, the
purpose that we detect wavefront by PR is to get o, by the above
known quantity. So formal description of the problem for: |f(x)],
81, IF1 ()2, 82, IF2(w)P?, ..., IFy(u))? are known. Image acquisition
distance from the focal plane at 81, 8, . . ., 8y respectively is [F; ()2,
IFa(u)?, ..., [Fm(u)?.

The objective function and the partial derivative of PR objective
function with respect to o, respectively is formulae (3) and (4)

M
B = E2, = N"25 S G ) - IFCu)] 3

m=1 u

Oan B = =2 ) "If (g (X sinlO,  (X) = Ok (ONZn(x)  (4)

According to the objective function (3) and derivative (4) solve the
wavefront, so we need to use the optimization algorithm, here we
use LBFGS algorithm that the phase diversity (PD) [23-26] experi-
ment has been able to solve.
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Fig. 2. Schematic diagram of PRWS.

Fig. 3. The experimental system.

3. The contrast detection experiments between PRWS
measurements and the interferometer

3.1. Experimental theory and components

The schematic diagram of PRWS is shown in Fig. 2. The parallel
light from ZYGO interferometer pass through the L1 and L2 shrink
beam group, after the beam splitter, one of which get into the aper-
ture diaphragm, and then through a polarizer, incident to the liquid
crystal spatial light modulator (LC-SLM) [27-29].

Since the effective area of the LC-SLM is only
6.14mm x 6.14mm, with light bar to limit the aperture; In
addition, the LC-SLM requirements of the incident linearly polar-
ized light, so join the polarizer so that the beam through the
partial direction coincide with the LC-SLM fast-axis. Through
the control of the LC-SLM, the reflected beam with a specified
phase information (aberration), pass through the polarizer and
the light bar, again divides into two path by the beam splitter, one
of which back through ZYGO interferometer, with which and the
front-end flat reference mirror of the interferometer is reflected
back the reference beam interfere form interference fringes. By
analyzing the interference fringes, we can calculate detecting
wavefront of loading on the LC-SLM. Another part passes through
the convergent lens L3 assemble on the CCD camera, which is
placed on a movable platform, move along the optical axis and the
angle of the camera posture fine-tuning to get the focus before and
after receiving a different amount of defocus images, we can obtain
wavefront loaded by LC-SLM with the PR algorithm. Compare the
two measurements.

The experimental optical path is shown in Fig. 3 focal length
of L3 in the experimental system is 0.12 m, and the center wave-
length is 632.5 nm, the exit pupil caliber is 0.005 m, depth of focus
is about 0.73 mm. In the experiment, the defocus we select is 0 mm
and 4.65 mm respectively, the corresponding defocus phase’s PV
is OA and 1.6X. Camera pixel size is 6.45 m, each defocus posi-
tion respectively intercept 128 x 128 pixel size of target region, the
exposure time is 20 ms, the accuracy of mobile platform is £5 pm.

3.2. Experimental procedures

Step 1: Build the experimental system, start LC-SLM, and make
it a flattened state, which does not produce the wavefront aber-
ration, adjust the optical path, and try to adjust the small optical
aberrations;

Step 2: To adjust the size and position of diaphragm, so that try to
make the incident spot cut the inside effective area of the LC-SLM;
Step 3: Rotate polarizer makes polarizer through partial direction
coincide with the fast axis of LC-SLM who plays the role of the
phase modulation;

Step 4: Observe the fringes of ZYGO interferometer, and fine-tuned
through the partial direction of the polarizer, making the contrast
of the interference fringes largest;

Step 5: Adjust the translation stage until the points of light into
the CCD get minimum, record the location, which as the position
that the defocus is 0;
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Step 6: Set the LC-SLM for the flattened state, and utilizes ZYGO
interferometer measure; make the measured wavefront as W0 and
as the reference wavefront of ZYGO interferometer in later exper-
iments. Using CCD camera to collect image in the location that
defocus distance is 0 mm and 4.65 mm and PRWS calculate wave
front W1, which as the reference wave front of PRWS wave front
in later experiments;

Step 7: Put a specified wave front distortion input to the LC-SLM,
use ZYGO interferometer measure the wave front at this time, sub-
tract the reference wave front W0 of ZYGO interferometer and the
first four of Zernike coefficient, we can obtain wavefront measured
by ZYGO that LC-SLM newly added;

Step 8: Adjust PRWS optical path, utilize the CCD camera gather-
ing image in the place of defocus distance of 0 mm and 4.65 mm
respectively, which as the input of PRWS and calculate wave front
by PR algorithm, and then subtract the reference wave front W1 of
PRWS and subtract the first four Zernike coefficient, we can obtain
the new loaded wave front of LC-SLM by PRWS measured. Compare
the measurements between ZYGO interferometer and PRWS.

3.3. Experimental results and discussion

We separately add single and random aberrations on LC-SLM,
and compare the measurement between ZYGO interferometer and
PRWS, as shown in Figs. 4-11. The aberration of the figures is wave-
front minus the piston, tilt and defocus and so on introduced from
system alignment.

We put the above two wave fronts separately as the reference
wave front of ZYGO interferometer and PR in later measurement.

Table 1 gives the contrast of RMS on the different aberration
measurements of PRWS and ZYGO interferometer. We obtain mea-
surement results for single aberration of Zernike as well as random
aberrations, where we only enumerate a number of aberrations
compared results, from which we can see that the peak and valley
in the distribution of the surface error and the error value PV and
RMS value, they have a high degree of consistency, measurement
accuracy reach 3/1000A RMS, which shows that the feasibility and
accuracy of the measurement method by PRWS. In order to illus-
trate the accuracy of PRWS from another angle, we load the LC-SLM
random aberration like Fig. 6, then collect the images in the location
of the defocus distance is —4.5 mm, —3 mm, 0 mm, 3 mm, 4.5 mm

(a) Result of ZYGO interferometer measurement

RMS =0.095% , PV =0.854),
\ -
.-“/

(b) Result of PR measurement, RMS = 0.046}, , PV = 0.246\

Fig. 4. Contrast measurements when LC-SLM unfolds.

(‘a ) Result of ZYGO interferometer measurement

RMS=0.168% , PV'=0.967r

(b) Result of PR measurement, RMS =0.171A, PV =0.893A

Fig. 5. Contrast measurements when LC-SLM by adding astigmatic.

(a) Result of ZYGO interferometer measurement

RMS =0.153%, PV =0.892A

®

.

(b) Result of PR measurement, RMS =0.1524, PV =0.928A

Fig. 6. Contrast measurements when LC-SLM adds coma.

with the CCD image, as shown in Fig. 12. Then solves the point
spread function of above six positions, as shown in Fig. 13 with the
wavefront that PRWS measured as shown in Fig. 6(b).

It can be from Figs. 12 and 13, collected and calculated image
have a great deal of similarity, which illuminate the accuracy of
PRWS.

From the above experimental results, it can be seen that PRWS
has very high detection accuracy to meet the actual needs of the
project and has many advantages which ZYGO interference does
not have:

1. There is little affection of the platform on PRWS, and even can
be ignored.
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Table 1

PRWS and ZYGO interferometer on the RMS contrast of the different aberration measurements.

Astigmatism Coma Trefoil Tertiary coma Tetrafoil Secondary spherical Tertiary astigmatism
PR 0.171A 0.152A 0.144x 0.148A 0.1091 0.197A 0.148A
ZYGO 0.1681 0.1531 0.147A 0.148% 0.109A 0.1991 0.152%

(a) Result of ZYGO interferometer measurement

RMS =0.147x, PV =1.067A

"'\

| > @
~

(b) Result of PR measurement, RMS =0.144A , PV =1.011»

Fig. 7. Contrast measurements when LC-SLM adds trefoil.

(a) Result of ZYGO interferometer measurement

RMS =0.148%, PV=0.768A
-
e

|

(b) Result of PR measurement, RMS =0.148), PV =0.705A

Fig. 8. Contrast measurements when LC-SLM loads the tertiary coma.

2. The PRWS structure is simple, even use the camera which the
imaging system has to detect the whole optical system under
the conditions that without changing anything;

3. CCD of PRWS only with fewer sampling points can get a high
measurement accuracy, as shown in Fig. 12, although we inter-
cept the image is 128 x 128, the actual useful pixel area is only

(a) Result of ZYGO interferometer measurement

RMS =0.109%, PV =0.8511

(b) Result of PR measurement, RMS =0.109x , PV =0.732%

Fig. 9. Contrast measurements when LC-SLM adds tetrafoil.

(a) Result of ZYGO interferometer measurement

RMS =0.199%, PV =0.972%

(b) Result of PR measurement, RMS =0.197A, PV =0.943\

Fig. 10. Contrast measurements when LC-SLM adds the secondary spherical.

in 40 x 40, as shown in Fig. 2. If we do not join the L1 and
L2 to extend the beam, but use ZYGO interferometer to mea-
sure the LC-SLM active area 6.14 mm x 6.14 mm directly, we will
not detect the wave front due to ZYGO interferometer sampling
insufficiency, which is we found in the pre-constructed optical
path of experiment.
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(a) Result of ZYGO interferometer measurement

RMS =0.152% , PV =0.884A

(b) Result of PR measurement, RMS = 0.148% , PV =1.005X1

Fig. 11. Contrast measurements when LC-SLM adds the tertiary astigmatism.

Fig. 12. Acquired images.

Fig. 13. Calculated by the images.

4. Conclusions

This paper has built the experimental platform using PRWS and
ZYGO interferometer to measure different wave front aberrations
and compared the measurement results; we quantitatively ana-
lyzed the accuracy of PRWS wave front measurement. During the
experiment, we fully appreciate the ability of PRWS anti-vibration
comparing to ZYGO interferometer, the optical path is simple, we
have obtained a merit that we exactly solved the wavefront with
fewer camera sampling point, which provides the feasibility to data

support for our later search for online detection of the large mirror
surface.
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