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A novel wavefront sensing method based on phase contrast theory and coherent optical processing is proposed. The
wavefront gradient field in the object plane is modulated into intensity distribution in a gang of patterns, making high-
density detection available. By applying the method, we have also designed a wavefront sensor. It consists of a classical
coherent optical processing system, a CCD detector array, two pieces of orthogonal composite sinusoidal gratings, and
a mechanical structure that can perform real-time linear positioning. The simulation results prove and demonstrate the
validity of the method and the sensor in high-precision measurement of the wavefront gradient field.
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1. Introduction

The wavefront sensor is one of the most critical elements
in the adaptive optical systems, which can perform real-time
measurements of the incident wavefront. Wavefront sensing in
most of the adaptive optical systems mainly includes a Shack—
Hartmann sensor and shearing interferometer.[!! Moreover,
new wavefront sensing techniques have been put forward, such
as curvature,?lpyramid, *#! phase contrast,5-"1 etc.

Generally, it is difficult to measure the phase distribution
directly. The wavefront slopes, gradients or curvature instead
of the phase distribution are detected through almost all of the
existing wavefront sensing techniques. Thus reconstruction is
required to realize phase retrieval. Some of them modulate
the wavefront slopes into displacement distribution of spot ar-
ray, for example, the classical Shack—Hartmann sensor, while
the others produce intensity distribution, such as the shearing
interferometer and pyramid sensor. ¥

We describe a wavefront sensing technique, called cross
phase contrast sensing (CPCS). It is based on the Zernike
phase contrast theory and coherent optical processing, with
the wavefront gradients modulated into intensity distribution
in a gang of patterns. A wavefront sensor is also designed ac-
cording to the proposed method.®-!11 The sensor is made up
of a 4-f system with two pieces of composite sinusoidal grat-
ings placed orthogonally on the Fourier-transform plane,*!!]
as well as a mechanical structure to perform real-time linear
positioning of the gratings. The gang of patterns are gener-
ated on the image plane by the gratings. As can be seen in the
following analysis, the wavefront gradient field can be easily
retrieved from the image patterns.

This paper is presented in the following way. Firstly, the
principle of the CPCS wavefront sensing is introduced. Sec-
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ondly, the structure of the CPCS wavefront sensor is designed.
The detailed working principle of the sensor is discussed to
prove the feasibility of the design. Then, the numerical simula-
tions are made to demonstrate the abilities of the CPCS sensor.
The simulation results are compared to the classical methods
as well to obtain a better conclusion. Finally, the whole pa-
per is summed up and the performance of the CPCS sensor is
illustrated.

2. Principle of the CPCS wavefront sensing

As depicted in the Zernike phase contrast theory, an opti-
cal field u, generally described as U exp(i¢)), can be approxi-
mated as

u=Uexp[i(¢+A9)] ~ Uexp(ip) (1+iA¢), (1)

when a small phase shift A¢ happens. The small phase vari-
ation can be observed only when a certain method is applied,
which provides preferential phase-shifting to one of the com-
ponents by /2 or 37/2. Consequently, the intensity of the
re-imaged optical field is proportional to 1 £+ 2A¢, depending
on whether the real component advances or retreats relative to
the imaginary one.

As for CPCS, two duplications of the incident optical field
are generated and partially overlapped in a micro displacement
along the x axis or the y axis. A small phase difference be-
tween the two components is added to each point in the over-
lapped field. Thus, a similar phenomenon happens as depicted
in the Zernike phase contrast theory, which is shown in Fig. 1.
Here, 5¢* denotes the small phase differences between the
two duplications in each point, which are originally induced
by the translation. It is assumed that the amplitude of the in-
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cident optical field stays uniform or varies quite slowly com-
pared with the phase, and thus the variety can be ignored.

Uexp (i) Uexp(i(¢+0¢%))

L e 4
ox

Fig. 1. (color online) The similar phenomenon of CPCS to the phase
contrast theory.

Compared with the classical phase contrast techniques,
CPCS provides the specific phase shift preferentially to one
of the two duplications just before they are added, instead of
introducing the additional phase in the overlapped field. Due
to this improvement, more flexibility in technique can be ac-
cessed as to the custom way. Corresponding to the positive or
negative phase contrast respectively, the overlapped field can
be described as follows:

wt = Uexp(i¢) —iUexp (i(¢ +5¢%))

= Uexp(ig) [(1+8¢%) —i], )
uX = Uexp(i¢)+iUexp (i(¢ +5¢%))

= Uexp (i) [(1—5¢%) +i]. 3)

In the equations above, §¢* denotes the small phase differ-
ences between the two duplications in each point, which are
originally induced by the translation.

Then, we can obtain the corresponding intensity fields as

F =25 (1+6¢%), ©)
K =25 (1-5¢%), )

where [; is the original intensity. Similarly, we can get the
intensity fields produced by translation along the y axis

I =21 (1+8¢"), (©)
I =25 (1-8¢"). (7)

When all of these four intensity fields are recorded by
CCD detector array, the wavefront gradients can be easily cal-
culated according to

dg 1 I¥-I¥
ox  SxIX 41X
do 11 -1
dy Syl 417

®)

€))

All in all, the wavefront gradient field is modulated into
intensity distribution in a gang of patterns. As is shown above,
only simple calculations are needed to retrieve the wavefront
gradients.

3. Design of the CPCS wavefront sensor

Based on the method described above, a CPCS wave-
front sensor is proposed.!®'!l The sensor layout is sketched

in Fig. 2.
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Fig. 2. (color online) The overall layout of the proposed CPCS wave-
front sensor.

The main part of the sensor is a 4-f coherent optical pro-
cessing system with square aperture. The incident wavefront
to be detected is located on the object plane, with a square
obscure limiting its size. On the Fourier-transform plane, two
pieces of composite sinusoidal gratings are inserted.*'!] They
are placed closely to each other and orthogonally along ei-
ther the x axis or the y axis. By using the gratings, the wave-
front gradient field is transformed into intensity distribution in
groups of patterns, which can be detected by the detector array
on the image plane.

The CCD detector array is placed on the image plane.
Since detecting four of the patterns is sufficient to realize gra-
dient measurement, the detector array is set with certain bias
beyond the optical axis. As is shown in Fig. 3, the necessary
patterns are extracted effectively by using a mask with two
rectangular apertures on the image plane.

Fig. 3. (color online) The required patterns on the image plane.
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Furthermore, the gratings should be placed off axis at a
certain distance, so that the phase contrast effect is available.
A mechanical structure, which can perform high-precision lin-
ear movement, moves the gratings along the diagonal to such
a distance. The key component in the mechanical structure
is a piezoelectric actuator driven by integrated circuit, which
is shown in Fig. 4. As can be seen in the following analysis,
when the gratings are moved to a certain distance off the opti-
cal axis, the preferential phase shift happens to one of the du-
plications of the incident optical field. While the gratings are
placed on the opposite side, the opposite phase contrast mode
can be achieved. In order to synchronize the positioning of the
gratings and the snapping of the CCD camera, a synchronizing
signal is also needed.

N

=

Fig. 4. (color online) A mechanical structure to move the gratings peri-
odically along the diagonal.

PZT

Y

To understand how the sensor works, analysis is listed in
detail as follows.[®%1 The 4-f system in the sensor realizes two
Fourier transforms to the object field through the lens. After
being filtered on the Fourier-transform plane, the image field
is in the form of a convolution

ui (xi, 1) = tto(—xi, —¥i) ® Ts (x1, i), (10

where u, denotes the object field and 7 is the Fourier trans-
form of the complex amplitude transmittance function on the
Fourier-transform plane.

Two pieces of composite sinusoidal gratings are inserted
orthogonally on the Fourier transform plane of the 4-f system.
When the constant factors are ignored, their complex ampli-

tude transmittance function can be written as follows: [!0-11]

%-1— %(COS(zﬂngS)
+ cos[27(fy + Afe)xs))
1

1! (xg,ys) = 7+ %(COS(Zﬂfgys)

+ cos27(fg + Afe)ys])

tg((xsvys) =
) (11)
) (12)
where m is the modulus of the transmittance, f; is the basic

grating constant, and Af, stands for the frequency shift, which
is much smaller than f;.

Since the two pieces of gratings are placed closely, the to-
tal transmittance on the Fourier-transform plane is the product
of both

ts(x&ys) :tf(x&ys)tsy(x&ys)' (13)

Ignoring the additional phase factor, the transmittance func-
tion on the image plane becomes

Ts(xiayi) = FT[th(xs,ys)] ®FT[I!(XS7)’S)]' (14)

Its intensity distribution on the image plane can be shown in
Fig. 5.

(0, 0)

Fig. 5. (color online) Fourier transform of the amplitude transmittance
function on the image plane.

In Fig. 5, the blue dots represent the 6 sampling function.
The gang of patterns divided into nine groups are numbered in
the orthogonal coordinates. The transmittance function copies
the incident optical field and moves each duplication to the
particular location defined by the § sampling functions. If
the grating constant f; is configured appropriately, none of the
nine groups will overlap with each other. Considering the con-
figuration in Fig. 3, the patterns lying on the bottom right, with
the coordinate (1, 0) and (0, —1), are detected by the CCD
camera. When the constant factors are ignored, we can obtain

Tl,():6(xs—)Lffg7YS)+5(xs_kffg_lfAfgv)’s)a (15)
To,—1 :6(x57ys+)Lffg)+6(x5aYS+)Lffg+)LfAfg)' (16)

The two equations imply that the duplications are separated
along the x axis and the y axis respectively, with the same dis-
tance

5x =6y = Aff. (17)

where A denotes the average wavelength and f is the foci of
lens in the 4-f system.

Moreover, moving the gratings along the diagonal in a
distance Ad induces additional phase factor between the two
duplications, as is shown below

exp(i27AfoAd). (18)
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When the small distance satisfies
1

Ad=+—
4Afy’

19)
then the additional phase factor turns into +i, which corre-
sponds to the positive or negative phase contrast.

With the help of a mechanical structure that can perform
real-time linear positioning, the function of moving the grat-
ings along the diagonal can be realized practically. The four
intensity fields, i.e., X, &, IL and I¥, can be detected al-
most at the same time. Then the wavefront gradient field can
be calculated by using Eqgs. (8) and (9). Finally the original
wavefront can be reconstructed by the existing algorithm.

4. Simulation and analysis

In order to verify the principle of CPCS, we performed
simulations in the MATLAB environment. Incident wavefront
with rectangular aperture is generated by using the first 35 or-
ders of Zernike polynomial. The amplitude distribution is as-
sumed to be uniform. The wavefront is then processed in two
different ways, i.e., directly differential (which can be seen as
the standard way), and detected by the simulations of CPCS.
From that we can get the standard wavefront gradients and the
CPCS ones. As for further verification, the two gradient fields
are reconstructed by Southwell’s algorithm!!>!3! and the re-
trieval wavefronts are compared with each other.

The incident wavefront and its Zernike Polynomial coef-
ficients are shown in Fig. 6. Here, the peak and valley (PV)
value, as well as the root-mean-square (RMS) value is used
to evaluate the wavefront. The PV value represents the maxi-
mum of the wavefront distortion and the RMS value describes
the degree of the whole wavefront distortion. These two pa-
rameters are the most commonly used in practice. As for the
Zernike coefficients, the first 35 order Zernike polynomials are
usually sufficient to describe the low-frequency aberrations of
the high-power lasers.[!?!

The groups of patterns are shown in Fig. 7, where both
phase contrast modes are presented. The middle pattern, cor-
responding to Ty in Part 3, is shielded to make the required
patterns apparent. The patterns of (1, 0) and (—1, 0) are re-
lated to the gradient field along x axis, while the ones placed
at (0, 1) and (0, —1) correspond to the gradient field along y
axis. Besides, the patterns with the same coordinate are com-
plementary to each other in opposite phase contrast mode.

Then the patterns located at coordinate (1, 0) and (0, —1)
in both phase contrast modes are extracted to calculate the
wavefront gradient fields. Actually, taking the patterns on the
top and left side will give the same results. In the simulation,
some pixels on the edge are also screened, so that the over-
lapped areas are extracted exactly.

The wavefront gradient fields are shown in Fig. 8, which
are generated by CPCS and direct differentiation respectively.
As is expected, the wavefront gradient field simulated by
CPCS is almost the same as that of direct differentiation.
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Fig. 6. (color online) (a) The incident wavefront (PV: 25.62A4, RMS:
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coefficients (order: 1st-35th).
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(a) Wavefront gradient field (x axis, direct differential) Finally, the wavefronts detected through different meth-

ods, are retrieved by using the same reconstructor proposed by

2 0.3, ' ‘ : Southwell. The results are shown in Fig. 9. The wavefront
;?; 0.2+ i error between CPCS and the standard differential method is
b H . . . . .
2014 : y 0.124 in PV and 0.014 in RMS, while the incident wavefront
=} . . . . . .
S is a little bit different from the reconstructed ones, which are
Yy
% _0.1- ; ; ) mainly due to errors of the reconstructor.
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= —0.3, - ) 600 Fig. 9. (color online) The two wavefront retrieved by reconstructor and
o ) < 400 the incident wavefront. (a) By directly differential (PV: 23.841, RMS:
200 200 436, x scale or y scale: 4 pm/div). (b) By CPCS (PV: 23.721, RMS:
-0 O 4.35, x scale or y scale: 4 pm/div). (c) The incident wavefront (PV:
Sampling points 25.62A, RMS: 4.492, x scale or y scale: 4 pm/div).
Fig. 8. (color online) The two wavefront gradient fields (a) along x axis, . . .
by directly differential, (b) along x axis, by CPCS, (c) along x axis, by Through the simulation, it can be seen that the proposed
directly differential, and (d) along y axis, by CPCS. sensor is configured in practical parameters. What is more, the
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simulation has demonstrated the CPCS detection process and
its validity.

On the other hand, CPCS has some characteristics which
are quite different from the other wavefront sensors.

In CPCS, wavefront gradient field is modulated into in-
tensity distribution in groups of patterns. As the output in-
tensity distribution is spatially matched with the gradient field
in every point, CPCS can perform high-density measurement,
which is only limited by the size of the pixels in the detec-
tor array. Moreover, CPCS is reference-free, and the calcula-
tions have a much smaller complexity than that of the Shack—
Hartmann sensor.!'#!

Compared with phase-contrast sensing technique,[!>-!7]
CPCS detects gradients rather than directly measures the
phase, so that the small phase approximation can be satisfied
easily. The way to generate phase contrast effect in CPCS is
also quite different from that of phase-contrast sensor. Pro-
viding that incident amplitude stays uniform or varies slowly
across the object plane, measurement in CPCS is independent
with the absolute amplitude of the optical field, which provides
the possibilities to gain high precision.

CPCS has much similarity to the lateral shearing inter-
ferometer (LSI) and pyramid sensor. For example CPCS also
requires that the change of the incident laser intensity must
be gentle because the large gradient variation of the intensity
causes large errors. However, CPCS has no problem of 27
loss, which is not trivial in LSL!!®! What is more, CPCS is
easier to fabricate than the pyramid sensor, for its key compo-
nents have been commonly used for years.

The dynamic range and resolution of CPCS is mainly lim-
ited by the performance of the practical detectors in intensity
detection. In fact, the modified phase contrast technique is in-
herently achromatic. However, the wavefront sensor can per-
form measurement only with quasi-monochromatic and coher-
ent source, and it limits the sensor’s applications. In addition
the accuracy of the gratings manufacturing and the piezoelec-
tric actuator translation limits the dynamic range and resolu-
tion of CPCS as well.

5. Conclusions

In this paper, a wavefront sensing method CPCS is pro-
posed and a wavefront sensor is also designed by applying the
CPCS principles. CPCS is based on the phase contrast theory,
while the wavefront sensor uses coherent optical processing to
realize the measurement.

In CPCS, the wavefront gradient field is modulated into
intensity fields in a gang of patterns. As the output inten-

sity distribution is spatially matched with the gradient field
in every point, CPCS can perform high-density measurement,
which is only limited by the size of the pixel in the CCD detec-
tor array. Besides, CPCS is reference-free and the calibration
is not required in use.

In the device, a mechanical structure is implemented to
modulate the gratings, with an integrated circuit to synchro-
nize the actuator and the detector. Simulation has demon-
strated that the sensing method is valid, and comparisons be-
tween CPCS and alternative techniques provide a sight of
the novel sensor’s interesting characteristics. The calcula-
tions have a much smaller complexity than that of the Shack—
Compared to the phase contrast sensing

technique, CPCS detects wavefront gradients rather than di-

Hartmann sensor.

rectly measures the phase distribution, so that the small phase
approximation can be satisfied easily. In the condition that the
incident amplitude stays uniform or varies slowly across the
plane, the measurement in CPCS is independent of the abso-
lute amplitude, which provides the possibilities to gain high
precision.

For the future work, further study is being made to fabri-
cate CPCS and experiments are being carried out to evaluate
its practical performance. Besides, more analysis is needed to
model the sensor, as well as new design to improve its ability
of broadband measurement.
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