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The results obtained at simulating the functioning of an adaptive sensor based on the Talbot
effect are reported. The input grating period was varied depending on the examined wavefront
shape and provided the constant observation plane corresponding to the Talbot plane for a
plane wave. Using the spherical and astigmatic wavefronts as an example, it is shown that this
method can make the sensor measurement range several times wider, by retaining the original

angular sensitivity.
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1. Introduction

Optical diagnostics of an inhomogeneous object con-
sists in researching the characteristics of optical ra-
diation passed through it or reflected from its sur-
face [1-3]. Nowadays, a widely used method is the
determination of light beam aberrations with the help
of wavefront sensors [4]. One of the most promising
among them for this purpose is undoubtedly the sen-
sor based on the Talbot effect [5]. The mechanism
of its functioning is as follow. If the periodic grat-
ing is illuminated with a monochromatic wave with
aberrations, its image in the Talbot plane becomes
distorted [6, 7]. The input wavefront is reconstructed
by comparing this image with the grating image ob-
tained in the Talbot plane for a plane electromag-
netic wave (similarly to the reconstruction used in
the Shack-Hartmann wavefront sensor) [8]. At the
same time, the sensor based on the Talbot effect
has a better spatial resolution. In addition, it is sim-
pler in realization [9]. This is so because the bi-
nary gratings with a period much shorter than the
size of microlenses in the microlens array can be

© D.V. PODANCHUK, A.A. GOLOBORODKO,
M.M. KOTOV, D.A. PETRIV, 2015

10

used. Moreover, they are much simpler for their man-
ufacture.

The basic feature of the Talbot sensor, as well as
of the Shack-Hartmann one, is a contradiction be-
tween the angular sensitivity and the angular mea-
surement range [10]. For shorter grating periods, the
measurement range increases, but the required angu-
lar sensitivity is lost. On the contrary, if the grating
period grows, the sensor sensitivity also increases, but
the measurement range decreases. This problem can
be solved by applying holographic microlens arrays
in the Shack-Hartmann sensor [11] and holographic
gratings in the Talbot one [12]. However, this is
rather a laborious procedure. In this work, we con-
sider a possibility of a simpler sensor adaptation to
the changes in the examined wavefront.

2. Basic Relations

The diffraction pattern in the Talbot plane is calcu-
lated using an approximation given by the Huygens—
Fresnel principle [4]. Let a plane wave Uy normally
fall on a two-dimensional periodic structure with the
complex amplitude transmittance

T(l’, y) = Z AnAmei%(nermy)v (1)

n,m=—o0
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where A is the structure period, and A,, and A,, are
the expansion coefficients. Then the image obtained
in the Talbot plane

Zr = 2A%/\, (2)

where A is the wavelength, reproduces the periodic
structure (1):

Uz, y|Zr) = Upe 527 x

oo
o n(aA)fm(y+A)
X E Ap A, et?™ a , (3)

which is equivalent to
U(l‘, y|ZT) = UOe_iQTﬂ-ZTT(xa y) (4)

This self-reproduction of a grating is called the Tal-
bot effect [13]. If the grating is illuminated by a wave
with the characteristic orthogonal radii of the wave-
front curvature Rx and Ry, the incident light wave
amplitude can be expressed in the form [14]

: ma? - wy?
Up(z,y|0) = Upe' 3x ¢/ 3y . (5)

The field distribution in the Talbot plane is changed
in the following way:

Ul(x,y|Z1) = Up(z,y|0)e 577 x

> ,_rRxn (Hixzqm)
~ E A Zriax (37 7ar )

n=—oo

TRy m (2y )\ZTm)

> .
X E Amel Zr+Ry \ & a2

m=—0oQ

(6)

Here, d is the size of the transparent part. In this case,
the argument of the exponential function in Eq. (6)
becomes a multiple of 27 only in the planes

Zr
_ _Zr
1 Rxy

: (7)

Ixy =

and the image in the Talbot plane is blurred. Therefo-
re, in the case where the wavefront curvatures are dif-
ferent in the orthogonal directions, there is no unique
grating period that would restore the sharpness plane
position. This means that, in order to obtain a par-
tially self-reproduced image, the photodetector has
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to be shifted into the plane Zx or Zy, which would
require a lot of time.

It is worth noting that expression (6) is appli-
cable only in the small-angle approximation, d >
nA. Therefore, for the effect to be observed, it is nec-
essary that the spatial spectrum of grating (1) should
not contain large A,, with n > 0.1d/A [7]. In this case,
as was shown in work [15], the transverse displace-
ment of aperture images is determined by the aver-
age local inclination within the nearest 3-4 grating
apertures, whereas aberrations of the second order
are responsible for a variation of the image shape.

The idea of Talbot sensor adaptation is as fol-
lows. Leaving a photodetector in the plane Zp, we
should change the period of the input grating depend-
ing on the curvature of the analyzed wavefront. It is
necessary that the observation plane should be an ef-
fective Talbot plane for the incident wavefront. Then,
for a spherical wave with radius R, the period is de-
termined by the relation

ZT R\
Ap =/ ———. 8
"N+ B ®)

For the astigmatic wave, which is characterized by
two curvature radii, Rx and Ry, the grating should
have different periods along the corresponding axes:

| ZrRxyA
2 5 . 9
Y 2(Zr+ Rxy) ©)

Now, it is evident that the grating periods along
the axes ¢ and y do not coincide. In this case, the
illumination of such a grating with an astigmatic
wave restores the periodic structure in the Talbot
plane. Therefore, in view of the aforesaid, we may
say about the Talbot effect for a “deformed” grating.

We used an iterative method in order to extend
the measurement range [16]. The method consists in
that we select the wavefront with a curvature lying
beyond the range taken in the zeroth iteration as the
reference one; we also take a new grating with such a
period that the effective Talbot distance for the new
basic wavefront should be equal to the distance from
the grating to the observation plane in the previous
iteration. The curvature of the measured wavefront
is calculated by summing up the result obtained for
the restored wavefront and the curvature of the ref-
erence wavefront. The measurement ranges of next
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Fig. 1. Schematic diagram of an adaptive Talbot sensor used
at the simulation
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Fig. 2. Evaluation of curvature measurement ranges for the
waves without astigmatism (C22 = 0) and with constant astig-
matism (Cag = 15)

iterations are overlapped so that, within the over-
lapping interval, it is possible to restore aberrations
with the highest possible accuracy in one of the itera-
tions. Hence, the Talbot sensor can be adapted to the
magnitude of wavefront curvature without changing
the observation plane.

3. Results and Their Discussion

Some capabilities of an adaptive Talbot sensor were
studied by simulating the corresponding experiment
in accordance with the formulas of the amplitude dis-
tribution in the Talbot plane, Egs. (4) and (6). The
simulated experimental setup is shown in Fig. 1. The
examined wavefront falls on a diffraction grating
(DG). The image is registered by a photodetector
(CCD) located at the Talbot distance. Depending on
the curvature of the incident wavefront, the computer
(PC) changes the grating period.

The simulation consisted of the following consec-
utive stages: wavefront initialization; calculation of
the illuminance in the image plane at the Talbot dis-
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tance; determination of local displacements of im-
age points, wavefront reconstruction; and compari-
son of the restored and input wavefronts. The mea-
surement ranges for a spherical wavefront with and
without astigmatism were analyzed. A 25x25-grating
was taken for calculations. The wavefront aberrations
were modeled by the corresponding Zernike polyno-
mials [17]

22 442

Zao(z,y) = 3 (10)
22 — g2

Zoa(z,y) = 2 (11)

where » = 2 mm is the radius of the sensor aper-
ture. The aberration coeflicients are given in terms
of the radius Ry, which corresponds to the radius
for defocusing (R = Ry in Eq. (8)), and the radius
Rs5, which corresponds to the radii for astigmatism
(Rx = —Ry = Ry in Eq. (9)). Hence, the aberra-
tion coefficients of defocusing,

2
r
Co = 12
20 2AR20 ) ( )
and astigmatism,
2
r
Coo = —— 13
22 )\RQQ ) ( )

are determined in terms of the characteristic radii of
the wavefront curvature, spherical Roy and astigmatic
Roo.

The results of simulation measurements are pre-
sented in Fig. 2. One can see that, without astigma-
tism, the sensor works in the range from Cyy = —31
(1/R = —312m™ ') to Oy = 20 (1/R = 2.02 m™ 1)
and, for a wave with astigmatism (Coy = 15), from
Coy = —21 (1/R = -2.11 mfl) to Cog = 13
(1/R =1.31 m™1). It is worth noting that, in the ab-
sence of astigmatism, the Talbot sensor has a wider
measurement range.

In Fig. 3, the fragments of grating images calcu-
lated at the range limits (panels a and d) and beyond
them (panels b and e) are depicted. The images in
panels b and e are so distorted that the wavefront
cannot be measured. In order to measure it without
changing the position of the observation plane, we
changed the grating period in such a manner that the
observation plane became the effective Talbot plane
for the wavefronts with aberrations corresponding to
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Fig. 3. Fragments of images obtained in the Talbot observation plane when illuminating gratings with various periods, by using
waves with aberrations: a — A = 160 um, Cao = 20, C22 = 0; b — A = 160 pm, Cop = 22, C22 = 0; ¢ — A = 174.88 pm, Ca0 = 22,
Co2 =0; d — A =160 pm, Cop = 13, Ca2 = 15; ¢ — A = 160 pum, Cyo = 15, Ca2 = 15; f — Ax = 163.71 pm, Ay = 17.31 pm,

Cao =15, Cao = 15
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Fig. 4. Ranges of curvature measurements using the adaptive Talbot sensor for the spherical (C22 = 0) (a) and astigmatic

(C22 = 15) (b) wavefronts

Iterative algorithm for measuring the optical wavefront with aberrations

022 =0 022 =15
Iteration
c 1/R, A, 1/R min, | 1/R max, C 1/R, Ax, Ay, 1/R min, | 1/R max,
20 1 -1 1 20 1 1 1
m pm m m m pm pm m m

0 0 160 —3.09 2.01 0 160 160 —2.12 1.30

+1 30 3.02 183.12 1.41 4.75 25 2.52 172.79 | 186.61 0.77 4.02
-1 —50 —5.04 | 134.49 —9.39 —2.53 —40 —4.03 | 136.46 | 142.97 —7.55 —1.56
+2 50 5.04 206.49 4.18 6.61 50 5.04 199.8 | 222.08 3.54 5.93
-2 —110 | —11.08 | 115.95 —18.6 —8.63 —100 | —10.08 | 116.82 | 120.82 —13.42 —6.87
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the range limits. Now, if those wavefronts are taken
as the reference ones, the measurement range shifts,
and we can restore the wavefront located outside the
previous range.

In the following simulation experiment, the itera-
tive method was applied in order to expand the mea-
surement ranges shown in Fig. 2. The reference wave-
front and the grating period in every iteration were se-
lected to provide the overlapping of the measurement
ranges of consecutive iterations. The parameters of
the adaptive sensor for every iteration are listed in
Table, and the corresponding measurement ranges are
shown in Fig. 4.

The total measurement range obtained for the sen-
sor without astigmatism extends from Coy = —185
(1/R = —18.6 m~1) to Oy = 66 (1/R = 6.61 m~1),
and with astigmatism (C2 =15) from Ch =
= —120 (1/R = —1342 m~ 1) to Cy = 58 (1/R =
= —5.93 m~!). Hence, the dynamic range of the
adaptive sensor based on the Talbot effect was in-
creased by a factor of 5 in the case of the optical wave
without astigmatism and by a factor of 5.6 in the case
of the optical wave with astigmatism (Cay = 15).

4. Conclusions

A new method of measurement of wavefront aber-
rations is proposed and demonstrated for the first
time. It is based on the observation of the Talbot ef-
fect when the diffraction grating is adapted to the
wavefront curvature of the analyzed wave. It is shown
that, with the help of the adaptive Talbot sensor,
the measurement range can be made several times
wider, by retaining the required angular sensitivity. A
possibility of the self-reproduction of the deformed
(with different period ratios along the axes) grating
by the astigmatic wavefront is demonstrated. The ad-
vantages of the proposed method at the application
to the solution of adaptive optics problems with the
use of diffraction gratings based on dynamic spatial
light modulators should be emphasized.

The authors express their sincere gratitude to Aca-
demician of the NAS of Ukraine M.G. Nakhodkin who
was the initiator of a series of researches dealing with
the properties of fields scattered by structured and
stochastic media.
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Translated from Ukrainian by O.I. Voitenko

/.B. Hodanuyx, A.O. I'oaobopodvro,
M.M. Komos, /I.A. I[lempis

CEHCOP TAJIBOTA 13 ATATITAITIEFO
JUO®PAKIIIMHOI TPATKU 10 ABEPAIII
JOCJII?>KYBAHOT'O XBUJIBOBOI'O ®POHTY

Pesmowme

B poboti npuBeneHo pesynbTaTH MOJETIOBAHHS POOOTH aja-
NITUBHOTO CeHcopa Ha ocHOBI edekry Tanbora. Y momeni 3mi-
HIOBABCs MEPIoJ BXiIHOT I'paTKU 3aJIeXKHO BiJ abepariiii 1oci-
JPKyBaHOI'O XBUJIBOBOI'O (DPOHTY IPHW HE3MIHHIN IJIONUHI CITO-
CcTepekeHHsl, siKa Bianosigae momwmai Tanbora st mockol
xBuiii. Ha nipukiiazii cdepruyHOoro ta aCTUrMaTUIHOIO XBUJIbO-
BOro (ODPOHTIB MMOKA3aHO, IO 33 JOIOMOIOK TAKOIO METOJY MO-
JKHA B JIEKiJIbKa pa3iB PO3IIUPUTHU Jialla30H BUMipIOBaHb CEH-
copa, 30epiraroyn Ipu bOMY HEOOXiJHY KyTOBY YyTJIUBICTH.
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