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Abstract

We experimentally demonstrate the superposed second-harmonic Talbot self-image in a

z-cut periodically-poled LiTaO; crystal. The generated second-harmonic (SH) waves in the
positive and negative domains have the same intensity but different phases (a phase shift of x)
due to the opposite poling directions, i.e. a second-harmonic phase pattern is generated from
the crystal. By introducing a reference SH wave, we can selectively study the self-imaging
originating from the SH patterns with different phases. In the integer and fractional Talbot
planes, the two patterns interfere with each other and form superposed self-imaging patterns.
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1. Introduction

The conventional Talbot effect, also called self-imaging or
lensless imaging, was first discovered by Henry Fox Talbot
[1] in 1836 and proved by Lord Rayleigh [2] in 1881. Itis a
special case of the Fresnel imaging phenomenon referring to
the self-imaging of a grating or other periodic structures at
a certain imaging distance (i.e. the Talbot distance) without
any other optical imaging components. Owing to its unique
characteristics, the Talbot effect has been extensively applied
in optical testing, optical metrology [3, 4], array illumina-
tor [5-8], photo-lithography [9, 10], holographic multiplex-
ing storage [11] and so on [12, 13]. What’s more, the optical
Talbot effect has also been extended to other areas recently,
such as the multicolor Talbot effect in waveguide arrays
[14, 15], mid-infrared array illuminator [16], the quantum
Talbot effect [17], electron Talbot interferometer [18], and
x-ray phase imaging [19].

The nonlinear Talbot effect [20] was first reported in a
z-cut periodically-poled LiTaO3; (PPLT) crystal which has
been widely used to enhance the nonlinear optical processes
[21-24]. The second-harmonic (SH) intensity generated at
the domain walls is different from that inside the domains
because the nonlinear coefficients near the domain walls are
changed due to the crystal’s distortion. Therefore, a periodic
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SH pattern presents at the end face of the crystal, and fulfills
the necessary condition to realize self-imaging. Because the
nonlinear Talbot effect relates to the second-order nonlinear
tensor, it has several unique characteristics compared to the
Talbot effect in linear optics. For example, no real grating
is required and the resolution is improved due to frequency-
doubling. The theory of the conventional Talbot effect [2] has
to be modified to explain this nonlinear Talbot effect [25, 26].
Moreover, the nonlinear Talbot effect can be modulated by the
quasi-phase-matching (QPM) method [27] or by applying an
external field to the crystal [28].

Up to now, study of the nonlinear Talbot effect has focused
on the intensity patterns of the SH waves. However, the phase
of the generated SH self-imaging—which needs to be stud-
ied to better understand its features, which originate from the
nonlinear optical process—has not been explored. In PPLT
crystals, the positive and negative domains have antiparallel
ferroelectric polarizations, which results in a 7 phase shift in
the generated SH waves coming from these two domain areas
[29]. Then, the SH waves with different phases interfere with
each other and compose various periodic intensity patterns at
different imaging planes, as previously reported [20]. In this
letter, we demonstrate how the SH patterns with different
phases evolve, self-image, and superpose with each other, by
introducing a reference SH beam.

© 2014 Astro Ltd  Printed in the UK
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2. Theory

The sample in our experiment is a z-cut two-dimensional (2D)
squarely-poled PPLT crystal with a period of d = 5.5um and a
duty cycle of ~ 54.5% as shown in figure 1(a). The sample was
fabricated by applying an electric field on a single-domain
LiTaOs (LT) crystal. As shown in figure 1(b), the crystal’s
physical axes (xj, x», x3) of a positive domain are set to coin-
cide with the lab axes (x, y, z). When the domain is inverted to
negative—the equivalent of a rotation of 180° around the x lab
axis [29]—the crystal’s axes become parallel to (x, — y, — 2).
The ferroelectric polarization Py is parallel to the z (or — z)
axis in positive (or negative) domains. Obviously, such a pol-
ing process means that the optical second-order nonlinear
tensor of the nonlinear crystal was operated on by a transfor-
mation matrix a; defined by [29]

1 0 0
a;=[0 -1 0 | (1)
00 -1

It is easy to show that all the nonlinear coefficients have differ-
ent signs in different domains.

First, consider a positive domain. The fundamental light
polarizes in the x—y plane and propagates along the z direc-
tion [30]. The direction of its electric field is indicated by
an angel ¢ with respect to the x lab axis (figure 1(b)). So it
has (xj, xp, x3) components, also (x, y, z) components with
E = (Ej cos ¢, Ej sin ¢, 0), which can induce a nonlinear
polarization of:

PQ2w) =(—dpE§ sin2¢p —dpE§ cos2¢ —d3E).  (2)

So the intensity of the SH wave travelling along the z-axis is
given by:

L (20) x(dnEd sin2¢)’

. (3)
1,(20) <(dnEg cos 29 )’

Its polarization is along the orientation defined by (372 — 2¢)
relative to the x-axis (figure 1(c)). Analogously, in a negative
domain, the electric field has (x;, x,, x3) components with E =
(Ey cos ¢, — Ey sin ¢, 0), inducing a nonlinear polarization of:

PQ2w) =(dnEjsin2¢ —dpEfcos2p —dsiE]). (4)
In the lab axes (x, y, z), equation (4) turns into:
PQw) = (dzzEg sin2¢  dpEg cos2¢p —d31E§) G

The intensity of the SH wave can also be written as in
equation (3), and its polarization is (#/2 — 2¢) relative to the
x-axis (figure 1(c)). It is easy to show that the intensities of the
SH waves are the same in both positive and negative domains.
However, the initial phases of the SH waves from the positive
and negative domains have a relative shift of z. Obviously, it
is difficult to distinguish the phases in the SH patterns solely
based on the intensity image. However, if we introduce a ref-
erence SH wave, which has a uniform spatial phase distribu-
tion, to interfere with the SH pattern from the PPLT crystal,
it will be easy to measure the phase differences. This method

(b) positive domain
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PPLT SHwave LT

Figure 1. (a) SEM photo of the PPLT crystal. The circular areas
correspond to the positive domains and the background is the
negative domain. (b) Schematic diagrams of a positive domain
and a negative domain in the x—y plane. (x, x, x3) are the crystal’s
physical axes, (x, y, z) are the lab axes; Py is the polarization
direction of the ferroelectric domain, and E(w) is the electric field
of the input light. (¢) The polarization directions of the generated
second-harmonic waves in positive (E*(2w)) and negative (E*(2w))
domains. (d) Scheme of the experimental setup. The fundamental
beam produces a SH phase pattern in the PPLT crystal, which
interferes with the reference SH beam coming from the LT crystal.

has been previously used to map the domains in ferroic mate-
rials [31, 32].

In our experiment, we used a z-cut plain (unpoled) LT crys-
tal to generate a reference SH signal, which was placed in
close proximity to the PPLT crystal. The thickness of the LT
crystal is equal to that of the PPLT crystal, so that the reference
SH intensity is almost the same as that generated in the PPLT
crystal. Here, the consumption of the fundamental power can
be neglected because of the low conversion efficiency. When
the crystal’s axes of the LT crystal coincide with the lab axes
in figure 1(b), the reference SH signal has the same phase as
that in the positive domain of the PPLT crystal. Then, the SH
wave from the positive domain can be enhanced, by construc-
tive interference, while the SH wave from the negative domain
almost vanishes due to destructive interference.

The phase of the reference SH wave can be changed by
flipping the LT crystal. However, this is not convenient in our
experimental setup. We used an alternative method to change
the phase of the reference wave. It can be deduced from equa-
tions (2) and (5) that, through changing the sign of dy), the
phase of the SH wave travelling along the z-axis can also be
shifted by a value of &. Because the LT crystal has a 3m point
group, we can change the sign of dy; by rotating the crystal
around the lab z-axis by an angle of 60°. This rotation opera-
tion corresponds to the case that the nonlinear tensor is oper-
ated on by a transformation matrix a;;:

-10 0
;= 0 -1 0] (6)
0 0 1

After a 60° rotation, the nonlinear coefficient dp, turns
into — dy; in the same lab axes. This causes a z phase shift
in the reference SH wave, which then interferes construc-
tively with the SH wave from the negative domain. Hence, the
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Figure 2. The SH patterns at the end face of the PPLT crystal. (@) No reference SH beam is introduced. (») and (c¢) correspond to the
situations that the reference SH beam constructively interfere with the SH patterns from positive and negative domains, respectively.

Figure 3. The superposed SH Talbot self-imaging patterns. (a), (d) and (g) show the Talbot effect without introducing a reference beam.
(b), (e) and (h) are self-images of the SH pattern, generated from the positive domains. (¢), (f) and (i) are self-imaging patterns of the SH
waves from the negative domains. From the top down, the three rows correspond to the first Talbot plane, the 3/2 Talbot plane and the

second Talbot plane, respectively.

SH patterns with different phases (i.e. produced in different
domains) from the PPLT crystal can be selectively studied.

3. Experimental results

As shown in figure 1(d), the fundamental light from a
Ti:Sapphire femtosecond laser with a wavelength of A =900nm
was focused on the sample along the lab z-axis. Its polariza-
tion is along the lab x-axis. The PPLT crystal was placed so
that the physical axes of the positive domain coincide with the
lab axes (figure 1(b)). The ferroelectric polarization of the LT

crystal was parallel to the propagation direction of the funda-
mental beam. After filtering out the fundamental wave with a
short-pass optical filter, the SH signals were magnified by an
objective (100X, N.A. =0.7) and recorded on a CCD camera.

Figure 2 shows the SH intensity patterns at the end face of
the PPLT crystal. First, we removed the LT crystal and col-
lected all the forward SH waves. The recorded SH intensity
pattern is shown in figure 2(a). The periodic dark rings cor-
respond to the domain walls. The weak SH signals near the
domain walls can be attributed to the distorted crystal lat-
tice. One can also find that the background is not uniform in
figure 2(a), which could result from the non-perfect domain
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Table 1. The calculated and measured positions of different Talbot
planes.

Talbot plane Calculated measured Measured
4d%/) x (mn~ D) values (um) values (um)
1 1344 1335

32 201.7 198.8

2 268.9 265.0

structure. Such a periodic SH pattern can be used to realize
Talbot self-imaging, as reported in [20]. Figures 3(a), (d) and
(g) are the SH images at the first Talbot plane, the 3/2 Talbot
plane, and the second Talbot plane, respectively, which were
recorded by moving the objective. The Talbot length of a
square array can be deduced from Z = 4d?/A, where A is the
wavelength of the fundament light and d the structure period.
The measured and calculated positions of different Talbot
planes are well consistent with each other as shown in table 1.
For instance, the calculated Talbot length is 134.4um while
the measured value is 133.5 um.

Next, we put the LT crystal in a position next to the PPLT
crystal. At first, the position of the objective was carefully
adjusted to image the end face of the PPLT crystal. When the
fundamental beam travels through the LT crystal, a reference
SH wave with a uniform spatial phase distribution is gen-
erated, which interferes with the SH wave produced in the
PPLT crystal. Because the refractive indices in PPLT and LT
crystals are the same, and the reference SH wave is generated
by the same fundamental beam, the interference between the
SH beam from the PPLT crystal and the reference SH beam
results in a clear and stable pattern. Figure 2(b) presents the
interference pattern when the physical axes of the LT crystal
coincide with the lab axes. In this case, the reference SH
wave has the same phase as that in the positive domain of the
PPLT crystal. Because of constructive interference, an array
consisting of lots of SH spots, which originate from the posi-
tive domains in the PPLT crystal, is observed (figure 2(b)).
The background is dark due to the destructive interference
between the reference SH beam and the SH wave from the
negative domains in the PPLT crystal. Figure 2(b) provides
clear evidence that the SH pattern from the PPLT crystal
(figure 2(a)) consists of two different phases. The periodic
SH spots in figure 2(b), which share the same phase, also
fulfill the necessary condition of self-imaging. Figures 3(b),
(e) and (h) shows the Talbot images at 1, 3/2, and 2 Talbot
lengths, respectively. The unique characteristics of the self-
imaging effect, such as a half-period lateral shift at the 3/2
Talbot plane, are also observed by carefully comparing
figures 3(b) and (e).

When we rotate the LT crystal around the z-axis by an
angle of 60°, a # phase shift is introduced into the reference
SH wave, as discussed in section 2. As a result, constructive
interference occurs between the reference SH beam and the
SH pattern from the negative domains in the PPLT crystal.
Now the SH pattern from the negative domains can be distin-
guished, as shown in figure 2(c). A lot of dark holes appear at a
bright SH background because of the destructive interference
between the reference SH wave and the SH wave from the

circular positive domains. Such a SH pattern can also realize
self-imaging. For instance, self-imaging happens at the first
and second Talbot lengths, as shown in figures 3(c) and (i),
respectively. Figure 3(f) at the 3/2 Talbot plane also exhibits a
lateral shift, as predicted.

We have, therefore, demonstrated that the SH image from
the PPLT crystal actually includes two sets of SH patterns
with different phases, which can separately realize Talbot
self-imaging. It is obvious that the superposition between
them can result in the nonlinear Talbot effect reported in
[20]. However, it is not a simple summation of their inten-
sities. The different phases from positive and negative
domains also has an important impact on the superposi-
tion. For example, figure 3(a) is a superposed self-image
of figures 3(b) and (c). In figure 3(a), one can find a small
dark point inside each SH spot from the positive domains.
However, such a dark point is not clear in figure 3(b). The
answer may lie in the dark holes in figure 3(c). After care-
ful observation, one finds that the dark hole is not totally
dark. There are weak SH waves inside the dark holes in fig-
ure 3(c), which could destructively interfere with the bright
spots in figure 3(b) when superposed and generate the dark
points seen in figure 3(a). Similar phenomena can also be
found in other Talbot planes.

The technique reported here provides a potential method
for separately inspecting the qualities of the positive and
negative domain in PPLT crystals, which makes it easier to
locate defects and imperfections in the structure. Another
possible application is to make a compact Talbot illuminator
which can generate two sets of arrays. The superposed Talbot
effect can be used to generate a cleaner periodic SH array (see
figures 3(b), (e) and (h)), which can work as a coupler for an
optical fiber array [33].

4. Conclusion

We have investigated the superposed SH Talbot self-imaging
patterns involving phase information from a PPLT crystal. By
introducing a reference SH wave, two sets of periodic phase
patterns are decomposed from the SH pattern at the end face
of the PPLT crystal, which can evolve along the propaga-
tion direction and realize self-imaging at the Talbot planes,
separately. Their superposition can result in the previously
reported nonlinear Talbot effect [20]. Our experimental results
provide a better understanding of the nonlinear Talbot effect
from PPLT crystals, which not only enables self-imaging of
the intensity patterns, but also revives the periodic phase dis-
tributions. Such superposed Talbot self-imaging has potential
applications in domain inspection, lithography, illuminators,
fiber couplers, and so on.
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