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Abstract

Talbot length, the distance between two consecutive self-image planes along the
propagation axis for a periodic diffraction object (grating) illuminated by a plane wave,
depends on the period of the object and the wavelength of illumination. This thesis
demonstrates a novel approach to control the Talbot length in both pump and sec-
ond harmonic frequencies, offering a tunable range for the Talbot effect. Using a 25
um grating period and 632.8 nm wavelength laser, we produced long range tunable
Talbot length that is 25 times greater than its original Talbot length. We also dis-
cussed the limitations of the range of tunable Talbot length. In another experiment,
by employing a microlens array (MLA) illuminated at 1064 nm and projecting onto
a 1.2-mm-thick BiBO crystal, we observed the second harmonic Talbot effect at 532
nm with a Talbot length twice that of the fundamental wavelength. However, we over-
came the usual fixed dependence of Talbot length on the object period and illumination
wavelength by applying a Fourier transformation-based experimental framework. This
method enabled independent control over the Talbot lengths in both the pump and sec-
ond harmonic frequencies, allowing us to tune the pump Talbot length from 26 cm
to 62.4 cm and the second harmonic Talbot length from 12.4 cm to 30.8 cm, provid-
ing significantly increased flexibility for generating long-range self-images in various

experimental configurations.

Another core contribution of this work is the demonstration of nonlinear frequency
upconversion of the Talbot effect with tunable Talbot lengths, with remarkably high
nonlinear efficiency. By focusing the 1064 nm laser onto the BiBO crystal and placing
the MLA at suitable position, we achieved high-efficiency nonlinear upconversion of
the Talbot effect. This process resulted in a single-pass conversion efficiency of 2.91%

W', which represents an enhancement by a factor of 10® compared to previously
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reported results. The ability to adjust the Talbot length in both fundamental and second
harmonic beams provides a flexible framework for controlling the positions of Talbot
planes. This flexibility eliminates the need for adjustments of wavelength or grating
period, facilitating the generation of desired self-images in specific spatial planes for
applications requiring precision, such as Talbot lithography and advanced photonic

systems.

The tunable Talbot length also proves effective for sensing minute variations in the
period of periodic diffraction objects (gratings). The Talbot effect, which depends on
the grating period and the illumination wavelength, offers a straightforward method
for measuring the grating period by determining the Talbot length. However, the
quadratic dependence of Talbot length on grating period makes traditional techniques
less effective for smaller periods or minor variations. Using our tunable Talbot length
approach, we measured grating periods as small as a few micrometers and detected
sub-wavelength variations with high accuracy. This capability establishes our method
as a powerful tool for precision metrology, where variations in grating structures need

to be identified with extreme sensitivity.

In addition to its applications in nonlinear optics and grating period sensing, we uti-
lized non-paraxial Talbot effect for studying and correcting aberrations in thick lenses.
By measuring the Talbot length of gratings imaged through a system combining a thick
lens with short focal length and a thin lens with long focal length and large aperture,
we determined the effective focal length of the thick lens for imaging Talbot effect in
non-paraxial regime. Our experimental results closely matched our theoretical predic-
tion, highlighting the utility of the non-paraxial Talbot effect in optical sensing appli-
cations. The ability to account for lens aberrations using the non-paraxial Talbot effect

opens new avenues for improving the precision of optical systems in both imaging and
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photonic applications.

Keywords: Talbot effect, Near Field Diffraction, Talbot Length, Upconversion

Imaging, Nonlinear Talbot Effct, Sensing Periodicity, Sensing Aberration, Metrology.
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Chapter 1

Introduction

1.1 Diffraction

The phenomenon of bending of waves through an aperture or an obstacle into a geo-
metrically shadowed region of the aperture or obstacle is commonly known as diffrac-
tion. It is not due to an obstacle or a slit; diffraction occurs for any object which
creates a substantial change in phase of the incident wave. Since light is an electro-
magnetic wave, it has a characteristic spatial and temporal frequency which determines
the direction of propagation and the time evolution of the wave respectively. A plane

electromagnetic wave can be represented by an electric field as,

E(7,1t) = Ey sin(k-7— or) (1.1)
where k /27 is the spatial frequency and @ /27 is the temporal frequency of the wave.

An electromagnetic wave having definite spatial frequency is called spatially coherent,

and having definite temporal frequency is called temporally coherent. In practice,
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we do not have absolute coherence but a range within which the wave maintains the
coherence, known as the coherence length. In order to have diffraction or interference
at any point in space, the superposing waves must be within the range of coherence

length.

When an object is placed in path of a spatially monochromatic wave, i.e. a unidi-
rectional wave, the interaction of wave with the object gives rise to some new spatial
frequencies which further get separated after certain evolution in space and that is why
we see diffraction in far field [1]. However, in the near field, diffraction shows very
unique characteristics. This thesis work majorly explores the near-field diffraction,
focusing on a particular phenomenon known as the Talbot effect. Before delving into

further details, here is a brief account of chronological events.

1.1.1 A brief history of diffraction

The phenomenon of diffraction was first observed and documented by Francesco Maria
Grimaldi in the 17th century. In his work "Physico-mathesis de lumine, coloribus, et
iride,” published posthumously in 1665, Grimaldi described how light bends around
obstacles and produces fringes of light and dark bands, coining the term “diffraction”
[2]. Christiaan Huygens,in his 1690 work “Traité de la lumiere,” proposed that every
point on a wavefront acts as a source of secondary spherical wavelets, spreading out in
the forward direction [3]. Newton with his corpuscular theory of light [4], explained
reflection and refraction quite satisfactorily but failed to encompass the phenomenon of
diffraction, naming it in flexion. Thomas Young’s groundbreaking work of double-slit
experiment in 1801 demonstrated that light can exhibit interference patterns, provid-
ing strong evidence for the wave nature of light [5]. In the early 1820s Augustin-Jean

Fresnel made the pivotal contributions to the wave theory of light, through several
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experiments and formulating a comprehensive mathematical theory of diffraction [6].
He introduced the Huygens-Fresnel principle, which states that each point on a wave-
front is a source of secondary wavelets, and the wave amplitude at any point is the

superposition of these wavelets.

Fresnel diffraction applies to situations where the distance between the diffract-
ing object and the observation screen is relatively short, such that the curvature of the
wavefront cannot be neglected. This type of diffraction typically occurs in the near-
field region and results in complex patterns that are more challenging to analyze com-
pared to Fraunhofer diffraction [7]. Fresnel’s work on diffraction included his study
of the diffraction by apertures and obstacles of various shapes. His results explained
a range of optical phenomena, from the fringes observed around shadows to the intri-
cate patterns seen when light passes through small apertures or edges [1]. Fresnel’s
mathematical framework for diffraction was countered by Simeon Denis Poisson who
predicted the presence of a bright point at the center of the shadow cast by a circular
object, now referred to as the Poisson spot or Arago spot. To Poisson’s surprise, Do-
minique Arago experimentally confirmed this prediction, providing strong validation
for the wave theory of light [8]. In 1836 H. F. Talbot discovered a remarkable self-
imaging phenomenon in near field diffraction of a grating, now known as the Talbot

effect [9].

Joseph von Fraunhofer made significant contributions to the study of diffraction,
optics, and spectroscopy. Fraunhofer’s investigations focused on diffraction patterns
produced at a large distance from the diffracting object, or equivalently, in the focal
plane of a converging lens. This type of diffraction, known as Fraunhofer diffraction, is
the far-field diffraction pattern and is much simpler to analyze than Fresnel diffraction.

Fraunhofer diffraction occurs when both the light source and the observation screen
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are large distant apart, resulting in near parallel wavefronts. The resulting diffraction
patterns are characterized by sharp, well-defined fringes [10]. Fraunhofer’s studies
included the diffraction patterns produced by single slits, double slits, and diffraction
gratings. His work with diffraction gratings led to the development of spectrometry,
allowing for the precise measurement of wavelength of light. This was crucial in
the analysis of light spectra from various sources, including the sun, leading to the

identification of spectral lines known as Fraunhofer lines [11].

James Clerk Maxwell’s theory of electromagnetism, formulated in the 1860s, uni-
fied the understanding of electricity, magnetism, and light. Maxwell’s equations pre-
dicted that light is an electromagnetic wave, providing a deeper theoretical foundation
for the wave nature of light and diffraction [12]. The early 20th century saw the devel-
opment of quantum mechanics, which provided new insights into the nature of light
and matter. Louis de Broglie proposed that particles such as electrons exhibit wave-like
propertieswhich led to the establishment of matter-wave theory. This hypothesis was
experimentally demonstrated and confirmed by the electron diffraction experiments
of Clinton Davisson and Lester Germer, and independently by George Paget Thom-
son [13]. X-ray diffraction, discovered by Max von Laue, became a powerful tool
for studying the atomic structure of crystals. Laue’s discovery was followed by the
development of Bragg’s law by William Henry Bragg and William Lawrence Bragg,
relating the angles of diffracted X-rays to the spacing of crystal planes [14]. This tech-
nique revolutionized crystallography and led to the determination of numerous molec-
ular structures, including that of DNA. Electron and neutron diffraction techniques
provided complementary methods for investigating atomic and molecular structures.
Electron diffraction became essential in material science and chemistry for studying
the surface structure of solids [15]. Neutron diffraction, facilitated by the develop-

ment of nuclear reactors, became invaluable for studying magnetic structures and light



1.1. Diffraction 5

elements in crystals [16].

Dennis Gabor’s invention of holography in 1947, for which he later received the
Nobel Prize, was another significant application of diffraction principles. Holography
involves recording and reconstructing the light field scattered by an object, enabling
three-dimensional imaging [17]. Research into surface plasmon resonance (SPR) and
metamaterials has expanded our understanding of diffraction at subwavelength scales.
SPR involves the excitation of electrons at the surface of a conductor by incident light
and has become a cornerstone of modern sensing technologies [18]. Metamaterials,
engineered to have properties not found in naturally occurring materials, have led to
novel diffraction phenomena, such as negative refraction and the development of su-
perlenses [19]. Photonic crystals, materials with periodic dielectric structures, have
enabled precise control over the propagation of light through diffraction and inter-
ference effects. These structures have applications in creating highly efficient LEDs,
solar cells, and optical fibers [20]. Nanophotonics, the study of light behavior on
the nanometer scale, continues to push the boundaries of diffraction and interference,
leading to innovations in microscopy and telecommunications. Recent developments
in topological photonics have explored how topological states of matter, initially stud-
ied in electronic systems, can be manifested in photonic systems. These studies lay out
a strong scope for robust, disorder-resistant optical devices. Over the years, research
in quantum diffraction has also tremendously evolved, with researchers investigating
the diffraction of quantum particles, such as Bose-Einstein condensates and entangled
photons, providing deeper insights into quantum mechanics and potential applications

in quantum computing and communications [21].

In the upcoming sections, we will begin by exploring the Huygens-Fresnel prin-

ciple, which forms the foundational basis of wave propagation. This principle will
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lead us into a discussion of the Fresnel and Fraunhofer approximations, two important
models that simplify the analysis of wave diffraction in different regimes. Specifically,
we will examine how these approximations apply to scenarios involving near-field
(Fresnel) and far-field (Fraunhofer) diffraction. As we progress, we will identify the
conditions under which the Talbot effect emerges, linking it to the Fresnel regime of

diffraction.

1.1.2 The Huygens-Fresnel Principle in Rectangular Coordinates

We commence by first stating the Huygens-Fresnel principle in rectangular coordinate
system and further work out the approximations for appropriate scenario. As shown
in Fig. 1.1, the light is propagating in positive z direction and diffracted by an aperture
whose transverse coordinates are given by (x’,y") at z = 0 plane (as conventional source

point). The electric field at the field point (x,y), according to the Huygens-Fresnel

Pp 10 x’ ® P(x’y)
P(x’,y")

=l

v
N

Figure 1.1: Schematic of source point and field point for Huygens-Fresnel principle
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principle, can be written as [10]

b4 exp (ikr
B = o [[ B0 22 axay, (12)

where the distance r is given by

r=y\2+x—x)2+(-y)? (1.3

The above expression comes from scalar theory of Helmholtz equation using the
approximation that the field point (x,y) is significantly separated from the source point
(x',y') compared to the wavelength of the light (1), » >> A. Now, looking at the
major conditions for the two scenarios, i.e. Fresnel and Fraunhofer approximations.
The Fraunhofer approximations will be very briefly discussed as part of this work
whereas, there will be a detailed discussion on Fresnel approximations owing to the
fact that the central ideas of this thesis, which is Talbot effect, is a near-field diffraction

phenomenon and hence, falls under Fresnel approximations.

1.1.3 Fresnel approximation

To simplify the Huygens-Fresnel principle and make it more manageable for practical
use, we approximate the distance, r, between the source point, P’ (x’ ,y') and the field
point, P(x,y). If we apply binomial expansion approximation of the square root term

in Eq. 1.3, we get

rz

1+1 x—x 2+
2 z

L(y=yY 1.4
§(z> ' 14
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A natural question to ask at this point is whether the first term in the equation
suffices or if other terms are required in the approximation. For instances where "
appears in the denominator of the equation, simplifying the expression by using only
the first term z (ignoring the rest of the expansion) typically results in a very small and
manageable error. This is because the variations in the higher-order terms contribute
minimally to the overall result in the denominator, so they can be safely neglected
without compromising accuracy. However, when r appears in the exponent, the situa-
tion is quite different. The exponent involves a factor k, which is the wave number and
is defined as k = 277:, where A is the wavelength of the light. In the visible spectrum,
k can be extremely large (often greater than 10° for typical wavelengths around less
than a micron). Even a small error in r due to neglecting higher-order terms in the
expansion can result in a significant phase shift because the error gets multiplied by

this large number k. Therefore, in the exponent, both terms of the binomial expansion

must be retained to ensure precision.

Given this consideration, the expression for the electric field E(x,y) at the field

point, P(x,y) becomes

ikZ oo . , ,
E(ry) = o [ EG.) elRl6-7 02T} avay, (1.5)
INZ —oo
Here, E(x',y') is the field at the aperture plane, and the limits of integration correspond

to the boundaries of the aperture.

This equation can be understood as a convolution process, which is a mathematical
operation that expresses how the shape of one function is modified by another, to
produce a third function. In this context, the convolution represents how the initial

light field E(x’,y’) is modified as it propagates to the observation plane.
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The convolution form of the equation is given by,

oo

E(x,y) = / E(Xy) h(x—x',y—y) dX¥'dy
where h(x,y) is the convolution kernel given by,

eikz ik
h(x,y) = 2z P [Z_Z ( 2+)’2>} :

Alternatively, Eq. 1.5 can be written in a different form by factoring out the quadratic

ik
phase term exp [;— (o + yz)] from the integral, yielding
z

lkZ ; 0 . / / 22T / /
E(X,y) — ;_Zelz%(xz—f—yz) //oo {E(xl,yl)elzﬁz(xz—i-yz)}e—l%z(xx +yy) dx/dy/, (16)

This form reveals that the resultant field is essentially the Fourier transform of the

product of the initial field e(x",y’) and a quadratic phase factor.

Both the forms of Eq. 1.5 and Eq. 1.6 are known as the Fresnel diffraction integral,
which describes how light propagates and diffracts when it passes through an aper-
ture. When the approximation is valid, the observer is considered to be in the Fresnel

diffraction zone, also known as the near-field region of the aperture.

1.1.4 Fraunhofer approximation

When the observation point is located at a much larger distance from the source, the

Fraunhofer approximation can be applied, which greatly simplifies the analysis of
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wave propagation and diffraction. This approximation is particularly useful in the
far-field region, where the wavefronts from the source are almost planar by the time
they reach the observation point. Under these conditions, all the spatial frequencies
generated due to the aperture are separated in the far field. This separation of spatial
frequencies allows for a clearer and more distinct analysis of diffraction patterns, as

each frequency component can be treated independently. Mathematically, we can ne-

2 /2
glect the terms T and 7 from Eq. 1.4. Thus the Eq. 1.6 can be modified further and
Z Z
becomes,
ikz e 2 (S
E(ry) = 5200 [T B e B avay, )
iz —o0

Excluding the multiplicative phase factor that precedes the integral, this expression

essentially represents the Fourier Transform of the aperture’s distribution, evaluated
X
Az

spatial frequencies in upcoming chapters.

and f, = Y We will see the importance of

Az

at specific spatial frequencies, f, =

2000
Fresnel region Fraunhofer region

1000

§ o
x

—1000

—2000

0 50 100 150 200 250 300 350 400
z (mm)

Figure 1.2: Simulation of diffraction from a grating to show Fresnel and Fraunhofer
regions

To distinctly identify the regions where Fresnel and Fraunhofer approximations are
valid, a simulation of a gaussian beam of wavelength 632.8 nm and beam waist 450

um getting diffracted by a grating of period 100 pm, is shown in the Fig. 1.2. Here,
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one can clearly see how the spatial frequencies get separated in the far field (Fraun-
hofer region). In the near field (Fresnel region), the overlapping spatial frequencies
create a pattern along the propagation direction. Due to a transverse periodicity, a lon-
gitudinal periodicity has been generated in the near field (Fresnel region) as shown in
the Fig. 1.2. This repetitive pattern along propagation in near field diffraction is known

as Talbot effect.

In the next two sections, we will delve into the Talbot effect and explore its various
applications. Following this discussion, we will transition to addressing the objective

of this thesis.

1.2 The Talbot effect

The Talbot effect, a fascinating phenomenon in wave physics, was first observed by
Henry Fox Talbot in 1836 [9]. This effect occurs when a periodic grating is illuminated
by coherent light, resulting in the formation of self-images at specific distances known
as Talbot distances. These self-images are essentially replicas of the original grating,
appearing at regular intervals without the need for a lens. Talbot’s discovery, while
initially an intriguing curiosity, was mathematically described by Lord Rayleigh in
1881 [22]. From theory of coherent wave diffraction, Rayleigh derived the critical

2
parameter in the Talbot effect named the Talbot length, Z7 = ——, where A represents

A
the grating period and A is the wavelength of the incident light. The intensity profile
is similarly replicated at half the Talbot length, though with a lateral displacement of
A/2. This mathematical relationship indicates that the distance at which self-images
occur depends on both the physical dimensions of the grating and the properties of

the illuminating light. Fig. 1.3 illustrates the Talbot effect due to a grating period A

illuminated with a light of wavelength A. The Talbot carpet shown in the Fig. 1.3 is
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Figure 1.3: Talbot effect arising from a grating period A with illuminating wavelength

A

generated using a 25 um grating period and a 632.8 nm wavelength He-Ne laser in our

lab.

Over the years, the Talbot effect has found applications across various scientific
fields, including classical optics, nonlinear optics, and quantum optics, each leverag-
ing the unique properties of this phenomenon [23, 24]. Throughout the late 19th and
early 20th centuries, several researchers delved deeper into the intricacies of this ef-
fect. Winkelmann [25], Weisel [26], and Wolfke [27], for instance, investigated the
formation of grating images in microscopy, contributing significantly to the founda-
tional understanding of self-imaging phenomena. In the 1950s, Cowley and Moodie
extended these studies by examining Fresnel diffraction fields behind periodic objects
[28]. Their work introduced important concepts such as Fourier images and Fresnel
images, which describe the different diffraction patterns observed at various distances

from the grating [28-31].

In the 1960s, Montgomery further solidified the terminology and understanding of
the Talbot effect, coining the term “self-imaging” to describe the periodic reproduction

of the grating images [32]. Montgomery’s contributions were pivotal in standardizing
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the concepts of ’strong and weak imaging” to describe Fresnel diffraction and Fourier
imaging as a whole and hence Talbot effect. This period also saw the rise of affordable
coherent light sources, with development of lasers, which rekindled interest in the

Talbot effect and facilitated new experimental investigations [24].

1.2.1 Fundamentals of Talbot effect

At its core, the Talbot effect arises from the principles of Fresnel diffraction of coherent
waves. When a spatially coherent monochromatic wavefront encounters a periodic
grating, it undergoes diffraction, resulting in a series of diffracted waves that interfere
with each other. This interference pattern leads to the formation of self-images of the
grating at regular intervals along the propagation axis. The Talbot distance, Zr, is the
specific distance at which these self-images recur, and it is determined by the grating
period and the wavelength of the light. The phenomenon can be understood through
both Fourier optics and Fresnel diffraction theories. In Fourier optics, the Talbot effect
is viewed as the constructive and destructive interference of plane waves originating
from the periodic grating. These waves combine to form images of the grating at
specific distances, known as Talbot planes. The whole picture can be deduced from
optical response function [10]. On the other hand, Fresnel diffraction theory provides
an intuitive understanding by considering the phase evolution of the diffracted waves

as they propagate from the grating [22].

In between two Talbot self-image plane, there exist multiple planes which also
reappear along propagation direction in a distance of the Talbot length multiplied by
a factor of rational numbers, (g)ZT (where p and g are co-prime integers). These
planes are called fractional Talbot planes [33, 34]. The fractional Talbot effect, con-

tributing to even fields outside optics [35, 36], gained much attention after Talbot array
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illuminators [37].

One of the fascinating aspects of the Talbot effect is its manifestation in both spatial
and temporal domains [38]. In the spatial domain, the effect is observed as periodic
self-imaging of the grating along the propagation axis. In the temporal domain, known
as the temporal Talbot effect, periodic temporal signals propagate through dispersive
media, resulting in self-imaging in the time domain [39]. This temporal analogue
has practical applications in fields such as ultrahigh-rate optical communications and
data processing [40, 41]. In recent times, spatio-temporal Talbot effect has also been

observed [42].

1.3 Applications of Talbot effect in several fields

The Talbot effect has found numerous applications in classical optics, quantum
optics, nonlinear optics, metrology and other fields as well, leveraging its unique self-

imaging properties for various practical uses.

1.3.1 Talbot-Lau interferometry

Talbot-Lau interferometry is an instrumental technique in imaging and metrology, par-
ticularly valued for its capacity to operate with particle beams of modest coherence
without needing spatially resolving detectors. This technique has been pivotal in high-
precision measurements and imaging applications. One of the most prominent uses is
in x-ray phase contrast imaging, where it employs gratings to transform phase shifts
induced by a sample into measurable intensity variations [43]. This application is cru-
cial for visualizing fine internal structures in various materials, including biological

specimens and composite materials, with high contrast [44].
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A significant breakthrough in x-ray phase imaging using Talbot-Lau interferometry
was demonstrated with synchrotron radiation beams, enabling high-quality imaging in
the hard x-ray wavelength range [45]. This method has shown particular promise in
medical imaging, enhancing the visibility of soft tissues which are often challenging
to image with traditional x-ray techniques [46, 47]. For instance, the internal structure
of a small spider and a mouse tail were revealed with remarkable detail using this tech-
nique [44]. Moreover, the technique has extended its utility to the study of fundamental
physics. It has been used to explore matter wave interference with Na, molecules [48],
the properties of Bose-Einstein condensates [49] and fullerene molecules [50], provid-
ing insights into near field Talbot-Lau interferometry. The ability to operate with heavy
particles and the favorable scaling properties of the Talbot-Lau effect make it a robust

tool for exploring new frontiers in quantum optics and matter-wave interferometry.

1.3.2 Materials science and plasmonics

The Talbot effect has significant applications in material science, lithography and plas-
monics. It has been exploited for advanced lithography techniques, enabling the fab-
rication of high-resolution patterns necessary for engineering nanoscale devices. Dis-
placement Talbot lithography technique employed various periodic nanopatterns in-
cluding nanodots, nanoholes, nanorings etc [51]. Talbot lithography is not only usefull
in material science domain but has also empowered atomic lithography [48] and cold

atom imaging [52].

In the realm of plasmonics, the Talbot effect has been observed with surface plas-
mon polaritons (SPPs). Plasmonic Talbot carpets have been demonstrated using Au
gratings [53]. Plasmon Talbot carpet has also been observed using cylindrical gold

nanostructures [54]. These have opened up possibilities for manipulating light at sub-
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wavelength scales, which is vital for developing plasmonic circuits and enhancing op-
tical communication systems. Talbot effect of exciton polaritons in a microsturcture
semiconductor cavity has been demonstrated theoretically and experimentally [55].
Moreover, the super Talbot effect has been theoretically proposed in indefinite meta-
materials, showing that even when the period is much smaller than the incident wave-
length, self-imaging can still occur due to the unique properties of these anisotropic
metamaterials [56]. This is particularly useful for applications requiring high precision
and miniaturization, such as in optical data storage and sensor technology. The abil-
ity to convert evanescent waves back into propagating waves in metamaterials further

broadens the scope of the Talbot effect in advanced material applications.

1.3.3 Nonlinear optics

The principles of the Talbot effect have been also extended to explore the behavior of
light in nonlinear media. Nonlinear optical materials exhibit properties that depend on
the intensity of the light passing through them, leading to interesting phenomena such
as self-focusing, soliton formation, and harmonic generation [57]. Talbot effect in non-
linear media is a comparatively recent field. Nonlinear interaction of Talbot effect was
first time experimentally realized in 2010, using 1D and 2D periodically poled LiTaO3
crystals by spurting laser across the periods leading to direct Second Harmonic Genra-
tion (SHG) [58]. Since across the period, the phase matching condition is not satisfied
for a PPLT crystal, the nonlinear efficiency was feeble. Later, SHG of fractional Talbot
effect was also experimentally demonstrated [59]. Recent reports have demonstrated
second-harmonic generation (SHG) of Talbot images using a pump beam modified by
a spatial light modulator (SLM) [60]. However, these studies are constrained to lower

power levels due to the SLM’s lower damage threshold.
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Another prominent application of the Talbot effect in nonlinear optics is enhance-
ment of Two Wave Mixing. TWM in a photorefractive crystal transfers energy between
beams, and using a photorefractive liquid-crystal light valve, this effect leads to high-
gain optical amplification in the Raman-Nath regime. Leveraging the Talbot effect, the

TWM gain can be further increased by employing multiple LC light valves [61].

1.3.4 Quantum optics

Advances in quantum optics have been significantly propelled by the Talbot effect.
Since Berry’s description of quatum carpets [62], a lot of attempts have been made to
understand Talbot effect in quantum domain and subsequently different applications
showed up. One of the prominent applications is in quantum imaging, where the Tal-
bot effect is employed to surpass the classical diffraction limit. By harnessing the
quantum interference of biphotons generated through Spontaneous Parametric Down-
Conversion (SPDC), researchers have achieved resolutions unattainable by traditional
imaging methods. In 2009, the first theoretical proposal on the Talbot effect in quantum
optics was introduced, utilizing entangled photon pairs within the framework of quan-
tum ghost imaging [63]. This study also extended to quantum lithography, revealing a
doubled Talbot length compared to the conventional value, which sparked significant
interest and further research into higher-order correlation functions. Later, the spatial
interference pattern of two-photon correlation functions was examined for a phased
array of emitters, demonstrating an N? dependence that amplified nonclassical light
[64]. They also showed that the spatial distribution of correlations could be controlled
by lasers. Further, the Talbot effect in the time domain for entangled photon pairs was
explored, observing complex phenomena in coherence propagation [65]. The periodic
evolution of photon correlation functions was studied in multimode waveguides, find-

ing that the correlation revival period could exceed the intensity revival period under
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certain symmetries [66]. The experimental observations on the second-order Talbot
effect using pseudo-thermal light and entangled photon pairs ensured quantum Talbot

effects [67].

Quantum Talbot effect has varoius other direction apart from quantum imaging and
lithography. The electromagnetically induced quantum Talbot effect has expanded the
scope of light-matter interactions using ultracold atoms and molecules at the quantum
level [68]. Recently, quantum gravity has also been approached through nonlinear

Talbot effect [69].

1.3.5 Metrology

The Talbot effect has greatly advanced metrology, providing highly precise and non-
invasive measurement techniques. Utilizing the Talbot effect, researchers have been
able to enhance optical metrology by exploiting self-imaging properties of periodic
structures, leading to highly accurate surface profiling and wavefront sensing. Apart
from applications discussed in section 1.3.1, Talbot interferometry laid out several
other applications in metrology as measuring small angle variation due to a tilt of
object surface [70]. Self imaging technique has been used to measure intensity and
angle of incidence of a light field [71]. In 2016, a miniature Talbot spectrometer was
demonstrated 0.9 nm accuracy in optical spectrum, by generating Fourier transform of

the spectra recorded using a tilted image sensor [72].

Furthermore, advancements in Talbot lithography have enabled the fabrication of
precise and complex microstructures, which are used as calibration standards in metro-
logical applications. This technique allows for the creation of patterns with nanoscale
accuracy, providing reference structures that are critical for calibrating measurement

instruments [51]. Overall, the integration of the Talbot effect in metrology has led
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to significant improvements in measurement accuracy and resolution, enhancing the

capabilities of various scientific and industrial applications.

1.4 Objective of the thesis

In various applications of the Talbot effect, the Talbot length serves as a criti-
cal parameter that influences system performance, whether in Talbot interferometry,
lithography, or sensing techniques. The Talbot length is fundamentally determined by
the grating period, A and the wavelength of the incident light, A. Therefore, to achieve
self-imaging planes at specific locations, one has to manipulate either the grating pe-

riod or the wavelength, which can limit flexibility in certain practical scenarios.

To overcome this, a variable Talbot length is necessary, capable of adjusting the po-
sition of Talbot planes without requiring changes to the grating period or wavelength.
Such a configuration would offer a significant advantage in Talbot interferometry se-
tups and in enhancing sensing capabilities. It would allow more precise control over
the self-imaging process and introduce a new dimension of flexibility in various optical

systems.

Nonlinear Talbot effects have been studied for over a decade, but a major challenge
remains in the efficiency of generation. Improving the efficiency of this nonlinear
process, combined with a variable Talbot length, holds potential applications for high-
energy domains, such as Talbot lithography. This approach could enable more versatile

systems for precise pattern replication and sensing on very small scales.

The central goal of this thesis is to develop an experimental setup, supported by
theoretical back up, that enables the generation of a variable Talbot length while inte-

grating it with a highly efficient nonlinear upconversion process. This technique also
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shows promise in sensing fine variations in grating periods on a subwavelength scale.
Additionally, the use of non-paraxial Talbot effects will be explored as a method for de-
tecting aberrations in thick lenses, expanding the sensing capabilities of non-paraxial

Talbot effect.

1.5 Thesis structure

The whole work discussed in this thesis is organized as seven chapters in the thesis.

The following are the description of content of each of the thesis chapters.

The first chapter introduces the fundamental concepts of diffraction and the Talbot
effect, starting with historical perspectives and progressing toward modern applica-
tions. It explains Fresnel and Fraunhofer diffraction region, to understand the domain
where Talbot effect occurs. The chapter further delves into fundamentals of Talbot
effect, where the periodic self-imaging of gratings is discussed in detail. After dis-
cussing the mathematical formulation of the Talbot effect, several applications of the
Talbot effect in various domains like Talbot-Lau interferometry, lithography, quantum
imaging, and optical metrology are introduced, followed by the objective of the thesis

and the thesis structure.

Chapter 2 describes the fundamentals to explore the main part of the thesis, cov-
ering the principles of Fourier optics and their role in understanding light propagation
through optical systems. It explains how lenses act as Fourier transforming elements,
converting incident light into its constituent spatial frequency distributions. This prop-
erty is crucial for developing a setup for variable Talbot length, which is explored in
next three chapters. The chapter then transitions to nonlinear optics, discussing phe-
nomena like second harmonic generation (SHG) and its relevance to the nonlinear

Talbot effect. The theoretical treatment of SHG is provided, where the generation of
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light at twice the frequency of the input is discussed. This discussion is essential for

delving into nonlinear upconversion of Talbot effect as discussed in chapter 4.

In chapter 3, the concept of a tunable Talbot range is explored. Traditionally, the
Talbot distance is a fixed value based on the grating period and the wavelength of
light. Utilizing an appropriate theoretical framework, we devised a versatile experi-
mental approach grounded in the Fourier transform technique, allowing for continu-
ous and independent control of Talbot lengths for any periodic structure. This method
effectively overcomes the strict dependence of self-images on grating period and wave-
length. Here, we have produced tunable Talbot lengths of a wide range, up to 25 times
greater than the original range. This generic technique can be useful in application
areas such as Talbot lithography, Talbot-lau interferometry and various other applica-
tions of metrology. In the next two chapters we will extend this technique for nonlinear
frequency upconversion of Talbot effect with tunable Talbot length, and sensing varia-

tion in periodicity of smaller grating periods.

Chapter 4 investigates the nonlinear Talbot effect using second harmonic gener-
ation (SHG). By introducing a nonlinear crystal (BiBO) into the optical system, the
traditional Talbot effect is altered, allowing for the formation of new diffraction pat-
terns at second harmonics with modified Talbot length. This experiment has success-
fully demonstrated single-pass second harmonic generation of the Talbot effect with
notable conversion efficiency. Using a microlens array as a two-dimensional peri-
odic object illuminated by pump radiation, we explored the single-pass upconversion
of this structure in a BiBO crystal. The study confirmed that the Talbot length is dou-
bled during the upconversion process, specifically through second harmonic generation
(SHG). By employing Fourier transformation techniques, we developed a straightfor-

ward method to control and tune the Talbot length at both the pump and upconverted
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wavelengths, significantly enhancing nonlinear conversion efficiency. This adaptable
method allowed for precise adjustments of the Talbot length to target specific planes,
enabling the measurement of periodic objects with small pitch sizes without relying
on advanced microscopy. The highly efficient nonlinear upconversion demonstrated in
this work shows great potential for applications such as Talbot lithography and other

high-energy processes involving the Talbot effect.

Chapter 5 begins by discussing the sensitivity of the Talbot effect to periodicity.
Because the Talbot effect relies on the periodic nature of a grating to produce self-
images, any deviation in the grating’s structure or periodicity will alter the resulting
Talbot pattern. This sensitivity makes the Talbot effect a valuable tool for detect-
ing subtle changes in periodic structures, i.e. sensing sub-wavelength level varia-
tion of grating periods. By tuning the Talbot distance, the periodic structure of op-
tical components can be analyzed with high precision. The sensor effectively de-
tected small periodicity variations in a grating at scales smaller than the wavelength
of light used, demonstrating its ability to operate within the challenging subwave-
length regime. Conventional optical systems are typically constrained by diffraction
limits, which restrict their resolution, but this sensor overcame those limitations by
utilizing a tunable Talbot length. By doing so, it eliminated the need for complex,
high-magnification microscopes and instead leveraged the Talbot effect to resolve fine
structural details directly, offering a simpler and more efficient approach for detecting

subtle periodic features.

Chapter 6 extends the application of the Talbot effect to the detection of aberra-
tions, particularly in thick lenses. Aberrations are deviations from the ideal wavefront
that can significantly degrade image quality. This chapter explores mathematical ex-

pression for the effective focal length of a thick lens in the context of spherical aberra-
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tion by examining its influence on the imaging of the non-paraxial Talbot effect, link-
ing the focal length to the grating period used, and the findings are also experimentally
verified. This chapter investigates both theoretical and experimental techniques for
detecting and quantifying aberrations with the non-paraxial Talbot effect. By studying
the changes in Talbot length caused by different grating periods in an imaging setup,
in non-paraxial regime, the effective focal length of a thick lens is mapped for a range

of grating periods.

The final chapter summarizes the findings of the thesis and discusses potential ar-
eas for future research. The thesis has demonstrated the versatility of the Talbot effect,
both in its traditional form and in nonlinear optics, for applications in sensing period-
icity and aberrations. Future work could involve extending these principles to quantum
ghost imaging, exploring nature of electric field in near field diffraction by using vec-
tor beams as the input of the grating field, and the phenomenon of superoscillation of

the grating field in near field diffraction.






Chapter 2

Some Fundamentals of Fourier and

Nonlinear Optics

2.1 Introduction

The analysis of light propagation as a wave phenomena and interactions within optical
systems is essential to understand the intricate behavior of periodic structures and their
imaging. Two critical theoretical frameworks, Fourier optics and nonlinear optics serve
as the foundation for the upcoming chapters which involves working with concepts of

Fourier imaging and its nonlinear image-upconversion.

Fourier Optics provides a robust framework for analyzing and understanding how
light fields, represented as spatial distributions, are transformed and manipulated within
optical systems. Using Fourier analysis, complex optical fields can be broken down
into their individual spatial frequency components. This decomposition is crucial for

interpreting how various optical elements, such as lenses and apertures, affect the prop-

25
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agation and imaging. The Fourier transform and its associated principles enable us to

understand the formation of images and diffraction patterns.

On the other hand, Nonlinear Optics explores the behavior of optical materials
under high-intensity light fields. Nonlinear optical effects, such as second-harmonic
generation (SHG), occur when higher order (second order for SHG) susceptibility of a
material is large enough to induce nonlinear polarizability due to the incident electric
field. For the purpose of this thesis work, the nonlinear frequency upconversion of
Talbot patterns will be discussed in chapter 4, wherein the interaction of periodic fields

with nonlinear crystals will be dealt in details.

In this chapter, we will systematically examine the principles of Fourier optics and
nonlinear optics with a focus on their relevance in understanding and analyzing second
harmonic generation in context of imaging Talbot effect. By establishing a theoretical
foundation in these areas, this chapter will provide the framework necessary for a
detailed investigation of how these optical principles inform the analysis of specific

techniques in Talbot imaging in the subsequent chapters.

2.2 Fundamentals of Fourier transform in optics

Fourier transform operation translates a function from one domain, such as space
or time, to its canonically conjugate domain, spatial frequency or temporal frequency
respectively (sometimes multiplied with Planck’s constant). In the context of optics,
this means transforming a light field from a spatial representation, where we consider
the distribution of light intensity across a plane, to a frequency representation, where

we analyze how different spatial frequencies contribute to the overall field.

For a one-dimensional optical field, the Fourier transform of a function E(x) is
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expressed as,

E(f) = /_ o;E(x)e_iZ”fxxdx. (2.1)

In this equation, f, represents the spatial frequency, and E(f,) gives us a measure of

"how much’ of a particular frequency is present in the original field E(x).

When dealing with two-dimensional optical fields, which are common in imaging

applications, the Fourier transform is also extended to two dimensions,

E(fo fy) = / ) / ) E(x,y)e 2P0 dxdy (2.2)

Here, f; and f, are the spatial frequencies along the x and y axes, respectively. The
function E( f;, fy) gives us a complete description of spatial frequency contents of the

optical field.

Physical interpretation of Fourier transform in the context of optics extends quite
interestingly beyond just a mathematical abstraction. Each spatial frequency compo-
nent corresponds to a plane wave traveling in a specific direction, with the amplitude
of the component indicating the strength of that particular wave. Therefore, an optical
field can be visualised as a superposition of plane waves with different directions and

amplitudes.

One of the most important properties of the Fourier transform in optics is its re-
lationship to convolution. The convolution theorem states that the Fourier transform
of the convolution of two functions is equal to the product of their individual Fourier
transforms. This property is crucial in understanding how images are formed by optical
set-ups, as it explains how the system’s point spread function (PSF), which describes
how a single point of light is spread out, convolves with the object to produce the final

image.
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2.3 Lens acting as a Fourier transforming element

Lenses are central to many optical systems, and in the framework of Fourier optics,
they are particularly interesting because they act as Fourier transformers. When light
passes through a lens, the lens transforms the incoming wavefront into a new wavefront

at the focal plane, performing a Fourier transform on the optical field in the process.

To understand this, consider a simple case where a plane wave (which can be
thought of as a wave with constant phase across its wavefronts) incident on a lens
parallel to its axis. The lens bends the wavefronts, focusing the light at the focal plane
on the axis of the lens. Let us say that the plane wave has a spatial frequency, ko (k is
simply 27 f). Suppose another plane wave with spatial frequency k; is incident on the
lens at a different angle with x-axis and the lens-axis. These two waves can be repre-
sented as Ey ~ Cpe™** and E| ~ C;e'** | as shown in the Fig. 2.1 with red and orange
colored rays respectively. Thus, a wave with many such constituent spatial frequencies

can be represented as,

E(x) ~ Y Cpe™ (2.3)

where the coefficient C, represents the amplitude of the n-th spatial frequency. Essen-
tially, each plane wave here forms a basis in function space and thus any incident wave
consisting of several spatial frequencies gets distributed according to its component el-
ements in k-space as represented by Eq. 2.3. In continuous domain C,, becomes £ ( f;)
of Eq. 2.1. Hence, this phenomenon of extracting the constituent spatial frequency
components through a lens is identified as Fourier transform, and the focal plane of a

lens is referred to as Fourier plane.

This property of lenses forms the basis for a wide range of optical systems. For

example, in a simple imaging system, light from an object passes through a lens and
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Lens Focal plane

Figure 2.1: Lens acting as a Fourier transforming element by separating the con-
stituent spatial frequencies.

forms an image on a screen or detector. The image can be thought of as the inverse
Fourier transform of the light field at the lens’s focal plane, hence implying that the
lens has effectively transformed the spatial frequencies of the object into the spatial

distribution of light in the image plane.

Lenses also play a key role in systems like the 4 f optical processing setup, where
two lenses are used to perform Fourier transformation in sequence. In this setup, the

first lens generates the Fourier transform of the object field, and the second lens per-
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forms an inverse Fourier transform to produce an image. By placing filters or other
optical elements in the Fourier plane between the lenses, one can manipulate the spa-
tial frequency contents of the image, allowing for sophisticated image processing tech-
niques like spatial filtering, edge detection, and contrast enhancement. In chapter 4,
we will discuss about using a nonlinear crystal for image-upconversion at the Fourier
plane of a lens and an effective spatial filtering due to second harmonic generation

process there.

2.4 Image Formation

In Fourier optics, image formation is understood through the concept of spatial
frequencies and how they are manipulated by the optical system. Traditional optics
explains image formation in terms of ray tracing and geometric optics, but Fourier
optics provides a deeper insight by taking into account the effects of the wave nature

of light on the final image.

Point spread function (PSF) is an important aspect to understand image formation
in Fourier optics, that describes how a single point of light from the object is spread out
by a given optical system. The PSF is closely related to the optical transfer function
(OTF), which is the Fourier transform of the PSF and describes how different spatial
frequencies are transmitted by the system. The OTF provides a complete description
of the system’s response to different spatial frequencies, allowing us to predict how the
system will transform various features of the object, such as edges, fine details, and

texture.

Fig. 2.2 shows a 4f imaging set up, where the plane waves are shown as parallel
rays. The object plane is situated at the front focal plane of the first lens L, where the

optical field or object is positioned. Light emanating from this plane passes through
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Figure 2.2: 4f imaging system with lenses L; and L;. The dashed lines are represent-
ing object plne, Forier plane and image plane respectively

L1, which performs a Fourier transform, converting the spatial information into its fre-
quency domain representation at the Fourier plane, located between the two lenses.
Although, at the Fourier plane the beams are shown to be meeting at a point in the
Fig. 2.2, the spot size has a diameter greater than A /2 for any lens system (where 4
is the wavelength of incident light). The second lens L;, positioned at a focal length
f from the Fourier plane, then performs an inverse Fourier transformation on these
frequency components. The result is an image formed at the image plane, which is
located at the back focal plane of L,. This setup allows for precise control over spa-
tial frequencies and is instrumental in applications such as optical filtering and image
processing. When light from an object passes through an optical system, each point
on the object produces a wavefront that propagates through the system. The system’s

PSF describes how this wavefront is modified, resulting in the formation of an image.



32 Chapter 2. Some Fundamentals of Fourier and Nonlinear Optics

In Fourier optics, we analyze this process by decomposing the object’s light field into
its spatial frequency components, applying the system’s OTF to each component, and

then recombining the components to form the final image.

This approach is particularly helpful for understanding how aberrations and other
imperfections in the optical system affect image quality. For example, if the system
has a limited aperture at the Fourier plane, it will act as a low-pass filter, blocking
high spatial frequencies and resulting in a loss of fine detail in the image. Similarly,
aberrations can introduce distortions in the phase of the wavefronts, leading to blurring
or other artifacts in the final image. The convolution theorem plays a crucial role in
this process, as it allows to express the final image as the convolution of the object’s
light field with the system’s PSF. This means that the image is essentially a smeared

version of the object, with the extent of the smearing determined by the PSE.
2.5 Fourier transform for different positions of the ob-

ject

Although the object is placed at the front focal plane of a lens to get exact Fourier
transform at the Fourier plane, one can put the object at any other position to achieve
the same with different phase factors. We will see three different cases of Fourier

transform here as shown in the Fig. 2.3. This section is mainly adapted from [10].

2.5.1 Object placed against the lens

Consider a planar input transparency (a transparent phase-object) with amplitude trans-
mittance 74 (x,y) placed immediately in front of a converging lens with focal length f,

as depicted in Fig. 2.3 (a). The input transparency is uniformly illuminated by a
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Figure 2.3: Different positions of object,t to get Fourier Transform at the focal plane
of the lens, L. Object positions are (a) directly against the lens, (b) d distance apart in
front of the lens, and (c) d distance apart in front of the focal plane, behind the lens

normally incident, monochromatic plane wave with amplitude A. The optical field

incident on the lens is then given by,

El(xay) :AtA(x7y)

Since we are using laser source, we assume that the entire input field passes through
the lens without any obstruction. The amplitude distribution behind the lens is then

k
modified by exp (—i Z( (x2 +y2)), which represents the quadratic phase shift intro-
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duced by the lens. This phase shift depends on the coordinates x and y within the plane

of the lens and is responsible for focusing the incoming light.

Ej(x,y) = Ei(x,y) exp (—i% (2 +y2>)

To find the field distribution E¢(u,v) in the back focal plane of the lens, we apply the

Fresnel diffraction formula, assuming z = f,

E¢(u,v) = eXp( ZfiQ(Lf o )) /_Z/_ZE;(x,y) exp (—zi—f(ux+vy)) dxdy.

Substituting E;(x,y) into this expression, and noting that the quadratic phase factors

cancel out, the resulting field distribution in the focal plane becomes,

exp +v
E¢(u,v) = ( fz?(Lf ))/ / Ata(x,y)exp (—zif(ux%—vy)) dxdy (2.4)

This expression shows that the complex amplitude distribution of the field in the focal
plane of the lens is proportional to the two-dimensional Fourier transform of the inci-
dent field on the lens as given by Eq. 1.7 in the previous chapter. It’s significant to
note that Fraunhofer diffraction is typically observed when the distance between the
object and the observation plane is very large; however, in this special configuration,
the Fraunhofer diffraction can be observed at the focal plane of the lens, even though
the plane is relatively close to the lens and that is why we see Fourier transform on the

focal plane.
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2.5.2 Object placed in front of the lens

Now consider a more general case where the input transparency is placed at a distance
d in front of the lens as shown in the Fig. 2.3 (b). The input transparency is again
illuminated by a normally incident plane wave with amplitude A, and the amplitude
transmittance is #4(x,y). The Fourier spectrum of the light transmitted by the input
transparency is represented by F,(fx, fy), and the spectrum of the light incident on the

lens by Fj(fx, fr), such that

Fi(fx, fr) = Folfx, fr)exp (—imAd (f3 + f7))

Neglecting the finite extent of the lens aperture (at least the beam size is smaller

than the lens aperture), the field distribution in the focal plane of the lens is

Ef(u,v) = 0 AT

Aexp (i (u2+v2)>F0< . L)

Substituting the expression for F,, we obtain,

Aexp [ Iy (l — T) (uz—l—vz)}

ilf (2.5)
<[ & men [—z—<¢u+nv>] dEdn

E¢(u,v) =

This shows that the amplitude and phase of the light at coordinates (u,v) in the
focal plane are directly related to the amplitude and phase of the object’s Fourier spec-

trum at the corresponding spatial frequencies lf and —. When d = f, the quadratic

7Lf

phase factor vanishes, yielding an exact Fourier transform relation.
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2.5.3 Object placed behind the lens

Finally, consider the case where the input transparency is positioned behind the lens,
at a distance d in front of the rear focal plane as shown in the Fig. 2.3 (c). Imagine a
converging spherical wave that is directed towards the back focal point of the lens. The
wave illuminates the object, which now lies a certain distance d behind the lens. Due
to the convergence, the diameter of the beam illuminating the object decreases in size
proportionally with the distance d. The amplitude of this converging spherical wave at
the object plane is scaled by the factor g, since the energy remains conserved as the

beam converges.

At the object plane, the effective illuminated region is determined by the intersec-
tion of the cone of light rays with the object. If the lens is circular, this means that a
circular region of the object, whose diameter is / ;, gets illuminated, where / represents
the beam diameter at the lens plane. The amplitude of the spherical wave impinging
on the input transparency (object) is Ag, and the illuminated region corresponds to the

intersection of the cone of rays with the object plane.

The wave transmitted through the input transparency under the paraxial approxi-

mation is described by,

Ei(Em) = (42 )exp iz (& 7%) (&)

To find the field distribution at the focal plane, we need to apply Fresnel diffraction,
which calculates the wave’s evolution as it propagates. Since the object is illuminated
by a spherical wave, the phase distribution at the object contains a quadratic phase

term associated with the curvature of the wavefront. When this quadratic phase term
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is included in the Fresnel integral, it cancels out a similar term, simplifying the overall

calculation, and the field distribution at the back focal plane becomes,

Ef(u,v) = Ao f;’wl W) // énexp(—zld<u§+vn))dédn

This equation shows that, aside from a quadratic phase factor, the field distribution
in the focal plane is the Fourier transform of the input transparency. The scaling factor
of the Fourier transform depends on the distance d, which can be adjusted to control
the size of the transform, providing flexibility in applications like spatial filtering or
tunability of effective image size. This particular configuration of Fourier transform

will be largely useful in our next chapters.

Now a very essential part of nonlinear optics will be discussed here, which will be

important for understanding the context of chapter 4.

2.6 Optical nonlinearity

When an electromagnetic wave interacts with a dielectric material, it generates
polarization, which refers to the dipole moment per unit volume. This moment is
primarily caused by the displacement of valence electrons from their normal orbits.
The magnitude and direction of this polarization are influenced by the strength of the
electric field, its direction of propagation, and the polarization of the electric field
applied within the medium. The induced polarization, P, can be represented as a power

series expansion in terms of the electric field, expressed as,

P=g (x(l)E+x(2)E2 + OB +. ) =P+ P
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Here, €& is the permittivity of free space, E represents the electric field component of
the wave, and x(m) denotes the susceptibility tensor of the m-th order, with a rank of

(m+1). The term for linear polarization, Py, is given by,
B =exE (2.6)
On the other hand, nonlinear polarization, Py, is written as,
PuL = & <x(2)E2 F B 4+ ) 2.7)

In everyday situations, the electric field strength is typically small, meaning the polar-
ization induced in the material is directly proportional to the applied field, which can
be described by Eq. 2.6. This results in common optical phenomena such as reflec-
tion, refraction, dispersion, and diffraction. However, when the electric field becomes
sufficiently intense, as in the case of laser light, the displacement of the electron cloud
relative to the nucleus becomes nonlinear with respect to the electric field. Conse-
quently, the higher-order terms in Eq. 2.7 become significant, leading to the genera-
tion of new frequencies. Laser light is generally required for this, as it provides the
necessary intensity to produce these new frequencies. The field of nonlinear optics is
often regarded as beginning with the first observation of second-harmonic generation

(SHG) in quartz [73], following the invention of the laser in 1960 [74].

Since nonlinear optics is an extensive area, the discussion here will focus primarily
on second-order nonlinear interactions, which involve the second-order susceptibility,

x(z). For more information on other nonlinear interactions, refer to [57].
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2.7 Second-order nonlinear processes

The second-order nonlinear polarization is expressed as,
Pu = eox VEE (2.8)

where x 2) represents the second-order nonlinear susceptibility tensor, which is only
present in non-centrosymmetric materials—those without inversion symmetry in their
point group. In experimental literature, it is common to use the d-tensor notation

instead of 1(2), and we will follow that convention. The d-tensor is defined as,
2
%l(,k) = 2d;jk

Using the Kleinman symmetry approximation [57], which applies when all interact-
ing frequencies are far from resonances, the second-order susceptibility tensor can be

simplified into a 3 x6 matrix form,

o

din dip diz dis dis die
=280K | dyy dyy dy3 dys dos dog

oo

0

d31 d3zp d3z dis dis die

where K is a degeneracy factor, equal to 1 /2 for processes such as SHG and optical
rectification, and 1 for other conversion processes. Now, if the applied electric field is

composed of two different frequency components,®; and @,, we can express the field
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as,

E(t) = Eje " 4 Eye '™ fcc.

Substituting this into Eq. 2.8, the second-order nonlinear polarization becomes,

H\IL(Z‘) — Z P((Dn)e—ia)nl — X(Z) Elze—Zi(Dll +E226—2i(02[ +2E1Eze—l(a)1+0}2)[

2B Efe @)t | c.c.] 124D [E\Ef + EoE2)

The first two terms represent second-harmonic generation (SHG), while the third

and fourth terms correspond to sum-frequency generation (SFG) and difference-frequency

generation (DFQ), respectively. The final term is known as optical rectification (OR).
The complex conjugates (c.c.) in the above equation are not considered, as they do not

contribute any additional processes beyond those already mentioned.

Fig. 2.4 illustrates the frequency conversion process in case of SFG. Two photons
with frequencies @; and ®, traverse the nonlinear medium, and produce frequency
3. The energy of the photons involved in the nonlinear interaction is conserved.
Similarly for DFG, their energies are subtracted. Thus, the processes SHG or DFG
lead to the emission of a photon with energy ws = @w; = @,. In second-harmonic
generation (SHG), two photons with the same frequency @ combine, resulting in a

photon with double the energy, given by @z = 2®.

2.7.1 Coupled wave equations

The previous discussion highlights how electromagnetic waves at specific frequencies

can stimulate responses at other frequencies when propagating through a nonlinear
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Figure 2.4: SFG process in a x(2) material, showing (a) two different field generating
a third field, and (b) schematic transition of photons in virtual energy levels

medium. To delve deeper into how new frequencies are generated and how energy is
exchanged between the interacting waves, we must examine Maxwell’s equations in

such media.

In a nonlinear, non-magnetic dielectric medium devoid of currents and free charges,
Maxwell’s equations simplify into the wave equation, now modified by a nonlinear
source term as follows [57],

0%E 2Py
2 L
VE = up&y 32 + Uo 32

Here, U represents the permeability of free space. Generally, this equation is not
solvable analytically, but by applying certain approximations, we can derive a form

more suitable for computation. Suppose the electric field £ and the polarization P



42 Chapter 2. Some Fundamentals of Fourier and Nonlinear Optics

propagate along the z-axis. They can be expressed as,

E(z,1) = % [E(z, a))e*"(sz“’t)] +c.c.

1 .
P(z,t) = 3 [P(z, a))e_’(kz_“”)} +c.c.

In these equations, @ is the frequency, and k is the wave number, which can be

described as,

2.9)

where €(w) is the medium’s permittivity at frequency @, and & is the vacuum

permittivity. The parameter c stands for the speed of light in a vacuum.

For both linear and nonlinear interactions where the fields’ amplitudes vary slowly
relative to the wavelength in space and the optical period in time, the Slowly Varying
Envelope Approximation (SVEA) is applied [57]. This reduces the second-order wave
equation to a first-order equation along the propagation direction,

JE(w)  ipoc?
dz  2n

PAL(@)

For second-order nonlinear processes, where the fields mix, utilizing relevant equa-
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tions leads to the formulation of three coupled wave equations,

8E1 1 ;
T = i——Kd.gErEf ™
9z 12k1c effC3Ly e
JE, (073 ;
T2 = = KdoFAEf ™R
az l2k2C eff=3 le
0E;3 3 ;
—— = i——KdewE 1 Eye "*F
aZ l2k3c eff~1 26

Here, K is the degeneracy factor, dq¢ represents the effective nonlinearity, and Ak =
k3 — ky — ky is the phase mismatch between the interacting waves. These interactions
comply with the frequency relation @3 = w; + @,. Efficient energy transfer occurs

when Ak = 0, as discussed in the next section.

For second-harmonic generation (SHG), where @; = @, = ® and @3 = 2, only

two waves are involved. The SHG coupled-wave equations are,

8E2 . 2602 ;
azw = lnzchdefng)elAkz
OF 207 ,
—az‘*’ =i CKdeffE;;Ezwe*'A"Z
(0]

Here, Ak = ko — 2k 1s the phase mismatch between the interacting waves, where
ke and kg are the wave vectors, and ng and nyg are the refractive indices for fre-
quencies ® and 2, respectively. In the low-conversion regime (assuming negligible
pump depletion), these equations simplify to a linear first-order equation, which can be
solved analytically for plane waves. The resulting second-harmonic intensity is given
by [57],

| 20%d%LR0G ., (AKL

bLe(L) = —=5—=sinc (T) (2.10)

E0M20C Ny
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where L is the length of the nonlinear medium, /g, is the pump intensity, and ng, 124
are the refractive indices for the pump and second-harmonic frequencies. If pump

depletion is considered, the SHG efficiency can be expressed as,

NsuG = tanh?(N, suG)

where 1, syg 1s the efficiency assuming no pump depletion, derived from,

202d% L], AkL
= et "9 inc? (—) 2.11)

No,SHG = 2

Eonan%oc3

2.8 Phase matching conditions
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Figure 2.5: Variation of output SH intensity as a function of the phase mismatch,
AkL/2, demonstrating the sinc? dependence as given by Eq. 2.10

The Eq. 2.10 demonstrates that the intensity of second-harmonic generation (SHG),
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b, reaches its maximum when the phase mismatch, Ak, equals to zero. In other
words, the condition of perfect phase-matching is required for optimal SHG efficiency.
This relationship can be visualized in Fig. 2.5, which depicts the intensity of SHG as
a function of the total phase mismatch AkL/2. The sinc-squared profile illustrates how
critical the phase-matching condition (Ak = 0) is for maximizing the SHG efficiency.
Fig. 2.5 also highlights the dependence of SHG output on phase mismatch, showing
that the closer the interaction is to perfect phase-matching (Ak = 0), the higher the

second-harmonic power will be, according to the sinc-squared function in Eq. 2.11.

The question naturally arises: what leads to phase mismatch in the first place? Ac-
cording to Eq. 2.9, the wave vector k is proportional to the refractive index. Because
a material’s refractive index changes with wavelength (due to dispersion), different
wavelengths propagate at different phase velocities in a medium, leading to phase mis-

match between interacting waves.

If the waves do not meet the phase-matching condition, the SHG efficiency will
vary along the length of the nonlinear crystal. This variation is caused by the oscillat-
ing relative phase between the driving nonlinear polarization and the newly generated
wave, periodically reversing the flow of power. The critical length, known as the co-
herence length L. = 7 /Ak, defines the distance over which the driving polarization and
generated waves remain in phase, allowing power to transfer to the generated waves.
However, beyond this coherence length, the waves fall out of phase, causing the en-
ergy to return to the driving wave. In the phase-matched scenario, the newly generated
second harmonic radiation remains in phase with the earlier generated waves, leading
to constructive interference and continuous energy transfer along the crystal. Achiev-
ing this phase-matching condition ensures efficient SH generation across the crystal

length.
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To attain phase-matching, two principal techniques are widely used: Birefringent
Phase-Matching (BPM) and Quasi-Phase-Matching (QPM), which will be explored in

the following sections.

2.8.1 Birefringent phase matching (BPM)

Birefringent phase-matching leverages the birefringence of an anisotropic nonlinear
crystal, wherein the refractive index depends on the polarization of the electric field.
The basic idea behind BPM is to polarize the interacting waves at different frequen-
cies such that their phase velocities can be fine-tuned via the appropriate propagation
direction within the crystal. In this way, the wave vectors satisfy the phase-matching

conditions. Nonlinear crystals can be categorized based on the number of optical axes

2) Optic axis b) Optic axis

-
N

Figure 2.6: Index ellipsoids for (a) positive and (b) negative uniaxial crystals.
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they possess, uniaxial crystals (with one optic axis) and biaxial crystals (with two optic
axes). For simplicity, we will focus on uniaxial crystals to explain BPM. In a uniaxial

crystal, birefringence can be described by two refractive indices: the ordinary index
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(n,) and the extraordinary index (n,). The electric field that is polarized perpendicular
to the optical axis always senses the ordinary refractive index, and is known as the
ordinary beam. In contrast, the extraordinary beam, which is polarized orthogonally
to the ordinary beam and lies in the plane containing the optical axis, experiences a
refractive index n,(6) that depends on the angle between the optical axis and the prop-

agation direction, 0 as:

1 cos?(6) N sin(0)
ne(0)1>  nj n

Fig. 2.6 illustrates the birefringence of uniaxial crystals. In positive uniaxial crystals,
the extraordinary index increases with angle, while in negative uniaxial crystals, it
decreases. For both types, the extraordinary index can be fine-tuned by adjusting the

angle 6 of propagation relative to the optical axis.

Optic axis Optic axis

Figure 2.7: A demonstration of the BPM for (a) positive and (b) negative uniaxial
crystals.

Fig. 2.7 shows how, at a particular angle 0, the extraordinary refractive index for

the fundamental wave matches the ordinary refractive index for the second harmonic,
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achieving perfect phase-matching in positive and negative uniaxial crystals.

In BPM, there are two configurations: type-I, where the interacting waves have
the same polarization and the generated wave is polarized orthogonally; and type-II,

where the interacting waves are orthogonally polarized.

Phase-matching that occurs when the propagation direction is perpendicular (6 =
90°) to the optical axis is known as noncritical phase-matching, whereas phase-matching
for any other angle is called critical phase-matching. The term critical” reflects the
sensitivity of the process to beam misalignment, as phase-matching only works within

a narrow range of beam angles.

2.8.2 Quasi phase matching (QPM)

Quasi-phase-matching (QPM) is an alternative technique to birefringent phase match-
ing (BPM) used to compensate for phase mismatch in nonlinear optical processes,
such as second harmonic generation (SHG). In nonlinear crystals, chromatic disper-
sion causes waves of different frequencies to propagate with different phase velocities,
leading to phase mismatch. In BPM, birefringence is used to match these phase veloc-
ities. However, in materials where birefringence is low or where BPM is not feasible,

QPM offers a solution.

In QPM, the phase mismatch is not perfectly eliminated. Instead, the interacting
waves are allowed to experience some phase slip. As the waves propagate through the
crystal, the phase difference between them gradually increases until it reaches a value
of m, at which point the power flow begins to reverse. To prevent this reversal, QPM
introduces a periodic correction to the phase. Specifically, every time the phase differ-

ence reaches 7 (after one coherence length, L.), the sign of the nonlinear coefficient of
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the material is reversed, effectively adding an additional phase shift of 7. This brings
the interacting waves back into phase and allows the power transfer to continue in a

monotonic fashion, building up over the length of the crystal.

This periodic modulation of the nonlinear coefficient is achieved by periodically
changing the sign of the coefficient with a period twice the coherence length (A =
2L.) as shown in the Fig. 2.8. As a result, the generated output power increases in
a stepwise manner rather than continuously, as it would in perfect phase matching.
Although the power build-up is slower than in BPM, QPM offers other advantages,

including access to higher nonlinear coefficients. One of the key benefits of QPM is

Z-axis

deff 'deff deff 'deff deff 'deff deff 'deff deff 'deff

Figure 2.8: An illustration of a periodically poled nonlinear crystal to satisfy QPM

that it allows the same polarization direction for all interacting waves. In contrast to
BPM, which requires different polarizations for different interacting waves, QPM can
access the highest nonlinear tensor coefficients, often resulting in higher conversion
efficiency. Moreover, QPM can be used in materials with low birefringence where
BPM is not possible, and it can provide noncritical phase matching for a wide range of

wavelengths, making it more versatile.

In terms of implementation, QPM is typically achieved by fabricating crystals with

periodic structures, such as periodically poled ferroelectric materials like lithium nio-
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bate (LiNbO3) or potassium titanyl phosphate (KTP). These materials have sponta-
neous electronic polarization, and by applying a strong electric field periodically, the
polarization can be inverted. This inversion results in the periodic sign change of the
nonlinear susceptibility tensor, creating a grating with a period that corresponds to the

coherence length of the desired nonlinear process.

Although QPM is highly effective, there are some challenges and limitations.Achieving
high-quality periodic poling is especially challenging for thick samples. Additionally,
the number of materials available for QPM is limited, and the range of wavelengths

that can be phase-matched in these materials is constrained.

In chapter 4 we used BiBO crystal as our nonlinear medium, which is birefringent-
phase matched, type-I crystal. For sensing periodicity in chapter 5, and sensing aber-

ration in chapter 6), we used periodically poled cystals as a grating object.



Chapter 3

Generation of Tunable Talbot Range

3.1 Introduction

As discussed in section 1.3, Talbot effect has proven to be a versatile phenomenon
with applications ranging from spectrometry and metrology to advanced imaging tech-
niques. Its ability to enhance our understanding of wave propagation and diffraction,
combined with its practical applications in measuring and analyzing microstructures,

underscores its importance in both fundamental and applied sciences.

One of the critical components to understand while working with the Talbot effect-
based interferometry, lithography, or metrology is to resolve the desired Talbot planes

accordingly. To instantiate, the Talbot length is given by [22]

Zr = ~ . 3.1
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Here, A is the grating period, and A is the wavelength of the incident radiation.
From the Eq. 3.1, it is evident that the Talbot length is completely dependent on the
grating period (A) and the wavelength of the incident light (A). Hence, given the
stringent dependence on the grating period and wavelength, it is quite complex to
shift the integer and fractional Talbot planes at any other distance. The following
section proposes and demonstrates a scheme to overcome these stringent conditions

and produce tunable Talbot length.

3.2 Theory and experimental scheme

The concept of the tunable Talbot length is pictorially represented in Fig. 3.1. A
lens, L,, of focal length, f,, is used to Fourier transform [10] a periodic object placed
after the lens at a distance d from its back focal plane (Fourier plane). Subsequently,
the second lens, L, of focal length, f;, is used for inverse Fourier transformation
resulting in the image of the periodic object at the image plane. In such a configuration,
one can observe the Talbot effect at two regions, right after the periodic object and
after the image plane named as Talbot range and modified Talbot range, respectively.
According to Fourier transform theory [10], adjusting the position (distance, d) of the
periodic object from the back focal plane of the lens, L,, we can control the distribution
of the spatial frequency of the object at the Fourier plane of lens L, occurring due to
the variation in the illuminated region of the object. In fact, it has been observed [75]
that any periodic object results in an array of spots at the Fourier plane, and the spatial
distribution of the array depends on the position of the periodic object away from the
back focal plane of the lens. Each spot of the array has an intensity profile same as the
input beam (here, Gaussian beam). The modified pitch of the Gaussian beam array at

the Fourier plane of the lens, L,, due to the period object of pitch A placed at a distance
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Figure 3.1: Schematic of the experimental setup to produce tunable Talbot length.
fa and f}, are the corresponding focal lengths of the lenses L, and L;. Inset intensity
profiles show tunability of Talbot length by tuning the control parameter, d.

d from the back focal plane can be represented as [76],

Ad
r_
A= A 3.2)

Here, A is the wavelength of the beam illuminating the object. The inverse Fourier
transform of the Gaussian beam array using the lens L, results in the image of the

periodic object at the image plane with effective pitch or period as

A
Aefr= {”\—/ = %A. (3.3)

As a result, the Talbot length, Z7 = 2A? /A, of the object of the period, A, measured

right after the object (see the left inset Talbot range of Fig. 3.1) will be modified for the
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measured Talbot length after the image plane (see the right side inset Modified Talbot

range of Fig. 3.1). Using Eq. 3.2 and 3.3 we can find the modified Talbot length as,
2A2

2 2
(@) )= o

It is evident from Eq. 3.4, that the Talbot length, 2/ is modulated by a factor of ( f;,/d)?,

Y =

square of the ratio of the focal length of the inverse Fourier transforming lens, L,
and the position of the periodic object away from the back focal plane of the Fourier
transforming lens, L,. Therefore, for a given set of lenses, periodicity of the object and
wavelength, tunable Talbot length can be accessed by simply varying the position of

the object (i.e., the value of d).

To get the tunable Talbot length, we used a He-Ne laser of wavelength 632.8 nm
and two lenses, L, and L; of same focal length, f, = f, = 200 mm. We used a one
dimensional ronchi grating of period 25 um (a part of Thorlabs R1SILIN Negative
Test Target) and placed it on a translation stage, d distance behind the focal plane of
lens L,, as shown in the Fig. 3.1. We used the translation stage to change the control
parameter (d value), and consequently generated desired Talbot length (Z¥ ). At the
image plane of the lens L;, we placed the CCD (charge-coupled device) camera on
another translation stage along the beam propagation to record the Talbot planes. We
recorded the Talbot lengths for three different values of control parameter, d = 40 mm,
70 mm and 100 mm. We also measured the Talbot length in case of 4f imaging,
1.e. placing the grating at the back focal plane of the lens L, and the CCD camera at
the focal plane (image plane for 4f imaging) of the lens L,. To generate the Talbot
carpet, we plotted the line profiles of the CCD images along propagation distance,
by extracting the intensity profile of each of the CCD images from a fixed pixel line

(here, pixels in the horizontal line) of width 6.45 um and concatenating the pixel lines
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Figure 3.2: Three different transverse Talbot planes for the control parameter, d = 70
mm. (a), (b) and (c) shows the planes of z =0, 0.25 Zr and 0.5 Zr respectively

to form a continuous image. We recorded the Talbot images up to a range of 50 mm

with an interval of 0.1 mm for the four cases mentioned above.

3.3 Experimental results

The transverse planes of the image plane (z = 0), 0.25 Z7 and 0.5 Z7 are shown
in the Fig. 3.2 for the control parameter, d = 70 mm. The disappearance and reap-
pearance of the sharp grating lines are clearly visible here. According to our modified
Talbot length (z7) as suggested in Eq. 3.3, we should be able to surpass the stringent
condition of grating periodicity (A) and wavelength (A) now. With a grating of peri-
odicity 25 um, we get a Talbot length, zz = 1.97 mm and confirm it with 4 f imaging.
Although the Talbot range can be varied continuously using our control parameter d,
we recorded the Talbot range for three different values of d to demonstrate long range
tunability. The Talbot ranges for these three d values are compared with Talbot range
for 4f imaging, as shown in the Fig. 3.3. Due to the continuously variable control
parameter, d, for a discrete set of grating period (A) and wavelength (1), a continuous

set of Talbot lengths were created. This experimental scheme produces long range
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tunable Talbot length, strongly supported with theory of Fourier transform to predict

the tunable Talbot length.

|

Number of pixels

Distance (mm)

Figure 3.3: Tunable Talbot range for different values of the control parameter, d. (a),
(b), (¢) and (d) represents 4f imaging, d = 100 mm, d = 70 mm, and d = 40 mm
respectively

Fig. 3.3 clearly shows that the Fresnel diffraction region, where the Talbot images
are formed, is varying enormously with the control parameter, d. For 4f imaging
the region is very small and as we decrease the d value, the region expands in the
propagation direction, indicating higher longitudinal magnification of the Talbot range.
We measured the Talbot lengths to be 1.975 mm, 7.93 mm, 15.83 mm and 49 mm

corresponding to 4f imaging, d = 100 mm, d = 70 mm and d = 40 mm respectively.
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Conclusively, changing the control parameter, we generated tunable Talbot length over
arange of 1.97 mm (for 4f imaging) to 49 mm (for d = 40 mm) i.e. 25 times greater
than the actual Talbot length, using a 25 pum grating period. In principle, we can
continue to decrease d value and produce longer Talbot lengths, as suggested by the
Eq. 3.4 (Z%’I o< 1/ d?). But, as we approach the focus of the lens L,, the Gaussian beam
spot decreases significantly and can not illuminate enough number of grating period to

get a long range Talbot effect.

3.4 Discussion on limiting the control parameter

As mentioned in the above section, generation of longer Talbot length needs smaller
values of the control parameter, d. For a smaller d value, the number of grating peri-
ods illuminated by the incident light decrease gradually. Since, the necessary condition
to generate Talbot effect is periodicity and we proclaim an object periodic when the
length of the periodic object is much larger than the length of a single period, naturally

a question arises, how many slits are required to observe Talbot effect.

With a 100 um grating period and the same 632.8 nm wavelength laser, we simu-
lated and experimentally observed near field diffraction for different numbers of slits
illuminated by the laser, required to produce Talbot effect. Two particular cases of
three slits and five slits are shown in the Fig. 3.4. These simulations were done using a
python module [77]. It is evident from the Fig. 3.4(a,b) that for illuminating three slits
Talbot carpet does not arise; merely a fractal has appeared in propagation direction. In
case of Fig. 3.4(c,d) that is for five slits, at least one Talbot length has appeared for

both simulation and experimental results.

Based on the above study, we can conclude that at least five slits must be illumi-

nated for the Talbot effect to manifest. In our setup, with focal lengths of f, = f;, =200
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mm, we constrained our control parameter to d = 40 mm, allowing us to cover a min-

imum of 15 slits in the experiment in order to observe a long-range Talbot carpet.
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Figure 3.4: Near field diffraction for two different number of slits illuminated. (a)
and (b) correspond to simulated and experimental images respectively, illuminating
three slits; (c) and (d) correspond to simulated and experimental images respectively,
illuminating five slits

3.5 Implications

The experimental demonstration of the tunable Talbot range through control of the

variable parameter d offers a significant advancement by enabling continuous tuning of
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the Talbot length beyond the fixed constraints of grating period and wavelength. This
method, verified by Fourier theory, opens up new possibilities for dynamic control in
imaging, sensing, and lithography applications, where variable Talbot lengths would
play a crucial role. We will see two specific applications of this architecture in chapters

4 and 5 of the thesis.

3.6 Conclusion

With the help of a suitable theoretical frame work, we have developed a generic ex-
perimental scheme based on Fourier transform technique, to independently control the
Talbot lengths of any periodic structure in a continuous manner, overcoming the strin-
gent dependence on grating period and wavelength on the self-images. With a grating
of period 25 um, we have produced tunable Talbot lengths of a wide range from 1.97
mm to 49 mm, hence, realizing a range up to 25 times greater than the original range.
This generic technique can be useful in application areas such as Talbot lithography,
Talbot-lau interferometry and various other applications of metrology. In the next two
chapters we will extend this technique for nonlinear frequency upconversion of Tal-
bot effect with tunable Talbot length, and sensing variation in periodicity of smaller

grating periods.






Chapter 4

Nonlinear Upconversion of Talbot

Effect with Flexible Talbot Lengths

4.1 Introduction

Microlens arrays (MLAs), a 2D array of close-packed lenslets, are optical ele-
ments designed to split the wavefront into multiple beamlets of equal energies. MLAs
have found a great deal of attention for their wide range of applications in wavefront
sensing [78], digital holography [79], and also as a tool for fundamental studies in
supercontinuum generation [80]. Having a series of periodic lenslets, they are also
being used as array illuminators and in ultrafast laser filamentation experiments [81].
In 1836, H. F. Talbot observed a unique self-imaging effect while working on peri-
odic structures [9]. When a plane wave is incident on a periodic grating, the image
of the grating field is replicated at fixed positions in the propagation direction, known
as the Talbot planes appearing at the distances, z = NA? /A. Here, A is the period of

the grating object, A is the wavelength of the input radiation, and N is a positive inte-

61
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ger. For odd values of N, the Talbot images are shifted laterally by an amount of A/2
with respect to the grating position. Therefore, the distance between two consecutive
non-shifted image planes is zp = 2A2 /A, referred to as Talbot length [22]. The Tal-
bot effect, being a near-field effect, is observed as a consequence of the diffraction of
the input field from the periodic object and the subsequent interference between the
diffracted fields. Near-field diffraction is enriched with several important properties.
For example, if one explores the strong imaging regime [32], where frequencies are
higher than 1/A, superoscillation of the state can be used for subwavelength imaging
with grating waves, can access certain advantages over imaging with evanescent waves
[82]. Imaging exploiting the superoscillation has been demonstrated a few years ago
[83]. The Talbot effects have been observed in varies research areas. For example, in
atomic physics, the manipulation of Talbot phenomena in cold atomic systems repre-
sents a promising frontier in optical imaging and manipulation at the quantum level
[84]. As such, efforts have been made with theoretical and experimental studies of
first- and second-order Talbot effects using electromagnetically induced grating [68],
and the spontaneous parametric four-wave mixing by modulating the third order non-
linear optical coefficient [85] through a strong standing wave in cold atomic medium
and molecules. Nonlinear Talbot effect has been observed in rouge waves to explore
the relation between intensity of breathers and transverse period, and Talbot length
[86]. Talbot effect has been used in experimental demonstration of increased accuracy
in modulation instability gain in nonlinear beams [87]. Researchers have also explored
surface gravity water wave packets in linear and nonlinear regimes producing Talbot
carpets and Akhmediev breather waves respectively, by simply varying steepness of
the waves [88]. Additionally, the experimental observations on dynamic behaviors
of wave packets in non-Hermitian photonic graphene 2D honeycomb optical lattice

structures realized in three-level A-type atomic vapor configurations [89] shows the
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possibility of the development of all-optical-controllable Talbot-Lau interferometers,

and also improvement in the performance of cold atom imaging and lithography.

On the other hand, MLAs, being 2D periodic objects, are also expected to produce
self-imaging effects. It has been verified that MLAs also exhibit the Talbot effect with
almost similar properties [90, 91], however, the additional phases in the case of lenslets
that are not closely packed resulted in quasi-Talbot effects. This self-imaging property
of MLAs has been found useful in a variety of applications in science and technology.
Employing the Talbot effect in X-ray Talbot interferometers, the phase structures of 3D
samples can be identified from the Moiré fringe patterns [92]. Similarly, using frac-
tional Talbot images, high-resolution fluorescence images are obtained in fluorescence
Talbot microscopy [93]. Although Talbot imaging with ML As has been studied in the
past, no significant efforts have been made on single-pass image upconversion of peri-
odic objects through the second harmonic generation (SHG) and retaining Talbot effect
[84] in the new wavelength where the high-efficiency image sensors are abundant. In
2010, the SH Talbot effect was observed for the first time in periodically poled lithium
tantalate (PPLT) crystals commonly used for highly efficient nonlinear frequency con-
version processes. However, in this case, the poling periodicity of the crystal was used
as the periodic structure for the study of the Talbot effect [58] by illuminating the crys-
tal in the direction orthogonal to the poling direction. As a result, the direct benefit of
periodic poling of the nonlinear crystal after accessing the highest nonlinear gain and
long crystal length was unexplored, resulting in low nonlinear frequency conversion
efficiency. Recently, SHG of Talbot images with pump beam modified by spatial light
modulator (SLM) has been reported [60]. Again, the lower damage threshold of SLM
has restricted such studies to lower power levels. As a result, the control over the Tal-
bot planes in both pump and SHG with high nonlinear upconversion efficiency over

long distances has not been addressed so far. Given that the Talbot length is propor-
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tional to the square of the period of the object for a fixed wavelength [94], one can vary
the Talbot length by using MLAs of different periods in different array architecture as
observed [89] in case of atomic coherence gratings instantaneously tunable complex
honeycomb potential in atomic and atomic-like ensemble. However, it is essential
to access tunable Talbot length while keeping all physical parameters of the grating

constant at fixed wavelength for high resolution imaging and lithographic application.

Here, we report, for the first time to our knowledge, high-power, single-pass frequency-
upconversion of the periodic object producing Talbot planes with controllable lengths.
Using the MLA as the 2D periodic object and 1.2 mm long BiBO crystal for frequency
upconversion, we have demonstrated Talbot effect in both pump and upconversion
wavelength with Talbot lengths tunable across zr = 26 cm to z7 = 62.4 cm at the

pump and z7 = 12.4 cm to z7 = 30.8 cm at the green wavelength.

4.2 Experimental configuration

The schematic of the experimental setup is shown in Fig. 4.1. A 5 W Yb-fiber
laser with a spectral bandwidth of 15 nm centered at 1064 nm providing femtosecond
pulses of ~ 260 fs duration at a repetition rate of 78 MHz is used as the pump radiation
[95]. The input power to the setup is varied using a half-wave plate (A/2) and a
polarizing beam-splitter (PBS) cube. The input beam is expanded and collimated using
a telescopic lens combination comprising two lenses, L1 and L2, of focal length, f; =
50 mm, and f> = 100 mm, respectively, to collimate the laser beam into a near plane
wavefront. The second A /2 plate is used to control the polarization of the laser beam
depending upon the orientation of the nonlinear crystal for optimum phase-matching in
the experiment. A lens, L3, of focal length, f3 = 150 mm, is used to Fourier transform

the phase profile of the microlens array (MLA) (Thorlabs MLA 300-14AR) placed at a
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Figure 4.1: Schematic of the experimental setup to study the nonlinear interaction
of the Talbot effect. A /2, half-wave plate; PBS, polarizing beam splitter cube; L1-4,
plano-convex lenses; MLA, microlens array; BiBO, nonlinear crystal; S, wavelength
separator. (Inset) Images of light carpet at pump and upconversion wavelength.

distance, d, from the back focal plane of the lens. The MLA consisting of 391 lenslets
of focal length, f3;74 = 18.6 mm, with a lenslet period of A =300 um [75], is used
as the periodic object to generate the Talbot images. A 1.2-mm-long bismuth triborate
(BiBO) crystal [96] with an aperture of 4 x 8 mm? is placed at the back focal plane of
the lens, L3. The crystal is cut for type-1 (e + e — 0) frequency-doubling in the optical
yz-plane (@ = 90°) with an internal angle of 6 = 168.5° to the normal incidence and is
used for second harmonic generation (SHG) of the Talbot images at 1064 nm into the
green at 532 nm. The frequency-doubled green beam is extracted from the undepleted
pump using a wavelength separator, S, and subsequently imaged using a CCD camera
after the lens, L4, of focal length, f4 = 150 mm. The lens, L4, is placed at a distance,
fa, from the crystal to inverse Fourier transform the array of the spatial structure of the

input beam (here Gaussian beam) generated due to the Fourier transform of the MLA
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at the back focal plane of the lens, L.3. To record the Talbot images of both pump and
SHG beams along the propagation distance, the CCD camera is placed on a translation
stage. The insets of Fig. 4.1 shows the line profiles of the self-images of both the
pump and the SHG beams recorded along with propagation distance at an interval of

1 mm.

4.3 Results and discussion

To verify the Talbot effect of the MLA at the pump wavelength, we illuminated
the MLA with the collimated pump beam by removing the lenses, L3 and L4, and
recorded the images right after the MLA at an interval of 1 mm along the propagation
direction. The results are shown in Fig. 4.2. To avoid the mechanical constraint of
the experiment, the images were recorded starting from at a distance of about ~ 5 cm
from the MLA, up to a distance of 45 cm, covering a range of 40 cm. However, such a
delayed start of the image recording does not affect the overall experimental results, as
the Talbot planes are replicated at every Talbot length irrespective of the initial position
of occurrence. To improve the visibility and exact detection of the Talbot planes, we
plot the line profiles of the CCD images along propagation distance by extracting the
intensity profile of the CCD images from a fixed pixel line (here, pixels in the vertical
line) of width 4.4 um (corresponding to the size of a single pixel) and concatenate
the line intensity images with propagation distance forming a continuous image (light
carpet). The results are shown in Fig. 4.2(a). As evident from Fig. 4.2(a), the
image locations identified with dashed white lines are almost identical, indicating the
positions of Talbot planes of the pump beam. The intensity profiles, indicated by the
first and third dashed lines, are almost identical, indicating the positions, z = 1 mm
and 171 mm respectively. Therefore, the experimental Talbot length of the MLA with

a pitch of A =300 um is zz, = 170 mm. As reported previously [97], the microlens
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array can be approximated as a 2D sinusoidal phase grating. Therefore, the Talbot
images recorded in the present study form a 3D light carpet comprising both self and
fractional Talbot images and complicated fractal intensity distribution appearing as
a function of distance across the image [62], confirming the successful generation of
light carpet for MLA. For the lenslet pitch of A =300 pm, the theoretical Talbot length
for the pump wavelength of A, = 1064 nm can be calculated to be, z7, = 2A§ =169.1

mm, in close agreement to the experimental value, 1, = 170 mm.

To observe the upconversion of the Talbot effect, we placed the nonlinear crystal
at the focal plane, fy;74 = 18.6 mm, of MLA, and recorded the intensity profile of the
SHG beam along the propagation direction, with an increment of 1 mm, after extrac-
tion from the undepleted pump using the wavelength separator, S. However, due to the
mechanical constraints in positioning the wavelength separator, the nearest attainable
limit of the CCD camera position was about 15 mm from the crystal plane. Using the
same technique of extracting the line profile of fixed pixel line from the CCD images
along propagation and concatenating the images, we observed the variation of the SHG

beam along propagation, with the result shown in Fig. 4.2(b).

As evident from Fig. 4.2(b), the images of the SHG beam are almost identical,
as marked by the dashed lines along the propagation axis, indicating the positions of
Talbot planes. However, from Fig. 4.2(a) and Fig. 4.2(b), it is evident that the SHG
images are reproduced at a propagation distance twice that of the pump images. The-
oretically, the Talbot length of the SHG beam, z7,,, = 2A2 [Asy = 2z7, = 338 mm, is
twice that the Talbot length of the pump beam, z7, = 169.1 mm, since Asy = 4, /2.
Using the results of Fig. 4.2(b), we measured the Talbot length of the single-pass
frequency-doubled Talbot effect to be z7;,, = 330 mm, close to the theoretically pre-

dicted value of z7,, = 338 mm. By carefully analyzing the line profiles, one can clearly
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see the change in the spatial frequencies of the SHG beam in fractional Talbot planes
along the propagation distance. The decrease in the intensities with propagation dis-

tance can be attributed to the divergence effect of the lenslets of MLA. It is evident
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Figure 4.2: Light carpet along propagation distance for the periodic object (microlens
array) at (a) pump, and corresponding (b) upconversion wavelengths confirming Talbot
effect. The white dashed lines identify different Talbot planes.

from the experimental results of Fig. 4.2 that the Talbot lengths of the pump and
the SHG beams strictly depend on the input parameters of the MLLA. To overcome this
stringent dependence and to obtain long-range self-images with tunable Talbot lengths,
we controlled the scale of the Fourier transform of the ML A by placing it after the lens
L3 at a distance d from the back focal plane of the lens. According to the Fourier trans-
formation theory [10], adjusting the separation distance, f3 —d, between the MLA and
lens L3, we can control the scale of the Fourier transform at the focal plane of the lens

L3 due to the change in the illuminated region of the MLA. As reported previously
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[75], the Fourier transform of the MLA will produce the array of spots. Each spot of
the array has an intensity profile same as the input beam (here Gaussian). The pitch of

the Gaussian arrays can be represented as [76],
Ayd
A== 4.1
A (4.1)

Here, A is the pitch of the MLA. Now, the inverse Fourier transform of the Gaussian
array using the lens L4, of focal length, f4, placed at a distance, f4, from the Fourier
plane of the lens L3, produces scaled Talbot effect due to the scaling of the spatial
distribution of the MLA. The effective lenslet period of the MLA at the back focal

plane of the lens L4 can be written as,

fahp _ fa
Aerr="—-==—A 4.2
=" =g (4.2)
Consequently, the modified Talbot length of the pump beam can be expressed as,
2A2 fro A2 f
ff 4\2 4\2
= — = 2 —_ —_— = — 4_3

As evident from Eq. 4.3, the Talbot length, z7, , is modulated with a factor, (fa/d )2, the
ratio of the focal length of the inverse Fourier transforming lens, L4, and the position
of the MLA away from the back focal plane of the Fourier transforming lens, L3.
Therefore, for a fixed focal length of the lens, L4, the Talbot length can be controlled
by simply adjusting the position of the MLA. For the SH Talbot effect, the crystal is
placed at the Fourier plane of lens L3, keeping the rest of the experimental setup fixed.
Similar to Eq. 4.2, the effective lenslet period of the MLA in the SHG process, can be
obtained as,
faksu 1 f4
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and the corresponding Talbot length of the SH beam can be written as,

Ny 1 i AP

= = — 4.
Tsm ASH 2°d ASH 2 Ty ( 5)

It is interesting to note that the variable Talbot length in the upconversion process, as
indicated by Eq. 4.5, is precisely one-half of the variable Talbot length of the pump
beam. While our experimental results in Fig. 4.2 demonstrate the doubling of the
Talbot length in the upconversion process, the frequency-doubling of the array and the
inverse Fourier transform at the upconverted wavelength effectively reduce the pitch
of the microlens array (MLA) to one-half. Consequently, the Talbot length of the

upconverted beam is halved compared to the Talbot length at the pump wavelength.

To gain further insight of controlled Talbot effect, we measured the period of the
MLA (MLA300-14AR-M) used in the experiment and validated the performance of
the imaging setup with the object positioned between lenses L3 and L4, of focal length
f3 = f4 = 150 mm, as depicted in Fig. 4.1. In doing so, we removed the BiBO crystal
and the wavelength separator, S, and placed the CCD at the back focal plane of the lens,
L4, to record the intensity pattern of the MLA at the pump wavelength. The results are
shown in Fig. 4.3. The pictorial design of the MLA, as reproduced in Fig. 4.3(a) from
the vendor (Thorlabs), has a two-dimensional array of convex lenses at a pitch of 300
um. However, using a microscope, we imaged a section of the MLA, as shown in Fig.
4.3, and found the pitch to be 300 um. A closer look at the image shows concentric
circular rings confirming the convex shape of the lens. Now, placing the MLA at two
distances, d before the back focal plane of the lens L3, we recorded the image of the
MLA, with the results shown in Fig. 4.3(c) and (d). As evident from the images of
Fig. 4.3(c) and (d) corresponding to the d value of 132 mm and 120 mm, respectively,

we clearly see the change in the pitch of the MLA. Counting the number of pixels and
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Figure 4.3: a) Schematic design of microlens array (MLA) as provided by the vendor
(Thorlabs). b) Microscopic image of the MLA showing the circular diffraction rings
due to each microlens. Images recorded at the back focal plane of the lens, L4 for the
MLA position, ¢) d = 132 mm and d) d = 120 mm, respectively.

multiplying the pixel size, we experimentally measured the change of MLA pitch from
340 pm to 375 um due to the change of d from 132 mm to 120 mm. Dividing the mea-
sured pitches with the magnification factor, (f4/d), we can find the actual pitch of the
MLA to be 300 um, the same as the value specified by the vendor and also measured
using the microscope. Additionally, a closer look at the images of Fig. 4.3(c) and (d)
shows the concentric rings, as observed in the microscopic image (see Fig. 4.3(b)) due
to the convex shape of the microlenses in the array. The high-quality imaging with
the object in between the imaging lens pair, L3 and L4, coupled with simple control

of the magnification factor, confirms the possibility of measurement and control of the
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Talbot length of the periodic object. This novel experimental scheme facilitates the
measurement of extremely small pitches of the periodic object by circumventing the

limitations imposed by mechanical constraints in the experiment.

The Talbot carpets in both pump and SHG beam for d = 120 mm, are shown in
the Fig. 4.4. The modified Talbot lengths are given by Eq. 4.3 and Eq. 4.5 for Pump
and SHG respectively. As mentioned earlier also, The SH Talbot length is half of the
pump Talbot length here in this technique whereas the direct SHG of MLA appears to

be twice of the pump beam, as shown in Fig. 4.2

500

0 50 100 150 200 250 300 350

500 ¢

0 50 100 150 200 250 300 350

Figure 4.4: Modified Talbot carpets along propagation distance for the periodic object
(microlens array) for d = 120 mm. Talbot lengths are modified according to Eq. 4.3
and Eq. 4.5. Note that the SHG Talbot length is halved now as predicted by Eq. 4.5
unlike Fig. 4.2

Confirming the performance of the experimental scheme in terms of simple con-
trol of the Talbot length, we recorded the images of the MLA at different fractional
Talbot planes and the Talbot planes for both pump and upconverted wavelengths. We
removed the BiBO crystal and the wavelength separator to identify the Talbot planes

for the pump. But for the upconverted Talbot effect, we placed the BiBO crystal at
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the back focal plane of the lens (L3) and the wavelength separator after the crystal to
remove the undepleted pump. Keeping the MLA at a distance, d = 120 mm and 132
mm, from the back focal plane of the lens, L3, we recorded the Talbot images, with
the results shown in Fig. 4.5. As evident from the first row of Fig. 4.5, the image
of the MLA placed at d = 120 mm illuminated by the pump wavelength changes with
propagation distance, z. Interestingly, the images at z = 0 and z = z7 are identical, con-
firming the Talbot effect. The Talbot length of the MLA for the pump wavelength for d
= 120 mm is measured as z7 = 1, = 268 mm. As expected, for z # z7, we observe the
image recorded at z = 0.5z7 has a transverse shift with respect to the image recorded
at z = 0. A similar shift is observed between the images recorded at z = 0.75z7 and
z = 1.25z7 due to the 7w phase shift, as commonly observed in Talbot effect [9, 10].
This observation confirms the presence of the Talbot effect. It is to be noted that the
circular diffraction pattern due to the convex surface of microlenses, as observed at z
= 0 plane, is not visible at other planes along propagation distance. It is evident from
Eq. 4.5 that the Talbot length of the periodic object during the upconversion process
is half of the Talbot length observed for the object at the pump wavelength. In fact,
the images of the upconverted Talbot effect, as shown in the second row of Fig. 4.5,
show a 2D array of one-half of MLA’s pitch due to the frequency doubling process. As
expected, the upconverted Talbot images are identical at z = 0 and z = z7, and for prop-
agation distance, 7 # z7, the images vary. Like the Talbot images for MLA at the pump
wavelength, in the upconversion process, we also observe the expected transverse shift
among the images recorded at z = 0.5z7 and z =0, and z = 0.75z7 and z = 1.25z7, due
to the 7 phase shift. The Talbot length of the upconverted MLA with its position at d
= 120 mm is measured to be zr = 275, = 124 mm, close to half of the Talbot length
at pump wavelength. Having the MLA at d = 132 mm, we observed the Talbot effect

for pump and upconverted wavelengths, as shown in the third and fourth rows of Fig.
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Figure 4.5: Transverse intensity distributions along propagation distance at pump (first
and third rows) and SHG (second and fourth rows) wavelengths for two different MLA
positions, d = 120 mm, and d = 132 mm. Self-image planes at 0, z7 /2, z7 and frac-
tional Talbot images at 0.75z7, and 1.25z7 are shown along different columns, at both
pump and SHG beam

4.5, respectively. However, due to the decrease in the d value while other parameters
remain constant, we expect a decrease in the Talbot length due to the decrease in the
effective pitch of the MLA, as predicted by Eq. 4.2 and Eq. 4.3. Experimentally, we
measured the Talbot length to be z7 = 220 mm and 104 mm for the pump and upcon-
version wavelength, respectively. The slight variation in the upconverted Talbot length
compared to half of the pump Talbot length can be attributed to the precise positioning

of the crystal center concerning the focal plane of lens L4, considering the focal length
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of the MLA lenslets at 18.6 mm and the associated beam shift induced by the crystal.
Other contributing factors to the error may include human error in accurately identi-
fying the Talbot plane at SH wavelength, which is more pronounced at lower values
of d due to higher longitudinal magnification of the Talbot plane range. It is notewor-
thy that the upconverted Talbot images lack the circular diffraction pattern typically
observed for the pump wavelength. In addition, the boundaries of the arrays appear
blurred. This phenomenon can be attributed to the spatial filtering effect inherent in the
nonlinear frequency conversion process. It is well known that for any grating structure,
the intensity of higher-order spatial frequencies diminishes inversely with the order of
the spatial frequency. On the other hand, in the nonlinear parametric process, the effi-
ciency depends on the intensities of the pump beam at the nonlinear crystal plane (in
this case, the Fourier plane of lens L3). Therefore, the intensity of higher-order spatial
frequencies of the periodic object is significantly lower in the upconversion process,
as if the higher-order spatial frequencies of the object undergo natural spatial filtering
during the nonlinear process, leading to the blurring of array boundaries observed in
the upconverted Talbot images. This study also demonstrates the potential to control
the Talbot length at both the fundamental and upconversion wavelengths by adjusting

the position of the periodic object.

To gain a deeper understanding and verify the predicted simple control of the Talbot
length according to Eq. 4.3 and Eq. 4.5, we conducted measurements of the Talbot
length at both pump and upconversion wavelengths while varying the MLA distance.
The results, depicted in Fig. 4.6, corresponds to the MLLA distances, d, of 80 mm, 90
mm, 100 mm, 120 mm, and 125 mm for both pump and upconversion wavelengths.
It is evident from Fig. 4.6 that the pump Talbot length (represented by black dots),
L7, decreases from 62.4 cm to 26 cm as the MLLA separation, d, increases from 80

mm to 125 mm. The theoretical (experimental) magnification factor of the pitch of the
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Figure 4.6: Variation of Talbot length at pump and upconversion wavelength as a
function of distance, d of MLA away from the back focal plane of the lens, L3. The
black and red lines are the theoretical results derived using Eq. 4.3 and Eq. 4.5,
respectively.

periodic object, ranging from 1.87 (1.91) to 1.2 (1.23) due to the current experimental
geometry, results in a magnification of Talbot length from 3.51 (3.67) to 1.44 (1.52) at
the pump wavelength. Similarly, the upconverted Talbot length (indicated by red dots)
decreases from 30.8 cm to 12.4 cm for the same MLA separation. Both the pump
and upconverted Talbot lengths exhibit an inverse square law dependence on the MLA
separation, d, closely aligning with the theoretical predictions given by Eq. 4.3 (black
line) and Eq. 4.5 (red line). This observation convincingly confirms the potential
of the current technique for the simple control of Talbot lengths without altering the
parameters of the periodic object. While our study focused on the MLA position, d,
at a distance of 80 mm, further reduction in the d value can increase the magnification

factor of the pitch of the periodic object. It is essential to note that there is a lower
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limit for the d value to ensure the Talbot effect by illuminating the object with a beam
size much larger than the pitch of the periodic object. Since the increase in the Talbot
length signifies the amplification of the periodicity of the object, this technique offers

the potential to measure periodic objects with a small pitch.

Furthermore, it was reported previously [96] that the upconversion (here, SHG)
process with very high efficiency is feasible by controlling the input pump intensity and
employing a nonlinear crystal with a high figure-of-merit. While periodically poled
crystals offer higher figure-of-merit, their low aperture poses a limitation. In our setup,
we opted for a BiBO crystal, which, although possessing a moderately high figure-
of-merit, features a larger clear aperture. To boost the pump intensity, we replaced
lenses L3 and L4 with shorter focal length lenses, setting f3 = f4 = 25 mm. With an
average pump power of 3.47 W, our setup produced upconverted Talbot images with an
average power of 0.351 W, achieving a single-pass nonlinear frequency upconversion
efficiency as high as 2.91%W . This efficiency represents a substantial improvement,

exceeding the efficiency reported in the prior study [60] by a factor of 106,

4.4 Implications

The demonstrated method enables precise control of Talbot planes at both funda-
mental and second harmonic wavelengths, offering a powerful tool for high-resolution
imaging and measurement of fine periodic structures without reliance on sophisticated
microscopy. The high-efficiency nonlinear upconversion technique holds strong poten-
tial for advancing Talbot lithography, high-energy beam shaping, optical metrology,
and future integrated optical systems requiring compact, efficient nonlinear Talbot-

based architectures.
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4.5 Conclusion

In summary, our study has successfully demonstrated single-pass second harmonic
generation of the Talbot effect with notable conversion efficiency. We employed the
microlens array as a two-dimensional periodic object illuminated with pump radiation
at a wavelength of 1064 nm and investigated the single-pass upconversion of the peri-
odic object in a 1.2-mm-long BiBO crystal. We confirmed the doubling of the Talbot
length in the upconversion (SHG) process, at first. Then, using the theory of Fourier
transform, we generated an experimental method to produce tunable Talbot lengths
in both pump and upconverted wavelengths while accessing significantly enhanced
nonlinear conversion efficiency. Our technique enabled precise adjustments of the Tal-
bot planes for specific distances, allowing measurements of periodic objects with low
pitch without sophisticated microscopes. The highly efficient nonlinear upconversion
of Talbot imaging demonstrated in this study holds potential for applications in Talbot

lithography and other high-energy scenarios involving Talbot effect.



Chapter 5

Sensing Periodicity using Tunable

Talbot Lengths

5.1 Introduction

Talbot effect has emerged as a versatile tool with diverse applications in the realms of
metrology and sensing. This self-imaging phenomenon, in which a periodic optical
pattern is reproduced at equidistant planes along the propagation axis, has found inno-
vative uses in various fields, including coherent optical signal processing, device tech-
nology,and the monitoring of physical quantities [23]. One of the key contributions of
the Talbot effect has been in the field of metrology, where it has enabled the develop-
ment of advanced wavefront sensing techniques. By leveraging the periodic nature of
the Talbot pattern, researchers have devised electro-optical processors capable of pre-
cisely measuring displacement with resolutions better than 10 pm and dynamic ranges
of up to 1.5 mm [98]. This method utilises the linear relationship between the Talbot

pattern and the measured displacement, hence creating a simple and effective solution
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without the need for complex numerical signal processing. The Talbot effect has also
found applications in the field of optical sensing, where it has been utilized to develop
innovative spectrometric and holographic techniques. Using a tilted absorption grat-
ing and a CCD camera, researchers have developed a compact transform spectrometer
that utilizes Talbot self-images, ensuring consistent resolution across wavelengths and
supporting spectrometer arrays without any moving parts [99]. In digital holography,
the Talbot self-imaging phenomenon has been observed and investigated, leading to
the proposal of a simple spectrometer based on this principle. By numerical recon-
struction of holograms, the Talbot self-imaging effect can be used to extract spectral
information, offering a compact and versatile solution for spectroscopic applications
[100]. Recently, a miniaturised version of Talbot spectrometer has been employed,
using Fourier transform of the Talbot lengths, to measure wavelengths below 1 nm
[72]. Talbot effect has been also explored in the context of Fibonacci geometry, where
the self-similarity of the scaling Fourier spectrum leads to the emergence of multiscale
Talbot patterns [101]. Furthermore, parallel phase-shifting digital holography based
on the fractional Talbot effect has been reported [102], which leverages the periodic
phase distribution in the fractional Talbot image of a grating, allowing simultaneous
reconstruction of objects located at different distances from the CCD sensor. Use of
Talbot effect has also been reported for measurement of precise displacements [103].
Very small gratings and shapes can be measured using x-ray Talbot interferometry for
small angle scattering [104]. In the strong imaging regime, where frequencies exceed
1 /A, super-oscillations allow sub-wavelength imaging with grating waves, offering ad-
vantages over imaging with evanescent waves. In the last decade, many attempts have
been made to create super-oscillatory lens and further exploit it for super-resolution
or sub-wavelength imaging [83, 105]. However, sensing subwavelength variations in

periodicity through direct measurement of Talbot length has not been delved into yet.
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Here, we extend our scheme of tunable Talbot length to measure the variation of
a grating period on subwavelength scale. In chapter 3 we have seen the theoretical
and experimental aspects of tunable Talbot lengths and in chapter 4 we have seen the
nonlinear upconversion of Talbot effect with tunable Talbot lengths. To produce tun-
able Talbot length, we use the same technique as discussed in chapter 3. We measure
variations of 300 nm with grating periods of a multi grating crystal using a 632.8 nm

wavelength laser.

5.2 Theory and experimental scheme

The effective periodicity, A, ¢ on the image plane as derived in chapter 3, Eq. 3.3,
is given by
fah  fa

Nepf =7 ="74A (5.1)

and consequently the modified Talbot length,
2 AZ 2 o) A2 2

eff _ (J4)(2A0) _(fa) g (5.2)
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From Eq. 5.2, it is evident that the magnification factor, (f1/d), validates the rela-

M —

tively longer range of Talbot length. Hence for a small variation of the grating period

(AA) would be more conveniently detectable using the following equation,

1 (A d. .y

Here AZITVI is the variations in modified Talbot length due to the variations in period-
icity. Evidently, the increased magnification factor (f4/d) and modified Talbot length

(ZYM ) probe into smaller values of variation in grating period of the object (AA). Such
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observations indicate that this system architecture can be used as a sensor to measure

small variations in grating period.
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Figure 5.1: Schematic of the experimental setup for sensing variation in grating period
using tunable Talbot effect. A /2, half-wave plate; PBS, polarizing beam splitter cube;
L _4, plano-convex lenses

To experimentally verify the ability of this architecture for sensing small variations
of grating period, In the absence of a suitable periodic object, we used a 1D multi-
grating periodically poled Lithium Niobate (PPLN) crystal with the grating period
varying from 18.2 um to 19.7 um with an increment of 300 nm. The schematic of
the experimental setup is shown in Fig. 5.1. A He-Ne laser with wavelength 632.8
nm is used as the input radiation for the setup, with its power varied using a half-wave
plate (1/2) and a polarizing beam-splitter (PBS) cube. The input beam is expanded
and collimated using a telescopic lens combination comprising two lenses, L and Lo,
of focal length, f{ = 50 mm, and f, = 100 mm, respectively, to collimate the laser

beam into a near plane wavefront. A lens, L3, of focal length, f3 =200 mm, is used
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to Fourier transform the phase profile of the multi grating crystal of periods lying in
the range of 18.2 um to 19.7 um with an increment of 300 nm. We illuminated the
multi grating crystal across the periods, placed on a two dimensional translation stage
at a distance, d, from the back focal plane of the lens L3. The lens, Ly, is placed at
a distance, f4, from the Fourier plane of L3, to inverse Fourier transform the array
of the spatial structure of the input beam (here Gaussian beam) generated due to the
Fourier transform of the multi grating crystal at the back focal plane of the lens, L3.
At the image plane of the lens L4, we placed the CCD camera on another translation
stage along the beam propagation to record the Talbot planes. We recorded the Talbot
lengths for three different values of control parameter, d = 40 mm, 70 mm and 100 mm
and also for 4 f imaging. To create the Talbot carpets, we plotted the line profiles of
CCD images along the propagation distance, by extracting the intensity profile from a
fixed horizontal pixel line from each CCD image and concatenating these lines to form

a continuous image.

It is evident from Eq. 5.3, that the magnification factor, (f4/d), with the control pa-
rameter d, plays a crucial role in high-resolution sensing of variation in the periodicity.
The value of d can vary from d = f3 —t (where ¢ is the combined distance of mechani-
cal constraints to approach the object to the effective plane of lens), to d = 0 (while the
object placed at the back focal plane of the lens, L), scaling the magnification factor
from 1 to infinity. However, a decrease of d results in a decrease in illuminated area
and hence the number of periods of the periodic object. Thus we restricted the value
of d being very small, so that effective number of grating periods illuminated are large
enough to produce Talbot effect. Also, the longitudinal magnification gets affected due

to very small value of d, which we will discuss in the result section.
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5.3 Results and discussion

The longitudinal magnification of the Talbot range empowers us for sensing small
variation of the grating period. The modified Talbot length following Eq. 5.2 provides
the necessary insight for effective periodicity, A. s given by, Acrr = % The Tal-
bot lengths for each period of grating, and correspondingly the effective periodicities,
Ayy for all three d values and for 4 f imaging were measured. Talbot carpets for all

the six grating periods are not shown here. Only for periods 18.8 um and 19.1 um are

shown in the Fig. 5.2 and Fig. 5.3 respectively.

Experimentally, for the grating position of 4 f condition, d = 100 mm, 70 mm, and
40 mm, we measured respective Talbot length variation of 1.07 - 1.25,4.20 - 4.99, 8.71
- 10.04 and 26.15 - 30.87 mm for the grating period variation from 18.2 - 19.7 um.
As evident, we observe a large Talbot length variation (4.72 mm) for a grating period
variation of 1.5 um while placing the object at d = 40 mm, indicating the possibility
of high measurement resolution for a Talbot-based sensor. Using Eq. 5.2 and the
measured Talbot length Z), we have calculated the effective grating period (A, rf) for

the change of period A with the results shown in Fig. 5.4

As shown in Fig. 5.4, the experimentally measured effective Talbot length, Ay,
varies linearly with the actual grating period, A, over ranges of 18.44 - 19.91, 36.44
- 39.75, 52.50 - 56.36, and 90.97 - 98.82 um. Using Eq. ??, the fitting (solid line)
to the experimental data (dots) demonstrates a close agreement between theory and
experiment, with slopes of 1, 2, 2.85, and 5, precisely matching the values of (f;,/d) for
changes in the grating period from 18.2-19.7 um, and the object positions satisfying
the 4 f imaging condition, d = 100 mm, 70 mm, and 40 mm. It is also interesting to note

that the measured effective grating period lies within the measurement error bar for all
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Figure 5.2: Talbot carpets of 18.8 um grating period for different values of the control
parameter, d. (a), (b), (c) and (d) represents d = 40 mm, d = 70 mm, d = 100 mm and
4 f imaging respectively
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Figure 5.3: Talbot carpets of 19.1 um grating period for different values of the control
parameter, d. (a), (b), (c) and (d) represents d = 40 mm, d = 70 mm, d = 100 mm and
4 f imaging respectively
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d values except d =40 mm. In fact, for d = 40 mm, as evident from the purple line and
dots of Fig. 5.4, one can clearly distinguish two grating periods (see the black dash
and black arrows) with a difference of 600 nm. However, to get a better perspective on
the resolution of the Talbot-based sensor, we have summarized the measurement data
in Table 5.1. As evident from the table 5.1, the measured grating period for the object
position satisfying 4 f-imaging condition has an error of + 1.3 um. Such high error
can be attributed to the measurement inaccuracy resulting from the lower resolution
(~10 um) of the transnational stage used to measure the relatively small Talbot length
of the grating under the 4 f-imaging condition. On the other hand, the increase in
Talbot length due to the use of shorter d values — 100 mm, 70 mm, and 40 mm —
we observe an improvement in measurement accuracy from £0.65 um, £0.42 um to
+0.21 um, respectively.

Table 5.1: Measured grating periods for different positions of the object

. . . d
Grating period, A (m) Measured grating period from experiment, — Aegr (M)

d=40mm d=70mm d=100mm 4fimaging
18.2 18.19+0.21 18.34+042 18.10+0.65 18.45+1.37
18.5 18.47+0.20 18.44+042 18.39+0.64 18.67+1.35
18.8 18.77+0.20 18.64+0.41 18.92+0.62 19.02 +1.33
19.1 1898 £0.20 1926 +0.40 19.13+0.61 19.34+1.31
19.4 19.52£0.19 1933+040 1940+0.60 19.64+1.29
19.7 19.76 £0.19 19.69+0.39 19.74+0.59 1991 +1.27

In fact, for d = 40 mm, the Talbot-based sensor can measure a change in the grat-

ing period as small as ~450 nm for a grating period of 18.2 um. It is also evident
from the Table that for a constant value d, the measurement error or the resolution,
as also evident from Eq. 5.3, improves with the increase in the grating period. For
example, as evident from the second column of Table 5.1, the measurement error im-

proves from £0.21 pum to £ 0.19 um for the increase of grating period from 18.2 um
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Figure 5.4: Variation of effective periodicity, A.rs as a function of the actual period-
icity, A of the multi-grating crystal, for different position of the object satisfying 4 f
imaging condition, d = 100 mm, 70 mm and 40 mm. The solid lines are the theoretical
results derived using the experimental parameters in Eq. 5.1. The black dash line and
black arrows are used to identify the measurement resolution.
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to 19.7 um. The experimental errors in measuring the modified Talbot length (AZJ}’I )
vary for different d values, as we mentioned earlier in chapter 3 that the error while
detecting the Talbot length increases for a higher longitudinal magnification of Talbot
range. The errors in measuring modified Talbot length, AZZ}’I are 0.3 mm, 0.2 mm, 0.15
mm and 0.08 mm respectively for d = 40 mm, d = 70 mm, d = 100 mm and for 4 f
imaging. Although the error in Z%’I increases for higher longitudinal magnification, the
measured grating period has a decreasing trend with increasing magnification, due to
higher value of (%) in Eq. 5.3. These results establish the reliability of the Talbot-
based sensor in measuring changes in the grating period, or any physical parameter
influencing the grating period of an object, by 450 nm without requiring complex mi-
croscopic measurement systems. While large magnification factors in microscopic
systems involving intricate lens designs and aberration control have traditionally been
necessary for such precision, the current results demonstrate the potential for achiev-
ing similar measurements for a periodic object systematically placed between two long

focal-length lenses.

5.4 Implications

The ability to sense subwavelength variations in grating periodicity using a tunable
Talbot length opens new possibilities for precision metrology, structural characteriza-
tion, and quality control in microfabrication and nanophotonics. This technique of-
fers a compact, non-invasive alternative to conventional microscopy for detecting fine
spatial features and can be adapted for dynamic sensing in material science, optical

inspection, and biosensing platforms.
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5.5 Conclusion

We produced tunable Talbot length for a range of grating periods which allowed
the sensor to detect periodicity variations of 450 nm for a grating period as small as
18.2 um with a 632.8 nm wavelength laser, demonstrating the capability to operate in
the subwavelength regime without relying on microscopic systems. This sensing tech-
nique can be extended to other areas of research where high precision measurement is

required with dynamic sensitivity.



Chapter 6

Sensing Aberration of a Thick Lens

using Non-paraxial Talbot Effect

6.1 Introduction

Aberrations in optical systems are deviations from the ideal performance, where light
rays fail to converge at a single point after passing through lenses or mirrors, lead-
ing to blurred or distorted images. Among the various types of aberrations, spherical
aberration is particularly significant in optical design. It occurs when light rays pass-
ing through a lens near its edge are refracted more than those passing near the center,
causing them to focus at different points along the optical axis. This phenomenon de-
grades image quality and is a critical challenge in high-precision optical systems such

as telescopes, microscopes, and cameras.

To address aberrations, various corrective methods have been developed. Spheri-

cal aberration is a major concern in optical systems that require high resolution. The
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Talbot effect can be leveraged to analyze and correct spherical aberrations by study-
ing the self-imaging patterns of periodic structures under aberrated wavefronts. The
Talbot effect’s sensitivity to wavefront distortions makes it a valuable diagnostic tool.
When an optical system with spherical aberration is illuminated by coherent light, the

resulting Talbot image can reveal the nature and extent of the aberration.

As previously discussed, the Talbot effect, first observed in the 19th century, is
characterized by the periodic reproduction of an image when light passes through a
structured grating. This self-imaging occurs at regular intervals, with the specific dis-
tances, known as Talbot planes, marking the points where these images reappear. The
length at which this replication occurs, the Talbot length, is a key factor in understand-
ing the propagation of light through periodic structures, as derived by Lord Rayleigh
[22],

A 2A2
T = ~ . (6.1)

- (1—%) A

In Eq. 6.1 the approximation does not hold for non-paraxial Talbot effect where the

grating period is not much greater than the incident wavelength, A % A [35].

In conventional optical systems, the Talbot effect is typically observed under the
paraxial approximation, which assumes that light rays make small angles with the
optical axis. However, many real-world optical systems operate outside these small-
angle conditions, necessitating an understanding of the Talbot effect in non-paraxial
contexts [106]. It has been found that the self-imaging phenomenon persists even
in non-paraxial conditions, though with altered characteristics due to the impact of
aberrations. This extension of the Talbot effect opens new possibilities for measuring
and correcting aberrations in optical systems where paraxial assumptions do not hold,

such as in wide-angle lenses and deep-field microscopes.
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The practical application of the Talbot effect has been effectively demonstrated in
the measurement of wavefront aberrations, particularly within the human eye [107].
By employing a two-dimensional grating to produce Talbot images, this method en-
ables precise measurement of wavefront aberrations within the optical system of the
eye. This technique is especially valuable in ophthalmology, where accurate assess-
ment of aberrations is essential for the design of corrective lenses and the optimization

of surgical procedures.

Adaptive optics systems, which are critical for correcting real-time aberrations in
fields such as astronomy and microscopy, rely heavily on precise wavefront sensing.
The Talbot effect has been successfully incorporated into wavefront sensors, signifi-
cantly improving their sensitivity to aberrations [108]. These sensors can dynamically
adjust to correct for aberrations, thereby enhancing image quality in environments
where wavefront distortions are constantly fluctuating, such as in astronomical obser-

vations where atmospheric turbulence affects incoming light.

In post-paraxial regimes, the Talbot effect has been shown to produce complex
aberration-like cusped focusing patterns [109]. These patterns, which closely resemble
aberrations themselves, offer new insights into the understanding and correction of
higher-order aberrations. By analyzing these cusped focusing patterns, more effective
strategies can be developed for controlling aberrations in advanced optical systems,

including those used in quantum optics and high-precision lithography.

For a higher magnification, we generally use thick lenses as the objective lens of a
telescopic lens systems. When the radius of curvature of the lens becomes comparable
to the radius of the aperture of the lens, we have to consider such a lens to be a thick
lens. While imaging non-paraxial Talbot effect, with a thick lens, the diffracted beams

undergo spherical aberration of the lens. Hence, we could use our measurement of
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Talbot length for sensing spherical aberration of the lens. Here, we used non-paraxial
Talbot effect for sensing spherical aberration of a thick lens and hence predicted its
focal length for variable grating periodicity theoretically, and verified it experimentally

by measuring the magnified Talbot lengths.

6.2 Theory and experimental scheme

The scheme of tunable Talbot length has the constraints of a limited decrement of
the control parameter (d), as discussed in the last part of the section 5.2 of the previous
chapter. Therefore, to obtain magnified Talbot length for a grating period compared
to 10 um or even smaller, we used a different approach of magnification, i.e., using
4f imaging technique with two lenses f, and f;,. The ratio of the focal lengths of
the lenses, (&) is much higher compared to our previous scheme of tunable Talbot
effect, providiang a much higher but constant magnification. We used the 4 f imaging
technique in this case unlike the tunable Talbot scheme because we are not going
to explore the potential applications on lithography or tunable Talbot interferometry,
rather we need a higher magnification here to explore non-paraxial Talbot range for
sensing aberration of a lens. We used a Yb fiber laser of wavelength 1064 nm as
the source and used the Ist lens, L, of focal length, f, = 25.86 mm (for 1064 nm
wavelength) with aperture size of 25.4 mm. We used lenses, L; of two different focal
lengths, i.e. 304.95 mm and 507.86 mm (both for 1064 nm laser) for appropriate
magnification of respective grating periods. The experimental scheme is depicted in
Fig. 6.1 From specifications of the collecting lens, L, having focal length, f, = 25.86
mm and aperture size 25.4 mm, it appears to be a thick lens and hence gives rise to

spherical aberration. The measured Talbot lengths enable to measure the change in

effective focal length and hence to detect the spherical aberration.
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Lens plane Shifted focal plane
1 1
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l—— fa ——! Actual focal plane
1

fa
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Figure 6.1: Experimental scheme for sensing spherical aberration of a thick lens.
Diffracted beams from a 1D grating are collected and superposed to produce magnified
Talbot length (shown in the inset intensity profile ), using the lenses L, and L
. The effective focal length, f;, of the lens L,, is reduced as shown due to spherical
aberration.

A lens with focal length of 25.86 mm and aperture size of 25.4 mm (as given in
Thorlabs website), has variable focal length as one increases the beam width, resulting
to spherical aberration. A lens yields a multiplicative phase transformation factor given

ik
by E(x,y) ~exp | —
y E(x,y) ~ exp {2 -

transverse position coordinate of the beam with wave-vector k on the lens plane and

(x2 + yz)] under paraxial approximation, where x and y are the

f is the focal length of the lens. This approximation holds under the condition of
x,y << f,. But to use the lens as the collecting optics for diffracted beams of higher
spatial frequencies emerging from a grating element of a very small grating period
(less than 10 um or so) placed at the back focal plane of the lens, we need to get rid
of the paraxial approximation and modify the formula for focal length. Without any
approximation, the phase transfer function due to a lens is given by,

x2 +y?
-

E(x,y) ~ exp [;TkRZ [1 —1/1 (6.2)

for a plano convex lens (since we are using plano convex lens only in the experiment)
with radius of curvature R. Physically, we observe aberration, i.e. the focal length

getting shortened (f, — f7) to be valid for paraxial approximation and thus the multi-
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plicative phase factor, with the modified focal length f’, can be written as

E(x,y) ~ exp [Zl_;’ (x2 —l—yz)} . (6.3)

Comparing Egs. 6.2 and 6.3, the modified focal length due to aberration comes to be,

2 2
fo Jary) (6.4)

2R2[1 — /1 - 8]

In our case, the diffraction is taking place from a 1D grating and thus y-coordinate is
not required. The 1st order diffraction maxima emerging from a grating (placed at the
focal plane of the lens) of grating period, A, appear at a horizontal position x in the
transverse plane of the lens which is f distance apart from the grating. The position x

can be determined from the diffraction equation given by,

% = tan(sinl(%)) (6.5)

a

and thus the effective focal length, f, is plotted against the grating period, A using the
Eq. 6.4 (where x comes from Eq. 6.5), as shown in the Fig. 6.2. The simulation shows
that the effective focal length of the thick lens reduces drastically, for grating periods

shorter than 10 um or in better words, as we approach the non-paraxial Talbot regime.

In experiment, we used different gratings with known periods and measured the
Talbot length for each case, with the experimental scheme depicted in Fig. 6.1. As
the grating is placed at the back focal plane of the lens L,, the diffracted beams get
parallel to each other after the lens L,. Each diffracted beams are supposed be focused
at the focal plane of L,, but due to the thickness of the lens, the higher order spatial

frequencies get focused at a smaller distance and hence we call it effective focal length,
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Figure 6.2: Effective focal length, f, is simulated against the grating period, A, re-
vealing aberration of the lens L,

f., because the spatial frequencies are responsible to recreate the image of the grating
at the image plane (not the dc part of the beam). From this experimental scheme, the

magnified Talbot length (Z}), for any known period (A), can be measured as,

72— (B) (2
VYN
and the measured Talbot length at the image plane infers the effective focal length,

f. given by,

A
fl= oA (6.6)

“ /2.7,
2
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We used ronchi gratings of periods 11.11 um, 10 um, 9.09 um, 8.33 um, 7.69 um
and 6.67 um respectively ( a part of Thorlabs RISILIN Negative Test Target). Due
to unavailability of a grating of period less than those of mentioned above, we used a
PPKTP crystal of period 3.425 um as a grating, placed across the beam to illuminate
the grating periods. In this scheme as depicted in Fig. 6.1, We used the first lens, L,
of focal length f, = 25.86 mm. To record the image in CCD, we used the second
lens L, of two kind of focal lengths, f; = 304.95 mm for grating period 11.11 um to
6.67 um and f; = 507.86 mm for grating period 3.425 um respectively, for necessary
magnification in respective cases. These focal lengths are for 1064 nm wavelength

light.

6.3 Experimental results

As discussed in the section 6.2, for sensing aberration experimentally, the magni-
fied Talbot length has been measured for the respective grating periods. For the given
grating periods of 11.11 um, 10 yum, 9.09 um, 8.33 um, 7.69 um and 6.67 um, the
measured Talbot lengths are 32.9 mm, 26.9 mm, 22.1 mm, 18.7 mm, 16.2 mm and 12.3
mm respectively, which are shown in the Fig. 6.3. For the PPKTP crystal with length
3.425 um (used as a grating), the lens L; with a different focal length (f;, = 507.86
mm) was used to image the grating and subsequently the Talbot carpet as shown in the
Fig. 6.4. For the 3.425 um grating, curved lines appear which are possibly manifested
due to some other spatial frequencies generated from the PPKTP crystal since it is a
periodically poled phase grating. However, this effect can not inhibit the measurement
of Talbot length since the pixel size of the CCD camera is 6.45 um, which is negligible
compared to 1 mm (comparing y-axis and x-axis). On the other hand, Fig. 6.3 shows
more clear Talbot carpets which is generated from amplitude grating (a part of Thor-

labs RISTLIN Negative Test Target). From the measured Talbot lengths, the effective
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focal length, £, of the lens L, using Eq. 6.6, have been derived for each grating period

and tabulated in the Table 6.1 with respective errors.

Max

Min

Number of pixels

Distance in mm

Figure 6.3: Experimental Talbot lengths for (a) 11.11 um, (b) 10 um, (c) 9.09 um,
(d) 8.33 um, (e) 7.69 um and (f) 6.67 um grating periods
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0 5 10 15 20 25 30

Number of pixels

Distance in mm

Figure 6.4: Experimental Talbot length for PPKTP crystal of 3.425 yum grating period

Table 6.1: Measured Talbot Lengths and Effective Focal Lengths for Different Grating
Periods

Grating period, A (um) Talbot length, Z’T (mm) Effective focal length, fé (mm)

3.425 10.7 23.01 £0.22
6.67 12.3 25.14+£0.22
7.69 16.2 25.28 +0.18
8.33 18.7 25.45+0.16
9.09 22.1 25.54+£0.14
10.00 26.9 25.50 £ 0.13
11.11 329 25.58 £0.11

The experimental values show a very good agreement with the theoretical plot as
shown in the Fig. 6.5. The result confirms the aberration due to the lens, L,. In this
experiment we not only showed that a simple setup like 4 f imaging, with significant
magnification, allow us to produce magnified Talbot length at image plane to measure
Talbot length accurately, but also brings out the effective change in focal length of
the collecting lens due to spherical aberration. Using phase transfer function through
a lens, we mathematically predicted a general form of the effective focal length, f
of a lens implemented in imaging non-paraxial Talbot regime, given by Eq. 6.4, and
verified it using non-paraxial Talbot effect by a 1D grating of multiple grating periods.
Note that the denominator of the effective focal length, f, given by Eq. 6.6, is modified

similarly like the denominator of the non-paraxial Talbot length, given by Eq. 6.1,



6.4. Implications 101

N
(@)]
1

\

N
N

N
o

=
0o

Effective focal length, f, in mm

=
o

eSS fa/ = fa = 25.86 mm -

2 4 6 8 10 12 14
Grating period, A in pm

Figure 6.5: Experimentally measured effective focal length, f, is plotted against the
grating period, A, comparing with the simulated curve

[ )2
with the factor [ 1 —4/1— ik Thus, whenever we investigate non-paraxial Talbot
domain with a 4f imaging-like set up, using any thick lens as collecting optics, we

must take care of the aberration effect and modify our magnification factor accordingly.

6.4 Implications

The derived relation between effective focal length and grating period, validated
through the non-paraxial Talbot effect, provides a novel optical method for charac-
terizing spherical aberration in thick lenses. This approach offers a sensitive and ex-
perimentally accessible technique for lens diagnostics, with potential applications in

optical system design, quality assurance in lens manufacturing, and advanced wave-
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front sensing.

6.5 Conclusion

We have derived a mathematical expression for the effective focal length of a thick
lens, specifically in the context of spherical aberration, by analyzing how this aber-
ration affects the imaging of the non-paraxial Talbot effect. How the effective focal
length of the thick lens vary with the the grating period, is given by the expression and
the simulation is supported by our experiment. From the Talbot lengths for various
known grating periods, we produced the effective focal length. The experimental data
were then compared with the theoretical predictions, and the results confirmed that the
calculated effective focal length corresponds closely to the focal lengths observed ex-
perimentally. This verification process not only validates the derived expression for the
effective focal length but also emphasizes the significant influence of the non-paraxial

Talbot effect on detecting spherical aberration in thick lenses.



Chapter 7

Summary and Future Scope

7.1 Summary

This thesis is mainly focused on producing a solution to placing Talbot planes at de-
sired locations by introducing an architecture with tunable Talbot lengths, applicable
both in linear and nonlinear processes and also applying this device for sensing appli-
cations. Sub-wavelength level variation in grating period has been measured using this
technique. Also, Talbot effect has been extended to non-paraxial regime for sensing
spherical aberration of a thick lens and to correct its focal length for imaging smaller

grating periods.

In chapter 3, We developed the theoretical framework for a generic experimental
setup, based on Fourier transform, to independently control the Talbot lengths of a
periodic structure in a continuous manner, to overcome the stringent dependence on
wavelength and grating period on the self-images. With a grating of period 25 um,

we have produced tunable Talbot lengths of a wide range from 1.97 mm to 49 mm,

103
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hence, realizing a range up to 25 times greater than the original range. Some of the
potential application areas of this generic architecture are Talbot lithography, Talbot-
Lau interferometry and various other applications of metrology. Chapter 4 and chapter
5 are the extension of this architecture in the regimes of nonlinear second harmonic

generation and its use as a sensing device for variation of grating periods respectively.

In chapter 4, we demonstrated single-pass second harmonic generation of the Tal-
bot effect with significant conversion efficiency. We utilized a microlens array with
300 um grating period as a two-dimensional periodic structure, illuminated by pump
radiation at a wavelength of 1064 nm, and explored the single-pass upconversion of
this periodic object using a 1.2-mm-long BiBO crystal. We first confirmed the dou-
bling of the Talbot length in the upconversion (SHG) process. Then, we developed an
experimental approach to achieve tunable Talbot lengths at both the pump and upcon-
verted wavelengths, while simultaneously attaining significantly enhanced nonlinear
conversion efficiency. We achieved it by using theory of Fourier Transform, particu-
larly equating the spatial frequencies at the BiBO crystal plane at both pump and SHG
wavelength. Our technique allowed for precise tuning of the Talbot planes at specific
distances, facilitating the measurement of periodic objects with small pitch without the
need for advanced microscopy. The highly efficient nonlinear upconversion of Talbot
imaging demonstrated in this study shows potential applications in Talbot lithography
and other high-energy scenarios involving the Talbot effect in both linear and nonlinear

regimes.

In chapter 5, we produced a tunable Talbot length across a range of grating periods
18.2 um to 19.7 um with an increment of 300 nm, which allowed the sensor to detect
periodicity variations as small as 450 nm for a grating period of 18.2 yum, utilizing a

laser with a wavelength of 632.8 nm. We demonstrated the ability to operate in the sub-
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wavelength regime without the need for microscopic systems. This sensing technique
can be extended to other research areas requiring high-precision measurements with

dynamic sensitivity.

In chapter 6, we used non-paraxial Talbot effect for sensing spherical aberration of
a thick lens. We derived a mathematical expression for the effective focal length of a
thick lens while imaging a grating period not very much greater than the wavelength
of the laser. The expression describes how the effective focal length varies with the
grating period, and our simulation is supported by experimental data. By measuring
the Talbot lengths for various known grating periods, we calculated the effective focal
length. Comparing the experimental data with theoretical predictions, we found that
the calculated effective focal length closely matched the experimentally observed focal
lengths. This verification process not only validates the derived expression for the
effective focal length but also emphasizes the significant influence of the non-paraxial

Talbot effect on detecting spherical aberration in thick lenses.

7.2 Future scope

While working on the Talbot effect in both the linear and nonlinear regimes, several
potential future directions came to mind that require further exploration. Quantum
Talbot imaging, Talbot propagation with vector beams, and superoscillation are three

areas that deserve deeper investigation.

7.2.1 Quantum Talbot imaging

Quantum Talbot imaging has several potential future directions, particularly in areas
where quantum interference and wavefront modulation play a crucial role. In quan-

tum metrology, entangled photon sources can enhance precision measurements be-
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yond classical limits. Quantum Talbot imaging may also advance quantum information
processing by enabling more efficient quantum gate operations and secure communi-
cation protocols through multi-photon interference. Furthermore, the exploration of
nonlocal and nonclassical imaging in quantum Talbot setups may revolutionize remote
sensing and low-light imaging, opening new possibilities in biological imaging and
other fields. Quantum ghost imaging is also a possible direction for Talbot effect. Re-
searchers have already demonstrated several experiments of ghost imaging [110-112],

although quantum ghost imaging of Talbot effect is still unexplored.

7.2.2 Talbot effect with vector beam

Near field diffraction is well understood by scalar diffraction theory, essentially Fresnel

Huygens principle derived from Helmholtz equation. In recent years, generation and
manipulation of a vector beam in lab is quite feasible [113]. If a vector beam illu-
minates the grating, the electric field equation in near field can not be derived from
scalar diffraction theory. Also, it will be interesting to know how the filed propagates
with space and time while emerging from each grating slit, incorporating the vector
nature of tyhe field. Illuminating a grating with a vector beam can give rise to several
questions in near-field diffraction and also bring more clarity to fundamental physics

overall.

7.2.3 Superoscillation

Through a simple imaging system, a grating period is much well resolved than any
other object having the same dimension. This observation can be explained by su-
peroscillation, a phenomenon where a wave oscillates faster than its highest Fourier

component [114]. It offers promising future applications across various fields. In



7.2. Future scope 107

super-resolution imaging, researchers have already shown that superoscillation has the
potential to surpass the diffraction limit [83]. It can be further extended to enable
nanometer-scale visualization of biological structures and nanomaterials. Also, in op-
tical communications, superoscillatory signals may enhance data transmission density,
improving system capacity. Near field diffraction of a periodic object has played a
pivotal role to understand and applications of superoscillation [105, 115]. One impor-
tant future aspect of Talbot effect could be to understand the exotic phenomenon like

superoscillation in more depth.
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