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Abstract

The general principles of Maxwell’s electromagnetic theory and quantum mechanics were
well established much before the invention of lasers. However, after the first report of laser
in 1960 and subsequent advancement in the field of laser technology, these theories have
been revisited to understand the effects of higher order interactions between intense laser
light beams and matter in terms of nonlinear susceptibilities. As such, the study of behavior
of light in nonlinear media, in which the dielectric polarization responds nonlinearly to the
electric field of the light, has given birth to a new branch of optics called nonlinear optics.
Typically nonlinear optical effects are studied using laser beams with Gaussian intensity
distribution. However, in recent times, structured coherent optical beams including optical
vortices, hollow Gaussian beam, and Airy beam have found wide range of applications in
variety of fields in science and technology. All existing techniques used to date to generate
such beams suffer from different limitations including lower output power and restricted
wavelength range. On the other hand, interactions of such beams with nonlinear media are
mostly unexplored.

During my PhD we have studied the nonlinear interaction of optical beams with dif-
ferent spatial structures. We have used second order nonlinear interactions such as second
harmonic generation (SHG), where two photons from same laser get annihilated to produce
a new photon of double energy, and sum frequency generation (SFG), where two photons
of two different lasers get annihilated to produce a new photon of energy equal to the sum
of the energies of the annihilated photons. The study also includes the nonlinear generation
of structured beams such as Laguerre Gauss beams (optical vortices), a new class of vortex
beam known as “perfect” vortex beams, hollow Gaussian beam, and Airy beam in different

spectral and temporal domains.
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Most of the lasers (but not all) produce electromagnetic radiation in Gaussian intensity
profile. However, due to unavailability of suitable laser gain medium, the nonlinear optical
effects play pivotal role in generating coherent optical radiation with wavelength inaccessi-
ble to lasers. Using an ultrafast femtosecond laser at 1064 nm we have studied the second
order nonlinear interactions such as SHG and SFG in different nonlinear crystals to pro-
duce ultrafast coherent radiation at 532 nm and 355 nm in Gaussian intensity profiles. Such
beams have variety of applications, including spectroscopy, material processing, pumping
of optical parametric oscillators and generation of structured optical beams. The efficiency
of nonlinear optical processes varies proportional to the square of the length of the non-
linear crystal and the intensity of the laser beam. However, use of longer crystal length
and increase of laser intensity through tight focusing do not necessarily increase the over-
all efficiency of the nonlinear process. There is always an optimum focusing condition
for efficient nonlinear interactions, [1] have predicted such optimum condition for SHG of
continuous wave (cw) or long-pulse lasers. However, the optimum focusing condition in
the presence of temporal walk-off arising from the use of ultrafast lasers can be different
from that of the cw and long-pulse lasers [2, 3]. We have also investigated the optimum
focusing condition for single-pass SHG and SFG of ultra-short femtosecond pulses for gen-
erating the optical beams at 532 and 355 nm in Gaussian intensity distribution respectively.
We have also done a comparative SHG performance study of the crystals having different
temporal and spatial walk-off parameters. We have further investigated the effect of the
ratio of confocal parameters (beam focusing condition) and power ratio of the interacting
pump beams in SFG process.

Knowing the effect of Gaussian beam in nonlinear frequency conversion processes,
we have studied the interaction of orbital angular momentum (OAM) of the laser beams
with nonlinear medium. Unlike Gaussian beams, optical vortex beams, spatially structured
beams with helical wave-front [4], carry photons with OAM. These beams have doughnut
shaped intensity profile with zero intensity at the point of phase singularity. Optical vortices
are characterized by its topological charge (order), or winding number, / and are found
to carry OAM of /A per photon. Using second order nonlinear crystals we have studied
the frequency doubling characteristics of high-power, ultrafast, optical vortex beams by

generating optical vortices of order up to 12 at 532 nm and 266 nm wavelengths. We have
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experimentally verified the OAM conservation law, the OAM of the generated photon is
equal to the sum of the OAMs of the annihilated photons, in SHG process. We have also
demonstrated a new scheme to generate optical vortices of orders [ = 1 to 6 by using only
two spiral phase plates (linear optical elements to generate optical vortices of a fixed order)
of phase winding 1 and 2. We further observed that the efficiency of vortex SHG process
decreases with the order of the vortex. We attributed such effect to the increase of the area
of vortex beam with its order. However, it was not possible to overrule the contribution
(if any) of OAM in the SHG process as the area and order of the vortex are not mutually
independent parameters.

The decrease of SHG efficiency of optical vortices with order restricts the study of
nonlinear interaction of vortices to a certain order. Additionally, the dependence of beam
area with its order does not provide clear information about the contribution of vortex order
(OAM) in nonlinear frequency conversion process. However, a recent advancement in the
field of structured beam has produced a new class of vortex beam, known as “perfect”
vortex. These beams have area independent of the vortex order. Using such vortices we
have experimentally verified that the vortex SHG efficiency does not depend upon the order
(OAM) of the optical vortices. We have also studied the nonlinear frequency conversion of
such beams to produce "perfect" vortex beam of order up to 12 with power as high as 1 W
for all orders. We verified OAM conservation of "perfect" vortices in SHG process.

Due to the OAM conservation in SHG process, the OAM of the frequency doubled
vortex beam is twice that the pump beam. But what will happen to the output beam if the
interacting photons in the nonlinear process have opposite OAMs? To study such effect
we have studied the SFG (SHG is the special case of SFG process) process of two pump
beams having equal vortex orders but opposite in sign (direction of the helical phase vari-
ation). As expected, due to OAM conservation law the output beam was found to have no
OAM (I =0). However, the output beams have no light (dark) region at the center of the
beam similar to the vortex beam. This is a new class of structured beam known as hollow
Gaussian beam (HGB) [5] and our method gives a new way of generating HGB through
nonlinear processes. The increase of annular ring radius of these beams with the order of

the input vortex beams signifies that HGBs also have certain orders. However, there is no
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experimental or theoretical means to determine the order of such beams. We have devised
a new way to determine the order of hollow Gaussian beams.

To broaden our study and to address other structured beams we have generated Airy
beam and characterized its properties. Unlike other structured beams, Airy beam has pe-
culiar properties such as beam shape invariance with propagation (non-divergence), prop-
agation along curved trajectory in free space (self-acceleration), and self-restoration (self-
healing) of beam shape even after obstruction by small objects. Using intracavity cubic
phase modulation of an ultrafast singly resonant optical parametric oscillator (SRO), we
have generated ultrafast beam in 2- D Airy intensity distribution with wavelength tunabil-
ity across the near-IR wavelength range. In addition to the Airy beam, the SRO produces
Gaussian output beam in the near- to mid-IR wavelength range across 1.4 - 1.7 um with

power as much as 1.54 W.
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Preface

The thesis will be divided into 7 chapters. In Chapter 1 we will be revisiting the basics
of nonlinear optics which were extensively used throughout my Ph. D. work. Most of
the results involve second order nonlinear processes like second harmonic generation and
sum frequency generation. Hence the first chapter covers mostly the basics of second order
nonlinear processes. We will also include a brief introduction to the structured beams in
this chapter.

Temporal and spatial walk-off parameters of nonlinear crystals have detrimental effects
in overall efficiency of nonlinear wave mixing of short pulse lasers in thick nonlinear crys-
tals. Therefore, optimum beam focusing condition is crucial for maximum nonlinear gain
and conversion efficiency for each crystal length. Moreover, the correct selection of non-
linear crystal with minimal spatial and temporal walk-off parameters, high nonlinear gain,
and elevated damage threshold is required for the success of such projects. Therefore, a
comparative study of all available crystals for generating ultrafast green beam will be ad-
dressed in the first section of Chapter 2. In case of UV generation using SFG process, the
crystals transparency window and phase match-ability at the required wavelength are the
most important parameters to consider for the selection of proper crystal. In SFG process,
two photons from two different pump lasers annihilate to generate a high energy photon
through the energy conservation law. Therefore, efficiency of the SFG process depends on
the power ratio of the interacting lasers and the ratio of their confocal parameters. Experi-
mental finding of such parameters and their effect in the SFG process will be discussed in
later part of Chapter 2.

Chapter 3 will address the nonlinear interaction of photons with orbital angular momen-

tum. In this chapter we will discuss about the experimental results on nonlinear generation

Xix



of vortex beams at 532 nm and 266 nm. Like Gaussian beams, vortex beams also have
focusing dependent conversion efficiency. At the same time, the conversion efficiency of
vortices vary with the order of pump vortices. The experimental results and theoretical
prediction on the decrease of vortex SHG efficiency with order and all other important re-
sults including angular acceptance bandwidth, temporal and spectral width with order of
the input vortex beam will be discussed at length.

As the size of the vortex beam increases with order or OAM it is difficult to ascer-
tain the contribution of OAM in the wave mixing processes. Therefore, to find the exact
contribution of OAM and size of vortex beam in the efficiency of the nonlinear frequency
conversion processes we have studied the SHG of a new class of vortex beam known as
"perfect” vortex (whose beam size is independent to its order) and experimentally observed
that the OAM of the vortex beam does not influence the efficiency of the nonlinear pro-
cesses. The decrease of nonlinear gain with the order of the vortices is solely influenced
by the variation in size of the vortices with its order. All these findings will be presented in
Chapter 4 along with the results on nonlinear generation of "perfect" vortex in green.

According to OAM conservation in the SFG process, the OAM of the generated photon
should be equal to the sum of the OAM of the interacting photons. We have experimentally
observed OAM conservation in SHG, a special case of SFG process, that will be presented
in Chapter 3 and Chapter 4. But what will happen if the interacting pump photons in SFG
process have OAMs of equal magnitude but opposite in sign? Solving the coupled wave
equations for such process, it can be shown that the output electric field have the form
of a hollow Gaussian beam with zero OAM. Chapter 5 will carry the description of this
processes and related experimental results on nonlinear interaction of oppositely charged
equal order vortex beams generating hollow Gaussian beam. In this chapter we will also
present a novel technique to determine the order of hollow Gaussian beams.

In Chapter 6 we will address a special kind of beam known as Airy beam. Unlike
other structured beams, Airy beams have peculiar properties such as non-diffraction, self-
acceleration and self-healing. We have experimentally demonstrated a new scheme to gen-
erate ultrafast structured optical beam in 2 D Airy intensity profile from an optical para-
metric oscillator (OPO). Using intra-cavity cubic phase modulation of the resonating beam

of an OPO and subsequent Fourier transformation we have generated wavelength tunable
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Airy beam. Investigation on different characteristics of the Airy beam will be presented in
Chapter 6.

Finally, Chapter 7 will conclude my thesis work along with future outlook.
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Chapter 1

Introduction to nonlinear optics and

structured beams

In this work we have extended the application of higher order light matter interaction (non-
linear optics) into a relatively unexplored field- ‘generation of coherent structured beams’.
We have generated optical beams in various spatial profiles including Gaussian beam, La-
guerre Gauss beams, "perfect" vortex beams, Airy beam and hollow Gaussian beam in
demanding spectral and temporal domain which otherwise cannot be accessed through the
principles of linear optics. The efficient generation of such beams is highly demanding in
terms of the experimental difficulties. The inherent low parametric gain of non-Gaussian
beam for nonlinear optical processes is the fundamental stumbling block which one needs
to address with keen details. Hence correct choice of nonlinear medium and pump beam
parameters are crucial for the success of such projects apart from the optimum design of the
experimental set up. The theoretical understanding of the beam dynamics of these special
beams also was a prerequisite for predicting the behavior of the interaction as well as under-
standing the beam propagation inside the medium and in free space. A lot of emphasis was
imparted not only in carrying out the experiments but there after for processing the data for
interpreting the results, hence understanding basic data manipulation and image processing
was also of great use throughout the projects. In this chapter the basics of nonlinear optics
is discussed and the later sections carry description of different kinds of structured beam

on which the thesis is based upon.



2 CHAPTER 1. INTRODUCTION

1.1 Nonlinear optics

Right after the invention in 1960, the laser was described as the remarkable tool in search
of an application. However, nonlinear optics is the immediate application for the lasers.
With the invention of lasers, nonlinear optics has been a rapidly growing field in recent
decades. It is based on the study that deals mainly with various new optical effects and
novel phenomena arising from the interactions of intense coherent optical radiation with
matter. With the invention of laser it was possible to have high intensity of monochromatic
coherent source. Such high intensities (electric field) while interacting with some of the
dielectric optical mediums produce higher order nonlinear optical effects. In general, the
coefficients of such higher order effects are very small. As a result, such effects are not
visible in our daily life.

Starting from Ohm’s Law, which relates applied electric field, E to the current density

J, considered only first order responses as
J=0E

where o is the conductivity. In the presence of high electric field, higher order terms start
gaining significance,
J=cWE' + cPE>+ cOE? + ...

These higher order terms result in new phenomena which were not observed before the
invention of laser. In 1961, Franken [6] observed that a Ruby laser at 694 nm while passed
through a quartz crystal, produces a faint spot at 347 nm. The generation of new wavelength
at 374 nm was possible due to the second harmonic generation (SHG) of the Ruby laser in
quartz crystal. This effect is considered as the beginning of nonlinear optics. Even after
50 years of first observed nonlinear effect, the field is still open for new developments to
come.

To understand the origin of nonlinear effects, let us consider a simple atom where the
electron is revolving around the heavy nucleus in a circular orbit. In absence of any external
field, the electron will continue its motion in the circular path without any net dipole mo-

ment and hence polarization. However, if an electric field (like the electromagnetic field)
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is applied to the atom, the field will drive the electron away from the nucleus resulting in
a net dipole moment and polarization. If the driving electric field is oscillatory in nature,
the atomic dipole will oscillate with the electric field and emit radiation. For lower electric
field strength, the dipole oscillation will be harmonic and the emitted radiation will have
same frequency as that of the driving field. The linear polarization (dipole moment per unit
volume) can be written as [7],

P=¢gyx.E

where E is the applied electric field, J, is the electrical susceptibility of the material and
& 1s the vacuum permittivity . P is the dipole moment per unit volume (polarization), and
E is the electric field. Examples of such linear optical effects include reflection, refraction,
transmission etc.

However, at higher electric field strength, the dipole oscillation will no longer be har-
monic. The unharmonic oscillation of the oscillating dipole is the origin of nonlinear opti-

cal effects. The nonlinear polarization can be represented as [8],
P—¢g [xél)El +x§2)E2+x§3)E3...] (1.1.1)

(2) (3)

where, ), and y, ' are second order and third order nonlinear coefficients respectively,

(n)

here for simplicity we have considered an isotropic medium, in general ), ° will be an
(n+1) " ranked tensor. Typically, the values of xe(l), e(z) and xe(3) are of the order of 10~#
[7], 10712, 1072* [8]respectively. As a result, the higher order terms become significant
with higher values of the applied E. Since the electric field strength of the lights in our
daily life is small, we do not observe any higher order nonlinear optical effects. Given the
high electric field strength of the laser beams, nonlinear optical effects were only observed

after the invention of laser.

1.1.1 Second order nonlinear effects

The coefficient of the second term in Eq. (1.1.1) is known as the second order nonlinear
coefficient. This coefficient results in many second order nonlinear optical effects including

SHG, sum frequency generation (SFG), difference frequency generation, optical parametric
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Figure 1.1.1: Block diagram of SHG

generation. My research is related to these second order nonlinear processes. Therefore,
I will explain briefly on some of the second order nonlinear processes which I have come

across during my PhD.

Second harmonic generation (SHG)

For considerable high value of E, P also have contribution from second order term of
Eq. (1.1.1). Suppose we are applying a time varying electric field of the form E =
Eo (e "' +1®"). Using this in Eq. (1.1.1) it is straight forward to show that

P — 80 [xél)Eo (e—i(l)t +e+iwt)] +€0 [xe(Z)EOZ (2+e—i2(1)[ +e+l.2(l)t)i| + (112)

The second term is called the second order nonlinear polarization [8]. ‘Nonlinear’
because it’s response is quadratic rather than linear to the applied electric field. Although
our incident EM wave is time varying with a single frequency @ (though frequency, v =
/2w through out the this chapter we refer m as the frequency), the second term in Eq.
(1.1.2) shows that P has 2w term too and shown in Fig. (1.1.1). This physically means that
in the localized atoms, the charge cloud is oscillating with respect to its equilibrium position
with a frequency of 2w also. Even though the applied electric field has only one frequency,
the charged cloud will oscillate with frequency 2@ along with @. As a result of this, the
oscillating charges emit EM waves which have frequencies @ and 2@ both. This process
of emission of frequency doubled EM waves are called SHG. The energy level diagram for

the SHG process is shown in Fig. (1.1.2) where two photons of frequency @ are absorbed
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Figure 1.1.2: Energy level description of SHG

and generates a photon with energy of 2w. This energy diagram is shown just to understand
SHG from the perspective of lasers. However, it is to be noted that the nonlinear optical
processes are parametric in nature. No actual energy levels of the materials are involved in

such processes.

Sum frequency generation (SFG)

Suppose, we have two time varying electric fields with two different frequencies
E,=E, (e*"w"’ + eiw'lt)
and

14:2 — Em (e—icomt +ei(1),,,l) )

The total electric field is given by

E =E, (¢ 4 ') 4K, (e7On' 4 i@t}
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Figure 1.1.3: Block diagram of SFG

If a nonlinear material is exposed to this field with sufficiently high intensity, Eq. (1.1.2)

can be written as

P =¢coy VE + 2602 [E:+EZ] +

eo1) [EZe ™20 1 B2 e 20! 4 2, e (OO0 | 2R, e e c].

(1.1.3)
The term 2¢; xg(z)EnEme_i(“’"+“’m)’ in the above equation corresponds to the emission of the
EM wave whose frequency is given by the sum of the individual frequencies. This process
is known as SFG. The schematic diagram of such a process is shown in Fig. (1.1.3). Here,
two photons of frequency w, and ®,, annihilate and one photon of frequency ®,, + @, is
formed

The energy level representation can be visualized as in Fig. (1.1.4).

Difference frequency generation (DFG)

In Eq. (1.1.3), there are terms with frequency ®, — @,, along with other terms. Due to
this, the charge cloud will emit the EM waves with frequency @, — w,,. So through the
second order nonlinear process, it is also possible to generate the difference of incoming
frequencies (Fig. (1.1.5)), depending on the phase matching condition. The energy level

description for deference frequency generation process is shown in Fig. 1.1.6
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Figure 1.1.5: Block diagram of difference frequency generation

Figure 1.1.6: Energy level description of difference frequency generation

v
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Figure 1.1.7: Schematic diagram of the optical parametric oscillator

The Eq. 1.1.2 is a special case of Eq. 1.1.3 with the condition @, = ®,, . So, SHG is
a special case of the more general SFG process where both the incoming frequencies are

same.

Optical parametric generation

Optical parametric generation (OPG) is also a second order nonlinear optical process where
a pump photon of frequency @ while interacting with a non-centrosymmetric (whose sec-
ond order nonlinear coefficient is nonzero) crystal splits into two photons of different fre-
quencies @; and @, namely idler and signal respectively. This process is the reverse process
of the difference frequency generation. However, the gain of such process is very low. To
increase the gain, typically, the OPG crystal is placed inside an optical cavity. Such device

is known as optical parametric oscillator (OPO).

Optical parametric oscillator

Since the development of the first laser, nonlinear optics has evolved as a powerful tech-
nique to generate tunable optical radiation inaccessible by the ordinary lasers. Based on
second order nonlinear effect, the optical parametric oscillators (OPOs) have become a
standard device to convert a fixed laser wavelength to wide band of coherent radiations
ranging from visible to far-IR. The schematic of the OPOs are shown in Fig. 1.1.7.

Like lasers, OPOs also consist of a strong pump, second order nonlinear crystal and

a resonator. A strong pump photon while interacting with the nonlinear crystal splits into
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two daughter photons commonly known as signal and idler. Since the nonlinear gain is
very small, an optical cavity is used to give positive feedback to the generated photons and
amplify in the presence of pump. Depending on the number of waves resonating inside
the cavity, the OPOs are termed as singly-resonant OPO (SRO) where one of the generated
waves, doubly-resonant OPO (DRO) where both the generated waves are resonant, triply-
resonant OPO (TRO) where all three waves are resonant. The threshold of the OPOs reduce
with the increase in the number of resonating waves, however, with increasing difficulties.
The simplest OPOs are SROs. However, its threshold is very high as compared to other

configurations.

1.1.2 Energy and momentum conservation

All the processes mentioned in previous sections should maintain two conservation laws;
energy and momentum conservation. Typically in the field of optics, the momentum con-
servation is known as phase-matching. To illustrate energy conservation and momentum
conservation let us consider the SFG process. In SFG, two photons of different frequencies
@, and @, annihilate to generate a photon of frequency 3. Here, the initial energy of the
two photons hw; + hw, has to be equal to the final energy of the photon Aws . This leads

to a condition

W+ = s (1.1.4)

Similarly, from the momentum (#k) conservation, one can obtain
ki +ky = k3. (1.1.5)

This is known as phase matching condition which needs to be achieved in order to max-
imize the output intensity in any nonlinear optical process [8]. Now, for phase matching

condition Ak should be zero which leads to

ni@| +ny @ = n3@s.
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where the relation k; = n;w; s used, here n; and @; are respectively the refractive index and

the angular frequency of the i’ wave.

o = BT (1.1.6)

n

Substituting Eq. (1.1.6) in Eq. (1.1.4) we obtain
(n3 —n1) @3 = (np —ny) . (1.1.7)

From the normal dispersion of the materials, it is known that the materials have higher
refractive index at higher frequency i.e., n3 > ny > ny for w3 > @, > w;. So it is not
possible to achieve the condition of Eq. (1.1.7) in normal crystals. Therefore, one need
additional handle to satisfy this condition. Birefrigent phase matching and quasi phase
matching are the two popular techniques to satisfy this phase matching requirements. In
either of them we manipulate the refractive index of the interacting beams such that the
refractive index satisfies the required relations for phase matching. In birefringent phase
matching the wave is oriented such that the required ray is either made an e-ray or an o-ray
depending on the type of phase matching we are trying to obtain. In quasi phase matching
periodically domain reversal of the crystal results in partial fulfillment of this refractive

index condition, hence the name ’quasi’.

1.2 Structured beams

Conventional laser sources emit in the fundamental mode which is the Gaussian mode.
Through phase modulation of these fundamental mode of the laser beam it is possible to
create transverse spatial structure which can be achieved by different phase modulation
techniques. It is also possible to control the phase of a generated beam through nonlinear
interaction which will be elaborately discussed in the upcoming section. Before going to
that it is worth while to discuss the different spatial structures which are covered in this

thesis.
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Figure 1.2.1: Transverse intensity distribution of different beams. (a) Gaussian, (b) vortex,
(c) perfect vortex and (d) Airy beam.

1.2.1 Gaussian beam

Gaussian beams have intensity distribution which can be expresses in terms of a Gaussian
function. For a Gaussian beam the majority of the intensity is in the center and decreases
exponentially away from the center (see Fig. 1.2.1 (a) and 1.2.2 (a)). The intensity distribu-
tion of such beams can be described in terms of rectangular symmetric Hermite- Gaussian

modes of amplitude given by [9]

ullG(x yz) = (nnz!m!)l/ZZ*N/z(l/w)exp[—ik(xz-l-yz)/ZR]

xexp [— (x> +y?) /w?]|exp[—i(n+m+1) y]
x H, (X\/E/W) x H,, (y\/E/W)

where H,(x) is the Hermite polynomial of order n. The Gaussian mode is given by m =
n = 0. This is the fundamental 7 E Mg transverse mode which most of the lasers indend to
produce due to its high gain inside a cavity and is the lowest order solution of the paraxial

wave equation.

1.2.2 Vortex beam

Optical vortex beams are spatially structured beams with a helical wave front. They have
azimuthally varying phase distribution and has a phase singularity at the center of the beam.
They have a doughnut shaped intensity profile with zero intensity at the singular point

illustrated in Fig. 1.2.1 (b) and 1.2.2 (b). These beams are characterized by its topological
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charge (order), or winding number, and is found to carry orbital angular momentum (OAM)
of [h per photon [4]. Due to doughnut spatial structure and also the association of OAM,
the optical vortices find variety of scientific, industrial, and medical applications [10, 11].
Such vortex beams is a special case of the Laguerre- Gaussian (LG) mode. The Laguerre-

Gaussian modes can be represented as

utG(r.¢,7) = (mzlm!)l/Z min(n,m)! (1/w)exp [—ik (rz) /2R}
xexp [— (r?) /w?] exp[—i(n+m+1) l//]
X exp [_il¢] (_1)min(n,m) n—m : (zrz/wz)mm(n,m)

min(n,m

here Lﬁ, (x) is a generalized Laguerre polynomial with radial index p and azimuthal index .
Vortex beam of order / can be represented as LG modes with zero radial index (p = 0) and
azimuthal index /. The OAM unlike the spin angular momentum arises due to the azimuthal
component of the pointing vector which can be attributed to the the helical wave front of
such beams. These beams can be generated from Hermite Gaussian modes using astigmatic
mode converters and using spiral phase plates (SPPs). They can also be generated through

spatial light modulators (SLMs) using Holographic technique.

1.2.3 Hollow Gaussian beam

Hollow Gaussian beams are dark hollow beams (doughnut shaped intensity profile ) with
intensity profile same as that of the optical vortex beam apart from the azimuthally varying
phase term. Hence they can, in principle, be generated by removing the azimuthal phase

term from the normal vortex beam. The electric field of such a dark hollow beam can be

2\" 2
un(r,z=0)="Up (—2) exp (——2) .
o o

When n = 0 the above equation reduces to Gaussian beam. Hollow Gaussian beam is

represented as [5]

not a solution of paraxial wave equation. Hollow Gaussian beam have found applications
in optical cloaking, trapping, lithography etc. We have demonstrated the first nonlinear
generation of hollow Gaussian beam and have also proposed the only way of finding the

order of hollow Gaussian beam using simple experimental technique.
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1.2.4 '"Perfect' vortex beam

Recent developments in the field of structured beams provided a new class of optical vortex
beam known as “perfect” vortex [12]. Unlike vortices and HGBs, the "perfect" vortices
have their size/area independent of its orders. The typical intensity profile of such beam is
as shown in Fig. 1.2.1 (c) they have a ring shaped intensity profile. As the nonlinear gain of
HGBs and vortex beams generation processes predominantly is a function of intensity, the
increase in size/ area of the beam with order acts as a bottle neck in generating higher order
LG beams and hollow Gaussian beams. Moreover, as the size and order are coupled for
such beams the individual contribution of OAM and size in nonlinear conversion processes
can not be separately studied. "Perfect" vortices are the best candidates for studying the
individual contribution of size and OAM in nonlinear conversion processes.

Typically, Fourier transformation of the Bessel-Gauss (BG) beam of different orders is
used to generate "perfect" vortices [12]. The complex field amplitude of the experimen-
tally realizable "perfect" vortex of order n , at the back focal plane (z = 0) of the Fourier

transforming lens may be represented in polar coordinates as [12]

~ (=4 n—1Wg (f_pr)z .oz
iy (r,¢) =1 W—Oexp <_w—%> exp (zn({)) .
As evident from the above expression for "perfect" vortex, the beam size/area remains con-
stant with order. Hence "perfect" vortices generation efficiency should be order invariant,
so it is a very good candidate in generating doughnut shaped beams with high topological

charges.

1.2.5 Airy beam

M. V. Berry and Néandor L. Baldzs demonstrated a non spreading Airy wave packet solution
to the Schrodinger equation in 1979. The analogy of paraxial wave equation to Shrodinger
equation has led to the quest for such solutions in the optical domain which was realized in
the form of finite energy Airy beam in later years [13]. Unlike all the other beams discussed
till now which had a azimuthal symmetry, Airy beam intensity profile lacks circular sym-

metry and looks like an array (see Fig. 1.2.1 (d) and 1.2.2 (c). The electric field amplitude
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Figure 1.2.2: 3D illustration of intensity distribution of (a) Gaussian, (b) Vortex and (c)
Airy beam.

of finite energy Airy beam which can be experimentally realized can be represented in the

form
il (%,9) = Ai (%) exp (aeX) Ai (§) exp (as) .

where Ai is the Airy function and the exponential term determines the finite extent of the
beam. Airy beams have many peculiar characteristics such as beam shape invariance with
propagation, propagation along curved trajectory in free space, and self-restoration of beam
shape even after obstruction by small objects. Due to these unique properties like self
healing, self acceleration and non diffraction they find application in particle acceleration,
self imaging and light-sheet microscopy. Airy beam can be generated from the Fourier
transformation of a cubic phase imposed Gaussian beam.

Although, most of this beams have been well understood and widely used in different
fields of science and technology, their nonlinear interaction properties is a field which is
not explored exhaustively. Nonlinear optics has shown its potential in accessing high power
coherent radiation in otherwise inaccessible spectral regions covered by conventional laser
sources although mostly in Gaussian intensity profile. With the correct understanding of
the nonlinear interaction properties of these structured beams they could be generated with
high power/energy in desired time and spectral domains. It is even possible to manipulate
the phase distribution of the output beam by simply choosing the correct choice of the

interacting beams (see Chap. 5).
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2.1 Frequency-doubling of femtosecond pulses in “thick”
nonlinear crystals with different temporal and spatial

walk-off parameters

2.1.1 Introduction

The development of ultrafast femtosecond laser sources in different spectral regions is of
great interest for a variety of applications, including spectroscopy [14, 15], material pro-
cessing [16, 17], and pumping of optical parametric oscillators [18, 19]. The limited flu-
orescence bandwidth of solid-state and fiber gain media confines the wavelength coverage
of mode-locked ultrafast lasers to restricted regions in the near and mid-infrared. Nonlin-
ear frequency conversion techniques provide a highly effective approach to circumvent this
limitation, providing access to new wavelength regions unavailable to conventional ultra-
fast lasers [20]. Among different nonlinear processes, SHG is typically used to reach the
shorter wavelengths, including the visible [21, 22] and ultraviolet regions [19]. In particu-
lar, single-pass SHG offers the simplest configuration, which can be realized in a most com-
pact and cost-effective system design [23, 24]. Typically, the single-pass SHG processes
have low nonlinear gain. However improvement in the nonlinear gain requires crystals with
high optical nonlinearity, long interaction length, as well as high intensity of pump laser.
For example, quasi-phase-matched nonlinear crystals such as PPKTP and MgO:sPPLT with
long interaction length (30 mm) in single-crystal [25] and cascaded multi-crystal schemes
[26], the single-pass SHG technique has been shown to be highly effective in achieving
overall conversion efficiency of >50% into the green in the continuous-wave (cw) regime.
Similarly, in the picosecond time-scale, use of long birefringent crystals such as BiB3Og
(BIBO) [22] and LiB305 (LBO) [27], has enabled high power single-pass SHG into the
green. In the ultrafast femtosecond regime, however, the use of increasingly long crystals
does not necessarily lead to higher gain in the SHG process, as other crystal parameters
including temporal walk-off can play an increasingly significant role in the overall conver-
sion efficiency, even in the presence of noncritical phase matching (NCPM). In the absence

of NCPM, as is commonly the case in birefringent crystals, spatial walk-off becomes an
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important additional factor that limits SH efficiency. Hence there is a trade off between
how tightly we can focus the beam to achieve high intensity of the pump beam and how big
the crystal length can be where effective interaction takes place before the walk off effects
come into play [1]. Therefore in the ultrafast femtosecond time-scales, the attainment of the
highest conversion efficiency in SHG, as well as other nonlinear frequency conversion pro-
cesses, requires careful optimization of focusing to account for both spatial and temporal
walk-off. For a given nonlinear crystal of a certain physical length and a given input funda-
mental laser of certain pulse duration and intensity, the optimization of focusing is the most
critical factor in attaining highest conversion efficiency and output power. Here we present
a comparative study on the optimum focusing condition for SHG of femtosecond pulses
in two different nonlinear crystals with different temporal and spatial walk-off parameters.
The optimum focusing conditions for efficient SH conversion of cw or long-pulse lasers
have been theoretically predicted in the seminal work of Boyd and Kleinman (BK) [1], and
subsequently verified experimentally [25]. However, the optimum focusing condition in
the presence of temporal walk-off arising from the use of ultrafast lasers can be different
from that of the cw and long-pulse lasers. Previously, efforts have been made to model
and determine the optimum focusing condition for SHG of ultrafast lasers [3, 2]. However,
these efforts require experimental verification. Here, we present a systematic experimental
study on the optimum focusing condition for single-pass SHG of ultrashort femtosecond
pulses in two nonlinear crystals having different spatial and temporal walk-off parameters
and their comparison with the existing theoretical models [3, 2]. For our study, we deploy
an ultrafast Yb-fiber laser at 1060 nm as the input fundamental, together with birefringent
nonlinear crystals of 3 - BaB,04(BBO) and BIBO under critical phase-matching, for SHG
into the green. It is found that for each crystal with comparable values of temporal and
spatial walk-off the optimum focusing condition for SHG is more strongly influenced by
the spatial walk-off than temporal walk-off. It is also observed that for comparable values
of temporal and spatial walk-off the BK the theory is also valid for SHG of femtosecond

pulses.
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2.1.2 Experiment

The schematic of the experimental set up is shown in Fig. 2.1.1, similar to that in [28].
The pump source is an ultrafast Yb-fiber laser (Fianium, FP1060-5-fs) delivering 5 W of
average power in pulses of 260 fs duration at 78 MHz repetition rate. When operated at
maximum power, the laser provides a linearly polarized output beam in TEMg, spatial
profile with M? < 1.3. The laser wavelength is centered at 1060 nm and the spectrum has
full-width at half-maximum (FWHM) bandwidth of 15 nm. For SHG experiments, we use
two crystals, BBO and BIBO, to study the performance of the frequency-doubling process
with regard to all important output parameters as a function of focusing under different
spatial and temporal walk-off conditions. Both crystals are 5-mm-long and 4 x 8 mm?
in aperture. In each case, the input power to the crystal is controlled using a motorized
attenuator, consisting of two polarizers and a half-wave plate (HWP). Another HWP is
used to obtain the desired polarization for optimum phase-matching in the crystal. A set of
six lenses, L, of focal length, f = 25, 50, 100, 150, 200 and 300 mm, are used for focusing
the fundamental beam into the nonlinear crystal in each case, and a separation mirror, M,
filters out the fundamental from the SH output. The BBO crystal is cut at an internal angle
0 =22.9° for type I (0 + 0 — e) SHG at a fundamental wavelength of 1064 nm at normal
incidence. The BIBO crystal is cut at 8 = 168.5° (¢ = 90°) in the optical yz-plane for type
I (e + e — 0) phase-matching at normal incidence. Both crystals are antireflection (AR)-
coated on both faces at 1064 and 532 nm. For these phase-matching geometries, the spatial
walk-off angle in BIBO and BBO are p = 26.1 mrad and p = 55.85 mrad, respectively.
The corresponding values of group velocity mismatch (GVM) are B = 173 fs/mm in BIBO
and B = 84.8 fs/mm in BBO. The spatial walk-off length (Lg) and temporal walk-off length
(L) are defined as Ls = 2w),/tan(p) and Ly = 1,/, respectively, where w, is the pump
beam waist radius inside the crystal and 7, is the pump pulse width. For a pump pulse
width, 7, = 260 fs, the temporal walk-off length is thus calculated to be Ly = 1.5 mm in
BIBO and L7 =2.95 mm in BBO.

On the other hand, measuring the pump beam waist radius in the BBO and BIBO crys-
tals for lenses of different focal lengths, f = 25 — 300 mm, we can estimate the spatial
walk-off length, Lg, to vary over 0.48-5.25 mm in BBO, and 1.02-11.39 mm in BIBO.
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Figure 2.1.1: Experimental design of the single-pass SHG of the femtosecond Yb-fiber
laser [28]. A /2: half-wave plate; BBO and BIBO: nonlinear crystals, L: lens; M: mirror.

While BBO has twice larger spatial walk-off angle than BIBO under the same focusing
condition, the GVM for BBO is almost half that of BIBO. Such differences in spatial and
temporal walk-off in the two crystals enable us to study the dependence of optimum fo-
cusing for SHG on the two parameters. The relevant characteristics of the BIBO and BBO
crystals used in the present study are listed in Table. 2.1

2.1.3 Results and discussion

Optimum focusing condition

To study the effects of temporal and spatial walk-off parameters on focusing dependence
of SHG efficiency, we pumped both BBO and BIBO crystals at maximum available fun-
damental power and measured the SH efficiency under different focusing conditions. We
define the focusing parameter, & = L/b [1], where L is the crystal length, b is the confo-
cal parameter of the pump beam given by b = 2n7tw127 /Ap, n is the refractive index of the
crystal, w,, the beam waist radius, and A,, is the fundamental wavelength. To vary £, we fo-
cused the pump beam to different waist radii using various focusing lenses. By measuring
the beam waist diameter of the pump beam using a scanning beam profiler for six lenses,
f =125, 50, 100, 150, 200 and 300 mm, we calculated & for both crystals under different
focusing conditions. The results, together with the corresponding spatial walk-off lengths,
Lg, are listed in Table.2.2.
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Table 2.2: Beam waist, confocal parameter and spatial walkoff length for BIBO and BBO

CHAPTER 2. NONLINEAR INTERACTION OF GAUSSIAN BEAMS

Parameters Crystal
BIBO BBO

Crystal length, L (mm) 5 5
Phase-matching type Type I(e +e — 0) Type I(e +e — 0)
Phase-matching angle 0 =168.5° (¢ =90°) | 6 =22.9°
Effective nonlinear 2.96 55.85
coefficient,d, sy (pm/V)
Spatial walk-off, p(mrad) | 26.1 55.85
Spatial walk-off length, 0.48-5.25 1.02-11.39
Lg(mm)
Temporal walk-off, 173 84.8
B (fs/mm)
Temporal walk-off length, | 1.5 2.95

Lr(mm)

Table 2.1: Crystal parameters of BIBO and BBO.

BIBO BBO
Lens focal length, f (mm) w, | & | Ls w, | & | Lg
25 13.37 | 2.63 | 1.02 | 1491 | 2.86 | 0.48
50 20.12 | 1.16 | 1.54 | 17.11 | 1.75 | 0.61
100 40.21 1 0.29 | 3.08 | 27.88 | 0.47 | 1.18
150 62.95 | 0.12 | 4.82 | 33.07 | 0.16 | 1.99
200 89.16 | 0.06 | 6.83 | 55.81 | 0.07 | 3.05
300 148.75 | 0.02 | 11.39 | 85.37 | 0.02 | 5.25

for different focusing conditions.
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Figure 2.1.2: Variation of SH efficiency as a function of confocal parameter, &, for (a)
BBO, and (b) BIBO at the maximum input fundamental power of 5 W. The solid curves
are theoretical calculations for three different cases involving spatial and temporal walk-
off. Blue curve: includes both spatial and temporal walk-off. Black curve: includes only
spatial walk-off. Red curve: includes only temporal walk-off. Dotted lines at & = 1.60and
& = 1.72 represent theoretical optimum focusing [1] for BBO and BIBO crystals

Figure 2.1.2 shows the variation of the SH efficiency in BBO and BIBO crystals as
a function of the focusing parameter, £. For completeness of the study, we present here
the relevant results obtained in our earlier work on the BIBO crystal [28] in Fig. 2.1.3(b).
The filled circles correspond to the experimental efficiency values obtained under the six
different focusing conditions. The solid curves are calculations for different conditions of
temporal walk-off (A) and spatial walk-off (B) based on our theoretical model described
below. As evident from Fig. 2.1.2(a), the SH conversion efficiency obtained with the BBO
crystal increases with tighter focusing, reaching a maximum values of 41.65% at & = 1.75,
and decreases with further increase in &. Similarly, as shown in Fig. 2.1.2(b), for the BIBO
crystal the maximum SH efficiency of 46.5% is reached for & = 1.16, beyond which there
is once again a decline. Under similar experimental conditions, BIBO provides higher SH
efficiency than BBO, mainly due to its superior nonlinear coefficient.

To calculate the optimal value of £ for the highest SH efficiency under our experimental
conditions, we used three theoretical models, which are represented by the different color
curves in Fig. 2.1.2. The theoretical models correspond to three different cases involving
temporal walk-off (A) and spatial walk-off (B): Case 1: Blue curve represents the theoreti-

cal model that includes the effects of both temporal and spatial walk-off (A # 0, B # 0) in
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optimum focusing [2]. Case 2: Black curve represents the theoretical model that considers
only spatial walk-off (A = 0, B # 0) [1]. Case 3: Red curve represents the model that con-
siders only temporal walk-off (A # 0, B = 0) [3]. The parameters representing the effect of
temporal walk-off (A) and spatial walk-off (B) are given by [2],

. \/(a2+ 16)In(2) BL oL
8 T
B— p\/zki_L 2.12)

c = /A2 +4B%¢ (2.1.3)

Here, o represents the amount of chirp in the fundamental pulse, f3 is the group veloc-
ity mismatch between the fundamental and SH pulse, p is the spatial walk-off angle in the
crystal, 7, is the fundamental pulse width, ; is the wave-vector of the fundamental radi-
ation, and L is the crystal length. Substituting the parameter values for BBO (8 = 84.75
fs/mm, p = 55.85 mrad) and BIBO (8 = 173 fs/mm, p = 26.1 mrad) crystals, and the
pulse duration of the fundamental, 7, = 260 fs, into Eqn. 2.1.1 and 2.1.2, we calculated
the temporal and spatial walk-off parameters for the 5S-mm-long BBO and BIBO crystals
tobeA=1.9,B=6and A =4.07, B= 2.9, respectively. For simplicity, we consider that
our fiber laser has negligible chirp (& =0). In order to calculate the dependence of SH

efficiency on & for the three different cases, we use the dimensionless function, A,,(A, B, &)

(1],

(A o) 214
B =g [ @.14)

where T,; = 2z/by and T,y = 27/by», with b, and b, being the confocal parameters
of the Gaussian fundamental beam in the horizontal and vertical directions, respectively,
and o as defined by Eqn. 2.1.3. Using the values of A and B, we can then derive the SH
efficiency as a function of & under the three conditions. For A # 0 and B # 0, we derive
the blue curves in Fig. 2.1.2, which account for the effect of both temporal and spatial
walk-off in optimum focusing (case 1), as in [2]. For no temporal walk-off (A = 0), the

same function is represented by the black curves, which include only the effect of spatial
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walk-off (case 2), as in [1]. With no special walk-off (B = 0), the calculation results in the
red curves, which include only the effect of temporal walk-off (case 3), as in [3]. As evident
from Fig. 2.1.2(a) and Fig. 2.1.2(b), there is a relatively strong discrepancy between the red
curve and our experimental data for each crystal, whereas the blue and black curves are in
good agreement with both sets of measurements. This confirms that the finite spatial walk-
off plays a vital role in the variation of conversion efficiency with the focusing strength
in both crystals, as expected. On the other hand, the nearly identical behavior of the blue
and black curves in Fig. 2.1.2(a) suggests that the temporal walk-off has negligible or
no effect on optimum focusing condition in the BBO crystal, which is due to its small
temporal walk-off parameter (A = 1.9) arising from a lower GVM (8 = 84.75 fs/mm). Our
experimental findings also agree with the earlier theoretical predictions in [2] and [29]. In
case of BIBO, shown in Fig. 2.1.2(b), we again find close correlation between the blue and
the black curves. This implies that although the BIBO crystal has a larger temporal walk-
off parameter (A = 4.07), almost twice that of BBO (A = 1.9), its role in the optimization
of SH conversion efficiency with focusing still remains small. The experimental data in
Fig. 2.1.2(b) are most closely in agreement with the black curve predicted by BK theory
[1]. This suggests that even if temporal walk-off is more significant in BIBO, spatial walk-
off still remains the dominant factor dictating the optimum focusing condition. On the
other hand, for large values of GVM in the nonlinear crystal and/or shorter fundamental
pulses, temporal walk-off can play an increasingly significant role in the optimization of
focusing for SHG [2, 3]. By fitting our experimental data to BK theory [1], represented
by the black curves in Fig. 2.1.2(a) and 2(b), we find the optimum values of & = 1.72 for
BBO and & = 1.6 for BIBO. The shift in the optimum & value towards tighter focusing in
BIBO as compared to BBO is due to the higher spatial walk-off parameter in BBO (B = 6)
relative to BIBO (B = 2.99), consistent with BK theory [1]. It is also to be noted from Fig.
2.1.2(a) that although the blue and black curves closely fit the experimental data for BBO,
one can clearly observe a more significant deviation between the blue and black curves
in the case of BIBO in Fig. 2.1.2(b). This deviation can be attributed to the saturation
effect and back-conversion at higher fundamental powers arising from the higher nonlinear
gain in BIBO. To verify this, we measured the conversion efficiency in both crystals as a

function of focusing at lower fundamental powers of 3 W in BBO and 0.5 W in BIBO, with
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Figure 2.1.3: Variation of SH efficiency as a function of confocal parameter, &, for (a)
BBO, and (b) BIBO at lower fundamental average powers of 3 W and 0.5 W, respectively.

the results shown in Fig. 2.1.3. As evident from Fig. 2.1.3(a), for BBO the experimental
data is again in good agreement with the theoretical fits (blue and black lines), as in Fig.
2.1.2(a). At the same time, as can be seen in Fig. 2.1.3(b), the experimental data for the
BIBO crystal at lower fundamental powers are now also in very close agreement with the
theoretical fits unlike in Fig. 2.1.2(b), in the absence of saturation and back-conversion.
It is to be noted that BK theory [1] is valid under the approximation of low fundamental
depletion, hence small conversion efficiency.

From the above study, we thus find that in the presence of both double-refraction and
GVM, the optimum focusing condition for SHG of femtosecond pulses in both BBO and
BIBO is much more strongly influenced by spatial walk-off than temporal walk-off. Al-
though the behavior might be different for very high values of GVM [3], we can conclude
that for moderate temporal and spatial walk-off, the BK theory [1] relevant to frequency-

doubling of cw and long-pulse lasers, is also valid for SHG of ultrafast lasers.

Power scaling and saturation effects

To study saturation effects at high conversion efficiency, we investigated the power scaling

properties of BBO and BIBO crystals under two different focusing conditions. First, we
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focused the pump beam using a lens of focal length f = 50 mm to achieve optimum fo-
cusing condition of & = 1.75 in BBO and & = 1.16 in BIBO, for maximum SH efficiency,
and measured the output power as a function of the input fundamental power. The results
are shown in Fig. 2.1.4(a) . As evident from figure, under optimum focusing conditions,
the SH power from the BIBO crystal increases almost linearly with input power, resulting
in an output power of 2.25 W for 5 W of fundamental power. While one should expect
a quadratic dependence of SH power on the pump power, the linear behavior of the SH
power with pump power can be attributed to the saturation effect. This is also evident from
the SH efficiency which remains almost constant at ~46.5% for fundamental powers above
~2.5 W. On the other hand, for the BBO crystal, we observe slight quadratic dependence
of the SH power on pump power, resulting single-pass output power of 2.07 W for 5 W
of input power. However, in this case, the SH efficiency exhibits small or no saturation
effect. The maximum SH efficiency in the BBO crystal is measured to be ~41.65% at 5 W
of fundamental power. To gain more insight into the saturation effects in the two crystals,
we repeated the same set of measurements, but now by loosely focusing the pump beam
using a lens of focal length f = 300 mm, providing the same focusing factor of & = 0.02
in both the crystals. The results are shown in Fig. 2.1.4(b). As evident from the plots, both
crystals now show clear quadratic variation of SH power with input pump power, resulting
in 0.46 W (0.95 W) of green power at 9.4% (18.6%) conversion efficiency in BBO (BIBO).
The conversion efficiency is almost linear with respect to pump power for both crystals,
indicating the absence of saturation effect under the loose focusing.

To understand the saturation effect in both crystals under similar experimental condi-
tions, we consider the SHG conversion efficiency in the plane-wave approximation, with

no depletion of the fundamental wave, as given by [30],

P 27 . 5.
n = 228 = etam || sinc?sin (44L)
Pw(0) A 2
i, (2.1.5)
eta = e THT
horm "2 n26c€AS

where 1,01, 18 the normalized SHG conversion efficiency, Py is the input fundamental
power, A is the fundamental beam area, d, sy is the effective nonlinear coefficient, ng and

ny g are refractive indices of the crystal at fundamental and SH wavelengths, respectively, &
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Figure 2.1.4: SH power and efficiency scaling results for BBO and BIBO crystals at differ-
ent focusing conditions of (a) & = 1.75 (BBO), £ = 1.16 (BIBO) (b) & = 0.02 for both the

crystals

is the permittivity of free space, c is the velocity of light, A4, is the fundamental wavelength,
Ak is the phase mismatch, and L is the crystal length. Under perfect phase-matching (Ak =
0) and similar experimental conditions (same pump power and beam area), the normalized
SH efficiency of BIBO (n5I89) is ~ 2.2 times that of BBO (n389). This is due to the
higher nonlinear coefficient of BIBO (d.sy = 2.96pm/V) compared to BBO (d.sr = 2.01
pm/V). Now, we can take the ratio of the SH efficiency of BIBO and BBO crystals shown
in Fig. 2.1.5(a) and 2.1.3(b), and plot the ratios as a function of the input fundamental
power. The result is shown in Fig. 2.1.5, where we see that for optimum focusing in both
crystals (using f = 50 mm lens), a value of N30 /nBBO 2 4 7 is maintained at lower
powers up to ~1 W, but drops to 1.09 at the higher pump powers up to 5 W. On the other
hand, under loose focusing (using f = 300 mm lens), the ratio of the SH efficiency remains
almost constant at N8B0 /nBBO 5 6.2 (02 for all fundamental powers. This observation
clearly indicates that for higher values of focusing parameter, &, corresponding to tighter
focusing, the SH efficiency in BIBO is increasingly saturated. The result also accounts for

the slight deviation of the experimental data in Fig. 2.1.2 (b) from the black curve based on

the BK theory [1].
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Figure 2.1.5: Variation in the ratio of SH efficiency of BIBO and BBO crystals as a function
of input pump power focused using two lenses of focal length, f = 50 mm and f = 300
mm.

Temporal and spectral characterization of SH pulses

We also characterized the output pulse duration and spectral bandwidth of the green radi-
ation generated by the BBO and BIBO crystals, with the results shown in Fig. 2.1.6. The
measurements were performed under optimum focusing condition for both crystals (using
a f = 50 mm lens), while generating maximum green power when pumping at ~5 W of
fundamental power. The intensity autocorrelation traces of the SH pulses generated by
the two crystals are shown in Fig. 2.1.6(a) and Fig. 2.1.6(b). As can be seen, the auto-
correlation profiles conform to Lorentzian pulse shape with measured FWHM duration of
~383 fs in BBO and ~352 fs in BIBO. Taking account of the deconvolution factor (0.5)
for Lorentzian pulse shape, we estimate a SH pulse width of 191 fs for BBO and 176 fs for
BIBO. We also measured the spectrum of the generated green radiation for both crystals us-
ing a CCD-based spectrometer. The results are shown in the insets of Fig. 2.1.6(a) and Fig.
2.1.6(b). The measurements result in a FWHM spectral bandwidth of 2.35 nm for BBO and
2.45 nm in BIBO, both centered at 532 nm. The time-bandwidth product (ATAV) of the
green radiation generated by the two crystals is thus calculated to be ~0.54 for BBO and
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Figure 2.1.6: Typical intensity autocorrelation traces of the green pulses generated from
(a) BBO, and (b) BIBO at the maximum output power. Inset: Corresponding SH spectra
centered at 532 nm.

~0.46 for BIBO, both close to the transform limit. The deviation of the SH pulses from
the transform limit is mainly attributed to the non-transform-limited fundamental pulses
(ATAv = 1.04). Pulse broadening of the fundamental due to the group velocity dispersion
(GVD) is calculated to be only a few femtosecond and thus has negligible effect on the

SHG process and output temporal duration.

Effect of focusing on temporal and spectral characteristics

We also studied the variation in pulse duration and spectral bandwidth of the generated
green radiation as a function of the focusing parameter, &, for both crystals. We pumped
the crystals at the maximum available fundamental power of ~5 W and measured the pulse
duration and spectral bandwidth of the SH output pluses in each case. We then plotted
the ratio of the SH pulse duration and spectral bandwidth to that of the input fundamental
as a function of . The results are shown in Fig. 2.1.7, where the pulse duration and
spectral bandwidth of the pump are ~260 fs and ~15 nm, respectively. As evident from
Fig. 2.1.7(a), the ratio of the SH pulse duration (solid circles) to the pump pulse duration in
the BBO crystal has a small variation from 1.1 to 0.51 as the focusing parameter increases

from & = 0.02 to 2.86. The corresponding ratio of the SH spectral bandwidth (open circles)
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relative to that of the pump varies from 0.51 to 0.42 with increasing &, with a maximum of
0.7 at £ = 1.75. On the contrary, the BIBO crystal shows significant variation in the SH
pulse duration and spectral bandwidth with focusing. As can be seen from Fig. 2.1.7(b),
the ratio of the SH pulse duration to that of the pump (solid circles) decrease rapidly from
1.75 to 0.83 for an increase in the focusing parameter from & = 0.02 to 0.29, beyond
which the ratio remains almost constant up to & = 2.86. At the same time, the ratio of
the SH spectral bandwidth to that of the pump (open circles) shows inverse behavior to the
temporal pulse duration. With the increase in &, the spectral bandwidth ratio shows a sharp
increase from 0.44, but in the tighter focusing regime (§ > 0.29) it shows a slower variation
with focusing. The time-bandwidth product of the generated SH pulses is calculated to
vary over ATy, Avg, ~ 0.58 —0.22 for BBO and A7ty,Avy, ~ 0.8 —0.46 for the BIBO crystal
with the increase in the focusing parameter from & = 0.02 to 2.86, hence with tighter
focusing. The dependence of temporal pulse duration and spectral bandwidth on focusing
for different values of temporal and spatial walk-off in the two crystals can be explained as
follows. The confocal parameter, b, determines the effective length of the nonlinear crystal
over which efficient nonlinear interaction takes place. For a fixed physical length of the
crystal (L), the value of b reduces with tighter focusing. However, in the presence of spatial
walk-off, the effective interaction length of the crystal is further reduced. As a result, an
increase in the spectral acceptance bandwidth of the crystal is expected. Therefore, for
a given spectral bandwidth of the fundamental (Avy,, ) that is larger than the spectral
acceptance bandwidth of the physical crystal, more pump bandwidth can be exploited in
the SHG process with tighter focusing and stronger spatial walk-off, hence increasing the
bandwidth of the SH radiation. As evident from the open circles in both Fig. 2.1.7(a)
and Fig. 2.1.7(b), we also observe this experimentally. The bandwidth of the generated
SH radiation is large under tight focusing and decreases with loose focusing, becoming
almost constant for & < 1. Another important factor influencing the temporal duration and
spectral bandwidth of the SH pulses is the temporal walk-off length of the crystal. Under
our experimental conditions, the BBO and BIBO crystals have temporal walk-off length
of L7 =2.95 mm and 1.5 mm, resulting in a ratio of physical length to temporal walk-

off length (L/Lr) of 1.69 and 3.3, respectively. As theoretically predicted earlier [3], we
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Figure 2.1.7: Variation of the ratio of SH pulse duration and FWHM spectral bandwidth
with respect to that of the input fundamental as a function of the focusing parameter, &, in
(a) BBO, and (b) BIBO.

experimentally observe that in the case of BBO, which has a low L/Ly as compared to

BIBO, there is a small variation in the SH pulse duration with focusing.

Effect of focusing on angular acceptance bandwidth

We also investigated the effect focusing on angular phase-matching acceptance bandwidth
for frequency doubling of femtosecond pulses under different temporal and spatial walk-
off conditions in the two crystals, with the results shown in Fig. 2.1.8. We used a lens of
f =25 mm to focus the fundamental beam into the two crystals, resulting in a focusing
parameter of £ = 2.86 in BBO and £ = 2.63 in BIBO. We then measured the angular ac-
ceptance bandwidth of 5-mm-long BBO and BIBO crystals. The result is shown in Fig.
2.1.8(a), where it is evident that BIBO exhibits a wider angular acceptance bandwidth
(ABprpo = 15.93 mrad) than BBO (A6ppp = 11.69 mrad). These experimentally measured
values are significantly larger than the theoretical angular acceptance bandwidth for 5-mm
BIBO (ABg;po = 4.62 mrad) and 5-mm BBO (ABggp =2.30 mrad). Such deviation is ex-
pected, and is attributed to tight focusing (£ > 2), and also the wide spectral bandwidth
(AA ~ 15 nm) of the fundamental beam. However, with increasingly loose focusing, the
angular acceptance bandwidths are expected to approach the theoretical values. This is con-

firmed in Fig. 2.1.8(b), where the variation of experimentally measured angular acceptance
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bandwidths of the BBO and BIBO crystal, obtained using lenses of decreasing focal length,
is plotted as a function of focusing parameter. Such variation of angular acceptance band-
width with focusing factor can be understood as follows. As we know, the effective length
of the nonlinear crystal changes with focusing. Under very tight focusing, the effective
interaction length is significantly reduced compared to the physical length of the crystal,
resulting in broadening of the acceptance bandwidth and its deviation from the value under
perfect phase matching. Under loose focusing, the effective interaction length of the crystal
is increased and, restricting the angular acceptance for phase-matching toward the perfect
phase-matching condition. However, when the effective interaction length becomes equal
to the physical length, further loosening of focusing has no further impact, resulting in a
constant angular acceptance bandwidth. This is evident in Fig. 2.1.8(b), where the angular
acceptance bandwidth of both BBO and BIBO crystals is very large under tight focusing
(low value of 1/&), gradually decreasing with looser focusing, and finally under very loose
focusing (high value of 1/&), becoming almost constant and close to the theoretical value.
The angular acceptance bandwidth in case of 5-mm-long BBO crystal varies from 11.69
mrad to 1.33 mrad with increasingly looser focusing from 1/& = 0.35 to 50. Similarly,
for BIBO, we observe angular acceptance bandwidth variation from 15.9 mrad to ~ 4.28
mrad for looser focusing from 1/& = 0.38 to 8.3. However, it is to be noted that at any
given focusing the angular acceptance bandwidth of BIBO crystal is wider than that of

BBO crystal, which is expected due to the lower spatial walk-off in BIBO.

Power stability and spatial beam profile

We further investigated the output power stability and spatial quality of the generated SH
output beam in both crystals under optimum focusing condition for maximum SH power
and efficiency, using a lens of focal length, f =50 mm, and at the full pump power of ~5
W. The results are shown in Fig. 2.1.9. As can be seen, both BBO and BIBO crystals
exhibit very similar SH power stability with a peak-to-peak fluctuation as low as ~3.3%
for BBO and ~4% for BIBO. Such observation indicates that temporal and spatial walk-off
parameters do not play any role in the instability in SH output power, as expected. However,
spatial walk-off parameter is expected to make a definite contribution in the spatial profile

of the SH output beam. To verify the effect of spatial walk-off, we loosely focused (& ~
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Figure 2.1.8: Variation of the normalized SH power as a function of the internal angular
deviation measure at the maximum SH power for both BBO and BIBO. (b) Variation of the
SH angular acceptance bandwidth as function of the focusing parameter for both BBO and
BIBO crystals.

0.02) the pump beam using a lens of focal length, f = 300 mm, at maximum pump power
and measured the far-field energy distribution of the SH beam at a distance >2 m from the
crystal in each case using a CCD-based beam profiler. The results are shown in the inset
of Fig. 2.1.9(a) for BBO and Fig. 2.1.9(b) for BIBO. As evident, the SH beam from both
crystals has excellent TEM spatial profile with circularity >90% for BBO and >98% for
BIBO. The higher beam circularity in BIBO under same focusing condition is clearly due
to the lower spatial walk-off in BIBO (B = 2.99) compared to BBO (B = 6). However,
with the increase in the focusing factor, &, under tighter focusing, the circularity of the
SH output beam was observed to degrade, but more severely and rapidly in the case of
BBO than BIBO. When using a focusing lens of focal length, f = 100 mm, the circularity
of the SH output beam was reduced to >34% for BBO (§ = 0.47) and >74% for BIBO
(6=0.29). The results are shown in the inset of Fig. 2.1.9(a) for BBO and Fig. 2.1.9(b)
for BIBO. For the strongest focusing, using a lens of focal length, f = 25 mm, resulting in
the highest value of & = 2.86 in BBO and £ = 2.63 for BIBO, the SH beam circularity was
reduced to as low as a few percent in both cases due to the onset of high spatial walk-off.

We measured the M2-value of the SH beam generated by the BIBO crystal under optimum
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Figure 2.1.9: Long-term power stability over 1 hour and spatial beam profile of the SH
beam generated from (a) BBO and (b) BIBO nonlinear crystals. The SH spatial profiles are
recorded for lenses of focal length, f = 300 and 100 mm for both the crystals.

focusing condition (§ = 1.16) to be M)z( ~ 4.02 and M,Z/ ~ 1.78, clearly confirming the
deterioration of SH beam from a perfect TEMy distribution. In the case of BBO, however,
under optimum focusing condition (¢ = 1.75), we could not measure its M2-value due to
high ellipticity of the SH beam. From these measurements, we can conclude that while the
higher SH conversion efficiency and output power can be realized under tighter focusing
conditions, this will result in a reduction in beam circularity and a deviation from TEMgj
profile. The circularity of the SH output beams can, however, be readily improved using
cylindrical beam shaping optics.

In conclusion, we have experimentally studied frequency-doubling of high-average-
power femtosecond pulses from an ultrafast Yb-fiber laser at 1064 nm into the green using
thick nonlinear crystals with different temporal and spatial walk-off parameters. Using
single-pass SHG in BBO and BIBO, we have investigated the effect of focusing on the SH
efficiency and found the optimum focusing conditions for the 5-mm-long BBO and BIBO,
respectively, in the presence of spatial and temporal walk-off. These results are in good
agreement with the theoretical calculations performed using the practical values. Under
optimum focusing conditions, we were able to generate up to 2.25 and 2.05 W of green

output in single-pass configuration for a maximum available fundamental power of ~5 W
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at 78 MHz pulse repetition rate. We also investigated the effect of focusing on the SH
power and efficiency saturation. Spectral and temporal characterization of the generated
SH pulses have been performed and the variation of output spectral bandwidth and pulse
duration as function of the focusing parameter, &, has been studied. Moreover, the angu-
lar acceptance bandwidth of both the crystals for SHG into the green has been measured
under various focusing conditions and their dependence on the effective interaction length
resulting from the spatial and temporal walk-off has been analyzed. This comparative study
provides a systematic analysis for the attainment of optimum SH performance with regard
to output power, spectrum, pulse duration, and beam quality of the generated green beam
in the presence of limiting factors of spatial and temporal walk-off in thick BBO and BIBO
crystals for single-pass SHG of the state-of-the art femtosecond Yb-fiber lasers. An impor-
tant overall conclusion of the present study is that the performance of the SHG process is

far more strongly dictated by spatial walk-off than temporal walk-off.

2.2 High-power, high-repetition-rate, Yb-fiber laser based

femtosecond source at 355 nm

2.2.1 Introduction

High-power, ultrafast ultraviolet (UV) radiation at high repetition rate is of great interest be-
cause of its variety of applications including ultrafast spectroscopy [31], microscopy [32],
quantum optics [33], and pumping of optical parametric oscillators [34]. Traditionally,
such wavelengths are accessed through nonlinear frequency conversion of solid-state lasers
working in the near infrared (IR) wavelength range [35, 36]. The most common drawbacks
of such solid-state lasers lay with their bulky and complicated system design, water cooling
requirement, and high cost. Although nonlinear frequency-conversion processes, including
second-harmonic generation (SHG) and sum-frequency generation (SFG), normally do not
require complicated system architecture, the inherent limitations of the solid-state lasers
make the overall UV source complicated and costly. Therefore, further advancements of
UV sources require alternative lasers in the near-IR wavelength range with a more simpli-

fied system architecture and lower cost.
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However, in recent times, there has been enormous progress in fiber laser technology
providing high-power near-IR coherent radiation in good spatial and spectral qualities. Be-
cause of compact, air-cooled, and low-cost systems, fiber laser technology is considered
one of the alternatives to their solid-state counterparts. Therefore, nonlinear frequency
conversion of such fiber lasers in a single-pass configuration to preserve all the merits of
the fiber laser technology can be an interesting route for simple, compact, and low-cost UV
sources. In recent times, there has been significant progress with continuous-wave (CW)
and mode-locked picosecond ytterbium (Yb)-fiber lasers to access green [25, 22] and UV
[37] wavelengths. Lately, the inclusion of high-repetition-rate and high-power ultrafast Yb-
fiber lasers in femtosecond time scales has paved access to the green [28] and provided the
opportunity to explore UV radiation in femtosecond time scales. However, the attainment
of high-power, femtosecond radiation, especially in the UV wavelength range with high
conversion efficiency, requires proper selection of a nonlinear crystal with superior crys-
tal parameters including high nonlinearity and damage threshold, low temporal and spatial
walk-off, ready availability, and low cost. As such, a comparative study [27] of different
crystals of the borate family clearly indicates bismuth triborate (BIBO) as one of the most
promising crystals for SFG of ultrafast lasers at 1 um into the UV wavelength range. At
the same time, for given crystal and pump parameters, it is also imperative to study the
characteristic parameters, including optimum focusing and power ratio of the interacting
beams influencing SFG conversion efficiency. Using two BIBO crystals for SHG and SFG
of a Yb-fiber laser in succession, we present the generation of ultrafast UV radiation of av-
erage output power as high as 1.06 W at 355 nm in 576 fs pulses with a repetition rate of 78
MHz. Here we present the first experimental work on a Yb-fiber-laser-based femtosecond
UV source at 355 nm providing output power >1 W. We also experimentally verified that

the efficient SFG process requires interacting pumps to have the same confocal parameters.

2.2.2 Experiment

The schematic of the experimental setup is shown in Fig. 2.2.1. A Yb-fiber laser (Fianium,
FP1060-5-fs) of average power 5 W producing output pulses of width ~260 fs in sech

shape at a repetition rate of 78 MHz is used as the fundamental pump source. It has a
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Figure 2.2.1: Experimental schematics for femtosecond UV source. S1- S3, wavelength
separating mirrors; L.1-L4, lenses; C1, 1.2 mm BIBO crystal for SHG; C2, 5 mm BIBO
crystal for SFG; CL, cylindrical lenses; A /2, half-wave plate; F, filter.

spectral width of 15 nm centered at 1060 nm. The input power to the nonlinear crystals
is controlled using a motorized attenuator similar to the one used in our earlier work [28].
A half-wave plate A /2 is used to adjust the polarization of the pump beam. The pump
beam is focused at the center of the nonlinear crystal using a lens, L1, of focal length
f =50 mm. A 1.2 mm long and 4 X 5 mm aperture BIBO BiB306 crystal (C1) cut at
0 = 168.5° (¢ = 90°) in the optical yz plane is used for type-I (e +e — 0) SHG of the
pump beam into the green at 532 nm. Another BIBO crystal (C2), which is 5 mm long and
4 x 5 mm in aperture, cut at 0 = 142° (¢ = 90°) in the optical yz plane, is used for type-
I (e+e — o) interaction for SFG of the green beam and the unconverted pump into UV
radiation at 355 nm. The effective nonlinear coefficients of the BIBO crystals for SHG and
SFG can be calculated to be 2.9 and 3.9 pm/V, respectively. Due to dispersion, the pump
and green laser pulses interacting in the SFG crystal travel with different group velocities
resulting in poor or no temporal overlapping and reduced SFG efficiency. To control the
temporal overlap between the pump and green beams, we have separated the unconverted
pump and green beams after the SHG stage using a dichroic mirror (S1). The green beam

travels through a phase compensation scheme before recombining with the unconverted
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pump by another dichroic mirror, S2, for collinear interaction in the SFG crystal (C2). The
ellipticity of the green beam arising from the spatial walk-off (angle p = 26.1 mrad) effect
in the SHG crystal (C1) is partially compensated by circularizing (83%) the green beam
with the use of two cylindrical lenses (CL) of focal lengths f = 75 and 100 mm. On the
other hand, the unconverted pump beam is collimated using lens L2 (f = 100 mm). The
polarization of both the green and the unconverted pump beams is controlled separately
using two different half-wave plates (A/2). We have also focused both the beams at the
center of the SFG crystal using two different lenses, L3 and L4, and varied their focal
lengths to access the optimum beam size of the interacting beams for maximum conversion
efficiency. The UV radiation was separated from the residual green beam and pump using
a dichroic mirror, S3, and a filter, F (BG40), respectively. The 3 mm thick BG40 (Newport)

filter has transmission of 65% at 355 nm.

2.2.3 Results and discussion

We have characterized the performance of the SHG stage for maximum green output power.
Based on our recent work on SHG of an ultrafast laser [28], to access higher secondhar-
monic (SH) power and efficiency, we have focused the fundamental beam at the center of a
1.2 mm long BIBO crystal using a lens of focal length f =50 mm resulting in a beam waist
diameter of ~30 um. The corresponding focusing parameter, & = L/b [1], can be estimated
to be ~0.5. Under such focusing conditions, we measured the variation of the single-pass
SH power and corresponding SH efficiency of the BIBO crystal as a function of the pump
power, Pp, with the results shown in Fig. 2.2.2. Unlike the quadratic dependence of SH
power with pump power, in our case, the SH power increases almost linearly with the pump
power, producing SH power as high as 1.72 W at 4.6 W of pump power, clearly indicating
the saturation effect. Similarly, the SH efficiency increases linearly at lower pump powers;
however, at pump power beyond 2.5 W, the SH efficiency varies from 35% to 37.4% with
a maximum single-pass conversion efficiency as high as 39% at 4 W of pump power due
to the saturation and roll-off effect (back conversion). The saturation effect, which has also

been observed in [28], can be attributed to the high intensity of the ultrafast laser and the
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high figure-of-merit of the BIBO crystal. We also measured the pulse and spectral widths
of the green beam to be 300 fs and 3.2 nm, respectively.

To study the performance of the SFG stage, we operated the green source at a pump
power, Pp = 4.6 W, producing green SH power of 1.72 W with a single-pass conversion
efficiency as high as ~37.4%. The SH and unconverted pump beams were separated at
S1 and recombined at S2 after passing through different optical components in respective
arms (Fig. 2.2.1). Due to losses in different optical components, the SH and unconverted
pump powers before the 5 mm long BIBO crystal are measured to be Psy = 1.47 W and
Pyp =2.47 W, respectively. Initially, we focused both the beams at the center of the SFG
crystal using a single lens (not shown in the Fig. 2.2.1). Using two different values of focal
lengths f =25 mm and f = 50 mm, we recorded single-pass UV conversion efficiency of
~7.7% and 13.0%, respectively. To identify the possible reasons for such low conversion
efficiency, we measured the beam waist diameter of both the beams separately and observed
that the high beam divergence while focused using a small focal length lens (f = 25 mm)
reduces spatial overlapping between the interacting beams. In addition, the longitudinal
offset in the focus position of the interacting beams arising from the chromatic aberration
of the lens also reduces beam overlap and, hence, conversion efficiency. At loose focusing
(f =50 mm) the interacting beams have more spatial overlap resulting in higher conversion
efficiency. One can, in principle, improve the beam overlapping by loosely focusing the
interacting beams; however, the dependence of conversion efficiency on the intensity of
the interacting beams does not always warrant higher conversion efficiency with increased
beam overlapping. Therefore, for fixed crystal length and beam powers, the maximum
conversion efficiency can be realized as a trade-off between the beam overlap and the spot
size of the interacting beams. However, such a trade-off cannot be experimentally realized
while focusing both the interacting beams using a single lens.

To verify the focusing conditions of the interacting beams required for optimum SFG
efficiency, we focused the unconverted pump and green beams at the center of the C2 crys-
tal separately using lenses L3 and L4, respectively. We fixed the powers of the unconverted
fundamental and the green beams at 2.47 and 1.47 W, respectively, and measured the UV
power for different ratios of the confocal parameters of the green beam bgy and uncon-

verted pump byp with the results shown in Fig. 2.2.3. To change the ratio of the confocal
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Figure 2.2.2: Variation of SH power and efficiency with pump power. Lines are guides to
eyes.

parameters, we have used different combinations of the focal lengths of lenses L3 and L4.
As is evident from Fig. 2.2.3, the UV power, Pyy, and efficiency, n = Pyy/Pyp X Psy, of
the 5 mm long BIBO crystal vary from 0.68 W and 18.7%/W to 0.81 W and 22.5%/W, re-
spectively, for the increase of by p/bgy from 0.11 to 3.4 with a clear indication of maximum
UV power (efficiency) of 1.07 W (29.5%/W) at by p/bsy = 1. Such observation proves that,
for efficient nonlinear frequency conversion, one needs to match the confocal parameters of
the interacting beams. It is to be noted that, for each measurement, we have optimized the
focusing position of the interacting beams by moving the lenses L3 and L4 and observed
that the higher conversion takes place when both the beams are focused at the same point.
Similar to Ref. [38], we have also observed that a small angle (< 3°) between the green and
unconverted pump beams is required to compensate the relative spatial walkoff (Ap = 3.2
mrad) between the green and unconverted pump beams for the best temporal and spatial
overlap.

The UV power and conversion efficiency, as shown Fig. 2.2.3, vary slowly in the range
1 < byp/bsgy < 3.5. Such an effect can be understood as follows. In the case of SFG, one
photon from each of the green and unconverted pump beams annihilates to generate a UV

photon. Therefore, ideally the power ratio of the interacting pump beams, Pyp/Psy, should
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Figure 2.2.3: Variation of UV power and conversion efficiency as a function of the ratio of
confocal parameters of the interacting pump beams. Lines are guides to eyes.

be one half to get the highest conversion efficiency. In practice, the nonlinear conversion
processes are low efficiency processes. Most of the photons of the two pump beams do not
interact with each other to generate a new photon. However, the interaction (conversion)
efficiency increases with the intensity of both of the pumps. In our experimental condition,
the ratio of the pump powers is Pyp/Psy = 1.7. As a result, a higher value of byp/bsy > 1
realized through loose focusing of the unconverted pump beam does not reduce the intensity
of the unconverted pump for substantial reduction in UV conversion efficiency. At further
loose focusing, as well as lower values of Pyp/Psy, one can expect rapid reduction in UV
efficiency. For different values of Pyp/Psy, we expect to have a similar curve as in Fig.
2.2.3; however, the maximum UV power and efficiency will be reached when the confocal
parameters of both the pump beams are equal, byp/bsy = 1.

For further understanding of the effect of the pump power ratio, Pyp/Psg, on UV power,
Pyy, we have focused pump beams at the optimum focusing condition, by p/bsy, and mea-
sured the UV power with the increase of unconverted pump power, Py p, for different values
of green power, Py, with the results shown in Fig. 2.2.4. Ideally, the UV power should
increase with Pyp/Psy resulting in a maximum UV power and efficiency at Pyp/Psy = 1/2

and remain constant or roll off due to back-conversion with further increase of Pyp/Psy.
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Figure 2.2.4: Dependence of UV power with the power ratio of the interacting pumps
focused under equal confocal parameters in SFG crystal. Lines are guides to eyes.

However, in practice, we observe a completely different picture. As is evident from Fig.
2.2.4, for all green powers, Psyy = 0.25, 0.5, 1, and 1.47 W, the UV power increases with
Pyp/Psy even after the ratio has crossed Pyp/Psy = 1/2. Such an effect can be attributed
to the fact that the SFG power is proportional to the product of the intensities of the two
pump beams. As a result, the increase of Py p for a fixed value of Py or vice versa increases
the resultant driving intensity and generated output power. From Fig. 2.2.4, we also ob-
serve saturation in UV power with the increase of Pyp/Psy; however, at lower (higher)
values of Psy, the saturation effect appears at higher (lower) values of Pyp/Psy. Therefore,
generation of higher-power UV radiation in the SFG process requires an increase in the
product of driving intensities and then maintaining the optimum power ratio of Pyp/Psy.
As such, generation of UV power will intrinsically maintain the power annihilation ratio of
the interacting pumps as Pyp/Psg = 1/2.

We also studied the power scaling characteristics of the UV source. We focused the
unconverted fundamental and green beams at the center of the SFG crystal using lenses L3
and L4 of focal lengths 200 and 100 mm, respectively, satisfying the optimum focusing

condition, by p/bsy, and measured the UV power while varying the pump power, Pp, to the
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SHG crystal with the results shown in Fig. 2.2.5. The UV power and the UV efficiency
increase with the increase of the pump power Pp, resulting in a maximum UV power of 1.06
W, corresponding to a single-pass near-IR-to-UV conversion efficiency as high as 22%. Itis
to be noted that we have not done any correction for the losses arising because of different
optical elements in the path of the green and unconverted beams while calculating the
efficiency. As is evident from Fig. 2.2.5, the UV power varies quadratic to the fundamental
pump power, which is also evident from the linear dependence of UV power with the
square of the pump power (inset of Fig. 2.2.5). The quadratic dependence of the UV power
with the pump power can be understood as follows. In the current experiment, we have
used two-step processes (SHG and SFG) to reach from near-IR to UV. For small signal
approximation, the SHG power, Psy, and SFG power, Pyy, are proportional to sz, and Pg,
respectively [39]. However, as is also evident from Fig. 2.2.2, due to the saturation effect in
the SHG process resulting from high peak power, tight focusing, and high figure-of-merit
of the BIBO crystal [27], the SHG power is proportional to the pump power. As a result,
the SFG power, Pyy, which is proportional to the product of Psy and the unconverted pump
Pyp, can be approximated to be proportional to the square of the pump power Pp. However,
at higher pump powers, the UV power is almost linear to the pump power, indicating the
saturation effect.

We measured the angular acceptance bandwidth of the BIBO crystal for SHG and SFG
of an ultrafast laser with the results shown in Fig. 2.2.6. For SHG, we focused the pump
beam of power, Pp = 4.6 W, at the center of the 1.2 mm long BIBO crystal using lens
L1 of focal length f = 100 mm and measured the SH power while varying the angle of
the BIBO crystal. Similarly, for SFG, we focused both green and unconverted pumps of
powers 1.47 and 2.47 W, respectively, at the center of the 5 mm long BIBO crystal under
the optimum focusing condition, byp/bsy, and measured the UV power while varying the
crystal angle. As is evident from Fig. 2.2.6, the angular acceptance bandwidths of the
SHG (open circle and dotted sinc? fit) and SFG (solid circle and solid sinc? fit) processes
of the ultrafast laser in the BIBO crystal can be measured to be 8.7 mrad (1.044 mrad -
cm) and 4 mrad (~2 mrad - cm), respectively. The theoretical acceptance bandwidths of
the BIBO crystal for type-I SHG and SFG processes are given as ~1.16 mrad - cm and
0.29 mrad-cm [40], respectively. While the angular acceptance bandwidth of the 1.2 mm
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Figure 2.2.5: Variation of UV power and near-IR-to-UV conversion efficiency with funda-
mental pump power. (Inset): dependence of UV power with the square of the pump power.
Lines are guides to eyes.

long BIBO crystal matches the theoretical values, we can observe a significant broadening
in the angular acceptance bandwidth of the SFG process in the 5 mm long BIBO crystal.
Such discrepancy can be attributed to the decrease of effective crystal length resulting from
a high spatial walk-off angle [27] of the BIBO crystal for the SFG process. A similar
broadening effect was also observed previously [28] for SHG of an ultrafast laser in a 5
mm long BIBO crystal at tighter focusing.

We also measured the long-term passive power stability of the UV source with a natural
peak-to-peak power fluctuation <2.2% in short term (2 h), however, there is a clear drift in
UV power at a rate of 0.76. Such power drift can be attributed to the different thermal
effects in the BIBO crystal [27]. The UV beam has TEM spatial mode M?< 2.45 in
elliptical beam shape (ellipticity 52%) due to the walk-off effect in the BIBO crystal. We
also measured the spectral and temporal width of the UV source as ~1.6 nm and ~576 fs,

respectively, with time-bandwidth product ~2.19.
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Chapter 3

Nonlinear interaction of high power

ultrafast vortex beams

This chapter constitutes the following journal publications:

1. Frequency-doubling characteristics of high-power, ultrafast vortex beams,
Apurv Chaitanya N, A. Aadhi, M. V. Jabir, and G. K. Samanta,
Optics Letters 40, 2614 (2015)

2. Ultrafast optical vortex beam generation at 266 nm,
Apurv Chaitanya N., S. Chaitanya Kumar, K. Devi, and G. K. Samanta, M.
Ebrahim-Zadeh,
Optics Letters 41, 2715 (2016).

3.1 Frequency-doubling characteristics of high-power, ul-

trafast vortex beams at 532 nm

3.1.1 Introduction

Singularities are the places where physical quantities change abruptly or become infinite.
In optics, the presence of such singularities (phase dislocations) in the wavefront of the

light beams modifies the phase and intensity structure of the beams. As the phase of the

45



46 CHAPTER 3. NONLINEAR INTERACTION OF VORTEX BEAMS

beam is indeterminate at the singularity, the beam has vanishing intensity at the center. If a
beam has a screw-like (helical) phase structure around the point of singularity, the angular
momentum associated to the azimuthal component of the Poynting vector orbits around the
singular point. Such beams are called optical vortices. The characteristic phase distribution
of optical vortices is represented as exp (il6), where 6 is the azimuthal angle. The integer
[, known as vortex order or topological charge, indicates the OAM carried by each photon
of the beam.

Since the discovery of OAM associated with such structures [4], optical vortices have
found applications in many fields, including quantum information [11], high resolution mi-
croscopy [41], particle micro manipulation and lithography [10], and material processing
[42]. However, some of the applications [43] require high-power, ultrafast optical vor-
tices at lower wavelengths. Conventionally, the optical vortices are realized through the
phase modulation of Gaussian beams using SLMs [44] or SPPs [45]. Despite the flexi-
bility of SLMs in terms of wide wavelength coverage and dynamic phase modulation, the
high damage threshold has made SPPs inevitable for high-power optical vortices. How-
ever, due to high wavelength sensitivity of SPPs, a single SPP cannot be used to generate
high-quality vortices over broad wavelength range. Additionally, due to the practical limi-
tations of current technology, fabrication of SPPs for lower wavelengths and a higher-order
optical vortex (/ > 4) is the main challenge to overcome. Therefore, it is imperative to
devise alternative techniques to access high-power, higher-order optical vortices especially
at lower wavelengths. As such, lower wavelengths are routinely accessed through the non-
linear frequency conversion processes [46, 23], e.g., frequency doubling, tripling, or SFG.
Therefore, nonlinear frequency conversion of the optical vortices produced through readily
available SPPs at longer wavelengths (near-IR) can in principle be the most straightforward
route to generate higher-order optical vortices at lower wavelengths. However, success of
such approaches especially to generate high-power vortices requires proper understand-
ing about the characteristic parameters influencing the vortex interaction with a nonlinear
medium. Here, we present a systematic study of characteristic parameters influencing the
frequency-doubling efficiency of optical vortices in generating high-power, high efficiency,
and higher-order optical vortices at lower wavelengths. Although our study is restricted

only to SHG of 1064 nm generating ultrafast vortices at 532 nm with power as much as
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900 mW and order as high as 12, one can expect similar results for frequency doubling at
other wavelengths. Using linear optical elements we have also devised a novel scheme to

double the order of the vortices without changing their wavelength.

3.1.2 Experiment

The schematic of the experimental setup is shown in Fig. 3.1.1. A 5 W Yb-fiber laser (Fi-
anium, FP1060-5-fs) with spectral line width of 15 nm at 1060 nm providing sech? shaped
femtosecond pulses of width ~260 fs at 78 MHz repetition rate is used as the fundamen-
tal laser source. The input power to the SHG crystal is varied using a polarization-based
attenuator [28]. Two spiral phase plates (Holo/Or, Israel), SPP1 and SPP2 of high dam-
age threshold (~3J /cm2 at 7 ns pulsed at 1064 nm) are used to convert a high-power
Gaussian beam into optical vortices of orders [, = 1 and [, = 2, respectively, at conversion
efficiency >95%. Due to limited availability of SPPs producing vortices of order [, > 2,
we have used a vortex-doubler setup comprised of a polarizing beam splitter cube (PBS),
quarter-wave plate (A /4), and dielectric coated mirror, M1, with high reflectivity at 1064
nm. The working principle of the vortex-doubler can be understood as follows: the hori-
zontally polarized Gaussian beam after the attenuator passes through the PBS. In forward
pass through the SPP1, the Gaussian beam acquires spiral phase corresponding to an op-
tical vortex of order [, = 1 (say). The polarization (horizontal) of the beam converts into
circular polarization (left circular) after passing through the A /4 plate having its axes at
45° to its polarization axis. However, the handedness of the beam gets reversed (right cir-
cular) on reflection from the mirror, M1, at normal incidence. In the return pass through
the A /4 plate, the right circularly polarized beam converts into vertically polarized and gets
reflected from the PBS. The input and output beams of the vortex doubler have orthogonal
polarization. On the other hand, reflection from the mirror, M1, reverses the sign of the
vortex charge from / = +1 into/ = —1 and vice versa. The return beam (I, = —1) sees the
direction of phase variation of the SPP1 opposite to that of the forward pass. Therefore,
while passing through the SPP1, the return beam acquires additional spiral phase (—1). As
a result, the output beam of the vortex-doubler has vorticity twice that of the phase wind-

ing of the SPP placed inside. Using different combinations of SPP1 and SPP2, only two
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Figure 3.1.1: Schematic of the experimental setup for SHG. A /2, halfwave plate; SPP1,2,
SPPs; PBS, polarizing beam splitter cube; A /4, quarter-wave plate; L, lens; M 1,2, mirrors;
BIBO, nonlinear crystal for frequency doubling.

phase plates, placed inside and outside the vortex-doubler we have generated optical vor-
tices of topological charges [, =1, 2, 3,4, 5, and 6. A 1.2 mm long and 4 mm x 8 mm in
aperture BIBO crystal cut for type-1 (e + e — 0) SHG in optical yz-plane (¢ = 90°) with
internal angle of 6 = 168.5° at normal incidence is used for collinear frequency doubling
of vortices at 1064 nm. Crystal faces are antireflection-coated for both fundamental and
second-harmonic (SH) wavelengths. Polarization of the fundamental beam is adjusted us-
ing a second A /2 plate for perfect phase matching depending upon the orientation of the
SHG crystal. A set of lenses of different focal lengths f = 25, 50, 100, 150, 200, and 300
mm is used to focus the fundamental beam at the center of the SHG crystal. The SHG beam

is extracted from the fundamental using mirror, M2.

3.1.3 Results and discussion

We have recorded the intensity profile of the fundamental and corresponding SH beam
using a CCD-based beam profiler (SP-620U, Ophir) with the results shown in Fig. 3.1.2.
The first column (a)—(c) of Fig. 3.1.2 represents the intensity pattern of the fundamental

beam, recorded before the focusing lens, L, with vortex orders [, = 1, 3, and 6, respectively.
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To confirm the vorticity and order of the fundamental beam, we interfered it with a plane
wave at 1064 nm and recorded the interference pattern, as shown in the second column of
Fig. 3.1.2. A close observation of the interference pattern of Figs. 3.1.2(d)-3.1.2(f) reveals
the characteristic fork patterns corresponding to vortex orders [, = 1, 3, and 6, respectively,
located at the center of the beam. Such observation clearly certifies the capability of the
vortex-doubler setup in generating high-quality optical vortices even at higher values of
topological charges. The third column [(g)—(i)] of Fig. 3.1.2 represents the intensity pattern
of SH beams generated respectively from pump vortices [, = 1, 3, and 6 focused at the
center of the BIBO crystal using a lens, f = 100 mm. Given the size of the dark core
increases with order [30] and also evident from Figs. 3.1.2(g)-3.1.2(1), it is difficult to
observe the characteristic fork pattern while interfering higher-order optical vortices with
plane wave front. In addition, the interferometric technique requires the reference beam
with the same spectral characteristics as that of the SH beam. To avoid such stringent
requirements we used the tilted lens technique [47] to determine the order of the SH beams.
The SH vortex beams of order [, after passing through a spherical lens of focal length 30
cm, tilted about the y (vertical) axis at an angle ~6°, as shown in the fourth column of Fig.
3.1.2, split into |/| + 1 bright lobes. As evident from Figs. 3.1.2(j)-3.1.2(1), the SH beams
possess vortex orders, [g; = 2, 6, and 12, respectively, twice the order of the pump vortices,
confirming the conservation of OAM in SHG [48].

It is well known that the higher-order optical vortices normally decay into an array
of unit charge vortices due to the perturbation, anisotropy, and also the walk-off effect
arising from the birefringence of the nonlinear media. However, while doing vortex-vortex
interferometry of SH vortices of orders 2, 4, and 6 we did not observe any such splitting
in the SH vortices. This can be attributed to the low spatial walk-off (p = 26.1 mrad),
use of small thickness (1.2 mm) of the BIBO crystal, and loose focusing. However, at
tighter focusing using a lens of focal length, f < 50 mm, and use of a longer (5 mm long)
BIBO crystal, we have observed splitting of the higher order SH vortices into a collection
of smaller orders.

Recently, it has been reported [49] that the frequency doubling efficiency of optical
vortices is independent of their topological charge. This can be true for “perfect vortices”

[12], a new class of optical vortices whose beam diameter is independent of its topological
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Pump SHG

Figure 3.1.2: (a)—(c) Far-field intensity distribution of pump vortices and (d)—(f) corre-
sponding interference pattern. (g)—(i) Intensity distribution of the generated SH beams,
and (j)—(1) splitting of SH vortices into their characteristic lobes by tilted lens.
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charge. However, in all practical purposes, the diameter of the optical vortices increases
with their order [50]. Therefore, it is imperative to verify frequency-doubling characteris-
tics of optical vortices of different topological charges. To understand the variation of SH
power with vortex order, we write the field amplitude of a Gaussian embedded vortex beam

with OAM order of / and average power of P at a distance z [4] as,

l
P (l"\/§> 1”2
El=,] exp| ———— (3.1.1)
p +1 .
mlleonyc [WO(I_HZLRH + W(2)<1+ZZLR)

where n, is the refractive index of the crystal, wy, is the pump beam waist radius with

corresponding Rayleigh range of Zg = n,mw3/A,, and A, is the pump wavelength. Without
loss of generality, if we consider z = 0 as the observation plane, the intensity of the vortex

beam can be represented as
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Equation (3.1.2) indicates that the intensity of the vortex beam decreases asymptotically
with the order of the vortex. As the frequency-doubling efficiency is proportional to the
intensity of the pump beam [8], theoretically one expects an asymptotic decrease of vortex
SH efficiency with order. For experimental verification of order dependent SH efficiency
of the optical vortices, we have measured the vortex SH power for different orders of pump
vortices, with results shown in Fig. 3.1.3. For this measurement we maintained constant
pump power (P = 3.5 W) for all orders and focused at the center of the crystal using a lens,
f =100mm. As evident from Fig. 3.1.3, the conversion efficiency decreases with the order
of the vortices from a maximum conversion efficiency of 31.2% for [, = 0, Gaussian beam,
to as low as 1.44% for pump vortex order /, = 6. Although Eq. (3.1.2) shows dependence
of vortex intensity on various parameters, experimentally beam power and area are the two
measurable parameters determining the beam intensity. In the experiment, the Gaussian
beam power and radius before the SPP are constant. Therefore, the decrease in vortex

beam intensity with order can only be attributed to the increase in vortex area with order.
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Figure 3.1.3: Variation of vortex SH efficiency with the order of the pump vortex. Solid
line is the reciprocal of pump vortex area fitted to the SH efficiency. (Inset): Dependence
of vortex area on its order, and linear fit (solid line).

We have measured the area of the vortex beam of different orders at the focus of the lens
f = 100 mm, with the results shown in the inset of Fig. 3.1.3. The area of the vortex beam
increases linearly with the order similar to Ref. [51]. While fitting, we observe a close
agreement between vortex SH efficiency and reciprocal of pump vortex area (solid line of
Fig. 3.1.3) for all orders. Therefore, the decrease of vortex SH efficiency with order is
certainly associated to the decrease of pump vortex intensity with order. Such observation
also justifies the order-independent SH vortex efficiency as reported in [49] for the “perfect”
vortex, where area does not increase with order.

We also measured the focusing-dependent SH efficiency of the optical vortices. Keep-
ing the input pump at constant power, P = 3.5 W, we have measured SH efficiency for [, =
0, 1, 2, and 3 while changing the beam area at the center of the SHG crystal using a set of
lenses, f =25, 50, 100, 150, 200, and 300 mm. The results are shown in Fig. 3.1.4. Like
Gaussian beam, [, = 0, the SH efficiency of the vortices of all orders decreases with longer
focal length lenses. Such behavior can be attributed to the decrease of vortex beam inten-

sity due to the increase of beam area at loose focusing. At tighter focusing resulted from
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Figure 3.1.4: Focusing-dependent SH efficiency of Gaussian beam and vortex beams of
different orders. Lines are guides to eyes.

small focal length lenses (f = 25 and 50 mm), the Gaussian beam shows signs of optimum
conversion efficiency similar to Ref. [28]. However, optical vortices have increasing SH
efficiency with tighter focusing without the sign of optimum focusing. This effect can be
attributed to the fact that the increase of vortex area with order demands further tighter fo-
cusing to reach optimum focusing condition. Due to the unavailability of lenses of smaller
focal length (f < 25 mm) in our lab and also the fact of disintegration of higher-order SH
vortex beams into single charged vortices at very tight focusing, and longer crystal lengths,
we could not reach the optimum focusing condition for vortices.

To characterize the power scalability of the SH vortex source, we measured the SH
power and corresponding conversion efficiency up to the maximum available fiber laser
power with the results shown in Fig. 3.1.5. We have used a 50 mm long focal length lens
to focus the pump vortex of order /, = 1 at the center of the crystal. As evident from
Fig. 3.1.5, the vortex SH power and efficiency show quadratic and linear dependence,
respectively, to the input vortex power. The maximum SH power is 900 mW at 4.6 W
of pump power corresponding to maximum single-pass conversion efficiency as high as

~19.5%. However, we do not observe any evidence of saturation effect in the conversion
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Figure 3.1.5: Variation of SH vortex power and efficiency as a function of the input vortex
power. (Inset): Dependence of vortex SH power with the square of pump power. Lines are
guide to eyes.

efficiency. The linear dependence of the SH power with square of the pump power (inset
of Fig. 3.1.5) clearly indicates the possibility of further increase in SH power with the
increase of pump power without any saturation.

We also observe experimentally the effect of vortex beam on angular phase-matching
(acceptance) bandwidth of the frequency-doubling process. Using a 1.2 mm long BIBO
crystal and focusing lens, f = 50 mm, we measured the angular phase-matching bandwidth
of vortex (I, = 1) and Gaussian beams, with the results shown in Fig. 3.1.6. As evident
from Fig. 3.1.6, the vortex beam has a wider angular acceptance bandwidth (A8; = 12.6
mrad) than that of the Gaussian beam (A6 = 8.6 mrad). Such broadening in the angular
acceptance bandwidth can be attributed to the departure of the beam intensity away from the
center of the beam axis in the vortices. However, we did not observe substantial change in
the angular acceptance bandwidth with the increasing order of the optical vortices. Under
similar focusing, all SH vortex orders have temporal and spectral width around ~400 fs
and 1.2 nm, respectively, similar to that of the Gaussian beam. Such observation clearly
indicates that topological charge of the optical vortices has negligible or no effect in the

temporal and spectral properties of the SHG beams.
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Figure 3.1.6: Angular phase-matching bandwidth of frequency doubling of Gaussian and
vortex beams. Lines are guide to eyes.

In conclusion, we have demonstrated frequency doubling characteristics of high-power,
ultrafast, optical vortex beams. We also demonstrated a new scheme to generate optical
vortices of orders /g, = 1 —6 by using only two SPPs of phase winding 1 and 2. Using single
pass SHG we have generated optical vortices up to 12th order with maximum vortex SH
power of 900 mW at single-pass conversion efficiency as high as 19.5%. We observed the
decrease of vortex SH efficiency with vortex order. Such effect is attributed to the increase
of vortex area with order. Like Gaussian beams, vortices also have focusing-dependent
SH efficiency. However, at higher orders the optimum focusing is realized at relatively
tighter focusing. Additionally, we have also observed that the vortices have higher angular

acceptance bandwidth than that of Gaussian beams.
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3.2 Generation of optical vortices at 266 nm

3.2.1 Introduction

The optical vortices find variety of scientific, industrial, and medical applications [10, 11].
However, many such applications require vortex beams in the blue, ultraviolet (UV) and
deep ultraviolet (DUV) wavelength regions. For example, optical vortices at shorter wave-
lengths improve the resolution in spectroscopy [52] and give multilateral increase in reso-
lution below the diffraction barrier in fluorescence microscopy [52, 53, 54, 55]. Similarly,
optical vortices in the blue-UV wavelength range [56] are essential in the field of quantum
optics for entanglement in OAM states of photons [11].

Conventionally, generation of optical vortices rely on the phase modulation of Gaus-
sian beam using SLMs [47] and SPPs [57]. Unfortunately, the low damage threshold of the
liquid crystal based SLMs have restricted their use for wavelength above 400 nm. Addi-
tionally, the SLM are only useful for lower powers. While SPPs can handle very high laser
powers, practical limitations in the fabrication technology have restricted the availability
of SPPs to near-UV wavelengths and above. Alternative techniques such as forked shaped
diffraction grating [58] and mode converters [59] suffer from common drawback of low
output power, high losses and system complexity especially in the DUV wavelength range.
Therefore, it is imperative to devise alternative route to generate high power and high order
optical vortices in the DUV wavelength range.

Traditionally, DUV wavelengths are accessed through nonlinear frequency conversion
such as second-harmonic generation (SHG) and fourth harmonic generation (FHG) of laser
of visible and near-IR wavelengths. Therefore, nonlinear frequency conversion of optical
vortices at visible and near-IR wavelength can be the most straight forward way for genera-
tion of optical vortices at DUV wavelengths. As the efficiency of the nonlinear process for
a given laser is critically influenced by different crystal parameters such as effective non-
linear coefficient, spatial walk-off and phase-matching properties, the success in generating
high power optical vortices at DUV depends on the selection of proper nonlinear crystal. It
is interesting to note that, out of all the prominent nonlinear crystals for DUV generation,
B — BaB,04 (BBO) possess the highest nonlinear coefficient (d, rr = 1.75pm/V) with the
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short wavelength transparency cut-off extending down to 180 nm making it an excellent

material candidate [27].

3.2.2 Experiment

In this section of thesis we present the first experimental demonstration of vortex beams
at 266 nm. Implementing a two stage SHG process starting from a picosecond Yb-fiber
laser at 1064 nm in Gaussian beam profile we have generated vortex beams of order as
high as 12 in DUV at 266 nm. In the first stage, the fundamental laser source at 1064
nm is frequency-doubled in a 30-mm-long LBO crystal producing green. The green beam
in Gaussian profile is embedded with the azimuthal phase using SPPs and subsequently
frequency doubled in a 10- mm-long BBO crystal to generate vortex beams in DUV wave-
length. The generated DUV vortex is measured to have a maximum power of 383 mW
centered at 266 nm with a spectral spread of 1.02 nm in the lowest order. Here we present
the first experimental generation of vortex beam of order as high as 12 in DUV wavelength
range. The schematic of the experimental setup for the generation of DUV vortex beam is
shown in Fig. 3.2.1. A picosecond Yb-fiber laser (Fianium, FP1060-20), providing up to
20 W of average power of 20 ps pulses at 78 MHz repetition rate is used as the fundamental
laser source. The laser has a spectral width of 1.4 nm centered at 1064 nm. The laser is op-
erated at its full power to achieve its optimum output characteristics and the required output
power was adjusted using an attenuator based on a half-wave plate (A/2) and polarizing
beam splitter cube (PBS). A 30-mm-long, 3 x 4 mm? aperture LBO crystal (C1) is used for
SHG of the fundamental laser beam. The SHG stage is similar to the one described previ-
ously in [27]. Focusing the fundamental laser beam into the LBO crystal with a measured
beam radius of 34 um corresponding to a beam focusing parameter [1] of § = 2.74, we
have generated 532 nm radiation as high as 8 W. The generated green beam is collimated
using a lens, L2 of focal length 100 mm. A dichroic mirror (S1) separates green beam from
the infrared. Using two spiral phase plates, SPP1 and SPP2 having phase winding 1 and
2 respectively, one can in principle generate optical vortices of order up to 3. However,
using such two SPPs and a vortex doubler setup, consist of a polarizing beam-splitter cube
(PBS2), quarter-wave plate (A /4), a plane mirror (M) with high reflectance (R > 99%) for
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Figure 3.2.1: Schematics of the experimental setup for UV vortex beam. A /2; half-wave
plate, PBS; polarizing beam splitter cube, SPP1,2; SPPs, A/4; quarter-wave plate, M;
mirrors, C1-2; Nonlinear crystals for frequency conversion, S1-2; Dichroic mirrors; PM,
Power meter.

green, we can generate green vortices up to order, / = 6. The working principle of the
vortex doubler can be found in Sec.3.1.2. Lens, L3, focuses the green vortex beam into a
10-mm-long BBO crystal (C2) with 4 x 5 mm?2 aperture for the SHG of green into DUV
radiation. The crystal is cut (8 = 47.5°,¢ = 90°) for type-I (0 + 0 — e) phase-matching
of green into DUV. A half wave plate at 532 nm provides correct polarization of the in-
put beam with respect to the crystal orientation for achieving optimum phase-matching. A

dichroic mirror (S2) is used to extract DUV radiation from the undepleted green radiation.

3.2.3 Results and discussion

To verify the generation of optical vortices at DUV wavelength, we have recorded the
intensity distribution of both the green and DUV beams using a CCD camera with the
results shown in Fig. 3.2.2. First column (a)- (c) of Fig. 3.2.2 shows the intensity pattern
of the green vortices of order [ = 1, 3 and 6 respectively. However, to confirm the order of

the vortices we have recorded the interference pattern of the vortices with Gaussian beam
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resulting characteristic fork fringes of the vortices as shown in the second column. The
interference pattern as shown in second column, (d)- (f) of Fig. 3.2.2, confirms the order of
the green vortices to be, / = 1, 3 and 6 respectively. As the dark core size (low or no light
region) of the vortices increases with its order, we observe faint fringes at the centre of the
higher order vortices. Although, the green source can produce maximum output power of 8
W, use of vortex double setup and SPPs reduce the overall green power for DUV generation.
To find the origin of such losses, we systematically examined loss contribution of all the
components used in the double setup. Due to antireflection coating of all components, the
overall reflection loss of the setup is negligibly small. However, when the SPPs are placed
inside the vortex doubler we found substantial reduction in the output power of the green
vortex beam. To put in perspective, for green beam of power ~ 7 W the vortex doubler
containing both the SPPs produces green vortex beam of order / = 6 with power of ~ 6 W
corresponding to a 15 % loss. A careful observation revels that the SPPs in addition to the
phase modulation also modulates the polarization of the input beam. Such depolarization
effect can be attributed to the manufacturing defect in the SPPs. Third column, (g)- (i) of
Fig. 3.2.2 shows the intensity distribution of the DUV beams generated from the green
vortices of order, [ = 1, 3 and 6 respectively. Unlike green vortices generated using SPPs
and also through nonlinear interaction [57], here the nonlinear generation of DUV vortices
have asymmetric intensity distribution. Further the vortex quality deteriorates with order.
Such asymmetry in the DUV vortices can be attributed to high spatial walk-off effect arising
from the high birefringence (p ~ 85.33 mrad) and longer interaction length (10-mm) of the
BBO crystal. One can in principle improve the vortex quality with the use of loose focusing,
however, at the cost of low vortex power given that the parametric gain of the vortices are
smaller than that of Gaussian beam and further reduces with the order of the vortices. On
the other hand, use of alternative nonlinear crystal with improved birefringence property
at such difficult wavelength range is beyond question. Due to unavailability of suitable
reference beam at 266 nm, we could not record characteristic fork pattern of the DUV
vortices. Alternatively, we have used tilted lens technique [47] where the vortex beam
while passing through the titled lens splits into bright lobes. The number of bright lobes
for vortex of order [ is equal to |/| + 1. Fourth column (j)- (1) of Fig. 3.2.2 shows lobe

structure of the DUV vortex after passing through the tilted lens. Counting the number of
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Green Vortex, | DUV Vortex, I, = 21

Figure 3.2.2: The intensity profile of the green vortex beam and UV. (a-c) Vortex beam of
order 1, 3 and 6 generated using SPPs. (d-f) Corresponding interference pattern showing
‘fork pattern’. (g-1) Intensity profile of the generated UV vortex beam of order 2, 6 and
12 (j-1) corresponding images obtained after passing through tilted lens showing |y, + 1|
lobes.

bright lobes of Fig. 3.2.2( j)- (1), we can confirm the order of the DUV vortices to be 2,
6 and 12 respectively, double the order of the green vortices owing to the conservation of
OAM in nonlinear process. Fig. 3.2.2 (m) shows the magnified image of the Fig. 3.2.2(1).
After confirmation of optical vortices at DUV wavelength, we have studied the variation
of DUV vortex power as a function vortex order of the green beam with the results shown
in Fig. 3.2.3. Focusing the green beam of constant power ~ 4.7 W at the centre of the
BBO crystal using a lens of focal length, f = 175 mm, we recorded the DUV power while
changing vortex order of the green beam from / = 0 (Gaussian beam) to / = 5. As evident
from the Fig. 3.2.3, the DUV vortex power falls steeply with increase of vortex order of

the green beam from the maximum DUV power of 600 mW available for Gaussian spatial
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Figure 3.2.3: Variation of UV power with order of the input green vortex beam. (Inset)
Area as a function of vortex order. Solid line for the guide to eyes.

distribution (/ = 0). In our recent work [57] we have attributed the decrease of second-
harmonic (SH) vortex power with the order of the fundamental vortices to the increase of
vortex area with its order. To verify such findings [57] and also to get further insight of the
decrease of DUV power with vortex order, we have measured the intensity profile of the
green vortices of orders / = 1 — 6 at the focus of the lens L3. From these intensity profiles
we have calculated the area of the green vortices at the centre of the crystal with the results
shown in inset of Fig. 3.2.3. As expected, the area of the vortex beams increases linearly
with its order. Therefore, for a constant power, the intensity of the green beam driving the
SHG process decreases with the increase of vortex order, thus decreasing DUV power with
the vortex order. To justify such observation, we further fitted the experimental data of
DUV power (purple dots) in Fig. 3.2.3 with the reciprocal of the vortex area (red dots) for
different orders. As evident from Fig. 3.2.3, for all orders, the DUV power exactly matches
with the reciprocal area of the corresponding green vortex. Since the integer vortices used
in the current study have discrete areas, and it is difficult to predict the area of the vortex
(fractional) between any two integer vortices, in Fig. 3.2.3 we did not fit data points (DUV

power) with solid line. However, we have added the solid line to guide eyes.
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Given that the area of the vortex beam increases with its order, one can in principle think
of using tighter focusing with the order to generate higher DUV power. However such a
proposal necessarily need not give desired result because the divergence of the vortices of
wavelength A as represented by the formula, dj = w,r;/Zgr = Ar;/7w, [59] increases due
to both vortex order and tight focusing influencing the effective interaction length of the
nonlinear crystal. Here, d; and r; are the divergence and inner or outer radius of the vortex
of order, [. wy (=2f/kw,) [60] is the Gaussian beam waist at the focus of the lens of focal
length, f. wg is the beam waist radius of the Gaussian beam confining the vortices, k and
Zg the wave vector and Rayleigh range respectively. Therefore, for a given crystal and laser
parameters, it is expected to have an optimum focusing condition producing highest SHG
power for vortices of all orders. To ascertain the dependence of DUV power on focusing for
different vortex orders, we have measured the DUV power while focusing the green beam
of different orders with a set of lenses with the results shown in Fig. 3.2.4. Maintaining
constant green power (~ 6.8 W), we focused the green vortices of order / = 1, 2 and 3
using a set of 5 lenses of focal lengths, = 500, 300, 200, 175, 100 and 75 mm. As evident
from Fig. 3.2.4, under loose focusing (f = 500 mm), the DUV vortex powers are measured
to be 125, 24, 7 mW for input vortex of orders, [ = 1, 2 and 3 respectively and increase
with tighter focusing. In case of green vortex of order [ = 1, the DUV power varies from
125 mW to 260 mW with tighter focusing using lenses of f = 500 mm to 75 mm with
a maximum DUV power of 307 mW at f = 175 mm. With similar variation in the focal
length of the lenses, the DUV power for green vortex of orders [ = 2 and 3 varies up to
156 and 78 mW respectively with maximum power of 170 and 87 mW for f = 100 mm
lens. Decrease of maximum DUV power with the order of the green vortex of constant
power also confirms the increase of vortex area with order. As a results, the optimum
focusing is achieved using lower focal length lens for higher order vortices. To compare
the focusing dependent DUV power for optical vortices to that of the Gaussian beam, we
have reproduce the results of Ref. [27] in the inset of Fig. 3.2.4. As evident from Fig.
3.2.4, the vortex beam of all orders have similar focusing dependent DUV power as that of
Gaussian beam. Therefore, for a given length of nonlinear crystal, one can expect optimum

focusing condition for different structured beams.
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Figure 3.2.4: Dependence of DUV vortex power for green vortex of order / = 1, 2 and 3 on
the focal length of the lens. (Inset) Gaussian DUV power variation as a function of focal
length of the lens.

Knowing the optimum focusing condition we studied the power scaling properties of
the DUV source. We focused the green vortex of order / = 1 to its optimum vortex size at
the centre of the BBO crystal with lens of focal length f = 175 mm and measured the DUV
power and single-pass green-to-DUV conversion efficiency with the green vortex power
with the results shown in Fig. 3.2.5. As evident from Fig. 3.2.5, the DUV power (solid
circles) and efficiency (open circle) increases quadratically (solid line) and linearly (dotted
line) respectively with the increase of green vortex power resulting a maximum DUV power
of 383 mW at green power of 7.39 W, and maximum single-pass green-to-DUV conversion
efficiency of 5.2 %. In order to confirm the quadratic dependence of DUV power with the
green power we plotted the DUV power with square of the green power in the inset of Fig.
3.2.5. As expected the DUV power increases linearly with the square of green power (see
inset of Fig. 3.2.5) without any sign of saturation or roll-off effects clearly indicate the
possibility of further enhancement in DUV power and efficiency with the increase of green

power and nonlinear crystals with high nonlinear coefficient.
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Figure 3.2.5: Variation of DUV power as a function of green vortex (/ = 1) power. (Inset)
Dependence of DUV power with the square of the green power. Lines are guide to eyes.

We also studied the effect of angular acceptance bandwidth of the BBO crystal on
the vortex order for single-pass DUV vortex generation. The results are shown in Fig.
3.2.6. Using a lens of focal length, f = 175 mm at a constant green power of 1.2 W,
we measured the DUV power while performing angular interrogation about the phase-
matching plane. The BBO crystal is cut such that the exact phase-matching takes place
for normal incidence. Therefore, the Gaussian fundamental beam produces maximum SH
power at normal incidence and characteristic sinc®> power distribution (black dots in Fig.
3.2.5) with the tilt of the crystal away from the normal incidence. The full-width at half
maxima of the sinc? function is determined by the length, and dispersion of the crystal and
also the spectral width of the laser. On contrary, as evident from Fig. 3.2.5, the vortex
beams of all orders have low SH power at exact phase-matching (dotted line). The SH
power initially increases with the tilt of the crystal, however, with further tilt of the crystal
away from the normal incidence, the SH power decreases resulting a double-peaked SH
power distribution. The separation between the double peak increases with the order of the
fundamental vortex. To understand such effect we have recorded the intensity profile of the

generated DUV vortex beam with the crystal tilt. For exact phase-matching (dashed line
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in Fig. 3.2.6), the generated vortex beam have a symmetric intensity distribution, however,
with the tilt of the crystal the DUV vortices show asymmetric structure with higher intensity
in the tilt direction. At the crystal tilt corresponding to maximum DUV power, the vortex
loose its characteristic doughnut structure resulting arched shaped intensity distribution
with high intensity at the tilt direction. Flip in tilt direction also flips the position of this
high intensity arch.
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Figure 3.2.6: Dependence angular acceptance bandwidth of BBO crystal on the order of
the input vortex. (Inset) Variation of angular acceptance bandwidth with order.

These observations can be explained as follows. Unlike Gaussian beam having maxi-
mum intensity at the centre of the beam, the maximum intensity of the doughnut shaped
vortex beam appears at its annular rim. As a result, for focused vortex beam, different parts
of the beam make different angles with the optic axis of the crystal. In addition, the vortices
have higher divergence than that of Gaussian beam. Therefore, when the vortex beam is
phase-matched keeping the crystal at its exact phase-matching angle, all parts of the vortex
beams makes same angle with the optic axis of the crystal resulting a symmetric SH vortex
beam. However, due to beam divergence, part of the intensity ring falls outside the phase-
matching bandwidth of the crystal resulting lower DUV power. On the other hand, the
increase in DUV power and asymmetry in the vortex beam can be attributed to the fact that

with crystal tilt away from exact phase-matching, one part of the beam (at the tilt direction)
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makes exact phase-matching and high conversion than the other side of the beam. However,
further increase in the crystal tilt results lower DUV conversion as the beam drifts out of
the phase-matching angle. The asymmetry in the power of the two lobes can be attributed
to the spatial walk-off of the crystal. We have recorded the angular acceptance bandwidth
of the BBO crystal with the order of the green vortex with the results shown in the inset of
Fig. 3.2.6. As evident from the inset of Fig. 3.2.6, the angular phase-matching bandwidth
of the 10-mm-long BBO crystal increases with the order of the green vortex from 4 mrad at
[ = 0 (Gaussian beam) to 8.9 mrad for / = 3. However, with further increase in vortex order,
the phase-matching bandwidth remains almost constant. Such effect can be attributed to
the increase in beam divergence with order of the vortex beam due to which the effective
length of the crystal for the nonlinear interaction decreases, thereby increasing the angular
acceptance bandwidth for higher orders. Such explanation also supports the decrease of
DUV power with the order of the green vortices. The present study also proves that the
angular phase-matching bandwidth depends on the spatial structure of the input beam. We
studied the spectral characteristics of the generated UV vortex beam and its power stability.
Using a CCD based spectrometer (resolution ~ 0.5 nm) we measured the spectral width of
the DUV radiation to be ~ 1.02 nm centered at 266 nm. Under free running condition, the
DUYV source exhibits a power stability better than 1.2 % rms over 1.5 hours.

In conclusion, we have generated vortex beam of order as high as 12 in the DUV wave-
length range with a maximum output power of 383 mW at a single-pass green to DUV
efficiency of 5.2%. For a given laser and crystal parameters, the optical vortices of differ-
ent orders have different optimum focusing condition providing maximum DUV power. We
also experimentally observed the influence of the spatial structure of the fundamental beam
on the angular phase-matching bandwidth of the nonlinear crystal. The angular acceptance

bandwidth of the BBO crystal increases with the order of the fundamental vortex.



Chapter 4

Nonlinear generation of high power

‘perfect’ vortex beam

This chapter constitutes the following journal publications:

1. Efficient nonlinear generation of high power, higher order, ultrafast “perfect” vor-
tices in green,
Apurv Chaitanya N, M. V. Jabir and G. K. Samanta,
Optics Letters 41, 1348 (2016)

4.1 Efficient nonlinear generation of high power, higher

order, ultrafast ‘“perfect” vortices in green

4.1.1 Introduction

Optical vortices, having phase singularities (phase dislocations) in the wave-front, carry
vanishing intensity at the singular point. Due to the screw-like (helical) phase structure
around the point of singularity, such beams carry OAM. The phase distribution of the opti-

cal vortices can be represented as exp(il0), with 6 as azimuthal angle and the integer /, the
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topological charge (order). Each photon of the beam carries OAM of /A. Since the discov-
ery of OAM associated with optical vortices [4], these beams have drawn a great deal of at-
tention from various fields of science and technology including high resolution microscopy
[41], quantum information [11], material processing [42] and particle micro-manipulation
and lithography [10]. However, the major challenge through these applications is the need
for sources of coherent radiation in vortex spatial profiles at different topological charges
and wavelengths.

The optical vortices are typically generated by spatial phase modulation of Gaussian
beams using different types of modulators including SLMs and SPPs. However, all of
those modulators have its own advantages and disadvantages in terms of wavelength cov-
erage, mode conversion efficiency, damage threshold and power handling capabilities and
cost [57]. On the other hand, nonlinear frequency conversion techniques can be used to ac-
cess high power/energy optical vortices at different wavelengths across the electromagnetic
spectrum inaccessible to lasers. As such, frequency up-conversion of high power, ultrafast,
optical vortices at 1.064 pum has given access to higher order optical vortices ([ = 12) in the
green at 0.532 um [57]. Similarly, frequency downconversion in optical parametric oscilla-
tors has produced optical vortex beam of order, / = 1, with spectral tunability across 1 [61]
and 2 um[62]. So far, the nonlinear generation of vortex beams with high power/energy
has been restricted to the vortices of lower orders [57]. In case of optical vortices, the
beam area and divergence [60] increases linearly with the order of the vortices. As a result,
the nonlinear parametric gain, which depends on the intensity of the driving fields and the
overlapping integral of the interacting beams, and thus the conversion efficiency of the non-
linear processes decreases with the order of the vortices. Therefore, nonlinear generation
of higher order optical vortices especially with high power/energy requires optical vortices
with beam area and beam divergence independent to their orders. Fortunately, recent de-
velopment in the field of structured beams provided a new class of optical vortex beams
known as “perfect” vortex [63]. Unlike vortices, the "perfect" vortices have annular ring
radius independent of its orders.

Typically, Fourier transformation of the Bessel-Gauss (BG) beam of different orders
is used to generate "perfect" vortices [63]. However, the combination of SPP and axicon

converting the Gaussian beam into Laguerre - Gaussian (LG) beams and BG beams of
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different orders, as presented in here, can be considered as one of the simplest schemes for
generating high power "perfect" vortices of different orders. The complex field amplitude
of the experimentally realizable "perfect” vortex of order / at the back focal plane (z = 0)

of the Fourier transforming lens may be represented in polar coordinates as [63]

2
E(p,8) =i Y8 exp (-M> exp (il6) @.1.1)

wo W%
Here, w, is the waist radius of the Gaussian beam confining the vortex beam. p, =
fsin(n— 1)o is the radius of the "perfect” vortex ring, f is the focal length of the Fourier
transforming lens, and n and o are respectively the refractive index and base angle of the
axicon. wy(w, = 2f/kw,), the Gaussian beam waist radius at the focus also corresponds
to the annular width of the "perfect” vortex. k =27 /A is the wave vector of the beam of

wavelength A in free space. Using Eqn. (4.1.1), we can write the intensity of the "perfect”

2 2
1= (&) exp (-2@) (4.1.2)

As evident from the Eqn. (4.1.2), the intensity of the "perfect” vortex is independent of

vortex as,

its order. Therefore, one can expect the nonlinear frequency conversion efficiency of such
"perfect" vortices to be independent of their orders [49]. Using such "perfect" vortices,
here we present, the first experimental demonstration of nonlinear generation of "perfect"
vortices of power > 1.2 W at green with conversion efficiency as high as 27 % and topolog-
ical charge (order) as high as 12. We have also experimentally verified that at high power

regime, the conversion efficiency of "perfect" vortices is independent to its order.

4.1.2 Experiment

The schematic of the experimental set up is shown in Fig.1. An ultrafast Yb-fiber laser
at 1060 nm similar to Ref. [57] producing output in Gaussian (Fig. 4.1.1(a)) intensity
distribution (M? < 1.1) is used as the pump source. The laser output has temporal and
spectral width of 260 fs and 15 nm respectively at a repetition rate of 78 MHz. The input
power to the nonlinear crystal is controlled using a half wave plate (A /2) and polarizing

beam splitter cube (PBS1). Using only two spiral phase plates, SPP1 and SPP2, of winding
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numbers 1 and 2 respectively and a vortex — doubler [57] comprising of PBS2, quarter wave
plate (A /4) and a plane mirror (M) with high reflectance for 1060 nm, we have generated
optical vortices of order /, = 1 —6. The intensity profile of the generated vortex beam
(Il = 2) is given in Fig. 4.1.1(b). The antireflection (AR) coated axicon of apex angle
178°, converts vortex beam (LG beam) into BG beam (see Fig. 4.1.1 (¢)) of same order. A
Plano-convex lens, L1, of focal length, f; = 25 mm Fourier transforms the BG beam into
"perfect" vortices. The imaging system comprising two Plano-convex lenses 1.2 and L3
with focal lengths f; =200 mm and f3 = 50 mm respectively, images the "perfect" vortex
(see Fig. 4.1.1(d)) at the centre of the nonlinear crystal to a measured beam radius of 166
mm. A 5-mm-long and 2 x 1 mm? in aperture, MgO-doped, periodically poled congruent
LiNbO3 (MgO:CLN) crystal (C) with linear chirped grating period of 6.61-6.91 pm is used
for SHG of the pump vortex beam. The crystal has spectral acceptance bandwidth of 15
nm to cover entire pump spectrum and phase-matching temperature of 130 °C to avoid any
detrimental photorefractive effect. Both the faces of the crystal is AR coated for 530 and
1060 nm. The crystal is housed in an oven whose temperature can be varied up to 200 °C
in steps of 0.1 °C. A 1 /2 is placed before the axicon to adjust the polarization of the input
beam to the nonlinear crystal. The dichroic mirror, S, separates the fundamental from the

second harmonic.

4.1.3 Results and discussion

We have recorded the spatial intensity distribution of the pump beam and frequency-
doubled green beam using a CCD based beam profiler (SP-620U, Ophir) at different po-
sition along the propagation direction with the results shown in Fig. 4.1.2. First column,
(a)- (c) of Fig. 4.1.2 shows the intensity profile of the pump vortices of order, [, = 1, 3
and 6 respectively measured before the axicon. As expected, the annular ring radius of the
vortices in the first column increases with the order. The axicon converts the vortices (LG
beams) into BG beams of same order, however, the BG beams maintain its structure over a
distance, zqr = wrg/(n — 1), where wyg is the beam radius of the LG beam before the
axicon and n and o are the refractive index and base angle of the axicon respectively. In

our experiment, the z,,, for input vortex order /, = 1 is measured to be 16 cm. The size of
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Figure 4.1.1: Schematic of the experimental setup for nonlinear generation of ultrafast
"perfect” vortices. A/2; half-wave plate, PBS1,2; polarizing beam splitter cube, SPP1,2;
SPPs, A /4; quarter-wave plate, L1-3; lens, M; mirrors, C; MgO:CLN crystal for frequency-
doubling, S; Dichroic mirror; PM, Power meter. (a-d) Spatial intensity profile of the beams
recorded at different positions along the propagation direction.
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the BG beam of order 1, 3 and 6 as shown in second column of Fig. 4.1.2 (d)- (f) respec-
tively, measured at a distance z,,4,/2 from the axicon, increases with the order of input LG
beam. Depending upon the order of the input vortices, the Fourier transforming lens L1 is
placed at a distance of 15.5 cm from the axicon produces "perfect" vortices at the Fourier
plane. The third column, (g)- (i) of Fig. 4.1.2, shows the annular intensity distribution of
the "perfect” vortices of orders [, = 1, 3 and 6 respectively measured at the crystal plane.
From the intensity profiles of third column, it is evident that the annular ring radius of
the "perfect" vortices are independent to their order. Given the intensity distribution of the
"perfect” vortices, it is difficult to use interferometric technique to determine its topological
charge (order). Therefore, we used tilted-lens technique [47] where, the "perfect” vortex of
order [ while passing through the titled Plano-convex lens (tilted about y axis at an angle
6°) splits into n = |I| + 1 number of bright lobes at the focal plane of the lens. From the
number of bright lobes as shown in fourth column, (j)- (1) of Fig. 4.1.2, it is evident that the
pump "perfect” vortices have orders [/, = 1,3 and 6 respectively. Fifth column, (m)- (0) of
Fig. 4.1.2, represents the intensity distribution of the frequency-doubled "perfect" vortices
recorded at the far field (distance > 2 m away from the crystal). Using tilted-lens technique
we have confirmed the orders of the SH vortices as shown in the sixth column, (p)- (1)
of Fig. 4.1.2, to be 2, 6 and 12 respectively, twice the order of the pump vortices. Such
observation validates the angular momentum conservation in frequency-doubling process
of "perfect" vortices. The independence of annular ring radius of the second-harmonic
(SH) vortices shown in fifth column, on the orders of the pump vortices, proves nonlinear
generation of "perfect" vortices at green wavelength. Unlike disintegration of higher or-
der vortices in birefringent crystal [57], use of quasi-phase-matching enables generation of
high quality "perfect" vortices (see fifth column of Fig. 4.1.2) even at higher orders.

We have measured the annular ring radius of the pump and SH vortices for all orders
with the results shown in Fig. 4.1.3. The "perfect" vortices at fundamental wavelength is
produced at the Fourier plane of the lens L1 with measured annualar ring radius of 650 pm.
However, to avoid mechanical constrain in accessing these "perfect” vortices and also to
tightly focus the "perfect" vortices for efficient nonlinear interaction, we have imaged the
pump "perfect” vortices using lenses L2 and L3 in 2, — 23 configuration (magnification

factor of 0.25) at the crystal plane situated at a distance of 500 mm away from the Fourier
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Figure 4.1.2: Spatial intensity distribution of the beams recorded at different positions
along beam propagation. (a-c) normal vortex pump beams of orders 1, 3 and 6 recorded
before the axicon, corresponding (d-f) Bessel-Gauss beam recorded at 13 cm after the
axicon, and (g-i) "perfect" vortices at the Fourier plane of lens L1. (j-1) characteristic
lobe structure of the pump "perfect" vortices. (m-o) far field intensity distribution of the
SH "perfect" vortices of orders 2, 6 and 12 and (p-r) corresponding lobe structures.

plane of lens L1. As evident from the Fig. 4.1.3 (a), the pump "perfect" vortices have
annular ring radius of p;, = 166 &6 mm for orders, /,, = 1 — 6. The error in the ring radius
is comparable to the pixel size (4.46 um) of the CCD camera used to record the vortices.
Pumping the nonlinear crystal with the "perfect” vortices, the generated SH beam is imaged
at the far field (> 2 m away from the crystal) using a lens of focal length f = 750 mm. The
variation of annular ring radius of the SH vortices with its order is shown in Fig. 4.1.3(b).
As evident from Fig. 4.1.3(b), the SH vortices have annular ring radius ry;, = 420412 mm
for the orders, [;; =2 — 12 confirming nonlinear generation of "perfect" vortices at green
wavelength. The small variation in the radius of the SH vortices can be attributed mainly
to the exact positioning of the CCD camera in the image plane.

From Eqn. (4.1.2) it is evident that the intensity of the "perfect" vortex is independent
of its order. Therefore, the SH efficiency which is proportional to the intensity of the
input beam should be constant with the order of the input vortices. To verify the order
independent SH efficiency of the ultrafast, high power "perfect" vortices, we pumped the

nonlinear crystal with "perfect" vortices of power 2.8 W and measured the SH power for
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Figure 4.1.3: Variation in ring radius of the annular intensity distribution of "perfect" vor-
tices with its order at (a) pump and (b) SH wavelengths. The solid lines are linear fit to the
experimental data.

different vortex orders with the results shown in Fig. 4.1.4. Although the fiber laser can
produce output power up to 5 W, due to losses in the vortex —doubler setup, the higher
order vortices (I, > 3) have maximum power of 2.8 W. As evident from Fig. 4.1.4, the
"perfect” vortices have single-pass SH efficiency of 25% for all orders [, =1 to 6. We
have also measured the variation of SH power with pump power of the "perfect" vortices
of orders, [, = 1 and 3 with the results shown in the inset of Fig. 4.1.4. For both orders, as
evident from the inset of Fig. 4.1.4, the SH power increases linearly with the pump power
at same slope efficiency, 1 ~ 29.7%. The SH "perfect" vortices have maximum output
power of 1.2 W for the pump power of 4.4 W resulting a maximum single-pass vortex
frequency-doubling efficiency of 27%. This can be considered as the highest single-pass
SHG efficiency of optical beam other than Gaussian beam. Unlike quadratic dependence of
SH power to the pump powers, the linear increase of SH vortex power with the pump vortex
power (see inset of Fig. 4.1.4), clearly indicates the saturation effect in the single-pass SH

efficiency.
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Figure 4.1.4: Dependence of vortex SH efficiency with the order of the pump vortex. (Inset)
variation of SH vortex power with the pump vortex power for two different orders, [, = 1
and 3. Lines are linear fit to the experimental data.

To get further insight of the saturation effect, we have investigated the power scaling
characteristics of the green "perfect” vortex source. Using the pump vortex of order [, = 3
with annular ring radius of 166 um, we have measured the SH power as a function of pump
power. The results are shown in Fig. 4.1.5. As evident from Fig. 4.1.5, at lower pump
power (< 2.8 W), the SH power and efficiency show respectively quadratic and linearly
dependence to the pump power. However, at pump power > 2.8 W, the SH power increases
linearly with the pump power and the SH conversion efficiency remains almost constant in
the range of 25-27 % clearly indicating the saturation effect in the vortex SH process. The
deviation of SH power from its linear dependence with the square of the pump power as
shown in the inset of Fig. 4.1.5, confirms the saturation effect in the vortex SHG process.
Such saturation effect can be attributed to the high nonlinear parametric gain arising from
high nonlinear coefficient and long interaction of the MgO:CLN crystal, and also due to
the high peak power of the ultrafast pump pulses. While one can expect higher SH vortex
power (> 1.2 W) for pump vortices of smaller annular ring radius and/or higher pump power

> 4.4 W, however, due to low damage threshold of the PPLN crystal [64], especially at the
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Figure 4.1.5: Variation of SH vortex power and efficiency as function of pump vortex
power. (Inset) Dependence of SH power with the square of the pump power. Lines are
guide to eyes.

green wavelengths, we have observed crystal damage for pump power beyond 4.4 W and
pump vortex radius below 166 um.

To study the temperature dependent phase-matching characteristics of the MgO:CLN
crystal, we pumped the crystal with "perfect" vortex (I, = 3) of power 1 W and measured
the SH power while adjusting the crystal temperature with the results shown in Fig. 4.1.6.
As evident from Fig. 4.1.6, the SH power increases with the increase of crystal temperature
from 50 to 200°C with highest SH power at T = 142 °C and a measured temperature
acceptance bandwidth (full-width at half-maxima, FWHM) of AT = 110 °C. As a result,
the power of the SH vortices is insensitive to the fluctuation in the ambient temperature and
also the instability of the temperature oven used to maintain the crystal temperature. Using
a CCD based spectrometer and an intensity auto-correlator we have measured the spectral
and temporal width (FWHM) of the SH vortex of all orders to be 1.9 nm centered at 530
nm and 507 fs respectively resulting a time-bandwidth product of 1.02. Similar to the Ref.
[57], here we did not observe any variation in the spectral and temporal width of the SH

vortices with the order.
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Figure 4.1.6: Dependence of SH power on crystal temperature while pumped with "perfect"
vortex of order /[, = 1 for a 5 mm long Chirpped PPLN.

In conclusion, we have experimentally demonstrated the efficient nonlinear generation

of high power, higher order, ultrafast "perfect" vortices at the green with output power >

1.2 W and vortex order up to [y, = 12 at single-pass conversion efficiency of 27%. This is

the highest efficiency in the single-pass SHG of any structured beam. Similar scheme can

be used to generate higher order, high efficient vortices at other wavelengths.
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Chapter 5

Hollow Gaussian beam generation
through nonlinear interaction of photons

with orbital-angular-momemtum

This chapter constitutes the following journal publications:

1. Hollow Gaussian beam generation through nonlinear interaction of photons with
orbital-angular-momemtum,
Apurv Chaitanya N, M. V. Jabir, J. Banerji and G. K. Samanta,
Scientific Reports (Under Revision).

5.1 Nonlinear generation of hollow Gaussian beam

Hollow Gaussian beams (HGB) [65, 5] are a special class of doughnut shaped beams that do
not carry OAM. Such beams have wide range of applications in variety of fields including
atom optics [66, 67, 68, 69], bio-photonics [70], atmospheric science [71, 72], and plasma
physics [73, 74, 75]. Till date, these beams have been generated [76, 77, 78, 79, 80] using
linear optical elements. Here, we show a new way of generating HGBs by three-wave
mixing in a nonlinear crystal. Based on nonlinear interaction of photons having OAM and

conservation of OAM in nonlinear processes, we experimentally generated ultrafast HGBs
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of order as high as 6 and power >180 mW at 355 nm. This generic concept can be extended
to any wavelength, timescales (continuous-wave and ultrafast) and any orders. We show,
contrary to common belief [81], that the removal of azimuthal phase of vortices does not
produce Gaussian beam. We also propose a new and only method to characterize the order
of the HGBs.

The dark hollow beams (DHB) are identified with their characteristic doughnut in-
tensity distribution, a dark center enclosed by a bright ring in the beam cross sec-
tion. Like conventional DHBs such as optical vortices [4], higher order Bessel [82] and
Mathieu [83] beams, HGBs also have doughnut intensity profile but do not carry any
OAM. In addition to the vast applications ranging from atom optics to plasma physics
[66, 67, 68, 69, 78, 71, 72, 73, 74, 75], HGBs have also attracted a great deal of scien-
tific interest in understanding its propagation and transformation dynamics [5, 79, 84, 85].
Generation of HGBs have been realized using linear optical elements in different methods
such as, spatial filtering [76], geometrical optics [77], fibers [78], spatial-light-modulator
[79], and Laguerre-Gaussian (LG) beam transformation [80]. However, nonlinear genera-
tion process enables HGBs to have a new wavelength across electromagnetic spectrum and
also to have high output power, higher order in all timescales as required for most of the
applications [73, 74, 75].

The HGBs have similar functional form [5] as that of optical vortex beams except az-
imuthal phase term, exp(—il0), [ is the topological charge or OAM mode of the vortex.
Therefore, HGBs can be generated by removal of azimuthal phase term of the vortices
[80]. Given that the nonlinear frequency conversion processes [9, 86, 28] satisfy OAM
conservation [87, 57], one can in principle, remove the azimuthal phase terms of the gen-
erated beam through annihilation of OAM modes of the interacting beams in three wave-
mixing process. As a proof of principle, here we report, for the first time to the best of
our knowledge, nonlinear generation of HGBs. Based on sum frequency mixing of two
OAM carrying ultrafast beams at 1064 nm and 532 nm having equal OAM orders but op-
posite helicity in a nonlinear medium, we have generated HGBs of order as high as 6 and
output power as much as 180 mW at 355 nm. It’s a generic concept and can be extended

to any wavelength and time scale. In addition, by controlling the sign of the helicity of
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OAM modes one can generate higher order optical vortices at desired wavelengths. We
also propose a new and only method to characterize the order of the HGBs.
For theoretical understanding of nonlinear generation of HGBs we consider SFG of two

pump vortex beams (denoted by m = 1,2) with transverse electric field amplitude given as

4]
|Zm| 2
En(p.9) = (Wﬂ) exp (‘w%) exp (i) (5.1.1)

G
where, [, is the order of the vortex and wg is the waist radius of the Gaussian beam con-
fining vortex beam. From the coupled wave equations of SFG process [9] under perfect-
matching, the transverse electric field amplitude of the generated field can represented in

the form,

P 11|+ p 2
0= (2)" n (2wt 12

wo
in special case, the pump beams having same OAM orders but opposite in helicity (/; =

—Ily =1, as schematically shown in Fig. 5.1.1a), the field amplitude of the generated beam

(5.1.2) have the form of HGBs [5]
27! 2
<ﬂ) ] exp (—ﬂ> (5.1.3)
Wo Wo

The electric field distribution of HGB is similar to that of vortex beams but without

azimuthal-phase variation or OAM. The order of HGBs is same as the order, / of the pump
vortices. This simple mathematical treatment clearly indicates the possibility of nonlinear
generation of HGBs with desired orders and frequency across the electromagnetic spec-
trum.

The schematics of the experimental setup is shown in Fig. 5.1.1b (also see section 5.2 ).
A Yb-fiber ultrafast laser with Gaussian intensity profile at 1064 nm is frequency-doubled
into green at 532 nm [28]. Using spiral phase-plates (SPP) and vortex-doubler [57] both the
unconverted beam at 1064 nm and green beam at 532 nm are transformed into vortices of
order, [, up to 6. The direction of phase variation (clock-wise or anti-clock wise) of SPP

to the input beam determines the sign of its vortex. By careful choice of the beam direction
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with respect to SPP we can make the pump beams at 1064 nm and 532 nm to carry vortices
of same order but opposite signs. These beams while interacting in barium f3-borate (BBO)
crystal through sum-frequency-generation (SFG) process produce optical radiation at 355
nm. First column of Fig. 5.1.1c shows experimental intensity profile of the SFG beam for
pump vortices of order [ = 1, 3, 6. Like vortex beams [57], the newly generated SFG beams
also carry dark core and the annular ring diameter increasing with the order. The theoretical
intensity profiles (see 2nd column of Fig. 5.1.1c) obtained from the coupled amplitude
equations of SFG process with the experimental parameters show a close agreement with
the experiment. The striking similarity between the line intensity profiles (see Fig. 5.1.1d)
of the SFG beams to that of the characteristic intensity line profile [5] of HGB indicates the
possibility of generation of HGB through nonlinear process. However, the vortex beams
also have intensity profiles similar to that of HGBs but carry OAM. Therefore, to confirm
the generation of HBGs through nonlinear interaction, we verified the absence of OAM in
SFG beam generated from pump beams having OAM using inteferometric technique [88].
Each of the beams is passed through a balanced polarizing beam-splitter (PBS) cube based
Mach-Zehnder interferometer (MZI) [88] with a dove prism in one of its arm and recoded
the beam (see Fig. 5.1.2) after a polarizer (see methods). The first and second column of
Fig. 5.1.2, show the ring lattice structure, a signature pattern of azimuthal phase variation,
and corresponding number of lobes confirms the vortex order of both the pumps to be
[ = 1,3 and 6. However, the absence of ring structure in the superposition state of SFG
beams (see third column of Fig. 5.1.2), a clear indication of nonexistence of azimuthal
phase variation and OAM, confirms nonlinear generation of HGBs. The annihilation of
OAMs of the interacting pump beams in nonlinear processes results HGBs with zero OAM.

None of the existing techniques used to reveal the order of DHBs can be extended
to determine the order of HGBs. Therefore, it is imperative to device new technique to
determine the order of HGBs. The intensity distribution of the Fourier transformation (FT)

of HGB of order, /, in polar co-ordinates (p, 8) have mathematical form [5]

I(p.6) =|exp(—p?) 2 (p?) (5.14)
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Figure 5.1.1: Nonlinear generation of hollow Gaussian beam: a, Pictorial representation
of SFG of optical vortex beams of same OAM orders but opposite helicity producing HGBs.
b, Schematics of the experimental setup. A /2, Half-wave-plate; PBS, Polarizing beam
splitter cube; L.1-4, Lenses; C1-2, Nonlinear crystals for wavemixing; SPP, SPP; S1-3,
Dichroic mirrors; A /4, Quarter-wave plate. ¢, Experimental (first column) and theoretical
(second column) images of the intensity profile of HGBs of order, / = 1, 3 and 6 (from top
to bottom). d, Line intensity profile of the generated HGBs of order, / = 1, 3 and 6.
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1064 nm 532 nm 355 nm
LG + LG" LG, + LG! HGB! +HGB!

Figure 5.1.2: Verification of OAM modes of the interacting beams in SFG process for
the confirmation of hollow Gaussian beam generation. Experimental ring lattice inten-
sity pattern of diagonal projection of superposition state, (|H ,LG")+|V, LG™! >) of pump
beams at 1064 nm (first column) and 532 nm (second column) confirming the existence
of OAM in both the pump beams with order of / = 1, 3, and 6 (top to bottom). Third
column shows interferogram for the SFG beam after passing through the same MZI, con-
firming nonexistence of azimuthal phase (OAM) and successful generation of HGBs of
order / =1, 3, and 6 (top to bottom) .
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Figure 5.1.3: Determination of order of HGBs and characterization of the nonlinear
generation of HGBs generation. a, Experimental (first column) and theoretical (second
column) images of intensity profile of HGBs, of orders, [ = 1, 3 and 6 (top to bottom)
recorded at Fourier plane. b, Experimental (red line) and theoretical (black line) radial
intensity distribution of HGB of order / = 6 at the Fourier plane. ¢, Normalized negative
logarithmic radial intensity distribution of the HGB recorded at the Fourier plane reveals
the order of HGB (here order is / = 6) d, Exponential decay in the output power of HGBs
with its order. e, Quadratic (linear) dependence of HGB power (efficiency) to the input

laser power.
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Here, .Z is the Laguerre polynomial with radial index, /. The intensity distribution of
FT of HGB [see 5.1.4] of order [, is a Laguerre-Gaussian beam (radial index, [ = 0 and
azimuthal index, p = 0) modulated by a Gaussian envelope. Unlike intensity distribution
of FT of vortex beam resulting vortex beam with a dark hole at the center, the intensity dis-
tribution of FT of HGBs produces maximum intensity point at the center (p = 0) followed
by ripples corresponding to the order, /, of HGBs. Counting the number of ripples one can,
in principle, determine the order of HGBs. In experiment we recorded the intensity distri-
bution of the HGB of orders [ = 1,3 and 6 (first column of Fig. 5.1.3a) at Fourier plane of
a lens of focal length f = 150 mm and found that the number of rings are increasing with
the order, /. The theoretical images (second column of Fig. 5.1.3a) obtained from 5.1.4
using experimental parameters shows close agreement with the experimental images. For
better understanding, we recorded the theoretical (red line) and experimental (black line)
line profiles for FT of HGB of order / = 6 (Fig. 5.1.3b). However, it is difficult to appreci-
ate the number of ripples present in the images in order to find the order of the HGBs. That
is due to that fact that the exponential decay term present in the intensity distribution of FT
of the HGB [see 5.1.4] falls steeply as compared to the Laguerre polynomial suppressing
the characteristic ripple structures. For accurate determination of the order of HGBs we
have changed intensity scale from linear to negative log-scale (see Fig. 5.1.3c) enhancing
the visibility of the small details of intensity distribution of FT of HGBs. The HGB of
order / = 6 have clear six peaks (arrows in Fig. 5.1.3c¢) confirming the reliability of our
technique to determine the order of HGBs. We studied the variation of HGB output power
with its order (Fig. 5.1.3d). For a fixed fundamental pump power (~ 4.8 W), we found
that the HGB power decreases exponentially from ~ 180 mW to 21 mW with the increase
of its order from 1=1 to 6. Such drop in HGB power can be attributed to the decrease of
nonlinear gain with the order of the pump vortex similar to the effect observed in nonlinear
generation of vortex beams [57]. We also observed the power scaling effect in the nonlinear
generation of HGB (Fig. 5.1.3e) of order / = 1. The output power (efficiency) of the HGB
show quadratic (linear) dependence to laser power in SFG process [86] resulting maximum
power of 180 mW with single-pass IR-UV conversion efficiency of 3.7%.

In conclusion, we have demonstrated, for the first time to the best of our knowledge, that

annihilation of two optical vortices of same order with opposite sign in a nonlinear medium
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produces a new class of dark core beam, known as HGB. We have generated HGBs of order
as high as 6 and power as high as 180 mW at 355 nm. The nonlinear generation scheme
can be used to generate HGB at any wavelength across the electromagnetic spectrum. We

have also devised a new and only method to characterize the order of such HGBs.

5.2 Methods

Experimental setup: The schematic of the experimental setup for nonlinear generation of
HGBs is shown in Fig. 5.1.1b. An ultrafast Yb- fiber laser of average power 5 W is used
as the primary laser source. The laser produces femtosecond pulses in sech? shape with
temporal width (full width at half-maxima, FWHM) of ~ 260 fs at a repetition rate of 78
MHz. The spectral width (FWHM) of the laser is measured to be ~ 15 nm centered at
1060 nm. Operating the laser at its highest power to access its optimum performance in
terms of temporal width, a combination of half wave plate (A /2) and a polarization beam
splitter (PBS) cube is used to control the laser power to the nonlinear crystals. A lens,
L1 of focal length, f = 100 mm is used to focus the beam at the center of a 1.2-mm-long
BIBO (BiB30Og) crystal (C1) for SHG of Yb-fiber laser into green at 532 nm. The SHG
stage is similar to the one used in our previous work [28]. The SHG stage produces 1.04
W of green power for fundamental power of 4.8 W in Gaussian beam profile. The dichroic
mirror, S1 is used to extract green radiation from the fundamental wavelength. Lenses, L2
and L3 both of same focal length (f = 100 mm) collimate unconverted fundamental and
generated green beams respectively. The green beam and unconverted fundamental beams
are used as pump beams for SFG process. Using two spiral phase plates, SPP1 and SPP2
having spiral winding corresponding to vortex order of 1 and 2 respectively and a vortex-
doubler setup [57] comprising of a PBS, quarter wave-plate (A /4) and a high reflectance
mirror, M, we separately transformed the green and unconverted fundamental radiation in
Gaussian spatial profiles into optical vortices of order, / = 1-6. The working principle of
the vortex-doubler can be found elsewhere [57]. The direction of phase variation (clock-
wise or anti-clock wise) of SPP to the input beam determines the sign (£/) of its vortex.
By careful choice of the beam direction with respect to SPP we can make both green and

unconverted fundamental beams to carry vortices of same order but in same/opposite sign.
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These two beams are recombined using a dichroic mirror, S2, and focused at the center of
a 5-mm-long BiB3Og(BIBO) crystal (C2) cut at 8 = 137° (¢ = 90°) in yz optical plane
for collinear type—I (e + e — 0) phase-matched SFG of 1064 nm and 532 nm at normal
incidence. One of the mirrors, M, is placed on a translation stage for temporal overlapping
of the interacting beams in the nonlinear crystal, C2. The dichroic mirror, S3 is used to
extract the SFG beam at 355 nm from the unconverted beams at 1064 nm and 532 nm. The
intensity profile of the beam is recorded using a CCD based beam profiler.

Confirmation of nonlinear generation of HGBs: The azimuthal phase variation of
beams, a signature of OAM modes, is measured using a interferometric technique [88]. An
optical beam having OAM (LG, Laguerre-Gaussian) mode of arbitrary order / polarized
at 45° (diagonal) can be represented as, |D, LG') = % (|H, LGy +|V, LG'"))|,where |H)
and |V) denotes the orthogonal polarisation states. If such a beam passes through balanced
polarising beam splitter based Mach-Zehnder interferometer (MZI) [88] with a Dove prism
in one of its arm, the extra reflection due to Dove prism transforms the input beam into new
superposition state represented as (|H, LG') + |V, LG™!)). The diagonal projection of this
state having the form \% (ILG") + |LG")) results a ring lattice structure with 2/ number of
radial fringes or petals. Therefore, 2, 6 and 12 number of petals in first two columns of
Fig. 5.1.2 confirms that both the pump beams at 1064 nm (first column of Fig. 5.1.2) and
532 nm (second column of Fig. 5.1.2) have OAM modes [/ = 1, 3 and 6. However, due to
nonexistence of OAM mode in HGBs, the extra reflection due to Dove prism does not alter
the output state from the input state, (|[H, HGB')+ |V, HGB')). Here, hollow Gaussian
beam mode of order, 1 is represented by (|H GB! >) The diagonal projection of such state
results output beam of the form % (|H,LG") +|V, LG")), the HGB itself (see third column
of Fig. 5.1.2). Such observation proves the nonexistence of azimuthal phase and OAM and

successful generation of HGBs of order up to 6.



Chapter 6

Generation of ultrafast tunable Airy

beam

This chapter constitutes the following journal publications:

1. Ultrafast Airy beam optical parametric oscillator
Apurv Chaitanya N, S. Chaitanya Kumar, A. Aadhi, G. K. Samanta, and M.
Ebrahim-Zadeh
Scientific Reports 6, 30701 (2016).

6.1 Ultrafast Airy beam optical parametric oscillator

6.1.1 Introduction

Mathematical resemblance of paraxial wave equation to the free particle Schrodinger wave
equation having Airy wave packet solution [89] enabled prediction [90] and demonstra-
tion [13] of optical beam having transverse intensity distribution described by the Airy
function. Unlike other structured beams, Airy beam has peculiar characteristics such as
beam shape invariance with propagation, propagation along curved trajectory in free space,
and self-restoration of beam shape even after obstruction by small objects. Right after the
first experimental demonstration [13], the Airy beam has attracted a great deal of attention

for potential applications in diverse areas including optical routing [91], manipulation of

89
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microscopic particles [92, 93], optically mediated particle clearing [94], and laser micro-
machining [95]. Additionally, propagation characteristics of the Airy beam in nonlinear
[96, 97, 98, 99, 100, 101, 102] and turbulent medium [103] have been studied for the gen-
eration of curved plasma channel [98], supercontinunm and solitary wave [98, 99] and laser
filamentation [101, 102]. Efforts have also been made to demonstrate Airy beam with elec-
tron waves [104], acoustic waves [105] and surface plasmon polaritons [106]. Many of the
applications and studies such as laser micromachining of curve surfaces, laser filamentaion,
supercontinnum generation and curved plasma channel require high power, ultrafast Airy
beams with different spectral and temporal parameters at different wavelengths across the
electromagnetic spectrum. Conventionally, the Airy beam is generated through cubic phase
modulation of laser beam in Gaussian intensity distribution and subsequent Fourier trans-
formation [13]. However, none of the Airy beam generated so far have high energy, and
wide wavelength tunability from a single system in the ultrafast regime. For high power
Airy beam with wide wavelength tunability in cw [107], we have recently explored the in-
trinsic wavelength tunability and high intra-cavity power of a continuous-wave (cw) singly
resonant optical parameter oscillator (SRO) [108]. Here, we present, for the first time, a
new class of Airy beam source based on cubic phase modulation and subsequent Fourier
transformation of intra-cavity resonant signal of an ultrafast SRO producing output pulses
with temporal width (full width at half maxima, FWHM) of ~ 23 ps in 2-D Airy intensity

distribution with power as much as 306 mW tunable across 1477-1727 nm.

6.1.2 Theory

The two-dimensional (2-D) intensity distribution of a finite energy Airy beam can be ex-

pressed in the form

I(sm) = ey ) A [Ai (5) €xp (@mSm)] (6.1.1)

Here, Ai(s,,) is the Airy function [90], s, = x/x( and Sy = y/yo, are the normalized trans-
verse coordinates along x and y axis respectively (see Fig. 6.1.1) and xp, yo are the trans-
verse scaling parameter (characteristic parameters) and a is the truncation parameters which

determines the extent of Airy beam in 2-D plane (x-y plane). The parabolic trajectory of
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the Airy beam, of wavelength A, along x and y axis as the beam propagates along the z
axis is determined by the characteristic parameters, xo, yo and the launching angle, 6, and
6, through the relation, m, = dpnz* + 6,2, where m = x,y and d,, = A%/ 167r2m(3). For the
special case in which xo = yo (symmetric Airy beam) the transverse acceleration in the x-y
plane can be expressed as [90]
V242,
= me
where, € is a unit vector on the x —y plane along the direction of acceleration, which is
determined by the relative orientation of the beam in the x-y plane. In this case, xo = yo,

the parabolic trajectory with respect to € along the propagation is given by
eq =dz* 4 6,z (6.1.2)

where, 0, is the angle the beam makes with respect to the unit vector €. To generate finite
energy Airy beam, we modulated the phase and amplitude of the Gaussian beam using a
cubic phase mask in the form of a binary diffraction grating with amplitude transmittance
as [90]

h(x,y) = %ho {sgn {cos (2%6 +c3 (3 —|—y3)/3> } + 1}

Here, h,, s the ridge height of the grating with period A, defined by the ratio of the number
of lines N, along the width L, of the grating in x direction. The constant, ¢, represents the
strength of cubic phase modulation in the transverse direction. The phase of the 1* order

diffracted beam can be represented as, exp (i¢) (x,y)) = exp (icg (x3 + y3) /3).

6.1.3 Experiment

The experimental setup used for the generation of ultrafast Airy beam SRO is schematically
represented in Fig. 6.1.1(a). An ultrafast Yb-fiber laser (Fianium, FP1060-20) providing a
maximum average power of 20 W with pulse width of 20 ps and repetition rate of 78 MHz
is used as the pump for the Airy beam source. It has a spectral width of 1.4 nm centered at
1064 nm. The laser is operated at its full power and the input power to the SRO is controlled

using an attenuator based on a half-wave-plate (A /2) and a polarizing beam splitter cube.
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A second A /2 plate is used for manipulating the input polarization of the pump beam to
the SRO. A lens, L1, of focal length f = 175 mm is used to focus the pump beam into
the center of the 50-mm-long, 8.6-mm-wide and 1-mm-thick, multi grating MgO:PPLN
crystal (C) which is used for the SRO operation. The crystal has 7 channels with grating
period, from 28.5 to 31.5 um with steps of 0.5 um, and it’s both faces are antireflection
(AR) coated for 1400 nm to 2000 nm and at pump wavelength. The crystal is housed in
an oven (not shown in figure) whose temperature can be varied from room temperature to
200°C in steps of 0.1°C. The SRO cavity is designed in a four mirrors ring cavity with
two plano-concave mirrors (M1-2) of radius of curvature (ROC= 100 mm), plane mirror,
M3 and a plane output coupler (OC). The cavity length is perfectly synchronized to the
repetition rate of the pump laser. All mirrors, M1-3, are antireflection (AR)-coated for
high transmission (7 > 90%) at 1064 nm for the pump, high transmission (7" > 80%) over
2200-4000 nm for the idler, and high reflectivity (R > 99%) over 1300—1900 nm for the
signal, ensuring SRO operation. The OC has a partial transmission, 7' ~ 5% over 1100-
1630 nm. A custom designed cubic phase mask (CPM) in the form of binary grating is
introduced inside the SRO cavity between mirror M3 and OC, to modulate amplitude and
phase of the resonant Gaussian beam in the first order diffracted beam. The grating has
N =100 lines in L = 2 mm width resulting a carrier period of 20 um. The ridge height A,
is optimized to have 0" transmission ~ 95% at 1500 nm resulting ~ 5% coupling of the
intra-cavity signal into Airy beam in first diffraction order. It is to be noted that the higher
diffraction orders have negligibly small intensity. The CPM has cubic phase modulation
strength estimated to be, ¢, = 5.77/mm [107]. The Fourier transforming lens, L2, of focal
length, f = 500 mm is used for Fourier transforming this out coupled beam from the OPO

for generating Airy beam.

6.1.4 Results and discussion

The output intensity profile at the focus of the Fourier transforming lens, recorded using
a CCD based camera is shown in Fig. 6.1.1(d). The recorded intensity profile clearly
confirms the generation of 2-dimensional (2-D) Airy intensity profile. The parameters

X0,Y0,ax,ay of the generated beam were determined by fitting the intensity profile with a
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Yb-fiber
Laser

Figure 6.1.1: (a) Schematics of the experimental setup for the ultrafast Airy beam OPO.
A /2; half-wave plate, PBS; polarizing beam splitter cube, L1-2; Lenses, M1-3; mirrors,
OC; output coupler, C; MgO:PPLN crystal, CPM; cubic phase mask, S; dichroic mirrors;
PM, Power meter. Recorded intensity profile of (b) resonant signal, (c) idler and (d) Airy
beam. (e) 3-D illustration of the Airy beam.
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Figure 6.1.2: (a) Measurement of beam acceleration of the Airy beam OPO as a function
of propagation distance. Solid line (black) represents theoretically predicted acceleration,
(red) is the quadratic fit to the experimental data (dots). (Inset) Variation in the width
(FWHM) of the central lobe of the Airy beam over propagation. Solid line (red) is linear
fit to data (dots).
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2-D Airy function as represented by Eq. 6.1.1. Although the intensity (see Fig. 6.1.1(d))
looks like Airy beam, however, to confirm the generation of Airy beam we have investigated
its intriguing properties like acceleration, non-diffraction and self-healing. To study self-
acceleration property of the generated beam at an arbitrary wavelength (say, A4 = 1490
nm) across the tuning range of the SRO we recorded the intensity profile as a function
of propagation distance and measured (dots) the position (central lobe) of the beam with
the results shown in Fig. 6.1.2. As evident from Fig. 6.1.2, the beam deflects from its
rectilinear path by a distance of 1 mm over a beam propagation distance of 1.5 m. Using
the intensity profiles we measured the transverse scaling parameters, xg and yq to be ~ 0.65
mm, confirming the generation of symmetric Airy beam. Once the xy parameter of the
beam is known, apart from an angular offset given by 6,, the trajectory of the Airy beam
can be predicted theoretically using Eq. 6.1.2. Fitting a second degree polynomial (solid
red line) to the experimental data points in Fig. 6.1.2 the angular offset 6, is estimated to be
0.5 mrad. For the given set of xo and 6, the theoretically predicted transverse acceleration
is given in Fig. 6.1.2 (solid black line). As evident from the figure, the experimentally
observed acceleration is in close agreement with the theoretically predicted values. We also
observed self-acceleration of the Airy beam across the tuning range with lower acceleration
at longer wavelengths. This is attributed to the fact that the scaling parameters xg and yq of
the Airy beam are linearly proportional to its wavelength [108]. To verify non-diffraction
property of the Airy beam we measured the width (FWHM) of the central lobe of the beam
at wavelength, A4; = 1630 nm, along propagation over a distance of 2.7 m, with the results
given in inset of Fig. 6.1.2. The width of the central lobes varies from 0.77 +0.05 mm at
z=01t0 0.73+£0.05 mm at z = 2.7 m. Such observation clearly shows that within the
experimental error the beam remains diffraction free (propagation invariant) for > 2.7 m.
We also investigated the self-healing nature of the output beam of the Airy beam OPO
at a signal wavelength of 1630 nm with the results shown in Fig. 6.1.3. Ata distance, z =10
mm from the focal point of the Fourier lens, L2, we blocked one of the lobes (circled region
in Fig. 6.1.3 (a)) of the output beam using a knife edge and recorded intensity distribution
of the beam along propagation distance in free space. As evident from Fig. 6.1.3 (b-d),
the Airy beam has no second lobe along x - axis of Fig. 6.1.3(b) at z = 10 cm, however,

at z = 60 cm, we can observe the beam intensity to re-appear in the blocked region with
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a complete reproduction of the beam shape at propagation distance, z = 120 cm. These
results clearly confirm the self-healing property of the generated beam. Fig. 6.1.3(e) shows
the line profile of the Airy intensity along the propagation for better understanding of the
self-healing nature.

After confirming the generation of the Airy beam from the OPO we characterized OPO
for its output parameters. Using grating periods, A = 29.5, 30, 30.5 and 31 um of the
MgO:PPLN crystal and varying the phase-matching temperature (PMT) we tuned the wave-
length of the Airy beam source continuously from 1477 nm to 1727 nm. In addition, the
source provides idler radiation across 3805 nm to 2771 nm in Gaussian intensity distribu-
tion. The output power of the Airy beam across the entire tuning range while pumping with
an input power ~ 10.5 W is given in Fig. 6.1.4. As evident from the figure, for > 85% of
the entire tuning range the Airy beam signal is measured to have an output power > 150
mW. A maximum power of 306 mW was obtained for Airy beam signal at 1632 nm. The
lower value of the Airy beam power can be attributed to the lower diffraction efficiency
(~ 5%) of the CPM. Since the MgO:PPLN based OPOs in picosecond time scale are high
gain system, to avoid possible crystal damage due to high intra-cavity power of the signal
radiation at high pump powers, we used OC (T ~ 5%) to out-couple resonant signal. As a
result, the Airy beam source produces signal and idler radiation in Gaussian beam profiles
with output power varying in the range of 0.6 to 2.5 W across the tuning range. Such high
signal power in Gaussian beam profile suggest further increase of the Airy beam power
with CPM grating of optimized diffraction efficiency.

To measure the power scaling property of the Airy beam source, we recorded the Airy
beam power at wavelength AA,-ry = 1632 nm (crystal temperature, 7 = 100°C and crystal
grating period, Ac = 31 um) while varying the input pump power of the OPO. The results
are shown in Fig. 6.1.5. As evident from the figure, the Airy beam power increases almost
linearly with the input pump power with no signs of saturation. A maximum signal Airy
beam power of 306 mW was recorded for an input pump power of 10.5 W. We also mea-
sured the power of out-coupled Gaussian signal (A; = 1362 nm) and corresponding idler
(A; = 3057 nm) beams with the pump power with the result shown in inset of Fig. 6.1.5.
The Gaussian signal (idler) is measured to have a maximum power of 1.35 W (1.54 W).

The SRO has a threshold < 0.55 W and has a maximum pump depletion ~ 60%.
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Figure 6.1.3: Verification of self-healing property of the output beam of the Airy beam
OPO. The line profile of the beam at a distance z = 10 cm (blue line), z = 60 cm (red line),
z =120 cm (brown line) from the Fourier plane.
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Figure 6.1.6: Interference autocorrelation trace of the signal airy beam and (Inset) corre-
sponding spectral measurement.

We also measured the temporal and spectral width of the Airy beam with the result
shown in Fig. 6.1.6. Operating the Airy beam source at 1632 nm, we measured the temporal
with of the Airy beam pulses using a home-made interferometric autocorrelator, to be,
AT ~ 23 ps. Simultaneously we measured the spectral width (FWHM) of the Airy beam
radiation (as shown in the inset of Fig. 6.1.6) to be AL = 1.6 nm centered at 1632 nm
resulting a time-bandwidth product of ATAv = 4.15 far away from the transform limit.

In conclusion, we experimentally demonstrated the ultrafast Airy beam SRO. To con-
firm the generation of Airy beam, we have verified the characteristic properties of the beam
in terms of self-acceleration, non-diffraction and self-healing. The Airy beam source pro-
duces maximum power of 300 mW across 1477-1727 nm. Using optimized diffraction
efficiency of the cubic phase grating we can further increase the output power of the Airy
beam. The source produces Gaussian signal (idler) beam of power as much as 1.35 W (1.54
W) for pump power of 10.5 W. The Airy beam source have output pulses of temporal and
spectral width of the Airy beam AT ~ 23 ps and AA = 1.6 nm respectively.
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Chapter 7

Conclusion and scope for future work

7.1 Conclusion

In this thesis, we have presented the study of nonlinear interaction of structured beams of
various temporal and spectral domains. Other than Gaussian beams we have demonstrated
vortex beam, hollow Gaussian beam and Airy beam spanning from 266 nm to mid IR
wavelengths, from ps to fs regime with high repetition rate and with high power suitable
for applications in various fields.

In Chapter 1,we have covered the basics of nonlinear optics which were extensively
used throughout my Ph. D. work with special emphasise on second order nonlinear pro-
cesses. It covers mostly the basics of second order nonlinear processes. We have also
included a brief introduction to the structured beams in that chapter. Chapter 2, our ex-
perimental study of frequency-doubling of high-average-power femtosecond pulses from
an ultrafast Yb-fiber laser at 1064 nm into the green using thick nonlinear crystals with
different temporal and spatial walk-off parameters is presented. Using single-pass SHG
in BBO and BIBO, we have investigated the effect of focusing on the SH efficiency and
found the optimum focusing conditions for the 5S-mm-long BBO and BIBO, respectively,
in the presence of spatial and temporal walk-off. These results are in good agreement with
the theoretical calculations performed using the practical values. Under optimum focusing
conditions, we were able to generate respectively up to 2.25 and 2.05 W of green output

from BIBO and BBO in single-pass configuration for a maximum available fundamental
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power of ~5 W at 78 MHz pulse repetition rate. We also investigated the effect of focusing
on the SH power and efficiency saturation. Spectral and temporal characterization of the
generated SH pulses have been performed and the variation of output spectral bandwidth
and pulse duration as function of the focusing parameter, &, has been studied. Moreover,
the angular acceptance bandwidth of both the crystals for SHG into the green has been mea-
sured under various focusing conditions and their dependence on the effective interaction
length resulting from the spatial and temporal walk-off has been analyzed. This compar-
ative study provides a systematic analysis for the attainment of optimum SH performance
with regard to output power, spectrum, pulse duration, and beam quality of the generated
green beam in the presence of limiting factors of spatial and temporal walk-off in thick
BBO and BIBO crystals for single-pass SHG of the state-of-the art femtosecond Yb-fiber
lasers. An important overall conclusion of that study is that the performance of the SHG
process is far more strongly dictated by spatial walk-off than temporal walk-off.

Chapter 3, addresses frequency doubling characteristics of high-power, ultrafast, optical
vortex beams. We also demonstrated a new scheme to generate optical vortices of orders
[, = 1 — 6 by using only two SPPs of phase winding 1 and 2. Using single pass SHG,
we have generated optical vortices up to 12th order with maximum vortex SH power of
900 mW (383 mW) at single-pass conversion efficiency as high as 19.5% (5.2 %) in green
(DUV). We observed the decrease of vortex SH efficiency with vortex order. Such effect
is attributed to the increase of vortex area with order. Like Gaussian beams, vortices also
have focusing-dependent SH efficiency. However, at higher orders the optimum focusing is
realized at relatively tighter focusing. Additionally, we have also observed that the vortices
have higher angular acceptance bandwidth than that of Gaussian beams. In case of DUV
vortex generation, we also experimentally observed the influence of spatial structure of the
fundamental beam on the angular phase-matching bandwidth of the nonlinear crystal.

Chapter 4, describes the experimental demonstration of efficient nonlinear generation
of high power, higher order, ultrafast "perfect" vortices at the green with output power >
1.2 W and vortex order up to [y, = 12 at single-pass conversion efficiency of 27%. This is
the highest efficiency in the single-pass SHG of any structured beam. Chapter 5, addresses
the nonlinear interaction of photons having OAMs of equal magnitude but in opposite sign.

We have experimentally demonstrated that the resultant field will be a hollow Gaussian
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beam with no OAM. Finally in Chapter 6, we experimentally demonstrated the ultrafast
Airy beam SRO OPO. To confirm the generation of Airy beam, we have showed that the
beam possesses the characteristic properties of self-acceleration, non-diffraction and self-
healing. The Airy beam source produces maximum power of 300 mW across 1477-1727
nm. Using optimized diffraction efficiency of the cubic phase grating we can further in-
crease the output power of the Airy beam. The source produces Gaussian signal (idler)
beam of power as much as 1.35 W (1.54 W) for pump power of 10.5 W. The Airy beam
source have output pulses of temporal and spectral width of the Airy beam AT ~ 23 ps and

AA = 1.6 nm respectively.

7.2 Scope for future work

Nonlinear optics have been predominantly based on Gaussian beam interaction. We have,
through this work, extended the domain of nonlinear optics towards a relatively unexplored
domain- nonlinear interaction of structured beams. We have studied vortex beams, hollow
Gaussian beams, "perfect” vortex beam and Airy beams. However, there are a lot of other
structured beams whose nonlinear interaction is little known or not explored explicitly.
There is always scope of studying such beams in future. In the present study, spectral
domains achieved are limited to DUV to mid IR, however extending the generation of such
beams in THz regimes and other difficult wavelengths are always challenging and worth
a thorough investigation. We have demonstrated the generation of structured beams in
ultra fast regimes where, the nonlinear gain is sufficiently high due to high peak power
of ultrafast lasers. Using new crystals with high nonlinearity we would like to extend
the study towards CW regimes in future. On the other hand, it would be also very much
interesting to study the higher harmonic generation of structured beams using high energy
ultra fast laser. Hence the field is still open with lot of unexplored topics which require
further understanding of the nonlinear interaction, propagation dynamics and competing

effects of structured beam generation.
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