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Abstract

The applications of lasers cover almost all fields of science and technology including medical
diagnosis, lithography, communication and material processing. Typically, lasers, the main
source of coherent optical radiation, are characterised with the performance parameters such
as output power, energy, temporal, and spectral features. However, they typically provide
output radiation in the Gaussian spatial intensity distribution. While the majority of the
scientific and technological applications require laser beams in Gaussian spatial distribution,
however, in recent times laser beams with different spatial structures have also attracted a great
deal of interest. For example, optical vortices are important for material processing,
lithography, quantum information, particle manipulation and high-resolution microscopy.
Similarly, Airy beam, a non-diffraction waveform, finds many applications in curved plasma
wave-guiding, micro-particle manipulation for optically mediated particle clearing and light-
sheet microscopy. The applications of all these different spatial structures extend across the
entire electromagnetic spectrum. For example, optical vortices in the short wavelength region
have their application in quantum and long-wavelength region such as mid-IR and THz vortices
are essential for the spectroscopy. Similar, to optical vortices, Airy beam, and vector beams are
prepared across the different spectral region from ultraviolet to mid-IR for various applications.
For demonstrations of these applications, lasers in the Gaussian intensity distribution are used
along with different phase elements. There are few conventional elements used for spatial beam
shaping such as liquid crystal-based spatial light modulators (SLM) or dielectric phase
elements. However, with new emerging and ever increasing applications of structured beams
over different wavelengths, there is a humongous demand for their generation with high power

and broad wavelength coverage.

Unfortunately, most of the commercially available lasers used for the generation of structured
beams have certain drawbacks in terms of limited or no tunability, high cost, and complicated
design. Some of the shortcomings can be overcome by choosing a proper system design.
However, the generation of wide tunable radiation from a laser itself is limited by the
availability of suitable gain medium. Such unavailability of gain medium restricts access to
many wavelength regions ranging from the ultraviolet (UV) to mid-IR spectrum. Additionally,

due to the normal dispersion, the phase elements used to generate structured beams are



wavelength-selective. For example, a spiral phase plate used to generate optical vortices at 532
nm cannot be used for other wavelengths. While liquid crystal-based spatial light modulators
can have limited wavelength coverage but such systems have lower damage threshold and do
not provide high output powers. Moreover, all commercially available phase elements have
limitations for the generation of structured beams in UV and the mid-IR region due to the
limitations of lithography techniques and high absorption in those wavelength regions. All
these limitations restrict the generation of structured beams at a wide range of wavelengths

using lasers

On the other hand, optical parametric oscillators (OPOs) have become a well-established
technology to generate coherent radiations inaccessible to lasers. Based on the nonlinear
frequency conversion process of a single pump laser, the OPOs produce optical radiation
tunable over a wide wavelength range from UV to deep mid-IR region. Like lasers, the optical
parametric oscillators have three basic requirements, pumping, gain medium and the optical
cavity. However, in contrary to the lasers, the OPOs have instantaneous parametric gain along
the direction of the pump. The OPQO’s are designed in various cavity configurations, like singly
resonant, where one of the generated beams resonate, doubly resonant, where both the
generated beams resonate, or triply resonant, where all the interacting beams resonate in the
cavity to overcome the losses inside the cavity. While the parametric gain increases with the
number of resonating beams in the OPO, however, the increase of the number resonating beams
degrade the performance of the systems in terms of output power and the system stability. On
the other hand, as the nonlinear parametric gain can be controlled using the pump intensity, the
conventional OPOs utilize pump beam in Gaussian intensity distribution. Further, for efficient
energy transfer among the interacting beams, the resonating beams oscillate in fundamental
cavity mode of the oscillator producing output radiation in Gaussian intensity distribution. As
such, to utilize the OPOs for structured beam generation, one need either manipulate the pump
beam spatial structure or produce higher order cavity mode of the OPO through higher pump
intensity. However, the spatial structuring of the pump lead to the lower parametric gain and
subsequent increase in the OPO threshold as compared to conventional OPOs reported so far.
On contrary, the increase of pump energy to increase the parametric gain to excite higher order
cavity modes inside the OPO is restricted to the damage of the nonlinear gain medium. To
overcome such challenges to generate structured beams directly from an OPO, one needs better
OPO cavity designs for maximum gain extraction, and the selection of suitable cavity mirrors,

nonlinear crystals and pump sources. In this thesis, we addressed the generation of various



structured coherent beams including the Gaussian beam, optical vortex beam, vector vortex
beams, Airy beam, and vortex Airy beam across the ultraviolet to the mid-IR region in all time

scales (from ultrafast as well as continuous-wave) based on OPOs.

While the optical vortices are generated through the spatial mode conversion of the Gaussin
beam using a transverse phase element, we tried to avoid the use of any phase element to
generate optical vortices from a continuous-wave (cw), Gaussian beam pumped doubly
resonating optical parametric oscillator (DRO). The basic principle of such vortex generation
is the superposition of two Gaussian beams with lateral phase shift inside the OPO cavity.
Using a 30-mm long MgO doped periodically poled lithium tantalate (MgO:sPPLT) crystal
based DRO, pumped in the green by a frequency-doubled Yb-fiber laser in Gaussian spatial
profile we have generated signal and idler beams in vortex mode of order, /=1, tunable across
970-1178 nm. Controlling the spatial overlap between the Gaussian pump beam with the
fundamental cavity mode of the resonant signal and idler beams of the DRO through the tilt of
the pump beam and/or the cavity mirror in the transverse plane, we generated both signal and
idler beams in vortex and vortex dipole spatial profiles. However, due to the high reflectivity
of the cavity mirrors, the generated vortex and vortex dipole beams have substantially low
output power. To increase the output power of the vortex beam we have explored the Gaussian
beam superposition using an anti-resonant ring based picosecond OPO configuration. With the
help of two mirrors of the anti-resonant ring, we introduced a linear phase in the superposed
beams and successfully generated optical vortices in the near-IR region from 1457 to 1657 nm

with output power in excess of 860 mW.

While we have successfully generated tunable vortex beam of substaintial output power using
an OPO without use of any transverse phase modulator, however, the order of the vortex by
this technique is limited to /=1. Therefore, to generate higher order optical vortices using OPO,
we have used vortex beam pumped OPOs. Conventionally, in singly resonant OPOs (SROs),
the vortex pumping enables the generation of optical vortices in the non-resonant beam while
resonating beam oscillate in Gaussian mode due to lower threshold and high gain. Therefore,
we have demonstrated the control of orbital angular momentum (OAM) exchange among the
interacting beams using a synchronously pumped by a picosecond SRO. Using vortex pump
beam from a frequency-doubled Yb-fiber laser at 532 nm in the green we have demonstrated
the successful transfer of the pump OAM mode to the non-resonant idler beam tunable across
1109-1209 nm, with OAM as high as /,=3. Controlling the cavity loss and spatial overlap

between the resonant signal and the pump beam in the nonlinear crystal, we have generated



signal and idler OAM mode combinations, (/s,/;) of (0,2), (1,1) and (0,3), (1,2) for pump OAM
mode /,=2 and 3, respectively. Using a pump power of 1 W, we have generated idler OAM
mode of orders, li=1, 2, and 3, with maximum output powers of 202, 113, and 57 mW,

respectively.

Further, we have demonstrated the generation of tunable, ultrafast optical vortices in mid-IR
from a picosecond SRO. Using a SRO based on multigrating MgO doped PPLN crystal and
synchronously pumped by a picosecond Yb-fiber laser centered at 1064 nm we have
demonstrated for the first time an ultrafast OPO in the mid-IR spectral region pumped with
pump vortex order as high as /,=5. We have successfully demonstrated the transfer of pump
optical vortices directly to the non-resonant idler beam, while the signal resonates in Gaussian
cavity mode and generated optical vortices from 2538 nm to 4035 nm with a maximum output

power of 1.6 W at vortex order of /=1.

To increase the span of wavelength coverage of the vortex beam OPO, we have generated
optical vortices in the ultraviolet wavelength range using a continuous-wave (cw) OPO. Based
on a MgO:sPPLT as the nonlinear crystal, the SRO is pumped by a cw vortex beam in the
green, and deploying intracavity sum-frequency-generation (SFG) between the undepleted
pump and the resonant Gaussian signal in the crystal second nonlinear crystal (BiB3Os), we
have generated optical vortices of order, /,,2=1 and 2, tunable across 332-344 nm in the UV with
a maximum power of 12 mW. Due to the conservation of orbital angular momentum in the
parametric process, the OPO also produces non-resonant idler output beam in the vortex spatial
profile of order, /=1 and 2, identical to the pump vortex, with the signal beam in Gaussian
distribution. The idler vortex is tunable across 1172-1338 nm with a maximum output power

of 1.3 W.

Given the nonlinear frequency conversion processes depend on the polarization state of the
interacting beams, convensionally the OPOs so far produces vortex beams with uninform
polarization in the transverse plane of the beam commonly known as scalar vortex beams.
However, there exist another set of vortex beams known as vector vortex beams, where, the
beams have space-variant polarization in the transverse beam plane. We have explored the
possibility of generating tunable vector-vortex beams directly from the OPO source. Exploiting
the orbital angular momentum conservation, we have systematically control the polarization of
the resonant beam using a pair of intracavity quarter-wave plates to generate coherent vector-

vortex beam tunable across 964-990 nm, with output states represented on the higher-order



Poincaré sphere. The generic experimental scheme paves the way for new sources of structured
beams in any wavelength range across the optical spectrum and in all time-scales from cw to

the ultrafast regime.

While we have addressed the generation of vortex beams and vector vortex beams from OPO,
however, each of those beams require a dedicated experimental setup. As a result, one need to
design a dedicated experiment setup to generate the desire spatial structured beam. To avoid
such difficulty, in the current thesis we have tried to address the possibility of generating
tunable multiple structured optical beams from a single OPO source. Using vortex pumping
and controlling the spatial mode and subsequent intracavity cubic phase modulation of the
resonant beam of an OPO, we have successfully demonstrated the simultaneous generation of
multiple spatial structures in the near-IR to mid-IR wavelength region. Using a synchronously
pumped SRO with pump vortex order of /, = 2 and controlling the pump OAM transfer between
signal and idler, for OAM mode combination of (/s, /})=(0,2), we generated Gaussian and Airy
beam in signal and vortex beam in idler wavelength range. On the other hand, for OAM mode
combination of the signal and idler, (/s, /;)=(1,1) we have further generated, vortex and vortex-
Airy beam in signal and vortex beam in idler wavelength range. All these generated structures
are tunable from 1457 nm to 1680 nm in signal and 2901 to 3944 nm in idler with excess power

of 980 mW.
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Chapter 1 Structured beams and non-linear optics

Optics plays a key role in our daily life, we observe colourful rainbows, sparkling diamonds
and other endless magical optical phenomena. The process of understanding how light behaves
and interacts with matter has a very rich history starting from the 300 B.C when various
philosophers and scientists have started to explore the origin of light. The first basic
experiments demonstrate how light originates, in which Empedocles explained that light
originates from the eyes and falls on the object. Contrary to this point of view, Alhazen came
with a different understanding that vision occurs when light reflected by objects gets detected
by the eyes. With the progress in physics, understanding of how light behaves also improved
with the evolution of major theories and experiments such as the Fermat’s principle of least
time, Diffraction of light, Huygens’s principle of wavefront and Young’s double-slit
experiment. A major revolution in the field of optics came after Maxwell’s analysis of light as
an electromagnetic field and Einstein’s understanding of light as quanta of particle known as
photon. With an improved understanding of the fundamental nature of light and the recent
advancements in the field of optics, it played a key role in the development of various scientific

and commercial equipment such as lenses, binoculars and telescopes.

Einstein’s theory of stimulated emission of identical photons from excited atoms in 1916 gave
a conceptual method to produce coherent states of light. With the conventional understanding
of Boltzman distribution in atoms, practical implementation of stimulated emission was
difficult to demonstrate and took 30 years for the first implementation. In mid 20™ century, the
major breakthrough came in this field with the first conceptualization of Masers in 1951 by
Charles H. Townes, and the suggestion of a resonator to produce coherent radiation in the
microwave region. This experimental demonstration in 1954 lead to the curiosity of applying
the same concept in the optical frequencies. Gould succeeded in theoretically inventing a cavity
scheme to have coherent light output and came up with a name LASER for this device. In 1960
Maiman succeeded for the first demonstration of coherent emission of light through Ruby

Laser. After the invention of the laser, it was common to say that this device is a solution
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looking for a problem. After the invention of the laser, Maiman suggested for their application
in the field of telecommunication, industrial applications and probing matter for basic research.
With time, coherent sources of radiation proved their application in the field of material
processing [1], spectroscopy [2], communication [3] and in medical science [4]. Efforts have
been made continuously to develop coherent sources with an improved spatial beam quality,
output power, temporal, and spectral characteristics [5]. This chapter will focus on the
discussion on the spatial shaping of coherent sources, their application, and the limitation of

current methods and the solutions through nonlinear optics.

1.1 Spatial beam shaping

After 1960, the field of laser physics advanced very rapidly with the development of different
types of lasers such as semiconductor lasers, gas lasers, dye lasers, and solid-state laser. In laser
physics, the output modes of a laser beam is described by the solution of the paraxial wave

equation inside a rectangular symmetric cavity given by the equation (1.1.1).

12 a -ik (X2 2 (y2 2
E(x,y,z):(ﬁn!m!j 2 (1/w)exp{%}exp(%j
(1.1.1)
xexp[-i(n+m+1)z//:|H{%)Hm[%l

where w is the beam waist, R, is the wavefront curvature, ¥, is the Gouy phase, and H,, H,, are
Hermite polynomial of the order n and m respectively. With the advancement in the field of
coherent sources, spatial structuring of the beam also found application in the various field.
With the demonstration of spatial beam shaping into optical vortices through the resonator [6],
the field of beam shaping has advanced with the generation of complex beam shapes, such as
perfect optical vortices, Airy beam, vector beams, bottle beams, and various other spatial
structure. These different spatial structures have proved their application and versatility in the
field of quantum optics and information, material lithography, laser printing, and microscopy.
In this thesis, we have covered the Gaussian beams, vortex beams, vector vortex beams, and

Airy beam.
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1.1.1 Gaussian beam

The Gaussian mode is the lowest order mode of the resonator and solution of the paraxial wave
equation. For such beams, the complex field is given by equation (1.1.2), with Gaussian

distribution of field in the transverse plane along the x and y-axis.

e W 2)7 [ KO+ | (YD) ) i
E(X'y’Z)_EOWz(nj exp{ 2R(z) }exp( w?(2) Jexp( e (p(z») (.12

Where Ey is the beam amplitude, w(z) is the beam waist along the propagation distance (z), wy
is the minimum waist, and R(z) is the Gaussian beam wavefront curvature along the

propagation direction. The Gaussian beam is characterized by the beam waist w(z) =

1/2
w(0) (1+ ( zlz, )2) and the radius of curvature, R(z) = z[ 1+(n wy*/Az] which are function of the

propagation distance, z. Rayleigh length is another parameter for the Gaussian beam

characterization and defined as a region where the Gaussian beam has V2 times the minimum

beam radius. Rayleigh length is given by nzw? / 1, where w, is the minimum beam waist, n is

Position

(a) Gaussian Profile (b) Intensity(au)

Figure 1.1. 2D Gaussian intensity profile and corresponding

transverse line profile

the refractive index of the medium, and A is the corresponding wavelength. At the minimum
beam waist point, the radius of the curvature for a Gaussian beam is R = oo and has different
values for the converging and diverging beam. Typically 2D intensity profile of the Gaussian

beam is shown in Figure 1.1(a).
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1.1.2 Optical vortex

Linear momentum of light is represented by the wave vector and points in the direction of
propagation. Similarly, the light beam carries angular momentum with the polarization of the
beam represented by the spin angular momentum, and also the beams with helical phase
variation represent the orbital angular momentum in the beam. The study of optical vortices
dates back to 1949 with Wolter’s study of phase singularities appearance in the glass-air surface
during total internal reflection. Two major breakthrough came into this field with the study of
J F Nye and M V Berry titled as dislocations in wave train [7] in which they showed existence
of screw-like dislocation in interfering ultrasound waves and the demonstration by the Allen et
al showing the light beam with helical wavefront carries orbital angular momentum (OAM)[8].
Optical vortices are represented by the Laguerre Gaussian polynomial as shown in equation

(1.1.3).

Uh"?:(ﬂnz!m!] min(n, m)!(éjexp{';ké }exp(—[#ﬁexp[—i (n+m+1)y ]
. min(n,m 2 n-m 2
X eXp[—II¢](—1) e [%J I‘min(n,m) (Z#J

Here exp(ilg) represents the azimuthal phase variation in the beam, where, / is defined as the

(1.1.3)

orbital angular momentum per photon in the beam. Optical vortices have helical wavefront

with phase singularities at the center of the beam and results in doughnut-shaped intensity

_s)J
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=
_— ) g
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T _.— o
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Vortex Beam Intensity(au)

Figure 1.2. Vortex beam profile and corresponding transverse intensity distribution



1.1 Spatial beam shaping 5

distribution as shown in figure (1.2). For beams with only linear momentum, the wave vector
of the beam is perpendicular to the phase front and lies along the optics axis of the beam. For
beams with helical wavefront, there is a skew angle between the perpendicular to the phase
front and optic axis of the beam. Unlike spin angular momentum, which has only two
independent Eigen-states, OAM is represented in infinite-dimensional Hilbert space. The
presence of OAM in optical vortices is utilized in various applications. With higher OAM value
per photon, they surpasses polarization entanglement, which is limited to the low
dimensionality, and demonstrates higher dimensional entanglement [9]. OAM content in the
beam provides a way to multiplex the information and help in increasing the channel capacity
for communication [10]. The doughnut shape of optical vortices is utilized in creating needle-
like nanostructures in metal [11]. There are different methods used to generate optical vortices.
For example, cylindrical lens based mode converters convert the higher-order HG modes into
optical vortices [12], spatial light modulators [ 13] and spiral phase plates [14] provide a method
to modulate the phase of the Gaussian beam into optical vortices. details of such methods are

discussed in the upcoming section.
1.1.3 Vector vortex beams

Conventional laser beams have a uniform polarization state across the spatial profile of the
beam. The manipulation of the state of polarization of the beam is done routinely in laboratories
by using wave-plate retarders. However, recent developments have shown that the generation
of a new class of beams with spatially varying polarization, known as vector beams. To study
the polarization state of such beams, the Poincare sphere is utilized. Different points on the
Poincare sphere represent different polarization states of the beam. With, poles represent
circularly polarized beams and equatorial lines represent linear polarization. Vector beams are
generated by the superposition of two orthogonal higher-order HG modes with orthogonal

polarization and known as cylindrical vector beams given in equation (1.1.4).

E,=HG,e, + HG.e, (1.1.4)
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However, the superposition of two higher-order LG modes with opposite topological charge
and orthogonal polarization is known as vector vortex beams. The total angular momentum
(spin + orbital) of vector vortex beams is represented on the higher-order Poincare sphere, with
the radius of the sphere representing the OAM content in such beams. An example of a higher-
order Poincare beam [15] is shown in Figure 1.3. The varying polarization across the doughnut-
shaped spatial profile of a vortex beam is illustrated in Figure 1.3. Due to the presence of
orthogonal modes and polarization in the vector beam can have either radial varying
polarization or azimuthally varying polarization depending upon the phase difference between

the two beams. Some examples are shown in Figure 1.4.

Figure 1.4. Polarization distribution in vector beams

As compared to homogeneously polarized beams, vector beams have unique features, and the

presence of non-uniform transverse polarization patters along with the vortex spatial profile is
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of great interest for a variety of applications. It can be shown that radially polarized beams can
be focussed to a smaller beam waist as compared to scalar beams [16]. The tight focusing leads
to needle-shaped electromagnetic fields. Thus, radially polarized beams are being used in
material science to design nanostructures [17] with high precision and very small feature sizes.
Recently, it was shown that much higher trapping efficiencies and smaller particles can be
trapped using vector-vortex beams as compared to conventionally uniformly polarized beams
[18]. In classical communication, the polarization and orbital angular momentum of vector-
vortex beams offer two independent degrees of freedom, thus offering several multiplexing
opportunities. At the single-photon level, such states are non-separable in their polarization and
orbital angular momentum basis leading to better security and efficiency in quantum

communication protocols.
1.1.4 Airy beams

Light beams of the conventional lasers, propagates in a straight line and have divergence with
propagation. On the other hand, Airy beams showed emergent properties of acceleration in a
curved trajectory, non-divergence with propagation and self-healing of the beam. In 1979,
Berry and Balazs's work showed a non-spreading Airy wave packet solution for the
Schrodinger equation of free particle [19]. It took three decades for the experimental realization
of such a solution. In 2007, G. A. Siviloglou et al [20] reported the first experimental
demonstration of Airy wave packet in optics. In Berry and Balazs's work, they considered an
infinite extended Airy wave packet as a solution, with properties of non-divergence for an
infinite distance. In experimental schemes, these beams are truncated and have a finite spatial
extension. Due to truncation of the beam, the Airy properties last for a limited distance and the

truncated Airy wave function is represented by equation (1.1.5.)

#(&,5)=Ai (s—(§/2)2 + ia§)exp[(as—a§2 /2)—i(§3 /12—a2§/2—S§/2)] (1.1.4)
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where ¢ is the electric field envelope, s = x/xo represents a dimensionless transverse coordinate,
Xo is an arbitrary transverse scale, & = z/k xo” is a normalized propagation distance, and a is the
truncation factor [20]. The Airy beam has multiple lobe structure as shown in Figure 1.5, these
lobes have symmetric intensity distribution in the transverse plane with line profile as shown
in figure 1.5 along the central bright lobe. With propagation, the size of these lobe structures
stays the same and they propagate in a curved trajectory. To realize the Airy beam in the lasers,
one needs to make a cubic phase variation in the beam, then with the help of a Fourier lens it
results in the Airy beam profile at the Fourier plane. One can realize the simultaneous
generation of one-dimensional as well as two-dimensional Airy beam in the lab as
demonstrated by R. S. Grewal et al [21] by making a suitable phase variation in the single beam
itself. Due to interesting properties of acceleration, self-healing, and non-divergence, the Airy
beam has found various applications in the field of light-sheet microscopy [22], curved plasma
guiding [23] and micromachining in a curved channel [24]. With the new emergent application
of the Airy beam, there are different solutions available for their generation. The conventional

methods of Airy beam generation includes the holographic techniques and diffractive elements.

1tion

Pos

Airy beam Intensity(au)

Figure 1.5. Two dimensional Airy beam and corresponding line profile across central lobe
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In the next section, we will be discussing different methods for the generation of such spatial

structure from the laser beams.diffractive elements.
1.1.5 Methods of beam shaping

There are different methods available for the spatial beam shaping of coherent sources. The
active method includes direct generation from the laser resonator itself, while other methods

are based upon the mode converters such as spatial light modulators and phase plates.
1.1.5.1 Spatial light modulators

Spatial light modulator is a device used to modulate the amplitude and phase of the light beams.
Current methods to modulate spatio-temporal properties of the light beam by SLM are based
upon either MEMS (microelectromechanical system) or LCD (liquid crystal-based). The
LCOS-SLM (liquid-crystal-on-silicon spatial light modulator) are reflection type phase spatial
light modulators based on liquid crystal on silicon (LCOS) technology. In this technique, an
electrical signal is used to modulate the liquid crystal in the desired manner to modulate the
input light. LCOS based SLM utilizes the technique of computer-generated hologram, which
imprints the grating structure into SLM to modulate the phase and amplitude of the beam. For
example, to generate optical vortices from a Gaussian beam, a forked grating is used to imprint
on the SLM, which results in the generation of optical vortices of respective order as shown in
Figure. 1.6. They offer a great technique to achieve various spatial structure depending upon
the input given to SLM. This technique is based upon the liquid crystal and voltage provided

to each of them, which limits the input power usage. In reflection type SLM, use of dielectric

-0

Gaussian beam Fork grating Vortex beam

Figure 1.6. Spatial light modulator method for structured beam generation

mirror after the LCD limits the SLM operation within 50 — 100 nm of central wavelength
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operation. To overcome the limitations of high power beam shaping, different dielectric phase

elements are used.
1.1.5.2 Dielectric phase elements

Various dielectric elements are used for beam shaping of coherent sources. Due to the high
damage threshold of the medium, they are highly useful in the generation of high power
structured beams. One example of such an element is a spiral phase plate (SPP) [14]. Spiral
phase plates are designed with thickness variation in the azimuthal plane such that the input
beam sees a helical phase variation, as shown in Figure 1.7. For a beam with plane wavefront,
this thickness variation results in the generation of a helical wavefront or optical vortices.
Depending upon the requirement of topological charge in the beam one can design these phase

elements for the desired output.

Another type of such element is the cubic phase mask (CPM), which has a cubic phase grating
imprint, as shown in Figure 1.7. Passing of a Gaussian beam through CPM results in the cubic
phase pattern in the beam, and the Fourier transform of this pattern results in the generation of
an Airy beam. These phase elements have a very high damage threshold and are useful for the
generation of high power structured beams. However, due to material refractive index
dependence on the wavelength, these elements are highly wavelength-specific and limit their

functionality beyond the central wavelength region.

Optical vortex

©

. Spiral phase plate, SPP
Gaussian beam

Airy beam

Figure 1.7. Dielectric phase element method for generation of different spatial structure.

Most of the commercially available lasers have certain drawbacks in terms of limited or no

tunability, high cost, and complicated design. Some of the shortcomings can be easily
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overcome by choosing proper system design and laser gain medium. However, the generation
of wide tunable radiation from a laser itself is limited by the availability of suitable gain
medium. Such unavailability of gain medium restricts access to many wavelength regions
ranging from the UV to mid-IR using lasers. Additionally, due to the normal dispersion, the
phase elements used to generate structure beams are wavelength selective. For example, the
spiral phase plate used to generate optical vortices at 532 nm cannot be used for other
wavelengths. While liquid crystal-based spatial light modulators can have higher wavelength
coverage but such systems have lower damage threshold. All these limitations restrict the
generation of structured beams at a wide range of wavelengths using lasers. To achieve the
other frequency regions, which are not accessible through conventional laser, nonlinear optics
plays a key role. With the help of nonlinear optics, one can generate such spatial structures in

a broader wavelength region.

1.2 Nonlinear optics

The invention of the lasers opened new frontiers for the investigation of higher-order optical
phenomena. With properties of high coherence and high intensities of pulsed ruby laser, P. A.
Franken et al. demonstrated the first higher-order optical harmonic generation in 1961 [25].
This was the first study in the field of nonlinear optics and paved the way for the evolution of
non-linear optics. Field of nonlinear optics deals with the study of various optical phenomena,
which arises from higher-order nonlinearities in the medium. To observe such a process, high
intense field interaction with the matter is required. Though it was known that material can
exhibit higher-order nonlinearities much before the invention of lasers, but due to the
unavailability of such sources, there were no experimental studies of non-linear optics before
1960. The invention of laser provided a platform and source to study such higher-order
nonlinear optical phenomenon in different materials. With the help of high intense laser
sources, materials started to show higher-order nonlinear phenomenon. In this discussion, we
will neglect permanent dipole moments in the medium and focus on the induced dipole moment

due to the applied electric field. In the presence of an external field, the electric displacement

vector is given by equation 1.2.1, where, € is the epsilon tensor, E is the applied electric field
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and P is the dipole moment per unit volume. This dipole moment induces due to the charge
separation in the medium because of the applied electric field.

D=¢E+P (1.2.1)

This induced dipole moment per unit volume is dependent upon the input field and represented

by the equation 1.2.2. For most of the physical scenarios, input fields are not very intense and

P is linearly dependent on the input electric field. In the linear regime, applied electric fields
are very small and we can simplify the interaction of light with the matter as simple harmonic
oscillator system [26] which results in the linear component of dipole moment per unit volume.
For high input electric field, as compared to the interatomic electric fields in the medium, this
approximation fails and anharmonicity in the medium results in higher-order terms contribute

toward the dipole moment per unit volume as shown in equation 1.2.2.

—

R

& (Zi,jEj +Zi(,zj),kEj B, "‘Zi(,?}),k,l EEE +) (1.2.2)
P=P +P,

2 3 . o .
Where &, Zi(, j),k y & ;(i(, j),k,l are second-order and third-order susceptibility tensor respectively. The
induced polarization, P is a combination of linear dipole moment per unit volume (P, ) and

nonlinear dipole moment per unit volume ( P, ) which contribute only when the applied electric

field becomes very strong (~107 V/m). Equation 1.2.2 is written in the tensor notation and can

be further reduced to scaler form by making appropriate assumptions. Most of the materials

(2)

Zi,zj,k and Zi(,?k,l have values in the order of 1072 and 10* respectively and require high intense

electric field to see the output. Nonlinear polarization plays a key role in describing various
physical phenomena due to its dependence on time-varying nature of the applied
electromagnetic field. This nonlinear polarization acts as a source term in the Maxwell equation

for the electromagnetic waves, as given in equation 1.2.3 [26].

= O°E o’
V?E — y,e pe = 1 at;‘L (1.2.3)
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1.2.1 Second-order nonlinear effects

Second-order nonlinear optics deals with the physical phenomenon arise due to the second-

order nonlinear susceptibility ( ‘? ) term in the nonlinear polarization description.

B =& (1,E + 2 WEE) (1.2.4)

y# is third-order tensor which exists only in non-centrosymmetric materials in which there
is no inversion symmetry. Due to the second-order dependence of dielectric polarization on the
applied field, medium with inversion symmetry does not have a y® value [27]. In nonlinear

0

optics literature, y? is defined by Uy = S which directly defines the strength of the second-

order nonlinear phenomenon. By using symmetries of the medium, the d tensor can be reduced

PX
Py =26K|dy dy dy dy dy dy Z (1.2.5)
PZ

to 18 value and represented by a tensor contracted to 3x6 matrix. By using d tensor and applied
electric field, most general expression of second-order nonlinear polarization can be written as
shown in equation (1.2.5). Coupling between second-order nonlinear polarization and applied
electric field results in various second-order phenomena such as second harmonic generation,
sum-frequency generation, difference frequency generation, and parametric processes. Details

of such processes are discussed in the upcoming sections.
1.2.1.1 Second harmonic generation

Second-harmonic generation (SHG) was the first experimental demonstration [25] of the
second-order nonlinear optics, in which laser of wavelength at 693 nm was frequency-doubled

to 347 nm. For the simplified understanding of SHG, we have considered a high intense input
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Figure 1.8. Schematic of the second harmonic generation

field oscillating at frequency ® which, results in the second-order nonlinear polarization, as

shown in equation (1.2.6) at frequency 2.

Second-order polarization term at frequency 2w results in the dipole oscillation at frequency
2m, which gives rise to a new electric field inside the medium with frequency 2w. As shown
in Figure 1.8. SHG is a coherent process of the generation of new wavelengths that is not

accessible through conventional laser, for which green pointer is a classic example.

Maxwell’s equations for the propagation of electric fields at frequency w and 2w inside the
nonlinear medium and interaction between these two electric fields are given by the

following equation.

Lo aZE’((u) 82|3w
VZE()_/UOS o =Hy 8’[2“_

_ 82 E(Za}) aZISZa)
V2E@) _ ¢ _ NL
Ho atz Ho atz

(1.2.7)

The above equation shows, the electric field generated at frequency ® induces nonlinear
polarization at frequency 2w. This induced polarization generates electric field at frequency 2®
which interacts with the electric field at frequency w through the nonlinear interaction.
Variation of the electric field at frequency 2w with propagation distance and its dependence on

the input field is governed by the equation, as given below.

dEZa) _ @ Eie_iAkZ
dz c¢n,

(1.2.8)

Equation 1.2.8 is derived under the condition of low pump depletion and contains second-order

nonlinear coefficient of the medium (d) with the refractive index of the medium (n») for second
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harmonic wave, Ak determines the phase mismatch between fundamental and second
harmonic wave. Section 1.2.3, presents more discussion on phase mismatch and methods for

efficient phase matching for the generation of the second harmonic process
1.2.1.2 Sum frequency generation

Sum frequency generation (SFG) is a similar process to the SHG process. In both of these
processes, two photons energies are added to generate a new photon with higher energy. In the
case of SHG initial photons have the same energy, while in SFG two input photons have
different energies. To understand the SFG process, we can consider a second-order nonlinear
medium with two input electric fields at frequencies, wzand w2 Since the second-order process
has square dependence on the input field, we are only considering real components of the

electric field as given in equation (1.2.9).

E=Ee '™ +E,e " +cc (1.2.9)

In the presence of two electric fields with two different frequencies, second-order nonlinear

Py = 77| Ele ™ + Efe ™ + 2B E e ) + 2B Eje ) 4CC |
L (1.2.10)
+2/? [ EE; +EE, |
polarization is given by equation (1.2.10). This nonlinear polarization contains different terms
oscillating at different frequencies as shown in equation (1.2.10). In this second-order nonlinear
polarization, the term corresponding to the product of input electric fields results in the

oscillation of dipoles in the medium with new frequencies which are the sum of initial input

frequencies (o1+ ®2).

Eml E @
—) ZZ + 0 S
L @,

Figure 1.9. Schematic of sum frequency generation process
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These dipole oscillations result in the generation of new EM waves with frequencies o1+ w2 as
shown in Figure (1.9). SFG process is utilized to go from the near-IR or visible region to UV

[28] wavelength region in which conventional lasers do not operate.
1.2.1.3 Difference frequency generation

Difference frequency generation (DFG) is another second-order nonlinear process used to
generate longer wavelengths. In equation (1.2.10), the polarization term corresponding to the
product of electric fields with the difference of two input frequencies is describing the DFG
process. In this process, pump photons of energy ®; interact with another input beam at
frequency > and result in the generation of new photons at frequency wi - ®2 as shown in

Figure 1.10.

) “ o —
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Figure 1.10. Schematic of difference frequency generation process

During this process, the number of interacting photons with frequency w, with high intense
pump at frequency o1, results in the further generation of the same number of photons at
frequencies 2 and o1 - m2. Since, the number of input photons are enhanced during this
process, DFG is also known as optical parametric amplification. DFG based schemes are
utilized for the generation of new wavelengths in mid-IR and terahertz (THz) domain [29],
which are difficult to access through the conventional methods. In the case of equal input
frequencies, the process is termed as an optical rectification which results in a dc charge across

the nonlinear medium.
1.2.14 Parametric processes

The parametric process is opposite to the second-order based frequency upconversion process

such as SHG or SFG. In the parametric process, input pump photon (wp) splits into two
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daughter photons at lower energies, conventionally photon having higher frequency is known
as signal (ws) and photon with lower frequency is known as idler (wi). Due to the presence of
three interacting photons in this process, it is also known as three-wave mixing process. This
process is also known as spontaneous parametric down conversion (SPDC) and parametric
fluorescence in literature. This process does not involve any real energy level of the medium
and originates from the quantum mechanical nature of the process [30]. With the experimental
demonstration of this process in 1970 [31], it has proved its applicability as a single-photon

source for quantum optics and quantum information studies.

During the splitting of the pump photon into two photons, input pump energy is distributed in
the down-converted photons. Using this process and utilizing the condition of energy and
momentum conservation, the new wavelengths can be achieved. This generation of new
wavelengths is done through parametric amplification in a feedback mechanism to make an
oscillator using this process, which is known as optical parametric oscillators (OPOs). Such
devices are utilized to generate coherent radiations over a broad range of wavelengths. OPOs
have proved their versatility of generating high powers with broad wavelength coverage in all
time scales ranging from continuous-wave to the ultrafast domain. In the next chapter, we have
discussed the design mechanism and different requirements to make a tunable source of

coherent radiation.

1.2.2 Conservation laws

The second-order nonlinear process is a three-wave interaction phenomenon, which results in
the generation of new wavelengths depending upon the interacting beams. In this three-wave
mixing process, either two photons combine to generate one photon of higher energy or one
photon splits into two daughter photons with lower energies. During all such processes, energy
and total momentum are conserved, as shown in equation (1.2.11). Energy conservation can be
understood from Figure 1.11(a), with the virtual energy level diagram of the three-wave
interaction process. Figure 1.11(a) represents one photon of frequency ws splits into two lower
energy photons of frequency w1 and w2 through intermediate virtual energy levels represented
by the dotted line. Linear momentum conservation is known as the phase-matching condition.

For efficient interaction among interacting waves, they need to have equal phase velocities
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inside the medium. This condition is known as the phase-matching condition. Similar to linear
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Figure 1.11. Conservation laws during second order process, (a): energy conservation, (b): momentum

conservation

momentum, orbital angular momentum (OAM) is also conserved during second-order
processes [32]. During this process, the input pump beam OAM transfer to the resultant output.
During OAM conservation, one should keep in mind that OAM of the single-photon is always
integral multiple and cannot split into a fraction among the generated pairs. Energy and OAM
conservation in the second-order process does not need a special method for efficient transfer
of energy among the interacting waves. However, for better efficiencies in this process, one
needs special methods for phase matching. Physically this means that for coherent transfer of
pump energy into new frequencies, they should have minimum phase mismatch inside the
medium. On the other hand, we know that the refractive index of the medium is a wavelength-
dependent quantity, which increases with an increase in the frequency. To overcome this hurdle
of phase mismatch among interacting beams, special techniques, such as birefringent phase-
matching [33] and quasi phase-matching [34] are widely used for the coherent transfer of

energies between the interacting beams.

W, =, + ,
ky =k, +k, (1.2.11)
=1, +1,
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1.2.3 Phase matching

The method of momentum conservation in the nonlinear processes is known as the phase-
matching condition. The requirement of phase matching in a second-order nonlinear process
can be understood from the output power of the second harmonic wave in the SHG process.
Variation of 2o field along the crystal length depends upon the square of the input pump field
and phase mismatch between the pump and second harmonic waves as given in equation (1.2.8)
[26]. From this equation, one can calculate the output intensities and power in the SHG process

as given in equation (1.2.12).

(1.2.12)
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Where Ak =k, —2k  is the phase mismatch between the interacting waves, d;, is the nonlinear

coefficient of the medium, L defines the length of the crystal, n_ and n,  are corresponding

refractive index at frequencies w and 2w respectively. From the above equation for output
intensity in the SHG process, output power depends upon the phase mismatch between the
pump and SH wave. To achieve maximum output power, there should be zero mismatch,
Ak =0, between pump and second harmonic field. Output intensity falls down rapidly with
Ak variation from zero and has a bandwidth (intensity fall by 1/4) = /1. This critical
dependence of phase mismatch for efficient energy exchange in three-wave interaction
processes, achieving zero phase mismatch is a necessary condition. To achieve zero phase
mismatch for efficient interaction, the technique of birefringent phase-matching and quasi

phase-matching is used in a second-order nonlinear medium.
1.2.3.1 Birefringent phase matching

One of the fundamental techniques used for achieving phase-matching utilizes the
birefringence of the medium and known as birefringent phase-matching. Birefringence is the
property of anisotropic medium where different polarization has different refractive index
inside the medium. This variation in refractive index with polarization is utilized to design the

anisotropic medium in such a way that different interacting waves have different polarization
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but the same phase or group velocity inside the medium. For achieving this, interacting beams
are sent at specific angles to the optic axis of the medium, which results in a zero-phase
mismatch between the interacting beams and helps in the transfer of energy between the
interacting beams. These birefringent medium are divided according to the number of optic
axis in the medium into the uniaxial and biaxial medium. Depending upon the epsilon tensor
properties, materials are characterized into two categories- isotropic and anisotropic media. In
anisotropic mediums, epsilon tensor reduces to a diagonal matrix in principal axis with three

elements, &,,,&,,,&,, if,¢, =&, # £, the medium is known as uniaxial and for ¢, # &, # ¢,

22
the medium is known as a biaxial medium. In a uniaxial medium, there is only one optic axis
along which one can satisfy the phase-matching condition, while in a biaxial medium there are
two optic axes in which phase matching conditions can be satisfied. In this thesis, we have
utilized only uniaxial medium and we will limit our discussion only to uniaxial mediums. In
uniaxial mediums, the birefringence is based upon two different refractive indices, the ordinary
(no) and the extraordinary (n.) index of refraction. In the ordinary index of refraction, the
electric field polarized perpendicular to the optical axis, beam propagating in this direction is
known as the ordinary ray and have a same refractive index (n,), irrespective of angle with the
propagation direction. While in the case of an extraordinary beam, the polarization of the
propagating beam lies in the plane of the optic axis. In the case of extraordinary beams, the
refractive index face by the beam is dependent upon the angle with the optic axis and given by
n.(¢). By choosing a suitable angle with propagation direction, one can make the refractive
index at extraordinary polarization and ordinary polarization same for two different
wavelengths to satisfy the phase-matching condition. Birefringent phase matching is further
divided into two categories, Type 1 and Type 2. In Type 1 phase matching, pump photon has
orthogonal polarization as compared to the generated photons. Whereas, in Type 2 phase

matching, generated photons have orthogonal polarization among each other.
1.2.3.2 Quasi phase matching

The second approach to phase match the interacting beams inside a nonlinear medium is known
as the quasi phase-matching (QPM). It is clear from the term itself that in this technique, it does

not perfectly cancel the phase mismatch between the interacting beams. There is a small
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mismatch between the phase of the interacting beams and represented by Ak. For
understanding, we can consider a simplified case of SHG. In this process, pump beam
propagates inside the medium and generates energy with twice the frequency. After

propagation of small length corresponding to coherence length (1), the pump beam acquires

a 7 phase as compared to the second harmonic wave. This results in the backward energy
transfer from the second-harmonic to the pump beam. To make the energy transfer process
efficient with propagation, an additional phase shift of 7 is required after coherence length (

| .). This will enable the coherent transfer of pump energy back to the second-harmonic wave.

To realize this additional phase modulation of 77, method of periodical polling is used in the
nonlinear medium. In this technique, after coherence length, the crystal axis of the medium is
oriented in the opposite direction, this changes the sign of the effective nonlinear coefficient.
This helps in canceling the effective mismatch in the three-wave interaction and helps in the
effective transfer of the pump energy. The modulation of the crystal axis is done in a
ferroelectric medium with the help of externally applied voltage. The conversion efficiency of
QPM method is lower than that of BPM, if we consider the same nonlinear material, with the
same effective nonlinear coefficient. QPM technique is versatile with no dependence on
polarization of interacting waves, enables the use of long crystal length and one can selectively

choose the desired dej coefficient of the medium which is not possible using BPM technique.

1.3 Aim of the thesis

Structured beams have proved their application in the field of material lithography,
microscopy, quantum information and communication, and spectroscopy. Current techniques
for the generation of spatial structures over a broad range of wavelengths are limited due to the
laser’s output wavelengths over a limited range or fixed wavelength operation of phase
elements due to the normal dispersion. On the other hand, with limited tunability available with
SLM, the generation of structured beams with high power is difficult. On the other hand, OPOs
have demonstrated the generation of tunable coherent sources from UV to mid-IR with high
average power, stable spectrum and good beam qualities in all time scales. OPOs can serve as

a great platform to overcome the limitation of the existing methods and can help in the
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generation of high power tunable coherent sources of radiation with spatial engineered
structures. The objective of this thesis is to develop structured beam sources of coherent
radiation over a broad range of wavelengths with the help of optical parametric oscillators. In

this thesis, I have covered and studied the following works:

1. Direct generation of optical vortices by using doubly resonant continuous-wave and
ultrafast OPOs.

2. Generation and study of OAM exchange in singly resonant picosecond OPOs in near-
IR and mid-IR spectral domain.

3. Generation of tunable optical vortices in the ultraviolet spectral domain by using
intracavity SFG of a cw OPO.

4. Generation of tunable vector vortex beams by using doubly resonant nanosecond
OPO.

5. Generation of multispatial structured beams with a wavelength tunability using a

single picosecond OPO.

This thesis contains 8 chapters. It also includes the introduction of spatial beam shaping,
methods of their generation and nonlinear optics. The first chapter is a broad overview of the
basic motivation behind my thesis work. To achieve the goal of my thesis, we have used OPOs
as a platform, for better understanding. Therefore we have provided the basic design
mechanisms for the building of an OPO in chapter 2. After preparing the recipe for the thesis
work in the first two chapters, we have presented my experiments completed during my thesis
tenure in subsequent chapters. The third chapter focused on the direct generation of optical
vortices from Gaussian pumped OPOs in CW as well as ultrafast time domain. In chapter 4,
we have discussed the generation of high power, higher-order optical vortices in near-IR as
well as the mid-IR spectral region by using ultrafast OPO. In chapter 5, we have focus on the
generation of optical vortices in the UV region by using intracavity SFG configured OPO.
Chapter 6, we have changed our gear from scaler beams to vector beams and presented a
scheme to generate tunable vector-vortex beam from a doubly resonant nanosecond OPO. After
gaining experience on structured beam OPO, we focused on developing a single system which
can provide multiple spatial structure with broad wavelength coverage. The results of this work

are presented in chapter 7. In chapter 8 we have summarised my thesis work and discussed
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about future possibilities to generate different spatial structures by using CW as well as ultrafast

OPOs.






Chapter 2 Optical parametric oscillators and

cavity design

2.1 Three wave interaction

In the last chapter, we have discussed second-order nonlinear processes such as SHG, SFG,
and parametric processes. In this section, we will discuss the description of the parametric
process and optical parametric oscillators (OPOs). In OPOs, discussion on their design
mechanisms and dependence on the various parameters is presented. For this discussion we are
going to consider input laser beam as a pump source which is represented by electromagnetic
(EM) wave of frequency wp, down-converted photon of higher energy is considered as signal
and is represented by EM wave of frequency ws and photon with lower energy as idler and is
represented by EM wave of frequency ;. This is the common convention used to represent
three waves involved in the process. Since the second-order nonlinear process is a three-wave
mixing process and all the interacting waves are coupled to each other, so this process is
represented by the coupled Maxwell equations as discussed in the last chapter. To understand

the three-wave interaction process, we have considered a nonlinear medium with all three
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Figure 2.1. Schematic representation of second order parametric down conversion

process.
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waves inside the medium as shown in Figure (2.1). In this process, the energy of the pump

photon splits into signal and idler such that @, =@, +@,. The medium considered here is a

homogeneous, non-magnetic with no free charges. In the second-order nonlinear processes,
nonlinear polarization results in the generation of new frequencies. All three waves are

represented by equation (2.1.1) inside this medium.

E(w,) = %[Epei(k"z’”"t) + c.c}

E(w,) = %[Ese‘(ksz‘“’st) + c.c} (2.1.1)
E(w)= %[Eiei(kiz“‘"‘) + c.c}

Each wave will induce a second-order nonlinear polarization inside the medium, given in

equation (2.1.2).

P (@,) = %god [2 E, Eiei[(k”k‘)z_”“t] + c.c}
P, ()= %god [ZEpEfei[(kp‘ki)z“”@ ; c.c} 2.12)
P (@)= %eod [ZEpE:ei[(k“_ks)z_"ﬂ + c.c}

For simplified analysis of the interaction of these three waves in a nonlinear medium, we have
considered that there is no phase mismatch in the system which can be achieved through
birefringence phase-matching or quasi phase-matching. Under no phase mismatch, we can
derive the coupled wave equation under the effect of nonlinear polarization as the source term
in the medium. The generalized Maxwell equation for these three waves is given by as equation

(2.1.3).

O°E(w,) O°Py (@)
VZE(”])‘/‘OE(C‘)]) == 1 gl,_[z :

p (2.1.3)

Where index j can be replaced by p, s and i for deriving wave equation for pump, signal, and

idler respectively. We can derive the wave equation for the pump, signal, and idler by replacing
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the Py and E(w) with the corresponding expression given in equation (2.1.1) and (2.1.2). On
replacing the corresponding term in equation (2.1.3), and working in slowly varying amplitude
approximation (second-order variation in the field with propagation is neglected), we get the
coupled-wave differential equations (2.1.4) for pump, signal, and idler. From equation (2.1.4),

where, Ak =k -k —k;, it is evident that the variation in pump amplitude depends upon the

effective non-linear coefficient d and field amplitude of signal and idler. Similarly, field
variation in signal and idler is dependent on the pump field and nonlinear coefficient. Under

the condition of complete phase matching where k, =k +k which means pump photon

momentum is the sum of signal and idler momentum, we get an efficient process of three-

wave interaction.
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2.2 Optical parametric oscillators

From the discussion in the previous section, a strong pump in the second-order nonlinear
medium can amplify the light and can generate signal and idler under complete phase-matching
condition. In a single pass process, high intense pump amplifies the signal radiation, depending

upon the gain of the nonlinear medium. By using the same principle as that of laser, this
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(a) Singly resonant OPO (b) Doubly resonant OPO

Figure 2.2. Schematic of optical parametric oscillator
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parametric amplifier can be converted into an oscillator by putting the nonlinear gain medium
inside a pair of mirrors. This pair of mirrors can be designed in such a way that they have
minimum reflectivity for the pump wavelength and a very high reflection for either signal or
idler wavelength or for both signal and idler. A schematic representation of doubly resonant
and singly resonant OPO is shown in Figure 2.2. Here a pump photon enters into the cavity and
generates signal, idler pair through parametric down-conversion. Cavity mirrors reflect
signal/idler or both of them, after one round trip reflected beams propagate in the direction of
the incoming pump beam. After one complete round trip, the signal/idler gets amplified in the
presence of the input pump beam and after crossing the operational threshold, the cavity gives
an output of coherent radiation. In the case of the singly resonant scheme, only one wavelength
(either signal or idler) resonates inside the cavity, as shown in Figure 2.2(a). Whereas in the
case of a doubly resonant scheme, both signal and idler resonate inside the cavity, as shown in
Figure 2.2(b). There are other cavity configurations in which all the interacting waves resonate
inside the cavity, known as triply resonant optical parametric oscillators. In this thesis, we have
worked on the singly and doubly resonant OPO cavity configuration. In the upcoming section,

we will discuss what are the various parameters involved in their designing mechanism.
2.2.1 Singly resonant OPO

To understand singly resonant OPO, we have considered a two-mirror cavity as shown in
Figure 2.2 (a), such that the reflection coefficient of cavity mirrors for the pump and idler is
Rp=Ri=0, while cavity mirrors reflect signal with reflection coefficient, R=R. Allowed signal
resonating oscillation frequencies are dependent on the length of the resonator (L) and are given

by @, =mac/n,L (nsis the refractive index of the medium). This criteria further can be used

to find the free spectral range of the OPO.

In this section, we have presented, the condition of threshold pump power required for the OPO
to work. To find out the threshold power to run the OPO, we assume Es(0) as the signal
amplitude at the input of crystal face and no idler field. After this, we have calculated the
variation in the signal field along the crystal length. From equation (2.1.5) and assuming no
phase mismatch in the system, we can simplify the variation of the signal, idler and pump

amplitude variation along the propagation direction.



2.2 Optical parametric oscillators 29

dE, .o, d

—=i—EE,

dz cn,

dE, _;od EE (2.1.5)
dz cng

E: ia);dEpE:

dz cn,

To find out the signal field along the crystal length, we looked at the second-order variation in
the signal field with propagation distance z. We have assumed that we are working in no pump
depletion region and ignored the pump variation with propagation, under this approximation

second-order signal variation is presented by equation (2.1.6).

d’E, wwd?

dz>  c’nn,

E,[E (2.1.6)

For the singly resonant scheme, this wave equation results in the solution for the signal field

along the propagation direction as shown in equation (2.1.7) .

E.(z) = E;(0) cosh(gz) (2.1.7)
. . 2 WO, d? 2 . . .
where gain coefficient, g = o2 E, defines the gain in the signal pass through a nonlinear

ST
medium. For OPO to work, after one complete round trip signal field should be equal to the
input signal field. This condition is satisfied when the gain in the medium, equals losses inside

the cavity. This condition gives rise to the threshold ( g, ) condition and corresponding pump
threshold intensity (1,0 ) as shown in equation (2.1.8). Also, it is evident that threshold intensity

is inversely proportional to the effective nonlinear coefficient and length of the nonlinear
medium, which directly determines the gain in a single pass process. Also, we have only
considered losses due to the transmission in the mirror and neglected other losses such as

scattering, absorption, and diffraction losses in the medium.
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Equation (2.1.6) can also be used to determine the pump intensities output in the process. By

using the same mechanism as that of the signal field, output pump intensities give a cosine

dependence as shown in equation (2.1.9).

1P =1P cos? (ﬂj (2.1.9)
out in Ip i N

th

Where I”, 1P are pump input and output intensities at the crystal face. In the case of singly

in? "out

resonant OPO, one can achieve maximum output power in signal and idler at pump intensities

of 2.4719.

2.2.2 Doubly resonant OPO

In doubly resonant OPO, as shown in Figure 2.2(b), we oscillate both signal and idler inside
the cavity. In this case, we select cavity mirrors in such a way that they have a high transmission
for the pump wavelength and high reflection for the signal (Rs) and idler (R;) wavelength. In
the case of a doubly resonant system, the cavity must satisfy the resonance condition for both
signal and idler frequencies. Due to the oscillation of both signal and idler inside the cavity,
now we cannot assume zero idler field at the crystal input face and we need to modify the signal
and idler field equations. For the doubly resonating scheme, field equation for the signal and

idler is give by the equation (2.1.10).

E.(z) = E;(0)cosh(gz) +1i /ws—niEi*(O)sinh(gz)
Ny

2.1.10
“0s £ (0)sinh(gz) (2110

E () = E (0)cosh(gz) —i

ST
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For simplified understanding, we have assumed the reflection coefficient of the cavity mirrors
for signal and idler are close to unity. After considering gain equals to the loss in the cavity
after one complete roundtrip in this cavity configuration, we have a pump threshold intensity

condition for the doubly resonating OPO, as shown in equation (2.1.11).
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Now we have an understanding of the SRO and DRO operation. We have compared the
threshold power requirements for the working of singly resonant OPO and doubly resonant

OPO in equation (2.1.12).

12 R
(1) o _(1=R) (2.1.12)

(ItE )SRO 2

In the case of doubly resonating of signal and idler, gain in the cavity is very high due to

oscillation of both signal and idler, and results in a lower threshold as compared to the singly
resonant OPO. As mentioned before DRO needs to satisfy the oscillation of signal and idler at
the same time, which makes this system unstable as compared to the singly resonant OPO. This
instability rises due to the refractive index dependence on wavelength, fluctuation in
temperature or mechanical vibration results in the change in refractive index or cavity length
respectively and leads to the cavity selection of new oscillating pair conditioned to the phase-
matching. Since signal/idler wavelengths are dependent upon each other and free spectral range
of the cavity will not allow all possible combinations to oscillate inside the cavity. This leads
to frequency and phase instability inside the cavity and results in the jumping of signal and

idler wavelength from one pair to another.

Tunability in this process is achieved through the different mechanisms depending upon what
kind of phase matching technique we are using. Any parameter which changes the refractive
index of the nonlinear medium is used as a tuning parameter. For OPO configuration with a

nonlinear medium as BPM, angular orientation is used as a controlling parameter for the
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wavelength tuning. By changing the angle between the pump beam wave vector and the optic
axis of the medium, the refractive index for the interacting waves will change. This change in
the refractive index will correspond to a new phase-matching condition and changes the
wavelength of the resonating beam inside the cavity. This method utilizes the angle on the
nonlinear crystal and provides tunability to the coherent radiation. For OPO based on QPM
crystals, temperature and grating period are used as a parameter for OPO tunability. By
changing the temperature of the medium, refractive index changes, this affects the phase-
matching condition and signal/idler will move to a new pair of wavelengths to cancel the
resultant phase mismatch. Another parameter for wavelength tuning in QPM crystal is the
grating period, which is dependent on phase mismatch in the three-wave interaction process.
By changing the grating period, one can choose the new signal idler pair for a fixed pump, for
efficient energy transfer. Another important parameter for wavelength tuning is pump tuning,
in which by keeping all other parameters fixed one can tune the wavelength by tuning the

pumping wavelength to the OPO.

2.3 Designing the OPO cavity

OPOs have proved their versatility as a tunable source of coherent radiation. To build an OPO,
one needs to choose different parameters for getting the best performance out of the system.
Out of various parameters, pump source, nonlinear gain medium, and cavity design are crucial

for making an OPO.
2.3.1 Nonlinear gain medium

The nonlinear medium acts as a gain medium in the OPOs and requires selection for the best
performance from the system. Not all the medium can be used as a gain medium to observe
second-order processes, moreover ¥* medium is anisotropic in nature which limits the
available options. For choosing a nonlinear crystal for OPO, one of the important parameters
is the transparency range. Since we need a high intense pump field for achieving the threshold
power for the OPO operation. If a crystal is not transparent for the interacting waves, absorption

of the pump field leads to a serious problem of performance degradation. The second parameter
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is the damage threshold of the medium, OPOs are sources of high average power, which
requires high pump power to pump the nonlinear medium, so damage threshold consideration
is another crucial parameter for the medium selection. Thermal conductivity of the medium
also plays a key role for material selection, due to the high pump power, of the order of
MW/cm?, it generates a lot of heat in the medium, which in turn needs proper heat sink
mechanism to avoid any damage and performance issue in the system. Therefore, a medium

with good thermal conductivity is preferable for OPO operation.

The figure of merit (FOM) is defined as O /,/N,NN; s one of the most essential parameter

for material selection for the parametric interaction. Nonlinear gain determines how much gain
extraction is possible in the single-pass process and makes the material selection highly
dependent upon d.j value. In practice, the d tensor can be reduced to a matrix with 18 elements,
with different values across the matrix. Depending upon the parametric interaction and phase
matching condition, one can decide which element of this tensor we can utilize. This simplifies
the de consideration as a scaler with a certain value and defines the strength of the nonlinear

process.

For the efficient generation of coherent radiation through OPO, it is important to know the
phase-matching possibility in the desired wavelength, while keeping above mentioned
parameter in mind. In the second-order nonlinear frequency conversion process, maximum
gain is achievable under the perfect phase matching and theoretically, it is possible to convert
whole pump power to the desired wavelengths. Conversion efficiency achieved in the nonlinear
process follows sinc’ function with maximum conversion at one frequency and then it falls
rapidly. Since in practice, it’s not possible to have a single frequency laser system, each laser
system has a specific spectral width which varies from continuous-wave to ultrafast laser
system. While designing the medium, It is essential to consider the spectral and temperature

acceptance bandwidth of the medium.
2.3.2 Pump source

The laser pump source determines how much maximum gain we can extract from the nonlinear

medium. The selection of pump source depends upon the output wavelength requirement from
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the OPO. To generate coherent radiation with narrow linewidth from an OPO, it requires a
narrow band CW pump source. The threshold of the singly resonant OPOs in CW pumping
scheme is very high and require a selection of pump source with high average power to extract
the maximum gain from the medium. Power fluctuations in the pump source reflect in the OPO
output powers, for the stability in output power, it is crucial to choose a stable laser source. To
achieve nanosecond to femtosecond pulses from OPOs, it needs a pulsed pumping source such
as nanosecond laser, picosecond laser, and femtosecond laser sources. Pumping with an
ultrafast laser helps to achieve the threshold with lower average power as compared to the CW
laser sources due to the availability of high peak power. Although the use of ultrafast laser
increases the peak power, in contrast, it evokes group velocity mismatch between the
interacting waves and limits the length of the nonlinear medium. With ultrafast laser sources,
crucial parameters are pump spectral as well as temporal width for the desired output
wavelength through OPO. For all pump sources, another requirement is the good beam quality
of the pump laser, sources with M? value closer to Gaussian distribution and good pointing

stability are useful for the gain extraction from the nonlinear medium.
2.3.3 Cavity design

For the generation of coherent radiation from parametric interaction, the gain of the medium
should exceed the losses in the system. One method to increase the gain is by enclosing the
nonlinear medium inside a pair of mirrors and form a cavity. For the operation of OPOs, one
needs to take care of the stability of the cavity which enables the efficient generation of output
radiation. Different cavity designs lead to the controlling of longitudinal (possible frequencies)
as well as transverse modes (spatial pattern) inside the cavity. Longitudinal modes inside the
cavity are calculated from the separation between two mirrors of the cavity. For the Fabry-
Perot cavity (with two plane mirrors), these longitudinal modes are given by, v=nc/2d, where,
d is the separation between two mirrors, n is the corresponding refractive index of medium and
v is the resonant frequency of the Fabry-Perot cavity. This method is utilised to determine the
possible frequencies which can oscillate in any cavity configuration. For transverse spatial

pattern output from a cavity, Fresnel-Kirchhoff integral method, along with symmetries of the
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cavity decides mode selection inside the cavity. In practice, rectangular symmetric cavities can

produce all possible HG modes depending upon the laser gain and input pump power.

The stability of an OPO cavity is determined by using the ABCD matrix method. ABCD matrix
method is used to describe the evolution of light rays in a medium from initial to the final point.
When a ray is travelling from one point to another, it can pass through different optical elements
such as translation in free space, reflection through mirrors, focusing via the lens and curved
mirrors and translation from one medium to another. These optical elements are represented by
a 2x2 matrix and if they are applied in an exact sequence from point A to B, they give exact
spatial evolution of the beam from initial to the final point. The ABCD matrix for different

optical elements is given below in equation 2.3.1.

1 0
M i 0 n
n, (2.3.1)
1 0
Migns =| =1 1
f

Where Mirans, Myefi, and Miens are ABCD matrix for translation, refraction from a medium with
refractive index n; to n2 and lens of focal length f respectively. For a stable cavity, the crucial
criterion is that the beam should return to its original state after one complete roundtrip. During
this round trip, the beam will undergo translation as well as pass-through various optical
components. Beam evolution is calculated through ABCD matrix formulation for one complete
roundtrip and final ABCD components of the matrix define the stability of the cavity with the

condition given in equation (2.3.2).

<A+D+2

0 4 (2.3.2)
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For the OPO cavity after finding the stability of the cavity, another important parameter is the
Gaussian beam waist evolution inside the cavity. Since the gain of the medium is dependent
upon the pump beam intensity which further depends upon the beam waist of the pump,
moreover maximum pump power transfers among the down-converted beams interacting
beams when they all have equal confocal beam parameters [35]. This condition makes it crucial
to calculate the evolution of the Gaussian beam waist of the resonating beam and matching it

with the pump beam after one complete roundtrip.

The Gaussian beam is characterized by the beam waist and radius of curvature of the wavefront.
Conventionally, q parameter is used to define the Gaussian beam characteristics which is
dependent upon beam waist and radius of curvature of the wavefront, where the q parameter is

defined as follows:

A

1 .
R_j -1 n7Z'W2(Z) (233)

1_
q

where R; is the radius of curvature of wavefront and w’(z) is the beam waist at point z for the
beam with wavelength A. This calculation of beam waist depends on which type of cavity we
are using for the experiment. This q parameter used with ABCD matrix formalism to calculate
the Gaussian beam properties from point A to B with the final q parameter is given by equation

(2.3.4)

_Ag,+B

qz_qu+D

(2.3.4)

The final beam waist and radius of curvature are calculated by equating the final q parameter
with an initial q parameter and putting an appropriate value of the ABCD matrix in the above

equation.

For OPO configuration, the more general type of cavities are linear cavity with two plane or

curved mirrors, V cavity, ring cavity, and X-cavity configuration. In this thesis work, we have
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utilized the V-cavity, ring cavity and X-cavity for the different studies. The schematic of these

different cavity configurations in the singly resonant scheme is shown in Figure 2.3.
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>
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Figure 2.3. Schematic of different OPO cavity configuration

For simplified understanding, we can study the Gaussian beam evolution inside the ring cavity
and we will find out how cavity design helps in achieving the maximum gain. Boyd and
Kleinmann [35] suggested choosing the pump beam waist in such a way that //b (/' defines the
length of the medium and b is the pump confocal beam parameter) should have a value of 2.84
for maximum gain extraction in single pass parametric process. For the Gaussian beam
propagation, we take the center of the nonlinear crystal as the starting point with minimum
beam waist w(0)). Gaussian beam with minimum beam waist starts to propagate along the length
of the nonlinear crystal up to the face of the crystal. This process is characterized by the first
translation matrix for the Gaussian beam waist calculation. At the exit point of the nonlinear
crystal, there is a change in the refractive index, which corresponds to the refraction matrix.
After this, the beam again propagates in free space from face of the crystal to the first curved
mirror of radius of curvature, R, this implies translation matrix and then subsequent matrix for
the curved mirror. After this beam propagates from the curved mirror to the plane mirror, which
corresponds to the translation matrix and unit matrix for the plane mirror. Since the unit matrix
represents the plane mirror, one can assume a continuous translation from the first curved
mirror to the second curved mirror. After passing through the second curved mirror of the same

radius of curvature beam translates to the input crystal face, this corresponds to the curved
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mirror matrix operation, translation matrix operation in the same order. After entering inside
the nonlinear crystal, the beam sees a refractive index change, which corresponds to another
refraction matrix and subsequent translation matrix until the starting midpoint in the nonlinear
crystal, for the Gaussian beam. We expect the same Gaussian beam characteristics in the beam
after one complete roundtrip for the stable cavity configuration. For achieving this goal, curved
mirror separation plays a crucial role. We can calculate the Gaussian beam evolution for

different cavity configurations in the same manner. For the understanding of beam waist
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Figure 2.4. Beam waist evolution inside ring cavity and X-cavity

evolution, we have plotted the beam waist for the stable ring cavity and X-cavity configuration

as shown in Figure 2.4.

2.4 Conclusion

In this introductory chapter, we discussed optical parametric oscillators, their threshold
condition, and comparison between the singly resonant scheme and the doubly resonant
scheme. We have also discussed what are key requirements for setting up an OPO in the lab,

with focusing on the material selection, pump property, designing a stable cavity configuration.



Chapter 3 Direct generation of optical vortex and

vortex dipole from OPOs

This chapter constitutes the following publications.

1) Varun Sharma, A. Aadhi, and G. K. Samanta, "Controlled generation of vortex and vortex
dipole from a Gaussian pumped optical parametric oscillator," Opt. Express 27, 18123-
18130 (2019).

2) Varun Sharma, S. C. Kumar, G. K. Samanta, and M. Ebrahim-Zadeh, "Optical vortex
generation from an anti-resonant-ring picosecond optical parametric oscillator," in 2019
Conference on Lasers and Electro-Optics Europe and European Quantum Electronics
Conference, OSA Technical Digest (Optical Society of America, 2019), paper cd 8 5 and

manuscript under preparation for journal publication.

In this chapter, we have discussed the external mode convertor independent method of vortex
beam generation directly from Gaussian pumped OPOs. These two works have enabled the
direct vortex beam generation by either using the modes of the cavity or manipulating the cavity

for higher-order mode generation.



3.1 Introduction

Optical vortices, the doughnut shaped beams carrying orbital angular momentum (OAM), have
drawn a great deal of interest in recent times with new applications in various fields of science
and technology including quantum information and quantum entanglement [9], lithography
[36], high resolution microscopy [37] and micro-particle manipulation [38]. Typically, the
optical vortices are generated through the mode conversion of the Gaussian laser beam using
the conventional mode converters such as astigmatic mode converter based on cylindrical
lenses to convert the HG modes into LG modes [12]. Other commercial techniques such as
spiral phase plates (SPPs), with transverse thickness variation corresponding to the spiral phase
pattern of the vortices [14], g-plates [39], liquid crystal-based spatial light modulators (SLMs)
[40] and computer-generated holograms [13]. Among all mode converters, the SPPs,
cylindrical mode converters and the etched-glass diffractive optical elements, are simple and
stable devices to generate high power optical vortices required for various applications
including nonlinear optics [41], gravitational wave detection [42] and micromachining [43].
On the other hand, with limited wavelength coverage, mode converters including g-plates and
SLMs are conventionally used for applications requiring low output power vortex beams.
However, the future advancement of optical communication with a demand of high-capacity
and multi-channel operation requires high power laser source with wavelength and OAM-
tunable vortex beam output over a wide spectral range. Efforts have been made in recent times
to generate optical vortices from the lasers [44]. While the direct generation of high power
optical vortices from lasers eliminates the need of phase elements for mode conversion,
however, the limited wavelength tunability of the lasers is the major challenge towards the

generation of vortex beams over a broad wide wavelength range.

On the other hand, optical parametric oscillators (OPO), based on nonlinear optical effects,
have been established as the source of coherent radiation tunable across the electromagnetic
spectrum in all time scales (continuous-wave (cw) to femtosecond) [45—47]. Therefore, the
direct generation of optical vortex from the OPOs can be the most straightforward way of
addressing the requirement of wavelength and OAM-tunable vortex beam directly from the
source. Efforts have been made in recent times to generate optical vortex from the OPOs by

transferring the OAM of the pump beam to one of the generated beams owing to the OAM
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conservation in nonlinear frequency conversion processes [48—50]. Similarly, the control of
the cavity losses among the resonating beam has also enabled the selective transfer of the pump
OAM modes to one of the OPO output beams [49]. However, due to the need of pump beam
in vortex spatial profile, all the OPO based vortex sources [48—50] till date demand external
mode converter for the pump wavelength. Additionally, the vortex pumped OPO has a higher
operation threshold as compared to the Gaussian beam pumped OPO. Therefore, it is

imperative to generate vortex beam directly from the Gaussian beam pumped OPOs.

3.2 Generation of vortex and vortex dipole from a Gaussian

pumped optical parametric oscillator

Given the vortex beam generation through the superposition of orthogonal Hermite-Gaussian
(HG) modes with suitable phase relation and the operation of OPOs in higher-order TEM
modes [51], one can in principle generate vortex beam directly from a Gaussian beam pumped
OPO. For the implementation of the direct generation of optical vortices from OPOs, requires
higher-order mode oscillations inside the cavity. Here we demonstrated for the first time to the
best of our knowledge, the direct generation of tunable optical vortex beam from a Gaussian
beam pumped cw OPO. By controlling the overlap of the Gaussian pump beam and the
fundamental OPO cavity modes through the external pump beam tilt, we have generated optical
vortex of order, /=1, tunable across 970-1178 nm. The experimental results presented here are
in close agreement with theoretical treatment used for vortex beam generation from the overlap

of two Gaussian beams [52].
3.2.1 Experimental configuration

The realization of the generation of optical vortices through OPO is done in a green pumped
doubly resonant OPO scheme. The configuration of the experimental setup is shown in Figure
3.1. A continuous-wave (cw), single-frequency, Yb-fibre laser, providing output power up to
50 W at 1064 nm in Gaussian intensity distribution is used as the fundamental laser. Using a

lens, L1, of focal length, f= 150 mm, we have focused the laser beam at the centre of a 50 mm
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long, MgO-doped periodically poled congruent grown lithium tantalate (MgO: PPCLT) crystal
(C1) having single grating of period, A= 7.65 um to frequency-double into green at 532 nm
with maximum output power generation of 4.5 W in a Gaussian intensity profile. The half-
wave plate (A/2) is used to adjust the polarization of the fundamental with respect to the poling
period direction of the MgO:PPCLT crystal for optimum phase-matching. A lens, L2, of focal
length, /= 150 mm is used to collimate the generated green and subsequently extracted from
the undepleted pump using a wavelength separator, S1 (dichroic mirror with high transmission
for 1064 nm and high reflection from 532 nm). The power attenuator comprised with a A/2
centred at 532 nm and a polarizing beam splitter (PBS) cube is used to control the input green
pump power to doubly-resonating OPO (DRO). With the help of subsequent A/2 plate after
power controlling unit, the polarization of the green pump beam is adjusted for the perfect
phase matching and best performance for OPO operation. The DRO is configured in a standing
wave V-shaped cavity configuration which comprised of two plano-concave mirrors, M1-M2,
of radius of curvature, » = 100 mm, and a plane mirror, M3. All the cavity mirrors are high
reflective (R>99.5%) across 850-1200 nm ensuring doubly resonant condition for signal and

- A/2

~

50 W, CW
Yb-Fiber Laser

L1

Dump

Dump

Signal
CCD
CCD

Figure 3.1. Schematic of the experimental setup. A/2, half wave plate; L1-3, lenses; PBS, polarizing beam splitter
cube; S1-2, wavelength separators; M, mirror; M1-3, DRO cavity mirrors; C1, PPCLT for SHG; C2, PPSLT
for DRO.

idler beams and high transmission (T>95%) at pump wavelength, 532 nm. A 30 mm long and

2x1 mm? in aperture, MgO-doped periodically poled lithium tantalate (MgO:sPPLT) crystal



3.2 Generation of vortex and vortex dipole from a Gaussian pumped optical 43

parametric oscillator

(C2) of single grating period of, Ac= 7.97 um, is used as the nonlinear crystal for OPO
operation. The crystal is housed in a temperature oven whose temperature can be varied up to
200°C with a stability of £0.1°C. The out-coupled signal and idler radiation of mirror, M3, are
wavelength separated using the separator, S2, for further studies. Since the mirror reflection
changes vortex sign, we have used even number of reflections to both signal and idler beams
before characterization. For maximum gain inside the OPO, the input Gaussian pump beam is
focused at the centre of MgO:sPPLT crystal using a convex lens, L3, of focal length, /=150
mm, to an estimated beam waist radius of w, = 55 um. The separation of the curved mirrors,
M1 and M2, placed on the translation stages, was adjusted to match the confocal parameter of
the resonating signal to that of the pump beam for optimum performance of the DRO [53]. The
beam waist radius of the signal is estimated to be wy = 78 um with the optical length of the

DRO cavity of, L =315 mm.

3.2.2 Results and discussion

To verify the generation of vortex beam directly from a Gaussian beam pumped DRO, we
adjusted the crystal temperature at 62°C producing signal and idler at 1002 nm and 1134 nm
(recorded with ocean optics spectrometer) respectively, away from the degeneracy to study the
beams individually. Pumping the DRO with the Gaussian beam, we have measured the spatial
profile of the signal and idler for different cavity alignments with the result shown in Figure
3.2. As expected, for the exact alignment of the OPO cavity ensuring optimum overlap of the
pump beam with the fundamental cavity mode, the Gaussian pump beam produces the signal
and idler beams, as shown in Figures 3.2(a)-3.2(b), resembling Gaussian spatial profiles. For
exact alignment, OPO started working at a pump power of 60 mW. To confirm the absence of
any topological charge in the resonant beams, we have recorded the self-interference pattern of
the signal and idler beams using a Mach-Zehnder interferometer (MZI). The straight line
interference fringes, as shown in Figures 3.2(c)-3.2(d), confirm both signal and idler oscillating

in fundamental cavity modes resulting in the Gaussian spatial intensity distribution.

Keeping the cavity parameters fixed, we have introduced a tilt between the Gaussian pump

beam and the fundamental cavity mode by tilting the focusing lens, L3, in the transverse plane
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and recorded the intensity profile of the signal and idler beams with the result shown in Figures
3.2(e)-3.2(f), respectively. As evident from Figures 3.2(e)-3.2(f), both the signal and idler are
Signal Idler Signal Idler

Without Pump Tilt With Pump Tilt
Low I High

Figure 3.2. (a,b) Far-field intensity pattern and (c.d) self-interference of the signal and corresponding idler
beams generated in absence of any tilt in the Gaussian pump beam. (e,f) Far-field intensity pattern and (g,h)

self-interference of the signal and corresponding idler beams generated for the tilt in the Gaussian pump beam.

transformed into a beam with doughnut shape intensity distribution. To confirm the presence
of topological charge, we have recorded the self-interference of the signal and idler beams
using the MZI with the results shown in Figure 3.2(g)-3.2(h), respectively. The presence of
characteristic fork in the interference pattern, as evident from Figure 3.2(g)-3.2(h), confirm
both the signal and idler carrying optical vortices of the same order, /&= /; = 1 and same sign.
Given the OAM conservation of nonlinear processes [48,49], one can expect the Gaussian
pump beam, /, = 0, to produce signal and idler vortices of the same order but opposite in sign
satisfying, [, = [; + [;.. However, the generation of signal and idler beams with the same vortex
order and sign from the Gaussian pump beam can be attributed to the generation of higher-
order cavity mode due to the pump beam tilt and not due to the OAM conversation of the

nonlinear process of the OPO.

To understand the vortex beam generation mechanism of the Gaussian pumped DRO, we have
investigated the generation of vortex and dipole using superposition of two transversely scaled

Gaussian beams [52].

E(X, y) =~/2ASinh {—M(az —%}L i, , (X, y)}exp {—M(az +i2ﬂ (3.1.1)
2w, a A a

A 2w,
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E,(x,y)=Aexp —%}exp[i@(x, ] (3.1.2)
E,(x,y)= A exp —%}exp[i@(x, ] (3.1.3)

Above equations represent the electric field of signal/idler beams generated by pump beam and
supported by the cavity mode, respectively with 4;= 4> = A4, the complex amplitudes, and w,
= wia = wx/a, w;, 2 are the beam waist radii. The parameter, o, describes the transverse scaling
of the beams with linear phases, ¢; and ¢2, whereas, ¢, is the phase difference between two
beams in the transverse plane. The cavity is designed in such a way that the confocal parameter
of the pump is equal to that of the signal beam [53]. Therefore, we can assume both the beams
to have the same beam waist radius i.e., @ = 1, and numerically simulated the intensity
distribution of the superposed beam by varying the linear phase difference ¢ along the x-axis,
y-axis with the results shown in Figure 3.3. As evident from Figures 3.3(a)-3.3(d), the
superposed beam maintains a Gaussian intensity distribution for linear phase difference, ¢.,,=
0, and transform into HG 1o mode, HGo1 mode and HGo1 mode along 45° due to the linear phase
difference ¢, along x-axis, y-axis and 45° to the x-axis, respectively. The HGo1 mode along
45° can be transformed into an optical vortex as shown by the inset of Fig. 3(d) using the

astigmatic mode converter based on tilted curved mirrors of the OPO cavity [54].

To verify the theoretical proposal experimentally, we pumped the DRO at a constant power of
1 W producing signal (idler) at 1002 nm (1134 nm). Controlling the spatial overlap of the pump
beam and the cavity mode by tilting the pump focusing lens, L3, to introduce linear phase along
x and y-axis, we have recorded the spatial intensity profile of both signal and idler beams with
the results shown in Figure 3.3(e)-3.3(h), and Figure 3.3(1)-3.3(1), respectively. As evident from
Figure 3.3(e) and 3.3(i), both signal and idler beams have Gaussian spatial intensity profile in
absence of any tilt in the lens, L3, similar to the theoretical result of Figure 3.1(a). The
measured operation threshold as low as ~60 mW, confirms the DRO operation in fundamental

cavity mode and the signal and idler carry Gaussian spatial mode. However, the introduction
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of linear phase difference between the pump beam with the cavity mode through the tilt of the
lens, L3, by ~3” along x-axis and y-axis, transfer the pump energy to the resonating beams
(signal and idler) in HG1o mode, and HGoi, as shown in Figure 3.3(f) and 3.3(j) and Figure
3.3(g) and 3.3(k), respectively. In addition, the presence of higher-order spatial mode for the
signal and idler beams is also be confirmed from the increase of DRO threshold to ~280 mW
in both cases. Since the HGo1 mode along 45° can be represented as the superposition of HG1o
and HGo1 modes and can be transformed into an optical vortex, we have introduced a linear
phase along 45° by tilting the lens along both x-axis and y-axis equally. As evident from Figure
3.3(h) and 3.3(1), both the signal and idler have doughnut shaped intensity distribution. While
we expect the signal and idler beams to oscillate with HGo1 mode along 45°, however, the tilted
curved spherical mirrors of the DRO cavity act as an astigmatic mode converter [54] to
transform the HG mode into an optical vortex. On the other hand, one can generate signal and
idler beams in HGo1 mode along 45° by reducing astigmatism through use of the low angle of

incidence of the curve mirror and transform into vortex beams using external mode converter.
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Figure 3.3. (a-d) Variation of theoretical intensity profile of the resultant beam due to the change in the relative
transverse phase between two superposed Gaussian beams. Measured intensity distribution of (e-h) signal and
corresponding (i-1) idler beams of the DRO with the pump beam title arising from the tilt of the focusing lens
in transverse plane.
In such a case, we expect both the signal and idler beams to carry vortex spatial profile with
the same order and sign similar to the current experimental results. From Figure 3.3, it is

evident that experimental results are in close agreement with the theoretical prediction.
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Although we have created a linear phase by tilting the lens, one can in principle observe the
same effect by tilting the plane mirror, M3, and the curve mirrors, M1-2, of the DRO cavity.
The tilt of the nonlinear crystal can modify the output modes of an OPO, however, it is not as

sensitive as compared to the tilt of the lens and cavity mirrors.

On the other hand, the crystal tilt has more serious implications to the OPO performance in
terms of wavelength change and crystal damage. We have measured the pump beam shift at
the center of the nonlinear crystal due to the tilt of the focusing lens. Using a 4-fimaging system
we have imaged the pump beam position at the center of the crystal in a CCD camera and
measured the shift of the Gaussian beam by 12 pm along 45° to the x-axis for the lens tilt of 3’
as used to generate vortex beam. It is to be noted that the beam waist size of the pump beam at
the center of the nonlinear crystal is 55 pm. We have further recorded the spatial profile of the
signal and idler beams across the tuning range of the DRO. The results are shown in Figure
3.4. Changing the crystal temperature from 60°C to 80°C, we have generated signal and
corresponding idler tunable across 1005 - 970 nm and 1130 - 1178 nm, respectively, with total
output power varying from 68 mW to 48 mW with a maximum of 84 mW at 995 nm for a fixed
pump power of 4.3 W. As evident from the Figure 3.4(a)-3.4(f), the signal and corresponding
idler beams carry doughnut shaped intensity profiles resembling optical vortex across the
tuning range. To confirm the presence of phase singularity and determine the vortex order, we

have recorded the self-interference of the beams using MZI. The presence of characteristic

Low I High

Figure 3.4. (a-f) Spatial intensity profile and corresponding (g-1) interference pattern of the output beam

different wavelengths across the tuning range of the DRO.
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fork, as shown in Figure 3.4(g)-3.4(1), confirms both the signal and idler beams to carry optical
vortex of order, / = 1, and the same sign. The relatively poor image quality of the idler beams
can be attributed to the inferior sensitivity of the CCD camera beyond 1100 nm. Due to the
unavailability of suitable wavelength separator to extract the signal from the idler, we could
not study the spatial form of the beams in the wavelength range of 1024-1107 nm. However, it
is important to note that, we have recorded the spatial profile in doughnut shape in the
wavelength range 1024-1107 nm but could not observe self-reference interference fringes due

to the obvious reason.

As evident from [52], by controlling the beam overlap, one can generate vortex dipole. To
verify the possibility of controlled generation of vortex and vortex dipole, we have designed
the DRO in a standing wave X-cavity configuration (not shown here) comprised with two
curved mirrors and two plane mirrors. Although the use of an additional plane mirror increases
the OPO threshold to 112 mW due to the extra loss, however, we have observed the X-cavity
configuration enabling easy control over the cavity modes and beam overlapping. Keeping the
curved mirror separation of 127 mm corresponding to a=1 and optimizing the DRO to produce
both signal and idler beams in Gaussian mode, further, we have tilted the plane mirrors and
recorded the signal and idler beams with the results shown in Figure 3.5. As evident in Figure
3.5(a) and 3.5(b), the signal and idler beams have doughnut shaped intensity profile which
further confirmed to carry vortex beams from the self-interference images recorded using MZI
as shown in Figure 3.5(c) and 3.5(d). Due to the mechanical constraint of the X-cavity setup,
the signal has faced one extra reflection as compared to the idler beam. As a result, the fork
pattern of signal and idler are in opposite directions. However, counting the number of
reflection in each beam path, we confirm that both signal and idler carry vortex beam of the
same order, /= /; =1, and sign. Interestingly, the change in curved mirror separation from 127
mm to 118 mm changing the transverse scaling factor from a=1 to a=1.2, keeping rest of the
cavity parameters unchanged, we still observe the signal and idler beams to have doughnut
shaped profile as shown in Figure 3.5(e) and 3.5(f). However, the presence of oppositely
oriented fork pattern in the self-interference images as recorded in Figure 3.5(g) and 3.5(h),
confirm the generation of vortex dipole of unit charge in both signal and idler wavelengths.

Such transformation of the vortex into vortex dipole can be attributed to the change in the
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transverse scaling factor, o, of the superposed beams and also to the increased beam
astigmatism due to the presence of two curve mirrors of the DRO in X-cavity configuration.
To measure the spatial stability of the resonating vortex beams, we have recorded 20
continuous frames in the CCD camera and estimated the shift in the dark core of the beam in

Signal Idler Signal Idler

High

Curve mirror Curve mirror
separation: 127 mm separation: 118 mm

Figure 3.5. (a,b) Far-field intensity distribution, and (c,d) self-interference pattern of the signal and idler beams
confirming the vortex beam generation for curved mirror separation of 127 mm. (e,f) Far-field intensity
distribution, and (g,h) interference pattern of the signal and idler beam showing vortex dipole generation for the

curve mirror separation of 118 mm.

each frame. We have observed a maximum variation of 60 um and 62 pm along x and y
directions respectively, from the mean position of vortex minima. Such small fluctuations of
the beam position can be attributed to the instability of the DRO. Since the DROs have higher
cavity instability as compared to singly-resonant OPOs configurations, using a suitable cavity
locking scheme, one can improve the stability and mode quality of the output vortex beam. We
have also studied the output power characteristics of the generated beam and recorded 86 mW
of total output power at pump power of 4.3 W at a slope efficiency of 2.1%. While the increase
of mirror transmission might produce higher output power, however, the increase of cavity loss

can restrict the DRO operation in Gaussian mode.

In conclusion, we have demonstrated the direct generation of optical vortex and vortex dipole

from a Gaussian beam pumped DRO by simply controlling the overlap of the pump beam with
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the cavity modes of the resonant beams. Pumping the DRO at green we have generated signal
and idler beams in vortex spatial profile with the same order and sign tunable across 970-1170
nm with practical output power as high as 86 mW. Using the simple theoretical model
explaining the vortex and vortex dipole generation from the superposition of two Gaussian
beams, we have numerically simulated the beam overlap of the Gaussian pump beam with the
cavity mode of the DRO in close agreement with the experimental results. The generic
experimental scheme can be used to generate vortex and vortex dipole across the

electromagnetic spectrum in all time scales (cw to ultrafast).

3.3 Optical vortex generation from ARR based singly resonant

picosecond optical parametric oscillator

Discussion in this chapter highlighted the limitation of the commercially available method for
the generation of optical vortices in terms of high power optical vortices over a broad range of
wavelengths. All solutions either are dependent upon the mode conversion of Gaussian beams
into optical vortices by SLM or phase plates and the method of direct generation of optical
vortices from an OPO cavity itself can overcome the above limitations. The previous method
depends upon the generation of HGo1 mode inside the cavity and their mode conversion into

optical vortices by the cavity-curved mirror. Similarly, an antiresonant ring (ARR) based
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Figure 3.6. Schematic of anti-resonant ring scheme
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optical parametric oscillator (OPO) [55] is also a potential method for the generation of optical
vortices with high power over a broad range of wavelength. Siegman introduced the concept
of ARR as a potential method to extract laser intracavity power [56]. This scheme utilises the
reflection and transmission coefficient of the beam splitter to out couple the intracavity laser
power [56] in Gaussian intensity distribution. As shown in Figure 3.6, beam splitter with
reflection coefficient » and transmission coefficient 7 split the oscillating beam into two parts.
After a complete trip inside this interferometer, they combine back on the beam splitter and (#-
?) decide the outcoupled power from the cavity. Since commercial lasers operate in the
Gaussian intensity distribution, the outcoupled beam can be characterized as the interference
of two Gaussian beams. This concept of ARR based laser cavities is used for the generation of

sub-nanosecond pulses from laser [57] and direct beam shaping in the laser cavities [58].

Method of ARR based cavities is utilised in OPOs to develop a system with high output power
over broad wavelength [55] with tunable output coupling. This technique is further deployed
for the generation of high repetition rate picosecond pulses [59] and continuous wave OPO
operation [60]. In this work, we have utilised ARR based OPO and method of superposition of
two Gaussian beams to generate first-order HG modes [61] and further converted to optical
vortices by using a single cylindrical lens based mode conversion [12]. The advantage of the
lower threshold for the Gaussian beam inside the OPO cavity and superposition of two
Gaussian beams in the output port of the ARR, helped in the generation of optical vortices from

1457 nm to 1647 nm with output power as high as 848 mW across the tuning range.
3.3.1 Experimental Setup

For experimental realization, we have utilized a Yb fiber laser system cantered at 1064 nm with
a maximum output power of 20 W, with a pulse width of 20 ps at 80 MHz repetition rate with
a spectral width of ~2nm to pump the OPO. To avoid thermal issues with time in the system,
we operated the laser with maximum output power and used a power controlling unit before
the OPO. Input pump power to the OPO is controlled with a combination of a polarizing beam
splitter and a half-wave plate (HWP) centered at the pump wavelength. To adjust input pump

polarization according to the crystal optic axis for the maximum gain another HWP is
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employed as shown in Figure 3.7. To maximize the gain in the OPO, the pump beam is focused
into the nonlinear crystal with a plano-convex lens of 200 mm focal length. We have calculated
the beam waist to be around 60 pm at the focus on using a 200 mm focusing lens. For OPO
action, we have used a multi-grating periodically polled lithium niobate (PPLN) crystal with
an aperture size of 1 mm and length of 50 mm. The grating period varied from 28.3 to 31.8 um
with equal width of 0.5 mm across the width of the crystal. To minimize losses and to maximize
the gain in the cavity, OPO designed in standing wave X-cavity configuration with a
synchronous pumping scheme. OPO cavity constituted with two curved mirror M1 and M2
having a radius of curvature 150 mm, one arm of the X-cavity formed with plane mirror M3,
and ARR is employed in other arm of the cavity. Mirrors M1-M3 had high reflection (>99.5%)
for signal wavelength (1400-2100 nm) and high transmission (>95%) for pump (1064 nm) and
idler (2100-4400 nm). For ARR configuration, we have used one pellicle beam splitter (BS)
which have angle dependent reflection coefficient for signal wavelength from 1400-1600 nm
and two plane mirror with high reflection for signal wavelength. To control the angle dependent

reflection and transmission coefficient for the signal wavelength, pellicle beam splitter kept on

a Pump

Idler

—¥
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Figure 3.7 Experimental setup, A/2: half wave plate, L1: lens, C1: PPLN crystal, M(1-
2), M(4-5): Curved mirror (ROC: 150 mm), M3: plane mirror, BS: beam splitter, S1:
pump idler separator; (b) HG to LG mode convertor, L(2-3): lens (f~150 mm), C1:
cylindrical lens (f= 25mm).

the rotational mount. For adjusting total cavity length for synchronous pumping, mirror, M3

kept on a linear translation stage with total cavity length of 1.875 m. Mirror M1 and M2 are
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also kept on a micro translation stage for the coarse adjustment of the curved mirror separation
to control the confocal beam parameter of the resonating signal for the best cavity performance
[53]. Pellicle beam splitter kept at 26° with the normal incidence of the beam, to get 0.5,

reflection and transmission coefficient for the resonating signal wavelength.
3.3.2 Results and discussion

For the initial working of the ARR based OPO, we used a 30.3 um grating period of PPLN at a
temperature of 150°C. We aligned the OPO cavity with minimum output coming out of the ARR,
which corresponds to equal reflection and transmission coefficient. OPO operation started at a threshold
of 2.9 W with an intracavity signal resonating in the Gaussian intensity profile. We measured the signal
wavelength of 1570 nm at this temperature by using a spectrometer. This signal spectrum corresponded
to an idler wavelength of 3301 nm. We have used intracavity aperture to remove higher-order modes
in the resonating signal wavelength. To confirm the Gaussian mode operation in the signal, we imaged
signal leakage coming out of the mirror M3 on pyrocam with pixel area of 85 X 85 pum. This
confirmation made sure that the input beam to the ARR is in Gaussian intensity distribution. Since ARR
is configured in common-path configuration, both reflected and transmitted beams faced equal
amplitude and phase shift. We then measured the beam profile of non-resonating idler and ARR output
for this cavity alignment. For the Gaussian pumped OPO, the output beam profile of signal and idler

are in accordance with the expected beam pattern, as shown in Figure 3.8(a) and 3.8(b), respectively.

. .
Figure 3.8. ARR based OPO; (a) intracavity signal profile, (b) non-resonating idler profile, (c) ARR

output port beam profile, (d) ARR output self-interference pattern.

Interestingly, with minimum output power coming out of the ARR port, we observed a doughnut shape

beam profile as shown in Figure 3.8(c). To find the presence of topological charge in the output beam,
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we used a Mach-Zehnder interferometer and did the self-interference of the beam. We observed linear
interference fringes, which resemble with plane wave interference pattern. This interference pattern
ruled out the presence of any topological charges in the output beam coming from the ARR output port.
This beam profile resulted from the interference minima of the ARR interferometer and did not contain
any phase singularities. To understand the output beam profile from the ARR, we utilized the method
of Gaussian beam superposition as done previously in equation (3.3.1-3.3.3). At the output port of the
beam splitter, we can consider both reflected and transmitted beams have equal phase and amplitude.
This condition resulted in output in accordance with equation 3.3.1, with 0=1 and ¢xy=0. Initially, with
no linear phase difference between two beams, the resultant beam in the ARR output port have
destructive interference and results in the generation of intensity minima beam profile, as shown in
Figure 3.8(c). For the simulation purpose, we considered plane wave approximation, whereas in
experiment input beams have phase variation in the beam. Since ARR is based on the two plane mirrors
and one beams splitter, x and y-axis tilt in the beam can be used to give a linear phase for two Gaussian
input beams. A tilt along the x-axis will result in the generation of HGo; mode and y-axis tilt will result
in HG10 mode as shown in Figure 3.3(b) and 3.3(c). In our experiment, we gave simultaneous tilt to x
and y-axis by using mirror M4 and M5, which resulted in the output beam in HGo: mode aligned 45°
along the x-axis as predicted theoretically in Figure 3.3(d). As a result of simultaneous tilt in mirrors
M4 and M5, there was more leakage of output power from the beam splitter which in turn resulted in
the OPO threshold increase from 2.9 W to 4 W. To observe the output pattern from ARR output port,
we have used pyrocam based Spiricon camera and recorded the resultant output beam profile. As shown
in Figure 3.9(a), the signal output beam profile in HGo1 mode matches the theoretical prediction. While
aligning the ARR mirrors for the generation of HG modes, we observed idler in Gaussian intensity
distribution as shown in Figure 3.9(b). For the conversion of HGo; into vortex, we have used a single
cylindrical lens based astigmatic mode converter [62]. In this scheme, HG modes tilted, 45° with the x-
axis, (linear combination of orthogonal HG modes of the same index) are focused with the help of a
plano-convex lens, a cylindrical lens is introduced at the focus point within the rayleigh length. Since
the input mode is aligned 45° with the axis of the cylindrical lens, astigmatism of the lens gives rise to
a phase difference of /2 between constituting orthogonal HG modes and results in the phase singularity
in the beam. Collimation of the output beam with another plano-convex lens results in the doughnut
shape intensity distribution. Experimental setup for the generation of optical vortex is shown in figure

3.7(b). We used a focusing lens of 150 mm to focus the HGo: mode, a cylindrical lens with a focal
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length of 30 mm to introduce astigmatism in the beam and another plano-convex lens of focal length

150 mm to collimate the focused beam. We have recorded the output beam profile of ARR on pyrocam

Figure 3.9. (a): ARR output signal in HGO1 mode, (b): idler beam profile, (c): signal beam

profile after the mode conversion, (d): interference fringes of signal after mode conversion.

and recorded doughnut shape intensity distribution as shown in Figure 3.9(c). For quantifying the
topological charge and phase singularity in the beam, we have used a Mach-Zehnder based
interferometer (MZI) and used the self-interference of the doughnut shape beam. We recorded the
interference pattern of the MZI on pyrocam with two fork pattern in the opposite direction, as shown in
Figure 3.9(d). This confirmed the topological charge of order 1 in the resultant doughnut shape beam.

After the successful generation of optical vortices through the method of astigmatic mode conversion
after the ARR output port in the OPO, we studied the tunability characteristics of the generated beams.
For achieving the tunability in the OPO, we changed crystal temperature from 50-180°C. Further tuning
is extended by changing the grating period of the PPLN from 29.3 um to 30.8 um. By temperature
tuning for the different grating periods, we successfully tuned ARR based OPO from 1457 nm to 1647
nm. Across this tuning range, we recorded the output beam profile on pyrocam and further confirmed

the topological charge of the beam from MZI based setup. It is evident from Figure 3.10, beam is having
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doughnut shape profile all across the tuning range with interference fringes of two opposite fork pattern
which confirmed the topological charge of order 1 across the tuning range. Across the tuning range we

studied, the power variation in signal and idler beam by keeping the input pump power fixed at 7 W as

Figure 3.10. Signal profile across the tuning range, (e-h): corresponding signal interference pattern across

the tuning range.

shown in figure 3.12(a). We observed power variation from 512 mW at 1457 nm to 417 mW at 1657
nm with a maximum power of 536 mW at 1489 nm as shown in Figure 3.11(a). While signal output
tuned with wavelength tunability of 200 nm, we recorded idler in Gaussian beam intensity distribution
from 3944 nm to 2973 nm. Across this tuning in idler wavelength, output power varied from 523 mwW

to 835 mW with a maximum output power of 580 mW at 3015 nm as shown in Figure 3.11(a).

After confirming the generation of optical vortices across the tuning range, we have done the
power scaling at 1466 nm and 1591 nm. For output power characteristics, we pumped ARR
based OPO with a maximum pump power of 11 W and initial pump power of 5 W. With
maximum pump power of 11 W we observed signal power of 931 mW at 1466 nm with slope
conversion efficiency of 10.9 % and 976 mW of idler power at 3880 nm with slope efficiency
of 10.5 % as shown in Figure 3.11(b). By tuning the wavelength toward the degeneracy of the
OPO, we recorded maximum output power of 1020 mW at 1591 nm with a slope conversion
efficiency of 12 % while in idler we observed the maximum power of 1578 mW at 3212 nm
with a slope efficiency of 19 % as shown in Figure 3.11(c). After the power scaling and

tunability characteristics of the OPO, we studied the power stability of the vortex source at a
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signal wavelength of 1591 nm over a time of 60 minutes, as shown in Figure 3.12(d). For
stability of this vortex source for a long time, we measured power stability by pumping the
OPO with a constant pump power of 7 W. We measured the signal and idler output power over
60 minutes in Ophir power meter and recorded average output power of 491 mW and 735 mW
respectively. We recorded a standard deviation of 16 mW in the signal vortex power and 4 mW

in idler power in Gaussian intensity distribution.
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Figure 3.11. Power characteristics of OPO; (a) power variation across the tuning range, (b-c) power

scaling, (d) power stability

After measuring the output power characteristics of the beams, we have studied the ultrafast
nature of the generated optical vortices. We have done the spectrum and autocorrelation
measurements to measure the spectral and pulse width across the tuning range. We observed
the generated optical vortices with 16.5 ps pulse width and 1.4 nm of spectral width at 1453nm.

Similarly, we measured the pulse width of 18 ps and a spectral width of 1 nm at 1550 nm. We
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repeated these same measurements over different spectral points across the tuning region and
plotted time-bandwidth product across the tuning range as shown in Figure 3.13. We observed
a time-bandwidth variation from 3.28 to 2.25 with a minimum bandwidth product of 1.84 at
1638 nm. These measurements confirms the ultrafast characteristics of the generated optical

vortices through ARR based OPO.
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Figure 3.12. Spectral and temporal characteristics of the optical vortices across the tuning range.

In conclusion, in this work, we successfully demonstrated the direct generation of ultrafast
optical vortices from a Gaussian pumped picosecond OPO. ARR based OPO, provided a stable
mechanism for the generation of HGo1 modes via superposition of two Gaussian beams coming
through two input port of the interferometer. Generated optical vortices are continuously
tunable over a spectral range of 200 nm from 1457 nm to 1657 nm, with maximum output
power as high as 1 W. Stability and robustness of such system is observed with long-time
power stability, beam evolution and presence of phase singularity in the beam across all

wavelengths. This method is versatile and can be employed over all time scale.
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3.4 Conclusion

In this chapter, we presented a method of direct vortex beam generation from Gaussian pumped
OPOs. By using the technique of two Gaussian beam superposition inside the cavity, we
demonstrated the direct vortex beam generation in DRO and HG modes from ARR based OPO
which further converted into optical vortices. Both techniques are generic and can be used to
generate optical vortices with broad wavelength tunability and high output power for various
applications. Configurations demonstrated in this chapter, eliminated the dependence on phase
elements and spatial light modulators for the generation of optical vortices. The scheme shown
in section 3.1, can be utilized for the generation of higher-order optical vortices by generating
higher-order mode oscillation inside DRO, but due to the DRO configuration, we are limited
by the output powers. Whereas, the technique demonstrated in section 3.2 is limited for the
generation of optical vortices up to order 1. In the next chapter, we discuss how we can
overcome the limitations of the scheme presented in this chapter for the generation of higher-

order vortices over a broad range of wavelengths.






Chapter 4 High power ultrafast optical vortex

generation from near-IR to mid-IR

This chapter includes the following publications:

1) Varun Sharma, S. Chaitanya Kumar, G. K. Samanta, and M. Ebrahim-Zadeh, "Orbital
angular momentum exchange in a picosecond optical parametric oscillator," Opt. Lett. 43,
3606-3609 (2018).

2) Varun Sharma, S. Chaitanya Kumar, G. K. Samanta, and M. Ebrahim-Zadeh, "Ultrafast
mid-IR vortex pumped picosecond optical parametric oscillator,” submitted to Optics

Express

In this chapter, we have studied the singly resonant OPO schemes under the vortex-pumping
configuration. These studies focused on to study the OAM exchange between signal and idler
in SRO configuration. We have also demonstrated the techniques for the generation of higher-
order optical vortices with high average output powers from the near-IR to mid-IR regions

through OPOs



Early experiment involving orbital angular momentum is second-order nonlinear optics
showed OAM conservation in this process. The reports on using beam with OAM [32,63] in
second harmonic generation (SHG) process have paved the way for the exploitation of
nonlinear frequency conversion techniques as an alternative route to produce optical vortices
with high power in new spectral regions. Consequently, the use of SHG and sum frequency
generation (SFG) [64] has enabled production of higher-order vortices at shorter wavelengths
[41]. On the other hand, frequency down-conversion techniques such as optical parametric
generation (OPQG) [65,66], optical parametric amplification (OPA) [67], and optical parametric
oscillators (OPOs) [45] are routinely used to provide widely tunable source of radiation.
Recently these processes have enabled the generation of optical vortices with higher order
topological charge, for a fixed pump wavelength and OAM [68,69]. Similarly, such multimode
OPOs have provided a stable source for the generation of hyper entangled states [70,71].
Method of intracavity OPA enabled the generation of high-power and higher-order OAM
beams tunable across wide spectral regions in the continuous wave region [72]. While OPGs
and OPAs are realized in relatively simple single-pass experimental schemes, the OAM of the
pump beam cannot be selectively shared between signal and idler [68,72] due to the lack of
suitable control parameters. Hence, the OAM of the generated beams is strictly governed by
the angular momentum conservation rule and better overlap for different modes among the
interacting beams. However, in an OPO, the spatial cavity modes, which play crucial role in
the overall performance of the oscillator, can be used as a control parameter to transfer the
pump OAM to the generated beams. In a doubly-resonant oscillator (DRO) scheme, successful
demonstration of controlled transfer of the pump OAM to the signal and idler output beams in
a continuous-wave (cw) OPO [49]. Given the intrinsic limitations of DROs with regard to
wavelength tunability, phase instability and power fluctuations, it is important to develop
alternative schemes to generate high-power and higher-order OAM beams using OPOs. In this
context, singly-resonant oscillators (SROs) have tunabilty in the mid-IR wavelength region by
direct transfer of the pump OAM mode with order up to, 1=2, to the idler [69], indicating a non-
zero spatial overlap integral [48,49], thereby satistying the OAM conservation, despite the
restrictions imposed by the cavity parity. However, due to the low parametric gain under cw
pumping, the pump OAM mode in SRO was only transferred to the non-resonant idler [69],
precluding the possibility to observe other combinations of output OAM modes. Selective

transfer of orbital angular momentum among interacting beams in singly resonant scheme can
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open ways for the generation of high repetition rate higher order optical vortices and further

can give access to blue region of the spectrum.

4.1 Orbital angular momentum exchange in a picosecond

optical parametric oscillator

In this work, we demonstrated a simple mechanism to selectively choose the OAM mode
combinations in the generated output beams from a synchronously vortex pumped ultrafast
picosecond SRO, for the first time. The short pulse duration and high peak-intensity of input
pump beam helped to extract high gain from a MgO:sPPLT crystal and used as the OPO gain
medium to enable the generation of idler with OAM order as high as 1=3. Generated idler beams
are tunable across 1110-1209 nm for vortex order 1-3. Further, adjusting the separation
between the focusing mirrors of the SRO cavity, we have observed additional output (signal,
idler) OAM modes such as (0,3) and (1,2) for pump OAM mode, 1=3, and (0,2) and (1,1) for

pump OAM mode, 1=2, which was not possible under cw pumping.
4.1.1 Experimental setup

The experimental configuration is shown in Figure 4.1. The primary laser source is a
picosecond Yb-fiber laser providing up to 20 W of average power in 20 ps pulses at 78 MHz
repetition rate, with a spectral bandwidth of 1.4 nm centered at 1064 nm. The laser beam is
focused using a lens (L1) to a waist radius of wo~34 um at the center of a 30-mm long LBO
crystal (C1) for frequency doubling into green under noncritical phase matching (NCPM),
providing up to 8 W of average power in ~16 ps pulses at 532 nm [73]. The generated green
beam is collimated using a lens (L2) of focal length, =100 mm, and extracted from the
undepleted fundamental using a harmonic separator (S1). The NCPM scheme in LBO crystal
ensures high green beam quality with TEMoo Gaussian spatial profile and M?<1.04, as required
for the generation of stable symmetric vortex beam through mode conversion techniques. The
green pump power to the OPO is controlled using a combination of A/2 plate and polarizing

beam-splitter (PBS) cube. Using two spiral phase plates (SPPs), SPP1 and SPP2 centred at 532
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nm, having phase winding corresponding to vortex orders 1 and 2, and their combination, we
transform the Gaussian intensity profile of green pump beam into optical vortices of orders,
=1, 2, and 3, respectively. A second A/2 plate is used to adjust the polarization of the green
pump for perfect phase-matching in the nonlinear crystal. Using a lens, L3, of focal length,
=175 mm, we focused the pump beam at the center of the nonlinear crystal, C2, for the SRO
operation. The crystal for OPO operation is a 20-mm-long MgO-doped stoichiometric
periodically poled lithium tantalate (MgO:sPPLT), with a single grating period of p=7.97 pm.
To achieve tunability in the OPO, crystal is housed in an oven whose temperature can be varied
up to 200 °C with a stability of £0.1°C. The SRO is configured in a four-mirror standing-wave
cavity with two concave mirrors, M1 and M2, of radius of curvature (=100 mm), and two

plane mirrors, M3 and M4. All mirrors have high reflectivity (R>99.5%) for the signal (850-

Q Y x
Yb-Fiber Laser, 1/2 K
20 W, 18 ps, 7
78 MHz
Dump

s 8

Camera

Figure 4.1. Experimental setup of the vortex pumped SRO. A/2, half wave plate; PBS, polarizing beam splitter

cube; SPP, spiral phase plate; L, lenses; S, wavelength separators; C, nonlinear crystals, M, mirrors.

1000 nm), and high transmission (T>95%) for the idler (1100-1450 nm) and pump (532 nm),
ensuring singly resonant signal oscillation. The end faces of the crystal are antireflection-coated
(R<0.5%) for the signal and pump, with varying reflectivity (R~1-15%) for the idler

wavelengths. The total optical length of the cavity is maintained at 640 mm corresponding to
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the third harmonic of the pump repetition rate, resulting in a signal oscillations at a repetition
rate of 234 MHz and idler generation at 78 MHz. However, while keeping the overall cavity
length fixed for synchronization, we vary the separation between the focusing mirrors, M1 and
M2, from 113 mm to 125 mm to alter the beam waist of the resonating signal to control the
spatial overlap between the pump and resonating beams. The wavelength separator, S2 (high
reflection for pump and high transmission for idler), is used to extract the idler output radiation
from the undepleted pump beam for further studies. The spatial structure of the resonant signal
beam is characterized using the leakage from the highly reflecting cavity mirror, M4. The
intensity distribution of the signal and pump beams are recorded using a CCD camera of pixel
size ~4.5x4.5 um?, while the idler beam is characterized using the pyroelectric array camera of

pixel size ~85%85 um?.
4.1.2 Results and discussion

For initial operation and to study the vortex beam generation from the SRO, we fixed the crystal
temperature at 92°C. Keeping a separation of 118 mm between the mirrors, M1 and M2, we
pumped the SRO with vortex beams of orders, /,=1, 2 and 3, at a constant power of 0.8 W.
After successful operation of SRO, with the help of ocean optics spectrometer, we measured
signal wavelength As=962 nm with spectral width of 4 nm and corresponding idler wavelength
Ai =1190 nm. By keeping the pump power constant, we measured the intensity profile of the
signal and idler beam, with the results shown in Figure 4.2. The first column, (a-c), of Figure
4.2, shows the intensity profile of the green pump beam generated by SPP1, SPP2, and their
combination, respectively. As expected, the green beam after the SPPs in each case has a vortex
(doughnut-shaped) intensity profile with increasing dark core size with the increase in the phase
winding orders of the SPPs. To determine the order of the vortices, we used the tilted lens
technique [74], where a vortex beam of order, /, while passing through a tilted lens, splits into
[+1 lobes at the focal plane of the lens. The second column, (d-f), of Figure 4.2, shows the
number of lobes, n, = /,+1 =2, 3 and 4, aligned along 45° with respect to the tilt axis (vertical
axis) of the lens, confirming the order of the pump vortices generated by the SPP1, SPP2 and
the combination of SPP1 and SPP2 to be /, = 1, 2 and 3, respectively. The third column, (g-1),
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of Figure 4.2, shows the doughnut-shaped intensity profile of the idler beam at 1190 nm with
increasing dark core size with the pump vortices of orders, /, = 1, 2 and 3. Again, to determine
the order of the idler vortices, we passed the idler beam through a tilted lens and recorded the
intensity profile at the focal plane of the lens, with the results shown in the fourth column, (j-
1), of Figure 4.2. Counting the number of lobes of the images in the fourth column, (j-1), of
Figure 4.2, we find the order of the idler vortices to be /; = 1, 2, and 3, respectively, same as
the order of the pump beam vortices, /, = 1, 2, and 3. Similarly, we measured the intensity
profile of the corresponding signal beam, as shown in the fifth column, (m-0), of Figure 4.2, in
Gaussian spatial profile (/s = 0) for all pump vortex orders. To confirm the absence of any phase
singularity in the signal beam, we interfered the signal beam with itself using a Mach-Zehnder
interferometer. The straight-line fringes, a characteristic pattern for the plane phase front, as
shown in the sixth column, (p-r), of Figure 4.2, confirm the signal beams to carry vortex order,

Pump Lobes, Idler Lobes, Signal Signal
order,l, n, =|l,|+1 order, [; n; = |[;|+1 order, [ interference

| 1m

Figure 4.2. Far-field intensity distribution of the (a)-(c) pump OAM modes, Ip=1, 2 and 3; (g)-(i) idler and
(m)-(o) signal. Corresponding lobe structure of the (d)-(f) pump, (j)—(i) idler and interference pattern of
the (p)—(r) signal OAM modes.

s = 0 (Gaussian), for all pump vortex orders. From the results of Figure 4.2, it is evident that
the OAM of the pump beam of all orders, /, = 1, 2 and 3, is directly transferred to the single-
pass idler beam, resulting in vortex orders of /i = 1, 2 and 3, respectively, whereas, the

corresponding signal have vortex order, /s = 0 (Gaussian beam), confirming OAM conservation
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in OPOs. It is to be noted that this is the first demonstration on the generation of tunable idler
radiation of OAM order as high as /; = 3. The pixelated images of the idler radiation, as
compared to that of signal and pump radiation, is attributed to the larger pixel size and poor

resolution of the pyroelectric camera than the CCD camera.

In the above experimental realization, pump OAM directly transferred to the idler beam while
the signal is in the Gaussian intensity profile. Since for higher pump vortex order, there are
finite probabilities of OAM division between signal and idler. To understand and control the
OAM transfer mechanism in the SRO, we have calculated the normalized spatial overlap
integral, A of the interacting pump, signal and idler beams. As reported previously [48,49],

psi 2
the overlapping integral of the interacting beams, and hence the nonlinear parametric gain of
an OPO, has a non-zero value for [, = Is+/i. While /s and /; can have different integer values for
a fixed value of /,, satisfying OAM conservation, nevertheless, the cavity parity restricts the
resonant modes in the OPO. Owing to the OAM conservation, one can expect the probable
OAM mode combinations for signal and idler beams, (/s, /;), providing non-zero value of spatial
overlap integral, to be (0,1) and (1, 0) for [, =1, (1,1), (0,2) and (2,0) for /[, =2, and (1,2), (2,1),
(0,3) and (3,0) for /, = 3. Using the mathematical formalism of overlap integral for different

interacting modes [48,49], we calculated, A for different combinations of signal and idler

ol 2
OAM modes to be A=A, ~0.7 for [, =1, Ay, ~0.7, A,y =A,, ~0.5 for [, = 2, and
Ay = A3y ~0.7, Agyy = Agyy ~0.35 for [, = 3. Since the Gaussian resonant beam (lowest-order

mode) has the lowest cavity loss and maximum gain, the signal maintains the Gaussian profile
(/s=0) and the idler carries the OAM of the pump beam, /; = /,. However, from the calculated
normalized overlapping integral, it is evident that the SRO can produce higher-order modes for
the signal beam in the high-gain regime. However, for a given pump power and crystal
parameters, the parametric gain in the SRO can be controlled by adjusting the confocal beam
parameter of the resonant beam mode and its overlap with the pump beam, by varying the
separation of the focusing mirrors. For a fixed pump power of 1 W at the input to the SRO, we
thus systematically modified the separation between M1 and M2 in Figure 4.1, from 113 mm

to 124 mm, while maintaining the overall cavity length at the third harmonic of the pump laser
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repetition rate, and recorded the spatial profile of the signal and idler beams for pump OAM
order, [, = 2 and 3. The results are shown in Figure 4.3. It is evident from Figure 4.3 that for
both pump OAM modes, /, = 2, and 3, the SRO have two distinct output OAM mode
combination for the signal and idler beams for the two range of mirror separation of 113-118
mm and 119-124 mm. The pump beam of OAM mode, /, = 2 (see Fig. 3(a)), produces signal
and idler OAM mode combination, (/, /), of (1,1), as shown in Figure 4.3(b), and (0,2), as
shown in Figure 4.3(c), with the cavity mirror separation in the range of ~119-124 mm and
~113-118 mm, respectively. Similarly, for the pump OAM mode, /, = 3 (see Figure 4.3(d)), the
variation in the cavity mirror separation in the range of 119-124 mm and 113-118 mm, results
in OAM mode combination, (/, /;), of (1,2), as shown in Figure 4.3(e), and (0,3), as shown in
Figure 4.3(f), respectively, together with the verification of the vortex order using self-
interference and tilted lens techniques. Such effect can be understood as follows. In the SRO
cavity, the variation of focusing mirror separation modifies the confocal parameter of the
resonant beam, hence its overlap with the pump beam in the crystal length, and thus alters the
parametric gain. On the other hand, the calculated value of normalized overlap integral of the
signal and idler OAM mode combination (1,1) of /, = 2 and (1,2) for /, = 3 are higher than that
for other OAM mode combinations. Therefore, with the variation of the focusing mirror
separation in the presence of high peak power of the pump pulses, the higher order modes in
the SRO begin to oscillate, resulting in the resonant signal beam to carry OAM mode, /s =1,
for pump OAM mode, /, = 2 and 3. Given the increase of the SRO threshold for the higher-
order resonant modes, the current source supports resonant beam of OAM mode, /s = 1.
Although the higher order OAM modes for the signal can, in principle, be achieved by
increasing the pump power, however, we observed bulk damage in our MgO:sPPLT crystal at
a green average power of ~4 GW/cm?. Hence, we limited the pump power at the input to the
SRO to <2 W in these experiments. It is also important to note that, for pump vortex of order,
1, the signal and idler OAM combinations, (/s, /), of (I, 0) and (0, 1) have same overlap integral
and nonlinear parametric gain. However, the lowest loss of SRO for the resonant beam in the
fundamental mode puts the selection rule to the OAM mode combination of (0, 1) over (1, 0).
We have also studied the wavelength tunability of our picosecond vortex beam source.
Adjusting the focusing mirror separation of the SRO cavity for direct transfer the pump vortices

to the idler beam, we pumped the crystal with vortex orders, 1,=1, 2, and 3, at 0.8 W of average
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power, and measured the single-pass idler power, with the results shown in Figure 4.4 As
evident from Figure 4.4 (a), by changing the crystal temperature across 56-114°C, the idler
vortex of order, li=1, can be tuned over 125 nm across 1102-1227 nm, with the output power
varying from 116 mW at 1102 nm to 127 mW at 1227 nm, and a maximum idler vortex power
of 147 mW at 1127 nm. Similarly, the idler vortex of orders, l; =2 and 3, can be tuned across
1110-1209 nm with a maximum output power of 86 mW and 29 mW, respectively. The

reduction in the output power of the idler vortices with order, across the tuning range, is

Separation between curve mirrors, M1 and M2
~119-124 mm ~113-118 mm

Pump, 532 nm
Signal, 962 nm
Idler, 1190 nm

n, =4

Figure 4.3. (a) Pump OAM mode, lp=2, and corresponding signal and idler OAM mode combinations for curve
mirror separation (b) 119-124 mm and (c) 113-118 mm. (d) Pump OAM mode, Ip=3, and corresponding signal
and idler OAM mode combinations generated for curve mirror separation (e) 119-124 mm and (f) 113-118

mm. Insets are the zoomed image of the fork pattern of vortices marked with white lines.

attributed to the reduction in parametric gain with increasing order of the pump vortices [75].
To verify the idler beam in vortex spatial profile across the tuning range, we recorded the
intensity profile of the generated idler beam for the pump vortex of order, /, = 1, at three
different crystal temperatures, 60°C, 76°C and 92°C, corresponding to idler wavelengths of

1110 nm, 1154 nm and 1190 nm, respectively. As evident from the first column of Figure
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4.4(b), in each case the idler beam has doughnut-shaped intensity profile resembling an optical
vortex. Counting the number of lobes (n;= |/ij+1 = 2) in the intensity pattern recorded at the
focal plane of the tilted lens, as shown in second column of Figure 4.4(b), we confirm the idler
vortex order to be, /; = 1, the same as the pump vortex order, across the SRO tuning range. We

observed idler vortex of all orders maintaining stable intensity profile across the tuning range.

Further, we studied the power scaling characteristics of the source. For a fixed crystal
temperature of 66°C, corresponding to the idler (signal) radiation at 1127 nm (1007 nm), we
pumped the SRO with vortex orders, /, =1, 2, and 3, and recorded the idler power as a function
of vortex pump power. As evident from Figure 4.4(c), the output power in the idler vortex of
orders, /i =1, 2, and 3, increases linearly with the pump vortex power at slope efficiencies of 1)
=29%, 19% and 17%, respectively, without any sign of saturation. The maximum average
output power in idler vortex of orders, /; = 1, 2, and 3, is 202, 113, and 57 mW, respectively,
for pump power of 1 W. Although one can expect higher idler power with the increase in pump
power for all vortex orders, we restricted our study to pump power of ~1 W, limited by the

MgO:sPPLT crystal damage. Using the linear fit (black line) to the experimental data, we can
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Figure 4.4. (a) Variation of output power of the idler OAM mode li=1, 2 and 3 across the tuning range.
(b) Intensity distribution and characteristic lobe of the idler OAM mode at different wavelengths across

the tuning range. (c) Power scaling of the SRO for idler OAM mode li=1, 2 and 3
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estimate the operation threshold of the SRO for the pump vortex orders, /, =1, 2, and 3, to be
~320, 430, and 660 mW, respectively. The increase in the SRO operation threshold with the
order of the pump vortex can be attributed to the reduction in parametric gain due to the
increase in the dark core size of the pump vortex with order [75]. Using a CCD camera, we
measured the dark core size for pump vortex orders, /, = 1, 2, and 3, under our experimental
conditions, to be ~38, 66 and 90 um, respectively. It is to be noted that the intra-cavity signal
beam measured using the leakage from the mirror, M3, shows a Gaussian spatial profile for all

pump vortex orders and powers.

In conclusion, we have generated ultrafast optical radiation at a repetition rate of 78 MHz in
vortex spatial profile tunable across the near-IR wavelength range. Pumped in the green the
source produces idler beam with OAM modes of 1, 2 and 3 tunable across 1110-1209 nm with
a maximum power of 201 mW. We have demonstrated the controlled transfer of OAM modes
using an ultrafast SRO for the first time. Further, scaling of the vortex order as well as the
power across the tuning range is possible by increasing the pump power, but limited by crystal

damage.

4.2 High power, high order mid-IR ultrafast tunable optical

vortices

Mid-infrared (mid-IR) coherent sources have drawn a great deal of interest for various
scientific and technological applications in last few decades due to the presence of rich
spectroscopic signatures or the strong absorption fingerprint of numerous molecules [76],
harmful gases [77], and biological tissues [78]. As majority of the applications of the mid-IR
sources, till date, are based on the use of the spectral, temporal and output characteristics of the
such sources in Gaussian spatial profile, efforts have been made over time to improve such
characteristics of the mid-IR sources with the help of recent technological advancement in the
field of laser technology and material science. While vortex beams find numerous applications
with time, efforts are being made to generate optical vortices across the electromagnetic
spectrum from UV [41], to, THz [72,79] to facilitate new applications. Given the potential

applications of the mid-IR wavelength range, the generation of higher-order mid-IR vortex
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beams can open potentially new avenue towards, for example, non-destructive super-resolution
spectroscopy of molecules, free space optical networking with OAM multiplexing, and
controlled fabrication of chiral organic materials. Therefore, it is imperative to device
alternative techniques and methodologies to produce higher-order optical vortices in the mid-
IR wavelength range. In the continuous wave domain, shorter cavity length enables the
generation of optical vortices in the mid-IR spectral region [72]. But, the generation of vortex
ultrafast pulses with high output power and shorter pulses have not been explored. Whereas
OPOs have proved their versatility as a coherent source of radiation over a wide range of
spectral region in all time scales. Particularly, the mid-IR molecular figure-print region in
combination with the ultrafast optical vortices could lead to the study and advancement of high-
resolution molecular spectroscopy, light-induced chiral structure [80] formation in organic
molecules and bio-imaging. For the generation of optical vortices in the mid-IR region,
periodically poled lithium niobate (PPLN) based OPOs are a potential solution. PPLN based
1.064 pm pump OPO [81] in mid-IR region enables the use of long interaction lengths resulting
in high gain generating mid-IR radiation up to 4 pum. This configuration can be used to pump
OPOs with higher order optical vortices directly which was not possible in continuous wave
domain. (This is enabled by the availability of high average power 1 um picosecond lasers
providing high peak-power). In this work, we have demonstrated the direct generation of
optical vortices in mid-IR region of the spectrum with maximum vortex order 5. By using
PPLN based ultrafast OPO, we have generated optical vortices up to 4035 nm with tunability

up to 1600 nm with maximum output power up to 2.2 W.
4.2.1 Experimental setup

The experimental setup to generate optical vortices in mid-IR is shown in Figure 4.5. We used
a picosecond Yb-fiber laser centered at 1064 nm with a spectral bandwidth of 1.4 nm, pulses
of width ~20 ps at a maximum average output power of 20 W in Gaussian intensity profile
mode as the pump laser. The laser power in the experiment controlled using a combination of
the half-wave plate (A/2) and a polarizing plate beam splitter cube (PBS). The same PBS in
combination with a quarter-wave plate (A/4), mirror, M and the spiral phase plate (SPP) acts as

a vortex doubler setup [75] to modulate the Gaussian pump beam into optical vortices of order
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twice the phase winding of the SPP. With the help of two SPPs of phase winding corresponding
to vortex order, /=1 and 2, in combination with the vortex doubler setup, we have modulated
pump vortex order, /,=1-5. A second A/2 plate is used to adjust the polarization of the pump
beam with respect to the poling direction of the nonlinear crystal for optimum phase-matching.
The beam is focused at the center of the nonlinear crystal using a plano-convex lens of focal
length, /=150 mm, corresponding to an estimated Gaussian pump beam waist radius of 40 um.
The singly-resonant OPO (SRO) is designed in a four mirror X-cavity configuration, with two
curved mirrors, M1-M2, of the radius of curvature (ROC) of 150 mm and two plane mirrors,
M3-M4. All OPO mirrors, M1-M3, have a high reflection for signal (R> 99.5%) across 1450-
2100 nm, and high transmission (T> 90%) for pump (1064 nm) and idler across 2200-4000

nm. Mirror M4 acts as an output coupler to extract high intracavity power with 5% of

Yb-Fiber Laser,
20 W, 18 ps,

78 MHz Dump

{ Camera
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Figure 4.5. Schematic of the experimental setup. SPP, spiral phase plate; PBS, polarizing beam splitter; A/2, half

wave plate; A/4, quarter wave plate; L1, focusing lens; PPLN, nonlinear crystal; M1-M4, OPO mirrors; S,

wavelength separator; L2, idler collimating lens.
transmission for signal wavelength. The OPO is synchronized to the second harmonic of the
repetition rate of the pump laser producing signal pulses at a rate of 160 MHz and idler at the
pump repetition rate of 80 MHz corresponds to a total length of the cavity to be 938 mm. The
nonlinear crystal for the vortex pumped picosecond mid-IR OPO is a 50-mm-long multi-
grating MgO: PPLN crystal with an aperture of 8.1 x 1 mm? and grating period (A) varying

from 29.05 to 31.5 um. The end faces of the nonlinear crystal are antireflection coated
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(R<0.5%) from 1450 nm to 2100 nm in the signal wavelength range. The nonlinear crystal is
placed in an oven with a temperature variation of up to 200 °C with the thermal stability of
+0.1 °C. The idler output extracted from the undepleted pump and leakage signal using the
wavelength separator S and subsequently imaged using the collimating lens, L.2 and the camera.
The spatial profile of the leakage signal of the high reflecting mirror, M4, is recorded using the
CCD. The intracavity aperture is used to operate the OPO in fundamental cavity mode by

eliminating the higher-order resonant cavity modes.
4.2.2 Results and discussion

To verify the generation of higher-order vortices in the mid-IR wavelength range, we adjusted
the crystal temperature at 50°C and grating period, A=29.03 pm, which corresponds to signal
wavelength of 1445 nm and idler at 4035 nm. Keeping the pump constant power at 5 W, well
above the OPO threshold, we varied the order of the pump vortex and measured the spatial
profile of the signal and idler with the result shown in Figure 4.6. As evident from the first
column, (a-c), of Figure 4.6, the pump beams carry doughnut shaped intensity distribution with
increasing dark core size with vortex order. To determine the order and sign of the optical
vortices throughout the manuscript, we have used tilted lens technique [74], where an optical
vortex of order, /, on propagation through a tilted lens, splits into |/|+1 lobes at the focal plane
of the lens [74]. As evident from the tilted lens images shown in the second column, (d-f), of
Figure 4.6, recorded at the back focal plane of the lens using a CCD camera having a pixel size
of 4.4x4.4 um?, the pump vortices have orders of Ip=1,4 and 5. As reported [50,69,72], SRO
configuration has low parametric gain in the CW pumping and the OAM of the pump beam
directly transferred to the idler while the resonant signal maintains fundamental cavity mode
(Gaussian beam) ensuring optimum spatial overlap among the interacting beams and OAM
conservation in parametric processes. Additionally, in such cases, the OAM transfer
mechanism observed for lower order (I1<2) pump vortices [48—50]. However, the increase of
parametric gain with the use of ultrafast pump laser can produce OAM exchange in the SRO
with different combinations of vortex orders for signal and idler satisfying OAM conservation
and high value of spatial overlap integral among interacting beams. To avoid such OAM

exchanges and restrict the pump OAM transfer to the mid-IR wavelength range, we have
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incorporated an intracavity aperture to limit the higher-order cavity modes of the resonant
signal. As evident from the third column, (g-1), of Figure 4.6, the idler beam recorded using
pyro-electric based camera with a pixel size of 85x85 pum? has doughnut shaped intensity
profile with increasing dark core size and decreasing ring width with increasing pump vortex
order. The tilted lens images as shown by the fourth column, (j-1), of Figure 4.6, confirm the
order of the idler vortex to be /;=1, 4, and 5 same as that of the pump vortex order, /,. Similarly,
the corresponding signal beam as shown in the fifth column, (m-o0), of Figure 4.6, caries
Gaussian beam (/s = 0) intensity profile for all pump vortex order, /,, confirming the OAM
conservation, /, = [s + [;, even for high gain ultrafast SRO. Unlike the symmetric intensity
distribution of the tilted lens images of the pump beam, the asymmetry in the tilted lens images
of the idler can be attributed to the asymmetric intensity distribution of the idler vortex,
especially at higher-order vortices. Such asymmetric intensity distribution of the idler vortex
arises due to the increase of beam divergence influencing the spatial overlap of the interacting

beams in the nonlinear crystal at higher order of the vortex. It is to be noted that the images of

Pump vortex Lobes, Idler vortex Lobes, Signal beam
order, /, n=|lp|+1 order, /J; ni=|i+1 Gaussian, /=0

Low I High

Figure 4.6. Far-field intensity distribution of the (a-c) pump beam profile for /,=1, to 5, (f5) tilted lens
images of pump beam, (k-0) idler beam profile and (p-t) Corresponding idler tilted lens measurement, (u-

y) signal beam profile.

Figure 4.6 have different spatial scales as these images have been recorded at different positions

in the experiment. Contrary to previous reports, here, the high nonlinear gain due to the



76 High power ultrafast optical vortex generation from near-IR to mid-IR

presence of ultrafast laser and longer interaction length of the nonlinear crystal enables the
direct transfer of the higher order pump OAM mode to the idler radiation in an SRO enabling
the generation of higher order optical vortices over wide wavelength range in the mid-IR

spectrum.

Knowing the transfer of pump OAM to the idler wavelength and signal beam maintaining
Gaussian spatial profile, we have studied the generation of higher-order optical vortices across
the mid-IR wavelength range. Using multiple grating of the crystal ranging from 29.03 pm to
31.5 pm and varying the crystal temperature from 50°C to 180°C, we have studied the beam
profile of idler beam across 2424 nm to 4035 nm as shown in Figure 4.7. Although we recorded
the idler beams across the tuning range, for demonstration purpose, we have presented the idler
spatial profile for arbitrarily selected three wavelengths, 2493, 2844 and 3866 nm and pump
vortices of orders, /,= 1, 4 and 5. As evident from the first column, (a-c), of Figure 4.7, the
idler beam of pump vortex order, /,= 1, has symmetric doughnut-shaped intensity profile across

Idler vortex Lobes, |dler vortex Lobes, Idler vortex Lobes,
order, /, np=[l|+1 order, /; n=|l+1 order, /; n=|H+1

. ®

Low M High

Figure 4.7. (a-c) idler beam profile for pump order 1, (d-f) tilted lens measurements, (g-i) idler beam profile
for pump order 2, (j-1) corresponding tilted lens measurement, (m-o) idler beam profile for order 3-5 at 4035

nm, (p-r) corresponding tilted lens profile.

the tuning range with expected large annular width. The order of the idler vortex is confirmed
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to be /=1 using the tilted lens images as shown in the second column, (d-f), of Figure 4.7. As
expected, the tiled lens images have symmetric lobe structure due to the symmetric intensity
distribution of the idler vortex beam of order, /;= 1. Similarly, the idler beams of pump vortex
order, [, = 4, have doughnut-shaped intensity profile with large dark core and narrow annual
ring as shown in third column, (g-i), of Figure 4.7 which further confirmed to have vortex
order, /;= 4, using the tilted lens images as shown in fourth column, (j-1), of Figure 4.7. On the
other hand, as evident from fifth column, (m-0), of Figure 4.7, the idler vortex across the tuning
range have doughnut-shaped intensity profile with large dark core and thin annular ring for
pump beam pump vortex order, /, = 5, and confirmed to carry vortex order of /;= 5 using the
tilted lens image as shown in column, (p-r), of Figure 4.7. However, as expected, the idler beam
has asymmetric intensity distribution and corresponding asymmetric lobe structure in the tilted
lens images across the tuning range. It is to be noted that the signal beam, not shown here,
across the tuning range has Gaussian spatial distribution, /s = 0, confirming the OAM
conservation, /,=/+l;. These experimental results prove the possibility of the generation of
higher-order optical vortices tunable across 2424 nm to 4035 nm through the direct transfer of

the pump OAM mode to the nonresonant idler radiation using a SRO.

We also measured the output power of the idler vortices across the tuning range. For a
comparative study of the idler power variation for different idler vortex orders, we pumped the
crystal with a constant power of 8 W and vortex orders of, /,=1-3 and recorded the idler vortex
power with the results shown in Figure 4.8. As evident from Figure 4.8(a), the output power
of the idler vortex of order /=1 varies from 1.6 W to 658 mW for the wavelength variation
from 2538 nm to 4035 nm. However, it is important to note that more than 60% of the entire
tuning range of the SRO produces idler vortex beam of output power in excess of 1 W.
Similarly, as evident from Figure 4.8(b) and Figure 4.8(c), the idler vortex power of the pump
vortex orders, /, = 2 and 3, vary from 1130 mW to 546 mW and 430 mW to 422 mW across
the wavelength range of 2845-3924 nm and 2820-3862 nm respectively. It is important to note
that the SRO produces more than 800 mW of output power across the 65% tuning range for
idler vortex order /=2 and more than 400 mW idler power of vortex order //=3 over the entire
tuning range in the mid-IR wavelength, making the current vortex source useful for a variety

for applications. From the results of Figure 4.8, it is evident that the overall idler power
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decreases with the increase of pump vortex orders and for the same vortex order the idler power
decreases for wavelength away from the degenerate wavelength of the SRO. While the
decrease of the idler power with the increase of pump vortex order at constant pump power can
be attributed to the decrease of the parametric gain of the SRO with the increase of the pump
beam size and beam divergence with vortex orders. The decrease of the idler vortex power with
wavelength can be attributed to the decrease of parametric gain for the generated wavelengths
away from the degeneracy as commonly observed in OPOs. We should mention about the

power variation for higher-order vortices.

We further studied the output characteristics of the higher-order vortex source with the results
shown in Figure 4.9. Pumping the SRO with vortex orders, /, = 1-5, we have measured the idler

vortex power with the pump power at two different wavelengths, 2493 nm and 3860 nm with
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Figure 4.8. (a) power variation with idler wavelength for vortex order 1, (b) tunability curve for vortex

order 2, (¢) tunability curve for vortex order 3.

the results shown Figure 4.9(a) and Figure 4.9(b), respectively. As evident from Figure 4.9(a),
the idler vortex power at 2493 nm increases linear to the pump power with the slope conversion
efficiency of 23%, 21%, 19%, 11% and 12% and produced a maximum output power of 2.2
W,1.9W, 1.53 W, 0.78 W and 0.63 W for pump vortex order of [, =1, 2, 3, 4 and 5 respectively

for constant power of 10 W. Similarly, the idler vortex power at 3860 nm as shown in Figure
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4.9(b), increases with the pump power at the slope conversion efficiency of 9%, 7%, 6.5%, 4%
and 3.3% and produces maximum idler vortex power of 0.8 W, 0.54 W, 0.3 W, 0.21 W and
0.16 W for the pump vortex order of Ip=1, 2, 3, 4 and 5, respectively, at constant power of 10
W. It is interesting to note that the idler power of all orders do not show any sign of back
conversion and roll-effect event at 10 W of pump power. Such observation clearly indicates
the possibility of increasing the idler vortex power across the tuning range with a further
increase of pump power. However, the crystal damage at high power for the ultrafast pump
laser can be a limiting factor for the maximum available idler output power using the current
experimental setup. Therefore, we have restricted the operation of the vortex pumped OPO to
10 W of pump power to avoid any chance of crystal damage. As also evident from Figure 4.9(a)
and Figure 4.9(b), the threshold of the vortex pumped OPO increases with the pump vortex
orders and the operation of OPO away from the degeneracy. To get further insight, we
measured the OPO threshold at 2493 nm for different vortex orders of the pump with the results
shown in Figure 4.9(c). As expected, the OPO has lowest operation threshold of 1.1 W for
pump vortex order /, = 1 and increases linear to the pump vortex order to 2.1 W, 3.8 W, 4.8 W

and 6.2 W of average pump power of the ultrafast laser of orders, /, =2, 3, 4 and 5 respectively.
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Figure 4.9. (a,b) Idler output power scaling at 4035 nm and 2493 nm respectively for pump vortex order 1 to
3, (c) power stability of idler output power for vortex order 1 to 3, (d) OPO threshold variation with pump

vortex order.
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However, it is to be noted that the stringent requirement of such high peak power of the pump
beam to overcome the OPO threshold at higher vortex orders have restricted the successful
generation of higher-order vortices (/>2) especially using CW OPOs till date. While one can
address such stringent requirements using ultrafast lasers, however, the crystal damage effect
is the limiting factor for the generation of a higher-order vortex (/>2) using CW OPO. We have
further studied the power stability of the idler vortices at 2493 nm by keeping the pump power
fix at 8 W and recording the output power of the idler of orders /; = 1-3 for 60 minutes. The
results are shown in Figure 4.9(d). As evident from Figure 4.9(d), the source shows a power
fluctuation of 34 mW, 29 mW and 16 mW over the mean output power of 1.6 W, 1.42 W and
1.15 W of the idler of orders, /; = 1, 2, and 3 respectively. Such idler power variation is the
same as commonly observed in the case of OPOs and vortex pumping has little or no effect in

the overall power stability of the vortex OPOs.

In this work, we have demonstrated the successful generation of high power and higher-order
optical vortices tunable in the mid-IR wavelength range by directly transferring the pump
vortices to the non-resonant idler beam of any ultrafast OPO. The source produces vortex
beams of orders /; = 1-5 tunability across 2493 nm to 4035 nm. The source produces idler
vortices of maximum power ~2.2 W in vortex order 1 near to the degeneracy and all over we
achieved a maximum output power of more than 1 W up to vortex order 3. This current scheme
demonstrates for the first time generation of tunable optical vortices in this wavelength region
in the ultrafast picosecond timescale. This scheme enabled the generation of a high order, high

power optical vortices which have application in the various field of science and technology

4.3 Conclusion

In this chapter, we demonstrated the technique for vortex pumping in SRO configuration for
achieving the high power higher-order optical vortices. Results and comparison of these two
vortex sources with other demonstrated techniques by using nonlinear frequency conversion
techniques are compared in the table below, whereas presented results in this chapter are

highlighted in yellow.
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Techniques demonstrated in this chapter are the first demonstration in the ultrafast time domain

and enable to study OAM exchange dynamics in SRO. We demonstrated the mechanism for

the generation of stable vortex sources with OAM order as high as 5 in the near-IR and mid-

IR region of the spectrum. Work discussed in the last two chapters enabled us to generate high

power higher-order scaler optical vortices in near-IR and mid-IR region, either directly from

Gaussian pumped OPOs or vortex pumped OPO.







Chapter 5 Tunable optical vortex generation in

ultraviolet

This chapter constitutes following publication

1) Varun Sharma, G. K. Samanta, S. Chaitanya Kumar, R. P. Singh, and M. Ebrahim-
Zadeh, "Tunable ultraviolet vortex source based on a continuous-wave optical

parametric oscillator," Opt. Lett. 44, 4694-4697 (2019).

In previous chapters, we discussed the generation of vortex beams in the near-IR to the mid-IR
region of the spectrum using OPOs. This chapter focus on the generation of scaler vortices in

the ultraviolet region of the spectrum below 350 nm.



5.1 Introduction

Short-wavelength coherent sources in the ultraviolet (UV) are of great interest for a variety of
applications in science and technology. While the majority of sources are based on Gaussian
intensity distribution, and utilized in various applications including quantum optics [82],
microsurgery [83], and spectroscopy [84]. With the evolution in sources in the short
wavelength region, spatially engineering of such beams in vortices, have attracted a great deal
of interest with application in the field of medical science [83], increasing the resolution of
microscopy and spectroscopy [85,86]. Unfortunately, with absorption in the medium, damage
threshold, limits liquid-crystal-based SLMs operation below 350 nm and SPPs are limited due
to the fabrication technology in this wavelength region. Efforts have been extended to generate
optical vortices in the UV by exploiting OAM conservation in nonlinear frequency conversion
processes including second- harmonic-generation (SHG) and sum-frequency-generation (SFG)
[41,87]. On the other hand, high-harmonic-generation (HHG) [88] provides an alternative
method to transfer the pump optical vortices to discrete wavelengths in the UV spectral range.
However, the limitation in the wavelength tunability of the input pump laser is directly
transferred to the generated output vortex beam in the nonlinear conversion process. As a result,
it is imperative to devise alternative methods to generate tunable vortex UV radiation using

available laser sources in the visible and near-IR.

The use of intracavity and extracavity nonlinear frequency conversion processes have further
extended the wavelength coverage of OPOs to the UV spectral range [89]. While conventional
OPOs are pumped with Gaussian beams, recent efforts using vortex pump beams have led to
the generation of vortex beams tunable across the near- to mid-IR [49,69]. The results of these
experiments point to the possibility of generating optical vortices in the UV by deploying
intracavity frequency conversion processes in vortex-pumped OPOs operating in the near-IR
spectral range. In this work, we demonstrated, what is to our knowledge, the first demonstration
of this approach, enabling the generation of optical vortices tunable across 332 nm to 344 nm
in the UV spectral range. Using a continuous-wave (cw) green vortex beam to pump a singly-
resonant OPO based on MgO-doped stoichiometric periodically-poled LiTaO3 (MgO:sPPLT)
as the nonlinear gain medium, and deploying intracavity SFG of the undepleted pump and
resonant signal tunable across 883-974 nm in the crystal of BiB306 (BIBO), we have generated

optical vortex beams of order up to /yyv = 2 with maximum power of 12 mW tunable across
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332-344 nm in the UV. In addition, the source produces idler vortex beam of order up to /;=2
with an output power of up to 1.38 W, as well as Gaussian signal beam with a maximum power

of 250 mW, tunable in the near-IR wavelength range.

5.2 Experimental setup

The schematic of the experimental setup for tunable vortex-beam OPO in the UV is shown in
Figure 5.1. A cw laser (Verdi 10) centered at 532 nm with a maximum output power of 10 W
in the Gaussian intensity profile is used as the pump source. The laser power to the OPO is
controlled using a combination of a half-wave plate (A/2) and a polarizing beam-splitter cube
(PBS). The Gaussian pump beam is mode-converted into vortex beams of orders, /, = 1 and 2,
using two spiral phase plates, SPPs, having transverse thickness variation corresponding to the
vortex of order 1 and 2. The second A/2 plate adjusts the input pump beam polarization. A
plano-convex lens of focal length, =150 mm, is used to focus the pump beam at the center of
nonlinear crystal to an estimated Gaussian beam waist radius of wo~36 pm. The OPO is
configured in a four-mirrors ring cavity comprising two curved mirrors, M1 and M2, with a
radius of curvature, r=150 mm, and two plane mirrors, M3 and M4. All mirrors have high
reflectivity (R>99%) for signal across 850-950 nm and high transmission (T>80%) for idler
across 1100-1400 nm, ensuring singly-resonant oscillation. To achieve intracavity SFG
between the resonant signal and undepleted pump, the mirrors, M2-M3, have high reflectivity
(R>80%) for pump at 532 nm, while both M1 and M4 have high transmission (T>80%) at 532
nm, M4 also has high UV transmission (T>80%) across 310-390 nm. A 30-mm-long, 2-mm-
wide, and 1-mm-thick MgO:sPPLT crystal with a single grating period of A=7.97 pm, and
housed in an oven providing temperature control up to 200°C with a stability of +£0.1°C, is
used as the nonlinear crystal (C1) for the OPO. The crystal end faces are antireflection-coated
(R<1%) for 800-1100 nm. A 5-mm-long BIBO crystal (C2) of 8x4 mm? aperture, cut at 0=136°
(6=90°) in the optical yz-plane for type-I (ee—0) interaction, and placed between M3 and M4,
is used for SFG of the undepleted pump and signal into the UV. The crystal is mounted on a

rotation stage for angle tuning, and two wavelength separators, S1 and S2, are used to extract
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the idler from the leaked signal, and the UV from the undepleted pump and leaked signal,
respectively. The spatial profile of the UV and signal are analyzed using a CCD camera.

Dump Ve c .
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N Verdi 10, CW,
10 W, 532 nm

SPPs
M
C1 M2 -
22 . S1 Signal
— CCD
M3 Idler
C2 S2 Dump
M4
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Figure 5.1. Schematic of experimental setup; A/2: half-wave plate, SPP: spiral phase plate, PBS: Polarizing
beam-splitter cube, SPP: spiral phase plate, L1: lens, M1-M4: OPO mirrors, C1: MgO:sPPLT crystal (in
oven), C2: BIBO crystal, S1-S2: wavelength separators

5.3 Results and discussion

To study the vortex beam generation in the UV, we maintained the MgO:sPPLT crystal at a
temperature of 124°C, corresponding to signal and idler wavelengths of 935 nm and 1234 nm,
respectively, and pumped the OPO with vortex beam of order, /, = 1. To confirm the OAM
exchange mechanism, we first characterized the OPO without the intracavity SFG crystal.
Under this condition, the vortex- beam-pumped OPO had an operation threshold of 3.4 W,
slightly higher than that pumped by a Gaussian beam [90]. While pumping the OPO with a
constant power of 6 W, we recorded the spatial profile of the pump, signal, and idler beams
using a CCD camera with a pixel size of 4.4x4.4 pum?. The results are shown in Figure 5.2. To
confirm the order of the vortex throughout the experiment, we used the standard tilted lens

technique [74], where the vortex beam of order, /, on propagation through a lens tilted in the
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transverse plane, splits into |/|+1 number of characteristic lobes at the focal plane of the lens.
By counting the number of lobes, one can confirm the order of optical vortices. For the tilted
lens technique, we used a lens of focal length, f = 400 mm. As evident from the first row, (a-
d), of Figure 5.2, the pump beam has doughnut-shaped intensity profile as shown in Figure
5.2(a, ¢), and the titled lens images as shown in Figure 5.2(b, d), confirm the order of the pump
vortex to be /[, = 1 and 2. According to the OAM conservation in an OPO, the OAM of the
pump can be transferred either to signal and idler with equal probability or shared by both
signal and idler. However, as previously reported in [69], in the case of a singly-resonant OPO,
the OAM or the vortex order of the pump beam is directly transferred to the idler and the
resonant signal maintains the fundamental cavity mode. To confirm the mode selection in the
OPO, we imaged the signal beam leakage through M2 after separating from the idler. The
results are shown in the second row, (e-h), of Figure 5.2. As evident from Figure 5.2(e, g), the
signal beam intensity distribution resembles Gaussian mode (/s = 0) for both pump vortex
orders, which is further confirmed from the straight-line fringes, see Figure 5.2(f, h), recorded
by the self-interference of the signal beam using the Mach-Zehnder interferometer. The third
row, (i-1) of Figure 5.2, shows the corresponding idler beam to carry doughnut-shaped spatial
intensity profiles, see Figure 5.2(i, k). Using the tilted lens images, shown in Figure 5.2(j, 1),
we confirm the order of the idler to be /i = 1 and 2, same as that of the pump vortex orders,

verifying the OAM conservation in the OPO.

After the successful operation of the OPO with the resonant signal in Gaussian mode and
idler in the vortex profile, we inserted the BIBO crystal between M3 and M4. The OPO
threshold increased to 4.2 W and 6 W for pump vortex of order /,=1 and 2, respectively, due
to the coating loss on the BIBO crystal facets. On the other hand, the higher OPO threshold for
pump vortex of order, /, =2, as compared to the pump vortex order, /, = 1, can be attributed to
the increase in pump beam size with the vortex order at the center of MgO:sPPLT crystal and
subsequent reduction in parametric gain. For better overlap between the undepleted vortex
pump and resonant Gaussian signal in the BIBO crystal, we have designed the OPO cavity
using Gaussian beams and the ABCD matrix formalism ensuring identical confocal parameters
for the interacting beams in both the crystals. Adjusting the tilt of the BIBO crystal for perfect

phase-matching, we recorded the wavelength of SFG radiation between the undepleted vortex
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pump of order, /, = 1 and 2, and the resonant Gaussian (/s = 0) signal at 935 nm to be 339 nm.
As evident from fourth row, (m-p), of Figure 5.2, the UV radiation has doughnut-shaped
intensity profile, Figure 5.2(m, o), with vortex order, /v =, + /s =1 and 2, in accordance with
OAM conservation in SFG process, as confirmed by the tilted lens images, 6.2(n, p). It is to be
noted that, a prism (not shown in Fig.) was used to separate any residual signal and pump from
the UV vortex beam. The poor image quality of the vortex beam in the UV is due to the low
sensitivity of the silicon CCD camera below 350 nm. However, the splitting of optical vortex
dark core of UV vortex beam of order, /iy = 2, is attributed to various parameters including the
birefringence and spatial walk-off effect in the BIBO crystal [64], astigmatism due to the
curved cavity mirrors, and dispersion of the prism used to extract the UV radiation. Further
improvement in the spatial profile and output power of the UV vortex beam could be expected
by using non-critical phase-matched crystals for the SFG process. We used the same CCD

camera to record the idler wavelength despite the low sensitivity of the silicon CCD for

Figure 5.2. (a-d) Intensity profile and tilted lens images of pump beam of vortex order, Ip =1 and 2. (e-
h) Intensity profile and interference pattern of the signal, and (i-1) corresponding intensity profile and
tilted lens images of the idler. (m-p) Intensity profile and the tilted lens pattern of the UV beam generated
from pump vortex of order, Ip = 1 and 2. Spatial profile of signal, idler and UV beams have different

scales.
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wavelengths above 1100 nm. Since we did not measure the beam width of the idler vortices in
the current experiment, the significant blooming effect of the CCD camera for wavelengths
beyond 1100 nm does not have any impact on our results throughout the work. Due to higher
available power and the non-critical phase matching of PPSLT crystal, the idler vortices have

a superior spatial profile as compared to the UV radiation.

We have studied the tuning capability of the vortex beam source. Using pump vortex of orders,
I, =1 and 2, at a constant power of 7 W, we tuned the OPO across 883-974 nm in the signal,
with the corresponding idler across 1338-1172 nm, by changing the crystal temperature from
84°C to 188°C. By varying the phase-matching angle of the BIBO crystal, we recorded the
intensity profile of the UV radiation across 332-344 nm, with the results shown in Figure 5.3.
As evident from the first column, (a-d), the UV radiation recorded at four different
wavelengths, 332 nm, 335 nm, 339 nm, and 344 nm, across the tuning range, has doughnut-
shaped intensity profile for the pump vortex of order, /, = 1. Counting the number of lobes, nuy
= [, + 1, of intensity pattern recorded using the tilted lens, as shown in the second column, (e-
h), we confirm the order of the UV vortex to be, /uwv = 1, the same as that of the pump order, /,
= 1, across the tuning range. Similarly, for pump vortex order, /, =2, we observe the UV beam
to carry doughnut-shaped intensity pattern, as shown in the third column, (i-1), across the tuning
range. The tilted lens images, as shown in the fourth column, (m-p), confirm the order of the
UV beam to be /uy = 2 across the tuning range. The splitting of the UV vortex of order, luwy = 2,
can be attributed to the birefringence of the BIBO crystal influencing the spatial overlap of
pump and signal beams throughout the interaction length, as also observed for Gaussian beam-
pumped OPO generating UV [89,90]. Due to the unavailability of SLM for UV wavelengths,
we could not measure the purity of the UV vortices. Although the image quality of the vortex
beams of all orders are highly influenced by the low sensitivity of the CCD camera at UV
wavelengths, the relatively inferior intensity profile of the vortex beam of order, /v = 2, as
compared to that of the vortex order, /uy = 1, is attributed to the astigmatism of the curved OPO
cavity mirrors for higher-order pump vortices, and also the lower output power of the UV
radiation. It is to be noted that the idler beam (not shown here) carries vortex beam of order, /;
= [y, across the entire tuning range, while the signal has Gaussian spatial profile (/s = 0),

satisfying OAM conservation in an OPO. It is to be noted that the further increase in the
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wavelength tunability of the UV vortex requires suitable broadband AR coated mirrors and

increased nonlinear gain of the OPO using a pulsed laser to pump the OPO.

Pump Vortex, [,=1 Pump Vortex, /,=2
uv Lobes uv Lobes

Vortex, 1, Ny~ *1

2m 3

Vortex, l,, N, *1

Figure 5.3. (a-d) Intensity profile, and (e-h) tilted lens images of UV beam generated by pump
vortex of order, Ip = 1. (i-j) Intensity profile, and (m-p) tilted lens images of the UV beam generated

by pump vortex of order, Ip = 2, across the tuning range.

We also measured the UV vortex power across the tuning range, while keeping the pump power
constant at 7 W. The results are shown in Figure 5.4. As evident from Figure 5.4(a), the output
power of UV vortex beam of order, /uy = 1, varies from 5.2 mW at 332 nm to 7 mW at 344 nm,
reaching a maximum of 11 mW at 341.3 nm, with >7 mW over 90% of the entire tuning range.
Similarly, the output power of the UV vortex beam of order, /uv = 2, varies from 3 mW at 333
nm to 4.5 mW at 338 nm, reaching a maximum of 5.6 mW at 336 nm. Although, we recorded
the intensity profile of the UV vortex beam across the entire tuning range, the output power
was measured to be below 1 mW. The more confined tuning range of the UV vortex of order,
luwv = 2, can be attributed to the lower parametric gain and higher threshold of the OPO due to
the larger beam size of the pump vortex of order, /, = 2. We also measured the idler vortex and
leaked signal power across the tuning range. The results are shown in Figure 5.4(b). As evident,

the output power of the idler vortex of order, /i = 1, varies from 460 mW at 1338 nmto 1.12 W
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at 1172 nm, with a maximum of 1.3 W at 1248 nm. On the other hand, the output power of the
idler vortex of order, /; = 2, varies from 160 mW at 1320 nm to 420 mW at 1243 nm. The leaked
signal beam in Gaussian spatial profile generated by the pump vortex of order, /, = 1 and 2,
delivers an output power in excess of 150 mW and 80 mW, respectively, with a maximum of

290 mW at 902 nm for pump vortex of order, [, = 1.
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Figure 5.4. Variation of output power of (a) UV vortex beams of order, luv = 1 and 2, and (b) idler vortex

beam of order, li = 1 and 2, and Gaussian signal beams across the tuning range, generated by pump vortex

of order Ip = 1 and 2.
We further studied the power scaling characteristics of the UV vortex OPO. Keeping the
MgO:sPPLT crystal temperature fixed at 104°C, producing signal and idler at 897 nm and 1308
nm, respectively, corresponding to the UV wavelength of 334 nm, we measured the UV, idler
and leaked signal power as a function of the pump power of vortex order, /, = 1. The results
are shown in Figure 5.5. As evident from Figure 5.5(a), the UV vortex power and the single-
pass UV efficiency vary quadratically and linearly, respectively, with the vortex pump power,
producing a maximum UV power of 12 mW at a single-pass efficiency of 0.17%. We did not
observe any sign of saturation in the UV power, which is also confirmed by the variation of
UV power with the square of the pump power, as shown in the inset of Figure 5.5(a), up to the
maximum available pump power of 7 W. We also measured the idler vortex beam power and
the leaked Gaussian signal beam with input pump power. As evident from Figure 5.5(b), we
obtained a maximum idler vortex power of 782 mW and a corresponding useful leaked signal

power of 250 mW in Gaussian profile for a maximum available pump power of 7 W. The
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tighter focusing of the interacting beams can increase the UV power at the cost of poor UV

vortex profile leaving a trade-off between the spatial profile and output power of the UV vortex.

02~ <
§12' Auv =334 nm § 5 1.0¢ Pump, /=1
E10: yy=1 é’ g e
0 o " Idler, /=1
%J 8| (a) +0.1.2 Losl o y er, /
DCE 67 ' . E:—J "g- » Signal:]S:O
4 r o " "5' v o
5 2 - P (“1’?’)]2500 05 ©00 ‘ . ‘
4 5 6 7 8 4 5 6 7 8
Pump Power (W) Pump Power (W)

Figure 5.5. (a) Dependence of UV vortex power and efficiency on the pump vortex power. (Inset) Variation of
UV vortex power with square of the pump power. (b) Variation of idler vortex power and corresponding

Gaussian signal power as function of input pump power.

5.4 Conclusion

In conclusion, we have demonstrated a viable source of tunable optical vortex radiation based
on a cw OPO, providing practical powers in UV as well as the near-IR spectral range. By
deploying a green vortex pump beam of order, /, = 1 and 2, in combination with intracavity
SFG, we have generated UV vortex beam of order, /uy = 1 and 2, tunable across 332-344 nm,
with a maximum cw output power of 12 mW. The OPO also delivers near-IR idler vortex beam
of order, /i =1 and 2, tunable across 1172-1338 nm, with a maximum power of 1.3 W, as well
as signal radiation in Gaussian spatial profile with a usable maximum power of 250 mW
tunable across 883-974 nm. These characteristics make the OPO a highly versatile and practical

source of optical vortex radiation across extended spectral regions in the UV and near-IR
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In the previous discussions, we focused on the generation of scaler optical vortices, with
polarization uniform all across the beam. Our focus was on the generation of such beams with
high power and broad wavelength tunability. In this chapter, we are going to study a different

class of beams known as vector beams, and their generation, using OPO.



6.1 Introduction

Light beams carry angular momentum in the form of spin and orbital angular momentum
(OAM). While spin angular momentum (SAM) is associated with the polarization of the light
field, OAM is attested to the helicity to the Poynting vector of the optical field. While optical
vortices have found a great deal of interest in a variety of fields including communication [91],
lithography [11], and high-resolution microscopy [37], in most cases these beams are scalar
vortex beams where the polarization of the beam is the same across the entire beam. However,
in addition to the phase singularity, optical vortices can carry polarization singularity. Due to
the vector nature (polarization), together with the vortex intensity distribution, such special
class of beams are known as vector-vortex beams. Vector-vortex beams, having both phase and
polarization singularities, are of great interest for a variety of applications, for example, in
material processing [92], optical trapping [93], photon entanglement [94], and microscopy
[95]. The vector-vortices are described by points on the higher-order Poincaré sphere (HOP)

[96], representing the total angular momentum of light.

The generation of vector-vortex beams or HOP beams requires manipulation of polarization
and spatial mode of a laser beam. Typical techniques to generate such beams external to the
optical cavity involve g-plates and phase retarders [97], nematic spatial light modulator [98],
spatially varying retarders [99], or superposition methods [ 100]. On the other hand, efforts have
been made for direct generation of such beams internal to the laser cavity by exploiting the
birefringence and thermal properties of the gain medium [101], by incorporating intracavity
optical elements such as axicon [102], or by a combination of g-plate and quarter wave plates
[15]. Unfortunately, the limited spectral coverage of lasers and material dispersion of
intracavity and extracavity optical components manipulating the polarization and spatial mode
of a laser beam restrict all these existing techniques, thus precluding vector-vortex beam

generation over a wide spectral range.

Using OPOs providing scalar vortex beams, one can, in principle, manipulate the polarization
of the intracavity field to generate vector-vortex beams directly from OPOs. However, the
phase-matching condition is critically dependent on the polarization of the interacting beams,

dictating the parametric gain for the nonlinear process. Therefore, manipulating the
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polarization of intracavity beams in an OPO, as required for vector-vortex generation, is very

challenging.

In this work, we demonstrated a generic experimental scheme to generate a tunable vector-
vortex beam directly from an OPO. Taking advantage of the directional property of the OPO
(nonlinear gain in the direction of the pump beam), we manipulate the resonating beam in such
a way that the polarization state is preserved after every round-trip, enabling efficient frequency
conversion in the presence of the pump beam. Consider a standing-wave Fabry-Perot cavity,
as shown in Figure 6.1(a). The nonlinear gain can be achieved in both clockwise and counter-
clockwise directions with the resonating beams having vortex spatial structures when the gain
medium is pumped with vortex beam of linear polarization (say, vertical) from both sides. The
inclusion of two quarter-wave plates (QWP) with optic axis rotated by 45° with respect to
horizontal axis ensures that the polarization state is always linear in region A and circular in
region B. In every round-trip, the resonating beam in region A returns to its initial polarization
state (vertical) to ensure efficient frequency conversion in the gain medium. Here, the
manipulation of polarization and spatial mode of the output beam, as required for vector-vortex
beams, is achieved by the intracavity QWP and the OAM conservation in the parametric
process, respectively. Using such a scheme in a nanosecond OPO in doubly-resonant (DRO)
configuration and pumped in both directions by optical vortex beam, we generate vector-vortex

beam of order, /=1, tunable over 964-990 nm with an output power in excess of 5 mW.

6.2 Experimental setup

The schematic experimental setup is shown in Figure 6.1(b). A Q-switched Nd:YAG laser
producing 5 W of average power at 1064 nm in 6.6 ns pulses at a repetition rate of 30 kHz,
works as the fundamental source. Using a lens (L1), the fundamental laser is frequency-doubled
in a 30-mm-long LBO crystal, providing up to 1.5 W of green power at 532 nm in the Gaussian
intensity profile. After separation from the fundamental using a dichroic mirror (S1), the green
pump beam is collimated using a lens (L2), with the input power to the experiment controlled
using a combination of a half-wave plate (4/2) and a polarizing beam-splitter (PBS) cube. A

spiral phase plate (SPP) is used to convert the green Gaussian pump beam into an optical vortex
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of order, /, = 1. The green pump vortex is divided into two beams, PB1 and PB2, of equal
intensity, by using a non-polarizing 50:50 beam-splitter (BS) cube. Further, the two beams are
steered to the DRO with an equal number (three) of reflections, in order to maintain the same
vortex polarity, /, =1, for both PB1 and PB2. The path length of the pump beams is also
maintained to be identical. The DRO is configured in a four-mirror standing-wave cavity with
two concave mirrors, M1-M2 (»=100 mm), and two plane mirrors, M3 and M4, with a total
cavity length of 33.5 cm, allowing six roundtrips of the resonant waves over the 6.6 ns pulse
duration. All mirrors are antireflection-coated for high transmission (R<5%) at 532 nm and
high reflectivity (R>95%) across 950—1200 nm, ensuring DRO operation over the signal and
idler wavelength range [49]. A 30-mm-long, 1-mm-wide, and 0.5-mm-thick periodically-poled
congruent LiTaO3 (PPCLT) crystal with a single grating period of 4.=7.91 um, placed between
M1 and M2, is used as the nonlinear crystal. The crystal is housed in an oven, adjustable from
room temperature to 200°C with a stability of +0.1°C. The 4/2 plate before SPP adjusts the
pump beam polarization for optimum phase-matching of PPCLT crystal. The nonlinear crystal
is pumped from both sides using two identical lenses (L3) of focal length, /=150 mm, ensuring
identical mode-matching and all cavity parameters for OPO operation in both clockwise and
counter-clockwise directions. QWP1 and QWP2, optimized for the signal wavelength centered
at 980 nm, placed inside the DRO cavity, are used to manipulate the polarization state of the
resonating beam. The leakage signal and idler of M3 are separated by the separator, S2, and
recoded by CCD and pyro-camera, respectively. The working principle of our experimental
scheme can be understood as follows. The PPCLT crystal is designed for type-0 (e—e+e)
quasi-phase-matched interaction with vertical polarization states for the pump, signal and idler.
On the other hand, the OAM of the pump beam with vortex order, /, can be transferred either
to the signal or idler through systematic control of the cavity losses [49]. Therefore, due to
higher losses of the cavity mirrors at the idler wavelength than the signal, the pump OAM is
transferred to the signal, while idler carries order, / = 0 (Gaussian).Under this condition, the
pump beam, PBI, creates signal with the state (polarization and OAM) of |V, / ), and the
corresponding idler state of |V, 0). As each reflection flips the OAM from +/ to —/ and vice-
versa, the states of the signal beam before and after the QWP1, with optic axis at +45°, are |V,
-y and |R, -/}, respectively. The mirror, M3, on reflection, changes the state of the signal beam

into |L, /), which, on passing through QWP1, is converted into [H, / ). Here, V and H correspond
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to the vertical and horizontal polarization, while R and L represent the right and left circular
polarizations. Similarly, the state of the signal beam before QWP2, and after successive
reflection by M2 and M1 is [H, / ), which on propagation the state into |R, -/ ), which is further
transformed into |V, -/ ) by QWP2. As a result, the signal beam produced by the pump, PB1,
after one round-trip returns to its original state, |V, / ), and is amplified by the pump beam.
Similarly, the signal beam generated by the pump beam, PB2, of state [V, / ), has the state of
IL, /) and |R, -/ ) before M3 and M4, respectively. As a result, the signal beam out-coupled
from M3 and M4 has state, |R, -/ ) + |L, / ), which is the final state of the generated vector-
vortex beam. Since QWP1 and QWP2 are not optimized at the idler wavelengths, in each
round-trip the idler beam of vortex order, / = 0, generated by both pump beams, will encounter
extra losses due to the improper (elliptical) polarization rotation by the QWPs, which in turn

results in the idler carrying OAM of order, / = 0, satisfying the OAM conservation in DRO.
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Figure 6.1. Vector vortex beam optical parametric oscillator. (a) Pictorial representation of the evolution of
polarization and OAM states of the resonant beam, through one roundtrip in the OPO cavity, horizontal,
vertical, right circular and left circular represent the polarization of resonating beam light. (b) Schematic of the
experimental setup. A/2, half-wave plate; PBS, polarizing beam-splitter; BS, 50:50 beam-splitter; SPP, spiral
phase plate; L1-3, lenses; M1-4, OPO mirrors; QWP1-2, quarter-wave plates; LBO, PPCLT, nonlinear crystals;

S1-2, wavelength separators.
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6.3 Results and discussions

To study the OAM exchange mechanism of the nanosecond DRO, we fixed the crystal temperature at
77°C, corresponding to the signal (idler) wavelength of 977 nm (1168 nm). Pumping the crystal with
PBI and PB2, separately, with an average power of 300 mW and vortex order of /,= 1, we recorded
the spatial intensity profile of the signal and idler beams, with the results shown in Figure 6.2. As
expected, both the pump beams, PB1 and PB2, derived from a single pump beam, carry the same
doughnut-shaped intensity profile (first column, (a, b), of Figure 6.2). The number of characteristic
lobes, (n,=| I, [+1), and their orientation, as shown in second column, (c, d), of Figure 6.2, recorded
using the tilted lens technique [74], confirm that both the pump beams (PB1 and PB2) carry vortex
beam of same order, |/,| = 1, and, same helicity (sign). The third column, (e, f), of Figure 6.2, shows

the intensity profile of the signal beams generated by PB1 and PB2, respectively. The signal

Pump, PB1 Lobes, Signal 1 Interference Idler 1
Order, I, n,=|1,|+1 Order, [, pattern Order, /;

Low

Pump, PB 2 Lobes, Signal 2 Interference Idler 2
Order, /, n,=1,[+1 Order, [, pattern Order, /;

Figure 6.2. Generation of vortex beam. (a, b) Intensity profiles and (c, d) lobe structure of the pump beams, PB1
and PB2. (e, f) Intensity distribution and corresponding (g, h) self-interference fringe pattern of the signal beams

generated by PB1 and PB2. (i, j) Idler intensity profiles generated by PB1 and PB2

beams have a doughnut-shaped intensity profile with the central minimum, resembling a vortex
beam, which is further confirmed by the characteristic fork pattern of the vortex-vortex
interference recorded using Mach-Zehnder interferometer. As evident from the fork pattern and

their orientation, shown in the fourth column, (g, h), of Figure 6.2, both the signal beams carry



6.3 Results and discussions 99

vortex of order, | /s | = 1, but with opposite sign (£). The opposite sign of the signal vortices, as
required for vector-vortex generation, can be attributed to the odd and even number of
reflections experienced by the signal beams generated by PB1 and PB2 vortices of the same
sign, respectively, before transmission through the mirror, M3. Unlike the pump vortices, the
signal vortices have background intensity at their dark core, which is due to the presence of the
OPG signal generated by the high gain of the PPCLT crystal under nanosecond laser pumping.
In our experimental setup, we observed OPG of the vortex pump beam at an input power of
350 mW. For OPO operation, we adjusted the pump power below the OPG threshold. Under
this condition, we still observed background OPG signal due to the high intra-cavity power.
The fifth column, (i-j), of Figure 6.2, shows the intensity profiles of the corresponding idler
beams in the Gaussian intensity profile, without any dark core in the beams. The elliptic beam
profile of the idler is attributed to tilts in the collection optics. Such observation clearly
confirms that in nanosecond vortex-pumped DRO, the pump OAM is directly transferred to
the signal beam (/s = ,), while the idler beam maintains Gaussian spatial mode (/; =0), owing
to OAM conservation ([, = I; + ;) in the parametric process [49]. The pixelated image of the
idler intensity distribution can be attributed to the large pixel size of the pyro-camera. Knowing
the generation of signal scalar-vortex beams for both pump beams (PB1 and PB2), using a
spectrometer, we measured the wavelength of signal beams to be 977 nm separately for both
pumps. However, with both pump beams present in the crystal, the resultant signal beam
spectrum shifted by 1 nm to 976 nm as shown in Figure 6.3. Such a shift in the signal spectrum
could be attributed to a minor temperature change (~0.6 °C) in the crystal due to high intra-
cavity signal as well as the pump power. Since both signal beams have same wavelength and

polarization, we expect coherent coupling between the signal pulses generated by both pump
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beams [103]. The threshold of the DRO for Gaussian pumping in the absence of SPP was
measured to be ~75 mW for each pump beam in either direction. However, in the presence of
both pump beams, the DRO threshold decreased to ~40 mW, clearly confirming coherent
coupling between the generated signal pulses. It also confirms the temporal and spatial overlap
of the resonating signal beams of both pumps, as required for vector-vortex generation. As
expected [72], the DRO threshold for vortex pump beams, PB1 and PB2, separately, was
measured to be ~290 mW, higher than that for the Gaussian-beam-pumped DRO. While a
similar threshold reduction due to coherent coupling is also observed for vortex pumping, the
signal beam loses its vorticity as the signal pulses generated from PB1 and PB2 are of opposite
helicities. However, for the vector-vortex generation, we inserted QWPs inside the cavity,
while pumping the DRO from both sides with an average power of 300 mW in each beam.
Both QWPs (QWP1 and QWP2) had optic axis rotated by +45° with respect to the horizontal
axis. We analyzed the outcoupled signal from the mirror, M3, using a detection unit comprising
the combination of QWP, 4/2 plate, and a PBS [94]. We projected the signal vector-vortex
beam of OAM mode, /=1, in different polarization states, horizontal (H), vertical (V), diagonal
(D), anti-diagonal (A), right circular (R), and left circular (L), on the Poincaré sphere, by
adjusting the optic axis of the QWP and A/2 plate. The results are shown in Figure 6.4. As
evident from Figure 6.4, the projection of the signal beam to R and L polarization states results
in vortex intensity profile with OAM order, / = 1 and / = —1, respectively. However, the
projection on H, V, A and D polarization states result in the superposition of two opposite
helical wave fronts of vortex order, |/| = 1, generating a ring lattice structure containing two-
lobe ( 2/) pattern at different orientations. All these projected intensity distributions represent
different points on the Poincaré sphere. The rotation of the two-lobe pattern obtained with the
rotation of the optic axis of the QWP and 4/2 plate for polarization measurement determines
the spatial distribution pattern of the vector-vortex beam and verifies the non-separability. The
inset of Figure 6.4 shows the intensity profiles of the pump and idler beams without any
polarization projection. As in previous reports [15,104], one can measure the purity of the
OAM mode of the vector vortex beam through the mode projection technique [105]. However,
due to a lack of suitable spatial light modulator (SLM) in our laboratory, we were not able to
perform the mode purity measurement for the vector vortex beams. On the other hand, since

the OAM beam of the OPO is generated through the OAM conservation in nonlinear process,
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we expect the generated beam to carry the pure OAM mode of the pump. Additionally, the
polarization projection and beam quality measurements are performed in the far field region to

reduce the effect of higher order cavity modes (if any) in the resonant beams.

Confirming the generation of the vector-vortex beam from the OPO at 977 nm, we further
studied the performance of the device across the tuning range. Pumping the OPO from both

sides, we changed the crystal temperature to vary the signal and idler wavelengths. Although
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Figure 6.4. Intensity profiles of the signal vector-vortex beam of OAM mode, Is = 1. Depending on the
projection of the beam in different polarization states, R, A, L, D, H and V (as shown by the white letters on
the images) on the Poincaré sphere, the mode pattern of the beam recorded by the CCD camera change at
different points on higher-order Poincaré (LG-Bloch) sphere for 1/V2 (| R, 1) + e—ig |L,—1)). Inset images are

intensity distribution of one of the pumps, idler and the signal beams

the current OPO can be tuned across 850-1420 nm [103], the cavity mirrors limit the operation
to 950-1200 nm. On the other hand, the retardance of the intra-cavity QWPs is the limiting
factor for the wavelength tunability of the vector-vortex output. Since the zeroth-order QWPs
used in the current study have retardance varying from 0.2523 (0.20) to 0.2447 (0.208) with
the signal (idler) wavelength variation from 960 nm (1193 nm) to 990 nm (1149 nm), the tuning

is confined to this wavelength range. Such a small change of retardance with wavelength
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maintains linear polarization of the resonating signal beam in region A (see Fig. 1a) of the OPO
without introducing significant losses due to polarization rotation. However, the inappropriate
retardance of the QWP changes the linear polarization into elliptic, severely effecting the
phase-matching condition. One can, in principle, use achromatic QWPs having constant
retardance over a wider range of wavelengths to increase the tunability of the vector vortex
beam. However, we did not have the availability of such achromatic QWP to extend the
wavelength range of the current vector vortex OPO. We studied the non-separability of the
signal beam at two different wavelengths, 964 nm and 990 nm, across the tuning range. To
confirm the vector-vortex nature of the signal pulses in this range, we again performed
projective measurements by using a QWP and PBS, and projected the generated state in
different polarization basis, with the results shown in Figure 6.5. As evident from Figure 6.5(a)
and 5.5(b), the rotation of the QWP for polarization measurement rotates the spatial intensity
distribution of signal beams at 964 nm and 990 nm, thus verifying the non-separability and
vector-vortex nature of the signal beam across the tuning range of 964-990 nm. Due to the high
reflectivity of the cavity mirrors, we measured an outcoupled vector-vortex beam power of >5

mW in 4.4 ns pulses of 0.25 pJ energy across the tuning range. However, with the optimization

Vector vortex Vector vortex
beam at 964 nm b beam at 990 nm
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Figure 6.5. Vector-vortex beam at two different wavelengths, 964 and 990 nm, across the tuning
range of the OPO. Intensity distribution of the vector-vortex beams for the projective measurement
in polarization states, R, L, D, and A for the vector-vortex beams at (a) 964 nm and (b) 990 nm. The

projective measurement in A and D basis results 21 petals.
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of output coupling, a substantial enhancement in vector-vortex beam power are expected,
enabling practical applications certainly at the cost of increase of operation threshold of the

OPO.

6.4 Conclusion

In conclusion, we have demonstrated an experimental scheme to generate vector-vortex beam
directly from an OPO in DRO configuration, pumped by vortex beams from both sides of the
cavity. By manipulating the polarization of the resonant wave using a pair of intra-cavity
QPWs, we have generated vector-vortex beam tunable across 964-990 nm. Wavelength
tunability of the source is limited by the uniform retardance range of the QWPs. Further
increase in the tunability of the vector-vortex beam can be achieved by using broadband
achromatic zero-order QWP. The generic approach can also be used in cw and ultrafast OPOs

and extended to other wavelength regions across the optical spectrum.
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7.1 Introduction

In the previous chapters, we discussed different techniques for the generation of optical vortices
and vector beams in a wide spectral range, starting from mid-IR to UV. As discussed before,
beams with OAM and varying polarization across the beam showed applications in quantum
information [9,94], microscopy [16,85], and material processing [11,17]. Spatial structures
discussed until now have common limitations of diffraction with propagation and does not self-
heal after obstruction in the path. On the other hand, the Airy beam shows all these emerging
properties of non-divergence, self-healing and propagate in a parabolic path. These peculiar
properties utilized in curved plasma guiding [23], light-sheet microscopy [22] and micro-
particle manipulation [106]. While the Airy beam and optical vortices demonstrated various
applications, the conventional method of generating all these different spatial structures based
on SLM or different phase elements (SPPs and CPM) does not work for a simultaneous
generation. The simultaneous generation of all these spatial structures from a single source is
not very efficient, and we often need to rely on different techniques for the generation of
different spatial structures, as demonstrated in [13,21,99]. This chapter focus on a new method
for generating multiple spatial structures over a broad range of wavelength from a single

source.

Vortex pumping in OPOs has been used to control the transfer of pump vortex content between
signal and idler [48,49] and for the generation of high power optical vortices up to mid-IR
spectral region [50,72]. Similarly, the technique of intracavity cubic phase mask enables the
generation of coherent two-dimensional Airy beam from a laser and OPO [107,108]. Still, to
generate each structured beam from an OPO, it requires a separate cavity setup with different
phase elements. In this work, we demonstrated the simultaneous, direct generation of multi-
spatial structure beams from a singly resonant ultrafast OPO cavity. With the help of higher-
order vortex pumping and controlled exchange of OAM between signal and idler, we have
generated vortex-Airy beam, vortex beam with OAM order of 1 in the signal, and vortex beam
of order 1 in idler. In the same cavity setup by controlling the OAM transfer between signal
and idler with the help of intracavity aperture, we have transferred pump OAM to the non-
resonant idler and generated signal beam with the spatial structure in Airy beam, Gaussian

beam, and idler in vortex profile of order 2. These all mentioned spatial structures are tunable
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across 1457 — 1680 nm in signal wavelength and 2901-3944 nm in idler wavelength. At the
same time, each set of spatial structures generated from a separate output port in OPO, which

enables their simultaneous use for various applications at the same time.

7.1 Experimental scheme

The schematic of the experimental setup to generate multi spatial structured beams is shown in
Figure 7.1. A Yb fiber laser centered at 1064 nm with a spectral width of 1.4 nm producing
output pulse width of 20 ps at a repetition rate of 80 MHz in Gaussian spatial intensity profile
(M2<1.1) is used as the pump source. For the best performance of the laser, we operated the
laser at its maximum output power of 14 W and subsequently controlled the laser power to the
experiment with the help of a half-wave plate (A/2) and a polarizing beam splitter cube (PBS).
The spiral phase plate (SPP) of phase winding corresponding to vortex order, /=2 is used to
convert the Gaussian pump beam into an optical vortex. Further, a second A/2 plate controls
the input pump beam polarization for phase matching inside the nonlinear crystal. The input
pump beam is focused at the center of the nonlinear crystal using a plano-convex lens, L1, of
focal length /=150 mm which results in the beam waist radius of 40 pm while used Gaussian
pump beam. A 50 mm long and 8x1 mm? in aperture multi-grating MgO doped periodically
poled lithium niobate (MgO:PPLN) crystal with the grating period varying from 29.05 pm to

31.5 um is used as the nonlinear crystal for OPO. To control the wavelength tunability of the

Yb-Fiber Laser, 1/2 pgo Dump
20 W, 18 ps, M2
78 MHz \
S L2l
Idler

Aperture

Signal

Figure 7.1. Schematic of the experimental setup. A/2, half-wave plate; PBS, polarizing beam splitter cube;
L1-3, plano-convex lenses of different focal lengths; SPP: spiral phase plate, M1-4: OPO mirrors; OC,
output coupler; C, PPLN crystal; CPM, cubic phase mask.
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OPO, the crystal is housed in a temperature oven allowing the crystal temperature variation up
to 200°C with stability of £0.1°C. The OPO is configured in a singly resonant four mirror
standing wave X-cavity configuration with two curved mirrors, M1 and M2, of a radius of
curvature of 150 mm and two plane mirrors, M3 and M4. The mirrors, M1, M2 and M3 have
high reflection (>99%) for the signal wavelength across 1400-2100 nm and high transmission
for the idler wavelength across 2100-4400 nm and pump wavelength at 1064 nm. To extract
the resonating signal power, we have used mirror M4 with a transmission of 5% for signal the
wavelengths across 1400-1600 nm. To record and study the idler beam profile we used a CaF2
lens of focal length /=150 mm after extracting the beam from the undepleted pump and leakage
signal power using the wavelength separator, S. For the Airy beam generation, we have used a
cubic phase mask (CPM) in the form of a binary diffraction grating . The CPM is optimized to
have 5% diffraction efficiency in first diffraction orders. The CPM produces cubic phase-
modulated beam which subsequently Fourier transformed into an Airy beam using a lens, L3,
of focal length, /=300 mm. However, to control the spatial mode of the resonating beam, an
aperture is used before the mirror M4. The OPO cavity is synchronized with the second

harmonic of the pump repetition rate. The total physical cavity length of the OPO is 981 mm.

7.2 Results and discussion

For the implementation of the current scheme from OPO, we used the method of higher-order

vortex pumping in the singly resonant OPO. In the process of down-conversion inside an OPO,
the overlap integral A, s; between spatial modes of pump, signal, idler, and the loss parameter
for the cavity modes decides the spatial modes of generated signal and idler [49]. With the
vortex pumping with pump OAM [, = 2, there are three different possible combinations of
signal and idler modes conditioned to the OAM conservation. Out of these possibilities,
allowed combination Ap=; s~1,i=1 inside the OPO, with signal and idler OAM content /s = /i = 1
have maximum value of 0.7. Similarly, for the same vortex pumping order overlap integral
Ap=2,5=2,i=0 OF Ap=2 s=0,i=2 has a value of 0.5, which corresponds to signal in vortex beam profile

of order 2 and idler in Gaussian beam profile and vice versa. With these conditions, cavity loss

also plays a crucial role in switching the OAM modes between signal and idler [50]. For the
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simultaneous generation of multiple spatial structures in the signal, the choice of resonating
signal mode plays a crucial role. Firstly, with the vortex pump /, = 2, we utilized Ap=3 s-0,i=2
combination with signal in Gaussian intensity distribution and idler in vortex beam with OAM
i = 2. For this OPO operation, we kept PPLN crystal at 110°C with the grating period (A) of
30.3 um. For this grating period and temperature, signal wavelength corresponds to 1552 nm
and corresponding idler at 3380 nm. For mode selection of signal inside the cavity, we further
used the method of an intracavity aperture to restrict any higher-order mode oscillation inside
the cavity and restricted the signal to oscillate in Gaussian mode. To confirm the spatial mode
of resonating signal and idler, we used a pyrocam based camera with a pixel area of 85x85 pm?
while the pump beam is imaged on a CCD based camera with pixel area of 4.4x4.4 um?. Pump
beam coming through SPP resulted in a doughnut shape profile, as shown in Figure 7.2(a). For
topological charge measurement in the pump beam, we used the tilted lens scheme [74], and
counted the characteristic lobes at the Fourier plane of the lens. As shown in Figure 7.2(b), the
pump beam splits into 3 characteristic lobes at the Fourier plane after passing through a tilted
lens of focal length of 400 mm. We observed successful OPO operation at a pump power of
1.5 W for the second harmonic cavity configuration and pump beam with /, = 2. After this, we
have studied idler beam profile by using CaF2 based collimating lens L3, of focal length 150
mm and wavelength separator S1 for extracting idler from undepleted pump beam. By using a
pyrocam based camera, we recorded the idler in far field, and observed doughnut shaped beam
profile as shown in Figure 7.2(c). After confirming the idler beam profile, we used tilted lens
measurement to confirm the OAM content in the idler beam. For the tilted lens measurement,
we used another lens L4 of focal length 750 mm, after the collimating lens L3. We have
recorded the idler beam profile at the Fourier plane of tilted lens L4 and calculated the number

of lobes present in the idler beam as shown in Figure 7.2(d). Presence of 3 characteristic lobes
at the Fourier plane confirms that idler OAM content, /; = 2, same as that of the pump beam.

After this, we have recorded the spatial structure of the signal beam coming from the output
coupler M3 as shown in Figure 7.2(e). It is evident from Figure 7.2(e), the signal is resonating
in the Gaussian beam profile, and OAM conservation satisfies for this OPO configuration. For
the simultaneous generation of the Airy beam in the signal spectrum, we introduced a cubic

phase mask (CPM) before mirror M4 in the OPO cavity. This CPM is in the form of a binary
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diffraction grating, which can be represented by equation (7.2.1). This binary grating modulates
the phase as well as the amplitude of the input pump beam. For resonating signal in the
Gaussian beam profile, this cubic phase mask introduces a cubic phase to the signal beam in x
& y direction and results in a two-dimensional cubic phase pattern. To convert the cubic phase
into the Airy beam, we used another Fourier lens, L2, of focal length 150 mm outside the OPO
cavity. We recorded the beam profile of the signal beam after Fourier length on pyrocam, as
shown in Figure 7.2(f), and confirmed the Airy profile in the signal beam. To simplify the study
of Airy beam properties such as acceleration, non-diffraction, and self-healing, we fixed the
cubic phase mask in such a way that the central lobe always accelerates along the y-axis as

shown in Figure 7.2(f).

W W

(0] 0]

h(x, y)=%h0 sgn cos[%x%%i) +(l)] +1 (7.2.1)

After the successful generation of Gaussian and Airy beam in signal and optical vortices in the
idler spectrum, we have investigated the Airy properties of acceleration, non-diffracting, and
self-healing in the signal beam. For measuring acceleration in the Airy beam, we recorded the
Airy beam profile after the Fourier plane of the lens in a regular spatial interval of 10 cm for a

distance of 1.4 m. We used a pair of mirrors after the Fourier lens to align the Airy beam along

Figure 7.2. (a,b) Signal beam profile and tilted lens measurement, (c,d) idler beam profile and tilted

lens measurement, (e) signal in Gaussian beam profile, (f) signal in Airy beam profile
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the length of the optical table. By taking snapshots of the Airy signal profile along the
propagation direction, we recorded a variation of 1.02 mm in the central lobe position from the
rectilinear path. To find the launching angle and yo parameter we have fitted the shift in the
central lobe of the Airy beam along the propagation direction with quadratic function as shown
in Figure 7.3(a). After plotting the curve (with correlation coefficient of fitting r’= 0.99), we
calculated the launching angle of 1 mrad and parameter yo = 484 um. We also measured the
non-divergence property of the Airy beam with propagation. For this, we plotted the spatial
beam profile with Airy function and calculated the width of the central lobe along the
propagation direction. With the propagation of 1 m, we recorded a variation of FWHM of
central lobe from 0.644 mm to 0.709 mm along beam direction, as shown in Figure 7.3(b). We
recorded the variation of 65 um in the central lobe size, which is lower than our pixel size of
85 um of the camera and confirmed the non-diffraction property of the Airy beam for a

propagation distance of 1 m. We have tested the self-healing property of the Airy beam. For
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Figure 7.3. Airy properties, (a) acceleration of Airy beam, (b) non-divergence property, (c-f) self healing
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this study, we used a knife-edge to remove the first side lobe from the Airy beam, as shown in

Figure 7.3(c), and propagated it for 1.1 m. We recorded the spatial beam profile of the Airy
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beam profile along the propagation direction at 10, 50, 90 and 110 cm as shown in Figure 7.3(c-
). We started observing side lobe appearance along the propagation direction with complete
healing of the Airy beam after the propagation distance of 90 cm, as shown in Figure 7.3(e).
This mode selection and successful demonstration of the Airy beam properties confirmed the

signal in the Gaussian and Airy beam profile and idler in vortex beam with OAM [; = 2.

Further, we utilized the mechanism of pump OAM content sharing between signal and idler
[50] to generate another spatial pattern in the signal and idler from the same OPO configuration.
By removing the intracavity aperture and allowing higher-order modes in the signal, we aimed
for pump OAM transfer between signal and idler with the same topological charge. For OPO
operation, we kept the temperature of PPLN crystal at 115°C with grating period to 29.3 um.
At this grating period, the signal, correspond to 1482 nm and idler at 3772 nm, and recorded
the OPO operation threshold of 800 mW, which is lower as compared to Gaussian mode
oscillation inside the cavity. Threshold variation can be understood, as overlap integral
Ap= 11 for the signal and idler OAM of order 1 is 0.7, which is higher as compared to
Ap= 0= combination. This signifies a better overlap and energy exchange for Ay
combination and results in a lower threshold of OPO to work. To confirm and study OAM
exchange between signal and idler for pump vortex order /, = 2, we recorded signal and idler
beam profile at far-field. We recorded doughnut shape in the signal beam after output coupler
M3 is shown in Figure 7.4(a). We confirmed signal is carrying OAM /s = 1, by using tilted lens
measurement and counting the number of lobes present at the Fourier plane, as shown in Figure
7.4(b). Similarly, we have imaged idler on the pyrocam and recorded doughnut beam profile
with OAM /; = 1 as shown in Figure 7.4(e,f). This mode selection of signal resulted in the
intracavity beam with a helical wavefront and provided a gateway to generate vortex-Airy
beam from the OPO. To generate vortex-Airy beam, from OPO, we used the method of passing
a beam with a helical phase from the cubic phase modulator [109]. Beam with such phase
variation, modulates its phase after passing through CPM and results in a beam with cubic

phase containing phase singularity imprint, as shown in equation 7.2.2.

u(x,y,z=0)=Ai(x/x)Ai(y/ yo)exp{a[%+y/ yoﬂ(xﬂy) 3) (22
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From equation (7.2.2), it is clear that the resultant beam has a phase singularity at the central
lobe of 2-dimensional cubic phase pattern. Since the signal is oscillating in vortex mode with
OAM s = 1, the output beam in the first-order diffraction from CPM will result in a beam with
phase profile, as shown in the equation (7.2.2). To convert the cubic phase with a phase
singularity into a vortex-Airy beam, we used a Fourier lens of 150 mm, as shown in Figure
7.4(c,d). To confirm the phase singularity and OAM content in the vortex-Airy beam, we used
Mach-Zehnder based self-interferometric technique. Due to the smaller size of vortex Airy

lobes as compared to the pixel size of the camera, we were not able to resolve interference

1482 nm G 1482 nm e

Figure 7.4. (a,b) Signal beam profile and corresponding tilted lens measurement, (c) vortex-Airy profile,
(d) self-interference fringes of vortex-Airy beams, (e,f) idler beam profile and corresponding tilted lens

measurment

fringes of the Airy beam with itself. To avoid this ambiguity in the phase information, we
passed the cubic phase coming out of the CPM through Mach-Zehnder interferometer and
recorded interference fringes. In the interference fringes, as shown in Figure 7.4(d), we
observed a pair of fork pattern aligned in the opposite direction to each other, which is a
confirmation of optical vortex of order 1. Interferometric fringes confirmed that vortex-Airy
beam carries the same vortex charge of /. = 1 as that of the input signal beam. After
confirmation of OAM content in signal, idler, and vortex-Airy beam, we investigated the

properties of vortex-Airy beam. Firstly, to find out the acceleration in the beam, after the
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Fourier plane, we propagated the output beam up to 1.2 m and recorded the vortex-Airy beam
profile. We recorded the beam profile in a regular spatial interval of 10 cm after the Fourier
plane and observed the pixel position of the dark core area in the central lobe. After propagating
the vortex-Airy beam up to 1.2 m, we found a transverse shift of 1 mm in the central lobe along
the y-axis from the rectilinear path, as shown in Figure 7.5(a). Plotting the change in the central
lobe dark core area along the transverse direction with propagation, we used a quadratic
function fitting for matching the experimental results. We calculated the launching angle of 4
mrad and yo of 586 pm. These parameters fit with the recorded vortex Airy beam profile and
further confirms the parabolic trajectory of the vortex-Airy beam. To study the non-diffraction
properties of the vortex-Airy beam, we have plotted the x-axis line profile of vortex distribution
in the Airy beam and measured the separation between intensity maxima of the line profile.
After propagating the beam up to 90 cm, we recorded fluctuation in the FWHM of the recorded
line profile from 680 pm to 725 pm, as shown in Figure 7.5(b). Variation in vortex-Airy radius
is 45 pm which is less than the pixel size of pyrocam and confirms the non divergence

properties of vortex-Airy beam upto propagation distance of 90 cm. To observe the property
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of self-healing in vortex-Airy beam, we removed first side lobe of the beam by using a knife
edge as shown in Figure 7.5(c). The vortex-Airy beam was then propagated along the
rectilinear path and the beam profile recorded at z=10, 30, 50 & 90 cm. After taking the beam
profile along this propagation direction, we have observed complete healing of the first side

with propagation up to 90 cm.

After the successful simultaneous generation of these multiple spatial structure beam in signal
and optical vortices in idler, we extended their generation over a broad range of wavelength by
tuning the OPO. For OPO tunability, we varied the temperature from 50-200°C for temperature
tuning across different grating periods from 29.05 pm to 31.5 um of PPLN. By implementing
the intracavity aperture for the signal oscillation in Gaussian mode, which results in addition

to Gaussian intensity distribution, Airy beam in signal, and corresponding vortex of order /i =

1480 nm a |1552nm p|1645nm C

Figure 7.6. Beam profile across the tuning range, (a-c) signal in Airy beam profile, (d-f) signal in

Gaussian intensity profile, (g-1) idler vortex beam profile and corresponding tilted lens measurements.
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2 in idler. For this configuration, we tuned OPO from 1457 nm to 1680 nm in signal wavelength
and 2901 nm to 3944 nm in the corresponding idler region. We recorded the spatial beam
profile of signal beam across the tuning range in Airy and Gaussian intensity distribution, as
shown in Figure 7.6(a-f) and idler in vortex beam profile with tilted lens measurements as
shown in figure 7.6(g-1). For all beam profile measurements, we have used pyrocam and
recorded the far-field pattern in both signal and idler as shown in Figure 7.6(a-1). Asymmetry
in the idler vortex beam profile across the tuning range can be attributed to the astigmatism due
to the curved mirror in the cavity and asymmetry in the interacting beams. After confirming
the tunable generation of these spatial structures for Gaussian resonating signal mode, we have
removed the intracavity aperture and studied the tunability characteristics for signal in vortex
resonating mode. For this cavity configuration, we again tuned cavity from 1457 nm to 1680
nm in signal and 2901 nm to 3944 nm in idler. Across this tuning range, we recorded the signal
in the vortex and vortex-Airy profile with OAM content /s = 1 (tilted lens measurements) as
shown in Figure 7.7(a-f) and idler in vortex beam profile with OAM content /; = 1 (tilted lens

measurements) as shown in Figure 7.7(j-0).

1480 nm

Figure 7.7. Beam profile across tuning range, (a-c) signal in vortex-Airy profile, (d-f) signal in vortex beam
profile and corresponding tilted lens measurements, (j-0) idler in vortex beam profile and corresponding tilted

lens measurements
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Across the tuning range for Gaussian resonating mode, we studied output power variation
across the tuning range at a constant pump power of 8 W. For vortex idler beam with, /; = 2,
we recorded power variation from 435 mW to 1.059 W. For signal in Gaussian intensity profile
we recorded power variation from 340 mW to 1.275 W and for signal in Airy distribution, we
recorded power variation from 162 mW to 132 mW as shown in Figure 7.8(a). After studying
the power across the tuning range, we studied the power scaling for the same cavity
configuration at signal As = 1482 nm in Gaussian and Airy profile and idler A; = 3772 nm in the
vortex beam profile of order 2 by increasing the pump power up to 10 W. We generated idler
in vortex beam profile with vortex order 2 with maximum output power of 803 mW. For signal
output power coming out of output coupler, we recorded a maximum output power of 547 mW
and signal in Airy beam profile with a maximum output power of 238 mW as shown in Figure

7.8(b).
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After this, we studied the power across the tuning range for resonating signal in vortex mode
and recorded idler output power variation from 506 mW to 1.273 W, in the vortex of order /i=
1. For the signal in vortex beam profile with /s= 1, we recorded power variation from 406 mW
to 1.388 W, and for signal in vortex Airy profile with /=1, we recorded power variation from
208 mW to 179 mW was recorded as shown in Figure 7.8(c). After this, we studied the power
scaling performance for this cavity configuration with /;= ;= 1, at As = 1482 nm, and the
corresponding idler at A; = 3772 nm for a maximum input pump power of 10 W as shown in
Figure 7.8(d). For the idler beam, we recorded the maximum output power of 980 mW at the
pump power of 10 W with a slope conversion efficiency of 10%. For signal in vortex beam
profile, we recorded maximum output power of 704 mW at maximum pump power with a slope
conversion efficiency of 7.8% and for the vortex-Airy beam at 1482 nm, we have recorded
maximum output power of 364 mW with a slope conversion efficiency of 4%. This increased
output power in the spatial-structure corresponding to vortex mode oscillation configuration
beams as compared to Gaussian mode configuration is attributed to the better overlap integral

between the pump, signal and idler beam.

For ultrafast characteristics of the OPO, we have measured the spectrum and pulse width of the
generated signal in the Gaussian intensity profile as shown in Figure 7.9(a,b). To measure the

pulse width, we used intensity auto-correlation method and measured the pulse width of the
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output signal at 15 ps at a repetition rate of 160 MHz and the corresponding spectrum was
centered at 1551 nm with 0.6 nm of spectral width with bandwidth product Az4v of 1.12 well

above the transform limited pulse.

7.3 Conclusion

In conclusion, we demonstrated the simultaneous generation of multiple structured beams from
an ultrafast singly resonant OPO in the mid-IR spectral region. By exploiting the OAM transfer
between signal and idler with the intracavity aperture as a controlling unit, we generated these
multi-structures in Gaussian, vortex, Airy and vortex-Airy intensity distribution. In the case of
pump vortex transfer to the idler, we have generated the signal in Gaussian and Airy
distribution while idler has vortex distribution with /; = 2 with maximum output power as high
as IW. For the pump vortex sharing between signal and idler, generated signal with, /s=1 in
vortex beam profile and vortex-Airy profile while idler is in vortex beam profile with vortex
order /; = 1 with output power as high as 1.2 W. This scheme successfully demonstrated the
tunability of all these structures from 1457 nm to 1680 nm in signal and 2901 to 3944 nm in
idler. This scheme provides all these spatial structures from the different output ports of the

cavity and can be utilized simultaneously for various applications.






Chapter 8 Summary and future scope

8.1 Summary

This thesis is primarily focused on the study of optical parametric oscillators and using them
to generate different spatial structures. We presented new methods to generate spatial
structures, either by using the Gaussian beam as a primary pump source or by manipulating the
Gaussian pump beam into optical vortices. We presented the generation of Gaussian beams,
optical vortices, vector vortex, Airy beam, and vortex-Airy beam through different OPO
configurations. The thesis also covers the generation of mentioned spatial structures in a wide
spectral range starting from ultraviolet to the mid-IR region of the spectrum in both ultrafast as

well as in the CW time domain.

In Chapter 3, we presented the study of the direct generation of the optical vortex and vortex
dipoles from a CW and ultrafast OPO. In CW OPO, we genereated optical vortex in signal and
idler with vortex order /s = /i = 1, through intracavity astgmatic mode conversion of HGo1 mode.
Generated optical vortices showed tunability across the near-IR region of the spectrum from
968 — 1180 nm. In ultrafast time domain, we used an anti-resonant ring (ARR) based pico-
second OPO to generate optical vortices. We generated the HGo1 mode through the output port
of the ARR, which is further converted into the optical vortex of order 1 with the help of single
cylindrical lens scheme. The generated of optical vortices showed tunability in the near-IR
region across 1457 — 1657 nm with a maximum output power of 1 W, pulses width of 16.5 ps

and 1.4 nm of spectral width.

In chapter 4, we presented method of vortex pumping to genrate higher-order, high power
optical vortices over broad wavelength. We demonstrated the mechanism for pump OAM
exchange between signal and idler in singly resonant OPO configuration. We also presented

the SRO cavity configuration for high power optical vortices with OAM content as high as 3
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in the near-IR region of the spectrum. The chapter is followed by another study, and we
demonstrated the generation of higher-order optical vortices in the mid-IR region. We
demonstrated the generation of optical vortices with a maximum order of 5 across 2493 nm to

4035 nm, with maximum output power in excess of 2 W.

Chapter 5 focused on the generation of optical vortices in the ultraviolet region of the spectrum.
By successfully implementing the intracavity SFG based OPO, we generated the vortex beam
of order /v =1, 2 across 332 nm to 344 nm. With OAM conservation in this OPO, we also
generated optical vortices with maximum order 2 in the near-IR region from 1172-1338 nm,

with a maximum output power of 1.3 W.

In chapter 6, we moved our discussion to the tunable vector-vortex beam generation. We
demonstrated the successful generation of vector vortex beam from a vortex pumped doubly
resonating nanosecond OPO. The generated vector vortex beam is tunable from 964 nm to 990

nm with few pJ pulse energies.

In chapter 7, we studied the simultaneous generation of multiple spatial structures from a single
OPO. In this work, we demonstrated a synchronous vortex pumped picosecond SRO, in
combination with the intracavity CPM technique. By using this scheme, we generated the

Gaussian, vortex, Airy and vortex-Air beam from a single OPO. All mentioned spatial
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Figure 8.1. Different spatial structure generation across the wavelength region studied in this thesis
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structures showed tunability from 1457 nm to 1680 nm in the signal and 2901 to 3944 nm in
the idler region. Figure 8.1 is summarising this thesis, with a description of the different spatial

structures generated from UV to the mid-IR region.

8.2 Future work

Optical parametric oscillators are mostly based upon the Gaussian intensity distribution and
used in various applications. Developing OPOs with different spatial structures can extend their
application in different unexplored areas. In this thesis, we have only focused on the generation
of optical vortices, vector beams, Airy beam, and vortex-Airy beam across different parts of
the wavelength spectrum. This thesis can be used as a foundation for the generation of other
spatial structures, such as vector-Airy beam, hollow Gaussian beams, and Bessel beams from

the OPOs. Out of various ideas, there are few projects from the part of our future works.
8.2.1 Tunable blue vortex beam source

Since most of the quantum optics work requires pump source at 405 nm and current methods
are dependent on the diode lasers. They have limitations in term of poor beam quality and
frequency stabilization, these limitations can be easily overcome by using intracavity SHG in
green pumped OPOs. Such OPO configurations provide frequency stabilized output beams
with good beam quality. Method of vortex pumping can be extended for this scheme, which
will generate optical vortices in the blue region and their implementation for the down-

conversion process can be used to study the OAM entanglement in signal and idler.
8.2.2 Vector-vortex Airy beam OPO

The generation of vector-vortex Airy beam requires a complicated setup with the involvement
of different phase elements and interferometers. We would like to generate vector Airy beams
by superposing two orthogonal polarized scalar Airy beams inside an OPO. Different forms of
polarization singularity are possible, which depend on the way two Airy beams are superposed.
When the dark point along the x-axis for x-polarized Airy beams (between the main lobe and

its neighbour in the x-polarized Airy beams) overlap with the dark point along the y-axis for
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y-polarized Airy beams, they generate radially polarized Airy beams. However, when the dark
point along the x-axis for y-polarized Airy beams overlap with the dark point along the y-axis
for x-polarized Airy beams, then azimuthally polarized Airy beams are generated. With two
independent OPOs, we can control the OPOs to maintain a relative angle among the beams
inside the anti-resonating ring which in turn produce angle between the orthogonal polarization
components of the cubic phase modulated beams. Using a Fourier transforming lens we will

generate a vector vortex beam from the cubic phase modulated beams.
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