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Optical vortices are optical fields that possess a helical phase and orbital angular
momentum, which have found the application in micromanipulation, optical
communication, orbital angular momentum entanglement, super-resolution imaging,
metrology, etc. The urgent need for the wide spreading applications of vortex lasers is
to increase the wavelength versatility. In this study, the nonlinear frequency conversion of
vortex lasers with a focus on sum frequency generation stimulated Raman scattering, and
optical parametric oscillators were meticulously reviewed. The characteristics of the
topological charge transfer and output beam profiles of different frequency conversion
were discussed. As the precise tuning of optical fields in both temporal and spatial
domains shall be the trend of future studies, it is our hope that this review shall serve as a
reference for future research. Combining these techniques with the streaming methods to
produce optical vortices, i.e., annular pump, off-axis pump, reflection mirror with defect
spots, spherical aberration, and birefringence, it is advisable to expand the wavelength and
fill the wavelength gap in the ultraviolet, visible, and infrared bands.

Keywords: optical vortex, solid-state laser, frequency conversion, orbital angular momentum, Laguerre-Gaussian

INTRODUCTION

Optical vortex is a beam with doughnut shape intensity profile—characterizing a dark region in the
center and a helical phase [1]. Its concept was first introduced by Coullet et al. [2] in 1989. It has an
azimuthal phase term e®, where [ is the azimuthal index, known as the topological charge, and @ is
the azimuthal angle. Intensive studies were initiated since Allen’s work in 1992 [3], for it proved that
optical vortices carry orbital angular momentum (OAM). He et al. [4] also reported the direct
observation of the OAM transfer from the beam to the absorptive particles in 1995 by trapping single
CuO particles in a Laguerre-Gaussian (LG) beam.

Optical vortices were later found to be extremely useful. Early works have demonstrated its
availability to facilitate particle-trapping [5, 6]. Compared with conventional optical tweezers, the LG
beam can create stronger adherence and produce no dissipative force. Another application of optical
vortices is quantum communication since Zeilinger et al. [7] realized high-order OAM entanglement
in 2001. In 2008, Barreiro et al. [8] successfully beat the capacity limit in quantum communication by
taking advantage of an OAM-carrying beam. Furthermore, over 10,000 # OAM were generated in a
quantum-entangled state by parametric down conversion in 2016 [9]. It is robust owing to its
resistance to disturbance when passing through atmospheric turbulence. The development of the
mode-division multiplexing technique [10, 11] has also significantly promoted its actualization.
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FIGURE 1 | (A) lilustration of corkscrew wavefronts of a vortex beam (m =2, 1, 0, -1, and -2, respectively); (B) the corresponding phase information of the vortex
-1, and -2, respectively; (C) the corresponding intensity distribution profile of the vortex beam with topological order m =2,

m=-+2

The study of optical vortices could benefit astronomical
observations as well. In 2003, Harwit [12] made a theoretical
work to associate optical vortex generation with the astronomical
process. Further analysis of this information told additional
properties of the stellar object. In 2011, Fabrizio et al. [13]
made an observation of twisted light in rotating blackhole.
Due to the rotational Doppler effect [14-16], it is
advantageous in remote sensing, image restoration, super-
resolution imaging, metrology, and so on [17-23]. Researchers
found that due to the low diffraction limit, the vortex beam could
replace the trivial Gaussian beam to improve the resolution of
imaging, e.g., stimulated emission depletion, which can be of
great use to biological and clinical medicine research [24]. Other
recent applications in 2021 point to high-dimension OAM-
entanglement, and phase-gradient protection was also reported
[25-28]. Many other exciting applications with regard to optical
vortices are yet to be found. Methods to characterize optical
vortices have been developed including using interference fringes
such as the Mach-Zehnder interferometer, or using diffraction
methods such as by using a triangular aperture [29, 30].

Nevertheless, much like the lasers in its early stage of
development, the widespread use of this twisted photon source
requires it to cover a wide spectrum. Thankfully, nonlinear
frequency conversion techniques have provided numerous
possibilities to achieve this objective. This study summarizes
some of the most prestigious vortex laser designs and their

results. Frequency conversion techniques such as second
harmonic generation (SHG), sum frequency generation (SFG),
high-order harmonic generation (HHG), stimulated Raman
scattering (SRS), and optical parametric oscillation (OPO) are
investigated and presented as detailed as possible. Furthermore,
some proposals will be put forward with respect to the problems
that still need to be addressed.

VORTEX BEAM GENERATION

Optical vortex could refer to any beam with singularities and
intrinsic OAM. For beams with OAM, wavefront dislocations
are presented. In general term, the OAM beam could be
written in the following expression:

u(r, 0, z) = uy(r, 0, z) exp (—il6) exp (—ikz).

The phase term is expressed as follows: ¢ (r,0,z) =10 + kz. 0
is the azimuthal angle. [ is the azimuthal index related to the spiral
phase. Owing to its wavefront dislocation, a vortex beam
propagates in a corkscrew way, such as depicted in Figure 1.
They are the results of superposition of eigenmodes.

Following the scalar Helmholtz equation under the paraxial
condition gave a set of eigenmodes, such as Hermite-Gaussian,
Laguerre-Gaussian, and Bessel. Conventional lasers are Gaussian
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beams TEM, o. For high-order modes TEM,, ,,, m and n being the
indices of x and y axes, the diffraction loss is severe. So to keep the
lasing condition favorable for high-order modes, a certain
mechanism to inhabit the fundamental transverse patterns is
required.

Nowadays, several ways are already developed to obtain
optical vortices. They can be categorized into two
types—extra-cavity and intracavity. For extra-cavity, the most
common way is forked pattern grating with a spatial light
modulator [31, 32], digital macrodevices [33], etc. The spiral
phase plate, g-plate, and metasurface materials can be used to
produce vortex beam as well. For all the apparent benefits of these
methods, they do have one fatal flaw—the lack of flexibility. Once
manufactured, the operable range of these components was fairly
limited. Even though tremendous efforts have been put to it,
metasurface materials still have a long way to go. For the
intracavity approach, which can directly produce optical
vortices without additional components, the lay-out is usually
configured very compact and robust when compared to the extra-
cavity approach, reducing the cost for space, and hence reducing
the spatial loss since there is no need of additional optical
elements. Therefore, it is easier to obtain a beam with high
beam quality. In light of these advantages, the intracavity
method may be the apt choice for the production of vortex laser.

In general, the basic principle to directly produce such tailored
optical fields is by breaking the lasing symmetry to enable the
oscillator of high-order modes. The methods to produce
intracavity OAM-carrying beams mainly include the following:
annular pump, off-axis pump, reflection mirror with defect spots,
and inserting lens with high spherical aberrations.

The annular pump approach is based on a central-null
pumping configuration, which was usually obtained through
axicons [34-37], capillary fiber [38-41], or center-punched
mirror [42-46]. In 2017, Zhang et al [47] achieved a direct
LGy, vortex output in a Yb:MgWO, laser, which manifested
handedness control without additional elements. In 2021, they
realized a tunable topological charge as high as 18th with an
axicon [48]. Off-axis pumping [49-55] is to achieve the
asymmetric pumping condition, which can efficiently hinder
the oscillation of low-order modes. It is realized mainly by
tilting the crystal or shifting the position of the pump spot on
the crystal. It tends to produce high-order Hermite—Gaussian
(HG) modes and is in need of an additional astigmatism
converter [56-58] to be transformed to the vortex mode. The
defect spot approach [59-62] is to choose a defect mirror as the
output coupler or as rear mirror. If the defect spot radius to mode
radius is kept within a reasonable range, then the corresponding
mode will be produced. Intracavity lens with short focus can
introduce large spherical aberrations, which were said to be an
effective mechanism for mode separation. Intracavity lens were
yet another method [63-70]. Early in 2009, Senatsky et al. [63]
realized circular LGy, modes by inserting the intracavity lens.
Recently in 2021, Wang et al. [69] developed this method by using
a plano-concave cavity and a long-focus lens followed by a short
focus lens. LGy; doughnut beams were produced with [ ranging
from 10 to +33. Apart from a real lens, the thermal lensing effect
could also be utilized for the same purpose, which were already

Frequency Conversion of Optical Vortex

explicitly demonstrated by Okida et al. in 2009 [65, 66] and
2011 [67].

These methods are constantly developing over the years. In
Figure 2, we presented a summary concerning intracavity
generation of vortex beams. Other unconventional approaches
such as using volume Bragg grating and other diffractive elements
have also been developed over these years [71-86]. Many reports
have already performed a thorough review of the development of
optical vortex lasers concerning its generation, tunability, and
control of vortex handedness. In 2011, Sensky et al. [87] reviewed
LG mode selection in diode-pumped solid-state lasers. In 2018,
Woang et al. [88] gave a review on the progresses of optical vortex
generation with a focus on the development of optical devices. In
2019, at the 30th anniversary since the start of the topic, Shen
et al. [89] reviewed the advances of optical vortices and its many
applications. In 2021, Fu et al. [90] reviewed the measurement of
the OAM-spectrum and its application in various fields. These
reviews have given the generation, tunability, and improvement
of power performance of optical vortices, as well as the potential
application, a thorough investigation. Nevertheless, another
technique for filling in the wavelength gap is by nonlinear
frequency conversion. In 2017, Omatsu et al. [91] and Lee at
al [92] have respectively made reviews in this regard, with special
attention to their work in this area. However, in the last 5 years,
there have been many new achievements in nonlinear frequency
conversion of OAM-carrying optical vortices. Therefore, in the
following section, we will summarize latent results and introduce
some of the most interesting phenomena during the nonlinear
process. An extended discussion for their potential applications
will also be given.

FREQUENCY CONVERSION OF VORTEX
BEAMS

The urgent need for the wide spreading applications of vortex
lasers is to increase the wavelength versatility. For instance, in
communication systems, 1.5 um light can achieve low crosstalk.
By detecting the OAM spectrum of a visible beam, contrast
enhancement of imaging is possible. x® and x® nonlinear
optical effects such as SFG, SRS, and OPO are the ideal choice
to further expand the wavelength coverage of optical vortices. In
this section, a general review on the frequency-conversion
experiments on vortex lasers will be presented, along with
some elaborations on the dynamic process of the topological
charge transfer.

SHG/SFG/HHG

In this section, details would cover the SHG, SFG, and HHG. SHG
is a x? nonlinear effect. Under the phase-matching condition, a
photon at frequency w will become a photon of frequency 2w. For
conventional beams, the phase-matching condition is achieved
through birefringence phase-matching and quasi-phase
matching. For birefringence phase-matching, there were
mainly two techniques—angle-tuned critical phase matching
and temperature-tuned non-critical phase matching (NCPM)
[93-95]. The well-studied nonlinear crystals include KTP,
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FIGURE 2 | Generalization of various methods that gives rise to a direct vortex mode without extra-cavity components.
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BBO, LBO, and so on. For quasi-phase matching, periodical
crystals such as PPKTP and PPLN were studied in a number
of reports [96, 97]. Phase-matching in conventional cases is
governed mainly by two rules—the conservation of linear
momentum (n;w; + 1w, = n3w3) and the conservation of
energy (w; + w, = w3). For the X(Z) process of a vortex beam,

conservation of the angular momentum should also be
considered in the phase match condition (I; + 1, = I).

As early as 1996, Padgett et al. [98], who were among the
earliest pioneers who studied optical vortices, reported SHG of
an LG mode vortex beam by deploying a pair of cylindrical
lenses as the mode converter. The fundamental HG mode was
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the influence of walk-off [100].

FIGURE 4 | Forked interference fringes [99] of (A) fundamental wave (B) SHG wave; and (C) Spatial distribution and interference patterns (D) of the SHG wave with

converted into the LG mode which contains the OAM, at the
work of the m/2-mode-converter. Padgett’s theoretical
simulations, as well as extra-cavity experiments (by making
use of gadgets such as the q-plate, spiral phase plate, and so on)
have confirmed that during an SHG process. The topological
charge of the corresponding LG mode will also be doubled,
signifying the law of conservation of angular momentum. In
1997, Courtial et al. [99] reported the SHG of an LG beam
again, where their experimental configuration is depicted in
Figure 3A. The topological charge was doubled for the SHG
process, as shown in Figures 4A,B. In 1998, Berzanskis et al.
[100] investigated the influence of walk-off on sum-frequency
mixing of optical vortex lasers in type-I critical phase-
matching cut KDP crystals. Two zeroes in the vortex field
distribution were observed, as shown in Figures 4C,D, and the
separation between the cores of two vortices was larger in the
longer crystal. In 2011, Fabio et al. [101] employed a BBO
crystal for the SHG experiment. The experimental
configuration is shown in Figure 3B. Two femtosecond
beams with opposite sign fractional topological charges
served as the fundamental, which were achieved through
the spiral phase plate. Each fundamental carried an OAM
equivalent of 1/2 #, while the SHG fields remain zero. This also
proved that the conservation law remains true for vortex
beams obtained through half-integer SPP.

Photonic crystals were suggested to produce twisted light by
Bloch in 2012 [102]. In 2014, Zhou et al. [103] conducted an SHG
experiment using periodically poled KTP (PPKTP) and
successfully produced an ultraviolet beam with the OAM
higher to 100#%. Later the same year, Zhou et al. [104]
proposed to improve the power performance by proper
alignment of the quasi-phase-matching crystal and pumping it
with the vortex beam. PPKTP with the dimension of 1 mm x
2 mmx10 mm was used. A conversion efficiency as high as 10.3%
and SHG-power of 22.5 mW were achieved. The experimental
configuration is shown in Figure 3C. The benefit of quasi-phase
matching is the devoid of the walk-off effect and having a large
acceptance angle. In 2018, Xu et al. [105] achieved the third
harmonic generation (THG) with tunable topological orders by
the acute use of quasi-phase matching. They demonstrated the
control of OAM by using two orthogonally polarized beams at the
same frequency by carrying different topological charges to pass
through the periodically poled LiTaO; optical superlattice. After a
cascaded nonlinear process in the crystal, the obtained beam
carried a topological charge identical to that of the input OAM-
carrying LG beam. Wang et al. [106] designed nonlinear fork
gratings with supercell structures in lithium niobate crystals. The
development of lithium niobate photonic crystals and their
application in wavefront modulation have suggested a possible
route to generate the second harmonic wave. They combined the
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FIGURE 5 | (A) HHG for XUV with tunable OAM [113] (B) HHG for extreme based on the Argon gas jet [114] (C) interferogram of (B) with a plane-wave as reference

fork pattern and constructed them in the LiNbO; crystal and
produced a vortex beam with the OAM range from [ = -3 to [ =3.

In 2012, Ding et al. [107] experimentally displayed an infrared
light with the OAM being up converted into visible light through
four-wave-mixing via a ladder-type configuration in *’Rb atoms
in a vapor cell. Two pump beams were imprinted with the OAM
by a computer-generated hologram. Regardless of the different
topological charges the two pump beam carries, all results remain
identical apart from the conversion efficiency and the
temperature of the vapor cell. In 2017, Zhao et al. [108]
observed the frequency doubling effect of the topological
charge with a composite vortex beam. A 2-f system was built
while a laser at the wavelength 1,064 nm after alignment and
magnification were separated by a beam split, then to form a
composite vortex beam after passing through a vortex phase plate.
Two beams were then converged to the KTP crystal for frequency
doubling. A filter (Ts35nm > 85%, T1o6anm < 1%) was used to filter
out the fundamental light. They observed that for an input
composite vortex, the frequency-doubled beam was also
composite (coherent superposition of the pure LG mode).
Tung et al. [109] also reported a frequency-doubled vortex
beam in 2018, which they designated as the bottle beam. The
experimental configuration is in Figure 3D. The KTP crystal was
placed inside the fundamental cavity, with some small distance d
from the output coupler. As d varied from 1.8 to 3 mm, the
recorded transverse pattern changes drastically. The green bottle
beam was generated with a narrow 3-D dark core. This suggested
that shortening the distance between the SHG-crystal and the
output coupler can be a possible route toward mode tunability. It
was interesting to observe that while the wave remained perfectly

a central-dark spatial profile in the near field, for the far field, it
propagated; however, it resembles a circular beam with a shining
spot in the middle. Such a beam was said to have a unique
advantage when both the doughnut shaped beam and the
ordinary Gaussian beam are required because they can be
tailored, respectively.

In 2021, Gui et al. [110] demonstrated the SHG of a beam with
spatiotemporal orbital angular momentum (ST-OAM). ST-OAM
is a form of structured electromagnetic field recently identified. It
features a space-time spiral phase structure and a transverse
OAM which were perpendicular to the energy-density flow.
They observed the modification of the OAM pulse by complex
spatiotemporal astigmatism, in conjunction with multiple phase
singularities. A 400-nm second-harmonic and an ST-OAM pulse
with undetermined charge ! were obtained. A temporal OAM
beam can have a short pulse width and high peak power. This is
useful in super-resolution imaging. The Airy beam could contain
vortex characteristics. Li et al. [111] observed the Airy vortex
beam when the fundamental wave modulated by SLM interacted
with nonlinear media. SHG of the vortex Airy beam was
observed. In 2021, Liu et al. [112] manages to control vortex
characteristics in the Airy beam. Loading of OAM is controlled
electrically, which showed great potential in information
processing.

In 2017, Gauther et al. [113] studied HHG for producing the
XUV beam with tunable OAM. Their configuration is shown in
Figure 5A, where a femtosecond pump beam at the wavelength of
805 nm is frequency-doubled by a BBO crystal; then, they were
separated, and the 2w-beam was introduced a topological charge
by a spiral phase plate. Both the fundamental w-beam and the
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FIGURE 6 | (A) Nd:GdVO, self-Raman vortex laser with defect spot mirror for first Stokes output [60] (B) Yb:YAG/YVO, microchip Raman vortex laser with off-axis
pumping for the frequency-comb output [122] (C) Nd:GdVO, self-Raman vortex laser with annular pumping design by an axicon for multi-Stokes output [123] (D)
microchip Raman vortex laser based on annular pumping for LG, petal-mode generation [124].

2w-beam were converged in the same gas cell for HHG. They have
demonstrated that for HHG of order q, it follows g = ny + 2n,,
while 7y, n, are the number of photons absorbed from the w and
2w beams. The topological charge of the HHG-output follows
I =ml, + mly,. In 2017, Kong et al. [114] also reported the HHG
experiment based on the gas jet. Two arms of beam at wavelength
800 nm with different topological charges (I; =0,l; = 1) were
reported. Extreme ultraviolet with order I = + 1, 0 was produced.
Details are illustrated in Figure 5B and Figure 5C. In 2020, Fan
et al. [115] reported the generation of the polarized vortex beam
in the waveband of extreme ultraviolet based on HHG of a gas-jet.
HHG is an effective and efficient approach for achieving the
generation of EUV, and it is also a promising scheme to achieve a
tunable high OAM beam since the resultant topological charge of
the HHG wave was Ly, = n - Iz, where [ ¢ is the topological charge
of the fundamental wave, and n is the order.

Overall, we have summarized the important results
concerning SHG, SFG, and HHG. First, extensive works have
explicitly confirmed that during such process, the change of the
topological charge abided by the laws of conservation. Second, the
walk-off on frequency conversion with critical phase-matching
leads to the collapse of vortex field distribution; therefore, the
noncritical phase matching and quasi-phase matching crystals are
excellent candidates for SHG/SFG of the vortex beam. Finally,
SHG, THG, and HHG are efficient to obtain visible and
ultraviolet beam with the OAM. For n-order high harmonic
generation, if the OAM of the fundamental beam is 1, the
HHG beam should naturally have n -1 OAM.

Stimulated Raman Scattering

Stimulated Raman Scattering, or SRS in short, is a third-order
nonlinear effect. Many materials with Raman configuration were
used for Stokes output, such as vanadates, tungstates, molybdates,
and KTP family crystals [116-121]. Self-Raman experiments are

most popular because it can ensure the compactness and attribute
to versatile wavelength operation.

Vanadate laser crystals have a unique structure that enables
the relatively low threshold output. In 2014, Lee et al. [60] used
Nd:GdVO, self-Raman to achieve the first Stokes line at 1,173 nm
with the experimental configuration shown in Figure 6A,
corresponding to the Raman shift of 882 cm™'. At the incident
pump power of 6.8 W, the fundamental and the Stokes output
were both produced with the output power at 400 and 380 mW,
respectively. The LG, ; mode was observed, and the transfer of its
topological charge to the Stokes field was also recorded. The
vortex output was attributed to the annular gain profile and the
Fresnel diffraction loss by the defect spot mirror. To improve the
compactness, a microchip laser might be the choice. In 2015, Lee
et al. reported a YVO,/Nd:YVO, self-Raman laser with off-axis
pumping for the high-order Hermite-Gaussian beam generation.
The HG mode order of the first Stokes wave can be up to TEM g ¢.
The output power was higher than 1.0 W from TEM, 5 to TEM;
at a pump power of 18.6 W [121]. In 2018, Dong et al. [122]
designed a Raman microchip laser with the combination of the
Yb:YAG and YVO, crystals; the overall length was 2.2 mm. The
corresponding design is shown in Figure 6B. The optical vortices
realized by tilting the laser crystal with off-axis pumping
geometry. Different frequency combs were obtained as the
pump power increased, and it remained perfectly a doughnut-
shaped intensity profile. The vortex characteristics were identified
by using an interferogram. In 2020, Ma et al. [123] came up with
the annular pumping scheme by an axicon. Figure 6C is a portrait
of their experimental design. Nd: GAVO, was used to serve both
as the laser medium and the Raman medium. The annular beam
output carried zero OAM for both the first Stokes of 1,108 nm
and 1,173 nm were achieved. Figure 7 shows the spatial intensity
profiles of the fundamental and Stokes waves, as well as the
interferogram of the Stokes waves. Compared between the spatial
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(top right) and the interference fringes of the 1,173 nm Stokes output [123].

A B c

FIGURE 7 | (A) Spatial profile of the fundamental beam; (B) spatial profile (top right) and the interference fringes of the 1,108 nm Stokes output; (C) spatial profile
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FIGURE 8| (A) SHG of Nd:GdVO, self-Raman for 532/586 nm vortex output [125] (B) SFG of Nd:GdVO, self-Raman for 559 nm vortex output [126] (C) cascaded

85mm

29].

intensity profiles of the fundamental and Stokes waves, obvious
beam-cleaning phenomena could be observed. More recent, Miao
et al. reported the petal-like Raman laser in a Yb:YAG/YVO,
microchip laser with annular pumped with the setup shown in
Figure 6D. The LGy, mode petal-like lasers with order of n
tuning from 3 to 11 had been obtained. [124].

The aforementioned self-Raman lasers had expanded the
optical vortices in the near-infrared waveband. If the Raman
combined with SHG and SFG, the optical vortices in the visible
waveband also could be expanded. In 2014, Lee et al. [125] also
combined this vortex Raman laser design with the LBO crystal for
the SHG of both the fundamental and the first Stokes waves to
produce the 532/586 nm laser. The experimental configuration is
depicted in Figure 8A. Figure 9 shows the fork interferogram of
the first Stokes wave and its SHG with yellow light. The OAM has

been transferred to Stokes field in the Raman process and then
doubled in the SHG process. In 2016, the SFG of the fundamental
and the first Stokes wave for 559 nm vortex laser generation was
also reported by his team [126] with the experimental
configuration shown in Figure 8B. The jointing of self-Raman
effects and an LBO crystal, along with the defect spot mirror
cavity design, has enabled the multi-wavelength operation. If the
wavelength selection mechanism based on vanadate crystals be
introduced [127, 128], it will put forward the application of a
selective multi-wavelength vortex laser. It is natural to include our
future work in the areas of vortex Raman operation, particularly
to introduce vortex characteristics into the visible band laser.
During the Raman process, it is evident to see that the transfer
of a topological process occurs as a result of the superposition of
fundamental modes, HG, o, HGy, ;. It is modeled by Lee et al. [60]
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FIGURE 9 | Forked interference fringes of (A) 1,173 nm Stokes fields and (B) SHG of the first Stokes (1,173 nm) for 586-nm yellow beam [125].

TABLE 1 | Performance of the selected experiment for Raman vortex generation.

Vortex generation Pump Laser/Raman
method wavelength media
(nm) (SHG/SFG crystal)
Reflection mirror with defect spots 879 Nd:GdVO,
Off-axis pumping 808 Nd:YVO4/YVO,
Off-axis pumping 940 Yb:YAG/YVO,
Annular pumping design by fiber 940 Yb:YAG/YVO,
coupling
Annular pumping design by an 879 Nd:GdVO,
axicon
LGo,» green laser pumping 532 Ba(NO3),
Reflection mirror with defect spots 879 Nd:GdVO,
(NCPM-LBO)
Reflection mirror with defect spots 879 Nd:GdVO,
(NCPM-LBO)

They also observed an interesting phenomenal for the SFG field: it
possesses a +2 or 0 topological charge while an annular profile is
retained in the near field but only to degrade into a bright spot in
the far field. The SFG field was different in the near and far fields.
They explained this because the SFG field was not resonated by
the laser cavity and not an eigenmode of the resonator.

In addition to expanding visible optical vortices through SHG
of the Raman laser, the cascade Raman excited by the 532 nm
laser also had been reported to fill the gap in the visible waveband
of optical vortices. In 2021, Omatsu et al. [129] realized the
cascaded Raman output with a 5 mm x 5 mmx50 mm Ba(NO3),
(Raman shift 1,046 cm-1). A 10 ns green pulse at wavelength

Output beam Wavelength Year

profile Output power (pump power) [Ref]

LGo 1 1,173 nm 2013 [60]
380 mW (6.8 W)

HG, TEMo,0-TEMag o 1,176 nm 2015
>1 W (18.6 W) for TEMg o- [121]
TEMs o

Single LG4 o two-vortex array four- 1,072.49-1,080.13 nm 2018

vortex array 1.16 W (6.28 W) [122]

LGo 3-LGo,11 petal like modes 1,075.4-1,088.7 nm 2022
126 mW (8.3 W) [124]

Annular profile carried zero OAM 1,108 nm 2020
49.8 mW (5.6 W) [123]
1,173 nm
133.4 mW (5.6 W)

LGo2 1st:563 nm 2021
49 mW (360 mW) [129]
2nd: 599 nm
16 mW (360 mW)
3rd: 639 nm
15 mW (360 mW)

LGo,1 586 nm 2014
727 mW (17.7 W) [125]

Annular profile carried zero or 559 nm 2016

two OAM >800 mW (>20 W) [126]

532 nm served as the pump beam. A topological charge of 2 was
introduced to the pump via a q-plate. The design is shown in
Figure 8C. Wavelengths of first, second, and third Stokes at
563 nm, 599 nm, and 639 nm, respectively, had been achieved.
Table 1 lists performance data of aforementioned experiments
for Raman vortex generation. According to the research progress
of the Raman vortex laser, intracavity Raman is popular and has
been widely reported. Compact configuration can be easily
achieved as the fundamental laser and the Raman output
shared the same cavity. It is also concluded as follows: first,
the topological charge used to transfer to the Stokes waves in the
Raman process according to the published work. Second, the
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second-order vortex beam. [134].

FIGURE 10| (A) Configurations of a 2-um tunable optical parametric oscillator with vortex characteristics based on a KTP cut along 6 = 51.4°; (B) a)~d) interference
fringes of a) signal wave and b) idler wave obtained when pumped by the first-order vortex beam; and c) signal wave and d) idler wave obtained when pumped by the

A Mi M2 interferometer

m=1 m=2 R=2000 mm R=100 mm

EE (R98% @2pm (R80% @2pm

T90% @1pm) T80% @1pm) uwp |Signal (or Idler) output
Pump Laser “ PBS
1064nm 1 ] u 21
25ns S50Hz KTP
L = 5x5x30(mm)0=s14”) , M (HT 99%@2pm
(f=500mm) ; HR 99%@1jim)

B Pump beam is dumped.

directed toward

Raman vortex laser was ideal to maintain a better beam quality
than the fundamental laser, due to the Raman beam cleanup
effect. Third, stimulated Raman scattering and its combination
with second-order nonlinear optical frequency conversion can
expand the wavelength of vortex light in infrared and
visible bands.

Optical Parametric Oscillator

Optical parametric oscillators, or OPO in short, are a useful
nonlinear technique known for the application of tunable and
mid-infrared laser generation [130-132]. For a given pump
frequency w,, a signal frequency w; and an idler frequency w;

were produced. It should satisfy the phase-matching
condition—the conservation of linear momentum
(npwp = ngws +mw;)  and  the conservation of energy

(wp = ws + w;). If the pump is a vortex beam, conservation of
angular momentum (I, = [; + ;) also should be satisfied. Many
reports have discussed the extension of the wavelength-tunable
range in the OPO laser; however, little is known for tuning OAM-
related properties. The transfer of the topological charge is also a
problem worth looking into.

One interesting property to be investigated during an OPO
process of a vortex beam is the possible mechanism for the
topological charges to be transferred from the pump beam to
the signal beam. In 1999, Maleev et al. [133] reported the violation
of the conservation law for topological charge transfer in
parametric down conversion. No further reports have followed
that conclusion. Usually speaking, a LGy mode excited OPO will

produce a signal wave and an idler wave, both with the topological
order split in half to be I/2. However, this fact was first proved
unsolid by Yusufu et al. [134] in their study published in 2012
where a 30 mm KTP crystal with 6 = 51.4° was employed as the
nonlinear crystal for the OPO. Figure 10A is their experimental
configuration. According to the self-interference fringes of both
signal and idler waves in Figure 10B, the topological order of the
pump beam was transferred to the signal wave solely without
sharing its value with the resultant idler wave, and the idler wave
was a Gaussian profile without any phase singularity. A tunable
vortex parametric laser source with a wavelength-tunable range
from 1.953 to 2.158 um has been achieved. They also give the
walk-off effect a thorough account as to their influence for vortex
optical parametric source. In fact, they showed that it is indeed
the plano-concave cavity and the walk-off effect that prevented
the lasing of the idler wave even in the Gaussian mode; therefore
anisotropic transfer of the topological charge was possible. To
avoid the walk-off effect of critical phase matching, an efficient
OPO vortex source could be obtained by compensating the walk-
off effect with two cascaded KTP with experimental
configuration, as shown in Figure 11A [135]. Without the
cascaded crystal, the signal and the idler were respectively
limited to 1923-1955nm and 2,376-2,335nm. After
difference-frequency generation by a ZGP crystal, tunable
vortex output at wavelength 6.3-12 um was achieved.

Apart from compensating the walk-off effect with two
cascaded crystals, the quasi-phase matching and non-critical
phase matching without walk-off were widely used. For the
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FIGURE 11 | (A) setups of mid-infrared (6.3—12 pm) vortex parametric generation with walk-off compensating design based on two KTP [135]; (B) configurations of
the tunable 3 um optical parametric vortex laser based on MgO: PPLN [136] (C) configurations of the tunable vortex beam output with NCPM-LBO [140] (D)
configurations of the optical parametric oscillator for the vortex output based on KTA with the plane—plane cavity for selective topological transfer [142].
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quasi-phase matching, Yusufu et al. [136] reported a tunable
vortex laser based on the parametric source with a periodically
poled crystal MgO: PPLN. A 1064 nm Nd: YAG laser was chosen
as the seed light, and a spiral phase plate was adopted for tailing
the pump light into a vortex beam. They obtained the milli-joule-
level 3 pm output (2.14 m] maximum output with a conversion
efficiency of 10.2%). They observed the transfer of the topological
charge from the pump to the idler. The experimental
configuration is shown in Figure 11B. In 2019, Sharma et al.
[137] reported the vortex mode at order /=1 with doubly
resonating the optical parametric oscillator based on MgO-
doped periodic poled lithium tantalate. At the green pump
beam, the same order and sign were achieved at the frequency
tunable across 970-1,174 nm. The vortex dipole is generated by
controlling the beam overlap. In 2020, Tong et al. [138] reported
the femtosecond vortex beam generated from an OPO based on a
MgO:PPLN crystal with a polarization period of 31 um. The pulse
duration was variable from ~400 fs to ~1.1 ps. 1~ sixth-order
femtosecond vortex beam were realized after mode converting by
cylindrical lens. More recent, in 2022, they also demonstrated the
tunable high-order optical vortices with topological charge
transfer to the non-resonant idler beam using a picosecond
optical parametric oscillator [139]. The mid-infrared vortex
beams of orders [=1-5 with tunability across the
2,493-4,035 nm spectral range was achieved.

For the non-critical phase matching, Mamuti et al. [140]
reported the superposition of laser modes that carried orbital
angular momentum by a parametric process with the use of
NCPM-LBO, which is illustrated in Figure 11C The tunability of
the topological charge was realized mainly by two mechanisms: 1)
the shortening of the laser cavity provided a change in mode
spatial overlapping, which caused the lasing conditions favorable
for certain modes. 2) the non-critical phase matching not only

avoided large the walk-off effect, but it also provided the favorable
mode-overlapping condition; therefore, the tunable topological
charges were realized at different frequencies. Depicted in
Figure 12A is the spatial profile and the interference fringes of
the signal and the idler wave from a compact cavity. The selective
OAM transferred to either the signal or the idler was also realized
simply by shortening the extended cavity. Since the mode radius
at the plano-concave cavity changes while the cavity length
extended, the spatial overlapping thus changes as well. This
combined with the NCPM-LBO for tunable frequencies create
a condition for separating the signal wave from the idler wave.
When the cavity length was suited for the lasing condition of the
signal or the idler wave, the topological charge will be transferred
to it simultaneously. From Figure 11A a~f) is the spatial profile,
and the corresponding interference fringes of the signal wave at
the lasing signal frequency of 930 nm; g)~1) are the spatial profile
and the corresponding interference fringes of the idler wave at
frequency 1,243 nm. The tunable OAM ranging from [ = -2 to
I = 3 was reported. In 2019, they reported wheel-mode generation
(seen Figure 12B) using the same configuration as in Figure 11C.
They suggested the pump source with a short coherence time for
producing larger OAM-carrying beam [141]. [ =2 ~4 was
realized. The wheel-shaped modes are actually the coherent
superposition of multiple OAM states. In 2021, Ababaike et al.
[142] reported the milli-joule level vortex optical parametric
source, with an NCPM-KTA crystal and a singly resonant
linear plane-parallel cavity. The experimental configuration is
shown in Figure 11D. In this report, selective topological transfer
to the signal or to the idler output was achieved by changing the
output coupler. In the low-Q cavity with partial reflective coated
for the signal wave, the OAM was transferred to the signal
(1.535 um), while in the high-Q cavity with high reflective
coated for the signal wave, it was manifested as the 3.468 pm
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A Signal (As=930 nm) Idler(2i=1243 nm)

topological charge / = 0 &4, -1 &5, -2&6 [141].

FIGURE 12| (A) a), ¢), and e) (the first row) are the spatial profiles of the signal wave with the topological charge to be/ = 1, 0, 2, respectively; b). d). and f). are the
corresponding forked interference fringes; g). i). and k). are the spatial profiles of the idler wave, corresponding to topological charge of | =0, 1, and —1; h), j), and |) is the
corresponding interference fringes [140]; (B) a)~b) are the flower modes of the signal wave in the range 745-955 nm, and d)~f) is the wheel-shaped idle wave with the

As =750 nm

As=952 nm

A =1206 nm

idler output. This OAM switching effect between the idler and the
signal wave could be explained with intracavity photon lifetime.
Moreover, noncritical phase-matching KTA is also a potential
candidate for special wavelength vortex laser generation; based on
cascaded frequency conversion [143-145], the cascaded OPO
could fill the wavelength gap in the mid-infrared band.

According to the above results, all the reported OPO vortex
lasers were extra-cavity pumped. Compensating the walk-off
effect with two cascaded crystals, quasi-phase matching
crystals and non-critical phase-matching crystals were used to
avoid the walk-off effect. More importantly is the selective
transfer of the topological charge and the tunability of OAM
and wavelength, which have been reported. OPO has been used
for mid-infrared widely tunable laser generation. The high-order
vortex beam and anisotropic transfer of the topological charge to
signal and idler waves were possible in OPO with a reasonable
design.

SUMMARY AND OUTLOOK

To summarize, we presented introduction to the research on
frequency conversion techniques for the optical vortices, such
as sum frequency generation, scatted Raman scattering, and
optical parametric oscillation for the expanding of wavelength
versatility from the XUV region to the middle-infrared region.
Some of those methods were found to be privy to real
applications, such as the applications in free space
communication, optical machining, and super-resolution
imaging. Some important issues have reviewed including the
topological transfer during nonlinear frequency conversion.
During the SHG process, OAM is doubled. As for the high-
order harmonics, if n is the order, 1 is the topological charge of

the fundamental wave; then, the HHG wave should have a
topological charge of n-I. For sum-frequency generation, it
obeys: I, +1,, =1l,, For the Raman process, transfer of the
topological charge from the fundamental wave to the Stokes
fields have been reported by many references, and due to the
Raman bean cleanup effect, [146] it remains excellently a good
beam quality. For a singly parametric oscillator, more
importantly is the selectively topological charge transfer and
the tunability of the OAM and wavelength, which have been
reported. Due to problems such as walk-off effects, some
quasi-phasing matching materials and non-critical phase
matching were also developed, i.e., photonic crystals,
periodic niobate lithium, optical superlattices, etc. These
materials have enabled the SHG, THG, HHG, and OPO of
vortex beams, which greatly increase the wavelength
versatility.

Furthermore, the development of the optical vortex, with
particular respect to the tunability of its handedness and
selective transfer of its topological charges, has made many
applications possible. Although there have been sufficient
studies on both the generation of optical vortices and the
expanding of the tunable wavelength via techniques of
nonlinear optics, most of them were driving by an extra-
cavity vortex source. Intra-cavity direct generation
approaching has not yet been able to produce an optical
beam with sufficient power to surpass the yield. Further
research should focus on pulse-sharpening via Q-switching
or mode-locking [147]. An ultra-short optical vortex will prove
more useful, in combination with nonlinear frequency
conversion. The compactness needs to be improved as well.
Future attention might be given to the combination of both
intracavity optical vortex generation and the nonlinear
frequency expansion for the efficient generation of tunable
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optical vortices in the wavelength, OAM value, and the
helicities. The diffractive method for the efficient means of
tailoring the optical field should also be considered and
developed with an improved accuracy.

The purpose of this yet comprehensive review is to provide some
clarity concerning the development of optical vortices and the
corresponding frequency conversion techniques and the involved
OAM transfer dynamics. We have summarized some of those key
components and important results. Further research both
computational and experimental should be conducted to achieve
selective frequency-mixing, selective topological charge transfer, or
the tunability of OAM-related properties.
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