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Abstract—As we celebrate 30 years since light’s orbital angular
momentum (OAM) was connected to its spatial structure, we reflect
on the advances made in fundamental science and applications
alike. A driving trend in recent times has been the creation of
OAM directly from lasers, for potentially tuneable, compact and
high-power sources of OAM light. In this tutorial style review we
give a summary of the basics of OAM and its creation at the source,
pointing to the seminal advances that have been made, the present
state-of-the-art, and the open challenges that remain.

Index Terms—Orbital angular momentum, twisted light, vortex
beams vector vortex modes structured light, lasers.

1. INTRODUCTION

N THE early part of the previous century light as an electro-

magnetic wave had become firmly established, while it was
already known for some time that light could be polarised. In
1909 Henry Poynting argued that circularly polarised light must
carry an angular momentum [1], a spin angular momentum,
later reconciled through quantum mechanics and shown to be
quantised to 4=/ per photon. It was only a few decades later that
the mechanical equivalence of photonic angular momentum to
mechanical angular momentum was demonstrate, when Richard
Beth rotated a physical object (a birefringent waveplate dangling
on a thread) with light [2]. Half a century would pass before
the orbital component of photonic angular momentum could
be linked to light’s spatial structure through an azimuthally
varying phase, making orbital angular momentum (OAM) light
directly associated to conventional Laguerre-Gaussian (LG)
laser modes [3]. This opened the path for OAM carrying light to
be easily created in optical laboratories, resulting in an explosion
of activity in many diverse fields of research.

Scalar OAM beams have been traditionally been created
by spiral phase elements [4], [5], mode transformers [3] and
g-plates [6], and have found applications in optically rotating ob-
jectsin optical trapping and tweezing systems [7], [8], metrology
of spinning objects [9], phase imaging in a manner that can dis-
cern the depth structure [10] and edge enhancement [11], while
vortex masks can be used to remove unwanted light in astro-
nomical imaging [12]. Optical communication has seen tremen-
dous advances since early proof-of-principle experiments with
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Fig. 1. A structured light laser to produce OAM, using a standard bulk Fabry-
Perot cavity as an example. One can enhance mode selection through intra-
cavity elements and the mirror shapes, or by shaping the gain (red crystal)
through its excitation. The control may be amplitude or phase, but ultimately
this only indirectly affects the loss-gain competition of each mode, which directly
influences the lasing mode.

OAM [13] to Tera-bits and beyond [14], [15]. Beyond classical
studies, quantum states of OAM have been demonstrated [16]
and used to access high-dimensional quantum states [17], shown
useful for quantum communication [18], [19], [20]. Vectorial
OAM beams are easily created in the laboratory using simple
glass cones [21], stressed optics [22] and GRIN lenses [23], as
well as from spatial light modulators and digital micro-mirror
devices [24], [25], non-linear crystals [26], [27], geometric phase
elements [6], [28] and metasurfaces [29]. They have been used to
drive electric currents [30], [31], imprint the optical patterns into
matter [32], enhanced metrological measurements [33], [34],
probing single molecules [35] and to encode more information
for larger bandwidths [36], [37], [38], [39]. It is beyond the scope
of this article to cover this impressive body of work, and instead
the reader is referred to many tutorials [40], [41], [42], popular
articles [43], [44], [45], reviews [46], [47], [48], [49], [50], [51],
[52], [53], [54], [55], [561, [57], [58], [59], [60], [61], [62], [63]
and perspectives [64], [65], [66], [67] on the topic.

One direction that received attention from early on was the
creation of OAM directly at the laser source [68], [69], [70], [71],
[72], inspired by the initial connection of OAM to the LG laser
modes, and illustrated graphically in Fig. 1. And indeed there
was early success, although the challenges were also quickly
realised. Despite the apparent symmetry of OAM modes, laser
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cavities must often break symmetry in order for Nature to discern
the OAM handedness, a clockwise or anticlockwise twist in the
azimuthal phase. In this article we briefly review some of the
seminal advances, concentrating on recent progress and the open
challenges that remain.

II. BACK TO BASICS

To begin with a concrete case, consider the illustrated OAM
laser in Fig. 1. To produce OAM from such a laser, the desired
OAM mode must have its gain and loss tailored so that it is the
first to reach threshold. Such tailoring can be done by intra-cavity
elements in bulk lasers, by gain shaping, and by careful attention
to the geometry of the laser. In this tutorial style review, we will
consider a Laguerre-Gaussian laser mode by way of example,
although it should be stressed that any OAM carrying mode
would follow a similar argument. A LG mode in cylindrical
coordinates can be described by [73]

LGpe(r, ¢, 2) =
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where p and /¢ are the radial and azimuthal indices respec-
tively, (r, ¢) are the transverse coordinates, z is the propagation

distance and Llf is the generalised Laguerre polynomial. The
functional arguments take the form of
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where wy is the Gaussian (fundamental mode) radius at its waist
plane (z = 0) and A is the wavelength of the light. Such modes
are shape invariant during propagation and reduce to the special
case of the Gaussian beam when p = ¢ = 0. The OAM modes
are identified by the azimuthal phase term exp(if¢), where the
topological charge, ¢ defines the helicity of the phase, for ¢ x 27
phase twists about the azimuth and ¢i of OAM per photon.
The twist can be clockwise or anticlockwise for an alphabet
that spans ¢ € [—00, 00|, and hence the term vortex beams or
twisted light to describe OAM light. The radial () structure
is also OAM dependent through the o ¢/ term in (1) term
on line two, while the Laguerre polynomial (in line one) does
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not contribute unless p # 0. It is this radially dependent term
that gives rise to the on-axis intensity null since it forces the
electric field to be zero at » = 0 while the ¢ in the exponent
“flattens” the region near zero to low amplitude. The product of
this term and the Gaussian amplitude (also in line two) results
in a widening ring of light of radius 7, = wg x +/|¢|/2, which
is why such beams are sometimes called donut beams. When
this ¢ dependent amplitude is not used in the creation of OAM
modes, as is often the case when passing them through just a
spiral phase element, then many radial modes are excited (many
rings about the desired donut) and little energy in the desired
ring [74], [75].

The second moment beam radius and half-angle divergence
of these OAM LG modes are in turn given by

we(z) = V|0 +1 w(z) )
0c = /0| +1 6o (3)

where 6 is the Gaussian half-angle divergence. This gives rise
to the beam quality factor M? = 2p + [¢| + 1.

A. Vectorial OAM

These scalar OAM modes can be combined with orthogonal
polarisation states to form vectorial OAM states, often called
vector vortex beams, of the form

U = Ai(r,9) (exp(i&b)f% + exp(—ilo + Z'y)ﬁ) , @)

where 7 is the intra-modal phase and R and L are the right-
circular and left-circular polarisation states (any orthogonal pair
would be fine). These beams combine the spin and orbital
components of angular momentum to describe the total angular
momentum of light, and can be described geometrically by
positions on a High-order Poincaré sphere (HOPS) [76]. In this
representation, the poles are circularly polarised OAM scalar
modes while the equator returns the cylindrical vector vortex
beams [77], known solutions to many optical fibre. Recently it
has become commonplace to formulate the above in a quantum
language [78], reflecting the fact that such modes of light are
non-separable in their two degrees of freedom, so-called clas-
sical entanglement [79]. Using Dirac’s notation, we can denote
a four dimensional space spanned by four scalar OAM modes,
{l¢,Ly,|—¢,L),|—¢, R),|—{, R)}, to form the cylindrical vec-
tor vortex modes (our fibre modes) as

T = = (|4, 5) + |=£.1).
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Fig. 2. A cross-section of simple laser cavity with one flat mirror and one
curved mirror, overlaid with the propagating LG mode inside. The stable LG
beam in such a cavity is shown here for £ = 3 at the two mirrors in intensity and
phase.

B. OAM Inside Lasers

How to understand the evolution of such modes inside a laser?
For this we unpack the cavity shown in Fig. 1 and illustrate it
with the information about how LG modes propagate, shown in
Fig. 2. The laser cavity will match the wavefronts of the beam
at each mirror. In the example given, this means a flat wavefront
at mirror 1 (since Ry = oo) and a curved wavefront at mirror
2, with radius of curvature Rs = R. To do this one can imagine
that the waist size at mirror 1 is altered until the divergence gives
the correct radius of curvature after a distance z = L where L
is the distance between the two mirrors. The result of this is a
second moment beam radius of the OAM mode at the flat mirror
of

wi = (2) VIR D . ©

The resulting beam intensity and phase profiles are shown
at each mirror in Fig. 2. To make the laser operate on this
mode requires some intervention. It might be in the form of gain
around the ring, loss at the centre, or some other mode selection
approach. The major challenge is that the radius of curvature,
beam size, intensity distribution, Gouy phase and divergence
of both helicity OAM states (4|¢|) are identical, so that Nature
cannot tell them apart, often lasing on both. The result is either
an incoherent superposition or a coherent superposition [80], for
petal-like modes [81] or donut-like modes [82], the former with
OAM and the latter with no OAM. Some examples of OAM
modes and their superpositions are shown in Fig. 3.

C. Remarks

There has been some confusion about the nature of light’s
angular momentum and its link to phase singularities. Optical
vortices had been known long before OAM was topical (see
Refs. [83], [84] for good historical accounts), but vortices do
not equate to OAM [85], and nor is OAM due to an “azimuthal”
wavevector - there is no such component to the electric field [86],
and further, there is no continuously spirally Poynting vector;
rather the Poynting vector makes only modest rotations from
the near to the far field [87]. OAM can be both an intrinsic and
extrinsic property of light [88], explaining why the OAM can
appear to change when measured off-axis. Just as phase vortices
donotimply OAM, so too a donut intensity does not imply OAM;
such an intensity can arise from an incoherent superposition of
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Fig.3. A myriad of OAM and OAM superpositions produced from a laser with
aninternal spatial light modulator [82]. The petal-like structures are telltale signs
that the two helicities are adding coherently. Not all the donut shaped beams have
OAM, while the multiple rings indicate the presence of radial (p) modes.
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Fig. 4. Azimuthal, forked and spiral phase patterns, shown here for £ = 1.
The addition of a tilt or grating leads to a “forked” pattern, whereas the addition
of curvature or a lens results in a spiral pattern.

odd and even LG modes with no nett OAM [80]. Similarly,
vector vortex beams have polarisation singularities not phase
singularities, have a donut shape, and those with symmetric
OAM as in (5) have no nett angular momentum.

Finally, the literature is likewise mixed with azimuthal phases,
spiral phases and “forked” phases. The origin of each of these
is shown in Fig. 4. Each has an azimuthal component, but the
spiral phase as an additional radius of curvature (lens) overlaid,
while the forked pattern has a tilt (grating) overlaid. This could
be deliberate, such as curvature from a laser mirror or tilt from
a diffraction grating to alter the direction of the OAM light,
but could also be a consequence of the experiment: curvature
arises from propagation away from the waist plane, and a tilt
can arise of the beam is interfered with another arriving at an
angle. A quantitative measure of the OAM content of a beam is
to perform a modal decomposition [89], for full reconstruction
of not only the total OAM but also the local OAM density [90].

III. ADVANCES WITH BULK LASERS

The first reported laser to produce an OAM mode was in a gas
COq laser, using intra-cavity cylindrical lenses to control phases
and a spiral phase plate so that OAM with a specific helicity
could be produced [91]. Since then OAM modes have been
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produced by amplitude control by spot defects on mirrors [92],
pump shaping to form annular gain regions [93] and by changing
the geometry of the cavity [94]. The highest reported OAM from
a laser is ¢ = 288, created by an annular ring amplitude mask
scribed onto a mirror surface [95]. Lifting the degeneracy of
the £¢ modes has hindered many approaches but was shown
possible by amplitude selection, but required careful tilt control
to introduce losses by virtue of the Poynting vector angle of each
helicity [96]. Note that traditional phase elements such as spiral
phase plates have in general not been successful in OAM lasers
because of the problem that the helicity inverts on each bounce
off an mirror, so that no repeating mode is formed and the OAM
simply ladders up (or down) in value. Recently this has been
overcome by combining a digital spiral plate with a defect and
a lens, trying to suppress unwanted modes and avoid the sign
swapping of the OAM [97]. A general solution to this problem
of handedness selectivity was introduced in 2016 by the first
OAM laser based on geometric phase, producing scalar OAM
and vector superpositions with OAM of up to £ = 10 [99]. The
laser used a conventional cavity to control the polarisation state
prior to a g-plate, so that OAM could be controlled. Circular
polarised states mapped to pure OAM of controlled helicity,
while linear polarisation states mapped to vector vortex beams,
finally producing all states on the HOPS. Metasurface lasers
based on geometric phase reached ¢ = 3 [100], [101], but it was
only after the invention of so-called J-plates [29] that arbitrary
OAM coupled to arbitrary polarisation states could be produced.
The result was a laser showing up to ¢ = 100 in scalar OAM
beams, and asymetric vectorial superpositions for the first non-
zero nett OAM, for instance, lasing on both £ = 100 and ¢ = 10
simultaneously [102]. All these bulk lasers produced a single
spatial mode in OAM. Recently an OAM array laser has been
demonstrated [98], as illustrated in Fig. 5. Using a metasurface
of 100 (10 x 10) elements in a degenerate cavity, the individual
elements of the array could coherently couple together to form
a 100 vortex array as the output. Interestingly, the coupling
ensured that defects in the array elements could self-heal and
restore the array OAM back to the global value. By adjusting
the polarisation inside the cavity, vectorial superpositions could
also be created.

IV. ADVANCES WITH COMPACT LLASERS

Compact solutions for OAM at the source are highly desir-
able in some applications, for instance, to integrate the source
with other on-chip components, or to have small, lightweight
solutions for space. In this regard fibre lasers can be compact
as compared to traditional bulk solid state lasers. The usual
approach to exciting OAM in fibre lasers is to use few or
multimode fibre and excite combinations of modes to add to
the desired OAM mode. The first scalar OAM modes directly
from a fibre laser were reported only recently, first with a stressed
large mode area fibre amplifier [103] and later using few mode
fibre configurations [104], [105], [106]. Recent advances include
high power fibre lasers at femtosecond time frames [107], the
use of twisted fibres for twisted light [108]. There is of course a
long history of producing vectorial light from optical fibre [71]
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Fig.5. Anartisticimpression of a vortex array laser produced by a metasurface
made of 10 x 10 individual elements placed into a Talbot cavity with high
modal degeneracy. Coupling between the array elements ensures a coherent
combination at the output [98]. Image courtesy of the authors.

and OAM in fibre [72], both of course can also be considered
advances in OAM fibre lasers. Because this topic has been
reviewed only recently [71], [72], we will not delve into further
details and refer the reader to these very good reviews for more
details.

Integrated solutions date back more than 20 years to the
first microchip OAM laser [93] and only much later on-chip
OAM lasers [110], integrated vertical-cavity surface-emitting
OAM lasers [111] and OAM organic microlasers [112]. Recent
advances have concentrated on tuneability in wavelength, OAM
and helicity control. One example was the use of time-reversal
symmetry breaking in a semiconductor micro-laser to control the
helicity of OAM modes. By exciting micro-pillars with a chiral
pump, the controlled chirality, left- or right-circularly polarised
light, could be used to control the OAM helicity [113]. In a
similar vein, spin-orbit interaction was dynamically controlled
to alter the emitted OAM state by converting the SAM into
OAM, introducing additional tunability with variable topologi-
cal charges at the same wavelength [109] as shown in Fig. 6. In
the latter it was non-hermitian notions that fuelled the advance,
while vortex array outputs have been shown viable using uncon-
ventional supersymmetric concepts [114]. Even static elements
have their benefit, as was shown by the use of monolithic
integration of dielectric metasurfaces with VCSELSs to enable
a range of output modes, including OAM beams with high
efficiency [115], with the metasurface approach to controlling
emitters recently extended to vortex arrays [116]. An interesting
example in tuneable microlasers was the use of an optofluidic mi-
crocavity designed laser for vortex beams whose the handedness,
topological charges, and lasing wavelengths could be flexibly
controlled and even dynamically adjusted [117] as shown in
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Fig.6. A microlaser for tuneable OAM. By adjusting the chirality of the pump
light, the OAM could be changed dynamically. Adapted from Ref. [109] with
permission under CC BY 4.0.
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Fig. 7. A microlaser for tuneable OAM and wavelength. Adapted from
Ref. [117] with permission under CC BY 4.0.
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Fig.8. Ahybrid free-space and fibre laser that has reconfigurable OAM states,
while operating across a wide wavelength range. Adapted from Ref. [118] with
permission under CC BY 4.0.

Fig. 7. The authors fabricated nanogrooves onto the bottom
mirror of the laser to force the cavity to lase on Hermite-Gaussian
modes, which in turn were converted to OAM modes using a
single-cylindrical-lens mode converter. The topological charge
was tuned by the length of a nanogroove, the handedness was
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controlled by the orientation of the cylindrical lens, and the
wavelength by the liquid dye inside the optofluidic chamber,
serving as the laser gain.

V. CONCLUDING REMARKS

The promise of OAM directly from lasers is potentially
tuneable, compact and/or high-power sources of OAM light.
Although we have made steady progress, there remain some
open challenges. High power OAM lasers are highly desirable,
with the state of the art reaching up to 1.2 GW of peak power from
disk lasers [119], 2 kW from solid-state lasers [120] and 3 kW
in average power from fibre lasers [121]. External amplification
has been modest, reaching 30 W [122] from solid state OAM
lasers. Pushing the power up while increasing modal purity
and OAM range remains challenging, as does the structured
light toolkit to control and measure such exotic states of light.
For instance, vectorial adaptive optics may be needed for the
correction of thermally aberrated vectorial modes, a topic still
in its infancy [123].

Tuneability in OAM and wavelength remains topical too,
reaching up to A¢ = £15 by using off-axis pumping (gain shap-
ing with asymmetry) in a solid state laser [124] and AX ~ 40
nm and A¢ = +3 [125] using a broadband source and a MEMS
filter. A good compromise was introduced in a hybrid free-space
and fibre system to produce AA ~ 35 nmand A¢ = +10[118],
illustrated in Fig. 8. The advances are as yet modest, with much
work to do in order to have truly broadband operation.

Looking back over 30 years of advances in OAM makes clear
the progress made, from unravelling the science to harnessing it
for applications. Creating OAM directly at the source is crucial
in many arenas, from the compactness required for integrated
solutions, to the high power needed for manufacturing. Bulky
and low power external solutions are not viable in these areas.
Lasers offer the ability to counter the loss, improve the purity,
and deliver the OAM on-demand at custom wavelengths and
in custom architectures. The emergent field of metasurfaces
for OAM creation and control heralds exciting opportunities
to blend bulk and compact solutions, as well as to consider
non-linear and linear transformations in one package. What this
might do for lasers is yet to be fully explored, but surely promises
an exciting future. The open challenge is to translate the science
into practical laser systems that can be deployed by non-experts
in the field. Until we reach this milestone, OAM applications
will remain at proof-of-principle stage in scientific laboratories.
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