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High-purity orbital angular momentum states
from a visible metasurface laser
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Orbital angular momentum (OAM) from lasers holds promise for compact, at-source solutions for applications ranging from
imaging to communications. However, conjugate symmetry between circular spin and opposite helicity OAM states (+7) from
conventional spin-orbit approaches has meant that complete control of light's angular momentum from lasers has remained
elusive. Here, we report a metasurface-enhanced laser that overcomes this limitation. We demonstrate new high-purity OAM
states with quantum numbers reaching #=100 and non-symmetric vector vortex beams that lase simultaneously on indepen-
dent OAM states as much as AZ=90 apart, an extreme violation of previous symmetric spin-orbit lasing devices. Our laser
conveniently outputs in the visible, producing new OAM states of light as well as all previously reported OAM modes from
lasers, offering a compact and power-scalable source that harnesses intracavity structured matter for the creation of arbitrary

chiral states of structured light.

nrecent years it has become possible to tailor light in what is com-

monly referred to as structured light', suppporting applications

including high-bandwidth optical communication*™, access to
high-dimensional quantum states®’, enhanced resolution in imag-
ing® and microscopy’ and control of matter by optical trapping and
tweezing'®"'. Foremost among the family of structured light fields are
those related to chiral light, which carries spin angular momentum
and orbital angular momentum (OAM)", the latter characterized
by a helical phase exp(if¢) about the azimuth (¢) with helicity Z.
Driven by the many applications these beams have spurred, much
attention has been focused on their efficient creation.

Scalar OAM modes are easily created by dynamic phase
approaches', while geometric phase is a convenient mechanism for
creating vector combinations of spin and OAM"*~?!, forming cylin-
drical vector vortex beams that are rotationally symmetric complex
states of light with an internal intensity null due to a polarization
singularity”. They are conveniently expressed on the higher-order
Poincaré sphere (HOPS)**, where the poles are combinations of
left- and right-circular spin angular momentum states (+o) com-
bined with symmetrical left- and right-helicity OAM states (+7).
This vector addition has opened many exciting possibilities for new
applications that exploit chiral control of both spin angular momen-
tum and OAM degrees of freedom of light**~>".

An ongoing challenge is to control light’s chirality, spin and
orbital at source’*='. So far, advances have been limited, in part due
to fundamental symmetry restrictions when using geometric phase
and topological photonics and in part due to implementation restric-
tions, for example, in regard to the physical size and spatial resolu-
tion of the optical elements. Such advances include the generation
of symmetric OAM states via the geometric phase’>”, as integrated
on-chip devices*, in organic lasers* and as fibre lasers*. Despite
these impressive advances, breaking the symmetry of the spin and
orbital states for arbitrary angular momentum control of light

at source has remained elusive. Arbitrary angular momentum con-
trol requires the ability to produce any desired spin—orbital chiral
state of light, including arbitrary, differing and non-symmetric
OAM values coupled to user-defined polarizations, an infinitely
larger set than the special case of symmetric OAM states, allow-
ing access to super-chiral light with high angular momentum. In
contrast, OAM lasers so far have been demonstrated with only
symmetric superpositions of +£ and +o, which add to a total
angular momentum of zero, and with modest OAM values of up
to |£|==10 (ref. *?). However, super-chiral light with high angu-
lar momentum is known to be important in many fundamental
and applied studies, for example, in quantum studies with Bose—
Einstein condensates, remote sensing with structured light, accurate
rotation measurements, metrology of chiral media and for larger
photon information capacity®.

Here, we report a laser with an intracavity metasurface for
control of light’s angular momentum at source. We design custom
metasurfaces for arbitrary OAM coupling to linear polarization
states, including a metasurface with an extreme imbued helicity of
up to £=100. By doing so, we are able to produce new chiral states
of light from a laser, including simultaneous lasing across vastly dif-
fering and non-symmetric OAM values that are up to AZ =90 apart,
an extreme violation of previous symmetric spin-orbit (SO) lasing
devices, and demonstrate some intriguing lasing phenomena, for
example, vortex splitting inside a laser medium and coherent lasing
across modes with no spatial overlap. By designing a cavity for mode
metamorphosis, our laser is able to generate ultrahigh-purity OAM
modes with orders of magnitude enhanced purity over their exter-
nally created counterparts, which we show with OAM modes up to
¢ =100. Importantly, the coupling to linear polarization states facili-
tates a compact design with a reduction in complexity and number
of optical elements over previous geometric phase lasers, the latter
of course restricted to only symmetric states. In addition to these
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Fig. 1| Metasurface design and characterization. a, Schematic of the central part of our metasurface, which imprints two kinds of helical phase profiles
for x- and y-incident polarization, resulting in output beams with OAM of #;A and #,h. The metasurface elements are rectangular nanopillars made of
amorphous TiO, with fixed height, =600 nm. By changing the width along the x and y directions, the nanoposts impart azimuthal phase delays given
by 6, and §,. b, Required phase delays for output beam OAM values of #;,=1and #,=5 (JP2). ¢, Optical micrograph of JP3 with OAM values of ;=10
and £,=100. d-f, Scanning electron micrographs of the central parts of JP1(d), JP2 (e) and JP3 (f). g, Tilted scanning electron micrograph showing the
nanoposts of JP2. All our J-plates were fabricated using the process detailed in ref. %,

advances, our laser conveniently operates in the visible, produces all
previous observed OAM states from lasers, while our metasurface
fabrication facilitates high damage threshold operation.

Results

Metasurface J-plates. In this work we design and fabricate meta-
surfaces to engineer a compact visible metasurface laser for general
states of super-chiral light. Our SO device, which we call a J-plate, is
a dielectric metasurface made of amorphous TiO, nanoposts (with
rectangular section) on a fused-silica substrate (Fig. 1a). Each post
has a height of 600 nm, while the width and length (W,, W)) change
so as to impart a different phase delay to the propagating visible
light at a wavelength of 532nm. More specifically, the J-plate can
impart different azimuthal phase delays 6, and 6, on the field polari-
zation components (horizontal and vertical) (Fig. 1b).

In the past, devices based on both liquid crystals and metasur-
faces have been proposed that use the Pancharatnam-Berry (PB)
phase to impart OAM to circularly polarized beams. In this case,
all the elements of the device, either liquid-crystal molecules or
nanoposts, are the same but azimuthally oriented to impose a heli-
cal wavefront to the propagating light. In such devices, the +h spin
momentum of the incident light is converted into the opposite spin
(opposite polarization handedness) and +¢h of OAM (while an
opposite angular momentum is transferred to the device itself). The
angular momentum of each component therefore cancels for zero
net angular momentum. Lasers based on this concept have been
demonstrated using liquid crystals with up to £ =+10 (ref. **) and
metasurfaces up to £ =43 (ref. **), and similar concepts have been
exploited for on-chip control of scalar OAM up to £ ==2 (ref. *°).

Table 1| Three metasurface designs (JP1, JP2 and JP3) for
arbitrary angular momentum control from our laser

Incident state |H, #=0) |V, €= 0)
JP1 |H, = —1) [V, e=1)
JP2 |H, € =1) |V, =75)
JP3 |H, ¢ =10) |V, € =100)

The incident scalar Gaussian states are converted into arbitrary vector OAM states.

Our metasurface is more general than these devices and is
designed to convert any two orthogonal polarization states of the
incident light into helical modes with any arbitrary value of OAM,
¢, and ¢,, and not just opposite values. This is possible by control-
ling the PB phase, the overall phase and the form birefringence
of each element**". We designed and fabricated three such ele-
ments, JP1, JP2 and JP3, with the SO coupling described in Table 1.
JP1 allows us to replicate previous SO lasers that produce only
symmetric states, that is, £,=—2, (the linear polarization can be
flipped with a quarter-waveplate to produce cylindrical vector
vortex beams; see Supplementary Information) while JP2 and JP3
allow for the most general OAM states to be produced from a laser.

Figure 1c presents an optical microscope image of JP3, which
produces helical modes with OAM of #=10 and £ =100 for hori-
zontally and vertically polarized incident light, respectively. The
implemented azimuthal phase gradient is visible in the optical
image of the device as a colour variation (nanoposts with different
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Fig. 2 | Metasurface laser and modes. a, lllustration of laser cavity with an intracavity nonlinear crystal (KTP), polarizer (Pol) and metasurface (J-plate),
excited by an infrared pump (between mirror M1 and the back KTP crystal face), with the green light emerging from the output coupler (OC) mirror.

b, Replication of previous SO laser results showing symmetric states of |£]

=+1for three orientations of the fast axis of JP1 (red arrows).

¢, Creation of a

new angular momentum state with #,=1and #,=5. As 6 (J-plate orientation) is varied, the modal spectrum shifts from |H, 1) (red squares) to |V, 5) (blue
circles), in agreement with theory (curves). Insets: the OAM spectrum at different 6. Error bars show standard deviations. d, Creation of an arbitrary vector
superposition state of coherently mixed vortices showing five distinct phase singularities (indicated by white circles), in agreement with theory (shown in
the inset). All results were taken at an average pump energy of 230 mJ. For b and d, the colour bar shows normalized intensity plotted with a false colour

scaleof Oto 1.

shapes have different scattering resonance frequencies, resulting
in a colourful optical image). Note that it is easy to distinguish 10
sectors, each made of 10 inner sectors. This means that, for the
helical mode resulting from incident vertically polarized light, to
generate a beam with OAM £ =100, a 2n azimuthal phase varia-
tion must be accumulated in an angle of just 2n/100. Such a high
phase gradient has never been implemented into any metasurface
before. Figure 1d-f presents scanning electron microscopy (SEM)
images of the metasurface devices summarized in Table 1 (from left
to right: JP1, JP2 and JP3, respectively): the nanoposts have different
shapes and orientations to implement the necessary phase gradient
by combining the propagation phase, PB phase and form birefrin-
gence as described earlier. This is visualized in Fig. 1g, which shows
a tilted SEM image of a few typical nanoposts constituting one of
our devices.

Intracavity implementation. Our laser, shown schematically in
Fig. 2a, was constructed as a frequency-doubled cavity that converts
the infrared fundamental frequency of Nd:YAG (1=1,064nm) to
the second-harmonic green (4=532nm) through an intracavity
nonlinear crystal (KTP). The J-plate was placed in the resonant
green cavity to provide a geometry that represents the first visible
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metasurface-assisted laser. We will refer to this geometry as our
‘metasurface laser’.

The concept of the laser design exploits a unique feature of our
metasurfaces, namely OAM coupling to linear polarization states.
The resonant mode morphs from a linearly polarized Gaussian-like
enveloped beam at one end of the cavity to an arbitrary angular
momentum state at the other. Although a polarizer was required
for selection of the horizontal polarization state before the J-plate,
the polarization of the light traversing the J-plate was controlled by
simply rotating the J-plate itself. This relative rotation can be viewed
as the alignment of the polarization state to the optical fast axis of
the J-plate.

The intracavity light undergoes multiple passes backwards and
forwards through the metasurface (see Supplementary Information
and Supplementary Video 1). Starting as |H, 0) (horizontally polar-
ized and no OAM), it is converted to the desired combination
within the laser, say cos 0|H, £1) + sin 0|V, £,) (where 0 is the angle
of the fast axis of the J-plate with respect to the horizontal), the
most general OAM state possible and a state never previously cre-
ated from a laser cavity. As the SO effect couples OAM to linear
polarization states, mirror reflections do not result in any spin flip-
ping, and only the OAM handedness changes sign; conventional
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SO coupling lasers flip both the spin and OAM, which prohibits
a simple two-mirror cavity (see Supplementary Information). The
present design thus leads to a reduction in the number of optical ele-
ments and the cavity complexity compared with previous designs.
On reflection from the output coupler mirror back to the J-plate, the
state is cos O|H, —¢;) + sin 8|V, —{,). From the reciprocity of the
metasurface, the initial state |H, 0) is regained, which then returns
through the polarizer to the KTP crystal. Ordinarily, vastly differing
¢ modes would occupy different crystal gain regions and therefore
would lase independently; in our design, the modes overlap within
the crystal, ensuring spatial coherence even without any spatial
overlap at the output. The state cos O|H, £,) + sin 8|V, £,) is then a
repeating mode after each round trip and thus full angular momen-
tum control from the laser is possible.

Generation of symmetric OAM and HOPS states. We first repli-
cate previous geometric phase lasers by creating linear HOPS
beams with conjugate OAM states, that is |£,|=—|7,|. Figure 2b
presents example output modes at different angles (shown as inset
red arrows) of the JP1 metasurface. As expected, the output modes
are annular-shaped intensity profiles that remain invariant during
rotation of the metasurface (all states on the HOPS have the same
intensity profile) while modal analysis confirmed the expected
OAM structure (see Supplementary Information).

Arbitrary angular momentum control. To demonstrate arbitrary
angular momentum control we used JP2 to create laser modes with
asymmetric OAM states described by cos0|H,1) + sinf|V,5). As
JP2 is rotated, the output mode shifts in weighting from an OAM of
¢,=1to an OAM of £,=5, with arbitrary vector superpositions in
between (shown in Fig. 2¢, with insets showing the measured OAM
spectrum at the different rotation angles). At intermediate JP2 rota-
tions a superposition of the two OAM modes is present, including
the special case of an equal OAM fraction. When added coher-
ently, the prediction is a non-trivial superposition of vortices with
a central vortex of charge £, surrounded by |£, — Z,| single-charged
peripheral vortices of sign £,/|Z,| (ref. ). In our case, this translates
to a central vortex of charge +1 with four surrounding vortices of
charge +1 (the sum does not add to 6, contrary to what one might
have expected). This was observed experimentally and is shown in
Fig. 2d (the inset shows the theoretical prediction). The singularities
are highlighted by white circles. This demonstrates that our laser
can not only reproduce all previous SO results with a simpler cavity
configuration, but is also able to produce more exotic states of light.

Having demonstrated arbitrary angular momentum control
within a laser, we now demonstrate extreme SO asymmetric
coupling using JP3 in a metasurface laser for an output state of
cos8|H, 10) + sin 0|V, 100). Here, the difference in helicity is
A?=1|¢,—¢,|=90. The successful generation of this general OAM
state is shown in Fig. 3. As the weighting of the states is altered
through JP3 rotation (control of ), the superposition state changes
from |H,10) on one pole to |V,100) on the other. Intermediate
states show the progression from lasing on one mode to the other:
contrary to the previous asymmetric case (£,=1 and ¢,=5), here
the composite-vortex beams are found to possess a structure that
contains two superimposed concentric rings. This can be under-
stood as £, < ¢, and thus each state is simultaneously lasing but
occupying completely different spatial regions after the metasurface
(but overlapping in the crystal for coherence).

Modal purity. In Fig. 4 we compare the purity of the OAM laser
modes (blue) to the corresponding externally generated modes with
the same J-plate (red) for £ =10 and £ =100 using modal decompo-
sition, allowing the modal power contribution to each mode in the
Laguerre-Gaussian (LG) basis to be measured and calculated (see
Supplementary Information). The LG basis has both azimuthal (¢)

[100)|V)

Fig. 3 | Extreme SO lasing. Various measured states from the laser,
displayed on a generalized OAM sphere. Here, the poles are asymmetric
with OAM order ;=10 (north pole) and #,=100 (south pole). The
transition from one to the other allows visualization of lasing across vastly
differing OAM values as superpositions with two concentric rings. The
operating pump energy was 315mJ. The colour bar shows normalized
intensity plotted with a false colour scale of O to 1.

and radial (p) terms, the former responsible for the OAM content.
Ideally, a pure OAM mode would have high power content in the
desired £ and p=0 mode. Figure 4a reports the results for £=10
modes: we see that generation of the modes from inside the laser
cavity yields a high OAM purity of 92% (compared to only 72% for
external generation using the same metasurface). More telling is the
fact that the 92% is contained entirely in the desired p=0 mode,
whereas the 72% for external generation is spread across numerous
radial modes. The bottom panel of Fig. 4a shows a more detailed
view, with the measured and calculated radial mode expansion,
confirming that the laser produces ultrahigh-purity OAM modes
in comparison to externally generated modes (the interesting
damped oscillatory nature of the p-mode weightings is predicted
by theory; see Supplementary Information). This is echoed in the
beam structures shown in Fig. 4b,c for the internally and externally
generated modes, respectively, with the former showing the telltale
signs of a radial ring structure rather than the single ring of the
desired vortex state.

This external purity degradation becomes more pronounced
at higher OAM values”. In Fig. 4d,e we show the £=100 exter-
nally generated mode and the laser mode, respectively. The visual
effect is striking: distinct spatial ring structures and a radial out-
ward spread in intensity can be observed in the externally gener-
ated mode, compared to the well-defined annular ring structure
for the laser generated mode. For the #=100 mode shown in
Fig. 4d, the experimentally measured 71% OAM purity has only
~13% (Supplementary Table I) in the desired £=100, p=0 mode,
while the laser mode shown in Fig. 4e has a purity of ~90% in the
p=0 mode. This is shown quantitatively in Fig. 4f, with the OAM
mode spectrum shown for the laser mode (blue bars) and the exter-
nally created mode (red lollipops). There is a slight decrease in
purity relative to the £ =10 mode, but the purity remains very high.

In our comparative analysis, all decompositions of the laser
generated modes were performed at a common scale of w, (the
embedded Gaussian radius), while the scale for the external modes
was optimally adjusted for each mode to wop = wo/+/|¢| + 1, an
optimal scale to maximize the power content of the p=0 mode.
Figure 4g shows a comparison of the laser mode purity measured
at the scale w, versus the external generated beams measured at the
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Fig. 4 | Ultrapure OAM lasing modes. a, Measured modal spectrum for #=10, both internal (blue) and external (red) to the laser. |c, ,
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power in the pth radial mode and /th OAM mode. b,¢, The corresponding beam intensities are shown for the internal modes (b) and external modes

(). The bottom inset in a shows an enlarged version with experimental data (lollipop bars) and theoretical predictions (solid line). d,e, The same analysis,
performed on the #=100 modes, showing intensity profiles created external (d) and internal (e) to the laser. The colour bar shows normalized intensity
plotted with a false colour scale of O to 1. f, OAM distribution of external (red lollipops) and laser (blue bars) modes, where |c,|? represents the total OAM
modal power (summed over all p modes). g, Comparison of the p=0 mode weightings for the externally generated beams (red lollipops) versus cavity
modes (blue bars). The operating pump energy was 315mJ for all measurements.

scale w,,, for all modes generated in this study (see Supplementary
Table I for full measurement values). Although the scale for the
external beam decomposition changes drastically across the £ spec-
trum, our laser produces much higher purity for all £ at the same
intuitive scale, w,.

There are several mechanisms that give rise to this enhanced
purity. Recall that, external to the laser, the radial modes appear
because of a missing amplitude term; in the laser the lowest loss
mode has the required amplitude by cavity diffraction, while the
radial modes that are created are suppressed. For example, diffrac-
tion results in a resonant mode that has a Gaussian-like envelope
(but is not Gaussian) at the KTP crystal for all OAM modes, while the
output OAM scale is fixed by the radius of curvature of the output
mirror and the cavity length. The resonant mode inside the cavity
differs from plane to plane: at the plane of the J-plate it has the
required (missing) amplitude term to produce a high-purity LG
p =0 at the output coupler. Furthermore, the multiple passes in the
green cavity ensure radial mode suppression by gain-assisted filter-
ing, by virtue of the overlap of the resonant mode and the infra-
red pump mode. The radial modes are similarly suppressed by
the mode-dependent resonant frequencies of the cavity, enhanced
further by the limited excitation of radial modes through nonlin-
ear modal coupling inside the crystal®. Together then, the cavity
suppresses radial modes by a combination of diffraction-induced
filtering, resonance-induced filtering and gain-assisted filtering. All
these mechanisms prevail to allow high-purity OAM lasing.

Discussion and conclusion

The concept of the laser exploits our metasurface’s extraordinary
feature of coupling arbitrary OAM to arbitrary spin states, which
we have demonstrated with OAM up to £ =100 and with a large
OAM (differential between modes of up to AZ=90, represent-
ing intracavity SO symmetry-breaking for super-chiral light. The
metasurface approach has the additional benefits of a high damage
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threshold® and spatial resolution down to the nanometre scale for
a well-defined singularity with low loss. Our approach has allowed
the demonstration of an order-of-magnitude higher OAM than pre-
viously reported from geometric phase lasers, a high total angular
momentum in our vector states (symmetric lasers have zero total
angular momentum), all in ultrahigh-purity modes in the visible.

What we find particularly exciting is that our approach lends
itself to many laser architectures. For example, one could increase
the gain volume and metasurface size to produce a bulk laser for
high power or one could shrink the system down to a microchip
using a monolithic metasurface design. Although we have con-
trolled the intracavity polarization and rotated the J-plate for mode
control, the lasing mode could be controlled by manipulating the
polarization of the pump beam with a judiciously chosen nonlinear
crystal® for a dynamically switchable laser output. Thus, our work
represents an important step towards merging the research in bulk
OAM lasers and that of on-chip devices.

In summary, we have demonstrated a laser that produces all
OAM states previously observed from lasers as well as new forms of
chiral light not observed from lasers until now. The demonstrated
performance, versatility in design and power-handling capabilities
of our approach point to an exciting route to control lights angular
momentum at the source.
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Methods

Our metasurface laser comprised a nonlinear crystal inside its own cavity,

which itself was placed inside an infrared cavity, to achieve a resonant optical
parametric oscillator configuration. The infrared gain medium was a 1.1% doped
Nd:YAG crystal rod with dimensions of 76 mm (length) by 6.35 mm (diameter).
The crystal was flash-lamp side-pumped. For second-harmonic generation, a
nonlinear KTP crystal (type 0, 3 X 3 X 5mm?®) was used to convert the intracavity
infrared light (1 =1,064 nm) of the Nd:YAG to second-harmonic green light

at A=>532nm. The input face of the KTP crystal was antireflection-coated for
A=1,064 nm and high-reflection-coated for =532 nm, while the output face
was highly transmissive at the second-harmonic wavelength (1=532nm) and
was high-reflection-coated at 1=1,064 nm. The back reflector mirror M1 was a
concave mirror with radius of curvature (ROC) of 400 mm and had a reflectivity of
98%, whereas the output coupler mirror (ROC =200 mm) was highly reflective at
4=1,064 nm while coupling 0.8% of the intracavity green light outside the cavity.
The KTP crystal was placed at the infrared beam waist position while the J-plate
was placed adjacent to the output coupler mirror. Both theory and experiment
have shown that the cavity length is far more critical than the position of the
J-plate inside the cavity. This can be understood from the fact that the mode
discrimination is dependent on the size of the resonant mode at the crystal and
the resonant frequencies, both influenced by cavity length, whereas the position of
the J-plate merely impacts the spectrum of modes created, finally to be removed
by the cavity after many round trips by the discrimination process. The resonant
mirrors were spaced by an effective distance of ~600 mm. The empty (with no
J-plate) cavity length was adjusted so that the spot size of the 1=1,064 nm beam
at the crystal input surface was measured to be 81 pm (close to the calculated
value of 82.3 pm), while the spot size of the output green beam was 62 pm (close
to the calculated value of 64.4 pm) at the KTP crystal. This ensured that the green
cavity would have excellent gain overlap for only low radial modes.The laser

was gain-switched with the 2=1,064 nm output pulse duration of 40 ns. The
conversion efficiency of the KTP was 18% under the single-pass configuration
and increased to ~61% once the output coupler mirror was in place to form the
green resonant cavity. The isolation of the =532 nm output from the cavity
output coupler mirror was confirmed by measuring the emission spectra of the
output (see Supplementary Information) using a spectrometer (Ocean Optics).
We quantitatively confirmed the advantages of our intracavity approach versus
an equivalent extracavity generation approach using the modal decomposition
technique. The output beam was directed toward a spatial light modulator, which
was digitally encoded with a match filter in the LG basis. The resultant field was
transformed in the Fourier plane using a Fourier lens (f=300 mm), which was
positioned a focal length from the plane of the spatial light modulator. The on-axis

NATURE PHOTONICS | www.nature.com/naturephotonics

intensities at the Fourier plane after the lens were recorded using a charge-coupled
device camera. After subtracting any noise from the system, the modal weightings
were evaluated by normalizing the on-axis intensities.
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Due to the compactness and simplicity associated with
the two-mirror cavity design, one may be inclined to try
implementing the spin-orbit (SO) coupling laser in such a
fashion. It is important to analyse a round trip of such a
cavity in order to determine the modes preserved in the
system and thus predict the corresponding eigenmodes
produced by the laser. A key property of the light deter-
mining the output for SO lasers remains in the state of
the polarisation as this in turn determines if the OAM
produced in each section of the laser cavity, leading to the
desired output. Subsequent determination of this relies
upon the mode transformations effected by the different
elements placed inside the cavity.

One such important factor is the action of the mirrors
upon the state of the reflected beam. More specifically,
the mirror alters the handedness of both the polarisation
and OAM. For instance, right circular polarisation be-
comes left circular polarisation and OAM of +¢ becomes
—¢ upon reflection. This implies that within a complete
round trip, the initial states do not return the same. Ac-
cordingly, the mode does not self-repeat inside the cavity
as shown in Fig. 1 (a). There are some practical alter-
ations, however, that have been implemented to generate
a desired eigenstate. One such adjustment was to use a
3 mirror configuration assisted with a pair of both con-
ventional SO coupling elements and quarter-wave plates
(QWP) [1]. More recently, however, the authors [2] re-
tained the simplistic two mirror design by incorporat-
ing a Faraday rotator with a QWP, allowing control of
the polarisation upon each return trip,as illustrated in
Fig. 1(b).

These are the works that are most relevant to this
study, but the relevance is limited as the discussion was
entirely limited to OAM coupling to circular polarisa-
tion only, resulting in restricted generation of symmetric
OAM states up to £ = +10. Contrarily to these stud-

* AV now with Molecular Chirality Research Center, Chiba Uni-
versity, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
 Corresponding author: andrew.forbes@wits.ac.za

ies, the presented J-plate laser is designed for arbitrary
SO coupling to generate both symmetric and asymmetric
OAM modes. Moreover, the coupling to linear polarisa-
tion facilitates a very compact design while maintaining
self-repeating modes as displayed in Fig. 1(c).

SENSITIVITY OF THE GREEN CAVITY

Figure 2 illustrates the experimental setup for the meta-
surface laser. The green cavity was oscillating on the
fundamental Gaussian mode, however, a slight misalign-
ing the OC mirror (in the empty cavity) might result in
higher order modes as shown in Fig. 3. Furthermore, the
Gaussian beam size in the green cavity is an important
factor when implementing the J-plates inside the cavity.
If the beam size is much larger than the size of J-plate’s
active area, no modulation of light would occur for the
lower order mode due to diffraction as shown in Fig. 4.

THE MECHANISM OF THE J-PLATE

The operation of the laser is mainly determined by
the operation of the J-plate which acts as a waveplate.
Here we provide a discussion of the J-plate’s operation in
terms of Jones matrices. The Jones matrix for a general
waveplate in the linear polarisation basis, is given by

B
ez 0
0 e iz

: (1)

Uwp =

where 8 = §, — d, is the phase retardance between the
fast and slow axis of the waveplate. The Jones matrix of
a rotated version of the general waveplate with fast axis
rotated at some angle « is given by

Uwp(7) = R(7) - Uwp - R(—7) = (2)
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FIG. 1: SO coupling laser configurations. (a)

I Vertical
Schematic of a two-mirror laser configuration displays a
complete round trip. A horizontally polarised light was
selected using a polarising beam splitter (PBS). The
polarisation state was converted to a circular
polarisation after passing through a rotated
quarter-wave plate (QWP). Upon transmission through
a spin-orbital (L/R SO) coupling element that is only
sensitive to circular polarisation, the incident beam of
zero OAM acquire OAM of order ¢. Upon reflection, the
mirror flips both polarisation and OAM state. Acting in
reverse, the OAM state collapse and the final state have
zero OAM with a polarisation state different to the
initial that exist the system through the PBS. (b) shows
a complete round trip in the SO laser reported in [2]
using a Faraday rotator (FR) to control the polarisation
state. (c) A single round trip in the J-plate laser. The
inset illustrates the various polarisation states operating
in the cavity

M,

e—ilo

where the rotation matrix in the linear polarisation basis
is

R(y) = {098(7) —sin(v)} _ 3)

sin(y)  cos(7)

For example, a rotating half-wave plate with phase retar-
dance 8 = m is represented by

_ |cos(2y) sin(27y)

Unwe(7) = [sin(Qv) —cos(2y)|” (4)

The J-plate acts as a half-wave plate at the designed
wavelength but with a fast axis rotates as a function of
the azimuthal angle ¢ and in the linear polarisation basis

IR reésonator

PBS
@1064 nm

M,

Iris Nd:YAG KTP J-plate  OC

SI

1G r'esonator

FIG. 2: Experimental metasurface laser setup.
The cavity comprised two concave mirrors, M1 and an
output coupler (OC) with 99.2% reflectivity. The IR
(Nd:YAG) light was converted to second harmonic
green using a non-linear KTP crystal. The input
(output) faces of the KTP were highly reflective coated
for wavelength A\ = 532 nm (1064 nm) and
anti-reflective coating for A = 1064 nm (532 nm). A
polarising beam splitter (PBS) was used to set the
intra-cavity polarisation to the horizontal. The fast axis
of J-plate was rotatable at an angle 6 for the active
selection of arbitrary angular momentum beams.

FIG. 3: Modes of the cavity. (a) the fundamental
mode of the green laser observed by a CCD camera. (b)
and (c) shows the higher order modes when slightly
misalign the cavity.

FIG. 4: Effect of beam size on J-plate efficiency.
Images show light diffracted from the lower order mode
metasurface posts where no extraneous modulation
occurs with an incident beam size larger than the active
area of the J-plate. The incident beam was 3.2 mm in
diameter while the active area of the J-plate was 2 mm
in diameter.



is expressed (from Eq. (1)) as

o bl (5)

e
UJP = |: 0 eiZQd)

where /1 and ¢ are two independent OAM values that are
acquired by different input polarisation states (|H) and
[V')), ¢ is the azimuthal angle. The operation of the J-
plate converts the input polarisation states to their conju-
gate polarisation states (still be |H) and |V)) [3]. There-

J

Usp(0) = R(O)UspR(—0) =

where 6 is the rotation angle of the J-plate. The state in-
put to the J-plate is |¢), = |H). Following the function
of J-plate mentioned in Eq. (6) and Eq. (7), the oper-
ation of the J-plate with rotation angle 6 converts the
input state |¢),, producing

cos(@)e”W]

Bhowe = Urp(O) W) = Sgheics| - (©)

The resulting output state can be expressed in the bra-
ket notation as

[V) e = cos (0) |H, £1) +sin (0) |V, £a) . (10)

Note that equation (10) represents a spin-orbital state on
the hybrid HOPS.

COHERENT SUPERPOSITION OF
LAGUERRE-GAUSSIAN BEAMS

A coherent superposition of higher-order modes is only
applicable to mutually coherent beams, i.e. beams that
oscillate with the same frequency. This allows for the
electric fields of the modes to be simply added together.
Here we are particularly interested in the coherently su-
perimposing of two Laguerre-Gaussian LG modes. The
electric field of an LG mode at its waist plane (z = 0), is
described by

up,é(rv ¢) = 2p' [ 2r

mwi(p + [€)! | wo

2

X exp [u;} exp (i) ,

0

where p and ¢ are the radial and azimuthal indices, re-
spectively. The parameter wy is the radius of the zero-
order Gaussian beam at the waist. The term and Lj'(.)
is the generalised Laguerre polynomial and (r,¢) are

€19 cog? (0) + et29 gin? (0)
51n(220) (eilld) . eil""b)

fore, when a Gaussian beam LGgg with linear polarisa-
tion states operates on the J-plate, the output states are
given by

Usp |H) = '*? |H) = |H, {1), (6)
Usp [V) = €22 |V) = |V, o). (7)

The Jones matrix for the rotated version of the J-plate
in linear polarisation basis [3], similar to Eq. (5), is

sin(20) (6i€1¢ _ 6212(;5)

2
12 sin?(9) + e2? cos?(0)

(

the spatial (radial and azimuthal) coordinates. The in-
tensity profile formed by such field is I = w*u ( with
* representing complex conjugate) and is described by
a set of (p + 1) concentric rings. The coherent su-
perposition shown in the main text was modelled as
augo + fug + yexp(if)ug 5 with the parameters «, 3,
~v and 6 used to adjust for the rotation and efficiency of
the J-plate. We find that the ug o beam requires a slight
lateral off-set, probably due to slight misalignment in the
cavity.

RADIAL MODES AND OAM PURITY

A pure vortex mode with a fundamental radial index
(p = 0), is given from Eq. (11) by

Var

Wo

1l

Uo,e(r, @) = l exp {;;2] exp (ilg) . (12)

0

where the OAM content of the beam is associated with
the azimuthal phase exp(if¢). Here one can see that the
¢ dependant amplitude term, the first term in the afore-
mentioned equation, is responsible for the distinctive null
intensity associated with the vortex. In the absence of
this amplitude term, the null intensity in the vortex oc-
curs due to high spatial frequencies induced by the he-
licity of the phase together with their attenuation due to
finite apertures of the optical system.

Traditionally, OAM vortex modes are created by mod-
ulating a Gaussian beam with a desired azimuthal phase
while ignoring the ¢ dependant amplitude term. Thus
the generated beams is expressed as

2

4 } exp (ild) . (13)
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Implementation of the azimuthal phase approaches to
create these beams are revealed to unintentionally gen-
erate many undesired radial modes due to the missing
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FIG. 5: Radial modes of vortex beams. Theoretical
density plot, determined from Eq. (15), illustrates the
spread of modal weightings |c,¢|? of the radial modes
for vortex beams generated through external generation
approaches that lacks the {-dependant amplitude term
in Eq. (12). The inset shows zoomed in images for
¢ =10,10] and p = [0, 10]. (b) shows a comparison for
the change in |cy|? for £ =1, £ =10 and £ = 100.

amplitude term (first term in Eq. (12)) [4, 5]. These
radial modes appear as rings around the central beam
and are usually referred to as Hypergeometric Gaussian
modes [6, 7]. They are superpositions of LG modes with
the same azimuthal number ¢, and thus they can be ex-
panded as

2

exXp |:U)%] exp (i) = Z Cpe Upe (T @3 W0 ). (14)
P

Here, |c,¢|? is the weightings of the mode of indices p, ¢
and can expressed as

(p+ ¢! T(p + Ehrdd +1)
Cpt = 7 s (15)
pb e+ e+ 1)

where I'(+) is the gamma function. Equation (15) implies
that the energy content in the fundamental radial mode
(p = 0) drops dramatically with increasing azimuthal
index /.

If the expansion was changed to a new scale, then
the modal power weightings would likewise change, from
Cpe — Cpe when wo — wy. With brevity, we illustrate this
analytically by maximising the overlap integral between
the normalised LG mode and the vortex mode given by

Cptza = Ni(a, wp) // Un (7, @, qwo ) tie (T, B wo)d>r,
(16)
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FIG. 6: Weightings of the radial mode. Measured
modal weightings for (a) £ = 10 and (b) ¢ = 100, both
internal (blue) and external (red) to the laser. Here the
experimental data (lollipop bars) are in good agreement
with the theoretical predictions (solid line).
Measurements were made in the scale wg.

where Ny (a, wp) is the product of normalisation factors
for the LG, vortex mode and « scales the size of the LG
mode. The overlap has the analytic solution given as

(1+a2)(Z) T+ 1)

Subsequently, the probability |cs.q|? integral is max-
imised for each ¢ when

2% o (1)

(17)
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leading to an optimal scale for the decomposition of

wo
Wopt = —F——.
VT

Figure 5 shows the spread of the modal modal power
across the radial modes as a function of ¢ when measured
in the scale wg. Here, a vortex mode of £ = 1 has 78%
of its energy in the p = 0 mode, with the rest spread
across higher radial modes. This value drops to < 1% for
¢ =10,p=0and to 3 x 1076 for £ = 100,p = 0. Figure 6
shows the experimental and theoretical prediction of the
modal weightings of the radial modes for both ¢ = 10
and ¢ = 100 for externally generated beams versus the
cavity modes. In Fig. 7, we show the drastic decrease of
the p = 0 modal weightings on the log scale as a function
of the ¢ index.

(19)
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FIG. 7: Weightings of the p = 0 mode as a
function of the OAM index. Theoretical plot,
determined from Eq. (15), illustrates the modal
weightings |cos|? on the log scale of the p = 0 modes as
a function of the OAM index ¢.

This phenomenon is a natural response to the absence
of amplitude modulation. The weightings of the funda-
mental mode p = 0 can be increased by choosing the
optimised beam radius wep, in Eq. (14) but keeping the
embedded Gaussian the same. Subsequently, this can in-
crease the weightings in the desired p = 0 radial mode
as illustrated in Fig. 8. For example the p = 0 mode
can reach up to |cos|? = 0.5 for £ = 10. The reason for
an optimum output beam waist parameter wop; which
is smaller than the embedded Gaussian, wg, can be un-
derstood as follows: for a given beam waist, the root
mean square (RMS) intensity radius of an LGy mode is
larger than the RMS intensity radius of a fundamental
Gaussian. Thus if one converts the fundamental Gaus-
sian with a given RMS intensity radius into an LGyq
mode with the same RMS intensity radius, the match-
ing beam radius of the LGyy mode is necessarily smaller.
For higher mode the optimum matching radius becomes
even smaller. Thus, the fraction of light converted into
higher order radial modes increases with higher ¢ caus-
ing reduction in the fractional weightings in the desired
p = 0 mode, which is still not very convenient.

An interesting outcome of changing the scale of the ba-
sis is that the p node spectrum changes functional shape,
as shown in Fig. 9 for the £ = 10 example from the main
text. For some scales the trend is a smooth peaked func-
tion, while for others it is an oscillatory function, becom-
ing more pronounced as the scale value decreases. This
nature has been predicted theoretically [11].

GENERATION OF VECTORIAL VORTEX BEAM
WITH SYMMETRIC OAM STATES

In Figure 10(a), we show the experimentally obtained
intensity at the output when JP1 is operating inside
the laser with § = w/4. The states is represented by

wWo = Wopt

|coe?
[==]
wh

0 50 100 150 200
f-mode

FIG. 8: Weightings of the p = 0 mode after
selecting optimised beam size. Theoretical plot,
determined from Eq. (14), illustrates the evolution of

the modal weightings |coe|? of the p = 0 radial modes as

a function of the OAM index ¢ after selecting the

optimised beam size wop in Eq. (19).

5 .
P-mg -
de 1500
FIG. 9: The p mode spectrum as a function of
basis scale, a, for ¢ = 10. The grey planes show the p
mode spectrum expected at the original scale wg
(= 1) and the optimal scale wepy (o = 1/v/11). The
former is a smooth peaked function and the latter an
oscillatory function.

%(|H, —1) + |V, 1)). The output beam possessed an an-
nular shaped intensity profile. Upon passing through
a polariser, the beam profile changes from the annular
shape to a lobed beam depending on the orientation of
the polariser. Figure 10 shows a comparison between
the experimental results and the theoretical predictions
of the spatial profile of the output beam and after suc-
ceeding through a polariser with orientations represented
by the double sided white arrows. The experimental re-
sults have a good agreement with the theoretical pre-
dictions, thus presenting a pure vectorial vortex beam
located at the equator of the HOPS which is described
by %(|H, —1) +|V,1)). However, these modes can eas-

ily be converted to cylindrically vector vortex modes, i.e.



radially and azimuthally polarised vortex modes, by sim-
ply passing the beam through a quarter waveplate to flip
the polarisation from the linear to circular state.

FIG. 10: Selection of a vectorial vortex beams.
Pure vectorial vortex beam %(|H7 —1)+ |V, 1)) is

actively selected from the laser while operating on JP1

by setting 6 to w/4. (a) and (c) show the spatial profile
of the output beam as theoretically predicted and

experimentally captured, respectively. The beam was

an annular shaped beam. Upon transmitting through a

linear polariser, the beam changes its intensity profile to
a lobed beam at polariser orientation angle 7/4. A

comparison between the theory (b) and experiment (d)
confirms the output beam is a purely vector vortex

beam. The inset arrows represent the orientation of the

polariser.

POWER MEASUREMENT

We examined the slope efficiency for pure OAM output
modes. Figure 11 illustrates the average output energy
of each pure OAM mode for the indicated J-plates in
comparison to the Gaussian power. One can see that
the slope efficiency for LGg 41 modes were approximately
similar to the Gaussian which reveal that the JP1 does
not lead to high losses inside the cavity. Figure 11 (b)
and (c) disclose that higher-order modes generated by
JP2 and JP3 introduce higher losses and thus require a
higher threshold comparing with JP1 modes.

It is worth mentioning that the slope efficiency was
low due to the low transmission of mirror OC which was
0.8%. Therefore most of the cavity power has been locked
inside for the examination of the power handling capabil-
ity of the J-plates which in return showed a potential to
be used for the generation of high power HOPS beams,
as expected from such elements [8]. Nevertheless, the
output coupler could be replaced by another with lower
reflectivity in case higher output power is needed.

MODAL DECOMPOSITION

An important technique, essential for analysing the gen-
erated beams in terms of established modes, is modal de-
composition. This technique is often used for character-
ising beams, whereby any optical field may be expanded
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FIG. 11: Slope efficiency measurements of the
OAM cavity. Average output energy of the secondary
cavity for the fundamental Gaussian mode (red data
points) of the resonator versus corresponding HOPS
beams generated using (a) JP1 ; (b) JP2; and (c) JP3,
with the fitting curve of the measurements.

and represented by a linear combination of basis modes
as

U(r) = Z cpeUpe(r). (20)

Here r = (x,y) is the spatial coordinate in the transverse
plane and W,,(r) represents the basis mode. The com-



plex correlation coefficient, ¢,y = ,opgei‘%'iﬁ’Z weights the
contribution of each of the basis modes where p,, is the
corresponding mode amplitude and 66, the intermodal
phase difference between the £ mode and a selected ref-
erence mode. The determination of the coeflicients c,,

which are normalised according to
D el =1, (21)
p,L

may be determined by executing an inner product be-
tween the input field and a desired basis mode, which is
given as

e = (U] W) = / /R U (rder,  (22)

where the asterisk represents the complex conjugate. The
determination of the modal weightings allows decompos-
ing the optical field into its basis modes. Optically, these
modal weightings are determined by measuring the resul-
tant field u(z,y) = U(x,y)¥;,(z,y) at the Fourier plane
where the corresponding transformation is expressed as

Ulka,ky) = Fu(e,y)} =

// U(x,y)\If;,g(x,y)e(fi(k”Jrkyy))dxdy. (23)

bt

Modal power

FIG. 12: JP1 modes measurements. A modal
decomposition measurements are executed on the
output of JP1 laser operating under § = 0 and 7/2
illustrating (a) a pure LGg _1 and LGo 1 mode,
respectively, with (b) the raw data where on-axis
intensity (as indicated by the cross-hairs) means
existence of the mode while no intensity indicates the
mode’s absence.

The modal weightings ¢, in Eq. (22) are optically de-
termined by measuring the on-axis intensity of the field
U(ks, ky) by setting the propagating vectors k, = k,, = 0,
thus Eq. (23) is expressed as:

10,0) = |50, 0) = \ [ v p)dsdy B

Experimentally, this characterisation technique may be
implemented with the use of a spatial light modulator

(SLM). In this scenario, unknown field U (z, y) is directed
toward the SLM which is digitally encoded with a match-
ing filter ¥, (z,y) with unique carrier frequency to sep-
arate the first order diffraction from the undesired order
of diffraction. The resultant field was transformed in the
Fourier plane using a Fourier lens which was positioned
at the focal length from the plane of the SLM. The on-
axis intensities at the Fourier plane after the lens were
recorded using a CCD camera, where an on-axis signal
dictated a correlation between the generated mode and
match filter, while an on-axis null indicated a mismatch.

This technique was executed at on the output of the
JP1 cavity. The basis set for the decomposition was
chosen to be the Laguerre Gaussian (LG, ¢) set and the
transmission functions were varied from ¢=-2 through to
2 as as illustrated in Fig. 12(a), we obtained an on-axis
intensity signal for a Laguerre Gaussian mode with £ = -1
and 41 for JP1 orientations 8= 0 and 7/2, respectively,
with zero for all other modes. Figure 12(b) shows the
corresponding intensity of the measurement channels at
the Fourier plane.

The modal decomposition was performed in real-time on
the output of JP2 cavity to determine the modal frac-
tional, i.e. the relative weightings between the £ = 1 and
¢ =5 modes. The output of the cavity passed through a
polarising beam splitter (PBS) where the horizontal and
vertical components were separated. Each polarisation
component was then directed toward two halves of a sin-
gle SLM which were encoded with appropriate matching
filters. This resulted two outputs on the CCD camera.
The on-axis intensities, I (0,0) and I/ (0,0), were then
subtracted from the system background noise €

TZ‘(O, O) = Il(0,0) — €, (24)

where ¢ = {H,V}. The modal fractional of each mode
was evaluated by normalising the on-axis intensity to the
total on-axis intensities

1,(0,0
Modal fraction = _L0.09) (25)

Zi TZ (07 0) .

The results are illustrated as a function of the J-plate
orientation (¢) in Fig. 2c.

CONVERSION EFFICIENCY OF THE J-PLATES

The basis scale determines the maximum power con-
tent in the p = 0 mode for a given OAM content, as given
by the earlier equations. The product of the two gives
the maximum power content in the desired ¢ and p = 0
mode. For example, an externally generated ¢ = 100
mode has a measured £ = 100 OAM content of 71%, and
with an optimal decomposition the p = 0 component is
then 71% x 18% = 13%.



TABLE I: Conversion efficiencies into the p = 0 mode of
the externally generated modes using different J-plates
and an optimal basis.

Mode Maximum p = 0| Total OAM |OAM p =0
purity content purity
JP1:|H,—-1) 93% 88% 82%
JP1:|V, 1) 93% 88% 82%
JP2:|H, 1) 93% 95% 89%
JP2:|V,5) 69% 83% 57%
JP3:|H, 10) 53% 72% 38%
JP3:|V,100) 18% 1% 13%

EMISSION SPECTRUM OF THE J-PLATE
LASER

We examined the emission spectrum of the output
beam from the green laser. We used a spectrometer pro-
duced by Ocean Optics (USB4000). The emission spec-
trum of the laser beam shows a single peak at wavelength
532 nm as shown in Fig. 13.
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FIG. 13: Emission spectrum measurement.
Emission spectra of the metasurface laser shows a single
intensity peak at A = 532 nm.

CREATING ARBITRARY HOPS LASER BEAMS

We have outlined the concept for a new class of laser
that utilises metasurface J-plates to realise symmetric
and asymmetric OAM beams on the HOPS. We have
shown the lasing mode can be tuned from one pole of the
HOPS to the other by controlling the relative amplitude
between the OAM states, following the blue trajectory
on the HOPS shown in Fig. 14.

We point out that this concept extends to map any ar-
bitrary mode on the HOPS. This requires controlling the
relative phase between the states to allow mapping the
states along the red trajectory in Fig. 12, which can be
achieved by controlling the ellipticity of the polarisation

inside the green laser.

FIG. 14: Mapping arbitrary HOPS beams. Any
arbitrary HOPS beam can be generated from our
metasurface laser. While controlling the orientation of
the J-plate maps any the states from the north to the
south pole of the HOPS (blue trajectory), manipulating
the polarisation ellipticity of the pump beam maps any
states at the equator (red trajectory).

For example if the IR pump could be an external laser,
implementation of a quarter wave plate would allow tun-
ing the ellipticity of the pump polarisation and thus con-
trolling the relative phases of the output of the other
laser. This only occurs by appropriately selecting the
non-linear KTP crystal as shown in Refs. [9, 10]. Dy-
namically tuning the pump’s polarisation would result
in a controllable output mode from a laser requiring no
intra-cavity elements other than the metasurface itself,
which would remain static. This would allow to trans-
verse the entire HOPS in a controllable manner.

PURITY MECHANISM INSIDE THE CAVITY

There are several mechanisms that contribute to the
purity of the observed modes from the laser. First, the
green cavity can be modelled as an optical parametric
oscillator (OPO) cavity of hemispherical type so that the
resonant modes are given by a frequency spectrum of

Vapt <q+(p+||+ ) cos 5T

1 @) C(26)

where g1 = 1—L/R; and go = 1—L/R5 are the resonator
parameters. In our green cavity: L ~ 197 mm and was
adjusted by a few mm in each run, R; = oo and Ry = 200
mm so that

1
Vapt /[ Vo /= q + §N’ (27)



with vy = ¢/2L and N = 2p + |[¢| + 1 is the transverse
mode number. In terms of bandwidth this is simply

1
Avgpe [y = Mg+ SAN ~ 102. (28)

Such a cavity is frequency degenerate in transverse
mode number (N), but while the empty cavity cannot
distinguish between a change in ¢ and a change in p if N
doesn’t change, the J-plate cavity can - it has an ¢ selec-
tive intra-cavity element. Next, taking into account that
the non-linear crystal is pumped by a Gaussian mode,
and factoring in mode coupling inside the OPO cavity,
then the allowed spectrum of radial modes about some £
is substantially reduced, with a coupling efficiency given
by [12]

(2p)!
(2rpl)2’

which is plotted in Fig. 15. The parametric interaction
is not very selective as far as transverse modes are con-
cerned, but will oscillate on modes with the lowest thresh-
old. Since the green cavity allows modes about Ap =~ 10
we could tune for resonance for each ¢ successfully. Our
cavity was length adjusted with and without the J-plate,
which we found helped to suppress radial modes, which
we understand as a resonance condition of the cavity.

p = (29)
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FIG. 15: Allowed modes in the cavity considering only
the pump and SHG beams in the green cavity.

Next, our metasurface laser is designed to morph the
beam from one shape at the crystal end to another at
the OC end. A Fox-Li simulation [13] of the cavity re-
veals that indeed the resonant mode of the cavity is the
desired mode in amplitude and phase, shown in Fig. 16
(a) and (b). Here the ¢ = 10 case (as an example) is
shown to converge, starting from noise, finally revealing
that the lowest loss mode in the cavity has the expected
phase and amplitude - a high-purity OAM mode with no
radial modes. The simulation also reveals that the lowest
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FIG. 16: (a) A Fox-Li simulation of the green cavity
mode for the £ = 10 case. The simulation starts from
noise and then converges to the mode experimentally
observed from the laser, both in amplitude and phase
(shown as insets). (b) The mode at the crystal overlaps
well with the IR Gaussian pump for gain assisted
filtering. (c) Shows the lowest loss transverse mode at
the output as a function of cavity length: the cavity
length too must be carefully adjusted or the modal
purity is adversely affected.

loss mode changes with cavity length, as expected from
the aforementioned theory. This is shown in the bottom
panel of Fig. 16 (c) for small changes in the cavity length,
AL.

The mode at the KTP crystal however is not Gaussian
but rather is Gaussian-like - a beam with a Gaussian
envelop as shown in Fig. 16 (b). The deviation from
Gaussian is enough to ensure that during propagation
from the crystal to the J-plate the mode acquires the
necessary amplitude term to negate the creation of radial
modes (recall the radial modes appear as a consequence
of the missing amplitude term). The pump laser was
operated on the fundamental Gaussian mode (p = 0) and
overlapped the Gaussian-enveloped modes of the green



for all /; as a result, and as shown by the simulation of
the cavity, the high-purity mode of the cavity was also the
lowest loss mode of the cavity by virtue of gain-assisted
filtering [14, 15].

All OAM modes in the cavity must have identical wave-
front curvature at the OC, and hence have the same
Rayleigh length z,. Our simulations of the cavity con-
firm this - the embedded Gaussian size of the OAM mode
(the scale parameter of the mode, wy) is the same for all
modes at the OC. Due to the reciprocity of light, the OC

10

works as a conjugate mirror for all £, returning the modes
to the metasurface exactly as they left it. This inverse
step unwraps the helicity but maintains the radial mode
structure.

Together then the cavity suppresses radial modes by
a combination of diffraction-induced filtering, resonance-
induced filtering and gain-assisted filtering. The result is
that higher-order radial modes are not resonant, experi-
ence additional loss, and for these reasons the resonant
mode is predominately the p = 0 term.

[1] Naidoo, D., et al. Controlled generation of higher-order
Poincaré sphere beams from a laser. Nat. Photonics 10,
327-332 (2016).

[2] Maguid, E., et al. Topologically Controlled Intracavity
Laser Modes Based on Pancharatnam-Berry Phase. ACS
Photonics 5, 1817-1821 (2018).

[3] Devlin, R.C., Ambrosio, A., Rubin, N.A., Mueller, J.B.
& Capasso, F. Arbitrary spin-to—orbital angular momen-
tum conversion of light. Science 358, 896-901 (2017).

[4] Rafayelyan, M. & Brasselet, E. Laguerre-Gaussian
modal g-plates. Opt. Lett. 42, 1966-1969 (2017).

[5] Rafayelyan, M., Gertus, T. & Brasselet, E. Laguerre-
Gaussian quasi-modal g-plates from nanostructured
glasses. Appl. Phys. Lett. 110, 261108 (2017).

[6] Karimi, E., Zito, G., Piccirillo, B., Marrucci, L. & San-
tamato, E. Hypergeometric-gaussian modes. Opt. Lett.
32, 3053-3055 (2007).

[7] Sephton, B., Dudley, A. & Forbes, A. Revealing the
radial modes in vortex beams. Appl. Opt. 55, 7830-7835
(2016).

[8] Yao, J., et al. Investigation of damage threshold to TiO2
coatings at different laser wavelength and pulse duration.

Thin Solid Films 516, 1237-1241 (2008).
[9] Zambon, N.C., et al. Optically controlling the emission

chirality of microlasers. Nature Photon. 13, 283 (2019).

[10] Taira, T., Sasaki, T. & Kobayashi, T. Polarization con-
trol of Q-switch solid-state lasers with intracavity SHG
crystals. Electron. Commun. Jpn 2 75, 1-12 (1992).

[11] Vallone, G. Role of beam waist in Laguerre-Gauss expan-
sion of vortex beams. Opt. Lett. 42, 1097-1100 (2017).

[12] Schwob, C., Cohadon, P.F., Fabre, C., Marte, M.A.M.,
Ritsch, H., Gatti, A. & Lugiato, L. Transverse effects
and mode cpuplings in OPOS. Appl. Phys. B 66, 685-
699 (1998).

[13] Fox, A.G. & Li, T. Resonant modes in a maser interfer-
ometer. Bell Labs Tech. J. 40, 453-488 (1961).

[14] Lukishova, S.G., et al. High-power laser beam shaping
using apodized apertures. Laser and Part. Beams 8, 349—
360 (1990).

[15] Southwell, W. H. Using apodization functions to re-
duce sidelobes in rugate filters. Appl. Opt. 28, 5091-5094
(1989).



	High-purity orbital angular momentum states from a visible metasurface laser

	Results

	Metasurface J-plates. 
	Intracavity implementation. 
	Generation of symmetric OAM and HOPS states. 
	Arbitrary angular momentum control. 
	Modal purity. 

	Discussion and conclusion

	Online content

	Fig. 1 Metasurface design and characterization.
	Fig. 2 Metasurface laser and modes.
	Fig. 3 Extreme SO lasing.
	Fig. 4 Ultrapure OAM lasing modes.
	Table 1 Three metasurface designs (JP1, JP2 and JP3) for arbitrary angular momentum control from our laser.


