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The Orbital Angular Momentum (OAM) of light
Representation of a wavefront of a Laguerre Gaussian mode
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The Orbital Angular Momentum (OAM) of light
Representation of a wavefront of a Laguerre Gaussian mode
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The Orbital Angular Momentum (OAM) of light
single helix - OAM (l) is 1
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The Orbital Angular Momentum (OAM) of light
double helix - OAM (l) is 2
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Optical communications
Twisted light data encoding in free space 
Topological protected states enabled stable transmission over 3km across Vienna

3 km

M. Krenn et al. New J. Phys. 16 113028 (2014)
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Twisted light data encoding in free space 

explained with a simplified example in figure 2. As the neural network is trained with images
involving atmosphere-induced disturbances, it automatically develops a robust detection despite
such effects. A significant advantage of our method is that no further image corrections need to
be performed.

In the first step, we investigate whether the characteristic mode patterns of different modes
can be distinguished after free-space transmission. For that, we analyze the crosstalk between
the first 16 OAM mode-superpositions |LG±ℓ> (with α= 0), from ℓ= 0 up to ℓ= 15 at the
receiver. For each transmitted ℓ-value, we accumulated approximately 450 received mode-
intensity images, which served as the input for our algorithm. As a result, we obtained the
detected ℓ-value of the received mode. By comparing the prepared and measured ℓ-values, we
can calculate the Cross Talk Matrix between the different OAM modes, which is shown in
figure 3(A). For the superpositions of |LG0> up to |LG±15>, we find a good distinguishability
with an average error rate of 1.7%. The error is defined as the ratio between the wrong detected
modes and all of the detected modes.

To illustrate the quality of the received modes, we used these 16 different states for
encoding two greyscale images with 8 and 16 different grayscale values (which correspond to 3
bits and 4 bits per pixel, respectively). Each transmitted mode carries the information of one
pixel of the image. The mode |LG0> corresponds to black values, while higher-order modes
correspond to grey values. The highest mode in the alphabet (|LG±7> for 3 bits and |LG±15> for
4 bits) corresponds to the white value. The maximum frame rate of the SLM is 60Hz; for the

Figure 3. (A) The Cross Talk Matrix for different OAM superposition settings (in
logarithmic scale). The Cross Talk Matrix shows the distinguishability of OAM mode
superpositions from |LG0> to |LG±15> (the corresponding images in figure 1). We can
distinguish the modes with an average error rate of 1.7% and a channel capacity of 3.89
bits. (B) We transmit two grayscale images encoded in these OAM-mode super-
positions. The upper image (Wolfgang Amadeus Mozart) has 4 bits per pixel, which
corresponds to 16 grayscale settings. As a result, the full available set of modes was
used to encode this image. The received image has a bit error ratio of 1.2%. The lower
image (Ludwig Boltzmann) has 3 bits per pixel, which required 8 different modes. The
average error rate for this image is measured to be 0.8%.
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M. Krenn et al. New J. Phys. 16 113028 (2014)
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Terabit free-space data transmission employing orbital angular 
momentum multiplexing  

J. Wang et al. Nat. Phot. 6, 488–496 (2012) 

M. Krenn et al. New J. Phys. 16 113028 (2014)
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Detection of rotating black-holes

Accretion disk of a rotating black hole
O. James et al Class. Quantum Grav. 32 065001 (2015)
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Figure 1: Thin accretion disk as seen by an observer at infinity at i=45° (x’, y’, z’) and at        
i = 87° (x’’, y’’, z’’). 

 

Because of gravitational lensing, each observer will see a different deformed pattern of the accretion 

disk.  The pattern will mainly depend on the inclination parameter i of the observer with respect to the 

rotation axis z, and on the rotation parameter a of the KBH.  It is equivalent to saying that the KBH is 

inclined by different angles with respect to the line of sight of a fixed observer.  In Figure 1 we also 

show an example of the deformed pattern of a thin planar AD when i = 45° and when the observer is 

almost orthogonal to the KBH rotation axis, i = 87°, where the deformation of the thin accretion disk 

due to the gravitational lensing is more evident.  

 

2. Numerical integration of the null geodesic equations 

In order to solve the null geodesic equations and calculate the associated photon phase in the Kerr 

geometry for each geodesic that connects a point-like source in the equatorial plane of the KBH with 

an asymptotic observer, we used a fast and accurate numerical method based on the Jacobian elliptical 

function approach.  The main core of the software, developed by Čadež and Calvani [2], is freely 

available. This software was written to simulate the spectral line profiles emitted by an AD around a 

Kerr black hole [2,3]. In our simulations we focused the attention on the simplest case of a planar, thin 

O. James et al Class. Quantum Grav. 32 065001 (2015)

F. Tamburini et al Nat. Phys. 7, 195–197 (2011)
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Figure 1 | Total phase variation of light generated in a region of size
100RS⇥100RS in the equatorial xy plane of a quasi-extremal rotating
black hole (a=0.99) as seen by an asymptotic observer. This region of
the sky shows what would be observed with a telescope if the black hole
rotation axis is inclined an angle i= 45� relative to the observer. The total
phase variation includes the anamorphic effect due to both the spacetime
curvature and the inclination of the disk. The corresponding OAM spectral
distribution is quite complex (inset), with two strong peaks at ` = �2 and
` = 1, and extends towards higher OAM modes with a rapid fall-off.

either the Walker–Penrose conserved quantities or two constants
of motion, ⌦ and Q, that are related to the z component of the
KBH angular momentum and to the square of the total angular
momentum, respectively. Each null geodesic is identified by its
impact parameters ↵ and � that describe the direction with respect
of the image plane of an asymptotic observer located at latitude ✓obs
with respect to the KBH,

(↵,�) =
✓

� ⌦

sin✓obs
,

q
Q+a2cos2✓obs �⌦2cot2✓obs

◆

Accretion is thought to occur mainly in the equatorial plane
of the KBH (ref. 3). To image, at infinity, the shape of equatorial
orbits around a KBH, assumed to model a thin accretion disk,
and to calculate the phase acquired by light emitted from that
accreting matter, we solve numerically the null geodesic equations
in strong gravity conditions by using the software described in
ref. 3 and in the Supplementary Information. The phase variation
map of photons emitted by source elements in a region of
size 100RS ⇥ 100RS, where RS is the Schwarzschild radius, is
calculated by using standard projection techniques. From this
map, it is straightforward to estimate the OAM spectrum emitted
by the radiating matter in that region of the sky. The phase
and OAM acquired are independent of both frequency and
intensity and the OAM spectrum will be given by the convolution
of the acquired OAM and the emission law of the accretion
disk (see Supplementary Information). As a result of spacetime
dragging (Lense–Thirring effect), all of the sources around the
KBH are forced to rotate and the phase of light will change8,9.
In geometric optics, the analogy between the propagation of
light in inhomogeneous media and in curved spacetimes is well
established23. In this picture, the polarization and image rotation
are attributed to SAM and OAM, respectively. The present Letter
extends this to Kerr spacetimes.

Specifically, we have investigated the supermassive Galactic
Centre KBH Sgr A⇤, whose rotation is still a matter of debate:
0.5  a < 0.9939+0.0026

�0.0074 (see refs 24 and 25). Figure 1 shows the
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Figure 2 | Phase variation of photons as measured by an asymptotic
observer. The xy plane represents a 100⇥ 100 Schwarzschild radii large
region of the sky centred on the KBH. a,c, The OAM acquired due only to
the KBH rotation for a= 0.99 (a) and a= 0.5 (c), normalized to the field of
a quasi-static black hole (a= 0.01). Here we estimate the torsion of the
optical path due to the spacetime dragging of the KBH. The spacetime
dragging effect of the extremal KBH (a= 0.99) results in a wide, bimodal
OAM power spectrum distribution peaked at ` = �1 and ` = 1 relative to a
static BH. In contrast, for a KBH with a= 0.5, the only significant
contribution is a narrow OAM spectrum that comes from the immediate
neighbourhood of the compact object where the relativistic effects are
strongest. The torsion is zero if the black hole is static, in agreement with
ref. 9. b,d, The OAM spectra of the cases a and c, respectively. Whereas the
OAM spectrum in b has its maximum power in the ` = �1 mode, the
strongest mode in d is ` = 0, and the powers in all of the modes are plotted
relative to this mode. As the ` = 0 mode has (relative) power 1, it is greyed
out to indicate that it goes off scale.

phase map of light emitted in the equatorial plane around the Sgr
A⇤ KBH, projected onto the observer’s sky plane of view, for the
quasi-extremal case a = 0.99 and an inclination of i = 45� with
respect to the observer. Owing to the asymmetric gravitational
lensing distortion and the black-hole rotation, this light has quite a
wide and structuredOAM spectrum (Fig. 1, inset).

Figure 2 shows, for the representative cases a= 0.99 (Fig. 2a,b)
and a = 0.5 (Fig. 2c,d), the effect of the Sgr A⇤ rotation on the
photon phase (Fig. 2a,c), normalized to a quasi-static (a = 0.01)
KBH, inclined by the same angle, and the corresponding OAM
spectra (Fig. 2b,d). In both cases, the morphing effects due to a
particular inclination of the Sgr A⇤ equatorial plane have been
removed to exhibit the pure Kerr metric effects. Our simulations
show that the main contribution to the phase difference comes
from the inner stable orbits that approach the Sgr A⇤ event horizon,
and that slowly rotating black holes give rise to uniformly decaying
power distributions ofOAMmodes around a zeroOAMvalue.

To detect rotating black holes with the technique described here,
it is sufficient to use the best available telescopes, provided that
they are equipped with proper OAM diagnostic instrumentation
(for example, holographic detectors). As OAM of light is merely
related to its spatial structure, only spatial coherence of the source
is required18,26. The long distances from the KBH to the observer
ensure this spatial coherence, even if the electromagnetic fields
generated at different points in the accretion disk are mutually
incoherent (see Supplementary Information). Further information
about the KBH rotation can be obtained by analysing the
OAM spectra in different frequency bands of the electromagnetic

196 NATURE PHYSICS | VOL 7 | MARCH 2011 | www.nature.com/naturephysics

O. James et al Class. Quantum Grav. 32 065001 (2015)

F. Tamburini et al Nat. Phys. 7, 195–197 (2011)
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Super-resolution microscopy

 

been systematically studied, we think that they are either induced by a transient population of 
the dark states or simply due to instabilities in the fiber coupling. 

In Fig. 3 we imaged the tubular network of mammalian PtK2 cells which were stained 
using an immunofluorescence protocol involving a primary antibody (anti beta-Tubulin 
mouse IgG (monoclonal), Sigma, Saint Louis, USA) and a labeled secondary antibody (Sheep 
anti-mouse IgG, Dianova, Hamburg coupled to ATTO 565 / ATTO 590 / ATTO 633, ATTO-
TEC GmbH, Siegen, Germany). These dyes are customary organic dyes; none of them is 
specifically optimized for STED microscopy.  

 
Fig. 3. Immunolabeled tubulin fibers imaged with an excitation wavelength of 570 nm (top), 
630 nm (middle), and 532 nm (bottom). The comparison between the confocal reference image 
(left) and the STED image (right) reveals the gain in structural information obtained by STED; 
note that all images represent raw data. The line profiles along the traces indicated by the blue 
and purple arrows highlights details in the STED image (purple) that are not discerned by the 
confocal microscope (blue). Scale bar: 1 µm. 

The resolution enhancement became evident at all three wavelengths and dyes (see Fig. 3). 
While they are completely blurred in the confocal image, delicate structures and closely 
spaced fibers are revealed in the T-Rex STED image. Line profiles across the tubulin images 
revealed FWHM in the range of 60–80 nm. The diameters of a tubulin fiber plus the attached 
primary and secondary antibodies amount to a total of ~40–60 nm. Thus the actual resolution 

#95836 - $15.00 USD Received 6 May 2008; revised 30 May 2008; accepted 30 May 2008; published 13 Jun 2008
(C) 2008 OSA 23 June 2008 / Vol. 16,  No. 13 / OPTICS EXPRESS  9620

1 μm

D. Wildanger et al. Opt. Exp. 16, 9614 (2008).

Stefan W. Hell and Jan Wichmann, Optics Lett. 19 780 (1994).
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grating being just one example. These devices do however require 
considerable care to produce aberration-free beams15,16.

Optical tweezers
From the 1970s onwards, Ashkin and co-workers pioneered the 
application of laser beams to the manipulation of microscopic and 
atomic systems. In fact, it was the work of Ashkin et al. in 198617 
that initiated the field of optical tweezers, from which most of the 
work in this Focus Issue derives. In normal optical tweezers, a 
tightly focused Gaussian beam creates a bright focus at which the 
electric field is a maximum. Any dielectric (that is, transparent) 
particle experiences a force that moves it towards the beam focus, 
as shown in Fig. 2. Combined with additional forces due to light 
scattering and gravity, the resulting ‘gradient force’ provides a stable 
trap position close to the focal point of the beam. Dynamical stabil-
ity is ensured because optical tweezers mainly operate on particles 
suspended in a fluid medium, the viscosity of which damps any 
oscillations. However, although optical tweezers work well for most 
transparent particles, absorbing particles experience a much higher 
scattering force that often prevents the formation of a stable trap. 
In addition, thermal heating can create unwanted forces that may 
allow particles to escape.

Optical spanners
In 1995, Rubinsztien-Dunlop and co-workers produced an OAM-
carrying annular beam using a forked diffraction grating and then 
implemented this beam in an optical tweezer set-up18. They showed 
that absorbing particles could be held at the dark centre of the beam 
and confined against the microscope slide. Even more excitingly, 
they showed that the absorption of light and associated OAM led 
to an optically induced rotation of the particle2. These experiments 
were the first to confirm that the OAM of light could be coupled to 
a mechanical system.

Although this work demonstrated the mechanical reality of OAM, 
the torque associated with the rotating particles proved difficult to 
calibrate. Inferred measurement (rather than direct measurement) 
was made by comparing the torque associated with OAM to that 

produced by the photon’s spin component. In terms of absorption, 
the transfer of orbital or spin angular momentum should be equiva-
lent. Later experiments exploited circularly polarized Laguerre–
Gaussian modes, which allow the orbital and spin components of 
angular momentum to be added or subtracted. Friese et al. showed 
that a beam with l = 3 and σ = 1 or −1 has a total angular momen-
tum of 2ħ or 4ħ per photon, respectively, as well as a factor of two 
difference in rotation speed19. In contrast, Simpson et al. showed 
that a beam of l = 1 and σ = 1 or −1 has a total angular momentum 
of 0 or 2ħ per photon, respectively, allowing the particle rotation to 
be stopped completely3. In the work of Simpson et al., the particles 
could be trapped in three dimensions because they were only par-
tially absorbing.

Optical absorption is a universal way of converting between spin 
angular momentum and OAM, but it is not the only possible mecha-
nism. For OAM, any process that transforms the laser mode to or 
from a helically phased beam must transfer OAM. Similarly, any 
optical process that transforms the polarization state will transfer 
spin angular momentum. Some mechanisms for transferring angu-
lar momentum are illustrated in Fig. 3. In 1998, a beautiful experi-
ment by Rubinsztein-Dunlop and co-workers20 used calcite particles 
as tiny waveplates to perform the microscopic equivalent of Beth’s 
original experiment. Whereas Beth suspended his waveplate from 
a fibre, Rubinsztein-Dunlop and co-workers held their microscopic 
waveplate in an optical trap, thus providing a rotation frequency of 
many hertz.

These experiments collectively demonstrated not only that the 
optical angular momentum could be transferred to small particles, 
but also that its characterization in terms of multiples of ħ per pho-
ton was appropriate. Perhaps more importantly, the demonstrated 
rotation rates of many hertz suggested that such techniques could 
form the basis of optically driven sensors and machines for micro-
fluidic environments.

Rotational control with shaped beams
Optically induced rotation within optical tweezers actually predates 
any recognition of OAM. An elongated object in a non-circular 
beam will orient such as to maximize its overlap with the high-in-
tensity region of the light. In very early work, Ashkin observed that 

Force

Force

pout

pin

Force

Force

pout

pin

pscatt

a

c

b a b

c d

Figure 2 | Several different force mechanisms are involved in optical 
trapping. a, The ‘gradient force’, in which a refractive particle moves 
towards the brightest point of the beam. pin is the momentum of the 
incident light and pout is the momentum of the refracted light. b, Reflected 
or otherwise scattered light (with momentum pscatt) pushes the particle in 
the direction of the Poynting vector, which is known as the ‘scattering force’. 
c, An absorbing particle can be locally heated, creating a thermal gradient 
across its surface. Molecules rebound faster off the hot side than the cold 
side, resulting in a force that can levitate, trap and transport particles.

Figure 3 | Different methods of applying optical torque. a, Using a 
birefringent particle to change a beam’s polarization state and therefore its 
spin angular momentum. b, Using the scattering force to circulate a small 
particle around the bright ring of a Laguerre–Gaussian beam. c, Using an 
asymmetric beam shape to align an asymmetric object. d, Using a shaped 
object to scatter light into an OAM-containing mode.

M. Padgett and R. Bowman, Nat. Photonics 5, 343–348 (2011)
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rod-like bacteria would align themselves along the trapping axis of 
a laser beam21. Sato et al. subsequently used the rectangular cross-
section of a high-order Hermite–Gaussian mode to trap and orien-
tate a red blood cell22, whereby rotation of the mode cross-section 
resulted in a corresponding rotation of the cell. Other approaches 
for forming non-cylindrical beams have included annular inter-
ference patterns23,24, a rectangular aperture in the beam path25 and 
the use of multimode fibre26. Objects can also be oriented using 
two point-traps, and by defocusing one trap it is possible to orient 
objects in three dimensions27. Linear polarization breaks the circu-
lar symmetry of the trapping beam, and this has been used to align 
birefringent objects with the polarization vector28,29.

Rotation can also be achieved by shaping the particle itself. 
Designing the particle such that some of the light is scattered in the 
azimuthal direction allows it to impart angular momentum to the scat-
tered light. The angular momentum of the scattered light gives a reac-
tion torque on the rotor and a corresponding rotation about the optical 
axis. Higurashi et al. used reactive ion-beam etching to create minia-
ture rotors that could be driven at rates of around 1 Hz (refs 30,31). In 
a similar configuration (using a high-numerical-aperture microscope 
for optical trapping), Galajda and Ormos trapped shaped objects fab-
ricated through two-photon polymerization32,33. Since then a number 
of groups have used this approach to make sophisticated rotors and 
mode-converters for transforming the mode of the trapping beam — 
a clear route to making and driving micromachines within optical 
tweezers34. The same technique has also been used to achieve rotation 
about an axis perpendicular to the beam axis35.

Helically phased beams all have an annular intensity profile that 
is independent of any angular momentum properties. Indeed, it was 
this on-axis intensity minimum that allowed absorbing particles to 
be confined in the original rotation work of Rubinsztein-Dunlop and 
co-workers2. Since then, the annular nature of Laguerre–Gaussian 
beams has, for example, been used to confine metal nanoparticles in 
situations when residual scattering of the OAM has set the particles 
into rotation36. By blue-detuning the optical trap, two or more par-
ticles can be confined in the same beam, yet do not attach to each 
other because of plasmon resonances.

Trapping with annular beams
Beams carrying OAM about the beam axis can be focused to shapes 
other than that of a single diffraction-limited spot. Most OAM-

carrying beams used in optical trapping form an annular intensity 
distribution in the focal plane. The use of annular beams for optical 
trapping was first suggested by Ashkin, who recognized that trap-
ping in the axial direction could be enhanced if the on-axis rays were 
removed from the beam37. Ashkin envisaged using a beam-stop to 
create the annulus, although subsequent work achieved this using 
Laguerre–Gaussian beams38,39. Thanks to the scattering force, a 
Laguerre–Gaussian beam can confine absorbing particles at the cen-
tre of its annulus. However, such beams are also capable of trapping 
other particles. If the particle is transparent but has a lower refractive 
index than the surrounding fluid, the gradient force gives rise to a 
stable trap on the beam axis. In normal optical tweezers this reversal 
of the refractive index contrast would result in the particle being 
expelled from the beam. Gahagan and Swarztlander showed that a 
trap comprising a low-refractive-index particle held in a Laguerre–
Gaussian beam the trap is stable in three dimensions40. Such tech-
niques have been applied to the manipulation and filtration of hollow 
glass spheres, with the potential for targeted drug delivery41. Another 
application of trapping low-refractive-index spheres is the fusion of 
aqueous droplets within a higher-refractive-index oil medium, creat-
ing the potential for chemistry on a femtolitre scale42.

Spinning and orbiting in optical tweezers
Early work involved particles that were typically large compared 
with the beam size, thus confining them at (or near to) the beam 
axis. Under such a geometry, transferring either spin or OAM causes 
the particle to spin around its axis. In 2002, Padgett and co-workers 
used a large Laguerre–Gaussian beam to trap small particles around 
the bright ring, as shown in Fig. 443. Silica particles were confined 
in the bright annulus by the gradient force and made to rotate by 
the scattering force. The beam was circularly polarized to carry spin 
angular momentum as well as OAM; birefringent calcite particles 
were trapped in the beam and observed to spin about their own 
axes. By choosing particles that were both birefringent and optically 
scattering, simultaneous spinning and orbiting of the particles was 
observed44. The radius at which the particles orbit varies with the 
wavelength (and hence with the OAM) of the beam45. When such 
annular beams are large, the axial trapping of the system is weak and 
it is often necessary to axially restrain the particles in other ways, for 
example within a thin sample cell or at the fluid–air interface46.

Although OAM is usually associated with a laser mode, which is 
typically of a single wavelength, monochromatic light is not a fun-
damental requirement. Just as white light can be circularly polar-
ized, it can also be helically phased47. However, a pure OAM state 
requires spatial coherence, whereas a pure polarization state does 
not. Laser beams can also be white-light in nature and converted to 
have pure helical phasefronts using a forked diffraction grating that 
is then re-imaged onto a second component to correct for angular 
dispersion48,49. Using similar white-light vortex beams it is possible 
to set particles into rotation around the beam axis50. It is also pos-
sible to produce annular beams with fractional values of l, which 
are not pure OAM modes. Although particles have been shown to 
circulate in such beams, their intensity structure is not circularly 
symmetric, which modifies the circulation for some beams and/or 
particle sizes. This size dependence of the circulation suggests appli-
cations in particle sorting and selection51.

One interesting feature of all such investigations is that they 
highlight how different transfer mechanisms apply to spin angular 
momentum and OAM. With respect to OAM transfer, they high-
light how angular momentum arises solely from the azimuthal com-
ponent of optical linear momentum acting on a radius vector. One 
sees immediately that the maximum angular momentum transfer to 
any object cannot exceed the linear momentum of the light multi-
plied by the radius of the object itself (multiplied by two in the case 
of reflection)52.

Figure 4 | 1-μm-diameter beads circulate when held in an optical vortex. 
A micrograph of the experiment is shown in the inset. The scattering 
force drives particles around the ring of a high-l beam, during which they 
experience random forces from Brownian motion and exhibit interesting 
dynamics as a consequence of hydrodynamic interactions.

M. Padgett and R. Bowman, Nat. Photonics 5, 343–348 (2011)



Jorge Vieira | 2nd ARIES annual meeting | Budapest, April 10, 2019

Laser plasma accelerators
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1000x smaller

Laser plasma accelerators
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2D representation of a plasma based accelerator 
from an OSIRIS simulation

propagation direction

laser or particle 
beam driver

How do plasma accelerators work?
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plasma wave
10-100 GV/m

10-100 μm

propagation direction

How do plasma accelerators work?
2D representation of a plasma based accelerator 

from an OSIRIS simulation
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accelerated bunch (8 GeV in 16 cm)
KeV x-ray emission

propagation direction

How do plasma accelerators work?
2D representation of a plasma based accelerator 

from an OSIRIS simulation
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Conventional approach

Gaussian laser driver

C. Murphy et al., PoP ’05, W. Lu et al., PRSTAB ‘11

plasma wakefield structure 
mimics RF

Exploiting compactness: mimicking wakefield structure from RF cavities 
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The topological dimension of plasma accelerators

J. Vieira, J. T. Mendonça, F. Quéré Phys. Rev. Lett. 121, 054801 (2018) 

Topological acceleration - pushing the limits for relativistic beam phase-space manipulation

vortex wakefield 
structure

vortex beam

structured light spring 
driver
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Vortex particle beam

Ratio of angular momentum flux to 
energy flux for vortex electron beams
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Vortex beams have quantised OAM levels
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Orbital angular momentum of light and the transformation of Laguerre-Gaussian laser modes

L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

(Received 6 January 1992)

Laser light with a Laguerre-Gaussian amplitude distribution is found to have a well-defined orbital an-
gular momentum. An astigmatic optical system may be used to transform a high-order Laguerre-
Gaussian mode into a high-order Hermite-Gaussian mode reversibly. An experiment is proposed to
measure the mechanical torque induced by the transfer of orbital angular momentum associated with
such a transformation.

PACS number(s): 42.50.Vk

I. INTRODUCTION

It is well known from Maxwell's theory that elec-
tromagnetic radiation carries both energy and momen-
tum. The momentum may have both linear and angular
contributions; angular momentum has a spin part associ-
ated with polarization [1] and an orbital part associated
with spatial distribution [2]. Any interaction between ra-
diation and matter is inevitably accompanied by an ex-
change of momentum. This often has mechanical conse-
quences some of which are related to radiation pressure.
Although an experimental demonstration of the mechani-
cal torque created by the transfer of angular momentum
of a circularly polarized light beam was performed over
50 years ago [1],the work associated with the mechanical
influence of light beams on atoms and matter has been al-
most exclusively concerned with linear momentum [3—5].
Beth [1] made the first observation of the angular

momentum of light following Poynting [6], who inferred
from a mechanical analogy that circularly polarized light
should exert a torque on a birefringent plate and that the
ratio of angular to linear momentum is equal to A, /2n. In
his experiment a half-wave plate was suspended by a fine
quartz fiber [see Fig. 1(a)]. A beam of light, circularly po-

(a)

( Q -h

larized by a fixed quarter-wave plate, passed through the
plate which transformed right-handed circularly polar-
ized light into left-handed circularly polarized light and
transferred 2A of spin angular momentum for each pho-
ton to the birefringent plate. It was found that the mea-
sured torque agreed in sign and magnitude with that pre-
dicted by both wave and quantum theories of light. The
ratio of the angular momentum of N photons in the
beam, J=+NR, to their energy, W=NRco, is kl/co and
Beth's measurement is sometimes referred to as the mea-
surement of the spin angular momentum of the photon.
The purpose of this paper is to investigate whether a

Gaussian mode may be said to possess orbital angular
momentum and to propose a study of the mechanical
consequences which might then arise. The amplitude of
a Laguerre-Gaussian mode has an azimuthal angular
dependence of exp( it/), —where I is the azimuthal mode
index. Analogy between quantum mechanics and paraxi-
al optics [7] suggests that such modes are the eigenmodes
of the angular momentum operator L, and carry an or-
bital angular momentum of lA per photon. The trans-
verse amplitude distribution of laser light is usually de-
scribed in terms of a product of Hermite polynomials
H„(x)H (y ) and associated with TEM„modes.
Laguerre polynomial distributions of amplitude, TEM&I
modes, are also possible but occur less often in actual
lasers. This allows the analogy with quantum mechanics
to be stressed even more strongly. It is well known [8]
that the one-dimensional quantum-mechanical harmonic
oscillator has a solution in the form of a Hermite polyno-
mial and that in two dimensions the solutions may be
written as Laguerre polynomials with energy
( n +m + I )fico, while the eigenvalue of the two-
dimensional angular momentum operator is (n —m )fi. It
seems likely, therefore, that TEM I modes possess well-
defined orbital angular momenta.

FIG. 1. (a) A suspended A, /2 birefringent plate undergoes
torque in transforming right-handed into left-handed circularly
polarized light. (b) Suspended cylindrical lenses undergo torque
in transforming a Laguerre-Gaussian mode of orbital angular
momentum —lh per photon, into one with +IA per photon.

II. ORBITAL ANGULAR MOMENTUM
OF A LAGUERRE-GAUSSIAN MODE

The angular momentum density associated with the
transverse electromagnetic field may be shown [2] to be

M=eor X(EXB)

45 8185 1992 The American Physical Society

Vortex beams have quantised OAM levels

Vortex light beam

OAM light beam with 𝓵 = 2
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wave function and phase-fronts of a vortex electron beam
B. J. McMorran et al., Science ’11; K. Bliokh et al., Phys. Rep. ’17.

Vortex quantum electron wave-packets
Opening new research avenues in hadronic physics

Ratio of angular momentum flux to 
longitudinal momentum

Lz

pz
=

`

kz

Produced at non-relativistic velocities but were never accelerated. 
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Conclusions and future perspectives

Twisted light is a major research topic in optics and photonics
Multiple applications include optical communications, astrophysics, microscopy, matter 
manipulation, quantum computing and now plasma acceleration

OAM light beams are promising drivers for plasma accelerators 
Enable to exploit a new and distinctive feature of plasma accelerators: the topological 
freedom on the acceleration structures

Generation of relativistic beams with new properties
Electrons with angular momentum positron acceleration. Opportunities for radiation?
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Thank you!
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Visualising the nano-world
Super-resolution microscopy

1 μm

Image taken from: https://svi.nl/STEDMicroscopy

Stefan W. Hell and Jan Wichmann, Optics Lett. 19 780 (1994).
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double helix - OAM (l) is 2

The Orbital Angular Momentum (OAM) of light
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Interesting examples of double helixes

Chateau de Chambord

adapted from M. Padgett et al.
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