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The recognition in the 1990s that light beams with a helical phase front have orbital angular momentum has benefited
applications ranging from optical manipulation to quantum information processing. Recently, attention has been directed
towards the opportunities for harnessing such beams in communications. Here, we demonstrate that four light beams with
different values of orbital angular momentum and encoded with 42.83 4 Gbit s21 quadrature amplitude modulation
(16-QAM) signals can be multiplexed and demultiplexed, allowing a 1.37 Tbit s21 aggregated rate and 25.6 bit s21 Hz21

spectral efficiency when combined with polarization multiplexing. Moreover, we show scalability in the spatial domain
using two groups of concentric rings of eight polarization-multiplexed 203 4 Gbit s21 16-QAM-carrying orbital angular
momentum beams, achieving a capacity of 2.56 Tbit s21 and spectral efficiency of 95.7 bit s21 Hz21. We also report data
exchange between orbital angular momentum beams encoded with 100 Gbit s21 differential quadrature phase-shift keying
signals. These demonstrations suggest that orbital angular momentum could be a useful degree of freedom for increasing
the capacity of free-space communications.

A
ngular momentum, sometimes described as the rotational
analogue of linear momentum, is one of the most funda-
mental physical quantities in both classical and quantum

mechanics1. Angular momentum can be divided into spin angular
momentum (SAM) and orbital angular momentum (OAM) in
paraxial beams2,3. SAM is associated with photon spin and mani-
fested as circular polarization, as anticipated by Poynting in 19094

and demonstrated by Beth in 19365. In contrast, OAM is linked to
the spatial distribution2. It was shown by Allen in 19926 that heli-
cally phased beams comprising an azimuthal phase term exp(iℓu),
have an OAM of ℓh per photon (where ℓ is topological charge, u
is azimuthal angle, and h is Plank’s constant h divided by 2p).
OAM is a natural property of various types of helically phased
beams, ranging from electron beams to radio waves7–15. It has
given rise to many developments in optical manipulation, optical
trapping, optical tweezers, optical vortex knots, imaging, astronomy
and quantum information processing7,8,16–27.

In addition to these established areas, OAM has recently seen
applications in free-space information transfer and communi-
cations28. In contrast to SAM, which has only two possible values
of +h, the theoretically unlimited values of ℓ, in principle,
provide an infinite range of possibly achievable OAM states. OAM
therefore has the potential to tremendously increase the capacity
of communication systems, either by encoding information as
OAM states of the beam or by using OAM beams as information
carriers for multiplexing28–36. In this Article, we consider the latter
option of using OAM beams for multiplexing, which can be
regarded as the analogue of various other multiplexing technologies
in optical fibre communications, such as wavelength-division multi-
plexing (WDM)37–39, optical time-division multiplexing (OTDM)40,
polarization-division multiplexing (PDM)37–41, spatial-division
multiplexing (SDM)41 and mode-division multiplexing (MDM)42.

Note that recent advances in optical communication systems in
relation to multilevel amplitude/phase modulation formats, coherent
detection and electronic digital signal processing have facilitated dra-
matic increases in capacity and spectral efficiency37–43. Hence, a valu-
able goal would be to use OAM beams to carry information with
multilevel amplitude/phase modulation formats, resulting in yet
another increase of capacity and spectral efficiency, gained by the mul-
tiplexing of OAM beams. Moreover, when using OAM beams to carry
different data information, a potentially desirable operation for flexible
data processing would be data exchange between OAM beams.

Here, we demonstrate multiplexing/demultiplexing of four
polarization-multiplexed (pol-muxed) OAM beams, each carrying a
42.8× 4 Gbit s21 (4 bits per symbol) quadrature amplitude modu-
lation (16-QAM) signal, thereby achieving a capacity of 1,369.6
(42.8× 4× 4× 2) Gbit s21 (4 bits per symbol for the 16-QAM,
with 4 OAM beams and 2 polarization states) with a spectral
efficiency of 25.6 bit s21 Hz21 (50 GHz grid). Moreover, we show
scalability in the spatial domain using two groups of concentric
rings of eight pol-muxed OAM beams, each carrying a 20×
4 Gbit s21 16-QAM signal, for which a capacity of 2,560 (20× 4×
8× 2× 2) Gbit s21 (4 bits per symbol for the 16-QAM, with 8
OAM beams, 2 polarization states and 2 groups of concentric rings)
is achieved together with a spectral efficiency of 95.7 bit s21 Hz21

(25 GHz grid). Finally, we demonstrate data exchange between two
OAM beams, each carrying a 100 Gbit s21 differential quadrature
phase-shift keying (DQPSK) signal.

Multiplexing of information-carrying OAM beams
Figure 1a,b presents a schematic representation of the generation and
back-conversion of an information-carrying OAM beam, where a
light beam with OAM serves as a carrier of information, which
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emerges in a multilevel amplitude/phase modulation format (for
example, 16-QAM). A spiral phase mask (for example, ℓ¼þ4;
Fig. 1a) converts a planar phase front into a helical one, resulting
in the generation of an information-carrying OAM beam from an
information-carrying Gaussian beam. Conversely (Fig. 1b), an
inverse spiral phase mask (for example, ℓ¼ –4) recovers an
information-carrying beam with a planar phase front from an
information-carrying OAM beam with a helical phase front.
Owing to their inherent orthogonality, OAM beams can be used to
enable a variety of optical communication applications, such as
multiplexing/demultiplexing of information-carrying OAM beams
to achieve an increase in capacity and spectral efficiency, and data
exchange between OAM beams for flexible data processing.

A conceptual diagram of the multiplexing/demultiplexing of
OAM beams is presented in Fig. 1c. In optical communications,

OAM can be considered as an additional degree of freedom,
where the multiplexing of information-carrying OAM beams
provides yet another dimension in the ever-continuing effort to
increase the capacity and spectral efficiency of communication
links. The capacity and spectral efficiency can be increased further
by making use of polarization multiplexing. For example, as
shown in Fig. 1c, four Gaussian beams carrying four independent
channels of data information (Data1X, Data2X, Data3X, Data4X)
are transformed into four OAM beams (OAM1, OAM2, OAM3,
OAM4) for multiplexing by adding spiral phase masks with differ-
ent charges (ℓ¼þ4, þ8, 28, þ16). Upon propagation, the inten-
sity profiles of these OAM beams develop ‘doughnut’ shapes,
consisting of bright rings with no intensity at the centre (third
column, left panel of Fig. 1c). The multiplexing of OAM beams
can be considered as a form of spatial multiplexing of beams. By
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Figure 1 | Concept and principle. a, Generation of an information-carrying OAM beam with a helical phase front. b, Recovery of an information-carrying

beam with a planar phase front. c, Multiplexing/demultiplexing of information-carrying OAM beams together with polarization multiplexing/demultiplexing

(middle panel). For multiplexing, OAM beams with ‘doughnut’-shaped intensity profiles (left panel, third column) are spatially multiplexed. For demultiplexing,

one of the OAM beams is converted into a beam with a high intensity at the centre (right panel, second column), which can be separated from other

updated OAM beams with ‘doughnut’ shapes (right panel, third column) by spatial filtering. 16-QAM, quadrature amplitude modulation; Mux, multiplexing;

Demux, demultiplexing; Pol-muxed, polarization-multiplexed.
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introducing polarization multiplexing, four more independent
channels of data information (Data1Y, Data2Y, Data3Y, Data4Y)
can be carried by the same OAM beams (OAM1, OAM2, OAM3,
OAM4). As a result, four pol-muxed OAM beams can allow for
the multiplexing of eight independent channels of data information
on the same wavelength (Fig. 1c, middle panel), which provides an
eightfold improvement in capacity and spectral efficiency. It is
expected that multiplexing OAM beams, in combination with polar-
ization multiplexing, will increase the capacity and spectral effi-
ciency by a factor of 2N, where N is the number of OAM beams.
To demultiplex an OAM beam (ℓ) of interest, an inverse spiral
phase mask with a specified charge (2ℓ) is used to remove the azi-
muthal phase term exp(iℓu) of the OAM beam, which is therefore
converted back to a beam with a planar phase front. This beam
has a bright high-intensity spot at the centre (second column,
right panel of Fig. 1c), which is separable from other OAM beams
with updated charges and ‘doughnut’ shapes (third column, right
panel of Fig. 1c) by means of spatial filtering.

Figure 2 presents a block diagram of the experimental set-up
(see Supplementary Section I for implementation details). Four
Gaussian beams (1,550.12 nm) with planar phase fronts, each carry-
ing a 16-QAM signal, are converted into four OAM beams (for

example, OAM
þ4 , OAMþ8 , OAM28 , OAMþ16) with helical phase

fronts by adding different spiral phase masks using four reflective
nematic liquid-crystal-based spatial light modulators (SLMs). The
SLMs have dimensions of 7.68× 7.68 mm, 512× 512 pixels, a wave-
length range of 1,505–1,650 nm, and a fast response (,20 ms),
providing phase modulation for linearly polarized light with a high
efficiency of 90–95%. After multiplexing of the OAM beams using
non-polarizing beamsplitters and polarization multiplexing with
polarizing beamsplitters, a significant increase in capacity and spec-
tral efficiency can be achieved as a result of the combined use of a
multilevel amplitude/phase modulation format (16-QAM) and
degrees of orbital angular momentum and polarization. The OAM
beams propagate in free space over a metre-length scale. For demul-
tiplexing, the pol-muxed OAM beams are first polarization-demulti-
plexed by a polarizer. Another SLM, loaded with a specific spiral
phase mask, is then used to demultiplex one of the OAM beams
back to a beam with a planar phase front for coherent detection.

We first demonstrate the multiplexing/demultiplexing of
four OAM beams (OAM

28 , OAM
þ10 , OAM

þ12 , OAM
214)

(Supplementary Section II). The polarization multiplexing stage
in Fig. 2 is not used. Figure 3 shows the experimental and theoretical
results. The observed intensity profiles of four OAM beams are

16-QAM-carrying
Gaussian beams

Generation of
OAM beams

OAM+4 OAM+8 OAM−8 OAM+16

Multiplexing of
OAM beams

Polarization
multiplexing

SLM

Polarizing
beamsplitter

Non-polarizing
beamsplitter

y-pol.

x-pol.

Polarizer

Free-space propagation

Polarization
demultiplexing

SLM

Demultiplexing
of OAM beams

Coherent
detection

Helical phase fronts

Constellation

Constellation

Q

I

Q

I

Figure 2 | Block diagram of the experimental set-up. Multiplexing/demultiplexing of information-carrying OAM beams.
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presented in Fig. 3a1–a4, and have ‘doughnut’ shapes. Figure 3a5
shows the observed superposition of the four OAM beams after
multiplexing. To verify the charge of the generated OAM beams,
interference between each OAM beam and a Gaussian beam refer-
ence is recorded, resulting in the interferograms in Fig. 3b1–b4. In
these interferograms, the number of twists indicates the magnitude
of ℓ, with the sign implied by the twist direction. The observed inter-
ferograms indicate that the four OAM beams for multiplexing are
OAM

28 , OAMþ10 , OAMþ12 and OAM
214. Figure 3c1–c3 shows

an example of the demultiplexing of an OAM beam (OAM
28).

Shown in Fig. 3c1 is the observed intensity profile (with a bright
high-intensity spot at the centre) of the back-converted beam from
the OAM

28 beam with other OAM beams blocked (without cross-
talk). The crosstalk of the demultiplexing is shown in Fig. 3c2 as
the OAM

28 beam is blocked and other OAM beams are on.
Negligible intensity is observed near the centre. When all OAM
beams are on (with crosstalk), the observed intensity profile is as
shown in Fig. 3c3, and includes crosstalk from the other OAM
beams. Spatial filtering is expected to remove the crosstalk surround-
ing the centre of the back-converted beam. We also theoretically
analyse the multiplexing/demultiplexing of OAM beams using an
angular-spectrum propagation method, with the same parameters
as those adopted in the experiment (Supplementary Sections II,
SV). The simulation results are depicted in Fig. 3d1–d5,
e1–e4,f1–f3, and are in good agreement with the corresponding exper-
imental results of Fig. 3a1–a5,b1–b4,c1–c3.

For the multiplexing/demultiplexing of information-carrying
OAM beams, measured spectra for back-converted beams from

different 10.7× 4 Gbit s21 16-QAM-carrying OAM beams are
shown in Fig. 3g. These spectra overlap with one another, occupying
the same bandwidth. A power suppression of ≏30 dB is achieved at
an offset frequency of 12.5 GHz from the centre. For 10.7×
4 Gbit s21 16-QAM signals over four OAM beams (12.5 GHz
grid38), a capacity of 171.2 (10.7× 4× 4) Gbit s21 is obtained,
with a spectral efficiency of 12.8 bit s21 Hz21, including the 7%
forward error correction (FEC) overhead. The plots in Fig. 3h are
bit-error rate (BER) curves for demultiplexing of the OAM beams
without and with crosstalk (using OAM

28 and OAM
214 as

examples). An optical signal-to-noise ratio (OSNR) penalty of
,1.2 dB at a BER of 2× 1023 (enhanced FEC (EFEC) threshold)
is measured without crosstalk. With crosstalk, a ,2.2 dB OSNR
penalty is observed at the same BER.

We also demonstrate the multiplexing/demultiplexing of four
pol-muxed OAM beams (OAM

þ4, OAMþ8 , OAM28 and OAM
þ16)

(Supplementary Section III). Figure 4a1–a4 presents the observed
intensity profiles of four pol-muxed OAM beams with ‘doughnut’
shapes, and Fig. 4a5 shows the intensity profile for four superposed
pol-muxed OAM beams. Interferograms are measured to indicate
the charge of the OAM beams (Fig. 4b1–b4), from which it is verified
that the four pol-muxed OAM beams for multiplexing are OAM

þ4 ,
OAM

þ8 , OAM28 and OAM
þ16, respectively. Figure 4c presents the

measured spectra for demultiplexing (OAM
þ4 , OAMþ16) from four

pol-muxed OAM beams (eight channels in total), with each
channel carrying a 42.8× 4 Gbit s21 16-QAM signal. A power sup-
pression of ≏30 dB is achieved at a frequency offset of 50 GHz from
the centre. A spectral efficiency of 25.6 bit s21 Hz21 is therefore
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obtained for a total capacity of 1,369.6 (42.8× 4× 4× 2) Gbit s21,
that is, 42.8× 4 Gbit s21 16-QAM signals over four pol-muxed
OAM beams (50 GHz grid37), including the 7% FEC overhead.
Figure 4d1,d2 plots the measured BER curves for the demultiplexing
of pol-muxed OAM beams along the x- and y-polarizations without
(x- or y-polarization of only one pol-muxed OAM beam is on) and
with (all four pol-muxedOAMbeams are on) crosstalk.OSNRpenalties
of,1.5 dBwithout crosstalk and,3.0 dBwith crosstalk are observed at
a BER of 2× 1023.

The scalability of multiplexing/demultiplexing OAM beams
in the spatial domain (Supplementary Section IV) is also demon-
strated. Two groups of OAM beams with the same charges but
different beam sizes—that is, one group (outer rings) is expanded
compared to the other (inner rings)—can be spatially multiplexed

together as concentric rings (Fig. 4e). Figure 4f1 presents
the observed intensity profile for the two multiplexed groups of
concentric rings of eight pol-muxed OAM beams (OAM+10,
OAM+12, OAM+14, OAM+16). Spatial filtering is used to enable the
demultiplexing of the two groups of concentric rings. The intensity
profiles of the demultiplexed inner and outer rings are shown in
Fig. 4f2,f3, respectively. Figure 4g shows typical spectra for
demultiplexing (OAM

212 beam, x-polarization, in outer rings) two
groups of concentric rings of eight pol-muxed OAM beams (that is,
32 channels in total), with each channel carrying a 20× 4 Gbit s21

16-QAM signal. A power suppression of ≏30 dB is obtained at
a 25 GHz frequency offset from the centre. A spectral efficiency
of 95.7 bit s21 Hz21 is therefore achieved for a capacity of 2,560
(20× 4× 8× 2× 2) Gbit s21, that is, 20× 4 Gbit s21 16-QAM
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signals over eight pol-muxedOAMbeams in two groups of concentric
rings (25 GHz grid39), with a 7% FEC overhead. All 32 channels can
achieve a BER of ,2× 1023. The measured OSNR penalties at a
BER of 2× 1023 due to the crosstalk of (de)multiplexing are depicted
in Fig. 4h, with the average OSNR penalties for the inner and outer
rings being 2.7 and 3.6 dB, respectively.

Data exchange between OAM beams
Figure 5a illustrates conceptually the data exchange between
OAM beams. Two superposed OAM beams (OAMℓ1 , OAMℓ2),
each carrying different data information (signal A, signal B), shine
on a reflective-type SLM loaded with a spiral phase mask with a
charge of ℓR¼2(ℓ1þ ℓ2). After reflecting off the SLM, this phase
mask adds an azimuthal phase term exp(iℓRu) to the two OAM
beams and converts them into OAM

2ℓ2 and OAM
2ℓ1 , which are

further transformed into OAMℓ2 and OAMℓ1 due to reflection of
the SLM, which flips the charge sign44. As a result, data exchange
between two OAM beams is implemented. For another input of
two OAM beams with varied charges, reconfigurable data exchange
is available by updating the phase mask loaded into the reflective-
type SLM. Figure 5a presents an example of data exchange
between DQPSK-carrying OAM beams (OAM

þ8 , OAMþ6).
The observed intensity profiles of the two OAM beams before

exchange and their superposition are presented in Fig. 5b1–b3.
The interferograms in Fig. 5c1,c2 indicate that the charges of the

two OAM beams before exchange are þ8 and þ6. Figure 5d1–d3
shows the intensity profiles of the OAM beams and their superposi-
tion after exchange. The interferograms in Fig. 5e1,e2 verify that the
charges of two OAM beams after exchange become þ6 and þ8
(Supplementary Section I). Figure 5f1,f2,g1,g2 presents measured
results for the reconfigurable data exchange between another two
OAM beams (OAM

þ10 and OAM
þ6) by updating the spiral phase

mask loaded into the SLM.
Figures 6a1,a2 plots measured BER curves for data exchange

between two 100 Gbit s21 return-to-zero DQPSK (RZ-DQPSK)
carrying OAM beams (OAM

þ8 and OAM
þ6), with a power

penalty of ,2.1 dB at a BER of 1× 1029. Measured BER curves
for a reconfigurable data exchange between another two OAM
beams (OAM

þ10 and OAM
þ6) are shown in Fig. 6b1,b2, with a

power penalty of ,1.9 dB at a BER of 1× 1029. We measure the
temporal waveforms and balanced eyes of the demodulated in-
phase (Ch. I) and quadrature (Ch. Q) components of
100 Gbit s21 RZ-DQPSK signals. As shown in Fig. 6c, the observed
temporal waveforms confirm the successful implementation of data
exchange between the two OAM beams (OAM

þ10 and OAM
þ6).

Discussion
These proof-of-concept experiments demonstrate the multiplex-
ing/demultiplexing of information-carrying OAM beams for
terabit free-space data transmission, as well as data exchange
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between OAM beams for flexible data processing. Although a short
free-space link over a metre-length scale is shown here, further
improvements might lead to the use of OAM as an additional
degree of freedom with a view to achieving high-capacity and
high-spectral-efficiency optical communication systems.
Additionally, the techniques demonstrated here are generally
orthogonal to other multiplexing techniques; for example,

each wavelength in WDM signals can contain multiple
OAM beams34.

For free-space propagation, a key challenge is the sensitivity of
the spatial structure of light to atmospheric conditions such as
turbulence45,46. There may be solutions that overcome these pro-
blems using adaptive optics (for example, the phase correction
method)47. For short distances (≏km) the harmful effects of
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atmospheric turbulence can be tolerated or compensated.
Accordingly, information-carrying OAM multiplexing might be
used in practical free-space propagation systems to achieve high
transmission capacity in combination with other degrees of
freedom, such as polarization and wavelength multiplexing. In
addition, information-carrying OAMmultiplexing could potentially
be used in future deep-space and near-Earth optical communi-
cations, where some alternative approaches, using low-density
parity-check (LDPC) codes, together with multiple-input mul-
tiple-output (MIMO) and equalization techniques, might be con-
sidered to deal with the atmospheric turbulence30.

In addition to free-space propagation, another area of potential
interest would be to transmit OAM beams in fibre. Although
regular fibres might not guide OAM beams stably because of
intermodal couplings, some recent reports have shown potential sol-
utions using a specially designed fibre with high-index annular
rings48,49. For example, the transmission of OAM states of light
through 0.9 km of specially designed fibre has been reported49. In
the future, fibre-based transmission of multiplexed information-car-
rying OAM beams might provide an opportunity to increase the
capacity of optical fibre transmission systems.

Methods
Generation of information-carrying OAM beams. An OAM beam U(r,u) can be
formed by attaching a spiral phase mask (exp(iℓu)) to a Gaussian beam8,

U(r, u) = A(r) · exp(iℓu) (1)

where A(r)/ exp(−r2/v2
0) is the complex electric field amplitude at the waist of the

Gaussian beam, r is the radial distance from the centre axis of the Gaussian beam,
v0 is the waist size, ℓ is the topological charge of the OAM, and u is the azimuthal
angle. Such an OAM beam has a helical phase structure, with its wavefronts
resembling an ℓ-fold corkscrew (Fig. 1a). When encoded with data information,
the information-carrying OAM beam (US(r,u,t)) can be described as

US(r, u, t) = S(t) · A(r) · exp(iℓu) (2)

where S(t) is the applied data information. Clearly, an inverse spiral phase mask,
exp[i (2ℓ)u], can remove the azimuthal phase dependence of an OAM beam, as
shown in Fig. 1b.

Multiplexing/demultiplexing of information-carrying OAM beams. For the
multiplexing of N information-carrying OAM beams (USp(r, u, t)¼ Sp(t) . Ap(r) .

exp(iℓpu), p¼ 1, 2, 3, . . . , N), the resultant field is given by

UMUX(r, u, t) =
∑N

p=1

Sp(t) · Ap(r) · exp(iℓpu) (3)

where Ap(r) can be identical or distinct for different p. Although N OAM beams are
superposed on one another, each OAM beam carrying its own data information is,
in principle, distinguishable from the others due to its unique orbital angular
momentum. Furthermore, the propagation through free space and spherical lenses
does not modify the orbital angular momentum of the individual OAM beam50.
Hence, the field of the received (Rx) superposed OAM beams can be written as

URx
MUX(r, u, t) =

∑N

p=1

Sp(t) · A
Rx
p (r) · exp(iℓpu) (4)

For the demultiplexing of information-carrying OAM beams, an inverse spiral phase
mask exp[i(2ℓq)u] is used to transform the superposed OAM beams as follows:

UDEMUX(r, u, t) = exp[i(−ℓq)u] ·
∑N

p=1

Sp(t) · A
Rx
p (r) · exp(iℓpu)

= Sq(t) · A
Rx
q (r) +

∑N

p=1, p=q

Sp(t) · A
Rx
p (r) · exp(i ℓ

′

pu)

(5)

where ℓp
′
¼ ℓp2 ℓq. It is easily seen that only one of the superposed information-

carrying OAM beams (charge, ℓq) is converted back to a beam with the azimuthal
phase term removed. The others are still OAM beams, but with updated charge
values from ℓp to ℓp

′ . After free-space propagation and transmission through a

spherical lens, the back-converted beam forms a bright high-intensity spot,
separable from the other OAM beams, which have ‘doughnut’ shapes with no
intensity at the centre.

Data exchange between OAM beams. For data exchange between two OAM beams,
a specified spiral phase mask, exp[i[2(ℓ1þ ℓ2)]u], converts two information-
carrying OAM beams

US1(r, u, t) = S1(t) · A1(r) · exp(iℓ1u) (6a)

US2(r, u, t) = S2(t) · A2(r) · exp(iℓ2u) (6b)

into

U
Tmp
S1 (r, u, t) = exp[i[−(ℓ1 + ℓ2)]u] · S1(t) · A1(r) · exp(iℓ1u)

= S1(t) · A1(r) · exp[i(−ℓ2)u]
(7a)

U
Tmp
S2 (r, u, t) = exp[i[−(ℓ1 + ℓ2)]u] · S2(t) · A2(r) · exp(iℓ2u)

= S2(t) · A2(r) · exp[i(−ℓ1)u]
(7b)

Under reflection from a reflective-type SLM, equations (7a) and (7b) are further
transformed into44

UEx
S1 (r, u, t)/ S1(t) · A1(r) · exp(iℓ2u) (8a)

UEx
S2 (r, u, t)/ S2(t) · A2(r) · exp(iℓ1u) (8b)

By comparing equations (6a) and (6b) with equations (8a) and (8b), we confirm the
implementation of data exchange between two OAM beams.

Received 26 January 2012; accepted 14 May 2012;

published online 24 June 2012

References
1. Mandel, L. &Wolf, E.Optical Coherence and Quantum Optics (Cambridge Univ.

Press, 1995).
2. Jackson, J. D. Classical Electrodynamics (Wiley, 1962).
3. Cohen-Tannoudji, C., Dupont-Roc, J. & Grynberg, G. Photons and Atoms:

Introduction to Quantum Electrodynamics (Wiley, 1989).
4. Poynting, J. H. The wave motion of a revolving shaft, and a suggestion as to the

angular momentum in a beam of circularly polarised light. Proc. R. Soc. Lond. A
82, 560–567 (1909).

5. Beth, R. Mechanical detection and measurement of the angular momentum of
light. Phys. Rev. 50, 115–125 (1936).

6. Allen, L., Beijersbergen, M. W., Spreeuw, R. J. C. & Woerdman, J. P. Orbital
angular momentum of light and the transformation of Laguerre–Gaussian laser
modes. Phys. Rev. A 45, 8185–8189 (1992).

7. Franke-Arnold, S., Allen, L. & Padgett, M. Advances in optical angular
momentum. Laser Photon. Rev. 2, 299–313 (2008).

8. Yao, A. M. & Padgett, M. J. Orbital angular momentum: origins, behavior and
applications. Adv. Opt. Photon. 3, 161–204 (2011).

9. Uchida, M. & Tonomura, A. Generation of electron beams carrying orbital
angular momentum. Nature 464, 737–739 (2010).

10. McMorran, B. J. et al. Electron vortex beams with high quanta of orbital angular
momentum. Science 331, 192–195 (2011).

11. Sasaki, S. & McNulty, I. Proposal for generating brilliant X-ray beams carrying
orbital angular momentum. Phys. Rev. Lett. 100, 124801 (2008).

12. Marrucci, L., Manzo, C. & Paparo, D. Optical spin-to-orbital angular
momentum conversion in inhomogeneous anisotropic media. Phys. Rev. Lett.
96, 163905 (2006).

13. Turnbull, G. A., Roberson, D. A., Smith, G. M., Allen, L. & Padgett, M. J. The
generation of free-space Laguerre–Gaussian modes at millimetre-wave
frequencies by use of a spiral phaseplate. Opt. Commun. 127, 183–188 (1996).
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