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ABSTRACT

The development of optical modes with intrinsic structure has significantly redirected attention to the established concept
and fundamental physics of the photon. In particular, to accommodate the modal structure of beams with transverse
structure, two aspects of conventional representation invite special modification: the mathematical formulations, and
figurative depictions. Reappraisals of the former highlight known deficiencies in simple plane wave mode expansions, at
the price of associating the properties of individual quanta with macroscopic beam parameters wrought by the physical
optics. Experimental proofs that such features do indeed reside in individual photons lead to conceptual problems, yet it
is clear that alternative viewpoints engender still deeper difficulties. Such quandaries are also evident in the variety of
diagrammatic representations used for structured radiation. Though such depictions cannot ever adequately represent the
quantum physics, their incautious use can become seriously misleading, misrepresenting the underlying mathematics and
supporting wrong conclusions. This analysis aims to expose and underscore some issues that invite closer attention.
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1. INTRODUCTION

It is clearly evident, from the technical development history of optical modes with intrinsic wavefront and polarization
structure, that the accompanying and ensuing renaissance in laser optics has led to a remarkably broad reappraisal of the
established concept and physics of the photon.'* In order to accommodate forms of transverse beam structure, two aspects
of conventional representations in optics have invited special modification: the mathematical formulations, and figurative
depictions. Whilst a common focus of attention on the former quickly highlights well-known deficiencies and limitations
in the physical realism of simple plane wave mode expansions, resolution of these problems immediately raise a new,
specific difficulty in the quantum formulation: individual photons must represent quanta of modes that are defined by
macroscopic beam parameters, determined by the physical optics. As envisaged in original work on vortex beams,’ it now
appears incontrovertible that such features do indeed reside in individual photons,®!° since alternative viewpoints engender
still deeper problems. Nonetheless, in many respects the mathematics is the least problematic issue; the physics it
represents is often much less easy to grasp.!!

Quandaries of the latter kind are also evident from the literature on complex light, in which a wide variety of pictorial
representations can readily be found.!>!* In this respect, of course, there is no sense in attempting a visually meaningful
depiction of the photon itself, and even to graphically represent the associated electromagnetic fields is a challenge — since
in quantum optics those fields are operators, rather than simple vectors. Therefore it is logical that it is the beam structures
that are most commonly depicted: there is some utility in such representations although, even then, no such depiction can
adequately convey the underlying quantum physics. But it is notable that, individually, such illustrations will often reveal
or support simple intuitive suppositions — and these in turn may sustain inferences or subliminal prejudices that can lead
to an accidentally incorrect interpretation of the true physics, at the beam or photon level. This analysis aims to expose
and underscore some of the issues that appear to merit much closer attention.



2. CONCEPTUAL ISSUES

In its simplest consideration, the notion that photons in a beam of light might have a capacity to convey properties of the
beam structure could be considered straightforward, signifying no more than the discrete quantization of energy levels for
a corresponding radiation mode. Any complete set of modes should afford an acceptable basis for the radiation field, just
as the plane waves that are more routinely deployed. Indeed, detailed calculations show that the quantum features of
Laguerre-Gaussian (LG) modes, for example, can be developed in an exactly similar way.!> Nonetheless the mathematical
premise for such a view quite evidently fails to satisfy physical intuition, for it is at least curious to consider that each
individual photon might convey precisely representative values for properties of an entire whole beam — such as its radial
structure, for example. The implications of such a view seem to surface more as a conceptual problem for vortex modes
than, say, Hermite Gaussian or TEM modes — perhaps because vortices convey the more obviously ‘tangible’ property of
orbital angular momentum. It is therefore not surprising, in consequence of such problems with structured light, that the
distinct impression from casual users of the photon concept has often seemed to be that phenomena such as interference,
or for example experiments involving sorting by topological charge, directly exhibit beam structure through classical forms
of interaction — the notion that the same principles would operate at the photon level, remaining at best a logical inference.

However, experiments unequivocally show that individual photons can and do convey information on beam structure®!? —
a feature that is of course of overriding importance in the pursuit of optical communication and quantum information and
applications.!®?* Although any direct measurement of an individual photon can only collapse a corresponding radiation
state, experimental evidence clearly suggests that each photon itself exists, or exerts an influence at any instant in time it
may engage with matter, over an extended region of space. It is a mistake to think that the pathway of any individual
photon can properly be represented by a single infinitely thin line, as in ray optics. One of the clear results from Young’s
slits experiment is that when individual photons arrive at the screen they exhibit the effects of a superposition of trajectories
from positions that are spatially separated by a distance large compared to the wavelength. In the same connection it is
worth observing that those positions are also displaced in time from any point on the screen by different amounts. This
also explains how an individual photon in a Laguerre Gaussian mode, or any other structured mode, can convey information
from a source such as a spatial light modulator, whose programmed phase information spans pixels across distances much
larger than the wavelength. It is therefore not unreasonable to consider that even a single photon in some sense ‘occupies’
the whole propagating transverse area of the beam. How else can a photon captured in an outer region still carry
information connected with orbital angular momentum about the beam axis?

3. PROPAGATION PHYSICS AND ITS REPRESENTATION

The above considerations should inform choice amongst the various forms of diagrammatic construction intended to
visually convey the nature of structured light. It is worth being aware of the background dominance — not exclusively
carried over from introductory ray optics — of the concept of an infinitesimally thin route for each photon, in any beam of
light in free space — which intuitively couples with the dictum that light travels in (or defines) a straight line. Even though
we might not actively defend the detail of such a description, its essentially one-dimensional notion may subliminally
permeate visualizations. The erroneous aspects of its foundation represent a falsehood that has not yet been fully dissipated,
even by the enhanced focus on structural beam singularities. In fact, the problem here has a much broader basis, for even
the plane waves that are most often used as the basis for describing quantized radiation in free space are well known to be
unphysical. Defined in terms of an infinitely repeating set of planar wave-fronts, there is no uniquely definable orthogonal
axis to ascribe to a photon propagation vector. More specifically we can say that the Poynting vector, with which the
propagation is directly connected, is not anchored in the physical 3D space of linear dimensions — although, as an
expression of linear momentum density, it can indeed be defined at any given time, at any point or region within that space.
In short, momentum cannot be graphically represented by a vector portrayed in physical space — only in reciprocal
(momentum) space.

Even before addressing the particular difficulties associated with figurative representations of structured light — and in
particular any specifically quantum features — it is instructive to first consider a more familiar feature of optical radiation:



the depiction of polarization state. Commonly, this is presented as a representation of the electric field in a classical limit,
exhibiting a variation of the field with propagation distance z at a given instant in time, as for example shown in Fig. 1.
Useful as such depictions may be, they ought not to be conceived as showing any kind of physical displacement from the
propagation axis. Consider, for example, a plane-polarized electric field of amplitude Eo, classically expressible as E(z) =
Eo 7 cos kz, with k the magnitude of the wave-vector, and unit vector # denoting a field in the x-direction. It is worth
emphasizing that this formula does not signify any physical displacement in the x-direction; the directly corresponding
diagrammatic representation is a plot of the electric field magnitude Eo cos kz, not a distance in z: the ordinate units in SI
are Vm'!, not m. Any inference that there is indeed a physical oscillation in the x-direction, weaving back and forth across
the z-axis, can lead to unphysical speculations.?

Figure 1. Conventional classical representation of the mutually orthogonal electric and magnetic field vectors, E and B respectively,
and wave-vector k.

Now in the depiction of structured light, a more elaborate variety of pictorial devices is employed. Two of the most
important — each of them potentially misleading in detailed implementation — are representations of progressing wavefront
and phase. There is indeed a connection; a wavefront is simply a surface of constant phase. Depictions of wavefront
structure overcome many of the difficulties of pictorially representing local Poynting vectors; the latter may correctly be
interpreted as being directed along local normals to the wave-front, even though their magnitudes are incommensurate with
spatial representation. The local values of the Poynting vector (energy current density) are given by E(r) x B(r) €9, where
the local electric and magnetic fields are E(r) and B(r), respectively, at a position r. 2° In this connection, an optical vortex
may be considered as light with a helically formed wavefront. Visually compelling as they may appear, the multi-colored
helical surfaces often used to represent optical vortices are mostly misleading — especially where phase is depicted with
color-coding. The wavefront is manifest as a moving surface in real three-dimensional space. When both polarization
state and wavefront structure are shown together, their entirely different physical senses therefore need to be kept in mind.

Since an optical wavefront has same instantaneous phase everywhere, then for twisted light — just as for any other, simpler
form — there is one wavelength in distance between successive intercepts on any parallel along the z direction. This means
that the wavefront surface for an optical vortex with a phase factor €™? comprises m interwined helical surfaces, each
separated in distance from its nearest neighbor by one wavelength — see Fig. 2. At a distance r from the axis, the pitch
angle @ of the helicoidal surface normal is correspondingly set as shown in Fig. 3. While some reports cast the pitch
angle as @ =m/kr 23, this cannot be correct since it implies & > 7/2 for large enough m — which would signify a reversal
of handedness. The correct form of the relationship is tan & = m/kr , correctly leading to € =0 for m=0 (and 6 — 7/2
for m — o« ).2 Moreover, the usual form of expression is consistent with the small angle limit of the tangent. Of course
the singular nature of the beam means there is zero intensity along the axis where » = 0. (Note that both forms of result
for the pitch angle dictate that the Poynting vector has an increasing transverse, ‘inwardly’ directed, component with
increasing distance from the beam axis — signifying a transverse curvature that is seldom correctly represented in figurative
illustrations. More often, a constant inward component is wrongly indicated.) Thus, for positions close to the beam axis,



an uncertainty in measurability of the angular distinction between locally oriented wave-vectors, is asymptotically
proportional to m™!. Since the orbital angular momentum per photons is m#, this deduction is entirely consistent with the
angle-angular momentum uncertainty principle for structured light.>
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Figure 2. Propagation of a plane polarized optical vortex. Here, the left-handed helical wave-front has a topological charge m = 3

signifying a wave-front comprising three intertwined helical surfaces, each component completing one full rotation about the axis
over a span of three wavelengths. Adapted from ref. 3!

Figure 3. Axial, radial and azimuthal components of the local Poynting vector, -, k- and kg4 respectively, and the pitch angle 6.

Depictions of optical phase ought in principle to offer better scope for meaningful depiction, since phase is a scalar
quantity. Equally, however, there are still numerous pitfalls to avoid. As in all such depictions, it has first to be assumed
that what is represented by any 3D visualization illustrates the phase at a specific point in time — with a reminder that
greyscale representations cannot properly exhibit any continuity of phase. (Greyscale representations, shaded in density
across the interval (0, 27), manifest meaningless discontinuities where an azimuthal angle approaches 27 and the cycle
starts over: it is possible for color representations to overcome this problem with a color-coded progression running through
a circular spectrum — see Fig. 4(a) from ref.32). Optical phase is also, of course, only meaningful when registered against
a particular reference — the location of a source, for example, or the phase of another optical field, present in the same



locality. The issues of wavefront structure and phase variation across a beam become most intricate in the case of light
with azimuthal phase variation, such as LG and Bessel beams.? The rotation of phase around the propagation axis results
in a phase singularity there, with vanishing electric and magnetic fields. Despite the impossibility of adequate graphical
rendering, it is here worth recalling that vanishing fields and phase singularities are necessarily tempered by fundamental
principles of quantum uncertainty. The electromagnetic fields are never entirely zero, and even for populated radiation
modes there is always an uncertainty in phase connected with photon number.3*37 1In this respect, the overlay of a grey-
or white-scale mapping of intensity might better reflect the physically meaningful, measurable attributes of the optical
fields, as in the example shown in Fig. 4(b).>? One can go one stage further, depicting as a 3D density plot both phase and
intensity, around and along the beam, as in Fig. 4(¢). Mathematically coding such a representation is complicated by the
partial occlusion of one side of the beam by the other.
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Figure 4. (a) Color-coding of azimuthal optical phase; (b) Transverse phase, intensity weighted by radial distribution of intensity for
LGs,0 (m = 3) beam; (c) LG1,0 (m = 1) beam.

Figure 5. Vector bundle depiction of a vortex beam (m = 1). [Adapted from an original by S. Franke-Arnold]

It is easy to see the difficulties all this creates when one encounters depictions, whether textual or pictorial, of mode
structures such as Airy, Bessel, Laguerre-Gaussian or even ‘perfect’ vortex modes. As observed earlier, the Poynting
vector has a local direction at every point in space, though it is generally misleading to depict it as an arrow with linear
dimensions, on a representation of physical, laboratory-related space. Considering local direction alone, as in Fig. 5, still
produces an impression that the photons in any twisted beam are constantly heading out and away from the beam center.
While this should not be taken as suggesting that there has to be a unique focal point in such a beam, the alternative appears



to be a necessity for photons to constantly disappear from the beam and be replaced by others heading in for a glancing
fly-by. If radiation modes with different wave-vector are orthogonal in Fock space, in what sense could a photon in one
direction essentially turn into one travelling in a different direction? Posing the issue more carefully: if one were to think
of the Poynting vectors as straight lines of photon propagation, it would have to be concluded that photons keep coming
into and going out of existence all along the way — even in free space, in the absence of physical scattering.

Intriguingly, there is a flaw in the usually received commutation relation for the boson operators of distinct radiation modes,
i.e. [@a]=duw. This expression cast in terms of a Kronecker delta is in fact improper, as it contains a pair of indices that
do not refer to an orthogonal basis. Instead it should be written as a Dirac delta, [akﬂif'}(g”}”)il &' (k-k') 2938 Accordingly,
the physical implication is that for photon propagation over a distance significantly smaller than the optical wavelength 1
(i.e. ¥V <« A’), measurably straight line propagation is not ensured. The position-momentum uncertainty comes strongly
into play: over near-zone distances the photon essentially exhibits the character of a virtual particle. Any notional interplay
of population between modes with marginally different wave-vector might then even then be rephrased as a question on
the possibility of a superposition of offset mode states, with time-varying coefficients. Although such a representation
would clearly be cast in an ill-fitting basis, that might not itself represent a fundamental objection, nor even the necessity
to account for a discrete occupancy of each such mode: what is an insurmountable obstacle is the lack of any quantum
interaction to modify such mode occupancy by the creation and annihilation of corresponding photons. We can therefore
unambiguously dispense with the notion of any optical vortex as a continuously reforming vector bundle of plane waves.

4. MATTER MATTERS

Needless to say, in the absence of matter there is no mechanism for constant losses and gains between modes with different
wave-vectors. Wherever photon creation and annihilation operators are involved — as for example in the application of
any construct related to, or expressible in terms of, their commutation relation, interaction with matter has to be involved.
So it becomes evident that the multimode picture, suggestive of off-track modal superposition is very misleading; LG
photons are only created or annihilated through interaction with matter, when the twisted light is generated or detected. So
is there any genuine physical basis for a commonly used, naive description of photons in a vortex beam weaving around
the axis? Does this have any bearing on the vaunted possibility of departures from the usual speed of light?3*#! Tt is not
yet clear whether the correction described above might have any mathematical or interpretive bearing on the issue.

Ultimately, the only kinds of representation available to us — whether in theory or in visualizations — are those in which
the 3D fabric of our recognizable world engages with light through material interaction. All the key issues for quantum
phenomena have to be assessed through the lens of measurement. The meaningful registration of any photon requires
identification, which signifies annihilation through local material interaction — generally in an atomic location far smaller
than the wavelength. Generally, such detection produces a signal as a result of photon absorption that collapses the state:
we cannot then know or even confidently deduce behavior prior to that event. Often, a cumulative electronic response
emerges from the confluence of signals produced by individual photon absorption events. Atthe quantum level, the process
through which each photon is absorbed is represented by projecting the initial state of the system, material plus incoming
light, on to a final state in which the detector is in an excited state and the photon is spent. These system states are coupled
by an interaction operator. Crucially, even in the case of resonant response to a specific optical frequency, the state
projection can give a non-zero amplitude for a variety of optical states: in other words the measurement cannot be mode-
specific. The same is true, of course, for any input; no quantum detector can unequivocally resolve between modes of the
same frequency, other than by polarization or beam structure.

To tackle this problem, one strategy may be to deploy antenna arrays supporting the direct, mode-specific input/output
coupling with optical vortex radiation.*** Even such a delocalized array can do no more than respond to a corresponding
projection of the optical transverse mode structure; it cannot be unambiguously mode-specific in its response. Considering
photon absorption events in the electric-dipole approximation, then since the system response lacks any involvement of
the optical wave-vector, the process will fail to clearly differentiate between differently structured modes, other than



statistically in terms of relative photon flux in different transverse regions of the beam. The same applies to results
calculated in the minimal coupling representation, whose results have been shown to be identical to the electric dipole
results, once energy conservation is taken into account.* It is only by going to higher order electric or magnetic multipolar
transitions, beyond the electric or even magnetic dipole, that any sensitivity to the wave-vector comes into play: this is

indeed a topic of current research activity.
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