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Vector beams are inhomogeneously polarized optical fields with nonseparable quantumlike correlations
between their polarization and spatial components, and they hold tremendous promise for classical and
quantum communication across various channels, e.g., the atmosphere, underwater, and in optical fiber.
Here, we show that by exploiting their quantumlike features by virtue of the nonseparability of the field,
the decay of both the polarization and spatial components can be studied in tandem. In particular, we
invoke the principle of channel-state duality to show that the degree of nonseparability of any vector
mode is purely determined by that of a maximally nonseparable one, which we confirm using orbital
angular momentum (OAM) as an example for topological charges of � = 1 and � = 10 in a turbulent
atmosphere. A consequence is that the well-known cylindrical vector vortex beams are sufficient to predict
the behavior of all vector OAM states through the channel. Our method reveals interesting features about
the performance of various modes through the channel: the decay in vector quality decreases with an
increasing OAM value, even though the spread is higher for larger OAM modes. Our approach offers a
fast and easy probe of noisy channels, while at the same time revealing the power of quantum tools applied
to classical light.
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I. INTRODUCTION

Structured light has become topical of late [1], with
so-called cylindrical-vector-vortex (CVV) beams [2] tak-
ing center stage in numerous fundamental and applied
studies [3,4]. For example, they form a family of natural
solutions of free-space and optical waveguides and have
been used in optical trapping [5–7] and metrology [8], as
well as high-capacity classical [9–11] and quantum [12–
15] communication. To meet the demand of such grow-
ing applications, a plethora of generation methods have
emerged, including directly from lasers [16–18], or exter-
nally with liquid crystal q-plate technology [19], metasur-
faces [20,21], and spatial light modulators [22]. Detection
has likewise matured to include deterministic detectors
incorporating interferometers [23,24], mode sorters, [25]
or both [26], as well as fast digital Stokes measurements
[27–29] and direct measures of the nonseparability or vec-
tor quality factor [30,31], giving a quantitative measure of
how “vector” the vector beam is.

An open challenge in the context of classical and quan-
tum communication is the propagation of such modes
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through media exhibiting spatially dependent perturba-
tions. These might include thermal effects due to overheat-
ing of optical elements [32], rapid refractive-index fluctua-
tions in the atmosphere [33,34] and underwater [35], and in
optical fiber [36,37]. In particular, atmospheric turbulence
leaves the polarization of optical beams undisturbed while
the spatial components degrade rapidly, resulting in modal
scattering and therefore information loss [38–45]. Conse-
quently, information encoding with the spatial components
of light is restricted to only several kilometers [46,47]. In
the case of vector beams having coupled polarization and
spatial components, the polarization fields are indirectly
impacted [48], resulting in the decay of nonseparability or
“vectorness” [49].

Here, we exploit parallels between nonseparability of
vector beams and entanglement in quantum systems [49–
56] to deploy a quantum toolkit for the study of vector
beams in atmospheric turbulence. We recognize that just as
the degree of entanglement of any pure quantum state can
be determined by that of a maximally entangled state [57],
courtesy of the Choi-Jamiołkowski isomorphism (channel-
state duality) [58,59], so it must be true that the dynamics
of any vector beam in a one-sided noisy channel should be
able to be inferred from the dynamics of just one beam, a
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purely inhomogeneously polarized field (a perfectly “vec-
tor” beam with orthogonal spatial modes), which from now
on we refer to as ideal vector-vortex (VV) beams. In the
context of OAM, any one of the CVV beams with opposite
spin and OAM states would suffice, as well as VV beams in
the linear polarization basis. Using such beams as a probe,
we confirm the Choi-Jamiołkowski isomorphism for clas-
sical vectorial light and show that the “vectorness” decay
of all initial beams can be predicted from the decay of an
ideal VV beam. The approach is first outlined using CVV
beams and then generalized to other VV beams for adapt-
ability. We illustrate this for two OAM subspaces, � = ±1
and � = ±10, revealing from this measure a simple factor
for the rate at which one subspace decays relative to the
other. Our work not only offers a simple tool for probing
classical communication channels but also reveals insights
into the decay dynamics of vectorial OAM light. While we
demonstrate the approach with OAM in the atmosphere, it
can easily be adapted to other mode sets and media, and
likewise to hybrid entangled quantum states.

II. CONCEPTS

Here, we elucidate the concept of channel-state duality
with nonseparable vector beams for characterizing classi-
cal beams through perturbing media. We first introduce the
key concepts of nonseparability in vector beams, vector-
beam decay through turbulence, and then finally channel-
state duality. The core idea is that an ideal vector beam is
sufficient to predict the behavior of any vector beam, even
partially “vector,” through a channel.

A. Nonseparable vector modes

To construct an ideal VV beam, we require a vectorial
superposition of spatial mode and polarization where the
nonseparability is maximum. We illustrate the concept of
nonseparability using familiar CVV beams since they are
ubiquitous in a myriad of applications [60]. Thereafter, we
extend the concept to a family of VV beams by a simple
change of basis in the polarization components.

CVV beams are natural solutions of the vectorial
Helmholtz equation in cylindrical coordinates. An example
of one such beam, which has a radially symmetric polariza-
tion field, is shown in Fig. 1(a). Such beams are commonly
represented as superpositions of scalar fields coupled to
orthogonal circular polarization states, i.e.,

��(r) = a exp(i�φ)êR + b exp(−iα) exp(−i�φ)êL, (1)

where r = (r,φ, z = 0) are the cylindrical coordinates, êR,L
are the canonical right and left circular polarization states,
respectively. The polarization modes are coupled to spa-
tial modes having characteristic azimuthal phase profiles
exp(±i�φ), associated with light fields carrying an OAM
of ±�� per photon, respectively. Here, the unbounded

(a) (b)

(c) (d) (e)

(f) (g) (h)

FIG. 1. Example theoretical polarization field profiles of (a) a
CVV beam and (b) a VV beam. The CVV beam has nonuniform
linear polarization states while the VV beam varies between lin-
ear and elliptical polarization states. Both beams have a VQF
of 1. Experimental polarization fields of vector modes transmit-
ted through turbulence with varying strengths from left to right,
initially encoded in OAM subspaces (c)–(e) |�| = 1 and (f)–(h)
|�| = 10 in the second and third bottom panels, respectively. The
turbulence strengths are D/r0 = 0 (no turbulence), D/r0 = 2.5,
and D/r0 = 3.5 in each column, respectively.

integer, ±�, is the topological charge. The parameters a,
b, and α are the relative amplitudes and phases between
the modes in the superposition. Next, we show that the
coupling between the polarization and spatial compo-
nents is reminiscent of quantum entanglement between two
particles.

It is common to represent the polarization and spa-
tial components of vector modes as state vectors using
the Dirac notation from quantum mechanics, i.e., êR(L) →
|R(L)〉 and exp(±i�φ) → |±�〉, enabling a more compact
representation of Eq. (1) following

|��〉 = a|�〉|R〉 + b exp(−iα)|−�〉|L〉. (2)

Here, the bra-ket notation is used to mark the spatial and
polarization components, making it convenient to express
each degree of freedom (DOF) as a unique subsystem
analogous to two particle states in quantum mechanics.
By clearly identifying each DOF, we wish to quantify
the amount of nonseparability between them. This can be
achieved by using the vector quality factor (VQF) [30,31],
which is an analogous measure of entanglement based
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on the concurrence [61] but between the internal DOF
of the classical light fields. For the state in Eq. (2), the
VQF, equivalently the concurrence, is therefore given by
VQF = |ab| ranging from VQF = 0 for a separable scalar
beam (a = 0 or b = 0) to VQF = 1 for a nonseparable
vector beam (a = b); and otherwise partially “vector” for
0 < VQF < 1. This measure has been used in a myriad of
experiments as a witness for nonseparability in classical
beams [27,62,63].

Note that in the circular polarization basis, vector
beams of varying nonseparability are spanned on a four-
dimensional state space and therefore have the general
form

|��〉 = a|�〉|R〉 + b|−�〉|R〉 + c|�〉|L〉 + d|−�〉|L〉, (3)

with a corresponding degree of nonseparability

VQF = |ad − cb|, (4)

assuming that the coefficients satisfy, (|a|2 + |b|2 + |c|2 +
|d|2) = 1. One can simply recover the previous vector
beam, for example, by setting (a = b), while cb = 0. This
becomes crucial when studying the decay of vector beams,
since we always project onto the entire subspace (±�) of
spatial modes with which we started.

Next, we show that the coupling between the DOFs of
any spatial mode that is transmitted through a complex
medium, using turbulence as an example, can be deter-
mined by that of a maximally nonseparable vector mode
by exploiting channel-state duality.

B. Propagation of vector modes through turbulence
and channel-state duality

Structured light is known to be perturbed in atmo-
spheric turbulence [64]. In particular, a vector mode prop-
agating through turbulence experiences phase-dependent
fluctuations that have an impact on its transverse spa-
tial components. Assuming weak irradiance fluctuations
approximated by Kolmogorov theory [33], the phase varia-
tions can be characterized by the phase-structure function,
Dφ(r1, r2) = 6.88�r/r0, where r0 is the Fried parameter
[65], which describes the transverse scale of the atmo-
spheric distortions and �r = |r1 − r2| are relative dis-
placements in the transverse plane. For an optical system
with a diameter (aperture) D, we can associate the tur-
bulence strength with the normalized aperture size, D/r0,
relating the turbulence strength to the relative transverse
distance within which the refractive index is correlated.
For example, a large aperture size seeing a smaller Fried
parameter (D > r0) experiences more distortions than a
smaller aperture seeing a larger Fried parameter (D < r0).
In this paper, D approximates the size of the beam. We

show examples of the effect of turbulence on the polariza-
tion field of vector modes in Figs. 1(c)–1(h). The polariza-
tion field as well as the spatial distribution gets deformed
with increasing turbulence strength (from left to right). We
investigate how the distortions affect the nonsepability.

Now, since the atmosphere is nonbirefringent, only the
transverse spatial components of the mode expressed in
Eq. (2) are perturbed and as a consequence there is modal
scattering into adjacent OAM modes [48]. For example,
an OAM mode corresponding to the state |�〉 traversing
a medium with the channel matrix T̂ = ∑

m,n cn,m|m〉〈n|,
transfers energy from the initial state into its neighboring
eigenmodes following the mapping

|�〉 T̂−→
∑

m

c�,m|m〉, (5)

where P(�, m) = |c�,m|2 is the conditional probability for
the mode |�〉 to exchange energy with the mode |m〉. For
Kolmogorov turbulence, the probabilities have been deter-
mined analytically [66] and are symmetric about |�| for
weak turbulence.

With this in mind, we can now describe the state of our
CVV mode after it traverses the turbulent channel. Let us
assume that vector mode is initially in the state

|��〉 = 1/
√

2 (|�〉|R〉 + |−�〉|L〉) . (6)

Upon traversing the channel, the OAM modes scatter
according to Eq. (5). By projecting back onto the initial
OAM subspace, i.e., {|−�〉, |�〉}, we obtain the state

|�̃�〉 = N
(
c�,�|�〉|R〉 + c�,−�|−�〉|R〉 + c−�,�|�〉|L〉

+ c−�,−�|−�〉|L〉). (7)

Here, N is a normalization factor, satisfying |〈�̃�|�̃�〉|2 =
1. We are assuming that the losses are identical for the spa-
tial modes that make up the vector beam, which is true for
our case and indeed all the CVV beams. In this case, the
overall losses can be ignored as they play no part in the
analysis. The VQF becomes

VQFmax = 2|N |2|c�,−�c−�,� − c�,�c−�,−�|. (8)

By applying the notion of the Choi-Jamiołkowski iso-
morphism (channel-state duality), we hypothesize that any
other vector mode with initial “vectorness” of VQFin will
decay according to the factorization law

VQFout = VQFmax × VQFin, (9)

where VQFout is the nonseparability of the state after the
channel. In other words, the decay of any arbitrary vec-
tor beam can be inferred by simply propagating an ideal
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vector beam through the channel to find the scale factor,
VQFmax. Rather than propagating many beams through the
channel, only one beam has to be passed through to under-
stand its impact. Remarkably, the properties of the channel
are determined by its interaction with a maximally non-
separable vector mode. This means that by knowing how
a maximally nonseparable vector mode propagates through
turbulence, it is possible to predict how the nonseparability
of any other arbitrary superposition state evolves. Equation
(9) also predicts that the trend is linear and has an inter-
cept at zero, with the decay of the CVV beam returning the
slope (VQFmax).

This intriguing property can be understood from the per-
spective of quantum mechanics. First, the channel weights,
|〈±�|T̂|�〉|2, are imprinted on the input nonseparable state
mapping the channel onto a pure state, as a consequence
of the Choi–Jamiołkowski isomorphism [58,59]. Equiva-
lently, a vector mode traversing a noisy channel has similar
properties owing to the nonseparability of the spatial and
polarization components. This means that the final VQF of
any partial nonseparable mode can be determined by that
of a maximally nonseparable vector mode.

Finally, although we have used the CVV beam as a well-
known example, in general the polarization and spatial
components can be in any basis. For convenience going
forward and in the experiment, we will convert to the hor-
izontal (|H 〉) and vertical (|V〉) polarization basis while
the spatial profiles are defined in the Laguerre-Gaussian
(LG) basis. As a result, we no longer have a CVV beam,
since there is no cylindrical symmetry in the polarization
field. An example of our VV beam is shown in Fig. 1(b),

where the polarization states across the transverse plane
are mixtures of linear and elliptical states. Such a beam is
represented by the state

|��〉 = a|�〉|H 〉 + b|−�〉|V〉, (10)

with the same VQF = 1 as that of Eq. (2). This serves to
make it clear than any ideal VV is sufficient for the test.

III. METHODS

A. Experimental setup

We describe the generation and detection scheme illus-
trated in Fig. 2(a). We use a helium-neon (He-Ne) laser
with a central wavelength of 633 nm and a collimated
Gaussian field profile. As the approach is not influenced by
the wavelength, we select our laser for convenience only.
We modulate the laser beam using a phase-only HOLO-
EYE PLUTO spatial light modulate (SLM). To obtain the
states |�〉�=1,10, we encode the multiplexed holograms [60]
with LG modes of charges � = −1(−10) and � = 1(10)
and subsequently separate them in path using a D-shaped
mirror. The amplitudes and phases of each mode are
encoded using the Arrizon technique for complete ampli-
tude and phase control [67]. An example of one of the
holograms is shown in Fig. 2(b).

Before interfering the two beams at the BS, we rotate the
polarization of the reflected beam from the D-shaped mir-
ror by 90◦ using a half-wave plate. This converts the polar-
ization from H to V. The two beams now have orthogonal
polarizations. After combining the two beams, the result-
ing vector mode is transmitted to the digital micromirror

(a) (b)

(c)

(d)

FIG. 2. (a) An illustration of the experimental setup. A helium-neon (He-Ne) laser is expanded and collimated onto a spatial light
modulater (SLM). On the SLM, two modes with oppositely charged OAM and distinct gratings frequencies are encoded on a single
hologram as shown in (b). Upon propagation, the modes separate in path. Since they propagate closely, a D-shaped mirror (DM) is used
to redirect one of them. A half-wave (HW) plate is used to rotate the polarization of the redirected beam. The modes are subsequently
recombined at a beam splitter (BS). The resulting mode is imaged to the digital micromirror device (DMD), where (c) turbulence is
encoded in combination with the detection holograms. Polarization projections are performed with a linear polarizer (P). Finally, the
resulting mode is propagated to the far field with a 500-mm Fourier lens (L), where an on-axis intensity measurement is performed
using a CCD camera. (d) An example of the measurements needed to calculate the nonseparability, i.e., the VQF, of the vector modes.
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device (DMD). On the DMD, we encode Kolmogorov tur-
bulence phase screens following Ref. [68] in combination
with the detection holograms necessary for the VQF mea-
surements. An example of one of the detection holograms
is shown in Fig. 2(c) as a combination of the detection
mode and the turbulence phase screen, resulting in a noisy
detection hologram that has both the perturbation from
turbulence and projection mode. The VQF projection holo-
grams, with no turbulence, have phase profiles shown in
the first row of Fig. 2(d), shown for the � = ±1 subspace.

Lastly, we use a polarizer to project onto the H and V
polarization modes after the DMD. The resulting field is
then propagated to the far field using a Fourier lens (L)
and an on-axis measurement of the intensity is recorded,
providing the modal overlap of the input state, the sim-
ulated turbulence, and the detection mode [69]. For each
measurement we prepare up to 30 instances of each tur-
bulence strength ranging from D/ro = 0 to 3.5 in steps of
D/ro = 0.5. An example of measurements for intensities
Iuv is shown in Fig. 2(d) for a perfect vector mode. The
columns correspond to the spatial projections while the
rows correspond to the polarization measurements. Next,
we show how the VQF (nonseparability) is measured.

B. Vector-quality-factor measurement

We follow the procedure outlined in Ref. [30] to mea-
sure the nonseparability of the vector modes. The VQF is
given by

VQF =
√
√
√
√1 −

3∑

i

〈σi〉2, (11)

where the expectation values of the Pauli matrices 〈σi〉 can
be obtained from

〈σ1〉 = I13 + I23 − (I15 + I25), (12)

〈σ2〉 = I14 + I24 − (I16 + I26), (13)

〈σ3〉 = I11 + I21 − (I12 + I22). (14)

The detection probabilities Iuv , u = {1, 2}, and v =
{1, 2, . . . , 6} are determined from six identical projections
of different polarization-basis states, namely horizontal and
vertical polarizations. The projections are performed by
inserting a polarizer, set to 0◦ and 90◦ for the horizontal and
vertical polarization projections, respectively. The six spa-
tial measurements consist of projections onto OAM states
|±�〉 and their four superpositions |θ〉 = |−�〉 + eiθ/|�||�〉,
with θ = 0, π/2, π , and 3π/2. The spatial projections are
encoded as binary holograms onto the digital micromir-
ror device using the method in Ref. [70], tailored for

amplitude-only devices. Finally, the on-axis intensity due
to each projection is measured in the focal plane of a
Fourier lens using a CCD camera, in the first diffraction
order.

IV. RESULTS

A. Propagation of vector modes through turbulence

We first generate vector modes (|��〉) and subsequently
measure their resulting polarization ellipses and/or fields
using Stokes polarometry. For brevity, see Ref. [29] (Secs.
II and V) for calculations of the Stokes parameters and
further details on extracting the polarization ellipses. The
polarization profiles are shown in Figs. 1(c)–1(h) for |�1〉
and |�10〉, respectively. In each panel, the profiles are
shown for increasing turbulence strengths D = 0, 2.5 and
3.5, from left to right. The intensity profile is shown to
deteriorate in each instance, confirming the presence of
distortions in the transverse plane of the fields.

Next, we measure the modal spectrum of each polariza-
tion component averaged over 30 instances of the same tur-
bulence strength. The results are shown in Figs. 3(a)–3(c)
for |��=1〉 and in Figs. 3(d)–3(f) for |��=10〉. For each
�-dependent mode, the turbulence strength is D/r0 = 0
(a,d) D/r0 = 2.5 (b,e) and D/r0 = 3.5 (c,f). In each plot,
the distribution on the right corresponds the horizontally
polarized mode (blue), while the distribution on the left
(red) corresponds to the vertically polarized mode. As
expected, the mode distribution is symmetric about |�|,
consistent with the theoretical distribution shown as lines
[71]. We measure the width of each distribution as twice
the standard deviation, using the formula

�� = 2

√∑
m |m − �|P(�, m)
∑

m P(�, m)
, (15)

where � is the mean OAM in the field. For D/r0 = 2.5, we
measure a width of �� = 3.18 and �� = 6.64 for |��=1〉
and |�10〉, respectively, averaged over both polarization
components of the beams. With an increased turbulence
strength, D/r0 = 3.5, we measure a width of �� = 4.44
and �� = 8.79. In both cases, the OAM width of � = 10
vector modes is higher than that of � = 1 vector modes
(twice as high), showing that higher-order OAM modes
spread farther than lower- order OAM modes, which is
consistent with the theory [48].

While this reveals information about how the spatial
components are perturbed, we now investigate how the
polarization in tandem with the spatial components is
affected, testing our isomorphism hypothesis.

To illustrate the effect of the mode scattering on the
nonseparability, we show the theoretical (lines) and exper-
imental (points) of VQF values measured for |�| = 1, 10
subspaces as a function of the turbulence strength in Fig.
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(a) (b) (c)

(d) (e) (f)

FIG. 3. The measured modal spectrum for the vertical and horizontal polarized components of vector modes in OAM subspaces
corresponding to � = 1 (top panel) and � = 10 (bottom panel), with (a,d) no turbulence D/r0 = 0 and increased turbulence strengths of
(b,e) D/r0 = 2.5 and (c,f) D/r0 = 3.5. The solid lines correspond to the theoretical spectrum. The asymmetry in the mode distributions
can be attributed to the statistical fluctuations in the data due to imperfections induced by phase drifts from our interferometer as well
as aberrations on the DMD.

4(a). The VQF of the � = 10 modes decays at a lower rate
than the VQF of the � = 1 modes, analogous to the decay
of entangled photons through a single-sided channel of tur-
bulence [39]. This can be explained by the higher mode
separation between the spatial components of the gener-
ated vector modes; the scattering onto the other modes
happens in both cases and it takes longer for larger OAM
(� = 10) to diffuse onto opposite sides than for lower OAM
(� = 1). While the above analysis is performed on input
modes with a high nonseparability (VQF ≈ 1), next we
evaluate how vector modes with a varying degree of non-
separability also decay under the same turbulence strength.
We demonstrate this to confirm the channel-state duality
inherent in vector modes propagated through a perturba-
tion channel acting on the spatial DOF. The results are
shown in Figs. 4(b) and 4(c) under turbulence condi-
tions of D/ro = 2.5 and 3.5, respectively. This is done for
subspaces � = ±1 (circles) and � = ±10 (squares).

The error bars for the x axis are smaller than the points.
To control the VQF of the input mode, we adjust the
grating depth of the hologram corresponding to the � =
−1(−10) mode. The plots show that the output VQF, i.e.,
VQFout, has a linear relation to the input VQF where the
line fitted through each data set has a gradient, m� or,
equivalently, VQFmax, which is equivalent to the VQF of a

maximally nonseparable vector mode transmitted through
the same turbulence. We show the gradient of each line
in Table I as well as the goodness of fit, which is above
R2 = 0.96. A perfect fit would result in R2 = 1. As shown,
the gradients of the � = 10 modes are higher than those
of � = 1, owing to the higher crosstalk in the � = 1 sub-
space, as demonstrated earlier. For D/ro = 3.5, we find
that for the � = 10 subspace, the gradient can be 4 times
larger in comparison to the � = 1 subspace. Since the gra-
dient indicates the maximum VQF that a vector mode with
an input nonseparability of VQFin ≈ 1 can obtain, after
propagating through the channel, all partially nonseparable
vector modes within the same subspace are bounded on the
interval VQFout ∈ [0, m�], consistent with the factorization
law [57] for single-sided channels, indicating that vector
modes possess the ability to probe the channel-state duality
of noisy channels. Indeed, our results show that the decay
in nonseparability of any vector mode decays through
the medium according to the relation VQFout = VQFin ×
m� = VQFin × VQFmax, where VQFmax = VQF(T̂|�〉�) is
the VQF of a vector mode, |�〉�, after traversing the chan-
nel, T̂, and having an initial VQF of 1, while VQFin is
the VQF of the mode we wish to characterize after the
channel. The isomorphism implies that one maximally
nonseparable vector beam is needed to probe a channel,
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(a) (b) (c)

FIG. 4. (a) The experimental results (points) and theoretical prediction (lines) for the degree of nonsepability of the vector modes in
the subspaces � = 1 and 10, with increasing turbulence strength. The experimental output VQF with respect to the known input VQF
under the effect of turbulence strengths of (b) D/r0 = 2.5 and (c) D/r0 = 3.5. In the absence of perturbations, the output VQF maps
onto the diagonal (“No perturbation”) line. The circles are for vector modes in the subspace of � = 1 and squares are for � = 10, while
the lines are the theoretical prediction based on the isomorphism. The horizontal error bars are smaller than the points. Each data point
is obtained from 30 realizations of the same turbulence strength.

from which the behavior of all other vector beams can be
inferred.

V. DISCUSSION

Vector beams possess nonseparable coupling between
their polarization and spatial components and exhibit cor-
relations similar to entangled pairs of photons. In this
paper, we use this fact to study the decay of vector
beams in atmospheric turbulence both qualitatively and
quantitatively by invoking properties such as channel-
state duality [58,59] and the factorization law [57]. These
features are unique to quantum entangled states and are
commonly used for channel (medium) characterization
[72]. Our results confirm that the nonseparability of any
other partially (VQF < 1) nonseparable vector mode is
purely determined by that of a maximally (VQF ≈ 1) non-
separable vector mode experiencing the same turbulence
within the same subspace of optical modes. Interestingly,
this does not limit the method for characterization pur-
poses but creates the possibility of using such vector
modes as a means to overcome quantum state perturba-
tions; for example, by selecting higher-order modes (e.g.,
� = 10 as opposed to � = 1), or for unscrambling complex

TABLE I. An analysis of the different OAM subspace through
turbulence. The values in brackets correspond to the theoretical
values. Here, the gradients, m�, correspond to VQFmax.

D/r0 ��(� = 1) ��(� = 10) m1 R2
1 m10 R2

10

0 0.05 (0) 0.84 (0) . . . . . . . . . . . .

2.5 3.18 (4.1) 6.64 (9) 0.40 0.97 0.94 0.99
3.5 4.44 (5.59) 8.79 (11.94) 0.21 0.97 0.92 0.98

aberrations by using classical light or appropriate high-
dimensional quantum states [73]. The extension of the
latter to classical beams could be used as an additional tool
for adaptive optics, since vector modes can carry infor-
mation related to the channel and/or medium. While we
demonstrate this method for turbulence, it can in principle
be extended to various scenarios where optical aberrations
are encountered; for example, arising from imperfections
or overheating in optical elements in high-power regimes
or an optical medium that induces intermodal crosstalk
through other mechanisms (e.g., a multimode fiber). In
other words, the method is adaptable to any medium
that is compatible with the modal scattering mechanism
given in Eq. 5. Finally, we point out that the use of
the DMD makes the approach very fast, up to kilohertz
rates [74], which makes the approach “real-time” for most
beam-perturbation processes, such as turbulence, thermal
loading, mechanical stress, and so on.

VI. CONCLUSION

In summary, we exploit the concept of channel-state
duality analogously to characterize the evolution of various
vector or scalar modes through turbulence, demonstrat-
ing that the evolution of vector beams can be used to
study how various spatial modes decay through turbu-
lence. We show this for two subspaces, � = 1 and � = 10,
with our results demonstrating that higher-order OAM vec-
tor modes decay rapidly while also maintaining a high
nonseparability. Our work is integral to the development
of alternative methods for characterizing optical beams
by borrowing principles from quantum mechanics, with
possible applications in various scenarios where complex
perturbations are encountered.
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APPENDIX: SCATTERING PROBABILITY OF
OAM IN TURBULENCE

The detection probability of an OAM beam propagated
through turbulence can be computed from

P(l, m) =
∫∫

Cψ(r,�θ , z)rdr × exp(−im�θ)
2π

d�θ ,

(A1)

where � is the input OAM index of the beam and m is
the index for the scattered mode, while Cψ (r,�θ , z) is
the rotational coherence function defined in cylindrical
coordinates, (r, θ , z), defined as [75]

Cψ(r,�θ , z) = 〈ψ∗(r, 0, z)ψ(r,�θ , z)〉. (A2)

Here, ψ(r, θ , z) = u(r, θ , z) exp[iφ(r, θ)] is the beam pro-
file after propagating a distance z with an initial profile
of u(r, θ , 0) at the waist plane and exp[iφ(r, θ)] is the
accumulated phase according to the Rytov approximation.

For LG beams, the integral in Eq. (A1) has been solved
analytically, yielding the expression [71]

P(l, m) =
(

1
t

)|�|+1 (
t − 1
t + 1

)n |�|∑

k=0

(|�| + n
k

)

×
(

2|�| − k
�

)(
4t

(t − 1)2

)k−|�|
(A3)

where n = |�− m|, t = √
1 + ζ while ζ = 3.44 × 22/3

[w0/(r0)]2, in which w0 is the waist size of the Gaussian
argument in the LG mode and r0 is the Fried parameter. We
rescale the Gaussian argument, i.e., w� = wo/

√|�| + 1, so
that each OAM mode has the same diameter, D := √

8w�
[33] and experience the same turbulence strength, D/r0.
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