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Abstract: It is well known that the orbital angular momentum (OAM) of a light field is conserved
on propagation. In this work, in contrast to the OAM, we analytically study conservation of the
topological charge (TC), which is often confused with OAM, but has quite different physical meaning.
To this end, we propose a huge-ring approximation of the Huygens—Fresnel principle, when the
observation point is located on an infinite-radius ring. Based on this approximation, our proof of
TC conservation reveals that there exist other quantities that are also propagation-invariant, and the
number of these invariants is theoretically infinite. Numerical simulation confirms the conservation
of two such invariants for two light fields. The results of this work can find applications in optical
data transmission to identify optical signals.

Keywords: optical vortex; topological charge; free-space propagation; asymptotic phase invariants;
partial topological charge

1. Introduction

There are several well-known nondiffracting and propagation-invariant light fields.
The most prominent examples in 3D space are Bessel beams [1], parabolic beams [2], and
Mathieu beams [3], as well as the Laguerre-Gaussian and Hermite—Gaussian paraxial
modes [4]. In 2D space, also known are the Airy and Weber beams [5,6]. Thorough
reviews on propagation-invariant fields can be found in [7,8]. In addition to propagating
in free space, the interaction of such beams with matter has been studied, including
nonlinear processes [9]. Potential applications of such beams are, for example, wireless
communications and optical interconnections. In addition to the beams that preserve their
shape on propagation, there are several properties of the beam cross-section which are also
propagation-invariant. These properties can be used as indicators that can help the receiver
to identify the incoming signal beam. For instance, well-known such indicators are the
orbital angular momentum (OAM) and the topological charge (TC) of vortex beams. Many
studies have been dedicated to conservation of these properties, either on propagation in
atmospheric turbulence [10] or after amplitude distortions [11]. Many studies sought to
determine the OAM [12,13] or TC [14,15] of an optical signal beam.

These two indicators are often used interchangeably since, for conventional rotation-
ally symmetric optical vortices, both OAM and TC give the same value. However, the
nature of these indicators is quite different physically. While OAM is an integral property
of a light field’s transverse intensity and phase distributions, which is calculated by inte-
gration over the whole transverse plane [16-18], TC is a purely phase property which is
calculated by an integration of phase angular derivative over an infinite-radius circle [19]
or closed curve. Thus, TC can be treated as an asymptotic phase property. Propagation
invariance of the OAM can be easily proven mathematically since the propagation oper-
ator (Fresnel transform) is unitary. Conservation of both the OAM and the spin angular
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momentum on free-space propagation was proven in [20] (§4 “Eigenoperator description
of laser beams”). Invariance of the TC cannot be proven in this way. This can be proven
intuitively since it is known that phase singularities can disappear only as the result of
annihilation of two singularities of opposite topological charge [21]. Thus, on propagation,
TC should not change its value. However, there is a well-known study by Soskin et al.,
where a superposition of Gaussian and Laguerre-Gaussian beams with different waist radii
could change the TC [22]. This seems to contradict the idea of TC conservation. Recently,
we revisited this problem, studying the TC change on propagation of two different-waist
LG beams [23] and showed that, when nearing the TC-change plane, certain vortices move
away from the optical axis to infinity. Thus, the summary TC of all the vortices, including
those in infinity, remains. Therefore, two questions arise: can the TC conservation be
proven mathematically, and are there some other propagation-invariant asymptotic phase
invariants of light fields?

In this paper, to prove that TC is conserved upon propagation, we introduce a huge-
ring approximation, which is similar to the paraxial approximation; however, the distance
from the optical axis is much larger than the propagation distance. Using this approxima-
tion, we prove that TC value does not change from one transverse plane to another. In
addition, we show that other asymptotic phase propagation invariants can be constructed
similarly to the TC.

2. Orbital Angular Momentum and Topological Charge

If a light field propagates along the optical axis z and has the complex amplitude
E(r, ¢, z), where (1, @, z) are the cylindrical coordinates, then its normalized OAM (OAM J,
divided by beam power W) in a transverse plane reads as follows [16-18]:

0 27

i Im|[ [ E*(r,¢,z2) aE(Wz)rdrd(p

z 00

- g 0
[ [ E*(r,9,2)E(r, ¢, z)rdrdg
00

where 7 is the Planck constant (below we omit it for brevity), Im is the imaginary part of a
complex number, and TC y is defined as the integral over an infinite-radius circle [19].
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T
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3. Propagation of a Light Field in Free Space and Conservation of Its Orbital
Angular Momentum

The complex amplitude of a monochromatic light field in homogeneous medium
obeys the Helmholtz equation, which in the cylindrical coordinates reads as

aziE_‘_}aiE_i_laziE_FazE_‘_]g (3)
a2 ror r2o¢g* 0z2

where k = 27t/A is the module of wavevector for light with the wavelength of A. For
paraxial propagation, the Helmholtz equation reduces to
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It is well known that, if E is a solution of Equation (4), then the complex amplitude
E(r, ¢, z) in a transverse plane is related to that in the initial plane (z = 0) by the Fresnel
transform [24].

27z
00 27T 5
xbf of E(p,6,0) exp[lk—p —i%rpcos(6 — (p)}pdpd@. ©

It can be shown that the dot product of two functions is equal to the dot product of
their Fresnel transforms. In addition, if E is a solution of Equation (4), then it is obvious
that the functions E* and 0E/d¢ are also solutions of Equation (4). Therefore, both the
numerator and the denominator in Equation (1) are conserved on propagation; thus, the
normalized OAM is also conserved. The detained proof of the OAM conservation can be
found in [20] (§4 “Eigenoperator description of laser beams”).

As with nonparaxial free-space propagation, the OAM should be analyzed as a vecto-
rial quantity. Its z-component reads as follows [25]:

21

J. = Im 0/ O/ E/ (10,5 50 v, ©)

i=x,y,z

However, the quantity in Equation (1) (with E being an arbitrary transverse component
of the electric strength vector—either Ey or E;), albeit no longer describing the full z-
component of the OAM, is also conserved on propagation. It can be proven tediously, but
easily, using the plane wave expansion of a monochromatic nonparaxial light field.

(x,y,2) /°° ooA(zx,/B) exp [ik(ucx+/3y+z\/1—a2—ﬁ2>}drxd[3, )

where (x, y) are the Cartesian coordinates in a transverse plane, («, p) are the Cartesian
coordinates in the Fourier plane (cosines of the angles defining the directions of plane
waves), and A(x, B) is the angular spectrum of plane waves.

4. Conservation of the Topological Charge

Unfortunately, conservation of TC (Equation (2)) cannot be proven so easily. According
to the TC definition in Equation (2), the field should be analyzed in its periphery, at
infinite distance r from the optical axis. Thus, paraxial approximation is inappropriate
here. Therefore, we introduce another approximation, quite opposite to the paraxial.
Generally, without the paraxial limits, if a light field propagates along the axis z, its
complex amplitudes in two transverse planes (source plane and observation plane) are
related by the Rayleigh-Sommerfeld integral [26].

0 [exp(ikL
E(r,¢,z) //Ep,ﬂoa{ p(L )]pdpde, 8)

where L is the distance between a point in the source plane (p, 6, 0) and a point in the
observation plane (7, ¢, z).
1/2
L= [zz+r2+p2—2rpcos(9—(p)} . 9)
The complex amplitude given by Equation (8) is an exact solution of the Helmholtz
equation and describes a light field without paraxial approximation.
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The Fresnel transform in Equation (5) can be obtained from Equation (8) for a case
when the propagation distance is large compared to the transverse coordinates (paraxial
propagation) (Figure 1a); therefore,

2, 2 _
Lazy! +p 2;;;(:05(9 <p). (10)

Figure 1. (a) Paraxial approximation: propagation distance z is much larger than transverse coordi-
nates p and r in the input and output planes; (b) huge-ring approximation: transverse coordinate r in
the output plane is much larger than the propagation distance z and the transverse coordinate p in
the input plane.

To calculate the topological charge, we now suppose that, on the contrary, r is much
greater than z and p (Figure 1b). Thus, the distance L is given by
21 2

+po° .
P pcos(0 — ¢). (11)

L~r+

We call this expression a huge-ring approximation. Using it, we obtain the complex
amplitude on a very-large-radius ring in a transverse plane. The Rayleigh-Sommerfeld
integral can be rewritten as

o0 27
-z ik 1 .
E(r,,z) = E/ /E(p, 6,0) (LZ - L3) exp(ikL)pdpdf. (12)
00

Similarly to derivation of the Fresnel transform, we use Equation (11) for the exponent
in the integrand, while the expression (ik/L?—1/L?) can be written approximately as ik/ 2.

E(r,¢,2) = ;’;ﬁ exp (ikr + iké—i)
00 277 ikp? . (13)
x [ [ E(p,6,0)exp [7 — ikp cos(6 — (p)}pdpd().

00

Equation (13) is the main equation in this work, and it allows us to estimate the
complex amplitude on a circle of a very large radius, just as needed to calculate TC.

It is seen in Equation (13) that the integral is independent of z and depends only on
the angular polar coordinate ¢. On the contrary, the multipliers before the integrals are
g-independent. Therefore, the gp-derivative of the field phase d(arg E)/9d¢ is independent of z.

% }LrgoaipargE(r, ¢,z)| =0. (14)

Consequently, any quantities obtained from d(arg E)/0d¢ at large radii r are z-independ

ent. The most prominent example is the topological charge of Equation (2). Thus, TC

conservation is just a partial case following from Equation (14); below, we consider some
other partial cases.
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5. Asymptotic Phase Invariants of Vortex Laser Beams

Since the field should be continuous at ¢ = 0 and ¢ = 2m, arg E should change by an
integer number of 27, thus forcing TC to be an integer number. Even if it was fractional
in the initial plane, on propagation, it becomes an integer [19]. However, Equation (14)
indicates that, by using the function d(arg E)/d¢ at large radii , other propagation-invariant
quantities may also be constructed, e.g.,

27_”1m/g argE r,9,z)]de, (15)

were g(¢) is an arbitrary function.

To confirm our theory, we conducted some numerical experiments.

For constructing the invariants, we chose two functions: g1(¢) = cos ¢ and g2(¢) =
rect(¢/m) (ie., g2(¢) =1 at —/2 < ¢ < 1/2 and g2(¢) = 0 otherwise). Accordingly, we
tested whether or not the following values are asymptotic phase invariants:

M= 27_”1m/cos q)a largE(r, ¢,2)]dg, (16)
1 /2 5
yz—zn}Lrgo// %[argE(r,q),z)]d(p. (17)
—7/2

We note that, in general, the functions g(¢) and the argument of the complex amplitude
(arg E) in Equation (15) are not analytic functions (for instance, g2(¢) in Equation (17) is not
analytic). Therefore, the integral in Equation (15) cannot be evaluated by transforming to a
contour integral in the complex plane and by using the theory of residues.

6. Numerical Simulation

The theory was obtained for the invariant quantities, computed over an infinite-radius
circle. This is impractical, but it gives an idea that these quantities can also be conserved in
other realistic conditions. Below, we consider two paraxial light beams, where we chose
feasible simulation parameters quite opposite to the huge-ring approximation, i.e., when
the circle radius is much smaller than the propagation distance.

For a test beam, we took a superposition of two Gaussian beams with optical vortices.
In the initial plane (z = 0), such a beam has the following complex amplitude:

2
E(r,¢,0) = exp (—;2) [A1 exp(ing @) + Axexp(inag)], (18)

where w is the Gaussian beam waist radius, 71 and 1, are the topological charges of the
vortices, and A; and A; are the superposition coefficients.

Figure 2 illustrates the intensity and phase distributions of the test beam from Equation
(18) in several transverse planes for the following parameters: wavelength A = 633 nm,
waist radius w = 1 mm, topological charges #; = 10 and n, = 5, superposition coefficients
A1 =1and A, = 0.5, propagation distances z = 0 (initial plane), z = z9/2 (zg = kw? /2 is the
Rayleigh range), and z = 2 z (far field). The calculation area was —R < x, y < R, with
(%, y) being the Cartesian coordinates and R being the half-size of the area: R = 5 mm
for z=0, R = 10 mm for z = z3/2, and R = 20 mm for z = 2 zy. Red dashed lines on the
phase distributions show the circles along which we calculated TC (Equation (2)) and the
invariants (Equations (16) and (17)) (all circles were of radius 0.8 R). Figure 2a,d were
obtained using Equation (18), whereas Figure 2b,c,e,f were obtained by using an expression
for the Fresnel diffraction of a Gaussian optical vortex [27,28].
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Figure 2. Intensity (a—c) and phase (d—f) distributions of a superposition of two Gaussian vortices
(Equation (18)) in several transverse planes for the following parameters: wavelength A = 633 nm,
waist radius w = 1 mm, topological charges 11 = 10 and n, = 5, superposition coefficients A; = 1 and
Ay = 0.5, propagation distances z = 0 (a,d), z = z9/2 (b,e), and z = 2 zj (c,{), calculation area —R < x,
y <RwithR=5mm (a,d), R =10mm (b,e), and R = 20 mm (c,f). Red circles on the phase distributions
are those along which TC (Equation (2)) and invariants (Equations (16) and (17)) were calculated.

Calculation of TC using Equation (2) yielded nearly the same values for all three
propagation distances: p =9.9999 at z =0, p = 9.9695 at z = z5/2, and at z = 2 z (the
theoretical value of y is 10 [13]). Calculation using Equation (16) yielded the value
u1 = —0.0015 for all three distances z. Calculation using Equation (17) yielded the value
Hp =4.8514 atz =0, yup =4.9702 at z = zp /2, and pp = 4.9654 at z = 2 zj (it is obvious that the
theoretical value of p; should be 10/2 = 5).

As another test beam, we considered a Gaussian beam with multiple vortices located
on a circle of a radius rg. Such a beam can be obtained as a coaxial superposition of a
Laguerre-Gaussian vortex beam and of a Gaussian beam [29]. The complex amplitude of
this beam reads as

1 r? rmeime
E(T,q),Z) = lep(qW) (qmro), (19)

where w is the Gaussian beam waist radius, m is the number of optical vortices with unit
topological charge, and g = 1 + iz/z.

Figure 3 depicts the intensity and phase distributions of the test beam from Equation
(19) in several transverse planes for the following parameters: wavelength A = 633 nm,
waist radius w = 1 mm, number of vortices m = 3, radius of the circle with vortices ry = 0.7
w, propagation distances z =0, z = zp/2, and z = 2 zy, calculation area —R < x, y < R with
R =5mm forz=0, R =10 mm for z = zy/2, and R = 20 mm for z = 2 z3. Red dashed lines
on the phase distributions show the circles along which we calculated TC (Equation (2))
and the invariants (Equations (16) and (17)) (all circles were of radius 0.8 R). All patterns in
Figure 3 were obtained using Equation (19).

Calculation of TC using Equation (2) yielded # = 3.0000 atz =0, 4 =2.9996 at z = zy/2,
and p = 2.9941 at z = 2 z (the theoretical value of y is 3). Calculation using Equation (16)
yielded the value 1 &~ 0 (u1 ~ 107#) for all three distances z. Calculation using Equation
(17) yielded the value pp =1.4980 atz =0, up = 1.4995 at z = zp /2, and pp =1.4970 at z = 2 zg
(i.e., pp = 1.5 in all transverse planes).
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Figure 3. Intensity (a—c) and phase (d—f) distributions of a Gaussian beam with several vortices
(Equation (19)) in several transverse planes for the following parameters: wavelength A = 633 nm,
waist radius w = 1 mm, number of vortices m = 3, radius of the circle with vortices rg = 0.7 w,
propagation distances z = 0 (a,d), z = zg/2 (b,e), and z = 2 2y (¢ f), calculation area —R < x, y < R with
R =5mm (a,d), R =10 mm (b,e), and R = 20 mm (c,f). Red circles on the phase distributions are those
along which TC (Equation (2)) and invariants (Equations (16) and (17)) were calculated.

Thus, we note that, despite the above theory proving conservation of the TC and other
asymptotic phase invariants, when they were calculated over an infinite-radius circle and
when the light field propagated by a finite distance, the simulation, however, demonstrated
that, in practice, for some specific light fields, these quantities can be conserved even when
calculated over circles comparable to the beam transverse sizes and much smaller than the
propagation distance. This indicates the potential of using these quantities for identifying
incoming signals in optical wireless communications. It is hardly possible to estimate the
necessary circle radius (R relative to z) for an arbitrary beam; however, in Figures 2 and 3,
this radius was about several times the effective beam width.

7. Conclusions

In conclusion, we suggested in this work an alternative way to prove the conservation
of the topological charge of a light field on propagation. Our proof is based on a so-
called huge-ring approximation of the Huygens-Fresnel principle, which is opposite to
the paraxial approximation, and which we suggested here for the observation point on
an infinite-radius ring. It turned out, that, in addition to the topological charge, phase
distribution in areas far from the optical axis allows obtaining other quantities that are
also propagation-invariant, and the number of these invariants is theoretically infinite. In
simulation, we suggested two such invariants and tested them on two paraxial light fields.
Of course, of practical interest are the invariants that are conserved on the rings of finite
radii; in simulation, we also used finite-radius rings. However, there may exist light fields
for which these invariants fail to be conserved. Thus, construction of the propagation-
invariants using the condition in Equation (14), investigating their applicability to various
light fields, and developing the methods for measuring these invariants, are aspects yet to
be studied. The results of this work can find applications in optical data transmission. In a
general case, for correctly measuring the TC of a nonsymmetric incoming optical signal, the
phase distribution should be obtained, e.g., using the Shack-Hartmann wavefront sensor,
as studied experimentally in [30,31]. Identifying an incoming beam using the invariants,
such as the partial TC (Equation (17)), allows measuring the wavefront in a smaller area
(rather than over the whole circle in the beam periphery).
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