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Abstract: If a vortex propagation-invariant beam is given by all its intensity nulls, then its topological
charge (TC) can be defined easily: its TC is equal to the sum of topological charges of all optical
vortices in these intensity nulls. If, however, a propagation-invariant beam is given as a superposition
of several light fields, then determining its TC is a complicated task. Here, we derive the topological
charges of four different types of propagation-invariant beams, represented as axial superpositions
of Hermite-Gaussian beams with different amplitudes and different phase delays. In particular,
topological charges are obtained for such beam families as the Hermite-Laguerre-Gaussian (HLG)
beams and two-parametric vortex Hermite beams. We show that the TC is a quantity resistant to
changing certain beam parameters. For instance, when the parameters 6 and « of the HLG beams are
altered, the beam intensity also changes significantly, but the TC remains unchanged.

Keywords: propagation-invariant beam; Hermite-Laguerre-Gaussian beam; optical vortex; topological
charge

1. Introduction

Under propagation-invariant beams, we understand laser beams that conserve their
intensity structure in the transverse section upon propagation in free space. An example
of such beams is the Hermite-Laguerre-Gaussian (HLG) beams family. The HLG beams
were first studied in [1] and found wide applications in modern optics. In [2], generalized
HLG beams were obtained as well as their astigmatic transform. In [3], HLG beams were
investigated in nonlinear medium. In [4], propagation of the HLG beams was studied
in uniaxial crystals. In [5], propagation of the HLG beams was considered in a paraxial
ABCD-system bounded by a square aperture. In [6], elegant HLG beams were obtained and
the first three terms were given—nonparaxial corrections into the complex amplitude of
such beams. In [7], a closed expression was given for incoherent HLG beams. In this work,
the mutual intensity of the HLG beams was derived in the Shell model. In [8], the HLG
beams were generated by using a metasurface. The HLG beams are a parametric beams
family whose properties depend on the parameter. At a specific value of this parameter,
the HLG beam reduces into the conventional Hermite—Gaussian (HG) beam. At another
value of this parameter, the HLG beam reduces into the conventional Laguerre-Gaussian
(LG) beam. It is known that the HG beams have zero topological charge (TC) and orbital
angular momentum (OAM), whereas the LG beams have nonzero TC and OAM. However,
it is still unknown which TC has the LG beam at an arbitrary value of the parameter.

The HLG beams are an example of propagation-invariant laser beams [9,10]. Propagation-
invariant beams can be represented as an axial superposition of the HG beams (or LG beams)
with different weight amplitudes and phase delays. Mathematically, the complex amplitude
of propagation-invariant beams is equal to the sum of the HG beams with arbitrary complex
coefficients. The sum of the indices of the Hermite polynomials in the HG beam should
be constant. Then, all the HG beams in the superposition propagate with the same phase

Photonics 2023, 10, 915. https:/ /doi.org/10.3390/photonics10080915

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10080915
https://doi.org/10.3390/photonics10080915
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0003-1737-0393
https://orcid.org/0000-0002-0488-4267
https://orcid.org/0000-0002-7813-8363
https://doi.org/10.3390/photonics10080915
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10080915?type=check_update&version=1

Photonics 2023, 10, 915

2 of 14

velocity and the transverse intensity distribution of the whole superposition change only
in scale. The general expression for the OAM of a propagation-invariant superposition
of the HG beams was derived in [11]. Propagation-invariant, including diffraction-free,
beams found wide applications in optics [12,13]. They are used in fundamental physics [14],
telecommunications [15-17], optical cryptography [18-20], micromachines [21,22], imaging
systems [23-26], and for manipulating biological objects (cells) [27,28]. Interesting studies
were conducted in the works [29-31], studying the propagation-invariant beams, which
are different from the HLG beams since each coefficient in the superposition of the HG
beams was multiplied by a respective power of a complex number. At a certain value of
this complex number, the OAM of such beams becomes zero, while at a small change of
this complex number, the OAM changes abruptly. In the works [29-31], the expressions for
the OAM were derived, but the TC of such generalized HLG beams was not considered in
these works.

Obtaining the TC of propagation-invariant beams represented as a superposition
of the HG beams with uncertain complex weights is generally a problem, equivalent by
complexity to finding all zeros of a certain polynomial, given by its coefficients. The TC of
such a superposition can be found for certain parametric laser beam families. In this work,
we analytically derive the TC of the parametric family of the HLG beams at an arbitrary
value of the parameter. In addition, we obtain the TC of several other propagation-invariant
beams, for instance, two-parametric vortex Hermite-Gaussian beam, which is different
from the single-parametric beam [32].

For convenience, we define here several terms important for this work. Vortices are
screw wavefront dislocations of a laser beam. They are also called phase singularities. In
the center of each vortex, the phase is undetermined and the intensity is therefore zero in
these points. Thus, the vortices in the beam section can be detected by isolated intensity
nulls. The topological charge of an optical vortex is an integer number of phase jumps
by 27 along a closed contour of a large radius in the laser beam section. Thus, to obtain
the TC, the phase distribution of the beam should be known. Orbital angular momentum
density in each point of the beam section is defined as a product of conjugated complex
amplitude E’(r, @) and of its azimuthal angle derivative dE(r, ¢)/d@, where (r, ¢) are the
polar coordinates in the beam section. Physically, a nonzero OAM of a light beam means
that the energy flow in the beam is propagating along a spiral.

2. Propagation-Invariant Vortex Fields with Multiple Phase Singularities

As was shown in [9,10], an arbitrary function given by

2.2 .
Eﬂx,y,z)-éexp(—x 1y )f(Xily), 1)

qu? qw

where (x, y, z) are the Cartesian coordinates, w is the waist radius of the Gaussian beam,

q=1+iz/zy,z9 = mw?/ A is the Rayleigh distance, A is the wavelength, and f (x + iy) is an
arbitrary integer analytical function, is a solution to the paraxial Helmholtz equation:
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Formula (1) describes propagation-invariant light fields with their intensity distribu-

tion conserving upon propagation in space (up to a scale and rotation around the optical

axis). The rotation direction (clockwise or counter-clockwise) is defined by choosing the

sign in the argument of the function f. Below, without loss of generality, we consider light

fields with the sign “+”. Formula (1) allows for an analytical description of light fields
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with arbitrary locations of optical vortices [9,10] in arbitrary plane z in the points with the
Cartesian coordinates (a, by) (k = 1,..., M):

2, .2\ M .
E(x,y,z) = tliexp<—x ty )H(jﬁqu - (ak+ibk)). (3)

2
qw k=1

The topological charge (TC) of a light field can be obtained by the M.V. Berry’s for-

mula [33]:
TC—il' I 7t 1 'BE(r,(p,z)d @
T 2o / E(r,9,2) ¢ ?(

applied to the complex amplitude in the polar coordinates x = r cos @, y = r sin ¢.

Formula (4) makes it possible to obtain the TC of an even more general beam, that
instead of the Gaussian function in Equation (3) is described by an arbitrary (even complex)
radially symmetric multiplier A(r). If the isolated intensity nulls of a propagation-invariant
beam in the initial plane reside in point with the coordinates ay + iby = ry exp(igy), then
the complex amplitude of such a beam is given by

M

E(r,9,0) = A(r)H (rei9” — rkei"’k) mk, (5)

k=1

where 1y, are integer numbers equal to multiplicities of the intensity nulls.
Substituting Equation (5) into Equation (4), we obtain

27
1 Ll My M
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Thus, the TC of a propagation-invariant beam with M intensity nulls, each with a
multiplicity my, is equal to the sum of these multiplicities. If the beam has optical vortices
with both positive TCs and negative TCs, then its complex amplitude reads as

Mo , N ' ‘ -
E(r 9,0) = A(N]] (relq) - rkel(Pk)MkH (re‘“P - rzzle_"”:l)m . @)
k=i =1
Similarly to Equation (6), the TC of the beam (7) can be obtained as
M N
TC:ka—Zﬂ( (8)
k=1 (=1

The result (8) is almost obvious, since it means that the TC of a beam with M positive
intensity nulls and with N negative nulls is equal to the algebraic sum of multiplicities of all
the nulls in the beam section. We note that the beam (7) is no longer propagation-invariant.

3. Topological Charge of the Hermite-Laguerre—Gaussian Beams

In practice, the positions of the intensity nulls and their multiplicity are not known,
and in the experiment they can be found only by generating a interference pattern with
forks. Instead of explicitly defining a light field by its intensity nulls (3) or (5), a light
field can be represented by polynomials or their linear combinations. Since the Hermite—
Gaussian (HG) beams and the Laguerre-Gaussian (LG) beams are propagation-invariant
beams themselves, then a large amount of propagation-invariant beams can be represented
as a finite superposition of HG or LG beams, for instance, by HG beams with their indices
yielding the constant Gouy phase. Thus, below we study paraxial beams with complex
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amplitude being equal to a finite sum of the HG beams with the indices, the sum of which
is a constant:

E(x,y,0) chHGN k(% y)_exp<;2>zckHN k(fx>Hk<\/jy>. 9
k=0

Here, cj are arbitrary complex coefficients and Hy(x) are the Hermite polynomials
defined by the following recurrent relation:

Hy,.q(x) = 2xHy(x) —2nH, _1(x) (10)

with the first two polynomials equal to Hy(x) = 1, Hy(x) = 2x.
Mathematically, the propagation invariance of the HG beams upon propagation can
be expressed by via the Fresnel transform:

HGn,m(x, Y, Z)

- % J [ exp [% ([x - 5]2 +y— U}z)}HGnrm(g,q)dgdﬂ - a
izr? .

— ﬁ exp [20;;q|z —i(n+m—+ 1)arctan<zzo>} HG,,, (ﬁ’ %\)/

where g = q(z) = 1+iz/z9, zg = mw? /A is the Rayleigh distance, A is the wavelength of
light, (¢, r7) and (x, y) are the transverse Cartesian coordinates in the initial plane and at a
distance z, z is the third Cartesian coordinate directed along the optical axis of the beam,
and (n + m + 1)arctan(z/zp) is the Gouy phase. As seen from Equation (11), the HG beams
with a constant sum of indices, i.e., with n + m = N, propagate with the same phase velocity,
and therefore a superposition (9) of such beams is propagation-invariant. Below, we use
dimensionless coordinates x = x/w, y = y/w for brevity.

In a general case, if the complex coefficients c; are arbitrary, the TC of the field (9)
cannot be found. Below, we obtain the TC for two families of propagation-invariant fields:
for vortex Hermite beams and for Hermite-Laguerre-Gaussian (HLG) beams.

We start from the latter ones. The complex amplitude of the HLG beams in the initial
plane can be represented as a superposition of the HG beams [1]:

HLG,, 1 (x,y|0) = Z i Cknm JHG 1 m—k (%, Y)- (12)

The vertical line in the left part is a separator between the arguments (x, y) and the

(

parameter 6, coefficients ckn’m) (0) are pure real trigonometric polynomials of 6 and are
expressed via the Jacobi polynomials:

e (8) = (cos 8)"¥(sin8)" " ") (— cos 26). (13

The orbital angular momentum (OAM) of the beams (12) is known [1] and equals
OAM = (n — m) sin 26, but the TC was not yet derived theoretically. It is seen that if 6 = 0
then, since sin 0 = 0, only one term with k = m remains in the expansion (12). In this case,

cEnn ) (0) = (—=1)" and the HLG beam reduces into an HG beam:
HLG,m(x,y|0) = (—1)"HGym(x, ). (14)

The topological charge of the HG beam:s is zero. It is easy to note that the HLG beam
reduces into the HG beam also at other values of the parameter 6: 7t/2, 7, 37t/2, 27, since
in these cases also only one term remains in the sum (12). Thus, for these values of the
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parameter 6, the TC of the beam (12) is also equal to zero. However, at § = /4, the HLG
beam reduces into an LG beam:

(—=1)"2mmle="" (rei?)" " L1=m(2¢2), (n > m),

S - 15
(=1)"2mnle=" (re=i?)" "LM="(2¢2), (n < m). 15

HLG,,u(x,y|/4) = {

with Lg(-) being the associated Laguerre polynomial. Evidently, the TC of the HLG beam
in this case is equal to TC = n — m. Thus, a question arises: if the TC of the beam (12) is
equal to zero at 6 = 0, t/2, and is equal to n — m at 8 = 7t/4, then what is the TC value at
other values 6 from the interval (0, 7t/2)? For obtaining the TC of the HLG beams in the

general case, we use an interesting property of the coefficients c ( ) [1]:
n+m
) ikc,({”’m)( 0)x" kYK — (xcos @ + iy sin8)" (xsin @ — iy cos §)". (16)
k=0

According to Equation (4), the TC of a light field is obtained in the limit of arguments
x and y tending to infinity. Using an asymptotic expression of the Hermite polynomials,
H,(x > 1) =~ (2x)", we obtain for the beam (12):

n—+m
HLG, (x> 1,y > 1|10) = exp(—1?) ¥ ikcl((”’m)(G)Hner,k (ﬁx) Hk<ﬁy>
k=0

~exp(—r2) 1 ik (0)2v20)"" T 2v2y)" a7
=exp(—r )(Z\f) " (x cos B + iy sin#)" (xsinf — iy cos 6)™.

It is seen from Equation (17) that two elliptic optical vortices with the topological
charges n and —m interact in the origin (x = y = 0). Thus, according to Equation (8), the TC
of the whole field equals # — m. Therefore, the TC of the beam (12) is equal to n — m at an
arbitrary value 6 from the interval (0, 71/2). The right part of the Formula (17) reveals that
if 8 is equal to 7t/2, 7, 37/2, or 2m, then the optical vortices disappear. In addition, if m =n
and 6 = 7t/4, the central optical vortex in the origin is also absent:

(xcosf +iysin6)" (xsinf — iy cos6)" |

0=m/4 (18)
=2 (atiy) " (x—iy)" = 27 (2 4 R)

From Equation (17) follows that, in the second quarter of the angle 0 variation period,
i.e., in the interval (7t/2, m), there are optical vortices with the topological charges —n and
m in the origin. Thus, the TC of the beam (12) is equal to —(n — m), i.e., changing the
parameter § makes it possible to change the TC sign of the HLG beam. It is interesting to
compare the OAM of the HLG beam, OAM = (n — m) sin26, and its TC, TC = n — m. Itis
seen that the TC is independent of the parameter 6 while it is, for instance, in the interval
(0, /4), whereas the OAM for different § changes from zero to maximum. We note that
multiplying all the coefficients (12) by a respective power of a real-valued parameter «,
'k = a¥cy, can only change the sign of the TC of the HLG beam, since in this case we obtain
instead of Equation (18):

(xcos 6 + iaysin)" (xsin 6 — iay cos6)".

4. Topological Charge of a Two-Parametric Vortex Hermite Beam

Propagation-invariant vortex Hermite beams were introduced and investigated in [33].
They are yet another example of the beam (9), whose coefficients allow the sum (9) to be



Photonics 2023, 10, 915

6 of 14

written in a closed form and thus the TC can be obtained. To do this, we use the summation
formula of the Hermite polynomials [34]:

ntmyntm—kok (t2+T2)(n+m)/2 b+ 1y
Pt m n—l—m—k(x)Hk(y) = (n+m)! n+m (\/m) (19)

Then, for applying the summation Formula (19) for simplifying the sum (9), the
coefficients in Equation (9) should be chosen as follows:

tn+m—ka
Ck(t, T) = m (20)
Thus, the beam (9) with the coefficients (20) reads as
N ntm—k
Enym(x,y) = exp(—x2 - y2)p§ EnT(kl;—‘k' n+m—k <\[X> Hk(\fy) 1)
- (tZ_TZ)(n+nz)/2 frt
= exp (=2 =)t Huen (V2 575

According to Equation (21), if the beam parameters ¢ and 7 are real and not equal to
each other, then all zeros of the Hermite polynomial, each being real-valued and residing
on the horizontal axis y = 0, generate elliptic optical vortices (screw dislocations) with a
unit TC if tT > 0 and with the TC of —1 if tt < 0. The topological charge of the whole
beam (21) is equal to the number of roots, i.e., n + m if tT > 0 and —(n + m) if tT < 0. Thus, in
the second case of Equation (21), the TC of a propagation-invariant beam (9) is greater by
magnitude than the TC of the beam (12). If ¢ = 7, the vortex Hermite beam (21) reduces to a
single-ringed Laguerre-Gaussian beam and all elliptic optical vortices merge into a single
standard circular optical vortex in the origin, whose topological charge is still equal either
ton + m or to —(n + m). It is interesting that the TC of the beam (21) is not changed with
changing parameters if these parameters t and T do not change their sign.

5. Simple Optical Vortices
If we substitute the following binomial coefficients

(n+m)!

(n+m—k)k!” @2)

Cr =

into Equation (9), then we derive an asymptotic expression for large values of the arguments,
similar to the sum (17):

Ensm(x >> 1,y >>1) =e” (X+y2)z o mt

ki(n+m—k)!
Hysm k(\fx)Hk(\fy) r o~ (Y (2\/5)”+m (23)
n+m
z i gl kg — o= () (2/2) (x4 )

As seen from Equation (23), the asymptotic argument is equal to (1 + m)¢@, where
@ is the polar angle in the beam cross-section. Therefore, the TC of the field (9) with
the coefficients (22) equals n + m. For deriving Equation (23), the Newton’s binomial
theorem [34] was used:

1 n! K .
)T TR (24)
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E+(x,y,0) =

Another example of determining the topological charge of a superposition of optical
vortices can be given by using the following finite sum [35]:

1 1 P (x—4)" X
kg(zk)![(n—k)!]” ~ (20! P2”< x 4)’ 2

where Py, (x) are the Legendre polynomials, orthogonal in the interval [-1, 1], and having
n simple real-valued zeros in this interval. Then, the asymptotic expression for large
argument values for the beam (9) is given by

+

— X +y %
Evem(x >> 1,y >>1) = "0 1 it ermrg

Hn+m k(\[X>Hk<\fy> ~ e (x +y )(z\f)n-&-m
ntm

k1 ntm—kk — ,—(xP4y?) ntm
kgoZ @) [(ntm—R) 2 y=e (2¢/2)"" %

—dx+iy)"t" —ix
((2(n+zn)))! P2(n+m)< yy(zy+4x2)>'

For deriving Equation (26), the summation coefficients in Equation (9) were chosen
as follows:

(26)

Ci = ! 5- (27)
(2k)![(n +m —k)!]

According to Equation (26), the TC of the beam (9) with the coefficients (27) is equal
to n + m, since there is an elliptic optical vortex in the center of the beam section, whose
amplitude is proportional to an expression (—4x + iy)"*™. The Legendre polynomial does
not have additional zeros since the real value of the Legendre polynomial argument in
Equation (26) equals 1. We note that if the coefficients (22) and (27) are multiplied by a
real-valued parameter g, i.e., 'k = a¥cy, then such change in the coefficients changes the
intensity distribution of the propagation-invariant beam (9) and changes its OAM, but does
not change its TC.

6. Propagation-Invariant Beams in the Laguerre-Gaussian Basis

Instead of the HG basis, the complex amplitude of propagation-invariant light fields
can be written in the Laguerre-Gaussian (LG) basis:

7] 2 2] xEiy N=2k 272
chLGk:I: N—2k) (X, ¥) = eXP(—w2> 2%( - ) LY~ 2k< ) (28)

2
k=0 w

In Equation (28), there are Laguerre polynomials in the sum, (r, ¢) are the polar
coordinates in the waist plane of the LG beam. The square brackets in Equation (28) denote
the integer part of a number. Below, we use a dimensionless radial variable r instead of
the ratio /w and limit our study by considering only positive-charge optical vortices,
i.e., we choose the plus sign in Equation (28). The topological charge of the optical vortices
superposition (28) can be determined by obtaining the argument (phase) of an asymptotic
expression (28) when x and y tend to infinity. For this purpose, we apply an asymptotic
expression for the Laguerre polynomials (r >> 1):

(—2r)
k!

LY=2(2r%) ~ (29)

Then, instead of Equation (28), we write an asymptotic expression for the amplitude
of beams (28):

N
k
E(r>>1)=e" +’N‘/’VNZ: ck( k?) exp(—2ike). (30)
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It is difficult to obtain the TC of the superposition (30) for arbitrary real coefficients cy.
Therefore, we consider only several partial cases that allow for a closed-form representation
of the sum in Equation (30). We note that at certain coefficients values, the superposition
of optical vortices (30) reduces to the geometrical sequence. The TC in the geometrical
sequence of optical vortices was obtained in [36]. Therefore, we consider other examples
of choosing the coefficients in Equation (28). We use the well-known sum following from
Newton’s binomial theorem [35]:

N
N! . AN @ N .N
gmexp(—quo) =2 (cos E) exp(—zzq)). (31)
Then, choosing in Equation (30) the following coefficients:

 (N/2)!
* T RN 2R 2

we obtain instead of Equation (30) the following expression:

E(r >> 1) = e 7 +iNopN Z k' IEI\]//Z)k)' exp(—2ike)

= ZN/Z(cosq))N/2 - rNexp( > q)).

(33)

As seen from Equation (33), the argument of the asymptotic expression is equal to
(N¢)/2, and the TC of the superposition (28) with the coefficients (32) is thus equal to N /2.
As was shown in [36], the half-integer TC in the initial plane becomes integer and equal to
N upon propagation of the beam (28). Similarly, other examples of the sums (31) can be
considered, many of which were given in [35].

7. Numerical Simulation

A numerical simulation of the propagation of all the beams in this work was conducted
by the Fresnel transform implemented as the convolution by using the fast Fourier trans-
form. The obtained distributions we compared with the respective theoretical formulae
for the complex amplitudes. Numerical and theoretical intensity distributions were visu-
ally indistinguishable, whereas the phase distributions were different only in the areas of
negligible low intensity. The topological charge of all the considered beams was computed
as a sum of the phase (argument of the complex amplitude) derivatives by the azimuthal
angle, computed over a circle of a "large" radius with small light intensity, and divided by
the full angle of 27t. As seen in all the figures below, the beams are propagation-invariant,
i.e., conserve their intensity structure and change only in scale.

7.1. Simulation of the Hermite—Laguerre—Gaussian Beams

Figure 1 illustrates the intensity and phase distributions of the HLG beams (12) at
(n, m) = (5, 3) for different values of the parameter 6: 0, 7t/16, 7t/8, 371/16, t/4 in the initial
plane z = 0 and at the Rayleigh distance z = zg. Shown in Figure 2 are also the intensity
and phase distributions of the HLG beams (12) for the same values of the parameter
6 and for the same propagation distances z, but at (n, m) = (2, 7). Both these figures
confirm that, when 6 changes from 0 till /4, the HG beam with (n + 1) x (m + 1) light
spots is converted into an LG beam with min(n, m) + 1 light rings. Computation of
the topological charge over the phase distributions from Figure 1 yielded the following
values: 0.000000 (Figure 1f), 1.999466 (Figure 1g), 1.999875 (Figure 1h), 1.999973 (Figure 1i),
1.999995 (Figure 1j), 0.000001 (Figure 1p), 1.994684 (Figure 1q), 1.993242 (Figure 1r), 1.992495
(Figure 1s), 1.992265 (Figure 1t). Thus, computation confirms that the TC is zero at 6 =0
and the TC is equal to 2 (n — m =5 — 3 = 2) for all other values of 0. Phase distributions
in the initial plane, shown in Figure 1, clearly indicate the TC values. On the dashed red
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circle in Figure 1f, there are only phase jumps by +7 (when black color is changed to white,
counter-clockwise) and by —mt (wWhen white color is changed to black). In total, all these
jumps yield zero. Thus, the TC of a beam from Figure 1a,f is zero. As is clearly seen in
Figure 1g—i, there are four nonhorizontal rays, where the phase on the dashed circle is
changed by +27, and two horizontal rays, where the phase on the circle jumps by —27t. Thus,
the TC of the beams from Figure 1g—i equals 4 — 2 = 2. Finally, in Figure 1j, the dashed
circle is intersected by two horizontal rays, where the phase is changed by 27t. Thus, the TC
of the beam from Figure 1j is equal to 2. The same way, the TC can be simply computed for
all other figures in this work.

Lmm Lmm Lmm Lmm
- - -

(h) ‘
v ;

Lmm
=

Figure 1. Intensity (a—e k—0) and phase (f—j,p—t) distributions of the Hermite-Laguerre—Gaussian
beams (12) in the initial plane z = 0 (a-j) and at the Rayleigh distance z = zj (k-t) for different 6 values.
Computation parameters: wavelength A = 532 nm, waist radius of the Gaussian beam wy = 1 mm, the
beam order (orders of the Hermite polynomials) (1, m) = (5, 3), values of the parameter 6: 0 (a,fk,p),
n/16 (b,gl,q), ©/8 (c,h,m,r), 3n/16 (d,i,n,s), ©/4 (e,j,0,t). Scale mark in each figure denotes 1 mm.
The red dashed circles in the phase distributions are the circles over which the topological charge was
computed. Black and white colors denote, respectively, the phase of 0 and 7t (f), or 0 and 27 (g—j,p-t).

For Figure 2, the computed TC values are 0.000000 (Figure 2f), —4.998308 (Figure 2g),
—4.999542 (Figure 2h), —4.999854 (Figure 2i), —4.999926 (Figure 2j), —0.000001 (Figure 2p),
—4.986253 (Figure 2q), —4.982896 (Figure 2r), —4.981142 (Figure 2s), and —4.980602 (Figure 2t).
This confirms that the TC is zero at 8 = 0 and the TC is -5 (n — m =2 — 7 = —5) for all other
6 values.

Combining the TC computation results found in Figures 1 and 2, we obtain that the TC
of the beam from Equation (12) is equal to n — m for an arbitrary value 8 from the interval
(0, t/2), which is consistent with the above theory.

Figure 3 depicts the intensity and phase distributions of an HLG beam (12) from
Figure 1c,hm,r (n =5, m =3, 6 = nt/8) for different values of the parameter « (1, 0.8, 0.6,
0.4, 0.2) in the initial plane z = 0 and at the Rayleigh distance z = zy. According to Figure 3,
with a decreasing value of the parameter «, the HLG beam of the order (1, m) reduces
into a Hermite beam of the order (n + m, 0). Computation of the topological charge over
the phase distributions from Figure 3 yielded the following values: 1.999871 (Figure 3f),
1.999796 (Figure 3g), 1.999654 (Figure 3h), 1.999347 (Figure 3i), 1.998661 (Figure 3j), 1.993265
(Figure 3p), 1.995472 (Figure 3q), 1.998142 (Figure 3r), 2.001121 (Figure 3s), and 2.003653
(Figure 3t). Thus, the computation confirms that the TC is equalton —m =5 — 3 =2 at
arbitrary values of .
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Figure 2. Intensity (a—e k—0) and phase (f-j,p—t) distributions of the Hermite-Laguerre—Gaussian
beams (12) in the initial plane z = 0 (a—j) and at the Rayleigh distance z = zj (k—t) for different values
6. Computation parameters: wavelength A = 532 nm, waist radius of the Gaussian beam wy = 1 mm,
beam order (orders of the Hermite polynomials) (1, m) = (2, 7), values of the parameter 6: 0 (a,fk,p),
/16 (b,gl,q), /8 (c,hm,r), 3n/16 (d,in,s), /4 (e,j,0,t). Scale mark in each figure denotes 1 mm.
The red dashed circles in the phase distributions are the circles over which the topological charge was
computed. Black and white colors denote, respectively, the phase of 0 and 7 (f), or 0 and 27 (g—j,p-t).
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Figure 3. Intensity (a—e,k—0) and phase (f—j,p-t) distributions of the Hermite-Laguerre—Gaussian
beams (12) in the initial plane z = 0 (a—j) and at the Rayleigh distance z = zg (k—t) for different values
of the parameter a. Computation parameters: wavelength A = 532 nm, waist radius of the Gaussian
beam wy = 1 mm, beam order (orders of the Hermite polynomials) (1, m) = (5, 3), value of the
parameter 6: 6 = 7t/8, values of the parameter a: 1 (a,fk,p), 0.8 (b,g1,q), 0.6 (ch,m,r), 0.4 (d,Ln,s), 0.2
(e,j,0,t). Scale mark in each figure denotes 1 mm. The red dashed circles in the phase distributions
are the circles over which the topological charge was computed. Black and white colors denote,
respectively, the phase of 0 and 27 (f—j,p-t).
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7.2. Simulation of Two-Parametric Vortex Hermite Beams

Shown in Figure 4 are the intensity and phase distributions of a two-parametric vortex
Hermite beam (21) at (n, m) = (2, 7) for different values t and 7 ((0.7, 0.7), (0.7, 0.4), (0.7, -0.3),
(0.7,0.2), (0.7, -0.1)) in the initial plane z = 0 and at the Rayleigh distance z = zy. According
to Equation (21), when the magnitude of the parameter T decreases, the beam should tend
to the Hermite—Gaussian beam of the order (n + m, 0). Figure 4 confirms this. Computation
of the topological charge over the phase distributions from Figure 4 yielded the following
values: 8.999570 (Figure 4f), 8.999303 (Figure 4g), —8.998908 (Figure 4h), 8.997925 (Figure 41i),
—-8.994937 (Figure 4j), 8.964787 (Figure 4p), 8.966616 (Figure 4q), —8.968667 (Figure 4r),
8.972072 (Figure 4s), and —8.977350 (Figure 4t). Thus, computation confirms that the TC is
equalton+m=2+7=9iftt>0and -(n + m)=-2+7)=-9if tt <0.

Lmm
-

——
VPPN

SN
(

2 Z

N

Figure 4. Intensity (a—e k-o0) and phase (f—j,p-t) distributions of the two-parametric vortex Hermite
beams (21) in the initial plane z = 0 (a—j) and at the Rayleigh distance z = z; (k—t) for different values
of the parameters t and 7. Computation parameters: wavelength A = 532 nm, waist radius of the
Gaussian beam wy = 1 mm, beam order (orders of the Hermite polynomials) (1, m) = (2, 7), values
of the parameters (f, 7): (0.7, 0.7) (a,£k,p), (0.7, 0.4) (b,g,1,q), (0.7, -0.3) (c,hm,r), (0.7, 0.2) (d,i,n,s),
(0.7, -0.1) (e,j,0,t). Scale mark in each figure denotes 1 mm. The red dashed circles in the phase
distributions are the circles over which the topological charge was computed. Black and white colors
denote, respectively, the phase of 0 and 27t (f-j,p-t).

7.3. Simulation of Propagation-Invariant Beams in the Laguerre—Gaussian Basis

Figure 5 illustrates the intensity and phase distributions of propagation-invariant
superpositions of the Laguerre-Gaussian beams (28) for different orders N (4, 6, 8, 10,
12) in the initial plane z = 0 and at the Rayleigh distance z = zp. Computation of the
topological charge over the phase distributions from Figure 5 yielded the following val-
ues: 3.999935 (Figure 5f), 5.999776 (Figure 5g), 7.999475 (Figure 5h), 9.998990 (Figure 5i),
11.998284 (Figure 5j), 3.986310 (Figure 5p), 5.979236 (Figure 5q), 7.971959 (Figure 5r),
9.964446 (Figure 5s), and 11.956664 (Figure 5t). Thus, computation confirms that the TC is
equal to N.
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Figure 5. Intensity (a—e, k-0) and phase (f-j,p-t) distributions of propagation-invariant superpositions

Ao S 7

of the Laguerre-Gaussian beams (28) in the initial plane z = 0 (a—j) and at the Rayleigh distance z = zg
(k-t) for different beam orders N. Computation parameters: wavelength A = 532 nm, waist radius
of the Gaussian beam wy = 1 mm, beam order N =4 (a £ k,p), 6 (b,g1,q), 8 (chm,r), 10 (d,i,n,s), 12
(e,j,0,t). Scale mark in each figure denotes 1 mm. The red dashed circles in the phase distributions are
the circles over which the topological charge was computed.

8. Conclusions

In this work, the following results have been obtained. For the known family of
propagation-invariant vortex Hermite-Laguerre—Gaussian laser beams, which are finite
superpositions of Hermite-Gaussian beams with a constant sum of indices of the Hermite
polynomials n + m and whose intensity shape depends on the parameter 6, we have
demonstrated theoretically and numerically that, for an arbitrary value 6 from the half-
interval (0, 7/4], the topological charge of these beams is equal to n — m. If 6 = 0, the
topological charge of the Hermite-Laguerre-Gaussian beam is zero. For another type of
propagation-invariant beams, called two-parametric vortex Hermite beams, which are also
finite superpositions of the Hermite beams with a constant sum of indices n + m and with
the partial amplitudes given by the binomial coefficients, we have shown theoretically
and numerically that the topological charge is equal to the sum of indices n + m if both
parameters are of the same sign, and equal to —(n + m) if the parameters are of different
signs. We have also shown that if a propagation-invariant beam is a finite superposition
of the Laguerre-Gaussian beams with the radial index p and with the azimuthal index
I >0, such that their combination 2p + [ is constant, and if the amplitude multipliers are
chosen as the binomial coefficients, then the topological charge of these beams is equal
to 2p + I. This study has also revealed that the topological charge, which is one of the
important characteristics of optical vortices along with the orbital angular momentum, is a
quantity resistant to changing parameters of propagation-invariant beams. For instance,
when the parameters 6 and « of the Hermite-Laguerre-Gaussian beams are changed, the
topological charge remains constant. The topological charge also remains unchanged upon
the free-space propagation of beams. The obtained results will be useful for probing a
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weak-turbulence atmosphere by propagation-invariant vortex laser beams and for beam
identification by measuring the beam topological charge, rather than the orbital angular
momentum, since it remains constant at small beam distortions. The topological charge of
vortex laser beams can be measured by using the Hartmann wavefront sensor. The simplest
way to obtain the OAM of a laser beam is using a cylindrical lens.
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