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Abstract. In this work, we introduce a holography-based method for generating
Bessel-Gaussian vortex beams (BGVBs). The approach embeds a helical phase into a
diffraction grating and then applies a ring-shaped transmission function. Embedding
the helical phase converts the structure into a fork grating, while multiplication by
the ring aperture ensures that the vortex beam produced in the first diffraction order
evolves into a BGVB in the far field. The proposed holographic element was fabri-
cated on a glass substrate using lithography, and illumination with a Gaussian beam
of suitable waist generated a clear BGVB in the first diffraction order. The measured
intensity profile shows excellent agreement with theoretical predictions. To determine
the topological charge (TC), we employed an astigmatic grating with locally parallel
grooves exhibiting second-order curvature. Introducing astigmatic aberration at an
appropriate propagation distance produces elongated intensity fringes, and counting
these fringes allows accurate determination of the TC. Numerical simulations and ex-
perimental measurements exhibit strong consistency, confirming the effectiveness of the
proposed method.
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1 Introduction

Singular optics is a branch of modern physical optics that investigates phase and polarization
singularities in optical wavefields, encompassing phenomena such as optical vortices in scalar
fields and polarization singularities in vector fields [1]. This field plays a crucial role in
various applications, including free-space optical communications [2], optical imaging [3],
optical manipulation [4], and laser-matter interactions [5].

Bessel beams constitute a fundamental class of non-diffracting optical beams and can
be generated experimentally through several methods. A zeroth-order Bessel beam, charac-
terized by a bright central core surrounded by concentric rings and no phase singularity, is
typically produced by illuminating an annular aperture placed in the focal plane of a lens
[11], by passing a collimated Gaussian beam through an axicon [12], or using holographic
elements with an axicon-like transmission function [13]. By adding an azimuthal phase term
exp(ilg), where £ is the integer topological charge (TC), the central bright spot is replaced
by a dark core, transforming the beam into a Bessel-Gaussian vortex beam (BGVB) that
exhibits a helical wavefront, and a ring-shaped intensity profile while preserving the non-
diffracting propagation property [6,7]. These structured-light BGVBs have found widespread
applications, including quantum entanglement of photons [8], underwater three-dimensional
imaging [9] and optical engineering [10].

In this work, we propose and demonstrate a holographic approach for generating BGVBs.
The method is based on encoding a helical phase distribution within an amplitude grating,
which is then multiplied by a ring-shaped transmission function. The incorporation of the
helical phase transforms the grating into a fork grating, while the ring-shaped function
ensures the generation of a Bessel-type beam in the far field under plane-wave illumination.
Since both functions are integrated into a single holographic structure, the first diffraction
order in the far field exhibits the characteristic intensity and phase profile of a BGVB. The
proposed structure was fabricated on a glass substrate using lithography, and illumination
with a Gaussian beam of appropriate waist resulted in a BGVB in the first diffraction order.

In contrast to two-step techniques for generating such beams-where Laguerre-Gaussian
(LG) beams are converted into BGVBs using axicons or ring-shaped structures [17,22], the
proposed method offers a compact, single-step, and cost-effective solution. One practical
limitation of our approach is the reduced output power due to light passing through the
ring aperture; however, this issue can be largely mitigated by fabricating the hologram on a
glass substrate and employing high-power lasers.

Determining the TC of vortex beams is of great importance since it plays a fundamental
role in numerous applications involving orbital angular momentum (OAM). Several tech-
niques have been developed to measure the TC of optical vortices, including interference
with the beam’s mirror image [16], diffraction through specially shaped apertures [18-20],
and diffraction by gratings [21,23,24].

In our previous studies, an amplitude linear grating with a quadratic curvature in its
grooves was employed for characterizing LG beams [25] and analyzing the axial interference
of two LG beams with different TCs and zero radial indices [26]. This structure was also
utilized for characterizing LG beams with nonzero radial indices [27]. Since this grating
introduces astigmatic aberration into the incident wavefront, it is hereafter referred to as
the astigmatic grating. Building upon this framework, we have recently employed the same
grating for measuring the TC of LG beams and determining the optimal conditions for
Laguerre-to-Hermite (LG-to-HG) mode conversion in the presence of astigmatism [28].

In the present study, the astigmatic grating is used to determine the TC of the gener-
ated BGVBs through diffraction analysis. The optimal propagation distance between the
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diffraction and grating planes is theoretically derived as a function of the gratings geometric
parameters and the incident beam characteristics, and then verified experimentally. The
obtained experimental results show excellent agreement with both theoretical predictions
and numerical simulations.

2 Theoretical Background of Fraunhofer Diffraction of
a Gaussian Beam by a Ring-Fork grating Hologram

The transmission function of the Ring-fork grating (RFG) hologram in polar coordinates
(r”,0") is defined as:

a+s +oo
1 . 2,11 Y ”
tRFG(TH,GH) _ / W(S(T// — ro)dro Z tm e—zm(%r cos " —10 )’ (2.1)
wr

a m=—0oQ

where t,,, a, s, d, and [ denote the mth Fourier coefficient, inner radius of the ring, radial
width of the ring, period of the linear fork grating, and its TC, respectively, and §(-) is the
Dirac delta function. This structure is formed by multiplying the transmission function of
a fork grating by that of an annular ring. The ring transmission function is constructed
from the unit transmission function, mathematically represented by integrating the delta
function over the interval between the ring’s inner and outer radii. It is worth noting that
diffraction of a plane wave by an aperture with a delta transmission function produces
an ideal Bessel beam in the far field [30]. However, practically generating an ideal Bessel
beam is impossible because the delta function has an infinitesimally narrow width, making
fabrication challenging and the transmitted energy negligibly small. Figure 1(a) shows the
transmittances of the ring and fork gratings, and the resulting structure, the RFG hologram.
Next, we compute far-field diffraction of a Gaussian beam incident on this structure.

When a beam with transmission function U(r”,6”, 2" = —0) passes through the RFG
hologram, the complex amplitude of the transmitted field immediately after the structure is
given by:

U@, 0",z =+0;) = tgpa(r”, 0" U (", 0", 2" = —0), (2.2)

where —0 and +0 denote the positions immediately before and after the structure, re-
spectively. Substituting the RFG hologram transmission function from equation (2.1) and
assuming the incident beam is a Gaussian beam, the complex amplitude immediately after
the RFG hologram at z’ = +0 becomes:

2 a+s

U@’ 0", 2 =+0)=e 8 [ Fm6(r" —ro)dro (2.3)

% %o ¢ e—im(%"r” cosQ/'—le”)
m .

m=—0o0

The complex amplitude of the beam after Fraunhofer diffraction from the structure at a
propagation distance z’ is calculated using the following equation, [20]:

400 21
Uir',0',2'y=nh / /U(T”79H, 2" = +0) exp (—i2ar'r"” cos(0” — ")) r"dr"d0",  (2.4)
0 0
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Figure 1: (a) Hologram generated by multiplying a ring of width s = 0.1 mm and inner
radius ¢ = 3 mm with a fork grating of TC [ = 4 and d = 0.1 mm. (b) Schematic setup
for generating BGVBs by passing a Gaussian beam through an amplitude RFG hologram.
Parameters: incident beam waist wg = 2.5 mm, and diffraction pattern recorded at 2z’ = 2
m.

where

exp(ikz’)

h pr—
Az

x exp(iar'?), a= -,

with A the wavelength and k = QT” the wave number. By substituting Eq. (2.3) into Eq.
(2.4), we get:

a+s +oo 27 2
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Using the delta function property, equation Eq. (2.5) simplifies to

2
U(r'. o2 La+s 17% 2
(r',0,2)) =5 [ e v (2.6)
X‘er —FZDQ tm e*Zm(ngoCOb@”*lGH)e—QiOﬂJToCOS(QN—Q/)dQ//dT
0 m=—o0

By defining ., = d T and separating the summation into the m = 0 term and the positive
and negative m terms, the complex amplitude of the field is expressed as follows:

ars _é t T 2iar’ (6" —0")
Il ’ 0 —2iar’rg cos(0" — 1
Ui',0,2)=h [ e "5 |2 [e 0 df (2.7)
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By applying the variable transformations (r'cos6’ + £2) = ¢/, cos#’,, and r'sin¢ =
2a +m +m
Ty, Sin 07, [29], we obtain:
a+s _’i% . 2m gicer! 0" —0")
VA w 0 —2iar’rg cos(6" — 1z
Uir',0,2)=h [ e "5 |2 [e ) do (2.8)
a 0
2m

—2iarg cos 0 cos @
+ Z [T

m ezml&” e—2io¢rg sin 9”7’;7% sin 0;_7% de"

t _ 1 I
+ Z t_m f 2iarg cos 6 m COS 0"

0
v ’
where /., = \/TI2 + (fm)2 £ Emrtcost and tanfly,, = %, which are related to

the beam parameters in the observation plane. After some smlphﬁcatlon we have

e*imm”672iaro sin 0"/ r’

. /
_, Sin 07md9// d’l"o,

a+s 7;82 . 27 dieer! 00"
ANV A w - — "
U(r,@,z)fhf e o —Oﬂfe varro cos db (2.9)
+ Z f eimilt " —Qzaromrm cos(9”—t9’+m)d9//
2
+OO f —zml0”672iaror'_m cos(&’/ff)’_m)de// d?“o
m= 1 0

The complex amplitude of the beam at the propagation distance z’, by applying the integral
describing the Bessel function of the first kind from reference [31]

2
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is rewritten as follows:
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The terms eX™%%m that appear in the nonzero diffraction orders indicate that the TC
of the beams generated in these orders is scaled by the factor m. In other words, the TC
varies as [ X m.

Equation (2.10) can be separated into:

a-+s
U, 0,2")= [ Uy(r',0,2";r0)dro (2.11)
a+s +oo
+ [ Y (Ui (s 0, 25 10) + Ui (v, 07,0, 25 70) )diro,
a m=1

where the first term corresponds to the zero-order Bessel-Gaussian beam, and the subsequent
terms correspond to BGVBs. The intensity distribution of the generated beam is given by
I(r',0,2) = U@, 0,2 U*(r',0',2), where * denotes complex conjugation. Figure 1(b)
shows the far-field diffraction pattern of a Gaussian beam passing through a sinusoidal-
profile RFG hologram. For the sinusoidal profile in Eq. (2.10), Fourier coefficients are
to = % and ti,, = i. The ring radius rg, ring width s, and TC [ are 1 mm, 0.1 mm, and
4, respectively. The fork grating period is d = 0.1 mm, and the Gaussian incident beam
waist is wg = 2.5 mm. The diffraction pattern is recorded at a propagation distance 2z’ = 2
m. Figure 2 illustrates the effect of the RFG hologram’s inner radius r¢ and ring width
s on the quality of the generated BGVBs. As shown, increasing the width s reduces the
number of rings surrounding the central ring in the intensity distribution of the generated
beam. Conversely, increasing the inner radius ry decreases the overall size of the generated
BGVB. The theoretical results derived from equation (2.10) are shown in gray color map,
while the Gaussian beam diffraction simulations from the RFG hologram are shown with the
hot colormap. Odd rows present one-dimensional (1D) intensity profiles crossing the center
(indicated by red dashed lines in the first row, first column). Parameters for this figure
include a TC of [ = 5 and an incident Gaussian beam waist wg = 1 mm. The diffraction
patterns correspond to a propagation distance of z/ = 2 m. Generally, increasing ring width
s not only reduces the number of rings around the central ring but also introduces a halo
around the generated beam, thereby reducing beam quality.

Figure 3 shows the propagation behavior of BGVBs with TC [ = 5, generated by RFG
holograms with inner radii 79 = 0.5 mm and 1 mm, and widths s = 0.05 mm and 0.2
mm at different propagation distances z’. Results indicate that for structures with larger
ring widths, increasing the propagation distance effectively reduces the halo surrounding the
beam. This means that at larger propagation distances, the ring diffraction effects become
more similar to those of the ideal delta function diffraction, improving the quality of the
generated beam. As in Figure 2, the first and last columns show theoretical results from
equation 2.10, while the middle columns present simulation results. The comparison clearly
demonstrates good agreement between theory and simulation.

3 Theoretical Basis for Determining the Optimal Prop-
agation Distance for Characterizing BGVBs under
Astigmatic Aberration

In this section, the theoretical foundation for determining the optimal propagation distance
required for characterizing BGVBs in the presence of astigmatic aberration is presented.
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Figure 2: Effect of the RFG hologram inner radius (a) and ring width (s) on the quality of
generated BGVBs. Parameters: TC [ = 5, incident Gaussian beam waist wg = 1 mm, and
propagation distance 2’ = 0.5 m.

The complex amplitude of a BGVB at the initial plane z = 0 is defined as [4]:

L 7! o 7,/2
UBGVB(T ,9 y R = 0) = Jl (wb> exp(d@ ) exp( w(z)B) ; (31)
where J(.) is the Bessel function of order [, wop denotes the Gaussian envelope width, and
wy, represents the Bessel scale parameter. The variable 6’ indicates the azimuthal angle in
polar coordinates. According to Eq. 22.15.2 of Ref. [32], when the radial index p of the
LG modes is large, the Bessel function of the first kind can be approximated using the
generalized Laguerre polynomial as:

! 2
J(X) = (;;) L, (fp)’ for a large value of p. (3.2)

Here, LIL(.) is the generalized Laguerre polynomial of radial index p and TC [. By applying
this approximation, Eq. (3.1) can be rewritten, showing that the BGVB becomes equivalent
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Figure 3: Propagation of BGVBs with TC | = 5, generated by RFG holograms with two
different inner radii and ring widths, at various propagation distances.

to its corresponding LG beam:

! r’? r’?
Upave(r',0',2 =0) = (2pwb> L, (4pwg> exp(ild') exp(—wgB> . (3.3)
The complex amplitude of an LG beam in polar coordinates is given by [33]:
ﬁé(?‘/woLg) = exp (— 22 ) ( ! )ll exp(il@)Li,( 22T2 ) . (3.4)
Worg/ \WoLG Wora

By comparing Eqs. (3.3) and (3.4), the following condition is obtained:
w% e =8p w%.
Satisfying this condition ensures that most of the bright and dark rings of both beams

spatially overlap. As the value of p increases, the degree of overlap improves, resulting in a
larger number of coinciding bright and dark rings. Consequently, Eq. (3.3) can be simplified

as:
2\ "2 r
Upave(r', 0,2 =0) = <) ﬁé( ) : (3.5)

p WoLG

This result indicates that, by setting worg = /8pwp, the complex amplitude of a BGVB

2

1/2
becomes equivalent-up to a constant factor -to that of an LG beam with a very

large radial index p. Figure 4 compares the intensity distributions of the two beams. As p
increases, the similarity between the intensity profiles becomes more pronounced, and the
bright and dark rings nearly coincide.
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Figure 4: Comparison between BGVBs and LG beams with different radial indices to il-
lustrate the effect of the radial index on their structural similarity. For both beams, the
TC is set to [ = 5, and the beam widths are selected according to the approximation

Spwy? = w), ° with wy = 0.06 mm.

This approximation allows the theoretical relations developed for LG beams under astig-
matism [28] to be extended to BGVBs, provided that the beam parameters are defined as
wo = worc and the Rayleigh length as zr = Twi; /.

Astigmatic aberration in an optical wavefront is defined as the difference in curvature be-
tween the z- and y-directions [34]. At the plane z = +0, where the BGVB passes through an
astigmatic element, the complex amplitude of the field in Cartesian coordinates is expressed
as:

/2 2 2 2 2
2 /
UBGVB<xf,yf,z:+o>:<p> p[(+ y )}L(M ) (3.6)

WorLa Wora WoLG

1/2
where c; and ¢, are dimensionless astigmatism parameters. The constant factor (%)

originates from the Bessel-to-Laguerre approximation and remains unchanged during prop-
agation.

Using the propagation relation of an astigmatically aberrated beam given in Eq. (15) of
Ref. [28], the propagated field after a distance z can be written as:

12 , ‘
Upgvs (', 0, 2) x <%) nggwye”"ze*f(wiwz+w392) X (3.7)

l i . )
2 =0 Zlm‘zo Ci,nez(nlernmy)Hm ( 2| wg|? uxic) H, ( 27| wy|? woch) )

where
ny = |l| +2n —m, ng = 2p — 2n +m,
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and the parameters are defined as:

WoLG WwoLG

Wy = w, = ,
Y V1 —iey + zr/2)

V1—i(ce + 2r/2)

¢ = arctan(c, + 2r/2), ¢, = arctan(cy + zr/2),
7
7= VS
These results indicate that, similar to LG beams, it is possible to determine an optimal
propagation distance TC retrieval in BGVBs. According to Eq. (14) of Ref. [28], mode

conversion occurs when the astigmatism parameters c, and ¢, satisfy the following condition:
(14 cey)C? + (o +¢y)C+1=0, (3.8)

where ( = z/zr and zg = ww(Q)LG/)\. It should be noted that, for LG beams in this scenario,
mode conversion to HG modes and TC retrieval are equivalent processes. However, in the
case of BGVBs at the optimal propagation distance, diffraction produces a pattern well-
suited for measuring the TC from the intensity profile. Full conversion of BGVBs to HG
modes is not achievable, because the corresponding HG mode would require an infinite radial
index p; given finite spatial resolution, complete conversion is impossible within a bounded
region. Solving Eq. (3.8) yields the propagation distances at which TC retrieval is possible:

—(cz + Cy) +\/(cx — Cy)2 —4

= 2(1+ cpey)

(3.9)
It is evident that for ¢ to have real and positive values, the following condition must be
satisfied:

|l — ¢y > 2.

3.1 Diffraction from an Astigmatic Grating
The transmission function of an astigmatic grating is given by [28]

2

t(r) = io t4 exp [wwq (; - ;’Af)] : (3.10)

g=—00

where the structure along the z-direction acts as a standard linear grating with period d’.
Along the y-direction, the quadratic phase term in 32 introduces curvature to the grating
lines, characterized by v = % [25]. This curvature corresponds to a one-dimensional (1D)
Fresnel lens with effective focal length f for an incident beam of wavelength .

When an LG beam with azimuthally symmetric intensity passes through a cylindrical
lens—as an astigmatism inducing element—focusing occurs only along one axis. The combi-
nation of the lens’s quadratic phase with the transverse twisted phase of the beam generates
elongated intensity fringes in the focal plane. Similarly, since an astigmatic grating applies
a quadratic phase along a single axis, it can be modeled as a cylindrical lens with effective
focal length f = %. By comparing the transmission function of this grating with the
general astigmatism expression in Eq. (3.6), the coefficients are obtained as ¢, = 0 and
¢y = —LE. Consequently, the optimal propagation distances for detecting the TC of the
generated beam are given by

_ qzR 21 \°
Cq—ﬁ 1+ 1_(qu> : (3.11)
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The negative-sign solution is denoted as z; and the positive-sign solution as z5. Here,
zr = m8pwi /A, and ¢ is the diffraction order of the astigmatic grating. Since zo is always
much larger than z;, subsequent analyses focus on the region near z;. For instance, using
[ = 5 and Bessel scale parameter w, = 0.1 mm for the BGVB, along with grating period
d’ = 0.1 mm and focal length f = 70cm (as in Fig. 5(a)), Eq. (3.11) yields 22 = 3.1 x 105 m.
Figure 5(a) shows the first-order diffraction pattern of a BGVB after passing through the

---- Diffracted beam from RFG ( /=5, a= 1/(2aw,) )
—— LGB (/=5,p=1000 wy=22pw, =9 mm)
- - - BGVB theory (/=5,w,=0.1 mm)
1 T T T T T T
=
s L
g 0.5 I
)
Z
Ty (€)]
0 AN
O G
33 - & - Diffracted beam from RFG
03 - ©- BGVB theory - -
(d) E . o ’_.r—?
—_~— = L od
2 1 6 < 0.25 ‘_/?'
= -
0.2
E 2 3 45 (/’
A B < . . ) .
ey 06 2 4 6 8 10 12 14
y (mm) Topological charge (/)

Figure 5: (a) First-order diffraction pattern of a BGVB with | = 5 and w, = 0.1mm
after passing through an astigmatic grating with period d = 0.1 mm and focal length f =
70cm. The input beam is approximated as an LG beam with radial index p = 1000 and
effective width worg = v/8pwyp. (b) and (¢) Magnified views of the selected region in (a)
at propagation distances z = 0.75z; and z = 21, respectively; in (c) the intensity is plotted
using a square-root scale for clarity. (d) Transverse intensity profile along the dashed line
in (c) for TC determination by counting peaks. (e) Comparison of transverse profiles for
the theoretical BGVB, the equivalent LG beam, and the BGVB generated with an RFG
hologram. (f) Comparison of the first-ring width of the theoretical BGVB and the RFG-
generated BGVB as a function of TC.

astigmatic grating. In this simulation, the BGVB is approximated by an LG beam with
radial index p = 1000 and effective width worg = v/8pws (cf. Eq. (3.5)). Panels (b) and
(c) show magnifications of the green-boxed region in (a) at propagation distances z = 0.752;
and z = z1, respectively. In (c), the intensity is plotted on a square-root scale to enhance
visibility. At the theoretically optimal distance z = z; for TC retrieval, astigmatism induced
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by the grating curvature elongates the intensity distribution, producing prominent bright
streaks. Panel (d) shows the transverse intensity profile along the green dashed line in (c),
where counting the number of peaks allows the TC [ to be determined. Even at shorter
distances, e.g., z = 0.75z1, where only the central ring is stretched by astigmatism, ! can
still be determined from the central spots. As discussed previous section, the phase (or
argument) of the BGVB generated in the +m-th diffraction order of an RFG hologram is
given by the Bessel function Jyu¢(2arers,,) (Eq. (2.10)). To facilitate comparison with
the Bessel function appearing in the theoretical expression for the BGVB in Eq. (3.1),
we introduce several simplifications. By placing the coordinate origin at the center of the
hologram and aligning the propagation axis z with the m = +1 diffraction order, the angular
dependence is eliminated, and the radial coordinate can be approximated as follows:

K 2 gkoqr! Az
e e

In the far-field (Fraunhofer) regime, where 7’ > Az’/d - or equivalently, where the obser-
vation distance 7’ significantly exceeds the characteristic transverse scale of the input beam
(wo)- the radial coordinate in the +1-st diffraction order simplifies to 7/, ; ~ +’. This allows
a direct comparison between the expressions:

!

Jui(2arer!,y) and  J; (;—b),

which leads to the relation
1

20wy

T ~

In Fig. 5(e), we compare the transverse intensity profiles of three beams: the theoretical
BGVB described by Eq. (3.1), the equivalent LG beam characterized by p = 1000 and
wi o = 8pwi (with w, = 0.1 mm, see Eq. (3.5)), and the BGVB generated using an RFG
hologram with an effective ring radius ro = 1/(2aawy). As shown, the intensity distributions
of all three beams exhibit excellent agreement. Figure 5(f) presents the variation of the first-
ring width of the BGVB, obtained from both the theoretical BGVB and the RFG-generated
beam, as a function of the beam TC. The results show excellent agreement between the
two approaches. In Fig. 6, the diffraction patterns of the theoretical BGVB described by
Eq. (3.1) (first column) are compared with those of the BGVBs generated using an RFG
hologram (columns 2-4) after propagation through an astigmatic grating with focal length
f = 70cm at various distances. In all cases, the parameters are [ = 5 and w, = 0.1 mm.
The first column second row corresponds to the optimal distance for TC retrieval at z = zq,
where the elongated intensity streaks appear clearly, as expected.

For BGVBs generated by the diffraction of a Gaussian beam through an RFG hologram
and subsequently passed through an astigmatic grating, as shown in the second and third
columns of Fig. 6, when the distance between the hologram and the astigmatic grating is
z' = 10 m, the optimal detection distance for the T'C retrieval - i.e., the propagation distance
at which the elongated intensity streaks are well formed - is z = 1.07z;. However, when this
distance is increased to z’ = 50 m, the optimal detection distance becomes exactly z = z1.
This behavior occurs because, in the diffraction of a Gaussian beam by an RFG hologram,
increasing the propagation distance before the astigmatic grating causes the optimal TC-
retrieval plane to converge toward z = z;. Consequently, after transmission through the
astigmatic grating, the TC can be retrieved at a more precisely defined propagation distance.
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Figure 6: Comparison of the diffraction patterns of a theoretical BGVB (Eq. (3.1)) after
passing through an astigmatic grating with those of two RFG-generated BGVBs (with dif-
ferent values of s), shown at three propagation distances. For the ideal beam (first column),
the elongated intensity distribution appears clearly at z = z;. In the second and third
columns, corresponding to the RFG-generated BGVBs, this elongated pattern forms near
z = 1.07z; when the hologram—grating distance is short (2/ = 10m). Increasing this distance
to 50 m shifts the elongated pattern to z = 27, in agreement with the theoretical prediction.

4 Experimental Measurements

The experimental setup used for the generation and characterization of BGVBs is schemat-
ically shown in Fig. 7(a). A diode-pumped Nd:YAG laser operating at a wavelength of
A = 532 nm served as the light source. The output beam was first directed through a spatial
filter (consisting of a microscope objective and a pinhole) to improve its spatial quality. The
filtered and expanded beam was then collimated using a lens system before being incident
on a binary pure-amplitude RFG hologram fabricated lithographically on a glass substrate.
The RFG parameters were set to an inner radius ¢ = 0.9 mm, ring width s = 0.1 mm, and
fundamental TC [ = +2.

During propagation, BGVBs with | = +2 are generated in the first diffraction orders,
while higher diffraction orders carry higher TCs. One of these nonzero diffraction orders is
selected for further propagation, and all other orders are blocked. The resulting BGVB then
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passes through an astigmatic amplitude grating with period d = 0.1 mm and v = 0.04 mm™".

The diffraction pattern in the positive first order of the grating is recorded using a Nikon
D7200 camera.

@ (b)
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Figure 7: (a) Schematic of the experimental setup. A Nd:YAG laser at 532 nm is collimated
and directed onto the RFG hologram. A selected diffraction order is allowed to propagate
through an astigmatic grating, and the resulting diffraction pattern is recorded by a camera.
(b) Diffraction patterns from different orders of the RFG hologram with inner radius a =
0.9 mm, ring width s = 0.1 mm, and TC | = +2, captured at various propagation distances.
(c) Diffraction patterns of the BGVBs generated in different diffraction orders of the RFG
hologram after passing through the astigmatic grating and recorded in the positive first order
at z = z;. The input beams correspond to diffraction orders m = +1 and m = +2 of the
binary RFG with fundamental TC | = 2, producing vortices of charges 2 and 4, respectively.
The recording camera is positioned at z = z; from the astigmatic grating. Green patterns
(first row) show experimental results, while red patterns (second row) show simulations. In
the third row, 1D intensity profiles of the beams along the white lines are plotted for the
beams with TCs [ = +2 and [ = —4. The red plots correspond to the experimental results,
and the black plots correspond to the numerical simulations.

Figure 7(b) presents the BGVBs generated in different diffraction orders of the binary
RFG hologram with fundamental TC [ = +2, recorded at various propagation distances.
Here, m denotes the diffraction order of the RFG hologram. The TC in each order is given
by l,, = m x [l. For instance, for a binary RFG with fundamental TC [ = 42, the beam in
the diffraction order m = —2 carries a TC of [,,, = —4.

Figure 7(c) shows a comparison between the experimental and simulated diffraction pat-
terns in the positive first diffraction order of the astigmatic grating at z = z; = 2.5m. These
patterns correspond to BGVBs generated in the diffraction orders m = +1 and m = +2
of the binary RFG with TC [ = +2. The RFG hologram is positioned at 2z’ = 3.8 m from
the astigmatic grating. The green patterns (first row) represent the experimental measure-
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ments, while the red patterns (second row) show the numerical simulations, demonstrating
excellent agreement. In the third row, the 1D intensity profiles extracted along the white
lines are shown for the beams with TCs [ = +2 and [ = —4. The red plots correspond
to the experimental results, and the black plots correspond to the numerical simulations.
The same RFG structure used in panel (b) is employed for generating the BGVBs, and an
astigmatic grating with curvature v = 0.04mm ™" is used for beam characterization.

Figure 8(a) shows a picture of the constructed binary pure-amplitude RFG hologram
which is used in the experiments. Figure 8(b) presents three binary-profile astigmatic grat-
ings with different line curvatures, used to characterize the BGVBs generated in the first
diffraction order of the RFG hologram with [ = +2. The diffraction patterns presented in
Fig. 8(c) were recorded at the propagation distance z = z;. The results show that increasing
the curvature of the grating lines compresses the diffraction pattern, effectively acting as a
lens with a shorter focal length and producing elongated intensity fringes at a closer prop-
agation distance. The same RFG structure shown in Fig. 7 is used here, with a separation
of 2 = 3.8m between the RFG and the astigmatic grating.

Figure 9 shows the modified intensity profile of a BGVB with [ = +2, generated in
the first diffraction order of the RFG and recorded at various propagation distances after
passing through an astigmatic grating with curvature v = 0.04mm™'. The parameters of
both the RFG and the grating are identical to those used in Fig. 8. The experimental results
demonstrate that, when using an astigmatic grating to characterize BGVBs, the elongated
intensity fringes appear distinctly at z = 21, in good agreement with numerical simulations.
The TC of the BGVB can be determined by counting the number of bright elongated fringes
(N = 3) at this distance, yielding I =N —1 =2.

5 Conclusions

We have proposed and demonstrated a novel holographic approach for generating Bessel-
Gaussian vortex beams (BGVBs) using a fork grating multiplied by a ring-shaped trans-
mission function. The incorporation of a helical phase within the grating structure enables
the production of vortex light in the first diffraction order, while the ring aperture ensures
the formation of a BGVB intensity distribution in the far field. The fabricated structure,
realized through lithography on a glass substrate, successfully produced reasonable-quality
BGVBs when illuminated by a Gaussian beam. In this work, the effect of the ring width
and radius on the quality and propagation behavior of the generated beams was theoreti-
cally investigated. In addition, a theoretical relation was derived to determine the optimal
distance at which the annular input intensity distribution transforms into elongated bright
fringes after passing through the astigmatic grating. This optimal distance was expressed as
a function of the astigmatic grating curvature, the illuminating wavelength, and the grating
period, enabling precise prediction of the observation plane required for TC characterization.
The purposed method offers a compact platform for generating BGVBs, enabling potential
applications in optical communications, particle manipulation, and advanced imaging sys-
tems.
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Figure 8: (a) A picture of the constructed binary pure-amplitude RFG hologram used in
the experiments. (b) Binary-profile astigmatic gratings with different line curvatures, (c)
the corresponding first-order diffraction patterns recorded at z = z;, and (d) 1D intensity
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BGVB is generated from the first diffraction order of an RFG with inner radius a = 0.9 mm,
ring width s = 0.1 mm, and TC [ = 42, under Gaussian-beam illumination.
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Figure 9: First-order diffraction patterns of a BGVB with [ = 42 after passing through
an astigmatic grating with curvature v = 0.04mm™!, recorded at different propagation
distances.
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