
1692 Vol. 65, No. 6 / 20 February 2026 / Applied Optics Research Article

High-efficiency generation of Bessel–Gaussian
vortex beams using Bessel-phase-embedded
fork-shaped holograms
Ali Mohammad Khazaei,1 Saifollah Rasouli,2,3 Sergey A. Ponomarenko,4,5

AND Davud Hebri5,*
1Department of Physics, Lorestan University, Khorramabad, Iran
2Department of Physics, Institute for Advanced Studies in Basic Sciences (IASBS), 444 Prof. Yousef Sobouti Blvd, Zanjan 45137-66731, Iran
3Optics Research Center, Institute for Advanced Studies in Basic Sciences (IASBS), Zanjan 45137-66731, Iran
4Department of Electrical andComputer Engineering, Dalhousie University, Halifax, Nova Scotia B3J 2X4, Canada
5Department of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia B3H 4R2, Canada
*d.hebri@dal.ca

Received 29 October 2025; revised 13 January 2026; accepted 19 January 2026; posted 20 January 2026; published 9 February 2026

In this paper, we present a high-efficiency protocol for constructing pure amplitude and phase Bessel-phase-
embedded fork-shaped holograms to generate Bessel–Gaussian vortex (BGV) beams. When illuminated with
a Gaussian beam, these holograms produce BGV beams in the first diffraction orders. To quantify the perform-
ance of the generated beams, we introduce a quality factor that measures the degree of similarity between the
generated BGV beam and an ideal BGV beam. Our results demonstrate that the proposed holograms achieve a
significantly higher level of similarity compared to the conventional method of generating BGV beams, which
involves the sequential use of a spiral phase plate (SPP) and an axicon or their equivalent computer-generated holo-
grams. Additionally, we compare the diffraction efficiency of BGV beams generated using our approach for both
pure amplitude and phase holograms. Phase holograms are implemented using a spatial light modulator (SLM),
whereas pure amplitude holograms are printed on sheet glass or plastic substrates. The use of pure amplitude holo-
grams offers a highly efficient, cost-effective, and straightforward method for generating BGV beams, making them
an attractive alternative to traditional techniques. © 2026 Optica Publishing Group. All rights, including for text and data

mining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.
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1. INTRODUCTION

One of the well-known solutions to the scalar Helmholtz equa-
tion in free space is the family of zero-order Bessel beams, first
introduced by Durnin in 1987 [1]. These optical beams, charac-
terized by a transverse amplitude profile governed by the Bessel
function of the first kind, exhibit the remarkable property of
propagating without diffraction. In other words, the intensity
pattern of the beam remains unchanged during free-space
propagation, making them ideal for applications requiring
long-range beam stability.

Various methods have been developed to generate such non-
diffracting Bessel beams, including Fabry–Perot resonators [2],
axicons [3], computer-generated holograms (CGHs) [4,5],
leaky-wave modes [6], phase plates [7], and near-field plates [8].
The unique propagation invariance of Bessel beams has led to
their widespread application in areas such as stable optical trap-
ping and manipulation of metallic nanoparticles [9], advanced
microscopy [10], and ultrafast laser material processing [11].

These applications highlight the importance of developing
efficient and practical methods for generating such beams.

Higher-order Bessel beams (HOBBs), unlike their zero-
order counterparts, exhibit a vortex-like structure with a helical
phase front and a null intensity at the beam center. These
vortex beams have extended relevance in both classical and
emerging domains such as quantum optics and nonlinear pho-
tonics. Variants like vector Bessel beams with spatially varying
polarization and HOBBs carrying orbital angular momentum
(OAM) have opened up new avenues in optical and quantum
communications [12–14].

Despite their doughnut-shaped intensity profiles, HOBBs
retain the essential features of non-diffraction and self-healing.
The OAM of such beams is intrinsically linked to their
azimuthal phase distribution [15]. The self-healing property
enables the beam to reconstruct its shape after encountering an
obstacle, a capability of particular importance for applications
in optical micromanipulation and biophotonic workstations,
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where robust propagation through scattering environments is
essential [16–18].

Beam generation techniques for HOBBs are generally catego-
rized into active and passive approaches [19]. Active methods
involve direct transformation of Gaussian or plane waves within
cylindrical waveguides or resonators to produce high-order
Bessel–Gaussian (BG) beams [19]. In contrast, passive methods
typically convert pre-existing beams into BG vortex beams using
optical elements such as spiral phase plates or axicons [15].

In this work, we propose a high-efficiency method for gen-
erating Bessel–Gaussian vortex (BGV) beams using pure
amplitude and phase fork-shaped holograms that encode
Bessel-phase structures. When illuminated by a Gaussian beam,
these holograms generate BGV beams in the first diffraction
orders. To evaluate the fidelity of the generated beams, we intro-
duce a quality factor that quantifies the similarity between the
generated and ideal BGV beams.

Our findings demonstrate that the proposed holograms out-
perform traditional methods—such as sequential use of a spiral
phase plate and an axicon, or their equivalent holograms—in
terms of beam quality. Furthermore, we compare the diffraction
efficiency of amplitude and phase holograms. While phase
holograms are implemented using a spatial light modulator
(SLM), pure amplitude holograms are fabricated on glass or
plastic substrates. The latter offer a cost-effective and efficient
alternative for practical BGV beam generation.

2. FREE SPACE PROPAGATION OF A
BESSEL–GAUSS VORTEX BEAM

A celebrated ideal Bessel vortex beam withstands free space
diffraction. We can express its complex amplitude in cylindrical
coordinates (r , θ, z) as

u(r, z)= J l (kr r ) exp[i(lθ + kzz)], (1)

where r= (x , y )= (r cos θ, r sin θ) is the position vector in
the transverse plane, J l is an l th order Bessel function of the
first kind, and order l . Further, kr and kz are the radial and
longitudinal components of the wave vector. Here we define
a characteristic length d0 so that kr =

2π
d0

. As an ideal Bessel
beam carries infinite power, in practice only Bessel–Gauss vortex
(BGV) beams can be realized in the laboratory. The field profile
of any BGV in the source plane has the form [20,21]:

uBGV(r, 0)= J l (kr r ) exp
(
−r 2/w2

g + ilθ
)
, (2)

wherewg is the beam waist of the Gaussian envelope. Free space
evolution of any BGV obeys the Fresnel integral:

uBGV(r, z)=
(

k
2π i z

) ∫
dr′uBGV(r′, 0)e ik|r−r′|2/(2z), (3)

where k =
√

k2
r + k2

z =
2π
λ

is the light’s wave number. On sub-
stituting Eq. (2) in (3), performing the angular integration with
the aid of the integral representation of J l , we arrive at

uBGV(r, z)=
kh(−i)l+1

z
× e ilθ

∫
∞

0
J |l |(kr r ′)J |l |

(
kr r ′/z

)
× e
−r ′2

(
w−2

g −i k
2z

)
r ′dr ′,

(4)

where h = e ik(z+ r 2
2z ) and we used J−m(x )= (−1)m Jm(x ). We

can now evaluate the radial integral with the aid of [22]∫
∞

0
dx xe−ρ

2 x 2
J l (ax )J l (bx )=

1

2ρ2
exp

(
−

a 2
+ b2

4ρ2

)
Il

(
ab
2ρ2

)
,

(5)
yielding, after straightforward algebra, the expression

uBGV(r, z)=
(−i)l+1hzR

z− i zR
e ilθ e

−
w2

g (k2
r +k2r 2/z2)

4(1−i zR /z) I|l |

(
kr zRr

z− i zR

)
.

(6)
Here zR = kw2

g /2 is a Rayleigh range of the Gaussian envelope.
Using Eq. (6), the evolution of two BGV beams with l =±2,
λ= 532 nm, wg = 2.5 mm, and d0 = 0.5 mm under propaga-
tion from z= 0 to z= 10 m are presented in Visualization 1. In
order to demonstrate the mathematical consistency of Eq. (6)
with established formulations in the literature, we examine the
far-field propagation limit. It follows at once from Eq. (6) that in
the far-field propagation limit, z� zR , we have

u(r, z)=
(−i)l+1hzR

z
e ilθ e−

w2
g (k2

r +k2r 2/z2)
4 I|l |

(
kr zRr

z

)
. (7)

Given that the Fourier transform of a BGV beam results in
a perfect vortex (PV) beam [21], and considering the connec-
tion between far-field diffraction and Fourier transform, we
anticipate that Eq. (7) will have the form of a PV beam. Upon
comparing Eq. (7) with Eq. (3) in [23], we observe that it resem-
bles a PV beam characterized by a ring thickness of T = 2z

kwg
and

a ring radius of R = kr z
k . Clearly, the radius of the intensity ring

is directly proportional to the propagation distance z, implying
that the area of the intensity pattern scales proportionally to z2.
Conversely, the intensity peak diminishes by a factor of z−2.
Therefore, in practice, a Fourier lens is employed to transform
a BGV beam into a PV beam instead of relying on free space
propagation.

3. CONSTRUCTING HOLOGRAMS FOR
BESSEL–GAUSSIAN VORTEX BEAMS
GENERATION

Holography includes the capturing and reconstruction of opti-
cal waves. A hologram is a 2D transparent sheet that encodes the
information of an original wave’s intensity and phase. To create
a hologram, we need to combine a known reference wave with
the original wave and capture how they interfere with each other
on the z= 0 plane. By choosing a plane wave that its wavevec-
tor locates in the x − z plane making an angle ϕ with z axis
as a reference wave, the transmittance of the hologram can be
written as [24]

t(r)∝ 1+ I0 + 2
√

I0 cos

(
2π

3
x − φ0

)
, (8)

where I0 and φ0 are the intensity and phase of the original wave
at z= 0 plane, respectively, and 3= λ/ sin ϕ. Illuminating
this hologram with a plane wave, the complex amplitude of the
diffracted light,ψ(r, z), can be expressed as

ψ(r, z)∝ F Rz {c (r)} + F Rz
{√

I0e i(kx x−φ0)
}

+ F Rz
{√

I0e−i(kx x−φ0)
}
,

(9)
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where F Rz{} denotes Fresnel propagator, c (r)= 1+ I0, and
kx =

2π
3

. The first term, F Rz{c (r)}, signifies the zero-order
diffraction, while the remaining two terms represent the origi-
nal beams over the first diffraction orders. As is apparent, the
functionality of c (r) does not impact the generated original
beams. Therefore, for the sake of simplicity, we can set c (r) as a
constant. Consequently, the modified version of Eq. (8) is

t(r)∝C+ 2
√

I0 cos

(
2π

3
x − φ0

)
, (10)

where C is a constant. We generate a hologram to create a BGV
beam using the abovementioned method. For this purpose,
we consider an ideal Bessel beam as the original wave. Then,
by setting z= 0 in Eq. (1), we get I0 = J 2

l (kr r ) and φ0 = lθ .
Substituting these values in Eq. (10) we get

tAm(r)=
1

2

[
1+

J l (kr r )
al

cos(kx x − lθ)
]
=

1

2
[1+ g l (r)] ,

(11)
where al represents the first peak of the function J l (x ). The
proportionality constant has been chosen so that t(r) is confined
between 0 and 1. Moreover, g l (r)=

J l (kr r )
al

cos(kx x − lθ) fluc-
tuates between −1 and +1. Figure 1 shows the transmittance
of some pure amplitude holograms, defined by Eq. (11), with
different TCs.

Now, let us examine the pure phase hologram pattern
achievable using a spatial light modulator (SLM). This type
of hologram does not absorb light, resulting in a power transmit-
tance of unity. The transmittance for the phase hologram can be
determined by

tPh(r)= exp [iγ g l (r)/2] , (12)

where γ is the phase depth of the hologram so that the phase
alternates between−γ /2 and+γ /2. By substituting g l (r) and
using Jacobi–Anger expansion

e i x cos(α)
= J0(x )+ 2

∞∑
m=1

im Jm(x ) cos(mα). (13)

Equation (12) can be rewritten as follows:

tPh(r)= J0(χ)+ 2i J1(χ) cos (kx x − lθ)+ . . . , (14)

where χ = γ J l (kr r )
2al

. It should be mentioned that the first term,
J0(χ), represents the zero-order diffraction, the second term
represents the first diffraction orders that are supposed to gen-
erate the desired BGV beam, and higher-order terms represent
the higher diffraction orders. Forχ ≤ 1, we have J1(χ)≈

χ

2 , see

Fig. 3 of [25]. As J l (kr r )
al
≤ 1 and γ ≤ 2π , the condition is most

likely to be satisfied for most values of r and we can write

tPh(r)≈ J0(χ)+ iγ
J l (kr r )

2al
cos(kx x − lθ)+ . . . . (15)

Comparing Eqs. (15) and (11) shows that the pure phase and
pure amplitude holograms approximately have the same form.
We can use the following unified form for the transmittance of
amplitude and phase holograms:

t(r)= t0 + t1
∑

m=±1

J l (kr r ) exp[im(kx x − lθ)], (16)

where t0 = 1
2 and t1 = 1

4al
for amplitude hologram expressed

by Eq. (11), and t0 = J0(χ) and t1 =
iγ
2al

for phase hologram
expressed by Eq. (15).

When the above-presented holograms are illuminated with a
Gaussian beam, uG(r, 0)= exp(−r 2/w2

g )we show that the first
diffraction orders will form a BGV beam. The complex ampli-
tude of the diffracted light immediately after the hologram is

ψ(r, 0)= t(r) exp
(
−r 2/w2

g

)
. (17)

By substituting t(r) Eq. (16) in Eq. (17) and using Fresnel
propagator integral, Eq. (3), we get

ψ(r, z)= F Rz{ψ(r, 0)} = u0(r, z)+ t1
∑

m=±1

um(r, z),

(18)
where u0(r, z)= F Rz{t0 exp(−r 2/w2

g )} generally and
u0(r, z)= t0uG(r, z) when t0 is a constant in which uG(r, z)
is the well-known propagation of a Gaussian beam. Further,
um(r, z) is obtained as

um(r, z)=
(

kh
2π i z

) ∫
dr′e−r ′2(w−2

g −i k
2z )−i k

z (xm x ′+y y ′)−ilmθ ′ J l (kr r ′),

(19)
where xm = x −m λz

3
is the transferred coordinate to the cen-

ter of mth diffraction order. Let us define rm =
√

x 2
m + y 2

and θm = tan−1(
y

xm
) as the polar coordinates around the

center of mth diffraction order. Substituting (xm, y )=
(rm cos θm, rm sin θm) and (x ′, y ′)= (r ′ cos θ ′, r ′ sin θ ′) in
Eq. (19), and utilizing the integral representation of J l we get

um(r, z)=
(−i)l+1kh

z
e−imlθm

∫
∞

0
J |l |(kr r ′)J |l |

(
krmr ′/z

)
× e
−r ′2

(
w−2

g −i k
2z

)
r ′dr ′.

(20)

Fig. 1. Transmittance of some pure amplitude holograms with3= 0.1 mm and d0 = 1 mm for generating BGV beams with different TCs.
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By using the integral Eq. (5), Eq. (20) reduces to

um(r, z)=
(−i)l+1hzR

z− i zR
e
−imlθm−

w2
g (k2

r +k2r 2
m/z

2)
4(1−i zR /z) I|l |

(
kr zRrm

z− i zR

)
.

(21)
When we compare Eqs. (21) and (6), we observe that the first

diffraction orders align with the typical pattern of a BGV beam.
This alignment holds for an amplitude hologram, yielding an
exact result. However, for the phase holograms, it is an approxi-
mation. Notably, once a sufficient distance has been covered
from the hologram, allowing the different diffraction orders
to separate adequately, we can place a Fourier lens along the
pathway of the first diffraction order to produce a PV.

In Fig. 2, these features are verified by simulation of the
diffraction of a Gaussian beam from some designed holo-
grams. The first column of Fig. 2, first to third rows, shows
the generated BGV beams over the first diffraction orders of a
Gaussian beam diffracted from amplitude (first row) and phase
(second and third rows). The entire diffraction pattern evo-
lution under propagation from z= 0 to z= 3 m is illustrated
in Visualization 2. For the amplitude hologram, it is evident
that the power contribution of the zero-diffraction order is
higher than that of the first orders, and the maximum intensity
is observed at the location of the zero-diffraction order (see
the color scale to the right). However, the intensity profiles of

the generated and ideal BGV beams exhibit full compatibility.
Moreover, by comparing the second and third rows, we observe
that increasing the phase depths from γ = π to γ = 2π results
in a significant increase in the power contribution of the first
diffraction orders. However, compatibility between the inten-
sity profiles of the generated and ideal BGV beams declines. The
second column shows the normalized intensity profiles of the
generated BGV beams compared to the normalized intensity
profile of the ideal BGV beam.

The conventional approach to generating a BGV beam
involves the sequential use of an SPP and an axicon [15] or
equivalent computer-generated holograms [26,27]. Associated
transmittance can be expressed as follows:

t(r)= exp(−ikr r + ilθ), (22)

where exp(−ikr r ) represents the phase of an axicon and
exp(ilθ) shows the phase of an SPP. By substituting t(r) in
Eq. (17) and substituting the result in the Fresnel propagator,
Eq. (3), we get

ψ(r, z)=
kh(−i)l+1

z
e ilθ

∫
∞

0
J l (kr r ′/z)e−ikr r ′ e−r ′2(w−2

g −i k
2z )r ′dr ′.

(23)
Upon comparing Eqs. (23) and (4), it becomes evident that

the resultant light field from transmitting a Gaussian beam

Fig. 2. First column: generated BGV beams by the diffraction of a Gaussian beam havingwg = 5 mm and λ= 532 nm at a distance z= 3 m from
an amplitude (first row); phase (second and third rows) holograms with l = 2, 3= 0.1 mm, and d0 = 1 mm; and consecutive SPP and an axicon
(fourth row). Second column: normalized intensity profile of the generated BGV beams in the first column (dashed red plot) in comparison with the
normalized intensity profile of the ideal BGV beam (solid blue plot). See Visualization 2 and Visualization 3.

https://doi.org/10.6084/m9.figshare.30480401
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Fig. 3. Degree of similarity between ideal BGV beam and generated
BGV beams by different holograms, represented in Fig. 2, in terms of
propagation distance.

through consecutive SPP and an axicon, or equivalent holo-
grams, does not precisely match the ideal BGV beam. Using
the stationary phase method, Eq. (23) can be analyzed math-
ematically. The propagation distance over which the diffracted
light can be approximated with a BGV beam can be estimated
geometrically to be zmax =wg k/kr . The last row of Fig. 2 and
Visualization 3 correspond to the diffraction of a Gaussian beam
from a transmittance represented by Eq. (22).

We use the following degree of similarity to quantify the qual-
ity of the generated BGV beams [28]:

S(z)=

∫
∞

0 I (r , z)I0(r , z)dr∫
∞

0 I 2(r , z)dr +
∫
∞

0 I 2
0 (r , z)dr −

∫
∞

0 I (r , z)I0(r , z)dr
,

(24)
where I0(r , z) and I (r , z) are normalized intensity profiles
of the ideal and generated BGV beams. Figure 3 illustrates the
degree of similarity between the ideal BGV beam and the beams
generated by various holograms as a function of propagation
distance, calculated using Eq. (24). As is apparent, the level of
similarity achieved by the holograms proposed in this study
surpasses the similarity achieved by consecutive SPP and an
axicon, or an equivalent hologram.

4. EXPERIMENTS AND RESULTS

To experimentally validate some of the theoretical results pre-
sented above, we illuminate amplitude and phase holographic
structures using a collimated Gaussian beam. In these structures,
the phase of the Bessel function is embedded into the phase of a
forked grating. The amplitude holograms, featuring sinusoidal
and binary profiles with various topological charges (TCs),
were fabricated using a lithographic method on plastic sheets.
Additionally, phase holograms were generated using a spatial
light modulator (SLM) extracted from an LCD projector (3M
X50, resolution: 1024× 768, display: 0.7 in. polysilicon LCD),
where the phase modulation was constrained to γ = π/2.
The experimental setup employs the second harmonic of an
Nd:YAG diode laser (wavelength λ= 532 nm) with a Gaussian
beam profile, which is collimated using a spatial filter and a pos-
itive lens. The collimated beam then illuminates the amplitude
and phase holograms, and the resulting diffraction patterns are
recorded at various distances using a Nikon D7200 camera.

Figure 4 provides a schematic of the experimental setup, cat-
egorizing the holograms into four distinct groups: (a) sinusoidal
amplitude, (b) binary amplitude, (c) sinusoidal phase, and (d)
binary phase. This setup enables a comparative analysis of how
different holographic structures influence diffraction patterns,
offering insights into their optical behavior under Gaussian
beam illumination. The SLM used in this study has a pixelated
structure, which is effectively equivalent to a 2D orthogonal
pure phase binary structure, see [29] and Appendix C of [30].
This inherent texture leads to undesired diffraction of the
incident beam across a two-dimensional array, even without
the application of an arbitrary phase distribution. When a
phase distribution is imposed on the SLM, it generates a two-
dimensional array of modulated beams. Since all diffraction
orders produced by the SLM share identical properties, we only
allow the central diffraction order to propagate. The remaining
diffraction orders are blocked using a spatial mask, as depicted
in Fig. 4

Fig. 4. Experimental setup for the diffraction of a Gaussian beam from holograms with the following profiles: (a) sinusoidal amplitude, (b) binary
amplitude, (c) sinusoidal phase, and (d) binary phase.

https://doi.org/10.6084/m9.figshare.30480437
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Fig. 5. Experimental diffraction patterns of a Gaussian beam pass-
ing through amplitude structures with a sinusoidal profile, where the
baseline forked grating has a period of 3= 0.3 mm and topological
charges ranging from 0 to 5. The patterns were recorded at a distance of
z= 665 cm using a camera equipped with an imaging lens.

Figure 5 shows the experimental diffraction patterns of a
Gaussian beam passing through amplitude structures with
a sinusoidal profile, where the baseline forked grating has a
period of 3= 0.3 mm and topological charges ranging from
0 to 5. These patterns were formed on a screen and recorded
using a camera equipped with an imaging lens at a distance of
z= 665 cm. For sinusoidal amplitude structures, three primary
diffraction orders are observed: the central order, along with the
first positive and first negative orders. The central diffraction
order corresponds to the Gaussian beam (with zero topological
charge), while the positive and negative diffraction orders corre-
spond to Gaussian–Bessel beams carrying positive and negative
topological charges, respectively. As the structure parameter l
increases, the topological charge of the generated Bessel vortex
beam also increases. The distinct variations in the diffraction
patterns arise due to differences in the topological charge.

Figure 6 shows the experimental diffraction patterns of a
Gaussian beam passing through amplitude structures with
a binary profile, where the forked grating has a period of
3= 0.2 mm and its topological charges ranging from 0 to
5. These patterns were recorded at a distance of z= 645 cm
using the same camera used in Fig. 5. For binary amplitude
structures, the observed diffraction orders include the central
order, first positive and negative orders, and two higher orders.
The first positive and first negative diffraction orders exhibit
higher intensity compared to higher-order diffractions.

Table 1 shows power ratios measured using a power meter
(Coherent LMP10i Laser Detector) for binary amplitude struc-
tures with different topological charges. First, the laser beam
power was measured before illuminating the structures. Then,
the power was recorded immediately after the structures and,
as shown in Fig. 4, at a specific distance where the diffraction
orders were spatially separated. The power of each diffraction
order was individually measured at this stage.

According to Table 1, the power shares of the first positive and
negative diffraction orders are approximately twice that of the
second positive and negative diffraction orders. The laser beam
power before reaching the grating, measured directly without
a lens, is 0.175 W. Due to the high intensity, a neutral density
filter was used to reduce the beam power.

Fig. 6. Experimental diffraction patterns of a Gaussian beam
passing through binary amplitude structures with a forked grating
(3= 0.2 mm) and topological charges from 0 to 5, recorded at
z= 645 cm. The first positive and negative diffraction orders exhibit
higher intensity, and their topological charge increases with the
structure parameter l .

Table 1. Experimentally Measured Power Ratios,
Calculated as the Sum of the Intensity Values for Each
Diffraction Order Relative to the Total Intensity of the
Entire Diffraction Pattern Shown in Fig. 6

m= m=−2 m=−1 m= 0 m= 1 m= 2
+2∑

m=−2
Pm

Pi
%

Pm
Pi

l = P−2
Pi

% P−1
Pi

% P0
Pi

% P1
Pi

% P2
Pi

%

0 9.8 20.1 40.2 20.2 9.7 95
1 10.1 20.3 39.3 20.2 10.1 95.4
2 10.4 20.1 38.9 20.2 10.4 95.6
3 10.7 19.7 39.1 19.9 10.6 95.3
4 10.6 19.9 39.4 19.8 10.5 94.5
5 10.7 19.6 39.5 19.6 10.6 94.1

Approximately 28.5% of the incident beam intensity passes
through the binary amplitude structure. Since these struc-
tures contain opaque (black) regions, they do not allow all the
incident light to pass through.

Figure 7 shows the experimental diffraction patterns of a
Gaussian beam passing through phase structures with a sinusoi-
dal profile, where the grating has a period of3= 0.11 mm and
topological charges ranging from 0 to 5. These patterns were
recorded at a distance of z= 338 cm using a camera equipped
with an imaging lens.
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Fig. 7. Experimental diffraction patterns of a Gaussian beam
passing through sinusoidal phase structures with a grating period of
3= 0.11 mm and topological charges ranging from 0 to 5, recorded
at z= 338 cm. The phase modulation depth is γ = π/2. The first
positive and negative diffraction orders exhibit higher intensity, and
their topological charge increases with the structure parameter l .

Table 2. Experimentally Measured Power Ratios,
Calculated as the Sum of the Intensity Values for Each
Diffraction Order Relative to the Total Intensity of the
Entire Diffraction Pattern Shown in Fig. 7

m= m=−2 m=−1 m= 0 m= 1 m= 2
+2∑

m=−2
Pm

Pi
%

Pm
Pi

l = P−2
Pi

% P−1
Pi

% P0
Pi

% P1
Pi

% P2
Pi

%

0 0.2 0.4 98.8 0.4 0.2 95.07
1 0.5 0.55 97.9 0.55 0.5 94.84
2 0.57 0.78 97.3 0.78 0.57 94.4
3 0.64 0.96 96.8 0.96 0.64 94.47
4 0.64 1.12 96.48 1.12 0.64 94.15
5 0.67 1.24 96.18 1.24 0.67 93.95

Table 2 shows the power shares measured for sinusoidal phase
structures with different topological charges. The laser beam
power was first measured immediately after passing through
the structures. Then, as shown in Fig. 4, the power of each
diffraction order was recorded at a specific distance where the
diffraction orders were spatially separated.

The laser beam power before reaching the SLM was measured
to be 0.670 W.

The laser beam power after passing through the SLM
(measured by placing the power meter directly at the output):

• SLM off: 0.642 W
• SLM on, without a diffraction pattern: 0.613 W.

The power of each diffraction order was measured as

• SLM off: 93.3 mW; SLM on, without a diffraction
pattern: 89 mW

Similarly, Fig. 8 shows the diffraction patterns of a Gaussian
beam passing through phase structures with a binary pro-
file, using the same parameters as in Fig. 7. The patterns were
captured on a screen using a camera with an imaging lens.

In both Figs. 7 and 8, the phase modulation depth of the
spatial light modulator is set to γ = π/2. For both sinusoidal
and binary phase structures, the observed diffraction orders
include the central order, first positive and negative orders, and
higher orders. The first positive and first negative diffraction
orders exhibit higher intensity compared to the higher-order
diffractions.

Table 3 shows the power shares measured for binary phase
structures with different topological charges. The laser beam
power was first measured immediately after passing through the
structures.

Figure 9 shows the experimental diffraction patterns of a
Gaussian beam passing through sinusoidal phase structures
with a forked grating with a period of 3= 0.11 mm, a fixed
topological charge of 3, and characteristic lengths of 0.4, 0.6,

Fig. 8. Experimental diffraction patterns of a Gaussian beam pass-
ing through binary phase structures, using the same parameters as in
Fig. 7. The patterns were recorded at z= 338 cm with a phase modu-
lation depth of γ = π/2. The first positive and negative diffraction
orders show higher intensity, and their topological charge increases
with the structure parameter l .

Table 3. Experimentally Measured Power Ratios,
Calculated as the Sum of the Intensity Values for Each
Diffraction Order Relative to the Total Intensity of the
Entire Diffraction Pattern Shown in Fig. 8

m= m=−1 m=−1 m= 0 m= 1 m= 2
+2∑

m=−2
Pm

Pi
%

Pm
Pi

l = P−2
Pi

% P−1
Pi

% P0
Pi

% P1
Pi

% P2
Pi

%

0 1.96 6.09 83.9 6.09 1.96 92.07
1 1.92 6.15 83.86 6.15 1.92 91.57
2 1.91 6.12 83.94 6.12 1.91 91.34
3 1.93 6.10 83.94 6.10 1.93 91.31
4 1.94 6.33 83.46 6.33 1.94 91.55
5 1.94 6.34 83.44 6.34 1.94 91.59
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Fig. 9. Experimental diffraction patterns of a Gaussian beam
passing through sinusoidal phase structures with a forked grating
(3= 0.11 mm), a fixed topological charge of 3, and characteris-
tic lengths ranging from 0.4 to 5. The patterns were recorded at
z= 340 cm using a camera with an imaging lens.

0.8, 1, 2, 3, 4, and 5. These patterns were recorded at a distance
of z= 340 cm using a camera equipped with an imaging lens.

Similar to Figs. 7 and 8, these phase structures exhibit a cen-
tral diffraction order, as well as first and second positive and
negative diffraction orders. The first positive and first nega-
tive diffraction orders show higher intensity compared to the
higher-order diffractions.

For sinusoidal phase structures, an increase in the characteris-
tic length results in an expansion of the dark central region of the

Fig. 10. Experimental diffraction patterns of gratings formed by
the superposition of vortex and axicon phases, recorded directly on
the camera sensor at different propagation distances. This approach
facilitates the generation of high-order Bessel vortex beams using
high-level phase holograms.

Bessel vortex beams observed in the first positive and first nega-
tive diffraction orders.

Figure 10 shows the experimental diffraction patterns of
gratings generated by the superposition of a vortex phase and an
axicon phase. The diffraction patterns of these gratings, which
have different topological charges, were recorded directly on the
camera sensor without a lens at various propagation distances.
This method enables the generation of high-order Bessel vor-
tex beams using high-level phase holograms, as demonstrated
in [27].

5. CONCLUSION

In this study, we introduced and analyzed a novel method
for generating Bessel–Gaussian vortex (BGV) beams using
pure amplitude and phase Bessel-phase-embedded fork-
shaped holograms. Our findings indicate that these holograms
provide superior beam quality compared to conventional
approaches, as quantified by a newly defined quality factor.
Furthermore, the diffraction efficiency analysis confirms that
the proposed method is highly effective for both amplitude and
phase holograms.

The practical implementation of our approach demonstrates
distinct advantages, particularly in the case of pure amplitude
holograms, which can be fabricated on low-cost substrates such
as glass and plastic sheets. This makes them an accessible and
efficient alternative for applications requiring high-quality
BGV beams without the need for expensive phase modulation
devices.

Overall, our work paves the way for more efficient and
cost-effective holographic techniques in beam shaping, with
potential applications in optical trapping, laser processing, and
microscopy. Future research may explore optimizing the design
parameters of these holograms to further enhance beam quality
and extend their applicability to broader optical systems.
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