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Abstract

Bessel beams, one of the four known types of beams that are exact solutions of the
Helmholtz equation, are remarkable with their non-diffracting nature. In reality, gen-
erated with real (Gaussian) laser beams with finite transverse profiles, Bessel-Gaussian
beams (BGBs) are quasi-non-diffracting and remarkably stable against spatial perturbations.
Quasi-non-diffracting means that the central peaks of the BGBs typically have divergences
of the order of microradians. Here, we present experimental evidence that the truncation
of the concentric rings surrounding the central peak of the long-range BGBs has a pro-
nounced and controllable effect on the divergence of their peaks. The method is well suited
for microradian divergences and has a minimal effect when the divergence of the BGB
approaches one milliradian. The truncation of the rings of the BGBs could be applied, for
example, in free-space communications, in locating a receiver station with a more divergent
beam, after which the spreading of the central peak in space could be reduced to ensure a
more secure data transfer.

Keywords: Bessel beam; Bessel-Gaussian beam; quasi-non-diffracting beam; beam divergence;
beam truncation

1. Introduction
Generally speaking, spatially confined waves experience significant diffraction broad-

ening when propagating freely. This is not the case for Bessel beams (BBs). Together with
the infinite plane waves, the Airy and Ince beams, each in its respective coordinate system,
are exact solutions of the Helmholtz equation [1,2]. Mathematically, zero-order BB consists
of a central peak surrounded by an infinite number of concentric rings with decreasing
amplitudes. These satellite rings are separated from each other by radial π-phase jumps
(see, e.g., Figure 14 in [3]). In an m-th order BB, the central peak is doughnut-shaped
and carries an optical vortex with topological charge m (i.e., a point phase dislocation
surrounded by a spiral wavefront; [3]). Mathematically perfect BBs are non-diffracting, but
cannot be generated in practice. Due to the finite transverse dimensions of the laser beams
used (e.g., Gaussian beams), the number of satellite rings of the central peak is finite, and
the beams are referred to as Bessel-Gaussian beams (BGBs). They are characterized by their
low diffraction angles (typically of the order of microradians; see, e.g., [4,5]), which are
orders of magnitude lower than those of the undisturbed (e.g., Gaussian) beams used to
form them. For the reasons mentioned above, the actually generated Bessel-type beams are
referred to as quasi-non-diffracting BGBs.
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However context dependent, based on their length of propagation, BGBs can be classi-
fied as short- and long-range ones. Short-range BGBs are typically generated by the interfer-
ence of selected/split parts of the incoming laser beam with, e.g., ring-shaped diaphragms
in the rear focal planes of lenses [6–9] or using axicons [9–12]. The typical propagation dis-
tances of such beams are on the order of millimeters and units of centimeters. Since the an-
gular spectrum of the Bessel function is a ring, long-range BGBs can be generated by Fourier-
transforming ring-shaped beams in space by focusing them with thin lenses [5,13–15]. The
typical propagation distances of such BGBs extend over meters. Of course, the distinction
is conditional. For example, an axicon doublet consisting of a positive and a negative
axicon with high and low refractive indices, respectively, has recently been demonstrated
to generate a Bessel-like beam propagating more than 200 m [16]. Logically, the char-
acteristic propagation lengths of BGBs determine the areas of their applicability—from
optical microscopy [17], optical trapping, and tweezing of particles [18,19], high aspect ra-
tio (length/diameter) nanochannel machining, photopolymerization, nanopatterning [20–25],
and generation of Bessel-Gaussian attosecond pulse trains in the extreme ultraviolet [26],
to real-world free-space optical communications [27,28], just to mention a few.

The measurements in this work are conducted using long-range Bessel-Gaussian
beams generated by Fourier-transforming in space ring-shaped coherent beams with large
ring radius-to-arc width ratio (e.g., r0/ω0 ≥ 10) [5,13–15]. The use of optical vortices
(OVs) is essential since they produce ring-shaped intensity distributions with dark cores
when imposed on a Gaussian beam. OVs have spiral phase wavefronts characterized by
their topological charge (TC)—a positive or negative integer number m corresponding to
the total phase change 2πm over the azimuthal coordinate (see, e.g., Figure 3 in [3]). A
ring-shaped beam with the desired large ratio r0/ω0 is generated by creating OVs with a
high topological charge m on an input Gaussian laser beam (see, e.g., Figure 2a in [13]).
Due to their decay into m optical vortices with unit TCs and their mutual repulsion, a tiny
ring-shaped beam with a wide dark core is formed. The higher the initially formed TC
m, the wider the radius of the bright ring of the beam r0 and the tinier its arc width w0.
The next step is to erase the optical vortices. Both their formation and annihilation can
be achieved, for example, by reflections from appropriately programmed liquid crystal
phase modulators (see, e.g., Figure 2a in [13]) or by passing the beam through appropriately
oriented vortex phase plates (VPs) [5,15]. By appropriately “programmed/oriented” we
mean programming the phase modulators and orienting the VPs so that the vortices are
first generated with TCs m and then erased with OVs with opposite TCs (−m). (If an l-th
order BGB is to be generated, the numbers of the generated and annihilated OVs should
differ by |l|). The resulting ring-shaped beam with a large dark core and a flat phase front
is focused with a thin lens. As a result, a Bessel-Gaussian beam can be observed at meters
after the focal plane of the lens. The basic analytical model for the generation of BGBs by
annihilating multiple-charged optical vortices is published [13]. It is essential in this model
to approximate an exponent of the type exp[2rr0/ω2

0 ] by a modified Bessel function of the
first kind Il [2rr0/ω2

0 ], which holds for r0 ≫ ω0.
The “needle beams” are a particular kind of truncated Bessel beams—fringe-free,

free space, optical Bessel-like beams with typical transversal dimensions on micrometer
scale [29]. The generation of Bessel-like needle beams by axicons is based on the composi-
tion of a sequence of converging partial beams. An interesting property of such beams is
their robustness against angular tilt [30]. Although their characteristic propagation lengths
are on the order of a few centimeters or less, with such beams, aspect ratios of >105 can be
achieved. A precise overview of the physics and applications of needle beams is provided
in [29]. The goal of this analysis, however, is different.
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To the best of our knowledge, in the literature there are no systematic data on the
influence of a reduced number of satellite rings on the diffraction spreading of the central
peak of long-range Bessel-Gaussian beams. Let us recall that ideal (in the mathematical
sense) BBs do not diffract, while realistically generated (with a finite number of satellite
rings) BGBs have diffraction angles in the microradian range. It can be assumed that, at
one and the same distance, the increasing truncation of the rings surrounding the central
peak will lead to its larger transverse broadening. Such control of the spreading of a laser
beam in space, if possible without any moving optical elements, would probably find
applications. We would imagine that one such application would be in the long-range free-
space communication—e.g., to locate a receiver station with a more divergent beam, after
which to reduce its transverse spreading to ensure a more secure data transfer. In this article,
we report experimental results on the divergences of long-range Bessel-Gaussian beams
with truncated coaxial rings. Truncated BGB (TBGB) with n rings means the (n + 1)-th dark
ring and all beyond are truncated by an, e.g., iris diaphragm.

2. Experimental Data and Discussion
The experimental setup we used for measuring the divergences of the central peaks

of the truncated Bessel-Gaussian beams (TBGBs) is shown in Figure 1. With a set of
diaphragms and mirrors the beams of the different used lasers are directed along the
same propagation path so that changing them does not require readjustment of the rest of
the setup. We used a vortex phase plate (VP) designed and fabricated for 800 nm with a
topological charge |TC| = 8. Laser beams at wavelengths of 430 nm, 800 nm, and 1100 nm
were generated separately by selecting them from the tunable picosecond emission of
a supercontinuum laser (SuperK Fianium, NKT Photonics, Birkeroed, Denmark). For
comparison, at a central wavelength of 800 nm, beams/pulses from a mode-locked sub-7
fs Ti:Sapphire-based laser oscillator (Element 2, Spectra-Physics, Vienna, Austria) were
also used. With this choice of wavelengths, we ensured (a) relatively narrow-bandwidth
and broadband radiation corresponding to the design central wavelength of 800 nm of
the VP; (b) illumination at a wavelength (430 nm) as close as possible (for the Fianium
laser) to the second harmonic of the VP’s design wavelength, generating/annihilating
16-fold charged OVs with fractional TC; and (c) longer wavelength radiation (1100 nm),
generating/annihilating OVs with fractional OVs with lower TCs.

The particular laser beam passes first through the stationary VP. After two reflections
from mirrors M1 and M2, it passes in reverse direction through the same VP. As a result,
first, a doughnut-shaped OV with, e.g., “positive” TC is formed, and then the 8 decayed
OVs are annihilated by the same number of OVs with “negative” TCs. At the exit of this
double-pass configuration, a ring-shaped beam with a flat phase front is prepared. The
Fourier transformation in space is performed by a lens of a focal length f = 50 cm. The focal
length of the lens is chosen for convenience. Its position is determined by the condition that
the size of the ring-shaped beam in the second pass is close to that of the incoming beam
in the plane of the VP, so that the topological charges of the vortices can be successfully
annihilated. The particular distances are listed in the caption of Figure 1. The CCD camera
was moved to different positions along the propagation path of the BGBs to a maximum
distance of 470 cm, measured from the location of the lens focal plane LFP.
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Figure 1. Experimental setup. VP—vortex phase plate, fabricated to produce optical vortices with
topological charge |TC| = 8. L—fused silica lens ( f = 50 cm). M1, M2—flat silver-coated mirrors.
LFP—lens focal plane. ID—iris diaphragm. CCD—movable charge-coupled device camera. The
corresponding distances are: VP to M1—32 cm; M1 to M2—6 cm; M2 to L—13 cm; L to LFP, when
using f = 50 cm—about 65 cm. LFP to ID—25 cm (when the beam waist of the incoming Gaussian
beam is offset from the front focal plane of a thin lens (at 1.5 m in our case), the waist of the focused
beam is offset from the back focal plane of the lens as well (estimated offset 14 cm)). All positions of
the CCD camera are measured from the LFP.

In Table 1, we summarize the measured divergence half angles of the central peaks
of a Bessel-Gaussian beam (BGB) and of truncated BGBs (TBGBs) with 3, 2, and 1 satellite
dark and bright ring(s) for the mentioned wavelengths. (TBGB with n satellite dark/bright
rings means that the iris diaphragm is truncating the n + 1-st dark ring and the further
lying bright and dark rings.) Notations (ps) and (7 fs) refer to the use of relatively narrow-
bandwidth tunable picosecond emission extracted from the supercontinuum laser emission
and to the broadband pulses of the mode-locked femtosecond laser oscillator, respec-
tively. The significantly higher divergence of the unmodulated background Gaussian
beam is included on the right part of the table as well. The data for the broadening
of the central peak of the BGBs obtained at the design wavelength of the VP (800 nm)
with picosecond (ps) and femtosecond (fs) pulses are very close. They differ minimally,
by about 5µrad. With 3 and 2 satellite rings remaining in the TBGBs, the differences
between fs and ps beams increase to about 45µrad. When only 1 ring is intentionally
left, the difference reaches about 90µrad. Except for the undisturbed BGBs, the diver-
gences of the truncated femtosecond (broad bandwidth) beams are higher than those of the
truncated (relatively short-bandwidth) picosecond beams. The latter we attribute to the
observed “coloring” of the outermost rings of unperturbed femtosecond BGBs (see Figure 5
in [5]). The physical mechanism behind it is the stronger pronounced diffraction of the
longer-wavelength components of the broad bandwidth spectrum, which is weaker for the
shorter-wavelength components.

From the data in Table 1, for the 800 nm (ps) case, the divergence of the untruncated
BGB is 100 (±1)µrad, while after truncation to three rings, it decreases to 94 (±7)µrad. In
view of the relatively large error bars ((±7)µrad and (±1)µrad), we consider this anomalous
observation as an artifact.

From Table 1, it is also clear that the femtosecond Gaussian beam has nearly twice
higher divergence compared with the maximally truncated BGB. It is also interesting to
note that the undisturbed picosecond background beam has an almost 10 times higher
divergence than the maximally truncated picosecond BGB. This is due to the transfer of the
beams from the picosecond tunable source (Fianium) to the experiment via an optical fiber.

At a wavelength of 430 nm, the BGB has a divergence that is half that at 800 nm. The
result is not surprising. It is due to the fact that the generated (and annihilated) OVs have a
topological charge that is twice as high as at 800 nm, which leads to a significantly larger
radius of the ring-shaped beam before its Fourier transform (see Figure 2b in [13]) and to a
larger number of satellite rings after the formation of the BGB (see Figure 1 in [14]). When
the satellite rings are reduced to 3, 2, and 1, the divergence of the TBGB increases nearly
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2, 3, and 4 times, respectively. Even the highest divergence remains about 7.5 times lower
than that of an undisturbed Gaussian beam at the same wavelength.

The other extreme case studied here is the generation of a BGB and of TBGBs at
a wavelength of 1100 nm. Due to the smaller radius of the ring-shaped beam before
its Fourier transformation r0/ω0 = 8 (the condition r0/ω0 ≥ 10 is violated; see Equa-
tion (7) in [13] and the comment in section Introduction), only a well-formed central peak
and one first satellite ring are observed, surrounded by highly structured ring-shaped
formations. The second reason for this unsatisfactory quality of the BGB at 1100 nm is
that, in front of the focusing lens, the vortex ring is strongly azimuthally modulated (see
Figure S5 in the Supplementary Materials). Because of this, two of the cases studied at the
other wavelengths are marked as not available (n.a.) in the last row of Table 1. It can be
seen that the shaped Bessel-Gaussian-like beam has the highest divergence, which further
increases about 1.7 times when the outer-lying structured formations are cut off. The
divergence of the undisturbed background beam is measured to be more than one and a
half orders of magnitude higher, and it is the highest of all undisturbed background beams.

Based on the data summarized in Table 1, it can be concluded that the truncation of
the concentric rings surrounding the central peak of the long-range BGBs has a pronounced
and controllable effect in increasing the divergence of their central peaks.

Table 1. Divergences of the central peaks of Bessel-Gaussian beam (BGB) and of truncated BGBs
(TBGBs) with 3, 2, and 1 satellite ring(s) for four different wavelengths. The standard errors of the
respective linear fits are given in brackets. Missing standard errors for the divergences of the pure
background beams means that only two beam energy densities could be recorded and the linear fit of
the data is used.

Divergence Half-Angle (µrad ) for f = 50 cm

Wavelength BGB 3 Rings 2 Rings 1 Ring Background Beam

430 nm (ps) 48 (±1) 81 (±4) 139 (±2) 196 (±5) 1500
800 nm (ps) 100 (±1) 94 (±7) 165 (±6) 207 (±4) 2000
800 nm (fs) 95 (±2) 140 (±2) 201 (±7) 300 (±13) 570 (±7)

1100 nm (ps) 129 (±2) n.a. n.a. 216 (±6) 3800

In Figures 2 and 3, following one and the same style of presentation, we show results
obtained with relatively narrow-bandwidth picosecond laser pulses (Figure 2) and with
broad bandwidth 7 fs pulses (Figure 3). Intentionally, in both cases the central wavelength
of the spectra of the laser beams was λ = 800 nm in order to match the wavelength for
which the VP was fabricated to produce OV with a |TC| = 8. The difference that could
be observed in the data extracted from the two series of measurements could be due to
two factors—the significantly wider spectra of the femtosecond pulses (>300 nm at 10 dB
level) and the significantly higher broadening of the background picosecond beam trans-
ported to the experimental setup with an optical waveguide. The spectral components of
the femtosecond beam lying farther away from 800 nm are expected to cause the genera-
tion/decay/interaction and, finally, the annihilation of OVs with fractional TCs. In our
previous experiments, we showed [14,16] that VPs produced for a particular wavelength
can also be used at significantly different wavelengths, including with femtosecond pulses;
i.e., the approach used to generate BGBs is tolerant of the used wavelengths. Taking a
closer look at the middle two rows of Table 1, it can be seen that when carrying all their
satellite rings, the BGBs have practically identical divergences in both picosecond and
femtosecond modes (100 (±1)µrad in picosecond mode and 95 (±2) µrad in femtosecond
mode). Truncating their satellite rings to 3, 2, and 1 results in a noticeably larger increase
in the divergence of the central peak—e.g., 300 (±13) µrad in femtosecond mode versus
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207 (±4) µrad in picosecond mode, when the beams carry only one satellite ring around
their central peaks.

Figure 2. Results obtained with narrow-bandwidth (picosecond) laser beam at λ = 800 nm using a
vortex plate (VP) fabricated to produce OV with a |TC| = 8 at 800 nm. (a)—Beam divergences of
the generated BGBs (red solid circles) and of the TBGBs with 3 (yellow line), 2 (blue dashed line and
solid triangles), and 1 satellite dark ring (black dashed line and open circles). The significantly higher
divergence of the unmodulated Gaussian background beam is seen in the upper-left part of the graph.
(b,c)—Normalized radial cross-sections of the BGB and of the TBGBs for propagation distances
z = 1.85 m and z = 4.35 m behind the lens focal plane.

Figure 3. Results obtained with broad bandwidth 7 fs pulses and laser beam at a central wavelength of
its spectrum λ = 800 nm. VP fabricated to produce OV with a |TC| = 8 at 800 nm is used. (a)—Beam
divergences of the generated BGB (red solid circles) and of the truncated BGBs with 3 (yellow line
and solid circles), 2 (blue dashed line and solid triangles), and 1 satellite dark ring (black dashed
line and open circles). The dash-dotted line is showing the significantly higher divergence of the
unmodulated Gaussian background beam. (b,c)—Normalized radial cross-sections of the BGB and
the TBGBs for propagation distances z = 1.85 m and z = 4.35 m behind the lens focal plane. The
respective cross-section of the Gaussian background beam (G) is shown as well.

Nonetheless, the trend of increasing the diffraction of the central peak with the stronger
truncation of the satellite rings is well expressed in both cases, as can be seen in panels (a)
of Figures 2 and 3. Following the same style of presentation, panels (a) show the beam
divergences of the generated BGBs (red solid circles) and of the truncated BGBs with
3 (yellow line and solid circles), 2 (blue dashed line and solid triangles), and 1 satellite
ring (black dashed line and open circles). The dash-dotted lines show the much higher
divergence of the unmodulated Gaussian background beam. The linear dependence of
the beam expansion with increasing distance is clearly expressed. The difference between
the changing size of the central peak of the BGB when it carries all its satellite rings and
when their number is reduced to 3 rings is minimal. At this stage, it could be concluded
that cutting out the satellite rings down to 3 allows the TBGB to propagate as if it were an
untruncated BGB.

The used fitting function we defined as AJ2
0 [ρ(x − x0)] exp{−(x − x0)

2/w2} + B,
where J0 is a Bessel function of the first kind of order zero, depending on the spatial
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coordinate x with an eventual offset x0. The scaling factor ρ in the Bessel function argument
is inversely proportional to the width of the central peak. The smaller the width w of the
Gaussian envelope, the less concentric rings are clearly seen around the central peak of
the BGB. A and B are the amplitude scaling factor and the eventual constant background
offset, respectively.

In panels (b) and (c), in Figure 2 for picosecond mode and in Figure 3 for femtosecond
mode, we show normalized radial cross-sections of the BGBs and the TBGBs for propagation
distances z = 1.85 m (panels (b)) and z = 4.35 m (panels (c)) behind the Fourier-transforming
lens L. The color coding of the curves is kept the same as in panels (a) of both graphs.
The experimental data for the radial distributions of the BGB intensity (hollow red circles)
show that the positions of the peaks of the first two satellite rings match well with those of
the theoretical approximations with squared Bessel-Gaussian functions (red solid curves).
With three dark rings cut off, the widths at the central peaks are practically unchanged at
z = 1.85 m and only slightly increased at z = 4.35 m. Reducing the satellite rings to 2 sig-
nificantly widens the peak at the greater distance z = 4.35 m. With only one satellite ring
preserved, the broadening of the central peak is clearly noticeable at both distances, as is the
increased energy transfer to the first outer satellite ring. We attribute this to the probable
loss of radial π-phase modulation when filtering only one satellite ring, as indicated by
the lack of modulation of the intensity to zero (see the black curves in graphs (b) and (c) in
Figures 2 and 3).

From the above, it can be concluded that (i) the truncation of the satellite rings sur-
rounding the central peak of the BGBs leads to an increase in their divergences. (ii) Despite
the tolerance of the approach for generating BGBs with respect to wavelengths, the diffrac-
tion of laser beams with broad spectra (e.g., femtosecond beams/pulses) is more strongly
affected by this truncation than the diffraction of relatively narrow-bandwidth picosecond
beams. Our specific data show a ratio of these increments for fs mode to ps mode equal to
1.5 at the maximum beam propagation distance in this experiment (z = 4.75 m).

In Figure 4, we show the experimentally recorded energy density distributions at
the largest propagation distance of 4.7 m in this experiment, just 35 cm farther from the
position at which the data presented in Figures 2 and 3 are recorded. In the upper-left
panel in Figure 4 marked with “G”, we show the Gaussian background beam as observed
with the femtosecond laser beam. Unfortunately, at the same position, the background
beam from the picosecond laser only partially fitted on the CCD camera sensor. It was
possible to reliably register it 1.35 m behind the focal plane of the lens only. Despite this
significant difference between the sizes and divergences of the background beams, the
comparison between the BGBs in the two modes (see the first column of frames in Figure 4)
shows a minimal difference. In the picosecond mode, the rings around the central peak
have a slightly deeper modulation than in the femtosecond mode. In both pulse regimes,
at the fixed propagation length z = 4.7 m, the increased truncation of the satellite dark
rings leads to an increased broadening of the central peaks. This is consistent with the
data on the diffraction of equally truncated beams in both modes, summarized in Table 1.
Although not large, the difference in the diffraction of identically truncated beams in the
two modes is accompanied by relatively smaller deformation of the first satellite bright
ring and by weaker broadening of the central peak of the beam generated in the picosecond
regime. However, these observations are consistent with the conclusions formulated in
points (i) and (ii) above, related to Figures 2 and 3.
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Figure 4. Energy density distributions of the unperturbed Gaussian background beam (upper-left
panel marked with G), of the generated Bessel-Gaussian beams (column marked with BGB), and of
the TBGBs with 3, 2, and 1 rings, when broadband sub-7-femtosecond pulses (upper row of panels)
and relatively narrow-bandwidth picosecond pulses are used (lower row of frames). In both cases,
the central wavelength of the spectra (800 nm) matches the design wavelength of the used VP. All
data are recorded at a propagation distance of 4.7 m. Inset red curves—radial cross-sections of the
energy density distributions.

The results shown in Figure 5 are obtained at a much shorter wavelength of 430 nm,
which is close to the second harmonic of 800 nm. Unfortunately, for the used laser (Fianium),
this wavelength was the minimum that could be reached. Due to its relatively low laser
output power at 430 nm, the experimental data, especially at longer propagation distances,
are noisier (see graph (c) in Figure 5). The importance of this measurement stems from
the fact that, at a wavelength almost twice smaller than the design wavelength for the
VP, the VP generates (fractional) OVs with a twice higher topological charge of 8 (i.e.,
|TC| = 16). As mentioned and shown in detail in [15], after double passage through this
VP and subsequent focusing, high-quality BGBs are generated. In this case, due to the
higher TC, the stronger repulsion between the optical vortices “opens up” a wider bright
ring in the background beam (see Figure 2 in [13]). As a result, its Fourier transformation
leads to a narrower central peak of the BGB (see Figures 1 and 6a in [14]). This is clearly
seen by comparing the BGBs (marked with red curves and corresponding hollow circles) in
graphs (a) in Figure 3 for 800 nm and in Figure 5 for 430 nm.

Figure 5. Results obtained with picosecond laser pulses emitted at a wavelength λ = 430 nm. The
same focusing lens and the same VP are used. (a)—Beam divergences of the generated BGB (red solid
circles) and of the TBGBs with 3 (yellow solid circles/line), 2 (blue dashed line and solid triangles),
and 1 satellite ring (black dashed line and open circles). Dash-dotted line and open squares—the
significantly higher divergence of the unmodulated Gaussian background beam. (b,c)—Normalized
radial cross-sections of the BGB and of the TBGBs for propagation distances z = 1.85 m and z = 4.35 m
behind the lens focal plane.

In this case, using a laser beam emitted at 430 nm, the aforementioned trends can
be observed again: (iii) The decrease in the number of rings around the central peak of
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the TBGB leads to an increase in its divergence (graph (a) in Figure 5), and (iv) with three
satellite rings, the radial cross-sections of the TBGB do not differ noticeably from those of
the undisturbed BGB, but their reduction to two or even to one satellite dark ring leads to a
significant degradation of the transverse structure of the beam (see graphs (b) and (c) in
Figure 5).

In Figure 6, we show results for λ = 1100 nm. This wavelength is at the upper limit
of the spectral range within which it was possible to tune the acousto-optic filter of the
used laser (Fianium). Both wavelengths 430 nm and 1100 nm differ significantly from the
design wavelength of the used VP (800 nm). Therefore, the optical vortices generated using
this VP have lower and fractional topological charges (i.e., their rings are non-negligibly
azimuthally perturbed). The already-mentioned wavelength tolerance of the method [15]
we use to generate long-range BGBs is also manifested positively here (as will be discussed
in connection to Figure 7). The significant difference from the results obtained at the correct
wavelength 800 nm is that the number of satellite dark rings is crucial for the evolution
of the central peak. Due to the strong azimuthal modulation of the second, third, and
other more distant rings, in Figure 6b,c, we show the radial cross-sections of the BGBs with
all (even perturbed) rings (red hollow circles and red solid lines) and with only one first
remaining ring around the central peak (black solid curves). It can be seen that when the
entire rich (albeit modulated) peripheral structure is present around the central peak, the
BGB has good modulation depth at the first satellite dark ring. Cutting it down to only one
satellite ring significantly degrades the modulation. This leads to the conclusion that, even
in the first satellite dark ring, the radial π-phase jumps are absent. As a result of the radial
energy transfer, and probably intensified by the stronger diffraction of the central peak at
this longer wavelength (see graph (a) in Figure 6), the intensity of the first satellite bright
ring increases noticeably (graph (c) in Figure 6). The decay of the central peak also is more
strongly pronounced compared with the case in which the rich (and modulated) peripheral
ring structure is present. At a qualitative level, from these results we can conclude that, in
BGBs formed by the decay and annihilation of OVs with fractional topological charges, the
presence of a (even modulated) peripheral structure of satellite rings is essential for the low
divergence and for the stable propagation of the central peak of the generated BGBs.

Figure 6. Results obtained with picosecond laser pulses emitted at λ = 1100 nm. (a)—Beam diver-
gences of the generated BGB (red solid circles) and of the TBGB with 1 satellite ring (black dashed
line and open circles). Dash-dotted line and open squares—divergence of the unmodulated Gaussian
background beam. (b,c)—Normalized radial cross-sections of the BGB and the TBGB with 1 ring for
distances z = 1.85 m and z = 4.35 m behind the lens focal plane.

In Figure 7, we compare the energy density distributions of BGBs and of TBGBs at
three wavelengths extracted from the Fianium laser in ps mode. Comparing the data in
the left column of frames, it can be seen that the decrease in wavelength leads to narrower
central peaks of theBGBs and to a larger number of well-defined coaxial rings surrounding
them. This is a result of the higher TCs of the initially generated and subsequently annihi-
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lated OVs and the corresponding wider ring-shaped beams in the plane of the focusing
lens. At λ = 1100 nm, the fractional TCs of the vortices are seen to lead to a non-negligible
modulation of the second and more distant satellite rings. For this reason, energy density
distributions of TBGBs with 2 and 3 rings are intentionally not presented. In the last row
of Table 1, the two respective cases are marked as not available (n.a.). With the remaining
3 satellite rings, the spatial distribution of the TBGB generated at the design wavelength
of the VP (800 nm) is relatively the best. Although there are significant deformations and
increased divergence, this remains the case for filtered 2 and 1 dark rings.

Figure 7. Energy density distributions of the analyzed BGBs (left column of frames) and of BGBs
with truncated coaxial rings (see the notations above the columns of frames), generated using laser
emission at 430 nm (upper row of frames), 800 nm (middle, ps pulses), and 1100 nm (lower row of
frames) recorded at a propagation distance z = 4.7 m.

Due to the relatively large number of experimental results worth presenting, we have
organized them into four figures and included them in the Supplementary Materials to this paper.

The data presented in Table 2 are indicative of the order of magnitude of the diver-
gences of the central peaks of the undisturbed BGBs, for which the truncation of the satellite
rings has no noticeable effect. To obtain BGBs with diffraction angles of the order of mil-
liradians (i.e., of the order of diffraction angles of relatively high-quality unmodulated
Gaussian beams), we used a lens with a shorter focal length— f = 15 cm instead of f = 50 cm,
used up to now. All other experimental parameters are the same as those used to obtain the
data in Table 1. Since the maximum truncation of the satellite rings is up to 1 dark/bright
ring around the central peak of the BGBs, Table 2 presents data only for the divergences of
the beams in this extreme case. They are compared with the propagation of the BGBs when
they carry their entire rich (even modulated) structure of rings. Looking at the data for each
wavelength separately shows that, within the error in calculating the diffraction angles, the
data for the non-truncated BGBs are practically the same as those for the TBGBs. In the case
of 7 fs pulses emitted at the “correct” wavelength of 800 nm for the used VP, the divergence
angles of the BGBs and TBGBs are higher than those in Table 1. A possible explanation for
this is the stronger spatial localization of the central peak of the beam with this ≈3.3 times
shorter-focus lens, and hence the stronger influence of diffraction. From the data, it can be
concluded that the diffraction of central peaks of the TBGBs is influenced by the degree of
cutting of the satellite rings for the central peak when the diffraction angles of the central
peaks of the BGBs are of the order of 100µrad or less. This means that, keeping all other
conditions unchanged, the influence of the truncation of the satellite rings will be more
pronounced when using relatively longer-focus Fourier-transforming lenses, achieving
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longer propagation distances at lower diffraction angles. More generally, the truncation
effect is significant only when the BGB itself has a sufficiently small divergence (on the
microradian scale).

Table 2. Retrieved divergences of the central peaks of the Bessel-Gaussian beams (BGBs) and the
truncated BGBs (TBGBs) with one satellite ring for four different wavelengths. In contrast with the
data shown in Table 1, the focal length of the used Fourier-transforming lens is shorter— f = 15 cm.
All other experimental conditions are the same. The standard errors of the respective linear fits are
given in brackets.

Divergence Half Angle [µrad] for f = 15 cm

Wavelength BGB 1 Ring

430 nm (ps) 567 (±4) 587 (±16)
800 nm (ps) 1020 (±6) 983 (±33)
800 nm (fs) 1210 (±10) 1200 (±11)

1100 nm (ps) 1150 (±7) 1090 (±15)

3. Conclusions
In this article, we presented experimental evidence that, under otherwise identi-

cal experimental conditions, the number of bright ring-shaped waves and the π-phase
jumps between them have a significant influence on the divergence of the central peak
of zero-order Bessel-Gaussian beams, when the undisturbed Bessel-Gaussian beam has a
divergence of the order of microradians. The ability to control it is not significantly affected
by how well the used wavelength matches the wavelength for which the phase plates
are designed. This truncation of the coaxial rings of Bessel-Gaussian beams works for
both beams/pulses with relatively narrow spectra and for broadband radiation emitted by
femtosecond lasers. This method could appear useful in free space optical communications,
for example, to control the security of data transfers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/photonics13050483/s1, Figure S1: Picosecond pulses at λ = 430 nm.
Energy density distributions of Bessel-Gaussian beam (BGB) and of truncated BGBs with 3, 2, and
1 rings, recorded at three propagation distances z measured from the focal plane of the focusing
lens. For better visibility, each frame (1200 pix. × 1200 pix.) is adjusted in brightness; Figure S2:
Femtosecond pulses at λ = 800 nm. Energy density distributions of Bessel-Gaussian beam (BGB) and
of truncated BGBs with 3, 2, and 1 rings, recorded at three propagation distances z measured from
the focal plane of the focusing lens. For better visibility, each frame (1200 pix. × 1200 pix.) is adjusted
in brightness; Figure S3: Picosecond pulses at λ = 800 nm. Energy density distributions of Bessel-
Gaussian beam (BGB) and of truncated BGBs with 3, 2, and 1 rings, recorded at three propagation
distances z measured from the focal plane of the focusing lens. For better visibility, each frame
(1200 pix. × 1200 pix.) is adjusted in brightness; Figure S4: Picosecond pulses at λ = 1100 nm. Energy
density distributions of Bessel-Gaussian beam (BGB) and of truncated BGB with 1 ring, recorded at
three propagation distances z measured from the focal plane of the focusing lens. For better visibility,
each frame (1200 pix. × 1200 pix.) is adjusted in brightness; Figure S5: Energy density distributions of
OV beams generated from a Gaussian beam passing ones through a vortex phase plate designed and
fabricated for 800 nm with a topological charge |TC| = 8. The respective wavelength λ of the used
picosecond beam and the retrieved ring radius-to-arc width ratio r0/ω0 are listed for each frame.
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