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With their nearly non-diffracting and self-healing nature, Bessel-Gaussian beams (BGBs) are attractive for many
applications ranging from free-space communications to nonlinear optics. BGBs can successfully be generated
on background laser beams by imprinting and subsequently annihilating multiply charged optical vortices fol-
lowed by focusing the resulting ring-shaped beam with a thin lens. For high-power applications optical vortices
are preferentially created by spiral phase plates because of their high damage threshold. These are fabricated to
realize an azimuthal change of the accumulated phase of a multiple of 27 at a predetermined wavelength. This
raises the expectation that the use of spiral phase plates for the generation of BGBs is limited to the design wave-
length and therefore not applicable to broadband applications involving short-pulse lasers. In this paper we present
experimental data showing that this limitation can be overcome in a broad spectral range around the design wave-
length. Experimental cross-sections of the BGBs for several off-design wavelengths are found in a good quantitative

agreement with the theoretical Bessel functions at distances up to 540 cm after the focus of the lens.
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1. INTRODUCTION

Together with the infinite plane waves, Airy, and Ince beams,
Bessel beams belong to the four known types of beams that are
exact solutions of the Helmholtz equation [1,2]. Qualitatively
described, the intensity distribution of a Bessel beam (BB)
consists of a central peak (for a zeroth-order BB) or a cen-
tral ring (for first- and higher-order BBs), which, in the strict
mathematical sense, is surrounded by an infinite number of
coaxial rings [1,3] of decreasing amplitudes in radial direction.
The minima between the rings are at zero intensity since the
phase of the BB contains 7-phase jumps in radial direction
[3]. The BBs are designated as non-diffracting in the sense of
the remarkable stability of the central peak (or the central ring)
with respect to diffraction broadening [4]. Naturally, the exact
experimental realization of BBs is not possible since every laser
beam has a finite transverse size in reality. Thus, the central
peak of an experimentally obtained BB is surrounded by a finite
number of coaxial rings. As a consequence, such BBs exhibit
a weakly pronounced divergence and thus are referred to as
quasi-non-diffracting Bessel-Gaussian beams (BGBs).

Some of the classical and well-studied methods for the gen-
eration of BGBs use cither annular slits in the back focal plane
of alens [4-6], or axicons [4], or devices reproducing the phase
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structure of axicons such as deformable mirrors [7], spatial light
modulators [8], or computer-generated holograms [9]. Another
interesting method is the use of a cylindrical lens morphed to
a closed ring [10]. The problem with some of these methods is
the relatively poor approximations of BBs or the low efficiency
in the conversion of the Gauss beam into a BGB. Both can be
overcome by an approach based on the manipulation of highly
charged optical vortices (OVs) [11-13].

OVs are doughnut-shaped beams carrying truly two-
dimensional point phase dislocation in their dark cores [14].
Their phase profiles are described by integers (with signs) known
as topological charges (TCs), which indicate the number of
27 -unit phase windings in azimuthal direction. Generally, the
higher the TC of an OV, the broader the dark core of the OV
beam (see, e.g., Fig. 2(b) in [11]) and the more unstable the
multiply charged vortex state [15,16]. In other words, highly
charged OVs can be used to efficiently generate a ring-shaped
intensity distribution as required for producing a BGB. Of
course, the phase singularities in this ring-shaped beam need to
be removed, which is accomplished by using an identical optical
element with an encoded opposite TC. The Fourier-transform
of the resulting beam by a thin lens results in a BGB in and after
the lens’ focus. It has been shown [11-13] that such BGBs can
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propagate for meters with half-angle divergences on the order of
a few tens of microradians and with a quality exceeding those of
BGBs generated with axicons.

In [11-13] reflective liquid-crystal spatial phase modulators
(SLMs), programmed to reproduce the phases of the desired
multiply charged OVs, are used. Unfortunately, despite their
high efficiency, these SLMs cannot withstand high average and
high peak powers. A possible alternative would be the use of
vortex phase plates (VPs), i.e., plates whose thickness increases
in azimuthal direction [17,18]. Such plates are designed and
produced for a given wavelength to provide an azimuthal phase
change of an integer multiple of 277. Their use at other wave-
lengths leads to the generation of optical vortices with fractional
TCs (see, e.g., Figs. 3(c), (d) in [19], Fig. 2 in [20], and Fig. 4
in [21]). These perturbed vortices are accompanied by radial
modulations of the amplitude of the background beam. Even
though the idea for an achromatic phase plate, i.c., for com-
pensating for the topological dispersion by a two-layered OV
phase plate, is known [22], we are not aware of its experimental
implementation.

The purpose of this paper is to report experimental results
for the successful generation of long-range low-divergent BGBs
by using transmissive vortex phase plates at wavelengths sub-
stantially different from their design wavelength. This allows
us to specify the discussed method as wavelength-tolerant or
insensitive to topological dispersion. The use of two identical
transmissive VPs is simple and allows obtaining first-order
BGB as well. The demonstrated approach works even with a
single transmissive VP aligned in a double-pass configuration.
Noteworthy is the plainness of both experimental realizations.
The results can be especially important for, e.g., applications
using ultrashort broadband pulses.

2. EXPERIMENTAL ARRANGEMENTS

In this section, the experimental setups are presented in details.
The first, single-pass experimental setup [see Fig. 1(a)] assumes
the presence of two identical uncoated VPs (VP1 and VP2;
both designed for |TC| =32 at 532 nm) with one of them
being flipped with respect to the other. This allows generating
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zeroth-order BGB. In order to generate first-order BGB, a
third VP3 with |[TC| =1 is added. Alternatively, two highly
charged VPs with a difference of 1 of the TC can be used in
a sequence as VP1 and VP2. In our case, the uncoated VP3
is designed to produce an OV with |TC| =1 at a wavelength
of 800 nm. A focusing lens L with /=125 mm is used as a
Fourier-transforming element in space. The generated Bessel-
Gaussian beams are recorded by a CCD camera at distances up
to 300 cm behind the focus of the lens L. To show the wave-
length tolerance of the used method for BGB generation we
used a laser system tunable from 420 nm to 800 nm. The used
power in this experiment was in the mW range, although the
VPs can withstand much higher powers/intensities. Figs. 1(c)
and 1(d) show experimental intensity distributions generated
at 800 nm at a propagation distance of 100 cm of zeroth-order
BGB (obtained with VP1 and VP2 designed for 532 nm) and
first-order BGB (obtained in the same way plus VP3 designed
for 800 nm). The intentionally saturated frames clearly show the
good quality of the rings surrounding the central peak/ring of
the BGBs.

The second variant of the setup is shown in Fig. 1(b). It uses
a double-pass through a single (highly charged) transmissive
uncoated VD thus allowing the generation of zeroth-order
BGBs. Laser beams of different wavelengths (455 nm, 532 nm,
633 nm, and 800 nm) are used for this experiment. For reasons
of experimental convenience, the laser is fed in via a multimode
optical fiber (OF) with beam collimation optics. Here, only VP1
isused (|TC| = 32 at 532 nm). After passing through a focusing
lens L (= 125 mm), the ring-shaped vortex beam is reflected
from two flat mirrors M1 and M2. Accordingly, the TC is erased
after the second pass through the backside of the VP1. The lens
L has two functions, namely, to compensate for the diffraction
of the ring-shaped beam reflected from mirrors M1 and M2
at the position of the VP1, and to Fourier-transform it. The
Bessel-Gaussian beams are recorded at distances up to 540 cm
behind the focus of the lens L by translating a charge-coupled
device camera.
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Experimental setup. (a) Single-pass configuration: the tunable laser beam illuminates a sequence of VPs. VP1 and VP2 are designed for

532 nm with |TC| = 32 and are oriented to cancel the overall TC. VP3 (optional) is designed for 800 nm with [TC| = 1. VP1-to-VP2 separation —
5 cm, VP2-to-VP3 distance —5 cm. (b) Double-pass configuration: a laser beam from one of the four laser sources is transmitted through a multi-
mode optical fiber (OF) and illuminates VP1. M1 and M2 — flat silver-coated mirrors. The Bessel-Gaussian beams are recorded at various distances by
a CCD camera. The same focusing lens (L; /= 125 mm) and CCD camera are used in both setups. (c) (d) Zeroth- and first-order Bessel-Gaussian
beams at 800 nm using the single-pass setup, recorded at 100 cm behind the focus of the lens L.
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3. RESULTS AND DISCUSSION

In order to demonstrate the remarkable robustness of the vortex
method for producing BGBs against the use of the “wrong”
wavelength, we start with a few measurements that illustrate
the difference between OVs generated at the wavelength for
which the corresponding VP is designed and the (fractional)
OVs when the same VP is illuminated at significantly different
wavelengths. When the OVs are produced with VPs illuminated
at the design wavelengths, OVs with integer TCs are generated.
The corresponding frames are shown in Fig. 2(a) enclosed by
a dashed line. What can be seen in the upper dashed panel of
Fig. 2(a) is the good quality of the OV with |TC| = 1 generated
at the “correct” wavelength A¢c =532 nm. At the “wrong”
wavelengths (A =633 nm ~Xic x 1.19 and A, =800 nm
~ L¢ % 1.5), optical vortices with fractional topological charges
are generated. The fact that the phase spirals are not up to 27
(or multiples) leads, immediately after the VB, to additional
radial dark structures. Such structures are clearly seen in the
upper middle and right frames of Fig. 2(a) for |TC| =1 for the
“wrong” wavelengths.

In the first line of frames in Fig. 2(a), in each of the three
intensity distributions of OVs with |TC| =1, we showed as
insets the essential portions of the corresponding interference
patterns obtained with a tilted plane wave. The interferogram
recorded at a wavelength of 532 nm clearly shows a splitting of

633 nm

800 nm

532 nm
a

VP2 VP1+VP2 BGB

TC=32-32
i.e. TC=0
Fig. 2. Near-field results — 5 cm after the last illuminated VP,
(a) Demonstration of OVs with integer TCs (dashed rectangle: at the
“correct” wavelength) and with fractional TCs. Results obtained by
laser beams at 532 nm, 633 nm, and 800 nm transmitted through
VP designed for [TC| =1 (upper row) and |TC| =32 (lower row)
at a wavelength of 532 nm. For each OV intensity distribution with
|TC| =1, as insets we also include parts of the corresponding inter-
ference patterns (see text for more details). (b) OVs recorded using
the single-pass setup (see Fig. 1), when VP1 with encoded TC = 32
is aligned only (first frame), when only VP2 with encoded TC = —32
is present (second frame), and when both VP1 and VP2 are aligned
so that all TCs are erased (third frame; effectively TC = 0). VP1 and
VP2 are designed for a wavelength 532 nm and are illuminated with a
laser beam at 800 nm. Rightmost frame: BGB obtained by focusing the
ring-shaped beam shown on the third frame, 100 cm behind the focus
ofthelensL (/=125 mm).

TC=-32

TC=32

one interference line into two, which is the expected indication
of a unit topological charge. Away from the vortex core in a
vertical direction, the interference lines remain nearly straight
and undisturbed by the weak intensity modulation of the
background beam carrying the vortex.

In the interferograms taken at wavelengths 633 nm and
800 nm the change is significant. In both cases, a relatively well-
formed optical vortex with a unit topological charge remains in
the center of the background beam and a well-defined fork-like
splitting of one interference line into two is observed. In the
vertical radial direction, however, one-dimensional dark beams
are visible. Their modulation depth increases with increasing
the offset from the design wavelength of the vortex plate. At a
wavelength of 633 nm, the interference lines are slightly bent,
indicating a slight phase change in the dark beam. At a wave-
length of 800 nm, especially in the region closer to the OV core,
interference fringes shifted by half a period are clearly visible.
This is an indication of a one-dimensional phase dislocation,
which can also be interpreted as a sequence of closely spaced
OVs with alternative single topological charges +1—1+1 ...
etc. The bending of the dark structure near the well-formed
OV with a unit topological charge is a consequence of the linear
dynamics of the beam under the influence of the diffraction
(see, e.g., Fig. 2 in [20], however numerically calculated in a
nonlinear regime). In view of the above, one can state that at
wavelengths significantly different from the design wavelength
of the used vortex plate, OVs with fractional topological charges
are formed.

In general, multiply charged optical vortices decay into
vortices with unit topological charges of the same signs. Due
to their mutual repulsion, broad bright ring-shaped beams are
formed. In the three lower panels of Fig. 2(a) we compare OVs
with | TC| = 32 obtained when laser beams at 532 nm, 633 nm,
and 800 nm are transmitted through a VP designed for 532 nm.
At the “correct” wavelength, the dominating inner bright ring
is surrounded by rings of rapidly decreasing intensities. This is
a clear signature of diffraction accumulated by the ring-shaped
beam after the VP. These rings are well formed and smooth in
azimuthal direction. This is definitely not the case at the offset
wavelengths 0of 633 nm and 800 nm. In these cases, the rings sur-
rounding the dark core are periodically modulated in azimuthal
direction. Close inspection of the results shows that the number
of the modulation periods is equal to the encoded integer TC for
the “correct” wavelength.

We also consider it important to present the near-field (5 cm
after the last illuminated VP) energy density distributions
of the optical vortices and the annihilated ring-shaped beam
generated at 800 nm from VPs designed to produce an optical
vortex with topological charge 32 at 532 nm [Fig. 2(b)]. This
case corresponds to the single-pass setup described in Fig. 1(a).
The transverse intensity distributions of the OVs are recorded
when only VP1 encoded with TC =32 is used (left frame),
only in the presence of VP2 encoded with TC = —32 (second
frame) and when both VP1 and VP2 are aligned and all TCs
are erased (third frame). An inversion of the sign of the TC is
achieved by flipping one of the VPs, i.e., by illuminating it from
the back side. The ring-shaped beam obtained by VP2 only, has
a smaller radius than the one obtained by using VP1 only, since
VP2 is located closer to the CCD camera. The panel marked as
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VP1 + VP2 denotes the result when both VPs are aligned and all
TCs are erased (final TC = 32 — 32 = 0). The interesting thing
to note here is that, despite the absence of phase singularities
inside the ring-shaped beam, the intensity distribution remains
similar to the one generated with VP2 only. This is in agree-
ment with the results reported in [11,12]. Even such strongly
perturbed ring-shaped beams at “wrong” wavelengths result
in high-quality BGBs after Fourier-transformation in space.
One such BGB is shown in the most right frame of Fig. 2(b).
It is obtained by focusing the beam shown in the third panel in
Fig. 2(b). The presented BGB is captured 100 cm after the focus
of the Fourier-transforming lens.
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Figure 3 shows a set of graphs representing experimental data
obtained with the single-pass experimental setup [see Fig. 1(a)].
Each graph contains the experimentally recorded radial profile
of the zeroth-order BGB (hollow colored circles) and a numer-
ically generated radial profile of a perfect (in the mathematical
sense) Bessel (colored solid curves). For the numerical genera-
tion of Bessel functions to approximate the experimental data
we used the Hansen-Bessel formula [23]

e 2

L(pr) = = exp (—ip cos(8)r — in6) dd (1)

In this equation p (the length of the transverse component of
the wave-vector) was the only parameter to be adjusted, 6 is the
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BGBs generated using the single-pass setup shown in Fig. 1(a). Graphs: radial cross-sections of experimentally generated BGBs (open cir-

cles) and their numerical approximations with Bessel functions [solid curves; see Eq. (1)] at propagation distances 50 cm (first row), 150 cm (second
row), and 300 cm (bottom row) and at different wavelengths (445 nm, 532 nm, 633 nm, and 800 nm) as indicated by the respective labels. The inten-
sity distributions in the third row display the intensity profiles of the BGBs at a distance of 150 cm. For better visibility, one quarter of each frame is
raised in brightness and contrast.
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azimuthal angle, 7 is the transverse coordinate, and » =0, 1 for
zeroth- or first-order Bessel functions, respectively.

The specific distances at which the data are presented (50 cm,
150 cm, and 300 cm) and the laser wavelengths used in each
case are denoted in each plot. (More experimental cases for
different wavelengths are summarized in Supplement 1 to this
paper.) The intensity distributions shown in the third row are
experimentally recorded BGBs from which the respective radial
profiles at 150 cm are extracted. For better visibility, one quarter
of each frame is intensified in brightness and contrast. Generally
one can state that the agreement between experimental data and
numerical approximations is excellent.

Let us analyze the results in more detail. The second col-
umn of graphs represents the case of “correct” use of the pair of
VPs. The excellent agreement between the experimental and
numerical data in this case can be regarded as a reference when
evaluating the other three cases. Remarkably, the theoretical
and experimental data agree virtually as well for the “wrong”
wavelengths. The only noticeable difference is observed at a
wavelength of 800 nm, which may be expected as this wave-
length differs most (270 nm) from the design wavelength.
The deviations are in the relative intensities of the outer-lying
bright rings, not in their relative positions. Nonetheless, the
wavelength-tolerant performance of the setup is confirmed
and high-quality BGBs are generated. At the longest propa-
gation distance after the focal plane of the lens (300 cm in this
experiment), in all four cases the experimental intensities of
the satellite rings are slightly higher than the theoretical ones.
However, the deduced divergences (half-angles) of the obtained
BGBsare 108 prad for 445 nm, 126 prad for 532 nm, 122 prad
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for 633 nm, and 128 urad for 800 nm, in agreement with
the values obtained in previously published works [11-13].
No significant change of the overall efficiency is measured
when generating BGBs at the “wrong” wavelengths using
uncoated VDPs.

In Fig. 4 we show a comparison of the transverse profiles
of the BGBs followed up to 540 cm, obtained at the “correct”
wavelength [532 nm; Fig. 4(a)] and at one “wrong wavelength”
of 800 nm [Fig. 4(b)]. Qualitatively, they are very similar. The
only weakly pronounced difference is that at the end of the
propagation range the outer-lying satellite rings of the BGB
obtained at 800 nm are slightly more visible compared to the
corresponding rings at 532 nm. This is quantitatively confirmed
when inspecting the graph shown in Fig. 4 (right panel) and
agrees with the results shown in the lowest row of Fig. 3 for
532 nmand 800 nm.

The data presented in Fig. 5 are recorded at 633 nm and
700 nm, using the single-pass setup again. They are inten-
tionally chosen to significantly deviate from both design
wavelengths for VP1, VP2 (532 nm), and VP3 (800 nm).
Remarkable is that at both wavelengths, the cores of the OVs
carried by the central rings of the first-order BGBs are well
formed and modulated down to zero. For both wavelengths, the
radial profiles at 150 cm agree equally well with the numerical
ones. The measured angles of divergence corresponding to
the profiles shown in Fig. 5 are 140 prad for both 633 nm and
700 nm.

Another interesting observation in these experiments is
the increase of the ring’s azimuthal modulation when using
wavelengths closer to the blue part of the spectrum. This can be
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Longitudinal intensity distributions of the diametrical cross-sections of the BGBs generated at (a) 532 nm and (b) 800 nm up to 540 cm

with the single-pass configuration [see Fig. 1(a)]. Graph: comparison of the normalized diametrical intensity distributions of the two BGBs shown in
(a) and (b). The corresponding experimental frames from which the data for the graph are extracted are captured at a propagation distance of 540 cm.
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First-order BGBs generated using the single-pass setup [shown in Fig. 1(a)] at wavelengths 633 nm (left) and 700 nm (right). The radial

cross-sections of the generated BGBs (open circles) and their numerical approximations with Bessel functions (solid curves) are recorded 150 cm
after the lens. VP1 and VP2 are designed for 532 nm with |[TC| = 32. VP3 is designed for 800 nm with |TC| = 1. All VP design wavelengths differ

significantly from those used in the experiment.
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Fig.6. Two-dimensional intensity distributions and radial cross-sections of BGBs generated using the double-pass setup shown in Fig. 1(b) at four
different wavelengths, captured at 32 cm, 100 cm, and 320 cm after the vortex plate. Design wavelength of the used VP is 532 nm. One quarter of the
intensity distributions at 32 cm and 100 cm are raised in brightness and contrast for better recognition of the outer-lying rings surrounding the bright

central peak.

explained by the increasing deviation of the used wavelength
from the design wavelength of VP3 (800 nm). It should be
kept in mind that VP3 is generating a singly charged OV at
the “correct” wavelength but a fractional vortex at the “wrong”
wavelengths, almost doubling its TC when approaching
400 nm. As expected, such modulations are absentat 800 nm.

In Fig. 6 we summarize the intensity distributions of the
BGBs obtained using the described double-pass setup [Fig. 1(b)]
with a VP designed for [TC| = 32 at 532 nm. The data is cap-
tured at four different wavelengths and at distances of 32 c¢m,
100 cm, and 320 cm after the vortex plate. At 100 cm and
320 cm we also show the corresponding experimental radial
cross-sections (open circles) and their numerical approxi-
mations with Bessel functions (solid curves). The graphs for
propagation distances 100 cm present also the beam profiles
when the VP is removed from the setup (see the black curves
in the upper part of the graphs). They exhibit fairly strong
modulations caused by the multi-mode fiber delivering the
different laser beams to the entrance of the double-pass setup
[Fig. 1(b)]. The gray dashed curves are the corresponding
parabolic approximations of the beam, included to guide
the eye only. In consideration of the highly irregular input
beam, the clean profiles of the generated BGBs are particularly
noteworthy.

Careful inspection of the frames shows once again (e.g., for
32 cm and for 100 cm) that the quality of the rings surrounding

the central peak of the zeroth-order BGBs is the best for the
wavelength for which the plates are designed (532 nm). At the
“wrong” wavelengths, the residual modulation caused mostly
by the vortices with fractional topological charges, is probably
positively influenced by the self-healing nature of the BGBs.

Generally speaking, given the significant offsets of the
wavelengths from the design wavelength (A, =445 nm
A~ Ac X 0.84 and A = 800 nm & A¢ X 1.5) the results can
be characterized as surprisingly good. The latter is also con-
firmed by the data for the divergences of the central peaks of the
beams. The estimated divergences for the zeroth-order BGBs are
164 prad at 800 nm, 136 prad at 633 nm, 150 prad at 532 nm,
and 165 prad and 445 nm. [We attribute the slightly larger val-
ues compared to those measured in our previous works [11,12]
to the significantly shorter focal length of the Fourier-transform
lens used here (f'=125 mm)]. The two lowest values of the
divergences are for 532 nm and 633 nm. Again, only for the
case of 800 nm (the largest offset from the design wavelength),
there are weak deviations of the experimental results from the
numerical approximations.

4. CONCLUSION

High-quality long-range Bessel-Gaussian beams can be gen-
erated by annihilating highly charged OVs using vortex phase
plates even at wavelengths significantly different from the design
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wavelength of the vortex plates. This has been confirmed for
two completely different experimental schemes, namely, for
a single-pass and a double-pass configuration. The plainness
of the approach is noteworthy. In the simplest case, only one
vortex plate is necessary for BGB generation and its design wave-
length does not even play a major role. Furthermore, the beam
quality of the used lasers is proved to have minimal effect on the
obtained BGB. Further sets of experimental data confirming
these statements are presented in Supplement 1 to this paper.
Obviously, these properties make high-power, high-quality,
long-range Bessel-Gaussian beams more easily accessible for
any laser laboratory. Moreover, the robustness of the approach
against wavelength mismatch suggests the applicability for few-
cycle pulses [13]. We believe that the long-range low-divergence
Bessel-Gaussian beams generated by the described method
can add one new degree of freedom to, e.g., the orbital angu-
lar momentum multplexing with BGBs [24,25]—namely,
the possibility to realize an analog of the wavelength-division
multiplexing and beam propagation in free space based on this
wavelength- and intensity-tolerant scheme for BGB generation.
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