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Abstract: Bessel beams have found important applications due to their propagation invariant
nature. However, the presence of sidelobes has proven a hindrance in key imaging and biophotonics
applications. We describe the design and generation of sidelobe-suppressed Bessel-like beams
(SSBB) that provide enhanced contrast for light-sheet imaging. The sidelobe suppression is
achieved by the interference of two Bessel beams with slightly different wavevectors. Axicon
phase functions for each Bessel beam are combined into a single phase function using the random
multiplexing technique. This phase function is realised using a spatial light modulator to generate
a SSBB. The generated beam at 633 nm has a 1/¢? radius of 44 um and a propagation invariant
distance of 39 mm which is more than four times that of the Rayleigh range of a Gaussian beam
with the same 1/e? radius. Within this distance, the overall peak intensity of the sidelobes of
the SSBB is less than 10% that of the main lobe peak intensity. In addition, through numerical
simulation for the recovery of spatial frequencies, we show that the SSBB improves image
contrast compared to a Bessel beam for light-sheet imaging. We also show that the designed
phase function can be realised using a meta-optical element.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Bessel beams are of great interest due to their propagation invariant and self-healing properties
[1-4]. While Bessel beams have opened up many possibilities in applications such as trapping
and imaging [5-9], their high sidelobe energy limits their usability in such applications. A
zeroth-order Bessel beam has a main central spot surrounded by concentric rings (sidelobes) of
equal energy. Typically, the peak intensity of the first, second and third sidelobe of a zeroth-order
Bessel beam is 16%, 9% and 6%, respectively [10,11]. In light-sheet fluorescence microscopy
(LSFM), Bessel beams have been shown to possess superior properties when used in multi-photon
modes due to the non-linear excitation [12—14]. However, linear excitation using one-photon
Bessel beam in LSFM requires additional techniques such as confocal line detection or structured
illumination to exploit its full potential [15-18]. These techniques can reduce the impact of
sidelobes but require additional optical components, which can increase the size and complexity
of the system. Hence, it is of interest to generate Bessel-like beams with reduced sidelobes in
one-photon mode.

Surprisingly, limited research has been conducted to date to address this drawback. A study
was performed in 2015 [10], where two Bessel beams were combined using an amplitude
element comprising two annular slits. While this proved to be an effective way of achieving
sidelobe suppression, the approach is inefficient, as the slits cut off most of the power of the
incident beam. This technique was adopted and used by other researchers [19] for imaging in
light-sheet microscopy. They used a spatial light modulator (SLM) in amplitude mode to generate
a Bessel-like beam with reduced sidelobe amplitude, and thus energy. Another study [20] used a
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genetic algorithm-generated phase profile for generating a sidelobe-suppressed 2D light-sheet.
While this study is a phase-based approach and showed a reduction in the sidelobe near the
central core, the design results in a *perturbed phase profile’ and is challenging to fabricate. Also,
the generated beam has significant sidelobe intensity outside a small window.

In this paper, we propose a novel approach for designing a phase function that generates a
sidelobe-suppressed Bessel-like beam (SSBB) while reducing overall sidelobe peak intensity.
We present experimental results for the generation and analysis of the SSBB using a phase-only
SLM. A major advantage of our approach is that the designed phase function can be converted
into a diffractive/meta-optical element. Such an element can generate the SSBB with high
efficiency and can be easily incorporated into optical systems. To demonstrate this capability, we
provide preliminary experimental results for generating a SSBB using a meta-optical element.
Furthermore, we discuss how the design parameters of our approach can be adjusted to achieve a
better trade-off between the field of view (FOV) and image contrast in LSFM. We also quantify
the spatial frequency extraction capability of the SSBB using the axial modulation transfer
function (MTF) and show that the SSBB yields superior image contrast than a Bessel beam.

2. Sidelobe-suppressed Bessel-like beams

An ideal zeroth-order Bessel beam can be described by,
E(r,2) = AJo(kyr)e™, (1)

where Jj is the Bessel function of zeroth-order, and &, and k; are the radial and longitudinal
wavevectors. To reduce the sidelobe intensity, we use the technique mentioned in [10], the
superposition of two Bessel beams with slightly different wavevectors (k-vectors). The interference
of two Bessel beams has been studied previously [21,22], and it is shown that the resulting beam
closely resembles each of the individual Bessel beams. The superposed beam can be represented
by,

SP(r,z) = Ay Jo(ky, r)e*a? + Ay Jo(ky,r)e*2? )

To reduce the sidelobes over a given propagation distance, the superposed beam’s transverse
intensity must be suppressed over the desired region and throughout the propagation distance.
That means the Bessel beams’ parameters (A, A2, k,, and k,,,) have to be optimised such that the

following integral is minimised:
21 r
/ / |SP(r, 2)|*drd:z. 3)
20 1o

Here, ry to r; defines the transverse region, and zj to z; defines the propagation distance
over which the sidelobes are suppressed. Minimising this integral means an overall reduction
in the sidelobe energy, which in turn also reduces the peak intensity of the sidelobes. Another
characteristic of the superposed Bessel beam is that its central core width oscillates, between the
core widths of the individual Bessel beams, with a period given by [22]

2
P= al )

km - k12|.

The propagation invariant distance is defined as the region over which sidelobes remain below
a desired limit, and it depends on the period (p), which in turn depends on the radial wavevector
ratio, m = k;, [k;,. The propagation invariant distance increases with the period. However, as
we can see from Eq. (4), the period increases for values of ‘m’ closer to 1, which results in a
lower reduction in the sidelobes as the two Bessel beams become more similar. Previous studies
[19] have reported that the reduction in sidelobes is better when ‘m’ is in the range of 0.4 to
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0.8, which we have also observed in our study. Thus, there is a trade-off between the sidelobe
suppression and the propagation invariant distance.

In the next section, we discuss how the period and radial wavevector ratio affect the sidelobe
peak intensity and the propagation invariant distance of the superposed beam.

2.1.  Optimising the Bessel beam parameters

The optimised Bessel beam parameters (Aj, Az, k,,, and k,,) can be obtained by minimising
the integral in Eq. (3). The lower limit of the transverse suppression region (r() can be fixed
as the desired core radius of the SSBB. The upper limit (ry) is considered to be ten times the
core radius, as the sidelobes outside this region are negligible. The lower limit for propagation
region (gp) is fixed to 0. The behaviour of the SSBB after a propagation distance ‘p’ will be the
same because of the oscillatory nature that arises due to the periodically coinciding k, vectors.
The upper limit (z;) is taken as 1/3 times the period ‘p’. If we want a desired core radius for the
SSBB, the individual Bessel beam parameters should also satisfy an additional constraint while
optimising, given by the following relation [23],

. 2.405
07 Wit + (1 - wike

&)

where w = and ry is the desired core radius of the SSBB. In this work, the core radius

AL+ Ay
of the SSBB is set to 60 um, which corresponds to a 1/e? radius of about 44 um. The depth of
focus (DoF) of a Gaussian beam with the same 1/ 2 radius is 19.22 mm. In this work, we design
a phase function that generates an SSBB with a peak intensity of the sidelobes less than 10% the
main lobe intensity while maximising the propagation invariant distance.

Initially, m is set to a fixed value while optimising Bessel beam parameters to observe its
effect on sidelobe suppression and propagation invariant distance. Figure 1(a-d) shows the
corresponding transverse intensity profile of the SSBB at the z = 0 plane. For m = 0.5, the first
sidelobe peak intensity can be reduced to 2.52% at the z = 0 plane. In this case, other sidelobes
appear in the outer regions and are more dominant than the first sidelobe. Even smaller values of
m (less than 0.5) will further reduce the first sidelobe, but the propagation invariant distance will
be reduced. When m is increased to 0.65, the first sidelobe peak intensity increases to 7.77%
at the z = 0 plane. In this case, the first sidelobe is more dominant than other sidelobes. This
happens because the two Bessel beams become more similar as m increases.

Figure 1(e) shows how the sidelobe peak changes with the propagation distance for different
values of m. Although the first sidelobe can be reduced to low values at the z = 0 plane
with a relatively small m (less than 0.55), the propagation invariant distance is less. This is
understandable because a lower value of m means comparatively different Bessel beams are
being superposed, giving a better destructive interference of the sidelobes. However, the rapid
relatively varying k, vectors of the Bessel beams reduce this suppression effect to a small region.
As m increases, the first sidelobe peak at z = 0 increases, but their rate of increase is low with
propagation distance. When m exceeds 0.72, the first sidelobe becomes greater than 10% (our
desired limit) at z = 0 itself. This is because the Bessel beams are no longer much dissimilar, and
the achievable destructive interference of the sidelobes is minimal. Axial intensity variation is
also an essential consideration when designing these beams. Figure 1(f) shows how the axial
intensity changes with propagation distance for different m and p values. Axial intensity is
maximum at the z = 0 plane and decreases as propagation distance increases. The rate at which
the axial intensity decreases is lower when m is increased. To experimentally demonstrate the
generation of SSBB, we used m = 0.61 while optimising the Bessel parameters. This value is
chosen, based on simulation, to limit sidelobe peak intensity to below 10% while maximising the
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Fig. 1. Effect of the radial wavevector ratio (m) on sidelobe suppression of the SSBB.
Corresponding value of period (p) is also given. (a-d) Transverse line intensity profile of
the SSBB at z = 0 for different p and m. (e) Sidelobe peak intensity of the SSBB in the
transverse plane for different propagation distances. (f) The axial intensity of the SSBB for
different propagation distances normalised against axial intensity at z = 0.

propagation invariant distance. The optimised Bessel beam parameters obtained for designing
the phase function are A; = 0.495, A, = 0.505, k1 = 3.044 x 10* and k,» = 4.99 x 10*,
2.2. Designing a phase function to demonstrate sidelobe suppression

Once the Bessel beam parameters for generating the SSBB are determined, the next step is to
design the axicon phase function that generates the individual Bessel beams. The cone angle (9)
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of a Bessel beam can be related to its wave vectors by the following relation,

k
0 =tan™' . 6
an”! - (6)

Z

The cone angle of the Bessel beam is also related to the opening angle (@) of the axicon by,
0=(mn-1)a @)

By using these relations, the opening angle of the axicons « can be matched with the optimised
k, values. For the k. values obtained, the opening angles of the axicon phase functions are
0.35 and 0.58° respectively. These phase functions are then spatially multiplexed by random
multiplexing to synthesise the phase function for generating the SSBB. The multiplexing technique
[24] combines the axicons after multiplying them with a random matrix consisting of 1s and
0Os, which acts as a virtual mask. The transmittance of the mask is determined by the optimised
Bessel parameters A; and A;. These transmittance values may be further tuned to get the exact
amplitudes at the superposition plane. This process is shown in Fig. 2.

[ J——

M'Y
R

Axicon 1 M, (T = 0.495)

Tt
Axicon 2 1-M;

e

Fig. 2. Phase function for generating SSBB. The opening angle (@) for axicon 1 is 0.35¢
and axicon 2 is 0.58°. Transmittance of the virtual mask for axicon 1 is 0.495, and axicon 2
is 0.505.

The phase function (shown in Fig. 2) for generating SSBB is realised using an SLM. An
SLM allows for the full wavefront control (0 to 27) of the incident beam. However, due to the
pixelation of the SLM, there will be unwanted zeroth-order light. To separate out the SSBB from
the zeroth-order, a carrier frequency is added to the phase function to steer the desired beam
away from the zeroth-order.

3. Results and discussion
3.1.  Generation of SSBB using spatial light modulator

The experimental setup used to generate the SSBB is shown in Fig. 3. A collimated beam from a
He-Ne laser source operating at a wavelength of 633 nm is expanded using a lens combination to
illuminate the (phase-only) SLM exhibiting the designed phase pattern. A polariser is used after
the lenses to select the horizontal polarisation required by the SLM. The SSBB generated at the
near field is captured on a charge-coupled device sensor using a beam splitter and an iris.

As discussed in the previous section, the SSBB has a periodic nature along the direction of
propagation, and the period of oscillation as per the design is ~ 80 mm. This means the SSBB
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Fig. 3. Experimental setup for generating SSBB using SLM. Holoeye PLUTO SLM with a
spatial resolution of 1920 X 1080 pixels is used for pattern generation. A BC106-VIS CCD
camera with 6.45 um X 6.45 um pixel size is used to capture the SSBB.

will behave in a similar way at propagation distances that are multiples of the period as it does at
the z = 0 plane. However, there is a limit to this behaviour determined by the depth of focus of
the individual Bessel beams used for the superposition. The sidelobes of the SSBB are expected
to be minimum at propagation distances which are multiples of this period. This is because the k,
vectors of the Bessel beams coincide at these planes allowing for better destructive interference.
The sidelobes of the SSBB will also stay low at regions closer to these propagation distances. In
our experiment, we chose propagation regions closer to 160 mm (twice the period) as this made
the setting up of the optics easier. The experimental results of the SSBB and a Bessel beam with
the same core radius are shown in Fig. 4.

The maximum sidelobe suppression and axial intensity for the experimentally generated SSBB
are observed at a propagation distance of 163 mm from the SLM plane. The sidelobe peak
intensity of the SSBB is only about 5.92% that of the main lobe peak intensity, unlike 13.36% in
the case of the experimentally generated Bessel beam with a similar core radius. The 1/e? radius
of the SSBB at this propagation plane is measured to be 44 pm, which matches the designed value.
The slight shift in the propagation distance at which the maximum sidelobe suppression and
axial intensity are observed should be due to the variation in the experimentally achieved Bessel
beam parameters compared to the optimised parameters. Moreover, the Bessel beam parameters
(A1 and A,) will vary with propagation distance. But despite these issues, the generated SSBB
is observed to have reduced sidelobes compared to a standard Bessel beam of the same core
radius. To get a better comparison against the experimental results, the designed phase function
is simulated using the Fourier beam propagation. In Fig. 5, the sidelobe peak intensity, the axial
intensity and the effective beam radius of the experimentally generated beams are compared
against the simulation results for different propagation distances around 163 mm.

The sidelobe peak intensity of the SSBB is within 10% that of the main lobe peak intensity
for a propagation distance of 39 mm in the region between 143 mm to 182 mm (Fig. 5(a)).
Figure 5(b) shows that the central core width of the SSBB is almost invariant (varying only 20%)
in this propagation region. Beyond this distance, the sidelobe peak intensity increases further,
and as the propagation distance becomes closer to the next period, it will again decrease. The
effective beam radius variation of a Gaussian beam with the same 1/¢? radius is also plotted
against the SSBB, and the SSBB exhibits superior propagation invariant nature. The depth of
focus (DoF) of the Gaussian beam is only 19.22 mm. The axial intensity of the SSBB also
decreases at a lower rate compared to an equivalent Gaussian beam (Fig. 5(c)). The experimental
results are compared against the Fresnel diffraction simulation results. The deviations between
the experiment and simulation results can be attributed to the zeroth-order not being entirely
removed from the near-field in the experiment.
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Fig. 4. Experimental results of the SSBB and Bessel beam generation using SLM - both
beams are designed for a 1/e2 radius of 44 um. (a-b) Cross-sectional intensity of the SSBB
and Bessel beam respectively at z = 163 mm. (c) Intensity profile along the center of the
SSBB and Bessel beam given in a and b. (d) Intensity profile along the center of the SSBB
and Bessel beam at different propagation planes (141 mm to 183 mm).
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Fig. 5. Characterisation of the experimental and simulated SSBB and Bessel beam. (a)
Sidelobe peak intensity of the SSBB and Bessel beam at different propagation planes of
interest (centred around 163 mm). (b-c) 1/¢2 radius and axial intensity of the SSBB and
Bessel beam at different propagation planes compared against the analytical variation of an
equivalent Gaussian beam. Axial intensity plot is normalised against the peak value in the
propagation region. (* propagation distance corrected to show the fall of axial intensity)

3.2. Meta-optical element fabrication

To fabricate the meta-optical element, the designed phase function is digitised into 8 phase levels.
Each of these phase levels is then realised using distinct poly-silicon cylindrical nanopillars which
are spatially arranged according to the phase profile [25]. The design wavelength of the element
is chosen as 1064 nm considering the complex refractive index of poly-silicon. Initially, a 500
nm-thick poly-silicon layer is deposited on quartz using low pressure chemical vapour deposition.
Then a positive electron-beam resist (PMMA AS8) is spin coated for the patterning process. The
structure of the element is defined by electron-beam exposure followed by development using
MIBK-IPA (1:3). A 40 nm aluminium layer is then deposited and the lift-off process is carried out
using acetone. The aluminium layer left after the lift-off acts as a hard mask while transferring
the pattern into the poly-silicon layer using inductively coupled plasma reactive ion etching.
Finally, the aluminium mask is removed using wet etching. The process steps for the fabrication
are shown in Fig. 6(a) and the scanning electron microscope images of the element fabricated are
shown in Fig. 6(b). While optically characterising the element, we observed that energy is going
to other diffraction orders. This is due to the fabrication imperfections in the element resulting in
phase levels having values different from the designed ones. In order to filter out the other orders,
we used a 4f system with a spatial filter in the Fourier plane after the first lens. After filtering, we
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were able to generate a SSBB with a sidelobe peak intensity of about 7.5% that of the main lobe
peak intensity (Fig. 6(c)).

(@)

Quartz PMMA spin coating Al deposition Poly-Si etching

ENANERE

Poly-Si deposition EBL process Lift-off Al etching
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o o o
= > ®
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Fig. 6. Meta-optics for generating SSBB. (a) Fabrication process steps of the meta-optical
element. (b) Scanning electron microscope images of the element (full element and
zoomed-in view). (c) Cross-sectional and line intensity profile of the generated SSBB.

Although we generated a SSBB using meta-optics, the efficiency achieved was low due to
fabrication imperfections. However, our phase function is similar to that of a meta-lens and
there are several reports of such phase distributions being fabricated as meta-elements with
high transmission efficiency (above 80%) [20,26—28]. With careful optimisation, the SSBB
meta-element can also be realised with higher efficiency. This would be a huge improvement
compared to the amplitude approach which suffers from high energy loss due to the blocking of
most of the incident light.

4. Application to light-sheet imaging

We have conducted a simulation study to investigate the potential benefits of using (one-photon)
sidelobe-suppressed Bessel beams for light-sheet imaging by comparing them with a Bessel
beam of equivalent core radius. A wavelength of 488 nm and a core radius of 2.1 um are selected
for the study due to their practicality in light-sheet imaging. Light-sheet profiles for a SSBB
and a Bessel beam are modelled using Fourier beam propagation (Fig. 7(a)). The resolution
and contrast information of the two beams for light-sheet imaging is then determined from the
modulation transfer function (MTF).

From the MTF plots (Fig. 7(b) and 7(c)), it can be seen that the SSBB is capable of resolving
higher frequencies than a standard Bessel beam while maintaining the same contrast. Our
simulations of light-sheets predict a maximum axial resolution of 5.4 ym and 11.11 um for the
SSBB and Bessel beams respectively, at 10% contrast.
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Fig. 7. Simulation of a SSBB and a conventional Bessel beam for light-sheet imaging. (a)
x-z light-sheet cross sections of a SSBB and a Bessel beam using Fourier beam propagation.
(b) Axial MTFs of the SSBB and Bessel beams. Spatial frequency (fy) is normalised to %
(the contrast is less than 1% beyond this frequency); L = 100 pm. (c) MTF at z = O (blue
dashed line in b).

5. Conclusion

We have designed and implemented a phase function on a spatial light modulator to generate a
Bessel-like beam with reduced sidelobes. The SSBB exhibited a propagation invariant nature
for a distance of more than twice the depth of focus of an equivalent Gaussian beam, which
is four times the Rayleigh range. While the effective beam radius of an equivalent Gaussian
beam increases by V2 times as it propagates to its Rayleigh range, the effective beam radius of
the SSBB remains almost constant, varying only 20% within its propagation invariant region.
The axial intensity decrease of the SSBB is also less compared to the Gaussian beam. We have
shown that SSBB can be generated using meta-optics but our element requires further fabrication
optimisation to achieve high efficiency. We have also performed a simulation study to explore
the application of SSBB in light-sheet imaging. The results show an improvement in the image
contrast for higher frequencies. However, this improvement comes at the expense of the FOV.
Since the overall sidelobe energy in a SSBB is comparatively low, the photodamage in the sample
will potentially be reduced [19]. A further attribute of our approach is that it is purely a phase

approach, making it significantly more efficient than amplitude-based methods that employ
similar suppression principles.
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