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BESSEL BEAM PARAMETER OPTIMIZATION WITH ADJUSTABLE ABERRATOR

Abstract. Transformation of ordinary laser beams of Gaussian type into the ones of Bessel type gives a number of ad-
vantages. In particular, it may improve a multi-mode beam energy distribution in the far zone and keep it stable over a long
range of propagation distances. A usual method of the Bessel beam formation is based on the use of one or a pair of axicons, at
that the latter is used for creating annular beams with small conic angles optimized for long range propagation. The disadvan-
tage of axicons is their fixed geometry not allowing the beam parameter adjustment. An additional Bessel beam improvement
allowing to reach a finer energy distribution comes from injection into it a controllable amount of spherical aberration. This
requires development of a specialized optical system, which adds adjustable spherical aberration to the laser beam. Efficient
design of such an optical system has been created and experimentally tested on the transformation of a multi-mode laser beam
into Bessel beam.

Keywords: Bessel-like beam, aberrator, far zone, multimode beam, spherical aberration

For citation. Piatrou P. K., Khilo N. A. Bessel beam parameter optimization with adjustable aberrator. Vestsi Nat-
syvanal'nai akademii navuk Belarusi. Seryya fizika-matematychnykh navuk = Proceedings of the National Academy of
Sciences of Belarus. Physics and Mathematics series, 2024, vol. 60, no. 4, pp. 327-334. https://doi.org/10.29235/1561-2430-
2024-60-4-327-334

II. K. Ilerpos, H. A. Xuio

Hnemumym ¢usuru umenu b. M. Cmenanosa Hayuonanvnou akademuu nayk berapycu, Munck, Pecnybnuka benapyco

ONITUMU3BALINA TIAPAMETPOB BECCEJIEBBIX ITIYYKOB C UCIIOJIB30OBAHUEM
HEPECTPAUBAEMOI'O ABEPPATOPA

AnHortanus. [IpeoOpa3oBaHue KIACCHYECKHX JIA3EPHBIX IYYKOB B IyYKH OeccelieBa THIA UMEET s IPEHMYIIECTB.
B 4acTHOCTH, OHO MOXKET YJIYYLIMTh paclpeeieHHe SHEPriuy B JaJIbHEil 30HE /Ui MHOIOMOIOBOIO Iy4Ka M CTaOMIHM3HU-
pOBaTh ITO PACIpeeCHHE B IIUPOKOM JHAaIa30He UCTaHIMH. B cTaHgapTHOM MeTone GpopMHpOBaHUs OeccereBa ImydKa
C MPUMEHEHHEM OJTHOT'O MJIH JBYX aKCHKOHOB IIOCJIEIHHUE HCIIOIB3YIOTCS IS CO3/JaHMUS KOJIBIIEBBIX ITyYKOB C MAJIBIM YIJIOM
KOHYCa, ONITUMHU3UPOBAHHBIX IS PacIpOCTPAaHCHUS HA OONbIIMe AucTaHINH. HenocTaTkoM akCHKOHOB SIBIISIETCS MX (DUK-
CHpOBaHHAasi TEOMETPHs, HE IO3BOJISIONIAsi HACTPAUBATh IAPaMETPhI ITy4Ka. JJONOIHNTEIbHOE YITyIIeHHE AJIsl CTPYKTY PBI
Iy4YKOB OecceneBa THUIIA, MO3BOJIAIONIEE Pealn30BaTh O0Jiee TOUHBIC PACIIPE/ENICHUS] SHEPTUH, JOCTUTAaeTCs 3a cUeT 100aB-
JEHUs B IMYYOK KOHTPOJIMPYEMOro KoJnuecTBa chepudeckoi abeppaunu. 9to TpedyeT pa3paboTKK CHeHaIn3upPOBaAHHOM
OINTUYECKON CHCTEMBI, KOTopasi A00aBisieT ynpasisieMylo chepuieckyto adeppaiuio B J1a3epHblil mydok. DddexTuBHAS
KOHCTPYKIYS II0J0OHOM ONTHYECKON CUCTEMBI ITPETIOKEHA M SKCIIEPUMEHTAIBHO Peayn30BaHa IPUMEHHUTENIBHO K Tpeodpa-
30BaHMI0 MHOTOMOJIOBBIX JIa3€PHBIX ITYYKOB B IMy4KH OeccenieBa THIIA.

KuroueBble ciioBa: myuykn OecceneBa Tuma, abeppaTop, JaabHssA 30Ha, MHOTOMOJIOBBIN ITy4OK, chepudeckas abeppamnns

Juasi uurupoBanus. [lerpos, I1. K. OntuMusanus mapamMeTpoB OecceleBbIX MyYKOB C HCIOIb30BaHHEM IEpecTpau-
BaeMoro abepparopa / [1. K. Ilerpos, H. A. Xumo // Bec. Han. akan. HaByk benapyci. Cep. ¢i3.-maT. HaByk. — 2024. — T. 60,
Ne 4. — C. 327-334. https://doi.org/10.29235/1561-2430-2024-60-4-327-334

Introduction. Long-range free-space propagation of laser beams are employed in a number
of important applications: the Optical Free-Space Communication, Laser Imaging, Detection And
Ranging (LIDAR), laser targeting, etc. The problem of suppressing the diffraction effects as well as
the atmospheric turbulence beam corruption along the long propagation distances can be reasonably
well mitigated by the transformation of the traditional Gaussian or Laguerre-Gaussian multi-mode laser
beams into the specialized quasi-nondiffractive beams of Bessel type. The Bessel type beams aimed to
diffraction suppression over the long-range propagation were suggested in [1], where the combination
of defocus and spherical aberration was used to generate a nondiffracting Bessel-like beam, and in [2],
where for the same purpose an annular Bessel-like beam was generated using a two-axicon optical
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Fig. 1. The thin-component optical scheme of the adjustable 2-axicon telescope beam forming system based on a Galilei
telescope. The axicon telescope is formed by two positive axicons (components 2 and 4) with equal conic angles. In order
to adjust the exit cone angle the first axicon is surrounded with the negative and positive lenses with common focus
(components / and 3). The exit beam cone angle is zero if the first axicon (component 2) is put at zero distance z1 from
the positive lens (component 3). If this distance increases, the exit cone angle Y increases towards the axis

scheme. In both cases the main goal is to generate a conical wavefront with very small cone angle, which
is a typical requirement for the long-range propagation. There exists, however, a longstanding problem
of fine tuning of the beam parameters such as the cone angle, for which a couple of known solutions are
available. First one is to use an “augmented” axicon telescope [3] by adding to it a pair of lenses that
make an afocal system as it is shown in Fig. 1. Moving along the optical axis an axicon located between
the lenses and illuminated with a nonparallel beam allows changing the cone angle.

An alternative approach is based on the observation that a combination of defocus and spherical
aberration approximates quite well a conical wavefront [1], which opens a way to correct the cone angle
in a Bessel beam by a purely lens-based optical system. It is strongly desirable, however, to be able to
smoothly adjust the amount of conic phase introduced into a beam, which implies the need to control
both defocus, which is easy, and spherical aberration, which is less trivial. As it was suggested in [4], it
is also desirable to introduce some extra amount of spherical aberration, not for the conical wavefront
approximation but for additional fine correction of the beam energy distribution. Numerical simulations
of the beam transformation and propagation using, for instance, the Generalized Fresnel Integral
approach [5] can be a simple and physically reproducible way to find the optimal parameters, such as
defocus and amount of spherical aberration, of the Bessel beam formation optical system. However,
when working with the real lasers with unknown mode structure, especially multi-mode lasers, it is
nearly impossible to get the correct initial laser beam parameters that could guarantee the practically
reproducible simulation result. It is more reliable and simple to perform a physical experiment on
a real laser to find the optimal Bessel beam formation system parameters by direct trial and error. This
experiment requires a tunable aberration generating optical system allowing to change the required
parameters, basically the defocus and spherical aberration, within certain range. The present paper
is devoted to the solution of this problem, namely, development and creation of adjustable aberration
optical system and its experimental testing on multimode laser into a Bessel beam transformation.

1. Design of optical aberrator system. A simple design solution for such an optical system, which
we will call an “aberrator”, is shown and explained in Fig. 2. By two adjustments: the negative lens and
the meniscus axial motions, we can (almost) independently control the amount of defocus and spherical
aberration, respectively. In order to introduce a desirable amount of the conic phase, one needs to know an
“adjustment function” o = f{6/,0m), where a is the Bessel beam wavefront conic angle, 8/, dm are the values
of the negative lens and the meniscus axial motions w.r.t. some initial positions. The latter function can be
easily computed by ray tracing analysis of the aberrator optical system, which will be presented below.

A tunable aberrator type optical system for the Bessel beam adjustment has certain practical
advantages:

— the cone angle adjustment is done by lens instead of axicon motions, which is more desirable
because axicons are more sensitive to misalignments;

— there is a possibility to introduce independently some amount of spherical aberration/defocus
in excess to what is necessary for creating a conic phase, a property absent in the adjustable axicon
telescope presented in Fig. 1;
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Fig. 2. The 3-component adjustable aberrator optical system. Components / and 2 make a usual Galilei telescope.
Component 3 is a Maksutov meniscus, a lens with zero optical power, introducing spherical aberration due to its surfaces
being non-confocal to the incident light beam. Axial movement of the meniscus inside the diverging beam created by
the negative component 1 allows to change the diameter of the beam spot on the meniscus, thus, changing the amount
of spherical aberration it introduces with nearly no change in the overall system optical power

— given an ample range of the aberration adjustment, an aberrator system becomes a useful universal
laboratory functional module attachable to various optical devices.

2. Aberrator optical calculations. In this section we describe the optical design calculations for
the aberrator optical system. The system was designed in the context of a broader task, namely, to carry
out an experiment aiming to improve long-range propagation properties of a multi-mode laser beam by
transforming it into a Bessel-like beam with injected spherical aberration. The purpose of the aberrator
in this experiment was to introduce a variable amount of defocus and spherical aberration into an annular
beam created by a 2-axicon telescope as a first stage of the laser beam transformation, see Fig. 3.

Requirements for the aberrator optical system design are dictated by the parameters of the existing
axicon telescope and the multi-mode laser to work with. Table 1 summarizes the aberrator design
requirements.

multi-mode
laser - collimator
i
| |
[\
\ i | =
/ ! camera
axicon aberrator

telescope

Fig. 3. The scheme of an experiment with a real multimode laser and the Bessel beam formation system equipped
with the adjustable aberrator. The axicon telescope made of two identical axicons is used to create an annular beam.
The aberrator adds the defocus and spherical aberration. The collimator makes Fourier transform allowing the camera
being located near the collimator focus to register the beam intensity distribution in the far zone at the distances equivalent
to long-range propagation

Table 1. Requirements for the aberrator optical system design

Parameter Value Unit
Working wavelength 1.064 [wm]
Input beam 12 [mm]
Output beam 30 [mm]
Cone angle range +3-107* [rad]
Spherical aberration at extremes 300 [nm] Peak to Value
Meniscus adjustment range 50 [mm]
Meniscus gap at extremes >5 [mm)]
Overall optical power 0 [mm-1]
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The optical calculation process has the following peculiarities:

— Since the cone angle is a combination of defocus and spherical aberration, the necessary range of
spherical aberration to get the specified cone angle range is found by trial and error.

— The meniscus orientation can be chosen with its convex side turned either to the negative or to the
positive lens. The former turns out to be preferable, as it results in larger ray angles on the meniscus and,
thus, larger range of spherical aberration adjustment within the meniscus travel between the negative
and positive lenses.

— At the start of calculation process one fixes the meniscus initial position and specifies the amount
of spherical aberration in the exit pupil for this position. Then it is necessary to optimize the entire
system to obtain the specified amount of the aberration. We fix the following parameters: i) the lens
thicknesses d, , 3, i) the system magnification D,/D, in pupils for the meniscus at the initial position,
iii) the zero optical power p, = 0 of the meniscus.

The following is left as fixed parameters optimized by trial and error: i) the choice of lens glasses,

ii) the positive lens power p,, iii) the meniscus first surface curvature .
The following parameters are bound by the constraints:
1) the negative lens power p, given powers of the other two lenses and the magnification D,/D, in pupils,

.. .. 123
ii) second radii #"”

of all three lenses given the first ones and the lens powers.

Two parameters: first radii rll’z of the negative and positive lenses are left free for optimization to
reach the specified aberration value.

— Once optimization for the specified aberration at the meniscus initial position is finished, the me-
niscus is set into its final position and the resulted aberration is calculated. If it does not reach the desired
value, the free parameter values are manually changed and the optimization is repeated. Usually, it is
desired that the aberration at the meniscus final position was equal to that at the initial position but with
the opposite sign (an implicit “symmetry constraint”). If it proves to be impossible to obtain the symmet-
ric value of the final aberration, it would be a good idea to specify a different sign of the initial aberration.

Mathematically, the process of the constraint application is the following:

1. Decide on glasses for all components, their corresponding refractive indexes n, , ; and the compo-

nent thicknesses d| , ;.
2. Set the first meniscus radius 7’ and compute its second radius given the zero optical power p;:

1 0
1— 1 d
73 ==, m=[ 3} l-ny 1|, (1)
myins 0 1 r2 E
1

where m is the ABCD-matrix of propagation through the meniscus first and up to the second surface.
3. Take the positive lens first radius », from the probing glass list. Compute

1 0
1- 1 d
=2y, m={ 2} l-ny 1|, 2
mpny + po 0 1 3 —
n ny

where m is the ABCD-matrix of propagation through positive lens first and up to the second surface, n,,
p, are the positive lens refractive index and the prescribed optical power. Round r22’3 to the probing
glass list radii.

4. Find ABCD-matrices m™ for the positive lens and meniscus. With the specified distance ,
between the meniscus in its initial position and the positive lens find the ABCD-matrix

1/
m23=m2 32 ms 3)
0 1

of the (meniscus, positive lens) pair.
5. Compute the negative lens optical power:

p1=m31Dy/ Dy. C))
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6. Analogously to (2), given the negative lens first radius ' and power p, find 3. Round r; to
a probing glass list radius.
7. Find distance /,; between the negative lens and meniscus ensuring the afocal propagation:

1132_”0L0/Z' |:a0:|:ﬁ(0’z), Bl}zﬁ(l,z){zo} ®)
1

b1+a1/z" bo 0

~ 1 1
F(I,z)=m32 h m' ,
0 1 1/z

where z,z" = +oo are the object and image distances in front and behind the aberrator system.
Because of only two free parameters, one can do a global optimization just scanning through the en-

tire set of available probing glass radii for all allowed rll’z-pairs to reach a specified value of aberration
in the exit pupil.

The result of the optimization process described above is the system with parameters presented in
Table 2, the optical scheme and the aberrations in the initial position are given in Fig. 4.

Table 2. Aberrator system parameters optimized to the requirements given in Table 1,
given for the initial meniscus position

Radius, mm Thickness, mm Material
—83.18
5 TF1
39.08
6.377 Air
59.98
7 K8
57.41
45 Air
-250.0
7 TF1
-50.70
40 15
30 14
20 13
10 12
0 11
-10
10
-20
9
-30
8
-40
-20 0 20 40 60 80 -200 -150 -100 -50 0 50 100

Fig. 4. Left: the optical scheme [in mm] of the optimized aberrator system at the initial meniscus position.
Right: the Optical Path Difference [in nm] in the exit pupil at the initial meniscus position

3. Aberrator adjustment function calculation. Once the aberrator design is finished, its analysis is
performed in order to figure out how to work with it, namely:

— Can the aberrator system generate an approximation to the conical wavefront phase, in what range
and with what approximation error?

— What exactly are the meniscus and negative lens positions that will generate a given value of
conical phase correction, i.e. what is the adjustment function f{5/,6m)?
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Fig. 5. Results of the adjustment function calculations. Upper row: ai(/3;) (left) and 8/ (l3,) (right).
Lower row: max |[¢(r) —@r|(/32) (left) and the worst case graph of the OPD approximation by an optimal aberrator
x phase at the initial meniscus position

A key element of the adjustment function computation is an auxiliary optimization algorithm finding
the best approximation to a conical phase with a combination of defocus and spherical aberration.
In the aberrator system context this means: given a meniscus position /;, (responsible mainly for
the spherical aberration value), find a negative lens position 6/ (responsible mainly for the defocus) such
that the optical path difference (OPD) in the exit pupil best approximated a conical phase function. This
can be formulated mathematically as two simple one-dimensional optimization problems

31 = argmin|[¢(/52,80,r) —ar], ©)
i
T
6 = argmin|p(/5. 81, ) — ar|? = - 2B20L)
o rr

where a is the cone angle, /5, is the meniscus position w.r.t. the positive lens (see Fig. 2), &/, is the negative
lens shift from its initial position, ¢(/5,, 6/,,7) is the vector of OPD values in the exit pupil as a function of
the pupil radial coordinate vector » depending on the meniscus and negative lens positions. It is also as-
sumed that the OPD is piston-removed such that ¢(0) = 0. The one-dimensional optimization problem (6) is
solved for §/ by a bisection method for a set of /, values. This optimization results are presented in Fig. 5.

The graphs of Fig. 5 can serve as a guide for the aberrator system adjustment for the desired cone
angle correction. Also, it is seen that at approximately 23 mm meniscus position w.r.t. the positive lens
the aberrator has nearly zero aberrations, which can serve as a starting point for the work on Bessel
beam fine shaping.

4. Optimal configuration. The aberrator optical system designed as described in Section 2 had
been manufactured and used in the experimental multi-mode Bessel beam optimization shown in Fig. 3.
The optimal positions of the aberrator lenses and the optimal far zone intensity profile are presented in
Fig. 6. The ray tracing result corresponding to this configuration is shown in Fig. 7. Note that the OPD
shape is remarkably close to a cone!
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Fig. 6. Aberrator system configuration corresponding to the optimum found in the Bessel beam optimization experiment.
Left, the optimal lens position: surface #4—#5 distance is 40.0 mm, surface #2—#5 distance is 58.3 mm, entrance beam 0 is
13.1 mm. Right, the far zone intensity distribution comparison: green is the optimized Bessel-type beam, blue is the classical
multi-mode laser beam. The image scales and intensities are normalized to take into account the differences between Bessel
and classical beam diameters
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Fig. 7. OPD in the exit pupil of the aberrator in the optimal configuration

The result of the aberrator experiment can be easily transferred to a fixed optical design, for in-
stance, a simple 2-lens Galilei-type beam expander optimized in such a way that the exit pupil OPD map
in relative pupil coordinates were the same as that for the aberrator optimal configuration regardless the
desired exit beam diameter. Such a fixed optical design was also manufactured and successfully tested
with the same laser just showing correctness of the suggested approach.

Conclusion. A novel method for formation of Bessel-like beams with an adjustable cone angle is
proposed. The method is based on the use of three-component optical system consisting of a Maksutov
meniscus situated inside the Galilei telescope. At the input of the optical system an annular beam is
given and the cone angle adjusting of the formed Bessel beam is made by a longitudinal moving of the
meniscus and a negative lens. The optimization of the optical scheme is conducted with the purpose of
forming a conical phase front at the output beam. The typical cone angle of the Bessel beam is the value
of about 1 mrad, and that is why this scheme allows forming Bessel beams with a small number of later-
al rings at large distances. Such beams are perspective for laser location, optical communication in free
space and also for atmosphere probing.
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