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Optical Drills by Dynamic High-Order Bessel Beam Mixing
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1
Faculty of Physics, Laser Research Center, Vilnius University, Saulėtekio Ave. 10, LT-10223, Vilnius, Lithuania
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One of the key trends in laser material processing is the usage of structured laser beams. Collimated and
focused Gaussian beams are the most common tools; however, more exotic beams can be beneficial too.
For instance, Bessel beams with elongated focal area and self-healing properties, or vortex beams with
helical wave fronts and a dark area along the optical axis are being increasingly used. Here, we propose
and experimentally demonstrate dynamical “optical drill” beams presenting nonstationary intensity distri-
butions that resemble a spinning mechanical drill. Optical drills appear as the spatiotemporal interference
of two Bessel-vortex beams of different topological charges and different carrier frequencies. By mixing
a pair of high-order Bessel beams, synthesized using a liquid crystal spatial light modulator, optical drills
of tuned helicities are experimentally observed, and the simplest cases of matter processing (fluorescence)
with such beams are demonstrated. Optical drill beams are expected to be useful in material processing by
light or in cell and particle manipulation in biomedical applications.

DOI: 10.1103/PhysRevApplied.17.034059

I. INTRODUCTION

In the late 1980s, Durnin and colleagues outlined the
concept of Bessel beams—nondiffracting light beams with
intriguing properties [1]. Since then, Bessel beams have
found applications in many areas, including optical trap-
ping and tweezing, precision drilling of high-aspect-ratio
holes [2], and others. A zero-order Bessel beam, given by
E(r, ϕ, z) = A0e−ikzzJ0(krr), where r and ϕ are transverse
and polar coordinates, z is the coordinate in the propaga-
tion direction, and kz and kr are the axial and radial com-
ponents of the wave vector, exhibits azimuthal symmetry,
therefore it do not carry orbital angular momentum.

Orbital angular momentum is present in higher-
order Bessel beams, E(r, ϕ, z) = A0e−ikzzJm(krr)eimϕ , with
azimuthal index m = 0, ±1, ±, 2, ±3 . . . , which controls
the phase dependence on the azimuthal angle, i.e., the
topological charge. As a result, a phase dislocation at
the axis is obtained, the beam presents helical wave
fronts, and the intensity distribution resembles a hollow
tube. The asymptotical radial field distribution around
the optical axis depends on the topological charge as
|E(r)| ∼ rm. Zero- or higher-order Bessel beams have an
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advantage over Laguerre-Gauss beams due to the long
focal region—infinitely long for ideal Bessel beams (with
infinite energy) and relatively long for truncated Bessel
beams. Such Bessel beams are useful for imaging, particle
manipulation [3–7], communications where information
can be encoded using the topological charge [8], microfab-
rication [9–11], microchannel ablation [12–14], and others.
The techniques of Bessel beam formation are already well
established. These beams can be generated by circular
slits, spiral phase plates [15], conical lenses, i.e., axicons,
spatial light modulators (SLMs) [16–18], or computer-
generated holograms [19]. Note that Bessel beams of
higher order (|m| > 1) can be generated by introducing
multiple phase jumps 2mπ in angular direction of axicons
or, equivalently, by multiarmed spirals in phase masks.
For Bessel beams, the phase mask in the simplest case
is given by ϕ = αr/λ + mθ , where α is the radial phase
slope, i.e., the axicon angle. Bessel beams are also known
in acoustics, where they are formed using spiral acous-
tic diffraction gratings [20], metasurfaces [21], or acoustic
holograms [22].

Single Bessel beams show a uniform intensity dis-
tribution along the propagation direction. However, the
superposition of two Bessel beams with different helici-
ties can lead to nontrivial interference patterns, as has been
shown in Refs. [23,24]. The propagation wave number

2331-7019/22/17(3)/034059(7) 034059-1 © 2022 American Physical Society

https://orcid.org/0000-0002-1453-3276
https://orcid.org/0000-0002-6539-670X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.17.034059&domain=pdf&date_stamp=2022-03-25
http://dx.doi.org/10.1103/PhysRevApplied.17.034059
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of a Bessel beam along the optical axis is given by

kz =
√

k2
0 − k2

r , where k0 = ω/c = 2π/λ is the wave num-
ber and kr = k0 sin α. As a result, the propagation wave
number kz depends on the radial phase slope of the
axicon and/or mask. Therefore, the interference of two
helical beams with different helicities and different axi-
con angles results in complicated patterns in the angular
and radial domains, overall resembling a mechanical drill
bit.

In this work, we study the emergence of time-varying
helical patterns of light intensity, i.e., optical drills, by
mixing Bessel beams with different axicon angles, differ-
ent carrier frequencies, and different topological charges,
resulting in a dynamical light pattern that resembles a
rotating mechanical drill.

II. RESULTS

A. Synthesis of optical drill beams

Consider first a pair of confocal high-order Bessel
beams, formed by different axicon angles, but with the
same carrier frequency, as shown in Figs. 1(a) and 1(b).
Each beam propagates with a different axial wave vec-
tor kz. Without loss of generality, a convenient way to
realize this is to use a circular aperture for the first
beam and an annular area for the second, to obtain in
this case kz,1 > kz,2, as shown in Figs. 1(a) and 1(b).
Then, if each beam is of a different topological charge,
m1 and m2, the gradients of the phase along the axial
and along the azimuthal directions are different. There-
fore, only the points separated by distance d are in phase
in the axial direction, where 1/d = |1/d1 − 1/d2|, and

d1,2 = 2π/kz,1,2 are the spatial phase periods of the inter-
fering beams. In addition, only the points separated by
azimuthal angle ϕ = 2π/m, with m = |m1 − m2|, are in
phase in the azimuthal direction. Remembering that each
of the components presents an intensity distribution in
the form of a hollow tube for |m1,2| > 0, the final spa-
tial wave interference pattern of the two beams results
in a helical intensity pattern [Fig. 1(c)]. The resulting
helical beam is a drill bit with a winding period d. For
example, if the topological charges differ by |m1 − m2| =
1, then the resulting intensity pattern is a single helix,
resembling an Ribonucleic acid (RNA) molecule or a
corkscrew.

In general, an m-helical beam is obtained, with m =
m1 − m2. For instance, m = 2 results in a double inter-
twined helicoidal beam resembling a DNA molecule or a
mechanical drill bit. In addition, by changing the signs of
the topological charges, the handedness, i.e., clockwise or
counterclockwise, of the intensity profile can be chosen.
Evidently, the overlap area of two primary beams must
be optimized to match the hollow cylindrical focal areas
of both beams. In the example shown here, this can be
accomplished by selecting the correct axicon angles, and
the geometries of the beams. The conditions for optimal
overlapping are explored in Sec. 1 within the Supplemental
Material [26].

Up to this point, a static and elongated helical inten-
sity distribution is considered. However, when the two
Bessel beams have different carrier frequencies, ω1 and ω2,
the beams show a different temporal phase variation and,
therefore, the resulting interference pattern rotates with
time, with an angular frequency given by ω = ω1 − ω2.
Note that the difference can be set positive or negative to
obtain clockwise or anticlockwise rotation of the drill bit.

(a)

(b)

(c)

(d)

(e)

FIG. 1. Generation of optical drill beams. (a) Phase-helical Bessel beam with single-helicity m1 = 1 wave front. (b) Phase-helical
Bessel beam with double-helicity m2 = 2 wave front. (c) Optical drill bit, emerging from the interference of beams (a) and (b), showing
a helical intensity distribution. (d) Axial x-z and transverse x-y cross sections of the simulated intensity distribution. The inner beam of
topological charge of m1 = 1 is formed by the axicon with an angle of 0.61°, while the outer beam of m1 = 2 is formed by the axicon
of angle 1.04°. (e) Mechanical and biological analogs with the same geometric structure as the proposed light intensity patterns: a
corkscrew or RNA molecule for single helicity, and a drill bit or DNA [25].
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In general, rotating helix beams emerge as the spatiotem-
poral interference of the mixed beams because they present
a detuned phase gradient in the axial, azimuthal, and
temporal domains. In this way, optical drills with highly
tunable geometrical parameters, i.e., length, radius, and
winding period with an adjustable number of interlaced
helixes, and tunable rotation frequency, can be formed.

B. Observation of optical drills

To experimentally demonstrate the generation of optical
drills, a setup based on spiral gratings is developed. The
mixing of two Bessel beams can be in principle performed
in different ways. One possibility is to generate separately
two beams of different frequency, and to interfere them
by conventional optical means, such as combining imag-
ing optics and beam splitters. In our case, we generate two
high-order helical Bessel beams on the same optical com-
ponent, a phase grating, which consists of two concentric
regions, a central disk and an outer annular area, as shown
in Fig. 2(a). Each region presents different winding num-
bers to provide different topological charges, and different
radial periods to provide different axicon angles. Specif-
ically, the gratings are generated by a liquid crystal on
silicon SLM (HoloEye Photonics AG, Germany), provid-
ing high energy reflective efficiency (>93%) and decent
diffraction efficiency (approximately 60%), if the gener-
ated ramps in the hologram have more than four steps for
each 2π phase shift. The SLM is implemented in the setup
shown in Fig. 2(b). Here a Nd : YAG laser with a cen-
tral wavelength of 1064 nm and 10-ns pulse duration is
used. The beam is linearly polarized with the help of a λ/2
plate to align the electric field vector with the slow axis of
the liquid crystals of the beam-shaping element. A beam is

expanded before the SLM to efficiently use the whole SLM
area. A 4F lens system is used to propagate the beam to
the final focusing optics without distorting the phase distri-
bution. The final focusing element is used to superimpose
different order Bessel beams on top of each other and to
achieve interference as in Ref. [27]. The result is observed
with a beam profiler CCD camera [Fig. 2(c)].

The next challenge is imparting rotation onto the opti-
cal drill bit. A straightforward solution is to project the
beams of different frequencies on the inner and outer parts
of the phase mask. Note that the two beams must be mutu-
ally coherent to give steady rotation of the interference
pattern. The mixing from the two separate lasers would
give random jumps of the angle of the drills on top of
the dominating rotation, with the average time between
the jumps equal to mutual coherence time. Our solution
is to rotate one grating by a dynamical phase mask, using
the SLM in a dynamical regime. The rotation of the heli-
cal mask results in a Doppler shift of the frequency in the
reflected radiation. The SLM used has a temporal resolu-
tion of 60 Hz, allowing a smooth rotation with a frequency
of several hertz. The spatial periods and radii of the two
parts of the phase mask are adjusted to ensure maximum
overlap of the two Bessel beams, and thus maximum inten-
sity contrast of the drill (see Sec. 2 within the Supplemental
Material [26]). Note that the drill rotation speed can be
increased by rotating both the inner and the outer phase
mask areas in opposite directions.

The numerically simulated and experimentally mea-
sured intensity patterns are summarized in Figs. 3 and 4.
Figure 3(a) shows a simulated helical beam of m1 = 4
and m2 = 8, where xy intensity cross sections at dif-
ferent axial distances are indicated in Fig. 3(b). The
final spiral structure has a number of arms equal to

(a) (b)

(c)

FIG. 2. Optical scheme used for beam shaping. (a) Grayscale phase image of a computer-generated hologram (CGH) displayed on
the SLM. Black areas correspond to a phase shift of 0, whereas white areas correspond to 2π . Central Bessel with m1 = 4; outer Bessel
with m2 = 7. The inner Bessel disk diameter is calibrated to approximately equally divide the initial Gaussian beam energy. (b) The
incoming laser beam is expanded via using the beam expander (BE) to reduce the power density and effectively use the active SLM
area. A half-wave plate is used to align the laser polarization with the nematic liquid crystals of the SLM. A beam is focused on a CCD
camera for visualization. A 4F system comprised of two lenses can be used to relay the phase front from the SLM plane to the final
focusing objective input pupil plane in systems. (c) The intensity distribution measured on the CCD camera of the spatially modulated
beam.
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(a)

(b)

(c)

FIG. 3. Numerical simulation of the evolution of the optical drill. (a) 3D isosurface model of the interference of two Bessel-Gauss
beams creating the spiral intensity structure—optical drill. The figure shows a four-arm optical drill formed by two Bessel beams of
(m1 = 4, m2 = 8). (b) Simulated x-y cross-section intensity distributions at different planes. Full propagation of a three-arm variant is
given in Video 1 within the Supplemental Material [26]. (c) Simulated intensity distribution x-y cross sections rotating in time recorded
from a single plane (indicated in red). Numerical simulation and full rotation of the simulated three-arm drill are given in Video 2 and
Sec. 3 within the Supplemental Material [26].

the difference in the topological charge of the interfer-
ing Bessel beams; in this particular example, an m =
+4 helical structure is observed. The whole structure
is rotating in time [Fig. 3(c)]. In addition, experimen-
tally, various topological charges are produced (Sec. 4
within the Supplemental Material [26]) and dynamical
optical drill is given in Fig. 4. Both cases show that
the higher the Bessel beam order, the broader the cen-
tral hollow area. This is due to the individual interfering
Bessel beams having large ring diameters in the far field.
Additional secondary spirals, with lower intensity, are vis-
ible in the simulated optical drills due to the interference
of Bessel components not yet intersecting on the optical
axis.

The experimental case has some interesting proper-
ties. First is the diverging shape depending on the pre-
cise placement of the focusing lens. Second, the winding
period is changing along the z axis. This is expected
as the whole Bessel zones for both beams are compara-
ble in length with the relevant lens focus. This can be
understood via an effect like “spherical aberration” [28],
where the addition of the lens modulates the propagation
angle for rays with different radial offsets from the optical
axis. Such an effect is not accounted for in the numer-
ical model as propagation distances cannot be compara-
ble due to resolution limitations (angle versus resolution
trade-off).

The total size of optical drill beams is determined by
the axicon angles. Further magnification can be done by
employing an imaging setup comprised of a pair of lenses
(an expanding telescope). The total number of windings in

the drill, as estimated in Sec. 5 within the Supplemental
Material [26], is

N = r1

2λ

(α2 − α1)
2(α1 + α2)

α1α2
. (1)

Here D‖ is the length of the axial overlap area of the inner
and outer Bessel beams and r1 is the radius of the inner part
of the hologram. In terms of the number of windings of
the internal part of the hologram m = r1α1/λ, and in terms
of ratio of axicon angles α = α2/α1, we finally obtain a
simple estimation:

N = m(α − 1)2(α + 1)/(2α). (2)

In this way, optical drills are realized with highly tunable
geometrical parameters, i.e., length, radius, and wind-
ing period, adjustable number of staggered helixes, and
tunable rotation frequency. In Sec. 6 within the Supple-
mental Material [26], different optical drills with different
parameters are shown.

C. Interaction with matter

The drill is expected to interact with material primarily
through a thermal effect (during relatively slow rotation of
several hertz) and through phonon excitation (during fast
rotation of several kilohertz). Possibly fast rotation (mega-
hertz and gigahertz ranges) can result in interesting inter-
action effects; however, a detailed analysis of wave-matter
interaction is out of the scope of the article. As a proof
of concept, we present here the interaction of the optical
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(a) (c)

(b)

FIG. 4. Experimental observation of an optical drill. (a) 3D isosurface of an experimentally realized interference of two Bessel-
Gauss beams creating spiral intensity structure. A four-arm optical drill (m = 4) formed by the superposition of two Bessel beams with
topological charges m1 = 4 and m2 = 8. (b) Measured intensity distribution at different axial distances. The separation between
slices is 70 mm and the focal length of the used lens is 150 mm. (c) Optical intensity in the indicated cross section as a function of
time, showing the rotation of the optical drill. A frequency of 6 Hz is set taking into account beam symmetry (1.5 Hz for a full 360°
rotation). See Video 3 within the Supplemental Material [26] for three-arm dynamic data.

drill focused inside a Rhodamine B dye [see Fig. 5(a)].
For this experiment, a separate 532-nm-wavelength laser
is used to enhance the material fluorescence. Due to the
aspect ratio of the optical drill, magnifying optics are used
to scale the beam itself and, in addition, an imaging micro-
scope comprised of a microscope objective and lens is used
for a more detailed image. The sense of winding in the
propagation direction and its rotation speed are adjusted
by changing the rate at which computer-generated holo-
grams are displayed on the SLM. Fluorescence emission
is imaged at different times, as shown by the snapshots in
Fig. 5(b). The fluorescence images match the time-varying
beam structure of the optical drill, showing the winding of
a helical structure of m = 2 arms inside the fluorophore. By
selecting different rotation frequencies, the helical beam
rotation direction can be selected, as shown in Video 4
and Video 5 within the Supplemental Material [26]. There-
fore, the interference pattern of the optical drill beam is
shown to move in a forward or backward direction inside
the fluorescent medium.

III. CONCLUSIONS

Light beams with rotation-in-time helical intensity dis-
tribution, rotating optical drills, emerge as the spatiotem-
poral interference of high-order Bessel beams with dif-
ferent axicon angles, different topological charges, and
different carrier frequencies. The parameters of the opti-
cal drills, i.e., length, radius, and winding period, and the
order of helical structure are highly tunable. In addition,
the rotation frequency and sense of rotation of the drill can
be set by adjusting the frequency detuning. In this work,

we experimentally demonstrate the main features of these
beams using the interference of two beams on a rotating
SLM, and its interaction with matter through fluorescence.
Note that, while the rotation of the SLM hologram is suf-
ficient to demonstrate the principle, the rotation frequency
possibly must be strongly increased for technologically rel-
evant applications, e.g., using acousto-optical devices to
obtain two coherent Bessel beams of coherently different
frequencies. It is also worth noting here that, while the use
of high-order Bessel beams leads to elongated and regu-
lar helical structures, as demonstrated here, optical drills
can be generated by mixing any pair of overlapping and
detuned vortex beams.

Like the case of stationary helical beams [29–33],
the optical drill could become a tool for particle micro-
manipulation. Moreover, its rotation in time can add
the possibility of attracting or pushing particles along
the optical axis. Most likely the temperature gradients
induced on the material during laser processing from
the rotating intensity maxima. This article shows the
main principle of the optical drill, experimental observa-
tions, and evidence of interaction with matter, but further
studies should show the features of drills for optome-
chanical processing of matter using pulses with higher
energy. Dynamic programmable beam shaping can be
effectively used for microfabrication and reduce process-
ing time. We hope that these dynamical light structures
can bring a revolution to emerging optical technologies
for matter processing, as the invention of mechanical
drills brought a revolution in construction technologies
as compared with previously dominant nails in construc-
tions.
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(a)

(b)

(c)

FIG. 5. Optical drill experimental fluorescence visualization. (a) Fluorescence of the Bessel-Gauss interference pattern captured in
Rhodamine B dye. (b) An enlarged fraction of the full optical drill at different times. (c) Transverse intensity profiles of the rotating
optical drill beam with m = 2, i.e., a double helix, at different times.

APPENDIX A: METHODS

1. Numerical simulations

Simulation codes are written in Python using an iterative
Fourier split-step propagation method. An initial Gaussian
amplitude beam is used, whose initial phase distribution is
modified by an axicon grating and an azimuthally varying
phase offset or a spiral phase plate. The beam is propagated
by a small step in the Fourier plane, and the inverse Fourier
transform is taken, to get the current intensity distribution
in the real plane. All planes are assembled and a three-
dimensional (3D) isosurface structure is reconstructed of
the simulated beam.

2. Three-dimensional experimental generation

For 3D reconstruction and beam generation experiment,
a HoloEye Pluto 2.1 NIR-149 liquid crystal SLM with 8-
µm pixel pitch, 93% fill factor, and 60-Hz refresh rate is
used. The laser source is a Nd : YAG passively q-switched
DPSS laser WG077-E-1 with 1-ns pulse width and 100-Hz
repetition rate. Because the SLM only works with linearly
polarized light, a half-wave plate is used to align the lin-
ear polarization to the SLM liquid crystal axis. A beam
expander comprised of two lenses, −50 and 200 mm, is
used to expand the beam and more efficiently use the SLM
active area. The beam size is 7 mm at 1/e2. For beam
measurements, the diverging Bessel rings are refocused
with a 150-mm lens placed 150 mm from the SLM screen
into a WinCamD DataRay FIR2-16-HR CCD camera with
a 4.4-µm pixel pitch. The CCD camera is translated on
a motorized stage and two-dimensional (2D) slices are
captured of the optical drill. The collection of slices is

collected and parts of the beam with higher intensity are
left for a clearer (less noisy) reconstruction of the 3D
isosurface.

3. Fluorescence experiment

Rhodamine B dye is used as a fluorescent medium. The
initial Rhodamine B powder is dissolved in distilled water
to a concentration of 8.26 µg/ml. As the source, a green
532-nm diode laser is used. For dynamic beam shaping
a HoloEye LCOS-SLM LC-R-2500-1 designed for 532-
nm light with 19-µm pixel pitch is utilized. To have more
windings visible in the field of view, a telescope of two
lenses is used to compress the beam: 200-mm lens and
LOMO 8× 0.2NA objective. For visualization of the resul-
tant interference beam, a microscope comprised of LOMO
40× 0.65NA and 100-mm lens is placed on the side and
viewed with a Point Grey Chameleon CMLN-13S2M dig-
ital camera. An orange glass filter is used to cut off the
initial green light of the excitation beam.
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