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Non-Gaussian spatial intensity distribution beams used in laser micro- and nano-machining find many appli-
cations. For instance, Bessel beams, having a small diameter and a very long focal zone, allow the fabrication of
high aspect ratio modifications in transparent materials. Higher-order Laguerre-Gauss modes are used in particle
manipulation and even for multiplexing in optical communication. The temporal intensity distribution of a pulse is
mostly overlooked or fixed to Gaussian shape distribution. However, pulse-shaped beams could improve the same
fields of particle manipulation as optical traps, or the laser manufacturing. In this paper, we demonstrate a method
of constructing a helical spatiotemporal intensity distribution beam the rotation of which in time can be varied. We

demonstrate the analytical and numerical results and show an experimental realization of such a structure.
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1. Introduction

Femtosecond (fs) lasers are becoming a preferred
tool in laser processing and other areas [é]. Tem-
poral structuring of pulses (i.e. compression to
femtosecond range and tuning of repetition rate)
provides control over the thermal aspect of pro-
cessing [H, E] and gives rise to cold ablation. In
doing so, thermal effects are reduced, and more
precise micromachining could be achieved, espe-
cially on thin materials that bend from the accu-
mulated heat. One of the methods to achieve this
is the use of burst pulses which is a trending way to
achieve higher ablation efficiencies [E]. By having
the sample ablated by a rotating intensity profile,
there could be gaps in intensity enough to allow
heat to flow out of the ablation region and reduce
heat accumulation. A dynamic intensity pattern in
the picosecond timeframe corresponding to the re-
laxation time of phonons could help further reduce
the heat-affected zone (HAZ) around the machin-
ing area. One of the areas that saw substantial in-
novations in recent years is the use of spatially

structured light [E]. The usage of advanced spa-
tial light shaping techniques can lead to greatly in-
creased fabrication efficiency [[10-12]], better pro-
cessing quality [] or both [].

The vortex laser beams that have an orbital an-
gular momentum provide a new degree of freedom
for light manipulation and are widely applied in
ablation [[17], microscale matter manipulation, mi-
Croscopy [], and optical communications [].
Nowadays, with the development of high-peak-
power [é, @], intense vortex laser pulses get at-
tention for the interaction mechanisms with matter
in strong-field laser physics.

A spatially spiralling beam has been shown in
acoustics [ﬁ], and optics [@] by coaxially causing
interference of two higher-order Bessel beams.
In the acoustic case, the beam was generated by
the use of axisymmetric spiral gratings [].
While in the optical case, the beams were gener-
ated with a single element - a liquid crystal spatial
light modulator (SLM). However, the resultant
rotation can only be reached in the order of Hz
by phase shifting one of the beams with different
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holograms. A different approach is necessary to in-
crease the rotation speed relevant to manufactur-
ing. Another way to increase the rotation speed is by
using electro-optical or acoustic-optical elements
to give rotation speeds in the order of GHz [@].

A recent alternative has been developed to
work in the temporal domain, wherein two coher-
ent chirped beams interfere to produce a rotating
pattern in time [@, @]. Such beams were termed
‘vortex—pulse pairs. These works are impressive,
but they lack two things. First, focusing was not
used as in Ref. [@] to produce a spatially winding
structure — ‘the optical drill’ Second, it appears that
only an EVEN number of topological charges has
been demonstrated: Al = 2, 4, 6. However, there is
no limitation on producing odd numbers of topo-
logical charges. In this work, we provided a replica-
tion study focusing on the ODD topological charge
difference, wherein we have no mirror symmetry
in the generated beam. In addition, we have shown
that the beam maintains its morphology even if
con/diverging (as in terms of focusing).

2. Methodology

The main idea of this work was to create a beam
shape with a temporally changing intensity pat-
tern. One possibility is to generate two different
frequency beams separately and to make them
interfere by conventional optical means, such as
combining imaging optics and beam splitters or
by using a holographic liquid crystal on a silicon
spatial light modulator or SLM; however, such
an element is very slow. Our method allows us to
achieve a spiralling interference intensity pattern
by causing interference of chirped and slightly
shifted beams with a different topological charge.
As the optical frequency of light is in the peta-
hertz range, the slight shift would have a beating
that is still very fast and would allow dynamic
shape changes in the picosecond timeframe. By
delaying one of the chirped pulses in relation
to the other, they would interfere with a slightly
shifted optical frequency [@]. The frequency shift
will change the corresponding rotation speed
0w = w(t) - w(t - 8t). If these chirped pulses have
an orbital angular momentum and propagate as in-
tensity rings, their interference will result in an in-
tensity pattern comprised of the maxima based on
the orbital angular momentum (OAM) difference

Al=1, - 1. The final resultant beam will be a tube
with multiple maxima rotating in time. If we
would assemble the time frames of a single spatial
zone, we would get a spiralling intensity pattern
rotating at THz frequency.

The interfering beams have a spatial amplitude
distribution given by the function

E, rY o
E=—|—|exp| ———1¢l |, (1)
o\ o 0]

where [ is the topological charge or OAM, and w is
the beams waist. The chirped Gaussian pulse tem-
poral amplitude distribution has the form:

t* .
E, = exp{— (1+w)}, )
z-chirp
2
E2p = explz_ma_}q)/):l (3)
T chirp

Here 7, is the chirped pulse duration, T, . is
the time delay between pulses, and y is the chirp
parameter defined as

V=4 (Tetiny /7, ) -1, “4)

where 7 is the transform limited pulse duration.
The interference of two beams is expressed as a su-
perposition

E +E _E (5)

LGl "1p LG2 ~2p°

Etot =E

The spatiotemporal intensity distribution of
the beam can be found by I_ = |E_|* The resultant
helical beam will twist in time, as shown in Fig. .
The rotation speed will be determined by two pa-
rameters: (i) the chirp induced to both pulses and
(ii) the delay time between the chirped pulses. For
a given chirp of both pulses, the induced rotation
will increase linearly with an increase in the delay,
whereas pulses with the same delay but a smaller
chirp will rotate faster.

3. Experimental setup

To experimentally demonstrate the generation of
rotating maxima intensity beams, a setup based on
g-plates can form a light beam with an orbital an-
gular momentum from a beam with a spin angular
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Fig. 1. Numerically simulated 3D isosurfaces of
the helical beams. (a) Helical beam with a shift of
2 ps and a chirped pulse duration of 50 ps. (b) shows
a helical beam with a shift of 2 ps and a chirped pulse
duration of 500 ps, while (c) has a delay time of 10 ps
and a chirped pulse duration of 500 ps. The transform
limited pulse duration was set to 200 fs in all cases.

momentum (circular polarization). Also, the two
beams must be mutually coherent to give a steady
rotation of the interference pattern. The mixing
from the two separate lasers would give random
jumps to the intensity pattern on top of the dom-
inating rotation, with the average time between
the jumps equal to the mutual coherence time.
Our solution was to use a single laser light source
and split it with beam splitters. In this work, we
used a Yb:KGW femtosecond laser ‘Carbide’

(UAB Light Conversion), providing radiation at
the 1030 nm fundamental wavelength, the 200 fs
pulse duration and the 250 kHz repetition rate.
The initial laser beam was split in two with a non-
polarizing beamsplitter. One part was sent to a de-
lay line, was maintained at 200 fs and was used for
gating the other beam, while the rest of the beam
went to the stretcher made from two diffraction
gratings and a retro reflector. This stretcher was
used to form the chirped beams needed to cre-
ate the helical intensity. Their generated interfer-
ence pattern would then rotate proportionally to
the mismatch of the path lengths of each chirped
pulse. The laser beam is then passed through
a A/2 phase plate and a polarizing beamsplitter to
equalize the powers of each of the beams and has
a linear polarization. Polarizations of each beam
were changed to circular ones and a different
topological charge was imparted onto the beams
by a polarization-sensitive spiral phase plate
similar to that in Ref. []. When this circularly
polarized beam passes through the g-plate, it be-
comes a circularly polarized vortex beam, which
is converted back to a linear polarization without
changing the vortex phase by a polarizing plate.
One of the chirped beams was sent to another de-
lay line to tune the arrival time, and this enabled
a variable delay between the chirped pulses. And
finally, the beams were joined together by another
non-polarizing beamsplitter. A polarizing plate
was used to select only a linear polarization for
the second harmonic generation of the second
type. A final mirror was used to send the co-
axial beams to a BBO second harmonic crystal.
A WinCamD DataRay CCD with a 4.4 ym pixel
size was used for capturing the intensity patterns.
The schematic of this system is given in Fig. .

4. Results and discussion

Because the structure is not clearly visible due to
the fast rotation, to detect and reconstruct the pat-
tern a second harmonic cross-correlator was used
to ‘freeze’ the structure in time and probe its true
shape and parameters. By using the second type
of the second harmonic generation (eo-e) we will
only generate it by beams of different polarization.
The interfering LG beams were of one polarization
and the short Gauss pulse was of the opposite linear
polarization. Intersecting at an angle they generated
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Fig. 2. Optical scheme used for beam interference and gating. A/2 waveplates are
used to perpendicularly align the polarization states of the interfering beams
and Gauss beams. 1/4 waveplates are used to create a circular polarization for
LG generation. Delay, and Delay, are delay lines to tune the arrival time of both
the Gauss gate and the delay of the chirped beams, LG are Laguerre-Gauss
mode g-plates, M are mirrors, PBS are polarizing beamsplitters, BS are non-
polarizing beamsplitters, and PP is a polarizing plate. A BBO crystal is used for
the second harmonic (2H) generation. The intensity distribution was measured
on the CCD camera of the spatially modulated beam. A beam stretcher was

G. Kontenis et al. / Lith. ]. Phys. 63, 140-147 (2023)

used to chirp part of the initial short pulse.

the second harmonic with a ‘frozen’ intensity pattern
as seen in Fig. E We had the ability to place a lens
before the BBO crystal to focus the beam.

We showed the initial second harmonic gen-
eration result without focusing. This allowed us to
tune the parameters of the resultant helical struc-
ture more easily. By using a variety of spiral phase
plates with topological charges (I = 1, 2, 3) dif-
ferent variations of chirped rotating beams were
probed, as can be seen in Fig. E The total number
of maxima matches the topological charge differ-
ence between the interfering beams. By chang-
ing the handedness of the circular polarization,
the sign of the topological charge can be inverted,
allowing the creation of even more pairs. Pulse
powers were kept similar for better interference
results. Small intensity fluctuations and deviations
are from not ideally collinear beams. The number of

Fig. 3. xy cross-section comparison. (a—c) are numeri-
cally simulated intensity patterns of 2H generation
between a Gaussian pulse and two interfering chirped
beams, while (d-f) are the corresponding experimental
measurements. The corresponding topological charge
pairs are the following: 1 and 2; 1 and -2, -2 and 3.
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maxima can be easily tuned by changing the plates
in the scheme. Also, by changing the handedness of
the circularly polarized light, the topological charg-
es can be flipped.

Experimental xy cross sections of the first
harmonic of the beam in Fig. @(a—c) show that
the true intensity shape quickly disappears if
the delay between the chirped pulses is more than
5 ps (Fig. @(a)). A focusing lens of 100 mm focal
length was used to see how the structure scales and
whether it loses its shape. As seen in Fig. @(d—f),
even the defects present in the large structure are
maintained in the focal region.

Fig. 4. Experimental observation of xy cross-section
intensity patterns. (a—c) Intensity pattern of the 1H
interference pattern with a delay between pulses
of 5.4, 2.7 and 0 ps, respectively. (d) Intensity pat-
tern of one of the chirped pulses with a topological
charge of 3. (e) Intensity pattern of a chirped pulse
with topological charge 3 focused by a 100 mm focal
lens. (f) Interference pattern with no delay between
pulses focused by 100 mm focal lens.

For micromachining applications, we must note
that the induced chirp decreases the intensity of
the laser beam. However, the chirp does not need to
be drastic. The large chirp value used in the experi-
ment was for visualization purposes. We have used
the probe pulse of 200 fs duration, therefore the ro-
tation period had to be much longer than that. We
think that such a beam can be easily implemented
into a direct laser writing system for microfabrica-
tion or other usages. The most complicated part is
assuring the coaxial propagation of both beam-
lines which can be done with a careful alignment.
The structure is highly tuneable: by varying the delay

of one line, the rotation speed can be tuned and even
its rotation direction can be flipped. Alternatively, by
using higher topological charges, different numbers
of high-intensity zones can be formed. This beam
maintains its shape when focused; therefore, imple-
mentation into a more practical system is feasible.
The drill is expected to interact with the material pri-
marily through thermal effects, phonon excitations,
and relaxations. The fast rotation in THz ranges
can possibly result in interesting interaction effects;
however, a detailed analysis of wave-matter interac-
tion is out of the scope of the article.

5. Conclusions

In this work, we applied a practical method for gen-
erating fast-rotating vortex-pulse pair beams by
causing interference of two higher-order Laguerre—
Gauss beams. Although the principles have been
demonstrated before, we confirm their reproducibil-
ity using odd Al values, which do not feature mirror
symmetry.

To probe the fast-rotating spatial structure,
a shorter Gauss pulse was used for the second
harmonic generation in a cross-correlator setup.
The time-varying 3D structure was numerically
simulated, and the 2D cross-sections were measured
and even reimaged. Like the stationary optical drill
beams, the vortex—pulse pair could become useful
for particle micromanipulation and micromachin-
ing. This article confirms the main principle and
experimental observations and provides confidence
for further studies that deal with the light-matter
interaction using pulses with higher energy and in-
tensities.
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CIRPUOTU LAGERO IR GAUSO MODU INTERFERENCIJOS SUFORMUOTI
CHIRALINIAI PLUOSTAI
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Santrauka

Siame darbe tiriama greitai laike besisukancio
interferencinio pluosto struktara ir jo erdviniai pa-
rametrai. Tokio tipo struktiiros yra realizuojamos
suvedant du koherentinius pluostus su topologiniu
kraviu / orbitiniu judesio kiekio momentu. Jeigu jy
topologiniai kraviai skiriasi, gaunamas pluostas su
maksimumy skaic¢iumi, lygiu abiejy pluosty topologi-
niy kraviy skirtumui. Toks pluostas laike yra statiskas,
norint indukuoti jam sukimasi reikia laike moduliuo-
ti vieno i§ pluosty faze. Tai galima atlikti elektroopti-
niais ar akustooptiniais moduliatoriais, tadiau tokie
sprendimai lemia salyginai létg sukimgsi. Siame dar-

be pademonstruotas laike moduliuoto spiralinio inten-
syvumo pasiskirstymo pluosto, kurio sukimasi laike
galima keisti, formavimo metodas. Tai jgyvendinama
interferuojant du kolinearius ¢irpuotus ir laike pas-
tumtus impulsus. Pateikiami analitiniai ir skaitiniai re-
zultatai bei parodomas eksperimentinis tokios strukti-
ros realizavimas. Skirtingai nuo ankstesniy darby [@,

], ¢ia parodoma realizacija nelyginiy topologiniy
kraviy atvejais, kai néra simetrijos apie nulj. Tikétina,
kad pluostas su laikine moduliacija pikosekundinéje
skaléje turés teigiamo poveikio $iluminiam rezimui
$viesai sgveikaujant su medziaga.
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