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Abstract: In this paper, we study the characteristics of the supercontinuum (SC) induced by the
filamentation of two typical vortex beams (i.e., Laguerre-Gaussian (LG) and Bessel-Gaussian (BG)
beams) in water. By moving the cuvette filled with water along the laser propagation path, we
measure the SC induced by the filamentation of the two vortex beams at different positions in water.
The results show that the degree of spectral broadening induced by the filamentation of LG beams
hardly changes with the change of position, while for BG beams, the spectral broadening induced by
filamentation is weak on both sides and strong in the middle. The value of topological charge (TC)
affects the length of the filament formed by BG beams; however, its effect on the spectral broadening
induced by the filamentation of LG and BG beams is negligible.

Keywords: Bessel-Gaussian beams; Laguerre-Gaussian beams; vortex beam; filamentation;
supercontinuum

1. Introduction

In 1992, Allen et al. theoretically predicted that apart from spin angular momentum,
photons can also carry another form of angular momentum: orbital angular momentum [1].
It comes from the helical phase of light waves, i.e., a light beam with a phase term exp(—il¢)
(I is an orbital angular quantum number, which is also called topological charge (TC) and
@ is the azimuth angle), and each photon carries an orbital angular momentum (OAM)
of I. Theoretically, [ can be any integer or a fraction [2-4]. Laguerre-Gaussian (LG) and
Bessel-Gaussian (BG) beams are two typical kinds of vortex beams. Another obvious
feature of the vortex beam is that the spatial distribution of its intensity presents a ‘donut’
structure, i.e., its intensity at the center is zero, and the radius of the hollow center increases
gradually with the increase of I. The OAM carried by the vortex beams can be transferred
to matters during the interaction of vortex beams and matters [5,6].

These special properties make vortex beams widely applied in optical tweezers [7-13],
optical imaging [14-16], information transmission and cryptography [17-22] and micro-
processing [23-26] and other fields. For example, Bessel beams have propagation invariance
compared with Gaussian ones; that is, they have the ability to maintain their shape and
peak power at the extended focal region (Bessel region), which makes them have promising
application prospects in many fields, especially for micro-processing. Using the Bessel
beams, the length, plasma density and laser intensity of the femtosecond filament can
be well controlled [27-30], see Table 1. For example, Wang et al. tailored the profile of
the annular Bessel beams by placing an amplitude mask and iris diaphragm, respectively,
before the axicon, and thus the onset and terminal positions of femtosecond laser filament
in the fused silica can be arbitrarily controlled [28]. Once the parameters of femtosec-
ond filament are controlled, they are accompanied by several nonlinear phenomena such
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as photoionization and supercontinuum (SC) generation; fluorescence emission is also
affected [30-32]. For example, Dota et al. studied the filamentation of Bessel beams in
BaF, by measuring the side emitted fluorescence and transmitted SC [32]. They observed
the transition from a stable state to a nonlinear unstable state for Bessel beams by chang-
ing the incident laser pulse energy and found that SC generation depends on the size
of the incident beam and the distance from the sample to the tip of the axicon. How-
ever, these studies are limited to 0-order vortex beams. For higher-order vortex beams,
they carry OAM, which will increase the complexity of the filamentation process. As
they propagate in a transparent medium, they have a great chance to split into multiple
filaments [33-36], thus affecting the filamentation dynamics. In addition, the filamenta-
tion threshold of the higher-order LG filament increases with TC, which can be roughly

described by P(I) ~ 4+/31P,,, where Psy = 559’7'17;170 /)122 is the critical power of self-focusing for
Gaussian beams [34,35]. Miller et al. found that by using coherent conjugate asymmetric
higher-order BG beams to control the far-field intensity distribution, the filamentation pro-
cess can be spatiotemporally controlled [37]. Jukna et al. experimentally and numerically
studied the nonlinear propagation of higher-order BG light in transparent solids [38] and
found that higher-order BG beams retain all the properties of 0-order BG beams, while
the TC provides additional parameters which can control the filamentation of BG beams.
They also found that the radius and plasma density increase with the increase of TC value
and top angle [38]. Zhang et al. studied the coherence of the SC generated by LG beams
with different TC values in water [39] and found that spectral broadening is not related
to the TC value; however, they did not study the SC induced by filamentation at different
locations in water.

Table 1. Recent works in vortex beam.

Vortex Beam Research Content

control of filament [27-30]

0-order BG accompanied nonlinear phenomena [30-32]

control of filament [37]

Higher-order BG nonlinear propagation and filamentation [38]

multiple filaments [33-36]

Higher-order LG Coherence of SC [39]

Due to the different geometries (i.e., focal spot shape and size, etc.) of BG and LG
beams, the filaments generated by BG and LG beams exhibit different shapes. As a result,
the laser fluence, intensity as well as plasma density inside the filament generated by the
two kinds of vortex beams differ much from each other, which further affects SC generation.
In this paper, by analyzing the changes of the SC induced by the filamentation of BG and
LG beams at different locations in a cuvette filled with water, we discuss the characteristics
of the SC induced by these two vortex beams.

2. Femtosecond Laser Filamentation and SC Generation in Water

Femtosecond laser filamentation is an important nonlinear process in a nonlinear
medium. As femtosecond laser pulses propagate in transparent media, say air, glass and
water, etc., the laser intensity keeps increasing due to the Kerr self-focusing effect, and
as it increases to a certain value (1013-1014 W/cm?), the medium will be ionized by the
high-intensity beam, generating a large number of plasmas which play a defocusing role.
A self-induced plasma channel will be formed when the Kerr self-focusing effect and the
plasma defocusing effect reach a dynamical balance [40,41], which is called filamentation.
During femtosecond filamentation, nonlinear effects such as Kerr self-focusing, multipho-
ton/tunnelling ionization, plasma formation and recombination lead to the change of
refractive index, making the laser field undergo self-phase modulation (SPM) [40]. Accord-
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ing to the self-phase modulation effect, the variation of the spectrum induced by SPM can
be described by [39,40]:

A  wyz oI(r,t) 1 dpe(r,t)
_-r _ U= 2 +

Aw = ot c (=n ot 2npp. Ot )

)

where Ag is the variation of the phase of the laser pulse, wy, z, 12, p(r,t) and p. are the
central wavelength of the laser pulse, the propagation distance in media, second-order
nonlinear refractive index, plasma density and the critical plasma density (0. = egmew?/e?),
€0, € and m, are permittivity of vacuum, electron charge and electron mass), respectively.
As a result, the spectral broadening results from the SPM. It can be seen from Equation (1)
that the spectral broadening is affected by several factors, such as the temporal evolution of
laser intensity and plasma density, nonlinear refractive index of the medium and filament
length, etc.

Obviously, the degree of spectral broadening is positively related to the filament length.
The span of laser spectra after spectral broadening ranges from ultraviolet to infrared
wavelength covering the entire visible range [42], and therefore it is also called white light
or SC [43,44]. SC has a wide range of applications, such as time-resolved excitation and
absorption spectroscopy [45], optical pulse compression [46] and the characterization of
laser-induced structural transitions [47], etc. The SC generation induced by femtosecond
laser in water has been extensively studied in the past few decades, both experimentally
and theoretically [39,48-56]. Quite a few approaches are used to study the property of
the SC and to control the SC generation [39,48-56]. For example, the coherence of the SC
can be studied by the interference method [39,52]. By manipulating the parameters of
femtosecond laser pulses (such as spatial distribution of intensity [48,49], polarization [50]
and pulse energy [51], etc.), doping the water with other matters [53,54], adopting a two-
color scheme [56], the SC generation can be enhanced. However, these works mainly
dealt with Gaussian pulses. In this paper, we mainly focus on the characteristics of the SC
generated by higher-order vortex beams in water.

3. Experimental Setup

To explore the characteristics of the SC induced by filamentation of BG and LG beams
at different locations in water, we design an experimental setup shown in Figure 1. The laser
pulses are generated by an amplified Ti: Sapphire laser system. The central wavelength,
duration and repetition rate of the laser pulses are 800 nm, 50 fs and 1 kHz, respectively. The
maximum pulse energy is 3.0 mJ, and the pulse energy is adjusted by an energy attenuator
composed of a half-wave plate H and a Glan prism G to the desired value. The beam
spot size is adjusted by an iris (which is 10 mm in the experiment), and consequently, the
light beam can perfectly enter the liquid crystal screen of a spatial light modulator (SLM,
Hamamatsu LCOS-SLM, X13138). The SLM can generate LG beams by loading the phase
diagram (see Figure 2a’—¢’ in Ref. [39]). In this experiment, we attempt to compare the
characteristics of the SC generated by higher-order BG and LG beams, and thus two kinds
of optical lenses are used to focus the vortex beams: One is a focusing (plano-convex) lens
(fused silica), whose focal length is f = 75 mm, and the other one is an axicon lens, whose
top angle is 170 degrees. As the generated LG beams with different TC values pass through
the axicon lens, higher-order BG beams can be generated. The dashed rectangle suggests
the axicon lens can be replaced by a focusing lens. The vortex beams are focused into a
quartz cuvette C (with dimensions: 50 mm x 10 mm X 40 mm) filled with water and form
filament generating the SC. The transmitted spectrum (i.e., the SC) is firstly collected by an
integrating sphere IS and then guided to a spectrometer (Avantes, avaspec-uls2048l), and
thus the transmitted spectral data are obtained. Both the cuvette and integrating sphere
are fixed on an electric translation stage, and by moving the electric translation stage, the
SC induced by femtosecond laser filamentation at different locations in water is recorded.
This method is somewhat similar to the Z-scan technology [57-59]. The propagation of
laser beams in water is affected by the water attenuation and water-induced turbulence
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(e.g., bubble generation), which affect the stability of supercontinuum. To reduce the error,
each spectrum is obtained by an average of a hundred measurements.

M1 Laser
H g A
G A C IS
M2 -__.

Spectrometer

Iris 1 i

Translation Stage

SLM

Figure 1. Schematic diagram of the experimental setup to explore the SC induced by the filamentation
of BG and LG beams at different locations in water. M1, M2: plane mirror, H: half-wave plate, G:
Glan prism, SLM: spatial light modulator, A: axicon lens, the dashed rectangle indicates it can be
replaced by a focusing (plano-convex) lens, C: cuvette filled with water, IS: integrating sphere. The
black and blue lines are the optical fiber and data cable, respectively.

4. Results and Discussion

First of all, by measuring the transmitted spectrum, we obtain the SC induced by the
filamentation of 0-order LG and BG beams (i.e., [ = 0) at different locations in water, as
shown in Figure 2. It should be noted that the intensity of the transmitted spectrum around
800 nm (central wavelength) is beyond the measuring range of the spectrometer and the
dark red area indicates that the spectral intensity is saturated. In the paper, we mainly
focus on the degree of spectral broadening, and thus we do not discuss the saturation of
the spectral signal. To facilitate the discussion of the experimental results, we define the
position where the front wall of the cuvette is 3 mm (35 mm) away from the axicon lens
(focusing lens) as the ‘zero position’, i.e., D = 0 mm, as shown in Figure 3a,b. It can be
clearly seen from Figure 2 that the variation of the SC induced by the filamentation of
0-order LG and BG beams in water with D shows different tendencies. As the filament
formed by LG beams gradually moves toward the front wall of the cuvette, it could be
seen that when D is between 0 mm and 35 mm, the degree of spectral broadening remains
almost unchanged, and thus the transmitted spectrum exhibits a plateau, as shown in
Figure 2a. As we further increase D, the degree of spectral broadening becomes smaller,
and the transmitted spectrum becomes very weak at D = 40 mm, showing a ‘dip’. As D is
larger than 40 mm, the transmitted spectrum remains almost unchanged. In contrast, the
SC generated by the filamentation of BG beams shows entirely different behaviors: as D
increases, the degree of spectral broadening firstly becomes larger, reaches its maximum at
a certain position and gradually becomes smaller, as shown in Figure 2b.
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Figure 2. Variation of the SC induced by the filamentation of (a) LG and (b) BG beams with D in the
case of | = 0. The incident pulse energy of LG and BG beams are 104 puJ and 188 uJ, respectively.
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Figure 3. Definition of the ‘zero position” in the experiment (i.e., D = 0 mm) in the case of using the
(a) focusing and (b) axicon lenses. Schematic diagram for Gaussian beam which passes the
(c) focusing and (d) axicon lenses. The red areas in (c,d) denote the focal region.

Usually, Bessel beams are produced by an axicon lens whose focus is linear, resulting
in a longer focal region (see Figure 3d), and it has non-diffraction property in the Bessel
region; therefore, the filament generated by Bessel beams is longer than that generated by
Gaussian beams with the same energy. In the process of changing the distance between the
cuvette and the axicon lens, the length of the Bessel beam filament located in water firstly
increases and then decreases, as schematically shown in Figure 4e-h. Consequently, the
degree of spectral broadening induced by the BG beam:s firstly becomes larger, reaches its
maximum at a certain position and becomes smaller gradually. In contrast, the filament
generated by LG beams is relatively short, which is much shorter than the length of the
cuvette. As we move the cuvette, the filament is almost located in water (see Figure 4a,b).
Consequently, when D is between 0 mm and 35 mm, the SC changes little in both intensity
and the degree of spectral broadening. As D is between 35 mm and 40 mm, part of the
filament enters into the back wall of the cuvette, leading to the decrease in the length of
filament in water, and thus the degree of spectral broadening becomes smaller. As D is
larger than 40 mm, the focal region of LG beams moves out of the cuvette and enters the air
(see Figure 4d). Since the critical power of self-focusing P, in the air [40] is much higher
than that in water [39], no filament is formed, and the spectrum is hardly broadened.
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Figure 4. Spatial relationship between the focal region of (a—d) LG, (e-h) BG beams and cuvette. The
red areas denote the focal region, and light blue rectangles denote the cuvette filled with water.

In the process of moving the cuvette, both the focal regions of LG and BG beams pass
through the cuvette wall; however, the spatial distribution of the transmitted spectrum only
shows a “dip’ in the case of LG beams (at D = 40 mm). This is caused by the different spatial
distribution of the laser intensity of the two beams. The focus region of LG beams is very
small, which results in higher intensity of LG beams in the focal region. In contrast, due
to the existence of the Bessel region, the focal region of BG beams is very long, resulting
in a lower intensity of BG beams in the focal region, which is lower than the damage
threshold of the cuvette wall. As a result, the laser pulse energy will not be absorbed by the
cuvette wall when the focal region of BG beams covers the cuvette wall, and the transmitted
spectrum is similar to that measured when the focal region is located in the air, as shown
in Figure 2b. It should be noted that the thickness of the cuvette wall is 1 mm, which is
comparable with the length of the LG beam filament in water. Since the focal length of the
focusing lens is f = 75 mm, at D = 40 mm, the focal region of LG beams covers the front wall
of the cuvette (see Figure 4c). The laser intensity of the focal region of LG beams is higher
than the damage threshold of the cuvette wall, resulting in the ablation of the cuvette wall.
As a result, part of the laser signal is reflected, and part of the laser energy is absorbed by
the cuvette wall, resulting in a weak transmitted spectrum. Figure 2 show the SC induced
by filamentation of LG and BG beams only in the case of I = 0. In the following part, we
will study the SC produced by higher-order LG and BG beams (i.e., [ > 0). Table 2 show the
pulse energy and TC value of these vortex beams selected in our experiment.

Table 2. Parameters of the LG and BG beams used in our experiment.

Vortex Beam Pulse Energy (u]) TC Value
10 1=0~5
LG 52 I=0~5
104 I=0~5
BG 188 1=0~5

The laser pulse energy also affects SC generation. By changing the pulse energy (10,
52 and 104 pJ), we study the variation of the SC induced by filamentation of LG beams
with D in the case of | = 0 and I = 2, as shown in Figure 5. It can be seen from Figure 5a,d
that when the pulse energy is 10 yJ, the transmitted laser spectrum shows no obvious
broadening, indicating that no filament is formed, for the SC generation is an obvious
feature of femtosecond filamentation. It should be noted that due to the low pulse energy
(10 pJ), the laser intensity in the focal region is relatively low, which is lower than the
damage threshold of the cuvette wall, and thus little energy is absorbed or reflected by
the cuvette wall. As a result, though the focal region of LG beams covers the cuvette
wall at D = 40 mm, the transmitted spectrum changes little, which confirms the previous
speculation of spectral ‘dip’. As the pulse energy is 52 and 104 pJ, filaments can be formed
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by LG beams, and the transmitted spectrum shows obvious broadening. Due to the high
laser intensity in the focal region, as the cuvette wall overlaps with the focal region, it is
ablated, part of the laser energy is absorbed or reflected, and thus the spatial distribution
of transmitted spectrum shows a ‘dip’, as shown by Figure 5b,c,e f. Figure 6 show the
variation of the SC generated by LG beams with D when the value of TCis 0,1, 2, 3, 4 and
5. For higher-order LG beams, the variation of the degree of spectral broadening with D
is similar to that shown in Figure 6a (i.e., 0-order LG beam), which also exhibits plateau
regions, as shown in Figure 6¢c—f. It can also be seen from the figure that along with the
increase of TC value, the degree of spectral broadening changes little, i.e., it is not related to
the TC value of LG beams, which is consistent with the work of Zhang et al. [39].
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Figure 5. Variation of the SC induced by the filamentation of LG beams with D when the incident
pulse energy is (a,d) 10, (b,e) 52 and (c,f) 104 yJ. (a-c) and (d-f) refers to the cases of [ =0 and [ = 2.
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Figure 6. Variation of the SC induced by the filamentation of LG beams with D when the value of TC
is (a) 0, (b) 1, (c) 2, (d) 3, (e) 4 and (f) 5. The incident pulse energy is 52 pJ.

The SC generated by the filamentation of higher-order BG beams shows entirely
different behaviors compared with that generated by higher-order LG beams. As D in-
creases, the degree of spectral broadening firstly becomes larger, reaches its maximum at
a certain position and becomes smaller gradually, as shown in Figure 7b—f. The cause for
this phenomenon is actually the same as the case of the 0-order BG beam, i.e., the degree
of spectral broadening is closely related to the filament length. At first, only part of the
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focal region of higher-order BG beams is located in water in the cuvette. As we move
the cuvette (increase D), the length of the focal region of higher-order BG beams in water
becomes larger, resulting in the enlargement of spectral broadening. As the focal region of
higher-order BG beams is completely located in water, the degree of spectral broadening
reaches its maximum, and as it gradually moves away from the cuvette, the filament length
in water becomes shorter, leading to the decrease in the degree of spectral broadening.
When the focal region of higher-order BG beams moves out of the cuvette (D > 60 mm),
the transmitted spectrum shows little change, as shown in Figure 7. Figure 8 show the
SC generated by different-order BG beams at the position where the spectral broadening
reaches its maximum. According to the previous analysis, the focal region of BG beams is
completely located in water at this time. It can be seen from the figure that the TC value
also has little effect on the degree of the spectral broadening induced by the filament of
higher-order BG beams, which is similar to the case of higher-order LG beams [39]. Both
LG and BG beams belong to the vortex beam; in condensed media, the SC induced by
filamentation of these beams will lose the orbital angular momentum, and therefore the
spectral broadening is hardly affected by the TC value of the vortex beam.
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Figure 7. Variation of the SC induced by the filamentation of BG beams with D when the value of TC
is(a) 0, (b) 1, (c) 2, (d) 3, (e) 4 and (f) 5. The incident pulse energy is 188 pJ.
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Figure 8. SC induced by the filamentation of BG beams with TC different values. The incident pulse
energy is 188 pJ.
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It can also be seen from Figure 7 that there also exists a platform region with a constant
spectral range during the filamentation of higher-order BG beams in water at different
positions (spectral broadening changes little with increasing D). For example, in Figure 7b,
when D is from 30 mm to 50 mm, the transmitted spectrum remains almost unchanged. Itis
easy to be understood since the filament formed by higher-order BG beams is shorter than
the length of the cuvette. In the process of changing D, there exists a distance at which the
filament formed by BG beams is completely located in water. However, the increase of TC
value reduces the platform region, as shown in Figure 7a-d, which can be attributed to the
fact that with the increase of TC value, the length of the Bessel region also increases, making
the distance that the Bessel region is completely located in water becomes shorter. The
phenomena suggest that the length of the filament generated by the BG beam:s is positively
related to the TC value. However, as stated previously, the filament length also affects the
degree of spectral broadening. Therefore, it seems that our conclusion is contradictory. In
effect, it can be seen from Equation (1) that, apart from the filament length, other factors
such as plasma density and laser intensity also affect the degree of spectral broadening.
Since the incident pulse energy is the same for all the TC values (Figures 7 and 8), with
the increase of TC value, though the filament length is larger, the plasma density and laser
intensity are lower, whose contribution to the degree of spectral broadening becomes lower.
Comprehensively considering these factors, the degree of spectral broadening is hardly
affected by the TC value of BG beams. It should be noted that temporal coherence is one
key feature of SC generation, which is not explored in this paper. In future work, we will
conduct systematic research on the temporal coherence of the SC generated by different
vortex beams, which can provide a deeper understanding of the unique characteristics of
SC generated by vortex beams.

5. Conclusions

In this paper, the characteristics of the SC generated by BG and LG beams are studied
experimentally. The different focal regions of LG and BG beams lead to different variation
tendencies of white light produced by them at different positions in water. The spectral
broadening degree is proportional to the filament length. Due to the shorter focal region
of LG beams, there is a long distance at which the focal region of LG beams is completely
located in water in the process of changing the distance between the cuvette and the
focusing lens, and the generated SC remains unchanged, presenting a long plateau structure.
In contrast, the focal region of BG beams is comparable with the length of the cuvette. By
changing the distance between the cuvette and the axicon lens, the length of filament
formed by BG beams in water firstly increases and then decreases; as a result, the degree of
spectral broadening first increases and then decreases. Though there also exists a plateau
structure, the length of the plateau is shorter compared with the case of LG beams. In
addition, with the increase in TC value, the length of the plateau decreases, indicating
that the length of the filament generated by the BG beams is positively related to the TC
value. In addition, we also found that the degree of spectral broadening induced by the
filamentation of LG and BG beams is hardly dependent on TC value.
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