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We demonstrate numerically and experimentally the generation of powerful supercontinuum vortices from fem-
tosecond vortex beams by using multiple thin fused silica plates. The supercontinuum vortices are shown to
preserve the vortex phase profile of the initial beam for spectral components ranging from 500 nm to
1200 nm. The transfer of the vortex phase profile results from the inhibition of multiple filamentation and
the preservation of the vortex ring with relatively uniform intensity distribution by means of the thin-plate
scheme, where the supercontinuum is mainly generated from the self-phase modulation and self-steepening ef-
fects. Our scheme works for vortex beams with different topological charges, which provides a simple and effective

method to generate supercontinuum vortices with high power.

https://doi.org/10.1364/PRJ.443501

© 2022 Chinese Laser Press

1. INTRODUCTION

Vortex beams, characterized with ring shaped intensity distri-
bution and helical wavefront with a phase singularity in the
beam center [1], have attracted great attention since Allen
et al. proposed their well-defined orbital angular momentum
[2]. The orbital angular momentum that each photon of the
vortex beam carries is proportional to the topological charge
and can be transferred between an object and the light field
[3]. Based on the distinctive characteristics, vortex beams have
found many important applications in various areas, such as
optical tweezers [4], microscopy [5], and optical communica-
tions [6]. On the other hand, the ultrashort pulse with spiral
wavefront provides opportunities for new applications in high
field physics, such as vortex THz generation [7], electron vor-
tices generation [8], and proton acceleration [9]. Femtosecond
vortex beams can be generated from a femtosecond Gaussian
beam with phase encoding elements, such as a spatial light
modulator (SLM) [10], spiral phase plate [11], and g-plate
[12]. However, few-cycle or attosecond vortex beams are hard
to realize by the above-mentioned methods due to chromatic
aberrations. Supercontinuum vortices generated by nonlinear
propagation of femtosecond vortex beams should be a good
choice to generate few-cycle vortex beams.

The supercontinuum vortices have been reported to be gen-
erated by the four-wave frequency mixing approach [13,14], or
introducing vortex phase to a Gaussian supercontinuum by us-
ing a broadband SLM [1]. However, these methods cannot be
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used to generate high power supercontinuum vortices. When
intense femtosecond laser pulses propagate in Kerr medium,
supercontinuum emission is mainly generated by self-phase
modulation (SPM) [15] and self-steepening effects [16].
When filamentation occurs, ionization also plays an important
role in the blueshift of spectrum broadening [17]. However, the
supercontinuum will lose the vortex phase profile if multiple
filaments are generated [10,18]. In this case, the multdple fil-
aments that result from the initial perturbation are incoherent,
and the phase of filaments accumulated from SPM effect de-
stroys the regular distribution of the vortex phase profile.
Consequently, the vortex phase profile cannot be transferred
to the newly generated spectral components [10,18]. Only
low power supercontinuum vortices are reported to be gener-
ated in air when the peak power of laser pulse is close to the
critical power for self-focusing [19]. Up to date, it has not been
reported that high power supercontinuum vortices can be gen-
erated by SPM during the nonlinear propagation of femtosec-
ond vortex beams with peak power many times the critical
power for self-focusing.

In this paper, for the first time to our best knowledge, we
demonstrate the generation of supercontinuum vortices from
intense femtosecond vortex beams by using several thin fused
silica plates. The thin-plate scheme has been successfully used
to generate supercontinuum from femtosecond Gaussian
beams [20-23]. Here we use the thin-plate setup to inhibit the
breakup of the intense femtosecond vortex beams. Before the
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multi-filamentation induced by intrinsic noise, the beam exits
the plate. During the propagation in air, the vortex beam
undergoes a self-healing process of spatial distortions [24],
and then the beam enters the next plate. Consequently, a fem-
tosecond vortex beam with super-broadened spectrum is ob-
tained, even though the peak power of the femtosecond
vortex beam is many times the critical power for self-focusing.

2. APPROACH

A. Numerical Simulation

To numerically investigate the spatiotemporal evolution of the
femtosecond laser beam with a central wavelength of 800 nm in
the thin-plate setup, we solve the generalized nonlinear
Schrédinger equation coupled with the electron density equa-
tion [25]:
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Here E is the envelope of the electric field, and z is the
propagation distance. The operator 7 =1 + id, in the first

term of the right side of Eq. (1) accounts for space-time focus-
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notes the Kerr nonlinear response, composed of an
instantaneous part and a delayed Raman part, where the ratio
f is 0.18 for silica [26] and 0.5 for air [27]. The operator T°
before this term accounts for the self-steepening effect.

D= Y2 (h,)) (i9,)" is the dispersion operator with

kP = d"k/0w"|,,, where the dispersion relations of fused
silica and air are taken from Refs. [28,29]. The critical plasma
density is given by p, = 1.72 x 10°! cm™>. The multiphoton
absorption  coefficient is taken to be f, = 8.4x
107 cm®/W> for fused silica (x =6) and B, = 3.1x
1078 cm!3 /W7 for air (k = 8). Values of other parameters in-
cluding the coefficients of nonlinear refractive index 7, [30],
ionization potential U}, avalanche cross section o, and electron
recombination time 7, [31] are listed in Table I.

The envelope of the vortex beam entering the first plate in
cylindrical coordinate is given by

Table 1. Simulation Parameters at 800 nm

Parameters Fused Silica Air
1y (10717 cm? /W) 3200 0.96
5 (£5) 32 70
w7l (£) 12.2 62.5
U, (V) 9 12.1
6 (1072° cm?) 65.7 5.44
Trec (f5) 150 +o0
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where the spatial distribution is a Laguerre-Gaussian mode
with topological charge 7, w = 200 pm, and 10% random
amplitude perturbation is introduced to the initial field [32].
The pulse has a duration (FWHM) of 7 = 50 fs and energy
of 420 pJ, corresponding to a peak power P = 8.4 GW.
The initial peak power is ~580 times P7=!, where
Pr=1 = 4/3P7=% = 14.5 MW is the critical power for a vor-
tex beam in fused silica [33]. The vortex beam is focused by a
lens with the focal length /= 11 cm.

The thicknesses of plates are varied to acquire stronger spec-
trum broadening while avoiding multiple filamentation. This is
ensured by monitoring the transverse intensity distribution at
peak of the pulse. If the intensity fluctuation on the ring in-
creases to about 20%, the beam is released to the air.
Moreover, the peak intensity of the laser beam is kept lower
than 20 TW /cm? to avoid the damage to fused silica [25].
Because the coefficient of nonlinear refractive index in air is
lower, the linear propagation of the vortex beam is dominant,
and the intensity fluctuation will be decreased. Therefore, the
spacings of plates are also adjusted by monitoring the transverse
intensity distribution at peak of the pulse. The propagation in
air will be terminated, and the beam will enter next plate, when
the intensity fluctuation on the ring decreases to about 10%
and the peak intensity of the laser beam is lower

than 20 TW /cm?.

B. Experiment

The experimental setup is illustrated in Fig. 1. The laser source
is an amplified Ti:sapphire femtosecond laser system (Solstice
Ace, Spectra-Physics) with a central wavelength of 800 nm,
pulse duration of 50 fs, and repetition rate of 1 kHz.
Incident pulse energy is adjusted by the half-wave plate and
ultra-broadband wire grid polarizers (WP25L-UB, Thorlabs).
The linearly polarized Gaussian beam is reflected by an
SLM (Hamamatsu, X13138-02, operated at 750-850 nm).
Different vortex phase maps are encoded on the SLM to gen-
erate vortex laser pulses with different topological charges [34].
A Fresnel lens phase with focal length f = 2 m is superposed
on vortex phase map to simplify the experiment setup. A typical
phase map composed of an 72 = 1 vortex phase and the Fresnel
lens phase is shown in the inset of Fig. 1. The first diffraction
order laser beam is selected as the incident laser to interact with
the multiple fused silica plates. The first fused silica plate is
placed 11 cm before the focus for m =1 and 10 cm for
m = 2. To avoid the nonlinear effect, the output supercontin-
uum is collected into an integrating sphere in the far field and is
recorded by a spectrometer (USB-4000, Ocean Optics). To
identify the vortex phase, the supercontinuum beam enters a
classical Mach—Zehnder interferometer system and interferes
with the reference supercontinuum Gaussian beam generated
by another thin-plate system. The interference pattern is re-
corded by a CCD camera. Several suitable bandpass filters,
short-pass filters, and long-pass filters are placed after the inter-
ference system to record the interference patterns in desired
spectral regions.
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Fig. 1.

Experimental setup. EA, energy attenuator; BS, beam splitter; lens, / = 2 m; M1-M5, 800 nm high reflection mirrors; SLM, spatial light

modulator; ND, neutral filter; TESP, thin fused silica plate; AM, aluminum mirror; Filters, suitable bandpass filters, short-pass filters, and long-pass
filters. Inset, the phase map composed of a vortex phase with 7 = 1 and a Fresnel lens phase with /=2 m.

3. RESULTS AND DISCUSSION

A. Simulation

First, we simulate the propagation of a singly charged vortex
beam in the thin-plate scheme. Six thin fused silica plates
are used. The thicknesses of the plates are 300 pm, 300 pm,
200 pm, 200 pm, 100 pm, and 100 pm, respectively, and their
spacings are 30 mm, 50 mm, 15 mm, 10 mm, and 10 mm.
Figure 2 shows the evolution of peak intensity of the vortex
beam and electron density during the whole propagation in
the plates and air. It shows that the intensity in the six fused
silica plates is kept lower than 20 TW /cm?. For the propaga-
tion in each fused silica, the peak intensity only changes slightly
due to the short propagation distance. The moderate magni-
tude of intensity avoids the damage of the fused silica and is
high enough to trigger spectral broadening owing to the high
nonlinear refractive index of fused silica. For the propagation in
air, although the nonlinear effects are smaller, the vortex beam
focuses first and then spreads out (see Fig. 2, the evolution in
air between plates 2 and 3, plates 3 and 4). As a consequence,
the intensity in air increases firstly and then decreases. This
phenomenon has been observed for a Gaussian beam, and

its mechanism is the focusing effect induced by nonlinear phase
accumulated in the fused silica plates [24,25].

The simulated spectra generated in the fused silica plates and
air are shown in Fig. 3(a). It can be seen that the spectrum is
broadened only in the six fused silica plates, as we supposed.
During the propagation between two plates, the spectrum is
hardly changed due to the less significant nonlinear effects
in air. In the first two plates, the obvious broadening occurs
in both sides of redshifts and blueshifts. This symmetric broad-
ening indicates that the main mechanism at this stage is SPM.
From the third to the sixth plates, more blueshift is observed.
After the propagation of the sixth plate, the spectrum of the
vortex beam covers from 500 nm to 1200 nm. Adding more
plates will not change the spectrum significantly because the
intensity drops quickly after the focal plane. Figure 3(b) shows
the simulated phase distribution of different spectral compo-
nents of the generated supercontinuum in the transverse plane.
The spiral phase structure can be clearly seen in the transverse
plane for wavelength from 500 nm to 1200 nm, where the
phase variation along a closed path around the beam center
is 27z. It demonstrates that the supercontinuum generated by
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Simulated evolution of peak intensity and electron density in the plates and air. The pulse energy of the femtosecond vortex beam is
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(a) Simulated full-path spectrum evolution. (b) Transverse phase distribution of different spectral components for the femtosecond vortex

this thin-plate scheme preserves the phase singularity and the
vortex phase profile of the initial beam.

When intense femtosecond laser pulses propagate in Kerr
medium, supercontinuum is considered to be generated from
SPM, electron generation, and self-steepening effects. To inves-
tigate the generation mechanism of the supercontinuum vor-
tices, we should make clear which effects contribute to the
spectral broadening significantly. First, we compare the contri-
butions of SPM and the electron generation. The frequency
shift induced by the two effects can be described by
Aw/Az x 0,p(r,t) [2np, - 1,0,1(r, £). From Fig. 2, we can
see that, during the propagation in the six plates, the electron
density is relatively low. We compare the frequency shift from
each contribution in the third plate, where the electron density
is higher, and find that the frequency shift induced by electron
generation is about 2 orders of magnitude smaller than that
induced by SPM. It indicates that the SPM contributes more
significantly to the spectral broadening. To investigate the in-
fluence of self-steepening effect, we plot the temporal profile of
the femtosecond vortex beam at several longitudinal positions,
as shown in Fig. 4(a). Because the spectrum is significantly in-
fluenced by the most intense pulse, we choose the transverse
coordinate of the pulse corresponding to the spatiotemporal
intensity maximum. As the pulse propagates in the first two
plates, the self-steepening effect, which pushes the pulse peak
to the tail, is not very distinc; thus, the spectrum broadening
mainly results from SPM, which leads to a symmetric spectrum
broadening, as mentioned before. When the femtosecond pulse
propagates in the air between plate 2 and plate 3, the pulse
splits into two sub-pulses without obvious steep trailing edge.
After the third plate, the steep trailing edge is observed in the
pulse profile. The self-steepening effect in the fused silica
strengthens the blue extension of the spectrum by SPM, which
is in accordance with the spectral evolution in the third plate,
as shown in Fig. 3. These results suggest that both the SPM
and self-steepening effects contribute to the supercontinuum
generation.

To obtain few-cycle pulses, pulse shape at different trans-
verse positions of laser beam is a vital factor for self- or
post-compression [35]. In Fig. 4(b) we plot the temporal in-
tensity and phase profiles at several typical transverse positions
of the beam after plate 6, including two intense positions on the
ring (S1 and $3), and two weaker positions in the inner (S2)
and outer (§4) regions of the ring. It is shown that the pulse has
slight differences in intensity and similar shape for different
transverse positions. The phase profiles indicate that the
pulse is mainly positively chirped, along with some negative
chirp regions, which is mainly due to SPM [36]. More impor-
tantly, the phase profiles are almost the same, which would
facilitate the pulse compression by using gratings or chirped
mirrors [22].

To explain the transfer of vortex phase from the initial vor-
tex beam to the supercontinuum, we compare the energy flu-
ence in the front and the back surfaces of the six plates, as
shown in Fig. 5. It shows that the fluctuation in the transverse
plane will be enlarged after the propagation in each plate due to
the modulation instability. To be specific, the intensity fluc-
tuation after the six plates increases to about 16%, 13%,
12%, 18%, 22%, and 17%, respectively. When propagating
in air, since the peak power of the pulse is lower than the critical
power for self-focusing, the linear effects dominate the propa-
gation, and the intensity fluctuation in the vortex ring is de-
creased. The intensity fluctuation decreases to 8%, 5%,
10%, 13%, and 15% before the second to the sixth plates.
By use of the scheme, the vortex ring is kept with relatively
uniform intensity distribution. Based on the above discussion,
the SPM and self-steepening effects contribute to the supercon-
tinuum generation. Due to the two effects, the phase accumu-
lation of the new spectral component £(w) is proportional to
w [ I(1)E(¢)e dt/ E(w) [37]. We can see that, as long as
the intensity of the vortex ring is uniform, the same spectral
component will have the same phase increment. Therefore,
the phase distribution of the new spectral component in the
transverse plane depends on the initial vortex phase .
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(a) Pulse shapes of the femtosecond vortex beam at several longitudinal positions. (b) The temporal intensity (solid lines) and phase

(dashed lines) profiles at different transverse positions (marked by black stars in the inset) after plate 6.
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Fig. 5. Normalized transverse fluence distribution in the six plates. The first row denotes the front surface, and the second row denotes the back

surface.

That is to say, the vortex phase profile can be transferred from
the initial vortex beam to the supercontinuum. Moreover, the
phase singularity of different spectral components is the same as
the initial vortex beam. Our scheme ensures the relatively uni-
form intensity distribution and enough spectral broadening.
Therefore, the vortex phase profile can be transferred to the
supercontinuum without destructive interference. Note that
the nonlinear phase accumulated in previous plates [24], which
induces the focusing of the beam, leads to the formation of
concentric structure. But this concentric structure will not pre-
vent the transfer of vortex phase to the newly generated spectral
components because the resulting nonlinear phase accumula-

tion for a certain radius is the same. Consequently, supercon-
tinuum vortices are generated, which have the same topological
charge as the pump beam.

B. Experiment

To verify the scheme for generation of supercontinuum vorti-
ces, we experimentally investigate the propagation of singly
charged vortex beam in the thin-plate scheme. The pulse en-
ergy before the first plate is 468 pJ. The number and thick-
nesses of the plates are the same as those in the simulation.
The spacings of the plates are 37 mm, 20 mm, 23 mm,
20 mm, and 12 mm, respectively. The choice of the parameters
of the configuration can avoid multiple filamentation or optical
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energy before the first plate is 468 pJ, and the topological charge m = 1.

damage to the plates, which is ensured by checking the laser
beam distribution after each plate [20]. The spectrum of the
femtosecond vortex beam is broadened after each plate, as
shown in Fig. 6(a). The evolution of spectrum is similar to that
in the simulation. In the first two plates, the spectrum extends
to both sides of redshifts and blueshifts. Starting from the third
plate, more blue extension is observed. After propagating in the
six plates, the spectrum extends to 550 nm in the blue exten-
sion. The measured transmitted energy after each plate is
428 pJ, 402 pJ, 376 pJ, 340 pJ, 316 pJ, and 292 pJ, respec-
tively. The total transmission efficiency is about 62.4%, similar
to that of a Gaussian beam [20], which can be further increased
by placing the plates at Brewster’s angle. Figures 6(b) and 6(c)

show the intensity distribution and interference patterns of dif-
ferent spectral components, which are obtained using suitable
filters, and the spectra after corresponding filters are shown in
Fig. 6(d). Figure 6(b) shows that phase singularities are pre-
served and overlapped in space for different wavelengths, which
agrees well with the theoretical analysis. The typical fork-like
patterns are observed when using different filters, indicating
that the vortex phase is transferred to the newly generated spec-
tral components. Moreover, the topological charge of the new
spectral component is the same as the initial vortex beam.
Furthermore, we investigate the supercontinuum generation
from the femtosecond vortex beam with double charge by using
this thin-plate scheme. Figure 7 shows the simulated transverse

SP700nm,

-n
LP800Nnm

f171

K4

Fig. 7. (a) Simulated transverse phase of different spectral components. (b) Measured interference patterns after passing different filters; the filters
are the same as in Fig. 6. The pulse energy before the first plate is 660 pJ, and the topological charge 7 = 2. Five plates with thicknesses 300 pm,
300 pm, 200 pm, 200 pm, and 100 pm are used. Their spacings are 18 mm, 14 mm, 10 mm, and 16 mm.
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phase and measured interference patterns of different spectral
components. We can see that the supercontinuum vortices
with double topological charge can also be generated by this
scheme; that is to say, our scheme works for vortex beams with
different topological charges. However, in this case, decay of
high-order vortices is observed. The intensity fluctuation indu-
ces distortion to the nonlinear phase resulting from Kerr effect.
Consequently, the newly generated spectral components expe-
rience decay of high-order vortices into singly charged vortices,
as has been discussed in Ref. [13]. For the case without filter,
the fundamental frequency dominates the interference pattern,
and only the singularity of the fundamental beam can be
observed.

4. CONCLUSION

To summarize, we numerically and experimentally study the
supercontinuum vortex generation from femtosecond vortex
beams with high power by using the thin-plate scheme. It is
demonstrated that the ring-shaped intensity distribution of
the vortex beam can be kept after propagation in the thin plates,
which enables the transfer of vortex phase distribution from fun-
damental frequency to newly generated ones for spectral compo-
nents ranging from 500 nm to 1200 nm. The SPM and self-
steepening effect are responsible for the generation of the super-
continuum vortices in fused silica, and the propagation in air is
responsible for the inhibitdon of beam collapse. The spectrum
broadening and intensity can be further optimized by various
parameters, such as the laser power, the beam waist, the number,
thicknesses, and spacings of plates, as well as the focal length.
This scheme works for femtosecond vortex beams with different
topological charges, providing a simple and effective method to
obtain supercontinuum vortices with high power, which may be
used to generate intense few-cycle vortex beams.
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