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Abstract: The ever-increasing energy/power of modern laser sources is inevitably leading
to new challenges and opportunities. One of them is the problem of spectral broadening of
high-energy femtosecond pulses and their subsequent compression in time in, e.g., filaments. At
high beam/pulse intensities, these tend to become unstable. One way to avoid such instabilities
could be the controllable splitting of the beam into sub-beams. This, however, only makes
sense if there is a reliable way to coherently recombine them. In this work, by using phase
plates with etched arrays of optical vortices, we show an experimental realization of controllable
femtosecond beam splitting, followed by nonlinear spectral broadening and a final coherent beam
recombination. The results in ambient air and in a glass substrate confirm the feasibility of
the proposed technique. Compression of the spectrally broadened pulses in glass down to the
Fourier transform limit is demonstrated. All this provides a reasonable motivation for further
optimization.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Coherent beam combination (CBC) refers to a group of methods developed for achieving higher
power/energy and for enhancing the spectral brightness of laser emission at preserved beam
quality [1]. Generally, there are two sub-groups of methods for CBC – tiled-aperture and
filled-aperture beam combination [2]. As indicated by the name, the mutual coherence including
identical polarizations of the combined beams is a prerequisite. The probably simplest and most
well-known example of the filled-aperture technique is the coherent combination of two beams
from the two arms of an, e.g., Mach-Zehnder interferometer at its second beam splitter [3]. For
proper alignment, destructive interference can be obtained in one of the interferometer outputs,
while the interference in the other output will be constructive [3–5].

The tiled-aperture technique uses a phased array of coherent beams producing a total beam of
a larger cross-section and of reduced divergence. In particular, fiber laser systems with high peak
powers can use multiple amplification channels, which are subsequently coherently recombined
[6]. This approach has been demonstrated with, e.g., 19- and 38-element fiber phased arrays
[7], with 61 femtosecond fiber amplifiers [8], and with multicore fibers with a square array
of 25 cores [9], just to mention a few. It is applicable for both laser diode arrays [10] and
chirped-pulse amplification systems [11–13]. Generally, the methods for CBC are applicable
from the continuous-wave to the femtosecond mode of laser operation [14,15] with applications
ranging from processing quantum information [16] to coherent multidimensional spectroscopy
[17] and to applications requiring high peak/average power [18]. Another related research
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deserving attention is the divided-pulse nonlinear compression in a multipass cell recently
demonstrated in [19]. In this work the authors presented an approach where the pulse-energy
and peak-power limitations of a gas-filled multipass cell for nonlinear pulse compression are
surpassed by applying a burst of four temporally separated pulses instead of one.

Here we propose a new approach for CBC based on the use of singular beams, more precisely
arrays of optical vortices. Optical vortices (OVs, [20]) are the only truly two-dimensional singular
beams [21,22]. An important characteristic of an optical vortex is its topological charge (TC). It
is an integer number that indicates how many times, in units of 2π, the phase of the beam changes
for one complete revolution around the axis of the beam. The sign of the TC depends on the
direction of the phase change vs. the azimuthal coordinate. The TC of an OV can be erased,
which leads to the recovery of the initial (Gaussian) beam profile in the Fourier plane [23].

The rich but often undesirable transverse dynamics of optical vortices placed on a common
background beam (attraction and eventual annihilation of OVs with opposite TC, as well as
repulsion and translation on the background when the TCs have the same signs) can be suppressed.
To this end, OVs with periodically alternating signs of their TCs need to be arranged in large OV
lattices. The result is a rigid transverse propagation of the OV lattices (arrays) [24].

The Fourier transformation of OV lattices in space, performed by a thin lens, is of particular
interest for the present study. Specifically, a controllable splitting of such beams into an ordered
structure of well-formed intensity peaks has been demonstrated in the focal plane of a lens (i.e.
in the artificial far field) with square-shaped [25] and with hexagonal OV lattices [26] or even
by mixing such singular OV lattices [27,28]. Similarly to isolated OVs, large OV arrays can
be erased as well, and well-formed Gaussian beams are recovered in the artificial far field (see
Figs. 5 and 6 in [25] and Figs. 4 and 5 in [26]). The above-mentioned beam reshaping techniques,
along with their ability to controllably split the beam into sub-beams and later to recombine
them, are the key component in the present approach to CBC. The intriguing question is what
will happen when nonlinear processes leading to spectral broadening are introduced between the
generation and annihilation of a vortex lattice.

In the context of this paper we are interested in the nonlinear evolution in continuous dielectric
media that become weakly ionized by the propagating pulses. Beam filamentation is a complex
nonlinear process (see e.g. [29,30]). This regime is reviewed in detail in [31] and should be
distinguished from relativistic filamentation by very intense (I>1017 W/cm2) laser pulses in
fully ionized media. In principle, the spectral broadening of the pulses in the course of e.g.,
femtosecond beam/pulse filamentation [32] is promising for subsequent pulse compression,
provided there is a reliable way to coherently combine the sub-beams after filamentation. An
essential argument in favor of the feasibility of this idea is the phase-locked white light continuum
reported experimentally in [33].

In this work, by using phase plates with arrays of optical vortices, we show an experimental
realization of controllable femtosecond beam splitting, followed by nonlinear spectral broadening
of the sub-beams in ambient air and fused silica substrate, and a coherent recombination of
the sub-beams. Even though, the approach slightly differs from the generally considered in the
literature term for CBC, in the manner that in the intermediate step there is no amplification,
rather than a self-action of the singular beams, it still demonstrates a powerful approach for beam
recombination in space. Moreover, we have successfully compressed the initial 33-fs pulses to
20.5 fs (close to the estimated Fourier transform limit of 19 fs) for the case spectral broadening in
a 3-mm fused silica plate (see Section 4).

2. Experimental setup and proof-of-principle measurement

This new concept for beam splitting and recombination is depicted in Fig. 1. An essential part of
the physical background is the ability to manipulate (add, subtract, and, eventually, erase) the
TC of an isolated OV [23] or even the TCs of large OV arrays composed of hundreds of OVs
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[25–27]. Another important although well-known fact used, is that a thin lens performs a Fourier
transformation of the incident laser beam with the artificial far field being in its focal plane.

Fig. 1. Experimental setup: fs laser – Ti:Sapphire laser emitting 2.5-mJ, 38-fs pulses at
a central wavelength of 780 nm. PP1, PP2 – phase plates of vortex arrays etched in fused
silica; GP – 3 mm thick fused silica glass plate (used only for the experiments presented in
Section 4); L1, L2 – converging lenses (f = 75 mm); L3 – converging lens (f = 500 mm);
BF – interchangeable bandpass filters; CCD – charge-coupled device camera (1280 pix. ×
1024 pix., pixel size 5.2 µm). Numbered dashed lines – planes of interest for which data
from the proof-of-principle experiment in linear regime are shown below.

The optical scheme shown in Fig. 1 is expected to perform as follows: 2.5-mJ Ti:Sapphire laser
pulses (diameter of the input beam – 4.2 mm (FWHM)) with a duration of 38 fs and a central
wavelength of 780 nm are attenuated down to 1.2 mJ for creating the desired spectral broadening
in air at atmospheric pressure (see Section 3) and below 250 µJ when using a 3 mm thick fused
silica plate (Section 4). This was done in order to avoid instability in the spectrally broadened
sub-beams in space until stable coherent beam recombination was reached in the desired wider
spectral range. Custom-designed transmissive phase plates (PP1 and PP2) of vortex arrays etched
in fused silica are placed on both sides of an 1:1 telescope formed by the lenses L1 and L2. The
beam’s numerical aperture is estimated to be of the order of 0.1-0.15 (depending on the case,
air or glass plate). In view of the results presented in [34–36] this means that the external lens
focusing has a bigger effect on propagation than the non-linear self-focusing. The used pulse
energy, geometry and combination of lenses is chosen for keeping the spatial coherence of the
OV lattices preserved, which is prerequisite for the coherent beam recombination afterwards.
The specific structure of the phase plates (see also Fig. 2) producing the OV arrays results in 6
bright peaks in the Fourier plane. PP1 and PP2 are aligned such that all OVs created by PP1 are
erased after PP2. Finally, lens L3 performs a spatial Fourier transformation of the beam which is
captured by a CCD camera located precisely in the focal plane of L3. In front of the CCD camera
a set of interchangeable bandpass filters are used for transmitting different spectral portions to
study the quality of the recombined beam in these ranges.

In order to visualize the expected performance of the experimental setup we performed a
proof-of-principle experiment in the linear regime. All planes of interest in Fig. 1 are indicated by
numbered dashed lines in the experimental scheme. In frame 1, in the near field, one can see the
obtained OV lattice at plane 1. In the artificial far field (plane 2), this square OV lattice transforms
into 6 sub-beams (as shown in frame 2a). Frame 2b shows, just for comparison, the focused
unmodulated Gaussian beam (when PP1 is removed from the setup). In the vicinity of plane
2, nonlinear spectral broadening of the focused sub-beams can be achieved in a millimeter-thin
nonlinear medium (e.g. a glass plate) or in gas/air. Lens L2 performs the inverse Fourier
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Fig. 2. (a) – Microscope photograph of a portion of the phase plate with the etched array
of optical vortices with unit topological charges. Dashed circle – one OV of the array.
Horizontal arrows – straight one-dimensional π-phase steps separating the rows of OVs.
OV-to-OV distance – 1 mm. (b) – Interference pattern obtained with a continuous-wave laser
beam transmitted through the vortex array and overlapped with a reference beam. White
solid circles denote fork-like splittings of interference stripes indicative of the value and the
signs of the TCs of the adjacent vortices.

transformation resulting in a recovered OV array (see frame 3, recorded in plane 3). If the
geometry of PP2 is identical to the one of PP1, but the etched vortices are aligned to have
opposite signs, all TCs of the OVs generated by PP1 will be erased. At the position of plane
4, the near-field intensity profile of the square-shaped OV lattice after both PPs (with already
erased singularities, but with residual amplitude/intensity modulation) is shown. Lens L3 then
performs the final Fourier transformation. When all TCs nested in the OV lattice after PP1 are
erased by PP2, a well-formed Gaussian beam is recovered in its focus where the CCD-camera is
located (Fig. 1, plane 5). This proof-of-principle measurement provides reasonable motivation to
transfer the concept to experiments involving nonlinear processes (e.g., self-focusing, self-phase
modulation, four-wave frequency mixing) induced by high-power femtosecond beams/pulses.

Figure 2(a) shows a microscope photograph of a portion of one of the phase plates with the
etched array of optical vortices with unit topological charges. The dashed circle marks the
position of one OV of the array etched in 16 discrete phase steps creating a 2π-phase ramp. Each
row of OVs is separated from the neighboring one by a one-dimensional π-phase dislocation (see
the white arrows in Fig. 2). The OV-to-OV separation is 1 mm. The diameter of each of the used
phase plates is 3.8 cm. In panel (b) of Fig. 2 we show the interference pattern obtained with a
continuous-wave laser beam (λ = 780 nm) transmitted through the phase plate and overlapped
with a reference beam. The presence of the parallel 1-D dark beams created by the π-phase
steps can be identified by the offset of the interference lines by a half of their period (see the
arrows between panels (a) and (b)). The locations of the OVs in the interferogram (panel (b)) are
marked with solid white circles. The fork-like splittings in opposing directions at the positions of
adjacent phase dislocations clearly indicate unit topological charges of alternating signs. Such an
arrangement of OVs phases in the phase plate guarantees that there will be no rotation of the
generated OV array along its propagation direction.

3. Experimental data obtained in air

In panels (a-c) of Fig. 3 we show experimentally recorded energy density distributions (at the
focal plane of L3) when only phase plate PP1 is aligned (a), when only PP2 is present (b), and in
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the case of coherent beam recombination in ambient air when both PP1 and PP2 are aligned in
the setup (c). The data was recorded with identical settings (exposure time etc.) on the CCD
camera, i.e. the dynamic range of all images is the same. For better visibility, however, the
upper halves of panels (a-b) are adjusted in brightness and contrast in the reproduction, while the
respective dashed circles in the symmetric lower halves of these panels mark the positions of the
remaining three focal peaks, where no such adjustments were made.

Fig. 3. Nonlinear medium – ambient air. Panels (a-c): Energy density distribution in
the focal plane of L3, when phase plate PP1 is aligned only (a), when only PP2 is present
(b), and in the case of coherent beam recombination when both PP1 and PP2 are aligned (c).
The data are recorded in one and the same dynamic range. The upper halves of frames (a-c)
(see white dashed line) are post-processed for better visibility. (d) – Microscope photo of
the six-peak focal structure engraved in a clean aluminum foil in the focus of L1. Deduced
vertical distance between the two left focal spots – 60 µm (scale division 10 µm). Graph:
Horizontal cross-sections (along the marked arrows) of the raw data from the lowest peaks
in panels (a) and (b) and of the central peak in panel (c) as originally recorded.

When only phase plate PP1 is present (panel (a)), six sub-beams are propagating in air and
the spectrum is broadened in the beam waist of lens L1. Since PP2 is missing, the vortex array
created by PP1 remains present in front of L3 and a well-formed six-peak structure is obtained in
its focal plane and recorded by the camera. When only phase plate PP2 is present (see panel
(b)), a single (Gaussian) beam is created in front of it, at more than five times higher intensity
and the spectral broadening is accordingly larger. However, large spectral broadening appears to
be incompatible with the fact that the PPs are designed for a single wavelength – here 795 nm.
Accordingly, the spectral components deviating substantially from the design wavelength are
expected to create fractional optical vortices (OVs with non-integer, i.e. with fractional TCs,



Research Article Vol. 32, No. 27 / 30 Dec 2024 / Optics Express 48763

[37,38]) and grey 1-D dark beams instead of black dark beams. The Fourier transformation
performed by the lens L3 for the OVs with fractional TCs does not result in well-shaped OVs and
adds noise in the Fourier plane (the plane of the CCD camera). This is probably the origin of the
structured low-level halo around the peaks in panel (b) of Fig. 3.

When both PPs are aligned in the system such that the OVs near the optimized wavelength
of 795 nm are erased, then, interestingly, the fractional OVs and the 1-D phase dislocations of
magnitude less than π are erased as well. As a consequence, the coherently recombined beam is
well-shaped and of high contrast (Fig. 3(c)). The effect can be explained as follows: Due to the
nonlinear evolution (self-phase modulation and four-wave mixing in the presence of self-focusing)
the spectrum of the laser is broadened. This means that PP2 is illuminated with wavelengths
that differ from the design wavelength of the plate. However, thanks to the four-wave frequency
mixing a substantial part of the newly generated spectral components also carries the same phase
dislocations as encoded by PP1 [39]. Because of this they can be erased by PP2 as well. A more
detailed discussion of why this is possible is presented below in the context of Fig. 5.

The graph in Fig. 3 shows horizontal cross-sections through the lowest peaks of the energy
density distribution shown in Fig. 3(a) and (b), as well as of the central peak shown in Fig. 3(c).
As reported above, each of them is recorded within the same dynamic range of the camera and at
the same output power of the laser. As can be seen, the peak of the coherently recombined beam
(black dash-dotted curve) is about 4 times higher than the one recorded when only PP1 is present
(red dashed curve) and around 13 times higher than the one when only PP2 is present (blue solid
curve). The difference in the intensity between the blue solid curve and the red dashed curve
is unexpected at first glance. However, one should not forget that in the case when only PP2
is present, a Gaussian beam is initiating the nonlinear process causing a strong broadening of
the pulse spectrum. This means redistribution of the beam’s intensity to the different spectral
components. This is not the case when the laser is used at lower intensities, in linear regime of
propagation. In this regime the blue solid curve and the red dashed curve are expected to overlap,
which was confirmed experimentally, although not shown here.

It is interesting to know how many high-intensity sub-beams are formed in the presence of
PP1. As mentioned, when PP1 is aligned, six focal peaks are created in the beam waist between
lenses L1 and L2. By placing a piece of aluminum foil in the focus, we got the six burn traces
shown in Fig. 3(d). The image in this panel clearly shows the fact that the upper and lower peaks
of the six-peak structure are more intense than the remaining four ones. It is likely that not all
six sub-beams create filaments, however we clearly identified filamentation by monitoring the
transverse projection of the beam on a white screen.

Further, in the left part of Fig. 4 we show a comparison between the wavelength-integrated
energy density beam distributions recorded by the CCD camera in the low intensity (linear; L)
and in the moderate intensity (nonlinear; NL) regime. The notations of the columns mean that
only phase plate PP1 is present (left column) or both PPs are aligned in the setup (right column).
For better visibility all frames in Fig. 4 are processed individually in brightness and contrast. In
the linear regime, we observed well-formed focal array of six bright peaks (Fig. 4, upper left
frame) and as expected – the corresponding beam recombination is of excellent quality (upper
right frame).

In the nonlinear regime, the presence of PP1 causes six high-intensity sub-beams to be formed.
The red curve in the graph in Fig. 4 shows their spectrum. It is broader than the spectrum of
the low intensity laser pulses shown by the black curve in the same graph. The broadening is
not dramatic because the energy/intensity is redistributed over six peaks. However, the coherent
recombination of the six spectrally broadened sub-beams created when both PPs are present
(lower right panel in Fig. 4) is successful. The quality of the recombined beam in the non-linear
regime is excellent and comparable to the quality observed in the linear case. For a reference, on
the graph in Fig. 4 we also show the case when PP1 is absent. In this case, a single beam/pulse
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Fig. 4. Nonlinear medium – ambient air. Panels: Recorded energy density distributions
in the plane of the CCD camera (focal plane of L3) when phase plate PP1 is present only
(left panels), and when both PP1 and PP2 are aligned (right panels). Upper row – linear (L;
low intensity) regime, lower row – nonlinear (NL) regime. Graph: Comparison between
the input spectrum of the unfocused laser beam and the spectrum recorded at high intensity
with vortex array PP1 (i.e. with six sub-beams). Just for a reference, the spectrum resulting
from the nonlinear evolution of a single Gaussian beam when PP1 is absent is shown as well.

with higher intensity is propagating and the spectral broadening is accordingly larger (solid blue
line).

An important note should be reminded and elaborated at this point: Generally, the self-phase
modulation is considered as the main mechanism for spectral broadening in filaments. However,
in this work the four-wave frequency mixing plays an important role ensuring that new spectral
components carrying optical vortices are generated [39]. The 6 sub-beams will not coherently
recombine after PP2, unless they carry phase profiles like those imprinted by PP1 on the input
spectrum. One physical mechanism leading to the transfer of the phases of input OVs to the
phases of newly generated spectral components is the (cascaded) four-wave mixing [39]. The
experimental and theoretical results in this work confirm that topological charge conservation
for (cascaded) nonlinear four-wave mixing process is fulfilled (also when self- and cross-phase
modulation are present). The rule for the transformation of the topological charges follows the
rule for the photon energy conversion. In the particular present case of OVs with unit TCs, the
OVs in the newly-generated spectral components will carry unit TCs as well (see Figs. 3(a), 4(a),
and 5(a) in [39]).

In order to characterize the coherently recombined beams in different spectral ranges, we used
a set of interference bandpass filters placed right in front of the CCD camera (see Fig. 1). Below
each column of frames in Fig. 5 the corresponding central wavelengths λc are indicated. The
transmission bandwidths of all filters are ±20 nm. For better visibility, all frames are individually
adjusted in brightness and contrast. We consider as interesting to show the reader how the
obtained beam structures in the focus of lens L3 differ in the presence of only PP1, and when
both PPs are used.

The upper row of frames in Fig. 5 presents the recorded energy density distribution in the
focal plane of L3 recorded by a CCD camera when only PP1 is aligned in the setup. In the
650-nm-range, only two sub-peaks emit radiation (the most upper and lower peaks of the structure).
They have relatively broad diffuse pedestals. In the 700-nm-range the remaining four peaks start
emitting but their contribution to the overall spectral broadening seems to be relatively low. In
the 750 – 770-nm range, where the spectral intensity of the incoming pulses is high, judging
by the relative intensity of the peaks, the six sub-beams seem to emit. In the 790-nm-range the
spectral intensity is even higher and ordered structure of weak satellite peaks, surrounding the
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Fig. 5. Nonlinear medium – ambient air. Energy density distributions of the beams in
the focal plane of L3 captured by a CCD camera in six spectral windows after the nonlinear
evolution (see notations for the central wavelengths below each column of frames), when
phase plate PP1 is present only (upper row of frames), and with both PPs aligned (lower
row).

dominating six beams can be recognized. This is rather due to the high spectral intensity of the
fundamental beam in this range. We do not think that these satellite peaks contribute noticeably
to the spectral broadening. The well-formed six-beam structure is clearly expressed also in the
850-nm-range. Roughly speaking, when PP1 is aligned solely, the structure composed by six
focal peaks in the plane of the CCD camera exists in a spectral range exceeding 100 nm.

When both vortex arrays are aligned in the setup, we experimentally recorded the frames
shown in the lower row in Fig. 5. In the 650-nm-range the observed structure is noisy and, despite
the middle bright structure, the beam recombination is not successful. This can be attributed to
the combined effect of losing spatial coherence between the sub-beams and the large offset of this
spectral range from the wavelength for which the PPs are designed. In the 700-nm-range a peak
corresponding to a coherently recombined beam is clearly dominating the weak satellites. Above
700 nm and up to 850 nm the quality of this peak improves. As a partial conclusion, in view of the
above results one can state that the coherent recombination of the beams in the plane of the CCD
camera after their nonlinear spectral broadening in air is successful in a spectral range exceeding
150 nm. These results encouraged us to continue the study with solid state nonlinear medium.

4. Experiment in a glass substrate

The experimental setup we used for obtaining the results in this section is the same as this in
Fig. 1. The only difference (Fig. 1, dashed rectangle) is the fused silica plate used as nonlinear
medium located in the beam waist between lenses L1 and L2 and the 4.8 times reduced pulse
energy (around 250 µJ). The alignment of the former 1:1 telescope (L1-L2) is kept unchanged
and the CCD camera is slightly shifted to the new focal plane of lens L3. The use of solid-state
substrates can appear preferable because of their higher third-order nonlinearities and lower
thresholds for self-focusing (see e.g. [40]).

Microscope photo of the surface of the fused silica substrate shown in the left part in Fig. 6
proves that in the presence of PP1, in the nonlinear regime and when the substrate retains its
position, all six sub-beams are able to damage the substrate’s surface. Moreover, it can easily be
recognized that the damages caused by the most upper and lower focal peaks are larger compared
to those caused by the other four peaks, thus proving again their higher intensities. It is also
evident that, when PP1 is removed, the Gaussian beam with significantly higher intensity causes
considerably larger damage. For each of the further presented measurements we used a fresh
surface of the glass plate and reduced the mean beam power below the damage threshold.
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Fig. 6. Nonlinear medium – fused silica. Left. Microscope photograph of intentional
damages burnt in the fused silica substrate. The central damage is caused by the unmodulated
laser beam (when PP1 removed). When PP1 is present, six outer-lying burns, resulting from
the formation of six intense sub-beams are seen. Deduced vertical distance between the two
left focal spots – 60 µm, (scale division 10 µm). Graph. Comparison between the input
spectrum of the unfocused laser and the spectrum recorded at high intensity with vortex
array PP1 (i.e. with six sub-beams). Just for a reference, the spectrum resulting from the
focused Gaussian beam (when PP1 is absent) is shown as well.

Further, we present a comparison between the input spectrum of the laser and the spectra
recorded at high intensity. On the graph in Fig. 6 the spectrum of the laser beam/pulses at low
intensity (black curve) is compared with the spectrum broadened when 6 sub-beams are formed
at high intensity (red curve; PP1 present) and (just for a demonstration) with the even broader
spectrum, when a single intense Gaussian beam is present (blue curve; PP1 removed). The much
larger spectral broadening when PP1 is removed is an expected effect. When PP1 is present,
the short-wavelength spectral broadening in the glass plate is well-pronounced as compared to
the input spectrum of the laser (black curve) and it is much larger as compared to the spectral
broadening in ambient air (see also the graph in Fig. 4).

It is interesting to show how this relatively big spectral broadening initiated by the six sub-
beams in the glass substrate is influencing the beam recombination in the focal plane of L3. A
comparison between the wavelength-integrated energy density beam distributions recorded by
the CCD camera in the low intensity (linear; L) and in the nonlinear (NL) regime is shown in
Fig. 7. The notations of the columns mean that only PP1 is present (left column), or both PPs are
aligned in the setup (right column). In the NL regime, the obtained results with one PP show six
dominating peaks surrounded by a diffuse halo of self-focused peaks diffracting until reaching the
CCD camera. However, the coherent beam recombination after the controllable beam break-up
and nonlinear evolution in this high intensity regime is of a reasonably good quality and is
comparable to this in linear regime (second column of frames in Fig. 7). The obtained results
support the idea to controllably split the beam using arrays of singular beams, then initiate
spectral broadening and finally to coherently recombine the already spectrally broadened beam.

As a next step in the experiment, we recorded and analyzed the coherently recombined beams
in the focus of lens L3 by filtering different spectral ranges and recording the respective energy
density distributions of the beams. The respective data are shown in Fig. 8. The transmission
bandwidths of the filters are the same as in the experiment in air.
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Fig. 7. Nonlinear medium – fused silica. Recorded energy density distributions in the
plane of the CCD camera (essentially the focal plane of L3) when phase plate PP1 is present
only (left panels), and when both PP1 and PP2 are aligned (right panels). Upper row – linear
(L; low intensity) regime, lower row – nonlinear (NL) regime. Each panel is individually
post-processed in brightness and contrast for better visibility.

Fig. 8. Nonlinear medium – fused silica. Energy density distributions of the beams in
the focal plane of L3 (captured by a CCD camera) in six spectral ranges of the broadened
spectrum due to the nonlinear evolution (see the notations for the central wavelengths below
each column of frames) when phase plate PP1 is present only (upper row of frames), and
with both PPs aligned (lower row).

In the case when only phase plate PP1 is present (Fig. 8, upper row of frames), in the 650 –
700-nm-range one can see a clear signature of the beam’s self-focusing, fission and partial loss
of spatial coherence. When both PPs are present (lower left frames), the situation is different. A
clear central peak resulting of the recombination of the coherent part of the beam is dominating
the surrounding low-intensive halo. In this halo, particularly in 650-nm-range (see Fig. 8, leftmost
lower frame), some of the peaks mimic the six-peak structure originating when PP2 is illuminated
by newly generated spatial components for which the spatial coherence in the course of the
nonlinear process is lost.
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When only PP1 is aligned, in the 750 – 850-nm range, where the spectral intensity of the
incoming pulses is high, six sub-beams are well formed, with the most upper and most lower
peaks dominating (Fig. 8). This is evident from the relative intensity of the peaks. In these
experiments with fused silica substrate as a nonlinear medium, when PP1 is aligned solely, the
structure composed by six focal peaks in the plane of the CCD camera exists in a 100-nm-interval
as obtained with ambient air.

The essential positive result in the experiment with fused silica is presented in the second row
of frames shown in this figure, where we show data recorded when both vortex arrays are aligned
in the setup. In the 750 – 850-nm-range, a well-formed peak corresponding to a coherently
recombined beam is clearly dominating the weak satellites. In view of the above, one can state
that the coherent recombination of the beams in the plane of the CCD camera after their spectral
broadening in fused silica is successful in a range exceeding 100 nm, similar to the obtained in
air (however, in a broader 150-nm interval).
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Fig. 9. Pulse compression following the coherent beam recombination. Intensity
(red curves) and phase (blue curves) of the uncompressed laser pulses (dashed curves)
and of the compressed pulses after nonlinear spectral broadening in glass and external
pulse-compression in a setup with chirped-mirrors (solid curves). Pulse duration before
compression – 33 fs (FWHM). Duration of the compressed pulse – 20.5 fs (FWHM).

One important point which has not been addressed so far is what happens with the coherently
recombined beams/pulses in the temporal domain. In order to answer this question, we performed
a pulse compression experiment by sending the spectrally broadened pulses to a double-angle
chirped-mirror setup. A pair of fused silica wedges was inserted to fine tune the dispersion. The
pulse duration of the recombined pulse was characterized with a commercial SPIDER device
performing spectral phase interferometry for direct electric-field reconstruction. For obtaining
pulses close to the Fourier-transform limit (FTL), the dispersion needs to be elaborately controlled.
To this end, the position of the compressor in the chirped-pulse-amplification section of the laser
system was optimized to deliver 33 fs pulses. In this way, we successfully compressed these 33-fs
input pulses (subsequently spectrally broadened in a 3-mm fused silica plate), down to 20.5 fs
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(close to the estimated FTL of 19 fs). The last is clearly demonstrated in Fig. 9, where the input
and the compressed pulses and their phases are compared. Further pulse compression requires
much more efforts on controlling different factors in the compression system, e.g., the pulse
energy, the thickness and the position of the plate, additional chirped mirrors, fine group delay
dispersion tunability of the input pulse and etc., which will be investigated in the future.

5. Conclusion

In the presented work, we used a phase plate with an etched vortex array to intentionally split a
femtosecond laser beam into six sub-beams in the focus of a lens. This beam reshaping technique
is controllable and is based on singular optics. Its reversibility is exploited in order to coherently
recombine the sub-beams. Specifically, a recollimating lens and a second phase plate aligned
in such a way to erase all phase dislocations created by the first phase plate were used. Then a
focusing lens performs the final beam focusing and recombination. After the nonlinear evolution
(spectral broadening) of the pulses in ambient air and in a fused silica substrate, we experimentally
observed successful sub-beams coherent recombination in ranges exceeding 150 nm in air and
100 nm in glass. One possible physical mechanism of transferring the phase dislocations encoded
by the first phase plate into the newly generated components is the coherent four-wave frequency
mixing. The possibility to successfully compress the input laser pulses, spectrally broadened in
glass, down to the FTL is also demonstrated. The estimated efficiency on the exit of the system
(ratio between the power measured behind the last focusing lens L3 and the power in front of
the first phase plate PP1) is 76% for the experiments in ambient air and around 63% in the case
when fuse-silica plate was used. The efficiency can be improved, since the losses are trivial
in the sense that they are mainly caused by Fresnel reflections from the uncoated surfaces of
some of the optical elements. The proposed technique will allow to achieve better pulse-to-pulse
stability when pulses with higher intensities are used if the beam/pulse is split into larger number
of ordered focal peaks. One way to do this is to use a different vortex array, in the manner that
the topological charge of every single optical vortex in the array is higher. Such vortex arrays are
successfully generated and reported (see e.g. Fig. 22 in [41]). In our view, the results confirm the
feasibility of the proposed technique and provide a reasonable motivation for further optimization
and investigation.
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