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Experimental demonstration of dynamic
spatiotemporal structured beams that
simultaneously exhibit two orbital angular momenta
by combining multiple frequency lines, each carrying
multiple Laguerre—Gaussian modes
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In general, there are different, relatively independent forms
of orbital angular momenta at a given propagation distance,
which might exhibit different dynamic spatial character-
istics. One type involves a beam with a helical phase-
front that rotates around its own beam center, such as a
Laguerre—Gaussian (L.G) beam with an azimuthal index not
equal to zero. The other one is a Gaussian-like beam dot
that revolves around a central axis. Here, we experimentally
demonstrate the generation of a dynamic spatiotemporal
(ST) structured beam that simultaneously exhibits both
rotation and revolution at a given propagation distance.
Nine Kerr frequency comb lines are coherently combined,
each carrying a designed superposition of multiple LG
modes containing one unique ¢ value and multiple p values.
Experimental results show that the mode purity of the recon-
structed revolving and rotating LG;, beam is ~89% when
both the beam waist and revolving radius (R) are 0.4 mm.
Moreover, we explore the effects of the number of frequency
comb lines and the R value on the mode purity of the gen-
erated ST beam. Consequently, we find that a higher mode
purity can be achieved by involving more frequency comb
lines or reducing the R. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.466058

Structured light has gained increasing interest due to the novel
amplitude/phase spatial distributions that can be achieved and
used in various applications [1-6]. Recently, structured beams
carrying orbital angular momentum have attracted interest [7-9].
In general, there are different, relatively independent, forms of
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orbital angular momenta at a given propagation distance, which
might exhibit different dynamic spatial characteristics [10]. One
type involves a beam with a helical phasefront that rotates around
its own beam center, such as a Laguerre—Gaussian beam with
an azimuthal index not equal to zero [7,8,11]. A second form
of orbital angular momentum is a Gaussian-like beam dot that
revolves around a central axis (i.e., revolution) [12,13]. Indeed,
this is analogous to the Earth, which exhibits both rotation
around its own axis and revolution around the Sun.

In general, a beam at a given propagating distance from a
transmitter can be tailored using coherent interference to exhibit
nearly any fixed spatial distribution by using a complex-weighted
combination of multiple spatial modes from a complete 2-
dimensional (2D) LG modal basis set located at a single optical
frequency [14,15]. It should be noted that LG modes can be
characterized by two modal indices, £ and p, in which ¢ is the
number of 27t phase shifts in the azimuthal direction and p + 1
is the number of concentric intensity vortex rings [11].

Moreover, it was recently shown by theory and simulation
that a dynamic spatiotemporal (ST) light beam can be generated
that simultaneously exhibits rotation and revolution at a given
propagation distance [16]. This scenario is enabled by combin-
ing multiple optical frequency comb lines [17], with each line
carrying a superposition of multiple LG,, modes containing a
unique ¢ value and multiple p values. The frequency spacing of
the comb lines introduces a time-varying relative phase delay
A@(?) between the LG, , modes on neighboring frequencies.
Consequently, the A@(?) leads to time-dependent constructive
and destructive interference between all the LG,, modes on
different frequencies, which produces a dynamically revolving
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Fig. 1. (a) When a single frequency line carries a single LG mode, a rotating LG beam at the central axis is generated. (b) When a single
frequency line carries multiple LG modes, a spatially offset rotating LG beam can be generated. (c) When multiple frequency lines—each
carrying a superposition of multiple LG modes containing one unique ¢ value and multiple p values—are combined, a revolving and rotating
LG beam is generated. Af is the frequency space; Af is the revolving angle; At is the temporal delay; R is the revolving radius; C;; are the

complex coefficients.

and rotating LG beam [16]. ST beams exhibiting two types of
orbital angular momenta might be potentially used for various
applications, such as optical sensing [18,19]. In this scenario, the
dynamic characteristics of this ST beam with multiple frequen-
cies might help us to dynamically take multiple measurements
of various object parameters [18,19].

In this paper, we experimentally demonstrate the generation
of this dynamic ST beam that exhibits both rotation and revolu-
tion at a given distance using a Kerr frequency comb [20]. Nine
frequencies are coherently combined, each carrying a superpo-
sition of LG modes with one unique ¢ value and multiple p
values. Experimental results show that the mode purity of the
revolving and rotating LG;, beam is ~89% when both the beam
waist and revolving radius (R) are 0.4 mm. Moreover, we explore
the effects of the number of frequency lines and R value on the
mode purity of the generated ST beam. Consequently, we find
that a higher mode purity can be achieved by involving more
frequency comb lines or reducing the R.

Figure 1 illustrates the concept of the generation of a dynam-
ically revolving and rotating LG, , beam. In general, when a
single frequency carries a single LG,, mode, the generated
beam has a ring-like intensity profile, as shown in Fig. 1(a). In
addition, it also has a twisting phasefront of exp(j¢), which leads
to a non-zero Poynting vector in the azimuthal direction. Such a
Poynting vector indicates that the phasefront of the beam rotates
around its beam center over time. In general, a beam with a given
spatial distribution can be produced by a coherent combination
of multiple modes from a complete spatial modal basis set at
a single frequency [7,8]. Therefore, by designing the complex
weight of each LG,, mode, a rotating beam with a designed
offset could be generated due to their interference. The com-
plex coefficients of LG, , mode components can be obtained by
decomposing such an offset beam into the LG,, modal basis
set. Since all the LG, , modes are located on a single frequency,
the relative phase delay between these modes remain the same,
leading to a “‘static” intensity profile.

Previous work has shown that the beam position in the
azimuthal direction can be controlled by tuning the relative phase
delay A@(¢) between neighboring LG modes (i.e., A £ =1) that
are used for the beam generation [21]. Since ¢ represents the
number of 27t phase shifts, such a A@(#) would induce a change
in the condition of constructive interference in the azimuthal
direction, leading to a change in the azimuthal position of the
beam. One potential method to further introduce dynamic revo-
lution to the offset LG beam is to add a time-variant A@(#) among
the neighboring LG modes, as shown in Fig. 1(c). This could
be achieved by using multiple frequency lines with a spacing
of Af, each carrying LG, , modes with a unique £ and multiple
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Fig. 2. Experimental setup for the generation and detection of ST
beams. EDFA: erbium-doped fiber amplifier; PC: polarization con-
troller; Col.: collimator; FROG: frequency-resolved optical gating;
SLM: spatial light modulator; BS: beam splitter. Optical spectra of
(b) Kerr frequency comb and (c) selected nine frequency lines after
the waveshaper.

p values [16]. Consequently, a A@(t) =27tAft between neigh-
boring LG modes is introduced, and the generated LG, , beam
revolves around the central axis with time.

Figure 2(a) shows the experimental setup for the generation
and detection of ST beams. A Kerr frequency comb source
with a spacing of ~192 GHz is used, as shown in Fig. 2(b).
Nine frequency lines are selected by a waveshaper, as shown in
Fig. 2(c). The output is amplified and then sent into a collimator
that generates a collimated Gaussian beam. Subsequently, the
incoming beam is split into two branches by a beam splitter
(BS). One is used as a reference beam, and the relative phase of
the nine frequency lines is measured using a frequency-resolved
optical gating (FROG), such that their relative phase is tuned
to be zero by the waveshaper, which means they are in phase.
The other branch is sent to a diffraction grating. Consequently,
the frequencies are spatially separated and directed to different
positions on spatial light modulators (SLMs) 1 and 3. Differ-
ent phase holograms are loaded at these positions to create
specific beams composed of multiple LG modes for different
frequency lines. In our experiment, the nine frequencies are
split into two groups, each of which is spatially modulated by a
single SLM. This splitting is done mainly to ensure high modal
purity of each LG beam. Given the limited effective area of
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our SLMs, this grouping enables there to be enough pixels on
each SLM to operate at each frequency. It should be noted that
by using an SLM with a larger effective area, it is possible to
use only one SLM to shape all nine frequencies [22]. Further-
more, there are other methods that could be used to efficiently
perform spatial modulation and beam combining, such as low-
loss multi-plane light converters (MPLC) [23] and Dammann
gratings [24]. Subsequently, these resulting beams at different
frequencies are combined using another two SLMs (SLM 2, 4)
and a BS. The phase patterns on SLMs 2 and 4 are combinations
(i.e., superpositions) of multiple grating designs. The period and
direction of each grating pattern are tuned to control the output
direction of each frequency. Consequently, the nine frequencies
have the same output direction and are coherently combined.
At the receiver, two lenses are utilized as a 4f imaging system,
which images all the beams from SLM 1 and 3 to the camera to
achieve a high mode purity, which decreases with the propaga-
tion distance [16]. Subsequently, three BSs are used to split the
generated beam and the reference beam into two branches and
combine them in two ways. On the one hand, the two beams are
collinearly combined for power measurement for the correction
of their relative phase. On the other hand, they are combined with
a small angle for off-axis holography using a camera [25]. Here,
the theoretical revolving period is ~5.2 ps since the spacing of
frequency comb lines is 192 GHz.

To generate and detect the LG;, beam with an R and a beam
waist of 0.4 mm, the process includes the following steps. (i)
The coefficients of all the LG modes are determined by the
decomposition of the ST beam in a simulation based on the
theoretical study in Ref. [16]. Figures 3(al) and 3(a2) present
the simulated amplitudes and phases of the complex coefficients
of all LG modes used for generation. It should be noted that
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Fig. 3. (a) Designed complex coefficients of all LG modes used
for the generation of a revolving and rotating LG3y beam with an
R and beam waist of 0.4 mm. (b) Experimental intensity and phase
profiles of such a beam. (c) Raw frames captured by the camera
of the interference between the reference beam and wavelengths
of 1554.4 nm and 1557.5 nm. (d) Power distribution of beams with
different ¢ values.
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Fig. 4. Experimental intensity and phase profiles of revolving
and rotating LG3, beams with a beam waist of 0.4 mm and R values
of (a) 0.6 and (b) 0.8 mm, respectively. (c) Power distributions of
light beams with different ¢ values and R values of (c) 0.6 and (d)
0.8 mm, respectively.

both the phases and amplitudes of the LG modes should be con-
trolled, which is achieved in our experimental setup by using
“phase-only” SLMs [Fig. 3(a)]. We note that amplitude control
of the LG modes is achieved by designing the grating pattern
of our SLMs, in which the diffraction efficiency (i.e., power
efficiency in a given direction) of various spatial locations of
a given LG mode is tuned according to the desired ampli-
tude [26]. (ii) Based on the simulated coefficients of the LG
modes, specific phase patterns are constructed on the SLMs to
generate a beam comprising LG modes with a specific ¢ but
multiple p values using the method described in [27]. (iii) At
the receiver, the spatial amplitude and phase profiles for each
frequency are retrieved using off-axis holography. Subsequently,
the ST beam is reconstructed by numerically combining all the
frequencies. Figure 3(b) presents the intensity and phase profiles
of the reconstructed revolving and rotating LG;, beam over time
at a given distance (in this case, the distance is zero from the
output aperture). The dynamic helical phasefront and amplitude
profiles indicate both dynamic rotation and revolution over time.
Therefore, we find that the beam revolves around a central axis
and has almost performed a complete revolution. Figure 3(c)
shows the raw frames captured by the camera of the interference
between the reference beam and the wavelengths of 1554.4 nm
and 1557.5 nm. The frequency lines of the generated ST beam
and the reference beam are filtered by adjusting the waveshaper.
Figure 3(d) presents the power distribution of light beams with
different ¢ values. These values for different LG, , modes can be
obtained using P, = | f f E\(x,y)E;(x, y)dt|2, where E,(x, y) is the
normalized reconstructed electric field of the generated ST beam
and E,(x,y) is the normalized electric field of a conventional
LG, , beam with a center that overlaps with the generated beam
[16]. It is observed that the obtained mode purity is 89.84%.

In addition, using these nine frequencies, we also investi-
gate the generation of these ST beams with different R values.
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Fig. 5. (a) The mode purity of the ST beam when using different
numbers of frequency lines and an R value of 0.4, 0.6, or 0.8 mm.

Figures 4(a) and 4(b) show the intensity and phase profiles of
a reconstructed revolving and rotating LG, beam with a beam
waist of 0.4 mm and an R value of (a) 0.6 and (b) 0.8 mm, respec-
tively. This shows that, compared to the case of R = 0.4 mm, the
generated ST beam is somewhat distorted when using the same
set of frequency lines for a large R value (0.6 or 0.8 mm). As a
result, the mode purity of the ST beam is 75.97% and 63.58%
when R is 0.6 and 0.8 mm, respectively, as shown in Figs. 4(c)
and 4(d). This might be because the azimuthal mode will be
spatially distributed within a smaller azimuthal range as the R
of the ST beam increases. As a result, the number of comb
lines that are required for a high mode purity also increases
after applying a Fourier transformation from the azimuthal spa-
tial domain to the frequency domain [16]. As mentioned above,
multiple LG modes can be used to generate a single-frequency
LG beam with a spatial offset [21]. However, as the spatial offset
increases, the mode purity of the generated single-frequency LG
beam will be reduced given the superposition of the same set of
LG modes. This could be due to the fact that the spatial dimen-
sion in the azimuthal direction of the beam becomes smaller
when the spatial offset is larger; this may necessitate more LG
modes with a wider azimuthal index (i.e., £) range to maintain
a high modal purity [21]. As expected, when the number of the
frequencies used for the generation of the ST beam decreases, the
mode purity of the desired LG beam also decreases, as shown in
Fig. 5. Theoretically, LG modes with different modal indices are
orthogonal to each other, which can ensure little inherent modal
coupling between different LG modes. In general, the higher the
mode purity of an LG mode, the lower the modal coupling to
other LG modes. This might be important in some applications,
such as optical sensing using multiple LG modes [19]. More-
over, in addition to the revolving radius and the number of comb
lines used, another issue that might affect the mode purity of the
generated LG beam is the pixel size of the SLM [8].
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