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Featured Application: Controlling the spectral Gouy rotation of propagating pulsed beams with
orbital angular momentum opens specific channels for ultrafast communication and excitation.

Abstract: Recently, the spatio-spectral propagation dynamic of ultrashort-pulsed vortex beams was
demonstrated by 2D mapping of spectral moments. The rotation of characteristic anomalies, so-called
“spectral eyes”, was explained by wavelength-dependent Gouy phase shift. Controlling of this
spectral rotation is essential for specific applications, e.g., communication and processing. Here,
we report on advanced concepts for spectral rotational control and related first-proof-of-principle
experiments. The speed of rotation of spectral eyes during propagation is shown to be essentially
determined by angular and spectral parameters. The performance of fixed diffractive optical elements
(DOE) and programmable liquid-crystal-on silicon spatial light modulators (LCoS-SLMs) that act as
spiral phase gratings (SPG) or spiral phase plates (SPP) is compared. The approach is extended to
radially chirped SPGs inducing axially variable angular velocity. The generation of time-dependent
orbital angular momentum (self-torque) by superimposing multiple vortex pulses is proposed.

Keywords: orbital angular momentum; vortex beams; femtosecond pulses; structured beams; spiral
gratings; Gouy phase shift; spectral Gouy rotation; spectral anomalies

1. Introduction

Orbital angular momentum (OAM) beams or vortex beams [1–4] propagate with twisted
wavefronts and belong to “core concepts” in optical technologies [5]. Their topological charges
are a measure of OAM density. The specific topological degrees of freedom can be exploited
for optical tweezing [6–8], momentum transfer to atoms and molecules [9,10] microstructuring of
materials [11–14], microscopy [15], optical processing [16], communication [17–20], and other advanced
applications [21,22]. For information transfer, tuning and switching of topological charges is an obvious
option. In addition to the azimuthal degrees of freedom, the axial propagation characteristics can be
structured as well. It was found that an axial shaping of local topological charges can be obtained by
the interference of multiple Bessel-like modes, while the OAM is globally conserved [23]. The influence
of amplitude and phase gradients as well as intensity-induced nonlinearities on the vortex propagation
was investigated [24,25].

The combination of twisted wavefront and ultrashort pulse duration opens specific channels for
high-data-rate optical communication, nonlinear excitation, or optical processing. Ultrafast singular
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optics is per se polychromatic and enables for multidimensional structuring of light in spectral,
temporal, and spatial domains. At extremely short pulse durations, spatio-temporal coupling effects
caused by pulse travel-time and angular geometry can lead to highly complex propagation effects
and related limitations of the topological charge spectrum [26]. At moderate pulse durations and
corresponding spectral bandwidths in 10-nm range, however, space-time coupling can typically be
neglected. Instead, spatio-spectral maps in the vicinity of phase singularities reveal kinds of spectral
anomalies with peculiar properties, so-called “spectral eyes”. Spectral eyes have been well-known
in singular optics for a relatively long time [27–34] and represent regions with blue- and red-shifted
spectral centers of gravity (COG) of polychromatic OAM light fields. The spectral redistribution
basically results from wavelength-dependent diffraction at a phase discontinuity, e.g., the phase step of
a spiral phase plate (SPP), the transition between regions of different spatial frequencies in a forked
grating or the asymmetric phase structure of a spiral phase grating (SPG). In all cases, the vortex is
generated by symmetry-breaking geometrical configurations.

Recently, we found that, for appropriately chosen parameters, spectral eyes of Bessel–Gauss
beams with OAM undergo a characteristic rotation during pulse propagation [35]. This behavior
was explained by a wavelength-dependent Gouy phase shift of a polychromatic vortex and therefore
referred to as “spectral Gouy rotation” [36,37]. Until that point, the influence of the Gouy phase on the
propagation dynamics was mostly discussed with respect to rotating intensity patterns [38]. From
experiments with distorted OAM beams, it was also known that an initial intensity distortion leads to
rotation in intensity maps as a function of the axial distance of the detection plane [39]. This type of
rotation directly reflects the wavefront twist and can be applied to metrology applications. For precise
translation measurements, e.g., revolutions of multi-zeros can be counted [40], and interferometry with
conjugate twisted beams is another option [41]. Unlike OAM vortices, vector vortices are based on
the spin angular momentum and can be tuned by polarization control. With pairs of chirped vortex
pulses and polarization-dependent vortex conversion, ultrafast rotating ring-shaped intensity lattices
were obtained and applied to the coherent excitation enhancement of a quasi-particle [42]. Variable
intra-pulse rotation (”self-torque”) was obtained by superposition of chirped vortex pulses [43].

In contrast to the rotating intensity patterns, spectral Gouy rotation is a more subtle effect. On the
one hand, related experiments appear to be more complicated. On the other hand, the access to specific,
usually hidden degrees of freedom enables alternative concepts of encryption, computing, or measuring
techniques. An essential precondition for potential applications is to identify the key parameters for
adjusting spectral Gouy rotation. Here, we report on the results of proof-of-principle experiments with
the aim to control the angular frequency of the rotating spectral eyes. The performance of different
types of spiral phase shapers is compared [44]. The generation of axially variable angular velocity by
a programmable, radially chirped spiral grating is demonstrated. Moreover, in analogy to the most
recently introduced concept of “self-torque” [43], a method for intrapulse rotational management in
spectral domain via rotational beating of multiple OAM beams is proposed.

2. Theoretical Background and Numerical Simulation

2.1. Spectral Gouy Rotation of Bessel–Gauss Beams

Spectral rotation properties of OAM pulses result from the coaction of wavefront rotation and
Gouy effect. The wavefront rotation in polychromatic singular beams is determined by the spectral
distribution function, either because of the wavelength-dependence of the diffraction angle (for spiral
gratings) or because of the spectral dependent mismatch of the phase shift of polychromatic beams
(for spiral phase plates). The Gouy phase shift [45–47] is a characteristic phase delay of a beam at
passing a focal region which amounts to π for Gaussian beams. The phenomenon can be explained by
a geometrical path length difference [48] or as a consequence of the uncertainty relation in transversal
confinement [49]. To obtain a continuing rotation of spectral eyes around the phase singularities,
two necessary preconditions have to be fulfilled. At first, the spectral bandwidth should enable
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for a measurable separation of blue- and red-shifted parts. At near-infrared wavelengths, spectral
eyes were shown to be reliably detectable at bandwidths in the range of 10 nm [37]. Secondly,
the wavelength-dependent Gouy rotation has to be accumulated with increasing propagation distance.
This condition is matched if the focus is replaced by continuously superimposing conical partial
beams, as it is the case for nondiffracting Bessel or Bessel–Gauss beams [49]. By solving the transverse
Helmholtz equation, it can be shown that the wavelength-dependent extra phase shift ∆ψB of a Bessel
beam compared to a reference plane wave accumulates with the distance z [50]:

∆ψB(λ) = (k− β)z (1)

Here, k and β are the amount of the wave vector and the propagation constant, respectively.
In contrast to Hermite–Gaussian and Laguerre–Gaussian beams, the Gouy phase shift is independent
on the order of the Bessel beam. The spatial confinement of the Bessel beam can be described by
a parameter.

α =
√

k2 − β2 (2)

so that, with Equations (1) and (2), the propagation dependent spectral Gouy phase shift can also be
written in terms of the confinement factor

∆ψB(λ) =
α2

k +
√

k2 − α2
z (3)

For ultrashort pulses with extremely broad spectra and high intensity, specific spatio-temporal
chirp phenomena should modify the Gouy phase shift because of dispersion and nonlinear optical
distortions. Under the conditions our experiments, i.e., working with Bessel–Gauss-type vortex beams
of low pulse energies and few-nm spectral widths, such additional effects were mostly negligible.

2.2. Numerical Simulation

For the numerical analysis of the beam dynamics, 2D-maps of local spectral intensity distributions
S(x,y,λ) were calculated for propagation distances z. Simulations were performed on the basis of a
simplified model with the wave-propagation software VirtualLab 7.5 (LightTrans, Jena, Germany).
In particular, Gaussian spectral distributions with a full-width-at-half-maximum (FWHM) bandwidth
of 12 nm were assumed, which approximates realistic experimental conditions. A binary spiral phase
grating with a period of 8 µm and a phase stroke of 2π (related to a wavelength of 800 nm) was
illuminated by a Gaussian beam with a waist radius of w0 = 100 µm to emulate the diffraction at
components with small apertures. To filter out essential features of the obtained spatio-spectral maps,
local statistical moments M(i)(x,y,λ) were determined. At the same time, this kind of spectral image
processing procedure also enables one to reduce the large data containing fully extended spectra for
each point in space. Figure 1 shows the results of the numerical simulations in terms of centers of
gravity (COG), i.e., first spectral moments M(1)(x,y) for selected values of z between 4 and 11 mm
increasing in steps of ∆z = 0.5 mm (see also the visualization movie in the supplementary material).
The color code of the graphics reaches from about 793 nm (blue-shifted parts) until about 808 nm
(red-shifted parts). The limits of the spectral interval slightly change depending on the axial distance to
best visualize the spectral maps. The variation of the applied scale, however, did not exceed a value of
0.9 nm. The divergent Gaussian beam causes a stretching of the spatial scale with increasing distance.

This rough numerical simulation enables one to draw up some predictions about the spatio-spectral
propagation characteristics. The doublets of blue-and red-shifted extremal areas (spectral eyes)
are expected to rotate around the phase singularity, (2) the spatial extension of spectral eyes is
not constant, and spectral bandwidth and center of gravity appear to be slightly varying. Thus,
the simulation of propagating spectral maps describes an angular rotation together with specific,
oscillating spatio-spectral distortions, which were studied more in detail in our experiments.
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moments at distances z between 4 and 11 mm show the circulation of spectral eyes around the 
singularity during a full period of spectral Gouy rotation. To induce the orbital angular momentum, 
a binary spiral phase grating with a period of 8 µm and a phase stroke of 2π at a central wavelength 
of 800 nm was illuminated by a Gaussian beam of a full-width-at-half-maximum (FWHM) spectral 
bandwidth of 12 nm with a waist radius of w0 = 100 µm. The color code reaches from a lower limit 
(blue tail) of λmin = 793 nm to an upper limit (red tail) of λmax = 808 nm (±0.9 nm). 
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experiments. 

3. Experimental Techniques and Mathematical Tools 

3.1. Shaping of Femtosecond Vortex Pulses with Stationary and Adaptive Components 

The experimental setup for rotational pulse control in spectral domain with pulsed 
polychromatic Bessel–Gauss beams is schematically drawn in Figure 2. The studies were performed 
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duration 80 fs, central wavelength 795 nm, repetition rate 80.2 MHz, pulse energy <8 nJ) [44]. The 
capability of adaptive and passive optical components to generate OAM beams with variable 
spatio-spectral parameters, in particular to control the spectral Gouy rotation of pairs of blue-and 
red-shifted spectral eyes, was studied. Bessel–Gauss beams were either shaped by static 
lithographically structured, transmissive spiral phase gratings (SPG) [51–53] and continuous-relief 
spiral phase plates (SPPs) [54], or spiral and forked gratings flexibly programmed into the phase 
map of a liquid-crystal-on-silicon (LCoS) spatial light modulator (SLM) (GAEA 2, HOLOEYE 
Photonics AG, Berlin, Germany) [44]. The SLM enables one to individually address 4160 × 2464 
pixels with 3.74 µm pitch at a fill factor of 90% with a frame rate of 58 Hz and 8 Bit dynamic range. 
The reflective operation mode requires working at an oblique angle of incidence to avoid the 

Figure 1. Numerical simulation of rotating anomalies in the spatio-spectral propagation of femtosecond
vortex pulses in air (FOV = 12 × 12 µm2). The centers of gravity (COG) of local spectral moments at
distances z between 4 and 11 mm show the circulation of spectral eyes around the singularity during
a full period of spectral Gouy rotation. To induce the orbital angular momentum, a binary spiral
phase grating with a period of 8 µm and a phase stroke of 2π at a central wavelength of 800 nm was
illuminated by a Gaussian beam of a full-width-at-half-maximum (FWHM) spectral bandwidth of
12 nm with a waist radius of w0 = 100 µm. The color code reaches from a lower limit (blue tail) of
λmin = 793 nm to an upper limit (red tail) of λmax = 808 nm (±0.9 nm).

3. Experimental Techniques and Mathematical Tools

3.1. Shaping of Femtosecond Vortex Pulses with Stationary and Adaptive Components

The experimental setup for rotational pulse control in spectral domain with pulsed polychromatic
Bessel–Gauss beams is schematically drawn in Figure 2. The studies were performed with a linearly
polarized Ti: sapphire laser oscillator as the light source (Tsunami, Spectra Physics, formerly Mountain
View, CA, USA) maximum spectral FWHM width 12 nm, minimum pulse duration 80 fs, central
wavelength 795 nm, repetition rate 80.2 MHz, pulse energy <8 nJ) [44]. The capability of adaptive
and passive optical components to generate OAM beams with variable spatio-spectral parameters,
in particular to control the spectral Gouy rotation of pairs of blue-and red-shifted spectral eyes, was
studied. Bessel–Gauss beams were either shaped by static lithographically structured, transmissive
spiral phase gratings (SPG) [51–53] and continuous-relief spiral phase plates (SPPs) [54], or spiral and
forked gratings flexibly programmed into the phase map of a liquid-crystal-on-silicon (LCoS) spatial
light modulator (SLM) (GAEA 2, HOLOEYE Photonics AG, Berlin, Germany) [44]. The SLM enables
one to individually address 4160 × 2464 pixels with 3.74 µm pitch at a fill factor of 90% with a frame rate
of 58 Hz and 8 Bit dynamic range. The reflective operation mode requires working at an oblique angle
of incidence to avoid the insertion of dispersive beam splitters. The resulting geometrical distortions
in one spatial direction can easily be corrected by an adapted linear transformation (stretching or
shrinking) with the programmable display [44]. The average laser power density on the SLM was
always chosen to ensure a linear operation.

With the scanning fiber-coupled spectrometer, full local spectra were detected for each distance z
and further processed with advanced statistical methods [55].

Areas in the proximity of the phase singularities with diameters at few-micrometer scale were
sampled with a truncated fiber (detecting aperture 10 µm) in combination with a 100× achromatic
microscope (Carl Zeiss). To reconstruct the spectral propagation characteristics, two-dimensional
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maps of complete local spectra for variable axial distances z were analyzed in a first step by a grating
spectrometer (AvaSpec-2048-USB2, Avantes, 600 lines/mm grating, <0.7 nm resolution, 2048 pixel CCD
ILX554, Sony, Avantes, Apeldoorn, The Netherlands). In a second step, the spectra were post-processed.
The positioning accuracy of the three-axis translation stages (AG-LS 25–27, Newport) was limited to
+/−100 nm. The spectral resolution was found to be closely sufficient to clearly indicate the relevant
spectral structures. In addition to sequential spectral scanning, intensity patterns were monitored by a
high-quantum-efficiency EMCCD camera (iXon, Andor Technology, Belfast, UK).
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Figure 2. Experimental setup for the generation and detection of femtosecond vortex pulses. An orbital
angular momentum is induced by optional use of a spatial light modulator (SLM), a transmissive
diffractive spiral phase grating (SPG), or a reflective spiral phase plate (SPP) as beam shaper. The vortex
is magnified by a microscope and analyzed in spectral domain by a scanning fiber-based spectrometer.
The fiber is moved by high-precision xyz-translation stages. From detected local spectra, 2D maps of
spectral statistical moments M(j) (x,y) are extracted for each distance z.

3.2. Vortex Analysis with Spectral Statistical Moments

Alongside the general possibility to optimize spatio-temporal pulse transfer, the specific potential
of controlling the rotational properties of spectral anomalies to optical information encoding is a further
rewarding goal of spectral vortex manipulation. Previously, it was proposed to exploit spectral shifts
and spectral switches caused by phase singularities [34,56], which are also observed in polychromatic
double slit interference patterns [57]. A central problem for the necessary information processing in all
of these cases is the development of appropriate mathematical tools for filtering out and quantitatively
describing particular spectral patterns, flow structures, and rotational transformations. Therefore,
tailored statistical approaches were applied in our experimental investigations.

To reduce the amount of data and to extract essential features of vorticity, local spectral moments
M(j)(x,y) and linear combinations of such were determined for each transversal coordinate (x,y) in
a plane. The resulting “movies” of z-dependent moment maps M(j)(x,y,z) specifically describe the
spectral propagation behavior. The index j indicates the order of the statistical moment. The moments
for j = 1 to j = 4 are related to center of gravity (COG), standard deviation, skewness, and kurtosis.
More details on the statistical methods, including an extension to global moment analysis with radial
meta-moments, were reported in ref. [55].



Appl. Sci. 2020, 10, 4288 6 of 14

3.3. Rotation Control and Relevant Parameters

To control the spectral Gouy rotation, key influencing parameters have to be identified.
The dependence of the Gouy phase shift on the wavelength and the conical beam angle enables
one to adjust the spectral rotation by (a) shaping the spectral distribution function and (b) shaping
the angular profile. The spectral parameters can be influenced by tuning the center wavelength
of the source by mode management, or spectral filtering. The angular profile can be adjusted by
grating periods of spiral shapers and by the divergence or convergence of the illuminating beam.
For microoptical vortex generators, the diffraction at the edges essentially contributes to the angular
profile so that the Fresnel number of the aperture also has to be taken into account as an additional
relevant parameter.

Furthermore, radial gradients of spectral and/or angular parameters can be exploited to axially tune
the rotation velocity. In time domain, a slow tuning by spatial light modulation with piezo-actuated
or liquid-crystal spiral phase shapers or a fast tuning by intrapulse frequency chirp is possible.
The experiments to be presented here were focused on the variation of bandwidth, center wavelength,
grating period, and aperture diameter.

The identification of COG positions of spectral eyes as a function of the propagation distance z
provides a simple description of the helical spectral characteristics of interest. From the axial rotation
cycles, which will be referred to as “periods”, an axial angular velocity Ωz can be defined as the axial
derivative of the rotation angle ϕ of the connecting line between these COG coordinates:

Ωz =
dϕ
dz

(4)

The related temporal angular velocity Ωt follows as

Ωt =
dϕ
dt

= c ·Ωz (5)

where c = z/t is the velocity of light in vacuum. For a constant axial angular velocity (comparable to
the “thread pitch” of a screw), the number of axial and temporal periods P0 and T0 = P0/c within a
given propagation distance z is directly proportional to Ωz and Ωt, respectively. The rotation angle as
a function of the distance can be written as

ϕ(z) = 2π
z

P0
(6)

In general, however, the axial angular velocity can be a function of propagation distance z and
propagation time t, and variable axial and temporal periods P(z) and T(t) = P(z)/c can be determined.
In this case, equation (6) cannot be applied and has to be replaced by a differential approach:

dϕ(z)
dz

=
2π

P(z)
(7)

Because of the relationship between spatial and temporal rotation, the distance-dependent spectral
Gouy rotation of light pulses in flight can be interpreted as an ultrafast temporal phenomenon correlated
to dynamic spectral maps. In both cases, the actual information can be encoded in first- or higher-order
derivatives of the rotation angle of the spectral anomalies. For example, radial periodicity gradients
of spiral gratings can be used to modulate the axial angular velocity. To further extend the range
of free parameters, rotation velocity and rotational acceleration can also be combined with targeted
modifications of the statistical moments of the spectral eyes.
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4. Experimental Results and Discussion

4.1. Parameters of Applied Spiral Phase Shapers

Relevant geometrical parameters for Spiral Phase Gratings (SPGs) as used in our experiments are
listed in Table 1 [44]. To quantitatively compare the influence of diffraction, Fresnel numbers for half
of the axial focal zone depths at a central wavelength of 800 nm are included. Microscope images of
central parts of three selected spiral gratings of Table 1 are shown in Figure 3.

Table 1. Geometrical parameters of spiral phase gratings used as orbital angular momentum (OAM)
beam shapers.

Spiral Phase
Gratings (SPG)
Con-Figuration

Type of Orbital
Angular Momentum

(OAM) Shaper

Grating
Period
(µm)

Aperture
Diameter

(mm)

Depth of
Focal Zone

(mm)

Fresnel
Number

(Aperture)1

1st Order
Diffraction
Angle (◦)

1 SLM_32 32 2 40 250 1.43
2 SLM_16 16 2 20 500 2.87
3 DOE 4-step 16 2 20 500 2.87
4 DOE 2-step 16 0.4 4 100 2.87
5 DOE 2-step 16 0.2 2 50 2.87
6 DOE 2-step 32 0.4 8 50 1.43

1 Data related to half depth of each focal zone at a central wavelength of 800 nm.
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As expected, an increasing input spectral bandwidth results in an extended bandwidth in the
spectral eyes as demonstrated in Figure 5. The transfer characteristics also enable one to identify the
ranges for channel separation without spectral overlap, which may be relevant for practical applications.
To avoid misinterpretations, it has to be addressed that the essential information in the curves is
not a bandwidth transfer. The pairs of curves are related to the spectral eyes, each upper curve of a
pair corresponds to the red-shifted part, and each lower curve to the blue-shifted one, respectively.
The ordinate values represent the spectral coordinates of the spectral eyes. Their distance is not directly
a measure of the output bandwidth.
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Filled symbols: upper limits, hollow symbols: lower limits of spectral content in the spectral eyes.

4.3. Variation of Grating Parameters

A variation of the axial angular velocity Ωz of the spectral Gouy rotation was obtained by
(i) subsequently inserting static SPGs with different structural periods, and (ii) by adaptively modifying
the periods of spiral phase gratings programmed into grey value maps of an LCoS-SLM.

The diameter of the illuminating beam was about 4 mm, and the generated OAM beams were
regarded to be Bessel–Gauss beams. For the smallest elements, this diameter was by a factor of
20 larger compared to the element diameter, so a plane wave illumination was assumed. The set of
propagation-dependent first spectral moment (COG) maps in Figure 6a clearly indicates the spectral
Gouy rotation for a particular configuration. Here, the SPG acts as an axicon and generates a
Bessel–Gauss beam with OAM accumulating the spectral Gouy phase shift. In the second configuration
in Figure 6b, the phase is only shifted axially by a staircase-like phase profile of a programmed SPP. In
this case, no significant spectral Gouy rotation appears because the phase shift is not accumulated
(there is no Bessel-like beam).

It should be mentioned that a simple control of the rotation is even possible in the second case
if the SPP phase map on the SLM is rotated. This trivial approach enables one to easily change the
direction of rotation and to realize arbitrary angles at each distance.

By varying the geometrical parameters, the angular velocity of spectral Gouy rotation can be
controlled over an extended range. This is demonstrated in Figure 7 for programmable (SLM) and
fixed (DOE) configurations by comparing the rotation cycles for equal propagation paths ∆z. Grating
structure periods p and overall diameters D are found in the Figure caption.
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Figure 6. Propagation-dependent maps of 1st spectral moment (COG) of experimentally detected maps
of local spectra for two different vortex shaper configurations programmed in an LCoS-SLM (aperture
D = 2 mm): (a) generation of a Bessel–Gauss beam with a spiral phase grating (SPG) with spectral Gouy
rotation (spiral grating period p = 16 µm) (see also video S1 in the supplementary material); (b) vortex
generation with a spiral phase plate (SPP), without spectral Gouy rotation. The little grey scale pictures
at the left side symbolize the type of element (SPG, SPP).
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Figure 7. Controlling the angular velocity by varying geometrical parameters. The modulo of the
rotation angle is plotted as a function of propagation distance for equal paths ∆z. Different grating
structure periods p and overall diameters D for programmable (SLM) and fixed (DOE) configurations
are compared: (a) SLM, p = 32 µm, D = 2 mm; (b) SLM, p = 16 µm, D = 2 mm; (c) DOE, p = 32 µm,
D = 0.4 mm; (d) DOE, p = 16 µm, D = 2 mm; (e) DOE, p = 16 µm, D = 0.2 mm; and (f) DOE, p = 16 µm,
D = 0.4 mm.

The related parameter space is presented in Figure 8. The colored plane shows how the rotation
speed can be tuned by adjusting the initial parameters (a) beam convergence angle and (b) aperture
diameter both for DOEs and SLM.
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Figure 8. Axial rotation periods P0 of the spectral eyes as a function of conical beam angle θ and
element diameter D (DOE = fixed spiral grating, SLM = programmable spatial light modulator). It is
indicated that both parameters can be used to control the spectral Gouy rotation.

The axial period of rotation grows with increasing diameter D and decreasing conical angle θ.
The SPG periods of 16 µm and 32 µm correspond to conical half angles of the first diffraction orders
of 2.87◦ and 1.43◦, respectively. If the bandwidth is small enough, the components act like axicons
and Gouy phase is continuously accumulated with increasing propagation distance. For the smallest
elements, the diffraction at the aperture (outer rim of the element) influences the angular spectrum
most. By calculating the “focal length” of a pinhole (Fresnel number ~1), one obtains a maximum angle
of diffraction of θmax ~ arctan(λ/2D). For an element diameter of 200 µm and a wavelength of 800 nm,
θmax should be in the range of 0.115◦.

In Figure 9, the continuously increasing rotation angle ϕ is plotted for extended propagation
distances. The numbers correspond to the configurations in Table 1. The maximum number of rotations
was about 10. The relative coordinate z-zj results from different starting points zj of the zones of
detectable rotation. The accumulated phase is found to be linear with small deviations, as is expected
for Bessel-like beams. Linearity enables well-defined rotation control. For some curves, the ranges of
parameters are not fully covered because some of the measurements had to be terminated for technical
reasons like laser stability.
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To avoid misinterpretations, we would like to address the fact that the essential information in the
curves is not a bandwidth transfer. The curves are plotted in pairs related to the spectral eyes; each
upper curve of a pair corresponds to the red-shifted part, and each lower curve to the blue-shifted
one. The ordinate values represent the spectral coordinates of the spectral eyes. The distance is not a
measure of the output bandwidth, which is nearly constant because of conservation laws.

4.4. Rotation Control by Chirped Spirals and Multibeam Superposition

More sophisticated approaches for a control of the spectral Gouy rotation can be proposed on
the basis of nonuniform phase shaping structures and by a coherent superposition [44]. In particular,
an axially variable spectral rotation can be obtained by spiral gratings with radial gradients or spiral
phase plates with appropriate phase profiles. By programming such structures in an SLM or steering
the phase stroke of a radially curved spiral-phase MEMS mirror, the axial acceleration of rotation can
even be tuned. Recently, it was shown that an angular frequency shift between two composite spiral
phase zone plates can be used to adjust the wavefront rotation of an OAM beam [58].

The interference of two or more vortices of slightly different rotational velocities of their spectral
eyes should also enable one to temporally modulate wavepackets. The “rotational beating” is expected
to generate spectral “self-torque” analogous to a spin torque [43]. For two concentric, co-rotating
wavepackets with angular velocities Ω1 (t) and Ω2 (t), we can define a spectral self-torque

ξ(t) =
∂[Ω2(t) −Ω1(t)]

∂t
(8)

where the spectral eyes rotate with an angular frequency that periodically oscillates with the propagation
distance (and, correspondingly, in time). The degree of rotational pulse stationarity depends on the
ratio between pulse duration and beat frequency. If the oscillation is slow, the intrapulse spectral map
can, approximately, be considered to be quasi stationary. If the oscillation is fast enough, however,
an intrapulse rotational chirp should be detectable at each distance and time.

5. Conclusions

To conclude, a spectral Gouy rotation of ultrashort-pulsed and polychromatic OAM beams can
be used as a further channel for information transfer and may find applications in metrology, optical
processing, or selective excitation and manipulation. In particular, we have shown that the rotation of
spectral eyes of propagating ultrashort vortex pulses can be controlled by governing the Gouy phase
shift via selected angular and spectral parameters. The appearance of low-contrast spectral anomalies
in the vicinity of singularities required one to work at relatively high spatial and spectral resolution
and to develop adapted statistical tools for spectral image processing. Methods to generate axially
accelerated spectral Gouy rotation were proposed. Currently, programmable radially chirped spiral
phase gratings on the basis of liquid crystal spatial light modulators and MEMS are being studied. We
introduced the concept of rotational “self-torque” in spectral domain. The effect should be obtainable
by a superposition of multiple OAM pulses with different spectral Gouy rotation. The additional
degrees of freedom enabled by axial rotational acceleration and spectral self-torque effects could find
applications in singular optical processing.

Supplementary Materials: The following animations are available online at http://www.mdpi.com/2076-3417/10/
12/4288/s1, video S1: Measured rotation of spectral eyes for a spiral grating programmed in an SLM (period 16 µm).
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